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Abstract 

 
The main topic of the thesis is characterisation and evaluation of volatile organic compounds emitted by 
packaging materials based on paperboard products. The properties and concentration of these compounds 
are critical to how well these materials perform when applied as a main component of food packaging. 
Specifically there is an interest for finding out whether the materials are neutral enough from a flavour 
and odour perspective. This means that the odour and flavour of the packed foodstuff must not be 
influenced in a non- acceptable way by the packaging.   
The studies may be seen as divided into two main parts complemented with an additional study. In the 
first part ”Electronic noses”, based on quite a number of gas sensors of different sensitivity profiles, 
conventional gas chromatography and to some extent also sensory analysis were applied for evaluating 
the volatile organic compounds emitted from paperboard products. The results obtained from the 
”electronic nose” measurements were evaluated in the light of the detailed chemical information 
provided by the  gas chromatography. First a large number of paperboard products were analysed 
followed by analysis of some thirty sequential jumbo reels of two different board products. The obtained 
results clarified what could be achieved when applying the gas sensor based analytical system to this type 
of materials. Furthermore the experiences gained by the experiments pointed out the importance of 
managing sample handling, headspace generation and gas flow distribution in a good way. These 
findings were useful for managing a third experimental series in which a commercial gas sensor based 
system was applied for differentiating aqueous thyme solutions regarding the thyme concentrations.   
The multivariate data analysis methodology used for evaluating the gas sensor responses was 
successfully applied also to the obtained gas chromatography data. The chosen approach was to treat the 
chromatograms as having been generated by a large number of sensors.  
The sensory analysis was applied for investigating whether the found differences were relevant from a 
taint perspective which was invaluable since the ”electronic nose” system and our human chemical 
senses work according to different principles. It was therefore especially interesting to find out that the 
“electronic nose” and off-flavour differentiation between sequential jumbo reels of one product agreed 
well. Furthermore it was clearly not just a matter of different humidity of the materials. 
In the second part the sensory analysis was the mainly applied evaluation technique. Gas 
chromatography was very valuable for supporting the experimental work and contributing to the 
understanding of the results whereas no gas sensor related evaluations were performed. In the first part a 
need for investigating a number of issues more carefully was pointed out. Topics such as sensory 
sensitivity, perception of mixtures in relation to the mixture components and calibration of sensory 
analysis were consequently investigated. For managing it was necessary to restrict the studies to 
simplified model systems that were arranged based on results and experiences obtained from studies of 
real packaging systems.  
The results pointed out the complexity of sensory related packaging issues and help in improving these 
type of sensory analysis e.g. by suggesting calibration procedures. 
The additional study is related to active packaging which means that the intention with the packaging is 
to influence the packed foodstuff in a way that is favourable and desired. In this study odorants were 
added to dispersion coatings that well could be used in the paperboard products.  Headspace gas 
chromatography was successively applied for measuring the amounts and coating retention of the 
odorants upon drying. Furthermore multivariate data analysis was useful for overviewing the results and 
finding relations and structures that otherwise were hard to see.  
 



Sammanfattning  

 
Avhandlingens kärna är karaktärisering och utvärdering av flyktiga ämnen vilka emitteras från 
kartongmaterial. Sammansättning och halter av dessa ämnen är kritiska för hur väl materialen fungerar 
som huvudkomponenter i förpackningar vilka används till varor såsom mat, drycker, sötsaker och 
cigaretter. I synnerhet är man intresserad av sådana ämnen som kan inverka på de förpackade varornas 
lukt och smak. 
”Elektroniska näsor”, uppbyggda av ett antal gassensorer med olika känslighetsprofiler, konventionell 
gaskromatografi och sensorisk analys användes för att utvärdera de emitterade ämnena från 
kartongprodukter. Genom att relatera de resultat som genererades av de ”elektoniska näsorna” till den 
detaljerade kemiska information som gaskromatografin gav fick man klarhet i vad som har varit möjligt 
att uppnå med den undersökta gassensortekniken för denna typ av tillämpning. Dessutom framgick 
mycket tydligt att prov- och gasflödeshanteringen är kritiska delar av analyssystemet och mycket 
avgörande för en god funktion.  
Den multivariata metodik som användes för att utvärdera sensorernas responser applicerades 
framgångsrikt även på gaskromatografiska data där kromatografin sågs som en alternativ sensorteknik. 
Man kunde bland annat visa att gasblandningens sammansättning bestående av de emitterade flyktiga 
ämnena hade tydliga samband med kartongtillverkningsprocessen och att man därigenom kunde följa 
processförändringar från produktionen.  
Den sensoriska utvärderingen gjorde det möjligt att undersöka huruvida de instrumentella mätningarna 
var relevanta ur lukt- och smaksynvinkel. Detta var helt nödvändigt på grund av de stora skillnader i 
funktion hos lukt- och smaksinnena å ena sidan och de instrumentella teknikerna å andra sidan. Detta 
innebar även att en djupare förståelse för den sensoriska analysen blev nödvändig. Frågor såsom hur 
sensoriska responser genereras, vilken mätnoggrannhet och känslighet som kan uppnås samt hur olika 
sensoriska responser interagerar undersöktes. Dessa kunskaper och insikter gav infallsvinklar till hur 
sensorisk analys av dessa typer av material kan förbättras. Exempel på detta är en bättre jämförbarhet 
mellan sensoriska resultat och större förståelse för hur man genom att välja analysparametrar bättre kan 
få en känsligare och mer tillförlitlig analys.  
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1. Introduction 
 
To survive, all living higher species have to observe and interpret their surroundings. 
Information of many kinds has to be collected, processed, and interpreted to provide 
knowledge of matters fundamental to life, such as finding food and judging its quality, 
detecting danger, and finding opportunities for mating. During human evolution, the senses 
developed to collect and handle such information and the “clever” systems for receiving and 
processing it in the nervous system and brain have grown very impressive (Reichert, 1992).  
 
In our modern industrialised world, our senses have lost some of their importance for 
survival. We rarely have to watch for or sniff out dangerous animals in the same way as our 
ancestors had to, or listen for a coming storm, which was crucial for ancient sailors. Instead, 
we have developed technical and analytical systems to help us in many applications and 
methods to predict and measure various properties or compounds reproducibly and accurately. 
 
Nevertheless, humans still collect information and communicate using their senses. 
Considering a food product (e.g., a glass of orange juice), the people who consume it will 
judge the product by comparing a number of its attributes with their expectations. Of utmost 
importance will be the flavour, the combined sensation based on taste and olfaction of the 
juice, but several other properties, such as the colour and viscosity of the juice, will also be 
important. Furthermore, psychological factors such as whether the person is stressed and 
associations attributed to the sensory impression will contribute to his/her judgement as well, 
indicating the highly complex nature of such discernment. 
 
From a perceptual point of view, taste and olfaction are chemical senses since their stimuli are 
chemical compounds. When these stimuli come into contact with the receptor cells, nerve 
signals will be created if the types of compounds and receptors match and the concentrations 
are higher than are needed to trigger the receptors under real-life conditions. Once created, the 
nerve signals will be processed in a sophisticated way by the brain, giving rise to the 
impressions that form the basis of our conscious judgement. 
 
Nowadays, many food products are refined in modern industrial processes and further 
handled in distribution chains until they finally reach stores or supermarkets, where the 
consumer purchases them. This means that there is a great requirement for proper packaging, 
especially since the time and distance of transportation may be considerable. A number of 
materials, such as polymer, glass, and paperboard products, are used. Paperboard, alone or 
combined with barrier materials into laminated materials, has several advantageous properties 
such as high stiffness at low grammage, high light absorbency, and the fact that fibres are 
renewable and recoverable. However, the products packed may be influenced by either the 
packaging material itself or the environment. In addition, the product itself may release 
substances into the packaging material and/or the environment (Hotchkiss, 1995). Such 
interaction could affect the sensory-related quality of the products, which makes it important 
to control the board with regard to certain key qualities. 
 
In addition to direct contact, the materials may interact via the gas phase (Söderhjelm and 
Eskelinen, 1985). Consequently, it is important to measure volatile compounds emitted from 
the products. Established analytical techniques, such as gas chromatography and sensory 
analysis, are frequently used to make such measurements.  
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Measurements of volatile compounds often provide important information, as these 
compounds are often attributed to the matter of interest. This can be exemplified by the 
environmental impact of industrial processes, which can be estimated by measuring the 
emission of compounds such as NOx and SOx, and the condition of car engines, which can 
assessed by measuring the composition of exhaust gases. Furthermore, the composition of 
volatile compounds emitted from food may indicate whether the food is suitable for 
consumption, and fermentation processes may be monitored by following how the 
composition of these compounds changes. 
 
Gas sensors, a subgroup of the large family of chemical sensors, have great potential as 
valuable quality/analytical tools in many fields. Chemical sensors are defined as devices that 
are able to transduce the concentrations of some or many chemical compounds into electrical 
signals (Göpel et al., 1991); gas sensors perform this function for gaseous chemical 
compounds only.  
 
Combining several gas sensors with overlapping sensitivity profiles into arrays is 
advantageous for mapping volatiles; such arrays are often called “electronic noses”. 
Compared with many traditional analytical techniques, these sensors provide the ability to 
make very rapid measurements. On the other hand, their accuracy and resolution power may 
not be the best, which makes the sensors interesting as a complementary technique for the 
rapid and simple screening of substances. Furthermore, the methods used for processing 
sensor array data may be productively applied to traditional techniques as well. 
 
Very often, however, the analytical problems are complex, and we need to gain knowledge of 
the sensors and their performance to judge their applicability to the analytical problems. Gas 
sensor arrays represent, like gas chromatography, an instrumental technique for measuring 
volatile compounds, and the principles and mechanisms of their interaction with volatile 
compounds differ considerably from those of our chemical senses. It follows that there will 
often be large differences between the instrumental and human responses, i.e., in terms of 
sensitivity and selectivity. To investigate whether instrumental techniques can be applied 
properly to the sensory-related quality monitoring of board products, correlation studies of 
sensory analysis and gas chromatography are necessary steps and an obvious control station. 
It follows that such studies place great demands on sensory analysis, since it has to be applied 
in ways that provide results and knowledge to which the instrumental results can be related. 
Thus, effort needed to be put into this field; it was found that better knowledge of several 
important parameters, such as sensitivity, accuracy, and precision, of sensory analysis was 
needed, which in turn introduced a need for a deeper knowledge in the field of psychophysics.  
 
The real systems of interest, involving the packaging and food materials actually used on the 
market, are often complicated and complex in terms of the number and kinds of volatile 
compounds emitted. Fundamental experiments on these systems will consequently be very 
complex. Restricting ourselves to studying simplified model systems, knowledge can be 
gained by research efforts that better match the resources available. In the future, these efforts 
may be complemented by studies of more complex systems, which will improve the 
predictability and intelligibility of the real complex systems.  

2



 

2. Design, objectives, and scope of this study 

 
The research may be divided into two main parts: 
In the first, gas sensor-based instrumental systems were used to map volatiles. Headspace gas 
chromatography (HGC) was used as the main reference technique in facilitating proper 
sample selection and generating reference data to which the obtained sensor results could be 
related. Sensory analysis was applied only to a small extent to verify the sensory relevance of 
the obtained data. In addition, the “sensor approach” to evaluation was applied to the 
chromatography. Multivariate data analysis (MVDA), first applied as a fundamental tool for 
processing data obtained from the gas sensors, was also applied to the chromatographic data. 
The studies described in Papers I, II, and III and in the Appendix belong to this part of the 
research. 
 
In the second part, sensory analysis was dominant, HGC was applied to a limited extent, and 
no sensor-based systems were used. HGC was used mainly for support in developing proper 
experimental procedures and generating reference data to which the obtained sensory results 
could be related. The studies involved in this part of the research are described in Papers V, 
VI, and VII. 
 
In the remaining study, presented in Paper IV, dispersion coatings were investigated in terms 
of how well they retain aroma compounds. This study relied on HGC in determining the 
losses and estimating the partition coefficients of the aroma compounds in the coating 
matrices. Furthermore, MVDA was applied to obtain an overview of the extensive data 
obtained and to find relationships that were otherwise hard to discern.  
 
The objectives of the first part are as follows: 

• Judging the performance of the gas sensor-based systems for mapping volatiles 
emitted from board products, in particular, the possibilities for monitoring the taint- 
and odour-related quality of carton board products or aroma compounds of packed 
food 

• Proper sample handling for the optimal functioning of the gas sensor-based systems 
• Investigating the influence of humidity variations 
• Interpreting and evaluating the relevance of MVDA models of chromatographic data 

obtained from board product analyses 
 

The objectives of the second part are as follows: 
• Gaining knowledge of flavour interaction effects obtained when analysing packaging-

relevant model systems 
• Investigating flavour sensitivity to packaging-relevant odorants and food simulants 
• Estimating the selectivity, precision, drift, and uncertainty of sensory analysis in 

relation to gas sensor systems 
 
The objectives of the additional study are as follows: 

• Investigating the applicability of HGC in quantifying the total aroma compound 
concentrations in dispersion-coated films and in determining the gas–solid phase 
partitioning of the aroma compounds 

• Investigating the applicability of MVDA to the obtained data 
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3. Instrumental systems for analysing volatile organic compounds 
 

Systems for analysing volatile organic compounds could be generalised as based on several 
fundamental functions (Fig. 1) 
 

 

 

 Fig. 1. Fundamental parts of systems for analysing volatile organic compounds. 
 
 
The most widely used methods for generating volatile compounds emitted from samples are 
static headspace and dynamic headspace (Przybylaki and Eskin, 1995). Which alternative is 
chosen will depend on the particular analytical problem, the concentrations and nature of the 
analytes and matrices, and a number of additional practical issues. 
 
3.1 Sample handling and generating volatile compounds 
 
Static headspace and multiple headspace extraction  

 

 
 
Fig. 2. Principle of static headspace. 

 
The sample is placed in a sealed chamber (often a vial or glass flask). Volatile compounds 
present in the sample will evaporate into the gas phase surrounding the sample, i.e., the 
headspace. When the concentrations of the volatiles increase, condensation will start and the 
concentrations will approach the equilibrium concentrations. These concentrations will 

Sample handling
Headspace
generation

Enrichment

Signal processing
Feature extraction
Calculation and

presentation of results

Analysis
Signal generation

sample
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depend on several factors regulating the equilibrium, such as the matrix (sample) and the 
temperature, pressure, and composition of the gas phase. Processes occurring in the sample 
may be followed by measuring the headspace concentrations. 
 
The procedure may be repeatedly applied to a single vial. A cycle is used, consisting of 
generating headspace for a certain defined time, withdrawing an aliquot of headspace from 
the vial, and replacing the withdrawn headspace with new pure gas. Optionally, all or part of 
the headspace can be vented out of the vial replacing it with the pure gas. The cycle is usually 
repeated several times. This way of repeating the procedure, multiple headspace extraction 
(MHE), can be extremely useful, since it allows both total concentration and the solid–gas 
partitioning of volatile substances to be determined (Kolb and Ettre, 1997).  
 
Dynamic headspace 
 

 
 Fig. 3. Principle of dynamic headspace. 
 

In dynamic headspace, the volatiles are swept from the sample with an inert gas. The “driving 
force” is the gradient between the equilibrium concentration and the very low concentrations 
of the analytes in the inert gas. This allows the continuous extraction of volatiles from the 
sample, and makes it possible to analyse very low concentrations and low volatility 
components (Przybylaki and Eskin, 1995). A lower concentration may be used to prevent the 
decomposition of volatiles and their precursors. 
 

By selecting proper parameters, such as flows, the geometrical arrangement and design of 
flasks, temperatures, and thermostating times, both static and dynamic headspace 
measurements can be made in either the equilibrium or non-equilibrium mode. 
  
3.2 Enrichment methods for pre-concentrating volatiles 
 

Though the volatile concentrations may be very low, they may nevertheless strongly influence 
the analytical problem (e.g., strong odorants that possess very low odour detection thresholds; 
Van Gemert, 1984). To successfully apply the techniques for analysis of volatile compounds, 
there are a number of methods for increasing the concentrations, some of which the most 
common are described below.  
 

sample
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Higher temperatures 

 
Due to the laws of physical chemistry, higher temperatures will increase the concentrations of 
volatile compounds in the headspace. In many respects, this is a simple way to accelerate the 
volatile generation to achieve higher concentrations. 
 
It should be remembered, however, that such treatment may influence the representativity of 
the sample as well. At higher temperatures, reactions in the sample may take place that will 
not occur at room temperature. At higher temperatures, not only the concentrations but also 
the kinds of volatile compounds may differ from those obtained at room temperature. As long 
as this is in accordance with the analytical problem this is not troublesome. However, one 
must always consider the risk of significant changes, for example, the formation of additional 
volatile compounds from hydroperoxides and lipids when analysing oil samples at elevated 
temperatures (Schieberle and Grosch, 1981). 
 
Another important issue to bear in mind is that heating places demands on the “downstream” 
part of the system. Due to the heating of the samples, the rest of the system has to be heated as 
well, otherwise condensation will occur resulting in memory effects. As a rule of thumb, all 
parts of the equipment should be kept 5–10°C above the sample temperature (Andersson, 
2000). 
 
 
Enrichment on sorbents 

 

A common way to enrich volatiles is to adsorb them to a suitable sorbent, the most widely 
used of which are Tenax GC, Chromosorb, and Porapak Q (Rapp and Knipser, 1980; Nunez 
et al., 1984). Multisorbent adsorption may also be used, combining different kinds of 
adsorbents (Pankow et al., 1998). 
 
The trapped volatiles may then be desorbed using either heat (thermal desorption) or solvents 
(chemical desorption). In the former case, the thermal desorption provides a “new” enriched 
headspace while the latter results in dissolved volatiles. 
 
Liquids may be used as well. Either the headspace is forced through the liquid, which acts as 
an absorbent, or the volatiles are extracted by liquid extraction and/or distillation (Togari et 
al., 1995). Solid-phase micro extraction (SPME) has also been introduced, which is an easily 
handled method for rapidly enriching volatile compounds (Miller and Stuart, 1999; Bartelt 
and Zilikowski, 1999). 
 
When dealing with sorbing media, it should always be remembered that these media will have 
different affinities with different volatiles. This means that the composition of the mixture, 
after enrichment, will not necessarily completely represent the originally headspace. This has 
to be considered when designing the methods and interpreting the results. 
 
Cold trap 

 

The principle of a cold trap is that the volatiles present in the headspace condense when they 
are purged through a trap kept at a very low temperature (e.g., –70 °C). After purging for a 
suitable time, the temperature of the trap is rapidly raised, causing the condensed volatiles to 
evaporate and providing an enriched headspace (Veijanen, 1990). 
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3.3 Techniques for analysing volatile compounds 

 
There are several techniques for analysing volatile compounds, such as spectrometry (e.g., IR 
and mass spectrometry), gas chromatography, and gas sensors. IR spectrometry may be used 
for gas analysis even in complex mixtures, such as smoke gases (Pottel, 1996), and for 
measuring fairly low concentrations, as in the gas analysers used to determine the breath-
alcohol levels of motorists (Bradley, 1978). Using Fourier transformation, the IR technique 
has been developed still further (i.e., FTIR). Mass spectrometric (MS) techniques allow the 
qualitative and quantitative determination of gases and are generally useful in a range of 
applications; for example, in studies of the surface reactions of sensors, the concentration of 
reaction products, such as water, is measured using MS (Johansson et al., 1998). MS-based 
systems are used for the quality-related at-line measurement of volatile compounds (e.g., 
determining volatiles emitted from recycled PET bottles; Pripps Bryggerier AB, Sweden). 
Commercial equipment for general applications is available, for example, the HP4440A 
chemical sensor (Hewlett Packard, USA), using electron impact as the ion source, and MGD-
1 (Environics, Finland), using α-radiation (143Am) as the ion source. There are gas 
chromatography detectors based on both FTIR and MS techniques.  
 
As gas chromatography and solid-state gas sensors have been used in this study, these 
techniques are described in greater detail. 
 

Gas chromatography 

 
This is by far the most used technique for analysing mixtures of volatile compounds. A 
chromatographic process is used to resolve a mixture of volatiles into the individual 
constituent compounds; a detector is subsequently used to detect the eluted compounds. The 
main components of a gas chromatograph are depicted in Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 4. Schematic of a gas chromatographic system. 

 
The sample to be analysed is introduced into an injector that properly inserts the analytes into 
the chromatographic column. An inert gas (N2, He, or H2) is used as the carrier gas, forcing a 
flow through the system. Different injectors and ways to operate these are available, the 
selection being determined by factors such as sample form and analyte concentration.  
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In the column, the chromatographic process is taking place, in which the analytes are 
distributed between the mobile gas phase and a solid/liquid stationary phase. The partitioning 
will differ depending on parameters such as gas velocity and nature, analyte and stationary 
phase properties, column temperature, inner diameter of the column, and stationary phase 
thickness. By properly matching these parameters, even complex mixtures may be completely 
resolved. 
 
The detectors available for gas chromatography can be separated into two primary categories: 
ionisation detectors and optical detectors (Eiceman et al., 1998). Depending on the analytical 
problem of interest and the nature of the analytes, a suitable detector is selected. Notably, 
mass spectrometer detectors, which have rapidly become very popular because of their ability 
to positively identify the analytes; FTIR detectors also provide such identification 
opportunities. The obtained gas chromatograms may then be further treated for qualitative 
and/or quantitative determination.  
 

Gas sensors 

 

A chemical sensor is defined as a device that transduces a chemical state into an electrical 
signal (Göpel et al., 1991). This means that exposing a chemical sensor to a chemical state 
causes it to emit a signal that can be related to the chemical state. Gas sensors constitute a 
subgroup of chemical sensors where the analytes are restricted to gases. 
 
A large family of gas sensors comprise solid materials, namely, solid-state sensors. Common 
to all such sensors is that the analyte must orient itself close to, or in some types adsorb to, the 
sensor surface as a first step in transducing the chemical species into signals. Depending on 
the principle and construction of the sensors and the nature of the gaseous compounds, 
different processes occur at the sensor surface, giving rise to changes in some property or 
properties that in turn may be directly or indirectly related to changes in some physical 
parameter. By measuring this physical parameter and transforming the measurements into 
electrical signals, the requirements of the sensor are fulfilled. 
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Physical 

parameter 

measured 

Chemically sensitive  

material 

Type of device Analytes  

 

Resistivity 
Semiconducting 
metal oxides 
Conducting polymers 

Thin films, pellets 
“Spaghetti” of polymer 
chains 

Combustible 
gases 
Mainly polar 
compounds 

Changes of 
oscillation 
frequency due to 
changes of mass 

Organic layers 
Inorganic films 

Quartz crystals (QMB) 
Surface acoustic 
devices (SAW) 

Ad/absorbed 
compounds 

Optical reflectance 

Organic layers 
 
 
Inorganic films 

Crystals capable of 
attenuated total 
reflection 
Optical fibres 
Reflecting surfaces 

Ad/absorbed 
compounds 

Surface plasmon 
resonance 

Organic layers 
Inorganic films 

Thin metal films (Ag, 
Au) on glass substrate 

Ad/absorbed 
compounds 

Optical absorption Colour indicators in 
films 

Absorption cells 
Optical fibres 

Compounds 
introducing 
colour changes 

Ellipsometry Organic layers 
Optical analysing 
systems measuring 
polarisation change 

Ad/absorbed 
compounds 

 
Temperature 
(Heat generation) 

 
Catalysts 
 
 

Pellistors 
Thermistors 
Thermo elements 
Diodes 

Combustible 
compounds 
Toxic com-
pounds 

Change in work 
function 

Catalytic gate Field-effect transistors 
Schottky diodes 

Combustible 
Gases 

 

Table 1.  Examples of different sensor principles (modified from Lundström, 1993; Göpel et 

al., 1991). 

 In designing suitable sensors, one must choose geometries and operation modes that use the 
changes in physical parameters and transduce them into electrical signals in an optimised 
way. Some, of many, commonly used operation modes are resistors, diodes, and capacitors 
while “classical” interdigital, mesh, 4-point, transmission-line, and micro-contact are typical 
contact geometries (Göpel and Reinhardt, 1996). 
 
In the present work, metal oxide semiconductor field-effect transistors (MOSFETs) and metal 
oxide sensors (MOSs) were used frequently and are therefore described in greater detail. In 
addition, several other sensor technologies have been tested, but describing them is beyond 
the scope of this thesis. 
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Some thirty years ago, it was discovered that palladium metal gate metal oxide semiconductor 
structures are very sensitive to hydrogen (Lundström et al., 1975). Two types of sensor 
structures are convenient, capacitors and transistors (Spetz et al., 1992), but the description 
here will be restricted to transistors. 
 

 
Fig. 5a. Schematic of MOSFET structure. The  Fig. 5b. I–V characteristics of a MOSFET 

gate voltage is denoted Vg and drain current sensor with and without hydrogen exposure. 
ID. 

 

The basic principle of these devices is that when the gaseous compounds are brought into 
contact with the sensor surface, they will react and produce species that can diffuse through 
the metal film and adsorb to the metal insulator (commonly SiO2) interface. This adsorption 
will induce a voltage change, ∆V, that will change the current–voltage (I–V) characteristics of 
the sensor.  
 
Catalytic metal gates (e.g., Ir, Pt, and Pd) are used as sensing layers on top of the device. 
These layers may be either dense or discontinuous. In the case of discontinuous catalytic 
metal gates, a mechanism built on capacitive coupling the surface potential change of the 
“metal islands” to the semiconductor surface through discontinuities in the metal film has 
been suggested (Lundström and Petterson, 1996). Thus, according to this theory, in addition 
to the effect of the adsorption of species to the metal insulator interface described above, the 
surface potential change is “spread out” on the insulator due to adsorbed species (original 
compounds as well as reaction intermediates) on the metal surface and species.  
 
Besides the kind of metal and shape of the gate, temperature is an important parameter, as it 
influences parameters such as sensor response and selectivity (Lundström et al., 1990). 
Consequently, the MOSFETs in the gas sensor array used in the present work consisted of 
two identical sets of five different sensors operating at two different temperatures (150 and 
170 °C).  
 

Metal oxide sensors (MOSs) 

 

Such sensors are based on different types of semiconducting metal oxides, such as SnO2 and 
ZrO2. Often the materials are polycrystalline and sintered, but the use of carefully constructed 
nanocrystalline material may be advantageous (Göpel et al., 1996). 
 
The general sensor effect is a change of the current - voltage behaviour, triggered by chemical 
reactions at the surface, in the bulk, at the contacts, or at the grain boundaries of the sensor 
(Fig. 7b). 
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Metal oxide semiconductor field-effect transistor (MOSFET) sensors 
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Temperature is a key parameter for the behaviour of these sensors. For the same sensor, the 
sensing mechanism may rely on physical adsorption at lower temperatures but on 
chemisorption at somewhat higher temperatures. At higher temperatures, mechanisms 
depending on surface defects and catalytic reactions dominate, while at even higher 
temperatures, bulk effects dominate. In the last case, the mobility of defects in the oxides 
increases to such an extent that exchange occurs between the surface, where the reactions take 
place, and the bulk, where most defects are. 
 
 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Characteristic temperature ranges for typical O2–oxide interactions that determine the 

mechanism of the chemical sensing of oxygen (Göpel et al., 1996). 

 

The overall electrical conductivity of polycrystalline samples consists of contributions from 
the individual crystallites, the grain boundaries, the insulating parts (e.g., pores), and the 
contacts (Göpel et al., 1996). Concerning the individual crystallites, the conductivity may be 
further divided into bulk and surface conductivity and be due to electron and/or ion 
conduction. The so-called Taguchi sensors used in this study were based on SnO2, which is an 
n-type semiconductor that relies on electron conduction. 
 

Fig. 7a. Schematic of a Taguchi sensor. Fig. 7b. Schematic of SnO2 

morphology. 
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When exposed to air, O2(g) reacts at the surface with electrons available close to the surface, 
resulting in O– at the surface and a “depleted zone” where the number of electrons has 
decreased. This will result in decreased conductivity, as these electrons contribute to the 
conductivity of the grains. Now, if other gaseous compounds with suitable (e.g., reducing) 
properties approach the surface, the uptake of electrons will decrease and the depleted zone 
will decrease as well resulting in increased conductivity.   

 
 
  

 

 

 

 

 

 

 

 

 

Fig. 8. When the depleted zone decreases, the conductivity increases. 

 

Small amounts of catalytic metal additives such as Pd or Pt are used to change the selectivity 
of the sensors. By changing the choice of such dopants and operating conditions, SnO2-
resistive sensors have been developed for a range of applications (Gardner and Bartlett, 
1999). 
 
Sensor arrays 

 
Most chemical sensors are usually not specific to one or a few analytes. Rather, they display 
“response profiles”, which means that they are more or less sensitive to a somewhat higher 
number of analytes (Gardner and Bartlett, 1999; Lundström et al., 1990). The character and 
degree of selectivity will depend on several factors, such as the design and detection principle. 
 
By using several sensors together in an array, resolution power is gained, and hybrid noses, 
consisting of sensors based on different principles, have been successful in various 
applications. 
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3.4 Signal generation and processing for feature extraction  
 

Chromatographs 

 
The detector generates an electrical signal, which is continuously recorded in the gas 
chromatogram. Depending on the chemical structure of the analyte and the detection principle 
applied, the intensity of the recorded signal supplies quantitative information. 
Under proper chromatographic conditions, each peak in the chromatogram represents one 
compound of the analysed gas mixture. 
 

 
 
Fig. 9.  Peak recorded when eluting a fully separated analyte (Schomburg, 1990). 

(a) Detector signal when pure carrier gas is leaving the column 

(b) Elution of a solute 
 
The signal is proportional to the concentration (g/mL) of component i with concentration-
dependant detectors (e.g., a thermal conductivity detector, TCD) or to the mass flow of 
component i with mass-sensitive detectors (e.g., a flame ionisation detector, FID). For both 
types, the total amount of compound i, Mi, is determined via the peak area, Ai: 
 E 

Ai = ∫ yi dt 
 B 
 
If the response factor, Ri, is known, Mi can be calculated according to Mi = Ri * Ai . The 
signals are commonly A/D converted into discrete datapoints and collected by a computer 
equipped with chromatographic software that provides built-in facilities for integrating peaks, 
estimating the start (B) and stop (E) of the peak, after which the peak area is calculated.  
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Sensors 

 

By definition, the signals from the gas sensors change when exposed to gases. A typical result 
of a gas exposure is shown below. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Typical sensor signals when exposed to the headspace of a board sample. Example of 

data processing creating variables that convey valuable information. 
 
It has already been stated that the choice of sensors influences the selectivity and resolution 
power of the array. In addition, the selectivity may be enhanced by the proper selection of 
transient parameters and the optimised selection of variables (Eklöv, 1999). 
 
Feature extraction is applied to the raw signal to extract valuable information expressed in 
variables; in this example, five variables representing the measurements are created: response, 
on integral, on derivative, off integral, and off derivative (Fig. 10). A sixth, baseline, is used 
for calculating the response. The variables are in this case “openly” defined, illustrated by the 
variable baseline, which is defined as the mean of the last x seconds before exposure (Fig. 
10). When the parameter x is set, the baseline is unambiguously defined and can be calculated 
for each measurement. 
 
 
3.5 Calculating and presenting results 
 
The results of gas chromatographic analysis may be presented in the form of detailed tables 
containing a number of compounds present in the analysed samples and the areas, or 
concentrations, of the corresponding peaks (concentrations provided that the response factors 
are known). This supplies a detailed characterisation of the gas mixture. The tables may also 
be considered as data matrices to be processed using multivariate data analysis. 
 
Concerning the data resulting from analysis using gas sensors, the variables of just one or a 
few sensors are seldom specific enough to accomplish the task, but the combination of the 
variables, the pattern, will better characterise the gas mixture. Changes of the headspace 
composition and gas concentrations will cause changes in these patterns, provided that one or 

14



 

more of the sensors making up the array are sensitive to the compound(s) that change, and 
this is expressed in the extracted variables. 
 
 

Pattern recognition: multivariate data analysis (MVDA). 

 

Pattern recognition using multivariate data analysis is universally applicable and may be 
productive in many respects (e.g., phenomena contained in the data structure may be 
effectively monitored, correlation between different variables studied, and models for 
predicting relevant properties may be built).  
 
One of many ways to characterise the different techniques is to regard them as linear or non-
linear. Linear techniques have the advantage of being easy to apply and resulting in models 
that may be quite easy to interpret. However, a drawback is that most systems (e.g., sensor 
systems) are actually non-linear, which means that non-linear techniques may enable better 
modelling than linear techniques (Carey and Yee, 1992).  
 
Another important characteristic of the techniques is whether they are supervised or 
unsupervised. Using supervised techniques, one subgroup in the variable space (usually 
denoted Y) is regarded as dependant on the other subgroup (X) consisting of independent 
variables. Models are built to correlate the subgroups. Unsupervised methods, in contrast, are 
used to study phenomena, such as clustering and similarities in the data structure (X) itself.  
 
Furthermore, the results of model calculations may be visualised in several different ways, 
depending on the aim of the model. If, for example, the aim of a study is to visualise 
similarities between different samples, clustering analysis may be applied and the results 
monitored using dendrograms (Holmberg et al., 1995).  
 
Concerning linear techniques, principal component analysis (PCA) and factor analysis are 
examples of frequently employed unsupervised techniques, while linear discriminant analysis 
(LDA) and partial least square projections to latent structures (PLS) are examples of 
supervised techniques. 
 
There are many non-linear techniques, some of which are mentioned here. Sammon mapping 
has been used to evaluate sensor data (Sammon, 1969), though artificial neural networks 
(ANN) have been used more often. The latter have successfully been used to evaluate data 
from a wide range of applications, for example, image-recognition problems, predicting steel 
sheet formability, and modelling the flow rate of variable-consistency pulp (Bulsari et al., 
1998). This technique is based on small units, called neurons, that are linked together in 
networks. By properly designing the network architecture and parameter settings, data 
evaluation tools are achieved that may be used either in the supervised (e.g., back-propagation 
networks) or unsupervised mode (e.g., self-organising maps) (Haykin, 1994). Both sensor 
data (Gardner et al., 1992) and chromatographic data (Horimoto et al., 1997) have been 
successfully modelled using ANN modelling. 
 

In the present work, the applied techniques have been restricted to PCA and PLS that are 
described more in detail below.  
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Principal component analysis (PCA) 

 
The original dataset, X, consisting of a number of m variables and n objects, is projected on a 
number of orthogonal principle components (PCs) (Jollife, 1986).  
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Fig. 12. Decomposition of dataset X into m principal components (after centring the X data); 

t1–tk are score vectors, p1’–pk’ are transformed loading vectors, and E denotes the residual 

data not taken into account by the model.  
 
Due to the nature and structure of the data, different kinds of pre-processing, such as centring 
and scaling (e.g., to unit variance or logarithm), may be advantageous before the actual 
calculation. 
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Fig. 13. Illustration of the first principal component of a two-variable X matrix. 

Scores and loadings are depicted graphically. 
 
The loadings, i.e., the contribution of each original variable to the linear combination 
constituting the PC, are calculated in such a way that as much as possible of the variance of 
the original data is encompassed when projecting them onto the PC. It can be demonstrated 
that the loading vectors formed in this way equal the eigenvectors of the data matrix (Carlson, 
1992). A common way to calculate the PC is via a step-wise procedure using some of a 
number of algorithms. SIMCA, one of the softwares used in the present work, uses the 
NIPALS algorithm (Jöreskog and Wold, 1982; Geladi and Kowalski, 1986). 
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PCs are usually characterised by the degree of explanation, which is how much of the original 
variance is explained by the PC. From the construction of the PCA, it follows that the degree 
of explanation of the first PC is highest and then declines for each next PC. 
 
Besides this, the significance of the variation explained by the PCs can be evaluated, for 
example, using cross-validation (Carlson, 1992). In this way, the optimal number of PCs in 
the model can be estimated. The PCs also often possess “chemical significance”, in the sense 
that they may be related to properties relevant to the problem of interest (e.g., to the 
composition of the board samples when processing gas chromatographic data). 
 
The results can be depicted using different kinds of plots. Score plots, where the scores of one 
PC are plotted versus the scores of one (or several) other PC(s), are very useful for identifying 
groupings and similarities between the different measured samples. The corresponding 
loading plots show the contributions of the original variables to the PCs, making them very 
useful, for example, for estimating relationships between variables. Such plots were used 
frequently in the present work. 
 
Partial least squares projections to latent structures (PLS). 

 
In PLS modelling, as much as possible of the variation in the Y space should be modelled 
simultaneously with modelling the variation in the X space in such a way that these variations 
can be related to each other (Geladi and Kowalski, 1986). The modelling process constitutes a 
projection of the object points in each space, down to the PLS component level. The 
projections are made in such a way that the variations in the swarm of points are well 
described by the PLS component, subject to the constraint that for each PLS dimension, j, the 
PLS scores of the Y block (denoted uj) should have a maximum correlation with the scores of 
the X block (denoted tj). The principles are illustrated by a one-component model, as follows 
in Figure 14. 
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 Fig. 14. Illustration of PLS projections. 
 
To validate the models, cross-validation is useful. Furthermore, by dividing the dataset into a 
training set used for building models, a test set for testing the models, and a validation set for 
proper validation, the performance of the models can be statistically evaluated.  
 
It is useful to take a number of plots from the models to illustrate the results of the model 
projections. Loadings and scores are similar to those achieved using PCA and may be plotted 
in the same way as in PCA or versus each other (illustrated by t1 plotted versus u1). In 
addition, the PLS models also provide weight factors that indicate the contribution of each X 
variable to describing the systematic variation in the Y space. Thus, plotting the weight 
vectors against each other will illustrate the independent contribution of the X variables to 
describibe the systematic variation in the Y space. 
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4. How to use the information gained using instrumental   

    analytical techniques 

 
4.1 Philosophy of the measurements 
 

Both gas chromatography and gas sensors let us measure gas mixtures. The information 
achieved using the two approaches, however, differs in character. A gas chromatographic 
analysis provides detailed information about the individual compounds constituting the gas 
sample. The analysis time is considerable, especially if a proper chromatogram separating a 
large number of analytes is to be achieved. Furthermore, the equipment, despite considerable 
development, is not easily handled by just anyone. 
 
An array of gas sensors, on the other hand, offers the ability to rapidly measure the complete 
mixture simultaneously, providing the opportunity to map the composition of the mixture. 
Detailed information on the chemical character is not provided, but rather information 
permitting the assessment of whether there are similarities or differences between different 
gas mixtures. If the measured differences are related to relevant issues, such equipment may 
be a tool for making more rapid measurements that do not require very skilled personnel. 
 

4.2 Gas chromatography: gas sensor arrays – a matter of dimensions 
 
A gas sensor array comprises several different sensors (often between 15 and 30), preferably 
of different types (hybrid noses) analysing the headspace at the same time. A gas 
chromatograph, on the other hand, normally uses one detector (sensor) but the analytes are 
separated and are detected (ideally) one by one. 
 
 
 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Illustration of chromatographic and sensor space. 
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The resolution power of the array will be determined by the response profiles of the 
individual gas sensors and the combination of the sensors. The resolution power of 
chromatography, on the other hand, is dependant on the different elution times of the different 
analytes. If the gas mixture is completely resolved by the chromatographic process, each peak 
corresponds to one compound and the system could be considered a sensor array, where the 
number of sensors equals the number of peaks. Thus, the sensors of this ideal array should 
each be specific to one compound.  
 

Despite the high resolution of GC, in reality peaks may overlap, which makes the 
corresponding “real” sensor not specific to one analyte; rather, the response will depend on 
the compounds that correspond to the overlapping peaks. This means that the parameters 
influencing the chromatographic performance will also influence the selectivity of this 
hypothetical sensor array. Furthermore, there is an obvious risk of misclassification due to 
variations in chromatographic conditions and difficulties in peak assignment. 
 
4.3 Selectivity 

 
In many cases, the instrumental measurements generate a large amount of information, often 
only a portion of which is relevant to the topics of interest. In unfavourable cases, none of the 
information may be relevant to the topics of interest. Whether or not the selectivity is 
satisfying can be judged only when related to the actual issues of interest and to the 
measurement conditions.  
 
The selectivity (and other important analytical performance parameters, such as sensitivity) of 
the instrumental systems in analysing volatile compounds will be influenced by all parts of 
the system. The sample selection, conditions applied in headspace generation, and choice of 
gas flows will all influence the composition of the headspace introduced into the gas sensor 
arrays or gas chromatograph. 
 
The selectivity of the individual gas sensors will be strongly influenced by several parameters 
previously mentioned (see Section 3.3). When building up arrays of individual sensors, the 
composition of the array may dramatically influence its overall selectivity. In addition, the 
choice of feature extraction parameters and subsequent model building will also exert an 
influence (Eklöv, 1999).  
 
For gas chromatographic analyses, parameters such as the choice of column, method of 
temperature programming, and choice of detector all exert an influence, so there are many 
options that may be optimised to increase the selectivity. 
  

4.4 Evaluating gas chromatograms 
 
Depending on the nature of the analytical problem, different approaches to evaluating the 
chromatograms may be more or less appropriate. One alternative is the classical approach, in 
which certain selected compounds are determined to provide the relevant information. Other 
problems, however, may be better elucidated by taking into account as much as possible of 
the information contained in the chromatograms. 
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Fig. 16. A chromatogram resulting from the static headspace analysis of product A, seven 

months after production. 

 
Classical approach 

 

With the classical approach, the areas of peaks corresponding to selected compounds (denoted 
1, 2, and 3) are determined. Using a mass spectrometer detector, the eluted compounds can be 
identified accurately. This means that the selected compounds can be reliably quantified if the 
response factors are known. Ideally, this should be accomplished with an equal number of 
sensors, in our example, three sensors highly specific to analytes 1, 2, and 3. Such an 
approach was applied in Maper IV. 
 
Fingerprints 

 

As the sensor array is exposed to the complete mixture of analytes all at once, the sensors will 
generate signals according to a function, often complex, of a number of the individual 
compounds (provided they are not highly specific but display response profiles). 
 
The profiling approach to interpreting chromatograms can be regarded as dealing with the 
chromatograms in a similar way. In such an approach, the entire chromatographic profile, or 
parts of it, is used to characterise the headspace of the analysed samples. MVDA then 
provides models that can resolve the analytical problem. As considerable effort has been put 
in this area, this could be used for the “sensor” approach to chromatograms. 
 
Need for pre-processing 

 

As an initial approach, each “GC sensor” could be considered a particular subspace of the 
chromatographic time space. A peak eluting in this particular time space corresponds to the 
response of the sensor attributed to this time space. Such an approach may work successfully 
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if the chromatograms are not too complicated and the chromatographic process is very stable 
and reproducible. In real applications, however, the chromatograms are often very 
complicated. Furthermore, the retention times do not remain stable over long-term use, 
despite the development of stable and reproducible chromatographic systems. The main 
source of variation is often small shifts in retention time, systematic for all peaks, as well as 
random for individual peaks, caused, for example, by variations in flow rate (Malmquist and 
Danielsson, 1994). The overall variations in the chromatographic signal may, however, also 
be attributed to other sources, such as the injected amounts of sample and varying detector 
sensitivity. As the intention is to measure “true sample variation”, this means that we must, as 
far as possible, separate other variations from these real variations and minimise their impacts 
on the models. This may be performed using proper pre-processing. 
 
The effort needed for such pre-processing will depend on several circumstances. If, for 
example, several gas chromatograms are to be compared, it is important to know whether the 
chromatograms result from the analysis of samples that are inherently very different or 
whether the profiles will be roughly the same. Furthermore, it is important to consider 
whether the chromatograms have been run sequentially under strictly controlled conditions or 
on different occasions on which it has not been possible to control the conditions accurately. 
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Integrated chromatograms 
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Fig. 17.  Illustration of an integrated chromatogram. The headspace  

chromatogram shown earlier (Fig. 16) after integration. 

 
The most straightforward approach may be to use integration reports, i.e., the retention times 
and peak areas of the detected compounds. The peak areas for all, or several selected, peaks 
constitute the variable values. An important prerequisite for multivariate analysis is that the 
variations should be expressed as different levels of the variables, not as shifts between the 
variables (Wold et al., 1984). Incorrect peak assignments between the samples result in the 
same compound being contained in different variables or different compounds being 
contained in one variable, thus reducing the quality of the dataset. 
 
Peak assignment is usually based entirely on retention time matching, unless a specific 
detector, for example, a mass spectrometer, can identify the peaks. The assignment process is 
simplified if the retention times are synchronised between the chromatograms. Several 
methods for peak synchronisation have been developed for multivariate analysis in 
fingerprinting contexts (Malmquist and Danielsson, 1994). A classical method is Kovat’s 
index system, a logarithmic system, in which the logarithmic retention of each peak is 
interpolated between those of two reference compounds (one having a lower retention and the 
other a higher retention) (Kováts, 1965). The n-alkanes are usually used as reference peaks; in 
the present work, however, peaks corresponding to aldehydes present in all the 
chromatograms of the dataset have been used as reference peaks.  
 

23



 

Digitised chromatograms  
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Fig. 18. Illustration of a digitised chromatogram (part of the chromatogram  

shown in Fig. 16). 
 
The entire chromatographic profile, the digitised detector signal, may be directly used in 
representing the chromatogram. Due to the large amount of data, in former times this 
approach often demanded data compression, such as window summation (Armanino et al., 
1993). A major advantage of such compression is that the resulting restricted dataset will be 
much easier to handle, though a serious drawback is the inherent loss in resolution. 
Nowadays, the demand for data compression has decreased due to the increased capacity of 
the computers used. 
 
Fingerprinting the entire chromatographic profile demands strong resolution and high peak 
capacity and is very sensitive to chromatographic variations. Consequently, great effort has to 
be put into pre-processing to focus the peaks accurately.  
 
Methods to compensate for retention shifts have been reported and a good review of this 
matter is available (Malmquist and Danielsson, 1994). In that work, a target chromatogram is 
selected to which all the other chromatograms in the dataset are compared. Retention time 
alignment and response corrections are then made by applying a cross-correlation function 
and linear regression. Simplex methods have also been applied in retention time alignment for 
different segments (Andersson and Hämäläinen, 1994). 
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5. Senses, psychophysics, and sensory analysis  
 

Probably no one doubts that the senses play a fundamental role in human behaviour and in 
acquiring knowledge. The senses serve many purposes, such as constituting portals to the 
mind, detecting and organising information about the world, and conveying communication 
and social exchange (Marks, 1974); psychology, philosophy, and physiology all converge in 
the study of the senses. 
 
Psychophysics is the scientific study of the relationship between stimulus and sensory 
response, so the problems of psychophysics constitute some of the fundamental problems of 
modern psychology (Gescheider, 1997). The different senses are definitely very different, for 
example, the principles of their receptors differ dramatically partly because they are triggered 
by stimuli of dramatically kinds. Nevertheless, the ways the sensory-relevant signals are 
processed have a great deal in common. Phenomena such as sensitivity, temporal summation, 
and spatial summation are relevant to all sensory modalities and the psychophysical 
relationships may be surprisingly similar (Marks, 1974). For this reason, the fundamental 
psychophysical law known as Fechner’s law is more or less applicable to many sensory 
systems, even though it should not be regarded as generally valid (Marks, 1974). In the 
present study, the relationship between the experienced flavour intensity and the 
concentrations of aqueous solutions of three chemical substances (A: octanal, B: octan-2-one, 
and C: nonanoic acid) were found to agree fairly well with Fechner’s law.  
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Fig. 19. Lg(flavour intensity) plotted versus lg(concentrations) of aqueous solutions of the 

three studied substances. The stimuli were presented to the assessors as single-component 

solutions (Paper VI, pre-study)  

 
In classical psychophysics, several key parameters characterise the relationships between the 
stimuli and experienced intensities. The absolute sensitivity limit to stimuli is usually 
expressed as the detection threshold, which is the lowest stimuli level that can be detected, 
and the concept of “just noticeable difference” is used to express how small the stimuli 
differences are that can be detected at certain stimuli levels. Generally, it should be clear that 
these measures are not as absolute as they appear, even though they can be very strictly 
defined. There are, for example, variations between individuals, and the same individual may 
display different thresholds when performing repeated determinations. On repeating the task, 
the individual may grow more sensitive due to learning and training effects (Brown, D. et al., 
1978). By developing signal detection theory, thereby incorporating the concept of noise, 
sensory detection methods have been improved. 
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When estimating detection thresholds, it is very important to employ quite a few assessors 
and to repeat the estimations. The derived results should be seen as valid for people with the 
same experience and under the conditions applied at the determinations. More general results 
can, however, be obtained if similar determinations are performed by other groups and the 
results agree (Paper VII). 
 
Sensory impressions, however, definitely have other dimensions and attributes besides 
intensity. Quality is one dimension and a number of further dimensions can be real, such as 
how a sensation affects us and how it varies with time (Marks, 1975). 
 
In parts of this study, the quality of the sensation of mixed stimuli in relation to those of the 
individual components constituting the mixtures has been of particular interest. In dealing 
with these issues, the mixtures have been classed as perceptually homogeneous or 
heterogeneous (Berglund and Olsson, 1993). If a binary mixture, comprising components one 
and two, is homogeneous, the perceived quality of the mixture is neither that of component 
one nor that of component two. This is well exemplified by the visual modality. Hue is a well 
recognised qualitative attribute of colours, and red and yellow are familiar and defined to 
most people. Now mixing these two colours will result in a hue recognised as orange, which 
is neither red nor yellow. Most people will, however, be able to estimate the proportions of 
the individual components used in forming the mixture. In contrast, heterogeneous mixtures 
may be exemplified by mixing sounds. Imagine the sound of two classical instruments, for 
example, a clarinet and a flute, heard one by one. These may be looked on as single 
components. Letting them play together will result in a mixture, but the individual 
components will still be recognised. 
 
 

5.1 The senses of smell and taste 
 

Chemoreception – the ability to detect chemical compounds – was probably the earliest type 
of sensing among primitive organisms. It seems reasonable that the original mechanism of 
chemoreception is the basis of the senses of smell and taste that we and other higher animals 
possess today (Sell, 1997). 
 
Smell is perhaps our most evocative sense. Humans often view smell as an aesthetic sense, 
yet for most animals smell is the primal sense, one they rely on to identify food, predators, 
and mates. Indeed, for many organisms, odours are their most efficient means of 
communicating with others and of interpreting their surroundings (Axel, 1995). In the early 
1990s, considerable progress in understanding the sense of smell was made by applying gene 
techniques (Buck and Axel, 1991), and these discoveries were awarded the Nobel prize in 
Physiology or Medicine in 2004.  
 
Taste, in contrast, is considerably more primitive, in the sense that the qualitative sensations 
are restricted to basic tastes (i.e., sweet, bitter, salt, sour, and umami; Wendin, 2001).  
 
Quite often, however, taste and odour impressions are combined (e.g., when eating and 
drinking) and referred to as flavour sensations, i.e., an integrated perception composed 
primarily of the sensations of odour and taste (Veijanen, 1990). Receptors in both the oral and 
nasal cavities are consequently responsible for the primary detection and signal generation in 
flavour sensations. Furthermore, cells sensitive to pressure, touch, stretch, temperature, and 
even pain contribute as well (Moulton, 1982). Most of the sensory-related work in this study 
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deals with some type of flavour sensation, but since the interest is focussed on volatile 
compounds, only olfaction is further examined. 
 
 
5.2 Mechanism of olfactory sensation  
 

 
 
Fig. 20. a) Anatomy of olfaction. b) Schematic of the signal generation  

 at the receptor cells and the projections  

 into glomeruli. 

 
The primary signal generations takes place at the olfactory epithelium, a patch of yellow 
tissue located at the top of the nasal cavity roughly on a level with the eyes. Odorants may 
reach this epithelium either by passing through the lower part of the nose where the air is 
humidified or from the mouth cavity by passing through the “back channel” between the nose 
and the throat. Once at the epithelium, the odorants may penetrate a mucus layer containing 
specific soluble binding proteins, odorant-binding proteins (OBPs). These proteins act as 
shuttles taking the volatile, often lipophilic odorants into the aqueous milieu of the mucus 
layer. Degrading and/or biotransformation enzymes, present as well, are thought to be 
important in clearing the system between consecutive sniffs (Breer et al., 1994). When the 
odorants have oriented themselves near the sensory sites, the receptors located in the 
membranes at the cilia, interaction takes place. There have been many theories dealing with 
this primary interaction, and the theories that are still taken seriously can be grouped into two 
classes: vibration and recognition (Sell, 1997). The vibration theories propose that the 
receptor in some way senses a specific molecular vibration or group of vibrations in the 
odorant (e.g., inelastic electron tunnelling; Turin, 1996). The recognition theories, on the 
other hand, state that the contact is due to the molecular recognition of the odorant by the 
protein (Breer et al., 1994). 
 
This primary interaction introduces G-protein-assisted reactions in the neuron, changing the 
membrane potential of the nerve cell and resulting in a signal that propagates along the axon. 
The epithelium contains a great many (in the order of several million) odour receptor cells 
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and bipolar neurons of several types (several thousand different types have been suggested; 
Axel, 1995). The tip of the apical dendrite of the receptor cells carries 5–20 cilia that project 
into the mucus, a liquid phase some hundred µm thick, forming the interface between the air 
and the epithelium (Breer et al., 1994). These olfactory cilia are considered as scaffolding for 
the chemoreceptor membranes, providing a large expansion of the surface area that can 
interact with the odorants.  
 
The other part of the receptor cells, the axons, project into sites called glomeruli in the 
olfactory bulb of the brain. Studies of rats have demonstrated that each type of receptor cell 
projects into just one or a few glomeruli, which means a high degree of convergence (Axel, 
1995). In this way, the olfactory bulb serves as the first station for processing olfactory 
information. The bulb connects the nose with the olfactory cortex, which then projects to 
higher sensory centres in the cerebral cortex, the area of the brain that controls thought and 
behaviour.  
 
 
5.3 Odorants and the response profile of the receptors 
 

Odorants are non-ionic compounds with molecular weights of less than 300 (Rossiter, 1996). 
The relationship between the structure of the compounds and the odour (SOR) is a very 
complicated and difficult issue, due to the complex nature of the olfactory system. Odorants 
are usually hydrophobic organic compounds containing a limited number of functional 
groups. However, the presence of a functional group is not necessarily a prerequisite for 
odour. Odorants are often classified according to the type of sensation that results when 
humans are exposed to them. For such classification, semantic descriptors identify groups of 
compounds with similar odours, for example, bitter, almond, camphor, jasmine, rose, and 
fruit. SOR studies have been centred around distinct odour groups that can be described using 
only one or two descriptors as they are easy to classify. Another reason for this is that the 
structures of the compounds associated with these well-defined odour groups tend to be fairly 
rigid. This makes them easier to model than more flexible molecules, which tend to have 
more complex odour profiles, for example, the relationship between conformation and odour 
response for ethyl citronellyl oxalate (Yoshii et al., 1994). 
 
As humans can detect approximately ten thousand different odours and the number of types of 
receptors is estimated to be several thousand, each type of receptor cell must respond to 
several odours (Axel, 1995). Consequently, each type of receptor should exhibit response to a 
number of odorants, resulting in a response profile.  
 

5.4 Sensory analysis 
 

Sensory impressions, such as odours, are not physical properties, but only exist in the mind 
(Sell, 1997). Consequently, one way to measure such sensations is to ask humans about their 
experiences upon stimulating their senses. Objections to such methods are that they are 
subjective and not accurate from an analytical point of view. This is indeed a challenge, but 
properly analytical sensory analysis is a powerful and objective way of estimating sensory 
attributes relevant to the issue of interest (Meilgaard et al., 2006). A number of attributes 
related to different modalities (e.g., vision, olfaction, and taste) may be judged 
simultaneously, and the combination will result in a fairly complete impression. 
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Sensory evaluation has been defined as a scientific discipline used to evoke, measure, analyse, 
and interpret those reactions to characteristics of foods and materials as perceived through the 
senses of sight, smell, taste, touch and hearing (Wendin, 2001);. Consequently, the science is 
extremely multidisciplinary, involving fields such as psychology, physiology, statistics, 
physics, and chemistry (Stone and Sidel, 1993).  
 
Sensory tests may be classified as analytical or consumer tests (Meilgaard et al., 2006). Both 
classes are highly exacting to perform properly but inherently very different. In analytical 
tests, the evaluations are performed by assessors selected and trained in performing the tasks 
Consumer tests, on the other hand, are performed by untrained people, often very many, and 
the selection of people is often guided by the consumer groups that need to be represented. 
 
In this study, only analytical sensory analysis has been applied and is further discussed. The 
following simplified model illustrates the different steps in the evaluation process (Meilgaard 
et al., 2006): 
 
 Sense  
 organ Brain Brain 
Stimulus Sensation  Perception Response 
 
The transduction of stimuli to nerve signals takes place in the sense organs (outlined in detail 
for the sense of smell in Section 5.2). Since this ability might differ considerably from person 
to person, assessors are usually selected for their ability to detect fairly low concentrations of 
certain substances. Suitable selection procedures will be determined by factors such as the 
modalities to be involved and the tasks to be performed, and there are standards proposing the 
proper procedures for recruiting and training such assessors (ISO 8586-1, 1993). Since this 
step of the evaluation process cannot be consciously controlled by the mind, it is not possible 
to improve this part by conscious training (Meilgaard et al., 2006). 
 
The next step (in this model called perception) can, however, be strongly changed by training 
during which the assessor’s ability to process the sensation and express the results is 
improved. The training has to be matched to the type of analysis to be performed and run long 
enough to provide a good basis for the real evaluation. 
  
A sensory study may briefly be seen as comprising the following parts: determine the project, 
determine the test objective, screen the samples, design the test, conduct the test, analyse the 
data, and interpret and report the results (Meilgaard et al., 2006). In principle, the same parts 
are relevant to instrumental analysis, but there are a number of additional issues to which one 
must pay special attention, highlighting issues such as the importance of proper scaling and 
proper and strict test design. Many methods are available for designing tests, such as 
difference tests, ranking tests, and magnitude estimation procedures. 
 
When conducting sensory analysis routinely, i.e., in controlling production or performing 
sensory studies over long time periods (e.g., shelf life studies), it is very important to follow 
the performance of the panellists (NMKL, 2004) and, as always, intercomparisons are 
valuable and should preferably be part of the quality system of the laboratory (EN 
ISO/IEC17025, 2005). 
 
Sensory analysis has a strong tradition in evaluating food quality. A survey is beyond the 
scope of this study, though some examples are illustrative. Sensory analysis has been used in 
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evaluating how the sensory quality of pork meat is influenced by rearing system, feed, 
genotype, and sex (Jonsäll, 2000) and how the sensory quality of tomatoes, carrots, and wheat 
is influenced by the growing system (Haglund, 1998). Regarding low-fat food products, 
sensory analysis has been applied for investigating the sensory dynamics, which is an 
important issue connected with such products (Wendin, 2001).  
Sensory performance is important for drinking water, and should preferable be checked by 
applying sensory analysis (NMKL, 2005). In addition, this type of analysis can be applied in 
many other fields, for example, in investigating consumer preferences for outdoor garden 
wooden decking (Nyrud et. al, 2006). 
 
 
5.5 Combined methods 
 

Different ways of combining sensory and instrumental methods have been applied. Sensory 
and instrumental analysis are done separately after which the results are correlated, or the 
sensory analysis is applied as an integrated part of the instrumental equipment. 
 
Many studies apply the first alternative. Very often the results of the instrumental 
investigations are treated with some form of data processing and the results confirmed by 
sensory tests (Bicchi et al., 1993; Togari et al., 1995, Paper II, III, V, VI, VII, Appendix) 
 
Odour measurements make use of olfactometers, instruments designed to prepare carefully 
controlled concentrations of headspace from the samples and introduce these to humans for 
judgement. The headspace concentration may be decreased, by diluting it with non-odorous 
air, until the odour sensation fades away, providing information on the odour intensity and 
characteristics of the sample (Dravnieks and Jarke, 1980). 
 
Using gas chromatography, the detection may be performed by human perception (GC-
olfactometry, GC-O) and by splitting the flow, the same compound can be analysed using a 
suitable GC detector as well. 
 
GC-O analysis involves measuring two variables: perceived odour activity and 
chromatographic retention time, preferably recalculated into retention index. The odour 
impact of the individual compounds may in this way be experimentally determined; as well, 
compounds that are either not identified or lack documented odour characteristics can be 
determined as well.  
 
The assumption is that the odour perception formed when a person smells a mixture is in 
some way related to the odorants detected separately during GC-O. Unfortunately, the 
additive effects of compounds with similar odours, for example, aliphatic esters, clearly 
challenge this assumption (Acree, 1997). Nevertheless, GC-O has been demonstrated to be 
useful for sorting out a small number of contributing odorants from mixtures of many 
volatiles, most of which are odourless. 
 

 

5.6 “Electronic noses”? 
 

Arrays of gas sensors connected to MVDA are definitely effective for mapping mixtures of 
volatile compounds and differentiating between samples based on differences in gaseous 
compounds emitted from the samples. However, the term “electronic nose” focuses attention 
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on the similarities between the human olfaction system and systems based on gas sensor 
arrays. The procedures do have a great deal in common, but from a scientific point of view, it 
is very clear that both the sensing mechanisms and the signal processing differ. Thus, it is 
obvious that the instrumental “electronic noses” still do not mimic human olfaction. 
Nevertheless, this type of instrument has been successfully used in a wide range of 
applications and several instruments are commercially available (Nagle et al., 1998). 
Furthermore, for certain applications, “electronic noses” have classified samples in a way that 
correlates well with human perception (Persaud et al., 1996; Paper II, III, Appendix). 
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6. Paper and board products 

 
There is no strict definition of paper, but a main component is always some type of fibrous 
material (Fellers and Norman, 1996). The principle forming the base of the paper technology 
is that hydrophilic fibres, after mechanical treatment in water, subsequent sheet forming in 
water suspension, and drying, have the ability to form a material, paper, possessing 
considerable mechanical strength, even without adding binders. There is no sharp line 
dividing board from paper, but the term board is often used when the grammage of the paper 
is over 200 g/m2 (Paperboard Reference Manual, 2007) 
 
6.1 Description of production 
 
The process for producing such a product contains many steps, and this description aims to 
summarise the process and focus somewhat on aspects of it that seem relevant to taint- and 
odour-related issues. 
 

 
 

Fig. 21. Schematic of paper production. 

 
 
The properties of the paper may be varied within wide ranges by matching fibre types and 
methods for releasing and treating the fibres.  
 

6.2 Raw material 
 

The fibres used for paper production, with few exceptions, originate from the vegetable 
kingdom, wood being the dominant source. 
 
Wood 

 
The bark, on the outside of the tree trunk, is of little value in paper making. Inside the bark, 
there is first the cambium, which is the growth zone of the tree, then follows the sapwood 
zone, and finally, in the middle of the tree, the heartwood zone (Fig. 21). 
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Fig. 22. Cross-section of a tree. 

 

The main component of wood is wood cells (wood fibres). They have various lengths, pointed 
ends, and an inner cavity called the lumen. The structure of wood depends on the type, 
softwood differing considerably from hardwood.  
 
Softwood consists up to 90% of tracheids, which functionally contribute to both support and 
water transport. Pores in the tracheids make connection between the cells possible. Other cell 
types are resin channels and ray parenchyma cells. Hardwood fibres, libriform cells, are 
considerably smaller than softwood fibres; in hardwood, the support function is provided by 
the fibres, while the water transport is carried out by the vessel cells, which constitute 
approximately 25% of the wood volume. 
 
The main components of wood may be classified as cellulose, hemicellulose, lignin, and 
extractives. Cellulose is a linear homopolymer built up of glucose, 9000–10,000 units in the 
native state (Fellers and Norman, 1996). The hydroxyl group of the molecule provides a 
potential for strong interaction with water and other polar compounds. The cellulose chains 
are arranged in fibril elements, microfibrils, consisting of alternating crystalline and 
amorphous parts.  
 
Hemicellulose, a group of polysaccharides, is a heteropolymer built up of monomers such as 
mannose, glucose, xylose, arabinose, and galactose. The composition varies greatly 
depending on the type of wood and the polymer chain is often branched. 
 
Lignin is the material binding the fibres together. Most of the lignin, however, is found in the 
fibre wall. The molecules are based on aromatic hydrocarbons, linked together to form a 
three-dimensional structure. 
 
Extractives, or resins, are operationally defined as the part of the wood material that can be 
extracted using an organic solvent (Fellers and Norman, 1996). It follows from this definition 
that the amount and composition of extractives from the same species will depend on the 
choice of solvent. The extractives may be divided into three subgroups – aliphatic compounds 
(mainly fats and waxes), terpenes and terpenoids, and phenolic compounds (Sjöström, 1981) 
– though other types of classification exist. The contents of extractives and their compositions 
vary greatly between different wood species and between different parts of the same tree. 
Several additional factors, such as wood storage, also exert an influence. 
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Recycled paper 

 
Recycled paper products are important raw materials for paper production. In the EU, the 
degree of admixture of recycled fibres is approximately 50%, while in Sweden it reaches 
approximately 15% because most of the products are exported. 
 
The raw material for recycled paper production is often inhomogeneous, containing many 
different fibre types and contaminated with a variety of substances, such as chemicals used in 
paper production or converting processes. Furthermore, the recycled fibre has been subjected 
to drying and beating in previous paper production, introducing irreversible changes in the 
fibre structure. 
 
 
6.3 Pulp technology 
 

To provide individual fibres suitable for paper making, the wood is processed to produce 
pulp. Depending on the desired properties of the paper product, different types of pulp may be 
chosen. In addition to the method used for releasing the fibres and their treatment, factors 
such as type of raw material are important. 
 
Virgin pulp 

 
Virgin pulp, made entirely of wood, is often classified according to the yield, which is how 
much of the original wood material that remains in the final pulp.  
 
The highest-yielding pulp (yield roughly 95%) is mechanical pulp, in which the wood is 
disintegrated and the fibres released using mechanical energy. In principle, there are two 
different methods for producing mechanical pulp, grinding and refining. In the grinding 
method the wood, in the form of logs, is pressed against a rotating grindstone sprinkled with 
water; this is called stone-ground wood pulp (SGW). Refining, in contrast, is produced by 
passing wood, in the form of chips, into a refiner consisting of two plates, one or both of 
which are rotating, designed to process the wood into pulp. The process may be run directly, 
resulting in refiner mechanical pulp (RMP), or after pre-treatment at elevated temperature and 
vapour pressure, resulting in thermomechanical pulp (TMP). The wood raw material is almost 
entirely restricted to softwood, mainly spruce. 
 
By adding small amounts of chemicals, usually sulphite, before the refining, chemimechanical 
pulp (CMP) or chemi-thermomechanical pulp (CTMP) is produced. This addition changes 
important properties of the pulp, for example, producing better strength-related properties but 
poorer opacity and light scattering. The range of raw material is expanded also to include 
some kinds of hardwood, such as birch and aspen. 
 
The other extreme, with a low yield of approximately 50%, is chemical pulp. The principle is 
to remove lignin from the wood by degradation and solubilisation in a digester together with 
suitable chemicals. The dominant process is the sulphate method, which has increased at the 
sacrifice of the sulphite method for reasons such as a broader range of raw material and lower 
environmental impact. The chemical pulp process is much gentler on the fibres than the 
mechanical pulp process and a longer fibre length is retained. On the other hand, the strength 
of the individual fibres decreases, since not only lignin but also the cellulose and 
hemicellulose are partly broken down in the digestion process. 
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Recycled pulp 

 

The design of the process depends on the type of product to be produced. In Sweden there are 
four main types of paper qualities, and raw materials are selected depending on the product 
for which they are best suited. For newspaper, the raw material is mainly recycled newspapers 
and magazines collected from households. The reprocessing is based on a number of stages in 
which de-inking figures prominently. To produce kraft test-liner, de-inking is not necessary, 
as the raw material is mainly corrugated board. However, strength is important, entailing 
stages in which the fibres are processed mechanically. Tissue, intended for sanitary products, 
may contain a high content of recycled fibres. The raw material and process are similar to 
those used for newspaper production, but the role of washing is emphasised. Board may also 
be produced from recycled fibres, which demands the careful selection of raw material. 
 
Bleaching 

 
After processing the raw material into pulp intended for paper production, there might be a 
need for bleaching. The traditional reason for bleaching is to obtain brighter pulp, but there 
are also other effects, such as higher purity, which stabilises the pulp, extends its applications, 
and enhances some of its properties (Dence et al., 1996). Bleaching is performed using 
different sequences of bleaching chemicals, such as oxygen, chlorine dioxide, ozone, and 
hydrogen peroxide, which have the ability to react with and solubilise components of the pulp 
so that they can be removed.  
 
 
6.4 Paper technology 
 
The aim of paper technology is to convert pulp into paper for producing well-functioning 
products. To do this properly and economically, water, energy, and additional chemicals are 
necessary. 
 
After dispersing the pulp in water, beating is a unit operation that is often used. Chemical 
fibres and recycled fibres are beaten to make the fibres more flexible and to improve their 
bonding potential, permitting strong paper to be made. The result of the beating is influenced 
by factors such as the fibre raw material, process conditions, and construction and form of the 
beating equipment. 
 
The fibres are present in aqueous suspension (the concentration is normally in the range of 
several per cent) in the stock, which is then fed to and formed into paper on the paper 
machine. As the forming step is crucial to the mechanical properties of the products, the 
design and operation of the forming equipment are critical. The following steps, pressing and 
drying, may be regarded as operations for removing the water.  
 
 
Paper chemicals 

 
Phenomena such as surface energies, capillary forces, and colloidal stability will be crucial 
determinants of the binding ability of the fibres. To control and regulate these phenomena 
properly, different kinds of paper chemicals are used. These could be classified as chemicals 
intended to improve retention, produce hydrophobic surfaces, and improve strength. Common 
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retention chemicals are alum, cationic and anionic polymers (e.g., polyacrylamide and 
heteropolymers of acrylamide and acrylic acid), and starch. Examples of sizing agents for 
hydrophobically treating the paper surface are resin acids (used at lower pH), alkyl ketene 
dimers (AKD) (used at neutral pH), and alkenyl succinic anhydride (ASA) (Eklund and 
Lindström, 1990). The chemicals used to increase the paper strength may improve either dry 
or wet strength. In the former case, starch and carboxymethyl cellulose (CMC) are common, 
while resins based on urea formaldehydes, melamine formaldehydes, or polyamide polyamine 
epichlorhydrine are chemicals used in cthe latter case.  
 
 

Surface treatment 

 
The surface properties of the paper or board products are important (e.g., printing on the 
products is often desired, entailing a smooth surface). Common operations intended to 
improve the surface are calendering and coating. Coating means that coating colour, made of 
pigments, binders, and supplementary chemicals, is applied to the paper or board surface to 
form a smooth surface with suitable optical properties (e.g., brightness, opacity, and light 
scattering). Clay (kaolin), CaCO3, TiO2, talc, and gypsum are among the compounds used as 
pigments. The primary purpose of the binder is to bind the pigment particles together and 
bond the coating to the paper or paperboard. The binders can be divided into two main 
groups: water-soluble and latex (synthetic polymeric dispersions). Starch and CMC are of the 
water-soluble type and have already been mentioned, as they are used to improve dry strength 
as well. Latex is composed of small “plastic particles” (0.05–2 µm) dispersed in water and are 
usually combined with water-soluble binders. There are three groups of latex used for 
papermaking based on styrene-butadiene, acrylate, or vinyl acetate. Supplementary chemicals 
can be dispersants, agents for improved wet strength, antifoaming agents, and preservatives. 
 
The surface may also be coated with different kinds of barrier layers. Polyethylene (both low- 
and high-density polyethylene), polypropylene, aluminium foil, and waxes are some of the 
materials used. The main functional aim of such barriers is to restrict the possibility of 
interaction between the packaging material and the packed material, thus enhancing the 
barrier and sealing properties.  
 
 

6.5 Structure and use of board products 
 

Paperboard can be made in a single ply or, more commonly, in several plies (multi-ply), 
though combining several fibre layers in the wet stage improves the quality. Three groups of 
board, differing in structure, are common: homogenous board, folding box board (FBB), and 
white-lined chipboard (WLC) (Paperboard Reference Manual, 2007).  
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Fig. 23. Principle structure of solid bleached board (SBB), folding box board (FBB), and 

white-lined chipboard (WLC) (Paperboard Reference Manual, 2007). 
 

The homogenous board is based completely on chemical pulp, bleached pulp only in the case 
of solid bleached board (SBB), and unbleached pulp in the case of solid unbleached board 
(SUB). The middle layers of FBB are based on high-yield pulp, such as mechanical pulp or 
CTMP, while the outer layers are made of chemical pulp (bleached or unbleached). WLC, 
finally, consists of middle layers made of selected recycled pulp and outer layers made of 
bleached or unbleached chemical pulp.  
 
Several properties are critical to the functionality of paperboard, such as grammage, thickness, 
bending stiffness, reflection factor, surface smoothness, and surface strength. 
 
Board is used in a wide range of applications (e.g., graphic board and packaging board). 
Graphic board is intended for products such as books, brochures, displays, greeting cards, and 
CD covers. Packaging board is used for packaging materials such as liquids, food, cakes and 
biscuits, chocolate and confectionery, pharmaceuticals, and cigarettes. The board is optimised 
to suit the demands of a particular application, which means that the relative importance of 
the various characteristic properties differs considerably.  
 
Many packaging applications need a barrier function. The board products contribute the 
desired mechanical properties but are themselves very porous, so various substances (e.g., gas 
molecules) can easily permeate through them. To limit such permeation, tight layers are 
added to the board products. In this way, effects such as moisture protection, restriction of 
water vapour permeation, grease resistance, heat resistance, and sealability are achieved 
(Paperboard Reference Manual, 2007). Several polymer materials, such as polyethylene (low-
density polyethylene – LDPE – and high-density polyethylene – HDPE), polypropylene (PP), 
ethylene vinyl alcohol (EVOH), and polyethylene terephtalate (PET), are used to provide such 
barrier functions and are common in food packaging applications (Johansson, 1996). These 
polymer materials are usually applied on the base board by extrusion coating. Alternately, the 
barrier function can be provided by films that are laminated on the board surface by gluing or 
extrusion lamination. In this way, the barrier function can be provided by materials such as 
plastic films, metal foils, and speciality paper. Many traditionally used materials are 
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petroleum based, but alternative materials, based on renewable raw materials, are currently 
being developed (Biogradable Packaging Conference, 2008). Polylactic acid (PLA) derived 
from renewable resources such as corn starch or sugarcane is an example of such an 
alternative material. 
 
Since the barrier will be the layer in contact with the packed material, the application 
processes, such as extrusion or lamination, must be run in a way that provides proper barrier 
layer properties. In the case of food and other consumables, it should not interact in ways that 
diminish the quality of the material. 
 
 6.6  Packaging and active packaging  
 
Packaging can be made of several different materials (e.g., board, plastics, metal, glass, and 
wood) alone or in combination. In the case of board-based packaging, several more 
components are combined into the final packaging. The number and types of components 
depend on the actual application. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 24. Schematic of a chocolate box. 

 
Active packaging is defined as packaging that changes the condition of the packaged food to 
extend its shelf life and improve food safety or sensory properties, while maintaining the 
quality of the food (de Kruif et al., 2002). 
 
In principle, the activity can consist of removing substances that degrade the packed material 
or releasing substances that in some way improve the quality. There are several different 
“removal systems” (e.g., to remove O2, CO2, ethylene, and odour) and “releasing systems” 
(e.g., to release CO2, flavours, ethanol, antioxidants, and antimicrobial agents) (Nestorsson, 
2007).  
 
In the case of board products and packaging based on these, there are several different 
alternatives for introducing activity. Concerning flavour release, one option is to introduce 
aroma compounds into the coating. In this way, the coating layer will be spiked with the 
aroma compounds that later will be released from the packaging material. 
 
Dispersion-coated films could serve as flavour-active material in board products, and by 
adding a mixture of aroma compounds to the dispersions and drying these into films, 
experiments exploring this type of application have been performed (Nestorsson, 2007). 
Headspace GC has been demonstrated to be useful in studying the retention of the aroma 
compounds and losses upon drying in such development work (Paper IV).  
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7. Human interaction with board products 

 
Most paper and board products are intended for use by humans in one way or another, which 
means that how the products interact with humans is crucial. For many paper products the 
intention is to provide information in printed form (e.g., books, newspapers, signs, and 
booklets), which means that how the printed materials are visually perceived is among the 
most important quality aspects of these products. It is thus important to understand that 
technological variables related to the manufacturing process and “hardware” properties of the 
substrate to be printed (i.e., the paper products), the ink, and printing processes are related to 
human perceptions of the products (Lindberg, 2004). Since the customers judge the quality 
based on their perception, knowledge of these relationships is crucial for proper product 
development. Consequently, efforts are made to use the information gained by instrumental 
measurements to predict perceived quality attributes better than previously (Fahlcrantz, 2005; 
Coppel and Lindberg, 2008). It is also beneficial to measure how controlled disturbances 
introduced into a printing process are perceived and in such a way “psychophysically 
calibrate” the magnitude of the disturbances (Lindberg et al., 2007). 
 
For board products, as a subgroup of paper products, these visual aspects are very important, 
but when it comes to food packages, chemical package–food interactions are important as 
well. Since this is the main topic of the present study, the rest of this chapter will focus on 
issues related to this type of human interaction. 
  
Food products that are packed will be influenced by either the packaging material itself or the 
environment. In addition, the product itself may release substances to the packaging material 
and/or to the environment (Hotchkiss, 1995).  
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Fig. 25. Interaction between packaging and food (modified from Hotchkiss, 1995).  
 
Depending on the kinds of materials involved, such interactions may be more or less severe. 
In the case of food to be consumed, it is crucial that no toxic compounds be introduced into 
the food (Fauris et al., 1998) and the packaging materials used have to comply with the 
requirements of the laws and regulations for materials and articles intended to come into 
contact with foodstuffs (EU Commission directive 93/8). This directive defines food 
simulants to be used for migration measurements (i.e., water, 3% acetic acid, 15% ethanol, 

39



 

and olive oil) and also stipulates experimental conditions to be applied. The principle is that 
the choice of food simulant and conditions should be governed by what may be considered 
the most severe based on experience. Compounds such as phtalates and alkylbenzenes have 
been demonstrated to migrate into sugar from fibre-based packaging materials (Aurela, 2001). 
That study also points out that barriers, intended to reduce all possible material transfers, are 
extremely important in relation to the suitability of board products for food contact.  
 
These health aspects are quite obvious, but it is also important that the packed material retain 
its original aroma and flavour and not be negatively influenced during storage (in the case of 
active packaging a favourable interaction is the target). To interact well with humans, it is 
thus important that the board products not introduce taint (taste or odour foreign to the 
product originating from external contamination, ISO 5493) to the food. 
 
In addition to direct interaction, the materials may interact via the gas phase. In such 
transmission from the packaging material to the food material, odorous compounds are 
emitted from the packaging material into the air space between the materials. The emitted 
compounds are then adsorbed by the food and diffuse into its interior (Söderhjelm and 
Eskelinen, 1985). Consequently, even low headspace concentrations of odorants may exert an 
influence due to possible enrichment in the food. Furthermore, it follows that the chemical 
characteristics of the foodstuff, being critical to the degree of interaction, can vary 
considerably, for example, consider a fatty fish (e.g., salmon), a piece of chocolate, orange 
juice, and drinking water. Thus, the demands placed on a liquid packaging material may be 
quite different from those placed on a chocolate packaging material.  
 

7.1 Sources of taint and odour in board products 
 
Due to the importance of taint and odour, a number of studies have examined them (Lindell, 
1991), but just a few of which are mentioned here. The board products used for packaging are 
quite complex and many of the operations and chemicals involved in their production have 
the potential to influence taint- and odour-related properties of the products. However, three 
main sources of odour from paper and board products have been identified (Donetzhuber, 
1981).  
 
a)  Bacterial action, moulds, and products of moulds  

These processes take place in aqueous solutions possessing characteristics conducive to 
microbiological activity, which in turn also may contribute to the taint and odour 
characteristics of the products. 
 
b)  Autoxidation products from residual resins and probably also from the degradation 

products of carbohydrates   

Factors or operations known to influence the compositions and amounts of extractives as well 
as factors that promote autoxidation reactions should influence the sensory properties of 
products.  
 
Storage of the raw material is important to the amounts of extractives, which in turn influence 
the sensory properties of the pulp made from this raw material (Forsskåhl and Lucander, 
1986; Lindell, 1991). However, the sensory properties of pulp have also been demonstrated to 
be time dependent (e.g., Eskelinen, 1983; Lindell, 1991), and the results of the present work 
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indicate an increase in the static headspace concentration of hexanal emitted from board 
products after storage (Paper II).  
 
Concerning autoxidation, the fatty acids, especially unsaturated, present in the resins 
(Holmbom, 1978; Ekman, 1980) have been identified as an important source of reactions 
(Lindell, 1991). Organic hydrogen peroxides are supposed to be reaction intermediates 
formed in a first step (Lindell, 1991). Such compounds have no odour impact themselves but 
decompose to form odorous volatiles (Wiik et al., 1998). These reactions are complex, and 
some factors known to influence the formation of organic hydrogen peroxides are the 
presence of oxygen, state of oxygen, temperature, exposure to light, presence of metals with 
catalytic behaviour (e.g., Fe, Cu, and Mn), presence of enzymes, and presence of antioxidants 
(Lindell, 1991; Wiik et al., 1998). Esters of unsaturated fatty acids form, due to autoxidation, 
volatile by-products the composition of which depends principally on the nature of the 
unsaturation present (Hancock and Leeves, 1989). 
 
c)  Degradation products from chemicals used in the pulp and paper production process 

The different kinds of chemicals added to achieve the required board properties may also 
contribute to taint and odour; some examples are coating colour (e.g., influences of 4-phenyl-
cyclohexene originating from styrene-butadiene; Koszinowski et al., 1980), barrier coating 
(e.g., polyethylene, the extrusion conditions of which may affect the sensory properties; 
Bojkow et al., 1979; Brundin and Ljungberg, 1996; Andersson, 2004), and the printing and 
varnishing of the board products (Söderhjelm and Eskelinen, 1985) 
 
This has important consequences for sensory-related properties of the products; to mention 
just some, the different kinds of pulps used and the issue of product purity would be expected 
to influence the sensory properties. Operations such as bleaching, which affect the purity, 
therefore have an impact (Eskelinen; 1993; Lindell, 1991).  
 
The oxidative degradation of polyethylene (PE) is identified as a source of off-flavour 
(atypical flavour, ISO 5492) in food packed in PE-coated board. Since the formation of 
typical degradation products is influenced by how the extrusion process is operated, 
recommendations for minimising the formation of critical compounds could be made 
(Andersson, 2004). The present study, in particular, Paper V, examined the contribution of 
these compounds to off-flavour in water brought into contact with the films.  
 

 

7.2 Analytical methods applied 
 

The board material itself and/or different kinds of test substances, which have been in direct 
or indirect contact with the board, may be analysed. A proper choice of method is governed 
by factors such as the intended use of the board product, the duration and cost of the analysis, 
demands for robustness, sensitivity, and resolution, and the level of detail required in the 
information.  
 
The test substances should be the original food products for which the board products are 
intended as packaging or suitable food simulants (EN1230-2, 2001; ISO 13302, 2003; 
NMKL, 2007). Different categories of food products (e.g., greasy food products containing 
water, greasy food products free of water, dry food products, watery and acid food products, 
and alcoholic drinks) require different food simulants.  
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Instrumental techniques for the analysis of volatile compounds as well as sensory analysis and 
combinations of these are used for qualitative and quantitative analysis. Non-volatile 
compounds may, however, influence the flavour as well. Instrumental techniques such as 
liquid chromatography and ion chromatography have been applied in analysing such 
compounds (Lindell, 1991) but will not be further commented on here.  
 

7.3 Gas chromatography (GC) 
 

To analyse the board samples directly, gas chromatography is a valuable technique for 
attaining detailed chemical information relevant to taint- and odour-related issues. 
Furthermore, GC is useful for determining the interaction with food simulants (Aurela, 2001) 
and the volatile fraction and analysis of volatile fraction of water-soluble compounds 
originating from board (Lindell, 1991).  
 
Headspace GC is frequently used, in both its static and dynamic forms. Static headspace GC 
has been valuable in many studies involving the characterisation of the gas phase, for 
example, above wood, pulp, and paper (Donetzhuber, 1980) and above different pulp and 
board types (Charlet, 1988). Such studies have produced valuable knowledge regarding the 
detailed composition of gaseous compounds emitted from the samples. Many volatiles have 
been identified and several compounds with large odour impacts noted. The samples (usually 
weighing several grams) are usually cut into strips and introduced into vials, which are 
subsequently sealed and equilibrated at a suitable temperature for a certain time, after which 
the headspace is analysed. Typical temperatures are in the range of 80–105ºC and 
equilibration times may be 10–40 minutes.  
 
Heating will accelerate processes taking place in the material, allowing for “quick ageing” 
experiments and higher concentrations of volatile compounds. However, it seems probable 
that reactions may take place in the material at higher temperatures that would not occur at 
room temperature. This means that one must pay attention to the representativity of the warm 
headspace, which in turn should be related to the aim of the analysis. In a correlation study of 
gas sensors versus human descriptors, static headspace analysis was applied without heating 
the board samples (Ljungberg-Willing et al., 1998). The effect of heating as well as 
equilibration time on static headspace concentrations of unbleached board has been 
investigated (Lindell, 1991) and is further discussed in the comments on Papers I and II  
(Section 8).  
 
Nevertheless, the warm headspace measurements are very usable, which is well illustrated by 
comparing the static headspace chromatograms of three board products, one solid bleached 
board (SBB), one folding box board (FBB), and one white line chipboard (WLC; fig 26). 
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Fig. 26 Static headspace chromatograms of an SBB, a FBB, and a WLC product. The board 

samples were thermostated at 100 ˚C for 25 minutes.  

 
Since samples introduced into the GC are aliquots of the headspace, the measurements 
provide information on what has been released from the samples under the applied conditions. 
Thus, the technique is useful for directly comparing samples of primarily the same 
composition (e.g., monitoring sequential jumbo reels of the same product; see Paper II). On 
the other hand, when comparing samples the matrices of which differ considerably, one must 
bear in mind that the gas–solid partitioning of the samples will not be same and will differ for 
each of the released compounds. The relationships between the headspace concentrations will 
consequently not reflect the relationships between the concentrations in the samples, but 
rather the relationships between what has been released from the samples. Furthermore, 
different compounds, such as certain aldehydes, are formed during the thermostating period to 
different extents, which means that the concentrations might vary as well (Wiik, 1999).  
 
By applying multiple headspace extraction (MHE) both these effects can be investigated. 
Theoretically, the areas should decline logarithmically (Kolb and Ettre, 1997), and this is 
often found to be the case. MHE will also provide valuable information on the solid–gas 
partitioning (Papers III, IV, and VII), paving the way for proper comparisons of absolute 
concentrations in the samples. Severe deviation from the logarithmic decline will also indicate 
that the concentrations vary, which may be attributed to analyte formation or matrix 
alteration. 
 
When the board products are printed, the ink introduces a large number of chemical 
compounds and different ink systems will display considerable differences in this respect. 
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Fig. 27 Static headspace chromatograms of two printed SBB products. Two different ink 

systems have been used. 

 

The detailed information on released volatile organic compounds is very valuable, especially 
if a detector is used that is capable of identifying the eluted compounds (e.g., mass 
spectrometric detectors). Nevertheless, as has already been pointed out (Section 5), the large 
differences between the principles of the detectors and the human olfaction receptors mean 
that the generated chromatograms are far from odour measurements. There are different ways 
to cope with this: the identified volatiles can be evaluated for their odour impact using data 
found in literature or an integrated method can be used (see Section 5). 
 
Dynamic headspace combined with sorption or trapping followed by thermal desorption is 
used as well (Söderhjelm and Eskelinen, 1985). In the present work, the static headspace 
analysis has been supplemented with dynamic headspace and cold trapping (Appendix). 
 
Integrated methods in which board samples are analysed using GC combined with sensory 
tests have been used (Veijanen, 1990). In that study, the gas eluting from the chromatograph 
is split between an MS detector and a “sniff cell” for odour analysis, or alternately absorbed 
in oil or chocolate for subsequent taste tests. A large number of odorants were detected in the 
study, among which aldehydes and unsaturated hydrocarbons were the most common. 
 
Nevertheless, sensory analysis is very important in properly performing taint and odour 
analysis of board products. 
 
 
7.4 Sensory analysis 
 

Like most analytical work, the taint and odour focussed sensory analyses rely on a 
preparatory stage, in which the samples to be assessed are prepared, and a stage in which the 
stimuli are presented and the assessments take place. Most frequently, odour and taint/off-
flavour analysis is done. 
 
The odour analysis is usually performed in a straightforward way (EN1230-1, 2001; ISO 
13302, 2003; NMKL, 2007). The board samples are cut into strips, put into glass flasks, 
sealed with stoppers, and equilibrated – usually in the dark at room temperature for an 
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appropriate period. Afterwards, the flasks are presented to the assessors who remove the 
stoppers and judge the odour by sniffing immediately after opening the flasks.  
 
Taint introduced into the food, however, is not always well judged by such an odour analysis. 
Odorants may be rather slowly released by the board-based packaging material and then 
rather rapidly sorbed by the food. This means that a considerable taint may be obtained but 
still no or just a weak odour, since the concentrations of the odorants in the headspace judged 
by sniffing will be low. The opposite situation is also possible: odorants in rather high 
headspace concentrations will provide an intense odour impression when sniffed, but if these 
odorants are not sorbed at all or to only a small extent by the food, little or no taint will be 
found by the assessors judging the food. Consequently, a serious way of performing 
packaging sensory analysis usually involves both ways of testing but, as usual, the design of 
the analysis should be determined by the particular issues to be investigated. 
 
Taint tests can be arranged by putting the test food into both direct and indirect contact with 
the packaging material (ISO 13302, 2003; NMKL, 2007). When applying the indirect contact 
methodology, the samples are usually cut into strips. These strips, the test food, and a salt 
solution are put into jars and arranged to facilitate indirect mass transfer under controlled 
conditions in controlled humidity. 
 
  
 
 
 
 
 
 
 
 
Fig. 28 Example of testing arrangement: indirect contact method 

 
Methodology based on this approach, referred to as the Robinson or chocolate test, has long 
been widely used (Robinson, 1961; Söderhjelm and Eskelinen, 1985) and has been 
progressively developed and standardised (DIN10955, 1983; EN1230-2, 2001). The most 
common food simulant is probably still chocolate, but many other kinds of food simulants 
could well be used. Usually the jar is stored in dark for a fairly long time (48 hours, EN1230-
2) after which the test medium is assessed.  
 
In this work , indirect as well as direct contact methodology has been used.  
Indirect contact methodology was applied in two studies. In one them, nougat was used as the 
test food, a contact time of 24 hours was applied, and a saturated salt solution was used (Paper 
II). In the other study, the flavour detection of benzaldehyde in two food simulants was 
investigated. Furthermore the off-flavour evoked in coconut oil, one of the food simulants, by 
paperboard products was measured applying a contact time of 48h  (Paper VII). In this study 
also the ability of the food simulants to sorb this odorant was studied and fairly extensively 
discussed, since this issue is important to the performance of indirect contact methodology. 
 
Direct contact methodology was using to train the assessors before starting the sensory 
analyses (Paper V). PE films were formed by purposely extruding under extreme conditions, 
thereby introducing odorants typical of such production defects. These films were put into 
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cut into slices
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Saturated salt solution

Packaging material

cut into slices
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carbon-filtered flavour-neutral water and odorants were in this way transferred to the water 
that was subsequently assessed.  
 
All other sensory-related work in the study was performed on model systems in which the 
actual odorants were added to the test food in a controlled and accurate way (Papers III, V, 
VI, and parts of VII). Besides judging the test food for off-flavour, the odour of the test food 
can be assessed (e.g., by sniffing the water samples; Paper III).  
 
The preparation procedures, however, are only part of the analysis. The second part consists 
of assessing the test food and generating results. Sensory analysis was performed in five of 
the studies (Papers II, III, V, VI, and VII). In one of these (Paper III), the assessors were 
students familiar with sensory analysis but not very well trained. In all the other studies, the 
assessments were performed by assessors selected and trained according to procedures based 
on international standards (ISO 8586-1, 1993). They regularly perform sensory analysis and 
were therefore well experienced in general. In some studies, however, the assessors were 
either not very familiar with the specific test food used or inexperienced with how the test 
portions were presented and how they were supposed to quantify and describe their 
impressions. In these cases, the assessors not used to the task were trained before making the 
actual judgements.  
 
The methodologies used were a) intensity scoring (DIN10955, 1983; Paper II), b) ranking 
analysis (ISO 8587, 1988; Paper III), c) intensity scoring (ISO 6564-1985; Paper V), d) free-
choice magnitude estimation in combination with qualitative description (Paper VI), and e) 
detection threshold determination (ASTM E679; 1991; Paper VII). 
 
When conducting the intensity scoring, a), the test portions of the samples were assessed for 
taint in relation to test portions of a reference sample. This reference sample was prepared in 
the same way as the other samples but no board was added. The assessors expressed the 
intensity of their perceived taint impression by scoring how much the sample deviated from 
the reference sample. The following scale was used (DIN10955): 0 – no deviation, 1 – just 
noticeable, 2 – weak, 3 – clear, and 4 – strong. Each assessor had to stick to these numbers or 
the half-way points between them (i.e., 0.5, 1.5, 2.5, and 3.5). They were also encouraged to 
describe their impressions qualitatively by freely choosing descriptors that they found 
relevant. This method has nowadays been replaced by the EN1230-2 method. The scale in this 
method is slightly different, since 2 means “moderate” and 3 means “moderately strong”. This 
change, however, was introduced after the work had been completed. Furthermore, the new 
scale terms were found to be considerably less clear than the old ones. 
 
In the ranking procedure, b), the assessors ranked the intensity of the samples simply by 
ordering the five samples according to their perceived intensity levels and scoring each 
sample in order from 1 to 5. By applying the statistical methodology recommended in the 
ISO8587 method, the significance of the assessed differences was determined.  
 
For the off-flavour intensity scoring, c), of the aqueous model system (Paper V), an 
unstructured, 120-mm nonlinear scale was used (ISO 6564-1985). The samples were 
presented one by one to the assessors, who judged five or six samples in each session; the 
composition of one sample (the centre point solution, CPS) of each block was always the 
same. Afterwards, the mean of the intensity scores was calculated with and without a pre-
processing procedure. The pre-processing relied on a scale factor calculated from the outcome 
of the CPS. 
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Magnitude estimation is a direct-scaling procedure that, more than any other direct-scaling 
method, has proven versatile and adaptable to many different experimental situations (Marks, 
1974); the present study used free-choice magnitude estimation, d). On each assessment 
occasion, the assessors were presented with four samples the compositions of which were the 
same each time and represented extremes of the actual experimental area. Each assessor was 
then asked to imagine a reference in his/her perceptual space, and assign the intensity of the 
reference a number. Each assessor decided this number him/herself, but it had to be over 10 
and the same on each occasion. Afterwards, 1 was added to the intensity values, which were 
logarithmized; these logarithmized values were then adjusted in such a way that all assessors’ 
mean values and variances were uniform.  
 
The assessors described their qualitative impressions by freely choosing descriptors they 
found relevant. These were treated individually, by relating each assessor’s descriptions of the 
samples to how they described their impressions of the individual components constituting the 
mixtures.  
 
The ASTM E679 method (1991) was chosen for determining the flavour detection threshold 
e). This method is known to be rapid, involving minimal testing effort. It aims at determining 
a practical value close to the threshold based on an approximate “best estimate” determination 
of each panellist’s individual threshold; the method allows the panel to be larger, making the 
resulting group threshold and distribution more reliable (Meilgaard et al., 2006). This choice 
of method was partly due to the limited time available in the project of which the 
investigation was part. In addition, there was a need for a robust method, since the sample 
preparation had to be designed in a way that could support the demands of the project. The 
method used was based on the ascending method of limits and on a method of sample 
preparation and assessment known as the 3-alternative forced choice (3-AFC) method. Six 
sets, each consisting of one sample spiked with benzaldehyde and two blanks, were presented 
to the assessors. The concentration of the spiked samples followed a geometrical series in 
which the dilution step was the factor. The first set contained the lowest concentration and 
with each set the concentration was increased. For each assessor, a best estimate of his/her 
individual threshold was made. Afterwards, the panel threshold was estimated by calculating 
the geometrical mean of the individual thresholds. 
 

 

7.5 What is it realistic to expect from “electronic noses” in this field? 
 
“Electronic noses” have been demonstrated to be tools for distinguishing between different 
board products (Holmberg et al., 1995; Paper I). The sensors constituting the array used in 
these experiments generated signals on exposure to the headspace of the board samples. These 
signals provided information that, after feature extraction and pattern recognition, was used to 
make the differentiation. This use of the technique records and monitors differences in the 
composition of the headspace consisting of compounds emitted from the board samples. 
 
However, this does not prove that the technique is useful for monitoring taint- and odour-
related differences. To investigate this properly, differences measured in this way have to be 
correlated with differences proven to be related to sensory properties of the board samples. 
 
The knowledge gained from the investigations of taint- and odour-related issues of board 
products, outlined here, emphasises the complexity and difficulty of this issue. In some cases, 
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the odour of the board samples correlated with one or a few compounds (Letorneur and 
Charlet, 1989) present in low concentrations in the headspace containing a large number of 
compounds (Donetzhuber, 1981). In other cases, models based on the total area of the 
chromatograms or the dominant compounds (e.g., pentanal and hexanal; Lindell, 1991) 
correlated fairly well with sensory-related properties.  
 
As the “electronic noses” do not provide detailed chemical information but map the mixture 
of compounds present in the headspace, they would probably be a rapid and valuable tool in 
the latter category if the system is sufficiently sensitive. To elucidate problems in the first 
category, detailed chemical information seems indispensable and it is unlikely that the 
“electronic noses” based on the sensors described here will be suitable analytical tools. Many 
real analytical problems probably lie somewhere between these extremes, suggesting that 
“electronic noses” could be a supplementary screening technique. 
This hypothesis is supported by the successful classification of the aqueous solutions of 
thyme at different concentrations (comments on Paper III).  
 
The applied sensors were all more or less sensitive to water. Typical humidity concentrations 
in board products are in the range of 5–8% (Paperboard Reference Manual, 2007), which 
means that the headspace concentration of water is dramatically higher than those of all the 
volatile odorous compounds. This highlights the importance of selectivity, since it introduces 
a need to separate signal patterns related to water from those related to the volatile 
compounds of interest.  
 
It is, however, important to realise that humidity also influences the composition of the 
headspace, since the concentrations of a large number of volatile compounds will be partly 
determined by the water concentrations. It is worth noting that many sensory tests (e.g., the 
Robinson test) are performed under controlled humidity conditions to eliminate the effect of 
humidity differences. These effects are further outlined in the comments on the Appendix.  
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8. Summary and comments on papers 

 

8.1 Paper I 
 
The first paper focused on identifying the board samples. Previous work has pointed out that 
electronic noses provided opportunities for discriminating and identifying different board 
products. There was, however, poor information about the product composition and the 
correlations between this and the discriminations made. To improve our knowledge and 
understanding of that matter, a great many products, spanning as much as possible of the 
available range of board products, were sampled and analysed. The aim was to reach the main 
targets set in the objectives of the first part of this study. 
 
Two essentially different matters were addressed. First, what would happen if some form of 
multivariate data analysis was applied to the results achieved from the established method of 
gas chromatographic analysis? Second, what results would an “electronic nose” analysis of 
the same samples produce? 
 
Concerning the first issue, applying PCA after retention indexing resulted in models that 
could be logically interpreted and that related to the board composition. Interestingly, this 
contradicts the statement that the headspaces of different board samples are so similar that it 
is impossible to recognise a special type of board with the help of the chromatogram (Charlet, 
1988). 
 
The part of the paper considering the “electronic nose” focused on the need for proper sample 
treatment, headspace generation, and other experimental conditions. The improved separation 
using higher preheating temperatures seemed well in accordance with the results of the GC 
analysis of board samples at different preheating temperatures (Lindell, 1991).  
 
The criteria for separation using the “electronic nose” were, however, poorly understood and 
could not be interpreted in terms of board composition. 
 
 

8.2 Paper II 
 
This paper focused on measuring taint- and odour-related variations in board qualities. The 
results of the correlation studies, comparing gas sensor results with sensory descriptors 
(Ljungberg-Willing et al., 1998), encouraged this further work. The intention was to select 
one quality, A, emitting relatively high concentrations (with large variations between the 
samples) and another quality, B, emitting lower concentrations. The results of traditional 
static headspace analysis confirmed that this was realised. 
 
The question of the representativity of the warm headspace technique was taken care of by 
performing the sensory tests and the “electronic nose” measurements at room temperature and 
supplementing the warm static headspace analysis using dynamic headspace at room 
temperature. 
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The results of the GC analysis of product B combined with PCA identified a strong 
relationship between the composition of the board sample and the headspace composition and 
concentration. Furthermore, the results drew attention to the well-known fact that the volatile 
compounds emitted from board products change because of reactions taking place during 
storage. This important question, however, was beyond the scope of the study. 
 
The results of the “electronic nose” measurements indicated the ability of the equipment to 
measure differences in the A quality. However, they also indicated, exemplified by the B 
product, that the gas sensor system needs to be more sensitive if smaller variations of lower 
concentrations are to be measured. Furthermore, using the equipment, it was possible to 
monitor the changes in the B samples after some hours of air exposure. The Robinson test 
verified that the A product possessed sensible off-taste and that the variations found using 
both instrumental techniques could be regarded as taint and odour related. It also indicated 
that the small variations in the B products were not detected using this type of sensory test. 
 

8.3 Paper III 
 
This paper is the only one included in the thesis not directly related to board packaging 
components. It was instead organised as a starting point for investigating how well gas 
sensor-based equipment could be applied to a food application, i.e., food material to be 
packed instead of the packaging material itself. Due to the high complexity of the actual food 
matrix (a sauce), a simplified model system consisting of aqueous thyme solutions was 
studied, The study did, however, clarify some issues that were question marks in the first 
study (Paper I).  
 
The importance of sample treatment and handling was emphasised. When developing 
commercial equipment (in this case an NST 3320 Emission Analyser) based on gas sensor 
arrays, much effort was put into sample treatment, headspace generation, and headspace 
distribution. As is often the case, however, compromises between convenience of operation, 
effectiveness, and traceability to what was physically measured had to be found. The emission 
analyser displayed good reproducibility and, by changing the headspace-related parameters in 
such a way that the less volatile compounds grew increasingly important, an impressive 
discrimination ability was achieved. 
 
The lack of traceability in headspace terms introduced a strong need to investigate this using 
traditional headspace GC technique. The observations made from this analysis agreed well 
with the theoretical consideration of headspace analysis and clarified the reasons for the 
separation power of the emission analyser.  
 
As always, the measurements cannot be seen as related to smell unless the results are verified 
by sensory analysis. In this case, the matrices were chosen to be obviously related to an 
increasing smell of thyme, which was verified by the results of the sensory odour analyses. 
The emission analyser separated the samples at least as well as did the human assessors. 
When analysing more complex food matrices, however, there is a risk that the relationships 
between the features generated by the sensor arrays and the odour assessments will be less 
clear.  
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8.4 Paper IV 
 
The study presented here may, in some respects, be seen as offering a strong contrast to that 
presented in Paper III. However, both studies share the study of odorants: in Paper III 
odorants related to thyme and here a mixture of seven more or less odour active substances. 
This study focuses strongly on paperboard products, more specifically, on their coating layers. 
The underlying idea is to create active packages by adding aroma compounds to the coating, 
in this way introducing them into the board products (Nestorsson, 2007). The flavour of the 
materials (e.g., food) packed in such “spiked” board based packages will later on be 
influenced. 
 
The odorants were analysed using static headspace chromatography, either once per sample 
(in the common way) or by applying multiple headspace analysis (MHE). The latter was 
found to work better than traditional solvent extraction and gas chromatographic 
quantification for quantifying the total amounts of odorants remaining after drying the 
coatings in different ways. Since the generated data were extensive, multivariate analysis was 
well suited to gaining an overview and discerning patterns. It also proved to be very useful in 
finding relationships that were otherwise difficult to identify. 
 
The author neither planned nor performed the main part of this study, but contributed mainly 
by advising on the choice of analytical methods, interpreting the MHE-GC results, estimating 
the losses due to different experimental and drying procedures and coating applications, and 
applying and interpreting the multivariate data analysis. Furthermore, the correspondent 
author was assisted in designing a minor complementary experiment and in outlining and 
writing the paper thanks to excellent and flexible co-operation. 

 

8.5 Paper V 
 
In a series of experiments, the main author of this paper studied the extrusion of polyethylene 
(PE), especially how the choice of extrusion parameters and conditions influenced the 
formation of various substances during and after PE extrusion (Andersson, 2004). The 
previous studies had identified several substances of special importance in evoking water off-
flavour. 
 
For these reasons, a model system consisting of aqueous solutions of six selected compounds 
(two aldehydes, two ketones, and two carboxylic acids) was studied for off-flavour. A 
reduced factorial design was applied to define the compositions of the solutions. The off-
flavour judgements were performed by selected and trained assessors who routinely assessed 
packaging-related off-flavours, fourteen at one of the two laboratories involved and sixteen at 
the other. The assessment method chosen for the analysis was routinely applied at one of the 
two labs and the assessors at the other lab were trained in using this method before starting 
the assessments.  
 
To select suitable concentrations, the relative concentration of each compound was 
determined by relating its absolute concentration to the detection threshold found in the 
literature. Since such detection threshold values are usually very uncertain, the group 
detection threshold was estimated experimentally for the central-point solution of the design. 
Blocks of samples were formed, each consisting of five samples, and these five samples were 
assessed in one session by all the assessors. These five samples were, however, served in a  
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randomised order unique for each assessor. The samples assessed contained between one and 
six of the analytes. 
 
Due to the complexity of the investigated issues, a complementary study was performed to 
investigate the off-flavours of a reduced set of samples. This set included aqueous solutions of 
one aldehyde, one ketone, and one carboxylic acid. In addition, the detection threshold of the 
aqueous solution of each of these compounds was estimated by one of the sensory panels.  
 
As expected, the study verified that the aldehydes had a clear impact on the off-flavour of the 
water. It was also obvious that interaction effects were obtained, but these were not clearly 
outlined due to contradictory results. 

 
The present author was not the correspondent author of this paper. The correspondent author 
presented the previous findings, selected the stimuli, and proposed the preliminary design of 
the study. After that point, intensive and productive co-operation started, to which the present 
author contributed mainly by modifying the experimental design and by suggesting the 
complementary experiment and additional threshold estimations. Furthermore, the present 
author helped the correapondent author evaluate the obtained results and write and revise the 
paper  

 
 

8.6 Paper VI 
 
The study described in Paper V aimed at investigating flavour interaction effects in aqueous 
solutions of selected acids, aldehydes, and ketones. The obtained results were, however, not 
easily interpretable and several additional issues were evoked. These were input for an 
additional study, described in Paper VI.  
 
The stimuli were aqueous solutions of the same three compounds that were investigated in the 
complementary previous study. Due to the complex nature of the aim and the difficulties in 
interpreting the results, it was found appropriate to simplify the model system even more and 
two binary mixture systems were investigated. Since aldehydes are highly important when 
discussing off-flavour and board products, octanal was included in both systems. This 
compound was combined with nonanoic acid (system A) or octan-2-one (system B).  
 
The study was intended to span a perceptible region in which the flavours varied between 
perceptible and clear but not strong. A pre-study investigated the psychophysical functions 
and qualitative characteristics of single solutions of three different stimuli, to guide the proper 
choice of concentrations for the main study. The good agreement with Fechner’s law was 
encouraging, and it was very interesting to find out that the psychophysical function of the 
ketone was so much steeper than those of the other two stimuli. In addition, the assessors 
found the flavour character of the ketone to be distinct and sharper than those of the other 
two, which agreed well with the slope differences found. 
 
Odour and taste interaction studies may be designed in several ways but in this study flavour, 
was investigated. Flavour are combined impressions, mainly of taste and smell but in this case 
the flavour impressions were expected to be dominated by odour. Due to this the design used 
was inspired by that used in an odour interaction study of perceptually homogeneous mixtures 
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(Berglund and Olsson, 1993). Consequently it was important to investigate whether the 
studied mixtures were considered homogeneous or heterogeneous.  
 
The outcome of the main study was somewhat disappointing. The magnitude estimation 
procedure was found to be difficult to apply by the assessors. The same procedure was, 
however also applied in the pre-study, where the assessors also claimed that it was difficult. 
Despite this, the results obtained from the pre-study were considered highly valuable, while 
the results of the interaction assessments from the main study pointed out that the assessors 
found these tasks considerably harder to manage. Nevertheless, the fact that the single-
component solution results of three assessors again agreed well with Fechner’s law indicated 
that the task was indeed manageable to some assessors. Furthermore, to some other assessors 
the impressions of the mixtures were strongly dominated by one of the components. Other 
assessors, finally, would probably have assessed in a better way if they had been allowed to 
get more used to the scaling procedures and mixture assessments.   
 
In addition, the five assessors who were able to describe the mixture quality clearly and 
consistently, all considering both mixtures to be homogeneous, indicating that the models 
more or less valid for heterogeneous mixtures may not be relevant for this type of 
interactions. 
 
 

8.7 Paper VII 
 
A project, “Calibsensory”, aimed at developing calibration methods for packaging-related 
sensory analysis was run for a period of three years (2001–2004). Calibration and training 
procedures were developed for odour analysis (SIS-CEN/TR 15645-1, 2008) and off-flavour 
analysis. The off-flavour procedures were divided into two parts depending on the type of 
food to be packed: dry food represented by icing sugar as the food simulant (SIS-CEN/TR 
15645-3, 2008) and fatty food represented by coconut oil (SIS-CEN/TR 15645-2, 2008). 
 
The principle of the procedures is that samples are prepared in such a way that the perceived 
intensities of the odour and flavour, respectively, correspond to certain intensity levels. In the 
off-flavour procedures, benzaldehyde was the odorant chosen for creating the off-flavour. It 
was essential to find out how sensitive the assessors were to the benzaldehyde-induced 
almond-like flavour when it was added to the selected food simulants. 
 
Within the project work flavour detection thresholds were determined for both the food 
simulant matrices spiked with benzaldehyde. These determinations were performed at two 
different laboratories, one working on the icing sugar-based matrix and the other on the 
coconut oil matrix, since such a design matched the available resources. The same 
determination method was used at both laboratories, each of which ran two replicates. 
Sensory detection thresholds are tricky to determine and should be seen as strictly valid only 
under the conditions applied. For these reasons, complementary thresholds were determined 
after the project. These complementary thresholds were determined via a “criss-cross 
experiment”, which means that the laboratory that had previously determined the detection 
thresholds for the coconut oil matrix now changed to the icing sugar-based one, and vice 
versa.  
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The detecting threshold determinations consisted one part of this study and off-flavour 
analysis of five paperboard materials consisted the other part. The detectiob threshold 
determinations were focussed on the lowest levels at which benzaldehyde could be detected. 
To discuss the sensitivity of different test foods at higher off-flavour levels, a complementary 
investigation would be needed in which the psychophysical functions of benzaldehyde in the 
actual test foods were estimated. Such estimations were performed in the Calibsensory project 
(SIS-CEN/TR 15645-2, 2008) but are not further commented here. In case of taint issues 
related to packaging materials, however, the ability to detect very low taint levels is important 
since the ideal is often no taint at all.  
By analysing the off-flavour attributed to paperboard materials the difference between the 
simplified calibration samples and off-flavours attributed to real paperboard materials was 
illustrated.  
 
Regarding the threshold determinations one laboratory obtained group threshold values of the 
first replicates of food simulants that were considerably higher than those of the second 
replicates. The results from the other laboratory, however, did not display such systematic 
variation. Furthermore, the second replicate results from the first laboratory agreed well with 
the results from the second laboratory. These observations were interpreted as related to 
training. Consequently, the first, “higher” replicate was excluded and the individual results of 
the other three determinations were merged after excluding one individual outlier. The hereby 
derived flavour detection threshold of benzaldehyde in sugar + water matrix (0.3 µg/g) was 
considerably lower than that in coconut oil matrix (5 µg/g). However, the individual threshold 
values spanned quite a large range, and the lower individual threshold values for the coconut 
oil matrix were lower than the higher ones for the sugar + water matrix. 
 
The instrumental analyses, based on multiple headspace extraction and gas chromatographic 
quantification, indicated that the gas phase–food simulant partitioning of benzaldehyde differs 
when coconut oil and icing sugar are compared. The coconut oil retains benzaldehyde much 
more strongly than does the icing sugar. When the sugar is mixed with water, the retention 
increases but is still very clearly lower than that of the coconut oil. From this it follows that 
the coconut oil will be more efficient at sorbing odorants from the packaging materials than 
the icing sugar will be if the physical–chemical properties of the odorants are similar to those 
of benzaldehyde. For other odorants, this relationship probably differs and theoretical 
considerations might indicate how the relationships will change. Experiments should 
preferably be performed for verification. 
 
If a hypothetical packaging material, releasing just benzaldehyde, were analysed for off-
flavour according to the EN1230-2 method, the obtained concentrations of food simulant 
would be higher if coconut oil rather than icing sugar were chosen as the food simulant. On 
the other hand, the benzaldehyde would be detected by the assessors at lower concentrations 
if the sugar alternative were used, so the two effects are contradictory, indicating that it is not 
completely clear which food simulant would be the most sensitive one overall.  
 

8.8 Appendix 
 
The water sensitivity of the sensors has been discussed in detail. Since this sensitivity means 
that a varying moisture content will result in changed sensor signal levels, this is indeed a 
problem that must be dealt with in many applications. The issue can be seen as a matter of 
selectivity, since these moisture effects have to be separated from signal variations related to 
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concentrations of the volatiles of interest. It is, however, important to realise that moisture 
variations might introduce changed volatile concentrations as well, which is clearly 
demonstrated by the GC results of the water addition experiments. 
 
The score plots obtained from PCA for dry and wet samples suggest that the relative 
classification of the board samples remains roughly the same, despite the big signal influence 
of the water. It may also be possible to hold the humidity to a stable level, like that used in the 
indirect taint test (EN 1230-2), thereby eliminating severe interferences due to different 
moisture levels. It will, however, be more complicated for rapid at-line or on-line 
applications. 
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9. Conclusions 
 
The gas sensor system (“electronic nose”) was able to differentiate between samples of 
different paperboard products. Elevated temperatures increased the separation capability but 
induced memory effects in the equipment. Sample handling and headspace generation were 
found to constitute a critical step for success in the separation task. With the use of more 
accurate and better-designed headspace equipment, the separation was achieved at room 
temperature. The criteria for the separation, however, were not easily interpreted in terms of 
board product composition.  
 
Using this more accurate headspace equipment, individual jumbo reels of a product emitting 
relatively high amounts of volatile organic compounds could be differentiated from each 
other. The criteria for separation agreed well both with sensory analysis tests and with the 
results of GC analysis and could therefore be said to be taint and odour related. Distinguishing 
between similar samples of a product emitting lower amounts of volatile organic compounds 
proved to be harder, and calls for further system development.  
 
When applying equipment using further developed sample handling procedures to a model 
system of aqueous thyme solutions, solutions of different concentrations could be separated. 
The separation capability was strongly related to how the headspace was sampled and 
improved dramatically when headspace was repeatedly withdrawn allowing short periods of 
recovery in between. Theoretical considerations, verified by a headspace gas chromatographic 
investigation, suggested that the improved capability was related to the fact that the headspace 
composition grew progressively more dominated by the less volatile compounds. Since these 
are the dominant odorants in this model system, the obtained results correlated well with the 
sensory odour analyses. In more complex matrices, sensor-based equipment risks suffering 
from limited selectivity for odorants, so the relationships with sensory-relevant attributes have 
to be investigated. 
 
Adding water to the board samples drastically changed the concentrations of many volatile 
organic compounds. The effect of the increased water concentration was clearly recorded and 
monitored by both sensor types. The MOSs seemed to be sensitised by this increased water 
concentration, whereas the MOSFETs did not. Furthermore, the relative classification of 
samples emitting lower and higher amounts of volatile organic compounds seemed to be 
roughly the same with and without water addition, according to both GC and “electronic 
nose” measurements. Both sensor types seemed to support the classifiability of both dry and 
wet samples. 
 
The influence of different water concentrations may be problematic for this kind of 
application, in particular, when focusing on at-line applications. The results obtained suggest, 
however, that there are possibilities for properly handling this issue. 
 
Applying multivariate data analysis (MVDA) to chromatographic data (integrated peak area 
versus retention index) obtained from the headspace analysis of a great many different board 
products was useful in building models that could be interpreted in terms relevant to the board 
products. Furthermore, applied to some thirty gas chromatograms resulting from the analysis 
of sequential jumbo reels of the same product, this methodology made it possible to monitor 
process changes during production and to estimate the individual compounds that displayed 
large variations between the jumbo rolls. The methodology can probably be further developed 
by applying more accurate pre-processing of the chromatographic data. 
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The multiple application of static headspace (multiple headspace extraction, MHE), combined 
with chromatographic separation and quantification, successfully determined the total 
remaining aroma compounds in dispersion-coated films. The methodology was also useful in 
estimating the gas–solid partition coefficients of the compounds. MVDA was also 
successfully applied to obtain an overview of the obtained results and to find out how these 
variables of the different compounds were related. 
 
In an aqueous model system, relevant to packaging equipped with extruded polyethylene 
barrier layers, five flavour compounds studied at concentrations near their flavour detection 
thresholds seemed to interact with the octanal, dominating the sensory impressions. The 
design of the interaction study did not permit clear conclusions, however, indicating a need 
for a complementary and differently designed investigation.  
 
Binary mixtures of aqueous solutions, i.e., octanal–octan-2-one and octanal–nonanoic acid, 
were found perceptually heterogeneous. It was also clear that perceptions of the single-
component solutions agreed well with Fechner’s law as long as no mixtures were included. 
When assessing the mixture systems, however, just three of ten assessors assigned similar 
intensity scores to the included single-component solutions. Regarding the intensity scores of 
the mixtures, assessor responses differed considerably and a number of subgroups, each 
consisting of assessors assigning similar scores, could be seen. 
 
The sensitivity of a food simulant for measuring the off-flavour potential of packaging 
materials is determined by the capacity of the food simulant to sorb odorants emitted by the 
materials as well as by the assessor’s ability to detect the flavour when assessing the food 
simulant afterwards. The sorption capacity is strongly related to the partitioning of the 
odorants between the packaging materials, gas phase, and food simulants. This partitioning is 
also one, of many, variables influencing how well the attributed off-flavour is detected upon 
assessing 
The individual assessors’ detection thresholds vary considerably, also when they have been 
selected and trained according to proper procedures. Nevertheless the group flavour detection 
thresholds of benzaldehyde in coconut oil and in a sugar and water mixture obtained at two 
laboratories agreed well. The flavour detection threshold of the sugar+water system was 
lower than that of the coconut oil system.  
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APPENDIX  





  

 

The influence of moisture content. 
 
Water is the volatile compound present in the highest concentration in the headspace of the 
paperboard samples and the sensors are to a various degree sensitive to water (Hongmei et al. 
1997; Hoyt et al. 1998). This means that ”a part” of the response from headspace analysis of 
board samples is due to the water. Consequently, variations in the headspace water 
concentration should be expected to change the sensor responses. Thus, it is interesting to 
elucidate how the sensors in this study (Taguchis and MOSFET:s) would react to changes in 
water concentrations. Water is produced in the reactions taking place at the surface of the 
sensors after which it is released to the gas phase (concerning the MOSFET:s; Johansson et al. 
1998). Furthermore, the Taguchis are known to be more sensitive at higher humidity (Göpel 
1998). Concerning the MOSFET:s, a change in humidity could possibly influence the 
responses due to factors such as changed rate of release or, at high water vapour 
concentrations, the degree of blocking of the surface (Ekedahl 1999). Discontinuous Pt and Ir 
have been shown to be sensitive to water vapour (Spetz 1989). In this study it is also shown 
that the steady state response of the two sensors to NH3 in air, dry and saturated with water 
respectively, differ. The NH3-response of the Pt-sensor is lower in the presence of water 
vapour while the Ir response seems independent of the headspace water concentration. 
 
However, there is also another important effect. The real headspace concentrations of many 
compounds will also be affected by the headspace water concentration (Przybylski, Eskin  
1995). Furthermore, when the headspace water concentration varies, the headspace 
composition will change which also effects the sensors (provided that the sensors are sensitive 
to these compounds at the actual headspace concentrations). In order to study these issues, two 
types of experiments were performed. In the first experiment, the humidity of the air into the 
system was varied, and in the second one the effect of water addition was studied. 
 
Varying the humidity of air into the system. 
 
Mainly the same experimental equipment as described in paper 2 was utilised. However, the 
equipment was complemented with a humidifying unit (AS32, Aromascan Ltd, UK) that was 
placed between the gas tank (synthetic air 5.5, AGA AB, Sweden) and the flask, permitting 
accurate regulation of the humidity of the air. 
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Fig. 1 Experimental setup 

 



  

 

A batch of samples of different board products was prepared by cutting the samples and 
putting them into flasks (same procedure as in paper 2) after which the air in each flask was 
replaced with humidified air (60 % RH) and the samples equilibrated with closed vials. An 
empty flask was treated in the same way and included in the batch. During the equilibration 
and the subsequent measurement, the humidity of the system was kept at 60 % and a flow of 
75 ml/min was used. After this first measurement, the samples in the batch were equilibrated 
again. During this second equilibration, the humidity of the system was adjusted to 15 %. 
When stable sensor signals at this lower humidity level were achieved, the samples of the 
batch were measured once again (using the same parameters as in the first measurement).  
 
The sensor signals from the first measurement of the empty flask were close to 0 (the signals 
of some sensors were slightly negative). However, when the humidity was adjusted to 15 %, 
the signals grew positive, as the humidity of the headspace in the flask (fig 2) was much 
higher than the reference air.  
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Fig. 2. Baseline corrected signals from measurements of an empty flask filled with 60 % RH 

air keeping the RH of the reference air at 60 % resp. 15 %. 

 
RH Ref: 15 %, RH Flask 60 %, Response, mV (response period: 160 – 180 s) 
 

 

Metal gate 

MOSFET:s 

140 °°°°C, mV 

 

170 °°°°C, mV 

Taguchis  

 Type mV 

Pd  14  6  2600  2 
PdH  0  0  2610  5 
Pt  29  29  2611  6 

PtPd  5  8  2620  3 
Ir  28  30  2102   10 
    2181 6 

 



  

 

As the attenuation of the MOSFET:s and Taguchis differed, the responses of the sensors may 
be properly compared internally within each sensor type, but not between the types. Among 
the MOSFET:s the Pt and Pd show the highest responses. These two sensors have earlier been 
shown to be sensitive to water (Spetz 1989). Concerning the Taguchis no. 2102 showed the 
highest response. 
An interesting observation was noted; after about one min. of the two min. long exposure, the 
signals of some sensors of both types showed a discontinuous decrease. To study this in terms 
of kinetics and relative changes the signals were normalised (the signals of each sensor was 
expressed as % of the maximum response of that sensor). The signals of the sensors in each 
sensor set were then plotted together separated by a small distance (fig. 3).  
 

 
Fig. 3 Influence of the change in humidity monitored by the normalised sensor signals (the 

signal of each sensor expressed as % of the maximum signal of the sensor)  

 
Among the Taguchis, 2600 and 2102 showed an immediate and distinct decrease but 2620 
was influenced as well but less distinctly. Concerning the MOSFET:s the Pt gated and Ir gated 
sensors, that also showed the largest response to the water vapour, were immediately 
influenced at both temperatures.  
 
In new measurements, using the same experimental conditions except for a lower flow rate 
(20 ml/min) no discontinuous decrease was observed. As a consequence the effect was 
interpreted as being due to the decreasing humidity when the dryer, incoming air reached the 
sensors. At the higher flow, 150 ml, (2 min * 75 ml/min) of headspace from the flask was 
sucked. As the flask contains 200 ml, it should theoretically be possible to suck 150 ml of the 
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headspace from the bottom of the flask, letting in the same time 150 ml air of lower humidity 
in, at the top of the flask. It seems, however, probable that there was turbulent flow at this 
higher flow rate which mixed the less humid inlet air with the more humid headspace in the 
flask resulting in a mixture of decreasing humidity.  
The absence of discontinuous decrease at the lower flow rate, verified that only headspace that 
had been statically equilibrated was exposed to the sensors at these experimental conditions. 
As the same conditions were used in the experiments described in paper 2 this is valid to those 
experiments as well. 
 
When measuring board samples, the samples will take some space, which means that the real 
headspace volume should be a bit smaller than the headspace volume of the empty flask. 
According to this, the decrease of the responses started earlier. The decrease was continuous 
and soft probably due to that the samples tend to make the decrease in humidity smoother by 
emitting water when the dryer air disturbs the equilibrium. 
  
Water addition 
 

In these experiments, the same experimental setup as in the previous experiments was used 
except for the humidifying unit that was removed. The experimental conditions for the 
dynamic headspace analysis and the “electronic nose” analysis described in paper 2 were used.  
However, the experiments were supplemented with a water addition: after “common 
measurements” of a batch, water was added to the vials/flasks, followed by equilibration and 
measurements. The added water was partly sucked up by the board samples. An empty vial 
(GC) and flask (“electronic nose”) were included in the batch and treated in the same way. 
The results before and after water addition were then compared. 
  
Dynamic headspace 

 
The dynamic headspace measurements (same conditions as in paper 2) clearly showed that the 
amounts of many volatile organic compounds emitted from the board samples increased when 
water was added before equilibration and subsequent measurement. 



  

 

 
 

 
 
Fig. 4  Illustration of how dramatic water addition effected the emission of a large number of 

volatile organic compounds. Chromatograms of a board sample before and after water 

addition. 

 
This increase may be exemplified by the concentrations of a number of aldehydes, expressed 
in the same way as in paper II,  
 

 

Results from the dynamic headspace analysis, product A. 

 

Sample Equilibr. 

time (hours) 

Pentanal 

(r.a.)  

Hexanal 

(r.a.)  

Heptanal 

(r.a.)  

Octanal 

(r.a.)  

929  21  11  79  2.0  2.6 
  21+23  13  100  2.5  4.2 
  21+23+48a  136 >787 b  29 51 

893  23  6.0  48  1.7  2.0 
  23+22  6.4  53  2.1  2.7 
  23+22+48a  85  536  21  27 

  
a after water addition. 
b the above the dynamic range. 
 
”The electronic nose” 

 
Measuring board samples before and after adding water showed that the sensor responses 
increased dramatically after the water addition. However, the sensors responses resulting from 
measurements of an empty flask were strongly influenced by the water addition as well (fig 5). 
 



  

 

 

Fig. 5 Sensor responses from analysis of one A sample and an empty flask before (”dry”) and 

after (”wet”) water addition. 

 

 
 
 
Response differences; samples - empty flask 

 
It is interesting to estimate how much of these increased sensor responses that were due ”pure 
water effect” and how much that may be related to other effects (such as the increased 
headspace concentrations and/or sensitised sensors). With this in mind, the difference between 
the responses of the board samples and the responses of an empty flask were calculated for 
each sensor before (”dry difference”) and after (”wet difference”) water addition (fig 6). 
Before water addition, the headspace water concentration of the empty flask was < 3 ppm (the 
humidity content in the synthetic air). However, the headspace water concentrations of the 
samples were about 7-8 % (measured by MGD-1, Environics, Finland). After water addition, 
on the other hand, the headspace in the empty flasks as well as the headspace in the sample 
flasks was saturated with respect to water. This means that the “dry difference” contains 
contributions from the different headspace water concentrations while the “wet difference” 
does not.  
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Fig. 6 Response differences, illustrated by the difference between a board sample and the 

empty flask before (”dry difference”) and after (”wet difference”) water addition 

 
The MOSFET:s generally showed larger ”dry difference” than ”wet difference” while the 
Taguchis showed the opposite situation. However, a part of the “dry difference” is attributed 
to water and the design of these experiments does not permit an estimation of this water 
contribution. Consequently, the part of the response differences of the MOSFET:s, not 
attributed to the water, may therefore be larger in the “wet difference” than in the “dry 
difference”. Concerning the Taguchis, the fact that the “wet difference” is considerable larger 
than the “dry difference” is probably attributed to both the higher sensitivity at higher 
humidity and the actual higher concentrations in the headspace. It follows that a 
supplementary investigation that better separated the effects attributed to water from other 
effects is needed. 
  
Comparison of discrimination of wet samples and dry samples 

 
Analysis of the same triplicates of five board A samples (paper 2) before and after water 
addition confirmed that ”the electronic nose” separated the dry and wet samples (fig. 7a). The 
loading plot confirmed that the water addition influenced MOSFET:s  and Taguchis 
differently (fig. 7b). Furthermore the plot indicated that the loadings of the MOSFET:s were 
clustered in an area that mainly influenced the “water direction”. In spite of this the 
MOSFET:s seemed to contribute to the separation of the samples as the loadings were spread 
in the “sample direction” within the cluster. The Taguchis, on the other hand, were clustered 
in an area that seemed to be attributed to both water and sample effects.  
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Fig. 7  Triplicates of five product A samples, analysed before and after water addition. 

PCA (a) score plot, PC1 vs. PC2 (b) loading plot, PC1 vs. PC2. 

 
 
These results agreed well to what was found studying the “wet” and “dry” differences. 
Furthermore, the separation of samples within each group (“dry” and “wet”) seemed to be 
roughly similar.  
To better investigate the classification of the samples within the groups separate PCA models 
were built up (fig. 8). The main pattern of the plots are similar; projections to one dimension 
will separate 875 most to the left and 925 most to the right in both cases. 
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Fig. 8 Triplicates of five product A samples. PCA, score plots, PC1 vs. PC2 (a) “dry”, before 

water addition (b) “wet”, after water addition. 

 
In the loading plots the Taguchi sensors showed a strong covariance while the MOSFET:s 
were more spread (fig.9).  
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Fig. 9 Triplicates of five product A samples. PCA, loading plots, PC1 vs. PC2 (a) “dry”, 

before water addition (b) “wet”, after water addition. 

 

Both sensor types seemed to contribute to the dimension that separated the samples, both in 
the ”dry” and the ”wet” measurements. Models based on only one of the sensor types seemed 
to show roughly the same patterns but the separation was poorer (fig. 10). 
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Fig. 10  The “wet” measurements of triplicates of five board samples (product A). PCA, 

models based on (a) the variables extracted from the MOSFET-sensors (b) the variables 

extracted from the Taguchi-sensors. 

 

Worth noticing is the high degree of explanation of PC1 in the PCA model based on Taguchi-
variables. This is a result of the strong covariance of the variables extracted from the signals 
of the Taguchi sensors. 
 

Discussion 
 
The differences between the A samples, measured with the electronic nose and GC (paper II) 
could be due to different humidity in the headspace of the analysed samples. The actual 
humidity of the headspace was not measured when the samples were analysed and it is clear 
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that both the actual headspace concentrations and the sensor responses are influenced by the 
water concentration.  
The sensory tests (paper 2) were, however, performed under strictly controlled humidity (75 
%) which means that the headspace water concentration of each sample was the same. The 
results from the GC as well as ”the electronic nose” correlated to the comparative sensory 
tests, which indicated that the measured differences could not be attributed to solely humidity 
differences. 
In this experiment, water was added and possible small humidity differences between the 
samples should be completely faded away as the headspace water concentrations then reached 
the saturated level. This is in analogy with buffer addition, used for potentiometric 
measurements of water samples with low and varying ion strength (O’Reilly 1978). As the 
separation of the samples after this water addition was mainly intact these results confirmed 
that the measured differences in paper 2 were not just a question of different humidity.  
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