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ABSTRACT

In the search for chemical biosensors designed for patient-based physiolog-
ical applications, non-invasive diagnostic approaches continue to have value. The
work described in this thesis builds upon previous breath analysis studies. In par-
ticular, it seeks to assess the adsorptive mechanisms active in both acetone and
ethanol biosensors designed for breath analysis. The thermoelectric biosensors un-
der investigation were constructed using a thermopile for transduction and four
different materials for biorecognition. The analytes, acetone and ethanol, were
evaluated under dry-air and humidified-air conditions. The biosensor response
to acetone concentration was found to be both repeatable and linear, while the
sensor response to ethanol presence was also found to be repeatable. The different
biorecognition materials produced discernible thermoelectric responses that were
characteristic for each analyte. The sensor output data is presented in this report.
Additionally, the results were evaluated against a mathematical model for further
analysis. Ultimately, a thermoelectric biosensor based upon adsorption chemistry
was developed and characterized. Additional work is needed to characterize the

physicochemical action mechanism.
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Chapter 1

INTRODUCTION

Exhaled human breath contains over 100 kinds of gases, of which many are used
as biomarkers for monitoring physiological conditions (7). That is, the biomark-
ers can be analyzed to determine the presence or progression of several diseases.
Whether the biomarkers are volatile organic compounds (VOC) produced by cel-
lular processes or cancerous tumors, or rather inorganic compounds present as
pollutants in the body, these chemical compounds provide insight into the physi-
ological state of a subject. The motivation for the work described in this thesis is
to contribute to the research conducted in breath analysis for acetone and ethanol
detection. The present effort is aimed at exploiting adsorption thermodynamic
principles for the development and characterization of thermoelectric-based breath
analysis biosensors. The following section provides an introductory overview of

this work.

Noninvasive Sensing

The movement towards noninvasive diagnostic sensing may have begun as early
as the Renaissance, when DaVinci, Vesalius, and their contemporaries rejected
the notion that dissection of the human body was inappropriate (Domach, 2004).
Domach further states that from a technical standpoint, this paradigm shift was a
significant step towards providing the basic information and framework with which
to pose diagnostic questions and to interpret the results of tests. Centuries later,
the desire to understand the mechanisms of physiological and pathophysiological

conditions persists.

With significant advances in technologies, however, the ability to assess

these conditions has grown exponentially, especially in the last fifty years. From
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ultrasound and nuclear imaging to chemical and electrographic analysis, the med-
ical diagnostic field continues to grow. Further, the demand for noninvasive med-
ical devices, which do not require entering the body or puncturing the skin con-

tinues to develop as well.

There are two types of noninvasive devices to consider; therapeutic devices
like those designed for cardiac defibrillation or radio therapy and diagnostic de-
vices like those designed for electrocardiography or plethysmography. The benefits
of noninvasive diagnostic testing, however, are touted to have the ability to rev-
olutionize the medical device industry (Manohar, 2010). These benefits include
improved quality of life for patients, reduced healthcare costs, and even earlier

detection of diseases.

With these benefits in mind, the development of breath analysis techniques
represents a distinct niche in the research and development of noninvasive medi-
cal devices. The International Association for Breath Research is at the forefront
of the these effort, working in global collaboration with industry executives, en-
trepreneurs, investors, scientists and clinicians to promote advancement of the
field. There is no doubt that scientific research from several disciplines has con-
tributed to the development of novel methods for analyzing breath. Novel and
original work has been generated nationally, from government agencies like the Na-
tional Aeronautics and Space Administration and the Environmental Protection
Agency to academic institutions like the University of California, Davis and the
Cleveland Clinic. Since the start of the twenty-first century, these and other in-
terested parties have collaborated at Meetings and Summits to discuss the trends,

future directions, and technologies available for breath analysis.



Ezxperimental Purpose

The focus of this work is directly related to breath analysis research for noninvasise
diagnostic sensing. More specifically, the research objective was to determine
the feasibility of an adsorption-based diagnostic biosensor for breath analysis. In
particular, this work attempted to further the area of breath sensing, a noninvasive
diagnostic sensing approach, by characterizing the performance of a thermoelectric

gas sensor designed for acetone and ethanol detection.

Previous studies on thermoelectric gas sensors demonstrated the ability
to detect chemical heats of reaction (Muehlbauer et al., 1989). Subsequent work
in the area of thermoelectric gas sensing for breath sensing demonstrated the
ability to detect chemical heats of reaction for acetone breath sensing applications
(Guilbeau, 2008). In this research, the intention was to evaluate the heats of

adsorption for acetone and ethanol sensing applications.

Review of Biosensor Device

Biosensors are often defined as devices that either use living organisms or bi-
ological molecules for detection. They are also defined as devices that detect
information changes in biological systems. For the purposes of this work, the
latter definition was most appropriate. Biosensors are also characterized by two
components; a transduction component and a biorecognition component. The de-
vice evaluated in this research used a thermopile for thermoelectric transduction
and one of four materials for biorecognition. These components are discussed in

the ensuing sections.



Transduction via Thermoelectricity

The decision to use a thermoelectric transducer was based on an established his-
tory of using calorimetry for sensor design. In particular, thermopiles have been
used to develop chemical biosensors. For instance, previous work with thermopiles
has demonstrated that they can be used to detect the heat generated by enzy-
matic reactions (Muehlbauer et al., 1990a). In that case, thermopiles were used
for glucose and urea testing. Alternatively, thermopiles have also been used in
radiometry, the science of measuring thermal radiation. Thermal radiation, which
is produced by accelerating charges and changes in electrical dipole moments of
atoms and molecules in motion, has been characterized for understanding sun-

earth energy exchanges (Weckmann, 1997).

An additional reason for choosing to use thin-film thermopiles was that
they are highly sensitive to small changes in temperature and can respond with
exceptionally small time constants. Thermopiles also generate their own electri-
cal current, which make them inexpensive transduction elements. Past research
attempts to improve sensor performance focused on increasing the temperature
sensitivities and the signal-to-noise ratios by respectively implementing micro-
machine technology (Allison et al., 2003) and optimizing sensor placement and
function (Towe and Guilbeau, 1996). Ultimately, developments in thermopile re-
search to date confirm that this thermoelectric approach is certainly suitable for

biosensor design.

Biorecognition via Heat of Adsorption

One mechanism for analyte device interaction has historically been adsorption.
For instance, volatile organic compounds have been adsorbed for removal process-

ing and detection testing. Adsorption describes the accumulation of a molecular
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species or adsorbate at the surface of a liquid or solid phase in comparison to the
bulk of the substrate. Adsorptive methods have been used in many applications.
Activated charcoal has been used as a toxic gas remover in gas masks and silica
gel has been used as a desiccator for chemical processes. Adsorption has also been
used to perform heterogeneous catalysis. For this work, adsorption was used as

an indicator for chemical detection.

It is believed that the thermodynamic properties for this process, in partic-
ular, the heats of adsorption, can be detected using various biorecognition materi-
als. The choice of biorecognition material was based on the adsorption properties
it exhibited. Acetone and ethanol have been characterized often for adsorption by
activated charcoal. In fact, the deformation of activated carbon upon adsorption
has been investigated since 1927 (Balzer et al., 2011). With such an extensive

history of use, it was chosen as one of the biorecognition materials.

Polydimethylsiloxane (PDMS), a polymeric organosilicon or silicone, was
also used. PDMS is often used as stopcock grease in wet chemistry laboratories
and in soft lithography for microfluidics. In terms of chemical structure, PDMS
in its semisolid form, a grease, and PDMS in its solid form, a cured elastomer,
are known to have hydrophobic surfaces and are often used to provide barriers
for aqueous solvents. While some mixtures of water and alcohol do not deform
PDMS, most organic solvents do cause PDMS to deform. Because of its chem-
ical properties, PDMS in both forms was chosen for two of the biorecognition

materials.

Lastly, polytetrafluoroethylene (PTFE), a synthetic fluoropolymer of tetraflu-
oroethylene, was chosen. As a type of control material, it was believed that PTFE
would have less interaction with the adsorbates than the other three materials.
Though often used for lubricants as an ultra-high-molecular-weight, low friction

polyethylene, PTFE’s high corrosion resistance, biocompatibility, and hydropho-
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bicity were the properties that made PTFE an attractive biorecognition material.
Therefore, it too was chosen as a biorecognition material for testing. Combined
with the transducer, each material was used to investigate heats of adsorption for

acetone and ethanol.

Clinical Significance of Biosensor Device

The decision to test acetone and ethanol in the breath was based on the clinical
significance of both analytes. While acetone is clinically relevant in the manage-
ment of diabetes and obesity, ethanol is relevant to both medical testing and the
legal implications of alcohol consumption. For instance, acetone is key marker for
assessing the condition, diabetic ketoacidosis. Diabetic ketoacidosis occurs when
acid levels in the blood rise due to the metabolism of fat-based ketone bodies over
the metabolism of carbohydrates in insulin deficient individuals. While diabetic
ketoacidosis can be lethal for diabetic patients, it is a physiologic condition that,
under control, is highly sought after for managing obesity. In such instances,
acetone in the blood or urine may be tested to asses a patient’s level of ketone
production. On the other hand, ethanol blood tests are regularly conducted to as-
sess ethanol toxicity and alcohol related injuries. The prevalence and implications

of each related issue make acetone and ethanol significant analytes for study.

As an example, the prevalence of diabetes in the United States is stagger-
ing with over 25% of United States residents aged 65 years and older diagnosed.
Further, complications from diabetes can be life threatening. Diabetes has been
found to be the leading cause of kidney failure, non-traumatic lower-limb amputa-
tion, and new cases of blindness among adults in the United States. It is a major

cause of heart disease and stroke, as well as the seventh leading cause of death in

the United States (CDC, 2011).

Additionally, in the United States, more than 33% of adults and more than
6



17% of children are considered obese (CDC, 2010). The growth in obesity from
1980 through 2008 for adults doubled and for children tripled. Moreover, these
obesity rates were found to cross all groups in society — regardless of age, sex, race,
ethnicity, socioeconomic status, education level, or geographic region. Ketogenic
diets have been prescribed for managing obesity and even pediatric epilepsy. With
these diets, ensuring that the ketosis condition caused by ketogenic lipolysis never
becomes ketoacidosis is critical. Acetone, one of the three ketone bodies produced

by the liver during the state of ketosis is therefore a useful biomarker.

With respect to alcohol and alcohol related injuries, a global issue was
identified. In 2005, it was determined that alcohol causally related to more than
sixty different medical conditions, in most but not all cases detrimentally (Room
et al., 2005). In the clinical setting, ethanol testing was originally conducted
using blood tests to determine intoxication levels. Analysis of breath for alcohol,
however, has been practiced for the pre-clinical diagnosis of intoxication for more

than seventy years (Dubowski, 1991).

Breath alcohol analysis has been detected via chemical oxidation and pho-
tometry, electrochemical oxidation via fuel cell technology, gas chromatography;,
infrared spectrophotometry, and even solid state semiconductor sensing. For the
purposes of this work, ethanol was detected via thermoelectric principles. In
particular, the thermoelectric sensor under investigation was constructed using a
thermopile for transduction and four different materials for biorecognition in a

simulated breath environment.

The clinically significant analytes, acetone and ethanol, were evaluated
under dry air and humidified air conditions. The sensor response to acetone con-
centration was evaluated for repeatability and linearity, while the sensor response
to ethanol presence was evaluated for repeatability. The different biorecognition

materials were characterized based on their thermoelectric response to each ana-
7



lyte. Ultimately, a feasibility study on the thermoelectric biosensor was conducted

to determine the likelihood of using adsorptive chemistry for analyte recognition.



Chapter 2

BACKGROUND and THEORY

The purpose of this section is to review background information on the proposed
mechanism for heat generation in the sensor, adsorption. Additionally, a proposed
model for the heat of adsorption is presented. Lastly, a review of methods for

measuring heats of adsorption is discussed.

Adsorption Fundamentals

Adsorption is defined as a phenomenon of mass accumulation. A molecular species
accumulates at the surface of liquid phase or solid phase, the substrate or adsor-
bent. The accumulated volume is small in comparison to the bulk of the substrate.
This process occurs, because attractive intermolecular forces exist at the surface
of the substrate. The unbalanced or residual forces attract the molecular species
to the surface of the substrate. Adsorption is a surface phenomenon that is unlike

absorption, in that the latter involves mass accumulation in the bulk medium.

Absorption, a bulk process, occurs when a molecular species is uniformly
distributed within the bulk of the substrate. It is important to note that there
exists another process that must be defined, sorption. Sorption is defined as a

process in which both adsorption and absorption processes occur together.

Further, adsorption is characterized as a spontaneous process. Thus, a
decrease in free energy, AG, occurs and AG for the system is a negative number.
Further, the randomness of the system also decreases. Therefore, AS is also neg-
ative. With these thermodynamic parameters reviewed, it is possible to consider

the enthalpy of the reaction.

Recalling basic thermodynamic principals whereby AG = AH - TAS, the



basic equation can be modified accordingly. AG = AH + TAS now allows for
an assessment of enthalpy. For the equation to be true, AH must be negative as

—AG —TAS = AH, and the reaction must be considered exothermic.

Adsorption is indeed an exothermic process. The process of adsorbents
adsorbing onto an adsorbate represents a host of changes in intermolecular and
inter-atomic forces. Ultimately, the forces of attraction between the adsorbate
and the adsorbent yield enough change in energy that the interaction produces a

measurable heat of adsorption.

Types of Adsorption

There are two types of adsorption that exist. Chemical adsorption and physical
adsorption are the two types of adsorption, and they differ by the forces of at-
traction that govern the interaction between the adsorbent and and adsorbate.
For chemical adsorption, chemical bonds represent strong forces of attraction. On
the other hand, physical adsorption can be defined by weaker forces like London
forces or Van der Wall forces. Due to the different mechanisms involved in both

types of adsorption, there are different corresponding heats of adsorption.

The heats of adsorption for chemical and physical adsorption are on the
order of 200-400 kJ mol~! and 20-40 kJ mol~! respectively. Additionally, the
effect of temperature on the both types of adsorption varies as well. For chem-
ical adsorption, the relationship between extent of adsorption and temperature
exhibits a parabolic behavior. Chemical adsorption increases with temperature
and then decreases. Physical adsorption, instead, decreases exponentially with
increasing temperature. These trends are demonstrated below in Figures 2.1 and
2.2. In both Figures, the extent of adsorption is defined by the term x/m, where

x 1s the amount of adsorbate and m is the amount of adsorbent.

Independent of the different types of adsorption, there are four key fac-
10
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Figure 2.1: Relationship between chemical adsorption and temperature (Sharma
and Singh, 2011).
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Figure 2.2: Relationship between physical adsorption and temperature (Sharma
and Singh, 2011).
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tors that impact adsorptive process. Temperature, pressure, surface area, and
adsorptive properties of the adsorbent. For the purposes of this work, physical
adsorption was assumed to be the governing interaction between the analytes,
acetone and ethanol, and the biosensor. Under this assumption it was useful to

investigate how adsorption is measured and experimentally characterized.

Theoretical Foundations for Describing Adsorption

Adsorption is often evaluated using adsorption isotherms. Isotherms are represen-
tations of equilibrium adsorptive processes that depict the amount of adsorbate
on a surface versus the pressure of the system at constant temperature. Promi-
nent examples of these isotherms include the Freundlich, the Langmuir and the
Brunauer, Emmett and Teller (BET) isotherm theories. While each theory varies
from the others, they are each based on equilibrium principles. It is useful to

describe the adsorption process as a chemical reaction.
Adsorbate + Adsorbate = Adsorption Product

From the reaction shown above, one can apply general chemistry principles for

systems at equilibrium.

Le Chatelier’s Principle for instance, states that a system will shift in such
a manner so that it may relieve an applied stress. In this case, an increase in the
pressure of a system tends to shift the equilibrium so that the number of moles
of gas in a system decreases. In another example, increasing the temperature
of an exothermic reaction will shift the reaction to the left while increasing the

temperature of an endothermic reaction will shift the reaction to the right.

These basic principles can also be applied to adsorption. This is what
Freundlich, Langmuir, Brunauer, Emmett and Teller (BET) attempted to do in

their work. In 1909, Freundlich presented an empirical expression that represented

12



the isothermal variation of adsorption. In particular, the amount of adsorbate
adsorbed by unit mass of adsorbent was evaluated by pressure. The resulting

correlation was defined as the Freundlich adsorption isotherm model or equation.

T 1
— =k Pra 2.1

Here, x is still the mass of the gas adsorbed on mass, m, of the adsorbent at pres-
sure P. Meanwhile, k, and n, are constants that are dependent on the adsorbate
gas at particular temperature. The Freundlich adsorption isotherm model was
able to correctly establish the characteristic relationship of adsorption with pres-
sure in low pressure settings. Yet still, the Freundlich adsorption isotherm model
was unable to predict the relationship of adsorption with pressure in higher pres-

sure settings.

However, nearly one hundred years ago and almost ten years after Fre-
undlich, Langmuir proposed an alternative adsorption isotherm model, that is
today called the Langmuir adsorption isotherm model. The Langmuir adsorption
isotherm model is based on alternative assumptions. One of these assumptions is
that adsorption occurs such that only a single layer of adsorbate adsorbed on the
adsorbent. Most significant, however, is the assumption that a dynamic equilib-
rium exists between adsorbed gaseous molecules and free gaseous molecules. To

assess this concept, the following reaction equation is useful to consider.
A(g) + B(s) = AB

In the reaction equation, A(g) represents the free gaseous molecule, B(s) rep-
resents the unoccupied solid surface of the adsorbent, and AB represents the

adsorbed gaseous adsorbate molecule.

By developing the Langmuir Adsorption theory, Langmuir derived an equa-
tion that recognized a relationship between the number of active sites of the sur-

face available and participating in the adsorption process adsorption at a given
13



pressure. With the introduction of two new variables, the Langmuir Adsorption
equation, shown below in Equation 2.2, was able to better characterize the ad-

sorption phenomenon.

KP
0= 1T KP (2.2)
The new Langmuir variable, 6, represents the number of sites of the surface of the
adsorbent that are covered by gaseous adsorbate molecules. Still, P continues to
represent pressure, while K represents the equilibrium constant for the adsoprtion

and desorption process that occurs between the adsorbate in the gas phase and

the surface of the adsorbent.

Limitations of Langmuir adsorption isotherm equation arise, because it is
known to only be valid at low pressures. Specifically when lower pressures are
evaluated, K P is small enough that, the denominator value, 1 + K P, can be
considered simply, 1. With the denominator, ignored, the Langmuir adsorption

isotherm model is reduced to a simpler equation.

0=KP (2.3)

On the other hand, at high pressures, when the value of K P is significantly
large, that numerator and the denominator are relatively equal in value. In this

case, the Langmuir adsorption isotherm model is simplified once more.

KP

9:—:
KP

1 (2.4)

Collectively, these equations are often represented in graphical represen-
tations, also called isotherms. A sample isotherm that can be explained using
Langmuir adsorption isotherm theory is shown in Figure 2.3. This graph repre-
sents a monolayer adsorption where only a single layer of adsorbate forms on the

adsorbent. The isotherm in Figure 2.3 could be an example of the adsorption of

14
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Figure 2.3: Sample isotherm generated from Langmuir theory (Sharma and Singh,
2011).

Nitrogen or Hydrogen gas on charcoal at temperatures near -180°C (Sharma and

Singh, 2011).

Alternatively, BET theory, created by Brunauer, Emmett and Teller sought
to explain multilayer adsorption. The BET theory proposed that with multilayer
adsorption, where more than one layer of adsorbate formed on the adsorbent,
represented a more realistic characterization of the physical adsorption process.
The difference in the theories is best evaluated at the limitation of the Langmuir

adsorption isotherm model.

In particular, the Langmuir adsorption isotherm equation is valid at low
pressures, when gaseous adsorbent molecules characteristically have high thermal
energy and escape velocity. In this condition, fewer gaseous adsorbate molecules
are available near the solid adsorbate surface. However, at high pressure and low
temperature, the thermal energy of gaseous adsorbate molecules decreases with
increasing number of gaseous adsorbate molecules available for interaction with
the solid adsorbate surface. Under these condition, multilayer adsorption was

proposed to occur and was characterized by the BET adsorption isotherm model

15



noted in Equation 2.5.
Vmonoo <%>

(=R (e () F)

In Equation 2.5, Vi,q represents the total volume of adsorbed material covering

%otal = (25)

the surface of the adsorbent, while V,,,,, represents the total volume of adsorbed
material forming a monolayer that covers the surface of the adsorbent. Addition-
ally, the variable, C, represents the ratio of the equilibrium constant for a single
molecule that is adsorbed on a vacant site of the solid adsorbent surface and the

equilibrium constant for the saturated vapor liquid equilibrium.

“=%

(2.6)

In an alternative form, the BET equation, Equation 2.5, can be rearranged. This

new arrangement is shown in Equation 2.7.

P B 1 n c—1 P 2.7)
V;fotal (P - PO) B Vmonoc Vmonoc PO ‘

The aforementioned BET adsorption isotherm equation can then used to
create isotherms like the one defined by Langmuir adsorption isotherm model
shown in Figure 2.3. For example, the isotherm shown in Figure 2.4, can be
explained using BET adsorption isotherm theory which represents monolayer ad-
sorption followed by multilayer adsorption. In this case, the sample graph might
represent BET-characterized adsorption formed when Nitrogen gas is adsorbed at

-195°C on an Iron catalyst or silica gel (Sharma and Singh, 2011).

The information from isotherms like the ones just discussed are key to op-
timizing chemical engineering processes. For instance, in chemical batch adsorber
processing, it is required that the adsorbent properties, isotherms, mass-transfer
kinetics as well as fixed-bed dynamics be considered during the process and han-

dling design. For the purposes of this work, these isotherms represent the bridge
16
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Figure 2.4: Sample isotherm generated from BET theory (Sharma and Singh,
2011).

toward defining the thermodynamics of adsorption. In particular, they are useful

in determining isoteric heats of adsorption.

Thermodynamic Principles for Describing Adsorption

From a thermodynamic standpoint, the biosensor exploits the heat of adsorption
of an analyte on a biorecognition material. For this reason, it was important to
understand how the thermodynamic principles govern adsorption. In particular,

the focus was on enthalpy and iosteric heat of adsorption.

It has been said that the Clausius-Clapeyron equation, is widely used
to calculate the isoteric heat of adsoprtion (Pan et al., 1998). The Clausius-
Clapeyron equation relates the adsorption heat effects to the temperature depen-
dence of adsorption isotherms. To do so, there are two key assumptions made.
The first assumption is that the bulk gas phase containing the gaseous adsorbate
molecules is considered ideal. The second assumption is that the adsorbed phase

volume is negligible by comparison.

While there are other methods for determining the isoteric heat of adsorp-
tion that consider other assumptions, a review of the theory described above is
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presented (Pan et al., 1998). To begin, “the isoteric heat of adsorption ¢y is
defined as the differential change in energy 0() that occurs when an infinitesimal
number of molecules dN are transferred at constant pressure, P, temperature

T ,and adsorbent surface area, A, from the bulk gas phase, G, to the adsorbed

_ %) 2.8
w=(5v), 2.9

A change in the integral heat of adsorption-d@) associated with an interfacial

phase, a.

system is defined as

—dg =TdS (2.9)

where the total entropy, S, is the sum of the entropies of the different phases
S =8%4 594 5° (2.10)

where S¢, S, and S* are the entropies of the gas, adsorbed and solid phases,

respectively. From a mass balance and assuming an inert adsorbent
dN¢ = —dN® (2.11)
Based on equations 2.9 - 2.11, equation 2.8 is rewritten in the following form:

oS 0S¢ 085
Gt = =T (—a) =-T (—) — ( a) (2.12)
' ON PT,A ONC PT ON PT,A

The total derivative of the chemical potential u for the adsorbed phase is expressed

as a function of P, T, and A:

oue o op”
dp® = dT dP dA 2.13
=), (Ge),m e (B, e
From the Maxwell relations and noting that
3),.- ()
T ) pa ON® ) pra

2.13 is rewritten as

a

95 O
dp = — ( ) dT + VedP+ ( ) dA (2.15)
aNa PT A 18 814 P T




where V¢ is the adsorbed phase molar volume. For a bulk gas phase in equilibrium

with the adsorbed phase
0S¢
aG_ a
du™ = (aNG)RTdT—i— VedpP (2.16)

where V¢ is the gas phase molar volume. At a fixed adsorbed phase loading N¢

and for a constant adsorbent surface area A, equating equations 2.15 and 2.16

leads to
dpP _ (089/ONY) — (95°/ON") 2.17)
AT ) ja VG —Va ‘
Substituting equation 2.17 into equation 2.12 gives a general relation for g as
dP
a=T (V¢ -V [ —= 2.18
w=T0° =) () 219

By neglecting the adsorbed phase molar volume and assuming an ideal gas for the

bulk gas phase, equation 2.18 reduces to

gy = RT? (d %“TP ))N (2.19)

which is the familiar form of the Clausius-Clapeyron equation that is widely used
in adsorption studies. When the isotherm is in the form N = N(P,T), Equation

2.19 is changed to the following form by the chain rule of calculus:

() /), e

where V = V& — V¢ and is calculated in different ways according to the different

assumptions outlined” by the Pan method. (Pan et al., 1998).

Instead of evaluating the isoteric heat of adsorption, which is path depen-
dent, it has been found advantageous to focus on enthalpy instead (Myers and
Siperstein, 2001). Enthalpy, a state variable which is independent of path is also
directly realated to the isoteric heat of adsorption for an ideal gas. With a perfect,
ideal gas, the differential enthalpy of adsorption can be defined using Equation
2.19.

Ah = RT? (d %HTP)) (2.21)
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Myers clarifies that the procedure used to produce Equation 2.19, where the iso-
teric heat of adsorption was obtained by differentiating a series of adsorption

isotherms at constant loading N is still used today (Myers, 2002).

Myers also noted that whether the adsorption isotherm is determined ex-
perimentally or theoretically, thermodynamic properties can be calculated by
numerical integration or differentiation and experimentally confirmed (Myers,
2004). As an example, differential also called molar enthalpy values for two multi-
component adsorption systems were compared to simulated values. These results
showed that the simulated, modeled results correlated well with experimental

values for the enthalpies (Myers and Siperstein, 2001).

Considering that the isoteric heat of adsorption, can be theoretically eval-
uated, it is worthwhile to consider how heats of adsorption can be experimentally
measured. In the past, heats of absorption have been measured experimentally
using calorimetry (Caspary et al., 1999). A similar approach was used to measure
the heats of adsorption. In this case, the objective of the work was to consider
a thermoelectric approach to measuring this heat of adsorption. In the ensuing
section, a review of thermoelectric principles is provided with special attention

given to thermopile devices.

Thermoelectric Phenomenon and the Thermopile

In the early 1980’s, heats of adsoprtion were investigated using flow micro-calorimetry
(Miwa et al., 1981). Additionally, heat generated by enzymatic reactions were de-
termined using thermisters. By the 1990’s, however, a new kind of calorimetric
biosensor was reported that used thermopiles for measuring heats of reaction.
(Bataillard et al., 1993; Guilbeau et al., 1987; Muehlbauer et al., 1990b). After
twenty years, the thermopile approach is still a useful method for measuring ther-

modynamic properties, particularly enthalpies. The background and theory for
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thermoelectric measurements using thermopiles is based on thermocouple tech-

nology. A review of this information is presented in the ensuing section.

Temperature measurement using thermocouple technology is based on the
Seebeck effect. The amount of electrical potential produced can be interpolated
as a measure of a temperature difference. This relationship is characterized by
the electromotive force, emf, generated by an open circuit and a temperature
difference between two junctions. The important factor in determining the activity
of such a thermocouple is the choice of materials used for each thermoelement.
For most applications, pairs of thermocouple elements that give a Seebeck voltage

which varies with a high sensitivity to temperature are sought.

The transfer function for a thermocouple is determined by creating a cal-
ibration curve for the device. First the temperature at the reference junction
is maintained at a fixed temperature. Meanwhile, the temperature at the other
junction, the active junction, is varied. By plotting the sensor output with respect
to known changes in temperature, the transfer function for the thermocouple is
typically found to be linear while the slope of the transfer function represents the

sensitivity of the device.

When considering the ideal thermocouple, that does not have problems
with hysteresis, the slope of the calibration data can be evaluated to determine the
Seebeck coefficient for the device. Since, the open-circuit voltage exhibits a linear
relationship with the temperature difference between the junctions constructed by
the two dissimilar metals, Metal A and Metal B, the Seebeck coefficient is essen-
tially the slope. The typical equation for this relationship is shown in Equation

2.22 provided below (Weckmann, 1997).
AV = Su(T)AT (2.22)

In this equation, S, is the relative Seebeck coefficient, expressed in V K=1. The
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Seebeck coefficient is dependent on the temperature difference as well as the elec-
trical characteristics of the two dissimilar materials used. The sign of the Seebeck
coefficient is determined based upon the sign of the voltage generated in relation
to the temperature difference observed. The Weckmann approach uses absolute
values to define the magnitude of the relative Seebeck coefficient. In this case, the
magnitude of the relative Seebeck coefficient of a junction is calculated by taking
the absolute value of the difference between Seebeck coeflicients for each dissimilar

metal. This concept is demonstrated in Equation 2.23 (Weckmann, 1997).

Sab = |Sa - Sbl (223)

One widely used application for thermoelectric devices is infrared detec-
tion. More specifically, multiple thermocouples in series, often coupled with a
black-body radiation absorber, can be used to detect incident radiation. This
is possible, because the voltage produced by the collective junctions represents
the temperature difference that exists between the each paired junction. Sam-
ple paired junctions are shown in Figure 3.1, where each paired junction can be
considered an individual thermocouple that can be used as a detector of incident
radiation. For such a device, the open-circuit em f produced by a single junction
pair is rather small relative to the total output for the device. Where the output
for a single junction is on the order of a tenth of a microvolt per temperature
difference in degree Celsius, the output for the entire device is proportional to
the number of junctions in series (Weckmann, 1997). Thus, the output voltage
of the entire device can be increased by increasing the number of junction pairs
connected in series. More specifically, the sensitivity for the entire device is then
increased by n when n thermocouple junction pairs are placed in series. This

concept is represented in Equation 2.24.

AV =nS,(T)AT (2.24)
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The device just described is called a thermopile. A typical thermopile is
shown in Figure 3.1. The Figure demonstrates that there are two dissimilar metals
that form the active junctions, represented as C, and the reference junctions,
represented as D. The Figure also demonstrates that the legs and junctions of the
thermopile are connected as a series of thermocouples of alternating materials.
They are the active junctions that are exposed to a heat source and produce a
thermal equilibrium with the surroundings environment that is exposed to the
reference junctions. Together, the observed temperature difference produces an
emf at the leads, represented as A. Thermopiles have been evaluated for many
applications. One important parameter that is often considered is thermopile

sensitivity.

In particular, the sensitivity for thermopiles has been widely investigated
and is dependent of the application of the thermopile. For a generic calorimeter,
it has been recorded that a bulk micromachined silicon thermopile could achieve
sensitivities as high as 500 mV °C~! (Allison et al., 2003) if 1000 junctions were
used. The simplicity of design makes thermopile technology attractive for many
applications. Provided in Table 2.1 is a summary of just a sample of applications

and sensitivities documented in literature.

This work sought to use thermopiles to measure heats of adsorption. It is
believed that theoretical characterizations for both the thermopile device and as-
sembled sensor would correlate well with experimental data. The ensuring section
provides an overview of the theoretical model used to describe the thermopile and

the biosensor designed for acetone and ethanol detection.

Theoretical Model for Biosensor Device

To define a model for the biosensor device it was useful to consider the two-

component system of the biosensor. First, the transduction component was con-

23



Application Sensitivity Source
Automotive Sensor 80 Vw! (Graf et al., 2007)
Generic Calorimetry 45 mV °C~1 (Allison et al., 2003)

Enzymatic 5mV °C™! (Towe and Guilbeau, 1996)
Biochemical Sensor
2mV K™! (Xie et al., 1994)
Mast Cell Activation 7 pW 10° cells (Pizziconi and Page, 1997)
Sensosr
High Laser Power 2.8 mv W1 (Charles et al., 1988)
Measurement
Thermal Radiation | 0.0543 mV W—lm™2 (Weckmann, 1997)
Detector
6 VW (Herwaarden and Sarro,
1986)
1245 V W1 (Xue et al., 2010)
VOC Sorption nV ppm ! (Lerchner et al., 2000)
Detection

Table 2.1: Summary of thermoelectric applications using thermopiles.

sidered. Second, the biorecognition component was considered. Lastly, the two

components were combined.

As a first step, the thermoelecric device was modeled as if it were an
infrared detector. This approach was chosen, because it best represented the

characterization approach used to investigate the response time of the thermopile.

To begin, the assumptions used in the Weckmann method were followed
for this work. First, the thermopile, with its multiple junctions was considered
as single one-junction thermopile. Second, the heat exchange generated by the
incident radiant energy was defined as the heat input at 7. Further, the heat
exchange at the reference junction was represented the external environment, Tj,.
Here, the heat loss through conduction to the insulator and through radiation to
the surrounding environment was considered negligible. Lastly, it was assumed
that the initial temperature of the absorbing layer of the thermopile was the
ambient temperature, the heat loss through radiation here was assumed to be
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negligible, and the rate of absorption was assumed to be constant. Figure 2.5

shows the energy balance for this system. Identical to the Weckmann method,

Lo

_» Absorber Layer

— Active Junction

—» Thermopile Heat Capacity

— Thermal Impedance,

. Reference Junction

— Insulation Layer at Tq

Figure 2.5: Energy balance for a system consisting of a thermal mass, C', and a
thermal impedance of conductance, K (Weckmann, 1997).

the system described above lead to the energy balance presented below in the

following equations. The first equation, Equation 2.25 defines the energy balance.

Cd?—tT + KAT = P. (2.25)

In Equation 2.25, P. represents the incident radiant energy that contacts the
absorber layer. Incident radiant energy is defined as power expressed in W. The
thermal conductance of the absorber layer is defined then by K expressed in W
K~! between the thermopile and the heat source. Additionally, the heat capacity
of the thermopile, C' expressed in J K~!, represents the thermal properties of the
thermopile metals. The heat capacity of the thermopile is further characterized
in Equation 2.26.

C =mC, (2.26)
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Equation 2.26, demonstrates the basic relationship between the mass of the ther-
moelements, m expressed in kg, and their specific heat capacity, C, expressed in
J kg=! K~!. The thermal conductance of the absorber layer, K, which absorbs

the incident radiant energy is also defined.

A
K=k— 2.2
k> (227)

In Equation 2.27, k is the conductivity of the of the absorber layer expressed in
W m~! K=!, L is the depth of the absorber layer expressed in m, and A is the
cross-sectional area of the absorber layer exposed to the radiant incident energy.

The cross-sectional area is expressed in m?.

By assuming that the rate of absorption was constant, the Weckmann
method provided the solution to Equation 2.25. As such, Equation 2.25 could be

written as it is shown below.

P

AT = (1 - e—%t> (2.28)

Here it is shown that an thermoelectric, thermopile-based radiation detector would

have first-order system behavior and a time constant defined by 7.

C
T= (2.29)

By combining the results from Equations 2.24, 2.28, and 2.29, the relationship for

the system can be written as it is below.

t

P, _t
V = nSupAT = nSab? (1 —e T) (2.30)

Ultimately, the Weckmann method produces a means to theoretically assess the
thermopile output for the device. In particular, the output voltage of is deter-
mined as before by multiplying the temperature differential across the reference
and active junctions by the Seebeck coefficient, and the total number of junctions

in the thermopile.
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One of the characteristic parameters of the device is its sensitivity. The
sensitivity for the thermopile can be theoretically defined by manipulating Equa-
tion 2.30.

1% t
Sensitivity=—- = - (1 - e—?> (2.31)

The sensitivity of the thermopile is essentially just the output voltage for the
device divided by the power of the incident radiant energy. The sensitivity here

is expressed in V (W m™2)~1.

Another key parameter for the thermopile is the time constant of the ther-
mopile. In most applications, it is advantageous to minimize the time response.
One method to achieve this, is shown by inspection that thermal conductance
of the system should be maximized while the heat capacitance of the thermopile
should be minimized. On the other hand, maximum sensitivity can be achieved
by maximizing the number of junctions in the thermopile, choosing dissimilar
metals with large Seebeck coefficients, and alternatively minimizing the thermal

conductance of the system.

Given the conflicting relationship with the thermal conductance, the Weck-
mann method suggests that the thermal conductance for the thermopile system
must be optimized in order to achieve both maximum sensitivity and response
time. For the purposes of this work, the Kapton layer, represented as B in Figure

3.1, is the absorber layer which is critical for determining device performance.

Physical adsorption was not modeled extensively. However, a cursory ex-
amination was attempted. In particular, the mass balance — energy balance for
the system was simplified under basic assumptions. The first assumption was
that the analyte was present in an ideal gas as a single-component. The second
assumption was that the adsorbent was covered fully by only a single layer or

monolayer of adsorbate. Further, the adsorption capacity of the adsorbent ex-
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OCOOOOOOOCOO0 — Heat of Adsorption at T
— Absorber Layer

— Active Junction

— Thermopile Heat Capacity, C

— Thermal Impedance, K

_, Reference Junction

— Insulation Layer at Tq

Figure 2.6: Modified energy balance with heat of adsorption as the thermal energy
source.

hibited a linear relationship with the concentration of the adsorbate in the gas
phase. The cursory model for this system is presented in Figure 2.6. With these
assumptions identified, the isoteric heat of adsorption in the form of differentiated
or molar enthalpy, would reach a maximum value once the adsorbate covered the
the surface of the adsorbent. To model the proposed heat of adsorption, the ab-
sorber layer of the standard thermopile sensor was replaced by the biorecognition

layer that generated heat.
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Chapter 3

EXPERIMENTAL METHODS

The purpose of this section is to provide an overview of the experimental methods
used for this work. A detailed review of the the device fabrication process is

included. Additionally, the testing apparatus is also reviewed.

Thermopile and Biosensor Fabrication

The thermopiles were made using thin film deposition by thermal evaporation
in a high vacuum bell jar system located in Arizona State University’s LeRoy
Eyring Center for Solid State Science. Bismuth and antimony were deposited on
Dupont Kapton PV9100 series polyimide film. Bismuth and antimony shot from
Sigma Aldrich underwent similar processes. In both cases, the metal was slowly
heated under vacuum. The vapors then rose within the bell jar to condense on

the Kapton film. The bismuth and antibody runs were conducted in three steps.

During the preliminary deposition of bismuth, one of two different metal
shadow masks was used. Both masks were designed to create the patterns needed
to fabricate each structure of the thermopiles. The masks were produced by Towne
Technologies, Inc. of Somerville, New Jersey. A second metal shadow mask was
used for the second bismuth run and the final antimony run. The alignment of

the second masks to the previously deposited film was conducted visually under

a backlight.

Once the runs were completed, the Kapton film was cut into individual
thermopiles, analyzed by microscopy for defects and then assembled into sensor
devices. The first step in the assembly process required that the thermopiles’
electrical pads be fitted with adhesive-coated 3M 1181 copper foil tape. The

electrical connections between the copper tape and thermopile pads were made
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Figure 3.1: Microscope images of typical thermopile.

with GC Electronics Silver Print 11, an electrically conductive silver paint.

The backsides of the thermopiles were modified to isolate the reference
junctions. The reference junctions were protected by 3M 810 Scotch Magic Tape,
while the backsides of the active junctions remained exposed. The thermopile

devices were then trimmed and attached to their supporting substrates.

The supporting substrates were styrofoam-based, thermally insulated polyvinylchlo-
ride rings. The rings not only thermally isolated the frontside of the thermopiles,
but also protected the thermopiles from mechanical damage. Finally, the active
junctions were coated with a biorecognition material. The assembled sensors,
demonstrated in Figure 3.2 were then ready for testing and placed in the flow
channel shown in Figure 3.3. While there were many devices fabricated, the ex-

periments presented in this thesis were conducted using one of two devices.

Biosensor Testing

The assembled sensor was first electrically connected to the testing system by
using alligator clips that were attached to the positive and negative copper tape

of the assembled device. Once electrically connected to the testing system, the
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Figure 3.2: Diagram of assembled sensor (Guilbeau, 2008).

device was carefully placed in a flow channel like the one drawn in Figure 3.3.

The flow channel was a key component of the testing system shown in Figure 3.4.

A

L.

[. ———  Acetone flow path ——— (E-
y—°

Section AA

Figure 3.3: Diagram of testing system flow channel (Guilbeau, 2008).

The testing system consisted of a compressed air supply, two mass flow
regulators, a humidifier, an analyte delivery station, a mixing chamber, a flow

channel, and a null voltmeter. The compressed air was divided into two streams.
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Figure 3.4: Diagram of testing system flow apparatus (Guilbeau, 2008).

One stream was sent through one of the mass flow regulators and on to the Bird
Humidifier Controller that regulated both temperature and humidity. The second
stream was sent through the other mass flow regulator and onto the analyte

delivery station.

For acetone testing, the analyte delivery station was a Drager Vapor 19.1
anesthetic agent delivery device that was modified for acetone vaporization. For
ethanol testing, a conical flask, two-holed rubber stopper, and a glass dispersion
tube were used to create an ethanol vaporization apparatus. The ethanol vapor-
ization apparatus, unlike the acetone vaporization apparatus, did not allow for

fine control of the analyte concentration in the airflow.

Irrespective of the analyte, the gas from the analyte delivery station was
sent to a mixing chamber. From there, the gas flow from both mass flow regulators
was mixed and sent on to the flow channel. In all experiments, the temperature

was set to 25°C.

Data Anlaysis

The objective of this research was to characterize the performance of a thermo-

electric gas sensor designed for ethanol and acetone detection. This sensor was
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evaluated by plotting real-time biosensor response during each experiment. The
peak output data was used characterize the device repeatability and linearity.
Additionally, the peak output data was used to compare biosensor response with

varying biorecognition materials.
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Chapter 4

RESULTS

This chapter is organized into three parts. The first part reviews the experimental
results used to characterize the thermopile. The second part presents the exper-
imental results for several biorecognition materials. Finally, in the third part, a

review of theoretical results is discussed.

Transducer and Sensor Characterization

Device response to infrared incident light was evaluated to determine the response
time of the device. The results are shown in Figure 4.1. The IR source used in
this experiment was a standard Class IIla office laser pointer with a 630-680 nm

laser diode and a maximum power output rating at less than 5 mW.

TP Output
1.8 + Incident Light ON/Off

Sensor Output (uV/100)

0 5 10 15 20 25 30 35
Time (seconds)

Figure 4.1: Response time test results.
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A five minute baseline experiment was also run. This experiment was
conducted to determine a baseline response to acetone. At 75 seconds, the sensor
was exposed to a 7% acetone flow. The flow was returned to 0% acetone at 200

seconds. The results from this testing are presented in Figure 4.2
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Figure 4.2: Baseline testing for bare thermopile response to acetone.

In addition to response time, and baseline testing, the assembled sensor was
evaluated for repeatability. Using the most common adsorbent, activated charcoal,
the sensor was evaluated in acetone at varying levels. The results from this study
are presented in Figure 4.3. This data was also used to evaluate linearity. The

results from this work are presented in Figure 4.4.

Biorecognition Material Fvaluation

This testing was conducted in order to evaluate the biorecognition material re-

sponse to varying concentrations of acetone and ethanol in both dry air and
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Figure 4.3: Activated charcoal sensor response for repeatability testing.
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Figure 4.4: Activated charcoal sensor response for linearity testing.
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humidified air. This section includes experimental results for four biorecognition
materials: Activated Charcoal (AC), Semi-solid Polydimethylsiloxane in the form
of Stopcock Grease (SCG), Solid Polydimethylsiloxane in the form of a cured
elastomer (PDMS), and Semi-solid Polytetrafluoroethylene in the form of Krytox
grease (PTFE).

Performance with Activated Charcoal

Each experiment was conducted in two parts. The first part was conducted in
a non-humidified environment. The second part was conducted in humidified
air. The biorecognition material was activated charcoal. For the acetone testing,
Figure 4.5 presents the experimental data. The acetone concentration were varied
amongst three values and data was collected twice before changing the ambient

environment from dry to humidified.
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Figure 4.5: Activated charcoal sensor output versus time with repeating changes
in acetone exposure levels.
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As with the acetone testing, the ethanol testing was also conducted in two
parts. The first part was again conducted in a non-humidified environment, while
the second part was conducted in humidified air. The biorecognition material was
still activated charcoal. For the ethanol testing, Figure 4.13 presents the experi-
mental data. The ethanol was either present in the stream or completely absent.
The data was collected three times before changing the ambient environment from

dry to humidified
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Figure 4.6: Activated charcoal sensor output versus time with repeating changes
in ethanol exposure levels.

Performance with Semi-solid Polydimethylsiloxane

A repeatability study using stopcock grease (SCG) was also conducted. In a dry-

air environment, acetone levels were varied to four settings. These settings were

38



sampled twice during the entire run. The results from these tests are shown in

Figure 4.7.
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Figure 4.7: Dow Corning High Vacuum Stopcock Grease sensor output with re-
peating changes in acetone exposure levels for repeatability testing.

Once more, each of the remaining experiments were conducted in two parts.
The first part was conducted in a non-humidified environment. The second part
was conducted in humidified air. The biorecognition material was Dow Corning
High Vacuum Stopcock Grease. For the acetone testing, Figure 4.7 presents the
experimental data. The acetone concentrations were varied amongst three values
and data was collected twice before changing the ambient environment from dry
to humidified. In each experiment, only one biorecognition material, Dow Corning

Stopcock Grease, was used.

As with the acetone testing, the ethanol testing was also conducted in

two parts. The first part was again conducted in a non-humidified environment.
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Figure 4.8: Dow Corning High Vacuum Stopcock Grease sensor output with re-
peating changes in acetone exposure levels.

The second part was conducted in humidified air. The biorecognition material
remained Dow Corning High Vacuum Stopcock Grease. For the ethanol testing,
Figure 4.9 presents the experimental data. The ethanol was either present in the
stream or completely absent. The data was collected three times before changing

the ambient environment from dry to humidified air.

Performance with Solid Polydimethylsiloxane

The PDMS testing followed the previous testing regime as well. Again, each of
the experiment was conducted in two parts. The first part was conducted in
a non-humidified environment. The second part was conducted in humidified
air. The biorecognition material was solid polydimethylsiloxane that had been
cured. For the acetone testing, Figure 4.10 presents the experimental data. The

acetone concentrations were varied amongst three values and data was collected
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Figure 4.9: Dow Corning High Vacuum Stopcock Grease sensor output with re-
peating changes in ethanol exposure levels.

twice before changing the ambient environment from dry to humidified. In each

experiment, only one biorecognition material, polydimethylsiloxane, was used.

As with the acetone testing, the ethanol testing was also conducted in two
parts. The first part was again conducted in a non-humidified environment. The
second part was conducted in humidified air. The biorecognition material was
polydimethylsiloxane. For the ethanol testing, Figure 4.11 presents the experi-
mental data. The ethanol was either present in the stream or completely absent.
The data was collected three times before changing the ambient environment from

dry to humidified air.

41



Dry Air Transition Humidified Air

Sensor Qutput (uV/100)

0 1000 2000 3000 4000 5000 6000 7000 8000 2000

Time (Seconds)

Figure 4.10: Polydimethylsiloxane sensor output versus time with repeating
changes in acetone exposure levels.

Perfomance with Semi-solid Polytetrafluoroethylene

The polytetrafluoroethylene testing followed the previous testing regime as well.
Again, each of the experiments were conducted in two parts. The first part was
conducted in a non-humidified environment. The second part was conducted in
humidified air. The biorecognition material was polytetrafluoroethylene. For the
acetone testing, Figure 4.12 presents the experimental data. The acetone con-
centrations were varied amongst three values and data was collected twice before
changing the ambient environment from dry to humidified. In each experiment,

only one biorecognition material, polytetrafluoroethylene, was used.

As with the acetone testing, the ethanol testing was also conducted in two

parts. The first part was again conducted in a non-humidified environment. The
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Figure 4.11: Polydimethylsiloxane sensor output versus time with repeating
changes in ethanol exposure levels.

second part was conducted in humidified air. The biorecognition material was
polytetrafluoroethylene. For the ethanol testing, Figure 7?7 presents the experi-
mental data. The ethanol was either present in the stream or completely absent.
The data was collected three times before changing the ambient environment from

dry to humidified air.

Theoretical Model Validation

For the thermoelectric infrared sensor, the energy balance described in Figure
2.5 was evaluated. The sensitivity was found to be 7.2 uV m°C~t. The sample
calculations for this work are provided in the Appendix. For the thermoelectric
heat of adsorption sensor, the proposed energy balance was not experimentally

validated. A discussion of this work is provided in the Discussion Section.
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Figure 4.12: Polytetrafluoroethylene sensor output versus time with repeating
changes in acetone exposure levels.
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Chapter 5

DISCUSSION

Transducer and Sensor Characterization

The value for 90% response time of the device was found to quite fast. Within one
second, the device began to respond to incident light. Similar devices provided
an average 90% response time of five seconds (Muehlbauer et al., 1990b). It is
important to note that the recorded response time seemed longer than the visually
observed response on the null meter that recorded device output. It is possible
that increased sampling frequency might provide both enhanced resolution and

perhaps an even smaller time constant for the device.

The baseline testing on the thermopile in acetone showed that the ther-
mopile does not respond to acetone without the presence of a biorecognition el-
ement. This was an important first step in confirming that the thermopile and

sensor design was recording analyte concentration without added noise.

The next step was to assess the repeatability of the device. The repeata-
bility testing showed that the sensor with activated carbon as the biorecognition
material was both repeatable and linear. The linear correlation coefficient value,
R? was found to be 0.987. It was not possible to assess linearity with ethanol due

to the test set up.

Biorecognition Material Evaluation

The activated charcoal experiments showed strong responses to both acetone and
ethanol. The dry-air and humidified-air testing produced different results for
both acetone and ethanol. For acetone the baseline value remained constant in
dry air but shifted upward in humidified air. Additionally, the peak values for all

acetone concentrations was lowered in humidified air. Similar results were seen
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with ethanol. While the baseline value remained constant throughout dry and
humidified air testing, the significant decrease in peak values was seen. A nearly

90% reduction in peak value was observed.

The interesting response for the activated charcoal with ethanol and hu-
midified air suggests that an additional phenomenon occurred. Previous work has
suggested that water may condense within the pores of activated charcoal (Delage
et al.; 1999). This could explain the endothermic response observed. However,
the Delage findings were presented with acetone not ethanol. Additionally, the
baseline shifting observed with acetone testing with activated charcoal seems to
correlate with previous hysteresis findings observed when multiple adsorption des-

orption cycles are run in series (Gales et al., 2000).

The Dow Corning High Vacuum Stopcock Grease experiments showed an
overall smaller response than the activated charcoal. However, there were sim-
ilarities in the dry versus humidified air results. For instance, acetone testing
in humidified air showed a upward baseline shift in acetone but not in ethanol.
Different from charcoal, however, was that the peak values for all acetone con-
centrations remained constant in dry air and humidified air. Similar results were
seen with ethanol. While the baseline value remained constant throughout dry
and humidified air testing, there was no significant decrease in peak value. As

with acetone, the peak values remained unchanged.

Polydimethylsiloxane performance was different from the other two mate-
rials. There was no baseline shift in the acetone testing from dry air to humidified
air. Additionally, overall response to acetone diminished in the presence of hu-
midity. Ethanol testing, on the other hand, experienced a baseline shift in a
downward direction. This observation was accompanied by a decreased in the

maximum peaks for ethanol as well.
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On the other hand, polytetrafluoroethylene, was by comparison, almost
completely unresponsive to acetone. The baseline changes in the dry versus hu-
midified air flow were negligible. This was also true for the ethanol testing. There
was no significant baseline shift. There was however, a significant decrease in
response to ethanol in humidified air. This response however was not symmetric,
as it had been observed with the other three materials. Instead, the decrease
was marginally seen in the endothermic desorption phase but markedly seen in

exothermic portion of the desorption phase.
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Figure 5.1: Peak output data for acetone testing with each biorecognition mate-
rial.

The data presented in Figure 5.1 and 5.2 could be misleading. It is impor-
tant to note that while the exposed surface are of the adsorbent remained constant
throughout all testing, the depth of the biorecognition material was consistently
maintained. Therefore, the direct comparison of each biorecognition material

should be carefully considered.
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Figure 5.2: Peak output data for ethanol testing with each biorecognition material.

Evaluation of Theoretical Model

The evaluation of the thermoelectric model for the thermopile was reasonably
successful. The sensitivity from the theoretical model, was most impacted by the
absorbing material used, Kapton. In this case, the Kapton physical parameters
were collected from the manufacturer. Additionally the device output was taken
from the peak value of the real-time data shown in Figure 4.1. With this informa-
tion, the sensitivity, was found to be 7.2 uV m°C~!, while the recorded value for
this device from previous work was found to be 6.0 gV m°C~! (Guilbeau, 2008).
The real device sensitivity would likely be reduced, since the heat capacity of the

thermopile was assumed to be negligible.

To experimentally validate the the proposed energy balance for the thermo-

electric heat of adsorption biosensor, literature values for the heats of adsorption
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for activated charcoal could be used. At 40.0 kJ mol™! and 41 kJ mol~! for
acetone and ethanol respectively the heats of adsorption provide a first step at
evaluating the expected device output (Guo et al., 2011). The exposed surface
area of the adsorbent would help approximate the moles of adsorbent adsorbed
in a single monolayer. This information could then be compared to the output
generated by a calibrated biosensor device. Suggestions for future work in this

area are provided in the Conclusion and Recommendations section.
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Chapter 6

CONCLUSIONS and RECOMMENDATIONS

In this work, a thermoelectric biosensor based upon adsorption chemistry was
developed and characterized. The analytes, acetone and ethanol, were evaluated
under dry air and humidified air conditions, and the sensor response to acetone
concentration was found to be both repeatable and linear, while the sensor re-
sponse to ethanol presence was also found to be repeatable. Further, the dif-
ferent biorecognition materials were found to produce discernible thermoelectric
responses that were characteristic for each analyte. An overall assessment of the
work done for this research effort is reviewed in the following section. Additionally,

suggestions for further research are also presented.

From this work, it was determined that three of the four biorecognition
materials could be used for both acetone and ethanol testing. Each material
provided a significant response to both acetone and ethanol, and their responses
were found to be repeatable. Further, humidity was found to have an impact on
acetone and ethanol sensing. This dependence was subject to the material under

evaluation.

One of the observations seen with respect to humidity was the baseline
shifting during some humidified testing. It is possible that the peak output should
have been processed to remove the observed shift. For instance, the raw data
that was evaluated using Microsoft Excel software could have been processed for
integration. Using MatLab Software, the area under the curve could have been
used to remove the baseline data. This data analysis technique was successfully
employed to analyze thermopile data used for thermoelectric sequencing of DNA

(Nestorova and Guilbeau, 2011).
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Further, to address the humidity concerns, it would be meaningful to cor-
relate the humidity settings with average breath compositions. In this case, mod-
ifying the testing equipment to specify a physiological percent humidity in the
flow stream would be useful. Also, conducting the experiments in a heated en-
vironment may yield good information for assessing the device in physiological

conditions.

Regarding the test setup, modifications for further work would help yield
more specific data. For instance, it would be useful to develop an apparatus for
adding ethanol to the flow stream in variable quantified amounts. This infor-
mation would allow for direct comparisons between acetone and ethanol results.
Additionally, it would be useful to experimentally and theoretically define both
limits of detection and clinical relevant values for the vaporizer settings. This

would involve vaporizer modifications or upgrades.

Additionally, the complications that arise when a multicomponent system
are evaluated should also be considered. Whether the interfering substances are
water, organic compounds, or inorganic compounds, it is possible that an ar-
ray of biosensors may be needed. Like previous multisensor array electric noses,
that exploit solid-state sensor responses to specific gases (Paulsson and Winquist,
1999), the thermoelectric adsorption biosensor may need to have multiple sensors
within one testing system. The processing algorithms for this type of device have
been considered when the output of multiple sensors that specifically tests distant
compounds are combined (Guo et al., 2011). This is certainly an exciting area for

future work.

The model for the thermoelectric infrared detection device was found to be
suitable. However, further development of the model for measuring heats of ad-
sorption is needed. It would be useful to create complete individual isotherms for

each biorecognition material and analyte. By appropriately plotting this isotherm
53



data, an experimental heat of adsorption could be compared to the device output.
Additionally, given the multicomponent nature of the system, it maybe worthwhile

to consider other isotherm models like the Temkin or Henderson isotherms.
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APPENDIX

The work presented below shows sample calculations used to asses the thermo-
electric model of the infrared detector. The sample calculations were produced

using Mathcad Software.

Characterizing the Incident Radiant Energy

power := 5SmW generated by a laser pen
Determining the Total Junction Area

njunction = 58
. . 2
Junction_area := 0.2mm

Characterizing the Absorbing Layer
W

k_kapton := 0.12
mK

coefficient of thermal conductivity for Kapton

depth_kapton = 75x 10 611:

njunction - junction_area
conductance := k_kapton- = conductance for Kapton

depth_kapton

ALY
conductance = 0.019—
K
heatabsorbed = o JOWCE
conductance

heatabsorbed = 0.269K

Experimentally Determined Thermopile Output

output = 1.95m\

Characterizing Thermopile Sensifivity

. output
sensifivity = ———
heatabsorbed
o -3 V
sensitivity = 7.238x 10
A°C
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