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« La Science n'est pas le résultat nécessaire, immanquable, de la "raison

humaine" ni du "bon sens" ni de l'observation indéfinie. Cette raison et

cette observation ont pu exister pendant des siècles sans que la science

ne fît ou s'accrût d'une ligne.

Mais la Science est due à des accidents heureux, à des hommes dérai¬

sonnables, à des désirs absurdes, à des questions saugrenues, à des

amateurs de difficultés, à des loisirs et à des vices, au hasard qui a fait

trouver le verre, à des imaginations de poètes. »

Paul Valéry
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Summary VI

SUMMARY

Applications and Limits of "Electronic Noses" in the Evaluation

of Dairy Products

"Electronic noses" are systems which comprise electronic chemical sensors

with partial specificity capable of recognising simple or complex gas mixtures.

These systems were proposed for routine quality control analyses and have

reached a high popularity in the mid nineties, although in-depth studies on their

reliability and the validity of data obtained in practice were lacking. In particular,

very limited scientific information were available on the application of "electronic

noses" to dairy products. The present investigation aimed at a detailed analysis
of five commercial systems and their use in appraising quality of cheese prod¬
ucts.

The first part deals with the repeatability of the four different "electronic nose"

systems eNose 5000 (UK), QMB6 (D), NST 3220 (S), and NST 3320 (a new

version of the NST 3220), with alcohol as samples which could be considered

as well repeatable and homogenous. None of the four sensor technologies
tested was sufficiently stable to obtain well repeatable results over extended

period of time.

The four systems and the SMart Nose (CH) were tested with identical Swiss

Emmental cheese samples. The aim was to select the system(s) which is(are)
the most sensitive to volatile compounds of cheese by discriminating between

four ripening stages, i.e. 1, 21, 98 and 180 days. The tests showed that metal

oxide semiconductor (MOS) sensors were the most adequate for measure¬

ments with cheese.

Applications were then tested with MOS sensors on:

- Gruyère cheese to discriminate the production season, i.e. spring, summer,

autumn and winter,

- Raclette cheese to differentiate products from raw and microfiltered milk,

- Cheese snack with a burnt off-flavour,

- Swiss Emmental cheese with a "rind taste" off-flavour,

- Processed cheeses to examine the possibility of using them as calibration

samples.

Measurements with the commercial systems showed that a lack of a reliable

calibration to compensate the sensor drift posed the principal problem of most

of these instruments. The MS based SMart Nose was the only system with a

real possible calibration, however, with insufficient sensitivity to volatile cheese
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components. Preliminary tests were performed with preconcentration by Purge-

and-Trap and by SPME techniques in order to improve sensitivity.

This study shows that the presently available systems are not yet fully devel¬

oped to an acceptable level. Sensor drift over time and non-existing reliable

calibration procedure present the main drawbacks to build databases for statis¬

tical evaluation. Nevertheless, measurements with different cheese varieties

also showed that there is indeed a high potential for the introduction of "elec¬

tronic nose" systems to the dairy industry. Fortunately, the technical and scien¬

tific problems, which were clearly underestimated at the beginning of the devel¬

opment, are now receiving full attention so that the future for the industrial use

of these instruments may well be positive.

ZUSAMMENFASSUNG

Anwendungen und Grenzen von "elektronischen Nasen" in der

Qualitätserfassung von Milchprodukten

„Elektronischen Nasen" stellen Systeme mit elektronische Sensoren von be¬

schränkter Spezifizität zur Erfassung einfacher und komplexer Gasmischungen

dar. Die Systeme wurden zum Einsatz in der Routine-Qualitätskontrolle vorge¬

schlagen und erreichten Mitte der neunziger Jahre eine hohe Popularität, ob¬

wohl über die Zuverlässigkeit der Methode und über die Gültigkeit der Analy¬

sendaten in der Praxis kaum Untersuchungen vorlagen. Im besonderen fehlten

wissenschaftliche Informationen zum Einsatz „elektronischen Nasen" bei Milch¬

produkten. Die vorliegende Arbeit hatte eine detaillierte technische Analyse von

fünf kommerzielle Systemen und deren Anwendung in der Beurteilung der

Qualität von Käseprodukten zum Ziel.

Im ersten Teil wurde die Wiederholbarkeit der Messungen in den vier „elektro¬

nischen Nasen" eNose 5000 (UK), QMB6 (D), NST 3220 (S) und NST 3320

(eine neue Version des Geräts NST 3220) mit Alkohol als reproduzierbare und

homogene Probe bestimmt. Keine der vier Sensortechnologien war über die

Zeit stabil genug, um wiederholbare Messungen zu garantieren. Die Sensordrift

über die Zeit verunmöglichen den Aufbau von zuverlässigen Datenbanken für

Routineanalysen.

Die vier Systeme und die SMart Nose (CH) wurden sodann mit Proben von
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Emmentaler Käse mit dem Ziel getestet, das(die) System(e) zu finden, das(die)
für die flüchtigen Komponenten von Käse am empfindlichsten ist(sind). Dazu

wurde die Diskriminierung von Proben aus vier Reifegraden mit 1, 21, 98 und

180 Reifungstagen untersucht. Es zeigte sich, dass die Metalloxid-Halbleiter

(MOS) Sensoren für Messungen an Käse am geeignetsten waren.

Mit MOS Sensoren wurden die Anwendungen von „elektronischen Nasen" ge¬

prüft an:

- Greyerzer Käse, um die Jahreszeit der Produktion d.h. Frühling, Sommer,

Herbst und Winter, zu unterscheiden,

- Raclette Käse, um Proben aus Rohmilch und mikrofiltrierter Milch zu unter¬

scheiden,

- Käsesnacks, um den Off-Flavour „gebrannt" zu erfassen,

- Emmentaler Käse, um den Off-Flavour „Randgeschmack" zu erfassen,

- Schmelzkäse, um die Möglichkeit der Nutzung dieser Käseart als Kalibrier¬

probe abzuklären.

Die mit den kommerziellen „elektronischen Nasen" durchgeführten Messungen

an Käse zeigten, dass der Mangel einer zuverlässigen Kalibrierung zur Unter¬

drückung der Sensordrift das Hauptproblem darstellt. Zwar verfügte die auf der

MS Technik basierenden SMart Nose über eine Kalibrierung, die für die

flüchtigen Komponenten von Käse zu wenig empfindlich war. Es wurden des¬

halb Vorversuche zum Aufkonzentrieren der flüchtigen Verbindungen mit der

Purge-and-Trap und mit der SPME durchgeführt.

Die Untersuchungen zeigten, dass die gegenwärtig verfügbaren „elektronischen

Nasen" das notwendige Niveau der Entwicklung noch nicht erreicht haben.

Sensordrift über die Zeit, Mangel an einem zuverlässigen Kalibrierverfahren

und Schwierigkeit beim Aufbau von Datenbanken für die statistische Auswer¬

tung stellen die hauptsächlichen Mängel dar. Deshalb sind zusätzliche Erfah¬

rung und viele Verbesserungen nötig, bis die heutigen Systeme anderen analy¬
tischen Instrumenten gleichwertig sind. Dennoch zeigen die Messungen mit

verschiedenen Käsesorten ein hohes Potential für die Einführung von „elektro¬

nischer Nasen" in der Milchindustrie. Glücklicherweise wird heute den techni¬

schen und wissenschaftlichen Probleme, die bei der anfänglichen Entwicklung

eindeutig unterschätzt wurden, volle Aufmerksamkeit geschenkt, so dass die

Zukunftsaussichten für die industrielle Verwendung der Methode durchaus po¬

sitiv sind.
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RÉSUMÉ

Applications et limites des « nez électroniques » dans

l'évaluation de produits laitiers

Les « nez électroniques » sont des systèmes comprenant des capteurs chimi¬

ques partiellement spécifiques capable de reconnaître un mélange de gaz sim¬

ple ou complexe. Ces systèmes furent proposés pour des analyses de routine

dans le contrôle de qualité et ont obtenu une grande popularité dans les an¬

nées nonante, malgré un manque cruel d'études approfondies sur leur fiabilité

et la validité des résultats obtenus. En particulier très peu d'informations scien¬

tifiques pouvaient être obtenues avec les produits laitiers. La présente étude a

pour but d'analyser en détail cinq systèmes commerciaux ainsi que leur appli¬

cation dans l'évaluation de la qualité de produits laitiers.

La première partie consiste à examiner la répétabilité des 4 différents systèmes

de « nez électroniques » eNose 5000 (UK), QMB6 (D), NST 3220 (S) et NST

3320 (une nouvelle version du NST 3220) avec des alcools que l'on peut

considérer comme étant des échantillons répétables et homogènes. Aucune

des 4 technologies de capteurs testées n'était suffisamment stable dans le

temps pour obtenir des mesures répétables.

Les quatre systèmes ainsi que le Smart Nose (CH) furent testés avec des

échantillons identiques de fromage d'Emmental. Le but était de sélectionner

le(s) système(s) le(s) plus sensible(s) aux composés volatils des fromages en

discriminant quatre stades de maturation, c.-à-d. 1, 21, 98 et 180 jours
d'affinage. Cette série de tests amena à la conclusion que les capteurs semi¬

conducteurs à oxyde métallique (MOS) étaient les plus appropriés pour les me¬

sures de fromages.

Diverses applications ont été testées avec des capteurs MOS:

- des Gruyères en vue de discriminer la saison de production, c.-à-d. prin¬

temps, été, automne et hiver,

- des Raclettes en vue de différencier le traitement du lait, c.-à-d. lait crû ou

microfiltré,

- des snacks au fromage en vue de détecter le défaut d'odeur "brûlé",
- des Emmentals en vue de détecter le défaut de goût "goût de bord",
- des fromages fondus en vue d'examiner la possibilité de les utiliser comme

échantillons de calibrage.

Les mesures de fromages effectuées avec cinq des « nez électroniques » ac-
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tuellement commercialisés ont montré que le problème principal de la plupart

de ces instruments était l'absence d'un calibrage fiable pour contrecarrer la dé¬

rive des capteurs. Le système basé sur le SM (SMart Nose) était le seul à

permettre un calibrage adéquat mais souffrait d'un manque de sensibilité vis-à-

vis des composés du fromage. Des tests préliminaires avec les techniques de

préconcentration Purge-and-Trap et SPME ont été effectués dans le but de

corriger cet inconvénient.

Cette étude montre que les systèmes actuellement disponibles ne sont pas

encore développés à un niveau acceptable. La dérive des capteurs avec le

temps et l'absence d'une procédure de calibrage fiable représentent le principal

obstacle dans la construction de banques de données. Cependant les mesures

effectuées avec différentes sortes de fromages ont également montré un po¬

tentiel élevé de certains « nez électroniques » pour des applications industriel¬

les. Les problèmes techniques et scientifiques, qui ont été sous-estimés au dé¬

but, sont maintenant pris sérieusement en considération de sorte que le futur

de ces instruments pourrait fort bien se révéler positif.



1 Introduction and aim of the project

1 INTRODUCTION AND AIM OF THE PROJECT

Quality evaluation of raw, intermediate and final dairy products is important for

the introduction of new technologies of raw material treatment, process optimi¬

sation of fermentation and new methods of cheese ripening. Quality monitoring

has to correspond to the sensory evaluation of food products. Non-sensory

methods which describe sensory properties in a reliable way and at the same

time may be used for rapid on-line and on-site quality control are of particular

interest.

Traditionally, the evaluation of volatile flavour by non-sensory, i.e. instrumental

means has been carried out by GC analyses. Here, one or more GC peaks in

the chromatogram are related to the sensory score by various statistical meth¬

ods. By this procedure, key values for the odour properties of any food products

are obtained, and different products could be compared with each other and

the differences elucidated.

In the eighties, a novel technique for gas measurement was developed at the

University of Warwick (UK). The combination of non-selective gas sensors and

pattern recognition techniques, often called 'electronic' or 'artificial nose', has

provided analysts with the means to 'measure' volatiles objectively based on

human perception. Improvements in gas sensors based on several physical

principles and intelligent network systems have led to the introduction of a se¬

ries of commercially electronic nose instruments. At present, the main sensors

are based on the following principles: metal oxide semiconductors (MOS),

metal oxide semiconductor field effect transistors (MOSFET), organic conduct¬

ing polymers (CP), bulk acoustic wave (BAW)- also called quartz microbalances

(QMB), and mass spectrometers (MS).

Electronic nose systems are described to be useful for quality assurance for a

variety of products in the food industry. Application of "electronic noses" to dis¬

criminate odours has been tested for several types of food products, among

them roasted coffee, beer, grains, fruits and meat preparations. Preliminary

results on the use of an artificial nose for evaluation of cheese and dairy prod¬

ucts have also been published. However, these data sets are still very limited,

and many more products have to be measured and compared with sensory

analysis by experts or panels before the system can be introduced as a routine

tool for quality control purposes in the dairy industry. In particular, a well-

defined methodology for early screening of potential off-flavours is lacking.
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The aim of this thesis was to test currently available "electronic nose" instru¬

ments including the different sensor technologies, and to develop analysis

methods for the Swiss dairy industry. The first step was to study the reliability of

the different systems with homogeneous, well repeatable alcohol samples. In a

second step, the diverse sensor technologies were compared using Swiss

Emmental cheese samples. Discrimination potential of MOS sensors was then

investigated with specific applications. Finally, two techniques of headspace

pre-concentration have been tested with an electronic nose based on a MS as

an improvement of the present system.

This thesis was part of a research program on food biotechnology in the dairy

industry, sponsored by the Swiss National Science Foundation, and was carried

on at the Swiss Federal Dairy Station, Liebefeld in close cooperation with of the

Institute of Food Science at ETH Zürich.

At the time of finalising the present manuscript, substantial parts of the disser¬

tation have been published [1-4].
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2 LITERATURE

2.1 History and definition of "electronic noses"

The perception of volatile compounds by the human nose is of great impor¬

tance in evaluating quality of foods, cosmetics and numerous other items of

everyday life. Therefore, it is not surprising that repeated efforts have been

made over the years to introduce instruments operating on a similar principle as

the human nose. These systems would in most cases not replace but complete

conventional analyses of volatile compounds by sensory methods and by tradi¬

tional analytical techniques.

The concept of an artificial nose system was proposed in 1982 at the University

of Warwick by Persaud and Dodd [5]. In principle, such systems have to rely on

gas sensors, which were first developed more than 30 years ago [6,7]. At the

beginning of the 1990s, the term "artificial" or "electronic nose" appeared, and

several commercial instruments became available. More extended research

began, and applications, especially in the food industry, could be tested.

Gardner and Bartlett [7] defined the "electronic nose" as "an instrument, which

comprises an array of electronic chemical sensors with partial specificity and an

appropriate pattern-recognition system, capable of recognising simple or com¬

plex odours". This seems very far from the human nose, and according to Mi¬

ellé et al. [8,9] this analytical system is "obviously electronic but not nose". In

fact, the only aspect in common with our odour-sensing organ is its function.

Like the mammalian nose, it detects gases by means of sensors which send

signals to a recognition organ, i.e. to the brain or to a computer. The operating

principle, the number of sensors as well as the sensitivity and selectivity are,

however, very different [10]. This is why some scientists prefer to call this in¬

strument by other names, e.g. "flavour sensor", "aroma sensor" [11], "odour-

sensing system" [7] or "multi-sensor array technology" [12].

"Electronic nose" systems comprise a more or less sophisticated hardware,

with sensors, electronics, pumps, air conditioner, flow controller, etc., and a

software for hardware monitoring, data pre-processing, statistical analysis, etc.

As analytical instruments, these systems must be designed for long-term use

with high repeatability (the ability to obtain the same pattern for a sample on the

same array over short intervals of time) and reproducibility (the ability of differ¬

ent sensor batches or different instruments to produce the same pattern for the
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same sample). As sensor technology plays a crucial role in reaching the de¬

sired analytical qualities [13], the following literature review concentrates on

discussing the present status of sensor technology and statistical data analysis.

Particular reference is then made to applications of "electronic nose" systems

to food.

2.2 Sensors

All types of sensors exhibit interactions with the gas to be measured so that a

series of physical and/or chemical interactions occurs when volatile compounds

flow over the sensor. A dynamic equilibrium develops as volatile compounds

are constantly being adsorbed and desorbed at the sensor surface [12].

The ideal sensors to be integrated in an electronic nose should fulfil the follow¬

ing criteria [6,14-17]:

- high sensitivity toward chemical compounds, i.e. similar to that of the human

nose (down to 10"12g/mL)
- low sensitivity towards humidity and temperature

- medium selectivity, i.e. must respond to different compounds present in the

headspace of the sample

- high stability

- high reproducibility and reliability
- short reaction and recovery time

- robust and durable

- easy calibration

- easily processable data output

- small dimensions.

As the sensors are designed for industrial purposes, especially as on-line sys¬

tems, a minimal working temperature with low power consumption, a high

safety level, and low manufacturing costs present valuable advantages.

Most manufacturers are looking for highly selective sensors. In the case of an

"electronic nose", every compound present in the gaseous phase should be

detected by at least one sensor. If a new compound is added to a mixture, at

least one sensor must detect this addition. The use of too many sensors leads

to an over complex system with a large amount of unnecessary data.

Various kinds of gas sensors are available, but only four technologies are cur¬

rently used in commercialised "electronic noses" (Fig. 1):
- Metal oxide semiconductors (MOS)
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- Metal oxide semiconductor field effect transistors (MOSFET)
- Conducting organic polymers (CP)

- Piezoelectric crystals (bulk acoustic wave = BAW).

Others such as fibreoptic [18-23], electrochemical [17,24] and bi-metal sensors

[25] are still in the developmental stage and may be integrated in the next gen¬

eration of "electronic noses".

Such sensors can be divided in two main classes: hot (MOS, MOSFET) and

cold (CP, SAW, BAW). The formers operate at high temperatures and are con¬

sidered to be less sensitive to moisture with less carry-over from one meas¬

urement to another. Therefore, they should offer the best ratio of drift and life¬

time to sensitivity [12].

MOS

Round | Sêrçféftflljeï I

Electrode
BAW

Flat

CP

Substrate

|Semiconductof|

Substrate

SAW

Electrode

Crystal

Electrode

MOSFET

Electrodes

Electrode

Substratej

Fig. 1: Schematic diagrams of 5 different kinds of sensors. MOS = Metal Oxide Semi¬

conductor; CP = Conducting Polymer; BAW = Bulk Acoustic Wave; SAW =

Surface Acoustic Wave; MOSFET = Metal Oxide Semiconductor Field Effect

Transistor
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2.2.1 Metal oxide semiconductor (MOS)

2.2.1.1 General

Metal oxide semiconductor gas sensors (MOS) were first commercialised in the

1960s as household gas alarms in Japan with the names Taguchi (the inventor)

or Figaro (the company's name). These sensors, also called oxide or ceramic

gas sensors, rely on changes of conductivity induced by adsorption of gases

and by subsequent surface reactions [26].

Commercially available MOS sensors consist of a ceramic substrate (round or

flat) heated by wire and coated by a metal oxide semiconducting film. The

metal oxide coating may be either of the n-type (mainly ZnO, Sn02, Ti02 or

Fe203) which responds to oxidising compounds, or of the p-type (mainly NiO or

CoO) which responds to reducing compounds [11,27,28]. Thermal or photolytic

excitation of an n-type (n=negative electron) or donor semiconductor results in

an excess of electrons in its conduction band which increases the reactivity with

oxidising molecules. An excited p-type (p=positive hole) or acceptor semicon¬

ductor shows an electron deficiency in its valence band which promotes reac¬

tions with reducing compounds [27,28].

The film deposition technique further divides each sensor type into thin (5 to

1000 nm) or thick (10 to 300 ^m) film MOS sensors. Film deposition includes

physical or chemical vapour deposition, evaporation or spraying for thin films,

and screen printing or painting for thick films [14]. The thin film devices offer a

faster response and significantly higher sensitivities, but are much more difficult

to manufacture in terms of reproducibility. Therefore, commercially available

MOS sensors are often based on thick film technologies.

Due to the high operating temperature (typically 200-650°C), the organic vola¬

tiles transferred to the sensors are totally combusted to carbon dioxide and

water on the surface of the metal oxide, leading to a change in the resistance

[29]. The two-step reaction mechanism is based on an oxygen exchange be¬

tween the volatile molecules and the metal film. First, oxygen, from the carrier

gas is adsorbed on the surface, as well as inside the metal coating, by filling the

defects in the polycrystalline lattice structure of the metal. The electrons are

attracted by the loaded oxygen, and the sensor conductivity decreases. Sec¬

ond, gas-surface interactions occur between the adsorbed volatile molecules

and the metal film following two mechanisms, (i) At relatively low temperatures,
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charges are transferred between the volatiles and the adsorbed oxygen (Oads).

(ii) At higher temperatures, the lattice oxygen (Oiat) reacts with the adsorbed

volatile compounds, changing the defects concentration in the crystal. The dis¬

tinction between both mechanisms is not evident, and both can occur simulta¬

neously depending on whether the electrophilic properties of chemisorbed oxy¬

gen, (02ads) and (Oads), or the nucleophilic properties of lattice oxygen, (Oiat)2",
are involved [14,30].

To shift the selectivity of a metal oxide film towards different chemical com¬

pounds the film is doped with noble catalytic metals (e.g. Pt or Pd), or the

working temperature is changed within the range of 50-400°C. Although the

selectivity is also greatly influenced by the working temperature and the particle

size of the polycrystalline semiconductor, the MOS sensors are usually less

selective than other technologies such as CP, BAW, SAW or MOSFET [11,29].

MOS sensors are extremely sensitive to ethanol, which 'blinds' them to any

other volatile compound of interest. Furthermore, they can be poisoned by irre¬

versible binding by compounds such as those of sulphur or weak acids. Finally,

their high operating temperatures make them inappropriate in environments

containing large amounts of potentially flammable chemicals [11].

2.2.1.2 Poisoning of MOS sensors by weak acids

One phenomenon leading to a poisoning of MOS sensors is a carbon deposi¬

tion due to a reaction of free fatty acids with the metal oxide [26]. The essential

step in carbon deposition on oxides is the attack of a double bond by nucleo¬

philic oxygen. Experiments performed with acetic acid on Sn02 film revealed

that by temperatures < 312°C only water desorbs as decomposition product.

Therefore, according to a sum equation elementary carbon must be deposited:

CHaCOOHgas 2 H2O + 2 Cdeposited

Even if the mechanism is not understood in all details, it could be summarised

as follow:

1) The hydroxy group of the weak acid is adsorbed on the oxide surface being

coordinatively bonded to the metal Lewis-acid site (Sn) [31]. The O-H bond

is therefore weakened and the H can be dissociated forming acetate. The

dissociated hydrogen atom can react with lattice oxygen and form water.

CH3COOHgas *— CH3COOads + Hads

Hads + "Oiat" <— H2Oads <— H2Ogas
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2) The acetate fills the oxygen vacancies (V0).

CH3COOHgas + Vo *— CH3CO-"0|at" + Hads

3) The rooted acetate forms keten, thereby leaving one oxygen atom to fill the

crystal vacancy.

CH3CO-"0|at" H2C=C=Oads + Hads + "Oiat"

4) The highly reactive keten reacts at its carbon-carbon double bond with ex¬

posed nucleophilic oxygen atoms from the crystal. This type of nucleophilic

attack was also observed on oxidised copper and silver [32], and is known

to result in carbon deposition on the surface.

H2C=C=Oads ^ H2Oads + 2 Cdeposited

One way to avoid a carbon deposition is to have sensors working at tempera¬

tures > 312°C. By these temperatures, keten can decompose partly in CO

and/or C02.

H2C=C=Oads + Oads ^ C02ads + Cdeposited + 2 Hads

H2C=C=Oads + Oads COads + Cdeposited + ^Oads

There are two methods to eliminate the deposited carbon, but none of them

can be applied to the "electronic nose" technology.

a) In the presence of air at sufficiently high temperature (> 597°C), it is possi¬

ble to remove deposited carbon by the formation of CO or CO2.

Cdeposited + Oads ^ COads ^ COgas

Cdeposited + 2 Oads C02ads ^ C02gas

b) A more powerful method to remove the deposited carbon would be the

bombardment of the crystal surface with argon. This method is however

very time consuming.

2.2.1.3 Poisoning of MOS sensors by reducing gases

Sears et al. [33] observed severe poisoning effects when a commercialised

palladium doped MOS sensor was exposed to high concentrations of strongly

reducing gases such as CO or H2. However, under normal sensor use such

high concentrations of reducing gases will seldom be encountered.

To explain the poisoning of the tin oxide gas sensor, they assumed a perma¬

nent change in the physical structure of the sintered powder. This might involve

a change in the degree of connectivity of the grains or a change in the exposed
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surface area. In the temperature range 400 to 600°C, CO is capable of a

chemical reduction of Sn02. In the presence of oxygen in the atmosphere, the

tin oxide powder will not stay reduced, but it is possible that a dynamic equilib¬

rium between reduction and oxidation is set up. This might lead to the reorgani¬

sation of bulk material, much as happens for platinum metal. Once begun, the

reorganisation of tin oxide would be irreversible, as the degree of granular con¬

nectivity will have changed. A similar redox process might also lead to the mi¬

gration of the palladium dopant, which would have a temperature-dependent

effect on sensor sensitivity. A strong reducing agent such as H2 would be ex¬

pected to have an equal or greater effect on the tin oxide, whereas mild reduc¬

ing vapours such as alcohol might have very little effect. The exothermic nature

of these reactions also increases the temperature of the surface beyond that

set by the heater voltage and thus increases the likelihood of detrimental ef¬

fects [33].

The reactions involving reducing gases can occur with lattice as well as chemi-

sorbed oxygen. It should be noted, however, that the dominant sensing mecha¬

nism is thought to involve chemisorbed oxygen. The loss of lattice oxygen, in

whatever amount, will lead to a necessary restructuring of the surface. Sears et

al. [33] think that the poisoning effects that they reported are different from

those associated with halogenated and sulphonated gases, where chlorides

and sulphides bond to the surface.

2.2.2 Metal oxide semiconductor field-effect transistor (MOSFET)

The hydrogen sensitive PdMOS (palladium metal oxide semiconductor) device

was developed in 1973 by a group of Swedish researchers and reported 2

years later by Lundström et al. [34-36]. The metal oxide semiconductor field-

effect transistor (MOSFET) sensors rely on a change of electrostatic potential.

A MOSFET sensor comprises three layers, a Si semiconductor, a SiÛ2 insulator

and a catalytic metal (usually Pd, Pt, Ir or Rh), also called the gate. A normal

transistor operates by means of three contacts, two allow the current in (source)

and out (drain), and the third presents the gate contact that regulates the cur¬

rent through the transistor. In the MOSFET transistor, the gate and drain con¬

tacts are shortcut, giving a diode mode transistor with convenient electronics for

operation, characterized by an IV-curve.

The applied voltage on the gate and drain contact creates an electric field,

which influences the conductivity of the transistor. When polar compounds in-



Literature 10

teract with this metal gate, the electric field, and thus the current flowing

through the sensor, are modified. The recorded response corresponds to the

change of voltage necessary to keep a constant preset drain current [35,37].

As in the coating of MOS sensors, the gate structure of a MOSFET sensor is

either a thick, dense metal film (100-200 nm) or a thin, porous metal film (6-20

nm). The thick, continuous metal gate responds almost exclusively to molecules

that dissociate hydrogen on the catalytic metal surface. It is implicitly assumed

that the insulator is not exposed to the ambient molecules. The dissociated hy¬

drogen atoms diffuse within microseconds through the metal causing a dipole

layer at the metal-insulator interface, leading to a potential change in the tran¬

sistor. Detection of molecules such as ammonia or carbon monoxide is not

possible with such a layer since no hydrogen atoms are released [38].

However, it transpired that these latter compounds respond well when the metal

gate is thinned. The most probable mechanism is explained by the contribution

of three voltage shifts: (i) at the surface of the metal (due to adsorption and

chemical reactions); (ii) at the metal-insulator interface (due to hydrogen diffu¬

sion through the metal); and (iii) at the insulator surface (due to reactions on the

oxide metal surface of polar molecules or charges, which directly react with the

oxide metal, or diffuse out on this surface) [35,36,38].

The selectivity and sensitivity of MOSFET sensors may be influenced by the

operating temperature (50-200°C), the composition of the metal gate, and the

microstructure of the catalytic metal [35,36].

MOSFET sensors, like MOS sensors, have a relatively low sensitivity to mois¬

ture and are thought to be very robust. However, high levels of manufacturing

expertise are necessary to achieve good quality and reproducibility.

2.2.3 Conducting organic polymer (CP)

Conducting organic polymer (CP) sensors have been under development for

approximately 10 years [15] and, like MOS sensors, rely on changes of resis¬

tance by adsorption of gas. However, their operating mechanism is more com¬

plex and not yet well understood.

These sensors comprise a substrate (e.g. fibre-glass or silicon), a pair of gold-

plated electrodes, and a conducting organic polymer such as polypyrrole, poly-

aniline, polythiophene as a sensing element. The polymer film is deposed by
electrochemical deposition between both electrodes previously fixed to the sub-
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strate [11,39]. As the conducting polymer is grown out of a solution, the depos¬

ited film contains cation sites balanced by anions from the electrolyte as well as

solvent residue [15,29,40]. The cation sites probably consist of polarons or bi-

polarons which are small regions of positive charge in the polymer chain pro¬

viding mobile holes for electron transport.

When a voltage is passed across the electrodes, a current passes through the

conducting polymer. The addition of volatile compounds to the surface alters

the electron flow in the system and therefore the resistance of the sensor [12].

The volatiles may interact at least with (i) the polymer itself, (ii) the counterion,

or iii) the solvent [15]. Slater et ai [41] studied in more details the response

mechanism of polypyrrole sensors and showed that the resistance changes

observed in this kind of sensors are due to a mixed response involving physical

and electronic effects. Certain vapours have a solvent type action on the poly¬

mer causing it to swell, and therefore, hindering the electrons mobility within the

coating. The electronic transport process in polypyrrole films can be divided in

two parts: the charge transport along the polymer chains caused by mobile car¬

riers (such as polarons and bipolarons), and the hopping transport between the

chains. The choice of one process is determined by the conductivity of the film,

itself determined by 'doping concentrations', the conjugation length of the poly¬

mer chain, the chain arrangement, and the position of the counter ions relative

to the chains [42,43].

In general, these sensors show good sensitivities, especially for polar com¬

pounds. The good selectivity of the CP sensors may be achieved by altering

one of the three parameters, polymer, counterion, solvent, or the electrical

growth of the polymer coating. Although such sensors are resistant to poisoning

[44], their lifetime is only about 9-18 months.

A few studies with "electronic noses" equipped with CP sensors concluded that

the obtained responses were good reproducible [45-47]. However, most re¬

searchers found two main withdraws to this type of sensor: i) a high sensitivity

to moisture due to their low operating temperature (<50°C), and ii) a rapid drift

of their responses over time [11,12,47-54]. The drift could be partly explained

by an oxidation of the polymer coating in contact with volatile compounds that

may develop contact resistances between the polymer and the electrodes [55].

Most studies reporting a drift of CP sensors do not give any precise data. They

only mention problems of repeatability or a drift of the sensors over time. Few

studies [47,51] report in more details the nature and the amplitude of the ob¬

served changes in the sensor responses and baseline resistances over a pe-
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riod of several days.

Unlike MOS sensors, the CP sensors are not yet widely marketed, and labora¬

tory-scale manufacturing renders them expensive. The difficulty of producing a

good batch-to-batch reproducibility probably presents their main disadvantage

[11].

2.2.4 Piezoelectric sensors or quartz microbalance (QMB)

Piezoelectric sensors are based on a change of mass, which can be measured

as a change in resonance frequency.

These sensors are made of tiny discs, usually quartz, lithium niobate (LiNb03)

or lithium tantalate (LiTa03), coated with materials such as chromatographic

stationary phases, lipids or any non-volatile compounds that are chemically and

thermally stable [56-58].

When an alternating electrical potential is applied at room temperature, the

crystal vibrates at a very stable frequency, defined by its mechanical properties

[59]. Upon exposure to a vapour, the coating adsorbs certain molecules, which

increases the mass of the sensing layer and hence decreases the resonance

frequency of the crystal. This change can be monitored and related to the vola¬

tile present [15].

The crystals can be made to vibrate in a bulk acoustic wave (BAW) or in a sur¬

face acoustic wave (SAW) mode by selecting the appropriate combination of

crystal cut and type of electrode configuration [29]. Basically, the difference

between BAW and SAW sensors is the difference between a 3- and a 2-

dimensional structure. BAW are 3-dimensional waves travelling through the

crystal, while SAW are 2-dimensional waves (Rayleigh, Love and Bluestein-

Gulyaev) that propagate along the surface of the crystal at a depth of approxi¬

mately one wave length [56,57].

The principle of BAW sensors was introduced by King in 1964 with his Piezoe¬

lectric Sorption Detector [60]. These devices are also called „quartz crystal mi¬

cro-balance" (QCM or QMB) because, similar to a balance, their responses

change in proportion to the amount of mass adsorbed. BAW sensors vibrate

with a frequency of 10 - 30 MHz. Their thin coating (1 ^m - 10 nm) is deposited

by spin coating, airbrushing or inkjet printing [11,29,57].

More than 10 years later, in 1979, the first gas sensor based on a SAW oscil¬

lator was introduced by Wohltjen and Dessy [61-63]. However, the first use of
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such a sensor was reported by Martin etal. in the 1980s [64-66]. These devices

work at a higher frequency than BAW sensors, i.e. 100 MHz - 1 GHz. The

manufacturing technique includes photolithography and airbrushing, and is fully

compatible with planar integrated circuits fabrication, especially planar silicon

technology. This advantage enables SAW structures and conditioning circuits

to be incorporated on the same silicon substrate resulting in robust and inex¬

pensive SAW sensors [67].

Since piezoelectric sensors can be coated with an unlimited number of materi¬

als, they present the best selectivity [11,15]. However, the coating technology is

not yet well controlled which induces poor batch-to-batch reproducibility [11,29].

SAW sensors, though limited by the noise caused by their high operating fre¬

quency, are more sensitive than BAW sensors. However, both sensors require

a higher concentration of gas to elicit response levels comparable to other sen¬

sor types [11,15].

The difficulty of integrating BAW and SAW sensors into an "electronic nose"

resides in the more complex electronics and their high sensitivity to distur¬

bances such as temperature and humidity fluctuations [11,29].

2.3 Statistical analysis techniques

The raw responses generated by the sensors are analysed using various sta¬

tistical methods [15,57,68] (Table 1). Commercially available techniques fall into

three main categories:

- Graphical analyses: bar chart, profile, polar and offset polar plots
- Multivariate analyses: principal components analysis (PCA), canonical dis¬

criminant analysis (CDA), feature weighting (FW) and cluster analysis (CA)
- Network analyses: artificial neural network (ANN) and radial basis function

(RBF).

The choice of method depends on available data and the type of result that is

required.
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yes no

yes no

yes yes

yes yes

no yes

no yes

Table 1 : Main statistical methods used in electronic noses

PARC method LINEAR SUPERVISED

Principal components analysis (PCA)

Cluster analysis (CA)

Canonical discriminant analysis (CDA)

Feature Weighting (FW)

Artificial neural network (ANN)

Radial basis function (RBF)

2.3.1 Graphical analyses

The graphical analysis is the simplest form of data treatment that can be used

with an "electronic nose". This option is suitable when visually comparing sam¬

ples to a single specified reference. However, when several references are

used, analysis becomes more complicated and an alternative approach may be

necessary [16].

2.3.2 Multivariate analyses

Multivariate data analysis generally involves data reduction, i.e. it reduces high

dimensionality in a multivariate problem where variables are partly correlated

(e.g. sensors with overlapping sensitivities), allowing the information to be dis¬

played in a smaller dimension (typically two or three) [68,69]. There are many

multivariate techniques to choose from. A subset, called pattern recognition

(PARC) techniques, is routinely used in "electronic nose" data analysis.

2.3.3 Supervised / unsupervised

The PARC methods can be divided into unsupervised or untrained techniques

and supervised or trained techniques. Unsupervised learning methods are gen¬

erally used in exploratory data analysis because they attempt to identify a gas

mixture without prior information on the nature of the samples. These tech¬

niques, which include PCA, CA and multidimensional scaling, are useful when

no example of different sample groups is available, or when hidden relation¬

ships between samples or variables are suspected [7,68].
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Conversely, supervised learning techniques classify measurements by devel¬

oping a mathematical model to relate training data, i.e. samples with known

properties, to a set of given descriptors. Test samples are then evaluated

against a knowledge base and predicted class membership is deduced. These

methods enable the system to de-emphasise parameters other than volatile, for

example temperature and humidity, and to train a system to look only at par¬

ticular combinations of sensors [7].

2.3.4 Linear/ non-linear

The above-mentioned multivariate analyses are all linear PARC methods where

a model is calculated using linear combinations of input data [57]. Although

most sensors have a non-linear response process versus concentration, these

techniques work well as long as a low concentration of the volatiles ensures an

approximately linear response. In addition, the use of pre-processing algorithms

such as averaging, linearisation or normalisation, improve the performance of

these analytical techniques [68,70,71].

When high concentrations of volatile are involved, a non-linear PARC tech¬

nique, such as ANN or RBF, would be more appropriate. Non-linear models

usually need more parameters and therefore more input data than linear mod¬

els, since some parameters are used to describe the shape of the non-linearity.

The main advantage of such a method is flexibility, i.e. the ability to adjust to

more complex data variations. However, caution is necessary when choosing

the desired model flexibility by selecting the number of parameters. If too many

parameters are taken into account, the calculated model will be over-flexible,

fitting to all relevant data variations as well as to every unwanted sensor noise.

The best method to avoid an over-fitted model is to use training data to build a

non-linear model, and validation data to test this model (cross-validation) [57].

2.3.5 Artificial neural network

A neural network consists of a set of interconnected processing algorithms

functioning in parallel. On a very simplified and abstract level, ANN is based on

cognitive process of the human brain. Mathematical functions, or neurones, link

together to build a network which mimics the human nervous system [71]. A

weight is randomly assigned to each neurone and then adjusted by means of

an iterative or "learning" process, e.g. error back-propagation, until the desired

outputs are obtained. The resultant set of weights and functions is then saved
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as a "neural network". Like CDA, ANN is a supervised method and so needs a

minimum of known data to correctly train the system.

If the quantity of available data is not sufficient, an erratic result will be obtained

[16]. Unlike other PARC methods, a neural network is a dynamic, self-adapting

system that can modify its response to external forces using previous experi¬

ence, offering a more flexible and, due to the parallelism, faster method of

analysis. In addition, it may more closely mimic mammalian neurone processing

of odour stimuli [71,72]. A well trained ANN is very efficient in comparing un¬

known samples to a number of known references [15].

2.4 Applications in food products

"Electronic nose" systems were designed to be used with numerous products,

such as cars, food, packaging, cosmetics, etc. for an equally broad range of

applications: quality control of raw and manufactured products; process, fresh¬

ness and maturity monitoring; shelf-life investigations; authenticity assessments

of premium products; classification of scents and perfumes; microbial pathogen

detection [73,74]; and environmental studies [11]. Most publications deal with

the application to foods (Table 2), but published studies are also available cov¬

ering other products such as tobacco [72,75], cosmetics [76-79] and environ¬

ment [71,80-86].

Table 2: Application of different "electronic nose" systems to different food products.

Application Instrumental system Sensor technology Ref.

dairy products QMB6

AromaScan A20S

AromaScan A32S

FOX 3000

FOX 2000

laboratory-made

laboratory-made

eNose 4048

EEV instrument

6 BAW

20 CP

32 CP

12 MOS

6 MOS

MOS (Sn02, TiW03)

SPME-MS

12 CP

12 CP?

87

49,89

91,95

88,91,94

92,93

90,96,97

98

99

100

meat Alabaster-UV

FOX 2000

NST 3210

FOX 3000

AromaScan

1 MOS, 1 UV

6 MOS

10 MOSFET, 4 MOS, 1 IR

12 MOS

?CP

102

103-110

112

111

113

grains CPS

NST 3210

FOX 3000

4 amperometric sensors

10 MOSFET, 4 MOS, 1 IR

12 MOS

114

115,116

117
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coffee FOX 4000

MOSES

laboratory-made

laboratory-made
AromaScan A32/50S

18 MOS

8 QMB, 8 MOS

12 MOS

6 MOS

32 CP

119

120

6,123-125

54,69,121,122

54,95

beer laboratory-made

AromaScan A20S

?

FOX 2000

12 CP

20 CP

?CP

6 MOS

51

128

129

130,131

mushrooms laboratory-made
AromaScan A20S

5 MOS

20 CP

132

132

sugar FOX 4000

FOX 3000

18 MOS

12 MOS

133

134

fish laboratory-made
NST 3210

laboratory-made

laboratory-made

2-6 MOS

10 MOSFET, 4 MOS, 1 IR

?MOS

9 electrochemical sensors

135

136

137

138,139

blueberry laboratory-made 2 MOS 140

strawberry FOX 3000

laboratory-made

12 MOS

SPME/FID

141,142

143

orange juice AromaScan A32S 32 CP 144

cola FOX 2000 6 MOS 124

alcoholic beverages laboratory-made

laboratory-made

5 BAW

6 MOS

83

122,145,146

packaging FOX 2000

NST 3210

AromaScan A32S

6 MOS

10 MOSFET, 4 MOS, 1 IR

32 CP

148,149

150,151

152

2.4.1 Cheese and other dairy products

Until now, mainly two dairy products were investigated, i.e. cheese and milk,

with three types of technology: MOS, CP and MS.

Four preliminary investigations were conducted to discriminate between various

cheese types. Two, using a QMB6 system and a FOX 3000 system, success¬

fully differentiated between six Swiss cheeses, Appenzeller, Emmental,

Gruyère, Tête de Moine, Tomme Vaudoise and Tilsiter [87,88]. The third study,

using an AromaScan A20S, was made with CP sensors on Gorgonzola and

Cottage Cheese, and on Parmigiano-Reggiano, Gouda and Emmental, respec¬

tively [89]. Within the two groups, the different cheese types could be easily

distinguished. Some problems occurred with the repeatability of the results; this

may be related to the product itself (different pieces of the same sample may

have slightly different odours), the sampling technique (changes in temperature

or duration may change the odour) or the air moisture content (the system used
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ambient air). Therefore, the AromaScan system was found to be useful as a

research tool, but further experience is necessary for use in routine tests. The

last one, using a laboratory-made instrument, was able to differentiate 5 differ¬

ent types of Italian cheeses: Monte Veronese, Grana Padano, Provolone and

Italian Sbrinz [90]. The system could also discriminate between three different

classes of Grana cheese: Grana Trentino, Grana Parmigiano Reggiano and

Provolone.

English Cheddar cheese was investigated using an AromaScan A20S in mild,

medium and mature states. A recognition rate of 80% was achieved, but only if

a close control of the equilibration temperature was maintained [49].

Van Ysacker and Ellen [91] tested two electronic noses with dairy products.

With an AromaScan instrument, they tried to discriminate between 3 kinds of

cheese, but did not succeed. Using a FOX 3000, they tried to differentiate milks

from different heat treatments, as well as milks with off-flavours. The discrimi¬

nations were possible depending on the calculation method used. With both

systems, they wanted to track residues of cleaning and disinfection products in

raw milk. None of the instrument was able to detect 1ppm, which is the mini¬

mum amount that should be detectable for industrial applications.

Using SPME-GC-FID technique and a FOX 2000 instrument, a group of Ameri¬

can searchers discriminated 5 American "Swiss Cheeses" selected for having

different flavour characteristics. The GC analysis showed that only a limited

number, 4 to 7, of compounds was responsible for the discrimination, i.e. ace-

toin and acetic, propionic, butyric, isovaleric hexanoic and octanoic acids

[92,93].

Wijesundera and Walsh [94] tested a FOX 3000 instrument with different

cheeses. First, they tried to discriminate between 6 cheese varieties: Edam,

Gouda, Parmesan, Pecorino, Jarlsberg and Cheddar. The system could only

partly separated the tested cheeses: Parmesan and Pecorino, as well as Edam

and Gouda could not be differentiated. Cheddar cheeses at four different rip¬

ening grades, i.e. 1, 3, 7 and 22 months old, could be easily discriminated. Six

mature Cheddar cheeses (6-20 months old) retailed under different brand

names could also be discriminated. However, the observed differentiation could

also have been due to differences in age. Finally, they discriminated two cream

cheeses of the same brand with one cheese having a "culture flavour".

Visser and Taylor [95] reported an interesting study on the necessity to modify

the AromaScan instrument in order to obtain any kind of discrimination. A com-
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parison of measurements done with and without modification of the instrument

is presented. From 5 very different samples, i.e. young Cheddar, very old and

highly odorous Cheddar, instant coffee powder, fresh banana and moist air,

only the banana sample could be separated from the others with the unmodi¬

fied instrument. However, with a modified version, i.e. dynamic instead of static

headspace, a total humidity control of the headspace, and smaller vials (100

ml_ instead of 850 mL), and application-dedicated procedures, the results were

greatly improved. The measurements of 4 different dairy products, infant milk

powder, cheese, milk and butter, were compared with results from an untrained

sensory panel. Three infant milk powders from 2 manufacturers and with or

without honey flavour were measured. The "electronic nose" was able to dis¬

criminate between the flavoured and unflavoured powders, while the sensory

panel could easily differentiate the manufacturers but not the added flavour.

Mild and medium English Cheddar cheeses, as well as cooked and uncooked

pasteurised milk were slightly differentiated by both the "electronic nose" and

the sensory panel. Fresh and UV irradiated Anchor butter could not be sepa¬

rated neither by the instrument nor by the human panel.

A laboratory-made instrument based on SnÛ2 and Ti-WOß sensors could suc¬

cessfully discriminated between UHT, pasteurised and "in-bottle" sterilised milk

[96,97].

Another laboratory-made instrument [98], using a SPME pre-concentration

technique and a MS detector, was employed to differentiate a total of 40 milk

samples of ten different kinds: reduced-fat (2% butterfat) bought in supermar¬

kets and used as control samples, UHT, UHT light-abused, UHT copper-

abused (20 ppm), microbial contaminated UHT reduced-fat and whole-fat (3.3%

butterfat) (Pseudomonas fluorescens, Pseudomonas aureofaciens, and Pseu¬

domonas putrefaciens). Light- and copper-abused milks were rated to have no

detectable odour but they possessed an oxidised off-flavour. Milk with microor¬

ganisms had a similar Cheddar cheese-like aroma. Thirty peaks were chosen

for the PCA analysis, and an internal standard normalisation was applied in or¬

der to improve the discrimination. All 6 microbial contaminated samples as well

as the UHT milk were easily separated. The control, light- and copper-abused
milks were much closer to each other, and could only be discriminated when

considered separately from the others. They were, however, good differenti¬

ated.

Maillard reactions in the heating process of blockmilk, i.e. mixture of milk and

sugar concentrated to ca. 98% dry matter, was followed with an "electronic
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nose" equipped with CP sensors [99]. The system was able to discriminate

between 8 manufacturing stagers: starting material, i.e. pasteurised milk and

sugar; 2 consecutive concentrating steps; 4 degrees of caramélisation; and fi¬

nal product. Both multiple discriminant analysis (MDA) and artificial neural net¬

work (ANN) were applied on the data set. The ANN prediction was not very

successful probably because of a too limited number of data resulting to an

overfitted model. The MDA gave a very promising result although there is no

mention of the repeatability of the experiment.

An EEV instrument probably equipped with CP sensors (the type of instrument

and sensors is not mentioned) was used to follow the storage of pasteurised

milk [100]. Microbial and sensory analyses were conducted in parallel. The

authors tried to differentiate the brand, the microbial counts and the milk ages.

The results obtained with the "electronic nose" were judged good enough to

further investigate this method.

2.4.2 Meat

Within food, the majority of publications refer to meat products. Haugen and

Kvaal [101] summarised the most scientific papers on this topic by classifying

them into five groups: sensory quality, classification, spoilage/shelf life, off-

flavour and taints, and processing. Most of the studies were carried out by

Berdagué at the Station de Recherches sur la Viande at INRA Theix, Clermont-

Ferrand (France). Berdagué's studies used instruments based on MOS sen¬

sors, starting in 1993 with the Alabaster-UV, one of the first commercially avail¬

able instruments. This system consists of a stainless steel measurement

chamber containing one semiconductor gas sensor, an UV-lamp and air input

and output connected to a fan. The signal obtained is shown as desorption

curves in "Alabaster" units. The first study was carried out in collaboration with

Talou of the Ecole Nationale Supérieure de Chimie de Toulouse (France). It

was shown that this simple instrument could differentiate maxima in odour per¬

ception resulting from the maturation of dry non-spiced sausages and rapidly

detect sex-linked differences in meat product composition [102].

This research group also initiated a study into the discrimination of micro¬

organisms using a multi-sensor MOS instrument [103]. By analysing a head-

space generated by bacteria grown on agar medium, the FOX 2000 correctly

classified 90.5% of the analysed bacteria species [104]. Bacterial strains com¬

monly used for curing or pathogenic strains sometimes found in meat products
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were also detected and correctly classified. Six different types of French dry-

sausages and 16 Iberian hams, both with and without off-flavour were also cor¬

rectly identified [105-108]. Another study, conducted over 3 days, demonstrated

that non-controlled ambient air, which simulated an on-line quality control, could

be used in the rapid discrimination of food products. Research was carried out

on sausages and the data obtained subjected to modelling by Gompertz sig-

moidal function, and discriminant analysis with backward variable selection. In

both cases satisfactory results were achieved with 100% and 97% product rec¬

ognition respectively [109,110].

Another study using a 12-MOS sensors FOX 3000 investigated boar taint and

the contamination of meat products. It was concluded that the obtained results

were promising; however optimisation of the method, e.g. by adding extra

acoustic wave sensors, was necessary [111].

Winquist et al. [112] also studied the performance of an "electronic nose" with

meat products. Using an NST 3210 Emission Analyser, samples of ground beef

and pork that had been stored in a refrigerator between analyses were studied

using ANN and an algorithm based on an abductory induction mechanism. Both

types of pattern recognition software could predict the type of meat, but storage

time was more problematic. Neural network based on unsupervised training

methods could be used for a storage time prediction of ground beef.

Conversely, Shiers er al. [113] did not succeed in monitoring spoilage of mince

beef using a CP system. This failure was explained by a high sensitivity of CP

sensors to moisture and a low sensitivity to the small quantity of volatile species

generated during meat spoilage.

2.4.3 Grains

The use of gas sensors in the classification of grains was first reported by

Stetteref al. in 1993 [114]. Using chemical parameter spectrometry (CPS), 83%

of wheat samples could be correctly classified by quality grade 'good', 'sour1 and

'insect infected'. With CPS, a sample of dilute vapour is pyrolyzed on a heated

catalyst of platinum or rhodium, then passed through four amperometric gas

sensors of different selectivities. Each sample was measured with the four sen¬

sors at four different catalyst temperatures, generating 16 signals. The signals

were treated with K-nearest-neighbour (KNN) analysis and ANN. Comparison of

both pattern recognition systems revealed that after compensation for instru¬

mental parameters, ANN was much more resistant to random error and drift in
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sensor signal magnitudes. ANN therefore proved more adaptable to events oc¬

curring in real analytical situations, such as the failure of an instrument compo¬

nent.

A group of Swedish researchers classified a total of 235 samples of wheat,

barley and oats [115]. The NST 3210 Emission Analyser, correctly identified

75% of the samples using a four-class system of descriptions by inspectors

('mouldy/musty', 'acid/sour', 'burnt' and 'normal'), and 90% when using a two-

class system ('good' and 'bad'). These values exceeded corresponding per¬

centages of agreement between two grain inspectors classifying the grain. Us¬

ing the same combination of sensors to identify various off-odours in oats these

results were confirmed with a high degree of accuracy [116]. The percentage of

mouldy barley or rye grains in mixtures with fresh grains could also be deter¬

mined. In wheat, ANN predictions correlated well with measured ergosterol and

with colony forming units of fungi and lactic acid bacteria.

The Swedish Farmers Supply & Crop Marketing Association studied 80 wheat

and barley samples using a 12-MOS-sensor FOX 3000 [117]. The aim was to

replace sensory evaluation for off-odours in grains with instrumental analysis.

When ANN was used, the samples could be discriminated at more than 80%.

Nevertheless, the conclusion was that the "electronic nose" needs further de¬

velopment and comparison with other methods before it may really be used as

an alternative to sensory panel.

2.4.4 Coffee

Roasted coffee is considered to exhibit one of the most complicated food

aroma compositions with more than 600 components [69,118]; it has thus been

chosen by the Alpha MOS company as a case study to validate the FOX 4000

instrument [119]. Two Arabica coffees, one Robusta coffee and mixtures of

both were analysed over a period of approximately 6 months. Three instru¬

ments were used with pure products as calibration material. Favourable results

were obtained on all three systems over the entire 6-month period. Without

calibration, the discrimination power decreased after one month.

Mitrovics et al. [120] were able to discriminate 3 types of coffee bean, Robusta,

Columbia and Santo, as well as different mixtures of all three using the MOSES

system.

Aishima [121,122] was able to differentiate two ground coffees, Coffea arabica

and Coffea robusta, as well as two commercial instant coffees, freeze-dried and
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spray-dried. He used a laboratory-made system consisting of 6 MOS sensors.

Gardner's studies [6,123-125] used a laboratory-manufactured instrument

based on 12 MOS sensors to classify three commercial coffees consisting of

two different blends and two roasts. All three coffees could be identified with the

"electronic nose" being more sensitive to different roasts than to blends. The

authors also concluded that improvements in experimental procedures, equip¬

ment and design, as well as advancement in the selectivity and stability of the

sensors were necessary to obtained increased reproducibility and consistency

of the system. In a static system, Brazilian and Colombian coffees were more

accurately identified with the use of 12 CP sensors than with 12 MOS [6].

Fukunaga et al. [69] conducted a study on different coffee blends using a 6-

MOS-sensor laboratory-manufactured instrument. They also found a high cor¬

relation between roasting level and sensor outputs. By comparing two methods

of analysis, it was illustrated that coffee with a medicine-like odour could be

detected more easily with an "electronic nose" than with gas chromatogra-

phy/mass-spectrometry (GC/MS) analysis. However, they concluded that other

factors, additional to the medicine-like smell, may possibly contribute to the

difference between tainted and non-tainted coffees.

Gretsch et al. [54] evaluated the ability of MOS and CP sensors to identify in¬

stant coffee powder coated with a flavoured oil. The AromaScan A32/50S was

not able to differentiate between coated and non-coated powder; this was at¬

tributed to the high sensitivity of the CP sensors to free water and carbon diox¬

ide. A 6-MOS-sensor laboratory-manufactured instrument was more successful

with discrimination between the samples being achieved. However, this system

was found to be unsuitable for in situ food quality monitoring where substantial

variation in oxygen content occurred during shelf-life.

In addition to these classifications of odours with electronic noses, studies were

carried out in Japan to discriminate between coffee tastes with an "electronic

tongue" using lipid membranes taste sensors [126,127].
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2.4.5 Beer

The first study on beer products was reported by Pearce et al. [51] in 1993. A

laboratory-manufactured system, based on 12 CP, tested three similar com¬

mercial beers, two lagers and one ale. The three brands were easily identified.

An artificially tainted lager could also be successfully differentiated from the

same untainted beer. The intra-batch variation of one lager was examined, but

no significant difference could be detected.

An English brewery studied the possibility of integrating the AromaScan A20S

into their production process [128]. The study investigated various beers (four

lager and five ale brands) and their raw materials (hop, leaf and malt). Signal

variations produced by the introduction of diacetyl, phenolic and metallic off-

taints to a lager beer were also included. The data obtained were treated with

multi-dimensional analysis. A differentiation was shown between the two beer

brands but with several overlaps within one brand. The diacetyl and metallic off-

taints was found to lower the signal intensity while the phenolic off-taint in¬

creased it. Measurements conducted on the raw materials indicated both clear

discriminations and overlaps within one group of material. It was concluded that

this analytical method could prove promising in the brewery industry, but further

work is needed on sampling techniques, and on hardware and software. These

results concur with those of Bailey et al. [129] who discriminated between beers

adulterated with traces of diacetyl or d i methylsu Ifide (200 u,g/kg) using CP sen¬

sors.

Using a FOX 2000, Zimmermann and Leclercq [130,131] studied 50 samples of

two types of malt. They concentrated on the distinction between malt type, and

the identification of ageing and improperly manufactured batches. From this

feasibility study, it was concluded that the electronic nose could be used as a

tool to both improve product quality and develop new beer products.

2.4.6 Mushrooms

In 1995, the Agro-industrial Chemistry Laboratory at the National Polytechnic

Institute of Toulouse published preliminary results on the differentiation be¬

tween nine wild species of freeze-dried mushrooms using three different in¬

struments: a GC equipped with a sniffing-port, a home-manufactured system

with 5 MOS sensors and the AromaScan A20S [132]. The GC/sniffing analysis

differentiated between four groups. Data from the MOS system, as analysed
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with PCA also classified the samples into the same four groups. One mush¬

room species was clearly discriminated from the others. The CP device could

only differentiate between two mushrooms species. The study does not state

whether this difference is due to the sensor technology or to the sampling

method: static for the MOS system and dynamic with the CP system.

2.4.7 Sugar

A study on eight samples of beet and cane sugar with and without off-odour

compared the FOX 4000 with the traditional GC/MS and sensory panel analy¬

ses [133]. The electronic nose recognised six out of eight samples, which was

better than the sensory panel. A static headspace with an autosampler showed

an improved correlation with the GC/MS results than a manual dynamic head-

space.

Four commercial sugars of various qualities were classified using a sensory

panel and then analysed with a 12-MOS-sensor FOX 3000 [134]. It was con¬

cluded that the electronic nose could be useful to classify quality of raw material

and to complete technical specifications. However, some improvement on the

sampling method, as well as on the equipment is necessary, such as a reduc¬

tion in the dead volumes of the tubing and sensor chambers, and temperature

control of the injection port and tubing.

2.4.8 Fish

Spoilage in three different fish species (Haddock, Cod and Redfish) was fol¬

lowed using between two and six MOS sensors [135]. The samples were kept

at room temperature or in ice, and the results compared with sensory analyses.

The results were promising enough to prompt further investigation into the use

of electronic sensors in fish freshness assessment.

A system based on MOSFET sensors was successfully trained to predict the

age of cod filet [136]. The predictions were within the interval of 33.3-47.3 hs.

MOS sensors, both n- and p-types, were made on a laboratory scale to detect

fish freshness in a preliminary study [137]. Another laboratory-made instrument

based on electrochemical sensors could also detect spoilage of fish. The re¬

sults were compared to GC, sensory and total volatile bases analyses

[138,139].
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2.4.9 Berries

A laboratory-manufactured instrument consisting of two MOS sensors detected

damaged blueberries in packaging at a 5% level [140]. It also successfully dis¬

tinguished between four out of five ripeness classes. Adding data such as pH,

colour, berry firmness and titratable acidity, ten cultivars were differentiated.

Two instruments were used to successfully classify strawberry varieties: a

commercial one, the FOX3000 with MOS sensors [141,142], and a laboratory-

manufactured system based on a FID detection [143] after a trapping of the

volatile compounds on solid-phase microextraction fibres.

2.4.10 Orange juice

The AromaScan A32S was used to discriminate between freshly pressed or¬

ange juice at different ageing stages [144]. A comparison of data obtained with

the "electronic nose", sensory panel and GC analysis revealed similar results.

All three methods could differentiate between the three ageing groups, 'early',

'mid' and 'late'. However, the classification of the five samples in the groups

depended on the method used.

2.4.11 Cola

Using a FOX 2000, two brands of Cola and diet cola were compared. After the

three samples were degassed, they could be discriminated using a cluster

analysis [124].

2.4.12 Alcoholic beverages

A bioelectronic nose consisting of 5 BAW sensors coated with bullfrog receptor

proteins differentiated between sorghum liquors from different sources and

brewing processes [83].

Different liquors were measured using a laboratory-made instrument consisting

of 6 MOS sensors [122,145]. Six of the eight alcoholic beverages could be cor¬

rectly classified after a pre-treatment of the samples. A headspace concentrator

was mounted before the sensors in order to remove excess amounts of ethanol

and to standardise aroma introduction to the sensor array.

Gardner [146] did not succeed to discriminate whisky from brandy using a labo¬

ratory-made system of 6 MOS sensors. He suggested that the separation may
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be improved further by employing other sensor types or processing techniques.

A more extended review as well as techniques for ethanol removal is pre¬

sented in reference 147.

2.4.13 Packaging

Using a FOX 2000 and multiple discriminant analysis, cakes wrapped in various

qualities of film could be discriminated although a sensory panel did not find

differences [148].

Based on off-odours defined by a sensory panel, analyses obtained from GC,

sensory panel and MOS "electronic nose" were correlated [149]. Polypropylene

packaging with off-odour could easily distinguished from an undefective one.

Five cardboard papers from commercial manufacturers were examined with the

aid of an "electronic nose" comprising, 10 MOSFET, 4 MOS and one infrared

carbon dioxide sensors [150]. Four of the papers originated from the same pro¬

ducer, but from two different production lines, while the fifth paper came from

another manufacturer. The authors found that only four out of the 15 sensors

were necessary to discriminate totally between the five classes of papers. The

responses of nine different paperboards were correlated to the description of a

sensory panel [151]. Not all cases illustrated good correlation with a selected

number of sensors.

An analysis using CP was successful in detecting off-odours in canisters of

pharmaceutical inhalant [152]. Sensor responses suggested that specific elas-

tomeric components were responsible for the off-odour.
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3 INSTRUMENTATION

After a careful evaluation of the main instruments available on the market, the

following five instruments were selected and tested: 1) eNose 5000 from Mar¬

coni Applied Technologies (formerly EEV, formerly Neotronics, UK) with 12 CP

and 8 MOS sensors, 2) QMB6 from HKR Sensorsysteme (D) with 6 QMB (or

BAW) sensors, 3) NST 3220 from Nordic Sensor Technologies AB (S) with 10

MOSFET and 5 MOS sensors, 4) NST 3320 (a new version of the NST 3220)
from Nordic Sensor Technologies AB (S) with 10 MOSFET and 12 MOS sen¬

sors, and 5) SMart Nose from LDZ (CH) based on a mass spectrometer (MS)

(Table 3).

Table 3: Tested "electronic nose" systems.

Company EEV NST NST HKR LDZ

Instrument eNOSE 5000 NST3220 NST3320 QMB6 SMart Nose

Sensor tech¬

nology

12CPor

8 MOS

10 MOSFET

and 5 MOS

10 MOSFET

and 12 MOS
6 QMB MS

Headspace

generation
static static static static static

Measure¬

ment

dynamic or

semi-dynamic
dynamic dynamic

semi-

dynamic

semi-

dynamic

Each electronic nose system has its own specificity and working principle. Even

if the sensor technology is identical, the ways of sampling and measuring are

different. The instruments used during this study differed greatly from one an¬

other, except for the generation of the headspace, which was done for all in¬

struments via a static way. The measurements were done either with a dynamic

mode, i.e. without any stop of the gases in the sensor chamber, or with a semi-

dynamic mode, i.e. with a stop of the gases in the sensor chamber. This chap¬

ter presents each of the five systems as well as their working principle.

3.1 eNose5000: MOS / CP

The eNose5000 (Marconi Applied Technologies, Essex, UK) is equipped either

with 12 organic conducting polymer (CP) based on polypyrrole or with 8 metal

oxide semiconductor (MOS) sensors based on tin oxide. The system comprises

a CTC Combi PAL autosampler containing 2 trays of 32 x 10- or 20-mL vials

each.
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The sample is placed in an oven at a defined temperature and shook for a

user-defined time. A 5-mL syringe takes a sample of the created headspace

and injects it into a Teflon loop of 5 mL where it is trapped by a 6-port valve.

After injection of the syringe content, the valve is switched and the volatiles are

mixed with a carrier gas (synthetic air or nitrogen) at a defined flow rate. The

sample is transferred to a control module, which measures the temperature,

flow rate and percentage relative humidity of the mixture of volatiles and carrier

gas. From this chamber, the gases go to the sensor module where they are

measured either by being kept for a user-defined time period in the chamber,

semi-dynamic mode, or by just passing over the sensors, dynamic mode. The

volatile compounds are then purged out through the rear of the instrument. Fi¬

nally, the sensors are washed with the carrier gas to allow them to return to

their baseline resistance values. During the measurement, the volatiles interact

with the sensors which alters their resistance values. These changes in resis¬

tances are converted into a normalised pattern of responses. The data is ac¬

quired and displayed by the eNose 5000 software where it can be further ana¬

lysed.

The baseline, in [Q], is defined as the last raw resistance value before the

transfer of volatiles to the sensor array. The value of the sensor, in [%], re¬

sponse is defined as one point on the response curve. This point can be cho¬

sen as the response of the sensor at a defined time, or as the maximum of the

curve. The responses are expressed in percent, and defined as

jr> E> f>

—
_ baseime_^ wnere R = raw resistance of the sensor [Q], and Rbaseiine =

K-b ^baseline

baseline resistance [D].

3.2 NST 3220 : MOS / MOSFET

The NST 3220 Lab Emission Analyser (Nordic Sensor Technologies AB,

Linköping, S) is equipped with 10 MOSFET and 5 MOS sensors. The MOSFET

placed in 2 separate chambers operate at 140 and 180°C, respectively. The

MOS operating at temperatures between 350 and 400°C are placed in a third

separate chamber after the MOSFET sensor chambers. This system comprises

an automated carousel with a capacity of height 250-mL vials working at room

temperature.

The sampling technique is dynamic using filtered, ambient air as carrier gas.

After generation of the headspace at ambient temperature, a double needle is

lowered into the vial and ambient air is pumped through the sample for a user-
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defined time period. During the pumping, the headspace is directly transported

to the sensor arrays, where the volatile compounds interact with the sensors

before being purged out. Ambient air is then passed over the sensors to allow

them to return to their baseline resistance values. The needle and tubing can

be cleaned with ambient air after each measurement or after a series of meas¬

urements depending of the user needs. The data is acquired and treated by the

specifically designed NST Senstool software.

The baseline is defined as the first 30s of the measurement process. The re¬

sponse of the sensor is defined as one part, in %, of the response curve. Both

the baseline and the sensor response are expressed in arbitrary units [AU]. The

sensor response can be expressed in 5 different ways (Fig. 2):

a) the response: sensor signal at the end of the Sample phase minus the

Baseline value

b) the on-integral: integral of the sensor signal value during the first part of the

Sample phase minus the Baseline value

c) the off-integral: integral of the Response value minus the sensor signal dur¬

ing the first part of the Recovery phase

d) the on-derivative: derivative of the sensor signal during the initial part of the

Sample phase

e) the off-derivative: minus the derivative of the sensor signal during the initial

part of the Recovery phase

ra
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Fig. 2: Schematic representation of the possible sensor response definitions (from the

NST manual, with the permission of Nordic Sensor Technologies AB).

On integral Off integral

I I/**
rlfl | )
I «

~*** I s^

On derivativer»,;]

vl___——Off derivative

:*! "• :

: P«J

if
'

A Response

t :
Baseline

;



31 Instrumentation

3.3 NST 3320 : MOS / MOSFET

The NST 3320 Lab Emission Analyser (Nordic Sensor Technologies AB,

Linköping, S) is an update version of the NST 3220 system. This instrument is

equipped with 10 MOSFET and 12 MOS sensors. The MOSFET placed in 2

separate chambers operate at 140 and 180°C, respectively. The MOS operat¬

ing at temperatures between 350 and 400°C are placed in 2 separate cham¬

bers after the MOSFET sensor chambers. This system comprises an auto¬

mated carousel with a capacity of twelve 30-mL vials. Each vial can be indi¬

vidually cooled or heated.

The working principle and the definitions, i.e. baseline and sensor response,

are the same as for the NST 3220 version.

3.4 QMB: QMB6

The QMB6 (HKR, Munich, D) is equipped with 6 QMB sensors. This system

comprises a DAN I HSS 86.50 autosampler having a capacity of 44 x 10- or 20-

mL vials.

The glass vial is placed in an oven at a defined temperature for a user-defined

time. After generation of the headspace, an overpressure is created in the vial

by introduction of nitrogen gas through a needle for a certain amount of time.

This headspace is released through the same needle into the measuring

chamber. In this chamber, the gases are trapped for a user-defined time period

after which they are purged out with nitrogen gas allowing the sensors to return

to their baseline resistance values. During this "trap" period, the volatiles inter¬

act with the sensors, which alters their mass and therefore their frequency.

These changes in frequencies are converted into a normalised pattern of re¬

sponses. The data is acquired and treated by the QMB6 dedicated software.

The baseline, in [Hz], are defined as the first seconds (to be chosen) of the

measurement process. The responses of the sensors, in [Hz], are defined as

the average value of each curve for the last 35 s of measurement minus the

baseline values.
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3.5 MS: SMart Nose

The SMart Nose (LDZ, Marin, CH) is based on a Balzers Quadrupole Mass

Spectrometer. The system comprises a CTC Combi PAL autosampler contain¬

ing 1 tray of 32 x 10- or 20-mL vials.

The sample is placed in an oven at a defined temperature and shook for a

user-defined time. A 2.5-mL syringe takes a sample of the created headspace

and injects it into the injection chamber. The volatiles are immediately trans¬

ferred by mean of a nitrogen flow to the mass spectrometer, where they are

kept for a user-defined time period. The measurements can be made following

two operational modes: the survey mode with a mass range between 1 and 200

amu, and the multiple channel mode with a capacity of 64 different ion masses.

After each sample, the syringe and the injector are cleaned for a user-defined

time with a dry nitrogen flow. The Quadstar software from Balzers Instru¬

ments is used to control the spectrometer, the mass calibration of the quad¬

rupole, the data acquisition and the processing. In addition, the SMart Nose

software has been designed to process the raw mass spectrometric data using

statistical algorithms.
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4 INFLUENCE OF DIFFERENT PARAMETERS ON THE PER¬

FORMANCE OF THE INSTRUMENTS

This chapter highlights the most important factors to ensure repeatable meas¬

urements. This concerns the generation of the headspace as well as the setting

of the different instrumental parameters.

4.1 Incubation temperature

The incubation temperature is one of the most potent factors which influences

the generation of the headspace. A high temperature rapidly increases the con¬

centration of volatile compounds in the headspace. However, a too high tem¬

perature can activate chemical and/or microbial reactions within the sample,

and therefore modify the composition of the headspace. Another problem can

be a condensation of the headspace compounds in the transfer lines of instru¬

ments which do not have a heating of the tubing. For sensors working at room

temperature such as CP and QMB, an increase of the incubation temperature

reduces the responses (Fig. 3). This loss of sensitivity is probably caused by a

condensation of water or other volatile compounds on the sensors themselves,

as the temperature of the transported headspace is much higher than the one

of the sensors. Another explanation could be a temperature shock due the big

difference between the sensor temperature and the temperature of the arriving

volatile compounds.

Fig. 3: Response of CP sensors to sample A incubated: A) at 35°C, and B) at 90°C.
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4.2 Incubation time

Although not as influent as the incubation temperature, the incubation time is a

key factor in the generation of the headspace. If this parameter is not chosen

correctly, it will have a great influence on the repeatability of the measurements.

On one hand, the incubation time should be set long enough to allow the sam¬

ple to reach the desired temperature. One should take into account that not

only the sample but also the vial should be heated. For the autosamplers

tested, the heating rate was approximately 0.6 min/°C. On the other hand, the

incubation time should not be too long so that the headspace composition of

samples is not modified, especially by high incubation temperatures. With auto¬

samplers, which do not permit a cooling of the vials, a too long incubation time

could influence not only the incubating samples but also those waiting on the

autosampler tray, leading to a big difference between the first and the last sam¬

ples.

4.3 Gas flow rate and pressure

The gas flow rate and gas pressure have little impact on the sensor responses.

However, a too fast or too slow flow rate can affect measurements particularly

by instruments working in a dynamic mode.

On one hand, if the gas flow rate is too fast, the volatile compounds pass over

the sensors too quickly. The resulting short contact does not allow a sufficient

interaction between the volatiles and the sensors (Fig. 4 B). Furthermore, a

high flow rate or gas pressure dilutes the headspace leading to lower re¬

sponses.
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ABC

Fig. 4: MOS response to the same Swiss Emmental cheese at 3 different gas flow

rates: A. 80 mL/min, good set flow rate; B. 200 mL/min, flow rate too fast; C. 50

mL/min, flow rate too slow.

On the other hand, if the gas flow rate is too slow, the volatile compounds break

up in the tubing, and therefore arrive gradually in the sensor chamber over a

longer period of time (Fig. 4 C). In both cases, the sensor responses are too

low.

With the semi-dynamic mode, this parameter has not the same importance as

one can set a sufficiently long measurement time to allow a good interaction

between volatiles and sensors, even if part of the headspace is already out of

the sensor chamber or if the headspace is diluted.

4.4 Humidity of the carrier gas

Unfortunately, the humidity of the carrier gas could not be monitored on any of

the tested instruments. The sensitivity to humidity of CP sensors is a well-

known fact [12,48,54]. Other types of sensor may be less sensitive to water but

a difference of humidity will affect the response of every sensor technology,

although not always to the same extent. Therefore, for repeatable measure¬

ments, the humidity of the carrier gas must be kept constant.

4.5 Sensor cleanup and regeneration time

The sensor cleanup and regeneration time is a very important factor to get re¬

peatable results. This step is usually the most time consuming of the entire

measurement process, from a few seconds for QMB sensors to 15-20 min for

CP and MOS sensors. This parameter must be set long enough to allow the
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sensor to return to their baseline, i.e. to wash out all volatile compounds from

the sensor surface.

Surprisingly, measurements performed with the NST 3320 system showed that

to choose the right cleaning time, not only the baseline values but most of all

the sensor response must be considered. It seems that the sensors can have

reached their original baseline values, but they could still not be ready for the

next measurement (see chapter 5.4).

4.6 Measurement time

If the system is working on a dynamic mode (Fig. 5 A) and the software allows

a choice of one time point on the response curve for the statistical analysis as

this is the case with the eNose 5000 system, then the measurement time is not

a significant parameter. If the maximum of the curves is the interesting point for

the statistical analysis, one has just to let enough time for the sensors to reach

their maximum.

A B

Fig. 5: Measurement of sample A with: A. dynamic mode; B. semi-dynamic mode.

If the system is working on a semi-dynamic mode (Fig. 5 B) then the measure¬

ment time influences the last part of the sensor response curve. The best dis¬

crimination is, however, usually obtained by taking the first part of the response

curve, so that a long measuring time does not improve the final result.

For systems, such as the QMB6 and the NST 3220 / 3320, the measurement
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time is an important parameter. With these systems, the response is defined as

the last part of the curve. Therefore, the form of the curve is important. If a long

measurement time is chosen, then the response curves are closer to the maxi¬

mum than with a short measurement time. Measurements performed with the

NST 3320 showed that a short measurement time gave not only higher re¬

sponses but also a better discrimination than a long measurement time (Fig. 6

and Fig. 7). This could be explained by the fact that with a long measurement

time, the response curves have passed the maximum and are declining. Fur¬

thermore, all sensors have reached more similar values, as the sensors used

are non-specific. In the other hand, with a short measurement time, the values

defined as the sensor response take also into account the dynamic of the

curve, which seems to contain important information. This observation is con¬

firmed by another study [109] which mentioned that the dynamic of the curve

seems to be a significant parameter for a good discrimination.

AAAABBBB AAAABBBB AAAABBBB

A sample ß sample Q sample

Fig. 6: Measurements of the same samples, A and B with the NST3320 system with 3

different measurement times: A: 30 s; B: 60 s; C: 120 s. The responses ob¬

tained with the shorter measurement time are slightly higher than those with

longer measurement times.
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Fig. 7: Comparison of the difference, defined as mean response of sample A minus

mean response of sample B, for 3 measurement times and 9 MOS sensors, i.e.

M01, 2, 4, 10, 14, 15, 16, 17 and 18, respectively. The shorter measurement

time gave a higher difference between samples than the 2 longer ones, which

means also a better discrimination.

4.7 Air quality

The air quality is an important factor to ensure repeatable measurements. A

high quality of air helps the sensors to regenerate completely and rapidly, and

consequently to respond better. However, whatever the air quality is, the most

important condition is that it does not change over time. Fig. 8 shows the same

samples measured with different air qualities. In Fig. 8 A, active carbon filters

from two different brands were used. In Fig. 8 B, two active carbon filters from

the same brand was employed. These graphics clearly demonstrate that the

NST 3320 system could easily discriminate between the different air qualities.

The differentiation between the two air qualities was also visible on the baseline

values (Fig. 9 and Fig. 10). This experiment was not performed with the other

electronic nose systems, but they would probably behave the same way.

30 60 120

Measurement time [s]
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different brands;

B: Swiss Emmental cheese using two different active carbon filters from the

same brand.
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Fig. 9: Baseline values of alcohol and water samples measured with the NST 3320

system using two active carbon filters from different brands. Measurements

were done on a single day. Measurements from 1 to 205 were done with the

first filter and measurements from 206 to 385 with the second filter.



40

Influence of different parameters on the performance of the instruments

Fig. 10: Baseline values of Swiss Emmental cheese samples measured with the

NST 3320 system using two different active carbon filters from the same

brand. Measurements were done on a single day. Measurements from 1

to 52 represent the first filter and measurements from 53 to 71 the second

filter.



41

Repeatability and instability of the different systems and sensor technologies

5 REPEATABILITY AND INSTABILITY OF THE DIFFERENT

SYSTEMS AND SENSOR TECHNOLOGIES

A very good repeatability is an imperative condition for "electronic nose" sys¬

tems, not only because they are analytical instruments intended to be used in

routine works, but most of all because they are dependent on the creation of

databases. Therefore, the repeatability of each instrument used within this the¬

sis was observed with the same type of samples. In order to eliminate a poor

repeatability due to sample preparation, only good reproducible and homoge¬

nous samples were chosen for these studies: 1%o v/v ethanol (Merck) (1 mL

ethanol in 1 L deionised water), undiluted or 1%o7v 2-propanol (Merck) (1 mL 2-

propanol in 1 L deionised water), deionised water and ambient air.

5.1 MOS: eNose 5000

The parameter settings are summarised in Table 4.

Table 4: Parameter settings for measurements of 1 %o ethanol using the eNose 5000

equipped with MOS sensors.

Sample: 2 mL 1 %o ethanol

Vials: 20 mL sealed with a silicon/ Teflon septum and magnetic cap

Carrier gas: synthetic air (technical)

Instrumental parameters: Autosampler parameters:
- gas flow rate:100 mL/min - syringe: 5 mL

- sample preparation: 5 min - syringe temperature: 35°C

- transfer delay: 10 s - syringe flushing: 90 s

- sample transfer: 4 s - sample volume: 5 mL

- sample trap: 120 s - jncubatjon time:JOjriji
- system cleanup: 10 min JiiQ?-yhM9_nJemPeIatur6: ?°°c ;

Agitator: ^-filNng speed: 500

: speed: 500 rpm -RuJI-up delay: 500 ms

- agi on time: 5s - injection speed: 500

- agi off time: 15s - pre-injection delay: 500 ms
'

- post-injection delay: 500 ms

The measurements were performed over a period of 1 month.



42

Repeatability and instability of the different systems and sensor technologies

For unexplained raisons, the sensors deteriorated very rapidly and therefore, no

study could be performed over a long period of time. The sensor response

clearly decreased after a break in the measurement series, i.e. when they were

not in use and synthetic air was flowing over the sensors but no sample was

measured (Fig. 11). However, when samples were continuously measured, the

sensor response stayed more or less stable although a short decrease could be

observed.

break [days]: 13 5 12 7

0 50 100 150 200

MEASUREMENT NUMBER

Fig. 11: Response of MOS sensors to 1 %o ethanol. Sensors type 22400 and 22350

did not show any drift and are not represented in this figure.

At the same time, the baseline resistance of the sensors increased but not of

the same magnitude as the sensor responses decreased (Fig. 12).
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Fig. 12: Baseline values of MOS sensors corresponding to measurement of 1 %o etha¬

nol. Sensors type 22400 and 22350 did not show any drift and are not repre¬

sented in this figure.

5.2 CP: eNose5000

The aim of the present investigation was to measure the repeatability of an

electronic nose equipped with 12 CP sensors based on polypyrrole in the

course of the day and over a 3-month period. A solution of 1 mL/L ethanol in

water was used to follow the changes in the sensor response as well as in the

baseline resistance.

5.2.1 Experimental

Glass vials of 20-mL were filled with 1 mL of a solution of 1 mL/L ethanol

(Merck) in distilled water. The vials were sealed with silicon/ Teflon septa em¬

bedded in magnetic caps. Both trays were fully occupied so that each series

contained 64 samples. Measurements were carried out each 13 min for 87

days with breaks between measurement series varying from a few minutes to

10 days. A total of 3174 measurements were performed using two different car¬

rier gases: first with synthetic air (N2/02, 80% / 20%, technical), and then with

nitrogen (N2, technical).
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The gas flow rate was kept constant at 100 mL/min. The samples were incu¬

bated for 10 min at 30°C and agitated, during incubation, at 500 rpm every 5 s

for 15 s. After the incubation period, 5 mL of the headspace was injected within

10 s using a 5-mL syringe heated at 35°C with the following injection parame¬

ters: filling speed: 500, pull-up delay: 500 ms, injection speed: 500, pre-injection

delay: 500 ms, post-injection delay: 500 ms. After a transfer period of 4 s, the

volatile compounds were trapped for 2 min in the sensor chamber for meas¬

urement. Before and after each measurement, the sensors were cleaned for 5

min with the carrier gas, which gave a total cleanup time of 10 min. At the same

time, the syringe was flushed with the carrier gas for 85 s in order to avoid

cross-contamination between samples.

5.2.2 Sensor responses to the ethanol solution

Fig. 13 represents the maximum responses to the ethanol solution of all 12 CP

sensors over the entire 3-month period. The left side shows the measurements

performed with synthetic air as carrier gas (1076 measurements), and the right

side the measurements carried out with nitrogen (2098 measurements). The 1

mL/L aqueous ethanol solution, which is recommended by the manufacturer for

calibration, is well-defined, homogeneous and stable compared to other sam¬

ples such as real food products. However, even after elimination of the outlying

responses, the sensor responses obtained were rather unrepeatable. All sen¬

sors followed the same trend, i.e. when the response of a given sensor was low

or high, all other sensors responded the same way.
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Fig. 13. Maximum response (dR/Rb) of 12 conducting polymer sensors based on

polypyrrole to a 1 mL/L-ethanol solution over a 3-month period. Each curve

represents one sensor

The sensors had slightly different responses depending on the carrier gas

used. All sensors gave generally higher responses with nitrogen, especially

sensor types 458, 297 and 298. However, both carrier gases gave similar re¬

sponse variations, and hence, the same poor repeatability of the measure¬

ments. This finding may or may not be in agreement with the results of Bartlett

and Ling-Chung [47] who claimed that their laboratory-made CP sensors gave

"similar responses" to saturated methanol vapour whether air or oxygen-free

nitrogen was used. As no data are given, it is difficult to interpret the exact

meaning of "similar responses". If "similar" means the same type of response

qualitatively, i.e. curve shape, then our finding agrees with theirs. However, if

"similar" means quantitatively, i e curve height, then we cannot completely

agree with their assertion As the type of variations observed in our measure¬

ments is qualitatively similar for all sensors, it could mean that the sample

preparation is responsible for the lack of repeatability. However, it will be shown

later that this explanation is not satisfactory.

As all sensors showed the same trend in their response variability, subsequent
discussion is based on results obtained with sensor type 458. This arbitrary
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choice does not influence the discussion or the validity of the conclusions

drawn.

Fig. 14 presents the relative maximum response values over several days of

sensor 458 versus time of measurement. The bottom of the graph corresponds

to measurements performed with synthetic air and the top of the graph to

measurements carried out with nitrogen. This figure clearly shows that the sen¬

sor responses depended on the time of day when the measurements were

performed. For both carrier gases, the responses were always the lowest in the

morning (around 8 h), then rose to reach a maximum in the evening (around 18

h), and finally declined again until morning. The same cycle was recorded each

day, although the magnitude of the difference between morning and evening

measurements can differ significantly.
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Fig. 14: Maximum response (dR/Rb) of sensor 458 versus time of measurement

[hour]. Each symbol represents the values of one day.

Table 5 summarises the sensor fluctuations observed within the same day as

well as over the entire period of measurements, i.e. 3 months. The relative

fluctuations, A(dR/Rb), represent the difference between the highest and the

lowest value of the response (dR/Rb) as related to the average, and were cal¬

culated as
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rdR]jdR/Rb)m-(dR/Rb)1tiamm
KRh) (dR/Rh)
V o J \ o /average

When synthetic air was used as carrier gas, the fluctuations in sensor response

within the same day ranged between 44% (sensor 401) and 7% (sensor 458,

463 and 298). When nitrogen was used as carrier gas, the fluctuations were

between 33% (sensor 401) and 4% (sensor 458), and hence were slightly

smaller than with synthetic air. The instability observed by us seems however to

be much smaller than the one reported by Bartlett and Ling-Chung [47] who

noticed a change of 3.6 to 5.0 kn on responses of 3 to 30 kQ, which gives a

variation of 12 to 167% of the sensor responses. Nevertheless, they still con¬

sidered their results as "very reproducible".

Table 5: Fluctuations in the maximum response with synthetic air or nitrogen for each

of 12 sensors observed within the same day as well as within the entire period

of measurement, i.e. 3 months.

Measurements with synthetic Sensor type
air

458 459 460 461 462 463 464 478 483 297 298 401

Response fluctuation

within one day [%]

MIN 7 8 8 9 13 7 8 10 8 8 7 10

MAX 26 28 28 29 42 36 26 34 25 31 31 44

Response fluctuation within

3 months [%]
31 36 39 42 66 51 34 42 34 44 43 84

Measurements with nitrogen Sensor type

458 459 460 461 462 463 464 478 483 297 298 401

Response fluctuation

within one day [%]

MIN 4 6 7 7 8 7 6 7 5 6 6 6

MAX 21 26 27 30 31 28 25 30 24 27 26 33

Response fluctuation within

3 months [%]
42 39 41 43 52 46 36 42 35 39 40 51

The hypothesis that the sample preparation alone was responsible for the poor

repeatability is shown not to hold because of the fact that the shape of the sen¬

sor response in the course of the day was repeatable. However, Fig. 14 sug¬

gests the variation in temperature as another explanation for the trend ob¬

served. The measurements were performed during the summer, and there

were large temperature differences between morning and evening in the west

oriented laboratory. This external temperature significantly affected the tem¬

perature of the sensor module. The room temperature was not recorded during



48

Repeatability and instability of the different systems and sensor technologies

the measurements. However, due to the location of the laboratory, the room

temperature was always lower in the morning and higher in the evening. The

current software does not make possible an automatic recording of the sensor

chamber temperature. Therefore, a complete survey of this parameter was not

possible. However, it was possible to record the temperature manually as the

software always shows the temperature of the module on the screen. This tem¬

perature was recorded for several hours and several days.

The sensor chamber is supposed to be kept at a constant temperature of 30°C,

although a variation of 3°C was observed during this study. Fig. 15 clearly

shows that the sensor responses were greatly influenced by an elevation of the

sensor chamber temperature. Although data for the highest temperatures are

missing, it seems that a small temperature difference between 30.3 and 31.0°C

has a greater effect on the sensor response than the same difference at higher

temperatures. This observation confirms what Yueqiang et al. [43] reported for

polypyrrole films. They found that the temperature dependency of the polymer

coating was related to the conductivity of the film: the lower its conductivity, the

higher the temperature dependency. This observation may explain the greater

stability of the sensor response at higher temperatures.
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Fig. 15: Maximum response (dR/Rb) of sensor 458 versus temperature [°C] of the

sensor module as displayed on the computer screen.
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The variation in the module temperature could partly explain the poor repeat¬

ability of the results as well as the cyclic shape of the response over 24 hours

(Fig. 14). However, measurements performed during days where the room

temperature was nearly constant did not show a much better repeatability than

measurements carried out when there were large variations in the external

temperature between morning and evening. Therefore, this parameter alone

can not fully explain the observed instability.

5.2.3 Behaviour of the baseline

Pearce et al. [51] suggested that "the change in sensor conductance is a func¬

tion of the baseline conductance". Therefore, in order to explain the poor re¬

peatability of the sensor responses, the baseline resistance values of the sen¬

sors were examined.

Unlike the sensor responses represented in Fig. 14, Fig. 16 shows that the

baseline values varied more from day to day than within a day; only a small cy¬

clic variation, i.e. maximum of the baseline in the morning and minimum in the

evening, could be observed. This statement is confirmed by Table 6 which

summarises the baseline fluctuations of each sensor in the course of the day as

well as during the entire period of measurement. The fluctuations were calcu¬

lated in the same way as for the sensor response but by using Rbaseiine instead

of dR/Rb. Over the entire 3-month period, measurements performed using ni¬

trogen as carrier gas generally showed smaller baseline fluctuations than

measurements performed using synthetic air. Whereas the minimum fluctuation

within one day for all sensors was much smaller with nitrogen than with syn¬

thetic air, the maximum fluctuation was, generally much bigger (except sensor

458). Therefore, the carrier gas used does not seem to influence the baseline

stability over a short period of time (one day). However, the baseline values

were more stable over a relatively long period of time (3 months) when nitrogen

was used as carrier gas.
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Fig. 16: Baseline resistance [kD] of sensor 458 versus time of measurement [hour].

Each symbol represents a day. There was no difference between measure¬

ments performed with synthetic air or those carried out with nitrogen as car¬

rier gas.

Table 6: Fluctuations in the baseline resistance with synthetic air or nitrogen for each

12 sensors observed within the same day as well as within the entire period of

measurements, i.e. 3 months.

Measurements with synthetic Sensor type

air 458 459 460 461 462 463 464 478 483 297 298 401

Baseline fluctuation within

one day [%]

MIN 0.32 0.18 0.14 0.20 0.24 0.19 0.27 017 0.23 0 36 0.35 0.13

MAX 0 76 0.47 0.45 0 41 044 0 50 0.77 0 39 0.63 140 1.32 0.30

Baseline fluctuation within 3

months [%]
10.95 7 58 6.75 4.52 5.67 6 40 10 39 4 03 8 33 12.05 11 29 3.19

Measurements with nitrogen Sensor type

458 459 460 461 462 463 464 478 483 297 298 401

Baseline fluctuation within

one day [%]

MIN 0.04 0.09 0.09 0.09 0.11 011 0.08 0.05 0 05 0 04 0 07 0 06

MAX 0.09 2.06 2.21 2.25 2.55 1.95 2 06 1.86 1.64 2.22 2.40 1.64

Baseline fluctuation within 3

months [%]
5 21 3.36 3.45 3.06 4.32 3.94 3.34 4 08 3.48 6.69 6.91 3.22
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Contrary to other papers [47,51] which report sensor responses 1.5 to 6 times

more stable than the baseline resistances, we observed that, independently of

the carrier gas used, the baselines were much more stable than the sensor re¬

sponses. The baseline fluctuation over 3 months was on average only one

tenth of the response fluctuation. The maximum baseline fluctuation with nitro¬

gen over one day for sensor 458 was less than one two hundredth of the

maximum value of the corresponding sensor response. Thus, although the

value of the sensor baseline may be an important factor in the repeatability of

the sensor response, it is not the only one. In our measurements, the baseline

factor played rather a small role in the poor repeatability of the sensor re¬

sponses, and a direct correlation between the sensor baseline and the sensor

response was not apparent. A closer investigation of the baseline variation in

the course of the day revealed that the baseline variation showed an opposite

trend to the sensor responses, i.e. when the sensor baseline was low, the re¬

sponse to the ethanol solution for the corresponding sensor was high, and vice

versa. Fig. 17 shows that, although the cycle is clearly repeated, it is difficult to

define a mathematical function for the relation between the sensor response

and the baseline value.

56 58 60 62 64

BASELINE RESISTANCE [kO]

Fig. 17: Maximum response (dR/Rb) of sensor 458 versus baseline resistance [kü].
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Fig. 18 shows the average baseline resistances for sensor 458 versus the

measurement period. When synthetic air was used, the average baseline

shows an upward trend. This observation is in accordance with several studies

which have reported that CP sensors based on polypyrrole increase their re¬

sistance with time when exposed to air [55,153]. This change in resistance

could be explained by an oxidation of the polymer coating. This explanation

could also account for the decline of the average baseline values when nitrogen

was used. Nitrogen seemed to "regenerate" or reduce the polymer coating to

some extend after its exposure to oxidising gases. The baseline increase or

decrease was not linear versus time either with synthetic air or with nitrogen

and for any of the 12 CP sensors used. When synthetic air was used, the drift

was independent of whether the instrument was operating or not, i.e. system

completely shut down or withdrawal of the CP module from the system. When

nitrogen was used, the sensor baseline resistance increased when the instru¬

ment was not on, i.e. the sensors were no longer exposed to nitrogen. This fact

supports the hypothesis that the CP sensors are easily oxidised by air even by

a very small concentration [55].

Fig. 18: Daily average baseline resistance [kD] of sensor 458 versus day of meas¬

urement. The shaded zones correspond to time periods when the sensors

were not used



53

Repeatability and instability of the different systems and sensor technologies

The investigation of the sensor responses revealed a correlation between the

sensor response and the temperature of the sensor module (Fig. 15). As ex¬

pected, a variation of the sensor baseline value was also observed when the

chamber temperature increased (Fig. 19). Temperature had opposite effects on

the sensor baseline resistance and on the sensor response. Both observations

could be related to an increase in the conductivity of the sensor when the tem¬

perature increases. Therefore at high temperatures, the sensor conductivity is

high, which means a lower baseline resistance value and a higher sensor re¬

sponse. This observation is in agreement with other works [48,153], which re¬

port an inverse relation between temperature and baseline resistance of poly¬

mer sensors based on polypyrrole. In the study of Neaves and Hatfield [153],

the sensor resistance suffered from a change of 1.25 0/°C for an absolute

baseline of approximately 100 Ci. The sensors from Meijerink [48] were affected

of a difference of 5 Q/°C for an absolute baseline of approximately 500 Ci. In

our case, the sensors showed a variation of 540 Q/°C for an absolute baseline

of approximately 640'000 Ci. The ratio of baseline variation to absolute baseline

value was 10 times smaller in our case due to a very high absolute resistance.

Fig. 19: Baseline resistance [kd] of sensor 458 versus temperature [°C] of the sen¬

sor module as displayed on the computer screen.
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5.2.4 Attempts to correct the sensor instability

A linear parametric drift compensation was applied to the data set correspond¬

ing to the sensor responses when the module temperature was registered. This

correction was based on the model proposed by Pearce and Gardner [154]

where the systematic drift is approximated linearly. In our study, two linear

functions were calculated: i) sensor response (dR/Rb) versus time of day, and ii)

sensor response (dR/Rb) versus temperature of the sensor module. The slopes

of the linear functions obtained were then used to correct the sensor responses

by using the equation

(dR/Rb)corr= (dR/Rb)uncorr- at (I)

where (dR/Rb)Corr = corrected sensor response, (dR/Rb)Uncorr = uncorrected sen¬

sor response, a = slope of the linear function, and t = time or temperature of

measurement.

As the sensor responses taken into account for the time of day correction were

collected between 7 am and 8 pm, the instability in the course of the day could

be considered as approximately linear. The slope for correcting the systematic

instability caused by temperature changes was calculated between 30.3 and

31.0°C, as linear approximation cannot be done for the entire range, and only

too limited a number of points were available for higher temperatures. Fig. 20 A

shows measurements without any correction, i.e. as they are registered by the

electronic nose software. On this graph, one could see a dispersion of the data

set of 1%, i.e. the sensor responses range from 4.3 to 5.3%. Fig. 20 B displays

the same data set with the time of day as correcting factor, i.e. "a" in equation

(I) was replaced by the slope obtained on Fig. 14 when only measurements

between 7 am and 8 pm are taken into account, and "t" was replaced by the

corresponding time of the day.
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Fig. 20: Comparison of uncorrected and corrected measurements.

A Maximum response (dR/Rb) of sensor 458 without correction.

B Maximum response (dR/Rb) of sensor 458 with a linear parametric cor¬

rection to compensate for the drift observed from one hour to the next.

The data for the correction were taken between 7 am and 8 pm.

C Maximum response (dR/Rb) of sensor 458 with a linear parametric cor¬

rection to compensate for the drift due to the temperature variation of

the sensor module. The data for the correction were taken between 30.3

and31.0°C.

Fig. 20 C shows always the same data set but this time the temperature of the

sensor module was used as correcting factor, i.e. "a" in equation (I) was re¬

placed by the slope obtained on Fig. 14 by considering temperatures between

30.3 and 31.0°C, and "t" stood for the temperature of the sensor module. The

compensation applied using temperature gave much better results than the one

applied using the time of day instability. The mathematical correction for the
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temperature variation was able to halve the scattering of the measurements,

going from 1% to 0.5% dispersion. The correction applied using the time of day,

on the other hand, did not improve the data dispersion. The significant reduc¬

tion in the sensor response dispersion with the temperature compensation con¬

firms the hypothesis that temperature variation of the system is a major cause

of the instability of the sensor response. At least half of the response instability

can be explained by a temperature variation. The other half could be due to

noise in the polymer itself [48].

5.2.5 Conclusion

The results obtained show that electronic noses equipped with conducting

polymer sensors may not be as simple to use as they may look first. Even with

simple, homogeneous and stable samples such as 1 mL/L ethanol in water,

only poor repeatability was observed. Continuous series of measurements over

several days showed that the sensor responses varied not only from day to

day, as already reported in many other studies, but also from hour to hour. Lack

of repeatability with CP sensors is often explained by a difference in the water

content in the samples. Since our samples had all the same water content, the

poor repeatability could not be related to this parameter, and other causes were

investigated. Unlike in other studies [47,51], the baseline values only affected to

a small extent the repeatability of the sensor response, and could be consid¬

ered as nearly negligible. The temperature of the sensor chamber, and there¬

fore of the sensors themselves, was found to have a much greater influence on

the sensor responses. However, these two parameters did not explain the

whole instability observed during this study, and further still unknown factors

should be identified and investigated to completely understand the poor repeat¬

ability of the CP sensors. No simple correlation could be found between the

sensor responses and the corresponding baseline or temperature values.

Therefore, an easy correction of the sensor response based on these two pa¬

rameters was not possible, and any calibration would be very difficult to estab¬

lish due to the huge and rapid variation of the sensor responses.

Therefore, the eNose 5000 equipped with CP sensors was shown to be inap¬

propriate for most applications. Potential applications with this technology would

require a precise temperature control of the sensors, and would be only suitable

for products having a constant relative humidity as well as presenting well-

differentiated responses so that the residual response variation could be ne-
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glected. Only a few rare products correspond to the above-mentioned criteria. If

the technical control as well as the understanding of the working mechanism of

CP sensors are not improved, the future of this technology as sensor for volatile

compounds is seriously jeopardised.

5.3 MOS / MOSFET : NST 3220

The parameter settings are summarised in Table 7.

Table 7: Parameter settings for measurements of alcohols with the NST 3220.

Samples: 20 mL 1 %o ethanol

20 mL 1 %o 2-propanol
20 mL water

ambient air

Vials: 250 mL sealed with a silicon septum and screw-cap

Carrier gas: ambient air

Gas flow rate: 70 mL/min

Measuring time: 30 s

System cleanup: 5 min

Incubation temperature: RT

Incubation time: 2 h 16 min

Syringe purge: 10 s

Three consecutive measurements were performed for each vial. The syringe

was purged only after the third measurement. The value for the statistical

analysis was defined as the average of the 2 last measurements. The complete

cycle of 8 vials was repeated twice and only the second cycle was considered

for the statistical analysis. This way each sample has had the same incubation

time, which is not the case by the first cycle. This procedure of measurement

was possible because the autosampler was working at room temperature, and

therefore the samples did not suffer from big modifications during the 4.5 hours

of measurements.

The measurements were performed over 8 consecutive days.

The response, i.e. the last 30% of the Sample phase minus the Baseline value,

was used for the statistical analysis.
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Although the baseline values (Fig. 21) showed very big differences from one

measurement to another, the sensor responses (Fig. 22), however, were much

more repeatable.

2-propanol air ethanol water

400 600 800

MEASUREMENT NUMBER

Fig. 21: Baseline values of MOS and MOSFET sensors corresponding to measure¬

ment of 2-propanol, air, ethanol and water.

2-propanol ethanol

200

m 100

^"yyw

air

afe ^

water

v*

\f>\^\-ji|\^/

100 150 200

MEASUREMENT NUMBER

300

Fig. 22: Response of MOS and MOSFET sensors to 2-propanol, air, ethanol and

water.
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5.4 MOS / MOSFET : NST 3320

The parameter settings are summarised in Table 8.

Table 8: Parameter settings for measurements of alcohols with the NST 3320.

Samples 2 mL 1 %o ethanol

2 mL 1 %o 2-propanol
2 mL deionised water

Vials: 30 mL sealed with a silicon/ Teflon septum and screw-cap
:

Carrier gas: ambient air

Gas flow rate: 70 mL/min

Measuring time: 30 s

System cleanup: 5/10/15 min

Standby temperature: 14°C

Standby time: 20 min

Incubation temperature: 30°C

Incubation time: 20 min

Syringe purge: 10 s

The measurements were performed over one day for the comparison between

both cleanup times, 5 and 15 min, and over 2 months for the repeatability test.

The response, i.e. the last 30% of the Sample phase minus the Baseline value,

was used for the statistical analysis.

Fig. 23 shows that the baseline values did not show big differences in their re¬

peatability between a cleaning time of 5 min (Fig. 23 A) and a cleaning time of

15 min (Fig. 23 B). Measurements for the comparison were done over one day

with the three samples 1 %o ethanol, 1 %o 2-propanol and water. However, the

sensor response did show very big differences in term of repeatability when 5

or 15 min of cleanup time was set up (Fig. 24). The longer cleanup time gave

much better results, i.e. the responses were higher and more repeatable, than

the shorter cleanup time. This unexpected observation means that a good re¬

turn to the baseline does unfortunately not warranty repeatable results.
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Fig. 24: Comparison between responses of MOSFET and MOS sensors obtained over

one day with a cleanup time of 5 min A and 15 min B.

The test of repeatability over 2 months was performed with a cleanup time of 15

min. Within one series of measurements, i.e. one sample after the other without

interruption, the sensor responses were relatively good repeatable. However,

when another series was performed on another day with new vials but the
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same solutions, a jump was clearly visible in the sensor response. The jump of

the sensors from one day to the next varied from one sensor to the other. MOS

sensors gave generally higher responses with the time (Fig. 25 A), and MOS¬

FET sensors gave lower responses (Fig. 25 B). The differences between the

sample response varied with the time but not from the same amplitude. For

some sensors, the difference between ethanol and 2-propanol samples be¬

came bigger after a few days, and for other sensors, the discrimination became

smaller. However, this was not constant and a big discrimination one day did

not mean that it would still be the case the next day. This would mean that a

calibration of the instrument could only be done when each sensor is consid¬

ered separately.

2-propanol ethanol water

*Nv^Xi^"H^

SD SD

MEASUREMENT

2-propanol ethanol water

B

SD 3ß BD

MEASUREMENT

Fig. 25: Responses of MOSFET, A, and MOS, B, to 1 %o 2-propanol, 1 %o ethanol and

water.

The baseline values showed a big drift after a 8-day break (Fig. 26). Fortu¬

nately, like for the MOS sensors of the eNose 5000 system, this big drift did not

affect the sensor response on the same extend. No explanation was found for

this drift.
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Fig. 26: MOSFET baseline, A, and MOS baseline, B, for measurements performed

with 1 %o 2-propanol, 1 %o ethanol and water.

5.5 QMB : QMB6

The parameter settings are summarised in Table 9.

Table 9: Parameter settings for measurements of 2-propanol with the QMB6.

Sample: 2 mL 2-propanol non-di[uted
___

Vials: 20 mL sealed with butyl/ Teflon septum and aluminium cap

Carrier gas: nitrogen

Gas pressure: 770 hPa

Overpressure: 3 min
._ _ _

Measurement: 45 s
_

Incubation time: 25 min

Incubation temperature^ 40^C

Cleaning time: 30 min

Two series of measurements were performed on twice: a 2-day series was re¬

peated 6 months later.

A difference in the baseline values is visible between the 2 series of measure¬

ments (Fig. 27).
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However, the sensor responses did not show the same trend, and no significant

difference could be seen between the two series (Fig. 28). Nevertheless, the

responses could not be considered as very repeatable because the variation

within one series was much too big.

5.6 Conclusion

The above-presented results led to the conclusion that the baseline values

played a relative small role for the repeatability of the sensor responses, what¬

ever the sensor technology is. On one hand, a drifting baseline is of course not

a good sign for a good repeatability, but it does not seem to affect to a high

extend the sensor response, which is an advantage for this kind of analysis.

However, on the other hand, a good stable baseline does not insure repeatable

measurements as it was observed with the NST 3320 system.

Generally, QMB sensors excepted, the baseline values were more stable than

the sensor response.
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6 COMPARISON OF THE DIFFERENT SENSORS AND SYS¬

TEMS

The aim of this part of the project was to test the five different instruments and

sensor technologies with the same dairy product in order to select the more

appropriate system for further applications. Swiss Emmental cheese was cho¬

sen to test the instruments because the sample production was relatively well

controlled. All cheeses were manufactured on the same day in different cheese

factories. The cheeses were than collected and ripened in the same cellar.

Samples were taken on the same cheese in the middle of the loaf at four differ¬

ent ripening stages, i.e. after 1, 21, 98 and 180 days of ripening. The aim of

these tests was to discriminate between the four ages. Because of the specific

characteristics of each instrument, new parameters were defined each time in

order to obtain the optimal sensor responses.

6.1 Frozen storage of the samples

Because of the time lag between the sample collection and the measurements,

the products to be analysed were kept frozen at -20°C, wrapped in tinfoil and in

a plastic bag. Several studies had showed that freezing affects the cheese

even at very low temperatures [155-157]. Depending on the type of cheese

studied, the results may be slightly different. However, they all concluded that

during the freezing period the viability of the microbial floral decreases, the

proteolysis increases, and the sensory properties stays unchanged, although a

small lowering in aroma may occur. A study of volatile compounds of frozen

cheeses revealed that methyl-, dimethyl- and trimethyl-benzene may appear

already after a relative short freezing period, i.e. a couple of months [158]. In

spite of these possible disadvantages, freezing was the most adequate method

to keep the samples in acceptable conditions before and between measure¬

ments. Furthermore, a study of Collomb et al. [159] concludes that this is the

best method for a long time storage of cheese.

Considering that the "electronic nose" technology is a comparison method, and

that all products underwent the same treatment, the relative changes inside the

samples should not play a very important role. Of course, frozen samples could

not be compared with fresh ones, and this was not done within the above-

mentioned applications.
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6.2 Samples preparation

The cheese samples were finely grated and weighted directly in the vials. One

of the principal advantages of the "electronic nose" systems is the very simple

and short sample preparation. Therefore, no particular attention was given in

order to improve or modify the samples by sophisticated and long treatments. A

dedicated preparation may have improved the results, but would also have

needed a higher amount of samples, and thus lost one of the greatest advan¬

tages of this technology.

6.3 MOS: eNose5000

A first series of measurements was performed with the parameter settings

summarised in Table 10.

Table 10: First parameter settings of measurements of Swiss Emmental cheese

using the eNose 5000 equipped with MOS sensors.

Sample: 2.00 ± 0.002 g of grated cheeses

Vials: 20 mL sealed with a silicon/Teflon septum and magnetic cap

Carrier gas: synthetic air

Instrumental parameters: Autosampler parameters:
- gas flow rate: 100 mL/min - syringe: 5 mL

- sample preparation: 10 min - syringe temperature: 42°C

- transfer delay: 10 s
.
"jyring^Jjushjngj_90 s

- sample transfer: 4 s -A?JTJP!e volume 5 mL

- sample trap: 60 s
.

- incubation time: 15 min

- system cleanup: 5 min - incubation temperature: 40°C

Agitator: :Ü!M9_sp_eed: 500

- speed: 500 rpm - pulMjp delay: 500 ms

- agi on time: 5 s - injection speed: 500

'• - agi off time: 15 s - pre-injection delay: 500 ms

1
- post-injection delay: 500 ms

A second measurement series was done with other parameters (Table 11) and

another MOS sensor module.
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Table 11 : Second parameter settings of measurements of Swiss Emmental cheese

using the eNose 5000 equipped with MOS sensors.

Sample: 2.00 ± 0.002 g of grated cheeses

Vials: 20 rnL sealed with a silicon/ Teflon septum and magnetic cap

Carrier gas: synthetic air

Instrumental parameters: Autosamplerparameters:
- gas flow rate: 100 mL/min \^rLnge: 5 mL

- sample preparation: 6 min - syringe temperature: 55°C

- transfer delay: 10s - syringe flushing: 90 s

j - sample transfer: 4 s - sample volume: 5 mL

'_- sample measurement: continuous - incubation time: 7 min

- measurement gas flow rate: 80 mL/min - incubation temperature: 50°C

- system cleanup: 5 min
__

-filling speedy500

Agitator: OFF - pull-up delay: 500 ms

j2 injection sjpe_edj_500_
- pre-mjection delay: 500 ms

- post-injection delay: 500 ms

The first series of measurements gave a very good discrimination between the

Swiss Emmental cheese ages (Fig. 29). However, cheese ripened for 180 days

could not be measured due to a deterioration of the sensors after the first 3

groups.

The second series of measurements gave a very astonishing result (Fig. 30). It

is very surprising that the production sites can also be discriminated. To be sure

that the observed discrimination was not just an artefact from the PCA calcula¬

tion, the raw sensor data set was examined (Fig. 31). The graph shows clearly

that each of the 8 sensors detected some differences between the cheeses.
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Multiple Discriminant Analysis
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Fig. 29: Discrimination with MOS sensors between Swiss Emmental cheeses after

1, 21 and 98 days of ripening. The cheese producers are pooled.

Fig. 30: Discrimination with MOS sensors between Swiss Emmental cheeses from 19

producers after 21 days of ripening. Each circle represents one producer.
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Although the measurements of ethanol in the cheese series have revealed a

drift of the sensors with the time (Fig. 32), the system could probably still dis¬

criminate between the different production sites but part of the observed dis¬

crimination is due to a drift of the sensors. Unfortunately, no other measure¬

ments could be done to confirm or contradict this observation, as no sensor

module lasted long enough to repeat this study.
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Fig. 32: Sensor response to 1 %0 (7V) ethanol versus day of measurement.

In conclusion, the MOS sensors were very efficient with cheese samples but

seemed to suffer from unexplained poisoning effects. The damaging of the

sensors may be due to free fatty acids present in a relative high concentration

in this type of cheese. These weak acids may react irreversibly with the sensor

coating, and therefore cause an artificial accelerated ageing of the sensors (see

chapter 2.2.1.1.2).
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6.4 CP: eNose5000

The parameter settings are summarised in Table 12.

Table 12: Parameter settings for measurements of Swiss Emmental cheese using the

eNose 5000 equipped with CP sensors.

Sample: 2.00 ± 0.002 g of grated cheeses

Vials: 20 mL sealed with a silicon/ Teflon septum and magnetic cap

Carrier gas: synthetic air

Instrumental parameters: Autosampler parameters:

,

- gas flow rate: 100 mL/min - syringe: 5 mL

i"
" - ---

- sample preparation: 15 s - syringe temperature: 37°C

- transfer delay: 10 s - syringe flushing: 120 s

- sample transfer: 7 s - sample volume: 5 mL

- sample trap: 120 s - incubation time: 15 min

- system cleanup: 330 s - incubation temperature: 35°C

Agitator: OFF - filling speed: 500

- pull-up delay: 500 ms

- injection speed: 500

- pre-injection delay: 500 ms

- post-injection delay: 500 ms

In order to extend the sample surface, and therefore to facilitate the release of

volatile compounds, a second experiment was performed by adding 2.0 g sand

to the grated cheese samples.

The CP sensors showed a relatively poor sensitivity to volatile components of

cheese. Therefore, the discrimination between the four ripening stages was not

satisfactory (Fig. 33). Discrimination between the four ripening stages was only

possible when a single production site was considered. When different produc¬

tion sites were pooled together, the differences between the factories were

nearly as large as the difference between the different cheese ages. An insta¬

bility of the sensors presented the main problem with this technology. Differ¬

ences in the baseline as well as in the response values could be observed from
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one hour to the next (see chapter 5.2). The instability was all the more obvious

because the sensor responses were quite low, which implies a low response to

instability ratio.

Multiple Discriminant Analysis
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Fig. 33: Tentative discrimination with CP sensors between Swiss Emmental cheeses

after 1, 21, 98 and 180 days of ripening. The cheese producers are pooled.

An increase of the incubation temperature did not improve the response of the

CP sensors. An incubation temperature of 90°C gave responses of 1% lower

than an incubation temperature of 35°C (see figures chapter 4.1).

The addition of sand to the samples did not improve the results as expected.

The obtained discrimination was not better than when sand was not added.

Modification of other parameters such as the gas flow rate, the cleaning time or

the measurement time did not show significant differences, improvement or

aggravation, in the sensor response.
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6.5 MOS / MOSFET: NST 3220

The parameter settings are summarised in Table 13.

Table 13: Parameter settings for measurements of Swiss Emmental cheese

with the NST 3220.

Sample: 10 ± 0.02 g grated cheese

Vials: 250 mL sealed with a silicon septum and screw-cap
!

'

Carrier gas: ambient air

Gas flow rate: 70 mL/min

Measuring time: 30 s

System cleanup: 5 min

Incubation temperature: RT

Incubation time: 2 h 16 min

Syringe purge: 10 s

For each sample, 3 measurements were performed. A purge of the syringe was

done only after the last of the 3 measurements. The value for the statistical

analysis was defined as the average of the 2 latest measurements. The com¬

plete cycle was repeated twice and only the second cycle was considered for

the statistical analysis. This way each sample has had the same incubation

time, which is not the case by the first cycle. This procedure of measurement

was possible because the autosampler was working at room temperature, and

therefore the samples did not suffer from big changes during the 4.5 hours of

measurements.

The MOSFET sensors alone did not give good discrimination. However, in

combination with MOS sensors, as is done on the NST 3220 system, it seems

to provide a good system for cheese applications (Fig. 34). The differentiation

was however not as good as with the eNose 5000 equipped with MOS sensors.
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Fig. 34: Discrimination with MOSFET and MOS sensors between Swiss Emmental

after 21 and 98 days of ripening. The cheese producers are pooled.

6.6 MOS / MOSFET: NST 3320

The parameter settings are summarised in Table 14.

Table 14: Parameter settings for measurements of Swiss Emmental cheese with the

NST 3320.

Sample: 2.00 ± 0.002 g of grated cheeses

Vials: 30 mL sealed with a silicon/ Teflon septum and screw-cap

Carrier gas: ambient air

Gas flow rate: 70 mL/min

Measuring time: 30 s

System cleanup: 20 min

Standby temperature: 14°C

Standby time: 20 min

Incubation temperature: 40°C

Incubation time: 20 min

Syringe purge: 10 s
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The discrimination between the ripening grades was much better with the

NST3320 system than with the NST3220 version (Fig. 35). However, the dis¬

persion within the same cheese group was much bigger with the NST 3320

than with the older version.

Fig. 35: Discrimination with 2 MOS (MO102 and M0114) sensors between Swiss

Emmental after 1, 21, 98 and 180 days of ripening. The cheese producers

are pooled.

The result presented in Fig. 35 was obtained with a selection of only 2 MOS

sensors, i.e. MO102 and M0114. It could probably also have been done with

only one sensor, but the analytical software was not done for handling one sen¬

sor. This result showed the very poor selectivity of the MOS sensors. These

sensors always responded the same way and probably all to the same com¬

pounds.

The new NST 3320 system should have given more repeatable results than the

older version, the NST 3220. This is true when the results from one day to the

next are compared. However, the measurements of the same series have a

much bigger dispersion than with the older version. These observations can be

explained by the autosampler, which can heat or cold each sample separately.

This means that from one day to the next the incubation temperature is better
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controlled, and therefore, the day-to-day results are more repeatable. However,

the incubation or the standby temperatures seem different from one sample to

the other, meaning that the autosampler is not precise enough, which gives a

big dispersion between samples measured the same day.

6.7 QMB: QMB6

The parameter settings for the first experiment are summarised in Table 15.

Table 15: First parameter settings for measurements of Swiss Emmental cheese

with the QMB6.

Sample: 2.00 ± 0.002 g of grated cheeses

Vials: 10 mL sealed with butyl/ Teflon septum and aluminium cap

Carrier gas: nitrogen

Gas pressure: 700 hPa

Overpressure: 2 min

Measurement: 45 s

Incubation time: 7 min
_ _ _

Incubation temperature: 65°C

Cleaning time: 4 min

In order to extend the sample surface, and so to facilitate the release of volatile

compounds, 2.0 g sand was added to the grated cheese samples. At the same

time, the incubation time was increase to 15 min and 20-mL vials were used in

order to increase the volatile concentration.

The parameter settings for the second experiment are summarised in Table 16.
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Table 16: Second parameter settings for measurements of Swiss Emmental cheese

with the QMB6.

Sample: 2.00 ± 0.002 g grated cheeses + 2.0 g sand

.

Vials: 20 mL sealed with butyl/ Teflon septum and aluminium cap

Carrier gas: nitrogen
_. _ _

'.

Gas pressure: 700 hPa

Overpressure: 2 min

Measurement: 45 s

Incubation: 15 min

Incubation temperature^ 65°C

Cleaning time: 4 min

The QMB sensors were not even able to discriminate between cheeses ripened

for 1 day and 180 days (Fig. 36). The repeatability was good but the sensitivity

of the sensors was too low to detect differences between the measured cheese

samples.

Fig. 36: Tentative discrimination with QMB sensors between Swiss Emmental cheeses

after 1 and 180 days of ripening. The cheese producers are pooled.
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An increase of the incubation temperature did not improve the response of the

QMB sensors. An incubation temperature of 70°C gave a so bad repeatability
of the responses that the results were unusable. This very poor repeatability

can be caused by a condensation of water or other volatile compounds in the

tubing or on the sensors themselves, as the temperature of the transported

headspace is much higher than the other components of the system.

As for the CP sensors, the addition of sand to the samples did not improve the

results neither did a modification of other parameters such as overpressure,

cleaning time or measurement time.

6.8 MS: SMart Nose

The parameter settings are summarised in Table 17.

Table 17: Parameter settings for measurements of Swiss Emmental cheese with the

SMart Nose.

Sample: 2.00 ± 0.002 g of grated cheeses

Vials: 20 mL sealed with a silicon/ Tejon^septum and magnetic cap

Carrier gas: nitrogen 99.95%

Instrumental parameters: Autosampler parameters:
- gas flow rate: 20 mL/min - syringe temperature: 100°C

_.

-jnjector temperature: 120°C - sample volume: 2.5 mL

- acquisition time: 330 s -syringe: 2.5_mL
- injector purge time: 7 min - syringe flushing: 7 min

Agitator: - incubation temperature: 60°C

- speed: 300 rpm -incubation time: 10 min

- agi on time: 5 s - fining speed: 200

- agi off time: 2 s - pull-up delay: 100 ms

- injection speed: 70

- pre-injection delay: 100 ms

- post-injection delay: 100 ms

Selected channels: 41, 42, 43, 44, 45, 46, 53, 55, 56, 57, 58, 59,

60, 73, 74, 86, 91
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Discrimination using the MS system was difficult due to the low sensitivity of

this instrument for the volatile compounds from cheese, even at a relatively high

incubation temperature (60°C) (Fig. 37). We will see in chapter 8 that the use of

a simple pre-concentration technique, such as SPME, could improve the sensi¬

tivity of the SMart Nose system.

DFA2 100 iteiations Data normalized by 48 00

| I 98 days

20E01 10E01 28E17 1 0E 01 20E01

DFA1

Fig. 37: Discrimination with MS detector between Swiss Emmental cheeses after

1, 21, 98 and 180 days of ripening. The cheese producers are pooled.

6.9 Conclusion

This test series led to the principal conclusion that no system is perfectly

adapted for dairy product applications. Nevertheless, the MOS sensors were

the most efficient sensors to discriminate between the four stages of ripening of

Swiss Emmental cheese. The other tested sensor technologies gave responses

which were too low to provide a good discrimination.

For sensors working at low temperature, for example room temperature, an in¬

crease of the incubation temperature did not improve their response.

The series of test allowed a selection of the best sensor technologies, but not

the best instrument, for other dairy applications. The MOS technology was the
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only one to give satisfactory results. However, the MOS from the eNose 5000

suffered from an unexplained poisoning effect, and the other instrument

equipped with MOS sensors, the NST 3220 or 3320, gave less repeatable re¬

sults.
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7 APPLICATIONS

The first samples were chosen by asking several Swiss dairy industries for ap¬

plications which could be of an interest for them. Three types of sample were

obtained this way: Gruyère cheese, Swiss Emmental cheese with "rind taste"

off-flavour and Cheese snack with burnt off-flavour. Although the answer rate

was quite low, more interest was showed for cheese than for other types of

dairy products. Therefore, cheese was chosen as the main product. Processed

cheese was also examined in order to see if it could be used as a calibration

product. The applications treated within this thesis are summarised in Table 18.

Table 18: Summary of the applications treated within this thesis.

Sample type Observed properties Chapter

Raclette cheese milk treatment: raw or microfiltered 7.1

Gruyère cheese
production season: spring, summer,

autumn and winter
7.2

Cheese snack burnt off-flavour 7.3

Swiss Emmental cheese "rind taste" off-flavour 7.4

Processed cheese
repeatability to be used as calibration

samples
7.5

The samples examined in this chapter underwent the same storage and prepa¬

ration reported in chapters 6.1 and 6.2.

7.1 Raclette cheese

Experimental cheeses, type Raclette, were produced within a thesis work [160]

and measured with two instruments: an eNose 5000 equipped with MOS sen¬

sors and a NST3220 with MOS and MOSFET sensors. The aim of these tests

was to see if any kind of differentiation was possible between 5 different pa¬

rameters used to produce the cheeses. The first parameter was the milk qual¬

ity: skim milk microfiltered or not microfiltred. The other 4 parameters were the

introduction or not of 4 different cultures: Lactobacillus helveticus (EZAL LH

100), Lactobacillus case (Lacto-Labo LBC 82), Micrococcus sp. (Lacto-Labo

MVS), and Candida utilis (Lacto-Labo CUM). A total of 32 different cheese

loaves were manufactured. For each parameter, 16 cheeses were measured

(Table 19).
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Table 19: Factorial experimental design of Raclette cheeses [160]

DAY VAT1 VAT 2 VAT 3 VAT 4 VAT 5 VAT 6 VAT 7 VAT 8

1 Nr1 Nr2 Nr3 Nr4 Nr5 Nr6 Nr7 Nr8

raw

milk

without

LH100

without

LBC82

without

MVS

without

Cum

micro-

filtred

milk

with

LH 100

with

LBC82

with

MVS

with

Cum

micro-

filtred

milk

with

LH100

without

LBC82

without

MVS

without

Cum

raw milk

without

LH 100

with

LBC82

with

MVS

with

Cum

micro-

filtred

milk

without

LH 100

with

LBC82

without

MVS

without

Cum

raw milk

with

LH 100

without

LBC82

with

MVS

with

Cum

raw

milk

with

LH 100

with

LBC82

without

MVS

without

Cum

micro-

filtred

milk

without

LH100

without

LBC82

with

MVS

with

Cum

3 Nr9 Nr10 Nr 11 Nr12 Nr13 Nr14 Nr15 Nr16

raw

milk

without

LH100

without

LBC82

with

MVS

without

Cum

micro-

filtred

milk

with

LH100

with

LBC82

without

MVS

with

Cum

micro-

filtred

milk

with

LH100

without

LBC82

with

MVS

without

Cum

raw milk

without

LH 100

with

LBC82

without

MVS

with

Cum

micro-

filtred

milk

without

LH100

with

LBC82

with

MVS

without

Cum

raw milk

with

LH100

without

LBC82

without

MVS

with

Cum

raw

milk

with

LH100

with

LBC82

with

MVS

without

Cum

micro-

filtred

milk

without

LH100

without

LBC82

without

MVS

with

Cum

9 Nr17 Nr18 Nr19 Nr20 Nr21 Nr22 Nr23 Nr24

micro-

filtred

milk

without

LH100

without

LBC82

with

MVS

without

Cum

raw milk

with

LH100

with

LBC82

without

MVS

with

Cum

raw

milk

with

LH 100

without

LBC82

with

MVS

without

Cum

micro-

filtred

milk

without

LH 100

with

LBC82

without

MVS

with

Cum

raw

milk

without

LH 100

with

LBC82

with

MVS

without

Cum

micro-

filtred

milk

with

LH100

without

LBC82

without

MVS

with

Cum

micro-

filtred

milk

with

LH 100

with

LBC82

with

MVS

without

Cum

raw milk

without

LH100

without

LBC82

without

MVS

with

Cum

10 Nr25 Nr26 Nr27 Nr28 Nr29 Nr30 Nr31 Nr32

micro-

filtred

milk

without

LH100

without

LBC82

without

MVS

without

Cum

raw milk

with

LH100

with

LBC82

with

MVS

with

Cum

raw

milk

with

LH 100

without

LBC82

without

MVS

without

Cum

micro-

filtred

milk

without

LH 100

with

LBC82

with

MVS

with

Cum

raw

milk

without

LH100

with

LBC82

with

MVS

with

Cum

micro-

filtred

milk

with

LH100

without

LBC82

with

MVS

with

Cum

micro-

filtred

milk

with

LH 100

with

LBC82

without

MVS

without

Cum

raw milk

without

LH 100

without

LBC82

with

MVS

with

Cum
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7.1.1 MOS: eNose 5000

The parameter settings are summarised in Table 20.

Table 20: Parameter settings for measurements of Raclette cheeses with the eNose

5000 equipped with MOS sensors.

Sample: 2.00 ± 0.002 g of grated cheeses

Vials: 20 mL sealed with a silicon/ Teflon septum and magnetic cap

Carrier gas: synthetic air
_

.

Instrumental parameters: Autosamplerparameters:
- gas flow rate: 100 mL/min - syringe: 5 mL

- sample preparation: 15 min - syringe temperature: 55°C

-transfer delay: 10 s ]: syringe flushing: 90 s

- sample transfer: 4 s - sample volume: 5 mL

-measurement: dynamic - incubation time: 7 min

- measurement gas flow rate: 80 mL/min - incubation temperature^50°C |
- system cleanup: 5 min - filling speed: 500 «

Agitator: - pull-up delay: 500 ms j

- speed: 500 rpm - injection speed: 500

- agi on time: 5 s - pre-injection delay: 500 ms

-agi off time: 15 s -post-injection delay: 500 ms

No clear separation could be obtained with the Raclette cheese samples. Nev¬

ertheless, a trend could be observed by discriminating the cheeses manufac¬

tured with milk microfiltered from those produced with not treated milk (Fig. 38).

However, due to a quick degradation of the MOS sensors, this trend could not

be confirmed. Further studies with different instrumental parameters, such as

higher incubation temperature or longer incubation time, would be needed to

draw any valuable conclusion.

Discrimination between the different cultures was not possible.
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Fig. 38: Tentative discrimination with MOS sensors, eNose 5000, between experi¬

mental Raclette cheeses produced with microfiltered milk and non treated

milk.

7.1.2 MOS / MOSFET: NST 3220

The parameter settings are summarised in Table 21.

Table 21: Parameter settings for measurements of Raclette cheeses with the

NST 3220.

Sample: 10.0 ± 0.02 g grated cheese

Vials: 250 mL sealed with a silicon septum and screw-cap

. Carrier gas: ambient air

Gas flow rate: 70 mL/min

Measuring time: 30 s

System cleanup: 5 min

Incubation temperature: RT

Incubation time: 2 h 16 min

Syringe purge: 10 s
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Three consecutive measurements were performed for each vial. The syringe

was purged only after the third measurement. The value for the statistical

analysis was defined as the average of the 2 last measurements. The complete

cycle of 8 vials was repeated twice and only the second cycle was considered

for the statistical analysis. This way each sample has had the same incubation

time, which is not the case by the first cycle. This procedure of measurement

was possible because the autosampler was working at room temperature, and

therefore the samples did not suffer from big modifications during the 4.5 hours

of measurements.

The response, i.e. the last 30% of the Sample phase minus the Baseline value,

was used for the statistical analysis.

The same kind of trend noticed with measurements performed with the

eNose5000 could also be observed (Fig. 39), although it was far less obvious.

As with the other instrument, the cultures could not be differentiated. The

MOSFET sensors did not contribute at all to the discrimination, confirming that

the MOS sensors are the best sensors for cheese applications.
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Fig. 39: Differentiation of Raclette cheeses produced with raw and microfiltered milk

with MOS sensors of the NST 3220 system. The cheeses were collected

after 4 months of ripening.
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The greatest problem encountered with the NST 3220 system was an ex¬

tremely poor repeatability of the sensor responses from one day to the next.

Fig. 40 shows the same cheeses measured with one-month interval. The scat¬

tering within the days was much bigger than the differences between the sam¬

ples. As there were too many samples to measure them all on a single day, the

observed trend is probably not reliable. This observation means that the system

can only measure on a one-day basis, which also means that only a very lim¬

ited number of samples can be compared.
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Fig. 40: Experimental Raclette cheeses measured with a one-month interval using a

NST3220 system. Each colour represents one different day of measurement.

7.1.3 Conclusion

The measurements performed with the 2 systems showed that the MOS sen¬

sors could, in some cases, discriminate between Raclette cheeses produced

with microfiltred milk and milk not treated. The main difficulty encountered with

this experiment was that each cheese differed either by the milk treatment or by

the added culture. A separation between cheeses produced with different milk

processings would surely be much easier if only this factor differentiates the

samples. However, because of the relative small difference, the "electronic

nose" system must give very repeatable results.
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Discrimination between Raclette cheeses produced with the diverse cultures

was not possible with any of the tested instrument. However, as well as for the

milk treatment, if the culture was the only parameter differentiating the samples,

a separation could be more likely. It is, nevertheless, doubtful that the present

systems would be repeatable enough to obtain a very clear separation.

7.2 Gruyère cheese

Gruyère cheeses from different producers were collected for one year during

taxation, i.e. after 3 Vz months of ripening, and measured with the NST 3320.

The aim of this experiment was to see if a differentiation between cheeses pro¬

duced in winter, spring, summer and autumn was bigger than a differentiation

between the production sites. In other words, if the different milk qualities, de¬

pending on the season, were bigger than the manufacturing processes.

The parameter settings for the NST 3320 system are summarised in Table 22.

Table 22: Parameter settings for measurements of Gruyère cheeses with the

NST 3320.

Sample: 2.00 ± 0.002 g grated cheese

Vials: 30 mL sealed with a silicon/ Teflon septum and screw-cap

Carrier gas: ambient air

Gas flow rate: 70 mL/min

Measuring time: 30 s

System cleanup: 20 min

Standby temperature: 14°C

Standby time: 0 min

Incubation temperature: RT

Incubation time: 30 min

Syringe purge: 10 s

Four different cheese producers at four different seasons were considered. The

experiment was performed on 4 consecutive days and each cheese sample

was measured at least twice.

The on-integral, i.e. the first 30% of the integral of the sensor signal value mi-
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nus the Baseline value, was used as response for the statistical analysis. The

PCA was done with 8 MOSFETs and 7 MOS sensors.

Fig. 41 shows that a clear discrimination could be observed between the sea¬

son of production of the cheeses. It also shows that this differentiation is much

bigger than the difference between the production sites.

Fig. 41: Discrimination of Gruyère cheeses from 4 different production sites produced

at 4 different seasons: winter, spring, summer and autumn, with the NST3320.

As we have already seen with the Raclette cheese, the MOS sensors are quite

adequate to detect the quality of the milk used to produce the cheese. In the

case of Gruyère cheese, MOSFET sensors were also useful to obtain a good
discrimination. This observation confirms that the MOSFET sensors are a good

complement to MOS for the analysis of dairy products.
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7.3 Cheese snack with burnt off-odour

Two types of cheese snack were compared: a normal batch and one with a

burnt off-flavour. The comparison was done with one "electronic nose", the NST

3220, as well as with gas chromatography analyses, i.e. GC-MS/ FID/ Olfacto¬

metry.

7.3.1 Experimental

7.3.1.1 Electronic nose: NST 3220

The parameter settings are summarised in Table 23.

Table 23: Parameter settings for measurements of cheese snack with the NST 3220.

Sample: 5.0 ± 0.01 g of snack (whole, direct from the packaging)

'

Vials: 250 mL sealed with a silicon septum and screw-cap

Carrier gas: ambient air

Gas flow rate: 70 mL/min

Measuring time: 30 s

System cleanup: 5 min

Incubation temperature: RT

Incubation time: 2 h 16 min

Syringe purge: 10 s

Three consecutive measurements were performed for each vial. The syringe

was purged only after the third measurement. The value for the statistical

analysis was defined as the average of the 2 last measurements. The complete

cycle of 8 vials was repeated twice and only the second cycle was considered

for the statistical analysis. This way each sample has had the same incubation

time, which is not the case by the first cycle. This procedure of measurement

was possible because the autosampler was working at room temperature, and

therefore the samples did not suffer from big modifications during the 4.5 hours

of measurements.

Another series of measurements was performed using ambient air with 100%

RH. A bottle containing water was mounted between the air filters and the in¬

strument.
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The response, i.e. the last 30% of the Sample phase minus the Baseline value,

was used for the statistical analysis.

7.3.1.2 Gas chromatography analyses

The measurements were carried out using a pre-concentration Purge-and-Trap

technique. Two versions of the Tekmar LSC (Cincinnati, OH, USA) instrument

were used, i.e. a 2000 for FID/O detections and a 3100 for the MS detection.

Both systems were equipped with a n° 8 trap, containing a mixture of Carbo-

sieve SIM (0.05 g) and Carbopack B60/80 (0.2 g). The measurements were

performed with the following parameters: sample: 2.0 ± 0.1 g of crashed

snacks; sparger: 25 mL; purge gas: nitrogen 99.95 %; purge: 15 min at 45°C;

purge flow rate: 32 mL/min; drypurge: 4 min; desorb preheat: 220°C; desorb: 2

min at 225°C; bake: 7 min at 260°C; valve: 150°C; line: 150°C; mount: 45°C;

cryo focus temperature: -140°C; cryo inject: 1 min at 225°C.

Both gas chromatographs (GC) were Hewlett-Packard 5890, Series II used with

the following parameters: column: SPB-1 sulphur (Supelco) 30 m x 0.32 mm

id., film thickness: 4 ,um; carrier gas: helium; gas flow: 1.6 mL/min; pressure: 40

kPa; injection temperature: 45°C; temperature program: 13 min at 45°C, heat¬

ing rate 5°C/min to 240°C, 10 min at 240°C.

At the end of the separation, a split leads to a double detection: a flame ionisa¬

tion (FID) and a mass spectrometer (MS), or a FID and a sniffing port. The MS

detector was a HP 5972 operating in the scan mode (TIC) from 19 to 250 amu

at 2.9 scan/s, ionisation by El at 70 eV by autotuning; MS-Scan after 4.0 min.

The olfactometry detection was done directly at the end of the column at 240°C.

The panel was composed of 6 untrained persons, with some of them having

sniffed one of the samples more than once. The good cheese snacks were

sniffed 9 times, and those with off-flavour 8 times.

7.3.2 Comparison of the three analytical methods

7.3.2.1 Electronic nose

Measurements performed on a single day with the electronic nose gave a good

discrimination between the two types of cheese snacks. However, when meas¬

urements from several days were pooled the discrimination became much more

difficult due to the lack of repeatability of the system from one day to the next

(Fig. 42).
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Fig. 42: Measurements of cheese snack with and without burnt off-odour per¬

formed over 5 days with dry ambient air.

Measurements with water saturated air were performed in order to test if the

observed discrimination and poor repeatability could be due to a variation of

water content in the cheese snacks. Fig. 43 shows that the discrimination ob¬

served with the electronic nose was not only due to the water content of the

cheese snacks as a separation between the two cheese snacks groups could

also be obtained with humid air. Baseline values and repeatability of sensor

response were slightly better when humid ambient air, 100% RH, was used.

However, the improvement in repeatability was not good enough to discriminate

between the two samples when measurements were done a few days-apart

(Fig. 43).



Applications 92

CO

cT

(M

Ü
o_

CO

o
Ü

CO

1,0

0,8

0,6

0,4

0,2

0,0

-0,2

-0,4

-0,6

-0,8

-1,0

•

• .: o
D

good cheese

snacks
xx

9

y

—

cheese

snacks with

off-odour

*\ •
o •

A XA
\ + *

+
+

y <\
\
\

w- 1 \ o

-20 -15 -10 -5 0 5

Scores for PC #1(99,7%)

10 15 20

Fig. 43: Measurements from cheese snack with and without burnt off-odour

performed during 5 days with humid air.

Both discriminations, i.e. with and without humidified air, were performed with

MOS and MOSFET sensors.

7.3.2.2 GC-MS

Table 24 shows the volatile compounds identified by GC-MS analyses of the

cheese snacks with and without off-flavour, as well as the ratio of the peaks

height between the two FID analyses. This table and especially the ratio should

be considered more as indicative than definitive values, since only one analysis
of each sample has been performed.

Table 24: List of volatile compounds of cheese snacks with (A) and without (B) off-

odour identified with GC-MS analyses, as well as the ratio of the peaks height

between the two FID chromatograms. Value 360 stands for the baseline

Height Height

r.t. [min] Component

Snacks wi¬

thout off-

flavour (A)

Snacks with

off-flavour

(B)

ratio

B/A

5.3 ethanol 74781 79040 1.1

6.1 acetone 58911 252809 4.3

6.6-6.7 2-propanol 7360 28199 3.8

7.1 pentane 1015 19877 19.6

9.1-9.2 2-methylpropanal 38778 699439 18.0

9.8-9.9 2-butenal 22812 133000 5.8
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11.0 2,3-butanedione 18072 9833 0.5

11.5-11.6 2-butanone 28696 153433 5.3

12.6 2-Butanol 1678 15923 9.5

13.6 ethylethanoate 15675 112900 7.2

15.0-15.1 2-methyl-1 -propanol 9627 44870 4.7

17.0 3-methylbutanal 1889281 1296469 0.7

17.8-18.0 2-methylbutanal 1325164 6991766 5.3

18.5 2-methyl-2-butenal 15687 13943 0.9

19.4-19.5 2-pentanone 177311 404683 2.3

20.1 pentanal 10728 7998 0.7

20.8 2-pentanol 10668 17289 1.6

21.6 ethylpropanoate 13577 27022 2.0

21.9 heptane 2277 23939 10.5

22.4 pyrazine 906 7668 8.5

23.2 3-methyl-1-butanol (impure) 32587 27355 0.8

23.4-23.5 pyridine 11375 55563 16.8

23.5 2-methyl-1-butanol 11375 360 0.0

24.0 dimethyldisulfide 12274 191498 15.6

25.3 1-pentanol 3524 9238 2.6

25.5 2,3,4-trimethylpentane 3162 10301 3.3

25.8 methylbenzene 32356 60669 1.9

26.4 2-hexanone 8838 19776 2.2

27.0 hexanal 8303 2039 0.2

27.3 ethylbutanoate 5614 3837 0.7

27.5 3-methylen-heptane 11569 19433 1.7

27.7 propylpropanoate 1834 1554 0.8

28.2 methylpyrazine 9417 56307 6.0

29.2
hexamethylcyclotrisiloxane

(> saule)
2920 1651 0.6

30.2 propylcyclopentane 1897 7951 4.2

31.2 ethylbenzene 1117 3281 2.9

31.4 2,2-dimethyl-3-hexene 9088 32105 3.5

31.6 1,3-dimethylbenzene 3837 13899 3.6

31.9 2-heptanone 445298 513915 1.2

32.5 heptanal 14479 360 0.0

32.6-32.7 1 -(2-furanyl)-ethanone 5716 39410 6.9

32.9 2,5-dimethylpyrazine 10799 67948 6.3

33.2 ethylpyrazine 360 6241 17.3

33.3-33.4 2,3-dimethylpyrazine 3351 15456 4.6

35.1 2,2,?-trimethyldecane 5984 10484 1.8

35.3 benzaldehyde 7215 360 0.0

35.4 a-pinene 11788 45022 3.8

36.3 dimethyltrisulfide 4239 26714 6.3

36.6-36.7 2-octanone 4416 8775 2.0

36.9 ethylhexanoate 6945 22333 3.2

37.4 2-ß-pinene 2535 11371 4.5

37.8 decane 2372 3269 1.4

38.1 2,2,4,6,6-pentamethylheptane 948771 1156910 1.2

38.6 53-carene 360 8353 23.2

39.3 dl-limonene 2493 4897 2.0

39.6 2,2,4,4,6,8,8-heptamethylnonane 59767 70485 1.2

40.8 2-nonanone 65748 70352 1.1
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Fig. 44: Cheese snacks without off-flavour correspond to chromatogram A, and snacks

with burnt off-flavour to chromatogram B. Arrows show the peaks which were

found different between the 2 types of samples: 1) acetone, 2) pentane, 3) 2-

methylpropanal, 4) 2-butenal, 5), 2-butanol, 6) 2-butanone, 7) ethylethanoate,

8) heptane, 9) pyridine, 10) dimethyldisulphide, 11) methylbenzene, 12)

methylpyrazine, 13) 2,5-dimethylpyrazine, 14) 2,2,?-trimethyldecane, 15) o>

pinene, 16) non identified (3 peaks overlapped).
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The chromatograms of the good (A) and the burnt (B) cheese snacks are pre¬

sented in Fig. 44. The differences found between the 2 types of samples are

showed by arrows on the chromatogram B. It seems that the overheating of the

cheese snacks has increased the concentration of several components already

present in the good snacks, and has created compounds such as aldehydes,

cetones, pyrazines, sulphides, terpenes, alcohols and alcanes. Few com¬

pounds, mostly aldehydes, found in the good cheese snacks had disappeared

in a significant amount in the chromatogram of the snacks with off-flavour.

7.3.2.3 GC-Olfactometry

The interpretation of the results obtained with the olfactometric analyses was

very difficult due to the complexity of the chromatogram, more than 100 com¬

pounds were detected with the FID, and to the non-trained panel. A list of

peaks sniffed by at least half of the panel is reported in Table 25, for normal

cheese snacks, and in Table 26, for off-flavoured snacks. Not all compounds

could be identified, either because the sensitivity of the human nose was much

higher than the MS or sometimes the FID detector, or because there were sev¬

eral peaks overlapped, and it was not possible to find the one corresponding to

the odour. These two lists should only be considered as a tentative identifica¬

tion of the sniffed compounds.

The compounds, which were recognised by the panel, for being the most re¬

lated to the off-odour of the burnt cheese snacks were the aldehydes and most

of all 2-methylpropanal.

Table 25: Peaks sniffed by at least half of the panel for cheese snacks without off-

flavour. ND = not detected; O = overlapping of several peaks; NI = non-

identified.

Average
r.t. [min]

Smell descriptors from panel Component
Odour descriptors
from literature

References

6.89

chips, light smoky, fried potatoes, spicy,
grilled cheese, burned, very diluted

bleaching water, bread crust, light, rub¬

ber

2-methylpro¬
panal

pungent, sharp, malty, fruity,
cocoa, spicy, sweaty, flowery,
chocolate, green

161-170

7.93

overriped banana, warmed butter, milk,

sweet, pastry, nauseating, yoghurt,
caramel, pleasant

2,3-butanedione

buttery, cheesy, caramel, fatty,
sweet, fruity, n. sour cream, di-

acetyl-like, faint caramel, cream

cheese, creamy

161-166,

168-186

9.48
bleaching water, mothball, light acetic

acid, light
acetic acid

10.81
light bleaching water, fruit, fresh, sweet,

light smoky, pleasant, warm, light wood
ND

12.67

light rancid, light butyric acid, light sweat,
light unpleasant, light smoky, very light
burnt, light fruity

ND
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13.37

animal, pigsty, rotten, burnt, strong,

grilled cheese, butyric acid, capronic

acid, rancid (intensive), sweat, pig,
stable, wood (very long), grilled chips,
oily, light fruity, malt fermented, ovo¬

maltine, fodder, very long, socks, flat

water

3-methylbutanal

green, malty, unpleasant, sweet,

fruity, apple, cocoa, cheesy-green,
cheese, dark chocolate, unripe,

rancid, sweaty, pungent, sour,

peach on dilution, very powerful,
penetrating, acrid-pungent, caus¬

ing cough-reflexes unless highly
diluted

161,164,

166-168,

170,172,

173, 177,

187-194

14.39

grilled cheese, acetone, light acetic acid,

fruit, fermented malt, ovomaltine, fodder,

strong

2-methylbutanal

green, malty, powerful, choking
odor when undiluted, but in ex¬

treme dilution the odor becomes

tolerable, almost pleasant fruity-
fermented" with a peculiar note

resembling that of roasted cocoa

or coffee

161,170,

177,187

15.18

cooked vegetables (cabbage, cauli¬

flower), bleaching water, cold, intensive,

green, very diluted bleaching water, very

light, light burnt, stink

2-methyl-2-
butenal

solvent-like, ripe fruit, chemical,

metal, leek, rancid, cooked vege¬

tables, onion, green, sharp

165, 190,

191,194

16.41
light stinking, light vegetable, very light

fruit, leather, stable, stink
0

16.63

boiled butter, unpleasant, wood, metallic,

flowery, light stinking, moist hay, very
diluted bleaching water, light, persistent

0

20.71

unpleasant, sweet, light, warm, light
burnt, light smoky, light chocolate, good,
flowery

dimethyldisul¬
phide

cooked cabbage, cabbage-like,
onion-like, mouldy, rotten, cooked

vegetables, leek, spicy, green,

sour, sulfurous, rotten onion,

cabbage-like, cauliflower, inten¬

sively onionlike, very diffusive

odour

165, 170,

172, 175,

180, 187,

189

22.48

chemical, warm, tobacco, smoky, light
oily, nuts, warmed rubber, metallic,

heavy perfume, grass, flowery, sweet,

plastic

2,3,4-trimethyl-
pentane

22.94

cheese, heated cheese, intensive, bu¬

tyric acid, capronic acid, sweat, pigsty,
animal, pig, dung, cowshed, stable,

strong, long, stink, unpleasant, sewer

2-hexanone cetone-like, fruity, blue cheese 187,189

24.09

flowery, sweet, green, fruit, nice-

smelling, hyacinth, cooked vegetables,
cooked, flavoured, ester-like, acid,

grass, Maggi, roasted meat, broth, quite
strong

hexanal

green, leaves, grassy, lettuce,

fruity, bell pepper, slightly fruity
(balsam), almond-like, unripe fruit,

green fruit, fatty, grass, fresh

grass, apple, powerful, oily, fatty-

green, strong, metal taste

(cooked), cut-grass, penetrating, in

extreme dilution more reminiscent

of freshly cut grass and unripe fruit

(apple and plum), the acrid note of

the concentrated material resem¬

bles that of rancid butter

161-163,

165,169,

170, 172-

174, 178,

180, 185-

187, 189,

191,192,
194-204

24.37

ripped fruit, cinnamon, fruit, pineapple,
"bacoka"-rubber, ethereal, cooked apple,
banana, stink, chocolate

ethylbutanoate

fruity, fragrant, sweet, ethereal,

banana-pineapple undertones,

fresh, apple, pleasant, green fruit,

rancid note, ester-like, fruit chew¬

ing gum, strawberry, ethereal-

fruity, banana, pineapple, power¬

ful, very diffusive

163, 167,

173, 179-

181,187-

189,202,
205-208

25.12
vanilla sauce, sweet, light nuts, leather,

very light, burnt, Maggi
O

25.33

alcohol, solvent, light sweet, acetone,

light sweet almond, pastry, flower, inten¬

sive, warmed cardboard

methylpyrazine
musty, burnt, green, nutty, cocoa,

roasted, chocolate, meaty, peanut
209

25.83
spices, light smoky, wood, celery, very

light
ND

26.04

stinking, sweat, strong, animal, pigsty,
unpleasant, sweat of feet, capronic acid,

butyric acid, intensive, pig, stable

(strong), stinking, long, sulfurous, sharp,
aggressive

ND
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26.47

sweat, flowery then flat water from flow¬

ers, metallic, green, faeces, animal,

pigsty, whey, acid

hexamethylcy-
clotrisiloxane

(säule)

27.22

caramel, coffee, sweat, acetic acid, feet,

ester-like, fruit, flowery, Pulmex, Tiger

Balsam, camphor, green, strong, stink,

medical, sticking plaster, light

propylcyclopen-
tane

28.90

cooked potatoes, light burnt, potato

peels, light acetone, light phenolic, fruit,

cooked vegetables, very strong, very

long

ND

29.41
stinking, unpleasant, cooked cauliflower,

slightly burnt potato peels
ND

30.03

oily, rancid, perfumed rice, Asian cook¬

ing, potato soup, burnt, quite strong,

stink, very short, very brutal, aggressive

2,5-dimethylpy-
razine

roast, reminiscent of nuts 210

30.27

herbs, Asian herbs, spicy, sweet, warm,

paprika, feet, nuts, spring roll, vegetable

soup, Asian rice, very strong

2,3-dimethylpy-
razine

roast, reminiscent of nuts 210

32.67
feet, nuts, flat water, spicy, sweet, nuts

oil, peanut oil, flower, citrus, burnt, broth
NI

33.12
mushroom, warm, fish, stink, grass, fruit,

flowery, broth, strong
ND

33.42

earth, mushroom, musty, mouldy, moist,

salve, quite strong, grass, broth, light

stuffy

dimethyltrisulfide

unpleasant, sulfurous, rotten,

metal, onion, leek, cabbage-like,

putrid, dimethyltrisulfid, mouldy,

musty, vegetable-like, mercap-
tene-like, cooked/rotten cabbage,
over ripened cheese, spoiled,
cooked cabbage-like

161, 164-

166, 170,

172, 175,

182, 186,

189, 199,
211-214

34.05

earth, musty, light mushroom, flowery,

stinking, dung, faeces, medical, cam¬

phor, ester-like, acid, sweet, malt, pleas¬
ant, fruit, apple juice

ethylhexanoate

floral, green, fruity, young cheese,

rum-like, sweet, ester-like, wine¬

like, fresh, fermentation-like,

malty, orange, strawberry, pineap¬

ple, fruity-winey, apple, banana,

mouldy, powerful, diffusive, slightly
floral undertone

163, 170,

173, 180,

181,187,

202, 205-

207,215

34.32
cold (very long), pleasant, sulfurous,

persistent, moist grass, fruit, soapy
O

35.03
light rice, Asian cooking, spices, spring
roll, light suave, broth, strong, short

ND

35.72

warm, spicy, solvent, sweet, lily of the

valley, paint, flower, moist laundry, short,

intensive, pleasant, vanilla (orchis), quite

strong, cooked rice

NI

36.13

spices, solvent for wood treatment, oily,
roasted nuts, smoky, light rice, Asian

rice, short, intensive, spring roll, per¬

fumed rice, Asian

NI

37.33
light stinking, mushroom, vegetables,
burnt, fruits, earth, light potatoes

ND

37.53

mushroom, earth, forest, wood, moist

laundry, moist grass, stuffy, unpleasant,
sulfurous, musty, very strong, dirty
laundry, medicine, quite strong

NI

37.71
musty, light mushroom, unpleasant,
sulfurous, strong, dirty laundry, medicine

NI

37.89
mushroom, forest, smoked bacon, medi¬

cine, quite strong
2-nonanone

fruity, fatty, green, cetonic, var-

nishy, earth, mustard-like, spicy-

fruity, musty, malty, flowery, hot

milk, smoked cheese, grassy-

herbal, green-fruity

170, 173,

187,189,

191, 194,

199,216

38.40

fruit, citrus, cooked meat, cooked pota¬

toes, potato peels, flowery, ester-like,

herbs, warm, sweet, potatoes, cooked

vegetables, musty, broth, burnt, light
roasted

NI
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Table 26: Peaks sniffed by at least half of the panel for cheese snacks with burnt off-

flavour. ND = not detected; O = overlapping of several peaks; NI = non-

identified.

Average
r.t. [min]

Smell descriptors from panel Component
Odour descriptors
from literature

References

3.56

putrid fish, stinking, animal, cooked vege¬

tables, unpleasant, fish, strong, trimeth-

ylamid, putrid eggs, long, faeces, sulfur,

moist laundry, old cheese

too early for

MS

6.62

chips (very long), fruity, nut, chocolate,

cheese, grilled cheese, quite strong, short,

burnt cheese

2-methylpropa-
nal

pungent, sharp, malty, fruity,
cocoa, spicy, sweaty, flowery,
chocolate, green

155-164

7.66
putrid potatoes, light, cheese, burnt, pun¬

gent, coffee, chocolate, caramel, violet
ND

8.15

milk, yoghurt, stinking, broth, musty, short,
cooked eggs, sweet, caramel, strong, acid,

sour

2,3-butane-
dione

buttery, cheesy, caramel, fatty,
sweet, fruity, n. sour cream, di-

acetyl-like, faint caramel, cream

cheese, creamy

155-160,
162-180

10.70
Natriumhypochlorid, tobacco, short, grass,

very light, fresh, fruity
ND

13.39

stable, burnt chips, chocolate, malt, barley,
fermented malt, quite strong, spices,

strong, stinking, burnt cheese, dung, long,

very strong, rubber (over smelling), moist,

old shoes, sharp

3-methyl-
butanal

green, malty, unpleasant, sweet,

fruity, apple, cocoa, cheesy-green,
cheese, dark chocolate, unripe,
rancid, sweaty, pungent, sour,

peach on dilution, very powerful,
penetrating, acrid-pungent, caus¬

ing cough-reflexes unless highly
diluted

155, 158,

160-162,

164,166,

167,171,

181-188

13.97

malt, ovomaltine, oily, heavy, Melasse,

stinking, rancid, very light cheese, chips,
sweet, candy undernote, intensive, light,

very strong, rubber (over smelling), moist,

flower

O

14.24

grilled cheese, chips, grassy, irritant,

unpleasant, piquant, light vanilla, Liqueur,
alcohol, sweet, ethereal, stinking, rancid,

oil, very light, roasted coffee, light

2-methyl-
butanal

green, malty, powerful, choking
odor when undiluted, but in ex¬

treme dilution the odor becomes

tolerable, almost pleasant fruity-
fermented" with a peculiar note

resembling that of roasted cocoa

or coffee

155, 164,

171,181

14.74

fermented hay, stinking, sewer, grassy,

biogenic amine, ammoniac, unpleasant,

germinated potatoes, bleaching water,

long, strong, mild, light, smoky, flower

2-methyl-2-
butenal

solvent-like, ripe fruit, chemical,

metal, leek, rancid, cooked vege¬

tables, onion, green, sharp

159, 184,

185,188

16.56
chips, cheese, lactic, oxidised oil, acid,

buttermilk, very light
NI

20.80
spices, herbs, intensive, flowery, stinking,
sulfurous, dung, light, unpleasant

dimethyldisul-
fide

cooked cabbage, cabbage-like,

mouldy, rotten, cooked vegeta¬
bles, leek, spicy, green, sour,

sulfurous, rotten onion, cauliflower,

intensively onion-like, very diffu¬

sive odour

159,164,

166,169,

174,181,
183

22.50
heavy, pharmacy, flower, light, solvent,

sweet, light stinking, quite strong

2,3,4-

trimethylpen-
tane

22.89

pig, dung (strong), burnt, overboiled, cab¬

bage, stinking, flat water, green, grass,

intensive, long

O

23.04

good smell of cooking, roasted chicken

soup, broth, light, flat water, green, grass,

intensive, long, quite strong, Schapziger,
cheese, spices, violet

2-hexanone cetone-like, fruity, blue cheese 187, 189
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24.13
sweet, flower, fruity, jasmine, quite strong,
narcissus, spring roll

hexanal

green, leaves, grassy, lettuce,

fruity, bell pepper, slightly fruity
(balsam), almond-like, unripe fruit,

green fruit, fatty, fresh grass,

apple, powerful, oily, strong, metal

taste (cooked), cut-grass, pene¬

trating, in extreme dilution more

reminiscent of freshly cut grass

and unripe fruit (apple and plum),
the acrid note of the concentrated

material resembles that of rancid

butter

155-157,

159, 163,

164, 166-

168, 172,

174, 179-

181,183,

185, 186,
188-198

24.32
flower, fruity, sweet, candy, light, fresh,

quite strong, pepper
ethylbutanoate

fruity, fragrant, sweet, ethereal,

banana-pineapple undertones,

fresh, apple, pleasant, green fruit,

rancid note, ester-like, fruit chew¬

ing gum, strawberry, ethereal-

fruity, banana, pineapple, power¬

ful, very diffusive

157, 161,

167, 173-

175, 181-

183, 196,
199-202

25.21
cold, fresh, stinking, burnt rubber, phenols,
flat water, light, solvent

NI

26.10

pig, stable, very strong, piquant, unpleas¬
ant, very intensive, animal, flower under-

note, leather, cheese, caramel, burnt,

chips, stinking, dung, long, acid, old

shoes, isobutyric acid

2-m ethylbuta¬
noate sweet, strawberry-like 180

26.30

very strong, sharp, unpleasant, cheese,

caramel, burnt, chips, stinking, stable,

long, old shoes, isubutyric acid

NI

27.16

chemical, disinfectant, stinking, flower,

sweet, light chocolate or coffee, quite
strong

propylcyclo-
pentane

28.75

unpleasant, culture broth, stinking, very

strong, old broth, stuffy, celery, strong, not

stinking, cooking, light broth, light vegeta¬
ble, chemical, putrid, fermented

ND

29.06

culture broth, stinking, very strong, old

broth, stuffy, citrus, broth, Asian rice, very

light roasted

ND

29.28
stinking, sweat, dog hair, long, spring roll,

broth, bread, green, water
ND

30.19

rice, Asmaty rice, sweet undernote, flower,

intensive, Asian herbs (mixture), oil, sweet,

pastry, chips, strong, Asian, bread, spring
roll, fresh bread, Asian rice, long, stinking,
burnt, burnt plastic, burning plastic mate-

nal, roasted, very strong

ethylpyrazine

31.15
sausage, salami, ham, smoked pork-
butcher's meat, light, ripped mango, fruity,
Italian salami, green, solvent, short

ND

31.98
smoked porkbutcher's meat, light, light
smoke, light bread, rice, sweet, flat water

NI

32.13

burnt, stinking, smoky, meat, spicy, good,

very strong, Maggi, cooked vegetable,
beans, short, chemical products

2,2,?-

trimethylde-
cane

32.30
strong, spice, rosemary, garden plant,
flower, herb benzaldehyd

almond, benzaldehyde-like, bitter

almond, fragrant, aromatic, sweet,

nutty, flowery, smokey, spicy

167, 178,

180, 182,

184, 188-

190, 217-

221

33.07

forest, moist earth, mushroom, strong,
sweet, stinking, putrid eggs, blue cheese,

old, very strong, burning synthetic prod¬

ucts, burning electricity

ND

33.97

stuffy, old rice, musty, strong, intensive,

warm, moist earth, pleasant, spice, sweet,

flower, fruity, short, roasted, slime, stinking

O

34.16

stuffy, old rice, burnt, natural product,
musty, strong, earth, mushroom, flat wa¬

ter, roasted, slime, stinking
2-ß-pinene

fragrant, fresh, pine wood, cedar

wood, resinous, coniferous, polish,
varnish, dry-woody, resinous-piney
odour of poor tenacity

187,201,

202, 222
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34.84

Asian spices, rice, light, spring roll, stink¬

ing, very strong, short, burning, cooked

rice, Asian rice, long, dry, unpleasant,
sweat, burnt, natural product

0

35.77
cooked rice, meat, very light, vinegar, light
acetic acid, long, quite strong, light, onion

0

36.66

flower, sweet, pleasant, butter, suave,

animal, light stinking, light stable, quite
strong, short

2,2,4,4,6,8,8-

heptamethyl-
nonane

37.24

burnt, musty, strong, old socks, light pun¬
gent, grass, cooked cauliflower, intensive,

earth, geranium

ND

37.41

mushroom then socks, musty, old pota¬
toes, light pungent, grass, cooked cauli¬

flower, intensive, strong, burnt, long,
cooked potatoes, mushroom, earth, very

strong, dry

NI

37.73

musty, old potatoes, earth, mushroom,

quite strong, burnt, long, cooked potatoes,
sticking plaster, green, flower, cooking,

wann, mixture

0

38.05

spring roll, musty, stuffy, unpleasant un-

dernote, leather, light burnt wood, strong,

burnt, long, cooked potatoes, moist forest,

water, rose, violet

ND

38.35

flower then socks, musty, stuffy, strong,
moist laundry, burnt, long, cooked pota¬
toes, light medicinal, wood, forest earth,

light cooking, rice, light bread, dustbin,

putrid

O

7.3.3 Conclusion

The detection of the "burnt" off-odour is one application where the "electronic

nose" corresponds to its name: the machine was able to recognise a particular

odour, as a human nose would do. However, it does not mean that the com¬

pound^) responsible for the "burnt" odour was the only one(s) detected by the

sensors. The discriminations obtained with the "electronic nose" could probably

be related to the volatile compounds detected by the GC-analyses, although

the volatile extraction methods were different. However, it was not possible to

determine precisely which component(s) exactly reacted with the sensors. The

fact that the cheese snacks with and without off-flavour were mainly differenti¬

ated by aldehydes, could explained the contribution of the MOSFET sensors to

the discriminations with the "electronic nose", which was not the case with other

cheese applications.
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7.4 Swiss Emmental cheese with "rind taste" off-flavour

Processed cheese is an important product of the Swiss cheese market. It

makes it possible to enhance the value of pieces or blocks of cheese which

cannot be sold for various reasons, such as being left-overs from the packaging

process, being cheeses with too many eyes or splits, being unsuitable for pack¬

aging or being cheeses of lower quality which exhibit colour, texture and taste

defects. A high proportion of the cheese used originates from Swiss Emmental

cheese particularly from the so-called cheese parings, which refers to the hoop

side of the loaf. When packaging machines cut and wrap the cheese, they

leave over such pieces, which are then melted and transformed into processed

cheese.

However, the requirements of both types of factories are quite different. Be¬

cause the composition of the cheese mixtures must be kept constant, the proc¬

essed cheese industry goes through periods when there is excess of fresh

cheese parings and periods when there is a shortage of parings.

For transport and storage, the parings are generally collected in black plastic

bags permeable to oxygen. If the Swiss Emmental cheese is not melted within

2 days after cutting, it can develop a so-called "rind taste" off-flavour, probably

generated by oxidation of (a) still unknown compound(s). This defect can easily

be identified by tasting the cheese at the hoop side. The component(s) respon¬

sible for this off-flavour is(are) not eliminated during the manufacturing of proc¬

essed cheese, and can therefore also be felt in the final product. The cheese

parings can be frozen or stored refrigerated under an oxygen free atmosphere

by using carbon dioxide which slows down the oxidation process, but this is

time consuming and very expensive.

The aim of the current study was to find out if the "rind taste" off-flavour is due

to volatile compound(s) and could thus be detected by using the NST 3320 and

/ or a GC-MS system.

7.4.1 Experimental

Four parings of Swiss Emmental cheese were measured: one with and one

without off-flavour from factory 1, and one with and one without off-flavour from

factory 2. The samples were taken as close as possible to the hoop side of the

cheese.
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7.4.1.1 Electronic nose

The parameter settings are summarised in Table 27.

Table 27: Parameter settings for measurements of Swiss Emmental cheeses with "rind

taste" off-flavour using the NST 3320.

Samples: 2.00 ± 0.002 g of grated cheese

Vials: 30 mL sealed with a silicon/ Teflon septum and screw-cap

Carrier gas: ambient air

Gas flow rate: 70 mL/min

Measuring time: 30 s

System cleanup: 20 min

Standby temperature: 14°C

Standby time: 20 min

Incubation temperature: 50°C

Incubation time: 20 min

Syringe purge: 10 s

As the water content of the samples may not have been the same for all sam¬

ples, a second experiment was performed with addition of 5 mL water to the

vials.

The response, i.e. the last 30% of the Sample phase minus the Baseline value,

was used for the statistical analysis.

7.4.1.2 Gas chromatography

A cheese suspension was prepared by mixing 20 g finely grated cheese with

80 g cold water (10°C) using a high speed homogeniser (Polytron PT 3000

equipped with a PT-DA 3020s cutting system, Kinematica) running at 10000

rpm for 1min.

The measurements using the gas chromatography-mass spectrometer (GC-

MS) system were performed with a Purge-and-Trap preconcentration tech¬

nique. The instrument used was a Tekmar LSC 3100 (Cincinnati, OH, USA)

equipped with a n° 8 trap, containing a mixture of Carbosieve SMI (0.05 g) and

Carbopack B60/80 (0.2 g), set with the following parameters: sample: 10 g of
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cheese suspension; sparger: 25 mL non-fritted; purge gas: nitrogen 99.95 %;

prepurge: 1 min; purge: 15 min at 45°C; dry purge: 10 min; purge flow rate: 30

mL/min; desorb preheat: 240°C; desorb: 4 min at 240°C; bake: 5 min at 260°C;

valve: 150°C; line: 150°C; mount: 60°C; cryo focus temperature: -140°C; cryo

inject: 1 min at 225°C.

The gas Chromatograph (GC) was a Hewlett-Packard 5890, Series II with the

following parameter settings: column: SPB-1 sulfur (Supelco) 30m x 0.32 mm

id., film thickness: 4^m; carrier gas: helium; gas flow: 1.6 mL/min; pressure: 40

kPa; injection temperature: 45°C; temperature program: 13 min at 45°C, heat¬

ing rate 5°C/min to 240°C, 5 min at 240°C.

The mass spectrometer (MS) detector was a HP 5972 operating in the scan

mode (TIC) from 19 to 250 amu at 2.9 scan/s, ionisation by El at 70 eV by

autotuning; MS-Scan after 4.0 min.

7.4.2 Results and discussion

7.4.2.1 Electronic nose

A discrimination could be observed when samples, with and without off-flavour,

coming from one single factory were compared. However, when samples from

both factories were pooled, differentiation between good and tainted samples

was no longer possible (Fig. 45). Although the water content of the samples

was not measured, the discrimination observed within a single factory could be

related to this parameter rather than to the off-flavour compound(s). To avoid

this problem, water was added to the samples, so that this parameter was iden¬

tical for all samples. The result obtained was not better, which means that the

NST 3320 system was not able to detect this type of off-flavour (Fig. 46).

At least three factors can explain this failure: i) a too low detection limit of the

instrument; ii) the compound(s) responsible for this "rind taste" off-flavour

is(are) not volatile enough and therefore, were not present in the headspace; iii)

a too poor repeatability leading to a large scattering of the measurements.
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7.4.2.2 GC-MS analyses

In order to gather more information about this type of off-flavour, GC-MS analy¬

ses were performed with the same samples (Fig. 47).
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Fig. 47: Chromatograms of Swiss Emmental cheese without off-flavour, A, and with

"rind taste" off-flavour, B. The differences observed were: 2-butanone (1), di-

methyldisulfide (2), propylpropanoate (3), 1-hexanol (4), limonene (5), 2-

nonanone (6) and 2-undecanone (7).
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The comparison of chromatograms with and without off-flavour revealed differ¬

ences for the following compounds: 2-butanone, dimethyldisulfide, propylpro¬

panoate, 1-hexanol, limonene, 2-nonanone and 2-undecanone. None of these

compounds can however be related to this flavour defect, only to a difference in

the stage of ripening between the two cheeses. The volatile off-flavour com¬

pounds usually induced by a beta- or a photo-oxidation of unsaturated fatty ac¬

ids, i.e. alkanals, alkenals, alkanones and some aliphatic hydrocarbons, were

not detected in the tainted cheeses. The other volatiles were the same as those

found in good quality Swiss Emmental cheese.

A further investigation carried out in another laboratory did not show any 2,4,6-

and 2,4,5-trichlorophenol, 2,3,4,6-tetrachlorophenol or pentachlorophenol in the

tainted cheese (detection limit: < 0.005 mg/kg).

7.4.3 Conclusion

The NST 3320 system was not able to detect the off-flavour called "rind taste"

in Swiss Emmental cheese. The analyses with GC-MS did not show any signifi¬

cant differences between tainted and untainted samples other than those due

to the stage of maturity. No unusual suspicious compound could be identified in

the cheese with off-flavour. The failure with these two techniques leads us to

think that this taint could be related to compounds with very low volatility or to

non-volatile compound(s). The fact that this defect is not detected by the hu¬

man nose, but only by the taste, tends to confirm this explanation. The phenol

compounds can also be excluded at least at concentrations higher than 0.005

mg/kg. Further analyses are needed to identify the component(s) responsible

for the "rind taste" off-flavour.
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7.5 Processed cheese: potential calibration product

The main problem with every electronic nose systems is the lack of a reliable

calibration. The ideal calibration sample would be one which is similar to the

actual samples as well as homogenous and stable with the time. The difficulty

with food products is the natural variation of the sample with the time, which

prevent to find twice exactly the same sample. Processed cheese could be a

calibration sample close to dairy products and quite stable with the time. Four

types of processed cheeses were measured: Emmental, !4 Fett, Glarissa (with

herbs), and Salami. The cheeses were manufactured in one batch, filled in gas

tight tin can, and kept frozen at -20°C.

7.5.1 QMB:QMB6

The parameter settings are summarised in Table 28.

Table 28: Parameter settings for measurements of processed cheeses with

the QMB6.

Samples: 2.00 ± 0.002 g of grated cheese

Vials: 10 mL sealed with butyl/ Teflon septum and aluminium capj

Carrier gas: nitrogen
' Gas pressure: 750 hPa

Overpressure: 2 rnin

Measurement: 45 s

Incubation time: 7 min

Incubation temperature: 60°C
_

Cleaning time: 4 min

The QMB6 system was unable to discriminate between any of the processed

cheese samples (Fig. 48). The results were not better than those obtained with

the Swiss Emmental cheese study (see chapter 6.7), which confirms the very

low sensitivity of these sensors towards volatile compounds of dairy products.
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7.5.2 MOS / MOSFET: NST 3320

The parameter settings are summarised in Table 29.

Table 29: Parameter settings for measurements of processed cheeses with the

NST 3320.

Samples: 2.00 ± 0.002 g of grated cheese

Vials: 30 mL sealed with a silicon/ Teflon septum and screw-cap

Carrier gas: ambient air

Gas flow rate: 70 mL/min

Measuring time: 30 s

System cleanup: 20 min

Standby temperature: 14°C

Standby time: 20 min

Incubation temperature: 30°C

Incubation time: 20 min

Syringe purge: 10 s
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The response, i.e. the last 30% of the Sample phase minus the Baseline value,

was used for the statistical analysis.

The discrimination and the repeatability were much better when a lower tem¬

perature was set up. This result confirmed the already mentioned hypothesis

that the autosampler temperature control in not precise enough. However, ex¬

cept for the Salami sample, with which repeatable measurements were very

difficult to obtain, a discrimination was possible between the three other sam¬

ples (Fig. 49). The MOSFET sensors did not help at all for the differentiation,

and brought only noise. Therefore, the statistical analysis was only done with

MOS sensors only.

Fig. 49: Discrimination with MOS sensors, NST 3320 system, between four types of

processed cheeses: Emmental, !4 Fett, Glarissa, and Salami.

7.5.3 eNose 5000

No MOS module lasted long enough to measure processed cheese samples.

The CP sensors gave a so poor repeatability with the ethanol solution that no

processed cheese was measured.
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7.5.4 Conclusion

Both systems showed the biggest scattering by measuring the "Salami" sam¬

ples. This is not very surprising as this type of processed cheese had some

pieces of Salami meat in it. Homogeneity between samples was very difficult to

get, and maybe the systems were measuring the amount of meat contained in

the vial and not the cheese itself.

As with other types of samples, e.g. alcohol, the repeatability with the three

other types of processed cheeses was much too low to consider a calibration.

We have seen in chapter 5 that the repeatability of the different systems, even

with alcohol samples was very low. Therefore, the observed dispersion by the

processed cheese measurements is probably due to the systems, and cannot

be directly related to the application.

The main conclusion of this study is that the present electronic nose systems

need technical improvements before any kind of calibration could be applied.

As long as no repeatability can be expected from the instrument, a calibration

would not be useful. Once the systems would be fully developed, then a cali¬

bration with processed cheeses may be tried again at least with MOS sensors.
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8 USE OF PRECONCENTRATION TECHNIQUES APPLIED TO

AN "ELECTRONIC NOSE"

In chapter 6, we have seen that some sensor technologies suffer from a lack of

sensitivity towards some volatile compounds. The use of a preconcentration

technique instead of the non-preconcentrated static headspace commonly em¬

ployed with such "electronic nose" systems could cross this drawback. The

Purge-and-Trap technique has already been used to improve the selectivity of

the sensors. This method was successfully employed as a filter for ethanol

[145,147], i.e. the ethanol contained in the samples was not adsorbed by the

porous polymer material, and therefore, was not delivered to the sensors. Con¬

sequently, the sensors were not blinded by the ethanol, and were able to re¬

spond to other components. The same Purge-and-Trap technique was used by

Aishima [121] as a preconcentration method for coffee aroma with his labora¬

tory-made instrument based on MOS sensors. Marsili [98] worked with milk

samples using a Solid Phase MicroExtraction (SPME)-MS system as an "elec¬

tronic nose", and compared static and dynamic headspace methods.

This chapter presents a preliminary study into the potential use of two pre¬

concentration techniques, i.e. Purge-and-Trap and SPME, coupled to the Smart

Nose system, as well as a comparison of both techniques vs. non-pre¬

concentrated static headspace. The aim of the tests with the different methods

was the same as in chapter 6, i.e. the classification of Swiss Emmental

cheeses according to four different stages of maturity.

8.1 Samples

Four Swiss Emmental cheese loaves were manufactured on the same day in

four different cheese factories (one cheese per factory). The cheese loaves

were then collected and matured in the same cellar. Samples were taken from

the same cheese from the middle of the loaf at four different stages of maturity,

i.e. after 1, 21, 98 and 180 days of ripening. For the "electronic nose" analyses,

four samples from each cheese at each stage of maturation were prepared.

Thus, 64 samples were measured with each method, i.e. static headspace,

Purge-and-Trap and SPME, giving a total of 192 samples.
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8.2 Methods of extracting and measurement of volatile com¬

ponents

8.2.1 Non-preconcentrated static headspace

The non-preconcentrated static headspace was generated with a CTC Combi

PAL autosampler containing an oven and 2 trays of 32x20-mL vials each. The

measurements were performed with the following parameter settings: sample:

2.00 ± 0.002 g of grated cheese; vial: 20 mL sealed with a silicon/Teflon sep¬

tum and magnetic cap; incubation: 10 min at 60°C; syringe: 2.5 mL; syringe

temperature: 100°C; syringe purge time: 7 min; filling speed: 200; pull-up delay:

100 ms; injection speed: 70; pre-injection delay: 100 ms; post-injection delay:

100 ms; Agitator: speed: 300 rpm; agi on time: 5 s; agi off time: 2 s.

8.2.2 Purge-and-Trap

The instrument used was a Tekmar LSC 2000 (Cincinnati, OH, USA) equipped

with a n° 8 trap, containing a mixture of Carbosieve Sill (0.05 g) and Carbopack

B60/80 (0.2 g).

The measurements using the SMart Nose system were performed with the fol¬

lowing parameter settings: sample: 1.00 ± 0.002 g of grated cheese; vial: 10 mL

sealed with a silicon/Teflon septum and magnetic cap; purge gas: nitrogen

99.95%; purge: 10 min at 40°C; purge flow rate: 20 mL/min; desorb preheat:

200°C; desorb: 2 min at 220°C; desorb flow rate: 4 mL/min for 15 s; bake: 8

min at 260°C; valve: 150°C; transfer line: 150°C; mount: 50°C.

The measurements using the GC-MS system were performed with the following

parameters: sample: 2 g of grated cheese finely dispersed in 4 g water; spar¬

ger: 25 mL; purge gas: nitrogen 99.95%; prepurge: 1 min; purge: 15 min at

45°C; purge flow rate: 30 mL/min; desorb preheat: 210°C; desorb: 4 min at

220°C; bake: 5 min at 260°C; valve: 150°C; line: 150°C; mount: 60°C.

8.2.3 Solid Phase Microextraction

The SPME fiber was a 65 \im C\N I DVB from Supelco (Bellefonte, PA, USA).

The measurements were performed with the following parameter settings:

sample: 1.00 ± 0.002 g of grated cheeses; vial: 10 mL sealed with a silicon/

Teflon septum and magnetic cap; incubation: 10 min at 40°C; extraction: 10

min at 40°C; desorption: 3 min at 150°C.
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8.2.4 SMart Nose

The electronic nose system used was the SMart Nose. The measurements

were carried out with the parameter settings listed in Table 30.

Table 30: List of parameter settings for the measurements with the SMart Nose sys¬

tem.

Extraction method Autosampler Purge-and-Trap SPME

Mode BG 10-120(1 s) BG 10-120(1 s) BG 10-120 (0.5 s)

Ion detection SEM 1000 SEM 1000 SEM 1000

Acquisition time 330 s 330 s 165 s

Dead time 40 s 80s 30 s

Injector temperature 120°C 160°C 150°C

Injector clean-up 7 min 5 min 5 min

Clean-up flow rate 220 mL/min 220 mL/min 220 mL/min

Total analysis time 13.5 min 25 min 20 min

Multivariate statistical analysis was performed with the SMart Nose software.

The masses chosen for the PCA are listed in Table 31. The same masses were

selected for measurements performed with SPME and Purge-and-Trap meth¬

ods excepted for masses 59 (SPME only) and 78 (Purge-and-Trap only).

Table 31 : List of the masses chosen for the PCA.

Extraction

method
Headspace Purge-and-Trap SPME

Masses

41,42,43,44,45,
46, 53, 55, 56, 57,

58, 59, 60, 73, 74,

86,91

54, 56, 58, 63, 65, 66,

68,69,71,72,78,81,
82, 83, 85, 94, 105,

110, 112

54, 56, 58, 59, 63, 65,

66,68,69,71,72,81,

82, 83, 85, 94, 105,

110, 112
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8.2.5 Gas chromatography

8.2.5.1 GC-MS

The gas Chromatograph (GC) was a Hewlett-Packard 5890, Series II used with

the following parameter settings: column: SPB-1 sulfur (Supeico) 30m x 0.32

mm id., film thickness: 4u.m; carrier gas: helium; gas flow: 1.6 mL/min; pressure:

40 kPa; injection temperature: 45°C; temperature program: 13 min at 45°C,

heating rate 5°C/min to 240°C, 5 min at 240°C.

The mass spectrometer (MS) detector was a HP 5972 operating in the scan

mode (TIC) from 19 to 250 amu at 2.9 scan/s, ionisation by El at 70 eV by

autotuning; MS-Scan after 4.0 min.

8.2.5.2 GC-FID

The gas chromatography (GC) instrument was a Hewlett-Packard 5890, Series

II with the following parameter settings: column: DB-1 (Supeico) 60m x 0.32

mm id., film thickness: lpm; carrier gas: helium; gas flow: 1.6 mL/min; pressure:

140kPa; injection temperature: 220°C; temperature program: 2 min at 35°C,

heating rate 11°C/min to 180°C, then 5°C/min to 275°C, 5 min at 275°C. Detec¬

tion was with a FID at 300°C.

8.3 Results and discussion

8.3.1 Electronic nose

For clarity in the following text, the non-preconcentrated static headspace is

referred to as "static headspace".

When all three headspace techniques are compared with together (Fig. 50),

measurements performed with "static headspace" show comparable intensities

with the two preconcentration techniques for small molecular masses, i.e. ap-

prox. until mass 45. When the small molecular masses, i.e. under 45, are taken

away (Fig. 51), the "static headspace" exhibits very small responses in com¬

parison with those obtained with the two other techniques From the two sys¬

tems tested, the SPME method shows the higher responses.
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Fig. 50: Mass spectra of the same 180-day old Swiss Emmental cheese with three

extraction methods: non-preconcentrated static headspace (A), Purge-and-

Trap (B) and SPME (C). The y scale is in logarithmic units.
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Fig. 51: Mass spectra of the same 180-day old Swiss Emmental cheese with three

extraction methods: non-preconcentrated static headspace (A), Purge-and-

Trap (B) and SPME (C). Only the highest molecular masses from 45 up are

represented. The y scale is in linear units.
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The repeatability of measurements using the "static headspace" and SPME

techniques was comparable. In contrary, a very poor repeatability was observed

for measurements performed with the Purge-and-Trap instrument (Fig. 52).

This very poor repeatability can be partly explained by the dynamic injection of

this system. This observation is in agreement that of Roussel et al. [223], who

found that a dynamic injection gives less repeatable measurements than a

static one. They also consider the Purge-and-Trap system as "complex and

difficult to master". Marsili [98] also found a better "precision of replicates" with

the SPME compared to a dynamic headspace method. In the same paper, he

reported two additional advantages of the SMPE: "i) no carry-over peaks from

sample to sample, and ii) no background peaks". Unlike the SPME technique,

which is already used as a fully automated system, the Purge-and-Trap tech¬

nique would need numerous technical modifications to be adapted as an auto¬

matic preconcentration technique to the SMart Nose system.

PCI 56.93%

Fig. 52: Principal component analysis of all Swiss Emmental cheese measurements

with the three extraction methods: non-preconcentrated static headspace,

Purge-and-Trap and SPME.
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Normalisation of the data was done by dividing all the mass intensities by an¬

other constant one. "Static headspace" was normalised with molecular mass 48

and SPME with molecular mass 86. After this treatment, the principal compo¬

nent analysis shows three groups for both the "static headspace" and the

SPME measurements. The groups were however different, i.e. 1 / 21 and 98,

180 days for the "static headspace" method (Fig. 53), and 1, 21 and 98 / 180

days for the SPME extraction (Fig. 54). An automation of the SPME technique

would probably lead to a separation of the groups 98 and 180 days. The Purge-

and-Trap measurements were so unrepeatable that, even after normalisation,

any kind of separation would only be due to an artefact of the multivariate sta¬

tistical analysis.
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Fig. 53: Principal component analysis of Swiss Emmental cheese at four different

stages of maturity, i.e. 1, 21, 98 and 180 days. Measurements were done

using the non-preconcentrated static headspace technique.



119

Use of preconcentration techniques applied to an "electronic nose"

20 itérations - Correlation Data normalized by 86.QC

4.0

2.0

0.0-

2.0-

4.0

-6.0-

2.0 0.0

PCA 1(58.77%)

Fig. 54: Principal component analysis of Swiss Emmental cheese at four different

stages of maturity, i.e. 1, 21, 98 and 180 days. Measurements were done

with SPME technique.
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8.3.2 Purge-and-Trap / GC-MS

The measurements were done using the Purge-and-Trap preconcentration

technique as this is, until now, the method commonly used at the Swiss Federal

Dairy Station. Fig. 55 shows the GC-MS chromatogram of a 6-month old

cheese and Table 32 a list of the volatile compounds identified with the MS

detector using the Wiley138 library including the retention time of the peaks. All

components were confirmed with authentic reference compounds.
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Fig. 55: GC-MS chromatogram of Swiss Emmental cheese ripened for 180 days,

with the Purge-and-Trap preconcentration technique.
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Table 32: List of components corresponding to the peaks represented on Fig. 55.

Peak

number

Retention

Time [min]
Component

1 5.66 ethanol

2 6.47 2-propanone

3 6.98 2-propanol

4 10.09 1-propanol

5 11.55 2,3-butanedione

6 12.33 2-butanone

7 13.44 2-butanol

8 14.44 ethylethanoate

9 15.85 2-methyl-1-propanol

10 17.61 3-methylbutanal

11 18.48 2-methylbutanal

12 18.71 1-butanol

13 20.12 2-pentanone

14 20.52 2,3-pentanedione

15 20.78 pentanal

16 21.42 2-pentanol

17 22.23 ethylpropanoate

18 22.58 heptane

19 23.91 3-methyl-1-butanol

20 24.17 2-methyl-1-butanol

21 24.61 dimethyldisulfide

22 26.43 methylbenzene

23 27.00 2-hexanone

24 27.60 hexanal

25 27.85 ethylbutanoate

26 28.32 propylpropanoate

27 32.29 1,3-dimethylbenzene

28 32.52 2-heptanone

29 33.19 2-heptanol

30 33.43 1,2-dimethylbenzene

31 37.50 ethylhexanoate

32 38.21 1,3,5-trimethylbenzene

33 41.43 2-nonanone
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8.3.3 SPME / GC-FID

The measurements were done using the SPME preconcentration technique

with the same fiber used for the SMart Nose analysis. Fig. 56 shows the GC-

FID chromatogram of a 6-month old cheese. The broad peaks at 9.5 min are

due essentially to propionic and butyric acids. The two chromatograms (Fig. 55

and Fig. 56) are very different, although they represent the same cheese. This

indicates that the Purge-and-Trap and SPME techniques did not extract exactly

the same volatile compounds and that the ratio between extracted compounds

was different.

Fig. 56: GC-FID chromatogram of Swiss Emmental cheese ripened for 180 days,

with the SPME preconcentration technique.
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8.4 Conclusion

The non-preconcentrated static headspace is particularly useful for extraction of

high volatile compounds. Due to their enrichment ability, Purge-and-Trap and

SPME techniques are less efficient towards small molecular masses but can

also extract compounds with higher molecular masses. Both techniques extract

approximately the same class of compounds but the SPME technique seems to

be more favourable for measurements with the SMart Nose since it can extract

more compounds in a higher concentration. It is more repeatable, smaller and

easier to use than the Purge-and-Trap technique. Moreover, the SPME is quite

compatible with an autosampler, i.e. a CTC system, what is hardly possible us¬

ing the Purge-and-Trap system.

The use of a preconcentration technique for "electronic nose" systems can be

recommended for analyses of samples differing mainly in volatile compounds

with middle up to high molecular masses. For samples differing only in small

molecular masses, the non-preconcentrated static headspace would be prefer¬

able. This preliminary study demonstrated that the SPME technique signifi¬

cantly improves the sensibility of the SMart Nose system.
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9 CONCLUSIONS

When we bought our "electronic nose" systems, they were presented as ideal

and highly efficient systems capable of detecting any kind of odour in any kind

of product. Furthermore, most publications on investigations with "electronic

nose" showed only positive and successful results. The disadvantages and fail¬

ures were consciously or unconsciously ignored. Consequently, a person not

familiar with this topic would automatically think that these systems stood up to

their overrated reputation. Therefore, this thesis was started with the objective

of developing as many applications as possible with several sensor technolo¬

gies and for several dairy products. We have learnt from our investigations that

most instruments are currently only prototypes, which look much more attrac¬

tive in description than they really are.

9.1 Overview on the encountered difficulties with the different

systems

Besides the repeatability problems and the drift of the sensors, numerous tech¬

nical difficulties were encountered with each of the tested systems. The main

troubles are listed in Table 33 to Table 37. Of course the lists are not exhaus¬

tive and a lot more problems could still be expected.

QMB6

Table 33: Main difficulties encountered with the QMB6 system.

Problems

stop of measure¬

ments at midnight

lack of sensitivity of

QMB sensors

malfunction of the

autosampler leading
to a non retrieval of

the vials

net BKW conform

with European
norms

Taken steps Results

control of the net

tension (by the La¬

boratoire de réseaux'

d'énergie électrique
de l'EPFL)
manufacturer HKR

informed
. ;_none

change of statistical

treatment (HKR ->

UNISTAT)
modification of the

sample preparation
-PY adding sand

new definition of the

autosampler fork

satisfactory in cer¬

tain cases

non satisfactory

problem solved

Solution

no solution found

no solution found

new definition of the

autosampler fork
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eNose5000

Table 34: Main difficulties encountered with the eNose 5000 system.

Problems

poisoning of metal

oxide sensors (6
MOS modules)

lack of sensitivity of

conducting polymer
sensors

drift of polymer sen¬

sors with the time

hole of the syringe
wrong positioned,

leading to a mal¬

function during sy¬

ringe cleaning

malfunction of the

autosampler in the

injection step

syringe needle bent

up during injection

malfunction of the

first valve

Taken steps

clean-up of the sen¬

sors with a strong
gas flow

manufacturer EEV

informed

increase of the tem¬

perature

waiting for a new

software allowing a

humidity control
_

new measurements

with the calibration

system (ethanol)
discussion with the

firm delivering the

syringe

new definition of the

positions for the in¬

jection syringe

change of septum
(Pharmafix too hard

for the autosampler

motor]

manufacturer EEV

informed in order to

repjace the valve
_

Results

no change in the

sensor response

replacement of the

sensors

no amelioration

software in prepara¬
tion

calibration method

non usable in the

present state
_

correction of the

syringe piston defi¬

nition in the software

new position of the

hole in new syringes

problem solved

- problem solved

replacement of the

defective valve

Solution

- no solution found;
1

sensors found inap¬
propriate for cheese

application

- no solution found

no solution found

correction of the

syringe piston defi¬

nition in the software

syringes corrected

by the manufacture^

new positions de¬

fined

used of new septa

valve replaced

NST 3220

Table 35: Main difficulties encountered with the NST 3220 system.

Problems

poor repeatability of

the measurements

from one day to the

next

Taken steps

by of an autosam¬

pler allowing heating
and cooling of the

samples

Results

amelioration of the

repeatability from
one days to the next

but not from one

measurement to the

next in the same se¬

ries

Solution

acquisition of the

new instrument ver¬

sion (NST 3320)
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NST 3320

Table 36: Main difficulties encountered with the NST 3320 system.

Problems

poor repeatability
from one measure¬

ment to the next in

the same series

total stop of the

instrument

Taken steps

manufacturer in¬

formed

change of the 2

resistances of the

power supply box

Results

change of the tem¬

perature chips in the

autosampler

problem solved

Solution

- improvement but no

real solution yet

- change of the re¬

sistances

SMart Nose

Table 37: Main difficulties encountered with the SMart Nose system.

Problems

source contamina¬

tion

poor sensitivity

Taken steps

change of the

source

test of 2 preconcen¬

tration techniques:
Purge-and-Trap and

SPME

Results

problem solved

Solution

good preliminary
results with SPME

poor repeatability
with Purge-and-Trap

^

change of the

source

possible solution

with the SPME

technique

9.2 Sensor drift

One of the main advantages of "electronic noses" towards other analytical in¬

struments is their very simple and rapid measurements. Once a database is

created, they could check a lot of samples in a minimum of time, which could

be very useful in quality control. However, the most problematic drawback of

each sensor technology is a drift of the sensors with the time. We have seen

that it is not easy to get rid of this drift since each sensor, even within the same

technology, drifted differently. This means that a calibration procedure is very

difficult to implement, and it is not possible to build a reliable database which

could be used in a long term. The MS based instruments are the only systems

which actually already have a database but for GC-analyses.

9.3 Background know-how on the sensor technologies

The major difficulty with the present "electronic nose" systems is that the

ground knowledge of the manufacturers is very limited concerning the theory

and the working mechanism of the sensor technologies that they propose.

Therefore, the sensor drift can not be corrected, and no adequate calibration
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can be proposed. Another drawback of the current sensor technologies is their

relatively long recovery time, which unnecessarily extends the measurement. A

shorter recovering time could also only be found if one knows how the sensors

actually recover, and this is presently unknown.

9.4 System and sensor selectivity

We have seen that for several applications and with different sensor technolo¬

gies, only a very limited number of sensors was needed to discriminate be¬

tween the samples. This result means that the present "electronic noses" are

equipped with non-selective sensors. This establishment corresponds to the

politic and advertising of manufacturers who want to build one single system for

all types of applications. The new trend is now to present a system dedicated to

a single application, and some dedicated instruments already exist on the mar¬

ket. If this means also a more careful selection of the sensors in order to get

different responses for different volatile compounds, then these systems should

perform better than the present ones. However, the current actual understand¬

ing of the sensor mechanism does not really allow a choice of the sensors for a

specific application, since the working mechanism is not yet well understood,

and therefore, the selection can only be done empirically, which will need some

time. Moreover, the market of sensors for "electronic nose" systems is too small

to allow a big choice of sensors. Except for the MOS sensors, which are com¬

mercially available, the other types of sensor are only produced on a small

scale, and therefore, a broad range of different sensors can not be offered or

would be much too expensive for their current lifetime.

On the other side, a certain redundancy of the sensor response is desired in

order to detect as much volatile compounds as possible. If the sensors get to

selective, then a component which do not correspond to the specificity of the

sensors would not be detected. This would also lead to a limitation of the sys¬

tem.

To cross the problem of selectivity without having to search for new sensors,

some manufacturers built hybrid "electronic noses", i.e. systems with more than

one sensor technology. The idea was good but the problem with such instru¬

ments is that each sensor technology needs specific parameters in order to

give the optimal results. Therefore, the most adequate measurement method is

chosen for the sensor technology which gives the best discrimination, and the

other sensor technologies give lower responses due to improper settings. An¬

other solution is to find a compromise and to choose parameters giving accept-



Conclusions 128

able responses for each sensor technology concerned, but none of them will

give optimal responses.

9.5 Potential for technical improvements

The "electronic nose" instruments should be built to measure volatile com¬

pounds and not just any type of compounds. That means that the manufactur¬

ers should at least have an idea of the difficulty of gas analyses. Some instru¬

ments do not even have a heated transfer line to transport the headspace to

the sensors. Therefore, there is no use to create a headspace by high tem¬

perature if the gases then condense in the tubing. Likewise, no repeatable

measurements can be obtained if the incubation temperature and the heating

rate are not the same for all samples. As these two parameters are the most

important ones for the headspace generation, they should be very precisely

controlled, i.e. at least with a precision of ± 0.1 °C. One should not forget that

the compounds gained by a static headspace, as this is commonly done with

"electronic nose" systems, are only the very light ones, and consequently, their

concentration and ratio in the headspace are greatly influenced by the tem¬

perature.

9.6 Potential for applications in dairy products

The preliminary results obtained with Raclette and Gruyère cheeses seem to

lead to the conclusion that the "electronic nose" is a quite powerful instrument

to detect the quality of the milk used to produce the cheese. However, more

experiments with the same cheeses as well as with other types of cheese and

milk would be needed to confirm this assessment. Any way, the "electronic

nose" technology could be, and should be in the future, a very efficient instru¬

ment to analyse cheese.

9.7 Outlook

This thesis had highlighted the difficulties of measuring volatile compounds with

chemical sensors. The present systems are not yet fully developed, and a lot of

know-how and improvements are still needed until the "electronic noses" could

be considered equivalent to any other analytical instruments. These instru¬

ments should be seen as a futuristic technology. The systems currently avail¬

able are already much more sophisticated than those of the first generation.

Problems can only be solved when they are recognised, and at the present

state of development, most problems still seem unknown. The current work of
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the equipment manufacturers should be to collect information about failures of

their system, and to propose a solution when an easy one can be found. For

more complex problems, such as the drift of sensors or the lack of repeatability
of measurements, improvements may be expected within the next few years.

Some studies have already been undertaken in order to understand and to im¬

prove the sensor working mechanism, or to choose a better signal pretreatment

[224,225].

The trend is now to look at MS based instruments. Many users, who have made

bad experience with other systems, put their faith in this newcomer. The ad¬

vantage of the MS instruments is their already well-known technology, which

already uses a database library for GC-analyses. The users of MS systems are

playing in a known ground, and no more swimming in trouble water like they

were with the sensor technologies. However, the MS as "electronic nose" sys¬

tem is still new, and is now at the point where the systems equipped with sen¬

sors were standing a couple of years ago. The coming experience of users will

decide the real future of the "electronic noses" based on MS.

Measurements performed with different Swiss cheeses had showed a high po¬

tential for applications of "electronic nose" systems within the dairy industry.

The technical and scientific problems, which were underestimated at the begin¬

ning, are now having full attention. In a few more years, the present and future

improvements on these machines will probably lead them close to the wonder¬

ful instruments which were promised a couple of years ago.
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