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Abstract

The development of LED based instrumentation for monitoring water quality is discussed.
Many of the standard colorimetric tests for water quality monitoring coincide spectrally
with widely available LED sources. Existing monitors use incandescent filament-based
sources combined with narrow-band interference filters. Such systems suffer from
problems of stability, bulk, cost and degradation with time. The replacement of such
sources and filters with LED’s overcomes many of these problems.

The initial experimental work involved identification of suitable LED’s for detection of
various analytes in water. In particular, LED’s were selected on the basis of spectral
match to standard colorimetric tests for species such as Fe, Al, Mg and P. Tests were
carried out on a specially constructed bench-top system. Various path length cells were
tested and based on these results, LED’s were incorporated into existing on-line devices,
replacing bulbs and filters. This involved the construction of the necessary electronics and
changes to the resident software and mechanical design of the device.

The final part of the work involved construction of a prototype device capable of
measuring concentrations of iron, aluminium, manganese and phosphate in drinking water
as well as colour and turbidity. The device is portable, incorporates a full reagent mixing
and delivery system and has limits of detection below EC directives for all the species
listed above. This system was fully characterised in terms of limits of detection, linear
ranges, accuracy, stability and repeatability.
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Chapter 1

Introduction to Water Quality Monitoring

1.1 Introduction

Over two thirds of the Earth’s surface in covered by water. Over 70% of the human body
consists of water. There is considerable concern over environmental issues, particularly
with water quality, and this concern is reflected in increasingly rigid legislation governing
the concentration of analytes in drinking water. This increased stringency on analyte levels
is matched by the increased requirements on sensors to monitor these concentrations. For
example, lowering the Guide Line concentration lowers the necessary Limit of Detection
for a sensor. Investigative tests are often required at the site of the an environmental
accident. It is therefore necessary to ‘bring the lab to the sample’ and this places further
requirements on sensors in terms of portability, robustness and ease of use. In recent
years, the trend in sensor design has been towards portability and versatility so as to meet

these new requirements.

1.2  Constituents of Drinking Water

The main sources of drinking water are rivers, lakes, reservoirs and underground sources
called aquifers. All naturally occurring water contains dissolved organic substances, large
particles of biological origin, dissolved gasses and metals and suspended particles. The
concentrations of these species depends upon location and climatic conditions. Water may
also be classified in terms of colour, odour and turbidity. These also depend on the
relative concentrations of the above constituents. The analyte concentrations, in the cases
of reservoirs and underground sources, are generally slowly varying with time. With rivers

and lakes these parameters may vary over periods as short as thirty minutes.
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1.3 EC Guidelines for Water Quality

The quality of drinking water supplied to the public is subject to increasingly stringent
regulations stipulated by the European Community, (EC) [1]. They govern the maximum
admissible concentrations (MACs) and guide-line concentrations for all water quality
parameters. Included below are some of the guidelines stipulated by the EC. Some

possible sources for that particular parameter are also shown:

Guide Line MAC Possible Source
Aluminium 50 |ig L 200 ng L Water treatment
Colour 1 Hazen 15 Hazen High Fe/Mn Content
Iron 50 MgL: 300 Hy L. Water treatment, water pipes
Manganese 20 Mg L 50 [lg L1 Water treatment
Phosphorus 0.4mg L 5.0mg L Cleaning agents
Turbidity 1INTU 5NTU Suspended matter

1.4  Water Quality Monitoring

A large number of techniques exist for the determination of the various parameters
governing water quality. Each technique has its own particular advantages and
disadvantages. When choosing the most suitable technique and apparatus for a particular
situation the performance characteristics should be considered as well as cost and size.

Some of the techniques used to test water quality are:
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lon Selective Electrodes: Elcctrodes are coated with ion selective resin and the voltage
developed is a measure of the concentration present.

Atomic Methods: The sample is aspirated into a flame and atomized. In Atomic Flame
Photometry the amount of light emitted is measured and the intensity at characteristic
wavelengths gives the concentrations of the various metallic constituents. In Atomic
Absorption Spectrometry a light beam is directed through the flame, into a
monochromator, and onto a detector that measures the amount of light absorbed by the
atomized elements in the flame [:],

Fluorescence Measurements: Fluorescence is excited in the sample using an external
source. The intensity of the emitted fluorescence signal, at a characteristic wavelength,
relates to the concentration of analyte in the sample. Another fluorescence method is
where the intensity of emission of a fluorescing dye is reduced by the presence of the
analyte. This is known as Fluorescence Quenching.

Filtration Methods: The sample is filtered through membrane filters of varying porosity.
The mass deposited on the filter is then determined. This method determines the content
and size distribution of suspended solids within the sample.

Colorimetric Determinations: The colour of a sample is photometrically determined.
This can be done directly when sample Colour and Hue are required. Alternatively, colour
determination may take place after the addition of specific reagents. The added reagent
complexes with the analyte in the sample and colour forms at a particular wavelength

region. The amount of colour developed relates to analyte concentration.

There are two main ways in which water quality tests are carried out: Sampling and In-situ

Monitoring.

141 Sampling

Samples of water are obtained at the point of interest and taken back to the laboratory to
be tested. This is an unsatisfactory approach as it may be labour intensive if a large
number of samples are involved. The composition of a sample may change between

extraction and testing. There is also a time interval between taking the sample and
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obtaining the result. This is particularly relevant in a water treatment process where the
result forms part of the feed-back loop, e.g. the aluminium content at the output of a

coagulation process.

1.4.2 In-situ Monitoring

The required measurements are generated at the point of interest. The sample integrity is
maintained and results are rapidly obtained. The sensor may also be on-line which means
that the parameter is monitored continuously. This helps in the prevention and or control
of transient pollution incidents, the gathering of detailed trend data for water management
and the need to ensure that industrial discharges and abstracted, potable and treated waters

conform to the required standards [3].

1.4.3 Sensor Characterisation

In the context of the work performed here the following are important in system/sensor

characterisation [4]:

(i) Range: The range of a sensor may be defined as the range of the measurand values
over which the sensor gives an unambiguous signal.

(if) Sensitivity: The sensitivity of a sensor is a measure of the incremental change in
output for a given change in the measurand. For a sensor having a linear response the
sensitivity is the slope of the calibration curve in the linear region.

(i) Resolution: The resolution is defined as the ability of a sensor to distinguish between
closely adjacent values of the measurand. This can be calculated as 2 standard errors from
the indicated value.

(iv) Repeatability: Repeatability is a measure of the agreement between a number of
consecutive measurements of a chosen value of the measurand. Repeatability is expressed

in terms of a parameter called the confidence interval. The confidence interval is a range

Chapter One, Page 4



within which one may reasonably assume that the true value of a quantity being measured

will be found. The 95% confidence interval is given by the equation:

N=azx t(s.e)

where (I is the true value, a is the average value, t is a constant obtained from statistical
tables and s.e. is the standard error. The value of t compensates for the uncertainty
introduced by using a sample size less than infinity.

(v) Limit of Detection: The limit of detection is defined as the analyte concentration
giving a signal equal to the blank signal plus three standard errors of the blank.

(vi) Accuracy: Accuracy describes the closeness of a measured value to the actual value
of the measurand. The accuracy of a sensor is usually quoted in terms of the maximum
error between the actual and measured values of a quantity.

(vii) Response Time: The response time can be defined as the time interval from the
instant a step change occurs in the measurand to the instant when the change in the

indicated value passes and remains beyond 90% of its steady state amplitude difference.

1.4.4 Portable Sensors

Because of the possibility of short-term changes in water quality, for instance due to storm
events or point discharges, it is important to be able to rapidly detect water quality
parameters along rivers and lakes. Hence it is necessary to have sensors which are
portable and rugged enough to operate in the field. Many sensor techniques, such as
Atomic Flame Photometry yield very accurate results in terms of number of constituents
and their concentrations. However, the apparatus involved is not portable. In well
characterised situations, such as point discharges, the sensor is only required to rapidly

monitor a single parameter.
Many portable sensors currently available require considerable sample preparation before

measurement and are hence slow and difficult to use. Others, although portable, still have

a considerable amount of instrumentation and cost involved.
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15 Objective of Project

This project arose from problems experienced with an existing commercial on-line monitor
for iron and aluminum. The monitor uses a colorimetric technique with an interference
filter and filament bulb as a source. The stability of the monitor is affected by variations in
output from the bulb. Filter delamination and short Mean Times Between Failures
(MTBF) for the bulbs increase the maintenance costs of the monitor. The filament within
the bulb itself can also move and this can change the optical alignment over a period of
time. It was noticed that the bulk optical components of this device could be replaced
with asingle LED and that this would overcome a number of the problems associated with
the monitor. LED’s have the advantages of long life-times, stable outputs, small size and
low price. The incorporation of the LED into this system led to the examination of LED’s
in conjunction with other colorimetric tests and this in turn led to the design and
construction of a portable system for monitoring water quality parameters. This sensor

was designed with the requirements of ease of use and versatility in mind.

1.6 Structure of Thesis

Initially, the operating principles and performance characteristics of an LED are examined.
Examples of current uses of LED’s in chemical sensing are given. Colorimetric techniques
are then examined in detail and the suitability and limitations of LED’s as sources are
discussed. Methods of determining sample turbidity are also outlined. The initial
experimental sections describe experiments conducted on specific colorimetric tests using
LED’s as sources. Based on these tests, the filter and bulb of the previously mentioned on-
line monitor were replaced with an LED and a description the of necessary changes and a
comparison of performances, with both sources, is given. Next is the introduction of a
modular design cell for the measurement of sample absorbance and scatter. The versatility
of this cell allows it to be used for a range of colorimetric tests and also for determining
sample colour and turbidity. Finally the construction of a portable system is discussed.
Tests were conducted with the sensors configured to measure aluminium, iron, manganese

and phosphate and sample colour and turbidity.
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Chapter 2

LED Technology

21 Introduction

Traditionally, light sources for chemical sensing are broad-band sources with filters or
narrow-band lasers. There are inherent problems associated with these sources. For
example, laser sources are often bulky and expensive. Incandescent filament sources have
stability problems, they generate a lot of heat and are generally bulky and movement of the
actual filament within the bulb can cause changes in the optical alignment of the system.
The interference filters often used with these sources are also very temperature sensitive
and the layers forming the filter can separate over a period of time (i.e. delamination),
causing a change in the optical transmission characteristics of the device. Light Emitting
Diode (LED) sources can overcome a number of these problems. Their narrow
bandwidths means that they can often be used without filters. They are small in size, have

alow power consumption, they have a stable output and they are cheap in cost.

2.2 LED Technology

The next two sections discuss the operating principles of LED’s and how these principles
give rise to the advantageous features of these sources. An LED is basically a p-n junction
diode operated under forward bias. A schematic diagram representing the band structure

across a p-njunction is shown in Fig. 2.2.a
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p-type n-type
Energy

Fig. 2.2.a p-n Junction of LED under Forward Bias, (i) Interband Transitions
and (n) Impurity Centre Recombinations.

When an external voltage is applied to the junction, under forward bias, (p connected to
positive terminal, n to negative), holes are injected from the p-type to n-type region and
electrons from n to p-type. These charge carriers are replaced by the external circuit. The
electron in the p-type conduction band recombines with a hole in the valence band and
similarly the hole in the n-type combines with an electron from the conduction band. If the
semiconductor material in question allows direct bandgap transitions [:], this may produce
an emitted photon. The electron loses energy in this transition and the energy of the
photon is the difference in electron energy before and after recombination. This is the basis
of injection luminescence. ldeally, every injected charge carrier takes part in a radiative
recombination and hence gives rise to an emitted photon. In the above example the
electron goes from the conduction band to the valence band in an interband transition,
(transition (i) in Fig. 2.2.a) [2], In this case the wavelength of the emitted photon is

related to the energy gap between conduction and valence bands, EG

Eg=Ec-Ey Eqg. 2.1
X=he/Eg Eq. 2.2
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Ec is the energy of the electron in the conduction band, Ey the energy in the valence band
and EGis the band gap energy. In Eq. 2.2, his Planck’s constant (6.63 * 104 Js) and c is
the speed of light in a vacuum (3.0 * 10s ms']). Doping the semi-conductor introduces
impurity energy levels above and below the valence and conduction bands [3]. In the p-
type region an acceptor level, EA exists just above the valence band and in the n-type
region a donor level, ED, just below the conduction band. These bands may also take part
in recombination, so called impurity center recombination, (transition (ii) in Fig. 2.2.a), and

the emitted photon has a wavelength longer than that of interband recombination, i.e.:

X =he/ (Ec -Ea) Eqg. 2.3
or

A= he/ (Ed-Ev) Eq. 2.4

The positions of these impurity energy levels depend upon the manufacturing process and
the dopants used. Other recombination processes such as exciton recombination,
isoelectronic traps are also relevant [4], When impurity centre recombinations dominate,
the energy of the emitted photons differs from that of the energy gap, EG of the semi-
conductor. The emission wavelengths for this situation are generally longer than those for
the interband transitions as the impurity levels lie between the valence and conduction

bands and the energy transitions are smaller.

2.3 Characteristics of LED’s

The output spectrum of an LED is centered around the energy of the main recombination
process for that particular p-n junction. This feature gives rise to two of the most
important characteristics of LED’s as tight sources. The first is the narrow bandwidth of
the output spectrum compared with broad-band sources. The emitted photons arise from
a single recombination process and hence have a narrow band of energies centered around

this transition level. The second feature is that LED output spectra cover almost the entire
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visible and near-IR spectrum. By selection of semi-conductor material, dopant impurities,
dopant concentrations and manufacturing techniques, LED's can be made to emit in
specific wavelength bands. Because of the finite number of semi-conductor materials, (i.e.
Eg values), not every wavelength region is available with LED’s. However new materials
and processes arc constantly being discovered. For example until quite recently high
intensity blue LED's were not available. Early designs involved doping silicon carbide with
aluminium, but these had low output powers. More recently gallium nitride has been
doped to p-type producing a new range of high intensity LED’s which emit in the near

ultra-violet and blue regions [5].

Each emitted photon is generated by an injected electron from the external circuit. Hence
the output intensity is easily modulated by controlling the externally supplied current. As
the majority of semiconductor materials used in LED’s are of the direct band-gap type,
there is no heat released in the recombination process and hence no electrical heating in the
device. As aresult LED’s have very large mean time between failures, (e.g. 10,000 hrs),

compared with incandescent sources.

Advances in semiconductor manufacturing technology have improved the quality and
reduced the cost of LED’s. Large numbers of p-n junctions can be produced from a single
wafer and this results in low costs for LED's. They are also easily manufactured to
specific shapes and orientations which enables efficient coupling to fibre ends, for example,

as in Burrus-type LED's [s ].

2.4  Temperature Effects of LED’s

A disadvantage of LED's is that their output is temperature sensitive. The peak
wavelength of the output spectrum shifts to longer wavelengths with increasing
temperature by typically 0.3 nm/K [7]. The output intensity also decreases with increasing
temperature and aging [: ]. The intensity L, at a particular wavelength X and temperature

T, is governed by the following equations [9]:
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L(A,T) = Po/ 0.6 Xw (n)* mexp(kjAT). exp{ -2.78 [ X - XoCT) ]2 2w (T)2} Eq. 2.5

Xo (T) —Ao+ ksAT Eq. 2.6
X\j (T) —Xw + KAAT Eq. 2.7
AT =Ta-25 Eq. 2.8

Po is the Radiant Power, Xo is the Peak Wavelength, Aw is the Spectral Bandwidth, ki is
the Temperature Coefficient of Light Intensity (usually -0.001 /K —-0.02 /K), ks is the
Temperature Coefficient of Spectral Shift (usually 0.1 nm/K — 0.6 nm/K), kB is the
Temperature Coefficient of Spectral Bandwidth (usually assumed to be 0) and TAis the
Ambient Temperature (25 °C). These equations were applied to a yellow LED using the
following values: Ao = 592 nm, Aw = 30 nm, ki = -0.006 1°C, kB= 0, ks = 0.2 nm/°C,
T =0 —75in 15 °C steps and also showing the output at 25 °C . The output power P, =
ImMW. The results are shown in Fig. 2.4.a. Included in this figure is the spectral
attenuation of the dye 2,4,6-tripyridyl-s-triazine, (TPTZ), complexed with ferrous iron.
TPTZ is a colorimetric dye reagent used for determining iron concentration. A yellow
LED may be used to determine the absorbance, or optical density, of the sample and hence

the iron content.
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Wavelength / nm

Fig. 2.4.a Variation of LED Outputwith Temperature, 0->75 °Cin 15 °C Steps

By combining the various LED spectra with the spectral attenuation curve, it is possible to
determine the change in measured optical density with change in temperature. This is done

using the following equations:

o= JL(XT) Eqg. 2.9
X2
XI
1= JT(X). L(A,T) Eqg. 210
X2
OD = Logio (lo/ 1) Eqg. 2.11

T(A) is the spectral transmittance at wavelength X, and X\ and X2 are chosen so that they
span the full output of the LED. 1 is the initial intensity of the LED, and li is the intensity

after passing through the reagent/analyte sample. Hence, OD is the optical density of the
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sample as measured using the LED as a source. Fig. 2.4.b shows the change in optical
density with temperature. The percentage value, of the value at ambient temperature
(25 °C), is also shown. It can be seen that the measured optical density changes with
temperature. The magnitude and direction of this change depends upon the shape of the

spectral attenuation curve, as well as the particular LED in question.

Temperature/ °C

Fig. 2.4.b Changein Measured Optical Density with Temperature

It is possible to compensate for this temperature sensitivity in various ways. The LED can
be operated at a controlled temperature. Alternatively, a fraction of the initial optical
signal can be removed from the beam. This fraction can then be used as a reference for the
final signal or to determine the feed-back in a closed loop control system [10]. This latter
method is effective at controlling the output intensity of the LED. The shifts in spectral
properties can also be compensated for by methods such as Wavelength Thermal Matching
(WTM) [11]. When using WTM, a region of minimum variation with temperature on the

LED spectrum is used for measurements.
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2.5 LED's and Chemical Sensing

A recent review paper by Taib and Narayanaswamy details a number of LED-based
systems for chemical sensing [12]. The most common use of LED's in chemical sensing
has been with photometric methods, i.e. measurement of spectral attenuation of the LED
by a sample. Traditionally incandescent sources and filters have been used for these tests.
However this arrangement has inherent stability problems associated with filter
degradation and bulb stability. Recently LED’s have been favored, as alternative tight
sources, for the reasons outlined in section 2.3. Some examples of the use of LED’s in

various chemical sensor arrangements are described here.

Worsfold et al. have produced numerous papers outlining the incorporation of LED's into
on-line flow injection analysis (FIA) systems [13-15], The stability, long life and low
power consumption of LED's make them ideal sources for on-line systems. Worsfold
documents a nine month field trial of an on-line FIA system testing for nitrate in river
water [16]. No problems were reported from the green LED used in this system. Kraus et
al. utilise LED’s in their photometric comparator [17]. This hand-held device provides a
binary output which tells if a sample is above or below a certain threshold. Several LED’s
can easily be incorporated into a single FIA system to allow dual analyte detection, e.g.
zinc & aluminium [18], dual wavelength referencing [19] and dual wavelength
compensation for turbidity and refractive index effects [20]. Grattan et al. have also used
dual wavelength referencing for their fibre optic based pH sensor [21], Small size and low
power consumption make LED's ideal sources for a portable pH sensor for entro-gastric
reflux detection as outlined by Baldini et al. [22], This fibre based device is inserted into
the patients stomach via. the nasal cavity. The small size and low power consumption of
the source allows the necessary instrumentation to be strapped to the patients body.
Recently LED's have been used in a fluorometric process [23]. Here the LED excites
fluorescence of a particular dye and then the concentration of analyte in the sample affects
the intensity or lifetime of the emitted fluorescent intensity. Lasers were previously

favored for fluorimetric techniques because of the high intensity and narrow bandwidths
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required. However new high intensity LED% are now proving suitable and this allows

considerable simplification of the necessary instrumentation.

2.6 Conclusion

The principal performance characteristics of LED’s are their narrow bandwidth and
stability compared to incandescent sources, their small size, long lifetimes and low power
consumption. The output of LED’s is temperature sensitive but there are methods of
compensating for these variations. The main features of LED’s mean that they are

increasing used in favour of the traditional sources in chemical sensing applications.
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Chapter 3

Water Quality Monitoring using LED’s

3.1 Introduction

Chapter 2 contained a discussion of the operating principles of LED’s and their
performance characteristics. This chapter discusses colorimetric techniques in detail and
outlines the use of LED’s in these tests. The Beer/Lambert Law is discussed and this
yields the equations necessary for calculating concentrations in a colorimetric method. It
also gives the criteria for a suitable source in these tests. Details are also given on scatter

and turbidity and a method of measuring turbidity is outlined.

3.2 The Beer/Lambert Law

When a beam of radiation passes through a sample, photons can be removed by absorption
or scattering. Absorption occurs when the photon is removed and its energy converted to
another form of energy. Absorption is the basis of colorimetric measurements and is
discussed in the next section. The Beer/Lambert Law, or Beer’s Law, describes the

intensity of radiation as it passes through a sample. It can be stated in the following ways:

I =lo 10 (ax) Eq. 3.1
A = Logio(lo/l) = abc Eqg. 3.2

where | is the intensity after passing through the sample, lo is the incident intensity, a is the
absorptivity (L g:cm')) of the sample, b is the path length (cm) of sample through which
the radiation passes and c is the concentration (g L'Dof the absorbing species contained in
the sample. A is the absorbance or optical density, OD, of the sample itself. It can be
seen from Eq. 3.2 that A increases linearly with concentration or path length Another
parameter commonly used is the tranmittance T, and it is the ratio of the tranmitted power

to incident power, or I/10.
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In some situations absorbance varies in a non-linear manner with respect to concentration.
True deviations from Beer’s Law, where the absorptivity of the absorbing species in the
sample actually changes, occur in systems where the concentration of the absorbing
species is so high that the index of refraction for the absorbed radiation is changed [28]
Apparent deviations occur when Beer’s Law is not obeyed, although the absorptivity has
not changed. Such apparent deviations may occur due to chemical limitations or
instrumental limitations. Chemical limitations may occur at high concentrations as
chemical composition of a sample may change, due to association, dissociation, or reaction
of the absorbing species with the solvent, resulting in non-linearity in the measured
absorbance [29], There follows a discussion of instrumental limitations. Beer’s law is
strictly true only for monochromatic radiation. However, all optical sources are
polychromatic to some extent. This fact causes an instrumental limitation to Beer’s law.
The extent of the deviation depends upon the source used, but also upon the attenuation

spectrum of the sample in question. Consider the following example: [30]

(i) X

0) (i)

Using X

Concentration Concentration

Fig. 3.2.a Effectof FiniteBandwidth on Measured Absorbance
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In Fig. 3.2.a (i), a typical attenuation curve is shown where C/2 represents a sample half

the concentration of C.

Consider a beam comprising of two wavelengths, X' and X’. Assuming that Beer’s Law

applies for each of these individually, the following equations hold [31].

A' = logio(l'o/l) = a'bc
or

iyr = ioakx

Similarly, for X"

I"o/T = 10 d}x

where a' and a™ are the the absorptivities at wavelengths X' and X", respectively. When an
absorbance measurement is made with radiation comprising only these two wavelengths,
the initial intensity of the beam is given by (I.o + I'0), and the intensity after passing

through the sample is (I' + 1'"). Therefore the measured absorbance AMis:

AM=LogI)(ro +ro)/(r +r))

which can also be written as:

Am = Logiod'o + 1""0) - Loglo(I'0* 10 N + 1-0* 1,0 dlx)

When a' = a", this simplifies to Am= a'bc, which is the case for monochromatic radiation,
i.e. Beer’s Law. However, the relationship between AMand concentration is no longer
linear when the absorptivities differ, and it has been shown by Skoog and West [32] that
greater departures from linearity are experienced with increased differences between a' and

a'. This derivation can be expanded to include additional wavelengths; the effect remains
the same. Consider now the wavelength band X, of bandwidth dA, in Fig. 3.2.a (i). As
this band coincides with the peak of the absorption curve, the absorptivity is relatively

constant across the band. When this band is used to measure the absorbance, there is little
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deviation from Beer’s Law and a linear calibration curve is obtained, as shown in
Fig. 3.2.a (ii). Hence, for a polychromatic source, Beer’s Law is closely approximated
when the absorptivity does not vary considerably across the wavelength band. However,
the absorptivity varies considerably across wavelength band Y, also of bandwidth dA,.
When this band is used, at higher concentrations departures from Beer’s Law occur and a

typical resulting calibration curve is shown in Fig. 3.2.a (iii).

An additional advantage of using wavelength band X, as opposed to band Y, is that it
coinincides spectrally with the absorbance peak of the sample and hence has a greater

sensitivity compared to band Y.

When choosing a source for a colorimetric method, the most suitable source is one with
maximium sensitivity, and minimum variation of the samples absorptivity across the
bandwidth of the source. Consider again Fig. 3.2.a (i). This shows that to satisfy the
above criteria, the most suitable source is one whose centre wavelength coincides with the
peak of the absorption curve and whose bandwidth is less than the width of the absorption

curve. In this way sensitivity is maximised and deviations from Beer’s Law are minimised.

3.3  Colorimetric Techniques

3.3.1 Sample Treatment

Colorimetric techniques for water quality analysis were mentioned in section 1.4. The use
of pyrocatechol violet (PCV) for the detection of aluminium is examined here as a
representative test for water monitoring. PCV complexes with Al3+ giving a colloidal lake
which has an absorbance maximum at 589 nm [33]. Samples are generally pre-treated
before PCV is added. Addition of acid to the sample brings all the aluminium present to
the same oxidation state (i.e. Al3t) and brings soluble aluminium such as residual floe into
solution so that it can be measured. The interference of ferric iron can be masked by the

reduction of Fe(lll) to Fe(ll), by the addition of hydroxylamine hydrochloride and by
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subsequent chelation of Fe(ll) with orthophenanthroline [34], The colour developed by
the PCV-Al complex depends also upon pH and the optimum value is 6.1. The acid

treated sample is usually buffered to ensure the correct pH value.

The above chemicals can be diluted with de-ionised water to form reagent solutions. This
simplifies the design of an on-line device for aluminium monitoring as reagents are more
easily measured, delivered and mixed compared with solid chemicals. One such device is
the RC100 on-line monitor for iron and aluminium produced by Aztec Environmental
Control Ltd, Didcot, Oxon 0X11 7HR, UK. The procedure used in this device for testing
samples for aluminium content using PCV is as follows. Initially acid reagent is added to
the sample. The acid reagent contains 5N hydrochloric acid, hydroxylamine
hydrochloride, 1,10 phenanthroline and polyoxyethylene 23 lauryl ether. Buffer reagent,
of pH 6.1, consisting of anhydrous acetate, sodium hydroxide and formaldehyde is then
added. Finally the colour reagent is added. This contains pyrocatechol violet and
formaldehyde. For the reagents used, a 5:1:1:1 volume ratio is required between the
sample:acid:buffer:colour [35]. Hence, within this device, to 10 ml of sample, 2ml of acid
reagent is added, then 2 ml of buffer reagent and then 2 ml of colour reagent [36].
Fig. 3.3.l.a shows the resulting spectral attenuation of two samples treated in this way.
The blank is a sample of de-ionised water which is assumed to contain no aluminium. The
standard is a sample containing 200 |Llg L. of aluminium. Included in this figure is the
spectral output of a yellow LED with its peak wavelength at 592 nm and spectral

bandwidth of 30 nm.
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Wavelength / nm

Fig. 3.3.1.a Spectral Attenuation for two Aluminium-PVC Samples, Together
with a Yellow LED Spectrum

3.3.2 Calculating Concentrations

By measuring the optical density of the PCV-aluminium sample, at 589 nm, one can
deduce the aluminium concentration from Beer’s Law. The LED shown in Fig. 3.3.1.a has
a peak wavelength sufficiently close to this point to make it a suitable source. It can be
seen that the absorptivity varies across the bandwidth of the LED and one can expect
deviations from Beer’s Law when using this source. Once the optical density has been
measured, the concentration ¢ can be calculated from a knowledge of the path length b,
and the absorptivity a. Another method, which does not require knowledge of the
absorptivity value, is to use a calibration curve. Optical density is measured over a range of
samples of known concentration. These values are then used to generate a regression
equation which relates A to c. Knowledge of the optical density of an unknown sample

can then yield the unknown concentration. If the optical density change is linear over a
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certain range then two points can be used to generate this equation. This is known as a

two point linear calibration.

A blank (BL) sample is usually the lower concentration of a two point calibration. The
upper concentration, known as the standard (STD, 200 (ig L. in this case), must be
chosen so that it lies within the linear range of the test in question. The following two

equations yield the unknown concentration of the sample (SPL).f

S = K(ODspl - ODbI) Eqg. 3.3

K = — Eq. 3.4
ODstd - ODbl

where S is the concentration of analyte, in pg L'L in the unknown sample. K is known as
the Calibration Constant and is the reciprocal of the slope of the calibration curve. 0D sl is
the optical density of the sample of unknown concentration and oDStd & ODB are the
optical densities of the standard and blank, respectively. The figure 200, in Eg. 3.5

corresponds to the 200 (ig L+ concentration of the standard.

3.3.3 Other Colorimetric Tests

In sections 3.3.1 and 3.3.2 the used of a yellow LED to test for Al in the aluminium-
pyrocatechol violet reaction was discussed. There are a large number of colorimetric
techniques for monitoring water quality and many of these have absorption maxima which

overlap LED output spectra. Included is a list of some examples:

r The full derivation of these equations is included in Appendix A
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Analyte Reagent Wavelength /nm Reference #

Ai(ni) PCV 592 (Yellow) 37
Cu(ll Neo-cuproine 440 (Blue) 38
Fe(H) TPTZ 592 (Yellow) 39
Manganese Formaldoxime 440(Blue) 40
Nitrate NINED + sulphanilamide 565 (Green) 41
Phosphate ANSA 660 (Red) 42
Zinc Xylenol Orange 580 (Yellow) 43

The spectral attenuation curves for some of the above tests are shown in Fig. 3.3.3.a
These spectra were measured in the course of this project. In all cases, the blank is a de-
ionised water sample containing no analyte and the standard is a sample of known
concentration. Included with each example is the output spectrum of an LED suitable as a

source for that test.

It can be seen that the phosphate reaction has a very broad attenuation spectrum. The
choice of a red LED as a source is arbitrary. A different source (e.g. green or IR LED)
would have a similar performance in this test. Sample colour is conventionally determined
at 400 nm [44]. No reagents are required in this test. The calculations are the same as
outlined by equations 3.4 and 3.5. Colour standards are conventionally prepared from
platinum-cobalt and the units of colour are mg L1 of Pt-Co, or Hazen. The LED shown in
Fig. 3.3.2.a has a peak wavelength of 420 nm. As no LED with a peak at 400 nm

currently exists, this is the most suitable LED as a source for colour measurement.
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Fig. 3.3.3.a
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3.4  Turbidity Measurement

3.4.1 Scatter Theory

In section 3.2 it was stated that photons may be removed from a beam by either absorption
or scattering. Scattering occurs when a photon interacts with a particle but the photon
continues to propagate in a random direction after the interaction. The photon has been
removed from the beam but may re-enter at a later stage. When absorption and scattering

occur in a sample, Beer’s law changes as follows:

I =1 10 (“to) Eqg. 3.5
A = Logio(lo/l) = abc Eqg. 3.6
a=a+s Eq. 3.7

where a is the total attenuation coefficient, a is the absorptivity and s is the scatter
coefficient. All other parameters have the same meaning, as outlined by Eqgs. 3.1 to 3.3.

The two main scattering processes are Rayleigh and Mie scattering.

Rayleigh Scattering: This process occurs when the size of the particles is much smaller
than the wavelength of the light. In this case the scattered flux density is directly

proportional to the fourth power of the driving frequency [45], or equivalently:

Eqg. 3.9

In normal conditions, with real samples taken from rivers and lakes etc, the scattering
particles are larger than the wavelength of radiation and Rayleigh scattering plays a small
overall affect.

Mie Scattering: This type of scattering occurs when the particles are comparable in size
to the wavelength of the radiation. Mie scattering is a more complicated phenomenon than

Rayleigh scattering. Models have been derived which describe the scattering in a sample
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due to equivalent spheres [46]. However, in a real sample the scattering particles are
generally heterogeneous and non-spherical. This means that they scatter light in random

directions because of their random shape and orientation.

3.4.2 Measuring Turbidity

Turbidity in samples is caused by suspended matter, such as clay, silt and particles of
biological origin. Turbidity is an expression of the optical property that causes light to be
scattered and absorbed rather than transmitted in straight lines through the sample [47],
Turbidity has a large positive interference in a colorimetric process as it increases the
measured optical density due to the larger value of a, as described by Egs. 3.6 and 3.9.
The majority of samples have some level of turbidity and no standard method exists for the
removal of, or compensation for this turbidity. Turbidity is generally measured by
measuring the intensity of the light scattered in a particular direction, (e.g. forward/back
scattered or scattered at right angles). However, because of the random nature of
scattering from larger particles, the measured turbidity is very sensitive to the orientation
of the optical components. This leads to poor reproducibility between turbidimeters of
different designs. The standard design for turbidimeters for low turbidity measurement is
the Nephelometric design as this configuration is relatively unaffected by small changes in
design parameters [48], In this method the scattered signal is measured at right angles to
the direction of the incident beam. The unit of turbidity is the nephelometric turbidity unit,
(NTU). Another problem giving rise to bad reproducibility is the difficulty in generating
consistent standard solutions for turbidimeter calibration. Formazin is currently used to
produce standards but at low levels (e.g. 10 NTU) the stability of these standards is less
than one day. Recently a suspension of styrene divinylbenzene beads has been developed
and this shows much improved stability and reproducibility [49]. The calibration and use
of a turbidimeter is similar to that of a colorimetric device. However this time the
scattered signal intensity is measured rather than the sample optical density. The following

equations illustrate this point:
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S = K(Vspl-VBL) Eqg. 3.10

K = — Eqg. 3.11
vsTp - VBL

where S is the sample turbidity in NTU, K is the turbidity calibration constant, V3L is the
scattered signal from the sample and VS & VB are the scattered signals from the
standard and blank, respectively. The 20 in Eg. 3.11 represents the turbidity of the

standard.

There is almost no wavelength dependence on the scattered signal from a real sample [50].
Hence an LED with any peak wavelength may be used to measure turbidity. For turbidity
values below 5 NTU the scattered signal intensity is very low and in this situation a high
intensity source is required. GaAs infra-red LED’s with large output intensities

(>100 mW) are relatively inexpensive and are therefore suitable.

35 Conclusion

Beer’s law was discussed and a method derived for determination of analyte concentration
in a sample when using a colorimetric process. Based on their spectral outputs, LED’s
were shown to be suitable sources in several of these tests. In certain tests deviations from
Beer’s Law may occur at high concentrations, due to the finite bandwidth of the LED.
Scatter and turbidity were also discussed and a method of measuring turbidity, suitable for

an LED source, was detailed.
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Chapter 4

Experimental - Bench Top Measurements

4.1 Introduction

In Chapter 3 colorimetric techniques were discussed. LED’s were discussed as suitable
sources in these measurements. This chapter outlines a number experiments carried out to
determine the performance characteristics of LED’s as sources in monitoring water quality
parameters. The tests were carried out on a bench top system and sample pre-treatment
was performed manually. The final section discusses the incorporation of an LED into a
commercial on-line monitor, replacing a filter and white light bulb. The performance

characteristics of the monitor with both sources were compared.

4.2 Colorimetric Measurements

Results quoted in this section and section 4.3 do not include limit of detection or
repeatability. These are omitted because manual sample preparation and treatment involve
the largest errors in repeated measurements on a single sample. Therefore a limit of
detection or repeatability measurement would reflect this error rather than a measurement

variation due to instrumentation.

4.2.1 Bench-Top System

The two lenses used each had a focal length of 25 mm. The detector used was a medium
area silicon photodiode. Cuvettes of varying path lengths (e.g. 1, 2 and 4 cm) were used,
as required by the particular colorimetric reaction. The LED’s were powered using a

continuous current source and the detector was connected to a voltmeter.
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The experimental set-up for absorption measurements is shown in Fig. 4.2.1.a.

Lens Holder Lens Holder

Cuvette

r 1

Cuvette Holder Detector

Fig. 4.2.1.a LED SYSTEM FOR ABSORPTION MEASUREMENTS

4.2.2 Sample Preparation and Treatment

All reagent used were provided by Aztec Environmental Control Ltd. The test samples
were prepared from 1000 ppm stock solutions. For example, a stock solution of
aluminium nitrate nonahydrate in a nitric acid base, (A1(N03)3.9H20 in HN03(0.6M)), was
used to prepare aluminium standard solutions. The procedure was as follows. Given that
1 mL of 1000 ppm solution has an Al content of 1 mg, 10 mL of this solution diluted with
de-ionised water to 1L gives a solution of 10 mg L'L If 20 mL of this solution is further
diluted to 1 L, this gives a 200 fig L. solution. Samples of varying concentrations were

prepared in this manner.

Using aluminium as an example again, the procedure for treating the above samples was as
follows. Using individual pipettes, 40 mL of sample was added to a beaker. Then s mL of
acid, buffer and colour reagent were added in turn. In this way the required 5:1:1:1
volume ratio between sample and reagents was achieved. Colour was allowed to develop

in the sample for ten minutes.
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4.2.3 Evaluation of Yellow LED as Source for Aluminium Measurement

Cuvettes were filled with the samples treated as outlined in the last section, and their
optical densities were measured using the LED system. A typical calibration curve
obtained for aluminium samples prepared and treated in the above manner is shown in

Fig. 4.2.3.a

Aluminium Concentration / (xg L:1

Fig. 4.2.3.a Calibration Curves for Aluminium using 1&2 cm Path Lengths.

It can be seen that both curves become non-linear at higher concentrations, for reasons
outlined in section 3.3. The Linear Fit lines represent a linear fit to the initial linear part of
each curve. The larger slope of the 2 cm cuvette indicates the greater sensitivity for longer
path lengths accompanied however, by a corresponding reduction in linear range. Hence
there is a compromise between sensitivity and linear range. The measured optical densities
were then applied to Eqgns. 3.4 and 3.5 and a comparison of calculated and actual

concentrations is plotted in Fig. 4.2.3.h.
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Aluminium Concentration/ ng L'1

Fig. 4.2.3.b Calculated Concentration Vs. Actual Concentration for
Aluminium Samples, using 1 & 2 cm Cuvettes.

In Chapter 3 it was stated that deviations from Beer’s Law can be expected at high
concentrations when using certain sources in certain colorimetric tests. This deviation
from linearity can be seen in Figs. 4.2.3.a and 4.2.3.b. In Chapter 3 equations were also
given for calculating concentrations in a colorimetric test based on a linear two point
calibration, (i.e. Egs. 3.3 and 3.4). Figs. 4.2.3.a shows that using the yellow LED as a
source, the measured optical density changes linearly, up to a certain sample
concentration. For both path lengths used the concentration of the standard (i.e.
200 |ig L') was within the linear range. Hence, when using a two point linear
calibration, within a certain concentration range a yellow LED is a suitable source for

quantitative analysis of aluminium in samples using a pyrocatechol violet colorimetric

technique.
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4.2.4 Other Colorimetric Tests

Experiments similar to those outlined in the last two sections were also carried out on the

iron, manganese, phosphate and colour tests. A brief summary of these results follows.

Iron

The yellow LED used for aluminium measurements was also used for iron. A 2 cm
cuvette was used. The three reagents used were acid reagent (RI), buffer reagent (R2)
and colour reagent (R3). The reagent/sample volume ratio, between sample:RI:R2:R3,
was 5:1:1:1. Colour developed instantly on addition of the colour reagent. The resulting
calibration curve is shown in Fig. 4.2.4.a

Manganese

A Dblue LED with a peak wavelength of 450 nm and a bandwidth of 55 nm was used for
manganese measurements. A 4 cm cuvette was used. The three reagent used were alkali
reagent (R1), complexing reagent (R2) and colour reagent (R3). The reagent/sample
volume ratio, between sample:RI:R2:R3, was 20:3:1:1. Colour developed in two minutes.
The resulting calibration curve is shown in Fig. 4.2.4.b.

Phosphate (@s P)

A red LED with a peak wavelength of 662 nm and a bandwidth of 32 nm was used for
phosphate measurements. A 2 cm cuvette was used. The three reagents used were acid
reagent (RI), conditioning reagent (R2) and colour reagent (R3). The reagent/sample
volume ratio, between sample:RI:R2:R3, was 5:1:1:1. Colour developed in ten minutes.
The resulting calibration curve is shown in Fig. 4.2.4.C.

Colour

A blue LED with a peak wavelength of 420 nm and a bandwidth of 70 nm was used for
colour measurements. A 4 cm cuvette was used. No reagents are required for colour
measurement. Samples were not filtered before measurement. The resulting calibration

curve is shown in Fig. 4.2.4.d.
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Iron Concentration /ng L'1

Fig. 4.2.4.a Calibration Curve for Iron, 2 cm Cuvette, Yellow LED as Source

Manganese Concentration /ppb

Fig. 4.2.4.b Calibration Curve for Manganese, 4 cm Cuvette, Blue LED as
Source
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Phosphate Concentration /mg L'1
Fig. 4.2.4.C Calibration Curve for Phosphate (as P), 2 cm Cuvette, Red LED as

Source

Linear Fit

Colour /Hazen

Fig. 4.2.4.d Calibration Curve for Colour, 4 cm Cuvette, Blue LED as Source
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The following table summarises the results of the previous three sections.

Sensitivity Linear Range

Aluminium  1.15 * 10+ a.u./|Xg L 0—230 Ng L1
Colour 1.3 * 10s a.u./Hazen 0—>160 Hazen
Iron 3.0 * 104 a.u. fig L. 0—750 [ig L«
Manganese 57 * 10 awu. j\igL: 0->75 ng L~

Phosphate 1.49 * 10, awu./|ligL: 0—225*10: [LgL:

The above table and preceding graphs show the linear range and sensitivities of LED’s as
sources in various colorimetric tests. Based on these results it was decided to design a
sensor system for monitoring water quality parameters, incorporating a range of LED
sources and using colorimetric tests for the above parameters. The design and testing of
this system is discussed in the next two chapters. In the next chapter a modular sensor
head is introduced and the above figures were relevant in choosing the range of path

lengths when designing the cell.
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4.3  Turbidity Measurements

4.3.1 Bench-Top System

The experimental set-up for turbidity measurements is shown below in Fig. 4.3.1.a.

Function
0:0 O\] Generator

Lockin
Amplifier

IR LED

4 cm Circular Cell

Detector
and
Pre-Amplifier

Fig 4.3.1.a LED System for Turbidity Measurement

The collimating and collection lenses each had a focal length of 25 mm. The sample cell
used was a glass walled circular cell with 4 cm internal diameter. The LED used was of
GaAs type with a peak wavelength of 880 nm and a maximum output power of
20 mW. The LED was modulated at 450 Hz using a function generator and a lockin
amplifier was used at the detection stage. This was nesessary because of the low intensity
of the scatter signals from samples of low turbidity. The detector used was a medium area

silicon photodiode. The detector and its pre-amplifier were combined onto a single PCB
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board so as to reduce electrical noise pick-up between detector and lockin amplifier. The
detection optics were enclosed to prevent scattered light, other than that from the sample,
reaching the detector. Even with this precaution, a small amount of stray scattered light
did reach the detector and this can be seen, in Fig. 4.3. l.b, in the non-zero scattered signal

value for a sample with no turbidity , i.e. 0 NTU.

Two stock solutions were used to prepare samples. Formazine was used to prepare
samples of turbidity 10 NTU and greater. Because of the instability of formazine
solutions, especially at low NTU values, AEPA-1 stock solution from Advanced Polymer
Systems [51], was used for the preparation of samples of turbidity 5 NTU and lower. The
stock solutions had turbidity values of 4000 NTU and 200 NTU, respectively. For
example 5 mL of 4000 NTU stock solution was diluted with de-ionised water to 1 L to

produce a 20 NTU sample.

The response of the LED system to increasingly turbid samples is shown in Fig. 4.3. Lb.

Turbidity/ NTU

Fig. 4.3.1.b Scattered Signal Vs. Turbidity for LED System
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It can be seen that the detected signal becomes non-linear above 400 NTU. This occurs
because the scattered signal is increasingly attenuated by the sample as the turbidity
increases and hence the detected signal decreases. Samples of turbidity less than 1 NTU

were also tested and the smallest turbidity change measureable was 0.1 NTU.

For absorption measurements, the sensitivity and limit of detection is influenced by the
path length of cell used. For turbidity measurements, however, these factors are mainly
influenced by the intensity of the source. For example, increasing the source output
increases the scattered signal for a particular intensity. This effectively raises the
sensitivity as a bigger scattered signal change occurs. It also increases the signal-to-noise
ratio (and reduces the standard deviation) of a blank signal and hence lowers the limit of

detection.

4.4  Combined Colour and Turbidity Measurements

Any sample has two associated colour values which are called the apparent and true
colour. The true colour is that which is measured after the turbidity has been removed,
usually by filtration to remove suspended solids. If the initial sample has very low turbidity
then the true and apparent colour are the same. As already mentioned in section 3.3.1,
turbidity has a large positive influence on a colorimetric process. Later in the chaper in
section 4.5, colour correction is discussed as a method of overcoming natural colour or
turbidity in samples. This section discusses experiments made to investigate the

interference of turbidity on colour measurements, and vice versa.

4.4.1 Bench-Top System

The experimental set-up for combined colour and turbidity measurements is shown in Fig.
4.4.1.a. The set-up for turbidity measurements was the same as previously outlined in the

last section. A blue LED was placed in line with the detector to enable sample colour to
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be determined. Both LED’s were modulated and lockin detection was used. The switch
was used to select the LED required and, as only one LED was on at any one time, there

was no interference between the two sources.

Function
Generator

and
Pre-Amplifier

Fig. 4.4.1.a Experimental Set-up for Combined Colour and Turbidity

Measurements

4.4.2 Interference of Colour on Turbidity

A colour sample was prepared and placed in the cell and the signals from the blue and IR
LED’s recorded. Increasing amounts of formazine (4000 NTU stock solution) were then

added to the sample to raise its turbidity and the colour and turbidity signals were recorded
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at each point. As very small volumes of formazine were required, the dilution of the

colour sample was ignored. This was repeated for different colour samples.

8- * 20NTU

Sy
S?
@
o'f 4 X 10NTU
& 3
N o S5NTU
2.
17 D
Y v Blank
T T |
20 40 60 80 100

Colour/Hazen

Fig. 4.4.2.a Interferenceof Colour on Turbidity Samples

Fig. 4.4.2.a shows the effect of increasing colour in turbidity samples. It can be seen that
the scattered signal from each sample, (i.e. 0, 5, 10 & 20 NTU), remains approximately
constant as the colour of that sample is increased from 0 Hazen to 100 Hazen. Colour
samples have zero attenuation in the infra-red (see Fig. 3.3.3.a) and hence the infra-red

signal is un-attenuated by the increasing colour.

4.4.3 Interference of Turbidity on Colour Measurement

In Chapter 3 it was stated that turbidity has a large positive interference on absorption
measurements and this effect is investigated in this section. The sample preparation and

experimental procedure were similar to those outlined in section 4.4.2 in that, while
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measuring colour and turbidity, the turbidity of a colour sample was gradually increased by

the addition of turbidity stock solution. The results are shown in Fig. 4.4.3.a.

Turbidity/ NTU

Fig. 4.4.3.a Interferenceof Turbidity on Colour Measurement

It can be seen from Fig. 4.4.3.a that the optical density of a sample changes linearly as the
turbidity is increased. The large positive interference of turbidity on colour can be seen in
the dramatic increase in sample optical density with increasing sample turbidity. Therefore

a small increase in turbidity causes a large increase in the apparent colour of a sample.

4.4.4 Turbidity Compensated Colour Measurements

The results presented in the last two sections showed that a sample’s optical density
increases linearly with increasing turbidity and that turbidity is relatively independent of
colour. These facts may be used to compensate for turbidity in colour measurements.
Consider a sample which has both colour and turbidity. When the optical density of this
sample is measured it has both a colour and turbidity contribution. By subtracting the

turbidity contribution, the turbidity-compensated-colour, or true colour, can be obtained.
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This calalatdon requires Lhvee callibration aostants: one for colour and turbidity as
autlired nEos. 3.5 and 3.12, and a third which converts a turbidity to an qotical dasity.
This isdone by measuring the gotacal dersirty of a sarple of known tutdity.  This goacal
dersity 5 then scalad by the turbidity of subsequent saples. By making tre follomving
measurements and then goplying E0s. 4.1104.6, this procedure can be inpllemented.

Measured Signals

Blue LED IR LED
Blank V, V2
Colour Standard (50 Hazen) V3
Turbidity Standard (QONTU) V4 Vs
Sample Vc VT
K= —————— ————- .41
Logvi -Logvs =
Kt=— —— .42
Vs - \2 =
Kcorr =(LOg Vi - Log v4) /20 (.43
c = Kc.(Log Vi - Log Vc) Hy-4.4
T = Ke.(Vt -V 2 F. 4.5
Ccorr = Kc.((Log Vi —L0g V¢)-(K corr * T)) Eqg. 4.6
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where Kc s te colour clirataion aostatt, Kt isthe turbidity calibration aastat, kcorr
5 the turbidity correction aostant, C s tre calaulated oolar, T s te calaulated turadinty
andccorr Bthe calailated corrected colaur.

InE. 46, the (kcorr *T) tama s the aontribution t© gotical darsity of turbidity in tre
saple. This ssbtracted from the measured sanple goacal dasity to give the corrected
ocolaurvalle. These eguatias were gplied to the sanples mentioned Insscticn4.4.3 ad
tre reult sshown InAg. 444.a

50 HazBn
50-0

*  20Hazen

X X 10Hazen
(] 4 X
+
A + + 5Hazen
oA A A Blank
-r~ nr T T" “1
10 20 30 40 50
Turbidity/NTU

Fig. 4.4.4.a Turbidity Compensated Colour Measurements

Fg. 4.4.4.a shows that the corrected colour remains relainely constant ss twrbidity B
ioeessd. AQg. 4.4.3.a shows the change In qpacal dasity of thee sarples with
inoressing turbidity, and the above figare shows tret this interferace hes been reduced
arsicerably.  Brrors in this method arise from the much larger cotribution © qpcal
desity of tubidity compared with trie colawr.  This can be seen n tre variadan n
corrected colour for all the saplles.
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4.5 incorporation of LED into an Existing On-line Monitor

A schematic diagram of the RC100 Residual Coagulant Monitor for aluminium or iron is

shown in Fig. 4.5.a. This device is produced by Aztec Environmental Control Ltd.

Fig. 4.5.a Schematic Diagram of On-line M onitor for Aluminium or Iron

The optic cell/pump barrel is a cylindrical glass walled cell with 2 cm internal diameter.
The piston moves up and down the pump barrel or optical cell. By opening or closing
selected valves in the valve block, sample/reagents can be drawn individually into the cell
or the cell contents pumped to or from the mixers. The required volume ratio between
sample and reagents is achieved by controlling the distance the piston moves and hence the

amount of sample/reagent drawn into the cell. The treated sample is mixed for ten minutes
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while colour develops. It is then drawn into the optical cell where its absorbance is
measured. The monitor has an automatic two point calibration. For iron and aluminium,
the lower concentration is a blank and the upper concentration is a 200 |ig L1 sample.
Egs. 3.4 and 3.5 are then used to calculate the aluminium concentration in a sample. The

onboard micro-computer controls the hardware and carries out the necessary calculations.

As the optical cell is also the pump barrel, the moving piston continually wipes the walls of
the optic cell. Hence the device has in built cleaning which is important for long term on-
line operation. The monitor also incorporates automatic sample dilution. Fig. 4.2.2.a
shows that the AlI-PCV reaction becomes non-linear at a certain point. This point for the
filter and bulb used in the RC100 is -330 ~g L1 When the micro-computer detects a
sample concentrations above this point, sample dilution is introduced. The sample is then
diluted 2:1 with de-ionised water before being treated in the normal way. The calibration
constant is automatically scaled by three to compensate for the dilution. This extends the
linear range of the monitor to 1000 jj,g L'l roughly three times the value it would be
without sample dilution. The monitor also incorporates colour correction. This is a
method of compensating for any natural colour or turbidity in the pre-treated sample. It is
achieved in the following way. The optical density of the untreated sample is measured.
The reagents are added and the optical density again measured. The sample optical density
(ODspl in Eq. 3.4) is defined as the difference between these two values. Therefore, only
colour developed in the AI-PCV reaction is used in the calculation, and any natural colour

present in the sample is omitted.

The optical source used is a white light incandescent bulb together with an interference
filter. The optical components are shown in (i) of Fig 4.5.b. White light is passed through
the sample with the filter allowing only the required bandwidth reach the detector.
Positioning screws allow x-plane alignment of the detector and y-plane alignment of the
bulb. The filter has a peak transmission wavelength of 592 nm and a bandwidth of 10 nm.
There are several problems inherent in this optical configuration. Firstly the filter can

delaminate over a period of time. This is the separation of the layers that form the filter
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and it results in a change its optical transmission characteristics. The output of the bulb
decreases over its lifetime. The filament inside the bulb can also move with a resulting
change in alignment of the optical system. A number of these problems would be
overcome by replacing the bulb and filter with an LED. Hence the yellow LED mentioned

earlier was incorporated into this monitor and the resulting performance characterised.

i
( ) Pump Barrel/
Optic Cell

Detector
Holder

LED + 16V
Holder from PSU
ofRCIOO
Fig. 45b Incorporation of Yellow LED into RC100 Monitor,

(i) With Filter & Bulb, (n) W ith LED
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A holder was constructed so that the position of the LED in the sensor head corresponded
with the former position of the bulb, as shown in Fig. 4.5.b (ii). This meant that no
additional lenses were required to complete the optical system. The filter was removed
from the sensor head. The power supply for the bulb (+16 V) was used to power the
LED. This voltage was converted to a constant current using a constant current regulator

(LM317).

The bandwidth (10 ran) of the filter used in the RC100 is narrower than the output
spectrum (30 nm) of the yellow LED. This means that the calibration curves of the two
sources differ for reasons outlined in section 3.2. The calibration curves for the RC100

with filter and bulb and LED sources are shown in Fig. 4.5.c.

Aluminium Concentration/ng L'1

Fig. 4.5.c calibration Curves for RC100 with Filter & Bulb and LED as Sources
It can be seen from Fig. 4.5.c that the filter and bulb has a higher sensitivity and higher

linear range than the LED. However the increased output stability of the LED over the

filter and bulb helps compensate for this reduced sensitivity and the overall performance is

Chapter Four, Page 47



not adversely affected. The lower sensitivity of the LED also means a higher value for the
calibration constant outlined in Eq. 3.5. The RC100 has several automatic tests
incorporated into its operating software. One of these tests checks that the calibration
constant is within a certain range. The calibration constant required for operation with the
LED is outside this range and hence the operating software was changed to allow for this
larger value. Fig. 4.5.d shows the output from the RC100 in both configurations. In

addition, when using the LED, the operating software was adjusted to change the point at

which switch over to sample dilution occurred from 330 JigL'1to 230 |ig L *

Aluminium Concentration/ng L'1

Fig. 4.5.d Response of RC100 with Filter & Bulb and LED as Sources

It can be seen from Fig. 4.5.c that the measured values from the RC100 with LED are
almost equal to the true values, in the range 0 —600 Mg L 1L Beyond this point the system
becomes non-linear. The linear range could be further extended by increasing the sample

dilution ratio or by a reduction of the path length of the cell.
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Tests were also carried out with the system testing for iron. Again the LED showed a
lower sensitivity and shorter linear range compared with the filter and bulb. However, as
with aluminium, the performances of the system in both configurations compared

favorably.

Independent tests were carried out by Aztec Ltd. at their site in Didcot. They replaced the
filter and bulb arrangement in an RC100 and carried out long term stability tests on
aluminium samples. The monitor ran continuously for a ten day period. Over this time it
took one measurement per hour. All measurements were made on one sample of

concentration 198 ~g L'l The results are shown in Fig. 4.5.e.

Time/ Hrs

Fig. 4.5.6 Long Term Stability Testsof LED in RC100, Testing for Aluminium
The results shown in Fig. 4.5.e show a repeatability of 2% and a resolution of 0.3%, (see

section 1.4.3). These figures are approximately equal to the technical specifications of the

RC100 when operating with filter and bulb. The quoted figures for repeatability and
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resoludan are 2% and 0.5% regoectinvely. These reaults show tret tte LED could repllace
te fillerand bulb source of the RC100.

4.6 Conclusion

LED s were tested as sources N oolorinetric &sts for aluminium, Iran, manganese,
phosphate and colowr. These tests revealled tie liresr range and sasitmaty of LED s a5
souress in trese tests.  In cartain cases the lirear range and sasitavaty of the LED were
loner then those of the conventional filterand bulb sources, but the LED was <tilll deemed
1 be a aurteble source within the lirear range of cocatrations.  An infraded LED was
also used tomeasure turbidity by means of satter from saoples. The intesity of tre LED
used was not as high as white taght bulbs conventianal ly used to measure tubidity. For
turbidity measurement sasitivity s related to intlasity, hence, the LED was kess sasitne
then the coventional source, but tre Increesed stebilliity of the LED carpensates for this
Icss of ssatmity. Inestigatias were made into the interferaee of colour n tubidity
measurement and turbidity in colour measuremenit. Eguations were derived for tre
compensation of turbidity incolour measurement. Arally, an LED was  1incorporated into
an existirg a+lire colorinetric monitor and the performance of this systam, with e LED
source was determined.  There was a reduction in lirear range compared with tre edastirg
saurce.  However other performance darecteristics were not adversely affectsd by tre
incorporation of the LED.  Probllems of reduced lirear range could be overcome by use of
dorter path legtts. Hence LED swere shown 1 be surteble souroes for colornetric
tsts and teir incorporation into a-lire monitors would overcome saweral of te
problems associated with the edisting sources, ie bulb and filler irstzoillity and fille
celamiration.
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Chapter 5

Modular Sensor Head

51 Introduction

In Chapter 4 a set of experiments which showed the surtzbillity of LED s as sources na
number of colorinetric tests was described incetail.  In addrtaion the performance of an
LED whichwas tested inan a-line commerciial colorinetric monitor was rqoorted.  Based
on the results of these experiments twas decided to design a modular sensor head with a
view o iisuse inaminiature system for monitoring a range of vwater gality parareters.
This cl was tested In a conputer-controlled systam.  The doject of these tests was O
determine the fessthillity of using miniature gptacal components and a flow through &l ©
measure the absorbance of treated saples.

5.2  Modular Cell Design

The a+lire system examined inChapter 4 s limited toa sigle path legth call and a sirgle
saure. Because the call hes a large volume ithes aosiderable reegent consunption. It
was shown in the kst dgpter thet because of the diffaret sasitivities of the varias
olorinetric &5, a rage of possible path legths would be necessary n a sasor
employing all of these tests. Each testhes itsown source and anulti-aralyte sensorwould
also have 1o Incorporate a range of differatt sorces.  Minlaturisation of the sensor head
alloxs miniaturisation of the carplete sensor systam, as well as reducing the amount of
sample and reegants consumed and hence reduces tre goerating aosts of the system.
These were the motivations behind the desiign of the sensor head descrribed here.

The range of path legtis was achieved by the modular design of the camponents making
up the sensor heed. The LED sources were incorporated into the aontrol electranics and
an goacal fibre was used to celner ligt o tre sensor heed.  In this way, a rage of
sources was aallable by sinply changing the filre to tre releat LED comection at tte
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antrol electronics.  Miniaturisation was assistaed by use of miniature lesss.  The modular
design of the sensor head isshown InAQ- 5.2.a

/

Prism Holder - Aluminium

Fig. 5.2.a M odular Design of Sensor Head

Three sample ks were constructed from nylon. The aalll shown InAg. 5.2.a hes a path
legth of 4 cm for straight through tramsmissian, without the prisn, and isused for colour
and turbidity measurements.  Cells were also costructed of path legth 2 and 1.5 an.
These ks were designed for absorption measurements anly. Qotional  incorporataon of
the prisn doubled the effective path legth of each . In this way, the range of ol
path legts aalldble was 15, 2, 3, 4 and 8 an.  This range was dhosen besed on the
sseitvities and lirear ranges for the variaus tests as determined inChapter 4. The sanplle
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aidet in thre 1.5 cm cll was posrtianed directly goposite tre inkethole.  This improved
bubble rejectin in the &l as hubles flaated o the top of tre &l and aut through tre
atdet. Glass windows were used between the saple cll and the las or prian holders.
Hence the sample encountered no metal parts N tte sensor heed.  This B prtiadlardy
releatt for the prevertion of interferaces when detecting metal ias nvater.  Rubber
O-Rings” on both sides of the glass windows were used to s=l tre .

5.3  Description of Computer-Controlled System

A schematic diagram of the computer-cotrolled system s shown N Fig 5.3.a with tre
sensor head configured for colour and turbidity measurements.

Fig. 5.3.a Schematic Diagram of Computer Controlled System Configured for
Colour and Turbidity Measurements
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There follons a description of  the other components used in the conputer-cotrol led
Systan.

5.3.1 Optics

Each of tre three lenses used was of the plano-convex tye, with a focal legth of 8 mm
and diareter of 8 mm. The gotical filre used o celiver light from tre LED s o tte el
had a gless core with a diameter of 1mm and a nurerical goerture of 0.49. The firewas
SWA-terminated and tre call had an SMA comection. An infrared LED (RS# 585-242)
wirth a peak wavelength of 880 nm, a bandwidth of 20 nm and an output power of 20 mW
was used for turbidity measurements. A blue LED (Ledtroics, Galifomia, U.S.A.) with a
peak wavelength of 420 nm, a bandwidth of 70 nm and an output iNtasity of 1mW was
used for colaur measurements. A high inlesity source B necsssary o measure tte
scatteraed sigals from sarples of low turbidity, hence the infrared LED was incorporated
iNto the sensor head, overcoming lossess due o filre coypling. The bllue LED was located
with the aotrol electronics and the filre was used to celiver tre lidt o tre @l The
prism used was a gless, nigitagle (90°) tolal interral reflectaon prisn.

5.3.2 Sample Delivery

A paristaltaic pump, Gillson Minipuls 3, was used to celinver sarples to tre k. The sanple
celnery tine of the system was ~90 seconds which corresponded © pumping 30 mLs of
sample through the system.  The volume of tre sensor head It=ef s sraller then tis
required sarple wolure. The larger volume s required to flush tre old saple fram tte
al. Reducing tte cll volume would loner the response tine and sarple volume
required.  Incressing the pump ratewoulld allso decrease the response tine.
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5.3.3 Electronics

A full descripion of tre LED  driver airaurt sginven in Appendix B. This diraurt geerates
one of three LED “sata time as determined by the carputer. The aurent to the geerating
LED smodulated and a lodkin amplifier isused at the detection stage. A fulll desoription
of tre detectaion araurt s given in Appendix C.  The autput from ths adraat goes o tre
Analog to Digital Converter (ADC) of the Input/Output (1/0) card of tre conputer, a
BytronicMP 1 BM3 Muktifunction 1/0 Card.

A software routine was wrirtten t measure tre log term stahillity of the electranics.  The
sensor head was assenblled but no saple was placed inthe clll. The routare goerated n
the follommngway. The blue LED was swvitched an, and its intesity measured three tines
oer a three minute internal. The blue LED was then switched off and the IR LED
switched on and its intesity measured over a three minute nienal. The \alues were
wrTtten o a filkand the wholle procedure was repeated over a twenty four hour periad.
The relative stadard deviatias (RSD) of tte blue and IR LED swere 0.4% and 1.0k,

respectaely.

5.34 Software

The cotrol software for the system was wrtten in TurboC+. A listirg 5 incluced n
Appendix D. The software tumed av/offtrevarious LED s The computer also svitched
on/of f the pump, and read the sigsal values fron the detection araat.  The calaulated
values were displayed, 1n tre form of a grgdh, on the computer screen and also saved o
dis<. Calaulatias of sample colaur, twrbidity and corrected colour were performed, based
on the method autlined Inssctias 3.3.2 ,34.2and 44.4. Rg. 5.3.4.ashons a flovdart
of tre aottrol softvare for the combined colour and turbidity measurement system.
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Fig. 5.3.4.a Flow Chartof Computer Software
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54 Results

All resgents used were provided by Aztec Enviromment Control Ltd. A de-1anissd weter
blank sanple, a 50 Hazen colour standard and 220 NTU turbidity standard were used ©
alirate the system for colour and turbidity measurements.

5.4.1 Colour Measurements

Colour samples were prepared by dilutian of a 500 Hazen stock solution as audined intre
kstdgoter. The sample colourwas incremented by 10 Hazen ateach dage. The system
response tocolour sshown NAg. 54.1.a Colour sanples have a low gotacal density and
inorder o maximise sasitvity the lagest path legthwas usad, 12 8 an.

Fig. 5.4.1.a system Responseto Colour

The variatias on the sigal InAg- 54.La, are due o air-ubles inthe A, Air-budoles
entered the cl, dostructed the gotical beam and therefore increasad the measured collour
wntal they were ejected from the . Without the interferance of alr-udles the system
output is relatiely steedy, as can be seen from tie 10, 30 and 50 Hazen regias. At a ler
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stage I the eqerimental work itwas disocovered that thes problem ocould be reduced
aasiderably by proper s=aling of tre tubes carprising tre celinver systam, and by
reduction of the intermal diareters of the celinvery tes. The lirear range Tar colour was
found to be 80 Hazen with a It of detection of 0.5 Hazen, a resoludan of 1% and a
rgsatzbility of 1%. The measured turbidity isalso incluoed nAg. 54. 1la. ltcan be seen
thet the turbidity remains goproximately zero as tre saple oolaur s 1oeesd. This
shows tratsample turbidity isalmost independent of colaur, as stated Insscian4.42.

5.4.2 Turbidity Measurements

Turbidity samples were prepared by dilutian of a 4000 NTU turbidity stock solution as
autlined nthe kstdgoter. The turbidity incremants were 5NTU.  The system respase
o twrbidity isshown InAQ. 5.4.2.a.

Reading #

Fig. 5.4.2.a system Responseto Turbidity
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Included N FAIg. 54.2.a B the measured colar. It can be see that the measured colour
value Inoresses dramatical ly as the saplle turbidity Inaeesss.  For exarple, for a saple
turbidity of 20 NTU, the measured colour 5240 Hazen. This posiave interferaxe of
tuidity on colour measurements was disoussed In sscion 4.4.3 and a method of
compensating for tre iInterferae was derivad.  This gpproach was pursued here and tre
outcome idescribed Insectian 54.3. The linear range for turbidity was found 1o be 50
NTU witha Imrtof detection of 0.3NTU, a resolutian of 1% and a rgeeatsbility of 0.5%.
In tre lest dgpter In ssction 4.3 using the bench-top systam, the lirear range for turbidity
was found tobe 400 NTU. The reason for this large difference in lirear range between the
two systems B unknown by tre autor. The two systems have differeit qoacal
axthigratas. For example, nthe bench-top system the lasss used had a focal legth of
20mm and adiareter of 25 mm. This meant a beam width -15 mm mnthe saple ad tre
equinvalent collection gptacs dimensias.  However in the configuration disaussed here, tte
beam width and collection gotics had a dimension of -4 mm.  Hence the sersing area n
the sample was sraller and thismay account for the reduced linsar race.

5.4.3 Turbidity Compensated Colour Measurements

In secion 4.4.4 equations were derived for the compensation of tubidity n colaur
measuremenit. These eguatias were Incorporated into the aotrol softvare for the
systan.  This section inestagates this conpensation by measuring the colour of an
inoressingly turbid colour sarple. A 20 Hazen solutaion was prepared and placed in the
sample resenoir.  The system was started and as colour and turbidity was measured,
incressing amounts of 4000 NTU stock solution were added 1o the sarple o Inoeese is
turbidity. The results from this testare shown InFg. 5.4.3a
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Reading #

Fig. 5.4.3.a Turbidity Compensated Colour Measurements

Again, tre variation on tre sigals inAg- 5.4.3.a smainly due to air budles in tre dll.
At a turbidity of 20 NTU, the measured colour i5-250 Hazen. Using the carpensation
approach the corrected colour s recorded to be -15 Hazen, a discregpancy of 5 Hazen
from the known valle. When tre sarple turbidity value s zero, the measured colour ad
corrected colour have the same \valle. The goproximately constant value of corrected
oolour InAig. 5.4.3.a show thet the interferance of twrbidity on collour measurements can
be reduced axrsiderably.

5.4.4 Additional Colorimetric Tests

The lest section showed that the modular el could be used t© measure colour and
turbidity. BExperiments were also carried out wirth the calll on the colorimetric t&sts for i
and aluminiun. This required the use of differatt path legths and daging te LED
sauree. The IR LED was removed and the yellov LED mentioned inthe previous depter
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replaced tre blue LED. The software was changed so that the yellov LED remained ©on”
throughout the measurement procedure. No switching between LED swas required. Al
sarples were pre-treated manually, as autlined N secian 422, An tpical system
response s given in Ag. 54.4.a. These reaults were dotained for iron saoples.  The
concentration increment ateach pointwas 100 (igL™L A 4 cm call was usad, based on the
sssitivity of this reection as determined in Chapter 3.

Reading #

Fig. 5.4.4.a System Responseto Iron Samples, Yellow LED as Source, 4cm Cell

It can be seen from Ag. 54.4.a that at a concantration of 400 |ig L™1 the system output B
~390 [ L "1, thet i, the system s becoming moHlirear.  The limit of detection was
measured t© be 8 fig L"1 with a regpeatzbility and resoluaon of 1.5% and 1.5%,

repctively. The tests were repeated using a 2 cm path legth &l This doubled tte
effectave linear range but increesad the Timit of detectaan, rgeeatzbilnty and resoluaan.
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5.4.5 Summary of Results

The follomng s a summary of results dotained from the computer based sensor system

autdined inthisdepter.
Path Limit of Linear Repeatability = Resolution
Length/cm Detection Range ! % | %
Colour 8 0.5Hazen 80 Hazen 1
Turbidity O3NTU SONTU 03
Iron 2 14 Jgv 750ng L1 2 2
4 8 |gL*l 400 gL 1 15 15
Aluminium 6 0gL"1 200 Hg L"1 12

5.5 Conclusion

In this dgoter a modular design flow through cll was introduosd.  Using a computer
based systam, the call was tested for absorption and scatter measurements.  The modular
cell achieved most of its dyjectives, ie \asatility and miniaturisation.  Measurements
were made using a range of path legtihs and colorinetric tests requiring differat sourass
were tested with the &l The sensor head was also miniatunissd.  However compared t©
the sensor head of the a-lire monirtor presented in Chapter 4, the sample volume required
was not reduced aorsicerably.  Although the vollume of the sensor head was reduoed, an
amount of sarple volume s required o flush tre old saple from the &l In the next
dhgpter this sensor head willl be used iIn a porteble stad aloe system cgpeble of
monirtoring a range ofwatter qual ity parareters.
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Chapter 6

Portable LED-Based System

6.1 Introduction

In the kst dgpter tre use of a modular sensor head was desaribad. These exqeriments
showed that the carbinattion of miniature gotacal canponents, fireqodc linsand LED s
coulld produce a corpact, \ersatile flow through sensor head for aosorption and turbidity
measurements. As afurther development of this itwas decided to miniaturise a corplete
system and t© produce a fully porteble, \asatile, stadalae uat.  This system
incorporates a Tulll saplle/reegent celinvery system based around a four damel parstaltic
punp. System cottrol and clailatios of aslyte conoattratios are performed by
dedicated electronics.  The sensor performance was daracterised for measurement of
aluninium, Irm, manganese, phosphate and samplle colour and twrbidity.

6.2  Description of Set-up

A schematic diagram of tre portable LED based system isshown inFg. 62.a
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In the st dgpter the modullar sensor head was tested in a computer antrolled system.
The computer cottrolled the hardware and carried out the necessary calaulatias.  Sarples
were pre-treated manual ly and delinvered o tre call using a sigle damel paristalac punp.
There folloxs a description of the additaaal components Introduced o the system ©
produce aportable sasor. A photograph of the sensor isshown inAppendix E.

6.2.1 Delivery System

A schematic diagram of the celinery system used sshown inFig 6.2.1.a The parstaltac
pump used was an Ismatec Mini-S Cartridge pump with a fixed speed of 40 rp.m. The
pump was powered from the mains syply. When using a paristaltac pump, for a foed
head rotation rate, differatt flov rates are achieved by using pump tuces of varying
intemal diareters (1D0.). To ensure corvect pH values and maximum collour developrent,
the reagents used for tre differat tests require a 5:1:1:1 ratio between sarple and the
three resgatts and this was achieved by dhoosing a pump tubing interral diareter of
1.0 mm for the reegaits and 2.79 mm for the sarple.  This gave a celnery rate of 16
mL/min. forthe samplle and 3 mL/min. for the reegats.  Inthisway the required ratiowas
aoproximately achieved.  The tubing used to form the mixing ails and celiver the saple
totreallwas tygon tubing of 1.D. 0.89mm. The mixing coilswere achieved by wrapping
the tubing ~7 times around a rod of diaveter 1 an.  This induced smirling in the sarplle
and caused ittomix-

To Sample
il

Reagent Resernvoirs

Fig. 6.2.1.a Schematic Diagram of Delivery System
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With tre pump an, the sample and three reegents are pumped cottinuously.  The saple
and firstreagent (RI) conbine, the two mix and then the second reegent (R2) isadded ad
son. Inthisway tre three reegants are sequential ly added o the sanple.

6.2.2 Electronics

The dedicated electranic arraats replaced the computer used In tre system detailed n
Chapter 5. The principle electranic arauts required were the LED driver araut, which
alloned selectian of a source from a range of LED sand the detection and log-amp arast.
These were constructed on two sgparate PCBs A detalled desoription of these two
araits sgiven inAgpendices F and G, respectinvely. A block diagram of the detection
electranics sshown InFAg- 6.2.2.a

Detector
Log-Amp By—passfl;jg—Amp
Turbidity Measurements
By-Pass Log-Amp and Variable Voltage
Voltage Adder O
check sigal Intasity

Voltage Adder

Variable Gain Amp

Panel Meter

Fig. 6.2.2.a Block Diagram of Detection Electronics
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The block diagram In Aig. 6.2.2.a shons sdamtically how tre detecion electronics
gererates analyte concentrations from sigal inlasities. The sigal from the detector goes
1o tre Igarmtmicaplifier, (logap)- The log aplrfier converts the detector output ©
a wltage which corresponds o tre log of the sigal niasity.  Conversion of the sigal
intesity © log alloas qoacal dasities to be gererated.  In thisway the system converts
the logarttimic dhanges in the treated sanplle’™s gpacal dasirty ©© lirer dhanges Insasor
autput. The wltage from tre log-anp  then goes 1o the woltege adder. The other Ut o
the adder B a variable voltege. When a blank haes been gererated by the systam, this
wltage s ajusted, (by adjustment of the Zero Adjust), until the adder output s z=r0.
Hence tre blank value B effectavely sibtracted from subosequent measurements.  The
output from the voltage adder goes to a \aridble gain aplifier. When a standard hes been
gererated, the gain of this aplifier s adjusted, (by adjustment of the Gain Adjust), utl
the value displayed by the parel meter corresponds 1o the concentration of the stardard.
For turbidity measurements the log aplirfier i by-passed and the sigal intesity may be
checked by by—passing the log-amp and volltage adder.

The long term stehillity of tre electrnics was testad inthe follomgway.  The systemwas
assarbled withayellov LED selected on tte LED driver arast. A ceata logger was used
1o record sigal valuss. The data logger used was a SmartReader self—ponered device. It
hes an 8 ItADC and a memory capecity of 36000 points. The data logger also recorced
tenperature. On the detection and log-amp araat, volteges were recorded at two points.
The output sigel from the detector was comected to the data logger.  This woltage
corresponded to the sigal intesity of the LED. The autput to the parel meter was alo
recorded.  This corresponded o the variataion in tre autput sigal of the carplete system.
A reading was taken every eigit seconds over a twenty-four hour pericd. The relatne
standard ceviatias inthe sigal intasity, parel meter output and terperature were 0.4%,
5% and 0.8%, resectively.
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6.2.3 Measurement Procedure*

The firststep 1o choose tre path lagth gopropriate for the measurement rapuirad.  This
is determined by the amalyte of interest but alo by the Timit of detection and lirear range
requirad. The sasor head Bthen assarblled using the gopropriate modules.  The required
LED s chosen on the LED driver cirwit and the detector cirauit s aonfigured for
attenuation or tubidity measurements, as required. The free end of the reegent pump
tubes are placad inthe relevant reegent resenoirs. A sarple s irsertad into the system by
placing the free end of the sanplle pump tue Into the saple. A blark sanple s insarted.
The pump stumed on for~2 minutes.  In the case of colorinetric measurements, colour B
alloned to develop in the cl, the time required dependiing upon the aalyte in question.
The Zero Adjust s changed untal tre parel meter reads zv0. A standard sarple s then
inserted and the pump tumed an. After two minutes the pump 5 stopped and colaur
allored © deelgp. The Gain Adjust B changed untal the parel meter reacs tte
gopropriate aoncentratian, (e.g- 0200 for an iIran stadard of 200 fig L™1 conoantrataan).-
The sensor snow calibrated and ready for 2. Samples of unknown conoatration are
inserted and pumped through tre system.  The parel meter value correspods to te
aoncentration of analyte Inthe sanple.

A typical response from the sensor system sshown INAQ. 6.2.3.a These measurements
were taken with the device cofigured for manganese measurement. The path legth was
3 cm and the LED used had a peak wavelength of 450 nm.  Samplles wereprepared from
1000 ppm stock solution as autlined Insectian4.2.2.

r A more detailed set of User Instructions is given in Appendix H
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Manganese Concentration / ppb

Fig. 6.2.3.a Sensor Responseto Manganese Samples, 3cm Cell, X= 450 nm

It can be seen that the sensor hes a linear autput in the range 0—>800 ppb of manganese.
Repeated measurements were made on a blak saple, and a sample of known
concentration,  to determine the limit of detection and rgeeatzbility.  These were found ©©
be 5 ppb and 3% respectively.

Tests were also carried out on saveral mersaples. These samples were  alo  test|ed,
using standard test procedures, on a spectrgpotometer.  The samples were pre-treatsd
manually and Egs. 3.4 and 3.5 used to calaulate cooenratias.  Sample twrbidity was
measured on the goparatus autlined Inssction4.4.1.  The reaults of these tests are shown
in the fol loving t2olles.
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Didcot Stream
Al/[ig L1 Colour/Hazen Fe/[igL 1 P/mg L 1 Turbidity/NTU
Sensor 3 18 3 97 47
Spectrophotometer 4 16 2 96 50

Didcot Bore Hole
AlNigU * Colour/Hazen Fe/Alg L'1 P/m gL 1 Turbidity /NTU
Sensor 0 0 0 4 0.2
Spectrophotometer 0 0 0 3 0

River Thames
Al/\igL'! Colour/Hazen Fe/\lgL1P/mgL"'l Turbidity/NTU
Sensor 2 2 4 80 60
Spectrophotometer 2 20 3 83 67

The above tablles show a good agreement between the results from the standard procedure
and those from the sensor system.  This shows thet the system developed s surteble for
measurements on real mersaples.

6.3 Additional Features of Sensor

6.3.1 Sample Dilution

Sample diluticnerebles linear range 10 be extended without reducing the path lergth of the
cllused. This was disoussad Inssction 4.5, in relation © the RC100 aHire monirtor for
iron and aluminiun.  The RC100 monitor autoratically diluies sanples of high
aoncentration, thus extending tre linear range of the cevice.  Thils tedmiique can also be
used with the portable sensor under aosiceration.  Dilution can be performed manually
before sanple treatment or autoratically by the introdction of an adbitical stream Into
the celinery system. Fig. 6.3. Ll.ashows how autoratic sarple diludanmay be achieved.
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Reagent Resenvoirs
Fig. 6.3.1.a Schematic Diagram of Delivery System with Sample Dilution

In this case the saplle BMixed with de-ionised vwatter before addirtion of the reegaits. The
sample diludon ratio depends upon the 1.Ds of the tubes chosen but the corbined
volures from both sample and de-ionised water must satasfy the required 5:1:1:1 ratio
between treated sarple and reegaits. I sarple diludan s introduced then tte vallues
displayed by the parel meter are scaled by the diluion ratio.  For eaple, ifthe diluaon
ratio s 1-1 then the values displayed by the parel meter willl be halved.  Altemetinely, te
system can be realirated and operated as normal.  Sample diluan requires tre
introduction of an addrtaical darel © the celinery system and pump tuces of varying
I1.Ds. Shown nHg. 6.3.1.b san exanple of where sample diludo susad O exted the
lirear range of the sensor In the Iron measurement cofigurataon.
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Iron Concentration/ pgL'1

Fig. 6.3.1.b Example of Extended Range using Sample Dilution for Iron
configuration, Yellow LED,3 cm Cell, 1:1 Dilution Ratio

The loner cune INnFig 6.3.Lb shows the response of the sensor with no sanple dilutaon.
For the second aune, the same path legth cll was used but a 171 diludan ratio was
introduced.  Fecan be seen thet the system without dilluion gave the requiired response n
the 0—>400 jig L"1rage. The figare shows also tret tre lirear range was extended fram
0—>400 \ig L"1 1 0—>800 fig L"1 with sarple diludan. Sample dilution also reduces tre
sasitivity of the colorimetric test. However, the biggest Iimitation of sanple diluaanwith
this sensor s the additacal instrurentation required. The introduction of sanple dilluian
requires the use of an addraiaal chamel inthe delinvery system, and an extramixing cil.

Sample dilutacn can also be used to extend the liresr range when the sensor s configured
tomeasure twrbidity.
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6.3.2 Colour Correction

The ratural colour of a sarple may be measured with this system in tre folloving way.

After system caliratian, the colaur reegent tube (R3) B placed In de-ionisad vater.

Hence no collour sdeveloped in the treated sarple and the sanplle/reagent volume ratio B
maintained. A blank sarple s Insarted and the new blank vallue measured.  The samplle B
inserted and a measurement made. The difference between the two measurements ste
retural colour of the sarple.  This value can then be subtracted from the measured
conoentratios o oolaur-correct tre valles. Fig 6.3.2.a shows the use of ocolaur
crrectdon.  Formazine turbidity standard solution was added to de-ionisad water to
produce blank samples of Incressing turbidity.  These were then tested with the system n
the aluminium cotfigration. e can be seen that without collour correction the measured
aluminium concentration Inoreesss draratically.  However, when the values are colour
corrected the resultirg values remaiin gpproxinately zero.

200-i
'+ Uncorrected Sample

?> x  Corrected Sample
§
150-
;
% 100
E
?
T3 50-
£
@ +
oon X mh “| 1 T-
10 20 30 40 50
Turbidity/NTU

Fig. 6.3.2.a Colour Correction of Increasingly Turbid Blank Samples
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6.4  Summary
Included below isasummary of the performance daracteristics of the s, based on tre

terms autdined inssction 1.4.3. The sasitivity quoted i tre reciprocal of tre calibratian
costatt autlined insection 32

Table |
Al Colour Fe Mn P(asP) Turbidity

Path Length /cm 15 8 3 3 3 -

Linear Range 0—>400 080 O0->500 0—>=800 0->1.5 0—>50
AgL1l Hazen 1491 PPb ~gL"1  NTU

Sensitivity 25 2.3 18 31 17 200
Resolution % 4 1 3 4 4 3
Repeatability % 3 1 2 3 3 2
Limit of Detection 2ngL'l 1Hazen 1~gL1 5ppb 0.06[gL'1 O.5NTU
Accuracy % 5 2 4 4 5 4
Response Time /min. 7 2 2 3 12 2

Inevery case above, tte Imitof detectaon s less then the Guilde Line concentration and the
Iirear range incluces the Maximum Alloneble Concentration, as stapullated by the EC
Guicelines forWater Quality, (s sectao 1.93).

6.5 Comparison with Existing Monitors

In sectaion 4.5 a comercial arlire monitor for iran and aluminium, the RC100, was
inbroduoad.  Aztec Ltd. allso produce monitors for the detection of colour and turbidity
(CT100), phosphate (P100) and manganese (M100). Al of these devices have the pistm
and gptacal cell/pup karrel delinery system and they dll use an on-board micro-carputer
for alaulatios and t© aotrol tre hardiare.  An advantage of these monitors compared
with the sensor developed here s thet they incoporate automattic selfclemirg. As it
draws samples into tre pump barrel, the piston aattanally wipes cleen the sidss of tte
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goacal al. This sessaal for long term goeration as goacal calll fouling isa problem far
aHlire geration.  Another advantage of these monirtors s tre large number of ikt
alams that costaitly check for lov reegent leels . These alams aid log term
unatttended goeration.  However, these nonitors are a aasiderable siz, with dimensias
of 2200 mm *300 mm * 700 mm and 70 Kg weight. The gotical disedvatages of tre
deviaes have already been covered in earlier dgpters in tems of filla- délanination ad
bulb rstznility. The monitors are also limited o a sirgle path legth &l and lidhtsouree.
Hence tte advantages of tre developed sesor system over these monitors are s
vasatility, portebility and improved qgotical sthility.  The folloving teblle summarises te
performance daracteristacs of the Aztec monitors as cetailled n the respective tednical
infomation deets.

Table Il
Al Colour Fe Mn P (as P) Turbidity
Path Length /cm 2 4 2 34 2 -

Linear Range 0—>1200 0—>250 0—>2000 0—>500 0—=25 0—5
AgL-1 Hazen L1 PPb UgL1 NTU

Sensitivity 2.7 0.9 0.7 2 2.7 2700
Repeatability % 2 2 2 2 2 2
Limit of Detection 20ngL 1 1Hazen 20Gw L™l 20ppb 0.3ngL 1 O.-06NTU
Accuracy % 6 2 5 4 5 4
Response Time /min. 10 1 10 10 10 1

The monitors for alunminium, Iran and phosphatte Incoorate autonatic sarple diluaan
and this extends the lireer rae. The source used for turbidity measurement s a white
ligtbulb without fille. The high intasity of this source gives the high sasitivity and low
Imit of cetection. Apart from thee differacss, the corresponding teblle of reslts,
Table 1, dotained for the portable sensor system shows that this system hes performance
daracteristacs as good as comercial ly aallasblevater gality monrtors.
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6.6 Conclusion

A portable stand-alone sensor for vater guallity monitoring was develgped.  Measurements
were made of the concentratias of Al, colaur, Fe, Mn, P and turbidity in potable water.
The sensor also alloned saple dillutian and colour correction. The sensor constnucted B
easy 1o e, cheap and \arsatile. The performance daracteristacs of the sensor are as good
as comercially aallsble systems and a number of problems assoeiated with the souross
of the=e systems have been overcone by ttreuse of LED s
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Chapter 7

Conclusion and Future Work

The work presented in this thesis desaribes the development of an LED-based, porteble
sensor unirt for monrtoring water gality parareters.  The measurement procedure shesed
upon standard colorimetric tests and a ngphelaretric configuration s used to measure
sanple tubidity. The sensor response o aluninium, oolour, Iran, manganese, phosphate
and turbidity was determined.  In each case the respectave limits of detection were below
the EC Guide Line concatratios and tre lirear ranges were within the EC Maximum
Allonable Concertrations.

The mitEl part of the eqoerimnental work involved conducting the varias clornetric
tts, using LED “s as saurces, on a gecially constructed bench-top systam.  Inestigatias
were conducted Into the sssrtavity and lineer range of the varios tests. The reaults were
then compared with those dotained with the covertional souraes, wsally an interferae
filtarand an incandescent filarent-besad whirte lighthulb.  Insome cases the ssitivity and
linear range of the LED was loner then the conventiional source. This was usal ly because
the bandwidth of the LED was larger then trat of the interference fillerused. Honever, n
al the oolorimetric (and nephelaretric) tests conducted, the performance daracteristics of
the LED swere as good as those of the conventional sourass. The LED s also showed
improved sthility, versus the incandesoent souraes, whiich compensated for the sligt bess
of sssiavity Incertain tets.

A LED was then incorporated into an eastirg comercial arlire monitor for iran ad

aluninium, replacing the fille-and bulb source.  For the colorinetric testemployed n tis
cevice, the LED has a lover lirear range and sasittivilty compared wirth the filla-and kulb.
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Hovever, with aurteble danges t©© tre geerating software of the mnitor, te
performances of the Instrument with both souroes were goproxinately tre sare. These
eeriments showed that with minimum changes to goerating software and design, LED s
can be Incorporated into exdstirg aHlire monitors and thet they are surted t©© lag-term
continuous geeratdan. Once wstalled, the LED s overcome a number of problems
asociated with the previous sources, such as delamiration of tre interferace fille-ad
irstzhillity and short lifetine of tre bulb.

The next stage of the eqerimental work was 1o construct a modular design, miniature
Hlov-through sensor heed.  This sensor head used LED s as sources and enployed
miniature gotacal components and filbre gotacs to measure sarple absorbance and twroadity.
The arrangement was testad in a caonputer aotrolled system and the aonfaguration used
alloned simultaneous measurement of sanple colour and tubidity.  The miniature sensor
head showed positive performance daracteristics and the modular design alloned
aotfiguration fora number of differant colorimetric ests.

The fwrdl stage of the project was 1t miniaturise the rest of the components recuired fora
full system.  Sanple/reagent mixing and celivery was achieved by use of a pristaltic
punp. The miniature sensor head was used and dedicated electranics were designed ad
arstncted.  These dirauits arrolled the LED s and converted sigal inlesities
analyte coetratios.  Inthismanner, aportable, stand alone sensor for monitoring vater
quality parareters was produced. Comparisons were made between the performance of
edasting a+lire water gality monrtors and the sensor system developed.  Future work t©

this sensorwould involhve the follomng:

1 Reduction of the cell and twbing volure.  This woulld decrease the two minute pumping
time between sarples and reduce reegent consunption.

2. Improvement of the electronics design S0 as 1o sinplify the cotfiguring of the systen,
12 =lectigLED"s and checking LED intasity.
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Investigataion of addirtaaal colorimetric tests that coulld be used by this systan.

Incorporation of some method of selfcleaning intre &, ertter chemical or medrenical .
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Appendix A:

Derivation of formulae for two point linear calibration

Qptical

Concentration /jigL™1

Shown above i a typical calibration cune for a lirer two point caliyation.  The ol
dersity of a de-ionisd water blank sanple (0Dbl) B measured.  This point hes a
concentrattion of zero on the x-adas. The gotacal darsity of the standard sanplle (ODstd) B
then measured.  In tre case of aluminium, this point hes a concantration of 200 (g L™
Assuming tret, for the path length cell used, Beer™s Law gplies between these two points,
astraigit liremay be dramn between thre wo. From co-ordinate geonetry the equation of
ths lire sgiven by-

Y-Y. o XX Al
Y2-Yi X2 - Xi
Allig inthe vallues from the above example gies:
Y -0Dbl X-0
- A2

ODstd -ODbI 200-0



This is rearranged to give:

X = e 200 — (y -ODbl) A3
ODstd-ODGhi

This equation can be rewritten as:
S = K(ODsi-ODH) A4

where

K -20° ] A5

O D std- O D bi.

and S is the sample concentration in |ig L'1, ODspl is the optical density of the sample and
K is known as the calibration constant, the reciprocal of the slope.



Appendix B:

LED Driver Circuit for computer based system

IC1 Voltage to Frequency Converter, (AD654, RS# 637-860)
IC2 Comparator, (LM392N, RS# 308-859)

In the configuration shown, the output from IC1 is a square wave of frequency 950 Hz.
The square wave voltage is converted to a square wave current source using field effect
transistors. An individual LED is switched on by applying a 5V signal to the base of one
of the npn transistors. This control pulse is supplied by the I/O card of the computer. In
this way all of the LED’s are modulated at the same frequency and by sending the relevant
pulse, the computer selects which LED operated at a particular time.






Appendix C:

Detection Circuit for computer based system

ICI Balanced Modulator/Demodulator (AD630)

This circuil effectively acts as a lockin amplifier. The photodetector, (RS# 308-067) is a
hybrid photodiode and integral amplifier. Combining these two together in a single
component reduces the noise pick-up between the detector stage and amplifier. The
reference for the lockin chip comes from the square wave generator of the LED driver
circuit. The low reference input pin (pin 10) is off-set by IV and this prevents problems
which can be caused by non zero going reference signals. The output from the circuit
goes, via a buffer, to the ADC of the 1/O card of the computer.



)

To ADC of Computer



Appendix D:

Software listing for computer based system

The software was written in TurboC++ N modular format and using a project fike
structure. There folloas a listarg of dll the routines usd.

Tom.H HeaderA lefarProgransMain.Cand Uall.C

#ineludc <stdlib.h>
#include <stdio.h>
#include <dos.h>
~include <stdlib.h>
#include <stdio.h>
#include <niatb,b>
Ainclude <conio.h>
~Ninclude <graphics.h>
#include <stdarg.h>
#include <alloc.l)>
#includc <time.h>
#include "smouse.h”
/linclude <dir.h>

#dofine base 800

#define IRJLED 4
#defmeBLUE_LED?
#define YELLOW _LED 1
#define OFF 0

#define PUMP 8

Main.C = Main Control Routine

tfincludc “tom.h"

void start_up(void); 1* Define subroutines */
void calibratc(void);

float read_adc(float);

void exit_routine():

FILE *fp;

float Kcol; /* Initialise Variables */
float Ktur;

float Kcorr;

float VI;

float V2;

float xinax 1,xinax2:

void main(void) I* Start of Main routine *1



int f,c,t,x,y,cc;

float coll,tur,ccoU,colll;
outport((base+7),128); | Initialise 1/0 card
start_upO;

scr_draw{);

mouseinit();
display_mouse();

calibraleO;

sctcolo0KDARKGRAY);
settextstylc(1,HORIZ_DIR,2);
outtextxy( 100,440,'Sysiem Running");

for(f=0;f<100;f++){ I*

led_control(BLUE_LED);

pump(20);

dcllay<6);

x=430;

y=350;

settextstylc(O.HORIZ_DIR, I);

setcolor{LIGHTGRAY);

gprintf(&x,&y,"%2.2f".col]);

coll=read_adc(0);
colll=coll;
coll=Kcol*(loglO(V1)-loglO(coll));
¢=(330-(co!l*(300/x.max 1)));
ci>l_plol(f,c); 1*

x=430;

y=350;

scttextstylc(O.HORIZ_DIR,I);

setcolor(BLUE);

gprinlf(&x,&y."%2.2f'coll);

led_conlrol(OFF);
led_control(IR_LED);
dcllay(l10);

x=430;

y=370;
settextstyle(0,HORIZ_DIR, I);
setcolor(LIGHTGRAY);
gprintf(&x,&Yy,n62.2f" lur);
tur=read_adc(0);

tur=Kiur*(tur-v2); *
t=(330-(tur*(300/xmax2)));
tur_plot(f,t); I*
x=430;
y=370;

scttexlIstyle(0LHORIZ_DIR, 1);
seleoloi(BLUE);

Main Loop to take 100 points */

* Calculate Colour Value

Plot Colour point on Graph  */

Calculate Turbidity*/

Plot Turbidity point on Graph

viii
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gprintf(&x,&y,"% 2,2 f,tur);
led_control(OFF);

x=430;
y=390;
settextstyle(0,HORIZ_DIR, 1);
setcolor(LIGHTGRAY);
gprintf(&x,&y,"%2.2f' ,ccoll);
ecoll=Kcol*(log 10(V Y/co 111)-(Kcorr*tur));
cc=(330-(ccoll*(300/xmax])));

y=390;

scttextstyle(0,HORIZ_DIR, 1);
setcolor(BLUE);
gprintf(&x,&y, % 1.2 flccoll);
ccol_p!lot(f,cc); /*

| *

fprintf(fp."%2.6f %2.6f %2.61\n",coU,tur,ccoll);

) I* End of main for loop

setlexLstyle( LHORIZ_D1R.2);
seicolorfUQHTORAY);
outtextxy(100,440,"System Running");
setcolor(DARKGRAY);
outtextxy(100,440," End of Scan");
wait();

exit_routinc{);

1 1* End of Main *1

float read_adc(float channel) I*
|

float a,b,value;

int x;

a=0,b=0,value=0;

oulport ((base+24),channc!);

for(x=1;x<3000;x++){ /*
outport ((base+16),channcl);
while (!(inport (base +20) &1));
a+=inportb (base+19):
b+=inportb(base+l 8);

a/=3000;

b/=3000;

value =(a/16)+(b*16);

value = ((value-2047)/2047)*10;
return(-value);

*1

Calculate turbidity corrccted colour

Plot Turbidity corrceted Colour value on graph */

Read value from ADC */

Average reading 3000 times */

Initialises Axis values and file names */

) I* End of ADC */
void start_up(void) 1* Start-up routine
t

char filc_name{25);

ehscr();

printf("\n\n\n\n\n\n\n\n\n\n\n

Enter file Name...”);



scanf("%s",filc_name);

printf("\ii\n Enter X1-Axis Max...");

scanf("%f". &xmax 1);

printf("\n\n Enter X2-Axis Max..."

scanf("%f",&xmax2);

fp=fopen(filc_uamc,"w");
return;

) 1* End of Start_up

void exit_routine(void)

close(fp);

outport((base+4),0);
clcardevice();
textmode(3);
clrscr();

exit(0);

void calibrate(void) *

ini X,y;
float V3.V4.V5;
char ch;

hidc_mouse();

settexlIslyle(0,HORIZ_DIR. 1);
setcolor(LIGHTGRAY);

x=200;
y=350;

gprintf(&x,&y,"%4.2f". Kcol);

y=370;
gprintf(&x.&y,"%4.2f .Klur);

y=390;
gprintf(&x,&y."%0.4 f",Kcorr);

settextstyle(,HORIZ_DIR.2);
setcolor(l.IGHTGRAY);

outtextxy(100,440,"System Running");

setcoMDARKGRAY);

outtextxy(100,440,"Insert Blank");

ch=getch();

)

I* Exit routine
Closes files and Returns to DOS  */

Calibration Routine
Calibrates the system for colour and Turbidity measurement */



sctcoMUGHTGRAY);

outtcxtxy(100,440,"Insert Blank™);

led_control(BLUE_LED);
pump(90);

dcllay(15);
VI=rcad_adc(0);
led_control(OFF);

led_control(IR_LED);
dcllay( 15);
V2=read_adc(0);

setcoloKDARKGRAY);

oultextxy( 100,440,"Insert Colour Standard");

ch=getch();

setcolor(LIGHTGRAY);

outlexIxy(100.440,"Insert Colour Standard™);

led_control (OFF);
led_control(BLUE_LED):

pump{90);
dcllay(10);
V3=read_adc(0);

setcoMDARKGRAY);

outtextxy(100,440,"Insert Turbidity Standard");

ch=gctch();

setcoloKLIGHTGRAY);

outtextxy(100,440,"Insert Turbidity Standard");

led_control(OFF);
lcd_contro!(IR_LED);
pump(90);

dellay(15);
V5=read_adc(0);

led_control(OFF);
led_control(BLUE_LED):
dellay(15);
V4=rcad_adc(0);

led_control (OFF);
Kcol=50/(loglo(VI)-logl0(V3));

Ktur=5/(V5-V2);
Kcorr={log10(V 1)-lug 10(\V4))/5;

settextstyle(0,HORIZ_DIR, I);
setcolor(BLUE);

/*

Calculate calibration constants



x=200;
y=350;

gprintf(&x,&y."%4.2f',Kcol);

y=370;
gprintf(&x,&y,"%4.2r,Kiur);

y=390;
gprintf(&x,&y,“%0.4f".Keorr);

settextstylc(1,HORIZ_DIR,2);
sctcolor(DARKGRAY);

outtcxtxy( 100.440,"Insert Sample");
ch=getch();

sctcolor(l IGHTGRAY);
outtextxy(100,440,"Insert Sample”);

pump(40);

dispky_mouseO;

return;

} /* End of Calibrate  */

util.C Utility Routines for Hardware and Graphics

ifinclude "tom.h"

uit old_valc; /* Initialise Variables */
int old_valt;
int old_vake;

extern float xmax 1;
extern float xmax2;

void graph_set(void); 1* Initialise Subroutines */
void iconfchar 1151,int);

int gprintf( int *xloc, int *yloc, char >fnit, ... );
int icon_select(void);

void wait(void);

void pump(int);

void lcd_control(int);

void scr_draw(void);

void col_plot(int,int);

void tur_plol(int,int);

void ccol_plot(int,int);

void dcllay(int);

void menu(void);

int control=0;

void graph_sel(void) * Initialise Graphics */
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int driver.mode;
char ch;

driver=DETECT;
mode=VGAHI;

detectgraph( &drivcr, Amodc);
initgraph( &drivcr, &modc, "c:\\tc\\bgi");

return;

} f

int gprmtf( int *xloc. int *yloc, char *fmt,...) /*

va_list argptr;
char str[ 140);
int cm;

va_startf argptr, fmt);

cnt = vsprintff str, fmt. argptr );
outtextxy( *xloc, +yloc, str);
*yloc += textheight( "H" ) + 2;
va_cnd( argplr );

reiurnt cnt );

j I* End of Graphics Print

void icon(char tc[],int t)

{

int xbox.ybox.xtext.ylext;

xbox=550;
ybox=(t*30)+((t-1)*25);
xtex t=580-(tex twidth(tc)/2);
ytext=ybox+15:

setcolor(BLUE);
outtextxy(xlext,ytext.tc);
seicolor(RED);

End of Graph_set

1*

*/

Routine gprintf
Allows text and variables to be displayed

on a graphics screen */
1* Argument list pointer */
I* Buffer to build sting into  *1
I* Result of SPRINTF for return */

/* Initialize va_ functions */

I* prints string to buffer */
I* Send su ing in graphics mode */

Advance to next line */

/* Close va_ functions *1
I* Return the conversion count */
*1

I* Icon Routine

Generates icon boxes on the screen
in pre-determined positions */

rcclanglc(xbox,ybox,xbox+60.ybox+30);

return;

| 1* End of Icon

*/



int icon_sclect(void) 1* Detects which icon has
been selected by the mouse *1

intchoice, button.xpos.ypos;
inousebuttoninfo(&button,&xpos.&ypos);

if(xp0os>550 & xpos<610){
if(ypos>25 & ypos<55)
choice=l;
if(ypos>80 & ypcs<I 10)
choice=2;
ir(ypos>!35 &ypos<165)
choice=3;
if(ypos>190 & ypo0s<220)
choice=4;
if(ypos>245 & ypos<275)
choicc=5;
if(ypos>300 & ypos<330)
choice=6;
if(ypos>355 & ypos<385)
choice=7;
} /* end of If */
else
choice=0;
return (choice);

} /* Endof Icon Select*/
void wait(void) I* Halts program execution until mouse press or key press  *1

while(kbhit()&&! mousebutton (1)) {

return;
) |* Endof Wait *1
void pump (int x) * Tutus on pump *1

control=control APUMP;
outport((base+4),control);

dcllay(x);
control=control APUMP;

outport((basc+4),control);

return;
) 1* End of pump *1
void led_control(int x) I* Routine to select specific LED's */

conuol=controllx;
if(x==0)

control=0;
outport((base+4).conlrol);



return;
} * End of lcd_control *1

void scr_draw(void) 1*

fﬁoat Xmin,ymin,xmax,ymax;
int x,y;

xniin=50,ymin=30,xinax=450.ymax=330;

graph_setO;
sctbkcolor(UGHTGRAY);
icon("Cal.",1);
icon("Pausc",2);
icon("Pump",3);
icon("Exit",4);
sctcolor(BI.UE);
setlinestylc(0,0,3);
rcciangle(xmin,ymm,xmax.ytnax):
setcolor(DARKGRAY);
linc(0.420,639.420);
settextstylc( 1,HORIZ_DIR.2);
outtextxy( 10,440," Message:");
setcolor(BLUE);
sctlinestyle(3,0,1);

for(x=130;x<450;x+=80)
line(x,30.x,ymax):

for(x=60;x<330;x+=30)
linc(50,x,xmax,x);

setcoior(BROWN);

settextstylcd ,VERT_DIR,2);
outtextxy(20,120,"Colour/Hz");
setcolor(YELLOW);
outtextxy(460,120,"Turbidily/NTU");
sellincstylc(0,0,0);

sclcolor(BROWN);

settexlIsly Ic(O.HORIZ_DIR, 1);
x=20;

y=30;
gprintf(&x,&y,"%3.0f",xinax 1);
outtcx(xy(20,330,"0");
sctcolor(YELLOW);

X=460;

y=30;
gprintf(&x,&y,"%3.0f",xnuix2);
outtextxy(460,330,"0");

setcolor(BLUE);

Draw initial graphics



scttexlIstylc(0,HORIZ_DIR,I);
outtcxtxy(50,350,”Colour Constant");
outtextxy(50,370,"Turbidity Constant");
outtextxy(50,390,"Colour Correction");
outtcxtxy(270,350,"Colour Value/Hz");

outtextxy(270,370,"Turbidity Value/NTU");

outtextxy(270,390,"Corrected Colour/Hz");

return;

) 1* end of scr_draw  */
void col_plot(int x.int ypos) 1*
|

ini xpos;

hide_mouse();
Xpos=50+(x*4);

if(ypos>330)
ypos=330;

if(ypos<30)
ypos=30;

if(x==0)
old_valc=ypos;

setcolor(BROWN);
circlc(xpos44,ypos, 1);

line(xpos,old_valc,xpos+4,ypos);
old_valc=ypos;

display_mouse();

return;

) 1* End ofcoLplot */
void tur_plot(int x.int ypos) I*
int xpos;

hide_mousc();
Xpos=50+(x*4);

if(ypos>330)
ypos=330;

if(ypos<30)
ypos=30;

if(x==0)
old_valt=ypos;

Plot Colour Values to Graph */

Plot Turbidity Values to Graph

*/



seteolor(YELLOW);
circlc(xpos+4,ypos, 1);

litic(xpos,old_vall,xpos+4,ypos);
old_vall=ypos;
display_mousc();

return;

) I* End of lur_plot */
void ccol_plot(inl x,ini ypos) /*
int xpos;

hidc_mouse();
Xp0s=50+(x*4);

if(y|x>s>330)
ypos=330;

if(ypos<30)
ypos=30;

if(x==0)
old_valec=ypos;

setcolor(GREEN);
circle(xpos+4,ypos, 1);

linc(xpos,old_valcc,xpos+4,ypos);
old_valcc=ypos;
display_mouse();

Plot Turbidily Corrected
Colour Values to Graph

return;
) I* End of ccol_plol  */
void dcllay(ini x) /* Delay routine, in seconds */

clock_t starl, end;
start = clock();
end=start+(x*CLK_TCK);
while(clock()<end) (
if(mousebullon(1))(
end=start;
menu();

)

return;
) I* End of Dellay */



void menu(void)

{

char ch;
int choice;

1* Menu routine, based on mouse selcciion

choicc=icon_select();
se(texistyle( ,HORIZ_DIR,2);

switch (choice)

case (1);

case (2):

outport((base+4),0);
delay(500);
control=0;
calibrate();

break;

setcolor(LIGHTGRAY);

case (3):

outtexixy(100,440,".System Running");
setco!lor(DARKGRAY);
outtextxy(100,440,"System Paused");
outport((base+4),0);

delay(300);

ch=getch();

setcolor(LIGHTGRAY);
outtextxy(100,440,"System Paused");
setcolor(DARKGRAY);

outtexixy( 100,440,"System Running");
dellay(7);

break;

setcolordJ GHTGRAY);

outtextxy(100,440,"System Running");
setcolor(DARKGRAY);
outtextxy(100,440,"Pump On");
outport((base+4),0);
outport((base+4),PUMP);

delay(300);

ch=getch();

outport((base44),0);
setcolor(LIGHTGRAY);
outtextxy(100,440,"Pump On");

sctcolor(DARKGRAY);

case (4):

outtcxIxy(100,440,"System Running");
dellay(7);
break;

outporl((base+4),0);
setcolor(NIGHTGRAY);
outtextxy(100,440,"System Running");
setcolor(DARKGRAY);
outtextxy(100,440,"Exit (Y/N)");
ch=getch();
if(ch="y")

exit_routine();
seteoloKUGHTGRAY);
outtcxtxy(100,440."Exit (Y/N)");
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seicolorCDARKGRAY);
outtcxtxy( 100,440."System Running");

dellay(7);
break;
) I* End of Choice switch */
return;
} |* End of Menu */
Smouse.H - Header file for Mouse Controller. Written by Dr. Simon Me Cabe

ini mouscinit(void);

void display_mouse(void);
void hide_mouse(void);
void mouseshapc(inl);

void mouscmaxmin(int.int);
void nvousosetpos(int.int);

int readcharacter(void);
int inousebuiton(ini);
void mousebutloninfo(im *,im +.int *);

Smouse.C - Routine to Control Mouse. Written bv Dr. Simon Me Cabe

I*
Mouse handling routines....using interrupt 331)
note must install mouse to use

pass value in ax as below

ax 0 :get mouse status and initialise
rstatus returned in ax 0 => not installed
0ffffh=> otherwise
:number of buttons returned in bx

1 :show mouse cursor
2 :hidc mouse cursor
3 :gct mouse position and button status
iXpos in cx
:ypos in dx
¢buttons pressed returned in bx as follows
left -01b
right- 10b
both - 1lb
4 :put mouse at defined pos
Xpos - CX
:ypos - dx
8 :set limits to mouse movements (vertical)
‘min - cx

XiX



#includc <dos.h>
tfinclude <math.h>
Ainclude <bios.h>

‘nax - dx

:assign a shape to the mouse

:es - contains array data segment
:dx - segment offset to data

:bx - xpos hot spot

:CX - ypos hot spot

void mouscbuttoninfo(int *button, ini *xpos, int *ypos) {

_AX =3
asm int 33h;
asm mov ax,bx;

*button=_AX: /*I=left 2 =right 3= both */

*xpos =_CX;
*ypos =_DX;

int mousebutton(int button) {
_AX=§
_BX = button;
asm int 33h;
retum(_AX);

void display_mouse(void) {
_AX=1;
asm int 33h;

)

int mouscinit(void) {
_AX =0;
asm int 33h;
return (_AX);

}

void hide_mouse(void) {
laX=2;

asm int 33h;

void mousemaxinin(dsply ~display) (

_AX =T;

_CX =0;

DX = MAXX;
asm int 33h;



_AX =8§;

_CX =0

_DX = MAXY;
asm int 33h;

void mouseshape(int type) {

static unsigned hand[32]={0xF9ff,0xEIFF,0xE9FF,0xE9FF,
O0XE9FF,0xE849,0xE800,0x8924, m
0x0924,0x0986,0x0DFC,0x2FFC,
0x3FFC,0x3FFC,0x0000,0x8001,
OxOC00.0x1200,0x1200,0x1200,
0x1200,0x13B6,0x1249,0x7249,
0x9249,0x9001,0x9001,0x8001,
0x8001,0x8001,0x8001,0x7FFE

)

static unsigned check[32]={0xFFFO0,0xFFEQ,0xFFCI,0xFF83,

0xFF07,0x060F,0x001F,0x8037,
OxCO07 F,Ox EOFF.OxF 1FF,OxFBFF,
OXFFFF,OXFFFF,OXFFFF,OXFFFF,
0x0003, 0x0006,0x000C,0x0018,
0x0030,0x0060,0x7000,0x3980,
OxIFOO,0xOEOO,0x0400,0x0000,
0x0000,0x0000,0x0000,0x0000

¥

static unsigned larrow[32]={0xFE3F,0xFC7F,0xF87F,0xFOFF,

unsigned far *ptr;

hide_mouse();
_AX=9;

BX=1

_CX=1

if(type==I) ptr=hand;
if(type==2) ptr=check;
if(type==3) ptr=:larrow;

if(type==4) mouseinit();
else {

OxEOFF,0xC0O00,0x8000,0x0000,
0x8000,0xC000,0xEOFF,0xFOFF,
0xF87F,0xFC7F,0xFF3F,0xFFFF,
0x0080,0x0100,0x0300,0x0600,

OxOEOO.Ox 1C00,0x3FFF,0x7FFF,
Ox3FFF,0xICO0,0xOEOO,0x0600,
0x0300,0x0100,0x0080,0x0000

)

_ES = (unsigncd)FP_SEG(ptr);
_DX = (unsigned)FP_OFF(ptr);

asm int 33h;

display_mouse();
display_mouse();
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void mousesetpos(int x, inty) {
SAX =4;
_CX =x;
_DX=y;
asm int 33h;



Appendix E:

Photograph of Portable Sensor, Sensor Head in Fore-Ground
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Appendix F

LED Driver Circuit for portable system

IC1 Voltage 1o Frequency Convener, (AD654, RS# 637-800)
IC2 Comparator, (LM392N, RS# 308-859)

This araurt ssimilar to the araurt cutdined inAppendix B. The op-amp isused 1o provide
Teedback and hence regulate tre LED arent. The main difference o this arait s tet
this tine tre gperator manual ly svitdhes between the various LED s by placing a junper
comection at Sl, 2, or S3 and by posrtioning a _jurper at tre feedoadk smtth 4. The
RC filla-at the op-amp autput slows” down the autput waveform ad prevets rirging in
the LED drive arait
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Appendix G:

Detector and Log-Amp Circuit for portable system

IC1 Balanced Modulator/Demodulator (AD630)
IC2 1CL8048 Log Amplifier

The it part of this drauit ssimilar o the draurt autdined in Appendix C. The inerter
Bused to change the sigal fran the detector 1o a positive Voltege.  This Brecsssary far
tre log-amp geeration.  The autput fraom the log-anmp goes 1 a wltage adder.  The other
Inut to this adder sa \arieble voltage determined by Pot#l, or the Zero Adjust.  In tis
way the blank sigal i effectavely subtracted from subsequent reedings.  The autput fram
the woltage adder then goes 0 a varidble cain applifier.  The gain of this aplifier B
determined by Pot2, or the Gain Adjust. The gain range was st for 0.2->82. The
output from the firal arplifier goes 1o tte parel meter, a3 digitLCD digplay, (DPM 700
RS# 235-9/9). The switth SI bypesses tre log-anp add  Bised tosvitth between
absorption and twrbidity measurements.  S2 comects the output from thedetector directly
O the parel meter, and itisused o check sigal N sities.
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Appendix H:

User instuctions for portable system

Included B a copy of a st of user Istrucaan wirtten  Independently for tte portable
systen.  Included with tre ectual irstructias are tre folloving figaes: AQ. 52543,
Hg. 6.2.a, Fig 6.2.1.aand the araurtdiagrans fram Appendices F &G.
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Instructions for use of LED
Based Portable Sensor

for Monitoring Water Quality Parameters

August 957 - Thomas Murphy



Measurement Procedure

= Assemble the call for tre required path length using the necessary modulles.

e Select the required LED on e LED driver araat. Connect the filre cable to e
releiait SMA connector ar, for turbidity measurements, sl tre IR-LED n tte
LED holcer.

e Configure the detector ad log-ap araat for dsoption or  twbidity
measurements.

e Pump de-ionisd water through the system and adjust e LED intasity O just
below Tull scalle for the detector draat, (1e. — 0125 on tre parel meter).

e It the required regats.
= Prime tre sample celivery systam.
* Irertablank sample and tumon tte pump for ~2 minutes.

= Change the Gain Adjust o roughly halfmaximum. After colour hes been alloned 1©
develop in tre cl, change the Zero Adjust untall the parel meter reads 0000.

= Irsrta standard sample and tum on pump for ~2 minutes

= Again, once colour hes been alloned 1© develop ntre &, change the Gain Adjust
utal tre parel meter reading corresponds © the concatration of aalyte n tre
stavhrd. For exarple, when using a 200 fig L"1 stadard to clilbrate the systan,
tre parel meter should reed -0X00.  The system snow calibrated and ready for uee.

= A samle B tested by punping it through the system for ~2 minutes and alloming
oolour o develgp. The parel meter reeding corresponds © the concantration of
aalte in tre saiple.  For exaple, using the above exanple of a 200 fig L"1

stacard, a reading of 0034 would correspond 1o a amalyte concartration of 34 ig
L1

Colour Correction

= After calibration and wirthout changiing the Zero Adjust or Gaiin Adjust, place tre
ocolour reagent tube (R3) inde-1onised vater.

= Pump ablank sample through the system and record tte new bllank value
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= Pump the sample through the system.  The differace between the sarple value ad
new blank value s te ratural colour of the sarple. This can be subtracted from tre
measured concentration inthe sanple.

Folloving B a st of user Irstructias for each of the components Inolhved N e
systam.

Modular Cell

The recommended path legtis for tre various tests are as Tollons:

Aluminium  Colour Iron Manganese Phosphate
Path Length/cm 15 8 3 3 3

Rubber O-rings on eitier sice of the gless windows sl tre saple . The autdet

shauld be placed above the inlet so the any air budbles n tre system nse o the autdet
and are gjected from tre .

Electronics

A layoutdiagram of tre electranic arourts s includ.

List of Components

LED Driver

IC1 - LM35 IN, Conparator, (RS# 308-343)

IC2 - AD654, \oltage to Frequency Converter, (RS# 637-860)
IC3 - CA3140E, FET Op-Amp, (RS#308-130)

Cl - Comnector, Reference output to Detector Ciraurt

Detector & Log-Amp

IC1 - AD630 Balanced Modulator/Demodulator
1C2 - 1CL8048 Log Amplifier

IC3—>1C6 - CA3140E, FET Op-Amp, (RS# 308-130)
Cl - Comnector, 1nput from Detector

C2 - Comrector, output to Parel Meter

C3 - Comector, Ut from Zero Adjust

C4 - Comector, 1nput from Gain Adjust

C5 - Comector, Reference input from LED Driver
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Changes to Electronics

Selecting LED's

The LED Driver araurt can switch between one of three LED s The comectors far
thexe LED sare shown ntte layoutdiagran. LED1 sthe comector for tre infradred
LED. On tre driver board two smitdhes must be changed o sslect an LED. For
example © slect LED3, positian a jumper Ik at S3 n both smtdes. The filre
would then be connected 1© SMA#3.

Setting Detector Circuitfor Attenuation Measurements

On the Detector & Log-Amp araat, remove jumper lirkfrom JI. Place jumper Irls
atposrtaon 1of smitches S1and 2.

Setting Detector Circuitfor Turbidity Measurements

On the Detector & Log-Amp araat, place a junper Iirkat J. Place junper lins n
position 2 atswitch S1and position 1 a2,

Checking Signal Intensities

Reduce Gain Adjust tominimum valte. On the Detector & Log-Amp araat, posraan a
Jumper lirkat position 2 of switch 2. On the LED Driver ciraut the potentioreters,
Potil, 2 &3, are used o adjust tte LED intesities. Pot#3 corresponds o LED3 ad
0. The adjustment screws are turmed clodwise to increese sigal intesity and vice
varsa.  The Tull sale of tre detector araurt corresponds t -0130 on the parel neter-.
LED intasities should be adjusted to justbelow this\ale, ie & 012).

Reagents and Sample Delivery System

The folloving reegaits and LED s are required for the various ests.

R1 R2 R3 LED
Aluminium  Acid Buffer Colour Yellow
Iron Acid Buffer Colour Yellow
Manganese Alkali  Buffer/Camplexing Colour Blue (450 nm)
Phosphate Acid Condrtioning Colour Red
Colour - - - Blue(420nm)
Turbidity - - - IR

Immerse the free ends of tte ldeled pumps tuces In the requiired resgent resenoir.
Imrerse tre sample tube n tre requirad saple. Tum on the pump N the forvward
direction and tagten the eccentric cams utal samplle and reegats are pumped through
the system.
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No reegaits are required for the colour or twurbidity anfiguratias. A sirgle saple
e o tre Al B required.

Occasianal ly air budbles become trgged n the al. These can often ke removed by
reversing tre directian of tte pump, enptying tte cll, and then daging back
pumping N tre forvard direcion. It B advissble © carry aut this proosdure when
nitally ssttirg up the system.

When using preecidrfied stadards, as n the case of aluniniu/iron, the acid reegait

tue (RI) should be placed in de-ionised water whille the stadard n being pumped
through the system.
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