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Abstract

The present study deals with the use of metal oxide gas sensors and the headspace techniques for microencapsulated essential oils

of thyme, oregano and cassia. The volatile compounds released from the microencapsulated flavours were tested by an array of the

gas sensors. The features of individual odours were described using an analysis of the transient responses of the sensors to the

aroma. The coating materials were graded with respect to the leakage of volatile components. The volatile compounds leaking from

the microencapsulated flavours were collected by the headspace SPME technique and analysed by GC–MS. Based on the results, the

Hi Cap 100 was considered to be the least emitting coating material while the Encapsul 855 was the most leaking matrix in our

study.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Qualitative and quantitative assessment of volatile ar-

oma components released from flavourings is very
important in the quality control used by the aroma

and food industries. Instrumental analysis (GC, GC–

MS, HPLC, SPME) and evaluation by sensory panel

are the two classical approaches to the problem of the

quality, however most of them are expensive, time con-

suming and do not provide an immediate result. Elec-

tronic olfaction systems, so-called ‘‘electronic noses’’

(e-noses), were recognised to be promising techniques
in the development of rapid tests in food control

(Ampuero & Bosset, 2003). This method was success-
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fully employed for detection of various odours including

simple gases and complex mixtures during the last dec-

ade (Ampuero & Bosset, 2003). The success in evalua-

tion of the foodstuff quality and freshness was related
with the main advantages of the nose, namely high sen-

sitivity, short analysis time and high accuracy of the

identification (Brezmes et al., 2001; Di Natale et al.,

2001; Guadarrama, Fernandez, Iniguez, Souto, & de

Saja, 2001; Maekawa, Suzuki, Takada, Kobayashi, &

Egashira, 2001; Penza, Cassano, Tortorella, & Zaccaria,

2001). In spite of various advantages, it was commonly

recognised that the e-nose cannot be used instead of the
analytical methods (e.g. GC–MS) that generate a huge

data set containing complete information about the

smell composition. On the other hand, the e-nose is pref-

erable for development of an automatic/on-line evalua-

tion system acceptable in monotonous routine of

practical applications.
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In general stationary signals are usually collected

from a number of electronic nose sensors exposed to

an odour. The odours are recognised by special pro-

grams based on signal analysis of an array of the sensors

(Brezmes et al., 2001; Di Natale et al., 2001; Guadar-

rama et al., 2001; Maekawa et al., 2001; Penza et al.,
2001). It was proved recently that processing of dynamic

responses of the sensors is much more efficient for the

recognition of smell features than standard approach

(Galdikas, Mironas, Senulien _e, & Šetkus, 2000; Katoa

et al., 2000; Nakata, Takemura, & Neya, 2001; Simona,

Barsan, Bauera, & Weimar, 2001). In dynamic regime,

time dependence of the signals is detected for the sensors

switched from one working temperature to another (Ka-
toa et al., 2000; Nakata et al., 2001; Simona et al., 2001)

or exposed to a steep change in gas composition of the

atmosphere (Galdikas et al., 2000). An increase in num-

ber of the parameters that characterise a target smell

is the advantage of the dynamic regime if compared to

the standard electronic nose with a similar number of

the sensors.

In the present study, transient response electronic
nose was applied for the evaluation of microencapsu-

lated flavours. The volatile components released from

microencapsulated thyme, oregano and cassia essential

oils, respectively, were analysed with an array of solid-

state gas sensors. The composition of essential oils was

analysed by capillary GC, GC–MS and static headspace

methods. The flavour profile in headspace of microen-

capsulated aromas was analysed by SPME. The results
of the gas sensors were compared with that from the

SPME–GC. The data obtained can be useful in further

developments of rapid methods in food flavour control.
2. Materials and methods

2.1. Materials

Cassia (Cinnamomum cassia), thyme (Thymus vul-

garis) and oregano (Origanum vulgare) essential oils

(EO) were selected as core materials, all from Frey&Lau

GmbH, (Henstedt-Ulzburg, Germany). Commercial

modified food starches named Hi Cap 100 (derived from

waxy maize), Capsul E (derived from tapioca), Encapsul

855 (tapioca dextrin, corn dextrin) and N LOK (food
starch modified with corn syrup added) obtained from

the National Starch&Chemical (Hamburg, Germany)

were used as encapsulating agents.

2.2. Preparation of microencapsulated flavours

The solutions of coating matrixes, 30% concentration

(w/w), were prepared by reconstituting and dispersing of
dried powders in 40 �C deionised water, and after cool-

ing they were mixed overnight to enhance hydration. EO
(15% w/w of matrix solids) was emulsified into the hy-

drated coating material. Homogenisation was accom-

plished by using Ultra Turrax Ika 25 basic

homogenizer (Janke&Kunkel GmbH & Co., Germany)

operating at 20500 rpm for 5 min. Emulsions were

spray-dried in a Büchi 190 mini spray dryer (Donau,
Switzerland) under the following parameters: spray noz-

zle (inlet) temperature 180 ± 5 �C, outlet air temperature

90 ± 5 �C, pressure 750–800 mm/H2O (Bylait _e, Venskut-
onis, & Maždžierien _e, 2001). Dried products were

packed into the glass containers and stored in labora-

tory freezer until further investigation.

2.3. Solid phase-microextraction and static headspace

analysis

Solid phase-microextraction (SPME) was performed

with three different fibres, namely polydimethylsiloxane

(PDMS, 100 lm), carbowax-divinylbenzene (CW-DVB,

65 lm) and polyacrylate (PA, 85 lm), all from Supelco

(Bellefonte, PA). For headspace SPME sampling, 0.1 g

of encapsulated flavours were placed in a 4 mL vial,
closed with an open hole cap faced with a PTFE/white

silicone septum and equilibrated in a Gerber Liebisch-

Bielefeld 14 thermostat (Gerber Instruments, Effretikon,

Germany) at 40 �C for 30 min. The fibre was exposed to

the headspace of encapsulated flavours during 5 min at

40 �C. Afterwards, the fibre was withdrawn into the

housing, the SPME device was removed from the sample

vial and the fibre was desorbed into the GC–MS
injector.

For the conventional static headspace 100 lL of each

oil was placed into 20 mL headspace vial that was sealed

hermetically with a PTFE/butyl-coated septum and sil-

ver aluminium cap. The Hewlett–Packard HP 7694E

headspace sampler was used to monitor the static head-

space of oil volatiles. Samples were equilibrated for 20

min at 40 �C. The headspace loop (1 mL headspace sam-
pling) and transfer line temperature was set at 60 and

80 �C respectively and desorbed volatiles were analysed

on GC–MS.

2.4. Gas chromatography–mass spectrometry

Gas chromatography–mass spectrometry (GC–MS)

analyses were performed using a HP 5890 (II) gas chro-
matograph coupled to an HP 5971 series mass selective

detector (Hewlett–Packard, Avondale, PA) in the elec-

tron impact ionization mode at 70 eV, the mass range

was m/z 30–550. Volatile compounds were separated

using an HP-5 MS capillary column (polydimethylsilox-

ane, 5% diphenyl, 30 m length, 0.25 mm i.d., 0.25 lm
film thickness, Hewlett–Packard). The temperature was

programmed from 40 �C (2 min) to 180 �C at 4 �C min�1

and finally increased to 270 �C at 10 �C min�1 (5 min

hold). Helium was used as a carrier gas at a linear flow



Fig. 1. Transients of the relative response signals of the SO18-23

sensor to odours released from the EO encapsulated in the N LOK

matrix (the relative signal Uresp/U0 represent the ratio between the

sensor signal Uresp in the atmosphere with the smell and the signal U0

in the clean air, tflow is the measurement time).
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velocity of 36.2 cm s�1 at 40 �C or 1.0 mL min�1 volu-

metric flow.

For the analyses of the headspace of the essential oil

split mode was used at a ratio of 1:5 and an injector tem-

perature of 250 �C. Thermal desorption of volatile ana-

lytes adsorbed on the SPME fibres was carried out in the
GC injector port at 250 �C for 3 min in a splitless mode.

The components were identified by comparison of

their Kováts retention indices (KI) relative to C8–

C30,32 n-alkanes (Sigma Chemical Co., St. Louis, MO),

obtained on HP-5 MS column with those provided in lit-

erature (Adams, 2001) and by comparison of their mass

spectra with the data provided by the NIST, NBS 75K/

Wiley and EPA/NIH mass spectral libraries. Positive
identification was assumed when a good match of mass

spectrum and KI was achieved. The content of the indi-

vidual constituents was expressed in arbitrary units (au),

the total ion current of the relevant peaks detected by

GC–MS.

2.5. Analysis with an array of solid-state gas sensors

To our knowledge, this method was not yet employed

for the analysis of the encapsulated EO. In our method,

metal oxide gas sensors were temporary exposed to the

volatile compounds blown from the powder of

the encapsulated EO. If the aroma was injected in the

atmosphere the resistance of the sensors changed and

the response signals were detected. The array of the elec-

tronic nose was composed of four gas sensors. The sen-
sors SO18-23, SO18-24 and ITO 16 were home made

(Semiconductor Physics Institute, Lithuania) and based

on tin and indium oxides thin films, while TGS800 was

tin oxide ceramic sensor from FIGARO. The sensors

were non-selective to gases but the response of individ-

ual sensor to the same gases (e.g. CO, H2,C2H5OH,

NOx) was different at the same conditions of the

experiment.
The array was exposed to a steep change in the com-

position of the atmosphere. For this, a two-flow-chan-

nels system was employed. In this system, a stream of

clean synthetic air was flowing in one of the channels.

In other channel, a mixture of the synthetic air and

the volatile constituents released from the encapsulated

oils was flowing. In the channels, the flow rates of the

streams were similar. Humidity of the air was also sim-
ilar in both channels. Relative humidity was fixed by the

computerised system at about 50% and maintained con-

stant during the tests. Switching between the two flows

had produced a steep change in gas composition in the

test chamber with the sensors. Details of the equipment

are described elsewhere (Galdikas, Kancleris, Senulien _e,
& Šetkus, 2003).

Time dependencies of the response signals were meas-
ured for each sensor in the array. The sampling rate of

the signal was 1 point per second for each sensor.
Typical responses to the smell of the flavours are illus-

trated for one of the sensors in Fig. 1. Long lasting

changes were detected in some transients (e.g. cassia in

Fig. 1) while the essential magnitude of the response

was detected after a short period (about 1–3 min). Since

the long lasting changes were expected for heavy volatile

compounds, very long duration of the individual test

was performed for characterisation of these compounds.
On the other hand, the duration was limited by a poi-

soning of the gas system by the volatile compounds after

the long flow in the channels. It was experimentally

found that a 30 min run was optimal for these tests be-

cause the clean air signal was recovered for the sensors

within about 15–20 min after restoring the clean air in

the chamber. The signals of the transient responses were

characterised by individual sets of pairs of the parame-
ters. Each pair was consisting of time constant si and
corresponding weight coefficient ai. According to the

method, the parameters were plotted for each exposure

in a graph describing a dependence of weight coefficient

ai versus time constant si. Consequently, 2Ds-images

were composed for tested objects emitting volatile com-

pounds into atmosphere. A detailed description of the

method was presented in a recent report (Galdikas
et al., 2003; Galdikas et al., 2000).
3. Results and discussion

3.1. Microencapsulation efficiency

Effectiveness of microencapsulation is the most impor-
tant characteristic feature of the process. It mainly de-

pends on the total oil retained in the matrixes after

spray-drying and the content of the oil which was directly

entrapped into the capsules. It was determined that most

of the matrixes used were effective microencapsulating



48 R. Baranauskien_e et al. / Food Chemistry 92 (2005) 45–54
agents. An exception was maltodextrin Encapsul 855,

which retained the lowest amount of oils, from 51.6%

(cassia) to 64.6% (oregano). Other carbohydrate matrixes

retained from 79.6% (N LOK, cassia EO) to 95.1% (Cap-

sul E, oregano EO) (Venskutonis, Boceviciute, &

Plaušinaitis, 2001). The content of surface oil after
spray-drying did not exceed 3–5% from the total oil re-

tained (Baranauskien _e, Venskutonis, Dewettinck, &

Verhé, 2003; Bylait _e et al., 2001; Venskutonis et al.,

2001).

3.2. Flavour release from encapsulated oils

SPME–GC was used to compare the release of the
main compounds in the headspace of encapsulated oils.

Volatile sample constituents are adsorbed on a thin,

fused silica fibre, coated with a layer of an organic pol-

ymer placed in the headspace above the sample, and

subsequently thermally desorbed inside a GC injection

port. The SPME coatings can be classified by polarity,

extraction type (absorbent or adsorbent), or size exclu-

sivity (Shirey, 2000a). Three different SPME-coated fi-
bres, PDMS (non-polar absorbent-type), combined

CW-DVB (polar, adsorbent-type) and PA (polar,

absorbent-type), were used in our study. The PDMS is

a nonpolar coating, that has been known to work effec-

tively on a wide range of analytes, both polar and non-

polar (Steffen & Pawliszyn, 1996); the PA coating is a

polar phase, which readily extracts more polar analytes

(Steffen & Pawliszyn, 1996). The CW-DVB-coating fibre
is more polar; the affinity it has for small amines is poor,

however, this fibre extracts acetic acid, aniline and other

nitrogen-based aromatics efficiently (Shirey, 1999; Shi-

rey, 2000b).

The volatile profile of thyme consists mainly of ali-

phatic and oxygenated terpenes. p-Cymene (26.3%),

1,8-cineole (16.0%), thymol (27.9%), carvacrol (6.0%)

and a-pinene (5.6%) have been determined to be major
quantitative constituents (Venskutonis et al., 2001).

Thymol constituted >27% in the total oil and this phe-

nolic compound is known as the most important fla-

vouring and antimicrobial agent in thyme EO (Hulin,

Mathot, Mafart, & Duffose, 1998; Marino, Bersani, &

Comi, 1999; Rasooli & Abyaneh, 2004). Fig. 2 illustrates

the concentration of the main compounds extracted

from encapsulated thyme EO headspace by different fi-
bres used. The concentrations of the main compounds

extracted from encapsulated flavours headspace by dif-

ferent fibres were expressed in au related to the peak

area, which provide comprehensive information about

extraction efficiency as long as they are directly related

to the absolute amount of a particular compound ab-

sorbed by the matrix. Such data could be closely related

to the sensory properties of encapsulated flavours.
Hi Cap 100 was the most effective to retain thyme

volatile oil (90.1%) and it was considered as the least
leaking matrix. Total volatiles absorbed with PDMS-

coating fibre from encapsulated into Hi Cap 100 thyme

EO headspace was (25.3 ± 1.9) · 106 au. The highest

enrichment to extract thyme volatile compounds was

obtained with PA-coated fibre [(669.4 ± 71.8) · 106 au]

and it is mostly related to phenolic compounds in thyme
EO; the combined CW-DVB coating extracted approxi-

mately 1.9 times lower amounts of aroma constituents

[(356.9 ± 29.8) · 106 au]. The most leaking matrix was

Encapsul 855, with the biggest content of released thyme

volatiles, (13249.1 ± 1754.6) · 106, (1322.8 ± 148.2) ·
106 and (2805.1 ± 453.2) · 106 au on PDMS-, CW-

DVB- and PA-coated fibres, respectively. A very high

amount of p-cymene [(6731.1 ± 976.7) · 106 au] was de-
tected in headspace of thyme encapsulated into Encap-

sul 855 with PDMS; while above Hi Cap 100 it

constituted only (0.5 ± 0.03) · 106 au (Fig. 2). The same

component extracted with PDMS in headspace of thyme

oil encapsulated into Capsul E and N LOK constituted

(606.9 ± 68.4) · 106 and (370.1 ± 49.0) · 106 au,

respectively.

The volatile profile of oregano EO is quite similar to
that of thyme. p-Cymene (30.3%), 1,8-cineole (15.4%),

thymol (6.7%) and carvacrol (26.8%) have been deter-

mined to be major quantitative constituents (Venskut-

onis et al., 2001). The phenolic component carvacrol is

the most important flavouring and antimicrobial agent

in oregano EO (Hulin et al., 1998; Ultee & Smid, 2001;

Velluti et al., 2003). The concentrations of the main com-

ponents extracted from encapsulated oregano oil head-
space by different SPME fibres are depicted in Fig. 3.

Again, Hi Cap 100 matrix has shown the least leakage

and amounts of volatiles extracted with PDMS, CW-

DVB and PA coatings were (132.9 ± 5.9) · 106,

(812.8 ± 58.8) · 106 and (1528.0 ± 205.5) · 106 au,

respectively. Thymol and carvacrol are polar compounds

and were better extracted on PA-coated fibre,

(327.0 ± 41.6) · 106 and (976.1 ± 139.9) · 106 au, respec-
tively (oregano EO intoHi Cap 100, Fig. 3). Capsul E was

also capable to retain volatiles, however the flavour pro-

file was different to that extracted from Hi Cap 100 head-

space. The highest amount of volatiles was extracted with

PDMS-coated fibre [(1698.5 ± 174.0) · 106 au]; the CW-

DVB and PA coatings extracted approximately 4.8

[(356.1 ± 34.4) · 106 au] and 2.1 [(810.3 ± 99.4) · 106

au] lower amounts of aroma constituents, respectively.
The most leaky matrix was Encapsul 855; the amounts

of volatiles extracted with PDMS-, CW-DVB- and PA-

coating fibres were (7871.2 ± 833.3) · 106, (1235.2 ±

127.1) · 106 and (3064.7 ± 157.1) · 106 au, respectively.

Again a high amount of the monoterpene hydrocarbon

p-cymene was detected above encapsulated oregano EO

with nonpolar PDMS coating and constituted

(2883.6 ± 317.1) · 106 au (oregano EO into Encapsul
855, Fig. 3). The monoterpene hydrocarbons are more

volatile components than oxygenated ones. For instance,



Fig. 2. Flavour profile of the main constituents in the headspace of encapsulated thyme EO, using four different encapsulating matrixes, namely Hi

Cap 100, Capsul E, Encapsul 855, N LOK. Determination of the amounts of constituents was performed using SPME–GC–MS, with three different

SPME fibers, namely PDMS, CW-DVB and PA.
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vapour pressure of nonpolar p-cymene is 200 Pa at 20 �C
(boiling temperature = 177 �C), while that of polar com-

pound linalool (boiling point 198–200 �C) is almost 10

times lower (21 Pa at 25 �C); thymol (boiling point 233

�C) has even lower vapour pressure of 5.33 Pa at 20 �C
(Lide, 2004). Also, Encapsul 855 showed the lowest
capacity to retain oil and the highest content of surface

(nonentrapped into capsules) oil.

The volatile profile of cassia EO was different from

that of thyme and oregano oils. The dominant compo-

nents are oxygenated monoterpenes with (E)-cinnamal-

dehyde constituting 82.2% of the total oil. It is known

as the main flavouring and antimicrobial agent in cassia

EO (Baratta et al., 1998; Nielsen & Rios, 2000; Velluti,
Sanchis, Ramos, Egido, & Marı́n, 2003). The other

important components were cinnamyl acetate (6.3%),

p-methoxy-cinnamaldehyde (4.8%) (Venskutonis et al.,

2001).

The concentrations of the main compounds extracted

from encapsulated cassia EO headspace by different

SPME fibres are presented in Fig. 4. The least leaking

coating in case of cassia EO was N LOK; total amounts
of volatiles constituted (1517.5 ± 148.3) · 106, (343.0 ±
23.3) · 106 and (652.6 ± 61.2) · 106 au on PDMS-,

CW-DVB- and PA-coated fibres, respectively. Capsul

E and Encapsul 855 were almost of the similar capacity

to release cassia volatiles; flavour profiles and the

amounts of individual components were similar. Hi

Cap 100 was the least emitting coating material in case
of cassia oil. The major flavouring agent of cassia oil

(E)-cinnamaldehyde, as being a polar compound, was

efficiently extracted with polar PA-coated fibre, however

it was also determined in high amounts with nonpolar

PDMS. The results also demonstrate that the peak areas

of analytes extracted with the CW-DVB fibre were sig-

nificantly lower than those extracted with other fibres

used.
The efficiencies of the SPME fibres applied to collect

volatiles from the encapsulated flavours were quite dif-

ferent. The obtained results indicate that there is some

effect of fibre polarity on the extraction of terpenic com-

pounds from EO headspace. However, to obtain a more

comprehensive explanation of the differences in area re-

sponse of individual constituents in our study, more de-

tailed investigations with pure compounds (model
systems) should be performed and FID response factors



Fig. 3. Flavour profile of the main constituents in the headspace of encapsulated oregano EO, using four different encapsulating matrixes, namely Hi

Cap 100, Capsul E, Encapsul 855, N LOK. Determination of the amounts of constituents was performed using SPME–GC–MS, with three different

SPME fibers, namely PDMS, CW-DVB and PA.
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should be determined. However, the results were repeat-

able for all encapsulated oils. The precision of SPME
measurements was estimated by running three replicate

extractions. The corresponding RSD of GC peak area

was calculated for all these extractions with each fibre

applied. For PDMS extraction the RSD varied from

0.5% (benzaldehyde released from encapsulated into

Hi Cap 100 cassia EO) to 19.1% (b-caryophyllene from

encapsulated into N LOK thyme oil) and for most of the

compounds it was <8%; for CW-DVB it was from 0.9%
(benzaldehyde in headspace of cassia essential oil encap-

sulated into Capsul E) to 19.8% (thymol in headspace of

thyme essential oil encapsulated into N LOK), being for

most of the volatiles below 10%; for the PA fibre it was

from 0.4% (a-terpinene released from encapsulated into

N LOK oregano essential oil) to 20.12% (b-caryophyl-
lene in headspace of thyme flavour encapsulated into

Encapsul 855 matrix) and for most of the aroma compo-
nents was less than 11%. Error bars are provided in Figs.

2–4 for every SPME analysis.

Different amounts of volatiles were determined by

static headspace above pure oils. Flavour profile above
thyme and oregano oils was similar, with major com-

pounds, a-pinene (3.4 · 106 au; 3.2 · 106 au), p-cymene
(5.0 · 106 au; 3.5 · 106 au) and 1,8-cineole (0.9 · 106

au; 2.2 · 106 au). Monoterpenes are more volatile com-

ponents than oxygenated hydrocarbons, and, conse-

quently, the phenols, thymol and carvacrol, were

detected in remarkably lower amounts, (1.2 · 106 au;

0.2 · 106 au) and (0.1 · 106 au; 0.4 · 106 au), respec-

tively. The major components in headspace of cassia

EO were benzaldehyde and (E)-cinnamaldehyde, which
constituted 0.1 · 106 and 0.5 · 106 au, respectively. Sta-

tic headspace method was not effective for measuring

microencapsulated flavours, due to a very low concen-

tration of volatiles. SPME was more sensitive and effec-

tive to measure the release of volatile compounds from

thyme, oregano and cassia flavours encapsulated into

different coating matrixes at the identical conditions.

3.3. Transient response of gas sensors

After an injection of an odour from the encapsulated

oils, pairs of time constant si and corresponding weight



Fig. 4. Flavour profile of the main constituents in the headspace of encapsulated cassia EO, using four different encapsulating matrixes, namely Hi

Cap 100, Capsul E, Encapsul 855, N LOK. Determination of the amounts of constituents was performed using SPME–GC–MS, with three different

SPME fibers, namely PDMS, CW-DVB and PA.

Fig. 5. The 2Ds-images composed of the time constants si and weight

coefficients ai from transient responses of three gas sensors (SO18-23,

SO18-24 and TGS800) to odour released from the EO: thyme – 1,

cassia – 2 and oregano – 3, encapsulated in the matrixes: Hi Cap 100

(label M1), Capsul E (label M2), N LOK (label M3) and Encapsul 855

(label M4).
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coefficient ai were collected for all the sensors in the ar-

ray. Depending on the coating material and microencap-

sulated EO, they were extracted from two to four pairs

of the parameters. As it was described in (Galdikas et

al., 2003), each pair (si, ai) defined a point in an individ-

ual chart composed for a target smell. In Fig. 5, several

2Ds-images are illustrated for the tested matrixes. Indi-

vidual image in Fig. 5 corresponds to a certain coating
matrix (see labels Hi Cap 100, Capsul E, N LOK,

Encapsul 855 on the images). In each image in Fig. 5,

the results are summarised for the encapsulated thyme,

cassia and oregano flavours detected in our experiments.

Reciprocal time scale was used to plot si in the 2Ds-im-

ages because short and intermediate time constants were

the target in most cases. Consequently, the long s-com-

ponents were concentrated near the zero in these images
and are purely distinguished in Fig. 5. A vertical dis-

tance from the zero-line upward or downward in the

chart illustrates the weight coefficients corresponding

with the time constants.

From the Hi Cap 100 image in Fig. 5, it is seen that

the (si, ai)-points were spread for the coating material

Hi Cap 100 within some small area around the zero-line.

The outlines of this area seemed like an arrow directed
along the 1/s-axis (Fig. 5, image Hi Cap 100). This area
was also drawn in other images in Fig. 5. For other coat-
ing materials, only part of the (si, ai)-points were inside

of this small area in the 2Ds-images. The outside points
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were also clustered in some specific areas. These clusters

were individual with respect to the flavours in different

coatings. In case of Capsul E, the outside clusters were

obtained from the transient responses to thyme and

oregano. These two clusters (1 and 3) nearly covered

each other on the image (Fig. 5, image Capsul E).
Two outside clusters were also found in the 2Ds-image

of the N LOK. The cluster 1 in this image was corre-

sponding to the short time constants obtained from

the response to thyme encapsulated in the N LOK.

The weight coefficients of the short components were

big enough to make this cluster distinctive in the chart.

The intermediate time cluster marked by 123 in the N

LOK image in Fig. 5 consists of the points correspond-
ing to all the flavours tested in our work. According to

the 2Ds-images, the coating material called Encapsul

855 was found to be the most leaking matrix in our

study. In the 2Ds-image of Encapsul 855 in Fig. 5, three

clusters were located outside the cluster representing the

Hi Cap 100 coating. Each of these outside clusters was

individually related with particular oil encapsulated in

the Encapsul 855. The shortest s-constants were ex-
tracted from the transient response to oregano in Encap-

sul 855 (label 3 in the image of Encapsul 855 in Fig. 5).

In case of thyme, the s-constants were longer (cluster

labeled by 1) than these for oregano. In the 2Ds-image

of Encapsul 855 in Fig. 5, the cluster 2 corresponding

the (si, ai)-points for cassia was located in the interval

of the intermediate time constants. The magnitudes of

these constants were the longest ones if compared to
the constants in clusters 1 and 3. Some weight coeffi-

cients in the cluster 2 were exceeding the reference area

twice or even more in the ai-scale. It means that the

intensities of the corresponding components are extre-

mely high.

From some transient responses, very long s-constants
were extracted for the matrixes N LOK, Encapsul 855

and Capsul E. These long s-constants are illustrated in
the charts with normal scaling for the si-axis in Fig. 6.

The (si, ai)-points obtained for the same sensor were

scattered near the zero-lines in these charts. Unfortu-

nately, there was not evident relationship between the
Fig. 6. The 2D-s-charts (long time constant view) based on the transient r

Encapsul 855 and Capsul E matrixes.
quality of the coating material and these long constants

in the present study. Only the long s-components labeled

by 1 were presented in the approximation of all three

matrixes used. Therefore these pairs of the parameters

are not discussed thoroughly.
3.4. Comparison of the matrixes

Based on comparison of the 2Ds-images in Fig. 5, the

Hi Cap 100 was supposed to be the least emitting coat-

ing material in our study. For the leaking matrixes, indi-

vidual outside clusters in Fig. 5 were related to the

particular flavour released from the coating matrix. In

case of Capsul E, thyme and oregano were producing
the outside clusters in the 2Ds-image (labels 1 and 3 in

the image Capsul E in Fig. 5). This assumption was sup-

ported by the fact, that the outside clusters of the time

constants were traced in different places of the 2Ds-im-

ages in Fig. 5 if the responses to similar flavours in dif-

ferent coatings were compared. Since the time constants

were equivalent to some effective time for an interaction

between the surfaces and individual gas, the outside
clusters have to be found in similar positions in 2Ds-im-

ages in Fig. 5 if the sensors detect the same compounds

emitted from different coating materials.

The results of the SPME–GC (Figs. 2–4) were ana-

lysed along with the 2Ds-images (Fig. 5) with the aim

to attribute the outside clusters to the individual com-

pounds of the flavour. Based on this analysis, the out-

side clusters of thyme and oregano (labels 1 and 3 in
the images Encapsul 855 and N LOK in Fig. 5) were,

probably, induced by the response of the sensors to leak-

age of p-cymene and thymol and/or carvacrol, respec-

tively. The smallest detectable concentration of the

nonpolar component p-cymene on PDMS-coated fibre

[(265.6 ± 32.19) · 106] au was in the headspace of oreg-

ano EO encapsulated in Capsul E (Fig. 3). If polar coat-

ings were used for the extraction, the smallest
concentration of p-cymene was obtained in the head-

space of thyme EO encapsulated in N LOK and

constituted approximately (10 ± 1.4) · 106 au (Fig. 2).
esponses of the sensors to the odours of the oils encapsulated in the
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The smallest amount of thymol was detected in the

headspace of thyme EO encapsulated into Capsul E

and this concentration was independent on the fibre

used for SPME (Fig. 2). Therefore, it can be supposed

that the sensor response was generated by thyme EO

above the Capsul E and N LOK matrixes. Assuming
the smallest detectable concentration for carvacrol on

polar PA-coated fibre equal to (553.9 ± 72.7) · 106 au

(oregano EO into Capsul E, Fig. 3), it seems reasonable

to suppose that the outside cluster 3 to the right from

the ‘‘Hi Cap 100 triangle’’ in the image N LOK in

Fig. 5 is not related to carvacrol. The outside clusters

of the time constants for cassia might be associated with

(E)-cinnamaldehyde. The smallest detectable amounts
of this component were obtained in the headspace above

Encapsul 855 and were equal to (3023.2 ± 334.4) · 106,

(1241.6 ± 103.2) · 106 and (3131.1 ± 233.9) · 106 au on

PDMS, CW-DVB and PA fibres, respectively (Fig. 4).

Since (E)-cinnamaldehyde was not detected above other

matrixes it is understandable why cassia was detected

only if Encapsul 855 was used for microencapsulation.

On the other hand, it can be supposed that some volatile
compounds undetected by the sensors are also emitted

from the coating. For example, the amount of benzalde-

hyde extracted with PDMS in the headspace above

Encapsul 855 was (163.8 ± 7.8) · 106 au, while the

amount of this compound above Capsul matrix was

2.4 times lower [(68.3 ± 2.1) · 106 au] (Fig. 4).

We should take into account that the parameters of

the transient response are probably influenced by coad-
sorption of several volatile compounds. In most cases,

the effect of the coadsorption leads to a summation of

the partial signals. Only the amount of the dominant

compound might be evaluated by the e-nose. For this

reason, sensor arrays have to be calibrated with respect

to the pure compounds before the quantitative evalua-

tion can be performed by the e-nose. On the other hand,

the calibration is not essential if only qualitative and ra-
pid (on-line) grading of the coating materials is required

for a practical application.

It must be added, that the reproducibility of the

response signals depends on (1) the stability of the sensors

and (2) the stability of the smell source. It was demon-

strated in our recent study (Galdikas et al., 2003) that

the reproducibility of the sensor responses is high (stand-

ard deviation for the extracted parameters is about
±10–15%) if the array is exposed to the well-controlled

composition of the synthetic atmosphere. The differences

between the parameters exposed by the e-nose were

mainly originated by the changes in the smell-source.

Since the e-nose method is extremely sensitive to any

changes of the smell composition, the differences between

the images delayed by several hours were significant. It

seems reasonable to suppose that the concentration of
the lightweight compounds might decrease during long

tests.
4. Conclusion

Phenomenological parameters that describe the kinet-

ics of the response of metal oxide sensors to a steep

change in gas composition were used as the variables

for the description of the features of the target smell.
It was demonstrated that the rise of the response con-

tains information about the features of the smell emitted

from the microencapsulated flavours.

The reproduction of the 2Ds-images was satisfactory

in the tests repeated during some fixed period under un-

changed conditions. The parameters of the sensor re-

sponse were located within the areas associated with

specific flavour. It should be noted, that the identifica-
tion of individual volatile components of the smell was

difficult due to limitation of the features described by

the method of the signal analysis. In spite of this, it is

clear that the method is highly effective for the compar-

ative analysis of the smell features while the absolute

recognition of the components requires thorough analy-

sis and calibration with respect to the pure volatile com-

ponents of the smell.
Even after the calibration the e-nose method can

not be used as an analytical method instead of the

standard ones (e.g. GC–MS). On the other hand,

our study suggests that the e-nose method is accepta-

ble for a rapid (on-line) evaluation/comparison of the

coatings in a practical application. We recognise that

an increase of the response rate is desirable for this.

High sensitivity of the e-nose to small changes in
the smell-source offers an opportunity to evaluate

the leakage of the flavour from the matrixes, however,

a calibration of the e-nose is difficult using the non-

stable target sample. We think that some special cali-

bration routine has to be developed for such type of

the test-samples before the reliability of the recogni-

tion of the leakage level or the matrix with the flavour

can be correctly characterised.
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Influence of heterogeneous reaction rate on response kinetics of

metal oxide sensors to gas: Application to the recognition of an

odour. Sensors and Actuators B, 95, 244–251.

Galdikas, A., Mironas, A., Senulien_e, D., & Šetkus, A. (2000). Specific
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