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Abstract

The accurate and real-time detection of phase changes of opaque materials during
different physical, chemical and mechanical processes is relevant in various industrial
applications. In this dissertation, detection and monitoring of refractive index varia-
tions of opaque materials during phased changes using prism-based surface plasmon
resonance (SPR) sensors have been reported. Using the Kretschmann configuration
of SPR, a sensitive refractive index sensor has been designed which can relate the
SPR absorption peak wavelength of the sensor to the sample refractive index. In par-
ticular, the phase changes of asphaltene in crude oil during its deposition, the role of
inhibitors on the deposition rate and depth of asphaltene, and also the phase change
of resin composite during curing process via UV light in dental applications have been
studied. Using our SPR sensor for crude oil depositions, we can detect 142 nm SPR
peak shift from 553+ 0.6 nm to 695+0.6 nm, for a 0.197 change in refractive index
(RI) from 1.389 to 1.586. This is used to show crude oil RI varies from a RI value
of 1.505 (SPR peak wavelength of 601 nm) in neat crude oil fluid to a RI value of
1.521 (SPR peak wavelength of 614 nm) when asphaltenes deposited on the surface of
the sensor completely. In dental application, we similarly show that resin composite
SPR peak wavelength shifts from 617£0.6 nm before UV curing to 633£0.6 nm after
a complete UV curing. Furthermore, we used the matrix formalization modelling
approach for calculating the theoretical SPR response from our sensor and it was in
excellent agreement with our observed experimental results. Our findings show the
potential of SPR sensors in various industrial and scientific applications, in particular

applications in dentistry and oil industries for online real-time monitoring.
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Chapter 1

Introduction

1.1 Thesis theme

Optical technologies have been used in different aspects of human life including com-
munications [1], medical therapies [2] and sensing [3,4]. Between different applications
of optics, optical sensing applications are among the most accurate ones as they allow
scientists and engineers to measure different properties of materials including their
refractive index, temperature and pressure [5]. Optical sensors allow label-free detec-
tion and monitoring of different materials in real-time and with a low cost which make
them attractive devices for application in medicine [6-8], dentistry [9,10], oil indus-
try [11,12] and environmental monitoring [13]. In particular, the real-time detection
of phase changes of asphaltene in crude oil during deposition in pipelines, and resin
composite during curation in dental applications are fundamentally important to the
researchers in the fields of oil [11,12] and dentistry [8]. In this thesis, we focus on
detection and monitoring the opaque materials and their phase changes using surface
plasmon resonance sensors as a novel optical sensing technology. This chapter starts
with an introduction to general theme of this dissertation, followed by the objectives

of the thesis and then the thesis organization is presented.



1.2 Thesis objectives

This thesis will contribute to our understanding of the SPR sensors and their appli-
cation in various sectors such as dentistry and oil industry. The goals of this thesis

are:

- Provide a summary of conventional and state-of-the-art methods for refractive index

detection in opaque materials.

- Provide background information on surface plasmon resonance, different type of

surface plasmon resonance sensors and their application in refractive index sensing.

- Developing a theoretical framework to study prism-based surface plasmon resonance

sensors for refractive index detection of opaque materials.

- Design of surface plasmon resonance sensor for detection of phase changes of as-

phaltene in crude oil during deposition.

- Design of surface plasmon resonance sensor for detection of phase changes of resin

composite after curing with UV light in dental applications.

1.3 Thesis organization

This dissertation is composed of a brief introduction to the physical concepts of
the theories used throughout the thesis along with the results of our research as a

published journal paper and another paper which is in-progress.

Chapter 2 briefly reviews the concept of opaque materials, refractive index and dif-
ferent methods of refractive index measurements in opaque materials including spec-
troscopic ellipsometry, Fourier transform infrared (FTIR) spectroscopy and surface

plasmon resonance.
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Chapter 3 discusses background theory on the physics of surface plasmon resonance
(SPR). In this chapter, the importance of the study of SPR resonance is further
investigated and then different type of SPR sensors as well as different interrogation

methods will be studied in detail.

Chapter 4 describes the theoretical framework of the prism-based SPR sensors as a
layered media using matrix method. In this chapter, the theoretical model is devel-
oped and then the model has been applied to a particular case of asphaltene deposition

in crude oil to predict the output absorbance spectra of the SPR sensor.

Chapter 5 presents the data analysis process of the SPR sensor. In this chapter,
we described the SPR sensor components in detail and showed how we can obtain
absorbance spectra of the opaque materials using the output intensities of the SPR
sensor. The customized LabView program which has been used to detect and visu-
alize the absorption spectra and SPR peak wavelength has been also explained in
detail. We also described the calibration process of the SPR sensor and obtained the
relationship between SPR peak wavelength and sample refractive index. Finally, this
chapter briefly examines the reproducibility and reliability of the results and the role

of signal noise in experiments.

Chapter 6 investigates the application of SPR sensor in oil industry. In particular, we
used a SPR sensor for monitoring asphaltene deposition in crude oil and demonstrated
the effects of inhibitors on asphaltene deposition. We show that crude oil RI varies
from a RI value of 1.505 (SPR peak wavelength of 601 nm) in neat crude oil fluid to
a RI value of 1.521 (SPR peak wavelength of 614 nm) when asphaltenes deposited on

the surface of the sensor completely.

Chapter 7 presents the study of resin composite curing in dentistry and its phase

changes during UV irradiation using SPR sensor. We show how the illumination time
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and distance can affect resin refractive index during the curing process. Furthermore,
we show that resin composite SPR peak wavelength shifts from 617 nm before UV

curing to 633 nm after a complete UV curing.

Chapter 8 provides a brief summary of the main results of this thesis along with

suggestions for future work.

1.4 Research output

The following journal article and conference proceedings are published based on this

thesis:
Journal paper:

R. Khosravi, C. Rodriguez, F. Mostowfi, V. Sieben “Evaluation of crude oil asphal-
tene deposition inhibitors by surface plasmon resonance,”, Fuel273, 117787 (2020).
https://doi.org/10.1016/j.fuel.2020.117787

Conference proceedings:

R. Khosravi, C. Rodriguez, V. Sieben “Studying asphaltene deposition inhibitors
using surface plasmon resonance,” Photonics North 2020, Niagara Falls,ON, Canada

(2020).

R. Khosravi, F. Che, Ch. Felix, M. Hajati, S. Ponomarenko, V. Sieben, “Novel
plasmonic sensor for real-time monitoring of resin cure,” International association for
dental research (IADR), Washington, D.C, USA (accepted but the conference delayed
due to COVID-19).



Chapter 2

Refractive index sensing in opaque materials

During the last few years, the measurement of the refractive index (RI) of materials
has been the focus of intense research [14]. RI detection is broadly investigated in
different areas such as chemistry and biological sciences as it enables label-free sensing
[14,15]. With label-free detection one can detect a sample without adding external
markers and affecting the intrinsic characteristics of the sample [16]. Furthermore,
with the advance of optical sources and detectors, methods which allow remote and
contact-less analyses have been taken into practice which enables minimally invasive
detection [14-16]. This chapter will provide a brief introduction to different types
of materials (particularly, opaque materials), refractive index, and different state-of-

the-art RI sensing methods.

2.1 Opaque materials

Based on the light transmission/reflection properties, materials can be divided into
three main categorizes: transparent, translucent and opaque (Fig. 2.1). When light
encounters transparent materials, most of it passes directly through them [17]. As
an example, glass (silica) is transparent to visible light (400-700 nm) meaning it
allow most of the visible light to pass through it. This is why we can clearly see
through the glass. When light encounters translucent materials, a portion of the

light passes through them. The transmitted light will change its direction many
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Figure 2.1: Three main categories of materials based on their light transmission /re-
flection properties: transparent (top), translucent (middle) and opaque (bottom).

times and will be scattered as it passes through a translucent material [17]. As a
result, one cannot see clearly through translucent materials and the objects on the
other side of a them appear unclear [18]. The last category of materials are opaque
materials which encompass most of the materials in nature. When a light beam
encounter with an opaque material, the majority of the light rays cannot passes
through the object. Therefore, most of the light rays are either reflected by the object
or absorbed and converted to heat or thermal energy [17-19]. Light attenuation in

opaque materials happens due to scattering effects (e.g. Rayleigh) and absorbance
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(molecular). Materials such as asphaltene in crude oil, dental resin composite, and
most of the metals are opaque to visible light. The color of an opaque material is then
related to the wavelengths of the light which has been reflected the most from the
object [18,19]. As measuring the light transmission through opaque objects is difficult,
the light reflectance measurements are typically used to optically characterize opaque

materials.

2.2 Refractive index

Refractive index (RI), which sometimes also called index of refraction, is a parameter
that describes how fast light travels through the material comparing to the vacuum
[20]. According to this definition, RI (n) is equal to the velocity of light ¢ for a given
wavelength in vacuum divided by its velocity v in a substance n = £. The familiar
Snell’s law uses the RI of two materials at an interface to describe the bending of a
light ray when it is passes from one medium into a second medium Fig. 2.2. . If ¢
is the incidence angle (angle between the incoming ray in vacuum and the normal to
the surface) and r is the refraction angle (the angle between the ray in the medium
and the normal), the refractive index n is defined as the ratio of the sine of the
incidence angle to the sine of the refraction angle n = % [20] . RI is an important
parameter which can describe physical and chemical properties and also the state of a
given substance [21] . Therefore, detection of RI for an opaque material is particular
interest for scientists in different fields such as chemistry, physics, medical sciences and

biology [20,21]. In the next sections, different state-of-the-art methods for detection

of RI of materials will be discussed briefly.
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Figure 2.2: Schematic of a refraction of a light ray at the interface between two
medium which can be characterized by refractive index.

2.3 Complex refractive index and permittivity

When a light beam propagates through a material, some part of the light will always
be attenuated [22]. The light attenuation during propagation in a medium can be
taken into account by defining a complex refractive index [22, 23], where n()) is the
real index of refraction and k()) is the index of absorption or imaginary part of the

complex refractive index [22].

3l

(A) = n(A) +ik(\) (2.1)
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name of material | n@X\ = 500nm | k@\ = 500nm | n@X = 600nm | k@\ = 600nm
Air 1.00027897 0 1.00027698 0
Silver 0.050000 3.1309 0.055159 4.0097
Benzene 1.5053 0 1.4948 0
Heptane 1.3927 0 1.3885 0
Gold 0.97112 1.8737 0.24873 3.074
Toluene 1.5057 1.3886€e-8 1.4958 1.3560e-8

Table 2.1: Refractive index of selected materials (n=real part and k=imaginary part)

The index of absorption is also called the absorption constant, index of extinction,
or extinction coefficient of the material. Table 2.1, shows the complex refractive
index (RI) of some materials in different wavelengths [22]. It should be noted that
complex refractive index is a wavelength dependent parameter. For example, it can
be seen that RI of toluene decreases from 1.5057 at 500 nm to 1.4958 at 600 nm.
Another example is the RI of glass and sapphire which decreases from 1.524 and
1.7742 at 500 nm to 1.5163 and 1.7675 at 600 nm, respectively. It should also be
noted that imaginary part of RI which indicate optical losses can be significant for
metals like gold and silver at optical frequencies (visible and near infrared) while it
can be negligible for some other materials like glass. The same wavelength dependent
trend is also exist for imaginary part of RI of materials. For example, gold imaginary
part of RI (k) increases from 1.8737 at 500 nm to 3.0740 at 600 nm. The complex
RI is derived from the permittivity and permeability of a material, when describing
electromagnetic wave propagation within and across various media using Maxwell’s
equations. Permittivity describes the polarizability of the material in response to
an applied electric field [23]. Like RI, permittivity depends on the wavelength and
can be a complex value consist of real and imaginary parts. For a given material,
complex refractive index () and complex permittivity e(\) are related through the

following formulas [23], where €/(\) is the real part of the permittivity and €’(A) is
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the imaginary part of the complex permittivity.

3

(A) =n(N) +ik(A \/e \/e )+ 1€’ (N)

€' (N) = 2n(N)k(N) (2.2)

(V) = = [€(N) + V) + 2]

+ \/612 + 6//2 )]

It should be noted that Equation 2.2 assumes that the materials under study are
non-magnetic materials with a relative permeability (u,) of 1. The complex RI or
permittivity of a material cannot be directly measured. Therefore, there are indirect
methods to measure complex RI of materials which will be described in the following

section.

2.4 Refractive index sensing methods

2.4.1 Refractive index sensing using ellipsometry

Ellipsometry is an optical measurement technique that can be used to detect opaque
materials using the light reflection (or transmission) from samples [24]. The main
mechanism of detection in ellipsometry is that it measures the change in polarized
light upon light reflection on a material surface [25]. As the polarized reflected light
often becomes elliptical upon light reflection, this technique is called ’ellipsometry’.
Ellipsometry is based on measuring the two important parameters (¢, A) which repre-
sent the amplitude ratio and phase difference between light polarization states known
as p and s-polarized light waves [24,25]. In spectroscopic ellipsometry (1, A) spec-

tra are measured by changing the wavelength of input light against the sample. In
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general, the spectroscopic ellipsometry measurements are usually performed in the
ultraviolet /visible (UV-Vis) region, but measurement in the infrared region is also
possible. For detection using ellipsometry, we usually need a thin film of the sam-
ple to be able to perform measurements [26]. Spectroscopic ellipsometry has a lot
of different application in different fields [24]. Interestingly, not only characteriza-
tion of thin films but also process diagnoses including etching and thermal oxidation

can be measured using ellipsometry technique. As the light can be used to detect

light source detector

\polarizer

[0) analyser

Figure 2.3: Schematic of ellipsometry measurements for detection of sample on thin
films.

the sample, spectroscopic ellipsometry allows characterization of thin films formed in
solutions which can be of special interest to scientists in the field of chemistry and
biology [25,26]. There are two general restrictions for the ellipsometry technique: (1)
surface roughness of the films should be small (smooth films are required), and (2)
the measurement must happen at oblique incidence. The main reason for these limi-
ations is that the surface roughness signifcantly reduces the reflected light intensity.

As ellipsometry determines a polarization state from its light intensity, ellipsometry
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measurement for non-smooth films becomes inefficient and difficult [24].

2.4.2 Refractive index sensing using FTIR method

Fourier transform infrared (FTIR) spectroscopy is a vibrational spectroscopic tech-
nique which can be optically detect the molecular changes in materials and sam-
ples [27]. FTIR utilizes an instrument which can obtain the absorption spectrum

of a given material which is called spectrometer. Fig. 2.4 schematically illustrates

motorized
translation

source

sample

detector

FFT

specrum

interferogram

Figure 2.4: Schematic demonstration of the main component of a simple FTIR spec-
trometer.

the main component of a simple FTIR spectrometer. The instrument produces an
IR light beam, which is passes through the interferometer where the spectral en-
coding happens [27]. Interferometer is then recombine the light beams which have
different in-path lengths. This will create constructive and destructive interferences

which is called interferogram [27,28]. Then, the beam enters into the sample position
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and the sample absorbs specific frequencies of the IR light energy. The absorption
spectrum generated in interferogram is unique to each material. Next, the optical
detector receive and detect the interferogram signal (spectra) while another beam
is superimposed to provide a reference for the instrument operations [29]. Finally,
the final sample (material) spectrum can be obtained after the interferogram spectra
subtracted from the spectrum of the background by Fourier transformation com-
puter software [29]. FTIR spectrometers are usually utilized for measurements in
the middle-IR (mid-IR) 3-15 pm and near-IR 0.75-3 pm regions [28]. As the Fourier
transform (FT) spectrometer provides the near-IR and mid-IR spectrum much faster
compared to the conventional spectrometer, FTIR spectroscopy is one of the state-of-
the-art methods in detecting unknown substances in different areas of science [29]. In
addition to conventional FTIR, attenuated total reflectance (ATR) is another tech-
nique which can be used with FTIR spectrometers [30]. The ATR-FTIR technique is
based on a reflectance measurements in contrast to conventional FTIR which is based
on tranmission of IR light [30]. The ATR-FTIR technique makes it possible to study
of materials which are highly absorptive in the IR region [30]. Using ATR-FTIR,
one can study optical properties of opaque materials such as RI and permittivty as

ATR-FTIR does not depend on the transmitted light from the material.

2.4.3 Refractive index sensing using surface plasmon resonance

RI sensing based on surface plasmon resonance (SPR) is one of the main methods in
detection of unknown materials and in particular, opaque materials [31]. SPR sensors
detect the absorption of light energy due to interaction of light beams and surface
electrons at the interface between a metal and dielectric due to small changes in RI
of the material at the sensing interface [32]. SPR-based RI sensors have important

applications in areas like chemistry, biology, medical sciences and oil industry [11,
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31]. For example, SPR sensors have been used for gas sensing [33], detection of
various biomolecules including proteins, nucleic acids, and viruses [34], and analyze
developments or chemical interactions in live cells [34]. Table below is a comparison
of these three techniques.In the next chapter, the basics of surface plasmon resonance,

different types of SPR sensors and different SPR interrogation methods will be studied

in detail.
name of the techniques SPR FTIR Ellipsometry
operation wavelength UV-visible | near IR-mid IR | UV-visible-near IR
cost ~ 30K ~ 100k ~ 40k
published articles (2010-2021) 31,959 204,104 10,431

Table 2.2: Comparison of FTIR, SPR and Ellipsometry techniques. Please
note that the data are acquired in November 10, 2020 from Science Direct
(https://www.sciencedirect.com) using the following keywords: FTIR, SPR and el-
lipsometry.
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Surface plasmon resonance sensors

3.1 Principles

Pines and Bohm had suggested in the 1950s that energetic electrons which passes
through metallic foils can experience characteristic energy loss due to the excitation
of plasmons [35]. Then, Thurbadar observed a large drop in reflectivity when illu-
minating thin metal films on a substrate [36]. In 1960s and 1970s many scientists
including Otto and Kretschmann worked on explaining Thurbadar’s results [36]. Otto
for example showed that the drop in the reflectivity in the previous experiments is due
to the excitation of surface plasmon polaritons [36]. At the same time, Kretschmann
and Raether reported excitation of surface plasmons in another configuration [36,37].
The pioneer works of Otto, Kretschmann, and Raether on plasmons established a
convenient method for the excitation of surface plasmon polaritons. The plasmonics
field eventually introduced into modern optics in 1980s when the concept of sur-
face plasmons were first employed for the characterization of thin films [38,39]. The
field advances a lot in the following years to the point where surface plasmons have
been used to detect single molecules [40]. Surface plasmon resonance (SPR) usually
happens where a beam of p-polarized light interact with the interface of a dielectric
medium and a metal surface [39]. At the certain angle of incidence, a fraction of the
light energy excite the surface electrons in the metal film and make them to oscillate
(known as surface plasmon polaritons) [38,39]. After excitation, the oscillation create

an electric field in the range of near 300 nm [Penetration depth is plasmon frequency

15
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dependent| between the metal surface and sample (sensing material) and the field
propagate parallel to the metal surface [41]. The usual setup of an SPR sensor consist
of a prism, metal film, p-polarized light source, optical detector and sample material

in contact with the film as demonstrated in Fig. 3.1. The SPR allow us to detect

wave propagating along a metal—dielectric interface

\_// ' . )
gold surface
incident light H/ reflected light
beam 0 beam
p-polarized prism
light source detector

Figure 3.1: Excitation of surface waves close to metal film due to SPR. The setup
shows a usual optical setup for SPR sensing including a prism, p-polarized light
source, optical detector, and metal film.

materials and objects in real-time with high sensitivity and without the need of labels
(label-free detection) [38]. As SPR measures the changes in the RI of a sample close
to metal film, it is one of most promising techniques for opaque material detection
which can find applications in the fields of biology, chemistry and medicine [39,41]. A
surface plasmon polariton wave is a type of electromagnetic waves moving across the
surface of a thin metal film [39,41]. At resonance, light energy or reflected intensity is
lost as it is imparted to the surface electrons. The resonance (where the oscillation of
electrons are maximum) angle or wavelength are extremely sensitive to any change in

the RI of the sample which is close to the metal surface. Therefore, the change in RI
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of any material can be monitored by recording intensity of the reflected p-polarized
light from the interface between metal and dielectric medium [39,41]. The physical
origin of the surface plasmons come from plasma concept in the Maxwell’s theory
where the free electrons of a metal are treated as an electron liquid of high density
(plasma) [39,41]. In such systems, the density fluctuations on the surface of the
materials are called plasmons, surface plasmons (SPs), or surface polaritons [39,41].
According to the Maxswell’s equations, SPs or surface polaritons can propagate near
a metallic surface [39,41]. In order to excite surface plasmon polaritons, the real part
of the permittivity of the conductor (metal film) must be negative and its magnitude
must be greater than that of the the imaginary part of the permittivity. As noble
metals like gold and silver can satisfy these conditions in visible and near IR regions,
the condition can be met for air (or water/liquids) and noble metal interfaces if the
incoming light beam matches its momentum to that of the plasmon [39,41]. While
s-polarized light cannot excite SPs, the p-polarized light can excite SPs by passing
the light through a block of glass to increase its wavenumber (and the momentum),

and achieve the resonance at a given wavelength and angle [39,41].

3.2 Surface plasmon resonance sensors

As SPR is very sensitive to the any change in the RI of the materials attached
to the surface of the metal film [38,42], it can be used as a highly sensitive RI
sensing technique for opaque materials. As the conditions of the sensing medium
(opaque materials for example) changes, the absorption/intensity maximum location
(or spectral response) of the SPR will change accordingly. Therefore, by monitoring
the changes in the spectral response of the SPR sensor, we can measure the variations
of the sample RI on the surface of a metal film [38,42]. As such, SPR sensors

have made significant contributions to the fields of high-sensitivity spectroscopy, RI



18

sensing, real-time monitoring and spectral analysis. [42].

3.3 Types of SPR sensors

The SPR sensors are usually designed based on the prism setup. There are two
main configurations of the prism-based SPR sensor which are Otto and Kretschmann
configurations. Each of these setups has specific design, advantages and disadvantages

which will be reviewed in the next subsections.

3.3.1 Otto configuration

In the Otto configuration of SPR, a prism with higher refractive index (n,) is inter-
faced with a dielectric-metal waveguide structure consisting of a thin dielectric film
with a thickness (¢), and a thin metal film with refractive index (n,,), as demon-

strated in Fig. 3.2. A light beam incident on the prism-dielectric film interface at

incident light reflected light

NN \_/Iq

Figure 3.2: A basic setup of Otto configuration for SPR sensors.

an angle of incidence larger than the critical angle of incidence for these two media

(total internal reflection) which produces an evanescent wave propagating along the
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interface between the prism and the dielectric film [43]. When the thickness of the
dielectric layer is right (typically few microns), the evanescent waves and SPs at the
dielectric-metal interface can couple and exchange energy. To have coupling, the
propagation constant of the evanescent wave and that of the surface plasmon should

match (be equal to each other) [43].

3.3.2 Kretschmann configuration

In the Kretschmann configuration, a prism with higher RI is interfaced with a metal
dielectric waveguide structure which consist of a thin metal film (usually gold) with
refractive index (n,,) and thickness (q) [43,44]. A basic setup of Kretschmann con-

figuration for SPR sensors is shown in Fig. 3.3.

incident light reflected light

Sample (ng)

Figure 3.3: A basic setup of Kretschmann configuration for SPR sensors.

When a light beam propagating in the prism hits the metal film, a part of the light
beam will be reflected back into the prism and a part propagates in the thin metal
film as an evanescent wave which decays exponentially in the direction perpendicular
to the prism—metal interface [43,44]. The evanescent wave penetrates through the

metal film and can couple to a surface plasmon polariton (SPP) at the outer side
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of the thin metal film [43,44]. The propagation constant of the SPP (3°F) which is
propagating along the thin metal film varies depending on the dielectric material on
the opposite side of the metal film and can be expressed as [43,44]:

EdEm
Ed+ Em

B = B+ Ag = = + A8 (3.1)

Where fBgp, is the propagation constant of the SPP which is propagates along the
metal-dielectric interface in the absence of the prism, and AfS accounts for the thick-
ness of the metal film and the presence of the prism [38,43,44]. To see the coupling
between the evanescent wave and SPP, the propagation constants of the evanescent

wave (Bgw) and that of the SPP (8sp) have to be equal [43,44],

2 2
Sonpsing = k. = 37 = Re {#°7} = Re {Tﬁ, kff”;m + Aﬁ} (3.2)

If we want to see this coupling condition in terms of refractive indices, we will have

[43,44],

2 2 m
Tﬂnp sinf = nffw = nff = Re {—W £d° } + Anf}j (3.3)

where nffw is the effective index of the evanescent wave, nff is the effective index
of the SPP, and Anff = Re{ApN/21}. The Kretschmann configuration has a few
advantages over Otto configuration. First, as there is no space between metal film and
prism, the sensitivity of RI sensing in Kretschmann configuration is usually higher
than Otto configuration. In addition, Otto configuration is not suitable for RI sensing
in liquids as there is a distance between the prism and the thin metal film in the setup
of the sensor. Finally, the Kretschmann configuration is usually easier to setup. Due
to these reasons, Kretschmann configuration of SPR is usually the mainstream setup
of SPR sensors in different applications which can offer real-time sensing, label-free

detection, high sensitivities and easy setup and relatively low cost [43,44].
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3.4 SPR sensors interrogation types

Most of the SPR sensors are based on prism couplers as prism-based coupling of
light into SPs is easy and straight-forward where one can use only simple optical
elements to realize such sensing systems [43,44]. There are two main types of inter-
rogation methods in prism-based SPR sensors: angular interrogation method (AIM)
and wavelength interrogation method (WIM). In AIM, one should use a monochro-
matic light source (one single wavelength) as the excitation source. There are three
main configurations of AIM SPR sensor. The first type of AIM SPR sensor utilize
a monochromatic light source with a fixed angle and study the variations in the in-
tensity in output [37]. The second type of AIM SPR sensor utilize a monochromatic
light source and detector which are moving around at the same time to gradually
change the angle of incidence of light beams on the metal film at the interface with
the prism, as demonstrated in Fig. 3.4 [37]. As the resonance condition of SPs de-
pends on the incident angle, one can expect to see an intensity dip as energy is lost
to plasmons at certain incident angle. The peak maximum location will change as
we change the RI of our dielectric sample material and therefore, the resonance angle
(the angle at which we observe the peak of loss intensity) can be related to the RI
of sample. The third type of AIM SPR sensor utilizes a light source like LED and
focuses the light beam into the interface (which will create different angles), and then
an array of detectors will be used to detect the light at the output [37]. In contrast to
AIM, WIM method utilizes a fixed incident angle, a polychromatic light source (with
multiple wavelengths) and a collimated beam. In this method, the absorption spectra
(and peak wavelength) varies with RI of the sample [43,44]. Overall, both methods
can be used to detect an opaque material using SPR sensors but AIM relates the
SPR intensity loss to the incident agnle and WIM relates the SPR intensity loss to

the incident wavelength. In the next chapter, we’ll talk about a typical WIM mode
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Figure 3.4: Schematic of angular interrogation method in prism-based SPR. sensors.

SPR sensor setup and develop a theoretical model to predict the variations in SPR

peak wavelength depending on the sample RI.



Chapter 4

Modelling the SPR sensor with the matrix method

The prism-based SPR sensor consist of different media (layers) in the sensing area
including prism, metal films and the sample. To find the amplitudes of electric and
magnetic fields in each layer, one should solve wave equations propagating in these
media. As the number of layers are usually large in SPR sensors, the conventional
analysis of wave equations becomes complicated and therefore, there is a need to use
alternative methods to find the reflection and transmission of electromagnetic waves,
and electric/magnetic field in each medium. Matrix method is a systematic approach
to solve such complicated problems using matrix algebra. In this chapter, we first
study the Fresnel equations and the concept of reflected /transmitted coefficients, and

then discuss modelling of our SPR sensor using the matrix method.

4.1 Fresnel equations

The reflection and transmission of light when incident on an interface between differ-
ent media can be described using the Fresnel equations [22]. In particular, Fresnel’s
equations can predict behaviour of electromagnetic waves of the s and p polarizations
incident upon an interface between a medium with refractive index n; and a second
medium with refractive index ny [22], as indicated in Figure 4.1. The angles that the
incident, reflected and transmitted rays make to the normal of the interface are given

as 6;, 0, and 6,, respectively. The equations assume a flat interface between the me-

23



24

Figure 4.1: Variables used in the Fresnel equations.

dia. The equations also consider that the media are homogeneous and isotropic [22].
Furthermore, the incident light wave is assumed to be a plane wave [22]. Two sets
of Fresnel coefficients are exist for two different linear polarization components of the
incident light wave [22] as any polarization state can be resolved into a combination
of two orthogonal linear polarizations. The s-polarization refers to polarization of
an electric field normal to the plane of incidence. The p-polarization refers to the
polarization of the electric field in the plane of incidence. The relationship between
these angles is given by [22]

0, =0, (4.1)

and according to Snell’s law,

ny sin 6; = ngy sin 6, (4.2)

The behavior of light (transmission or reflectance) at the interface is solved by con-
sidering the electric and magnetic fields [22]. The fraction of the incident power that
is reflected from the interface is called the reflectance (or power reflection coefficient)
R, and the fraction that is transmitted into the second medium is called the trans-
mittance (or power transmission coefficient) T'. If complex refractive indices are used,

attenuation is taken into account. [22]. The reflectance for s-polarized light is given
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by [22]
Rs _ ZQ COS QZ — Zl COS Qt 2 (43)
Zocosl; + Zy cos b,
The reflectance for p-polarized light is given by [22]
Zycos by — Z; cos b; 2
R,= 4.4
P Zycos Oy + Zy cos b; (44)

where Z; and Z, are the wave impedances of media 1 and 2, respectively. Here it
is assumed that the media are non-magnetic. Therefore, the wave impedances are

determined solely by the refractive indices n; and no,

U2

Z; (4.5)

where Zj is the impedance of free space and ¢ = 1,2. The final equations using the

refractive indices are given by [22],

h ny cos0; — ny cos b, 2_ nq cosb; — noy 1—(2—;sin9)2 @5)
® |nqcosb; + ny cos b, 1 cos0; + nay /1 — (L sin 6)2 '
ng
” 2
nogin 6.2 — .
R |mcos 0, —nacosf;|°  |™ \/1 = (5 5in6;)* — ny cos (47)
P InycosO; + ngcosh;| ’

nl\/l - (Z—; sin 6;)2 + ng cos 6;
Finally, as a consequence of conservation of energy, the transmitted power for s-

polarized and p-polarized light is simply can be calculated as
Ts=1— R; (4.8)

and
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4.2 SPR sensor model using matrix method

To accurately model our SPR sensor, we used MATLAB implementation of matrix
method. The sensor consists of an input light source with a known spectra which
will propagate through the layered media in the sensing region of the sensor. Using
matrix method, we can predict the output light spectra depending on the sample that
we have in the sensing region. The model conceptual diagram of the SPR sensor for
detection of phase changes of asphaltene in crude oil is illustrated in Fig. 4.1. We first
focus on the sensing area which consist of a sapphire dove prism, gold and titanium
thin films, and also the sample/liquids. The reason we used a sapphire dove prism
instead of a regular glass prism is to match refractive indices of sample, and thin
films, as the refractive index of sapphire is larger than that of the silica. The layered
media have two important parameters in the SPR sensor: layer refractive index (n)
and layer thickness (d). To accurately model these layered media, we used complex
refractive index of sapphire [45], gold [46], and titanium [47] from the literature. These
complex refractive indices are also plotted as the function of wavelength in Fig. 4.1.
The complex refractive indices of sapphire, gold, titanium and also the sample form
the refractive index stack in the model. Each layer has also a thickness (d) which
have been taken into account in the model development. For our SPR sensor, the
thickness of sapphire substrate, and gold and titanium thin films are 1 mm, ~50 nm
and ~5 nm, respectively. We used a theoretical formulation using matrix method
to model the SPR sensor. The reflected p-polarized light relative intensity from the

multilayered media in our sensor can be calculated as [12]:

4

I
RP = 24t — |pp)? (4.10)

- P
Iin




27

sapphire dove prism

p-pol
n
~ =~ o ~ o, a i
Powchmmat'c}—tollimatoﬁ 30 C n /pnlarizer\{culllmatnr. ~=Ispectrometer)
. i — e ——
\light source / T J <607 76;1'1 X ~ Ucollimator/==Jspectrometer)
crude oil - sapphire substrate s-pol
thin-film stack: Ti/Au
H [ e s
8000 waste 7000
flow cell
7000 6000
n-heptane LSPR sensing zone
6000 it 5000
5 asphaltenes deposition 5
3 5000 1776 1.000 s 2 4000 "
8 3 Deposit
z sapphire = SPR Paak
Z 4000 1774 2 3000 .. 629n0m
2 0.800 2 -
3000 1772 2000
2000 g1770 0600 B 1000
8 &
1000 = 1768 0400 = 0
500 550 600 650 700 =< 500 550 600 650 700
wavelength (nm) 1768 wavelength (nm)
0.200
1.764
1.00
1.762 0.000
500 550 600 650 700
wavelength (nm) 0.80
2900 4.000
titanium (5 nm) B 2060 Deposit
{3800 g SPR Peak
2.800 > ] 629 nm
P g
3,800 £ o040
2700 .o
2 3700 =
g g :
B 2600 7 3600 & 020 [ ]
z =
3500+
2.500 0.00
| 3.400 500 550 600 650 700
2.400 wavelength (nm)
3300
2300 & 3200
500 550 600 650 700
wavelength (nm)
1.000 4500
gold (50 nm)
0.900
0.800
0.700
T 0600
= 0.500
0.400
0.300
0200
0.100 1500
500 550 600 650 700
wavelength (nm)
1.542 0.0600
unknown hydrocarbon sample
1.540 n2, =1531 k2, =00287 0.0550
1538

1,538

s
1.530
1528
162 - refractive
™ 550 500 650 700 index
wavelength (nm) stack

Figure 4.2: Model conceptual diagram, showing input and output light spectra col-
lected based on the matrix formulation and complex refractive indices shown for each
layer.

where
P

yZ—
rt = ——
p

(4.11)

and

(4.12)
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where R is the relative reflectance at any given angle, I;,, and I, are the light
intensities of the beam inside the dove prism before and after SPR occurs, respectively.
The reflection coefficient is r, and M is the matrix representation of the stack that
links the incident, reflected, and transmitted electric field amplitudes (E;, E,., E;).

The matrix representation of the stack is calculated as [12]

, My My ey
MP — = Dy' TIY, DiPD; | Dy (4.13)
M21 M22

cos; cosb,
D, = , (4.14)
ny —ny
eikldl 0
P = , (4.15)
0 e—iKldl

w
k; = n;— cos 6;
c

Where N is the number of layers (1=0, 1, 2, ..., s) of the stack. In our SPR setup, the
sapphire prism is 0 whereas the final layer (sample layer) is s, which in this case is 3. D,
is the dynamical matrix for each layer 1 and P, is the propagation matrix. Dynamical
matrix represents the effect of materials on the intensities of reflected and transmitted
waves and also polarization effects while the propagation matrix represents absorption
and losses in the media. Each layer has n;, which is the complex index of refraction,
0, is the complex angle of propagation, k; is the wave vector along the direction of
propagation, d; is the thickness of the thin metal film, and w is the angular frequency
of the light. Complex refractive indices as functions of wavelengths were used to
calculate the refractive indices of the sensor materials. Here, we show one example
of how the matrix model can be used to theoretically predict the output absorbance

spectra depending on the sample refractive index. We considered a model where the
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Figure 4.3: Linear superposition model for a two-component system of crude oil
fluid and asphaltenes deposit on the SPR sensing surface. The left column shows the
model refractive indices (both real and imaginary) used, the middle column shows the
resulting intensities calculated from our model, and the right column shows calculated
absorbances (-logl0[p-pol / s-pol]). Top row represents 100% crude oil. Middle row
represents 100% asphaltene deposit. Bottom row represents a 50% crude oil and
50% asphaltene deposit on the SPR sensing surface as shown by the inset figures.
The ASPHvf intensity spectrum is equal to 0.5x crude oil intensity spectrum plus
0.5x asphaltene intensity spectrum. The two components are both sensed as the
sample is assumed to be comprised of two distinct samples that are not mixed, i.e.
in-homogeneous sample in the sensing area.

sensing region consist of a gold thin film and a sample (crude oil with asphaltene in

this case), as shown in Fig. 4.2. The samples were modelled with complex refractive
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indices are shown in the left column while the calculated intensities are in the middle
column and the resulted absorbances are in the right column. When our sample is
100% crude oil (top row) or 100% asphaltene (middle row), the calcluated absorbance
spectra has only one peak which is around 575 nm for neat fluidic crude oil, and 629
nm for the deposited asphaltene. However, when the two components are present in
the sensing region, the calculated absorbance spectra will show two distinct peaks
around 575 and 629 nm. These theoretical predication are in agreement with our
experimental observations which will be presented in Chapters 5 and 6. As 1 nm
was the resolution on our spectrometer and according to theoretical model when all
layers present, we can expect to observe a 0.0022 shift in the refractive index with a 1
nm change in SPR peak wavelength. This means 2.2 mRIU is the limit of detectable

shifts in RI of opaque materials in our sensor.



Chapter 5

SPR sensor design, characterization and data analysis

In SPR sensors, data analysis are important as absorption spectra and SPR peak
wavelengths are not a direct output of the sensor. The raw output data of the
spectrometer is intensities and therefore, we need to obtain the absorption spectra
using data analysis. As mentioned in the previous chapter, our SPR sensor is consist
of an input light source (white reference) which will propagate through the layered
media in the sensing region of the sensor, and depending on the sample characteristics
will result in a unique output intensity spectra. Fig. 5.1 represents the schematic
of the SPR sensor with input and output light spectra. In the experiments, we used
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Figure 5.1: Schematic of the SPR sensor setup showing input and output light spectra
collected depending on the sample characteristics.
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the WIM interrogation method. This setup was selected over an AIM as it avoids
the use of moving parts, provides faster acquisition times, and is more robust than
AIM SPR sensors. The photograph of the actual SPR sensor setup for evaluating

the crude oil asphaltene deposition is depicted in Fig. 5.2. This setup consist of

Figure 5.2: Photograph of test apparatus with SPR sensor element at the top of
the flow line. The SPR sensing surface is at the top of the sensing line to measure
deposition, while minimizing impact from gravitational settling and accumulation.

a flow line (for injection of liquid samples), sensing zone (including sensing layers,

Au, Ti, and sapphire), a light source, fiber optic cables to guide the light into the

prism and guide the reflected light to the spectrometer, an optical spectrometer and
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also the PC to analyse the data using the custom program. A polychromatic light
source (HL-2000 tungsten halogen white-light source 360-2400 nm, Ocean Optics,
USA) was used in conjunction with an UV-Vis spectrometer (FLAME-S-UV-VIS,
Ocean Optics usable range 200-850 nm) to acquire the p-polarized light. Light from
the polychromatic light source is fed to a collimator (F240SMA-B, Thorlabs, USA)
using a 2 m long 0.22NA-200 pm core SMA-SMA fiber optical patch cable (M92L.02,
Thorlabs, USA) and is then passed through an adjustable iris (SM1D12D, Thorlabs,
USA) which results in a 3 mm diameter beam. The resulting light beam is coupled
to a custom made sapphire prism (Meller Optics Inc., USA) which has a side of 70.81
mm, a width and height of 15 mm. a short side of 53.49 mm and angled faces at 60°
to the long side. The crystallographic orientation is that the c-plane is aligned to the
70.81 x 15 mm and 53.49 x 15 mm faces. The incident beam is then coupled to a 1
mm thick, 19 mm diameter sapphire substrate with a metallic layer. Index matching
fluid (18152, Cargille, USA) with a refractive index of 1.77 (nD20) is used between
the prism and the thin metal film. The plasmon resonance occurs in a metallic thin-
film stack ~ 55nm thick, which is made up of ~ 5nm of titanium (adhesion layer)
and a ~ 50nm of gold layer (primary plasmonic layer) (Deposition Research Lab
Inc., USA) which is what comes into contact with the analyte. As light reflects off
the metallic thin-film, it is sent through a polarizer (CM1-PBS252, Thorlabs, USA)
and the p-polarized light output is detected by the UV—-Vis Flame spectrometer. We
calculated the absorbance at all the wavelength values by obtaining the white and
dark references using a single spectrometer. In spectrometers, a dark measurement
captures the intensity when the light source is off or blocked, and a typical intensity
for a dark measurement in our sensor is around 2900 pixel counts. In contrast to a
dark measurement, a light measurement captures the intensity when the light source

is on. A typical intensity for a light measurement in our sensor is around 50,000
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pixel counts. In the experiments, the SPR sensor was flushed with toluene and then
cleared with compressed air prior to obtaining the white and dark references to ensure
no substances were on the sensor surface when the references were taken. Labview
first recorded the intensities, once per second where the integration time is set to
60000 ps and data was recorded as the average of 15 samples. The range of intensity
values in experiments are between 2500 and 60,000 pixel counts. The UV-Vis Flame
spectrometer can detect the p-polarized output light intensities in the experiments.
To record and analyse the data, a custom LabView program (2019 version) was
developed. To find the SPR peak, LabView calculated the absorbance from the raw
intensity which had been recorded and then using formula below absorbance of the

experiment had been calculated

Sy — D,y

—_— 5.1
WD, (5.1)

A)\ = —lOglo(

where A, is absorbance at wavelength A, S is the signal intensity, D, is the dark

reference intensity, and W), is the white reference intensity. The LabVIEW program
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Figure 5.3: Intensity and absorption spectra detected via the LabVIEW program.

was used to record and analyze the spectra measured by the spectrometer. As seen
in Fig. 5.3, the program record intensity and calculate the absorbance to track the
SPR peak wavelength. In the LabView program, we started with the ocean optics

VIs which allow us to work with spectrometer through the LabVIEW as seen in Fig.
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Figure 5.4: Oean Optics VI in the LabView program for using spectrometer and
detecting intensity of the light and absorption spectra.

5.4. The SPR peak was determined using LabView’s Peak Detector VI algorithm
on the absorption spectra, which is demonstrated in Fig. 5.5. The threshold for the
absorbance peak was 0.05 while the minimum width was set to 200(~ 100nm). By
using peak detection function at the range of 500 nm-700 nm, LabVIEW could detect
the absorption peak which is also the SPR peak wavelength. Plotting the SPR peak
against time allows for an analysis of the ratio for the first time the opaque material
attached itself to the gold. For a dual peak detection, we used a nonlinear curve fit VI

in LabView. The VI uses the Levenberg-Marquardt method to determine the set of
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Figure 5.5: The LabView program for detecting the absorption peak.

parameters that best fit the input data set as expressed by a nonlinear function. The
customized LabView program can then detect two absorption peaks from one data
set ( for example crude oil and asphaltene absorption peaks). Using this method,

absorption peak locations are well approximated as the residuals from fitting is on

the order of 1075,

5.1 Sensor calibration

5.1.1 n-heptane-toluene measurements

In order to calibrate the sensor, a step wise flow regime at different volumetric ratios
of n-heptane-toluene was performed. Here we measured the SPR peak variations of
a mixture of heptane (n-C7) and toluene at different volume fractions. It should be
noted that absorbance peak is the maximum plasmon polariton resonance, i.e. the
most loss of light intensity. We repeat this experiment three times to obtain a range of
variation for the data. The SPR peak wavelength is almost 551 nm where the volume

fraction is equal to 0 (neat n-C7). As we gradually increase the volume fraction of
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Figure 5.6: Triplicate run of heptane (n-C7) and toluene at different volume fractions.

tolune, this SPR peak shifts towards longer wavelengths. When the volume fraction
is equal to 1 (neat toluene), the SPR peak wavelength is almost 597 nm. The raw
data from Figure 5.6 leads to obtaining SPR wavelengths for heptane toluene mixture
at different ratios. The calibration is then used to tune the theoretical model of the
SPR sensor, where we calibrate the SPR peak wavelength against the RI of the same
known liquid mixture (heptane and toluene). We used an accurate theoretical model
for the experiment and demonstrate the agreement with the results using heptane

and toluene, shown in Fig. 5.7.

5.1.2 Crude oil measurements

Heptane and toluene are not opaque and do not have an imaginary RI component.
However, this is not entirely correct for our opaque materials such as crude oil. Crude

oils (and ashphaltene) typically have a black or brown color and absorb strongly
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Figure 5.7: Experimental SPR peak wavelength values (solid dots) for different ratios
of n-heptane and toluene mixture and comparison to the model calculations (black
solid line). Also shown are the SPR calculations for our model asphaltenes, both
using a real component only model of the refractive index (dashed line) and using a
complete complex refractive index (gray solid line). Error bars represent the standard
deviation from a triplicate measurement; data shown in Fig. 5.8.

from 500 nm to 700 nm. Previously, the mass attenuation coefficient of asphaltenes
estimated to be approximately 3.0L.g~'.cm™ at 590 nm [48,49] near our SPR peak
wavelengths, with the light absorbance spectra decaying exponentially from the visible
toward the infrared. From this, we calculate the asphaltenes imaginary part of the
refractive index from the absorbance data in reference [49] and determine it decreases
exponentially from n; = 0.053 at 500 nm to n; = 0.015 at 700 nm. Our model
then tunes the real part of the complex refractive index to match the SPR peak; for
example, 14, = 1.531 + 0.030i (500 to 700 nm) to yield an SPR peak at 629 nm. The

model calculation of the SPR peak wavelength from the average complex refractive

index is shown in Fig. 5.7. The real part of the refractive index is determined using
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a multiplier applied to toluene’s refractive index, which emulates the decaying shape
expected. The addition of the absorption parameter via the complex refractive index
results in ~ 6-7 nm shifts of the SPR peak wavelength, from 622 nm using only
a real refractive index to 629 nm using a complete complex refractive index. The
complex refractive index also introduces broadening of the SPR peaks, aligning our
model calculations more closely to our experimental observations. The neat crude
oil’'s imaginary part remains insignificant and does not shift the SPR peak for low
asphaltene content crude oils. For the crude oil used in this study, we calculated it
to be ng,,, = 0.001, and the crude oil fluid SPR peak remains at 575 nm when using
either real only refractive indices or complex refractive indices. For the figures in the
thesis, the real only refractive index was plotted on the second y-axis to link with the

observed SPR peak on the first y-axis.

5.2 Noise from the SPR experiments

During the measurements using SPR sensor, we repeated the experiments to evalu-
ate the repeatibility and reliability of the sensor. All experimental data presented
here were collected from three different sapphire/Ti/Au substrates, each producing
nearly identical SPR peaks for the toluene and n-heptane calibrations. The standard
deviation of SPR (absorption) peak measurements for three repeated runs is (0.6
nm) which means the error is rather small in the experiments. The results of these
triple runs are demonstrated in Fig. 5.8. The small variations of SPR peak in the
experiments (0.6 nm) is possibly comes from the signal noise in the experiments.
The noise can potentially comes from small variations in the syringe pump speed, or

inherent noise of the light source.

Between different crude oil titration runs, the surface was readily cleaned with toluene

and reused for multiple experiments. Typically, 20 to 30 runs are possible before
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Figure 5.8: Three consecutive runs of ramped n-heptane titrations of neat crude (rl
to r3) and three consecutive runs of ramped n-heptane titrations of crude oil dosed
with 10,000 ppm of Inhibitor 5 (r4 to r6). The stages of fluid delivery were according
to Table 6.1. First, n-C7 is flowed through the flow cell for 4-minutes, followed by
toluene and crude oil, each for another 4-minutes, respectively. Next, the ramped
titration is completed over 20 minutes, observed by the dip and graduate rise in
SPR peak wavelength as the deposition is formed. Finally, the system is flushed and
cleaned with toluene. A high concentration of inhibitor was chosen to determine if
the asphaltene onset point could be shifted compared to the 1,000 ppm used in the
manuscript. It would appear that at high dosages a slight delay of the onset is notable.
The average SPR peak wavelength and standard deviation shown at each arrow is
for all 6 measurements (where common fluids were sensed), except for the plateaus
that represent 3 measurements (different deposits). Each measurement was acquired
by averaging the last 30 seconds of each run at each stage. Data was acquired from
a different aliquot/batch of the stock tank crude oil sample used in the manuscript;
however, it highlights the repeatability of the measurement.

noticing physical damaged due to repeated handling. The detailed explanation of the
theoretical model can be found in Chapter 4 of this thesis. For the n-heptane and
toluene calibration runs, the absorption from 500 nm - 700 nm is negligible and the

imaginary part of their refractive indices are neglected. According to the model and

as seen in Fig. 5.7, by increasing the average refractive index of the sample (14, from



41

500 nm < A < 700 nm), the SPR peak wavelength shifts towards longer wavelengths.
Therefore, by measuring the SPR peak wavelength of an unknown substrate, we can
calculate and determine the refractive index of the sample using our model. In Fig.
5.7, the model shows SPR peak wavelength values for a range of average refractive
indices between n-heptane (14, = 1.389) and toluene (n4, = 1.497). To extend
our model to a higher range of refractive indices, we used 1.06 times that of toluene
(Navg = 1.587), shown by the dotted line in Fig. 5.7. In both model and extended
model calculations, the Lorenz-Lorentz volumetric mixing rules were used to generate
the refractive indices versus wavelength of the final sample sensed. In the next section,

the application of our SPR sensor in oil industry will be investigated in detail.
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In this chapter, we present a direct method for evaluating the effectiveness of in-
hibitors on asphaltene deposition from crude oil based on a Kretschmann configura-
tion surface plasmon resonance (SPR) sensor. We demonstrate that shifts in the peak
SPR wavelength during titration experiments can be used to compare inhibitors, both
by changes to the deposition temporal profile and by changes to the refractive index
of the final deposit. We continually measure the SPR peak wavelength throughout
the entire titration experiment, starting with that of the neat crude oil and gradually
ramping through a pre-defined range of n-heptane to crude oil fractions. After the
deposition onset point, asphaltenes precipitate and are deposited onto the sensing
surface, which results in an SPR peak wavelength increase as the refractive index of
the deposit on the sensing surface increases. The asphaltenes continue to deposit on

the surface until the deposit completely fills the SPR field penetration depth. We

42
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observe a change in the asphaltene deposition profile and also the final average re-
fractive index of the deposit when inhibitors are added to the neat crude oil and
the same titration experiment is conducted. We also qualitatively describe the as-
phaltene deposition mechanism using SPR spectral data. SPR provides a new and
powerful sensing approach for screening and comparing the effectiveness of asphaltene

deposition inhibitors.

6.1 Background and motivation

Formation of organic deposits during petroleum production can cause several opera-
tional troubles, such as total or partial blocking of pipelines and equipment damage,
which usually leads to substantial financial costs [50]. The heaviest molecular weight
fraction of crude oil is asphaltenes that have aggregative characteristics and form
surface depositions in wells, pipelines, and facilities [50, 51]. Changes in pressure,
temperature and composition cause a shift in the asphaltene solubility in the crude
oil, which results in asphaltenes precipitation [52]. Precipitation can then lead to as-
phaltene deposition that causes fouling in the flowlines and may even lead to plugging
and failure of equipment [52]. There are a variety of deposition remediation meth-
ods, including: mechanical cleaning [53], cleaning with solvents [54], removal with
hot fluids or water steam [55,56]. Generally, it is preferable to prevent the onset of
asphaltene deposition using inhibitors [57-59]. The main function of inhibitors is to
alter the aggregation kinetics [57-59]. The functionality of inhibitors depends mainly
on their structural and chemical characteristics. Current screening approaches select
ideal chemicals based on their ability to prevent or slow down flocculation and sed-
imentation, eg. Turbiscan and ASTMD7061-06. However, these laboratory tests do
not measure deposition tendency and often do not relate well to the field observations.

Even though a variety of inhibitors have been investigated in the literature [59-61],
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measuring the effectiveness of inhibitors as relates to the onset of asphaltene depo-
sition and to the density of deposited layer would provide insight in screening and
evaluating inhibitors. The asphaltene subfractions are difficult to classify and are
therefore defined/bounded by their solubility profile. Typically, they are character-
ized as being soluble in toluene, while precipitating in excess amounts of n-alkanes
(e.g. n-heptane). N-heptane titration or depressurization of oil is usually needed to
determine the solubility of the asphaltenes in certain oils [52]. The more n-heptane
needed, the more soluble the asphaltenes are and therefore the more stable they are.
The degree of asphaltene precipitation can be detected and measured using different
methods such as fluorescence spectroscopy [62,63], light scattering [64], refractive
index-based methods [65], acoustic resonance [66] and the conventional gravimetric
technique [67]. However, in order to monitor and study asphaltene deposition on a
surface in real-time, these conventional methods cannot be directly utilized. Instead
methods like quartz crystal microbalance with dissipation (QCM-D), Taylor-Couette
devices/chambers and long-tube/capillary experimental setups are used to study de-
position. It is also important to note that stock tank crude oil analysis/studies are
limited in scope and do not account for solution gas from either natural or artificial
gas injections. In a previous manuscript we address the advantages of using surface
plasmon resonance (SPR) compared to the above methodologies and the ability of
SPR sensing to be applied at live oil conditions [12]. Using SPR [12, 68, 69], one
can detect the onset of asphaltene deposition along with the refractive index of the
deposit. This technique allows for accurate real-time measurements of the asphaltene
deposition without the need of complex setups [68,69]. The SPR sensor is sensitive
to slight changes in the refractive index near the surface of a thin-metal layer, and as
such, it can be used to monitor asphaltenes as they begin to be deposited [12]. Due
to the evanescent wave created during SPR, the sensor is sensitive only to media near

the chip surface. For example, the plasmon resonance described in the present study
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occurs in the visible spectrum between 500 and 700 nm; however, the penetration
depth of the field is confined to 100 to 300 nm into the media. If the sample fluid
was toluene in our previous setup, the penetration depth would be d, =115 nm for
A=590 nm and d,=289 nm for A=800 nm [12]. Therefore, the SPR technique can
detect asphaltene deposits of a few nanometers to a few hundred nanometers thick.
This means SPR sensors can be used to detect the early stage aggregation and de-
position events as they begin. As more and more asphaltenes precipitate, aggregate
and attach themselves to the sensor, a further change in the SPR peak absorbance
wavelength is measured. The denser the deposit sample, the higher the SPR peak
wavelength. There is a limit, observed as a plateau in the SPR peak wavelength (i.e.
a constant value with respect to time), which indicates that the asphaltenes deposit
has filled up the sensing region or depth of the sensor penetration field. This infor-
mation can be used to determine the asphaltene deposition rate of the samples, as
well as the refractive index of the deposit. In this chapter, we show a novel screening
approach that is utilized to evaluate different asphaltene inhibitors. Further, the SPR
sensor is used to study the effects inhibitors have on the overall crude oil asphaltene
deposition profile and final deposit refractive index. To accurately study the asphal-
tene deposition mechanism, we used both a ramping-titration and constant n-heptane
titration to induce the asphaltenes to precipitate and attach to the sensor surface. We
have investigated different titration regimes: before deposition onset, near onset and
clearly after deposition onset. Our results indicate that SPR sensors can screen the
inhibitors for finding candidates that significantly reduce the asphaltene deposition
rate and lower the overall refractive index/density of the final deposit from a crude

oil.
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6.2 Methodology

6.2.1 Samples

Five proprietary and commercially available inhibitor samples were used in this study
to examine their effects on slowing asphaltenes deposition from crude oil. The in-
hibitors are labeled 1 through 5 in this thesis. The crude oil sample used in this
study was provided by Schlumberger (Boston, MA). The sample had a saturates con-
tent of 49.9 wt%, an aromatics content of 38.3 wt%, a resins content of 9.6 wt% and an
asphaltenes content of 2.2 wt%. For all experiments in this manuscript, the inhibitors
were added to the crude oil to achieve a final concentration of 1000 ppm. Work by
Madhi et al. showed that certain inhibitors like Cetyl Trimethyl Ammonium Bromide
(CTAB) and Sodium Dodecyl Sulfate (SDS) had optimal concentrations around 600
ppm of CTAB and 300 ppm of SDS for the crude oils used in their study [58]. The
1000 ppm used here is therefore a reasonable concentration for initially studying the
deposition of asphaltenes, although it would be more economical to use a fraction of
this (100-200 ppm) in field conditions. Similarly, Yen et al. showed a field study
using 250 ppm and laboratory experiments at 2000 ppm to evaluate inhibitor effec-
tiveness [70]. Our inhibitors were first diluted in toluene to achieve a 10% (v/v)
mixture. The various inhibitor mixtures were then introduced to the crude oil; 0.6
mL of inhibitor/toluene mixture was added to 5.4 mL of stock tank crude oil. Dilut-
ing the inhibitor in toluene facilitated mixing of the inhibitor with the crude oil. The
control, referred to as neat crude hereafter, in this study was 90% (v/v) stock tank
crude oil and 10% (v/v) toluene. The solvents used were HPLC grade toluene (CAS
# 108-88-3) and HPLC grade n-heptane (CAS # 142-82-5) acquired through Fisher

Scientific.
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6.2.2 SPR sensor setup

We utilize a wavelength interrogation mode (WIM) SPR sensor optimized for crude
oil samples described in the previous chapter, where a thin gold film is backlit for
sensing the index of refraction of a fluid on the other side of the gold [12]. The WIM-
SPR used in testing was designed to detect refractive indices in the range of 1.4 to
1.7. The SPR sensor setup is explained in Chapter 5 in detail. Here we describe the
specifics of the setup of injecting the samples in crude oil application. Two syringe
pumps (Legato 270 and 111, KD-Scientific, USA) with either 10 mL, 5 mL, or 1 mL
syringes (Hamilton 1001, 1005, and 1010, USA) were used to induce fluid flow into
the sensor. A single pump was used solely for pumping n-heptane while the other
pump delivered either crude oil or toluene, pre-loaded in separate syringes. The n-
heptane syringe and the sample syringe were connected to a Y-connector with 150
mm of 0.762 mm I.D FEP tubing from each pump, and the output line connected
to the SPR sensor with 150 mm of 0.762 mm [.D FEP tubing. The flow cell used in
the SPR sensor is an aluminum block (Protolabs, USA) which had a total internal
dead-volume of 42.5 nL.. The flow cell had an opening on top of the fluid flow with
an internal diameter of 4 mm and depth of 0.5 mm so that the fluid could come into
contact with the thin-metal film in the SPR setup. The opening was placed on top of
the flow to help eliminate and minimize gravitational settling as a means for detecting
deposition. The waste of the SPR sensor was sent to a waste bottle with the same

FEP tubing. The experimental setup described is shown in Fig. 6.1.

6.2.3 Procedure

Data analysis has been discussed in Chapter 5 of this thesis. Here, we briefly describe

the experimental procedure for this study. In this study, we used a single spectrometer
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Figure 6.1: (A) Schematic diagram of the experimental setup and (B) concept of
SPR sensor for measuring asphaltenes deposition onset, and the effects of inhibitor
on asphaltene deposition rate and depth.

and acquire white and dark references to calculate the absorbance at each wavelength.
The SPR sensor was flushed with toluene and then cleared with compressed air prior
to obtaining the white and dark references to ensure no substances were on the sensor
surface when the references were taken. At the beginning of each run, a n-heptane
flush would be performed at 250 pL /min for 4 min to bring titrant to the Y-connector
junction, preventing any backflow from the toluene/crude oil line. A similar prime
flush at the same flowrate and duration was also performed with toluene, followed by
crude oil. Therefore, at the start of each titration, the lines were primed and neat

crude oil was loaded in the SPR sensor. The details of the procedure are summarized
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Crude Oil Asphaltene Deposition

Steps Description Length
1 Flush sensor with hep @ 0.250 ml/min 4 min
2 Flush sensor with tol @ 0.250 ml/min 4 min
3 Flush sensor with oil sample @ 0.250 ml/min 4 min

4*  Pump oil sample starting from 0.230 ml/min to 0.130 ml/min 20min*
4% Pump heptane starting from 0.020 ml/min to 0.120 ml/min ~ 20min*
5 Flush sensor with tol @ 0.250 ml/min 4 min

Table 6.1: Procedure of mixing samples and running experiments.(*occurring simul-
taneously).

in Table 6.1. The titration portion of the process was then started, which consisted
of staring the n-heptane at 20 pL/min and linearly ramping up to 130 pL/min over
the course of 20 min. Conversely, the crude oil flow rate began at 230 ulL/min
and linearly ramped down to 120 pL/min over the 20 min to keep a constant 250
L /min flowing through the flow cell at all times. This yielded a heptane-oil volume
ratio sweep of 0.09 to 1.08. Please note that this equates to a n-heptane volume
fraction range of Vy_,c7 = 0.08 to 0.52. The mixing time of the crude oil sample
and n-heptane was 26.6 s, from Y-junction to sensor output, and the whole run (with
priming) lasted 36 min. Since the combined flow of the liquids is in the laminar region,
mixing is largely dependent on diffusion across the cross-sectional area of the tube.
Using n-heptane as the defining solvent in determining the characteristic time for
mixing, the root-mean-square distance traversed, or the characteristic 2-dimensional
diffusion length, for the n-heptane molecules is 0.36 mm. This value was obtained
using the n-heptane self-diffusion coefficient at 20-25 °C of 3.1 X 10° e¢m?/sec [51]
and a transit time of 26.6 s from Y-junction output to SPR sensor inlet. Therefore,
sufficient mixing of the fluids occurred. Fig. 6.1B shows the simplified mechanism
behind the SPR sensor titration measurements. At the beginning of the titration, the
flow is mostly crude oil. This is seen in Fig. 6.1B-1 as the SPR peak will occur at

a higher wavelength than n-heptane, as the crude oil is typically denser. As the oil
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begins to become more and more diluted with the n-heptane, the SPR peak begins
to shift to lower wavelengths (Fig. 6.1B-2) since the refractive index (density) of
the overall solution decreases. However, at a certain point in the titration, the SPR
peak wavelength stops decreasing and instead begins to rise even though it is being
continuously diluted as seen in Fig. 6.1B-3. This is due to the n-heptane precipitating
the heavier asphaltene-subfraction of crude oil, which subsequently deposits on the
SPR sensor thin-film metal. Since the asphaltenes have a higher refractive index than
the n-heptane-oil mixture, the wavelength with the SPR peak rises as more and more
asphaltenes attach themselves to the sensor. At a certain point, however, the SPR
peak wavelength remains constant even though the heptane-oil ratio continues to
change (Fig. 6.1B-4). This is due to the deposited asphaltenes occupying the extent
of the SPR field penetration depth. Therefore, further deposition cannot be observed
as the sensor cannot detect change in refractive indices beyond the sensing field.
The SPR peak was determined using LabVIEW’s Peak Detector VI algorithm on
the absorbance curve, according to the data analysis procedure explained in Chapter
5. Plotting this SPR peak against time allows for an analysis of the ratio where
deposition onset occurs and can be used to calculate the refractive index of sensed
analyte and any given time. We performed our experiments with SPR sensor in room
temperature. While the complex refractive index of gold, sapphire, and Ti change
with temperature, the Kretschmann configuration of SPR sensor (the instrument) is
almost insensitive to small temperature variations [71]. A similar stack (50 nm metal
and prism) showed approximately 7 nm SPR peak shift with a 100 degree of Celsius
temperature variations from 26 degree to 126 degree of Celsius [71]. However, changes
in the temperature can modify the refractive index of the sample, especially if the
sample is in liquid state like crude oil. It has been demonstrated that the RI of light
crude oil can change from 1.4530 to 1.4492 by a temperature increase from 20 to 30

degree of Celsius (10 degree of Celsius temperature variation), which, according to our
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model in figure 5.7, we should observe a 2.73 nm shift in SPR peak wavelength [72].
Crude oil temperatures can be up to 150-200 degree of Celsius. Therefore, our fluid
change in RI is likely to be the most significant in impacting measurements. As
a result, absolute RI change detection would require temperature information and
calibrations. However, the SPR approach could be used to identify relative changes

in RI measurements (raw crude oil to deposits).

6.3 Inhibitor testing at ramped titration experiments

The SPR absorbance spectra across a range of titrations ratios for neat crude oil
and crude oil with inhibitor 5 is shown in Fig. 6.2. We increased the n-heptane-oil
ratio from 0.0 (top left panel) to 1 (bottom right panel) gradually as described in the
methods section. Before deposition onset (ratio of 0.0 and 0.2) there is no observable
difference between the SPR peak wavelength of neat crude oil (dashed) and the SPR
peak wavelength of crude oil with 1000 ppm of inhibitor 5 (solid). As asphaltenes
start to precipitate and deposit onto the SPR sensor surface (ratio of 0.4) we can
see a difference between SPR peak wavelength of neat crude oil and crude oil with
inhibitor. The SPR peak difference grows from 6 nm to 8 nm as the crude oil is
further diluted with n-heptane (ratio of 0.6-1), which indicates that the inhibitor is

altering the deposition rate and the refractive index of the asphaltenes deposition.

Next, we investigated the effect of different inhibitors on deposition onset and depo-
sition rate of asphaltenes from crude oil titrations. For this purpose, we used a neat
crude oil sample and five different inhibitors (inhibitor 1-5) to study the process. The
results of our experiments are illustrated in Fig. 6.3 and partially confirm our hypoth-
esis. According to Fig. 6.3, each inhibitor showed a deposition onset point between

0.243 and 0.250 n-heptane-oil volume ratio. The inhibitors did not significantly delay
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Figure 6.2: SPR absorbance spectra at various heptane-oil ratios for crude oil and
crude oil with inhibitor 5 using ramped titration. Blue error bars represent the
sensor’s typical + 0.6 nm standard deviation at each peak shown. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.).

the onset point of asphaltene deposition from crude oil using the described setup at
these inhibitor concentrations. Further, the resultant SPR peak at onset was within 1
nm for the tested inhibitors, ranging from 583.81 to 584.81 nm. The SPR peak wave-
length measured in each inhibitor run showed observable differences after deposition
onset. As the heptane-oil volume ratio increased after onset, there was a variance
in the slope and the final SPR peak plateau for the different inhibitors. For all runs
in Fig. 6.3, the sensing field became saturated with asphaltenes and the SPR peak
plateaued after an n-heptane-oil ratio of 0.9. At this stage, the sensor is no longer

able to detect further deposition. A plateau at a longer wavelength correlates with a

denser deposition. These results indicate that while the inhibitors do not delay the
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typical £ 0.6 nm standard deviation for each run.

deposition onset with our setup/experimental process, they do affect the character-
istics of the asphaltenes formed on the sensor surface. Shaded regions in Fig. 6.3
represent the sensor’s typical + 0.6 nm standard deviation as obtained by triplicate
experiments shown in Fig. 5.8 in the Chapter 5. In Fig. 6.3, the average refractive
index is shown on the right y-axis using the previously described model. The neat
crude oil started the titration experiment with an SPR peak wavelength of 601 nm,
which corresponded to a refractive index of 1.504. Similarly, each of the crude oil with
inhibitor titration runs also started with a refractive index of 1.504. This measure-
ment reflects the crude oil with asphaltenes still soluble and in the bulk fluid mixture.
However, as the titration experiment proceeded and asphaltenes were deposited on

the surface, the measured SPR peak showed different final plateaus, depending on the
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inhibitor used. Neat crude oil plateaued at 614 nm, corresponding to a refractive in-
dex of 1.521. Inhibitors 1, 2, 3, 4 and 5 plateaued at 611 nm, 610 nm, 609 nm, 607 nm
and 606 nm-refractive indices of 1.517, 1.516, 1.515, 1.512 and 1.511—, respectively.
The deposited asphaltenes on the surface of the sensor has a higher refractive index
than neat crude oil due to a higher density, which is reflected in the above values.
However, as noted in the modelling section, the deposited asphaltenes will lead to
increased absorption when concentrated on the sensing surface than in neat crude
oil fluid. If we consider the imaginary part (lossy part) of the refractive index, then
the deposit for the neat crude oil that plateaued at 614 nm would correspond to a
real component of the refractive index of 1.514. Inhibitors 1, 2, 3, 4 and 5 plateaued
at 611 nm, 610 nm, 609 nm, 607 nm and 606 nm would have real components of
1.510, 1.509, 1.508, 1.505 and 1.504—, respectively. To properly distinguish between
inhibitors, it would be ideal to have a plateau difference/separation of at least 1.96
times the standard deviation (95% confidence interval). In this case, we can say that
differentiating between inhibitors tested in this study would require a separation of
1.2 nm. Therefore, we can note that the profiles from neat crude, inhibitor 1, inhibitor
3 and inhibitor 5 are significantly different. However, inhibitor profile 2 may not be
easily distinguished from inhibitor profile 1 or 3. Similarly, inhibitor profile 4 may
not be easily distinguishable from inhibitor profile 3 or 5. Therefore, the sensor can

differentiate many of the profiles from the range of inhibitors presented, but not all.

6.4 Constant titration comparisons to offline bottle tests

Since the time for asphaltene aggregation in our setup is rather short (~27 s post-
Y-junction), we performed offline bottle tests on neat crude oil to better understand

the mechanism behind the formation of the deposit on the SPR sensing surface. We
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performed five offline bottle tests, where each of the bottles had a different n-heptane-
crude oil ratio; 0.118, 0.194, 0.288, 0.5 and 1. After vigorous mixing, the n-heptane
oil mixture was left in the bottle for 72 h to allow for sufficient aggregation [73]. The
samples were then agitated to avoid sub-sampling and 5 mL of each mixture was
injected at 250 pl/min. The mixture was delivered with a single syringe and the
asphaltene deposition monitored using the SPR sensor, results shown in Fig. 6.4A.
Interestingly, none of the samples created a deposit over the entire sample injection
period. We hypothesized that the asphaltene aggregates grew sufficiently large to
prevent adhesion to the sensor surface and hence no deposit was formed or sensed.
The SPR peak wavelengths observed can be seen to decrease as the titration ratio
increases because the mixture is comprised of more n-heptane (lower refractive index).
We investigated the size of the asphaltene particles with microscopy to confirm that

the SPR sensor showed a sensitivity to flocculate size.
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Figure 6.4: SPR peak wavelength as a function of time for (A) bottle tests of different
heptane-oil ratios, (B) before deposition onset for different mixing times and (C) after
deposition onset for different mixing times. *Offline bottle test at volume ratio of
0.194 to compare with the online test volume ratio of 0.24 in (B).
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a) after 1 minute mixing of C7 and 6il@ 1:1 ratio

b) after 5 minutes mixing of C7 and oil @ 1:1 ratio

¢) after 72 hours mixing of C7 and oil @ 1:1 ratic

Figure 6.5: Microscopic photos taken from 1:1 ratio of heptane and crude oil with
different mixing times, a) after 1 minutes of mixing, b) after 5 minutes of mixing and
c) after 72 hours. Note that scale bar at top left shows 50 um.

Fig. 6.5 shows that as we increased the incubation time from 1 min to 72 h at a
volumetric ratio of 1:1, asphaltene aggregates grew and formed islands. At 1 min, very
few aggregates reached 1 pm to be observable by visual microscopy, but there were a
few detected. At 5 min, several aggregates were observed in the several micrometer
size range. At 72 h, islands of asphaltenes were detected that spanned several hundred

microns. The microscopy data aligns well with our inability to detect shifts in the
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SPR peak wavelength when we used offline oil and heptane mixtures aged for 72 h. It
appears that the large aggregates of asphaltenes do not deposit and/or accumulate to
be readily sensed within the 100-300 nm penetration depth of the SPR field. These
results inspired us to look at different post-mixing residence times with our online
titration approach. For testing the impact of mixing residence time, we changed the
output tubing line length to achieve different post-Y-junction transit times of 5 min,
1.25 min, and 45 s. We executed a single fixed titration ratio instead of a ramped
titration of changing ratios, and we reduced the combined flowrate from 250 L /min
down to 100 puL/min to allow for longer mixing times. The corresponding lengths
of line were 1100 mm (502 pL), 275 mm (125 pL) and 165 mm (75 pL) of 0.762
mm [.D FEP tubing, respectively. Two experiments were performed at heptane-oil
volume ratio of 0.24 or before onset as shown in Fig. 6.4B, and at an n-heptane-oil
volume ratio of 1 or substantially after onset as shown in Fig. 6.4C. The volume
ratio is calculated as flow rate of n-heptane divided by flow rate of crude oil; for
example, 0.0194 pL/min <+ 0.0806 pL/min equates to 0.24. For Fig. 6.4B, this
equated to flowrates of 0.0194 pL/min for n-heptane and 0.0806 uL/ for crude oil,
while for Fig. 6.4C both flowrates were set to 0.05 g L/min. Each run included a
n-heptane, toluene, and oil sample flush prior to the titration process. Fig. 6.4B and
6.4C indicate that the transit mixing time greatly impacts the SPR sensor response
after asphaltene deposition onset. In Fig. 6.4B at a volume ratio of 0.24, or “just”
before deposition onset as is practical with these flow rates based on our pumps and
syringes, as expected, there is no asphaltene deposition since there is not enough n-
heptane to induce asphaltene precipitation. However, after deposition onset, as shown
in Fig. 6.4C, there are noticeable differences between the SPR profiles with various
mixing times. As the transit time decreased from 5 min to 45 s, the deposition rate
increased dramatically. With a 45 s mixing time, the SPR peak wavelength rapidly

climbs from an initial value of ~570 nm to a plateau of ~635 nm indicating rapid
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deposit formation. Further, with a fixed titration ratio of 1, we observe a higher
~635 nm SPR peak plateau Fig. 6.4C compared to the ~615 nm plateau observed
in Fig. 6.3 when a ramped titration was performed. We attribute this difference to
signify that a subfraction of asphaltenes are precipitated in the ramped ratio titration
compared to the constant ratio titration. The ramped titration slowly induces the
most unstable subfraction of asphaltenes to precipitate and deposit, while at a fixed
ratio we are inducing a larger portion or subfraction of asphaltenes to precipitate and
deposit. This alters the composition of the deposit on the metallic thin-film and could
eventually be used for asphaltene distribution studies. Conversely, when the mixing
time is increased to 5 min, the SPR peak slowly increases (almost linearly) from ~

570 nm to 595 nm and never reaches a plateau.

6.5 Mechanism validation tests

We hypothesize that the shorter mixing times produce smaller asphaltene aggregates,
which may facilitate the attachment of asphaltenes to the thin metal-film or SPR
sensing surface. Similarly, with the longer mixing times, an increasing amount of
larger aggregates are formed, slowing the attachment to the metal sensing film and
deposition. We conducted SPR measurements of known condensed phase material,
both n-heptane and n-pentane asphaltenes, to test our theory that a subfraction of
asphaltenes were deposited during a ramped titration (~615 nm plateau) compared
to the constant 1:1 titration (~635 nm plateau). Asphaltenes were precipitated at
a volumetric ratio of 40:1 titrant to crude oil sample and left to incubate for 72
h. The maltenes were removed and the asphaltenes at the bottom of the vial were
transferred to the SPR sensor, configured differently than described above. Instead of
sensing a sample from the top of the flowline, the SPR sensor was flipped around so

that the sensing surface was at the bottom of the fluid sample. A 3D-printed holder
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was created to provide a chamber for batch loading/containment of the sample. The
asphaltenes solution was introduced to the gold surface and the excess precipitant
was allowed to evaporate, forcing or pushing the asphaltenes to the sensing surface.

A microscope image of the n-pentane asphaltene solution is shown in Fig. 6.6. Fig.
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Figure 6.6: Microscopic photo of 40:1 volume ratio of mixture of pentane and crude
oil. Note that the scale bar at top left shows 50 pum.

6.7 shows the data acquired by positioning the SPR sensor surface at the bottom of
the sample fluid, instead of the top of the flowline as is typical. In Fig. 6.7A, the SPR
peak wavelength versus time is shown for the duration of evaporation. Over time, the
n-pentane and n-heptane evaporates and gradually “deposits/pushes” the respective
asphaltene flocculates toward the SPR sensor surface. It can be observed that the
SPR peak for n-pentane rises more rapidly than n-heptane, as expected. No SPR
signal shift was observed when the chamber was covered with a glass coverslip and
evaporation was prevented, dataset labelled “C7 with cover”. Fig. 6.7B is a series of
photographs of the SPR sampling chamber over time for the C7 dataset for the first
29 min. Initially, the gold surface is covered with n-heptane asphaltene solution and
evaporation starts concentrating the flocculates, labelled stage I. Next, gravitational

settling occurs in stages II and III, visualized by the pattern that emerges on the
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Figure 6.7: Data acquired positioning the SPR sensor surface at the bottom of the
sample fluid, instead of the top of the flowline as is typical. A) SPR peak wavelength
versus time for the evaporation tests described in the text. N-heptane (C7) and n-
pentane (C5) asphaltenes were precipitated at a volumetric ratio of 40:1, maltenes
were removed, and the asphaltenes transferred into the sample chamber. Over time,
the excess C5/CT7 evaporates and gradually “deposits/pushes” the asphaltene floccu-
lates toward the SPR sensor surface, except for the dataset labelled “C7 with cover”,
in which a coverslip prevented evaporation. B) Photographs of the SPR sampling
chamber over time for the C7 dataset for the first 29 min. Initially, the gold surface
is covered with C7 asphaltene flocculates suspended in n-heptane, labelled stage I.
Next, gravitational settling occurs in stages II and III as visualized by the pattern
that emerges on the gold surface, noting a negligible shift in SPR peak wavelength.
The n-heptane continues to evaporate in stages IV and V, to the point that a matte
finish can be observed with minimal surrounding fluid, noting a climbing SPR peak
wavelength. Finally, in stage VI, there is minor visual change, which is in agreement
with the SPR signal plateau observed.

gold surface. The n-heptane continues to evaporate in stages IV and V, to the point
that a matte finish can be observed with minimal surrounding fluid. Finally, in
stage VI, there is minor visual change, in agreement with the SPR signal plateau
observed. There are two main points to be made from the data in Fig. 6.7. First,
the plateau of n-pentane asphaltenes (~641 nm) is higher than the SPR plateau of

n-heptane asphaltenes (~631 nm), confirming that the sensor can detect variations

in the asphaltene deposit density and composition. The n-heptane asphaltenes in
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excess precipitant, 40:1, result in an SPR signal of 631 nm that is close to SPR
signal at 635 nm observed in Fig. 6.4C at a 1:1 ratio. The lower SPR plateau
of 615 nm from a gradual titration, Fig. 6.3, suggests that the SPR sensing field
is filled with a less dense sub-fraction of asphaltenes. Second, it is important to
note that the excess precipitant, 40:1, C7 asphaltenes are not detected by the SPR
approach without evaporation. Even with adequate time for gravitational settling,
there is no SPR signal shift noted in Fig. 6.7 with a relatively flat profile at 557 nm,
close to n-heptane at 553 nm. This suggests that the asphaltene flocculates, tens to
hundreds of microns, remain outside the penetration depth of the SPR field of 100-
300 nm. Not until they are “pushed” into the SPR probe region are they detected
as shown by the other datasets in Fig. 6.7. The above evaporation study coupled
with visual microscopy indicate that the SPR sensor is highly sensitive to sub-micron
particles and depositions. Larger micron-sized flocculates that are flowing past the
sensor, or that are sufficiently suspended beyond the penetration depth, will not be
readily sensed. The data indicates SPR can be used for detecting changes in the
initial sub-micron asphaltene deposition events, including when altered by inhibitors.
Instead of ramped titrations (data like that in Figs. 6.2 and 6.3), we investigated
the impact of an inhibitor on asphaltene deposition at a fixed titration ratio for
extended times (procedure and data like that in Fig. 6.4). Also, we study the effect
of inhibitors on asphaltene deposition from crude oil while tracking the deposition
peak and the fluid peak separately using a two peak model function at different n-
heptane-oil ratios. When asphaltenes begin to precipitate and deposit from the crude
oil, a subtle second peak appears in the absorbance curve using the SPR sensor. This
second peak is associated with the asphaltene deposited layer in the sensing field.
The asphaltenes that begin to form and are measured by the sensor are much denser
than the n-heptane-oil mixture in the line and therefore have a resonance frequency

lower (therefore longer wavelength) than the mixture. We can therefore expect that
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a good inhibitor decreases the SPR peak wavelength of asphaltene deposited layer.

Fig. 6.8 compares the SPR absorbance spectra for neat crude oil (black dashed lines)
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Figure 6.8: SPR absorbance spectra for crude oil and inhibitor 5 in a constant ratio
experiment at (A) heptane-oil ratio=0.2, (B) heptane-oil ratio=0.5 and (C) heptane-
oil ratio = 1. The first column corresponds to 700 s, second column correspond to
1400 s and third column correspond to 2000 s. Blue error bars represent the sensor’s
typical £0.6 nm standard deviation at each peak shown. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

against crude oil with inhibitor 5 (grey solid lines) at constant titration ratios. Three
experiments where conducted with fixed n-heptane-oil ratios of 0.2 (Fig. 6.8A), 0.5

(Fig. 6.8B) and 1 (Fig. 6.8C). For each experiment, we plot the SPR absorbance
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spectra at three time frames: t = 700 s or the left plot that indicates the initial mixing
of n-heptane with crude oil sample, t = 1400 s or the middle plot that indicates the
region of forming the deposit, and t = 2000 s or the right plot that indicates the region
of plateau or sensor saturation (similar to Fig. 6.8C). As expected, Fig. 6.8A shows
that before onset (ratio of 0.2) the SPR spectra and peak wavelength of crude oil is
similar to crude oil with inhibitor at all three times (i.e. no deposition). In Fig. 6.8B
and Fig. 6.8C, we observe a second peak in the absorbance spectra for t = 1400 s and
t = 2000 s, which shows the deposition dynamics over time. At t = 700 s, there is only
a single peak in either Fig. 6.8B or 6.8C left panels, as this is the start of the titration
run where the n-heptane and crude oil are initially mixed. At 1400 s, we can see the
introduction of a second peak, or the asphaltene deposition peak in both Fig. 6.8B
and C. In Fig. 6.8B middle panel, at a ratio of 0.5, the crude oil with inhibitor and
the neat crude oil show little difference with the deposition peak at ~ 608 nm. In Fig.
6.8C middle panel, at a ratio of 1, the crude oil with inhibitor is lowering the deposition
peak (606 nm) compared to the neat crude oil deposition peak (613 nm). The trend
of lowering the refractive index of the deposit continues until the sensor saturation at
t > 2000 s. In Fig. 6.8B right panel we see a gradual reduction in the refractive index
/ SPR peak, down from 624 nm (neat) to 622 nm (inhibitor). In Fig. 6.8C right
panel, we see a more notable reduction from 636 nm (neat) to 619 nm (inhibitor). In
both right panels of Fig. 6.8B and 6.8C, we also note that the second peak (deposit)
is now larger (more absorption) than the first peak (fluid) in the saturation region.
Fig. 6.9 is a plot of the dual SPR peak wavelengths versus time, extracted from the
same experimental data used for Fig. 6.8B and C. Fig. 6.9A shows the n-heptane-oil
volume ratio of 0.5 and Fig. 6.9B shows the n-heptane- oil volume ratio of 1. The
data shown in Fig. 6.9 highlights that the deposition SPR peak wavelength (second
peak in the spectra analysis, Fig. 6.8B and C) is much longer than the fluid SPR

peak wavelength (first peak in spectra, Fig. 6. 8B and C). In all cases, the fluid peak
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analyzed with a two peak model function.
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remains relatively constant at 570-580 nm. For both ratios, the inhibitor is effective
at reducing the SPR peak wavelength, or the deposit’s refractive index, but more so
for the heptane-oil volume ratio of 1 in Fig. 6. 9B. We can also see that deposition
rate (SPR peak wavelength change versus time) reduces by adding inhibitor to the
crude oil sample. The final deposition refractive index was also lowered from 1.545
to 1.527 when mapping to a real component only refractive index and 1.540 to 1.520
when considering the complete complex refractive index. In the constant flow-rate
data shown in Figs. 6.8 and 6.9, as the experiment proceeds, we propose that less
of the fluid component is sensed (lower SPR peak) and more deposited asphaltenes
are sensed (higher SPR peak). The lower SPR peak wavelength stays relatively
constant as the fluid composition throughout the experiment remains unchanged due
to replenishment of the crude oil and n-heptane mixture supplied by the syringes. The
amplitude of the lower peak decreases since less of the fluid is being interrogated over
time as the deposit grows. Conversely, the higher SPR peak from the asphaltenes
increases in wavelength, as the composition of the ever-growing deposit may shift
to include heavier molecules after the initial seeding layer. Further, the amplitude
of the higher SPR peak also increases, suggesting a greater extent of the sensing
field is filled by the deposited asphaltenes. Our modelling efforts in the Chapter 4
closely agree with this two-component system and will be expanded upon in future
work. Collectively, our findings highlight the useful data gathered from SPR sensors
for the screening and selecting of asphaltene deposition inhibitors. In summary, we
demonstrated that a wavelength interrogation mode surface plasmon resonance (SPR)
sensor can be used to study and compare crude oil asphaltene chemical inhibitors. We
have shown that shifts in the peak SPR wavelength can be used to identify the onset
of deposition, the rate of deposition, and the final refractive index of the deposit from
a titration experiment. We evaluated multiple inhibitors and showed that SPR peak

wavelength can be used to directly measure the asphaltene deposition. In a screening
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method or workflow, the original neat crude oil would be run first to establish a
“blank” or comparative control run. Then, subsequent experiments combining crude
oil with various inhibitors at various concentrations would be performed on the senor
to provide meaningful data on the effectiveness in slowing or changing the deposited
material. Future studies may utilize the SPR sensing technique to perform asphaltene
inhibitor screening at reservoir conditions. In the next chapter, we will study the

application of the wavelength interrogation mode SPR sensor in dentistry.



Chapter 7

Application of SPR sensor in dentistry

In this chapter, we study the SPR peak variations of resin composite before and after
curing with UV light. The results presented in this chapter are first steps towards
understanding the optical properties and refractive index of dental resin composites.
Here we aim to understand the effect of illumination distance and time on the variation

of SPR peak and refractive index of resin during UV curation.

7.1 Background and motivation

Resin composites are used regularly as the filling materials for teeth in dentistry as
adhesive restorative materials [74]. The most reliable feature of dental resin compos-
ite is the micro-mechanical retention property which makes filling the small cavities
(teeth) more effective [74,75]. There are different types of dental resin composites
with different physical, chemical and optical properties [76]. The different properties
are due to unique concentrations of each component in the synthesis process of resin
composites [76,77]. The composite curing are strongly influenced by the type and
amount of photo-initiators inside the material [76]. Therefore, different resin based
composites require different light energy levels for proper curing which is an important
issue in dentistry [74]. One of the methods of analyzing the curing process of resin
composite is the color [76]. The resin composite restorations can result in a grayish

shade depending on the composite material [76] . Therefore, successful restoration of

68
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resin composite was predicted using the color and translucency before and after cur-
ing with light source [76]. Curing process not only affect color of resin composite, but
also affect the refractive index of the composite material [76]. As the curing process
depends on the average magnitude of refractive index change in the resin material
before and after curing with light source, one can employ a refractive index sensor to
understand how resin properties will be evolved during the curing process. Surface
plasmon resonance (SPR) sensors are novel instruments for detecting the change in
refractive index of different materials with high accuracy and in real-time [11,38,78].
The aim of this study is to evaluate the dental resin composites refractive index before
and after curing using an SPR sensor. We first show that how a change in SPR peak
wavelength corresponds to a change in resin composite refractive index. Then, we
study the resin composite curing process using SPR sensor and investigate the role
of illumination time, UV light distance and composite material in curing process of

dental resin.

7.2 SPR Sensor and materials

7.2.1 Resin composites

The dental resin composites used in our experiments were Filtek Supreme manufac-
tured by 3M ESPE with a code shade of Enamel provided by BlueLight Analytics.
The fillers of the resin composite are a combination of a non-agglomerated/non-
aggregated 20 nm silica filler, a nonagglomerated/ non-aggregated 4 to 11 nm zirconia
filler and an aggregated zirconia/silica cluster filler (comprised of 20 nm silica and
4 to 11 nm zirconia particles). This filler was custom molded to a well-defined size
using a stainless-steel, split plate with a 2 mm thicknesses and hole diameter of 7.2

mm was used as the molds to produce standardized specimens. The model was filled
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with resin composite material and covered with clear celluloid strips on the top of the

hole.

7.2.2 SPR sensor setup

In this study, the Kretschmann configuration which is a reliable setup of the SPR
sensing has been used to detect the variations in resin composites. The setup of
Kretschmann configuration was reported in the previous chapters. The setup has
been slightly modified to be used for sensing dental resin composite.

A) schematic of the SPR sensor

dental UV curing light -

Y,

SPR sensing zone

’—> resin composite
metal modle | | thin-fim: TiAu
60" = 3 . - p-polarized light
4 1 ) r X e - - ~ r- "
[ polychromatic ' . . Inolarizer.__ri  (Zoodtrometer)
| light source olimator e\ Mo/t P Sy Zecromerer)

sapphire dove prism

B) working principle of the sensor for sesing before and after curing

resin
intensity abs after curing
A i condition 1
resin resin condition 2
before curing after curing resin
befare curing
SPR peak
shifts as resin cured » Starting the illumination of the wand
3 » time

Figure 7.1: (A) Schematic diagram of the experimental setup and (B) concept of SPR
sensor for measuring the dental composite resin before and after curing at different
conditions.
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As seen in Fig. 7.1A, the prism has been flipped in order to cure the resin using UV
light. We fabricated a holder to keep the sensor secure as the resin in injected from
the top by using the 3D-printer. Fig. 7.1B shows the working principle for dental
based resin composite before and after curing. At the beginning of the experiment,
the sensing area is filled with uncured resin. When the illumination starts (using the
UV wand), the SPR peak shifts towards the longer wavelength as cured resin have
higher density. As the resin start to cure, its refractive index (RI) start to increase
over time. Even after turning off the wand, the RI still increases as the resin continue
to cure itself (post curing phenomenon). To record and analyse the data, a custom
LabView program which was discussed in Chapter 5 has been used. The Light curing
unit (wand) used in the experiments is Elipar DeepCure STM. This is an LED curing
light with a utilizable wavelength range of 430 — 480 nm and a peak wavelength of
450 nm. The curing unit has an intensity of 1470 mW /cm? and a tip diameter of 8.8
mm. The UV wand intensity as a function of illumination distance is illustrated in
Fig. 7.2. The UV wand intensities between 0 and 10 mm has been obtained from
the instrument data sheet (blue points). For longer distances, the light intensity was
measured by a power meter through the metal ring at 10, 20, 30, 40, and 50 mm
illumination distances (red points). According to the data, the intensity of UV wand
decays rapidly as illumination distance increases. We also developed a theoretical
model by considering the source illumination as a cone where the illumination area
increases by an increase in illumination distance. In the model, the divergence of the
cone is assumed to be 10 degrees. According to this model, the intensity decreases
by squared of the radius of illumination area. Fig. 7.2 demonstrate the agreement
between the theoretical model and measured intensities. The thickness of deposited
resin composite in the sample position during the experiments was around 2 mm.
Therefore, the epoxy is approximately 10,000 times thicker than penetration depth

of the sensor (100 - 300 nm). It should be noted that while UV wand cured the resin
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Figure 7.2: UV wand intensity as a function of illumination distance. Note that the
blue points are the intensities obtained from datasheet of the wand, red point are
measured intensities through the metal ring, and black line is the theoretical model.
sample from the top, we sensed the sample from the bottom (the other side). The
highest UV light intensity is on the surface of the resin while the UV intensity drops
as light is attenuated deep through the sample. This means that we are sensing the

sample on the least cured side. If the thickness of the filling/holder is changed (i.e.

depth of sample) this will change the final intensity that we are measuring with SPR.

7.3 Varying UV-exposure time measurements

To show the repeatability and the reliability of the sensor, we conduct the triplicate

runs. The three different runs using the same dental resin material are mostly the
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same and the error of the experiment is less than 1 nm which is within the spectrome-
ters’ wavelength resolvability. The resin had been injected into the sensing zone of the
sensor and remained in the sample position for 170 seconds without UV curing. As
seen in Fig. 7.3, the SPR peak of the resin for each run before curing is the same (&

617 in three runs). The curing process of the dental resin had been started when the
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Figure 7.3: Triplicate runs of resin before and after curing at 6mm distance of the
wand and SPR sensing zone for 20 seconds of illumination to show the repeatability

of the results for the sensor.
wand turned on (at 170 second). As a result, the SPR peak shift towards the longer
wavelength from =~ 617 nm to ~ 630 nm. The illumination time in this experiment
was 20 seconds. As seen in the Fig. 7.3, the SPR peak continued to increase even
after turning off the wand. This process is called post curing of the dental resin which
took place for almost 310 seconds. we observe that, the refractive index of the dental

resin composite increases after curing by hardening itself. To understand the effect of
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Figure 7.4: Mean SPR peak change as a function of time at different illumination
time of wand at same distance. Note that all the runs here are an average of three
runs.

illumination time for curing the dental resin composite, we performed another series
of the experiments. For this purpose, we conduct four different runs at same distance
(0 mm) between the wand and the resin at four different illumination times. The
illumination times are 5, 10, 20, and 40 seconds. Please note that each of these data
sets are the average of three runs. To clearly show the impact of varying the illu-
mination time, we recorded and analyzed the SPR peak wavelength versus time. As
Fig. 7.4 demonstrated, the mean change of the SPR peak increases by increasing the
illumination time. The red values are representing the values of the mean change of
the SPR peak of dental resin composite after turning the UV light off. Also, the blue
values are corresponding to the post curing values of the mean change of the SPR

peak.
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7.4 Varying illumination distance measurements

Fig. 7.5 shows the result of the other series of measurements on the curing dental
resin composite. Here, we investigated the effect of the distance between the wand
and the sensing zone on resin curing. Note that all the data sets are the average of
the three different runs at the same illumination time with the same material. The
illumination time were same for all the runs while the experiment took place at the
0, 20, and 50 mm distance between the wand and the sensing zone. From Fig. 7.5 it
is clear that by increasing the distance between the wand and the sensing zone, the
mean change of the SPR peak decreases which can be due to lower energy transfer

from wand to the resin composites (more loss).
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Figure 7.5: Mean SPR peak change as a function of time at different distance between
wand and SPR sensing zone. Note that all the resin in this figure are expired resins.
Each run here is an average of three runs.
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Fig. 7.6 illustrates the SPR absorbance spectra of resin composite before and after

curing with UV wand. The absorption spectra of resin before curing is demonstrated

a) 1 min before turning on the wand b) turning the wand on
04 627 nm 0.4 631 nm
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0.2 0.2
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Figure 7.6: SPR absorbance spectra of resin before and after curing. a) one minute
before turning the wand on. b) at the time we turn the wand on. c¢) after 20 seconds
of illumination of the wand. d) one minute after turning the wand off.

in Fig. 7.6(a) with a peak value at 627 nm. As seen in Fig. 7.6(b) as we turn on the
UV wand the absorption peak shifts toward longer wavelength (631 nm) which means
dental resin composite is curing. After 20 second of UV illumination in Fig. 7.6(c),
the absorption peak shifts significantly to longer wavelength (640 nm). By turning
off the UV wand (Fig. 7.6d), absorption peak still shifts slightly (to 642 nm) due to

post curing process (hardening of resin composite).



Chapter 8

Conclusion and future directions

In this thesis, different applications of prism-based SPR sensors for detection of
phase changes in opaque materials have been studied. We proposed a prism-based
Kretschmann configuration of SPR sensor for monitoring the refractive index changes
in opaque materials in real-time and with an easy setup. We modelled our sensor using
the matrix method and calibrated with well-studied and known solvent combinations
and showed excellent agreement between theoretical predictions and experimental re-
sults. The operational range of our wavelength interrogation mode SPR sensor enable
measurement of an SPR peak wavelength from 553 nm to 695 nm (142 nm) which is
equal to 0.197 change in refractive index (RI) from 1.389 to 1.586. Using the SPR
sensor, two specific applications were explored in detail. First, monitoring asphal-
tene deposition in crude oil and the effects of inhibitors on the asphaltene deposition
have been studied. Second, the effect of UV light, including UV exposure time and
illumination distance, on curing of the dental resin composite have been investigated
in detail. In the first application, we showed that inhibitors can signifcantly reduce
the asphaltene deposition rate and depth in crude oil. For the second application, we
demonstrated that the UV exposure time and illumination distance are important in
quality of resin curing in dentistry applications. We showed that crude oil RI varies
from a RI value of 1.505 (SPR peak wavelength of 601 nm) in neat crude oil fluid to
a RI value of 1.521 (SPR peak wavelength of 614 nm) when asphaltenes deposited

on the surface of the sensor completely. In dental application, we similarly show that

7
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resin composite SPR peak wavelength shifts from 617 nm before UV curing to 633
nm after a complete UV curing. We demonstrated that SPR sensors can be used in
similar application for real-time monitoring of phase changes and different physical

and chemical properties of opaque materials.
Future directions that continue the work of this thesis are enumerated below:

1. The dental resin project requires that a hardness test [American Society for Testing
and Materials (ASTM)] be performed on resin composite, and compare the resin
hardness under different illuminations with the optical wavelength shift observed in
the experiments. The particular standard for the experiment should be ASTM D785-
08. The ASTM Rockwell Hardness test is a hardness measurement based on the
net increase in depth of impression as a load is applied [79]. In the experiments,
the resin composite should be placed on the surface of the Rockwell Hardness tester.
Then, a minor load is applied and the gauge is set to zero (calibration). Finally, the
major load is applied and after 15 seconds the major load is removed [79]. The resin
composite should be allowed to recover for about 15 seconds and then the hardness
can be recorded from the dial while the minor load still applied [79]. To understand
the effect of UV curing on the hardness of resin, the conditions of these experiments
should be exactly similar to the ones presented in Chapter 7 when UV wand is off,

and when UV wand is on (with different illumination times and distances).

2. We need to apply the Matrix method proven to work for our crude oil analysis
and adapt to the Dental materials and setup. This can help to easily relate the SPR

peak wavelength from experiments to RI of resin during UV curing.

3. In the asphaltene project we should look at the reducing the size of the sensor,
for example design an SPR sensor while most of the sensing elements are on-a-chip.

Another example is designing a fiber-based SPR sensor. Therefore, the size of the
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sensing device can be reduced significantly and the device can be placed in small
locations like pipelines for in-situ monitoring of asphaltene deposition and/or the
effect of inhibitors on the asphaltene precipitants. Additionally, in-situ SPR is less
sensitive to temperature and the components can be integrated using for example fiber
optics. However, the temperature calibrations should be performed and fiber optic
version of the SPR sensor instead of Kretschmann configuration should be developed.

We can also use Kretschmann configuration and design pressure flanges.

4. As our SPR sensor is an effective phase change detector, we should also look at

the different precipitants other than asphaltene in future projects.

5. Another interesting future direction is studying the variation in SPR peak and RI
of the samples with temperature. Therefore, we can obtain the range of RI variation

of crude oil or resin composite with increasing or decreasing the temperature.

6. We can also modify the theoretical model to perform sensitivity analysis with
regard to penetration depth using a 2-layer approach, horizontally. For example,
model crude oil could be used for 100 nm as a layer in the Matrix model (directly in
contact with gold), with 1mm of n-heptane above it. This oil layer could be varied

from 10 nm to 10,000 nm to determine sensitivity to penetration depth.
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