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ABSTRACT

The measurement of hydrogen ion concentration in a solution, commonly referred to
as pH, holds significant importance in various industries. However, measuring pH
under high-temperature and high-pressure (HTHP) conditions has posed a
formidable challenge due to the lack of reliable sensors and instrumentation. Recent
research has demonstrated the potential of utilising the localised surface plasmon
resonance (LSPR) phenomenon seen by gold nanoparticles deposited on optical
fibres for pH detection under varying temperature and pressure conditions. Using
this reported stability of optical fibres in HTHP conditions, this project aimed to create
an optical fibre-based pH sensor using silver nanoparticles (AgNp) embedded within
a silica matrix, which is suitable for use under HTHP conditions. In this work, a

AgNp/silica coating is applied on a glass optical fibre to create an optical pH sensor.

The initial stage of the project involved the preparation of colloidal silver
nanoparticles and silica gel as separate entities, with a focus on stabilising the
colloidal solution and optimising silica gel production. Subsequently, setbacks were
overcome in creating the AgNp/silica coating, refining the sol-gel method, and
enhancing adhesion through careful adjustments of gelation temperature and heat
treatment procedures. The project optimised the gelation process to achieve good
adhesion on the glass while maintaining sufficient silver nanoparticles for pH
sensitivity. Characterisation through UV-Vis spectroscopy indicated an extinction
peak at 400 nm, which confirms the presence of silver nanoparticles. Afterwards, the
AgNp/silica coating was applied to the optical fibres.

In the preparation of the optical fibre, the fibre was etched using 7 M sodium
hydroxide (NaOH). This marked a successful milestone in utilising NaOH as an
etchant for optical fibres. The coated optical fibre reached an ideal core diameter of
104 + 1 microns, which was required for pH sensitivity. Extensive experimentation
led to fine-tuning the sensor setup, ensuring optimal sensitivity while emphasising

the delicate balance between light source voltage and detector integration time.



Durability testing revealed susceptibility to acidic environments, underscoring the
need for coating improvement. The project explored pH measurement under ambient
conditions, demonstrating the sensor's accuracy and stability in various chemical
conditions. A calibration curve was constructed, and the coating's reproducibility and
repeatability were thoroughly analysed, further validating its reliability as a pH
sensing tool. The calibration curve provided insights into pH measurement using the
optical method. Additionally, the performance and sensitivity of the sensor were
investigated and compared between sensors prepared in the same batch and those
from batch-to-batch production, offering insights into the sensor's characteristics.
Furthermore, an evaluation was conducted to assess the accuracy of the sensor in

comparison to the potentiometric pH measurement technique.

The project's most challenging phase involved testing the sensor in HTHP
conditions, revealing issues related to the stability of the AgNp/silica coating at
higher temperatures and pressures. It was observed that the pH decreased as the
temperature of the solution increased. The experimental apparatus was constructed,
which allowed experiments up to a gauge pressure of 5 bar, equivalent to 156 °C
temperature, where a higher dissolution of the coating was observed. Nonetheless,
the sensor was stable at lower gauge pressures, such as 2 bar, even during multiple
heating and cooling cycles. Despite these challenges, the inclusion of silver

nanoparticles showed promise in improving the sensor's consistency and stability.

In conclusion, this project represents a significant effort in developing a robust optical
pH sensor with potential applications in industries such as oil and gas, chemicals,
and environmental monitoring. The work underscores the ongoing challenge of
maintaining sensor integrity under HTHP conditions, showing the need for further
research to enhance coating resilience and a more robust calibration technique.
Despite these challenges, this project pushes the boundaries of pH measurement
technology and contributes substantially to the field of optical pH sensing. It is an
exciting step towards overcoming the limitations of pH measurement in extreme
environments, opening new avenues for precise monitoring and control in critical

industries.
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CHAPTER 1 : Introduction & Background



Chapter 1: Introduction & Background

The primary objective of this investigation is to develop a pH sensor utilising an
optical fibre that has been enhanced with silver nanoparticles and incorporated into a
silica matrix. This approach is proposed as a potential resolution to the difficulties
encountered when attempting to measure the pH of aqueous solutions in
environments characterised by elevated temperature and pressure. In this chapter,
the background information on pH, its importance in industry, traditional methods of
measuring pH, and limitations of the available measurement techniques are
described. Thereafter, the background information on fibre optics in relation to the
measurement of pH is provided.

The discussion is mainly focused on the importance of pH measurement in the oil
and gas industry, the challenges encountered with traditional pH sensors, and the
different types of coating used on optical fibres for applications towards pH sensing.
In addition, the reasons for choosing silica obtained from tetraethyl orthosilicate
(TEOS) and silver nanoparticles (AgNp) and their role when decorated on an optical
fibre for the determination of pH are explored. This is followed by the presentation of
the problem statement as well as justification for the research, which indicates the
relevance of the research. The aims and objectives of the research, as well as the
scope of the study, are presented, which puts the research into context.

In some of these sections, the fundamental theories associated with the
measurement of pH, such as the relationship between the dissociation constant of
ionic salts and pH, the working principle of the traditional pH measurement technique
(potentiometric pH measurement), and corresponding calibration methods are
provided. The types of optical fibre as well as the working principle are discussed.
Furthermore, the theory behind the formation of the silver nanoparticle embedded in
silica coating (AgNp/silica) coating, including the mechanism of pH measurement
using the coated optical fibre is discussed, which will provide the basis for
understanding why an optical fibre-based sensor may succeed where traditional

methods may be less useful.



1.1 Background on pH

The pH of a solution is the property that gives information on the extent of acidity or
alkalinity of the solution. The pH scale comprises a range of values from 0 to 14, with
pH values below 7 being classified as acidic and pH values over 7 being categorised
as alkaline. By mathematical definition, pH is the negative logarithm of hydrogen ion

activity or concentration, as shown in equation 1.1 [1]
pH = -log [H*] (1.2)

This definition raises two important questions: why is pH expressed as a logarithm
function, and why does it have a negative sign? To answer these questions, there is
a need to assess the concentration of hydrogen ions in a given solution in order to
understand why a negative logarithmic function is applied to it in order to deduce the
pH values. The concentration of hydrogen ions in a neutral solution is always very
low in the order of 1077. The fact that the molar concentration of hydrogen ions in
solution is a very small number and less than 0 explains why a logarithm function is
used. Also, the logarithm of numbers less than 1 will give a negative number,
therefore, using a negative logarithm will convert it to a positive number, which is

guite convenient.

The mathematical expression of pH extends beyond solely hydrogen ion
concentrations, as the concentrations of both hydrogen and hydroxyl ions in a
specific solution remain constant under a specific set of conditions. Consequently, if
the concentration of one ion is known, the concentration of the other ion may also be
determined [1,2]. Determination of the pH of solutions, therefore provides a
guantitative measure of assessing the degree of acidity or alkalinity of a solution.
This has great significance in chemical processes that are highly pH dependent

especially in pharmaceutical, cosmetics and other chemical industries [3-5].

As mentioned, the pH of a solution represents the degree of acidity. If this were to be
expressed in terms of alkalinity (pOH), then pOH would be the negative logarithm of
the hydroxyl ion concentration since its molar concentration in solution is also less
than 0 and needs to be converted to a positive number. The mathematical
expression of pOH is given in equation 1.2 [2], while the relationship existing
between pH and pOH is shown in equation 1.3.
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pOH = - log[OH1] (1.2)
pH + pOH =14 (1.3)

The values of pKa and pKo are related through the pKw, where a and b denote acid
and base. The equilibrium constant for acid is Ka, and for the base is Kb.

In water, the pKp scale extends from O to 14 with low values representing the
strongest bases. Since the pH of a solution only indicates whether the solution is
acidic or alkaline, it is different from assessing the strength of an acid or alkali. When
assessing the strength of an acid or alkali/base, the dissociation constant Ka for acid
or Kp for alkali or base is used. A weak acid dissociates partially in solution, for
example, all organic acids such as acetic acid, butanoic acid, etc., are weak acids,
while a strong acid dissociates completely in solution for example sulphuric acid,
perchloric acid, hydrochloric acid etc., are strong acids [2]. The higher the Ka value,
the stronger the acid. This can also be expressed in terms of pKa, the higher the pKa
value, the weaker the acid.

Conversely, when a molecule of a weak acid (AH) is deprotonated, the acid
dissociation constant can be expressed in terms of both the dissociated and

undissociated components, as shown in equations 1.4 — 1.7.

AH o H* + A
_ [H*][A7]
Ko = (1.4)

Where Ka is the dissociation (equilibrium) constant
Taking the log of both sides
[A7]

Log K, = log[H*] + logm (1.5)

Since,

pK, = —logK, and pH = —logH*

-
pK, = pH — logﬁ (1.6)



-
Or that pH = pK, + IOg[T]] (1.7)

Equation 1.7 is called the Henderson-Hasselbach equation, which shows the
relationship between pH and pKa. The equation suggests that the conjugate base
form or the deprotonated form is the dominant form in solution when the pH is
greater than the pKa [1]. Likewise, the undissociated form will predominate if the pH

is less than the pKa[1]. Hence, the relation between pKa and pKb is as follows,

pK,, = pK;, + pK, = 14 (1.8)

1.2 Acid-base theories

Acid-base theories are concepts that aim to provide coherent definitions of acids and
bases [1]. The exact definition of these theories has been controversial. The initial
definition was mainly focused on their properties, which cannot be generalised to all
acids and bases [1]. The early misconception of acids was that acidity results from
the presence of oxygen, as reported by Lavoisier in the 18" century [1,6]. However,
it later became clear that if there was an essential element in acids, it was hydrogen,
not oxygen [1]. Some of the generally accepted acid-base theories that are used

currently after concepts have been developed are provided in the following sections.

1.2.1 Arrhenius-Ostwald theory

The Arrhenius-Ostwald definition of acids includes partial or complete ionization in
water, giving out hydrogen ions in the process, while a base ionizes in water to
produce hydroxyl ions [1], as shown in the chemical equations below.

HA + H20 — H3O*" + A (1.9)
B + H.O —» BH"+ OH" (2.10)

This theory introduces the discussion of acid-base equilibrium as well as the strength
of acids and bases, which is related to its degree of ionization. Partial ionization
would imply that the acid is weak, while complete ionization suggests that it is a
strong acid. It must be noted that water itself ionised to protons (or hydronium ions)

and hydroxyl ions, as shown below [1]

H20 < H*+ OH" (1.11)



The acidity or basicity of an aqueous solution is dependent upon the concentration of
free hydrogen (H*) ions and hydroxyl (OH") ions inside the solution. In pure water,
which is completely neutral, the concentration of free hydrogen ions is equivalent to
the concentration of hydroxyl ions [1]. The concentration of the ionic product of water

Kw is defined by the water dissociation constant, which is given in equation 1.12 [1].
K, = [HT][OH] (1.12)
In pure water [H*] = 107 mol/l, and also [H*] = [OH]

Then, K,, = [H*][OH™] = 10"* mol/l, which gives rise to equations 1.3 and 1.8

shown previously.

The Arrhenius theory of acids and bases proposes that their behaviour is contingent
upon their presence in agueous solutions rather than their intrinsic properties as
substances. Consequently, its scope is confined solely to the examination of acids
and bases within aqueous environments, rendering it inapplicable to gaseous and
non-aqueous solutions. However, there are several limitations of the Arrhenius
theory. For instance, the theory specifically addresses acids with the chemical
formula HA (e.g., HCI, HBr) and bases with the formula BOH (e.g., NaOH, KOH)
while excluding substances such as SOz, COz, AlCl3, Na2COs, NHs [7,8]. Notably,
the formulation NH4OH was postulated to clarify the relationship between bases and
hydroxide ions (OH") in water despite its discrepancy with the actual composition of
ammonia (NHs). Arrhenius theory disregards the influence of solvents on acid-base
behaviour, as evidenced by the discrepancy between the strength of hydrochloric
acid when dissolved in water versus benzene [9]. This theory falls short in explaining
acid-base phenomena in solvents other than water, such as benzene or acetone,
and in gaseous states. Furthermore, while Arrhenius asserts that all salts should
yield neutral solutions, exceptions exist, as demonstrated by the slightly acidic nature
of solutions resulting from equal amounts of HCl and ammonia and the slightly basic
nature of those from acetic acid and sodium hydroxide [7]. Critically, Arrhenius'
premise that hydrogen ions are liberated in agqueous solutions and persist therein to
elevate hydrogen ion concentration is challenged by the reality that hydrogen ions do

not exist independently but rather as hydronium ions (HzO").



1.2.2 Bronsted-Lowry acid-base theory

The Bronsted-Lowry theory of acids and bases is shown in the reaction below. This
is based on the transfer of protons leading to the formation of conjugate acids and
bases. The role of acid in this process is to donate protons forming a conjugate
base, while the base accepts the proton and forms a conjugate acid, as shown in
Figure 1.1 [1].

Conjugate Conjugate
base acid

Figure 1.1: lllustration of the Bronsted-Lowry theory showing the formation of

conjugate acid and conjugate base.

The Brgnsted-Lowry theory offers notable advantages in elucidating the behaviour of
acids and bases across diverse solvent environments, encompassing both aqueous
and non-aqueous solvents. Additionally, it provides insight into the basic
characteristics of substances such as Na2COs, devoid of the hydroxyl (OH) group,
thus defying categorisation as a base under the Arrhenius framework due to its
inability to accept protons. Despite these merits, the theory exhibits several
limitations. Notably, it lacks the capacity to delineate the acidic and basic properties
of organic compounds and fails to characterize the acidic, basic, and amphoteric
nature of gaseous molecules [8,9]. Furthermore, the theory's conceptualisation
introduces complexities in predicting a compound's role as either an acid or a base
within different reaction contexts. Moreover, its explanatory scope is insufficient in
detailing acid-base interactions within certain solvents such as benzene and dioxane
[8,9].

Additionally, the Brgnsted-Lowry theory fails to account for reactions involving acidic
oxides (e.g., CO2, SO2, and SOs3) and basic oxides (e.g., BaO, CaO, and Na20),
where proton transfer mechanisms are absent. Furthermore, it overlooks the acidic

attributes of proton-deficient compounds like AICl3, FeCls, and BFs, thereby



underscoring its limitations in comprehensively describing the acid-base behaviour of
diverse chemical species [8].

1.3 Importance of pH?

pH measurement is important in diverse sectors such as petroleum engineering,
food manufacturing, health, and medicine, among others [10,11]. This is because it
is a primary determinant of the stability and activity of some products as well as an
index of regulatory compliance. It is also one of the indices of the quality of a product
in several industrial applications [5,12—14]. In many instances, a stable pH can be an
indication of good quality during quality control tests of a product [5,12-14]. For
instance: orange juice, lemon juice, beer, cheese, bleach etc., all require a constant
pH to maintain its quality, as shown in Figure 1.2 [15] In Biotechnology, pH control is
essential, for example, bacterial growth depends on a specific pH value [5]. Also, pH
control is an important determinant in a quality test of water [16,17]. The variety of
products where pH features in quality control is shown in Figure 1.2.

pH value Example

Extremely g

W Battery acid
acidic

Stomach acid
Lemon juice (2.3)
Vinegar (3.1)
Beer (4.3)
Black coffee
Fresh milk (6.5)
Pure water

Sea water (8.3)

Neutral

1
2
3
4
5
6
7
8
9

Borax
10 Milk of magnesia
11 Ammonia

12 Lime water (12.3)
13 Oven cleaner

Extremely 14 Drain cleaner
Basic

Figure 1.2: An illustration of the pH of different fluids from extreme acidic pH to

extreme basic pH range [15].



During production, control over pH is important to obtain the desired quality and to
ensure conformity and manufacturing to the required standard. Therefore, a slight
change in pH can have a profound effect on a product, such as a change in
appearance or taste [2]. In addition, pH is a useful parameter in the maintenance of
industrial equipment, which comes into contact where reagents may cause corrosion

during production processes [16-18].

1.4 Measurement of pH

An instrument that is sensitive to changes in hydrogen ion concentration from which
the pH value can be derived is required in order to successfully detect pH. It is not
sufficient to qualitatively assess the acidity or basicity of a solution, but it is vital that
this be measured in order to guarantee that strict compliance in terms of quality is

maintained.

The measurement of pH has been and will continue to be used extensively as a
method of determining the level of acidity of fluids of different types [1,2].
Colourimetric techniques, employing indicator liquids or papers, and electrochemical
methods, utilising electrodes and a voltmeter, represent the primary approaches for
pH measurement. Colourimetric methods are less accurate because they are based
on visual inspection of the colour change and corresponding match with some
reference colour chart, which can be prone to human error [1,19]. The utilisation of
pH measurement and regulation on a large scale has been facilitated by the
advancement of the glass electrode, which is employed in conjunction with a
voltmeter. The implementation of these advancements was imperative to facilitate

the extensive utilisation of pH measuring and regulation.

1.4.1 Measurement of pH using colorimetric method

Certain kinds of paper or fabric that are impregnated with colour carriers, called
chromophores, can be used as pH indicators. A chromophore is a functional group
existing within a molecule that absorbs light within the visible spectrum resulting in
the emission of colour characteristic of the compound [20]. For example, the
carbonyl, hydroxy, nitro, azo, and conjugated alkene groups are responsible for
different indicators of colours such as phenolphthalein, methyl red, and bromothymol

blue.



Indicator (Colourless when 0 < pH > 8) Indicator (Pink in colour when 8 < pH > 12)

HO OH

Figure 1.3: Image showing the colour change and chemical structures of

phenolphthalein indicator in acidic and basic solutions [21].

Phenolphthalein has a structure that contains carbon, hydrogen, and oxygen chains,
as shown in Figure 1.3. The two different structures shown in Figure 1.3 are a
chemical transformation observed as a result of a change in pH. The structure of the
deprotonated form of the phenolphthalein indicator is responsible for the absorption
of visible light. In this case, the electrons in the molecule are more delocalized due to
ionization than in the protonated form. The hydroxyl group is deprotonated when the
pH increases to the alkaline range, resulting in a change in structure which also
absorbs light in the ultra-violet (UV) range. In addition, the pink form also absorbed
light in the visible light spectrum. In a basic solution, the molecule will lose one of its
hydrogen ions. The phenolphthalein indicator changes more as the solution

becomes more alkaline, resulting in a deeper pink colour.

Sometimes, a universal indicator consisting of two or more dyes may be used to
obtain a broader and improved pH measurement. The different dyes that could be
used in a universal indicator include: phenolphthalein, methyl red, bromothymol blue,

and thymol blue. The pH papers are usually impregnated with one or more of these
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indicator dyes, which are covalently linked to the strip. The dyes are organic
molecules that can undergo colour change depending on the pH of the solution. In
general, the strips can be used with a variety of solutions ranging from acidic to

alkaline range.

pH Colour

range

<3 Rec I |
3-6 Yellow

7 Green I |
8-11 Biuc I |
>11 Violet ‘

Figure 1.4: Image of pH strips and reference pH charts.

In most instances, a shift in pH of two units is required for a full-colour transformation
to take place. This method involves submerging a strip of paper in a liquid and
watching out for a colour change after a few seconds. Then, the colours on the strip
are compared with a reference colour scale, as shown in Figure 1.4. This may be
regarded as a crude estimation of pH as it is prone to human bias and other factors.
However, strips that are used to test the pH of highly pigmented solutions may cause
the colour output to be inaccurate [19]. In addition, they have a limited shelf-life and

can also leach into solutions which are being tested.

1.4.2 Measurement of pH using the potentiometric technique

Potentiometric techniques provide another method for pH measurement. The
traditional measurement technique consists of the glass electrode, which is shown in
Figure 1.5. This involves the measurement of the potential of a test solution, which

can be compared with the potential of a known solution [1]. The principle of
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measurement is based on the presence of a sensor embedded in the glass
membrane, which is sensitive to hydrogen ions. The schematic representation of the
traditional pH meter is shown in Figure 1.5. The device has two electrodes: the pH
electrode, which serves as the working electrode, and the reference electrode, which
is integrated into a single unit. The working electrode is inserted into the test solution
while the reference electrode is in the reference solution. The reference electrode of
a glass pH meter usually consists of an Ag/AgCl electrode, while the reference
solution is potassium chloride with a pH of 7 [1,19]. The pH meter measures the
potential of the test solution and compares it with the potential of the known solution
(KCI), the difference in potential between the two solutions is expressed in terms of
the hydrogen ion concentration from which the pH of the test solution can be
deduced [1,22].

Reference electrode
Working electrode st

Reference electrolyte
INNer buffer =————

Glass membrane

Figure 1.5: Instrumental setup showing the incorporation of the sensing and

reference electrodes in one device for use as a pH meter [1].

The glass electrodes consist primarily of SiO2 [1,23]. When glass electrodes are
submerged in aqueous solution, the outermost layer of the membrane's surface gets
hydrated. This leads to the development of negatively charged sites, which are
denoted by the symbol —SiO- [24]. Counter ions are typically sodium ions, denoted

by the symbol Na*, which is being displaced by hydronium ions. This results in the
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membrane having a selectivity for hydrogen ions due to the fact that hydrogen ions
bind to —SiO- more strongly than sodium ions [25,26]. The Na* ions are responsible
for carrying the charge across the membrane in this process, as shown in the

reaction below [25], which may be attributed to Gibbs—Donnan equilibrium.
H* + - SiO"Na* « - SiO"H*+ Na* (1.13)

The Gibbs—Donnan equilibrium is often used to explain the exchange of such charge
between particles that are in proximity to a semi-permeable membrane which does
not distribute themselves uniformly on both sides of the membrane. The most
common reason for an uneven electrical charge is the presence of a different
charged material that is unable to flow through the membrane and, as a result,
causes the charge to become uneven [27].

H+ H+
Analyte Buffer
solution

\ Hydrated Glass /

Figure 1.6: Schematic representation of ion exchange through a hydrated glass

membrane [28].

The working principle of the hydrated glass membrane is shown in Figure 1.6. This
suggests that the potential exists for hydrogen ions present in the solution to
undergo migration into the glass material, displacing sodium ions that are confined
within the glass membrane. The amount of H* ions present in the solution has a
direct relationship with the number of H* ions that are able to pass through the glass
membrane and enter the solution. Due to the fact that the concentration of H* in the
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buffer solution is always the same, a predetermined quantity of the Na* ions in the
glass membrane is replaced by H* ions, as shown in Figure 1.6. Since the quantity of
H* ions in the test solution varies as a function of pH, the number of Na* ions that are
displaced from the glass membrane also varies with pH.

Potential difference Internal buffer with
') constant H+

Reference
electrode

Inner gel layer
pH electrode

— Glass membrane

Measured Solution

Outer gel layer

Figure 1.7: Schematic representation of a potentiometric pH meter showing the
working principle of the glass membrane for the determination of the potential

difference of different solutions from which pH can be deduced.

The potential difference between both electrodes in a measured solution and a
sample solution determines the pH value of the measured solution, as shown in
Figure 1.7. The working electrode depends on the hydrogen ion concentration. This
gives the degree of acidity or alkalinity of the solution. On the other hand, the
reference electrode does not respond to changes in H* ion concentration in the
sample solution [1,2,19]. This implies that it will always produce a constant potential
when pH is measured. The pH measurement is conducted using the glass electrode,
which determines the potential differences between the working electrode and the

reference electrode.

The pH of a test solution X is a linear function of the measured potential. The

response of the pH electrode is defined by the Nernst Equation [1], which is
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Ex

pH(X) = Constant + m

For a standard solution (S)

Es

pH(S) = Constant + 2.3026+RT /F

Subtracting Equation (1.15) from (1.14)

Ex—Es
2.3026*RT /F

pH(X) = pH(S) +
Where Ex= measured potential of solution (V),
Es = measured potential of standard solution (V),
R = molar gas constant (8.3144 J mol! K1)
T = Temperature (K),
F = Faraday constant (96485 C mol?)
pH = the pH of the standard solution is 7

(1.14)

(1.15)

(1.16)

In order to convert the potential difference of the test solution to pH, a calibration plot

of the potential difference against pH is required. This enables the potential

difference of the test solution to be traced to the corresponding pH value on the plot.

Figure 1.8 shows the calibration plot for buffer solutions at 3 different pHs at 20 °C.

The calibration curve shows the relationship between the potential difference and pH

at room temperature.

150
100

50 4

-50 4

Potential (mV)
(=]

-100
-150

-200 A

200 + —a— Temperature 20 °C

pH

Figure 1.8: The pH calibration plot of a standard buffer solution at 3 different pHs at

room temperature (20 °C), the closed squares are calculated values using equation

1.16.
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The potential difference-pH calibration plot at two different temperatures is shown in
Figure 1.9. As equation 1.16 is dependent on temperature, it suggests that the pH
measurement is influenced by a change in temperature. The calibration plot in Figure
1.9 consists of three pH values 4.01, 7.00 and 10.0, which were taken at different
temperatures of 20 °C and 40 °C respectively. It can be seen that the slope of the

curve is observed to increase as temperature increases.

2004 —=— Temperature 20 °C
—e— Temperature 40 °C

150—-
100—-
50—-
0]

-50 1

Potential (mV)

-100 -

-150

-200

pH
Figure 1.9: A potential difference-pH calibration plot at different temperatures of 20

°C and 40 °C, illustrating a change in the slope of the curves.

ﬂ =} standards, T=T1

AN calibration, T = T1

A e electrode response,
\ ks T2 > T]

Potential

Figure 1.10: A potential-pH plot showing the change in slope due to temperature
change during the pH calibration. A pH shift from A to B would occur.
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These changes in temperature from day to day can lead to errors in interpreting pH
data. For example, when the pH measurement was carried out at 40 °C, a certain
change in slope, as shown in Figure 1.10 is observed, with a corresponding shift in
the pH value. The change in the experimental temperature tends to cause a change

in the potential difference, resulting in a deviation from the calibration curve.

Consequently, in order to provide standardised pH readings, pH measuring devices
need to adjust to different temperature settings. This is because pH measurements
are dependent on the prevailing temperature. For manual pH regulating devices, the
user is usually required to input the temperature of measurement for pH meters and

controllers prior to computing the pH of the medium.

Advanced pH devices are already equipped with automatic temperature
compensation (ATC), which allows direct measurement of the temperature when the
pH electrode contacts the test solution [29]. It is widely agreed that these devices,
which automatically adjust the pH value depending on the temperature of the
solution are more useful for carrying out the majority of pH measurements in the
laboratory [29]. The automatic temperature compensation simply corrects for
variations in the electrode output and does not consider any real changes in the pH
of the solution that may have occurred as a result of the temperature. In an ideal
situation, both the temperature and the pH of the solution should be measured at the
same location, but since the temperature sensor is often positioned inside the
electrode itself, near the glass membrane, it may not be possible to make adequate

corrections to the measurement.

1.5 Importance of pH measurement in the oil and gas industry

The issues mentioned in the previous paragraph have special significance in the oil
and gas industry [14,30,31]. For the oil and gas industry, the study of pH is useful in
determining the acidity or basicity levels of an oil well. Accurate determination of pH
is essential in deciding the appropriate pretreatment processes that should be
followed prior to sending crude oil to the refinery for processing. For offshore
applications, the pH of seawater depends on the anionic content (mostly sulphates
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and fluorides), changes in temperature and pressure as well as the amount of
dissolved CO:2 or H2S [30,32], which worsens when considering the pH in geological
fluids.

Furthermore, the pH determination in reservoir conditions may be at higher
temperatures and pressure in downhole conditions. Safety in downhole drilling, as
well as overcoming the problems of corrosion and scaling [33,34]. It is quite difficult
to develop techniques and sensors that meet all the criteria for pH measurement
under downhole conditions compared to the currently available techniques for pH
measurement. In the downhole conditions, there are aggressive conditions like high
temperature and high-pressure environments. The most of the problems faced under
these aggressive conditions are stability based [13,35,36].

1.5.1 Challenges associated with pH measurement in the oil and gas industry

In the oil and gas industry, the determination of pH is essential during oil extraction
and processing [37-39] because the pH of an oil well gives preliminary information
on the chemical characteristics, which determines the protocols to be followed in the
purification process. For example, scale formation and corrosion problems are some
of the issues encountered in the oil and gas industry [14,37]. Acidic pH increases the
concentration of hydrogen ions in solution culminating in the dissolution of these
scales and the corrosion of metals on the pipelines, which causes problems for oll

and gas workers safety [38].

The formation of mineral deposits on the interior surfaces of containers may be
referred to as scales. This is often observed in oilfields during drilling and has been
attributed to various factors, such as incompatible anionic and cationic components
in water [40,41]. For example, scales have been reported to form when water
containing carbonates and bicarbonates of calcium and magnesium are heated,
these are the so-called stalactites and stalagmites usually observed at the top and

bottom parts of oil reserves respectively [42].

The production of scale in the oil and gas sector is subject to various influencing
elements, including pH levels, temperature, salinity of the aquifer, penetration rate,

flow velocity, and the existence of additional salts or metal ions [37-40]. This usually
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occurs in pipes carrying fluids, which are predominantly water with some mineral
salts usually pumped into oil wells to release oil from the underground rock [43].
Although waters in different oil fields have been reported to have different
compositions [40,44], it is important that the properties associated with these
aquifers be controlled prior to the injection of water to access the oil trapped within
the rock.

Iron sulphide is an example of a scale that forms in oil and gas wells, and it has been
responsible for the production of sour oil and gas [45]. These scales may be found
deposited at the top parts of the well, the control valve for the generated water, and
the subsurface safety control valves [46]. The iron sulphide scale is a consequence

of the reaction between hydrogen sulphide and iron, as shown in equation 1.17 [47].

H,S + Fe - FeS + H, (2.17)

The iron sulphide scale poses many operational issues during oil extraction and
purification. These include loss of injectivity of power water injectors and water
disposal wells, difficulty in operating the wireline, and lowering the amount of fluid
that can be extracted from an oil well. Scale development exhibits notable variations
among different wells, and it can even exhibit variations along the vertical depth
inside the same well [48]. Scales have the potential to accumulate in various
components and infrastructure like oil wells, including downhole, tubing, and other
production equipment and facilities. The prevalent scales encompass a range of
compounds, including, but not restricted to, sulphides (mostly iron sulphides), oxides

(primarily iron oxides), sulphate, and carbonate scales [38].

1.5.1.1 Corrosion issues in the oil and gas industry

Corrosion within the oil and gas industry might arise due to the existence of carbon
dioxide (CO2) or hydrogen sulphide (H2S) [49]. The phenomenon of corrosion
induced by carbon dioxide is commonly referred to as sweet corrosion, whereas
corrosion resulting from the presence of hydrogen sulphide (H2S) is commonly
referred to as sour corrosion [50]. The occurrence of sweet corrosion can be

attributed to the chemical reaction between carbon dioxide (CO2) and water,
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resulting in the formation of carbonic acid, as depicted in Figure 1.11. The dissolution
of carbon dioxide (CO2) in water leads to the formation of carbonic acid (H2COs3),
which then undergoes interactions with metal surfaces, resulting in the occurrence of
corrosion. This creates acidic conditions required to facilitate the dissolution of iron to
ferrous ions (Fe?*), which takes place at anodic sites of the metal. The electrons
given off at the anode migrate to the cathodic region and reduce protons to
hydrogen, which adheres to the surface of the metal. In addition, the hydrogen
bubbles which accumulate on the iron surface may further weaken the metal and

accelerate corrosion [51,52].

CO2 CO2 CO2 Air

Figure 1.11: Mechanism of sweet corrosion showing how CO: dissolves in water

resulting in increased H* in solution.

Sweet corrosion begins with the dissolution of CO:2 in water produced by the
reservoir, which results in the formation of carbonic acid. The presence of carbon
dioxide (CO2) in water, leading to the formation of carbonic acid, as depicted in
equation 1.18, enhances the likelihood of corrosion and increases the possibility of
corrosion [38,53,54]. These processes can be influenced by pH [12,37], hence the
need to determine the pH of oil wells. The acidification mechanism is given by the
following steps:

H20 + CO2 > H2CO3 (1.18)
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The subsequent procedure involves a two-step dissociation mechanism, leading to
the production of bicarbonate and carbonate, as depicted in equations 1.19 and 1.20
[54], respectively.

H2COs (aq) « H* (aq) + HCOs (aq) (1.19)
HCOs (aq) < H* (aq) + COs*(aq) (1.20)

Based on the findings of Dugstad [55], it can be shown that the involvement of
carbon dioxide (CO2) in the occurrence of sweet corrosion is not attributed to a
singular mechanism. Instead, it emerges from a wide range of simultaneous
electrochemical, chemical, and mass transport phenomena that occur at the
interface of the corroding steel in an electrolytic environment. The phenomenon of
carbon dioxide (CO2) corrosion has been associated with chemical and
electrochemical mechanisms, including the dissociation and reduction of water, the
reduction of hydrogen ions, and the subsequent creation of hydrogen and iron
carbonate [51,56].

The extent to which CO2 contributes to the corrosion of steel in oil wells is often
contingent upon alterations in fluid properties, including temperature, pressure, salt
concentration, and flow characteristics such as velocity and flow regime. Moreover,
this contribution exhibits variability across diverse geographical regions [52,54]. The
collective response resulted in the occurrence of CO2 corrosion and the subsequent

creation of FeCOs, as shown by the scale formation described in equation 1.21.

Fe + CO2+ H2O0 — FeCOs | + H2(g) 1 (1.21)

The existence of FeCOs scale on the surface of steel at a pH of 6.0 and room
temperature may offer sufficient protection for the surface, as stated by Videm and
Dugstad [57]. Experimental evidence has shown that the solubility of Fe?* reduces in
an acidic environment with a pH range of 4 to 5, in relation to the production of
FeCOs. Furthermore, it has been discovered that there is a notable decrease in the
solubility of Fe?* when the pH is raised from 5 to 6 [54]. Hence, it is probable that the
pH factor exerts an influence on the rate at which FeCOs is formed. Moreover, it is

probable that the characteristics of corrosion products could be impacted under low
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pH conditions, resulting in the commencement and expansion of corrosion pits
[33,58]. The aforementioned traits are prone to be impacted by the pH and other
chemical attributes of the bulk solution [59,60]. Hence, it is imperative to accurately
determine the pH of water.

On the other hand, "sour corrosion" refers to corrosion that takes place in oilfields
due to the presence of H2S [38,45] as shown in Figure 1.12. The mechanism of sour
corrosion is believed to involve a two-step dissociation process involving hydrogen
sulphide to give bisulphite ion and further dissociation to sulphide ion, as shown in
equations 1.21 and 1.22, respectively [54]. The hydrogen ions can react with the iron
to form ferrous ions (Fe?*) and hydrogen gas (H2). The ferrous ion can also react
with sulphide ions (S%) to form ferrous sulphide (FeS). Corrosion of iron may be
made severe by the formation of ferrous sulphide (FeS) by continuous depletion of

sulphide ions (S?%) in solution, thereby promoting the formation of hydrogen sulphide.
H2S (g) < HS (aqg) + H" (aq) (1.22)
HS (aq) + H* (ag) «» S* (aq) + H* (aq) (1.23)

Hydrogen sulphide is commonly encountered in oil and gas reservoirs, often
coexisting with other acidic gases, such as carbon dioxide, organic acids, and a
diverse range of free radicals and ions resulting from the dissolution of salts [49,61].
Moreover, mackinawite (FeNi)oSs is one of the varieties of iron sulphide that may be
found in a sulphide laden environment [45,48]. It is believed that mackinawite initially

forms on the surface of the steel via a direct surface reaction [48].

Figure 1.12: Mechanism of sour corrosion showing how H2S dissolves in water

thereby increasing hydrogen ion concentration in solution.

22



In a general context, it can be observed that under constant temperature and
pressure conditions, the corrosion rates tend to decrease with an increase in the pH
of the aqueous solution [32,53]. This phenomenon can be attributed to the inverse
relationship between pH levels and the concentration of H* ions at cathodic sites
[34,54]. Besides, the solubility of iron and most metals increases as pH decreases
[48]. As a result, iron sulphide does not precipitate on the surface of the metal at a
pH less than 2. With further increase in pH up to 5, the formation of a protective
coating on the electrode surface consisting of ferrous sulphide (FeS) has been
reported [62]. This tends to protect the metal against further corrosive effects of
hydrogen sulphide.

1.5.2 Challenges of pH measurement in downhole conditions

In spite of the available techniques for measuring the pH of solutions at room
temperature, such lab-based techniques are not usable in downhole conditions due
to the high temperature and high pressure (HTHP) observed in this environment
[31,39,63,64]. The environment expected in a downhole is presented in Table 1.1.
The limitations of the traditional pH measuring techniques in such an environment,

which are discussed in the following paragraphs, show the need for our work.

Table 1.1: The physical conditions of the downhole drillings [65].

Conditions Temperature (°C) Pressure (Bar) pH

Downhole drilling > 245 =700 4t08

As mentioned, the traditional method of determining the pH of solutions involves the
use of glass electrodes to measure the potential difference between the sensing and
reference electrodes. This is based on the attraction of hydrogen ions of the test
solution to the surface of the probe of the pH meter, resulting in a change in
electrochemical potential at different pH. Although this has been widely used in
determining the pH of solutions in various applications, glass electrodes are fragile

and could easily break on application of slight stress. In addition, they have a low

23




temperature and pressure range, and the hydronium ions might irreversibly adsorb to
the glass electrode, leading to erroneous results among other limitations [26,66].
Colorimetric methods, which use dyes are also restricted to the temperature range of
room temperature or lower temperatures since most organic dyes decompose at
elevated temperatures. Therefore, there is a need to fabricate an instrument that can
determine pH under harsher conditions of high temperature and pressure (HTHP).

1.6 Optical fibre technology as a pH sensor

The optical fibre is a light sensitive material that has wide applications in
telecommunications as well as data transfer [67,68]. A fibre optic can be prepared by
drawing silica (glass) or plastic to a diameter of 9 ym for single-mode and 50 ym to
1500 um for multi-mode fibre optics [69] The optical fibre consists of a core, then a
cladding followed by a coating, which offers additional protection, as illustrated in
Figure 1.13. The optical fibres offer excellent illumination, where they transmit light
even in confined spaces [70].

Figure 1.13: Schematic representation of an optical fibre showing the three important

layers: (i) core, (ii) cladding and (iii) coating.

The inner part of the fibre where light is transmitted is called the core. This is
followed by the middle cylindrical structure, which surrounds the core and is called
the cladding. It has a lower refractive index than the core. Finally, the outer
component of the optical fibre is known as the coating and consists of one or more
polymeric layers. The coating protects the cladding and helps to prevent the optical
fibre from any environmental damage [71].
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The application of optical fibre as a sensor for measuring pH is a new technique
which is still under exploration. It is believed that the optical properties of these
sensors could be employed in determining the pH of solutions, especially in
environments where conventional pH electrodes cannot be used, such as those
observed in harsh environments, which are usually at high temperatures and
pressure [72-75]. Besides, the fact that optical fibre can be used over long distances
makes it quite interesting for remote monitoring of pH. Therefore, optical pH sensors
may have several advantages compared to traditional glass electrodes. This also
includes cost-effectiveness since fibre optic technologies are not as expensive as
reference electrodes used in traditional pH meters [76—78]. However, more work is
required to test their usefulness on an industrial scale [3,76,79,80]. This project is
focused on fabricating an optical fiore pH sensor for the measurement of pH for a
variety of reference chemical systems, especially high-temperature and high-

pressure environments, which are usually experienced in oil wells.

1.7 State of the Art

In recent years, some research has been directed towards the utilisation of a fibre
optic sensor for pH measurement at HTHP conditions [81-83]. For example, gold
nanoparticles embedded in silica has been decorated on optical fibre, and its
sensitivity for pH measurement has been assessed [82,83]. The incorporation of
metal nanopatrticles in a silica matrix has been reported to improve the stability and
sensitivity of optical fibres for pH measurement [84]. In this case, the gold
nanoparticle is believed to have a surface plasmon resonance property, which plays
a significant role in the optical response required for pH measurement [82]. This
technique was proposed as an alternative for pH measurement using the traditional
glass electrode, which seems to be the way forward to overcoming the high

temperature and high-pressure requirements observed in oil environments.

1.7.1 Working Principle of optical fibre

A fibre optic device is a device that contains strands of glass fibres used for
transmitting data in the form of light over long distances [67]. The key mechanism
that enables this phenomenon is the modulation of the refractive index, which is

defined as the ratio of the speed of light in a vacuum to the speed of light when it
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passes through the substance. This relationship can be mathematically represented
by equation 1.24. [67].

n==< (1.24)

In this context, the variable "c" represents the speed of light, while "v" denotes the

speed of light within a dielectric or non-conducting medium.

Air (Index of refraction: n2
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Figure 1.14: Schematic representation of light transmission in different media

resulting in total internal reflection.

As shown in Figure 1.14, when the light ray is incident on a surface, refraction occurs
when n2 < n1. The difference in densities of the two media causes the bending of the
light rays while travelling from one medium to the other. The relationship existing

between the incident ray and the bent ray is given in Snell’s law (equation 1.25) [67].
nisingi=nzsin¢2 (1.25)
Where the symbol ¢1 represents the angle of incidence, while ¢2 represents the

angle of refraction, the refractive indices of the two materials are denoted as nl1 and
n2.

Cladding

Figure 1.15: Schematic representation of the mechanism of total internal reflection in
an optical fibre.
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The cladding contributes to the retention of the light signals inside the core. It is
constructed out of a unique glass material that has a lower refractive index
compared to the core of the glass. This is the region where total internal reflection
takes place. According to Snell's law, total internal reflection is observed when light
transitions from a medium characterised by a lower density to a medium
characterised by a higher density, as illustrated in Figure 1.15. Due to total internal
reflection, when a light signal is transmitted at one end of an optical fibre, the light
enters the fibre and travels along the core of the fibre. This occurs as a result of the
light travelling back and forth from the walls of the fibre. The core of the optical fibre
is denser than the cladding; therefore, light can travel along the core of the fibre
without a significant loss of energy. The cladding encircles the core and performs the
function of a protective covering, thereby preventing any external interference, such

as bending or pressure that could result in loss of incident light.

1.7.2 Types of Optical Fibres

Optical fibres may be classified into different types according to the refractive index
or the type of material used. For classification based on refractive index, optical
fibores may be classified into single mode, multimode graded index and multimode
step index [85]. The type of optical fibre depends on the refractive index, materials
used, and mode of propagation of light [67]. A schematic diagram showing the three

types of optical fibres is shown in Figure 1.16.

a) [ ]

b)

c)

Figure 1.16: Different types of optical fibre: (a) single mode, (b) multi-mode graded
index and (c) multimode step-index optical fibre [85].
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The single-mode optical fibre, as the name implies means that it operates in one
mode only due to the small diameter of its core. The speed of transmission of a
single-mode optical fibre is greater than multimode optical fibres. For multimode
graded-index optical fibre, the diameter of the core is greater than single-mode
optical fibre. In addition, light transmission at the edges of the core is faster than the
transmission at the centre due to a continuous decrease in the refractive index from
the centre of the core to the cladding surface [85]. Unlike the multimode-graded
index, the multimode step index has a uniform refractive index from the core of the
optical fibre to the cladding surface [85]. Beyond the cladding, the refractive index
increases in a stepwise pattern, which has different path lengths through the optical
fibre, causing the transmission of data in this mode to be kept at short distances to

avoid mode dispersal issues.

For classification based on the type of material, optical fibores may be classified into
plastic and glass optical fibres. The glass optical fibres are usually made from silica
[67]. Glass fibres are used for longer-wavelength infrared and other specialised
applications. Glass fibre cables could be used for high-temperature (HT) applications
up to 500 °C including extremely low-temperature (-40 °C) [78]. Glass cores are
effective in transmitting light, and its transfer speed is quite high; therefore, glass
optical fibres can be used as a sensor over long distances. On the other hand,
plastic optical fibre (POF) or polymer optical fibre is an optical fibre that is made from
a polymer. The core is prepared from polymethyl methacrylate or polystyrene, and
the cladding is prepared from polysiloxane or fluorinated polymers. Plastic optical
fibore has some advantages over glass optical fibre, such as reduced fragility and
robustness during stretching and bending [75,78]. In addition, the polymer optical
fibre is cheaper than the glass optical fibre.

1.8 Statement of research problem and justification

The traditional glass electrode has significant limitations, such as the inability to
determine pH at high temperatures and high pressures greater than 100 'C and 1
bar, respectively, which is usually encountered in oil wells. Therefore, there is a need
to develop a sensor that can measure the pH of fluids at high temperatures and high

pressure, which would be suitable for oil wells operating under such conditions.
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Research conducted on the efficacy of gold nanoparticles incorporated within silica
as the active component in optical fibres for pH detection has been somewhat
restricted, primarily focusing on temperatures up to 80 °C [82]. Moreover, it should
be noted that the temperature range within a conventional oil well has been reported
to reach as high as 370 °C [86], with typical values falling between 50 and 200 °C
[30]. Consequently, there exists a significant disparity between the experimental
conditions of existing studies and the actual operational temperatures encountered in
oil well environments. Therefore, this study seeks to develop a fibre optic pH sensor
based on silver nanoparticles embedded in silica, which could possibly be used in
measuring pH at high temperatures and pressures.

In this work, gold nanoparticles are replaced with silver nanoparticles. This is
because silver nanoparticles have also been reported to possess the LSPR property,
and it is less expensive compared to gold [87-89]. A similar investigation was
carried out using palladium nanoparticles embedded in silica, but no peak which
could serve as evidence of LSPR property was observed [90]. To the best of our
knowledge, there has been a dearth of information regarding the effectiveness of
decorating silver nanoparticles on optical fibres for the determination of the pH of
solutions, even though silver is much cheaper than gold and palladium. Apart from
cost, the excellent LSPR property of silver nanoparticles and the novelty of the work
are the key reasons that influenced the choice of silver as the target metal to be
embedded in silica for this application. The substitution of gold nanoparticles with
silver nanoparticles encapsulated within a silica matrix represents a strategic
hypothesis shift that presents multiple advantages across diverse domains. Silver
nanoparticles, distinguished for their robust optical characteristics, emerge as a
compelling substitute owing to their prominent localised surface plasmon resonance
(LSPR) phenomena discernible within the visible electromagnetic spectrum.
Additionally, the greater abundance and relatively lower cost of silver (i.e. 1/10™) in
comparison to gold provide it with enhanced economic feasibility, particularly
conducive to large-scale production endeavours. The tunability of silver nanoparticle
plasmonic resonance within silica matrices facilitates tailored optical responses,
which are pivotal for sensor applications. The integration of silver nanoparticles into
silica matrices exhibits compatibility with various fabrication methodologies [91-93],

ensuring scalability and adaptability. Nonetheless, the utilization of AgNp/silica
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coating under conditions of high pressure and temperature remains an area

demanding further investigation and exploration.

This study will focus on the synthesis of silver nanoparticles incorporated within a
silica matrix. Initially, the investigation will involve the synthesis of gold nanopatrticles
encapsulated within a silica coating [90,94,95], serving as a precursor to replicate
the aforementioned methodology. However, it is anticipated that the fabrication
protocol for the gold nanoparticle/silica composite and subsequent coating
procedures, including the requisite heat treatment temperatures, will necessitate
adjustments for the preparation of silver nanoparticle/silica coatings. Furthermore,
the literature on the preparation of gold nanoparticle/silica coatings lacks
comprehensive and detailed procedural information, thereby confounding replication
efforts, which may entail considerable time investment for optimization.
Consequently, the current endeavour commenced directly with the preparation
process, incorporating an optimization phase to elucidate the methodology for
fabricating silver nanoparticle/silica coatings within the scope of this thesis.

1.9 Aims and Objectives

The main aim of this work is to fabricate a pH sensor based on silver nanopatrticles
embedded in silica and decorated on an optical fibre. The key objectives of this work

targeted at achieving this aim include the following:

» To determine the suitability of silver nanoparticles when embedded in silica
matrix for use as an optical sensor.

» To assess the reproducibility and repeatability of the response of silver
nanoparticle-silica coated optical fibre for pH measurement.

» To assess the stability and performance of the sensor under different
chemical environments such as sulphuric acid, phosphoric acid, hydrochloric
acid, sodium chloride, etc.

» To establish an apparatus to incorporate a fibre optic sensor in a high
temperature and pressure system.

» To establish a calibration process at higher temperatures and pressures,
which will lead to the optical pH measurement technique.

» To assess the stability and performance of the sensor at high pressure and

high-temperature conditions.
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1.10 Structure of the thesis

This thesis consists of seven chapters organised to provide an overview of the
fabrication of a fibre optic pH sensor for the determination of pH at high temperature

and pressure conditions.

Chapter 1 presents the Introduction and Background of pH measurement, which
begins with an overview of the background of pH and its relevance to the oil and gas
industry. The traditional pH measurement technique and its limitations, including
theories of pH measurement as well as working principles of optical fibre sensors are
also covered. In addition, the problems encountered within the oil and gas industry
regarding pH measurement are also highlighted, as well as the justification and

objectives of the research.

Chapter 2 is the Literature review on pH measurement using glass optical fibres. It
describes previously published information on the formation of silica coating,
including the stability of fabricated optical fibres and research on gold nanoparticles
in silica coating. It discusses the preparation of silica coating, including gel formation,

and the parameters that control them.

Chapter 3 is the experimental chapter, which is structured into two main sections:
preliminary experiments involving the preparation of silver nanoparticles embedded
in silica coating on glass slides and the preparation of coating on the optical fibre to
enable it to function as a pH sensor. It provides a detailed description of the
preparation process, covering the preparation of AgNp/silica coating on optical fibre,
the etching process of optical fibre, and the optical fibre connections, including the
coated optical fibre, with the detector and light source. It also addresses the

challenges associated with the experiments and ways to overcome them.

Chapter 4 is the first Results chapter that describes the preparation of AgNp/silica
coating on a glass slide. This is followed by the decoration of the coating on the
optical fibre to enable it to function as a pH sensor. Additionally, the chapter explains
the preparation of an AgNp/silica-coated optical fibre, optimizing conditions for
gelation and heat treatment. The adhesion of the coating is improved through
optimization experiments, and selective etching of the optical fibre’s cladding and

coating layers is reported. Durability tests on the AgNp/silica coating under different
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conditions are also documented, providing insights into the coating's stability. Also,
the characterisation of the coated glass slides using scanning electron microscopy to

assess the coating's surface morphology are discussed.

Chapter 5 is the second Results chapter, where the results of the performance of the
optical pH sensor under different chemical conditions at room temperature are
presented. It covers the reproducibility and repeatability of the optical pH
measurements. This chapter encompasses several key aspects, including optimising
the light source and detector arrangement for maximum optical pH sensitivity,
determining the ideal etched optical fibre diameter for sensitivity at varying pH levels,
conducting optical pH measurements in diverse chemical environments (phosphate
ions, sulphate ions, and chloride ions), evaluating the reproducibility of sensors
within the same and different batches, and establishing calibration procedures for
optical pH measurements. A comparison of pH measurements with the optical pH
measurement and potentiometric methods is provided to assess the accuracy of the

Sensor.

Chapter 6 is the third Results chapter, presenting the results of the performance of
the optical pH sensor at higher temperatures (up to 156 °C) and pressures (up to 5
Bar) in different chemical conditions. It compares the stability of the AgNp/silica
coating under HTHP conditions and investigates the stability of the sensor for
multiple cycles in HTHP conditions, providing insights into the capabilities and

limitations of the sensor.

Chapter 7 contains the major conclusions, including limitations of this AgNp/silica

optical fibre pH sensor, as well as recommendations for future work.
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CHAPTER 2: Literature Review

This chapter covers the research that has been carried out in fabricating pH sensors
using optical fibres, including some modifications that would enable its usage as a
pH sensor. This review aims at assessing the work carried out in fabricating optical
fibres as a sensor for pH measurement and helps identify areas that still need more
investigation as well as gaps that this study seeks to fill. Although there are several
publications on fibre optic sensors for pH measurement at room temperature, there
is a paucity of reports on methods of fabrication, especially those applicable to high-
temperature and high-pressure measurements. Therefore, this section also
discusses some of the technical constraints associated with optical pH measurement
at high temperatures and high pressure (HTHP), which will explain our contribution
to solving the problems of pH measurement under HTHP conditions usually

observed in some oil wells.

2.1 Formation of silica coating

This section begins with reports on the preparation of silica coating, this includes gel
preparation and factors that influence gel formation. The silica coating is usually
prepared using the sol-gel technique. Therefore, adequate information on gel
formation is important in obtaining a good adhesive coating. In addition, the
preparation of silica coating and factors such as concentration, temperature, and
presence of metal nanoparticles are also covered. This work highlights the optimum
conditions required for the preparation of silica coating with the properties required
for a coating, such as good adhesion to the optical fibre, as well as good stability and

sensitivity in determining pH at HTHP conditions.

Silica coatings have been used in various applications due to its adaptability and
versatility [96,97]. The coating process involves the application of a layer of silica
precursors on the external surface of a targeted substrate such as metals, ceramics,
polymers, and even biological materials. Coatings made of silica-based materials are
often used to enhance biocompatibility and resistance to substrate corrosion.
Additionally, silica coatings are utilised to enhance the substrate's mechanical,

chemical, and thermal characteristics. The deposition of silica coatings may be
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accomplished using a number of processes, including sol-gel, chemical and physical
vapour deposition, as well as electrochemical deposition.

Sol-gel processing is a typical technique used for the deposition of silica coatings in
most studies reported in the literature [76,98—-100], and it involves hydrolysis of a
silica precursor and subsequent condensation of the resulting intermediate to form a
sol. This sol is then used in the processing of sol-gel materials. A typical sol-gel route
for the preparation of silica coating is the Stober process. This involves five different
steps: hydrolysis, condensation, polymerisation, gelation and drying [101]. The
hydrolytic step is usually applied to the precursor to generate intermediates that
undergo further reactions to yield other products. In this study, the silica coating was
prepared from tetraethyl orthosilicate as the source of silica. Other researchers have
used tetraethoxysilane as well [102,103]. Some of the chemical reactions involved in
the synthetic steps regarding the formation of silica coating are explained in the

forthcoming paragraphs.

Hydrolysis is the splitting of a molecule using water. Tetraethyl orthosilicate (TEOS)
can be hydrolysed in the presence of water and alcohol at acidic or basic pH to form

silanol, as shown in the reaction below (equation 2.1) [103].

Si(OC2Hs)4 + H20 — HO-Si(OCzHs)3 + C2HsOH (2.1)

The pH level of the solution is one of the factors that can impact the reaction rate,
alongside other parameters. If the solution is acidic, the rate of hydrolysis increases;
however, if the solution is alkaline, the condensation reactions (equations 2.2 and
2.3) will be favoured. The reaction can also be influenced by the type of catalyst
present. For example, acid catalysts such as hydrochloric and nitric acid will favour
hydrolysis, while alkaline catalysts such as ammonia will enhance the condensation
reaction [103]. The newly formed HO-Si(OC2Hs)3, as shown in equation 2.1, then

undergoes condensation reactions, as shown in equations 2.2 and 2.3.
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Condensation reactions involve chemical reactions of two molecules to form a single
molecule with the elimination of small molecules such as water or alcohol [103]. If
the molecule eliminated is alcohol, then this is referred to as alcohol condensation,
but if the molecule eliminated is water, then this is referred to as water condensation
[103]

A) Alcohol condensation
R30-Si-OR + HO-Si(OR)3 — R30-Si-O-Si(OR)3 + ROH (2.2)

B) Water condensation
R30-Si-OH + HO-Si(OR)3 — R30-Si-O-Si(OR)3 + H20 (2.3)

Siloxane bonds are usually the products of condensation reactions involving silanol
groups, which usually involves the elimination of water or ethanol. In most cases,
condensation is initiated before hydrolysis is complete. Separating the main product
of this condensation reaction usually requires a homogenising agent such as ethanol
in the case where water is the by-product. This is because alkoxy silanes are
immiscible in water. If alcohol is the by-product, then no homogenising agent is
required [104]. Based on the pH of the solution, therefore, reaction 2.1 could be
promoted in comparison with reactions 2.2 and 2.3, which would favour the formation

of silanol and alkoxide.

The condensation reactions are followed by the polymerisation reactions.
Polymerisation reactions during gel preparation involve the formation of large
molecules from the simpler molecular units called monomers [104]. The reactions
can also involve dimers, which are two monomer units or trimers involving three
monomer units etc. Structurally, they can be linear or branched chains, as shown

below:

R R R R

HO —Si—OH + HO —S8i—OH —— HO —S8i—0—Si—OH + H;0 (2.4)

R R R R

Dimmer
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| |
R R

n-1

Chain

The polymerisation reaction involves three stages, which include: the chemical
combination of monomers to form particles, which is followed by particle growth and
the linking of particle units to form polymers, thereby thickening the solution to form a
gel [97]. Once dimers are able to form, it will preferentially react with monomers to
form trimers and other large molecules [103].

The polymerisation mechanism is given below:

=Si-OH + OH" — =Si-O" + H20 (2.6)
=Si-O" + HO-Si — =Si-O-Si= + OH- (2.7)

The reaction in a highly acidic medium (< pH 2) favours the formation of a siliconium

ion intermediate (=Si*).

=Si-OH + H* — =Si* + H20 (2.8)
=Si* + HO-Si — =Si-0-Si= + H* (2.9)

Once the polymerisation begins, gelation can also commence. Gelation involves the
formation of a three-dimensional network obtained by means of cross-linked
polymers. The rate of gelation can be enhanced if the temperature of the reaction
medium is increased [103,104]. The cross-linking of monomer or dimer units will
result in an increase in viscosity, leading to the formation of a semi-solid or solid
mass. The porosity of the product determines its mechanical strength and behaviour
[101,105].

The final stage of coating formation which involves the evaporation of water or
alcohol from the matrix [96]. This usually involves a heat treatment process, which is
usually carried out between 40 ‘C and 400 °C till the gel solidifies [103,106]. The
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heating and cooling rates have a significant effect on the mechanical strength of the
material [107,108]. Rapid heating and cooling rates can cause fast or slow
shrinkage, leading to fracture of the coating (or hardened gel). To avoid this,
prolonged and planned thermal treatment, reinforcement of the gel, supercritical
drying, or freeze drying has been used to overcome these issues depending on the
application [109,110].

2.2 Effect of reaction parameters

In this section, the effect of different reaction parameters, such as the presence of
catalyst, pH and temperature on gel formation are discussed in more detail. As
mentioned in the previous section, the initial phase during gel formation involves
hydrolysis of the precursor, which forms intermediates that contain a network bridge
of oxides or alcohols, resulting in a polycondensation reaction with a resulting
increase in the solution's viscosity. Subsequently, a solid polymer is formed from the
gel during thermal treatment. The presence of a catalyst, pH and different
temperatures can influence the rate of these reactions, and it is hereby discussed
below [103,111].

2.2.1 Importance of catalysts on gel formation

The catalyst affects the hydrolysis and condensation processes, which control the
microstructure of the metal oxide generated from the sol-gel process [103].
Hydrolysis and condensation of TEOS are required to produce tetraethyl orthosilicate
(TEOS) gel. In order to produce a gel with consistent properties and homogeneity, a
catalyst is required. In this review, the various types of catalysts used in the
production of TEOS gel, as well as the influence of these catalysts on the gel's

properties are discussed.

Acidic catalysts: Acidic catalysts, such as hydrochloric acid (HCI), sulfuric acid
(H2S0a4), nitric acid (HNOg3), and acetic acid (CHsCOOH), are commonly employed in
the synthesis of TEOS gel. These catalysts promote the hydrolysis of TEOS, which
generates silanol groups (Si-OH) that can condense with other silanol groups. During
the acid catalytic step, the lone pair of electrons on the oxygen atom of the Si-OR
group will be attracted to the protons present in the solution, resulting in the
formation of an unstable intermediate. Following the impact of the proton, the

electronic cloud in the Si—-O bond will move towards oxygen. This occurs as a result
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of the higher electronegativity of atoms compared to silicon. Consequently, the
positive charge on the silicon atom will increase. At this moment, silicon transforms
into a substance that is more electrophilic, resulting in the formation of hydronium
ion, which detaches from the linkage as small molecules during the condensation

step, as shown in the reactions below.

Protonation of ESi-OR

H H
rd i
=Si-OR + H* <> =S5i-O* — =Si-Q* + HOH — =Si-OH + ROH (2.10)
~N N
R R
Hydrolysis

Protonation of £Si-OH
. [\ LN .
=Si-OH + H* <> =Si-O* — =Si-O* + Si-OH — =Si-O-Si= + ROH  (2.11)
e \H \R

Condensation

Basic catalysts: Ammonia (NHs) and sodium hydroxide (NaOH) are two examples
of basic catalysts that can be used in the production of silica gel. These catalysts
facilitate the synthesis of silanol groups and their subsequent condensation into a
three-dimensional network. The production of silica gels from TEOS can also involve
the use of basic catalysts. In this case, the deprotonation of water molecules
following nucleophilic attack by hydroxyl ions on the positively charged silicon ion is
the key mechanism that describes the action of basic catalysts during the gelation of

silica.

Ammonia (NH3) or sodium hydroxide (NaOH) are two examples of basic catalysts
which can deprotonate water molecules in the reaction mixture. This results in the
formation of hydroxyl ions (OH") and hydronium ions (H3O"). The silicon atoms in the
TEOS molecule are susceptible to attack by the hydroxide ions, which ultimately
results in the hydrolysis of the TEOS precursor and the formation of silanol (Si-OH)

groups. This is followed by the condensation step, where the silanol groups interact
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with one another to produce Si-O-Si connections, resulting in the formation of a
three-dimensional silica gel network. The presence of a basic catalyst can speed up
condensation processes by increasing the concentration of hydroxyl ions in the
solution. These hydroxyl ions can serve as nucleophiles that attack silicon atoms,

leading to the formation of Si-O-Si bonds, as shown in the reactions below.

Deprotonation of water
/OH -
=Si-OR + HO «+>|=Si-OR «— =Si-OH + RO (2.12)

Hydrolysis

Deprotonation of silanols

Y SiO |
=Si-OH + =SiO«|=Si-OH «— =Si-0-Si = + HO (2.13)
Condensation

The rate of hydrolysis and condensation steps have been reported to be different
when basic and acid catalysts are used. The hydrolytic step has been reported to be
faster than the condensation step when the acid catalyst is used and vice versa
when a basic catalyst is used [103]. This is because in an acidic medium, the
presence of protons from reduces the electron cloud around the oxygen atom of the
Si-O bond. This decreased nucleophilicity results in enhanced splitting of the
resulting intermediate. However, in a basic medium, the hydroxyl ions enhance the
condensation step due to its electron-rich state that abstracts protons from the
leaving group, resulting in the formation of Si-O-Si linkages in the matrix. In terms of
particle sizes, the acid-catalysed reaction yields smaller particle sizes compared to

base-catalysed reactions, as shown in Figure 2.1.
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Figure 2.1: Schematic representation of a three-dimensional network showing the
effects of acid and basic catalyst on the formation of particles of different sizes in the
gel [103].

Pope et al. [112] conducted research to investigate the effect of different catalysts on
gel formation. In their report, the porosity of silica coating was investigated using an
acid and a basic catalyst, including a control reaction where no catalyst was used.
The results are presented in Table 2.1. The results indicate that when nitric acid was
used as a catalyst, a silica gel with the lowest porosity of about 10% was obtained.
However, the use of hydrogen fluoride as a catalyst resulted in a significant increase
in porosity up to 67%. According to the authors, this increased porosity was
attributed to the fact that HF is a strong acid, which can react with the silica
framework that makes up the gel resulting in the cleavage of silicon-oxygen bonds
and resulting in the formation of pores within the material [112]. Nitric acid also
undergoes a similar reaction with the TEOS precursor to produce silica particles;
however, the formation of pores is not as efficient as HF. In addition, 68% porosity
was found when ammonium hydroxide was used as the catalyst, despite the fact that
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it was anticipated that a basic catalyst would greatly enhance the porosity of the

silica gel.

Table 2.1: Porosity of the silica coating using the different catalysts [112]

Catalyst Porosity (%)
Nitric acid (HNO3) 10
Hydrogen Fluoride (HF) 67
Ammonium hydroxide (NH4OH) 68
Without catalyst 43.4

2.2.2 The effect of reaction temperature on gel formation

The control of reaction temperature plays a crucial role in the process of gel
formation. The influence of temperature on the kinetics of hydrolysis and
condensation reactions is a key factor to consider. Consequently, this determines the
composition and properties of the gel. The kinetics of hydrolysis and condensation
reactions are influenced by temperature, with higher temperatures promoting faster
reaction rates. However, high temperatures can also result in a higher degree of
cross-linking, which leads to a gel structure that is dense, more compact, and has
fewer pores [109]. On the other hand, lower temperatures may result in a gel
structure that is less thick and more porous, but they can also lead to partial gelation,

which can lead to a gel structure that is fragile and unstable.

In principle, an increase in temperature enhances the rate at which free primary
particles form during the gelation process. According to the reports in the literature,
the aggregation of primary particles increases when the reaction temperature is
increased compared to room temperature [109,113]. This phenomenon occurs due
to the direct relationship between temperature and the kinetic energy of particles.
These speed up the movement of the particles, which in turn increases the likelihood
that the particles will collide with one another and aggregate. As a result of
aggregation, there is an increasing number of secondary particles with time.

Therefore, an increase in the reaction temperature reduces the gelation time.
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Twej et al. [113] also determined the effects of temperature on gel formation. In their
report, the change in gelation time when the reaction temperature was set to 30 °C
to 60 °C, as shown in Figure 2.2 was investigated. The results indicate that the
gelation time was reduced from 144 h to 120 h for pH 4, 35 h to 14 h for pH 7, and
48 h to 19 h for pH 9, which showed the synergistic effects for pH and gelation

temperature.
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Figure 2.2: Graphical representation of gelation time as a function of temperature at
different solution pH [113].

Hegde et al. [109] conducted a separate investigation wherein they examined the
impact of reaction temperatures on the duration necessary for gelation to take place.
In their report, the gelation time was measured from the period that the catalyst was
added to the time when the gel started to form. According to the provided definition,
the gelation time was observed to be 85 hours while the reaction temperature was
maintained at 25 °C. At a temperature of 30 degrees Celsius, a notable decrease in
the duration of gelation was seen, with the process taking 30 hours, which is
depicted in Figure 2.3. The findings of their study indicated that elevated temperature
had a direct correlation with accelerated hydrolysis and condensation reactions,
thereby resulting in a speedy process of gelation. However, this caused the gel to

shrink because too much solvent was forced out of the gel during the process.
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Therefore, a moderate temperature not exceeding 50 °C was recommended in order

to obtain a good quality silica coating[109].
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Figure 2.3: Graph showing the effect of the gelation time of silica on temperature.
Adopted from Hegde et al. [109].

2.2.3 Importance of pH of solution on gel formation

As shown, the pH of the solution involved in the preparation of silica gel is very
crucial in the gelation process. This is because it is believed that pH is a determining
factor in the rate of hydrolysis and condensation reactions. In this section, the effects
of acidic and basic pH on gel formation are assessed. First, the hydrolytic step
involved in the gel formation is believed to be favoured at low pH levels [103]. This is
because at low pH, the solution contains more protons that facilitate the formation of
electrovalent bonds between the electron-rich oxygen atoms of the precursor and
protons in the solution. However, when the pH is increased to a basic medium, the
number of protons in solution decreases, resulting in a slow hydrolytic step. On the
other hand, the condensation step is favoured at high pH levels, this is primarily
because at high pH, the solution is rich with hydroxyl ions, which are strong
nucleophiles capable of facilitating rapid detachment of the hydronium ions or other

leaving groups that are attached to the silica matrix.
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Furthermore, pH exhibits a significant influence on various aspects of gel
characteristics, including the gelation process, porosity, mechanical properties, and
surface morphology. For instance, previous studies have indicated that the pH level
could potentially influence the size and distribution of pores within the gel.
Specifically, lower pH levels have been observed to lead to the formation of smaller
pores that are more evenly dispersed throughout the coating [103]. There are
different approaches that may be used in order to regulate pH throughout the silica
gel formation steps. The addition of acid or basic solutions to the reaction mixture is
a procedure that is often employed in most studies. Experimentally, when Twej et al.
[113] carried out gelation at pH 4,7 and 9 at 30 °C as shown in Figure 2.4, the
duration required for gelation to occur for pH 4, 7, and 9 were 145 h, 48 h, and 28 h
respectively. In this report, the gelation time tends to decrease as pH increases from
4 to 7. However, their claims are somewhat premature as very few measurements
were carried out in between the two pH values to ascertain the decrease in gelation

time, and no other data is provided at pH values lower than 4.
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Figure 2.4: Graphical representation of gelation time as a function of different
solution pH at a temperature of 30°C [113].

45



2.2.4 Effect of the presence of metal ion in silica gel

In this section, the effects of incorporating metal ions into the silica framework would
be discussed. This is important because the system used in this study will also
embed metal nanoparticles in a silica matrix, and metal ions will also be present in
the gelation system. Therefore, it is important to assess the effect of dissolved metal
ions on gelation. The presence of metal ions in silica gel may have a number of
different impacts on the gelation process, and the silica gel's characteristics are
produced as a consequence. In the hydrolysis and condensation processes that
ultimately result in the production of the silica gel network, the metal ions have the
potential to perform the role of catalysts. Consequently, the presence of metal ions
may have an effect on the kinetics of the gelation process, which can result in
quicker gelation depending on the type and concentration of the metal ions. In
addition, the metal ions may interact with the silanol groups located on the silica's
surface, which can result in changes to the regional structure of the silica gel. The
presence of metal ions, therefore, has the potential to influence the morphology of
the silica gel, which may result in differences in the gel's porosity, surface area, and
particle size. In general, the influence that metal ions have on the gelation of silica
may be rather complicated and is dependent on a wide variety of circumstances.
Some of these aspects include the type of metal ion, its concentration, the pH of the

system, and the composition of the silica gel.

A typical trend showing the effects of different metal ions on gelation time at different
temperatures is shown in Figure 2.5. The figure includes the effect of calcium and
magnesium ions on the gelation time, as reported in the literature. Based on the
findings of Bansal et al. [114], the rate of formation of silica gel in the presence of
effects of metal ions (Mg?* and Ca?*) is shown. The figure indicates that in the
absence of metal ions, the gelation time is 156 h when the temperature was 23 °C,
and when the temperature was increased to 68 °C, the gelation time was reduced to
7.9 h. When Mg?" was present, the gelation time was 25 hours at 23 °C, and
decreased to 1.3 h at 68 °C. When Ca?* was present, the gelation time was 23 h at
23 °C, but decreased to 1.3 h at 68 °C. In summary, the presence of metal ions in
the silica matrix results in a reduction in the gelation time, and the combined effect of
temperature and metal ions can be used to greatly reduce the gelation time.
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Figure 2.5: Graph showing the effects of gelation time on the temperature in the

presence of different metal ions with a solution pH of 4 and 5 [114].

Similar effects were observed in the presence of silver ions in silica, as reported by
Li et al. [115]. The results presented in this report showed that a gel containing only
silica and 0.05% or 0.05% silver ions (Ag*) required different gelation times as
indicated by the change in viscosity as shown in Figure 2.6. In general, gelation is
indicated by a sudden increase in viscosity, while the point at which this rapid
increase in viscosity is observed in a viscosity-time graph is regarded as the gelation
time [103]. In Figure 2.6, a sharp increase in viscosity is set at < 3 cP.

When the criteria for gelation time is used to analyse the data in Figure 2.6, then the
increase in the viscosity of the solution can be interpreted as a function of the
various silver ion (Ag*) concentrations and the amount of time. In the absence of
silver ions, the gelation time was 145 hours. However, this time significantly
decreased to 67 hours and 28 hours when 0.05% and 0.5% silver ions were

introduced, respectively.
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Figure 2.6: Gelation curves for the silica systems with different silver concentrations
[115] and this work.

2.3 Synthesis of silver nanoparticle

Since our coating system contains a composite of nanoparticles in silica, since in this
section, the methods of preparing colloidal silver nanoparticles, as well as the
conditions required to obtain stable nanoparticles are described. This is important
because this research involves the incorporation of silver nanoparticles in silica
coating for application as a pH sensor. Therefore, here the conditions of synthesizing
colloidal silver nanoparticles, including the conditions required to obtain a stable
colloidal solution are described. This section covers the available methods that are
utilised in the synthesis of silver nanoparticles, including the limitations associated
with these techniques. The chemical reduction method, commonly employed in the
production of silver nanoparticles, is widely recognised in the literature. This
technigue entails the reduction of silver ions through the utilisation of a reducing
agent. Although many reducing agents have been used in the literature for this
purpose, this study will focus on trisodium citrate and sodium borohydride. This is
because these are the reducing agents that are also employed in this study.
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2.3.1 Employment reducing agents

To synthesise stable silver colloidal silver nanoparticles, the focus has been on two
different reducing agents: sodium borohydride and tri-sodium citrate. Here, it will be

discussed the reduction process of silver nanopatrticles using each reducing agent.

2.3.1.1 Sodium borohydride as a reducing agent

In the synthesis of silver nanoparticles, sodium borohydride (NaBH4) is a strong
reducing agent that is frequently used in most studies [116-122]. The solution is
usually placed in an ice bath following the addition of NaBH4 to reduce the rate of
reduction of silver nitrate [116,117,119,122]. This is important because when sodium
borohydride is introduced to the solution, it can quickly react with the silver ions to
produce silver nanoparticles by rapidly reducing them. If the reaction takes place too
rapidly, it may result in the formation of nanoparticles that are too big or irregular
[116-122], which may be unsuitable for many applications. Therefore, it is necessary
to regulate the size and shape of the silver nanoparticles during its reaction with the
reducing agent by placing the reactants in ice, which helps to slow down the rate of

the reaction.

The chemical reaction depicted below illustrates the process of reducing silver nitrate
through the utilisation of sodium borohydride:

AgNOs + NaBH4 — AgP® + %2 H2 + %2 B2He + NaNOs (2.14)

In the literature, it has been reported that reaction time and the concentration of the
reducing agent are factors that can influence the stability of silver nanoparticles
during its synthesis [89,123,124]. Solomon et al. [89] conducted a study to examine
the impact of sodium borohydride concentration on the synthesis of silver
nanoparticles through the use of the chemical reduction approach. In their report,
silver nitrate (AgNOs) was used as the source of silver. It was reported that the
reaction duration and the ratio of the concentration of sodium borohydride to silver
nitrate in the solution both affect the stability of silver nanoparticles. It was found a

stable colloidal solution could be obtained when the concentration of sodium
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borohydride was double that of silver nitrate. Consequently, it was possible to control
the size of the silver nanoparticles within the range of 2 nm and 12 nm.

2.3.1.2 Trisodium citrate as reducing agent

Trisodium citrate can also be used during the synthesis of silver nanopatrticles. In this
case, it serves a dual purpose as a reducing agent and a stabilizer [125,126]. In the
literature, trisodium citrate is more active at elevated temperatures due to its thermal
decomposition products, such as citric acid, which enhances the reduction of silver
nitrate to silver nanoparticles. This also ensures control over the size and
homogeneity of the silver nanoparticles that are produced. The heat supplies the
activation energy that is essential for the reaction between the citric acid and the
silver ions. The chemical reaction employed in the creation of silver nanoparticles

utilising trisodium citrate is depicted herein:

4Ag* + NasCeHs07 + 2H20 — 4Ag° + CsHgO7 + 3Na* + H* + O2 (2.15)

The synthesis of silver nanoparticles was described by Teruya et al. [127], whereby
trisodium citrate was employed as the reducing agent. The solution was subjected to
heating until it reached its boiling point subsequent to the introduction of the reducing
agent, as stated in their report. Consequently, the outcome of this process led to the
generation of silver nanoparticles with an average diameter of approximately 100
nm. It was found that the reaction vessel plays a role in the reduction process. A
higher particle size (100 nm) was obtained when a beaker was used, but a lower
particle size (68 nm) was obtained when a conical flask was used. This is a slightly
simplistic explanation, and the most likely difference between the two reaction
vessels is the temperature distribution in reaction media. They also reported that the
colloidal silver nanoparticle needs to be stored at 4°C in a dark room to prevent from

aggregation.

2.3.1.3 Sodium borohydride as areducing agent and trisodium citrate as a

stabilising agent

It is possible to use both sodium borohydride and trisodium citrate during the
synthesis of silver nanoparticles. Although this may involve additional cost; however,

an improvement in the control over particle size has been reported when both
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reducing agent and stabilizer were used in the same system [126,128]. For a
solution with sodium borohydride only, the size of the silver nanoparticles was within
the range of 2 nm and 12 nm [89]. In contrast, when employing solely trisodium
citrate as the reducing agent, the resulting silver nanoparticles exhibited sizes of
either 68 nm or 100 nm, dependent upon the specific reaction vessel, as previously
described. Therefore, it would be interesting to assess the particle size of silver

nanoparticles when both reagents are used in the same system.

Such an approach was taken by Agnihotri et al. [126], who assessed the effect of
using both sodium borohydride and trisodium citrate during the synthesis of silver
nanopatrticles. In their report, the precursor was silver nitrate and a particle size
ranging within the range of 10 nm and 100 nm was obtained. This result indicates
the approach necessary to obtain a particle size between 10 nm and 100 nm, which

might be useful for targeted applications.

2.3.2 Preparation of metal nanoparticles using the thermal decomposition

method

Thermal decomposition is a chemical technique that involves the breakdown of a
chemical compound at high temperatures. This method has been reported in the
literature for the synthesis of metal nanoparticles, specifically gold and silver using
different corresponding precursors. Despite the relatively less conventional nature of
thermal decomposition, its applicability within this context is notable. Notably,
investigations into the thermal decomposition of HAuCls-nH20 and HAuCls-3H20
under varying atmospheric conditions, namely air and N2, have been documented
[129,130].

Otto et al. [131] conducted an extensive inquiry into the thermal decomposition
mechanism of HAuCls-3H20 and AgNOs leading to the formation of Au and Ag
respectively. The process was monitored through coupled thermogravimetry
differential thermal analysis (TG-DTA), Thermogravimetry/Evolved Gas Analysis-
Fourier Transform Infrared (TG/EGA-FTIR), and Evolved Gas Analysis-Mass
Spectrometry (EGA-MS) techniques. The characterization of intermediate and final
products resulting from thermal decomposition was conducted through ex-situ X-ray

diffraction (XRD) and Fourier Transform Infrared (FTIR) methodologies.
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For gold nanopatrticles, the thermal decomposition of HAuCls-3H20 ensued in
sequential steps, with AuCls emerging as the primary solid product following the
initial decomposition at 190 °C. Subsequently, at 240 °C, AuCl which further
decomposed to yield the final product Au at 320 °C, as shown in equation 2.16 and
2.17 respectively [131]. Conversely, the thermal decomposition of AgNOs initiated a
melting phase at 360 °C, with the solid intermediate decomposition product
containing AgNOs and trace constituents of an unidentified phase, evident upon
heating to 450 °C and subsequent cooling to ambient temperature. While conjecture
regarding the presence of an intermediate product persists, proposals within the
literature suggest the formation of (Ag20)3-AgNOs. The ultimate product of thermal
decomposition, regardless of atmospheric conditions, is Ag, attained at 600 °C, as

shown in equation 2.18 [131].

HAUCl4.3H20() — HAUCI2(OH)zs) + 2 HCl(g) + H20(Q) (2.16)
HAUCI2(OH)zs) — Augs) + 2 HClg) + %2 H20(g) + ¥ O2(g) (2.17)
2AgNO31 — 2Ag(s) + NOz2g) + NO(g) + 1.502(g) (2.18)

In the existing literature, attention has been given to research supporting the
proposed theory. However, Su et al. [90] conducted a study wherein metal
nanoparticles were synthesized through thermal treatment via chemical
decomposition, utilizing Chloroauric acid (HAuCls) to synthesize gold nanoparticles
within a silica matrix. The thermal treatment was conducted at 200 °C, without the
inclusion of any reducing agent to facilitate the formation of gold nanoparticles.
Notably, the preparation of the silica coating required Tetraethyl orthosilicate
(TEOS), ethanol, and water, typically necessitating a heat treatment temperature
range of 70 to 100 °C [132-135]. The decision to employ a higher temperature of
200 °C was aimed at facilitating the chemical decomposition of HAuCl4 to form gold
(Au) nanoparticles. However, in their research, HAuCls was introduced into the
solution to achieve the desired Au/silica coating. The presence of gold nanoparticles
was confirmed through the analysis of absorption spectra obtained via UV-Vis
spectrophotometry. Similarly, palladium nanoparticles were reported to form from

Palladium(ll) chloride (PdCI2) during heat treatment via chemical decomposition [90].
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Furthermore, Li et al. [136] presented findings supporting the chemical
decomposition theory, demonstrating the formation of silver nanoparticles through
the decomposition of silver nitrate (AgNO3s) under similar heat treatment conditions
for the preparation of Ag/silica coating. In their methodology, AgNOs was added to
the solution containing TEOS, ethanol, and water, followed by heat treatment at 200
°C to facilitate the formation of silver within the silica matrix. Additionally, X-ray
photoelectron spectroscopy (XPS) spectra and UV-Vis spectrophotometry absorption
spectra were employed in their research to confirm the presence of silver within the

silica coating.
2.3.3 Stability of silver nanoparticle

It is also important that the nanopatrticles are stable once they are formed, otherwise
the properties of the sensor will change with time. Badi'ah et al. [137] used sodium
borohydride (NaBH4) as a reducing agent and silver nitrate (AgNOz3) as a silver salt
in order to synthesise silver nanoparticles. Their study involved the use of different
concentrations of AQNOs for the synthesis of silver nanopatrticles. In their report, the
stability of the silver nanoparticles was observed for 70 days [137] and the size
distribution of the silver nanopatrticles changed as a function of time. On the first day,
the size of silver nanoparticles was observed to be 36.74 nm, this eventually
increased to 162.7 nm after 70 days. These findings are in agreement with the report
of Baset et al. [138], who also observed an increase in the size of the silver
nanoparticles from 4.1 nm on the first day to 8.1 nm on the tenth day. According to
these studies, colloidal silver nanoparticles are stable when maintained at a
temperature of 4°C compared to room temperature, where they are more likely to
agglomerate. The ability of the particles to aggregate, forming larger particles
increases at temperatures greater than room temperature. Therefore, the
incorporated metal nanoparticles can aggregate even within a composite which

needs to be understood and monitored.

2.4 Optical properties of silver nanoparticle

The pH sensitivity of optical sensors would be derived from the optical properties.
This section covers significant discussions relating to the optical characteristics of

silver nanoparticles, specifically focusing on its features of localised surface plasmon
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resonance (LSPR) and the factors that influence these properties. The optical
properties shown by silver nanoparticles are a result of the interaction between light
and the valence electrons located on the surface of these nanoparticles [79]. This
makes them quite useful for different applications such as: sensors for some
applications such as pH measurement and imaging tools. The ability of silver
nanoparticles to absorb and scatter light is one of the most important optical features
that these particles possess. The optical behaviour of silver nanoparticles is
influenced by their size, shape, and chemical composition, which determine their
ability to absorb and scatter incident light. These two characteristics become more
prominent as the size of the nanoparticle decreases, which ultimately causes a
change in the wavelength at which the surface plasmon resonance is observed
[77,139]. It has been reported that silver nanoparticles have distinct optical features,
such as the ability to absorb and scatter light, as well as the localised surface
plasmon resonance (LSPR) property. These properties can be controlled by
manipulating the size, shape, and composition of the nanopatrticles, which makes it

quite suitable for a wide range of sensing and imaging applications.

2.4.1 Localised surface plasmon resonance

Localised Surface plasmon resonance (LSPR) arises from the interaction between
metal particles, their surface electrons, and incident light when in proximity to the
nanoparticle, as depicted in Figure 2.7. It results from the synchronized oscillation of
valence electrons on the metal's surface induced by the interaction with light. As light
passes through the nanoparticles, they absorb energy leading to excitation and the
generation of an electric field. This phenomenon occurs at a specific wavelength of
light, resulting in the absorption of incident photons. Metals such as gold, silver, and

palladium have been documented to exhibit LSPR properties [139,140].
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Figure 2.7: Schematic representation of localised surface plasmon resonance
property of metal nanoparticle when light is transmitted through it, resulting in an

electric field due to excitation of nanoparticle [141].

In addition, when the interaction of metal nanopatrticles with light is assessed with a
UV-Vis spectrophotometer, the nanoparticles are observed to absorb light of a
specific wavelength characteristic of the metal nanoparticle. The extinction
coefficient results from the combined coefficient of absorption and scattering
coefficient. This results in an extinction peak, which may be attributed to the LSPR
property of the nanoparticles in the solution or coating. For instance, gold
nanoparticles have been reported to have an extinction peak at a wavelength of 525
nm [82,83,140,142]; however, other studies have reported an extinction band of 400
nm for silver nanoparticles [87,143,144]. In addition, it is also possible that the
extinction peak could be shifted to other wavelengths when the particle size and
shape change [87,125,145-147]. It has been reported that these changes have a
significant effect on the light absorption characteristics of the nanoparticle including
the wavelength of extinction [45,46]. The smaller size silver nanoparticles (10-50
nm) have been reported to have an extinction peak at 400 nm, but the larger silver
size of nanoparticles (100—220 nm) have also been observed to have a wider peak

at longer wavelengths near 500 nm [87,148].

Furthermore, the LSPR band is highly sensitive to the surrounding medium
[79,140,149], this is a crucial factor when considering its application as a sensor. At
the moment, research is being carried out to assess the sensitivity of different LSPR

based sensors such as: pH sensors [81,82,150], temperature sensors [75], pressure
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sensors [78], and oxygen sensors [150,151], among others. Although these sensors
have been reported to be effective for their respective applications, there has been a
dearth of information regarding the reproducibility, durability, and limitations
associated with their usage. Therefore, in this research, it would be interesting to
explore these properties of silver nanoparticles for potential application as a sensor,
which is expected to be used for the measurement of pH at high temperatures and
high-pressure conditions usually observed in some oil wells. Therefore, the metal
nanoparticles embedded in silica matrix, which is the main strategy employed to

achieve this target is hereby described.

2.5 Modification of optical properties of metal nanoparticles in silica

This section assesses the various modifications of metal nanoparticles in silica
matrix as a sensor for pH measurement. The two important modifications include the
incorporation of metal nanoparticles in the silica matrix and the use of dye-doped
silica. The effectiveness of metal nanoparticles embedded in silica for different
applications such as measurement of pH, temperature, and oxygen level among
others has been studied extensively in different literatures. However, this section will
focus on different modifications to silica coating for the purpose of using it as a

sensor for pH measurement.

One important factor that has been exploited for such application includes the
surface charge of the metal nanopatrticles when they are embedded in a silica matrix.
The determination of the surface charge of nanoparticles plays a critical role in
ensuring the stability of sensors, as it directly influences their unique optical,
electrical, and catalytic characteristics. In the literature, there are different studies
where metal nanoparticles such as gold [81,82,84,152], silver [153-155] and
palladium [81,82] nanoparticles (Np) have been embedded in silica for different
applications. In this case, the metal particles serve as nucleation centres for the
condensation of silicic acids, which are products of hydrolysis and condensation of
tetraethyl orthosilicate (TEOS) in a mixture of an alkaline solution of alcohol and
water [156].
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Metal nanopatrticles are incorporated into silica by the reaction of the metal and silica
precursors, which first results in the formation of a gel, which then forms a coating
after thermal treatment. A schematic representation of silver nanoparticles
embedded in a silica matrix is shown in Figure 2.8, where the silica forms a shell
around the metal nanoparticles, forming a core-shell (CS) structure.
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Figure 2.8: Schematic representation of a metal nanoparticle embedded in a silica

matrix forming a core-shell structure [156].

Metal nanoparticles embedded in silica offer a higher surface charge compared to a
matrix with silica coating only [157,158]. The higher surface charge might enhance
the reproducibility of the sensor, which is highly desirable in pH measurement. The
increased surface charge is a result of the presence of silanol (-Si-OH) groups on the
surface of the silica matrix, which causes the metal nanoparticles to have a negative
surface charge. In water, these groups disintegrate into silicate ions (-SiOz2), which
can adsorb onto the metal nanoparticle's surface and give it a negative charge [60].
The surface charge of metal nanoparticles implanted in silica can also be
significantly affected by the pH and ionic strength of the surrounding environment.
Deprotonation of surface groups on the nanoparticle can occur at higher pH levels,

resulting in a greater negative surface charge [157,159].

Behrens et al. [157] analysed the surface charge of silica at different pH using a
theoretical model. The results of their findings are shown in Figure 2.9, which

indicates that at pH 3 and 9.2, the charge densities were 0 and -55 mC/m?,
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respectively. Also, Wang et al. [83] observed that the surface charge densities of
gold embedded in silica at pH 2 and 12 were 0 and -300 mC/m? respectively. The
observed higher charge densities at elevated pH levels have been documented as a
direct outcome of heightened protonation/deprotonation processes occurring on the
surface of the particles. This leads to the establishment of an electrical double layer
influencing the charged particles [159]. On the other hand, Wang et al. [158] used a
theoretical model to predict the surface charge of gold nanoparticles embedded in
silica. At pH 9, the surface charge density of silica is -55 mC/m?, but the surface
charge density of gold-embedded silica is around -150 mC/m?, which is about three
times more than the charge density of just silica coating only, as shown in Figure 2.9.
This suggests that the presence of metal nanoparticles embedded in silica forming a

core-shell structure type structure, could result in an increase in the surface charge.
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Figure 2.9: Comparison of charge density of silica coating [157] and gold

nanoparticle embedded in silica matrix [158].

Changes in the optical properties of some dyes that have been doped in silica for
use as a sensor for pH measurement can also provide additional information
[82,84,160,161]. For example, Miled et al. [160] doped bromothymol blue in silica to
form a coating that could be used for pH measurement. Similar work was carried out
by Butler et al. [161].
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Miled et al. [160] reported the use of an optical fibre in which the cladding and
coating were removed in the middle section of the fibre. They prepared a film of
doped bromothymol blue (BTB) in silica on the etched area of the fibre. After coating,
the optical fibre was connected to a light source and a detector, and this coated area
was immersed in various pH solutions. The films were found to be sensitive to pH
changes between pH 2 and 5, leading to alterations in the intensity of light with
changes in the pH of the solution. Although the authors reported an optical response
with these modified coatings, there is no information on sensitivity in different
chemical environments. Moreover, bromothymol blue (BTB) has a working range of
pH between 2 and 5; hence, the sensitivity of the measurement may likely be limited
to this range. Additionally, David et al. [162] described a fluorescence-based pH
sensor using a-naphthol phthalein embedded in silica for pH measurement.
According to the authors, the sensor could measure the pH of solutions between 4
and 11.

Each sensor was only tested at room temperature and under a single chemical
condition, there was no information about the stability or reproducibility of the sensor.
In addition, no dye-based silica pH sensor was reported for use under conditions of
high temperature and pressures. However, there was some information regarding
the stability of metal nanoparticles encapsulated in silica, which will be discussed in

the following section.

2.5.1 Stability of metal nanoparticles in silica matrix

In the literature, it has been shown that the stability of silica may be improved by the
addition of metal nanoparticles [84,154,163,164]. This is achieved by preventing
agglomeration or particle aggregation, which contributes to improvement in the
stability of silica. Due to the high surface energy of the silica particles, preventing the
development of agglomerates is a typical issue that is usually observed during the
synthesis of silica. The process of agglomeration can lead to an enlargement in
particle size and a reduction in the specific surface area of the material, which can

negatively impact its properties. Metal nanoparticles are utilised as nucleation sites
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during the creation of silica. These nanoparticles function as physical barriers
between individual silica particles, hence impeding agglomeration.

In a typical study to assess the effect of metal nanoparticles in a silica matrix, the
presence of metal nanoparticles may also result in improved resistance to
mechanical stress. For example, Bai et al. [163] reported that the introduction of zinc
doped to silica matrix increased the hardness and strength of the resulting matrix
and further boosted the material's stability when subjected to mechanical stress. A
similar observation was reported by Aati et al. [154], who observed that silver doped
in a silica matrix significantly improved the hardness and strength of the matrix. Also,
Lu et al. [84] reported that the presence of gold nanoparticle in silica improve the
stability of coating, which offered a better optical response and is a good choice for
pH sensitivity.

The stability of metal nanoparticles embedded in silica has also been experimentally
studied. For instance, Masoud et al. [165] investigated the thermal stability of gold
nanoparticles embedded in silica coating at various temperatures. The results
revealed that gold nanoparticle (AuNp) embedded in silica remained stable up to 500
°C, as presented in Table 2.2. The size of the gold nanoparticles was measured
using Transmission Electron Microscopes (TEM). Although gold nanoparticles
embedded in silica showed minimal particle growth, with an increase of only 2.78%
observed at 500 °C, the particle size changed rapidly when the temperature was
raised further to 600 °C.

Table 2.2: Particle size of Au on SiO2 at different temperatures [165]

Condition Au in SiO2 AuNp growth (%)
As prepared 3.60.9nm -

500 °C 3.7+0.9nnm 2.78

600 °C 41+1.2nm 13.89

700 °C 6.5+2.1nm 80.56
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The thermal stability of silver nanoparticles doped in silica was studied by Gould et
al. [166]. In their report, silver nanoparticles were thermally treated at different
temperatures ranging from room temperature to 900 °C and observed in a
transmission electron microscope (TEM) to examine the changes in size and shape.
Their data show (Figure 2.10 a to d) that morphological changes are usually not
expected at temperatures below 800 °C. However, it was shown that if the
temperature is increased beyond this threshold, surface indentations occur, and with

further heating (T > 900 °C), the size and shape of the embedded nanopatrticle can

be distorted, as shown in Figure 2.10.

Figure 2.10: TEM images showing the shapes of silver nanoparticles embedded in
silica at different temperatures ranging from room temperature up to 800 °C (a-d)
and size deformation at 900 °C (e to f) [166].

2.6 Coating methodologies

Since the properties of the metal nanoparticles embedded in silica may also affected
by the method of application on the substrate, the different application techniques
and the corresponding effects on the properties of the coating are hereby discussed.
The deposition of sol-gel films can either be carried out by spraying, dip coating or
spinning [35], as shown in Figure 2.11.
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Figure 2.11: Methods of coating deposition on a substrate (a) dip coating (b) spin

coating, and (c) spray coating.

Spin coating involves the deposition of thin films of uniform thickness onto a flat
surface. In most cases, a minuscule amount of coating material is applied at the
centre of the substrate, which is either at rest or spinning at a slow speed. Then, the
substrate is spun at rates of up to 10,000 revolutions per minute so that the
centrifugal force distributes the coating material over the entire surface. As the
substrate rotates, the excess liquid is spun off the edges. This process is continued
until the film reaches the required thickness. In most cases, the solvent that is
administered is volatile and will concurrently evaporate during the process until a gel
is formed. The film may be made thinner by increasing the rotation speed at which it
is spun [106,167]. Other properties such as viscosity, concentration, as well as the
volatility of the solvent can also influence the thickness of the film. Even though this
method has been quite promising in terms of uniformity for flat surfaces, it may not

be suitable for substrates that do not have a flat surface, such as optical fibre.

The second method involves dipping the substrate in a solution, followed by a drying
process at room temperature. The dip coating technique involves five steps, which
includes: immersion, withdrawal, deposition, drainage, and evaporation. Immersion
is the first step, where the substrate is submerged at a constant speed in the solution
containing the coating. This is followed by withdrawal, where the substrate is
removed from the solution. This is accompanied by deposition, where the coating is
observed to adhere to the substrate. At this point, the quality of deposits is
dependent on the rate of withdrawal. A rapid withdrawal would result in an increased
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thickness of the coating on the substrate [168]. The next step is drainage, where the
excess liquid on the substrate will flow back into the solution due to gravity. The final
step involves evaporation, where a thin layer is formed when the solvent separates

from the substrate. The entire steps are shown in Figure 2.12.
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Figure 2.12: The schematic illustration showing the five dip-coating steps: (a)

immersion, (b) withdrawal, (c) deposition, (d) drainage, and (e) evaporation [96,169].

In this study, the dip coating method was preferred because it can be easily carried
out in the laboratory for both glass slides and optical fibres, and it results in high-
quality films compared to the other deposition methods. The speed of deposition
plays a crucial role in sol-gel synthesis since it significantly influences the coating's
thickness, density, and porosity [167,168,170]. For dip coating, the thickness can
also be improved by dipping the substrate multiple times, as shown in Figure 2.13.
Therefore, synthesis conditions, withdrawal speed, and the number of dips are key
parameters that affect the thickness of the deposits on the substrate. However, the
limitation of the dip coating method is that the coating is not always uniform, and it is
usually thin [106]. Nevertheless, it is quite suitable for application on optical fibres
since it can be used for complex shapes. The effectiveness of this technique on
optical fibres are hereby described in the next section.
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Figure 2.13: Schematic representation of multiple dip-coating method.

2.7 Preparation methods of optical fibres as sensors for pH measurement

Although there are several reports on the fabrication of sensors from optical fibres for
various applications, only optical fibre sensors for pH measurement are discussed in
this section. This is motivated by the search for a sensor that could measure pH with
high precision and accuracy in real-time under high temperature and high-pressure

conditions usually encountered in oil wells.

Preliminary measures are necessary prior to the application of the coating onto the
optical fibre. Initially, it should be noted that the application of the coating to the core
of the optical fibre necessitates the removal of the first two layers, namely the
coating and cladding, which collectively constitute the optical fibre. This will facilitate
the interaction between light and the coating located in the core of the optical fibre,
enabling the evaluation of pH levels in challenging environments characterised by
elevated temperature and pressure. The steps involved in the preparation of the

optical fibre prior to the application of the coating are shown in Figure 2.14.
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Figure 2.14: Steps involved in the preparation of silica-based optical fibre as a pH

Sensor.

The first step involves etching the polymeric coating and cladding to expose the
optical fibre's core. This is significant because a small quantity of light may escape
from the inner part of the optical fibre, and the resulting effect may determine the
efficacy of the intended application. Several methods for etching optical fibre are
investigated in the research literature. The majority of researchers [81,82,84,171]
employed hydrofluoric acid (HF) for etching optical fibre, which is a highly effective
chemical for etching optical fibre quickly. However, HF is a highly toxic and
hazardous chemical, and not all laboratories or environments are suitable for its use.
Bashir et al. [172] reported that it is possible to etch the optical fibre using sodium
hydroxide (NaOH) and potassium hydroxide (KOH). The rate of etching was faster
when the concentration of the NaOH or KOH, as well as the reaction temperature
were increased. After removing the cladding and coating from the core of the optical
fibre, the silica-based coating was applied to the core, where the cladding and

original polymeric coating were removed.
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The development of the replacement coating typically involves the creation of a gel
through the sol-gel process. To initiate this process, a solution is initially prepared by
mixing the required components, after which a gel forms. Once the gel has been
created, the etched optical fibre is dipped into the gel using the dip-coating method.
This is followed by a heat treatment process to complete the preparation of silica
coating on the optical fibre. The coated optical fibre was consequently connected to
the light source and UV-Vis spectrophotometer. After the connection was made, the
coated section of the optical fiore was submerged in the test solution, and the pH
was adjusted. The experiment measured the pH-dependent variations in light
intensity, light absorption, and light transmission. When the light was transmitted
through the optical fibre, some light leaked through the etched region of the core. It
was found that the intensity of light, properties of silica coating, and the pH of the
solution interacted to alter the overall transmitted light, which meant that the system
could be used as a sensor.

2.7.1 pH sensing mechanism using optical fibre

The tetrahedral configuration of silica materials is defined by a silicon atom
enveloped by four oxygen atoms. Interconnections among silicon atoms are
facilitated by oxygen bridges, commonly referred to as siloxane groups or bridges
[173]. Regardless of whether silica manifests in a crystalline or amorphous state, its
surface comprises silicon and oxygen atoms. Owing to the robust nature of the Si—O
bond, silica displays comparatively low reactivity [174,175]. Surface atoms tend to
adopt a tetrahedral arrangement due to surplus energy, thereby saturating their free
valence with OH groups. The generation of surface silanol groups can occur through
two primary mechanisms. In this particular context, the reaction between silica and
adsorbed water molecules proceeds gradually, leading to the formation of hydroxide
groups on the silica surface. The properties of all silica materials are significantly
shaped by the chemistry of silanol groups, their coverage, and the porosity of the
silica structure [176,177].

In acidic environments, characterised by a surplus of hydrogen ions (H*), the surface
chemistry of the silica coating undergoes a transformative process known as

protonation. This chemical reaction involves the interaction between hydrogen ions
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and the Si-OH functional groups present on the silica surface. Specifically, the Si-OH
groups gain a proton (H"), leading to the formation of positively charged species,
denoted as SiOH2*. This phenomenon is encapsulated by the reversible equilibrium
reaction [177-179]:

SiOH + H* = SiOH.* (2.19)

The acquisition of a positive charge by the silica surface at acidic pH values signifies
a shift in its electrostatic properties, thereby influencing its interaction with ions
present in the surrounding solution. Conversely, in alkaline conditions characterized
by an excess of hydroxide ions (OH~), the surface chemistry of the silica coating
undergoes deprotonation. This process involves the removal of a proton (H*) from
the Si-OH groups, facilitated by the presence of hydroxide ions. The resultant
reaction leads to the formation of negatively charged species, represented by SiO™,
accompanied by the liberation of water molecules (H20). The chemical equation
representing this transformation is given in equation 2.20 [177-179]. The emergence
of a negative charge on the silica surface under alkaline conditions signifies a distinct
shift in its surface electrochemistry, thereby modulating its interaction with ions in the

surrounding environment.
SiOH + OH™ = SiO™ + H20 (2.20)

The dynamic surface charge behaviour of the silica coating, as modulated by pH-
induced chemical reactions, interacts with the presence of silver nanoparticles
embedded within the silica matrix. At low pH values, where the silica surface is
positively charged due to protonation, the presence of silver nanoparticles
accentuates the adsorption of anions from the surrounding solution onto the
coating's surface. This phenomenon is attributed to the electrostatic attraction
between the positively charged silica surface and the negatively charged ions in the
solution. Conversely, under alkaline conditions, the negatively charged silica surface,
resulting from deprotonation, exhibits enhanced adsorption of cations from the
solution, facilitated by the presence of silver nanoparticles. This adsorption-induced
modification in the local refractive index of the coating is instrumental in influencing
its optical response, as detected through techniques such as total internal reflection.

A schematic representation illustrating the process of ion adsorption onto the optical
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fibre under varying pH conditions within the solution, as delineated in Figure 2.15, is
presented herein.

The reaction in acidic solution :  SiOH + H* <> SiOH,*

a)
Light
©eee®
OH, .
OH,* - Core - Cladding - Coating
_OH,’
+_ - . -
OH, OH,* . Adsorption of negatively charged ion

OH," OH,*

The reaction in alkaline solution : SIOH + OH" «» SiO" + H,0O

Figure 2.15: Schematic diagram of surface charge on the optical fibre in (a) acidic
solution in the presence of proton (H*) and (b) alkaline solution in the presence of

hydroxyl ions (OH").

Moving forward, further exploration into the mechanistic aspects of surface charge
dynamics, coupled with advancements in nanomaterial synthesis and
characterisation techniques, holds the promise of unlocking novel functionalities and
applications for silver nanoparticle-embedded silica coatings. By monitoring the
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optical response of the coated optical fibre, which is correlated with the change in
refractive index, the pH of the solution can be determined.

2.7.2 State of the art in pH measurement using optical fibres

In 2015, Su and co-researchers [82] were the first to report that optical fibre coated
with silica and gold nanoparticles (AuNp) could be used to measure the pH of
solutions. In their report, silica and gold nanoparticles were embedded in silica and
used to determine the pH of solutions at 80 °C. The initial step in the production of
the optical pH sensor involved the formulation of a coating solution using the sol-gel
technique. The solution was prepared by mixing the chemicals of chloroauric acid
(HAuCls) as a precursor of gold nanopatrticle (Au) and tetraethoxysilane (TEOS) as
the precursor of silica, ethanol and deionized water. The mixture was agitated for
one hour at 60°C to form the gel. Hydrofluoric acid (HF) solution for 50 minutes for
the etching of the optical fibre. Then, the etched optical fibre was dipped into the gel
and then heat treated for 45 minutes at the temperature of 200 °C. Subsequently, a
light source and detector (UV-visible spectrophotometer) were affixed to the optical
fibre coated with silica, as depicted in Figure 2.16. The optical fibre that had been
coated was immersed in the test solution, wherein the pH was adjusted as part of the
experimental procedure, and the spectra of transmission wavelengths were then

documented.

pH meter

AU/TEOS
Coating

Light Optical Fiber

Detector
Source

Solution

Figure 2.16: Schematic illustration of the experimental setup for pH measurement
using gold embedded in silica coating on optical fibre [82].
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The results reported by Su et al. [82] are reproduced in Figure 2.17. This suggests
that the AuNp/silica coating had an absorption band around 525-560 nm. Also, it
was observed that the percentage transmittance (%T) decreased as the pH of the
solution increased. The experiment was conducted within the pH range of 3 to 11. At
the wavelength of 525 nm, the highest transmittance was observed at an acidic pH.
Conversely, the transmittance decreased as the pH increased to 11. However, only
the change in percentage transmittance (%T) at the wavelength of 525 nm was

considered, while the percentage transmittance (%T) at other wavelengths was
ignored.
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Figure 2.17: (a) Transmission curve at different pH using Au/silica coated optical

fibre, (b) The transmittance at the peak plasmon absorption band wavelength as a
function of solution pH [82].

In another study carried out by the same research group, Wang et al. [158] reported
that there was neither an absorption band nor any optical response associated with a
change in pH when only silica was used as the coating, as shown in Figure 2.18.
Hence, they concluded that the surface plasmon resonance property of gold

nanoparticles solely caused the change in absorbance and optical response with a
change in pH.
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[158], showing no change in transmission (%T) of light.

However, this result contradicts the findings of Lu et al.[180] , who observed that the
LSPR property is not as a result of the metal nanoparticle but silica, as shown in
Figure 2.19. Lu et al. [180] found that silica coating exhibited an optical response
with a change in pH. Lu also tested the response of silica coated optical fibre as well
as AuNp-silica coating in their report. The AuNp-silica coated optical fibre showed a
greater response with pH compared to the previous result, which only indicated the
change in transmittance at different pH. Therefore, it was concluded that the

presence of gold nanoparticles improved the stability, sensitivity, and lifetime of the

silica coated optical fibre, as shown in Figure 2.19.
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Figure 2.19: Transmission curve with change in pH using (a) silica coating and (b)

Au/silica coated optical fibre [180].
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Wang et al. [158] also reported pH data at 80 °C, there is a shift in the optical
response of optical fibore when subjected to a higher temperature. The transmittance
was recorded at 550 nm, and the data were normalized between 0 and 1, as shown
in Figure 2.20. The experiment was performed with a pH of 2.15 to 7.65. A high
transmittance was observed at low pH, and with the increase in pH, the
transmittance was observed to decrease. However, as can be seen in the figure,

there is a hysteresis in the recorded pH of the sensor.
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Figure 2.20: Showing the change in transmission at randomly varied pH levels using
an Au/silica-coated optical fibre at 80°C [158].

In another report, Wang et al. [83] claimed that there was an optical response when
an optical fibre was subjected to high pressures of 137.9 bar (2000 psi) [83], as
shown in Figure 2.21. A change in transmittance was observed when the pH was
changed from 2 to 12 at a high pressure of 137.9 bar. This suggested that gold
nanoparticles coated in silica could be potentially used as a pH sensor under high
pressure and high-temperature conditions. However, the authors did not reveal the
details of the conditions of measurement or the method of preparation. In addition, it
has not been revealed how the system was set up or what sort of reaction vessel

was used. In this regard, one needs to use their claims continuously.
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Figure 2.21: Transmission curve at different pH using Au/silica coated optical fibre at
high pressure of 2000 psi (137.9 bar) [83].

Furthermore, it would be interesting to assess the optical response of a bare optical
fibre, optical fibre coated with silica and metal nanoparticles embedded in silica. This
would provide further clarification to the claims reported in the literature discussed
above. Moreover, neither of the authors have reported the accuracy and precision of
their sensor, nor is there any information on the reproducibility and repeatability of
their sensors, which questions the validity of the results provided in these reports. It
would be investigated the suitability of silver nanoparticles embedded in silica
coating on optical fibre as a pH sensor.

2.8 Summary

The methods involved in the preparation of the silica coating, including the
application of the coating on the optical fibre have been discussed in this chapter. In
addition, the application of the coating on optical fibres for the measurement of pH at
different conditions has been reported. Since, this is an attempt to solve the
problems associated with measuring pH under harsh conditions of high temperature
and high pressure usually observed in oil wells. This led to the search for new

materials that could measure pH at high temperatures and high pressure.

Among the sensing materials, silica coating has been reported to be suitable as a

sensing material on optical fibres for this application. However, the effectiveness of
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the coating for this application is affected by the synthesis conditions, such as
reaction temperature, as well as the presence of metal ions in the coating. In
addition, metal nanoparticles embedded in silica have also been reported in different
studies, which are aimed at assessing its suitability as a sensing material for pH
measurements at HTHP conditions. Metal nanopatrticles have the potential to boost
the stability of silica via a number of different mechanisms. These mechanisms
include the avoidance of agglomeration, the formation of chemical bonds with the
surface of the silica, and the provision of extra stability to the composite material. For
instance, Li et al. [115] showed that an increase in the concentration of metal ions
reduces the gelation time. Also, increasing the reaction temperature also leads to

rapid gelation.

The recent report by Su et al. [82] showed that the pH sensitivity of an optical fibre
coated with gold nanoparticles embedded in silica was due to the surface plasmon
resonance property of gold nanoparticles. However, Lu et al. [180] reported that
silica coating was the main component responsible for the pH sensitivity, while the
presence of gold nanoparticles in the silica merely improves the reproducibility of the
sensor. The fact that gold is expensive has necessitated the need for cost-effective
materials that could replace gold nanoparticles without compromising its sensitivity

for pH measurement.

It is clear from the review of the relevant literature that the silver nanoparticles
embedded in silica coating might be an appropriate coating for the application of high
temperature and high pressure. This is because the silica matrix would protect the
silver nanoparticles from thermal decomposition and might have better stability,
which would improve the optical and mechanical stability in performance. Although
silver has been reported to have LSPR property; however, to the best of our
knowledge, there has been no report assessing the suitability of silver nanoparticles
embedded in silica coating as a pH sensor for high-temperature and high-pressure
environments, which justifies the need for this study. Also, it would be necessary to
investigate the stability of the sensor at temperatures greater than 80 °C, including
the reproducibility and sensitivity in different chemical conditions, which is lacking in

the literature.

74



CHAPTER 3 : Experimental
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CHAPTER 3: Experimental

This chapter describes the fabrication of a fibre optic system, including fibre
preparation, coating solution and process, connecting the fibre to the UV-Vis
spectrophotometer as a sensor system for the measurement of pH. This begins with
the preparation of silica gel and subsequently, the synthesis of colloidal silver
nanoparticles (AgNp) using different chemical routes. This is followed by the
preparation of silver nanoparticles embedded in silica coating. Then, the etching
process to remove the coating and cladding in order to expose the bare optical fibre
is described. Thereafter, the process of assembling the exposed fibre optic prior to
the application of the coating is discussed. Finally, the application of the bespoke
apparatus for measuring the pH of different solutions at temperatures ranging from
25 to 150 °C and gauge pressures of 1 to 5 bar is discussed. The associated
challenges during the experiment are also described in detail. This includes a
description of the steps involved in preparing the optical fibre prior to coating and
addressing the difficulties encountered during this process. A clear explanation of the
assembly and coating process would provide an in-depth understanding of the
process and challenges involved in applying the coating to the fibre, which is non-

trivial.

In summary, this chapter contains a detailed description of the following:

e Methods of gel preparation and conditions affecting gel formation.

e Chemical routes for forming AgNp and a method to produce AgNp/silica
composite.

e The etching procedure of optical fibre in order to expose the bare fibre.

e The coating method of the optical fibre.

e The termination of the optical fibre, such as to connect to the detector and
light source.

e Assembly of the optical fibre including connections to the light source and
spectrophotometer.

e The chemical resistance of the sensor under different experimental conditions

including higher temperatures and higher pressures.
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3.1 Synthesis of silver nanoparticle embedded in silica

In this section, the primary objective is to provide a detailed method used in this
study for the preparation of silver nanoparticles embedded in silica coating. This will
be split into three sub-sections. The first part focuses on the preparation of silica gel,
including the materials required, techniques, and conditions employed during the
synthesis. This is expected to provide the required understanding of the matrix in
which the silver nanoparticles would be immersed. The second part explains the
preparation of colloidal silver nanoparticles (AgNp) tailored specifically for application
as a coating. In this part, different chemical routes including different reducing agents
which is aimed at synthesising AgNps with the desired characteristics are provided.
The last part focuses on the preparation of an AgNp/silica composite, where silver
nanoparticles are embedded within a silica matrix to yield the desired coating. In
addition, the degree of uniformity in the coverage of the nanoparticles within the

coating structure is explained.

In summary, these three parts are aimed at providing detailed steps involved in the
fabrication of a coating based on AgNp/silica composite for application on a fibre
optic as a pH sensor, addressing the challenges encountered in the process and
presenting strategies employed to overcome these challenges. It is expected that the
fabricated pH sensor based on AgNp/silica composite decorated on an optical fibre
would exhibit improved properties that could be used as a pH sensor for high-

temperature and high-pressure environments.

An overview of the methods used in synthesising AgNp in a silica matrix is shown in
Figure 3.1. This involved two different routes carried out to compare the properties,
such as stability and adhesion of the resulting composite to a glass substrate. In the
first method, the reactants were added to silica one at a time in a sequential order,
while the second method involved the addition of all of the starting materials
including the precursor of silver nanoparticles along with the other chemicals
required for the preparation of silica gel at the same time. Thereafter, the steps in
etching the glass slides to improve its adhesive properties and subsequent dip
coating are described. This is followed by thermal treatment of the coated glass
slides. A detailed explanation of each step is discussed in the next section.
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Figure 3.1: The flow diagram showing the synthesis of AgNp/silica gel using two

different methods.

3.1.1 Synthesis of silica gel

Silica gel was prepared using tetraethyl orthosilicate (TEOS) as the precursor of
silica. This uniform sized was chosen because it has been reported to yield silica
particles of with the possibility of controlling the hydrolytic and condensation steps to
yield the desired properties [181]. The chemicals used for this process include
ethanol (99%), tetraethyl orthosilicate (TEOS) (98%), nitric acid and deionised water.
All chemicals were laboratory reagent grade and were purchased from Fischer
Scientific. The apparatus needed consists of a 100 ml beaker, a pipette, a magnetic

stir bar and some aluminium foil.

In the first method, 8.4 ml of TEOS was added to a 100 ml beaker using a pipette.
This was followed by the addition of 8.4 ml of ethanol. Then, 2 ml of the solution
adjusted to pH 2 using nitric acid with deionised water was added whilst a magnetic
stir bar stirred the solution continuously. The beaker containing the solution was then
wrapped with an aluminium foil to prevent the evaporation of volatile chemicals. The
solution was then placed on a magnetic stirrer and maintained at a temperature of 35
°C for 4 days, which enhanced gel formation. A representation of this synthetic step

is shown in Figure 3.2.
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Figure 3.2: Process diagram showing the preparation of silica coating using the sol-
gel technique.

3.1.2 Synthesis of colloidal silver nanoparticles (AgNp)

In the synthesis of silver nanoparticles (AgNps), various methods can be employed.
In this study, a wet synthetic method was utilised to produce colloidal silver
nanoparticles. The procedure required the utilisation of silver nitrate (AgNO3) as the
metal precursor and sodium borohydride as the reducing agent. Trisodium citrate,
which is believed to serve a dual purpose as a stabilising and reducing agent was
also used. The reducing agent facilitated the reduction of silver ions to form
nanoparticles in the solution, while the stabilising agent acted as a surfactant to

control the surface properties of the silver nanoparticles (AgNp) [126,143,182,183].

To enhance clarity, this section is subdivided into three sections, which cover the use
of sodium borohydride as a reducing agent, the use of trisodium citrate as a reducing
agent and stabiliser, and the addition of both chemicals in the same system. By
exploring these three synthetic routes, further insight who was gained regarding the
stability of silver nanoparticles and the role of stabilising agents in their synthesis.
The primary objective of this section is to evaluate the effectiveness of these
synthetic routes and assess the performance of the synthesised silver nanoparticles

when embedded in a silica matrix.

3.1.2.1 Synthesis of silica gel using sodium borohydride as a reducing agent

This section explains the process of synthesising silver nanoparticles by employing
sodium borohydride as a reducing agent. The components employed in this
synthesis involve silver nitrate (AgNO3) as the primary source of silver nanopatrticles,

sodium borohydride (NaBHa4) as the reducing agent and deionised water. The silver
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nitrate (99.8% analytical grade) and sodium borohydride (99% reagent grade) were
purchased from Fisher Scientific. The apparatus consists of a 100 ml beaker, 50 ml
burette, 500 ml beaker, some aluminium foil, a retort stand with a clamp, magnetic
stir bar, and magnetic stirrer. Since silver nitrate (AgNQO3) is a light-sensitive chemical
that decomposes in the presence of sunlight [184], some precautionary measures to
avoid light exposure are required. For instance, the beaker containing the sodium
borohydride was covered with aluminium foil to prevent ambient light from entering

the system.

First, a 30 ml solution of 2 mM sodium borohydride was prepared and transferred to
a 100 ml beaker. An ice bath was made using a 500 ml beaker and the beaker
containing the sodium borohydride solution was placed in it. The solution within the
ice bath was stirred for 25-30 minutes to control the rate of reduction. Then, 1 mM
silver nitrate solution was prepared and 10 ml of the solution was inserted into a
burette. With continuous stirring, the silver nitrate solution was added dropwise (1
drop/sec) to the sodium borohydride solution in the beaker. The mixture was
continuously stirred to ensure homogeneity of temperature and concentration. The
purpose of utilising the ice bath in this procedure is to slow down the rate of
reduction kinetics for silver nitrate, since sodium borohydride is a very active
reducing agent. This facilitates control over the reaction rate and further reduces the
possibility of undesirable side reactions. In the course of preparation, no additional
chemicals were introduced with the intent to alter the pH of the solution. Therefore,

pH measurements were not conducted during the synthesis of silver nanoparticles.

After adding the silver nitrate to the sodium borohydride, the resulting solution was
observed to turn pale yellow. The intensity of the yellow colour was observed to
increase with an increase in the reaction time. A small amount of the solution was
collected at different reaction times (1-60 minutes) to investigate the light extinction
properties using a UV-visible spectrophotometer to confirm the formation of silver
nanopatrticles. The procedure was carried out, and the maximum reaction time was
chosen to be 60 minutes. The solution containing the silver nanoparticles was
retained in the ice bath to prevent the aggregation of the formed particles. A

schematic of the experimental apparatus and process is summarised in Figure 3.3.
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Silver nitrate solution
added dropwise at the
rate of 1 drop/sec
Sodium borohydride
solution

After 60 minutes
—

Figure 3.3: Experimental apparatus for the synthesis of colloidal silver nanoparticles

Ice bath

using silver nitrate as the precursor of silver nanoparticles and sodium borohydride

as the reducing agent.

3.1.2.2 Synthesis of silver nanoparticles using trisodium citrate as a reducing
agent

In this section, the synthesis of silver nanoparticles using trisodium citrate as a
reducing agent is used. The chemicals used include: silver nitrate (AgNO3s) as the
precursor of silver nanoparticles, trisodium citrate (NasCsHsO7) as the reducing
agent and deionised water. Trisodium citrate (> 99%, analytical grade) was
purchased from Fisher Scientific. The apparatus consists of a 100 ml beaker, 50 ml
burette, some aluminium foil, a retort stand with a clamp, a magnetic stir bar, and a
heater stirrer (model FB15001 supplied by Fisher Scientific) with a hot plate. The
beaker containing the trisodium citrate was wrapped with aluminium foil prior to the
addition of silver nitrate to protect it from light, as previously mentioned. A schematic
representation of the experimental apparatus for the synthesis of silver nanoparticles

using trisodium citrate as a reducing agent is summarised in Figure 3.4.

First, 50 mL of 7 mM sodium citrate was measured into a beaker and placed on the
hot plate to raise the temperature to 40 °C. To achieve uniformity in both
temperature and concentration, the solution within the beaker was subjected to
constant agitation using a magnetic stirrer. This was followed by the addition of 10 ml
of 2 mM silver nitrate to the beaker dropwise using a burette, and the solution was

stirred for 60 minutes. A second sample was also prepared, where a temperature of
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70 °C was maintained to assess the effect of a higher temperature on the formation
of silver nanopatrticles. The formation of AgNps was checked using a UV-visible
spectrophotometer. These experiments were designed to understand the effect of
increased reaction temperature (40 °C and 70 °C) on the formation of AgNps as well

as the stability of the colloidal solution prepared using both temperature conditions.

Silver nitrate solution
added dropwise at the

Trisodium citrate rate of 1 drop/sec
solution '
After 60
Heated to minutes
40/70 °C —
— r—
ey U
By < lleYe)

Figure 3.4: Schematic representation of the formation of colloidal silver nanoparticles
showing the experimental apparatus and the steps for the synthesis of colloidal silver

nanoparticles using silver trisodium citrate as a reducing agent.

3.1.2.3 Sodium borohydride as reducing agent and trisodium citrate as

stabilising agent

This section outlines the procedure for synthesising silver nanoparticles by
employing sodium borohydride as a reducing agent and trisodium citrate
(NasCeHsO7) as a stabilising agent. The chemicals used include silver nitrate
(AgNO:3) as the precursor of silver nanoparticles and deionised water. The apparatus
consists of a 100 ml beaker, 50 ml burette, 500 ml beaker used for the ice bath,
some aluminium foil, pipette, retort stand with a clamp, magnetic stir bar and heater-
stirrer. A schematic representation of the experimental apparatus for the synthesis of
silver nanoparticles using trisodium citrate as a reducing agent is shown in Figure
3.5.
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First, a 38 mL solution of 2 mM sodium borohydride was added to a 100 ml beaker at
4 °C and placed in an ice bath for 30 minutes to attain the temperature of the ice
bath. As mentioned, this is required to reduce the reduction kinetics during the
nucleation process of silver nanoparticles. Again, the beaker was covered with
aluminium foil to prevent the interaction of ambient light with the system. Then, 1 mL
of 1 mM silver nitrate was added dropwise into the solution. Following that, a volume
of 1 ml of a 1 mM solution of trisodium citrate was introduced dropwise into the same
solution. The solution was agitated for a duration of 30 minutes, utilising a magnetic
stirrer. Different concentrations (0.5 mM and 1 mM) of the stabiliser (tri-sodium
citrate) were prepared, and its effect on the synthesis of colloidal silver nanopatrticles

was investigated.

Silver nitrate solution Tri sodium citrate solution
Sodium borohydride
solution
Silver nitrate T.” sodium .
solution added citrate solution After 30
dropwise added dropwise minutes
— — —

Ice bath

U € € i € € T

Figure 3.5: Experimental apparatus for the synthesis of silver nanoparticles using

sodium borohydride as a reducing agent and trisodium citrate as a stabiliser.

In summary, the preparation of the colloidal AgNps was accomplished using these
three distinct methods. All the colloidal AgNp solutions were analysed using a UV-vis
spectrophotometer, the method of verifying the presence of silver nanopatrticles is

discussed next.

3.1.2.4 Detection of AgNps by UV-Vis spectroscopy

Silver nanoparticles are expected to absorb light around 400 nm, as reported in the
literature [11-13]. The light extinction around this region would be indicated by the
formation of a peak, which could be further analysed to retrieve other useful

information, such as particle size and size distribution. The wavelength at which the
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peak is observed is characteristic of the metal nanoparticle present in the solution.
For silver nanoparticles, a distinct peak is expected around 400 nm. Details on the
working principle of a UV-visible spectrophotometer with regard to the measurement

of absorbance using a UV-visible spectrophotometer are hereby discussed.

The working mechanism of a UV-visible spectrophotometer depends upon the
interplay between light and particles [185]. The instrument quantifies the degree of
light absorption or transmission within the ultraviolet (UV) and visible portions of the
electromagnetic spectrum. The spectrophotometer consists of a light source that
emits a broad spectrum of light, typically including UV and visible wavelengths. The
light passes through a collimator, which is an important component of a
spectrophotometer that ensures that the collimated light beams are parallel thereby
minimising the chance of formation of divergent beams [185]. This is followed by the
travelling of the light beam to the diffraction grating, which separates light into its
component wavelengths. Its main function is to disperse incident light into a
spectrum of colours or wavelengths. Then, the light is passed through a wavelength
selector, also called a monochromator to allow light of a specific wavelength to pass
through the sample. This light is split into two different parts; the first is made to pass
through the reference compartment, while the other is made to pass through the
sample compartment. At the end, there is a detector, usually a photodiode or a
photomultiplier tube, which converts the light signal into an electrical signal. This
signal is then amplified and sent to a display or a computer for data analysis, as

shown in Figure 3.6.

The UV-visible spectrophotometer consists of two compartments designed to hold
the reference and test samples. The absorbance or transmittance of light in the test
solution is usually compared with the reference solution. This setup enables the
comparison between the two solutions, facilitating precise analysis and

measurements.
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Figure 3.6: Mechanism of light absorption measurements of a colloidal solution using

a UV-Visible spectrophotometer.

In practice, the UV-visible spectrophotometer operates by comparing the absorbance
or transmittance of light in the test solution with that of the reference solution. As light
passes through the test solution, certain wavelengths may be absorbed, leading to a
decrease in the intensity of transmitted light or an increase in the intensity of
absorbed light. To quantify this interaction, the spectrophotometer measures the
ratio of the intensity of transmitted or absorbed light to the intensity of incident light.
This ratio is known as the transmittance or absorbance, respectively, and its

calculation is based on the fundamental principles of the Beer-Lambert law.

The Beer-Lambert law is a fundamental principle that establishes a relationship
between the concentration of the absorbing species in the sample and the
absorbance or transmittance of light. According to this law, the greater the
concentration of the absorbing species in the solution, the more light it will absorb.
Moreover, it also states that the path length of the light through the solution, denoted
by the cell length, influences the amount of light absorbed. This implies that longer
path lengths result in increased light absorption. The absorption of light by molecules
is governed by two fundamental concepts, namely Lambert's law and Beer's law.
Lambert's law postulates that the quantity of incident light absorbed exhibits a direct
correlation with the optical path length traversed by the light within the medium.

Conversely, Beer's law postulates that the degree of light absorption exhibits a direct
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correlation with the concentration of the solution. The Beer-Lambert law is a
synthesis of the contributions made by Lambert and Beer, which establishes that the
absorption of light by a solution is directly proportional to both the concentration of

the solution and the distance the light travels through it.

lo |

Incident light Transmitted light

Figure 3.7: Schematic representation showing the relationship between an incident

and a transmitted light through a solution.

As shown in Figure 3.7, when an incident light (lo) traverses through a solution with a
concentration (C) and a cell length (f), and the intensity of the transmitted light is
represented as |, the Beer-Lambert law can be expressed using equations 3.1-3.5
[186].

Aol (From Lambert’s law)

Acxc (From Beer’s law)
Therefore, combining Lambert’s law and Beer’s law
A xc.l
A=c¢cl (3.1)
Where ¢ is the molar absorptivity coefficient constant.

According to the definition of absorbance (A),

I
Using equation 3.1,
I
Logqo 70 = ecl (3.3)
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Moreover, according to the definition of transmittance (T),

I 3.4
ro L (3.4)
I,
Hence, by multiplying both sides by 100
I
%T=T><100=I—><100 (3.5)

o

The spectrum provides information about the extinction characteristics of the sample
over a range of wavelengths, which can be used to identify and quantify the
presence of specific compounds or analyse the chemical properties of the sample. In
summary, a UV-visible spectrophotometer operates by passing light through a
sample, measuring the intensity of transmitted or absorbed light, and providing
valuable information about the sample's extinction properties at different

wavelengths.
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Figure 3.8: The extinction spectra of the colloidal silver nanoparticle showing the

wavelength of peak absorbance (Amax) and full width at half maximum (FWHM).

A hypothetical extinction spectra obtained in this study showing the formation of
silver nanoparticles is shown in Figure 3.8. Figure 3.8 displays a peak around 400
nm, attributed to the mutual vibration of electrons in silver nanoparticles resonating
with light. The occurrence referred to as localised surface plasmon resonance
(LSPR) leads to the extinction of light at a particular wavelength. LSPR is a collective

oscillation of conduction electrons in response to incident light. The observed
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absorbance peak indicates the presence of silver nanoparticles in the solution and
provides insights into their size distribution. The full wavelength and full width at half
maximum (FWHM) are crucial parameters describing both the formation and size

distribution of the nanoparticles.

3.1.3 Preparation of AgNp/silica composite

The preparation of AgNp/silica composite can be carried out using two different
methods. The first method involves mixing colloidal silver nanoparticles with the
silica gel. The second method involves a combination of all the necessary chemicals
simultaneously to prepare the AgNp/silica composite. These two methods offer
alternative approaches to achieving the desired composite material, which are

discussed in forthcoming sections.

3.1.3.1 Method 1: Sequential method

In this section, the method of preparing AgNp-silica composite prior to the decoration
on an optical fibre is described. The method involves the use of tetraethyl
orthosilicate (TEOS) and ethanol for the preparation of silica gel. The apparatus and
procedure for the preparation of colloidal silver nanoparticles was by using sodium
borohydride as a reducing agent and trisodium citrate as a stabilising agent are
described in section 3.1.2.3. Moreover, in addition with the apparatus required for the
preparation of colloidal AgNp, a 50 ml beaker, a pipette, a hot plate and some

aluminium foils are also required.

Initially, 8.4 mL of ethanol was measured into a 50 mL beaker using a pipette. 8.4 ml
of TEOS was added to the Ethanol using a pipette. Then, 2 ml of a colloidal AgNp
solution that had been made up following the process described in section 3.1.2 (c)
was added to the beaker containing TEOS and ethanol. The mixture was stirred
continuously at a temperature of 35 °C for two days. An aluminium foil was used to
cover the beaker to prevent the loss of volatile compounds. This method is illustrated

in the flow chart shown in Figure 3.9.
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Addition of AQNOs, NaBH4, and Na3CsHsO7

}

Formation of colloidal AgNp

!

Addition of colloidal AgNp, TEOS and C2HsOH

The solution was covered and placed on a hot

plate with continuous stirring at 35 °C for 2 days

Formation of AgNp/silica composite

Figure 3.9: Flow chart showing the preparation of AgNp/silica composite where

AgNps were prepared separately.

After mixing the colloidal AgNp solution with the TEOS/ethanol solution, the colour of
the mixture changed to yellow. However, the colour was observed to change to grey
after 24 hours, as shown in Figure 3.10, which was again attributed to the
aggregation of the silver nanoparticles. Indeed, it was observed that the grey
particles settled to the bottom of the beaker. This meant that the process for forming

the composite gel and coating would not be useful for coating optical fibres.

Added
colloidal
AgNPs

Heated at
35°C

Mixture of TEOS and
ethanol solution
including the AgNps

Mixture of TEOS and
ethanol solution

The AgNps are
observed to aggregate
and settle at the bottom

Figure 3.10: Images showing the colour change to yellow and then grey after the

addition of the colloidal silver nanopatrticles to the mixture of TEOS and ethanol.
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Despite the instability of the colloidal solution, the adhesion of the AgNp/silica
mixture was tested using glass slides. For the purpose, glass slides made of soda-
lime, with dimensions 26 mm x 76 mm x 1.2 mm purchased from Fischer Scientific
were used. It is worth noting that although both the glass slide and the optical fibre
are silica-based, there is a difference in their material properties; however these
experiments were carried out as a first step to determine if the gel mixture would
adhere to glass. Glass slides provided a route for the preliminary measurements as it

is relatively cheap and easily accessible.

In this study, the glass slides were immersed in the gel and left in contact with the
gel for approximately 1 minute, following the dip-coating method. While being
withdrawn, a thin layer of the solution remained on the surface of the substrate.
Once completely withdrawn, the glass slides were suspended using a clamp to air
dry, as depicted in Figure 3.11. The liquid within the film was allowed to evaporate,
resulting in a dry film. Subsequently, the glass slides underwent thermal treatment in
a furnace at 200 °C for 2.5 hours, with a heating and cooling rate of 2 °C per minute.

Keep the
Added 2 ml of solution at oo th
i 35 °C for ip the
colloidal AgNp o e o glacs slide
become gel in the gel
m—) [ e
Stir at room O
temperature for 1 hr
8.4 ml tetraethoxysilane (TEOS) + 4
8.4 ml ethanol M _
Load on the MVice. s
Calcination at furnace for heat
200 °C treatment
Coated i
<:| <:’ Stand glass slide Stand

Tray

Figure 3.11: Schematic diagram showing the preparation of AgNp/silica composite, a
dip-coating procedure using a glass slide and thermal treatment of the coated glass

slide at 200 °C in a furnace for 2.5 h to form a coating.
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Therefore, the coating on the glass slides was analysed using the UV-Vis
spectrophotometer. The AgNp/silica coating did not only result in poor adhesion with
the glass slide, but no visible extinction peak around 400 nm could be formed, as
shown in Figure 3.12 (a) and (b), respectively. The absence of a peak suggests that
either no silver nanoparticles were formed within the coating, or a negligible amount
of the nanoparticles was formed within the coating, which could possibly aggregate

and further precipitate within the gel, resulting in the observed grey colour.
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Figure 3.12: (a) Image of AgNp/silica coating on the glass slide showing poor
adhesion of the coating with the glass slide, (b) UV-vis spectrum of the coating

showing an absence of peak around 400 nm.

This synthesis method indicates that the aggregation of primary particles is a major
problem for the formation of AgNp/silica coating. Therefore, to solve this problem, a
different method was devised involving combining all starting materials at the same
time and adjusting synthesis conditions (such as the use of adjustment of the pH of
the solution) so that rapid aggregation of AgNp could be prevented. Details of this

new method are described in the next section.

3.1.3.2 Method 2: Single-step method

In this research, therefore a new approach for preparing the AQNp/TEOS composite
is presented, which involves the simultaneous addition of all the requisite chemicals,

compared to the conventional method of incorporating colloidal AgNp into a silica
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precursor, as shown in Figure 3.13. The chemicals used in the synthesis which
include tetraethyl orthosilicate (TEOS), ethanol, silver nitrate, nitric acid, deionised

water, 50 ml beaker, a pipette, a heated plate, and aluminium foil.

This method used silver nitrate as the metal salt and tetraethoxysilane (TEOS) as
the silica precursor within which the synthesised silver nanoparticles are embedded.
Specifically, 0.04 g of silver nitrate was added to the container, and 2 mL of nitric
acid (HNOs3) was used to adjust the pH to 2. Notably, nitric acid functions as a
catalyst in this process, and the acidic pH chosen for the synthesis is expected to
produce a coating with fewer pores than an alkaline medium [103,187]. Following
this, the entire solution containing TEOS, ethanol, and silver nitrate was stirred at
room temperature for 1 h. In order to promote the formation of gel, the temperature
was maintained at 35°C within a fume cabinet using a heated plate. The literature
recommends a temperature lower than 50°C to prevent shrinkage of the coating
[109].

The beaker again had to be covered using aluminium foil to prevent the evaporation
of ethanol and TEOS solution. The solution was kept under these conditions for 48
hours to form a gel. Thereafter, the gel was used to coat the glass slide, and the
same drying process as previously described was followed. Finally, the coated slides
were thermally treated at 200 °C for 2.5 hours with a heating and cooling rate of 2

°C. mint,

Addition of TEOS, ethanol, deionised water, and silver nitrate in a
50 ml beaker

The solution was kept on a hot plate with

continuous stirring at 35 °C for 2 days

Formation of AgNp/silica composite

Heat treatment at 200 °C for 2.5 hours

Formation of AgNp/silica coating

Figure 3.13: Flow chart showing the alternative method of preparing AgNp/silica

composite, including thermal treatment at 200 °C for 2.5 h.
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The literature has documented the utilization of metal nanoparticles, specifically
silver (Ag) or gold (Au), incorporated within silica-based coatings, with a notable
emphasis on their performance under heat treatment at 200 °C. This treatment has
been noted to facilitate the preparation of Ag or Au embedded within silica-based
coatings coating [90,94,95,136,188]. Li et al. [136] conducted an investigation into
the influence of heat treatment on the fabrication of AgNp/Silica coatings,
highlighting the efficacy of the 200 °C temperature regime. Consequently, for the
purpose of assessing the adhesive properties of AgNp/silica-based coatings on glass
slides as a potential replacement for optical fibre cladding, a range of heat treatment
temperatures spanning from 150 to 250 °C for durations of 1 to 3 hours was
selected. The ensuing chapter delves into a comprehensive discussion of the results,
detailing the optimization process that led to the selection of a heat treatment

temperature of 200 °C for a duration of 2.5 hours.

A visual inspection of the coated glass slides indicated the formation of a pale yellow
colour with good adhesion with the glass slide. These samples were further
inspected using a UV/Visible spectrophotometer to investigate the presence of silver
nanoparticles within the coating. The confirmation of the formation of silver
nanoparticles was achieved through the observation of an extinction peak within the
wavelength range of 400-450 nm, which varied depending on the specific size and
shape characteristics of the silver nanoparticles [87,89,144]. An example of such a
UV-vis spectrum is shown in Figure 3.14, where an absorbance peak was observed
at the wavelength of 430 nm, confirming the formation of AgNps within the coating.
Now that a method for obtaining a silica/AgNp coating was established, a second
step to improve adhesion to the underlying substrate (glass) was sought. Details of
the optimisation process are discussed in the next section.
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Figure 3.14: A UV-Vis spectrum of AgNp/silica coating on glass slide showing the
adhesion of the coating on the glass slide (a) and the corresponding extinction peak

observed around 430 nm, which confirms the presence of AgNp in the coating.

The synthesis of a hybrid coating via sol-gel methodology engenders the
incorporation of organic constituents, primarily consisting of hydrocarbon-based
moieties. Subsequent exposure to thermal treatment at 200 °C introduces the
prospect of organic component degradation, albeit with the caveat that the extent of
transformation within the silica matrix, specifically SiO2, may not achieve full
completion depending upon the duration and temperature parameters employed
[133,135,189]. This observation finds validation in the investigation conducted by Li
et al. [190], who subjected silica-based coatings to a range of thermal treatments
spanning 200 to 1000 °C, explaining that the eradication of ethoxyl groups reached
completion at 500 °C. In light of the current thermal regime of 200 °C, the
characterization of the resultant coating warrants classification as silica-based rather
than exclusively silica, reflecting the ongoing organic influence despite the likelihood

of its partial degradation.

3.1.3.3 Optimisation process of AgNp/silica coating on glass slides

In this section, the techniques that were used to improve the quality of AgNp/silica
coating on the glass slide are discussed. The two important factors which were

observed to affect the quality of the coating in terms of its adhesion with the glass
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slide include the etching conditions of the glass slide as well as the heating and
cooling rates used during the thermal treatment step. Details of how these conditions

were optimised are discussed in this section.

3.1.3.4 Effect of etching conditions of glass slide on adhesion of the coating

The reason for using glass slides for optimising the coating conditions is mainly due
to the fact that the glass surface and coating properties can be investigated using
standard materials and analytical methods. Moreover, the use of glass slides is quite
economical. However, glass slides have a surface layer which is smooth; it was
necessary to etch the glass slides to enhance adhesion by increasing surface
roughness. This process involved the use of 50 mL of 7 M sodium hydroxide to etch
the glass slides for 1 hour at the temperature of 100 °C. The etching process was
carried out to both activate the glass slide as well as increase surface roughness in
order to improve the adhesion with the silica coating. This was necessary because
the activation process performed on the glass slide could also be applied to the
optical fibre since they are made of the same material (silica).

The chemical reaction between sodium hydroxide and glass (silica) is shown below
[172].

[-Si-O-Si-] + OH" — [SiO]- + [-Si-OH] (3.6)

In order to verify the accuracy of the results, the measurement of the thickness of the
glass slide was carried out using two different methods, which include a digital
micrometre and a high-resolution microscope. When the etched slide was compared
against the unetched one, both instruments showed that the thickness of the
unetched glass slide, as measured using a digital microscope, was 1.02 mm, while
the etched glass slide was 1.01 mm, as shown in Figure 3.15 (a) and (b). The results
indicated that the thickness of the glass slide was observed to decrease by 10
microns after etching in 7 M sodium hydroxide for 1 hour at 100 °C. This
pretreatment method has been reported as it is safer compared to the conventional
method involving the use of hydrofluoric acids, which poses a safety threat [191—
193].
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Figure 3.15: Measurement of thickness of glass slide using (a) digital micrometre

and (b) a high-resolution microscope before etching in 7 M NaOH for 1 h at 100 °C
and after etching in 7 M NaOH for 1 h at 100 ‘C. The figure shows the thickness of

the glass slides before and after the etching.

Dipping the glass slides in the alkaline solution improved coating adhesion, as
shown in Figure 3.16. A control experiment where the coating was applied to an
unetched glass slide was also investigated. Consequently, the glass slide showed
less amount of coating was observed compared to the etched glass slide, as shown
in Figure 3.16. The thickness of the AgNp/silica coating on the glass slide was also
measured using an optical microscope in order to quantify this. The thickness of the
coating was about 1.72-1.95 um on the unetched glass slide vs. 5.83-6.95 um on the
etched glass slide. It is evident that the etched glass slide using sodium hydroxide
improved the hydrophobicity as well as the roughness of the slide, which explains
why it could retain more gel on the surface thereby improving the adhesion of the

coating as shown in Figure 3.16.
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Figure 3.16: Micrographic images of the coated AgNp/silica glass slides with (a) the
unetched glass slide and (b) the etched glass slide using 7 M NaOH solution, which

resulted in improved adhesion of the coating.

3.1.3.5 Effect of heat treatment

The second factor affecting the adhesion of the coating to the underlying glass was
the ability to control the thermal treatment step. A series of experiments was
conducted to evaluate the optimal temperature and duration of heat treatment
required for the formation of the coating. The heat treatment temperature was
chosen to range between 150 to 250 °C for 1 hour to 3 hours. The optimum condition
of heat treatment was found to be 200 °C for 2.5 hours.

Slow heating and cooling rates of 2 °C.min? also contributed to better adhesion

properties. This is because it has been reported that a rapid heating and cooling rate
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can result in thermal expansion of the coating, culminating in shrinkage of the
coating and leading to deadhesion from the glass surface [106,108] as shown in
Figure 3.17. This study indicated that a heating rate of 2 ‘C.mint could prevent
shrinkage as well as the formation of cracks on the surface of the coating. The
quality of the coating improved in terms of adhesion when the heating and cooling
rates were as low as 2 ‘C.min"t compared to the quality when the heating rates were
increased to 4-5 ‘C.mint as shown in Figure 3.17. This may be attributed to

shrinkage arising from thermal shock during the rapid heating and cooling steps.

b)

Figure 3.17: The AgNp/silica coated glass slide after heat treatment (a) with a slow
heating and cooling rate of 2 °Cmin! showing a good quality of coating with better
adhesion with the slow heating and cooling rate. (b) with a fast heating and cooling

rate of 5 °Cmint.

The improvement in adhesion of AgNp/silica to the glass substrate during these trials
was inferred from an increase in thickness. Moreover, these coatings were observed
to show the presence of silver nanoparticles, as indicated by the retention of a yellow
colour on the coating, as well as an extinction peak around 400 nm during inspection
by UV-Vis spectroscopy. This optimised process of decorating the coating on a glass
substrate was then employed to coat the optical fibre, which is discussed in the next

section.

98



3.2 Fabrication of AgNp/silica coated fibre and detection system

In this section, a detailed description of the method to fabricate a coated optical fibre,
as well as the steps taken to decorate the AgNp/silica on the optical fibre are
presented. The first step involves the selection of optical fibre, this is followed by
methods of etching the optical fibre, including the choice of etching solution, which is
aimed at removing the coating and cladding from the optical fibre. The effect of
different temperatures, which influence the etching rate was also investigated. The
efficacy of the etching solution in removing the cladding and the coating was
assessed based on the measurement of the thickness of the etched and unetched
optical fibre using a high-resolution microscope. This is followed a section by a
section on the thermal treatment of the coated optical fibre.

3.2.1 Selection of optical fibre

Optical fibres consist of different types designed for different applications. For a
specific application, the choice of optical fibre depends on several factors such as
cost, their sensitivity to the target application, and the tolerance to the environmental
conditions where it will be used. The optical fibres designed for use as a pH sensor
are expected to be sensitive to changes in pH, in addition to being inexpensive and
stable to changes in temperature and chemical environment where it will be used
[67,68]. For this study, high temperature and high-pressure conditions were also of

concern.

Therefore, the fabrication of a pH sensor needed that careful choice of the type of
optical fibre is quite important. This is because it is possible for the outer layers of
the optical fibre to degrade when exposed to high temperatures and other harsh
conditions. Moreover, the functionality as well as durability of the coated optical fibre
could be severely compromised under high-temperature and high-pressure
conditions. This suggests that the chemical composition of the glass material is quite

important when choosing an optical fibre for a specific application.

For high-temperature and high-pressure environments, it is recommended that
optical fibres should be made using thermally stable materials such as silica. This is

because silica-based optical fibre is thermally stable up to 1100 °C [194,195]. In
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addition, the nature and thickness of the coating are also important to ensure
additional protection of the core from damage or degradation during service. In this
study, a multimode optical fibre (product model: FG105UCA, Thorlabs), having a
glass core was used for the trials. Conventional optical fibres with plastic cores are
unsuitable for harsh conditions as the one used in this study. The diameter of the
core of the optical fibre used in this study was 105 pm, and the numerical Aperture
(NA) is 0.22, which has a bandwidth of 250-1200 nm. This wide bandwidth is highly
desirable as it matches the bandwidth expected of silver nanoparticles, which are
400 nm.

A multimode optical fibre (product model: FG105LCA, Thorlabs) with a core diameter
of 105 um and having the same numerical Aperture (NA) of 0.22, decorated with
gold nanoparticles embedded in silica has been found to be useful [82,83,158]. A
good optical response in terms of sensitivity to pH measurements has been reported
for this fibre. The bandwidth of the optical fibre reported in their study is 400-2400
nm, while the LSPR bandwidth of gold nanopatrticles is about 525 nm. This suggests
that the chosen optical fibre was suitable for gold nanoparticles as its bandwidth falls
within the range of the optical fibore. However, it might not be suitable for silver
nanoparticles as there might be attenuation due to particle size variation falling
below the bandwidth limit of the optical fibre. For this reason, an optical fibore model
(FG105UCA), which falls within the bandwidth range of silver nanoparticles was

chosen to prevent attenuation.

Furthermore, the performance of an optical fibre in high-temperature and high-
pressure environments can also be affected by the type of optical fibre considering
the composition and mode of operation of the optical fibre. The single mode which
allows only one wavelength of light to pass through can have a higher sensitivity.
However, the restriction of operation within a single wavelength poses limitations for
sensor applications. On the other hand, multimode optical fibres allow multiple
wavelengths of light to pass through which is ideal for use as a pH sensor.
Therefore, in this study, a multimode optical fibre was used in all the trials, this is due
to the fact the intended application requires a specific wavelength range of 400 to

800 nm rather than a single-mode optical fibre.
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3.2.2 Connection of optical fibre to light source and detectors

In this section, the materials used for the connection of the optical fibre, as well as
the detailed description of the various parts involved, are discussed. The entire
optical fibre connection consists of a detector (USB 4000, ocean optics), light source
(halogen lamp), straight tip (ST) terminator, adaptors (ST-ST), and optical fibres
(FG105UCA, Thorlabs). In industry, different types of terminators are used to modify
the ends of the optical fibre. These include: straight tip (ST), subscriber connector
(SC), lucent connector (LC), ferrule connector (FC) and sub-miniature version A
(SMA).

The choice of terminator depends on the intended application and instrumental
requirements. To connect the optical fibre, it is essential to fix the terminator at both
ends of the optical fibre, which allows the connection of one optical fibre to another.
For this project, an ST terminator was used due to its availability, cost effectiveness
and ease of installation. Although a ready-made ST-ST (both ended ST) terminated
optical fibre is available, but it was quite expensive, at about £95 for 1 m length.
Therefore, a bare optical fibore (Model FG105UCA, cost only £2 per meter) was
purchased, and the terminators were purchased separately and the system was built
from basic parts. The steps involved in preparing the ST-ST terminated optical fibres

are discussed below.

3.2.3 Preparation of ST-ST terminated optical fibre in the laboratory

In order to terminate the optical fibre, two essential tools were used, which included:
a mechanical stripper and a fibre cleaver (model FC-6S), as shown in Figure 3.18. A
couple of unique ST terminators (Model: B10127C) and optical fibre clamps (Model:
BFT1) were also purchased from Thorlabs, an optical fibre supplier company. A
mechanical stripper is a tool used to remove the coating made of polymer from the
optical fibre, while the fibre clever is used to cut the optical fibre and straighten the
ends, as shown in Figure 3.18 (b).
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Figure 3.18: The optical fibre termination tool (a) mechanical stripper (b) fibre

cleaver.

In order to assemble the ST terminator at the end, the mechanical stripper was used
to remove the cladding of 15 mm at both ends, after which the fibre cleaver was
used to cleave the end into a flat shape, as shown in Figure 3.19. A flat ending of the
fibre is essential if it must be connected to another optical fibre without loss of light.
Moreover, a flat end provides minimal connection loss, as has been found by other
researchers [196,197]. After the cleavage of the optical fibre, the ends were cleaned
using lint-free wipes to remove dust. At this point, the optical fibre is ready to be
assembled with other parts. This is the final step for the termination process in order

to assemble the fibre and connect it with the ST terminator.

Using mechanical
stripper

 —

(@)

© 250 ym

Usmg fibre cleaver

Figure 3.19: A schematic diagram showing the termination process of the optical
fibre. (a) Fibre end after coating removal using a mechanical stripper, (b) Fibre end

after straightening the ends using a fibre cleaver.
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A fibre clamp is designed to join the bare optical fibre with the ST terminator. The
terminator interface is equipped with a magnet and alignment key to attach and align
compatible terminators quickly and could be locked into place. The clamp was
equipped with rubber grips to minimise stress on the fibre and hold the fibre in a
fixed position. Once the ST terminator was placed on the clamp, the stripped fibre
was fed through the clamp and ST terminator until the core of the fibre reached the
end of the terminator, as shown in Figure 3.20. Then, the clamp was released to hold
the optical fibre at a fixed position. The ST termination process was carried out in
this manner for both ends of the optical fibre. An advantage of this method is that the
terminator can be reused, which is quite economical. The final step involved the
connection of the ST-ST terminators to the light source at one end of the optical fibre
and the UV-visible spectrophotometer at another end, which is discussed in detail in

the next section.

(c)

Optical fibre fey

ST terminator placed
inside the clamp

Figure 3.20: Pictures showing the instrument required for the termination process (a)
ST terminator (Model: B10127C), (b) optical fibre clamp (Model: BFT1), and (c)
assembly of the optical fibre and the clamp [198]
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3.2.4 Connection of ST-ST terminated optical fibre with a light source and

detector

The key components that constitute the sensor system used in this study include: a
light source, detector, and optical fibore. A comprehensive description of each

component including its role and functionality is hereby described.

3.2.4.1 Light source

The light source comprises of a 400 W halogen lamp, which is housed within a
modified lamp enclosure (LSH-T100, supplied by Horiba Jobin-Yvon). A metal case
was used to protect it against exposure to ambient light. The halogen lamp is
encased in a metal case, as illustrated in Figure 3.21 (a). This serves as a protective
barrier which protects against direct contact of the emitted light with the eye. It also
includes a tube that connects the optical fibre to the light source. When the lamp was
in operation, it was observed that the metal case heated up. To mitigate this issue, a
USB fan was strategically positioned at the base of the lamp to enhance heat
dissipation and prevent overheating. Additionally, a shutter mechanism was
incorporated within the metal case to regulate the light entering the tube. This feature
was instrumental in selectively permitting or obstructing the passage of light into the

fibre, ensuring desired light transmission efficiency.

To secure the optical fibre in place, @10 mm ferrules were used, as illustrated in
Figure 3.21 (c). These ferrules served as connectors, ensuring a secure and reliable
connection between the optical fibore and the surrounding components. In order to
exercise control over the power output, the light source was connected to a direct
current (DC) power supply. This connection allows for the manipulation of both
voltage and current while effectively regulating the power of emitted light. The power
supply employed in this setup operates within a voltage range of 0 V to 30 V. This
provides a suitable range to adjust the light intensity to suit experimental
requirements. The light source used for the experiments was controlled by a power
supply, which allowed one to dial in the current or voltage manually as per

experimental needs.
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@10 mm of ferrule that
fixed the optical fibre Shutter case
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Cooling fan

Figure 3.21: The image of the light source showing: (a) light source, (b) power

supply, (c) @10 mm ferrule incorporated into the tube holding the optical fibre.

3.2.4.2 Detector

A UV-visible spectrophotometer, specifically the USB 4000 model manufactured by
Ocean Optics, was employed as the detector in this study. Ocean Optics is
recognised as a prominent provider of spectroscopy solutions. The USB 4000
spectrometer (as shown in Figure 3.22) is specifically tailored for applications
involving optical fibres. It encompasses the fundamental operational principles and
mechanisms of a UV-visible spectrophotometer, as explained in the preceding
section (3.1.2.4). Notably, the key distinction lies in its design with respect to optical
fiore usage in the absence of an integrated light source. UV-visible
spectrophotometers play a crucial role in the quantitative analysis of light absorption,
transmission, and reflection within the ultraviolet (UV) and visible (Vis) sections of
the electromagnetic spectrum. These instruments employ an assembly of optical

components and detectors to collect and analyse light. The portable and easily
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installable nature of this UV-Vis spectrophotometer facilitates its versatility. It is
proficient in detecting optical signals within a wavelength range of 200 to 1100 nm.
Furthermore, the integration time can be tailored within the range of 3.8 ms to 10
seconds. Integration time represents the duration in which the UV-visible
spectrophotometer's detector accumulates photons in a singular measurement. The
utilisation of an SMA 905 connector is necessary to interface the optical fibre with
this instrument [199].

Figure 3.22: A Picture showing the detector used in this study (Model: USB 4000,
Ocean Optics).

To capture the intensity of light and its corresponding wavelengths, the detector
(USB 4000 model by Ocean Optics) was connected to a computer running the
"Spectrasuit" software. This software facilitated the recording of spectral data and
allowed for the configuration of measurement parameters, instrument calibration,
and visualisation and manipulation of spectral data. Notably, the software enables
the specification of integration time for each measurement. It is important to note that
the spectrophotometer possessed a maximum intensity detection limit of 65,000

arbitrary units (a.u.).
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3.2.4.3 Assembling and completion of the connection

The process of establishing a connection between the optical fibore and the light
source, as well as the detector, involves the integration of three distinct sections, as
depicted in Figure 3.23. Section 1 comprises the detector and a fixed optical fibre,
while section 3 includes the light source and another fixed optical fibre. The
intermediate section, denoted as section 2, pertains to the coated optical fibre. The

following sections provide a detailed description of each section separately.

——
Computer ~ Section 1 Section 2 Section 3
Power supply

(@)

SMA05 ST ST ST §T
\_ . . @2.5mm ferrule = Light
- . . . F source

Detector ST-S1 adaptor $T-STjadaptor 01mm ferrule

Connection points between sections

computer Power supply
SMA 905 ST ST ST ST @10mmferrule J
Y Lj--=--l--=--l--=qz
X Part 1 Part2 Part3 source
Detector §T-ST adaptor ST-ST adaptor

Figure 3.23: Schematic diagram showing the connection of optical fibres (a)
Composition of each part of the optical fibres including terminators (b) Complete

connection of all parts.

The first section, denoted as Section 1, involves the integration of a detector. As
mentioned, the detector (model USB 4000 manufactured by Ocean Optics) was
connected to a computer with a specialised software (Spectra Suite). This software
facilitated the recording of light intensity readings across different wavelengths within
the range of 100 to 1100 nm. To ensure seamless connectivity, all optical fibres were
fitted with ST terminators. Considering the fact that the detector of the USB 4000

model is equipped with an SMA 905 terminator, it was imperative to employ an
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optical fibre terminating in an SMA 905 connector at one end and an ST connector at
the other. In this study, an optical fibore meeting these specifications was procured
from Thorlabs and employed to establish the desired connection. One end of the
SMA 905 terminator was connected to the detector, while the ST-terminated end
was coupled to the subsequent optical fibre, constituting the second part of the

connection.

The mid-section of the second part consisted of a bare optical fibre. This represents
the most important part, where the AgNp/silica coating would be decorated following
the aforementioned steps and further tested as a pH sensor. This section consisted
of the ST-ST terminated optical fibre the construction of which was described in the
previous section. Both ends of the optical fibore were connected to another optical

fibre using an ST-ST adaptor.

Section 3 involved the use of a light source with a fixed optical fibre, with one end
connected to the light source and the other end linked to section 2. One end of the
optical fibre was coupled with a @10mm ferrule and connected to the light source,
while the opposite end required an ST terminator, in line with the connections in
section 2. The primary challenge encountered was the unavailability of a @10mm
ferrule for purchase. Although Thorlabs offered a @2.5mm ferrule, procuring a
@10mm ferrule would require a specialised custom order, which was deemed
prohibitively expensive.

To overcome this challenge, an optical fibore was purchased from Thorlabs, and an
optical fibre was procured from Thorlabs, featuring an ST terminator termination on
one end and a @2.5mm ferrule termination on the other end. To facilitate the
required coupling, a @10mm ferrule with a @2.5mm bore, measuring 50mm in
length, was machined in the Chemical and Process Engineering workshop. The
purchased @2.5mm ferrule from Thorlabs was procured and inserted into the
prepared @10mm ferrule. Subsequently, the entire @10mm ferrule assembly was
inserted into the light source, as depicted in Figure 3.23. The other end consisting of
the ST terminator, was connected to another optical fibre terminated with an ST

terminator using an ST-ST adapter.
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3.2.4.4 Data capture and analysis

To assess light intensity and associated wavelengths, this study utilised the
'Spectrasuit’ computer program in conjunction with the Ocean Optics USB 4000
model detector. This software facilitated the acquisition of spectral data, offering
features for adjusting measurement parameters, instrument calibration, and
visualisation and manipulation of spectral data. Notably, it allowed the customisation
of integration time for individual measurements. It is important to highlight that the
spectrophotometer had a detection limit for maximum intensity set at 65,000 arbitrary
units (a.u.). Following the assembly of all three sections of the optical fibre, the
objective was to achieve a light intensity of at least 60,000 a.u., as depicted in Figure
3.24. This target aligns with the detector's maximum detection limit of 65,000 a.u.,
ensuring optimal sensor sensitivity during the experimental trials, particularly in the

context of its use as a pH sensor.
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Figure 3.24: Intensity of light using the coated optical fibre as measured using a UV-

visible spectrophotometer.

To achieve a targeted maximum light intensity of at least 60,000 arbitrary units (a.u.),
the voltage of the light source was increased while simultaneously decreasing the
integration time. After careful consideration, a voltage of 6.5 V was selected for the

light source, and the corresponding integration time of 5 ms was set on the detector.
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These experimental configurations were chosen to attain the highest achievable
sensitivity. Several optimisation experiments were conducted, varying the voltage of
the light source from 2 V to 6.5 V, in order to determine the optimal conditions. The
results revealed that a voltage of 6.5 V provided the most favourable outcomes in
terms of sensitivity. A comprehensive discussion of these optimisation experiments
can be found in the forthcoming results chapter. Thereafter, the second part of the
optical fibre design was coated with an AgNp/silica coating, as discussed in the

following section.

3.2.5 Decoration of the optical fibre with the AgNp/silica coating

A multimode optical fibre (FG105UCA, Thorlabs) consisting of three layers: outer
layer, cladding, and core was used for this study. The central region of the structure
is referred to as the core, which consists solely of silica and possesses a diameter
measuring 105 microns. The subsequent layer comprises the cladding, composed of
fluorine-doped silica, with a thickness of 10 microns surrounding the core. The outer
layer of the optical fibre is coated with a thickness of 62.5 microns coating composed
of an acrylate polymer. The layout of the optical fibre describing all three layers is
shown in Figure 3.25. In this study, the top two layers were removed to expose the
core of the optical fibre so that it could be decorated with the AgNp/silica coating.

The process of removal of the outer layer and the cladding is discussed below.

0 250 pm
105 pym
2125 pm

Figure 3.25: Schematic diagram of an optical fibre showing the three layers.
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3.2.5.1 Etching of optical fibre

The main objective of the etching of the optical fibre is to remove the first two layers
(outer layer and cladding). In the literature, concentrated hydrofluoric acid (HF) has
been used to achieve this task [83,171,200]. However, hydrofluoric acid was avoided
in this work due to its toxicity. Hydrofluoric acid was replaced by a less hazardous
chemicals, such as 7 M NaOH that could etch the optical fibore more safely. Other
researchers have used different concentrations of sodium hydroxide (NaOH) or
potassium hydroxide (KOH) for similar purposes [172,201]. The etching process is a
significant step required to replace the cladding with the Ag/silica coating on the core
of the optical fibre so that light could interact with the coating to serve as a pH

Sensor.

However, the etching rate of sodium hydroxide or potassium hydroxide is slower
than hydrofluoric acid. The etching rate of HF was reported to be 20 microns per
hour, while 3 mol/L KOH could only etch 1.5 microns per hour at 95 °C and 3 mol/L
NaOH could only etch 2.5 microns per hour at 95 °C [172].

This study employed a 7 M NaOH solution as the etching solution in order to remove
the coating and cladding from the optical fibre. The selection of a concentrated
NaOH solution was motivated by safety considerations in the context of removing the
coating and cladding from the optical fibre. The complete removal of the coating and
cladding was an essential objective of the etching process. The achievement of this
objective was determined by the reduction in the optical fibre's diameter from 250
microns to 105 microns, which corresponds to the diameter of the core.

The experiment began by preparing a 50 ml solution of 7 M NaOH. The etching
solution was then poured onto a petri dish and placed on a hotplate, maintaining a
constant temperature of 70 °C for the etchant. Once the desired temperature was
reached, a section of approximately 10 cm from the middle of the optical fibre was
immersed in the etching solution. The etching process lasted for 12 hours at the

same temperature, resulting in an average etching rate of approximately 12 umh-.
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Following the etching process, the fibre was taken out and washed with deionised
water before being air-dried. The outer layer material used was a polymeric
substance, while the cladding was made of silica. Since the etching rates of the two
layers might differ, it was challenging to determine individual rates. As a result, an
average etching rate was calculated for both layers. To improve the etching rate,
additional optimisation procedures were implemented, which will be detailed in the
subsequent sections. The next section also discusses various strategies to optimise

the etching conditions.

3.2.5.1.1 Optimisation of the etching process

In this section, the different conditions employed to improve the etching rate using 7
M NaOH solution are reported. During the etching process, the optical fibre was
etched, which resulted in a decrease in diameter. When the coating was removed,
the fibre became fragile as the coating which protected the optical fibre was
removed, and the optical fibre fractured at the slightest stress, as shown in Figure
3.26.

[ Core MM Cladding HEE Coating 1y, optical fibre
broke due to stress

Hot plate

Figure 3.26: A schematic diagram showing the etching process of optical fibre in a
beaker (a) before etching, (b) after etching, where the optical fibre was observed to
break within the region where the etching was carried out, which may be attributed to

excessive stress in an attempt to remove the etched optical fibre from the beaker.
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To solve this problem, the beaker was replaced with a petri dish (which provided a
gentle curved surface to rest) containing 50 ml of the etching solution, as shown in
Figure 3.27. The dish was placed on a hotplate to heat the solution to 70 °C. The
optical fibre was gently placed on the petri dish to avoid breakage, and the petri dish
helped to reduce the stress during the etching process. The temperature was
continuously monitored using an infrared temperature gun with an accuracy of £1.5
°C during this process. As the solution was heated to 70 = 1 °C, the solution
evaporated continuously. To counteract the loss of liquid, the etching solution (7 M
NaOH) was replenished dropwise every 15 minutes. The dropwise addition
prevented a change in the reaction temperature and allowed the etching process

was carried out for 12 hours.
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Figure 3.27: A schematic diagram showing the etching process of optical fibre using
a petri dish (a) before etching, (b) after etching, where the optical fibre was etched

without breakage.

3.2.5.1.2 Influence of etchant temperature on etching rate

The effect of different etchant temperatures ranging from 70 to 125 °C on the etching
rate of optical fibre was systematically investigated in order to develop an efficient
protocol for fibre etching. Optical fibres with an initial diameter of 250 um were
subjected to etching processes, reducing their diameter to nearly 105 um. The
experimental protocol involved conducting three replicates at each etchant
temperature to ensure the reproducibility of the results. Average etching times,
accompanied by their standard deviation (SD), were calculated and presented in
Table 3.1.
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Table 3.1: Effect of etchant temperature (70 to 125 °C) on etching rate of optical fibre

using the etching solution of 7 M NaOH

Etchant temperature Etching time Average etching rate
(Average £ SD.)
70 °C 720 £ 60 min 12.08 umh
80 °C 580 + 50 min 15.00 pmh-t
100 °C 270 £ 30 min 32.22 pmht
125 °C 60 £ 5 min 145.00 pumh-t

The effect of temperature on the etching rate clearly indicates a significant decrease
in the diameter of the optical fibre as the etchant temperature increases. Notably, at
125 °C, the etching process achieved complete etching of the core within an average
time of approximately 60 minutes. In contrast, etching at 100 °C required an average
time of 270 minutes, while at 80 °C and 70 °C, the etching durations extended to 580
and 720 minutes, respectively. The data highlights the enhanced effectiveness of the
etching solution with increasing temperature, leading to an accelerated etching rate.
Remarkably, the temperature of 125 °C demonstrated a drastic reduction in etching
time to 60 minutes. Notably, by increasing the etchant temperature to 125 °C, it was
possible to increase the average etching rate to 145.00 umh-1 and the etching time
was reduced to 60 mins. It is important to note that the hotplate utilised in this study
had a maximum temperature limit of 125 °C, and thus all etching experiments were

limited to that temperature and required an etching time of 60 minutes.

3.2.5.2 Verification of coating and cladding removal

An optical microscope was employed to measure the diameter of the optical fibre
before and after the etching process. Prior to conducting the experiment, the optical
fibre was connected to both the light source and detector to establish the necessary
optical pathway. This connection allowed the recording of the light intensity passing
through the optical fibre. Subsequently, after the completion of the etching process,
the etched optical fibre was connected to the light source and detector to record and

compare the intensity of light with that of the unetched and etched optical fibre
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samples. It is important to note that the cladding and outer layers serve the purpose
of confining light within the core of the optical fibre. Therefore, the removal of these
layers during the etching process implies that light would likely escape from the
optical fibre. Therefore, by quantifying the intensity of light exiting the optical fibre, it
becomes possible to verify the effectiveness of the etching process.

The spectra depicting the intensity of light versus wavelength, collected by a detector
throughout the etching process, are presented in Figure 3.28. Initially, when the
unetched optical fibre with a thickness of 250 um was connected, the spectra
displayed 100% light transmission, which is represented by the black line in Figure
3.28. Subsequently, the etched optical fibre was connected, and a similar recording
of exiting light intensity was repeated. Notably, as the optical fibre was etched and its
diameter reduced to 106 pum, a substantial reduction in light intensity was observed,
as depicted by the red line in Figure 3.28. It became apparent that a significant
portion of the transmitted light began to leak through the etched region of the optical
fibre. Furthermore, as the etching time was increased and the diameter of the optical
fibre continued to decrease, the spectra in Figure 3.28 demonstrated a further
reduction in light intensity. Ultimately, when the core diameter reached 100 um, the
spectra indicated a complete leakage of light, depicted by the bottom line in Figure
3.28.

This analytical technique enabled the identification of light leakage upon
transmission through the etched optical fibre, serving as empirical evidence of
successful etching. The diameter of both the etched and unetched optical fibres was
also measured using a high-resolution (HR) optical microscope, yielding precise
measurements which corresponded to the fibre diameter before and after etching.
Further elaboration on methodologies employed for these measurements is provided

in the subsequent section.
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Figure 3.28: A schematic diagram showing the optical fibre with the corresponding
UV-Vis spectrum (a) before etching and (b) after etching, showing the intensity of
light when the optical fibre was etched to different thickness levels.
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The diameters of the optical fibres after etching were determined using an optical
microscope, and corresponding images are shown in Figure 3.29 (a)-(f). Specifically,
Figure 3.29 (a) represents the unetched optical fibre with a diameter of 250 um, as
indicated by the black line in Figure 3.28. The diameters obtained from the
measurements, denoted as (b) to (e), are shown in Figure 3.29 alongside the
corresponding core diameters of 105 pm, 104 pm, 103 pm, and 102 pm. These
measurements signify the gradual reduction in diameter brought about by the etching
procedure. Notably, when the diameter reached 100 um, as depicted in Figure 3.29
(f), complete leakage of light was observed, as indicated by the bottom line in Figure
3.28.

It is important to stress that attaining an optimal diameter is critical for ensuring
adequate light transmission and to preserve the sensitivity of the optical fibre. If the
core diameter is more than 105 pm or less than 103 um, the system would have
excessive light or insufficient light, potentially compromising the sensitivity of the
optical measurements and its function as a sensor. The procedure described here
was employed for batch etching of optical fibres with the objective of etching their
core diameter to 104 um. Each batch consisted of the simultaneous preparation of
three optical fibres. Next, the procedure for decorating the AgNp/silica coating on the
etched optical fibre is discussed.
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Figure 3.29: Micrographic images of the etched optical fibre showing different
diameters before and after the etching, (a) 250 um, (b) 105 um, (c) 104 um, (d) 103
pm, (e) 102 um and (f) 100 um.
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3.2.6 Decoration of the etched optical fibre with AgNp/silica

The final stage involved in the fabrication of AgNp/silica coated optical fibres involves
the dip coating of the etched region of the optical fibore with an AgNp/silica gel
solution. A petri dish, as described in section 3.2.5.1, was utilised to place the etched
portion of the optical fibre in an AgNp/silica gel and allowed to remain in contact for
one minute. This was to ensure adequate adhesion between the gel and the core of
the optical fibre. Thereafter, the optical fibre was gently lifted from the gel, permitting
any excess solution to evaporate, as illustrated in Figure 3.30. This process was
repeated thrice, involving the immersion of the optical fibre in the gel solution
followed by removal in order to incrementally augment the coating thickness, thereby
constituting a tri-dip coating process. Each experimental trial employed three distinct
etched optical fibres to ensure the repeatability and reproducibility of the coating

process.

Figure 3.30:Dip coating and drying of coated optical fibre (a) Optical fibre was dip-

coated in the gel, b) Optical fibre was dried after dip-coating.

Following the dip coating process, the optical fibore was subjected to heat treatment
by placing it inside an oven. The heat treatment was performed at a temperature of
200 °C for a duration of 2.5 hours. To minimise thermal stress on the optical fibre,
both the heating and cooling rates were carefully maintained at 2 °C per minute
throughout the heat treatment process. The temperature was gradually increased
from room temperature (20 °C) to 200 °C, with a heating rate of 2 °C/min. The
temperature was then held steady at 200 °C for the aforementioned duration of 2.5

hours. Subsequently, a controlled cooling rate of 2 °C/min was employed to cool the
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optical fibre to room temperature. The entire heat treatment procedure typically took
approximately 5.5 hours to complete.

Following the completion of the heat treatment, the optical fiore was delicately
removed from the oven, and the length of the coated region was measured using a
measuring tape. The measured length was found to be 11 cm. Furthermore, the
thickness of the coated area was quantified using optical microscopy, resulting in an
example for which is illustrated in Figure 3.31. Although there was a variability of £1
pm in the dipping process. The thickness after coating with AgNp/silica was always
observed to be greater than the pre-coating thickness of 104 microns. The
guantification allowed one to measure the AgNp/silica coating thickness on the
optical fibre, which was determined to be approximately 5.5 microns.

Figure 3.31: Micrographic image showing the following: (a) The length of the coated
part of the optical fibre measured after thermal treatment, (b) A micrographic image

showing the adherence of the coating to the optical fibre.

Therefore, these experiments indicated that the coating and cladding were
successfully removed from the optical fibre, and the AgNp/silica coating was applied
to the etched area of the optical fibre. The experiments also proved that the coating
process produced AgNp/silica coatings of reproducible thickness. Prior to
commencing the preparation process for the coated optical fibre, a microscopic
examination of the optical fibre’s diameter was conducted at three key stages: before
etching, following etching, and ultimately after the application of the AgNp/silica
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coating onto the core. The optical fibres with significantly different thicknesses were
excluded from the trials. These flawed fibres were discarded appropriately in a
dedicated bin.

3.3 Development of a pH sensor using an AgNp/silica coated fibre

This section aims to describe the fabrication and assembly of AgNp/silica coated
optical fibres for optical pH measurement. Two distinct sets of experimental
apparatus were developed and employed for these experiments. One is designed for
conducting experiments at room temperature, and the other specifically tailored for
high-temperature and high-pressure conditions. An in-depth analysis for the
assessment of sensor performance through the evaluation of sensitivity,
reproducibility, and repeatability is also provided.

3.3.1 System for room temperature

The experimental setup employed in this study is shown in Figure 3.32, representing
the connections and components involved in the experiments. The configuration
consists of the interconnection of three sections of optical fibres, one with the light
source, and another with the detector, while the middle section of the optical fibre
was designated as the sensor, as mentioned earlier (section 3.2.4.3). The equipment
used consisted of a detector, specifically the USB 4000 model from Ocean Optics,
which facilitated the recording of light intensity. The light source operated at a
voltage of 6.5 V, and an integration time of 5 ms was determined to be the optimal
setting for conducting the experiments. Spectrasuit software was utilised to record
light intensity across different wavelengths, while Logger lite software was used to

record the pH of the solution using a potentiometric pH probe.

Prior to commencing the experiment, a bare optical fibore was employed as the
reference, enabling the recording of the signal transmitted when 100% light was
incident on the system. For comparison, a potentiometric pH meter was included in
the setup to monitor and record the pH of the solution. This step was taken to verify
and compare the optical pH measurement with the potentiometric pH measurement

method.
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Figure 3.32: The schematic diagram showing all the connections and parts of the

coated optical fibre.

The apparatus constructed to measure the pH of different solutions using the coated
optical fibre was set up as shown in Figure 3.33. Due to the fragility of the optical
fibre, it was placed within a plastic tube, which protected it from shock. The plastic
tube was obtained by slicing the tubing into two halves at the middle. The optical
fibore was then inserted in the tube such that the coated region of the fibre was
exposed to the solution, which enabled it to remain in direct contact with the test
solution. The arrangement of the coated optical fibre together with the plastic tube is

shown in Figure 3.33 (a).

Then the coated optical fibre was placed in a liquid reservoir with a magnetic stirrer,
which provided agitation to ensure a homogeneous solution. The connection
between the AgNp/silica coated optical fibre, the detector, and the light source was
established, with the coated optical fibre positioned in the middle section, as earlier
described in section 3.2.4.3. A potentiometric pH probe was also placed within the
solution to monitor and record the pH of the solution using the conventional method
for reference and also to determine the corresponding light attenuation and pH
changes, as shown in Figure 3.33 (b). The AgNp/silica coated optical fibre and the
glass container were covered using a box to protect the entire apparatus from
ambient light. This experimental procedure involved changing the pH gradually by

the addition of either an acid or an alkali to deionised water (pH 6.3) via a dropper,
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thereby enabling the alteration of the solution's pH within the range of 3 to 11 and

recording the measurement by the potentiometric and optical methods.

UV-Vis spectrophotomer  The tube containing
(placed inside the box) sensor optical fibre

Lightsource
(placed
inside the
box

Figure 3.33: Images showing connections of the coated optical fibre (a) The coated
optical fibre placed inside the plastic tube (b) The coated optical fibre with the tube
was connected with the UV-Vis spectrophotometer and a light source in a liquid

reservoir.

3.3.1.1 Procedure for the experiment

In order to provide a comprehensive overview of the processes involved in this
study, it is essential to begin with the establishment of a clear day-counting system.
Day 1 marks the initiation of the procedures, followed by a sequential count of
subsequent days. On the first day, the preparation of the AgNp/silica composite
solution commenced, taking into consideration that the gel would be ready after 2
days, necessitating lab access on day 3 and 4. The solution was prepared and then
placed on a hot plate to maintain a temperature of 35°C for 2 days, with detailed

procedures outlined in section 3.1.3.2.
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Moving to day 2, the process of optical fibre preparation was initiated. Three optical
fibores were extracted from the optical fibre bundle, prepared for connection, and
underwent the termination process, as elaborated in section 3.2.3. After successfully
completing the termination process, the optical fibres were connected to a light
source and detector to ensure their readiness for use. Subsequently, the diameter of
the optical fibore was measured using an optical microscope. This was followed by
the commencement of the optical fibre etching process, aiming to remove the outer
layer and cladding until reaching a diameter of 104 + 1 um, with detailed procedures
provided in section 3.2.5.1. The diameter of the core was also measured using the
optical microscope.

The morning of day 3 marked the readiness of both the AgNp/silica composite gel
and the etched optical fibre. The etched optical fibres were then coated using the dip
coating method, followed by a heat treatment process as described in section 3.2.6.
The heat treatment was initiated on the morning of day 3 and concluded in the
afternoon. In the afternoon, stock solutions required for the experiment were

prepared in preparation for the following day's experimentation.

On day 4, it was removed of the AgNp/silica-coated optical fibres from the oven,
followed by the measurement of their coated diameters using the optical microscope.
These coated optical fibores were connected to the light source and detector, as
outlined in section 3.3.1. The optical fibres were securely placed inside a glass
container, which was then partially filled with deionised water. This container was
positioned on a magnetic stirrer to ensure a homogeneous solution while adjusting
the solution's pH. Subsequently, the recording of light intensity commenced, and
experimentation with varying solution pH levels was initiated, with corresponding
light intensity readings documented. For every pH value within the solution, it was
recorded the intensity of light for three times, and the average intensity of light was
calculated. Initially, a pH sensor calibration was performed by recording light
intensity values for solutions with pH levels of 3, 5, 7, 9, and 11. Subsequently,
following the calibration curve establishment, the acquired light intensity data from
the experimental measurements could be translated into pH values within the

solution.
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3.3.2 System and apparatus for higher temperatures and pressures

The evaluation of the stability of the coated optical fibre under conditions of high
pressure and high temperature lacks an established standard apparatus. To address
this, a pressure vessel with model number XX6700P01 (depicted in Figure 3.34) was
selected for use in the experiment. The pressure vessel is manufactured by Millipore
Corporation. The details of this pressure vessel's specification can be found in
Appendix C. It has a capacity of 3.8 litres (1 gallon), and it is specifically designed
for high-temperature and high-pressure tests. This pressure vessel is mainly used to
dispense fluids under pressure and is capable of maintaining high pressure within
the reservoir. Constructed from 316 stainless steel, the pressure vessel
demonstrates compatibility with both acidic and basic substances. The vessel's
maximum gauge pressure capacity is 6.9 bar; however, in consideration of safety

precautions, the experiments were limited to a maximum gauge pressure of 5 bar.

r‘"— Port 2

A (F=5e
o N Qh Port 3
Safety valve — g =2 or

Figure 3.34: The image of the pressure vessel (model number XX6700P01, capacity
of 3.8 lit, manufactured by Millipore Corporation).

The pressure vessel required several modifications to facilitate high-temperature and
high-pressure experiments. The vessel had a limited number of ports, as depicted in
Figure 3.34, necessitating customisation for the experimental requirements. A safety
valve was incorporated to ensure maintenance of the maximum gauge pressure.
Port 1 and Port 2 were the adapted to serve as the inlet and outlet for the optical
fibre, respectively, as illustrated in Figure 3.35 (a). Union fittings were employed to
replace the original fittings on both ports (Port 1 and Port 2) of the pressure vessel.
At the lower section of the union fitting, a push-in fitting was added, as depicted in

Figure 3.35 (a), to securely hold the tube where the middle section of the optical fibre
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would be positioned. To ensure a reliable seal for the pressure vessel, a piece of
polytetrafluoroethylene (PTFE) material was precisely machined to fit with the union
fitting. Subsequently, a bore with a diameter of @250 um was created at the centre of
the PTFE component, serving as an aperture for inserting the optical fibre. Finally, a
nut fitting was employed to establish a secure connection, completing the
configuration, as depicted in Figure 3.35 (a).

PTFE with bore P Push in fitting
Nut fitting Union fitting

The optical fibre is inserted
through the fitting

The tube
containing optical
fibre pH sensoris
placed inside
pressure vessel

b)

Lightsource
(placed inside the box

UV-Vis spectrophotomer

(placed inside the box) ST terminator PIEESOIS

sensor

Figure 3.35: Images showing the connections for measurement of pH at high
pressure and high temperature (a) Using different fittings of the pressure vessel (b)
using a plastic tube and fittings (c) The complete setup.
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The assembly involved the utilisation of a sliced tube (similar to that described in
section 3.3.1) composed of polytetrafluoroethylene (PTFE). Considering the delicate
nature of the optical fibre, it was initially enclosed within a protective tube to
safeguard it against stress and shocks in high-pressure experiments. As mentioned,
the optical fibre was inserted into the tube, ensuring that the AgNp/silica coated
section remained exposed to the solution, thereby enabling direct contact between

the optical fibre and the test solution.

Next, one end of the coated optical fibore was carefully threaded through the union
fitting in conjunction with the push-in fitting, as depicted in Figure 3.35 (b),
subsequently passing through the PTFE component and ultimately securing it within
the nut fitting. The same procedure was followed for the other end of the AgNp/silica
coated optical fibre, ensuring insertion into all the fittings of the other port, as
illustrated in Figure 3.35 (b). The assembled optical fibre system was then cautiously
positioned within the pressure vessel, with port 1 and port 2 designated for the
insertion of the optical fibre. To prevent any potential leakage, all threaded areas

were tightly sealed using PTFE tape.

The utilisation of Port 3 was reserved for the connection of a pressure sensor,
serving the crucial purpose of gauge pressure measurement within the pressure
vessel. A pressure sensor of model GS4200-USB, manufactured by ESI
Technologies, was procured for this specific measurement task. Notably, this
pressure sensor is engineered to operate within the pressure range of 0 to 16 bar
(with an accuracy of <0.15%), encompassing the desired experimental conditions. In
order to establish the necessary data acquisition setup, the pressure sensor was
connected to a computer through a dedicated sensor interface ESI-USBO, as
provided by the manufacturer. This interface facilitated seamless communication
between the pressure sensor and the computer, enabling the acquisition and

subsequent analysis of gauge pressure measurements.

After securely tightening the union fittings, ST terminators were affixed to both ends
of the coated optical fibre. These terminators served the purpose of connecting the
optical fibre to the light source and detector, as described in the earlier section
dedicated for the completion of the connection (Section 3.2.4.3). Subsequently, a
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total of 2.5 litres of the designated test solution was carefully introduced into the
pressure vessel. Following this, the lid of the vessel was securely closed, ensuring a
sealed environment for the experiment. The experimental setup for high-pressure
and high-temperature measurements can be observed in Figure 3.36, depicting a

schematic diagram illustrating the configuration of the apparatus.

Pressure sensor

ST-ST adaptor
@2.5mm ferrule

ST @10mm ferrule

Detector ~ PTFE J Push in fitting Light source
Union fitting —PTFE tube
1 Optical fibre
Solution —E=—————-——— Pressure vessel
o O
Hoft plate
0 core WM Cladding ~ [] AgNp/Silica coating

Figure 3.36: The schematic diagram of the experimental setup for the measurement

of pH at high temperature and high pressure.

The pressure vessel was heated using a hot plate. When the solution was heated,
the pressure inside the vessel was measured using a pressure sensor. The pressure
sensor measures the pressure inside the vessel. Prior to heating, the pressure
sensor was reset to zero, corresponding to gauge pressure. The pressure sensor
was reset to 0 bar under ambient conditions, characterized by a room temperature of
25 °C or 298 K. Throughout all experimental procedures, a consistent reference
point for pressure measurement was maintained, with O gauge pressure established
as the baseline, reflective of the ambient pressure at 25 °C. Subsequent
computations and data analyses were based exclusively on gauge pressure
considerations. Thus, the reported pressure values herein specifically pertain to the
gauge pressure within the vessel under investigation. However, a hotplate was
utilized to heat the pressure vessel, which was challenging to maintain a uniform
heating rate across all trials. A specific temperature setting was employed on the
hotplate to raise the pressure vessel temperature to achieve a desired target gauge

pressure (such as 1 bar, 2 bar, or 5 bar, among others). Once the target pressure

128



was attained, it was sustained for a duration of 30 minutes to ensure stability, after

which natural cooling was allowed to return the system to ambient temperature.

In the realm of thermodynamics, the phase rule expresses a pivotal principle
governing the equilibrium states within systems characterized by pressure (P),
volume (V), and temperature (T), commonly referred to as "PVT" systems.
Understanding the foundational principles of steam tables is crucial for
comprehending their utility. The term "steam tables" denotes compilations detailing
the properties of saturated steam, including vital information such as temperature-
pressure correlations. An illustrative excerpt from these tables is presented below
[202—-204]:

Table 3.2: Pressure-Temperature data for saturated steam [202—204]

Temperature (°C) Pressure (Bar)
20 0.02337
50 0.1233
100 1.01325
120.2 2.0
151.8 5.0
179.9 10.0

Saturated steam delineates a phase equilibrium scenario wherein equilibrium occurs

within the process as shown in equation 3.7:

H20 (liquid) = H20 (steam) (3.7)

During saturation, the aforementioned forward and reverse processes occur at equal
rates [204,205]. Each temperature-pressure pair denoted above serves as a
specification of saturated steam with respect to intensive variables. This inference
derives from the Gibbs Phase Rule, a comprehensive exposition of which is
available elsewhere. In the context of a generic system potentially comprising
multiple chemical species across various phases, the count of independent variables

may deviate from two [203—-205]. For a system constituted of C components (distinct
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chemical entities) and P phases, the number of independent variables denoted as F,
is explicated by the Gibbs Phase Rule [204,205] as shown in equation 3.8:

F=C-P+2 (3.8)

Here, F signifies the number of degrees of freedom, i.e., the count of intensive
variables that can be altered independently without affecting the phase count; P
represents the number of phases; C conveys the count of components, synonymous

with the number of unique chemical constituents.

The derivation of the Gibbs Phase Rule proceeds from the phenomenon of
thermodynamic equilibrium among distinct phases, resulting in a reduction in the
count of independent variables under such conditions. To elaborate, the equivalence
of chemical potentials between two phases in equilibrium diminishes the count of
independent variables by one for each equivalence. For instance, the chemical
potentials of liquid and vapour are contingent upon both temperature (T) and
pressure (P). However, when these phases attain equilibrium, their chemical
potentials equate. If either pressure or temperature remains fixed, the other variable
is unequivocally determined by this equivalence. When a liquid coexists in
equilibrium with its vapour at a designated pressure, the temperature is stated by the
equated chemical potentials and is denoted as the temperature. Similarly, at a given
temperature, the vapour pressure is uniquely ascertained by the same equivalence

relation.

In the context of the steam/water equilibrium system, C=1 (solely comprising H20)
and P=2 (liquid and vapour phases). Consequently, applying the equation 3.8:

F=12+2=1

Evidently, a solitary degree of freedom ensues, thereby signifying that upon
specifying one intensive factor, all others are inherently predetermined. Thus, in
referencing saturated steam at 179.9 °C, the temperature is fixed, thereby
consuming the sole degree of freedom, and the pressure is inherently fixed at 10

bar.
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Therefore, the acquisition of temperature data during High-Temperature High-
Pressure (HTHP) experiments utilizing optical fibre proved unfeasible, while
recording pressure remained possible using the pressure sensor. In accordance with
the Gibbs Phase Rule, the singular recording of pressure suffices, given the
existence of established correlations between pressure and temperature derived
from standard steam tables. Additionally, a distinct series of experiments was
conducted with the specific objective of calibrating both pressure and temperature
measurements within the experimental vessel. This is similar to the concept of
generating a “steam table”, which in case would be a variety of chemicals dissolved
in water. The vessel was set up as shown in Figure 3.37. All the fittings were
prepared using the PTFE material in the CPE workshop to fit the thermocouple
inside the pressure vessel. The thermocouple was connected to the computer
through a Pico logger to record the inside temperature of the pressure vessel during
the experiments. A calibration curve was constructed to convert the gauge pressure
up to 5 bar to the corresponding temperature. The calibration curve was plotted for

DI water, pH 5 using phosphoric acid and pH 9 using sodium hydroxide.

Several experiments were performed, which involved recording the intensity of light
at the gauge pressure of 1 bar, 2 bar and 5 bar to observe the stability of the coating
during the heating cycle. For each experiment, at first the hot plate temperature was
increased. The gauge pressure of the vessel was increased when the temperature of
the hot plate was increased due to the vaporisation of some of the fluid. The
pressure and intensity of light were then recorded. After each experiment, the hot
plate was turned off and allowed to cool. The intensity of light during the cooling
cycle was also recorded. In addition, an optical microscope was used to measure the
diameter of the optical fibore before and after the experiments to assess any

dissolution of the coating due to the HTHP environment.
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Figure 3.37: Images showing the connections for the calibration of pressure and

temperature.

3.3.2.1 Procedure for the experiment

The preparation procedure for the AgNp/silica-coated optical fibre up to day 3 closely
follows the description provided in section 3.3.1.1. However, on day 4, the
experimental setup differed as it involved specialised apparatus for high-temperature
and high-pressure (HTHP) environments. On this day, the AgNp/silica-coated optical
fibres were removed from the oven, and their coated diameters were measured
using an optical microscope. Subsequently, these coated optical fibres were

connected to the light source and detector, as previously outlined.

To create the HTHP environment, the optical fibres were securely placed inside a
pressure vessel, which was then filled with the test solution necessary for the
experiment. The connection and fittings of the pressure vessel, including the optical
fibre, were completed. The pressure vessel was positioned on a hot plate, and a
pressure sensor was attached, initially reset to zero under ambient conditions. The
intensity of light was recorded at a gauge pressure of 0. Notably, the intensity of light
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was recorded three times for each data point, and the average intensity of light was
used for subsequent calculations.

Following this initial recording, the pressure vessel was sealed with a lid. The hot
plate was then turned on to raise the temperature within the vessel, and the intensity
of light was continuously monitored and recorded as the gauge pressure increased.
Once the desired gauge pressure was reached, it was maintained for half an hour to
ensure stability. The hot plate was then turned off to allow the vessel to cool, and the
intensity of light during the cooling cycle was recorded. This process involved
multiple cycles of heating and cooling without opening the lid or disconnecting the
optical fibres, demonstrating its reproducibility and repeatability. Furthermore, the
entire experiment was repeated to confirm the consistency of the results.

3.3.3 Durability of the pH sensor

The durability and stability of the sensor in acidic and basic conditions are presented
here. These experiments are grouped into two sections: the first involves
measurements at room temperature, while the other section involves measurements
at higher temperatures and pressures. These measurements are aimed at providing
a comprehensive understanding of the sensor's chemical stability under varying
conditions and environmental factors. The results obtained will provide valuable
insights into the sensor's performance and reliability when exposed to different

chemical substances.

3.3.3.1 Sensor at room temperature

It is essential to check the stability and performance of the optical fibre pH sensor in
different chemical conditions. The experiments were conducted using 3 different
acids and with sodium hydroxide solution as an alkali, as shown in Table 3.3. Firstly,
fresh solutions of 500 ml of 0.01 M acid and the base were prepared separately. The
acid and base were added using a pipette to control the pH of the solution for each

experiment.
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Table 3.3: Chemical solutions used for pH measurement using the coated optical
fibre

Experiment no Acid Base
1 Phosphoric acid (HsPOa4) Sodium hydroxide (NaOH)
2 Sulfuric acid (H2SO4) Sodium hydroxide (NaOH)
3 Hydrochloric acid (HCI) Sodium hydroxide (NaOH)

For each experiment, the intensity of light at the wavelength of 300-1000 nm at
different pH of 3,5,7,9 was recorded. Afterwards, the intensity of light at the
wavelength of 800 nm for pH 3,5,7,9,11 respectively was extracted and plotted as a
best fitted curve to obtain the optical pH calibration curve.

3.3.3.2 Sensor at higher temperatures and higher pressures

The stability of the coated sensor was also assessed at higher temperatures and
higher pressure in different chemical conditions, as presented in Table 3.4. The first
experiment was carried out in deionised water at different gauge pressures up to 5
bar to assess if there was any coating dissolution. Then, it was explored in an acidic
solution of pH 5 prepared using phosphoric acid and then in an alkaline solution of
pH 9 prepared using sodium hydroxide. Finally, the AgNp/silica coated optical fibre
was checked in artificial seawater. The preparation of artificial seawater was carried
out using ASTM standard (ASTM D 1141-98). This involved 0.613 M of NaCl, 54.65
mM of MgCl2.6H20, and 28.82 mM of Nax2SO4 were added to deionised water to

prepare the artificial seawater.

Table 3.4: List of chemicals for the experiments at high pressure and high

temperatures
Experiment number Solution
1 Using deionised water (pH 5.8)
2 pH 5 using phosphoric acid (HsPOa)
3 pH 9 using sodium hydroxide (NaOH)
4 Using artificial seawater
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3.4 Challenges associated with experimental arrangement

This study encountered certain challenges that are imperative for discussion in order
to provide guidance for future designs of coated optical fibres intended for similar
applications. Several difficulties were encountered during the experiments, which, if
not adequately addressed, could have a substantial adverse impact on the sensitivity
of the optical response of the AgNp/silica coated optical fibre. The two primary
challenges identified include the ingress of ambient light through the light source and
the presence of dust particles on the optical fibre. These challenges are discussed in
detail below, outlining their potential implications and the importance of mitigation

strategies for reliable experimental outcomes.

3.4.1 Interaction of ambient light with the system

The light source used in this experiment had built-in perforations (presumably for
colling), as illustrated in Figure 3.38, which allowed ambient light to infiltrate the
system. To ensure the integrity of the experimental setup and enhance the sensitivity
of the sensor, a protective enclosure in the form of a box was employed. This
enclosure served a dual purpose: shielding the light source from any potential
influence of ambient light and creating a darkened environment conducive to optimal
sensor sensitivity. This precautionary measure was deemed necessary due to the
presence of ambient light, which comprises a range of wavelengths that could

introduce interference and compromise the experimental outcomes.

The ambient light could enter through these holes

Figure 3.38: Images showing the connection of the coated optical fibre to the light
source (a) The light source is connected to the power supply (b) A box used to

protect the light source from ambient light.
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To provide empirical evidence of the presence of ambient light passing through the
light source, an experimental procedure was conducted following the completion of
the three sections of the optical fibre, as outlined in section 3.2.4.3. The objective
was to record the intensity of light detected when no light was transmitted to the
system (0% light transmission). Spectral measurements were captured both before
and after covering the light source with a box. The obtained spectra depicted
variations in the intensity of light, with the uncovered light source revealing the
presence of four distinct peaks, as illustrated in Figure 3.39. Conversely, when the
light source was covered, all the observed peaks were no longer observed. This
experimental evidence underscores the necessity of addressing the ingress of

ambient light to ensure accurate and reliable measurements within the system.
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Figure 3.39: The spectra showing peaks indicating the presence of ambient light that
entered through the light source.

3.4.2 Dust in the optical fibre

The connections of the optical fibore were divided into three sections, with
interconnection facilitated through an ST-ST adapter. During the experimental

procedures, it became apparent that the presence of dust within the optical fibre
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connection could lead to fluctuating signals. The presence of dust particles on the
optical fibre surface partially obstructed the passage of light, resulting in a reduction

in signal intensity, as illustrated in Figure 3.40 (a).
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Figure 3.40: The spectra showing 100 % light transmitted through the system under
different sanitary conditions (a) the presence of dust on the optical fibre causing the
variation in signal that causes the error, (b) after cleaning the optical fibre showing a
reproducible signal.

Notably, it was observed that even when employing the same experimental settings
and optical fibre, signal variations were observed from day to day due to the
presence of dust particles on the optical fibre. However, it was discovered that prior

cleaning of the ends of optical fibres using the acetone before each experiment
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significantly improved the signal quality, rendering it more reproducible on a day-to-
day basis, as depicted in Figure 3.40 (b). This finding emphasises the importance of
mitigating the impact of dust particles by implementing regular cleaning procedures

for the optical fibres, thereby ensuring consistent and reliable signal measurements.

In order to mitigate the aforementioned issue, it was important to adopt certain
measures. For example, prior to the onset of experiments, it was necessary to
disassemble both the adaptor and terminator components, followed by thorough
cleaning using lint-free wipes. This cleaning process ensured the removal of any
dust or contaminants that could compromise the integrity of the optical fibre
connection. Furthermore, upon completing the experiment, it was crucial to protect
the terminator by securely covering it with the provided cap, as depicted in Figure
3.41. This preventive measure effectively shielded the terminator from the
accumulation of dust particles, thereby maintaining the cleanliness of the optical fibre
assembly. By adhering to these practices, the adverse impact of dust contamination

on the experimental setup was effectively minimised.

Figure 3.41: a) The ST terminators and adapters without cover, and (b) The ST

terminators and adapters with cover.
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3.5 Summary of experimental protocol

In this section, a brief recap is provided for the experimental protocol conducted at
both room temperature and under high temperature and high pressure (HTHP)
conditions. While the optical pH sensor successfully measured pH at room
temperature, it encountered stability issues preventing pH measurement in HTHP

environments.

3.5.1 Summary of pH Measurement at room temperature

The procedures for measuring pH at room temperature using the AgNp/Silica coated

optical fibre are outlined below.

e Preparation of an AgNp/silica coated optical fibre.

e Preparation of the test solution for adjusting the solution's pH.

e Take a plastic tube and cut it into half at the midpoint of the coated optical
fibre section, thereby exposing the coating.

e Gently place the plastic tube containing the AgNp/silica coated optical fibre
onto a glass container where the experiments will be conducted. This glass
container should be equipped with a magnetic stirrer, ensuring the mixing of
the solution.

e Switch on the detector and light source. Establish a connection with a
standard optical fibre (an optical fibre with cladding and coating) used as a
reference. Record the lioo (with the shutter in the open position, allowing full
light transmission through the system, considered as the full beam) and lo
(with the shutter in the closed position, preventing light transmission through
the system, considered as system noise).

e Replace the AgNp/silica coated optical fibre with the reference optical fibre
and establish connections with the light source and detector.

e Carefully fill the glass container halfway, ensuring that the coated optical fibre
is submerged in the water.

e Introduce a calibrated potentiometric pH probe into the solution to validate the

optical pH measurements against potentiometric pH measurements.
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e Cover both the light source and the glass container, along with the coated
optical fibre, using two separate boxes to minimise the presence of ambient
light in the system.

e Use a pipette to add acid or base solution drop by drop to alter the solution's
pH. After each addition, wait for 30 to 60 seconds to stabilise the pH readings
and light intensity. Record the light intensity corresponding to each pH value
of the solution.

e Record the light intensity for pH values of 3, 5, 7, 9, and 11, subtracting 10
from each recorded intensity.

e Initiate the experiment by recording the light intensity three times for a specific
solution.

e Lastly, construct a calibration curve to determine the optical pH for various
chemical conditions. With this experimental setup, it is possible to measure
the light intensity for an unknown pH solution and calculate its pH using the
calibration curve.

e In order to ensure experimental reliability, each experiment was conducted
thrice for any experiment, and the average value is presented in the results
section. This provided the basis of variation for any measurement.

e Additionally, three optical fibres were prepared concurrently to assess the
reproducibility within a batch. Sensitivity analysis was further conducted to

evaluate variations across batch production.

3.5.2 Summary of stability test of the coating at higher temperature and higher

pressure

The experimental procedure for the HTHP experimental apparatus involved several
steps. First, pressure readings of the vessel were recorded using the HTHP
apparatus. Subsequently, separate experiments were conducted to establish a
correlation between pressure and temperature, which resulted in the creation of a
calibration curve. This curve allowed for the conversion of gauge pressure to

temperature.

Here's a refined version of the procedure:
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Prepare the AgNp/silica coated optical fibre.

Prepare test solutions to adjust the pH of the solution.

Insert the coated optical fibre into a plastic tube, cutting the tube in half in the
middle section to expose the coating.

Carefully place the plastic tube containing the AgNp/silica coated optical fibre
inside the pressure vessel where experiments will be conducted.

Switch on the detector and light source. Establish connections with a bare
optical fibre (with cladding and coating) as the reference optical fibre. Record
the intensity with the shutter on (lioo, representing full beam) and with the
shutter off (lo, indicating system noise).

Replace the AgNp/silica coated optical fibre with the reference optical fibre,
ensuring proper connections with the light source and detector.

Carefully fill the pressure vessel with the solution, ensuring that the coated
optical fibre is immersed in the water.

Reset the pressure sensor to zero before commencing the experiments; all
pressure readings are recorded as gauge pressure.

Position the pressure vessel on the hot plate, but do not initiate heating yet.
Complete the high-pressure fittings to secure the optical fibre in place, and
then close the lid of the pressure vessel.

Cover the light source with a box to minimise ambient light interference in the
system.

Begin the experiment by recording the intensity of light three times for each
data point.

Start heating on the hotplate and record the intensity of light corresponding to
the gauge pressure. Subtract 10 from all recorded light intensities.

Maintain the system at the desired gauge pressure for 30 minutes to stabilise
the system; this constitutes the heating cycle.

The heating and cooling cycle should be repeated more than once as it
necessitates multiple cycles.

At the end of the experiment, turn off the hot plate to allow the pressure
vessel to cool down. Record the intensity of light and the corresponding
pressure of the vessel. This cooling cycle concludes the experiments in the

high-pressure and high-temperature system.
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CHAPTER 4 Results: Optical Properties of Materials and Sensor
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CHAPTER 4

Results: Optical Properties of Materials and Sensor Systems

This chapter presents the results of the colloidal silver nanoparticles (AgNp),
including the effects of various parameters such as the type of reducing agent,
reaction time, and temperature. While some of the rationales for carrying out these
experiments are presented in Chapter 3, the results needed much more detailed
discussion to clarify the optimised methods and the behaviour of the optical sensor in
the forthcoming chapters. Also, the stability of colloidal silver nanoparticles obtained
from different synthetic routes is assessed and discussed. The chapter covers the
outcome of embedding silver nanoparticles in silica and the application of the
composite gel on a glass slide and optical fibre to form a coating. In addition, the
chapter also addresses the effect of key parameters such as gelation time, reaction
temperature, and the number of dip coatings, which significantly impact the quality of
the fabricated coating for the optical fibre sensor.

Furthermore, the stability of colloidal silver nanoparticles obtained via different
synthetic pathways is assessed and subsequently discussed. This assessment
involves a thorough investigation into the outcome of embedding silver nanoparticles
within a silica matrix. The application of this composite gel onto a glass slide and
optical fibre is also developed upon, as it forms the basis for creating a protective
coating. The chapter will also address the influence of critical parameters, such as
gelation time, reaction temperature, and the number of dip coatings, all of which
significantly affect the quality and performance of the fabricated coating tailored for
the optical fibre sensor.

A pivotal feature explored within this chapter pertains to the durability of the coating,
specifically its adhesion to the glass slide. This adhesion process is a crucial step in
the fabrication of the optical sensor, and thus, its thorough analysis and discussion
are paramount. Subsequently, the chapter proceeds to analyse the resulting coating
through advanced characterisation techniques, including scanning electron
microscopy (SEM), energy dispersive X-ray analysis (EDX), and optical microscopy.

These findings are then compared against the results obtained in this study with
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relevant literature, allowing for a comprehensive assessment of coating

characteristics and performance.

These in-depth analyses and characterisations play a pivotal role in offering
solutions to the challenges associated with the sensor's functionality and stability,
particularly when subjected to the harsh conditions of elevated temperatures and
pressures commonly encountered within the confines of oil wells. Consequently, the
findings within this chapter lay the foundation for addressing critical issues and
optimizing the performance of the optical sensor, ensuring its reliability in demanding

operational environments.

4.1 Optical properties of colloidal silver nanoparticles and their stability

This section presents the full set of results showing the formation of colloidal silver
nanoparticles using different reducing agents, such as sodium borohydride and
trisodium citrate. Also, the effect of various parameters, such as temperature and
reaction time, which influence the formation of silver nanoparticles and the estimated
particle size and the stability of silver nanoparticles in solution are discussed. To
ensure clarity, the results are organised into three sections based on the chemicals
employed. The first section presents the results obtained when sodium borohydride
was used as the reducing agent. The second section presents the findings when
trisodium citrate was used as the reducing agent. The third section covers the results
obtained when sodium borohydride and trisodium citrate were used in the same
solution. In this case, sodium borohydride functions as the reducing agent, while

trisodium citrate serves as the stabiliser.

The primary objective of this set of experiments was to synthesise stable silver
nanoparticles since colloidal silver nanoparticles have been reported to be quite
unstable due to enhanced aggregation during synthesis [93,122,206]. This was a
challenging issue, especially when it involved embedding metal nanoparticles within
a silica matrix whilst maintaining their functionality and structure. Nevertheless,
various strategies were explored to enhance stability, including an assessment of the

effect of temperature on gelation time and the effect of different reducing agents.
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4.1.1 Optical properties of colloidal silver nanoparticles using sodium

borohydride as the reducing agent

The formation of AgNp, as represented by the chemical equation 4.1, while the
images of the synthesised colloidal solutions at different reaction times are shown in

Figure 4.1.

AgNOs + NaBH4 — Ag + 72 H2 + %2 B2Hes + NaNO3 (4.2)

e) f) 9)

Figure 4.1: Image showing the formation of the colour of different intensities
indicating the formation of colloidal silver nanoparticles at different reaction times for
1 mM AgNOs: 2 mM NaBHa4: a) 1 min, b) 3 mins, ¢) 5 mins, d) 8 mins, €) 10 mins, f)
12 mins, g) 50 mins.

The results shown in Figure 4.1 indicate an increase in the intensity of the yellow
colour as the reaction time increased. The formation of a yellow colour is an
indication of the presence of silver nanoparticles in the solution [122,206—208]. In
this study, the increase in the intensity of the yellow colour with reaction time could
be attributed to the increased amount of silver nanoparticles with time. From the
result, it suffices to assume that the efficacy of the reduction of silver nitrate using
sodium borohydride is enhanced when sufficient time is allowed for the complete

conversion of the starting material (silver nitrate) to silver nanopatrticles.

The presence of silver nanoparticles in the solution was confirmed by the
characteristic extinction of light around 400 nm, as has been stated in the literature
[91,120-122,209,210]. The intensity of the yellow colour becomes more pronounced
as the reaction time increases due to the increase in their concentration. As shown in
Figure 4.1, cuvettes subjected to a reaction time of at least 10 minutes exhibited a
more distinct yellow colouration compared to those with reaction times below this

threshold. Furthermore, an extension of the reaction time to 50 minutes was
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examined to study the stability of the colloidal solution. It was found that even after
50 minutes, the yellow colour remained unchanged, which was characterised by UV-
Vis extinction spectra. This suggests that the colloidal solution of silver nanopatrticles

was stable.

The UV-Vis extinction characteristics of the colloidal silver nanoparticles are shown
in Figure 4.2. An extinction peak is observed around 400 nm for all reaction times
ranging from 1 min to 50 mins [91,211,212]. This is caused by the electrons of metal
nanoparticles moving in sync with the light wave, which explains the observed
extinction peak around 400 nm [122,206—208]. Figure 4.2 shows a Gaussian line
fitting of the extinction curve, which was carried out to obtain more insight into the
extinction characteristics. The extinction spectra showed an extinction peak of
around 400 nm for all the samples recorded from 1 to 50 minutes, which is
characteristic of the presence of silver nanoparticles [122,207,208,212]. The
absorbance is observed to increase with reaction time, which indicates the increased

amount of silver nanoparticles in the solution.
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Figure 4.2: UV-Vis extinction spectra with Gaussian line fitting at different reaction
times for the solution of 1ImM AgNOs: 2mM NaBHa.
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Silver nanoparticles exhibit localised surface plasmon resonance (LSPR) properties,
characterised by their ability to absorb energy at a specific wavelength of light,
resulting in an extinction peak. Ideally, silver nanoparticles are known to exhibit an
extinction peak at approximately 400 nm [91,120-122,209,210,213,214]. However,
it's important to note that the exact wavelength of this extinction peak can vary
depending on the size and shape of the nanoparticles [122,207]. In a study by
Solomon et al. [122], silver nanoparticles were synthesized using a chemical
reduction pathway that employed sodium borohydride as the reducing agent, a
method similar to the one used in our current study. Their findings indicated that the
absorbance peak should occur around 400 nm, with the full width at half maximum
(FWHM) ranging from 50 nm to 70 nm after a reaction time of 3 minutes. In this
present study, a similar extinction peak position was observed, further supporting the

consistent behaviour of silver nanopatrticles in terms of their LSPR properties.

The full width at half maximum (FWHM) is the width of a spectrum at half of its
maximum amplitude [215,216]. This is an important parameter that gives an idea of
the size distribution of nanoparticles present in the solution. A narrow value of
FWHM implies a narrow size distribution of nanoparticles in solution [207,208].
Higher values of FWHM reflect an increase in the polydispersity of AgNps
[207,217,218]. This could be caused by variations in the nucleation process and the
nanoparticles' growth rate during synthesis. Initially, the FWHM value of 99 nm was
observed after just a minute of reaction time, as shown in Table 4.1. The FWHM
value was observed to be 99 nm after 1 min of reaction time, this was observed to
reduce to 80 nm after 8 minutes. This decrease in FWHM value is observed to
continue for 10 minutes when a relatively stable value of 55 to 52 nm was observed
from 10 to 50 minutes of reaction time. This decrease in the value of FWHM as the
reaction time increased is indicative of the narrower size distribution. On the other
hand, a decrease in FWHM with respect to reaction time indicates a decrease in the
size distribution of silver nanoparticles in the solution. Solomon et al. [122] reported
that a slightly greater FWHM was noted at the 3-minute mark. Notably, the FWHM
values within the range of 50 to 70 nm were achieved after 10 minutes of reaction
time, which is slightly longer than the duration reported in the literature. Our results

are in qualitative agreement with those reported in the literature [122].

147



Table 4.1: Peak wavelength and absorbance values of colloidal silver nanopatrticles
formed from 1mM AgNOs: 2mM NaBHa4 for different reaction times (1-50 minutes)

Reaction time Peak Wavelength Extinction (a.u.) Full width at half
(mins) Amax (NM) maximum, FWHM
(nm)

1 393 0.70 99

3 391 0.61 96

5 390 0.68 90

8 390 0.78 80

10 392 1.90 55

12 392 1.93 53

50 392 1.92 52

Agnihotri et al. [207] reported the relationship between the wavelength of maximum
extinction (Amax) and the size of the silver nanoparticles. As they have used the same
conditions as ours, a relationship is derived and plotted as a line fitting from their
data as shown in the below equation. The extraction procedure is shown in Appendix
D.

Amax—389.77
0.69

Particle size = (4.2)

The present concept of particle size prediction represents an approximate value
which may not necessarily be the actual particle size. This could partly be attributed
to the different methods of preparing standard particle size which has been reported
to vary depending on the method [120-122,210,213,214,219,220]. Using the
equation 4.2, it is possible to predict the size of silver nanoparticles using the
wavelength of the maximum extinction (Amax) oObtained from the UV-Vis
spectrophotometer. In this study, the wavelength of maximum extinction (Amax) is
observed to lie between 390 nm and 393 nm. Using equation 4.2, when Amax is 393
nm, the expected particle size is 4.68 nm. Therefore, the size of silver nanoparticles

in this study is approximately 5 nm.
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In the literature, similar results showing the size of silver nanoparticles within the
range of 5 nm and 30 nm have been reported when sodium borohydride was used
as the reducing agent [122,207,208,221]. Interestingly, Badiah et al. [208] reported
the maximum extinction (Amax) of 399 nm using the same chemical system as
reported in this study. Similarly, Banne et al. [222] and Solomon et al. [122] also
reported the maximum extinction (Amax) of 395 nm and 400 nm respectively, when
sodium borohydride was used as the reducing agent. The difference between the
reported particle size in these two studies could be attributed to either the differences
in the method of measuring the size of nanoparticles such as Transmission Electron
Microscopy (TEM), dynamic light scattering (DLS) or differences in the synthetic
methods. Since the potential application of the AgNp/silica coating as an optical pH
sensor has not yet been thoroughly investigated, and therefore the effective particle
size for this particular application has not yet been established, the main objective of
our study focused on obtaining a stable silver nanoparticle within the coating.

As a next step, therefore, the stability of the colloidal silver nanoparticles was
observed for 24 hours. A colour change occurred from yellow to grey after 6 hours,
and thereafter a dark grey colouration was observed after 24 hours, as shown in
Figure 4.3. The corresponding change in the light extinction properties, as measured
using a UV-Vis spectrophotometer, is shown in Figure 4.3. The results indicate a
shift in the peak of maximum extinction (Amax), which would correspond to larger
particles indicative of the growth in the size of silver nanoparticles with time. In

addition, the FWHM becomes wider, indicating an increase in polydispersity.

Furthermore, absorbance at the wavelength shifted towards of 500 nm for the
solutions after 6 and 24 hours (illustrated by the red and blue curves in Figure 4.3).
This suggests the potential formation of transitional chemical species over time,
contributing to absorption characteristics not seen in the UV-Vis spectrum of the
fresh solution (depicted by the black line in Figure 4.3). Silver nitrate (AgNOs3)
possesses light-sensitive properties, rendering it susceptible to photochemical
reactions upon exposure to light [214,223]. This phenomenon induces the
decomposition of the compound. The presence of ambient light may also facilitate

the transition of silver nitrate into other chemical states. Such observations indicate
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the instability of colloidal silver nanoparticles in solution, potentially attributable to
alterations in coloration and UV-Vis spectral features.
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Figure 4.3: UV-Vis extinction spectra and images of colloidal silver nanoparticles

demonstrating stability over a 24-hour period.

In the literature, a similar investigation conducted by Badiah et al. [208] has been
reported. In their research, they synthesized silver nanoparticles employing the same
chemicals, using silver nitrate as the precursor for AgNp and sodium borohydride as
the reducing agent, reflecting the approach employed in this experiment. They
measured the absorbance and monitored the evolving colour of colloidal silver
nanoparticles over a duration of 70 days. In their report, the yellow colour of the
solution was observed to gradually change to grey after 12 hours. This shift in the
peak of maximum extinction (Amax) to higher values could be attributed to the
aggregation of silver nanoparticles, which increased the particle and polydispersity in
the solution. Overall, this set of experiments shows that AgNps of low polydispersity
and 393 nm can only be stable after 50 mins, and the solution degrades thereafter.
Therefore, this AgNp fabrication method may be difficult to use manufacturing optical

Sensors.

150



4.1.2 Optical properties of colloidal silver nanoparticles using trisodium citrate

as the reducing agent

Trisodium citrate is frequently used as a stabiliser as well as a reducing agent. The
reducing ability of trisodium citrate was assessed independently to evaluate its
potential in reducing silver nitrate to silver nanoparticles. Therefore, it would be
interesting to compare the performance of trisodium citrate, which has a dual
function of reducing the metal precursor and stabilising the nanoparticles formed.
The reduction of silver nanoparticles using silver nitrate (AgNO3s) as the source of
silver ions and trisodium citrate (NasCeHsO7) as the reducing agent can be
represented by the chemical equation below [16].

4AgNOs3 + NazCeHs07 + 2H20 — 4Ag° + CsHgO7 + 3NaNOs + H* + O2  (4.3)

Similar to sodium borohydride, the formation of silver nanoparticles using trisodium
citrate as the reducing agent was observed to be influenced by temperature and
reaction time. The effects of different factors, such as temperature and reaction time,
that influence the formation of silver nanoparticles using trisodium citrate are

discussed here.

4.1.2.1 Effect of temperature

The synthesis of silver nanoparticles was explored by utilizing trisodium citrate as a
reducing agent under two different temperatures, specifically at 40°C and 70°C, with
a reaction time of 30 minutes for each condition. The aim of using the two different
temperatures was to determine the effect of this reaction parameter. Further
increase in temperature up to 100 °C has been reported to result in rapid
aggregation due to faster reaction kinetics [224], which makes it quite challenging to
control the growth of the nanoparticles and therefore was not attempted. The colour
change of the solution at the two temperatures is shown in Figure 4.4, while the

extinction spectra are shown in Figure 4.5.
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Figure 4.4: Image showing the colour of silver nanopatrticle using trisodium citrate as

a reducing agent at different reaction temperatures (a) 40 °C and (b) 70 °C.

A significant change in the intensity of the yellow colour of the two solutions was
observed with increasing the reaction temperature. When the reaction temperature
was 40 °C, the colour of the solution was observed to be pale yellow. When the
temperature was increased to 70 °C, the colour of the solution increased to bright
yellow, which was indicative that more silver nanoparticles were formed as the
temperature was increased. Other studies have also noted a significant increase in
the yield of silver nanoparticles as the reaction temperature was increased,
particularly in cases where tri-sodium citrate was employed as the reducing agent
[225]. This may be attributed to faster reaction kinetics associated with increased
temperature, leading to a high yield of the silver nanoparticles in solution. It has been
reported that at room temperature, there is no formation of silver nanoparticles when
trisodium citrate is used as a reducing agent, and the reducing potential seems to be

suppressed at lower temperatures [224,226].

Characterisation of the samples carried out at 40 °C, and 70 °C using a UV-Vis
spectrophotometer showed a higher absorbance of around 400 nm for the sample
carried out at 70 °C compared to the sample carried out at 40 °C as shown in Figure
4.5. This confirms that a higher number of silver nanoparticles is obtained as the
temperature is increased up to 70 °C. The wavelength of maximum extinction peak
(Amax) was observed at 417 nm and 425 nm, respectively for the reaction
temperatures of 40 °C and 70 °C, showing that the particle sizes at the two

temperatures do not differ considerably.
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Figure 4.5: UV-Vis extinction spectra at different reaction temperatures (40 °C and

70 °C)

Table 4.2: The peak wavelength and absorbance values obtained from the UV-Vis

extinction spectra at different reaction temperatures when tri-sodium citrate was

used as the reducing agent for 30 minutes of reaction time.

Reaction Peak Extinction Full width at half Calculated
temperature (°C) | Wavelength Amax (a.u.) maximum, AQNP( r(]1riﬁt)meter
(nm) FWHM (hm)
40 417 0.16 106 3904
70 425 1.46 105 511

Details of the extinction characteristics of the two samples are presented in Table

4.2. When the Amax was at 417 nm, the approximate particle size derived from

equation 4.2 was 39.4 nm. Similarly, when the Amax was 425 nm, the approximate

particle size was 51.1 nm using the same equation. It means that the reaction

temperature at 40 °C yielded a particle size of 39.4 nm, which increased to 51.1 nm

when the temperature was increased to 70 °C. At the reaction temperature of 70 °C,

more silver nanoparticles were formed in the solution as more extinction values were

recorded.
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It was observed that there was no significant change in the FWHM values for
samples carried out at 40 °C and 70 °C, which suggests that there is no significant
change in the size distribution of the nanoparticles. It is likely that high reaction
temperatures greater than 70 °C may promote faster reaction, resulting in a rapid
reduction of silver ions and nanoparticle formation compared to lower temperatures.
For instance, Chaudhary et al. [210] reported that the reduction of silver ions to silver
nanoparticles using trisodium citrate as the reducing agent at room temperature took
14 days to form the silver nanoparticles with a size of 44.0 nm. Also, Mazzonello et
al. [121] reported that when the reaction temperature was increased to 60 °C, the
particle size was 27 nm, which was further increased to 63 nm when the reaction
temperature was increased to 100 °C. In this study, a similar trend to that observed
previously is also noted. The particle size of the silver nanoparticles was found to
increase with the increase in the reaction temperature, which is indicative of

accelerated particle agglomeration leading to the formation of larger particles.

4.1.2.2 Effect of reaction time

In the previous section, we have reported the effect of temperature for a single
reaction time of 30 minutes. It would also be interesting to observe how reaction time
impacts the process at a reaction temperature of 70 °C, especially when tri-sodium
citrate is employed as the reducing agent. Therefore, the effect of different reaction
times ranging from 30 to 60 minutes on the property of colloidal silver nanopatrticles
using trisodium citrate as a reducing agent was carried out at that temperature. The
colour change and the extinction spectra of the samples investigated at different
reaction times are shown in Figure 4.6. and Figure 4.7, respectively.
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(a) (b) (c)
Figure 4.6: Image showing the colour of silver nanoparticle using trisodium citrate as

a reducing agent at different reaction times (a) 30 min, (b) 45 min, and (c) 60 min.

After 30 minutes, the colour of the solution was observed to change to bright yellow,
at 45 minutes the colour of the solution decreased in intensity and turned greyish.
This was clearly visible after 60 minutes, as illustrated in Figure 4.6. One possible
explanation for this is that the silver nanoparticles in the solution are aggregating,
which would mean that the nanoparticles are becoming less stable as the reaction
time was extended since the gradual transformation into a grey colour is an

indication of enhanced aggregation.
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Figure 4.7: UV-Vis extinction spectra of colloidal silver nanoparticle when trisodium
citrate was used as a reducing agent at different reaction times (30 min, 45 min, and
60 min).
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An analysis of the UV-Vis spectra for the solutions, as shown in Table 4.3, indicates
that indeed the peak shifted towards higher wavelengths and the FWHM widened
when reaction time increased. This indicates an increase in particle size as well as
polydispersity as the reaction time is increased. The wavelength of maximum
extinction (Amax) was observed at 426 nm, 476 nm, and 519 nm, respectively for the
reaction time of 30 mins, 45 mins and 60 mins, which was carried out at 70 °C.
When Amax was 426 nm, the approximate particle size was 52.5 nm, as computed
using equation 4.3. Similarly, when Amax was 476 nm and 519 nm, the estimated
particle size was observed to be 125 nm and 187 nm, respectively. Clearly, the
prolonged reaction time promoted nanoparticle growth, which resulted in an increase
in the particle size, which explains why Amax shifted to a higher value. Furthermore,
the increase in FWHM value shows that the prolonged reaction time is encouraging
nanoparticle aggregation, resulting in larger clusters or agglomerates, leading to
greater polydispersity. It is noteworthy that the heating entailed in the synthesis
process is contributory, as elevated temperatures readily exacerbate the
agglomeration phenomenon, thereby potentially precipitating alterations in particle

sizes.

Table 4.3: Peak wavelength and absorbance values of UV-Vis extinction spectra at

different reaction times carried out at 70 °C using trisodium citrate.

Reaction time Peak Extinction Full width at half Calculated
(min) Wavelength Amax (a.u.) maximum, Ang(r(:Irig)m eter
(nm) FWHM (nm)
30 426 1.35 106 52.5
45 476 1.30 155 125
60 519 1.25 171 187

Our results are in agreement with the work of Bastus et al. [227], who showed that
the prolonged reaction time affects the particle size and size distribution, which
reflects on the results of the UV-Vis extinction spectra with evidence of a shift to

higher values. Using a reaction temperature of 70°C for the synthesis of silver
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nanoparticles poses a challenge, as higher temperatures tend to increase the
likelihood of particle aggregation. Consequently, achieving stable colloidal silver
nanoparticles with tri-sodium citrate as the reducing agent may prove to be

challenging.

4.1.3 Optical properties of colloidal silver nanoparticles using sodium

borohydride as the reducing agent and trisodium citrate as a stabiliser

The preceding sections explored the stability of sodium borohydride and trisodium
citrate, where aggregation posed an issue, which meant that these procedures could
not be used for coating optical fibres. For this reason, one used sodium borohydride
was used as a reducing agent, followed by the addition of trisodium citrate to

improve the stability of the silver nanoparticles.

(@) (b)

Figure 4.8: Image showing the colour of colloidal silver nanoparticle using a fixed
concentration of sodium borohydride as a reducing agent (2 mM sodium
borohydride) and different concentrations of trisodium citrate as stabilising agent at
30 mins reaction time (a) 0.5 mM concentration of trisodium citrate (b) 1 mM

concentration of trisodium citrate.

The result showing the change in intensity of the yellow colour of the colloidal
solution of silver nanoparticles using sodium borohydride as a reducing agent and
trisodium citrate as a stabiliser is presented in Figure 4.8, and the corresponding
extinction spectra in Figure 4.9. The intense yellow colouration indicates the
formation of a stable silver nanoparticle colloidal solution, which is observed to be
similar for both 0.5 mM as well as 1 mM trisodium citrate. This could be due to the
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stabilising effect of trisodium citrate, which prevents aggregation of the silver
nanopatrticles. The results indicate no visible differences in the colour of the colloidal
silver nanopatrticles prepared from different concentrations of stabilising agents of
0.5 mM and 1 mM trisodium citrate.
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Figure 4.9: The UV-Vis spectra of silver nanoparticles obtained using a fixed
concentration of sodium borohydride as a reducing agent and different

concentrations of trisodium citrate as stabilising agent at 30 mins reaction time (a)

0.5 mM concentration of trisodium citrate (b) 1 mM concentration of trisodium citrate.

The UV-Vis extinction spectra for both concentrations of trisodium citrate (0.5 mM
and 1 mM) are shown in Figure 4.9. The absorbance of the two sample solutions is
nearly the same 0.54 to 0.55, respectively. The wavelength of maximum extinction
(Amax) was observed at 413 nm and 414 nm for the concentration of 0.5 mM and 1
mM trisodium citrate, respectively. The light extinction characteristics of the colloidal
solution prepared from different concentrations of trisodium citrate, as summarised in
Table 4.4, show that the of silver nanoparticles were approximately 33 to 35 nm. The
FWHM values were observed to decrease from 91 to 75 nm with increasing
concentration of trisodium citrate from 0.5 mM to 1 mM, suggesting that
polydispersity decreased for the higher concentration. Therefore, adding trisodium

citrate to the solution helps improve the stability of the colloidal solution. It is likely
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that an increased amount of citrate ions tends to offer more protection to the silver

nanoparticles and prevent them from aggregation [207,212]. This might be useful in

obtaining a more uniform size distribution of silver nanopatrticles.

Table 4.4: Peak wavelength and absorbance values of UV-Vis extinction spectra at

different concentrations of trisodium citrate.

The Peak Extinction Full width at half | Calculated AgNp
concentration of | Wavelength Amax (a.u.) maximum, diameter (nm)
trisodium citrate (nm) FWHM (nm)

0.5 mM 413 0.54 91 33
1mM 414 0.55 75 35

There are several studies on the synthesis of silver nanoparticles using sodium
borohydride and trisodium citrate. Agnihotri et al. [207] reported the synthesis of
different sizes of silver nanoparticles ranging from 10 nm to 100 nm, where the
concentration of silver nitrate, sodium borohydride and trisodium citrate were altered.
The incorporation of NaBH4 in the reduction process led to the generation of a
substantial amount of silver nanoparticles. During this particular stage, the primary
mechanism involved the reduction of silver cations, resulting in the formation of new
silver nuclei. The secondary process, known as Ostwald ripening, also played a role.

The formation of silver nanoparticles occurred initially, followed by their further

Trisodium citrate fulfils an indispensable role as a stabilizing agent during the
synthesis of silver nanoparticles utilizing sodium borohydride, owing to its
multifaceted properties. Primarily, trisodium citrate serves as a co-reducing agent
alongside sodium borohydride, facilitating the reduction of silver ions (Ag*) to yield
silver nanoparticles. This dual reduction capability ensures a controlled and efficient
reduction process, thereby mitigating the risk of excessive nanoparticle aggregation
or growth [118,210,228]. Additionally, trisodium citrate assumes a pivotal function as
a stabilizing agent by inducing electrostatic and steric repulsion between the
nanoparticles, thereby preventing their agglomeration and ensuring colloidal stability.
Its capacity to form a protective sheath around the nanoparticles impedes their
growth and agglomeration by interactions.

inhibiting direct particle-particle

Furthermore, trisodium citrate exhibits versatility in modulating the size and
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morphology of the resultant silver nanoparticles, thereby enhancing the
reproducibility and tunability of the synthesis process.

Agnihotri et al. [207] conducted a comprehensive review on the synthesis of silver
nanoparticles across diverse size ranges, employing sodium borohydride as the
reducing agent and trisodium citrate as the stabilizing agent. Their inquiry
underscored the pivotal role of trisodium citrate in stabilizing silver nanoparticles.
The controlled synthesis protocol adopted a co-reduction strategy executed in two
stages, as shown in Figure 4.10. Initially, the reduction process was initiated utilizing
NaBHa4, leading to the generation of a substantial quantity of silver nanoparticles.
Concurrently, this phase instigated the formation of new silver nuclei by reducing
silver cations, accompanied by Ostwald ripening as a secondary process. Following
the initial stage, the silver nanoparticles formed therein actively engaged in the
growth phase, wherein trisodium citrate-mediated reduction of residual Ag ions
predominated. Notably, trisodium citrate was introduced simultaneously with NaBH4
during the primary stage, primarily serving to passivate the nanoparticles and hinder
their agglomeration. The maintenance of an optimal NaBH4 to trisodium citrate ratio
emerged as a critical factor governing the modulation of nucleation and growth

processes within the two-stage co-reduction model.
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Figure 4.10 : Schematic illustration of the synthesis of silver nanoparticles (AgNPs)

with controlled size through the utilization of a co-reduction strategy [207].
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4.2 Optical properties of AgNp/silica coating

This section presents the results obtained when AgNp/silica was coated on the glass
slide. First, the results showing the reduction in thickness of the etched glass slides
prior to the application of the coating on the glass slide are discussed. In addition,
the effects of different factors, such as temperature and gelation time, that affect the
adhesion of the coating on the glass slides are also covered. Preliminary
assessments of the adhesion of the AgNp/silica coating on glass slides are hereby
presented. This is followed by the results of using these optimised protocols for the

application and manufacturing of a coated optical fibre.

4.2.1 Effect of reaction temperature and gelation time

In this section, the results showing the effects of reaction temperature on the gelation
time will be discussed. The gelation temperature, at which the reactants, including
tetraethyl orthosilicate (TEOS), ethanol, silver nitrate, and deionized water, undergo
a transition from a liquid or gel state to form a gel. Gelation temperature played an
important role in forming a composite AgNp/silica coating. An increase in gelation
temperature decreases the time for gelation to occur. However, this must not be too
fast, as rapid gelation could also weaken the bond between particles. A series of
experiments were carried out to gather information on the conditions required for
gelation while retaining an optically active coating. Figure 4.11 shows samples of
AgNp/silica coatings on the glass slide. The gel used for the samples was prepared
under ambient conditions (22 °C) and allowed to undergo a maturation period of 24
hours, as illustrated in Figure 4.11 (a). In order to ameliorate the coating properties,
a series of experiments were then conducted in which the AgNp/silica coating was
applied on the glass slide and subjected to a temperature of 35 °C for varying
durations of 24 hours, 48 hours, and 72 hours, which are shown in Figure 4.11 (b),

(c), and (d) respectively.

The resulting images indicate that increasing the reaction temperature to 35 °C
resulted in an intense yellow colouration, indicating an increased formation of silver

nanoparticles in comparison to the samples prepared under room temperature (22

161



°C). For the case of sample (c), not only the intensity of the yellow colour of the
coating increased, but adhesion also improved. However, the coating became
powdery when the gelation time was increased to 72 hours whilst a short gelation
time might provide insufficient bond in the gel to form, a high gelation time may
cause shrinkage of the coating resulting in powders. Therefore, a suitable gelation
time is needed, which balances the desired formation of silver nanoparticles and
adhesion. These results indicate that the coating obtained at 35 °C for 48 hours
showed the best quality, probably as a result of the formation of strong bonds

between particles, matrix and the glass surface.

| I | I | l | I

Figure 4.11: Pictures of AgNp/silica coating on glass slides (a) coating obtained from

gel prepared at room temperature (22 °C) and kept for 24 hrs (b) coating prepared
from gel at 35 °C and kept for 24 hrs, (c) coating prepared from gel at 35 °C and kept
for 48 hrs, (d) coating prepared from gel at 35 °C and kept for 72 hrs.

The extinction spectra of the four samples after heat treatment at 200 °C for 2.5
hours are shown in Figure 4.12. An extinction peak is observed at around 428 nm for
all samples. Although the peak of the sample prepared at 22 °C for 24 hours (black
line) was only slightly visible, the peak of the sample prepared at 35 °C for 24 hours
(red line) shows better absorbance, indicative of the presence of silver nanopatrticles.
The peak became more distinct for sample (c). The absorbance peak decreases for
sample (d). This could be attributed to the powdery nature of the coating, which may
have led to a loss of AgNps.
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Figure 4.12: The UV-Vis spectra of the AgNp/silica coating prepared in different
gelation temperatures and times, where it is shown that the best absorbance peak
were appeared with the sample while the gel was prepared at 35 °C for 48 hours

(blue line).

Overall, it can be summarised that achieving good adhesion of a coating to a
substrate necessitates providing adequate time and optimal conditions during the gel
formation process, thereby fostering strong bonds between the patrticles.
Consequently, this approach may lead to the attainment of both satisfactory coating
adhesion and high coating quality. These observations not only led to the
understanding that gelation temperature was important but that the heat treatment of
the gel to convert it to a composite may also be important, which is described in the

next section.

4.2.2 Effects of heat treatment temperature

The AgNpl/silica coating on the glass slide was subjected to different heat treatment
temperatures (150-250 °C) and for different holding times (1-3 hours). Samples
obtained by subjecting them to the heat treatment conditions stated in the figure

caption are typical, as shown in Figure 4.12.
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Figure 4.13: Silica coating prepared at different heat treatment temperatures (150-
250 °C) for different holding times (1-3 hours).

Results shown in Figure 4.13 indicate an increase in the intensity of the yellow colour
as the heat treatment temperature increases from 150 °C to 250 °C, indicating the
presence of optically active silver nanoparticles. At 150 °C, for example the coating
was observed to adhere to the glass, and only a pale-yellow colour was obtained.
The intensity of the colour was remarked to improve when the temperature was
raised to 250 °C. The brightness of the colour was observed to increase with the

holding time. This suggests that increasing the holding time will result in more
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formation of silver nanoparticles. Although the coating heat treated at 250 °C had a
higher intensity of the yellow colour, indicating the presence of more silver
nanoparticles compared to other temperatures, coating adhesion to the glass slide
was poor. Besides, cracks in the coating were observed, possibly due to stress at
the high temperature. Indeed, when the coating was heat treated at 200 ‘C for 2
hours or 2.5 hours, the samples retained a brighter colour as well as good adhesion

with the glass slide.

The UV-Vis spectra displayed in Figure 4.14 depict the absorbance of samples
prepared at 200°C for 1 hour, 2 hours, 2.5 hours, and 3 hours. The absorbance peak
of the sample treated for 1 hour (black line) is relatively small, suggesting that there
might not have been enough time for a significant amount of silver nanoparticles to
form on the coating. As the holding time increased to 2.5 hours (blue line), the
extinction intensity at the wavelength of 425 nm noticeably increased, indicating a
gradual increase of optically active silver nanoparticles on the silica coating, and
decreased for the sample treated for 3 hours (green line), as demonstrated in Figure

4.14. This observation corresponds to the visual observations in Figure 4.13.
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Figure 4.14: The UV-Vis extinction spectra of the coating heat treated at 200°C for
different holding times (1, 2, 2.5 and 3 hours).

165



The absorbance of samples prepared at different temperatures of 150°C, 200°C and
250°C, with a holding time of 2.5 hours, reveal that the sample treated at 150°C for
2.5 hours (indicated by the black line) shows a relatively small absorbance peak,
suggesting there is insufficient time for a significant amount of silver nanoparticles to
form. Upon increasing the temperature to 200°C for the same holding time (shown
by the red line), the extinction intensity at the wavelength of 425 nm increases
notably. Interestingly, when the temperature was raised to 250°C (indicated by the
blue line), the extinction intensity decreased, similar to the case in Figure 4.14. This
reduction in extinction intensity could not only be due to the loss of AgNps due to a
cracked/powdery deposit but could also be attributed to the oxidation of silver
particles at 250°C [136]. As a result, the heat treatment temperature of 200°C for 2.5
hours yielded the most favourable optically active and adherent composite coating,

which could be transferred to fabricate coated optical fibre.
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Figure 4.15 : The UV-Vis extinction spectra of the coating heat treated at 150 °C,
200°C and 250°C for 2.5 hours of holding times.
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The UV-Vis spectra depicted in Figure 4.15 demonstrate that the extinction peaks
were seen at a nearly identical wavelength of 425 nm. This observation suggests
that the coating may not result in an increase in the size of silver nanoparticles. The
presence of a silica matrix in conjunction with silver nanoparticles may potentially

impede the growth of the nanoparticles.

The results obtained in this research show several similarities with those reported in
the existing literature. Li et al. [136] conducted an investigation on the coating of
silver nanoparticles embedded in silica, applied on a glass slide with various heat
treatment temperatures ranging from 200 °C to 400 °C. The extinction spectra are
reproduced in Figure 4.16. Based on the findings presented in their study, it was
observed that the extinction peak exhibited a drop in magnitude with the progressive
increase in heat treatment temperature beyond the threshold of 200 °C. The
observed phenomenon was attributed to the process of oxidation occurring in the
silver particles. Moreover, it was observed that when the temperature surpassed 200
°C, there was an occurrence of inter-diffusion between the silver within the coating

and the sodium that was present in the substrate [136].
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Figure 4.16: The UV-Vis extinction spectra of the AgNp/silica coating heat treated at
200 °C, 300°C and 400°C for 2 hours of holding time reported in the literature
(Reprinted with permission from [136]).
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4.2.3 Effect of number dips

The results showing the effects of multiple dip coating on the glass slides for different
times such as single, double, and triple coating as obtained using a high-resolution
microscope, are shown in Figure 4.17. Results shown in Figure 4.17 indicate that the
thickness of the coating increased gradually with an increase in the number of dips.
However, it was observed that the coating was not uniform in thickness throughout
the surface of the glass slide. The thickness of the coating on the glass slide was
measured at five distinct locations. The accuracy of the optical microscope is within a
range of £1 micron (um). Other researchers have also reported non-uniform coating
on glass slides using such an approach [229,230]. Therefore, it was necessary to
make measurements at different points on the surface of the glass slide and then
calculate the average thickness for each sample. With a single dip, an increased
average thickness of 6 to 8 microns was observed. This increased to 8 to 10 microns
with double coating and a further 12 to 16 microns for triple coating.

Figure 4.17: The micrographic image of AgNp/silica coating showing the thickness
for different dip-coatings: (a) single dip-coating, (b) double dip-coating, (c) triple dip-

coating.
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The process of applying the coating to the glass slide was carried out in a manner
similar to that used for coating the core of the optical fibre with the gel. This involved
following a consistent set of conditions to assess the optimal number of dip coatings
of AgNp/silica gel onto the optical fibre. The aim of this procedure was to determine
the most favourable conditions for achieving strong adhesion between the coating
and the optical fibre.

The outcomes of the thickness of AgNp/silica coated optical fibre coating, as
observed through a microscope, are illustrated in Figure 4.18. These micrographic
images provide insights into the diameters of both the coated and uncoated optical
fibres, which will be elaborated upon in the subsequent paragraphs. As shown in
Figure 4.18, it was noted that the AgNp/silica coating adhered remarkably well to the
optical fibre, effectively covering the entire surface of the fibre. This adherence
resulted in a noticeable increase in the core diameter, transitioning from 105.66
microns for the uncoated sample to 107.94 microns for a single coating, 110.76
microns for a double coating, and 115.10 microns for a triple coating. Additionally, it
was evident that the thickness of the coating exhibited a gradual increment

corresponding to the number of dip coatings applied.

There are no reported findings for comparison with these results. However, it is a
well-established concept in literature that an increase in the number of dip coatings
can lead to a corresponding increase in the thickness of the coating [229]. This
research aligns with existing knowledge, demonstrating that the coating thickness
indeed increased as the number of dips increased. These findings highlight the
effectiveness of the coating process in enhancing the diameter and thickness of the
optical fibre, with the number of dip coatings having a direct impact on these
dimensions. The improved adhesion achieved through this method shows

considerable promise for its potential use as a sensor.
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Figure 4.18: Micrographic image of optical fibre (a) before coating, (b) after single

coating, (c) after double coating, and (d) after triple coating.

4.2.4 Characterisation of AgNp/silica coating

In this section, the results showing the characterisation of the AgNp/silica coated
optical fibre including the durability test, Scanning Electron Microscope (SEM) and
Energy Dispersive X-ray analysis (EDX), are presented and discussed. These were
carried out to understand the morphology, composition as well as durability of the
coated optical fibre. The durability of the AgNp/silica coating was carried out in
different chemical environments. A micrographic examination was carried out using
an SEM to observe the morphology of the AgNp/silica coating. This was followed by
an investigation of the chemical composition using EDX Analysis.
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4.2.4.1 Durability test of coating

This section consists of the results of a durability test on AgNp/silica, including its
adherence to a glass slide under varying pH conditions (pH 4, 6, 8, and 10) over a
period of seven days. The acidic solutions having pH values of 4 and 6 were
prepared using phosphoric acid, while the alkaline solutions with pH values of 8 and
10 were prepared using sodium hydroxide.

Table 4.5 summarises the results obtained from the durability test. The data
demonstrates that the AgNp/silica coated glass slide immersed in the solution with
pH 4 exhibited poor adhesion, as the coating dissolved into the solution after only
three days. Hence, no trace of the coating was observable after the seven-day
duration. Similarly, the samples submerged in solutions with pH 6 and 8 also
experienced dissolution after three days. The dissolution process increased with
contact time up to seven days, leading to the removal of a greater amount of the

coating from the surface of the glass slide.

Conversely, the AgNp/silica coating on the glass slide immersed in the solution with
pH 10 showed significant resistance to dissolution throughout the seven-day period.
Even after being exposed to the solution for the full duration, minimal loss of the
coating from the glass slide's surface was observed. This finding suggests that the
AgNp/silica coating is less stable in acidic conditions but displays improved stability
in alkaline environments. It can be therefore inferred that the rate of loss of the
AgNp/silica coating is higher in acidic solutions compared to alkaline solution. This
behaviour is unexpected because a TEOS (or silica) matrix should be more stable in

acids [231-235], and further investigation is required, which will discussed later.
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Table 4.5: Durability test of AgNp/silica coating on the glass slide dipped in the
solution prepared using phosphoric acid and sodium hydroxide at pH 4, 6, 8, and 10.

pH 4 pH 6 pH 8 pH 10

Day

Day

Day

The loss rate of AgNp/silica coating on the optical fibre is presented and discussed in
this section. The AgNp/silica coated optical fibre was dipped in an acidic solution (pH
3), deionised water (pH 5.9) and an alkaline solution (pH 10), as shown in Figure
4.19. The acidic solution was prepared using phosphoric acid, while the alkaline
solution was prepared using sodium hydroxide solution. The optical fibre was kept

for 7 days at room temperature (22°C).
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Figure 4.19 : Images showing the results of the durability test of AgNp/silica coating
on the optical fibre dipped in the solution prepared using phosphoric acid (pH 3),
deionised water (pH 5.9) and sodium hydroxide (pH 10).

In this study, a high-resolution microscope was employed to accurately measure the
thickness of an optical fibre. Initially, the thickness of the coating was measured prior
to immersion in the solution, which serves as the baseline measurement (referred to
as day 0). Subsequently, measurements were taken at two-day intervals for a total
duration of six days. To ensure reliability, the thickness was measured at different
locations along the optical fibre, resulting in five independent measurements. The
average thickness, along with the corresponding standard deviation, is presented in
Figure 4.20.

Prior to commencing the experiments, the average thickness of the AgNp/silica
coating was observed to be 5.2 um, as shown in Figure 4.20. However, a rapid
dissolution rate of the coating was observed when exposed to an acidic solution.
After four days, complete loss of the coating was observed, indicating its
susceptibility to acid attack. Conversely, when the optical fibore was immersed in
deionised water, a slower loss rate was observed. Furthermore, the loss rate in an
alkaline solution was found to be lower compared to acidic environment. The
micrographic images showing the diameter of the optical fibre at different times of
day 0, day 2, day 4, and day 6 for all the solutions, can be found in Appendix E. This
suggests that the AgNp/silica coating is vulnerable to acid-induced loss, leading to a

higher loss rate in acidic solutions at room temperature.
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Figure 4.20: The results of durability test of AgNp/silica coating on the optical fibre
dipped in the solution prepared using phosphoric acid (pH 3), deionised water (pH
5.9) and sodium hydroxide (pH 10) showing the dissolution of coating with time.

Numerous studies have been conducted to investigate the loss behaviour of silica,
yielding a range of findings. Loss rates under ambient temperatures have been
observed to be slow [231,234,235]. However, as the temperature increases,
solubilities and loss rates exhibit marked escalation. It has been documented that pH
marginally impacts solubility within the pH range of 3 to 7. Yet, dissolution
experiences a slight augmentation until pH 10. Beyond pH 10, silica loss accelerates
swiftly. Some studies indicate a slightly elevated dissolution rate in basic solutions
compared to acidic solutions [231,234-236]. The theory of dissolution of silica is

discussed below for a better understanding.

Silica (SiO2) comprises silicon and oxygen atoms, and when subjected to water or
agueous solutions, water molecules interact with the silicon-oxygen bonds on the
silica's surface. This interaction disrupts the bonds, resulting in the formation of silicic

acid, as demonstrated by the below equation [237-239].
SiO2 + 2H20 — HaSiO4 4.7)
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At higher pH levels, the solution turns more alkaline due to hydroxide ions (OH-)
originating from compounds such as sodium hydroxide (NaOH) or other bases. This
augmentation of hydroxide ions raises their concentration within the solution. This

concentration shift significantly influences the equilibrium reactions involving silicic

acid:
H4SiO4 = H3SiO4 + H* (4.8)
H3SiO4” = H2SiO4> + H* (4.9)
H2SiO4% = HSiO4* + H* (4.10)

An increase in OH" ions prompts the equilibrium shift to the right in reaction 4.8,
favouring silicic acid formation. In reactions 4.8 to 4.10, H* ions can act as bases,
counteracting the hydroxyl ions (OH") produced during silicic acid dissociation. This
shift encourages the rightward movement of the equilibrium in reactions 4.8 to 4.10,
yielding greater concentrations of negatively charged H3zSiO4, H2SiO4%, and HSiO4*
ions. Essentially, higher alkalinity in the solution steers the equilibrium reactions
towards generating various ionised forms of silicic acid. These ionised forms

possess greater solubility in water, prompting an accelerated silica dissolution rate.

Nevertheless, this system also entails the presence of silver nanoparticles
embedded within silica. The literature contains numerous studies detailing the
dissolution of silver nanoparticles within acidic environments [220,240,241],
attributed to the oxidative dissolution reaction whereby silver atoms undergo
oxidation to form Ag* ions [240]:

Ag(s) > Ag" +e” (4.11)

Dissolution rates are contingent on several factors, including solution pH,
nanoparticle size and surface area. Notably, concentrated acids enhance the

dissolution process.

Within this particular context, the phenomenon of silver nanoparticles (AgNp)
dissolution ensconced within a silica coating under acidic conditions is anticipated to
be primarily instigated by AgNp oxidation, consequently influencing the overall
stability of the coating. Conversely, the dissolution of silica is expected in alkaline

solutions owing to its inherent solubility in such environments. As a result, dissolution
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processes manifest under both acidic and alkaline conditions, potentially leading to
the delamination of the coating. The coating fabrication involved a three times dip
coating procedure, wherein the dissolution of silica or oxidation of silver
nanoparticles could contribute to delamination. This delamination was observed as a
diminution in coating thickness, likely attributable to inadequate bonding within the
coating structure. Notably, the challenge posed by the oxidation of silver
nanoparticles in acidic media exacerbates the loss of AgNp/silica within acidic

environments relative to alkaline ones.

4.2.4.2 Results of Micrographic examination

In order to examine the surface of the AgNp/silica coated optical fibre, a
micrographic examination was conducted using a Scanning Electron Microscope
(SEM), as shown in Figure 4.21. This examination focused on the morphology of the

coating, specifically at the core of the optical fibre.

The SEM analysis enabled the determination of the diameter of the coated optical
fibre. Measurements taken at different locations on the fibre revealed variations in
diameter, ranging from 111 to 117 microns. Moreover, during the examination, the
presence of cracks on the surface of the coated optical fibore was observed. These
cracks signify the existence of weak bonds between particles on the surface of the
coating, which ultimately leads to rapid break down of coating. It is worth noting that
the occurrence of cracks on the surface of the coating has been previously reported
in literature, where they have been associated with the porosity of silica coating
[230,242,243]. This further supports the notion that the observed cracks are a result
of inadequate bonding between the particles, which can negatively impact the

stability and durability of the coating.
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Figure 4.21: SEM image on the surface of AgNp/silica coating of optical fibre on two

different samples (a) and (b).

According to the literature, it was reported the presence of microcracks on the
surface of silica coatings using the SEM [244,245]. As silica is a porous material,
there might be shrinkage due to the loss of organic part in solvent during the heat
treatment. As a result, these microcracks tend to propagate along the surface. It
might be minimised by the implementation of a slower rate for both heating and
cooling rate during the heat treatment [36]. However, Twej et al. [246] asserted that
they derived benefits from employing a chemical additive, N,N-dimethylformamide,

on the silica to mitigate cracking [246].
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4.2.4.3 Energy Dispersive X-ray analysis (EDX) analysis of coating

The elemental characterisation of AgNp/silica coated optical fibore samples was
conducted using Energy-Dispersive X-ray (EDX) spectroscopy, and the results are
presented in Table 4.6. In order to investigate the effects of different pH
environments on the composition of the samples, a total of five samples were
prepared, with four of them being immersed in specific solutions for a duration of 24
hours. The solutions employed for immersion included H2SOa4 (pH 3), H3PO4 (pH 3),
HCI (pH 3), and NaOH (pH 10), while the remaining samples served as the reference
and were not subjected to any immersion. This analysis aimed to assess the
changes in the composition of the samples following exposure to varying pH

conditions.

The initial sample, which did not undergo any immersion, exhibited a composition
containing 46.09% silicon (Si), 4.81% silver (Ag) and 49.07 % oxygen (O). However,
upon immersion in acidic or alkaline solutions, a reduction in the levels of both silicon
and silver was observed. Notably, the reduction was more pronounced when the
samples were subjected to immersion in acidic solutions. On the other hand, the
alkaline solution with a pH of 11 showed relatively less reduction in the silicon and
silver content compared to the acidic solutions, as evidenced by the data presented
in Table 4.6.

The levels of oxygen also differ among various sample conditions. Prior to immersion
in a solution, the sample contained approximately 59.07% oxygen. Subsequent to
immersion in different solutions, there are observable changes in the oxygen
content. The samples underwent immersion in distinct solutions with varying pH
levels (H2SO4 pH 3, H3PO4 pH 3, HCI pH 3, NaOH pH 10). It is evident that the pH of
the solution exerts an influence on the distribution of elements in the sample,
particularly with regard to the oxygen content. On the whole, the oxygen content
appears to increase when the sample is immersed in acidic solutions (H2SOa4,
HsPOa4, HCI) in comparison to the initial state. In summary, the results from EDX
indicate a greater oxidation of silver in acidic solutions as opposed to alkaline
solutions. These findings support the results obtained for glass slides, which focused
on the durability test conducted at room temperature. It was noted that higher levels

of dissolution occurred in acidic solutions compared to alkaline solutions. The
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substantial decrease in the silicon and silver content following immersion in acidic

solutions provides further confirmation of the dissolution earlier discussed.

Table 4.6: Chemical analysis on the surface of AgNp/silica coated optical fibre using

EDX.

Sample
condition
Sample before
dipping in solution
Sample dipped in
H2S04 (pH 3)
Sample dipped in
H3PO4(pH 3)
Sample dipped in
HCI (pH 3)
Sample dipped in
NaOH (pH 10)

Si (%)

46.09 + 8.61

17.26 + 3.35

20.03+4.42

18.43 +5.30

37.96 +4.20

O (%)

49.07 + 4.16

81.49 +5.44

79.47 +5.84

79.82 + 2.55

59.52 + 5.56

Ag (%)

4.81+1.34

0.55+0.19

0.27 £0.05

1.37 £ 0.59

2.13+0.44

Others (P-C-Al-
Na-S)

The other
elements could
be traced from
impurities of
chemicals/
sample plate in
SEM

Upon reviewing the available literature, it was found that no similar study could be

identified for the purpose of direct comparison. This can be attributed to the

innovative nature of the current research. However, a comprehensive study

conducted using EDX revealed that the silica sample had a silicon (Si) content of

64.2% and an oxygen (O) content of 35.8% [247]. The values examined in this

analysis exhibit a strong correlation with the outcomes observed. It is important to

highlight that this study also includes the element silver (Ag). The EDX results

obtained exhibit modifications in composition, indicating variations in the chemical

composition following the incorporation of silver nanoparticles into the silica matrix

after being immersed in both acidic and basic solutions.
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4.3 Proposed model of dissolution of AgNp/silica coating

The dissolution of the AgNp/silica coating was observed to result in the loss of
material in both acidic and basic solutions, as discussed in the previous section.
Moreover, cracks were spotted on the coating when examining the surface using
SEM. When the coating is immersed in any solution, whether it is basic or acidic, the
dissolution of the coating is initiated. The presence of proton (H*) or hydroxide ion
(OH") could easily penetrate through the crack and weaken the bonds at the surface
structure. A model illustrating the dissolution of the coating is shown in Figure 4.22.
As discussed in the previous section, although silica is reported to be more stable in
acid than in alkaline solutions, the silver nanoparticles could still oxidise, resulting in
an overall breakdown of the AgNp/silica coating. On the other hand, the silica
coating itself is susceptible to dissolution in alkaline solutions, which also leads to the
breakdown of the AgNp/silica coating. Overall, the AgNp/silica coating may be
susceptible to attack by both protons (H+) and hydroxide ions (OH-), resulting in the
complete breakdown or dissolution of the coating.

Initiation of dissolution of coating

oodljpoodb 0000000

H+ or‘OH' attack

H*or OH- attack
} i

- AgNp/silica coating

Figure 4.22 : Proposed mechanism showing the dissolution of AgNp/silica coating.
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4.4 Summary

This study primarily focused on the synthesis and characterisation of colloidal silver
nanoparticles using various chemical routes. It was observed that different sizes of
silver nanoparticles could be synthesised by employing different chemical routes and
reducing agents. However, to ensure the stability of the colloidal silver nanoparticles,
the use of a stabiliser was found to be necessary. This stabiliser played a crucial role
in maintaining the stability of the nanoparticles by preventing their aggregation,
which could lead to the formation of larger particles. It was possible to achieve stable
colloidal silver nanoparticles using a stronger reducing agent as sodium borohydride

and then using a stabiliser as trisodium citrate.

In addition to the synthesis of colloidal silver nanopatrticles, the study also explored
the preparation of an AgNp/silica-coated optical fibre. To achieve this, all the
required chemicals were mixed simultaneously. After conducting several trials under
different conditions, a gelation temperature of 35 °C for 48 hours was identified as
the most suitable condition. Subsequently, the gel was applied to a glass slide and
subjected to heat treatment. The optimal condition for heat treatment was found to
be 200 °C for 2.5 hours, as it showed the best adhesion of the coating to the glass
slide. To further enhance the adhesion of the AgNp/silica coating on the glass slide,
optimisation experiments were performed. It was observed that multiple dip coating

increased the thickness of the coating on the optical fibre as expected.

An etching process using 7 M NaOH was used to selectively remove the cladding
and coating layers of the optical fibre, exposing the core where the AgNp/silica
coating was applied. During the etching process, it was determined that an optimum
core diameter ranging from 103 to 105 microns was necessary to achieve the
desired pH sensitivity. Furthermore, a series of optimisation experiments were
carried out to determine the best combination of parameters between the light
source and detector to attain the best sensitivity of the sensor. It was observed that
as the voltage of the light source increased, the integration time of the detector
needed to be reduced to adjust the light intensity and ensure the maximum intensity
within the system. After several iterations, a configuration with a light source voltage
of 6.5 V and an integration time of 5 ms was identified as the most suitable for

achieving optimal sensitivity in optical pH measurements.
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Lastly, durability tests were conducted on the AgNp/silica coating, revealing its
dissolution under varied acidic and basic conditions. Enhanced susceptibility in
acidic environments, compared to basic, was observed at room temperature,
corroborated by energy-dispersive X-ray spectroscopy (EDX) analyses that
demonstrated notable compositional changes in silicon (Si), silver (Ag) and oxygen
(O). There was a significant reduction in the content of silicon and silver and an
increased amount of oxygen, which indicated the oxidation of silver when the coating

was dipped in the acidic solution.

The durability test and EDX analysis helped to understand about the stability of
AgNp/silica coating and that the silver nanoparticle suffered from oxidation problems
in acidic conditions (less than pH 3), which caused dissolution of coating. On the
other hand, there are less dissolution in the alkaline solution (up to pH 10), which
could be attributed to silica itself due to loss of silica. Concurrent scanning electron
microscopy (SEM) analysis showed the presence of cracks, which might cause a

faster breakdown of coating.
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CHAPTER 5 Results: Optical pH measurement by AgNp/Silica

Coated Optical Fibres at Room Temperature
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CHAPTER 5

Results: Optical pH Measurement by AgNp/Silica Coated Optical

Fibres at Room Temperature

This section discusses the results obtained from the pH measurement using optical
fibre at room temperature. As mentioned, following the etching of the optical fibre
using 7 M of NaOH, the etched section was coated with silver nanoparticles that had
been incorporated in a silica coating. This was followed by the connection of the
coated optical fibre to a detector and a light source. Then, the coated optical fibre
was immersed in solutions of different pH that had been prepared using acids and
bases. The intensity of the transmitted light was measured and compared with
solutions of different pH. A change in intensity is expected at different pH levels
because the silica coating possesses a surface charge that may undergo protonation
and deprotonation depending on the acidity or basicity of the solution. This would
result in a change in the refractive index, which would change depending on the pH
of the solution. This is the reason why the intensity of the transmitted light was
measured as a function of different solution pH and enables the system to work as a

Sensor.

This thesis chapter embarks upon an incremental exploration, commencing with the
optimisation of the optical measurement technique. The objective is to attain the
outmost optical sensitivity in pH measurement. Following this optimisation, the
subsequent experiments are undertaken in triplicate, ensuring a robust assessment
of the sensor's repeatability and reproducibility. Each repetition consisted of etching
the optical fibre in 7 M NaOH, dipping it in the AgNp/silica gel, and finally carrying out
the heat treatment to obtain a coated optical fibre. The optical response of the
coated optical fibre at different pH was investigated. The results obtained for each of
the optical fibres prepared in the same batch were compared with each other as well
as with other relevant studies in the literature. This allows one to compare the
reproducibility within a single batch (intra batch) and between each batch (extra
batch). The outcome of these results was to determine the usefulness of the optical
fiore based pH system for room temperature applications. The experimental
procedures detailed within this chapter were conducted under conditions of standard

room temperature and ambient pressure.
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In summary, this chapter will cover the following:

e I|dentification of the optimal arrangement of the light source and detector to
yield the maximum sensitivity for optical pH measurement.

e Determination of the most suitable diameter of the etched optical fibre which
is necessary to assess the optimal optical sensitivity at different pH.

e Calibration of the optical pH measurement.

e Optical pH measurement in different chemical conditions like acids:
phosphoric acid, sulfuric acid and hydrochloric acid and base: sodium
hydroxide

e Reproducibility of the sensor prepared in the same batch as well as in
different batches.

e As a control of the experiment, the optical response of the optical fibore was
etched and coated with only silica to determine the effectiveness of
AgNp/silica coating.

e Random optical pH measurement, including the comparison of the accuracy
of the optical method of measuring pH with the potentiometric pH method.

5.1 Optical properties of fibre and sensor system

In this section, the key parameters requiring optimisation, including the choice of
optical parameters associated with the light source and detector, such as the
intensity of light entering the system, the current and voltage passing through the
optical fibre, the integration time, as well as finding the right diameter at the core of
the optical fibre which is to be etched is described. This is important because these
parameters directly influence the performance and accuracy of the optical system.
By optimising these parameters, one can enhance the signal-to-noise ratio, improve
sensitivity, and increase the overall efficiency of the system.

The intensity of light entering the system is a crucial parameter as it determines the
amount of signal that can be detected. Finding the optimal intensity ensures that the
signal is strong enough to be measured accurately without causing saturation or
excessive noise. Similarly, adjusting the current and voltage passing through the
optical fibre helps in controlling the transmission characteristics and maximising the

signal strength. Integration time is another parameter that requires optimisation. It
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determines the duration over which the light signal is integrated, affecting the
sensitivity of the system. Longer integration times allow for better detection of weak
signals but can result in slower response times. Therefore, finding the right balance
between integration time and signal strength is crucial to achieve optimal

performance.

Moreover, finding the right core diameter for the optical fibre to be etched is crucial.
The core diameter affects the propagation of light within the fibre and transmission
characteristics. By carefully selecting the appropriate core diameter, we can optimise
the coupling efficiency and improve the overall performance of the optical system.
Additionally, the core diameter also influences the interaction between light and the
surrounding environment, such as the sensing materials or analytes. Thus, selecting

the right core diameter is essential for achieving optimal sensitivity and accuracy.

5.1.1 Baseline conditions of the light source and detector

This section covers the results of the application of the AgNp/silica coated optical
fibre as a pH sensor. The main objective was to achieve reproducible and repeatable
optical data for use as an optical pH sensor. It was important to ensure that optimum
sensitivity and the best detector signal were obtained.

By gradually increasing the voltage of the light source from 2.0 V to 6.5 V, a
significant decrease in the integration time from 3000 ms to 5 ms was obtained. The
result presented in Table 5.1 indicates that increasing the voltage of the light source
resulted in a corresponding increase in the current, leading to a decrease in the
integration time. The data presented in this study demonstrates the integration times
required for achieving a light intensity of 60,000 arbitrary units (a.u.) using different
currents. It should be noted that the detector utilised in this experiment has a

maximum capacity of 65,000 a.u.

186



Table 5.1: Parameters of the light source and detector utilising an unetched optical
fibre as the reference.

Light source Detector
Voltage (V) Current (A) Integration time (ms)
2.0 2.2 3000
2.5 2.5 700
3.0 2.7 250
35 2.9 85
4.0 3.2 40
4.5 3.4 25
5.0 3.6 15
5.5 3.8 10
6.0 4.0 7
6.5 4.2 5

An unetched optical fibre served as the reference fibre to collect “baseline”
performance. It was employed to capture spectra corresponding to both 100% (full
light beam) and 0% (shutter closed) light transmissions from the light source,
denoted as lioo and lo, respectively. For each voltage setting, as outlined in Table
5.1, measurements of lioo and lo were taken. Subsequently, the optical fibre was
connected to the AgNp/silica coated optical fibre while concurrently measuring the
light intensity (I). A separate set of measurements for li00, lo, and | was recorded for
each voltage level. To mitigate system noise, a baseline correction procedure was
implemented. In this context, lo was treated as the system noise, captured during the

0% light transmission phase, and was employed for noise elimination.

For the baseline correction, the intensity of light transmitted through the reference

optical fibre after the baseline correction is given as follows:

Ig = Lip0 — o (5-1)
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Similarly, the intensity of light transmitted through the coated optical fibre after the

baseline correction is given in the equation below.

Also, the intensity of light passing through the coated optical fibre (Is) and the
incident light transmitted through the reference optical fibre (Is) was used to calculate

the absorbance (A) using the formula below:
1
A= logloi (53)

After carrying out the baseline correction using equation 5.2, Is for each voltage of

experiments was plotted as shown in Appendix F.

The signal obtained using two different voltages (3.5 V and 6.5 V) for both the
reference and coated optical fibres were further examined to display their intensities

over a range of wavelengths. The results are shown in Figure 5.1 and Figure 5.2,

respectively.
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Figure 5.1: The UV-visible spectra showing the intensity of light using the reference

(lo and l100) and coated optical fibre (Is) at 3.5 V of light and 85 ms of integration

time.
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Figure 5.2: The UV-visible spectra of the intensity of light using the reference (lo and

l100) and coated optical fibre (Is) at 6.5 V of light and 5 ms of integration time.

The data shown in Figure 5.1 indicates that the intensity of light using 3.5 V of light
for l10o and Is was almost the same up to the wavelength of 470 nm. This was also
observed to show an increasing trend with a further increase in wavelength beyond
470 nm. On the other hand, the intensity of light at 6.5 V was almost the same for 100
and Is up to 410 nm. Similarly, this was observed to also increase with wavelength
beyond 410 nm, as shown in Figure 5.2. Thus, a shift in wavelength to a lower value
was observed at the 6.5 V of light. Therefore, the use of a lower voltage was avoided

in order to obtain a reasonable change in intensity.

Consequently, within the framework of this investigation, a voltage of approximately
6.5 V was deemed optimal for achieving heightened sensitivity. This determination
was informed by the operational constraints of the UV-Vis spectrophotometer, which
imposed a maximum integration time of 4 ms. Consequently, the exploration of more
intense light intensities exceeding 6.5 V was precluded, as doing so would have
necessitated a reduction in the integration time below the minimum threshold of 5
ms. Furthermore, it is noteworthy that no polishing methodology was applied to the
terminated optical fibre throughout the course of this study, a factor that could
potentially influence the attenuation of light intensity. Thus, the adoption of a 6.5 V
voltage setting from the light source, in conjunction with a 5 ms integration time at
the detector, is deemed the best configuration for the experimental setup,

considering the limitations imposed by the available apparatus and instrumentation.
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5.1.2 Conditions of etched optical fibre for pH measurements

The purpose of optical fibre etching was to decrease the outer diameter from 250
microns to 105 microns. This section is focused on discussing the results of the pH
sensitivity at different diameters of the core of the optical fibre. This was aimed at
finding the best option with the highest sensitivity to changes in pH. Figure 5.3
illustrates the pH sensitivity of the optical fibre utilising core diameters of 106
microns, 104 microns, and 102 microns. Solutions of different pH ranging from 3, 7,
and 11 were investigated. In this study, the same conditions were used for a
reference optical fibre to compare the sensitivity just to ensure that the observed
result is strictly due to the etched optical fibre coated with AgNp/silica.

The findings depicted in Figure 5.3 (a) pertain to pH sensitivity when the optical
fibre’s core was etched to 106 microns. Notably, this configuration demonstrated
markedly low sensitivity, which could be attributed to minimal light leakage, leading
to reduced sensitivity. Similarly, Figure 5.3 (c) illustrates the diminished sensitivity
observed when the core diameter was reduced to 102 microns. In this case,
excessive light leakage from the system became apparent due to the over etched
core diameter. Conversely, promising sensitivity results were evident when the
optical fibre’s core was etched to 104 microns, as depicted in Figure 5.3 (b). A critical
prerequisite for optical pH sensitivity is maintaining adequate light within the system.
This experiment underscores the pH sensor's enhanced sensitivity within the core
diameter range of 103 to 105 microns. This range signifies the limits within which an
appropriate amount of light is retained in the system. Beyond the lower limit,
excessive light leakage occurs, while surpassing the upper limit leads to an
abundance of light within the system. Both scenarios impede the sensitivity of pH

measurement in agueous solutions.

The configuration of the coating is undoubtedly a critical factor influencing the
sensitivity of the sensor. Within the framework of this study, an exhaustive
examination was conducted utilizing a singular coating structure, as delineated in the
methodology chapter. Nevertheless, an intriguing avenue for further investigation lies
in the comparative analysis of sensor sensitivity across varied coating structures.
Such an endeavour holds promise for elucidating additional insights into optimizing

the pH sensitivity of optical fibre-based sensors in future.
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Figure 5.3: The pH sensitivity at different core diameters of the optical fibre (a) 106
microns, (b) 104 microns, (c) 102 microns.
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To the best of our knowledge, there has been a scarcity of studies investigating the
effect of a coated optical fibre on optical sensitivity, which could be utilised as a pH
sensor for comparison. Nevertheless, the absence of such findings emphasised the
fundamental significance of such outcomes within the scope of this research. These
results were deemed imperative to lay the foundation for an effective optical
measurement system capable of assessing the pH change within the solution. In the
following section, the performance of the AgNp/silica-coated optical fibre as a pH
sensor will be assessed by employing these optimisations under various chemical

conditions.

5.2 Measurement of pH in different solutions using AgNp/silica coated optical
fibre

These experiments were carried out to evaluate the response of the pH sensor that
has been coated with AgNp/silica in different acids such as phosphoric acid,
sulphuric acid and hydrochloric acid, among others. The anions in these solutions
can alter the surface charge due to the interaction of the ions produced by the acid
and the base with the silica layer. This study will assess how hydronium ions from
acids and their basic counterions interact with the coating to provide a pH response.
The concentration of the solution, expressed as a pH value, should have a direct and
proportionate influence on the number of hydronium ions that are present in the
solution for the coated fibre to function as a pH sensor, but their conjugate bases

(derived from the anions) can also influence surface charge.

Therefore, in order to verify that the sensor is operating optimally, the sensitivity of
the sensor has to be studied. It is also essential to assess the reproducibility and
repeatability of the sensor in these measurements in order to ensure that the
developed sensor is reliable for real-life applications. This section contains the
results of three separate measurements. A comparison of the pH response of coated
optical fibres prepared in the same and different batches, as well as a comparative
assessment of the pH response of the coated optical fibre prepared in this study with
other optical fibres reported in the literature as well as potentiometric method of
measuring pH of different solutions, are reported. This provides a comprehensive

assessment of this type of sensor against other available techniques.
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5.2.1 Optical pH measurement solution in phosphate media

In the oil and gas industry, various chemicals are present, including phosphate ions
[41,248-250]. Therefore, the experimental solution conditions were selected to
represent the presence of these chemicals in oil and gas. To facilitate this
assessment, an optical fibre coated with AgNp/silica was connected to a light source
and a detector attached to it. In the context of the oil and gas industry and downhole
conditions, the anticipated pH range typically falls within 4 to 8 [65]. However, for the
experiment, a broader pH range of 3 to 11 was selected. The pH alteration involved
the addition of 0.1 M of sodium hydroxide and 0.1 M of phosphoric acid to the
solution in order to obtain a solution with a pH range of 3 to 11. This would allow
extensive evaluation of the sensor performance across different pH levels. In order
to ascertain the effectiveness of the sensor, different tests were conducted to assess
its repeatability, reproducibility, stability, and sensitivity.

In this study, a titrimetric technique involving phosphoric acid and sodium hydroxide
was employed to adjust the pH of experimental solution, as has been suggested by
previous researchers [90,94,95,188]. The AgNp/silica coated optical fibre was
immersed in the solution, and the pH was adjusted from 3 to 11 and connected to a
detector and a light source. Prior to commencing the experiment, a reference optical
fibre (unetched optical fibre) was employed to establish the baseline value for light
intensity. This baseline values were recorded as lioo (with 100% light intensity) and lo
(with a closed shutter), as depicted in Figure 5.4 across a variety of wavelengths.
After adding the AgNp/silica coated optical fibre into the system, the intensities of
light corresponding to each pH level were measured and recorded. A potentiometric
pH meter was dipped in the solution to record the pH of the solution for comparison.
The pH of the solution was adjusted within the range of pH 3 to pH 11 with an
interval step of 1, using either acid or base. The results of the intensity of light were
plotted as a function of pH (Figure 5.4). Then, the baseline correction was carried out
by subtracting the value of lo from all the intensities obtained for the pH.
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Figure 5.4: The change in intensity of light at a different wavelength of light in
different pH solutions using H3PO4 and NaOH.

The results shown in Figure 5.4 indicate that the intensity of light increased as the
pH of the solution decreased, showing that the AgNp/silica optical fiore was pH-
responsive. The observations made in the experiment indicated that the lowest
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intensity of light, represented by the blue line in the graph, was observed in the
solution with the highest pH (pH 11). As the pH of the solution gradually decreased
towards pH 3, the intensity of light was observed to increase accordingly. These

findings provide the basic concept that the system responded to pH changes.

Among all the pH solutions tested, it was observed that the solution with a pH of 3
exhibited the highest intensity of light, surpassing the intensities observed in the
other pH solutions. This finding suggests that the solution with a pH of 3 had higher
transmittance compared to the solutions at different pH levels. To further analyse
and compare the intensities of light at different pH levels, the recorded values were
converted to the percentage of transmission (%T) relative to the intensity of light at
pH 3, which served as the reference point for comparison. Figure 5.5 illustrates the
transmittance of light for all the pH solutions. Notably, a distinct peak in
transmittance was observed at a wavelength of 530 nm. This peak indicates that at
530 nm, the light had the highest level of transmission through the solutions.
However, it is important to note that the change in transmission was visible across a
broad range of wavelengths, spanning from 500 nm to 1000 nm, for all the pH
solutions. This broad response indicates that the coating of AgNp/silica on the optical

fibre contributed to the overall transmittance observed.

The presence of the AgNp/silica coating on the optical fibre played a crucial role in
achieving the observed response and influencing light transmission across different
wavelengths. In addition, the transmittance for all the pH solutions was observed to
show a peak at a wavelength of 530 nm, with visible changes in transmission
observed across a wide range of wavelengths (500 nm to 1000 nm). The observed
change in transmittance could be attributed to the presence of the AgNp/silica
coating on the optical fibre, which affected the transmission of light and
corresponding changes in pH across the test solutions. The following section will
discuss the potential reasons and mechanisms associated with the change in light

intensity as the pH of the solution changes.
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Figure 5.5: The percentage of transmission of light at a different wavelength of light
in different pH solutions using HsPO4 and NaOH

This section aims to provide an in-depth explanation of the mechanism of pH
measurement using a coated optical fibre. The foundation of this technique lies in the
theory of total internal reflection, which shows a change in the refractive index
between the core and cladding of the fibre. It is believed that total internal reflection
is a major factor that is responsible for the observed effect even when the cladding
was substituted with an AgNp/silica coating. This is because the optical response
observed is a direct consequence of the change in refractive index resulting from
changes in the pH of the solution [90,188].

This could be further explained by the change in surface charge density facilitated by
the incorporation of silver nanoparticles within the silica matrix. Notably, the surface
charge of the silica layer can be manipulated by altering the pH of the test solution,
as reported in the literature. Previous studies have reported an increase in the
charge density of the coating due to the presence of metal nanoparticles within the
silica matrix [95,251].

The silica surface consists of Si-OH active bonding, which undergoes various
reactions depending on the pH of the solution. The following reactions demonstrate
the potential reactions that are likely to occur at the surface at different pH levels
[178,179]:
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In acidic solution: SIOH + H* <> SiOH2* (5.4)
In alkaline solution: SIOH + OH" < SiO" + H20 (5.5)

These reactions indicate the change in the surface chemistry of the silica coating
due to changes in the pH of the solution. By monitoring the optical response of the
coated optical fibre, which is correlated with the change in refractive index, the pH of
the solution can be determined. This innovative approach enables precise pH
measurements by leveraging the principles of total internal reflection and surface
chemistry induced by the presence of silver nanoparticles within the silica coating.
When the pH of the test solution was modified from pH 3 to 11, it was observed that
the surface of the silver nanoparticle embedded in the silica coating has the potential
to adsorb ions present in the solution. The extent of ion adsorption on the surface of
the coating is directly linked to the pH of the solution. This localised modification in
the effective refractive index can be influenced by the pH of the solution, primarily
due to surface charge effects and the formation of a corresponding depletion layer at

the interface between the matrix and the solution [175,176].

This phenomenon can be further explained by considering the behaviour of silver
nanoparticles within the silica matrix when exposed to varying pH conditions. At low
pH values (acidic conditions), an increased concentration of H* ions in the solution
promotes the protonation of the Si-OH groups on the surface of the coating, resulting
in a positively charged surface. Consequently, this positive charge attracts anions
from the solution, leading to their adsorption on the coating's surface. The presence
of these adsorbed ions creates an altered local refractive index, affecting the overall
optical response [188,252]. Conversely, at high pH values (alkaline conditions),
increased concentration of OH ions in the solution leads to deprotonation of the Si-
OH groups on the coating's surface, rendering it negatively charged. This negative
charge then attracts cations from the solution, causing their adsorption onto the
surface. Once again, this adsorption of ions induces changes in the local refractive

index, thereby-influencing the optical properties of the coating.

In this study, phosphoric acid (HsPO4) and sodium hydroxide (NaOH) were used to
adjust the pH of the solution. The chemical reaction that illustrates the interactions

between phosphoric acid and silica is shown in equations 5.6 and 5.7 [253]:
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H3PO4 — H™+ H2PO4 (5.6)
Si-OH + H3PO4 — Si—-OH2"+ H2PO4 (5.7)

Phosphoric acid provides protons used to protonate the silanol groups on the silica
surface, forming positively charged sites (Si-OH2*) and dihydrogen phosphate anions
(H2PO«). Phosphoric acid can protonate the silanol groups, leading to an increase in
the positive surface charge density. The extent of protonation depends on the acid
concentration and pH of the solution. In aqueous solutions, phosphoric acid can exist
in different forms of ions (H2PO4", HPO4?,PO4%*), and these ions could participate
with silica for the adsorption of ions on the surface [253]. The formation of the
associated adsorption of ions at the coated matrix—solution interface further
contributes to the changes in the effective refractive index. By considering these
surface charge effects, it becomes evident that the hydronium anions and cations of
the solution play a crucial role in modifying the optical response of the coated optical
fibre. This interplay between pH, surface charge, ion adsorption, and local refractive
index provides the foundation for pH measurement using coated optical fibre, a

complex process.

In a study conducted by Wang et al. [95], the researchers investigated the use of
gold nanoparticles in a silica matrix (Figure 5.6a) and palladium nanoparticles in a
silica matrix (Figure 5.6b) and decoration on an optical fibre for pH measurement.
The results indicated distinct optical responses for these different nanoparticles. For
instance, gold nanoparticles exhibited a peak in their spectrum at a wavelength of
525 nm, indicating strong interaction with light. On the other hand, palladium
nanoparticles displayed a broad response across a wide range of wavelengths from
400 nm to 900 nm, without a peak, as shown in Figure 5.6 (b). The response
observed with palladium nanoparticles is somewhat similar to silver nanoparticles.
Moreover, in the spectrum of silver nanoparticles, a vague peak was observed at the
wavelength of 530 nm and a broad response from 400 to 900 nm, as shown in
Figure 5.5. This peak can be attributed to the localised surface plasmon resonance
(LSPR) property of nanoparticles. The AgNp/silica coating does not show a clear
peak, as that observed for AuNp/silica in Figure 5.6. However, the palladium
nanoparticles, being a weaker plasmonic metal, did not exhibit any peak in their

spectrum at all.
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Figure 5.6: The percentage transmission of light at different wavelengths in different
pH solutions using (a) AuNP/silica and (b) PdNP/silica [95].

In the realm of localized surface plasmon characteristics, palladium nanoparticles
typically demonstrate a diminished resonance in contrast to their gold and silver
counterparts  [254,255]. The wavelength at which localized surface plasmon
resonance peaks occur spans from 200 to 2000 nm, contingent upon the specific
sizes and geometries of the nanoparticles (AuNp, AgNp or PdNp) [255,256]. The
presented curves for AuNp, AgNp, or PdNp collectively exhibit monotonic behaviour,
wherein alterations in directionality coincide consistently with variations in pH levels.
It was observed that the highest degree of light transmission occurred within
solutions characterized by lower pH values, with a subsequent decline in
transmission noted as pH levels were raised within the solution. Notably, the
determination of particle sizes and shapes in previously reported studies has been
challenging, hindering direct comparisons of their surface plasmon properties within
a consistent framework. It is observed that palladium nanoparticles embedded in
silica exhibit a subdued LSPR response compared to gold and silver counterparts,
potentially accounting for the absence of discernible peaks across the entire
wavelength spectrum. Conversely, gold nanoparticles incorporated within silica
matrices manifest stronger resonance peaks, whereas silver nanoparticles within
silica exhibit weaker peaks, reflecting the varying strengths of their LSPR

characteristics.
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Numerous studies have demonstrated that optical properties are related to the
scattering behaviour of silica particles, which relies on the alteration of an effective
refractive index within their immediate vicinity [95,257]. Moreover, the pH level of the
solution phase could potentially influence this alteration due to surface charge effects
and the formation of a corresponding layer at the interface between the matrix and
solution [188,251]. These observations show the significance of the presence of
metal nanoparticles in the silica matrix to the optical response of the sensor. The
study also revealed that gold nanoparticles demonstrated a clear peak, whereas
silver nanoparticles exhibited a vague peak due to their distinct plasmonic properties.
On the other hand, palladium nanoparticles, which possess a lower plasmonic
behaviour, did not display any peak. Nevertheless, the presence or absence of
peaks did not affect the optical pH measurement significantly, as optical responses
were observed across various wavelengths for AgNp/silica, AuNP/silica, and
PdNp/silica coatings. The extinction of light by Au nanoparticles is attributed to
plasmon resonance due to the inherent dissimilarity in the light extinction properties
of the two materials [258-260]. The consistent response observed regardless of the
specific optically active material embedded in the silica matrix, strongly implies that
the dominating factor is the presence of silica itself. It is important to note that the
silica coating, which was common across all coatings, likely played a substantial role
in influencing the optical response in different pH solutions. Further discussion
regarding the results of the optical response in the presence of just the silica coating
will be discussed later in this chapter.

5.2.1.1 Analysis of optical properties

As mentioned above, when there is no distinct (sensitive) peak, then need to choose
the wavelengths for pH measurement. In this section, there are further discussions
and analyses of the results of the optical properties of AgNp/silica coating as a pH
sensor, such as shown in Figure 5.4 are discussed. The wavelengths of 550 nm and
800 nm were selected to investigate the changes in light intensity. The reason for
choosing 550 nm and 800 nm was to assess and compare the light intensity change
at lower and higher wavelengths. These results are shown In Figure 5.7 (a), which
suggests that the intensity of light at 550 nm was observed to be 1612 for the
solution with a pH of 11. As the pH of the solution decreased, the intensity of light
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increased. At pH 3, the intensity of light reached 2365 at the wavelength of 550 nm.
Similarly, in Figure 5.7 (b), the intensity of light at 800 nm was observed to be 4652
for the solution with a pH of 11. As the pH of the solution decreased, the intensity of
the light increased, following the same trend observed at the wavelength of 550 nm.
At pH 3, the intensity of light reached 12054 at the wavelength of 800 nm.
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Figure 5.7 : (a) The change in intensity of light at the wavelengths of (a) 550 nm and
(b) 800 nm using H3PO4 and NaOH.
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In order to compare the changes in intensity at the wavelengths of 550 nm and 800
nm, the data was further normalised to a scale of 0 to 100, as shown in Figure 5.8.
This normalisation allows for a more straightforward assessment of intensity
variations between the two wavelengths. Analysing the normalised data, the change
in intensity at the wavelength of 550 nm was observed as follows: from pH 11 to pH
10, the change was 31; from pH 10 to pH 9, the change was 20; from pH 9 to pH 8,
the change was 13; from pH 8 to pH 7, the change was 10; from pH 7 to pH 6, the
change was 10; from pH 6 to pH 5, the change was 7; from pH 5 to pH 4, the change
was 4; and from pH 4 to pH 3, the change was 4.
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Figure 5.8 : (a) The change in intensity of light at the wavelength (a) 550 nm (b) 800
nm using H3PO4 and NaOH.

These results indicate that the change in intensity was lower in acidic solutions
(lower pH values), with a gradual increase observed as the pH of the solution was
increased. Notably, the rate of change in intensity was similar between the two
wavelengths, indicating a consistent response to pH variations. These findings
demonstrate that the intensity of light at both 550 nm and 800 nm as pH-dependent.
In addition, as the pH of the solution decreases, indicating increased acidity, the
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intensity of light also increases. This correlation suggests that the sensor's response
to changes in pH levels is consistent across different wavelengths. The substantial
increase in light intensity as the pH decreases from 11 to 3 underscores the sensor's
sensitivity and ability to accurately detect and quantify pH variations. The measured
intensities at these specific wavelengths provide valuable information for analysing
the sensor's response to pH changes. These observations contribute to the
understanding of the sensor's performance characteristics and aid in the optimisation

of the sensor's design for pH measurement applications.

In a study conducted by Su et al. [82] to assess the sensitivity of an optical fibre pH
sensor utilising AuNp/silica coated optical fibre, the pH of the solution was adjusted
using phosphoric acid and sodium hydroxide as depicted in Figure 5.9 (black data
points). It was reported that a higher change in transmission at higher pH values,
with a comparatively lower change in transmission observed in acidic conditions.
This response closely resembles the results obtained in the current research
involving AgNp/silica (red data points). There are similar trends found in this
research as AuNp/silica were reported. A common factor shared by both the
AuNP/silica and AgNp/silica coatings is the presence of a silica coating. The key
difference lies in the incorporation of different metal nanoparticles within the coating.
This indicates that the silica coating itself plays a significant role in the sensitivity or
that AgNp and AuNp behave similarly to the sensor with respect to pH changes in
the solution. The optical response was analysed at a wavelength of 525 nm, but it

can be analyzed at any other wavelength.
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Figure 5.9: Comparison of normalised transmission of light at the wavelength of 525

nm using AuNP/silica coating [82] and AgNp/silica on optical fibre as a pH sensor.

5.2.1.2 Repeatability and reproducibility analysis

To assess the performance and reproducibility of the sensor, a thorough

investigation was conducted using three different

optical fibres prepared
simultaneously, ensuring they were from the same batch. The optical fibres were
etched using the same etching solution, coated with the same AgNp/silica gel, and
subjected to heat treatment in the same batch. The purpose of analysing optical
fibres prepared from the same batch was to evaluate the variation in performance
among the three samples as pH sensors. By examining the change in intensity of
light for different pH levels using these three optical fibres, it would be possible