
Smart Sensors, Measurement and Instrumentation   4

Smart Sensors for Real-Time 
Water Quality Monitoring

Subhas Chandra Mukhopadhyay 
Alex Mason  Editors



Smart Sensors, Measurement
and Instrumentation 4

Series Editor

Subhas Chandra Mukhopadhyay
School of Engineering and Advanced Technology (SEAT)
Massey University (Turitea)
Palmerston North
New Zealand
E-mail: S.C.Mukhopadhyay@massey.ac.nz

For further volumes:
http://www.springer.com/series/10617



Subhas Chandra Mukhopadhyay
and Alex Mason (Eds.)

Smart Sensors for Real-Time
Water Quality Monitoring

ABC



Editors
Prof. Subhas Chandra Mukhopadhyay
Massey University (Manawatu)
Palmerston North
New Zealand

Dr. Alex Mason
The School of Built Environment
Liverpool John Moores University
Liverpool
UK

ISSN 2194-8402 ISSN 2194-8410 (electronic)
ISBN 978-3-642-37005-2 ISBN 978-3-642-37006-9 (eBook)
DOI 10.1007/978-3-642-37006-9
Springer Heidelberg New York Dordrecht London

Library of Congress Control Number: 2013932787

c© Springer-Verlag Berlin Heidelberg 2013
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the
material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broad-
casting, reproduction on microfilms or in any other physical way, and transmission or information storage
and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology now known
or hereafter developed. Exempted from this legal reservation are brief excerpts in connection with reviews
or scholarly analysis or material supplied specifically for the purpose of being entered and executed on a
computer system, for exclusive use by the purchaser of the work. Duplication of this publication or parts
thereof is permitted only under the provisions of the Copyright Law of the Publisher’s location, in its cur-
rent version, and permission for use must always be obtained from Springer. Permissions for use may be
obtained through RightsLink at the Copyright Clearance Center. Violations are liable to prosecution under
the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of publication,
neither the authors nor the editors nor the publisher can accept any legal responsibility for any errors or
omissions that may be made. The publisher makes no warranty, express or implied, with respect to the material
contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Editorial

Potable water is a finite resource which is key to continued sustainable development.
However, maintaining sufficient clean water to meet our growing needs is becoming
increasingly challenging; factors such as climate change, natural disasters and our own
industrial development are a significant threat to the cleanliness of water supplies. Some
problems have been present for a long time but have only recently reached a critical
level, while others are newly emerging. Whatever the cause, there is the growing need
for the water industry to tighten its control and develop its understanding of what is
happening to water resources in both fine detail and in real-time. In doing this, key
information will be available, allowing industries and authorities to characterize and
identify changes or trends in water properties over time, and identify new threats to wa-
ter quality. Obviously having such information is only part of a solution to this struggle
however, but it is envisaged that this information will allow:

(1) assisting in the setting of specific contaminant prevention or remediation programs;
(2) determination of whether current goals (e.g. legislation compliance) are being met;
(3) responding to issues as they happen, thus providing for increased real-time preven-

tative measures rather than post-event remediation.

Although having such aspirations is admirable, it will not be possible without sig-
nificant collaboration between industry, legislative bodies and researchers. From a leg-
islative perspective, pressure must be maintained to ensure that the water industry and
its user strive toward better management and distribution of water sources. In addition,
factors impacting on water sources such as landfill, agriculture and industrial sites also
require strict control to ensure that they continue to improve and observe best practice
policies. Where contamination is a natural occurrence and remediation strategies are
executed, careful monitoring of the process will be necessary to ensure that the strategy
is appropriate and provide timely information for modification where necessary.

Ensuring that all concerned are playing their part as intended will require increased
monitoring, and for this we need researchers to engage in developing appropriate smart
sensors and sensor systems. Such systems will need to be low-cost so that they can
be applied in situ, robust, maintenance free and easy to deploy. The sensors or sensor
systems will also require some level of intelligence in order to determine whether the
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sensor data retrieved from the field is of importance, and perhaps also in what context
it is important so that an appropriate automated or human response can be instigated.
Furthermore, and perhaps the greatest challenge of all, sensors should provide informa-
tion on a wide range of water contaminants in order to reduce wide array of instruments
required currently for the purposes of quality monitoring.

In order to support the current requirements of the water industry to preserve our lim-
ited fresh water supplies, this book aims to promote the discussion on current trends in
water quality monitoring, including topics such as sensors, the supporting technologies
and also some of the issues which are emerging currently from a research perspective.
After a peer-review processes we have selected 12 work presentations that cover various
aspects of water quality monitoring.

The book focuses on three main themes; literature review, examples of technology
and practice and supporting technologies/future trends. Thus the book begins in Chap-
ter 1 by providing a very general overview of the current contaminants of concern for
the wastewater industry and the available sensor technologies with which these con-
taminants have been detected to varying extents. Popular systems in use by industry
(such as ultraviolet and mass spectroscopy) are discussed in addition to some technolo-
gies which are still within the research domain. This is continued in Chapter 2, which
discusses the detection of phosphates in sea water, comparing the available spectropho-
tometric technologies for this purpose. The chapter then continues by discussing the
future potential of electrochemical techniques, and this is supplemented by Chapter 3
which describes fluorescence and phosphorescence chemical sensors applied to water
samples. Chapter 4, written by group in Spain well known for the work in the area of
voltammetric electronic tongues, discusses the principle and application of this technol-
ogy in the case of water contamination analysis. Finally for the literature review section,
Chapter 5 discusses the automation of water analysis systems with a focus particularly
on Sequential Injection Analysis.

While it is interesting to have a good background of the available technologies and
how devices operate or perform, many also find it interesting to see the implementation
or results of practical use of such systems. From such examples we gain experience
of the challenges faced when deploying sensor systems, and truly get a feeling for the
current state of technology. Thus, the next section of the book focuses on this area,
beginning with Chapter 6, which discusses an optical system from initial design to in-
dustrial prototype and shares real-world results and associated experiences, including
aspects such as biofouling which is a pressing concern for many long-term sensor sys-
tems in aquatic environments. Chapter 7 describes and critically analyses the results
of a survey in Guyana, where a number of sites were tested using an ultraviolet spec-
troscopy method to determine if their nitrate contamination levels were within accept-
able limits. Chapters 8 and 9 present the use of electromagnetic and microwave sensor
devices respectively for water monitoring and analysis, offering an alternative to the
almost standard optical methods which have seen reasonably widespread commercial
adoption in recent years. This section is then rounded off with work from a group in
China, who have been looking at water monitoring in an alternative sense to the other
works presented in this book; i.e. considering the quality of water in fish farming.
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The final section of this book is intended to offer a glimpse into the future of water
monitoring and quality systems. Chapter 11 looks at how Information and Communica-
tion Technology (ICT) is or can assist in the water industry to become more responsive
to contamination occurrence. While this chapter is not focused on sensors particularly,
we must remember that sensors themselves are not standalone devices. Instead, they
require a wide range of support from ICT including data transport and storage, data
evaluation and also appropriate presentation. Thus, it must be recognized that ICT has
an important role to play in the monitoring of water quality in order to ensure key
objectives are met, including stakeholder participation, pollution and water quality con-
trol, monitoring for emergency prevention and detection, economic and financial man-
agement, information management and smart water distribution. Chapter 12 takes an
alternative course, looking not at sensors or sensor systems, but rather at emerging con-
taminants. While this book is dominantly focused on sensors and is intended to help
promote discussion regarding the technology, it is important that we remain focused on
the challenges faced in the real world; the current ones, and the ones we are likely to
face more and more in the future. Hence, Chapter 12 provides a timely and welcome
conclusion to this book by helping us establish also the types of contaminants we need
to be detecting in the future.

This book is written for academic and industry professionals working in the field
of water quality monitoring, and is positioned to give an overview to the state of this
discipline in relation to the sensors available and envisaged for the future, in addition
to the issues faced in their implementation and the diverse range of contaminants that
they must be able to detect.

We would like to express our appreciation to our distinguished authors of the chap-
ters whose expertise and professionalism has certainly contributed significantly to this
book.

Alex Mason, Guest Editor
Built Environment and Sustainable Technologies Research Institute

School of Built Environment
Liverpool John Moores University

Liverpool
United Kingdom

A.Mason1@ljmu.ac.uk

Subhas Chandra Mukhopadhyay, Guest Editor
School of Engineering and Advanced Technology (SEAT)

Massey University (Manawatu Campus)
Palmerston North

New Zealand
S.C.Mukhopadhyay@massey.ac.nz
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G.A. Ibañez, G.M. Escandar

Monitoring Wastewater Treatment Using Voltammetric Electronic
Tongues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
J. Soto, I. Campos, R. Martı́nez-Máñez
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Monitoring Pollutants in Wastewater: Traditional 
Lab Based versus Modern Real-Time Approaches 

O. Korostynska, A. Mason*, and A.I. Al-Shamma’a 

Built Environment and Sustainable Technologies (BEST) Research Institute,  
Liverpool John Moores University,  
Byrom Street, Liverpool, L3 3AF, UK 
A.Mason1@ljmu.ac.uk 

Abstract. Clean water – the most natural and yet the most precious natural resource 
that mankind needs. Current quality assessment methods of water parameters are 
mainly laboratory based, require fresh supplies of chemicals, trained staff and are 
time consuming. The ever-growing demand for simple, real-time and reliable 
techniques for the detection of pollutants and contaminants in the environment has 
sparked the development of remote detection and monitoring systems which include 
application specific sensors, instrumentation and signal processing. Real-time water 
quality monitoring is essential for National and International Health and Safety, as it 
can significantly reduce the level of damage and also the cost to remedy the problem. 
This book chapter critically compares the capabilities of traditional lab based and 
modern in situ methods for real-time wastewater quality monitoring and suggests 
further developments in this area. 

Keywords: water quality monitoring, in situ analysis, optical methods, mass 
spectrometry, lab on chip sensors, electromagnetic waves, microwave sensors, solid-
state sensors, amperometric detection. 

1 Introduction 

The increasing worldwide contamination of water sources with thousands of 
industrial and natural chemical compounds is one of the key environmental problems 
facing humanity. Approximately 3 billion people do not have access to safe drinking 
water, which is linked to over 35% of all deaths in developing countries. The World 
Health Organization (WHO) cites water borne illnesses as a major factor in 1.8 
million deaths each year of which 88% are children in developing countries. 
Prediction models estimate that global consumption of water will double in the next 
20 years, yet water quality assurance is singularly undervalued and poses a significant 
threat to global health. Water distribution systems are vulnerable to intentional and 
inadvertent contamination. Despite many technological advances, significant work 
remains to be accomplished for the purification of water. 

                                                           
* Corresponding author. 
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Consumers expect water supply companies to deliver safe drinking water that meets 
both health quality standards and aesthetic requirements such as color, turbidity, taste 
and odor. The European Water Framework Directive (WFD) requires the monitoring 
of water systems in the European Community with the goal of maintaining and 
improving these systems [1]. Continuous assessment of source waters and the aquatic 
systems that receive inputs from industrial waste and sewage treatment plants, storm 
water systems, and runoff from urban and agricultural lands is vital. The 
implementation of the WFD has triggered the need for new methods and systems 
which enable the monitoring of chemical and biological pollutants in real time. 

Water quality assessments are based on the analysis of the physical, chemical and 
bacteriological parameters and require customized apparatus and trained staff. 
Environmental water monitoring includes measurements of physical characteristics (e.g. 
pH, temperature, conductivity), chemical parameters (e.g. oxygen, alkalinity, nitrogen 
and phosphorus compounds), and abundance of certain biological taxa. Monitoring 
could also include assays of biological activity such as alkaline phosphatase, tests for 
toxins and direct measurements of pollutants such as heavy metals or hydrocarbons. In 
daily use there are up to 70,000 known [2] and emerging [3, 4] chemicals that might be 
present in various water resources, including for drinking water production. Notably, 
approximately 860 active compounds are currently formulated in pesticide products, 
and these compounds belong to more than 100 substance classes, among them 
benzoylureas, carbamatea, organophosphorous compounds, pyrethroids, sulfonylureas 
and triazines are the most important groups [5]. The chemical and physical properties of 
the pesticides can differ significantly; for example, they might include heteroatoms such 
as halogens, phosphorous, sulfur or nitrogen. These properties are relevant for the 
detection of pesticides by various analytical methods. In May 2007, the European 
Parliament proposed increasing from 33 to 61 the toxic products covered by European 
legislation on water quality. Forty five of these were classified as priority substances 
and should no longer be used by 2015. 

There is an acute need in on-line monitors that are able to detect the excess of 
pollutants established by the official water quality regulations. Ultra-sensitive sensors 
are required, as standards are often close to the modern limits of detection, e.g. the EU 
pesticide standard of 0.1 μg/L [1]. Multi-parameter water quality monitors, or sensor 
panels, are mainly used in finished water, i.e. in water which has been treated and is 
ready for consumption. Typical parameters and techniques used in these monitors are 
listed in Table 1. Single probes or combinations of sensors are commercially 
available, enabling water utilities to monitor the quality of processed water. There are 
difficulties with independent validation of these systems as the methods and 
algorithms employed are commercially sensitive.  

The quality of treated wastewater is primarily defined by the measurement of 
global parameters such as Biological Oxygen Demand (BOD), Chemical Oxygen 
Demand (COD), Total Organic Carbon (TOC) and Total Suspended Solids (TSS) [6]. 
However, wastewater is one of the most difficult sources of contaminants to deal 
with, as it carries micro-pollutants such as pharmaceuticals and hormonally active 
substances [7]. Table 2 lists current techniques in monitoring wastewater quality and 
their limitations [8].  
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Table 1. Most commonly measured water parameters and associated sensing technologies 

Parameter being measured Sensing technology 

Aluminium  Colorimetry; Atomic Absorption Spectrometry 
Antimony  Atomic Absorption Spectrometry 

Ammonia  
Colorimetric (Manual; Nessler’s Reagent; Automated; Berthelot 
Reaction); Ion selective electrode 

Chlorine 
Colorimetric; Membrane electrode; Polarographic membrane; 3-
electrode voltametric method  

Conductance 
Conductivity cell; annular ring electrode; nickel electrode; 
titanium or noble metal electrode 

Dissolved oxygen 
Membrane electrode; 3-electrode voltametric method; optical 
sensor 

Ions (Cl-, NO3-, NH4+) Ion-selective electrodes 
Oxidation-Reduction Potential 
(ORP) 

Potentiometric; platinum or noble metal electrode 

pH 
Titration with Sodium Hydroxide; proton selective glass bulb 
electrode, proton selective metal oxide; Ion Sensitive Field 
Effect Transistor (ISFET) 

Phosphates  Manual or Automated Colorimetry 
Temperature Thermistor 

Total Organic Carbon (TOC) 
UV-persulfate digestion with near infrared detection or 
membrane conductometric detection of CO2 

Turbidity Optical sensor; Nephelometric (light scattering) method 

Table 2. Status of current techniques in monitoring wastewater quality and their limitations 

Parameter Technique Limitations 

BOD 
Non-specific sensor array 
(electronic nose) 

Relationship is source/site specific and time 
dependent, further development needed 

BOD, COD 
Oxidation by hydrogen 
peroxide with UV light 

Limited range and long (~55 min) measurement 
times, range and correlation are source 
dependent 

OD, COD, TOC, 
TSS, Nitrates and 
anionic 
surfactants 

UV spectral measurements 
and multivariate 
calibration 

Sample handling is problematic, acquisition of 
reference spectra and calibration necessary for 
samples of different origin 

BOD, nitrates, 
(TOC and COD) 

Optical scattering 
(fluorescence) 

Still in infancy, research needed, fluorescence 
affected by pH and temperature, correlation 
with BOD is plant sensitive. 

BOD UV adsorption (280 nm) 
Poor sensitivity, uses only one wavelength, 
interferences from particles and toxic metals 

COD, TOC UV adsorption 
Immerged sensor (fouling), influence of 
suspended particulate material 

RQ value 
Off-gas analysis (CO2 and 
O2) 

Does not distinguish C-oxidation from N-
removal, only big changes in nitrification 
activity can be monitored 

COD, NH4, NO3 

Artificial neural network + 
multi sensor (pH, temp, 
conductivity, redox 
potential DO, turbidity) 

Approximate estimation, training needed, 
problems in case of sudden changes in 
wastewater composition, reliable for a short 
period only 
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This chapter provides a critical review of the currently available lab based and 
state-of-the-art real-time methods of water pollutants monitoring, in particular for 
monitoring of nitrates and phosphates. The presence of nutrients and heavy metals in 
water is a serious threat to human health [9]. Phosphorus is widely used as an 
agricultural fertilizer and within domestic detergents. Phosphates can exist in 
wastewater in several forms depending on the source/nature of the discharge but are 
generally grouped within three broad classes: orthophosphates, condensed phosphates 
(pyro-, meta- and poly-) and organic phosphorus [10]. 

From an environmental perspective, the concentration of phosphate in water is 
crucial due to its role in eutrophication [11]. Nitrate fertilizers are increasingly used in 
agriculture, the quantity of nitrate leaching from fields into rivers and ground waters 
is increasing cumulatively. Once nitrate has entered the body it can be reduced to 
nitrite by bacteria in the stomach and further incorporated into carcinogenic N-
nitrosamine compounds [12]. Nitrate is also an important analyte for environmental, 
food and human health monitoring and thus its detection and quantification is 
essential. Traditionally phosphates and nitrates were monitored manually by 
collecting and filtering samples which were later analyzed in a laboratory. Various 
detection strategies for phosphate include phosphate ion selective electrodes based on 
potentiometric techniques, indirect voltammetric detection based on the reaction of 
phosphate with various metals and associated complexes, and the development of 
sensors exploiting enzymatic reactions [13]. These methods are also used for the 
detection of other water pollutants, as described further in the chapter. 

Current measurements of nutrients, such as phosphorous, ammonia and volatile 
fatty acids in water are mostly based on off-line monitoring and imply low frequency 
data sampling and delay between sampling and availability of the results. However, in 
past years there has been a growing interest in the use of on-line monitoring systems 
able to distinguish abnormal changes from normal variations [14, 15] for reasons of 
lower costs, faster response time and due to security concerns. 

2 Current Technologies: Standard UV-Vis Optical Methods 

The main method for phosphorus detection is using a photo sensor which measures 
the wavelength of a distinct color (e.g. blue or yellow) that results from a chemical 
reaction between phosphorus and special reagent [10]. The concentration of the 
resultant dye indicates the concentration of phosphorus in the sample. Fig. 1 shows 
conceptual diagram of the two standard UV-Vis optical methods, namely the 
molybdenum blue method and the vanadate / molydate yellow method [16]. In the 
molybdenum blue method, in an acidic medium, orthophosphate bonds with 
ammonium molybdenic to form phosphoric acid. With the aid of reducing agents this 
forms phosphorus molybdenum blue and photometric measurement then determines 
the dye intensity at 880 nm for the blue color. The vanadate / molydate yellow 
method is as follows: in acids, orthophosphate ions react with ammonium molybdate 
and ammonium vanadate to form yellow ammonium phosphoric vanadomolybdate, 
which can be analyzed at 380 nm using a photometric sensor [10].  
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a) 

b) 

Fig. 1. Conceptual diagram of standard UV-Vis optical methods: a) Molybdenum blue method, 
b) Vanadate / molydate yellow method [16] 

Most of the reported wastewater UV-Vis spectrometric applications are based on 
visual observation and direct comparison of the UV-Vis spectra. A few examples of 
commercially available systems are given below. 

2.1 Examples of Commercially Available Systems  

Hach Lange1 is probably one of the most known and reputable suppliers of equipment 
and chemicals for various lab based measurements, and especially for screening of 
water parameters. They provide a broad spectrum of analytical techniques that are 
considered as a standard by many industrial and utilities companies. 

Hache Lange are not alone however; EnviroTech Instruments offers, for example, a 
field-deployable nutrient analyzer system available in single or dual channel 
configurations that may be "daisy-chained" to provide up to six channels of 
simultaneous chemical analysis. Parameters include nitrate, phosphate, ammonia, 
silicate, chloride, iron and urea. Sampling pump control and a cellular modem 
interface for real-time / on-line data are built-in. AutoLAB 4 has a very low 
maintenance requirement and incorporates easy-load reagent storage for maximum 
up-time and onsite service. 

The AutoLAB 4 system employs well established wet-chemistry to determine 
nutrient concentrations via standard analytical techniques. This allows direct 
comparison with laboratory data and avoids interferences and fouling problems 
intrinsic with optical systems. AutoLAB is a discrete (not flow-type) analyzer and so 
avoids problems with clogging and tube wear. The discrete analysis methods  
allow short sampling times, in-situ self-calibration and automatic maintenance.  

                                                           
1 Full details can be found at http://www.hach-lange.com/ 
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Beam attenuation from the color reaction is recorded. It detects nitrate at a range of 0-
5 mg/L at 543 nm wavelength and phosphate in 0-0.8 mg/L range at 880 nm, both 
with 0.003 mg/L sensitivity. 

TresCon on-line water analysis systems, offered by WTW Measurement Systems 
Inc., in Ft. Myers, Florida, allow for the continuous determination of ammonia, 
phosphate, nitrate, or nitrite in most water and wastewater processes. TresCon is a 
modular device that can be configured to monitor one, two, or three of the parameters 
mentioned simultaneously. To operate the TresCon system, a continuous supply of 
water to be analyzed is required. A flow rate of 2-3 liters/hour is sufficient. The 
analyzer continuously "sips" from this sample stream, and feeds the sample to the 
measurement modules installed. In the ammonia module, the sample is mixed with a 
basic reagent to raise the pH. This converts ammonium compounds to gaseous 
ammonia which is sensed by an ammonia-sensitive electrode. In the nitrate module, a 
UV light source is used and absorption at two wavelengths determines the nitrate 
concentration. Phosphate is determined photometrically: the sample is mixed with a 
molybdate-vanadate reagent. However, the data on sensitivity and range are not 
available. 

Another example of a commercially available system for water quality 
measurement is the ChemScan UV-6100 Analyzer, manufactured by Applied 
Spectrometry Associates (ASA) Inc., Waukesha, WI. USA, which was considered by 
The City of Calgary’s Sewer Divisions as the most economical system for 20-year 
operation. The UV-6100 analyzer system is an on-line UV spectrometer capable of 
measuring the concentration of multiple dissolved chemical constituents of an 
aqueous sample with a single analyzer. It works by transmitting UV light through the 
sample. A portion of the light is absorbed by the chemical constituents and the 
analyzer splits the resulting light into 256 individual wavelengths from 200 to 450 
nm. The spectral signature is analyzed using Chemometrics, a pattern recognition 
technique, to calculate the concentration parameters.  

Parameters that absorb light naturally, such as nitrate, can be analyzed without the 
addition of reagents. Parameters that do not have adequate natural light absorbing 
characteristics must be conditioned through the addition of chemical reagents. 
Orthophosphate is determined using a secondary chemical method. The 
orthophosphate is combined with ferric at a low pH in the sample conditioning unit. 
The analyzer measures the resulting combined spectra and uses the Chemometric 
algorithm to determine the orthophosphate concentration. The reported phosphate 
operating range is from 0.01 mg/L to 5.0 mg/L, while nitrate can be measured in a 
range from 0.5 mg/L to 20.0 mg/L. 

2.2 Limitations of the Optical Methods of Detection 

Sensors based on colorimetric UV spectral measurements are widely used in 
commercially available systems [17], but they all suffer from a number of limitations. 
In particular, sample handling is problematic, and the acquisition of a reference 
spectra and calibration process are necessary for samples of different origin.  
Although the methods for the determination of phosphate such as colorimetry or 
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spectrophotometry are still predominant in a standard utilities operation [4, 17], they 
do not lend themselves particularly well to in-situ analysis due to the use of 
potentially toxic agents and lengthy preparation and analysis times. There are two 
main drawbacks: 

• Linearity between the concentration of a compound and its absorbance 
performance differs from compound to compound. Therefore it is hard to identify 
a compound based on a single spectral wavelength. Only the ratio between 
different wavelengths can assist identification. 

• Secondly, only a small fraction of the potential compound array in water absorbs 
light with wavelengths from 190 to 850 nm.  

This means that UV-Vis spectroscopy must be combined with other techniques to 
cover a larger compound spectrum. IR, Raman and X-ray fluorescence spectroscopy 
are new techniques for on-line chemical water quality monitoring, but many 
challenges must be overcome before these techniques can be used routinely. An 
alternative approach is to develop fiber optic, potentiometric or electrochemical 
biosensors [18] as they have the potential to be used in-situ, and when combined with 
hand-held instrumentation [9], offer a high degree of selectivity and specificity and 
may be operated by lay personnel. 

3 Mass Spectrometry for Water Micro-Pollutants Control 

Surface water reservoirs and aquifers are exposed to contamination by thousands of 
micropollutants from industrial, pharmaceutical, agricultural and natural origins. 
Traditionally, the monitoring of contaminant levels was based mainly on gas 
chromatography mass spectrometry (GC-MS and GC-MS/MS) a method that involves 
multistep sample preparation and has low specificity. Nowadays, liquid 
chromatography with UV/fluorescence tandem mass spectrometry (LC-MS/MS) has 
become a routine analytical tool and a key technique for environmental analysis, 
allowing the detection of a wide range of polar and nonvolatile compounds [19]. The 
use of this method has increased the specificity and confidence of identification, while 
reducing sample preparation to a minimum. Thus, one of the major challenges of 
water analysis is to reduce sample preparation to achieve direct analysis by LC-
MS/MS detection; that is, analysis without the need to concentrate ultra-trace-level 
contaminants in the water sample.  

3.1 Atmospheric Pressure Ionization 

Liquid chromatography mass spectrometers can be equipped with several mass 
analyzers, each of which provides unique features able to identify, quantify, and 
resolve ambiguities by selecting appropriate ionization and acquisition parameters 
[19]. Despite the enormous variability in the chemical features of water pollutants, 
most can be ionized by atmospheric pressure ionization (API) methods. The most 
common ionization method for residue analysis by LC-MS/MS is electrospray 
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ionization (ESI), which is suitable for the analysis of most of the compounds that 
pollute water. The use of LC-ESI-MS/MS for the detection of 500 pesticides in food 
and water samples was tested by Alder et al [5]. 

Less polar compounds, which can be separated using reverse phase 
chromatography, require higher ionization energy. For these compounds, atmospheric 
pressure chemical ionization (APCI) is usually the method of choice for LC-MS/MS 
analysis [19]. For example, APCI was used for the analysis of organochlorine 
pesticides in surface waters [20] and for the detection and identification of rotenone in 
lake and river waters [21]. 

3.2 Liquid Chromatography/Quadrupole Time-of-Flight Mass 
Spectrometry 

The inherent characteristics of time-of-flight (TOF) mass analyzers — high 
resolution, mass accuracy and good sensitivity in scanning wide mass ranges — make 
these analysers well-suited to the analysis of pesticide residues in water samples, 
mainly for qualitative purposes [22]. The hybrid quadrupole-TOF (QqTOF) permits 
the pre-selection of a precursor ion in the quadrupole filter and the measurement of 
the full-scan product ion spectra with high mass accuracy, which makes it one of the 
most valuable modern lab-based technique for elucidating unknown compounds in 
environmental waters [23]. For example, the QqTOF system was used for the 
detection of 22 triazole compounds including parent fungicides and metabolites in 
water with a limit of detection of 0.5 ppb [24]. 

3.3 Triple Quadrupole and QTrap Technologies 

Triple quadrupole instruments (QqQ) operating in multiple reaction monitoring mode 
(MRM) achieve the best absolute sensitivity for targeted compounds. QqQ 
instruments exhibit excellent quantitation abilities owing to their wide linear dynamic 
range. For these reasons, and because of the relative simplicity of the MRM analysis, 
this technology has become the most common method for environmental analysis for 
contaminant residues by LC-MS/MS [19]. The MRM analysis introduces high 
specificity as it is based on the detection of both a parent ion and one of its known 
fragments. Another dimension of specificity can be introduced with the unique 
combination of a linear ion trap in the third quadrupole (QTrap) and an online 
information-dependent driven workflow that provides a full scan linear ion trap 
spectrum to confirm of the identity of compounds detected by MRM. 

For increased specificity, the European Union regulatory authorities require the 
identification of a residual compound in water samples using one of three approaches: 
a high accuracy MS spectra with a resolution of >10000 (e.g. as obtained with 
QqTOF instruments); an MRM identification based on two different MRM transitions 
and their ratios (e.g. using QqQ instruments); or a single MRM transition combined 
with a full scan MS/MS spectrum (e.g. QTrap instruments) [19]. 
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4 Fiber Optic Sensors for Real-Time Water Quality Monitoring 

Fiber optic sensors are used in combination with the UV-Vis methods of water 
contaminants detection discussed above. Normally an optic fiber is suitably doped to 
produce luminescence when exposed to an excitation light source. Glass fibers are 
either doped with a rare earth metal or activated with a transition metal. Polymeric 
fibers are doped with a dye. The fibers have fast response and decay times and can 
achieve high efficiency through the design of appropriate delivery optics. Fiber optic 
systems are particularly suitable for harsh and difficult to reach places. The design 
and selection of the fiber determines the peak wavelength of the output illumination; 
options exist to span the UV–Vis–NIR spectrum. A detailed review of the recently 
reported fiber optics based systems provides in-depth analysis of these systems for 
various water contaminants monitoring [25]. Notably, the coating of the fiber 
determines the sensitivity and selectivity of the sensor and research is continuing to 
develop novel materials that would suit the need of a particular sensing task [26, 27]. 

5 Pollutant Monitoring Using Amperometric, Potentiometric 
and Conductimetric Sensors 

Amperometric, potentiometric and conductometric sensing approaches are widely 
used in the measurement of pollution in water [28]. These sensors change their 
properties as a result of interaction with the component being measured. The species 
of interest are either oxidized or reduced at the working electrode causing a transfer of 
electrons, thus generating a measureable signal. This change can be recorded as a 
change in the output signal, i.e. output voltage, current, change in conductivity, 
capacitance or dielectric constant – whatever parameter gives the most pronounced 
sensor response [29]. 

For example, a portable amperometric three-electrode immunosensor for screening 
of polycyclic aromatic hydrocarbons (PAHs) in water was recently reported [28]. In 
particular, amperometric detection is based on the measurement of current when a 
potential is applied to the working and reference electrodes of the system.  

Potentiometric detection is attractive since it possesses numerous advantages when 
considering the development of real-time sensing technologies, as the recording 
instrumentation is cost-effective and highly portable. Potentiometric DO detection is a 
better choice when dealing with fast changing large range of oxygen concentration, 
which cannot be accommodated by amperometric detection. A study on the 
performance of a Cu2O-doped RuO2 sensing electrode used in a solid-state 
potentiometric DO sensor in terms of both sensor capability and bio-fouling resistance 
for utilization in aqueous environments was recently conducted [30]. However, the 
acquisition of sufficient selectivity and sensitivity to operate at the concentrations 
below 0.1 ppm remains problematic for these sensors. Various potentiometric 
approaches to detect phosphate typically fall within one of five main categories, as 
illustrated in Fig. 2. 
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Although amperometric and conductimetric sensors are widely employed for 
various sensor systems, their use for monitoring of nitrates and phosphates in 
wastewater is in its infancy not least due to the limited research to find suitable 
materials that would provide not only desired sensitivity and selectivity, but also long-
term stability and reusability of sensors. 

 

Fig. 2. Potentiometric detection methods 

6 Biosensors 

The presence of microorganisms in water is generally assessed with five indicators, 
such as total coliform, fecal coliform, fecal streptococcus, enterococcus, and 
Escherichia coli. To protect public health, microbiological standards have to be met at 
each individual treatment works and service reservoir. Notably, the presence of 
various microorganisms in water, including salmonella, campylobacter, listeria, 
Bacillus cereus and Escherichia coli O157:h7 is a natural and unavoidable 
occurrence, but the level of these bacteria should be strictly monitored in real time. 
Infectious doses of these pathogens (as low as ~10 bacterial cells) increase the 
vulnerability of the elderly, infants, and people with immunological deficiencies or 
organ transplants [31]. In recent years, there has been greater recognition of the 
importance of biosecurity in relation to protection of the environment [32]. 

Examples of molecular methods used to identify specific microorganisms and to 
assess microbial community diversity using DNA sequences [33] are listed in Table 3. 
These methods are applicable for detecting and identifying microorganisms present in 
water (e.g. fecal indicators, pathogens) and examining community composition using 
microbial community DNA [34, 35]. 



Monitoring Pollutants in Wast

 

Biosensors have been 
medicine, food, process 
monitoring including water
which converts a biological
components: a bioreceptor
analyte and a transducer, 
electrical signal [32]. A bi
enzyme, antibody, nucleic
optical, electrochemical, th
or combinations of one or m

Table 3. Status of curren

Tool Descri

Direct hybridization Detect

PCR, RT-PCR 
Rapid,
genes, 

RAPD, RFLP, AFLP, 
AP-PCR, DGGE, T-
RFLP, RFLP, ARDA 

PCR-b
microb
microb
commu

Q-PCR, real-time 
PCR 

Rapid,
target 

Fluorescent in situ 
hybridization (FISH) 

Allows
cells 

Fig. 3 shows schematic
target analyte and the cor
equivalent electrical signal
can be visualized with bio
amplifier in the biosensor r
delivers a large output sign
signal. The amplified signa
later be stored, displayed an

Fig

ewater 

widely applied to a variety of analytical problems
industries, security, defense and for environmen

r quality assessment. A biosensor is an analytical dev
l response into an electrical signal. It consists of two m
r or biorecognition element, which recognizes the tar
for converting the recognition event into a measura
oreceptor can be a tissue, microorganism, organelle, c

c acid and biomimic etc. and the transduction may 
hermometric, piezoelectric, magnetic and micromechan
more of the above techniques. 

nt genomic tools that can be used to assess water quality [36] 

iption Current status 

tion of genes, gene expression 
Requires sequence 
knowledge and DNA to lab
for probe 

, sensitive detection of specific taxa, 
or gene expression (RT-PCR) 

In wide use, requires DNA 
sequence information 

based, provides “fingerprint” of 
bial community or the genome of 
bial strains. Useful for description of 
unity composition and source tracking 

Widely used 

, sensitive, quantitative detection of Use increasing rapidly, 
requires sequence knowled

s detection, visualization of individual Widely used, requires 
actively growing cells.  

c diagram of a biosensor. The bioreceptor recognizes 
rresponding biological responses are then converted i
ls by the transducer. The bioreceptor-protein interacti
osensors at μg/L levels (or even the sub-μg/L level). T
responds to the small input signal from the transducer 
al that contains the essential waveform features of an in
al is then processed by the signal processor where it 
nd analyzed.  

g. 3. Schematic diagram of a biosensor 

11 
 

s in 
ntal 
vice 

main 
rget 
able 
cell, 

be 
nical 

bel 

dge 

the 
into 
ions 
The 
and 

nput 
can 

 



12 O. Korostynska, A. Mason, and A.I. Al-Shamma’a
 

 

Protein based biosensors have been developed for a series of chemical pollutants, 
but their sensitivity depends on the physical detection principle used and the affinity 
of the protein-analyte interaction. Their robustness is influenced by the selectivity of 
the interaction. Matrix effects can influence the binding between analyte and protein. 
Since water quality is variable, matrix effects are inevitable and result in a high rate of 
false positives and negatives, so regeneration or replacement of disposable reagents is 
needed between measurements.  

Examples of analytes measured with biosensors are: propanil, atrazine, isoproturon, 
sulphamethizole, bisphenol A, estrone, 17ß-estradiol equivalents, nonylphenol, benzene, 
toluene, xylene, prometryn, trichloroetylene, ametryn, terbuthylazine, simazine, 
benzenesulfonamide, caffeine and so forth.  

Biosensors for the determination of phosphate are normally based on mono- or 
multi-enzymatic reactions where phosphate acts as an inhibitor or substrate [12]. For 
example, an amperometric phosphate biosensor, based on a cobalt phthalocyanine 
screen-printed carbon electrode (CoPC-SPCE) was recently reported [11] to be 
successfully applied to the measurement of phosphate in pond water samples and a 
linear range of 2.5–130 μM with a limit of detection of 2 μM was obtained under 
optimal conditions, exhibiting a response time of ~13 s.  

Also, a highly selective and sensitive monohydrogen phosphate membrane sensor 
based on a molybdenum bis(2-hydroxyanil) acetylacetonate complex (MAA) was 
reported in [37]. This sensor showed a linear dynamic range between 1.0×10−1 and 
1.0×10−7 M, with a detection limit of 6.0×10−8 M (∼6 ppb). The best performance was 
obtained with a membrane composition of 32% poly(vinyl chloride), 58% benzyl 
acetate, 2% hexadecyltrimethyl-ammonium bromide and 8% MAA. The sensor 
reportedly possesses additional advantages of short response time, very good 
selectivity towards a large number of organic and inorganic anions and is claimed to 
be suitable for at least 10 weeks usage without any considerable divergence in its 
slope and detection limit [37]. 

Nitrate concentrations are routinely determined using a method whereby nitrate is 
reduced to nitrite with a copper activated cadmium catalyst and the nitrite 
concentration is determined colorimetrically by its reaction with sulphanilamide and 
N-1-naphthylendiamine [12]. However, this method requires careful control of acidity 
during each step of the process and as such cannot be directly used as a real-time 
water quality monitoring system. 

It is beyond the scope of this chapter to discuss in detail all the methods, but 
notably, the application of the electrochemical sensing devices to phosphate and 
nitrate detection has not always been successful. He most common problems 
encountered and possible approaches that may be taken to solve them were discussed 
in [13]. 

Importantly, testing of new biodevices with real wastewater samples is a must in 
the final stages of a real-time monitoring system development, but most literature 
overlooks this stage and only reports applications being tested in either distilled water 
or buffer solutions. Therefore, the study of matrix effects, stability issues and 
comparison with established methods are still crucial steps to be made. 
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7 Systems Based on Specifically-Sensitive Electrodes 

7.1 Microelectrodes for Phosphate Detection 

Due to the difficulty of miniaturizing traditional phosphate detection facilities and the 
problems with the classical colorimetric methods, a new approach, using phosphate 
sensitive materials to make the electrodes and detecting the concentration of 
phosphate by an electrochemical method has attracted increasing attention [38]. The 
phosphate ion sensitive electrode is one of the most important parts in the sensing 
system. Most reports on Co-based phosphate sensors have used a bulk Co-wire as the 
working electrode and used another isolated cell as the reference electrode. Potential 
response originates from a mixed potential due to slow oxidation of Co and 
simultaneous reduction of oxygen, and this response is directly based on the 
formation of Co3(PO4)2 precipitate on the surface of Co electrodes [39]. 

Reportedly, a microelectrode with a tip size ∼10 µm fabricated with cobalt wire 
was designed for in-situ and in vivo environmental analysis of orthophosphate ions 
(HPO4

2− and H2PO4
−) that evaluates the wastewater phosphorus removal system and 

for biological applications [40]. Cobalt is known as a phosphate-sensitive electrode 
material, since oxidized surfaces of metallic cobalt could be used as a selective 
potentiometric sensor for phosphate [41]. General schematics of a phosphate 
microelectrode are illustrated in Fig. 4. It has a micro-sized tip, a cobalt wire enclosed 
in a lead glass micropipette, which also contains bismuth alloy and a copper wire for 
electrical connection. The detection range of the phosphate microelectrode was in the 
range of 10−5 to 10−1 M and the detection limit of the phosphate microelectrode was 
7.5×10−5 M, while the response time during the evaluation was less than 1 min [40]. 

Electrochemical sensors offer a suitable platform for the development of 
microsystems for the remote detection and monitoring of pollution in waters. These 
sensors can be mass fabricated using the manufacturing technologies available to the 
microelectronics industry and their miniaturization improves their performance. 

 

Fig. 4. General schematics of phosphate microelectrode [16] 
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7.2 MEMs Microelectrode Array Sensors 

Microelectrode arrays have unique properties such as an improved mass-transport 
towards the microelectrode surface and a reduced ohmic drop, which both contribute 
to a higher sensitivity and hence, make them suitable for water-monitoring 
applications [42]. 

The major advantages of the micro-electro mechanical systems (MEMs) 
microelectrode array sensors (Fig. 5) include the ability to penetrate samples to 
perform measurements, small tip size for in situ measurements, array structure for 
higher robustness, and possibility of multi-analyte detection.  

 

Fig. 5. Microelectrode arrays sampling water 

For example, a cobalt-based MEMs microelectrode array sensors for direct 
measurement of phosphate in small environmental samples, such as microbial 
aggregates, has been introduced and applied for in situ measurement of phosphate 
within activated sludge floes in the enhanced biological phosphorus removal process 
as reported in [43]. These microelectrodes performed linearly and exhibited high 
sensitivity toward the phosphate ions in the range 10-5.0 to 10-25 M KH2PO4 solution at 
pH 7.5.  

A similar MEMs type phosphorus microsensor with a microdigestion system 
(which converts various forms of phosphorus to phosphate) was reported in [38], 
where a cobalt metal film was introduced as the sensing material of the 
microelectrodes. The micro digestion chip is constructed with a silicon microfluidic 
device for the digestion of total phosphorus to phosphate. Three inlets are needed for 
digestion solution, water sample to be measured and cleaning solution that used to 
clean the channels and electrodes. Since the water sample to be measured needs to be 
digested at 120 °C for 30 min under a pressure of 1.14~1.2 MPa before flow onto the 
micro phosphate sensitive electrodes, a micro heating electrode is placed under the 
digestion well, and a micro temperature sensor is coupled with the heating electrode. 
However, the presence of a micro digestion bioreactor can be seen as both advantage 
for enhanced sensitivity, but a drawback for a real-time unmanned water monitoring 
system. 

Microfluidic technology is used to minimize the volumes of reagent and sample 
required. The sensor is based on the yellow method for phosphate determination, 
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using a simple colorimetric technique involving the formation of vanado-molybdo-
phosphoric acid when a phosphate-containing sample is mixed with an acidic reagent 
containing ammonium molybdate and ammonium meta-vanadate. A yellow-colored 
compound is generated and the absorption of this compound is measured using a light 
emitting diode (LED) light source and a photodiode detector. The absorption is 
directly proportional to the phosphate concentration in the original sample. 

However, due to the fragile nature of these sensors, they are capable of direct 
phosphate measurements only in small biological samples to enable in-situ analysis in 
many biological applications, but hardly for real-time long-term wastewater 
monitoring. A small volume of measured solution around the cobalt electrode is 
preferred, since the cobalt electrode deposited by sputtering [38] will dissolve when it 
is working as the sensing element. As a result, multiple long-term measurements with 
this system are a challenge. 

7.3 Lab-on-Chip Sensors 

Lab-on-chip and electrochemical sensing-based portable monitoring systems appear 
well suited to complement standard analytical methods for a number of environmental 
monitoring applications, including water quality monitoring. The concept of a lab-on-
chip type system started from the integration of the various chemical operations 
involved in conventional analytical processes in a laboratory, such as sampling, 
preparation, mixing, reaction, and separation into a single unified system, requiring 
only a tiny volume of chemicals and sample and only a fraction of the time needed for 
the conventional approach. 

Modern lab-on-chip is a complex system that combines amperometric/conductimetric 
sensor, microelectrodes and MEMs arrays, often along with microfluidics facilities.  
These techniques were discussed in previous sections.  

The design, fabrication and characterization of four designs of microelectro-
chemical systems on a silicon chip for the detection of pollutants in artificial seawater 
was reported in [42]. These systems were fabricated by photolithography and 
incorporate a Pt working microelectrode array, a Pt counter electrode and a Ag/AgCl 
reference electrode. They have been characterized by cyclic voltammetry of 
ferricyanide and behaved in good agreement with the theory. These systems were 
evaluated over 72 hours and showed good stability. Underpotential Deposition – 
Stripping Voltammetry experiments of measuring Cu2+ in artificial seawater have 
been carried out on an array of 35 micro-squares of 20 µm x 20 µm. The sensitivity 
achieved was (2.93±0.14) µA cm-2 µM-1, with 1 µM being the lowest Cu2+ 
concentration measured. These devices are believed to provide the basis for the 
development into sensor systems for remote analysis applications [42]. 

For a comprehensive review of a recent advances in the lab-on-chip systems one 
may refer to Jang et al [44], who recently reported on their efforts towards a lab-on-
chip sensor for environmental water monitoring and gave a detailed review of the 
methods employed.  
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8 Sensors Based on Sound and Electromagnetic Field 
Interaction 

8.1 Ultrasonic Measurement 

Ultrasonic technique is non-destructive and non-invasive method capable of rapid 
characterization of systems which are concentrated and optically opaque. Ultrasonic 
technique is sensitive to particles with radius between about 10 nm and 1000 mm. The 
propagation of ultrasound in a fluid is affected by its density, compressibility, 
temperature and composition. Low-power ultrasound and infrared waves which are 
emitted from equipment isolated from the target material are well-studied candidates 
for water and food analysis applications, as they do not introduce extraneous 
contamination nor alter the properties of the substance [45]. Ultrasonic sensor coupled 
with chemometric techniques for discrimination of different water samples was 
recently reported [46]. 

8.2 Electromagnetic Wave Sensors 

The use of the electromagnetic waves for sensing purposes is an actively researched 
approach [47-49] with considerable potential for commercialization. One of the most 
successful attempts to use the electromagnetic sensing as a method for the detection 
of nitrates and contamination in natural water sources have been recently reported 
[48], where sensors based on the combination of planar meander and interdigitated 
electromagnetic structure were used. The meander sensors part consisted of two coils. 
The exciting coil was driven by high-frequency sinusoidal current to create a high-
frequency magnetic field. To increase the magnetic field strength, the number of 
meander turns was increased by introducing several spiral rectangular turns toward 
the inner section. When this sensor was placed near a material, an electromagnetic 
field was induced on it, which modified the created field, and the sensing coil, placed 
above the exciting coil, was used to pick up the resultant field. The operating 
principle behind the interdigitated sensor is as follows [48]. The positive electrodes 
are driven by an AC electric potential (same source as the meander) to create an AC 
electric field between the positive and negative electrodes. These fields pass through 
the material under test; thus, material dielectric properties as well as the electrode and 
material property affect the capacitance and the conductance between the two 
electrodes. The meander type of coil was connected in series with the interdigitated 
coil, and an AC voltage was applied across the combination of the coils. The sensor 
response was determined by measuring the total impedance of the sensor at different 
frequencies between 10 kHz and 100 MHz [48]. 

8.3 Microwave Sensing 

Microwave sensing is a novel and upcoming technology which has been successfully 
used as a sensing method for various industrial applications including water solution 
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concentrations [50] and water level measurements [51], material moisture content [52, 
53], for continuous process monitoring for biogas plants [54] and of course in the 
healthcare industry, for example for non-invasive real-time monitoring of glucose in 
diabetic patients [55, 56]. 

Microwave analysis (or microwave spectroscopy) can be applied to suit a broad 
range of requirements [57, 58] and has a number of advantages over competing 
technologies for wastewater sensing applications, including: 1) true real-time sensing, 
since an analyte material flows past or through the sensor and an instantaneous 
measurement is acquired without the need for significant pre-processing; and 2) direct 
sample measurement – a feature currently unavailable in many competing 
technologies. 

The principle of sensing properties of materials, i.e. composition of water, using 
electromagnetic waves in the GHz frequency range is based on the fact that an object 
under test interacts with the electromagnetic waves in a unique manner, which can be 
specifically correlated with the properties of this material. Due to this interaction, the 
permittivity of the material changes and it manifests itself as a frequency change, 
attenuation or reflection of the signal. By considering how transmitted (S21) and 
reflected (S11) microwave powers vary at discrete frequency intervals, the change in 
the signal can be linked to the composition of the tested water sample. 

A microwave resonator is made of a section of transmission line with open or 
shorted ends. Depending on the type of transmission line, the resonators can be for 
example coaxial, microstrip, stripline, slotline, or cavity resonators. When the 
resonator is used as a sensor, the object to be measured is brought into contact with at 
least some part of the electromagnetic field in the resonator. As a consequence, the 
resonant frequency and the quality factor will change in relation to the permittivity of 
the object. Due to the large variety of possible structures, sensors can be designed for 
measurement of almost any kind of object. The major advantage of the technique 
using microwave cavities is the capability to measure materials non-destructively, 
without contact from a short distance, using penetrating waves, without health hazards 
to personnel. Disadvantages are the usually high degree of specialization and the 
simultaneous existence of several variables affecting the microwave measurement 
(temperature, density, structure, etc.) in material measurements [59].  Initial results 
for in-situ monitoring of phosphorus levels in the treated wastewater [10, 49] validate 
the potential of microwave sensors for a real-time water quality monitoring, and this 
topic is discussed in greater depth elsewhere in this book.  

9 Further Challenges and Possible Solutions in Developing 
Real-Time Water Monitoring Platform 

This chapter reviewed the most common laboratory based methods of water pollutant 
detection, namely standard UV-Vis measurement methods, mass spectrometry, ion-
sensitive electrodes and amperometric sensors. In addition, modern real-time 
monitoring approaches were examined, in particular fiber optic sensors, lab-on-chip 
sensors, biosensors and electromagnetic wave sensors, including microwave sensors. 
These are illustrated in Fig. 6. 
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[62]. Here a group of water quality sensors were integrated into a distributed 
communication network, through interfacing them with the PSoC Plug and Play 
system, with Zigbee telemetry, capable of transmitting the data to the SmartCoast 
server, which processed the data for transmission to the web based on the IEEE 1451 
standard. However, this system suffered from bio-fouling within days of deployment 
and the sensors required regular maintenance. 

Currently available multi-sensor systems give only an approximate estimation of 
the water composition. Artificial neural networks, which are usually a part of such 
systems, require specially developed software. Various response times of each system 
component are also an issue, i.e. sensors for various pollutants could present a 
problem in case of sudden changes in wastewater composition. Though these systems 
are promising, they are reliable for a short period only and need further research and 
development. 

Real-time monitoring of wastewater quality remains an unresolved problem to the 
wastewater treatment industry [65]. Advanced autonomous platforms capable of 
performing complex analytical measurements at remote locations still require 
individual power, wireless communication, processor and electronic transducer units, 
along with regular maintenance visits. The above analysis of the available 
technologies shows that due to the complex pollutant matrix and generally hostile 
environment [66], the lack of accurate, cost-effective and robust sensors, the 
automation of wastewater treatment and monitoring systems remains a challenge.  
There exists a need for better on-line monitoring of water systems given that existing 
laboratory-based methods are too slow to develop operational response and do not 
provide a level of public health protection in real time [67]. 

When developing a real-time water monitoring system, one needs to take into 
account that: 

• monitoring equipment should better fit practical utility needs and should be easy 
to operate and maintain; 

• verification schemes should sufficiently match utility practices; 
• available sensor technologies should link to water quality regulations; 
• technologies and practices should be developed to manage the large quantities of 

data and translate these into information for operational processes. 

To further preserve valuable water resources, a paradigm shift in water purification 
can be proposed by rethinking the distribution strategy at point-of-use and developing 
decentralized purification methodology based on region specific contaminants. This 
unique approach would assist in addressing the challenges in water purification so 
that clean water is available to everyone. 

10 Conclusions 

It is demonstrated that monitoring of water quality is currently still dominated by 
laboratory analysis of grab samples. Sensors are only available for a very limited 
number of parameters and frequently do not entirely meet the needs of the users. 
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Thus, the water quality control demands are not being met due to the infrastructure 
and maintenance costs of conventional sensing models. The interest in the use of 
field-based real-time measurements stems from a need to provide quick on-site 
assessments that could cover a greater geographical spread while negating much of 
the cost, time delay and issues of sample integrity associated with traditional 
laboratory-based methods. Sensors and on-line monitoring systems may have clear 
and multiple benefits for water utilities. Possible applications are intake protection, 
control of operations, security, and providing information to customers. 

On the other hand, there are rapid advances in various sensors, integrated 
components and microelectronics technology, which promise to make comprehensive 
on-line water quality control an increasingly realistic alternative.  

This chapter reviewed the most promising approaches for real-time water 
monitoring. It is suggested that since none of the methods alone can satisfy all the 
regulatory requirements, sensor fusion is required. Namely, multi-sensor platforms 
that utilize the best available methods combined into a single monitoring process are 
seen as the only way to achieve overall superior sensitivity, selectivity and long-term 
stability, while at the same time enabling real-time wireless data collection for 
enhanced cost-effectiveness. Also proposed is a paradigm shift in water purification 
by rethinking the distribution strategy at point-of-use and developing decentralized 
purification methodology based on region specific contaminants. 
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Abstract. Phosphorus is an important macronutrient and the accurate determination 
of phosphorous species (namely phosphate) in environmental matrices such as natural 
waters and soils is essential for understanding the biogeochemical cycling of this 
element, studying its role in ecosystem health and monitoring the compliance with 
legislation. This paper is focused on phosphate determination in seawater. Thus, the 
sources, occurrence and importance of phosphate together with several aspects 
regarding the analysis and terminology used in the determination of this element in 
the ocean are briefly described. Existing and future in situ analytical techniques for 
the determination of phosphate in seawater are presented. Today’s in situ phosphate 
monitoring is dominated by different spectrophotometrical analyzers. Thus, a 
description of the basis, advantages and disadvantages of the different existing 
analyzers is provided. It seems that these techniques may be replaced in the  
near future by electrochemical sensors which provide excellent possibilities for 
phosphate determination with high precision, long lifetime, low detection limit  
and good reproducibility. Additionally, electrochemistry allows going further in 
miniaturization, provides a decrease in energy requirements and avoidance of 
additional reagents. Recently developed electrochemical methods for phosphate 
determination will lead to the first in situ autonomous sensor (ANESIS) which will 
fulfill all these expectations. 

Keywords: Phosphate, nutrients analyzers, open ocean, sensor, electrochemistry, 
spectrophotometry. 

1 Introduction 

With 50 times more carbon dioxide than in the atmosphere, the oceans contain the 
largest reservoir of carbon actively circulating in the biosphere. In the long term, the 
ocean plays a dominant role in the natural regulation of CO2 in the atmosphere via 
both physical and biological carbon pumps and thus exerts a powerful influence on 
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the climate [1]. A comprehensive and quantitative understanding of the way the ocean 
carbon cycle functions is fundamental to predict the consequences of rising levels of 
carbon dioxide and other greenhouse gases in the atmosphere. Phosphate is one of the 
main components of the biological carbon pump and its avaibility can impact primary 
production rates in the ocean as well as species distribution and ecosystem structure 
[2]. Thus, the availability of phosphates in marine systems can strongly influence the 
marine carbon cycle and the sequestation of atmospheric carbon dioxide. It is then 
critical to monitor properly phosphate concentration in the ocean, if we are to 
understand climate regulation. 

1.1 Chemistry of Phosphate 

From a chemical point of view, phosphates are the salts of phosphoric acid. In  
dilute aqueous solution, phosphate exists in four forms. In strongly-basic conditions, 
the orthophosphate ion (PO4

3-) dominates, whereas in weakly-basic conditions,  
the hydrogen phosphate ion (HPO4

2-) is prevalent. In weakly-acid conditions, the 
dihydrogen phosphate ion (H2PO4

-) is the most common. In strongly-acid conditions, 
aqueous phosphoric acid (H3PO4) is the main form. More precisely, considering the 
following three equilibrium reactions: 

−+ +⇔ 4242 POHHPOH  (1)

−+− +⇔ 2
442 HPOHPOH  (2)

−+− +⇔ 3
4

2
4 POHHPO  (3)

the corresponding constants at 25°C (in mol/L) are:  
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1.2 The Cycle of Phosphate in the Ocean 

The marine phosphorus cycle is presented on Fig. 1 [2] with a special attention to 
different phosphorus fluxes. The phosphorus content on both oceans and lands is very 
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small. The main reservoir of phosphorus on land is rocks formed in ancient geological 
epochs. These rocks gradually ventilate and release phosphorus compounds into 
marine ecosystems. Continental weathering is the primary source of phosphorus to the 
oceanic phosphorus cycle [3]. Most of this phosphorus is delivered via rivers with a 
smaller portion delivered via dust deposition [4]. In recent times, anthropogenic 
sources of phosphorus have become a large fraction of the phosphorus delivered to 
the marine environment, effectively doubling the pre-anthropogenic flux. An excess 
of phosphate causes uncontrolled growth of algae leading to eutrophication or over 
fertilization of receiving waters [5]. The rapid growth of aquatic vegetation can cause 
the death and decay of vegetation and aquatic life due to the decrease in dissolved 
oxygen levels [6, 7]. The main anthropogenic sources of phosphorus are detergents 
and sewage. The primary sink for phosphorus in the marine environment is the loss to 
sediments. Much of the particulate flux from rivers is lost to sediments on the 
continental shelves, and a smaller portion is lost to deep-sea sediments [8]. In surface 
waters, certain phosphate forms (PO4

3-) are taken up by phytoplankton during 
photosynthesis. Subsequently, the phosphate travels up through the food chain to 
zooplankton, fish and other top marine organisms [9]. Much of organic-P is converted 
back to PO4

3- in surface waters as phytoplankton die but some of it finds its way to the 
deep ocean (via downwelling and sinking of organic matter) where it is remineralized 
back to inorganic-P. It may return to the surface waters (via upwelling) or be bound 
by the widely prevalent cations (Al3+, Ca2+, Fe2+, Fe3+) and stored as minerals for a 
long time in the rocks and sediments. In that case, only geological processes can bring 
them back to cycle. 

 

Fig. 1. The marine phosphorus cycle [2] 

Vertical sections for phosphate concentrations in sea water are presented on Fig. 2 
for the Atlantic, Pacific and Indian Oceans.  
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Fig. 2. Vertical section of phosphate concentrations obtained during the WOCE A16, P16 and 
Indian Ocean 18 expeditions [10] 
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As phytoplankton and other organisms die, PO4
3- is regenerated in the water 

column. A maximum regeneration occurs near 1000 m, which is the same depth as  
the oxygen minimum layer. The maximum values of phosphate concentration in the 
Atlantic are about 2.5 μM, while in the Pacific values around 3.25 μM occur. The 
higher values observed in the Pacific (and Indian) oceans as compared to the Atlantic 
are due to the age of the water masses (older in the Pacific thus accumulating more 
oxidized plant material). Generally, knowledge of the phosphate concentration in the 
ocean surface allows us to deduce information on the biological activity in the ocean. 
Secondly, phosphate is one of the chemical tracers (along with temperature, salinity, 
and other nutrients concentration) which allows us to analyse water mass mixing and 
determine the origin of the water masses. 

Phosphate concentration and ratio of nitrate over phosphate concentration (NO3
-

/PO4
3-) can inform us about the biogeochemical processes in the ocean where 

microbial processes coexist: denitrification, nitrification, anammox, nitrogen fixation 
[11]. These parameters were used to explain unexpected phosphate profiles obtained 
during the Pelagico 1011-12-BIC OLAYA cruise aboard R/V Josa Olaya Balandra off 
Peru during austral spring 2010 (November-December 2010) when an intense 
upwelling occurred whithin this Oxygen Minimum Zone region. At depths ranging 
from 150-200m a relative minimum in phosphate concentrations was observed. Two 
cases were noticed: phosphate minimum associated with nitrate minimum and 
phosphate minimum associated with nitrate maximum. The first case is characteristic 
of the predominance of denitrification/anammox processes (which consume nitrate 
over nitrification/remineralization) associated with N2-fixation (phosphate 
consumption). The second would be indicative of predominance of remineralization/ 
nitrification processes (production of nitrate over denitrification/anammox) associated 
also with N2-fixation (phosphate consumption, but no nitrate consumption) [12, 13]. 

1.3 Sensors and Platforms for Long Term Monitoring of the Ocean 

Much of what we currently know about the phosphate (and other nutrients) content in 
the ocean comes from very expensive and time consuming ship-based sampling. An 
alternative is to obtain autonomous observations supported by spectrophotometric 
analyzers based on wet chemistry but their use for phosphate analysis is not very 
much widespread [14]. The development of multi-disciplinary oceanic observatories 
for long-term monitoring will help to increase the observing capacities in the 
constantly changing marine environment. This monitoring requires an in situ 
miniaturized autonomous instrumentation able to achieve excellent figures of merit: 
long lifetime, high precision, low detection limit, fast response time, good 
reproducibility, resistance to biofouling and high pressure, provision of stable long-
term operation, and low energy consumption. Within the past years, sensor 
technologies for oxygen, chlorophyll, particles and nitrate have been refined [15]. 
These sensors are capable of deployment on long-endurance missions on autonomous 
platforms such as profiling floats and gliders.  
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The ARGO profiling floats are good example of autonomous platforms. ARGOs 
drift at a fixed parking depth (1000 or 2000m for instance below sea level) for 9 days 
and then they come up to the surface. On their way up, they measure temperature and 
salinity (and sometimes nitrate and oxygen concentrations) through the water column. 
Once they reach the surface, they transmit recorded data to land via satellite and then 
the cycle is repeated (Fig. 3). The buoyancy of an ARGO float is controlled to make it 
rise or sink. This is done by pumping oil between internal and external bladders. 
There is about 3000 of these floats in the ocean [16] equipped with typical physical 
sensors whereas the same floats equipped with biogeochemical sensors are in number 
of about 300. The major challenge will be to increase the number of biogeochemical 
sensors adapted on ARGO floats and other autonomous platforms. 

Many sensors detect analytes directly, without addition of liquid reagents. Among 
them, the most often used are oxygen and pH sensors. Clark-type sensors are essential 
to study primary production and metabolism of organisms. They are also essential for 
oxygen measurement of special marine ecosystems like those found in the Oxygen 
Minimum Zones. There are many examples of applications of these sensors on CTD 
profilers or floats. pH sensors are essential for measurements of growing acidification 
of the oceans and its impact on the carbon pump and life of marine organisms [17]. 
However, there are many species undetectable by direct measurement (phosphate, 
silicate, etc.). Analyzers have been developed to measure in situ these elements but 
these methods require a set of elements for measuring samples where the detection is 
done after a chemical reaction (pump, valves, sensors, electronics, etc.).   

 

Fig. 3. Operational cycle of an ARGO float [18] 
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Within a large number of analytical methods, electrochemistry provides promising 
reagentless methods to go further in miniaturization, decrease in response time and 
energy requirements. In aquatic systems, electrochemical methods are used routinely  
for monitoring of pH by potentiometry, dissolved oxygen by amperometry [19] trace 
metals and speciation by voltammetry [20, 21], conductivity and therefore salinity by 
impedimetry. Electrochemistry offers also a wide range of possibilities for achieving 
an excellent phosphate determination in seawater but no autonomous electrochemical 
sensor for in situ phosphate determination exists nowadays. Generally, the use of 
electrochemical in situ sensors in the ocean is not well developed but the 
opportunities provided by some teams show an increasing interest in this research 
field.  

2 Today’s In Situ Analyzers for Phosphate Monitoring in 
Seawater 

Phosphate analysis in the ocean is still based generally on traditional shipboard 
sampling techniques with subsequent analysis either on board or in a shore-based 
facility. The in situ analyzers use wet chemistry like ANAIS or NAS 3-X. They are 
able to work about 1-2 months without human intervention and are capable for 
simultaneous determination of phosphate, silicate, nitrate and nitrite. Such analyzers 
provide also good accuracy but require addition of reagents and release waste to the 
ocean. The drawback of these techniques is also their large size and weight. 

2.1 Principles of Spectrophotometric Phosphate Measurements 

The analysis is performed using the method of Murphy and Riley [22] adapted by 
Strickland and Parsons [23]. Molybdic acid is formed by conversion of ammonium 
heptamolybdate in acidic medium (reaction 7). The phosphate in reaction with 
molybdic acid forms a phosphomolybdate complex which absorbs yellow in the UV 
(reaction 8): 

(NH4)6Mo7O24, 4H2O + 6H+ → 7(MoO3, H2O) + 6NH4
+   (7)

PO4
3- + 12MoO3 + 3H+ → H3PMo12O40   (8)

PMoVI
12O40

3− + 4e  PMoV
4MoVI

8O40
7−   (9)

The phosphomolybdate complex (the oxidation state of molybdenum is VI) is reduced 
using ascorbic acid (reaction 9). This gives a blue complex with molybdenum in an 
oxidation state of V and VI. This complex has an absorption maximum at 882 nm. 
The measurement is also possible at 715 nm but with a loss of sensitivity. The 
concentration can be found by measurements of absorbance which is directly 
proportional to the concentration as described by Lambert-Beer’s law:  

CleII α−= 0  (10)
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Cl
I

I
A λλ ε=−=

0
10log   (11)

With I0-intensity of excitation light, I-intensity of light output, I / I0-transmittance of 
the solution, A-absorbance or optical density at a wavelength λ, ε-molar extinction 
coefficient (in mol-1 cm-1); l-optical path length traversed in the solution, it 
corresponds to the thickness of the cell used (cm); C-molar concentration of the 
solution (mol L-1), α-absorption coefficient (m2 mol-1  or  m3 mol-1  cm-1). 

The absorption measurements required the use of spectrophotometers. Today, 
spectrophotometers with simple measurements using cuvettes are still performed but 
methods coupled with flow-injection apparatus are preferable. 

Arsenate and silicate form the same kind of complex which can be a source of 
interferences. However, normally arsenate concentrations in the open ocean are very 
small as compared to phosphate and do not exceed 0.03 μM in seawater. Thus, the 
influence of arsenate on phosphate detection is negligible. From the other hand, 
silicate concentration is much higher in the ocean and without special treatment it can 
cause a significant interference. To avoid silicate interferences, the ratio of protons 
over molybdates H+/Mo and pH of solution should be in the range of 60-80 and 0.4-
0.9, respectively [24]. 

Some fractions of particulate phosphorus (included in phytoplankton or minerals) 
react like dissolved phosphate. For this reason, the procedure of analysis of rich 
coastal waters must be preceded with the removal of particles before analysis, by 
filtration or centrifugation [25]. Another problem during phosphate sampling is 
associated with adsorption of phosphate on plastic and glass bottles (especially in 
brackish waters) and contamination in contact with the skin [25].  

2.2 ANAIS – Autonomous Nutrient Analyzer In Situ 

The spectrophotometrical in situ analyzer ANAIS developed in our team allowed 
simultaneous measurement of nitrate, phosphate and silicate. This instrument was 
suitable for the autonomous vehicle YOYO, profiler developed by the LODYC 
(Laboratory of Dynamic Oceanography and Climatology, now LOCEAN laboratory) 
in the framework of the European MAST III "YOYO 2001: The Ocean Odyssey”. 
The YOYO vehicle was profiling along a cable stretched between 1000 meters and 
the surface with a range of 400 up-down cycles with the same principles of motion 
used by the ARGO floats (change of buoyancy, see Fig 3). This vehicle was also 
equipped with several other bio-optical, biological, physical and chemical sensors. 
This instrument was autonomous and capable of in situ measurements in pressure 
between 0 and 1000 m depth [26, 27]. 

The ANAIS analyzer represented on Fig. 4 is a set of: 

1) Three chemical sensors (nitrate, silicate, phosphate) which contain: 

- A manifold where the chemical reaction takes place at a constant temperature 
maintained between 20 ° and 25 ° C by a heating resistor integrated into the 
manifold, 
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- A colorimeter, integrated into the manifold with characteristic wavelength for the 
studied analyte, 
- Two clamping plates sealing the manifold and the fixing of pumps (pumps 
solenoids Lee Co.). 

2) A container in which the three sensors mentioned above are fixed. 
3) A set of bags for storing reagents and standard solutions. 
4) An electronic card for the sensors’ control and data storage (1 card for each salt), 
receiving control commands transmitted by a central brain outside (located within the 
YOYO body) and data transmission to the same central brain (one card called master 
card). 

ANAIS

 

Fig. 4. ANAIS applied on YOYO vehicle (left), and the container with reagent bags and 
spectrophotometer (right) 

The device offers an analytical measurement reproducibility of about 1%, and very 
good calibration results similar to those obtained with a Technicon colorimetric chain 
(conventional laboratory equipment). 

A series of tests under real conditions, as part of the YOYO 2001 EC project 
milestones, was performed with ANAIS along offshore Blanes (Spain) and offshore 
Banyuls sur Mer in the Mediterranean Sea from 1998-2001 [28]. The results show 
that the standard deviation on ANAIS results is much lower than that achieved on the 
Niskin samples. This analyzer (only nitrate) was tested in 2003 off the shore of 
Argentina as part of the CLIVAR programme. The scientific objectives were 
articulated along two axes: 1) to monitor the Malvinas Current transport at 41 °S with 
a line of current meters on moorings under a track of the satellite altimeter JASON, 2) 
to study variations and characteristics of Antarctic Intermediate Water in the 
Argentine Basin [28, 29]. 

2.3 Other Spectrophotometric Analyzers 

Many adaptations of classic colorimetric methods for the measurement of phosphate 
(silicate and nitrate, nitrite) have been developed for in situ analysis. Many of these 
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instruments are now commercially available (Fig. 5). The basic principle is an 
assembly of pumps, valves, manifolds and colorimetric detectors that can be 
combined to measure multiple analytes simultaneously. The calibration has to be done 
regulary and thus, bags with standards are needed. Characterization of some 
phosphate analyzers is presented in Table 1. The characterization is based on a few 
parameters like: range of measured chemicals, detection limit for phosphates, size and 
weight, and application of domain analyzer.  

Both commercial and experimental analyzers are characterized by a good precision 
(1-3%) and high sensitivity. Detection limit is in the range of 10 to 100 nM. The 
analyzers can measure simultaneously all salts (phosphate, nitrate, nitrite, silicate). 
Some of them have a possibility of additional measurement of iron or sulphur 
(CHEMINI, SubChemPak Analyzer). Cycle-PO4 analyzer is dedicated to phosphate 
measurements. Most of the analyzers are not resistant to high pressure (except ANAIS 
and CHEMINI) and can not go deeper than 10-200 m. Most of the analyzers can work 
autonomously for a few months, but require addition of reagents which can be 
unstable (ascorbic acid). They are usually large and heavy.  

Although some analyzers were deployed in natural waters, there are not many 
examples of phosphate monitoring using these analyzers. Nitrate is the most 
commonly measured nutrient. For example, the SubChemPak Analyzer was installed 
on a winch-deployable, electronic profiling package. The profiling package also 
included a Sea Bird Electronics Model 25 Sea Logger CTD with modular sensors for 
the measurement of conductivity, temperature, pressure, dissolved oxygen, pH, 
chlorophyll fluorescence, and light transmission and irradiance.  

                  

Fig. 5. Commercially available in situ nutrients analyzers: Wet Labs Cycle-PO4 (left) [30], 
Systea Deep-sea Nutrient Analyzer – DPA (center) [31], Systea Water In situ Analyzer – WIZ 
(right) [32] 
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Fig. 6. Time series comparison of WET Labs Cycle-PO4 measured phosphate concentrations 
against laboratory measured reference samples and field trip blanks for the Clinton River, MI 
moored deployment test [30] 

The Wet Labs Cycle-PO4 was successfully used at three different fixed mooring 
stations. The field tests were performed during 4 weeks at a fixed depth in coastal 
freshwaters (Clinton River), brackish waters (Chesapeake Bay), and seawater 
(Resurrection Bay). Phosphate concentrations at Chesapeake Bay were found in the 
range of 0.039-0.092 μmol L-1, despite a significant contribution of river water to the 
site. Phosphate concentrations were higher at the Resurrection Bay (even             
0.701 μmol L-1) and the highest in the Clinton River (0.09-3.77 μmol L-1) (Fig. 6). 
The same analyzer was used on CHARM (CHAnnel Island Relocatable Mooring) 
mooring at Hawai Ocean Time Series (HOTS) station in February-March 2004 at 
depth of 22 m. The phosphate there varied from 0.1 to 0.9 μmol L-1.  

3 Electrochemical Sensors – The Future of Phosphate 
Monitoring? 

As an alternative to spectrophotometry, methods based on electrochemistry have also 
been proposed. Amperometric procedures have been reported for the determination of 
phosphate as phosphomolybdate complex [38-40]. Phosphate has been also 
determined by using voltammetric methods with carbon paste electrode [41], gold 
microdisk electrode [42] and glassy carbon electrode [43]. Different modifications 
were proposed to increase the sensitivity or eliminate the interferences from other 
coexisting molecules. Applications of these methods are proposed but only  
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a few of them were used for natural analysis of water in laboratory conditions [39, 40, 
44]. In spite of many advantages of voltammetric or amperometric methods, some 
serious problems may appear. In particular, electrode surface fouling by absorbing 
compounds, or oxidation by oxygen are the most important issues. Additionally, these 
electrochemical methods still require addition of acid and molybdate ions in order to 
convert electroinactive phosphate species into electroactive phosphomolybdate 
complex.  

The potentiometric analysis of phosphate requires application of ion-selective 
electrodes (ISE). In these conditions, the water sample does not have to be pretreated. 
Numerous membranes are being used [45-49]. Some of them are dedicated to 
environmental water analysis but so far no in situ application of potentiometric 
sensors in seawater is described. Several issues affect potentiometric methods: the 
electrode response is often slow, interferences from other species are very common, 
and miniaturization is tricky especially because the potential is unstable when the 
electrode approaches micrometric dimensions. Finally, electrodes require very often 
calibration, sometimes before and after the measurement of interest.  

Some teams work on electrochemical phosphate biosensors [50], but so far no in 
situ application is described in the literature. Their development is complicated and 
requires use of enzymes which are sensitive to the environment changes (temperature, 
ionic force) [51] and to the presence of heavy metals and pesticides which may inhibit 
enzyme activity [52]. 

3.1 ANESIS – Autonomous Nutrients Electrochemical Sensor  
In Situ  

Recently, a totally new electrochemical method was developed in our group for 
determination of silicate [53, 54] and phosphate [55, 56] without addition of any 
liquid reagents. The method is based on the oxidation of molybdenum in seawater in 
order to form silico- or phosphomolybdate complex electrochemically detectable 
either by means of voltammetry or amperometry. Both methods were tested in situ 
offshore Peru (phosphate) and Drake Passage (silicate) (Fig. 7 and 8).  

 
Fig. 7. Comparison of both methods, amperometry (black) and colorimetry (grey) at CTD 
stations 50 (a), 102 (b), 59 (c). Station 59 is situated very close to the coast and stations 50 and 
102 more off-shore [55]. 
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Fig. 8. Comparison of the two methods, voltammetry in black and colorimetry in grey at 
stations (a) DRA 101, (b) DRA 020 and (c) DRA 046 [53] 

The results show excellent agreement with colorimetric classical analysis [53, 55]. 
The deviation between both methods is 4.9% for phosphate and 3% for silicate 
concentrations higher than 10 μM. The description below corresponds, however, only 
to the phosphate sensor. 

The electrochemical determination of the non electroactive phosphate is based on 
the formation of a complex with molybdate. The complex is formed by the reaction 
with K2MoO4 in an acidic solution to form a Keggin anion [55, 56]. 

PO4
3- + 12 MoO4

2- + 27 H+  H3P(Mo12O40) + 12 H2O  (12)

In order to eliminate the addition of molybdate and protons, a reagentless method was 
developed. Molybdate salts and protons are produced as the product of molybdenum 
oxidation in the reaction cell due to the following reaction [55-57]. 

Mo + 4 H2O  MoO4
2- + 8 H+ + 6e-   (13) 

The created phosphomolybdate complex can then be detected on a gold working 
electrode by means of amperometry with the detection limit of 0.12 μM. The method 
described above has an obvious problem of cross interference in the ocean samples 
which contain both silicate and phosphate. A few methods to avoid these interferences 
are tested using differences in electrochemistry of the two complexes, influence of pH 
on complex formation and differences in kinetics of complex formation by choosing 
an appropriate ratio of protons over molybdates of 70 [55]. The latter one was used 
during the Pelagico 1011-12 cruise aboard the R/V OLAYA offshore Peru. The 
results show great potential in the developed method for phosphate detection but it 
still required extra addition of acid to achieve an appropriate ratio of protons over 
molybdates (70). According to reaction (13), the ratio of protons over molybdate is 8 
during the oxidation of molybdenum. At the beginning, we achieved an appropriate 
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ratio of 70 by addition of acid. Recently, we developed a method where the desired 
ratio of protons over molybdate is achieved without addition of any reagents. This 
method is based on the use of specific membrane technology and a special design of 
the electrochemical cell made by GIS laboratory (Groupe d’Intrumentation 
Scientifique, Observatoire Midi-Pyrenées, Toulouse) [56]. The cell consists of 3 
compartments. In the first one (1 mL), a primary molybdenum electrode is oxidized  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Schematics of the electrochemical cell with application of membrane technology 
(Ag/AgCl/Cl-reference electrode, Au-gold working electrode, Pt-platinum counter electrode, 
Mo1-first molybdenum electrode, Mo2-second molybdenum electrode, 1st part-first 
compartment of the cell with the proton exchange membrane, 2nd part-second compartment of 
the cell with the non-proton exchange membrane, 3rd part-third compartment of the cell, 
simulating the open ocean) [56] 

Mo1 Mo2 

Ag/AgCl/Cl 

Au 

Pt 

1
st 

part 

2
nd

 part 

3
rd

 part 



40 J. Jońca, M. Comtat, and V. Garçon
 

 

and thanks to a proton exchange membrane only protons can pass through to the 
second compartment and thus acidify the media to pH 1. In the second compartment 
(5 mL), a secondary molybdenum electrode is oxidized during a short time to produce 
1.5 mM of molybdates achieving a ratio of protons over molybdates of 70. The third 
compartment is in contact with previous parts of the cell by a non-proton exchange 
membrane where a platinum cathode is immersed to avoid the reduction of protons 
formed during the two previous oxidations of molybdenum (Fig. 9). 

The complex is detectable in the second compartment by means of amperometry or 
differential pulse voltammetry and the detection time is about 15 min. The detection 
time can be much shorter by decreasing the volume of the cell. The detection limit is 
0.11 μM for amperometry and 0.19 μM for differential pulse voltammetry. The 
reproducibility tests show average precisions of 5.7% (amperometry) and 3.8% 
(differential pulse voltammetry). Results show also quite good deviation with an 
average of 4.3% (amperometry) and 5.0% (differential pulse voltammetry) as 
compared with colorimetric measurements [56].  

For the future phosphate sensor development, it will be necessary to continue 
monitoring the signal stability during a longer time (a few months) and to establish a 
protocol for in situ cleaning of the gold electrode. Next steps will be to deal with 
development of the mechanical and electronic parts of the sensor. Indeed, the 
measurement must be performed in a closed volume implying to sample accurately 
the sea water. At the same time, a calibrationless method should be developed to 
make the sensor fully autonomous [58]. The sensor will be characterized by a low 
power consumption and short response time due to the reduced volume combined 
with application of a large membrane surface. Miniaturization is also possible thanks 
to advances in microsystem technology (MST) [57]. MST can be used to miniaturize 
both spectrophotometric and electrochemical sensors for phosphate detection but for 
the moment this technology is used mostly for reagent-based protocols [60]. 
Currently, a close collaboration with LAAS laboratory (Laboratoire d’Analyse et 
d’Architecture des Systèmes, Toulouse) will allow us to develop a “lab-on-a-chip” 
microdevices for phosphate and silicate electrochemical detection using silicon and 
polymer technologies [61]. The adaptation of the sensor on autonomous vehicles 
profiling the water column (ARGO, AUV) would be the next step. Finally fixed 
eulerian moorings can allow the acquisition of long data time series at a fixed station. 
Indeed, within the AMOP project (Activities of research dedicated to the Minimum 
Oxygen Zone in the eastern Pacific), a shallow (200m) mooring will be deployed next 
January 2013 offshore Callao, Peru, along 12°S at the IMARPE historical station N°5 
for a 3 years period. It is planned that our phosphate sensor will be adapted on the 
mooring line as soon as possible. 

4 Summary 

Monitoring of oceanic biogeochemical cycles at proper spatial and temporal scales 
requires miniaturized in situ sensors with excellent figures of merit. Development of 
the marine sensors is even more complicated due to harsh and difficult access to the 
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oceanic environment. In spite of the large number of requirements, some very good 
sensors actually exist and new ones are currently being developed.  

Phosphate monitoring is based on wet chemical analyzers. Analyzers have good 
accuracy, reliability and can measure a few analytes at the same time. However, 
phosphate detection is based on addition of liquid reagents to the sample and thus 
analyzers contain reagents and standards bags which make them large and heavy. 
There is also the issue of stability of the reagents and of high energy consumption of 
the analyzers. Actually, many teams work on electrochemical sensors for phosphate 
detection. They are few voltammetric and amperometric sensors for phosphate 
detection but none of them has been applied in situ. Moreover, they still require 
addition of liquid reagents to transform electroinactive phosphate species into an 
active phosphomolybdate complex.  

Recently, a new electrochemical possibility to detect phosphate is developed in our 
team. The method is based on oxidation of molybdenum in order to convert phosphate 
ions into an electroactive phosphomolybdate complex. The method requires 
application of an electrochemical cell with use of membrane technology. The method 
is still under investigation but already, the method was validated for natural seawater 
samples and the results show excellent comparison with classical colorimetric 
method. If needed, the sensor can be optimized for other applications such as natural 
freshwaters or waste waters.   
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Abstract. Due to the outstanding characteristics of both fluorescence and 
phosphorescence signals, they are widely applied to the construction of chemical 
sensors. The development of these sensors for the detection and quantification of 
compounds of environmental concern is an active research topic, daily enriched with 
the contribution of new works in the area. This chapter provides fundamentals and 
practical aspects of this type of sensors, focusing in those works devoted to quantify 
both organic and inorganic pollutants in environmental waters. The chapter is 
organized upon the basic functional units of a chemical sensor. A few examples of 
strategies of evaluation involving multivariate chemometric analysis are also 
discussed. 

Keywords: Fluorescence, phosphorescence, chemical sensors, pollutants, natural 
waters. 

1 Introduction 

The definition of a chemical sensor is ambiguous, and different concepts have been 
proposed in the scientific literature. Many researchers of the sensor community 
indicate that sensing refers to a continuous process (i.e., continuously recording) of 
detection, and agree with the Cambrigde definition which states: “Chemical sensor is 
a miniaturized device that can deliver real-time and on-line information on the 
presence of specific compounds or ions even in complex samples” [1,2]. Similarly, 
Gauglitz considers that a complete sensor system involves a sensitive layer, 
transduction (recognition) principles, the signal processing and the strategies 
(software) of evaluation [3], and Janata suggests that the term “chemical sensor” 
should be restricted to those devices which acquire information continuously, while 
sensing systems which obtain information in discrete steps should be named as 
“analytical assays” [4]. These specifications are made because the term “sensor” is 
often used to refer to a probe or indicator (molecule or nanoparticle) that 
communicates the presence of an analyte via modulation of an analytical signal [5].  

                                                           
* Corresponding author. 
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acid through both fluorescence and phosphorescence optosensors [45]. Tetracycline, 
oxytetracycline, chlortetracycline and doxycycline were detected in water using a 
phosphorescence flow-through optosensor and amberlite XAD-4 as solid support 
[46]. Recently, tetracycline was also determined using a fluorescence flow-through 
optosensor based on sephadex G-50 [47]. 

2.2 Reagent-Mediated Measurement 

When an analyte does not have native luminescence properties, sensing can be 
achieved by monitoring the optical signal of an auxiliar reagent (fluorophore, dye, 
enzyme, etc), whose response is modulated by the presence of the analyte. The 
reagent is generally immobilized (by adsorption, covalent bond, ionic attachment or 
encapsulated) in a matrix which is permeable to the analyte. The matrix can be a thin 
polymer membrane, controlled-pore glass or microbeads [9,48]. Many of the 
configurations discussed in Section 2.1 can be implemented in reagent-mediated 
sensors. 

Table 1. Luminescence sensors/probes for inorganic species in water samples 

Analyte Signal Method Remark LOD Sample Ref 

Cu (II) RET Disposable 
sensor 

TP/Zincon/PVC matrix 3.9×10−8 M 
2.5 ppb 

River, well, 
spring, 
swimming pool 
water 

[63] 

QF Probe LY immobilised on AE 
particles 

1×10−8 M,
0.63 ppb 

Tap water [49] 
 

Al(III)  
and 
Be(II) 

F BIS-FIA  Sephadex QAE A-
25/morin 

0.024 ppb Al(III), 
10 ppb Be(II) 

Tap and river 
water 

[50] 

V(V) F BIS-FIA Sephadex QAE 
A-25/Alizarin Red S 

0.450 ppb Tap and well 
water 

[51] 

Hg(II) 
 
 

F FIA and batch Rhodamine B derivative  
in PVC membrane 

8.3×10−11 M Pond  water [52] 

QF OM, probe L/PVC membrane/ 
KTpClPB  

 Well water 
 

[53] 

QF OM, flow-cell H2tpp/PVC membrane 4.0×10−8 M Tap water [54] 

QF OM, flow-cell Porphyrin/PVC 
membrane 

8.0×10−9 M River, tap, waste 
water 

[55] 

QF OM, flow-cell-
bifurcated OF 

H3(tpfc)/PVC membrane  River and tap 
water 

[56] 

QF OM, flow-cell-
bifurcated OF, 
HCl (R) 

DTPP/PVC membrane  River water, 
industrial 
wastewater 

[57] 

 QF OM, probe EHT/PVC membrane 1.8×10-10 M, 
36 ppb 

Tap water 
 

[58] 
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Table 1. (continued) 

 
 F Syringe 

procedure, 
probe 

Rhodamine 6G 
derivative and nylon 
membrane 

0.4 ppb Mineral, 
underground  
river water  

[64] 

QF Probe, EDTA 
(R) 

Mesoporous silica /1,8-
naphthalimide 

200 ppb Drinking, 
seawater 

[65] 

QF Probe Hacid/LDH film via EPD 
method 

6.3×10−8 M Spiked, tap, lake 
water 

[66] 

F Probe Rhodamine 6G/ QDs-
silica NPs 

0.520 ppb, 
2.59×10−9 M 

Tap, river water [76] 

SF Probe MPA stabilized CdTe/ 
dOB/QDs 

4.2×10-9 M Tap, lake water [81] 

Hg(II) 
and 
Cu(II) 

PLQ Probe, GSH 
(R) 

QDs-multilayer films 
 

Lineal range: 
(0.05-5)×10-7 M 
for Hg2+,  
(0.01-1)×10-6 M 
for Cu2+ 

Artificial water 
sample 

[82] 

Zn(II) QF Probe, EDTA 
(R) 

MCB/PVC membrane 2.5×10−8 M, 
1.6 ppb 

Tap water [59] 

Ni(II) QF Probe, EDTA 
(R) 

PVC/KTpClPB/TTBB  Wastewater [60] 

Pb(II) 
 

F Probe, HCl-
thiourea (R) 

Triazolo-thiadiazin 
derivative/PVC  

2.2×10−8 M Tap and river 
water 

[61] 

QF Probe, 
dithiotritol (R) 

Fluoroionophore  L2/ 
PVC/ KTpClPB 

2.0×10−7 M Tap water [62] 

Be(II) QF Probe, F- (R) Beryllon II/MgAl-LDH 4.2×10−9 M Lake and tap 
water 

[67] 

CN– Increase of 
F with 
Cu(II) 

Probe Boronic acid-linked 
hydrazide/fluorescein 
encapsulated in 
AMP/Gd3+CNPs 

20×10−6 M (naked-
eye) 4.03×10−6 M 
(instrumental) 

Drinking water [68] 
 

Cr(VI) IFE Probe Luminescence NPs 
(NaYF4:Yb3+, Er3+) 

2.4×10-8 M Tap, river and 
waste water 

[69] 
 

Cd(II) PL in NIR Probe 
 

CdTe/CdS QDs Lineal range: (0.1-
2)×10−6 M   

Tap and river 
water 

[80] 
 

As(III) QF SIA AsH3 diffused across 
PTFE membrane and 
interacted with CdS-
MAA QDs 

70 ppb Ground  water [83] 
 

Cu(II) 
and CN- 

Cu2+: 

QF; 

CN-: F    

FIA, EDTA (R 
for Cu2+), 
Cu(II) (R for 
CN-) 

Imidazole 
microspheres/functionali
zed CPs 

Cu(II): 1 ppb 
C N-: 8 ppb  

Tap and mineral 
water 

[86] 

Ag(I) F Distal OF 
bundle 

PVC microspheres onto 
the distal end of an OF 
bundle 

 Pond water [89] 
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Table 1. (continued) 

Abbreviations (other are defined in the text): AE, anion exchange; AMP/Gd3+ CNPs: nucleotide/lanthanide 
coordination nanoparticles;  Beryllon II, 2-(3,6-disulfo-8-hydroxynaphthylazo)-1,8-dihydroxynaphthalene-
3,6-disulfonate; CPs, conjugated polymers; DFC, diphenylcarbazone; dOB, chemically denatured 
ovalbumin;  DTPP, 5-p-[[4-(10’-15’,20’triphenyl-5’-porphinato)phenyloxyl]-1-butyloxyl]-phenyl-
10,15,20 triphenylporphine; EDTA, ethylenediaminetetraacetic acid; EHT, 4-ethyl- 5-hydroxy-5,6-di-
pyridin-2-yl-4,5-dihydro-2H-[1,2,4]triazine-3-thione; EPD: electrophoretic deposition method;  F, 
fluorescence; GSH, glutathione; Hacid, 1-amino-8-naphthol-3,6-disulfonic acid; H2tpp, 5,10,15,20-
tetraphenylporphyrin; H3(tpfc), 5,10,15-tris(pentafluorophenyl) corrole; KTpClPB: potassium tetrakis(p-
chlorophenyl) borate; IFE: inner filter effect; LDH, layered double hydroxide; LY: Lucifer yellow;  L, 
1-(dansylamidopropyl)-1-aza-4,10-dithia-7-oxacyclododecane; L2, (5,8-bis((5’-chloro-8’-hydroxy-7’-
quinolinyl) methyl)-2,11-dithia-5,8-diaza-2,6-pyridinophane); LOD, limit of detection; MAA, 
mercaptoacetic acid; MCB, 1-methyl-1-phenyl-3-[1-hydroxyimino-2-(succinimido)ethyl] cyclobutane; 
morin: 2’,3,4’,5,7-pentahydroxyflavone; NIR, near infrared;  NPs, nanoparticles; OF, optical fiber;  OM, 
optode membrane; MPA, 3-mercaptopropionic acid; PL, photoluminescence; QF, quenching of 
fluorescence; QPL, quenching of photoluminescence; R,  regenerating reagent;  RET, radiationless 
resonance energy transfer;  SIA, sequential injection analysis; TP, porphyrazine 2,7,12,17-tetra-tert-butyl-
5,10,15,20-tetraaza-21H,23H-porphine; TTBB, 2,5-thiophenylbis(5-tert-butyl-1,3-benzexazole). 

 
This approach is widely used for the construction of probes and sensors devoted to 

determine metal cations and anions, which are not naturally fluorescent, through the 
signals produced by their interaction with auxiliary reagents. Table 1 summarizes 
reviewed works involving probes and sensors for ionic compounds found in 
environmental waters. 

Different fluorophors (lucifer yellow, morin, alizarin red S) immobilized in ionic 
exchanger particles were used to determine Cu(II) [49], Al(III) and Be(II) [50]  and 
V(V) [51]. Based on either the enhancement or quenching of fluorescence, polyvinyl 
chloride (PVC) membranes containing several organic molecules have been used to 
determine Hg(II) [52-58], Zn(II)  [59], Ni(II) [60], Pb(II) [61,62], and Cu(II) [63] in 
natural waters.  

A PVC membrane probe based on a Rhodamine B derivative (RND) was recently 
described for the determination of Hg(II) ion in environmental water samples and fish 
[52]. The method was developed in batch and also in a flow-system. For bulk 
measurements, RND-PVC-coated glass slides were placed in diagonal positions into a 
standard quartz cell, which was filled with a sample solution. The flow-through cell 
consisted of two separate teflon blocks, an optical glass window, a sample chamber 
containing the sensing membrane coated on the glass slide, a silicon gasket and 
screws for clamping the blocks, as is shown in Fig. 6. The measuring cell was 
mounted in the spectrofluorimeter and connected with a peristaltic pump. In this case, 
the conditioning, measurement and regeneration steps were implemented by passing 
carrier, Hg(II) ion and regenerating solutions, respectively, through the flow cell. In 
both batch and flow-through configurations the emission was detected at a 90◦ angle 
relative to the incident light. 

The viability of determining Hg(II) ion residues in real water samples was 
demonstrated through a probe based on the mercury-promoted ring opening of  
the spirolactam moiety of a rhodamine 6G spirocyclic phenylthiosemicarbazide 
derivative retained in commercial nylon membranes [64]. 
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was determined through the phosphorescence quenching of Mn-doped ZnS QDs [75]. 
The enhancement of emission signal of rhodamine 6G grafted on silica nanoparticles-
QDs was proposed to determine Hg(II) [76]. A low limit of detection (2.4×10−12 M) 
was achieved in the determination of 1,4–dihydroxybenzene using the fluorescence 
resonance energy quenching of mercaptosuccinic acid–capped CdTe QDs 
immobilized on silica particles [77]. Fullerene in spiked river water was analyzed 
using CdSe/ZnS QDs coated by p-terbutylcalix[8]arene. The method allows the 
detection of 5 µg L−1 of fullerene in a simple and fast way [78]. QDs-MIP composite 
nanospheres were successfully applied to direct fluorescence quantification of the 
organophosphate insecticide diazinon in water. This method selectively detects down 
to 50 ng mL−1 of diazinon and it provides a strategy to obtain inorganic-organic 
nanocomposites with potential applications in environmental analysis [79]. Cd(II) and 
Hg(II) were quantified in diverse types of waters (tap, river, lake) using CdTe/CdS 
[80] and CdTe-chemically denatured ovalbumin QDs [81], respectively. In addition, 
Hg (II) and Cu(II) were quantified by fluorescence quenching of QD-multilayer films 
[82]. Butwong et al proposed a method to quantify arsenic in ground water which 
consists in the measurement of the fluorescence quenching of mercaptoacetic-acid 
capped CdS QDs after on-line arsine generation with BH4Na and HCl through a SIA 
system [83]. 

The so-called “sol-gel” process is a technique widely used for the production of 
materials, starting from a colloidal solution that acts as the precursor (e.g. metal 
alkoxides) which undergoes hydrolysis and polycondensation reactions to produce a 
porous matrix in which the reagent is encapsulated and into which the analyte 
molecules can diffuse. Materials obtained from this process have outstanding 
mechanical and thermal stability and good optical characteristics and, therefore, are 
very suitable for the development of optical sensors [84]. A sol-gel technique was 
applied to develop luminescent Eu(II) transparent films deposited on glass slides, in 
order to obtain sensor devices capable of monitoring transition metal ions in aqueous 
solution [85]. Álvarez Diaz et al proposed an optosensor based on imidazole-
functionalized colpolymer microspheres, obtained by a sol-gel method, to quantify 
Cu(II) and cyanide ion [86]. A sol-gel membrane modified with 2-hydroxy-1-
naphthaldehydene-8-aminoquinoline was developed as a model for detecting Pb(II) 
[87].Trace levels of anthracene, phenanthrene and pyrene were detected in tap and 
mineral water through the enhancement of fluorescence of hydrophilic QDs (modified 
CdSe/ZnS) entrapped into sol-gel membranes [88]. 

3 Fiber-Optic Sensor Platforms 

Optical fibers are usually employed as platforms in optical sensors, especially because 
they allow optical spectroscopy to be performed on sites inaccessible to conventional 
spectroscopy. McDonagh et al [2] summarized common configurations used for fiber-
optic platforms (Fig. 7). In turn, fibers can only act to transport the optical signal to 
and from the sensing environment (passive fiber-optic system) or be doped with a 
selective indicator, having thus an active participation in the detection (active fiber-
optic system). In the first case, the intrinsic optical property of the analyte (e.g. 
fluorescence emission) is measured. In the second one, the signal of an immobilized 
indicator is monitored. 
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A MIP using Al(III) ion as the template molecule and 8-hydroxyquinoline sulfonic 
acid as the the ligand to form a fluorescence complex was characterised for the 
implementation of an optosensor for this metal ion [90]. A self-designed flow-cell 
included a glass tube filled with the MIP fitted into a black box (to avoid interference 
from stray light) and a fibre optic cable attached at the top of the box. 

3.2 Active Fiber-Optic System 

In reagent-based optical sensor systems, fluorescent indicator molecules are added to 
the fiber platform. In most active systems, the sensor material is included in a solid 
matrix in the form of a monolith or a thin film. The matrix encapsulates the reagent 
such that it is accessible to the analyte. In their review, McDonagh et al give a 
detailed explanation of the different configurations which can be achieved in these 
types of sensors [2]. 

Two commonly used immobilization matrices are polymeric and sol-gel materials. 
The most widely used polymers are polystyrene (PS), polyvinyl chloride (PVC), 
polymethyl methacrylate (PMMA), polydimethyl siloxanes (PDMS), and 
polytetrafluoroethylenes (PTFE) and ethyl cellulose. Besides, sol-gel materials are 
very adequate to be coupled to a fiber-optic system. The process can be controlled in 
order to obtain materials of desired porosity and polarity [91]. The auxiliary reagent 
can be either entrapped or covalently bounded to the sol-gel matrix. Fiber-optic 
sensors based on sol-gel films have been intensely explored as pH, gas, ionic species 
and solvent sensors [84]. 

Lieberzeit et al highlighted some features that imprinting offers for sensor design 
and showed the ability and variability of this technological platform for the detection 
of PAHs (naphthalene and pyrene) among other compounds [92]. 

The chemical agents EA2192, VX, sarín and soman were determined at part-per-
trillon levels in multiple water matrices using lanthanide-sensitized luminescence and 
MIP containing europium polymerized onto a fiber-optic [93]. A plasticized PVC–
curcumin moiety membrane was used in a bifurcated optical fiber based flow-
optosensor for the determination of 2,6-dinitrophenol through fluorescence quenching 
measurements [94]. Employing similar bifurcated optical fiber systems but different 
supports (β-CD polymer and pyrene/dimethyl-β-CD complex immobilized in 
plasticized PVC membranes), the same authors determined bisphenol A through 
fluorescence [95] and fluorescence quenching [96] signals, respectively. 

4 Strategies of Evaluation Involving Multivariate-Chemometric 
Calibration 

Because of the complexity of environmental samples, luminescence optonsensors, 
like most of sensors based on spectroscopic properties, suffer lack of selectivity due 
to the probability that similar compounds show similar luminescence properties. A 
current strategy for resolving the spectral overlapping in complex environmental 
matrices and, thus, ensuring interference-free quantitation is the coupling to 
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multivariate calibration methods [97]. Specifically useful are second-order calibration 
methods which achieve the so called ‘second-order advantage’. These methods  
allow the quantitation of analytes even in the presence of unexpected sample 
components [98].  

The simultaneous determination of the systemic fungicides carbendazim and 
thiabendazole in natural waters was achieved using fluorescence excitation-emission 
matrices obtained after the extraction of the analytes over a C18-membrane surface 
[99]. The applied algorithm, partial least-squares with residual bilinearization 
(PLS/RBL), was capable of both correctly predicting the concentration of the studied 
compounds in the presence of unsuspected species and overcoming the inner-filter 
effect. Valero Navarro et al determined two naphthylamines in drinking waters 
coupling second-order calibration to a MIP-fluorescence optosensing system [100]. 
Using a flow-through optosensor based on C18-bonded phase and second-order 
algorithms, thiabendazole and fuberidazole where quantified in the presence of 
carbaryl, carbendazim and 1-naphthylacetic acid [101]. A flow-through 
spectrofluorimetric sensor, also based on C18-bonded phase as substrate in the flow 
cell and a first-order calibration approach, was proposed for the resolution α-naphthol, 
o-phenylphenol and thiabendazole in environmental water samples [102]. First 
derivative emission spectra of the analytes recorded during the process of retention-
elution were used to provide multivariate data which were processed with the partial 
least-squares (PLS) algorithm. Benzo[a]pyrene and dibenz[a,h]anthracene were 
fluorimetrically determined in the presence of the remaining EPA-PAH priority 
pollutants using a probe based on nylon membranes and second-order calibration as 
strategy of evaluation [103]. The same research group determined six heavy-PAHs in 
the presence of another 10 interfering PAHs, applying second-order multivariate 
calibration to the data obtained with a flow-through optosensor (sensor phase: silica 
gel C18) interfaced to a fast-scanning spectrofluorimeter [104]. Very recently, 
microporous nylon membrane was employed as a fluorimetric probe for the 
quantification of the herbicide bentazone in natural waters. Second-order calibration 
using parallel factor analysis (PARAFAC) allowed the determination at low levels in 
a highly interfering medium [105]. 

5 Conclusions 

Chemical sensors based on luminescence signals are relevant in environmental 
measurements due to their multiple advantages, highlighting their high sensitivity and 
usefulness for the determination of contaminants at very low concentrations. 
Fortunately, most optosensors are compatible with green-chemistry principles, and 
this quality makes them even more attractive. Bulky sensors are being gradually 
replaced by miniaturized devices, and flow methodologies are preferable than those 
carried out in batch. However, independently of their final configurations, new 
approaches for the development of novel probes and sensors for the determination of 
contaminants in the environment are continuously reported.  
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Abstract. In the early 1990s, the design and preparation of new control and 
quantification systems called Electronic Noses and Tongues became popular. The 
common denominator of these is the use of an array comprising a significant  
number of sensors (potentiometric, voltammetric, mass, optical, etc.) which, when 
conveniently grouped and using chemometric techniques, allow us to obtain 
qualitative, and even quantitative information on certain samples. One of the most 
interesting aspects of these systems is their capacity as classification techniques to 
distinguish and group products or complex mixtures based on their physicochemical 
similarity.  

Keywords: Electronic tongue, wastewaster, voltammetric, chemometric, water 
monitoring. 

1 Introduction: State of the Art 

1.1 Reusing and Recycling Treated Wastewater for Irrigation 

Since the most water demand is associated with agriculture, a simple way to 
compensate structural water deficit is to reuse treated wastewater. Working in this 
direction leads to better protection and helps conserve the environment. 
Environmental conservation promotes tourism and is a policy followed by advanced 
regions such as Israel, Japan and California and in some Mediterranean countries.  
Moreover, it has been demonstrated that purified waste water provides a large number 
of nutrients and trace elements to soil. These compounds may have a positive impact 
on the nutritional status of crops irrigated with this water [1,2]. 

The main problem of recycling treated water is the potential threat to public health, 
soil and water when reuse is not carefully done. This is precisely where research into 
recycling treated water must lie in order to adapt usages to effluent characteristics. To 
achieve reasonable levels of assurance in treated wastewater quality terms, it is 
necessary to control the content of the pollutants in the water obtained. However, the 
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effect that the use of low quality water may have on the surrounding environment 
should be investigated, and special emphasis must be placed on ground water, which 
may be contaminated with toxic components [3]. 

1.2 Quality Control of Treated Water and Wastewater 

Water quality control is required by law and there is generally a number of parameters 
(physicochemical and biological in nature) to be controlled, which usually depend on 
the subsequent application of treated water. Moreover, each country’s regulations 
may require the control of additional parameters. However, due to the high economic 
cost that the determination of certain chemicals in water involves, normally very few 
parameters are controlled or are only partially determined in time. 

One key aspect in the design and operation of a Wastewater Treatment Plant 
(WWTP) is the knowledge of the most important pollutants in the water to be treated. 
There are several methods for this type of characterization, but the most widely used 
ones are physicochemical [4,5] and respirometric [6,7]. Both methods require much 
effort, and laboratory analytical results are not immediately available (e.g., 
biodegradable organic matter after 5 days). To optimize WWTP aeration and to 
reduce pumping costs, it is necessary to know the concentration of certain pollutants 
(for instance, ammonium, nitrate, phosphate, BOD, etc.) throughout the treatment 
process. This information may be available when using online analyzers. However, 
these entail making significant investments and usually imply high maintenance costs. 
Given these drawbacks, control in a WWTP typically relies on the information 
obtained from low-cost sensors (pH, redox, conductivity) in order to roughly estimate 
variations in the concentration of pollutants. Based on these indirect measures and on 
operators’ experiences, decisions are made to amend water treatment processes. With 
a view to overcoming these problems, a number of new sensors and measurement 
technologies are being developed today. Current research focuses on lowering costs, 
improving response times and searching for a better relationship between water 
composition and the information obtained [8]. 

1.3 The Electronic Tongue 

In 1994, Gardner and Bartlett [9] defined the Electronic Nose concept, which was an 
instrument made up of a group of sensors with partial specificity which, when 
coupled with pattern recognition techniques, was capable of recognizing simple or 
complex odors in gaseous samples. In this field, for instance, several studies have 
demonstrated the utility of Electronic Noses for quality control of water purification 
[10, 11].  

Electronic Tongues are related to Electronic Noses, and they are also formed by an 
array of sensors capable of being used in liquid samples [12, 13]. These sensor 
systems have been used successfully for the characterization of food [14], and there 
are several patents and commercial available equipment based on the use of Noses, 
Tongues, and even Electronic Eyes, for certain applications. 
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In Potentiometric Electronic Tongues (PETs), the information obtained by the 
sensing array consists of a set of values of electrical potential versus time, obtained 
for a set of electrodes versus a reference electrode [15]. PETs have been widely used, 
but there have been relatively few works conducted to characterize water samples. 
Among these studies, the implementation of PETs to classify natural waters has been 
reported [16, 17]. PETs have also been applied to the detection and quantification of 
certain ions in water. In particular a potentiometric array, containing several 
chalcogenide glass sensors [18], has illustrated this system’s ability to detect metal 
ions, chloride and sulphate in natural waters. In another work, an array of ISFET-
based sensors, containing different membranes sensitive to distinct ions, combined 
with conductivity and redox potential measurement [19], allowed the classification of 
different types of bottled waters and the quantification of the presence of some ions, 
such as Ca2+, Na+, K+ and Cl-. A comprehensive review on the use of Potentiometric 
Tongues applied to water, food and medicine, using different sensor arrays (ISE, 
ISFET, LAPS, etc.) combined with flow injection analyses, has been recently 
provided by Batrov et al [20]. 

1.3.1 Challenges for Electronic Tongues 

Probably some of the most important groups of potentiometric sensors are the so-
called ion selective electrodes (ISE), which are able to measure a potential dependent 
on the concentration of the target ions present in the solution. The oldest, best-known 
and most widely used electrode is the glass electrode pH sensor. Besides, there is 
currently a variety of useful commercial ISEs available for the direct determination of 
the activity of certain ions in water samples (i.e., Ca2+, Cl-, F-, etc.). These ISE 
electrodes can be integrated into Electronic Tongues in order to be applied to the 
problem of determining wastewater pollution or to monitor the evolution of water 
during the purifying process. Following this idea, a PET which uses all-solid-state 
ISE’s with a solid electrical contact made from a conductive epoxy composite has 
been reported. With this array, monitoring remote pollution in rivers and lakes has 
been achieved [21]. Besides, ammonium, Na+, K+ Cd2+, Pb2+, Cu2+ and Zn2+ were 
quantified using this electronic tongue. The working device was tested at Rio Salado 
(Mexico) with fine results. 

The most important problem of this type of sensor, regardless of its working 
principle (ISE, liquid membrane, all-solid state, ISFET, etc.), is the fouling of 
membranes or sensitive surfaces by chemicals or biological agents. In fact, it is 
generally accepted that basically two situations lead to the deactivation of 
potentiometric electrodes: 

(1)  Presence of substances that can be absorbed and transported through the 
membrane, which lead to fouling of the internal electrode solution. 

(2)  Physical or chemical adsorption of different species on the sensor surface, 
which diminishes the active surface and deactivates its recognition capability. 
For instance in ISE electrodes, it is quite typical that absorption on the 
membrane of lipophilic compounds (i.e., fats, fatty acids, alkanes, aromatics, 
etc.) progressively leads to a change in membrane response. 
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There are many pollutants in wastewater, which include a large amount of organic 
and inorganic compounds (both dissolved and suspended) and a number of living 
organisms. This set of elements pollutes different sensors, and the fouling rate 
depends mainly on the nature and concentration of the different elements present in 
the system. In the particular case of ISE’s, membrane pollution and fouling processes 
are also accompanied by a leaching of the internal reference electrolyte electrode due 
to a diffusion concentration gradient. 

Another potential inconvenience in PETs is the need to use a Reference Electrode, 
which also has the same pollution, fouling and leaching problems as those discussed 
above. Yet another problem is the pollution of the filling solution with compounds 
from the test solution (halophilic algae penetration sometimes occurs). Moreover, 
when the reference electrode is immersed in wastewater for a long time, the porous 
membrane electrode can often become clogged [22]. Furthermore, it is not 
recommended to immerse the reference electrodes in environments containing 
chemical species which can displace chloride from the reference electrode. For 
example, it is undesirable to dip the reference electrode into wastewater containing 
sulphide. 

These are some of the reasons that make many WWTPs so difficult to monitor by 
potentiometric electrodes; maintenance to regenerate the electrode, and cleaning and 
calibrating sensor systems should be performed daily. 

1.3.2 Voltammetric Electronic Tongues 

In Voltammetric Electronic Tongues (VETs), the information obtained from the 
sensor array consists of a series of electric current values as a function of time. Data is 
obtained by measuring the current due to the application of a potential pulse sequence 
on an array of multiplexed electrodes. The first pulse VET was developed and studied 
by Winquist et al in 1997 [23]. The authors built a device consisting of an array of 
four noble metals (Pt, Au, Rh and Ir) as working electrodes, embedded in epoxy resin 
inside a stainless steel cylinder, which was used as an auxiliary electrode. By applying 
a pulse sequence in this VET, different intensity versus time curves for each electrode 
is obtained. Information about a given sample is obtained when applying 
chemometric techniques to current intensity values. One of the most important 
advantages of this electronic tongue reported by Winquist is that it is formed by a 
group of noble metal microelectrodes, which are physically and chemically robust 
sensing systems that do not require high maintenance costs.  

Winquist et al successfully applied this VET to monitor the efficiency of the tap 
water filtration process [24], and to also detect and quantify surfactants during 
cleaning stages in automatic washing machines [25]. Finally this series of pioneering 
works of Winquist concluded that a mechanical [26] or electrochemical [27] polishing 
of electrodes surfaces is required to ensure the reproducibility of the results between 
different measurement sequences. The electrode must be polished to remove 
contamination from the electrode surface, which is caused by adsorption of products 
or by oxidation of the metal surface. It is also known that the initial surface 
contamination rate due to adsorption is directly proportional to the adsorbate 
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concentration. With a view to slowing down the electrode fouling rate, methods in 
which the sample is diluted prior to the study can be applied. One result of this is, for 
instance, the implementation of FIA techniques with VETs. As an example of such 
hybridisation, we found some papers describing the application of an electronic 
tongue-FIA system to study a wastewater paper mill [28]. In this work, the authors 
showed that it was possible to not only discern the factory that generated the samples, 
but to also estimate the chemical oxygen demand value by means of statistical PCA 
and PLS analyses.   

Although there are many applications employing VETs, their ability to identify, 
classify and quantify has been somewhat limited due to the fact that the electrodes 
used were essentially only noble metals. Noble metal electrodes are able to directly 
detect species, and show reversible or irreversible redox processes in solution 
(Faradic systems). It was also found that these electrodes indirectly respond to the 
concentration of ionic or neutral species with no redox actives because their presence 
brings about changes in current pulse voltammetric relaxation. These changes are 
associated with viscosity, the electrical resistance of the solution and the capacitance 
of the electrical double layer (non-Faradic processes). A recent work has shown that 
in VETs the ability to classify and quantify significantly increases when arraying 
noble metals in combination with electrodes showing some chemical reactivity, such 
as silver and copper or non-noble metal electrodes like nickel or cobalt [29]. In fact, 
this combination of metals has proved useful to detect and quantify anions. This may 
be a consequence of the chemical reactions occurring between the anion present in the 
solution and the metal cations generated by electrode surface oxidation. It has been 
reported that the electronic tongues built with noble and non-noble metals are able to 
detect and quantify (among others) the following ions: NO3

-, NO2
-, NH4

+, CO3
=, Cl-, 

CN-, PO4
-3 [30]. The formation of complex species can also play an important role in 

the detection of ammonia, amines or nitrites, among others (e.g., via the formation of 
Co(II)-NO2

-, or Cu(II)-NH4
+ complexes). Recently, a comparative study of some 

parameters typically used to track the wastewater purification process in a pilot plant 
has been conducted. The results obtained by classical analysis methods for COD, 
BOD, nitrates, phosphates, ammonia, etc., have been compared with those obtained 
using a VET with satisfactory results [30]. The results of this study suggest that a 
control system for a WWTS based on this technology can be adapted to recognize 
abnormal operating conditions so, in theory, it can anticipate the appearance of 
possible contingences to allow corrective action. The main potential application of 
electronic tongues focuses on providing virtually instantaneous values of important 
parameters, whose acquisition by traditional routes may involve waiting between a 
few hours and several days. 

1.3.3 Pulse Train Operation 

One of the features upon which electronic tongue performance is based is dependence 
on the existence of cross selectivity between the different sensors forming the array. 
From this point of view, one metallic electrode is a fully configurable sensor whose 
response depends on both the redox activity of the studied system and the applied 
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potential of the electrode. By way of example, let us consider a system consisting of 
three redox active species, A, B and C. Let us assume that the respective oxidation 
potentials are +0.3V, +0.7 V and that compound C reduced to-0.4 V. If we apply the 
working electrode to a potential of -0.5V, a cathodic current proportional to the C 
concentration in the test solution is obtained. If the applied potential jumps to 0 volts 
later, when the system’s steady state is reached, there is no current flow. Let us now 
assume that the potential jumps to +0.5V. Under these conditions, an anodic current 
associated with the oxidation of A is observed, which is proportional to its 
concentration. Finally, we then force a jump to +0.8 V. Under these conditions, the 
simultaneous oxidation of A and B takes place. If instead of the three compounds A, 
B and C, the system consists of two more species, D and E, whose potentials are 
clearly differentiated, we can add only two electrode potential steps to discern the 
presence of these species. 

The sequence of potentials that we have applied is called voltammetric pulse 
sequence. The number of pulses forming the train and the selected potential values 
(pulse train design) is a particular parameter that depends on the test solution to be 
monitored. It is evident that pulse train design is very important for the detection and 
quantification of the components forming a system. Moreover, and as discussed later, 
the electric potential at which a given redox process occurs is determined by surface 
adsorption, which depends on the molecular structure of the adsorbate, the nature of 
the electrode surface, etc. This means that a redox-active substance itself may present 
different voltammetric behaviors when studied in distinct electrode types. This, and 
the fact that electrode selectivity can be modulated as a function of the electric 
potential applied, makes the pulse voltammetry an ideal system for building electronic 
tongues and for applying chemometric techniques. 

1.3.4 Electrochemical Instrumentation 

The basic instrumentation required to implement a pulse VET, basically consists of 
the following modules: 

(1) The first modular element is the potentiostat, which must ensure the stability of 
the applied potential and should have a good response time to quickly jump 
potential steps. It needs to be noted that it is sometimes necessary to work by 
applying pulses whose duration is only a few milliseconds.  

(2) The Pulse Train Generator is the second modular element. This element must be 
fully configurable and capable of information exchange with the potentiostat and 
the computer. The modular element must allow the application of different wave 
pulses and the triangular wave techniques conventionally used in cyclic 
voltammetry in order to characterize the electrochemical behavior of the solution. 

(3) Finally, there must be a multiplexing module to sequentially apply the pulse train 
to the array of electrodes forming the VET. 

The potentiostatic module should allow work with two or three electrodes. Later, the 
causes of this particular requirement of the module are explained. It must also be able 
to apply and control any electric potential value between approx. +3 and -3 volts to be 
able to work with aqueous or organic solvents. 
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VETs characteristics include the tremendous speed of data collection and 
processing, and it can be considered a non-destructive method of analysis. To gain an 
idea of how fast this system works, we can take an Electronic Tongue with eight 
electrodes. By applying a pulse array with 20 potential steps with duration of 50 
milliseconds each, the total time to measure one sample is approx. 8 seconds. 
Typically, the information collected while applying the pulse array ranges from a few 
hundred to a few thousand data. This vast amount of information requires the use of 
chemometric tools to study the electronic tongue response. 

2 Chemometrics Multivariate Analysis 

Due to the huge amount of data generated with the electronic tongue [31,32], 
multivariate analysis is essential. In particular, the use of this analysis and its 
combination with sensor arrays has been shown to be a very powerful analytical tool. 
The literature [33] offers a number of works that use different data analysis 
techniques. Of all these techniques, the most widely used are Principal Component 
Analysis (PCA), Partial Least Square Analysis (PLS) and Neural Networks Analysis 
(NNA). 

2.1 Principal Component Analysis (PCA) 

PCA is a well-established dimensionality-reduction technique. Many applications 
using this procedure (e.g., data compression, image processing, visualization, 
exploratory data analysis, pattern recognition, time series prediction, and multivariate 
process monitoring) have been reported [34-37]. PCA is an orthogonal lineal 
transformation that transforms data into a new coordinate system so that the greatest 
variance by any projection of the data comes to lie on the first coordinate (called the 
first principal component), the second greatest variance on the second coordinate, and 
so on. The goal of this is to map raw data vector x = [x1, x2,...,xm]T onto vectors z = 
[z1,z2,...,zm]T, where k < m [38]. Vector x can be represented as a linear combination 
of a set of m orthonormal vectors ui as in (1). 

ݔ ൌ ෍ zଵ ୧௠ݑ
௜ୀଵ  (1)

Where coefficients zi can be found from (2). ݖ௜ ൌ ௜்ݑ ݔ  (2)

This corresponds to a rotation of the coordinate system from the original x to a new 
set of coordinates given by z. T reduces the dimensions of the data by which a subset 
(k < m) of the basis vectors ui is kept. The remaining coefficients are replaced, and 
constants bi and each vector x are then approximated as in (3). 
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or observables. Prediction is achieved by extracting a set of orthogonal factors, 
called latent variables, from the observed variables that represent the best predictive 
power on the dependent variables. PLS regression is particularly useful when you 
need to predict a set of dependent variables from a large set of independent variables 
(predictors). This algorithm was developed by Herman Wold in 1966 and, originally, 
the technique was applied mainly to social sciences. Its popularity has grown  
and today it is widely applied in the fields of chemometrics [39] and sensory 
evaluation [40].  

The main difference to the Principal Component Regression (PCR) method is that 
it ensures that the main components are informative for predicting matrix Y. 
Accordingly during the calibration step, the PLS algorithm uses the information 
contained in the matrix of the property to be determined (Y) by obtaining latent 
variables which act as coefficients. Before performing factorization, arrays X and Y 
are centered or auto scaled as in PCA. Each array is decomposed simultaneously on a 
number of factors. The decompositions of both arrays are not independent, but are 
simultaneously performed by setting an internal relation between the scores of blocks 
X and Y. 

2.2.1 Objective of PLS Regression: Predicting Y from X 

The objective of PLS regression is to predict Y from X and to describe the common 
structure of both matrices. The situation where Y is a vector and X is a full rank can 
be achieved using a basic statistics technique: i.e., Regular Multiple Regression. Yet 
when the number of predictors is large compared with the number of observations, X 
can be singular and the use of regression may not be feasible due to multi-colinearity. 
Various techniques have been developed to solve this problem. A first approach is to 
remove some of the predictors. Another approach is to use Principal Component 
Regression (PCR). The orthogonality of the principal components eliminates multi-
colinearity problems, but the problem of choosing the optimal subset of predictors 
remains. One possible strategy is to keep only a few components, but these are chosen 
to express X rather than to explain Y, therefore, the major relevant components to 
explain X Y are not warranted. In contrast, in the PLS regression, X components are 
also relevant for Y. Specifically, PLS searches the set of components (latent 
variables) to achieve a simultaneous decomposition of X and Y with the proviso that 
these components explain the covariance between X and Y as much as possible. This 
step generalizes the PCA analysis because it is followed by a regression step where 
the decomposition of X is used to predict Y. 

2.2.2 Model Validation  

After choosing the optimal number of variables and building the prediction model, the 
next step involves assessing its robustness. In some works, this assessment is carried 
out using cross-validation techniques. However, cross-validation uses the same data 
used to build the model, and a rigorous data validation should be done entirely outside 
the model. Thus, model validation is normally performed by a new set of samples, 
called a validation set, in which the characteristics (parameter which is to be 
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ࡼࡱࡿࡹࡾ ൌ ∑ ሺ࢏ࡿ࡮ࡻ࢟ െ ࢏ࡹሻ࢏ࡰࡱࡾࡼ࢟ ૛ࡹ  (4)

Where YOBSi is a parameter value, which is observed (known) for sample i, PREDi is 
a parameter value, which is predicted for sample i and M is the number of samples. 

2.3 Neural Networks Analysis 

A widely used data classification method in electronic tongues is the so-called 
artificial neural networks. Neural networks require a previous training stage; i.e., they 
must learn the relationship between inputs and outputs, and must connect them 
through coefficients or weights. In particular, an artificial neuron comprises a series 
of n inputs which act on a weighted basis according to a certain weight (Wi) on a 
transfer function. The most common type of artificial neuron is the Perceptron, where 
the core of the neuron acts as a summation of inputs (I), which are weighted 
according to their weight (W), plus a dc component or threshold (θ) as in (5). ݔ ൌ ෍ ௜ܹ௡

௜ୀଵ ௜ܫ ൅ θ (5)

ARTMAP-type networks are a class of neural networks that implement supervised 
learning and the subsequent classification of input vectors in a multidimensional set 
of output categories. The operation of these networks is based on the Adaptive 
Resonance Theory (ART). ART was introduced as a theory that attempts to emulate 
the way the human brain processes information. 

The fuzzy ARTMAP architecture has many advantages which make it very 
interesting for applications in electronic noses and tongues, among which we find the 
following: 

• Quick learning: The measures presented in training entail very little computational 
burden, which allows us to programme the algorithm in low-cost programmable 
devices, to implement cross-validations and to attempt different combinations of 
parameters. 

• Learning with a reduced set of training measures: The network has the peculiar 
ability to quickly learn unique events, which occur very rarely in the training set. 
Therefore in this set, it is not necessary to have the same number of measures for 
each class for the network to function properly. 

• Continuous learning of new features without forgetting the lessons learned before, 
something which is very useful to adapt to the possible drifts produced by sensors. 

Compared with other types of neural networks, the Fuzzy ARTMAP network 
automatically determines hidden layer neurons. It maximizes the power of 
generalization by learning the 100% training set. Once trained, you can extract 
classification rules from the weights obtained after the training period, which may 
shed light on internal processes and how they influence the categorization of the 
results. 
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3.3.1 The Rate-Controlling Step 
In an electrochemical process, the lowest stage can often be decisive in the net 
reaction rate. For instance, we may state that a process is controlled by diffusion when 
this step is the slowest one, so it imposes a limit to the current passing through the 
system. From Fig. 16, it is obvious that the slowest step can be either adsorption or 
may be associated with a chemical reaction. Hence one can speak of control by 
adsorption or by reaction kinetics. This classification is very useful because the 
complete mathematical modeling is complex and this allows us to make 
simplifications that are typified in accordance with the model that best fits the 
electrochemical mechanism governing the kinetics of the process. 

3.3.2 Mass Transport 

As previously mentioned, for the electron transfer to occur, species must move from 
the bulk solution towards the electrodes by different mechanisms: the first mechanism 
is the so-called ion migration, which is caused by the electric field gradients in the 
solution, which cause ions to undergo displacement, whose direction depends on the 
sign of both the ion and electric charge on the electrodes. The second mechanism is 
the so-called transport by diffusion, which takes place because of the concentration 
gradients created in the electrode’s vicinity if the Faradaic transfer process 
commences. Finally, the third mechanism is known as convection, which is a mass 
transport process caused by either the thermal gradients or the mechanical agitation 
caused intentionally or accidentally in the system [50]. 

In the absence of mechanical stirring or vibration, and given the specific case 
where the current flowing through the system is very low, transport by convection 
may be considered negligible, and electrochemical processes can involve migration 
and control by diffusion only. At the beginning of the use of polarography, it was 
found that in order to work in a reproducible manner, it was necessary to introduce an 
inert electrolyte in order to reduce the ohmic drop of the solutions. The way to reduce 
the effect is to introduce a high concentration of a background salt. In this way, it is 
possible to separate the influence of non-Faradaic processes on the Faradaic electron 
transfer. The technique applies similar principles when working with organic solvents 
and uses, for example, quaternary ammonium salts [51]. 

The use of a background salt for either regulating diffusive processes or controlling 
the pH of the system is an interesting option that can help determine the concentration 
of a redox active product accurately. In fact, based on these principles, there is a 
number of published works which combines typical FIA (Flow Injection Analysis) 
techniques with detectors commonly used to build electronic tongues [52-54].  

3.4 The Limit of Detection of Electronic Tongues 

One of the problems presented by conventional voltammetric techniques is that their 
limit of detection is usually poor for the control of many parameter types. These limits 
of detection can be improved in a range of concentrations of about 10-5 M when the 
electronic tongue is constructed with a rotating electrode or by a hydraulic system 
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which increases the flow of material on the electrode surface. In fact, it is well-known 
that in the current associated with a diffusive Faradaic process, the current increases 
with the square root of the electrode’s angular velocity according to the Levich 
equation [55]. A simpler and cheaper alternative to the rotating electrode is based on 
the use of channel electrodes, where the sensors of the electronic tongue can be 
confined in a chamber through which the sample flows by a pump at a controlled  
rate [56]. 

However for Faradaic processes, the current increases as the flow velocity of the 
liquid or the angular rotation rate of the electrode increases, while variations in the 
intensity of the charge and discharge of the electric double layer remains practically 
constant for non-Faradaic processes. This difference especially contributes to 
distinguish one electrochemical process type from another. One consequence of this 
fact is that the combination of rotating disk electrodes, or channel electrode, with 
static electrodes can help distinguishing between non-Faradaic and Faradaic processes 
and can, therefore, assist in the detection and quantification of target dissolved 
substances.   

3.4.1 Chemical Reaction Prior to the Electron Transfer 

The step which normally follows the transport of matter to the electrode surface is the 
adsorption on the electrode. However on many occasions, prior to adsorption on the 
electrode chemical reactions, which favor the adsorption of the formed products, 
occurs. Such processes are called CE because a chemical (C) reaction occurs before 
the electron transfer (E). Reduction of formaldehyde in an aqueous solution can be 
considered an example of this CE process. In water, formaldehyde exists as a non-
reducible hydrated form. Dehydration can occur, which leads to the generation of the 
planar form (H2C=O), and this species adsorbs on the electrode and is reduced. Other 
examples of this case are the reduction of some weak acids or aldoses. In such process 
types, the values of the equilibrium constants of the preceding reaction can bring 
about changes in the redox potential or current. This mechanism is also quite common 
in the electrochemistry of metal complexes [57,58].  

3.4.2 Adsorption 

For many years, researchers have been interested in studying the electrochemical 
behavior of various organic substances capable of being adsorbed on the surface of 
noble metals, such as Rh, Ir, Pd, Pt and Au. It is known that these noble metals can 
suffer passivation forming oxide layers under certain pH conditions and when 
subjected to a suitable electrical potential [59]. Examples of such interest include the 
use of platinum electrodes, which have been widely used to study the adsorption, 
orientation and type of binding with the surface of a wide range of aromatic and 
quinonoid compounds. Furthermore as an interesting facet, the existence of 
electrocatalytic processes, when the current passes through these electrodes, has been 
verified [60,61]. A further result of this study shows that the adsorption rate is 
relatively high and, for example, that the adsorption equilibrium status of some 
products on a flat polycrystalline platinum electrode can be reached in less than 1 
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min. In a more recent study, the adsorption of alkenes, alkynes, aromatics, 
heterocyclic aromatics, alcohols, phenols, sulphides, amines, amides, nitriles, 
aldehydes, carboxylic compounds, CO, esters, among others, has been proved to 
cause significant changes in the oxidation potential of the metal and in current 
intensity [62].  

The same paper proposed that chemisorption constants for a particular noble metal 
decrease as so: Aromatic mercaptans >Aromatic-N > Aromatic Ring > Alkynes > 
Alkenes > R2S > Arylcyanides > N-Aliphatic > Alcohols > Alkylcyanides > 
Carboxylic acids > Esters > Alkanes. This study proposed that, for a given functional 
group, the increasing molecular weight of the adsorbate slowed down the metal 
corrosion rate. It also was observed that, for a particular functional group, adsorption 
strength was dependent on the metal used according to this order: 

Pt > Pd ~ Rh ~ Ir > Au 

Significant adsorption of ionic compounds on noble metal electrodes was also found. 
Indeed, some published papers have studied the adsorption of sulphates, carbonates, 
phosphates, halides, etc., and anions on different metal surfaces [63,64]. A typical 
species such as ammonia has also been studied using different metal electrodes [65]. 
These works have demonstrated that the oxidation potential of ammonium ion is 
dependent on the metal used. Moreover, it has been shown that the equilibrium 
adsorption constant follows this order:  

Ru > Rh > Pd > Ir > Pt >> Au, Ag, Cu 

It is interesting to note that this order is not the same as those established in studies 
conducted with organic compounds. Moreover, gold, silver and copper do not appear 
to significantly adsorb these species, and absorption seems to occur only when a 
metal oxide layer is formed. The product obtained by ammonia oxidation is nitrogen, 
which is obtained on electrodes with no oxide layer [66]. However, ammonium is 
transformed into different nitrogen oxides, nitrites and nitrates on the formed metal 
oxide layer. 

3.4.3 Reactivity of Non-noble Metals 

As the results of the studies conducted with some noble metals suggest, it is 
sometimes convenient to oxidise the working electrode. This proves most interesting 
when utilising non-noble electrodes because a non-noble electrode is easy to oxidise, 
and spontaneous reactions quite often occur between the cation generated by 
oxidation and some of the species present in solution, which can be either ionic or 
neutral. As a result of these chemical reactions, it is generally found that the corrosion 
potential of the metal electrode is substantially modified. In fact cyclic voltammetry 
performed with non-noble electrodes displays new peaks and waves, which 
occasionally leads to a progressive displacement of the redox potential when the 
metal is found to be in the presence of different concentrations and different chemical 
species. 

Non-noble metal electrodes have been used occasionally for the detection of 
chemical species in solution. For example, the ability of copper and nickel electrodes 
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to detect amino acids and peptides [67], or the capacity of copper to detect and 
quantify certain herbicides such as glyphosate [68], has been experimentally 
demonstrated. One explanation proposed to justify these electrodes’ ability to detect 
specific compounds is that the species generated by the oxidation of the metal, Cu+, 
Cu2+, Ni3+, their oxides or hydroxides, react with the dissolved species, thus 
modifying  the metal corrosion rate. Glyphosate has been shown to form highly stable 
complexes with copper (II) [69], while the electrodes modified with nickel hydroxide 
have been successfully used in the amperometric detection of carbohydrates in 
solution [70]. 

Recent studies have revealed the feasibility and reproducibility of the copper 
electrode to determine the Electrochemical Oxygen Demand (EOD) in natural and 
wastewaters from different sources [71,72]. Some studies have shown that EOD 
correlates well with the Chemical Oxygen Demand (COD) and it has been suggested 
that electrochemical measurements can be a good, cheap alternative to test COD. 
Using this electrode, high reproducibility has been justified based on the following 
reaction sequences: 2 ݑܥ଴ ൅ܪଶܱ ൅ 2 ିܪܱ ିଶ௘ሱۛሮ ଶܱݑܥ ൅ 2  ଶܱܪ

ଶܱݑܥ ൅ ଶܱܪ ൅ 2 ିܪܱ ିଶ௘ሱۛሮ 2 ܱݑܥ ൅ 2  ଶܱܪ

ሺ௦ሻܱݑܥ ൅ ௔ௗ௦ିܪܱ ିଵ௘ሱۛሮ .ሺ௦ሻܪܱܱݑܥ .ሺ௦ሻܪܱܱݑܥ  ൅ ሺ௥௘ௗሻܿ݅݊ܽ݃ݎܱ ՜ ሺ௦ሻܱݑܥ ൅ ሺ௢௫ሻܿ݅݊ܽ݃ݎܱ ൅  ଶܱܪ

This particular process is electrocatalytic and can continue to transform the organic 
compound into carbon dioxide. The applications of copper in the reduction zone are 
also of much interest. For instance, it has been observed that copper catalyzes the 
electrochemical reduction of nitrate to nitrite, which can be converted into ammonia if 
the electrolysis process is allowed to proceed [73]. These studies well justify copper’s 
capacity to identify and quantify these species in solution. The electrochemical 
reduction efficiency is so high that some attempts have been made to exploit the 
ability of copper electrodes by forming various bronze or brass alloys to remove 
nitrates and nitrites from water by electrolytic processes, be it with limited success as 
only a 36% conversion of nitrate into nitrogen gas was observed with some bronzes, 
and a 43% efficiency was reported for the same transformation while working with 
aluminum electrodes [74]. 

4 Wastewater Monitoring Using Electronic Tongues 

As we have shown in previous sections, there are a number of studies showing 
applications of different metal electrodes types for monitoring complex processes in 
natural or wastewaters samples. According to the World Health Organization or to the 
particular legislation of each state, water quality control requires monitoring a 
minimum set of parameters and the performance of a comprehensive set of controls, 
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5 Reference and Pseudo-reference Electrodes 

As discussed above, most physicochemical parameters of interest for water quality 
control entail performing experiments using a three-electrode technique. This implies 
the introduction of a reference or pseudo-reference electrode. Reference electrodes are 
non-polarizable systems whose electric potential should be both practically constant 
over time and independent of the medium into which it is introduced. Reference 
electrodes should also have a low coefficient of variation of potential as regards 
temperature. Pseudo-reference electrodes are systems whose basic difference to the 
ideal reference electrode lies in that its potential depends on the medium in which it is 
immersed. They can be used when the general medium characteristics do not change 
appreciably. The most commonly used reference electrodes are of the metal/metal 
insoluble salt/soluble salt type of a certain anion. Examples of reference electrodes 
that are, or have been, widely used are Calomel electrode and Ag/AgCl/KCl 
electrode. The utility of other electrodes, such as the standard hydrogen electrode, is 
limited given its complexity and maintenance. Fundamentally, the main problems in 
employing reference electrodes are the pollution of the filling solution, and the 
contamination or clogging of the porous membrane of frit glass.  

A pseudo-reference electrode is an electrode whose potential can change 
depending on the working environment conditions. If these conditions are known, the 
potential can be calculated and the electrode can be used as a suitable reference. The 
majority of such electrodes can work only within a limited range of conditions; for 
example, within certain pH and temperature ranges. Beyond these limits, the behavior 
of this type of electrodes is no longer reproducible. Finally, reference or pseudo-
reference electrodes can be used with electronic tongues, but it is preferable to use 
references electrodes, even if this entails conducting controls and their regular 
maintenance. 

Most electrodes work over a limited range of conditions, such as pH or 
temperature, outside of this range the electrodes behavior becomes unpredictable. 

5.1 Maintaining and Cleaning the Sensor System 

Contamination of electrodes is a natural consequence of the chemical or physical 
adsorption processes of the different components present in wastewater. For example, 
anionic or cationic surfactants tend to be fixed onto the electrode surface. On this 
formed layer, other organic compounds, like fats, may also fix. Furthermore after 
performing the voltammetric scans sequence, oxides can be generated, which can 
react with the anions or cations present in the water, or may produce catalytic 
reactions of interest [76]. It should also be noted that the reactivity of non-noble 
metals is much greater than that of noble metals, and that the oxide surface naturally 
grows as a result of oxygen attack in non-noble metals, although no potentials are 
applied. Subsequent substitution reactions of metal oxide or hydroxide by carbonate, 
phosphate, chloride salts, etc., are also feasible. Moreover, the ability of halide anions 
to contaminate gold surfaces or the ability of sulphur-containing derivatives to 
contaminate noble electrodes is also known [77]. 
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Electrodes can be cleaned by different procedures; i.e., mechanically, by laser, 
ultrasound or microwaves; using chemical or electrochemical treatments. For 
example, electrochemical cleaning has been widely used in liquid chromatography to 
quickly regenerate electrode surfaces. This has also proved to be a reproducible 
method for the regeneration of metallic electrode surfaces when following certain 
electrochemical methods. 

The literature shows two different ways to polish metal surfaces in electrodes. The 
first implies cleaning the sensing metallic surfaces in the electronic tongue by using 
electro-polishing procedures [27]; the second involves the use of mechanical 
polishing. A detailed procedure of the latter was proposed by Olson et al [26]. The 
authors constructed an electronic tongue formed by four noble metals wires (i.e., Rh, 
Ir, Pt and Au) housed in a cylindrical stainless steel container, which was coupled 
with a T-shaped motor which supported sandpaper. The engine started automatically 
after each voltammetric sweep, and performed a periodical, abrasive mechanical 
cleaning of the electronic tongue. Olson et al also proposed that this mechanism also 
cleans non-noble electrodes, such as metallic copper. 

5.2 Voltammetric Waveform Design 

In a series of recent works, we have demonstrated that the waveform design applied to 
a complex system can improve the amount and quality of the information that can be 
extracted from an electronic tongue [78]. There are a number of proposed waveforms 
that have been applied in VETs [45]. Yet despite the differences that each waveform 
presents, they can be classified into two main groups: Large Amplitude Pulse 
Voltammetry (LAPV) and Small Amplitude Pulse Voltammetry (SAPV). In addition, 
the second critical parameter to extract information from the current measured by an 
electronic tongue is the time of the applied pulse duration. We have discussed above 
that if the pulse duration is short, the measured current is mainly related with non-
Faradaic processes, and is also mainly related with the conductivity of the solution. 
However for longer pulses, Faradaic processes of redox active species present in the 
solution are detected.  

Fig. 22 displays a typical design of an LAPV waveform. It starts from an initial 
potential of 0 V, and after a cycle of potential pulses, it finally returns to the starting 
point. From the initial value, the potential jumps to +1600 mV, and then to -1600 mV. 
Then these jumps are repeated by increasing ±320 mV from the starting potential. 
This and other similar waveforms have been previously reported to be applied to the 
study of compounds and have shown reversible and irreversible electrochemical 
processes. LAPV waveforms have also been applied by using different sweep 
frequencies (MLAPV); for instance, to study different food samples [79]. The use of 
multisweep frequencies allows the selection of Faradaic or non-Faradaic sectors, and 
the coexistence zones of both. 

Fig. 23 shows a typical SAPV waveform. In this case, the designed waveform was 
produced by starting from an initial potential of 0 V and, by increasing every 100 
milliseconds, +270 mV to the initial applied potential to reach a final maximum value 
of +1620 mV vs. the reference electrode. Decreasing steps of -270 mV were applied 
to reach the potential of -1620 mV. Finally, steps of +270 mV were applied until the 
initial potential value was attained. 
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active compounds registered by cyclic voltammetry may change depending on the 
metallic electrode used. Therefore, a study of the electrochemical response of the 
different compounds to be detected in water should be performed. Then the smart 
waveform can be constructed after bearing in mind the potential where the redox 
processes occur. 

6 Conclusion 

VETs are a powerful tool to control and predict levels of important parameters in 
aqueous samples. In this chapter, we have attempted to outline the basis for the design 
and performance of VETs bearing metallic electrodes for their general application in 
water samples and for monitoring wastewater parameters, such as those usually 
controlled in wastewater treatment plants. Traditionally, treated wastewater quality is 
defined by the measurement of certain parameters in influent and effluent 
wastewaters. However, most of these parameters are determined by traditional 
laboratory analytical techniques, which are off-line, and some, such as BOD, require 
between 5 and 20 days to obtain the measurement, thus rendering these tests 
inadequate for automated monitoring and control purposes. 

Recently, rapid advances have been made in the field of innovative equipment for 
online monitoring. However, not all parameters can be measured online and, in 
general; current analyzers require considerable economic resources, whose use and 
maintenance prove tedious and time-consuming. As an alternative, the use of 
electronic tongues is emerging as a rapid, low-cost, simple and suitable alternative. As 
this chapter explains, the electronic tongues strategy relies on the use of semi-specific 
sensors that produce a signal pattern when subjected to a sample, which can be related 
to either a specific compound or a quality aspect, achieved by subjecting the signal 
pattern to multivariate data analyses. In fact, the utilization of simple electronic 
tongues to monitor and control the biological processes done in wastewater can help 
increase their pollutant removal capacity and can achieve a consistent, stable 
operation which meets effluent requirements at a minimum cost. 
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Abstract. Water and wastewater quality monitoring programs have to be established 
in order to fulfill current legal requirements as well as environmental and social 
concerns. This entails a large number of samples to be analyzed in a short period of 
time. Flow analysis techniques allow the automation of the analytical methodologies 
providing great advantages, i.e. improved reproducibility, low reagents consumption 
and waste generation, as well as high analysis frequency. Sequential Injection 
Analysis (SIA) is an excellent tool for developing automatic analyzers with 
multiparametric capabilities. In this chapter, four multiparametric SIA systems which 
are able to determine key parameters in water and wastewater such as BOD, COD, 
TOC, TSS, global N, total P, nitrate, nitrite, ammonium, orthophosphate, anionic 
detergents, sulfate, pH and conductivity are presented and discussed in detail.  

Keywords: Sequential Injection Analysis, automation, water and wastewater analysis, 
multiparametric monitoring.  

1 Introduction 

Water pollution is an environmental issue, since it affects plants and organisms living 
in it, damaging not only individual species and populations, but also natural biological 
communities. Concerns for environmental conservation and improvement of the 
environmental health have increased during the last decades, and this has led to an 
increase in environmental monitoring programs. Drinking water is subject to strict 
quality controls in order to guarantee human health. Thus, the European Council 
Directive 98/83/EC [1], the World Health Organization (WHO) [2] and the United 
States Environmental Protection Agency (USEPA) [3] stipulate reference limit values 
for the most relevant physicochemical parameters in water for human consumption. 
Regarding wastewater quality monitoring, the European Council Directive 
91/271/EEC [4] stipulates that all EU Members States have to appropriately equip 
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wastewater treatment plants in all cities with a certain number of equivalent-
inhabitants, in order to monitor the required parameters.  Usually wastewater quality 
is characterized both by global pollution parameters, such as biological oxygen 
demand (BOD), chemical oxygen demand (COD), total organic carbon (TOC) or total 
suspended solids (TSS), and by nitrogen and phosphorous compounds. The 
characterization of wastewater at the inlet and outlet of the treatment plants is an 
effective way to control the process efficiency and to guarantee the final quality of 
treated water. Also in some industrial processes, the quality control of the water 
involved is of great relevance to guarantee the good performance and the safety of the 
equipment. All these entailed an increasing demand for control analyses and the large 
number of samples with which analysts can be confronted imposes various challenges 
to analytical chemists such as the need to develop new methods exhibiting as much 
selectivity, sensitivity, sample and reagent economy, throughput, cost-effectiveness, 
simplicity and environmental friendliness as possible.  

Since the beginnings of automation of analytical methods, various different flow 
techniques have been developed and used for analytical and monitoring applications. 
They have gained importance for clinical, industrial and environmental purposes as 
they allow highly reproducible fast determinations. Automation and miniaturization 
of fluidic-based analysis are essential to make them fast and efficient for routine and 
research tasks [5]. The development of automatic methods of analysis arose in the 
1950s, when clinical tests started to be increasingly used for diagnostic purposes in 
medicine that led to a spectacular increase in the demand for laboratory tests which, 
for obvious economic reasons, could not be met simply by hiring more laboratory 
staff. The solution to this problem was provided by segmented flow analysis (SFA) 
[6], which afforded not only substantially increased throughput, but also substantial 
savings in samples and reagents. SFA laid the foundations for modern flow 
techniques. Although originally flow techniques were performed for off-site 
measurements, their outstanding feature is the capability for both in-situ and real-time 
monitoring [7,8] of chemical parameters in waters, with some such flow analyzers 
being included in the United States Environmental Protection Agency (USEPA) 
directions [9,10]. 

Earliest automatic methods used devices suited to particular applications. This 
restricted their scope to very specific uses such as the control of manufacturing 
processes or to those cases where the number of samples to be analyzed was large 
enough to justify the initial effort and investment required. Ever since, SFA was 
developed by Skeggs in 1957 [6], flow techniques have been in continuous evolution 
towards new developments such as those of Flow Injection Analysis (FIA) [11] by J. 
Ruzicka and E.H. Hansen in 1975; Sequential Injection Analysis (SIA) [12], by J. 
Ruzicka and G.D. Marshall in 1990; Multicommutated Flow Analysis (MCFIA) [13], 
by B.F. Reis et al. in 1994; Multisyringe Flow Injection Analysis (MSFIA) [14], by 
V. Cerdà et al. in 1999, Multi-Pumping Flow Systems (MPFS) [15], by R. Lapa et al. 
in 2002 and Lab-On-Valve  (LOV) [16] by J. Ruzicka in 2000, and have aroused 
special interest in relation to many other automatic methodologies of analysis. 
Moreover, substantial advantages can be derived from their combination.  
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FIA is undoubtedly the most widely accepted flow technique. Its widespread 
success can be ascribed to its ease of implementation and, especially, to its computer-
less working capability. By contrast, all subsequent flow techniques require computer 
control. This initially hindered further development of the latter owing to 
unavailability of suitable commercial software and general lack of experience in 
coupling personal computers to instruments. However most of the advantages of 
current flow techniques are in part consequence of the incorporation of computers; in 
fact, computers flexibility allows the implementation of the same analytical method 
(hardware), with little or no alteration, on different types of samples simply by 
software modification.   

Nevertheless, no other flow technique can match SIA in multiparametric 
determination capabilities. Unlike FIA, SIA can be turned into a true multiparametric 
analysis system simply by using a switching valve with an appropriate number of 
channels to hold the different analytical reagents, delivery of which can be precisely 
programmed via the associated computer. In this respect, SIA is much closer than FIA 
to the original SFA systems that afforded the determination of up to twenty 
parameters per sample -except that SIA operates in a much simpler and, especially, 
more economical manner.  

All in all, flow techniques have gone through two generations. On the one side, 
flow systems were initially operated exclusively by hand (e.g. in SFA and FIA). On 
the other side, computers facilitated the development of the so-called second 
generation of flow techniques such as SIA, MCFIA, MSFIA or LOV, based on 
multicommutation operation. Multicommutated flow techniques have shown great 
potential in comparison with previous flow techniques in minimizing reagents 
consumption and waste production, providing more environmentally friendly 
methodologies, since liquids are only propelled to the system when required and 
returned to their reservoirs when not. All of them have common components such as 
impulsion pumps, which act as liquid drivers and a series of plastic tubes or manifold 
intended to carry liquid streams to the detector.  

Wastewater sample pretreatment plays a major role in their analysis. Suspended 
matter in wastewater samples may include different kind of solids: floating, 
sedimentable and colloidal solids. Suspended solids effects are related to their size 
and origin, but from a physical point of view, their interference with the light 
penetration (turbidity) is the most notable effect. So, when a spectrophotometric 
detection is performed, it is mandatory to carry out a sample pretreatment in order to 
eliminate the suspended matter. Most widely used procedures are centrifugation, 
filtration and flocculation [17]. Usually, the choice depends on the type of analyte to 
determine, e.g., if the analyte is easily oxidized, flocculation is preferred.  However, if 
the pretreatment is intended to be carried out on line, filtration is the best option.  
Also, there are devices which allow the liquid to flow through them while retaining 
the suspended matter. These devices have to be placed on the input line of the sample. 
For example, a sampling system (particle size exclusion sampling – PSES) was 
developed by Wurl et al. in 2000 to prevent an obstruction of the manifold by big 
sediment particles (d > 0.8 mm) when analyzing river water samples [18]. This PSES 
device consists of sixteen induction tubes, with an internal diameter (i.d) of 0.3 mm 
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smaller than the i.d. of the manifold, in order to serve as a filter. If an induction coil is 
obstructed the further induction tubes are available to sample the water. There are 
other devices which consist of a piece of PVC with hundreds of perforations leading 
to a central duct connected to the system. These devices require a frequent cleaning, 
in order to avoid the blocking of the conduits of entrance and to ensure a constant 
sample flow rate. In the case of volatile analytes, it is possible to use a diffusion gas 
cell. In such methodologies, the donor stream could be raw wastewater since the 
target analyte passes through the membrane to the acceptor stream without requiring 
any kind of pretreatment. 

Several methods based on SIA have been developed for the determination of key 
environmental parameters with different detection systems [19]. In this chapter, 
several automatic monitoring systems based on SIA for water and wastewater quality 
determination are presented and discussed in detail. 

2 Sequential Injection Analysis (SIA) 

Sequential injection analysis was developed by J. Ruzicka and G. Marshall as an 
alternative to FIA. SIA has over time proved that its scope departs markedly from that 
of the former technique.  

Fig. 1 shows a schematic depiction of a typical SIA system. A two-way piston 
pump is connected to the central port of a multiposition valve via a holding coil (HC) 
which is made to address the peripheral ports of the unit, for sequential aspiration of 
the sample and reagents, via the central communication channel (CC) in the selection 
valve. 

 

Fig. 1. Schematic depiction of a typical SIA system. HC: Holding Coil; RC: Reaction Coil; CC: 
Central Conduit. 
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One of the side ports of the valve is connected to the detector. Side ports can also 
be used for other purposes such as discharging waste or connection to other devices 
(e.g. a microwave oven, photo-oxidation system, another multi-position valve or 
mixing chamber). In a SIA system using a single reagent, the central port of the 
switching valve is connected to the sample channel and the pump is set to aspirate a 
preset volume of sample at a fairly low flow-rate in order to avoid the formation of 
bubbles. Then, the central port is connected to the appropriate side port in order to 
aspirate a preset volume of reagent. Next, the valve is actuated in order to connect its 
central port with the channel leading to the detector and an appropriate volume of 
carrier is dispensed to drive the sample and reagent to the detector. All this occurs 
under a laminar flow; as a result, the detector profile is no longer rectangular, but 
rather exhibits the typical asymmetric shape of FIA peaks. As can be seen in Fig. 2,  
 

dispersion in a SIA system leads to the sample and reagent plugs overlapping and 
forming the reaction product to be detected. A typical SIA manifold includes two 
types of coil, namely: a holding coil (HC) inserted in the channel connecting the  
 

 

Fig. 2. Overlapping sample and reagent plugs in a SIA system. R: Reagent; P: Product; S: 
Sample. 
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piston pump to the central port of the switching valve that is used to prevent the 
sample and reagents from reaching the piston pump -cleaning of which otherwise 
would be labor-intensive and time-consuming- and a reaction coil (RC) in the channel 
leading to the detector that is intended to ensure adequate overlap between sample and 
reagent plugs in order to allow a quantitative amount of reaction product to form. 

One of the essential features of SIA is its computerized control. The power of 
computers has grown so dramatically that nowadays they allow an automatic method 
to be set for adaptation to quite different needs; such a high flexibility simplifies the 
development of effective solutions at substantially reduced costs. The computer 
controls the connection of the central port to its side ports, starts and stops the pump 
in order to aspirate or dispense liquids, selects their volume and adjusts the flow-rate. 
Thus, residence times need no longer to be controlled via the length of the manifold 
tubes and flow-rates of the peristaltic pump; rather, by the computer being controlled 
and adjusted in each step of the process at will in a highly reproducible manner, 
making SIA a highly flexible analytical tool.  

A major advantage of SIA over FIA is its ease of implementation, whereas in FIA 
using a different method very frequently entails altering the configuration of the 
manifold, switching to another method in SIA seldom requires more than using a 
different computer file containing the operational settings to be used with each 
procedure. Data acquisition and processing are also possible thanks to its 
computerized control. Nevertheless, this was one of the greatest initial hindrances to 
SIA development, which resulted in the development of barely a few tens of methods 
during its first year of existence due to the scarcity of commercially available 
software and the lack of experience in interfacing computers to analytical instruments. 
Only during the past decade, with the inception of commercial software, SIA has 
gained ground in the field of routine analyses. The incorporation of computers into 
SIA systems has also facilitated the implementation of stopped-flow methods. It is 
shown that sample handling in the sequential injection mode, which employs forward, 
reversed and stopped flow, can be programmed to accommodate a wide variety of 
assays. It suffices to calculate the volume of carrier to be delivered and stops the 
system when a peak is obtained at the detector in order to readily implement various 
analytical methodologies including classical kinetic, spectrophotometric, 
polarographic, voltammetric and anodic stripping methods. In addition, computers 
have increased the flexibility of analytical systems by allowing a number of 
operations mimicking those performed manually to be programmed by easy on-line 
implementation. Thus, samples can be aspirated and supplied with a reagent; their 
mixture driven to a photoreactor; and an aliquot withdrawn, sent to a solid-phase pre-
concentration unit and eluted from it with a view to sequentially detecting the analytes 
by using several detectors that can be arranged serially at the same port or radially at 
different ports -or even in a serial/radial mixed configuration. 

Moreover, as stated previously, no other flow technique can match SIA in 
multiparametric determination capabilities. Currently available switching valves can 
have more than twenty side ports. Also, the number can be increased by connecting a 
side port in a valve to the central port of several others. Such a high degree of 
expandability is exclusive of SIA. 
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Another advantage derived from the way a SIA system operates is the dramatically 
reduced consumption of sample and reagents. In a FIA system, sample and reagent 
consumptions are virtually independent of the analysis frequency as the peristaltic 
pump continuously propels the sample and reagents at a constant flow-rate 
throughout. In SIA, however, the piston pump only works during the time strictly 
needed to aspirate the amount of sample and reagents needed for a given 
determination. As an example, a SIA monitor for determining ammonium ion in 
wastewater needs ten times less reagents than does a comparable FIA monitor [20]; 
this is of high economic and practical significance, especially with equipment that is 
intended to operate unattended over long periods (e.g. automatic analyzers for field 
measurements). 

Also, the fact of using piston pumps makes SIA a more robust technique. Since, its 
predecessors (FIA and SFA) use peristaltic pumps as liquid drivers and these operate 
with tubing made of materials which are relatively easily damaged by some fluids 
(viz. acids, bases and, especially, solvents); by contrast, piston pumps use glass or 
polytetrafluoroethylene (PTFE) tubing, which are highly inert and ensure a long life 
time. Furthermore, in SIA, the propulsion system holds mostly the carrier solution, 
that is to say, the sample, reagents and solvents seldom reach it. 

One difficulty of SIA operation arises from the way plugs are stacked; this hinders 
mixing of the sample and reagents (especially with more than two, which require 
using a sandwich technique that consists on inserting sample plugs between two 
reagents zones, improving the mixture of them). When many reagents are required a 
feasible solution could be using a mixing chamber [21] in one of the side ports to 
homogenize the different sample/reagent mixtures with the aid of a magnetic stirrer. 

SIA is versatile, capable of accommodating a wide variety of assays without the 
need for system reconfiguration, and compatible with a wide range of detectors. 
Nowadays, the only disadvantages of SIA in front of FIA are the lower injection 
frequency due to the sequential working mode and the lower mixing capacity between 
solutions also due to the sequential operational mode. Nonetheless, the benefits of 
minimizing reagents consumption and so waste generation, and the multiparametric 
capabilities of SIA make it a powerful tool for developing automated multiparametric 
environmental analyzers for field measurements. 

3 SIA System for Simultaneous Determination of Nitrate  
and Nitrite 

An automated sequential injection system for monitoring nitrate and nitrite in water 
samples was developed using the Griess reagent [22]. A sandwich arrangement 
allowed the simultaneous determination of the two parameters. Thus, nitrite was 
determined in one end of the sample zone by diazotization-coupling reactions and 
spectrophotometric detection of the azo dye formed. In the other end, nitrate was 
similarly determined after its on-line reduction to nitrite using a copperized cadmium 
column. 
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The system included a liquid driver, a selection valve and a spectrophotometer. 
The liquid driver consisted of an autoburette equipped with a 5-mL syringe and 
connected to a personal computer via an RS-232C serial interface. The software 
package AutoAnalysis (Sciware Systems, Spain) [23] was used for instrumental 
control, data acquisition and processing. A six-port selection valve, computer-
controlled through a PC-9225 board, was used as liquid distributor. The manifold was 
constructed with PTFE tubing. The activation of the reduction column was carried out 
in three steps: first, the cadmium granules were washed with HCl and subsequently 
coated with copper by dipping them into a 1% CuSO4 solution for ca. 1 min. Finally, 
the copperized cadmium granules were washed with deionized water, and packed into 
a methacrylate tube (40 mm length and 1.5 mm i.d.), plugged with glass wool. The 
reduction column was inserted between RC1 and RC2. Fig. 3 shows a schematic 
depiction of the SIA system for nitrate and nitrite determination.  

 

Fig. 3. Schematic depiction of the SIA system for nitrate and nitrite determination. RC: 
Reaction Coil. 

Once the instrumental blank was set, the measuring cycle was started. The basic 
steps of the cycle comprised the aspiration of chromogenic reagent (Griess reagent, 50 
µl) through port 5 of the selection valve, and its storage into the reaction coil RC3. 
Then, the sequential aspiration of buffer solution (port 2, NH4Cl + Na2B4O7.10 H2O + 
EDTA, 40µl) and sample (port 6, 1800 µl) was carried out. Next via RC2, part of the 
sample passed through the reduction column where nitrate was converted into nitrite. 
Afterwards, the flow is reversed and the whole volume aspirated in the previous step 
(1840 µl) is dispensed to RC3. The buffer and sample zones were thus stacked 
between the valve and the chromogenic reagent introduced in the reactor previously. 
Next step is the aspiration of chromogenic reagent (port 5, 80 µl). Finally, the 
injection of the content of RC3 towards the detector takes place and absorbance 
measurements are registered at 540 and corrected at 420 nm.  
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Thereby, the sandwich arrangement, with the sample placed between two Griess 
reagent zones, led to the formation of the azo dye in both sub-zones of the injected sample 
and hence a readout with two peaks per injection was obtained, the first corresponding to 
nitrite alone (non-reductive conditions) and the second to nitrite plus nitrate (reductive 
conditions). The accuracy with which both peaks could be resolved depended on the 
parameters governing the mutual dispersion of reagent and sample, namely: sample and 
reagent volumes, zone sequencing, flow rates and length of the tubing. 

Since the reduction column seemed to be the most problematic part of the entire 
system, its long-term stability was examined in detail. The lifetime of the reductor 
depended on the kind of samples analyzed. When the system was applied to the 
analysis of natural waters there was no need to replace the column for several months. 
In contrast, severe problems arose when applying the method to the analysis of 
wastewaters, probably due to contamination of the column. To solve this drawback a 
reactivating solution (port 3, 2 mL) passing through the column provided new copper 
to regenerate the external coating of the cadmium granules and EDTA to avoid the 
precipitation of Cd(OH)2 or other hydroxides on the reduction column [24]. The 
column was finally washed with water, leaving the system ready for further analysis. 
Two different slopes of calibration curves for nitrite and nitrate, both under reductive 
conditions, were obtained. This fact indicates incomplete reduction of nitrate to 
nitrite, probably due to short contact times of the sample with the cadmium granules. 
The reduction efficiency was ca. 50%. 

The main interference was that of phosphate, which caused an adverse effect even 
at low levels, showing a maximum tolerated concentration of 1 mg L-1. The 
magnitude of the interference was found to be proportional to the concentration of 
phosphate in the sample and to the time of contact between this ion and the column. 
However, the column activity was restored with the regeneration process described 
above. 

Most relevant figures of merit are shown in Table 1.  

Table 1. Most relevant figures of merit of some SIA monitoring systems for the determination 
of key environmental parameters in water samples 

SIA Parameter LOD Linear working range Repeatability 
(RSD, n=10) Ref. 

2 param. 
Nitrate 0.006 mg N L-1 0.028-1.400 mg N L-1 1.3 % 

[22] 
Nitrite**  0.001 mg N L-1 0.007-0.560 mg N L-1 0.8 % 

3 param. 

Nitrate 0.021 mg N L-1 0.14-1.82 mg N L-1 2 % 

[25] Nitrite**  0.002 mg N L-1 0.01-0.42 mg N L-1 0.5 % 

Sulfate 3 mg SO4
2- L-1 75-300 mg SO4

2- L-1 1.3 % 

8 param.* 

Hydrazine 0.01 mg N2H4 L-1 0.03-2 mg N2H4 L-1 1.2 % 

[33] 

Ammonium 0.13 mg NH4
+ L-1 0.4-8 mg NH4

+ L-1 1.6 % 

Iron 0.04 mg Fe L-1 0.13-1 mg Fe L-1 1.7 % 

Silicate 0.03 mg SiO2 L-1 0.1-1.5 mg SiO2 L-1 2.5 % 

Phosphate 0.05 mg PO4
3- L-1 0.2-1.5 mg PO4

3- L-1 2.2 % 

*Plus: pH, specific and acid conductivity. ** Non-reductive conditions. 
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4 Multiparametric Monitoring System for Sulfate, Nitrite  
and Nitrate Determination 

A multiparametric flow analysis method for the automatic determination of nitrite, 
nitrate and sulfate ions in wastewater and drinking water samples based on SIA was 
developed [25]. Again, SIA allowed the integration of different techniques in a single 
manifold for monitoring of multiple environmental parameters. However, there are 
scarce applications to determine nitrite, nitrate and sulfate in drinking water and 
wastewater within the same system; mainly, due to the difficulty to keep the manifold 
free of precipitate after the sulfate determination by the turbidimetric method.  

This analyzer exploited spectrophotometric detection after a previous chemical 
transformation of the analytes of interest. For the determination of nitrite, the 
colorimetric modified Griess reagent (sulphanilamide, N-(1-naphthyl) ethylene 
diamine and HCl) was used, which consists in the formation of colored azo reddish 
purple complex. Nitrate ion was reduced to nitrite in the presence of cadmium (Cd). 
Commercial cadmium grains coated with copper sulfate (CuSO4) were used to fill a 
methacrylate column (55 mm length and 4 mm i.d.). The concentration of nitrate was 
calculated by the difference of TN determination and nitrite measurement. The 
turbidimetric method was carried out to determine sulfate. The sulfate ion precipitates 
in acetic acid with barium chloride (BaCl2), forming barium sulfate crystals (BaSO4) 
of uniform size. To prevent the coating of BaSO4 on tubing walls a colloidal 
emulsifier such as arabic gum (gum acacia) was added during the sulfate analysis.  

The system included a piston pump type, a selection valve and a 
spectrophotometer, all of them connected to a personal computer (Fig. 4). The piston 
pump type consisted on an autoburette equipped with a 10-mL syringe which was  
 

 

Fig. 4. Schematic depiction of the three-parametric SIA analyzer. HC: Holding Coil; RC: 
Reaction Coil; CC: Central Conduit. 



Automatic Water and Wastewater Quality Monitoring Systems 115 
 

 

used as liquid driver. Spectrophotometric measurements were made at 540 nm. An 
eight-port selection valve was used as a liquid distributor. The reduction column was 
inserted in the detector line between the eight-port selection valve and the reaction 
coil, using a three-way connector. Instrument control is performed using the software 
package AutoAnalysis (Sciware Systems).  

Management of the sample and reagents through the selection valve was as 
follows: port 2 was used for sample aspiration, port 4 for the chromogenic solution, 
buffer solution A (NH4Cl, Na2B4O7·10 H2O and EDTA) and buffer solution B 
(MgCl2·6H2O, CH3COONa·3H2O, KNO3, CH3COOH and 5% (m/v) arabic gum 
dissolved in water) flowed through port 5 and port 7, respectively, and the BaCl2 
solution was aspirated through port 8. Port 1 was employed as waste and for loading 
cleaning solution. The reduction column was connected to port 6. Port 3 was 
connected to the reaction coil and the detector.  

The measuring cycle was carried out using a sandwich technique. For NO2
− 

determination, the sample (2 mL) and the chromogenic solution (0.5 mL) were loaded 
and sent to the reaction coil and then to the detector through port 3. For NO3

− 
determination, sample (2 mL), chromogenic reagent (0.5 mL) and buffer solution A 
(0.08 mL) were loaded from their containers and then impelled through the reduction 
column located in port 6; after the reduction of NO3

− to NO2
−, they were passed 

through the reaction coil and the detector. For SO4
2− determination, sample (1 mL), 

BaCl2 solution (0.5 mL) and buffer solution B (0.2 mL) were loaded through their 
respective ports and then sent to the reaction coil and after that to the detector. After 
each SO4

2− determination, a washing process with the cleaning solution (EDTA in 
NaOH) was performed to remove the precipitate that potentially could have been 
added to the tubing, leaving the system ready for further assays. The column 
activation and regeneration were accomplished as in the previous described system 
for nitrate and nitrite determination proposed by Cerdà et al. [22].  

Thus, the accomplished repeatability (as relative standard deviation, RSD) of 1.9% 
for nitrate, was lower than those acquired in different works which vary in a range of 
2.3–3.7% [26-28]. However, the repetitive running of the regeneration solution not 
only decreased the sampling rate but also shortened the lifetime of the column due to 
the breakdown of the cadmium granules into smaller particles. 

As described previously, the most important interference for the analytical 
determination of nitrate was the effect of PO4

3− on the reduction column. In this 
approach, a concentration up to 300 mg PO4

3− L−1 was studied without signal 
variations in the determination of 1.12 mg N L−1 of nitrate. This could be due to the 
higher flow rate used, causing a short contact time between the ion and the column, 
despite the high concentration of the phosphate ion. The determination of sulfate 
could be affected by the presence of cations such as Ca+2, Mg+2 and K+, which are 
commonly found in water samples. The study of interferences in the analytical 
determination of 200 mg L−1 of sulfate showed that concentrations of 500 mg L−1 Ca+2 
and 40 mg L−1 K+ had an interfering effect in the precipitation of BaSO4, whereas 800 
mg L−1 Mg+2 did not interfere.  

Table 1 summarizes the major figures of merit presented by each parameter of  
this system. The detection limits established in the standard methods (0.1 mg N L−1, 
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0.18 mg N L−1, and 1 mg L−1 for nitrate, nitrite and sulfate, respectively) [17] were 
almost completely surpassed by the ones achieved in this work, with the exception of 
the sulfate detection limit. 

The multiparametric method was applied to tap water, groundwater and wastewater 
(from inlet and outlet of a treatment plant). Recovery tests were performed and results 
showed recoveries of 95-109%, 102-109% and 95-103% for sulfate, nitrite and 
nitrate, respectively. This proved a good accuracy in the working range for 
monitoring of these three ions by the proposed system, making it suitable for drinking 
water and wastewater samples.  

Although regeneration process of the column and washing steps were mandatory in 
order to avoid the decreasing efficiency of nitrate reduction to nitrite and to prevent 
the adhesion of BaSO4 to the tubes walls, respectively, these minor drawbacks did not 
affect the system performance. Moreover, the cleaning cycles were carried out in a 
fully automated approach. Besides, the developed system did overcome the typical 
interference of phosphate ion in the determination of sulfate reported at bibliography.  

5 A Wastewater Quality Monitoring System 

A simple portable wastewater quality monitoring system based on spectrophotometric 
detection was developed by Thomas et al. [20] for the measurement of BOD, COD, 
TOC, TSS, global N and total P. Other parameters such as nitrate, nitrite, ammonium, 
orthophosphate or anionic detergents can be also directly measured with this system.    

 

Fig. 5. Schematic depiction of the SIA wastewater quality monitoring system. RC: Reaction 
Coil; HC: Holding Coil; CC: Central Conduit; S: Syringe. 
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The proposed multiparametric monitoring analyzer was a SIA system coupled with 
two simple spectrophotometric detectors especially designed for the system. The SIA 
system consisted of a 5-mL automatic burette, a two valve multiposition module, an 
injection valve, a diffusion cell and a photo-oxidation reactor. Parameters were 
measured either by directly exploiting the UV-spectrum of the sample or by a 
chemical reaction with a reagent. All the operations and data acquisition were PC-
controlled. Fig. 5 shows the scheme of the SIA multiparametric monitoring system. 

For the analysis of BOD, COD, TOC, TSS, nitrate and detergents, a direct 
exploitation of the UV spectrum was used. In practice, the acquisition of spectra was 
carried out between 200 and 350 nm with the UV detector. The general procedure 
included a saturation test, a test of restitution quadratic error (between measured and 
restituted spectra) for the autovalidation of the procedure, and calculation of the 
parameters. Results for the different parameters were displayed simultaneously  
30 seconds after the beginning of the spectrum acquisition. 

For TN and organic phosphorus determination, UV photo-digestion was required. 
The digestion with UV radiation was chosen as the most convenient option for the 
automatic monitoring system in order to avoid potential problems caused by high 
temperatures and gas bubble formation usually associated with other methods such as 
microwave digestion. The photo-oxidation reactor consisted of a 15-W mercury lamp 
(λ = 254 nm) placed inside an aluminum cylinder, a  PTFE tube (150 length and 1.5 
mm i.d.) coiled around it and a cooling fan, which was used to keep its temperature 
low. The TN determination procedure can be briefly described as follows: first, the 
sample is sandwiched between two reagents and buffer zones, as follows: buffer (100 
µL sodium tetraborate, pH 9) - oxidant reagent (30 µL potassium persulfate) - sample 
(50 µL) - oxidant (30 µL potassium persulfate) - buffer (100 µL sodium tetraborate, 
pH 9) then the mixture is propelled to the UV reactor, after 3-5 min, the mineralized 
mixture is pushed through the UV detector where organic and inorganic nitrogen 
compounds are oxidized into nitrate which is afterwards measured using the previous 
described UV multiwavelength procedure.  

In order to determine either inorganic orthophosphates or total phosphorus  
(also as orthophosphates after mineralization) a reagent has to be added. The 
vanadomolybdate method was chosen for its good reproducibility and reagent 
stability to determine orthophosphates. The absorbance was read at 430 nm. For total 
phosphorous determination the SIA manifold was basically the same as used for 
orthophosphate determination, but with UV digestion. Potassium persulfate was used 
as oxidant and the flow was stopped for a certain time (150 s) to oxidize organic 
phosphorus compounds into orthophosphate. Finally, the mixture was transported to 
the detector for orthophosphate determination by means of the vanadomolybdo-
phosphate method.  

Nitrite determination was carried out using a standard colorimetric method based 
on a modified Griess reaction. The Griess reagent used was a mixture of 
sulfanilamide (SAM), N-(1-Naphthyl)ethylenediamine dihydrochloride (NED) and 
HCl. Absorbance was read at 530 nm [29,30]. The difference between the TN and the 
sum of the concentrations of nitrates and nitrites before photooxidation is the Kjeldahl 
nitrogen (TKN). The organic nitrogen can also be calculated. 
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Finally, ammonium was analyzed by a colorimetric method after conversion to 
ammonia with 0.01 mol L-1 NaOH and its diffusion through a hydrophobic membrane 
into the acceptor shell containing an acid-base indicator solution (bromothymol blue). 
The change in the absorbance, at 640 nm, of the acid-base indicator solution used as 
acceptor stream was measured and referred to the ammonium content in the sample. 

In order to validate the proposed monitoring analyzer, results of the different 
parameters were compared with those of reference methods. The comparison was 
carried out for each parameter by calculating the correlation coefficient and by testing 
the validity of the following hypotheses: value of slope and intercept of the regression 
line (respectively 1 and 0), and validity of the linearity. For global parameter 
estimation (TSS, BOD, COD, and TOC) and for nitrate determination, the proposed 
system was tested with 85 treated wastewaters samples from several treatment plants. 
The correlation coefficient values (r2), respectively 0.87, 0.73, 0.91 and 0.92, showed 
that the correlation coefficient were quite good for all the global parameters but for 
BOD, probably because the measurement principle of the reference method is very 
different. Moreover, this parameter was the only one with a negative test of validity 
(slope different from 1). For the other parameters (ammonium, nitrite, organic 
nitrogen, orthophosphate and organic phosphorus), SIA procedures were optimized 
and tested with a series of standard solutions and of real samples [29-32]. In 
conclusion, for almost all the parameters tested, the correlation coefficient values 
were close to or greater than 0.9 and the validity test was always positive, showing 
that the proposed monitoring system could be an excellent alternative to current 
reference methods for wastewater quality monitoring. Furthermore, being a much 
simpler, economic, handy multiparametric analyzer. 

6 SIA System for Monitoring the Water Quality in the Energy 
Cogeneration System of a Municipal Waste Incinerator 

Leading-edge urban solid waste ashing plants use burning heat energy to obtain 
electrical power. Water fed to their boilers for conversion into steam should be highly 
pure in order to minimize corrosion, scaling and similar phenomena, which can lead 
to malfunctioning and a reduced useful life. This highlights the need of a proper 
management and control of the water supply. A multiparametric monitor based on 
sequential injection analysis for the sequential determination of up to eight 
parameters, namely: pH, specific and acid conductivity, hydrazine, ammonium, 
phosphate, silicate and total iron, was developed by Bauzá et al. [33]. 

Acid conductivity was determined by passing the sample through a cation-
exchange resin in order to retain ammonium ion and release protons. This parameter 
was deemed the most accurate indicator of dissolved solids in boiler water. Chemical 
parameters were determined spectrophotometrically: hydrazine by reaction with p-
dimethylaminobenzaldehyde, ammonium by the modified Berthelot reaction, iron 
with o-phenanthroline, and phosphate and silica by formation of a molybdoheteropoly 
blue dye in the presence of ascorbic acid as reductant. 
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The system consisted of a multisyringe burette equipped with four 10-mL syringes, 
a selector module consisting of two 10-way selection valves, an autosampler, a 
conductimeter equipped with a temperature probe, a homemade conductivity cell 
made of poly(methyl)methacrylate (PMMA) and gold-coated bronze tubular and wall-
jet electrodes, a column (53 mm length and 4 mm i.d.) used to measure acid 
conductivity also made from PMMA, a pH-meter equipped with a cell which closely 
mimicked a batch system involving immersion of the electrode in solution, a glass–
Ag/AgCl microelectrode (3mm diameter), a Hewlett–Packard HP 8452A diode array 
spectrophotometer equipped with a 18µl flow-cell (10 mm light path) and a personal 
computer to govern the system and acquire data by using three communication 
channels (viz. two RS232 serial ports for the pH-meter and the multisyringe, and an 
HP-IB parallel port for the spectrophotometer). Instrumental control and data 
acquisition was carried out by software AutoAnalysis (Sciware Systems). The 
manifold was constructed with PTFE tubing. Fig. 6 shows the scheme of the SIA 
monitor.  

The procedure for conductivity and acid conductivity involved using valve B and 
syringe 4 to drive the sample (7 mL) toward the measuring cell. Conductivity 
measurements were made under continuous-flow conditions since they avoided 
baseline drifts. Acid conductivity was determined similarly except that the sample (5 
mL) was passed through the cation-exchange resin. The resin was found to be able to 
process up to 60 samples without the need for regeneration. However, the column was 
regenerated (7 mL of 1mol L-1 HCl and 100 mL of distilled water) after each working 
day in order to ensure optimum conditions operation of the system. Hydrazine was 
determined by reaction with p-dimethylaminobenzaldehyde (DAB), using valve A 
and syringe 2 in the multisyringe to aspirate the reagent (0.8 mL) and the sample (0.2 
mL). A wait of 30 s allowed a yellow quinone to form, then the colored compound 
was propelled to the detector for absorbance measurement at 455 nm (with correction 
at 650 nm). Iron was determined by reaction with o-phenanthroline. Valve B and 
syringe 3 were used to aspirate hydroxylamine (0.1 mL), sample (0.3 mL) and o-
phenanthroline (0.05 mL). The mixture was driven to the spectrophotometer for 
measurement of the absorbance difference (A510–A650). 

Ammonium determination was based on the modified Berthelot reaction. In the 
first step, ammonium reacted with hypochlorite to form chloramine, which then 
reacted with phenol to obtain indophenol blue. This reaction was quite slow and 
required the presence of a catalyst (sodium nitroprusside) in addition to heating and 
stopping the flow for 1 min in a water bath at 45 ºC in a knotted reaction coil (KRC). 
By the use of valve A and syringe 2, the hypochlorite (0.2 mL), the sample (0.35 mL) 
and the salicylate (0.35 mL) were aspirated. Absorbance measurements of the reaction 
product were made at 640nm (spectral oscillations caused by changes in refractive 
index were corrected by subtracting the absorbance at 800 nm). 

Silicate and phosphate determinations were based on kinetic differences in the 
formation rates of their molybdoheteropoly blue derivatives. The procedure started by 
using valve A and syringe 1 to aspirate the molybdate for silicate determination (0.35 
mL) and sample (1 mL) via a thermostated coil (1 min at 45 ºC). Meanwhile, the 
determination of phosphate by using syringe 2 to aspirate antimonyl tartrate–oxalic  
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Fig. 6. Schematic depiction of the SIA system for monitoring water in the energy cogeneration 
system of a municipal waste incinerator. R1: Salicylate; R2: Hypochlorite; R3: Tartrate; R4: 
Oxalic Acid; R5: Ascorbic Acid; R6: Molybdate; R7: DAB; R8: Hydrochloric Acid; R9: 
Hydroxylamine; R10: o-phenantroline; HC: Holding Coil; KRC: Knotted Reaction Coil; S: 
Syringe. 

acid buffer (0.25 mL), ascorbic acid (0.30 mL), ammonium molybdate (0.20 mL) and 
sample (0.75 mL) was performed. Finally, a reaction mixture volume of 4 mL was 
propelled to the detector for measurement of the absorbance difference (A650–A774). 
This procedure was followed to determine silicate, which involved aspirating ascorbic 
acid (0.7 mL), and oxalic acid (0.35 mL), adding to the mixture of the thermostated 
coil and driving to the detector for spectrophotometric measurement (A810–A550).  

The pH was simultaneously determined with silicate and phosphate, using valve B 
and syringe 4, the sample (3.0 mL) was propelled to the pH electrode for 
measurement ensuring that it would not be diluted on its way to the measuring 
electrode and that the cell holding the sample would be properly rinsed with it.  

Potential interferences to determine hydrazine were examined (i.e. iron, silicate, 
phosphate and ammonium). Silicate and phosphate concentrations up to 10 mg L−1 
resulted in no signal change. Silicate levels in the studied sample type are usually in 
the µg L-1 region and phosphate is usually present in samples from the reboiler, at 
concentrations close to 1 mg L−1. Iron and ammonium exhibited no interfering effect 
at concentrations 100 times higher than that of hydrazine. Any interference from iron 
would have been rather unexpected; in fact, this metal is rarely encountered among 
these analyses unless the system is corroded. Potential interferences for iron 
determination were studied at concentrations up to 50 mg L−1 for ammonium, and 10 
mg L−1 for silicate, phosphate and hydrazine, none was found to have an appreciable 
effect on the analytical signal. In the case of ammonium determination, silicate 
exhibited no interfering effect at concentrations 50 times higher than that of  
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ammonium. Phosphate and iron at concentrations up to 20 times higher than that of 
the analyte were found not to interfere, and so was hydrazine at equal concentrations 
to ammonium—which is usually the case in water from energy cogeneration plants. In 
the simultaneous determination of phosphate and silicate, the addition of tartaric acid 
was found to prevent the formation of molybdosilicate in the time span of the 
experiment—and hence the interference of silicate with the determination of 
phosphate. For the determination of silicate, the molybdophosphate was ligand-
exchanged with oxalate in order to obtain phosphate and molybdo-oxalate. Because 
molybdosilicate is an inert species not amenable to ligand exchange with oxalate, it 
remained in solution for further reduction and detection. Thus, reactions required 
careful optimization of the working conditions in order to avoid mutual interferences.  

Main figures of merit are shown in Table 1. The determinations integrated in the 
described monitor departed slightly from individual and separate SIA determinations 
due to the compromises adopted in order to be able to perform several determinations 
at once. Overall, the sensitivity was adequate for determining the five chemical 
parameters in water from a water–steam cycle at a cogeneration waste incinerator 
plant. Also, the precision was acceptable. The proposed monitor affords a triplicate 
determination of eight target parameters within 30 min. 

7 Conclusions 

Water and wastewater characterization is of great environmental and public health 
interest, thus the need of water and wastewater quality monitoring systems is 
highlighted. Automation provides a fast response to a large volume of samples. 
Particularly, SIA has proved to be an outstanding tool for developing automatic 
monitoring analyzers. Moreover, SIA expansibility and flexibility provide to this flow 
technique multiparametric capabilities unaffordable by other automation techniques. 
Also, SIA outfits each system with accurate control of reagents and sample volumes, 
of their flow rate, as well as of injection throughputs, resulting in low consumption of 
sample and reagents, a minimal waste generation, optimum sensitivity, good 
reproducibility and repeatability. Furthermore, sample handling in the sequential 
injection mode, which employs forward, reversed and stopped flow, can be 
programmed to accommodate a wide variety of assays allowing a number of 
operations mimicking those performed manually to be programmed by easy on-line 
implementation.  

The four analyzers described above share some benefits such as simplicity, 
portability, savings, and effectiveness. It is worth pointing out that one of the 
proposed analyzers is able to determine up to 11 parameters within the same system 
by the use of low cost devices and without any system reconfiguration. Another great 
advantage of these automatic analyzers is the higher analysis frequency in comparison 
with manual routine analysis, e.g. the eight-parametric SIA system affords a triplicate 
determination of eight target parameters within 30 min. Therefore, these monitoring 
systems could be used to monitor key parameters in certain fields where the 
continuous assessment of these is required, e.g. wastewater treatment plants, drinking 
water treatment plant or industrial processes. 
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Abstract. There is an increasing demand for autonomous sensor devices which can 
provide reliable data on key water quality parameters at a higher temporal and 
geographical resolution than is achievable using current approaches to sampling and 
monitoring. Microfluidic technology, in combination with rapid and on-going 
developments in the area of wireless communications, has significant potential to 
address this demand due to a number of advantageous features which allow the 
development of compact, low-cost and low-powered analytical devices. Here we 
report on the development of a microfluidic platform for water quality monitoring. 
This system has been successfully applied to in-situ monitoring of phosphate in 
environmental and wastewater monitoring applications. We describe a number of the 
technical and practical issues encountered and addressed during these deployments 
and summarise the current status of the technology. 

Keywords: Microfluidics, autonomous sensing, chemical sensors, water quality. 

1 Introduction 

There is a growing need for increased monitoring of water quality across a broad 
range of applications, including municipal and industrial wastewaters as well as 
drinking water and environmental waters (rivers, lakes, groundwater and marine). 
This demand is fuelled by a range of drivers, with legislation being the most direct 
and important in many applications. For example, the European Union’s Water 
Framework Directive (WFD) [1], supported by a range of directives such the Urban 
Wastewater Directive [2], the Nitrates Directive [3], the Drinking Water Directive [4] 
and the Groundwater Directive [5], establishes a comprehensive basis for the 
management of water resources within the EU. The priorities of the WFD are to 
prevent further deterioration of and to protect and enhance the status of water 
resources and to promote sustainable water use based on long-term protection of 
water resources. To this end, the Directive requires that an integrated monitoring 
programme be established within each river basin district, which will enable 
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collection of the physical, chemical and biological data necessary to assess the status 
of surface and groundwater bodies in each such district. 

Reliable, high quality, and high resolution information about water quality is 
essential for water management and for maintaining or improving the quality of water 
resources. However, existing monitoring practices are unsatisfactory for a variety of 
reasons. Monitoring of environmental waters is still predominantly based on manual 
sampling followed by laboratory analysis using standard techniques such as 
colorimetry, atomic absorption spectroscopy, mass spectrometry and ion 
chromatography. While this approach yields high quality and reliable data (assuming 
that the appropriate protocols are followed during collection, transport, storage and 
analysis of the sample) the cost per sample is significant due to the manpower 
requirement for sample collection as well as the cost of analysis. This approach is 
therefore incapable of meeting the demand for monitoring at the much higher 
temporal frequencies and geographical densities which are envisaged [6]. 

For wastewater monitoring, a range of online sensors and analyzers are 
commercially available, based on colorimetric chemical detection, electrochemical 
detection or optical detection. Generally available as single units or a suite of units 
aimed at monitoring individual parameters such as phosphate, nitrate or ammonia, 
these are also subject to a number of limitations, including: high cost of purchase and 
installation, high cost of operation due to the significant volumes of reagents and/or 
standard solutions required, and varying reliability, leading to frequent intervention 
by operators in order to clean fouled surfaces, remove blockages, or run calibration 
protocols. In this sector, the key advantage of microfluidics-based sensing systems is 
the lower cost of purchase and operation, as well as reduced infrastructure 
requirements. For this reason, microfluidic systems are likely to find a significant 
niche in the wastewater sector, particularly in smaller-scale wastewater treatment 
plants where the cost of conventional online systems may be prohibitive, and in 
alternative treatment systems such as constructed wetlands [7] where mains power 
may be unavailable or restricted to parts of the site. The installation of large numbers 
of new wastewater treatment systems in developing economies also represents a 
major opportunity for developers of low-cost monitoring systems for key parameters 
such as nutrients. 

Since the “miniaturized total analysis system” (µTAS) concept was introduced by 
Manz et al. in 1990 [8], it has been recognized that the properties of microfluidic or 
“lab-on-a-chip” systems make them eminently suitable for the development of 
compact, autonomous analytical devices for a range of applications including 
environmental monitoring. The advantages of microfluidic sensing systems can be 
summarized as follows. (i) The small sample sizes used, typically in the µL range, 
minimize reagent consumption and waste generation. (ii) The small size of the 
microfluidic manifold facilitates the development of compact and portable analytical 
systems. (iii) Fast analysis times result from performing chemical analysis on the µm 
scale, where diffusion-based mixing can be an efficient process, allowing high sample 
throughput and/or frequent measurements. (iv) Low-cost sensing devices can be 
developed by combining microfluidic systems with simple, low cost detectors.  
This combination of properties makes microfluidic systems highly attractive as a basis 
for reagent-based monitoring of chemical species in the aquatic environment. 
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There are also drawbacks associated with operating at the micro-scale. Using  
µL-scale sample sizes has implications in terms of adequately representing the 
complete body of water which is to be measured. This issue is significantly mitigated 
by the higher measurement frequency which is possible using in-situ systems; for 
example, by capturing short-term variations, multi-daily in situ measurements which 
are approximately accurate will provide more information on the levels of a target 
analyte in a water body than a highly accurate sample-based measurement which is 
only carried out at monthly intervals. Due to the small dimensions of the microfluidic 
channels, they are susceptible to blockage or interference by fine particulate matter. 
The use of fine filters at the sampling point can eliminate or minimize this issue, 
although at the cost of limiting the analytical parameter to the dissolved fraction of 
the target species. Issues such as these, and others including interference caused by 
bubble formation/trapping within the micro-analytical system, have represented 
significant barriers to the development and uptake of microfluidics-based in-situ 
sensing systems. Although numerous micro-analytical systems have been developed 
and their performances described under laboratory conditions, examples of integrated 
micro-analytical devices which have been successfully deployed for extended periods 
under real environmental conditions are much scarcer. Therefore, while the 
development of sensing nodes for the aquatic environment which are sufficiently 
reliable and low in cost to form the basis of extensive wireless sensor networks has 
been anticipated, realization of this goal has been more difficult to achieve. The 
challenges in developing such systems include achieving adequate stability and 
reliability of the analytical system, cost and power consumption of the integrated 
device, robustness under harsh environmental conditions, and fouling due to 
particulate matter and microorganisms. In developing an autonomous environmental 
monitoring device, deployable lifetimes in the order of months to a year are desirable. 
Achieving such lifetimes without elevating the fabrication cost of the integrated 
system to unviable levels can be described as a key challenge for the analytical 
science community [9]. 

2 Examples of Deployable Microfluidic Devices 

A range of reagent-based analytical techniques can be readily implemented in 
microfluidic systems. However, despite rapid and on-going developments in the area 
of microfluidic/lab-on-a-chip technology for chemical analyses over the last 20 years 
or so, and the significant requirements and opportunities which exist for autonomous 
environmental monitoring systems [10,11], relatively few field deployable 
microfluidic devices based on reagent chemistry have come to fruition.  

One area which has seen significant progress is the integration of colorimetric 
methods for nutrients such as phosphate, ammonia and nitrate/nitrite into microfluidic 
manifolds with light emitting diode (LED)/photodiode-based optical detection 
systems. Gardolinski et al. [12] developed a miniaturised, LED-based chemical 
analyser for in-situ monitoring of nitrate. The limit of detection (LOD) with a 20 mm 
path length flow cell was 2.8 mg L-1 N. The linear range could be adjusted to suit 
local conditions in the field by changing the flow cell path length. The analyser was 
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tested in shipboard mode for mapping nitrate concentration in the North Sea and in 
submersible mode to conduct a transect of the Tamar Estuary (England). 

Doku et al. [13] developed a micro-flow injection analysis (µFIA) technique for 
orthophosphate based on the molybdenum blue reaction. The µFIA manifold was 
formed by etching of borosilicate glass, and electro-osmotic flow was used both for 
the mobilization of reagents and for sample injection.  A LOD of 0.1 µg mL-1 was 
achieved, with a rapid analysis time of 60 s and low sample/reagent volume (total 
system volume of 0.6 µL). Greenway et al. [14] produced a similar µFIA system for 
the determination of nitrite, based on the Greiss reaction to form an azo dye. 
Following optimization of the electro-osmotic flow characteristics, reaction 
chemistry, and injection time, a LOD of 0.2 µmol L-1 was achieved. A further 
progression of this work was to incorporate a cadmium reduction column within the 
device. This allowed for the analysis of nitrate in water, for which a LOD of 0.51 
µmol L-1 [15] was achieved. Daridon et al. [16] investigated the Berthelot reaction for 
the determination of ammonia in water utilizing a microfluidic device consisting of a 
silicon chip between two glass plates. The path length in this device was 400 µm, and 
the integrated system comprised fiber optics coupled to an LED. High aspect ratio 
channels (30 µm wide × 220 µm deep) were used for sample/reagent mixing in order 
to achieve efficient diffusional mixing. 

Azzaro et al. [17] described an automatic colorimetric analyzer prototype 
(MicroMAC FAST MP3) for high frequency measurement of nutrients in  
seawater. This system utilizes the Berthelot method for ammonia detection, the 
sulphanilamide/ethylenediamine method for nitrate detection, and the blue 
phosphomolybdate method for phosphate detection, and LODs of 5, 2.5 and 2.5 µg/L 
were reported for N-NH4, N-NO3 and P-PO4 respectively. The system was based on 
loop flow analysis technology developed by Systea, an Italian company, and has been 
further developed to provide a system more suited to deployment on typical 
monitoring platforms. This multi-nutrient analyser system has been trialled in 
collaboration with YSI Hydrodata at two locations in the United Kingdom 
(Hanningfield Reservoir and River Blackwater Estuary) [18]. 

A number of other systems for in-situ nutrient monitoring have been assessed by 
the Alliance for Coastal Technologies (ACT) at Chesapeake Biological Laboratory, 
USA [19-21]. ACT conducts technology evaluations which focus on classes of 
commercially available instruments in order to provide confirmation that each 
technology meets the manufacturer's performance specifications or claims under real 
deployment conditions. The American Ecotech NUT 1000 was originally developed 
at Monash University and commercialised by Ecotech Pty. Ltd. The system can 
achieve LODs for reactive phosphate of < 3µg L-1 with a response time of 30 seconds. 
The high sampling rate is allowed by the use of rapid sequenced reagent injection in 
combination with a multi-reflection flow cell. Reagent injection also minimizes the 
reagent consumption, allowing over 1000 measurements to be performed with only 20 
mL of reagent. In the ACT trials, the NUT 1000 was used for surface mapping on 
board a research vessel in Monterey Bay, California [19]. Very good correlation with 
validation samples was achieved, after correction for a measurement offset of 50 µg 
L-1 P-PO4, which was attributed to differences in refractive index of natural seawater 
versus the reagent grade water used for preparation of internal standards and machine 
calibration. The ACT has also reported on successful deployments of the WET Labs 
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Cycle-P nutrient analyzer [20] and the YSI 9600 Nitrate Monitor [21]. Vuillemin et 
al. [22] described a miniaturized chemical analyzer (CHEMINI) for dissolved iron 
and total sulphide, based on FIA and colorimetric analysis. Designed for deep-sea 
applications, the system is submersible to a depth of 6000m, with detection limits of 
0.3 µM and 0.1 µM for iron and sulphide respectively. It was used to monitor the 
chemical environment within mussel beds, over a 6 month deployment period during 
which 8 measurements per day were performed. 

Mowlem and co-workers at the National Oceanography Centre, Southampton, UK, 
have developed in-situ sensors for a range of chemical parameters [23-27] including 
nitrite, nitrate, ammonia, phosphate and iron. The first of this series of microfluidic 
chemical analysis systems [23] was used to detect nitrate and nitrite with a limit of 
detection (LOD) of 0.025 μM for nitrate (0.0016 mg L-1 as NO3

−) and 0.02 μM for 
nitrite (0.00092 mg L-1 as NO2

−). The device was deployed in an estuarine 
environment (Southampton Water, UK) to monitor nitrate and nitrite concentrations 
in waters of varying salinity and was able to track changes in the nitrate-salinity 
relationship of estuarine waters due to increased river flow after a period of high 
rainfall. In subsequent work, nanomolar detection limits were achieved for iron [24], 
ammonium [25], phosphate and nitrate [26]. Like the CHEMINI system, these 
analysers are designed primarily for oceanographic applications, and the level of 
engineering required to achieve the high analytical performances required in this 
environment means that the cost of such systems is likely to be prohibitive in terms of 
deploying large numbers of devices for routine monitoring applications. 

3 Reagent Stability 

In many cases, reagent stability represents a major limitation when considering 
chemical detection methods for environmental monitoring, due to the need for devices 
to be exposed to environmental conditions for a significant period of time (months or 
longer) while giving reliable and reproducible results over this time frame. Sequeira et 
al. [28] examined the stability of the reagents for the Berthelot reaction for ammonia 
detection in terms of viability for long-term monitoring applications. The three key 
reagents in the reaction are potassium sodium tartrate, phenol and hypochlorite. While 
potassium sodium tartrate and phenol are generally regarded as stable if stored 
properly, hypochlorite solutions are unstable and can decompose to form chlorate ion 
and oxygen over a period of days or weeks. It was shown that iron and copper, 
present as contaminants, catalyze the decomposition. Ensuring that the hypochlorite 
solution was free from these contaminants allowed long-term storage of the 
hypochlorite solution without significant loss in activity. Salicylate was also used as a 
replacement for phenol, and was found to yield broadly similar analytical 
performance in terms of sensitivity and kinetics, while having the major advantages of 
being highly stable and non-toxic. Diamond and co-workers [29,30] evaluated the 
yellow vanadomolybdophosphoric acid method as an analytical method for the 
determination of phosphate in water within a microfluidic device with the aim of 
producing an automated device with a field-deployable lifetime of one year. In this 
method ammonium molybdate, (NH4)6Mo7O24.7H2O, is reacted with ammonium 
metavanadate, NH4VO3, under acidic conditions. The combined reagent and sample 
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containing orthophosphate react to form the vanadomolybdophosphoric acid complex, 
(NH4)3PO4NH4VO3.16MoO3. The resulting solution has a distinct yellow colour 
arising from the strong absorbance of this complex below 400 nm. It was shown that 
batches of the reagent could be used for over a year without significant loss in 
performance [29]. This method was therefore selected in preference to the 
molybdenum blue method, due to the greater stability of the reagents used in the 
analysis, and resulted in an assay with an LOD of 0.2 mg L-1 and a dynamic linear 
range of 0–50 mg L-1. 

4 First Generation Autonomous Microfluidic System  
for Phosphate Analysis 

Following on from investigations on the microfluidic application of the 
vanadomolybdophosphoric acid method for phosphate detection, Diamond and co-
workers have developed an autonomous microfluidic analyzer for phosphate, which 
has been successfully deployed in wastewater, freshwater and estuarine locations. An 
early prototype for this system consisted of bottles for storing the reagent, calibration 
solutions and cleaner, a sample port for collecting the water sample to be analyzed, 
and an array of solenoid pumps for pumping the required liquids through the 
microfluidic chip. The microfluidic chip allowed for the mixing of the reagent and 
sample, and the chip also presented the reacted sample to a photodiode and LED for 
an absorbance measurement. The analyzed sample is then pumped to the waste 
storage container. All of the fluid handling and analytical components were controlled 
by a microcontroller that also performed the data acquisition and stored the data in a 
flash memory unit. A GSM modem was used to communicate the data via the SMS 
protocol to a laptop computer. The layout of the new system is shown schematically 
in Fig. 1. 

 

Fig. 1. Schematic detailing the components of the phosphate sensor and their relation to each 
other 
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The microfluidic chip used to perform the colorimetric measurement is shown in 
Fig. 2(a). This allows for the colorimetric reaction to be performed using 20 μL each 
of sample and reagent. The reagent and sample are mixed in a T-mixer which leads 
into a serpentine channel where the resulting solution is presented to the emitter and 
photo-detector for the absorbance measurement. Each side of the T-mixer has three 
inlet channels leading into them. On one side are the two phosphate standard solutions 
for a two point calibration. A third inlet channel is for the water sample. On the other 
side of the T-mixer there is an inlet for the reagent and two inlets for deionized water 
for cleaning the micro-channels. All channels are of 200μm in width and depth. The 
chip was manufactured from a 1 mm thick PMMA sheet (ME303011, Goodfellow, 
Cambridgeshire, England). The microfluidic channels were milled into the sheet using 
the CAT-3D-M6 micromill (DATRON Electronic, Mühltal, Germany) using a 200μm 
endmill (00680029, DATRON Electronic, Mühltal, Germany). The 35×20 mm chip 
was then cut from the sheet. The channels are sealed by bonding a second 35×20 mm 
PMMA chip layer using a pressure sensitive adhesive (ARcare® 8890, Adhesives 
Research, Limerick, Ireland). PEEK tubes are inserted into the inlet and outlet ports 
and are held in place using epoxy adhesive.  

 

Fig. 2. Two versions of the microfluidic chip used for phosphate detection. (a) The prototype 
microfluidic chip described in this section, with serpentine channel visible on the right of the 
chip; the six inlets and single outlet can be seen on the left. (b) A redesigned version of the chip 
in which a serpentine channel was used for mixing and reaction of sample and reagent, and a 
cylindrical optical cuvette replaced the serpentine detection area. 

The reagent, calibration solutions and cleaners were stored in five square 250 ml 
HDPE bottles (NALGENE 2018-0250, Nalge Nunc, New York, USA). This capacity 
of reagent storage allowed for over 11,000 phosphate measurements. Two square 1L 
HDPE bottles were used for waste storage (NALGENE 2018-1000, Nalge Nunc, New 
York, USA). The bottle caps (Q-Series, Bio-Chem Valve, New Jersey, USA) used 
were fitted with Teflon check valves, which allowed air pressure to equalize between 
the bottle and its surroundings as the liquid is being pumped out of or into the various 
bottles. Teflon tubing with ¼”-28 UNF connectors (Omni-Lok, Bio-Chem Valve, 
New Jersey, USA) fitted at the ends, were used to connect the various fluidic 
components in the system. Six independently controlled miniature solenoid pumps 
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(120SP, Bio-Chem Valve, New Jersey, USA) were used to control fluid movement in 
the system. The fluid-contacting parts of these pumps are made from chemically inert 
PEEK for high chemical resistance. The pumps deliver 20 μL for each stroke and 
have ¼”-28 UNF ports for tubing interconnects. The system used dedicated pumps for 
the water sample, two calibration solutions, and the reagent. The remaining two 
pumps were used to deliver a cleaning solution to the microfluidic chip between 
assays. 

The microcontroller used for the control of the system was the MSP430F449 
(Texas Instruments), which was chosen for its low power consumption during 
operational and sleep mode. The MSPGCC compiler also provided an open source 
platform for software development (mspgcc.sourceforge.net). This microcontroller 
has, along with numerous digital inputs and outputs, an 8 channel 12-bit ADC for data 
acquisition and two UART ports for communicating with peripheral devices. A 2 
megabyte SPI flash chip mounted on the PCB with the microcontroller allowed for 
16,384 data points to be logged. The solenoid pumps and the power to the GSM 
modem were controlled via an array of field effect transistors (FETs). A photodiode 
(S1227-33BR, Hamamatsu Photonics UK Limited, Hertfershire, UK) and a 370nm 
LED (NSHU550E, Nichia Corporation, Tokushima, Japan) were used for the 
absorbance measurement. A transimpedance amplifier circuit based around a 
TLV2772 operational amplifier (Texas Instruments) was used to condition the signal 
from the photodiode. This circuit was built on a separate PCB from the main 
controller board, in order to limit the noise on the signal from the photodiode, which 
is mounted beside the microfluidic chip. A temperature sensor (LM335, ST 
Microelectronics) is also mounted on the daughter board. The LED is controlled via a 
BJT and was pulsed during the absorbance measurement to reduce power 
consumption and extend LED lifetime. The voltage signals from the transimpedance 
circuit and the temperature sensor were read by the ADC on the microcontroller. The 
entire system was powered by a 12V 7Ah lead acid battery. The power source was 
chosen for its low cost, long lifespan and high capacity. The microcontroller also 
monitored and logged the battery voltage with each phosphate measurement. 

A GSM modem was used for communication during system deployments. The 
main reason for the choice of this communications standard was the extensive 
coverage of the GSM network in Ireland and other countries in the European Union, 
which meant that the phosphate sensor could be deployed in most areas while 
maintaining data communication capability. The modem used was the MC35IT 
(Siemens, Berlin, Germany) which communicates via RS232, allowing for easy 
implementation in the system. The system used the GSM modem’s SMS functionality 
to send the data to another GSM modem connected to a laptop computer which acted 
as a base-station for data collection. During the operation of the sensor, data was 
collected and then stored in the flash memory. After a predetermined number of 
measurements the collected data was transmitted via SMS messages to the base-
station. To withstand the environment the sensing system was housed in a rugged 
enclosure, in the form of a polypropylene “Pelicase” (1430, Peli Products, Barcelona, 
Spain). This case is completely water tight and resistant to the reagent used. It is  
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lightweight and so does not affect portability. The chemical storage bottles and 
battery were mounted in the lower part of the case, while the solenoid pumps and 
microfluidic chip and LED and photodiode were mounted on a custom ABS mounting 
plate manufactured using a 3D printer (Dimension SST768, Stratasys, Minnesota, 
USA). The controller board and GSM Modem were mounted in the enclosure lid. The 
sample port was mounted on the side of the enclosure. 

Fig. 3 shows the fully assembled system with Pelicase enclosure. The five storage 
bottles and two waste bottles can be seen at the bottom of the enclosure. The battery 
sits between the waste bottles. The top plate is flipped up to reveal the six solenoid  
 

 

Fig. 3. Fully assembled system. (a) Bottom of enclosure showing bottles and battery. (b) Top 
plate and lid showing electronics board and GSM modem. Adapted with permission from [31]. 

 

Fig. 4. (a) Schematic of sample port. (b) Sample port mounted on sensor housing. Adapted with 
permission from [31]. 
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pumps on the underside. These are mounted with the inlets facing down towards the 
storage bottles. The outlets can be accessed through the top to allow them to be 
connected to the microfluidic chip. This is housed along with the temperature sensor, 
LED and photodiode with their accompanying daughter board in the center of the top 
plate. In the lid of the enclosure the controller board is mounted on the left hand side. 
The GSM modem along with its antenna is mounted on the right. The sample is 
drawn into the system through a 0.45 µm pore diameter filter membrane (Supor, 
PALL Corporation, Michigan, US), held in place between two polycarbonate plates 
and sealed with O-rings (Fig. 4). The port is attached to the Pelicase and sealed with 
polyurethane adhesive. The port has a ¼”-28 UNF port for connecting tubing. 

5 In-Situ Testing of First Generation Phosphate Analyser 

Following laboratory based validation studies [31,32], the first generation phosphate 
analyser was deployed at a wastewater treatment plant (Osberstown Wastewater 
Treatment Plant, Co. Kildare, Ireland) over a 6 week period in July and August 2008. 
The analyser was situated within the monitoring building which houses the WWTP’s 
online monitoring systems for phosphate, ammonia and nitrate. Samples were 
pumped from the final effluent tank adjacent to the monitoring building, and a valve 
was added to the sample line to deliver samples to the prototype phosphate analyzer’s 
sample inlet. For the purposes of this trial, the sample inlet was modified to consist of 
a modified membrane filter holder (shown schematically in Fig. 5) which allowed the 
sample to contact a membrane filter (Supor membrane filter, 0.45 μm pore size, 25 
mm diameter, Sigma-Aldrich) and then exit to waste. The sample was drawn through 
the membrane and into the analyzer system using a solenoid pump which then 
delivered the sample to the microfluidic chip. 

 

Fig. 5. Schematic cross section of the sampling port. The threaded parts of the membrane 
holder are screwed together so that the membrane is held in place by the O-ring seal. Samples 
circulate past the outer side of the membrane and the required volume is drawn into the 
analyzer by a solenoid pump. Adapted with permission from [45]. 
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trial the valve on the sample line was adjusted which resulted in this issue being 
almost entirely eliminated, with only 2 further such readings observed (days 20 and 
28). A more sustained deviation between the sensor and online monitor data was 
observed over days 18-21 of the trial, and was found to have been caused by the 
membrane filter becoming clogged with solids. After the filter was replaced, a close 
agreement in the data was resumed, and the membrane filter was changed at weekly 
intervals thereafter to prevent a recurrence of this issue. There were also a number of 
occasions on which the online monitor recorded elevated values which were not 
detected by the prototype sensor. These discrepancies were caused by solids in the 
sample affecting the online monitor readings, which has a relatively coarse filter at its 
inlet point. The online monitor uses heating and acid to digest solids in the sample, 
followed by analysis using the blue molybdate method for phosphate detection. Any 
solid material therefore has the potential to increase the measured value (acid-
hydrolysable phosphorus). This is not the case with the prototype sensor, as solids are 
excluded from the system using the 0.45 μm filter membrane at the inlet point, in 
order to avoid blockage or fouling of the microfluidic channels. Despite the 
limitations involved in using the online monitoring data as validation for the 
prototype sensor, this trial data showed that the prototype phosphate sensor had 
considerable potential to be used for monitoring of phosphate in wastewater streams. 
The performance of the prototype sensor was shown to be comparable with that of a 
commercially available phosphorus monitor, while significantly less maintenance was 
required over the trial period, even after the membrane filter was changed at one week 
intervals to account for the heavy fouling potential of the sample. Running cost of the 
sensor was significantly lower than the online monitor, due to the minimal amount of 
reagent and calibrant solutions required, and the sensor’s much lower power 
consumption. 

The first generation phosphate sensor has also been used to monitor phosphate 
levels in an estuarine environment in Co. Dublin, Ireland during two separate 
deployment periods in September-October and October-November 2009. Following a 
laboratory-based calibration procedure, the sensor was placed in-situ at Broadmeadow 
Water in Co. Dublin, Ireland on 25 September 2009. This is an estuarine water body 
which is known to have significantly elevated nutrient levels due to a combination of 
inputs from agricultural sources and wastewater treatment plant discharges [33]. The 
sensor was located at a small islet in one of the estuary channels and held in place 
using a steel anchoring device. As this was a tidal location, the GSM modem antennae 
was located outside the box and elevated above the high-water mark to ensure 
constant network coverage, as the sensor enclosure itself was fully immersed at high 
tide. The sensor operated with hourly measurement frequency, and data was 
transmitted by the GSM modem in SMS mode to a laboratory-based laptop computer 
at 5 hour intervals. For validation purposes, daily manual samples were collected as 
close as possible to the sensor’s sample inlet, and timed to coincide with the sensor’s 
sampling time. Samples were filtered immediately, and analyzed using a Hach-Lange 
DR890 portable colorimeter and the appropriate reagent pack (amino acid method for 
high range phosphate). 
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Fig. 7. The phosphate sensor in-situ during a trial at Broadmeadow Water, Co. Dublin, Ireland 
in September 2009. The sample inlet is visible below the water line. 

Fig. 8(a) shows the sensor’s output during the trial period. The sensor performed 
236 measurements during the period in question. A distinct daily pattern of variation 
emerged which is ascribed to tidal influences in the estuary. The sensor was located 
within 100 m of a wastewater treatment plant outfall, and changing tidal levels would 
significantly affect the degree of dilution which the wastewater discharges were 
subject to at a given time. Fig. 8(a) shows that there was generally good agreement 
between the phosphate concentrations measured by the sensor and by the validation 
method. The correlation coefficient (R2) of 0.699 indicates that some discrepancies 
existed between the two datasets, despite the synchronous collection of manual 
samples from as close to the sensor inlet as possible. Given the rapid rate of change of 
the concentrations at certain times (Fig 8a), it is not surprising that such differences 
exist. Other possible sources of discrepancy include the small volume (22 μL) of 
sample used in the sensor-based assay, which may be less representative, at a 
particular moment in time, of the general water body than the 250 mL manual sample. 
Possible sources of error in the manual sampling data include minor inaccuracies in 
the sample volume used for analysis (25 mL) which, for on-site measurements, is 
measured using a graduated vial, or in the volume of the reagent solutions 
(ammonium molybdate solution and amino acid solution, 1 mL in each case). Perhaps 
more significantly, differing interfering species for the two methods could also give 
rise to some discrepancies. The molybdenum yellow method used in the phosphate 
sensor is subject to interference by dissolved organic substances with light absorption 
in the UV region. This was unlikely to be a significant factor in this study as after 
filtering to remove suspended solids, all water samples were observed to have good 
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optical clarity without significant colour. Silica (Si), arsenate (AsO4
3-) and ferrous 

iron (Fe2+) are other potential interferants with the molybdenum yellow method [34]. 
Silica and arsenate, however, are mainly of concern when the reaction is heated to 
provide faster reaction rates, which was not the case in this study, and ferrous iron 
does not interfere at concentrations below 100 mg L-1. The impact of interferants on 
the sensor data is therefore not likely to have been significant. Potential interferants 
for the amino acid method include sodium (Na+), nitrite (NO2

-) and sulfide (S2-) [35]. 
The estuarine location used in this trial is a dynamic water body, affected by tidal 
fluctuations and a significant point source of phosphate and other nutrients 
(wastewater treatment plant discharge). Altering levels of these interferants over time 
have the potential to cause discrepancies between the sensor data and manual 
measurements. 

Discrepancies between standard, sampling-based approaches to water quality 
monitoring and sensor-based approaches clearly represent a barrier to wider uptake of 
sensor technologies. However, despite these considerations, the data shown in Fig. 
8(a) clearly illustrates a key advantage of the deployable monitoring system. The 
more frequent sensor data showed regular variations in phosphate levels during the 
trial period which were not captured using daily manual sampling (a relatively high 
manual sampling rate which is not likely to be practicable in larger-scale monitoring 
programmes). The sensor-based monitoring is therefore more likely to identify short-
term pollution events, as well as providing high-resolution data over long timeframes 
which can provide valuable information on the long term trends for the analyte of 
interest.  

 

Fig. 8. (a) Phosphate concentrations measured during the first trial period by the sensor and by 
manual sampling. (b) Sensor output plotted as a function of phosphate concentration as 
measured by analysis of manually collected samples. 
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Fig. 9. (a) Phosphate concentrations measured during the second trial period by the sensor and 
by manual sampling. (b) Sensor output plotted as a function of phosphate concentration as 
measured by analysis of manually collected samples. 

After 8 days of successful operation, the initial trial was terminated due to clogging 
of the membrane filter by sediment which had collected around the sampling port. To 
prevent this problem from recurring, some alterations were made to the sampling port 
design, and the sensor was deployed close to the original site but at a location with 
lower susceptibility to sediment build-up on the channel bed. Approximately 480 
autonomous measurements were carried out during a second trial period. Figure 9(a) 
shows that the data obtained during the second trial was broadly similar to that 
obtained in the first trial period, with phosphate levels generally varying between 2 
and 6 mg L-1, and significant peaks and troughs observed on a number of occasions. 
From 07/11/2009, the data became erratic, resulting in the termination of the trial. 
Subsequent investigations showed that these erroneous data points were caused by a 
particulate obstruction in the line delivering reagent to the microfluidic chip, an issue 
which has since been addressed by careful filtering of all reagent and calibrant 
solutions prior to use in the sensor. Fig. 9(b) shows that the correlation between 
sensor output and analysis of manual samples was significantly improved relative to 
the first trial period, with R2 = 0.908. 

6 Design and In-Situ Testing of Second Generation Phosphate 
Analyser 

A substantial redesign of the phosphate analyzer was carried out in collaboration with 
an industry partner (Episensor Ltd., Limerick, Ireland) in order to address some 
limitations of the system and, in particular, to reduce the component cost of the 
system to less than €200 per unit while maintaining or improving the analytical 

performance. 
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Fig. 10. (a) Second generation phosphate analyzer design; (1) Sample inlet; (2) Control board 
and detection system; (3) Dual channel peristaltic pumps; (4) Reagent bags; (5) IP68 enclosure. 
(b). The analyzer in-situ at the Broadmeadow Water test site. 

The second generation phosphate analyzer is a fully integrated system 
incorporating fluid handling, microfluidic technology, colorimetric chemical 
detection, and real time wireless communications in a compact and rugged portable 
device. The major system components are shown in Figure 10(a). The mode of 
operation is similar to that of the first generation system. Table 1 shows some of the 
significant modifications and improvements implemented in the second generation 
system. The use of a folded sheet metal frame on which the internal components are 
mounted, collapsible polypropylene bags for reagent, calibrant and waste storage, and 
low-cost dual channel peristaltic pumps, have resulted in significant improvements in 
component cost, compactness and manufacturability. The system also features an 
improved bubble detection and removal protocol to reduce the impact of bubbles 
entering or forming within the microfluidic system. The system communicates using 
short range ZigBee® radio to a remote network gateway, which passes the sensor data 
via GSM or Wifi to a web-database for remote access by the user. This setup allows 
the user to not only monitor sensor data in real time but also to remotely change the 
sensor setup parameters, such as sampling rate. 

Table 1. Comparison of first and second generation phosphate analyzers 

First Generation System Second Generation System 

Internal Volume: 15L Internal Volume: 2.3L 

System Mass: 12 kg System Mass: 1.7kg 

Battery: 12V Lead Acid Battery: 3.6V Lithium 

Battery Life: 2 months Battery Life: 12 months 

Comms: GSM Modem Comms: ZigBee Radio 

Delayed Reporting Real time ‘sensor to database’ reporting 
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Fig. 11. Components of the sample intake/filter assembly. (a) “spider-web” PMMA filter 
backing, (b) polyethersulfone membrane filter, (c) O-ring seal, (d) copper washer, (e) brass 
screw-on fitting. 

An additional change was made to the design of the sensor’s sample intake 
module. This involved the use of commercially available copper-containing fitting to 
hold the membrane filter. In addition to being cost-effective, the copper content was 
expected to be of benefit in terms of protecting the membrane filter from biofouling. 
Copper, copper alloys and copper compounds are widely used as biofouling inhibitors 
for sensors and other devices deployed in aquatic environments [36,37]. The sensor 
intake was also located at the bottom of the sensor unit. In addition to being a 
practical placement for deployment purposes, this had the benefit of shielding the 
membrane filter from ambient light. Light favors growth of micro-organisms which 
can promote the formation of biofilms on surfaces. The membrane filter used was a 
hydrohophilic polyethersulfone membrane designed for biological sample 
preparation, with low protein binding properties [38]. As attachment of 
macromolecules (organic and inorganic) and microorganisms represent the initial 
stages in the biofouling process [36,37], it was hoped that this combination of 
measures would delay and/or limit biofouling of the filter surface. The redesigned 
sample intake/filter assembly is shown in Fig. 11. 

A “spider-web” pattern is formed on the surface of a PMMA disc by micro-
milling. The disc is then fitted into a brass connector where it acts as a backing for the 
polyethersulfone membrane filter. The spider-web pattern allows a higher proportion 
of the membrane surface to be used for sample intake, while minimizing the dead 
volume created. The membrane is held in place using an O-ring seal, a copper washer 
and a brass threaded nut. These copper/brass fittings allow the filter to be easily 
exchanged / replaced while also offering a degree of protection from biofouling. 

Following laboratory validation and calibration, the second-generation analyzer 
was deployed at Broadmeadow Water Estuary, Co. Dublin, Ireland on 04/09/2010. 
The sensor output over the 62-hour deployment period is shown in Fig. 12(a). The 
sensor performed 124 autonomous measurements during the trial, and four manual 
samples were collected for laboratory analysis. These samples were analyzed in the 
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laboratory using a Hach-Lange DR890 Portable Colorimeter. Fig. 12(b) shows the 
excellent correlation (R2 = 0.9706) between the sensor output and the manual sample 
phosphate concentrations, a significant improvement over the correlations achieved 
with the first generation system. The manual sample collected on 06/09/2010 shows 
the largest deviation from the sensor value. On that occasion, the tidal level at the site 
did not allow this sample to be taken close to the sensor sample inlet, which may be 
responsible for the discrepancy observed. All other manual samples were taken 
directly adjacent to the sensor sample inlet. 

 

Fig. 12. (a) Phosphate concentrations measured during field trialing of the second generation 
phosphate analyzer at Broadmeadow Water. (b) Sensor output plotted as a function of 
phosphate concentration as measured by analysis of manually collected samples. 

The second generation phosphate analyzer has also been used in a wastewater 
monitoring application. This trial was also carried out at Osberstown Wastewater 
Treatment Plant, Co. Kildare, Ireland. However, in this case, the analyzer was located 
in the plant’s treated effluent discharge tank, as shown in Fig. 13(a). The sensor 
module was directly immersed in the effluent, while the communications module was 
mounted above the water level. This allowed wireless communication using 
Episensor’s ZigBee® radio system, to a base-station located nearby. An auto-sampler 
(Buhler BL 2000, Hach-Lange Ireland Ltd.) was used to collect validation samples at 
7-hour intervals, these were stored within the refrigerated compartment of the auto-
sampler, collected periodically, and analyzed in the laboratory using the 
vanadomolybdophosphoric acid method (yellow method) for phosphate detection and 
a UV-Vis spectrophotometer (UV-1600PC Spectrophotometer, VWR International). 
For sensor validation purposes, this method was preferable to relying on data from the 
plant’s online phosphorus monitor, as it allowed a more direct comparison between 
sensor readings and sample values, since (i) the sensor also utilizes the yellow 
method, and (ii) the collected samples were filtered before analysis, so that the sample 
values represented the dissolved molybdate reactive phosphate fraction only, again in 
accordance with the actual sensor measurements. 
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Fig. 13. (a) Second generation phosphate analyser in-situ at Osberstown Wastewater Treatment 
Plant, Co. Kildare, Ireland. (b) Biofouling on the analyser body after approx. 2 weeks 
immersion in wastewater. 

Fouling of the sensor body was a significant feature of this trial. Fig. 13(b) shows 
the partially cleaned sensor module after removal from the effluent tank after approx. 
14 days immersion. A fouling layer approximately 1 mm in thickness was observed. 
The copper-containing filter housing was noticeably less affected than the sensor 
body. Fig. 14(a) shows that the membrane filter was also fouled with a thin, adherent 
layer of material, although there was no discernible effect on the sensor performance.  

 

Fig. 14. Fouling of membrane filters and filter housings after approx. (a) 14 days and (b) 10 
days immersion in wastewater during a sensor trial at Osberstown Wastewater Treatment Plant 
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The filter was changed and the system was replaced in the effluent tank. At the end 
of the trial (after a further 10 days, approximately) the membrane and housing were 
again examined. At this point the filter holder was heavily fouled as shown in Fig. 
14(b). A layer of fouling material was again in evidence on the membrane filter itself. 
However, in this case the material was found to be only loosely adherent to the filter 
surface, and was readily removed with a deionized water wash bottle. This qualitative 
difference between the types of fouling material on the two filters highlights the 
variability of fouling which can occur over a relatively short period of time, 
presumably due to changes in sample composition and prevailing weather conditions. 
While no specific effect of fouling on sensor performance was observed in this trial, 
the rapid build-up of material suggests this could be an issue in longer-term 
deployments in wastewater and in other sample matrices. This is especially relevant in 
applications such as marine waters or oligotrophic freshwaters where very low levels 
of phosphate (or other nutrients) need to be detected. In such scenarios, local uptake 
of nutrients by biofilm on sensor or filter surfaces could significantly impact on the 
measured value. 

 

Fig. 15. In-situ sensor data (sensor value) and validation data (sample value) from samples 
collected using an auto-sampler during a trial of the second generation phosphate sensor at 
Osberstown Wastewater Treatment Plant 

Fig. 15 shows the data collected from the sensor during the trial, as well as the 
results of samples collected by auto-sampler and analyzed in the laboratory. The 
sensor and sample values are generally in good agreement. The elevated phosphate 
levels during the first 5 days of the trial were due to the plant’s phosphorus removal 
system (based on dosing with ferric chloride) being out of operation. After this system 
was restored to operation on 15/05/2011, the phosphate values quickly returned to 
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normal levels, generally between 0.5 and 3.0 mg/L PO4
3-. Sensor data was not 

collected during the period 22/05/2011–25/05/2011 due to maintenance works at the 
plant during this period, resulting in the water level in the effluent tank being below 
the sensor’s sample intake port. As soon as the water level returned to normal and 
samples were again accessible to the sensor, the readings automatically recommenced 
and once again are in good agreement with validation sample values for the duration 
of the trial. This is encouraging as it demonstrates the sensor’s robust ability to cope 
with an interruption of this nature and to clear the air which would have been drawn 
into the microfluidic system while the sample was inaccessible. 

7 Current Status and Further Developments of the System 

The data presented here shows that the microfluidic analyzer which has been 
developed represents a viable, low-cost and reliable method for long-term monitoring 
of phosphate across a range of applications including wastewater and surface water 
monitoring. While the current limit of detection of approximately 0.2 mg L-1 PO4

3- 
represents a limitation on the applicability of the system, it can be expected to find 
significant applications in the monitoring of in-process and discharged effluent from 
municipal wastewater treatment plants, industry and other point sources of phosphate, 
as well as in the monitoring of surface waters known to be impacted by phosphate 
pollution. Moreover, Jordan and co-workers [39,40] have shown the importance of 
high temporal resolution monitoring for the detection of short-term, high-phosphorus 
concentration inputs to catchments that typically have low background levels of 
phosphorus. Detection of this kind of short-lived pollution event can be crucial to 
understanding the overall nutrient dynamics within a water body, and can only be 
reliably achieved using in-situ analytical devices. 

Current applications notwithstanding, on-going efforts are aimed at improving the 
analytical performance of the phosphate sensor, particularly the limit of detection, so 
as to broaden the applicability and maximize the marketability of the system. 
Additional long-term field deployments are also planned, with the objective of 
validating the long-term performance of the analyzer in different applications, and 
examining the effect of biofouling during these long-term deployments. Biofouling 
potential is likely to vary significantly across different applications (e.g. wastewater, 
marine, freshwater), and between different locations in the same water system, and is 
also dependent on weather conditions and time of year. In general, however, 
biofouling is likely to represent a practical limitation to the (maintenance-free) 
deployable lifetime of this sensor and similar systems. Therefore it is essential that 
developers of water monitoring technology are familiar with the range of established 
and emerging [36,37,41-44] approaches to the prevention or limitation of biofouling, 
and work collaboratively with researchers engaged in this area, which is a key to 
achieving the long deployable lifetimes which will ultimately facilitate the broader 
uptake of in-situ sensing technologies. 

The capabilities of the microfluidic analytical platform are also being expanded to 
allow detection and monitoring of a range of additional important water quality 
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parameters. This work is being progressed via a number of distinct projects, and the 
range of parameters being targeted includes nitrate, ammonia, nitrite, pH, chemical 
oxygen demand (COD), and metals such as cadmium, mercury and lead. Colorimetric 
techniques for the detection of the various analytes are being assessed or developed, 
and optimized for application in microfluidic analytical devices, with the aim of 
developing a suite of single- or multi-parameter sensing systems which can be applied 
to the monitoring of water quality across a range of applications. 
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Abstract. It is not an easy task to synthesize nitrate anion selective sensors 
considering that a nitrate anion is trigonally shaped, heavy solvated, has weak basicity 
and is difficult to form robust hydrogen bonds with ligands. In addition, anion 
coordination is a difficult aspect of supramolecular chemistry. Many receptors 
reported to date are halide selective, but few are nitrate selective.  Nitrate anion 
receptors synthesized to date include polyammonium, amide and urea receptors 
amongst others.  In one instance the association constant of a nitrate receptor showing 
the highest degree of complexation is reported to be Ka = 110M-1 in 50% DMSO-
d6/CDCl3  and 20M-1 in 100% DMSO-d6 respectively. Globally, the presence of 
nitrate anions in water beyond the threshold limit can be deleterious to both flora and 
fauna life. Guyana’s waste and domestic water needs monitoring to assess the 
concentration of toxic anions and cations.  High levels of nitrate anions beyond the 
threshold limit can induce the “blue baby” syndrome amongst other effects. One 
aspect of this chapter focuses on the determination of nitrate anion concentration from 
twelve selected areas of coastal Guyana using an ultraviolet spectrophotometric 
method.  Areas monitored in Guyana were 58 Livelihood Village, Rose Hall Town, 
Skeldon GUYSUCO Estate, Good Hope, Ogle, Stabroek, Parika, Supenaam, Spring 
Garden in one instance. In another research endeavor, Georgetown Seawall Kingston, 
LBI, GUYSUCO Estate and the Canje river water at 20 and 40ft from the effluent 
were monitored. The results showed that the concentrations of nitrates were not as 
high as expected and are below the internationally accepted threshold values.  In the 
first instance, the average concentration was measured to be 0.030 mg/L 
(± 0.039 mg/L), 0.064 mg/L (± 0.00292 mg/L), 0.203 mg/L (± 0.00738 mg/L), 
1.772 mg/L (± 0.00 mg/L), 2.363 mg/L (± 0.839mg/L), 0.33 mg/L (± 0.156 mg/L), 
0.168 mg/L (± 0.043mg/L), 0.142 mg/L (± 0.043 mg/L) and 0.178 mg/L (± 
0.039 mg/L) respectively. In the second instance the measured results were 0.45 mg/L 
(± 0.039 mg/L), 0.01 mg/L (± 0.0033mg/L) and 0.015 mg/L (± 0.0023 mg/L) NO3

- for 
Georgetown Seawall (Kingston area), LBI GUYSUCO Estate and the Canje river, 20 
feet from the effluent  respectively. The results were accepted at the 95% confidence 
level using statistical analyses. The US public Health Service designated the safe limit 
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environment and the method of calculation. Nitrate is also the conjugate base of nitric 
acid (pKa = -1.3). Nitrate ions form water soluble salts with most cations. An 
extensive hydration shell exists around NO3

- [4]. Due to its heavy solvation and weak 
basicity, NO3

- is weakly coordinative and is thus difficult to form robust hydrogen 
bonds with ligands [5-8]. Hence, developing NO3

- selective receptors that use 
hydrogen bonds is a challenge in supramolecular anion coordination chemistry [9-12]. 

1.2 Difficulties Encountered in Anion Coordination Chemistry 

Anion coordination chemistry is a very difficult area of pursuit as compared with 
cation coordination chemistry [9-43]. Furthermore, the development of nitrate 
receptors is more difficult compared with other anions such as chloride, sulphate and 
phosphate [14-27]. Difficulties in anion coordination chemistry results from the 
following [9-12]: 

(a) Size: Compared to their isoelectronic cations, anions are much larger and 
therefore require much larger arrays for bonding. Their size requires that the 
macro-cycles developed must be of a larger dimension. 

(b) Geometry: Unlike cations which are spherical in shape, anions display a variety 
of geometries. These include spherical, trigonal planar, linear, tetrahedral and 
octahedral. 

(c) Solvation energies: Anions display a higher degree of solvation energies than 
cations which must be overcome by the host species if successful anion 
complexation is to be realized. 

(d) pH dependence: Many anions are pH dependent. Below a certain pH range, they 
become protonated and cease to be anions. These include carboxylates, nitrates, 
sulphates and phosphates which are protonated to acidic pH. 

(e) Charge: Anions are negatively charged. Thus, the receptor must contain 
complementary binding sites such as cationic functions, lewis acids and/or 
hydrogen bonds for nitrate complexation. 

1.3 Synthetic Receptors for Nitrates 

As previously mentioned, it is not an easy task to synthesize nitrate anion sensors, 
considering the fact that the nitrate anion is trigonally shaped and that many receptors 
reported to date have shown the selectivity trend: H2PO4

- > HSO4
- > Cl- > Br- >  NO3

-  
[14-27]. Thus, designing a host for the nitrate anion is not an easy task for the 
supramolecular chemist. Synthetic receptors developed for the sensing and 
complexation of nitrate anion include amide, polyammonium, guanidinium and urea 
based anion receptors amongst others [38-41]. It is beyond the scope of this chapter to 
describe them all.  Biologically, the amide group, -NHCO-, is used by proteins to 
complex the nitrate anion [28,29]. Thus, mimicking nature, supramolecular chemists 
have constructed amide anion receptors for the selective complexation of nitrate 
anions. These include neutral amide receptors and neutral amide receptors in tandem 
with a positively charged center [31-37]. For example, Smith and coworkers have 
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a selectivity trend of Cl- > Br- > H2PO4- > HSO4- > NO3
-.  The latter is novel for any 

urea anion binding system and is the largest association constant reported for any 
anion receptor to date. The corresponding metalloporphyrins exhibited  a decrease in 
binding strength and selectivity in DMSO-d6. X-ray crystallography revealed 
(α,α,α,α) -5,10.15.20 – meso tetrakis (2-(4-chlorophenylurea)phenylporphyrin to be 
the first coordination complex of an anion (chloride and bromide) bound by a neutral 
free base porphyrin [24, 25]. 

1.4 Applications of Nitrate Anion Sensors 

Nitrate anion receptors synthesized have found application in chemical sensor 
technology [40-43]. Only some representative examples will be described here. For 
example, Poly(vinyl chloride) (PVC)-based membranes of N,N-bis-succinamide-
based dendritic molecule with tetrabutyl ammonium bromide (TBAB), as a cation 
inhibitor and dibutylphthalate (DBP), dioctylphthalate (DOP), dibutyl (butyl) 
phosphonate (DBBP) and 1-chloronaphthalene (CN) as plasticizing solvent mediators 
were prepared and used as nitrate ion-selective electrodes. Optimum performance was 
observed with the membrane having I-PVC-TBAB-DBP in the ratio 1:33:1:65 (w/w). 
The electrode has been shown to have a linear response to nitrate with a detection 
limit of 3.9 × 10-5 ± 0.07 M and Nernstian compliance (57.0 ± 0.2 mV/decade) 
between pH 2.8 and 9.6 with a fast response time of about 20s. The selectivity 
coefficient values of the order of 0.001 for mono-; bi- and trivalent anions, revealed 
high selectivity for NO3

- ions over these anions. The electrodes were used for a period 
of 45 days with good reproducibility of results. The electrodes have been used as 
good analytical tool for the determination of nitrate ions in waste water samples [41]. 

A flow through, nitrate-selective, electrochemical sensor developed by 
electropolymerization (doping) of polypyrrole nanowire (PPy-NWs) electrodes has 
been reported [43]. The flow through micro-fluidic platform enabled a realistic and 
controlled testing environment. Cyclic voltammetry, amperometry and flow-through 
analysis were conducted to evaluate the sensor performance for determination of 
nitrate ions in two sets of calibration solutions (DI water and IAPSO standard 
seawater). The sensor response was linear over the range from 10 μM (0.14 ppm 
Nitrate-N) to 1 mM (14 ppm Nitrate-N), with a sensitivity of 1.17-1.65 nA/μM and 
detection limit of (4.5 ± 1) μM or (0.063 ± 0.014) ppm Nitrate-N. The 
electrochemically doped PPy-NWs electrodes show improved selectivity for chloride, 
sulfate, phosphate and perchlorates ions, without the loss from interfering ions [42].  

Zn(II) complex-based potentiometric sensors constructed  for the selective 
determination of nitrate anion present in water samples have been reported [44]. Two 
Zn(II) complexes coordinated by neutral tetradentate ligands, N,N'-ethylene-bis(N-
methyl-(S)-alanine methylamide) and N,N'-ethylene-bis(N-methyl-(S)-alanine 
dimethylamide), proved efficient as anion-selective carriers, while common 
phthalocyanine Zn(II) complex rarely responded to any anions. The combination of 
these novel Zn(II) complexes with dioctylsebacate as a plasticizer offered high 
sensing selectivity for nitrate anion. They exhibited near-Nernstian slopes in the wide 
linear concentration range of 5.0×10-5 to 1.0×10-1 M, and operated well in the wide 
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pH range from 4 to 11 with the response time of less than 25s. The potentiometric 
selectivity coefficients were evaluated using the fixed interference method, indicating 
that the two Zn(II) complexes exhibited better selectivity for nitrate anion with 
respect to a wide variety of inorganic anions. Although the chloride anion proved 
efficient as an interfering species at a concentration higher than 1.0×10-3 M, the novel 
Zn(II) complex-based sensors were applicable in determination of the nitrate anion 
after adding silver sulfate to remove the chloride anion [43].  

The second aspect of this paper focuses on the monitoring of nitrate anion 
concentration in waste water from twelve selected areas of coastal Guyana via a 
spectrophotometric method [44-46]. Guyana, a Third World developing country has 
an area of 214,970 km2, and is situated on the north-eastern coast of the South 
American continent. It is often described as the “Land of Many Waters”.  The country 
is divided into five main biophysical divisions: the Coastal Plain, the Savannahs, the 
Pre-Cambrian Lowland Region, the Southern Upland Region and the Pakaraima 
Highlands. The coastal zone of Guyana lies between 0.5 to 1.0 m below high spring 
tide level of the Atlantic Ocean, making it vulnerable to flooding, erosion and 
salinization. The coastal zone is 430 km long and 26-77 km wide. Approximately 90 
percent of the nation’s population of 750,000 lives within the coastal zone. Even 
though it constitutes less than seven percent of the country’s total land area, it has the 
most fertile soils.  

1.5 Waste Water 

Waste water is one that has been used for washing, flushing, or that which is released 
from manufacturing processes [44-46].  In Guyana, groundwater provides 90 percent 
of the potable water supply and is extracted mainly from the coastal artisan basin [47]. 
However, potable water can be contaminated.  The most common examples of 
resource contamination in Guyana are those arising from water pollution:  elements 
such as mercury, anions: cyanide, phosphates, nitrates, chlorides and cations in 
calcium and other wastes from mining etc. However, their level of concentration 
needs to be determined.  Others include untreated human and animal wastes in water 
supplies and wastes from many industries in water tables [48,49]. Guyana’s water has 
become polluted over the years due to industrial activities such as gold, bauxite 
mining etc.  Recently, the Guyana government has resumed the mining of manganese, 
an element needed for the production of iron ores.  Also, the prospect looks good for 
uranium mining. Whatever it is, our water will become polluted unless correct 
environmental procedures and practices are put in place and continual monitoring is 
implemented. 

Providing sufficient quantities of high quality water to satisfy our domestic, 
industrial and agricultural needs is an ongoing global problem. Increasing population 
size, climate change and pollution will only exacerbate the situation. There is no 
physical shortage of water on the planet earth. It covers 70% of the globe. However, 
97% of the world water is saline and is thus non-drinkable. 2% is locked in glaciers 
and polar ice caps. This leaves 1% to meet humanities needs [49]. 
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1.6 Importance of Nitrate Anions 

Some anions are toxic beyond their threshold value because of their mobility in living 
systems and ability to cross cell membranes. Toxic anions are poisonous and can 
cause harm or even death via malfunctioning of the organs such as the kidney etc. 
They enter the body via drinking waters, food, fruits and vegetables, fish and other 
foods in general that may have been exposed to such waters.  Thus, the levels of 
concentration of anions must be controlled in our water bodies. The U.S. Public 
Health Service designated safe limits for nitrate in water as 45mg/L or 10mg/L nitrate 
nitrogen. However, there are deviations from this value in many places on the planet. 
For example, internationally, the Helmholtz center for environmental research in 
Germany has shown that Gazan groundwater contains levels of nitrate (NO3

-) ions up 
to eight times higher than the World Health Organization (WHO) safe standard. The 
high level of nitrates could be poisoning many newborn babies. The high levels of 
nitrates originate mainly from run off from manure used as fertilizer [50].  

Biologically, high concentrations of nitrates in drinking water are particularly 
dangerous to small children, infants and fetuses [51]. High concentrations of nitrate in 
drinking water can cause blood disorder in babies less than six months of age. In 
infants’ intestine, bacteria, notably Escherichia coli, reduce the nitrate ions (NO3

-) to 
nitrite ions (NO2

-). The nitrite ions are absorbed into the bloodstream where they 
oxidized iron (ii) Fe2+ in the hemoglobin to iron (iii) Fe3+. The presence of 
hemoglobin containing oxidized ions, which is known as Met-hemoglobin, reduces 
the oxygen carrying capacity of the blood.  Babies are more vulnerable to high nitrate 
levels than adults because their stomachs are less acidic. This allows the E. coil to 
colonize higher up the digestive tract and convert the nitrate ions to nitrite prior to 
absorption. The use of unsterilized feeding bottles can increase the risk of met-
hemoglobin formation. The danger lies in the ability of the bacteria present in the 
feeding bottle to convert the nitrate in the water to nitrite. A concentration of met-
hemoglobin in the blood above 25% causes the skin and lips of the infected infant to 
take on a bluish hue, the ‘Blue Baby Syndrome’ or Met-hemoglobinaemia. If 
untreated, the condition can be fatal. Boiling water contaminated with nitrate 
increases the nitrate concentration and the potential risk. 

Nitrate anions have both beneficial and harmful uses. On the positive side, nitrates 
(NO3

-) are essential plant nutrients that are important ultimately for protein synthesis 
[51-52]. They are responsible for the growth of plants and also nitrogen fixation. 
Nitrates are found in nature since they are the end product of the aerobic 
decomposition of organic nitrogenous matter as well as the decomposition of organic 
micro-organisms via the nitrogen cycle (see Fig. 5).  

Other major contributors of nitrate are chemical fertilizers from cultivated land and 
drainage, from livestock feedlots as well as domestic waste and some industrial 
waters in the course of leakage. Unpolluted natural waters contain only small amounts 
of nitrate. In surface water, nitrate is a nutrient which is taken up by plants and 
assimilated into nucleic acid. Stimulation of plant growth, especially of algae, may 
cause quality problems associated with eutrophication and consequent death and 
decay of these algae produces secondary effects on water quality which may be 
detrimental. Eutrophication results in oxygen deprivation and fish deaths.  
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Foods that are good sources of nitrogen are lettuce, celery, spinach etc. Nitrate is not 
harmful when foods containing nitrate are eaten as part of a balanced diet.  

The excess of nitrates are largely due to the presence of animal manure in the water 
bodies.  This manure is concentrated with ammonia which is not only highly toxic to 
fish, but can also be converted to dangerous nitrates. Nitrate-nitrogen also comes from 
the atmosphere and more specifically from snow, fog, or through the decay of 
material in soil and sediments. Added to their effects to humans they promote the 
growth of plants and algae in our water bodies thus increasing their populations.  With 
the increase growth in these plants and algae in the soil and water, there is a 
competition for oxygen in the water body leading to tremendous deaths of these 
organisms which eventually results in a buildup in decaying matter which may even 
lead to the filling up of ponds and lakes, thus destroying or creating an imbalance in 
the entire ecosystem, if not dealt with in time. This process is specifically being 
referred to as Eutrophication, the process of enriching water or algal blooms. 
Eutrophication is also a cause of the loss of diversity in the sea floor community 
(including seaweeds, sea grasses, and corals), and amongst planktonic organisms.  
Since planktonic algae are the basis of marine life, their absence will affect the  
 

Table 1. Sample locations for water samples collected from nine different locations 

Key Location 

1a No. 58 Village 

1b Rose Hall Town 

1c Skeldon GUYSUCO Estate 

2a Good Hope 

2b Ogle 

2c Stabroek 

3a Parika 

3b Supenaam 

3c Spring Garden 

4a Georgetown, Seawall (Kingston area), near effluent 

4b 
Georgetown Seawall (Kingston area), 20ft from effluent 

outflow 

4c 
Georgetown, Seawall (Kingston area), 40ft from effluent 

outflow 

5a LBI GUYSUCO Estate, near effluent 

5b LBI GUYSUCO Estate, 20ft from effluent 

5c LBIm GUYSUCO Estate, 40ft from effluent 

6a Canje river: Close to effluent 

6b Canje river: 20 ft from effluent 

6c Canje river: 40 ft from effluent 
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ecological food chain and food webs tremendously. The excess of nitrates contribute 
to the high levels of eutrophication in most of our drains and trenches in the capital 
city (Georgetown) in Guyana, and in other towns and villages in Guyana.  Sources of 
nitrate contamination include fertilizers, animal wastes, septic tanks, municipal 
sewage treatment systems, and decaying plant debris. 

Nitrates are an important component of the nitrogen cycle [52, 53]. Most plants 
withdraw NO3

- and ammonium (NH4)
+ from the soil and then convert  NO3

- into more 
NH4

+ which plants use to produce the amino acid glutamine and other organic 
nitrogen compounds. Nitrate is the nitrogen form predominantly absorbed by plants. 
The first step in the cycle is fixation (reduction of nitrate and nitrite) of atmospheric 
nitrogen by nitrogen fixing bacteria to yield ammonia, NH3 or NH4

+. Soil bacteria 
derive their energy by oxidizing ammonia to nitrite (NO2

-) and ultimately to nitrate, 
NO3

-. These bacteria are abundant and so active that all ammonia reaching the soil is 
oxidized to nitrate. This process is known as nitrification. Plants and many bacteria 
take up and readily reduce nitrate and nitrite through the action of nitrate and nitrite 
reductases. The ammonia that is formed is incorporated into amino acids by plants  
[9, 10]. 

All metallic nitrates are soluble in water and some are readily extracted into 
organic solvents. These are formed when nitrogen from ammonia or other sources 
combines with oxygenated water.  Areas monitored for nitrate in Guyana are in the 
county of Berbice, Essequibo and Demerara [55, 56]. Those monitored were No. 58 
Livehood  Village, Rose Hall Town,  Skeldon, GUYSUCO Estate, Good Hope, Ogle, 
Stabroek, Parika, Supenaam, Spring Garden and at three different sites at the 
Kingston Seawall (Georgetown), the LaBonne Intention, LBI GUYSUCO (Guyana 
Sugar Corporation)  estate and the Canje creek.  These are tabulated in Table 1. 

2 Determination of Nitrate Anion via a Spectrophotometric 
Method 

Nitrate anion concentration was determined via an ultraviolet spectrophotometric 
method [44-46]. This is applicable to the analysis of drinking water, surface waters, 
domestic and industrial waters. The method can be modified to compensate for 
turbidity, color, salinity and dissolved organic compounds in the sample. The 
determination of nitrate (NO3

-) is difficult because of the relatively complex 
procedures involved, the high probability that interfering constituents will be present 
and the limited concentration ranges of the various techniques. To determine nitrates, 
an ultra violet technique that measures the absorbance of nitrates at 220 nm is suitable 
for screening uncontaminated water (low in organic matter). This method is applicable 
to the analysis of drinking, surface and saline waters. The minimum quantity required 
is 100 ml. The NO3

- calibration curve follows Beer’s law up to 11 mg N/L.  

2.1 Procedure  

The procedure for the determination of nitrate anion can be found in previously 
published works [44-46]. 
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2.2 Calculations 

Some of the formulas used
57].  The corrected or true a
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 for the determination of nitrate anions are as follows [
absorbance of the sample, A, can be calculated using (1)

 

e of the sample and BA is the absorbance of a blank.  N
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sults 

etric method and the statistical analyses, the nitrate 
ned for the twelve selected areas (as described in Table

oncentration (mg/L) obtained for the twelve selected areas 

ey NO3
- concentration with standard 

deviation 
a 0.030 mg/L ± 0.00624 mg/L 

b 0.064 mg/L ± 0.00292 mg/L 

c 0.203 mg/L ± 0.00738 mg/L 

a 1.772 mg/L ± 0.000 mg/L 

b 2.363 mg/L ± 0.839 mg/L 

c 0.33 mg/L ± 0.156 mg/L 

a 0.168 mg/L ± 0.043 mg/L 

b 0.142 mg/L ± 0.043 mg/L 

c 0.178 mg/L ± 0.039 mg/L 

b 0.45 mg/L ± 0.039 mg/L 

b 0.01 mg/L ± 0.0033 mg/L 

b 0.015 mg/L  ± 0.0023 mg/L 
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standards is found to be proportional to concentration. Thus, as concentration is 
increased, absorbance also increased linearly. This standard graph can also be used to 
estimate the nitrate concentration of samples at any given absorbance. The NO3

- 

calibration curve follows Beer’s law up to 11 mg N/L. Two sets of experiments were 
conducted over a two year period and hence two standard calibration curves are 
presented in Fig. 6 and Fig. 7. The first sets of experiments were conducted for areas 
(1a) – (3c), whereas the second sets of experiments were conducted for areas  
(4a) – (6c). 

Fig. 8, which is a plot of concentration of nitrate in mg/L versus locations, 
indicates that the lowest concentration of nitrate was found in the county of Berbice, 
whereas the highest is in Demerara.  Nitrate ion concentration per county decreases 
according to the trend:  Demerara > Essequibo > Berbice.  Considering the county of 
Berbice, values of 0.030 mg/L (± 0.0064 mg/L), 0.064 mg/L (± 0.00292 mg/L) and 
0.20 mg/L (± 0.00738 mg/L) were obtained for (1a) Number 58 Livelihood Village, 
(1b) Rose Hall Town and (1c) Skeldon Sugar Estate respectively. The highest 
concentration at Skeldon GUYSUCO (Guyana Sugar Corporation) waste water is due 
to the use of nitrate fertilizers used by sugar cane farmers for the cultivation of sugar 
cane and the permeability of the soil. Interestingly, the lowest concentration was 
obtained for Number 58 Livelihood Village, a village where predominantly cash crop 
cultivation is performed but which has seen a decline in the past decade due to 
migration of residents overseas. This low value may be ascribed to the increased rate 
of evaporation and transpiration that caused the plants to use up the nitrates almost as 
immediately as they become available.  This also contributed to the soil being very 
dry, hence there was little downward movement of water in the soil, and thus fewer 
nitrates were being leached through the soil to the nearby water system where the 
samples were collected. Also, it may result from the low permeability of the soil.  It is 
anticipated that if samples were to be taken in the rainy season, a larger concentration 
of nitrates would be found in the nearby water ways.   

The highest concentration of nitrate was found in the county of Demerara.  These 
were 1.772 mg/L (± 0.00 mg/L), 2.363 mg/L (± 0.839 mg/L) and 0.33 mg/L 
(± 0.156 mg/L) for (2a) Good Hope, (2b) Ogle and the (2c) Stabroek areas 
respectively. The highest concentration at Ogle is surprising considering that it’s a 
residential area now but there is some form of crop cultivation done by residents 
there.  The highest concentration of nitrate may be due to run off in trenches, canals 
from sugar cane lands from nearby sugar cane estate from other regions. It may also 
be due to nitrogen from industrialized waste from these sugar cane factories and also 
to the high permeability of the soil. The soil probably has high nitrate content due to 
past agricultural activities but has now become residential. Nitrate is also a by-product 
of the septic tank systems. It is a naturally occurring chemical that results from the 
breakdown or decomposition of animal or human waste. Water quality is also affected 
through ground water resources that have a high number of septic systems in a 
watershed. Septics leach down into ground water resources or aquifers and supply 
nearby bodies of water. The high level of nitrate at Ogle may also result from septic 
tanks leaching to the nearby water trench. The lowest concentration of nitrate  
at Stabroek is expected considering that it is the capital city of Georgetown and is 
non-agricultural. 
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The second highest concentration of nitrate was found in the county of Essequibo 
which is predominantly a farming county for cash crops and large scale rice 
production. Values of 0.168 mg/L (± 0.046 mg/L), 0.192 mg/L (± 0.043 mg/L) and 
0.178 mg/L (± 0.039 mg/L) were registered for (3a) Parika, (3b) Supernaam and (3c) 
Spring Garden respectively. 

For the second set of analyses, areas (4a) – (6c), the average concentration of NO3
- 

for each of the three locations: Kingston seawall, GUYSUCO LBI estate and the 
Canje creek at 20ft from the effluent was  0.45 mg/L (± 0.0039 mg/L), 0.01 mg/L 
(± 0.0033 mg/L) and 0.015 mg/L (± 0.00234 mg/L) respectively.  These values are 
well below the internationally accepted value of 45mg/L. The highest concentration 
of nitrate anion at the Kingston seawall is probably due to the presence of rocks 
containing nitrate anions. The lowest concentration of nitrates was found in the Canje 
creek even though extensive farming is done in the area. There is a lot of farming 
done in the Canje basin area and at the GUYSUCO  LBI  estate. Sugar cane planting 
is done in both areas. In addition, the Canje basin is a source of other agricultural 
produce. Nitrates in water usually arise from the application of excess fertilisers to 
crops. In such cases, when the rain falls, the excess is carried or washed away to the 
nearest river where they are responsible for eutrophication. It is thus reasonable to say 
that nitrates were applied to crops during the dry season to prevent run off. 

The overall low concentration of nitrate for the twelve (12) selected areas from the 
three counties indicate that they are below the threshold limit of 45mg/L as 
established  internationally. Thus, it can be concluded that the twelve selected areas of 
coastal Guyana are not contaminated with nitrate above the threshold value. However, 
further testing of other water ways in Guyana needs to be done to safely conclude that 
Guyana’s water is free from nitrate pollution beyond the threshold limit. No cases of 
“Blue Baby” syndrome have been reported here in Guyana to the very best of 
knowledge. The presence of other toxic anions is currently being investigated. 

4 Conclusion 

It can be concluded from the analysis of nitrate ion, the concentration was found  
to be 0.030 mg/L (± 0.0064 mg/L), 0.064 mg/L (± 0.00292 mg/L), 0.20 mg/L 
(± 0.00738 mg/L), 1.772 mg/L (± 0.00 mg/L), 2.363 mg/L (± 0.839 mg/L) and 
0.33 mg/L (± 0.156 mg/L), 0.45 mg/L (± 0.0039 mg/L), 0.01 mg/L (± 0.0033 mg/L) 
and 0.015 mg/L (± 0.00234 mg/L) at 58 Livelihood Village, Rose Hall, Skeldon 
Guysuco Estate, Good Hope,  Ogle, Stabroek, Parika, Supenaam and at Spring 
Garden, Kingston Seawall, GUYSUCO LBI Estate and at the Camje creek 
respectively. These values are well below the internationally accepted value of 
45mg/L indicator for nitrate ion contamination and thus waste water from the selected 
twelve areas are not polluted with nitrate beyond the threshold value. However, other 
water systems must be monitored in Guyana. 
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Abstract. Twenty four novel planar electromagnetic sensors based on the 
combination of meander and interdigital sensors have been designed and fabricated 
using the simple PCB technology for the application of nitrate contamination 
detection. Experiments were conducted to obtain the impedance characterization for 
each sensor, and the results were used to estimate the important parameters that 
influence the performance of the sensors based on the equivalent electrical circuits. 
Furthermore, the best sensors have been tested to detect nitrates contamination in 
distilled water from two sets of experiments. Firstly, two nitrate forms, namely 
sodium nitrates (NaNO3) and ammonium nitrates (NH4NO3), each of different 
concentration between 5 mg and 20 mg dissolved in 1 litre of distilled water were 
used to observe the sensor response. Secondly, NaNO3 and NH4NO3 were mixed in 
several different ratios dissolved in 1 litre of distilled water and the responses of the 
sensors were observed. The outcomes concluded that a sensor with the combination of 
interdigital sensor enclosed with a meander sensor can very well detect the presence 
of nitrate added into distilled water and is capable of distinguishing the concentration 
level. This paper will discuss the process that was involved to select the best sensor 
for the application of nitrate contamination detection.  

Keywords: Interdigital sensor, electromagnetics, nitrate contamination. 

1 Introduction 

The increase in nitrate concentration in ground water arises mainly from natural and 
anthropogenic sources. However extensive areas in some parts of the world have 
increasing nitrate concentration due to natural leaching and nitrate accumulation 
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under certain environmental conditions [1]. The increase of agricultural fertilizer, 
manure and sludge application to land is one of the main contributing factors to the 
nitrate increase in ground water, where the water level is low; this has led to the most 
widespread diffuse source of nitrate pollution [2]. Methemoglobinemia, having  
fatal consequences in infants, is caused by nitrate contamination [3]. Furthermore, 
livestock losses are occurring frequently due to nitrate poisoning [4].  

About three decades ago, nitrate measurement was usually being conducted using 
absorption spectrophotometry using a specific reagent [5]. This method was developed 
and established for laboratory standards thus making it expensive due to many 
components being required. It also often involved laborious measuring steps and 
inevitably consumes a lot of time. They also require controlled working conditions. 
Therefore, due to the concern regarding the amount of nitrate contaminations in natural 
water sources and the need of a low cost, convenient, and suitable methods for in-situ 
measurements of water quality, this paper reports on the results and conclusions of 
experiments involving novel planar electromagnetic sensors for this purpose.  

2 Recent Progress of Planar Electromagnetic Sensors  
for Environmental Monitoring Applications 

For the past ten years, the research of environmental monitoring based on planar 
meander and interdigital elements has followed several avenues as summarized in 
Table 1. The early work (since 2001) involved a serially closed circuit inductor-
capacitor (LC) element, a TiO2 (Titanium Dioxide) coating, and flexible parallel plate 
capacitor which forms a passive sensor as described in the second row of Table 1. The 
sensor operates on a wireless remote query basis and has been applied for 
environmental parameter monitoring based on complex permittivity of a surrounding 
medium, temperature monitoring, and pressure [6]. Later on, this work evolved into 
other applications such as bacteria growth monitoring [7, 8],  monitoring of electrical 
properties of biological cell solutions [9], quantifying packaged food quality [10], and 
real-time monitoring of water content in civil engineering materials [11, 12]. Despite 
offering a good performance, this system is quite complex, considering the material 
properties estimation was achieved from impedance spectrum of the sensor measured 
using a remotely located antenna. The material properties (e.g. complex permittivity) 
are calculated from the impedance spectrum at the resonant frequency with the 
inductance and capacitance of the sensor values based on calculation of an analytical 
model. Moreover, looking at the current technologies, the potential of this system to 
be a portable or home appliance is hindered as it requires either an expensive 
impedance analyzer or a lock in amplifier.   

Woodard et al. [13] and Woodard [14] employed open-circuited self-resonating 
planar spiralling pattern of electrically conductive material coated with an active 
material as explained in the fourth section of Table 1. The results reflected that the 
sensors are suitable to be used in harsh conditions. Nevertheless, the material used to 
make the sensor, i.e. Silicon Nitride (Si3N4), is relatively expensive and only 
affordable by programs funded for space exploration. Dickey et al. [15] and Varghese 
et al. [16] have investigated the effect of different sizes of pore and uniformity of the 
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substrate (metal oxide) which was made as a platform base for and interdigital sensor 
on the sensitivity and accuracy of NH3 and relative humidity as described in the 
second part of Table 1. Metal oxide materials (SnO2, Al2O3, and TiO2) are relatively 
low-cost and it is well-known that their structure can be manipulated for gas-sensing 
enhancement. However, the fabrication of the sensor is a laborious process that 
requires access to expensive facilities and considerably skilled personnel. 

Table 1. Overview of existing environmental monitoring sensing systems based on planar 
meander and interdigital elements 

Sensor’s Description Parameters Monitored Ref 

 
Inductor and Capacitor circuits (LC) 
connected in a loop with Ti2O coating and 
flexible parallel plate capacitor. 

Complex permittivity of a surrounding 
medium, ε’ difference (%): 2.9 to 9.1 % and 
ε’’ difference (%): 14.4 to 37.3 %. 
Temperature monitoring: linear shift of 6.4 
kHz/°C. Humidity: resonant frequency shift 
of 3.1 MHz (≈14 %) during humidity 
change between 0-98 %. Pressure: linear 
resonant frequency shift of 1.28 MHz/psi 
over the pressure range between 0-5 psi.   

 
[6] 

Interdigital sensor with gold electrodes 
deposited on Metal Oxide films which 
formed through an anodization process 

Detection of NH3 at room temperature and 
relative humidity. 

 
[15, 16] 

Inductor and Capacitor (LC) wireless 
sensor with Elecrolyte-Nitrate-Oxide-
Silicon (ENOS) structure as an 
electrochemical potential-to-capacitance 
transductor fabricated using CMOS 
technology. 

pH measurement with sensitivity of 1.2 % 
frequency/pH. 

[17, 18] 

Self-resonating-open-circuited planar 
spiralling pattern of electrically conducted 
material, coated with active material such 
as silicon nitride and polyaniline. 

Application in harsh condition. Gases 
detection such as NH3, CO, CO2, O2, H2, and 
CH4. Temperature measurement. Ambient 
pressure. 

[13, 14] 

 
Several researchers [17, 18] have addressed the application of inductor and 

capacitor (LC) wireless sensors with an Elecrolyte-Nitrate-Oxide-Silicon (ENOS) 
structure as an electrochemical potential-to-capacitance transducer fabricated using 
CMOS technology for pH measurement of liquid material such as water. These 
studies have made improvements of shorter response times and linear response. The 
main drawback is the operating frequency had to be adjusted to a proper value to 
minimize the unwanted response of the sensor to the sample (material under test) 
conductivity. In this research, our attention and interest has been drawn into to 
developing an electromagnetic sensor consisting of both inductive and capacitive 
elements which can be integrated as a low-cost and convenient solution, which is 
suitable for in-situ measurement in water quality monitoring. 
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3 Description of the Novel Planar Electromagnetic Sensors  

Applications of planar electromagnetic sensors have been reported in [19-48] where 
the designs can be found. In this chapter, two main types of sensors are introduced as 
following: 

(1)   Sensors with meander and interdigital elements placed side by side having 
parallel and series combinations. 

(2)   Sensors with meander surrounding the interdigital element, where the 
interdigital element is placed in the middle having parallel and series 
combinations. 

All the sensors were designed using Altium Designer 9 and have been fabricated 
using simple printed circuit board (PCB) fabrication technology where the thickness 
of the PCB is 0.25 mm. All the sensors were sprayed with Wattyl Killrust Incralac to 
form an acrylic resin-based protective coating. Wattyl Killrust Incralac is an acrylic 
resin-based protective coating containing special tarnish and corrosion control 
additives designed especially for the protection of copper, brass and similar alloys. 
The thickness of the coating was set to be approximately 30 microns. 

Fig. 1, 2, 3, and 4 show the inductive-capacitive planar electromagnetic sensors 
connected in series: SECS1_1, SECS2_1, SECS3_1, and SECS4_1, respectively. In 
general, each sensor has a dimension of 26 mm × 54 mm (width × length). SECS1_1, 
SECS2_1, SECS3_1, and SECS4_1 consist of type 1 interdigital, type 2 interdigital, 
type 3 interdigital, and type 4 interdigital, respectively (each interdigital has the same 
effective area of 10 mm × 40 mm), placed in the middle of a meander sensor with 
three turns. The distances between the sensors are kept at 2.5 mm.  

The type 1 interdigital sensor, whose electrodes’ pattern is + - + - + - +, is an 
arrangement of alternative positive and negative electrodes separated by a distance of 
3.3 mm. It consists in total of 13 electrodes, each 10 mm in length and 0.5 mm wide, 
7 connected to exciting/driving electrodes and 5 are connected to ground. SECS2_1 
shares the same design as SECS1_1 but it is actually the type 2 interdigital sensor, 
and the negative electrodes width is 3 mm as shown in Fig. 2. Negative electrodes 
with wider size enable a better or strong current signal off the sensor. 

The type 3 interdigital, in the design configuration of SECS3_1, has electrodes 
which are arranged in the pattern of + - - + - - + etc, a driving electrode followed by a 
series of 2 ground electrodes as shown in Fig. 3. The above pattern was repeated with 
a driving electrode again. Each electrode is separated by a distance of 2.24 mm; each 
electrode is of 10 mm in length and 0.5 mm in width. The  interdigital sensor type 4 in 
SECS4_1 is similar to SECS3_1, however it employs the electrode pattern of + - - - + 
- - - + etc, where each electrode is separated by a distance of 1.67 mm as can be seen 
in Fig. 4. The positive electrodes are driven by an AC electric potential (same source 
as the meander) to create an AC electric field between the positive and negative 
electrodes. This field passes through the material under test, thus material dielectric 
properties as well as the electrode and material property affect the capacitance and the 
conductance (impedance) between the two electrodes. The penetration depth of the 
electric field is determined from the spatial wavelength, λ, which is the length 
between the two adjacent electrodes of same type. The penetration depth is one fourth 
of the spatial wavelength [43, 45, 47, 49]. 
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Fig. 1. SECS1_1 schematic di
top layer and (d) bottom layer 

Fig. 2. SECS2_1 schematic di
top layer and (d) bottom layer 
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Fig. 3. SECS3_1 schematic di
top layer and (d) bottom layer 

Fig. 4. SECS4_1 schematic di
top layer and (d) bottom layer 
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Fig. 5. SECS7_1 schematic di
top layer and (d) bottom layer 

Fig. 6. SECS8_1 schematic di
top layer and (d) bottom layer 
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Fig. 7. SECS10_1 schematic d
top layer and (d) bottom layer 

Fig. 8. SECS17_1 schematic d
top layer and (d) bottom layer 
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Table 2. Summary of SECP1_1 to SECP24_1 

Sensor 

Interdigital type Meander 

Type Wavelength, 
λ (mm) 

Distance 
between 

electrode, d 
(mm) 

Negative 
backplane 

Number 
of turns 

Distance 
between 
turn, d1 
(mm) 

SECS1_1 1 6.6 3.3 No 3 2.0 
SECS2_1 2 6.6 1.8 No 3 2.0 
SECS3_1 3 6.6 2.24 No 3 2.0 
SECS4_1 4 6.6 1.67 No 3 2.0 
SECS5_1 1 6.6 3.3 Yes 3 2.0 
SECS6_1 2 6.6 1.8 Yes 3 2.0 
SECS7_1 3 6.6 2.24 Yes 3 2.0 
SECS8_1 4 6.6 1.67 Yes 3 2.0 
SECS9_1 1 6.6 3.3 No 4 1.35 
SECS10_1 2 6.6 1.8 No 4 1.35 
SECS11_1 3 6.6 2.24 No 4 1.35 
SECS12_1 4 6.6 1.67 No 3 1.35 
SECS13_1 1 6.6 3.3 Yes 4 1.35 
SECS14_1 2 6.6 1.8 Yes 4 1.35 
SECS15_1 3 6.6 2.24 Yes 4 1.35 
SECS16_1 4 6.6 1.67 Yes 4 1.35 
SECS17_1 1 6.6 3.3 No 5 1 
SECS18_1 2 6.6 1.8 No 5 1 
SECS19_1 3 6.6 2.24 No 5 1 
SECS20_1 4 6.6 1.67 No 5 1 
SECS21_1 1 6.6 3.3 Yes 5 1 
SECS22_1 2 6.6 1.8 Yes 5 1 
SECS23_1 3 6.6 2.24 Yes 5 1 
SECS24_1 4 6.6 1.67 Yes 5 1 

 
SECS5_1, SECS6_1, SECS7_1, and SECS8_1 are similar to SECS1_1, SECS2_1, 

SECS3_1, and SECS4_1, respectively, but have a grounded backplane on the other 
side of the interdigital sensor (top layer). Fig. 5 and 6 show the design layouts for 
SECS7_1 and SECS8_1, respectively. The second variation and the third variation 
have meander sensors with three and five turns, respectively. Fig. 7 and 8 show the 
designs for SECS10_1 (three turns) and SECS17_1 (five turns), respectively. Table 2 
summarizes the designs of sensors in this part. In general, the sensors are denoted by 
the generic code of SECSXX_V.  SECS denotes the code for the meander sensor that is 
enclosing the interdigital sensor and the sensors are connected in series, XX is the 
number of the variation from 1 to 24 and V is the version number of the sensor (1 in 
all cases). 

4 Principle of Measurement 

The electrical equivalent circuit of SECS1_1 to SECS24_1 sensors is shown in 
Figures 9, where: 

Rg is the output resistance of the function generator with a nominal value of 50 Ω.  
Rms is the real part resistance of the sensing coil (meander).  
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Xms is the imaginary part reactance of the sensing coil (meander). 
Ris is the real part resistance of the interdigital sensor for the sensors connected in 
series. 
Xis is the imaginary part reactance of the interdigital sensor for the sensors connected 
in series. 

 

Fig. 9. The equivalent circuits for SECS1_1 to SECS24_1 

For the sensors in Fig. 9, R1 denotes the series surface mount resistor connected to 
the sensors with the nominal value of 120 kΩ. Hence, Rtotal_s and Xtotal_s can be 
calculated from (1). 

  (1)

Where I1 is the RMS value of current through the sensor and V3 is the voltage across 
R1.  Introducing (1) into (2), gives Ztotal_s (the total impedance): 

  (2)

Where θ1 is the phase difference between v1(t) with v3(t) in degrees, taking v3(t) as 
reference. Therefore, Rtotal_s and Xtotal_s are given by (3) and (4). ܴ௧௢௧௔௟_௦ ൌ ܼ௧௢௧௔௟_௦ · cosሺߠሻ െ ܴଵ (3)

   (4)

131 0 RVI ∠=

0111_ ∠∠= IVZ stotal θ

( )1__ sin θ⋅= stotalstotal ZX



The Selection of Novel Planar 

 

5 Characterization

The characteristics of the s
(absolute) of the sensors at 
no material is placed near th

5.1 Experimental Se

The experimental setup inv
sinusoidal waveform with a
sensors. The Agilent 54622
then the output signals an
consecutively using develo
setup and the caption of the
respectively. 

The LabView program 
oscilloscope controls, (c) th
controls to save the recor
LabView block function to c

Fig. 10. The ex

Given a wave form, the 
(RMS) of a given frequenc
single period of the desired 

Then, one wave cycle is ex
samples per cycle from ea
result. Since the window s

cyc

Samp

Electromagnetic Sensors 

n of the Sensors and the Experimental Setup

sensors was determined by calculating the total impeda
different frequencies between 100 Hz and 100 MHz w

he sensor (air). 

etup and Labview Program 

volved a frequency waveform generator where a stand
a 10V peak-to-peak value was set as the input signal for 
2D mixed signal oscilloscope was interfaced to a PC, 
nd the sensors’ impedance were recorded and calcula
oped programs in the LabView software. The experimen
e developed LabView program are shown in Fig. 10 and

consists of five parts: (a) the main controls, (b) 
he function generator controls, (d) the displays, and (e) 
rded data as can be seen in Fig. 11. Fig. 12 shows 
calculate the impedance and phase shift.  

 

xperimental setup used for sensor characterization 

phase angle, θ and V amplitude given in root mean squ
cy are found by calculating the number of samples i
frequency according to (5). 

 

xtracted from the waveform by taking half the number
ch side of the centre. Fourier transform is applied on 
size covers exactly one period of the given frequency

quencydesiredfresamplerate ftcle

ples

×
= 1

181
 

p 

ance 
when 

dard 
the 
and 
ated 
ntal 

d 11 

the 
the 
the 

uare 
in a 

 (5)

r of 
the 

y, it 



182 
 

 

represents the fundamenta
results, (Element 0 is the D
equation (6).  

Where N is the number of 
result is expressed in ampli
scaled by  N21  to conve

Fig. 11

Fig. 12. Block function to ca
radian 

Scaling the result is not
only interested in the gain. 
the input (V1) and output (V
can be found. An array of V
LabView function to calcul
V1 and output voltage, V2/
calibration value found for 

M.A. Md. Yunus e

l frequency. This is element 1 in the Fourier transfo
DC component of the signal), as described by the follow

௡ܨ ൌ ∑ ௞݂݁ିమഏ೔೙ೖಿேିଵ௞ୀ଴   

sample and fk is the data point (where k = 0,….,N−1). T
itude and phase by converting it into polar form, and t

ert them to RMS. 

1. The front panel of the LabView program 

alculate the waveform’s amplitude in RMS and phase angl

t actually necessary as it cancels out later because we 
Once the amplitude and phase angle have been found 

V2/V3), the gain and phase shift to calculate the impeda
V amplitudes (RMS) and phase angle (θ) are passed to 
late the impedance as shown in Fig. 13. The input volta
/V3 are split up, and the output (V2/V3) is scaled with 
the particular frequency that is being measured. 

et al.

orm 
wing 

 (6)

The 
then 

 

 

e in 

are 
for 

ance 
the 

age, 
the 



The Selection of Novel Planar Electromagnetic Sensors 183
 

 

 

Fig. 13. Block function to calculate the impedance 

Finally, the total impedance in polar form can be calculated from (7). 

 (7)

Where: 

Vinput is the RMS value of the input signal (V1). 
θinput is the phase angle of the input signal. 
Voutput is the RMS value of the output signal measured across the series resistor (V2/V3). 
θoutput is the phase angle of the output signal measured across the series resistor. 
R is the resistance value of the series resistor. 

5.2 Characteristics of the Sensors  

Fig. 14 depicts the impedance characterization of SECS1_1 to SECS24_1. In general, 
for most of the meander and interdigital sensors connected in series, a U-shaped 
impedance characteristic was obtained as shown in Fig. 14. The right-half and left–
half curves show that most of the sensors are capacitive at a low-frequency range and 
inductive at a high-frequency range, respectively. It is seen that, within a certain 
frequency range, the sensor shows the combined effect of inductive and capacitive 
response. 

The frequency range, which represents the combined effect of inductive and 
capacitive response, can be found at between around 100 kHz to 30 MHz.  The 
introduction of a negative backplane basically causes the frequency range of 
inductive-capacitive state to be narrower, and the impedance values to be increased as 
can be seen from Fig. 14 (a), (b), and (c). 

The SECS sensors are modeled as an electrical circuit as can be seen in Fig. 15 [50, 
51]. The circuit consists of total inductance (L), total capacitance (C), total resistance 
(R1) and total resistive losses (R2). The values of electrical parameters in Fig. 15 are 
also estimated for each sensor from the real part and imaginary part responses using 
EIS spectrum analyzer software [52]. 

( ) RVVZ ouputoutputinputinput ×∠∠=∠ θθθ
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Table 3 summarizes the electrical parameter values of SECS. For all SECS sensors, 
the average total resistive losses, R2 value is relatively high, i.e. between around 
2.0×107 Ω to 2.0×1018 Ω. The total resistance average value (R1) basically increases 
when the negative backplane is introduced as summarized in Table 3. Moreover, there 
is no significant improvement of capacitance and inductance values except for the 
sensors of SECS21_1 to SECS24_1. Therefore, the best series connected planar 
electromagnetic sensors are SECS21_1 to SECS24_1, as can be seen in Table 3, 
where the capacitance and inductance values are the highest as compared to other 
planar electromagnetic sensors connected in series.  

Table 3. Electrical parameters values of SECS1_1 to SECS24_1 

 

6 Experimental Results and Discussion 

In this section, the best sensors are tested to detect nitrate contamination in distilled 
water from two set of experiments. Firstly, two nitrates, namely sodium nitrates 
(NaNO3) and ammonium nitrates (NH4NO3), each of different concentration between 
5 mg and 20 mg dissolved in 1 liter of distilled water were used to observe the sensor 
response. Secondly, NaNO3 and NH4NO3 were mixed in several different ratios 
dissolved in 1 liter of distilled water and the responses of the sensors were observed. 
The best sensors for the series combination sensors comprise of SECS17_1, 
SECS21_1, and SECS22_1. Each sensor consists of a meander coil spiraling inwards 
in rectangular form and the inner end is connected to an interdigital sensor completing 
a serial connection. The overall best of these sensors is determined based on the 
interpretation from both nitrates experiment results. 

No negative 
backplane

With negative 
backplane

No negative 
backplane

With negative 
backplane

No negative 
backplane

With negative 
backplane

SECS1_1 SECS5_1 SECS9_1 SECS13_1 SECS17_1 SECS21_1
R 1, Ω 306140 1.55E+06 501430 1.68E+06 432790 1.89E+06

R 2,  Ω 1.66E+10 1.00E+08 4.98E+10 1.00E+08 4.69E+10 3.14E+10
C, F 1.50E-12 2.06E-12 3.78E-12 1.76E-12 4.42E-12 5.95E-12

L, H 1.03E-04 1.54E-03 3.77E-04 3.27E-03 3.17E-04 1.67E-02
SECS2_1 SECS6_1 SECS10_1 SECS14_1 SECS18_1 SECS22_1

R 1, Ω 320510 1.59E+06 3.03E+06 4.59E+06 323630 1.41E+06

R 2,  Ω 1.88E+10 8.54E+08 4.02E+10 1.18E+09 6.39E+08 1.82E+06
C, F 5.40E-12 2.43E-12 7.03E-13 2.59E-12 2.64E-12 7.90E-12

L, H 2.36E-04 1.46E-03 1.97E-03 1.12E-03 1.97E-04 6.54E-03
SECS3_1 SECS7_1 SECS11_1 SECS15_1 SECS19_1 SECS23_1

R 1, Ω 384540 1.54E+06 384760 1.69E+06 375450 1.68E+06

R 2,  Ω 2.91E+10 1.15E+09 5.18E+10 3.92E+10 1.25E+11 3.93E+10
C, F 4.76E-12 2.26E-12 4.94E-12 2.13E-12 1.94E-12 5.51E-12

L, H 2.24E-04 1.46E-03 3.19E-04 1.65E-03 2.45E-04 2.12E-03
SECS4_1 SECS8_1 SECS12_1 SECS16_1 SECS20_1 SECS24_1

R 1, Ω 325100 1.35E+06 335280 1.63E+00 325570 1.34E+06

R 2,  Ω 3.90E+10 1.00E+08 7.38E+08 7.84E+08 2.74E+10 7.19E+08
C, F 2.93E-12 2.93E-12 5.41E-12 2.39E-12 5.65E-12 5.62E-12

L, H 2.45E-04 2.14E-03 1.73E-04 2.07E-03 1.98E-04 4.75E-03

Meander: One turn Meander: Three turns Meander: Five turns

Interdigatal: type 1
Interdigatal: type 2

Interdigatal: type 3
Interdigatal: type 4
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Imaginary part sensitivity, %X =  (9) 

Where:  

(Rtotal)distilled is the real part of the impedance value1. 
(Rtotal)sample is the real part of the impedance value1.  
(Xtotal)distilled is the imaginary part of the impedance value1. 
(Xtotal)sample is the imaginary part of the impedance value1. 

 
In this section, the first experiment involved the response of the sensors with different 
concentrations of nitrates in the form of sodium nitrate (NaNO3) and ammonium 
nitrate (NH4NO3) mixtures. Then, the sensors with the best sensitivities were chosen 
from each combination for a second experiment. Five different ratio mixes were 
prepared where the total weight of every single mix is given in 20 mg. Then, each mix 
is diluted in 1 liter of distilled water. The ratios of NaNO3 to NH4NO3 were 
1:1(Ratio_1), 1:2(Ratio_2), 2:1(Ratio_3), 1:3(Ratio_4) and 3:1(Ratio_5). 

The second experiment objective was to test the chosen sensors with different 
concentration of nitrates samples (5 mg, 10 mg, 15 mg and 20 mg) in the form of 
sodium nitrate (NaNO3) and ammonium nitrate (NH4NO3) diluted in 1 liter of distilled 
water. 

6.3 Experiment with Chemical Based on Nitrates 

Fig. 17 and 18 depict the real part and imaginary part sensitivities, respectively 
calculated for SECS17_1, SECS21_1, and SECS22_1 sensors. The sensitivities of the 
real part values stay in the negative region and this is due to the increase of the 
conductivity level of the mixed solution. It is clear that SECS22_1 has the best 
response amongst the series sensors and will be used for further applications. 

6.4 Experiment with Chemical Based on Nitrates 

Fig. 19 shows the sensitivity values of SECS22_1 when tested with a solution based 
on NaNO3 and NH4NO3. A similar response can be observed for both solution types. 
The imaginary values are in the range around 100% to around 200% and the values 
are independent of the total concentration showing that SECS22_1 is already able to 
detect contamination in the water sample. Moreover, the real part negative values 
progressively decrease with the total concentration of the chemicals. This is true since 
the electrical conductivity (σ) of the solution is highly dependent on its concentration 
of dissolved salts where NaNO3 and NH4NO3 were added in the distilled water. The 
purer the water samples, the lower the conductivity (the higher the resistivity) and 
vice versa. Therefore, the real part sensitivities give the indirect relationship of total  
 

                                                           
1 When the sensor is immersed in distilled water. 

( ) ( )( )
( ) 100×

−

distilledtotal

distilledtotalsampletotal
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7 Conclusion 

In total, 24 planar electromagnetic sensors have been fabricated in this research 
resulting from the different designs of the sensors (meander and interdigital) and the 
combination of the sensors (meander and interdigital). Design, basic operation, and 
principle of measurements have been discussed for all sensors. The printed circuit 
board technology has proven to be a simple and reliable method to construct the 
sensors. The used of Incralac coating not only provides protection to the sensors but 
also opens the way for the investigation of planar electromagnetic sensors for 
environmental monitoring. In this chapter, the characteristics of all the planar 
electromagnetic sensors and the effects of different designs to the electrical 
parameters of the sensors were discussed.  The best series connected planar 
electromagnetic sensors (SECS21_1 to SECS24_1) were determined based on the 
highest capacitance and inductance compared to other similar sensors. The studies 
show that a very distinct differentiation of nitrates concentration can be achieved 
using a planar electromagnetic sensor with meander sensor and an interdigital sensor 
combined in series (SECS22_1). Furthermore, it can be used as a tool for water 
sources monitoring on farms where the nitrate level should not exceed 100 
mg·(NO3)⎯−N/L.  
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Abstract. Current wastewater monitoring techniques rely on the use of nutrients 
detection as the result of some chemical reaction, which is undesirable for long-term 
use in real-time applications.  In addition, new legislation may render such systems 
obsolete if they cannot reliably determine the amount of nutrients in wastewater 
relative to allowable levels.  This chapter attempts to address this issue by considering 
the use of microwave sensing techniques as an alternative real-time approach that has 
the potential to monitor wastewater nutrients such as phosphate and nitrate.  The 
method utilizes a broad range of microwave frequencies (1-15 GHz) and is 
demonstrated with two different types of structure for this purpose, namely a 
traditional resonant cavity and a flexible interdigitated electrode structure.  A variety 
of experimental results are shown that validate the applicability of the microwave 
sensing for detecting phosphates and nitrates in the solutions.  LabView software used 
for analysis of captured data and for easy user interpretation of this data is also 
demonstrated. Future work to be undertaken is discussed in relation to improving the 
performance of the sensor further, as well as adding the capability to automatically 
determine both the type and concentration of nutrients in water solutions. 

Keywords: Water quality monitoring, wastewater, nitrate, phosphate, microwave 
sensor, interdigitated electrode, flexible sensor. 

1 Introduction 

Urban wastewater is defined by the Council of the European Communities [1] as 
“Domestic wastewater or mixture of domestic wastewater with industrial wastewater 
and/or run-off rain water”. Domestic wastewater is defined as “Wastewater from 
residential settlements and services which originates predominantly from the human 
metabolism and from household activities”. On the other hand, industrial wastewater 
is “Any wastewater which is discharged from premises used for carrying on any trade 
or industry, other than domestic wastewater and run-off rain water”. Therefore we 
can say that wastewater refers to a broad spectrum of contaminated water. 
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In order to maintain a healthy environment and to control the spread of disease, 
wastewater has to be collected and treated prior to discharge back to the environment. 
UK directives have been implemented through the urban wastewater treatment 
regulations since 1994 [2]. The collection and treatment of wastewater plays a vital 
part in the protection of public health, water resources and wildlife; directives set the 
standards to be used for its collection and treatment.  As part of these standards, a 
sewerage system is provided for all urban areas above a specified population size, and 
the collected sewage receives at least secondary (biological) treatment before it is 
discharged to the environment. Discharges from the sewerage systems are only 
allowed under storm conditions. Areas where sewage requires extra treatment before 
discharge are identified by the Council of the European Communities as “sensitive 
areas” [1]. One example is the atrophic waters, where additional nutrients, mainly 
nitrogen or phosphorus, stimulate the growth of algae and other plants, damaging the 
natural environment. In these areas, larger sewage discharges must be treated to 
reduce their load of nutrients.  

Wastewater treatment plants (WWTP) and industrial sites that discharge more than 
1 m3 of effluent on a daily basis have to provide periodic reports for the quality and 
quantity of their effluent before discharging. They also need to pay fines for pollution 
events. Charges could be reduced if continuous monitoring is available to control and 
solve problems before discharging. As mentioned before, wastewater treatment 
involves removing nutrients from wastewater before it is discharged to the water 
course (e.g. canals and rivers). Many technologies have been developed for this 
purpose, such as the activated sludge system EBPR (enhanced biological phosphorus 
removal). These technologies made the detection of such nutrients more difficult 
because it reduces the nutrient levels significantly compared with previous practice. 
To solve these difficulties, many types of sensor and analyzer systems have been 
developed to detect and monitor the wastewater treatment process. However, most of 
these analyzers are based on off-line measurements which imply low frequency data 
sampling and significant delays between sampling and availability of results. 

Effective monitoring for the quality of effluent can be achieved by obtaining 
representative samples for lab analysis, or by installing an on-line analyzer. Current 
on-line technologies for monitoring the limits have a high capital cost, are unreliable 
and incur high maintenance costs.  

2 The Wastewater Treatment Process 

Wastewater, also known as sewage, contains more than 99% water and is 
characterized by volume or rate of flow, physical condition, chemical constituents and 
the bacteriological organisms that it contains. In general it contains pathogens such as 
bacteria, viruses, and parasitic worms, as well as organic particles such as plant 
material, humus, and paper fiber. The soluble organic material that also can be found 
in sewage could come from urea, fruit sugar and soluble proteins. Sand, grits and 
metal particles are considered as inorganic particles, and sewage also contains soluble 
inorganic material such as ammonia, road salt and hydrogen sulphide. In the UK, over 
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UK waste produced by the pre-treatment stage such as sewage screenings and grits 
must be treated before it can be land filled [7]. 

The primary treatment stage consists of a large settling tank, and aims to settle 
down the suspended solid and grits that are still in wastewater after the pre-treatment 
stage. The settled matter (sediment), known as sludge, is pushed into hoppers and 
carried out to be treated. Also the settling tank will allow the grease and oil to float on 
the surface so that it can be skimmed off. The primary treatment stage reduces the 
amount of solids by 50%, and also BOD (Biochemical Oxygen Demand) by at least 
20% before it is discharged [8].  

Once all noticeable solids have been removed, a biological treatment that targets 
the organic matter takes place during the secondary treatment stage. The most 
common type of biological treatment is called ‘Activated sludge’ where WW is mixed 
with air to provide oxygen for bacteria to grow and then consume the organic matter. 
Turbines and surface aerators can be used as air diffusers. Microorganisms degrade 
the content of the organic matter in the WW aerobically, i.e. when air is supplied to 
the biological reactor. 

The biological treatment stage has originally been solely to remove organic matter. 
However, many wastewater treatment plants today are also designed for the biological 
removal of nitrogen and phosphorous. A unique type of microorganism called 
Polyphosphate Accumulating Organisms (PAO) are enriched into the activated sludge 
tank for phosphorus removal in EBPR process The role of these organisms is to 
consume phosphate by accumulating it within their cells. PAO can incorporate up to 
0.38 mg/L phosphorous and remove 15-20% of it in many municipal wastewaters [9].  

Organic nitrogen is converted to ammonium through a process called hydrolysis 
while travelling through sewer pipes. In the activated sludge tank, a biological 
nitrification process is used for ammonium removal. In this process, ammonium ions 
(NH4

+) are converted or oxidized to nitrite ions (NO2
-) and then to nitrate ions (NO3

-) 
[10], with the nitrifying organisms (nitrosomonas and nitrobacter bacteria) adding 
oxygen to the ions during the oxidation process.   

Tertiary treatment involves chemical removal of any soluble phosphorus or 
nitrogen that remains after the biological removal to enhance the quality of the 
effluent before discharging. Phosphorus precipitation can be achieved by adding some 
metal salts such as Calcium (Ca2+), iron (either Fe2+ or Fe3+), or aluminum (Al2(SO4)3) 
[11]. The chemical process for nitrogen removal is called ammonia stripping, where 
pH is raised to convert the ammonium ion into ammonia, which can be stripped from 
the water by passing large quantities of air through the water [12]. Also, Chlorine 
could be added to oxidize ammonia-nitrogen into nitrogen gas; 9-10 mg/L of chlorine 
is required for every 1 mg/L of ammonia-nitrogen [13]. 

At the end of the treatment process, a secondary settling tank is used to settle down 
the remaining precipitates that resulted from either the biological or the chemical 
nutrients removal in the activated sludge stage. The final settled sludge is then carried 
out to be treated. Sludge can be recycled to produce an organic-based fertilizer and 
soil conditioner for use in agriculture. It also may be used for energy generation, large 
tanks called digesters are used to transform the organic solids of the sludge into 
gaseous end products with the absence of oxygen in a process called anaerobic 
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The output of the HPLC pump is connected to the PTFE piping that runs through 
the center of the sensor and feeds to a waste vessel – samples are not recirculated to 
prevent algae build up in the piping and also to prevent unwanted sample 
contamination or dilution.  A heating block heats the cavity to approximately 63°C,  
which heats the SWW to a maximum of 35°C when it leaves the cavity.  The stability 
of the cavity and SWW is monitored via thermal couple measurements which are 
incorporated into to a LabView interface (see Fig. 8) for monitoring.   

Measurements from the system are acquired in two stages.  In the first stage water 
only is pumped through the sensor to provide a reference level, and the LabView 
interface acquires an average of the stabilized microwave spectrum between 2480 and 
2620 MHz over the course of a 1 minute period.  Secondly, the SWW is pumped 
through the system and a similar procedure is applied.  Between each stage sufficient 
time is allowed for the water or SWW sample to propagate through the tubing.  When 
pumping at 10 ml/min, this waiting time is approximately 45 seconds. 

The method used here for acquiring data has proven to give considerable 
measurement reliability, and along with the heating block, helps to further negate 
external impacts on measurements to ensure that the system provides both short-term 
and long-term repeatability.  This is particularly important when the system is used as 
a predictive tool, as discussed later in this chapter.   

5 Results 

Data acquired for phosphate and nitrate concentrations are shown in Fig. 9.  Table 1 
notes the prominent features of the results – i.e. resonant peak amplitude and 
frequency – for each nutrient.  This data is also represented in Fig. 10, showing 
clearly the linear relationship between nutrient concentration and peak amplitude.  
The linearity of the peak frequency is not quite so clear, although there is a general 
trend of increasing frequency with increasing nutrient concentration. 

Table 1. Peak amplitude and frequency data for PO4-P and NO3-N concentrations, as shown in 
Fig. 9 and 10 

Concentration 
(mg/L) 

Peak Amplitude (dBm) Peak Frequency (MHz) 

PO4-P NO3-N PO4-P NO3-N 

0 -30.04 -30.04 2547.4 2547.41 

100 -30.36 -30.56 2547.83 2547.83 

200 -30.77 -30.99 2548.11 2548.11 

300 -31.20 -31.40 2548.11 2548.11 

400 -31.59 -31.79 2548.25 2548.25 

500 -31.89 -32.09 2548.39 2548.39 
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limited to the use of cavity structures, which are seen by many as bulky and expensive 
due to the use of reasonably expensive high conductivity metals (e.g. aluminum or 
copper).  Thus the authors have been considering new ways in which to achieve the 
benefits of microwave sensor capability but in a variety of formats.  The use of 
microstrip printed antennas operating as microwave sensors in the GHz frequency 
range with a Ag planar pattern printed on flexible substrate was recently reported 
[32]. These sensors are conformable to planar and non-planar surfaces, simple and 
cost-effective to manufacture using modern printed-circuit technology, mechanically 
robust when mounted on rigid surfaces, and when the particular patch shape and 
mode are selected they are very versatile in terms of resonant frequency, polarization 
and impedance. 

As an example, an interdigitated electrode (IDE) structure shown in Fig. 12 
operating at microwave frequencies was chosen for its versatile design that combines 
ease of manufacturing with desired functionality [32]. A distinct feature of IDE type 
sensors is their superior sensitivity to change close to the sensor surface, with this 
sensitivity decaying rapidly with distance away from the surface. This is 
advantageous as it reduces significantly the chance of undesirable factors influencing 
sensor response. Thin flexible substrate provides not only structural benefits for a 
wide range of applications, but also plays a pivotal role in controlling the strength of a 
microwave signal fed into the sensor. Thicker substrates are known to be prone to the 
following effect: as the height increases, surface waves are introduced which usually 
is not desirable because they extract power from the total available for interaction 
with the analyte material. The surface waves travel within the substrate and they are 
scattered at bends and surface discontinuities and degrade the antenna pattern and 
polarization characteristics [33].  

Silver was used as a metal material for both the bottom layer, which acted as a 
ground plane, and top IDE pattern to maintain chemical neutrality when the  
device is placed in contact with water. Fig. 13 (a) illustrates optical images of the 
manufactured prototype microwave sensor, which is bent to illustrate the flexibility of 
the substrate.  

 

Fig. 12. Schematic of a microwave sensor with interdigitated electrodes 
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(a) 

 
(b) 

Fig. 14. Illustrating the response of planar microwave structures to (a) different concentrations 
of NO3 and (b) to different analyte materials; air, deionized water and tap water [32] 

7 Conclusion 

This research was driven by the industrial need for a novel real-time monitoring 
method of water purity that would be able to meet strict regulatory demands and yet 
be versatile, sensitive and cost-efficient. It has been demonstrated that the method can 
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provide adequate sensitivity for measurement of different nutrients which would be 
found in wastewater, namely phosphate (PO4) and nitrate (NO3).  There is still work 
to be done in enhancing this sensitivity further, however this area is still under active 
investigation by the authors and the subject of a number on-going industrially focused 
research projects.  It is envisaged that the technique, once fully developed, could be 
used for a wide variety of applications, and at numerous stages in the wastewater 
treatment process as was briefly outlined in Section 2 of this chapter. 

It is notable that the work has demonstrated both traditional resonant cavity 
methods in addition to novel IDE structures which provide a cost effective and 
flexible means by which to apply the suggested technique.  This highlights one of the 
key benefits of using microwave sensors; they can take many different forms 
depending on the application and its requirements.  It is believed that the small 
flexible sensor shown in Section 6 would provide for long-term usage since this 
configuration is less prone to failure due to mechanical damage than perhaps a rigid 
substrate planar device. The sensor response was tested using a VNA in 1-15 GHz 
frequency range. It was clearly seen that the resonant peaks have shifted once 
deionized and tap water samples were placed in contact with the antenna pattern. 
Notably, the sensor’s response returned to its original position, namely the air 
spectrum, after each water sample measurement, confirming that the developed 
microwave sensor is reliable, re-usable and thus a sustainable solution for water 
monitoring.  
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Abstract. Water quality monitoring and forecasting plays an important role in 
modern intensive fish farming management. This paper describes an online water 
quality monitoring system for intensive fish culture in China, which is combined with 
web-server-embedded and mobile telecommunication technology. Based on historical 
data, this system is designed to forecast water quality with artificial neural networks 
(ANNs) and control the water quality in time to reduce catastrophic losses. The 
forecasting model for dissolved oxygen half an hour ahead has been validated with 
experimental data. The results demonstrate that multi-parametric, long-distance and 
online monitoring for water quality information can be accurately acquired and 
predicted by using this established monitoring system. 

Keywords: water quality monitoring, intensive fish culture, wireless sensor network, 
LSSVR. 

1 Introduction 

Aquaculture is the fastest growing food-producing sector in the world, with an 
average annual growth rate of 8.9% since 1970 [1]. China is one of the most 
important contributors to world aquaculture production. 41.3 million tons, or 69.6% 
of the world production, was produced in China [2]. As a result of a significant shift 
from wild fishing to aquaculture in the 1980s, aquaculture development has 
accelerated throughout the country. The production of intensive fish culture has  
been increased rapidly in China from 1.6million tons in 1990 to 13.5million tons in 
2005 [2,3]. 

Automatic remote monitoring and computer-controlled intensive culture is the 
future trend in aquaculture. In modern aquaculture management, water quality 
monitoring plays an important role. Appropriate control of water quality to keep the 
concentration of the water environment parameters in the optimal range can  
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enhance the fish growth rate, impact dietary utilization and reduce the occurrence of 
large-scale fish diseases [4,5]. Without gathering information regarding physical and 
chemical parameters of water quality together with the related ecological factors it is 
almost impossible to perform the appropriate water quality control at the right time 
and in the right place. 

However, there are a few applications of systems which could carry out real-time 
water quality monitoring continuously in China. According to the conventional 
methods of water quality monitoring, samples of water are taken and transported to a 
chemical laboratory to analyze the hazardous substances. On the one hand, the 
maintenance of the measurements and control process is manual and influenced by the 
personal experience. On the other hand, the process of forecasting is time-consuming 
and some contamination episodes might be missed [5]. For example, fish mortality 
occurred overnight in one incident and was only detected the next morning, after huge 
losses had already been caused. 

With the advent of new sensor technologies, data telemetry and wireless 
communication technology, various equipment has been developed to monitor remote 
areas in real-time [6-9]. At present, continuous monitoring of drinking water and 
wastewater quality at most treatment plants is applied in Europe, North America and 
Japan [10,11]. In China, online monitoring installations have been constructed for 
several large rivers, such as the Huanghe River and the Huaihe River, to provide real-
time information to support environmental protection decision-makers [12]. However, 
the financial burden for building the fundamental hardware of these high-tech 
facilities may only be affordable to governments. Realizing real-time data collection 
in a secure, robust, manageable and low-cost manner, without long-distance cable 
connections, will likely become a bottleneck in the development of information 
monitoring in fish culture. Therefore, using web-server-embedded and next generation 
telecommunication technologies will become increasingly important in sensing 
networks. 

In recent years, some researchers investigated integrated water quality remote 
monitoring systems [13,14] and management systems based on culture knowledge 
models and forecasting models [15-18], but these systems are not aimed at the present 
needs to develop aquaculture and not connected with any online monitoring system. 
Moreover, these installations cannot achieve real-time communication between data 
collection and control terminals, which is not yet a fully viable alternative for high-
density, open, and dynamic fish breed circumstances. 

In this work, water quality remote monitoring systems using a GPRS service 
combined with IPsec-based virtual private networking (VPN) functionality were 
developed for constructing a wireless sensing network on a countrywide scale. 
Integrated with a forecasting model on the basis of artificial neural networks (ANN), 
the system is able to provide real-time information and the dynamic trend of the water 
quality at different monitoring sites. The detected data can be collected and analyzed 
at any time via the Internet so as to know the status and changes of the system. 
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2 Aquaculture and Water Quality Requirements 

Aquaculture is defined as the high-density production of fish and plant forms in a 
controlled environment. Water quality for aquaculturists refers to the quality of water 
that enables successful reproduction of the desired organisms. The required water 
quality is determined by the specific organisms to be cultured and has many 
components that are interwoven. Aquaculture obeys a set of physical, chemical and 
biological principles. Since these principles compose the subject of water quality, in 
Section 2.1 we describe common water quality parameters related to these principles 
which have been used as indicators of water quality on fish culture, as well as the 
respective classification of these parameters by monitoring importance.  In Section 
2.2, we present a classification of the parameters based on their impact level in an 
ecosystem. 

2.1 Physical, Chemical and Biological Analysis 

The monitoring of environmental parameters in fish aquaculture allows the control 
and good management of water quality in fish ponds, avoiding the occurrence of 
unfavorable conditions that can be harmful for organisms [19,20] . 

Water quality is based on the results of toxicity tests. These tests measure the 
responses of aquatic organisms to defined quantities of specific pollutants [21]. The 
aquatic species have different tolerances for a specific toxic compound; in this paper 
the characteristics of the fish are analyzed to evaluate the performance of the model. 

Table 1. Water quality parameters classified by monitoring frequency 

Monitored daily Monitored Weekly Monitored by request 

Temperature (Temp) Total ammonia (NH) Alkalinity (Ak) 

Dissolved oxygen (DO) Nitrate (NO3) Phosphorus (P) 

Salinity (Sal) Nitrite (NO2) Hydrogen sulfide (H2S) 

pH Non ionized ammonia (NH3) Non ionized hydrogen sulphide (HS-) 

 Turbidity (Tb) Dioxide of carbon (CO2) 

  Suspended solids (Ss) 

  Potential redox (Px) 

  Silicate (Si) 

  Chlorophyll A (ChA) 

  Total inorganic nitrogen (N) 

  Total marine bacteria (Tmb) 

  Vibrio (Vb) 

  Fecal coliforms (Fc) 
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In extensive aquaculture systems on china, the water quality parameters are 
monitored in different frequencies. Dissolved oxygen, temperature, pH and salinity 
are monitored daily while ammonia, nitrates, turbidity and algae counts are analyzed 
weekly. Chemical analyses are not taken into consideration for water quality 
management on a routine bases, they are only monitored by request [22]. Table 1 lists 
common water quality parameters used as indicators of water quality on fish marine 
culture and their respective classification by monitoring frequency. 

In order to understand the effects of these water quality parameters, Table 
2 and Table 3 show the optimal and harmful ranges (reported in the literature) for 
daily, weekly and by request parameters which will be considered for the assessment 
of water quality in our work. 

Table 2. Daily and weekly measured water quality parameters and their importance to fish 
farming 

Parameters Importance on marine fish culture 

Temperature 

The temperature of water plays an important role in both environmental and 

intensive aquaculture processes. First, it affects the ability of living organisms to 

resist certain pollutants. Some organisms cannot survive when the water 

temperature takes a value beyond a specific range. Changes in temperature rates 

can stress fish and consequently high mortality rates can be present in the 

population [23]. Second, it controls solubility of gases, chemical reactions and 

toxicity of the ammonia. The demand of dissolved oxygen increases when 

temperature is high [24]. Temperature can be considered as normal from 28 to 

32 °C [22]. 

Dissolved oxygen 

The dissolved oxygen is breathed by fish and zooplankton and is necessary for 

their survival. Fluctuation of dissolved oxygen, hypoxia and anoxia crisis are 

events that can be normally presented in aquaculture systems. Dissolved oxygen 

is considered the most critical quality parameter, since fish in low dissolved 

oxygen concentrations are more susceptible to disease. The minimum levels 

recommended by authors oscillate between 4 and 5 ppm. It is recommended that 

Salinity 

Salinity is the saltiness or dissolved salt content of a body of water. The salt 

content of most natural lakes, rivers, and streams is so small that these waters are 

termed fresh or even sweet water. The actual amount of salt in fresh water is, by 

definition, less than 0.05%. The water is regarded as brackish, or defined as 

saline if it contains 3 to 5% salt. The ocean is naturally saline and contains 

approximately 3.5% salt. High salinity concentrations reduce dissolved oxygen in 

water ponds, and it can be dangerous for fish cultivation [21]. The optimal 

concentrations of salinity are from 15 to 23 ppt [21]. 
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Table 2. (continued) 

pH 

pH is a measure of the relative amount of free hydrogen and hydroxyl ions in the 
water. Water that has more free hydrogen ions is acidic, whereas water that has 
more free hydroxyl ions is basic. The values of pH range from 0 to 14 (this is a 
logarithmic scale), with 7 indicating neutral. Values less than 7 indicate acidity, 
whereas values greater than 7 indicate a base. Extremely low or high pH stresses 
fish and causes soft shell and poor survival [25].  

 
Water bodies with 6.5 to 9.0 pH concentrations are appropriate for aquaculture 
production. Reproduction decreases outside of this range. Acid death appears 
with values below than 4.0 and an alkaline death in values above 11 [22,24]. The 
presence of chemicals in the water affects its pH, which in turn can harm the 
animals and plants that live there. For example, even a mildly acidulous seawater 
environment can harm shell cultivation. This renders pH an important water 
quality indicator. 

Ammonia 

Ammonia is the main end product of protein catabolism in crustaceans. 
Ammonia increases tissue oxygen consumption, damages gills and reduces the 
ability of blood to transport oxygen. Ammonia exists in water in both ionized 
(NH4

+) and unionized (NH3) forms. Unionized ammonia is the most toxic form of 
ammonia due to its ability to diffuse readily across a cell membrane [26]. The 
safe level for unionized ammonia, recommended by Chien (1992) and Wickins 
(1976) [27], is less than 0.1 mg/l and for total ammonia is under 1.0 mg/l.  

Water nitrogen 

Inorganic nitrogen in water is chiefly present as ammonia, nitrate and nitrite. In 
fish, the respiratory pigment is hemocynanin, which can still bind oxygen in the 
presence of oxidizing agents such as nitrite [28]. The safe concentration of NO2 
is from 0.4 to 0.8 mg/l. Nitrates are nitrogenous compounds which can be toxic 
when their levels rise. According to Clifford (1994) [29], the optimal level for 
nitrates is from 400 to 800 μg/l. The expected total inorganic nitrogen 
recommended for crops is from 2.0 to 4.0 mg/l. [21,25]. 

Turbidity 

A high concentration of suspended solids can cause high turbidity in water, 
preventing the penetration of light and affecting photosynthesis. The amount of 
suspended solids can be determined indirectly by measuring the turbidity. The 
accepted range for suspended solids is from 50 to 150 mg/l; or turbidity from 35 
to 45 cm depth [24]. 

2.2 Environmental Classification 

Water quality parameters can be classified in different impact levels, depending on 
the toxicity and harmful situations the parameters introduce to the ecosystem. In order 
to classify the behavior of a water quality parameter, it is necessary to define levels 
and allowed deviations for optimal or harmful concentrations. These deviations are 
useful to determine the ranges where values are considered closer to or farther from  
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Table 3. Water quality parameters measured by request and their importance to fish farming 

Parameters Importance on marine fish culture 

Alkalinity 
Related to important factors in fish culture such as buffer effect on daily 
variation of pH in the pond, setting the soluble iron precipitated, and in ecdysis 
(molting) and growth [19,20]. 

Phosphorus 

Nutritive element, mainly appearing as orthophosphate, essential to aquatic 
life. From Esteves [30], phosphorus acts particularly in metabolic processes of 
living beings, such as energy storage and in the structure of the cell membrane 
[20]. 

Hydrogen sulfide 

In water, hydrogen sulfide exists in unionized (H2S) and ionized forms (HS− 
and S2). Only the unionized form is considered toxic to aquatic organisms. 
Unionized H2S concentration is dependent on pH, temperature and salinity, 
and it is mainly affected by pH [25]. 

Dioxide of carbon 
When dissolved oxygen concentrations are low, carbon dioxide prevents 
oxygen penetration. According to Boyd (2001) [31], the normal range of 
carbon dioxide is from 1 to 10 mg/l 

Potential redox 

This is an indicator of substance oxidation or reduction levels. Low values are 
indicators of strong reduction of sediment, which is associated with toxic 
metabolite formation, hypoxic or anoxic conditions and low pH values. In a 
pond, optimal ranges of potential redox are from 500 to 700 mV for water and 
from 400 to 500 mV for sediment [29]. 

Silicate 
In water, silicate is a composite of high importance particularly for diatoms. 
Optimal levels for silicate are established from 0.1 to 0.3 mg/l. [20,30]. 

Chlorophyll A 
Phytoplankton biomass represents the primary consumer feed, and indirectly 
determines the feed availability of the next trophic system level. The ideal 
concentrations for fish ponds are from 50 to 70 μg/l [29]. 

Total marine bacteria 

Microorganisms, particularly bacteria, play a vital role in pond ecosystems. 
Both beneficial (nutrients recycling, organic matter degrading etc.) and 
harmful (such as parasites) issues are caused by bacteria in the pond 
ecosystem. The optimal range for total bacteria counts should be below 
10,000 UFC/ml [20,31]. 

Vibrio 

Vibriosis is a bacterial disease responsible for mortality of cultured fish 
worldwide [32]. Vibrio related infections frequently occur in hatcheries, but 
epizootics are also commonly in pond reared fish species. Optimal ranges are 
defined as being below 1000 UFC/ml 

Fecal Coliforms 
Fecal Coliforms in water come from the feces of warm-blooded animals and they 
are an indicator of water pollution. The optimal range of fecal coliforms is below 
1000 MPN/ml and for crop it should not exceed 1400 MPN/ml [33]. 
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specified levels. In this study, tolerance thresholds were chosen using minimal 
changes in water parameters [33]. The levels for classification of the water quality 
parameters were defined by taking into account the levels and limits reported in the 
literature (see Table 2 and 3). In Table 4, 5 and 6 we show the classification, in 
different impact levels, for the water quality parameters from Table 1. The deviation 
column in these tables represents the tolerance for each level. 

Table 4. Classification levels for daily monitored parameters 

Water quality parameters Deviation 

Levels 

Hypoxia  

acid 
Low Normal High Alkaline 

Temperature (°C) 1.0  0–20 20–30 < 30  

Dissolved Oxygen (mg/l) 0.5 0–2 2–5 < 5   

Salinity (ppt) 1.0  0–15 15–23 < 23  

pH 0.5 0–4 4–6.5 6.5–9.5 9.5–11 11–14 

Table 5. Classification levels for weekly monitored parameters 

Water quality parameters Deviation 
Levels 

Low Normal High 

Total ammonia (mg/l) 0.10 0–0.1 0.1–1.0 < 1.0 

Nitrites (μg/l) 100 0–400 400–800 <800 

Nitrates (mg/l) 0.10  0–0.5 < 0.5 

Non ionized ammonia (mg/l) 0.01  0–0.1 < 0.1 

Turbidity (cm) 1.00 4–35 35–45 < 45 

 
The importance of water quality management, the correct interpretation of water 

parameters and the appropriate techniques for integrating these parameters are 
problems studied in the aquaculture field. This research deals with one of the most 
important objective of the aquaculture management: it proposes a new way to join 
dissimilar parameters for getting an accurate assessment of water quality, increasing 
the effectiveness of the proposed system over traditional methodologies. In this sense, 
we hypothesize that different effects and levels of parameter concentrations  
degenerate in different water quality, thus, an appropriate join of these parameters  
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Table 6. Classification levels for monitored by request parameters 

Water quality parameters Deviation 

Levels 

Low Medium High 

Alkalinity (mg/l) 10 0–100 100–140 < 140 

Phosphorus (mg/l) 0.01 0–0.1 0.1–0.3 < 0.3 

Hydrogen sulfide (mg/l) 0.01 0–0.05 0.05–0.1 < 0.1 

Non ionized hydrogen sulfide 
(mg/l) 

0.001 0–0.002 0.002–0.005 < 0.005 

Carbon dioxide (mg/l) 2 0–10 10–20 < 20 

Suspension solids (mg/l) 5 0–50 50–150 < 150 

Potential redox (mV) 10 0–400 400–500 < 500 

Silicate (mg/l) 0.2 0–2.0 2.0–4.0 < 4.0 

Chlorophyll A (μg/l) 5 0–50 50–75 < 75 

Total inorganic nitrogen (mg/l) 0.2 0–2 2–4 < 4 

Total marine bacteria (UFC/ ml) 1000 0–5000 5000–10,000 < 10,000 

Vibrio (UFC/ ml) 100 0–500 500–1000 < 1000 

Fecal coliforms (MPN/ml) 100 0–500 500–1000 < 1000 

 
could determine a better assessment of water quality. This assessment could be 
achieved using a fuzzy inference system, which involves different situations 
generated by water quality parameters. 

3 System Design 

3.1 System Architecture 

Accuracy, reliability, real-time and expandability are essential in the remote 
monitoring system. Therefore, the sensors of high sensitivity should be chosen and 
rationally distributed for data accuracy. Since some locations have no access to any 
cable network (telephone line) and harsh production environment could damage cable 
connections, wireless devices would be necessary. Accordingly, each station is 
designed to communicate with the server via wireless communication technology. In 
order to offer a better expandability, an intelligent “plug and play” sensor technology 
has been used. 
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The function of the data-acquisition component is to obtain signals of the most 
important environmental factors by using various sensors. The main variables that can 
be monitored are reported in Table 7. With the current measurement methods, pH 
value is measured by the glass electrode method, dissolved oxygen by the membrane 
electrode technique, and temperature by thermometer sensing technology. A method 
of measuring the conductivity and transforming it to salinity has been adopted to 
replace the common method for measuring the salinity. 

Table 7. The water quality variables of data acquisition 

Name Variable Units Name 

Water temperature Tw (℃) Water temperature 

Indoor temperature  Ta (℃) Indoor temperature  

Solar radiation S (W/m2) Solar radiation 

Percentage of oxygen saturation DOS (%) Percentage of oxygen saturation 

Oxygen concentration DO (mg/l) Oxygen concentration 

Pouvoir Hydrogène pH  Pouvoir Hydrogène 

Electrical conductivity EC  Electrical conductivity 

 
The data transformation and transmission component is composed of the signal 

conditioning circuits, data-acquisition board, core-processing chip and GPRS module. 
The sensors and the signal conditioning circuits convert the various environmental 
factors to electrical voltage standard signals in the range of 0–5V. The signal is 
transmitted to the Web-based monitoring chip, and then is converted into the digital 
signal through A/D conversion. Onsite data-acquisition nodes compose a wireless 
LAN, and the GPRS module enables the RMP to receive the data and transmit them 
to a PC for further analysis. 

3.3 Central Monitoring Platform 

The central monitoring platform receives, pre-processes and analyzes the data from 
the RMP, predicates the trend of the parameters according to historical information, 
and then warns stakeholders through early audio warning or early short message 
warning, as shown in Fig. 1. The central monitoring platform stores the data to a 
database daily, weekly, monthly and yearly. At the same time it compares 
measurements to the predefined acceptable limits calculated by the expert empirical 
knowledge. Furthermore, it records all measurements or functional errors in different 
log files, so that the personnel are aware that there has been an alarm in a specific 
tank. Real-time data is downloaded via web-based servers at scheduled intervals. 

3.4 Forecasting Model of Dissolved Oxygen  

One purpose of the current monitoring system is to detect a trend of water quality 
fluctuation using historical data. Most current models for prediction that focus on 
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pollutants in a river or lake are not applicable for intensive aquaculture. In this study, 
the stored water quality data is analyzed for temporal trends focusing on the dissolved 
oxygen half an hour after measurement. Due to their ease of development, decreased 
reliance on expert knowledge of the system under investigation and non-linear 
modeling capabilities, Least Squares Support Vector Regression (LSSVR) was 
selected as the modeling tool. In spite of this, the LSSVR performance heavily 
depends on the choice of several hyper parameters, which are necessary to define the 
optimization problem and the final LSSVR model. To design a LSSVR, one must 
choose a kernel function, set hyper parameters such as the kernel parameters and 
determine a regularization parameter γ. The hyper parameters that should be 
optimized include the regularization parameter γ and the kernel function parameters 
such as the gamma (σ) for the radial basis function (RBF) kernel. Thus, selecting 
appropriate model parameters has a crucial impact on the prediction accuracy [34]. 
Unfortunately, there no exact method to obtain the optimal set of LSSVR hyper-
parameters, so a search algorithm must be applied to obtain the parameters.   

In general, the search algorithms used to obtain LSSVR hyper-parameters can be 
summarized in two categories. One is based on analytical techniques, and the other is 
based on heuristic searches. The first kind of techniques determines the hyper 
parameters with gradients of some generalized error measures [35-39]. This procedure 
is time-consuming and can’t converge at the global optimum. The second kind of 
techniques determines the hyper parameters with modern heuristic algorithms 
including simulated annealing algorithms, differential evolution, genetic algorithms, 
particle swarm optimization algorithm and other evolutionary strategies [40-44], 
which are applied to implement a robust research on the hyper parameters search 
space. Compared with other heuristic algorithms, for example, genetic algorithm, 
particle swarm optimization (PSO) does not need evolutionary operators such as 
crossover and mutation. Furthermore, the advantages of PSO are that PSO possesses 
the capability to escape from local optima, is easy to be implemented, and has fewer 
parameters to be set [45-47]. Thus in this study, the novel prediction method based on 
the combination of least squares support vector regression (LSSVR) and improved 
particle swarm optimization (IPSO) is proposed to the water quality prediction in the 
intensive aquaculture of river crab, which IPSO is applied to optimize the hyper-
parameters. Traditional LSSVR model and BP neural network are used as comparison 
basis. The experiments results show that the predictive accuracy and capability of 
generalization is greatly improved by our proposed approach.  

For the nonlinear LSSVR, its generalization performance depends on a good 
setting of parameters γ and the kernel parameters σ. Inappropriate hyper-parameters 
combination in LSSVR lead to over-fitting or under-fitting, so IPSO is used to 
optimize the parameters of SVR: γ and kernel parameter σ of RBF-kernel function, 
which are two attributes of each particle. In solving the hyper-parameter selection, 
each particle represents a potential solution, comprised of a vector d = (γ, σ). The 
performance of each particle is measured according to the fitness function. In the 
training and testing process of LS-SVR, the objective is to minimize the errors 
between the actual values and prediction values of the testing samples. Therefore, the 
fitness function of IPSO is defined as:  
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where z is the number of each subset as validation, yij represents the actual values, and 
ŷij represents the prediction values.  The goal is to minimize the fitness, so the 
particle with the minimal fitness value will outperform others and should be reserved 
during the optimization process. Accordingly, also the optimal combinational 
parameters values of γ and σ are obtained.  

The implementation process of water quality prediction based on IPSO-LSSVR is 
described in steps as follows: 

(1)  Input data of water quality, construct training sample set and test sample set. 
Initialize the original water quality data by normalization and then form training 
patterns.  

(2)  Set algorithm parameters, select the kernel function, the regularization parameter 
γ and the kernel function parameter σ. 

(3)  Train LSSVR on the training set, solve the optimization problem and obtain the 
parameters of LSSVR by IPSO, get IPSO-LSSVR prediction model. Test the 
performance of the prediction model with test sample. 

(4)  For a new application of the prediction task, extract water quality index and 
form a set of input variables x.  

4 System Implementation 

4.1 Testing Environment 

In the testing environment set up for the purposes of this work, one central monitoring 
platform with an IPsec based VPN (Virtual Private Network) router (BV-601, 
NESCO Co., China) is deployed in China Agricultural University located in Beijing. 
The remote monitoring system is deployed in an intensive fish farm culture site, 
Fengze Corporation, located in Shandong province, which is a typical recycling 
aquaculture system [48]. Each fish tank is approximately 6.77m × 6.55m × 0.55m. 
The average fish stock density is 30–40 kg/m3. 

4.2 Remote Monitoring Platform 

Two prototypes of the remote monitoring platform have been installed in a practical 
fish farm in Shandong to verify the performance of the system, as shown in Fig. 3. 

The probes of the sensor in the present study for temperature, DO, pH, salinity are 
made by the Nantu Company (China) with accuracies of 0.1 °C, 0.1mg/L, 0.1, 0.1 ppt, 
respectively. The HQ 40d18 (HACH, USA) is chosen as a contrast providing long-
term stability and high accuracies of ±1.0% for relative DO and ±0.1 °C for 
temperature. 
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(a) 

 
(b) 

 
(c) 

Fig. 3. Finished prototypes of remote monitoring platform (a) installation of each module in 
RMP case, (b) sensors, and (c) a remote monitoring platform deployed in an experimental 
workshop in Shangdong Fengze fish farm 
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The RMP uses PICNIC2.0 (TriState, Japan) as the core-processing chip and a 
GPRS module (FASTRACK M1203 Q2358, InRouter210C, China) for data 
transformation and transmission. The data recorded by the sensors is transmitted to 
the remote information server through the China Unicom’s GPRS services. Once the 
virtual local area network based on GPRS and IPsec VPN router for wireless secure 
transmission has been established, the programs in the server can have real-time 
access to the data. The set of data acquisition nodes transmits the data by WiFi 
wireless LAN, while the computer running a communication program can transmit 
information to the remote server by the TCP/IP protocol. Automated collection and 
web-based dissemination of data provides a centralized database for use and a 
detailed data analysis for all water quality stakeholders. Therefore, the users will be 
able to monitor the water parameter values via the Internet. 

4.3 Central Monitoring Software 

The central monitoring software is programmed with JSP, Servlet and short message 
technology using Model-View Controller (MVC) architecture. It can operate on all 
operating systems that support this version of JAVA, so that the users can access the 
system through any commonly used browser such as Internet Explorer, Netscape, etc. 
Matlab 7.0 is used to implement and validate the algorithm. An Intel Core 2 Duo CPU 
personal computer with 1GB SDRAM is chosen as the test environment. The software 
of the monitoring system is developed under the software environment of Windows 
2003, Eclipse, MyEclipse 3.2, MySQL 5.1, Apache Tomcat 5.5. A client software 
program is created to communicate with the server and provides a user interface so as 
to know the real-time status of the system (Fig. 4). 

 

Fig. 4. The monitor interface window of no. 5 workshop 
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5 Results and Discussion 

5.1 Network Communication and Data Acquisition 

The entire system have been tested and verified for about 30 months from November 
2010 to August 2012. Statistics of the data of all nodes show that the monitoring 
system is rather reliable; more than 95.2% of the data have been correctly collected 
since April 2009. Each RMP has an isolated local area network which is connected to 
the Internet via GPRS (China Mobile). That means that a sensing network node can 
be a building block to construct a large-scale wireless sensing network in GPRS 
signal covered areas. The monitoring system is also easy expandable with more 
sensor channels as well as GPRS bandwidth. 

To validate the accuracy of the system, two sets of data sampled though different 
strategies (manually and automatically) have been compared. As shown in Fig.5, the 
curve monitored by the system matches the curve collected manually very well, with 
the maximum difference being less than 0.4mg/L for dissolved oxygen content. So we 
can conclude that the proposed system can monitor the DO accurately and 
continuously. Obviously, the frequency of measurements (every 1 min) could not be 
achieved by manually sampling. 

 

Fig. 5. The monitoring data of dissolved oxygen for a single day collected by RMP#1 on April  
15th, 2010 

As we can see from Fig. 5, there is a rapid decrease of DO at about 8:20 and 16:20. 
This is because the feeding time is set at that time in this experiment. It is possible to 
monitor daily variations of dissolved oxygen to control aerators in time, typically after 
feeding. This form of time series permits monitoring of the daily amplitude of 
dissolved oxygen fluctuation, which is an accessory indicator of the water quality 
status. This frequency permits dissolved oxygen to be utilized as a warning parameter. 
The system can provide an early warning especially helpful for large scale, high-
density and high risk aqua farms. 

The detailed changes of temperature, pH and salinity are measured using the 
proposed monitoring system in the same way with satisfactory results.  
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Table 8. Summary statistic on various water parameters in 4 months 

Name 
April 2010  May 2010 June 2010 July 2010 

Mean Min Max  Mean Min Max Mean Min Max Mean Min Max 

Tw (°C) 17.2 16.4 21.3  20.8 18.5 25.0 25.4 21.0 29.1 25.2 20.3 27.7 

pH 7.95 7.56 8.18  6.00 6.00 8.77 8.11 5.87 8.96 7.85 5.77 8.61 

Tr (°C) 17.7 16.1 23.7  19.4 16.9 24.8 25.6 22.0 32.4 25.4 22.0 31.3 

DO (mg/l) 6.21 3.90 8.02  6.18 3.14 7.57 5.94 3.49 7.90 6.22 3.50 7.4 

Salinity (ppt) 31.1 29.8 32.6  31.3 28.8 32.7 31.6 29.0 32.6 31.4 28.3 32.2 

Mortality 0.7%  1.5% 1.6% 0.5% 

 
After the system has been deployed, the pH was relatively constant, with an 

average pH of 7.943 (Table 8). Salinity was also high and relatively constant, with an 
average of 31.35 ppt and range of less than 1 salinity units (0.6 ppt) (Table 8). These 
two parameters are both around the optimal growth range with little fluctuation. Fish 
mortality has begun to drop to below 2% since the system was deployed. 

5.2 Pre-treatment Data 

In many real applications, the observed input data cannot be measured precisely since 
distinct numerical variable have different dimensions, and should be normalized in 
the first instance. In order to improve the accuracy of prediction, all data samples are 
standardized and normalized to the interval of [0,1] according to the following linear 
mapping function:  

)|min()|max(

)|min(

11

1
l
k

l
k

l
k

d
k

l
k

d
k

d
kd

k
xx

xx
x

==

=

−
−

=   ,d=1,2,…,m  (2)

Where d is the number of dimensions and l is the number of samples, 
d
kx  and d

kx
are the original data and the normalized data, respectively.  

5.3 Experimental Environment and Algorithm Parameter Settings 

The proposed IPSO-LSSVR algorithm has been implemented in the JAVA 
programming language. The experiment is performed on a 2.50GHz Core(TM)2 CPU 
personal computer with 2.0G memory under Microsoft Windows Server 2003 R2 
editions. From Fig. 6, it is clear that the proposed model of IPSO-LSSVR has strong 
learning capability for small samples and simultaneously achieves excellent 
generalization performance since the LSSVR is a good compromise for guaranteeing 
both stability and accuracy improvement, and it is a suitable and effective method for 
predicting the DO content of the water quality in the intensive aquaculture.  
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Fig. 6.  The water quality prediction result based on IPSO-LSSVR model 

5.4 Model Performance Evaluation  

In order to analyze and evaluate the prediction performance of IPSO-LSSVR, the 
models (standard LSSVR and BP neural network) are selected to deal with the 
aforementioned water quality samples data. The standard LSSVR parameters are 
found by 5fold cross-validation method, and the selected optimal values of γ and σ are 
120.1530 and 1.6839, respectively. The initial architecture of the BP neural network 
consisted of six input variable, one output variable, the hidden layer with six initial 
neurons, and the learning rate is 0.08 and stimulating function is sigmoid, three 
thousand training epochs are also adopted as the termination criterion. The root mean 
square error (RMSE), the mean absolute error (MAE), the mean absolute percentage 
error (MAPE) and mean squared error (MSE) are employed as performance indicators 
to evaluate prediction capability of three models. These performance indexes are 
respectively computed from the following equations: 
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Where M is the total number of actual samples in the data set, yt and ŷt are actual and 
prediction values, respectively. The performance evaluate the prediction capacity of 
the three models are illustrated in Table 9. 

Table 9. Error statistic of three prediction models 

Model RMSE MAE MAPE MSE 

BPNN 0.5523 0.4077 0.2668 0.1241 

Standard LSSVR 0.2388 0.1561 0.0534 0.0570 

IPSO-LSSVR 0.1687 0.0508 0.0159 0.0147 

 
The obtained results indicate that our hybrid model has significantly yielded more 

reliable performance, generalization ability, and high prediction precision than 
LSSVR and BPNN model. For the same LSSVR, the relative RMSE, MAE, MAPE 
and MSE differences between the IPSO-LSSVR and standard LSSVR models are 
29.36%, 67.46%, 70.22% and 74.21% in the test period, respectively. It is clear that 
the parameters optimized by IPSO are of better choice to construct LSSVR model for 
the design of water quality prediction than the ones by 5fold cross-validation method. 
The relative RMSE, MAE, MAPE and MSE differences between the IPSO-LSSVR 
and BPNN models are 69.46%, 87.54%, 94.04% and 88.15% in the test period, 
respectively. It is obvious that IPSO-LSSVR has more accurate result than BPNN. 

This study presents an IPSO based approach, capable of searching for the optimal 
hyper-parameters values of LSSVR and RBF kernel function. The results of 
application in water quality prediction demonstrates that the prediction method based 
on IPSO-LSSVR is effective and feasible, and simultaneously this prediction 
information is important for decision making regarding the water quality management 
in modern intensive aquaculture, so the testing costs and production schedule can be 
optimized.   

6 Conclusion 

In this study, a remote wireless monitoring system using wireless communication 
technology and IPSO-LSSVR prediction model for the intensive aquaculture in China 
is introduced. Two prototypes of RMP deployed in an intensive aquafarm in 
Shandong have been tested over nearly a 2-year period. It realizes the remote wireless 
monitoring of the water environmental parameters and alarm notification when 
monitored variables take anomalous values.  On the basis of the present study, the 
following conclusions can be made: 
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(1)  The system can monitor DO, pH, salinity and temperature in real-time and 
continuously, considering that more than 95.2% of the data have been correctly 
collected. There are no significant effects on the monitored pH value since it is 
comparatively stable. The results indicate a periodic variation of water 
temperature, which has the similar regularity with air temperature. Salinity has 
sharply changed after a heavy rain event, so it could be an indirect indicator for 
early warning. Some other parameters of serious concern in aquaculture include 
ammonia nitrogen and hydrogen sulfide. The measurement and control of these 
and other key parameters will be performed in future work. 

 

(2)  The system can provide an early warning, especially helpful for high-density 
aquafarms. The forecasting model correctly predicts the further trend of 
dissolved oxygen half an hour after physical measurement. 

 

(3)  On the daily time scale, dissolved oxygen is found to repeat with a sort of 
regularity, mostly depending on the time of feeding. On the large seasonal scale, 
it shows an almost periodical trend, depending on the climatic situation. 
Therefore, it might be possible to improve the forecast model on this basis. 

 

(4)  The forecasting results of the dissolved oxygen are good after training, so 
changes in their coefficients will not be a priority for model improvement. Data 
sets of experiments that include all the necessary measurements along a growing 
cycle are not available. In addition, data sets from other pond environments with 
fish of different species are needed to make the model applicable to a wider 
range of culture environments. Special attention should be given to training data 
set as well. 

 

(5)  Application of the proposed system is still limited by its rather complicated 
operational requirements and high maintenance cost. The effects of water quality 
variations can be investigated in a good temporal and spatial resolution if more 
RMPs are installed. Moreover, the sensors need frequent cleaning and 
recalibration to prolong the useful span, because they need to have constant 
contact with the water, resulting in instrument fouling and loss in sensitivity and 
reproducibility. The long life span poles and the layout of sensor collection 
stations should be studied.  
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Abstract. Water management in urban areas goes beyond the supply of drinking 
water or the collection and treatment of waste water. There is a growing interest in the 
use of Information Communication Technology (ICT), resulting in a large number of 
new applications that provide access to vast amounts of information generated by the 
diverse facilities, unthinkable a few years ago, which greatly facilitate the operation, 
maintenance and management tasks in a context of efficient and sustainable urban 
development. In this context water management is particularly important, especially 
when one considers the huge growth in demand in recent years in developed areas 
where the water footprint is increasing.  The proper use of ICTs applied to urban 
water management allows gathering data to know in real time about supply and 
demand and put this information in the hands of managers to help them predictively 
manage demand, or adapt prices based on the demand. Encompassing every aspect 
related to water management and monitoring in a global platform is known as IWRM 
(Integrated Water Resources Management). These IWRM systems need a large 
amount of information to manage, with precision, water systems in urban 
environments. This information falls under three main headings: generation, transport 
and consumption; each of them presenting different characteristics thus demanding 
different treatment solutions.  Currently there are numerous initiatives working in the 
field of ICT applied to water management, some of which will be outlined in this 
chapter. 

Keywords: ICT, smart water management, IWRM, water sensors. 

1 New Needs for a New Century 

Today we talk about cities of the future and the Smart City concept as a paradigm of 
good information management to facilitate citizens' lives and the work of those who 
operate and maintain the facilities that make this welfare possible.  The predictions 
indicate that there will be an increase in the world population, concentrating 
especially in urban areas and cities in the next twenty years which will mean 
significant increases in the demand for potable water and waste water generation. 
Currently, water consumption doubles every twenty years, more than double the rate 
of human population growth [1]. Major problems affecting water in urban 

                                                           
* Corresponding author. 
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management comprise increased demand or obsolete distribution networks. Another 
important aspect is the influence of climate change which exacerbates weather 
phenomena, affecting especially big cities. Flexible systems will be needed to adapt to 
these circumstances and provide resource management at critical times.  

For instance, to prevent floods, large volumes of water must be managed in real 
time to redirect the flow of water and avoid flooding populated areas. Reuse of storm 
water is also necessary to address periods of shortage, requiring infrastructure for high 
capacity storage. These situations mean more infrastructure and facilities that require 
more sophisticated management systems. 

The new heterogeneous communication systems in urban environments support 
new advanced sensing platforms that collect information at multiple points and 
situations, sometimes requiring decision support systems for processing large 
volumes of data, and greatly extends the ability to control every detail, and adapt to 
any requirement that modern urban monitoring demands. 

2 Integrated Water Resources Management 

According to the Technical Committee of the Global Water Partnership, IWRM is a 
process that promotes the coordinated development and management of water, soil 
and other related resources, in order to maximize the resultant economic and social 
welfare in an equitable manner without compromising the sustainability of vital 
ecosystems [2]. It is therefore an integrated platform that utilizes the knowledge and 
participation of all stakeholders and sectors involved, as well as several technological 
resources and infrastructures, for the management and development of water 
resources in order to balance the social and economic needs, and achieve a 
sustainable, responsible and environmentally friendly exploitation of aquatic 
ecosystems. However, this definition of IWRM is aimed at social, economic and 
environmental challenges while current water treatment includes other considerations 
and issues related to current scientific and technological limitations, and the degree of 
development in infrastructures and services required by modern cities. 

From the point of view of ICTs, IWRM can be seen as a set of technologies, 
services, infrastructures and communications that allow comprehensive management 
of all aspects of maintenance, infrastructure and control involved in urban water 
treatment. In this regard, ICTs play a key role by providing the technologies that 
enable the integrated management system, using existing infrastructures, to operate 
and grow using new innovations. Given these definitions, IWRM is seen as the 
solution to perform the following tasks: 

• Stakeholder Participation: Allows users to know in detail their water use 
behavior, thus achieving consumption-oriented smart water use while minimizing 
costs, maximizing efficiency in water use and environmental friendliness, both for 
industrial and domestic users. This is possible thanks to the "Smart Metering" 
concept (Automatic Meter Infrastructures), with new devices and meters which 
allow more comprehensive readings and improved communications between users 



ICT as an Enabler to Smart Water Management 241
 

 

and the central management, involving the final step of water distribution, such as 
housing or industrial buildings. 

• Pollution and Water Quality Control: A proper management ensures that the 
best use is made of available water supplies, including protection from pollution, 
quality tests and control of waste waters. 

• Monitoring for Emergency Prevention and Detection: Preventing floods and 
other disasters caused by water, and the ability to react faster to those situations 
represents a vital aspect in a well-managed city. 

• Economic and Financial Management: Management of billing, prices and taxes 
charged on users in relation to water usage. 

• Information Management: Multisource real time data access, oriented to cloud 
computing. 

• Smart Water Distribution: Advanced information management on the status of 
the water network allows decisions to be made and action to be taken in a faster 
and more controlled way, dedicating the resources wherever necessary and saving 
resources where not needed. Includes technologies and concepts such as smart 
pipes or resource geo-location.  

The urban wastewater networks rely heavily on staff for daily management and 
operational control, and automated tasks are based on legacy polling systems or 
synchronous communications for monitoring, limiting the interaction with the 
stations. In recent years, the development of real-time control (RTC), and increased 
automation and data collection capacity of the sewage networks, have been key 
factors in contributing to sustainable urban development and greater commitment to 
the environment. Another need in the modernization of these networks is the adoption 
of Decision Support Systems (DSS) to allow rapid response to disaster situations. 

In many cases, the cities and the entities responsible for water management are still 
reluctant to implement RTC and DSS systems, mainly due to the difficulty of design 
and the actual level of development of sensors and communications systems. The 
establishment of an entire detection, management and control network is complex and 
expensive. This stage is where ICTs have a key role, providing the tools necessary for 
installation and communication systems for the infrastructures needed, integrating 
traditional environmental monitoring stations and new components such as rapidly 
deployable sensor networks, wireless communications mobile laboratories, geo-
location systems for mapping groundwater resources (drinking water and wastewater 
distribution network, groundwater, etc.) or weather forecasting and climate 
monitoring systems (primarily for control of early warnings of emergency situations). 

Improvements in monitoring and control systems of a city wastewater network 
enhances the performance and functionality of existing infrastructures, and creating 
new remote measurement systems increases the capacity for data collection and 
substantially improves the system's response to critical situations (especially in the 
detection of toxic substances and suspended solids in water courses, and during heavy 
rains). The efficiency of the entire system is highly dependent on the communications 
between the component parts, as well as liaison with the Central Control Station 
(CCS) and its ability to react automatically to any situation.  
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Fig. 1. Involved elements in a modern generic IWRM platform 

2.1 Modern IWRM Platform Structure 

The generic structure of a modern IWRM platform can be seen in Fig. 1, where the 
different sensor elements report the status and collect data continuously to be sent to 
the central station through a heterogeneous IP communications network. These sensor 
elements are grouped into: 

• Fixed Stations (ECS, floodgates, meteorological radars, etc) obtaining 
environmental data such as water quality and pollution parameters and 
groundwater levels at critical points of the city. 

• Mobile units that can be placed on secondary points, reducing the need to install 
fixed stations, which have cameras and different environmental and water quality 
sensors. 

• Wireless sensor networks, for rapid deployments, which allow monitoring or 
casual tracking of areas of interest in a fast and reliable way, or fixed in hard to 
reach areas, such as beaches or riversides. 

• Smart Meters (AMR [Automatic Meter Reading], and AMI [Automatic Meter 
Infrastructure]) installed at water consumption points, which exchange 
information with the plant, enabling readings to be taken remotely and application 
of variable tariffs. 

• External Suppliers of weather and climatic data, or early warning systems for 
disasters, which reinforce the data obtained by the sensor networks themselves. 
Also includes uploaded data by users with private sensor networks, and other data 
from social networks. 
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• Sensors distributed throughout the water grid to control water quality parameters, 
state of gates, pumps, levels, condition of pipelines or enable underground 
resources geo-location, as well as other distribution network infrastructure control 
systems. 

In the CCS, the management system evaluates the data received and then informs the 
responsible personnel, or takes decisions on any necessary action. Operators who are 
physically in the CCS can access all information, both historical and current real time 
data, and manage the system accordingly. They can also access any of the images 
required from the network to be used as visual support to help with decision making. 
Moreover, the web platform provides secure and controlled access to remote clients 
located outside the CCS, allowing multiple devices (laptops, tablets, and 
smartphones) ubiquitous access to information, which makes system management 
even easier for the staff. 

2.2 Communication Technologies and Services 

To determine which communications model is the most suitable, several factors must 
be taken into consideration, such as the present communications network, services 
and rates offered by the operator, the capacity of ECS and CCS, or the requirements 
from the application using the information.  

To link the CCS with the stations, traditionally three architectures have been used 
to control communications: synchronous, requested by central or asynchronous. 
However, taking into account the needs of a modern system, none of these models on 
their own is adequate. IWRM tools must implement a hybrid communications model 
that supports the three types of communication defined. 

Although it is necessary to have regular access to information and to obtain 
historical records of certain variables, the frequency of communication means that the 
detection of anomalies or alarms depends on the sampling time planned. If this 
sampling period is scheduled too often, the network becomes congested with too 
much information, but if the sampling period is scheduled less frequently, it loses the 
capacity for early detection of alarms. Therefore, it is also necessary to be able to 
immediately transmit alarms when the sensors detect a value outside its usual range. 
In addition, the CSS (or any technical or authorized agent from a remote location) 
should be able to request a reading of the actual values captured, regardless of the 
other two methods, so that technicians have the information they need available when 
necessary. 

Regarding the access technology, the deployment of the communication networks 
has its main problem in the location of the stations, which are usually in remote areas, 
where it can be very costly, and sometimes even impossible, to lay any cable. 
Therefore, wireless technologies like WiMAX, WiFi or GPRS are preferred, and 
chosen depending on capacity requirements of the links and the characteristics of the 
scenario (depending on the location of the station, factors such as surrounding 
obstacles, harsh weather conditions or saturation in licensed and free radio bands can 
severely impair the quality of some links, favoring the choice of GPRS, with less  
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bandwidth capacity but more robust to interference in the channel, or WiMAX, in 
case of long distance high bandwidth link needs). 

With regard to services and added value that can be provided by a modern 
communications system, the latest trends and technologies that are already being 
implemented in the exchange and access to information in general should be 
considered, but focusing in the field of management, control and maintenance 
platforms for cities, Cloud computing and M2M communications stand out.  

The M2M (Machine-to-Machine) communications are defined as the intelligent 
connection of two devices, through any channel, where the devices are in charge of 
giving meaning to the information exchanged, for instance, the connection between 
remote sensors in an ECS and the CCS computer. 

Cloud computing is a base technology for smart cities applications. The diversity 
of communication methods (wireless, fixed network, mobile networks), as well as 
different data formats, network topologies and architectures, hinder the transmission 
of information between the different parties involved, ranging from a remote 
deployed sensor up to the final user’s laptop. Moreover, the treatment of such wide 
and varied information poses new challenges, such as developing the tools for 
analysis and visualization of information, or addressing security and privacy issues, 
that represent a priority for data exchange applications. Everything is managed in real 
time so that the different managers involved may generate an immediate response, 
establishing appropriate service levels for each situation. 

To deal with the management of large volumes of information, along with the 
changing needs of the cities, it is necessary to have technologies that facilitate the 
treatment of data and its subsequent homogenization for storage. In this scenario, a 
Smart City Cloud (cloud-based solutions for smart cities) model provides an 
intelligent and sustainable end to end platform, based on the deployment of smart 
sensing and acting systems interacting with the Cloud services, in the areas of energy 
efficiency and Intelligent Infrastructure, among many others. By using standards  
in communications and APIs, a number of specifics about sensors, sensor  
data models, and Web services for sensors can be set to allow devices to be accessible 
and controllable over the network [3]. Cloud computing advantages can be 
summarized as: 

• Management of large volumes of information. 
• Ubiquity of the information: accessible everywhere. 
• Agility in the supply and acquisition of new services. 
• Innovative technologies evolution. 
• Elasticity: adaptable to the needs of the moment. 
• Does not require large initial investments. 

Developments of cloud platform projects are supported by world renowned 
companies such as IBM, Cisco or Microsoft. Many other simpler examples and 
projects of cloud computing can be found around the Internet, handling thousands of 
data streams, showing the variety of applications and the enormous benefits that cloud 
computing can provide. Examples include platforms such as Cosm (formerly 
Pachube), which is used in Japan to monitor radioactive contamination in water in 
different locations, and where any citizen can participate by sending information.  
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3 Pollution Control 

In the field of water treatment, a major area, which generates a constant flow of 
information and priority data needed for proper water distribution, is the control of 
water pollution [4]. The percentage of fresh water available for human use is only 
about 0.007% of the total water on the planet. This is a vital resource which is 
becoming increasingly scarce as water pollution renders these resources unusable in 
the worst case scenario. In addition, poor control of water quality can lead to serious 
health risks in the affected areas (80% of diseases in developing countries is caused 
by contaminated water), and discharge of contaminated water into the sea, rivers and 
lakes seriously affects the ecosystem. Thus the control of water pollution is necessary 
for sustainable development and maintenance of any water distribution network. The 
water analysis must be carried out on several fronts: 

• Domestic sewage. 
• Industrial waste water. 
• Agricultural waste water. 
• Urban runoff (Storm water). 

Concerning storm water treatment, both in urban pipelines (since in modern sewage 
systems, rain water run through different pipes to wastewater to prevent further 
contamination of the more pure collected water) and in reservoirs, water must be 
analyzed, since the measurement of water quality is essential for a water distribution 
network in a city. Similarly, domestic sewage and water flows resulting from 
chemical processes and waste in industry and sanitation should be monitored as 
closely as possible to the possible sources of pollution, and also in water treatment 
plants that purify the water to decontaminate it before releasing it into the sea (or 
other large bodies of water), or be used for other applications such as irrigation, and to 
detect possible toxic or radioactive discharges. The main sources of pollution are 
industrial toxic waste, leaking sewage networks affecting the drinking water supply, 
suspended solids, or pollution in the storm water collected. Therefore it is necessary 
to have adequate tools to analyze the quality of water which in turn are capable of 
providing the water management platform with all this information in an efficient 
manner, which allows a continuous monitoring of the water status belonging to 
different types (sewage, rain water), and allow action to be taken and decisions to be 
made in real time according to different scenarios. Each type of water requires a 
different treatment depending on the most affecting pollutants: BOD (Biological 
Oxygen Demand), pH and suspended solids in domestic sewage; or heavy metals in 
industry wastewater. Modern sensors are capable of analyzing the water chemistry 
parameters remotely, and video streams from cameras detect the presence of foreign 
solids, using artificial vision, thermal imaging and temperature control, in order to 
differentiate the response depending on the data. 
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3.1 Fixed Location Control Systems 

To do this, ECS (as in Fig. 1) are located at specific points to take these 
measurements: at the outlet of wastewater treatment plants, industrial parks, urban 
storm water collection points and other locations of interest. These fixed stations 
typically have a direct connection to the plant, either by cable or through wireless 
communication, and also include actuator elements. The stations continuously report 
the water status sensed to the central management platform, which records and 
analyzes the data, and can make decisions in real time over the distribution network 
map, for example to prevent a contaminated water source extending over the 
distribution network, cutting just the right pipes and minimizing the overall impact on 
the distribution network. 

3.2 Mobile and Portable Control Systems 

Another useful tool provided by the new technologies is the ability to monitor 
inaccessible and distant locations and points of interest, where it is not feasible to 
have a fixed station. Thus, it is possible to build a network of sensors and cameras (to 
detect solids in the water stream) in order to capture the essential information during 
specific situations or for short periods of time when and where necessary, without 
extra cost on infrastructure and maintenance. This network is composed of wireless 
nodes with multi-sensors (each sensor can monitor a particular parameter), which 
communicates with the plant during their task. 

For more specialized and accurate measurements on water quality, there are mobile 
units that have small chemical laboratories where water samples are collected and 
analyzed and then results are sent to the CCS. Sensor technologies and water quality 
analyzers are constantly evolving to offer better and more reliable results [5]. All data 
collected by sensor networks and mobile stations is received and stored in the CSS, 
where the information is monitored in real time, so the system starts necessary actions 
reacting to any alarm condition or to take preventive measures. 

The CCS has all the necessary tools to process the information automatically. By 
having a model based on cloud computing, information is processed and accessible 
from anywhere (authorized by the entity responsible for management) so that 
technicians can monitor the water quality remotely or set alerts when a parameter 
surpasses normal limits. 

4 Infrastructure Control 

The water distribution network is included in the Critical Infrastructure group, since 
in case of damage it can cause serious physical and economic damage to the operation 
of a city or state. The deterioration or malfunction of the infrastructure related to the 
distribution, collection and storage of water could represent, in the worst case, cuts in 
drinking water for the population, losses of this valuable resource, or even disasters 
caused by water running outside their usual channels. Examples of the actual amount 
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capable of real-time reporting on the status of integrity of the walls, leaks and cracks 
detected, or water pressure and temperature, and always accurately locating the 
critical spot on an exact map of the network. Thus, the management platform is able 
to detect, prevent and act much faster and more accurately in the case of damage 
detected in the infrastructure. Following this methodology of monitoring to detect 
leaks in the piping, there are also other examples, already being implemented, such as 
in the Spanish town of Asparrena (Álava) [8], where they have a system based on the 
division of the network pipes in several areas that are hydraulically independent. 
Thus, it is possible to measure continuously the flow rate and inlet pressure of each 
sector. Data is transmitted in real time to the CCS and mobile phones of technicians, 
allowing immediate action, and has reported promising results, saving 48 million 
liters of water in 10 months. 

5 Smart Metering  

The technology that enables automatic capture of consumption information and its 
integration with the IWRM has been constantly evolving, from AMR systems, 
through AMIs and on to Smart Water Metering.  

However, the current reality does not reflect this, as the vast majority of cities have 
still not adopted remote reading technologies for water meters. Generally, mechanical 
accumulation meters are used, which provide a single measurement of the 
accumulated consumption up to a particular moment (absolute values). Obtaining 
consumption data by the distribution company is carried out by periodic visits by 
operators to each of the meters in their area, who take a reading of total consumption 
via a visual inspection of the meter. This is an extremely rudimentary system, which 
does not allow advanced management of the network due principally to problems 
such as:  

• Human error in meter readings. 
• Problems of access in order to read meters.  
• Cost of human resources to take meter readings. 
• Long intervals between readings for the same meter (in many cases, several 

months, due to intermediate readings being estimated).  

Mistakes or lack of precision when making management decisions for water systems 
may lead to serious problems for such an important resource, such as cuts in supply to 
large cities or water wastage, both of which make it vital to eliminate all errors and to 
obtain precise data cheaply and in real time. In this point, the automation of meter 
reading has become a necessity for modern cities.  

5.1 Evolution on Meter Readings Acquisition 

In a first approach to these systems of automatic meter readings (or AMR), the 
mechanical accumulation meters were complemented with a system with datalogger 
and communication equipment, which allows readings to be taken using portable 



ICT as an Enabler to Smart Water Management 249
 

 

equipment (walk-by) or using vehicles (drive-by) which circulate through the streets 
of a city, scanning the nearby meters. This system eliminates errors in readings and 
problems of access to meters. It also reduces the costs associated with reading meters 
and problems of periodicity. The evolution of these systems has been driven by the 
change from the classic water meters to pulse water meters, which register the reading 
when a certain consumption is reached (for example, every 1L, 10L, etc.), which 
when combined with the datalogger and transponder system, and used from a vehicle, 
can provide more accurate water consumption information.  

The next step in the automation of meter reading is the elimination of the 
intermediate vehicle to allow direct communication of readings to the central office 
using GSM/GPRS communication. However, this is a fairly costly solution due to the 
expense of using the public network, and is impractical at a residential level due to the 
high number of meters which need to be monitored. Water companies have evaluated 
a range of solutions to this problem, such as connecting groups of meters using 
industrial communication buses (such as M-bus or Modbus) and later via RF, and 
then communicating with the exterior via a single transmission point per area, thus 
reducing communication costs considerably. These systems offer the water suppliers 
instant access to meters, meaning it is then possible not only to take readings, but also 
to take action on the meter, thus creating a new Advanced Measuring Infrastructure 
(AMI). This marks a real step forward from the original “one-way” systems towards 
more advanced “two-way” systems. 

Nowadays, AMIs have evolved to a point where they allow real time 
communication at a much lower cost, through technologies which eliminate, or reduce 
dramatically, the need of telecommunication providers. The use of private networks 
allows more frequent access to information without additional cost, which in turn 
means more effective management of water supplies by staff who now have precise 
information on how the system is working at all times. This concept, combined with a 
trend towards the new generation of meters known as Interval Water Meters, which 
allow more precision in taking measurements (they register readings for periods of 15, 
30 or 60 minutes instead of registering when a specific volume of water has been 
used), are opening the path to the use of Smart Water Metering (SWM), whose 
principal benefits are: 

• More frequent billing based on real readings.  
• More precise detection of leaks (in both space and time).  
• Improvements in measurements and capacity to detect back-flows. 
• Contributes to the development of environmental awareness. 
• Improvements in control efficiency.  
• Option of variable tariffs.  

Smart Water Metering is not only a new way to automate readings; it will also help to 
involve the consumer in water use management. Consumers will be more aware of 
their own consumption, leading to a more responsible use of water resources. Smart 
Water Metering contemplates connecting the meter to the Home Area Network  
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(HAN), and the communication with other domestic devices, meters or consumption 
displays via Zigbee Smart Energy 2.0, even allowing one to make decisions based on 
the electricity network load and demand. Additionally, the distributor can offer 
services to users via their web page. These services will include knowing their 
residential consumption in real time.  

However, all of this leads to a high level of complexity in communications. 
Currently, the options proposed to deal with this are: the use of private RF 
technologies, principally over licensed bands reserved for automated meter reading 
systems, or using other cabled networks, such as the electrical networks. One of the 
current proposals is to combine electric, gas and water meters and integrate them in 
Smart Grids and communication through PLC technologies, such as G.hn. For 
example, in 2009, IBM began a 5-year project for the Enemalta Corporation (EMC) 
and Water Services Corporation (WSC), Malta’s national electricity and water 
utilities, to create a SmartGrid system to monitor, throughout the country, all water 
and electricity meters. This project [9] involves changing and updating the meters and 
their integration in advanced IT applications, allowing remote monitoring, 
management, meter reading, identification of cuts in service, pre-paid services, 
localization of leaks and rewards to customers who consume less energy and water, 
all in real time. Another option for reducing costs is to connect the water meter to the 
supplier via the consumer’s HAN with its domestic access to the internet, offering 
advantages in terms of billing and additional services, given that most homes now 
have internet access.   

5.2 Smart Water Metering Standardization in Europe  

Many governments understand the potential of Smart Metering and its benefits in 
terms of reducing consumption. The European Union, through its mandate M441 
[10], requested to the European standardization organisms (CEN, CENELEC, ETSI) 
to generate standards to support these technologies. Currently, there is a diverse range 
of proposals in existence for the standardization of a Smart Metering model, even 
including a proposal for the standardization of a unified system integrating water, gas 
and electricity. The Open Metering System Specification (OMS) [11] is the first 
definition of this type developed by industrial associations (German Gas and Water 
Industry Association), the KNW and the ZVEI (German Electrical and Electronic 
Manufacturer’s Association). Their objective is to define a complete infrastructure 
and standardization solution for metering devices. This proposal was presented to the 
European Committee for Standardization (CEN) with the aim of establishing it as the 
European standard. Moreover, this proposal includes the standard EN 13757 which 
deals with the transmission of data between Smart Meters and concentrators. 

The OMS establishes an infrastructure of 3 levels for secure communication 
between the smart meters and the water distributor. 

The first level defines communication between the smart meter and the Multi 
Utility Communication device (MUC), a device which concentrates data from a range 
of meters (for example, all the meters of an apartment building, or meters for a range  
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• Loss of privacy: it is possible to extract information on patterns of use for each 
consumer. 

• Danger of possible monitoring by unauthorized third parties (insurance 
companies, press, law enforcers, etc.). 

• Greater security risks for the network and its meters.  

However, these are problems that will be surely solved in time, given that this type of 
metering has become a must for the future of efficient water management.  

6 Monitoring in Emergency Situations and Decision Support 
Systems 

As well as the normal, seasonal management of water networks, there is another 
important factor that must be considered: emergency situations. For example, 
continuous rains, or even worse, short bursts of heavy rain, cause breaches of water 
courses and flooding of crossings, which may cause huge amounts of material damage 
and even casualties. Early warning systems involve four elements, which need to be 
supported by governance, coordination mechanisms from national to local levels, and 
by appropriate infrastructure. These four elements are:  

(1)  Risk knowledge: Risk assessment and mapping will help to set priorities among 
early warning systems needs and to guide preparations for response and disaster 
prevention activities. 

(2)  Warning service: Constant monitoring of possible disaster precursors is 
necessary to generate accurate warnings on time. 

(3)  Communication and Dissemination: Clear and understandable warnings must 
reach authorities in a fast and reliable way. There are some regulatory barriers to 
take into account, and these need to be coordinated across many agencies at 
national to community levels for the system to work. 

(4)  Response Capability: Communities must respect the warning service and 
should know how to react. Crisis management groups and Decision Support 
Systems would help with this task.  

The Hyogo Framework for Action (HFA) [13] is a 10-year plan (2005 – 2015) 
adopted by 168 countries of the United Nations in 2005 at the World Disaster 
Reduction Conference. It is an extremely important reference and deals with risk 
reduction policies that help countries deal effectively with these disasters to reduce 
loss of life and material damage. According to the HFA, the starting point for 
reducing disaster risk and for promoting a culture of disaster resilience lies in the 
knowledge of the hazards and the physical, social, economic and environmental 
vulnerabilities to disasters that most societies face, and of the ways in which hazards 
and vulnerabilities are changing in the short and long term, followed by action taken 
on the basis of that knowledge. Disaster risks related to weather, water, climate 
variability and climate change, are addressed in sector development planning and 
programs as well as in post-disaster situations. At times of disaster, impacts and losses  
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can be substantially reduced if authorities, individuals and communities in hazard-
prone areas are well prepared and ready to act and are equipped with the knowledge 
and capacities for effective disaster management.  

6.1 Decision Support Systems  

Water management departments usually dispose of some form of crisis management 
group for critical situations. The main problem they face is the lack of information 
available to help with decision-making processes. The use of DSS (Decision Support 
Systems) has an essential role in these cases, and there are currently a number of 
projects aimed at developing more advanced and intelligent DSS to better deal with 
this type of event. For example, the Neptune Project [14] is a project led by the 
Centre for Water Systems based at Exeter University which is working alongside two 
leading UK water supply, technology and automation companies: Yorkshire Water 
Services and United Utilities. In this project, a DSS is under development that is 
capable of supporting complex decision making to improve the operation of water 
supply and distribution systems, coordinating asynchronous information in real time 
to offer solutions to some of the common problems of water distribution networks. 
The Decision Support System uses a two-stage approach: data collected from all the 
sensors is filtered initially by the system to remove all unnecessary information, and 
the remaining data is presented to the operator using a two-screen approach to aid his 
analysis of situation and improve risk-based decisions. The first (master) screen 
displays the current state of the network and the alarm conditions, if any of these are 
available. The second (slave) screen presents the Neptune-project specific outputs 
generated by the framework and associated tools. Using this technique together with 
Intervention Management procedures allows fast, reliable action plans to be generated 
in order to resolve any technical difficulties. Intervention Management focuses on 
designing fully functional impact reduction strategies and incident isolation 
techniques to be used in the risk-based decision making process. Intervention 
Management is divided into two stages: 

• Incident isolation (primary-immediate interventions) 
• Impact reduction (alternative interventions) 

The first stage forms a situation report, analyzing each event (pump failure, pipe 
burst, etc.), and presenting possible actions to be taken by an operator using a 
Decision Support System screen. In the second stage, the possible actions are 
analyzed, to detect any changes in the system and to find possible better solutions, in 
order to reduce the impact on customers. 

In spite of the advanced development of the DSS used, the problem continues to be 
a lack of data from sensors or that the data obtained is of poor quality. There is now a 
genuine need for better, more efficient sensors which need less maintenance and 
which are smaller and more economical. Advanced sensor and detection systems 
would allow more precise action on critical situations, avoiding or minimizing their 
consequences or even preventing them completely.  
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6.2 Monitoring through Fixed Infrastructure 

The essential degree of monitoring in these cases focuses on the installation of 
cameras and sensors distributed over fixed locations. In cities, it is normal practice to 
monitor rainfall, floodgates and levels in water channels and tunnels. This monitoring 
provides valuable information during periods of drought and flood.  Real time control 
and monitoring systems have been around for several decades, but their general 
implementation in already existing infrastructure is unattractive due to cost issues. 
However, wireless sensor networks allow a wide range of low cost applications that 
were not previously possible with cabled networks. Placing these sensors at fixed 
locations makes it possible to obtain information from a wide range of locations at a 
greatly reduced cost. For example, in [15] the information from a wireless rainfall 
sensor network is used to create a flood model that will help to predict possible risks 
with much greater accuracy than has been possible with other systems. The “Flood 
Watch” system of DHI [16] integrates real-time data and forecast modelling tools 
seamlessly in a resilient and robust client-server environment that encompasses 
sophisticated – yet easy to use – tools for data management, monitoring, forecast 
modelling, decision making and dissemination. The system is often used by regional 
and local river basin authorities to provide real-time forecasts in areas prone to 
flooding and to issue early warnings to flood response managers and the public. 
Within the field of reservoir operation, the system is typically used to forecast inflows 
and the appropriate release of water. The decision support facilities can be used  
to assist in developing operational strategies and optimizing power production or 
water use. 

An interesting foresight element in cities prone to flooding is the incorporation of a 
meteorological radar to the system. This radar would help generate alerts from rain-
bearing clouds before the flooding actually takes place. This is the case with the 
Quebec Urban Community RTC system [17], a management system for residual 
urban water that operates in real time and which uses distributed sensors, radar 
generated rainfall predictions, variable optimization algorithms for the resolution of 
equation systems and monitoring of floodgates and water courses.  

Meteorological forecasting and detection through overflow and flood sensors 
allows affected areas to be evacuated in time to avoid tragedy, and also allows 
operators to effect counter-measures to re-channel flood waters. An example of this is 
the use of automated actuators that enable use of the drain system as a linear storage 
system for rain water, thus avoiding massive dumping of excess rain water into rivers 
and seas [18,19].  

Urban areas close to dams can also dramatically improve the safety by 
implementing new monitoring technologies, such as the UrbanFlood project set up by 
the Ijkdijk Foundation in the Netherlands. UrbanFlood [20] is a project to develop 
intelligent dams that eliminate the need for continuous visual inspection through 
sensor networks that monitor, among other parameters, pressure in the dams, 
movements and displacements (using textile optical fiber), and the internal and 
external temperature. The system transmits values in real time for early prediction of 
critical situations such as flooding and damage to dams, as well as enabling more 
effective management and decision making (in the project FloodControl 2015).  
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Another type of risk situation which requires preventive monitoring is the 
contamination of water supply to households. Distributed real time monitoring of 
contaminants and sediments accumulation in water for domestic consumption, as well 
as quality parameters or the existence of bacteriological contamination (such as 
Legionnaires disease) allows preventive measures to be taken which are extremely 
important due to the potential impact on the health of the population. In the USA a 
range of programs of this type are being launched to allow early warning or even 
cutting domestic water supplies in the case of contamination of the water network. 
Blue Box Tool [21] is a good example of a real time water management system for 
early detection, alert and recovery, that deals with drinking water quality in the public 
network. This system significantly reduces false alarms, offering a more precise, 
sensitive and trustworthy service. Water quality is not only a problem in developing 
countries, the sustainability of European water supplies are also at stake due to factors 
such as pollution, over-use of resources, damage to aquatic eco-systems, climate 
change and other safety aspects. 

Water contamination affects not only water destined for domestic consumption. 
Coastal cities which have beautiful beaches as their principal tourist attraction may 
suffer serious pollution catastrophes which affect their inshore bathing water. 
COWAMA [22] is a DSS system for these types of waters. It is based on simulation 
of flow and contamination, possible direct dumping of contaminant materials into the 
drainage system, water treatment and water outflow into the sea. This system allows 
the prediction of magnitude and duration of contamination episodes, and is an 
effective warning system for bathers. Furthermore, this system allows more efficient 
planning of infrastructure to reduce contamination episodes. 

6.3 Monitoring through Mobile Infrastructure 

However, there are situations in which it is not possible to maintain fixed monitoring 
infrastructures. This may be because the variability in the points to be monitored is 
very high, or due to questions of resources or property. In these situations, monitoring 
vehicles and rapid deployment sensor networks become vital tools for risk prevention. 

Environmental monitoring vehicles have sensors and cameras capable of real time 
transmission. They can be deployed in areas that are not permanently monitored in 
order to sense a range of environmental parameters, water quality or even to use their 
cameras to send real time images of the state of sluices and floodgates, dams and 
obstructions in water courses, etc. to the central station. This data constitutes an 
important source of information for the crisis management group, who will then be 
able to base their decisions on more objective information.  

Quick Deployment Sensor Networks (QDSNs) [23] also give huge advantages in 
critical situations and in environments without sensors or communication 
infrastructure. While traditional wireless sensor networks require specialized staff to 
carry out their installation, (pre-planning, coverage studies, network analysis, role 
assignment, topology design, etc.), quick deployment sensor networks include tools 
that help in the deployment phase so that a complete network can be set up in a very 
short time and without technical knowledge of the system. The tools of the QDSN 
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mean that personnel can be sure that the point that they want to monitor has coverage, 
without the need for any prior planning or post deployment checking. Thus, a network 
can be set up much more quickly than is possible with other systems, both cabled and 
wireless. Once the infrastructure has been set up, the personnel will have new, 
valuable, real time information on the states of flood gates and sluices, flooding, 
water mixtures, pipes and water courses, pumps, extent of contamination and 
environmental measurements. Moreover, rapid deployment sensor networks allow the 
network to be dismantled and set up in a new location quickly and efficiently, 
allowing data to be collected from different areas around the city in emergency 
situations in an agile way and with a minimum of personnel.  

 

Fig. 4. Quick deployment of a wireless sensor network to collect data in provisional critical 
locations 

7 Conclusion 

While there are many challenges faced by smart sensors in the context of water 
quality monitoring, it is important to remember that sensors themselves are not 
standalone devices.  Instead, they require a wide range of support from ICT, some 
notion of which has been discussed in this chapter, including data transport and 
storage, data evaluation and also appropriate presentation.  We also see that platforms 
such as IWRM require a variety of sensor types and supporting technologies in order 
to accommodate fixed and remote sensing in addition to functions such as smart 
metering and disaster management: there is no “single-fit” solution for each situation.  
Thus, it must be recognized that ICT has an important role to play in the monitoring 
of water quality in order to ensure key objectives are met, including stakeholder 
participation, pollution and water quality control, monitoring for emergency 
prevention and detection, economic and financial management, information 
management and smart water distribution. 
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Abstract. Emerging organic contaminants (ECs) are compounds now being found in 
groundwater from agricultural and urban sources that were previously not detectable, 
or thought to be significant. ECs include pesticides and degradates, pharmaceuticals, 
industrial compounds, personal care products, fragrances, water treatment by-
products, flame retardants and surfactants, as well as ‘life-style’ compounds such  
as caffeine and nicotine. ECs may have adverse effects on aquatic ecosystems  
and human health. Frequently detected ECs include the anti-epileptic drug 
carbamazepine, the antibiotic sulfamethoxazole, the anti-inflammatories ibuprofen 
and diclofenac, and caffeine, as well as pesticide degradates. This means there will be 
challenges in the future in order to address these ECs and to minimise their impact on 
drinking water and ecosystems. In the coming decades, more ECs are likely to have 
environmental standards defined, and therefore a better understanding of 
environmental behaviour remains a priority. 

Keywords: Emerging contaminants, groundwater, pharmaceuticals, pesticide 
degradates, personal care products.  

1 Introduction 

A diverse array of synthetic organic compounds is used worldwide in large quantities 
for the production and preservation of food, for industrial manufacturing processes 
and for human and animal healthcare. In the last few decades there has been a 
growing interest in the occurrence of these contaminants in the terrestrial and aquatic 
environment, their environmental fate and their potential toxicity even at low 
concentrations [1-6]. The contamination of groundwater resources is a growing 
concern and relatively poorly understood compared to other freshwater resources [7].  

Organic compounds previously not considered or known to be significant in 
groundwater in terms of distribution and/or concentration, which are now being more 
widely detected and which have the potential  to cause  known or suspected adverse 
ecological or human health effects are here referred to as emerging contaminants 
(ECs).  Synthesis of new chemicals or changes in use and disposal of existing 
chemicals can create new ECs. ECs also include substances that have long been 
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present in the environment but whose presence and significance are only now being 
elucidated [8]. As analytical techniques improve, previously undetected organic 
micro-contaminants are being observed in the aqueous environment [9-10]. 
Richardson and Ternes (2011) review recent analytical developments in the emerging 
contaminant context [11]. 

ECs include a wide array of different compounds (as well as their metabolites and 
transformation products, collectively referred to here as degradates) including: 
pharmaceuticals and personal care products (PCPs), pesticides, veterinary products, 
industrial compounds/by-products, food additives as well as engineered nano-
materials. Because of the vast number of possible compounds, many studies have 
selected ECs according to priority lists established taking into account consumption, 
predicted environmental concentrations as well as ecotoxicological, pharmacological 
and physicochemical data [12-17]. 

To date, the occurrence of ECs has been much better characterised in wastewater 
and surface water environments than in groundwater [7]. Wastewaters are the main 
sources of ECs in the environment and surface waters therefore contain the greatest 
loads of ECs. Wastewaters and surface waters are also thought to contain a much 
greater diversity of compounds compared to groundwater, although this may be 
simply a function of the capability of analytical methods relative to the generally 
lower groundwater concentrations and the limited number of groundwater studies.  

The occurrence of ECs in surface waters has been reviewed for public water supply 
[18], for sources to public supplies, [7], and for occurrence and fate of ECs and 
established trace pollutants [19]. The first systematic review of ECs in groundwater, 
by Lapworth et al. (2012), highlighted the worldwide widespread contamination of 
groundwater resources by a large variety compounds that are detected as a result of 
both recent and historical activities [20]. Environmentally significant concentrations 
(102–104 ng/L) of a range of ECs, including a number of endocrine disrupting 
substances, are being detected in groundwaters globally. Many of these ECs are 
among the highest priority substances for treatment and regulation both in terms of 
their potential environmental and human health effects.  

Many ECs remain unregulated and present analytical and institutional challenges 
[21]. The number of regulated contaminants will continue to grow slowly over the 
coming decades. Monitoring of anthropogenic micro-organic pollutants in river basins 
is required within the framework of various national regulations [22-23] with the 
overall aim of protecting and improving the quality of water resources.  

In the European context groundwater quality is currently regulated under the Water 
Framework Directive (WFD) [24], its daughter Groundwater Directive (GD) [22] and 
drinking water under the Drinking Water Directive [25]. Pesticides are also regulated 
under the Plant Protection and Biocides Directives [26-27]. The WFD and the GD 
establish environmental objectives for protecting groundwater and water bodies and 
groundwater dependant ecosystems. These require that threshold values (standards) 
be established for pollutants that put the groundwater body at risk of failing to achieve 
its environmental objectives. Whilst for many chemical pollutants there is sufficient 
knowledge to establish threshold values, in the case of most ECs the current lack of 
knowledge on toxicity, impact, behaviour and limited monitoring data mean that 
threshold values cannot yet be set.  
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The European Drinking Water Directive sets limits for a small number of organic 
micropollutants comprising aromatic hydrocarbons, chlorinated solvents and 
disinfection by-products [25]. Priority substances established under another  
WFD daughter directive include benzene, octyl and nonyl phenols, specified 
polyaromatic hydrocarbons (PAH), di(2-ethylhexyl)phthalate and a range of 
chlorinated hydrocarbons[28]. The European Commission aims to table draft limits 
for 16 new substances limits under the WFD including anti-inflammatory drugs, 
synthetic contraceptives and perfluorooctane sulfonate (PFOS) [29]. 

A similar situation occurs elsewhere in the world. Regulatory frameworks exist to 
manage the potential sources of pollution and require monitoring of a number of 
‘priority’ organic contaminants in the aquatic environment. However, there are a huge 
number of contaminants (largely organic compounds) that are not subject to the same 
degree of regulation at present (for the same reasons outlined above). The US 
Environment Protection Agency (EPA) have derived statutory guideline values for 
about 125 contaminants in drinking water of which 31 could be considered to be 
micro-organic pollutants excluding pesticides. None of these are pharmaceuticals or 
PCPs [30]. The US EPA published a new contaminant candidate list (CCL-3) in 2009 
which included 3 pharmaceuticals as well as perfluorooctanoic acid (PFOA), PFOS 
and eight hormones [10].  

2 Types of Emerging Groundwater Contaminants 

Much more is known about pesticides in groundwater compared to other compounds, 
such as pharmaceuticals, which are more poorly characterised.  The hazards to human 
health of some compounds are well documented, but their ability to travel through the 
aqueous environment is only just being investigated, and environmental persistence is 
as yet unknown. From their sources, physical and chemical characteristics, 
mobility/behaviour in the aqueous environment and associated hazards the following 
types of micro-contaminants may be considered to be emerging in groundwater. 

2.1 Pesticides 

Pesticides have been detected at trace concentrations in groundwater worldwide for a 
considerable period and are well-established contaminants. By the 1990s atrazine, 
simazine and a range of other herbicides had been found in groundwater worldwide 
[31-36]. Recently new detections of parent compounds have become apparent as 
analytical methods have improved, for example metaldehyde in the UK [37], and this 
also fits the emerging contaminant definition. 

Even twenty years ago it was clear that pesticide degradates needed to be 
considered [38-39]. Some studies have even shown that pesticide metabolites may be 
detected in groundwater at higher concentrations compared to parent compounds from 
both agricultural and amenity use [40-41]. By their nature degradates are biologically 
active and many may be toxic, and such data forms part of the pesticide registration 
process although they are still often not adequately monitored. 
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2.2 Pharmaceuticals 

The presence of pharmaceutical chemicals in the aquatic environment has long been 
recognised as a concern [42]. The primary routes for pharmaceuticals into the 
environment are through human excretion, disposal of unused products and through 
agricultural usage [43].  A wide range of pharmaceutical products have been detected 
in surface and groundwater, associated with wastewater disposal [44-48]. These have 
included: 

• veterinary and human antibiotics: ciprofloxacin, clofibric acid, lincomycin, 
sulfamethoxazole, tetracycline 

• other prescription drugs: carbamazepine, codeine, diclofenac, salbutamol  
• non prescription drugs: acetaminophen (paracetamol), ibuprofen, salicylic acid 
• iodinated X-ray contrast media: iopromide, iopamidol 

Other potential threats to surface water which have been identified are tamiflu and 
chemotherapy drugs, such as 5-fluorourcil, ifosfamide or cyclophosphamide [49-52] 
and illicit drugs such as cocaine and amphetamines [53-54].  

2.3 “Life-Style” Compounds 

Caffeine, nicotine and the nicotine metabolite cotinine have been widely detected in 
groundwater impacted by sewage effluent [55-57]. The artificial sweeteners acesulfame, 
saccharine, cyclamate and sucralose have been found at high concentrations in 
groundwater impacted by sewage infiltration ponds [58].  Buerge et al. (2009) showed 
acesulfame to be widely detected in the aquatic environment due to its use, mobility and 
persistence [59]. 

2.4 Personal Care Compounds 

PCPs contain a wide range of compounds and are commonly transmitted to the 
aqueous environment through sewage treatment works. These have included: 

• N,N-diethyl-meta-toluamide (DEET), the most common active ingredient in insect 
repellents 

• parabens – alkyl esters of p-hydroxybenzoic acid, used since the 1930s as 
bacteriostatic and fungistatic agents in drugs, cosmetics, and foods 

• bacteriocide and antifungal agents  – triclosan is widely used in household 
products, such as toothpaste, soap and anti-microbial sprays 

• polycyclic musks – tonalide and galoxalide are used as fragrances in a wide range 
of washing and cleaning agents and PCPs 

• UV filters/sunscreen – organic filters include the benzophenones and 
methoxycinnamates 

Lindström et al. (2002) detected triclosan and its metabolite methyl triclosan in 
surface water in Switzerland, and considered the metabolite to be persistent [60].  
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Tonalide (AHTN), galoxalide (HHCB) and HHCB-lactone have been detected in 
wastewater [61] and these compounds have been used as markers for wastewater in 
surface waters [62-63]. Heberer (2002) discussed the results from investigations of 
synthetic musk compounds found in sewage, sewage sludge, surface water, aquatic 
sediment, and biota samples in terms of bioaccumulation, metabolism in fish, and 
environmental and human risk assessment [64]. The majority of compounds used as 
sun screens are lipophilic, conjugated aromatic compounds, but are still detected in 
the aqueous environment [65].  

2.5 Industrial Additives and By-Products 

There are a wide range of industrial compounds which can be released to the 
environment and many of these have led to well-established problems.  Examples 
include chlorinated solvents, petroleum hydrocarbons, including polyaromatic 
hydrocarbons and the fuel oxygenate methyl tertiary-butyl ether, and plasticisers/ 
resins bisphenols, adipates and phthalates [65-69]. Most of these industrial 
compounds are classed as priority pollutants or now have drinking water limits and as 
such are not emerging contaminants. However, some breakdown products may be 
regarded as emerging contaminants. Industrial ECs may include:  

• 1,4-dioxane, a 1,1,1,-trichloroethane stabiliser which is soluble in water, resistant 
to biodegradation, does not readily bind to soils, and readily leaches [70] 

• Benzotriazole derivatives which are found in antifungal, antibacterial, and 
antihelmintic drugs and are persistent in the aqueous environment [71-72] 

• Dioxins produced as a consequence of degradation of other micropollutants e.g. 
from the antimicrobial additive triclosan [73-74] 

2.6 Food Additives 

Some food additives are considered to be oxidants or endocrine disruptors [75]. 
Triethyl citrate is used as a food additive to stabilise foams as well as for 
pharmaceutical coatings, and is also a plasticiser. Butylated hydroxyanisole and 
hydroxytoluene are used to preserve fat in foods. Other food additives include 
camphor, 1,8-cineole (eucalyptol), citral, citronellal, cis-3-hexenol, heliotropin, 
phenylethyl alcohol, triacetin, and terpineol.  

2.7 Water Treatment By-Products 

The trihalomethanes and haloacetic acids are well established by-products of water 
disinfection [76]. More recent concern has focused on N-nitrosodimethylamine 
(NDMA) as a drinking water contaminant resulting from reactions occurring during 
chlorination or from direct industrial contamination.  Because of the relatively high 
concentrations of this potent carcinogen formed during wastewater chlorination, the 
intentional and unintentional reuse of municipal wastewater is a particularly important  
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area [77]. The change from disinfection with chlorine to ozone and chloramines can 
increase levels of other potentially toxic by-products [42]. Other by products of water 
treatment can include polyacrylamide and epichlorhydrin [74].  

2.8 Flame/Fire Retardants 

Polybrominated diphenyl ether flame retardants are extensively used in resins for 
household and industrial use [78], and may enter the environment via waste disposal 
to landfill and incineration. Phosphate-based retardants such tris-(2-chloroethyl) 
phosphate appear to work by forming a non-flammable barrier are used in industrial 
and consumer products [79]. 

2.9 Surfactants 

A range of anionic, cationic, amphoteric and non-ionic surfactants and antifoaming 
agents are commonly found in wastewater [80]. The priority pollutants octyl- and 
nonyl-phenol (OP and NP) are used in the production of alkyl phenol ethoxylates 
(APEs) for the manufacture of non-ionic surfactants. Both the parent ethoxylates and 
their metabolites, alkyl phenols and carboxylic degradation products, have been 
shown to persist in the aquatic environment [81-82]. Non-ionic polyethylene glycol-
based compounds are used as anti-foaming agents. Siloxanes are used in many PCPs 
as anti-foaming agents and there is concern about their potential toxicity and transport 
in the aquatic environment [83].  

Cationic surfactants include quaternary ammonium salts, such as cetrimonium 
chloride, are used as emulsifiers, antiseptics and homologues have been identified as 
emerging contaminants in marine sediments [84]. Amphoteric surfactants include 
coconut-based products such as the widely used cocamidopropyl betaine. Anionic 
surfactants, including perfluorinated compounds such as PFOS and PFOA, have been 
used for over 50 years in food packaging and cookware coatings, paints and 
surfactants, cosmetics and fire-fighting foams. They are found in wastewater and 
surface water and are very persistent in the environment [85-86]. PFOS was found in 
sewage effluent in Japan and has also been detected in surface water [87-88]. 

2.10 Hormones and Sterols 

Sex hormones include androgens, such as androstenedione and testosterone, and 
estrogens such as estrone, estriol, 17α- and 17β-estrodiol, and progesterone. There are 
also synthetic androgens such as nandrolone and more importantly synthetic estrogens 
(xenoestrogens) such as 17α-ethinylestrodiol and diethylstilbestrol, widely used  
as contraceptives. Some of these compounds are commonly present in wastewater  
and treated effluent [47, 89-90]. A related group of compounds are cholesterol  
and its metabolite 5β-coprostanol, and the plant sterols stigmastanol, stigmasterol  
and β-sitosterol. Plant sterols (phytoestrogens) are ingested from plants and excreted 
to wastewater, which may be the largest source of these compounds in the 
environment [91]. 
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2.11 Ionic Liquids 

Ionic liquids are salts with a low melting point which are being considered as ‘green’ 
replacements for industrial volatile compounds [10, 92]. These compounds have 
nitrocyclic rings (e.g. pyridinium, pyrrolidinium or morpholinium moieties) or are 
quaternary ammonium salts. Ionic liquids are not yet widely used but current 
formulations have significant water solubility and are likely to be toxic and poorly 
degradable [92]. 

3 Sources to the Environment  

3.1 Concepts  

The transport of contaminants in the aqueous environment can be described by a 
source-pathway-receptor model, which considers the source of the contaminant, the 
pathway by which it travels from the source and the receptor.  

Fig. 1 shows this approach for groundwater pollution by ECs. For many ECs the 
pathway from the source to the receptor is unclear, since there is a paucity of 
information for such contaminants. Direct pathways for urban and industrial 
contaminants, and pharmaceuticals, to reach groundwater include leaking sewers, 
discharge of effluent (directly to ground or to surface water which then infiltrates), 
landfill leachate, leaking storage tanks and discharges to the ground bypassing the soil 
zone, such as septic tanks (Fig. 1). Pathways to humans and groundwater from human 
and animal pharmaceuticals have been proposed [3, 94-95]. Compounds which pose a 
threat include those which remain difficult to analyse at low concentrations and those 
which have physicochemical properties which allow them to persist during and after 
drinking water treatment. 

3.2 Diffuse Source Terms 

Diffuse (non-point-source) pollution originates from poorly-defined sources that 
typically occur over broad geographical scales. For example, the majority of pesticide 
applications have been for agriculture and horticulture. Once released pesticides may 
be degraded by both biotic and abiotic processes. Stuart et al. (2012) discuss risk 
assessment approaches for pesticide degradates [96].  

Contaminants applied to the soil surface can migrate through the soil and 
unsaturated zones to groundwater. The practice of applying bio-solids to soil is and 
will continue to be a critical part of current global waste management practices. 
Application of manure, and bio-solids from sewage sludge processing has the benefit 
of enhancing soil nutrient levels, but the incomplete removal of ECs during wastewater 
treatment may result in residual concentrations in the solids [97]. These are likely to 
continue to be important potential sources of EC contamination in groundwater. 
Halogenated hydrocarbons (perflurochemicals and polychlorinated alkanes) can be 
important groundwater contaminants due to their relatively high concentrations in 
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sludge and high solubility [97]. Veterinary antibiotics, antimicrobials and saccharin 
have all been reported from soil manure applications [98-100].  

However, manure and bio-solid-derived ECs are more likely to reach ground water 
in significant concentrations via indirect routes, such as runoff and surface water-
groundwater (SW-GW) exchange, rather than downward migration, due to attenuation 
in the soil and unsaturated zone [20]. SW-GW interaction is therefore an important 
pathway. Surface waters contain higher concentrations, and a larger range, of ECs 
than groundwaters reflecting the direct input from wastewater sources, short residence 
times and the limited dilution capacity of surface water compared to groundwater 
[101-102]. ECs have been used to great effect to trace SW-GW exchange processes 
and as markers of wastewater sources [59, 103-105]. SW-GW exchange is 
particularly important in aquifers below and adjacent to water courses, for example in 
shallow alluvial aquifers, which are important sources of drinking water in many parts 
of the world.  

Managed aquifer recharge refers to the use of surface water (including treated 
wastewater) to recharge an aquifer artificially. It is useful in regions where water 
resources are scarce, to replenish aquifers, or use them as natural treatment and 
temporary storage systems [103]. However, artificial recharge can short-circuit 
natural attenuation mechanisms in the soil and subsurface leading to potential long-
term contamination of groundwater resources. Similarly diffuse leakage from poorly-
maintained, reticulated sewerage systems may pose a significant risk of EC pollution 
to groundwater in urban land use settings as it also by-passes natural attenuation 
mechanisms in the soil zone [106]. 

Non-volatile compounds can be be mobilised by the atmospheric transmission 
route and aerial sources, such as dust from industry, transport and agriculture provide 
a diffuse but low loading to the land surface and are not considered significant for 
groundwater pollution [107]. 

3.3 Point Source Terms 

Point-source pollution originates from discrete sources whose inputs into aquatic 
systems can often be defined in a spatially explicit manner.  Wastewater-derived from 
domestic, industrial, or hospital premises and waste disposal sites, is considered one 
of the most important point sources of ECs in the aquatic environment [108-110]. A 
large number of studies have investigated the fate of ECs in groundwater following 
infiltration of wastewaters (sewage, septic tank effluents and industrial) as well as 
contaminated surface water sources, and to date provides the largest body of research 
regarding the sources and fate of ECs in the subsurface [111-128]. Hospital waste 
water forms an important source for a range of ECs including pharmaceuticals, 
disinfectants and musks and iodised X-ray contrast media [42, 129-132]. Discharges 
from pharmaceutical manufacturing sites may also contribute [133].  

Infiltration of treated wastewater to the subsurface continues to be a very important 
potential source of ECs in groundwater [134-136]. This is a particular problem when 
groundwater residence times are short and natural recharge is low, as it poses a threat 
to adjacent groundwater bodies as well as surface water resources. This source is 
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clearly a major input of ECs into the environment globally, especially in regions 
where waste water treatment is poorly regulated or rudimentary. 

The use of veterinary antibiotics in concentrated animal feeding operations is an 
important source of contamination in the USA and parts of Europe and Asia [137]. 
Veterinary antibiotics have been investigated in waste lagoons, groundwater below 
lagoons, as well as shallow groundwater from areas where animal waste had been 
applied to fields [97-98, 137-141]. 

Landfill leachates contain large amounts of fatty acids, and can also contain a 
complex mixture of synthetic organic compounds such as caffeine, nicotine, 
phenols, sterols, PAH, chlorinated solvents and phthalates [142]. The presence of 
pharmaceuticals in groundwater beneath or downgradient of a landfill has been 
confirmed by several authors [143-146]. Two recent studies [99, 147] investigating 
the occurrence of groundwater down gradient of landfills detected a range of 
industrial compounds (detergents, antioxidants, fire retardants, plasticisers) as well 
as pharmaceuticals (antibiotics, anti-inflammatories, barbiturates), caffeine and the 
nicotine metabolite cotinine. 

3.4 Key Sources  

In addition to agriculture and horticulture, pesticides have been applied to amenity 
and transport sites. The persistence of atrazine and diuron, and their degradates, in 
groundwater in the UK for many years after it was withdrawn for non-agricultural use 
highlights the importance of these other sources [41, 148]. Parsons et al. (2008) 
carried out an assessment of risk from pesticide metabolites for both the US and the 
UK [149]. For the USA 33 degradates from the most used pesticides were identified 
with the top 17 coming from acetanilides or triazines and with diazinon the most 
significant from home and garden use and diuron from commercial/industrial use. 
Similarly for the UK the most significant degradates came from triazines, urons, 
flufenacet, dicamba and metaldehyde. 

Fig. 2 summarises the maximum EC concentrations in groundwater derived from 
69 published studies including pharmaceuticals and hormones, PCP and lifestyle 
compounds, food additives, surfactants and flame retardants. The data are divided on 
the basis of major sources; agricultural waste (waste lagoons and biosolids), landfill, 
septic tanks, waste water (industrial and municipal). Landfill sources have the highest 
median value for all ECs. Wastewater contaminated groundwater has the largest 
number of compounds and results but agricultural waste contaminated groundwater 
has both the smallest number of compounds and number of samples overall. While 
there are several compounds (carbamazepine, sulfamethoxazole, ibuprofen, caffeine 
and nonylphenol [NP]) that are found in groundwaters impacted by three different 
source types, no EC was reported in all four source types. To date wastewater sources 
have been better characterised than other sources. Some contaminants are more 
source specific (e.g. contrasting agents from hospitals and veterinary pharmaceuticals) 
and as such are easier to trace in the environment compared to contaminants with 
multiple potential sources (e.g. caffeine). 
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Fig. 2. Key sources of ECs after Lapworth et al. (2012)[20] 

4 Key Emerging Groundwater Contaminants  

Stuart et al. (2012) summarised a selection of European studies which reported 
pesticide degradates in groundwater [95]. In northern Europe as well as derivatives of 
atrazine, degradates from a range of herbicides including glyphosate, chloridazon, 
bentazone, diuron and metribuzin [39, 150-154]. In southern Europe and the USA the 
focus has been on the degradates of the acetanilide herbicides: acetochlor, alachlor 
and metolachlor [40, 155-159]. 

For other ECs Lapworth et al. (2012) summarised a large number of groundwater 
studies published since 1993 [20]. The maximum concentration for each compound 
was chosen for comparison as this was the most commonly cited value. While it is 
clear that the vast majority of groundwater resources do not contain ECs in 
concentrations that would be considered toxic and/or harmful, due to natural 
attenuation mechanisms, there is a large variety of ECs found in groundwater 
proximal to important direct and indirect sources (e.g. artificial recharge and surface 
water), and in some cases the concentrations are significant (>100 ng/L). The 
combined toxicity of multiple contaminants is not well understood at present [160]. A 
number of key ECs have a global footprint, and are frequently detected in 
groundwater resources. Fig. 3 shows box and whisker plots of maximum EC 
concentration in groundwater. Some groups, e.g. veterinary medicines, only have 
small sample sizes so their true variation may not be well represented.  

 

Agr.Waste

Landfill

Septic Tanks

Waste Water

Max. EC Concentration [ng/L]

0.1 1 10 100 1000 1e+05 1e+07

(n=20,c=15)

(n=31,c=27)

(n=33,c=28)

(n=146,c=63)

n=number of results

c=number of compounds

7
5
%

2
5
%

M
e
d
ia

n



270 M. Stuart and D. Lapworth
 

 

 

Fig. 3. Boxplot per compound type, adapted from Lapworth et al. (2012)[20] (note the log scale 
on the y-axis). n = number of results, c = number of different compounds for each group. 

Table 1 summarises the lowest, average and highest maximum concentrations 
found in groundwaters for individual ECs that were reported in at least four separate 
studies. Maximum concentrations for the most commonly detected compounds in 
groundwater were reported in the range 40-104 ng/L. The six most commonly 
reported compounds globally were carbamazepine, sulfamethoxazole, ibuprofen, 
caffeine, diclofenac and bisphenol A. There is no clear relationship between average 
or highest maximum concentration and frequency. The overall loading on the 
environment, unsaturated zone transport time, toxicity to microbes and other physical 
properties such as charge, size and functionality are all important factors in 
controlling the fate of ECs in the environment and their occurrence in groundwater. 

A small number of pharmaceuticals have been detected in treated drinking water: 
carbamazepine and sulfamethoxazole [161-2], tylosin (veterinary antibiotic) [54], 
estrone (metabolite); 17α- and 17β-estradiol and ethinylestradiol [163]. 

Compared to surface water samples the groundwaters across Europe were found to 
be less contaminated, with a 25% frequency of detection for all compounds [164]. 
The results compared well for the USA in terms of frequency for selected compounds 
[46, 103]. Table 2 shows the frequency and summary statistics for a selection of 
pharmaceuticals, industrial compounds and caffeine that have been detected in both  
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Table 1. Summary statistics for maximum concentrations (ng/L) for ECs found by at least 4 
studies and their major use [20] 

Class  Compound n Lowest Average Highest Use± 

Pharma 
-ceutical 

Carbamazepine 23 1.64 5312 99194 Antiepileptic 

 Sulfamethoxazole 15 5.7 252 1110 Antibiotic 

 Ibuprofen+ 14 0.6 1491 12000 Anti-inflammatory** 

 Diclofenac 11 2.5 121 590 Anti-inflammatory 

 Clofibric acid+* 8 4 1113 7300 Lipid regulator  

 Paracetamol+ 8 15 15142 120000 Analgesic 

 Ketoprofen 6 3 611 2886 Anti-inflammatory 

 Triclosan 6 7 509 2110 Antibiotic 

 Iopamidol 5 130 760 2400 X-ray contrast media  

 Lincomycin 5 100 188 320 Antibiotic 

 Propyphenazone 5 15 553 1250 Analgesic 

 Sulfamethazine 5 120 298 616 Veterinary medicine 

 DEET 4 454 2251 6500 Insect repellent 

 Phenazone 4 25 1503 3950 Analgesic 

 Primidone 4 110 3380 12000 Barbiturate 

 Salicylic acid+* 4 43 418 1225 Analgesic 

Life-style  Caffeine 14 13 9774 110000 Diuretic 

 Cotinine* 4 60 173 400 Stimulant 

Industrial Bisphenol A+ 9 470 2527 9300 Plasticiser 

 Nonylphenol+* 6 1500 23088 84000 Detergent 

 Galoxalide+ 5 6 4984 23000 Fragrance 

 
Tris(2-
chloroethyl) 
phosphate 

4 495 656 740 Fire retardant 

Hormone Estrone+* 6 0.1 9 45 Estrogenic hormone 

 17b-Estradiol+ 4 0.79 31 120 Estrogenic hormone 

n= number of studies, ± primary use, * degradate, ** also an analgesic, + known or potential EDS. 

regional and national scale groundwater reconnaissance studies. It should be noted 
that site selection criteria and sample numbers are not consistent across the studies 
and there is considerable variation in the frequency of detects for commonly detected 
compounds between studies carried out in different countries and within the same 
country.  

The five most commonly reported pharmaceuticals in this study have all been 
licensed for use in the USA for more than two decades, and in the case of 
carbamazepine, sulfamethoxazole, ibuprofen and clofibrate, more than three decades. 
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Their frequent reporting is likely due to a long history of use. Their widespread 
occurrence in regional studies could also be because they have had sufficient time  
to travel through the unsaturated zone, and to their prolonged release to the 
environment, particularly during the 1970s and 1980s when water treatment processes 
were less able to attenuate these contaminants. Equally, more recently introduced 
pharmaceuticals may not be observed in groundwater bodies for some years due to 
unsaturated zone travel times. 

5 Challenges  

5.1 Identifying the Next Emerging Contaminants 

The first challenge will be to identify the chemicals which potentially will become of 
concern in the future and minimise the potential threat to groundwater, and to its 
receptors. To evaluate this threat the scientific community will need to identify new 
groundwater pollutants and their sources and develop methods to measure them in a 
variety of matrices down to trace levels. This will allow the determination of the 
environmental occurrence of these potential contaminants, the characterisation of 
their sources and pathways that determine release to the aqueous environment and 
definition and quantification of the processes that determine their transport and fate 
through the environment. 

Daughton (2004) raises a number of issues relating to the management of emerging 
contaminant problems which represent major challenges for both the science 
community and those with responsibilities for risk assessment and managing pollution 
[7], namely: 

• growing questions about pervasiveness and significance of low level effects, and 
awareness that there may be effects from concentrations below the toxic limit 

• issues that may occur from inadequate water infrastructure and decentralised water 
use  

• consequences of water reuse and artificial groundwater recharge 
• pollution prevention, early warning programmes, monitoring programmes, use of 

pollutants as indicators,  
• changing consumer behaviour and risk perception, communicating risk, new 

precautionary principles.  

5.2 Setting Appropriate Standards 

The WFD and the GD [22, 24] require the setting of threshold values (TVs) for all 
pollutants which put the groundwater body at risk of failing to achieve good status. In 
setting TVs the following criteria must be considered: the extent of interaction of 
groundwater and ecosystems and the toxicology, dispersion tendency, persistence and 
bioaccumulation potential. For ECs the establishment of TVs, if necessary, will be a 
challenging task and require much better understanding of key properties and their 
distribution and behaviour in groundwater. As such, for individual compounds, this is 
likely to be a lengthy process. 
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Table 2. ECs detected in reconnaissance studies [20]  

Compound Country/Region Freq. (%) Max Samples Reference 

Sulfamethoxazole Europe  24.2 38 164 [164] 

 USA(a) 23.4 1110 47 [43]  

 Switzerland  18 48 100 [165] 

 France 18 18 147 [166] 

 Germany 10 410 105 [126] 

 USA (b) 0.41 170 1231 [167] 

Ibuprofen Europe 6.7 395 164 [164] 

 USA 2.1 3110 47 [43]  

 France 0.5 7 209 [166] 

 UK 0.3 290 2644 [168] 

 Switzerland 0 <LQ 47 [165] 

 Germany 0 <LQ 105 [126] 

Carbamazepine Europe 42.1 390 164 [164] 

 France 42 167 218 [166] 

 Switzerland 19 45 47 [165] 

 Germany 12 900 105 [126] 

 USA 1.5 420 1231 [167] 

 UK 1.2 3600 2644 [168] 

Nonylphenol Austria 69 1500 111 [169] 

 Europe 11 3850 164 [164] 

 Denmark 1.1 4200 860 [170] 

Bisphenol A Austria 59 930 110 [169] 

 Europe 39.6 2299 164 [164] 

 USA 29.8 2550 47 [43] 

 UK 8 9300 2644 [168] 

Caffeine Europe 82.9 189 164 [164] 

 UK 27 4500 2644 [168] 

 USA(a) 12.8 130 47 [43]  

 USA(b) 0.24 290 1231 67] 

5.3 Improving Monitoring and Characterisation  

Techniques need to be sought to enable the wide range of potential new and existing 
contaminants to be detected in groundwater and surface water. These could include 
assays where the toxicological activity of the contaminant loading is measured rather 
than the identity of individual compounds, for example targeted bioassays. Passive 
samplers have also been suggested [171-172], although there are obvious difficulties 
in applying these cumulative sampling methods within a regulatory framework. The 
combined use of passive samplers and a series of bioassays have been effective in 
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monitoring polar organics in effluents [173].  Biosensors are only one example of 
possible alternative approaches to monitoring ECs in groundwater.  

Basic physical and chemical parameters, such as octanol-water partition 
coefficients, are lacking for many ECs. In the absence of directly-measured 
parameters, molecular topology approaches have been used for decades to estimate 
environmental risk from chemical structure alone [174-175]. 

6 Conclusions  

(1)   A wide range of organic micropollutants are now being detected in the aqueous 
environment world-wide. These include pesticides, pharmaceuticals, industrial 
additives and by-products, PCPs and fragrances, water treatment by products, 
flame/fire retardants and surfactants, as well as caffeine and nicotine metabolites 
and hormones.  

(2)   Environmentally significant concentrations (102–104 ng/L) of a range of ECs are 
being detected in groundwaters globally as a result of both recent and historical 
activities. Carbamazepine, sulfamethoxazole, ibuprofen, bisphenol A and caffeine 
are the most widely reported compounds. Many of these ECs are among the 
highest priority substances for treatment and regulation both in terms of their 
potential environmental and human health effects, toxicity and endocrine 
disruption.  

(3)   Compared to other freshwater resources the occurrence of ECs in groundwater is 
poorly characterised.  Many studies have been biased towards potentially 
contaminated sites so their actual  distribution in groundwater remains largely 
unknown. So far site-specific research has been directed towards waste water 
point sources, so there is currently limited understanding of the risk of 
groundwater pollution from more diffuse sources such as biosolids and urban 
sewage leakage. 

(4)   Groundwaters may continue to be polluted with ECs for decades as a result of 
long unsaturated zone/groundwater residence times, although this also means 
there is a high potential for natural attenuation. This review has highlighted the 
fact that degradates, for example from pesticides, are often found more frequently 
and in greater concentrations than their parent and reinforces the need to monitor 
and regulate for degradates of ECs as well as parent compounds. However, 
detecting ECs in the aquatic environment, particularly in groundwater, will 
continue to be a challenge due to technical limitations (relatively high detection 
limits) and cost. 

(5)   Regulation of these compounds in groundwater and the wider environment will 
be a challenging task and require much better understanding of key contaminant 
properties as well as their distribution and behaviour in groundwater. The 
challenges include identifying new emerging compounds, setting appropriate 
standards, and applying novel monitoring methods.  
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