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Abstract
This project focuses on the development of methods for evaluating the
concentration of hydrogen peroxide in the mist streams used in a new generation of
sterilisation technologies. This application presents unique experimental difficulties in
that a sensor must be able to measure the concentration of hydrogen peroxide in a mist
of droplets, and be able to do so in the concentration range between 30% and 40% (by
percentage weight). Three separate methods of analysis were investigated.
A calorimetric sensor was constructed using a resistance temperature detector
(RTD), coated with a heterogeneous catalyst, to measure the heat released after
hydrogen peroxide is decomposed. Various ways of implementing this scheme were
investigated, including immersion into fluid, dipping followed by drying, and using a
heated RTD. The sensor was capable of determining concentrations from 0% to 40%
(w/w) in both liquid hydrogen peroxide and aerosol hydrogen peroxide mixtures, with at
best 4% and 3% (w/w) precision respectively. Surprisingly, the unheated sensor
responded to hydrogen peroxide in the mist by undergoing a decrease in temperature.
The physical phenomena responsible for this were investigated and explained. The
heated RTD worked well as a sensor for mist density, however it was unable to
determine concentration.
Three kinds of optically-based sensor were explored. It was determined by
simulation that localised surface plasmon resonance using gold nanorods was the best
way of developing a sensor based on refractive index. However, in the proof-of-concept
experiments the gold nanorods were oxidised by hydrogen peroxide, making this sensor
scheme unsuitable for this project. Absorbance spectroscopy was more successful, and
was performed on two different path lengths of liquid hydrogen peroxide, analysed with
a Fabry-Perot mid-infrared spectrometer. The concentration of liquid hydrogen peroxide
could be determined in the range 0% to 27% (volume percentage), with best precision
of 1% (v/v). To deal with multiple thicknesses of path length, a numerical technique
using a matrix was developed to simultaneously determine concentration and thickness.
Finally, some preliminary absorbance measurements of water mist were performed,
which showed that, while scattering was significant, there is still a possibility of using
this technique in an aerosol, to determine some measure of density. However, this last
idea was not explored further here due to lack of time.
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Chapter 1 Introduction
Hydrogen peroxide is an important chemical used across a variety of industries,
due to a wide range of uses including sterilization and disinfection[1, 2], rocket
propellant[3], bleaching[4] and the production of epoxides and organic peroxides[5],
with all these processes making use of the strong oxidation properties of H2O2.
Concentration is an important aspect, with each industrial use requiring different
concentrations of H2O2 to perform tasks. Unfortunately, H2O2 is a relatively unstable
compound which decomposes to H2O and O2 over time, a process which can be
exacerbated by high storage temperatures or chemical impurities. Therefore,
concentration monitoring is important to ensure that H2O2 is of the correct concentration
for use, both for quality assurance and the satisfaction of regulatory requirements. Table
1-1 describes some of the key physiochemical properties of hydrogen peroxide and how
it compares to water.
Table 1-1 Key physiochemical properties of water and hydrogen peroxide. The values come from Applications
of hydrogen peroxide and derivatives: Rsc clean technology monographs[6].

Physiological Property

H2O

H2O2

Boiling Points (ºC)

100

150.2

Vapour Pressure (25 ºC) (kPa)

2.3

0.2

Viscosity (mPa.s) (20 ºC)

1.002

1.249

Heat of Vaporisation (J.g-1.K-1) (25 ºC)

2443

1519

Heat of Vaporisation (J.g-1.K-1) (boiling point)

2258

1387

Density (g/mL) (25ºC)

0.9980

1.45

Refractive Index (nD, 20ºC)

1.3330

1.4084

Streams of gaseous H2O2 have been used to sterilize various products and
medical equipment, typically in the concentration range of 5-10% (v/v). The sponsors of
this project, Nanosonics, have developed a new generation of medical sterilization
cabinets, in which a mist stream of H2O2 with a concentration of approximately 35%
1

(w/w) is used to sterilize medical equipment. The advantage of the technique is that it is
a fast and effective way to sterilize equipment and produces no dangerous waste
because the H2O2 ultimately decomposes to water and oxygen. The mist is produced
using an ultrasonic transducer (a nebulizer) in a cup of liquid H2O2 to create a small
fountain. By passing airflow through the fountain, droplets of H2O2 are captured and
carried through a disinfection chamber. This environment presents a set of challenging
requirements for a H2O2 sensor: it should work quickly and accurately in mist and be
capable of detecting H2O2 in the concentration range between 30% and 40%. In
addition, as the device is to be installed in a commercial product, the sensor should be
cheap and simple in order to keep the decontamination unit economically viable.
There are some sensors for H2O2 concentration currently available, however,
these sensors work in aqueous or gaseous environments exclusively, and none have a
measurement range that Nanosonics are interested in. In general, the existing sensors
use the decomposition of H2O2, seen in Equation 1-1, to monitor concentration.

Equation 1-1

This reaction can be monitored by various means, including the electrochemical
potential of the redox reaction, an increase of heat energy due to the exothermic nature
of the reaction or colorimetric evaluation. In addition there are some optical phenomena
which may be developed into a sensor for H2O2 concentration. These are based mainly
around refractometric and absorption properties. Water has a refractive index of 1.33,
and pure hydrogen peroxide has a refractive index of 1.41 (at visible wavelengths of
light), with aqueous solutions of hydrogen peroxide and water lying in between these
values. As the concentration of hydrogen peroxide in the solution increases, it follows
that the refractive index will increase, and by measuring the refractive index, it will be
possible to determine a concentration of hydrogen peroxide.
Evanescent waves and localized surface plasmons have been used in refractive
index sensitive sensors. This is based on the principle that the frequency of oscillation
of an evanescent wave, or resonance of a surface plasmon, are due to the intrinsic
properties of the sensor and the refractive index of the medium that the sensor is in.
2

Changes in concentration of the medium which result in changes to the refractive index
of an analyte should be detectable using this method. One issue is that the sensor will
not be chemically specific, as any other substances present will also alter the refractive
index.
On the other hand, absorption spectroscopy is a well-known form of
measurement for chemicals based on how well a chemical absorbs light at specific
wavelengths. From this basis it follows that as a chemical becomes more concentrated,
it absorbs more light proportionally. In addition, the wavelength at which this
absorption occurs differs from one substance to another, which allows for possible
identification of specific chemicals. This provides a way to determine hydrogen
peroxide concentration specifically, overcoming the non-selectivity of refractometric
sensors. It is well understood, however, that a mist stream will cause significant
scattering. One challenge facing this project is whether an absorbance sensor can be
made to work in a mist stream without becoming too expensive or complex.
This background is all further expanded upon in greater detail in Chapter 2 and
Chapter 3.
Somewhat over half of this thesis is devoted to detection and quantification
based on the calorimetric idea, Chapters 4 to 6. This sensor was based on two standard
resistance temperature detectors (RTDs), one coated with a catalyst for H2O2
decomposition, and one uncoated. The principle is that the coated RTD registered an
increase in heat, as a sample of hydrogen peroxide from the mist decomposed on it.
Meanwhile, the uncoated RTD would act as a control measurement, and a signal could
be determined by subtracting the control signal from the coated RTD signal. Chapter 4
describes the various methods of analysis used to determine whether there was a
quantifiable relationship between the concentration of H2O2 and the signal derived from
the RTD. This chapter also describes an investigation of a production method for
heterogeneous platinum catalyst. A combination of physical vapour deposition and dealloying was used. The advantages of this would be the possibility of repeatable catalyst
production, and using small quantities of catalyst to keep costs down.
After this, the construction of the sensor using either finely divided platinum
films or MnO2 powder is described. The different sensors and uncoated RTDs had their
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thermal properties tested in a rig provided by Nanosonics which imitates the final
product that the sensor would be installed in. The rig was used to generate different
concentrations and flows of water/hydrogen peroxide mist in air, and the response of
sensors in these different conditions was considered.
The catalysts themselves were also tested in liquid to determine how much
decomposition they could create by determining how much oxygen mass was lost by
decomposition. This is detailed in Chapter 5. This chapter also describes how the sensor
functions when immersed in a liquid. In this case the sensor was dipped in different
concentrations of H2O2 and the temperature was measured. This was done to confirm
the theory of operation of the sensor, that as the concentration of H2O2 liquid increases,
the temperature measured by the RTD increases in direct proportion. The response of
the sensor when immersed in the analyte and then withdrawn was also examined.
Next, small droplets of H2O2 were tested on the sensor. This was achieved by
reinstalling the sensor in the test rig and placing droplets of analyte on it with a pipette.
In this case, the sensor was tested with an airflow moving past.
The aim of these tests was to ascertain the behaviour of the system when
vaporization was also significant, since vaporization phenomena in the mist phase were
found to be important too. Another possible measurement method was also tested
during this time. While the RTDs used could function well as thermometers, they could
also be fixed to a set point temperature well above room temperature by using the RTD
as a heater (i.e. by passing a significant current). This configuration helps to clear prior
deposits and has been proposed for faster tracking of changes in concentration. In this
case, the voltage which powered the RTD was monitored. As heat is transported away
from the sensor (due to vaporization), the sensor requires more voltage to maintain a
constant temperature. In contrast, as the decomposition adds heat to the sensor, the
higher the concentration of H2O2, the smaller the voltage required.
A good understanding of the sensor’s response to bulk and droplet H2O2 was
essential to understanding the results of testing in a H2O2 mist. Having established this
in Chapter 5, the investigation of the actual mist stream is covered in Chapter 6. In this
case the sensor was tested in a mist using the RTD as a thermometer, and then later
again using the RTD that was set to a fixed temperature. The purpose behind testing
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using a thermometer was to gain an insight into how the H2O2 interacted with the
catalyst and the surrounding mist medium itself. In addition, this was done to determine
whether the H2O2 mist could be measured using the RTD as a thermometer. Once the
RTD’s response was determined, the fixed temperature mode of the RTD was
investigated to determine whether it could act as a concentration sensor.
The investigation into detecting H2O2 concentration in a mist using optical
sensors is covered in Chapter 7. The first part of this chapter is devoted to work on the
refractometric sensor. This sensor was based on gold nanorods due the size of the peak
shift and the chemical inertness of gold. The nanorods were first tested in other liquids,
sucrose and glycerol, to determine how well the rods worked as a sensor before being
tested in liquid H2O2 solutions. The absorbance sensor is also described in Chapter 7. It
was approached from two directions. As with the refractometric sensor, the absorbance
sensor was first tested using liquid H2O2, before an attempt was made to measure a mist.
The sensor was made by using a standard transmission arrangement with the detector
and the light source in a line with a cuvette holder in between. A cuvette was used to
acquire the spectra of H2O and various concentrations of H2O2. Once these were
determined, a calibration graph was made, from which the concentration of H2O2 could
be determined. Due to variations in mist density, the effective path length of the liquid
phase is variable, and ultimately this information is required to verify the amount of
H2O2 delivered. Theory is presented that shows how to extract the path length from the
absorbance data, however this process is complicated by limitations of the spectrometer
and therefore it was necessary to verify this approach using cuvettes of different
thicknesses. A matrix of absorbances of H2O and various concentrations of H2O2 in two
cuvettes of different thickness was collected. Using matrix division, the matrices could
then be used to determine the absorbance coefficient of both H2O and H2O2, and these
values could be used to determine the concentration and thickness of the liquid being
measured. The effect of scattering was also assessed.
While each chapter summarises the work done and possible improvements,
Chapter 8 summarises the final judgements made on each sensor’s ability to function
within the design envelope set by Nanosonics. There is also some discussion on other
ways that the sensors can be used in the Nanosonics device. In addition, any future work
needed to improve a sensor’s function was discussed here.
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Chapter 2 Chemical Hydrogen Peroxide Sensors
Here I review the previous use of hydrogen peroxide sensors of the ‘chemical’
type, which generally use the decomposition of hydrogen peroxide to detect hydrogen
peroxide concentration. The extent or intensity of this reaction is transducted into an
electrical or optical signal, based on the redox or calorimetric properties of the reaction.
I will discuss amperometric and voltametric detection of the redox reactions, optical
detection of chemical reactions, thermal detection and finally, suitable catalysts for the
calorimetric reaction.

2.1 Amperometric Sensors
Amperometric sensors produce a current (proportional to concentration until the
signal becomes saturated) due to a chemical redox reaction[7-11]. Most amperometric
hydrogen peroxide concentration sensors are similar in design, consisting of a catalytic
or catalyst coated anode, a cathode and an electrolyte. Hydrogen peroxide causes
oxidation at the anode, producing a current related to the concentration of the hydrogen
peroxide up until the signal is saturated. The most common way of making this
measurement is using a platinum wire for an anode as the concentration can then be
determined directly from the current[7-11].
Commonly, amperometric sensors for hydrogen peroxide are used in biological
low range detection, generally 1 mmol.L-1 (for comparison, this is 3.4x10-5% (w/w)),
however there has been a range as high as 6.8 mmol.L-1. This means that many sensors
are based on enzymes such as peroxidase. The most commonly utilised peroxidase is
Horse Radish Peroxidase (HRP), which is a catalyst for the reduction of hydrogen
peroxide. Sensors are made by conjugating HRP to electrodes, which catalyse the
reduction of hydrogen peroxide, producing a current which can be used to measure
hydrogen peroxide concentration in a certain range[7-11]. While HRP is an effective
catalyst, it has no direct electrochemistry itself[12]. To work selectively for hydrogen
peroxide, it requires either an electron mediator[7, 8] or a bi-enzyme setup[9] with the
effects of the hydrogen peroxide decomposition increasing the function of the second
enzyme. This process is illustrated in Figure 2-1. This approach is advantageous over
direct oxidation of the electrode, as it reduces the electrode potential required, which
reduces any interference from other electroactive species which may be present[7-9].
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Figure 2-1 Redrawn from Study on a hydrogen peroxide biosensor based on horseradish peroxidase/GNPsthionine/chitosan[13]. Illustration of how the mediator is oxidised not the HRP.

Alternative hydrogen peroxide sensors have been made using haemoglobin as
the catalyst for hydrogen peroxide decomposition. Haemoglobin has been used as a
catalyst[12, 14, 15] as it has acceptable catalytic activity and is commercially available
and inexpensive, and has a well understood structure[12, 14, 15].In addition, an
unmediated haemoglobin-based hydrogen peroxide sensor has been developed[12]. This
consists of a haemoglobin-sodium dodecyl sulfate film deposited on the electrode,
which is able to catalyse the reduction of hydrogen peroxide and produce a current. This
sensor is not as sensitive as a HRP-based sensor, but is cheap and simpler due to the
lack of mediator[12].
Further improvements were made to this type of sensor by immobilising HRP on
DNA films as a self-assembled monolayer (SAM) on functionalized (Cysteamine SAM)
gold. This improved the coverage of HRP molecules over the surface of the electrode,
which in turn improved the sensor signal[11]. This has also been done with nonenzymatic sensors such as the DNA-Cu2+ conjugate, which was electrodeposited onto a
glassy carbon electrode. The DNA-Cu2+ was shown to be suitable to reduce hydrogen
peroxide in a similar manner as HRP. This sensor has the advantage of good selectivity,
stability and reproducibility[16].
One advantage of amperometric sensors is that as they are relatively simple, they
can be mass produced through processes such as screen printing. Colloidal gold is
incorporated into the carbon ink to form the electrode. HRP is then absorbed onto the
surface of the electrode. The gold reduces the insulating effect of enzyme shell for
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direct electron transfer, providing conducting tunnels for the electrode[10]. A similar
sensor was developed which immobilised haemoglobin on the surface of SiO2
nanoparticles. These are then dispersed within a carbon electrode, which is then
immersed in hydroquinone to improve electron transfer in the electrode[15]. Other
methods of screen printing electrodes include the electropolymerisation of pyrrole,
which has had HRP entrapped in it[17].
While enzyme-based amperometric sensors are suitable for a biological context,
higher concentration hydrogen peroxide creates an environment which denatures the
enzyme rendering it useless. Many amperometric sensors intended for use in a chemical
context are made using inorganic catalysts instead[18-28]. Multivalent metal oxide
nanoparticles such as copper oxides[24], cerium oxide[18], manganese dioxide[19],
perovskite-type oxide[20], copper hexacyanoferrates[25], cobalt hexacyanoferrates[27],
Prussian Blue[25, 27] or iron oxide[23] are incorporated into the anode of an
electrochemical cell. The mechanism is the same as the enzyme sensor: the hydrogen
peroxide reduces or oxidises the metal oxide, depending on the characteristics of the
oxide, before the metal oxide is then re-oxidised, or reduced, by the decomposition of
hydrogen peroxide, and this is what produces the electric current. In addition some of
these inorganics can be dispersed as nanoparticles on screen printed glassy carbon
electrodes[19]. Other sensors just use metallic nanoparticles to modify electrodes such
as silver nanoparticles which are dispersed in a PVA film on a platinum electrode or a
sol-gel ceramic composite electrode[22, 26], palladium nanoparticles dispersed on a
silicon electrode through galvanic displacement[21] or the electrochemically produced
porous platinum electrodes[28].

2.2 Pontentiometric Sensors
Sensors which determine concentration by measuring the potential difference
between an “anode” and “cathode” are potentiometric sensors. The principles
underpinning this type of sensor are similar to the amperometric sensors, in which the
redox reaction is initiated on the anode, producing a flow of electrons. However, rather
than measure the flow of electrons, the sensor measures the potential energy of the
electrons that are migrating. The amperometric sensors above require a high
overpotential (~0.6 V) for hydrogen peroxide oxidation, which is problematic for
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selectivity. This can be dealt with by a redox mediator, generally hydroquinone,
however, this problem can also be circumvented by using a potentiometric sensor.
The Electrolyte Metal Oxide Semiconductor Field Effect Transistor (EMOSFET)
has been used as a voltametric sensor for hydrogen peroxide concentration[29, 30]. The
construction of the EMOSFET system is that a gate oxide is grown on a silicon
substrate. A contact layer (e.g. platinum) is then deposited on top of the oxide, and then
finally, a layer of electro-active gate material (iridium oxide, potassium ferric
ferrocyanide etc.) is deposited over the contact. When a hydrogen peroxide solution
contacts this sensor, it causes the gate material to reversibly oxidise (due to the
platinum, and gate oxide contact). The redox ratio of the gate material is used to
measure the contact potential of the gate material to the platinum, and from this the
hydrogen peroxide concentration is calculated.
This system has been used for detecting hydrogen peroxide in vapour in breath.
A cooling tube is used to condense the sample out of the vapour phase and direct it onto
the EMOSFET sensor[29]. This is practical as a detection method for diseases related to
lung function[29].

2.3 Optochemical Sensors
Optochemical sensors are sensors which rely on the optical detection of a
chemical reaction, as distinct from physical optical sensors which rely on detection of a
physical property of the analyte (i.e. refractive index). The chemical reaction will
generally produce a colour change[31-34], while others rely on products of the chemical
reaction obscuring an optical reading[35, 36].
Chromogenic sensors have been used in the determination and detection of
hydrogen peroxide concentration. The main mechanism of the sensor is that the analyte
causes a chemical reaction which causes a colour change. One such sensor was a selfassembled polymer containing Prussian Blue, an iron-cyanide complex which visibly
changes colour when reduced[32]. Reduction was achieved by immersing the polymer
in ascorbic acid, turning Prussian Blue to Prussian White. When hydrogen peroxide
contacts the Prussian White impregnated polymer, it oxidises it causing the colour to
change back to blue. The concentration can be determined through a spectroscopic
system which is analysing light reflected from the sensor. The change from Prussian
9

White to Prussian Blue is observed through a change in reflected signal. The “slope of
change” is used to determine the concentration of hydrogen peroxide.
Chemiluminescent sensors for hydrogen peroxide have been described using
chemiluminescent esters cast in membranes. In this case the light was released by the
esters and detected by a photo diode[32]. Chemiluminescence has also been used as the
basis for hydrogen peroxide flow sensors. For example Li et. al. described a flow sensor
in which haemoglobin was immobilised in a flow cell as the catalyst of
decomposition[34]. Luminol was immobilised on an anion-exchange resin. As hydrogen
peroxide flows through the cell, the resin is oxidised, releasing the luminol. Hydrogen
peroxide is reduced by the haemoglobin which cause hydroxide salts to form. This
causes the luminol to undergo a series of chemical reactions, resulting in a blue light. As
with the previous sensors, it is not limited to haemoglobin as all it relies on is a catalyst
for the reduction of hydrogen peroxide[34]. However, different catalysts may meet
different needs especially sensitivity, response time and cost.
Fluorescence quenching has been used to determine hydrogen peroxide
concentration. The main mechanism of this sensor technology is that a fluorescent dye
is quenched by products of a reaction, in this case the decomposition of hydrogen
peroxide to water and oxygen. It is the oxygen released by this reaction which causes
the quenching of the fluorescent dye, and this in turn is monitored by a
spectrofluorometer. Catalase and finely dispersed silver powder have both been proven
to work as catalysts[35]. A similar hydrogen peroxide sensor has been constructed to
detect hydrogen peroxide by luminescence quenching. An oxygen permeable membrane
is covered in a layer of inorganic catalyst material (the best was reported as manganese
dioxide, however, silver and platinum were also used), which decomposes the hydrogen
peroxide to water and oxygen, the latter of which moves into the membrane which has
been modified with a dye to produce the luminescence through excitation by an LED.
As more oxygen enters the membrane, more luminescence is quenched, which is
measured by a photodiode. This sensor has advantages over fluorescence sensor in that
it has much less quenching due to hydrogen peroxide, it utilises more robust catalysts,
and the colour of these catalyst being black reduces background stray light or ambient
light caused by

luminescence from the sample solution (this is called optical

insulation)[36].
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Recent developments show that colloidal silver nanoparticles can be used as a
Localised Surface Plasmon Resonance (LSPR) sensor for hydrogen peroxide. The
hydrogen peroxide is decomposed by the silver nanoparticles. This process causes the
silver nanoparticles to become oxidised back to silver solution, which reduces the LSPR
absorbance peak linearly with respect to concentration[31]. This sensor is not easily
reusable as the particles are de-stabilised during use.

2.4 Calorimetric Sensors
Calorimetric sensors determine concentration based on the energy released by an
analyte undergoing a physical or chemical reaction[37-41]. The most common
mechanism of a calorimetric hydrogen peroxide sensor is to induce decomposition over
a temperature measuring device[38]. This is usually done by coating the device in a
catalyst[38]. Some different temperature measuring devices include thermocouples[37]
and thermopiles[39, 40], thermistors[42], resistance temperature detectors[38] and
optical detectors[41].
Thermocouples are based on the Seebeck effect, which is that a metal subject to
a changing temperature will generate a voltage. This voltage is different for different
metals[37]. Thermocouples measure temperature based on this voltage using two
connected conductors which are different metals. One of these metals is a “hot” end of
the thermocouple, which acts as the temperature sensor, and the other is a “cold” end,
which connects the “hot” end to a voltmeter[37]. Both metals experience the changing
temperature and generate different and opposing voltages. This difference is used to
measure the temperature [37]. The voltage produced depends on the conductor, with
different metals producing different effects. As the temperatures vary, this difference
will vary, meaning that the temperature can be measured by the differences between the
voltages[37]. Thermocouples can be connected in series to form thermopiles. All the
“hot” junctions are exposed as the probe and all the “cold” junctions act as a reference.
By connecting the thermocouples together, the voltages add to give a larger voltage and
power, which produces a better signal[39, 40]. There is however, some question of the
precision of thermocouples and thermopiles, and they are generally used across larger
temperature ranges.
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Early calorimetric biosensors were based on thermopile arrays in which the
enzyme was immobilised above the active junctions of thermocouples. More recent
developments have been in creating flow-through sensors[43]. An example of this was a
microfluidic sensor which consisted of three microfluidic channels (two inlets and one
outlet) as well as the microfluidic reaction chamber[43]. This chamber was attached to a
substrate on top of a thermopile array. The peroxide was pushed through one inlet and
the catalase was pushed through the other. These moved to the reaction chamber, where
peroxide underwent decomposition and the heat of the reaction was deduced by the
thermopile[43].
Thermistors are materials with resistances which vary rapidly and predictably
with temperature[44]. There are two main groups of thermistors, the positive
temperature coefficient thermistors (PTC) and negative temperature coefficient
thermistors (NTC). PTCs resistance will increase as temperature increases, while NTCs
resistance will increase as temperature decreases[44]. RTDs work on the same principle,
however, RTDs are pure metals whereas thermistors are semi-conducting polymers or
ceramics[44]. Platinum is most commonly used for RTDs due to its chemical inertness,
and because there exists a well-defined linear relationship between the metal’s
resistance and temperature[44]. The thin film RTD consists of a film of platinum
deposited in the shape of a wound wire on a ceramic substrate. This set-up can have
stability problems due to different expansion rates between the platinum and the
substrate. The other set-up is the wire-wound thermometer which consists of a platinum
wire spiral being sealed in a ceramic tube. This set-up has a higher range, is more stable
and generally has a higher accuracy. RTDs have a high accuracy across a high
temperature range, however, RTDs are less sensitive to small temperature changes than
thermistors.
This type of device has been used to detect hydrogen peroxide concentration of
hydrogen peroxide vapour streams. The sensor determines concentration by the
differential signal between two meander-shaped platinum resistance detectors. Both
these

detectors

were

passivated

(made

catalytically inert)

by

spin-coating

perfluoralkoxy, before one was coated by a thin film of catalytically active material.
The sensor’s sensitivity is affected by the choice of catalyst, with thin film manganese
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oxide particles having a higher temperature response than thin film palladium and
platinum black[38].
While the above devices measure temperature through electrical properties,
optical detectors can determine the heat of reaction through optical properties,
specifically refractive index[45]. The refractive index of a medium is dependent on the
medium itself, the concentration of that medium and temperature. By passing a beam of
light through a constant medium, it will be possible to determine changes in temperature
in the medium by measuring the refractive index, by way of measuring the beam
deflection[45].
This has been utilised to determine hydrogen peroxide in liquid flow cells. The
device consists of a reaction cell containing the catalase and sodium phosphate buffer
solution, which was immersed in CCl4. The catalase enzymes were immobilised on the
gold film at the base of the cell, and a probe beam was passed through the CCl4, beneath
the cell. When hydrogen peroxide is pumped through the reaction chamber, its
decomposition is catalysed by the catalase, and the ensuing temperature change causes a
deflection in the beam, linear to the concentration of hydrogen peroxide over the range
0.025-0.05 mol.L-1[45].
Optical detectors can also be used to determine the heat of reaction through
interferometry[46]. Due to the different refractive indices, the interference patterns
move out of phase as the temperature changes[46]. A hydrogen peroxide sensor was set
up using an all fibre Mach-Zehnder interferometer. After the beam was split into a
sensing beam and a reference beam, the sensing beam ran through a flow cell, while the
reference beam ran through a separate chamber. When the beams exited, they were
recombined, and this interference pattern is the signal. The flow cell was coated in
catalase, and as hydrogen peroxide was added to the flow cell, it was observed that the
phases of the interference patterns shifted linearly as concentration increased[46].

2.5 Catalysts for the Decomposition of Hydrogen Peroxide
There are many catalysts for the decomposition of hydrogen peroxide. These
catalysts are important in chemical hydrogen peroxide sensors, as they facilitate the
chemical reaction from which the sensor’s signal is derived. Enzymes and other
biological molecules, such as catalase, HRP and haemoglobin have the ability to
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decompose hydrogen peroxide, and as explained above have been used predominantly
in low concentration hydrogen peroxide sensors, such as biosensors. In addition, there
are many metallic and metal oxide nanoparticles, which have been shown to catalyse
hydrogen peroxide decomposition, which are not as limited by concentration or
temperature as enzymatic catalysts. This section will focus on catalysts of hydrogen
peroxide.
Many hydrogen peroxide sensors are enzyme-based as they can then be
functionalised for biosensor use, such as detection of glucose and antigens[46, 47]. This
is due to the fact that many enzymatic reactions produce hydrogen peroxide[9, 46, 47].
In this case, the initial reaction between glucose and glucose peroxidase or the antigenanti-body releases hydrogen peroxide as a by-product. This by-product is then catalysed
by the catalase or HRP, which produces heat or an electron transfer[46, 47].
Manganese dioxide is a multivalent oxide which catalytically decomposes
hydrogen peroxide[19, 48]. It is believed that hydrogen peroxide decomposition is a
multi step reaction featuring the oxidation and reduction of manganese. The proposed
series of events is that hydrogen peroxide oxidises MnO2 to form Mn2+, oxygen and
water. Mn2+ is then reduced by remaining hydrogen peroxide to form Mn(OH)2. Finally,
the remaining hydrogen peroxide oxidises Mn(OH)2 back to MnO2 and water. The
reason for this belief is the observation that the reaction doesn’t proceed forward until
there is excess Mn(OH)2[48]. This has proven to be a good catalyst in hydrogen
peroxide calorimetric sensors[38].
In addition to the various multivalent oxides used to decompose hydrogen
peroxide, there are also some metallic catalysts. Such metals include silver, nickel,
copper and platinum group[49, 50] metals: all catalyse the destruction of hydrogen
peroxide. Platinum in particular is an interesting catalyst. It is highly active, and is very
resistant to oxidation[51].
Bulk platinum, like any bulk metal, is generally unsuitable for catalysis as there
is little surface area[52, 53]. Effective heterogenous catalysis (where the catalyst and
reactant are different phases, e.g. solid catalyst and liquid reactants) requires a large
surface area of catalyst. The catalyst adsorbs the chemical reactants onto its surface[53].
It is here that the reaction occurs. Therefore, a larger surface area means a more
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efficient catalyst. Since the late 1800s many types of high surface area platinum
catalysts have been made. This started with colloidal platinum[54] and an unrefined
platinum black, a porous material formed by oxidising chloroplatinate in the presence of
formaldehyde. ‘Platinum black’ was difficult to use as the catalytic activity varied from
batch to batch due to the fact that there were many ways to prepare this catalyst[55-57].
Adam’s catalyst was developed as new way to produce ‘platinum black’. The
idea was to oxidise a chloroplatinate solution, producing platinum dioxide[55, 58]. This
was then reduced using hydrogen [55, 58]. This platinum black compound was more
uniformly catalytically active[59]. Recent developments have seen the deposition of
platinum dioxide films through sputtering of platinum with oxygen and argon, before
the films are reduced using hydrogen gas to produce porous platinum[60].
Also in the 1920’s, Murray Raney developed a system of creating porous metals
through alloying and de-alloying[61]. The process was shown to work with nickel,
silver, gold, copper and platinum, which lead to the catalysts made from these elements
by this process to be dubbed “Raney metals”[61]. The basic process is that the Raney
catalyst metals are alloyed with aluminium and a very small percentage of silicon. Once
this has occurred, the aluminium and silicon is de-alloyed from the alloy using an acid
or base. This leaves behind a highly porous surface of Raney metal[61].
More recent developments have included platinum metal sponge[53, 62, 63].
This is formed in a similar manner to platinum black, however, ammonium
chloroplatinate solution is heated until all that remains is a divided platinum metal
sponge. The porosity of the platinum depends on temperature and concentration, and
due to this, the sponges produce a variable catalytic activity[53, 63].
Platinum black has been used to manufacture electrodes through platinisation.
This process involves a platinum surface submerged in chloroplatinic acid and lead
nitrate. Platinum black is then formed on the cathode as chlorine evolves at the
anode[53]. High stability and activity porous platinum electrodes have also been made
by co-electrodeposited copper and platinum. The copper is then leached out of the
electrode using electrochemical methods[64].
Recent developments have led to the creation of Raney metals catalysts using
physical deposition systems. Platinum and aluminium are co-deposited on a heated
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substrate for a period of time. This causes the two metals to alloy. Once this alloy is
prepared, it is de-alloyed using sodium hydroxide which produces the highly porous
Raney surface[65]. The size of pores can be affected by surface temperature and the
power driving each of the targets[65]. This method is perfect for deposition of the alloy
onto another substrate, such as a resistance temperature detector, for use as a
calorimetric detector, and it is the method used in this thesis.
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Chapter 3 Physical Chemical Sensors
Physical chemical sensors are capable of determining concentration of chemicals
through the physical properties of those chemicals. Optical sensors are the most
common type of physical sensor for aqueous, gaseous and mixed phase chemicals. Here
I will discuss optical sensors that detect the concentration of a chemical by directly
exploiting various physical constants, including refractive index, electroluminescence,
and optical absorption.

3.1 Refractometric Sensors
The refractive index is a physical property of a transparent material which
describes how fast light moves through it[66]. Refractive index can generally be
described by Sellmeier equation for mixtures, and as such, refractometric sensors are
able to determine the refractive index of a chemical in solution as an intermediary of the
concentration of the solution[67-96], provided that the mixture is known.
There is a significant difference between the refractive index of water (1.333)
and hydrogen peroxide solutions of 30-40% concentration (1.353-1.36)[97], with
concentrations between these having related refractive indices between 1.333 and 1.36.
Therefore, this appears to be a possible property to use to discriminate the concentration
of hydrogen peroxide, since the sensor will only be needed to determine the
concentration of a water-hydrogen peroxide mixture.

3.1.1 Angular Refractometric Sensors
The Abbe refractometer was the earliest such refractometer, resembling a
microscope. The device consisted of two slightly separated prisms: an illuminating
prism (of which the bottom liquid/prism interface is rough) and a polished refracting
prism (which is required to have a larger refractive index than the analyte)[67]. The
analyte fluid forms a thin film layer filling this gap[67]. Light from the illuminating
prism passes through the sample and is refracted by the refracting prism at the critical
angle[67]. Light then passes through a telescope, through which a light region and dark
region can be observed. The point of the boundary between these is can be used to
determine the critical angle of refraction, from which the refractive index of the analyte
can be inferred[67].
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There are a variety of later sensors which also use the deflection of a beam of
light to determine the refractive index, and therefore concentration, of an analyte[9396].
One such sensor was made using the displacement of a laser beam which passed
through the analyte[96]. The analyte cell contained the analyte, an angled interface, a
buffer solution and a position detector. The laser light moved through the cell and,
depending on its difference in refractive index to the buffer and angled interface,
deflected up or down. A linear relationship was shown to exist between change in
concentration and the displacement of the beam. This meant that the higher the
concentration, the higher the refractive index and the greater the displacement of the
beam[96].
Other beam deflection sensors make use of waveguides. These sensors typically
consist of a laser, a waveguide that the laser light couples to, and a photo detector on a
turntable[93, 94]. As light moves through the waveguide, which is immersed in analyte,
the refractive index of the external layer (analyte) affects the beam’s propagation
through the waveguide. This will be discussed in more depth in the section on
waveguide sensors. The change in propagation of light affects the angle at which the
light leaves the waveguide, which is detected by moving the photo detector around the
turntable. The common effect is that a signal that is at a maximum at 0° and drops off as
the detector moves to the left and right of the turntable, dropping to a zero signal just
below 20°, forming a “peak”. The effect of decreasing the refractive index
(concentration) is to broaden this peak. When these are compared with theoretical
values, the refractive index can be determined[93, 94].
In addition, a refractometric sensor based on displacement has also been
demonstrated[95]. A waveguide takes light from a source, it travels into an analyte in a
cell, is out-coupled from the guide, and reflects off of the base of the cell, coupling into
another waveguide which connects to a photo detector. As the refractive index of the
analyte in the cell changes, the angle that the light reflects at also changes. Adjusting the
waveguide setup up and down allows the output power to be kept constant, and by
recording the displacement, a relationship between refractive index and displacement
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can be determined. This relationship is linear as displacement increases with refractive
index[95].
Other possible ways to determine refractive index are based on evanescent wave
transmission and LSPR. Sensors based on these phenomena function on similar basic
principles. Evanescent waves are a consequence of light propagating through a
waveguide (when the light interacts with the boundary of the waveguide, an evanescent
wave is produced along the external surface of the waveguide), while LSPR is produced
by photons of light interacting with electrons in metallic nanoparticles (In bulk metals,
SPR is not limited to a particle and propagates along the surface in a similar fashion to
evanescent waves). Both evanescent waves and LSPR are functions of, among other
things, the refractive index of a surrounding medium. By keeping things constant
(waveguide for evanescent sensors, material size and shape of nanoparticle for LSPR
sensors), it is possible to determine a refractive index by immersing the waveguide or
nanoparticles (for LSPR) in an analyte and measuring the beam of light which
propagates through. The refractive index can be determined in evanescent waveguides,
by how much light is lost through evanescent waves and the distance that the resonance
peak of the LSPR has shifted for the nanoparticles[68-92].
I will now discuss various waveguide systems and standing wave resonators[6896] and the Localised Surface Plasmon Resonance(LSPR)[98-137], all of which have
been considered as the basis for a sensor.

3.1.2 Waveguide Sensors
Waveguides are structures, in this case fibre optic, which guide waves between
points in a straight line[138]. Unlike in free space, in which a wave propagates outwards
in all directions losing energy in proportion to distance travelled, a waveguide uses total
internal reflection to move light in one dimension, with no power loss (in ideal
circumstances)[138]. Waveguides have been used to determine refractive index using
loss of light from a waveguide (evanescent coupling) or change in optical path length
(interferometry). The light lost from the waveguide is based on whether a waveguide is
single or multimode. If the waveguide has a single mode, light can be lost to the
surroundings by evanescent waves. The amount of light lost is dependent on the
refractive index of the medium surrounding the waveguide. This in turn changes the
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distance that the light travels through the waveguide. The following sensors are
examples on this phenomenon in some way.
Unclad optical fibres are sensitive to refractive index changes in the surrounding
environment, and have shown promise as sensors for concentration change through
refractive index measurements[92].

Figure 3-1 Redrawn from NIR spectroscopic application of a refractometric sensor[92]. The schematic view of
the U-bend waveguide sensor in measuring position, with an arbitrary ray trace.

A wave that moves through an unclad waveguide is affected by the surrounding
medium’s refractive index, due to interaction with the evanescent waves that occur
when the light interacts with the waveguide surface. This can be measured by the
transmission of light through the waveguide, which varies linearly with respect to
refractive index. By bending the waveguide in a “U”-conformation, as seen in Figure
3-1, a broader distribution of interaction angles of evanescent waves becomes possible
which produces a smooth and spread transmitted intensity as a function of the refractive
index[92]. One shortfall of this approach is that the sensor will not be able to record the
spectra of materials. This is due to the fact that the larger interaction angles lead to a
proportion of the light rays being lost, leading to a higher reduction in the claddinginfluenced radiation (from the coupling fibres) as opposed to the total intensity, which
produces a virtual amplification of the absorptive regions of the cladding[92]. It is
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possible to make measurements by keeping coupling conditions constant and running a
chemometric evaluation (extracting information from chemical systems by data-driven
means). In this case the data can be used to model a chemical system to understand the
underlying relationships and structure of the system or to predict new properties or
behaviours of interest). In addition, it was shown that by coupling more high quality
fibres together in a bundle, the influence of the cladding absorption due to attenuated
total reflection (ATR) on the spectra is reduced[92].
Anti-resonant reflective optical waveguides (ARROWs) have also been used for
as the basis of an evanescent field refractometric sensor.

Figure 3-2 Redrawn from ARROW optical waveguides based sensors[89]. The structure of an ARROW, n refers
to refractive index and subscript to the n refers to the layer of the waveguide.

The general make-up of an ARROW, shown in Figure 3-2, is multilayered: the
top layer is an external medium with a varying refractive index to be measured (n0), the
next layer is the core (nc), then the first cladding layer (n1 which is much larger than nc),
followed by the second cladding layer (n2 which has the same value as nc), and finally
this is on a substrate (ns) with a very larger refractive index, e.g. silicon[89]. The only
place the field is confined to the waveguide by total internal reflection is the upper
interface when the anti-resonant condition is met. This is determined by the core, first
and second cladding thicknesses, as an example, a core (dc) with a thickness of 4
microns, requires a first cladding thickness (d1) of 0.12N microns (where N = 0, 1, 2,
3...) and a second cladding thickness (d2) of 2.05N microns (where N = 0, 1, 2, 3...). If
the anti-resonant condition is met, the refractive index of the external medium has
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minimal effect on the propagating light wave. However, by changing the cladding
thicknesses to the resonant condition, the evanescent interaction with the external
medium is increased, and as such the propagating wave intensity decreases. By
measuring the strength of the transmitted wave, the refractive index can be determined.
This sensor has a similar sensitivity and measurement range (1.33-1.47) to the
interferometry set-ups, however, the output signal is simpler to obtain, as it is a direct
modulation of output intensity, as opposed to conventional interferometry set-ups,
which need to transform phase change data into light intensity variation[89].
A hollow core waveguide has been developed using anti-resonant reflection[89].

Figure 3-3 Redrawn from ARROW optical waveguides based sensors[89]. Hollow core ARROW waveguide
structure, n refers to refractive index.
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The guide, shown in Figure 3-3, is made from two structures combined together.
The guide is set-up according to the anti-resonant conditions described above i.e. nc=n2,
n1>>nc and ns is much greater than all the other layers and dc=4 μm, d1=0.12N μm and
d2=2.05N. In this condition, all light is confined to inside the waveguide and any
attenuation in the waveguide is dependent on the core refractive index, so the core can
be filled with a fluid analyte, and the refractive index can be determined by intensity
modulation. Of course, this can be problematic, as absorption could become a problem
with some analytes[89].The waveguide also features a fluid input and output system
which feeds fluid to the core and an in-coupling and out-coupling waveguide at each
end[87, 89]..Anti-resonant waveguides are attractive for the construction of hollow core
waveguides, as they are simple to produce. Other hollow core waveguides not based on
anti-resonant reflection have also been demonstrated, Figure 3-4.

Figure 3-4 Redrawn from An intrinsic fibre optic chemical sensor based on light coupling phenomenon[87]. The
schematic diagram of hollow core waveguide.

The hollow core waveguide is made using a polymer with unclad fibre optics
inserted. The polymer contains a microchannel with a fluid inflow and outflow. The
channel has fibre optics on its sides, with light entering the channel from one, moving
through the channel and coupling with the output fibre, from which measurements are
taken[87]. The positive features are that this sensor has a low cost, is relatively easy to
fabricate, and is not solely limited to refractometric measurements (absorption and
fluorescence spectroscopy has also been demonstrated), however, the non-reproducible
methods (i.e. mechanical polishing) are used on the polymer during construction.
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Looped waveguides have been used for sensors, as they have most of their
modes propagating in the cladding layers. This makes them more sensitive than the
waveguides mentioned above and more like the microsphere/micro ring which will be
discussed below. These are attractive as there is less coupling loss, compared with
microspheres/rings[82].

Figure 3-5 Redrawn from An embedded optical nanowire loop resonator refractometric sensor[75].The structure
of an embedded optical nanowire loop resonator (ENLR) refractometric sensor.

One of these sensors, Figure 3-5, involved the loop of the waveguide being
encased in low-loss/low refractive index polymer, with the loop close to the surface,
while the polymer around the input/output waveguide was thicker, with the core in the
middle. The mechanism of the sensor is the same as the previously discussed
waveguides - the analyte fluid covers the polymer surface, causing a change in external
refractive index and the external modes are shifted, which is seen in the resulting
transmission spectrum[75, 76].
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Figure 3-6 Redrawn from Optical microfiber coil resonator refractometric sensor[82]. The structure of the
coated all-coupling nanowire microcoil resonator (CANMR).

A variation on this is the optical-fibre-nanowire microcoil (coated all-coupling
nanowire microcoil resonator or CANMR), shown in Figure 3-6. To construct this
sensor, a rod was coated with a layer of low-loss polymer. The optical fibre nanowire is
wrapped around the rod and the whole construction is coated with the same low-loss
polymer. The rod is then removed from the centre, which creates a chamber for the
analyte to flow through. Again, as light moves through the loop, the external modes
react with the changing refractive index, causing the transmission spectrum to shift. In
both cases, the radius of the waveguide loop and the distance to the edge (d in Figure
3-6) of the surface has an effect on the sensitivity of the sensor, allowing tunability[82].
These loop resonators are predicted to have higher sensitivities and lower detection
limits than most of the schemes put forward in this section, excluding LSPR. Of course
assumptions on propagation and loss are made which are difficult to realise in a
practical setting. Neither geometry is easier to manufacture than the other, however the
ENLR is expected to be advantageous due to the added protection[75].
Waveguides have also used interferometry and fibre gratings to determine
concentration from refractive index.
Interferometry has been used to establish concentration of an analyte based on a
refractive index change due to the analyte. This is achieved by splitting a beam of light
and passing one part through a region with the refractive index to be measured and the
other through a control region. When the waves are recombined, a phase shift can be
extracted from the interference pattern, and the change of phase is related to the
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refractive index detected[79]. Young[79, 91] and Michelson interferometer[90]
configurations have both shown success at measuring a refractive index change.

Figure 3-7 Redrawn from Interferometric biosensor based on planar optical waveguide sensor chips for label-free
detection of surface bound bioreactions[79]. The set-up of a Young interferometer refractive index sensor, and
an example of the resultant interferogram.

In the Young interferometer configuration, Figure 3-7, a beam is split (using a
double slit) into two beams before each is coupled to a waveguide. One beam runs over
a sample of the chemical (sensing path) and the other runs over nothing (reference
path), before the beams are outcoupled and pass through another double slit, producing
an analysable interference pattern. Refractive index is determined by the phase shift of
the interference pattern[79].
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Figure 3-8 Redrawn from Long-period grating Michelson refractometric sensor[90]. The a) complete set-up of
the sensor and b) the structure of the Michelson interferometer.

Michelson interferometry, Figure 3-8, has also been used to determine
concentration[90]. A wave of light is coupled into an optical fibre containing a longperiod grating (LPG) which splits the wave into a mode that travels through the core
and one that travels through the cladding. At the end of the fibre, a mirror reflects the
modes back, and when they reach the LPG some of the cladding mode combines with
the core mode, and vice-versa[90]. The mode in the cladding is lost but the core mode
decouples from the optical fibre and its interference pattern is analysed. A change in
refractive index of the medium that the fibre is in alters the mode in the cladding which
can be analysed by the phase shift of the recombined beam[90].
Both of these interference sensors have been practically tested and have a similar
effectiveness as the ARROW sensors when used in its resonant condition, however, as
described above, the ARROW sensor has a simpler output. The Young interferometer
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does have a more complicated set-up than the Michelson interferometer. The complete
Michelson sensor itself is compact, as the actual interferometer is 45 mm, and it has
been suggested that it can be reduced to 10 mm[90]. In addition, the Michelson
interferometer does not require as many parts as the Young interferometer, making the
set-up somewhat simpler.
Other interferometric setups have been used such as the wavelength interrogated
optical sensor (WIOS), Figure 3-9. This sensor consists of a waveguide with two
corrugated grating regions, each with a different period or different thickness, on the
surface[91].

Figure 3-9 Redrawn from Label-free highly sensitive detection of (small) molecules by wavelength interrogation
of integrated optical chips[91]. The basic structure of the wavelength interrogated optical sensor (WIOS). The
refractive index being measured is nc.

One of these is the in-coupling grating and the other is the out-coupling grating.
When an incident beam from a tuneable laser diode strikes the in-coupling grating, a
guided mode in the waveguide is excited, provided the wavelength of light is a resonant
wavelength, which travels along the guide until it reaches the out-coupling grating and
is out-coupled on the detector. The analyte forms the top cladding, (in-coupled wave
comes from the bottom cladding, a substrate) and its refractive index determines the
resonant wavelength, i.e. a shift in refractive index means a shift in resonant
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wavelength. The out-coupled wave interferes with the in-coupled wave before it reaches
a photo detector, and by comparing the reference beam (input beam) to the output, the
resonant wavelength can be determined[91]. This sensor has a limit of detection of 10-6,
refractive index units (RIU) which is in line with most of the other interferometric
sensors, and less than the theoretically possible looped waveguides. The sensor has
reported parasitic effects on the resonance peak which was solved by using a motorised
deflection mirror to recalibrate. The sensor itself has more of a focus on detection of
biomolecule concentrations, and while it can be used on bulk liquids, the increased
complexity of the device for comparatively little gain makes this an unattractive option
compared to some of the other refractometric sensors.
Diffraction has also been used to make refractometric measurements[83].

Figure 3-10 Redrawn from Micro-fluidic analysis based on total internal light reflection[83]. The schematic of a
micro-fluidic analysis system based on total internal light reflection (TIR), with the following aspects
highlighted 1-incident light beam, 2-TIR prism, 3-diffraction grating, 4-micro-fluidic channel, 5-inlet and
outlet nozzles to the channel and 6-diffraction orders.

A metal grating is deposited on top of a glass liquid cell, which allows liquid to
flow underneath. A prism is then attached to the top of the grating. Measurements are
taken by shining a light source at a fixed angle which will allow for the total internal
reflection of light (critical angle). The light is reflected off the grating and diffracted
back out of the prism[83]. The different analytes being measured do not change the
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diffraction direction, only the diffraction efficiency, calculated as the intensity of
diffracted light divided by the intensity of the incident light[83]. This sensor had a lower
sensitivity than most of the others described in this chapter at 1.7x10-3 refractive index
units. Its main advantage is the fact that it is based on micro-fluidic analysis, and so is
useful in diagnostics where not much analyte is available. Of course, microfluidics are
not very useful in this context.

3.1.3 Standing Wave Resonators
Standing wave resonators are objects in which light resonates at a certain
frequency. Sensors have been constructed which guide light to a resonator, where it
resonates based on the intrinsic properties of the resonator (size, shape, material) and
the surrounding medium. Therefore, the refractive index (and hence concentration) of
the surrounding medium can be ascertained by monitoring the resonator’s output. This
section focuses mainly on whispering gallery mode (WGM) and localised surface
plasmon resonance sensors, however, there are some other resonators which may
possibly be used as sensors.
WGM sensors are becoming increasingly popular, particularly those based on
microrings[81] and microspheres[78, 81, 86]. WGMs are the resonating modes found in
dielectric rings, disks and spheres that allow light to continually propagate around the
ring through total internal reflection[78, 81, 84, 86]. These modes have wavelengths
dependent on the radius, angular momentum and effective refractive index. WGMs in
these objects have been shown to have quality factors (Q-factors) up to 109, due to the
fact that the surface area of the object is increased in these objects so that more light
interacts with the surface[81]. Q-factors are dimensionless parameters which describe
how sharp a spectral feature is (sharpness of a feature is how close the central or peak
wavelength is to the edge of the spectral feature (bandwidth)), in this case high Qfactors relate to sharp spectral features which provide very high sensitivity to change.
Of course the size of the desired Q-factor is very much based on the concentration range
of the sensor. If, for example, a sensor is designed to measure concentrated analytes,
then a high Q-factor will be too sensitive to unambiguously determine a concentration.
Similarly, a low concentration measured with a low Q-factor might not even register a
signal.
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Microrings are versatile and can be used in different ways[73, 81]. The simplest
conformation of a microring sensor is a microring and fibre bus of similar height in the
pedestal type conformation[73], Figure 3-11.

Figure 3-11 Redrawn from Integrated photonic glucose biosensor using a vertically coupled microring resonator
in polymers[73]. A cross section of a schematic of a microring and bus in the pedestal type conformation.

In this, the fibre bus is enclosed in a cladding and the microring is attached to
the cladding on top of the bus, and is itself immersed in an analyte. This configuration is
the preferred configuration as it reduces the effect of the analyte on the coupling. The
bus acts as the light input and output, while the microring acts as a resonator. Light is
coupled to the ring from the bus and is internally reflected around the ring at the
resonant wavelength, before being coupled back into the bus causing interference with
the output light. A periodic band-stop filtering characteristic can be attained from this
output, in this case the free spectral range and resonant wavelength of the ring[73]. The
resonant wavelength is determined by the effective refractive index of the ring’s guided
mode, and it has been shown that the resonant wavelength varied linearly with the
effective refractive index. It has been determined that this configuration has a sensitivity
of 200 nm/RIU and a detection limit of 5x10-6 RIU, which is better than most
waveguide and interferometric sensors, but lower than the theoretical values for the
looped waveguides. One problem for determining large changes in refractive index is
that the sensitivity of the sensor is higher when the refractive index of the analyte and
waveguide is similar[73]. Other issues have arisen with inefficiencies in the sensor due
to the assembling due to etching leaving rough surfaces and the need to assemble the
waveguide separately before integrating it[81]. A possible solution to this is silicon-on31

insulator (SOI) deposition, which has been shown to improve surface roughness, and
consequently reduce loss[139]. The waveguide is constructed by depositing silicon onto
an insulating oxide, before the silicon is masked and etched. This leaves top and bottom
faces of typical SOI wafers atomically flat[139], which reduces loss in the transverse
electric propagation direction, while it is suggested that oxidation smoothing could
reduce surface roughness on the side walls, and therefore, a reduction in loss in
transverse magnetic propagation direction[139].
While the microring described above is useful for small samples, another type of
microring resonator has been developed which is useful for measuring the refractive
index of flowing fluids[70, 74, 77, 80], Figure 3-12.

Figure 3-12 Redrawn from Refractometric sensors for Lab-on-a-Chip based on optical ring resonators[81].
Schematic of liquid core optical ring resonator (LCORR) a) the set-up of capillaries and fibres and b) the
inside of a capillary that has been functionalised for sensing biomolecules.

The liquid core optical ring resonator[70, 77, 80] (LCORR) and the opto-fluidic ring
resonator[74] (OFRR) are two such sensors which use the WGMs of glass capillaries to
detect refractive index changes in a nanolitre flow. Both sensors are constructed in
similar ways, and have similar properties, the glass capillaries are overlaid
perpendicularly on a fibre taper[70, 74, 77, 80]. The operation of the sensors is similar
to the above sensor; the analyte flow through the capillary causes changes in the
effective refractive index of the resonator, and the light which propagates through the
tapered fibre couples to the WGMs of the capillary, before coupling back into the fibre
and interfering with the output light. From this again, the resonant wavelength is
ascertained and the shift of this wavelength is linearly proportional to the refractive
index change[70, 74, 77, 80]. LCORR sensors have been shown to reduce noise from
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temperature changes through increasing the capillary thickness[80], however, this
decreases the sensitivity[81], meaning a balance must be found.
All these have one overriding disadvantage, they are based on liquid not mist.
They may be useable by condensing the liquid onto a microfluidic sensor. However, this
is an unnecessary complication, and a WGM geometry does exist which can possibly be
used in-situ in a mist, microsphere resonators.

Figure 3-13 Redrawn from Refractometric sensors for Lab-on-a-Chip based on optical ring resonators[81]. A
schematic of a microsphere WGM resonator functionalised as a sensor for biomolecules.

Microsphere WGMs resonators have been shown to have even higher Q-factors
than microdisks and microrings, due to having more surface area[72, 81]. Because of
this, the sensitivity of the sphere is inversely proportional to the radius of the
sphere[81], Figure 3-13.
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Figure 3-14 Redrawn from Refractometric sensors for Lab-on-a-Chip based on optical ring resonators[81]. The
set-up of a sensor based on microsphere WGM resonantors.

Microspheres are another option, and most experimental sensors based on this
geometry have a similar set-up[78, 81, 84, 86]. Rather than a waveguide running next to
the microsphere, a prism is used to couple light to the sphere and then reflect the output
light to a photo-detector using total internal reflection[78, 84, 86], Figure 3-14. This is
an issue with the sensors as it requires a non-trivial solution, which in any fluid flow is
currently problematic[81]. As with the microrings and disks, the signal that the photo
detector receives is a signal which is the result of the input wave and the resonant wave
from the microsphere, from which a resonant wavelength can be detected. Any change
to the effective refractive index of the sphere and its surrounding (i.e. changing
concentrations) shifts the resonant wavelength as with previous WGM sensors[78, 81,
84, 86].
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Figure 3-15 Redrawn from Liquid-infiltrated photonic crystals-enhanced light-matter interactions for lab-on-achip applications[69]. Schematic of the dielectric function variations in a photonic crystal. High refractive
index material is labelled as εd (grey) and the liquid analyte is labelled as εl (blue).

Photonic crystals have also been suggested as refractometric sensors in similar
applications to microspheres[69, 71, 85]. Photonic crystals are multilayered structures
with different photonic band gaps, where propagation of certain wavelengths is
prohibited. The band gap is determined by parameters such as incident angle, filling
fraction and refractive index (related to dielectric function)[69, 71, 85], Figure 3-15.
Therefore, if the other parameters are kept constant, the refractive index should be
measurable by determining the propagating wavelengths using a photodetector, which
should allow the refractive index to be determined[69, 71, 85]. While these crystals
have theoretically similar limits to microspheres, and are seen as a having a future in the
creation of lab-on-a-chips, there is a challenge in designing photonic crystals that have a
strong optical proximity from the crystal structure, in addition to having a decent optical
overlap with the liquid[69].
Photonic crystals have also been suggested to form sensors based on the antiwaveguide principle[68]. Modelling was done on a photonic crystal fibre (PCF)
waveguide which had a hole cut out of the core for the analyte. The analyte in the core
needs to have a refractive index below the background PCF, to form a depressed index
core. Wavelengths of light will travel through the waveguide until a cut-off wavelength,
where all wavelengths shorter than that will not undergo total internal reflection, and
thus not propagate. The cut-off wavelength is dependent on refractive index, so by
determining the cut-off wavelength, the refractive index can be found[68]. These
sensors are reported to have a theoretical sensitivity of 107 nm/RIU, however, this
remains a model rather than an actual sensor.
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Surface plasmon polariton resonances can occur under some conditions by the
interaction of photons of light with the surface electrons of metallic layers. The
wavelength of light at which the resonance occurs is determined by the electron
structure of the metal, angle of incidence and the refractive index of the medium that the
metal is in. Assuming that the metal and photon energy is kept constant, the
concentration of a chemical can be determined by the resonance change which is
directly related to the changing refractive index[101, 113, 128, 140].
A localised surface plasmon resonance (LSPR) also follows this principle,
however, rather than occurring in bulk metal, it appears in nanostructures of the metal.
The size and shape of these nanostructures affects the resonance peaks of the material,
allowing the peak to be “tuned” to a certain wavelength[101, 106, 118, 119, 124, 128,
129]. In addition, the LSPR phenomenon can be used to amplify the measurement
detected through another optical method[125]. For example, U-bend waveguides have
been coated with nanoparticles to produce a stronger resonance signal[100]. Similarly,
layering nanoparticles on top of one another can amplify the LSPR reading[113].
Various sensors have been described which utilise the LSPR phenomenon.
Many use colloidal solutions of nanospheres and rods[31, 114, 133-137]. However,
these generally fall into the chemical sensor category as a chemical reaction or
adsorption with the metal causes the refractive index change. Examples of hydrogen
peroxide sensors were given in the previous Chapter 2. Other sensors for a reducing
analyte can have nanoparticle seed solution added. The more concentrated the analyte,
the higher the red shift due to larger particles formed by electrochemical reduction[31,
133, 134, 137]. Another type of LSPR-based sensor binds particles together, with the
analyte acting to form or break these interparticle bonds causing a colour change[135,
136]. It is worth noting that gold nanoparticles have been shown to catalyse reactions
with hydrogen peroxide[141], which may be problematic with an LSPR sensor.
Nanoparticles have been immobilised or deposited on substrates to form the
basis for physical sensors which determine concentration by the refractive index change
from the analyte[98-132]. This setup has been used to make sensors ranging from
simple slides onto which the analyte is deposited to lab-on-a-chip devices and
waveguides which are used as flow sensors.
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Preparation of these devices by immobilisation involves first the growing of
nanorods[112, 117, 134], nanospheres[105, 115, 120, 122, 125, 130] or nanoshells[118,
122] in colloidal suspension, followed by their immobilisation on a substrate[105, 115,
117, 118, 120, 122, 125, 130, 134]. (A nanoshell is a nanoparticle which has a “core”
of one type of nanoparticle and “shell” of another. For example, gold nanoshells can be
made by addition of chlorauric acid to a solution of silver nanoparticles. The gold ions
displace silver ion on the surface of the silver particle to form a gold coating[118].) The
material used to immobilise the nanoparticles depends on the nature of the substrate and
the nanoparticle [112, 115, 117, 120, 122, 125, 130, 134] but, for example, amine- or
thiol-terminated organosilanes are generally used to anchor silver or gold nanoparticles
onto quartz or glass substrates[125, 130, 134].
In contrast, chemical deposition of nanostructures on a surface includes
nanoparticles being formed on organosilanes seeded with 10 nm gold nanoparticles by
electrolysis of chlorauric acid and potassium chloride[103, 107]. Photocatalytic
deposition is similar, in which the chlorauric ions are photoreduced into gold
nanoparticles (in the presence of ethylene glycol), in this case onto glass coated with
titanium oxide[114]. The major advantage of chemical deposition over immobilisation
is that it reduces the chances of the anchoring organosilanes being stripped from the
surface[114].
Physical deposition of nanoparticles is generally accomplished through
evaporation[110, 116, 121, 123, 132], sputtering[102, 106, 109, 110, 119, 126], and ion
milling methods[110, 127, 131].

Evaporation is a deposition process where the

material is heated until vaporisation, at which point the material moves towards the
substrate and condenses on it. Magnetron sputtering is similar, however, it uses an
argon plasma to dislodge the material atom-by-atom from a “target”. These atoms move
towards the substrate, colliding and binding with it. Over time these atoms nucleate
together to form shapes on the substrates. Both have been used in the deposition of
nanoislands[132], nanoarrays (spherical[102, 110, 123], pyramidal[102, 110],
disks[104, 106, 110, 116], cylinders[110, 121]), triangles[106], rhombi[109],
nanocrescents[126], nanoholes[104, 106, 110, 116, 131] and nanoparticles in
nanoholes[110, 127], which have also been created using ion milling.

37

Another possibility is to have two plasmonic nanostructures separated by a
nanoscale dielectric gap. These are sometime called antenna-enhanced plasmonic
sensors because the nanostructures collect the light and focus its oscillating electric field
in the dielectric gap, where interaction with the analyte can occur. Alternatively one part
of the nanostructure may chemically absorb the analyte, changing its volume, and hence
changing the dielectric gap. The change in gap refractive index or spacing can be seen
in the form of a red-shift of the plasmonic peak[142]. The feasibility of antennaenhanced

plasmonic

sensors

has

been

demonstrated

with

simulations

for

hydrogen[142]. This is useful in Surface Enhanced Raman Scattering cases where the
particles of interest are too small to have scattering or the inherent damping of the metal
prevents a strong plasmonic resonance[142].
Work has also been done on a single wavelength plasmonic sensor[143]. The
response of a variety of gold nanoparticles was simulated, including nano-spheres,
nano-rods, nano-triangles and nano-bowties, over a range of refractive indices. It was
found that nano-rods were the best geometry to use as a refractometric sensor based on
gold nanoparticles, as both the plasmon wavelength shift, and peak sharpness were far
superior to the nano-spheres, nano-triangles and nano-bowties[143].

3.2 Electroluminescence Sensors
Electroluminescence has also been utilised for hydrogen peroxide sensors[144].
These sensors are based on optical measurements of a thin film semiconductor, such as
titanium oxide, which is part of an electric circuit. When hydrogen peroxide is present
on the film, it is reduced. This produces OH- radicals, which injects holes into the
semiconductors valence band, which causes a negative polarisation in the film. This
polarisation can be detected by a change in the electroluminescence intensity. This
method is useful as there is little interference (the wavelength of luminescence is based
on the potential applied, so a sensor can be “tuned” to hydrogen peroxide) so it can be
used in mixtures, and can it can also be used in on-line monitoring. However, there is
low detection range of 10-3-5 x 10-1 M[144].

3.3 Spectroscopic Sensors
Optical spectroscopy is an analysis technique quantifying the interaction
between a material and different frequencies of light [145]. The main concept of
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spectroscopy is resonance and the resonant frequency[145]. Matter, or more accurately
the electrons or atomic bonds within it, is excited by light typically of different
wavelengths/frequencies[145], to an extent that depends on details in the material itself.
Those frequencies that do cause a large oscillation of the electrons or bonds within the
matter are the resonant frequencies and can be displayed as a spectrum, which is a graph
effectively displaying the amplitude of oscillation vs. the frequency of the light[146].
There are many spectroscopic techniques to analyse light/matter interactions but
the main ones are ultraviolet-visible (UV-Vis) spectroscopy[147], infrared spectroscopy
[148], rotational spectroscopy[148] and Raman spectroscopy[148, 149].
UV-Vis spectroscopy utilises light in the ultraviolet, visible and near infrared
(NIR) parts of the spectrum[147]. The basic set-up of the device is that there is a light
source which emits light which travels through the sample in a straight line and is then
detected by a photo detector. The wavelengths in the light are separated by a
monochromator or prism before entering the sample or before entering the detector to
ensure that only one wavelength is measured at a time and from here a spectrum can be
determined. This technique can be used to measure the absorbance or reflection (the setup is different with the light source and photo detector offset at angles to measure the
light reflected by the chemical) spectrum of a substance[147]. The absorbance spectrum
of a chemical has long been used as a determination of concentration. Light interacts
with the molecules within the sample, causing the molecules to be excited to a virtual
state, before the molecules relaxes again and returns to its ground state [145, 147]. This
reduces the intensity of the light which reaches the detector at each frequency of light
studied. Maximum absorbance indicates that the frequency of the light matches the
resonant frequency of the molecule[145]. Absorbance is generally measured against a
reference which becomes zero absorbance, either a baseline in single beam or separate
reference and sensor beams split from the light source, and is often expressed as the
fraction of light that passes through the sample to a detector for each particular
wavelength. The Beer-Lambert law describes the relationship between light and its
absorption by substances the light is travelling through[147]. In a sample in which the
path length (the distance the light travels through the sample) is fixed, the absorbance of
a sample is linearly proportional to the concentration of the sample, at a specific
wavelength in the spectrum[147].
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The absorbance spectrum for hydrogen peroxide has been studied, however
there is difficulty in using it to determine concentration[146, 150-152] because of
overlapping absorption bands with ordinary water in the visible range while use of
ultraviolet light (below 300 nm) causes hydrogen peroxide to decompose[151]. The best
differentiation between the water[153, 154] and hydrogen peroxide signals appears to be
in the infrared part of the spectrum, specifically in the vicinity of 7 and 15 microns[150,
152]. However, these wavelengths are not very practical to measure within the
parameters of the present project because the 15 micron peak only appears at cryogenic
temperatures [150, 152], while this project is looking for a sensor for room temperature
conditions. In addition, this region of the spectrum suffers from excessive background
noise at room temperature due to ambient thermal radiation. Thermal radiation is the
emission of infrared radiation from an object, if that object is at any temperature above
absolute zero. When at room temperature, objects are capable of emitting detectable
radiation in the high-mid to long wavelength infrared (centred around 10 microns). The
detector used for the spectrum will be therefore picking up radiation from around the
room in addition to the sample spectrum, making an accurate reading more complicated.
There are sensors for hydrogen peroxide vapour streams which use this region
(approximately 7.5-8.4 micron[155]) for the detection of hydrogen peroxide. The sensor
uses three sources of light for absorption, one for water (low hydrogen peroxide
absorption), one for hydrogen peroxide (low water absorption) and one for a
background signal (low water and hydrogen peroxide absorption)[155]. These sensors
are calibrated to known hydrogen peroxide and water concentrations. This allows the
concentration of both water and hydrogen peroxide to be monitored. In addition, it is
possible to measure the infrared spectrum at lower temperatures, however, this adds
complexity to the sensor design, and is not practical in this project. One area in the
spectrum where it appears practical in this case to measure a signal distinct from water
is around the 3.5 micron range [146, 152]. This area has been used for a hydrogen
peroxide liquid sensor using attenuated total reflectance (ATR)[156]. This type of
spectroscopy uses an ATR crystal, with a higher refractive index than the analyte, to
internally reflect light at least once off the crystals walls. The crystal is in contact with
the analyte (hydrogen peroxide in this case) and when a beam of light (in this case
infrared radiation) is passed into the crystal, it reflects off the walls, causing an
evanescent wave to extend into the sample (the depth it extends to depends on the
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wavelength of light used, the angle of incidence and the refractive indices of the crystal
and analyte). The attenuated energy of the evanescent wave is then passed back into the
beam, and the beam is then collected by a detector as it leaves the sample and a
spectrum of the analyte can be determined[157].
Infrared (IR) spectroscopy can be performed at wavelength ranges where
hydrogen peroxide has resonant wavelengths (i.e. 3.5 microns). IR spectroscopy can be
as simple as absorption spectroscopy described above, where a beam of monochromatic
light is passed through the sample before the light hits a detector, allowing a
measurement of how much was transmitted or absorbed by the sample[148]. There is
also Fourier Transform IR (FTIR) spectroscopy in which all wavelengths are measured
at once, by converting the raw interference data into a Fourier transform which
represents the spectrum[148].
One problem with absorbance measurements in a practical sense is that this
project is attempting to measure the concentration within mist phase droplets. This will
cause a large amount of scattering of the light. Nevertheless, there have been
spectroscopic sensors reported as useful in the measurement of gas concentrations
within mist or other particulates [158-160], particularly in respect of the tuneable diode
laser absorption spectroscopy (TDLAS) method. These technique uses diode lasers
which emit light over a narrow range of frequencies (generally a few nanometers[159]),
which can be altered through the temperature and current applied to the device[159].
This method has been shown to cope with detecting concentrations of gases even if
99.99% of the transmission is lost, in this case through scattering from a mist[158]. This
is achieved using the high speed wavelength tuning capabilities of laser diodes. During
measurements, the laser is scanned rapidly compared to the characteristic transmission
fluctuations, which means that transmission can be assumed as constant during scan
periods. A reconstructed baseline (which is simply the baseline signal with no molecular
absorber, in this case oxygen) can be divided through the transmission to then remove
the fluctuations[158]. A major advantage of this method is that the signal has been
measured directly, which allows the sensor to extract the absolute density without
calibration.
TDLAS has also made use of multiple diodes to determine different vapours
within mist streams[159]. In this case, each diode is chosen to scan over a frequency
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range which resonates with the molecule which is being measured. This sensor has been
shown to function in a sub-10 μm mist stream with an optical density of 5.5[159].
Another useful measurement technique when dealing with scattering is Raman
spectroscopy. Most photons scattered by the molecule or atom have the same energy as
the incident photons (Rayleigh scattering), however, a small percentage are scattered
with a lower energy (Stokes shift) and in some occasions a higher frequency (antiStokes shift). This is Raman scattering, and by observing these scattered photons (it is
possible to ascertain the vibrational, rotational and other low-frequency modes of an
atom or molecule which caused this scattering[145, 148]. Atoms and molecules can be
identified and analysed by their Raman spectra. However, due to the fact that Raman
scattering is very weak, Raman sepectroscopy requires specialised equipment for
detection.[149]. The typical set up for Raman spectroscopy is a monochromatic light
source such as a laser, the sample, a photodetector, and a filter of some kind to reduce
the amount of light from the source reaching the detector and preventing the Raman
scattered light from being observed[161]. The filter is generally a holographic grating
and multiple dispersion stages[161]. Hydrogen peroxide has three Raman active modes
at 880 cm-1, 1400 cm-1 and 3140 cm-1[162]. The 3140 cm-1 mode would be the easiest to
use from a technical standpoint, and this mode does show variation between
concentrations of hydrogen peroxide as the mode corresponds to the O-H bonds in the
molecule[162]. In addition to this information, analysing the polarisation of the
scattered light can provide information on the molecule’s shape. This could be useful to
differentiate between mist and vapour in the sample, and therefore how much hydrogen
peroxide is mist and how much is vapour[163]. However, Raman spectroscopy is
beyond the scope of this project as the equipment required is expensive and somewhat
complex, making it unsuitable for a sensor device in a sterilisation unit intended for
widespread service.
The optical platforms which will be covered in this thesis are refractometric
LSPR and mid-infrared absorption spectroscopy. The LSPR-based sensor was chosen as
it is simple to assemble and has desirable properties, such as tunability, high Q-factors
and high sensitivity. An LSPR may be corroded by hydrogen peroxide, however, this
experiment will use gold in the hopes that it is non-reactive (gold is also a very strong
resonator). The other refractometric sensors have greater issues, such as some being
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theoretical, a complex set-up (interferometric) or are based on micro-fluidics. In this
case, it may be possible to make an addition to the test rig, to take up liquid, however,
the goal of the project is to determine concentration of hydrogen peroxide in a mist.
Some of these sensors could have their basic principles adjusted to a larger scale, and in
this way alter the test rig to a large resonating chamber (hollow core ARROW, LCORR
or looped optical fibre), but the original brief for the project is to develop a simple
sensor to use in the decontamination unit, not re-engineering the decontamination unit.
In addition, these other techniques for the most part are not recorded as having the
sensitivity of the LSPR sensors.
Absorbance of hydrogen peroxide in the mid infrared range will also be studied,
as the hydrogen peroxide has some spectral features in this range that may be
interrogated. The main reason for using absorption spectroscopy is that it is well
understood and cheaper than alternative spectroscopies (specifically Raman).
The next Chapter will detail some general experimental procedures used
throughout the whole thesis. The more specific procedures are documented in the
individual chapters.

43

Chapter 4 General Experimental
This chapter will describe some of the experimental techniques which are
common to more than one part of the project. These sections of the chapter will be
referenced in later chapters as required. In addition this chapter will describe the
construction of the calorimetric sensors, in addition to some general characterisation of
the sensors.

4.1 Data Analysis
Most data was recorded in comma separated values (.csv) or text files (.txt), and
subsequently opened for analysis in Microsoft Excel 2007.

4.1.1 Linear Regression
Microsoft Excel was used to fit single linear regressions, using the statistical
function LINEST. This method applied least squares regression to the data which was
being analysed and could be used to determine the best relationship between the
dependent and independent data (i.e. y=mx+c), how well this relationship defines the
data (coefficient of determination, r2), and how precise the relationship between the data
is (using the root means squared error (R.M.S.E) of the relationship, shown in Equation
4-1, to create a confidence interval).

√ ∑

Equation 4-1

For Equation 4-1, N is the number of values in the population, ŷ is the outcome
predicted by the regression and y is the actual value of the data point. In some cases
standard deviation was calculated mathematically for individual data sets. This was
done using Equation 4-2.

√ ∑

Equation 4-2
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Equation 4-2 describes the calculation of the population standard deviation, σ. N
is the number of values in the population, μ is the mean of the population and xi refers to
each value in the population. The construction of error bars or a confidence interval was
performed by the simple addition and subtraction of the R.M.S.E or standard deviation
from regression. Using one standard deviation or standard error produces a confidence
interval of approximately 66%, while using two standard deviations or standard errors
produces a confidence interval of 95%. Any data in the following chapters which uses
error bars and confidence intervals will specify how many standard errors or deviations
was used in its creation.

4.1.2 Non-Linear Regression
Non-linear regressions were performed using CurveExpert 1.4. As in Chapter
4.1.1, this program fitted a regression using the least squares method. CurveExpert
contains a number of different statistical models, and has a ‘curve finder’ feature that
attempts to find the best fit. Coefficient of determination was found by squaring the
coefficient of correlation, while the regression and confidence interval were
implemented in the same manner as described in Chapter 4.1.1.

4.1.3 Multiple Linear Regression
Two-variable quadratic surfaces were fitted
TurboBASIC program, QUADFIT,

were fitted using a legacy

based on a program found in Science and

Engineering Programs Apple II® Edition, written by J. Heilborn[164]. Like the methods
in Chapters 4.1.1 and 4.1.2, the program uses the least squares method to determine the
best regression. The program was able to output the equation describing the regression
and the standard deviation of the regression. Again, confidence intervals were
constructed in the same manner as Chapter 4.1.1.

4.1.4 Analysis of Variance
An analysis of variance was performed on regressions calculated using the
multiple linear regression to determine whether the increase in terms in the regression
had a significant increase in variation compared to the individual residual errors of each
independent variable in the regression. This was done by determining the residual error
of each independent variable (which was the difference between the regression
calculated value and the measured value), the variance of the regression (which is the
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standard deviation squared) and the variance of each of the residuals (calculated using
the variance function in Microsoft Excel). An F-value was calculated for each
independent variable by dividing the variance of the regression by the variance of each
independent variable. The p-value (probability that F-value is lower than the critical Fvalue) was calculated, using the calculated F-values, the degrees of freedom of the
regression and the degrees of freedom of the residual error, and if this value was greater
than 0.05 (which is the general value given to significance), then the higher number of
terms in the regression did not significantly affect the variation for that independent
variable.

4.2 Determination of Concentration of Hydrogen Peroxide
It is imperative to know the concentrations of hydrogen peroxide used to test the
sensors. The concentration of hydrogen peroxide solutions was determined using
iodometric titration. The principle of this titration is that hydrogen peroxide oxidises
iodide to iodine in the presence of acid and molybdate catalysts. The iodine formed was
then titrated against 0.1 normality sodium thiosulfate (0.1N), which reduced the iodine
back to an iodide. This reaction was monitored using a starch indicator.
Equation 4-3

Equation 4-4

An aliquot of hydrogen peroxide was taken, with its mass being recorded. The
mass of the aliquot taken was in the range 0.05-0.2 g, as this required less than 50 mL of
0.1 N sodium thiosulfate solution for titration. 100 mL of 5% (w/w) sulphuric acid was
then added to the hydrogen peroxide. 10 mL 1% potassium iodide (w/v) was added to
this mixture, followed by 1-2 drops of 3% ammonium molybdate (w/w), which turned
the liquid dark brown. This mixture was then titrated against 0.1N sodium thiosulfate
using a standard 50 mL burette, while the mixture was continuously swirled. As the
titrated continued, the solution turned pale yellow, and at this point, a few drops of 1%
starch indicator was added, which turned the mixture blue, and titration was continued
until all the blue colour was gone. The volume of sodium thiosulphate was recorded
along with the mass of hydrogen peroxide used to calculate the concentration of
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hydrogen peroxide, in terms of mass of hydrogen peroxide to mass of the total solution
(w/w), using Equation 4-5.

Equation 4-5

The 1.7 is the product of the equivalents of hydrogen peroxide and the molar and
molar mass ratios between sodium thiosulfate and hydrogen peroxide.

4.3 Porous Platinum Films
One type of catalyst proposed for the calorimetric sensor was a porous platinum
catalyst. As detailed in Chapter 2.5, it is possible to create porous thin films on
substrates[65] via magnetron sputtering of a precious metal and aluminium. It was
theorised that the porosity of the thin film could be controlled by varying conditions in
the deposition chamber during sputtering, as the precursor’s structure or aluminium
content was controlled by these conditions. It was decided not to pursue too many
variables as the focus on the project was to develop a calorimetric sensor, and so the
most attention was paid to the amount of aluminium deposited on the sample.

4.3.1 Method of Deposition and Analysis
The magnetron sputterer was set up with two targets equidistant from the sample
stage at 15 cm. The stage itself was a block heater with a thermocouple connected to it
so that it could be set to a constant temperature. The sputtering chamber was typically
pumped down for 1-2 hours at least before each deposition, until chamber pressure was
below 10-5 Torr. The gas used for sputtering was argon, which was constantly flowed
into the chamber to produce a constant pressure of 10-3 Torr. All depositions were run
for 30 minutes. These settings were kept constant for all depositions; the only variations
were in the temperature and the applied voltage.
Each target was supplied by an independent DC power supply set in constant
current mode. The current was varied to keep the power relatively constant. The
platinum was deposited in all but one instance by supplying a constant power of 15 W,
using a current of 0.05 A and a voltage of 300 V (The sole exception was sample
ALPT13, deposited at 0.05 A and 350 V, i.e. 17.5 W.). The power supplied to the Al
target is listed in Table 4-1 for instances when the substrate was held at 400ºC. Samples
ALPT12, ALPT13, ALPT14, ALPT15, and ALPT16 were deposited on a microscope
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slide which was split in two. One of these slides was de-alloyed by submersing the slide
in 0.2 M NaOH at room temperature. After 2-3 minutes, the bubbles stopped evolving
from the surface, and the film was blackened, indicating that the process was finished.
The sample was then withdrawn and rinsed with MilliQ water. Sample ALPT21 was
deposited on a single slide and de-alloyed using the same process.
All depositions were done on glass microscope slides. Prior to deposition, these
slides were cleaned by sonication in detergent for 10 minutes. Once the slide was
removed, it was rinsed thoroughly using tap water, before being rinsed with MilliQ
water. The slide was then blow dried under a nitrogen stream.
Table 4-1 Power applied to Al target with substrate temperature fixed at 400ºC

Sample Name

Current Applied (A)

Target Potential (V)

Power (W)

ALPT12

0.10

275

27.5

ALPT13

0.15

300

45

ALPT14

0.20

350

70

ALPT15

0.25

350

87.5

ALPT16

0.30

350

105

ALPT21

0.15

300
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The alloyed slide for samples ALPT12, ALPT13, ALPT14, ALPT15, and
ALPT16 were used to determine the X-ray patterns for each alloy. This was done to
elucidate the crystal structure and therefore identify the compound. Analysis was
performed using grazing incidence X-ray diffraction with a Siemens D5000
Diffractometer, with tilt angle of 0.5°. The X-ray radiation used was CuKα, with a
wavelength of 1.5406 Å. The samples were set to measure a two-theta range of 8º to
90º, in steps of 0.02º, with each step being recorded over 5 seconds. These
measurements were run at room temperature.
The de-alloyed slides for samples ALPT12, ALPT14, ALPT15 and ALPT16 as
well as ALPT21 were imaged in a scanning electron microscope (SEM) to determine
their surface topography. The instrument used was the Zeiss Supra 55VP SEM, with an
in-lens detector for higher magnification images.
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Table 4-2 Al-Pt samples deposited with varying substrate temperature and power fixed at 27.5 W

Sample Name

Temperature of Substrate (ºC)

ALPT17

200

ALPT18

250

ALPT20

350

ALPT2

400

Table 4-2 describes the samples of alloys which have been deposited under
differing temperature conditions. All the samples are deposited with the same power
applied to both targets, 15 W applied to the platinum target and 27.5 W applied to the
aluminium target.
The de-alloyed samples ALPT12, ALPT14, ALPT16 and ALPT21, and the
alloyed samples ALPT17, ALPT18, ALPT19 and ALPT20 were analysed at the
Australian Synchrotron using a non-standard sample holder (normally the particular
beam-line uses capillary samples). This was done because the porous samples were
expected to be too amorphous and have too little mass to determine a diffraction pattern
using laboratory CuKα radiation. A 9 keV beam, equivalent to wavelength of 1.378 Å,
was applied. An ordinary sputter coating of Pt made at room temperature was used to
establish the best position and tilt angles for the non-standard stage, so that the peak
profiles could be optimized relative to the background signal. It was noted that the angle
of tilt and the height of the sample strongly influenced peak position, shape and height.
A tilt angle of 0.6° was selected. The peaks are broad, in part due to inefficiencies in the
geometry used but the patterns can certainly be used to identify the phases present.

4.3.2 Results of Platinum Alloy and Porous Platinum Analysis
The X-ray diffraction patterns of samples ALPT12, ALPT13, ALPT14, ALPT15
and ALPT 16 are shown in Figure 4-1.
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Figure 4-1 The X-ray diffraction patterns of alloyed samples with differing power applied to the aluminium
target. Also shown are the known or calculated JC-PDF cards that appear to match up with some parts of the
patterns. CuKα radiation was used for this data. Data obtained with assistance of Mr Mark Berkahn, UTS.

Figure 4-1 shows the X-ray diffraction patterns of the various samples and also
three of the JC-PDS cards which show the best correspondence to the samples. The
samples themselves had very little material in them, so the X-ray count rate was low.
Sample ALPT12 was believed to be Al2Pt after deposition due to its yellow
colour. XRD confirmed this as there was a match for JC-PDS card 00-003-1006. The
other samples are somewhat more complex. There is a possibility of peak broadening
due to these being thin films which are not perfectly crystalline, and it would also
appear that there are multiple phases present in these samples. These two factors make
accurate identification of phases in the samples difficult, however, there are some
features which may be of interest.
Some of the peaks of sample ALPT13 appear to correspond to Al2Pt, especially
for the (111), (200), (220) and (311) positions, but Al21Pt8 and/or the meta-stable Al6Pt
could also possibily be present. There are also peaks which are associated with
elemental aluminium possibly present (the Al JC-PDS 00-004-0787 has peaks around
38.5º, 44.5º, 65º and 78º). Samples ALPT14, ALPT15 and ALPT16 are similarly
difficult to identifiy, however, all appear to have the same phase. There is a single peak
which gets larger from ALPT14, to ALPT16 (as the power applied to the aluminium
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tagret increases during deposition), and appears to be present in ALPT13. The fact that
it increases with samples may be due to the increasing aluminium in each of the
samples.
Figure 4-2 shows SEM micrographs of the de-alloyed samples. ALPT13 was not
included as the samples collapsed and was washed off during de-alloying. ALPT21 was
included instead, which should be similar, except for having slightly less platinum. The
samples are shown at low magnification and high magnification to show the pattern of
pores and the shape of the pores.
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Figure 4-2 SEM micrographs of porous platinum samples. The left column is a view of the surface structure
while the right hand column is a close-up on the pores of the sample.

The morphology of de-alloyed ALPT12, identified as Al2Pt, was unlike that of
the other samples. It had pore formations which appear to be long cracks, rather than a
sponge-like surface. This is due to the fact that the alloy precursor had the lowest
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content of aluminium of those examined (about 70% at.), seen in Figure 4-3. It is
unlikely that the platinum aluminides with even less aluminium (for example Al3Pt2 or
AlPt) would be of use in making porous films. In contrast, the higher aluminium content
ALPT21shows a sponge-like surface, with a distribution of small pores in-between a
distribution of large pores. Samples ALPT14, ALPT15 and ALPT16, show something
similar, however, the distribution of their ‘large’ pores is more random. Two possible
reasons are that these samples are multiple phase, with different phases de-alloying to
form different pore structures, or the alloy featured areas of high concentrations of
aluminium, which when de-alloyed caused the larger holes to form.

Cracked
Surface
Sponge Expected

Figure 4-3 Phase diagram of Pt-Al. Diagram is from Building a thermodynamic database for platinum-based
superalloys: Part I, in Platinum Metals Rev., by L.A. Cornish et. al.[165]

The XRD patterns of the de-alloyed porous platinum made from samples
ALPT12, ALPT21, ALPT14 and ALPT16 (samples have an increasing aluminium
content due to a higher power applied to the target during deposition) are shown in
Figure 4-4, along with a X-ray pattern of ordinary sputtered platinum and the expected
platinum XRD pattern. It can be seen that as the amount of aluminium in the alloy is
increased, the sample becomes less and less crystalline when de-alloyed, which is seen
by the peak broadening in the samples (the peaks start separated and then begin to
merge due to the broadening). The peaks of the XRD patterns of the de-alloyed films
are significantly broader than those of the sputtered platinum film.
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Figure 4-4 The X-ray diffraction patterns taken by the synchrotron of porous Pt from alloy samples. Power
applied to aluminium target during deposition is shown. Synchrotron radiation was used for this data. Data
obtained with the assistance of the Dr Catherine Kealley and Dr Annette Dowd, UTS.

Figure 4-5 shows the X-ray patterns of another series of samples. These were all
made using the same ratio of platinum to aluminium, the same as that found previously
to form Al2Pt, however, they were deposited at different substrate temperatures ranging
from 250ºC to 400ºC. Samples ALPT2 (made under the same conditions as ALPT12)
and ALPT18 showed similar patterns, that of Al2Pt. The X-ray patterns of samples
ALPT17 (200ºC) and ALPT20 (350ºC) were similar to each other, but nothing like the
other two patterns. The close-up of the patterns of samples ALPT17 and ALPT20, show
that they are different to just a glass substrate, however, whether these are real or an
error is not determined. The fact the peaks are so small is compared to the other alloys
suggests error, however, the peaks could just be the result of broadened peaks due to a
lack of crystallinity. This would suggest that for samples made with substrate
temperatures less than 400 ºC, there is less chance of a crystalline Al2Pt sample
forming.
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Figure 4-5 The X-ray diffraction patterns taken by the synchrotron of alloy samples made at different
substrate temperatures, which are shown with label. ALPT20, ALPT17 and the glass substrate are also shown
together in a “zoomed” comparison in the figure on the right. Data obtained with the assistance of the Dr
Catherine Kealley and Dr Annette Dowd, UTS.

Figure 4-6 shows the X-ray diffraction pattern of the porous platinum de-alloyed
from samples ALPT17, ALPT18, ALPT20 and ALPT12. It can be seen that the alloys
which had sharper peaks produced a porous structure which appears to be more
crystalline, which is seen by the peaks “narrowing” with respect to each other, which
confirms the previous data.
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Figure 4-6 The X-ray diffraction patterns taken by the synchrotron of porous Pt from alloy samples made at
different substrate temperatures which are shown in the figure. Data obtained with the assistance of the Dr
Catherine Kealley and Dr Annette Dowd, UTS.

4.3.3 Summary of Porous Platinum Films
Porous platinum films were made from Al-Pt precursor alloys of different
phases. It was found that different phases of the alloy produced different sized and
shaped pores in the sample upon de-alloying. As the aluminium content in the alloys
increased relative to the Pt, it was seen that the structure of the porous platinum derived
from these alloys became less and less crystalline. In addition altering the temperature
of the substrate during deposition of the alloy had an effect on the alloy. The more the
precursor alloy resembled a crystalline structure, the more crystalline the porous Pt
structure became.
For the purposes of this project, porous platinum from an alloy of Al2Pt should
be used for sensors, as it is the most crystalline and best understood at this stage. This
may not be the optimal structure for catalysis, but it should be the most stable for longer
periods. Further optimisation of the catalyst could be carried out at a later time if
required.
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4.4 Construction of Calorimetric Sensors
Two different calorimetric sensors were constructed for this project. Both types
of sensor share the same design, which is based on using two RTDs, one coated with a
catalyst to act as an active sensor and one uncoated to act as a control sensor [38, 166,
167]. The difference between types lay in the size and shape of the RTDs, and the type
of catalyst used.

4.4.1 Porous Pt-coated RTD Construction
The porous Pt-coated sensor was constructed using a round 16mm PT100 RTD
obtained from Labfacility Ltd. The accuracy of these RTDs was class B under the IEC
751 standard, which is ±0.3ºC at room temperature.
A radiant heater was installed in the magnetron sputtering deposition chamber,
along with a rotor and sample holder as seen in Figure 4-7.

Heater

Rotor
a)

b)
Figure 4-7 A picture of a) the rotor and the radiant heater and b) a close-up of the sample holder

Figure 4-7 b) shows the sample holder, which is simply a circular piece of metal
with a hollow core. This hollow core is the same size as the rod on the rotor, seen in
Figure 4-7 a), and the holder slides onto the rotor, and is tightened with a screw. The
leads of the RTD were put into the hollow core at the other end, and it was again
tightened in place by screw. In this way the whole surface of the RTD (but not the wire)
was exposed to the targets. The holder was placed on the rotor in such a way that the
sample was positioned in the centre of the hot zone produced by the radiant heater.
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The conditions of deposition were the same as those previously used to produce
Al2Pt:


The Pt target was set to 0.05 A, which produced a voltage of 300 V.



The Al target was set to 0.1 A, which produced a voltage of 275 V.



The temperature was set to 400°C.



The deposition was run for 30 minutes.



The rotor was set to a constant speed of 6 revolutions per minute.
The coated RTD was then immersed in a solution of 0.2 M NaOH, at room

temperature, until there were no more bubbles generated by the coating, which took
approximately three minutes. The RTD was then rinsed with MilliQ water and dried
with in a stream of nitrogen. The RTD leads were soldered to wires, and these wires
were run through a stainless steel/aluminium composite housing (which was inert in
hydrogen peroxide), for protection during operation in the test rig. Examples are shown
in Figure 4-8.

Figure 4-8 RTDs in metal housing

SEM micrographs of the RTD were taken and can be seen in Figure 4-9. It can
be seen that there is not much visible difference between the alloyed Al2Pt coating and
the porous Pt coating. It was experimentally observed to be Al2Pt due to the yellow
colour, and the coating was seen to react in the same manner as other de-alloying
samples in the alkali bath. Upon being de-alloyed, the sample was capable of causing
catalysis of hydrogen peroxide decomposition, something that the Al2Pt alloy is unable
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to do. This seems to suggest that there are pores present on the coated RTD, but they are
just too small to observe with an SEM.

a)

b)
Figure 4-9 SEM micrograph of the Coated RTD that covered in a) Al2Pt and b) porous-Pt

4.4.2 MnO2-coated RTD Construction
The MnO2-coated sensor was constructed on a flat 5 mm PT100 RTD obtained
from Labfacility Ltd. The accuracy of these RTDs was class B under the IEC 751
standard.
The coating was made from powdered MnO2 used in chemically pure form as
supplied by May and Baker LTD. A slurry of MnO2 was prepared by mixing powdered
MnO2 with ethanol. The RTD, which in this case had been mounted in a metal housing
prior to coating, was then dip-coated in slurry until the sensor was covered in coating.
The sensor was then just left to dry at room temperature suspended in the air. The
reason for using ethanol was that it was more volatile than water, which meant the
sensor dried faster. The mass of MnO2 catalyst on the sensor was of the order of 50 mg.
An X-ray diffraction pattern of the MnO2 powder was taken. Readings were
taken on the Siemens D5000 Diffractometer, using CuKα radiation, from 2-theta angles
15° to 80° in increments of 0.02°, at room temperature.
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Figure 4-10 The XRD pattern of MnO2 powder and the lines for the JC-PDF card 00-024-0735 β-MnO2
(‘pyrolusite’). CuKα radiation was used. Data obtained with assistance of Mr Mark Berkahn, UTS.

As can be seen from Figure 4-10, the powdered MnO2 used was β-MnO2
(‘pyrolusite’) which has the rutile crystal structure. However, the broad nature of the
(200), (210) and (310) peaks indicates that the material is not completely crystallized.

4.4.3 Uncoated RTD Construction
Uncoated RTDS were constructed by connecting the leads on an RTD to wires,
and then mounting the RTD and wires into the stainless steel/aluminium housings
mentioned earlier. The uncoated RTDs used were a round16 mm PT100 RTD and a flat
10 mm PT100 RTD, both obtained from Labfacility Ltd. The accuracy of these RTDs
was class B under the IEC 751 standard.

4.4.4 Summary of Sensor Construction
The calorimetric sensor consisted of two RTDs, one “active” RTD which is
coated in catalyst and which will react to create a calorimetric response, and a “control”
RTD which determines the temperature of the surroundings. The different types of
RTDs used for the sensor are summarised below:
Table 4-3 Summary of RTDs used for calorimetric sensors
RTD Size and Shape
(PT100)
16mm Round

Accuracy

Catalyst

IEC 751 standard

Label

Pt

Class B

16mm Round

None

Class B

B

5mm Flat

MnO2

Class B

C

10mm Flat

None

Class B

D
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4.5 Measurement of Pt-coated, MnO2-coated and uncoated RTD
behaviour in air, liquid water and water mist
It is important to understand the basic thermal properties of the sensor,
specifically, how well heat transfers away from the RTD in a specific medium. The
convective heat transfer coefficients of the Pt and MnO2-coated and uncoated RTDs
were estimated in air, mist and water. To do this, the temperature of RTDs was
measured as a heat pulse was injected into them via electrical heating. This was
achieved by connecting each RTD to a Yokogawa power supply YK7651, and
multimeter YK7562. The accuracy of the measurement when performing the
experiments in this chapter are 0.023%, which equates to 0.07K at room temperature. A
LabVIEW program was used to control the parameters of the experiment, and to
monitor the temperature of the RTDs. The experiment was set up with three
measurement periods, in the first (ambient) period; the RTDs were run with a low
applied voltage, and acted as an ambient temperature sensor, in the second (heating)
period, a higher voltage was applied to the RTDs, causing them to heat up, and in the
third period, the voltage applied to the RTDs was reduced back to the same level as the
first period. The pulsed approach was used as it was able to determine transient
properties. The time of each period and voltage applied to the RTDs during the ambient
and heating periods were controlled through the LabVIEW program. The RTDs were
held horizontally in a test rig for the air measurements and vertically in the water, with a
measurement period of 240 seconds for air (both still and flowing), 90 seconds in mist
and 60 seconds in water, as this was the length of time before the sensor temperature
reached a steady state during heating. Heating period powers of 9 mW, 75 mW, 180
mW and 310 mW were tested and the ambient period power used was 0.4 mW. This
ambient test power represents a compromise to maintain electronic accuracy (which is
better at a high voltage) while reducing the self-heating of the sensor (thermal accuracy,
which is better at low voltages). Each power pulse was repeated 5 times.
This data can also be used to estimate the heat transfer coefficient, h
(W.m-2.K-1), of the RTD in air and water, using Equation 4-6:

Equation 4-6
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Where PRTD is the power applied to the RTD in watts, A is the area of the RTD
and wire housing exposed to the water in meters squared, and ΔT is the difference in
temperature of the RTD in the heated steady state and the first ambient period in ºC.

4.5.1 Heat Transfer in Air
The area of the RTDs A and B is about 1.08x10-4 m2, while there is about
1.13x10-4 m2 of wire housing exposed to the fluid. RTDs C and D, on the other hand,
had surface areas of 3.64x10-5 m2 and 7.04x10-5 m2, and had an exposed housing of
7.54x10-5 m2 and 1.13x10-4 m2 respectively. These areas were summed to determine the
total area from which heat could transfer into the surrounding medium. The value of h
for air and water was calculated by focusing on a data point where the temperature was
at steady state during the heating period. The point taken was 400 seconds for air as the
different heating pulses, and therefore heat transfer coefficient, had reached a steady
state by then, as seen in the example calculations in Figure 4-11.

a)

b)

c)

d)

Figure 4-11 An example of the calculation heat transfer coefficient, h, for RTDs A and B in still air. The dotted
line represents the point at which the RTD temperature was stable and is the point that h is taken from. Each
chart represents a different input power of a) 9 mW b) 75 mW c) 180 mW and d) 310 mW.
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By taking the h values of the RTDs at the dotted line, Figure 4-12 can be drawn.
The figure represents the average heat transfer coefficient for the RTD against the
temperature of the RTD for each applied power (9 mW, 75 mW, 180 mW and 310 mW
correspond to RTD temperatures of 29ºC, 52ºC, 82ºC and 120ºC).

Figure 4-12 The average heat transfer coefficient of RTD A (●) and RTD B (♦) for different temperatures of
the RTD in air. Error bars represent 1 standard deviation.

It can be seen that with increasing temperature, the heat transfer coefficient
increases, as w ould be expected due to increasing convection. The h value for RTD A is
consistently lower than the h value of RTD B, which would indicate that the RTD is
slightly insulated by the porous Pt coating. This trend is clearer in RTD A, than in RTD
B where there is much more variability, which could also suggest that RTD A has
slightly more insulation, preventing the random fluctuations that appear with the bare
sensor. The trend appears to be best described using an expression which will not have
any maxima or minima, as the h value is expected to continue to increase with
temperature, in this case an empirical exponential function was ascertained using the
method described in Chapter 4.1.2 and is described for RTD A in Equation 4-7 and
RTD B in Equation 4-8. There is no intrinsic reason for selecting these equations, other
than that they fit the data well, and do not have any maxima or minima; they are just
used here to interpolate h for different temperatures.
Equation 4-7

Equation 4-8
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The exponential association expression calculated for RTD A shows an r2 1,
and has a 2-sigma confidence interval of ±3.35x10-2 W.m-2.K-1, which is an excellent
correlation, whereas the exponential association expression for RTD B shows an
r2=0.95, with a 2-sigma confidence interval of ±0.74 W.m-2.K-1.

a)

b)

Figure 4-13 The average heat transfer coefficient of RTD C (●) and RTD D (♦) for different temperatures of
the RTD in a) still air and b) in flowing air. Error bars represent one standard deviation.

Figure 4-13 a) shows the average h values for RTD C and D in still air, at
various temperatures. Both RTDs appear to have strong trends with much lower
uncertainty. In this case a linear trend was fitted to these data points as empirical
observation showed that a linear set would fit better, which was confirmed when
comparing a linear trend to an associated exponential expression for this data. This
difference in housing dimensions put the RTDs in different positions from the edge of
the of the test rig, which is the likely cause of the difference in h, as it was observed that
the RTDs were affected by flowing air at the edges of the test rig more than at the
centre. Figure 4-13 a) shows the average h values of RTDs C and D in 7.5 L/min
flowing air. The obvious conclusion from this figure is that the 7.5 L/min airflow has no
significant effect on the heat transfer of these RTDs. The main difference between this
and Figure 4-13 b) is that there is slightly more error in the 29ºC temperature
measurement. This negatively affects a linear trend, however, all empirical data still
points to a linear trend being the trend of the data.
The h value for RTD D is similar to the values of h for RTDs A and B. This is
likely due to the similar size of the RTDs. On the other hand, RTD C has a h value of
approximately double the value of the other RTDs, which appears appropriate given the
RTD is about half the size, and thus thermal mass, of the other RTDs. It is also possible
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that since the difference in housing dimensions put the RTDs in different positions from
the edge of the of the test rig, it is another possible and this is cause of the difference in
h, as it was observed that the RTDs were affected by flowing air at the edges of the test
rig more than at the centre.
While the porous Pt coating appeared to have a genuine affect in decreasing the
h value, the MnO2 coating effect is harder to ascertain. The coatings themselves are
different, the Pt is a thin film and likely suffers discontinuity in conduction, likely
exacerbated by the porous nature of the film, while MnO2 is simply a powder. If it does
reduce heat transfer it is more likely due to increasing the thermal mass of the sensor.

4.5.2 Heat Transfer in Other Fluids
The heat transfer coefficients were also calculated for still water for RTD A and
B and water mist for RTD C and D. Most work in this project was done with RTD C
and D in mist, so RTD A and B were not tested in the mist as it was not priority. In
addition, RTD C and D were not tested in water as the coating was not robust enough to
be used as a sensor in liquid (the MnO2 dispersed in the liquid leaving a nearly bare
RTD). The graphs used to calculate these values and the equations which were fitted to
them are shown in the Appendix of this thesis.

Figure 4-14 The average heat transfer coefficient of RTD A (●) and RTD B (♦) for different temperatures of
the RTD in water. Error bars represent 1 standard deviation.

Figure 4-14 shows the average h values of RTDs A and B in water, along with
the uncertainties measured. Although the values of h are much higher than for air (as
expected), the nature of the trend appears to be similar to that of the RTDs in air, i.e.
suitable for fitting with an exponential, however, there is a very high uncertainty in the
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h value at 82ºC for RTD B. The higher temperatures produced boiling on the surface of
the sensor. It appears that the coated sensor has more consistent transfer, however, for
boiling temperatures, both RTDs show a fairly consistent transfer. It could be that the
bubbling associated with the boiling water stirred the surrounding water producing more
consistent transfer. This is positive, since this environment is similar to what the RTDs
will encounter in hydrogen peroxide.

Figure 4-15 The average heat transfer coefficient of RTD C (●) and RTD D (♦) for different temperatures of
the RTD in 20% duty cycle water mist with an air flow of 7.5L/min. Error bars represent one standard
deviation.

Figure 4-15 shows the average h values for a 20% duty cycle mist and air flow
of 7.5 L/min using RTDs C and D. Finding a trend in this data is very difficult due to
uncertainty and a decrease in h with increasing temperature, unlike the previous
measurements. The comparatively low temperature measurements show an increase in
h, however at the high temperatures h values decrease. It is theorised that this is due to
an increase in vaporisation at higher temperatures. This means that there is less liquid
on the RTDs surface, which reduces evaporative cooling and thus decreases heat
conduction from the RTDs. This explains the larger uncertainty at 82ºC as the
temperature is not enough to quickly vaporise the liquid on the surface and therefore
there is a randomness as to how wet the RTD is and subsequently how much cooling is
present. An example of this can be seen in Figure 4-16, as there is a decrease in RTD C
and also in RTD D. This dip is believed to be due to the RTD being cleared of liquid,
and subsequently, lower h. Comparing this with an RTD of higher temperature (120ºC,
which can be found in the Appendix as Figure A-4 d)), its clear that the deviation at the
start of the curve is due to vaporisation, which produces a much more constant h value.
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Figure 4-16 Example of mist experiment at 82ºC showing drop of h during period that is typically stable

In conclusion, the results show that an RTD in air, no matter which RTD,
produces the lowest h values, and is thus best able to determine a temperature, as most
of the heat energy transferred to the RTD rather than the surrounding medium, as in
water. The size of the RTD appears to be the biggest factor in h value, with the smallest
RTD having the highest h value, which is expected with the lowest thermal mass to
contain heat. It is possible that this RTD would be the best to use in air as the lower
thermal mass will allow the RTD to heat up faster. It was also observed that the 7.5
L/min flow rate does not significantly increase the h values of the RTDs. In liquids and
air-liquid environments, all RTDs show an increase in h values, which is expected as
water is a better conductor of heat than air. Whether this is problematic for the sensor is
discussed further along in this document in the appropriate chapter. The nature of heat
transfer in mist is also complicated as temperature changes. The mist will either
condense on the RTD or vaporise based on the temperature of the RTD. The mist
transfer is dependent on this making it much more complex than the other fluid phases.
Individual results for h values can be seen in the appendix of this document (Table A-1
through to Table A-7).
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Table 4-4 A summary of the heat transfer coefficients of RTDs A, B, C and D at a temperature of 29ºC. The
uncertainty given is one standard deviation.

Fluid
Unforced Air

RTD A

RTD B

RTD C

RTD D

(W.m-2.K-1)

(W.m-2.K-1)

(W.m-2.K-1)

(W.m-2.K-1)

12.7±0.1

14.0±0.3

25.8±0.4

11.6±0.3

27.3±1.2

11.9±0.2

45.8±2.0

22.7±0.7

Forced Air
Water

63±10

78±12

Mist
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Chapter 5 Response of the Calorimetric Sensor in Bulk
Liquids and Non-mist Droplets
The sensors were tested in a variety of ways to determine their effectiveness: by
immersion in aqueous solutions of hydrogen peroxide, by deposition of hydrogen
peroxide droplets onto their tips, and by exposure to H2O2/H2O mist flux. This chapter
examines the effectiveness of the sensor at determining hydrogen peroxide
concentration in liquid, and confirms the hypothesis that calorimetric sensors follow a
linear relationship between hydrogen peroxide concentration and decomposition
activity, which is measured in terms of temperature. This is covered in Chapter 5.1.
Results from this section have been published in Sensors Letters[168] and were
presented at the 13th International Chemical Sensors Conference in Perth, Australia
2010. From this base of understanding, we aim to test whether this relationship remains
in more complex systems, such as having smaller quantities of hydrogen peroxide,
exposing the reaction to vaporisation, and forced convection. Finally, I wish to
determine how a heated RTD affects this system and whether this can also be exploited
further in a sensor design.

5.1 Sensor Behaviour during Immersion in Aqueous Hydrogen
Peroxide
All immersion testing was done using RTDs A and B as described in Table 4-3
as the coated and uncoated sensor respectively. The aim of this part of the part
experiment was to determine whether there was a linear relationship between
temperature change in an RTD and the concentration of hydrogen peroxide, and
whether this relationship showed a big enough signal to be detected when the RTD was
immersed in a liquid.

5.1.1 Method
Before the sensor was tested in aqueous solution, a basic calculation was
performed to estimate how large a calorimetric signal could be expected from it when it
is immersed in the aqueous solution. This calculation required some estimated values,
such as the heat generated by hydrogen peroxide decomposition and the heat transfer
coefficient of the RTDs immersed in liquid. To obtain an estimate of the heat generated
by hydrogen peroxide decomposition, the mass loss was measured when RTD A was
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immersed in 10%, 20% and 35% (w/w) hydrogen peroxide solutions. These
concentrations were used to gain an overview of how much hydrogen peroxide reaction
increases with concentration. During measurements, more points were used to confirm
any relationship. A single beaker of hydrogen peroxide and the immersed RTD A was
put on a scale and tared, so mass loss was recorded from 0 g. The mass was recorded
approximately every 30 seconds for around 700 seconds. From this data, it was possible
to determine the rate of mass lost, and from there, estimate the rate of decomposition of
hydrogen peroxide on the Pt-coated RTD. The majority of mass loss occurred due to
decomposition (rather than evaporation): as it is expected that oxygen bubbles escape
as hydrogen peroxide decomposes via the reaction shown in Equation 5-1:
.

Equation 5-1

For every mole of hydrogen peroxide decomposed, ½ a mole of oxygen is
produced. It was therefore possible to calculate the rate of decomposition of hydrogen
peroxide in moles per second by Equation 5-2:
,

Equation 5-2

where mO2 is the mass of oxygen lost in grams per second, m.molO2 is the molar
mass of oxygen in grams per mole (32 g/mol) and molH2O2 is the number of moles of
hydrogen peroxide lost per second.
It is possible to determine the power expected from this decomposition using
Equation 5-3:
,

Equation 5-3

where ΔHH2O2 is the enthalpy of the decomposition of hydrogen peroxide, which
is 98.2 kJ/mol, and PDecomp is the power released by decomposition in watts.
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It is then possible to estimate whether the sensor can produce a signal based on
temperature difference by using the power determined by Equation 5-3, and rearranging
Equation 4-6 to make ΔT the subject:

Equation 5-4

The assumption is made here that all the heat generated is transferred from the
boundary layer to the sensor. This provides an upper limit of ΔT. These calculations
were carried out for 10, 25, 35, 42 and 50% hydrogen peroxide (w/w), using the
measured mass-loss-rate per weight percentage of hydrogen peroxide. These results
were then used to determine whether a signal was possible from a calorimetric sensor in
aqueous solution.
The actual temperature rise due to decomposition was then measured by using a
bare RTD and a coated RTD both immersed in liquid. The bare sensor provided a
background reference of the aqueous solution’s temperature, while the coated sensor
reacted with the aqueous solution causing the RTD to heat up. The sensor signal could
then be derived by determining the difference between the coated and uncoated RTD
temperatures.
The testing was conducted in MilliQ water (18.2 MΩ), 10, 25, 35, 42 and 50%
hydrogen peroxide (w/w). The concentration of the solutions was confirmed using
iodometric titration, which is described in Chapter 4.2. To ensure repeatability, the
RTDs were suspended in the solution using a test tube rack to keep the sensors
consistently separated and at the same height in the liquid, which is demonstrated in
Figure 5-1.
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a)

b)
Figure 5-1 a) Picture of the sensor set-up showing the test tube rack holding the sensors in place; b) Picture
showing the sensors in hydrogen peroxide. Bubbles are visible on the Pt coated RTD (top, circled), while there
is no reaction on the uncoated (bottom).

The RTDs were connected to Yokogawa YK 7562 data acquisition hardware
controlled by a LabVIEW program on a computer. Under room temperature conditions,
these instruments typically have a 0.014% accuracy, which equates to ±0.04 K. A
constant 1 mA current, which ensures minimal self-heating in the sensors, was supplied
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to the RTDs and the system recorded the change in resistance of the sensor. The
LabVIEW program was able to the convert the recorded resistance to the temperature
using Equation 5-5:
,

Equation 5-5

where r is the resistance of the RTD in ohms, and T is the temperature in degrees
Celsius.
The sensor was first pre-conditioned by immersing both bare and coated RTDs
in MilliQ water. This was to ensure that the sensor was not contaminated between
measurements and to start both RTDs from a similar temperature. The hydrogen
peroxide and MilliQ water used were set out on the laboratory bench overnight to
achieve the ambient temperature. Hydrogen peroxide concentration measurement was
then made by immersing the pair of RTDs in the hydrogen peroxide analyte for 60
seconds, which was then followed with withdrawal into air. While the sensor was in air,
the measurement cycle continued for 60 to 240 seconds to allow equilibration (the
length of time was largely dependent on the concentration of hydrogen peroxide, and
the subsequent length of time the reaction occurred for in the air), before the sensor was
re-immersed in MilliQ for 20 seconds. At this point the measurement cycle was ended.
This produced two separate sources of data as to how the sensor reacted: the first in the
solution and the second in open atmosphere.
Each experiment was run multiple (5 or more) times to determine the variability
of the results.

5.1.2 Results and Discussion
The mass loss of oxygen was different for each concentration of hydrogen
peroxide, which confirms that the concentration affects the rate of reaction, and that up
until 35% hydrogen peroxide, the catalyst was not saturated by hydrogen peroxide. The
resulting mass losses are shown in Figure 5-2.
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Figure 5-2 The mass of hydrogen peroxide loss due to decomposition using Pt-coated catalyst over time for
10% (×), 20% (▲) and 35% (●) hydrogen peroxide.

Evaporation was estimated by placing an RTD in water and measuring the mass
loss over a period of 1650 seconds. In this time, 0.0065 g of mass was lost, indicating a
mass loss of 3.87x10-6 g/s, compared to a mass loss rate of 7.01x10-6 and greater for
peroxide. Dissolution of oxygen back into the solution was considered, but ultimately
disregarded as the solutions were near or at the saturation solubility, and the release of
heat from the reaction will only reduce the solubility of oxygen (countered by an
increase in water concentration so that the naturally dissolved oxygen is also not likely a
source of error). A more likely cause of uncertainty was vaporised water, however, it is
unlikely to be high due to the low reaction rate and relatively large quantity of hydrogen
peroxide.
Figure 5-2 also shows linear regressions obtained using the methods outlined in
Chapter 4.1.1. All these regressions were constrained to pass through zero. The
regressions statistics and the estimated mass loss rate for each concentration of
hydrogen peroxide are described in Table 5-1.
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Table 5-1 The regression statistics of the mass loss curves and the subsequently calculated mass loss rates

Mass Loss Rate
Hydrogen
Peroxide
Concentration
(%(w/w))

Coefficient of

2-Sigma

Determination

Confidence

(r2)

Interval (g)

Corrected
Mass Loss Rate

Against

from Curve (g/s)

Estimated
Evaporation
(g/s)

10

0.998

±2.44x10-4

7.01x10-6

3.14x10-6

20

0.996

±5.03x10-4

8.34x10-6

4.47x10-6

35

0.9997

±1.56x10-4

9.99x10-6

6.12x10-6

By using Equation 5-2, it was possible to estimate the moles of hydrogen
peroxide that were reacted. From this, Equation 5-3 was used to estimate the power that
was generated by the hydrogen peroxide decomposition, the results of which can be
seen in Figure 5-3.

Figure 5-3 The power of hydrogen peroxide decomposition from a Pt coated RTD vs the concentration of
hydrogen peroxide with regression line. Dotted lines are upper and lower limits of 2-sigma confidence interval.
Note that the regression is constrained to pass through (0,0).

Figure 5-3 has a coefficient of determination of 0.97 and a gradient of 1.2 x10-3
W/((w/w)%). This gradient will be used to estimate the power of hydrogen peroxide
decomposition for a given concentration. The 2-sigma confidence interval of the
gradient was ±2.6x10-4 W/((w/w)%). While the data is fairly described with that
relationship, it appears to have some non-linearity. Without further data it cannot be
said unequivocally, but it is likely that this non-linearity is only due to forcing the trend
through 0, when the data is just peroxide it has a strong linear relationship. What is
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likely is a changing rate of decomposition between 0 and 10% hydrogen peroxide
before it reaches linear decomposition. The reason for this calculation in this study is to
determine whether hydrogen peroxide could produce a linear signal in bulk liquid so
assuming a linear trend at this point between 0 and 10% hydrogen peroxide is seen as
justified especially as the range of real interest is 25 to 35%, and the only issue with this
is that the response calculated with this data will be slightly overstated. In Chapter 6, the
0-10% hydrogen peroxide section will be examined more closely.
Knowing the power released by the decomposition of hydrogen peroxide and the
estimated heat transfer coefficient (46.9±0.04 W.m-2.K-1 from Equation A-1 with
temperature 22.5ºC), it is possible to determine the maximum expected temperature
difference due to decomposition for hydrogen peroxide using Equation 5-4. This can be
used to estimate a relationship between hydrogen peroxide concentration and the
maximum potential difference in temperature due to the heat of hydrogen peroxide
decomposition, as seen in Figure 5-4.

Figure 5-4 The calculated maximum change in temperature of the coated sensor based on the empirically
calculated h for water and the calculated heat of decomposition of hydrogen peroxide assuming all heat
generated in the boundary layer goes into the sensor. The dotted lines represent the calculation of temperature
change using a sigma confidence interval for h.

The graph shows that if the heat-transfer coefficient of hydrogen peroxide is
close to that of still water, it is likely that there will be a significant change in
temperature relative to the concentration of hydrogen peroxide. While it is reasonable to
assume that the coefficient would be similar, it should be noted that hydrogen peroxide
conceivably has a higher heat transfer coefficient as the reaction produces
effervescence, which could facilitate an increase in heat transfer away from the sensor.
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Figure 5-5 shows the results of the first run from each experiment:

a)

b)

c)

d)

e)

f)

Figure 5-5 Recorded temperature of the coated (solid line) and uncoated (dotted line) RTDs plotted against
time for, a) MilliQ water, b) 10% hydrogen peroxide, c) 25% hydrogen peroxide, d) 35% hydrogen peroxide,
e) 42% hydrogen peroxide and f) 50% hydrogen peroxide.

All figures show a similar shape. The first 1 or 2 seconds show a period where
both RTDs are settled in MilliQ water before there is a drop and subsequent increase in
the temperature of the RTDs. This is due to the RTDs being removed from MilliQ water
and being placed in the aqueous hydrogen peroxide solution. This effect is not seen in
Figure 5-5a), as the RTDs were kept constantly in the same MilliQ water. The figures
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then show a steady temperature for both RTDs for the next 60 seconds while they are
both stably immersed in the hydrogen peroxide solution. There is a noticeable
temperature difference between uncoated and coated sensors above 10% concentration.
After this, the sensors are removed from peroxide solution into air, and the coated RTDs
show a sharp increase in temperature for 25%, 35%, 42% and 50% hydrogen peroxide
solutions; in contrast the coated RTDs in the MilliQ water and 10% hydrogen peroxide,
as well as the uncoated RTDs, show a decrease. It should be noted that, despite being
withdrawn, the sensors retain a film of solution on the surface. The uncoated RTDs do
not exothermically react with the MilliQ water or hydrogen peroxide so the RTD
records cooling due to evaporation. This is true for the MilliQ water on the coated RTD
too, confirming that the main difference between the sensor signals is the response to
hydrogen peroxide. The 10% hydrogen peroxide shows a similar decrease in
temperature, however, the coated temperature is recorded as higher than the uncoated
RTD, indicating that the hydrogen peroxide is reacting, however the reaction is not able
to increase the temperature above ambient due to the dominance of evaporation. From
these results, two different methods were used to determine hydrogen peroxide
concentration. One focused on the direct difference between the coated and uncoated
RTD while it was immersed in solution and the other focused on the peak temperature
the coated RTD reached in air.

5.1.3 Concentration determination during the immersion period

Figure 5-6 The difference in temperature between the Pt-coated and uncoated RTDs. The line represents the
linear regression, while the dotted lines represent the upper and lower values of the 2-sigma confidence
interval.
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Figure 5-6 shows the temperature difference between the Pt-coated and uncoated
RTDs while immersed. The difference is significant and shows a linear relationship
between the concentration of hydrogen peroxide and the difference recorded by the
RTDs when immersed. The ΔT produced are about 20% of that shown in Figure 5-4,
indicating that only one fifth of the heat generated is actually transferred to the sensor
body itself, while the balance is convected to the solution. The RTD detects
(1.1±0.1)x10-2 W of the 0.0596±0.01 W of energy (decomposition per mass percentage
(%w/w)) possible, suggesting that four fifths of the energy produced by the reaction is
not crossing the boundary between the catalyst and the RTD or is being removed by a
hitherto unconsidered process. One possible process that may take up extra energy is
bubble formation. This can affect the RTD by insulating it when bubbles get stuck on
the surface, or by increasing heat transfer through the removal of energy when the
bubble bursts. The linear regression was obtained using the method outlined in Chapter
4.1.1. The slope of the line was determined as being 0.02, suggesting that a rise of
0.02°C indicates an increase of 1% (w/w) increase in hydrogen peroxide concentration.
The coefficient of determination was 0.97.
By taking a linear regression where the temperature is the independent variable
(T) and concentration is the dependent variable (conc), the Equation 5-6 can be used to
describe an approximation of the relationship between temperature recorded and the
concentration of the hydrogen peroxide concentration.
Equation 5-6

Equation 5-6 produces the curve shown in Figure 5-7.
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Figure 5-7 The expected concentration from measured temperature difference in temperature between Ptcoated and uncoated RTDs during immersion vs the concentration of hydrogen peroxide (%(w/w)). The dotted
lines indicated a 2-sigma confidence interval.

Figure 5-7 shows the estimated prediction of the sensor based on the
temperature measured. The sensor is accurate and repeatable over the range 0-50%,
however from a practical position, a limit of detection (lowest hydrogen peroxide
concentration) has not been established. This sensor is capable of detecting 35%
hydrogen peroxide, however in terms of precision, the 2-sigma confidence interval was
±5.8% hydrogen peroxide (w/w). This indicates that a reading of 35% can be between
29% and 41%. This may be acceptable depending on what level of precision is needed
in the sterilizing system.

5.1.4 Concentration determination during the post immersion period
The behaviour of hydrogen peroxide on the sensor in the air is more complex
and constantly changing due to the heats of vaporisation of water and hydrogen
peroxide and the heat of decomposition of hydrogen peroxide. Figure 5-8 shows the
energy of water and hydrogen peroxide vaporisation, as well as the decomposition
energy of hydrogen peroxide for each concentration of hydrogen peroxide.
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Figure 5-8 The heat energy of decomposition of hydrogen peroxide (solid black line) and vaporisation of water
(dotted black line) and hydrogen peroxide (solid grey line) for each concentration of hydrogen peroxide from
0% to 50% (w/w). These values were determined from hydrogen peroxide’s molar heat of decomposition
(shown in Equation 1-1) and the boiling point heat of vaporisation for hydrogen peroxide and water from
Table 1-1.

From this a basic qualitative model can be inferred. Firstly, it is assumed that the
amount of fluid on the surface is the same, or near enough as to not be a significant
difference, especially since an increase in temperature will increase hydrogen peroxide
decomposition. Figure 5-8, shows that as the percentage of hydrogen peroxide
increases, the energy of decomposition of hydrogen peroxide and the energy of
vaporisation increases. In addition, the energy of vaporisation of water decreases. As the
amount of hydrogen peroxide increases, the longer the decomposition reaction can go
for and thus the more energy can be produced. At some point in time the reaction then
slows as there is less hydrogen peroxide reacting, and more water on the surface, which
causes heat energy to be transferred from the surface via vaporisation. This can be seen
as the “peaks” in Figure 5-5 when the RTD is “in air”. It can also be seen that the peaks
for 42% hydrogen peroxide and 50% hydrogen peroxide are different from the ones that
come before it. Figure 5-8 shows that relatively speaking, from approximately 42-43%
hydrogen peroxide upwards more energy is produced from decomposition than from
vaporisation of the water. In this case the hydrogen peroxide is able to react so fast that
it boils the water from the surface. This can be seen in the 42% data as the plateau after
the peak. This means that the peak is not as high as previous peaks and the temperature
it reaches is not as high. However, this result was repeatable, where that of the 50%
peak is not. This is because at 50% there is more decomposition energy than
vaporisation energy from water, which results in vigorous boiling of the water and
increasing the relative concentration of hydrogen peroxide and a longer lasting reaction
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since there is less vaporisation to oppose it. This is represented graphically in Figure
5-9. As can be seen, an increase in hydrogen peroxide concentration means that there is
less heat lost through vaporisation of water and more mass lost due to decomposition
and vaporisation. Overall, more heat crosses the boundary into the sensor.

Figure 5-9 Graphical representation of heat flows of catalyst surface and hydrogen peroxide droplets. This
graph is not to any scale, just a qualitative representation of the magnitude of heat flows during
decomposition. The size of the arrow describes the magnitude of the heat flow.

Given this it seems reasonable that the temperature the peak reaches and the
time that the peak reaches it should relate to concentration.

Figure 5-10 The difference between temperature of the Pt-coated RTD at its “peak” post-immersion and the
Pt-coated sensor during immersion.
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Figure 5-10 shows the difference between the “peak” temperature of the Ptcoated RTD after withdrawal from the solution and the corresponding stable
temperature while the sensor was immersed. This figure shows that there is a larger
difference between temperatures when the sensor is removed from the aqueous solution.
Another analysis of the raw data showed the relationship between the time that
the temperature was at this “peak” value and the concentration of hydrogen peroxide.
The results, shown in Figure 5-11, show a similar pattern to Figure 5-10, however it
appears to be less reliable than the peak temperature.

Figure 5-11 The time the taken for the reaction to reach a maximum temperature for each concentration of
hydrogen peroxide (time started from 0)

As expected from the experiments and Figure 5-8, both these sets of data
suggest that the 50% hydrogen peroxide measurement is unreliable due to a large
uncertainty. As the model states above, when hydrogen peroxide is at a concentration of
50% is decomposing, it is capable of boiling water in the mixture, which results in a
relative increase in hydrogen peroxide concentration. Under these conditions, where
there is very little hydrogen peroxide and water on the sensor, it would be very easy for
the peroxide to up-concentrate and thus produce variable readings. Since it is not
confirmed what actual concentration the droplet is in this case, the data will not be used
in further analysis.
The data from 0% to 42% appears to have a polynomial correlation. The nonlinear regression method described in Chapter 4.1.2 was used to fit a curve to the 0-42%
data peak temperature and time to peak temperature data. This regression used the
independent variable (conc) concentration of hydrogen peroxide and the dependent
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variable (T) was the peak temperature or the time to peak temperature. This produced
Equation 5-7 for the relationship between peak temperature and hydrogen peroxide
concentration and Equation 5-8 for the relationship between the time to peak
temperature and hydrogen peroxide concentration.
Equation 5-7

Equation 5-8

The regression that Equation 5-7 is based on has a coefficient of determination
of 0.93 and a 2-sigma confidence interval of ±0.36°C or ±5.3% hydrogen peroxide. This
relationship has been represented on Figure 5-12, with confidence interval. This is best
case as the confidence intervals increase at higher concentrations.

Figure 5-12 The regression line of the peak temperature vs the concentration of hydrogen peroxide, with 2sigma confidence interval shown as the dotted line. Raw data points (•) are also shown.

Similarly, the regression that Equation 5-8 is based on has a coefficient of
determination of 0.83 and a 2-sigma confidence interval of ±5 s or ±6% hydrogen
peroxide, again in the best case. This relationship has been represented on Figure 5-13,
with confidence interval. The relationship shows a maximum value between 25% and
35% hydrogen peroxide, which means that as a useable sensor alone, it would have a
much smaller range than the temperature sensors.
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Figure 5-13 The regression line of the time to peak temperature vs the concentration of hydrogen peroxide,
with 2-sigma confidence interval shown as a dotted line. Raw data points (•) are also shown.

Comparing Figure 5-12 with Figure 5-13, it can be seen that both graphs have a
different shape. Figure 5-12 is the better fit to the data however, Figure 5-13 is still
reasonable. However, it may be possible to gain a more accurate and precise regression
by combining both the peak temperature and time to peak temperature data sets and
performing a two variable quadratic regression. This was performed using the method
for multiple linear regression, which is described in Chapter 4.1.3. By running the
program with concentration as the dependent variable (conc), the relationship described
by Equation 5-9 was determined.

Equation 5-9

The standard deviation of this regression is 1.8, which equates to a variance of
3.2, while there were 26 degrees of freedom in the regression. Table 5-2 shows the
calculated p-value for each concentration. It appears that the only concentration that has
a significant increase in variation from the regression is water (p>0.05), which is not
problematic and to be expected since water has the less causes of uncertainty (no
decomposition, only vaporisation).
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Table 5-2 Analysis of variance of concentration

Concentration (%

Variance of residual

F-values of each

p-value of each

(w/w))

error

concentration

concentration

0

0.21

15

8.6x10-3

10

1.4

2.3

0.22

25

5.3

0.61

0.81

35

4.1

0.80

0.69

42

6.1

0.53

0.86

To determine how suitable this regression was, the concentration (conc) was
calculated using the peak temperature data (T) and the time to peak temperature data (t)
from the experiment. The calculated concentration of hydrogen peroxide was then
plotted against the actual recorded concentration of hydrogen peroxide and a regression
was taken again using the methods outlined in Chapter 4.1.1.
This regression has a coefficient of determination of 0.99 and a 2-sigma
confidence interval of ±3.7% hydrogen peroxide, far better than either data set being
used alone. This represents a higher accuracy and precision than the immersion sensor
described above. This relationship has been plotted in Figure 5-14.

Figure 5-14 The calculated concentration from the regression vs the experimental concentration used, with
raw data (•) shown
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5.1.5 Summary of immersion testing
The RTDs coated with porous Pt decompose hydrogen peroxide from 10%-35%
without becoming saturated, and will produce enough energy of decomposition to
produce a significant temperature change (up to 1 K) in a PT100 RTD when it is
immersed in liquid hydrogen peroxide. The subsequent response was shown to vary
with hydrogen peroxide concentration in a relationship which can be described by a
linear regression with a high accuracy (r2=0.97) and reasonable precision (±6%).
Furthermore, when a Pt-coated RTD is withdrawn from a liquid hydrogen peroxide
sample, the peak temperature it reaches and the time it takes to reach the peak vary in
relation to the concentration of hydrogen peroxide on the RTD. The best results are
gained from a two-variable quadratic regression which produces higher accuracy
(r2=0.99) and precision (±4%), though the range of the measurement is limited to <42%
due to the high decomposition energy and lower vaporisation energy of higher
concentration hydrogen peroxide. In addition it was noticed that temperature change due
to hydrogen peroxide decomposition in liquid has a linear relationship, whereas in air
higher concentration (40-50%) peroxide behaves differently, due probably to the effect
of vaporisation.
While this appears to be a strong basis for a sensor, in a practical sense
improvements will need to be made, or further study will be needed. The measurements
for the immersion sensor and the post immersion sensor both take a reasonable amount
of time, which is not practical in a sensing capacity. The initial immersion response
appears to happen reasonably quickly, with the rest of the minute period providing more
data to improve accuracy, so determining exactly how long the sensor is needed to be in
solution to determine a consistent temperature may prove useful. The post immersion
response is trickier in that for the best measurement it relies on time. The best way to
make improvements to this would be to reduce the thermal mass of the sensor, and/or an
improvement of catalytic activity. Decreasing thermal mass should improve the
responsiveness of the system since less there is less mass to physically heat up to for a
signal, and increasing the catalytic activity, increases the reaction rate, decreasing the
time needed for the signal to be fully produced.
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5.2 Sensor Behaviour Due to Hydrogen Peroxide Droplets on the
Sensor in the Test Rig
Experiments performed with droplets were done using RTD C and RTD B
(Table 4-3) as the coated and uncoated RTDs respectively because these were flat rather
than cylindrical. The catalysts were changed as there were some questions regarding the
Pt-coated sensors ability to generate enough reaction for a measurement, and the flat
sensor was also the easiest one to apply the MnO2 catalyst to.
The behaviour of the RTDs when a droplet was placed on their tips was
investigated under two main conditions: The RTDs acting as a temperature detector
through the same set-up as described in Chapter 5.1.1, and also with the RTD being
heated to maintain a constant temperature. The purpose of this work was to determine
what effect airflow and having smaller quantities of hydrogen peroxide would have on
the sensors’ ability to function. In this case and in the subsequent mist work,
evaporation has an important effect on the functioning of the sensor, and this
experiment provided an understanding of the different competing heat flows.
In addition, it was also thought to be worthwhile to perform an investigation on
how the RTDs performed when they were heated to a constant temperature, as the aim
of the project in the early stages was to have a heated sensor to prevent catalyst
poisoning.

5.2.1 Method for Ambient Investigation
The energy released by the decomposition of hydrogen peroxide on the MnO2
catalyst was estimated in a similar investigation to that described for the Pt-coated
sensor (Chapter 5.1.1). A 5mm flat MnO2 coated sensor was dropped into a beaker of
10, 20 and 35% hydrogen peroxide, which was tared on a scale, and the resulting weight
loss was recorded over 240 seconds. Equation 5-2 was used to determine the amount of
hydrogen peroxide reacted, and Equation 5-3 was used to determine how much energy
this released. During testing RTDs were mounted in the test rig that would be used for
mist sensing, Figure 5-15.
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Figure 5-15 Picture of the mist test rig focused on the test chamber

The RTDs were connected to the same Yokogawa data acquisition system that
was used for the immersion sensor, and the same LabVIEW program was used to record
the output. To determine the effect of airflow on the liquid droplets on the sensor, 200
μL of MilliQ water was deposited on a sensor, as this was the minimum size that could
be reasonably dispensed with the available equipment, and the temperature response
was observed for 100 seconds. This was repeated 5 times under three different
conditions without airflow, and with airflows of 7.5 L/min and 12.5 L/min. Once the
effect of airflow was determined, droplets of different concentration hydrogen peroxide
(10, 22.5, 35 and 45 (w/w) % (concentrations confirmed by iodometric titration
described in Chapter 4.2) and MilliQ water were deposited on the RTDs using a
micropipette containing approximately 200 μL of liquid. Since some liquid fell off the
sensor, the drop was only as large as could be physically supported. This means that
droplets were not necessarily of uniform size and the results of this experiment are only
qualitatively indicative not quantitatively accurate. The temperature of the RTDs was
then monitored over the course of 10 minutes. This was repeated a minimum of five
times for each concentration.

5.2.2 Results from Ambient Investigation
As detailed in Chapter 5.1.2, the mass loss of water due to vaporisation is 0.0065
g over 1650 seconds. This mass loss is insignificant compared to the mass loss of
oxygen due to hydrogen peroxide decomposition, as displayed in Figure 5-16.
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Figure 5-16 The mass loss of hydrogen peroxide due to decomposition using MnO2 catalyst over time for 10%
(×), 20% (▲) and 35% (●) hydrogen peroxide.

It should be noted that some of the MnO2 was removed from the RTD by the
hydrogen peroxide, and thus the actual performance of the MnO2-coated RTD may be
lower due to difference surface area. In addition, the catalyst dispersed into the solution
resulting in a fierce reaction, which may have led to more loss through vaporisation
(reaction produced more heat). This means that this data should be regarded as an upper
limit of the mass loss rate.
Figure 5-16 shows a linear regression obtained using the method outlined in
Chapter 4.1.1, which is forced through zero. The regressions statistics and the estimated
mass loss rate for each concentration of hydrogen peroxide are described in Table 5-3.
Table 5-3 The regression statistics of the mass loss curves and the subsequently calculated mass loss rates

Hydrogen

Coefficient of

2-Sigma

Determination

Confidence

(r2)

Interval (g)

10

0.999

20
35

Peroxide
Concentration
(%(w/w))

Mass Loss Rate

Mass Loss Rate

from Curve (g/s)

(mol/s)

±2.23x10-3

1.91x10-4

4.06x10-4

0.999

±5.03x10-3

5.42x10-4

1.15x10-3

0.999

±1.34x10-2

1.18x10-3

2.51x10-3

Again, using Equation 5-2, it was possible to estimate the moles of hydrogen
peroxide that were reacted (which can be seen in Table 5-3), and from this, Equation
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5-3 was used to estimate the power that was generated by the hydrogen peroxide
decomposition, the results of which can be seen in Figure 5-17.

Figure 5-17 The power of hydrogen peroxide decomposition from a MnO2 coated RTD vs the concentration of
hydrogen peroxide with regression line. Dotted lines are upper and lower limits of 2-sigma confidence interval.

By taking a regression of the 0, 10, 20 and 35% data points, a linear regression
can be found using the method in Chapter 4.1.1. The relationship has a high coefficient
of determination of 0.98, with a 2-sigma confidence interval of ±1.22 W. The regression
calculates that the power per percent of hydrogen peroxide as 0.19 W/%, which is 2
orders of magnitude larger than the Pt-coated sensor. Given the larger catalytic response
of RTD C, it should make a more sensitive sensor.
As previously established (Table 4-4), the heat transfer coefficients of the dry
sensors in still air and 7.5 L/min airflow are effectively the same. This is due to the fact
that, while the flow is large, the volume of the chamber reduces that air velocity to 1
cm/s. Indeed, the maximum flow rate which could be used was 12.2 L/min, which has a
velocity of only 1.61 cm/s in the chamber. However, the situation when water droplets
are added is expected to be different, as the different velocities may affect the
vaporisation of water droplets.

91

a)

b)

Figure 5-18 The change in temperature of the a) MnO2 coated RTD and the b) uncoated RTD in response to
droplets of MilliQ water deposited on the RTDs in the presence of no airflow (dotted lines), 7.5 L/min airflow
(solid black line) and 12.2 L/min airflow (solid grey line). Droplets were deposited every 100 seconds.

Figure 5-18 shows the a) coated RTD response and the b) uncoated RTD
response to a droplet of water under different airflow conditions. A single droplet of
water, which had a slightly higher temperature than the RTDs, was deposited on both
RTDs and the RTDs response was observed for 100 seconds (until the temperature
stabilised), before another droplet was added, and the process was repeated. This whole
process was done under no airflow, 7.5 L/min airflow and 12.2 L/min. Here the results
are presented as the difference relative to the temperature at 100 seconds, in order to
exclude the first droplet that was significantly different due to the initially dry surface of
the RTD. These results show that RTDs with no flow are cooled less than RTDs
surrounded by flowing air. Thus the airflow does have an effect on vaporisation,
however, there does not appear to be a drastic difference between the level of cooling
and the 7.5 L/min and 12.2 L/min air flows. In Figure 5-18a) there appears to be a
difference in the data at 300 s, however, this was due to a malformed droplet.
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Figure 5-19 Average final temperature of each water droplet run for coated (■) and uncoated (•). Error bars
represent 1 standard deviation

Figure 5-19 shows the average temperature the RTD reaches before the next
droplet is deposited. Therefore it could not be confidently said that there is a difference
in response between the coated and uncoated RTDs under any of the conditions,
however, there is a clear difference between the response of the RTDs to droplets of
water in still air and flowing air. There is however, less of a difference in RTD response
between 7.5 L/min and 12.2 L/min.
Figure 5-20 shows the zeroed difference in temperature response between the
coated RTD and the uncoated RTD with airflow of 7.5 L/min. The difference signal is
used as it shows the effects of decomposition on the sensor, since the uncoated RTD
acts as a control (the only effects on the uncoated RTD are vaporisation and
convection). The first run was omitted from all graphs as its behaviour was not typical,
due to the fact that in all other runs the RTDs started wet.
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a)

b)

c)

d)

e)
Figure 5-20 The temperature difference between RTDs over time for each droplet of a) MilliQ water b) 10%
hydrogen peroxide c) 22.5% hydrogen peroxide d) 35% hydrogen peroxide and e) 45% hydrogen peroxide.
The different colours are different runs and all first runs have been omitted. All graphs are zeroed, however,
there is a negative temperature spike when the droplet is added which overwhelms this.

The response of the sensors to hydrogen peroxide droplets matches qualitatively
with the post immersion stage Pt-coated catalyst data in Chapter 5.1.2, in that the
temperature increases until it reaches a maximum, and then cools back to below the start
temperature. In comparison the response of the sensor in Figure 5-20, shows a higher
sensitivity to temperature, which is expected given the higher activity of the MnO2
catalyst. The water, 10% and 22.5% hydrogen peroxide data shows a fairly consistent
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response. Some responses appear different but it can be likely be traced back to the
droplet’s mass and shape as the reaction occurs (primarily due to effervescence). The
35% and 45% droplets show the most scatter in response. Effervescence appeared to be
the most problematic issue, as it displaces liquid from the RTD. It also insulates that
catalyst and RTD from the reaction, causing the reaction to run longer at lower
temperature. Lack of a clear peak is generally the result of this phenomenon. This also
occasionally affected subsequent runs, and was problematic enough to require the
droplet to be rinsed off the sensor before the next run was started.
There are many possible sources of experimental error in this investigation and
two prominent systematic ones are the droplet mass on the sensor (which cannot be
accurately known since it is unclear how much stays on the sensor), and the erosion of
catalyst over subsequent runs. The droplets are sizeable enough to cause the partial
removal of catalyst which can affect the response, mostly in the post peak/cooling stage.
This may cause the reaction to run longer due to having less catalyst. This was rectified
by recoating the RTD if the degradation was evident. Finally error may have been
increased by evaporative cooling. Figure 5-17 has shown that the MnO2 coating is a
more powerful catalyst than Pt, which should increase not only the decomposition but
also vaporisation, which creates additional uncertainty particularly at the higher
concentrations.
Figure 5-21 shows the average peak responses for each run (determined by
taking the difference between the peak temperature and the temperature before the
droplet was deposited), along with the corresponding uncoated RTD average response
which was close to 0°C for all measurements. The times taken for the RTDs to reach a
peak were also recorded however they do not show a consistent trend. The “peak” used
for water was the first stable temperature the RTD cooled to. It can be clearly seen that
the temperature of the uncoated RTD does not significantly change, suggesting that
there is no major evaporative cooling present due to the air flow. This is possible since
the droplets were a similar temperature to that the RTDs were recording, and as Figure
5-19 shows, the relative stable temperature in an air flow is approximately 0ºC.
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Figure 5-21 The average temperature difference between the peak-initial temperature (temperature change) of
the MnO2-coated (●) and the uncoated (×) RTDs. Error bars represent 1 standard deviation.

The lower values show better repeatability than the higher concentration
droplets. There appears to be a relationship between the temperature of the peak and the
concentration of hydrogen peroxide. The uncertainty in the measurements at hydrogen
peroxide concentrations 35% and 45%, makes identifying the relationship difficult. It
may be similar to the Pt-coated RTD post-immersion response where there is a
maximum value between 35% and 42% hydrogen peroxide before there is an unstable
measurement due to possible catalytic up concentration of the hydrogen peroxide.
A linear relationship was fitted with a reasonably high coefficient of
determination and can be seen in Equation 5-10 (r2=0.89, 2-sigma confidence interval
±1.7ºC), while the relationship between concentration and temperature can be seen in
Figure 5-21.
Equation 5-10

96

Figure 5-22 Concentration of hydrogen peroxide against the difference between peak temperature with linear
regression line and 2-sigma confidence interval (dotted lines)

5.2.3Ambient Droplet Investigation Summary
The investigation demonstrated that MnO2 coated flat 5mm RTD was a more
active catalyst than the round 15 mm Pt-coated catalyst used in the immersion
investigation. Indeed increased cooling power due to forced convection does not seem
to overwhelm the decomposition signal.
It was shown that while different air velocities did not affect heat transfer in
Figure 4-13 (heat transfer coefficient for RTD C and RTD D in unforced and forced
air), flowing air on a moist sensor produces a greater cooling event than still air, though
given the dimensions of the test rig, the different flow rates only equate to a small
absolute difference in air velocity, with a maximum of approximately 1.61 cm/s.
Application of the sensor to low and mid-range concentrations of hydrogen
peroxide show good reproducibility and a large signal, however, the higher
concentrations show much more variation. The two main proposed causes of this are
differences in the amount of droplet deposited, and the increased effervescence, which
creates more turbulence and can lead to the dispersion of the droplet, or perhaps it
increases cooling through the release of mechanical energy in bursting bubbles, which
may lead to the lower peaks with longer elevated temperatures seen in Figure 5-20 d)
and e).
It would appear, without more investigation, a linear relationship between peak
temperature and hydrogen peroxide concentration is the most defensible. Improvements
to be made in such an experiment are to reduce the size of the droplet of hydrogen
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peroxide deposited onto the sensor, and to improve the adhesion of catalyst to the RTD.
For now, the experiment provided the necessary confirmation that the decomposition of
a hydrogen peroxide droplet on a sensor in airflow shows a trend of increasing
temperature with increasing hydrogen peroxide concentration.

5.2.4 Method for Heated Investigation
The heated investigation used the same RTDs C and B, but measured the power
drawn by the RTD to remain at a constant temperature. Resistance is kept constant to
maintain the desired temperature (resistance and temperature are related through
Equation 5-5), while the voltage used to ensure a constant temperature was recorded by
a LabVIEW program. Using this data, it was possible to determine the power required
to keep the sensor at a constant temperature using

Equation 5-11

Where V is the voltage required in volts, r is the resistance in ohms and Psensor is
the power drawn by the sensor in watts. The power drawn by the sensor is dependent on
the external conditions, in this case being vaporisation and decomposition (also air flow,
however, as shown in Figure 4-13 and Chapter 5.2.2, airflow itself has no significant
effect on the power of the RTDs, it just increases vaporisation), and thus the
relationship
Equation 5-12

Where Pinital

sensor

is the power required for a sensor to maintain a constant

temperature (in this case 80°C, 105°C or 130°C) without droplets, PDecomp and
PVaporisation are the powers released during decomposition and lost by vaporisation of
water and hydrogen peroxide respectively, and Psensor is the power required to maintain
a constant temperature during water and peroxide decomposition and vaporisation. All
values are in watts. The prediction from this is that a coated RTD heated by
decomposition should require less power than an uncoated RTD to remain at constant
temperature.
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For this investigation, three different temperatures were used, 80°C, 105°C and
130°C. These were chosen as it gave one temperature below the boiling points of
hydrogen peroxide and water, one temperature between the boiling points of hydrogen
peroxide and water and one temperature with a boiling point above both hydrogen
peroxide solution (40% w/w) and water.
This experiment was run in the same rig as Chapter 5.2.1, with an airflow of 7.5
L/min. 12.5 µL droplets of MilliQ water, 10%, 20%, 30%, 35% and 40% hydrogen
peroxide (concentrations were confirmed using iodometric titration described in Chapter
4.2) were deposited on both RTDs, and once again each sample repeated at least 5
times. The droplets were not deposited until the RTDs were dry, which was determined
as when the RTDs returned to their baseline power.

5.2.5 Results from Heated Investigation
The raw output of the LabVIEW was a graph of voltage applied against time. An
example of the output is given in Figure 5-23, with the voltages converted to power
drawn. The droplets have been dropped on after the sensor has returned to its baseline
power draw, so each graph shows five separate droplets, one after the other.

a)

b)

Figure 5-23 An example of the output data converted to watts from the LabVIEW program for the heated
RTD experiment. Samples are a) water and b) 30% hydrogen peroxide, with RTDs heated to 105°C. The
dotted lines represent the uncoated RTD, while the solid lines represent the coated RTD. The hydrogen
peroxide pulses took longer to vaporise, therefore requiring longer runs and later pulses. The droplets were
loaded onto each RTD by hand, and the delay between the pulses is the result of the time taken to load each
one individually.

There is a clear difference in the shape of each sensor in Figure 5-23 a). It is
clear that the coated sensor requires more power over less time until the water is
removed, and a similar phenomenon is visible in b) which shows that the coated RTD
draws a much higher power while the peroxide droplet is rapidly removed, whereas the
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uncoated draws less power over a longer time. The response to hydrogen peroxide of
the coated RTD is almost an immediate spike, as the hydrogen peroxide is almost
immediately vaporised due to the heated RTD and the decomposition of hydrogen
peroxide. The result for water is consistent with the higher heat transfer coefficient of
the coated RTD C as noted in Chapter 4.5.1. Although there is an observable difference
between the results for water and peroxide, further analysis is required for quantitative
comparison.
A quantity of interest is the energy, which was determined by numerical
integration of the power against time. The difference between each power and the first
recorded power was taken, multiplied by the time interval between measurements and
added to the previous measurement, to determine the energy drawn over the course of
the experiment.
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a)

b)

c)

d)

e)

f)

Figure 5-24 The energy drawn over time of experiment when each RTD was set to 80°C. Graphs show a)
water, b) 10% hydrogen peroxide, c) 20% hydrogen peroxide, d) 30% hydrogen peroxide, e) 35% hydrogen
peroxide and f) 40% hydrogen peroxide. Solid lines are coated RTD, dotted lines are uncoated.

Figure 5-24 shows the cumulative energy drawn over time for each droplet
concentration at 80°C. Each step on the graph represents a droplet. The results show that
there is an obvious difference between the energy drawn in the coated and uncoated
sensors, which is expected from Equation 5-12.
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Figure 5-25 The average energy drawn per droplet against concentration for sensors held at 80°C. Symbols
represent coated RTD response (◊) and uncoated RTD response (♦)

Figure 5-25 shows the average response to droplets for different concentrations
of hydrogen peroxide. The uncoated response shows slight variations but is mostly
consistent with that signal being independent of concentration. The response of the
coated sensor however shows the energy required decreases as the peroxide content
rises to 40%. The difference signal, which should show the effects of decomposition
only (Equation 5-12), seems to follow a polynomial relationship between energy drawn
(J/drop) and concentration (conc), which is shown in Equation 5-13:
Equation 5-13

Equation 5-13 has a relatively higher coefficient of determination of 0.91, and a
2-sigma confidence interval of ±0.93 J/drop determined using the method in Chapter
4.1.2. It can also be seen that that until the concentration is 40%, the graph does show
linearity. Applying a linear fit for the same variables but only using data until 35%
shows a relationship of:
Equation 5-14

The coefficient of determination for Equation 5-14 was 0.87 and the 2-sigma
confidence interval was ±1.05 J/drop. In this case, a linear relationship is possible but
seems unsuitable given that the sensor is only accurate to ±11.8% hydrogen peroxide as
a 2-sigma confidence interval.
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The same analysis was performed on both the 105°C and 130°C data. The
energy drawn over time for each concentration can be found in the Appendix to this
document. The average energy drawn per drop for each concentration of hydrogen
peroxide is shown in Figure 5-26.

a)

b)

Figure 5-26 The average energy drawn per droplet against concentration for a) 105°C and b) 130°C. Symbols
represent coated RTD response (◊) and uncoated RTD response (♦)

First considering the 105°C set-point, Figure 5-26 a) shows that the uncoated
RTD response to different concentrations of hydrogen peroxide appears to follow a
flatter slope than the coated RTD response to different concentrations of hydrogen
peroxide. The difference is that the coated RTD draws much less energy than the
uncoated RTD as concentration increases. This time the difference between the RTDs is
almost linear until 40%.
Equation 5-15

Equation 5-15 shows a quadratic relationship fitted using the method from
Chapter 4.1.2. It has a coefficient of determination of 0.98 and a 2-sigma confidence
interval of ±0.27 J/drop. In Equation 5-16 we see the linear relationship between 0%
and 35% hydrogen peroxide:
Equation 5-16

This relationship also has a coefficient of determination of 0.98, with a 2-sigma
confidence interval of ±0.21 J/drop. This is a promising relationship for a sensor, and it
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appears due to the more consistent vaporisation on the uncoated RTD. Turning this
around, the sensor is accurate for a 2-sigma confidence interval of ±3.8%.
Figure 5-26 b) is the response of droplets on the coated and uncoated RTD at
130°C, and shows a different trend. In this case, the coated RTD response is almost
constant. The reason for this is that the higher temperature ensured a faster vaporisation
rate of the droplet, and thus more energy was lost through vaporisation. The difference
between the uncoated and coated RTD shows a linear trend at low values of hydrogen
peroxide, however, once vaporisation becomes larger at 30% hydrogen peroxide a jump
is observed in the evaporation signal, and from 30% hydrogen peroxide onwards the
difference signal levels out. It is possible that this is occurring due to the higher
temperature decomposing the hydrogen peroxide, which in turn is increasing the
vaporisation (since the higher concentration hydrogen peroxide would release a
significant amount of power, more than the lower concentrations, which is why this
effect is not seen before). Given the lack of a trend past 30% hydrogen peroxide, and
given the ambiguous nature of what is occurring, it was decided that using a
temperature around 130ºC was not workable in a heated sensor.

5.2.6 Heated RTD Investigation Summary
By heating the RTD and keeping the RTD temperature constant, it was possible
to determine how much power it took to offset the power of the decomposition and
vaporisation of hydrogen peroxide. Comparison of an RTD coated in porous-Pt and an
uncoated RTD did give a signal which was proportional to hydrogen peroxide
concentration, and this was observed with the RTDs set at three different temperatures.
It was also clear that the best way to process this data was by taking a numerical
integration and determining the energy used to stabilise the temperature. While 80°C
showed a linear trend, it was not as strong as others. It is theorised that a reason for this
is that there is insufficient vaporisation to clear the effects of previous drops, resulting
in inconsistency. 130°C shows no usable trend between concentration and energy drawn
by the RTD. It is believed that this is because the evaporation rate was increased with
the higher temperature, which means that less hydrogen peroxide decomposed and thus
a lesser signal was found. 105°C had a linear relationship between 0-35% hydrogen
peroxide, with high accuracy. This setup has a more stable vaporisation on the RTDs,
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and thus the decomposition signal has more effect on the resulting difference signal,
leaving 105°C as the best option if a heated sensor was to be used.

5.3 Summary of Immersion Experiments
Table 5-4 Summary of calorimetric RTD performance as immersion and drop sensor

Sensor

Coefficient
2

of Determination (r )

2-Sigma

Effective

Confidence Interval

Range
% H2O2

Immersed in Liquid

0.97

±5.8%

0-50

Post Immersion (Peak

0.93

±0.36ºC or 5.3%

0-42

0.83

±4.9s or 5.9%

0-25

0.99

±3.7%

0-42

0.89

±14%

0-45

0.87

±12%

0-35

0.98

±3.8%

0-35

Temperature)
Post Immersion (Peak
Time)
Post Immersion
(Combined
Temperature and
Time)
Ambient RTD with
7.5L/min Air Flow
80ºC Heated RTD
with 7.5L/min Air
Flow
105ºC Heated RTD
with 7.5L/min Air
Flow

Table 5-4 shows a summary of the different immersion and droplet RTD sensor
setups and the results with each. Using the sensor as an immersion sensor is accurate, it
has the best linear range of measurement and it only decomposes a small amount of
hydrogen peroxide, which means it is not overly invasive. However, it has a small
signal response, and a large confidence interval because of this. The sensor has utility as
it stands right now as a sensor which could determine a rough estimate of hydrogen
peroxide concentration. For example in the case of this project, the hydrogen peroxide
which is needed is 35%, however, it has been shown that 30% hydrogen peroxide is
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capable of sterilising equipment and 40% is more than capable without causing damage
to equipment, then a reading of 35 ±5% may be adequate. However, as the
concentration detected moves down from 35%, the concentration of hydrogen peroxide
could be less than 30%, which means it would require a second, more precise
measurement to determine whether the concentration of hydrogen peroxide was strong
enough. It may be possible to improve this RTD’s precision by increasing the catalytic
activity of the catalyst in the future.
The post immersion response, both in peak temperature and time can be used
individually, however, both are less accurate and have a lower range than the immersion
sensor. However, by taking both these responses together in a multiple regression, error
can be reduced and the trend becomes slightly more accurate than the immersion sensor,
and shows a better confidence interval. In addition, both responses appear to show a
highly linear response between 0 to 35%, however more data is required to validate this.
In addition, the RTD post immersion response drops between 30 and 40%, and
becomes erratic for the responses over 45%. This is most likely due to the different
environment to the immersion sensor. In the immersion sensor, there is no vaporisation
component of the reaction as the sensor is buried in a bulk liquid. As the surface area of
the hydrogen peroxide is increased (droplet) it is more susceptible to both evaporation
and decomposition. We theorise that once the concentration reaches 42% hydrogen
peroxide, the decomposition has enough energy to increase evaporation, and once the
concentration reaches 50% (perhaps 45%) the decomposition has enough energy to
cause enough vaporisation to increase the concentration of hydrogen peroxide in the
droplet.
When exposed to droplets the MnO2 RTD shows a similar response in respect of
the post immersion data. However, it is hard to say whether increased uncertainty
around 35% and 45% is due to increase in evaporation or other uncontrolled
experimental factors. For this reason, the most defensible trend to use is linear, which
gives a reasonable trend, of course it is much less accurate than the preceding sensors
and has a much larger confidence interval. This sensor is perhaps hampered by not
having corresponding time-to-peak data.
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Finally the heated sensors again show that the RTD is only linear from 0-35%. It
is clear that using a temperature around 100ºC produces the most accurate signal, as it
reduces problems due to vaporisation on the RTDs; results show that if temperature is
too low then the vaporisation can be more random, while too high produces a reading
with too little decomposition response.
Conclusions which can be drawn from this are that hydrogen peroxide
concentration can produce a proportional calorimetric response due to hydrogen
peroxide. This trend is still apparent in hydrogen peroxide droplets, however here
vaporisation becomes important, consistent with the change in behaviour at
concentrations of over 40% hydrogen peroxide (signal reduction), and further at
concentrations closer to 50% hydrogen peroxide the sensor shows more error due to
hydrogen peroxide undergoing up-concentration.

These insights are helpful for

understanding how the sensors respond to fine mist, which we discuss in the next
chapter.
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Chapter 6 Testing of the Calorimetric Sensor in Mist
Chapter 5 has provided some important insights into the calorimetric phenomena
occurring during the decomposition of hydrogen peroxide solution, particularly the
increasing competition between decomposition and vaporisation when the peroxide-air
surface is close to the catalyst. This chapter will focus on applying the calorimetric
sensor idea to determine the concentration of hydrogen peroxide when it is in the form
of a fine mist.
The mist produced by the rig used here is similar to the hydrogen peroxide mist
which is used in the Nanosonics disinfection unit as it is generated by a nebuliser which
is analogous to the one used in the commercial product. However, in the test rig we are
using the mist has reduced turbulence compared to the disinfection unit. In addition, due
to the size of our mist flow chamber (where the sensors are located) the flow rate of the
mist is lower in our tests than would be the case in the disinfection unit. Figure 6-1
shows the process by which the hydrogen peroxide mist is generated and flowed
through the system. The apparatus consists of three chambers, a cup where liquid is
converted to mist, the mist chamber which is where the sensor is placed for
measurement, and a catalytic destructor to convert all hydrogen peroxide mist into water
and oxygen. The mist was generated in the cup by an ultrasonic piezoceramic transducer
(Fuji Ceramic Corporation) operated at a frequency of 2.4 MHz, which agitated the
liquid, creating a fountain of liquid which was the source of mist droplets. The
transducer device oscillated in pulses, and could be controlled using pulse width
modulation (%PWM), which increases or decreases the time between oscillations. The
cup was connected to an external bottle of liquid which could be automatically pumped
into the cup to keep the liquid level constant. The pump was controlled by a sensor in
the cup. This ensured constant operating conditions and protected the transducer from
running dry and overheating. The droplets were then injected into an airstream which
was flowed into the system using a fan. The resulting mist was blended over a baffle
and flowed into the mist chamber relatively evenly. From here measurements were
taken, while the mist was constantly pushed through this chamber and into the catalytic
decomposition chamber.
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Figure 6-1 Flow process diagram of calorimetric mist sensor test rig
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The RTDs in the mist chamber are connected to the same measurement devices
that were described in Chapter 5. Figure 6-2 shows the mist chamber itself in operation.
Note the mist is rising fairly uniformly indicating a lack of turbulence.

Catalytic
Destructor

Pipe Transporting
Airflow from the
Fan

H2O2 Sensor

Mist Flow
Chamber

Cup
Containing
Transducer
Figure 6-2 Photo of the mist chamber during operation

6.1 Characterisation of the Mist
The production of mist is a function of the voltage applied to the transducer
(which in this case was kept constant to 30 V) and the %PWM. Obviously, the higher
the duty cycle used, the more mist is created. Mist production is also dependent on some
physical characteristics of the liquid such as surface tension. The higher the surface
tension of the liquid, the lower the mist production as in this case the height of the
fountain formed by the transducer is reduced. The mist density is dependent on the mass
of mist produced and the rate of air flow through the sensor. The flow rate in these
experiments is at 7.5 L/min of air entering the chamber. The PWM of the transducer can
be controlled. However, the surface tension is largely a function of peroxide
concentration which is one of the variables to be measured. Hence a calibration curve
was created to ensure that the mist flux was known for each mist test.
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6.1.1 Method for Determination of Mist Flux
The mist flux was determined as a function of hydrogen peroxide concentration
and duty cycle. The cup and bottle were filled with different concentrations of water and
hydrogen peroxide (MilliQ water, 35%, 45% and 50% hydrogen peroxide) and the mist
was generated over a period of time. Each time the pump refilled the supply in the cup,
the nebuliser and timer was stopped (to within a minute) and the mass of the bottle was
measured. This was repeated for over 10 minutes to reduce error, and repeated for duty
cycles 10%, 15%, 20% and 30%.
The concentrations of hydrogen peroxide were monitored using iodometric
titration which was outlined in Chapter 4.2.

6.1.2 Results for the Determination of Mist Flux
The mass of the bottle of hydrogen peroxide after each measurement was
recorded and used in a linear regression to determine the rate of mass loss caused by the
generation of mist. The average mass loss for each set of conditions was then plotted
and a two variable quadratic regression was taken using the method outlined in Chapter
4.1.3. The results are shown in Figure 6-3, and the quadratic regression equation is
given as Equation 6-1 where conc is the concentration of hydrogen peroxide and cyc is
the duty cycle.

Figure 6-3 The mist flux of water (●), 35% (■), 45% (○) and 50% (×) hydrogen peroxide determined as the
slopes of each regression of mass lost from the bottle of hydrogen peroxide, and the quadratic regression
calculated values of water (blue), 35%, (red), 45% (green) and 50% (black). The error bars represent the 2sigma error of the mist flux.
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Equation 6-1

The variation of the relationship is 7.5x10-4, while the variation in residual error
is 5.3x10-2. This has a p-value of 1, which means that variation captured by the higher
orders of the relationship did not significantly distort the variation of the individual
measurements (p-value > 0.05).
The mist flux predicted from the peroxide concentration and duty cycle was then
plotted against the actual mist flux and a linear regression was then taken to check the
accuracy of the quadratic regression. The regression of the actual and calculated mist
flux had a coefficient of determination of 0.95 and the 2-sigma confidence interval is
±5.70x10-2 g/min (Figure 6-4).

Figure 6-4 The actual mist flux vs the calculated mist flux, with linear regression (solid line) and the 2-sigma
confidence interval (dotted lines).

Some of these estimates took 20 minutes for the pump to work for the first time,
and the amount of liquid pumped in was smaller than it should have been. This is due to
initial over-filling the cup and the formation of a meniscus on the sensor, which causes
the sensor to trigger the next pump cycle later than it should. This effect disappears after
the first pump cycle, and in this case, that point is taken as the starting time for the
remainder of the measurement.
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As the concentration increases, the error in the regression increases. This may be
due to the increasing viscosity and surface tension of the liquid causing the pump and/or
sensor to perform more irregularly.

6.1.3 The Size of Mist Droplets
The size distribution of the droplets was studied by Nanosonics prior to the
beginning of my project. This was achieved using a laser diffraction technique with a
Malvern analyser MastersizerS. Measurements were conducted by the employment of
an analogous mist generation system with an identical Fuji ultrasonic transducer. A 35%
H2O2 solution was agitated at the same frequency of 2.4 MHz at ambient temperature,
as used in my own work, however the transducer voltage used in the sizing experiments
was 26 V whereas I used 30 V in the sensing experiments. From data within the sizing
experiment, it appears that changing or interrupting the voltage applied does not greatly
affect the average droplet size, but can affect the distribution of sizes, which is not a
significant difference in this study as the droplets will aggregate to an average for
measurement. Droplet size was measured in a mist stream at the volumetric flow rate of
10 L/min.

Figure 6-5 The size distribution of 35% hydrogen peroxide mist droplets produced using a voltage of 26V
applied to the transducer. Study was commissioned by Nanosonics in collaboration with Sydney University.

As can be seen Figure 6-5 in the ultrasonic transducer produces a distribution of
droplet sizes, which range in size from 0.5 µm to 10 µm. However, most particles in this
particular experiment are between 3 and 5 µm, with an average size of 3.7 µm. It was
calculated that 65% of particles were this size or smaller.
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Assuming that the mist particles are spherical, it is possible to estimate that the
surface area per gram of the 35% hydrogen peroxide mist is 0.144 m2/g. This is much
larger than the surface area of the 35% hydrogen peroxide droplets deposited manually
as described in the previous chapter (estimated at 0.007 m2/g). This suggests that the
mist droplets will be much more susceptible to evaporation than the pipetted droplets. In
contrast, the bulk solution would have negligible evaporation (however it does cause
high rates of heat transfer due to the conductivity of the liquid.)

6.2 Detection of Hydrogen Peroxide Concentration in Mist Using
Unheated RTDs
The RTDs used in this sensor were C and D from Table 4-3, and they were set at
10 cm from the edge of the chamber. The aim of studying the response of the RTDs to
mists of different hydrogen peroxide concentration and water was to attempt to
understand the various energy transfers which occur on the RTD due to the competing
processes of decomposition and evaporation. This section has been published in IEEE
Sensors Journal article Calorimetric Sensor for H2O2/H2O Mist Streams[169].
From the previous chapter it has been observed that, when a coated RTD is
placed in air with a droplet of hydrogen peroxide on the surface, the RTD heats until the
decomposition energy reaches a peak, at which point the RTD begins to cool due to an
increase in vaporisation and a decrease in decomposition (due to a decrease in hydrogen
peroxide). The presence of flowing mist changes this. First there is a constant supply of
hydrogen peroxide present, which is expected to create a situation more like bulk fluid
where the temperature does not peak but increases until it reaches a plateau due to
saturation in the amount of hydrogen peroxide in the vicinity of the RTD. It also
suggests that the signal will be smaller than in the case of the pipetted droplet due to the
cooling effect exerted by continuous arrival of mist particles. Therefore, this section will
aim to determine whether a concentration determination is possible by decomposition of
hydrogen peroxide on an RTD due to catalyst.

6.2.1 Method for Detection of Hydrogen Peroxide in Mist Using Unheated
RTDs
Two data sets where collected, a series of runs in which the mist stream was run
for two minutes and a series of runs when the mist stream was run for three minutes.
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The data acquisition system used in Chapter 5.1.1 was used here with some
modifications. For the two minute runs the system was automated in such a way that the
program recorded when the mist was turned on and off. This meant that the number of
mist cycles, the length of each mist cycle and the length of time between each mist
cycle could be recorded. In these tests, the mist was run for 2 minutes, with 8 minutes
between each run and 4 runs overall. Measurements were also taken of the nebuliser cup
temperature and the temperature of the air which was being drawn into the fan at the
beginning and end of each mist run cycle. These temperatures were taken using two
stainless steel sheathed PT100 RTDs from Labfacility Ltd. These were of the same class
as the other RTDs used in this project.
This experiment was performed using mists of water and 5%, 10%, 15%, 20%,
25%, 30% and 35% hydrogen peroxide. The samples were all diluted from the 35%
hydrogen peroxide. Concentration was confirmed using iodometric titration described
in Chapter 4.2. These concentrations were chosen firstly to study more intermediate
concentrations (especially between water and 5%) to develop a more complete
understanding of the behaviour of a hydrogen peroxide mist on a catalyst. The highest
concentration was 35%, since the previous Chapter had shown that hydrogen peroxide
droplets behaviour changes between 35% and 40% hydrogen peroxide.
The three minute data was collected using a similar method, however, there was
no automation of the mist pulses. The same data acquisition program was used and the
same set up was used, however, RTD B was used instead of RTD D and the time that
the RTDs were working for was different. This occurred as RTD D was unavailable for
this study, however, it was predicted to have little difference as the RTD was just being
used as a thermometer of the mist temperature. The RTDs recorded data for 1 minute
before the mist was turned on. When the mist was turned on, it was for 3 minutes and
following that the RTDs continued to record for another 6 minutes. This provided the
RTDs with 7 minutes of recovery time, as the 2 minute data suggested that was all that
was necessary to get the signal.
This experiment was performed using mists of water and 4.8%, 8.6%, 11%,
16%, 20%, 25%, 30%, 31.5%, 33%, 34%, 35%, 40%, 45% and 45.7% hydrogen
peroxide. All samples below 35% were diluted from 35% hydrogen peroxide stock,
while samples above 35% were diluted from 45.7% hydrogen peroxide stock. The
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concentrations were confirmed using iodometric titration as described in Chapter 4.2.
These concentrations were chosen to determine whether the sensor could determine the
difference between small hydrogen peroxide concentration differences. Concentrations
above 40% were also tested to observe if there was any strange behaviour above 40%
hydrogen peroxide. This data is also anchored to the 2 minute data by the common
concentrations (4.8%, 11%, 16% 20%, 25%, 30% and 35%).
In addition to these runs, two additional runs were also performed, one with a
mist pulse of 30 seconds and one with a mist pulse of 4 minutes. These runs were only
performed for 35% hydrogen peroxide and were for the purpose of checking overall
behaviour of the sensor . The runs were performed using the automated method, with a
time of 8 minutes between runs, and again each experiment was run 4 times.
The duty cycle used for generation was 20%. This variable is kept constant,
however, as shown in Chapter 6.1.2, the mist flux changes with concentration of
hydrogen peroxide.

6.2.2 Results for Detection of Hydrogen Peroxide in Mist Using Unheated
RTDs for 2 Minute Mist Cycles
The response of the coated and uncoated RTDs to mists of varying
concentrations of hydrogen peroxide is shown in Figure 6-6.
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a)

b)

c)

d)

e)

f)

g)

h)

Figure 6-6 An example of the response of the bare (dotted line) and coated (solid line) RTD to hydrogen
peroxide of concentrations a) 0%, b) 5% , c) 10%, d) 15%, e) 20%, f) 25%, g) 30% and h) 35%. Temperature
measurements of the liquid in the cup (●) and air entering the fan (○) is also presented. Steps in the solid
straight line at the bottom of each graph represents the period that the nebuliser was on for.

117

Each graph shows the third run for each concentration, because this is typical of
most runs (apart from the initial run which is different due to the RTDs being dry). It is
clear that the uncoated and coated RTDs show a different response to the mists.

Figure 6-7 A typical response of the coated (red line) and uncoated (blue line) RTDs to mist. The ambient
temperature of the air entering the fan (■) and of the liquid in the cup (♦) are also shown connected with a
dotted line (this was not measured but is included to show the overall trend of increasing and decreasing
ambient temperatures). The solid steps indicate when the mist pulse was on. Specific times are marked on the
graph where something important has occurred, t1 is when the nebuliser is turned on and the mist pulse starts,
t2 is when the mist reaches the RTDs, t3 is when the temperature of the RTDs reach the temperatures of the
RTDs are the same, while t4 is when the coated RTD begins to reach an thermal equilibrium with the mist, and
t5 is when the nebuliser is turned off and the mist pulse ended. At t6 the coated RTD reaches a temperature
minimum, at which point the energy of vaporisation is overcome by the decomposition of hydrogen peroxide
and the temperature of the RTD begins to increase, as the RTD “dries”. At t7, the temperature of the uncoated
RTD is also slightly increasing, however much slower than the coated as there is no decomposition to drive
vaporisation, and at t8 it can be seen that the coated RTD is almost back to the temperature it was before the
mist cycle. Finally, at t9 the next mist pulse starts, and the process repeats. The example given is from 15%
hydrogen peroxide.

As seen in Figure 6-7, both sensors in the figure have started off “wet” due to
the previous mist runs. While the uncoated RTD is wet and there is no mist on, the RTD
undergoes evaporative cooling due to the mist droplets remaining on the RTD. Once the
mist reaches the RTD again, t2, the RTD temperature rises which is believed to be due
to suppression of evaporation into the saturated air, and the mist coming in being
warmer than the RTD consistent with the increase in cup temperature. This increase is
due to the transducer heating the liquid in the cup. The uncoated RTD’s temperature
remains roughly midway between the air and cup temperature, which is expected in a
mixture of liquid droplets and air. Once the mist is turned off again, t5, the RTD is left
“wet” once more and evaporative cooling again occurs, dropping its temperature.
In a water mist, the coated RTD displays similar behaviour to the uncoated
RTD, the main difference is that the rate of the temperature increase of the coated RTD
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is lower than that of the uncoated RTD, presumably due to an insulation effect (thermal
mass being similar). This is seen in the work done in Chapter 4.5, where the uncoated
RTDs generally showed a higher heat transfer coefficient than the coated RTDs. In
hydrogen peroxide mists however, the response of the coated RTD is quite different,
starting with the readings prior to the mist being turned on. The coated RTD begins with
a temperature noticeably higher than the uncoated RTD. When the mist reaches the
RTD, t2, this temperature actually decreases until it is at or below the temperature of the
uncoated RTD. This decrease should be expected as, at this point in the measurement
cycle, the coated RTD is measuring the temperature of the mist, which is similar to the
temperature the uncoated RTD is detecting, t3. However, the temperature measured by
the coated RTD is always slightly lower than that measured by the uncoated RTD, and
the temperature appears to decrease relative to the uncoated RTD as the concentration
of hydrogen peroxide increases, t4, which is surprising. Once the mist is turned off, the
temperature of the coated RTD continues to decrease until reaching a minimum, t6, after
which a steep increase in temperature occurs. This increase eventually saturates,
returning the sensor to the temperature it had prior to the mist being turned on, t8. This
effect is consistent and its magnitude depends on the concentration of hydrogen
peroxide. As the concentration increases, the minimum temperature is reached sooner
and shows a smaller decrease in temperature.
This was somewhat unexpected as previous data had created the expectation that
the coated RTD should have a higher temperature than the uncoated sensor due to
decomposition of hydrogen peroxide. Instead what appears to be occurring is that (1)
prior measurement cycles leave the coated sensor in an elevated temperature condition,
which (2) initially leads to cooling when a fresh flow of mist droplets impinges on the
sensor, while in addition (3) the effervescence caused by the decomposition of hydrogen
peroxide is increasing evaporation, thereby causing more cooling on the coated sensor.
Given that the mist droplets have a much larger surface area than the manually pipetted
droplets, it would be expected that evaporation would be much higher than for
measurements in the previous Chapter. In addition it is believed some of the energy
from the decomposition goes into the aiding the vaporisation of droplets from the
surface. In contrast, the bare RTD shows a slow temperature rise during the mist-on
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period, which is likely caused by the slowly increasing temperature of the mist
overriding any evaporation signal.
This effect becomes even clearer after the mist is turned off as the temperature
on the coated sensor continues to decrease without the mist to establish pseudoequilibrium. Although the temperature on the uncoated sensor also decreases after the
mist cycle is terminated, the decrease is faster on the coated than the uncoated RTD.
After a characteristic time the fall in temperature stops. At this point, I surmise that the
energy released by decomposition of the hydrogen peroxide dominates over any cooling
from evaporation. The temperature then rises with the decomposition vaporising the
remaining droplets until the RTD is back to its “dry” state.

6.2.3 Determining a Signal from Data During the Mist Cycle (‘On-Line’)
There were several ways in which the complex thermal signal described above
could be used to generate parameters correlated with concentration of hydrogen
peroxide. Particularly useful were the temperatures of the coated RTD before and after
the mist was turned on, and the minimum temperature reached by the coated RTD. As
noted previously, there is also a slow increase of the mist temperature caused by heating
in the cup superimposed on the data. As can be seen from the data in Figure 6-6, the
data is rarely flat, and in the cases of most hydrogen peroxide measurements, the data
has significant noise, though there does appear to be an overall linear trend present.
Temperatures at various stages of the mist pulse were determined by analysis using
Fityk 0.9.1. A linear trend was determined for a stable period of approximately 60
seconds on each data set. The equation of this trend was then used to determine the
temperature of the RTD before and after the mist using the last time measurement
before the mist sensor was turned on and off (i.e. t1 and t5), reducing the affect of noise
on the data and incorporating more than one data point into the measurement.
The difference between the temperature at the end of the mist cycle and start of
the mist cycle for each RTD was determined and is displayed in Figure 6-8 a). The
water data is very different from that of the hydrogen peroxide due probably to the
proposed mechanism described above. In the case of pure water there is no energy input
from decomposition, and therefore the initial temperature of a RTD in water mist is
always lower than the final, except in the very first run of a sequence when the sensor
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might have been dry and not thermally equilibrated. This data for the uncoated RTD
response appears to show a usable trend against peroxide concentration, however, it is
unclear what this trend is based on, and it is highly likely based on the cup temperature
increasing, as the uncoated RTD will effectively be a measure of the mist temperature.
In contrast, the temperature change decreases with increasing hydrogen peroxide
concentration from water to 15% hydrogen peroxide as the cooling power of the mist is
decreasing due to a decrease in water content (water has a significantly higher heat
capacity per gram as it experiences stronger hydrogen bonding between molecules). The
temperature increases slightly at the higher concentrations, however this is likely due to
the increasing mist temperature. This suggests that it may be possible to determine the
concentration of hydrogen peroxide based on only the coated RTD response for a low
range of concentrations or if the mist is not varying in temperature highly. Figure 6-8 b)
shows the response of only the coated RTD against the concentration of hydrogen
peroxide with the data for water excised. The RTD shows a linear response from 5% to
25% hydrogen peroxide. After this the response saturates, which is likely due to the
slight increase in temperature of the mist caused by the transducer.

a)

b)

Figure 6-8 The difference in temperature of the a) uncoated (○) and coated (●) RTDs from before the mist was
turned on to after the mist was turned off and b) is only the hydrogen peroxide measurements on the coated
RTD.

The response of the coated RTD is taken as the independent variable (T) and the
concentration is taken as the dependent variable (conc). Equation 6-2 shows the
relationship for 5% to 25% hydrogen peroxide which best describes the data. The
regression has coefficient of determination is 0.85, and a 2-sigma confidence interval of
±6%. The results are displayed in Figure 6-9.
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Equation 6-2

Figure 6-9 The concentration of hydrogen peroxide compared to the temperature response of the RTD. Line of
linear regression predicts concentration from temperature response and dotted lines represent 2-sigma
confidence interval.

The coefficient of determination and confidence interval both indicate a
significant level of noise. One way to reduce this is to take the difference in response
between the uncoated and coated sensors, as it has taken into account the changing
temperature of the mist, determined by the uncoated RTD temperature response. The
results are demonstrated in Figure 6-10. In this case, the temperature response for
concentrations of hydrogen peroxide between 10% and 35% appear to show a linear
trend.

Figure 6-10 The linear section of the concentration of hydrogen peroxide against the difference between
uncoated and coated RTD response signal. Solid line represents the linear regression of the data and the dotted
lines represent a 2-sigma confidence interval.
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Equation 6-3 describes the relationship, which has a coefficient of determination
of 0.92, and a 2-sigma confidence interval of ±5%. This response is significant upgrade
in accuracy, precision and range over using a measurement from just one RTD.
Equation 6-3

The immersion-withdrawal sensor showed that there was a relationship between
the time-to-peak and temperature at the peak and the concentration of hydrogen
peroxide. The data here also shows a minimum and by applying this principle, it may be
possible to utilise a similar concept for this response.

6.2.4 Determining a Signal from Data During the Drying Cycle (‘OffLine’)
The minimum temperature that the coated RTD reached after the mist cycle, and
the time taken to reach the minimum, was obtained and the results are displayed in
Figure 6-11.

a)

b)

Figure 6-11 a) The difference between the temperature of the coated RTD at the minimum temperature after
the mist cycle and the temperature at the end of the mist cycle, b) the time that the coated RTD temperature is
at a minimum after the mist cycle. Solid lines are 3 rd order polynomial regressions and dotted lines are the 2sigma confidence intervals.

From a practical standpoint, this sensor is problematic, in that it takes such a
long time to determine a concentration. If this sensor is to be used specifically to
determine 35% hydrogen peroxide, it would take approximately 50 seconds from the
end of a (two minute) cycle to confirm a measurement (if it takes significantly longer, it
is likely less than 35% hydrogen peroxide). This is a long time to wait for a
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measurement, and it is clear that either this process needs to be optimised or a new
process needs to be found for a commercial sensor.
Both data sets show a trend that could be described as a cubic polynomial. This
trend was empirical, and cannot be used to predict anything outside of the range
measured. The minimum temperature and concentration regression has a coefficient of
determination of 0.98, while the 2-sigma confidence interval is ±0.07 ºC compared to
0.85 and ±0.09ºC for the ‘on-line’ measurement. The regression fit to the minimum time
and concentration is less accurate with a coefficient of determination of 0.94 and a 2sigma confidence interval of ±44s. Equation 6-4 and Equation 6-5 describe the
relationships between the hydrogen peroxide concentrations (conc) as a function of the
temperature difference at the minimum (T) and the time at the minimum (t) respectively.
Equation 6-4

Figure 6-12 Concentration of hydrogen peroxide as a function of temperature difference between the end of
the mist cycle and minimum temperature reached after the mist. Solid line represents cubic regression and
dotted lines represent 2-sigma confidence interval.

Figure 6-12 shows the concentration of hydrogen peroxide as a function of
temperature difference between the end of the mist cycle and the minimum temperature.
A cubic regression is fit to it with high accuracy (coefficient of determination 0.98) and
a narrow confidence interval of ±4%.
Equation 6-5
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Figure 6-13 Concentration of hydrogen peroxide as a function of the time the minimum temperature was
reached. Solid line represents cubic regression and dotted lines represent 2-sigma confidence interval.

Figure 6-13 shows the concentration of hydrogen peroxide as a function of time
the temperature reaches a minimum point. The cubic regression also shows high
accuracy (coefficient of determination 0.97) and a narrow confidence interval of ±4%.
It is possible to improve the accuracy of this measurement by calculating the
expected values of hydrogen peroxide using both of these methods and combining the
results by averaging. The results are shown in Figure 6-14. The trend between the actual
concentration and the calculated concentration appears to be linear. A regression was
applied using the method outlined in Chapter 4.1.1. The regression applied is strong
with a coefficient of determination of 0.99, and has high precision with a 2-sigma
confidence interval of ±3%.

Figure 6-14 The actual concentration of hydrogen peroxide as a function of the average calculated hydrogen
peroxide using the regressions for time to minimum temperature and difference between end of cycle
temperature and minimum temperature.
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This correlation is similar to the correlation in Chapter 5.1.4. In this case it is an
inversion to the model described in Figure 5-9, due to the fact that the mist droplets are
many orders of magnitude smaller than the droplets in that model, and as Chapter 6.1.3
shows, these have a much higher surface area and are much more susceptible to
vaporisation. In this case the vaporisation is so much higher that the decomposition
signal is completely overridden, and in, the hydrogen peroxide helps drive the
vaporisation by boiling the droplets. This removes the droplets from the surface, and at
a certain point, the vaporisation is overridden due to the mass lost due to decomposition
and vaporisation (effectively “drying” the sensor), and the temperature of the RTD is
then driven back to the temperature before the mist cycle. With increasing hydrogen
peroxide concentration, the hydrogen peroxide should dry faster, and drop to a lower
temperature (as the decomposition is working against it). Additionally, this would be
highly sensitive to the amount of hydrogen peroxide on the sensor. A longer mist cycle
would mean more mass to dry, but this would be balanced again having more energy to
dry the RTD. Additionally, having a quicker mist cycle would have less energy to dry,
but balanced against less mass to dry. Duty cycle should have a similar relationship, i.e.
lower duty cycle less mass on the sensor, higher duty cycle more mass on the sensor.
Therefore, it is important to find a time or duty cycle in which this drying period can be
seen.

6.2.5 Results for Detection of Hydrogen Peroxide in Mist Using Unheated
RTDs for 3 Minute Mist Cycles
The experiment was performed again, this time with a mist pulse period of three
minutes. A large number of mists (0%, 4.8%, 8.6%, 11%, 16%, 20%, 25%, 30%,
31.5%, 33%, 34%, 35%, 40%, 45% and 45.7% hydrogen peroxide) were used for this
part of the investigation. The detailed results of the experiment are provided in the
Appendix.
In summary, these three-minute pulses show similarity to the two minute data
above, with the uncoated RTD heating up slowly during the mist cycle due to the
increasing temperature of the mist, and cooling occurring after mist is terminated, due to
the evaporative cooling by the droplets left behind. The coated RTD meanwhile
decreases in temperature during the mist cycle, due to the three reasons given previously
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in Chapter 6.2.2, before reaching a minimum temperature and increasing in temperature
again.
There is a slight difference in the results of the 4.8%, 8.6% and 11% hydrogen
peroxide from the similar results in the two minute data, in that the temperature
increases after mist rather than decreases. This appears to be due to the fact that the six
minute resting time after the mist pulse is not long enough for the hydrogen peroxide to
burn off and the RTD to return to “dry” temperature, and so when the mist pulse is
repeated for the next run, it is then measured as an increase rather than a decrease in
temperature.

6.2.6 Determining a Signal from Data During the Mist Cycle (‘On-Line’)
Given that the curves have similar shape it should be possible to apply the same
analysis to this data as to the two minute data. The temperature difference recorded by
both RTDs between the end of the mist cycle and the start of the mist cycle are shown
in Figure 6-15. All data from the first runs have been omitted due to the fact that the
first run was performed under ‘dry’ conditions.

a)

b)

Figure 6-15 The difference in temperature of the a) uncoated (○) and coated (●) RTDs from before the mist
was turned on to after the mist was turned off and b) is only the hydrogen peroxide measurements on the
coated RTD, for three-minute mist pulses.

The figure shows that parameter for the uncoated RTD has no real trend, while
the coated RTD has a similar trend as in the two minute data, linear between 0 and 25%
hydrogen peroxide before the response flattens out, and temperature change is no longer
affected by concentration. A linear regression was taken by the temperature change (T)
as a function of concentration of hydrogen peroxide (conc). The regression is described
in Equation 6-6 and shown in Figure 6-16, and shows good accuracy with a coefficient
127

of determination of 0.91 and a 2-sigma confidence interval of ±5% hydrogen peroxide.
This response is line with the two minute data, however the biggest difference in this
data is that water fits in the regression. It is believed that this is due to the RTD not
being able to reach the dry temperature due to the length of time at the end of the run.
Equation 6-6

Figure 6-16 The concentration of hydrogen peroxide compared to the temperature response of the coated RTD
exposed to three-minute mist pulses. Line of linear regression predicts concentration from temperature
response and dotted lines represent 2-sigma confidence interval.

The difference signal between the temperature changes in the uncoated and
coated RTDs during the three minute mist cycles was also calculated and is shown in
Figure 6-17. There is no discernible trend in the data unlike for the two minute data.
This appears to be mainly due to the variation in the response of the uncoated RTD to
mist, unlike the two minute data which showed a fairly uniform response. This is likely
to have been due to the RTD not having enough time to come to a consistent minimum
temperature following the mist pulse. The RTD would be coated with more liquid after
three minutes than after two minutes, which would cause it to take longer to reach a
minimum temperature due to evaporation. However, unfortunately the design of the
three minute experiment actually provided less time to reach this than for the two
minute experiment. This reduces the size of the response as the RTD is not finished
cooling, and when the mist is turned on, the increase in temperature recorded is smaller.
This produces the different temperatures and subsequent error recorded for the uncoated
RTD shown in Figure 6-15. This experiment could be repeated in future, leaving a
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longer time between mist runs, to determine whether the same relationship between
coated and uncoated temperatures is possible for the three minute data.

Figure 6-17 The difference between uncoated and coated RTD temperatures for different concentrations of
hydrogen peroxide exposed to three minute mist pulses.

6.2.7 Determining a Signal from Data During the Drying Cycle (‘OffLine’)
As with the two minute data, it was possible to estimate concentration by the
time taken for the temperature of the coated RTD to reach a minimum post mist pulse,
and from the difference between the minimum temperature reached and the temperature
at the end of the mist cycle. The data are displayed in Figure 6-18. The water data was
not included as the RTDs never reached a minimum temperature during these tests. The
method described in Chapter 4.1.2 was used to determine a relationship between
hydrogen peroxide concentration and the temperature difference and time at the
minimum. A cubic regression was found to have the best accuracy describing both
curves, with a coefficient of determination of 0.90 and a 2-sigma confidence interval of
±0.14ºC for the minimum temperature, and a coefficient of determination of 0.92 and 2sigma confidence interval of ±43 s for the minimum time. The time to minimum
regression is similar to the two minute data in both shape and accuracy and precision.
On the other hand, while the minimum temperature data has a similar shape, it is less
accurate and less precise than the two minute data.
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a)

b)

Figure 6-18 a) The difference between the temperature of the coated RTD at the minimum temperature after
the mist cycle and the temperature at the end of the mist cycle, b) the time that the coated RTD temperature is
at a minimum after a 3 minute mist cycle. Solid lines are 3 rd order polynomial regressions and dotted lines are
the 2-sigma confidence intervals.

The data appears to flatten out after 35% hydrogen peroxide, which suggests that
this is the limit of the sensor’s range. A simple calculation shows that a possible cause
of this could be the reduction in mist flux observed with increasing concentration of
hydrogen peroxide in the cup (mist flux reduces as concentration increases as described
in Chapter 6.1.2). Figure 6-19 shows the reduction of decomposition energy (which is
assumed to all be used in vaporisation of droplets) as the mist flux drops. By 35-40%
hydrogen peroxide, the signal begins to flatten as the reduction of mass of hydrogen
peroxide results in a reduction of power available to vaporise the water. For the
purposes of this sensor it has an effective range of 0 to 35% hydrogen peroxide.

Figure 6-19 The mist flux of the hydrogen peroxide calculated from the calibration curve (○) and the
corresponding calculated power predicted to be released due to vaporisation of mist droplets (●).
Decomposition of hydrogen peroxide is assumed to increase vaporisation of droplets.
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A regression was then performed where the concentration of hydrogen peroxide
was taken as the dependent variable (conc) and temperature difference between end of
mist cycle and the minimum temperature following the mist cycle as the independent
variable (T). This regression is described in Equation 6-7 and shown in Figure 6-20. The
regression has a coefficient of determination of 0.87 and 2-sigma confidence interval of
±7.4% hydrogen peroxide.
Equation 6-7

Figure 6-20 Concentration of hydrogen peroxide as a function of the time the minimum temperature was
reached for 3 minute mist cycle. Solid line represents cubic regression and dotted lines represent 2-sigma
confidence interval.

The same procedure was applied to the time to minimum data. The regression is
described in Equation 6-8 and shown in Figure 6-21. The regression is more accurate
with a coefficient of determination of 0.94 and a 2-sigma confidence interval of ±5.4%
hydrogen peroxide.
Equation 6-8

131

Figure 6-21 Concentration of hydrogen peroxide as a function of temperature difference between the end of
the mist cycle and minimum temperature reached after 3 minute mist cycle. Solid line represents cubic
regression and dotted lines represent 2-sigma confidence interval.

As with the two minute data, the concentration of hydrogen peroxide could also
be calculated by combining the minimum temperature regression and the time to
minimum regression, with the results being averaged. The calculated hydrogen peroxide
concentration (conc) was regressed against actual hydrogen peroxide concentration (T)
to determine how accurately the averaged data predicts hydrogen peroxide
concentration. The regression described in Equation 6-9, and shown in Figure 6-22, is
linear and predicts that the actual and calculated concentrations are approximately
equal. The relationship has a coefficient of determination of 0.93, which is the same as
the time to minimum, and the 2-sigma confidence interval of ±5.3 %

hydrogen

peroxide, which is slightly less than the time-to-minimum regression. This suggests that
while combining measurements for the three minute data greatly improves on the
temperature at minimum data, there is no real improvement over the time-to-minimum
data. This result would also suggest that concentration determination is more effective
with a shorter mist cycle (for example two minutes).
Equation 6-9
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Figure 6-22 The actual concentration of hydrogen peroxide as a function of the average calculated hydrogen
peroxide using the regressions for time to minimum temperature and difference between end of cycle
temperature and minimum temperature for 3 minute mist cycles.

6.2.8 Comparison of 2 and 3 Minute Cycles to Shorter and Longer Cycles
The sensor was also run in 35% hydrogen peroxide in mist cycles which were 30
seconds long and 4 minutes long, Figure 6-23. The 30 second mist cycle is not long
enough for the sensor to reach the equilibrium, and due to the relatively small quantity
of hydrogen peroxide from the mist cycle, the sensor reaches a minimum within
seconds of the mist cycle being turned off. The 4 minute data does reach equilibrium,
however, the minimum after the mist pulse is not clear. It is possible that since there is
more hydrogen peroxide, relatively, on the RTD, it is able to produce enough energy
from decomposition to overwhelm the evaporation signal.

a)

b)

Figure 6-23 The RTD response to 20% mist cycle for 35% hydrogen peroxide with mist cycle length lasting a)
30 seconds and b) 4 minutes. Solid lines denote coated RTD and dotted lines denote uncoated RTD.

Figure 6-24 compares the difference in temperature between the uncoated and
coated RTDs for the 30 second, 2, 3 and 4 minute data at 35% hydrogen peroxide. It can
be seen that the temperature difference is similar for both 2 and 3 minutes, which is due
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to the three minute data not having enough time between mist pulses to complete the
evaporation, while the 30 second response is lower and 4 minute is higher. This is
because the RTD does not reach equilibrium at 30 seconds.

Figure 6-24 The difference in response between uncoated and coated RTDs at the end of the mist cycle for
35% hydrogen peroxide for different mist cycle times.

It may be possible to perform online measurements with 30 seconds or less,
without the equilibrium, however, as the work stands now, two and three minute mist
pulses appear to be best for determination of concentration of hydrogen peroxide in the
mist. The four minute data acquisition is probably too slow for the proposed application.
In addition, there is no evidence that a more accurate measurement could be made using
a four minute mist pulse anyway.

6.2.9 Summary of Experiments Using Unheated RTDs
It was found in these experiments that an uncoated RTD heated up slowly in a
mist flow, due to the slowly increasing temperature of the mist, whereas a coated RTD
initially experienced a strong decrease in temperature under the same mist conditions. It
is theorised that the decomposition energy produced by the hydrogen peroxide is
enough to vaporise the high surface area droplets, and this vaporisation is enough to
absorb all the decomposition energy and even to cool the sample. This continues after
the mist is turned off, until the heat evolved by decomposition of the remaining
hydrogen peroxide is sufficient to overcome the cooling effect due to vaporization. This
then drives the RTD back to its starting temperature.
By simultaneously utilising an unheated coated and uncoated RTD, it was
possible to ascertain several relationships between RTD response and concentration of
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hydrogen peroxide in a mist pulse. Use of a coated RTD alone provided a linear
relationship between hydrogen peroxide concentration and the difference in temperature
of the RTD before and after mist pulses of two and three minutes duration for hydrogen
peroxide concentrations of 5% to 25% hydrogen peroxide. The coefficient of
determination in the case of a two minute mist pulse was 0.85 with a 2-sigma
confidence interval of ±6%. Similarly, in the case of the three minute pulse, a linear
relationship was obtained between 0 and 25% hydrogen peroxide with a coefficient of
determination of 0.91 and a 2-sigma confidence interval of ±5%.
Another source of information was the difference signal obtained from the
response of the uncoated and coated RTDs before and after the mist pulse. This
response was linear from 10% to 35% hydrogen peroxide and had a coefficient of
determination of 0.92 and a 2-sigma confidence interval of ±5%, for a mist pulse of 2
minutes. This was a significant improvement over using just a coated RTD as it reduced
uncertainty by almost 1% hydrogen peroxide concentration, and improved the range so
that it could detect the hydrogen peroxide concentrations necessary in this project. No
similar response could be found with the three minute data. It is theorised that this was
due to the three minute measurement cycle having insufficient rest time between
measurement cycles to reset the sensor temperatures to ambient.
In the phase after the mist pulse, other effects where found which showed
correlation to hydrogen peroxide concentration. For example, by taking the time the
coated RTD takes to reach a minimum (decomposition begins to overcome evaporation)
and the temperature the RTD reaches at this point, it is possible to estimate hydrogen
peroxide concentration. Individually, these two relationships are best described as 3rd
order polynomials, with coefficient of determination of 0.97 and 0.98 respectively. The
time to minimum data has 2-sigma confidence interval of ±4.1% while the temperature
difference at the minimum has a 2-sigma confidence interval of ±3.8%. Both these are
improvements over the measurements during the mist pulse, however, by combining
both sets of data it is possible to improve the estimate to within 2.8% hydrogen
peroxide. In addition this sensor can be used to determine concentration from 0 to 35%
hydrogen peroxide.
A similar method was applied to the three minute data. The data did not include
water as the sensor temperature did not reach ambient in-between those test cycles,
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unlike the case for the two minute data. The three minute data has less robust 3rd degree
polynomial trends for time to minimum (0.94 coefficient of determination) and
minimum temperature (0.87). The trends also have more error with confidence intervals
of ±5.4% and ±7.4% hydrogen peroxide respectively. By combining the data sets the
concentration can be estimated to within ±5.3% hydrogen peroxide. This is only slightly
more precise than using the time data alone, in this case. It is unclear whether this
increase in error for the three minute data is down to methodology or something
intrinsic to the three minute mist run. In principle, that question could be answered by
repeating the experiment using the automated test method developed for the two minute
data and/or increasing the length of the measurement cycle to ensure that the sensors
returned to ambient, but this is not necessary as use of the two minute mist pulse has the
advantage of superior accuracy and speed.
A simple calculation showed that the response of the sensor will begin to flatten
out at 35% hydrogen peroxide anyway, due to the reduction in rate of mist production at
higher concentrations. This means that the sensor has an effective range from 0% to
35% hydrogen peroxide, which the mist response data appears to support.
The 35% hydrogen peroxide was also run with mist pulses of 30 seconds and 4
minutes. The 30 second data showed no equilibrium during the mist pulse but it may
nevertheless be possible to use this data to determine concentration. This could be
carried out as future work to determine how crucial it is for the hydrogen peroxide to
reach equilibrium. The 4 minute data does reach equilibrium, however the post mist
behaviour is different with a small minimum directly after the pulse. It is theorised that
the extra mass of liquid deposited on the sensor tip is able to suppress the evaporation
signal by having larger and harder to evaporate droplets of hydrogen peroxide. Using 4
minute mist pulses is not feasible in practice, however, as the project brief required a
faster measurement cycle in any case. The only reason to investigate this would be if it
gave a significant accuracy improvement.
A complete summary of the unheated mist sensors accuracy and precision can be
found in Chapter 6.4.
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6.3 Detection of Hydrogen Peroxide Concentration in Mist Using
Heated RTDs
The above techniques for detection, though functional, are not ideal. They are
slow, require the accurate measurement of small temperature differences on the order of
0.1K, and will require some means of refreshing the sensor to provide a reliable starting
condition. A possible solution to these problems is to use a heated sensor which should
provide a stable reading relatively quickly and prevent build up of hydrogen peroxide.
The theory is that if an uncoated RTD and coated RTD are put into a mist flow, and
connected to an electrical circuit that maintains them at a constant temperature, then the
coated RTD will draw less power, as the decomposition on the surface is producing
energy to vaporise the mist droplets, as was demonstrated in Chapter 5.2.5.
The RTDs used for this section were RTDs A and B, and they were set to a
constant temperature of 105ºC. RTD A was used as the coating was superior to the
coating on C in a repeatable manufacturing sense, and RTD B was used as it was the
same RTD that A was based on, making a better control sensor.

6.3.1 Method of Detection of Hydrogen Peroxide Concentration in Mist
Using Heated RTDs
The RTDs were configured into the same set-up used in Chapter 5.2.4, with the
temperature of the RTD (and therefore resistance of the RTD) being set. In this case, the
temperature is set at 105ºC which corresponds to a resistance of 140.43 Ω. The RTD
supply was measured in millivolts and converted to watts and joules in processing. This
represented the voltage (and subsequently power and energy) which needed to be drawn
to keep the RTD at this temperature.
The air flow rate was set to 7.5 L/min, and as with the previous experiments, the
air flow was kept on and constant the whole time. The program began recording for
several seconds before the mist was turned on, so that the RTD response was relatively
stable. The mist was then turned on for 3 minutes before being turned off. The data was
recorded until the RTDs began to approach the initial readings. Experiments were run
using 18.2MΩ MilliQ water, 10%, 20%, 30%, 35% and 40% hydrogen peroxide, and all
of these experiments were run using transducer duty cycles of 7.5%, 10%, 15%, 20%,
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25% and 30%. The hydrogen peroxide concentration was confirmed using iodiometric
titration, the method of which is described in Chapter 4.2.
These experiments were run ten times each.

6.3.2 Results of Detection of Hydrogen Peroxide Concentration in Mist
Using Heated RTDs
The response for both coated and uncoated heated RTDs is similar in shape, and
there are no major differences in the shape of the responses between water and
hydrogen peroxide as seen in Figure 6-25.

a)

b)

Figure 6-25 The response of coated (blue line) and uncoated (red line) RTDs in a mist of a) water and b) 40%
hydrogen peroxide. The black line shows the mist pulse (the step is when the mist is on). The mist duty cycle is
set to 20%.

The energy was calculated by using the LABView program to determine the
average stable power draw before the mist is turned on and the average power draw
from the time it stabilises after the mist hits the RTD until the nebuliser is turned off.
This time period was taken as a nominal 120 seconds as the time was slightly different
for each measurement due to the different mist densities. Using this it was possible to
determine the energy drawn by the RTD. Figure 6-26 shows the average energy drawn
by both the uncoated and coated RTDs during the time that the mist is on.
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a)

b)

c)

d)

e)

f)

Figure 6-26 The average response of the uncoated (○) and coated (●) RTDs to different concentrations of
hydrogen peroxide at duty cycles a) 7.5, b) 10%, c) 15%, d) 20%, e) 25% and f) 30%. Error bars represent 1
standard deviation.

There is insufficient difference in power drawn at the lower concentrations of
hydrogen peroxide (below 10%) to provide a usable signal. However, there is a clear
trend for concentrations of greater than 10% hydrogen peroxide. This indicates that
insufficient decomposition energy is produced by 0 to 10% hydrogen peroxide mists to
make a real difference signal. At low duty cycles (7.5% and 10%) the trend is unclear,
as the response decreases to 35% hydrogen peroxide before increasing at 40%, though
there is significant error in these measurements. This is because the mist itself is not as
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dense, which may introduce more randomness, which will be seen as an increase in
error. The error reduces as the duty cycle increases (at least in the higher
concentrations), which seems to support that the mist increasing in density decreases
randomness and provides a better equilibrium. In addition, as the duty cycle increases,
the difference between the coated and uncoated RTDs increases as the error begins to
become reduced by the better equilibrium.
The data suggests that both the coated and uncoated heated RTD are, in the first
instance, most sensitive to mist flux. Figure 6-27 shows the average response of the
uncoated and coated RTDs to mist flux, which is determined by the calibration curve
seen in Figure 6-3.

a)

b)
Figure 6-27 The average energy drawn against the mist flux by the a) uncoated and b) coated RTDs at
different concentrations of hydrogen peroxide. The error bars represent 1 standard deviation.

The data shows that as mist flux increases, the response becomes less scattered.
The data appears to have a slight inflection and so quadratic regression was applied (as
described in Chapter 4.1.3). The mist flux was taken as the independent variable while
concentration was taken to be conc and the energy response was denoted as Q. The
regression for the uncoated RTD and coated RTDs can be seen in Equation 6-10 and
Equation 6-11 respectively.

Equation 6-10
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Equation 6-11

An analysis of variance of both relationships showed that both equations had pvalues of 0.51 (larger than 0.05) and therefore, the different in the variation that the
higher orders of the relationships picked up was not significant compared to the
variance of the residuals.
The mist flux was then calculated using these regressions and compared to the
actual mist flux. This data was put into a linear regression (as described in Chapter
4.1.1) and the results can be seen in Figure 6-28.

a)

b)

Figure 6-28 The actual mist flux from the calibration against the mist flux calculated from the regression of
the energy drawn and hydrogen peroxide concentration for the a) uncoated and b) coated RTDs. Solid line
represents the regression and the dotted lines represent a 2-sigma confidence interval.

Both regressions have a gradient of 1 and an intercept of 0, indicating that the
calculated data and actual data are the same. Both regressions are strong with that from
the uncoated RTD having a coefficient of determination of 0.96, while that of the coated
RTD had a coefficient of determination of 0.97. The uncoated RTD has a 2-sigma
confidence interval of ±0.065 g/min and the coated RTD has a 2-sigma confidence
interval of ±0.052 g/min. Under these circumstances it appears that there is no major
difference between using the uncoated and coated RTDs to determine the mist flux,
however, there is slightly more precision with the coated RTD. This is possibly due to
the hydrogen peroxide being constantly decomposed to water, which is easier to
vaporise than hydrogen peroxide. This may produce a more constant signal, whereas the
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uncoated RTD must vaporize the unaffected mist, which can create more uncertainty as
the time taken to vaporise the droplets increases.
It was anticipated that a measure for the concentration of hydrogen peroxide
would be obtained by subtracting the uncoated RTD signal from the coated RTD signal.
Figure 6-29 shows the average difference of energy between the uncoated and coated
RTDs.

a)

b)

c)

d)

e)

f)

Figure 6-29 The average difference between energy drawn by the uncoated-coated RTDs for different
concentrations of hydrogen peroxide for duty cycles of a) 7.5%, b) 10%, c) 15%, d) 20%, e) 25% and f) 30%.
The error bars represent 1 standard deviation. Solid lines are the polynomial regressions of the concentration
of hydrogen peroxide and difference in energy drawn and the dotted lines represent the 2-sigma confidence
interval of the regression.
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The data for the 7.5%, 10% and 15% duty cycles show no real trend, due to the
errors in the measurement being as big as or bigger than the measurements themselves.
The trends become stronger for the 20% (r2 of 0.76), 25% (r2 of 0.90) and 30% (r2 of
0.93) duty cycles, however, the trends displayed are only for the average difference not
all the difference points. The standard deviation of the averages cannot all be contained
by the 2-sigma confidence intervals of the predicted trends. In addition to this, average
data and the standard deviation overlaps for most of the measurements, which suggests
that the scheme using heated RTDs is incapable of predicting hydrogen peroxide
concentration from the difference signal between a coated and uncoated RTD, best
illustrated by Figure 6-30.
Figure 6-30 shows the average difference signal against the mist flux. The
difference signal does not respond to the mist flux for mist fluxes of about 0.2 g/min or
greater, which suggests that if only the sensor can be improved to increase the signal,
the heat mist sensor could in principle be used to determine the mist density and
concentration.

Figure 6-30 The average drawn energy difference between uncoated and coated RTDs against the mist flux at
different concentrations of hydrogen peroxide. The error bars represent 1 standard deviation.

A possible improvement which could be made is to use a more active catalyst to
improve the decomposition signal from the coated sensor. Two possibilities are MnO2
powder which has been used at other parts of this study, or porous platinum films of
greater porosity. It was shown in Chapter 4.3 that it is possible to deposit a high surface
area porous platinum film, which has a sponge-like conformation.

143

At one point the heated sensor was tried at a lower temperature and a higher
temperature to determine what effect that would have (similar to the tests performed on
individual droplets in Chapter 5.2.5). The sensor was set to 80ºC for one of these and
130ºC for another and a 20% duty cycle of 35% mist was run past the sensor. The 80ºC
sensor had an average difference between the RTDs of 4 mV, while the 130ºC had a
difference between readings of 2 mV both of which were smaller than the 105ºC data
seen above. This suggests that there is probably an optimum temperature somewhere
between 80 and 130 ºC.

6.3.3 Summary of experiments using Heated RTDs
It was not possible to determine the concentration of a stream of hydrogen
peroxide mist using heated uncoated and coated RTDs. There were differences between
the RTDs, however, the differences were too small and the error was too high, which
produced a response which was neither precise, nor accurate.
It may be possible to obtain a signal by using a more active catalyst, such as
MnO2 powder (deposited in a consistent manner) or a higher surface area sponge of
porous platinum. There was an attempt to determine whether using a lower or higher set
point temperature for the RTD would improve the signal, however, it was shown to
yield no improvement on the difference between the signals.
Despite the heated sensor having little utility as a concentration sensor in this
current configuration, it has shown a response to mist flux using just the response of the
uncoated or coated RTD to different concentrations of hydrogen peroxide during
different duty cycles. By applying a multiple quadratic regression to the data, the mist
flux could be determined by knowing the concentration of hydrogen peroxide and
energy response. It was determined that there was a linear relationship between the
actual mist flux and the calculated mist flux, indicating that the calculated response was
very similar to the actual response. The trend was very strong with a coefficient of
determination of 0.96 for the uncoated RTD and 0.97 for the coated RTD. The coated
RTD was found to have a better precision with a 2-sigma confidence interval of ±0.052
g/min compared to ±0.065 g/min. It was believed that this improvement in precision
was due to less error in the coated RTD measurement as predominantly water was being
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vaporised after decomposition as opposed to the uncoated sensor which had minimal
decomposition and was vaporising different concentrations of hydrogen peroxide.
It may be possible to combine both the mist density sensor and concentration
sensor into one by measuring using a RTD with a much smaller thermal mass to
measure concentration while the mist is flowing, before increasing the temperature to
enable the mist density sensing, and to burn off the droplets during the rest cycle. This
would require much more work. It is also unlikely as the experiments in Chapter 4.5
(not included in the thesis as they are not relevant) revealed that even RTD C took
approximately 4 minutes to cool back to the starting temperature after it was heated by
increasing applied voltage.
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6.4 Overall Summary of Mist Sensor Experiment
Table 6-1 Summary of calorimetric RTD performance as a mist sensor

Sensor
Single Coated RTD 2

Coefficient of

2-Sigma Confidence
2

Determination (r )

Interval

0.85

±5.8%

Minutes

Effective Range
5% hydrogen
peroxide to 35%
hydrogen peroxide

Single Coated RTD 3

0.91

±5.2%

Minutes
Difference Between

hydrogen peroxide
0.92

±5.0%

RTDs During Mist 2

hydrogen peroxide
0.97

±4.1%

Minutes
Temperature

10% hydrogen
peroxide to 35%

minutes
Time To Minimum 2

Water to 25%

Water to 35%
hydrogen peroxide

0.98

±3.8%

Difference To

Water to 35%
hydrogen peroxide

Minimum 2 Minutes
Combined Time and

0.99

±2.8%

Temperature 2

Water to 35%
hydrogen peroxide

Minutes
Time To Minimum 3

0.94

±5.4%

Minutes

4.8% hydrogen
peroxide to 40%
hydrogen peroxide

Temperature

0.87

±7.4%

Difference To

peroxide to 40%

Minimum 3 Minutes
Combined Time and

hydrogen peroxide
0.93

±5.3%

Temperature 3

4.8% hydrogen
peroxide to 40%

Minutes
Mist Flux Sensor-

4.8% hydrogen

hydrogen peroxide
0.96

±0.065 g/min

0 g/min to 0.6 g/min

0.97

±0.052 g/min

0 g/min to 0.6 g/min

Uncoated
Mist Flux SensorCoated
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Utilising uncoated and coated RTDs without heating, it was possible to estimate
the concentration of hydrogen peroxide to about ±3%. This investigation demonstrated
that the hydrogen peroxide and water vaporises on the surface of the coated RTD, while
the uncoated RTD slowly increases in temperature due to heating in the mist from the
nebuliser. This was somewhat counterintuitive from the previous data as it was expected
that the coated RTD would heat up. The explanation for this phenomenon was that the
mist droplets were so much smaller and had such greater surface area than the previous
liquids studied, and due to this the droplet was much more susceptible to vaporisation.
When the decomposition occurs, the energy produced is overridden by the energy used
for vaporisation of droplets. This is kept somewhat constant during the mist pulse by the
stream of incoming mist particles, enabling a type of pseudo-equilibrium to occur.
When the mist is turned off, the vaporisation continues until enough of the liquid is
gone to allow the decomposition to heat the RTD back to its starting temperature.
During the mist pulse, it was possible to determine the concentration of
hydrogen peroxide between 5% and 25%, during a two minute mist pulse, and water
and 25% during a three minute mist pulse by determining how much the temperature of
the coated RTD dropped during the mist pulse. The two minute data could be improved
upon by taking a difference signal between both RTDs. This provided a signal with a
greater accuracy, precision and range as it allowed the detection of hydrogen peroxide
from 10% to 35%. This signal could not be reliably extracted from the three minute
data, which may be due to the measurement cycle having terminated before the sensors
has returned to a dry state.
After the mist pulse, it was determined that the length of time that the coated
RTD took to reach a minimum temperature and the difference between that minimum
temperature and the temperature just before the mist was turned off could both be
related to hydrogen peroxide concentration through a polynomial regression. For two
minute data both data sets show excellent accuracy and precision, while the three
minute data shows a relationship that is less accurate and precise than the three minute
data, probably due to the issue mentioned above. The two minute data was combined
into a single linear regression which was highly accurate (r2=0.99) and precise to within
2.8% hydrogen peroxide, which was better than any of the other calorimetric sensors
attempted in this project. The two minute data had a predictive range for between 0 and
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35% hydrogen peroxide while the three minute data had a predictive range from 5% to
40% hydrogen peroxide.
In general, the calorimetric sensor saturated at about 35 to 40% hydrogen
peroxide. This was shown to be due to the fact that the flux of the hydrogen peroxide
mist decreased at high concentrations (due probably to the increase in surface tension
and density of the fluid). The reduced flux caused an associated reduced enthalpy of the
decomposition reaction.
It has been determined that hydrogen peroxide mist flux can be connected to two
main variables, hydrogen peroxide concentration and the duty cycle of the nebuliser.
Temperature in the cup should also have an effect, however in this case, temperature
does not vary enough to make a significant effect on the flux of mist. An increase in
duty cycle, increases the mist flux, while an increase in concentration of hydrogen
peroxide, causes a decrease in mist flux as the surface tension and density of the
hydrogen peroxide increase with concentration. In the tests of unheated sensors the duty
cycle was fixed, as a device which uses this sensor would be expected to operate at a
fixed duty cycle. This means that as the concentration of hydrogen peroxide increases,
the mist flux will decrease and the response of the sensor will decrease, as described
above.
Thirty second and 4 minute data was also trialled. Four minute data has no
minimum in temperature for the measurement cycle used as too much liquid is
deposited on the sensor tip to evaporate and/or react in the available time. A longer
drying cycle would no doubt have solved this problem but would have been impractical
as the sensor needs to respond quickly. The 30 second data shows no equilibrium, just a
straight drop in temperature until the sensor begins to burn off liquid. It may be possible
to use this length of mist pulse in a sensor, and it should not be ruled out yet.
Actually, the mist pulse used in Nanosonic’s commercial product is 14 seconds,
so none of the schemes described above is suitable for industrial implementation. One
possible option to increase the speed of response is to heat the RTDs and calculate a
temperature difference between the two. This was performed at several duty cycles for
several hydrogen peroxide concentrations. The low duty cycles showed more error,
which was believed to be because the mist was not in equilibrium. It was not until 20%
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to 30% duty cycles were applied that both sensors showed a reasonable response.
However, the difference signal was not strong and showed no clear trend due to the high
noise of the data. It is postulated that the sensor could be improved using a more active
catalyst such as MnO2 or the sponge like porous platinum described in Chapter 4.3.
Decreasing and increasing the temperature of the heated RTDs did nothing to improve
the signal. Nevertheless, this type of sensor has promise as a means of determining mist
flux. The coated RTD was more slightly more accurate and had less error in this regard,
which was believed to be due to the decomposition improving evaporation of droplets,
leaving less random evaporation.
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Chapter 7 Physical Optical Sensor
The hydrogen peroxide mist is quantifiable using calorimetric means, however,
there are some drawbacks to those techniques, such as the time it takes to make a
measurement. In addition, the calorimetric sensor is highly susceptible to fluctuations in
the mist flux. It may be possible to improve upon this using an optical sensor based on
the different physical characteristics of hydrogen peroxide and water. Two such
properties in which there is difference between hydrogen peroxide and water are
refractive index and absorption of light.
This chapter will discuss an investigation into the feasibility of using one or both
of these properties to quantify the concentration of hydrogen peroxide.

7.1 Refractometric Sensor
Precious metal nanoparticles have been used in refractometric sensors due to
their higher Q-factors (see Chapter 3.1.3) and ability to tune their resonant wavelength.
Gold nanoparticles were chosen here due to their optical properties and gold’s chemical
inertness. However, it has been observed that gold nanoparticles do interact with
hydrogen peroxide, and this is something which must also be tested.

7.1.1 Theoretical

Refractometric

Nanoparticle

LSPR

Response

to

Hydrogen Peroxide
As explained in Chapter 3, the surface plasmon resonance of nanoparticles can
be used to determine changes to the refractive index of a medium. This is due to the fact
that the total resonance of a particle is based upon the properties of both the particle and
the surrounding medium. Notably, changing the refractive index of the medium should
result in a change in resonance of the particle (since the particles’ properties are kept
constant in this circumstance). It is then possible to determine a change in refractive
index due to a resonance change, and from here determine the concentration of a
material based on its refractive index.
Work was done together with colleagues to determine the best geometry for a
refractive index sensor. The results have been published in Sensors based on
monochromatic interrogation of a localised surface plasmon resonance by Kealley et
al. [143] with the conclusion of that work being that gold nanorods were the best choice
150

of a refractometric sensor when using a single wavelength to determine refractive index
changes. The advantage of using a single wavelength sensor is simplicity, whereas
previously sensors were generally required to measure over a range of wavelengths to
determine how much the peak shifted [143]. Gold nanorods were determined to be a
good shape as the shift, and hence change in intensity at a single wavelength, was
larger than the other geometries and the peak was also sharper, providing more
sensitivity was larger than the other geometries measured and the peak was sharper,
providing more sensitivity[143].
This approach was then tried as a hydrogen peroxide concentration sensor, first
by testing the response to well-known substances, and then to hydrogen peroxide.

7.1.2 Method of Investigation of Refractometric Nanoparticle Sensor
The principle of the refractometric sensor was tested using gold nanorods in a
colloidal suspension, stabilised by CTAB. The ability of the rods to function as a
refractometric sensor was characterised in solutions of sucrose and glycerol, before
being tested in hydrogen peroxide.
Gold nanorods were obtained from a previous PhD project Selective targeting
and thermal destruction of live cells using antibody functionalised gold nanoparticles
[170] and their absorbance between 200 and 1100 nm was characterised using a
Shimadzu UV Mini 1240 spectrophotometer. All following absorbance measurements
were measured in this range. The gold nanorods were loaded into a plastic cuvette with
a 1 cm path length for the measurement. 0.5 mL of gold nanorods was diluted by 3.5
mL of MilliQ water to prevent absorbance from exceeding the absorption limits of the
spectrophotometer. All measurements were conducted in the same plastic cuvette. In
addition, the absorbance of a 35% (w/w) hydrogen peroxide (diluted 1:3 by MilliQ
water), CTAB mixture and a gold seed solution were also taken.
To test the potential for gold nanoparticles as a refractometric sensor, various
concentrations of sucrose and glycerol were added to the gold nanoparticles and the
absorbance of the resulting solution was recorded, with the peak absorbance of the
different concentrations of sucrose and glycerol being compared to each other.
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Sucrose was prepared by dissolving 100 g of sucrose in 100 g of MilliQ water,
with 10 g of sucrose added at a time and agitated until sucrose was dissolved, leaving a
stock solution of 50% (w/w). Sucrose/gold nanorod solutions were made using 0.875
mL, 1.75 mL, 2.625 mL and 3.5 mL of sucrose. Each solution contained 0.5 mL of gold
nanorods and any remainder of the 4 mL volume was filled with MilliQ water.
Glyercol was taken from a stock of 99.5% (w/v). On the recommendation of a
colleague, ammonium bromide powder was added only to the glycerol/gold nanorod
solutions to allow the two solutions to mix. The effect of the ammonium bromide on the
refractive index was negligible due to the low mass used (0.3% (w/w)), and in addition,
all solutions would have been similarly affected. Glycerol concentrations were made
using the same volumes as described in the previous paragraph.
All sucrose and glycerol absorbance measurements were base-lined against the
plastic cuvette filled with MilliQ water. The concentrations of sucrose and glycerol
were determined by obtaining the density of each stock (in the case of glycerol it was
given) and using this, determining the mass of sucrose or glycerol in each volume
added. The remainder of the volume was water and was taken as 1 mL being equal to 1
g. The weight of the nanorods is discounted since there are so few, with the neglected
figure being in the nanograms range.
The effect of hydrogen peroxide on the gold nanorods was tested by combining
0.5 mL of gold nanorods with, 0.5 mL of 35% (w/w) hydrogen peroxide, and diluting
this mixture with 3 mL of MilliQ water, and taking the absorbance of the resulting
mixture.

7.1.3 Results of Investigation of Refractometic Nanoparticle Sensor
In this study, the actual magnitude of the absorbance was disregarded, as only
the wavelength at which the absorbance is at a maximum is necessary.
Figure 7-1 shows the absorbance of the nanorods used. There are 3 peaks, at
wavelengths 292 nm, 534 nm and 589 nm. The 292 nm peak is most likely due to
ascorbic acid used to make the rods or to absorption of the ultraviolet by the cuvette
used, while the 534 nm and 589 nm peaks are the transverse and longitudinal plasmon
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peaks of the nanorods respectively. The main peak of interest (due to its higher
sensitivity) is the longitudinal peak, which is initially at 589 nm.

Figure 7-1 The absorbance spectrum of the gold nanorods used.

The shift in the longitudinal peak can be seen in Figure 7-2, which shows the
absorbance of the nanorods in different concentrations of sucrose and glycerol solutions
and MilliQ water.

a)

b)

Figure 7-2 The absorbance spectra of gold nanorods transverse peak (589) and surrounding area in different
concentrations of a) sucrose and b) glycerol.

By plotting the wavelength that the peak occurs at for each concentration of
sucrose and glycerol, a linear relationship can be determined, which can be seen in
Figure 7-3.
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a)

b)
Figure 7-3 The relationship between the position of the gold nanorods’ longitudinal peak and the
concentration of a) sucrose and b) glycerol. Solid line denotes linear regression while 2-sigma confidence
interval is described by the dotted lines.

The linear regression was performed using the method outlined in Chapter 4.1.1.
Both the position of the peak against the concentration of sucrose and glycerol showed
linear relationships, which are very similarly accurate, however the sucrose relationship
showed a greater precision (coefficient of determination 0.99 for both, and a 2-sigma
confidence interval of 1.24 nm for sucrose as opposed to 2.5 nm for glycerol. This
equates to an error of ±3.6% and 7.4% respectively).
By taking the concentration (C) of sucrose and glycerol together, Equation 7-1
and Equation 7-2, as the function of the resonance peak position (λres) it is possible to
determine the gold nanorods’ response as a sensor in both liquids:
Equation 7-1

Equation 7-2

This indicates that the gold nanorods have a resolution of 2.9%/nm and 3.0%/nm
in sucrose and glycerol respectively. This shows that the concentration of an analyte can
be measured using refractive index as an intermediate measurement. Given that the
refractive indices of sucrose and glycerol are known, the sensor’s overall response and
sensitivity to refractive index (RI) can be determined with response to the position of
the resonance peak (λres), seen in Equation 7-3.
Equation 7-3
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Figure 7-4 The recorded peak shift for different refractive indices of both sucrose and glycerol. Solid line
represents linear regression, while dotted lines represent 2-sigma confidence interval.

Figure 7-4 shows the refractive index measured as a function of peak shift. The
resulting curve displays high linearity, with a coefficient of determination of 0.98, and a
small 2-sigma confidence interval of ±0.0095 RIU. The sensitivity of the gold nanorods
as a sensor is 0.0042 RIU/nm. This sensitivity should be more than adequate to
determine the concentration difference between water and 35% hydrogen peroxide,
however, it may lack sufficient precision to determine the exact concentration.
The sensor was tested as a single wavelength sensor against both concentration
and refractive index at a wavelength of 621 nm (this was the wavelength with the most
change between absorbances for different concentrations) for sucrose and glycerol. In
this case, since these measurements were base-lined against water, glycerol showed
more absorbance across the range (as shown in Figure 7-2 b). A crude estimate was
made to normalise the glycerol measurements to water around the peak area. The
relationship between absorbance and concentration for sucrose and glycerol can be seen
in Figure 7-5.
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a)

b)

Figure 7-5 The absorbance measured at a wavelength of 621 nm for differing concentrations of a) sucrose and
b) glycerol.

These relationships are strong with a co-efficient of determination of 0.94 for
sucrose and 0.96 for glycerol. However, these are much less precise than using the peak
wavelengths, with 2-sigma confidence intervals of ±10% and ±14% respectively.
Following from this, the data was combined to determine the response to
refractive index, Figure 7-6.

Figure 7-6 The recorded absorbance for different refractive indices of both sucrose and glycerol at a
wavelength of 621 nm. Solid line represents linear regression, while dotted lines represent 2-sigma confidence
interval.

This relationship is much weaker than the resonance peak data (co-efficient of
determination 0.85 and 2-sigma error of ±2.9x10-2 RIU). A possible source of this
problem is errors from the base-lining of glycerol (base-lining is less of an issue in
using this in a water hydrogen peroxide mixture, and both datasets show strong linearity
independently). However, another larger issue is that the peaks need to be sharpened by
optimising the nanorods, and this is likely causing the increase in error, and loss of
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sensitivity. This is something to be considered when creating the sensor, but for now it
is just a confirmation of principles.
With the characterisation of the nanorods response done, it was possible to use
the nanorods to determine whether hydrogen peroxide concentration could be
determined in the same manner. However, when 0.5 mL of 35% (w/w) hydrogen
peroxide was added to 0.5 mL of the gold nanorod solution, the colour noticeably
changed to a lighter purple. The solution was diluted and allowed to sit for a time, and
eventually turned to a yellow colour. The solution was checked for absorbance and the
result can be seen in Figure 7-7.

Figure 7-7 The absorbance spectrum of gold nanorods and 35% hydrogen peroxide in 1:1 ratio.

There are two main peaks at a position of 297 nm and 393 nm. The peak at 297
nm is most likely due to hydrogen peroxide in the mixture. The spectrum of hydrogen
peroxide alone with no rods was recorded, as was the spectra of hydrogen peroxide in
CTAB with no rods, and these can be seen in Figure 7-8. Figure 7-8 a) shows that there
is a large absorbance peak at approximately 301 nm, while when CTAB is added to the
solution (as seen in Figure 7-8 b) the peak shifts slightly to 297 nm and in addition, the
947 nm peak, which is likely due to water in hydrogen peroxide, is also no longer
present (this peak is also missing in the nanorods spectra, Figure 7-1, which are
suspended in MilliQ water).
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a)

b)

Figure 7-8 The absorbance spectra of a) 35% hydrogen peroxide b) 35% hydrogen peroxide and CTAB in a
ratio of 1:1.

The peak at 393 nm is in a similar position to the 394 nm peak in the gold seed
solution, Figure 7-9 (The 287 nm peak in this spectrum is due to ascorbic acid). This
would indicate that the hydrogen peroxide has oxidised the gold nanorods, leading to
the rods dissolving back into gold ions. Due to the presence of CTAB, it is theorised
that gold is dissolved as gold bromide.

Figure 7-9 The absorbance of gold seed solution.

This presents a major problem since the design of this sensor requires gold
nanorods to be deposited onto a surface, and the hydrogen peroxide flow moving past.
If gold nanoparticles are oxidised by hydrogen peroxide then the sensor will fail
quickly.

7.1.4 Summary of Refractometic Hydrogen Peroxide Sensor
The LSPR of a nanoparticle is determined by the resonance properties of the
particle and the refractive index of the surrounding medium. Changes to the refractive
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index cause changes to the particle’s resonance, and this phenomenon can be used as the
basis of a concentration sensor, in this case the concentration of hydrogen peroxide.
Gold nanorods were found to be the most sensitive particles for a sensor based on a
single wavelength.
Nanorods in solution were acquired to be used in a sensor for hydrogen peroxide
concentration. These rods showed a resonance peak at 589 nm and showed good
accuracy and precision when used in sucrose and glycerol. Unfortunately when exposed
to hydrogen peroxide, the rods were oxidised back to gold ions, which destroyed the
possibility of using them in a refractometric sensor. While dissolution of metal
nanoparticles has been used before for hydrogen peroxide detection (see Chapter 2), it is
of no value in respect of the design of a re-usable sensor.
For the future in regards to a refractometric sensor, WGM microspheres, which
have been discussed in Chapter 3.1.3, are a possibility given they do have high Qfactors and are not likely to be dissolved by hydrogen peroxide. However, this would
require more equipment and a rethink of the sensor set-up. As absorption spectroscopy
has the potential for better chemical identification it was decided to focus efforts in that
direction instead.

7.2 Hydrogen Peroxide Sensor Based on Absorption Spectroscopy
Absorption spectroscopy was chosen as a means of investigation as the
technique is well understood and relatively simple, with only a light source and a
detector being necessary. In addition, unlike the refractometric sensor, the signal is
based on the more specific physical properties of the substance.
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Table 7-1 Terms and symbols describing variables related to absorption spectroscopy

Symbol

Variable

A

Absorbance

α'

Absorbance coefficient of the analyte

l

Path length

I

Intensity of light at the detector

I0

Intensity of light at the source

κ

Imaginary part of the refractive index of the analyte

λ

Wavelength of the light passing through the analyte

c

Volumetric percentage concentration of the analyte

d

Thickness of analyte that light is passing through

The Beer-Lambert law defines ‘absorbance’ as the log of the ratio between the
intensity of light transmitted through a substance, I, and the intensity of the incident
light source, I0, as in Equation 7-4. The natural log was used to avoid unnecessary
scaling when inverting the exponential. Some additional variation in perceived
absorption can be expected due to the full effect of refractive index, especially
reflection, as well as possible scattering, but these effects are ignored here. The BeerLambert law describes absorbance as a linear function of the absorbance coefficient and
the distance the light travels through the substance (path length), shown in Equation 7-5.
The absorbance coefficient is intrinsic to a substance and is defined in terms of the
imaginary part of the refractive index of a substance, κ and the wavelength of light
being absorbed, λ, described in Equation 7-6. In addition, the effective path length can
be expressed as the product of the volumetric concentration of the specific substance, c,
and the total thickness, d, as seen in Equation 7-7, which results in the expanded
expression for absorbance shown in Equation 7-8.
Therefore, in principle, it will be possible to determine the concentration of
hydrogen peroxide in the sample by determining the absorbance of the sample.
( )
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Equation 7-4

Equation 7-5

Equation 7-6

Equation 7-7

∑

Equation 7-8

Equation 7-8 assumes a linear summation of the absorbance of each analyte.
An issue which will arise when determining the absorbance of a mist is that the
mist has no set thickness, d, since as shown in Chapter 6.1.2, the mist flux changes with
concentration and other parameters. This necessitates a need for a way to solve the
equation simultaneously, for both concentration and thickness. One way to do this is
using matrices*. Equation 7-8 can be expressed as A=KC, where KC denotes a vector
product of matrices K (intrinsic parameters) and C (extrinsic parameters). We write the
elements of A with spectral variation along the row index i, and repeated measurements
along the column index j. Following the conventions of matrix multiplication, this
means that the elements of K have spectral variation along i and different analytes along
j, while C has analytes along i and repeated measurements along j. We define:

Equation 7-9

Equation 7-10

Calibration to determine the intrinsic parameters of hydrogen peroxide and water
mixtures must be performed prior to applying this matrix approach to measurement.

*

I am grateful to my co-supervisor, Dr. Matthew Arnold, for the assistance in respect of the matrix
algebra in this Chapter.
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This linear matrix model assumes that there are two chemicals in the mixtures (water
and hydrogen peroxide), and there have been n concentrations measured at m
wavelengths, giving an m by n matrix, for Acal, and 2 by n for Ccal, which can be
inverted to find the m by 2 intrinsic matrix K=AcalCcal-1. The pseudo-inverse is used to
fit Equation 7-9 in a least squares sense. The pseudo-inverse is calculated by first
transposing the matrix. If m>n, then the initial matrix is multiplied by the transposed
matrix, and the inverse of the resulting matrix is then calculated and multiplied by the
transposed matrix. If instead m<n, then the transposed matrix is multiplied by the initial
matrix, and the resulting matrix is inverted. The transposed matrix is then multiplied by
this inverted matrix. This is demonstrated in Equation 7-11 and Equation 7-12 for the
example matrix X.
Equation 7-11
Equation 7-12

Once K is determined by the calibration outlined above, determination of an
unknown concentration can be performed by measuring at m wavelengths, creating an
m by 1 A matrix, which is used to calculate the 2 by 1 matrix C=K-1A. This provides
the information required for determining extrinsic parameters, starting with the total
thickness, d.
∑

Equation 7-13

This is finally used to determine the chemical concentration of the mixture using
Equation 7-14.
Equation 7-14

The existing literature has data for the absorbance spectra of water and 10% and
20% hydrogen peroxide using ATR in the mid-infrared range[156]. The absorbance data
from the Voraberger paper[156] was used in conjunction with the known water data
reported from Hale-Querry[171], to estimate the imaginary part of the refractive index
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(κ) of water and 10% and 20% using the Beer-Lambert law, described in equations
Equation 7-4 and Equation 7-8.
Using these data it was possible to determine an estimate of the 10% and 20%
hydrogen peroxide transmission spectra in addition to the expected water transmission
spectra at different thicknesses, in this case for quartz cuvettes of 10 micron and 100
micron thickness, Figure 7-10.

a)

b)

Figure 7-10 The calculated transmission profile of water (dotted line), 10% hydrogen peroxide (solid line) and
20% hydrogen peroxide (grey line) for a thickness of a) 10 μm and b) 100 μm. Water data is calculated using
Hale refractive index data while hydrogen peroxide mixtures are calculated from Voraberger data.

Figure 7-10 shows that a 10 micron thick film of hydrogen peroxide should
provide a useful absorbance peak around 3.5 microns, which disappears as the thickness
is increased to 100 microns due to stronger absorption. The estimate of hydrogen
peroxide stops being useful around 3.8 microns, due to the fact that this data is derived
from an experiment where the refractive index was not determined (the signal has not
had the instrument shape removed and no thickness or normalisation was described in
the paper).
While ideally a signal in the 3.5 micron range would be preferable for high
sensitivity, as we will see, instrument broadening reduces linearity in this range and
therefore other wavelengths must be considered too.
This section will deal with the investigation of the spectra of the water-hydrogen
peroxide mixture in the mid infrared (3-4.4 microns) range, with a focus on the 3.7-4.2
micron range where broadening is less severe. This data will be used to solve the matrix
KC.
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7.2.1 Method of Investigation of Hydrogen Peroxide Liquid Absorption
The source used was a Pulsed Broadband Infrared Light Source MIRL17-900,
and the detector used was a pyroelectric detector with a tuneable Fabry-Perot filter LFP3041L-337 (spectral bandwidth of 80nm). Both of these were included in an evaluation
kit from Infratec, along with the various computer programs necessary to run the
spectrometer. The source and detector were mounted to a steel block (3 cm apart, the
light source was partially collimated by a parabolic reflector, with a cone angle of 10º,
so care was taken to ensure that this set-up remained constant for all measurements.),
with the cuvette holder between them, as displayed in Figure 7-11. This provided a setup where a hydrogen peroxide-water mixed could be pumped through the flow cell
cuvette, and none of the parts had to be moved between measurements, which improved
the repeatability of the experiment.
Detector
Cuvette

Light Source
Figure 7-11 The experimental set-up of the IR spectrometer.

Two different flow cell cuvettes were used, a 10 micron path length cuvette
made of fused silica and a 100 micron cuvette made of Infrasil, both of which were
obtained from Starna Pty. Ltd (“Infrasil” is a trade name given to a type of fused silica
with lower water content due to being electrically fused rather than flame fused. This
improves the transmission of the quartz in the infrared, at 3.6 microns). For
measurements, a 50 mL syringe and short length of hose were used to flow the solution
into and out of the cell through the spigots in the cell.
A signal was taken with no cuvette, to ensure that the detector was not
saturating, and a dark signal was taken (by unplugging the light source) to ensure that
the detector signal was coming from the light source and not the ambient environment.
The detector gain was adjusted to maximise signal and avoid saturation (“gain”=1.56),
and the light source had a modulated frequency of 10 Hz and was driven with a 135 mA
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current. The detector used in the collection of data had a wavelength range of 3000 nm
to 4400 nm, with incremental measurement steps set to 20 nm.
Solutions of hydrogen peroxide were prepared by the dilution of 35% hydrogen
peroxide by 18.2 MΩ MilliQ water. Water, 5%, 10%, 15%, 20%, 25%, 30% and 35%
(w/w) hydrogen peroxide were prepared, which was confirmed using the method
detailed in Chapter 4.2.
Before each liquid measurement, the baseline spectrum of the flow cell was
taken. This was to ensure the accuracy of the transmission for each reading. The flow
cell was then flushed once with the concentration of hydrogen peroxide being measured
before the spectrum was taken, and the liquid was flowed through, passing out of the
other side of the cell.
Each spectrum was taken three times to confirm repeatability of the
measurement. All spectra were base-lined against the cuvette, so that the focus is the
transmission and absorbance of the water-hydrogen peroxide mixture. This data was
then averaged to determine an average spectrum for each sample, while the standard
deviation was used as δI, to calculate the noise in the transmission, δT and absorbance,
δA, as shown in Equation 7-15 and Equation 7-16.

Equation 7-15

(

)

Equation 7-16

The reflection losses in the experiment are assumed to be minimal. The two
main types of reflection are air-fused silica and fused silica-water interfaces (in our case
hydrogen peroxide was assumed to have a similar real refractive index to water). Using
the Fresnel equations and the real refractive index data for water from Hale, and fused
silica from Kitamura [172], the reflections at these interfaces were calculated at a
normal incidence and are displayed in Figure 7-12.
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a)

b)

Figure 7-12 The calculated reflection from normal incidence from a) an air-fused silica interface and b) a
water-fused silica interface using the Fresnel equations and the real refractive index data for water (hale) and
fused silica (Kitamura[172]).

There are 4 main sources of reflection in the cuvette: air-glass, glass-sample
cavity, sample cavity-glass and glass-air. Reflection losses at the air-glass interfaces
(the front and back of the cuvette) are consistent for all measurements, and were
removed by base-lining the spectra against the cuvettes. The internal reflections formed
in the glass-sample cavity are a little more complex. The reflections when water and
water-hydrogen peroxide mixtures fill the cavity are insignificant, due to the small
refractive index differences between water, hydrogen peroxide and the cuvettes.
However, when air fills the cavity, reflections off each surface are more significant,
although still relatively small (<5%). Of course, since the cavity of the 10 micron
cuvette is only a few times the wavelength, it can be treated as a thin film, and
interference causes a minor oscillation that is mostly unrelated to absorption. This
oscillation is used later in section 7.2.2 to determine the actual sample thickness in the
cuvette. Interference in the 100 micron cuvette would result in very short cycle
oscillation, but this is averaged out by the comparatively wide spectral bandwidth of the
spectrometer. The reflection of the air-glass cavity (both incoherent and coherent
reflection) is one contributor to error in determining the true absorption coefficient.
The effect of this error on the base-lined transmission (and subsequently the
calculated absorbance) can be estimated from a rough calculation of transmission
through the cuvette from first principles, as seen in Equation 7-17 (note this equation is
for incoherent reflection only):
Equation 7-17
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Where T is transmission, ac is the absorbance in the cavity, afs is the absorbance
of the fused silica, ra is the reflection at the air-fused silica interface and rc is the
reflection at the fused silica-cavity interface. The approximate transmission of a cuvette
containing an analyte baselined against an empty cuvette can be seen in Equation 7-18:

Equation 7-18

Where al is the absorbance of the liquid analyte, rl is the reflection at the fused
silica-liquid analyte and ac is the absorbance of air in the empty cavity. . It is evident
from Equation 7-18 that the term (1-afs)2 is eliminated, however, the reflection is
slightly is not easily eliminated to 1 (as can be inferred from Figure 7-12). This means
that the transmissions determined will not be (1-al)/(1-ac), but the product of (1-al)/(1ac) and the reflection term. By using the data in Figure 7-12, it is possible to calculate
an estimate of the reflection term, which is shown in Figure 7-13. Ideally the reflection
term should be 1, however, as Figure 7-13 shows, in our case it is slightly higher than 1.
This error affects primarily the third significant term in the absorbance (absorbance in
underestimated) and is therefore not highly significant in this study. The absorbance
data shown below is not corrected, as this is only an estimate to show what order of
magnitude the error is.

Figure 7-13 The estimated reflection term when a cuvette containing analyte is base-lined against an empty
cuvette.

7.2.2 Results of Investigation of Hydrogen Peroxide Liquid Absorption
The transmission of the cuvettes can be seen in Figure 7-14. These transmissions
are base-lined against the air signal. The dark signal is effectively zero across the whole
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wavelength range, meaning that the signal the detector picks up will be from the source.
The cuvette transmissions are similar for the most part, with the 100 micron being
slightly more transmissive. These small differences are most likely due to the cuvettes
being made of different material (the 100 micron cuvette is made of Infrasil quartz,
while the 10 micron cuvette is made of ordinary quartz).

Figure 7-14 The transmission of the 10 micron cuvette (black line) and the 100 micron cuvette (grey line).
These spectra are base-lined against air

The transmission spectra of the hydrogen peroxide-water mixtures, over the
range of 3 to 4.4 microns, are displayed in Figure 7-15 and Figure 7-16. The
transmission has been base-lined to the 10 and 100 micron cuvette respectively. The
spectra are similar to the expected values, however there is evidence of broadening,
which is expected, given that the transmission is slightly higher than expected close to
3000 nm and slightly lower than expected between 3500 nm and 3800 nm.

a)

b)
Figure 7-15 Raw a) transmission and b) noise in transmission spectra from all runs of water(H2O)hydrogen(H2O2) peroxide in the 10 micron cuvette. Spectra run from water to 35% hydrogen peroxide.
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a)

b)
Figure 7-16 Raw a) transmission and b) noise in transmission spectra from all runs of water(H2O)hydrogen(H2O2) peroxide mixtures in the 100 micron cuvette. Spectra run from water to 35% hydrogen
peroxide.

These results demonstrate that it is the “bright” noise and not the dark noise
which is significant in this project. To determine the absorbance of the hydrogen
peroxide-water mixtures, the natural log of the transmission data was used.

a)

b)

c)

d)

Figure 7-17 Absorbance (natural log) spectra of water-hydrogen peroxide mixtures for a thickness of a) 10
microns and b) 100 microns. Also shown is the noise in the absorbance signal for a thickness of c) 10 microns
and d) 100 microns spectra run from 35% hydrogen peroxide to water.
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This data, shown in Figure 7-17 represents the absorbances of different
concentrations of hydrogen peroxide at 71 different wavelengths between 3000 nm and
4400 nm for each thickness. As expected, the 100 micron thickness results have higher
absorbance, which cannot be accurately determined by the spectrometer and
overwhelms the characteristic hydrogen peroxide peak at 3500 nm. Fortunately, this
peak is visible in the data from the cuvette of 10 micron thickness. The obvious way of
using this data to determine the concentration of hydrogen peroxide is to take the data
from a single wavelength and plot the concentration against the absorbance, which the
Beer-Lambert law states should be linear. In this case, the concentrations were taken as
volume percentage (water, 3.5%, 7.1%, 10.9%, 14.7%, 18.7% 22.7% and 27.1% (v/v)).

a)

b)

Figure 7-18 The concentration of hydrogen peroxide in solution (v/v) against the optical absorbance of the
solution for a) 10 μm thickness at a wavelength of 3520 nm and b) 100 μm thickness at a wavelength of 3860
nm. Solid lines are quadratic regression and dotted lines represent 2-sigma confidence interval.

Figure 7-18 shows these relationships. The 10 micron data was taken around the
hydrogen peroxide peak, since the peak is intrinsic to hydrogen peroxide. This peak is
not present in the 100 micron thickness data, so the data in that case was taken from a
point where the different concentrations registered a larger difference in absorbance. In
neither case was the trend linear, which is a consequence of instrument broadening,
which will be discussed later in this chapter.
Both data sets had a quadratic fit determined applied using the method outlined
in Chapter 4.1.2, and in both cases the fit was highly accurate with coefficient of
determinations of 0.998 and 0.996 respectively. The fit were also quite precise with a 2sigma confidence interval of ±1% (v/v) and ±1.5% (v/v) respectively.
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It is therefore theoretically possible to determine the concentration of hydrogen
peroxide between 0% and 27% using these simply calibrated trends for the MIR
spectrometer used. However, this is predicated on having a fixed thickness of fluid, and
in the mist stream, the effective thickness is not constant. It is therefore important to
calculate the concentration of hydrogen peroxide simultaneously with the thickness,
which may be done using the matrices as described earlier in this chapter.
There were 8 different concentrations producing a 71x8 (wavelength x sample)
matrix for Acal. The Ccal matrix was formed by multiplication of the cuvette thickness
(10 microns and 100 microns respectively) and the concentrations of water and
hydrogen peroxide (%v/v) in each sample.
The cuvettes both had a transmission spectrum taken on a Cary Varian 2400
Spectrophotometer, shown in Figure 7-19, to acquire a more accurate physical thickness
estimate. This was done by measuring the interference fringes in regions of high
transmission (the fringes exist due to the interference of light going into and out of the
cavity in the cuvette). The 10 micron cuvette was found to have a cavity thickness of
10.8 microns and the 100 micron cavity had a 104 micron cavity thickness.
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a)

b)

c)

d)

Figure 7-19 The transmission spectra of a) the 10 micron cuvette, b) a close up of 10 micron cuvette spectrum,
c) the 100 micron cuvette spectrum and d) a close up of 100 micron cuvette spectrum.

Both matrices (10 micron and 100 micron) contained three of each concentration
forming a 2x8 matrix in each case. Ccal-1 was then calculated in each case and the
resulting matrices are presented in the appendix as Figure A-8.
From here, the calibration K matrix was generated which will then be used for
actual measurements. The K matrix for the 10 micron data and the 100 micron data can
be seen in the appendix as Table A-8 and Table A-9. This matrix is a 2x71 matrix which
contains the calibrated K values (the only variable is refractive index, κ) for water and
hydrogen peroxide respectively over each wavelength measured.
The imaginary part of the refractive index (which describes the absorbing
properties of a species), κ, can be calculated over the wavelength range using Equation
7-9. The results are displayed in Figure 7-20 along with values calculated by HaleQuerry and Voraberger et.al.
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a)

b)

Figure 7-20 The refractive index, κ, of hydrogen peroxide (black solid lines) and water (black dotted lines)
calculated from K matrix for a thickness of a) 10 microns and b) 100 microns. Also shown are 20% hydrogen
peroxide data (grey solid lines) and water (grey dotted lines) values of refractive index, κ, published in
Voraberger and Hale papers respectively.

Figure 7-20 shows that the calculated values of water and hydrogen peroxide
from the experiment are rather different from the values obtained in the literature. Most
of this difference is likely due to line broadening from the instrument. Broadening is
also the expected cause of the apparent “peak shift” in 100 micron refractive index
estimate. The peak in this case is not the peak found in the 10 micron data, but a
consequence of the cumulative effect of the broadening in each measurement
concentration using the 100 micron thickness. The instrument profile suggests a 0.08
micron broadening of the signal. The effect of this broadening on water can be seen in
Figure 7-21.
It can be clearly seen that both signals correspond strongly with the expected
broadening. There are differences between the experimental and theoretical data, which
may be explained by the instrument shape provided by the manufacturer being slightly
different to the one used in this experiment as the there are additional sources of
broadening such as the less collimated beam and order-blocking spectral features.
Hydrogen peroxide also shows a similar effect from 3-3.6 microns, Figure 7-22.
Figure 7-20 shows the comparison of 100% hydrogen peroxide, which we have
calculated and the 20% Voraberger data. The calculated data is expected to be five
times the value of the Voraberger data, but clearly this is not the case, and indeed the
100 micron data shows a weaker absorbance. These differences are due to broadening
from the instrument profile. In Figure 7-22, the 20% Voraberger hydrogen peroxide
data was compared to the 20% hydrogen peroxide data obtained during
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experimentation, however, the Voraberger data has its own difficulties to work with,
these being that the normalisation is ambiguous, and the data itself still contains
artefacts from its own the instrument profile. Given these facts, and that the broadened
water data matches well with the experimentally determined water, we are confident in
saying that this broadening is present and the reason for some of the issues to be
discussed next.

a)

b)
Figure 7-21 The effect of 0.08 micron broadening on the refractive index, κ, of water of thickness a) 10 micron
and b) 100 micron The solid grey line represents the tabulated refractive index from Hale, the solid black line
is the simulated refractive index with broadening, and the black dotted line represents the calculated
refractive index from our experimental water data.
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a)

b)
Figure 7-22 The effect of 0.08 micron broadening on the refractive index, κ, of 20% hydrogen peroxide of
thickness a) 10 micron and b) 100 micron. The solid grey line represents the tabulated 20% hydrogen peroxide
refractive index from Vorabeger , the solid black line is the simulated refractive index with broadening and
the black dotted line represents the measured refractive index from 20% hydrogen peroxide.

Deconvolution was considered, however, given that there are absorbance bands
on both sides of the data range that was observed, and given that there are other
properties of the detector for which we have no good estimate, deconvolution was
unlikely to produce a result which was any sharper than what we already had. The
solution was to use short ranges of data between 3.6 and 4.2 microns which are less
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affected by broadening. The Beer-Lambert law does allow for this off resonance
measurement as long as the broadening is intrinsic to the analytes. However, in this
case, there is also broadening due to the instrument shape. I was not able to find any
relevant literature about off resonance measurement when this broadening is present,
but it is expected that the range that linearity has been found in is due to instrument
broadening being less apparent in that range. The other possible issue is that offresonance may be affected by the real refractive index. In absorption spectroscopy it is
common to discount this, as the minor reflection component is assumed not to cause
significant deviation from the Beer-Lambert law. Thus this is not an issue in this work
as earlier this chapter it was shown that reflection has an insignificant effect. Each range
contained 10 wavelengths and the pseudoinverse K-1 was determined for each. The
range of wavelengths from 3.9 microns to 4.08 microns was used to determine K-1 for
the 10 micron cuvette and the wavelengths from 4 to 4.18 microns was used to
determine the K-1 for the 100 micron cuvette, as these were the ranges that linearity held
in, and which seemingly obeyed the Beer-Lambert law.
Maximum sensitivity would be obtained if the data sets were used as a whole or
at least data predominantly around the 3.5 micron peak, however, as the spectra have
been affected by broadening, and broadening has specifically occurred around the 3.5
micron peak, using these data sets results in non-linearity in the relationship between
the calculated concentration (from the matrix) and the actual concentration, as seen in
Figure 7-23.
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a)

b)

c)

d)

Figure 7-23 The concentration of hydrogen peroxide and the average total cuvette thickness calculated (with
error bars of one standard deviation) from the 10 thickness data using a) & c) the full wavelength range and b)
& d) the 3.4-3.68 micron range. Dotted line represents a 1:1 linear line.

Figure 7-23 a) and b) shows the trend between actual concentration and
calculated concentration for the 10 micron data set using the whole wavelength range
and the data around the 3.5 micron peak, respectively. The trend between these values is
not linear, which is the expected result of broadening. While the calculated
concentration in both cases is not linear (the data points are below and above the dotted
line, and can be seen to curve), it could provide a fair linear estimate if a linear
regression is applied. In addition, both data sets are also able to fairly accurately
determine the total thickness of the mixture of hydrogen peroxide and water, shown in
the plots in Figure 7-23 c) and d). The graphs show the average thickness calculated by
the matrix, and the error bars show one standard deviation of the average.
A linear regression of the calculated and the actual concentration of hydrogen
peroxide was taken and resulted in a coefficient of determination of 0.97 using the
whole range and a coefficient of determination of 0.95 for the data around the 3.5
micron peak. The whole range results have slightly more precision, with a 2-sigma error
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of ±4% as opposed to ±5%. This is to be expected as the broadening effect is greater
around the peak, while the taking the whole range may have an effect of slightly
reducing the broadening effect on linearity.
To reduce broadening, a data range between 3.9-4.08 microns was chosen to
estimate the concentration of hydrogen peroxide. In this range, with no spectral features,
there is more possibility of finding a data which is not as affected by broadening. In this
case the data was much more linear. The same linear regression method was used to
determine the relationship between the calculated and actual hydrogen peroxide
concentration, with the results being presented in Figure 7-24, along with the estimated
total thickness of the liquid mixture.

a)

b)

Figure 7-24 The a) concentration of hydrogen peroxide and b) average total cuvette thickness calculated (with
error bars of 1 standard deviation) using the data from 3.9-4.08 microns for the 10 thickness mixture. The
concentration of hydrogen peroxide includes a linear regression (solid line) with a 2-sigma confidence interval
(dotted lines).

The coefficient of determination of the calculated against the actual hydrogen
peroxide concentration linear regression is 0.99, which indicates that using the data
from this wavelength range results in a highly linear trend between the calculated
concentration and the actual concentration, much more so than using the whole range of
wavelengths or the wavelength range around the peak (which were detailed above). The
regression also shows a higher precision with a 2-sigma error of ±1.3%. In addition the
data range also provides a more accurate response for the total thickness of the mixture
of hydrogen peroxide and water when compared to the thickness estimates from the
other data ranges.
The same analysis was applied to the 100 micron data set and using the whole
data range and the data around the peak (in this case the peak is around 3.7 microns).
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The results can be seen in the Appendix in Figure A-9. In this case the results were
similar to the previous data, in so far as using the whole range had provided a more
linear response in concentration (This is supported by coefficient of determination for
linear regressions of 0.93 and 0.73 respectively, both of which are worse than the 10
micron data, which is to be expected as broadening is much more significant in a thicker
mixture.). Once again this shows that using the whole range is less susceptible to
broadening than using data from around a peak.
The best linearity in the relationship between calculated and actual hydrogen
peroxide concentration was found in the wavelength range of 4-4.18 microns (again
where there are fewer spectral features, there is less broadening) for the 100 micron
thickness mixture. The results can be seen in Figure 7-25.

a)

b)

Figure 7-25 The a) concentration of hydrogen peroxide and b) average total cuvette thickness calculated (with
error bars of 1 standard deviation) using the data from 4-4.18 microns for the 100 thickness mixture.

The coefficient of determination was 0.999, with a 2-sigma confidence interval
of ±0.5%. The thickness of the total mixture is also estimated quite accurately, with all
estimates being within 5 microns either side, and the majority of the points being within
2 microns. In this case, the certainty of the fit and the error are both slight
improvements over the 10 micron data.
The next step was to investigate whether combining the data sets would provide
the same accuracy and allow the calculation of hydrogen peroxide based on different
thicknesses between 10 and 100 microns. In this case both thicknesses and
concentrations were combined into the Ccal matrix forming a 2x16 matrix. The pseudoinverse of Ccal (Ccal-1) was calculated as above and is displayed in the Appendix as
Figure A-10.
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This was multiplied with the corresponding absorbances to calculate the matrix
K, seen as Table A-10 in the appendix, and subsequently the refractive index of water
and hydrogen peroxide, which can be seen in Figure 7-26.

Figure 7-26 The refractive index, κ, of hydrogen peroxide (black solid lines) and water (black dotted lines)
calculated from K matrix for both 10 and 100 micron data combined. Also shown are 20% hydrogen peroxide
data (grey solid lines) and water (grey dotted lines) values of refractive index, κ, published in Voraberger and
Hale papers respectively.

It can be seen from Figure 7-26 that combining the data sets produces a
refractive index similar to that calculated with the 100 micron data. This makes sense
due to the fact that the measured absorbance of the 100 micron data is larger and would
therefore skew the data.
In the case of the combined 10 and 100 micron data set, which can be seen in the
appendix Figure A-11, it is clear that neither using the whole wavelength range, nor the
data range around a peak (the 10 micron peak or the 100 micron “peak”) is suitable to
determine a linear trend for calculated against actual hydrogen peroxide concentration.
In addition, this data set is completely unsuitable to determine the total thickness of the
mixture: not only is there a lack of linearity, using these ranges with the combined data
predicts negative concentrations, which is unphysical. It also appears that the 10 and
100 micron absorbance data provides very different values for concentration, with the
10 micron absorbances predicting the negative concentrations, and also the lower
concentrations. The solution was, again, to find a range with no spectral features to use
for these calculations, in this case the data range from 3.74 to 3.92 microns.
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a)

b)

Figure 7-27 The a) concentration of hydrogen peroxide and b) average total cuvette thickness calculated (with
error bars of 1 standard deviation) using the data from 3.74-3.92 microns for the combined 10 and 100 micron
data set. Solid line represents linear regression, while dotted line represents 2-sigma confidence interval.

Figure 7-27 shows that using a data range between 3.74-3.92 microns produces
the most linear relationship. This relationship is not as linear as in the case of the
individual data sets.
This region of the spectrum is the closest that the two data sets come to
overlapping each other in response. The regression has a coefficient of determination of
0.97 and a 2-sigma confidence interval of ±3.3%, which is less accurate and precise
than the individual data sets. In addition, the total mixture thickness is calculated more
accurately for the 100 micron data than the 10 micron data. This was expected since the
calculated concentrations are linear at different parts of the range.
In the future it may be worth performing the experiments over a wider spectral
range encompassing the entire group of absorption bands in this study (say 2 – 5
microns) , and then performing a deconvolution, or using an instrument with better
resolution. In the present however, it is certainly possible to determine hydrogen
peroxide concentration accurately using absorbance spectroscopy as long as there is a
fixed thickness being interrogated. It may be possible to determine concentration with a
combined data set, however, the accuracy of the thickness is poor as is the precision of
the concentration.

7.2.3 Investigation of spectroscopic specificity against other compounds
One reason this sensor approach was initially favoured was due to the fact that it
should be somewhat selective to hydrogen peroxide. However, given that the best
results here have been found in areas without peaks (due to broadening), there is some
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question as to whether good selectivity is actually possible. To test this more rigorously
a solution of 95% ethanol and 5% water was measured using the same technique as for
the hydrogen peroxide, with the resulting, transmission, absorbance and noise spectra of
95% ethanol for a thickness of 10 and 100 microns displayed in Figure 7-28. Again,
reflection was assumed to be insignificant, as the ethanol has similar reflection losses to
water.
Both thicknesses transmissions were measured three times to ensure
repeatability, before being averaged. The standard deviation of these samples was used
to calculate the noise.

a)

b)

c)

d)

Figure 7-28 The optical a) transmission, b) noise in transmission, c) absorbance (natural log) and d) noise in
absorbance of 95% ethanol. The black line describes the 10 micron thickness and the grey line describes the
100 micron thickness.

Figure 7-28 shows that the ethanol solution has a lower absorbance compared to
water and hydrogen peroxide mixtures above. The 10 micron thickness absorbance in
the range 3.9-4.08 microns (found earlier to be well correlated with hydrogen peroxide
concentration) was multiplied by the corresponding range in the K-1 matrix for the 10
micron data to check the extent of any spurious hydrogen peroxide signal.
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Table 7-2 The calculated ethanol thickness and concentrations for 10 micron thickness of 95% ethanol/5%
water (v/v) (three repeat measurements). The spurious H2O2 signal calculated from these spectra using the
calibration matrices is also shown.

Thickness (μm)

6.2

Water (%)

72.7

Hydrogen peroxide (%)

27.3

Table 7-2 shows an erroneous matrix calculation of 27% hydrogen peroxide
(v/v). At the same time, the calculated thickness is much lower than 10 microns, and is
outside the range of data shown in Figure 7-24 b). This suggests that while an erroneous
concentration can be calculated, mismatch from the expected thickness would be a
useful indicator for the presence of a third compound when using a setup with known or
well calibrated thickness.
The same method was applied to the 100 micron thickness ethanol (the
absorbance matrix was multiplied by 4-4.18 micron range of K-1 from the 100 micron
calibration), and once again, the calculated thickness was much lower than the actual
thickness and that shown in Figure 7-25. Once again, the mismatch in calculated
thickness versus known thickness gives a way of identifying that there is a nonhydrogen peroxide/water solution present.
Table 7-3 The calculated ethanol thickness and concentrations for 100 micron thickness of 95% ethanol/5%
water (v/v) (three repeat measurements). The spurious H2O2 signal calculated from these spectra using the
calibration matrices is also shown.

Thickness (μm)

50.4

Water (%)

42.8

Hydrogen peroxide (%)

57.2

Finally, this data was put into the combined matrix calculation which produced
Table 7-4.
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Table 7-4 The calculated ethanol thickness and concentrations for the combined thickness data sets of 95%
ethanol/5% water (v/v) (three repeat measurements). The spurious H2O2 signal calculated from these spectra
using the calibration matrices is also shown.

Actual
Thickness

10

100

12.9

79.5

88.1

93.1

11.9

6.9

(μm)
Thickness
(μm)
Water (%)
Hydrogen
peroxide
(%)

The erroneously low cuvette thickness calculated for the 100 m cuvette is a
giveaway that the analyte contains substances other than water and hydrogen peroxide.
In addition, it may be possible to qualitatively determine if some other
contaminants are present by continuing to observe the spectrum that is measured from
the sensor. Given that there is already a calibrated spectrum of what hydrogen peroxide
and water should look like using this sensor, any major deviations could give a clue that
something is wrong and further investigation is necessary.
A third approach that was considered as a means of achieving selectivity was to
generate a combined calibration matrix for solutions of ethanol-in-water and peroxidein-water, to determine how well this would work for ternary mixtures. However, the
technique was relatively inaccurate even when applied to a binary ethanol-water
mixture, with a relatively large scatter between measurements, Table 7-5 and Table 7-6.
Clearly, the absorption spectra of water and peroxide are sufficiently similar to result in
them being confused by this technique.
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Table 7-5 The concentrations of hydrogen peroxide, water and ethanol calculated from the 10micron
calibration matrix, using a sample containing 95% ethanol and 5% water.

Ethanol (%)

91.8

Water (%)

14.6

Hydrogen peroxide (%)

-6.5

Table 7-6 The concentrations of hydrogen peroxide, water and ethanol calculated from the 100micron
calibration matrix, using a sample containing 95% ethanol and 5% water.

Ethanol (%)

92.1

Water (%)

5.3

Hydrogen peroxide (%)

2.6

Given the extra effort, and little reward, expanding the calibration matrix to
include additional possible contaminates would be unfeasible. The current set-up lacks
the spectral resolution required to cope with increased matrix entries, and there are
already issues with that in a two component matrix.
The best way of monitoring the sample for contaminants using the two species
data is to check the thickness and possibly qualitatively check the refractive index of the
absorbance spectrum collected, as the three (or more) species calculation does not
improve the experiment in any meaningful way.

7.2.4 Absorption of Mist
The previous section showed that the concentration of hydrogen peroxides in
liquid can be determined using spectroscopy in the mid-infrared (3-4.4 microns). The
next step was to determine whether it would be possible to determine the concentration
of hydrogen peroxide in a mist consisting of droplets of hydrogen peroxide solution
suspended in air. The main issues in adapting the above technique are (1) the increase in
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path length that the beam of light must travel, (2) scattering by the mist droplets, and (3)
uncertainty regarding what proportion of the beam path is actually liquid phase analyte.
The mist chamber is 12.7 cm wide, which if, it was completely full of water
would prevent any transmission in the range of 3-4.4 microns. However, due to the fact
that it is a mist, the path length from the point of view of analytical chemistry is not that
long. Equation 6-1 in Chapter 6.1.2 describes the mass of mist moving through the mist
chamber every minute in terms of hydrogen peroxide/water concentration and the duty
cycle of the nebuliser. Given that air flow was 7.5 L/min, it was possible to determine
the volume of the water in the mist flow, which is multiplied by the chamber width to
estimate an effective path length, shown Table 7-7.
Table 7-7 The estimated effective path length of water for each duty cycle.

Volume of

Mist Flux

Mist Flux

(g/min)

(L/min)

5

1.05 x 10-1

1.05 x 10-4

1.40 x 10-5

1.78

7.5

1.75 x 10-1

1.75 x 10-4

2.33 x 10-5

2.95

10

2.40 x 10-1

2.40 x 10-4

3.19 x 10-5

4.06

15

3.57 x 10-1

3.57 x 10-4

4.76 x 10-5

6.04

Duty Cycle (%)

Water in Mist
Flow (L/L)

Effective Path
Length (μm)

This of course assumes that the water is distributed uniformly as a mist – the
condensation on the windows is ignored. The transmission was calculated from these
path lengths using Equation 7-5 that and can be seen in Figure 7-29.

Figure 7-29 The theoretical transmission of water at different effective path lengths.
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This leaves the larger problem of scattering light by the mist droplets, the effects
of which are shown in Figure 7-30.

Figure 7-30 The scattering (dotted line) and extinction coefficient (solid line) of different radius spheres of
water.

Figure 7-30 was produced using MiePlot v4.1.08 and the Segelstein water data
provided with the program. The figure shows that as the radius of the spheres increases,
the scattering signal increases until it becomes a significant part of the extinction
coefficient, which results in a broadened signal. The estimated hydrogen peroxide mist
droplet diameters are described in Chapter 6.1.3, Figure 6-5. The average sphere
diameter was 3.69 microns and it is evident that most of the droplets have diameters
between 2 and 7 microns. Water droplets were modelled based on this data using the
same process as above, but using the two-mode size-dispersion option to produce
spheres with the same size distribution as those droplets. Figure 7-31 shows the
predicted scattering, absorbance and extinction coefficient using this model, and it can
be seen that the scattering seriously broadens the signal, which as seen above causes
linearity problems when trying to determine concentration.
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Figure 7-31 The predicted extinction coefficient (solid black line), absorbance (grey line) and scattering (dotted
black line) of mist droplets produced by the nebuliser.

An idea to reduce the scattering signal and path length simultaneously was to
reduce the mist density of the mist flow when it was being measured. This would be
achieved by decreasing the duty cycle of the nebuliser.
The nebuliser test rig had glass windows installed (a hole was cut into the rig on
opposite sides of the rig and glass microscope slides were temporarily sealed using Blutac). The test rig shown in Figure 7-11 was disassembled and the source and detector
were placed on opposite sides of the mist chamber and held using retort stands as can be
seen in Figure 7-32. The glass windows gave the rig a flat surface for the beam to enter,
reducing the effects the curved surface would have on the light. Importantly the glass is
much more transparent to infrared than the plastic wall of the chamber.

Figure 7-32 The detector and source are held outside the mist chamber using retort stands.

A spectrum was taken of the rig with the windows on the mist chamber and
airflow of 7.5 L/min in the test rig, which was used as the maximum transmission. This
signal was quite low, due to the long path length and plain glass windows, which
produced significant noise, however it was not so much as to overwhelm the signal.
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Water mist was used first for a proof of concept. Experiments started from a
duty cycle of 5%, before being raised to 7.5%, 10% and finally 15%. Lower than 5%
was tried, however, the transducer does not work at a duty cycle lower than 2.5% and a
proper mist does not begin to form until 5%. The mist was allowed to stabilise before a
transmission spectrum was taken, and each run was repeated once to ensure the
measurement. The results of the experiment are shown in Figure 7-33.

Figure 7-33 The transmission of spectra of water mist at different duty cycles, 5% (black solid lines), 7.5%
(black dotted lines), 10% (grey solid lines) and 15% (grey dotted lines).

There is no identifiable spectral feature seen on the spectra shown in Figure
7-33, indicating that even a modest mist density is capable of significant scattering of
light. The attenuation of the light was calculated by taking the natural log of the
transmission and compared to the expected absorbance spectrum of light for each
individual effective path length.
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a)

b)

c)

d)

Figure 7-34 The average attenuation of light of the mist (solid line) and the theoretical absorbance of water
(dotted line) for a duty cycle of a) 5%, b) 7.5%, c) 10% and d) 15%.

Figure 7-34 shows how much scattering has broadened the signal. Despite this
broadening, at 3 microns the linear relationship between attenuation and thickness
continues to hold, as shown in Figure 7-35.

Figure 7-35 The attenuation of light at a wavelength of 3 microns for a theoretical water path length (◊) and
for the water mist (■). Lines show linear regression of each data set.
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In this way, the sensor has shown a lower, but still linear (coefficient of
determination 0.99), response to the changing concentration of water in the mist flow,
with a 2-sigma confidence interval of 0.34 microns. The actual response is 3.25 microns
for 1 unit of attenuation, against the theoretical response of 0.88 microns for every
attenuation unit.
Given this fact, it may be possible to determine the concentration of a mist
stream using the total attenuation of the signal. However, there are still complicating
issues to fix before this can be viable. As shown in Chapter 7.2.2, the absorbance sensor
has difficulty handling different thicknesses, and in the case of the mist stream, mist
density is heavily dependent on not just the duty cycle but also the concentration of
hydrogen peroxide (Chapter 6.1.2), meaning changing concentrations of hydrogen
peroxide will produce different thicknesses too, even if the duty cycle is not changed. In
an empirical sense this can be used for a 35% hydrogen peroxide sensor (assuming the
same relationship holds true for hydrogen peroxide) and if the effective path length
changes, then this would indicate that something is wrong with either the mist or the
nebuliser.
Another possible sensor could be made using TDLAS, as described in Chapter
3. Using this method in the mid-infrared range can be expensive, however taking
transmission spectra of MilliQ water and 35% hydrogen peroxide using a 1cm path
length quartz cuvette on a Perkin-Elmer Lambda 950 UV/VIS/NIR Spectrometer, I
found that there was a difference between the two spectra between 1300 nm and 1440
nm which falls into the range of some commercially available devices.
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Figure 7-36 The transmission of MilliQ water (dotted line) and the 35% hydrogen peroxide (solid line).

This assumes that a mist could be produced which had a liquid phase path length
of approximately 1 cm, which would be a much higher density than that used here.

7.2.5 Summary of Hydrogen Peroxide Absorption
Absorption spectroscopy is an attractive option to determine the concentration of
a water/hydrogen peroxide mixture as it is relatively simple and well understood, and
the measurement is based on an inherent property of the material. The focus of this
study was on the absorbance of water and hydrogen peroxide in the wavelength range
from 3 to 4.4 microns. Liquid hydrogen peroxide with a fixed path length (thickness)
was shown to be accurately determined using a measurement at a single wavelength.
However, since the focus of the study is a sensor for mist, a method for determining
concentration with variable thickness was necessary. A database of absorbances was
built from numerous concentrations at two different thicknesses for liquid mixtures.
Broadening of the absorption peaks by the spectrometer used in these experiments
proved to be a problem, which was solved by using smaller samples of the wavelength
where the measurements proved to be linear. By using a 10 micron cuvette and a 100
micron cuvette it was possible to determine hydrogen peroxide concentration quite
accurately and precisely, however when the data were combined into one data set, it was
much less accurate and could not predict the thickness of the mixture accurately. This
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would be a huge problem in the case of mist where different concentrations or flow
conditions produce different thicknesses of liquid in the optical path.
It was also possible to determine whether ethanol (a proxy for many other
ternary solutes) was present using the total computed thickness as a guide. A deviation
of the calculated thickness from the known cuvette thickness would indicate the
presence of impurity compounds. An attempt was made to determine whether possible
ternary additions could be combined into the calibration matrix directly, however, it was
apparent that the spectrometer being used lacked the resolution to perform this well, and
it only served to make the actual measurements less accurate.
Preliminary efforts were made with applying a binary version of this approach to
a mist. It was found that scattering of light by the mist stream of water was more than
enough to completely broaden out any specific absorption peaks.

However, after

measuring the absorbance at four different duty cycles (i.e. mist densities) it was found
that the signal between attenuation of the sensor and the effective thickness of the mist
was still linear. This may lead to a sensor for the density of hydrogen peroxide mist,
however, the chemical concentration of hydrogen peroxide has to be measured in the
liquid phase first by some other means.
Another possible method of detection is TDLAS, however, in this range it may
be too expensive for the scope of this project. It was found however, that if an effective
path length of 1cm can be made using the mist, then a commercially available TDLAS
might be suitable in the 1300-1400 nm range.
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7.3 Summary of Physical Optical Sensor Investigation
Table 7-8 Summary of Optical Sensor Performance

Sensor

Coefficient of Determination

2-Sigma Confidence

Effective

2

(r )

Interval

Range

Did not work

Did not work

Did not work

0.998

±1% (v/v)

0.996

±1.5% (v/v)

0.99

±1.3% (v/v)

0.999

±0.5% (v/v)

0.97

±3.3% (v/v)

0.99

±0.34 μm

Refractometric
Gold
Nanorods
10 micron
Absorbance
Calibration
100 micron
Absorbance
Calibration
10 micron
Absorbance
Matrix
100 micron
Absorbance
Matrix

0-27.1%(v/v)
H2O2

0-27.1%(v/v)
H2O2

0-27.1%(v/v)
H2O2

0-27.1% (v/v)
H2O2

Combined 10
and 100
micron

0-27.1% (v/v)
H2O2

Absorbance
Mist
Thickness

1.78-6.04 μm

The physical optical sensor investigation for hydrogen peroxide was primarily
based on two main sensor ideas: a sensor based on the refractive index of a
water/hydrogen peroxide solution, and a sensor based on the absorption properties of a
water/hydrogen peroxide solution.
The refractometric sensor used gold nanorods, which have been determined to
be a most effective geometry in single wavelength refractometric sensors. The gold
nanorods were optically characterised and found to have a resonance peak at 589 nm.
These rods where then tested as a sensor in sucrose and glycerol before being tested in
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hydrogen peroxide. At this point the rods were found to oxidise back to gold ions and it
was established that gold was unsuitable for use.
There may be some possibility of another nanoparticle being of use, or perhaps
WGM microspheres could be used as a refractometric sensor, and this could be a
possible future consideration.
Absorption spectroscopy was performed first on water/hydrogen peroxide
mixtures in liquid. It was shown to be possible to determine concentration by directly
calibrating the concentration of hydrogen peroxide from the absorbance of a mixture in
fixed thicknesses. However, it was necessary to determine concentration with a variable
thickness in mist. It was thought that a matrix approach could be utilised to determine
concentration and thickness together, which would be advantageous in determining the
concentration of hydrogen peroxide in a mist stream. To do this, cuvettes of 10 micron
and 100 micron thickness were used to take the absorbance of water and various
hydrogen peroxide concentrations to build calibration matrices. The absorbances
measured were then multiplied by these matrices to provide estimates of the hydrogen
peroxide and water concentrations.
Line broadening was an issue, however it was partially circumvented by taking
small samples of the wavelength where less broadening occurred. While there was less
accuracy in an overall sense, the accuracy and precision of measurements using both the
thicknesses separately was excellent. In addition, both matrices were able to accurately
determine the total thickness of the mixture.
Unfortunately, when the calibration matrices of the two cuvettes were combined,
the accuracy and precision reduced, and the total thickness of the 10 micron cuvette was
no longer accurately determined. This effect is most likely due to the broadening, which
has made determining an accurate refractive index difficult (both thicknesses are
affected differently causing different refractive indices), and the obvious consequence is
a bias to the thicker sample.
The fact that this cannot yet deal with different thicknesses makes a sensor for
mist difficult as the effective thickness of the liquid analyte is dependent on
concentration of hydrogen peroxide. Still, the sensor was tested in water of different
mist densities (effective thicknesses) based on duty cycle, and a linear trend with mist
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density observed. However, even at low mist densities broadening of the peaks led to no
spectral features being observed. For the future it would be best to optimise this signal
to find a stronger trend.
One final possibility for future work is to utilise TDLAS as a mist sensor.
Assuming a large enough path length can be created using mist density (corresponding
to approximately 1 cm of liquid phase), it may be possible to use commercially
available equipment in a sensor in the 1300-1400 nm wavelength range.
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Chapter 8 Conclusions and Future Work
This project produced several viable H2O2 sensor options, all of which are
suitable for industrial implementation. In general, the most promising sensors for the
mist streams were the calorimetric ones but, provided contiguous liquid phase is
available, absorption spectroscopy also became viable.
Platinum film or MnO2 powders were used as heterogeneous catalysts for the
calorimetric sensor. In general the MnO2 powder was more effective as a catalyst,
however, this could be because there was more of it present than the platinum (the latter
was only present at a nanogram level yet still produced a usable signal). The platinum
catalyst was produced by co-depositing platinum and aluminium on a heated substrate,
and then removing the aluminium by leaching with sodium hydroxide. It was shown in
Chapter 4 that increasing the aluminium content in the initial deposition led to a
platinum film which looked much more sponge-like, and seemingly had a higher
surface area. In contrast, the MnO2 film was applied simply by dipping the sensor tip
into a slurry of MnO2 powder in ethanol. Some lines of further research would be (1) to
investigate the utilisation of platinum films of higher surface area for the calorimetric
sensor, (2) to determine how repeatable the production of platinum films is when using
sputter deposition and (3) to optimize the adhesion of the MnO2 powder to the sensor
tips by including additives into the slurry. None of these lines of work were pursued
here due to time constraints.
The heterogeneous Pt was used for the H2O2 immersion sensor (Chapter 5) and
produced a consistently useable signal from 0 to 50% H2O2. This sensor could be used
as a dip sensor which would be inserted into the nebuliser cup to ensure that the mist
will be produced from a suitable concentration of H2O2 liquid. In addition, the sensor
was found to provide an even better accuracy and precision when it was removed from
the liquid and allowed to react/dry out in air. By monitoring the peak temperature that
the sensor reached against the time it took to reach that temperature, it was possible to
reliably determine the H2O2 concentration. The drawbacks to this latter process is that it
takes slightly longer to get a reading and the concentration range over which the sensor
was accurate is not as extensive. However, it does cover the 30-40% range that this
project’s industrial sponsor is interested in. This sensor scheme failed at concentrations
greater than about 45%, with the signal becoming unrepeatable and unstable. This was
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thought to be due to the onset of the phenomenon of self-accelerated decomposition of
H2O2, which occurs as the heat produced by decomposition boils the water part of the
mixture, which constantly allows more space for H2O2 to react with the catalyst.
The mist stream was studied in Chapter 6. It was found that the mist density
varied based on the duty cycle of the nebuliser and the concentration of H2O2. In this
part of the investigation, duty cycle was fixed to 20% to isolate the interaction of the
mist and sensor due to concentration. MnO2 was used as the catalyst. We were surprised
to find that in mists the sensor initially recorded decreasing temperature with increasing
H2O2 concentration. This was explained as being due to the heat of decomposition
actually accelerating vaporisation of the H2O component. This observation inspired a
series of different sensing schemes for “online” measurement which could determine
H2O2 concentration between 5% and 35% in the mist stream. These sensors had
relatively low precision, approximately 5%, however they may be useful as a general
indication of the concentration during a sterilisation cycle. Presumably a more accurate
test could be used later if the concentration seems to be approaching some limiting
value, or the supply of hydrogen peroxide could simply be changed to fresh reagent.
A sensing scheme that showed better accuracy was the “after mist sensor” which
took into account the details of the thermal transient after the mist pulse had been ended.
Both the time taken to reach the lowest temperature, and the actual lowest temperature
recorded, were found to be correlated to H2O2 concentration. This was because the
greater the concentration, the more vigorous the reaction, and the faster the evaporation
of the water. The length of time to return to ambient temperature is a function of how
long the reaction lasted, during which time it caused the water to evaporate. Although
these parameters had a non-linear correlation with H2O2 concentration, reasonably
accurate estimates could be made by calibrating the system. However, this did require
that a full mist pulse of two to four minutes duration pass through the rig first. It may be
worth some further work to determine if the same effect occurs earlier with a shorter
mist pulse. These measurements were found to be affected by mist density too (as mist
density changes due to concentration of H2O2 as well). Higher concentrations of H2O2
were associated with smaller values of mist density. This may be the reason for the nonlinear response at higher concentrations and explained the saturation of some of the
sensor schemes at about 35% H2O2.
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A heated sensor (sensor with a set-point temperature) was also investigated
using Pt as the heterogeneous catalyst. Unlike the previous work, this was performed at
various duty cycles. The idea here was to boil off the liquids and detect the H2O2 by a
decrease in the electrical power required. While the sensor was found to be nonresponsive to concentration, it did respond well with regards to variations in mist
density. From here there are many avenues to travel. Given that the Pt catalyst used may
not be the optimum, a better catalyst may create an even larger signal based on
concentration. Another way of proceeding is to take the ambient H2O2 sensor described
in the above paragraph and include the heated sensor so that the mist density and
concentration signals can be used to determine the concentration in tandem.
Finally, Chapter 7 described the work done on possible optical H2O2 sensors.
The first optical sensor attempted was a refractometric sensor using gold nanorods. The
nanorods were tested in sucrose and glycerol to determine the response to refractive
index before being tested in H2O2. Unfortunately the nanorods dissolved back into gold
ions as soon as they were exposed to H2O2. Using, for example, the WGM microspheres
described in Chapter 3, may be viable, however, I did not pursue this line of thought any
further.
In addition, the absorbance of light by H2O2 was investigated to determine the
extent to which a sensor based on that was possible. This would be preferable to a
refractometric sensor, since the absorption signal is based on an intrinsic property of the
molecule itself. By interrogating the mid-IR spectrum of H2O2 at a single wavelength,
3840 nm, a calibration curve could be derived from which concentration could be
accurately (±0.87% (v/v)) measured. While this is relatively straight forward to
implement for liquid H2O2, a mist will produce a varying (liquid) path length for the
light to travel through. Application of optical absorbance in this case requires a means
by which both the thickness of liquid and concentration can be determined
simultaneously. A matrix-based numerical method was utilised in an attempt to produce
a calibration for 10 and 100 μm thicknesses of H2O2 liquid. While the calibration
worked fine for each cuvette individually (taking each known thickness into account),
the combined calibration matrix was biased towards the data of the larger thicknesses. It
appears that inclusion of calibration data from quartz cuvettes of 10 and 50 m
thickness might solve this problem, but such quartz cuvettes could not be sourced.
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Measurements performed on water mist of different densities show that a linear
response between absorbance and concentration (or path length) still exists despite
broadening of the absorption peak due to scattering. Given this, performing
measurements on various concentrations of H2O2 should be done to determine whether
this type of spectroscopy can be done on the mist. If not there are still TD-LAS
techniques to be tried.
In summary, at the present time it appears that the two most accurate designs of
sensor are the immersion calorimetric sensor (an accuracy of ± 2 to 4% H2O2,
depending on range covered), or the inclusion of a cuvette between the H2O2 source and
the cup to perform optical absorption spectroscopy on liquid (±1% H2O2 accuracy).
Both of these probe the contiguous liquid phase, such as exists in the reservoir of the
system. As far as the actual mist phase is concerned, the calorimetric sensor also shows
promise, with an accuracy of ± 3 to 4% H2O2, depending on range covered.
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A. Appendix
Additional data is presented here as additional evidence for conclusions
presented in earlier chapters.
The following work is from Chapter 4.5 and includes the calculation of the heat
transfer co-efficient, h, for the other fluids and RTDs C and D.
The work below is an example of the raw data used to calculate the heat transfer
coefficient of unforced water for the RTDs A and B in Chapter 4.5.2. The equations of
the lines fitted are also included. The values are calculated from 110 s.

a)

b)

c)

d)

Figure A-1 An example of the calculation heat transfer coefficient, h, for RTDs A and B in still water. The
dotted line represents the point at which the RTD temperature was stable and is the point that h is taken from.
Each chart represents a different input power of a) 9 mW b) 75 mW c) 180 mW and d) 310 mW.
Equation A-1

Equation A-2

A-1

Equation A-1 shows a trend which describes the average h values with respect to
temperature for RTD A. The regression has an excellent coefficient of determination of
r2≈1 and a small 2-sigma confidence interval of ±4.78x10-2 W.m-2.K-1, which is again a
good fit. The average h values for RTD B do not show a good fit, with Equation A-2
having a coefficient of determination of r2=0.60, and a 2-sigma confidence interval of
20.5 W.m-2.K-1, both of which show poor correlation, which is due to the large
uncertainty in the 82ºC measurements.
Following on from this work are examples of the raw data used to calculate the
heat transfer coefficient of unforced air for the RTDs C and D in Chapter 4.5.1. The
equations of the lines fitted are also included. The values are calculated from 410 s.

a)

b)

c)

d)

Figure A-2 An example of the calculation heat transfer coefficient, h, for RTDs C and D in still air. The dotted
line represents the point at which the RTD temperature was stable and is the point that h is taken from. Each
chart represents a different input power of a) 9 mW b) 75 mW c) 180 mW and d) 310 mW
Equation A-3

Equation A-4

A-2

Equation A-3 shows the linear relationship between the h values and
temperature. This relationship has a high coefficient of determination of 0.993 and a 2sigma confidence interval of ±0.227 W.m-2.K-1, while Equation A-4 has a similarly high
coefficient of determination of 0.997 and a narrow 2-sigma confidence interval of
±0.124 W.m-2.K-1. Both RTDs showed a similar slope and was just offset by 12
W.m-2.K-1.
This next figure shows examples of the raw data used to calculate the heat
transfer coefficient of forced air for the RTDs C and D in Chapter 4.5.1. The equations
of the lines fitted are also included. The values are calculated from 410 s.

a)

b)

c)

d)

Figure A-3 An example of the calculation heat transfer coefficient, h, for RTDs C and D in 7.5 L/min flowing
air. The dotted line represents the point at which the RTD temperature was stable and is the point that h is
taken from. Each chart represents a different input power of a) 9 mW b) 75 mW c) 180 mW and d) 310 mW.

Equation A-5

Equation A-6

A-3

Equation A-5 shows a linear trend that has been fitted to the RTD C data. The
correlation to this trend and the data is poor, with and r2=0.62 and a 2-sigma confidence
interval of ±1.08 W.m-2.K-1. Equation A-6 however has good linear correlation, with
and r2=0.99 and a narrow 2-sigma confidence interval of ±0.189 W.m-2.K-1. Both
equations are similar to the RTD C and RTD D in still air (the uncertainty has dropped
the slope of Equation A-5 and increased the intercept) which suggests that there is not
much difference in h value for between still air and 7.5 L/min flowing air.
Finally, the following are examples of the raw data used to calculate the heat
transfer coefficient of the water mist in Chapter 4.5.2. The values are calculated from
175 s.

a)

b)

c)

d)

Figure A-4 An example of the calculation heat transfer coefficient, h, for RTDs C and D in water mist with and
airflow of 7.5 L/min. The dotted line represents the point at which the RTD temperature was stable and is the
point that h is taken from. Each chart represents a different input power of a) 9 mW b) 75 mW c) 180 mW and
d) 310 mW.

A-4

The next series of tables is also work from Chapter 4.5 further detailing the
calculated h values of the RTDs in the various fluids.
Table A-1 The h values for RTDs A and B in air at a stable value (approx. 400s) for each run at each heated
power
Run

Time (s)

RTD B h
(W.m-2.K-1)

RTD A h
(W.m-2.K-1)

9 mW Run1

400

14.2

12.8

9 mW Run2

400

13.8

12.5

9 mW Run3

400

14.0

12.7

9 mW Run4

400

14.4

12.7

9 mW Run5

404

13.8

12.7

75 mW Run1

400

14.4

13.6

75 mW Run2

407

15.0

13.5

75 mW Run3

404

14.3

13.6

75 mW Run4

400

14.3

13.6

75 mW Run5

400

15.1

13.6

180 mW Run1

401

16.3

14.5

180 mW Run2

400

15.3

14.5

180 mW Run3

404

15.2

14.4

180 mW Run4

407

16.2

14.4

180 mW Run5

400

16.1

14.4

310 mW Run1

401

16.0

15.3

310 mW Run2

400

17.3

15.3

310 mW Run3

402

15.6

15.2

310 mW Run4

400

15.4

15.2

310 mW Run5

401

15.3

15.2

A-5

Table A-2 The h values for RTDs A and B in water at a stable value (approx. 110s) for each run at each heated
power
Run

Time (s)

RTD B h
(W.m-2.K-1)

RTD A h
(W.m-2.K-1)

9 mW Run1

110

72.9

59.0

9 mW Run2

110

99.9

81.7

9 mW Run3

110

72.1

58.5

9 mW Run4

110

71.3

59.3

9 mW Run5

110

75.0

58.2

75 mW Run1

110

85.6

71.0

75 mW Run2

110

84.9

70.4

75 mW Run3

110

70.2

69.6

75 mW Run4

110

85.3

70.0

75 mW Run5

110

85.3

69.7

180 mW Run1

110

132.1

74.8

180 mW Run2

110

132.4

75.0

180 mW Run3

110

91.5

74.7

180 mW Run4

110

91.3

74.7

180 mW Run5

110

91.1

74.6

310 mW Run1

111

95.1

77.3

310 mW Run2

110

95.3

77.3

310 mW Run3

110

95.2

77.5

310 mW Run4

110

95.2

77.4

310 mW Run5

110

95.4

77.3
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Table A-3 The h values for RTDs C and D in still air at a stable value (approx. 400s) for each run at each
heated power
Run

Time (s)

RTD D h
(W.m-2.K-1)

RTD C h
(W.m-2.K-1)

9 mW Run1

400

11.6

25.6

9 mW Run2

403

11.7

25.7

9 mW Run3

403

11.7

26.3

9 mW Run4

400

11.5

25.3

9 mW Run5

429

11.5

25.9

75 mW Run1

402

12.1

26.1

75 mW Run2

403

12.1

26.2

75 mW Run3

403

12.2

26.2

75 mW Run4

400

12.1

26.3

75 mW Run5

400

12.1

26.2

180 mW Run1

401

12.9

27.1

180 mW Run2

400

12.9

27.2

180 mW Run3

400

12.8

27.2

180 mW Run4

400

12.9

27.2

180 mW Run5

405

12.8

27.2

310 mW Run1

402

13.6

28.1

310 mW Run2

404

13.6

28.2

310 mW Run3

404

13.6

28.2

310 mW Run4

400

13.6

28.2

310 mW Run5

401

13.6

28.1
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Table A-4 The h values for RTDs C and D in air flowing at 7.5L/min at a stable value (approx. 400s) for each
run at each heated power
Run

Time (s)

RTD D h
(W.m-2.K-1)

RTD C h
(W.m-2.K-1)

9 mW Run1

400

12.3

29.4

9 mW Run2

402

11.8

26.9

9 mW Run3

402

11.8

26.7

9 mW Run4

399

11.7

27.0

9 mW Run5

401

11.8

26.5

75 mW Run1

405

12.1

26.6

75 mW Run2

416

12.1

26.6

75 mW Run3

402

12.2

26.7

75 mW Run4

429

12.1

26.6

75 mW Run5

400

12.2

26.7

180 mW Run1

399

12.8

27.4

180 mW Run2

408

12.8

27.5

180 mW Run3

402

12.8

27.3

180 mW Run4

400

12.9

27.5

180 mW Run5

399

12.9

27.5

310 mW Run1

400

13.5

28.3

310 mW Run2

399

13.6

28.4

310 mW Run3

443

13.5

28.3

310 mW Run4

399

13.6

28.4

310 mW Run5

399

13.5

28.4
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Table A-5 The h values for RTDs C and D in mist produced with 20% duty cycle at 7.5L/min at a stable value
(approx. 140s) for each run at each heated power
Run

Time (s)

RTD D h
(W.m-2.K-1)

RTD C h
(W.m-2.K-1)

9 mW Run1

140

22.7

43.9

9 mW Run2

140

22.8

45.1

9 mW Run3

141

23.2

46.3

9 mW Run4

140

23.6

48.9

9 mW Run5

140

24.5

47.5

75 mW Run1

142

28.4

52.5

75 mW Run2

140

26.2

52.2

75 mW Run3

140

25.6

51.8

75 mW Run4

146

24.9

51.5

75 mW Run5

140

25.2

51.7

180 mW Run1

140

30.0

60.0

180 mW Run2

142

27.0

39.2

180 mW Run3

140

16.1

56.5

180 mW Run4

141

15.9

46.2

180 mW Run5

141

15.5

34.1

180 mW Run6

140

33.5

35.9

180 mW Run7

140

18.5

33.3

180 mW Run8

140

15.8

33.5

180 mW Run9

141

15.5

33.4

310 mW Run1

140

15.7

33.2

310 mW Run2

140

15.7

32.9

310 mW Run3

140

15.6

33.0

310 mW Run4

140

15.6

32.8

310 mW Run5

141

15.6

33.0
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Table A-6 The h values for RTDs C and D in mist produced with 20% duty cycle at 7.5L/min at a stable value
(approx. 150s) for each run at each heated power
Run

Time (s)

RTD D h
(W.m-2.K-1)

RTD C h
(W.m-2.K-1)

9 mW Run1

150

22.0

45.1

9 mW Run2

150

22.5

44.8

9 mW Run3

151

23.2

45.8

9 mW Run4

150

23.4

49.4

9 mW Run5

150

24.1

46.7

75 mW Run1

152

28.0

52.2

75 mW Run2

150

25.8

51.5

75 mW Run3

150

25.3

51.3

75 mW Run4

158

24.6

51.1

75 mW Run5

150

24.7

51.2

180 mW Run1

150

29.6

59.2

180 mW Run2

152

20.1

38.9

180 mW Run3

150

15.9

56.0

180 mW Run4

151

15.7

46.1

180 mW Run5

152

15.3

33.7

180 mW Run6

150

33.2

33.8

180 mW Run7

150

18.1

32.7

180 mW Run8

150

15.5

32.9

180 mW Run9

151

15.3

33.1

310 mW Run1

150

15.6

32.8

310 mW Run2

150

15.5

32.8

310 mW Run3

150

15.4

32.7

310 mW Run4

150

15.4

32.5

310 mW Run5

151

15.5

32.6
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Table A-7 The h values for RTDs C and D in mist produced with 20% duty cycle at 7.5L/min at a stable value
(approx. 175s) for each run at each heated power
Run

Time (s)

RTD D h
(W.m-2.K-1)

RTD C h
(W.m-2.K-1)

9 mW Run1

175

21.9

43.9

9 mW Run2

175

22.1

44.8

9 mW Run3

177

22.7

44.8

9 mW Run4

175

23.1

48.8

9 mW Run5

175

23.6

46.6

75 mW Run1

177

26.1

51.0

75 mW Run2

175

25.3

50.9

75 mW Run3

175

24.8

50.6

75 mW Run4

175

24.4

50.2

75 mW Run5

175

24.3

50.4

180 mW Run1

175

28.1

58.1

180 mW Run2

177

16.0

38.7

180 mW Run3

175

15.6

41.4

180 mW Run4

176

15.4

36.5

180 mW Run5

177

15.1

32.9

180 mW Run6

175

27.1

32.5

180 mW Run7

175

17.2

32.5

180 mW Run8

176

15.2

32.6

180 mW Run9

176

15.1

32.7

310 mW Run1

175

15.4

32.4

310 mW Run2

175

15.3

32.2

310 mW Run3

175

15.3

32.2

310 mW Run4

175

15.2

31.9

310 mW Run5

176

15.2

32.1
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The following is the raw energy drawn from the droplet on heated sensors in
Chapter 5.2.5 for RTDs set to a temperature of 105 ºC and 130 ºC.

a)

b)

c)

d)

e)

f)

Figure A-5 The energy drawn over time of experiment when the each RTD was set to 105°C. Graphs show a)
water, b) 10% hydrogen peroxide, c) 20% hydrogen peroxide, d) 30% hydrogen peroxide, e) 35% hydrogen
peroxide and f) 40% hydrogen peroxide. Solid lines are coated RTD, dotted lines are uncoated.
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a)

b)

c)

d)

e)

f)

Figure A-6 The energy drawn over time of experiment when the each RTD was set to 130°C. Graphs show a)
water, b) 10% hydrogen peroxide, c) 20% hydrogen peroxide, d) 30% hydrogen peroxide, e) 35% hydrogen
peroxide and f) 40% hydrogen peroxide. Solid lines are coated RTD, dotted lines are uncoated.
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The data below is an example of the unheated MnO2 sensors response to a mist
of different concentration of hydrogen peroxide over 3 minute mist cycles. The
processed data is seen in Chapter 6.2.5.

a)

b)

c)

d)

e)

f)

A-14

g)

h)

i)

j)

k)

l)

m)

n)

A-15

o)
Figure A-7 The typical response of the coated (blue line) and uncoated RTDs (red line) in 3 minute mist
streams of hydrogen peroxide with concentrations of a) water, b) 4.8%, c) 8.6%, d) 11%, e) 16%, f) 20%, g)
25%, h) 30%, i) 31.5%, j) 33%, k) 34%, l) 35%, m) 40%, n) 45% and o) 45.7% hydrogen peroxide.
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The tables below show the calculated K matrices for 10 micron and 100 micron
thicknesses, as well as the K matrix for the combined data set. Each K value is given
next to the wavelength it corresponds to. This was data was used to calculate the various
refractive indices, k, in Chapter 7.2.2.
Table A-8 Matrix K for 10 micron thickness shown with the wavelengths to which it corresponds

Wavelength (μm)

K

3.00

2.31E+05

3.60E+05

3.02

2.33E+05

3.44E+05

3.04

2.32E+05

3.44E+05

3.06

2.29E+05

3.44E+05

3.08

2.28E+05

3.46E+05

3.10

2.27E+05

3.42E+05

3.12

2.25E+05

3.43E+05

3.14

2.22E+05

3.46E+05

3.16

2.19E+05

3.51E+05

3.18

2.13E+05

3.59E+05

3.20

2.06E+05

3.61E+05

3.22

1.95E+05

3.70E+05

3.24

1.83E+05

3.76E+05

3.26

1.69E+05

3.79E+05

3.28

1.55E+05

3.81E+05

3.30

1.41E+05

3.77E+05

3.32

1.26E+05

3.76E+05

3.34

1.14E+05

3.76E+05

3.36

1.03E+05

3.76E+05

3.38

9.15E+04

3.84E+05

3.40

8.24E+04

3.91E+05

3.42

7.46E+04

4.11E+05

3.44

6.83E+04

4.33E+05

3.46

6.34E+04

4.60E+05

3.48

5.93E+04

4.91E+05

3.50

5.65E+04

5.14E+05
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Wavelength (μm)

K

3.52

5.29E+04

5.27E+05

3.54

4.95E+04

5.20E+05

3.56

4.52E+04

4.92E+05

3.58

4.09E+04

4.51E+05

3.60

3.77E+04

4.03E+05

3.62

3.47E+04

3.53E+05

3.64

3.28E+04

3.07E+05

3.66

3.12E+04

2.67E+05

3.68

3.06E+04

2.34E+05

3.70

2.96E+04

2.05E+05

3.72

2.94E+04

1.81E+05

3.74

2.89E+04

1.62E+05

3.76

2.86E+04

1.46E+05

3.78

2.83E+04

1.33E+05

3.80

2.83E+04

1.19E+05

3.82

2.79E+04

1.10E+05

3.84

2.73E+04

1.02E+05

3.86

2.76E+04

9.33E+04

3.88

2.73E+04

8.73E+04

3.90

2.68E+04

8.21E+04

3.92

2.69E+04

7.64E+04

3.94

2.70E+04

7.20E+04

3.96

2.70E+04

6.80E+04

3.98

2.72E+04

6.40E+04

4.00

2.73E+04

6.09E+04

4.02

2.72E+04

5.90E+04

4.04

2.80E+04

5.71E+04

4.06

2.92E+04

5.51E+04

4.08

2.95E+04

5.45E+04

4.10

2.93E+04

5.50E+04

4.12

3.01E+04

5.40E+04

4.14

3.19E+04

5.25E+04
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Wavelength (μm)

K

4.16

3.35E+04

5.26E+04

4.18

3.45E+04

5.47E+04

4.20

3.50E+04

5.68E+04

4.22

3.54E+04

5.99E+04

4.24

3.68E+04

6.26E+04

4.26

3.96E+04

6.41E+04

4.28

4.26E+04

6.72E+04

4.30

4.59E+04

7.04E+04

4.32

4.86E+04

7.45E+04

4.34

5.14E+04

8.21E+04

4.36

5.41E+04

8.95E+04

4.38

5.64E+04

9.51E+04

4.40

5.77E+04

9.74E+04

A-19

Table A-9 Matrix K for 100 micron thickness shown with the wavelengths to which it corresponds

Wavelength (μm)

K

3.00

3.88E+04

7.56E+04

3.02

3.81E+04

7.87E+04

3.04

3.85E+04

7.47E+04

3.06

3.82E+04

7.41E+04

3.08

3.79E+04

7.55E+04

3.10

3.78E+04

7.60E+04

3.12

3.76E+04

7.61E+04

3.14

3.76E+04

7.45E+04

3.16

3.75E+04

7.48E+04

3.18

3.73E+04

7.43E+04

3.20

3.75E+04

7.39E+04

3.22

3.72E+04

7.38E+04

3.24

3.70E+04

7.43E+04

3.26

3.69E+04

7.29E+04

3.28

3.69E+04

7.39E+04

3.30

3.66E+04

7.38E+04

3.32

3.66E+04

7.22E+04

3.34

3.63E+04

7.23E+04

3.36

3.60E+04

7.45E+04

3.38

3.59E+04

7.20E+04

3.40

3.54E+04

7.36E+04

3.42

3.50E+04

7.56E+04

3.44

3.44E+04

7.64E+04

3.46

3.40E+04

7.63E+04

3.48

3.30E+04

8.10E+04

3.50

3.22E+04

8.02E+04

3.52

3.12E+04

8.60E+04

3.54

3.01E+04

8.87E+04

3.56

2.89E+04

9.09E+04

3.58

2.75E+04

9.55E+04

3.60

2.63E+04

9.70E+04
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Wavelength (μm)

K

3.62

2.45E+04

1.02E+05

3.64

2.29E+04

1.03E+05

3.66

2.15E+04

1.05E+05

3.68

2.00E+04

1.02E+05

3.70

1.86E+04

1.01E+05

3.72

1.76E+04

9.60E+04

3.74

1.67E+04

9.10E+04

3.76

1.61E+04

8.48E+04

3.78

1.56E+04

7.88E+04

3.80

1.52E+04

7.29E+04

3.82

1.51E+04

6.66E+04

3.84

1.50E+04

6.12E+04

3.86

1.50E+04

5.67E+04

3.88

1.51E+04

5.15E+04

3.90

1.53E+04

4.74E+04

3.92

1.55E+04

4.38E+04

3.94

1.58E+04

3.99E+04

3.96

1.61E+04

3.69E+04

3.98

1.64E+04

3.42E+04

4.00

1.69E+04

3.16E+04

4.02

1.73E+04

2.91E+04

4.04

1.77E+04

2.72E+04

4.06

1.82E+04

2.59E+04

4.08

1.86E+04

2.41E+04

4.10

1.92E+04

2.22E+04

4.12

1.97E+04

2.14E+04

4.14

2.02E+04

2.09E+04

4.16

2.07E+04

2.06E+04

4.18

2.12E+04

2.01E+04

4.20

2.17E+04

2.03E+04

4.22

2.23E+04

2.08E+04

4.24

2.29E+04

2.14E+04
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Wavelength (μm)

K

4.26

2.35E+04

2.20E+04

4.28

2.40E+04

2.30E+04

4.30

2.45E+04

2.46E+04

4.32

2.51E+04

2.58E+04

4.34

2.58E+04

2.70E+04

4.36

2.65E+04

2.89E+04

4.38

2.70E+04

3.05E+04

4.40

2.74E+04

3.12E+04
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Table A-10 Matrix K for both 10 micron and 100 micron thickness shown with the wavelengths to which it
corresponds

Wavelength (μm)

K

3.00

4.09E+04

7.87E+04

3.02

4.02E+04

8.16E+04

3.04

4.05E+04

7.76E+04

3.06

4.03E+04

7.71E+04

3.08

3.99E+04

7.85E+04

3.10

3.99E+04

7.89E+04

3.12

3.96E+04

7.90E+04

3.14

3.96E+04

7.75E+04

3.16

3.95E+04

7.78E+04

3.18

3.91E+04

7.74E+04

3.20

3.93E+04

7.70E+04

3.22

3.89E+04

7.70E+04

3.24

3.86E+04

7.76E+04

3.26

3.83E+04

7.62E+04

3.28

3.81E+04

7.73E+04

3.30

3.77E+04

7.71E+04

3.32

3.75E+04

7.55E+04

3.34

3.71E+04

7.55E+04

3.36

3.68E+04

7.78E+04

3.38

3.65E+04

7.54E+04

3.40

3.59E+04

7.70E+04

3.42

3.54E+04

7.92E+04

3.44

3.47E+04

8.02E+04

3.46

3.43E+04

8.04E+04

3.48

3.33E+04

8.54E+04

3.50

3.25E+04

8.49E+04

3.52

3.14E+04

9.08E+04

3.54

3.03E+04

9.33E+04

3.56

2.91E+04

9.52E+04

3.58

2.77E+04

9.93E+04
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Wavelength (μm)

K

3.60

2.64E+04

1.00E+05

3.62

2.46E+04

1.05E+05

3.64

2.30E+04

1.06E+05

3.66

2.16E+04

1.06E+05

3.68

2.01E+04

1.04E+05

3.70

1.87E+04

1.02E+05

3.72

1.77E+04

9.69E+04

3.74

1.68E+04

9.17E+04

3.76

1.62E+04

8.55E+04

3.78

1.58E+04

7.94E+04

3.80

1.54E+04

7.34E+04

3.82

1.52E+04

6.70E+04

3.84

1.51E+04

6.17E+04

3.86

1.51E+04

5.71E+04

3.88

1.52E+04

5.19E+04

3.90

1.54E+04

4.78E+04

3.92

1.56E+04

4.41E+04

3.94

1.59E+04

4.03E+04

3.96

1.62E+04

3.72E+04

3.98

1.66E+04

3.45E+04

4.00

1.70E+04

3.19E+04

4.02

1.74E+04

2.94E+04

4.04

1.78E+04

2.75E+04

4.06

1.83E+04

2.62E+04

4.08

1.87E+04

2.44E+04

4.10

1.93E+04

2.26E+04

4.12

1.98E+04

2.18E+04

4.14

2.03E+04

2.13E+04

4.16

2.08E+04

2.09E+04

4.18

2.13E+04

2.05E+04

4.20

2.18E+04

2.07E+04

4.22

2.25E+04

2.13E+04
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Wavelength (μm)

K

4.24

2.31E+04

2.18E+04

4.26

2.37E+04

2.25E+04

4.28

2.42E+04

2.35E+04

4.30

2.48E+04

2.51E+04

4.32

2.54E+04

2.63E+04

4.34

2.61E+04

2.76E+04

4.36

2.68E+04

2.95E+04

4.38

2.73E+04

3.12E+04

4.40

2.77E+04

3.19E+04

The values of the psuedoinverse matrix, Ccal-1 for the individual 10 and 100
micron data sets is shown in Figure A-8

a)

b)

Figure A-8 The Ccal-1 for each concentration of hydrogen peroxide for thicknesses of a) 10 μm and b) 100 μm.
The solid line represents the hydrogen peroxide values while the dotted line represents the water values.

The values of the psuedoinverse matrix, Ccal-1 for the combined data sets is
shown in Figure A-10.
The calculated concentrations and thicknesses of hydrogen peroxide using the
whole range and the range around the 3.7 micron peak for the 100 micron data can be
seen in Figure A-9.
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a)

b)

c)

d)

Figure A-9 The concentration of hydrogen peroxide and the total cuvette thickness calculated from the 100
thickness data using a) & c) the full range and b) & d) the 3.6-3.78 micron range. Dotted line represents a 1:1
linear line.

The values of the psuedoinverse matrix, Ccal-1 for the combined data sets is
shown in Figure A-10.

Figure A-10 The Ccal-1 values using the combined 10 μm and 100 μm thickness data sets for different
concentrations of hydrogen peroxide. Hydrogen peroxide data is represented by (♦) and water data is
represented by (◊).
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The calculated concentrations and thicknesses of hydrogen peroxide using the
combined data sets whole range, the range around the 3.5 micron peak visible in the 10
micron data and the range around the 3.7 micron peak for the 100 micron data can be
seen in Figure A-11.

a)

b)

c)

d)

e)

f)
Figure A-11 The concentration of hydrogen peroxide and total mixture thickness estimated using the
combined data set using a) & b) the whole range, c) & d) 3.4-3.58 microns and e) & f) 3.6-3.78 microns.
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