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Abstract

Jet engine oils contain appreciable amount of toxic ingredients, however are
considered safe provided the oil stays in the engine and appropriate precautionary measures
are taken. Organophosphorus compound tricresyl phosphate (TCP), known to be a
neurotoxin, is widely used as an anti-wear additive in jet engine oils. Bleed air system for
cabin air delivery implies a risk of exposing passengers of airliners to TCP and products of
its hydrolysis. The development of a highly-sensitive, robust, time and cost-efficient device
for TCP detection on an airliner is of an increased practical interest. Electrochemical
detection method was chosen in this work as it proved to be the most efficient tool for TCP
detection. Non-electroactive TCP was hydrolyzed, and products of alkaline hydrolysis
were detected via electrochemical methods.

In flight conditions, it is critical to have a reaction design that would ensure a safe,
robust and cost-effective hydrolysis of TCP with a high reaction conversion, thus requiring
a reliable and effective reaction enhancement method. Ultrasonic irradiation is employed
as a novel approach to enhance the alkaline hydrolysis reaction. TCP is hydrolyzed very
slowly in neutral or acidic media, and considerably faster in alkaline solution. Boiling-
enhanced alkaline TCP hydrolysis was performed to demonstrate the effectiveness of

ultrasound irradiation acceleration of this reaction.



An additional cresol detection technique, UV-vis spectrophotometry with the
demonstrated limit of detection of p-cresol of 100 uM, was used for validation of the
effectiveness of alkaline hydrolysis reaction. Electrochemical detection provided a
significantly improved limit of p-cresol detection of 0.5 uM.

From the perspective of developing a portable and time-efficient sensor for use on
airliners, ultrasonic irradiation and electrochemical techniques proved to be effective for

enhancing alkaline hydrolysis of TCP and rapid and highly-sensitive detection of cresol.
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Chapter 1. Research Motivation and Objectives

Non-pesticidal triaryl organophosphates gained a significant research interest due
to their neurotoxicity and reports of cabin air pollution on aircrafts. The development of
rapid, simple, inexpensive TCP detection system for application in an airliner cabin is of
significant interest. Gas chromatography with a nitrogen-phosphorus sensitive detector
(GC/NPD), a flame photometric detector (GC/FPD) [28], a mass spectrometric (MS)
recognition [29], high-performance liquid chromatography (HPLC) [30], thin layer
chromatography (TLC) [31] are well-established laboratory techniques that can be
employed for TCP detection [32, 33]. However, application of such techniques requires
high-cost equipment, trained personnel, and time-consuming detection procedures. All
these factors, and the limitations to miniaturization of a detection device, make these
techniques impractical onboard. Electrochemical techniques, on the other hand, are a
promising solution to the challenge of finding a time and cost-efficient detection method
for TCP. Since electrochemical detection requires an electroactive compound, the non-
electroactive TCP is converted to cresols via alkaline hydrolysis. Electroactive products of
this reaction, cresols, are detected by amperometric techniques.

A sensing system for TCP electrochemical detection that employs a hydrolysis
reaction conducted at an elevated temperature of 230 °C with complete evaporation of TCP
and its pathway through a catalyst column, implying heterogeneous catalysis process, was

previously reported by Yang et. al. [34-36]. The need for high temperatures and prolonged



time periods for reaction to occur define the challenging nature of hydrolysis of
organophosphates [37].

The objectives of this research project are the development of an alternative
approach to accelerating TCP hydrolysis and optimization of the electrochemical detection
of reaction products. The reaction and detection steps would have a potential of integration

into a portable sensor.

1.1 Thesis Organization

The current chapter provides the motivation for this research work. Chapter 2
presents the introduction and literature review, and is divided into sections that give
information on chemical and electrochemical sensors, potentiometry, amperometry,
tricresyl phosphate and contamination of cabin air in an aircraft, and ultrasonic irradiation
phenomena. Experimental procedures are discussed in Chapter 3 which includes
information on the reagents and solutions preparation, alkaline hydrolysis reaction process,
and procedures for detection of cresol by amperometry and UV-Vis spectrophotometry.
Chapter 4 provides the discussion of experimental results, which includes electrochemical
and spectrophotometric calibration curves for pure p-cresol detection and the curves of
detection of the product of hydrolysis reaction. Overall conclusions and suggestions for

future work are presented in Chapter 5. All references are listed after Chapter 5.



Chapter 2. Introduction and Literature Review

2.1 Sensors

Technological advancements in engineering and science have led to the
development of the multidisciplinary field of sensors. A device that detects changes in
physical variables, which include temperature, pressure, humidity, mass, strain, voltage, is
termed a sensor. Physical variables are converted into a universal signal via a transducer
which is an important component of all sensors. There are several classes of sensors, based
on the physical variable that is being detected [1].

Biosensors is an important class of sensors. The type and the concentration of a
specific analyte are the variables of interest in biosensors. A sequence of nucleic acid
(DNA, RNA), a bacterium, a protein, a biochemical compound are examples of analytes.
Conventional sensors (temperature, humidity, pressure, mass, light transducers) cannot be
used to determine the type and the concentration of an analyte. In order to fulfill this task
there is a need for a bioreceptor, and biosensors come into play. Bioreceptor, a biological
material, examples of which include antibodies, nucleic acids, enzymes, viruses, bacteria,

is capable of specifically binding to a target analyte.

2.1.1 Chemical sensors
Chemical sensor contains a chemically selective layer, film, or membrane, and at

its core it has a physical transducer, or reference electrode. This class of sensors provides



information on chemical nature of its environment. The main characteristics of a chemical
sensor, sensitivity, selectivity, lifetime, response time, are controlled by the composition

and the form of the chemically selective layer [2].

2.1.2 Electrochemical Sensors

Electrochemical sensors, a subclass of chemical sensors, are devices with working
principle based on an induced chemical change leading to an electrical response. Their
design uses an electrode as the transduction element [3]. Most of the electrochemical
sensing techniques employ changes in potential and current. The categories of
electrochemical sensors, distinguished based upon modes of signal transduction, are
potentiometric, voltammetric and conductometric [4]. Potentiometric sensors are simple to
use, and are characterized as having high selectivity and low cost, which makes them
usable for field operations [5]. In contrast, voltammetric sensors are more sensitive and
faster than potentiometric devices. Other groups of electrochemical sensors include
chemiresistors and capacitive sensors, which rely on resistivity and impedance
measurements, and devices that rely on conductivity changes of ions.

Nowadays, electrochemical sensors are widely used in environmental, clinical,
industrial, agricultural analyses, as well as in every-day life, for instance, a conductometric
oxygen partial pressure sensor in automobiles, blood glucose sensor, carbon monoxide

detector with an electrochemical cell.



2.1.2.1 Potentiometry

An exchange of electrons between compound in a solution and a sensing element
is the principal phenomenon in potentiometric sensors. Direct potentiometric
measurements require an ion-selective electrode, which is an indicator electrode that
selectively measures the activity of a chemical compound. The ion-selective electrodes are
mostly nonporous membrane-based devices that have the filling ion solution of a constant
activity inside. The membrane selectively binds ions and the potential is produced across
the membrane. The resulting potential of ion-selective electrode relative to the potential of
the reference electrode is dependent on the activity of the target ion in the solution of

interest. The electrode potential, E, is defined by the Nernst equation [6] as

E =Eo—2.303 % logio (aa+ faBas), (2.1)

where Eo is an electrode material-dependent constant, R is the universal gas constant, T is
the absolute temperature, ne is the number of electrons involved in the reaction, F is the
Faraday constant, aa is the activity of species A, as is the activity of species B, Sas is the
selectivity coefficient of an A species-sensitive electrode to species B.
Concentration of species A, ca, its activity, aa, and activity coefficient, ya, are
related to each other by
as = yaca (2.2)

lon-selective electrodes have a wide linear range and a fast response [3].



2.1.2.2 Amperometry / Voltammetry

Amperometric detection is based on the principle of the current production during
oxidation or reduction of species at an electrode. The produced current is directly
proportional to the concentration of the species. Chronoamperometry is a method that uses
an electrode that has some initial rest potential at which molecules in the surrounding
solution are not oxidized or reduced. The potential is suddenly changed and this initiates
an electrochemical reaction. The step-wise change of the potential can cause an immediate
and complete reaction in the analyzed substance, thus a concentration gradient is produced
between the electrode surface and the surrounding solution and diffusion of the compound
towards the electrode is initiated. The depletion of the solution next to the electrode occurs
as the reaction continues, and the concentration gradient decreases, which causes the

current decrease. The current-time relationship is defined by the Cottrell equation [7]

nFAD/2¢
r1/2¢1/2 !

ld = (2.3)
where iq is the current, n is the number of electrons, F is the Faraday constant, A is the area
of an electrode, D is the diffusion coefficient, c is the bulk concentration of the analyte, t
is the time.

Linear sweep voltammetry (LSV) technique involves a regularly changing
waveform applied to a working electrode. Cyclic voltammetry (CV), an analysis mode
similar to the LSV, is often the first technique to apply at the inception of an
electroanalytical study. It provides the information on the location of redox potentials of

electroactive compounds and the influence of the media on the redox process. During the



potential sweep, current resulting from the applied potential is measured. The resulting
cyclic voltammogram shows characteristic peaks caused by the formation of the diffusion

layer at the electrode surface.

2.2 Tricresyl Phosphate

Tricresyl phosphate (TCP) is an organophosphorus compound widely used as an
anti-wear additive in aircraft turbine engine oils, a component in flame retardants,
plasticizers, and extraction solvents, due to being non-flammable and non-explosive. In jet
engine oils, TCP concentrations are 2—-3% [20, 21]. Commercial TCPs are mixtures of

isomers (Figure 1), which include the most toxic isomer o-tricresyl phosphate (0TCP).

@

Y 5 Q
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Figure 1: Chemical structure of TCP and its main isomers [52]



In neutral or acidic media TCP hydrolysis occurs very slowly, and in alkaline
solution this reaction proceeds considerably faster. This reaction produces three molecules
of cresol from one molecule of TCP. The reaction of alkaline hydrolysis of TCP is
demonstrated in equation 1.4 and Figure 2 [34]. Table 1 shows hydrolysis half-lives in

alkaline solution [53].

OP(OCsH4CHa)s + 3NaOH > NasPOs + 3HOC6H:CHs (1.4)
oo . .
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Figure 2: Alkaline hydrolysis of TCP [34]



Table 1: TCP alkaline hydrolysis half-lives [53]

Compound Solution Temperature (°C) pH Half-life
Tri-p-cresyl 0.2 N NaOH/
22 13 1.66 h
phosphate acetone (1:1)
Tri-m-cresyl 0.1 N NaOH/
22 13 1.31h
phosphate acetone (1:1)

Gas chromatography (GC) is widely used for determining TCP. Other applicable
analytical methods are GC-mass spectrometry (GC/MS), thin-layer chromatography (TLC)
for edible oil analysis, high-performance liquid chromatography (HPLC), and colorimetry

[54 - 57].

2.3 TCP Contamination of Cabin Air in an Aircraft

Organophosphates-based hydraulic fluids have been used in high-performance
aircraft since the 1970s [8]. Over the past 30 years, there have been reports of illness of
cabin crew and passengers associated with bleed-air incidents on commercial airliners [9-
14]. At a cruising altitude of 11,000 m (37,000 ft) the ambient air temperature is -55°C (-
67 F), the atmospheric pressure is about 30 kPa, and the moisture content is close to zero.
Passengers and crew are protected from these extreme ambient conditions by an
environment control system (ECS), which bleeds air from engine compression stages [15].
The most commonly used cabin air delivery method is mixing the bled air and the
recirculated air [16]. Figure 3 shows air recirculation system in an airliner cabin. Air enters

through the aircraft’s jet engines, where it becomes compressed and hot, then it is directed



to the air conditioning units where it is cooled dramatically. Next, the outside air is
combined with cleaned recirculated air to produce a 50/50 mix at the mixing manifold.
Consequently, air is supplied into the cabin via overhead outlets. Eventually, used air is
discharged to maintain the balance with the incoming outside air [51].

-

Constant fresh air

Air circulates
the cabin

|— Used air discharged

Air conditioning
unit

Mixing manifold
Air enters

Figure 3: Schematic representation of air recirculation system in an airliner cabin [51]

As a result of leakage of engine-oil seals, jet engine oil fumes may contaminate the
cabin air through the bleed air system. When engine lubricating oils and hydraulic fluids
are at high temperatures around 525°C (engine conditions in some aircrafts), TCP isomers
are released and trapped in air that is supplied to the cabin. It is not possible to control or
eliminate contamination by increasing the ventilation flow rate [17]. Passengers and crew-
members exposed to contaminated cabin air experience short or long-term symptoms
which include dizziness, cognitive problems, disorientation, uncontrolled tremors [18, 19].

The adverse effect of TCP on a human body is explained by the fact that acetylcholine

10



esterase [22] and carboxyesterases [23], vital enzymes, are inhibited by this compound.
Prolonged exposure to TCP may cause organophosphorus-induced delayed neuropathy

(OPIDN) [24-27].

2.4 Ultrasonic Irradiation

Ultrasonic technology has been shown as an effective method for the destruction of
pollutants, organic compounds, in the field of wastewater treatment [46]. The enhanced
mass-transfer processes, thermolysis, shear degradation, chemical-free oxidation are the
advantages of this technology. Ultrasonic irradiation is associated with cavitation
phenomenon which includes the formation of cavitation bubbles, their growth, followed

by their collapse, and a release of a large magnitude of energy (Figure 4) [39].
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Figure 4: Ultrasound cavitation bubble growth and implosion in a liquid irradiated with

ultrasound [39]

Free radicals produced during the cavitation bubbles collapse, and localized
extreme conditions with enormous temperature up to 5000 K and pressure up to 1000 atm

[44, 45] make the sonochemical process a promising method for enhancement of chemical

11



reactions. Sonochemical reactions are most-commonly explained using the hot-spot theory
[46], which is based on the vision of microbubbles as small microreactors [53]. There are
three zones in a cavitational bubble, according to the temperature profile studies (Figure 5)
[46]. The core of the bubble is the thermolytic center (hot spot), which is characterized by
the localized hot temperature around 5,000 K and high pressure around 500 atm during
final collapse of cavitation. In aqueous solutions pyrolysis of bubble water molecules
occurs inside this region with formation of hydroxyl and hydrogen radicals in the gas phase.
The substrate reacts with the hydroxyl radical or pyrolysis occurs. Between the cavitational
bubble and bulk liquid is the interfacial region, here, in aqueous phase, a reaction similar
to hot spot occurs. In addition to that, hydroxyl-radical recombine forming hydrogen
peroxide. In the third region, the bulk region, the reaction between the substrate and the
hydroxyl-radical or hydrogen peroxide occur, and the temperature is around the room

temperature.

Bulk solution (300 K)

"OHug + Stagy —— product

Hy00 + 8y ———» product

Gas-liquid interface (2000 K)

Cavity interior (5000 K; 500 atm)

‘OHjug + Sy — product

H:0() — HOy + Hy

S roduct
ey — produc Sy — product

OHag) + Sag — product

‘OH+ OH ——» H0,

Substrate (S)

Figure 5: Three reaction zones in the cavitation process [46]
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In homogeneous and heterogeneous media the effects of ultrasound are different.
For the former, production of new chemical species occurs during cavitation and
sonochemical reactions, and mechanical effects induced in liquid system enhance the
reactions in the latter. [47].

Not only chemical effects are produced via ultrasound irradiation, physical effects
(sonophysical) occur when liquid medium absorbs the acoustic energy from sound waves.
Liquid medium starts flowing along the wave’s propagation direction. Among the physical
effects are microstreaming, microstreamers, microjets, and shock waves, where the fluid
movement is turbulent, and cavitation bubbles create a microscale velocity gradient [48].
Ultrasound produces fluid movement which results in enhancement of mass-transfer
processes between solid-bulk and gas-bulk interfaces. Therefore, mixing, breaking down
of particles and macromolecules, extraction, and desorption processes are enhanced [49].

The phenomena of sonochemistry has been recognized for decades, however there
is still no full understanding of the mechanisms of homogeneous and heterogeneous
sonochemistry. Industrial scale applications of sonochemistry are in pollution control. The
use of sonochemistry in organometallic synthesis, biphasic systems, catalytic reactions,
and organic electrochemistry and the practical considerations for process optimization
[41].

The cavitational collapse is strongly affected by the physicochemical properties of
the solvent and the solute [42]. Solvents with high vapor pressure (VP), low surface tension
(o), and low viscosity (i) are more prone to the formation of cavities. Bubble formation

results from the breakage of the intermolecular forces in the liquid. Cavities are harder to

13



be formed in high densitiy solvents with high surface tensions, and viscosities, however

more extreme conditions in the bubbles exist in such solvents [43].

14



Chapter 3. Materials and Methods

3.1 Reagents and Solutions

Agqueous solutions were prepared with de-ionized (DI) water from the Milli-Q
Direct system (resistivity 18.2 MQscm). Phosphate buffer saline (0.1 M) (PBS) (pH=6.67)
was prepared from sodium phosphate dibasic (NaHPO4) (Sigma-Aldrich), potassium
phosphate monobasic (KH2PO4) (Sigma-Aldrich), and sodium chloride (NaCl) (Fisher
Scientific). Adjustment of the pH of the 0.1M PBS was performed by aqueous NaOH
(Fisher Scientific). Ten mM stock solution of pure p-cresol (Sigma-Aldrich) was prepared
in PBS. Ten mM stock solution of pure pTCP (MP Biomedicals) was prepared in methanol
(99.8% purity) (BDH-VWR). The solution of 0.5 M NaOH (Fisher Scientific) was prepared
in anhydrous denatured ethanol (Amresco Inc.). Acid diazo-reagent (dye) for
spectrophotometric detection was prepared by dissolving 0.8 g of p-nitroaniline (Alfa
Aesar) in DI water and adding 20ml of 20% hydrochloric acid to this mixture. To remove
the residual slick, the solution was then decanted. The final step in preparation of the dye
included addition of 50% sodium nitrite (NaNOz) solution until the reagent was entirely
colorless [40]. Buffer for spectrophotometric detection was prepared from NaHCOs

(Sigma-Aldrich) and Na,COz (Sigma-Aldrich).
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3.2 Instrumentation and Equipment

3.2.1 Potentiostat

All amperometric measurements were performed on Electrochemical Analyzer
(Model: 160C, P/N: uEA160C10002, Homiangz LLC) (Figure 6a). The electrode leads
coming out of the potentiostat are differentiated by color of the insulation on their alligator
clips. The red lead corresponds to the working electrode, yellow and green leads are the
reference and auxiliary electrodes respectively. Cyclic voltammetry studies were

performed on CHI 760E electrochemical workstation (CH Instruments, Inc.) (Figure 6b).

(@) (b)

Figure 6: (a) Electrochemical Analyzer (Model: 160C, P/N: uEA160C10002); (b) CHI

760E electrochemical workstation

3.2.2 Working Electrodes

Glassy carbon (GC) electrodes (BASi™ ) were used as the working electrodes. The
GC electrodes used for batch mode experiments were a 3 mm diameter GC rods embedded
inside an insulating material of length 75 mm. For flow mode amperometry measurements,
the working electrode block was a 2 mm diameter glassy carbon embedded inside an

insulating material.
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Preparation procedures for working electrodes prior to every voltammetric or
amperometric experiments included consecutive polishing over 1, 0.3, and 0.05 um a-
alumina slurries (Buehler) along with rinsing with DI water between different slurries,
polishing was followed by ultrasonic cleaning (Branson 1510) in ethanol for 10 minutes,
and the preparation was completed by drying under nitrogen atmosphere. There was no

modification of the GC electrodes performed.

3.2.3 Auxiliary and Reference Electrodes

A rod-shaped platinum wire of diameter 1 mm embedded inside an insulating
material of length 75 mm was used as an auxiliary electrode (BASi™), and a silver-silver
chloride (Ag/AgClI) with 3 M KCI internal solution (BASi™) was used as the reference
electrode for cyclic voltammetry batch mode experiments. The auxiliary electrode and the
reference electrode were rinsed thoroughly in DI water and dried before use. The storage
solution for the reference electrode was the 3 M KCI solution. Cyclic voltammetry
measurements were performed in a glass beaker with a plastic cap with holes for

assembling electrodes.

3.2.4 Flowcell for Amperometric Measurement

The stainless steel electrochemical detection flowcell (auxiliary electrode block)
(BASI™) model MF-1092 was used for flow mode amperometric experiments. The
flowcell is the cross flow and includes a phenolic base, arms, and inlet/exit connections.
The assembly was done by placing a thin-layer gasket over the pins of the flowcell,

followed by placing the working electrode block over the gasket and attaching the backing
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plate with the quick release mechanism over the working electrode block. The alignment
pins on the flowcell insure the proper alignment of the thin-layer gasket and the working
electrode. The Ag/AgCI reference electrode was inserted into the port on the top of the
flowcell and fixed with the reference electrode retainer. The fluid flowing through the flow
block was in continuous contact with all the three (working, auxiliary, and reference)
electrodes.

The flow mode was established and maintained at 10 mi/hr by using a dual syringe
pump (KD Scientific). A 6-port valve (Valco Instruments Co. Inc.) with a 50 pl loop was
used for loading liquid samples of pure p-cresol and hydrolysates. The system for

amperometric detection in a flow mode, containing the pump, the 6-port valve, and the

electrochemical detection flowcell, is shown in Figure 7.

Figure 7: System for flow mode amperometric detection of cresol: A — dual syringe pump,
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B — 6-port valve with 50 pl loop for loading liquid samples, C — electrochemical flowcell

(auxiliary electrode block)

3.2.5 Ultrasonic Processor

Ultrasonic irradiation during the TCP hydrolysis reaction was performed by
ultrasonic processor Vibra-cell VC750 (Sonics & Materials Inc.) operating at 20 kHz and
input power of 750 W. The process parameters were as follows: pulse 30/10, Amp 35%.
The tip of the ultrasonic processor was rinsed with ethanol and DI water upon completion

of irradiation process.

3.2.6 Coil-Reflux Condenser

Boiling-enhanced pTCP alkaline hydrolysis process involved the application of the
coil-reflux condenser (Sial, Czechoslovakia), pear-shaped boiling flask (50ml) (Sial,
Czechoslovakia), a magnetic stirrer with ceramic heating plate C-MAG HS 7 (IKA Works

Inc.), and silicone oil (Sigma-Aldrich).

3.2.7 UV/VIS Spectrophotometer

Spectrophotometric detection of pure p-cresol, as well as the products of pTCP
hydrolysis, cresols, was performed on the Ultrospec 2100 Pro UV/isible
spectrophotometer (Biochrom Ltd.). SWIFT 11 applications software (Amersham
Biosciences) was operated in the spectral scanning mode with the scan speed of 1800

nm/min for analysis of the absorption spectra of cresols of different concentrations.
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3.3 Experimental Procedures

3.3.1 Overview of Experimental Procedures

Experimental procedures of this work are conveniently divided into two flows. First
flow includes alkaline hydrolysis of pTCP conducted using ultrasonic irradiation for
reaction enhancement. Consequently, detection of the products of reaction, cresols, is
performed by two independent techniques: amperometry, and UV-vis spectrophotometry.
Second flow uses boiling-enhanced alkaline hydrolysis of pTCP. Similarly, the detection
of the products of reaction is performed by amperometry, and UV-vis spectrophotometry.

A schematic of the overall experimental procedure is shown in Figure 8.

Alkaline hydrolysis

of pTCP, PBS R Electrochemical
enhanced either by | (amperometric) detection
ultrasound, or by boiling of product (cresol)

NaHCO3/Na>CO3 buffer, dye

UV-Vis
detection of product
(cresol)

Figure 8: Overall experimental procedure

3.3.2 Preparation of pTCP and Sodium Hydroxide Solutions

A 10 mM stock solution of p-TCP in methanol was prepared for every experimental
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procedure. The stock solution was consequently diluted to 1 mM, which was used directly
in hydrolysis reactions. Sodium hydroxide solution (0.5 M) was prepared by dissolving the
pellets in ethanol, and used as a reagent in a liquid phase. The stoichiometric amount of
sodium hydroxide solution was added to the 1 mM p-TCP solution for each hydrolysis

reaction.

3.3.3 Experimental Set-up for Ultrasonic Irradiation-Enhanced pTCP Hydrolysis
Immediately upon preparation the liquid mixture of pTCP and sodium hydroxide

was subjected to ultrasonic irradiation performed in 8 runs for 8 min per run (pulse 30/10

Amp 35%), longer runs caused loss of products due to evaporation. Figure 9 depicts the

ultrasonic irradiation process.

Figure 9: Experimental set-up for ultrasonic irradiation-enhanced pTCP hydrolysis

In between the ultrasonic runs the cooling periods, of 5 min each, were provided.

Upon completion of the ultrasonic irradiation runs the liquid mixture of reagents and
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products of hydrolysis was analyzed electrochemically, solutions of various

concentrations were prepared in PBS for amperometric tests.

3.3.4 Experimental Set-up for Boiling-Enhanced pTCP Hydrolysis

Immediately upon preparation the mixture of solution of pTCP (1 mM) in methanol
with stoichiometric amount of sodium hydroxide solution (0.5 M) in ethanol was subjected
to boiling with coil-reflux condenser (Figure 10). The reacting mixture was confounded in
a pear-shaped 50 ml boiling flask, and a coil-reflux condenser was assembled on its neck.
Silicon oil, heated on a ceramic heating plate, provided the conditions for boiling the
reacting mixture at temperature 85 °C, controlled by an external thermometer. Cooling

water supply to the condenser was maintained during the boiling process.

Figure 10: Experimental set-up for boiling-enhanced pTCP hydrolysis

3.3.5 Cyclic Voltammetry in a Batch Mode

Cyclic voltammetry was performed to determine the electrochemical activity of
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cresols. A three-electrode cell was used in a batch mode in which glassy carbon, platinum,
and Ag/AgCl (3 M KCI) served as the working, auxiliary and reference electrodes
respectively. The glassy carbon working electrode was polished and subjected to ultrasonic
cleaning before the experiment. Cyclic voltammetry was performed on a bare working
electrode. The first cyclic voltammogram (CV) was taken in 5 ml of 0.1 M PBS, pH 6.67
between 0 mV and 800 mV vs. Ag/AgCI reference electrode. Consequently, 500 pl of 1
mM p-cresol were added to the buffer solution such that the final concentration was 100
uM, the potential was between 0 mV and 800 mV vs. Ag/AgCl. The scan rates were as

follows: 10, 20, 50, 80, 100, 120, 150, 200 mV/s.

3.3.6 Amperometry in a Flow Mode

Pure p-cresol was analyzed using flow mode amperometry. A dual syringe pump
operated at a flow mode of 10 ml/h maintained the flow mode during experiments. Upon
establishing the PBS (0.1 M, pH=6.67) baseline, the following concentrations of p-cresol
in PBS were injected through the 6-port sample valve: 500, 1000, 2000, 3000, and 4000
nM.

Product of pTCP alkaline hydrolysis was also analyzed via amperometry in a flow
mode. Product was diluted by 0.1 M PBS (pH 6.67) down to 1 to 6 uM solutions and

injected into the flow system.

3.3.7 Spectrophotometric Measurements

UV-vis absorption spectra measurements for varying concentrations of p-cresol

were performed using the acid diazo-reagent (dye) [40]. The wavelength range from 300
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to 700 nm was chosen, the scan speed was 1800 nm/min. The measurement began with a
reference of the 0.2 M sodium carbonate — bicarbonate buffer (pH 9.70). The reference
cuvette measurement is followed by the next cuvette containing 10 uM p-cresol in the 0.2
M NaHCO3/Na,COs (pH 9.70) solution and the dye. Using this technique, the UV-vis
absorption spectra for the following concentrations of p-cresol were measured: 10, 20, 30,

40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500 pM.
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Chapter 4. Results and Discussions

4.1 Electrochemical Response of Cresols

Cyclic voltammetry was performed to determine the electrochemical activity of
cresols. The measurements in the three-electrode cell were conducted in a batch mode.
Phosphate buffer saline (0.1 M, pH 6.67) was initially in the cell. Cyclic voltammogram of
100 uM p-cresol (Figure 11) performed from 0 V to 0.8 VV vs Ag/AgCl at scan rates from
10 mV/s to 200 mV/s shows the response current of electroactive species. A quick increase
in current at the beginning of each potential scan is observed due to the charging current,
and is followed by a flat line. The onset of p-cresol oxidation is observed starting from
around 0.6 V, which is indicated by the increase in current on a cyclic voltammetry curve,
and produced a peak at around 0.72 V vs Ag/AgCI in the forward scan. No peak was
observed in the reverse scan. The absence of a reduction peak suggests that p-cresol
undergoes irreversible oxidation at around 0.72 V. With the increasing scan rate the whole
i-V cycle expanded due to increased charging current, and the peak current increased.
Cresol oxidation is a diffusion-controlled process [34], thus peak current on Figure 11 is
proportional to the scan rate. The effect of scan rate on the peak current position is observed

as slight shifting of the peaks positions.
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Figure 11: Cyclic voltammetry of 100 uM p-cresol on a bare glassy carbon electrode in 0.1
M PBS buffer at pH 6.67 at scan rates of 10, 20, 50, 80, 100, 120, 150, 200 mV/s in the
range of potential from 0 to 800 mV vs Ag/AgCI. The increase of the scan rates is indicated
by the arrow direction. The onset of p-cresol oxidation is observed starting from around
0.6 V, as indicated by the increase in current. The oxidation peak at 0.72 V vs Ag/AgCl is

observed on this voltammogram in the forward scan.

4.2 Electrochemical Detection of P-cresol. Calibration Curve

Pure p-cresol solutions in 0.1 M PBS (pH 6.67) of various concentrations were
tested for building a calibration curve of pure p-cresol. Amperometry with the potential of
0.72 V vs Ag/AgCl was conducted in a flow mode using a valve injection unit with a 50 pl
sample injecting loop. A constant flow rate of 10 ml/hr was maintained by a syringe pump,
five p-cresol samples of concentrations 500, 1000, 2000, 3000, 4000 nM were injected into
the sample loop. The detection limit of p-cresol was determined as 500 nM, using the
signal-to-noise ratio (S/N=3). Previously reported limit of p-cresol detection using

electrochemical techniques was 600 nM [60]. The peak current increases linearly with p-
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cresol concentrations. The R? coefficient of the linear fit is 0.996. The p-cresol calibration
curve, shown on Figure 12, provides the reference for electrochemical detection of the
products of pTCP hydrolysis. The amperometric current-concentration of the analyte

relationship is linear, according to Cottrell equation (eg. 2.3).
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Figure 12: (a) Flow mode amperometry of pure p-cresol. Numbers over the peaks indicate
the concentration of p-cresol (nM). (b) Calibration curve for p-cresol electrochemical
detection (amperometry). Limit of detection is 500 nM. Each p-cresol concentration was
injected 3 times and yielded 3 current peaks in each repetition of amperometry, data points
on the calibration curve correspond to the average of 3 repetitions. Error bars are the
standard deviation of the 3 repetitions. Note: current (signal) of 0 nM p-cresol injections

was subtracted from all sample peak currents. The R? coefficient of the linear fit is 0.9963.

4.3 Spectrophotometric Detection of P-cresol. Calibration Curve
UV-vis absorption spectra measurements for various concentrations of p-cresol

were performed, and calibration curve was obtained (Figure 13). The absorbance peak for
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cresol isomers is located between 510 and 530 nm [58]. The peaks on Figure 13 indicate
p-cresol. Varying concentration of p-cresol caused a slight shifting in the peak position
which is acceptable for such concentration range of analyte [58].

The UV-vis spectra yield the limit of p-cresol detection of 100 pM using the signal-
to-noise ratio (S/N=3). Lowering the concentration of p-cresol in the 0.2 M sodium
carbonate — bicarbonate buffer (pH=9.70) down to the range from 10 to 90 uM resulted in
no absorbance peaks. The p-cresol calibration curve provides the reference for
spectrophotometrical detection of the products of pTCP hydrolysis. Electrochemical
detection of p-cresol has a significantly improved detection limit compared to
spectrophotometry, thus making amperometry a prospective technique for integration into
a portable detection device. The significance of UV-vis spectra measurements in this work

is in verification of pTCP hydrolysis destruction via detecting the product of reaction.
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Figure 13: (a) UV-Vis absorption spectra of p-cresol (concentration units are pM). The

absorbance peak between 510 and 530 nm indicates p-cresol. (b) Calibration curve of UV-Vis

absorption spectra of p-cresol. Data points correspond to the average of 3 repetitions of UV-Vis
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experiment. Error bars are the standard deviation of the 3 repetitions. The R? coefficient of the

linear fit is 0.9747.

4.4 Ultrasonic Irradiation-Enhanced pTCP Hydrolysis. Electrochemical Detection of
Product

Ultrasonic irradiation enhancement of chemical reactions is affected by the

ultrasonic power. Higher reaction conversion can be achieved by using a higher power

ultrasound [46]. Studies of phenolic compounds degradation show applications of power

from 200 to 850 W, depending on the initial concentration of a compound [59]. Ultrasonic

processor power of 750 W was used in this work. Product of ultrasonic irradiation enhanced

pTCP alkaline hydrolysis, hydrolysate, was diluted with 0.1 M PBS (pH 6.67) down to

concentrations from 1000 nM to 6000 nM in terms of initial pTCP concentrations.

Amperometry of hydrolysate in a flow mode was performed for the detection of the product

of alkaline hydrolysis of pTCP, p-cresol, and is shown on Figure 14. Control injection was

the O nM pTCP. Unlike pTCP, cresol is electroactive, thus the amperometric test provides

quantitative detection of p-cresol. Determination of p-cresol concentrations in hydrolysate

samples was performed using the calibration curve for p-cresol and is provided in Table 2.
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Figure 14: (a) Amperometry of products of pTCP alkaline hydrolysis reaction enhanced by
ultrasonic irradiation. Initial concentrations of pTCP (uM) before the reaction are shown
as numbers over the peaks. (b) Linear plot of amperometry of the products of pTCP alkaline
hydrolysis enhanced by ultrasonic irradiation. Data points correspond to the 3 repetitions
of amperometry. Error bars are the standard deviation of the 3 repetitions. Note: current of
0 uM pTCP injections was subtracted from all sample peak currents. The R? coefficient of

the linear fit is 0.9519.

Table 2: Determination of p-cresol concentration in product of alkaline hydrolysis of pTCP

enhanced by ultrasonic irradiation using the p-cresol calibration curve (Figure 12).

P-cresol concentration in

Amperometric Initial pTCP :
current, nA concentration, nM product of hydrolysis of
pTCP, nM
0.699+0.08 1000 320
2.12+0.08 2000 604
4.05£0.05 3000 990
6.46+0.12 4000 1472
11.9+0.13 5000 2560
12.7+£0.11 6000 2720
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4.5 Spectrophotometric Detection of Product of Ultrasonic Irradiation -
Enhanced pTCP Hydrolysis

UV-vis absorption spectra measurements of product of ultrasonic irradiation-
enhanced alkaline hydrolysis show an absorbance peak between 510 and 530 nm which
corresponds to the p-cresol peak (Figure 15). The samples with concentrations ranging
from 10 to 100 uM (pTCP) were analyzed. The arrow on Figure 15 indicates the
direction of the initial pTCP concentrations decrease. The red line on the spectra with
the highest absorbance corresponds to the 100 uM initial pTCP concentration. Lower
concentrations of pTCP did not show absorbance peaks, thus limit of detection, in terms
of the initial pTCP concentration at the reaction inception, is 100 pM. Using the
calibration curve of UV-Vis absorption spectra of p-cresol (Figure 13b), it is possible to
see that the red line corresponds to, approximately, 87.8 UM p-cresol. Overall, UV-vis

spectrophotometry has a lower sensitivity compared to amperometry.
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Figure 15: UV-Vis absorption spectra of product of ultrasonic irradiation-enhanced

pTCP hyrolysis. Samples of concentration range from 10 to 100 uM in terms of initial
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pTCP concentration were analyzed. The arrow indicates the direction of the pTCP
concentrations decrease. The absorbance peak is observed between 510 and 530 nm,
which allows to detect the product of hydrolysis, cresol. Limit of detection is 100 pM

pTCP.

4.6 Boiling - Enhanced pTCP Hydrolysis. Electrochemical Detection of Product
Amperometry of the product of boiling-enhanced pTCP hydrolysis was
performed in a flow mode. Concentrations ranging from 1000 nM to 6000 nM in terms
of initial pTCP concentrations were utilized for detection of cresol. Figure 16 shows the
quantitative results of the amperometric detection of the product. Table 3 provides the
information on p-cresol concentrations in the tested product of hydrolysis.
Determination of p-cresol concentrations was performed using the amperometric

calibration curve for p-cresol (Figure 12).
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Figure 16: (a) Amperometry of products of pTCP alkaline hydrolysis reaction enhanced

by boiling. Initial concentrations of pTCP (uM) before the reaction are shown as
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numbers over the peaks. Each sample was injected 3 times and generated 3 peaks, with
the exception of 3.5 uM pTCP sample. (b) Linear plot of amperometry of the products
of pTCP alkaline hydrolysis enhanced by boiling. Data points correspond to the 3
repetitions of amperometry. Error bars are the standard deviation of the 3 repetitions.
Note: current of 0 uM pTCP injections was subtracted from all sample peak currents.
The 6 UM pTCP sample was not used in this plot. The R? coefficient of the linear fit is

0.9900.

Table 3: Determination of p-cresol concentration in product of alkaline hydrolysis of

pTCP enhanced by boiling using the p-cresol amperometric calibration curve (Figure

11).
Amperometric Initial pTCP P-cresol concentration in
g product of hydrolysis of
current, nA concentration, nM
pTCP, nM
2.40 +0.23 1000 659.3
5.26+0.27 2000 1231.3
6.61+0.58 3000 1501.4
13.40+0.43 4000 2862.9
17.30+0.54 5000 3639.5
36.91+1.6 6000 7562.9

4.7 Spectrophotometric Detection of Product of Boiling - Enhanced pTCP
Hydrolysis

Product of boiling-enhanced pTCP hydrolysis was tested via UV-vis
spectrophotometry for validation of the cresols production (Figure 17). An absorbance

peak between 510 and 530 nm was observed, which corresponds to p-cresol.
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Figure 17: UV-Vis absorption spectra of product of boiling-enhanced pTCP hydrolysis.
Samples of concentration range from 60 to 100 pM in terms of initial pTCP
concentration are shown. The arrow indicates the direction of the pTCP concentrations
decrease. The absorbance peak is observed between 510 and 530 nm, which allows to

detect the product of hydrolysis, cresol. Limit of detection is 100 uM pTCP.

The red line on the spectra corresponds to the 100 pM initial pTCP
concentration. As in the case of product of ultrasonic irradiation-enhanced hydrolysis,
lower concentrations of pTCP did not show absorbance peaks. In terms of the initial
pTCP concentration in the reaction mixture at the reaction inception, limit of detection
iS 100 puM. The red line on Figure 17, which corresponds to, approximately, 93.8 uM p-
cresol, represents the limit of detection. Calibration curve of UV-Vis absorption spectra

of p-cresol (Figure 12b) allowed to make this conclusion.
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Chapter 5. Overall Conclusions and Suggestions for Future Work

Rapid detection of TCP on board the aircraft is a challenging task. This thesis
discusses a novel approach to acceleration the hydrolysis of pTCP and a use of
electrochemical techniques to detect the electroactive product of hydrolysis. This work
serves as the basis for implementation of a sensing device capable of detecting pTCP on
board an aircraft. Electrochemical detection approach is a highly sensitive technique which
has a potential for application in portable sensors due to its high sensitivity, scalability,
time and cost-effectiveness. Ultrasonic irradiation is an effective and safe method for
enhancing the hydrolysis of organophosphates. Other studies of hydrolysis reaction rely on
the heat treatment (230 °C) of TCP solution in an oil bath for reaction enhancement,
followed by TCP vaporization and hydrolysis reaction of gaseous TCP with solid NaOH
on Al>Oz carrier [35]. Compared to ultrasonic irradiation set-up described in this thesis,
scalability limitations of the heat treatment and evaporation set-up [35] exist.
Amperometric detection limit of p-cresol was demonstrated in this thesis as 500 nM, with
signal-to-noise ratio (S/N=3), which shows an improvement compared to the
electrochemical detection limit of 600 nM reported previously [60]. A consequence of
combining ultrasonic irradiation and electrochemical detection have yielded a system that
detects pTCP, meaning a portable and usable by aircrew sensor may be realized with
further work and implementation. Studies show that airborne pTCP levels in an event of

an air supply contamination on an aircraft are between 0.5 pg/m? (0.031 ppb) and 49
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pg/m® (3.02 ppb) [17]. According to the previous reports on pTCP concentration
conversion from molarity to ppb in air, the range of 0.5 to 100 uM in solution corresponds
to the range of 0.5 to 100 ppb in air [34]. Taking into account this conversion approach,
the results of electrochemical detection are applicable to the studies of the contamination
of cabin air by pTCP.

This work has also demonstrated a higher sensitivity of amperometric detection
compared to spectrophotometric approach. Amperometry demonstrated the limit of
detection of pure p-cresol as 500 nM, in contrast, spectrophotometry limit of detection was
100 uM. UV-Vis spectrophotometry was used as a validation technique for detection of
products of pTCP hydrolysis, and is not recommended as a primary technique.

Future work could focus on using ultrasonic irradiation and electrochemical
techniques for testing the detection of TCP in jet engine oils. Optimization of catalysis of
hydrolysis also has yet to be realized in this work. Working electrode surface modification
could also be studied for prospects of improving the sensitivity and reusability by
minimizing the electrode fouling phenomenon. Application of enzymes in the design of
electrochemical sensor would be another promising direction of future work that could
significantly improve the sensitivity of a sensor. Organophosphorus hydrolase could be
employed as a catalyst for hydrolysis process. Multi-analyte detection approach for
discriminative detection of TCP could be investigated.

This work is only the initial part of developing an onboard detection system for
TCP, as further optimization steps could be performed. Miniaturization of a sensor may be

required for potential application on board the aircraft.
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