Mathieu Beaupré

CHARACTERIZATION OF ON-LINE SENSORS
FOR WATER QUALITY MONITORING AND
PROCESS CONTROL

Caractérisation des capteurs en lignesda domaine
de la qualité de I'eau et du controle decgpds

Mémoire présenté
a la Faculté des études supérieures de I'Univdranal
dans le cadre du programme de maitrise en génie civ
pour I'obtention du grade de maitre es scienceS¢M.

Département de génie civil et génie des eaux
FACULTE DES SCIENCES ET GENIE
UNIVERSITE LAVAL
QUEBEC

2010

© Mathieu Beaupre, 2010



ASTRACT

New technologies and computers combined with asirg issues related to water
guality made water quality monitoring literally dgde during the last decades. Monitoring
consists in observing something and keeping a deabdit. It is commonly achieved with
sensors. They can generate a lot of data with @unieg frequency that can be higher than
one measurement per second. However, the qualityose data needs to be known before

use.

What are the tools available to characterise sefisév/hat do they provide? And is
the information coming out sufficient? Some prolecto evaluate the performance of
sensors have been published. The ISO 15938:200®cptp Water quality — On-line
sensors/analysing equipment for water — Speciboatiand performance tests, is the more
important publication on evaluating sensor perforogaso far. It helps to evaluate the
performance in the laboratory. However, are thelteof applying such protocol helping
end-users to select the right sensor for theiriegipbn? To answer this question, the first
step was to make a review on the sensor technslogiailable on the market. The
following components were focused on: nitrate,it@frammonium, phosphore, dissolved
oxygen and turbidity. The review showed that macufigers do not provide or provide
really only a few numbers required by the ISO 158803 protocol. Secondly, after the
sensors review, a review of the ISO 15839:20030gmthas been made to figure out why
the ISO characteristics are not provided by manufacs and to see whether the results of
this protocol are suitable to select the right eemfor the end-user specific application.

The information resulting from the ISO testing ahd way they are presented do
not allow the end-users to select the right senfmortheir application. The protocol should
be more end-user oriented rather than being matwéawriented. It should include a more
graphical display of the results, similar to thewacy profile (Hubert et al., 2004) does
and should include guidelines to interpret resul{pplying the ISO protocol provides
performance of sensors under laboratory conditibasthere is also a part concerning field
testing. However, the results are time and siteipewhich does not allow to compare
results obtained with different sensors. The needetvelop a test under standardised field



conditions was identified. Two interferences mefighd conditions have been reproduced

in the laboratory: turbidity and air bubbles (foundaeration tanks in wastewater treatment
plants (WWTPSs)). The results show that both aneiase in the noise level and an offset are
generated. By quantifying the noise and the offsemsors can be compared and for end-

users it is then easier to select the sensor $aitabtheir application.



RESUME

L’arrivée des nouvelles technologies et des otdung en plus des problématiques
grandissantes reliées a la qualité de I'eau ohigizé le monitorage dans le domaine de la
qualité de I'eau a littéralement explosé au cowss derniéres décennies. Le monitorage
consiste a effectuer le suivi d’'un systeme et de fa conservation des données récoltées.
Il est habituellement réalisé a l'aide de capte@ss derniers peuvent générer une
importante quantité de données. Dans certains laafséquence d’échantillonnage peut
atteindre plusieurs mesures a la seconde. NondHdatguantité de données recueillies, il

faut en connaitre la qualité afin de les utiliser.

Quels sont les outils disponibles pour caractérides capteurs? Quelles
informations fournissent-ils? Est-ce que ces deesigont suffisantes? Certains protocoles
pour évaluer la performance des capteurs sont wiisies. Le protocole ISO 15839:2003,
Qualité de l'eau - Matériel d'analyse/capteursctireour I'eau - Spécifications et essais de
performance, est le plus complet a ce jour. Il pgrd¥évaluer la performance des capteurs
sous des conditions de laboratoire. Néanmoinsgceesfie de soumettre les capteurs a ce
protocole permet aux usagers de choisir le capgeptus approprié? Afin de répondre a
cette question, la premiére étape de I'étude ctailsis passer en revue les capteurs selon
les technologies disponibles sur le marché. L’acbégnmis sur les substances suivantes :
nitrate, nitrite, ammonium, phosphore, oxygenealis®t la turbidité. La revue a révélé
gue les fabricants ne fournissent pas ou tresdeespécifications découlant du protocole
ISO 15839:2003. La deuxiéme étape fut de procédeeaevue critique du protocole ISO
15839:2003 afin de faire ressortir les raisons pesmuelles les fabricants n’en fournissent
pas les spécifications et de vérifier si ces deesiesont adéquates pour choisir le bon

capteur pour une application précise.

Les spécifications résultant de I'application dwtpcole 1ISO 15839:2003 et la
facon dont elles sont présentées ne permetterdypaasagers de choisir le capteur le plus
approprié pour leur application. Le protocole dé@wlavantage étre orienté sur les besoins
des usagers plutdt que sur ceux des fabricanténgidr des profiles d’exactitudes (Hubert
et al.,, 2004), le protocole ISO 15839:2003 devchiercher davantage a présenter les



résultats sous forme graphique. Le protocole ISBB22003 procure les spécifications des
capteurs sous des conditions de laboratoire, rhantient aussi une section traitant des
spécifications sous des conditions de terraindfanditions). Toutefois, les résultats sont
subordonnés au temps et a 'emplacement ou lesdest effectués, ce qui rend impossible
la comparaison des résultats provenant de différeapteurs. La revue de littérature a
démontré la nécessité de développer un protocoteste se faisant sous des conditions de
terrain reproduites de facon standard. Deux intenfées rencontrées sur le terrain furent
reproduites en laboratoire : la turbidité ainsi tpgebulles d’air retrouvées dans les bassins
d’aération des usines de traitement des eaux uségsesultats ont démontré que ces deux
interférences amplifient le bruit de mesure et gémeun biais. En quantifiant le bruit de

mesure et le biais les capteurs peuvent étre c@spae qui permet aux usagers de

sélectionner le capteur le plus approprié.
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“A I'échelle cosmique, I'eau est plus rare que’Tor

(Hubert Reeves)

“Oh, people can come with statistics to prove
anything. 14% of people know that”

(Homer J. Simpson)
“Bart, don't make fun of grad students. They've
just made a terrible life choice.”

(Marge Simpson)



CONTENTS

A S T R A T e e e e e i
RESUME ..ottt e et et e e et e ettt e et e et e et e et e et e et e et e eame e e e eeeeene e i
AV AN T P RO P O S . ... v
CON T ENT S et e e e e viii
A B LE L ST oo e Xi
[ (18] = = I R IR Xii
CHAPTER | GENERAL INTRODUCTION ..o 1
1.1 Problem StAtEMENL . ... e
1.2 Structure Of the WOTK ONE...... oo 2
1.3 Goals Of thiS STUAY.....uuuiiiiie i
1.4 TESIS OUTINE e e e et eaaan 4.
CHAPTER Il REVIEW OF ON-LINE WATER QUALITY SENSORS ...t 5
2.1  Review of on-line water quality SENSOIS.........uuuiiiiiiiiieeeeieeiieeeeeeii e 6
2.2 Measuring PriNCIPIES ... i e e e e e e e e e 6
2.21 GaS SENSILIVE CIECIIOUR. ... e 7
2.22 10N SENSILIVE CIECIIOUE .. ... oo 7
2.23 (O70] (o] 111 411 128 PR RRRRRRPPP 8
2.24 (G V=T o011 o 1=\ 0 1o = R 8
2.25 Light absorbance and SCaterring .......... eeeeee«eeeeeeaaareeeeeeeeeeeeeeeeeeeennnnns 9...
2.26 (0 111 = 1Y ] U] o Lo [T 10
2.27 DIEIECIIIC PrODE.....eeiiee e 11
2.28 [ =Tox (o To =T 0 0113 1Y 11
2.29 LUMINESCEINCE ... ettt e e e e e e et e e e e e e e e e e e e eeaenmnes 11
2.3 Classification of INfOrMAatioN.........c.oee e e 12
2.3.1 TechNIiCal INTOIMATION .. .. in e e e e e eeaaanas 13
2.3.2 ACCUTBCY ... ieeie ettt ettt e sttt e e e et e e e et e e et e e e eebsennenetaeeeees 14
2.3.2. 1 Prior defiNitIONS ...cu oo 14
2.3.2.2 Sensor characteristiCS defiNitioNS. ...coeeeevee e 15
2.3.3 GO it e e ——————————— 21
2.4 CONCIUSION . e e s 22
CHAPTER Il REVIEW OF SENSOR EVALUATION PROTOCOLS .....cccevvvennn. 23
3.1 Literature review iNtrodUCHION .......oee e 24
3.2 Laboratory CONAItIONS .......ccceviiiiiiiiiiiii e e e e 27
3.2.1 IS @ Kot 101 e 1924 010 1 J RO 27

3.2.2 ACCUIACY Profile ... e 29



G0 T 11 o oo o o {110 £ RPP 32
0 N @70 o od U] o] 1 R SPPRN 34
CHAPTER IV MATERIALS AND METHODS ...ttt 35
4.1 SENSOISIESIEU...cuuiiii i e aaaes 36.
41.1 SPECtro::lySEFfIOM SIICAN ...vveivi et et 36
4.1.2 Y] S0 PR 36
4.1.3 NitrataX from HACKH ...........uviiiiii s eeee e e e 37
4.1.4 Sensor B-8mm and B-2mMm ..o 37.
4.1.5 Y =] 50 S PPN 38
4.1.6 Solitax from HaCh ..o e 38
4.2  1SO 15839:2003 — Laboratory t€StNG:......uuvreeeeeeiiiiiieeeeeeeeeeeeeeeseseeeeee e 38
4.3  Standardised field conditions protoCoL.............oooviiiiiiiiiiiiiiii e, 38
43.1 AIF DUBDBIES ... 39
4.3.1.1 EXperimental SEtUP.......uuuue ittt 39
4.3.1.2 Experimental ProCedure...........ccccovveviiiiiiiiiiiiii e e e e ee e eeeeavieees 39
4.3.2 TUIDIAITY e e e e e e e eneeeeeeeeees 41
4.3.2.1 EXperimental SEUP........uuuuuii i e eeeeeeiiiieese s e e e e e e e e e e e e ennnns 41
4.3.2.2  SEANUAI ..ooeniiiiieiie e i et e e e e e e e e nr e 42
4.3.2.3 Experimental ProCedure............ccovvveiiiiiiiiiiiiiiiiie e eeeeeeeeeeeeiieees 44
N B 7 Y = W o] {00111 [ T PP U 44
44.1 Turbidity standards ...........ooooeveiiiiii e —— 44
4.4.2 Air bubbles and turbidity effects ... 45
4.5 Reference MeasUrEMENTS..........uuuuiiiiiiiieeeeeeeeeeeeeeeeetternene e e e aaeaes 45
45.1 N> = U RPRPPPIN 45
45.2 10T o] o [ 2SRRI 45
CHAPTER V RESULTS AND DISCUSSION......ccceiiiiiiiiiiiiiiiiivvireeeeeeee e e e s e 46
5.1 1SO 15839:2003 rEVIEW .. .ceeeieiiieiiiiiiiittiieeeeeeeeeeeeeeesseessssssssssaeeeeeeeeeeaaeaeeeeens 47
51.1 Limit of detection and quantification, repality, lowest detectable change
and day-to-day repeatability ............cooviieeeeer i 48
5.1.2 Coefficient of variation...........coooicee i 51
5.1.3 BIAS ettt ———— e ———————— 52
5.14 Short term drift........oooii e 54
5.1.5 [@0] o Tod 11153 (0] o 1SS 56
5.2  Standardised field cONdItiONS..............uuuuuiiiiiiiiii e 57
5.2.1 AIF DUBDBIES ... 57
5.2.2 10T o o [ 2SRRI 63
A N o o1 1 = VA | [P 63
5.2.2.2 AMCO ClEAIB.....eeiiiiiiiiiiieeee et e e 64
5.2.2.3 Effects of turbidity on nitrate measurement.............cccceeeeeeeeiieeiieeennns 67

5.2.3 Ode] 3 (¢ [11]To ] o [T 68



CHAPTER VI CONCLUSION ..ottt ettt smmeee s e e e e e e e snnnaeeeeaeaans 70
6.1  STUAY SUMIMAIY ...ttt eraa e e e e e e e e e e e e e e e e erab bbb e e e e e e eeeaas 71
6.1.1 ProtoCol and SENSOIS FEVIEW .......... .o ssrernniinnnnnrinreeeeeeeeeeeeeeeeaenas 71
6.1.2 Standardized field CONAItIONS.........ccco i 72
6.2 FUIMNEr WOrK ... 73
o o N S P 74
ANNEX A SENSORS REVIEW TABLES — NITRATE ....oviviiiiiiiiieeee e 79
ANNEX B SENSORS REVIEW TABLES — NITRITE ....oiviiiieii e 83
ANNEX C SENSORS REVIEW TABLES - AMMONIUM ......ccoooiiiiiiiiiiee e 85
ANNEX D SENSORS REVIEW TABLES — PHOSPHATE........cccoii i, 90
ANNEX E SENSORS REVIEW TABLES — TURIDITY ..oooiiiiiiiiieeeeiieeee e 93
ANNEX F SENSORS REVIEW TABLES — DISLOVED OXYGEN..........cccvviivennnnnn. 96
ANNEX G RAW DATA — ISO 15839:2003 TESTS....cceeiiiiiiiieieeeeiiiiieeee e e e siiineeeas 99
ANNEX H RAW DATA — AIRBUBBLES TESTS ... 102

ANNEX | RAW DATA — TURBIDITY TESTS ..ccooiiiiiii e, 134



Table 1:

Table 2:

Table 3:

Table 4:

Table 5:

Table 6:

Table 7:

Table 8:

Table 9:

TABLE LIST

Template of the table for sensor classifdm ................oeevieiiiiiiiii e, 13
COSES Of SENSOIS ....uviiiiiiiiiiitieeeereer ettt e e e e e e e e e et rrr e e e e e e e e e e e e e e 21
Use of measurements and constraints adatihg (source: 1ISO, 2003)............. 28
Life time of formazin solutions (sourceaar@pbell Scientific, 2006) .................... 43
Characteristics of nitrate sensors acogrthe ISO 15839:2003 protocol............ 47
Mean and standard deviation for each presapplied to the Spectro::lyS&for a

SOlUtiON @t O MG NN/ ...eeeeeeiie e et e e e e e e e e e e e eeees 58

Mean and standard deviation for each pregzessure applied to the
Spectro::lysBrfor a solution at 3 MG NEN/L .......ovevireeeeeeeeeeeee e 60

Mean and standard deviation for each presspplied to the Nitratax for a
solution at 10 MG NEN/L.......coovveeeeeeeieee e e e e e e e e e e e e e e eeaeraaennas 61

Mean and standard deviation for each presspplied to the Solitax for a
SOIULION @t O FNU ... e e 62

Table 10: Mean and standard deviation for eachdityt(O and 10 FNU) with the

Spectro::lys&rfor a solution at 3 Mg NEN/L ......c.eovvieeeeeeeereeee e 68



Figure 1:

Figure 2:

Figure 3:

Figure 4: Luminescence dissolved oxygen probe (®uHach, 2005) ...........ccccceeeeieeennnn. 12
Figure 5: Repeatability VS @CCUIACY .........commmmmerrrmniiiiiieeeeeeeeeeeeeeeeeiiean e 16
Figure 6: Typical sensor signal of an abrupt cotregion change (source: 1ISO, 2003).....17
Figure 7: Number of papers per year matching tlysvkeds monitoring + water on the
Engineering village Web SIte.....ccooiiiiiiiiiiii e 25

Figure 8: Accuracy profile (Hauduc, 2007)....ccccee i 31
Figure 9: Tank equipped with diaphragm aerator la&rO(above) and 1.5 bar (bottom).....40
Figure 10: Offline measuring cell for Spectro:If¥e...........oooiiiii e 41
Figure 11: Scanning electron microscope (SEM) in@Edermazin (left) and AMCO

Clear® (right) (source: Campbadledtific, 2006) ............coevvrvrrvnniiiiriccmeannn. 43
Figure 12: Comparison of limit of detection and iECAtioN ..............covvvvvivieiiiiniees i 48
Figure 13: Comparison of repeatability .......cccccccceeiiiiiiiiieii i 49
Figure 14: Comparison of lowest detectable change...........ccccooovvveeiiiiiiieeeieeiivieeeee, 50
Figure 15: Comparison of day-to-day repeatability...............covvvviiiiiiiiiiiiieiiieeeeeeee, 50
Figure 16: Comparison of coefficient of variation a.............ccccceeeeeiiiiiieeiiiieeeeeeeeeee, 51
Figure 17: Sensitivity study on the parameterdiefdoefficient of variation of

(1 g[S =T U E= i o] o I () I PRSP 53
Figure 18: Comparison Of DIAS...........ooi i e e e e eeeeaeees 54
Figure 19: Comparison of short term drift..... ... 55
Figure 20: Measurement VS time fOr NITFataX . e «.eeeeeiarieereeeeeeieeeeeiiiiiiiiieeeeeaes 55

FIGURE LIST

Approach used to develop a testing paitime sensors in water
quality MaNAQEMENT...........ommmmmeeerennennaaeeeaeaeeaaeeeerereannnnne———————— e 3

UV spectra and components absorption g&e@dod Analatical, 2006)

Optical effect of a suspended partideu(ce: Vanrolleghem and Lee, 2003) ...10



Figure 21.:

Figure 22:

Figure 23:

Figure 24:

Figure 25:
Figure 26:

Figure 27:

Figure 28:

Figure 29:

Figure 30:

Xiii

Nitrate concentration vs time for diéfet air pressures applied to the
Spectro::lys@rfor a solution at 0 Mg NEN/L .......coveviveeeeeeeee e 58
Nitrate concentration vs time for diéfet air pressures applied to the
Spectro::lys&rfor a solution at 3 Mg NEN/L ....ceeeeeviiie e 59
Nitrate concentration vs time for diéfet air pressures applied to the Nitratax
for a solution at approximate®/mig NQ-N/L .........coooviiiiiiiiiiiiiieeeeieeem 61
Turbidity vs time for different air peeges applied to the Solitaxfor a

SOIULION At O FNU ...t 62
Formazin stability (with and without nmg) for a concentration of 50 FNU ...64
Formazin stability (with and without nmg) for a concentration of 10 FNU ...64
AMCO Clear® stability (with and withomtixing) for a concentration

Of 50 FNU (NON-AIlUte) ...coeeeeeeiiie e 65
AMCO Clear® stability (with and withonmtixing) for a concentration

(o) ST O I AN L (o 111 (=T ) 66
AMCO Clear® stability (with and withomtixing) for a concentration

(o) O o VL0 I (o 1 W) =T ) TP 66
Effects of turbidity on nitrate measueents with the Spectro::lys&r

(3 MG/L NON AN 10 FNU) ...t seemmes e ereeseeseeeeeeeesseenes 68



CHAPTER |

GENERAL INTRODUCTION



1.1 Problem statement

The number of sensors on the market in water tyualiarge. For each component,
except for some of them, there are different meagunethods, different configurations,
and different manufacturers. All those factors @gponsible for the multitude of sensors
available to end-users. However, how can end-usaie an informed choice among the
available sensors? Which tools are available toatherise sensors? Are they sufficient?

How can they be improved?

1.2 Structure of the work done

Figure 1 shows the different parts of the workhis study and how they are linked
to each other. The literature review is dividedwo parts. One part concerns a review of
existing protocols to evaluate performance of ireliand on-liné measuring equipments in
the water quality field. The focus has been on quols which provide standardized
conditions. The term “standard conditions” is impot for this study: it means that
conditions are reproducible and the test can beated so that the same results can be
expected whenever the test is conducted. The mablication found is the ISO
15839:2003 protocol: Water quality — On-line sesfmalysing equipment for water —
Specifications and performances tests. A critieziew of this protocol has been made to
see which information it provides and if it is stite to select the right sensors. The other
part of the literature review concerns the senfiiemselves. A review has been made to
evaluate which sensors and measuring equipment aseglable for the following

compounds: nitrite, nitrate, ammonium, phosphaitdjidity and dissolved oxygen.

The literature review showed that there was naoooa to evaluate the performance
of sensors under field conditions, at least nod ireproducible way. Still in Figure 1, the
main development of this study can be identifiethasblue square in the middle of the left
column. Based on testing methods found in theditee review, a standard method has
been developed to simulate field conditions. Thesees review has helped to identify the

most significant interferences for different measgiprinciples. In this study optical nitrate

! An in-line sensor is directly in the process, #amures without any treatment, e.g. filtration neicals
additions, etc.

2 An on-line sensor is not directly in the proceglich means that a sample is sent to the sensors fo
measurement.



sensors were tested and the selected interfereveresturbidity and air bubbles (typically
present in aerated reactors in wastewater treatiplamts). The literature and sensors
review and the new protocol for standardised fadditions will be integrated into a new
protocol. This protocol will come with a piece affsvare, which is a Matlab script, that
will give end-users all sensor performance dataee Photocol will also include a cost
calculation tool. This protocol will finally leadhd-users to make the right choice for their

specific applications.
E B

Protocol for standard conditions

1SO 15839:2003

[ Critical review [ ]
£ 11
I — — °
ﬁ; Protocol for standardized field conditions f | b= Testsand
New t
w c ,
| Tumidty || Effects of turbiciy | Protocol | a omparison
. — |r
. ) ’ e of
[ awouobes  }—fetct ofar by
Matrix influence
o 4 J
g ] ] b
| Review of measuring principles ‘
v 5 ’ [ € Costevaluation |
\ t,@, selected sensors
| Review of sensors ‘
g - —J \

Figure 1: Approach used to develop a testing protad for sensors in water quality management



1.3  Goals of this study

The first objective of this study is to characterisensors according to available
protocols to evaluate the performance of on-lind emline sensors in the water quality
field and to determine if the results coming outladse tests are meaningful and useful to

select the right sensor for a specific application.

The second objective is to develop a protocol ihictv field conditions are
reproduced to mimic those under which sensorsgresed while they are measuring and
evaluate the effects of the disturbances sensergxosed to. It is important that those
conditions are not time nor site specific. This nemetocol will be appended to existing
protocols to develop a tool that will help end-ss&r select the right sensors for their

application.

1.4 Thesis Outline

This master’s thesis is divided in six chapterse Tinst one presents a general
introduction of the topic, the context, the problstatement and the objectives of this work.
The second and third chapters present the literatwriew with chapter two presenting a
sensors review and chapter three presenting theoqmioreview. The fourth chapter
describes the materials and methods used for thdy.sChapter five presents the results
obtained and their analysis and finally, chaptgrpgovides an overview of the work done

and the conclusion.



CHAPTER I

REVIEW OF ON-LINE WATER QUALITY SENSORS



2.1  Review of on-line water quality sensors

Before knowing how to evaluate, test or use sen#ors essential to know the
sensors themselves, their measuring principle ctmelitions for their operation, etc. Via
the Google web search engineompanies providing measuring devices for watereh
been identified and selected. There is a multitnideompounds that can be measured and
since the aim was not to cover all of them, a seleavas made. The variables most used
in river water quality monitoring and in wastewategatment plants (WWTP) have been
selected, i.e. dissolved oxygen (DO), nutrientsnf@mium, nitrate, nitrite, phosphate) and
turbidity.

Recently, in 2005, the International Water Assaora(IWA) has published a book
covering this topicinstrumentation, Control and Automation in Wastewa&ystemsrThis
book covers sensors more widely, but one chaptaroie important for the topic of this
work, Online Sensors/Analysers at Wastewater Treatmemt®IThere is a discussion
about which kind of measuring methods are availableneasure the most common
parameters, i.e. flow, level, pressure, temperafpir redox potential, conductivity, DO,
turbidity, sludge concentration, nutrients, totahritl N, biological oxygen demand (BOD),
chemical oxygen demand (COD) and total organicaa@OC). There is also a review of
principal manufacturers of sensors/analysers. igfteld the technological development is

quite fast and that is why this sensors reviewldsesn made.
2.2 Measuring principles

The aim was to compile information collected in awhat can be easily found and
that can be used to compare sensors among eaah 8theone table has been made for
each selected compound. In the heading of the,tabke section has been made for each
measuring principle. There are some descriptiongiféérent measuring principles and a
review of measuring principles has already beenem@tnrolleghem and Lee, 2003),

while a synthesis of useful information has beesteddor this study.

% Keywords used were the compound desired and semsomnitrate sensor



2.21 Gas sensitive electrode

This method is used to measure ammonium. By incrgathe pH to 11, all
ammonium ions (N) are transformed in ammonia gas @\H he gas selective electrode
is equipped with a membrane which has the progertgt pass the desired component, in
this case ammonia. This method requires an exusstiallation; it means that pumping is
needed and in some cases a filtration unit as Whk. reaction can be done in batch or in
continuous mode (Wacheux et al., 1996). Typicathg response time of the whole
measuring chain is 15 min (Thomsen and Nielsen2l99easuring problems occurring
during operation could be caused by clogging andrd®ide poisoning of the electrode
(Aspegren et al., 1993), electrode drift (Patry diattacs, 1995) and gas bubble retention
under the electrode tip (Andersen and Wagner, 1990)

2.22 lon sensitive electrode

The method is based on the same principle as thesgasitive electrode, i.e. the
electrode has a membrane which lets pass the desiraponent. Such sensors are based
on the potentiometric measurement principle (Camma#a79). However, in this case it is
a direct measurement, i.e. the compound is directdasured and not a product of a
chemical reaction. The result is a low consumptbohemicals and a short response time
(Thomsen and Nielsen, 1992; Barnard and Crowth@83)l For the time being, this
principle is used for the measurement of ammoniumd aitrate (NQ). This kind of
sensors can be used directly in the process, tale, etc. It is an in-situ sensor. As for the
gas sensitive electrodes, the ion sensitive eléet¢ISE) can be contaminated (Wacheux
et al., 1993; Sikow and Pursiainen, 1995). ISEn a#so suffer from electrode drift
(Wacheux et al., 1993). HGO(Sikow and Pursiainen, 1995),” CAPHA, 1992), bromide
(Rieger et al., 2002; Winkler et al., 2004) andined(Winkler et al., 2004) are interfering
ions for nitrate. The nitrate electrode drift canflxed by automatic calibration (Sin et al.,
2003; Petersen et al.,, 2002). Amines, mercury ahcersinterfere in the ammonia
measurement (APHA, 2005) as well as potassium adidis (Rieger et al., 2002; Winkler
et al., 2004).



2.23 Colorimetry

Usually colorimetric methods are implemented asiexanalyses (some models are
based on the same principle but are directly imexiig the medium). A known volume is
pumped through a filtering unit, and then the samigl brought in a small reactor.
Chemicals are added to react with the componenidasure. The reaction could be done
both in batch or in a continuous flow (Wacheux ket 8996). The reaction generates a
coloured component. With an optical cell, the abaace or transmittance is measured and
this value is directly related to the componentasmtration. The principle is used for
nutrients, i.e. phosphate (F0Q, nitrate, ammonium and nitrite (N2 The reagent
consumption is higher with such analysers (Thones®h Nielsen, 1992) and the response
time with batch reactors is longer than with eled&s. Also, measurements are sensitive to
temperature variations (Wacheux et al., 1996) amdgenerally less reliable than ISE

(Harremoeés et al., 1993).
2.24 UV-absorbance

A lot of components present in wastewater matrsoab UV light. UV-absorbance,
as the other optical methods, has the advantalgeiof inexpensive, not requiring reagents
or sample preparation (Vanrolleghem and Lee, 200{3. principle is known and used for
more than fifty years (Dobbs et al., 1972), buthe last decade optical fibre technology
development has enabled remote and multi-point uneasent (MacCraith et al., 1993).
This method is using a source of light in the U\édpal range from 190 nm to 720 nm.
Figure 2 shows for which wavelength nitrates, clainbxygen demand (CO®)turbidity
and spectral absorption coefficient at 254 nm (&8Qenerate absorption. SAd; is an
accepted standard parameter but it has limited rdi;maange and usually underestimates
the organic load in wastewater (STIP, 2006). Thehot is advantageous for its low
maintenance need (Thomsen and Nielsen, 1992; S&wvPursiainen, 1995) and short

response time, approximately 10 seconds (Wacheusl.et1993). UV-absorbance is

* For nitrates and COD, the concentrations are estithvia the integration of the absorbance cuntaef
region where the compound absorbs light. A regoessirve is made between lab analyses of samptes an
the selected absorbances.



suitable for environments with low concentratibn$ organic compounds because a lot of

them absorb UV in the same region of wavelengtm(ddeghem and Lee, 2003).

Figure 2: UV spectra and components absorption (Wegkwood Analatical, 2006)
2.25 Light absorbance and scattering

One of the most important variables measured intemader treatment plants is
suspended solids (SS) and it is often measuredpbgab techniques (Vanrolleghem and
Lee, 2003). Suspended solids are not directly nredsibut first the turbidity is measured
and then the SS concentration is calculated viagaession between turbidity and SS.
Turbidity meters are frequently used because titsbathd the SS concentration are often
well correlated (Gippel, 1995). Turbidity can beasered with light absorption, but also by
using the scattering principle. It measures thewrhof light reflected by suspended solids.
There is 90° scattering, backscattering and sur&aagtering (without contact with the
medium). The infrared light absorption principle asares the light absorbed by the
suspended solids, whereas the transmitted ligHuates the non-absorbed. By measuring
in the infrared wavelength range, the effect of emblight is eliminated. The different
optical effects of an illuminated particle can leers on Figure 3.

® The concentrations depend on the source of orgamipounds and the path length of the probe, iso it
difficult to specify what “low” exactly stands for.
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Figure 3: Optical effect of a suspended particle
(source: Vanrolleghem and Lee, 2003)

The optical measurement to be preferred will ddp@am the expected SS
concentration. For low concentrations (0-100 mg#attering techniques are preferred
because the signal to noise ratio is too low widngmission. Also, for very high SS
concentrations, back scattering is advantageoushef absorbance is too high. If
concentrations are too high, dilution can be amooptyano et al., 1993). However, with a
combination of different scattering angles, it asgible to obtain a wider measuring range
(Jones et al., 1998). Air bubbles and fouling oé thptics are the major sources of
interference in turbidity measurement (Vanrollegheemd Lee, 2003) and in the calculation
of the SS concentration from turbidity, particlees and other properties may change the
correlation (Pfannkuche and Schmidt, 2003).

2.26 Ultrasound

An ultrasonic sensor provides another way to nmea8$8. The concentration is
determined from the difference between the velooityltrasonic sound in the medium
with and without SS (Blake-Coleman et al., 1986)sZand Faust, 1989). This method
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requires a SS-free reference, i.e. the sensor reeeddibration for each location (Olsson
and Nielsen, 1997).

2.27 Dielectric probe

To measure viable biomass, the dielectric properif intact cells have been used
(Davey et al., 1993; Spierings, 1998; November ¥ad Impe, 2001). When an electric
field is applied to a suspension of cells in aneas solution, it results in a movement of
ions in the solution and within the cells. Thenharge separation or a polarization across
the cell membrane is created. The measurementakesulting capacitance can be used to
monitor the biomass concentration (Davey et al93)9This method is advantageous to
measure only metabolically active biomass, butangk of the water capacitance or of the
cell membrane structure, composition and permeéglgin interfere (Vanrolleghem and
Lee, 2003).

2.28 Electrochemistry

Electrochemical measuring principles have been tifleth during the sensors
review for dissolved oxygen (DO). The electrochexhiprinciple uses the oxidation by
DO. Oxygen is reduced to hydroxide ions (pPldn the gold cathode. On the counter
electrode, DO oxidizes silver ions (Bghat adsorb on a silver bromide layer (AgBr). The
associated release of electrons from the gold datlaod the acceptance of electrons at the
counter electrode result in a current which, urabgrstant conditions, is proportional to the
concentration of oxygen in the medium (Endress+Egua006a). Some sensors have an

exposed electrode while others are covered by alrsera which is DO selective.
2.29 Luminescence

More recently, another way to measure DO has besmeloped. It is using the
fluorescence quenching principle. Oxygen-sensitmelecules, used as markers, are
integrated in an optically active layer, called thmrescent layer. The surface of this layer
Is in contact with the medium and there is an epell right at the back of the fluorescent
layer. When the sensor is immersed in the mediunggailibrium is achieved between the

partial pressure of DO and the oxygen present énflilorescent layer. The optical cell
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emits green light pulses to the layer. The oxygarssive markers respond with a red light
fluorescence that is captured by the photo-semsttivde. The duration and intensity of the
response signals of the markers depend directlheroxygen content or partial pressure
(Endress+Hauser, 2006b). Different componentsisfkimd of sensor can be identified on

Figure 4.

Figure 4: Luminescence dissolved oxygen probésource : Hach, 2005)

2.3 Classification of information

To clearly evaluate which information is providedmmt by the manufacturers, tables
have been made to classify the collected data.eTiseone table for each component and
under each measuring principle the name of the faaturer and the name of the model
are provided. In the left column three categoria@gehbeen created: Technical information,
accuracy and cost with different specificationgath category. A template of these tables
is given in table 1. The table with all collectedormation found can be found in ANNEX
A to ANNEX F.

® LED: Light-emitting diode



Table 1: Template of the table for sensor classifation
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principle 1

model 1:model 2....;model n

principle 2

model 1;model 2....;model n

principle n

model 1;model 2....;model n

technical

information

———————————————————————————————————

———————————————————————————————————

__________________________________

accuracy

ISO 15839:2003

___________________________________

___________________________________

___________________________________

others

___________________________________

———————————————————————————————————

___________________________________

———————————————————————————————————

__________________________________

__________________________________

cost

———————————————————————————————————

———————————————————————————————————

———————————————————————————————————

2.3.1 Technical information

This section includes useful information aboutaiiation such as ex-situ or in-situ

device, need for housing, filtration unit requirgthecommunication protocol and signal
output. Also, information about sensor operation ba found such as measuring range,
response time, measuring frequency, built-in al¢éaréng device, auto calibration, etc.
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2.3.2 Accuracy

Some companies use this term as precision, butle¢firition in the dictionary is
“the state of being exact” (Oxford Online DictiogaR005). As the definition implies, this
category includes evaluation criteria to deterndata quality (see Table 1) . This category
has been divided in two sub-sections, the first ioctiding all terms defined in thgSO
15839, 2003) the description of which will be giieglow. The other sub-section includes
other information provided by the manufacturers it defined by the ISO standard. The
definitions of the terms used in the tables arenakom the 1ISO 15839:2003 standard:

2.3.2.1 Prior definitions
Accepted reference value
Value that serves as an agreed reference valweifoparison, and which is derived as:

a) an assigned or certified value based on experirheviiek of some national or

international organisation;
b) a consensus or certified value based on collaberatiperimental work;
c) atheoretical or established value based on stieptinciples;

d) when a), b) and c) are not available, the expextadf the (measurable) quantity,

i.e. the mean of a number of measurements.

Day-to-day repeatability conditions

Conditions whereby independent test results araimdéd with the same method on
identical test items in the same laboratory bysame operator using the same equipment

and reagents over several days.
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Determinand

Property/substance that is required to be measanedto be reflected by/present in a

calibration solution.
Measurement chain

Set of instruments and actions that covers allsstepolved in measuring a determinand,
including the on-line sensor/analysing equipmengmpgling and pre-treatment,

transportation and storage of the sample.
Measuring range

Range between the lowest and the highest deterchinafue that a sensor/analysing

equipment can measure.
Repeatability conditions

Conditions where independent test results are mddawith the same method on identical
test items in the same laboratory by the same tpetsing the same equipment and

reagents within shot intervals of time (e.g. ong)da
Working range

Range between the lowest and the highest deterchivane for which tests to determine

precision and bias have been carried out.
2.3.2.2 Sensor characteristics definitions
Precision

The closeness of agreement between independenthsuresl values obtained under

stipulated conditions (see Figure 5).
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Figure 5: Repeatability vs accuracy

Repeatability

Precision under repeatability conditions. It is @&qto the standard deviationyds of 6

measurements carried out at 20% and 80% of the unegsrange, see and Figure 5

— /iN Y
Sxo_ Nizl(x )9 (l)

Time interval between the instant when the on-#eesor/analysing equipment is subjected

equation (1).

Response time

to an abrupt change in determinand value and gtanhwhen the readings cross the limits
of (and remain inside) a band defined by 90 % ab@ % of the difference between the

initial and final value of the abrupt change (seguFe 6).
Delay time

Time interval between the instant when the on-#ersor/analysing equipment is subjected

to an abrupt change in determinand value and te@nh when the readings pass (and



17

remain beyond) 10 % of the difference between tikgal and final value of the abrupt
change (see Figure 6).

Rise time

Difference between the response time and the diag when the abrupt change in

determinand value is positive (see Figure 6).

Figure 6: Typical sensor signal of an abrupt concemation change (source: ISO, 2003)
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Fall time

Difference between the response time and the diag when the abrupt change in

determinand value is negative (see Figure 6).
Linearity

Condition in which measurements made on calibratmations having determinand values
spanning the stated range of the on-line sensdy&ing equipment have a straight-line

relationship (linear regression) with the calibvatsolution determinand values.
Coefficient of variation

Ratio of the standard deviation of the on-line sefamalysing equipment to the mean of

the working range of the equipment. see equatipn (2

X0

v, =3¢ 100 )
X

where
(3)

and

(4)

and
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N

6%y Y
b= | 12— -
(% - %
i=1
x =Concentration of thdi standardsam (5)

y, =Concentration of thdi analysed sam

Limit of detection (LOD)

Lowest value, significantly greater than zero, adederminand that can be detected. It is
equal to three times the standard deviatigs) (f 6 measurements carried out at 5% of the

measuring range, see equation (1).
Limit of quantification (LOQ)

Lowest value of a determinand that can be detemnivith an acceptable level of accuracy
and precision. It is equal to ten times the stashdi@viation (g) of 6 measurements carried

out at 5% of the measuring range, see equation (1).
Lowest detectable change (LDC)

Smallest significantly measurable difference betwte measurements. It is equal to three
times the standard deviationdjsof 6 measurements carried out at 20% and 80%ef t

measuring range, see equation (1).

Bias

Consistent deviation of the measured value froracepted reference value.
Short-term drift

Slope of the regression line derived from a sesfemeasurements carried out on the same
calibration solution during laboratory testing, aedpressed as a percentage of the

measurement range over a 24 h period.
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Long term drift

Slope of the regression line derived from a seokslifferences between reference and
measurement values obtained during field testirgressed as a percentage of the working

range over a 24 h period.
Day-to-day repeatability

Precision under day-to-day repeatability conditiolhss equal to ten times the standard
deviation (g,) of 6 measurements carried out at 35% and 65%eofiteasuring range, see

equation (1).
Memory effect

Temporary or permanent dependence of readings erooseveral previous values of the

determinand.
Interferences

Undesired output signal caused by a property(iels¥tance(s) other than the one being

measured.
Avalilability

Percentage of the full measurement period durinighvtine measurement chain is available

for making measurements.
Up-time

Percentage of a full measurement period during kvkiie measurement chain is actually

measuring during field testing.
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2.3.3 Cost

This section has been included in the tables irerotd perform a cost-benefit
analysis of sensors. In Table 2 the costs have beparated according to (Olsson et al.,
2005).

Table 2: Costs of sensors

Item Example
Instrumentation Cost of the instrumentation itself
Conditioning Cost of the rig, building, pumps, @pere-treatment, etc.
Installation Personnel costs for project and sitilorkers
Integration Personnel costs for programming of S@ABontrol loops, etc.
Consumables Costs of chemicals, power, etc.
Maintenance Cost of service contract ar!d personnel costs fidsredion,
cleaning, etc.
Spare parts Cost of spare parts
Service conditiong Cost of service at site or lppdier
Guarantee Terms and conditions
Lifetime Includes development of new and bettersses)

First, tables have been filled only with informatiavailable on the wébAs can be
deduced from ANNEX A to ANNEX F there is a signdit lack of information and
especially cost. Information given for the accuraayegory is often not following the 1ISO
standard. The problem with this information is thaithout a standard definition,
companies could use it with a different meaningue@ithese tables, the importance of a
standard protocol for sensor characterisation Mools. However, even if for the time
being there is a protocol, manufacturers do namsieeuse it or if they are using it, they do
not provide the information in their ads. Withohistinformation, it is hard for end-users to
compare different sensors. Manufacturers couldobeetl to provide such information via

legislation, market demands, etc.

"It is the combination of better sensors, more petars, documentation and sound real time datalihgnd
and data validation that ultimately will increagBogency, improve quality, change conservativeigesules
for the infrastructure and reduce operation andenmoportant — investment cost. (Olsson et al, 2005)
Lifetime could also include a lifecycle assessni¢émivever, lifecycle assessment is a whole reseamib tn
itself and has not been considered in this work.

® This information has been collected during the semof 2007
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2.4 Conclusion

By doing the sensors review and the classificambrninformation, it has been
observed that companies fail to provide informatiaccording the ISO 15839:2003
protocol. Moreover, definitions of the ISO proto@wke not followed by companies in their
sensors specifications. Why do companies fail wviple information according the ISO
protocol and are not following definitions? It mhg because the ISO 15839 standard is
relatively new, dating from 2003. Maybe they did have the time to implement it in their
procedure. Another reason could be that it is caramd to use this protocol. To
understand the underlying reasons for the observaliat manufacturers do not supply the
ISO-standard sensors characterisation it may b&iluseapply standards. That is why a
review of the ISO standard has to be made, firge® what is included and what is not.
The procedure will be applied with different nigasensors using the optical measuring

principle.

The sensors review has shown as well that therea do¢ of different measuring
principles for each compound selected. Each ofetinesasuring principles has its pros and
cons and they will perform differently in the labtwry and in the field. There is a need to
be informed on their behaviour under field conditian order to evaluate the quality of
data that a sensor provides.
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3.1 Literature review introduction

Monitoring is defined, in the dictionary, as thet @f observing something and
sometimes keeping a record of it (Ultralingua Oaliictionary, 2008). In the scientific
literature more specific definitions of monitorimgn be found, e.g.: To track the current
process operational state via the instrumentatiolsspn et al., 2005). In the water
discipline (wastewater, rivers, catchments, etconmoring has become easier with the
arrival of computers and new technologies. As carsden in Figure 7, research activities
related to water monitoring have literally explodgdce the seventies. It shows the number
of publications per year for the research on thgimgering Village web site for the
keywords “water” and “monitoring”. The exponentgiowth of papers published on this
topic each year can be observed. Moreover, withisdues in water quality and
management such as micro-pollutants, more restidégislation, energy efficiency, etc.,
the tendency will probably continue. New technodsghave helped a lot in monitoring and
control: with sensors it is easier to monitor reenplaces, to measure different variables at
the same time and in control and automation it $1étp meet regulatory requirements,
improve process performance and reliability, reatath and create reports, save chemicals,

energy, labour and finally reduce risk and ensuyea night's sleep (WEF, 2005).
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Figure 7: Number of papers per year matching the kewords
monitoring + water on the Engineering village web ite

Monitoring campaigns and measuring devices haeated plenty of data. In itself,
having a lot of data is not a problem, but to abtsignificant results from those data it is
necessary to know the level of uncertainty, in ptwerds the quality of the data. For
example, if data are used in modeling and theilityuean not be quantified, it could be
difficult to obtain good predictions, even if theodel fits the data well. On the other hand,
if the level of uncertainty of the data is knownen it is easy to state what the reliability of
the model is. Moreover, in real-time control of sevsystems and wastewater treatment
plants the sensors are, in general, the weakesoptre control chain (Rieger et al., 2004;
Lynggaard-Jensen et al., 1996). However, it issti@tightforward to quantify the level of
uncertainty. It is difficult to know as it depends what, where, how and when we are

measuring.

What is measured: not all variables require a high llesfe precision. Some
variables are used in control strategies or areslgd; in such situations it could be
important to have measurements with high accur@gtiyer variables are only measured as

an indicator. In that case the accuracy could betdecause only trends are needed.
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Where a variable is measured: depending on which vasabre measured, there
may be plenty of other substances present in thegixnavhich may interfere in the
measurement process. Moreover, the environmentaidittons may also create
interferences. For example, if the phosphate cdratgon is measured with a photometric
analyser, the sample is pumped in a small reaatat,chemicals are added to generate a
reaction changing the solution’s color. The colatensity is subsequently measured with
an optical module, the color’s intensity being pdmnal to the phosphate concentration.
However, the reaction’s kinetics depend on sanmgtgoerature: if it is too cold the reaction
will be incomplete and the measurement could bengirdlso, since it is an optical
measurement, suspended particles can interferepftard it is therefore necessary to filter
the sample before heading it to the analyser. Hewdiltration creates others problems: if
the water is highly charged in total suspendeddsqlSS), the filter will clog rapidly and
the maintenance interval will be short. Moreovée filtration unit adds a time delay into
the measurement chain and this time delay is Variaber time due to the clogging
phenomenon that is increasing. This is only orergx®e, but there are a lot more aspects

to take into consideration.

How the variable is measured: for some substances tirer only a few ways to
measure them, e.g. phosphate measurements: theméyithe colorimetric principle, with
two different reactions depending on the conceioimatFor other compounds such as
ammonium there are at least five different meth@@ds sensitive electrode, ion sensitive
electrode (ISE), colorimetric, titration, Fourieransform analysis of the absorption
spectrum of NH by adding sodium hydroxide). In such case, eacthodehas is own
accuracy and each method reacts in a different twagther compounds present in the
matrix. It is important to know how to prepare,talsand maintain such sensors to get the

maximum out of them.

When the variable is measured: this topic could hawveessimilarities with the one
“where a variable is measured”. However, in thisecthe answer depends more on the
period of the day, week, year... and all changes roiceu during those periods, e.g.
temperature, flow, concentration of the measuresipmund and the compounds of the

matrix, etc.
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As mentioned earlier, evaluating data uncertasngenot straightforward. There is a
lot to consider to have a good idea regarding tieedainties. Note that the same kind of
reasoning is necessary to choose the best semsaead-users needs. However, when the

time comes to select and/or buy a measuring detwigemain questions occur:

What are the tools available to evaluate a senperfermance?

On which basis should the sensors be comparedke tha right choice?

To answer these questions, a sensors review wsts nfiade; and companies’
websites were consulted to know what kind of infation they provide. Then a review of
available evaluation tools for sensors was condud®eblications, books and information
provided by standard organisations (like ISO and MSnternational) were studied (1) to
know what is currently available, (2) to evaluatbether the information is sufficient,

useful and (3) to find out whether the protocoks aser-friendly.
3.2 Laboratory conditions
3.2.1 IS0 15839:2003

The protocol ISO 15839:2003 “Water quality — Omeli sensors/analysing
equipment for water — Specifications and perforneatests” is the most complete one
found regarding sensor characterisation in watedityu It contains two main parts. The
first one concerns the determination of the pertoroe characteristics in the laboratory: all
tests are to be conducted under standard laboratowglitions, i.e. solutions with pure
water and the measured component. The secondqsdg @With performance characteristics

in the field (see below).

In the chapter of Automation of Wastewater Treatieacilities (WEF, 2005) a
section is devoted tdCharacteristics of Online sensor&Everything in this section
corresponds to the ISO 15839:2003 standard, wldchot surprising since one of the
authors of the book, Anders Lynggaard-Jensen, wambar of the ISO committee. The
different definitions of the characteristics evabeh by the 1SO standard are given, but

without adding new elements.
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All tests made in the laboratory testing sectibthe ISO 15839:2003 standard are
conducted with seven solutions covering the meagwange of the sensor. Solutions are
equally distributed over the measuring range, 5,e20, 35, 50, 65, 80 and 95 % of the
measuring range. Solutions are made with pure @pane) water and the compound
measured by the sensor, e.g. ammonium, nitratespbloous, etc. For every concentration,
six measurements are carried out. Depending oncliaacteristic to be calculated,
measurements are taken on the same day separabdanityor on different days, Table 3

shows this distribution.

Table 3: Use of measurements and constraints on stuling (source: ISO, 2003)

uti Concentration Determinant level

Solution (% of the used for To be measured
measuring range)

1 5 LOD, LOQ On the same day separated py
_____________________________________________________________________________________ blanks

2 20 Repeatability, LDC, big On the same day separated py
_____________________________________________________________________________________ blanks
S S Day-to-day repeatabiliy __On differentdays

Equally distributed over shortg

4 50 short-term drift period between maintenance
___________________________________________________________________________________ operations
IR 65 | Day-to-day repeatabiliy __On differentdays

6 80 Repeatability, LDC, bz On the same day separated py
_____________________________________________________________________________________ blanks

r 95 Linearity check only On the same day separated py

blanks

Measurements at 50% of the working range shoulddumlly distributed over the
time between two periods of maintenance. Sincenthmtenance intervals depend on the
application of the probe and the sensors have eenh lin use elsewhere than in the lab,
measurements at 50% of the working range have ¢ereied out on six consecutive days.

With the laboratory tests, the following charactcs can be determined:

Response time for a positive change
Response time for a negative change

Delay time for a positive change
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Delay time for a negative change
Rise time

Fall time

Linearity

Coefficient of variation
Limit of detection

Limit of quantification
Repeatability

Lowest detectable change
Bias

Short-term drift
Day-to-day repeatability
Memory effect
Interferences

Environmental and operating conditions

This protocol provides a lot of information abdesting under standard conditions.
There is almost nothing that can disturb the mesmsants; it is a good way to characterize
the maximum performance of sensors or to compaee glarformance of different
measuring devices. In fact, however, it is veryerdao operate sensors under such
conditions. So, the sensors’ behaviour under foeldditions can not be predicted with this
kind of procedure. As seen previously, manufactuder not provide information resulting
from applying this protocol. The first part of trstudy will therefore be to go through the
protocol and do a critical review of it. Afterwards will be possible to come up with

suggestions, and bring some clarifications if neede
3.2.2 Accuracy profile

Other techniques used to certify laboratory metheduld be applied to this
particular topic as well. Accuracy profiles are disgnce a couple of years, mainly in the
pharmaceutical and food-processing industry (Haud007). The principle of an accuracy

profile is based on a comparison of a limit of gtaacel, which is representing the
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maximum total errortolerated and the total error of the method (Hulegral., 2004).
Performance criteria are evaluated as a functioth@fmeed of the end-users, i.e. an error
tolerance is fixed and then, by plotting only omapd, one can come up with the following

performance criteria:

Linearity, repeatability, bias, limit of quantifica tion

See section 2.3.2.2

Model validity

Verification that requirements are suitable fopadfic use
Intermediate fidelity

Variation of the results observed when one or mdagtors (e.g. time, apparatus,
technician, etc.) vary within the same laborat¢glJRACHEM, 1998)

Upper limit of validation

Maximum concentration of the measuring range forctvithe tolerance interval is within

the limit of acceptability.
Method validation
Global evaluation of parameters by the elaboratioein accuracy profile

The number of concentrations required to buildueacy profiles is not defined. The
protocol says that at least four should be teskadgathe measuring range, but it could be

as many as one wants. Every test concentration Ineuststed twice.

Figure 8 shows the accuracy profile obtained ftbestudy of Hauduc (2007). This
study has been made to determine the accuracyalifosatory method to measure heavy
metals in water samples such as zinc, lead, nigkel, The yellow dots (see Figure 8)

represent the mean of the relative bias for one@utnation. The interval going through the

® Total error: addition of bias and standard dewrati
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yellow dots represents the uncertainties of theregice measurements. Blue dotted lines
represent limits of tolerance)( The tolerance is calculated with standard the deviation of
repeatability and intermediate fidelity. For envingental analysis the tolerance must be
15% (Hubert et al., 2004). However, in theective Cadre sur I'Eauthe tolerance on the
detection limit should be at least 50% (Hauduc,700he intersection of the limit of
acceptability and of the limit of tolerance in thawer part of the measuring range
determines the limit of quantification. Between theersection of the upper limit and the

lower limit, the higher value has to be consideasdhe limit of quantification.

50% -
40% - \
30% -

I\ — o — o — . — .
20% - -~ —e— hias
10% - ~ ~— — —™ = m— = |ow er limit of acceptability

_é’ 0% - { 1— = = ypper limit of acceptability
-10% - I — — ]_ === = Jow er limit of tolerance
— — — L.

-20% 1 — — = = ypper limit of tolerance

P | mmm m m— m m— = — =
-30% -
-40% -
-50% ‘ ‘ ‘ ‘ ‘ i

0,0 0,0 20,0 30,0 40,0 50,0 60,0
Concentration (mg/l)
LQ

Figure 8: Accuracy profile (Hauduc, 2007)

If the limit of acceptability would have crossdeetlimit of tolerance in the upper
part of the measuring range, there would have beearpper limit of validation. This means
in this case that the measuring method is valighftbe limit of quantification until 50

mg/Il, which is the highest concentration tested.

The direct value of the linearity can not be searthe figure; however, it can be
estimated. For the best sensors all measuremeat®eated on the line of 0% bias. A
sensor with a nearly perfect linearity but with s@@ng noise would have its
measurements equally distributed around the 0%limi@sif a sensor does not have a good

linearity, measurements will more often be one sidhe 0% bias than the other.
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This method demands more statistical knowleddwrutlnl the profiles, but with only
one figure, many performance criteria can be evatliabias, limit of quantification,

repeatability, limit of validation, linearity.

The accuracy profile methodology has not beeredest this work because the

sensors were no longer available when this metloggalas found in the literature.
3.3  Field conditions

To overcome the problem of the lack of informatamin field sensor performance,
there is a protocol included in the 1ISO 15839:2808n to evaluate sensor characteristics
during field operation. The main idea of this prdaee is to expose sensors or analysers to
real conditions. Several ways are suggested: thaswn@g device could be installed
directly in the field (nearby the river, WWTP, lak&tc.). The problem with this set-up is
that there are dynamics imposed due to parametmis as flow rate, concentrations,
temperature, etc. Hence, when the moment comesnpare sensor data with real values
(laboratory analysis), because of the non-steadte stonditions, one analysis has to be
made for each measurement taken by a sensor. Anafipgoach consists of exposing
sensors to a grab sample from a real process. &\ily enough sample, all tests could be
achieved with the same sample, but even in thenabsef the outflow of the tank, there
still is a non-steady state for some compoundstdugrocesses such as biodegradation,
stripping, etc. Hence, the problem could persigtedeing on what is measured. With this

part of the 1ISO protocol, the following charactgds could be evaluated:

Response time for positive change - Bias based on (relative/absolute)
Response time for negative change differences

Delay time for positive change - Long-term drift

Delay time for negative change - Avalilability

Rise time - Up-time

Fall time
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This procedure is useful to know how measuring aewill react under specific field
conditions. However, in the case one wants to naakemparison of sensor performances,
the only way to achieve it is to carry out the sgrecedure at exactly the same time and at
the same place. The part in the ISO 15839:2003pobiconcerning the determination of
the performance characteristics in the field isetiamd location specific. It means that, for
example, results collected on two different dagsnfithe same sensors mounted at the same
place can not be compared. Depending of what kifmmation is looked for, following
this procedure could be the right thing to do & #im is to know how the sensors will react
in a specific process, river, lake, etc. Howevehew the goal is to compare the
performance of sensors or to state the performahoae sensor under field conditions this

procedure leads to non-significant results.

To have a procedure to test sensors that anybady perform and always get the
same results, it has to be free of time and lonatifiuences, similar to the procedure for
determination of performance characteristics in tlaboratory. This is called
reproducibility. Consequently, the 1ISO 15839:2008t@col does not include an evaluation
tool for performance evaluation under reproducfigtl conditions. As can be seen in the
protocol, the standard and laboratory conditions arell documented but the field
condition testing is still an incompletely covetegic.

Moreover, this part of the protocol evaluates thefgymance of the whole
measuring chain without making a distinction betmvé®e different segments of the chain
(pump, filtering device, measuring cell, etc.). dther words, the measuring chain is
evaluated as a black box. If a bad measurementrgctuwill be difficult to point out

exactly where the problem is located.

From the above, it is clear there is a need todessors under standardized field
conditions. First, to easily compare sensors witlloe need of doing tests at the same time
and same location. Second, if it is possible toftell conditions in the lab, then it is easier
to isolate the different segments of the measucimgjn, to perform spot checking and to
evaluate the effect of disturbances separatelyh Wiis knowledge, it will also be easier to

plan maintenance that is directly geared to thélproatic segment.
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3.4 Conclusions

To date the ISO 15839:2003 protocol is the mostpete protocol to characterise
sensors for water quality. It provides a standamtg@dure to test sensors under laboratory
conditions. Nomenclature is defined and must bivied by manufacturers rather than
keep using their own nomenclature. This would hextd-users to compare sensors from
different manufacturers by knowing the definitiomisthe terms used and by knowing as

well that manufacturers are following them.

On the other hand, information coming from laborattesting does not give
indications of how the sensors will perform undetd conditions. In the 1ISO 15839:2003
protocol a section about field conditions testisggiven. This section is incomplete and
does not aim for reproducible results, the mairs@aabeing that tests are time and site
specific. It can help end-users to know how a sensitl perform in his specific
application, but at this step of characterisatitwe, sensor is already bought. In order to be
able to compare sensors’ performances under fahdiidons and help end-users to select

the right sensor, a standardized protocol for fegdditions is needed.



CHAPTER IV

MATERIALS AND METHODS
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The goal of this work is to characterize sensoideurifferent conditions. As seen
before there are already some protocols avail&defar the 1ISO 15839:2003 protocol is
the most complete and specific. For this work dhly part concerning laboratory testing
will be conducted and described. Subsequentlyptbcol to standardize field conditions,
I.e. the effect of air bubbles and turbidity, vk described.

4.1  Sensors tested
4.1.1 Spectro:lys&from s::can

The Spectro::lyséf from the s::can company is a spectrometer covetiegUV
spectrum from 190 to 390 nm. Different path leng#ne available, depending on the
application. The one used in this work is a 35 nathpength, usually used for river water
quality monitoring. The sensor version is able t@asure nitrate concentrations between 0
and 15 mg N@N/I. Auto-cleaning is performed with pressurize. arhe probe is
provided with a global calibration, in this case thver calibration. It is possible to add, on
top of the global calibration, a local calibrationeven a specific calibration (Rieger et al.,
2006). In this work, a local calibration has beenf@rmed with two points, at 20 and 80 %
of the working range, i.e. 3 and 12 mg NW|. The probe is connected to a computer via a
relay box; this box provides power to the probe mngrocessing the signal to a USB port
of the computer. s::can is also providing the datidection software. The one used is the
ana::pro V5.3e-2399. For continuous measuremergsnieasuring interval has been set to
the minimum, i.e. one minute. Tests with this prdtae been conducted at Université

Laval.
4.1.2 Sensor A

Sensor A is a spectrometer using the same megsorimciple as the s::can probe.
The measuring cell is not directly immersed in thater: with a small piston water is
pumped into a tube. The light source and the meageell are on each side of this cell.
With this kind of setup it is also possible to maassettling properties and perform water
guality measurements disturbed less by turbiditye Theasuring range of sensor A is 0-20

mg/l of NOs-N. Every time the piston is moving in the tubdsitleaning it. The calibration
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used for the tests is the factory calibration. Dméy thing which has been added before
testing, is to set the zero with the water useahasie the solutions. This probe was not used
in continuous measurement; only manual measurema&ate carried out. Tests were

conducted at the company’s laboratory.
4.1.3 Nitratax from Hach

The measuring principle of this probe is using specific wavelengths, instead of
256 for the s::can Spectro::ly§erThe nitrate concentration is measured at 210 nechaa
turbidity correction is made with a measuremen8®@ nm. The path length of the probe
used in the tests is 1mm allowing the probe to nreasitrate (as N&N) concentrations
from 0 to 100 mg/l. The auto-cleaning of lensesmade by a wiper. No additional
calibration has been made for the tests. The eaidr used is the one made by the
technician of the company. The probe is connectedhe SC100 controller that is
connected to a central server for data logging.iriguicontinuous measurements, the
measuring interval was set to the minimum valué®tec and during testing data filtering
was set to zero. Tests with this probe have berdumied at EAWAG in Zurich.

4.1.4 Sensor B-8mm and B-2mm

This sensor is still in development and is notgrethe market. It is also measuring
nitrate with the two wavelengths principle. Twolp&ngths are available for this model: 2
mm with a measuring range of 0 to 50 mg/lI of A\Dand 8 mm with a measuring range of
0 to 10 mg/l of N@N. Both configurations were tested in this workeTauto-cleaning of
the sensor is performed with pressurized air. Tlaibmation used during the
experimentation was the factory calibration. Thesses were connected to the controller
provided by the company. Signal filtering and damgpiwere set to zero. Since no
continuous measurements were carried out, thelo@ger was not configured. Tests were

conducted at the company’s laboratory.
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415 SensorC

Sensor C is also using the two wavelengths measyrinciple. It can measure
concentrations from zero to 50 mg/l of nitrate @3M. The auto-cleaning of lenses is
ensured by pressurized air. The calibration usemhgithe experimentation was the factory
calibration. The probe was connected to the cdetrgirovided by the company. Data
filtering was set to zero. Since this sensor wasused for continuous measurements, the

data logger was not configured. Tests were conduwatt¢he company’s laboratory.
4.1.6 Solitax from Hach

The Hach Solitax is a turbidity sensor. It is comiy two different scattering
angles: 90° and 140°, allowing the sensor to measubidity from 0.001 to 4000 NTU.
The auto-cleaning of the lens is made by a wipdre Talibration used during the
experiments was the factory calibration. The sengas connected to a Hach SC1000
controller, and the controller was connected tooanjuter to download the log files.
During continuous experimentation, the measurerfrequency was set to the minimum,

i.e. 5 seconds. Tests were conducted at Univdraital.
4.2 1SO 15839:2003 — Laboratory testing

All sensor testing was conducted according to 8@ [15839:2003 protocol, see
section 3.2.1. Diluted solutions have been prep&mnm a high concentrate solution (1000
mg/l as NQ@-N). Dilutions have been made with micropipettesl aoncentrations have

been double-checked with Hach test Kits.
4.3 Standardised field conditions protocol

In this part of the work, the aim was to reproduoethe laboratory, interferences
that can be found in the field. As mentioned prasly, so far there is no methodology to
evaluate the effects of a single disturbance onntleasurements. It has always been a
combination of effects. Therefore, a methodologys haeen developed to isolate

disturbances and quantify their effects on the mmegsents. The methodology has been
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developed for testing the effect of air bubbles &mibidity on the sensor output, for an

optical measurement principle.
4.3.1 Air bubbles
4.3.1.1 Experimental Setup

To evaluate the effects of air bubbles in a stethday, a laboratory setup has been
built in which conditions can be controlled. A 1it&rs plastic tank has been equipped
with a nine inch diameter diaphragm diffuser (Dsin Express, Colombia). The diffuser is
supplied with laboratory pressurised air. A reguiatith pressure gauge has been installed
on the line. The Spectro:ly§8rand Solitax sensor, have been installed in thé tan

according to manufacturer installation requiremesge Figure 9.
4.3.1.2 Experimental Procedure

First, the sensors are installed in the tankh wétp water, which means that the
nitrate concentration is nearly 0 mg N/LX. During the first 30 minutes no air is
supplied to the aerator. Then the air pressurejissted to 0.5 bar for another 30 minutes.
After this the pressure is further incremented.tldar and 1.5 bar, which is the maximum.
After reaching the maximum, the pressure is lowdrgdiecrements of 0.5 bar every 30

minutes until reaching zero where measurementcamed out for another 30 minutes.

The Spectro::lys&f has been tested in solutions without nitrate gaper) and in a
solution with a nitrate concentration at the lowed of its measuring range, i.e. around 3
mg NGs-N/L, which corresponds to 20% of the measuringgeariThe Solitax has been
tested only in tap water. Finally, the Nitratax hady been tested in a solution with a
concentration of around 10 mg MO/L, which corresponds to 10% of its measuringgean

and not exactly according to the procedure mentidnehe previous paragraph

2 The concentration is below the limit of detectad quantification of the tested sensors.
1 The Nitratax has been tested before the finalisersf the procedure was completed. It has beenseg
to 0, 0.5, 1.0, 1.5, 2.0, 2.5 and finally O bar doperiod of 30 minutes each time. Since the Nikaést was
performed at EAWAG, it could not be tested accaydmthe final version of the procedure.



Figure 9: Tank equipped with diaphragm aerator at Obar (above) and 1.5 bar (bottom)
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4.3.2 Turbidity
4.3.2.1 Experimental Setup

The effects of turbidity have only been testedtlos Spectro::lyser™, because the
other spectrometer and nitrate sensors were notlabka when this part of the
experimentation was conducted. The Solitax was ausly not tested for effects of
turbidity as it is a turbidity sensor.

The Spectro::lys& is coming with a recipient that fits around theasering cell
(see Figure 10). It allows using less solution tidoen the whole probe is to be immersed

in a tank.

Figure 10: Offline measuring cell for Spectro::lyse™
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4.3.2.2 Standard

Two different turbidity standards were used: Faimand AMCO Clear®. The
first issue that has been checked is the stalofithe suspension over time. Due to the way
the cell used to make the lab measurements witlsfleetro::lyser™ is configured (Figure
10), it is impossible to maintain agitation in tbell. Hence, the importance of evaluating
the stability of the suspension. Two different mgaments have been made, first 30
minutes of continuous measurements without touctiiegsensor or the sampling cell and
another series of 30 minutes while shaking the maas cell by performing quarter
rotations every minute. Then, the effects of tutidn the nitrate measurements were
made with the one with better stability.

4.3.2.2.1 Formazin

Formazin is the recognized standard for turbiditjhas even given its name to one
of the units used to quantify turbidity; Formaziemhelometric Units (FNU). Formazin is
sold in high concentration solutions, and for #perimentation a solution of 4000 FNU

was available. Dilutions were made to get the édsiurbidity, i.e. 50 and 10 FNU.

Formazin has the following advantages:

It is available from most chemical and scientifippliers

The least-expensive commercially available standard

and disadvantages:

It has a Material Safety Data Sheet (MSDS) heladthard rating of 2:

Rating 2: Intense or continued exposure coalagse temporary incapacitation or
possible residual injury unless promptdioal attention is given
(MSDS HyperGlossary, 2009).

Turbidity can vary by +2% from batch-to-batch

The size, shape and aggregation of formazin pastichanges with temperature,

time and concentration (see Figure 11).

It settles during storage and it must be mixed ichately prior to use.

Diluted formazin standards have a storage lifehastsas one day (see Table 4).
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Figure 11: Scanning electron microscope (SEM) imagef formazin (left)
and AMCO Clear® (right) (source: Campbell Scientific, 2006)

Table 4: Life time of formazin solutions (source: @m

pbell Scientific, 2006)

Turbidity Maximum
(FNU) Storage Time
1-10 1 day
2-20 1 day
10-40 1 day

20 - 400 1 month
> 400 1 year

4.3.2.2.2 AMCO Clear®

AMCO Clear® is an exclusive product supplied by FGEhemicals. Next to

formazin, it is the other calibration standard guaed by the U.S. Environmental
Protection Agency (EPA) (Campbell Scientific, 200)MCO Clear® is a suspended
solution of styrene divinylbenzene (SDVB) microsggse(see Figure 11). Particles have a

specific gravity of one, allowing the particlessiay suspended. The density of the solution

is adjusted to match the one of the particles, wigcwhy dilutions are not suggested to

settle. Two different standards have been acquité@p and 50 FNU. Experiments were

conducted with the original 50 FNU solution, witls@ution of 50 FNU made by diluting
from 1000 FNU and finally with a 10 FNU solution deawith the 50 FNU standard.
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AMCO Clear® has the following advantages:

< 1% batch-to-batch variation in turbidity.
Consistent optical properties from 10 to 30 °C.
Guaranteed one year stability.

Mixing and dilution are not required.

It is not toxic.
and disadvantages:

Standards are more expensive, about twice the gpfifggmazin.
It can only be used with the instruments for whicly are made. The SDVB
standards are formulated especially for the OBS@arfrom Campbell Scientific

and cannot be used with all sensors.
4.3.2.3 Experimental Procedure

After the better turbidity standard for this applion was identified, the tests to
evaluate the effects of turbidity on the nitrateasi@ement are performed according the
following steps. First, a solution containing nitrgapproximately 3 mg N&N/L) and
nearly zero turbidity is introduced in the cell. filst series of measurements was made
during 30 minutes. Then, the solution is spikedhwtite turbidity standard to reach a
turbidity in the cell around 10 FNU. Another 30 miies of measurements is made with this

solution.
4.4  Data processing
4.4.1 Turbidity standards

To evaluate which standard is the most stablesoreaents are plotted vs time. By
performing a linear regression and calculate tbpeslthis will indicate which solution has

a more stable suspension.
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4.4.2 Air bubbles and turbidity effects

Three indicators will be used to characterisedtfiects of air bubbles and turbidity
on the measurements. The first one is the biasrgitkeby the interference. The bias will
be calculated by the difference between the meall oheasurements carried out without
interference in the solution and the mean of th@asueements for a particular level of
interference. This will give an idea of the biangeated by the interference. Secondly, the
same thing will be done by calculating the standiediation. It will give an indication of
the noise level created by the presence of air lesbbr turbidity. Finally, when the
Spectro::lyséf was not able transmit a measurement because ibwasf bounds, it gives
NaN (not a number) as result. The number of NaNiesalobtained will be used as a third

indicator.
45 Reference measurements
45.1 Nitrate

The nitrate reference measurement was made wihHdch TNT test kit. It is
following a colorimetric method. Test kits are dahle in two different measuring ranges:
0,23-13,5 (Hach # TNT835) and 5-35 mg/L N (Hach # TNT836). Measurements were
made with the Hach DR5000 colorimeter.

4.5.2 Turbidity

Turbidity reference measurements were made wittHach model 2100N

turbidimeter.



CHAPTER V

RESULTS AND DISCUSSION
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Results shown in this chapter will be separatedwia major sections. The first
section will show the results of the review of tB® 15839:2003 protocol. The second part
will present the results of the standardized fietuhditions testing procedure. For both
sections the results will mainly be displayed ifigures, but the raw data can be found in
ANNEX F to ANNEX .

5.1 ISO 15839:2003 review

Table 5 shows the characteristics of differentatét sensors determined following
the ISO 15839:2003 protocol. The table is builtaadog to suggestions in the annex of the
ISO 15839:2003 protocol. When the time comes tecsehe right sensor, this way to show
characteristic is not sufficiently visual to rapidtientify which sensor is better and to what
extent. Hence, when the goal is to compare sendwsijrst suggestion will be to add a
graphical display of the results to the protocaguiFe 12 is an example that compares six
sensors with two different characteristics. Fromhstigure it is easier to rapidly identify
which sensor gives the better performance.

Table 5: Characteristics of nitrate sensors accordig the ISO 15839:2003 protocol

Sensor
units Sensor Sensor | Sensor Sensor ,
s:.can A B B C Nitratax
(8mm) [ (2mm)
 coefficient of variation | % | 6,6915| 2,9327 | 3,4533 | 4,0384 || 1,8493 | 19751
limit of detection mg NOs-N/L |0,1250 || 0,0455 || 0,0351 || 0,0245 || 0,0155 || 0,0923

lowest detectable
change at 20 %

| biasat20% | mgNOs-N/L 0,7217}-0,0983 ) 0,0200 | 0,3633 || 0,3333 | 0,4267

| biasat80% | mgNOsN/L 10,0650} 2,0567 | 0,3000 ) 4,8617 | 4,6500 | 51767

| shorttermdrift | %/day _ ]0,0248-0,0171 0,0371 ji 0,1103 | 0,2114 || -0,1943
day-to-day

repeatabilty at 35 9_| M9 N0 | 99270) 00407 00052 | 01036 | 0.3327 | 04502
day-to-day

repeatability at 65 % mg NO5-N/L (10,0886 | 0,1202 | 0,0475 || 0,1993 || 0,5282 || 0,8124
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Figure 12: Comparison of limit of detection and quatification

5.1.1 Limit of detection and quantification, repsality, lowest detectable change

and day-to-day repeatability

The limit of detection, limit of quantification,epeatability, lowest detectable
change and day-to-day repeatability are groupedtieg because they are all based on
standard deviation. They are calculated from dfierdata sets, some of them being

multiplied with a weighting factor but their integation is similar.

As seen in the Materials and Methods section|ithié of detection and the limit of
quantification are calculated from the same dat &asically, with the same equation.
Hence, both have the same shape but with a diffecatte (see Figure 12).

Normally, when the time comes to select a seneoraf given application, the
characteristic that an end-user will often checktfis the measuring range. The lower the
expected concentrations to measure are, the snvallebe the measuring range of the
selected sensor. The results shown in Figure 13aetething different, however. Except
for the Nitratax, the higher the measuring rangehe lower the limits of detection and
guantification are. In other words, according testh results, if the expected concentration
to measure is low, a sensor with a high measuange would be the right choice. Indeed,
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the limit of detection and quantification are based standard deviation at 5% of the
measuring range that is depending on the sensbisttested.

The repeatability and the lowest detectable changevaluated at 20% and 80% of
the working range. Figure 13 compares the repddyabi the tested sensors while Figure
14 shows a comparison of the lowest detectablegehdfor the same concentration, the
graph of the repeatability and the lowest deteetabhbnge have the same shape because the
repeatability is equal to the standard deviatiod #re lowest detectable change is equal to
three the times the standard deviation. The figetesny that sensors offer quite similar
performances in the lower part of their measuriagge, but in the upper part of their
measuring range some seem to have a better perfoendhe repeatability could be
understood as a measure of the level of noise gteby the measuring device for a same
reference solution. It is equal to the standardat®n. The repeatability has nothing to do

with calibrations; it could be seen as the perfaroeeof the hardware of the probe.

0,35
O s:can
0,30
H Sensor A
0,25
=
Z 0,20 W Sensor B (8mm)
o
< 015
2~ W Sensor B (2mm)
0,10
B Sensor C
0,05
0,00 [ T 4 B Nitratax
repeatability at 20 % repeatability at 80 %

Figure 13: Comparison of repeatability
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Figure 14: Comparison of lowest detectable change

Figure 15 compares the day-to-day repeatabilitthefsix sensors tested. Besides
the fact that the measurements are carried ol%tahd 65% of the working range instead
of 20% and 80%, each measurement is made on ssecotive days. This characteristic
can give an idea of the stability of the sensomrdwee. However, six days is a relatively

short period and the measurements are made inveédar.
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Day-to-day repeatabilityat 35 %  Day-to-day repeatability at 65 %

Figure 15: Comparison of day-to-day repeatability
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5.1.2 Coefficient of variation

As seen in the introduction, the coefficient ofigton is the ratio of the standard
deviation of the on-line sensor/analysing equipmenthe mean of the working range of
the equipment. It is a dimensionless number aatlatvs comparing the standard deviation
regardless of the measuring range. Figure 16 shiosvsoefficients of variation of the six
sensors tested. The same kind of observation abddimit of detection can be made, i.e.

the higher the measuring range the lower the aoeffi of variation is.

8,00
O s::can
7,00
6,00 W Sensor A
5,00
Bl Sensor B (8mm)
£ 4,00
3.00 Bl Sensor B (2mm)
2,00 W Sensor C
1,00 -
B Nitratax
0,00
coefficient of variation

Figure 16: Comparison of coefficient of variation

By taking a closer look at equation (6) it cansken that the coefficient of variation
depends on: the sum of squared errors, the nunfbgolations tested, the mean of the
measurements carried out and the slope of thelabar® between the reference and the
sensor measurement. A sensitivity study of therpaters in equation (6) shows in Figure
17 which one has the greater incidence on the iceaft of variation. First, the number of
concentrations tested has influence, but sincesiteasy to control the number of
measurements and carry out the same number for saabor, the influence of this
parameter can be eliminated. The slope, due tentall variation and its value being
around one, has very little influence on the ceoefht of variation. Two parameters have
significant effects on the coefficient of variatiadhe sum of squared errors (SSE) and the

mean of the measurements. There is no correlagbmden both, i.e. a sensor with a high
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measuring range will not necessarily have a higk 8&d vice-versa. The only thing that
can be controlled or changed is the measuringvalkeagain stressing the importance of
comparing sensors on the same basis. By expositspiseto the same concentrations, this
variation factor can be disabled. By doing so, mgarison of the coefficient of variation
would be more important.

Vv, =30°100 where S,= S—t;’

(6)

5.1.3 Bias

The way that bias is tested in the 1ISO 154839:20@8ocol covers the lower and
the higher part of the whole measuring range ofstresor. Bias is a calibration issue: it can
be easily corrected by a local calibration arour@normal operation conditions. Figure 18
shows a comparison of the bias results of the desensors. The bias is given as an
absolute value (sensor measurement minus referapasurement). In the case of bias at
80% of the measuring range, Sensor B (2mm), Se@sand Nitratax seem to give the
same performance. But if they are compared accgiinheir measuring range, results are
different. Sensor B (2mm) and Sensor C have theesamasuring range (0-50 mg RO
N/L), so both will have a relative bias of 9-10%it bhe Nitratax has a measuring range of
0 to 100 mg N@N/L, and so the relative bias will be around 5%.



Figure 17: Sensitivity study on the parameters oftte coefficient of variation of the equation (6)
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Figure 18: Comparison of bias

5.1.4 Short term drift

Unlike the performance characteristics discusseids the short term drift gives an
idea about the sensor behaviour over time. Sham tkift is given in percentage of the
working range per day. Figure 19 shows the comparisf the tested sensors. Another
characteristic that distinguishes short term drdim other performance characteristics, is
the fact that it is divided by the measuring ramgel by doing so, values are given in
percentage, making them easily comparable. Theevafluhe drift, before it is divided by
the measuring range, is the slope of the regressditime measurement as function of time.
The best value that a sensor could get is zero.

The problem with only showing slope values or wittmparing values in a bar
graph, like Figure 19, is that it is difficult tasualise the behaviour of the sensor over time.
For each sensor it would be better to show thehgEpmeasurements versus time (see
Figure 20). With this way of showing the data,ande seen that the slope value is not at
all representative of the data set. Moreover, witly six measurements, each of them has a

lot of influence on the calculated drift, like threeasurement at day 0 in Figure 20.
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Figure 20: Measurement vs time for Nitratax

The protocol to evaluate sensors suggested bylSke 15839:2003 is more
manufacturer oriented, i.e. each sensor is testedrding to its measuring range. For the
end-user it would be more interesting to know wthat performance of a sensor would be

within the measuring range it will be exposed to, B would be better to test sensors
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within the same range, whatever their measuringaarare, except if the range of the
sensor is too low for the application. By doing sach sensor could be tested with the
same solutions. It would also eliminate effectsh& measuring range on the results. The
limit of detection and quantification, the repeadliay the lowest detectable change and the
day-to-day repeatability are all based on standandation, in other words, measurement
noise. By testing sensors with the same solutitimsse performance criteria would be
comparable. In this way the comparison of biasesldvdbe more significant as well.
Normally bias is distributed equally on both sidéshe regression curve. So, with the ISO
15939:2003 protocaol it is difficult to compare bibscause the tests are not made at the
same concentration, as they are dependent on thsunreg range. Again it would be more
useful for the sensor user to know the bias of esmrisor at the same concentration. The
last performance criterion that is easier to compay testing sensors within the same
measuring range is the coefficient of variation.s&en before, the coefficient of variation
is used to normalise the standard deviation albegmeasuring range. Since the standard
deviation and the measuring range have no linlkssptBasuring range has a large effect on
the coefficient of variation. In this case as weWould be better to carry out measurement

within the same measuring range.
5.1.5 Conclusion

In the 1SO 15839:2003 protocol it is suggestedrasent results by putting data in a
table. However, a graphical way to present reslltsvs to rapidly identify which sensor
gives the best performance. In addition, the aayupaofile approach should be taken into
consideration, as it is more end-user oriented,engl-users can evaluate the performance

of sensors based on their needs.

Except for the case that one sensor gives thepleekirmance for every criterion, it
can be difficult to select the right sensor. Depegdn the use of the sensor (monitoring,
control, etc.) and the location it will be usedpmocess, river, lake, etc.) some criteria will
take precedence over others. For example, if timsaseis to be used in control in an
aeration tank of a WWTP, important criteria will bepeatability, in other words,
measurement noise: low measurement noise helps better control. In that case the drift

IS not a big issue because maintenance and cabibraan easily be conducted by
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operators. On the other hand, if the sensor is tsetb monitoring in a remote location,
then the drift is an important issue because regunntenance will be difficult. In addition
to giving a standard procedure to test sensordS0e15839:2003 protocol should provide

guidelines for end-users to interpret the testexylts.

The tests must be conducted according to the magsange expected by the end-
user rather than by the one of the sensor manu&ctirhis method would allow to

compare sensors on the same basis.

It has been seen in the review of sensors thaufaeturers are not providing the
values required by the ISO 15839:2003. Even if B® protocol could be improved,
manufacturers should provide the ISO numbers becthss definitions are standardized
and end-users will be informed of where the resatts coming from and how they are

calculated.
5.2 Standardised field conditions

This section illustrates the behaviour of sensoider field conditions reproduced in
laboratory. Two interferences occurring in thediélave been reproduced in the lab: air
bubbles and turbidity. Air bubble effects have béested on a turbidity sensor (Solitax)
and on two nitrate sensors (Spectro::I{5and Nitratax) while the effects of turbidity have
only been tested on the Spectro::|{8&r

5.2.1 Air bubbles

Figure 21shows some of the measurements made by the Spigsed” under
aeration with different air pressures fed to théuder; the sensor was exposed to a nitrate-
free solution. Two major effects can be observadt,Rhe noise is considerably increased:
Table 6 shows the standard deviation and the metreaneasurements for each pressure.
Depending on the pressure, the standard deviasi@miplified between six to nine times
compared to the one without aeration in the tanksekond effect is the bias that is

generated. It is clear that a shift occurs betwaeasurements with and without aeration.

12 The Nitratax was not available when the tests atimueffects of turbidity were conducted.
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The value of the means are given in Table 6. Tsebfyenerated is from 0.8 to 1.5 mg
NOs-N/L depending on the pressure.

Another interesting information is the amount aNN(not a number) given by the
sensor amplifier. Outputting a NaN means that tle@sarement is out of range (lower or
upper limit of the range). It can be seen thatphesence of air bubbles creates NaN, but
there is no correlation between air flow and nundsedaN.
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Figure 21: Nitrate concentration vs time for different air pressures applied to the
Spectro::lyser™ for a solution at 0 mg NQ-N/L

Table 6: Mean and standard deviation for each presse applied to the
Spectro::lyser™ for a solution at 0 mg NQ-N/L
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Figure 22 and Table 7 show the data and resulta familar experiment but now

with a solution at 3 mg NEN/L. The effects of air bubbles are similar, imoise

amplification and generation of a systematic bidse bias and the noise are lower than the

previous experiments at the maximum flow rate. @ dther hand, the number of NaN is

larger. At 1.5 bar there are twelve NaN, represgnthore than one third of the data taken

at this pressure. It can be expected that thesédNalNresent high values, so probably the

bias and the measurement noise would be greatemboitoring, having NaN values is

not such a big issue, at least for a high measurerfnequency, but if the measuring

interval is greater, e.g. only one measurement yeverur, losing one third of the

measurements could be problematic. If the sensosesl in a control loop, the controller

has to tolerate (or ignore) NaN as an input.
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Figure 22: Nitrate concentration vs time for different air pressures applied to the Spectro::lyséP
for a solution at 3 mg NQ-N/L
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Table 7: Mean and standard deviation for each presse pressure applied to the
Spectro::lyser™ for a solution at 3 mg NQ-N/L

Figure 23and Table 8 show the data and results for the fdiravith a solution of
approximately 10 mg NON/L (9,11 mg NQ-N/L). As mentioned in Materials and
Methods, the applied procedure in terms of pressapplied is not exactly the same. Air
bubbles are again amplifying the noise. Howeves,rtbise with aeration is less than twice
the one without aeration, compared to nearly teresi for the Spectro::lys8r This could
be explained by the difference between the patlgthesnof the probes, 1 mm for the
Nitratax vs. 35mm for the Spectro::lySe/With such a small gap, the Nitratax allows only
few bubbles to pass between the lenses. The pesérar bubble generates again a bias,
but it is less than 1%, which could also be ex@dimy the narrower gap between the
lenses. During aeration the trend is similar to wihas been observed with the
Spectro::lyséP, i.e. the bias is proportional to the air pressilivo things differ from what
has been observed with the Spectro::sdirst, the difference between the mean of the
measurements of the first 30 minutes and the meé#meaneasurements of the first period
of aeration is negative. However, the variatiosnsaller than the lowest detectable change
at 20% of the measuring range (0.1549 mgMNIZL, see Table 5) of the Nitratax, which
means that the variation is not significant. This rsignificance holds for every pressure
tested. The second observation is the differenteds the two periods without aeration.
As said before the bias is not significant, butabserved noise amplification between both
unaerated tests could be due to an air bubble stackhe lens or by the presence of

remaining small air bubbles in the tank after tae#ton was stopped.
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Figure 23: Nitrate concentration vs time for different air pressures applied to the
Nitratax for a solution at approximately 10 mg NO;-N/L

Table 8: Mean and standard deviation for each presse applied to the
Nitratax for a solution at 10 mg NO,-N/L

Figure 24shows results from a similar experiment but wittudbidity sensor, the
Solitax. Similar effects as seen before occur, systematic bias and amplification of
measurement noise. However, Table 9 shows th&tisncase no NaN are generated. The
standard deviation and bias seem to be correlaté¢ket air flow rate; the higher the flow
rate, the higher the standard deviation and the. Baother thing that can be observed is
that in the end, even with the aeration stoppecetigestill a bias. Figure 24 shows periods
of 30 min for each step, but the recorder wasatilhours after the end of experimentation.
Only after approximately two hours after the lastadion period the turbidity measured by

the sensor went down to its initial value. As foe tNitratax, two things could explain this
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bias, i.e. an air bubble could have been stuckhenaptics of the sensor and was only
released after a certain period, or the presengeméining small air bubbles in the tank

after the aeration was stopped.

No test has been made with a solution with a highebidity due to the elevated

cost that it would have induced to fill the tankiwa standard turbidity solution.
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Figure 24: Turbidity vs time for different air pres sures applied to the
Solitaxfor a solution at 0 FNU

Table 9: Mean and standard deviation for each presse applied to the
Solitax for a solution at 0 FNU
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5.2.2 Turbidity

Two turbidity standards were used to evaluate fifiects of turbidity on nitrate
measurements: formazin and AMCO CféaAs seen before, both have advantages and
disadvantages. After testing both, based on thdtseand on the pros and cons, a choice

will be made for further testing of the effect afltidity on measurements.
5.2.2.1 Formazin

Figure 25 and Figure 26 show the stability of shiepension of formazin over time
in the measuring cell of the Spectro::ly8elOn each figure, measurements for a given
concentration, with and without mixing, can be sdagure 25 shows measurements at 50
FNU. A first thing to observe is the important effsapproximately 30 FNU. No local
calibration was made before experimentation; alistbave been carried out with the global
calibration (manufacturer calibration). Secondbgth tests do not start at the same
turbidity even though they have been made withsdrae solution. This indicates that even
with the same solution, it could happen that plsi@are not perfectly distributed. Thirdly,
the particles tend to settle and agitatfoseems to reduce suspension stability. The same
observation can be made on Figure 26, i.e. theeblstween tests is nearly the same but

the settling rate of the test at 10 FNU with agptats slower than the one at 50 FNU.

13 Mixing was performed by performing rotations 0@€f twice every minute (alternating between clockwise
and anticlockwise).
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Figure 26: Formazin stability (with and without mixing) for
a concentration of 10 FNU

5.2.2.2 AMCO Clear®

Figure 27and Figure 28 show the stability of the suspension MQO Clear® at
50 FNU with and without agitation for a concenwatiof a solution of 50 FNU directly

from the manufacturer (Figure 27) and a solutiorb@fFNU made in the laboratory by
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dilution of a more concentrated solution with namater (Figure 28). Figure 29 shows
results of the stability test for a 10 FNU solutimade via dilution. It can be seen in Figure
27 that AMCO Clear® is more stable than formazihe Blope of the regression is less
steep, and is even positive in one test. Theraisignificant difference between the two
tests, which means that the particles are homogeshedlistributed in the solution.

However, experiments with the solution made witfuttbn seem to have the same
behaviour as the formazin experiments, i.e. thesitenf the water used is lower than that
of the particles. However, the dilution made todavsolution at 10 FNU is really stable,
even more than the standard 50 FTU. The differdreteveen the solution of 50 and 10
FNU diluted could be explained by the dilution eaffhe solution at 50 FNU was prepared
based on the standard of 1000 FNU while the soluito10 FNU was prepared from the
standard of 50 FNU, i.e. the dilution ratio is 20«4 5:1. Hence, the additives in the

standard to adjust the solution density could B&le their effects in the 10 FNU solution.
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Figure 27: AMCO Clear® stability (with and without mixing) for
a concentration of 50 FNU (non-diluted)
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Figure 29: AMCO Clear® stability (with and without mixing) for
a concentration of 10 FNU (diluted)

After these tests, it is obvious that AMCO Cledr&s a better stability than
formazin over time. Dilutions of AMCO Clear® arelaast as good as formazin. For these
reasons, the subsequent tests to determine theseffeturbidity on nitrate measurements
have been carried out with AMCO Clear®. Since iimigre reproducible to not agitate by

hand, no mixing was performed during the furthstigy.
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There are important biases found on the turbidityasurements; this can be
explained by the fact that no local calibration wasducted on turbidity. In addition, the
bias is not the same for formazin and AMCO Cleao®d specific turbidity. The optical

properties of these compounds are probably resplenfsir those differences.
5.2.2.3 Effects of turbidity on nitrate measurersent

Figure 30 shows the effects of turbidity on n#rameasurements with the
Spectro::lyséf. The first 30 minutes of measurements is made solation containing 3
mg/L of NOs-N and the second 30 minutes with the same soliltidrspiked with AMCO
Clear® turbidity at 10 FNU. A first thing to observs the bias generated by turbidity. As
seen on Figure 30, before the addition of turbjditgasurements are equal to the reference
value, but the addition of turbidity creates a riegashift of more than 50% (see Table 10).
It would be logical to think that turbidity wouldegerate a positive shift on an optical
nitrate measurement because it is based on abserkatna particular wavelength and
particles in suspension absorb light in the entieasuring range of the Spectro::ly3er
So, for a same nitrate concentration but for a évighrbidity the absorbance should be
greater and the nitrate measurement should be migghéact it is, but the software of the
sensor compensates for the higher absorbance duebidity. In this case the software
overcompensates, and this could probably be fix#ld alocal calibration. However, the
problem with local a calibration is that by trying increase the accuracy for specific
conditions it will move the problem somewhere elad will appear again when conditions

change.

Another effect observed in Figure 30 is that theasurement noise is increased by
the presence of turbidity. Table 10 gives the stathdleviation of the measurements before
and after the addition of turbidity. The measuremmanse with turbidity is more than twice
the one of a clear solution. Again, for monitoringise is not such a big issue, but in

control this noise has to be filtered.
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Figure 30: Effects of turbidity on nitrate measurenents with the
Spectro::lyser™ (3 mg/L NOs-N and 10 FNU)

Table 10: Mean and standard deviation for each turdity (O and 10 FNU) with
the Spectro::lysef™ for a solution at 3 mg NQ-N/L
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5.2.3 Conclusion

A procedure to evaluate effects of field condisoon measurements has been
developed. First, a setup has been made to re@eatitions to which sensors are exposed
in an aeration tank of a WWTP. Three indicatorsehbgen used to evaluate effects: bias,

standard deviation and the number of NaN (not ab®irim

The effects of air bubbles, i.e. noise amplificatand bias, are proportional to the
air pressure supplied to the air diffuser. In thesec of the NaN outputted by the
Spectro::lyséf, no correlation could be clearly identified betweke air pressure and the
number of NaN, but the aeration clearly has anceffa it. Due to its small path length, the
Nitratax is less affected by the presence of aipbbes: the bias is within the lowest

detectable change, no NaN were outputted and tipdifaration of noise remained low.
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The second interference simulated was turbiditgst3 to see which turbidity
standard, formazin or AMCO Clé4ris the most stable shows that AMCO Cfeaettles
less than formazin, even when dilutions are madeaddition, AMCO Cledt has the
advantages of being non toxic, having a more umfparticle size and having a longer
shelf life. The same indicators of interferencdaashe air bubbles have been used. In this
case no NaN occurred. In the case of the Spegser™, the presence of turbidity

generated a negative bias and the standard devia#s increased.

The two simulated field conditions demonstratet ttizere is a gap between
laboratory measurements and field measurementsuggrd without a lot of knowledge
about sensors, cannot predict, based on the lalvgna¢rformance of sensors, how sensors
will behave during field operation. This is why teds a need for a standardized protocol

for testing sensors under field conditions.



CHAPTER VI

CONCLUSION
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6.1  Study summary
6.1.1 Protocol and sensors review

This study had two main objectives. The first omas to characterise sensors
according to available protocols in order to eviduhe performance of on-line and in-line
sensors in the water quality field and to determaieether the results of those tests are
meaningful and useful to select the right sensoafspecific application.

The principle protocol available for this is th8Q 15839:2003 protocol, Water
quality — On-line sensors/analysing equipment fatex - Specifications and performances
tests. First a sensors review was made to see arhmtinufacturers are providing ISO data
about their sensors. The review has been made eiososs measuring the following
compounds: nitrate, nitrite, ammonia, phosphatesalved oxygen and turbidity. The
review showed that companies are providing reattie [information defined in the ISO
15839:2003 protocol. To figure out why companies @ot providing information of the
ISO 15839:2003 protocol, it has been criticallyieswed.

The ISO 15839:2003 protocol has two main parte fitst one is for laboratory
testing which gives the performance of sensorepraducible conditions. Advantages of
this part of the protocol are that the sensorsbeanompared on the same basis and results
do not depend on the place and the time the testsrade. On the other hand, this part of
the protocol does not help to predict what the sershaviour will be under field
conditions. Six nitrate sensors using an opticahsuring principle were subject to the

laboratory tests for the review of this part of gretocol.

The results showed that when sensors have ditfeneasuring ranges, it would be
better to test the sensors for a given, common umeas range so as to compare the
performance characteristics obtained. Emphasisidhmiput on a graphical presentation
of the data rather than just providing numbers, #hg short term drift (see Figure 19) or
the accuracy profile where many characteristics lwarcalculated. The 1SO 15839:2003
protocol is manufacturer oriented, and it shouldrizee oriented to end-users to help them

select the right sensors for their specific appioca Guidelines should be added to the ISO
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protocol to help end-users understand the perfocmariteria and to help them to know on
which criteria they should put the emphasis foirtapplication.

The second part of the ISO 15839:2003 protocabisut field testing. This part of
the protocol is to evaluate the performance of @engnder specific field conditions. It has
the disadvantage of being time and site speciftuclv does not give the opportunity to
compare different sensors if they are not testethatsame time in the same place. The
sensor review showed that there are different nigggprinciples for each compound and
each of them reacts in different way to interfeemc Since one of the goals is compare

sensors, a need for standardized field conditi@assotcurred.
6.1.2 Standardized field conditions

The second goal of this study was to develop #opod reproducing conditions to
which sensors are exposed while they are measuanmlyto evaluate effects of those

perturbations.

Two different potential interferences have beelected: presence of air bubbles
and turbidity. The effects of air bubbles have béested on a spectrometer and on a
turbidity sensor while the effects of turbidity leaenly been tested on a spectrometer. Air
bubbles have different effects. They increase teasurement noise and they also generate
an offset. Finally in the case of the spectromettien the measurements exceed the upper

limit of the measuring range, the probe is givirgN\(not a number).

The nitrate measurement with the Spectro::[Jssrinfluenced by the presence of
turbidity in the solution. It increases the noisedl and it generates a negative offset. This
offset comes from the fact that the software tliescompensate for the presence of
turbidity.

It also has been concluded that AMCO Clear® igtheb product than formazin to
carry out turbidity tests due to its greater sighimore homogeneous patrticle size and it is

non toxic.
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The standardised field conditions testing procedarhelpful to compare sensors
and predict which one would give better performamcder field operation. It would help
end-users to select sensors according to theiicapiph in a far better way than if they

only can be using laboratory performance infornratio
6.2 Further work

This study has helped to go deeper into sens@sacterisation. Regarding sensor
characterisation of performances in the laboratbryould be interesting to test sensors
according to the accuracy profiles (Hubert et 2004) to see how it could be integrated
into standard protocols already in place. It wobtl important to extend the review of
protocols on others measuring principles and orrstbompounds.

Concerning the standardized field conditions, @uld be important to extend the
proposed tests to other interferences (such asopiit, strength, temperature, etc.). So far,
only two interferences have been tested for onesuorgey principle. For instance, an
important issue for sensor operation is foulingewfcaused by the formation of biofilms at
the surface of the sensors. By simulating the geowge of biofilms, effects on

measurements could be tested and the efficienaytofcleaning systems as well.

Due to a lack of information provided by the mautéirers, cost could not been
taken into account. It should have been included the selection procedure, not only
including the investment costs but all the costssented in Table 2, i.e. maintenance,
installation, consumables, etc. Lifecycle assessroenld also be studied and included in

selection criteria for sensors.
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ANNEX A

SENSORS REVIEW TABLES — NITRATE



80



81



82



ANNEX B

SENSORS REVIEW TABLES — NITRITE
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ANNEX C

SENSORS REVIEW TABLES - AMMONIUM
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ANNEX D

SENSORS REVIEW TABLES — PHOSPHATE
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ANNEX E

SENSORS REVIEW TABLES — TURIDITY
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ANNEX F

SENSORS REVIEW TABLES - DISLOVED OXYGEN
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ANNEX G

RAW DATA - ISO 15839:2003 TESTS



Spectro::lyser ™

Location: Université Laval

100

% of the
measuring range

Reference
(mg NO3-N/L)

Sensor measurements
~ (mg NOs-N/L)

1 2 1 3 4 5 | 6

I T 075 | 101 | 093 | 100 ; 096 : 105 | 098
I 20 300 |- 373 1 370 | 375 i 374 | 369 | 3,72
I 35 525 |- 6,00 . 602 : 609 : 607 . 613 | 612
o] 50 750 ] 7,29 | 727 [ 726} 726 i 738 | 725
IR 65 ! 975 .. 919 : 915 : 924 : 929 . 917 : 9,03
I 80 12,00 || 12,05 : 12,18 | 11,80 | 12,16 | 12,32 | 11,88

95 14,25 14,66 | 14,01 : 14,09 : 14,85 | 13,92 : 14,39
Sensor A
Location: Company’s laboratory

% of the Reference Sensor measurements
measuring range (mg NO5-N/L) ; - (mg NOs-N/L) .
i1 . 2 + 3 + 4 5 . 6

R 112 | 095 | 093 | 097 : 095 : 096 : 097
| 20 | 420 | 414 | 411 | 409 | 410 | 410 | 407
I 35 ] 710 7,30 1 728 722 ;721 | 721 | 721
IR S50 9,80 || 10,06 | 10,09 | 10,16 : 10,13 : 10,06 | 10,06
IR 65 1280 13,72 : 13,99 : 14,05 : 14,03 ; 13,98 : 13,98
I 80 1580 . 1787 : 17,86 ; 17,85 : 17,90 : 17,84 : 17,82

95 19,00 21,07 1 21,04 | 21,04 : 21,06 : 21,04 : 20,97
Sensor B (8mm)
Location: Company’s laboratory

% of the Reference Sensor measurements

measuring range

(mg NO3-N/L)

(mg NO:-N/L)

1 2 3 4 5 | 6

I - SO B 053 _____|I.. 029 i 031 | 032 ! 032 ! 031 | 032
. 20 197 .. 1,99 | 200 | 200 i 199 | 198 ' 1,98
I 35 355 .. 368 : 367 ; 367 ; 368 : 368 : 3,68
I 50 520 I 517 ! 518 | 518 ! 516 ! 518 ! 520
I 65 6,70 I 6,71 . 682 : 675 : 681 : 683 . 681
I 80 820 I 851 : 842 : 848 | 850 i 852 : 8,57

95 9,70 10,45 | 10,42 : 10,44 : 10,45 : 10,43 : 10,49




Sensor B (2mm)
Location: Company’s labo

ratory

101

% of the
measuring range

Reference
(mg NO3-N/L)

Sensor measurements
~ (mg NOs-N/L)

1 1 2 3 4 5 6
I - SO SR 2,70 .. 308 | 306 | 308 | 308 @ 3,07 ! 307
. 20 10,10 | 10,46 | 1054 | 104 : 10,45 | 10,47 | 10,46
I 35 1850 |- 182 : 1843 | 18,43 ; 1847 : 1845 | 1847
I SlUN 2550 ___|. 27,04 : 27,18 | 273 27,15 : 27,34 | 27,36
I 65 3300 .. 36,2 36,39 : 36,64 : 36,62 | 3657 | 36,75
IR 80 4050 I 4544 © 4538 | 4521 | 4541 : 45,36 : 4537
95 47,50 55 55,01 : 54,91 ; 55,08 | 54,79 | 54,93
Sensor C
Location: Company’s laboratory
% of the Reference Sensor measurements
measuring range (mg NO5-N/L) . - (mg NOs-N/L) .
1 | 2 | 3 | 4 | 5 | 6
DT 270 | 302 | 301 | 302 : 302 | 301 | 302
I 20 1010 |- 104 : 104 : 104 : 104 : 105 : 105
I 35 1850 |- 191 1. 192 ; 19,7 : 198 : 197 . 199
I 50 2550 |l 28 . 279 . 283 : 283 : 283 ! 285
I 65 3300 .. 36,2 : 357 ; 368 ; 366 : 368 : 372 _
I 80 40,50 |l . 452 45 1. 456 1 44,9 | 454 . 448
95 47,50 52,7 52,1 53,3 : 52,8 52,9 52,6
Nitratax
Location: EAWAG, Zurich
% of the Reference Sensor measurements
measuring range (mg NO3-N/L) - (mg NOs-N/L)
1 2 3 4 5 6
I - SO ISR 481 | 41 40 . 41 .. 41 1 40 | 41
I 20 1904 |- 195 1,195 1 195 : 194 : 195 : 194
I 35 3478 .. 369 : 359 ; 357 ;.359 . 357 : 361
I U 4904 |l . 496 : 483 : 484 : 485 i 485 : 481
I 65 6266 | 66,7 ;. 649 ; 648 ; 651 . 646 : 645
IR 80 [N 829 1829 1 .89 : 89 : 830 ' 829
95 92,83 97,4 96,9 97,3 | 97,2 96,9 96,8




ANNEX H

RAW DATA — AIR BUBBLES TESTS
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Sensors: Spectro::lyser m

location: Université Laval
Conditions: solution at 0 mg NO  5-N/L
Related figure: Figure 21

time | measurements | time i measurements| time :measurements
(min): (mg NO3z-N/L) |[(min): (mg NO3-N/L) [[(min): (mg NO3-N/L)
1! 0374 38! 0,807 75 1,502
2 | 0,444 39 1 1,192 76 | 087
3 0,419 40 1 1,069 77 ¢ 1,384
4 0,454 417 1,067 78 | 1,002
5 0,329 42 1 0,788 79 1 1,772
6 0,428 43 1 1,959 80 |  NaN
7 1 0383 44 1 1,755 81 '  NaN
8 | 0361 45 |  NaN 82 | 1,609
9 . 0441 46 ; 0,984 83 | NaN
10 | 0,391 47 1 1,597 84 | 1658
11 0,314 48 ; 0,925 85 : 1,335
12 | 0,329 49 i NaN 86 |  NaN
13 . 0,388 50 1,12 87 | 1,49
14 | 0,453 51| 1,563 88 | 1,038
15 | 0,37 52 { 1,088 89 | 0,92
16 | 0,42 53 | 1,185 90 | 0,996
17 1 0335 541 091 91 | 1,163
18 0,44 55 1 1,641 92 © 1,391
19 | 0,459 56 | 0,988 93 | NaN
20 1 0423 57 1 1,309 94 : 0,763
21 | 0,43 58 | 1,064 95 | 1,508
221 0,384 59 ¢ 1,819 9 | 1,297
23 | 0,4 60 | 152 97 | 2442
24 0,44 61 | 0,949 98 | 1,387
25 ¢ 0,308 62 | 1317 99 | 1575
26 1 0335 63 | 1,509 100 | 2,177
27 1 0,332 64 | 1,465 101} 1,234
28 1 0439 65 1514 102  NaN
29 | 0,337 66 | 1,622 103 | 1,397
30 ! 0,36 67 i 1,588 104 © 1,768
31 | NaN 68 | 1712 105 2,018
32 ! 1,16 69 | 0,909 106 ;1,739
33 | NaN 70 1 1,422 107} 1,525
34 0751 71 1222 108 © 1,031
35 1,101 72 1 1,201 109 2,264
36 1,3 73 1 1,403 110 ! 11
37 1,229 74 1 2745 111 1,307




time E measurements

time E measurements

time Emeasurements

(min) | (mg NO3-N/L)

112 2,158
113} 1,863
114} 1,238
115} 151
116 1 1,751
117} 1,078
118} 0,933
119 )  NaN
120 1 1,465
121} 1,841
122} 1,259
123} 1,768
124 | 1,4
125} 1,663
126 : 1,506
1271 2,046
128 : 1,084
129 | 1,039
130 1,072
131  NaN
1321 2,395
133 1,478
134 2,326
1351 2,223
136 ; 0,793
1371 1,277
138 | 1,849
139 ; 1,784
140 {1,098
141 1,322
1420 1254
143  NaN
144§ 1,235
145: 0,873
146 | 1,765
147 1 1,303

148 | NaN

(min)! (mg NO3-N/L)

149 1 1,789
150 | 1,324
151 1,345
1520 0,941
153 2,366
154 | 1,585
155 @ 1,688
156 { 151
157 ¢ 1,045
158 1 1,621
159 | 1,24
160 | 1,924
161  NaN
162 | 1,668
163 : NaN
164 | 0,959
165 1,286
166 | 1,287
167 1 1,177
168 | 1,064
169 ! NaN
170 | 0,959
171} 1,136
1721 0,993
173} 1,265
174 NaN
175} 0,783
176 | 1,074
1770  NaN
178 1 1,763
1790 1,669
180 ; 1,156
181} 1,705
182 1,781
183} 1,23
184  NaN
185 1,373

(min) | (mg NO3-N/L)

186 : 0,489
187 | 0,454
188 1 0,472
189 | 0,389
190 © 0,403
191} 0,338
192 1 0,459
1931 0,441
1941 0,438
195! 0,389
196 | 0,454
197 | 0,475
198 1 0,47
199 | 0,494
200 0,437
201 | 0,5
202 : 0,407
2031 042
204 0,335
205 | 0,402
206 : 0,419
207 | 0,338
208 1 0,39
209 : 0,467
2101 0415
211 047
2121 0,458
213 0,389
2141 0,395
215 0,401
216 | 0,347

217 0,385

104



105

Sensors: Spectro::lyser m

location: Université Laval
Conditions: solution at 3 mg NO  5-N/L
Related figure: Figure 22

time | measurements | time i measurements| time :measurements
(min)! (mg NO4-N/L) |(min): (mg NOa-N/L) || (min): (mg NOs-N/L)
1 3061 38 | 3,583 75 | 4,087
2 3117 39 | 4,3 76 0 441
31 3057 40 | 3,807 77 | 4,456
4 i 3036 41 % NaN 78 | NaN
5 i 3,084 42 ¢ 3,938 79 | 4,635
6 | 3129 431 3,77 80 | 3871
7 1 3,099 44 | 3,598 81 | 3,608
8 | 3,094 45 1 4,307 82 | 3743
9 i\ 3071 46 | 3,865 83 | 4,269
10 | 3,087 47 1 3542 84 | 4,164
111 3,109 48 | 3,924 85  NaN
12 | 3,069 49 | 3,745 86 | 4,319
13 ! 3,01 50 | 4,053 87 | 4,696
14 | 3,107 51 { 3,631 88 | 3,733
151 3,107 52 | 4527 89 | 3,868
16 | 3,091 53 | 4,086 90 | 4,652
17 ¢ 3,055 54 | 3,891 91 i 3,812
18 | 3,092 55 | 4,16 92 | 4178
191 3,071 56 | 4,787 93 | 4,135
20 | 3,089 57 {  NaN 94 | 4112
21 1 3,049 58 | 4,072 95 | 4,456
22 | 3.1 59 | 3,485 9 |  NaN
23 | 3,108 60 | 4,84 97 : 3,994
24 | 3,102 61 | 4,043 98 | NaN
25 | 3,093 62 | 4,495 99 | NaN
26 | 3,087 63 | 4,124 100 |  NaN
27 | 3,091 64 | NaN 101 4,055
28 | 3,057 65 | 4452 102 3,642
29 | 3,064 66 | 3,898 103 3,663
30 | 3,155 67 | 3,864 104 |  NaN
31 | 4,554 68 ! NaN 105 | NaN
32 NaN 69 | 3,508 106 | 4,347
33 ! 3,783 70 | 4137 107 | NaN
34 1 4,049 711 4,418 108!  NaN
35 | 3,49 72 0 4011 109 | 3,796
36 3,961 73 1 4,38 1100  NaN
37 3,971 74 . 4,193 1111 3579




time E measurements

time E measurements

time Emeasurements

(min) | (mg NOs-N/L)

112 4,12
113 : 3,652
114 | 4,319
115 4,014
116 | 4,151
117 | NaN
1181 4,247
119 3,762
1201  NaN
121} 3,956
1221 4,023
123  NaN
1247 4,217
125} 4,607
126 1 4,303
127 { 3,506
1281 4,005
129 | 3,681
130  NaN
131  NaN
1321 3,994
133} 3,887
134 4,092
135  NaN
136 | 4,081
1371 4,071
1381 4,535
139 | 3,662
140 ; 4,116
1417 458
1427 3,682
143 4,007
144 : 3,843
145 3,82
146 ; 4,83
1470 NaN

148 ! 3,704

(min)! (mg NOs-N/L)

149  NaN
150 : 3,881
151} 3,577
152 @ 3,897
1531 4,069
1541 3,702
155 3,738
156 | 3,48
157 { 3,858
158 | 3,612
159 | 3,985
160 | 3,718
161! 4,38
162 | 4,007
163! 4,474
164 | 3,854
165!  NaN
166 | 3,996
1671 3,442
168 | 4,036
1691 4,302
170 | 4,386
171 3,728
1720 4,04
173 4,159
174} 4,134
175  NaN
176 | 4,006
177 NaN
1781 4,608
179 : NaN
180 | 3,777
181 4,188
182 | 4,037
183 3,828
1841 3,684
185 3,107

(min) ! (mg NOs-N/L)

186 | 3,068
187 1 3,101
188 | 3,002
189 1 3,039
190 | 3,053
191 3,137
192 | 3,1
193} 3,098
194 | 3,062
195 3,098
196 : 3,082
197 ¢ 3,061
198 1 3,004
199 | 3,032
200 0 3,101
201! 3,029
2021 3,012
203 | 2,984
204 © 3,058
205! 3,134
206 | 3,005
207 | 3,017
208 1 3,072
209 | 3,073
210 | 3,048
211 3,012
2120 3,065
2131 3,087
214 : 2,964
215| 3,006

216 3,083

106



Sensors: Nitratax

location: EAWAG, Zurich

Conditions: solution at 10 mg NO

s-N/L

Related figure: Figure 23

time measurements
(min): (mg NOz-N/L)

time imeasurements
(min): (mg NOz-N/L)

time imeasurements
(min)! (mg NOz-N/L)

time imeasurements
(min): (mg NOz-N/L)

0 917
017 9,17
0,33 9,215
05! 9,201
0,67, 9,196
0,83: 9,163
11 9163
1,170 9,17
1,33) 917
15 917
167 9,163
1,83 9,163
2 | 9202
2,170 9,202
2330 9,209
25 9,197
267 9,196
2,83, 9,176
30 9176
317! 9,19
3,33, 9,181
35 9,176
3,67 9,176
3,83, 9,176
4 1 9,196
417 9,196
433; 9,163
45% 9,183
467: 9,183
483 9,183
5 9183
517 9,163
533! 9,202
55! 9,202
567 9,157
583 9,157

6 ! 9,17

617! 9,173
6,33: 9,176
65! 919
667! 9,19
683, 917
70 917
7170 9,196
7,337 9,157
751 9157
7,670 9,17
7831 917
8 | 917
817! 9,163
833! 9,163
85! 9,163
8,67 9,163
883! 9,176
9 I 9177
917! 9,183
933! 9,183
95| 9,183
9,67: 9,176
983! 9,176
10 | 9,183
102 9,176
103! 9,176
105! 9,202
10,71 9,202
10,8 9,17
11} 9,183
11,20 9,183
11,30 917
115! 917
11,7! 9,183
11,81 9,199
12 | 9,209
122 9,209

12,37 9,209
125! 9,176
12,70 9,176
12,81 9,202
13 1 917
13,20 9,17
13,31 9,19
135! 9,19
13,7/ 9,163
13,81 9,19
14§ 919
14,20 9,19
1431 9,19
1451 9,157
147! 9,179
148: 9,183
15 | 9,183
152; 9,183
153} 9,183
155! 9,183
1571 9,209
15,8 ; 9,17
16 | 917
16,2 9,163
16,31 9,163
16,5 | 9,17
16,7! 9,183
16,8 9,183
17 ¢ 9,163
17,27 9,163
17,31 9,202
175) 9,201
17,70 9,176
17,81 9,196
18 | 9,196
18,2 9,196
183: 9,196

185! 9,163
18,70 9,17
18,81 9,17
19 | 9,157
19,20 9,157
19,30 9,176
195! 9,176
19,70 9,176
19,81 9,163
20 | 9,163
2021 9,163
2031 9,177
205! 9,19
20,70 9,183
208! 9,183
21 9,17
21,21 917
21,3: 9,163
215 9,19
21,7 9,19
218! 9,196
22 ¢ 9,196
222! 9,163
2231 9,176
225! 9,176
22,7 9,19
2281 9,19
23 | 9,176
232! 9,194
233! 9,196
235! 915
237! 915
2381 9,19
24 919
242 9,19
243 9,176
245 9,176




time imeasurements
(min) | (mg NOs-N/L)

time measurements
(min)! (mg NOs-N/L)

time Emeasurements

time imeasurements
(min) | (mg NOs-N/L)

2470 9,163
2481 9,163
25 | 9,19
252 9,163
2531 9,163
255! 9,15
257! 9,15
258! 9,163
26 | 9,194
262! 9,196
26,31 9,202
265! 9,202
26,70 9,163
26,8 9,163
27 | 9,163
2721 9,163
27,30 9,163
275! 9,19
27,70 9,19
27,81 917
28 | 9,157
282! 9,157
283! 9,177
285! 9,176
28,70 9,163
288! 9,159
29 | 9,157
2921 9,19
29,3 9,19
295! 9,196
29,7; 9,196
298 9,177
30 | 9,17
3020 917
303! 9,183
305! 9,183
30,71 9,176

308! 9,176
31 . 9,176
31,20 9,163
313. 9,163
315, 9,196
31,70 917
318 917
32 1 9176
3221 9,176
323! 9,151
325! 9,151
327! 9,163
32,81 9,163
33 | 9,163
332 917
3331 917
335! 9,163
337! 9,198
338! 9,202
34 | 9,078
342 9,078
343! 9,105
345 9,105
347! 913
348 9,137
35 | 9,137
352! 9,163
353! 9,164
355 9,105
357! 9,157
358; 9,157
36 | 9,125
362 9,125
363 9,112
365 9,112
36,7 9,112
368! 9,105

(min) ! (mg NOs-N/L)

37 1 9,105
3720 9,105
3730 9,105
375 9,105
37,71 9,163
37,81 9,163
38 9,105
382! 9,105
3831 9,112
385! 9,112
38,7 9,112
388! 9,125
39 1 9,125
3920 9,099
39,31 9,112
395! 9112
39,70 9,118
39,81 9,118
40 1 9,157
402 9,154
40,31 9,151
405! 9,112
40,70 9,112
40,81 9,105
41 1 9,105
4120 9,112
41,30 9,144
415 9,144
41,7; 9,099
41,81 9,099
42 ;9,125
422! 9,105
42,3: 9,105
425 9112
42,7: 9,112
428! 9,092
43 | 9,104

432! 9,105
433! 9,138
435! 9,138
43,7 9,17
438! 917
44+ 9,164
442% 9,138
443 9,138
445 9,092
447 9,092
448 9,105
45 | 9,144
452% 9,144
453! 9,099
455: 9,099
457% 9,164
458% 9,148
46 | 9,144
46,2 9,151
463! 9,151
465! 9,138
46,7 9,138
46,81 9,118
47 ¢ 9,099
47,2% 9,099
473 9,151
475 9,151
47,70 9,151
47,8; 9,106
48 | 9,105
48,2 9,17
483 9,17
485: 9,118
4870 911
48,8 9,099
49 | 9,151
49,2 9,151
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time imeasurements
(min) | (mg NOs-N/L)

time measurements
(min)! (mg NOs-N/L)

time imeasurements
(min) ! (mg NOs-N/L)

time imeasurements
(min) | (mg NOs-N/L)

493! 9,099
49,5: 9,099
497! 9,118
49,81 9,118
50 | 9,118
50,21 9,132
50,3: 9,132
505! 9,157
50,7! 9,138
50,81 9,138
51 ¢ 9,112
51,21 9,112
51,3: 9,132
515! 9,116
51,7: 9,112
51,81 9,099
52 1 9,099
5220 9,105
52,3: 9,105
525! 9,092
52,7: 9,099
52,81 9,099
53 ¢ 9,112
532! 9,112
533! 9,138
535! 9,118
537! 9,118
53,81 9,105
54 © 9,105
54,20 9,118
54,3: 9,136
545! 9,138
54,7: 9,105
548 9,105
55 : 9,118
552 9,125
5531 9,157

555! 9,164
55,7. 9,164
558 9,157
56 : 9,157
56,21 9,164
563! 9,117
565! 9,112
56,7! 9,151
56,8! 9,151
57 | 9,132
57,21 9,132
573! 9,157
575! 9,157
57,70 9,157
57,81 9,099
58 | 9,099
58,2 9,092
583! 9,15
585! 9,151
587! 9,151
588! 9,151
59 | 9,164
59,20 9,158
593! 9,157
595! 9,144
59,7 9,144
59,81 9,157
60 | 9,157
60,2: 9,157
60,3) 9,092
60,5: 9,092
60,7! 9,105
60,8: 9,105
61 | 9,151
612: 9,105
61,3. 9,105
615! 9,009

61,7. 9,099
618 9,132
62 | 9,144
622 9,144
6231 9,157
625! 9,157
62,71 9,138
62,81 9,138
63 | 9,092
632 9,132
63,31 9,132
635! 9,085
637! 9,085
638 9,144
64 i 9,078
642 9,078
64,3 9,157
645! 9,157
64,7 9,105
64,8 ! 9,1
65 1 9,099
652 9,164
653! 9,164
655! 9,157
657! 9,155
658 9,099
66 | 9,17
66,2 9,17
66,3: 9,105
66,5! 9,105
66,7; 9,138
66,8 9,092
67 . 9,092
672! 9,151
67,3: 9,151
675, 9,105
67,71 9,159

67,81 9,164
68 . 9,177
682 9177
683! 9,065
685! 9,12
687! 9,163
688! 9,118
69 | 9,118
69,21 9,164
693! 9,164
695! 9,164
69,7 9,144
69,81 9,144
70 | 9151
7021 9,151
703! 9,164
705! 9,164
70,70 9,164
70,81 9,144
71 0 9,144
7121 9,177
71,31 9,146
715! 9,138
71,70 9,105
71,81 9,105
72 0 9,164
7221 9,164
7231 9,157
725 9177
72,70 9177
728 9,112
73 1 9112
7320 9,125
7331 9,176
735 9,177
7370 9,144
738! 9,144

109



time E measurements

time measurements
(min)! (mg NOs-N/L)

time imeasurements
(min) ! (mg NOs-N/L)

time imeasurements
(min) | (mg NOs-N/L)

(min) | (mg NOs-N/L)

74 0 9,144
742 9,157
7430 9,164
745 9,157
7471 9,157
748 9,151
75 1 9,151
752! 9,144
7531 9,118
755 9,118
7571 9,19
7581 9,19
76 1 9,17
7621 9,141
76,31 9,138
765! 9,151
76,7 9,151
76,81 9,118
77 1 9,118
7720 9,138
77,31 9,138
775! 9,138
77,70 9,138
7781 9,138
78 1 9,151
7821 917
7831 917
785! 9,164
78,7: 9,164
788! 9,151
79 9,158
7920 917
79,3 9,17
7950 917
79,7 9,17
7981 9,13

80 ! 9,118

80,21 9,164
80,3} 9,164
805! 9,132
80,7: 9,132
80,8 9,105
81 | 9,163
81,21 9,164
813! 9,151
815! 9,151
817! 9,118
81,81 9,141
82 | 9,157
82,21 9,164
823! 9,164
825 9,157
827! 9,157
82,81 9,118
83 | 9,157
832! 9,157
833! 9,132
835! 9,132
837. 9,17
838! 9,138
84 | 9,138
84,21 9,151
843! 9,151
845! 9,164
847! 9,136
84,8: 9,132
85 | 9,105
852; 9,105
853! 9,118
855! 9,118
857 9,099
858 9,138
86 | 9,138
86,2 9,164

86,3! 9,164
865! 9,157
86,7 9,144
86,8 9,144
87 | 9,118
87,21 9,118
87,31 9,112
875! 9,117
87,7! 9,125
878! 9,157
88 | 9,157
882! 9,125
883! 9,156
885! 9,157
88,7! 9,105
88,8 9,105
89 : 917
89,21 917
893! 9,125
895! 917
89,70 9,17
89,81 9,183
90 ! 9,151
90,21 9,151
903! 9,157
905! 9,157
90,7! 9,132
90,81 9,132
91 : 9,112
91,2/ 9,15
91,3; 9,151
915! 9,118
91,7: 9,118
918! 9,132
92 © 9,132
922! 9177
92,31 9,151

925! 9,151
92,7 ; 9,17
928 917
93 : 9,125
932! 9,163
933! 9,164
935! 9,17
93,7 9,17
93,81 9,118
94 | 9,138
9421 9,144
943! 9177
945! 9,177
94,71 9177
948! 9,177
95 | 9,164
952! 9,183
953! 9,183
955! 9,118
957! 9,118
958! 9,132
9 | 9,157
96,21 9,157
963! 9,144
965! 9,144
96,7 9,132
96,81 9,137
97 | 9,138
97,2 9,17
97,31 917
97,5; 9,151
97,7! 9,151
97,8 9,144
98 | 9157
982! 9,157
983! 9,183
985! 9,183
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time imeasurements
(min) | (mg NOs-N/L)

time E measurements

time Emeasurements

time E measurements

98,7 9,144
98,81 9,195
99 | 9,196
99,2 9,17
99,31 9,17
995! 9,105
99,71 9,122
99,81 9,132
1000 9,17
100} 917
1001 9,132
101} 9,132
101: 9,177
101} 9,144
101: 9,144
101} 9,125
101: 9,125
102 | 9,183
102 9,145
102 ) 9,144
1021 9,125
102 | 9,125
102 9,138
103 9,141
103} 9,177
103} 9,164
103! 9,164
103 9,144
103 9,144
104 9,151
104 : 9,177
104 | 9,177
104 © 9,144
104 | 9,144
104 : 9,177
105 | 9,183

105 ! 9,183

(min)! (mg NOs-N/L)

105! 9,144
105 9,144
105 9,125
105 9,125
106 | 9,177
106 | 9,177
106 | 9,177
106 | 9,132
106 | 9,132
106 | 9,144
107 9,17
107 917
107 9,151
107} 9,151
107 9,151
107} 9,157
108! 9,157
108 | 9,177
108 9,177
108 | 9,144
108 9,146
108 9,17
109 9,183
109 | 9,183
109! 9,177
109 | 9177
109! 9,151
109 | 9,125
110, 9,125
110 9,17
110 : 9,17
1100 9177
110, 9,125
110 | 9,125
111 9,164
111 9,164
1111 9,157

(min) ! (mg NOs-N/L)

111 9,157
111 9,118
111{ 9,183
112 : 9,183
112! 9,183
112} 9,183
1121 9,138
112} 9,132
1121 9,132
113 917
1131 9,17
113 9,138
1131 9,176
113 9,177
1131 9,183
114} 9,183
114 9,157
114 | 9,157
114 9,177
1140 9,17
114 9,17
115 9,177
115 9,177
115| 9,203
115 9,164
115 9,164
115 9,144
116 | 9,144
116 ;. 9,183
116 | 9,158
116 ;. 9,157
116 | 9,151
116 . 9,151
1170 917
117 ; 9,17
117 { 9,183
1171 9177

(min) | (mg NOs-N/L)

117 9,177
117 ¢ 9,183
118 | 9,183
118 ; 9,19
118 9,19
118 919
1181 9,151
118 9,151
119 9,144
119} 9,132
119 9,132
119§ 9,177
1191 9,177
119§ 9,157
1200 9,15
120} 9,144
120 9,183
120 | 9,183
120 9,157
120} 9,157
121 9,19
121} 9,177
1211 9,177
121} 9,164
121! 9,164
121} 9,19
122 9,144
1220 9,144
1227 9,144
1221 9,144
122 9,157
122 9,162
123 : 9,164
1231 9,177
123 9,177
1231 9,164
123 9,164
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time E measurements

time E measurements

time Emeasurements

time E measurements

(min) | (mg NOs-N/L)

1231 9,19
124 ¢ 9,164
1240 9,164
124 : 9,177
124 9,177
124 9,164
1247 9,183
125 9,183
125 9,177
125} 9,177
125 9,151
125 9,154
125 9,216
126 | 9,177
126 1 9,177
126 | 9,183
1261 9,183
126 | 9,177
1261 9,17
127 917
127 9,151
1271 9,151
1277 9,216
127 9,153
127 9,151
1281 917
1281 9,17
1281 9,177
128 7 9,177
1281 9,183
128 9,151
129 | 9,151
129 : 9,157
129 | 9,157
129 : 9,177
129 | 9,165

129 ! 9,164

(min)! (mg NOs-N/L)

130 9,17
130 ; 9,17
130 | 9,164
130 : 9,174
130! 9,177
130} 9,203
131 9,203
131 9,196
131 9,196
131} 9,157
131 9,203
131} 9,203
132 9,177
1320 9,177
132 9,183
132} 9,196
132 9,196
132} 9,196
133 9,196
1331 9,17
133! 9,175
133} 9,177
1331 9,17
1331 9,17
134 9,203
134} 9,203
134 9,203
1341 9177
134 9,177
1341 9,164
135 9,164
135 9,157
135 9,164
135 9,164
135 9,151
135 9,151
136 | 9,183

(min) ! (mg NOs-N/L)

1361 9,166
136 © 9,164
136 | 9,164
136 : 9,164
136 | 9,125
1371 9,125
1377 9,17
1371 9,157
1371 9,157
1370 9,19
1371 9,19
1381 9,183
1381 9,215
138} 9,216
1381 9,177
138 | 9,177
138 9,176
139 | 9,164
139 9,163
139 | 9,085
139 9,085
139 | 9,177
1391 9,209
140 | 9,222
1400 9,235
140 | 9,235
1400 9,196
140 | 9,196
140 ;. 9,183
1417 9,196
141 9,196
141} 9,183
141 9,183
141} 9,196
141 9,177
1421 9,177
142 917

(min) | (mg NOs-N/L)

142 9,17
142, 9,157
1421 9,157
142 9,216
143 9,151
1431 9,151
143 9,164
143 9,164
143 9,177
1431 9,177
144 9,177
1440 9,19
144 9,19
1440 9,23
1447 9,195
1440 919
145 9,164
145 9,164
145 9,19
145 | 9,193
145 9,209
145 9,177
1461 9,177
146 | 9,151
146 9,151
146 | 9,164
146 9,151
146 | 9,151
147 7 9,144
147 1 9,144
147 7 9,177
147 0 9,183
147 ;9,183
1470 9,19
148 9,19
1481 9,177
148 | 9,177
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time E measurements

time E measurements

time Emeasurements

time E measurements

(min) | (mg NOs-N/L)

148 9,177
148 : 9,183
148 | 9,183
149 ; 9,19
1491 9,19
1491 9,164
149 9,17
149 | 9,17
1491 9,177
150 | 9,177
150 9,118
150 | 9,188
1501 9,19
150 | 9,138
150 9,138
151} 9,144
151 9,144
151 9,164
151 9,138
151} 9,138
151 9,144
1520 9,144
1521 9,157
1521 9,177
1521 9,177
1520 9,19
152 9,19
153 9,157
153 9,172
1531 9,177
153 9,177
1531 9,177
153 © 9,203
154 | 9,203
154 © 9,112
154 | 9,196

154 ! 9,197

(min)! (mg NOs-N/L)

154 9,177
154 9,178
155 9,19
155 9,177
1551 9,177
155 9,164
155 9,164
155 9,138
156 | 9,176
156 | 9,177
156 ¢ 9,157
156 | 9,157
156 {1 9,183
156 | 9,189
1571 9,19
1570 9,19
1571 9,19
1570 9,138
157 9,138
1571 9,17
1581 9,164
158 | 9,164
1581 9,19
1581 9,19
1581 9,17
158 | 9,177
1591 9,177
159 0 9,19
159 : 9,19
159 1 9,144
159 ; 9,152
159 | 9,164
160 9,183
160 | 9,183
160 : 9,17
160 | 9,17
160 | 9,164

(min) ! (mg NOs-N/L)

1601 9,17
161 | 9,17
161! 917
161 ; 9,17
161 9,183
161 919
161 9,19
162} 9,164
162 9,164
162 | 9,196
1621 9,196
162 ) 9,196
162 9,19
163 9,19
163 9,222
163 | 9,222
163! 9,203
163 | 9,164
163 9,164
164 | 9,164
164 9,164
164 | 9,209
164 9,196
164 | 9,197
164 9,183
165 9,183
165 9,177
165 9,17
165 9,17
165 9,203
165 9,203
166 | 9,196
166 . 9,196
166 | 9,196
166 : 9,183
166 | 9,183
166 | 9,222

(min) | (mg NOs-N/L)

167 9,222
167 | 9,17
167 9,19
167 ; 9,19
167 | 9,203
167 { 9,203
1681 9,216
168 | 9,216
168 | 9,216
168 | 9,164
168! 9,164
168 | 9,203
169 9,181
169 | 9,164
169 | 9,196
169 | 9,196
169! 9,196
169 | 9,196
170 9,19
170 { 9,17
170 9,17
170 | 9,177
1701 9,177
170} 9,17
171 9,176
171} 9,177
171 9,19
171} 9,19
171 9,216
1711 9,215
172 9,183
1720 9,164
172, 9,164
1720 9,164
172 : 9,164
1721 9,177
173 9,183
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time E measurements

time E measurements

time Emeasurements

time E measurements

(min) | (mg NOs-N/L)

173 9,183
173 9,151
1731 9,151
173 9,216
173 9,174
174 | 9,17
174 9,177
1741 9,177
174 9,222
174} 9,203
1741 9,177
175 9,216
175 9,216
175 9,177
175 9,177
175 9,177
175 9,183
176 | 9,183
176 1 9,164
176 | 9,164
176 1 9,222
176 | 9,185
176 1 9,183
177{ 9,183
1771 9,183
1771 9,209
1771 9,209
1771 9,177
177 ! 9,17
1781 9,17
178 ; 9,183
178 | 9,183
178 . 9,177
178 1 9,202
178 . 9,203
1791 917

179 ! 9,17

(min)! (mg NOs-N/L)

179 9,183
179 ¢ 9,183
1791 917
179 9,216
180! 9,216
180} 9,17
180 9,17
180 | 9,17
180 9,203
180 | 9,203
181 9,177
181 9,177
181 9,203
181} 9,178
181: 9,177
181 9,17
182 9,17
182} 9,216
182 9,194
182 9,19
182 9,19
182 9,19
183! 9,23
1831 9,23
183! 9,203
183 9,164
183! 9,164
183 9,164
184 9,164
1841 9,164
184 9,183
1841 9,183
184 9,216
1841 9216
185 9,248
185! 9,217
185 9,216

(min) ! (mg NOs-N/L)

1851 9,19
185 | 9,19
185 9,261
186 : 9,261
1861 9,23
186 | 9,203
1861 9,203
186 | 9,23
1861 9,23
187 | 9,196
1871 9,197
187 1 9,197
1871 9,209
187 | 9,209
1871 9,248
188 | 9,245
1881 9,242
188 | 9,203
1881 9,203
188 | 9,216
1881 9,216
189 | 9,274
1891 9,209
189 | 9,209
189! 9,261
189 | 9,262
1891 9,222
190 | 9,216
190 ;. 9,216
1901 9,235
190 9,235
190 | 9,255
190 © 9,222
191 9,216
191: 9,261
1911 9,261
191 9,261

(min) | (mg NOs-N/L)

191 9,261
191 9,222
1921 9,242
192 9,242
1921 9,274
1920 9,274
192 9,261
192 | 9,28
193 9,281
1931 9,209
193 9,209
1931 9,261
193 9,255
193} 9,255
194 9,222
194§ 9,222
194 9,216
194 | 9,216
194 9,202
194 | 9,255
195! 9,255
195! 9,261
195 9,261
195| 9,209
195! 9,274
195! 9,274
196 ¢ 9,216
196 | 9,216
196 ; 9,203
196 1 9,218
196 ; 9,222
196 | 9,235
197 9,235
197 1 9,222
197 ;. 9,222
197 1 9,228
197 | 9,209
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time E measurements

time E measurements

time Emeasurements

(min) | (mg NOs-N/L)

197 1 9,209
198 © 9,261
198 | 9,261
198 : 9,196
198 | 9,222
198 1 9,222
198 | 9,248
199 1 9,248
199 | 9,228
199 | 9,228
199 | 9,216
199 0 9,196
199 | 9,196
200 1 9,216
200 ¢ 9,216
200 1 9,235
200 9,19
200 0 9,19
200 ¢ 9,209
2011 9,209
201! 9,274
2011 9,19
201: 9,19
201 9,261
201 9,261
2021 9,19
2021 9,191
2021 9,248
202 9,216
2021 9,216
202 9,202
203 | 9,203
203 9,196
203 | 9,228
203 9,228
203 9,196

203 | 9,196

(min)! (mg NOs-N/L)

2041 9,209
204 9,196
2041 9,196
204 : 9,209
2041 9,209
2041 9,203
2051 9,221
2051 9,222
2051 9,235
205! 9,235
2051 9,209
205! 9,209
2061 9,196
206 | 9,261
2061 9,261
206 | 9,248
206 1 9,248
206 | 9,183
2071 9,232
2070 9,235
2071 9,196
207 | 9,196
2071 9,196
2070 9,196
2081 9,261
208 | 9,197
2081 9,196
208 | 9,274
208, 9,274
208 | 9,203
209 9,196
209 | 9,196
209 . 9,196
209 | 9,196
209 . 9,196
209 | 9,183
2101 9,183

(min) ! (mg NOs-N/L)

210 | 9,248
210 | 9,248
210 ! 9,248
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116

Sensors: Solitax

location: Université Laval

Conditions: solution at 0 mg NO  5-N/L
Related figure: Figure 24

timeimeasurements time imeasurements time imeasurements time imeasurements
(min).  (FNU) (min)  (FNU)  [(min)i  (FNU)  [(min).  (FNU)
0,00{ 0,34 308! 041 617 0,38 925! 0,36
0,08 0,34 317 0,42 6,25 0,39 9,33 0,36
017, 0,35 325! 041 633. 0,39 942! 035
0,25 0,35 3,33 0,42 6,42 0,39 9,50 0,34
033, 035 3420 041 650, 0,39 958! 0,34
0,42 0,36 3,50 ; 0,42 6,58 ; 0,40 9,67 ; 0,33
0,50/ 0,37 358! 0,40 667! 041 975! 0,33
0,58 0,39 367 0,39 6,75 0,42 9,83 0,34
067 041 375! 0,39 683. 045 992! 034
0,75 042 383 038 692! 045 10,000 0,34
0,83! 0,41 3921 037 7,000 042 10,080 0,34
0,92 0,41 4,00 0,38 7,08 ! 0,41 10,17; 0,32
1,00 0,41 4,08: 0,39 7171 0,40 10,25 0,32
1,080 044 4170 037 7250 040 10,33, 0,32
1,17: 0,46 425 0,37 7,331 0,39 10,42; 0,31
125! 045 433! 038 742 038 10,50 0,31
1,33! 0,42 442 0,38 750 0,38 10,58 0,32
1420 040 450! 038 758 0,38 10,67, 0,32
1,50 0,38 458 0,38 7,671 0,38 10,75 0,31
158! 0,36 467! 036 775! 0,38 10,831 0,31
1,67: 0,36 475! 0,34 7,831 0,38 10,92, 0,31
175 0,36 483! 033 7920 0,39 11,000 0,31
1,83! 0,37 492 034 8,00: 0,39 11,080 031
1,92 0,36 5000 0,33 8,08 0,39 11,17 0,31
2,00 0,37 508! 0,33 817! 0,39 11,250 031
2,08 0,38 517! 0,33 825! 0,39 11,330 0,31
2,17: 0,38 525! 0,33 833! 0,39 11,42; 031
2,25 0,38 533 0,34 842! 0,40 11,50, 0,30
2,33 0,38 542! 0,34 850! 0,40 11,58 0,30
242! 0,38 550! 0,35 858! 0,40 11,67 0,30
2,50 0,38 558! 0,35 8,67 0,40 11,750 031
258! 0,37 567! 0,35 875! 042 11,831 0,31
2,67 0,37 575! 0,35 8,83 0,40 11,92; 0,31
275! 0,38 583! 0,37 892! 038 12,000 0,31
2,83! 0,38 592 0,37 9,00 0,37 12,08; 0,31
292! 0,39 600, 0,37 9,08 0,37 12,170 0,31
3,00 0,40 6,08 | 0,38 9,17 | 0,37 12,25; 0,31




time imeasurements
(min): (FNU)

time imeasurements
(min): (FNU)

time imeasurements
(min): (FNU)

time imeasurements
(min): (FNU)

12,330 0,31
12,42, 0,31
12,500 0,31
12,58/ 0,31
12,670 0,31
12,75, 0,31
12,83° 0,31
12,920 0,31
13,000 0,31
13,080 0,30
13,170 0,31
13,250 0,31
13,330 0,31
13,42, 031
13,50; 0,31
13,58/ 0,31
13,67; 0,32
13,75, 0,32
13,83; 0,31
13,92, 0,32
14,00; 0,33
14,080 0,33
14,17, 0,33
14,25. 0,32
14,33! 0,32
14,42 0,32
14,50 0,32
14,58 0,32
14,67, 0,32
14,75, 0,31
14,831 0,31
14,921 0,31
15,000 0,31
15,080 0,31
1517, 0,30
1525, 0,31

15,33! 0,31

15,42 0,32
15,50, 0,32
1558 0,31
15,67, 0,31
15,750 0,31
1583 0,31
15920 0,31
16,000 0,31
16,088 0,31
16,17, 0,30
16,25, 0,31
16,33/ 0,30
16,420 0,31
16,50, 0,32
16,58; 0,31
16,67, 0,30
16,75; 0,30
16,831 0,30
16,92; 0,30
17,000 0,30
17,08; 0,30
17,17, 0,31
17,250 0,31
17,33, 0,31
17,42, 0,31
17,500 0,32
17,58/ 0,32
17,67 0,32
17,750 0,32
17,831 0,32
17,92, 0,31
18,000 0,30
18,080 0,31
18,171 0,30
18,25/ 0,30
18,330 0,30
1842, 0,31

18,500 0,30
18,58! 0,30
18,67 0,30
18,75, 0,30
18,83 0,30
18,92, 0,30
19,000 0,30
19,08; 0,30
19,17 0,29
19,250 0,30
19,33° 0,29
19,42, 0,30
19,500 0,30
19,58/ 0,30
19,67; 0,31
19,75, 0,31
19,83; 0,31
19,920 0,31
20,00; 0,31
20,08; 0,31
20,17, 0,31
20,25, 0,32
20,33, 0,32
20,42, 0,32
20,50; 0,32
20,581 0,31
20,67, 0,31
20,75, 0,31
20,83] 0,32
20,92, 0,32
21,000 0,32
21,088 0,32
21,17, 0,31
21,250 0,30
21,33, 0,31
21,42, 0,31
21,500 031

2158 0,30
2167, 030
21,75, 0,30
21,83, 0,30
21,92, 0,30
22,000 0,29
22,08 029
22,17, 0,29
22,25, 0,29
22,33, 029
22,42, 0,30
22,50, 0,30
22,58, 0,29
22,67, 0,30
22,75. 0,30
22,83, 0,29
22,92, 0,30
23,00, 0,29
23,08; 0,29
2317, 0,29
23,25, 0,29
2333 029
23,42, 029
2350, 0,29
23,58 0,29
2367, 029
23,75, 0,29
23,83, 029
2392, 029
24,000 0,29
24,08, 029
2417, 0,29
2425, 0,29
24,33 0,29
24,42, 0,29
2450, 0,29
24,58 0,29
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time imeasurements
(min): (FNU)

time imeasurements
(min): (FNU)

time imeasurements
(min): (FNU)

time imeasurements
(min): (FNU)

2467, 0,29
24,75, 0,29
24,83 029
2492, 029
25,000 0,29
25,08, 0,29
2517, 0,29
2525, 0,29
2533, 0,29
25,42, 029
2550, 0,29
2558, 0,29
2567, 0,29
2575, 0,30
2583, 0,29
2592, 0,29
26,00; 0,29
26,08, 0,29
26,17, 0,29
26,25, 0,29
26,33; 0,29
26,42, 0,30
26,50, 0,30
26,58, 0,30
26,67, 0,30
26,75, 0,30
26,83, 0,30
26,92, 0,30
27,000 0,30
27,080 0,30
27,17, 030
27,25, 0,29
27,33, 029
27,42, 0,30
27,50, 0,30
2758 0,30

27,67 0,29

27,75. 0,30
27,83 0,29
27,92 0,29
28,000 0,29
28,088 0,29
28,17, 0,29
28,25 0,29
28,33, 0,29
28,421 0,29
28,500 0,29
28,58 0,29
28,67, 0,29
28,75 0,29
28,83 0,29
28,92, 0,29
29,000 0,29
29,08; 0,29
29,17, 0,30
29,25, 0,30
29,331 0,30
29,42, 0,30
29,500 0,30
29,58 0,30
29,670 0,31
29,75! 0,30
29,83 0,31
29,92, 0,30
30,000 0,29
30,08, 0,29
30,170 0,29
30,25, 0,29
30,33 0,29
30,42, 0,30
30,500 0,29
3058, 0,29
30,67, 0,30
30,75, 0,29

30,831 0,29
3092, 0,29
31,000 0,29
31,08; 0,29
31,17 0,29
31,25, 0,29
31,33 0,29
31,42, 0,29
31,500 0,30
31,58, 0,30
31,67 0,30
31,75, 0,30
31,83 0,30
31,92, 0,30
32,000 0,30
32,08/ 0,30
32,17, 0,30
32,25, 0,30
32,33, 0,30
32,42, 0,30
32,50; 0,30
32,58] 0,30
32,67, 0,30
32,75, 0,30
32,83 0,30
32,920 0,30
33,00 0,30
33,08 0,30
3317, 0,30
3325, 0,30
33,33, 0,30
3342 0,29
33,50, 0,30
3358 0,30
3367, 0,30
33,75, 0,29
33,83, 0,29

3392 029
34,000 0,30
34,088 029
3417, 0,30
34,25, 0,30
34,33, 0,30
34,42, 0,30
34,50, 0,30
3458, 0,30
3467, 029
34,75, 0,29
34,83, 029
3492, 0,29
35,00, 0,29
35,08 0,29
3517, 0,29
35,25; 0,29
3533, 0,29
35,42, 0,29
3550, 0,29
35,58; 0,29
3567, 0,29
35,75, 0,29
3583, 0,29
35,92; 0,29
36,000 0,29
36,08, 0,29
36,17, 0,29
36,25, 0,29
36,33, 0,29
36,42, 029
36,50 0,29
36,58, 0,38
36,67 9,79
36,75, 544
36,83 1,76
36,92, 0,70
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time E measurements

time E measurements

time Emeasurements

time E measurements

(min)}  (FNU) _ [(min)i  (FNU)  |(min)i  (FNU)  |(min)i  (FNU)
37,00 0,93 40,080 7,49 4317, 6,20 46,25 6,29
37,08, 681 40,17: 9,24 4325, 653 46,33, 6,59
37,17 3,12 40,25, 6,96 4333 843 46,42: 579
37,25, 1,46 40,33, 2515 (43,42 7,39 46,50; 6,18
37,33 1,44 40,42; 7,54 4350: 3,90 46,58 3,48
37,42, 1,17 40,50; 3,92 4358 3,37 46,67, 74,01
37,500 1,99 40,58 8,32 43,67 6,64 46,75, 17,40
37,58, 381 40,67. 10,45  [43,75] 6,60 46,83 4,16
37,67 2,06 40,75, 8,44 43,83 341 46,921 191
37,75, 4,37 40,83 4,11 43,92; 578 47,000 6,11
37,83 3,71 40,92; 2,92 44,00, 3,73 47,08 4,78
37,92, 1,46 41,00 11,60  [44,08] 9,58 47,170 9,33
38,000 235 41,08 475 4417' 1058 (47,25 6,17
38,08, 2062  |[41,17i = 2,97 4425, 4,00 47,33, 5,04
38,17. 8,99 41,25, 7,38 44,33; 7,96 47,42: 11,69
3825, 7,63 41,33, 5,00 44,42, 426 47,50, 6,43
38,33; 5,38 41,42; 3,78 44,50 8,08 47,58; 9,21
3842, 7,20 41,50. 3,38 4458 955 4767, 527
38,50 13,35 41,58; 4,55 44,67 9,78 47,75, 6,46
3858, 6,44 4167 497 4475, 582 47,83, 324
38,67 4,67 41,75; 6,62 44,83 5,87 47,92; 7,45
38,75, 4,70 41,83 6,05 4492; 351 48,000 4,72
38,83, 354 41,92; 854 45,00; 899 48,08, 11,47
38,92, 1355  [42,00i 4,09 45,08 4,72 48,170 6,41
39,00; 4,36 42,08 8,20 45,17 5,83 48,25, 4,74
39,08 6,88 42,170 7,68 4525 841 4833 562
39,17, 4,29 42,25, 1,75 4533 8,80 48,42, 513
39,250 491 42,33 6,32 4542, 516 48,50: 6,80
39,33, 519 42,42; 1133 4550 3,25 4858: 597
39,420 4,09 42,500 9,60 4558 6,64 48,670 5,09
39,50, 9,17 42,58 580 4567, 6,35 48,75; 195
39,58! 21,01  |42,67) 431 45,75, 3,90 48,83 4,09
39,67, 12,60  |42,75] = 2,12 4583, 6,76 48,921 3,69
39,75, 525 42,83 8,06 45,92 518 49,000 259
39,83, 6,75 42,920 350 46,00; 3,42 49,08; 501
39,92, 9,85 43,000 3,59 46,08 571 49,170 9,28
40,000 6,31 43,08 6,35 46,17. 4,74 49,25, 3,34
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time imeasurements
(min): (FNU)

time imeasurements
(min): (FNU)

time imeasurements
(min): (FNU)

time imeasurements
(min): (FNU)

49,33 7,21
49,42; 3,72
49,50 6,66
4958 528
49,67' 5,20
49,75. 8,76
49,83 11,13
49,92; 858
50,00, 5,97
50,08, 4,88
50,17} 4,81
50,25, 9,44
50,33 6,37

50,42, 34,27

50,50; 14,07
50,58, 8,47
50,67 8,89
50,75, 7,96
50,83 4,44
50,92, 4,45

51,00 11,62
51,08: 14,43
51,17 13,55

51,25, 10,59
51,33, 9,00
51,42 6,69
51,50, 13,25
51,58 6,84
51,67, 7,21
51,75, 10,53
51,83, 7,47
51,92 6,87
52,00{ 547
52,080 342
52,17, 4,75
52,250 7,63

52,33 7,60

52,42 6,36
52,50, 559
52,58 743
52,67, 6,86
52,75, 10,21
52,83, 8,30
52,92 6,76

53,00, 46,76
53,08 10,60
5317, 7,15
53,25/ 11,23

53,33, 10,52
53,42 6,63
5350, 5,08
53,58; 9,67

5367, 17,82
53,75 11,54

53,83, 11,04
53,92, 8,71
54,00 2,14

54,08 11,71

54,17, 13,49
54,25 9,44
54,33 6,54
54,42, 9,17
54,50 9,64
54,58, 10,05
54,67 7,40
54,75, 11,67
54,83° 8,79
5492, 9,69
55,000 7,15
55,08, 13,23
5517 875
5525, 8,06
5533 6,79
5542 8,76

55,50 5,70
5558 2,40
55,67, 6,06
55,75, 4,05
55,83, 3,68
55,92 4,63
56,000 6,02
56,08, 3,81
56,17, 6,57
56,25 4,67
56,33, 9,50
56,42, 7,11
56,50 9,69
56,58 6,87
56,67, 12,38
56,75, 7,88
56,83; 4,40
56,92, 594
57,00; 343
57,08; 5,69
57,17, 7,10
57,25, 10,54
57,33, 7,65
57,42, 517
57,50; 7,46
57,58 10,41
57,67, 7,52
57,75, 6,82
57,83, 8,31
57,92, 11,25
58,00, 6,71
58,081 4,43
58,17, 3,13
58,25 3,78
58,33, 9,22
58,42, 7,70
58,50, 7,40

58,58! 73,18
58,67, 1556
58,75; 13,72

58,83, 8,85
58,92 13,03
59,00{ 7,25
59,08 5,58

59,17, 11,80
59,25/ 18,01
59,33, 15,02
59,42] 12,30
59,50, 12,03

59,58! 8,68
59,67, 5,03
59,75 4,72
59,83, 593
59,92; 6,64
60,00, 5,68
60,08 11,55
60,17, 871
60,25; 5,47
60,33, 12,27
60,42, 6,52
60,50 9,38
60,58! 9,99
60,67: 8,88
60,75, 8,16

60,83; 14,51
60,92, 15,46

61,00 9,73
61,08, 819
61,17; 21,91
61,25, 9,17
61,33 4,82

61,42, 10,45
61,50, 10,80
61,58 11,18
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time E measurements

time E measurements

time Emeasurements

time E measurements

(min)}  (FNU) _ [(min)i  (FNU)  |(min)i  (FNU)  |(min)i  (FNU)
61,67 10,33  |64,75 6,48 67,83 8,38 70,920 9,97
61,75, 10,31  [64,83 17,69  [67,920 1052 71,000 13,56
61,83 9,52 64,921 1356  |68,00 7,52 71,080 22,36
6192, 1361  [6500 12,80  |68,08] 9,86 7117, 17,12
62,000 9,22 65,08 9,62 68,170 1575  [71,25] 14,68
62,08, 9,99 6517, 8,55 68,25, 8,98 71,33, 12,81
62,17, 7,82 6525 11,27  |68,33 11,78 (71,42 12,27
62,25, 10,06  |6533i = 7,12 68,42, 8,20 71,50, 10,09
62,33 1299  |6542] 7,66 68,500 9,77 7158 893
62,42, 9,94 6550, 8,38 68,58, 8,03 7167, 10,78
62,50, 9,28 65,58 8,41 68,67, 11,15  [71,75] 882
62,58, 1199  |6567) 5,93 68,75, 9,38 71,83, 7,26
62,67, 11,08  |6575 7,15 68,83 18,36  [71,921 9,80
62,75, 11,91  |6583] 4,77 68,92, 19,77  |[72,00i 9,73
62,83, 8,09 6592 5,19 69,000 19,16  [72,08; 15,70
62,92, 8,64 66,000 7,73 69,08/ 12,12  [72,17] 1461
63,00; 7,67 66,08: 7,21 69,17, 11,25 72,25; 14,34
63,08, 9,87 66,17, 7,50 69,25, 12,43  [72,33] 16,48
63,17, 13,22 66,25: 7,02 69,33, 12,90 72,42, 1595
63,25, 9,86 66,33, 1048  [69.42] 11,79  |[7250, 7,80
63,33; 7,89 66,42; 9,76 69,50 8,58 72,58, 14,73
6342, 47,86  |66,50i 7,02 69,58, 6,84 72,67, 1572
63,50, 11,47  |66,58; 8,57 69,67, 12,04  [72,75] 11,95
6358, 6,37 66,67 10,49  [69,75 12,03  [72,83' 10,84
63,67; 5,04 66,75! 6,01 69,83, 13,75 72,92, 16,69
63,75, 11,34  [66,83 3,34 69,921 10,51  [73,00i 14,00
63,83, 6,81 66,92, 11,90  |70,00; 17,37  [73,08; 953
6392, 10,79  |67,00; 8,90 70,08) 1544  |73,17) 10,44
64,000 10,87  [67,08; 1589  |70,17; 11,01  |73,25. 10,46
64,08 9,71 67,17 11,39  |70,25 12,13  [73,33] 13,05
64,17, 941 67,25, 31,49  |70,33} 10,15  [7342, 1257
64,25, 9,13 67,33 17,73  |70,42] 12,79  [7350 14,22
64,33, 7,06 67,42, 19,00  |70,50; 10,59 (73,58 10,49
64,42, 8,60 67,500 11,97  |70,58' 1856  |[7367. 891
64,50, 1191  |67,58 10,49  |70,67i 1242  |[73,75 10,12
64,58 8,84 67,67 12,19  |70,75 11,18  [73,83 11,95
64,67, 8,00 67,75, 1029 |70,831 17,98  [73,92 1133
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122

time imeasurements time imeasurements time imeasurements time imeasurements
(min): (FNU) (min): (FNU) (min): (FNU) (min): (FNU)

74,00, 12,31  |[77,08 1509  [80,170 9,18 83,25 14,20
74,08, 587 7717, 2830  |80,25 17,26 (8333 17,94
7417, 10,36 |77,25. 13,64 80,337 1851 (83,42 16,31
7425, 1417  |77,33] 48,97  |80,42] 14,04 83,50 18,37
7433 12,89  |77,420 16,10  [80,50: 9,50 83,58 19,46
74,42, 1413  |77,50; 19,11  |80,58) 10,93 83,67, 10,85
7450; 27,60  |77,58 12,78 80,671 5,07 83,75 8,04
7458, 1691  |77,67, 14,75  |80,75] 11,66 83,83 3584
74,670 8,01 77,75 13,60 80,831 13,73 (83,921 16,71
74,75, 7,80 77,831 11,45  |80,92] 10,89  [84,00{ 9,52
74,83, 12,56  |77,92) 13,74  |81,000 32,72  |84,08 6,79
7492, 11,81  [7800i 12,75  |81,08 1387  [84,17, 53,36
7500, 17,61  [78,08 13,91  [81,170 9,69 84,25 18,86
75,08, 10,47  [78,17i 16,98  [81,25! 16,16 84,33 10,72
7517 | 12,28 78,25 | 1235 81,33 | 28,94 84,42 | 16,53
7525 | 16,87 | 78,33 | 2545 | 81,42 | 1724 | 8450 | 16,27
7533 | 9,70 78,42 11,82 81,50 | 12,14 84,58 | 21,49
7542 | 12,09 | 7850 | 14,66 | 8158 | 1264 | 84,67 | 14,59
7550 | 15,40 78,58 | 11,46 81,67 | 17,50 84,75 | 11,67
7558 | 11,05 | 7867 | 1423 | 8175 | 1139 | 8483 | 11,47
75,67 | 12,84 78,75 | 12,44 81,83 : 14,88 84,92 | 1315
75,75 | 1519 | 7883 | 11,50 | 8192 | 1344 | 8500 | 13,08
7583 | 14,88 | 7892 | 11,41 | 8200 | 873 85,08 | 14,85
7592 | 9,98 79,00 | 11,70 | 82,08 | 46,81 | 8517 | 14,46
76,00 | 15,36 79,08 | 12,17 82,17 | 14,15 8525 | 12,36
76,08 | 6,56 79,17 : 11,19 | 8225 i 1059 | 8533 ! 1379
76,17 | 11,70 79,25 | 16,77 82,33 | 15,01 8542 | 14,92
76,25 | 13,74 | 79,33 | 11,79 | 82,42 | 1491 | 8550 : 10,61
76,33 | 1391 | 7942 | 8,07 8250 | 1265 | 8558 | 1594
76,42 | 7,08 7950 | 8,56 82,58 | 13,29 | 8567 | 16,55
76,50 | 1342 | 7958 | 12,08 | 8267 | 2147 | 8575 | 19,01
76,58 | 11,97 | 79,67 | 9,69 82,75 | 11,05 | 8583 | 19,40
76,67 | 6,91 79,75 | 1126 | 8283 | 1086 | 8592 | 1878
76,75 | 12,24 | 79,83 i 12,78 | 82,92 : 26,92 | 8600 : 16,53
76,83 | 6,08 7992 | 1690 | 83,00 | 1480 | 86,08 | 2293
76,92 | 9,67 80,00 : 13,79 | 8308 ! 14,78 | 86,17 : 1569
77,00 | 1383 | 80,08 | 1481 | 8317 | 37,72 | 8625 | 11,33




time E measurements

time E measurements

time Emeasurements

time E measurements

(min)}  (FNU) _ [(min)i  (FNU)  |(min)i  (FNU)  |(min)i  (FNU)
86,33 12,60  [89,42] 11,12  |92,50: 12,97  |9558 7,49

86,42, 10,88  |89,50; 23,19  [92,58] 1859 (9567, 6,72

86,50 10,16  ||89,58' 28,07  [92,671 14,06  [9575 6,78

86,58, 9,56 89,67, 1364 92,75 1048  [9583 7,74

86,67 2592  [89,75 14,54  [92,83' 16,11 9592 13,63
86,75, 11,70  |89,83; 19,64  [92,920 11,48 96,000 5,98

86,83, 11,10  [89,92) 13,49  [93,000 1651 (96,080 9,42

86,92, 13,75  [90,00; 33,98  [93,08 1397  [96,17 23,29
87,000 9,46 90,08 31,00 [93,17. 18,21  [96,25] 17,20
87,08/ 1390  [90,17; 21,34  [9325] 6,88 96,33, 11,37
87,17, 16,41  [90,25; 21,77  |93,33 30,15  [96,42] 38,81
87,25, 11,16  [90,33] 17,60  [93,42] 2156  [96,50 13,40
87,33 9,78 90,42, 17,50 93,50 1506  [96,58 166,87
87,42, 10,44  [90,50; 14,45  |9358 64,84 96,67, 36,83
87,50. 13,40  [90,58' 74,11  |93,67: 27,29 96,75 15,82
87,58, 9,66 90,67, 19,03  [93,75] 12,44  [96,83] 9,31

87,67, 16,75 90,75, 14,22 93,83, 12,77 96,92, 18,05
87,75, 17,69  [90,83i 7,76 9392, 12,40  [97,00; 13,01
87,831 10,42 90,92, 11,83 94,000 10,64 97,08; 38,27
87,92, 879 91,000 1228  [94,080 13,96  [97,17] 19,30
88,000 13,02 91,08 1381 94,17, 18,32 97,25, 14,63
88,08, 11,96  [91,17. 11,93  [9425 3221  [97,33] 1558
88,17, 9,51 91,25; 10,99 94,331 20,79  [97,42] 13,71
88,25, 11,47  [91,33' 16,06  [94,42] 1327 97,50 16,44
88,33, 11,82 91,42, 20,14 94,50, 13,61 97,58, 12,34
88,42, 1128  [91,50: 12,29  [94,58 4529 97,67 29,14
88,50, 9,63 91,58 1135 94,67, 18,05  [97,75] 20,10
88,58 1327  |91,67i 7,23 94,75\ 5,98 97,83, 19,83
88,67, 12,73  [91,75. 1576  |94,83] 14,78 97,92 12,79
88,75, 859 91,83 16,87  [94,921 10,29  [98,00i 20,36
88,83, 1691  [91,92 33,52  |9500; 1361 98,08/ 14,01
88,92, 32,71  [92,00 16,58  [9508 1510 98,17, 13,99
89,00{ 28,44  [92,08f 16,02  [9517 12,84 98,25 13,96
89,08) 10,31  [92,17: 12,37  [9525! 6,10 98,33) 15,48
89,17, 12,34  [92,25] 14,87  |9533 14,60  [98,42] 12,92
89,25, 9,13 92,33 817 95,42 13,41  [98,50; 10,25
89,33, 11,38 |92,42] 12,76  [9550. 4,43 98,58, 12,39
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time | measurements || time | measurements || time | measurements | time | measurements
(min) (FNU) (min) (FNU) (min) (FNU) (min) (FNU)
98,7 15,6 101,7 13,7 104,8 24,4 107,9 13,4
98,7 13,3 101,8 19,6 104,9 20,0 108,0 15,6
98,8 92,1 101,9 16,3 105,0 28,1 108,1 16,4
98,9 75,6 102,0 38,7 105,1 17,2 108,2 19,4
99,0 28,3 102,1 20,3 105,2 22,4 108,2 18,5
99,1 16,7 102,2 11,7 105,2 19,6 108,3 19,7
99,2 23,0 102,2 14,4 105,3 23,7 108,4 12,5
99,2 14,8 102,3 15,2 105,4 16,2 108,5 13,6
99,3 11,4 102,4 20,3 105,5 16,4 108,6 14,2
99,4 15,1 102,5 17,1 105,6 14,6 108,7 14,2
99,5 9,4 102,6 18,9 105,7 15,5 108,7 14,6
99,6 13,5 102,7 19,3 105,7 14,1 108,8 14,8
99,7 28,6 102,7 35,9 105,8 19,4 108,9 17,0
99,7 12,8 102,8 16,4 105,9 16,0 109,0 14,4
99,8 20,3 102,9 38,3 106,0 19,0 109,1 65,8
99,9 16,1 103,0 25,3 106,1 25,0 109,2 38,9
100,0 15,9 103,1 12,2 106,2 33,7 109,2 24,1
100,1 129,7 103,2 21,5 106,2 16,5 109,3 16,4
100,2 42,3 103,2 16,4 106,3 15,2 109,4 33,2
100,2 20,3 103,3 16,4 106,4 9,5 109,5 19,1
100,3 18,1 103,4 14,0 106,5 11,5 109,6 8,2
100,4 19,1 103,5 10,1 106,6 20,2 109,7 20,6
100,5 21,6 103,6 14,6 106,7 12,4 109,7 10,5
100,6 19,3 103,7 24,6 106,7 12,4 109,8 20,5
100,7 22,6 103,7 36,6 106,8 26,1 109,9 425
100,7 12,3 103,8 18,6 106,9 16,3 110,0 28,0
100,8 9,9 103,9 24,9 107,0 18,6 110,1 21,7
100,9 8,1 104,0 18,0 107,1 16,9 110,2 20,7
101,0 29,8 104,1 15,6 107,2 26,4 110,2 16,8
101,1 16,4 104,2 19,3 107,2 23,7 110,3 17,5
101,2 19,3 104,2 15,6 107,3 15,9 110,4 15,7
101,2 18,0 104,3 15,1 107,4 6,7 110,5 14,3
101,3 13,1 104,4 15,6 107,5 62,2 110,6 18,1
101,4 19,4 104,5 27,1 107,6 51,8 110,7 24,0
101,5 13,4 104,6 13,0 107,7 20,8 110,7 17,5
101,6 36,9 104,7 6,8 107,7 21,4 110,8 13,0
101,7 20,1 104,7 38,3 107,8 19,0 110,9 13,9
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time imeasurements
(min): (FNU)

time imeasurements
(min): (FNU)

time imeasurements
(min): (FNU)

time imeasurements
(min): (FNU)

111,00 132
1111 157
111,20 183
1112, 26,8
111,3° 19,9
111,4. 20,2
1115 209
1116 135
11,7 17,1
111,7: 8,3
1118 26,0
111,90 247
112,00 16,6
112,1! 8,5
112,2; 6.6
11220 11,7
112,3; 13,1
1124, 17,8
112,5; 36,6
1126/ 185
112,7; 14,5
112,70 18,0
112,80 14,0
112,90 17,6
113,0; 14,5
113,1! 6,5
1132 186
1132 16,0
1133 171
1134, 30,8
1135 159
1136 19,3
113,70 347
113,70 256
1138, 14,2
113,90 585

114,0. 16,0

114,11 20,6
1142, 14,2
114,20 16,7
1143 12,7
1144 34,1
1145 29,6
114,61 20,8
1147, 17,6
114,70 14,6
11480 12,7
114,90 147
1150, 16,1
1151 13,9
1152 10,7
115,2; 32,7
1153 17,3
115,4; 15,2
1155 13,1
115,6; 11,1
1157, 12,9
115,7, 18,0
1158/ 135
1159 363
116,0, 21,4
116,1; 13,9
116,21 13,9
1162, 20,1
116,31 23,6
1164, 252
1165 156
1166/ 154
116,70 27,6
116,7  564,2
116,81 93,5
116,90 26,4
117,00 21,9
117,1, 203

117,21 17,7
1172, 174
117,31 21,0
117,4. 17,4
117,50 16,6
117,61 351
117,70 32,1
17,7 203
117,80 20,2
117,90 154
118,00 12,3
1181 14,2
118,21 17,2
1182 16,9
118,3; 27,0
1184, 188
118,5; 16,8
1186 17,8
118,7; 17,8
118,70 21,2
118,8; 21,7
118,90 185
1190, 203
119,11 13,6
119,2; 15,7
119,20 18,2
1193; 325
119,41 13,9
1195, 106
119,60 16,1
1197, 132
119,71 120,6
119,80 30,7
119,90 17,6
120,0; 449
120,11 19,4
120,20 182

120,2; 155
120,3] 445
120,41 13,5
1205, 13,1
120,60 19,6
120,70 16,9
120,7: 9,5
1208/ 13,6
120,90 27,6
121,00 145
121,10 22,4
121,20 313
121,20 155
121,30 11,4
121,4; 16,4
1215 19,9
121,6; 23,3
121,7; 9,6
1217, 18,4
121,80 30,0
121,9; 23,7
122,00 22,9
122,11 175
122,21 21,6
122,2; 23,4
122,30 22,8
122,4. 263
122,5; 19,9
12260 175
122,70 156
122,70 231
122,80 17,8
122,90 17,2
123,00 19,1
1231 14,0
12320 14,7
1232 142
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time | measurements || time | measurements || time | measurements | time | measurements
(min) (FNU) (min) (FNU) (min) (FNU) (min) (FNU)
123,3 21,2 126,4 21,5 129,5 12,9 132,6 14,8
123,4 18,4 126,5 11,8 129,6 10,5 132,7 22,4
123,5 31,7 126,6 12,9 129,7 14,0 132,7 90,0
123,6 25,2 126,7 16,7 129,7 9,1 132,8 123,8
123,7 23,5 126,7 23,0 129,8 14,7 132,9 33,2
123,7 14,9 126,8 26,3 129,9 15,9 133,0 27,1
123,8 17,9 126,9 14,6 130,0 8,6 133,1 23,1
123,9 24,0 127,0 20,5 130,1 18,1 133,2 8,3
124,0 32,4 127,1 17,3 130,2 11,6 133,2 12,2
124,1 16,0 127,2 14,1 130,2 15,4 133,3 14,3
124,2 16,5 127,2 13,4 130,3 229 133,4 12,3
124,2 15,5 127,3 25,5 130,4 19,8 133,5 12,9
124,3 17,1 127,4 20,4 130,5 15,7 133,6 15,5
124,4 15,7 127,5 13,3 130,6 18,8 133,7 22,2
124,5 19,1 127,6 14,4 130,7 12,0 133,7 18,3
124,6 62,4 127,7 9,8 130,7 17,7 133,8 11,8
124,7 21,9 127,7 24,9 130,8 12,1 133,9 13,5
124,7 15,6 127,8 16,6 130,9 10,3 134,0 17,0
124,8 28,7 127,9 19,8 131,0 12,5 134,1 20,3
124,9 22,0 128,0 13,5 131,1 13,5 134,2 13,5
125,0 16,6 128,1 11,8 131,2 15,5 134,2 20,5
125,1 14,2 128,2 17,1 131,2 17,5 134,3 26,4
125,2 11,0 128,2 14,6 131,3 19,9 134,4 13,6
125,2 13,9 128,3 14,5 131,4 16,2 134,5 14,5
125,3 21,5 128,4 23,8 131,5 19,0 134,6 9,0
125,4 9,1 128,5 38,7 131,6 17,4 134,7 10,3
125,5 12,6 128,6 17,6 131,7 18,1 134,7 20,6
125,6 15,5 128,7 23,7 131,7 15,1 134,8 16,1
125,7 20,4 128,7 18,1 131,8 17,7 134,9 11,1
125,7 13,1 128,8 16,4 131,9 14,3 135,0 14,9
125,8 16,3 128,9 9,7 132,0 13,3 135,1 14,7
125,9 36,5 129,0 16,9 132,1 13,8 135,2 15,4
126,0 22,7 129,1 16,1 132,2 35,4 135,2 11,2
126,1 9,1 129,2 17,4 132,2 33,7 135,3 15,6
126,2 10,7 129,2 21,7 132,3 24,3 135,4 16,2
126,2 10,4 129,3 18,2 132,4 17,6 135,5 12,2
126,3 74,5 129,4 9,3 132,5 14,0 135,6 15,3
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time | measurements || time | measurements || time | measurements | time | measurements
(min) (FNU) (min) (FNU) (min) (FNU) (min) (FNU)
135,7 9,9 138,7 13,3 141,8 13,7 1449 16,1
135,7 8,5 138,8 11,4 141,9 11,1 145,0 29,7
135,8 12,2 138,9 17,6 142,0 9,7 145,1 19,2
135,9 16,9 139,0 8,7 142,1 5,6 145,2 18,8
136,0 10,8 139,1 15,5 142,2 14,3 145,2 28,4
136,1 10,4 139,2 27,7 142,2 26,5 145,3 12,3
136,2 15,3 139,2 20,2 142,3 17,7 145,4 12,0
136,2 8,8 139,3 20,0 142,4 15,2 145,5 14,9
136,3 21,1 139,4 16,5 142,5 32,8 145,6 22,8
136,4 15,2 139,5 110,6 142,6 17,8 145,7 35,6
136,5 12,7 139,6 26,7 142,7 10,7 145,7 19,5
136,6 15,7 139,7 16,5 142,7 10,6 145,8 19,0
136,7 11,5 139,7 16,5 142,8 14,6 145,9 19,1
136,7 11,2 139,8 14,6 142,9 16,5 146,0 15,7
136,8 9,9 139,9 45,0 143,0 17,8 146,1 16,2
136,9 17,4 140,0 18,2 143,1 11,6 146,2 9,5
137,0 16,7 140,1 13,6 143,2 13,0 146,2 12,8
137,1 16,1 140,2 16,8 143,2 268,7 146,3 14,6
137,2 425 140,2 14,3 143,3 59,4 146,4 15,2
137,2 14,5 140,3 11,7 143,4 20,9 146,5 12,4
137,3 14,4 140,4 16,7 143,5 19,4 146,6 14,3
137,4 10,4 140,5 9,9 143,6 32,2 146,7 16,3
137,5 21,0 140,6 11,9 143,7 16,3 146,7 13,5
137,6 16,6 140,7 7,0 143,7 14,4 146,8 14,4
137,7 8,5 140,7 38,8 143,8 13,4 146,9 12,7
137,7 15,6 140,8 19,6 143,9 24,2 147,0 12,5
137,8 16,2 140,9 13,9 144,0 24,2 147,1 14,2
137,9 16,2 141,0 17,1 144,1 23,7 147,2 17,8
138,0 16,7 141,1 25,2 144,2 14,0 147,2 10,6
138,1 19,8 141,2 10,7 144,2 14,0 147,3 47,2
138,2 15,4 141,2 11,9 144,3 12,9 147,4 18,5
138,2 13,8 141,3 16,0 144.,4 13,2 147,5 13,7
138,3 12,6 141,4 21,4 144.,5 11,2 147,6 8,6
138,4 15,7 141,5 29,7 144.,6 11,6 147,7 9,1
138,5 18,4 141,6 19,5 1447 13,2 147,7 17,5
138,6 18,8 141,7 14,7 1447 16,6 147,8 23,8
138,7 11,3 141,7 15,5 144,8 15,9 147,9 13,0
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time | measurements || time | measurements || time | measurements | time | measurements
(min) (FNU) (min) (FNU) (min) (FNU) (min) (FNU)
148,0 12,0 151,1 12,3 154,2 11,8 157,3 15,7
148,1 12,9 151,2 14,3 154,3 13,5 157,3 9,0
148,2 48 151,3 14,1 154,3 16,0 157,4 10,7
148,2 16,3 151,3 13,6 154,4 17,1 157,5 14,0
148,3 17,0 151,4 20,8 154,5 24,8 157,6 11,0
148,4 11,0 151,5 15,3 154,6 16,0 157,7 11,3
148,5 10,3 151,6 10,4 154,7 14,0 157,8 16,3
148,6 17,7 151,7 13,4 154,8 11,5 157,8 13,7
148,7 20,0 151,8 16,9 154,8 39,8 157,9 11,2
148,7 11,9 151,8 21,6 154,9 17,9 158,0 32,9
148,8 16,2 151,9 14,5 155,0 20,1 158,1 14,0
148,9 9,8 152,0 16,8 155,1 14,1 158,2 53,1
149,0 9,4 152,1 15,9 155,2 14,5 158,3 16,5
149,1 15,8 152,2 14,4 155,3 14,8 158,3 7,0
149,2 28,2 152,3 12,2 155,3 15,5 158,4 21,3
149,2 22,3 152,3 15,2 155,4 14,4 158,5 16,3
149,3 13,8 152,4 12,7 155,5 10,9 158,6 13,0
149,4 12,4 152,5 10,9 155,6 18,1 158,7 13,3
149,5 11,8 152,6 10,9 155,7 10,4 158,8 6,8
149,6 14,0 152,7 11,7 155,8 13,2 158,8 12,5
149,7 13,9 152,8 8,6 155,8 12,9 158,9 19,7
149,8 9,6 152,8 11,0 155,9 13,5 159,0 10,3
149,8 10,4 152,9 21,0 156,0 9,9 159,1 14,7
149,9 15,2 153,0 16,3 156,1 12,1 159,2 16,7
150,0 15,6 153,1 40,9 156,2 15,1 159,3 14,5
150,1 38,2 153,2 68,4 156,3 17,6 159,3 12,3
150,2 114,4 153,3 30,2 156,3 11,8 159,4 13,1
150,3 26,7 153,3 12,6 156,4 14,4 159,5 12,7
150,3 24,7 153,4 14,6 156,5 12,9 159,6 10,3
150,4 13,3 153,5 37,0 156,6 21,1 159,7 10,0
150,5 9,1 153,6 20,9 156,7 18,0 159,8 20,7
150,6 13,6 153,7 14,6 156,8 12,8 159,8 19,7
150,7 128,4 153,8 17,3 156,8 12,4 159,9 12,9
150,8 30,1 153,8 9,8 156,9 18,3 160,0 12,8
150,8 14,8 153,9 15,3 157,0 10,8 160,1 13,9
150,9 10,3 154,0 33,1 157,1 54,4 160,2 16,3
151,0 13,9 154,1 16,6 157,2 22,3 160,3 17,3
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time | measurements || time | measurements || time | measurements | time | measurements
(min) (FNU) (min) (FNU) (min) (FNU) (min) (FNU)
160,3 58,3 163,4 11,9 166,5 16,8 169,6 18,8
160,4 15,9 163,5 19,7 166,6 12,1 169,7 10,0
160,5 11,5 163,6 13,6 166,7 14,1 169,8 24,2
160,6 16,4 163,7 11,4 166,8 29,0 169,8 11,3
160,7 11,1 163,8 15,9 166,8 15,7 169,9 14,2
160,8 44,7 163,8 12,4 166,9 55,0 170,0 11,0
160,8 14,8 163,9 11,4 167,0 16,1 170,1 9,6
160,9 14,5 164,0 24,2 167,1 23,2 170,2 12,2
161,0 127,7 164,1 16,6 167,2 16,8 170,3 13,4
161,1 26,7 164,2 10,9 167,3 10,4 170,3 13,8
161,2 17,2 164,3 20,9 167,3 13,9 170,4 18,1
161,3 11,9 164,3 12,6 167,4 15,7 170,5 15,6
161,3 12,5 164,4 12,5 167,5 18,7 170,6 18,9
161,4 23,7 164,5 17,9 167,6 25,5 170,7 14,3
161,5 11,4 164,6 15,0 167,7 15,2 170,8 15,5
161,6 10,2 164,7 16,4 167,8 9,1 170,8 68,1
161,7 8,5 164,8 9,5 167,8 14,0 170,9 21,3
161,8 17,5 164,8 13,7 167,9 12,9 171,0 13,3
161,8 14,1 164,9 17,0 168,0 54 1711 10,9
161,9 14,4 165,0 15,3 168,1 10,9 171,2 41
162,0 12,0 165,1 18,0 168,2 12,8 171,3 16,5
162,1 6,8 165,2 18,2 168,3 11,0 171,3 13,9
162,2 11,0 165,3 20,2 168,3 9,4 171,4 11,7
162,3 15,9 165,3 8,7 168,4 8,6 171,5 15,9
162,3 28,3 165,4 73,0 168,5 9,5 171,6 31,4
162,4 22,8 165,5 19,6 168,6 6,1 171,7 18,0
162,5 19,8 165,6 11,8 168,7 10,8 171,8 14,6
162,6 20,9 165,7 69,3 168,8 15,3 171,8 10,7
162,7 41,4 165,8 19,8 168,8 13,7 171,9 14,4
162,8 15,5 165,8 10,6 168,9 11,9 172,0 8,5
162,8 11,4 165,9 16,1 169,0 57,5 1721 16,6
162,9 13,8 166,0 12,1 169,1 26,2 172,2 17,6
163,0 11,6 166,1 10,6 169,2 18,2 172,3 14,6
163,1 10,3 166,2 15,3 169,3 21,8 172,3 12,4
163,2 18,2 166,3 11,0 169,3 19,1 172,4 15,8
163,3 15,5 166,3 8,0 169,4 15,2 172,5 11,9
163,3 20,4 166,4 17,6 169,5 17,7 172,6 10,1
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time | measurements || time | measurements || time | measurements | time | measurements
(min) (FNU) (min) (FNU) (min) (FNU) (min) (FNU)
172,7 9,5 175,8 10,6 178,8 11,3 181,9 11,7
172,8 14,4 175,8 23,3 178,9 9,2 182,0 11,5
172,8 47,6 175,9 8,4 179,0 6,1 182,1 10,1
172,9 19,3 176,0 12,8 179,1 8,1 182,2 12,3
173,0 15,0 176,1 18,6 179,2 11,1 182,3 9,0
173,1 15,5 176,2 12,1 179,3 14,4 182,3 8,4
173,2 11,8 176,3 8,9 179,3 10,2 182,4 8,6
173,3 14,6 176,3 16,2 179,4 14,9 182,5 12,7
173,3 13,2 176,4 10,9 179,5 16,3 182,6 28,7
173,4 13,5 176,5 10,3 179,6 10,0 182,7 14,0
173,5 14,2 176,6 12,6 179,7 12,9 182,8 11,5
173,6 13,7 176,7 8,7 179,8 8,6 182,8 11,5
173,7 8,0 176,8 55 179,8 17,0 182,9 10,3
173,8 12,8 176,8 20,2 179,9 30,1 183,0 10,7
173,8 10,9 176,9 11,3 180,0 12,2 183,1 18,7
173,9 9,1 177,0 88,1 180,1 15,1 183,2 13,4
174,0 10,3 177,1 21,2 180,2 11,0 183,3 9,9
1741 16,3 177,2 15,3 180,3 14,8 183,3 17,2
174,2 12,0 177,3 12,1 180,3 12,0 183,4 15,7
174,3 15,8 177,3 10,6 180,4 10,2 183,5 14,3
174,3 10,8 177,4 9,3 180,5 10,6 183,6 13,8
174,4 12,4 177,5 9,0 180,6 11,0 183,7 14,0
174,5 12,2 177,6 19,9 180,7 89,1 183,8 14,2
174,6 14,1 177,7 14,7 180,8 249 183,8 14,6
174,7 9,6 177,8 11,7 180,8 10,7 183,9 13,9
174,8 6,5 177,8 10,8 180,9 13,6 184,0 11,9
174,8 42,1 177,9 15,4 181,0 11,2 184,1 8,7
174,9 17,9 178,0 13,1 181,1 17,7 184,2 7,7
175,0 9,9 178,1 12,4 181,2 9,8 184,3 12,3
175,1 15,1 178,2 16,4 181,3 8,3 184,3 18,1
175,2 11,4 178,3 9,7 181,3 21,8 184,4 18,1
175,3 11,0 178,3 13,1 181,4 13,1 184,5 11,7
175,3 9,6 178,4 11,0 181,5 8,2 184,6 14,2
175,4 11,9 178,5 11,2 181,6 11,8 184,7 12,0
175,5 13,2 178,6 10,1 181,7 8,2 184,8 14,0
175,6 11,3 178,7 7,9 181,8 13,1 184,8 28,6
175,7 9,0 178,8 8,1 181,8 11,2 184,9 23,7
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time | measurements || time | measurements || time | measurements | time | measurements
(min) (FNU) (min) (FNU) (min) (FNU) (min) (FNU)
185,0 12,8 188,1 17,2 191,2 12,3 194,3 9,3
185,1 12,8 188,2 22,6 191,3 11,8 194,3 9,3
185,2 14,6 188,3 20,1 191,3 11,3 194,4 9,2
185,3 12,4 188,3 38,1 191,4 11,2 194,5 9,3
185,3 11,1 188,4 16,8 191,5 11,2 194,6 9,3
185,4 13,4 188,5 12,9 191,6 11,2 194,7 9,3
185,5 13,2 188,6 12,7 191,7 11,1 194,8 9,3
185,6 11,4 188,7 9,8 191,8 10,3 194,8 9,3
185,7 15,4 188,8 14,2 191,8 10,5 194,9 9,3
185,8 71 188,8 11,9 191,9 10,1 195,0 9,3
185,8 11,1 188,9 7,0 192,0 10,0 195,1 9,3
185,9 13,0 189,0 12,0 192,1 10,0 195,2 9,3
186,0 159,1 189,1 8,3 192,2 9,7 195,3 9,3
186,1 30,3 189,2 10,3 192,3 9,7 195,3 9,3
186,2 13,5 189,3 14,8 192,3 9,7 195,4 9,3
186,3 5,9 189,3 14,1 192,4 9,7 195,5 9,3
186,3 8,0 189,4 13,7 192,5 9,6 195,6 9,3
186,4 9,1 189,5 6,5 192,6 9,5 195,7 9,3
186,5 10,6 189,6 6,0 192,7 9,5 195,8 9,3
186,6 10,1 189,7 6,0 192,8 9,6 195,8 9,3
186,7 10,4 189,8 22,7 192,8 9,5 195,9 9,3
186,8 13,4 189,8 15,8 192,9 9,6 196,0 9,3
186,8 12,6 189,9 19,8 193,0 9,4 196,1 9,3
186,9 17,2 190,0 15,4 193,1 9,3 196,2 9,3
187,0 13,3 190,1 8,9 193,2 9,3 196,3 9,3
187,1 13,1 190,2 145,1 193,3 9,3 196,3 9,3
187,2 11,0 190,3 28,5 193,3 9,3 196,4 9,3
187,3 17,0 190,3 27,0 193,4 9,4 196,5 9,3
187,3 15,6 190,4 15,8 193,5 9,3 196,6 9,3
187,4 35,9 190,5 12,8 193,6 9,3 196,7 9,3
187,5 13,6 190,6 19,8 193,7 9,3 196,8 9,3
187,6 15,3 190,7 13,0 193,8 9,3 196,8 9,3
187,7 15,1 190,8 9,6 193,8 9,3 196,9 9,3
187,8 285,7 190,8 7,0 193,9 9,3 197,0 9,3
187,8 64,5 190,9 54 194,0 9,3 197,1 9,3
187,9 17,5 191,0 5,4 194,1 9,3 197,2 9,3
188,0 6,9 191,1 12,6 194,2 9,3 197,3 9,3
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time | measurements || time | measurements || time | measurements | time | measurements
(min) (FNU) (min) (FNU) (min) (FNU) (min) (FNU)
197,3 9,3 200,4 9,2 203,5 9,2 206,6 9,2
197,4 9,3 200,5 9,2 203,6 9,2 206,7 9,2
197,5 9,3 200,6 9,2 203,7 9,2 206,8 9,2
197,6 9,3 200,7 9,2 203,8 9,2 206,8 9,2
197,7 9,3 200,8 9,2 203,8 9,2 206,9 9,2
197,8 9,3 200,8 9,2 203,9 9,2 207,0 9,2
197,8 9,3 200,9 9,2 204,0 9,2 207,1 9,2
197,9 9,3 201,0 9,3 204,1 9,2 207,2 9,2
198,0 9,3 201,1 9,3 204,2 9,2 207,3 9,2
198,1 9,2 201,2 9,3 204,3 9,2 207,3 9,2
198,2 9,2 201,3 9,2 204,3 9,2 207,4 9,2
198,3 9,3 201,3 9,2 204,4 9,2 207,5 9,3
198,3 9,2 201,4 9,2 204,5 9,3 207,6 9,3
198,4 9,2 201,5 9,3 204,6 9,2 207,7 9,3
198,5 9,3 201,6 9,2 204,7 9,2 207,8 9,2
198,6 9,2 201,7 9,2 204,8 9,3 207,8 9,2
198,7 9,3 201,8 9,2 204,8 9,2 207,9 9,2
198,8 9,2 201,8 9,2 204,9 9,2 208,0 9,2
198,8 9,2 201,9 9,2 205,0 9,2 208,1 9,2
198,9 9,2 202,0 9,2 205,1 9,2 208,2 9,2
199,0 9,2 202,1 9,2 205,2 9,2 208,3 9,2
199,1 9,2 202,2 9,2 205,3 9,2 208,3 9,3
199,2 9,2 202,3 9,2 205,3 9,2 208,4 9,2
199,3 9,3 202,3 9,2 205,4 9,2 208,5 9,2
199,3 9,2 202,4 9,2 205,5 9,2 208,6 9,2
199,4 9,2 202,5 9,2 205,6 9,2 208,7 9,2
199,5 9,2 202,6 9,2 205,7 9,2 208,8 9,2
199,6 9,2 202,7 9,2 205,8 9,2 208,8 9,2
199,7 9,2 202,8 9,2 205,8 9,2 208,9 9,2
199,8 9,2 202,8 9,2 205,9 9,2 209,0 9,2
199,8 9,2 202,9 9,2 206,0 9,3 209,1 9,3
199,9 9,2 203,0 9,2 206,1 9,2 209,2 9,3
200,0 9,2 203,1 9,2 206,2 9,2 209,3 9,2
200,1 9,2 203,2 9,2 206,3 9,2 209,3 9,2
200,2 9,2 203,3 9,2 206,3 9,2 209,4 9,2
200,3 9,2 203,3 9,2 206,4 9,2 209,5 9,2
200,3 9,2 203,4 9,2 206,5 9,2 209,6 9,2
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time | measurements || time | measurements || time | measurements | time | measurements
(min) (FNU) (min) (FNU) (min) (FNU) (min) (FNU)
209,7 9,2 212,8 9,3 215,8 9,4 218,9 9,4
209,8 9,3 212,8 9,3 215,9 9,4 219,0 9,4
209,8 9,3 212,9 9,3 216,0 9,4 219,1 9,4
209,9 9,3 213,0 9,3 216,1 9,4 219,2 9,4
210,0 9,3 213,1 9,3 216,2 9,4 219,3 9,4
210,1 9,2 213,2 9,3 216,3 9,4 219,3 9,4
210,2 9,3 213,3 9,3 216,3 9,4 219,4 9,4
210,3 9,3 213,3 9,3 216,4 9,4 219,5 9,4
210,3 9,3 213,4 9,3 216,5 9,4 219,6 9,4
210,4 9,3 213,5 9,3 216,6 9,4 219,7 9,4
210,5 9,3 213,6 9,3 216,7 9,4 219,8 9,4
210,6 9,3 213,7 9,3 216,8 9,4 219,8 9,4
210,7 9,3 213,8 9,3 216,8 9,4 219,9 9,4
210,8 9,3 213,8 9,3 216,9 9,4 220,0 9,4
210,8 9,3 213,9 9,3 217,0 9,4 220,1 9,4
210,9 9,3 214,0 9,3 2171 9,4 220,2 9,4
211,0 9,3 2141 9,3 217,2 9,4 220,3 9,4
211,1 9,3 214,2 9,3 217,3 9,4 220,3 9,4
211,2 9,3 214,3 9,3 217,3 9,4 220,4 9,4
211,3 9,3 214,3 9,3 217,4 9,4 220,5 9,4
211,3 9,3 214,4 9,3 217,5 9,4 220,6 9,4
211,4 9,3 214,5 9,3 217,6 9,4 220,7 9,4
211,5 9,3 214,6 9,3 217,7 9,4 220,8 9,4
211,6 9,3 214,7 9,3 217,8 9,4 220,8 9,4
211,7 9,3 214,8 9,4 217,8 9,4 220,9 9,4
211,8 9,3 214,8 9,4 217,9 9,4 221,0 9,4
211,8 9,3 214,9 9,4 218,0 9,4 221,1 9,4
211,9 9,3 215,0 9,4 218,1 9,4 221,2 9,4
212,0 9,3 2151 9,4 218,2 9,4 221,3 9,4
212,1 9,3 215,2 9,4 218,3 9,4 221,3 9,4
212,2 9,3 215,3 9,4 218,3 9,4 221,4 9,4
212,3 9,3 215,3 9,4 218,4 9,4 2215 9,4
212,3 9,3 215,4 9,4 218,5 9,4 221,6 9,4
212,4 9,3 215,5 9,4 218,6 9,4 221,7 9,4
2125 9,3 215,6 9,3 218,7 9,4 221,8 9,4
212,6 9,3 215,7 9,4 218,8 9,4 221,8 9,4
212,7 9,3 215,8 9,4 218,8 9,4 221,9 9,4
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ANNEX |

RAW DATA — TURBIDITY TESTS
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Sensors: Spectro::lyser m

location: Université Laval
Conditions: Formazin 50 and 10 FNU
Related figures: Figure 25and Figure 26

time measurements (FNU)
(min) 50 FNU solution 10 FNU solution
without mixing with mixing | without mixing | with mixing
0 21,14 20,437 4,788 4,773
1 21,229 20,543 4,873 4,746
2 21,202 20,473 4,84 4,726
3 21,09 20,497 4,852 4,773
4 21,113 20,406 4,841 4,759
5 21,097 20,469 4,88 4,726
6 21,197 20,35 4,851 4,69
7 21,21 20,286 4,875 4,731
8 21,068 20,279 4,861 4,741
9 21,012 20,291 4,869 4,755
10 20,98 20,317 4,787 4,767
11 21,074 20,136 4,877 4,706
12 20,975 20,141 4,844 4,636
13 21,061 20,127 4,878 4,75
14 21,071 20,202 4,852 4,698
15 21,024 20,131 4,817 4,714
16 20,967 19,836 4,824 4,74
17 20,981 20,027 4,804 4,707
18 20,939 19,93 4,812 4,683
19 20,938 19,981 4,824 4,709
20 20,959 19,961 4,822 4,706
21 21,017 19,879 4,862 4,705
22 20,931 19,926 4,879 4,636
23 20,937 19,766 4,787 4,656
24 20,972 19,735 4,817 4,662
25 20,932 19,735 4,816 4,686
26 20,873 19,738 4,826 4,683
27 20,866 19,407 4,844 4,714
28 20,821 19,45 4,82 4,716
29 20,858 19,341 4,797 4,707
30 20,824 19,18 4,797 4,671
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Sensors:
Spectro::lyser
location: Université Laval

Conditions: AMCO Clear® 50 and 10 FNU

Related figures: Figure 250 Figure 29

tm

time measurements (FNU)
50 FNU solution 50 FNU solution 10 FNU solution
(min) (non-diluted) (diluted) (diluted)

Without With Without With Without With

mixing mixing mixing mixing mixing mixing
0 10,317 10,286 12,288 12,077 2,838 2,938
1 10,28 10,28 12,232 12,052 2,83 2,924
2 10,308 10,285 12,227 12,046 2,837 2,89
3 10,263 10,324 12,209 12,082 2,853 2,925
4 10,278 10,351 12,237 12,025 2,821 2,948
5 10,27 10,302 12,252 12,087 2,86 2,948
6 10,303 10,299 12,258 12,02 2,891 2,928
7 10,271 10,32 12,236 12,026 2,86 2,91
8 10,304 10,312 12,322 12,034 2,877 2,95
9 10,306 10,313 12,279 12,011 2,813 2,919
10 10,262 10,334 12,262 12,076 2,835 2,924
11 10,254 10,277 12,305 12,004 2,807 2,912
12 10,251 10,269 12,248 11,952 2,822 2,919
13 10,26 10,302 12,215 11,962 2,834 2,912
14 10,308 10,29 12,249 11,911 2,902 2,876
15 10,261 10,296 12,233 11,99 2,852 2,931
16 10,297 10,291 12,18 11,968 2,89 2,934
17 10,286 10,318 12,236 11,939 2,852 2,942
18 10,364 10,323 12,285 11,981 2,869 2,902
19 10,351 10,345 12,197 11,954 2,883 2,872
20 10,329 10,32 12,243 11,912 2,867 2,946
21 10,359 10,307 12,241 11,943 2,874 2,961
22 10,304 10,296 12,154 12,02 2,852 2,938
23 10,309 10,307 12,208 11,989 2,864 2,906
24 10,384 10,258 12,227 11,987 2,839 2,94
25 10,395 10,296 12,19 12,022 2,851 2,893
26 10,337 10,289 12,203 11,962 2,863 2,957
27 10,322 10,282 12,222 11,976 2,823 2,899
28 10,293 10,284 12,187 12,017 2,838 2,94
29 10,326 10,316 12,179 12,046 2,818 2,936
30 10,339 10,279 12,011 2,835 2,889
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Sensors: Spectro::lyser m

location: Université Laval
Conditions: AMCO Clear 0 and 10 FNU, 3 mg NO3-N/L
Related figure: Figure 30

time measurements time measurements
(min) (mg NO3-N/L) (min) (mg NO3-N/L)
0 3,061 31 1,372
1 3,117 32 1,35
2 3,057 33 1,28
3 3,036 34 1,401
4 3,084 35 1,225
5 3,129 36 1,298
6 3,099 37 1,318
7 3,094 38 1,295
8 3,071 39 1,398
9 3,087 40 1,292
10 3,109 41 1,428
11 3,069 42 1,303
12 3,01 43 1,31
13 3,107 44 1,2
14 3,107 45 1,227
15 3,091 46 1,328
16 3,055 a7 1,316
17 3,092 48 1,431
18 3,071 49 1,277
19 3,089 50 1,2
20 3,049 51 1,292
21 31 52 1,133
22 3,108 53 1,312
23 3,102 54 1,252
24 3,093 55 1,24
25 3,087 56 1,24
26 3,091 57 1,278
27 3,057 58 1,28
28 3,064 59 1,327
29 3,155 60 1,189
30 1,355 61 1,355




