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Abstract

Development and optimisation of colourimetric
microfluidic sensors for water quality monitoring.

Gillian Duffy

The development of low-cost environmental sensors is essential for effective
management of our valuable water resources. Traditional water analysis involves
manual collection of samples, transport and subsequent analysis in the
laboratory. This is time and labour intensive, expensive and requires highly
qualified personnel. Automation of this process enables more frequent analysis,
saving time and money for researchers, industries and governing bodies. There is
a huge and growing demand for low-cost water sensors as legislation becomes
more stringent and as more frequent monitoring becomes essential for

legislative compliance.

The aim of this thesis was to develop low-cost colourimetric sensors for the
determination of water quality in situ. Microfluidic technology was employed to
facilitate miniaturisation of colourimetric analytical methods onto a portable
sensing device, enabling mixing of small volumes of water with chemical

reagents to form a coloured product in the presence of the analyte of interest.

Two fully integrated centrifugal microfluidic sensors were designed and
fabricated for rapid on-site water analysis. These sensors were developed for the
determination of phosphate and chromium speciation in fresh water. Each
sensor consisted of a microfluidic disc for method automation, a motor,
absorbance based detection system, electronics board and was connected to a

laptop for data collection. They were both validated against the standard



colourimetric method, and applied to the measurement of river water and

waste-water effluent samples.

A fully autonomous phosphate sensor was designed, fabricated, validated and
deployed in an agricultural catchment site. This sensor employed a microfluidic
chip coupled with syringe pumps for fluid manipulation. It incorporated its own
power supply and was programmed to take periodic unassisted measurements,

with on-board data storage.

Important considerations for sensor design included the sensitivity and
selectivity of the analytical method, reagent stability, optical path length,
material compatibility with reagents, use of low-cost components and overall

robustness.
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Page 175, Fig. 5.3. A schematic of the steps involved for AutoPhos to
make a measurement.

Page 176, Fig. 5.4. A schematic of the steps involved for PhosphaSense to
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Page 179, Fig. 5.5. A correlation plot between the calibration carried out
on the AutoPhos system in Ireland vs. that carried out in the USA, yielding
an R? value of 0.998, where the phosphate concentration is shown in mg
L™, and error bars represent standard deviation, where n=3.

Page 180, Fig. 5.6. On-chip mixing, off-chip mixing and UV-vis absorbance
measurements for a range of phosphate concentrations, with error bars
showing the standard deviation, where n=3.

Page 182, Fig. 5.7. Calibration curve including standards below the
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calibration carried out in Ireland (previously published)7 vs. that carried
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Thesis Outline

A detailed overview of each chapter is given below:

Chapter 1

This chapter provides the background information and theory relating to the
research carried out in this thesis. An introduction to the interdisciplinary nature
of sensor development, to spectroscopy, sensors, low-cost components,
microfluidics and the history of autonomous phosphate sensor development in

DCU is given.

Chapter 2

This chapter presents a published literature review article that examines the
potential of both standard water analysis methods, and of novel analysis
methods for automation as sensors for continuous, real-time monitoring of
eutrophying nutrients. It also compares the performance of several commercially
available sensors for these analytes, and promising novel analysis methods
reported in the last 5 years with standard analysis methods and state-of-the-art-
sensor technology to give a present-day perspective on the development of
autonomous sensors for eutrophying nutrients. A ‘smart farm’ concept was
included as an application with great potential for autonomous nutrient sensor
deployment. Prior to this publication, there was a gap in the literature for a
dedicated review that addresses autonomous technology with a focus on

monitoring eutrophication.



Chapter 3

This chapter presents the design, fabrication and performance of a portable,
centrifugal microfluidic sensor for phosphate measurement in water. The sensor,
called PhosphaSense, is made up of two components: a disposable microfluidic
disc and a complementary system. The microfluidic disc contains a reservoir for
sample and reagent insertion, microchannels, an optical detection zone where
absorbance measurements are made, and air vents to prevent bubble formation
in the measurement zone. The complementary system contains a motor for disc
rotation, creating centrifugal force that pumps fluids from the reservoir to the
detection zone. It also contains an LED and PD pair for absorbance
measurements, a stage for precise alignment of the disc with the detection
system, and an electronics board to control the sensor and to log data to a
computer via USB cable. The system uses the ascorbic acid method for
phosphate determination, coupled with a long optical path length of 75 mm to
maximise sensitivity. It was applied to the measurement of phosphate in both
river water and waste water treatment plant effluent. The low measurement
range of this system is typically not achieved by commercial sensors, particularly
low-cost ones such as the Hach” handheld system, which measures from 20 g L’
! more than double the LOD of PhosphaSense. This work has the potential to
become a fully portable colourimetric sensor that can be brought to a sampling

site for rapid on-site analysis.

Chapter 4

This chapter presents the design, fabrication and performance of a portable,
centrifugal sensor system for chromium speciation in water. This sensor, called

ChromiSense, is made up of a centrifugal disc and a complementary system. The



disc contains reservoirs for sample, reagent and buffer, microchannels, and
optical detection zone with bubble trap features, and air vents. The
complementary system contains an LED and PD couple for absorbance
measurements, heating pads and heat sinks for a heating step in the method, a
stage for precise alignment of the disc with the detection system, and an
electronics board for controlling the system, as well as data logging with a
computer via USB cable. The system carries out two different colourimetric
methods simultaneously on one disc in order to measure chromium Ill and VI in
each sample. The system was applied to the measurement of spiked river water
samples. It can measure lower concentrations than the Hach” handheld analyser
for low-range Cr(VIl) measurement, and has a wider measurement range than
this and wider than the combined range of Hanna  Instruments low and high
level handheld analysers. Cr(lll) is typically inferred by measurement of total Cr
and Cr(VI), followed by subtraction. This sensor uses a separate colourimetric
method to measure Cr(lll) directly, which is a novel approach to monitoring Cr(lll)
in a handheld system. The only centrifugal speciation of chromium in the
literature uses a separation step followed by ICP-MS as the detection method,

making this system exceptionally low-cost for its purpose.

Chapter 5

This chapter presents the performance comparison of two novel colourimetric-
based, microfluidic phosphate sensors. These sensors were applied to the
measurement of field samples collected from an agricultural stream in Indiana,
USA, as part of a collaboration with Prof. Jennifer Tank’s group in University of
Notre Dame. The first sensor, PhosphaSense, was presented in Chapter 3. The

second is an autonomous sensor that was developed in collaboration with Prof.



Dermot Diamond’s group in DCU. The autonomous sensor consists of syringe
pumps for delivery of sample and reagent from storage containers to the
microfluidic chip. This chip, made from tinted PMMA, contains an LED and PD
pair for absorbance measurements. The system measures phosphate using the
vanadamolybdophosphoric acid method. While this method is not as sensitive as
other colourimetric methods for phosphate determination, the reagent stability
is excellent, making it suitable for use on long-term deployable systems. A
sample intake system was incorporated, as well as a programmable electronics
board, which allowed for system control, data storage on an SD card, and
connection via USB cable with software for real-time data visualisation and
system control. In-field performance of this sensor was demonstrated. This work
contributes to the large research effort towards developing low-cost, wet
chemistry-based deployable sensors for water quality monitoring. The
advantages and disadvantages of the vanadomolybdophosphoric acid method
were shown (high detection limit, wide linear range, excellent reagent stability),
as well as the ascorbic acid method (low detection limit, narrower linear range,
poor reagent stability). The field work demonstrated sensor performance in an
agricultural stream water matrix, using a nutrient pulse method to provide
samples over a wide range of concentrations to demonstrate performance of
both sensor systems. The deployment time of the Cycle-P phosphate sensor from
Wet Labs is 3 months due to its reagent stability. The deployment time of this

sensor has the potential to be greater than 1 year, based on reagent stability.

Conclusion

A summary of the work carried out in this thesis is given in order to conclude the

work.



Chapter 1:

Introduction




1.1 The Challenge

The demand for more frequent and more extensive environmental
measurements is growing steadily as populations grow, farming intensifies, and
water resources become even more precious. A ‘grand challenge’ was posed to
analytical chemists by Prof. Royce Murray, editor of Analytical Chemistry, in
2010. This challenge was to “develop a capability for sampling and monitoring
air, water, and soil much more extensively and frequently than is now possible".1
More frequent monitoring and improved sensors are important over a wide
range of applications. Some applications of wireless sensor networks to date
include the monitoring of submarines by the military in the 1950s%, air quality
monitoring within cities?, to monitor volcanic eruptions4, to monitor the
behaviour of ice caps and glacierss, to detect forest fires®, to detect traffic, meter
water/gas/electricity, as well as to monitor processes in large industries.? In
order to extend the application of wireless sensor networks to new applications
or analytes, a great deal of research and development is required. As the
emphasis on water management is growing globally, the need for and market for
reliable sensors for water quality monitoring is growing as well.

Traditional water analysis is time and labour intensive, expensive and requires
highly trained personnel. It involves sample collection, transport, storage and
subsequent analysis in a laboratory. As a result, it is performed as infrequently as
possible.’

Autonomous sensors capable of long-term, unattended measurements are the
ideal solution to this problem. This ‘deploy and forget’ philosophy removes the
time intensive aspect of analysis. Real-time data communication allows scientists
to simply download environmental data onto their computer, saving them
valuable time that can then be used for large data set analysis and informed

decision making.



However, the development of autonomous sensors is no simple task. It requires
collaboration between a wide range of different disciplines, as highlighted in Fig.

1.1 using the example of autonomous optical sensors.

Mechanical
engineering

Electrical
engineering

Analytical Communication,
chemistry data handling

Fig. 1.1. The wide range of disciplines required for development of autonomous

optical chemical sensors.

As a result of the wide range of disciplines and technologies required for their
development, commercially available autonomous sensors are expensive. In
order for their adoption into routine use, the cost per sensor and per
measurement must decrease. Chapter 2 to 5 of this thesis focus on low-cost
sensor development and its importance for environmental monitoring.

Another option for low-cost and more convenient environmental monitoring,
compared to the traditional approach, involves the use of in situ sensors. These

sensors perform analysis on-site, yielding rapid results. This concept is similar to



that of point-of-care diagnostics, where medical tests are performed rapidly at a
patient’s bedside. While the scientists must still travel to the sampling site, the
steps of sample storage, transport and preparation in the laboratory are
eliminated. These steps leave the samples prone to contamination and
degradation if care is not taken.®

The great importance of water sensors is clear, whether they are fully
autonomous and performing unaccompanied measurements or they are in-situ
sensors for use at the sampling site. Both sensor types have advantages and
disadvantages associated with their development and implementation. While
autonomous sensors are the ideal end product, their development is
complicated. Some important considerations for water quality sensors

. 10,11
include:*%

e |Low component cost

e Low cost per measurement
e High sensitivity

e High selectivity

e High resolution

e Low power requirements

e Rugged, robust housing

e High repeatability

e Reagent stability

e [nternal calibration



Sensors are used across a wide range of applications, including clinical
diagnostics, environmental monitoring, electronic devices, vehicles, in industries
and much more. While continuous measurement is the golden standard for all
applications, it is not always straightforward to develop or implement. Each
application comes with its own challenges. For example in clinical diagnostics,
continuous monitoring is subject signal drift, with challenges in miniaturisation of
the whole device for comfort and aesthetics.” In environmental monitoring,
sensors can be larger, but are subjected to storms and harsh weather, curious

animals and even vandalism, making robustness a major concern.

1.2 Internet of Things (loT)

The Internet of Things is an important concept in the field of sensor deployments
in terms of decision support and water catchment management. It has been
defined as a “world of interconnected, sensor-laden devices and objects”.13 It
involves the use of a range of different sensors to monitor an environment or
process, providing a comprehensive visualisation of the system in question. One
example of IOT would be the FitBit bracelet, which senses the physical activity
and sleeping patterns of individuals. ARGO floats are another example. This
global array of 3,800 profiling floats provides continuous measurement of
temperature and salinity in the ocean. Understanding and predicting changes in
both the atmosphere and ocean are essential for informed action, to optimise
policy and to inform industrial strategies. In order for these types of predictions
to be made, improved models of climate and of the entire earth system are
needed.™

Coupling of environmental sensors to wireless connectivity allows the user to

download their data, supporting decision making and making process
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management easier. An example described in Chapter 2 shows how a range of
different sensors from soil moisture or cattle feed levels to smoke alarms can all
be used for efficient management of a farm, ensuring that crops have sufficient

water, animals have sufficient food, and a fire is rapidly detected.*>*°

1.3 Analytes of Interest

There is a wide range of compounds to be found in the natural water bodies of
the world. For some of these compounds, such as pharmaceuticals, they are not
naturally present, and there is a great research effort towards monitoring,
towards determining their impact, towards developing new detection methods
and towards more stringent legislation to manage their levels.*’*?

In other cases, the contaminants are in fact nutrients that are essential for life.
The issue arises when the levels of these nutrients become elevated. Eutrophying
nutrients, such as N and P, are examples of this, where their presence at higher
levels stimulates excessive growth of plants and algae. On decomposition of this
large biomass, dissolved oxygen in the water is used up in the process, leading to
hypoxic or anoxic water and subsequent death of aquatic animals. This process
of eutrophication can have large environmental impacts, from toxic algal blooms
polluting drinking water, to nuisance blooms affecting leisure activities.”®?* The
occurrence of these eutrophying nutrients in water is described in more detail in
Chapter 2.

Another example of water contamination issues, examined in Chapter 4 of this
thesis, is encountered when the oxidation state of the nutrient drastically
changes its properties. Chromium is a famous example of this, where chromium
(1) is an essential micronutrient in the human diet, while chromium (VI) exhibits

23,24

carcinogenic and mutagenic properties. This is further described in Chapter 4.
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Currently, there is no legislative limit for phosphate in water as it does not harm
humans or animals in drinking water unless extremely high levels are reached,”
however 0.1 mg L PO,-P is stated to indicate algal bloom. However, blooms
have also been reported at levels below this.”® Phosphate enters water systems
through the application of fertilisers to farm land, industrial effluent and waste
water treatment plant effluent.”’

Chromium has lower legislative limits than phosphorus due to its carcinogenic
nature in the Cr(VI) form. The US EPA has a total chromium limit of 0.1 mg LY in
drinking water, as Cr(lll) and Cr(VI) can convert from one form to another in
water and in the human body.’® Most countries implement a limit of 0.05 mg L™
of chromium in drinking water.?’ Sources of chromium are mainly due to human
activity and include effluent waters from metal smelting, electroplating, tanning,
metallurgy and dye industries.”®

Other heavy metals than can be found in water include iron, copper, lead,
mercury, and zinc. While some contaminants, such as iron, are visible to the
naked eye at high levels, contaminants such as chromium (VI) are invisible. This
highlights the huge importance of low-cost sensor development towards
monitoring drinking water and environmental waters for these contaminants.
The information gained by the utilisation of sensors can be used to efficiently
manage drinking water systems, to predict pollution events, and aid in decision

making.

1.4 Chemical sensors

According to the International Union of Pure and Applied Chemistry (IUPAC), a

chemical sensor “is a device that transforms chemical information, ranging from

12



the concentration of a specific sample component to total composition analysis,
into an analytically useful signal”.*®

A sensor contains two basic functional units. The receptor transforms chemical
information from the analyte into energy that can then be measured by the
transducer. The transducer converts this primary form of energy into a

corresponding signal that can be processed to give information on the analyte.30

A simple schematic of a chemical sensor is shown in Fig. 1.2.

sensor

interaction signal

output
receptor

electrical _
- -
signal

signal
processing

transducer

A 4
A 4

analyte

Fig. 1.2. A schematic of a chemical sensor, adapted from reference 31.

Typical transduction methods for sensors include electrochemical, optical,
mechanical, thermal, etc. The focus of this thesis was on the development of
colourimetric-based chemical sensors for the determination of phosphate and
chromium ions in water. Important considerations for this type of chemical

sensors include:

For the chemical method:

e High sensitivity
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e High selectivity

e Wide linear range

e Low limit of detection

e Low limit of quantitation
e Stability of reagents

e Stability of coloured chemical product

For the instrument:
e low-cost
o Simplicity
e Robustness of housing
e Waterproof housing
e Long battery life
e Low power requirements
e Reagent compatible materials
e Exclusion of ambient light
e On-system calibration method

e Portability

1.5 Fundamentals of spectroscopy

Optical sensors are based on the principle of spectroscopy. Spectroscopy is
defined as the study of the interaction of electromagnetic radiation with matter.

A ray of light consists of oscillating electric and magnetic fields.?> Both fields

14



travel in a plane perpendicular to the direction of the light ray, as illustrated in

Fig. 1.3.

Electric field oscillation

A Wavelength
- —]
1]
P >
A | .
s 1 Propagation

Magnetic field oscillation

Fig. 1.3. The electromagnetic spectrum, showing the electric and magnetic field

oscillation planes.®

Within a molecule, energy changes are quantised. This means that molecules can
only exist in a certain states. These states are separated by an energy difference,
or a quantum of energy. Transition of the molecule from one of these states to
another involves the addition or removal of a quantum of energy, meaning the
absorption or emission of electromagnetic radiation.?> The energy of this
radiation can be calculated using Eq. 1.1, where E = energy (J), h = Planck’s

constant (6.626x10>* m? kg s), and v = frequency (s™).

Equation 1.1: E=hv
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The wavelength of a photon can be calculated from its frequency by using Eq.
1.2, where A = wavelength (m), ¢ = speed of light (m/s) and v = frequency (per

second).

Equation 1.2: A =c/v

The absorbance of light by matter is the analytical basis for this thesis.
Absorbance is defined as ‘a measure of the capacity of a substance to absorb
light of a specified wavelength’. It is also defined by Eqg. 1.3, where A is
absorbance, | is incident light, and | is transmitted light.>* Absorbance is a

unitless number, however ‘absorbance units’ or ‘AU’ are used.

Io

Equation 1.3: A= IogloT

When incoming light interacts with a molecule, certain wavelengths of that light
will be absorbed. While visible and ultraviolet light stimulate electronic
transitions within a molecule, microwave radiation causes molecular rotations
and infrared light causes molecular vibrations. The wavelength ranges of these
types of electromagnetic radiation are indicated in Fig. 1.4. These interactions of
light with matter have led to the field of spectroscopy - the study of these

interactions. These analytical techniques provide an array of analytical
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information, from molecular structure information and elemental analyses to

methods for qualitative and quantitative analyses.32’34

X-rays Visible Microwaves
light
Gamma uv Infrared Radio waves
rays

o Me

1013 101t 10° 107 107 103 10+ 101 103
Wavelength (m)

Fig. 1.4. Scale showing the wavelength range for each type of electromagnetic

radiation, highlighting the visible region at 400 to 700 nm.

1.5.1 Electronic transitions

Visible and UV light stimulate electronic transitions within molecules. The energy
of light at this wavelength must match exactly the energy required by a valence
electron to be excited to a higher energy level. After excitation, this electron
then undergoes relaxation via a number of different processes.a"4 This is

illustrated in the Jablonski diagram shown in Fig 1.5.
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Fig 1.5. The Jablonski diagram, where radiative processes are denoted with

straight arrows, and non-radiative processes are shown with curvy arrows.

The Jablonski diagram shows a number of different pathways that an electron
can take to undergo relaxation from its excited state (S; or S;) to the ground
state (So) after the absorbance of energy. Vibrational relaxation refers to the
process by which the molecule releases energy via vibration. This is a non-
radiative mode of relaxation, and is the mode of relaxation commonly used.
However, certain molecules can release their excitation energy by rapid emission
of a photon. This is called fluorescence. If intersystem crossing (ISC) occurs within
a molecule, relaxation occurs from the triplet state (T;), and the release of this
photon is slower. This process is called phosphorescence. Internal conversion (IC)

is a radiationless transfer from a higher to a lower electronic state (eg. S, to S;).*
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1.5.2 The Beer-Lambert Law

The interaction of UV-vis light with matter can be used for quantitative analysis.
This is described by the Beer Lambert law. This law relates the radiant power in a
beam of electromagnetic radiation to the path length of the beam within an
absorbing medium, and to the concentration of that absorbing species.35 This is
shown in Eqg. 1.4, where A is the absorbance at a single wavelength (AU), € is the
molar extinction coefficient of the absorbing species at the given wavelength (L
mol™ cm™), C is the concentration of absorbing species (M) and | is the path

length of light through the absorbing species (cm).

Equation 1.4: A = &cl

From this equation, it can be seen that the absorption of light for a given analyte
concentration increases with path length. This characteristic features strongly
within this thesis, as simply increasing the optical path length allows for an
increase in sensitivity of a colourimetric method. The more sensitive the method
is, the lower the concentrations that it can measure.

Fig. 1.6 shows an exemplar absorbance spectrum, with an absorbance maximum
at approximately 550 nm, which is within the visible region of the spectrum. In
order to maximise sensitivity of absorbance measurements, the wavelength of

maximum absorbance is used for measurement.
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Fig. 1.6. An exemplar absorbance spectrum, showing an absorbance maximum at
approximately 550 nm.

1.5.3 UV-visible light absorbance

In order for a molecule to absorb light in the UV-visible region of the spectrum, it
must contain electronic energy levels that are separated by an energy difference
equal to that of the incoming photons, as stated in Eq. 1.1. Typically, conjugated
systems, molecules containing benzene rings, lone pairs (eg. from nitrogen,
oxygen or halogens) and those containing nitrate groups are likely to absorb light
within this wavelength region. Conjugated molecules contain alternating single
and double bonds. This leads to the delocalisation of electrons within the

conjugated system, meaning that they require lower energy to be promoted to
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an excited state. The more conjugated the system, the lower the energy required
for excitation.*

The most common electron transitions are from 1 or n orbitals to antibonding
orbitals, as shown in Fig. 1.7, meaning that the molecule must contain double

bonds or lone pairs in order for this excitation to occur.

A
o * (anti bonding)
7 7Y 7Y
n* (anti bonding)
A A A

n (non bonding)
nt bonding

o bonding

Energy

Fig. 1.7. The electron transitions possible from UV-visible light excitation,

adapted from reference 32.
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1.6 Low-cost components

Low-cost components are essential to the development of low-cost
sensors. The sourcing of low-cost components for these systems can be
time consuming and require expertise in several different fields. This is
where the collaborative aspect of the project was hugely beneficial.

The use of light emitting diodes (LEDs) as a light source in colourimetric
sensors provides a number of advantages. LEDs do not contain a filament
that can burn out like a standard light bulb. They operate via the transfer
of electrons through the semiconductor material. This means that they
surpass the lifetime of standard incandescent bulbs by thousands of
hours.'® LEDs require less power for their operation, which is a huge
advantage for battery driven field sensors.

The use of photodiodes for light detection also provides several
advantages. A photodiode is a semiconductor device that converts light
into current. They are also low-cost, small in size with low mass, low power
requirements and rapid response times.

As well as using low-cost detection systems, additional cost reductions can
be achieved by sourcing low-cost materials, power supplies, rugged
housing, fluid pumps, and electrical components. The fluid pumping
mechanisms used in the sensors presented here involved either simple
motors (Chapter 3 and 4) or motor-driven syringe pumps (Chapter 5).
Microfluidic pumps were previously found to be the most expensive
component of the autonomous phosphate sensor systems developed in
DCU, described in section 1.11.

Miniaturisation of the chemical method onto a microfluidic chip or disc
allows for a reduction in the volume of reagent used and waste produced,

leading to additional running cost reductions.
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1.6.1 Light emitting diodes

Light can be generated in semiconductor materials (such as GaN or
AllInGaP) by the injection of electrons into the conduction band of the
material. This provides lower-energy sites, or ‘holes’, in the valence band
for the electrons to ‘fall’ into. This creates light with colour corresponding
to the energy gap between the conduction band and valence band, also
called the bandgap.*®

LEDs are made up of three different types of materials, layered on top of each
other. The bottom layer has free electrons in high concentration (for example n-
type GaN doped with Si). This is followed by multiple alternating thin layers (1-
30 nm) of material with a smaller bandgap (InGaN/GaN), also called quantum
wells. Enclosing a smaller-bandgap material (InGaN) between layers of larger-
bandgap material (GaN) creates a well that traps electrons and holes, allowing
for efficient recombination. This results in the emission of energy in the form of
light, with wavelength of the smaller band-gap material. Above this ‘active
layer’, there is a layer of material with a high concentration of holes (p-type GaN

doped with Mg).*

23



P-type GaAs Light output beam
Active region

N-type GaAs

Fig. 1.8. Diagram of an LED/laser composition, showing the P-doped and N-
doped regions, separated by an active region, from which photons are released
when current flows, using gallium arsenide as a material example, adapted from

reference 36.

A schematic of an LED is shown in Fig. 1.8. When current flows, electrons from
the N-doped junction are injected at high density into the P-doped junction, and
holes from the P-doped region are injected into the N-doped region. When these

electrons and holes recombine, photons are emitted.>®
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1.6.2 Photodiodes

A photodiode is a semiconductor that converts light into current.
Photodiodes operate based on the principle of photoemission. The energy
to free electrons within the semiconductor material comes from incident
photons. If the incoming energy is sufficient, electrons move from the
valence band to the conduction band, forming an electron-hole pair, with
the hole in the valence band. The incoming light is focussed onto the
junction between the P and N regions. If an external electric field is
applied, the electron moves to the cathode and holes move towards the

anode, forming a photocurrent.>®

1.7 Microfluidics

The field of microfluidics has been a focus of major research for over 40 years. It
allows for the miniaturisation and automation of laboratory protocols and
analysis. It has attracted wide interest in both academic and industrial fields.'*’
Micro-Total Analysis Systems (UTAS) have been under development for over 20
years, and aim towards integrated microfluidic systems for automating all stages
of a given process. Applications for microfluidic systems include point-of-care
diagnostics, fundamental research and in-field environmental monitoring.***"%’
In this work, two different types of microfluidic systems were fabricated: a chip
and a disc. The microfluidic chip requires tubing to connect it to the fluid
pumping system and waste container. A centrifugal microfluidic disc simply
requires a motor. When the disc is rotated at a high frequency, a centrifugal

force is created, that pumps these fluid through the microchannels.'’ The

direction of this force is illustrated in Fig. 1.9.
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Fig. 1.9. A diagram showing the rotation of the disc at angular velocity (w), and a
resulting centrifugal force in the direction shown, from the centre to the outer

edge of the disc.

The centrifugal force drives fluid radially outwards from the centre to the edges
of the disc. The average velocity of this fluid depends on many parameters
including the fluid’s viscosity and density, its distance from the centre of the disc,
the cross sectional area of the channel and channel wetness.'!

A wide range of functions have been successfully implemented on microfluidic
platforms for the automation of biological and chemical assays and analyses.
These functions include fluid mixing techniques, on-chip valving, cell lysis, and

chemical or physical separations. When coupled with optical or electrochemical
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detection methods, these systems can fully automate chemical or biological

analyses.

1.7.1 Valves

Sophisticated fluid manipulation can be achieved on a microfluidic chip through
the incorporation of valves. The purpose of a valve is to prevent fluid flow in a
given direction. This can be accomplished in a number of ways; capillary valves
are one example. They operate based on the balance between capillary pressure
induced by surface tension and pressure induced by the centrifugal force or
pump system. Once the force overcomes the capillary pressure, the fluid passes
through the valve. Centrifugal force is increased by increasing the angular
velocity of the disc. Other common types of valves include hydrophobic valves,

siphon valves and sacrificial valves.™

1.7.2 Mixing

Mixing can be difficult on microfluidic platforms as it is limited by diffusion and
convection artifacts, which can be very slow.*® When channels are tens of
micrometers wide, diffusional mixing of molecules can take seconds. However
when the dimensions are larger, in the range of several hundred micrometers
wide, this mixing can take tens of seconds. For chemical reactions with slow
kinetics, such as the colourimetric methods for Cr(lll) described in Chapter 4 or
phosphate in Chapter 5, this means that the reaction could take even longer on-
chip than using benchtop methods. Mixing can be enhanced through the
inclusion of mixers in the channels. There are two types of mixers: active and
passive. Active mixers exert control over the fluid flow via a moving part or

varying pressure gradients, while passive mixers do not require any extra energy
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input.> Passive mixers are simpler and more practical to implement onto these
devices, as simplicity, low-cost and low power consumption were all important
design characteristics. An example of passive mixers would be a square wave
configuration, or a serpentine or ‘twisted pipe’ configuration, illustrated in Fg.

1.10.%°

Fig. 1.10. The mixing of phenolphthalein and sodium hydroxide in a straight

channel, a square-wave channel and a three-dimensional serpentine channel.*
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From Figure 1.10, the mixing capability of three channel types is shown, with
poor mixing in the straight channel, improved mixing in the square-wave channel
and the best mixing was reported for the 3D serpentine channel. Passive mixing
was achieved on the devices in this thesis by varying channel widths (on

centrifugal platforms) or employing T-junctions (on chip platforms).

1.9 Limitations of colourimetric chemical sensors for deployment

There are several disadvantages to colourimetric chemical sensing for
either handheld or autonomous sensors. For autonomous systems,
sampling frequency depends on the time taken for development of
coloured product (reaction kinetics) and on how much reagent can be
stored on the system to last for a given period of time (eg. a 3 month
deployment). The longer the system can be deployed for, the less
frequently it must be removed from the water for maintenance or reagent
changes. This makes it less time consuming and labour intensive for the
user, compared to traditional analysis methods which required more
frequent field trips for sample collection. Additionally, battery life will limit
the sampling frequency. Deployment time of the sensor also relies on the
stability of the reagent. If the reagent expires in a short period of time, the
sensor cannot be deployed for longer than this as the results will no longer
be reliable or meaningful. Reagent stability is less of an issue for hand-held
systems, however battery life is also an important factor for these.
Materials used for both types of sensors depend on chemical compatibility.

Chemically resistant material can be expensive.
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The LOD is limited by the sensitivity of the method, the length of the
optical path, and the amount of light loss or signal noise that occurs.
Sensitivity of colourimetric methods will not reach that of fluorescent
methods, however colourimetric methods are much better validated and
well-studied, while fluorescence methods are more novel, making
colourimetry a better, more reliable choice for automation.

From the Beer-Lambert Law, it is clear that in order to detect a water pollutant

using colourimetric methods, a sensor requires:

1. Aligand that complexes the analyte to yield a complex with a high molar
absorptivity;

2. Along optical path length to maximise sensitivity for trace analysis;

3. The complex to absorb in the visible region of the spectrum, allowing for
low cost LEDs to be used;

4. Alow number of steps in the analytical protocol, to simplify automation;

5. As few complex steps as possible (eg. acid digestion, solute extraction,

heating), to simplify automation.

1.10 Common sensing methods for P and Cr (lll) and (VI)

The typical methods for phosphate measurement are either colourimetry or ion
chromatography. The standard method using ion chromatography reached and
LOD of 0.1 mg L. As this is high in terms on environmental phosphate levels
(typically 0-100 ug L™), colourimetric methods are favoured.?

Chromium analysis in water is typically carried out using AAS, ICP-MS, ICP-AES or

spectrophotometry, following a separation of the chromium species.”
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Concentration ranges that these methods range from ng L™ (AAS, ICP-MS) up to
mg L™ (AAS, spectrophotometry). While the spectrophotometric methods for
Cr(V1) are very sensitive, the sensitivity of Cr(lll) methods is poor in the visible
region of the spectrum, as shown in Chapter 4. Analysis methods for chromium

speciation was reviewed by Gomez et al. in 2006.

1.11 History of the development of an autonomous phosphate

sensor

There are only a small number of different autonomous phosphate sensors in
development. Wet Labs have a commercially available system called Cycle-P,
which is further described in Chapter 2. Research groups such as the NOC in

1340 or Garcon et al. in France®* have published literature on

Southampton
their autonomous phosphate systems with deployment data. These systems use
a range of either colourimetric or electrochemical determination methods. The
sensor described in Chapter 5 is the 3" generation of an autonomous sensor that

438 This section looks at

has been under development for over 10 years in DCU.
the variety of design changes that have taken place from prototype one to
prototype two, which will give an introduction into the design process behind the
sensor generation presented in Chapter 5, which was inspired by these previous

works.

1.11.1 First generation of the phosphate sensor
The early prototype of the phosphate sensor, shown in Figure 1.11 (A) and (B),
held the reagent, calibration solutions and cleaner in bottles. Solenoid pumps

were used to pump each liquid onto the microfluidic chip, on which the yellow
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method for phosphate quantitation was carried out. A water sample was
pumped into the sample port through a filter membrane. It mixed with the
reagent in a T-mixer on-chip, and then passed through a serpentine channel to
allow time for colour development. A 370 nm light-emitting diode (LED) and a
photodiode were positioned at the serpentine channel to take absorbance
measurements. Waste was collected in a waste storage container after analysis.
A microcontroller was used to control the system components and for data
acquisition. This data was stored on a flash memory unit, and a GSM modem
allowed for communication of the data via SMS to a laptop. To protect these

components from the environment, a water-tight propylene ‘Pelicase’ was used.

Fig. 1.11. (A) The microcontroller and GSM modem mounted in the lid, the

solenoid pumps, microfluidic chip, LED and photodiode on the mounting plate.
(B) The storage bottles and battery in the lower part of the case, all contained in

the ‘Pelicase’.*®
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Figure 1.12 shows an image of the microfluidic chip used on the sensor. This chip
was milled from polymethyl methacrylate (PMMA) and bonded using pressure

sensitive adhesive (PSA).

Cylindrical optical cuvette

Waste outlet

—

Fig. 1.12. Image of the microfluidic chip consisting of six inlets, one waste outlet,
a serpentine channel for mixing of sample and reagent, and a cylindrical optical

cuvette.
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1.11.2 Second generation of the phosphate sensor

This phosphate sensor underwent a redesign with the aim of reducing the cost
per unit to less than €200 and improving analytical performance.* This second
generation system, shown in Figure 1.13, incorporated the following changes
that contributed to reduced cost, improved analytical performance and

improved compactness.

e Improved bubble detection and removal from the microfluidic system;

e the reagent, calibrant and waste bottles were replaced with collapsible
polypropylene bags;

e afolded sheet metal frame was used to mount the internal components;

e alow-cost dual channel peristaltic pump in place of solenoid pumps;

e the design of the sample inlet filter was altered to reduce biofouling.

The data was remotely accessible using ZigBee® radio, providing real time data as
well as allowing the user to change the setup parameters of the sensor remotely.
The correlation between sensor measurements and measurements of grab
samples analysed using a Hach-Lange DR890 Portable Colourimeter improved
from 0.908 on the first generation system to 0.9706 on the second generation

system.
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A

Fig. 1.13. The second generation phosphate sensor. (1) Sample inlet (2) control

board, detection system (3) peristaltic pumps (4) reagent bags and (5)

enclosure.”
This system was more compact due to the space saved by the collapsible reagent

bags. As the reagent bags emptied, the waste bag filled, meaning that minimal

space was required.
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1.11.3 Summary and future perspectives for phosphate

sensor

The first generation phosphate sensor costed approximately €2,000. The second
generation sensor costed approximately €200. This reduction in cost of
autonomous sensors for environmental monitoring is essential. Data on the
spatial variation of phosphate in a water body is limited by the number of
sensors within that water body. Reduction in cost per unit means that these
sensors can be deployed on a large scale, forming a sensor network. Spatial data
can provide insights into point and diffuse pollution sources, allowing for their
identification and management. It also allows for the detection of discreet
pollution events which could be missed entirely when using traditional grab
sampling methods.

The LOD of phosphate using this sensor is 0.1 mg L p-PO,>. According to the
European Directive 91/676/EE, 0.1 mg P Lt is an indication of excessive algal
growth. This limits the applicability of the sensor to waters with high levels of
phosphate, such as those found in a waste water treatment plant, in industry or
in known polluted waters. There are significant applications for the sensor in
waste water treatment plants or industries for monitoring of in-process and
discharged effluent, where phosphate levels are typically higher, and in known
polluted surface waters.**

The third generation phosphate sensor development aimed to improve the
sensor’s analytical performance, in order to extend its applicability to less
polluted waters, and improve marketability thorough redesign took place in
order to facilitate the new low-cost syringe pump components and the new
microfluidic chip. The size of the sensor increased to accommodate the long-

length syringe pumps.
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Commercially available phosphate sensors for water analysis are described in

Chapter 2. Their market cost is currently more than triple the component cost of

these phosphate sensors.
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Aims of the Thesis

This project had the overall objective of developing low-cost, microfluidic,
colourimetric sensors for environmental water quality monitoring. It focussed on
sensors for the measurement of phosphate and of chromium species in water.
The low-cost factor was achieved by taking an interdisciplinary approach to keep
the fabrication costs low, using low-cost materials and components. Microfluidics
was the ideal tool for miniaturisation and automation of colourimetric laboratory
based protocols, also reducing running costs due to minimisation of reagent
consumption and waste production. Sensitivity was a major focus for these
systems, and it was maximised by optimising the wet chemistry methods and by
incorporating long optical path lengths for absorbance measurements. In order
to develop viable sensors for the intended application, reliability was essential.
This was maintained on all systems by selecting well validated, robust wet
chemistry methods that could be automated with ease, with no complicated
steps such as acid digestions or pre-concentrations. The less complex sensor
systems are, the more reliable they are for in-field use and long term, continuous
operation. These sensors were applied to the measurement of phosphate and
chromium species in environmental samples to demonstrate their performance

in environmental matrices.
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Aims and Objectives

Chapter 2 reviews the current status of autonomous sensor development for the
eutrophying nutrients phosphorus and nitrogen. The various detection methods
for both nutrients are reviewed, from novel laboratory-based methods with
potential for automation, to fully automated systems that have been deployed,

as well as commercially available systems.
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Abstract

The demand for autonomous sensors for unattended, continuous
nutrient monitoring in water is rapidly growing with the increasing need
for more frequent and widespread environmental pollution monitoring.
Legislative bodies, local authorities and industries all require frequent
water quality monitoring, however, this is time and labour intensive,
and an expensive undertaking. Autonomous sensors allow for frequent,
unattended data collection. While this solves the time and labour
intensive aspects of water monitoring, sensors can be very expensive.
Development of low-cost sensors is essential to realise the concept of
Internet of Things (loT). However there is much work yet to be done in
this field. This article reviews current literature on the research and
development efforts towards deployable autonomous sensors for
phosphorus (in the form of phosphate) and nitrogen (in the form of
nitrate), with a focus on analytical performance and cost considerations.
Additionally, some recent sensing approaches that could be automated
in the future are included, along with an overview of approaches to
monitoring both nutrients. These approaches are compared with
standard laboratory methods and also with commercially available
sensors for both phosphate and nitrate. Application of nutrient sensors
in agriculture is discussed as an example of how sensor networks can

provide improvements in decision making.

2.1 Introduction
Nitrogen (N) and phosphorus (P) are essential nutrients for the growth of

. 1- . . . .
organisms.'™ Elevated levels of nutrients in a water system, in particular N
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and P, stimulate excessive growth of aquatic plants such as algae and
weeds.? The decay of this plant material can lead to depleted oxygen levels
in water, resulting in the death of aquatic animals. This process, called
eutrophication, has a negative impact on the environment in a number of
additional ways, including the release of algal toxins, formation of ‘dead
zones’ and pollution of drinking water supplies.s’6

Cultural eutrophication has been referred to as the Earth’s most
widespread water quality problem. It is caused by the input of nutrients
from anthropogenic sources such as intensively farmed agricultural land,
industrial and domestic wastewater effluent, animal manure and
atmospheric deposition of N from burning fossil fuels.>’ These pollutants
can come from point or diffuse sources. At a point source, such as a
sewage treatment plant, the water quality can be monitored at one
location. Diffuse sources, such as fertiliser running from land into surface
waters during heavy rainfall, are more difficult to monitor. There can be
multiple points of entry.” This introduces a need for autonomous sensors
capable of providing not only temporal, but also spatial resolution on
nutrient fluctuations in a water system. They allow for continuous, real
time monitoring of N and P at a number of locations in a water body. In
order to efficiently interpret nutrient movement in a water system, large
data sets are required.® A network of autonomous sensors is the ideal
method for obtaining this spatial resolution. A smart network can be
incorporated, where a small number of sensors monitor continuously. On
detection of a pollution event, downstream sensors are then activated to
analyse nutrient movement throughout the water body with greater
resolution.

Some previous reviews of interest on the topic of nutrient sensors include

Bagshaw et al.,’ Warwick et al.,*° Law Al et al.,** and Campos et al..*?
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2.1.1 Research drivers

The European Council Directive 91/676/EEC set the guide level of nitrate in
water for human consumption as 25 mg L™, with a maximum admissible
level of 50 mg LY. The maximum admissible level for nitrite and ammonium
is 0.1 mg L? and 0.5 mg LY respectively.13 The EU regulatory directives
state that 0.1 mg L'* P-PO,” is an indicator for excessive algal growth.'* No
maximum acceptable limit has been set to date. Frequent water
monitoring is essential to uphold these nutrient guide levels and to ensure
compliance with legislation.

There have also been incentives to drive the research and development of
environmental sensors forwards and fill gaps in the sensor market. Some
examples of these include the Wendy Schmidt Ocean Health X-Prize for a
pH sensor and the Alliance for Coastal Technologies Nutrient Sensor
Challenge for nitrate and phosphate sensors. This style of competition
offers a substantial monetary prize for development of a sensor that meets
the set criteria.

In order to assess whether water bodies are maintaining their good status
in accordance with the Water Framework Directive (WFD), continuous
monitoring must be carried out.”*® Low-cost autonomous sensors are the
ideal tool for this as they provide real time data, showing when waters are
within acceptable nutrient limits, along with the precise time of pollution
events. Legislation and policy are increasing the necessity of and demand
for this technology, and are driving the research towards their

development.
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2.1.2 Nitrogen

In water, N exists in a number of chemical forms. Those of greatest interest
include organic N, nitrate (NOj3), nitrite (NO,) and ammonia (NHs)."
Organic N is found in compounds such as proteins, peptides, amino acids,
nucleic acids and urea.!” Sources include mammals, birds and insects.
Inorganic forms of N include nitrate, nitrite, ammonia and dissolved N gas
(N,).*” Nitrate and nitrite are the oxidised forms of N. When the
concentrations of these two forms are combined, it is referred to as total
oxidised N. The levels for nitrate N in drinking water have been limited by
the U.S. EPA to no greater than 10 mg L. This is to protect infants from
methemoglobinemia, also known as blue baby syndrome. The condition
results from oxidation of the ferrous ion in haemoglobin to the ferric ion,
forming methemoglobin. Methemoglobin cannot carry oxygen, which can
result in tissue hypoxemia, cyanosis and death.'® Nitrite is an intermediate
product formed during the oxidation of ammonia to nitrate or the
reduction of nitrate to ammonia. Nitrites in the human digestive system
can be converted into carcinogenic nitrosamines.’> Ammonia is the
reduced form of N. It is produced by the decomposition of organic N under
anaerobic conditions. The concentration therefore gives an important
indication of water quality.20 Ammonium, NH,", is also an acute toxin to
some fish at concentrations greater than 200 pug N L7, making it an
important nutrient to monitor.?* Elevated levels of ammonia in water is an

important indicator of faecal poIIution.22
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2.1.3 Approaches to nitrate monitoring

Nitrates can be detected directly using ultraviolet spectroscopy. Optical
nitrate sensors are an example of reagent-free sensors. They operate by
measuring the absorbance of ultraviolet (UV) light by nitrate ions. This
occurs at approximately 220 nm. Measurements at additional wavelengths
are used to correct for interferences such as absorbance due to dissolved
organic matter.

Chemical-free optical sensors provide many advantages over those that
incorporate chemical reagents. The sensor design is simpler as no reagent-
sample mixing is required. No waste is produced; the sample can simply be
released back into the environment after analysis. Reagent stability and
storage are not a concern and the number of measurements taken does
not rely on reagent volume. Longer deployment times are more
achievable, with the main concerns including battery life, maintenance and
biofouling. Challenges specific to ultraviolet nitrate sensors include power
consumption by the light source as it limits deployment time, and
interfering species such as dissolved organic matter and halides. Correction
for these interferences involves measurements at additional wavelengths,
further reducing battery life.

The incorporation of a digestion step into an autonomous system is
complicated. As nitrate is often the largest component of total N in
freshwater, it gives a good indication of changes in total N levels. Changes
in nitrate levels represent the most significant water quality issues such as
algal blooms and drinking water quality, making them a suitable substitute
to monitor. Commercial sensors for nitrate in water are available, however

the cost per sensor is too high for the deployment of sensor networks.
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Several of these commercial options are shown in Table 2.5, later in this

review.

2.1.4 Phosphorus

P exists in water in a number of chemical forms, the most common of
which are phosphates. Phosphates occur as orthophosphates, condensed
phosphates (pyro-, meta-, and poly-phosphates) and organically bound
phosphates. Phosphates also occur in bottom sediments and biological
sludges, either in organic compounds or precipitated in inorganic forms.!

Condensed phosphates are added to water during a number of processes
including water treatment, laundering or commercial cleaning processes.
Orthophosphates used as fertilisers on land are carried into surface waters
by rain, while organic phosphates are produced through biological

processes, and enter the water system through body waste and food.?3

2.1.5 Approaches to phosphate monitoring

There are a variety of approaches for phosphate determination in water. It
cannot be detected directly, introducing the need for reagent-based
methods. These include colourimetric wet chemistry based detection,
electrochemical detection and fluorescence detection. Laboratory based
techniques for phosphate determinations include ion chromatography and
spectrophotometry. For autonomous sensor development, incorporation
of reagents introduces challenges such as stability and storage, waste

storage, and for colourimetric analysis, sample carryover or staining of the
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optical pathway by the coloured product. Electrochemical sensors for
phosphate typically also require reagents. They also face challenges in
signal drift and long term stability, requiring frequent calibration.

A trend found in the literature showed that electrochemical and
fluorescence detection methods were typically not yet automated, while
autonomous sensors tend to use the standard colourimetric yellow or blue
meth0d5.24'25'26'27

Similar to N, the release of P from organic matter as orthophosphates
requires a digestion step, making the analysis of total P (TP) using an
autonomous sensor more complicated. Incorporation of an automated
digestion step into these sensors is complicated, and has not been
achieved in a deployable system in a cost effective manner to date.”®

Phosphates are therefore monitored in water to give an indication of TP

levels.

2.1.6 Types of systems

Traditionally, nitrate and phosphate levels in water have been monitored
by obtaining grab samples followed by analysis in a laboratory. This is time
consuming, labour intensive and prone to contamination at the sample
collection, transport and preparation stages. The findings are only relevant
for the location of water sampled, at the time of sampling. This low
frequency data has provided answers to many important questions about
the dynamics of a water system. However, nutrient movement can vary
widely both spatially and temporally, which is not evident from infrequent

measurements where transient occurrences can be missed entirely.29 A
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network of autonomous sensors capable of continuous, unattended
analysis can provide high frequency measurements to show this variation.

The intermediate option between traditional analysis and unattended
autonomous sensors would be handheld analysers for on-site
measurements. These systems, such as the SL1000 portable parallel Hach
Analyzer, allow for rapid measurements to be collected at the sampling

site, removing the need for storage and transportation to the lab.*

Filtration Mixing with Optical Collectipn/ Wirelgss - radio/
reagents processing mobile network
4 A A A A
Water sample Sample Sample Signal T Waste
intake g pre-treatment ¥ treatment " transuction % Reia "\ 2xkinication storage
v v o A4 A4
Data collection
Digestion Heating/cooling Electrochemical Storage on-site during

maintenance

Fig. 2.1. A schematic of an autonomous water nutrient sensor, showing examples of the
possible functions and requirements.

2.1.7 Microfluidic technology for sensor development

There are a number of advantages associated with using microfluidic
technology for fluid manipulation if direct measurement of an analyte is
not possible. It allows for the miniaturisation of analytical protocols into a
sensor for compactness and portability. The low sample volume, typically
within the pL range, allows for reduction in reagent consumption and

waste production compared to laboratory methods. Reductions in analysis
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time are also possible due to the improved efficiency of diffusional mixing
in smaller volumes, enabling more frequent measurements.>*

For environmental monitoring, microfluidic chips can also presents some
drawbacks. The pL volume sample is taken to represent the entire water
body. This issue can be overcome by taking frequent measurements,
showing real time variations in nutrient levels. When compared to
infrequent grab samples which are analysed in a laboratory, the in situ
sensors provide more valuable data than the laboratory analysis.32
Microfluidic channels are also prone to blockages and bubble formation. A
filtration step can minimise blockages. Bubble formation introduces
interferences for optical detection, and can be avoided by careful design of

313334 advances in microfluidic technology for

the microfluidic system.
environmental analysis were reviewed by Jokerst et al. in 2012.%

A combination of low-cost microfluidic components with low-cost optical
or electrochemical detectors allow for the manufacture of affordable
sensors. Low-cost sensors are essential for the recording of large data sets

within a water system, which are required for efficient interpretation of

nutrient movement in water.

2.1.8 Agricultural applications of autonomous sensors

With growing interest in loT and the concept of widely distributed low cost
devices, one area where this can show real potential is in agriculture.%'40
Farm management practices can have a profound impact on ground and
surface water quality in a catchment. Outdated farm management

practices include excessive fertiliser application, the use of pesticides and

herbicides, poor management of livestock, and traditional irrigation
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practices.*® The application of surplus fertiliser occurs in order to maximise
crop yields. However, not all of the nutrients applied to the soil can be
taken up by the crops. Irrigation and rainfall cause excess nutrients to
leach into the drainage water. This water eventually connects with streams
and rivers, leading to eutrophication within the water catchment. This not
only has a negative impact on the environment, but it is also inefficient,
and a waste of farming resources. This creates an opportunity for sensor
development experts, environmental scientists and farmers to work
together in a mutually beneficial manner.

Wireless Sensor Networks (WSNs) are highly promising tools in the
advanced automation of chemical analysis processes.37 Interest in ‘smart
farming’ is growing as technological advances are made in the area of
autonomous sensors. Smart farming involves the use of autonomous
sensor technology to remotely monitor farming processes and to make
informed decisions based on the collected data. Incorporation of an
Internet of Things (IOT) approach can allow for alert generation and even
automated response systems. Smart Agriculture helps to reduce waste
production, allows for effective usage of fertiliser and increases crop yields.
In one example of smart farming, sensors were used to monitor soil
moisture, temperature, humidity, and light in a crop field in order to
automate the irrigation system. The collected data was wirelessly sent to a
web server database, and notifications were sent to farmers’ phones
periodically. The irrigation was automated if soil moisture and temperature
dropped below a certain threshold. Light intensity can be automated in
greenhouses, alongside irrigation automation. This system was found to be
92% more efficient than the conventional approach, highlighting the huge

potential of smart farming.*®

55



An loT based smart animal farm was designed cost effectively to monitor
and operate the farm remotely. This design used microcontrollers, water
level sensors, ultrasonic sensors, gas sensors, temperature sensors,
humidity sensors, and an IP Camera, as well as connectivity with devices
such as smart phones or computers, with a cost of $300. This system can
provide feed and water to animals as required, exhaust the excess of
biogas produced by the animals, and detect fire in the farm.>*

The US Department of Agriculture (USDA) is working to develop a total
“Smart Field System” that automatically detects, locates, reports and
applies water, fertilisers and pesticides.*

Poor management of livestock can result in leaching of animal waste into
the water system. Not only does this have an impact on the nutrient levels
in the water, but it also carries pathogens.

Monitoring the drainage system of a farm allows for the assessment of its
impact on the surrounding environment and water quality of the
catchment. In order to effectively assess this impact, frequent
measurements are required. The only method to feasibly achieve this level
of monitoring in a farm setting, which is typically remote, is to automate it.
This is where the cost per sensor comes into sharp focus. Pollutants from
farmland can have multiple points of entry, requiring multiple sensors to
effectively monitor the process.

Phosphate and nitrate sensors are currently too expensive (typically from
$20,000 upwards) to be applied to this type of practice. In order for them
to be adopted into sensor network applications, the cost per unit must be
reduced.

Previous deployments of nutrient sensors in environmental settings are

described after Table 2.3 and 2.4.
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Fig. 2.2. A diagram showing N and P from agricultural sources entering the water
system, representing an ideal deployment site for nutrient sensor networks.
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2.1.9 Aesthetics of an autonomous sensor

A topic not often addressed in the development of autonomous sensors is
compactness and appearance. If sensors are bulky and unattractive, the
public will not respond in a positive manner to the deployment of large
scale sensor networks in their lakes, rivers and streams. Compactness is
also an important consideration for disguising sensors for protection from
vandalism or from curious animals, and for their deployment in difficult-to-
reach locations. They must be rugged and very well secured for extra
protection. The level of ingress protection (IP) is an important
consideration for long-term deployability. This numerical based system
indicates the sensor’s ability to withstand different types of impact. The
first number represents the degree of protection against solid objects. The
second number indicates its protection against the ingress of water. The
third number is rarely used. It represents the degree of impact an object
can sustain while still maintaining normal function.*

Technology readiness level (TRL) of a sensor is an important consideration
for the developers. This scale is widely used to determine the maturity of
technology, from basic research to a commercialisable product.

Some examples of deployed systems are described in Table 2.3 and 2.4.

2.2 Traditional analysis methods

2.2.1 Standard methods of analysis for Phosphates
The three standard colourimetric methods of analysis for phosphates are
discussed in this section, as described in the Standard Methods for the

Examination of Water and Wastewater. The selection of a method depends
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on the concentration range of orthophosphate in samples to be analysed,
as shown in Table 2.1. An extraction step can be included if levels are low
or interferences are present. An alternative method, not listed in the
Standard Methods for the Examination of Water and Wastewater, is the
malachite green method, based on the formation of a strongly absorbing
species from reaction of phosphomolybdate with malachite green.42 A
variation on the stannous chloride was also included, which uses hydrazine
as a reducing agent in place of glycerol for storage of stannous

chloride.*4%

2.2.2 Sample preparation

There are three methods for sample preparation; filtration, acid hydrolysis
and acid digestion. Filtration using a 0.45 um filter removes particles for
dissolved reactive phosphorus analysis. Acid-hydrolysable phosphorus
includes condensed phosphates such as pyro-, tripoly-, and high molecular
weight species. A digestion method is required for TP determination, to

oxidise organic matter, releasing P in the form of orthophosphate.
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Table 2.1. A summary of standard colourimetric methods for phosphate analysis in water, and two

additional methods.

Method Concentrati Limit of Reagent Complex Interfering Comments toward
on range Detection stability formation ions method automation
(mg PO,> P (ug PO,>-P time (min)
LY) LY)
Vanado- 1.0-18 200 >1 year 210 AsO,>, F,Th, Most frequently used on
molybdo Bi, S,, S,03%, automated sensors, poor
phosphoric SCN;, or sensitivity, good reagent
acid excess stability.
method molybdate
Stannous 0.007 - 2 3 >6 >10, <12 Same as Good reagent stability
chloride months vanado- and sensitivity, reagent
method molybdo- viscosity makes it
phosphoric challenging for use in
acid method microfluidic systems.
Ascorbic 0.01-2.0 10 ~1 week >10, <30 AsO,*>, cr®, Most frequently used on
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acid NO, in-line sensors. Good

method sensitivity, poor reagent
stability.

Variation 0.001-0.8 2.4 ug Not Similar to SiO, . Tartaric Less viscous solvent

on mg PO, L PO,  L**  stated stannous  acidusedto  makes it more suitable

stannous * chloride overcome for use in microfluidics

chloride method this. and flow systems.

method **

Malachite Up to 2.9 0.17 >1 year 10 Aro,> Good reagent stability

green pumol L ** pmol L ** and stability. More

method *® frequently used for

biological analyses than

for water.

*Using a 100 mm path length. Other measurements are for standard 10 mm path length in a
spectrophotometer.

**5 mm long flow cell
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2.2.3 Standard methods of analysis for Nitrates *

There are six standard methods of analysis for nitrates (NO3’) included in

this section.” The selection of a method is done based on a screening of the

sample. A method is selected in order to minimise interferences from the

sample matrix and to measure within the concentration range of the

samples to be analysed. Methods are summarised in Table 2.2.

Table 2.2. A summary of standard methods of nitrate analysis."

Method Concen- Reagent Measure- Comments towards
tration range stability ment method automation
(mg time
NOs;-N L) (min)
UV spectro- 0-11 N/A <1 min No reagents required.
photometry Power hungry,
screening relatively expensive
light sources
Need multiple
wavelengths
lon From 0.1 N/A N/A Complicated,
chromato- expensive
graphy instrumentation, high
LOD
Nitrate 0.14 - 1400 N/A ~1 min Calibration required
electrode multiple times daily
Cadmium 0.01-1.0 Approx.1 <15min, Difficult to automate —
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reduction month post multiple steps, column

reduction maintenance

column
Titanous 0.1-20 Stable Until Calibration required
chloride electrode
reduction stabilises
Automated 0.01-10 Approx.1 10 min Extra heating step
hydrazine month for colour required
reduction developm

ent, post

reduction

2.3 Recent approaches to phosphate monitoring

There are a great number of alternative methods for phosphate
determination in the literature that could be applied to autonomous
sensing. Some of these methods have been compiled in Table 2.3,
indicating the LOD and linear range of each method, as well as whether the
method has been automated or deployed in water as a sensing device.
While many of these methods have not been automated, it shows the
great efforts underway for development of new detection methods, and

also the wide variety of approaches taken.
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2.3.1 Electrochemical detection

The overall trend visible from Table 2.3 is that a lot of promising
electrochemical sensors are under development. Not many
electrochemical sensors have been incorporated into autonomous systems
to date, compared to the number of colourimetric systems. The focus of
research in this area seems so be on optimisations of novel
electrochemical sensors, with a prediction of their usefulness in
autonomous systems. The LOD of the methods shown in Table 2.3 are
similar to those for fluorescence and for colourimetric detection.
Challenges common to many of these examples included overcoming
interferences and improving sensitivity and selectivity. While the
developed electrodes are suggested as viable options for automation, not
many have been automated to date. Important considerations for their
automation include calibration or signal drift, lifetime and ruggedness of
the sensors. Electrochemical sensors are already frequently employed in
environmental monitoring, for example for pH, dissolved oxygen and trace
metals.*® However signal drift presents a challenge for long term
deployment.“‘c”‘go’51

Phosphate has been measured using a number of different electrochemical
techniques such as potentiometry, voltammetry and amperometry.52
While electrodes can offer faster measurement times and lower LODs than
colourimetric methods, they still require the addition of reagents.
Phosphate is not an electro-active species; however it can be detected
electrochemically in acidic conditions in the form of phosphomolybdate,
similar to colourimetric methods.

A flow injection analysis system was employed to achieve continuous

53,54

measurement capabilities. A portable ‘PhosQuant’ electrochemical
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detection system suitable for use in-field was created, comprising of a
potentiostat, screen printed electrodes, a tablet for readout display and a
power supply housed together in an acrylic box. A droplet of water was
placed on the SPE system for measurement.>

An electrochemical sensor for phosphate determination in seawater was
reported in 2012, with an LOD of 0.11 uM, showing good accuracy and
reproducibility.*® The method was optimised to overcome interferences
from silicate.
A microelectromechanical system (MEMS) for phosphate determination
was reported in 2010.”* This sensor consists of a microfluidic chip
incorporating a phosphate sensitive electrode made of cobalt. This was
shown to respond linearly to phosphate ion concentration. A micro-
digestion system was incorporated onto the chip design for measurement
of TP. A heating electrode will be incorporated, coupled with a micro
temperature sensor to control heating and pressure.

A gold microelectrode with gold nanoparticles was incorporated to
increase the surface area of the electrode.®” *® The LOD reported in 2014
was 1.2x107 mol L™.>® This will be integrated with the micro-digestion
system to create an autonomous TP sensor, suitable for water pollution

monitoring.74

2.3.2 Fluorescence detection

Fluorescence detectors are an excellent option for phosphate sensors as
they can achieve high sensitivity, and reach lower limits of detection than
colourimetric methods. They are typically based on fluorescence recovery

by replacing a competing ion in the fluorescent complex, quantum dot or
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nanoparticle with phosphate. Sensitivity can be further improved by the
use of light filters or lenses®, however this will increase the sensor cost.
Automation of fluorescence sensors to date has been with flow systems,
where reagents are mixed together in tubing and reaches the detector for
measurements. This could be incorporated into an autonomous system in
the same manner that colourimetric methods have been automated for
deployments in the environment.

A sequential injection analysis system (SIA) for simultaneous phosphate
and ammonia determination in marine and river waters was reported in
2006.” Phosphate is reacted with acidic molybdate to form
phosphomolybdate, which forms non-fluorescent ion pairs with rhodamine
6G. The remaining rhodamine is detected by excitation at 470 nm and
measurement of fluorescence at 550 nm. The detection limit for this
method was reported as 0.3 uM phosphate. The range for phosphate
detection is small due to the very effective quenching of rhodamine
fluorescence by phosphomolybdate. To overcome this, three sample
volumes (50, 17 or 8 uL) can be used, depending on the expected
concentration of phosphate. The limit of detection for 50 uL volume in the
laboratory was 0.04 uM. Using the 8 pL volume, concentrations up to 4
MM can be measured. These detection limits are low compared to the
yellow colourimetric detection methods but are higher than the
electrochemical detection limits described here.

Future work on this sensor aims towards size reduction of the pump and
detectors for integration with a tow-fish. It would also be suitable for
automated continuous monitoring as it incorporates low reagent
consumption, rapid measurement times and good sensitivity.76

As mentioned in Table 2.3, a low-cost fluorescence detector, also based of

quenching of rhodamine 6G with molybdophosphate, was developed for

66



FIA applications. It has a low LOD of 0.45 pg L™ PO4-P compared to other
sensing methods, however it also has a very narrow sensing range.
Suggested applications for the sensor includes surface or underway

monitoring in seawater.”

2.3.3 Colourimetric Detection

It is clear from Table 2.3 that colourimetric detection methods have been
the most favoured detection approach for automation in deployable
sensors. These methods are well validated and have been used in
laboratories all over the world. One obstacle for colourimetric detection is
the lifetime of the reagents. Some methods with preferable characteristics
are ruled out as potential candidates for deployable sensors due to their
short reagent lifetime, for example, the more sensitive ascorbic acid
method. This is detailed in Table 2.1. The yellow method has excellent
reagent stability, while its corrosive nature and the low molar extinction
coefficient of the product compared with other colourimetric methods
presents challenges for automation such as sourcing low-cost, highly
sensitive optical detection components and acid resistant materials.

The micro total analysis system (UTAS) idea originated in 1990.”” These
systems require microfluidic components in order to minimise laboratory
processes onto a small chip. This is where the term lab-on-a-chip comes
from. Some early applications of microfluidic technologies for nutrient
analysis were seen from Daykin et al. in 1995, 8 who used a micro flow
injection manifold for spectrophotometric detection of orthophosphate,
from Petsul et al. in 1999,”° who reported a UTAS for spectrophotometric

determination of nitrite, and from Petsul et al. in 2001,% for the
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development of an on-chip micro-flow injection analysis system for nitrate
determination.

The development of a microfluidic platform for the detection of phosphate
in marine waters was reported by Legiret et al. in 2013.” The
incorporation of tinted PMMA and polished fluidic channels resulted in a
limit of detection of 52 nM phosphate, with a range of 0.1-60 uM. Due to
reagent stability, the yellow method for phosphate detection is used. After
the formation of vanadomolybdophosphoric acid, the absorbance of the
yellow complex was measured at 375 nm in a 25 mm long absorbance cell,
using an LED and photodiode. A water sample was pumped into the system
using a syringe pump. Mixing of sample and reagent occurred in the mixer
on-chip. A reference absorbance cell was used for background absorbance
correction.

This sensor was deployed in 2010 to carry out a sampling transect off the
coast of England, and in 2011 it was connected to the underway system of
a ship. For each deployment, no statistical difference was seen between
the sensor measurements and discreet samples analysed with bench top
equipment at 95% confidence. Due to low power consumption, stability of
reagents and the low reagent volume required per measurement, this
sensor can be deployed for long periods of time.

A microfluidic approach was also taken by Cleary et al., reported in 2008.
This colourimetric sensor, also based on the yellow method, was deployed
in wastewater, freshwater and estuarine locations.”* The system was
compact, containing reagents, calibrant solutions and waste in collapsible
polypropylene bags, a microfluidic chip and low cost peristaltic pumps. A 3
mm long optical path length was incorporated on chip for absorbance
measurements with the LED-photodiode detection system. It was self-

calibrating and self-cleaning for long term deployments. Data from the
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sensor was accessed remotely using ZigBee® radio, providing real time
information as well as allowing the user to change the setup parameters of
the sensor remotely. The limit of detection of phosphate using this sensor
was 0.3 mg PO, LY or0.1 mg PO, -P L, with a linear range of 0.1-1.6 mg
PO,>-P L. This sensor would be suitable for waste water treatment plants
or industrial effluent, where phosphate levels are typically higher, and in
known polluted surface waters.'*?%3%8182

In 2016, as summarised in Table 2.3, an autonomous sensor for TP analysis
with component cost less than $S3000 was developed. While this system
has not yet been deployed, it is a great step forward, towards TP analysis
using low-cost autonomous systems.”®

The ANAIS analyser, reported in 2003, measured phosphate, nitrate and
silicate. Phosphate measurements were based on stannous chloride
method with hydrazine sulphate. Solenoid-driven diaphragm pumps were
used to propel the sample or standards, along with the reagents, through a
micro-conduit, flow injection-style thermostated manifold. An LED and
photodiode were used for detection, along with an interference filter and a
convex lens to select and focus monochromatic light. An LOD of 0.1 uM for
phosphate was achieved, with a measurement range up to 5 uM. This
sensor was deployed in the surface ocean. It was then implemented on top
of a YOYO vertical eulerian profiler for deployment in the northwestern
Mediterranean Sea over a 15-day period.83

A compact, portable flow injection analysis instrument for filterable
reactive phosphate (0.2 uM filter) was reported in 2002 for phosphate
measurement in marine waters. Gas pressure was used for fluid
propulsion, with a solid state LED photometer to detect phosphate via the

stannous chloride
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Table 2.3. Recent approaches to phosphate sensing showing LOD and linear range, and whether the sensor

was automated or tested for water monitoring.
Transduc- Ref. Characteristics LOD Linear Auto- Tested
tion range nomous
method
Electro- [56], Differential pulse voltammetry was used to detect 0.19 uM  Covers No No
chemical [48] the phosphomolybdate complex, formed by range

oxidation of molybdenum and subsequent found in

complexing with phosphate. No reagent addition the open

required. No silicate interference. As no reagent ocean

storage is required, this could be more compact

than reagent based sensors, where deployment

time is limited by the volume of reagent stored.

[57] Electrochemical microsensor based on reduction of 0.66 uM  ~1-500 No No
the molybdophosphate complex on the gold UM

working electrode, where the reducing current is
measured. With a digestion step, TP determination

was measured.

70



[58]

[59]

[53],
[54]
[60],
[61]

[62]

Same operating principle as [32]. The gold
electrode was modified with gold nanoparticles to
increase surface area, improving sensitivity. TP
determination with digestion step.

Reagentless detection with long lifetime based on
a liquid junction potential formation. Improved
selectivity coefficients compared to other ISEs
(except bare cobalt electrode).

3 electrode system with flow injection analysis,
using oxalate to mask silicate interference.

A thiourea based molecularly imprinted polymer
with conductance based transduction. No sample
filtration required. Rinsing of membranes between
samples required. Longevity of membranes was
not determined beyond 10 uses within 3-5 days.
Paper-based sensor with wax channels,
impregnated with reagents to form electroactive
phosphomolybdic complex. Detected by cyclic

voltammetry with screen printed 3-electrode

1.2x107

Not

stated

4.0 pugP

0.16 mg
pL?

3x107" to
3x10™* M

10%-10*
M PO,*

0-1mg
PO,-P L
0.66-8 mg
pL*

Up to 300
uMm

No

No

Yes

No

No

No

No

No

No
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Fluore-

scence

[55]

[63],
[64]

system. Long storage stability. No reagent addition
required. No pre-treatment required. A large
number of paper strips would be required for a
deployable system.

Indirect measurement of phosphate using a screen
printed 3-electrode system with a graphite working
electrode, where reduction of phosphomolybdate
is achieved electrochemically. The reduction peak

of the cyclic voltammogram is measured.

Based on quenching of dye fluorescence by

formation of ion pairs between
molybdophosphoric acid and rhodamine B. Applied
to soil and human serum analysis. Low-cost micro-
solenoid pumps and valves, and low-cost detection
system used. As water samples require even less
sample preparation than blood and soil samples,

this could easily be adapted to water analysis.

0.3 ugP

3.6 UM

in serum

0.013 -
0.04 mg
PL in
soil,
dependi

ng on

0.5-20 pg
pL*

12-60 pM

0.019-10
mg P Lt
across all
extraction

media

Semi —
portable
sensor,
sample
prep.
required.

No

Automate
d
extraction
and
determina

tion

No

No

No
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[65]

[66]

[67]

Thiol capped cadmium telluride quantum dots
form a complex with europium nitrate, which
Addition  of

guenches their fluorescence.

phosphate results in recovery of fluorescence.
Mono and di- octamethylcalix[4]pyrrole
substituted diketopyrrolopyrrole based anion
sensors for detecting selective anions. Measurable

response colorimetrically and fluorometrically.

Graphene quantum dots based upconversion

extractio

n

medium

Not In No

stated physiologi

cal range
(~0.85-2.4
mM)

1.15 Not stated No

ppm

PO,” in

visible

light and

0.025

ppm

PO,

under

UV light

100 nM 1-12 uM No

No

No

No
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[68]

[69]

fluorescent sensor for detection of phosphate. The
upconversion fluorescence of graphene quantum
dots with emission wavelength at 407 nm was
guenched by Eu®*. Fluorescence was recovered on
addition of phosphate. Applied to measurement of
phosphate in river water samples. High stability of
the method was reported, making long term
storage on a deployable system feasible.

An off-on fluorescence probe for PO,*> based on
guenching of the tannic acid-stabilized copper
nanoclusters (TA-Cu NCs) by Eu® via static
quenching mechanism. After adding PO,>, the
guenched fluorescence recovered due to higher
affinity of Eu** jons for the oxygen-donor atoms in
PO, than for the carboxylate groups on the TA-Cu
NCs surface. Applied to water sample
measurements for eutrophication diagnosis. Stable

fluorescence for at least 2 months of storage.

9.6x10°
uM

0.07 - 80
uMm

A flow-through optoelectronic detector with 4 Photome 11.3-

No No

Yes—flow No
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[70]

[71]

LEDs, capable of both photometric and fluorimetric
measurements. Photometric measurements are
based on the ascorbic acid method, while the
fluorimetric method is based on quenching of
rhodamine G with the phosphomolybdenum
complex. Applied to analysis of soft drinks and
postdialysis fluid produced by artificial kidney. This
flow cell would be suitable for water samples also.
Inorganic phosphate displaced Fe* in a complex,
causing fluorescence enhancement, with visible
light excitation and emission. Applied to aqueous
solutions and incorporated in flow cytometry for
intracellular measurements.

Fluorescence of Rhodamine 6G quenched by
phosphomolybdate. A reversed flow injection
analysis system was designed for decoupling the
analytical setup from environmental pressure for

in situ applications. Sampling frequency of up to

300 samples per hour.

tric: 5.5
mg Lt
PO,”
Fluorime
tric: 10.4
pL™
PO,

1.5 uM

0.22 ug
L™* PO4-P
(pure
water)
0.45 pg
L PO,-P

300mg L through
PO43' cell
33.5-1000

ug L'POs>

0-20uM  No

0-40pugl Yes
' PO,-P

No

No
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Colouri-

metric

[28]

[25]

[27]

Low cost autonomous, in-situ analyser for
orthophosphate and TP. Based on stannous
chloride method, incorporating a heated
peroxodisulphate  digestion step for TP
determination. 5 cm long optical path length for
absorbance measurements. Sequential injection
analysis (SIA) fluid handling system with syringe
pumps. Component cost <$3000, not including
submersible housing.

Autonomous microfluidic chip-based analytical
system based on the yellow method. Low reagent
consumption of 340 pL per sample. Low power
consumption. The low LOD was achieved by
incorporating tinted PMMA and polished fluidic
channels. Up to 20 samples per hour.

The commercially available Hydrocycle-PO4

developed by Wetlabs, based on the ascorbic acid

(seawate
r)
TP: 29 Upto200 Yes

ug ug P L™
pL™

PO, 34

ug

pL*

52 nM 0.1-60 uM  Yes

23ugP Upto0.3 Yes
Lt mg Lt

No

a,b,c
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method, incorporating a 5 cm optical path length PO4-P
for absorbance measurements. Reagent lifetime
has been extended to 5 months, compared to the
previously stated 3 months for the Cycle-PO4
sensor. Up to 4 samples per hour.
[72] A sequential injection system based on the 0.007 0.024-9.5 Yes No
ascorbic acid blue method. Two different uM UM
detection systems with differing LOD and linear
range were incorporated: a spectrophotometer
with a commercial flow cell, and a multi-reflective

flow cell with a photometric detector. 37 samples

per hour.
[73] A photometric detector made up of an organic LED 0.02 Upto0.2 Yes No
and organic PD was applied to phosphate ppm ppm PO,

determination using flow injection with a 5 mm PO,>
path length. Based on the malachite green
colourimetric method. Applied to river water

samples.

® Tested in freshwater; ®Tested in saltwater; “ Unattended deployment

77



method with hydrazine sulphate. This sensor was capable of 225
measurements per hour. An LOD of 0.15 uM and range of 0.81-3.23 uM
was reported.84

Zimmer et al. reported a spectrometric detection method for nanomolar
concentrations of phosphate in ocean surface waters in 2012.%° This real-
time, continuous monitoring sensor incorporates a liquid waveguide
capillary cell (LWCC): a fibre optic cell with a long optical path length
allowing for small sample volumes compared to traditional cuvette
volumes. The ascorbic acid molybdenum blue method was used. Use of a
LWCC is a reliable technique for measurement of phosphate on the
nanomolar scale without a pre-concentration step. A limit of detection of
0.8 nM phosphate was reported which is very low compared to the
electrochemical, fluorescence and yellow colourimetric detection methods.
Real-time monitoring for up to 16 consecutive hours was possible from a
shipboard tow-fish. A reference channel with DI water and reagents is used
to minimise baseline drift.

Wet Lab’s Cycle-PO4 is a commercially available phosphate sensor that

8 It is based on the

incorporates microfluidics with optical detection.
ascorbic acid method, however it reported a reagent stability of 5
months.?” The reagent responsible for this extended lifetime is withheld as
a trade secret in the data sheets provided. The system has been deployed
in marine and freshwater environments with reported precision and
accuracy are 50 nM and <150 nM,

respectively, a limit of detection of 0.023 uM and a typical concentration
range of 0.113-47.8 uM.g6 The sensor contains a standard solution for on-

board calibration, and incorporates ‘smart sampling’ to minimise power

consumption, making it suitable for long term deployments.?’ A
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deployment of four weeks with continuous testing was reported.®” During
deployments described in the Performance Demonstration Statement, the
optical sensors were cleaned daily to remove biofouling.?” This is not ideal
as one aim of autonomous sensors is to eliminate the need for frequent

visits to the deployment site.

2.4 Recent approaches to nitrate monitoring

There are also a wide range of alternative methods for nitrate
determination in the literature that could be applied to autonomous
sensing. Some of these methods have been summarised in Table 2.4, with
the same information for each method as in table 2.3. As nitrate can be
detected directly using multiple wavelengths of UV light, sensor
development was more straightforward. There are already a number of
commercial sensors for nitrate monitoring based on this mode of
detection, some of which are discussed in this section. The use of reagents
or electrochemical methods means that sensor development is more
complicated and takes more time. Many of these methods have already
been automated, however only a small number have been deployed as a

functioning autonomous sensor.

2.4.1 Optical detection
Early developments in deployable optical nitrate sensors were reported in
1998.% Finch et al. developed a UV nitrate sensor that utilised a xenon

flash lamp light source, fused silica windows and lenses, a grating
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spectrometer and UV enhanced silicon photodiode detectors.®® Sample
absorbance was recorded at three wavelengths. This provided one
wavelength at which nitrate and halide absorb significantly, one at which
halide absorbance is very small, and one where absorbance is affected
primarily by obscuring particles which acts as a reference. The minimum
concentration change this sensor was capable of resolving was >0.21 uM.
To improve definition of spectral changes associated with changes of
interfering species, the use of six wavelengths (205, 220, 235, 250, 265 and
280 nm) was proposed.5®

In 2002, the design for an in situ sensor for nitrate, bromide and bisulfide
in ocean water was reported. This in situ ultraviolet sensor (ISUS) is
composed of four main components; a UV light source, an optically
coupled sensing probe, a high resolution spectrometer and a low power
instrument controller with data storage.®

A Heraeus Fiberlight was used as an alternative to the xenon flash lamp
due to the low light intensity of the xenon flash lamp below 220 nm, the
variability in the lamp spectra with temperature changes, and the
solarisation of optical fibres caused by the high intensity of the lamp light.
These issues were not experienced with the Fiberlight. This light source is a
continuous wave deuterium light source, requiring low power (3 W),
similar to the xenon flash lamp which required 3-4 W.%#° A high resolution
(approximately 1 nm) spectrometer with a The estimated sensitivity of
ISUS is £0.25 mM. This is not as sensitive as the sensor developed in 1998.
However, the ISUS was capable of a longer deployment time of >3 months,
an improvement upon the 10 day deployment time by Finch et al.

In 2012, a lab-on-a-chip optical nitrate and nitrite sensor was reported,

with a limit of detection of 0.025 uM for nitrate and 0.02 uM for nitrite,
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detecting both analytes up to 350 uM, making it suitable for deployment in
a variety of natural waters.”

This sensor detects nitrate using a cadmium tube for reduction to nitrite.
The Griess assay is then carried out on-chip, forming an intensely coloured
azo dye. A green 525 nm LED and photodiode measure the absorbance of
the reacted sample. The chip contains three cells for absorbance
measurements; a 25 mm reference cell, a 25 mm cell for measuring
concentrations below 30 puM, and a 2.5 mm cell for measuring
concentrations above 30 uM. During deployments, the data is stored on a
flash memory card, while data can also be streamed over an RS-232
connection for real time data monitoring. The sensor is small with a power
consumption of 1.5 W. 1.5 W is low compared to the UV optical nitrate sensors
discussed previously, which were 4 W and 3 W. This is due to the use of an LED
and photodiode for absorbance measurements. A 26 day deployment of the

sensor was reported.

2.4.2 Electrochemical detection

An electrochemical based nitrate sensor called iNits (lllinois Nitrate Sensor)
has been developed for nitrate quantitation in water.’! This sensor works
by reducing nitrate to nitrite in a two electron transfer process. Oxygen
was found to interfere with this measurement, meaning that dissolved
oxygen in water reduces the sensitivity of the method. Solid metal
electrodes are used: the working and reference electrodes are made of
silver and the counter electrode is made of gold. The sensor contains a
low-cost, portable potentiostat, a sensor interface for input and output of

parameters, a low-cost processor and Imote2, a wireless communication
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device. Its small size compared to optical sensors makes it an attractive
option for sensor networks. Suggested applications for this low-cost sensor
include nitrate monitoring in drinking water, wastewater, food and ground
water. The main application discussed in this article is ‘smart farming’,
where the sensors show nutrient levels in a field, enabling adjusted
fertiliser application.’

A potentiometric sensing array based on polymeric membrane materials
for continuous monitoring of nutrients and chemical species in freshwater
was reported in 2015. It operates autonomously, carrying out
measurement, calibration, fluidic control and acquisition. It was deployed
for continuous monitoring of pH, calcium, nitrate and carbonate levels at
the EAWAG monitoring platform on the lake Greifensee (Switzerland), in
parallel with scanning low cytometer measurements. Continuous
calibration of potentiometric sensors between the measurements of water
samples provided more reliable data compared to ISE arrays using
relatively infrequent calibration in field conditions.®?

Sequential injection analysis was used as a method of automating analysis

7394 \While this works well

using novel electrochemical detection methods.
in a laboratory environment, it would not be ideal for long term deployable
systems due to the significant consumption of solvents compared to
alternative methods, as it runs on a continuous flow principle. It is an

improvement upon its predecessor, FIA, which used more sample and

reagents, resulting in greater waste production.94
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2.4.3 Surface Enhanced Raman Spectroscopic detection

A surface enhanced Raman spectroscopy (SERS) technique coupled with a
gold nanosubstrate was reported in 2012, for nitrate and nitrite
measurement in water and wastewater.”®> Raman spectroscopy measures
the inelastic scattering of light resulting from molecular vibration. SERS
enhances Raman signals due to the excitation of localised surface
plasmons, where the local electromagnetic field is enhanced greatly. SERS
has the ability to detect single molecules.?® The incorporation of a coating
of commercial gold nanosubstrate, including a SERS-active area, onto the
silicon wafer allowed for an enhancement in Raman signals by a factor of
approx. 104. The detection limits for this method in water and wastewater
samples were reported to be 0.5 mg L™* NOj3, using laboratory solutions of
nitrate. The range within which nitrate could be detected was 1-10,000 mg
L' in water, and 1-100 mg L™ in wastewater. A reduction in nitrate signal
intensity was seen in the presence of interfering anions, which was
dependent on the concentration of the anions. As the nitrite signal was
found to be too weak to be detected in the presence of interfering anions,
this method is unsuitable for nitrite detection in water systems.95 This
sensor has not been automated. The method is advantageous for
deployment as no waste is generated, and

sample pre-treatment is not required. The sample is simply air dried at
room temperature onto the gold surface. SERS detection is rapid, taking 15
minutes from time of sampling to completion of analysis for 9 samples

loaded on one substrate.
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Table 2.4. Recent approaches to nitrate sensing showing LOD and linear range, and whether the sensor was

automated or tested for water monitoring.
Transduc- Ref. Characteristics LOD Linear Auto- Tested
tion range nomous
method
Electro- [91] The iNits sensor - a three electrode nitrate 0.4 uM 5-500 Yes No
chemical microsensor coupled with a miniaturised, UM,

portable potentiostat, where the current 500 uM-

produced by the reduction of nitrate using cyclic 50 mM

voltammetry is measured. This was integrated

with a wireless network, allowing for commands

to be sent to the sensor, and also for data to be

collected.

[94] A  sequential injection analysis system 7.0x10° 1.0x10°- Yes No

incorporating a microfluidic chip with an M 1.0x10"

embedded ion selective electrode (ISE) for M

detection. Applied to the measurement of

nitrate in environmental water samples. Approx.
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[96]

[92]

12 samples per hour. Low reagent and sample

volumes and automated operation.

A sequential injection analysis technique for
continuous nitrate determination using a three-
electrode-system (Pt—Pt—Ag/AgCl), in which the
Pt working electrode was modified with
renewable copper nano-clusters. The developed
system was used to detect nitrate in real
freshwater samples. The continuous renewal of
copper sensing material on the working-
electrode surface meant that each
measurement was performed on a fresh copper
surface, allowing for continuous nitrate

determination for long term operations.

A self-contained instrument that operates
autonomously, with measurement, calibration,

fluidic control and acquisition triggers.

Not Up to
stated 12.1mg
L—l

>10°M Millimola

r range

Yes

Yes

No

a,c
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metric

[97]

Experimental validation was performed on an
automated monitoring platform on lake
Greifensee (Switzerland) using potentiometric
sensors selective for nitrate, and also for
hydrogen ions, carbonate, calcium and
ammonium. The sensor alternated between
calibration mode and experiment mode,
allowing for a two point calibration before and
after profiling. While the measurement range

was high, the system integration was impressive.

The CMAS analysis system is a portable
centrifugal microfluidic system for on-site
measurement of nitrite. Required manual
loading of sample. Wet chemistry based analysis
using Griess reagent to form coloured species.
Absorbance measurements made at 540 nm

with a paired emitter detector diode (PEDD).

No

No
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[98]

[99]

[100]

This autonomous nitrate and nitrite microfluidic

analyser was deployed in an estuarine
environment. The microfluidic chip allows for
mixing of water sample and reagents to perform
the Griess method for nitrite quantitation. A
cadmium tube was incorporated for nitrate
reduction to nitrite. Absorbance measurements
were recorded within the microfluidic chip using

a 525 nm LED and photodiode.

This injection flow analysis system uses a micro
column containing zinc granules to reduce
nitrate to nitrite. Nitrite is then quantified using
the Griess reagent followed by absorbance
measurements at 520 nm using an LED and

photodiode. The sensor was tested on-board a

ship, carrying out over 3000 measurements.

An automated system for nitrate, nitrite and

0.0016 Up to Yes
mg NO3™ 21.7 mg

L™t Lt

0.00092

mg NOy’

L—l

1.3 ug 3-700 pug  Yes
NOs-N  NOs-N L™

L-l

0.0207 0.14-1.82 Yes

a, b, c

a, b, c

No
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[101],
[102]

sulphate measurements based on sequential
injection analysis. Nitrite is measured using the
Griess method, while nitrate is reduced to nitrite
using a cadmium column, with subsequent
determination in the same way. Sulphate is

measured turbidimetrically.

A fully integrated nitrate sensing platform based
on a modified chromotropic method, with a
sample inlet with filter, storage units for reagent
and standards for self-calibration, pumping
system, a microfluidic mixing and detection chip,
and waste storage, and waterproof housing. The
optical detection system consists of a LED light
source with a photodiode detector. Reagent
stability of up to 6 months is reported. This was
applied to the analysis of standards in deionised

water and seawater matrices.

mg NOs’
L-l
0.0022
mg NOy’
L-l

0.70 mg
NOs L

mg NO3
L-1
0.01-0.42
mg NOy’
Lt

0.9-80 Yes

mg NO3’

No
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Ultraviolet

Fluore-

scence

[103]

[104]

A flow system consisting of a peristaltic pump
and a single-reflection flow-through cell for the
measurement of nitrate. Total nitrogen was
guantified by using alkaline peroxodisulfate
photo-digestion with an ultra-violet photo-
reactor, a hollow-fibre filter and a debubbler in
the flow system. The nitrate system featured a
data acquisition time of 1.5 s per spectrum.
Total nitrogen had a throughput of 5 samples
per hour.

An aggregation-induced emission fluorescent
probe for detection of trace nitrite and nitrate
ions in water. The probe, a monoamine of
tetraphenylethylene, spontaneously detects
nitrites (or nitrates) by a fluorescence “turn-off”
method via diazotization followed by formation
of a non-fluorescent TPE-azodye. Nitrate must
be reduced to nitrite using zinc powder before it

is detected. The sensor was used to measure

6x107
M NO,

0-2.0mg Yes
NOs -N

L—l

0-2.0 mg

N L™

Below No
micro-
molar

range

No

No
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[105]

[106]

real samples from sources such as rivers, paddy

fields, and aquaria.

A hyperbranched polyethyleneimine protected
silver nanocluster based nanosensor for nitrite
detection. Firstly, nitrite reacts with hydrogen
peroxide to generate peroxynitrous acid. This
induces aggregation and fluorescence quenching
of the nanoclusters. The sensor was used to
measure lake water, tap water and seawater
samples.

Graphene oxide (GO) was used for detection of
nitrite and nitrate. The GO was synthesized via
an improved Hummers’ method. The emission
sites of the GO were monitored at 567 nm,
which corresponded to the oxygen functional
groups. Both nitrite and nitrate ions resulted in

fluorescence quenching of the GO.

100 nM

Not

stated

Upto7
UM

1-10 mM

No

No

No

No

2 Tested in freshwater; " Tested in saltwater; © Long term deployment
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2.5 Commercial Nitrate Sensors

There are numerous commercial nitrate sensors capable of autonomous
monitoring available. Table 2.5 shows five of these commercially available
nitrate sensors, comparing the limit of detection, range, accuracy and
operating principle.

YSI do not state the LOD of their ISE on their website. One publication
showed the YSI sensor to have an LOD of 142.5 uM.91 Similarly, it is not
stated for ISUS V3, however an LOD from older literature stated that it was
approx. 1.5 puM.89 These sensors are currently expensive, meaning that

their incorporation into sensor networks is not feasible.

Table 2.5. Specifications of five commercial nitrate sensors.

Sensor LOD Range Accuracy Operating
principle
YSI 6884 Not stated 0-200 +10% lon selective
107 electrode
mg NO3’ Lt
SUNA V2 0.007 mg N L? Up to 42 +10% UV absorbance

108 using a 10 mm mgNL'1

path length

0.0028 mg N L

using a 5 mm

path length (for uUp to 56
high turbidity) mg N L

ISUS V3 Not stated 0.007 to 28 +10% UV absorbance
109 mg N L-l
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EcoLAB Not stated 0-5 mg NO3” Not Wet

2110 Lt stated colourimetric
method

Systea 0.02 uM 0-1000 ppb Not Wet

Wiz NO, stated colourimetric

probe'! method

2.6 Conclusions

Commercially available nutrient sensors for water are currently high in
cost, making them impractical for use in farming, environmental
monitoring or research applications, where large scale sensor networks are
required. The spatial resolution of data is dependent on the cost per
sensor, making it a key consideration for sensor development. Low-cost
nutrient sensors from the literature have been described in this review, as
well as some commercial sensors and some novel approaches to nutrient
monitoring. A low limit of detection is essential for these sensors to be
applicable in environmental monitoring. Achieving a limit of detection
comparable to those of the expensive commercial sensors is challenging,
however, it has been achieved by some of the sensors described.

The prospects of further reductions in cost and LOD make this an exciting
field for researchers to work in. The research for fluorescence and
electrochemical sensors is quite focused on method improvement, while
methods such as colourimetric and UV detection have been automated
into deployable sensors for almost two decades. The incorporation of
microfluidic technology and low-cost fluidic handling components and
detection systems has made these systems excellent contenders in the

race to produce the next generation of nutrient sensors.
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Aims and Objectives

Chapter 3 describes the design, fabrication and characterisation of a centrifugal,
microfluidic sensor for determination of phosphate in water. The system was
optimised for measuring low levels of phosphate, and applied to the

measurement of river water and waste water treatment plant effluent.
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Abstract

A portable, compact, centrifugal microfluidic system for the in situ quantitation
of phosphate in water is reported. The device uses the ascorbic acid method, a
colourimetric absorbance based assay, for phosphate determination. The
integrated system consists of two components; the centrifugal microfluidic disc
and the complementary system. The microfluidic disc is designed to have similar
dimensions to that of a compact disc (CD), with a slightly thicker composition.
Capillary active micro-channels are integrated internally, through which small
and precise volumes of fluids can flow. Upon loading of the disc with a water
sample and chemical reagents, the fluids can be moved through the disc using
centrifugal force. This is created by rotation of the disc by the motor in the
complementary system. The loaded fluids are then mixed due to rapid expansion
and contraction as they are forced through the microfluidic channels and
significantly larger reservoirs. Once mixing has occurred, this force will then drive
the fluid into the optical detection zone. The low-cost optical detection system
incorporated into the complementary system consists of an LED-photodiode
transducing pair that measures the absorbance of light by the molybdenum blue
complex formed at 880 nm. The total mass of 2 kg and dimensions of 20 cm x 18
cm x 14 cm make this system portable convenient for analysis at the sampling
site. The limit of detection (LOD) and limit of quantitation (LOQ) of this device
were 5 and 14 pg.L”t PO,-P, respectively. The linear range of 14 — 800 pg.L™* and
sensitivity of 0.003 AU.L.ug'1 make it suitable for analysing water bodies with low

levels of phosphate.

Keywords Phosphate, optical sensor, centrifugal microfluidics, Lab-On-A-Disc,

LOAD, water quality
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3.1 Introduction

Phosphorus (P) is an essential nutrient for life. It is a growth limiting nutrient,
which makes it an important parameter to monitor in water." Elevated levels of
growth-limiting nutrients lead to algal blooms.” These blooms can be a nuisance,
however some algal species release toxins which are harmful to humans and
animals. Aside from toxicity, decay of the large amounts of organic matter
associated with algal blooms leads to hypoxic or anoxic waters, forming ‘dead
zones’ where aquatic animals cannot survive.> These Harmful Algal Blooms
(HABs) can have devastating effects on the local ecosystem, as well as on the
fishing industry, water sports and leisure activities, and drinking water supplies.
Major sources of P entry into fresh water systems include fertiliser run-off from
farmlands, and effluent from waste water treatment plants and industrial plants.
It exists in many different chemical forms in water.* The simplest method for
estimating bioavailable phosphorus in water is to analyse for soluble reactive
phosphate (SRP). Orthophosphates are the most abundant forms of SRP at pH
levels typically encountered in natural waters.>®

Phosphate cannot be measured directly in water, introducing the need for
reagent based detection. A number of different strategies have been adapted for
phosphate measurements on-site, including colourimetry,”*? electrochemistry®®
7 and fluorescence emission spectroscopy.ls'20

Lab-on-a-disc (LOAD) devices are an ideal means for rapid on-site measurements
as they allow for miniaturisation and automation of laboratory based analytical
protocols, towards the development of inexpensive, portable and compact
devices.”! The use of microlitre volumes results in a reduction in reagent
consumption, waste production and analysis times compared to standard
laboratory protocols. This coupled with reduced cost, work flow and lowered
sample contamination risk makes disposable microfluidic devices an attractive
option for water analysis.?

Low reagent volume requirements improve portability of the system, as larger

volumes of liquid reagents are cumbersome to transport, particularly when the
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sampling sites are difficult to access. Centrifugal microfluidics offers the added
advantages of simplicity and low cost. In place of multiple microfluidic pumps,
which are often expensive and require considerable power input, a simple motor
is used for disc rotation, to generate a centrifugal force which acts from the
centre of the disc, radially outwards.”> This centrifugal force propels fluid
through the microfluidic channels.

The microfluidic platform for this system was fabricated from poly(methyl
methacrylate) (PMMA) and pressure sensitive adhesive (PSA). It is rotated at ~8
Hz to create the centrifugal force for fluid manipulation. The on-board
microfluidic architecture, including an air ventilation system for performance
enhanced mixing of sample and reagents, also enables precise fluidic
manipulation. The ascorbic acid method for SRP determination was incorporated
onto this device due to its high sensitivity compared to other colourimetric
methods. A long optical path length of 75 mm was included in order to maximise
absorbance signal, producing improved sensitivity and LOD.

There are currently few examples of LOAD devices for water quality analysis.
Some parameters for water quality assessment that have been automated on-
disc include pH, turbidity, nitrate, nitrite, ammonium, silicate and hexavalent

21,24-27

chromium. These devices are compared in Table 3.1.

3.2 Materials and Methods

3.2.1 Chemicals

All solutions were prepared using ultra-pure water (Elga Maxima®, 18.2 MQ) and
ACS grade reagents purchased from Sigma Aldrich, Arklow, Ireland. Working
standards were prepared by dilution of a 50 pg POs-P.mL" stock solution,
prepared from potassium dihydrogen phosphate monobasic. A 0.032 M solution
of ammonium molybdate tetrahydrate, a 0.004 M solution of potassium

antimonyl tartrate and a 0.1 M solution of L-ascorbic acid were prepared. A5 M
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sulphuric acid solution was prepared by adding 7 mL concentrated sulphuric acid
(96%) to 50 mL of deionised water. The combined reagent was made freshly each
day by mixing 5 mL sulphuric acid solution, 500 pL potassium antimonyl solution,
1.5 mL ammonium molybdate solution and 3 mL ascorbic acid solution. The
volume ratio of water sample to combined reagent used for all experiments was
1:0.16. Complex formation time was 10 minutes from time of reagent addition.

A water sample was collected from the River Tolka in Dublin City, Ireland. This
sample site was selected to act as a low level phosphate sample for the sensor. It
was filtered through a 0.45 um filter prior to analysis on the system. An effluent
sample was collected at the effluent point of Ringsend Waste Water Treatment
Plant (WWTP) in Dublin City. A 1in 5 dilution of the filtered WWTP sample was

measured on the system. This acted as a high level sample for the sensor.

3.2.2 Instrumentation

Reference measurements for the sensor calibrations and environmental samples
were obtained using a Shimadzu mini 1240 spectrometer (Shimadzu Corporation,
Japan). Samples were run in parallel with the LOAD device for comparison of
performance. BrandTech’ cuvettes (Sigma Aldrich, Ireland) were used for optical
path lengths of 10 mm. Absorbance spectra were recorded using a VWR UV-
1600PC UV-vis spectrophotometer (VWR, Ireland).

The cuvette holder and the PhosphaSense system were 3D printed using a
Stratasys uPrint Dimension SE 3D printer (Tri-Tech 3D, United Kingdom) from
Acrylonitrile butadiene styrene (ABS) polymer, enabling rapid prototyping. For
the path length study, glass cuvettes (Spectro Service Ltd., United Kingdom) were
used. The path lengths of these cuvettes were 2, 5, 50 and 100 mm.

The optical detection system consists of an OSRAM Opto Semiconductors light
emitting diode (LED) (purchased from Radionics Ltd., Ireland) and a Vishay silicon
PIN photodiode (part number: BPW24R, purchased from Radionics Ltd., Ireland).
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An 880 nm laser diode module (LM-104-E002, purchased from Roithner
LaserTechnik GmbH) was used as an alternative light source for comparative

purposes.

3.2.3 Disc design and fabrication

The centrifugal microfluidic disc was manufactured using PMMA sheets
(Radionics™, Ireland), and PSA (Adhesives Research™, Ireland) respectively. It is
made up of 5 layers, as shown in Fig. 3.1. The three PMMA layers, which contain
the larger features, were cut using an Epilog Zing laser cutter (Epilog Corporation,
CO, USA) (Fig. 3.1, yellow). These layers were adhered together using PSA, which
contained the microfluidic channel features (Fig. 3.1, blue). This was cut using a
Graphtec cutter plotter (Graphtec America Inc.,, CA, USA). The layers were
assembled in a clean room, using a hot roll laminator (ChemlInstruments, OH,

USA) to activate the PSA.
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Table 3.1. The LOD, linear range and attributes of centrifugal microfluidic water quality sensors with

optical detection.”**?’

Author Analyte LOD Linear range Attributes Comments
Czugala® pH 2.5x10" M (BCP 2.5x10° — 5x10° M Portable, vyields results on-site, Low power requirements, low
dye) (BCP dye) LOD comparable with lab methods cost detection system
Turbidity N/A N/A Excludes particles from optical

detection chamber

Czugala® Nitrite 9.31 pg.L* NO, 0.2-1.2 mg.L* NO, Portable, vyields results on-site, Low power requirements, low

LOD comparable with lab methods cost detection system

Xi Nitrate 0.16 mg.L" NOs-N  0.16-5 mg.L"* NO;-N Multiple sample capacity on one High power requirements, more

disc expensive detection system

Nitrite 0.05mg.L" NO,-N  0.05-5 mg.L"* NO,-N
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Hwang®  Nitrite 0.008 mg.L* NO, 0.027-10 mg.L* NO,-N  Multiple analytes on one disc High power requirements,

-N expensive detection system

Nitrate +

Nitrite .
0.05 mg.L* NO;- 0.07-10 mg.L'* NO5-N

N

Ammonium 0.01 mg.L™ NH," - 0.05-10 mg.L"* NH,*-N
N

Ortho- 0.008 mg.L"! PO,> 0.024-1 mg.L'* PO,*-P

phosphate -P

Silicate 0.19 mg.L™ 0.79-100 mg.L*
LaCroix-  Nitrite 0.008 mg.L" NO»- Upto5mg.L' NO,-N Calibration and multiple samples High power requirements, more
Fralish?’ N measured on one disc expensive detection system
Chromium  0.03 mg.L™ Upto5mg.L™ Dry reagents stored on disc allow
(V1) for single step analysis
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Fig. 3.1. (Left) Rendered image showing each layer of the microfluidic disc, where
(i) is a PMMA layer with air vents and fluid inlets; (ii) is a PSA layer with
microfluidic channels; (iii) is a PMMA layer with microfluidic channels; (iv) is a
PSA layer with an air ventilation system; and (v) is a base PMMA layer. (Top right)
Rendered image of the microfluidic disc showing thickness; (bottom right)
schematic of the microfluidic disc, which consists of a mixing reservoir (R) with
inlets for sample and reagent loading, a microfluidic channel through which the
fluids flow into the 75 mm long optical detection zone (ODC), and an air vent (V)
to release trapped air. The disc includes three alignment slots for precise optical

alignment with the stage in Fig. 3.2.
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The sample and combined reagent were added into the reservoir (R) of the disc,
shown in Fig.3.1, using a micropipette with a combined volume of 600 uL,
reaching the maximum capacity of the reservoir. On rotation of the disc at ~8 Hz,
the sample and reagent were propelled through the microfluidic channels and
into the 75 mm long optical detection zone (ODZ). As this detection zone filled,
trapped air was released via a collapsible air ventilation system (V). This
ventilation set-up was required to prevent the capture of air bubbles within the
optical pathway. Air bubbles interfere with absorbance measurements, making
their exclusion from the detection zone critical. The disc was allowed to gradually
decelerate and was then aligned with the detection system using an alignment
stage, which is shown in Fig. 3.2. The alignment pillars on this stage allowed for
reproducible positioning of the detection zones in line with the LED-photodiode
light pathway. Black acrylic paint was also applied to the PMMA each side of the
detection window, to minimise light scattering and losses due to the disc

materials.

3.2.4 PhosphaSense system design and fabrication

The 3D printed system was designed to directly complement the microfluidic
disc. It was printed in 6 parts which were connected using screws. The system
has a total mass of 2 kg, and dimensions of 20 x 18 x 14 cm. It contains a stage on
which the disc is rotated by a motor. The optical detection system is configured
for both LED-photodiode and LASER-photodiode pairing. Both pairings were
carefully aligned to transmit light through the long optical detection zone of the
disc. The transmitted light, at a reduced intensity due to absorption, then
reaches the detection photodiode. A diagram of the PhosphaSense system is
shown on the left in Fig. 3.2. The complementary system utilised a Wixel
programmable module, (Cool Components, United Kingdom), to convert the

outputted photodiode voltage into a digital signal, which can be interpreted and
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recorded by the end-user via ExtraPuTTYsoftware. The Wixel is also capable of
receiving live user commands, which was exploited to control the on-board
motor rotational speeds. The electronics were stored in a separate compartment

below the stage.

Fig. 3.2. (Left) Rendered image of the PhosphaSense system where (a) is the lid

for ambient light exclusion; (b) is the optical detection system; (c) is the motor;
(d) is the microfluidic disc; and (e) is the compartment for electronics. (Right)
Rendered images of the 3D printed stage components of PhosphaSense, where
the top image shows the stage component of the system, with the motor top
piece, and the bottom image shows how the optical alignment stage is fitted on
top of the primary stage. The pillars on this stage line up with slots on the
microfluidic disc shown in Fig. 3.1 to facilitate precise alignment with the

detection system.
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3.2.5 Optimisation of optical path length

Optimisation of the path length for absorbance measurements within the
microfluidic component was a critical step in platform development, to ensure
that both maximum linear range and minimum LOD were achieved. To facilitate
optimisation of this parameter using the LED-photodiode detection system, a
custom-made cuvette holder was employed. The holder was designed to align
the two light sources under investigation (an LED and a laser) with a detector (a
photodiode for each light source). The experimental set up is shown in Fig. 3.3.
The absorbance of a range of phosphate standards was measured at each path
length, for each light source. The path lengths investigated were 2, 5, 10, 50 and
100 mm. The inside of the cuvette holder was painted black to minimise any light

losses.

Photodiode A = e m—

Photodiode B e me m—
LEDA EEEEEEEREDR
LED B ssssssssss

Fig. 3.3. Rendered image of the 3D printed cuvette holder with two light sources
(an LED and a laser) and two detectors (photodiodes), precisely aligned for

absorbance measurements over a range of optical path lengths.
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3.2.6 Analytical method

The ascorbic acid method was adapted from reference 5 for use on this device.
This method is based on the formation of a blue phosphomolybdenum complex
with an absorption maximum in the near infra-red region of the electromagnetic
spectrum. This method was selected from a range of standard analytical
methods for phosphate measurement due to its high sensitivity, its ease of
incorporation onto a microfluidic device, its stable product and its excellent

reagent compatibility with the sensor materials.>?®

3.2.7 Signal processing
The ADC outputs from the photodiode were converted to absorbance values
using Eqg. 3.1, where blank is the average ADC reading of a reagent blank (where

n=3), and sample is the ADC reading of the sample under the same conditions.

Blank
Sample

Equation 3.1. Absorbance = log;(

)

Equation 3.2. LOD = %(s)

The LOD was calculated using Eq. 3.2, where S is the standard deviation of the
reagent blank (where n=3), and m is the slope of the calibration curve. The LOQ

was calculated using 10 times s, divided by m.
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3.3 Results and discussion

3.3.1 Calibration and evaluation of analytical performance

The calibration curve obtained using the fully optimised PhosphaSense system is
shown in Fig. 3.4. This system displayed a linear response signal to phosphate
concentration from 14-800 ug.L’1 PO,4-P. The LOD and LOQ values achieved were

5and 14 ug.L'l, respectively.
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Fig. 3.4. Calibration curve obtained on the PhosphaSense system using prepared
phosphate standards, where error bars show one standard deviation, with a

slope of 0.003 AU.L.ug™ and an R? of 0.9958.
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The sensor’s performance was compared to that of the same colourimetric
method performed using a spectrophotometer. This comparison is shown in Fig.

3.5, with a more detailed comparison shown in Table 3.2.

2.0 4

1.5 4

1.0 4

0.5

Absorbance measurement from
PhosphaSense at 880 nm (AU)

0.0+

1 ' | ' | N I N | N |
0.0 0.1 0.2 0.3 0.4 0.5
Absorbance measurement from spectrophotometer

at 880 nm (AU)

Fig. 3.5. Correlation plot for the measurement of the phosphate standards on
PhosphaSense (n=3) and on a spectrophotometer (n=3), where each point is
labelled with the concentration in ug.L'l. Error bars show one standard deviation
in blue for PhosphaSense and in red for the spectrophotometer, with an R? value

of 0.9915 and a slope of 4.71.

From Fig. 3.5, the close agreement between PhosphaSense and the reference
spectrophotometric measurements demonstrates the sensor’s excellent
analytical performance. This is further highlighted by the comparison in Table
3.2. PhosphaSense exhibited a sensitivity that was five times greater than that of
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the spectrophotometric method. Although the standard deviation was higher for
PhosphaSense, the LOD was half that of the spectrophotometric method, with a
greatly improved LOQ. One drawback of PhosphaSense in this comparison was
the diminished linear range in the upper region. This was due to the high
percentage of light absorbed by the molybdenum blue species at higher
concentrations. However, incorporation of a second, shorter optical path length
through the width of the microfluidic disc would allow for measurement of these
higher ranges without any changes to the microfluidic disc design. This could be
easily incorporated into the next sensor prototype, as a second LED-PD pair
located above and below the horizontal disc, measuring through the 2 mm path

length of the disc.

Table 3.2. Comparison of the analytical performance of PhosphaSense and the reference

spectrophotometric method

Analytical method  Path Slope LOD LoQ Linear R?
length 4 1 1 range
(AU.L.ug™) (ms.L (ne.L
(cm) B}
PO,-P) PO,-P) (ng.L
PO,-P)
PhosphaSense 7.5 0.003 5 14 14-800 0.9958
Spectrophotometer 1 0.0006 10 150 150-1,300 0.9995
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3.3.2 Application of PhosphaSense to phosphate

determination in environmental water samples

The performance of the PhosphaSense system was demonstrated using water
samples collected from two different water bodies, each of which represented a
different phosphate level. This demonstrated the versatility of the PhosphaSense
system for screening a variety of different water types. The river and WWTP
effluent samples represented a low and a high phosphate level, respectively. The
sensor output from these samples was compared to the spectrophotometric
method, the results of which are shown in Table 3.3. It can be seen that the
system measured both high and low level water samples with close agreement
to spectrophotometric measurements. The standard deviation was low for both
methods. Accuracy on PhosphaSense was good for both the Tolka and for the

WWTP effluent samples, with a percentage error of 8% and 5%, respectively.

Table 3.3. Phosphate measurements from PhosphaSense (n=3) and the reference

spectrophotometric method (n=3)

Sample ID PhosphaSense (pg.L™” PO,-P) Spectrophotometer (pg.L™ PO,-P)
Tolka 44 + 3 48 +2
WWTP 6202 6561

PhosphaSense offers a range of advantages for on-site analyses. Its small
dimensions and low mass make it portable and convenient to transport. Within
10 minutes, results from three different samples can be obtained from a single

disc. No complex sample pre-treatment is required. A filtration of the sample
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was carried out prior to analysis. This is typically done on-site during sample
collection regardless of analysis method. The sensor’s very low component cost
and ease of use would make it an attractive option for researchers, local
authorities or legislative bodies, where expertise is not required for use. Analysis
on-site means that PhosphaSense is less prone to sample contamination and
reduces work flow greatly, as the sample storage, transport and in-lab storage

are removed from the analysis process.

3.3.3 Path length optimisation

The optical path length of the disc was optimised by comparing the LOD,
sensitivity and saturation point (point at which 100% absorbance occurred) of
five different path lengths, within the range investigated. The experimental set

up is shown in Fig. 3.3. The results from this study are summarised in Table 3.4.
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Table 3.4. The LOD, saturation point and sensitivity for the LED and laser at different

optical path lengths.

Path length LOD Saturation point Sensitivity
(mm) (ng.L?) (ng.L?) (AU.L.ug™)
LED

2 231.39 N/A -0.00004
5 121.25 N/A 0.0004

10 49.63 N/A 0.0006

50 77.07 800 0.003

100 1.23 400 0.0063
Laser

2 461.97 N/A 0.00007

5 25.48 N/A 0.0003

10 24.69 N/A 0.0007

50 84.37 800 0.0022
100 32.22 400 0.006

*N/A indicates that the saturation point was not reached within the

concentration range investigated.

From the data shown in Table 3.4, it is clear that there must be a compromise
between the linear range and the LOD achieved by the sensor. Sensitivity
increased with increasing path length, however for path lengths of 50 mm and
above, the saturation point was reached. Therefore, a path length of 75 mm was

selected as it allowed for minimisation of LOD within the working dimensions of
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the microfluidic platform. The linear range was diminished as a result, making
this device more suited to measurements in water bodies where phosphate

levels are typically below 800 pg.L™.

This study highlights the versatility of the system, whereby sensitivity can be
selected for by designing microfluidic discs with a range of different path lengths.
A long path length maximises sensitivity, making it best suited to measuring low
levels of phosphate, while short path lengths allow for determination of high
phosphate levels. A sampling site can be screened in order to approximate the
phosphate range. The microfluidic disc with the predetermined optimal path

length for this phosphate range can then be used for sample analysis.

3.4 Conclusions

A fully integrated, centrifugal, microfluidic optical sensor for phosphate
determination in water has been developed. The use of a microfluidic disc was
advantageous as it allowed the use of a long optical path length for improved
sensitivity, while also enabling low reagent and sample volumes to be used. The
detection limit achieved by the standard spectrophotometric ascorbic acid
method is 10 ug.L'1 PO,-P.” By adapting this method onto a microfluidic device,
using a simple design to facilitate mixing and by including a long optical path
length, a comparable LOD of 5 ug.L'1 has been achieved. However, the device has
a diminished linear range of 14 - 800 ug.L™!, compared to the spectrophotometric
method range of 150 - 1,300 ug.L'1 PO,-P.> This makes the system suitable for
measurement of water bodies with low levels of phosphate. Future work will aim
to incorporate a second absorbance measurement through the width of the disc,
which has a short path length of 2 mm, thus extending the range of detection to
the upper range. This addition will be included in the next version of the
PhosphaSense system, making the system capable of measuring over a wide

range of phosphate concentrations. The next prototype will also feature a lid
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compartment for storage of all electronic components, rather than underneath
the fluidic system which can lead to damage from leaks or splashes.

The LOD, LOQ, linear range and sensitivity show the system’s good analytical
performance when compared with the same method carried out using a
spectrophotometer in a laboratory. The PhosphaSense system offers boundless
opportunity for further tailoring of the microfluidic network and modification of
detection wavelengths to permit determination of a wide array of analytes of

interest through robust colourimetric methods.
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Aims and Objectives

Chapter 4 describes the design, fabrication and characterisation of a centrifugal,
microfluidic sensor for speciation of chromium in water. The system was
optimised for measuring low levels of chromium VI, and industrial levels of
chromium Ill. As chromium VI is another analyte that is present at very low part
per billion levels in water, the design and measurement approach that was
successfully applied to phosphate could again be applied here. To demonstrate a
more sophisticated system, it was shown that speciation of an analyte can be
carried out simultaneously on-disc. This required some changes in the
microfluidic disc design to facilitate two new colourimetric methods. The
reservoir shape was changed to accommodate low-viscosity reagents. A heating
step was included by incorporating heating pads into the complementary system.

A long optical path length was used in order to maximise the sensitivity of the
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colourimetric methods. The system was applied to the measurement of spiked

river water samples.
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Abstract

The development of a centrifugal device for quantitative analysis of both
chromium (Ill) and (VI) species in water is reported. ChromiSense is a
colourimetric sensor system that has been applied to the measurement of
chromium in spiked river water samples. For analysis, the sample is loaded into a
reservoir on the disposable microfluidic disc, along with reagents. A centrifugal
force is created by spinning the disc to pump liquids through microchannels,
causing them to mix and react to form a coloured product. The coloured product
is then presented to a low-cost optical detection system, where absorbance
measurements can be recorded. The optical detection system consists of a light
emitting diode (LED) and photodiode (PD) couple. Chromium (lll) was measured
using 2,6-pyridine dicarboxylic acid as a ligand, forming a complex that was
measured at 535 nm and at 335 nm. While measuring at 535 nm allowed for the
use of a low cost LED, the sensitivity was improved 2.5 times by measuring at 335
nm. However, 335 nm also yielded a diminished linear range with little
improvement in limit of deteciton (LOD), and required a lengthier manufacturing
process due to the need for a UV-transparent material. Chromium (VI) was
detected using 1,5-diphenyl carbazide (DPC). This standard analysis method was
simplified for automation on-disc, and optimised to achieve a low LOD. The LOD
for trivalent and hexavalent chromium using this device were 21 mg L' and 4 ug
L™ respectively. The linear range for quantitative analysis was found to be 69-
1000 mg L™ for Cr(Ill) and 14-1000 pg L™ for Cr (VI). While this range is high for
Cr(Il1), incorporation of an off-disc pre-concentration method would make this
technology suitable for environmental sample analysis. The device is simple to
use, low in cost, and could provide rapid on-site measurements, with results

comparable to those obtained using a benchtop spectrophotometer.

Keywords: Centrifugal, chromium, optical, sensor, water, microfluidic
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4.1 Introduction

Chromium speciation refers to the quantitative analysis of chromium
species. Although chromium exists in oxidation states from 0 to VI, it is
primarily found in the (lll) and (VI) states.! Chromium enters the
environment through effluent discharged from industry (e.g.
textile/electroplating) and cooling towers. It can enter drinking water
supplies through corrosion inhibitors used in pipes or through
contamination leaching from sanitary landfill.?

Changes in the oxidation state of an element can greatly change its
bioavailability and toxicity.> Cr (Ill) is an essential micronutrient in the
human diet, and is considered essential for maintenance of glucose, lipid
and protein metabolism.> Cr (VI) is strongly oxidizing, exhibiting high
toxicity, with carcinogenic and mutagenic properties.4 According to the
World Health Organisation (WHO), the recommended maximum allowable
concentration for chromium (V1) is 0.05 mg L™ in drinking water.’
Traditional laboratory-based measurements of chromium in freshwater are
time and labour intensive, requiring expensive instrumentation and trained
personnel. Commonly used techniques include atomic absorbance or
emission spectroscopy, inductively coupled plasma mass spectrometry, ion
chromatography, spectrophotometry, potentiometry and capillary
electrophoreses. These methods can incorporate sample pre-treatments
such as solid or liquid phase extraction, cloud point extraction, adsorbents
or ion exchange.?

Handheld colourimeters for on-site measurements are a more convenient
option for frequent monitoring; however the limit of detection (LOD) of
these devices is typically higher than laboratory-based methods. A low LOD
is essential for a chromium sensor as the recommended Cr (VI) limit is so
low.

A centrifugal ‘lab-on-a-disc’ (LoaD) approach is employed for the

development of an optical sensor for chromium speciation in water. The



disc contains microchannels guiding the flow. By rotation of the disc using
a simple motor, a centrifugal field is created, which acts from the centre of
the disc, radially outwards.® This force acts as a fluid pump, pushing fluids
through the micro-channels. The philosophy behind these devices is to
minimise and automate laboratory processes onto a compact, user-friendly
and robust LoaD system that can be brought to the sampling site for simple
and rapid analysis. The objective of this work was to design and fabricate
an integrated optical sensor prototype that would be capable of
simultaneous on-site measurement of both trivalent and hexavalent
chromium in water.

A major concern for the minimisation of analytical protocols onto
microfluidic analysers is the reduction in the optical path length from a
typical 10 mm cuvette to approximately 2-5 mm, depending on the
thickness of materials used in fabrication. This leads to a subsequent
decrease in sensitivity and increase in detection and quantitation limits.
Through using horizontal optical interrogation of the disk rather than
vertical interrogation, this disc design overcomes this obstacle by
incorporating an optical path length of 50 mm.

Chromium (lll) is quantified by absorbance measurement following reaction with
2,6-pyridine dicarboxylic acid, which forms a [Cr(PDCA),] complex, as shown in
Fig. 4.1. PDCA was selected due to its high selectivity for Cr(lll) compared to
other common ligands.” It has been used for Cr(lll) for both pre- and post-column
derivatisation to obtain a UV detectable complex.”?® Other ligands used for Cr(lll)
include EDTA for suppressed IC-ICP-MS, 2-hydroxybenzaldiminoglycine for
colourimetric detection and Mo(VI) for UV detection after separation of Cr(lll)
and (VI) using CE.>™ The low molar extinction coefficient of this complex leads to
poor sensitivity. Despite efforts to optimise the method and improve this
sensitivity, the method does not reach environmentally relevant concentrations.
This limits the applicability of the sensor to industrial run off or extracted

samples from food.? The same DPC ligand as was used for Cr(VI) could be used to
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determine Cr (Ill), however this reaction is inhibited by water, making its

automation on a centrifugal system for water analysis chaIIenging.12

Chromium (V1) is quantified using a modified version of the standard 1,5-

diphenyl carbazide (DPC) protocol.13 In this reaction, DPC is oxidised by

chromium (VI) to form diphenyl carbazone (DPCO), with subsequent

reduction of chromium (VI) to chromium (lll), as show in Fig 4.2. A Cr(lll)-

DPCO complex then forms, which absorbs strongly at 535 nm. The positive

charge on [Cr(DPCO)] is uncertain, and is written as (3-n)*, where n is the

unknown number of protons released in the complex formation.™
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Fig. 4.1. Reaction of Cr (lll) with 2 molecules of PDCA to form
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Incorporation of a pre-concentration step for Cr (lll), on- or off- disc, for
subsequent complexation with PDCA would be a more straightforward
approach to the issue. Pre-concentration has been achieved on
microfluidic LoaD by incorporation of stationary phases such as C;g, porous
carbon monoliths and ion exchange monoliths.’”*° In 2009, LaFleur et al.
demonstrated a disc that carried out SPE for heavy metal pre-
concentration. It was capable of running 8 low volume samples on one
disc, taking a total of 20 min. This type of pre-concentration could be done

on-site, making it compatible with the ChromiSense system.19

4.2 Experimental

4.2.1 Materials and methods

All solutions were prepared using ultra-pure water (Elga Maxima®, 18.2
MQ) and ACS grade reagents purchased from Sigma Aldrich, Ireland, unless
otherwise stated. Working standards were prepared by dilution of stock
solutions prepared from potassium dichromate and chromium (lll) nitrate
nonahydrate, respectively.

Chromium (VI) was quantified using a 0.02 M solution of 1,5-diphenyl
carbazide (DPC) dissolved in HPLC grade methanol. The results from this
were compared to the same concentration of DPC in acetone (ACS grade),
which is the solvent used in the standard method.”> A pH 1 % 0.3 buffer was
made by mixing 25 mL of 0.2 M KCl and 67 mL of 0.2 M HCI.

Chromium (lll) was quantified using a 0.05 M solution of 2,6-
pyridinedicarboxylic acid (PDCA) in methanol. A pH 10 buffer was made by
mixing 50 mL of 0.05 M sodium tetraborate decahydrate and 18.3 mL 0.2
M sodium hydroxide.

For optimisation of reservoir filling capacity for low viscosity fluids,

solutions covering a range of viscosities were prepared using ACS grade
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acetone, HPLC grade methanol and ACS grade glycerol. The kinematic
viscosity of each two liquid mixture was estimated using Gambill’s
method.?°

Two river water samples were spiked with Cr(lll) and Cr(VI). The first was
made with 100 mg L™ Cr(lll) and 200 pg L™ Cr(VI). The second was made
with 800 mg L cr(i) and 800 ug L' Cr(Vl). These were measured on

ChromiSense, with reference measurements on the spectrophotometer.

4.2.2 Instrumentation

Reference measurements for the samples and sensor calibrations were
obtained using a Shimadzu mini 1240 spectrometer with the same
colourimetric methods as used on-disc using a 10 mm glass cuvette.
Samples were run in parallel with the device for assessment of
performance. Glass cuvettes with a variety of different path lengths were
used (purchased from Spectro Service Ltd., UK).

Spectra were obtained using a VWR UV-1600PC UV-vis spectrophotometer
(VWR, Ireland).

4.2.3 Disc design and fabrication

The centrifugal disc was fabricated from polymethyl methacrylate (PMMA)
sheets (Radionics Ltd., Ireland) and pressure sensitive adhesive (PSA),
(Adhesives Research Inc., Ireland). The 5 layer design is shown in Fig. 4.3.
The three PMMA layers (Fig. 4.3, shown in purple) contain the larger
reservoir features. They were cut using an Epilog Zing laser cutter (Epilog
Corporation, CO, USA). These layers were adhered together using PSA (Fig.
4.3, shown in red) which contained the finer micro-channel features. This

was cut using a Graphtec cutter plotter (Graphtec America Inc., CA, USA).
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The layers were assembled in a clean room, using a hot roll laminator

(ChemlInstruments, OH, USA) to activate the PSA.

b —
o AV SR
oDz > .E

LED PD

Fig. 4.3. (Left) A rendered image of the five disc layers, made from PMMA
(shown in purple) and PSA (shown in red), where (i) contains inlets and air
outlets; (ii) contains large reservoir features and air vents; (iii) contains
large reservoir features; (iv) contains large reservoir features and
microfluidic channels; (v) acts as the base. (Right) a schematic of the
centrifugal disc (120 mm diameter), showing the sample reservoir (SR);
reagent reservoir (RR); 500 um wide micro-channels (MC); 5 x 50 mm
optical detection zone (ODZ) with bubble traps; and 500 um wide air
ventilation system (AV). The light path for absorbance measurements is

illustrated by an arrow through the ODZ, with LED and PD positions shown.
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For determination of Cr (lll) at 335 nm, a UV transparent material was
required. For this purpose a reusable calibration disc was produced, which
allowed for measurement of calibration solutions on-disc, with off-disc
mixing. Half of the centre PMMA layer (containing 2 optical detection
zones) was substituted with cyclic olefin copolymer (COP) (Zeonex® 408R,
from Zeon Europe GmbH, Germany), so that both Cr(lll) and Cr(VI) could be
simultaneously analysed on one disc. A Roland MDX-40A Milling Machine
was used to manufacture this layer. It then underwent solvent vapour
treatment with cyclohexane for 4 min, followed by heat treatment at 65°C
for 30 min to smooth the optical features.”! The design consisted of the
optical detection zone, with a fluid inlet for insertion and removal of
standards. A washing step was included to ensure no sample carry over
occurred. This calibration disk allowed for the characterisation of the
optical detection system and optical pathway as an intermediate step in

sensor validation.

4.2.4 Integrated device prototype

The ChromiSense system was 3D printed using a Stratasys uPrint
Dimension SE 3D printer, from Acrylonitrile butadiene styrene (ABS)
polymer, enabling rapid prototype generation.

All parts were purchased from Radionics Ltd., Ireland, unless otherwise
stated. The optical detection system for Cr (VI) consists of a Cree 535 nm
LED module (Part no: C503B-GAN-CBOF0791) and a Vishay silicon PIN
photodiode (part number: BPW21R). An Ocean Optics 74 series collimating
lens was used with the 535 nm LED. The detection system for Cr (lll)
consists of a 330 nm LED (UVTOP325-HL-TO39, 330 + 5 nm, with a
hemispherical lens, purchased from Roithner LaserTechnik GmbH) and a

Centronic full spectrum silicon photodiode (part number: OSD5.8-7Q).
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In order to include a heating step within the sensor housing, two heating
mats (RS Pro, stock no. 245-506) attached to heat sinks (Spreadfast, part
no. SF-CHS-606015-PC) were placed below the disc, to use the air currents
created by the disc’s rotation as a fan to circulate this heat. A heat seal was
formed using a foam sealant tape (Pro power PPC119 Tape, Farnell Ltd.,
Ireland) to prevent heat loss from the disc compartment, while the lid was
lined with insulating foil.

The ChromiSense platform was designed to directly complement the disc
design. The system has a total mass of 2 kg, and dimensions of 20 x 18 x 15
cm. For absorbance measurements, a secondary stage was applied to the
system for precise optical alignment, shown in Fig. 4.4. The optical
detection system was configured for LED-PD pairing. These pairs were
precisely aligned to transmit light through the optical detection zone of the
disc. A USB controlled Wixel programmable module, purchased from
Pololu™, was used to convert the PD output voltage into a digital signal.
The data was logged using ExtraPuTTY terminal software. This data was
converted into absorbance values using Eq. 4.1, where blank is the average
ADC (Analog-to-Digital Converter) reading of a reagent blank (where n=3),
and sample is the ADC reading (rane = 0 to 2047) of the sample under the

same conditions.

Blank

Eq.4.1: Absorbance = loglO(W

)

Functions of the system were controlled by entering text in the terminal
window. The electronics board was stored in a separate compartment

below the stage. The system is currently powered by a 12V AC-to-DC mains
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power supply, making future battery incorporation for in-field analysis

simple.

Fig. 4.4. A rendered image of the ChromiSense system (measuring 20 x 18 x 15
cm in total) where (a) is the lid for ambient light exclusion during optical
measurements; (b) is the disc; (c) is the optical detection system consisting of an
LED and PD couple; (d) is the compartment for storage of electronic components;
(e) is the heating pads attached to heat sinks; (f) is the secondary stage for

precise alignment of discs with the optical detection system.

4.2.5 Measurement on-disc
For Cr (VI), 910 pL of sample and 180 uL of pH 1 buffer were added into SA
of the disc using a micropipette, and 455 ulL of reagent were loaded into

RR, as shown in Fig. 4.3. For Cr (lll), 750 puL of sample and 180 uL of pH 10
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buffer were placed in SR, and 400 uL of reagent was loaded in RR. When
the disc was rotated at 10 Hz, the buffered sample and reagent were
forced through the microchannels and into the ODZ. As this long reservoir
filled, the air was displaced and released via a collapsible air ventilation
system to prevent air bubble formation within the optical pathway.

Once the detection zone had filled, the disc was stopped and 5 min were
allowed for complex formation. The disc was then rotated at 30 Hz to
remove all air bubbles formed during the reaction. Any additional air
bubbles remaining in the ODZ were moved into the bubble-trap structures
at the bottom of the channel, which prevented them from affecting the
absorbance measurements. The alignment stage shown in Fig. 4.3 was
then used to accurately align the detection zone with the LED-PD light
pathway. Cr(VI) was then measured. Once completed, the heating mats
were switched on and the lid was closed. 20 min were allowed for heating
the disc in order to drive the Cr(lIl)-PDCA reaction to completion. After one
final rotation at 30 Hz to remove air bubbles, the alignment stage was
reapplied for Cr(lll) measurement.

Black acrylic paint was applied to the PMMA layers each side of the
detection window to minimise light scattering and losses due to refraction.
PMMA has a high refractive index of approximately 1.5, which can bend
light away from the desired straight path.?? The air vents and inlets were
sealed using Loctite Silicomet AS 310 Transparent Silicone Sealant Paste
(Radionics Ltd., Ireland) to prevent the solution from evaporating out of
the disc.

The LOD and LOQ were calculated by multiplying the standard deviation of
the reagent blank by 3 or 10, respectively, followed by division of this value

by the slope of the calibration curve.
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4.3 Results and discussion

The aims of this work were to design, fabricate and demonstrate the
analytical performance of a centrifugal sensor for chromium speciation in
water. This system was successfully fabricated and its analytical
performance on lab standards and spiked real samples is presented. Two
different analytical methods were automated on-disc, including a heating
step, allowing for simultaneous measurement of two chromium species on

one disc.

4.3.1 Calibrations and real samples
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Fig. 4.5. Calibration curves for Cr(VI) (a) and Cr(lll) (b), and correlation plots

for the measurement of the Cr(lll) (c, R>=0.995) and Cr(VI) (d, R*=0.999)

standards on ChromiSense vs. using a spectrophotometer, where n=3.
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A comparison between the analytical performance of ChromiSense and the same
colourimetric methods measured using the spectrophotometer is summarised in
Table 4.1, with calibration and correlation plots shown in Fig. 4.5. The longer
optical path length of 50 mm on-disc contributed to the improved sensitivity of
the system compared to the traditional 10 mm spectrophotometric method.
Cr(VI1) analysis was 2.6 times more sensitive on ChromiSense, while Cr(lll) was 4.7
times more sensitive. While the LOD and LOQ values were lower for Cr(VI) on
ChromiSense, the higher standard deviations seen for Cr(lll) led to a higher LOD
and LOQ compared to the spectrophotometric method (see Table 4.1). A wider
linear range of 14-1000 pg L™ was seen for Cr(VI) on ChromiSense compared to
23-800 ug L on the spectrophotometer, while the same upper range limit of
1000 mg L™ was observed using both methods for Cr(lll). R? values above 0.99
were seen for all methods, showing excellent agreement to the linear response
model, in agreement with the Beer-Lambert law. Standard deviations were
higher for the ChromiSense prototype, as shown in the error bars in Fig. 4.5. As
each disc was aligned and assembled by hand, this variation is to be expected. It
could be improved upon in the future by using a more reproducible fabrication

method such as injection moulding or 3D printing.
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Table 4.1. Comparison of the analytical performance of ChromiSense and the

reference spectrophotometric method, where Cr(VI) is in pg L™ and Cr(IN) is in mg

Lt
Analytical method  Path Slope LOD LOQ  Linear R?
length range
(mm)
ChromiSense
Cr(VI) 50 0.0013 4 14 14-1000 0.996
Cr(111) 50 0.0014 21 69 69-1000 0.9957
Spectrophotometer
Cr(VI1) 10 0.0005 7 23 23-800 0.9976
Cr(111) 10 0.0003 6 19 19-1000 0.9931

ChromiSense was applied to the measurement of spiked river water
samples. The results of this analysis are shown in Table 4.2. These
measurements demonstrated good agreement with the

spectrophotometric method, showing errors of 6% or less.
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Table 4.2. Performance ChromiSense with reference measurements from the
spectrophotometer, showing measurement and % error for spiked river water

samples, where n=3.

Method Concentration % error  Concentration for %
for low spike (mg high spike (mg L?) error
LY

Cr(111)

Spectrophotometer 93 11.7 804.4 1.7

ChromiSense 92.6 1.8 746 6

Cr(V1)

Spectrophotometer 208.7 0.9 792.7 4.3

ChromiSense 209.7 4.3 801 3.2

4.3.2 Reusable calibration disc
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Fig. 4.6. Calibration curves for Cr(VI) (a) and Cr(lll) (b) at 535 nm (solid line)
and Cr(lll) at 330 nm (dotted line for linear range, dashed line for
exponential fit) using the calibration disc and ChromiSense optical

detection system, n=3.
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Fig. 4.6 shows the absorbance values obtained from the LED-PD pairs installed on
the ChromiSense system, using the calibration disc. Mixing of sample and
reagent was performed off-chip, allowing for testing of the detection system
through the disc detection pathway, without any influence from on-disc mixing
or heating efficiency. Table 4.3 shows the analytical performance of the
detection system from this study. An LOD of 1.5 pg L™ for Cr(VI) was achieved
with this method. Only a small difference in LOD was seen for Cr(lll) using the
visible wavelength compared to the UV wavelength. The sensitivity was 2.5 times
greater at the UV wavelength, however the linear range was greatly diminished
from 1000 mg L™ (at 535 nm) to 200 mg L™ (at 330 nm). Additionally, the milling
method of disc fabrication for COP (necessary for UV detection) added greatly to
the manufacture time of the discs. For these reasons, 535 nm was used as the

detection wavelength for both analytes.

Table 4.3. The analytical performance of ChromiSense using the calibration

discs, with all measurements for Cr(VI) in pg L™ and for Cr(lll) in mg L™.

Analyte and LoD LOQ R? Sensitivity Upper limit of
wavelength (nm) linear range
measured

Cr(vl)at535nm 15 5 0.995 0.0017 AU L pg™* 800

Cr(lll) at535nm 4.5 15.2 0.992 0.0012 AU L mg'1 At least 1000

cr()at330nm 2.9 9.6 0975 0.003AULmg! 200

153



4.3.3.System design and fabrication

A study was carried out to determine the optimal optical path length for
absorbance measurements on-disc. This was carried out using a 3D printed
cuvette holder, as described in a previous publication by this team.? The
absorbance of a range of standards was recorded over a range of different
path lengths. Based on the disc dimensions, the maximum path length that
can be incorporated is 75 mm, as previously reported.?* This would allow
for one Cr(VI) zone and one Cr(lll) zone per disc. By using the smaller path
length of 50 mm, which performed well according to the above data in
Table 4.4, two analytical zones per analyte were incorporated onto one
disc. This path length gave excellent analytical performance for Cr(VI), and
good performance for Cr(lll), compared to the spectrophotometry data.
The sensitivity increased linearly for all three methods with increasing path
length. The LOD and LOQ decreased with increasing path length, while
excellent agreement with a linear model was seen with most R2 values

above 0.99.
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Table 4.4. The LOD, LOQ, R? value and sensitivity for Cr(VI) at 535 nm and

Cr(l1l) at 535 nm and 330 nm at different optical path lengths.

Path length LOD LOQ R? Sensitivity
(mm)

Cr (VI) at 535 pglL™? pg Lt AU L pg?
nm

1 110 366 0.9803 0.00005
2 80 268 0.9917 0.00009
5 40 134 0.994 0.0002
10 12 40 0.9958 0.0004
50 11 38 0.9996 0.002
100 13 42 0.9965 0.0039

Ccr (M) at 535 mglL* mg L™ AU Lmg™
nm

1 110 366 0.9988 0.00003
2 80 268 0.9921 0.00005
5 40 134 0.9965 0.0001
10 12 40 0.9951 0.0002
50 6 20 0.9881 0.0014
100 7 21 0.991 0.0025
cr(i) at 335 nm mglL* mg L™ AU L mg™
1 169 565 0.9945 0.0001

2 60 200 0.9994 0.0002

5 29 98 0.9997 0.0006
10 21 70 0.9999 0.0012
50 9 30 0.988 0.0043
100 8 25 0.9637 0.008
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The reagent reservoir shape was optimised to facilitate ease of reagent loading,
due to the low viscosity of the methanol-based reagent compared to aqueous
solutions. As shown in Fig. 4.7, loading of low viscosity solutions into a circle-
shaped reservoir was inefficient. Less than 50% of the fluid volume was
successfully loaded into the reservoir. The proposed shield shape provided more
surface area along the walls of the reservoir for the solution to come in contact
with. This facilitated a greatly improved filling capability, reaching percentages
much closer to 100%. Once the viscosity of water (0.89 mPa.s)** and above was
reached, both reservoir shapes filled to 100% capacity. The greatest difference in
loading success can be seen for the low viscosity liquids. Additionally, loading of

two smaller volumes was found to be more efficient that one larger volume.

120 -

[ % circle reservoir filled
1 % shield reservoir filled

100 -

80

60 -

% reservoir filled

40 -

20 -

0.00 0.25 0.50 0.75 1.00 1.25 1.50
Viscosity (mPa.s)

Fig. 4.7. A bar chart depicting the improved filling capability of the shield-shaped

reservoir for low viscosity fluids, compared to that of the circle-shaped reservoir.

156



4.3.4 Analytical method development

Cr(vIi)

In order to automate the standard diphenyl carbazide reaction on a
centrifugal disc, the method was simplified. The standard colourimeteric
method for Cr(VI) calls for addition of phosphoric acid, followed by the
gradual addition of sulphuric acid to adjust the pH, using a pH meter. The
sample is then diluted in a volumetric flask before the addition of the DPC
reagent.5 In order to simplify this method for incorporation onto a
centrifugal disc, a KCI-HClI buffer was employed to achieve the
recommended pH of 1.00 £ 0.3. This removed the need for both acids. The
sample dilution step was also removed. The solvent for DPC was changed
from acetone to methanol due to PMMA compatibility issues. A T-test was
used to show that this change in solvent did not significantly change the
absorbance values obtained, at a 95% confidence interval. Storage in
methanol was found to reduce the stability of the reagent, compared to
storage in acetone. The methanol-based reagent discoloured more rapidly,
however both lasted several days while stored in the dark at 4°C. If not
stored in the dark, slight discolouration was seen after one day. This
became more pronounced each day.

The ratio of buffer and ratio of reagent to the sample volume were
optimised to minimise dilution of the coloured product and to maximise
the sensitivity of the method, thus achieving a lower detection limit.

While the [Cr(DPC)] solution generated an orange colour over time, this did
not affect the absorbance of the solution at 535 nm. The development of
the orange colour can be seen at lower wavelengths in Fig. 4.8 (b). A
decrease in absorbance of 1.3% was seen for a [Cr(DPC)] solution at 535
nm after 1 month, with no special storage conditions. The stability of the

solution over 1 month is demonstrated in Fig. 4.8 (d).
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Fig. 4.8. The absorbance spectra of [Cr(PDCA),] (a) showing a freshly made and a

1 month old solution of the purple coloured complex, and [Cr(DPC)] (b) showing

a freshly made, a 1 day old and a 1 month old solution of the pink coloured

complex, with calibration curves for freshly made and 1 month old solutions of

[Cr(PDCA),] (c) and [Cr(DPC)] (d).

cr(ll)

Fig. 4.8 (a) shows the good stability of the purple complex formed from Cr(lll)

and PDCA, with a decrease in absorbance of approx. 6% after 1 month, with no

special storage conditions. A 3 month old PDCA solution stored under ambient

conditions showed excellent correlation to the absorbance measurements
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obtained using fresh PDCA solution, as shown in Fig. 4.8 (c). A T-test was used to
show that they were not statistically different at a 95% confidence interval.

The method for chromium (lIl) was optimised in terms of solvent, reagent
concentration, heating temperature, heating duration, pH and the volume
ratio of buffer and reagent to sample.

Methanol proved to be the optimal solvent for this method as it dissolved the
ligand with ease, and was compatible with the disc materials. A rapid complex
formation time of 5 min at 65°C was achieved. The heating temperatures of 50,
55 and 65°C were tested. The highest temperature of 65°C resulted in maximum
absorbance after 5 min, compared to 10 min at 55°C and 15 min at 50°C. In the
absence of applied heat, this reaction is very sluggish, and reaches only ~86%
colour formation compared to that of the 65°C sample, after 2 days at room
temperature.

The optimal pH was found by measuring the absorbance of a Cr (lll) sample over
the pH range of 1-12, in increments of 1 pH unit. Maximum absorbance was
measured at pH 10.

While the [Cr(PDCA),] complex absorbs strongly in the UV region, it also has a
weaker, broad absorbance band that peaks at approximately 550 nm, meaning
that it could also be measured at the same wavelength as that of the Cr (VI)

detection LED-PD couple.

4.4 Conclusion

A fully integrated, centrifugal sensor with an optical detection system for
chromium speciation was designed, fabricated and its performance was
characterised. The sensor showed similar performance to that obtained
when carrying out the same analytical methods wusing a
spectrophotometer. The sensitivity on ChromiSense was 2.6 times greater
for Cr (V1) and 4.7 times greater for Cr (l11). An LOD and LOQ of 4 and 14 ug
L' for Cr (V1) and 21 and 69 mg L™ for Cr (lIl) were achieved. While this is
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well below the legislative levels for Cr (VI) in drinking water, it is quite high
for Cr (lll). This makes the sensor suitable for measurement of industrial
effluent waters. Incorporation of a pre-concentration method, such as
those mentioned in the introduction, prior to on-disc analysis, could make
this method suitable for analysis of environmental samples.

The performance of the system for Cr (lll) was determined at 335 nm
(using COP) and 535 nm (using PMMA). The linear range at 335 nm was
greatly reduced at 10-200 mg LY compared to 15-1000 mg L' at 535 nm.
The LOD and LOQ only differed by 2 and 6 mg LY respectively, making the
visible wavelength a much better option.

The reservoir shape on the microfluidic disc was optimised for ease of
loading for low viscosity liquids. The greater internal surface area along the
walls of the shield-shaped reservoir allowed the methanol based reagents
to be loaded with ease. Circular reservoirs were shown to perform better
for loading of aqueous fluids, and poorly for low viscosity fluids.

This centrifugal colourimetric device acts as a proof-of-principle, where a
simple change in disc design and LED detection wavelength enables new
colourimetric methods to be carried out, and for new analytes to be
determined, demonstrating the versatility of the system design. Future
steps to improve this system would be to include a motor and to usea 12 V
battery so that they system can be taken out of the lab and used to

measure samples at the sampling site.
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Aims and Objectives

Chapter 5 describes the field-based characterisation of two novel phosphate
sensors. PhosphaSense, first introduced in Chapter 3, was applied to the
measurement of field samples and compared to the performance of an
autonomous phosphate sensor (AutoPhos) developed in collaboration with Prof.
Dermot Diamond’s research group in DCU. These systems were taken from DCU
to University of Notre Dame, Indiana, USA, as part of a collaboration with Prof.

Jennifer Tank. Phosphate is typically found at very low part per billion levels in
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stream water (< 70 pg L™?). While this can be measured using PhosphaSense, it is
below the detection limit of AutoPhos. However, during pollution events such as
run-off during a storm, levels can reach the mg L™ range, which lies above the
linear range of PhosphaSense. However, it is now within the wide measurement
range of the AutoPhos system. Field samples were collected from an agricultural
stream while a nutrient pulse was performed. This pulse meant that water
samples across a wide range of concentrations would be collected for analysis,
covering the analysis range of both sensor systems, and representing the range
of concentrations that can be encountered in the environment. The use of an
autonomous and a handheld sensor system was compared in this chapter,
showing the pros and cons of each sensing approach from a development point
of view. The in-field performance of AutoPhos was demonstrated and compared

with its in-lab performance, and the in-lab performance of PhosphaSense.
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Abstract

Autonomous sensors for phosphate measurement in water are currently
expensive to purchase and to run. The alternative, lower cost hand-held sensors
for in-field measurements typically cannot measure low concentrations of
phosphate. High frequency monitoring of phosphate is essential for effective
water catchment management. The performance characterisation and
comparison of two phosphate sensors is reported; one autonomous and one
handheld. A centrifugal microfluidic disc system based on the molybdenum blue
colourimetric method (PhosphaSense) was shown to have higher sensitivity and
a lower, narrower linear range, while a syringe pump driven, microfluidic chip
system based on the vanadomolybdophosphoric acid colourimetric method
(AutoPhos), responded linearly at a higher concentration range with a higher
detection limit. While PhosphaSense was designed as a handheld analyser for in-
field analysis, AutoPhos was designed for long-term deployment for continuous,
unattended measurement. Stability and robustness of the sensors was
demonstrated by comparing the calibration curves obtained on two different
continents. The LOQ of PhosphaSense and AutoPhos were found to be 18 ug L?
and 0.4 mg L PO,-P, respectively. The linear range of PhosphaSense was 18-800
ug L, while it was 0.4-10 mg L™* for AutoPhos. In order to provide water samples
that both systems could detect, a nutrient pulse experiment was performed
within an agricultural stream. This nutrient pulse could represent a pollution
event such as that during a storm event or from events such as discharge from a
waste water treatment plant. Both sensor systems were applied to the
measurement of collected field samples from this nutrient pulse, yielding
average percentage error for field sample measurements of 1.7% for
PhosphaSense and 9% for AutoPhos, within their stated operating ranges.
PhosphaSense was also used for in-field analysis, where it yielded average

percentage errors of 13%.
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5.1 Introduction

Phosphorus (P) monitoring in environmental waters and industrial effluent is
essential due to its growth limiting nature. P is an essential nutrient used by all
living organisms for growth and energy transport. Intensive agriculture has
resulted in an increased demand for P for use as fertiliser. Some of this P is
transported from soil into streams and rivers by rain water. Elevated levels of P
in water bodies stimulates excessive growth of plants and algae leading to
eutrophication, hypoxia, death of biota and harmful algal blooms.*?

There is a growing demand for reliable, low-cost P sensors as populations grow,
agriculture intensifies further and water resources become even more valuable.
Fertiliser use has increased hugely since the 1940s in order to meet the food
demands of a rapidly growing population. This has resulted in accumulation of P
in catchments, with negative environmental consequences.

In order to understand accumulation and depletion of P in a catchment, long-
term monitoring is required.4

The phosphate concentrations encountered in surface waters range from 0.01-
0.07 mg L for unpolluted waters, with levels greater than 0.1 mg Lt being
indicative of accelerated growth.” The range of phosphate concentrations
observed from different anthropogenic sources in water was summarised by
Withers et al. in 2008, revealing that the mean concentration of phosphates
observed were as follows; wastewater (6.63 mg LY, septic tanks (10.2 mg LY,
road/track runoff (2.39 mg L), farmyards (30.8 mg L™), field surface runoff (1.29
mg L) and field tile drains (0.79 mg LY).5

An affordable network of phosphate sensors for continuous, real-time
monitoring, providing temporal and spatial variations in phosphate levels, is
essential for the management of water quality. However this is currently a very
expensive undertaking. In order for sensor networks to become feasible, the cost
per sensor and per measurement must decrease. Alternatively, systems capable
of in-field, rapid sample-to-answer measurements are also a more convenient

alternative to traditional grab sampling with laboratory-based analysis, removing
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the sample transport and storage steps from the process. This article compares
the analytical performance of one autonomous and one handheld phosphate
sensor, both of which were developed in-house, based on their analytical
performance both in the laboratory calibrations and on field samples.

There are multiple standard colourimetric methods for phosphate determination
in water. The syringe pump-driven microfluidic chip-based sensor (AutoPhos)
operates using the vanadomolybdophosphoric acid method (or simply the
‘vellow method’), while the centrifugal sensor (PhosphaSense)’ operates using
the ascorbic acid ‘blue method’. Both sensors measure the absorbance of the
coloured product using a low-cost detection system consisting of a light emitting
diode (LED) and photodiode (PD) pair.

The vanadomolybdophosphoric acid method involves the addition of one
reagent to a water sample in a 1:1 volume ratio. Under acidic conditions,
phosphate reacts with ammonium molybdate to form molybdophosphoric acid
(H3Mo01,040P), a keggin structure heteropoly acid.® In the presence of vanadium,
vanadomolybdophosphoric acid is formed, which absorbs in the yellow region of
the spectrum.9

This method has been successfully applied to the development of deployable
phosphate analysers due to the stability of the reagent (over 1 year), the stability
of the yellow product, vanadomolybdophosphoric acid (days), and its
insensitivity to temperature fluctuations.”™ As AutoPhos is intended for long-
term deployments, this method was used.

In contrast, PhosphaSense is intended for in-field measurements, and therefore
reagent stability is not an issue. The ascorbic acid method involves the addition
of a combined reagent to a water sample in a 1:6.25 volume ratio, resulting in a
phosphomolybdenum blue complex that absorbs strongly at 880 nm.”** The
combined reagent is stable for only a few hours, while the ascorbic acid
component alone is stable for up to one week, if refrigerated.’® The other
components of the combined reagent are stable for months. According to

another source, ascorbic acid in water is stable for 18 days.* This poor stability
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makes it unsuitable for long-term deployments, however the superior sensitivity
of the method makes it a good option for use in the handheld system, allowing
for a lower LOD to be achieved. This method is used on the Wetlab’s Cycle-P
phosphate sensor, which claims a reagent stability of over 3 months, showing
that with special storage, this method can be used for longer term sensor
deployments also.”

There are several examples of centrifugal microfluidic sensor systems with
optical detection that were applied to water analysis in the literature. The
analytes or parameters measured include nitrate, nitrite, phosphate, silicate,
ammonium, pH, turbidity and hexavalent chromium.'*?° However some of these
examples incorporate expensive light sources and detectors. Substitution with
low-cost LEDs and PDs, as shown with the PhosphaSense or CMAS systems,
allows for a significant reduction in the component cost of the sensor. %172
Colourimetric chemical analysis has also been applied to microfluidic systems for
long-term deployment. Some analytes measured in this manner include nitrate,

nitrite, pH, phosphate, ammonium and silicate.""*>%" 2>%/

These systems use
fluid pumps (solenoid, syringe, peristaltic) for sample and reagent delivery to a
microfluidic chip, followed by absorbance measurements using an LED and PD or
spectrophotometric detection system. While the need for multiple fluid pumps
can increase the component cost for these systems, the microfluidic chip is
reused. This differs from the disposable microfluidic discs, most of which contain
solid reagents sealed within reservoirs, ready for single use. Data was either
stored on a memory card or sent wirelessly to the user. Applications of

autonomous microfluidic systems in environmental monitoring was reviewed by

Campos et al. in 2013.%®
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5.2 Experimental

5.2.1 Reagents and standards

In Ireland, standards were made from a 50 pug L™ PO4-P stock solution of
potassium diphosphate monobasic (Sigma Aldrich, Ireland). All reagents were
ACS grade and were purchased from Sigma Aldrich, Arklow, Ireland. All solutions
were made in ultra-pure water (Elga Maxima', 18.2 MQ). The reagent for the
vanadomolybdophosphoric acid method was made of 0.02 M ammonium
molybdate tetrahydrate, 0.01 M ammonium metavanadate and 4 M HCl. The
reagents for the ascorbic acid method were prepared as previously published.’

In the USA, the same reagents and concentrations were used, all purchased from
Fisher Scientific, except for potassium antimonyl tartrate, which was purchased
from Sigma Aldrich. Sulfuric and hydrochloric acids were both purchased from
VWR. All reagents were ACS grade. Standards and reagents were prepared in

Nanopure deionised water (Barnsted®, 18.0 MQ).

5.2.2 AutoPhos system

This system operates using motor driven syringe pumps, as illustrated in Fig. 5.1.
A similar design to this was previously published in 2016.%! Using a two-way valve
(DCV114-001, Nordson Medical), the 1 mL syringe could be filled from a reagent

bottle, and then emptied into tubing leading to the microfluidic chip.
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Fig. 5.1. A schematic of the syringe pump system, where the motor rotates a
metal screw, which moves the 3D printed syringe holder up and down along the

crew threads, along the metal rods.

As shown in Fig. 5.1, the plunger is secured into the 3D printed holder. It is either
pulled out of or pushed into the barrel of the syringe when the motor rotates the
central screw rod, moving the plunger holder along the screw threads. The
direction of the motor dictates whether the syringe is filled or emptied.

Sample measurement frequency was 1 sample every 10 min. This allowed for 1
min of pumping time for sample and reagent onto the chip, 6 min of colour
development time, 1 min of absorbance measurement time, and 2 min of chip
flushing time to prevent sample carryover to the next measurement.

Between the microfluidic chip and the syringe, a one-way valve (SCV67220,
Nordson Medical) was included in the tubing (1.6 mm inner diameter Tygon®
formula 2375, Sigma Aldrich) to prevent backward flow of fluid from the chip.

An Arduino programmable module was used to control the motors, LED and
photodiode function. The system could be programmed to run autonomously,
with data storage on an SD card.

The reagent, phosphate standard and deionised water for the reagent blank and
for channel flushing were stored in the system in polystyrene containers, with

tubing connecting them to the syringe pump intake valve. This meant that the
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system could be calibrated with the phosphate standad and a reagent blank in
between sample measurements.

A sample intake system was incorporated to allow for unattended monitoring. It
consisted of a Xylem Flojet Pump (Radionics Ltd., Ireland, stock no. 705-9324), a
Flojet strainer to remove debris and larger particles (Raptor Supplies Ltd, item
no. GR0498359), and a Whatman Polycap HD 36 Polypropylene Capsule Filter for
removal of fine particles. A 12 V lead acid battery (Yuasa NP12-12) was used to
power the sensor in-field. The sensor was enclosed within a 1600 PeliCase water

tight and crush proof protective case.

5.2.3 AutoPhos Chip

The chip contains 3 T-junctions for mixing of sample and reagent. This provides
separate mixing channels for a high standard, a reagent blank and a sample on
the chip. Each of these T-junctions is connected to a pair of syringe pumps, as
shown in Fig. 5.1. Only one of these mixing channels is used at a time, as there is
only one detection zone. The mixed product moves from the T-junction towards
the waste outlet. When flow is stopped, the optical detection channel, located
just before the waste outlet, is filled with the coloured product, ready for
measurement with the LED-PD detection system. This detection system is
carefully aligned to direct light through a microfluidic channel and onto the PD.
The chip was fabricated using tinted PMMA (Plexiglas GS 7F60, R6hm) and
composed of three layers. The two main layers contained microchannels and
optical components, while a smaller cap was used to attach PTFE tubing directly
to the chip. Channels were 300 um deep and 200 um wide, with the exception of
the measurement channel which was 300 um wide. All features were created
using a LPKF mill. The two main layers were bonded using a solvent vapour
bonding method. The LED (a 385 nm LED from Farnell, Ireland) and photodiode
(AMS - TSL257-LF) were aligned by hand and bonded to the chip using UV-
curable optical adhesive (Norland NOA-78).
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A similar microfluidic chip was previously published for determination of pH in
water, and is here applied to determination of phosphate.21 A schematic of the

chip is shown in Fig. 5.2.

Low standard inlet Reagentinlet

Sampleinlet Reagentinlet

High standardinlet Reagentinlet
Waste outlet

8- . =

PD Light path LED

Fig. 5.2. A schematic of the microfluidic chip, showing 6 inlets, 1 outlet, 3 T-
junctions for mixing, and 1 optical detection channel with an LED-PD pair for

absorbance measurements.

5.2.4 PhosphaSense

PhosphaSense design, fabrication and performance was previously published.’
The system consists of a disposable microfluidic disc on which the ascorbic acid
method for phosphate determination is carried out. This disc is spun by an on-
system motor in order to mix the sample and reagent. It is then precisely aligned
with the LED-PD detection couple for absorbance measurements. Data is logged
using a laptop, via a USB connection. Within 10 minutes, 3 sample

measurements can be made.
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A comparison of the two sensor systems in summarised in Table 5.1, as well as

shcematics of their function shown in Fig. 5.3 and 5.4.

Table 5.1. Comparison of features of the sensors used in this study.

Feature PhosphaSense AutoPhos
Mode of Operation Hand-held Autonomous
Analytical method Molybdenum blue Yellow
Optical path length 75 mm 13.7 mm
Chip type Disposable microfluidic disc  Reusable

microfluidic chip

Chip material Clear PMMA bonded with Tinted PMMA,
PSA solvent bonded
Pump method Centrifugal force Syringe pumps
Sample volume 500 uL 2mL
Sample throughput 3 samplesin 10 min 1 sample in 10 min
Power source 12 V mains supply 12 V lead acid
battery
Sample intake Manual Automated
Mass 2 kg 13 kg
Dimensions 20x 18 x 14 cm 54 x 44 x 20 cm
Component Cost Approx. €150 Approx. €2000
Sampleinmke | Pumpngel  “eaue . woswpswinnign _fnechip
sample reagents onto chip al’-ﬁ-’-‘-’-mﬁﬁf s Staf';dra;:"z'::ﬁt’;s“" for 2 min

Fig. 5.3. A schematic of the steps involved for AutoPhos to make a measurement.
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Fig. 5.4. A schematic of the steps involved for PhosphaSense to make a measurement.

5.3 Experimental

5.3.1 Sensor validation

All standards were validated using the vanadomolybdophosphoric acid method
on a Shimadzu UV mini-1240 spectrometer (Shimadzu Corporation, Japan). Field
samples were validated using a Lachat QC8500 Flow Injection Autoanalyzer

(Lachat Instruments, Loveland, Colorado, USA) as described below.

5.3.2 Sensor calibration

Both sensors were calibrated in the laboratory in both Ireland and the USA. A
comparison between these calibrations was made in order to show sensor
reliability and stability. The same concentration of phosphate standards and
reagents were prepared for the calibrations in each continent.

For PhosphaSense, calibration was carried out within its operating range of 8-
1000 pg L™ PO4-P. For AutoPhos, a higher operating range of 0.4-20 mg L™ PO,-P
was measured. The LOD and LOQ were calculated as 3 times or 10 times the
standard deviation of the blank, respectively, divided by the slope of the

calibration curve.
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5.3.3 Off-chip mixing

In order to demonstrate the performance of the optical detection system of the
AutoPhos sensor, without any influence from the mixing efficiency of the
microfluidic chip, standards were mixed with reagent off-chip in triplicate, and
then injected onto the chip for absorbance measurement. This allowed for a step

by step transition from the laboratory to on-chip mixing and measurements.

5.3.4 Field Deployment

Site Description

The field portion of this study was conducted in Shatto Ditch, which is a tributary
of the Tippecanoe River in north-central Indiana, USA. Shatto is typical of
agricultural streams in the Midwest region of the USA and has historically been
maintained as a drainage ditch with steep slopes and an incised, trapezoid-
shaped channel. The surrounding landscape is primarily tile-drained row crop
agriculture in a maize-soy bean rotation. As a result, Shatto has a flashy

hydrograph and high concentrations of dissolved inorganic nutrients.

5.3.5 Pulse addition method

In order to evaluate sensor function in the field, a nutrient enrichment
experiment was performed using a pulse addition method in Shatto Ditch (based
on Tank et al. 2008)%°. In order to determine travel time, ensure adequate mixing
of the release solution across the stream channel, and determine the quantity of
KH,PO,4 needed for the nutrient pulse, a conservative tracer (100 g of sodium
chloride, NaCl- dissolved in 1 L of stream water) was first released and
downstream changes in conductivity were measured using a Pro30 Conductivity
meter (YSI®). The nutrient pulse was added by dissolving 170 g of KH,PO,4 in 20 L

of stream water in a carboy, and this P-enriched solution was poured into the
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stream. The aim for the peak concentration during the pulse was about 6 mg
PO,-P L™ so that samples collected during the pulse would span the detection
ranges for both sensors. This resulted in a rapid increase in P-concentrations
followed by a gradual return to background P-concentrations which we
characterized by measuring conductivity and taking grab samples every 30 — 120
s as the pulse passed by a sampling station located 50 m downstream of the
nutrient addition.

Field samples were filtered into acid washed centrifuge tubes imediately after
collection using glass fiber filters (1 um nominal pore size; Pall, Ann Arbor
Michigan, USA) and then stored on ice before returning to the laboratory after
which they were transferred to a refrigerator (4°C). Field samples were analyzed
within 24 hours after collection both using sensors, and with the molybdate blue
method on a Lachat QC8500 Flow Injection Autoanalyzer.

Samples were measured using the Autophos Sensor in manual collection mode in
the field as well as in the laboratory to compare function in the field with
laboratory results. Manual collection was used because the sample time for
autonomous mode (10 min) was too long to adequately characterize the nutrient
pulse (~15 min). However, the sample frequency for autonomous mode would
be appropriate for field monitoring given that P-concentrations are relatively
stable during baseflow and storm pulses typically occur over a longer time frame
(several hours to several days). Samples were also measured in the laboratory
with the PhosphaSense system. Conductivity measurements were used to
determine which sensor should be used for sample measurement based on

expected P concentrations.
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5.4 Results and discussion

5.4.1 Calibration of AutoPhos sensor
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Fig. 5.5. A correlation plot between the calibration carried out on the AutoPhos
system in Ireland vs. that carried out in the USA, yielding an R? value of 0.998,
where the phosphate concentration is shown in mg L™, and error bars represent

standard deviation, where n=3.

As shown in Fig. 5.5, inter-laboratory and inter-continental sensor stability was
demonstrated. Correlation with an R? value of 0.998 is reported from 0-20 mg L™,
using different batches and suppliers of reagents. This excellent sensor
performance between continents shows that the system is robust enough for
transport, and reliable enough for consistent analytical performance within two

different climates.
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5.4.2 Off-chip mixing
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Fig. 5.6. On-chip mixing, off-chip mixing and UV-vis absorbance measurements
for a range of phosphate concentrations, with error bars showing the standard

deviation, where n=3.

In order to progressively move from sample analysis on the UV-vis
spectrophotometer to analysis on the AutoPhos sensor, an off-chip mixing step
was included as an intermediate validation. As shown in Fig. 5.6, UV-vis
measurements were the most sensitive, showing the greatest slope. This was
followed by off-chip mixing, while on-chip mixing showed slightly lower
absorbance values. This is because diffusional mixing occurs on-chip, which is
less efficient than mixing off-chip. More time must therefore be allowed for on-

chip mixing. The linear range was wider for on-chip analysis, reaching as high as
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10 mg L™, while the other two methods only reached 5 mg LY. The LOD, LOQ,

linear range and R? value for each validation stage are summarised in Table 5.2.

Table 5.2. A comparison of the analytical performance of UV-vis

spectrophotometer with off- and on-chip mixing, where concentrations are given

inmg L
Method LOD mg L™ LoQmgl! Linearrange R? Sensitivity
mg Lt
UV-vis 0.019 0.064 0.064 0.998 0.09
-5
Off-chip 0.199 0.663 0.663 0.990 0.06
mixing -5
On-chip 0.414 1.382 1.382 0.999 0.04
mixing -10

For on-chip measurements, the calculated LOD and LOQ were greater than the
experimentally determined values, where three of the prepared standards with
concentrations below the calculated LOQ were measurable in triplicate, fitting on

the linear portion of the response curve. This is shown in Fig. 5.7.
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Fig. 5.7. Calibration curve including standards below the calculated LOQ, with

and R’ value of 0.999, where n=3.
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5.4.3 Calibration of PhosphaSense
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Fig. 5.8. A correlation plot for PhosphaSense between calibration carried out in
Ireland (previously published)’ vs. that carried out in the USA with an R? of 0.997,
where the phosphate concentration is shown in pug L™, and error bars represent

standard deviation, where n=3.

The calibration of PhosphaSense yielded data that correlated closely with
previously published calibration data obtained in Ireland, as shown by Fig. 5.8,
where the R? was 0.997 and the slope was 0.9.” The calibration yielded data that

is summarised in Table 5.3.
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Table 5.3. A comparison of the analytical performance of PhosphaSense in two

different continents, where concentrations are given in ug L

Location LOD LOQ Linear range R? Sensitivity
ugl” uel” uel” AU L pg™

Ireland’ 5 14 14-800 0.996 0.0030

USA 5 18 18-800 0.997 0.0034

The performance of PhosphaSense in both locations was very similar. A slightly
higher LOQ of 18 ug L™ was obtained from the USA data compared with 14 pg L™
in Ireland, and a slightly higher sensitivity of 0.0034 AU L ug'l was obtained in the
USA, compared to 0.003 AU L pg™.
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5.4.4 In-field measurements
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Fig. 5.9. A plot of the data obtained by measuring field samples in-field and in the

lab on the AutoPhos sensor, on PhosphaSense, and on the Lachet system.

There was good agreement between the Lachet data and both sensor systems,
as shown in Fig. 5.6. The AutoPhos sensor underestimated the concentration of
some samples, with average percentage error of 13%. However, the overall
shape of the response matched closely to that of the Lachet system, meaning
that the sensor could capture the event well. Excellent agreement was seen
between PhosphaSense and the Lachet system for samples within the sensor’s
predetermined measurement range, with an average percentage error of 1.7%.
In-lab measurements on the AutoPhos system yielded average percentage error
of 9%. Furthermore, these results show that calibration of both sensors with DIW

standards yielded accurate measurements for P in a fresh water matrix.
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5.5 Conclusions

The aim of this work was to field-test two novel phoshate sensors. The systems
are designed to measure concentrations in the range 18-800 ug L' and 0.4-10 mg
L™, which are relevant for the wide concentration ranges evident in agricultueral
catchments. Good correlation was seen between the two novel sensors and the
validation method, showing that both sensors could capture valuable data for
field samples, within their measurement ranges. Good correlation was also seen
between calibrations carried out in two different continents, showing the
excellent stability and robustness of the sensors.

This study showed that by using different colourimetric methods on different
types of microfluidic platforms, different ranges of phosphate concentrations
could be effectively measured. The highly sensitive molybdenum blue
colourimetric method on centrifugal disc with a long optical path length of 75
mm performed well on field samples, yielding average percentage error of 1.7%.
Its measurement range was 18-800 ug L™. This contrasted with the less sensitive
yellow method on microfluidic chip with a 13.7 mm optical path length, which
yielded a much wider linear measurement range of 0.4-10 mg L™, with average %
error of 13% for field sample measurements, and 9% for in-lab measurements.
Inter-continental calibration agreement showed that both sensors were robust
enough for transport and travel, yielding high correlation between the two
calibration sets.

Two different low-cost pumping methods were demonstrated: motor driven
syringe pump pairs for AutoPhos, and a single motor for PhosphaSense. The
single motor on PhosphaSense pumped 3 separate samples, allowing for 3
simultaneous measurements within 10 min. This meant that it had a higher
sample throughput than AutoPhos. AutoPhos was restricted to one sample
measurement every 10 min. However, AutoPhos was capable of continuous,
unattended monitoring, while PhosphaSense required manual input of sample
and reagent, and manual placement of the alignment stage for absorbance

measurements.
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The disposable nature of the microfluidic disc means that PhosphaSense has a
higher running cost, while the reusable microfluidic chip on the AutoPhos sensor
means that reagents are the only consumables. However, the component cost is
significantly lower for PhosphaSense, with parts costing less than €150, while
components for the AutoPhos system costed approx. €2000. This is a significant
reduction in costs relative to commercially available PO4 sensors (eg. $17,000
per unit with operating costs of $2,500 per sensor per year) and has the potential
to increase access to high frequency monitoring, which, to date, has been limited
due to high costs. Because peak nutrient export from agricultural watersheds
occurs during storms due to fertiliser runoff from fields, high frequency
measurements during these critical periods would improve both estimates for
annual nutrient export and our ability to detect the effects of agricultural

management and conservation on water quality.*
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Chapter 6:

Conclusion
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Overall Summary & Conclusion

The aim of this thesis was to develop low-cost, microfluidic, colourimetric
sensors for environmental water quality monitoring. The development of low-
cost sensors for maintenance and management of environmental water
resources is of critical importance worldwide. Autonomous and handheld sensor
systems allow for more frequent and widespread monitoring to be carried out,
enabling large data set collection and larger-scale studies. This thesis presented
the development of both autonomous and handheld sensors for the
measurement of phosphate and chromium (lll) and (VI) in water. Colourimetric,
wet chemistry-based determination methods coupled with microfluidic
technology were shown to be an excellent means for reliable and viable sensor
development. Accuracy and repeatability of measurements were demonstrated
on all systems, using environmental water matrices to demonstrate method

robustness in real water samples.

Three sensors were developed and characterised: two hand-held analysers
suitable for in-field measurements and one autonomous system suitable for
deployment in a water body. Centrifugal microfluidic technology was chosen as
the optimal design for hand-held systems as they require no fluidic pumps, only a
motor for disc rotation. These handheld analysers were fabricated for the
measurement of phosphate, and for the speciation of chromium in water. For
the deployable sensor system, the more expensive approach of a microfluidic
chip with syringe pumps for fluid delivery was chosen due to the reusable nature
of the chip in this format. This system was characterised, alongside the hand-
held phosphate sensor, using field samples collected from an agricultural stream
in Shatto Ditch, Indiana, USA, as part of a collaboration with Prof. Jennifer Tank
in University of Notre Dame. Its in-field performance was compared to its

performance on grab samples analysed in the laboratory environment.

A major challenge for the development of low-cost sensors for in-field use is the

limit of detection that can be achieved using a simple, low-cost LED-PD detection
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system. The majority of microfluidic sensing systems with absorbance detection
use expensive, polychromatic light sources and sensitive detectors such as a
photodiode array system or a spectrometer coupled with fibre optic technology.
This not only increases the system cost and power consumption greatly, but it
also reduces portability of the system, making it unsuitable for in-field sensors.
This challenge was overcome in a number of ways. The sensitivity of each system
was maximised by optimisation of the wet chemistry methods (eg. pH
optimisation, reagent concentration optimisation, inclusion of a heating step
etc.), by optimisation of lighting conditions (eg. collimation lenses, tinted PMMA,
reduction of light scattering and refraction) and by the incorporation of long
optical path lengths within the microfluidic systems for absorbance
measurements. Optimisation of LED light intensity and photodiode measurement
range was essential for optimisation of measurement ranges and LODs. The use
of well validated colourimetric methods with fewer steps in the reaction meant
that the complexity of the microfluidic design and sensor design could be
minimised, ensuring reliability for in-field use or long-term deployments, and

user-friendly devices.

The low cost of these sensor systems was achieved in a number of ways. The use
of low-cost fabrication methods and sourcing of low-cost materials and
components contributed to the low component cost. The detection systems used
costed less than €4, a great reduction compared to the alternative options. The
incorporation of microfluidics allowed for reduction of running costs by reducing
the volume of reagent consumed and the waste produced per sample. The
handheld systems achieved a significantly lower component cost than the
AutoPhos system as they did not need to withstand very harsh environmental
conditions, and some manual steps were included, reducing the complexity of
electronic components and system automation required. A 3D printed housing
was sufficient for these analysers, while the AutoPhos system required a fully
waterproof, strong housing to withstand storms and harsh environmental

conditions. AutoPhos required multiple syringe pumps to deliver reagents and
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samples to different inlets, while manual addition of sample and reagents on the

disc-based systems allowed for one motor to be used for all fluid manipulation.

These sensors demonstrate the versatility of microfluidic technology for the
automation of colourimetric chemistry methods, coupled with low-cost
detection systems for determination of a wide range of different analytes in
water. This versatile modular design approach can be used to automate a range
of different colourimetric methods by a simple change in microfluidic design and
in detection wavelength, enabling a suite of sensors to be developed for wide

scale environmental analysis.
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“Begin at the beginning, and go on till you come to the end:

then stop.”

Lewis Carroll
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