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Abstract

Isotachophoresis (ITP) has been investigated as a potential on-line instrument to measure water
quality in the industry. The project focused on the ions responsible for water hardness (Ca%* and
Mg?*) and toxic metals ions (Cr3*, AI**, Cu?*, Fe?* and Pb?*) and ammonium ion. The choice of ions
was made by the sponsor company Process Instruments Ltd, which was looking to design the
prototype instrument based on ITP separation. Isotachophoresis was a novel analytical technique
used in water hardness determination.

A number of methods from the literature were evaluated and were studied further. That included
preparation of calibration graphs which were used in calculations of the ions concentrations,
experiments at various pH of the electrolytes, comparison of the results with conventional
separation techniques such as: ion chromatography (IC) and inductively coupled — optical emission

spectrometry (ICP-OES).

The number of samples analysed was: 8 samples of commonly available bottled water and 13 tap
water samples from around the Europe, including samples from: Poland. Greece, France, Turkey
and many locations in the UK.

In the project nine different ITP electrolyte systems were investigated, number of them allowed
separation of multiple ions of interest. ICP-OES experiments included analysis of samples at various
wavelengths (each element was analysed at 6-12 different wavelengths). IC column available at the

university only allowed separation of calcium, magnesium and ammonium ions.

The final stage of the project included design and construction of the prototype instrument. In the
end it was possible to construct the prototype of instrument based on ITP separation. The system
was set up using parts widely available in every laboratory, syringes, plastic tubing and platinum
wire. It reused the power supply which was used in different projects. The detector was designed
and made by the supervisor especially for this project. The prototype has been proven to be working
by the separation of the anionic dyes, bromophenol blue and amaranth using electrolytes system
consisting of leading electrolyte: 10mM HCI, 0.05% Mowiol, pH 6.0 (adjusted by histidine) and
terminating electrolyte: 10mM MES, pH 6.0 (adjusted by histidine) with applied voltage of 3500V.
Unfortunately the timescale of the project prevented further optimisation and evaluation of the

prototype, it left the exciting part of the process for the sponsor company.
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Hre acetonyl)-4(3H)-quinazolinone)

HIBA Hydroxyisobutyric acid

HIDA N-hydroxyethyliminodiacetic acid

His Histidine

HMIM 1-n-hexyl-3-methyl-imidazolium cation

HPC Hydroxypropylcellulose

HPMC Hydroxypropylmethylcellulose

IDS Iminodisulfonate

IP5 Inositol pentaphosphate

IP6 Phytic acid

LE Leading electrolyte

MES 2-[n-morpholino]ethansulpfonic acid

MHEC Methylethlhydroxyl-cellulose

MMAT Mouse monoclonal antibodies against porcine transferrin

MOPS 3-(N-morpholino)propanesulfonic acid

Mowiol, PVA Poly(vinyl alcohol)

MPP Methylphosphinicopropionic acid

NH4Pic Ammonium picolinate
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NON CON Contactless conductivity detector
NR4* Quaternary ammonium salt

OMIM 1-n-octyl-3-methyl-imidazolium cation
PDTA 1,2-Diaminopropane-N,N,N',N'-tetraacetic acid
PEG Polyethyleneglycol

Phe L-phenylalanine

PHO Photometric detector

PIXE Particle induced X-ray detector

PMIM 1-n-propyl-3-methyl-imidazolium cation
POT Potential detector

PVA, Mowiol Poly(vinyl alcohol)

PVP Polyvinylpyrrolidone

SPH Spectrophotometric detector

TBA Tetrabuytlammonium hydroxide

TE Terminating electrolyte

TEA* Tetraethylammonium

TETA Triethylenetetramine

THE Thermal detector

TMOH Tetramethylammonium hydroxide
Tris Tris(hydroxymethyl)aminomethane
uv Ultra-violet spectrometric detector
Val L-valine
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Chapter 1 Introduction to water quality control

1.1 Water quality and its global importance

Approximately 99% of the United Kingdom’s population receives its water supply through regulated
water companies. The principal sources of this supply are groundwater, drawn from aquifers and
surface water, obtained from rivers and reservoirs. The remaining proportion of the population,
typically those residing in remote or sparsely populated rural areas, depends on private water
supplies. These systems generally get water from a well, spring or borehole and although
comparatively small in scale, they are of particular relevance in contexts such as beverage
production and certain healthcare institutions, where a secure and independent supply may be
required?.

The water industry constitutes a fundamental component of modern society, with direct
implications for public health, economic activity and environmental protection. Recent studies
report that in 2023 the average per capita water consumption in the UK was approximately 140
litres per day?. This figure contains all domestic uses, including drinking, food preparation,
sanitation and hygiene. Of this total, only a small proportion is required for hydration, with an
average adult needing between 2 and 3 litres of potable water per day to maintain adequate
physiological function®. The provision of safe drinking water is therefore essential and its quality
must be rigorously monitored to prevent contamination and to safeguard human health.

Drinking water legislation is, hence crucial to ensure public health and safety as well as ensuring
environmental protection and therefore national and international laws have been introduced. In
the United Kingdom (Table 1-1), key legislations include the Water Supply (Water Quality)
Regulations 2018, the World Health Organization’s Guidelines for Drinking-Water Quality, and the
European Drinking Water Directive 1998. Collectively, these establish legally enforceable standards
for microbiological, chemical and physical parameters in water intended for human consumption,

as well as requirements for regular testing and reporting.
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Table 1-1: Table summarising legislation regarding water in the UK*~7.

Legislation Scope Key provisions Legal status
Establishes binding standards for
microbiological, chemical and
The Water Supply | United Kingdom | physical water quality parameters,

Legally binding

(Water Quality) (England and orders frequent monitoring and
national law
Regulations 2018 Wales) reporting, places a legal duty on
water suppliers to ensure water is
safe
Provides guideline limits for Non-binding,

World Health
Organization
(WHO) Guidelines
for Drinking-Water
Quality

International

contaminants, encourages risk-
based water safety planning;
supports surveillance,
management and protection of

drinking water sources

advisory but
widely adopted
as a reference in
national

legislation

European Drinking
Water Directive

1988

European Union
(including the
UK before

Brexit)

Introduced minimum standards for
microbiological and chemical
parameters, required monitoring
and public reporting, improved
consistency of water quality across

the EU

Legally binding
EU directive (no
longer directly
applicable in the

UK after Brexit)

European Drinking
Water Directive

2020 revision

European Union

members

Expands on the 1998 directive by
setting stricter parameter limits,
includes additional contaminants.
Also introduces a stronger focus on
access to safe water as a human

right

Legally binding
EU directive

(influences UK

policy)

The enforcement of these regulations depends upon a combination of monitoring, treatment and
management practices supported by independent regulatory oversight. To this end, the Drinking
Water Inspectorate (DWI) was established in 1990 to act as an impartial authority ensuring

compliance across the sector. The DWI is empowered to audit water companies, enforce legal
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obligations and publish annual reports on national water quality, thereby contributing to both
transparency and public confidence.

It is important to note that water regulation in the UK extends beyond the provision of potable
water. Legislation also covers the abstraction of raw water, the operation and maintenance of
distribution networks, the treatment and disposal of wastewater and the management of water
used within industrial processes®. Such comprehensive coverage reflects an understanding of water
as a resource that is simultaneously vital for human survival, public health, economic development

and environmental sustainability.

Water quality parameters may be divided into the following sections as seen in Figure 1-1: chemical,
biological and physical properties®2.

e Chemical properties include measurements of:

- dissolved oxygen levels, which affects ability to support microbial life during treatment
process

- pH indicated acidity or alkalinity and affects solubility of nutrients and metals, low or high
pH leads to pipes corrosion, change of taste and reduced efficiency of disinfectant

- the concentration of organic compounds, chronic exposure to elevated levels is responsible
for various health

- the concentration of metals, elevated concentration of metals may lead to various health
problems (examples are presented in section 1.3)

- levels of hardness, caused by dissolved calcium and magnesium, responsible for scaling in
domestic and industrial appliances, reducing efficiency and increasing maintenance costs (it
is further discussed in section 1.3.7)

e Biological properties include detection of viruses, bacteria or algae. In countries with poor
water quality management contaminated water is linked to transmission of diseases (such
as hepatitis A, polio, typhoid or cholera)

e Physical properties look at the general state of water supply, its colour, odour, taste or
turbidity. They can affect both the safety and aesthetic qualities of the water. Temperature
affects growth of bacteria, discolouration may indicate contamination of water with organic

materials, iron or other pollutants
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Inadequate regulation or failure in water quality control mechanisms can result in the
contamination of drinking water with chemicals, heavy metals, pathogens or sewage. Such
contamination poses direct and immediate risks to human health, leading to acute illnesses such as
gastroenteritis or long-term conditions including neurological, cardiovascular and developmental
disorders associated with chronic exposure to toxic substances.

The implications of poor water quality extend beyond public health. From an environmental
perspective, contamination disrupts aquatic ecosystems by altering chemical balances and reducing
biodiversity. The introduction of pollutants such as microplastics, chemicals or pharmaceutical
residues can also have long-lasting ecological effects.

Economically, insufficient control of water quality destabilises industrial and agricultural processes.
Industries such as food and beverage production, pharmaceuticals and electronics rely heavily on
high-purity water for manufacturing. Contamination can interrupt operations, increase costs and
damage equipment, thereby reducing competitiveness and productivity. Similarly, agriculture
depends on clean water for irrigation and livestock, polluted water sources may reduce crop yields,
contaminate soils or result in accumulation of toxins within the food chain.

Section 0 presents selected case studies illustrating how failures in water quality management have
affected populations worldwide. These examples demonstrate the consequences of inadequate
control. They emphasise necessity of robust monitoring, effective legislation and sustainable
management practices to ensure that water remains a safe and reliable resource for both human

and environmental health.
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Figure 1-1: Water quality monitoring including various properties.
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1.2 lons investigated in the PhD project

In order to comply with laws and regulations water suppliers are required to constantly monitor
and control water quality. This ensures that treated water meets the standards for human
consumption but also safeguards public health and environmental. Monitoring relies heavily on the
use of advanced analytical instruments capable of detecting contaminants at very low
concentrations.

Process Instruments Ltd (sponsor of this PhD) specialises in the design and distribution of water
quality analysers. They distribute analysers for various applications, including food and drink,
industrial water treatment, municipal drinking water or spas and pools. The company wishes to
expand its product range and would like to offer an on-line analyser to measure selected heavy
metals ions and water hardness, they wanted to explore the possibility of simultaneously
measurements of these parameters. That included comparison of results with commercial
analytical instruments which are available at the university and experience in prototype setup and
evaluation. Which was crucial to achieve the aims this PhD.

The target ions identified for this development were: AI**, NH4*, Cu?*, Cr3*, Pb?*and Fe?*, additionally
Ca?* and Mg?* ions were included due to their influence on water hardness. The ions were chosen
by the industrial partner as the potential for product range was identified. While all of these ions
occur naturally in water, their concentrations are subject to strict control during treatment and
distribution, as both excessive and deficient levels can cause operational, environmental, or health-
related problems as detailed in Section 1.3.

Concentration limits are established by the European Union Drinking Water Directive, the World
Health Organization’s Guidelines for Drinking-Water Quality, and the UK Drinking Water
Inspectorate (DWI). Table 2-1 below summarises the concentration limits for all the ions according
to European Union, World Health Organisation and Drinking Water Inspectorate. Section 1.3 gives

examples of what happens if the levels are exceeded and not rigorously monitored.
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Table 1-2: Recommended maximum levels of ions analysed in this project according to EU, WHO

and DW/|>613,
Recommended levels [mg/L]

ton EU WHO DWI
Al 0.2 0.1-0.2 0.2l
Cr 0.05 0.05 0.05
Cu 2 1.3 2
Fe 0.2 0.1 200
NHs 0.5 — —
Pb 0.01 0.01 0.01

Ca+ Mg — 250 200

1.3 Toxicology assessment

The toxicology of certain metals and minerals in water has significant implications for human health.
Short- and long-term exposure to elevated levels of ions in water can led to various health
problems. This section provides an overview of the toxicological effects of metals and ions. It
highlights the importance of water quality monitoring and regulation to prevent harmful exposure.

1.3.1 Aluminium

Aluminium is a naturally occurring element found in the soil, air and water. It is found as salts of
ARP* including silicates, oxidates or hydroxides. The main source of aluminium in the water is:
erosion of rocks and minerals, contamination of water sources from industrial operations (such as
mining) or leaching from pipes, fittings or storage tanks. It is also used in the manufacturing of
kitchen utensils, food additives and cosmetics!*Y’. There is evidence that aluminium toxicity
increases with decreasing pH. Thus acid rain and increased acidification of soil and water increase
the amount of harmful aluminium ions in water sources and crops®®.

Aluminium toxicity for humans results in replacing Mg?* and Fe3* by aluminium ions which disturbs
intermolecular communication or cellular growth®. There is some contested evidence that
prolonged exposure to high level of aluminium may be a risk factor for Alzheimer’s disease?®.
Aluminium toxicity results in bone softness and proneness for bone fractures. Aluminium toxicity
especially affects people with chronic kidney disease who required regular dialysis. They have

limited ability to excrete aluminium and that results in the accumulation of the metal in the
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organism®>. One of the most common symptoms of aluminium overdose is anaemia. Study shows
that individuals who been exposed to elevated level of aluminium in drinking water suffered from
nausea, vomiting, diarrhoea, skin ulcers or skin rashes!®?°, However all the symptoms were short
lasting.
In 1988 20 tonnes of aluminium sulphate contaminated a water supply in Lowemoor, Cornwall. That
resulted in acidisation of water which caused corrosion of the pipework and release of large
quantities of lead and copper. The maximum aluminium concentration recorded was 620 000ug/L
while the maximum admissible concentration was 200ug/L. The water was distributed to local
community resulting in poisoning symptoms in many residents. The most common health effect
were vomiting, bowel problems, impaired memory, joint pains or swelling and skin irritations?%22,
1.3.2 Chromium
Chromium exists in several oxidation states however in the water environment it can be found in
two stable forms, Cr3* and Cr®*. Chromium VI is toxic while chromium Il is an essential nutrient.
Chromium is mainly used in the metallurgy industry, production of paints, wood preservation and
paper production?823-26,
Exposure to chromium VI causes gastrointestinal issues, breathing problems including asthma or in
prolonged exposure liver damage. Inhalation of chromium VI is carcinogenic and results in lung
cancer. Excessive exposure to chromium Il can cause irritation to respiratory tract such as: asthma,
cough, shortness of breath or wheezing?’.
One of the most well-known cases of contamination of water sources with chromium is the incident
in Hinckley, California in the 50s. For over 10 years the wastewater containing chromium was
dumped into ponds which contaminated ground water. The contamination cased various health
issues in residents of nearby towns. That included: increased cancer rates (including lung and
stomach cancers), liver and kidney damage, reproductive issues and birth defects?®?°.
The scale of the problem was uncovered in 1993 when the legal battle begun between the public
and the company. It resulted in a multimillion settlement and efforts to decontaminate the ground
water.
1.3.3 Copper
Copper is found in the environment in minerals in various forms, including copper metal, copper
salts or oxides. Copper is essential to good health, it plays significant role in metabolism. The main
source of copper in drinking water is corrosion of pipes or industry contamination or leaching of

natural copper sources#26:30,
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Higher levels of copper in drinking water cause nausea, vomiting, stomach cramps or diarrhoea,
long-term intake of copper can cause red blood cell damage leading to anaemia, liver and kidney
damage!43132,
Between 1992-1993 number of unexplained gastrointestinal upsets were investigated in Wisconsin,
USA. It was traced to copper contaminated water. In all cases patients were complaining about
severe diarrhoea, nausea and vomiting which leads to dehydration. The paper presents few case
studies which have a common cause — copper contaminated water33,

1.3.4 lIron
Iron is naturally occurring mineral which can be found in soil, rocks and is widely used in industry
(mining, transportation or steel). It is crucial for healthy body functions and is found in haemoglobin
which is responsible for oxygen transportation through the body, it supports muscle and immune
systems function834,
Excessive iron level may lead to depression, rapid and shallow breathing, convulsions and in
extreme cases respiratory failure and cardiac arrest. Prolonged exposure to iron is known to cause
cancer by oxidation of DNA molecules. Iron can give water a reddish-brown colour that is
unappealing for drinking and washing water3>,
One of the countries where an iron contaminated water is a major issue is Bangladesh. Ground
water is a main source of drinking water for many rural populations. The problem occurs due to the
geological composition of the soli and the depth of the wells (shallow wells). The affected residents
suffer from gastrointestinal problems, excessive accumulation of iron which affects the liver and
pancreas and causes heart conditions337,
The developing countries have difficulties with dealing with the situation. The government tries to
provide filtration systems which would significantly increase water quality, promote constructions
of deeper wells and educate people about the water quality and health implications.

1.3.5 Lead
Main source of lead contamination in the environment is mining, manufacturing and burning of
fossil fuels. Lead is used to produce batteries, metal products, pipes, ammunition or X-ray shielding.
Main source of lead in drinking water is corrosion of pipes or industrial pollution83839,
Lead has a major effect on human’s body. Depending on the exposure duration it can be either
acute or chronic. In acute exposure the main symptoms are headaches, abdominal pain, arthritis,

an increase in blood pressure or anaemia. In chronic lead exposure lead can severely damage brain

and kidneys, and may cause miscarriage or affect male reproduction system?*. Children are the
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most vulnerable group for lead exposure. It can affect their central nervous system and leads to
mental illness, learning challenges, hearing or speech impairments*~44,
In 2014 lead contaminated water was distributed to the residents in Flint, Michigan, USA. The
contamination occurred after changing the water supply to a river with lower pH (that lead to
corrosion of the pipework and lead released into the system). Local residents experienced skin
rashes, hair loss and elevated lead levels in the blood. It is expected that the affected children could
have learning difficulties or increased risk of Alzheimer’s disease. This event resulted in multiple
lawsuits, upgrade of the infrastructure and increased public awareness about the lead
contamination®.
1.3.6 Ammonia
Ammonia is used as a fertilizer and in animal feed production, it can also be found in the production
process or paper, rubber, fibres, plastics or explosives manufacture. On dissolution in water
ammonia becomes ammonium cation. The main source of ammonium salts in water is
contamination with industrial or agriculture waste or sewage pollution*®4’. Short term exposure
results in increased blood pressure or acidosis.
Long-term contact with ammonia and ammonium ions results in coughing, bronchospasm and chest
pain along with severe eye irritation and tearing. At higher concentrations it causes chemical
bronchitis, fluid accumulation in the lungs or chemical burns®.
In 2001 an ammonia spillage affected water sources in Tel Aviv, Israel. It was caused by a
malfunction of ammonia tank. The ammonium ion levels were not considered toxic however an
elevated levels of ammonium ion have impact on concentration of nitrate and nitrite ions. These
reacts with haemoglobin and form a methaemoglobin which does not carry oxygen. The problem
was resolved within few days and there was not serious health implications for the residents*°.
1.3.7 Water hardness
Calcium and magnesium salts (carbonates, bicarbonates, chlorides, sulphates and nitrates) are
responsible for water hardness>®>!. Hard water causes scaling in hot water systems such as: kettles,
electronic irons and domestic appliances. On the other hand, soft water will have a low buffering
capacity and thus is more corrosive to pipes. Scaling of heating elements shortens their life and
makes appliances less effective. Even 1mm of scale in the boiler increases the time and thus energy
needed to heat it up, it is estimated that it adds between £150-300 per household per annum in

energy bills>2°3,
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Calcium and magnesium are essential for bone health and muscle function. Elevated levels of
calcium ion may promote formation of kidney stones while high concentrations of magnesium ion
cause diarrhoea and digestive issues. Hard water may be a cause of skin irritation or eczema®*>¢ .

A study of the effects of hard and soft water has been conducted in Slovakia, it summarises data
from 15 years (1994-2008). It compares health indications from both groups and it is looking at
deaths caused by four major causes (cardiovascular, oncologic, gastrointestinal and respiratory
diseases). One of the conclusions is that soft water regions, deficiency of calcium and magnesium

contributes to increased mortality caused by digestive tract and respiratory infections. It also found

that populations supplied by hard water have longer life expectancy®’.

The toxicological assessment of water quality parameters is a critical component of ensuring safe
drinking water and protecting public health. Monitoring both chemical and microbiological
constituents allows for the early detection of contaminants which can pose acute or chronic health
risks. Heavy metals like lead, chromium and aluminium demonstrate the potential for neurotoxicity,
carcinogenicity and organ damage, whereas nutrients and microbial contaminants can cause acute
ilinesses or contribute to long-term health effects. Even essential minerals, including calcium and
magnesium, while beneficial, require careful management due to their influence on water hardness

and potential indirect impacts on metal leaching and infrastructure.

Section above provides evidence to why water quality monitoring is important. For the best results,
continuous monitoring and rapid detection are crucial. That is the main reason for this PhD project.
It aims to develop an on-line analyser with fast separation time, ability to separate multiple ions at

the same time and it cost effective due to the limited quantities of reagents and maintenance.

1.4 Techniques used in aqueous ion analysis

There is a number of conventional techniques used in the aqueous samples analysis, that includes:
titration, ion chromatography, atomic absorption spectroscopy (AAS), inductively couple plasma —
optical emission spectroscopy (ICP-OES) or capillary electrophoresis (CE). Some of these techniques
were used as a refence to the isotachophoresis (ITP) analysis presented in this thesis.

Titration is a widely used analytical technique in water analysis, it involves gradual addition of a
titrant to a sample (and indicator) until end endpoint is reached, which indicated the completion of

the reaction between the titrant and analyte in the sample. The end point is established by the
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colour change of the solution (examples can be found in section 5.1.1). That point is subjective to
the operator thus all experiments should be done by a single person. This method is cost effective,
it can provide high accuracy results if performed correctly, applicable to wide range of samples and
concentrations. However, sometimes it may be very time consuming as it requires accurate
preparation of all reagents and multiple repetitions of the titrations. The technique is widely used
in the laboratories but not common in the field.

lon chromatography (IC) is a powerful technique used in analytical chemistry. It separates ions
based on the interactions between sample and a stationary phase. Depending on the column, it
allows detection of cations or anions. The instrument is usually equipped with conductivity
detector, data is presented as a series of peaks where each corresponds to different ion. This
method is very sensitive (detects ppm) and can detect multiple ions at the same time>®>°, However
the cost of the analytical instrument, operations, maintenance and personnel training are high. lon
chromatography requires laboratory access and cannot be used at the point of sample collection.

Details are available in Section 3.2.

To detect heavy metals in aqueous samples, atomic absorption spectroscopy (AAS) may be used. It
measures the absorption of light by free atoms in the gaseous state. The sample is atomised into a
flame which absorbs unique wavelengths. The technique is very sensitive (detects ppm) and
provides specific elemental analysis depending on the light source used. The initial cost, staff
training and operation of the instrument are significant. Use of the instrument in the field is not

possible hence laboratory space is essential®®®2.

ICP-OES is a multielement analysis technique that uses argon plasma to excite atoms and ions in
the sample to a higher energy level. As these excited species relax back to their ground states, they
emit radiation at characteristic wavelengths that are specific to each element. By measuring the
intensity of this emitted light, the technique allows for both qualitative identification and
guantitative determination of a wide range of elements The technique is valued for its high
sensitivity (ppb) however initial and operational costs and training of the staff are substantial, the
technique is descried in more details in Section 3.3,

The use of the various separation techniques is vital for this PhD project as it provides data required

for prototype evaluation.
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1.5 Isotachophoresis used in the industry

Isotachophoresis is a known analytical technique used in the analysis of the various samples. Unlike
chromatography, the use of the technique in the water industry is not recognised. It is cause by lack
of standardisation and commercialisation of the instrument. Unlike chromatography-based
instruments, ITP is mainly used in the research laboratories. This PhD project aims to introduce ITP
as an alternative technique used in the water hardness determination.

Isotachophoresis (ITP) is an electrophoretic separation technique in which ions migrate in an
electric field between a leading electrolyte and a terminating electrolyte. The method allows for
stacking and separation of ionic species based on differences in ionic mobility, making it highly
selective and capable of concentrating trace ions from dilute solutions.

There are many advantages of the instrument based on ITP such as: reduction of sample and
analytes volumes, hence lower operational costs, less or no sample preparation which allows
analysis of the sample in situ without personnel involvement. There is also evidence of ITP used as
a pre-concentration method which can be used in the analysis of wider range of sample
concentrations. What is more, alternation of the pH of the electrolyte may be used in analysis of
more complex samples, however that required furthered investigation.

Number of possible detectors which could be coupled with ITP instrument is another advantage.
That includes conductivity (which was primary technique used in this project), UV, fluorescence,
mass spectrometry or potentiometry. More details are available in section 2.2.3. It provides stable
and consistent environment for the analysis which would be beneficial in the in the field analyser.

This project introduces the concept of an automated on-line prototype of ITP-based analyser,
specifically designed for field operation for water quality monitoring. The analyser is intended to
provide rapid, reliable and selective measurements of ionic species directly at the point of sampling,
thereby reducing the need for laboratory-based analysis. The operation of the analyser would
require small quantities of chemical reagents which makes it more cost effective. What is more, use
of microcontroller allows independent operation of the instrument. Ability to use various

electrolytes and voltages allow analysis of range of ionic species present in water samples.

1.6 Aims of the project
This research programme is focused on the isotachophoretic separations, determination and
guantitation of the concentrations of a list of ionic species of key importance in the water industry.

Some of these highlighted ions need to be monitored purely on the basis of their toxicity and
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consequent potential threat to health. Within this project, Cu>, Cr**, and Pb? fall into this category.
Other ions are specifically associated with the process of coagulation control used in the process of
water purification and the removal of unwanted particulates (Al** and Fe?*) where they are used as
coagulation reagents. NH,'is another important ion that requires identification and quantitation
due to the possible effect on health with long lasting results. Finally, Mg? and Ca*are important as
key ions in the definition of water hardness.
Analytical target profile was established for the project as:
1. Analyte(s): AP*, NH4*, Cu?*, Cr3*, Pb?*, Fe?*, Ca?* and Mg?* ions
2. Matrix: Drinking water (including tap and bottled water) and wastewater
3. Purpose of the method: Environmental monitoring, health relations (toxicology)
4. Performance criteria:
- Accuracy (standard deviation of up to 10%)
- Precision: Being able to get consistent results using various analytical techniques and
prototype measurements, comparison of ITP, IC and ICP-OES results
- Specificity/selectivity: distinction between different oxidation states of the metals (iron
and chromium are the main examples in this study), no interference from other metal
ions in the sample. Interference can result in inaccurate concentrations calculations or
overlapping other results
- Limit of Detection (LOD) and Limit of Quantification (LOQ): how do the results compare
to the legal limits (Table 2-1)
- Robustness: sample analysed at different pH, analysis of some of the ions at different
pH may improve LOD as the concentrations measured may be lower
5. Regulatory and Compliance Requirements: must meet WHO and DWI requirements
The technique of isotachophoresis, although as yet not employed as an on-line measurement
instrument within the water industry, has a number of potential advantages that could be viewed
as commercially attractive. The instrumentation is simple in that the separation process is confined
to ionic migration, within a generic capillary tube the material of which plays no part in the
separation process. The separation chemistry is usually based on relatively simple electrolyte
formulations that have longevity of months and so are suitable for a well-spaced maintenance
schedule, if used in a remote location. The quantitation in isotachophoresis is based upon time
intervals between contiguous separated zones, such that the detector does not need to be

calibrated or requires detector to have a particularly linear transfer function with respect to
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concentration. This is a particularly attractive feature since most field-based wet-chemical analysers
are prone to problematic detection calibration. Finally, the waste produced is usually of low toxicity.
The only major drawback is the need to apply high voltage separation fields (usually in the range of
1 to 10kV). This project has been an industrial PhD programme, co-sponsored by Process
Instruments Ltd. who are an established and growing SME based in the NW town of Burnley. They
supply measurement and control instrumentation to both the drinking water and wastewater
industries and specialise in disinfection process control and partial removal through the
measurement and control of coagulation chemistry. The ions listed above have been chosen by the
sponsoring company as key target ions that are currently difficult to measure using on-line
instrumentation. The interest in ITP is to understand its potential as an instrumentation platform
that could assist in the determination of these ions within a remote access situation and also to
assess the potential commercial opportunity in the application of isotachophoresis in new concept
chemical measurement instrumentation. Isotachophoresis has a potential to analyse multiple ions
at the same time and thus reduce the time taken for the analysis. In this project the potential of ITP

to be used as an on-line analyser was investigated.

There are six principal aims to this research programme:

1. To conduct review and study on the water legislation and the importance of the ions
investigated in the project to human health. The findings are reported in Chapter 1.

2. To investigate exhaustively the literature-reported methodologies where isotachophoresis
has been used within a laboratory environment to separate and measure the ions of interest
that have been identified by the sponsoring company. Reported methods details are
available in Appendix Ill, where series of tables show the wide application of ITP method.

3. To thoroughly evaluate the most promising electrolyte systems found in the first principal
aim, to optimise the electrolyte chemistry for the concentration ranges relevant to the
water industry for each highlighted ion. And, where necessary to develop novel electrolyte
chemistries for isotachophoretic separation, either because such systems have not been
reported in the literature, or where literature-reported electrolyte chemistries fall short of
the industry requirements. Evaluation details are discussed in Chapters 4 and 5.

4. To systematically design and develop a research prototype isotachophoretic instrument,

that demonstrates the feasibility of applying a robust isotachophoresis instrument within
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the working environments associated with the water industry. The overview of the process
is presented in Chapter 6.

5. To construct a prototype instrument with parts readily available. Prove that the analytical
instrument can be constructed using inexpensive materials and give consistent and reliable
results. Schematics and design details are available in Chapter 6.

6. To prove the novelty of the research, including the constructed prototype and separation
system. Show evidence that the data obtained from the prototype show promising results
and could be used as an online measurement analyser. Chapters 6 and 7 present data from
initial separation using the prototype and list studies which are required for instrument

optimisation.

An additional aim set by the company was trial the prototype instrument on site but this was not
feasible due to the severe restrictions imposed during the Covid 19 pandemic, which affected the
latter half of this research programme. The ideal prototype instrument should be based on the
principle of ITP to replace current commercial instruments. These are usually based upon a wet-
chemical reagent-based reaction that is monitored by in-line spectrophotometry®35. Any
replacement device should be cheap and easy to use, based on longer shelf-life reagents than used
for spectrophotometry. This will result in the reduction of liquid chemical waste to approximately
5% of the current waste production. The designed prototype instrument should require less

maintenance visits and use longer shelf-life chemicals and thus reduce chemical waste.
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Chapter 2 Isotachophoresis overview

2.1 Isotachophoresis overview

Isotachophoresis (ITP) is an electrophoretic separation technique that separates ions, based on
their electrophoretic mobility within a supporting electrolyte. The chemistry of the electrolyte plays
a key role in the definition of the electrophoretic mobility of a given ion in a given chemical
environment. Unlike capillary electrophoresis, ITP generates separated zones of equal
concentration, such that adjacent zones are contiguous. Detection is unusual, in that it is the length

of a separated zone, rather than any peak response that defines the quantitation.

In isotachophoresis, two electrolytes are used, a leading (LE) and a terminating (TE) electrolyte. The
principle for choosing electrolytes is: the primary leading electrolyte ion has a higher mobility and
the primary terminating electrolyte ion has a lower mobility than any of the ion species in the
separated sample®®®’. Samples are injected in between the LE and TE as shown in Figure 2-1a. When
an electric current is applied to the system, ions begin to separate and organise themselves in order
of decreasing mobility (Figure 2-1b). Figure 2-1c presents a completed separation. The mobilities of
sample are: we>pa>ps>pc>ure where pis electrophoretic mobility. This may be carried out at

constant voltage or constant current®®9,
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Figure 2-1: Presentation of isotachophoresis separation with analysis results. ® is sample ion A, ®is
sample ion B and ® is sample ion C, LE is leading electrolyte and TE is terminating electrolyte. a)
presents system at the beginning of analysis, just after sample injection, b) ions during separation
and c) separated ions.
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2.2 Isotachophoresis over the years

Figure 2-2 summarises development of ITP over the years, the history involved the following. The
simplified version of isotachophoresis was first reported by Wideman and Buff®® at the end of
nineteenth century, it was described as migration of charged particles in a solution while an electric
current is applied. In early 1920s a successful separation of rare earth metal ions was conducted by
Kendall and Clarke’. These experiments provided information about the link between sample
concentration and zone lengths. The importance of the electro separations was confirmed when
Arne Tiselius won the Nobel Prize in 1948. In his apparatus he introduced sample between two
solutions, called leading and tailing. The work proved that the mobility of samples decreases going
from the leading solution towards the tailing solution.

The first milestone in the isotachophoresis technique development was made by Martin and
Everaerts in 1967 when they published an article entitled ‘Displacement electrophoresis’. It
presented a separation of a sample (mixture of anions) in a glass capillary, where the sample was
introduced to the separation capillary by a valve and the separation monitored by a thermocouple
detector. The paper provided information about the separation principles, the sequencing of
migrating zones according to their mobilities and quantitative determination of the samples based
on the zone length”?,

In the 1970s separation instruments became more popular, thus commercial instruments based on
ITP appeared on the market. The first analytical instruments were manufactured by Isotach AB
(Sweden) and Villa Labeco (Slovakia). The instruments were equipped with conductivity and UV
detectors and were mainly used in laboratory, environmental and pharmaceutical research’?73.

In the following years ITP-based instruments became more specialised by coupling with capillary
electrophoresis’*’®. It allowed usage of instruments in clinical diagnostics and quality control
laboratories. However in 1990s popularisation of other broadly applicable separation techniques
such as HPLC or CE slowed down the uptake of ITP-based instruments worldwide.

Developments since the year 2000 were driven by advances in technology, such as the ability to
produce small-scale components and hence drive an overall miniaturisation of the technique. It
integrated isotachophoresis onto lab-on-chip devices”’~8. They are usually made of glass, PDMS or
thermoplastics®82. ITP continues to be used in a wide variety of fields either as a stand alone
separation technique or as a powerful sample pre-concentration technique®® %7, In recent years
research focused on separation of peptides, proteins or nanoparticles®. Another area of interest

was miniaturisation of the analytical instrument and coupling ITP with various sophisticated
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detectors, such as: inductively coupled plasma-MS, nanopore single-molecule sensing or surface

enhanced Raman spectroscopy®®2,

¢ first mention of the technique by Wideman and Buff

N
e sucessful separation of earth metal ions by Kendall and Clarke
1920-1950
J
N
e first publications of ITP theory and demonstraion of steps during the
analysis
J

¢ |TP analysis used in inorganic ions and small organic molecules analysis
development of benchtop ITP instruments
¢ advanced detectors (conductivity and UV) widely used in the ITP
I separtions
e isotachophoresis instrument being coupled with capillary
electrophoresis
e improvement of detection limits
\
¢ expansion of usage of ITP separations to nucleic acids
_J
\
e development of miniaturised ITP into lab-on-a-chip
¢ |TP used in advanced bioanalytical separations
J

¢ TP copuled with more complex detectors such as mass spectrometry or
liqguid chromatography

Figure 2-2: Summary of key developments in isotachophoresis-based separation.
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2.2.1 Mobility

Electrophoretic mobility (uep) [;n—z] is the constant of proportionality between the velocity of the ion
and the strength of the electric field. It is proportional to the charge of the ion and inversely
proportional to the friction coefficient of the ion (in a given electrolytic environment).
Electrophoretic mobilities of the ions analysed in the project are presented in Table 2-1.
Electrophoretic mobility is calculated:

Ugp
= — Eq 1
Hep = (Eq 1)

m

Where E is applied electric field [%] and ugp [S] is the velocity of the ion.

The friction coefficient (f) [N] for a spherical ion can be calculated using Stoke’s Law, where r is the

radius [m] of the ion and 7 is the viscosity [%] of the supporting buffer:

f=6-mn-r (Eq 2)

Table 2-1: Electrophoretic mobilities of the ions analysed in this PhD project®.

lon Mobility (*107°) [cm?V-1s?]
APB* 63.2

Ca* 53.2-61.6
Cr3* 69.4

Cu? 47.0-54.5
Fe?* 54.0-56.0
Mg2* 48.2-55.0
NH.* 66.7-74.0
Pb?* 70.0-73.6

2.2.2 Data analysis
The isotachopherogram of every analysis shows a series of steps (Figure 2-3). Each step corresponds
to a different ion. The step height is the qualitative parameter and is characteristic of the analysed

ion. The step length allows quantitative interpretation of the sample. The calibration graph for each
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ion plots the step length against the concentration for an ion of interest. In principle, the step length

is proportional to the concentration of the associated ion (or ion complex).
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3.55

3.08 LE

2.62

2.15
300 306 312 318 324 330 336 342
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Figure 2-3: An example of an isotachopherogram.

Relative step height (RSH) is calculated as seen in (Eq 3. Where x, y and z are values taken from

Figure 2-3).
X
RSHion 1= ;
(Eq 3)

y
RSHionZ = ;

2.2.3 Detectors available in isotachophoresis analysis
The most common detectors used in isotachophoresis are conductivity and UV absorbance.
However there is the possibility of using more specialised detectors if required, as outlined below.

Limits of detection are calculated based on the isotachophoretic analysis of various samples.
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Table 2-2: Reported limits of detection for detectors used in electrophoretic separations®?-8,

Detection system Reported limit of detection (ug/L)
Conductivity 10-20
UV absorbance 10-100
Fluorescence 20-50
Mass spectrometry 0.3-0.5
Thermometric 20-50
Potentiometry 10-50

2.2.3.1 Conductivity®’
Conductivity is a widely used detection system in isotachophoretic separations. It can be performed
using both, dc and ac techniques. The detector measures a potential between two electrodes while
passing a small constant current. There are two types of conductivity detectors available, contact
and contactless. Detailed description of the detector used in the project is available in section 3.1.4.
2.2.3.2 UV absorption®
UV absorption may be used as a detection system in some separations. It is usually used coupled
with another detection techniques usually with conductivity detector. That allows better
identification of the exact position and thickness of the zone boundaries. The wavelengths mostly
used are 254 and 280nm (usually used in analysis of proteins or organic compounds). Most of the
separation tubes used in ITP are made of PTFE. Because of the PTFE usage of wavelengths below

230nm is impossible, due to the UV dispersion and absorbance by PTFE material (Figure 2-4).
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Figure 2-4: Light absorbance of PTFE!L,

2.2.3.3 DAD (diode-array detector)!02-10¢
Unlike UV absorbance detectors, DAD is capable of detection using multiple wavelengths at the
time (Figure 2-5). It detects absorption in UV to visible region. A light source used in system is a
deuterium lamp, the grating is used to spread the light into various wavelengths. Which is then
transmitted through the slit and passes through the flow cell. The amount of light transmitted to
the photodetector is reduced and the difference in transmittance is converted into the detector

output in absorbance units.

Fused silica

Deuterium lamp capillary

Shutter
with filter
P Diode-array

Grating

103

Figure 2-5: Schematic of on-capillary DAD detection system
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2.2.3.4 Thermometric!?’
In separation systems with stabilised electric current, the heat produced increases from front side
towards the rear of the separation in a defined way. The separation zones are characterised by the
sharp changes in temperatures. The changes correspond to the zone change. Thermometric
detection provides both quantitative and qualitative information about the analysed sample. The
temperature is measured with micro-thermocouples or micro-bead thermistors.
The main disadvantage of this detector is lack of high resolution as the heat generated by the
electric field has to diffuse through the wall of the tube. All parts of the system must be thermally
isolated to avoid false readings.

2.2.3.5 Amperometric detection!®®
This detection technique looks at the change of electric current in time. The current is produced by
the oxidation or reduction of sample’s components. It provides sensitivity and high selectivity to
electroactive substances.

2.2.3.6 Mass spectrometry®®
Mass spectrometry is particularly useful if qualitative characterisation of the samples is needed. It
is highly sensitive but destructive technique thus it usually placed at the end of the capillary tube.
This detection system is expensive and complicated to implement in the isotachophoretic systems.
The electrolyte used in separation may interfere with the MS detector.

2.2.3.7 Fluorescence®
The fluorescence detector detects the optical emission of the fluorescent molecules. The
disadvantages of using this type of the detector are: costs of the equipment, limited wavelengths
of laser light and possible degradation of photosensitive samples due to the exposure to intense
light. Detection of the non-fluorescent molecules is also available, however it requires additional
sample treatment. One option is to add a fluorophore into the background electrolyte or to tag an
analyte via pre-derivatisation in the sample preparation step.

2.2.4 Additives in the leading electrolyte

2.2.4.1 Electro-osmotic flow (EOF)
Electro-osmotic flow describes the movement of a liquid over a solid surface in the presence of a
longitudinal applied electric field gradient. The inside wall of a fused-silica capillary is covered with

silanol (Si—OH) groups with a negative charge (Si—-O°) above pH~21%. The double layer consists of
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fixed negative charge on the wall and excess cations near the wall (diffused layer), as illustrated in

Figure 2-6.
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Figure 2-6: Schematic of electro-osmotic flow!1°,

The electro-osmotic flow, v, may be described by the von Smolchowski equation:

£
Vgo = (%) E (Eq 4)

Where ¢is the dielectric constant, {’is ‘zeta’ potential (the potential at the edge of the Stern layer),
nis viscosity and E is electric field strength.

The zeta potential ({-potential) is the potential difference across phase boundaries between solids
and liquids. It is a measure of the electrical charge of particles (in this case, ions) that are suspended

in liquid (Figure 2-7)°%.
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Figure 2-7: Zeta potential origin.

The thickness of the double layer (8) ranges from ~10nm when ionic strength is 1mM to ~0.3nm
when ionic strength is 1M, generally it increases with decreasing ionic strength. The double layer
supports plug-like flow of the solution toward the cathode, which is called electro-osmotic flow

(Figure 2-8).

a) b) c)

----5 e

Figure 2-8: Different types of flow. a) theoretical plug flow, b) electroosmotic flow,
c) laminar flow.

Examples of capillary materials which support electro-osmotic flow are: fused silica, glass,
polyfluorocarbons (such as PTFE or FEP) and polyethylene. In discussed ITP system, fluorinated
ethylene propylene (FEP) is used in the pre-separation column and quartz glass in the analytical
column. The influence of buffer pH on the electro-osmosis for the three materials is shown in Figure

2-9. For all presented materials the rule is the higher pH, the higher electro-osmotic flow.
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Figure 2-9: Influence of buffer pH (at constant ionic strength) on electro-osmotic flow in Pyrex glass
(75um i.d.), fused silica (75um i.d.) and Teflon (120um i.d.) capillaries (length 50 cm)1°,

2.2.4.2 Electro-osmotic flow suppressors
In order to suppress the electro-osmotic flow during the isotachophoretic analysis, a number of
different reagents may be added. The most popular EOF suppressors used in the evaluated methods
are (shown in Figure 2-10): hydroxyethylcellulose (HEC), hydroxypropylcellulose (HPC), Triton X-
100, hydroxypropyl methylcellulose (HPMC) or Mowiol (polyvinyl alcohol).
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Figure 2-10: Structures of EOF-suppressing additives used in the methods. a) hydroxyethyl cellulose

(HEC), b) hydroxypropyl (HPC), «¢) methylcellulose (HPMC),
d) Triton X-100, e) Mowiol (polyvinyl alcohol).

cellulose hydroxypropyl

An ideal capillary coating should be reversible and stable under the conditions required during the

separation, and over a range of buffer pH. There are three basic types of capillary wall coatings:
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dynamic, static and hybrid coating (which is a combination of first two). Dynamic coating involves
adsorptive secondary interactions, whereas static coating is based on covalent bonding between
the capillary wall and the coating agent. Hybrid coating is formed from one layer held by covalent
bonding while another layer is adsorbed to the adjoining surface''*12, poly(vinyl alcohol) (PVA)
binds more strongly to the silica surfaces than does HEC, so the columns coated with PVA have
better stability.
2.2.4.3 Complexing agents

The analysis of ions with similar ionic mobilities may require the adjustment of the effective mobility
of the ions. Examples of such complexing agents are: cyclodextrins (CD) and crown ethers
(especially for group | cations). Cryptands are another class of complexing agents which are
frequently reported in the literature and helpful in the analysis of the ammonium ion, lanthanoid
ions, alkali metal ions and alkaline earth metal ions. Cryptands are more expensive and difficult to
prepare but offer much better selectivity and strength of binding than other complexants (such as
crown ethers)!3, Figure 2-11 illustrates the typical structures for crown ethers, cryptands and

cyclodextrins.
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a-cyclodextrin B-cyclodextrin Y-cyclodextrin

Figure 2-11: Examples of the most common complexing agents used in ITP analysis!14-118,
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For the analysis of ions with similar mobilities but different atomic radii, using a complexing agent
may allow separation and possible identification. Crown ether molecules can complex with metal
ions by forming ion-dipole bonds with them (Figure 2-12). Cyclodextrins form sandwich-type

complexes with metal ions using hydrogen bonds.

Cul’ Cul?

Figure 2-12: Formation of a host-guest complex between a potassium ion and

a) 18-crown-6-ether'’®, b) Cryptand 222'2° and c¢) sandwich-type metal complex with

cyclodextrin®?!,

2.2.5 Influence of the pH of the leading electrolyte on the ions analysed
By analysis of Figure 2-13, it can be seen that the pH has a significant effect on the species present
in the solution. For the aluminium, AI** ion is present at pH below 3 and above pH 4 is in the
insoluble form, Al(OH)s. At pH 3, there is an equal amount of AI** ion and Al(OH)s.
In ammonia analysis, below pH 6 there is only the ammonium ion present, at pH 9 there is an equal
amount of NH4* ion and ammonia and at pH>9 the concentration of ammonium ion decreases and
ammonia increases.
The lead ion is only present at pH below 5. At pH>5 the insoluble form (Pb(OH);) dominates.
The chromium (ll1) ion is always present with other chromium species and above pH 6, it is only

present as insoluble Cr;0s.

47



Theiron (Il) ion is present at pH below 6. Above pH 6 the other species is present in form of insoluble
Fe(OH)..

In copper analysis below pH 6 there is only copper Il ion present, at pH 6.5 there is an equal
concentration of Cu?* ion and CuO, at pH>6.5 there is only insoluble oxide present.

The calcium ion is present in the solution at pH below 10, at pH>10 there is a mixture of calcium ion
and CaOH"*.

The magnesium ion is present at pH below 9. Above pH 9 there is only insoluble magnesium

hydroxide present.

Many electrolytes need adjustments of the pH before the experiment. That requires careful
selection of the pH of the leading electrolyte, depending upon the species present in the sample
solution. Some of the ions are not affected by pH changes (such as: Cu?*, Mg?* and Ca?*), where the

ion form is present in the solution in wide range of pH.
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Figure 2-13: Graphs showing the influence of pH on the ionic species present in the aqueous sample
(fraction vs pH) for: aluminium, ammonium ion, lead, chromium, iron, copper, calcium and
magnesium. Graphs prepared by Hydra-Medusa software.
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2.2.5.1 Examples of the influence of pH of the LE on the samples

The influence of the pH of the leading electrolyte was investigated further. Analysis was done to
explore the possibility of analysis of samples with lower concentrations (where steps were longer).
The analysis of the relative step height within the separation may be important in the analysis of
mixtures where more than one component has the same or similar RSHs and thus will not be
separated and give incorrect results (steps would overlap). Slightly changing the pH may promote
the separation.

Figure 2-14 presents examples of the influence of the pH of the leading electrolyte on the RSH and
step length. It may be seen that only in one case, chromium (lll) ion analysis, there is a trend in the
RSH and step length. The higher the pH, the higher the RSH but shorter the step. However, the

difference in step length is not significantly changed.

The same electrolyte system was used in the experiments with iron (Il) ions and there is no trend
at all in either RSH or step length data. However, LE at pH 4.9 which was used in all calibrations and
analysis gives the longest step and the lowest step height.

In the analysis of copper (ll) ion it may be seen that the pH of the leading electrolyte does not
influence of RSH or step length. While in the lead ion experiments, the pH of leading electrolyte

dose not have much influence on the separation.

All systems provide separation of ions using a leading electrolyte with acidic pH between 4 and 6,
only copper (Il) ion gives satisfying results at higher pH 7 and 8. All samples were analysed at pH 3
however it did give inconclusive results. Chromium (Ill) and iron (ll) were also analysed at pH 6
however no steps were detected. Lead (ll) ion was examined at pH 7 and 8 but there was no steps

(ion) present.

A change of pH of the leading electrolyte has a great potential in mixed sample separation.
Unfortunately, there is no compiled library reference data in journal literature available for
researchers to help to decide which pH would be the most appropriate in the particular analysis.
This project shows only that there is a difference in the steps lengths and RSHs which could be a
valuable reference source if developed and investigated further.

The pH of the electrolytes was measured using a Mettler Toledo FiveEasy plus - pH meter. The

pHJ79eter was calibrated before every measurement using two pH buffers (pH 4.01 and 7.0).
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Figure 2-14: Analysis of some samples using leading electrolytes with different pH. a) 30 mg/I of
Cr3*, b) 30 mg/| of Fe?* using electrolyte system consisting of LE: 10mM NaOH, 2.5mM malic acid,
1 mg/ml HEC, pH adjusted by propionic acid; TE: 10mM TBA.
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Figure 2-14: Analysis of some samples using leading electrolytes with different pH. c) 20 mg/I of
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Cu?*, LE: 10mM NaOH, 5mM HIBA, 0.1% HEC, pH adjusted by propionic acid; TE: 10mM Car Hydro;
d) 30 mg/| of Pb?*, LE: 10mM CsOH, pH adjusted by HAc; TE: 10mM TBA.
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2.2.6 Applications of ITP
Isotachophoresis is a powerful separation technique used in the separation of anions and cations,
organic and amino acids, peptides, nucleotides, nucleosides and proteins. The main industries
which are using ITP are chemistry, biochemistry, food, environmental and pharmaceutical
chemistry. A comprehensive literature survey of isotachophoresis separations was undertaken, the
criteria for inclusion did vary depending on the stage of the project.
An extensive literature review was conducted at the beginning of the project to understand extent
of the research conducted by using ITP separations and gaps within the published literature which
included water samples analysis. That included research of the isotachophoresis technique and well
as separations of the ions of interest (AI**, Ca?*, Cr3*, Cu?*, Fe?*, Mg?*, NH4* and Pb?*). ScienceDirect
and PubMed databases were used to identify records using isotachophoresis as a separation
technique. The search resulted in 1360 articles on ScienceDirect and 1127 records of PubMed
accessible in English. After reviewing the articles, only 188 positions were relevant and included
separations of aqueous samples.
As the number or records found by the survey were substantial the literature survey is presented
in the form of tables for brevity and clarity Chapter 10 presents lists of the isotachophoretic systems
used to separate various samples. The tables are arranged by the type of ions analysed and included
group 1 (53 references) and 2 (56 references) ions, transition metal cations (47 references),
lanthanide ions (29 references), other ions (44 references), inorganic anions (126 references) and
other samples (73 references). Analysis of the methods tables’ shows the depth and complexity of
the review. The Literature review included isotachophoresis coupled with various detectors,
including conductivity, thermal, MS, UV, photometric or spectrophotometric to uncover the full
potential of the technique. It includes most of the available articles, which mention ITP as a
separation method. Such an extensive coverage of the methods was not seen in the literature, there
are reviews of ITP methods available8>8889,122-125
The number of separation methods available for each of the ions of interest is presented in Table
2-3. That leaves the gap of the applications which was investigated in this project. This project aims
to separate mixture of ions listed below. Thus choice of the separation methods able to do so was

critical.
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Table 2-3: Number of separation systems available for each ion analysed in this project.

lon Number of methods
APt 8

Ca% 79
Cr3* 7

Cu®* 30
Fe?* 15
Mg2* 62
NHz* 31
Pb?* 31

The choice of the methods used in this project was based on the complexity of the electrolyte
composition. Considering that the aim was to construct a portable instrument to measure water
quality, it is important that the systems used are not complex and use inexpensive chemicals.
Another criterion was the detector used in sample analysis. At the time of the project the
commercial instrument had contactless conductivity and UV detectors thus it limited number of
methods available for evaluation.

Considering these requirements further screening was conducted which resulted in choice of 9
systems which are able to separate mixture of ions or single ions researched in the project.

By analysing the tables of methods mentioned in this section, it is possible to see that some of the
articles looked at the magnesium and calcium ions together. However it is never mentioned at as a
method for water hardness evaluation. It separates both ions and treats them as two separate
samples. What is more not a single article looks at all the ions investigated in this PhD project. There

is number of overlapping ions, but no one investigated the same ions for water analysis applications.
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Chapter 3 Instruments and methods

3.1 ITP Instrumentation

The ItaChrom Il EA 202M instrument (Figure 3-1 and Figure 3-2) was used in the project.

The main components of the isotachophoresis instrument are:

- Separation unit containing a coupled column

- Power supply — high voltage with high-voltage relay (column-switching)

- One contactless conductivity detector on each column (pre-separation and analytical columns)
- Detector — on-column UV absorbance photometric detector on the analytical column

- Control unit and computer

Terminating electrolyte
vessel

Sample injection valve

Pre-separation column

Leading electrolyte
vessel

Leading electrolyte
injection port for

Analytical column pre-separation column

Leading electrolyte
injection port for analytical
column

Leading electrolyte
vessel

Figure 3-1: The Isotachophoresis Instrument ItaChrom Il EA 202M.
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Figure 3-2: : Schematic diagram of the isotachophoresis instrument ItaChrom Il EA 202M, where
CD1 and CD2 are contactless conductivity detectors of the columns (pre-separation and analytical
columns), HV POWER SUPPLY is high voltage power supply, UV is UV absorbance photometric
detector of the analytical column, CONTROL UNIT is system controller, PC is computer and HIGH-
VOLTAGE RELAY is high-voltage (column-switching) relay?2®.

3.1.1 Separation columns
The ItaChrom Il EA 202M instrument consists of two separation vessels: a pre-separation and an
analytical column. The pre-separation column is 95mm long FEP capillary tube with 0.8mm internal
diameter. The column is fitted with a contactless conductivity detector. The analytical column is
longer, 140mm with a narrower 0.3mm internal diameter quartz capillary. This column has two
detectors, contactless conductivity and UV. The reason for ability to use two columns is that pre-
separation column usually acts as a pre-filter and separates bulk components of the sample while

the analytical column provides high-resolution separation of complex mixtures with longer
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separation times. In this project only pre-separation column was used as it was proven to provide
a complete separation of the analytes in the samples.

3.1.2 Instrument programs used during the experiments
Table 3-1 presents separation conditions used during ITP analysis, the methods varied in times and

current used. All separation were performed in the upper (pre-separation) column.

Table 3-1: Instrument timing and current programs used during the experiments. a) presents ‘lead
method’; b) shows ‘method 3’; ¢) ‘ammonium method’ and d) ‘cs ac method’.

a) | Step Time | Current | Comp Column Cond uv c) | Step Time | Current | Comp Column Cond uv
1 250 150 0 | Upper 1 200 300 0 | Upper
2 | 1000 100 0 | Upper X 2 | 1000 150 0 | Upper X

b) | Step Time | Current | Comp Column Cond uv d) | Step Time | Current | Comp Column Cond uv
1 250 500 0 | Upper 1 250 350 0 | Upper
2 | 1000 400 0 | Upper X 2 300 200 0 | Upper X

3.1.3 Separation methods used in the project
The previous chapter provides insight to the process of choosing the separation methods suitable
for the ions analysed in this project. Table 3-2 documents the ones that were the most suitable and
researched. The electrolyte number system does not correspond to the table in the appendix. It has
been used since the start of the project and remained for the consistency. Four methods were used
for a single ions analysis (method 12, 13, 57 and 85), four for mixture of up to 4 ions (method 4, 5,
21 and 26) and only one was suitable to separate all the ions of interest (method 48). During the
preliminary experiments and calibrations, all the ions present in the water samples were analysed

to confirm validity of the literature separation methods.
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Table 3-2: Electrolyte system used in ITP separations (for abbreviations please see page 16).

Electrolyte
4 5 12 13 21 26 48 57 85
system
30mM 20mM 20mM 10mM 10mM
LE 10mM NaOH | 10mM NaOH 10mM CsOH 10mM HCI
NaOH NaOH NH4OH HCI CsOH
Complexing 2.5mM malic
5mM HIBA . 15mM HIBA — — 10mM HIBA — — —
agent acid
Propionic Propionic HIBA to
pH buffer Propionic acid p- p- His HACc — — HACc
acid acid pH 5.0
HAc to pH
pH 4.9 4.9 4.9 9.0 4.8 — — 4.7
4.1

Additive 0.1% HEC 0.1% HEC 0.1% HEC — — 0.2% HPC 0.05% mowiol — —

10mM Car 10mM Car 10mM lithium | 10mM Car . 10mM 10mM
TE 10mM TBA 5mM HCI ) 10mM Tris .
Hydro Hydro citrate Hydro Tris TBA
Analysed Ca,Mg,Cu,Pb,Al,
. Cu,Cr(III),Pb Cr(I11),Fe(l) Cu Al Ca,Mg,NHs* | Ca,Mg,Cu,Pb NH4* Pb
ions Cr(1l1),Fe(I1),NH4*
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All analytical methodologies employed in this research were systematically evaluated in accordance
with the procedure illustrated in Figure 3-3. Each experiment commenced with the validation of
methods previously described in the literature. This involved reproducing the reported ion
separations under reported conditions and constructing individual calibration curves for each
analyte to confirm methodological reliability and analytical precision. Following successful
verification, the applicability of the literature-based methods to additional ions of interest in the
present study was examined. Where suitable performance parameters were achieved, single-
component calibration plots were established to characterize the analytical response for each ion
species. The next stages of the investigation were dedicated to method development and
optimisation. These experiments focused primarily on evaluation the influence of key experimental,
pH of the leading electrolyte, resolution and reproducibility. The methods were further investigated
to separate the analysis of more complex matrices. This included the examination of laboratory
prepared mixed ion samples as well as real samples, such as tap water and commercially available

bottled water.

( ) ( N\ ( )
|| Methods from || Separation of || Analysis various
the literature ions pH of LE
. J . J . J
e 3 e N e 3
Analysis of ions Preparation of Analysis of
— reportedin the — calibration —| mixtures
source graphs samples
. J/ . J . J/
( ) ( N\
Preparation of .
| calibration Analysis t)f real
graphs samples
. J . J

Figure 3-3: Workflow for isotachophoresis separation experiments.

59



3.1.4 Detector used during the experiments
The detector used during the experiments was a contactless conductivity detector. The instrument
used has two contactless detectors, one on each column. The detector measures the potential of
the electrolyte while a small constant current is passing through. lons are detected by the difference
in conductivity to the background electrolyte. Usually, the conductivity of the separated zones is
defined by both the zone concentration (which usually matches the concentration of the primary
ion in the LE) and the ionic mobility of the separated ion in a given zone. The main advantage of the
contactless detector is that the sample does not come in to contact with the electrodes, so the

sample is not affected by the imposed current.

Signal generator

Capillary ——» <4—— High frequency shield

Receiver

Figure 3-4: Schematic diagram of the contactless detector used in ITP analysis.

The contactless conductivity detector consists of the four copper electrodes (E1, Ez, Ez and Es in
Figure 3-4) on the outside wall of the capillary. The generator produces a high frequency signal
which is imposed by the emitting electrodes E1 and E3 to the sample. Then electrodes E; and Ea
receive the signal and the receiver translates the signal into data which is visible at the recorder as
series of steps®¥1?7,
3.1.5 Calibration of the conductivity detector

The detector was calibrated by using different concentrations of a potassium chloride (KCl) standard
solution. Columns and all vessels were filled with the same electrolyte and then current passed
through. After the voltage was stable it was noted down and used to calculate the conductance of

the particular concentration of KCl at a particular current.
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According to Ohm’s Law the voltage (V) set up across the solution is proportional to the current (/)
as shownin Eq 5.
The resistance (R) is a constant of proportionality and can be calculated with the measured current

if a known voltage is applied:

l/ . = — | —

Where Vis voltage [V], R is resistance [QQ] and / is current [A].

Conductance (G) [Siemens] is defined as the inverse of resistance:

G=— (Eq 6)

Eq 6 is made from Eq 4 and Eq 5. It was used in calculation of conductance of calibration solutions

as shown in Table 3-3.
1
G=y=y sl (Eq7)
I

Molar conductance (A) in chemical solutions is calculated as follows:

K

S m3 S-m?

‘c[a'm= mozl (Eq &)

s71. e 1. .
Where K[ ] is specific conductance and C [—03] is concentration.

m
m m

Table 3-3: Results of the analysis of different concentrations of KCl using different applied constant

current.
Concentration [M]
0.1M 0.05M 0.01M 0.005M 0.001M 0.0005M
Current | V G Vv G Vv G Vv G Vv G Vv G

100 pA | 83 | 1.205 | 103 | 0.9709 | 298 | 0.3356 | 488 | 0.2049 | 2100 | 0.04762 | 3473 | 0.02879

200pA | 112 | 1.786 | 161 | 1.242 | 547 | 0.3656 | 923 | 0.2167 | 3614 | 0.05534 | 5739 | 0.03485

300 A | 147 | 2.041 | 215 | 1.395 | 772 | 0.3886 | 1314 | 0.2283 | 4781 | 0.06275 | 7341 | 0.04087

400 pA | 181 | 2.210 | 269 | 1.487 | 982 | 0.4073 | 1612 | 0.2481 | 5602 | 0.0714 | 8532 | 0.04688

500 pA | 215 | 2.326 | 322 | 1.553 | 1162 | 0.4303 | 1856 | 0.2694 | 6442 | 0.07762 | 9368 | 0.05337
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Figure 3-5: Calibration graph for detector calibration (conductivity vs current). Points are connected
by straight lines to guide the eye.

Analysing Figure 3-5 it is possible to notice that lower concentrations (below 0.01M) give a linear
response while higher concentrations do not. That proves that ITP gives better results analysing low
concentrations (<0.01M) so in analysis of concentrated samples, dilution may be required. That
would also reduce separation time (the step length would decrease). The detector is only measuring
conductivity using four electrodes, so the separation current should not affect the conductivity (as
seen for 0.01M, 0.005M, 0.001M and 0.0005M KClI). For higher concentrations there is much greater
difference in conductivity, that may be due to the effect of the increasing temperature of the
system.

The prototype detector was calibrated in the same way and the results are discussed in Section
6.5.3.

3.1.6 Joule Heating

In isotachophoretic analysis, like in every electrophoretic technique, the temperature rises during
the process due to Joule heating. The interaction between applied electric field and ionic
components in the sample is responsible for the Joule heating. The amount of generated heat

depends on the electric field and the conductivity of buffer. During the ITP analysis, the
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conductivity, electric field and buffers vary, hence the amount of heat is not constant throughout

the system??8, Joule heating may be calculated using the following equation:

W=I*R=— (Eq9)

Where | is current [A], R is resistance [QQ], W is power in Watts (Joule heating) and G is

conductance [S].

Joule heating may result in viscosity or density changes of the solvents, pH variation in the system,
degradation of the analytes, denaturation of the protein samples or even partially evaporation of
the samples. That may result in inaccurate results and decreased concentration of the analyte.

Figure 3-6 presents isotachopherograms showing how Joule heating is identified in the ITP analysis.
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Figure 3-6: Effect of Joule heating during the ITP analysis (marked in the ellipse).

a) 40 mg/l of Pb (ll), LE: 10mM CsOH, pH 4.7 by acetic acid, TE: 10mM TBA (‘lead method’);
b) Blank sample, LE: 10mM NaOH, 2.5mM malic acid, 0.1% HEC pH 4.9 by propionic acid, TE: 10mM
TBA (‘cs ac method’); c) 40 mg/I of Cr (lll), LE: 10mM NaOH, 2.5mM malic acid, 0.1% HEC pH 4.9 by
propionic acid, TE: 10mM TBA (‘ammonium method’); d) LE: 10mM NaOH, 2.5mM malic acid, 0.1%
HEC pH 4.9 by propionic acid, TE: 10mM TBA (‘cs ac method’). Electrolyte system used in a) was 85

and for b), c) and d) was number 5.
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3.2 lon chromatography (IC)

lon chromatography separates components based on their ionic interactions with and partitioning
between mobile (H*) and stationary phases (8) as seen in Figure 3-72°. In cation analysis, cations
equilibrate between the mobile and the stationary phase such that cations with a stronger affinity

for stationary phase will take longer to transit the column and will therefore be retained longer.

Mobile phase

/

—() H*
—(>) H*
(> H*
(> H'
_caH+
_(9H+
_e|-|+

M+

_e H*
_e M+
() H*
—e H*
—() H*
—) H*
_@ H*

—e H*
_e H*
(o) H*
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_eH+

—(>) H*
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—) H’
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—) M

—o |

\ v v

Stationary phase

Figure 3-7: Schematic of the principle of the ion chromatography for cationic separations. M*
represents an ion and arrow shows the direction of flow of the mobile phase.

Figure 3-7 shows how the sample transits during the separation time. First figure on the left hand
side presents the system at the injection time, then how the ion sample travels through the column
and last figure presents the separation towards the end. The sample is carried by an eluent (mobile
phase), the different ions are separated in a column packed with an ion exchange resin (stationary
phase). In analysis of cations, the active resin will have a negative charge. Individual ions attach and
detach from the resin. lons with greater affinity for the stationary phase are retained in the column
for longer. lon chromatography is widely used in many industries, including: waste water analysis,

food and cosmetics, isolation of proteins and pharmaceuticals.
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3.2.1 Instrument
The ion chromatography instrument used in the project was a Thermo Scientific ISC Dionex 5000+.
The most important components of the instrument are the guard and separation columns, eluent

generator, suppressor, pump and autosampler.

Autosampler = u «~————— Pump

DIONEX
Ics-5000° DP

«<— Eluent generator

Columns and _—_

detector e |

DIONEX
ICS-5000° DC.

-—— —_— — =

DIONEX
1CS-5000" EG

Figure 3-8: lon chromatography instrument Thermo Scientific ICS 5000.
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Figure 3-9: IC instrument (ThermoFisher Scientific Dionex 5000+).

3.2.2 Columns used in the project
The separation column used was a Dionex lonPac CS12A (2x250mm), this particular column was
designed for the analysis of ammonium and other common cations in drinking, process and
industrial waters. The guard column is used to capture all bigger particles so the analytical column
will not get blocked.

3.2.3 Instrument method used in the project
Samples were delivered by an autosampler in equal volumes of 25ul. Samples were stored in the
1.5ml polypropylene vials with white silicone/blue PTFE septa. All the experiments conducted
during this project, used a mobile phase of 20mM of methanesulfonic acid. The flow rate of the
mobile phase was 0.25 ml/min.

3.2.4 Eluent generator
The eluent generator provides a continuous supply of the mobile phase and consists of the stock
solution and ultra-pure water. The final eluent concentration may be programmed using the
software.

3.2.5 Suppressor
The suppressor plays a key part in the ion chromatography analysis. After separation, the

suppressor reduces the conductivity of the eluent by exchanging the eluent and sample counter
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ions with suppressor derived ions. It reduces the background conductivity and also enhances the
conductivity of the analytes. Thus, it helps to increase detector sensitivity and minimises
background noise.

3.2.6 Detector used in ion chromatography
lon chromatography uses a universal conductivity detector which measures conductance of the
eluent. It gives high sensitivity and specificity, robustness and high reproducibility. It measures the
solution resistance between two electrodes within the flow cell.

3.2.7 Data analysis3013!
The results of the chromatographic analysis are presented as a chromatogram and are expressed
as series of peaks (Figure 3-10). Each peak corresponds to a different sample component (ion). The
first negative peak in the Figure 3-10 represents the injection of the sample and is result of the
sample solvent used. Thus, that peak could be either negative or positive depending on the mobile
phase and sample solvent used. Most of the time this peak does not appear in the chromatogram.
Standard analyses provide information about the retention time for each analyte which is
characteristic to the species in the given system and allows peak identification in the sample mix.

The peak height or peak area is used in preparation of calibration graphs.

Retention time (tg) is the time needed for a compound to move from the injection point to the
detector. This time is composed of two components, dead time and solute retention time
(Eq 10). Dead time (twm) is the time required for a nonretained compound to pass through the
column. It is the same for all chromatographic separations in the particular system. Solute retention

time (t;) is the time the solute spends retained by the stationary phase.
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Figure 3-10: Example of the chromatogram showing data points used in the calculation of retention
times.

The gross retention time (tg) is calculated as follows:

There are two possible ways to quantify the chromatogram, it is either by peak height or peak area.
The only condition is that the column does not get overloaded, there is a simple method to check
that. Calculate the ratio of peak height and peak area, that should give a constant value.
The calibration graph for each analyte plots the concentration against the peak height.

3.2.8 Peak shape’??
Generally, all peaks in chromatograms are Gaussian curves where the width of the peak (w) at the
baseline is four times the standard deviation (o) of the curve. In the perfect peak, the baseline peak

width is two times greater than the peak width at half of the peak height (w ;).
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0.5

Fraction of peak height

Figure 3-11: Idealised Gaussian peak (representative of an ideal chromatographic peak), o is
standard deviation and w is peak width.

3.2.8.1 Asymmetry factor!33
The majority of the peaks are asymmetrical to some extent. Peaks in chromatographic analyses are
considered as practically Gaussian when the asymmetry factor (As) is between 0.9 and 1.2. A
mathematical formula used to calculate that factor is based on Figure 3-12 and is represented by

the following equation:

Forc=0.1

A, = (Eq 11)
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Figure 3-12: An example of an asymmetric peak.

3.2.9 Resolution of peaks!3°

Efficient chromatography analysis allows both quantitative and qualitative information. The correct
identification is only possible if all peaks are well resolved. Resolution (R) of two adjacent peaks is
defined as the difference of the two peaks retention times (At) and the arithmetic mean of the
respective peaks’ widths (w) at the peaks’ base (Eq 12). If the R=1.5 peaks are sufficiently resolved

for quantitative analysis. Thus, peaks are completely resolved.

tTl - tTZ ZAt
w1+ W W+ w,

R= (Eq 12)
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Figure 3-13: An example of the data available from the peaks of a chromatogram for the
determination of resolution, selectivity and capacity factors.

3.2.10 Selectivity in the chromatographic analysis
Selectivity (a) is the parameter to distinguish whether separation has occurred (Eq 13).
If &« = 1 there is no difference between the peaks, so the separation has not been possible under

the given separation conditions. Only if @ = 0 the two peaks are fully separated.

t., —t t
=2 M_52 (Eq 13)
trl - tM tsl

3.2.11 Capacity factor!3°

The capacity factor (k) is the ratio of the time spent by the solute in the stationary phase to the time
spent in the mobile phase (Eq 14). Small values of capacity factor suggest that the components elute
near the equivalent void volume, thus the separation is poor. However high values correspond to
longer separation times which may be followed by peaks broadening and associated decreased

sensitivity.
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= == (Eq 14)

K - Nernst distribution coefficient
Vs - volume of stationary phase
Vm - volume of mobile phase
Cs — solute concentration in the stationary phase
Cp— solute concentration in the mobile phase
3.2.12 Troubleshooting during chromatography analysis3*
Analysis of the chromatograms allow recognition of the sample component as well as
determination of its concentration, optimisation of the separation method results in well-shaped
and well-resolved peaks. However, sometimes especially during preliminary experiments, there

may be some problems with the peaks’ presentation. Table 3-4 presents the most common

problems, their sources and possible solutions.

73



Table 3-4: Troubleshooting associated with chromatograms analysis.

Problem Normal peaks Fronting Tailing Split peaks Overlapping peaks Broad peaks
Example /( /\
|
U
_)l
Sharp, well-defined, . . o . . o . Peaks overlapping, .
Lo . Peak distortion occurring in Peak distortion occurring in Split peaks, unable to Wide peaks, much
Description symetric and well- . . sample components
front of the peak. the end of the peak. determine a concentration broader than usual.
resolved peaks not separated
Possible Sample reacting with the Contamination of the Temperature too Mobile phase flow rate
— Low temperature. . . . .
cause active sites. analytical or guard column. high. too low.
1 Flush the column, if
. . Decrease
Solution — Increase temperature. Change column. problem persists change Increase the flow rate.
temperature.
the column.
. Sample solvent
Possible . . . . :
— Wrong sample solvent. Interfering peak. incompatible with mobile Column too short. Column overloaded.
cause
phase.
2
. . Dilute sample or just
. Use mobile phase as sample | Use longer column, change Use mobile phase as a o
Solution — . Use longer column. smaller injection
solvent. mobile phase or column. solvent.
volume.
Possible Peaks represent more
— Sample overload. — — —
3 cause than one component.
. . Change column for
Solution — Dilute the sample. — — — )
better resolution.
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3.3 Inductively coupled plasma — optical emission spectrometry (ICP-OES)*3>136

During ICP-OES analysis plasma energy (ionised gas) excites the elements to be analysed in a
solution-phase sample. Once excited, the atoms return to the low energy position (ground state)
which results in photon emission (Figure 3-14). The intensity is proportional to concentration and
yields no qualitative information. The emission wavelength(s) are selected to be selective (and in
some cases specific) for the elements for which the analysis is carried out. Wavelength and intensity

of the photon flux is characteristic for an element.

Excitation Emission
I lon excited state
Q| e —— Y 7k4
‘ I lon ground state
= ’ l Excited
o states
c
(VN ]
al bl c| d
W Ground state

Figure 3-14: Jablonski energy diagram presenting the principle behind inductively coupled plasma
— optical emission spectrometry. a and b represent excitation, ¢ is ionization, d is
ionization/excitation, e is ion emission, f, g, h are atomic emissions. A represents the wavelength of
emission.

The relationship between the energy difference and wavelength can be derived through Pluck’s
equation:

E=h-v (Eq 15)

Where E is the energy difference between two levels, h is Plack’s constant and v is the frequency
of the radiation.

3.3.1 Instrument
The ICP-OES instrument used in the project was an Agilent 5100. The main parts are: autosampler,

nebulizer, spray chamber, torch and detector.
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Figure 3-15: Inductively coupled plasma — optical emission spectrometer (Agilent 5100).
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Figure 3-16: Schematic of the ICP-OES instrument!?’.
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3.3.2 Torch®®
Torches used in an ICP-OES instrument contain three concentric quartz tubes which are sealed
together. The torch used in the experiments was a G8010-60236, which is a plug-in type with 1.8mm
internal diameter. The main disadvantages of this one-piece torch are that they are not resistant to

corrosion by HF and if damaged, the entire torch must be replaced.

' Viewing
| ——
' Slot
3 3
‘_.
3 b Load Coil
0 0o

Plasma Flow— ———|

Auxiliary Flow —» ——

— Injector Tube

Nebulizer T

Flow

Figure 3-17: Schematics of a torch used in ICP-OES analysis!3®.

3.3.3 Plasmal3>138139

Gas (usually argon) is injected into a high frequency generated magnetic field which creates an
inductively coupled plasma. It forms a cloud of gaseous ions and high-energy electrons. A sample
in form of an aerosol in presented to the plasma. Then the sample is completely broken down by
the high temperature (approximately 9,000-10,000K) into the constituent atoms and ions.

The plasma has three different temperature zones, which are clearly seen while an yttrium sample
is introduced (Figure 3-18). The blue zone is also called the analytical zone with the highest
temperature which excites an element so the emitted photons can be detected. The dark red zone
represents emission from atomic yttrium following desolvation, dissociation and atomisation of the
aerosol. The coolest part of the plasma is the light orange coloured zone, representing emission

from molecular species such as oxides of yttrium.
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Figure 3-18: Plasma regions and temperatures as viewed while analysing a solution of 1000mg/I

yttrium?138139,

3.3.3.1 Torch configuration

There are two possible geometric detection views during the ICP-OES analysis. They are called axial

or end-on viewing of the plasma and radial or side-on viewing of the plasma (Figure 3-19). There is

also third possibility which combines the two previously mentioned, which is known as “dual view”.

To detector

Vertical
torch and
plasma

Dichroic Spectral
Combiner (DSC)

Figure 3-19: Schematic of radial and axial views of the sample in ICP-OES analysis

140
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3.3.3.2 Radial view
In the radial view, the analytical zone is observed from the side of the plasma. It constrains the
observation volume to the distance through the diameter of the plasma. This path length is limited
and so is the sensitivity. There is also the possibility of background interferences. The radial view
allows for better linearity and less noisy determinations than the axial view orientation, which

results in improved analytical precision.

3.3.3.3 Axial view
In axial view the signal is observed from end of the plasma. This view provides improved sensitivity,
and thus lower LODs (5- to 10-fold improvement). It is possible because of the longer viewing path
available down the plasma. The main disadvantages are increased potential for spectral
interference and self-absorption effects caused by observation through the cooler tail plume of the

plasma.

Both strategies present disadvantages including additional consumption of the gas or reduced
capacity of handling samples with high amounts of suspended solids. Spectral interferences could
be corrected or minimised by improving spectral resolution or by applying interelement correction

factors.

3.3.3.4 Dual view
Many instruments combine both, axial and radial views into a single dual view. This allows analysis
of very complex samples with a wide range of elemental concentrations. A reflective surface or
periscope is required to collect the signals from both view orientations, thus at least two readings
are necessary to cover both viewings of the plasma. An alternative is a dichroic spectral combiner
(DSC) which combines data from both views at specific wavelengths. What is more, the synchronous
dual view configuration allows detection of high concentration simultaneously with those at trace
levels. It enables faster analysis and reduces argon consumption.
3.3.4 Spray chamber!3®
The spray chamber provides constant delivery of the fine-sized droplets produced by the nebulizer.

It removes larger droplets which are not suitable for the analysis. Usually only droplets with a

diameter of about 10um or smaller are allowed to pass to the plasma.
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Figure 3-20: Spray chamber used in the experiments.

3.3.5 Nebulizer!3>13¢
The nebulizer is used as a sample introduction to the plasma, it converts a liquid sample into a fine
aerosol. There are two types of nebulizers, pneumatic and ultrasonic. The high-speed gas is used to
create an aerosol in pneumatic nebulizer and ultrasonic oscillations of a piezoelectric crystal in
ultrasonic nebulizer. The nebulizer used in ICP-OES analysis, produces aerosol by the high-speed gas
flow (argon).

3.3.6 Radio frequency generator
The radio frequency generator provides the power for the generation and sustainment of the
plasma. Power output is between 700 and 1500W. It is transferred to the plasma gas through a load
coil on the top of the torch. It operates at a frequency of 27MHz which gives reduced background
emission. A radio frequency generator coupled with a vertical torch allows robust measurements
of the variety of sample types.

3.3.7 Wauvelength dispersive device

3.3.7.1 Grating

The most common way to isolate a particular emission wavelength is by using a diffraction grating.
Most gratings have line and groove density from 600 to 4200 lines per millimetre.
When the light beam strikes the grating at the incident angle of a to the grating, it is diffracted into
three different component beams at angles 8,0 and w (Figure 3-21). Generally, the longer the
wavelength and the higher the groove density (lower d), the higher the angle of diffraction. In the

ICP-OES instrument the grating is incorporated in the spectrometer. The main function of
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spectrometer is to provide only required wavelength to pass to the detector and block all the

others.
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Figure 3-21: Light dispersion by a reflection diffraction grating.

3.3.7.2 Monochromator
The monochromator has only one exit slit and one detector. In multielement analysis, it requires
rapid changes of the wavelengths. It is done by changing the angle of the diffraction gratings or
rotation or movement of the detector (while leaving the grating in a fixed position). The most
popular monochromators are Czerny-Turner and Ebert mounts (Figure 3-22). One can see that in
the Czerny-Turner arrangement two mirrors are used, while the Ebert arrangement has one mirror
for focusing the light into a single exit slit.
Monochromator-based systems have great spectral flexibility, they allow measurements at any
wavelength in the range at any time. It also allows background corrections during the analysis of
the complex background samples. The main disadvantages are sample volume required for the

analysis and sample throughput.
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Figure 3-22: Monochromators a) Czerny-Turner and b) Ebert?3e,

3.3.8 Detector
The detector used during the experiments was a CCD detector (charged-coupled device). In this
particular ICP-OES instrument it was the VistaChip Il detector. It provides full wavelength coverage
from 167-785nm. ICP-OES allows determination of the 70 elements, that requires much higher
resolution of 0.01nm or lower. The detector provides fast readout (about 0.8s) and has great

sensitivity at all wavelengths (167-785nm).

The detector uses image mapping technology (I-MAP) to average more than 70,000 pixels that is
required to cover all wavelengths. Blooming is the main issue associated with a large number of
pixels. Blooming occurs when the spectral line saturates one or more detector pixels. It may lead to
inaccurate results or the additional requirement that the measurement needs repetition, which
makes analysis time longer. The VistaChip Il detector has an antiblooming drain on each pixel which
drains excess charge from the pixel, so it will not pass to the neighbouring pixels.
3.3.9 Choosing wavelengths for the analysis

All of the elements may be detected at various wavelengths. The key to the successful analysis is
the choice of wavelengths. There are many available for each element. The main rule is to make
sure that there is no overlap while analysing multiple elements. Doing so may result in inaccurate
results. The software used in the project highlighted the problematic wavelengths (Figure 3-23d).
The second important feature is the emission intensity (Figure 3-23b). When choosing the element
for the analysis there is a list of wavelengths with the expected response. Thus, it is possible to

select the best wavelength for all analysed elements.
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Figure 3-23: Choice of the wavelength in the software. a) periodic table used in the elements’

selection; b) wavelengths available for analysis with expected intensity; c) chosen elements and
wavelengths; d) possible interferences#.

3.3.10 Data analysis

Software available for the ICP-OES instrument prepares calibration graphs for each analyte

(Figure 3-24b) at the selected wavelength.

All samples are injected into the instrument by the autosampler. Example of the result is presented

in Figure 3-24 and in the graph where the intensity is converted into concentration, based on the

calibration graph.

a) 9,500 b)
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Figure 3-24: Examples of the results of ICP-OES analysis of sodium at 589.592nm.

a) intensity at the chosen wavelength; b) calibration graph prepared for sodium.
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3.3.11 Calibration of ICP-OES

All ions of interest were examined at multiple wavelengths in many experiments (Table 3-5).

In most cases sample was analysed at two wavelengths per element per run. The calibration was

conducted for standards with concentrations between 0.25 and 100 mg/L.

Table 3-5: Wavelengths used in analysis of the elements.

Wavelengths [nm]

Al Ca Cr Cu Fe Mg Pb
226.910 315.887 205.560 204.380 234.350 202.582 217.000
236.705 317.933 206.158 213.598 238.204 277.983 220.353
308.215 318.127 266.602 217.941 238.863 279.078 280.199
309.271 370.602 267.716 218.172 239.563 279.553 283.305
394.401 373.690 276.623 219.227 240.489 279.800 363.957
396.150 393.366 276.653 222.778 258.588 280.270 405.781
396.152 396.847 28 3.563 | 222.887 259.940 283.230

422.673 284.325 223.009 261.187 285.213
430.253 286.674 224.700 261.382 293.651
612.222 313.205 324.754 262.567 383.829
616.217 357.868 327.395 234.830 383.230
643.907 259.837

3.4 Chemicals and samples used in the project

All standards and electrolytes were prepared using ultra-pure water available in the laboratory

(Arium® pro UV by Sartorius). According to the manufactures’ specifications ultra-pure water can

be used in the majority of the chemical and analytical applications, such as: gas chromatography —

mass spectrometry (GC-MS), atomic absorption spectroscopy (AAS), inductively couple plasma —

optical emission spectroscopy (ICP-OES), ion chromatography (IC), high performance liquid

chromatography (HPLC), photometry and total organic carbon (TOC) analysis.

The system is equipped with a UV lamp (185/254nm) to prevent microbiological growth,

conductivity is maintained at 0.055uS/cm which is important in ITP analysis.
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Standards for ion chromatography and isotachophoresis were prepared as the concentration of the
ion of interest in each salt (see Table 3-6 for the calculations). All standards were prepared as
1,000mg/L of each ion and then diluted to the final concentration using ultra-pure water. For ITP,
calibrations standards were prepared as a single ion solution to obtain the calibration graphs and
the RSH for all ions and additionally as a mixture for the ions of interest. lon chromatography only
allowed separation of some ions analysed in the project, thus only these were present in the IC

standards solutions (Ca%*, Mg?*, Na*, NH4* and K*).

For inductively coupled plasma - optical emission spectroscopy, standards with all elements of
interest were prepared. In this technique the oxidation state is not detected. To prevent transfer of
ions from the glassware to the solutions (mainly sodium ions), polypropylene (PP) labware was used
throughout the project, including volumetric flasks, beakers, test tubes and storage bottles.
Stock solutions of standards were prepared and stored for up to a few weeks. Cr3* and Fe?* ions can
easily oxidize to different oxidation states when left for some time. This may result in inaccurate
and misleading data. This problem was prevented by making up fresh standards of these two ions
for each experiment. To reduce the volume of chemical waste all standards were prepared in small
guantities (up to a maximum of 50ml).
3.4.1 Standards

e Ammonium chloride, NH4Cl, >99.5%, Honeywell

e Ammonium sulphate, (NH4)2S04, >99.0%, Sigma Aldrich

e Aluminium chloride hexahydrate, AlCl3-6H,0, 99%, Honeywell

e Calcium carbonate, CaCOs, 99%+, Acros Organics

e Calcium chloride dihydrate, CaCl-2H,0, 99%+, Acros Organics

e Chromium (lll) chloride hexahydrate, CrCls3-6H,0, 99.5% min, Alfa Aesar

e Copper (ll) chloride dihydrate, CuCl,-2H,0, 99%+, Acros Organics

e Iron (ll) sulphate heptahydrate, FeSO4-7H,0, >99.0%, Honeywell Fluka

e Magnesium chloride, MgCly, pure, Acros Organics

e Lead (Il) nitrate, Pb(NOs),, 99%, Alfa Aesar

e Potassium chloride, KCI, >299.0%, Sigma Aldrich

e Sodium chloride, NaCl, laboratory grade, Fisher
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Table 3-6: Calculation of masses of salts used to prepare standards.

In 1 litre In 50 ml
Mass of salt Mass of ion Mass of salt for Mass of salt for
Salt lon
[mg/mol] [mg/mol] 1,000mg/L of ion [mg] 1,000mg/L of ion [mg]
NH,4CI NH.* 53490 18039 2965.24 148.26
(NH4)2SOs | NHs* 132140 36078 3662.62 183.13
AlCI3-6H,0 | AP* 241430 26982 8947.81 447.39
CaCl-2H,0 | Ca% 174020 40078 4342.03 217.10
CrCl3-6H,0 | Cr¥* 266450 51996 5124.43 256.22
CuCly:2H,0 | Cu? 170480 63546 2682.78 134.14
FeSO4-7H,0 | Fe?* 278010 55845 4978.24 248.91
Pb(NO3), Pb? 331200 207200 1598.46 79.92
MgCl, Mg?* 95210 24305 3917.30 195.87
KcCl K* 74550 39098 1906.75 95.34
Nacl Na* 58440 22990 2542.97 127.10

Data from the Table 3-6 was obtained from the SDS sheet for the chemical or from a periodic table
that included elemental mass data. Calculations of the mass of salt used to prepare 1,000 mg/L

solutions were performed as follows:
. mg myg
mass of ion [—] — mass of salt [—]
mol mol

mg
1,000—— - x
mol

mass of salt * 1,000 ym
x = mass of e (Eq 16)

mass of ion mol

Using (Eq 16) it is possible to calculate the amount of salt needed to prepare 1L of 1,000mg/L of ion
standard. In the project such large volumes were not required thus all standards were prepared as

50 ml stock solutions. The following method was used to calculate the correct mass:

(Eq 17)
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3.4.2 Electrolytes chemicals
3.4.2.1 Leading and terminating electrolytes
Ammonium hydroxide, 5.0M solution in water, Honeywell Fluka
1,3-Bis[tris(hydroxymethyl)amino] propane, 99%, Acros Organics
Caesium hydroxide monohydrate, 96%, Alfa Aesar
DL-carnitine hydrochloride, 99%, Acros Organics
Lithium citrate hydrate, 97%, Aldrich
Lithium chloride, 1M aqueous solution, Alfa Aesar
2-1-N-morpholino]ethane sulfonic acid (MES) hydrate, 299.5%, Sigma Aldrich
Tetrabutylammonium hydroxide, 1.5M solution in water, Acros Organics
Tris(hydroxymethyl)aminomethane, 99.8%, Acros Organics
3.4.2.2 pH adjustments
Glycylglycine, 99%+, Acros Organics
L-(-)-Malic acid, 99%, Alfa Aesar
L-Histidine, 98%+, Alfa Aesar
Propionic acid, 99%+, extra pure, Acros Organics
Acetic acid glacial, Fisher Scientific
a-Hydroxyisobutyric acid, 99%, Alfa Aesar
B-Alanine, Sigma Aldrich

3.4.2.3 Additives, electro-osmotic flow suppressor and complexing agents

18-crown-6-ether, 99%, Acros Organics
Hydroxyethyl-cellulose, viscosity 80-125cP, 2% in water, Sigma Aldrich
Hydroxypropyl cellulose, M.W. 100,000, Alfa Aesar
Kryptofix® 222, Sigma Aldrich
Mowiol® 8-88 (Poly(vinylalcohol)), M.W. ~67,000, Sigma Aldrich
Triton® X-100, Acros Organics

3.4.2.4 Anionic dyes used in prototype evaluation
Bromophenol blue, BDH indicators

Amaranth, 80%, Aldrich
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3.4.2.5 Other chemicals
e 2-methoxyethanol. 99%+, extra pure, Acros Organics
e Eriochrome Black T, pure, indicator grade, Acros Organics
e Ethylenediaminetetraacetic acid disodium salt dihydrate, Na;EDTA, 99.0-101.0%, Sigma
Aldrich
e Sodium dodecyl sulfate, 92.5-100.5% based on total alkyl sulfate content, Sigma Aldrich
3.4.3 Real samples
Two types of real samples were analysed, bottled and tap water. The commonly available bottled
waters in the UK were obtained. Tap water was sourced from different locations around the UK and
Europe (Figure 3-25), so as to obtain a mix of hard and soft water.
There are no official standard levels to what constitutes a hard or soft water. However, the most

common water hardness classification is shown in Table 3-7.

Table 3-7: Drinking water hardness levels42.

Mg CaCOs3 [mg/L] Ca?*[mg/L] Hardness
<50 <20 Very soft
50-100 20-40 Soft
100-200 40-80 Moderately hard
201-300 80.4-120 Hard
>300 >120 Very hard

All water samples were used to check the methods developed in the project. Comparison of the
ions’ concentrations from the label (for bottled waters) and from the official data from water
providers are presented later in this study. Commercial analyses were done by:

e Thames Water Utilities Limited for London and Abingdon

e United Utilities for Lancaster, Rossendale and Stretford

e Nothumbrian Water for Durham

e Legnickie Przedsiebiorstwo Wodociagow i Kanalizacji (LPWiK) for Legnica

e Miejskie Przedsiebiorstwo Wodociagow i Kanalizacji (MPWiK) for Wroclaw
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All the reports were available online and the latest version was used in preparation of the summary

presented in Table 3-9. Unfortunately for some of the water samples the official data was not

available as presented in table below.

Table 3-8: Measured pH and water hardness based on official information and measured levels.

pH Water hardness
Evian 6.94 Moderately hard
Buxton 7.03 Moderately hard
s Highland Spring 7.05 Soft
§ Tesco 7.41 Very soft
:ﬁ San Pellegrino 6.6 Very hard
c§ Smartwater 7.39 Moderately hard
Volvic 7.28 Very soft
Sainsbury’s 7.32 Soft
London 7.92 Hard
Durham 7.69 Soft
Stretford 7.74 Very soft
Rossendale 7.9 Very soft
Legnica 7.36 Moderately hard
5 Wroclaw 7.41 Hard
§ Maybole 7.82 Very soft
E B-floor, Lancaster University 8.05 Very soft
Abingdon 8.3 Hard
Sicily 7.63 Moderately hard
Turkey 7.56 Moderately hard
Crete 7.72 Soft
Toulouse 8.03 Soft

All samples were tested for all ions analysed in the project, however the majority of the ions are

undetectable due to being present at very low concentrations.
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Figure 3-25: Map showing the origin of the samples — bottled water in red and tap water in blue.
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Table 3-9: Concentrations of ions available on the bottle label or official reports for the water

samples used in this study. — represents no detected analyte, N/A — no data available.

lon concentration [mg/L]

Ca?* | Mg* | Na* | NHs* | AP* Cu®* Cr3* Fe?* | Pb*
Evian 80 26 6.5 — — — — — —
Buxton 55 19 24 — — — — — —
Highland 40.5 | 10.1 | 5.6 — — — — — —
E’ Spring
2
T Tesco 55 16 15 — — — — — —
= San Pellegrino | 164 | 49.5 | 31.2 — — — — — —
- Smartwater — — — — — — — — —
Volvic 12 8 12 — — — — — —
Sainsbury’s 11 3.5 10 — — — — — —
London 32.8 | 485 | 35.8 | 0.19 | 0.009 | 0.093 | 0.0009 | 0.003 | 0.006
Durham 23 — | 8.24 | 0.007 | 0.04 | 0.0196 | 0.0007 | 0.014 | 0.0003
Stretford 104 | 1.76 | 9.01 — 10.012 | 0.039 — 0.007 | 0.003
Rossendale 6.88 | 2.16 | 22.8 — 10.004 | 0.039 — 0.016 | 0.0006
Legnica 81 14 — 0.06 — — — 0.02 —
Wroclaw 82.2 | 10.3 — — — — — 0.02 —
5 Maybole 10.78 | 0.73 | 5.43 | 0.21 | 0.003 | 0.00 | 0.0002 | 0.005 | 0.0005
§ B-floor,
E- Lancaster 113 | 152 |141 | — 0.013 | 0.0054 | — 0.061 | 0.003
University
Abingdon 29.7 | 2.65 [ 22.33 | 0.03 [ 0.009| 0.12 | 0.001 | 0.002 | 0.0003
Sicily N/A | N/JA | N/A | N/A | N/A N/A N/A N/A N/A
Turkey N/A | N/JA | N/A | N/A | N/A N/A N/A N/A N/A
Crete N/A | N/JA | N/A | N/A | N/A N/A N/A N/A N/A
Toulouse N/A | N/JA | N/A | N/A | N/A N/A N/A N/A N/A
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Chapter 4 Toxicology (metal ions and ammonium ion)

As a part of the evaluation of the isotachophoresis separation, data was compared to the other
commercially available separation system, inductively couple plasma - optical emission
spectroscopy (ICP-OES). Various ITP methods were evaluated and the summary of the results are

presented in Table 4-5.

4.1 Isotachophoresis

Isotachophoresis is one of the techniques which could be used to analyse specific oxidation states
of transition metal ions. It allows recognition of iron (Il) and iron (lll), chromium (Ill) and
chromium (VI).

A number of electrolyte systems were investigated in the project to detect metal ions (Table 3-2).
The project focused on: lead, iron (IlI), chromium (lll), aluminium and copper ions, in addition
ammonium ion was investigated. Table 4-1 summarises calibration data obtained from ions
analysis. As seen in the table, various range of concentrations were analysed to prepare the
calibration graphs seen in Figure 4-1, Figure 4-2 and Figure 4-3. Each figure presents multiple
calibration curves obtained by using various methods (see legend in the figure). Additionally, Table
4-1 presents trendline, R? value and error bars (standard deviation).

R? values provides evidence about how accurate and powerful technique is the ITP. Only one
calibration graph had R? value lower than 0.99, it was separation of lead using Method 85 with R?
of 0.9887. Standard deviation was calculated from all repetitions of the analysis at each
concentration.

Relative step heights and their standard deviation were calculated based on all samples (n).
considering that the biggest deviation is at 0.023, it is possible to conclude that isotachophoresis
gives consistent results through the wide range of samples and concentrations.

Equation presented in the table are obtained from the calibration graphs and can be used to
calculate the ion concentration of the sample. The lowest concentration analysed was
experimentally chosen. Multiple analysis at each concentration (at least three repetitions per
concentrate) was performed to provide sufficient data to prove the consistency of separation

conditions.
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Table 4-1: Summary of calibrations conducted for metals and ammonium ions.

lon | Method | pH | RSH (st dev) R? Gradient | Intercept | Concentration [mg/L] | n
21 9.0 | 0.355(0.008) | 0.9968 1.2672 -0.128 5-100 66

NHs* 48 2.0 | 0.268 (0.005) | 0.9990 3.1882 7.7831 0.25-50 30
57 2.0 | 0.263 (0.004) | 0.9994 2.0617 2.0227 0.25-100 90

AP 13 4.1 | 0.994 (0.005) | 0.9990 0.9286 1.2454 2.5-100 36
48 2.0 | 0.422(0.021) | 0.9882 7.8323 2.8403 5-50 18

4 49 | 0.138 (0.002) | 0.9985 0.566 -4.7 20-50 12

Cr3t 5 49 | 0.247 (0.002) | 0.9944 0.8668 -6.0953 10-100 30
48 2.0 | 0.583(0.006) | 0.9988 2.5704 -12.827 5-50 18

4 49 | 0.446 (0.006) | 0.9979 0.7894 -0.0568 5-100 33

” 12 49 | 0.484 (0.023) | 0.9981 0.2913 -2.6052 20-100 27
cu 26 4.8 | 0.574 (0.005) | 0.9998 0.3911 1.844 20-50 12
48 2.0 | 0.456 (0.007) | 0.9995 2.0858 -0.4935 1-50 26

4 4.9 | 0.065 (0.002) | 0.9969 0.7636 -6.6913 10-50 15

Fe?* 5 4.9 | 0.290 (0.007) | 0.9986 0.7994 -0.856 5-100 33
48 2.0 | 0.465 (0.008) | 0.9969 2.435 2.4867 0.5-50 28

4 49 | 0.200 (0.002) | 0.9997 2.2838 -0.7422 5-50 18

P2+ 26 4.8 | 0.298 (0.003) | 0.9970 1.6841 -3.1599 5-50 18
48 2.0 | 0.454(0.004) | 0.9967 5.5403 5.3521 1-50 24

85 4.7 | 0.311 (0.006) | 0.9887 0.357 -3.9127 10-100 30
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a) ITP calibration graphs for Al3*
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b) ITP calibration graphs for Cr3*
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Figure 4-1: Calibration graphs for a) aluminium, b) ammonium, c) chromium (lll), d) copper, €) iron
(1) and f) lead ions. Graphs include trendlines, error bars (standard deviation) and R? values.
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c) ITP calibration graphs for Cu?*
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d) ITP calibration graphs for Fe?*
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Figure 4-2: Calibration graphs for a) aluminium, b) ammonium, c) chromium (lll), d) copper, €) iron
(1) and f) lead ions. Graphs include trendlines, error bars (standard deviation) and R? values.
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Figure 4-3: Calibration graphs for a) aluminium, b) ammonium, c) chromium (lll), d) copper, €) iron

(1) and f) lead ions. Graphs include trendlines, error bars (standard deviation) and R? values.
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All collected water samples were analysed using ITP however no measurable results were obtained.
The most probable explanation is that the expected concentrations of metal ions, aluminium,
copper, iron (1), chromium (lll) and lead, are extremely low likely below the detection limit of the
methods used. To overcome this limitation, further experiments using preconcentration should be

considered, the potential of the additional experiments are discussed in the Section 7.1.

4.2 Inductively couple plasma — optical emission spectroscopy

Various wavelengths were used in calibration of the elements as seen in Table 4-2. Multiple runs
were performed for the samples to provide reliable data. The range of the wavelengths depends on
the emission intensity and other ions present in the sample. The process of choosing the
wavelength is explained in more details in Section 3.3.9

Due to the large number of calibration graphs obtained in ICP-OES experiments, Figure 4-6 presents
examples of ‘good’ (strong correlated) and ‘bad’ (weakly correlated) graphs. Figure 4-6a) and b)
show poor linearity and scattered results. The main reason for that is the overlapping of the
wavelengths with another analyte. That was the reason for excluding the data obtained at the
particular wavelengths for those metals. Graphs c) and d) are more linear however the R? values of
0.8666 and 0.9597 make the data not accurate and thus these graphs were also not used in
calculations of the real sample metals concentrations. The full potential of the ICP-OES analysis is
shown in graphs e) and f) where the linear regression is as close to 1 as possible with R? of 0.9999
and 1.

The possible reason for the poor-quality calibrations was the wavelength used and potential
overlapping with other analysed metals. The other explanation may be the concentration of the
metals and the inaccuracy in the sample preparation. However there are calibration graphs at lower

concentrations which show good linearity and suggest the sample preparation was not an issue.
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Table 4-2: Summary of ICOP-OES experiments.

Element | Wavelength [nm] R? Gradient | Intercept | Concentration [mg/L] n
226.91 0.9988 1.5277 3.5433 10-100 10

236.705 0.998 3.4428 3.0108 0.3-100 20

308.215 0.997 15.017 9.8071 0.05-100 55

Al 309.271 0.999 11.252 30.822 0.05-100 55
394.401 0.9999 63.888 32.894 0.05-100 40

396.150 1 43320 6056.1 0.3-100 20

396.152 0.9999 176.38 31.816 0.05-100 55

205.560 0.9999 7.6907 0.9878 0.3-50 20

206.158 0.999 2.3718 4.0083 0.5-100 20

266.602 0.9995 10663 16815 10-100 10

267.716 0.9998 459.11 49.216 0.05-100 45

276.623 0.9974 24.834 13.911 0.1-100 10

cr 276.653 0.9996 55.641 29.559 0.1-100 10
283.563 0.9995 188.65 115.51 0.05-100 45

284.325 0.9996 100.76 7.3813 0.3-50 10

313.205 0.9996 71.853 40.108 0.1-100 25

357.868 1 121.30 16.593 0.05-100 30

204.380 0.9988 1278.9 2777.8 0.05-100 40

213.598 0.9997 15.36 8.9221 0.3-100 20

219.227 0.9991 9.3114 11.161 0.5-100 20

222.778 0.9997 6.6532 6.8335 0.1-100 10

cu 223.009 0.9999 13.447 12.822 0.05-100 60
224.700 0.9997 49139 5.4758 0.1-100 20

324.754 0.9999 299.63 59.927 0.05-100 70

327.395 0.9999 214.62 65.618 0.05-100 45
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Table 4-2: Table 4-3: Summary of ICOP-OES experiments, continued.

Element | Wavelength [nm] R? Gradient | Intercept | Concentration [mg/L] n
234.350 0.9999 22.068 8.3958 0.05-100 45
234.830 0.9995 6.7606 2.7588 0.3-50 10
238.204 0.9994 96.343 43.746 0.05-100 45
238.863 0.9996 2817.5 3633.1 10-100 10
239.563 0.9988 5.8168 5.6195 0.1-100 10
Fe 240.489 0.9995 47.477 23.392 0.5-100 10
258.588 0.9999 29.004 10.267 0.05-100 45
259.837 0.9997 12.968 5.8344 0.3-50 10
259.940 0.9999 16.063 0.7867 0.05-100 30
261.187 0.9996 32.135 15.7 0.1-100 10
261.382 0.9998 6.1402 0.9868 0.1-100 20
262.567 0.9997 15.711 9.3552 0.5-100 10
217.000 0.9964 0.8173 1.491 0.3-50 10
Pb 220.353 0.9994 3.2273 4.7638 0.05-100 80
283.305 0.9998 | 5.5598 6.0365 0.05-100 55
405.781 0.9999 9.7198 6.4727 0.05-100 110

99



Pb 283.305 nm

a)
30
°
25
20
Q
2
<
=]
Q
&
4
215 °
ﬂ)
€
3
=
1]
£
10
5
° o
[ ]
°
o ©®
[ ]
0
0 1 2 3 4 5 6 7 8 9 10
Concentration [mg/I]
b) Cu218.172 nm
30
L ]
25
[ ]
20
L
g o
o
Qo
a
e
£ 15
ﬂ)
£
2
]
£ °
10
L]
[ ]
51 .
»
0
0 10 20 30 40 50 60

Concentration [mg/I]

Figure 4-4: Examples of ICP-OES calibration graphs for a) Pb at 283.305nm, b) Cu at 218.172nm, c)
Al at 309.271nm, d) Fe at 261.382, e) Cr at 205.560nm and f) Al at 396.152nm.
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Figure 4-5: Examples of ICP-OES calibration graphs for a) Pb at 283.305nm, b) Cu at 218.172nm, c)
Al at 309.271nm, d) Fe at 261.382, e) Cr at 205.560nm and f) Al at 396.152nm.
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Figure 4-6: Examples of ICP-OES calibration graphs for a) Pb at 283.305nm, b) Cu at 218.172nm, c)

Al at 309.271nm, d) Fe at 261.382, e) Cr at 205.560nm and f) Al at 396.152nm.
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In the analysis of the water samples, only wavelengths with calibration graphs with R? >0.995 were
used to calculate the analyte concentration. In most of the cases the elements were not detected
or were detected only in few runs. Thus, the data is not reliable and should be treated only as an
estimate. Considering that the concentrations of metal ions are expected to be low in the samples,
as seen in Table 3-9, the data is as expected. To improve the results standards with lower
concentrations should be lower than the analysed in this project (<0.05mg/L).

Due to the trace concentrations of aluminium, chromium (lll), copper, iron (ll) and lead, only few of

the experiments detected analytes in the water samples.
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Table 4-4: ICP-OES results of samples analysis [mg/L] at various wavelengths [nm]. — represents no element detected, xxx — sample not analysed.

Al [mg/L] Cr [mg/L] Cu [mg/L] Fe [mg/L] Pb [mg/L]
Wavelength [nm] | 226.91 | 236.705 | 205.560 | 206.158 218.172 324.754 | 259.940 | 261.382 | 234.830 | 259.940 | 261.382 | 234.830
Evian - - 0.05 0.65 - - - - 0.02 - - 0.02 -
Buxton - 0.32 0.02 - 0.38 - 0.00 - 0.35 0.00 - 0.35
. Highland Spring 1.22 0.17 0.00 - 1.74 - - 0.00 - - 0.00 - -
'§ Tesco — 0.42 — — — — — 0.01 - 0.03 0.01 - 0.03
% San Pellegrino - - - 0.44 - - - 0.00 0.00 0.30 0.00 0.00 0.30
3 Smartwater 0.53 - 0.01 - - - - 0.01 - 0.18 0.01 - 0.18
Volvic — — — — - - - 0.01 0.06 0.18 0.01 0.06 0.18
Sainsbury's - - 0.05 0.07 0.58 — — 0.01 — — — — —
London — — - - - - 0.05 — — — — — —
Durham 0.46 - 0.00 - - - - 0.00 - 0.36 0.00 - 0.36
Stretford 0.12 — — - - - 0.01 0.04 0.08 0.01 0.04 0.08
% Rossendale 0.19 0.19 0.01 - - 0.77 - - 0.05 — — 0.05 -
; Legnica 0.14 0.03 - - 0.02 | - 0.04 0.04 - 0.51 0.04 - 0.51
" Wroclaw — 0.07 — 0.34 - - - 0.03 0.00 - 0.03 0.00 -
Maybole - 0.15 XXX - XXX - - XXX XXX - XXX XXX -
B-floor - - - 0.27 - - - - - 0.04 — — 0.04
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4.3 Data analysis

Analysis of Table 4-4 allows to conclude that concentrations of metals ions detected in bottled
water samples are negligible. As expected, analysed tap water samples contain only traces amount
of metal ion.

These results are consistent with results obtained during this project. Analysis of water samples
using isotachophoresis did not detect any metal ions. The main reason is that the limit of detection
was higher than the reported metal ions concentrations. On the other hand, ICP-OES provides more
data from the samples analysis. ICP-OES has a lower limit of detection which allowed detection of
lower concentrations. However, the lowest concentration of standard was 0.05mg/L, thus

concentrations below that limit should be treated with a measure of uncertainty.

Table 4-5 presents comparison between average metal ions contentions from ICP-OES analysis and
official available data. Due to the trace concentration of the metal ions the data show no conclusive
trends. Data obtained from metal analysis was insufficient to perform statistical analysis. However
due to the nature of the samples (tap and bottled water) the results are not unexpected and are
confirmed in the official reports from water suppliers.

To improve the reliability of the data further experiments would be required. That should include

preparation of calibration standards with concentrations lower than 0.05mg/L.

There is a significant difference observed in some of the results obtained during the analysis,
particularly in the case of the Wroclaw and Legnica samples. While the official data provide no
recorded concentrations for certain elements, the ICP-OES experimental analysis revealed the
presence of trace amounts of aluminium, chromium (Ill) and lead. This discrepancy may be caused
by the fact that the official data are collected and published on an annual basis, meaning that the
available data corresponds to the year before the collection of the sample used in this project.
Concentrations of the analytes may be affected by weather conditions, pollutant levels or water
treatment process. Considering that, the direct comparison is not a valid method as the results may

vary substantially between samples.
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Table 4-5: Concentrations of metal ions reported in official reports (in black) in comparison with results from ICP-EQS (in blue) [mg/L].

— represents no element detected or no data available.

lon/Element analysed APR* Al Cr3* Cr Cu®* Cu Fe?* Fe Pb%* Pb
London 0.009 — 0.093 — 0.0009 0.05 0.003 — 0.006 0.07
Durham 0.04 0.46 0.0196 0.00 0.0007 — 0.014 | 0.18 0.0003 0.56
Stretford 0.012 0.12 0.039 — — — 0.007 0.04 0.003 0.10
-g Rossendale 0.004 0.19 0.039 0.01 — 0.77 0.016 0.04 0.0006 0.12
; Legnica — 0.08 — — — 0.03 0.02 0.28 — —
C Wroclaw — 0.07 — 0.17 — — 0.02 0.01 — 0.15
Maybole 0.003 0.15 0.00 — 0.0002 — 0.005 — 0.0005 0.10
B-floor Lancaster University 0.013 — 0.0054 | 0.27 — — 0.061 | 0.04 0.003 0.13
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Chapter 5 Water hardness analysis

5.1 Determination of water hardness

The main focus of the project was on the separation and determination of transition metal ions, but
the ions responsible for water hardness were closely investigated as well. Since the ability to
accurately quantify water hardness has direct implications for water treatment facilities, domestic
water supplies, and industrial applications where water of a defined quality is essential and
therefore commercial interest of the project sponsors (Process Instruments Ltd.).

There is variety of techniques available to measure water hardness in water samples. Among the
most popular methods are colorimetric titration and water test kits. Titration is often regarded as
a reference technique because of its reliability and relatively high accuracy, but it typically requires
the use of chemical reagents, some of which may be hazardous and can be time consuming to carry
out, particularly when samples must be prepared for analysis. On the other hand, water test kits
are designed to provide rapid and user-friendly measurements, often requiring minimal equipment

or training.

An additional complication in the analysis of water hardness arises from the variety of units used to
report results. Depending on geographical region or regulatory framework, the expression of water
hardness can differ substantially, which can lead to confusion or misinterpretation if conversions
are not carefully applied. For example, hardness may be reported in terms of milligrams per litre
(mg/L) of calcium carbonate equivalent, in degrees of hardness (°DH, °f, °Clarke ) or in millimoles
per litre of divalent cations. To standardise the units and conversion ISO 6059-1984 has been
introduced and the units conversion is as seen in Table 5-1.

Table 5-1: Water hardness unit conversion*3.

Germany UK France USA

mmol/L °DH °Clark °of ppm

mmol/L 1 5.61 7.02 10 100

Germany °DH 0.178 1 1.25 1.78 17.8

UK °Clark 0.143 0.8 1 1.43 14.3
France °f 0.1 0.56 0.7 1 10
USA ppm 0.01 0.056 0.07 0.1 1
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5.1.1 Colorimetric technique

The technique widely used in laboratories for the measurement of water hardness is the
colorimetric technique. It uses titration to measure water hardness, to yield the total of calcium (I1)
and magnesium (ll) ions. It is used in the analysis of drinking, surface and industrial wastewaters,
however the technique is not applicable to waters with a high salt concentration such as seawater.
The concentration of CaCOs; detected using this technique is between 5-800mg/L. For lower
concentrations a larger sample volume is required (up to 1000ml).

In some cases, the colorimetric technique is coupled with conductivity or a spectrometry detector
to give more precise results.

5.1.1.1 Method for colorimetric determination of water hardness**

The indicator (Eriochrome Black T) turns red when in contact with calcium or magnesium in an
alkaline solution at pH~10.0 and blue when cations are sequestered by EDTA (Figure 5-3). The
sample is buffered to a pre-set pH, the indicator is added and forms a red complex with calcium and
magnesium ions in the sample. The EDTA titrant reacts first with the free Ca?* and Mg?*, then with

those bound to the indicator, causing the colour change to blue (Figure 5-2).

In a titration, EDTA is a stronger complexing agent than the indicator, so displaces the indicator
from the metal ion allowing the indicator to turn to a pure blue colour (indicating the end point of

the titration):

@)
(@)
Ho\E HKOH 2&\ |—<
Caln™ + N/\/NJ\ 2 N/C| ~o + HIn*
: \”) 0~ “OH ﬁ
o) (0]
EDTA (@)

Ca-EDTA complex

Figure 5-1: Complex formation between calcium ions and EDTA in the presence of an indicator.
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Figure 5-2: Colour change during Na;EDTA titration in water hardness determination. From the left:
pink before titration to blue at the end point.

Eriochrome Black T is used in complexometric titrations, such as titrations with EDTA in water
hardness determination (Figure 5-3). pKa values for the dye used in the experiment are 6.6 and 11.6
respectively. For the conducted experiment, pH 10 or above, gives the expected colour change

when titrated against EDTA.

OH
) HO
o3 :
N e
O\N

* Eriochrome Black T O.N' Dye-Metal complex
Blue (pH 10) Pink

+ 2H*

Figure 5-3: Reaction between Eriochrome Black T dye and a metal ion during the titration process.

5.1.1.2 Results analysis
According to the method used, calculation of water hardness (expressed as: mg of CaCOs per litre)

is calculated as follows:

hardness = w (Eq 18)
S

where V: is volume of titrant [ml], B is mass [mg] of CaCOs equivalent to 1.00ml of EDTA and Vs is

volume of sample [ml] which equals 25ml for all of the analyses.
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To calculate the B value used in the equation above, titration of standard CaCOs solution was carried

out. B value is calculated as follows:

mg .
B — — 1.00 ml of titrant
ml

myg .
1 — - 23.9ml of titrant
ml

1-1 mg

=——=10.042 |—
B 23.9 [ml]

23.9 ml is the average of the titrant used in the analysis of 1ml = 1.00 mg standard CaCO3

(Table 5-2).

Table 5-2: Results for titration of CaCOs standard.

Volume of titrant [ml]
Sample

First | Second | Third | Average

CaCOs standard 1 | 23.8 23.6 23.8 23.73

CaCOs standard 2 | 24.0 23.9 23.8 23.90

CaCOs standard 3 | 24.2 23.9 24.1 24.07

Total average 23.9

Example of calculation of hardness for Stretford’s tap water sample 7using Eq 18:

hardness [mg CaC03] = M = 1.562 mg

In the determination of water hardness, various water samples were used. Details about the

samples are available in section 3.4.3.

Table 5-3 presents calculated concentrations of the CaCOsin the water samples that were available
at the time of the analysis. The inclusion of 95% confidence interval, provides more information
about the accuracy of the technique. The relatively narrow range of uncertainty suggests that the

performed titrations were precise and consistent.
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Table 5-3: Calculation of the concentration of CaCOs in the water samples using Eq 18. — represents no data

Volume of titrant [ml]

95% confidence interval

Concentration

Sample St dev B value
First | Second | Third | Average 95% limit [LL] [uP] [mg CaCOs]

B-floor, Lancaster University 0.7 0.8 0.8 0.77 0.058 0.066 0.704 0.836 1.29
Wroclaw water 6.8 6.7 — 6.75 0.071 0.080 6.670 6.830 113
Stretford’s tap water 0.7 1.1 1.0 0.93 0.208 0.235 0.695 1.165 1.56
Evian 7.7 7.6 7.5 7.6 0.100 0.113 7.487 7.713 12.8
Buxton water 5.1 5.3 51 5.17 0.115 0.130 5.040 5.300 0.042 8.68
Highland Spring 4.2 4.3 4.3 4.27 0.058 0.066 4.204 4.336 7.17
Volvic 1.2 14 14 1.33 0.115 0.130 1.200 1.460 2.24
San Pellegrino 15.0 15.2 15.2 15.13 0.115 0.130 15.000 | 15.260 25.4
Smartwater 4.0 4.1 3.9 4.00 0.100 0.113 3.887 4.113 6.72
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5.1.2 Water test kits

5.1.2.1 Strip-based kits
There are many commercially available strip-based kits to estimate water hardness, mostly to use
at home or in aquaria water analysis. These kits typically operate on the principle of a colorimetric
reaction, where the hardness level is indicated by a visible change in colour on the test strip. The
main advantage of them is that they are relatively inexpensive (~£10 per 100 strips), quick and
straightforward to use, perfect to use where the accurate result is not required. One just needs to
dip the test stick in water for 3s and compare the colour to the colour chart provided by the
manufacturer. They have a wide range, between 0-1000ppm, it is also worth mentioning, that this

feature makes the test sticks useful in the analysis of both, soft and hard water.

After conducting a more in-depth investigation, it became possible to obtain more detailed data
from the test trips. This process required the use of online colour analysis software, such as the tool

available at https://redketchup.io/color-picker, which enabled precise evaluation of the colour

composition in the test images (Figure 5-4 and Figure 5-5). The incorporation of such a colour
analysis tool provided a more objective and quantitative method for determining the hardness of
the water samples. Through image analysis, it was possible to extract numerical values
corresponding to specific colour components (the intensity scores of red, green, and blue). That
data could be then used in preparation of the calibration graphs.

However, closer analysis of the pictures revealed that the colours are not uniform, instead they are
made of the pixels at different variations and brightness of the main colour, what introduces a
degree of uncertainty. Considering the strip tests are aimed at the domestic use where accuracy is

not required the more in-depth analysis is not necessary.
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Made in USA, © 2018 Simplex Health

( The Home of Quality Water Testing  www.simplexhealth.co.uk

¥ Sl 11 15.as
. idon il 1 {

Figure 5-4: Strip-based kit for water hardness measurements (£12.99 per 100 strips). a) unused
strip, b) analysis of soft water, c) analysis of hard water.

- WATER HARDNESS TESTING KT FOR WATER SOFTE}!:IER
5X WATER HARDNESS TESTS R\P510-400'~PPM)

L@, ( i

Figure 5-5: Strip-based kit for water hardness determination (FiIterLogic).

Table 5-4: Results of water analysis using strips shown in Figure 5-4 for water hardness
determination.

Sample Water hardness [ppm]
Tap water (B-floor lab) 40-80

Wroclaw water 250-425
Stretford tap water 120-180
Evian 425-1000
Buxton water 425-1000
Highland Spring 180-250
Volvic 120-180
San Pellegrino 425-1000
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5.1.2.2 Titration-based kits
Titration based kits are widely available on the market, their main usage is in aquaria and pond
water samples. The kit presented in Figure 5-6 is based on a titration method. To perform the test,
just 5ml of water sample is needed. Then 2 drops of regent GH A are added (solution changes colour
to pink). To determinate water hardness of the sample addition of reagent GH B is required drop
by drop, until the colour of the solution changes from pink to blue. The number of drops required
for the colour change correspond to water hardness. In the kit used, 1 drop=1°DH. Samples were

analysed using the titration-kit method, the results are presented in Table 5-5.

GH and KH Test

:.«\i”m”_j :

Figure 5-6: a) Titration-based kit for hardness water determination (£8.99 for kit allows analysis of
up to 50 samples), b) soft water examination, c) hard water examination.
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Table 5-5: Calculation of water hardness using method from the commercially available kit.

Analysis (number of drops)

95% confidence interval

Hardness

Hardness

Sample St dev 95% [LL] [uP] concentration concentration
First | Second | Third | Average
limit [°DH] [mg/L]
B-floor lab, - - -
1 1 1 1.00 0 1.00 17.8
Lancaster University

Streford water 3 3 3 3.00 0 - - - 3.00 53.4
Wroclaw water 16 17 17 16.70 0.577 0.653 | 16.047 17.353 16.70 297
Evian 19 18 18 18.33 0.577 0.653 | 17.677 18.983 18.33 326
Buxton water 12 11 11 11.33 0.577 0.653 | 10.677 11.983 11.33 201
Highland Spring 10 12 11 11.00 1.0 1.132 9.868 12.132 11.00 196
Volvic 6 5 4 5.00 1.0 1.132 3.868 6.132 5.00 89.0
San Pellegrino 18 16 16 16.67 1.155 1.307 | 15.363 17.977 16.67 297




5.1.3 Isotachophoresis

Isotachophoresis allows determination of calcium and magnesium concentrations in water samples.

The majority of the industrial techniques report water hardness as combined concertation of

calcium and magnesium. Isotachophoresis on the other hand, allows separation of the ions

responsible for water hardness and calculation of the specific concentrations of the components

(Ca%* and Mg?).

Table 5-6 presents summary of the ITP methods used for calcium and magnesium analysis and

Figure 5-7 shows calibration graphs for each ion. Method 21, 26 and 48 refer to Table 3-2 which

presents electrolyte systems used in the separations. The table below summarises all analyses

proving that the technique is reliable and gives consistent results which may be used to determine

concentrations in the real samples.

Table 5-6: List of the methods used for ITP calibration in water hardness analysis.

Method | lon RSH (st dev) R? Gradient | Intercept | Concentration [mg/L] | n
Ca%* | 0.489(0.003) | 0.9946 | 1.1307 1.6773 5-50 19

2 Mg2* | 0.739 (0.006) | 0.9987 1.863 -3.1204 5-50 19
Ca?* | 0.109 (0.003) | 0.9951 | 0.9958 2.2212 2.5-100 36

% Mg2* | 0.143 (0.004) | 0.9986 | 1.5908 1.1809 5-100 33
Ca%* | 0.496 (0.004) | 0.9952 | 3.3852 8.5828 2.5-50 21

“ Mg2* | 0.542 (0.006) | 0.9979 | 5.0964 14.199 0.25-50 30
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Figure 5-7: Calibration graphs for a) calcium and b) magnesium ions used in calculations of real

samples analysis.
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Figure 5-12 and Figure 5-13 presents some results of ITP separation of real water samples. The
isotachophorograms shows analysis of the sample by the ItaChrom Il software which labels the
identified steps and provides information about the step length and relative step heights. That data
is then used to identify the analyte and calculate concentration using the calibration graphs from

Figure 5-7.

5.1.3.1 Evaluation of ITP separation of Ca%* and Mg?* mixed samples

All three systems used in the isotachophoresis analysis of mixtures of calcium and magnesium ions,
Table 5-7 presents all data obtained in the separation of mixed samples including statistical analysis
- 95% confidence limit. The calculated 95% limit of <0.6 highlights the accuracy of ITP separations
and gives confidence in precision of the obtained results. All of the separation systems have some
advantages and disadvantages. From the analysis of isotachopherograms it is possible to notice that
the relative step heights (RSH) of ions are significantly different between the different electrolyte
systems (Figure5-9a, c, e). The greater the difference in RSH, between Ca?* and Mg?* the easier the
analysis of the separation. Based on that, the electrolyte system number 21: LE: 10mM CsOH (pH
9.0 by histidine), TE: 10mM lithium citrate, gives the best step resolution (RSH of Ca%* 0.506 and
Mg?* 0.742). In system number 48 with LE: 10mM HCI, 0.05% Mowiol, TE: 10mM Tris), the difference
is RSH is smaller (RSH of Ca?* 0.513 and Mg?* 0.574). An even smaller difference in RSH is found in
electrolyte system number 26 consisting of: LE: 20mM NH4OH, 10mM HIBA, 0.2% HPC (pH 4.8 acetic
acid), TE: 10mM carnitine hydrochloride, RSH of Ca?* 0.136 and Mg?* 0.173.

The separation time is different in all analyses, the system using a LE of CsOH and TE of lithium
citrate (Method 21) yields the separation in about 360s for the analysis of a mixture of calcium and
magnesium ions. The same experiment takes approximately 690s for the separation when using a
LE consisting of ammonium hydroxide, HIBA and HPC and a TE of carnitine hydrochloride (Method
26). An even longer separation time, up to 1000s, is required when using the simplest electrolyte

system (LE HCI, mowiol and TE Tris — Method 48).
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Table 5-7: Step length [s] data from analysing different Ca and Mg ions mixtures using three electrolyte systems. — represents no results

95% confidence interval 95% confidence interval | Ca+Mg
%Ca:Mg Ca step length [s] Av St 95% Mg step length [s] Av St 95% step
dev . [LL] [uL] dev . [LL] [uL] length
limit limit
[s]
100:0 21.50 | 21.67 | 21.39 | 21.52 | 0.141 | 0.160 | 21.360 | 21.680 — — — — — — — — 21.52
80:20 15.28 | 15.18 | 14.95 | 15.14 | 0.169 | 0.191 | 14.949 | 15.331 5.46 5.67 5.73 5.62 0.142 | 0.161 5.459 5.781 20.76
N 60:40 13.01 | 13.24 | 12.81 | 13.02 | 0.215 | 0.243 | 12.777 | 13.263 | 13.63 13.7 13.95 13.76 | 0.168 | 0.190 | 13.570 13.950 26.78
-_§ 50:50 11.05 | 10.93 | 11.09 | 11.02 | 0.083 | 0.094 | 10.926 | 11.114 | 14.08 13.86 14.12 14.02 | 0.140 | 0.158 | 13.862 14.178 25.04
g 40:60 9.58 9.67 9.5 9.58 | 0.085 | 0.096 | 9.484 9.676 18.49 18.47 18.61 18.52 | 0.076 | 0.086 | 18.434 18.606 28.10
20:80 5.63 5.67 5.98 5.76 | 0.192 | 0.217 | 5.543 5.977 24.28 24.66 24.79 24.58 | 0.265 | 0.300 | 24.280 24.880 30.34
0:100 — — — — — — — — 33.24 33.15 33.58 33.32 | 0.227 | 0.257 | 33.063 33.577 33.32
100:0 21.07 | 21.03 | 21.13 | 21.08 | 0.050 | 0.057 | 21.023 | 21.137 — — — — — — — — 21.08
80:20 22.80 | 22.65 | 22.88 | 22.78 | 0.117 | 0.132 | 22.648 | 22.912 0.98 1.18 1.01 1.06 0.108 | 0.122 0.938 1.182 23.84
E 60:40 12.58 | 12.38 | 12.65 | 12.54 | 0.140 | 0.158 | 12.382 | 12.698 | 11.09 11.23 11.03 11.12 | 0.103 | 0.117 | 11.003 11.237 23.66
2 50:50 9.26 9.65 9.12 9.34 | 0.275 | 0.311 | 9.029 9.651 14.96 14.89 15.09 1498 | 0.101 | 0.114 | 14.866 15.094 24.32
g 40:60 7.18 7.02 7.29 7.16 | 0.136 | 0.154 | 7.006 7.314 17.60 17.52 17.79 17.64 | 0.139 | 0.157 | 17.483 17.797 24.80
20:80 5.33 5.45 5.18 5.32 | 0.135 | 0.153 | 5.167 5.473 25.49 25.40 25.61 25.50 | 0.105 | 0.119 | 25.381 25.619 30.82
0:100 — — — — — — — — 33.13 33.08 33.22 33.14 | 0.071 | 0.080 | 33.060 33.220 33.14
100:0 64.07 | 64.22 | 64.18 | 64.16 | 0.078 | 0.088 | 64.072 | 64.248 — — — — — — — — 64.16
80:20 57.80 | 58.60 | 58.87 | 58.42 | 0.556 | 0.629 | 57.791 | 59.049 | 24.70 24.88 24.76 24.78 | 0.092 | 0.104 | 24.676 24.884 83.20
E 60:40 31.40 | 31.46 | 31.23 | 31.36 | 0.119 | 0.135 | 31.225 | 31.495 | 45.12 44.90 44.97 45.00 | 0.112 | 0.127 | 44.873 45.127 76.36
2 50:50 29.90 | 29.86 | 30.01 | 29.92 | 0.078 | 0.088 | 29.832 | 30.008 | 54.42 54.36 54.12 54.30 | 0.159 | 0.180 | 54.120 54.480 84.22
g 40:60 24.36 | 24.48 | 24.53 | 24.46 | 0.087 | 0.098 | 24.362 | 24.558 | 68.20 68.42 68.35 68.32 | 0.112 | 0.127 | 68.193 68.447 92.78
20:80 10.98 | 11.20 | 11.25 | 11.14 | 0.144 | 0.163 | 10.977 | 11.303 | 89.60 90.02 89.72 89.78 | 0.216 | 0.244 | 89.536 90.024 | 100.92
0:100 — — — — — — — — 128.15 | 128.09 | 128.30 | 128.18 | 0.108 | 0.122 | 128.058 | 128.302 | 128.18

119



Graphs presented in Figure 5-9b, d and f show how the step length of each ion changes when the
sample composition changes. In all cases, results are as expected, the lower the concentration, the
shorter the step. Good linearity with a correlation coefficient of >0.95 is evidence of the
reproducibility of all the systems. The only exception is calcium analysis by the separation system
consisting of LE ammonium hydroxide, HIBA and HPC, and TE carnitine hydrochloride, where the

correlation coefficient equals 0.88.

It has been found that the chemicals used in the electrolyte systems have some additional influence
on the choice of separation systems. In the caesium hydroxide separation system, citrate salt used
as the terminating electrolyte may promote mould formation in the electrolyte solution, so
preparation of a new solution every day or UV sterilisation may be required. Chemicals used are
relatively expensive, so the preparation of a new leading electrolyte and pH adjustments required
every day of the analysis increase the operation expense.

Ammonia solution used as a leading electrolyte solution is potentially hazardous, it may cause skin
burns, respiratory irritation, and eye damage, and is harmful to aquatic life so the disposal is not
easy. Also, ammonia-based electrolytes tend to lose ammonia, and thereby change in composition
with time. Hydroxypropyl cellulose, used as an electro-osmotic flow suppressor, is hard to dissolve
in water. The pH of the LE needs to be adjusted before every analysis, so a new solution is required

for every analysis.

The simplest system consists of hydrochloric acid and mowiol as the leading electrolyte and
tris(hydroxymethyl)aminomethane as the terminating electrolyte (Method 48). The chemicals used
are relatively inexpensive and no pH adjustment is required. This method gives the longest steps

for both ions, so samples with lower concentrations of ions may be analysed with greater precision.
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Figure 5-8: Analysis of mixtures of calcium and magnesium ions for water hardness determination.
Colours of the graphs represent different concentration of calcium/magnesium in the sample. The
following electrolyte systems were used in the analyses: a) and b) LE: 10mM CsOH, pH 9.0 (histidine),
TE: 10mM lithium citrate (Method 21).
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Figure 5-9: Analysis of mixtures of calcium and magnesium ions for water hardness determination.
Colours of the graphs represent different concentration of calcium/magnesium in the sample. The
following electrolyte systems were used in the analyses: c) and d) LE: 20mM NH4OH, 10mM HIBA,
0.2% hydroxypropyl cellulose (HPC), pH 4.8 (acetic acid), TE: 10mM carnitine hydrochloride (Method

26).

122



e) 9.44

8.63

7.83

7.03

6.23

Detector response [V]

5.43 SR

4.62

20 Mg : 80 Ca

3.82 40 Mg : 60 Ca

302 60 Mg : 40 Ca

1.42
800 820 840 860 880 900 920 940 960 980 1000

Time [s]

f) 140.00

120.00

100.00

80.00

Step length [s]

60.00

40.00

ST . y =0.702x - 4.3743
s e v R2=0.9568
20.00 — y =-1.2667x + 121.17
= R? = 0.9809

0.00

0 10 20 30 40 50 60 70 80 90 100

Percentage of ion in the sample [%]

Figure 5-10: Analysis of mixtures of calcium and magnesium ions for water hardness determination.
Colours of the graphs represent different concentration of calcium/magnesium in the sample. The
following electrolyte systems were used in the analyses: e) and f) LE: 10mM HCI, 0.05% Mowiol, TE:
10mM Tris (Method 48).
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Figure 5-11: Graph showing the relationship between sample composition and step length in

calcium and magnesium ions mixture analysis (based on Table 5-7).

The data was plotted to check if there is a trend in the combined step length of two ions, calcium
and magnesium, in water hardness analysis. It is possible to clearly see the trend, with
R? values <0.8. Method 48 gives the longest steps for both ions however the data shows some
inconsistency. That may be due to the electrolyte system which does not require pH adjustment.
5.1.4 Analysis of real water samples

After successfully separated mixed samples, real samples were analysed using the same systems.
Examples of the results are available in Figure 5-12. The isotachophorograms show analysis of the
sample by the ItaChrom Il software which labels the identified steps and provides information about
the step length and relative step heights. That data is then used to identify the analyte and calculate

concentration using the calibration graphs from Figure 5-7.
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Figure 5-12: Example of ITP analysis of real water samples. a) Volvic using method 26 and b) Evian
using method 21.
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Stretford tap water, method 48
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Figure 5-13: Example of ITP analysis of real water samples. c) Stretford tap water using method 48
and d) Rosendale tap water using method 26.
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The results from calculation of analytes concentrations are presented in Table 5-12 and Table 5-13.
They were also used in preparation of Figure 5-16 and Figure 5-17. The values were used to compare

the results with data obtained from other analytical techniques used in this project.
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5.1.5 lon chromatography

The ion chromatography separation column available at the university (Dionex lonPac AS11 HC) was
designed primarily for the separation of group 1 and group 2 metal ions. Due to this limitation, the
analytical focus of the study was directed towards determining the concentrations of ions related
to water hardness (such as calcium and magnesium) as well as ammonium ions rather than
transition metal ions (also of interest to the project).

Initial experimental work was carried out to establish the retention times of the ions of interest to
ensure reliable identification during analysis. Calibration graphs were constructed using standard
solutions of known concentrations (Figure 5-15), allowing for the quantification of the target ions
through the relationship between peak height (or area) and concentration. Once these calibration
graphs were validated, they were applied to the analysis of complex mixtures to identify and
quantify the relevant ions. An example chromatogram demonstrating this process is presented in

Figure 5.13.

The data table, seen below the graph, provides detailed information about the detected peaks,
including peak height (which is proportional to the concentration and is used in concertation

calculations).

Several other peaks were observed in the chromatogram but these remained unidentified. The
possible ions detected are potassium or sodium as they are quite common in water samples.
However, without separation of known standards for these ions, definitive identification was not
possible. Consequently, these peaks were not investigated further, as the primary objectives of the

study focused on quantifying ions contributing to water hardness and ammonium content.
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Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min pS*min [T) % % n.a.
1 1.223 0.026 0.016 0.07 0.02 n.a.
2 2.370 0.010 0.028 0.03 0.03 n.a.
3 2.893 0.023 0.025 0.06 0.03 n.a.
4 3.813 0.015 0.052 0.04 0.07 n.a.
5 NH4 4.570 3.669 20.015 9.35 2525 n.a.
6 6.583 0.283 1.170 0.72 1.48 n.a.
7 Mg 9.927 18.256 33.454 46.52 4220 na.
8 Ca 12.443 16.787 24.397 42.78 30.77 n.a.
9 14.820 0.177 0.126 045 0.16 na.
Total 39.245 79.282 100.00 100.00

Figure 5-14: Example report of IC separation of Highland Spring water sample.

The graph seen in Figure 5-15 present calibration graphs for calcium, magnesium and ammonium
ions obtained by plotting data from the ion chromatography separation of samples of known
concentration against the detected peak heights. Use of the regression analysis equation allows
calculation of the concentration of an unknown sample. Table 5-9 summarises data obtained from
IC separation of water samples, the calculated calcium and magnesium concentrations are
calculated using calibration graphs presented below.

Analysis of the results allows to conclude that IC separations provide accurate and consistent
results. Additionally, statistical analysis of the data allowed for the determination of the 95%
confidence interval, providing an estimate of the uncertainty associated with the calculated ion
concentrations, 95% limit of <0.2 suggests that the results are accurate. This confidence interval

represents the range within which the true value of each measurement is expected to lie.
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Figure 5-15: Calibration graphs obtained using ion chromatography separation of calcium,

magnesium and ammonium ions.

Table 5-8: Summary table for IC separation of calcium, magnesium and ammonium ions.

Retention time (st dev) Concentration
lon _ R? | Gradient | Intercept n
[min] [mg/L]
Ca** 12.492 (0.208) 0.9996 | 0.6578 0.1149 10
Mg?* 10.040 (0.078) 0.9999 | 1.1795 0.0397 0.5-50 10
NH4* 4.558 (0.022) 0.9996 | 2.0117 0.514 10
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Table 5-9: Results of IC analysis of water samples

Calcium ion Magnesium ion
Confidence interval Confidence interval
St
Sample Peak height [puS] Average 95% Peak height [uS] Average | St dev
dev [LL] [uL] 95% limit | [LL] [UL]
limit
Evian 8.07 7.91 7.9 7.96 0.10 | 0.11 8.07 7.85 1.29 | 1.21 | 1.17 1.22 0.06 0.07 1.29 | 1.15
Buxton 27.78 | 27.66 27.7 27.71 | 0.06 | 0.07 | 27.78 | 27.64 | 21.89 | 21.71 | 21.79 | 21.80 0.09 0.10 21.90 | 21.69
Highland
36.83 | 36.67 | 36.81 36.77 | 0.09 | 0.10 | 36.87 | 36.67 | 30.47 | 30.21 | 30.29 | 30.32 0.13 0.15 30.47 | 30.17
Spring
Tesco 11.37 | 11.41 | 11.53 1144 | 0.08 | 0.09 | 11.53 | 11.34 | 3.47 | 3.49 | 3.43 3.46 0.03 0.03 3.50 | 3.43

San Pellegrino | 116.58 | 116.59 | 116.76 | 116.64 | 0.10 | 0.11 | 116.76 | 116.53 | 59.11 | 58.99 | 58.83 | 58.98 0.14 0.16 59.14 | 58.82

Bottled water

Smartwater 60.55 | 60.87 | 60.62 60.68 | 0.17 | 0.19 | 60.87 | 60.49 | 539 | 5.22 | 517 5.26 0.12 0.13 539 | 513

Volvic 12.36 | 12.41 | 12.55 1244 | 0.10 | 0.11 | 1255 | 1233 | 942 | 9.48 | 9.33 9.41 0.08 0.09 9.50 | 9.32

Sainsbury’s 26.41 | 26.85 | 26.73 26.66 | 0.23 | 0.26 | 26.92 | 26.41 | 6.66 6.7 6.57 6.64 0.07 0.08 6.72 | 6.57
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Table: 5-9: Results of IC analysis of water samples continued.

Calcium ion Magnesium ion
Confidence interval Confidence interval
Sample Peak height [uS] Average . 95% Peak height [uS] Average | St dev
dev [LL] [uL] 95% limit | [LL] [uL]
limit
London 95.76 96.05 | 95.99 9593 |0.15| 0.17 | 96.11 | 95.76 | 6.39 | 6.33 | 6.21 6.31 0.09 0.10 6.41 | 6.21
Durham 19.04 19.17 | 19.24 19.15 | 0.10 | 0.11 | 19.26 | 19.04 | 3.19 | 3.12 | 3.02 3.11 0.09 0.10 321 | 3.01
Stretford 11.7 11.44 11.6 11.58 | 0.13 | 0.15 | 11.73 | 1143 | 2.15 | 1.99 | 2.07 2.07 0.08 0.09 2.16 | 1.98
Rossendale 4.48 4.35 4.39 4.41 0.07 | 0.08 | 4.48 4.33 1.22 | 1.25 | 1.15 1.21 0.05 0.06 1.26 | 1.15
Legnica 58.06 57.81 | 57.92 5793 | 0.13| 0.14 | 58.07 | 57.79 | 18.53 | 18.37 | 18.28 | 18.39 0.13 0.14 18.54 | 18.25
5 Wroclaw 76.73 76.83 | 76.61 76.72 | 0.11| 0.12 | 76.85 | 76.60 | 14.13 | 14.06 | 14.03 | 14.07 0.05 0.06 14.13 | 14.02
§ Maybole 9.81 10.06 9.99 9.95 0.13 | 0.15 | 10.10 9.81 0.69 | 0.66 | 0.63 0.66 0.03 0.03 0.69 | 0.63
E B-floor 8.07 7.85 7.81 7.91 0.14 | 0.16 | 8.07 7.75 131 | 119 | 117 1.22 0.08 0.09 131 | 1.14
Abingdon 102.09 | 101.76 | 101.83 | 101.89 | 0.17 | 0.20 | 102.09 | 101.70} 3.36 | 3.27 3.3 3.31 0.05 0.05 3.36 | 3.26
Sicily 49.99 50.21 | 50.03 50.08 | 0.12 | 0.13 | 50.21 | 49.94 | 89.08 | 89 | 88.89 | 88.99 0.10 0.11 89.10 | 88.88
Turkey 2.31 2.43 2.25 2.33 0.09 | 0.10 | 2.43 2.23 0.47 | 042 | 0.41 0.43 0.03 0.04 0.47 | 0.40
Crete 36.88 36.69 | 36.75 36.77 | 0.10| 0.11 | 36.88 | 36.66 9.7 9.64 9.6 9.65 0.05 0.06 9.70 | 9.59
Toulouse 26.35 26.16 | 26.27 26.26 | 0.10 | 0.11 | 26.37 | 26.15 | 3.91 | 3.81 | 3.83 3.85 0.05 0.06 391 | 3.79
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5.1.6 Inductively coupled optical emission spectroscopy (ICP-OES)
All ions were analysed using a range of selected wavelengths to ensure optimal signal intensity and
accuracy for each element. The selection of wavelengths was based on their sensitivity, minimal
spectral interference and linear response across the concentration range of analysed elements.
Standards were analysed at the beginning of every experiment and calibration graphs were
prepared to calculate the concentrations of the ions. Table 5-10 presents the wavelengths and
concentration ranges used for calcium and magnesium analysis. Experiments were repeated at least
once at each wavelength. The concentration of each ion is an average of at least twenty

experiments conducted under twelve or eleven wavelengths.

Due to the large number of data generated in ICP-OES experiments, only a summary of the key
results will be discussed in this section (Table 5-11), the complete dataset is available in Appendix
[ll. The summarised data clearly shows the high precision and sensitivity of ICP-OES technique, with
the standard deviation of as low as 0.34 across 17 independent experiments. In total 18 water
samples were analysed. Statistical analysis of the results showed that at 95% confidence limit, five
samples in calcium analysis have confidence limit of >2 while four showed similar results in
magnesium analysis. Overall, the results emphasise the strong analytical capability of the ICP-OES

method in detecting and quantifying trace elements with high precision and confidence.
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Table 5-10: Summary of calibration methods used in calcium and magnesium analysis.

Element | Wavelength [nm] R? Gradient | Intercept | Concentration [mg/L] n
315.887 0.9995 23.688 17.344 0.1-100 20

317.933 0.9998 142.02 57.321 0.05-100 60

318.127 0.9996 12.418 9.6343 0.5-100 10

370.602 0.9975 7.652 4.2633 0.3-50 10

373.690 0.9996 38.659 25.953 0.1-100 10

393.366 0.9997 9391 13473 0.05-100 45

ca 369.847 0.9992 16406 5920.5 0.05-100 55
422.673 1 164.72 33.638 0.05-100 55

430.253 0.9998 9141 -5345.6 10-100 10

612.222 0.9993 26.388 106.21 0.3-50 10

616.217 0.9998 31.188 -6.6907 0.1-100 10

643.907 0.9998 19.741 52.435 0.5-100 10

202.582 0.9973 302.12 489.82 10-100 10

277.983 0.9983 3.7302 2.9518 0.3-50 10

279.078 0.9983 9.595 8.6003 0.1-100 15

279.553 0.997 1471.9 1800.3 0.1-100 25

279.800 0.9981 5.3176 3.2924 0.3-50 10

Mg 280.270 1 202.68 5.361 0.1-100 50
283.230 0.9998 31.455 15.883 0.5-100 10

258.213 0.9986 93.844 65.285 0.1-100 25

293.651 0.9988 8.6314 7.38 0.1-100 20

383.829 0.9981 30.595 16.122 0.3-50 10

383.230 1 28.46 8.7114 0.3-50 10
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Table 5-11: Summary of the results of ICP-OES analysis of water samples including 95% confidence interval, calculated based on data from
Appendix Ill.

Calcium concentration [mg/L] Magnesium concentration [mg/L]
Sample sample Confidence interval sample Confidence interval
Average | Stdev size 95% Average | Stdev size 95%
. [LL] [ut] . [LL] | [uL]
limit limit
Evian 42.98 11.76 24 4.70 47.68 | 38.27 31.63 0.93 17 0.44 | 32.07 | 31.19
Buxton 36.38 8.17 24 3.27 39.65 | 33.11 23.37 0.60 17 0.28 | 23.65 | 23.09
§ Highland Spring 33.12 2.37 24 0.95 34.07 | 32.17 25.87 5.21 17 2.47 | 28.34 | 23.40
g Tesco 11.82 0.50 24 0.20 12.02 | 11.62 3.10 0.87 17 0.41 3.51 | 2.68
§ San Pellegrino 165.82 19.57 24 7.83 173.65 | 157.99 60.25 10.72 17 5.09 65.34 | 55.15
§ Smartwater 64.37 2.72 24 1.09 65.46 | 63.28 5.31 0.62 17 0.30 5.61 | 5.01
Volvic 12.79 0.61 24 0.24 13.04 | 12.55 9.79 0.34 17 0.16 9.96 | 9.63
Sainsbury's 27.96 1.48 24 0.59 28.55 | 27.36 6.83 0.36 17 0.17 7.00 | 6.66
London 108.64 5.40 23 2.21 110.85 | 106.44 6.07 0.97 16 0.48 6.55 | 5.60
Durham 20.19 1.06 23 0.43 20.62 | 19.76 2.86 0.53 16 0.26 3.12 | 2.60
Stretford 10.35 3.42 24 1.37 11.72 8.99 1.97 2.06 17 0.98 2.95 | 0.99
= Rossendale 6.76 3.46 23 1.41 8.17 5.34 1.16 0.48 16 0.23 1.40 | 0.93
§ Legnica 64.26 2.63 24 1.05 65.31 | 63.20 18.49 4.25 17 2.02 | 20.51 | 16.47
= Wroclaw 92.79 3.86 24 1.54 94.33 | 91.25 15.97 1.83 17 0.87 16.84 | 15.10
= Maybole 10.35 0.53 17 0.25 10.60 | 10.10 0.49 0.31 7 0.23 0.72 | 0.26
B-floor Lancaster University 8.02 0.45 24 0.18 8.20 7.84 1.79 3.74 16 1.83 3.62 | -0.04
Abingdon 118.11 3.84 6 3.07 121.18 | 115.03 2.84 0.25 5 0.22 3.06 | 2.63
Sicily 50.75 1.44 6 1.15 51.90 | 49.60 91.65 3.01 5 2.64 | 94.29 | 89.01
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5.2 Discussion

Both ions responsible for water hardness were examined using three different techniques
(isotachophoresis, ion chromatography and inductively coupled plasma — optical emission
spectroscopy).

Table 5-12 and Table 5-13 present the calculated concentrations of calcium and magnesium ions in
the samples. Figure 5-16 allows comparison of all the calcium data for each water sample. It is
possible to see that there are samples where the obtained concentrations are scattered such as San
Pellegrino or Sicily water samples. There are more water samples which present overlapping results
— Tesco, Smartwater, Volvic, Sainsbury’s, Durham, Stretford, Maybole or B-floor Lancaster
University. It is possible to determine that the concentration obtained using various techniques

remains fairly constant. In many cases the only odd result is the official data.

Figure 5-17 presents concentrations of magnesium ion in the water samples. The samples which
show the most consistent results are Tesco. Smartwater, Volvic, London, Durham, Stretford,
Maybole and B-floor Lancaster University.

It was impossible to obtain information about the techniques and methods, number of samples or
the standard deviation of the concentrations used in official data reports. Tap water suppliers only
provide annually average data. Thus, it is possible that the official data is different to the actual ion

concentrations in the water samples taken within this research programme.
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Figure 5-16: Comparison of calcium ion concentration data for water samples.
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Figure 5-17: Comparison of magnesium ion concentrations in water samples.

By analysing Figure 5-16 and Figure 5-17 it is possible to notice that the concentration data for both
calcium and magnesium show a noticeable degree of scatter among the different samples. This
variability suggests that the reproducibility of the measurements may differ depending on the
sample source and the analytical technique used. Some samples should be treated with a dose of
uncertainty as not all the tests were completed for Turkey, Sicily and Toulouse water samples. These
samples were collected later in the project and experiments could not be repeated. Despite these
limitations, several samples demonstrated consistent and accurate results across the different
analytical techniques. The Volvic, Stretford and B-floor lab Lancaster University and Maybole
samples show reliability in the measured concentrations of both calcium and magnesium. In
contrast, Smartwater and Durham samples present accuracy only in calcium analysis, while London

sample is more consistent in magnesium analysis.
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On the other hand, some samples present great discrepancies between the results obtained by
using different analytical techniques. For calcium determination, London, Wroclaw and Abingdon
samples show the greatest inconsistency. Similarly in case of magnesium analysis, Highland Spring
and Evian demonstrated most irregular results. San Pellegrino and Sicily results are the most

scattered for both, calcium and magnesium analysis.
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Table 5-12: Calculated concentrations of Ca?* in real water samples. — represents no detected analyte, N/A — data not available.

. ITP 95% confidence interval
Ca?[mg/L] Official Method Method | Method IC ICP- Titration Sar.nple Average | Stdev | 95%
data OES size L. [LL] [UP]
21 26 48 limit
Evian 80 46.126 111.290 116.085 7.96 42.98 124.48 6 74.820 | 48.593 ] 38.882 | 35.938 | 113.702
Buxton 55 48.249 89.071 90.308 | 27.71 | 36.38 85.98 6 62.950 | 28.723 ] 22.983 | 39.967 | 85.933
Highland

..‘T.i Spring 40.5 36.926 11.025 66.055 | 36.77 | 33.12 71.74 6 19606 | 22503 | 18.078 | 24508 | 60.684

E Tesco 55 16.730 16.654 13.242 11.44 | 11.82 17.94 6 14.638 | 2.809 | 2.248 | 12.390 | 16.886
£ san 164 | 287.723 | 275.975 | 259.88 | 116.64 | 165.82 | 243.68

2 Pellegrino 6 224,953 | 68.326 | 54.671 | 170.282 | 279.624

Smartwater N\A 60.515 64.132 67.875 | 60.68 | 64.37 67.52 6 64.182 | 3.179 | 2.544 | 61.638 | 66.726

Volvic 12 19.96 22.751 21.129 12.44 | 12.79 25.32 6 19.065 5.311 | 4.250 14.815 | 23.315

Sainsbury’s 11 29.414 30.271 34.804 | 26.66 | 27.96 37.46 6 31.095 | 4.178 | 3.343 | 27.752 | 34.438

London 32.8 146.58 143.197 129.494 ]| 95.93 | 108.64 | 114.46 6 123.050 | 20.090 | 16.075 ] 106.975 | 139.125

Durham 23 20.033 21.901 22.351 19.15 | 20.19 24.80 6 21.404 | 2.055 | 1.644 | 19.760 | 23.048

Stretford 10.4 17.293 14.105 13.067 11.58 | 10.35 19.00 6 14.233 | 3.334 | 2.668 | 11.565 | 16.900

Rossendale 6.88 26.021 23.962 4.297 4.40 6.76 7.92 6 12.227 | 10.006 ] 8.006 4.221 20.233

Legnica 81 54.183 87.010 90.139 | 57.93 | 64.26 — 5 70.704 | 16.743 ] 14.675 | 56.029 ]| 85.380

5 Wroclaw 82.2 58.876 135.316 122.756 | 76.70 | 92.79 111.03 6 99.578 | 28.885] 23.112 | 76.466 | 122.690

§ Maybole 10.78 1.379 8.412 11.071 9.95 10.35 — 5 8.232 3.953 | 3.465 4.768 11.697

E‘ B-floor 11.3 16.658 20.435 13.678 7.91 8.02 16.36 6 13.844 5.037 | 4.030 9.813 17.874

Abingdon 29.7 150.745 136.154 115.104 | 101.89 ] 118.11 — 5 124.401 | 19.137 ] 16.774 ]| 107.627 | 141.175

Sicily N\A 207.745 73.155 3.569 50.08 1.31 — 5 67.172 184.368 ] 73.950 | -6.779 | 141.122

Turkey N\A 82.954 66.385 — 2.32 — — 3 50.553 | 42.585] 48.188 | 2.365 98.741

Crete N\A 51.325 46.428 14.652 36.78 — — 4 37.296 | 16.261 ] 15.935 | 21.361 53.231

Toulouse N\A 55.127 51.781 14.957 26.26 — — 4 37.031 ] 19.564 | 19.173 | 17.858 | 56.204
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Table 5-13: Calculated concentrations of Mg?* in real water samples. — represents no detected analyte, N/A — data not available.

ITP 95% confidence interval

Mg? [mg/L] Official IC ICP-OES Sar.nple Average | Stdev | 95%
data Method 21 | Method 26 | Method 48 size limit [LL] [UP]
Evian 26 19.564 _ 3526 | 1.22 | 3163 13.985 | 13.512 | 13.242 | 0.743 | 27.227
Buxton 19 17.104 14.940 5802 |2180| 2337 16.603 | 6.281 | 5506 | 11.098 |22.109
g H;gpr::zzd 1010 | 23582 9.746 5720 |3032| 2587 5 | 19.048 | 10247 | s8.982 | 10.066 | 28.030
; Tesco 3.50 6.558 _ 3312 | 346 | 3.10 4 4108 | 1.446 | 1.417 | 2.690 | 5.525
g | san Pellegrino [ 4950 | 19321 17.626 4318 |5898| 60.25 5 | 32.099 |24.133| 21.153 | 10.946 | 53.252
@ | Smartwater | N/A 8.502 5.070 _ 526 | 531 4 6.036 | 1.648 | 1615 | 4.421 | 7.650
Volvic 8 11.821 10.453 6648 | 941 | 9.79 5 9.624 | 1.824 | 1599 | 8.025 | 11.224
Sainsbury’s 16 9.139 6.637 _ 664 | 683 4 7312 | 4.027 | 3.946 | 3.365 | 11.258
London 4.85 6.194 — _ 631 | 6.07 3 6191 | 0.678 | 0.767 | 5.424 | 6.958
Durham N\A 6.558 _ _ 311 | 286 3 4176 | 2.067 | 2.339 | 1.837 | 6.515
Stretford 1.76 _ _ 1506 | 207 | 197 3 1879 | 0212 | 0240 | 1.638 | 2.119
Rossendale | 2.16 — — 12685 | 121 | 116 3 5018 | 5606 | 6.344 | -1.326 | 11.362
Legnica 14 14.847 11.089 2866 |1839| 18.49 5 | 13136 | 5822 | 5.103 | 8.033 | 18.240
5 | Wrodaw 10.3 13.617 9.016 1341 |14.07| 1597 5 | 10803 | 5.258 | 4.609 | 6.194 | 15.411
S | Maybole 0.73 _ 4.293 _ 066 | 0.20 3 1718 | 1.896 | 2.146 | -0.428 | 3.863
& B-floor 1.52 _ 3.881 2260 | 1.22 | 168 4 2760 | 1.438 | 1.410 | 1.351 | 4.170
Abingdon 2.65 7.001 _ _ 330 | 284 3 4380 | 2.054 | 2.324 | 2.056 | 6.704
Sicily N\A 30.011 32.723 — 88.99 | 91.65 4 | 60.84a | 32.072 | 33.390 | 27.454 | 94.233
Turkey N\A 22.031 _ 44708 | 0.42 — 3 | 22.386 | 22.146 | 25.060 | -2.674 | 47.447
Crete N\A 12.838 25.254 _ 9.65 — 3 | 15.914 | 8244 | 9.329 | 6.585 | 25.243
Toulouse N\A 7.318 18.812 _ 3.85 — 3 9.993 | 7.832 | 8862 | 1.131 | 18.855
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Chapter 6 Prototype instrument

The prototype has been designed for this specific PhD project. Materials available in the laboratory
have been used or adapted to be used in the construction of the prototype.

The prototype consists of a power supply, electrolytes and sample injection system, separation
tubbing, detector and data logger. The prototype was placed in the safety box with interlock to
protect operator during the separation. The main goal in the prototype design was to construct an
on-line instrument which would not require an operator. The design started from preparation of
automated valves system which would allow the system to be flushed-with electrolytes and enable
the injection of the sample. The fluidic handling prototype was successfully completed and used

during the evaluation of the detector.

To fully utilise the potential of the automated system a microcontroller Arduino was used. It allowed
the separation to begin and finish without human interaction. This chapter presents details of the
construction and evaluation of the prototype instrument. Section 7.1 presents future work required
to optimise the analyser.

6.1 Separation system

The design of the prototype shown in Figure 6-1 illustrates the design of the separation system and
provides details of how all the parts of were connected to construct a functional ITP-based
separation system.

As seen in Figure 6-2, all components, apart from the computer, were placed inside the safety box.
That prevented the researcher coming in contact with high voltage used during the separation. The

full specification of the safety box is provided in the section 6.2.
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Figure 6-1: Schematics of the prototype instrument.

2
X

T — terminating electrolyte
S —sample reservoir
L — leading electrolyte
W — waste
D — detector
V1, V2, V3 - valves
- electrodes
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Figure 6-2: The main components of the instrument prototype in the safety box (top view), marked
in green are the valves.

One of the most critical and innovative components of the separation system is the configuration
and automated control of the valves. The integration of an automated valve system represents a
significant advancement in the design of the experimental setup, as it enables precise manipulation
of fluid pathways, minimises manual intervention and enhances the overall reproducibility and
efficiency of the separation process. The system is composed of three Omnifit 3-way valves, as
illustrated in Figure 6-3, each of which serves a specific function within the fluidic network. These
valves are constructed from chemically resistant materials to ensure compatibility with a wide
range of electrolytes and sample compositions, thus maintaining system integrity and preventing
contamination or sample loss. The valves are connected using polytetrafluoroethylene (PTFE)
tubing. This configuration provides a highly reliable and stable flow system, capable of withstanding

repeated cycles of operation without degradation of performance. Through controlled switching of
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the valve positions, the system can automatically direct the flow of leading and terminating
electrolytes, sample solutions and rinse solutions between different sections of the apparatus. This
automation allows for precise timing and coordination of sample introduction, rinsing and
separation stages, ultimately improving analytical throughput and reducing the likelihood of human

error.

Figure 6-3: Valves used in the prototype.

To be able to control position of the valves using the control panel (Figure 6-7) the start point of the
valves must remain constant. To obtain that the optical detector was installed. It consists of the
plastic slit where the light detector is placed. The valve is connected to the motor by the PTFE
sleeve, where a screw is situated. When the valve is moving so is the Teflon sleeve and the screw.
When the valve is commanded to go to its ‘start position’ the valve starts moving in the clockwise
direction (Figure 6-4a) until the screw cuts through the light (Figure 6-4b). Then it turns an

additional 1/8 turn to reach the start position (Figure 6-4c).
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Figure 6-4: Operation of the optical detector used to position the valve.
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Figure 6-5: Optical detector used to position the valves presenting most important components.
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There are two ways to control the position of the valves. The first is using the and a program panel
to move the valve to the wanted position (Figure 6-7). The second is to control the process by the
Arduino microcontroller. The program has been written by Professor Fielden and used in the

experiments (Appendix | and II).
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Figure 6-7: The panel used to control the valves.

6.1.1 Prototype operation procedure

To ensure operator safety and maintain reliable system performance, it is essential to perform a
thorough setup and inspection before initiating any separation procedure. Begin by examining the
safety box to confirm that it can be easily closed and that no physical obstructions are present. The
lid should shut completely without force, as proper closure is required for the safety interlock to
function correctly. Check of all tubing and connectors (including electrolyte and waste reservoirs)
ensuring that every piece of tubing is securely attached and fits tightly into the device ports. Verify
that each connection is properly seated to prevent leaks or sample loss during operation. If any
tubing appears loose, cracked or worn, replace it immediately before proceeding.

Then fill the solution reservoirs with the required solutions, taking care to avoid introducing air
bubbles when filling the reservoirs, as trapped air can disrupt flow and affect separation efficiency.
After filling, visually inspect each line and joint to ensure that no leaks or drips are present.

Load the leading electrolyte (LE), terminating electrolyte (TE), once all components are in place, set
all valves to the “RUN” position (Table 6-1). This configuration ensures that the fluidic pathways are
properly aligned for the separation process to begin. Following this, connect the high-voltage leads

carefully to the electrodes on the device. Double-check that each lead is attached to the correct
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solution. When all connections are complete, close the safety box lid firmly and turn on the main
power supply. The system should recognize the closed lid and enable the control software for
further adjustments.

In manual operation mode, use the computer to set and adjust voltage required for separation,
ensuring that it does not exceed the maximum set limit. When ready, turn on the high voltage and
verify that the red indicator light is illuminated, signifying that the separation is in progress. Note
that the program will terminate either on pressing the ‘stop button’ or raising of safety box lid.
Allow time for separation, when the separation is complete, turn the high voltage off, wait few
second before opening the safety box lid. Save all the collected data on the computer.

After completing the separation, it is important to flush all tubing thoroughly with the appropriate
electrolyte solution. Once flushing is complete, reload the sample and necessary electrolytes.
Ensuring that all valves are set to the “RUN” position before beginning the next separation. Repeat
all the steps for each following separation.

After use ensure all valves and tubing are flushed with distilled water to remove electrolytes. Store
system with solution to prevent air ingress and future issues with air bubbles in the separation

system.

Figure 6-8 presents a schematic of the valves connections in the prototype. Length of tubing a and
b is 10cm each with ID of 1mm. The length of sample loop is 5cm with ID of 1.5mm. All tubing was

made from PTFE.

Sample sample loop

N

S

Figure 6-8: Schematic of connections between the valves.
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Table 6-1: Position of the valves for all steps of preparation for the separation.

V1 V2 V3

Sample load b C —
LE load — a C
TE load o o —
RUN c start o

6.1.2 Programming of the Arduino Uno/Arduino Nano

The Arduino microcontroller is widely used among students and researches as it is cheap and easy
to use. It does not require knowledge of complicated programming languages, it uses simplified ‘C-
type language’. There are many examples of program codes available, this allows users to easily
adapt and, modify existing codes to suit specific needs.

Usage of the microcontroller has many advantages, the most important is that it eliminates human
error, by removing operator from the experiment. It provides greater accuracy and precision in the
sample delivery and overall separation performance. It allows remote operation of the separation

system in remote locations where manual operations would be challenging.

In this PhD project two types of Arduino were used, Arduino Uno and Nano (Figure 6-9).

Arduino Uno was used to control the positions of the valves, while the Arduino Nano was
responsible for the recognition of the initial position of the valve using the optical detector. The
codes are available in Appendix | and .

Each valve was controlled independently through an autonomous Arduino Nano. The function of
Arduino Nano microcontroller was to drive a stepper-motor into one the four possible valve
positions. The stepper motor was configured so that a full 360° rotation required an input of 800
driver steps. Therefore, a quarter turn was achieved by sending 200 steps (i.e. 90°) to the stepper
motor. When the prototype was powered up, the Arduino Nano was programmed to reset the valve
by locating the optical switch “closed” position (which was positioned half-way between an active
valve position). Once the switch position had been located, 100 steps (i.e. 45°) were sent to the
stepper motor to turn the valve to its first position. The program would wait for instructions to

assume one of the four valve switch positions and also the direction from which that valve position
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was accessed (i.e. clockwise or anticlockwise). A “complete” signal was sent from Arduino Nano to

the master Arduino, to indicate when the selected valve position had been reached.

Each valve was isolated for high voltage safety by using a polypropylene drive shaft of 5cm length.

III

Each valve unit was mounted on a nylon carriage that fitted onto a nylon “rail” system such that
the three valves (and the detector) could be positioned on the rail to configure the prototype

separation system.

The Arduino Uno was programmed to introduce the timing of the separation process, including
loading of the electrolytes, loading of the sample, and subsequent flushing between analyses. The
times and valve positions were programmed using a data array, where each valve position was
chosen during a series of timed periods. This data array was devised by the operator but had to be
programmed into Arduino Uno using the C-language to populate the internal data array accordingly.
The same program could be repeated by a push-button selection or reset to “abort” a separation

“mid-flight”.

Figure 6-9: a) Arduino Uno used as a control unit for the prototype separation instrument, b)
Arduino Nano used to control the optical detector.
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6.2 Interlock and safety box

As a safety precaution during the experiments involving high voltage, a safety box with an interlock
mechanism was used. The safety box was design to automatically cut off the power in case the door
becomes open during the separation. The interlock disconnects the high voltage source (via a rapid
action high voltage relay) and power supply to the high voltage generator. The safety box is the

main safety feature of the prototype as it minimise the potential of electric shock to the operator.

The box was made of transparent Perspex with dimensions of 62.5x41.5x35.5cm (LxHxW). This
allowed visual inspections of the separation and was crucial in preliminary experiments with dyes
descried in section 6.7. All the components of the separation system were securely placed in the

safety box. Figure 6-10 and Figure 6-2 present top and side views to show the complexity of the

setup.
Interlock Electrolyte
reservoirs
Sample reservoir
Valve
control
unit

Figure 6-10: Instrument prototype in the safety box side view.
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6.3 Electrolytes solutions and electrodes
Syringe barrels were used as electrolytes reservoirs. There were connected to the ITP separation
system by stopcocks which allow opening of the flow while filling the electrolyte and running the

separation.

LE reservoir TE reservoir sample reservoir

Figure 6-11: Electrolytes and sample reservoirs.

The SRS power supply outlet cables were connected to the platinum wire (platinum wire,
diam. 0.5mm, 99.9%, Aldrich) immersed in the electrolytes’ solutions (Figure 6-12).

During any electro separation process the gas bubbles can form on the electrode (Figure 6-12b).
Accumulation of the gas bubbles in the separation system resulted in the drop of the current and
in the worse scenarios prevented the separation. In the case where many gas bubbles obstructed
the tubing, even sparks were observed. Hence a stainless steel tube, where the HV is connected is
an empty tube, so the gas can escape, was used as a method to reduce accumulation of gas bubbles

and their injection into the separation system.
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Figure 6-12: a) setup of the electrolyte reservoirs (syringes), b) gas bubbles formed on the electrode.

6.4 Power supply

The power supply used in the prototype setup was Stanford Research System Inc Model PS350

(Figure 6-13). The maximum voltage is 5,000V, the polarity can be changed so separation and hence

detection of both cations or anions is possible. Unfortunately, this power supply could not be run

satisfactorily in constant current mode.

Figure 6-13: Stanford Research System power supply used in the project.

The sponsoring company had designed and constructed a bespoke high voltage supply for this
prototype, which should have been able to provide both constant voltage and constant current
modes of operation. Additional safety elements had been designed in, such as being able to set
maximum voltages and currents. A safety overload cut-off was also a design feature. Unfortunately,

it was unreliable (mainly through failure of the USB interface) and unusable for the duration of a
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separation. The company had to furlough their development team during Covid-19 pandemic,
which made it impossible to have the high voltage power supply operational during this PhD
programme. This was a very significant problem that stunted the progress with the prototype ITP
system. The rest of the prototype was assembled without input from the sponsors, which was also
a significant deficiency in the final part of the PhD programme, as valuable time was spent building
the prototype rather than gathering vital separation data. The high voltage power supply was the
most significant issue, as the project could not easily use a constant current mode of separation,

which is the normal mode used in analytical ITP.

6.5 Detector

Essential to the successful realisation of a working at-line ITP instrument, is the design of a robust
conductivity detector that will offer sufficient sensitivity to be able to recognise the small changes
in conductivity associated with a typical ITP separation. Typically ITP conductivity detectors may be
defined by their sensing electrodes as either “contacting” or “contactless”. The advantage of a
contactless detector is that there is no direct DC contact with the ITP electrolytes, and therefore no
circuit link into the high voltages that are used to drive an ITP separation. However, contactless
detectors are usually based upon the induction of radio-frequencies into the electrolyte by two
pairs of electrodes. Generally, the additional electrodes and the slightly remote nature of the
electrode geometry results in a reduced spatial resolution of the ITP separation. This means that
even if a sharp boundary has been formed by the ITP separation mechanism within the analytical
separation tube, the detector will not reproduce the sharpness of the boundary as the contactless
detection zone may be more than a millimetre in length, compared to the ITP separation boundary

that may be as narrow as 50um.

The advantage of a contacting ITP conductivity detector is that the electrode geometry may be
constructed easily to be as small as 0.5mm, thus offering a superior spatial resolution to that
associated with a contactless detector design. Furthermore, the introduction of high (radio)
frequencies in the detection process may yield unwanted stray electrical fields in an industrial

environment.

155



1 |
I * |
! o |
! FLOW CMOS ,| HV Opto ' Binary
| NP/ cEL . Oscillator Isolator |: | Prescaler
L |
I
L e e e i
High Voltage Powered “by light” for safety isolation y
Frequency
Detector Output <«— To Voltage
Voltage Convertor
* HV Isolation Capacitors

Figure 6-14: A schematic of the prototype conductivity detection circuit with high voltage isolation.

Figure 6-14 shows the essential elements of the conductivity detector. At the heart is a flow cell
that is compatible with the dimensions of the ITP separation capillary. The detection cell uses a
parallel opposing pair of 0.5mm diameter platinum wires, spaced at 0.5mm across the direction of
the ITP separation. The pair of contacting electrodes are separated from a digital oscillator by high
voltage isolation capacitors (C*, in the figure). A serial resistor (6k8Q) has been added to assisting
the linearisation of the detector response to conductivity**®. The isolation capacitors are required
to be as high a value as is practicable, and is this design are formed from a parallel pair of 0.001uF
disc-ceramic capacitors rated at 15kV (Farnell Ltd., 1000pF, 15kV, 20%, Y5U), which yields an
isolation capacitor of 0.002uF. The oscillator uses 4000 series CMOS invertors, as detailed in a
previous publication!#. The frequency output of the oscillator is further isolated by feeding the
output via an opto-isolator, rated at 5kV (PC817). The entire 5V DC power supply used to feed the
oscillator and opto-isolator input stage is generated through the illumination of a 4.5V photocell
with an array of LEDs contained within a plastic (ABS) box, where the spacing between the LED array
and the photocell is 5cm. This section of the circuit is therefore fully isolated from the rest of the
detection circuitry to at least the specified breakdown voltage of the opto-isolator (5kV), but with

the additional protection through the 15kV isolation capacitors.

A switch-selectable binary pre-scaler has been added to divide the oscillator output frequency in
multiples of two. A CD4040 12-stage Ripple-Carry binary counter/divider was employed, with only

seven of the twelve stages used. The purpose of the pre-scaler is to optimise the detection
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sensitivity range, and to frequency match the final frequency-to-voltage convertor. This was
typically operated as a divide by eight unit for the data reported from the prototype. The output
voltage was followed and logged by a commercial data-logger (section 6.6).

6.5.1 Flow cell

The flow cell design was based upon the design reported previously'> and shown in Figure 6-15.

FEP Tubing —
Platinum Wire
! * - 100 Eﬁ)rgfex
| - / i
| ' | '—|='_L\I (—F'—l : Ii
T |—|£_/ \j_.:l—] | ;
- Fitting ;
Ferrule <« g
=
2 ~ Fitting Body

Figure 6-15: Drawing to show design concept for the contacting conductivity detector flow cell**>,

The flow cell uses 1/16” OD commercial connectors (062 MINSTAC® System; The Lee Company, Ltd.,
CT, USA) to form a leak-tight seal between the input and output capillary tubes, and the platinum
electrodes sealed within 1/16” OD, 0.5mm ID FEP tubing, that is similarly compatible with the 062
MINSTAC® System connectors. The flow cell is therefore minimal in terms of the disturbance of the
flow path geometry. The prototype flow cell used within this project was similar to this reported
flow cell, but for convenience used commercial connectors (as were available to the project), rather
than a bespoke machined Perspex block (which was no longer available). Instead, the detector
electrodes were mounted in a five-way connector and joined to a three-way connector. The

geometries of these commercial connectors are shown in Figure 6-16.
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Figure 6-16: Schematics of the two commercial 062 MINSTAC® System junction manifolds used to
form the prototype flow cell. Left is the five-way junction manifold, and right is the three-way
junction manifold*4®,

The junction manifolds shown in Figure 6-16 were configured as shown in the flow-cell schematic

in Figure 6-17.

50mm FEP LOOP (0.5mm i.d.)

0.5mm Pt wire

INLET OUTLET
—

5 Boss — TMMA3201950Z 3 Boss — TMMA3203950Z

0.5mm Pt wire

50mm FEP LOOP (0.5mm i.d.)

Figure 6-17: Schematic to show how the commercial 062 MINSTAC® System three and five-way
junction manifolds were joined for the detector flow cell in the ITP prototype instrument.

The arrangement in Figure 6-17 was undertaken as a matter of pragmatism. Ideally, a four-way
cross junction manifold should be used. However, as only a five-way and three-way junction were
available, these were joined as shown in Figure 6-17. Since the outlet requires the additional 50mm
lengths of FEP tubing, this has the disadvantage of increasing the overall length of the separation

manifold. In practical terms, this requires a higher separation drive voltage than a shorter manifold,
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had the four-way cross connector been available. However, in terms of detection resolution, this
design had no detrimental impact since the detection process occurs close to the input of the
five-way junction manifold.
6.5.2 Frequency to voltage convertor

The output frequency, after pre-scaling, is changed to a linear voltage output since the data-logger
requires a signal voltage input. The frequency-to-voltage convertor was based around a LM2917-
N14 (Texas Instruments, Inc., Dallas, USA) frequency-to-voltage convertor “chip” which is
frequently used in commercial tachometer circuits. For the application to convert the output
frequency of the detection oscillator, this device is ideal as it may be configured to provide a linear
frequency-to-voltage transfer function over a wide range, and up to 0-100kHz. Figure 6-18 shows a
typical application circuit for this device, and the specific component choices made for the needs of

the prototype detector.

p— +Ve

a70
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{470R } Vour
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Figure 6-18: A schematic of a typical tachometer application circuit for the LM2917-N14%% (left);

- GND

and the actual circuit components and configuration for the detector prototype to yield an output
of 1V per kHz (right).

6.5.3 Detector evaluation
Once assembled, the high-voltage isolated contacting conductivity detector prototype was
evaluated for its response to solutions of potassium chloride at a series of standard concentrations.
Error! Reference source not found. and Table 6-2 show how the detector output response varies

with potassium chloride standard solution concentration.
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Table 6-2: Results of the detector output - current [pA] during detector calibration using KCl

solutions at various concentrations.

KCl concentration [M] 0.1 0.05 0.01 0.005
2.000 8.8 7 2 0.9
2.301 20.5 16 4 1.7
2.477 33 25 7.5 2.7
< 2.602 46 34 11 3.6
B 2.699 60 44 15 5.2
(1]
§ 2.778 73 52 19 6.5
g 2.845 80 62 23 7.5
2.903 85 73 28 9
2.954 94 80 34 10.5
3.000 98 84 39 12.5
100
90
80
70
'i 60
g_ —9—0.1M
w 50
g —e—0.05M
% —o—0.01M
3 0.005M
30
20
10 p
0
2.000 2.100 2.200 2.300 2.400 2.500 2.600 2.700 2.800 2.900 3.000

Log[voltage] [V]

Figure 6-19: Graph to show the detector output as a function of log[voltage] in V and current [pA],

prepared using KCl standard solutions at various concentrations.
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It is clear from the calibration curve in Figure 6-19, that over the range of 5x10°M to 0.1M
potassium chloride, the detector response in distinctly non-linear. However, most of the ITP
separation process occurs at the lower end of the conductivity range, where the response
approximates to linear more closely. It is unlikely that electrolytes at a concentration of 0.1M will
be used in any practical separation.

Table 6-3 shows the “raw” frequency output of the detector oscillator for a variety of electrolyte
solution, that are more typical of the leading and terminating electrolyte solutions used in practical

ITP separations over the sample concentration ranges required.

Table 6-3: A table that shows the frequency output of the detector oscillator for a number of typical
electrolyte solutions employed in ITP separations. Water is added for comparison as essentially the
baseline conductivity.

Sample Solution/Electrolyte Oscillator Frequency [Hz]
DI Water 33000
TE 10mM TRIS 32765
TE 10mM BTP 32750
TE 10mM Car. Hydro. 28960
TE 10mM TBA 27917
LE 20mM NH40H; 10mM HIBA; 0.2% HPC 29775
LE 10mM NaOH; 5mM HIBA; 0.1% HEC 29004
LE 10mM CsOH 27078
LE 10mM HCI; 0,05% Mowiol 25210

6.5.4 Cell constant
Most conductivity detector cells are characterised by their “cell constant”. The relationship

between the cell constant and conductance, G, (siemens, S, or Q) is given by equation 1914:

1 _pl_ 1 (Eq 19)

G A KA

Where p is specific resistivity [Qm]

K is specific (or electrolyte) conductivity [Q*m™] or [S m™].

The “cell constant” is represented by [/A, which is why the conductance is shown in reciprocal form.
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Since the area of the platinum wire electrodes in the flow cell are 0.5mm in diameter, the area,
A is given as mr?. Such that the area is: 1.96 x 10”7 m?. And [, the length between the electrodes,
is 5 x 10% m. The cell constant is usually represented by lower-case K (not to be confused with
“kappa”, the symbol used for specific conductivity). So, equation 20 provides the cell constant for

the prototype flow cell, based upon the intended geometry:

K=1l/A =5x10"m/1.96x 107 m? =2546 m™ (Eq 20)

This value for the cell constant compares favourably with the measured cell constant reported in
the research group’s earlier publication'*® of 2615 m™.

6.6 PicolLog data logger

A PicolLog data logger (ADC-24) was used to record the data. It provides 24-bit resolution and is able
to detect small signal changes. A user can connect up to 16 single-ended inputs, the logger software
is easy to use and allows collection, analysis and manipulation of data.

The data logger is connected to the computer and the logged data is plotted on the graph.

Figure 6-20: PicoLog data logger used during the experiments.

6.7 Evaluation of prototype separations

All samples investigated in the project are colourless thus it is impossible to see if the separation is
taking place until sample reaches the detector. In some cases, the separation was stopped due to
the time it took (sometimes it was several hours).

To evaluate if the prototype is working correctly, estimate separation time and being able to prove

that the system works additional experiments were conducted using anionic dyes.

Preliminary experiments included visual confirmation of separations of anionic dyes using a method

from the literature. Table 6-4 presents the electrolyte system used in the dye separations. The
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voltage applied was set to 3500V, with the separation operating in a constant voltage mode. The

sample was 1:1 mixture of 5mM of amaranth and bromophenol blue.

Table 6-4: Electrolyte system used in anionic dye separation.

Electrolyte system Anionic dyes

LE 10mM HCI

Complexing agent 0.05% Mowiol

pH buffer Histidine
pH 6.0
TE 10mM MES
TE pH buffer Histidine
TE pH 6.0

6.7.1 Dyes used in the project

Figure 6-21: Solutions of amaranth (on the right) and bromophenol blue (on the left).

Amaranth is an anionic dye mainly used in the food, clothing and cosmetics industry. In chemistry

it is used as a dye for microscopic stain.

0" bNa

Figure 6-22: Molecular structure of amaranth dye.
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Bromophenol blue is used a pH indicator and is used a dye in the electroporation of nucleic acids.

Figure 6-23: Bromophenol blue dye used in the separation of dyes.

6.7.2 Separation of anionic dyes

Figure 6-24: Separation of dyes. a) mixture of dyes after injection, b) partial separation with visible
tailing of the dye, c) separated dyes in the loop after the detector.

A mixture of dyes was injected into the system as seen is Figure 6-24a, the mixture appears pink in
colour. After applying voltage into the system separation begins and it is possible to observe two
zones (Figure 6-24b), bromophenol blue shows some tailing and the zone is not fully formed yet.
Figure 6-24c shows what seems to be a visually complete separation.

All pictures were taken from outside the safety box using an iPhone camera.
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Figure 6-25: Isotachopherogram of the separation of the dyes.

Every novel analytical instrument requires an intensive research and evaluation which is still due
for this prototype. Section 7.1 provides detailed areas of future research essential for the successful

commercialisation of the ITP-based instrument.

This PhD project provides strong evidence that ITP has a great potential as a novel online separation
technique for applications within the water industry. The research demonstrated that ITP can serve
as a powerful analytical tool capable of efficiently separating and detecting ionic species in complex
aqueous environments. The results obtained throughout the course of this project highlight the
robustness, precision and adaptability of the technique, suggesting that ITP could play a vital role
in future water analysis and treatment systems.

The preliminary experimental studies conducted during this project showed promising results,
particularly in the separation of ionic dyes. The clear and reproducible separation profiles obtained
confirm the feasibility of using ITP for rapid and reliable analysis of ionic contaminants.
Furthermore, the successful automation of electrolyte and sample injection marks a significant step

toward the development of a fully automated, real-time analytical platform. The conductivity
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output, which was continuously monitored and recorded during experiments, provided valuable
qguantitative information about the progression of the separation process and the mobility

characteristics of the analytes under different operating conditions.

6.8 Appraisal of the prototype
To provide the best possible results, the prototype instrument requires more in-depth optimisation
and comprehensive investigation. While the current study has demonstrated promising outcomes,

further work should focus on the tests detailed in Table 6-5.

To effectively compete with the commercially available water hardness analysers, the newly
constructed prototype should be capable of matching or exceeding the analytical range offered by
current market instruments. Currently, several well-established analysers are available on the
market for the measurement of water hardness, each offering a distinct operational range:

- Hach: range 0.3-100mg/L of CaCO5!%3!

- EH: range 0-80mg/L of CaCO3i39

- ABB: range 0.8-500mg/L of CaCO33%!
The ITP instrument used in this project demonstrated the ability to detect calcium ion
concentrations as low as 2.5mg/L. This detection limit falls above the lowest end of the ranges
provided by the leading commercial instruments.
Although this indicates promising analytical performance, the number of experiments conducted
so faris limited, which makes it difficult to accurately define the full dynamic range of the prototype.
Further experimental validation and calibration would be necessary to determine its upper and
lower quantification limits with precision.
To improve LOD, preconcentration of the sample should be employed, that would enhance the
sensitivity and extend the applicability of the instrument to lower concentration ranges.
Combining that with other advantages of the prototype, such as capability of online separations,
requirement for small reagent quantitates and the potential for automated analysis, makes the

system a competitive alternative to existing analysers.
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Table 6-5: Test requirements of the prototype instrument to demonstrate units intended design application.

Tests required

Details

Success criteria

Electrolyte optimisation

Systematic testing of electrolyte systems
(concentration, pH, buffer composition) to

optimise separation performance

- Identification of optimal electrolyte conditions that
maximise separation efficiency and resolution
- Reproducible results across multiple runs

- Preparation of calibration graphs

Water sample analysis

Extending the study to include detailed analysis of

the tap and bottled water samples

- Accurate detection and quantification of analytes in
water samples

- Minimal interference from complex sample
composition

- Results consistent with expected values or

standards

Comparisons of the results with

commercial instruments

Comparing the results generated by the prototype
with those obtained from commercial analytical

instruments

- Comparable accuracy, reproducibility and precision
to commercial systems

- Validate performance, identify limitations and
highlight areas where the prototype offers
advantages

- Identification of any limitations
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Table 6-6: Test requirements of the prototype instrument to demonstrate units intended design application.

Tests required

Details

Success criteria

Investigation of LOD and

relations to the analytical target

Establish sensitivity and regulatory

compliance of the prototype

- Determination of LOD values
- LOD values meeting or exceeding regulatory

- Demonstrated alignment with analytical target profile

profile
requirement
- Reliable and accurate operation under variable
environmental conditions
Verify prototype functionality in non-
Field testing - Minimal maintenance and calibration required

laboratory conditions

- Demonstrated robustness, portability and autonomy in

field settings

Miniaturisation of the system

Improve portability, reduce reagent use and

lower costs

- Reduced device size without compromising performance
- Lower reagent consumption demonstrated quantitatively
- Cost estimates showing reduced manufacturing and

operational expenses

Evaluation of miniaturised

prototype

Assess reproducibility, durability and long-

term stability

- Stable performance across repeated measurements and
extended use

- Consistent accuracy in water sample analysis

- Performance equal to or exceeding the non-miniaturised

version
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Chapter 7 Conclusions, recommendations and areas for further research

This project presented isotachophoresis-based separations as a novel approach to water hardness
analysis in water samples. Water hardness, determined by the concentrations of calcium and
magnesium ions, remains an important quality measurement in both domestic and industrial water
usage. It has direct implications for infrastructure maintenance, consumer satisfaction and
regulatory compliance. Traditional methods of hardness determination often rely on titrimetric or
chromatographic techniques. These analyses require trained staff, expensive laboratory equipment
and are not suitable for in field analysis. In this context, the development and demonstration of ITP

as a viable alternative represents a significant step forward in analytical water quality assessment.

Throughout this study many experiments were conducted on several samples using various
electrolyte systems. The majority of the methods found in the literature have been proven to work,
providing reliable calibration data (including step height, wide concentration ranges) and were later
used in the determination of ions in the water samples. All worked was conducted on the industrial
Itachrom ITP separation unit. The experiments allowed choice of the most suitable systems to be
used in the on-line analyser. The main requirement being the electrolytes to be made of inexpensive
and long-life chemicals.
Section 1.6 presents the main aims for this study which were a focus of this PhD project. The main
achievements of the PhD project can be summarised as follow:
- A comprehensive review of the current status of water quality legislation in the UK and
Europe
- Review of the health implications associated with the ions analysed, highlighting the
importance of accurate monitoring in safeguarding of public health
- Research of separation techniques: isotachophoresis, ion chromatography and inductively
coupled plasma — optical emission spectroscopy
- Literature review including separation of ions of interest using ITP, IC and ICP-OES
- Series of experiments on bottled and tap water samples using ITP, IC, ICP-OES (and other
techniques for water hardness determination)
- Investigation of various parameters in ITP separations (including pH, additives, electrolytes’
concentrations)

- First time construction of a prototype analyser based on ITP
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- A preliminary evaluation of the prototype, including the successful separation of ionic dye

mixtures, thereby demonstrating proof-of-concept functionality

To summarise isotachophoresis was proven to accurately measure levels of calcium and magnesium
responsible for water hardness. Successful separations of the ions were obtained using all
techniques used in the project — ITP, IC and ICP-OES. lon chromatography was used to analyse
magnesium, calcium and ammonium ions due to the column available at the university.
Nevertheless, it was noted that the measured ion concentrations varied depending on the used
analytical technique. This discrepancy is most likely due to the fact that ion levels in the water
samples were close to the limits of detection for the instruments used. Such variations emphasise
the importance of ongoing development to enhance the sensitivity and reliability of ITP-based
methods.

The construction and preliminary testing of the prototype analyser mark a milestone achievement
within this project. Although limited time prevented a full validation, the successful separation of
ionic dye mixtures provides strong evidence that the prototype has the potential to separate a wide
range of species, including those investigated in the project. This proof-of-concept demonstration
lays the foundation for future refinements and industrial translation of the technology.

This project aimed to research the potential of isotachophoresis as an on-line analytical technique
to detect and quantify ions in the water samples. Construction of the porotype which allows
independent real time analysis in the field was a milestone in the project.

One of the most innovative aspects of the project was the integration of a programmable
microcontroller for automated sample delivery. The microcontroller was programmed to regulate
fluid flushing and ensuring reproducibility sample volume without the need for manual
intervention. This automation not only enhanced the precision and repeatability of measurements
but also enabled extended unattended operation, which is highly advantageous for remote or
continuous monitoring applications.

7.1 Recommendations and future work

In the course of this study, the majority of the research aims were successfully achieved,
demonstrating the feasibility of the proposed approach and laying the groundwork for future
developments. However, the limitations imposed by the project’s time scale restricted the extent
of progress that could be made, particularly with respect to the intended further development and

construction of the prototype. The preliminary results obtained from the initial separations are
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highly encouraging however additional work is required in order to assess key performance

parameters, such as the lower limit of detection (LOD), the minimal sample volume required for

reliable analysis and the successful incorporation of a pre-concentration technique into the system.

Following the completion of this PhD, several areas of the study have been identified as requiring

further exploration and development, this includes:

1.

Focus on preconcentration techniques:

Evaluation of preconcentration techniques using a conventional ITP instrument: A
systematic study should be undertaken to assess the efficiency and reproducibility of
preconcentration methods when applied to a standard ITP system

Estimation of achievable limits of detection (LOD): A detailed investigation into how far the
detection limits can be lowered using preconcentration

Investigation of preconcentration within the prototype instrument: It will also be important
to assess whether these methods can be successfully integrated into the prototype
instrument developed in this project

More advanced optimisation of the prototype instrument, that should include:

Preparation of calibration graphs using the methods explored in this project: preparation of
calibration curves will be essential for assessing the quantitative performance of the
prototype and for establishing its reliability

Real sample separations involving multiple-ion mixtures: To investigate the applicability of
the instrument to real-world problems, it will be necessary to perform separations on
complex mixtures that contain multiple ions of interest

Comparative studies with alternative techniques: Results obtained from the prototype
should be compared with those generated using established techniques investigated during
this project. Such comparisons will help establish the prototype’s strengths and limitations
relative to conventional analytical tools

lon chromatography analysis

Purchase of a suitable IC column: A column capable of separating heavy metals and other
ions studied in this project should be procured, enabling the exploration of IC as an
additional technique for detailed ion analysis

Comparison of IC data with ITP and ICP-OES: A thorough comparative analysis of results

obtained using IC, isotachophoresis and (ICP-OES)
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Considering list above the future work should include:

Investigation of preconcentration: to lower LOD, it may be achieved through the inclusion
of a large volume sample loop into a second analytical ITP column. This would require an
additional valve, which could have been mounted on the prototype alignment rail (as
currently used to support the three valves and detector modules)

- Optimisation of separation time: Experiments the electrolytes and their concentrations
should be conducted to find the optimum values. That may allow use of the shorter
separation column thus shorter separation time

- Miniaturisation of the prototype: The size of the prototype is substantial and many
improvements would need to be done to make it smaller and more portable. That would
need input from the sponsor company regarding the construction of a bespoke high-voltage
safety box

- Power supply upgrade: The development of the programmable high-voltage power supply

(i.e. a reliable and working version of the prototype power supply built by the company for

this programme) will be essential to ensure full safety in the application of high voltages and

the provision of the fully programmed constant current feature to reduce the separation

times

Whilst it has been possible to demonstrate that the automated sample introduction design within
the prototype works as intended, evidenced through the separation of the mixed dyes test sample.
Indeed, the separation could be followed visually, as well as through the detector (demonstrating
that the high-voltage isolated conductivity detector also works), it is clear that the separation time
is too long to be a practical proposition for the intended commercial instrument. The separation
capillaries are of similar (or even slightly longer) length than those used on the laboratory ITP
separation instrument (ItaChrom Il EA 202M). However, the prototype was designed to restrict the
applied voltage to no more than 3.5kV (the optical isolators in the detector circuit are rated at 4kV)
which is far short from 15kV power supply capability in the laboratory instrument. Since the
separation time is proportional to the applied potential (voltage applied per unit length) the only
other option available would be to significantly reduce the overall length of the separation
capillaries and especially the length of the feed tubes between the electrolyte reservoirs and the
separation capillary, as defined by the connections into and out of the rotary valves. Clearly, a

significant development input could be applied and the length through which the electric separation
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field is delivered is the key to the future development of the prototype into a commercially viable
at-line measurement instrument. Analysis times of “one-per-hour” may well be sufficient for a
water hardness application, but the ability to significantly reduce the separation and overall analysis

time to a few minutes would be transformational.

The development of the prototype may well benefit from the production of a separation
“cartridge”, whereby the separation capillary, electrolyte reservoirs and associated high voltage
drive electrodes are fully integrated with miniaturised switching valves to reduce the overall high
voltage pathlength considerably. The electrodes would also need a feed-in approach, such that
larger volumes of electrolytes and wash solutions may be stored at longer distance from the
separation “cartridge”. Such developments are beyond the remit of the university partner.
Nevertheless, even this fairly rudimentary protype has at least demonstrated the potential to
employ ITP as a novel commercial measurement instrument. Process Instruments have identified
the exciting prospect of being able to measure water hardness by a “gold standard” approach of
guantifying the separate contributions of simultaneous magnesium and calcium concentration
measurement.

Currently there is no instrument that can achieve this within the water industries and so represents
a commercial opportunity. In the longer term, there are other key measurements of heavy metals
and aluminium, that are yet to be achieved as a commercial at-line monitor. This could be a further
opportunity for the sponsor company, through the exploitation of a fully-automated ITP-based
measurement instrument. The attraction with ITP is that it does not need to use separation columns
with finite life-times, nor particle-filler columns that may be prone to fouling and unwanted biofilm

generation. ITP in its simplicity of using a generic separation “tube” is most affective in this respect.

So, is there a future for ITP as an industrial at-line monitor? This thesis has set about to show the
potential and has achieved this aim for the company, although with preliminary results, rather than
a fuller-programme of measurement trials, as was intended had it been feasible to have further
developed the prototype within projects’ timeframe.

Taking a broader viewpoint, just maybe, the outcome of this thesis could herald the renaissance of
ITP as a “go to” fully automated measurement instrument of choice? The sponsor company would

need to review the market of commercial instruments’ competitors.
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Chapter 8 Appendix |

Arduino Uno programme used to control the valves in the prototype experiments.

int off=0;

int on=1;

int predelay=5;

int n=4;

int time[]={5,10,15,10};

byte v1a[]={0,1,0,1};
byte v1d[]={1,1,0,0};
byte vi1risb[]={0,0,1,1};
byte vlrmsb[]={1,1,1,1};

byte v2a[]={0,0,1,1};
byte v2d[]={0,1,0,0};
byte v2risb[]={1,1,0,0};
byte v2rmsb[]={1,1,0,0};

byte v3a[]={1,0,0,0};
byte v3d[]={0,1,0,1};
byte v3risb[]={0,1,0,1};
byte v3rmsb[]={0,1,1,0};

void setup()

{

// put your setup code here, to run once:
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pinMode(2,0UTPUT);
pinMode(3,0UTPUT);
pinMode(4,0UTPUT);
pinMode(5,0UTPUT);
pinMode(6,0UTPUT);
pinMode(7,0UTPUT);
pinMode(8,0UTPUT);
pinMode(9,0UTPUT);
pinMode(10,0UTPUT);
pinMode(11,0UTPUT);
pinMode(12,0UTPUT);
pinMode(13,0UTPUT);

}
void loop()

// put your main code here, to run repeatedly:

{

digitalWrite(2,0ff);
digitalWrite(3,off);
digitalWrite(4,0ff);
digitalWrite(5,0n);
digitalWrite(6,0ff);
digitalWrite(7,0ff);
digitalWrite(8,off);
digitalWrite(9,0n);
digitalWrite(10,0ff);
digitalWrite(11,off);
digitalWrite(12,off);
digitalWrite(13,on);

if (analogRead(1) < 100)
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{
predelay=predelay*1000;

delay(predelay);

long del=0;
int count=0;

int temp=0;

for(int i=0;i<n;i++)

{
del=time[count];
del=del*1000;
del=del-500;

[[* Rk

temp=vld[count];

digitalWrite(4,temp);

temp=v2d[count];

digitalWrite(8,temp);

temp=v3d[count];

digitalWrite(12,temp);

[[* Rk

temp=vlrlsb[count];
digitalWrite(2,temp);
temp=vlrmsb[count];

digitalWrite(3,temp);
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temp=v2rlsb[count];
digitalWrite(6,temp);
temp=v2rmsb[count];

digitalWrite(7,temp);
temp=v3rlsb[count];
digitalWrite(10,temp);
temp=v3rmsb[count];

digitalWrite(11,temp);

//**********

delay(250);

temp=vla[count];

digitalWrite(5,temp);

temp=v2a[count];

digitalWrite(9,temp);

temp=v3a[count];

digitalWrite(13,temp);

delay(250);

digitalWrite(5,0n);

digitalWrite(9,0n);
digitalWrite(13,on);

//**********

delay(del);
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count=count+1;
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Chapter 9 Appendix i

Arduino Nano programme used to control optical detector in the prototype experiments.
int off=0;

int on=1;

long steps=0;

int dir=0;

int d4=0;

int d5=0;

void setup() {

// put your setup code here, to run once:
pinMode(4,INPUT);
pinMode(5,INPUT);
pinMode(6,INPUT);
pinMode(7,INPUT);
pinMode(8,0UTPUT);
pinMode(9,0UTPUT);
pinMode(10,INPUT);
pinMode(11,INPUT);
pinMode(12,INPUT);

digitalWrite(9,off);
for (long i=0; i<12800; i++)
{

if (digitalRead(12) == on)
{

digitalWrite(9,0n);

for (long j=0; j<400; j++)

{
digitalWrite(8,0n);
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delay(1);
digitalWrite(8,off);

delay(1);
i=12800;
}
}
else
{
digitalWrite(8,0n);
delay(1);
digitalWrite(8,off);
delay(1);
}
}

for (long m=0; m<864000; m++)
{
if(digitalRead(10)==LOW)
{
digitalWrite(9,0n);
for(long n=0; n<800; n++)
{
digitalWrite(8,0n);
delay(1);
digitalWrite(8,0ff);
delay(1);
}

if(digitalRead(11)==LOW)
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{
digitalWrite(9,off);

for(long p=0; p<800; p++)
{
digitalWrite(8,0n);
delay(1);
digitalWrite(8,0ff);
delay(1);
}

if(digitalRead(7)==LOW)
{
if(digitalRead(6)==LOW)
{
digitalWrite(9,0ff);
}

else

{
digitalWrite(9,0n);

}
if(digitalRead(4)==LOW)

{
da=0;

}

else

d4=1;

if(digitalRead(5)==LOW)

181



d5=0;

else

d5=1;

steps=0;

steps=steps+d4;
steps=steps+d5;
steps=steps+d5;

steps=steps*800;

for (long p=0;p<steps;p++)
{
digitalWrite(8,0n);
delayMicroseconds(300);
digitalWrite(8,off);

delayMicroseconds(300);

delay(100);
}

void loop() {

// put your main code here, to run repeatedly:
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Chapter 10 Appendix lil

10.1 ICP-OES data for calcium
Wavelength [nm] 315.887 317.933 318.127 | 370.602 | 373.690 393.366

Evian 34.75 31.63 35.11 50.80 31.33 32.06 52.84 35.19 49.76 34.68 53.69 33.05

Buxton 34.38 24.63 34.82 | 42.20 24.39 24.88 43.94 34.87 42.58 34.28 | 44.22 25.92
§ Highland Spring 33.08 29.88 33.49 35.34 29.86 29.84 36.76 33.48 33.83 33.09 37.21 31.56
g Tesco 11.79 11.55 12.03 11.87 11.56 12.14 12.29 12.08 11.72 12.14 12.67 12.19
§ San Pellegrino 186.19 140.14 | 186.35 | 179.86 | 140.74 | 139.31 | 192.60 188.62 183.32 | 151.70 | 159.35 | 129.77
¢§ Smartwater 65.65 65.84 66.05 65.15 66.88 66.11 68.99 66.35 65.69 62.69 66.27 66.97
Volvic 12.75 12.96 12.91 12.46 13.00 13.35 12.60 13.04 12.27 13.07 13.35 13.98

Sainsbury's 28.28 28.04 28.62 27.81 28.39 28.31 29.43 29.94 27.74 28.40 30.02 30.23
London 110.16 114.11 | 110.48 | 108.84 | 116.79 | 114.10 | 122.19 111.39 111.78 98.62 | 104.89 | 109.42
Durham 20.20 20.22 20.47 19.83 20.69 20.70 21.54 20.55 19.81 20.52 21.75 21.90

Stretford 12.27 4.49 12.38 12.12 4.42 5.05 12.84 12.56 11.84 12.52 12.92 4.49
Rossendale 4.55 12.21 4.59 4.79 12.28 12.53 5.01 4.52 4.53 4.65 4.82 12.88
§ Legnica 64.82 64.59 64.95 64.29 66.36 64.76 71.67 65.43 66.09 61.93 65.88 66.91
g Wroclaw 95.78 90.57 | 95.91 94.38 93.18 90.25 105.45 96.92 96.67 87.10 | 93.34 | 89.35
E- Maybole XXX 10.49 XXX 10.25 10.64 10.86 11.15 XXX 9.95 XXX 10.89 11.27

B-floor Lancaster University 7.88 7.88 8.02 8.07 8.27 8.48 8.09 8.12 7.42 8.12 8.42 8.71
Abingdon XXX 118.54 XXX XXX 124.03 | 118.50 XXX XXX XXX XXX XXX 114.04
Sicily XXX 49.26 XXX XXX 51.53 49.41 XXX XXX XXX XXX XXX 52.73

Turkey XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX
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Wavelength [nm] 396.847 422.673 430.253 | 612.222 | 616.217 | 643.907
Evian 37.63 | 49.79 52.47 32.20 | 3240 | 48.52 | 49.06 30.59 80.81 49.17 45.63 48.21
Buxton 36.78 | 41.62 | 43.13 25.23 32.34 | 4143 | 40.94 2411 55.02 40.50 40.02 40.88
E, Highland Spring 35.51 34.48 35.97 30.01 30.73 33.23 3411 29.16 36.06 34.01 31.94 32.16
g Tesco 13.16 11.77 12.23 11.88 11.33 11.40 11.48 11.55 11.37 11.42 10.74 11.42
§ San Pellegrino 175.55 | 159.59 | 168.87 | 132.78 | 170.33 | 174.86 | 175.23 | 137.93 | 172.50 177.85 178.71 177.57
¢§ Smartwater 68.15 62.18 65.22 65.60 | 59.00 62.36 62.37 64.51 59.63 61.05 60.99 61.18
Volvic 14.35 12.55 12.87 13.16 12.45 11.97 12.16 13.17 12.39 12.43 11.87 11.87
Sainsbury's 30.40 27.68 28.92 28.39 25.95 26.46 26.60 27.85 25.56 25.26 25.80 26.93
London 105.29 | 101.98 | 106.26 | 110.13 | 101.33 | 105.62 | 105.58 | 113.64 XXX 105.17 104.58 106.49
Durham 21.68 19.80 20.92 20.79 18.90 18.97 19.12 20.37 XXX 18.86 18.05 18.68
Stretford 13.72 12.49 12.47 4.46 11.92 11.47 11.82 4.88 11.67 12.51 11.04 12.13
Rossendale 5.22 491 4.75 12.34 4.68 4.45 4.87 12.35 XXX 5.33 4.48 4.66
§ Legnica 68.15 62.19 65.01 64.21 60.78 62.30 62.34 64.68 60.09 61.43 61.35 61.91
g Wroclaw 96.59 89.45 93.83 88.17 | 89.75 92.06 | 91.45 90.55 90.66 92.19 91.21 92.11
E- Maybole XXX 10.18 10.50 10.54 XXX 9.63 9.90 10.64 XXX 9.64 9.68 9.78
B-floor Lancaster University 8.75 8.03 8.18 8.12 7.70 7.55 7.90 8.60 8.23 7.86 7.34 6.75
Abingdon XXX XXX XXX 113.76 XXX XXX XXX 119.76 XXX XXX XXX XXX
Sicily XXX XXX XXX 49.85 XXX XXX XXX 51.73 XXX XXX XXX XXX
Turkey XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX
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10.2 ICP-OES data for magnesium

Wavelength [nm] 202.582 277.983 279.078 279.553 279.800 280.270

Evian 31.50 31.88 31.46 32.35 33.07 31.63 28.72 32.10 30.95 32.30
Buxton 22.93 23.73 23.18 23.82 2431 23.85 21.59 23.47 22.89 23.57
§ Highland Spring 26.46 27.16 27.16 27.24 29.07 27.36 24.59 27.07 26.15 28.16
g Tesco 2.23 3.34 3.33 2.99 2.99 3.30 0.03 2.97 3.54 3.18
§ San Pellegrino 60.32 62.90 63.10 61.13 65.29 63.34 19.21 61.09 59.10 64.57
¢§ Smartwater 4.10 5.33 5.45 4.86 5.10 5.27 5.19 4.74 5.30 5.17
Volvic 8.95 9.94 10.23 9.68 10.38 9.57 9.49 9.39 9.78 10.17

Sainsbury's 5.76 6.93 7.03 6.51 7.06 6.98 6.75 6.37 6.76 7.03

London XXX 6.00 6.13 5.77 6.32 5.92 3.17 5.60 6.05 6.34

Durham XXX 2.88 3.01 2.44 2.54 2.99 1.30 2.40 3.05 2.83

Stretford 0.82 1.90 1.22 1.32 0.12 2.05 9.49 1.30 2.00 0.55

Rossendale XXX 0.96 1.78 0.28 1.23 0.98 1.28 0.30 1.09 1.61
§ Legnica 18.64 19.07 19.01 19.83 21.25 19.11 2.27 18.94 18.73 20.55
g Wroclaw 16.25 16.74 13.05 16.75 14.10 16.77 18.07