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Abstract. A novel procedure is developed for the
guantitative determination of volatile compounds in the
vapour phase over samples. Substances were extracted
and preconcentrated from the headspace on porous
polymer adsorbents under the conditions of thermo-
dynamic equilibrium, followed by back extraction from
the adsorbent using organic solvents. The final monitoring
was performed by capillary gas chromatography with an
internal standard. The influence of adsorption time and the
concentration of substances in an agueous solution on the
degree of extraction were also studied; linear correlations
between the quantities of substances in the gas and
aqueous phases were found. The method was used for the
determination of volatile substances in the gas phase over
liquid and solid matrixes of different composition.

Keywords: adsorbent, headspace analysis, quantitative
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1. Introduction

The composition and concentration of volatile
organic substances (odorants) in the gas phase over foods
determine their aroma. Odorants are released from the
bulk of food matrix and transfer into the gas phase
according to their volatility. The odorants release is
affected by their gtructure, by the presence and type of
functional groups, by the concentration of the odorants in
initial material, as well as by the composition and
physicochemical state of the food matrix. Moreover, inthe
odorant release, an important input is contributed to their
interactions with food biopolymers and lipids [1, 2].
Ordinarily, the composition of volatile substances in food
has a rather complicated profile, e.g., the number of
substances can reach several hundred, while the total
concentration of individual species does not exceed
0.01 %, and the range of concentrations for the volatile
substances can be several orders of magnitude [3]. The
complexity of such objects substantially restricts the line

of acceptable analytical methods for sample preparation
and final detection of volatile substances.

To determine volatile substances in the vapour
phase over the product, static or dynamic methods of
analysis are used [4, 5]. The dynamic technique includes
the extraction of volatile odorants with a flow of an inert
gas followed by their trapping by porous adsorbents.
Then, the substances are thermally desorbed into the
initial section of a GC column or euted with organic
solvents. Since the process does not appear to be in
equilibrium, there is no chance to estimate the real ratio of
the odorants forming the aroma of the product [4-6].

In the static procedure, the compasition of volatile
substances in the gas phase is determined in a closed
container under the condition of thermodynamic
equilibrium. Such an approach alows to analyze true
aroma of a product. In the most common case, 1-10 ml of
vapors are injected into a GC column; the composition is
determined by the areas of chromatographic peaks then.
However, the method is characterized by severa
significant restrictions including low sensitivity and
reproducibility of determination, especially in the case of
capillary gas chromatography, as this method detects only
substances present in concentrations sufficient for the
detector. Meanwhile, many key substances which are
responsible for the products aroma are present in the
amounts that are too low for registration without
additional preconcentration. Moreover, the method does
not alow the use of internal standards and requires
calibration of all procedures [5-8]. Recently, a method of
solid phase micro extraction has been used, in which
volatile substances from the headspace are collected by
special tools on a layer of a liquid or a solid polymer (or
mixtures of polymers), then the concentrate is thermally
desorbed directly into the injection unit of a
chromatograph and analyzed [7-10]. The technique also
confines the utilization of an internal standard, which
makes the obtaining of reliable quantitative results rather
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difficult. Thermal desorption from a polymer matrix
requires a certain amount of time (a minute
approximately), which leads to the drop in the quality of
the chromatographic separation itsef [11]. The
comparison of some sorption methods for the isolation of
volatile substances has revea ed an essential spread among
the data on the qualitative and quantitative composition of
odorants in the same specimen of cheese [12], cured ham
[13] and whisky [14]. Asarule, the method of solid phase
extraction has given undersized results.

Meanwhile, the porous and hydrophobic polymer
adsorbents with highly developed surfaces possess high
sorption activity and capacity in relation to a wide
spectrum of organic substances, including the volatile
ones. The retention of substances by this type of
adsorbents is determined by the physical adsorption on the
surface and in the pores and capillaries due to van der
Waals and dectrogtatic forces. The binding is rather
reversible, and the substances retained can be released
easly by thermal desorption or back extraction with a
solvent [4-7, 15]. These polymers are usudly used in
cartridges for the dynamic vapor analysis. The author used
the adsorbents in the mode of static headspace analysis.
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Herein, the author reports a novel version of the solid
phase extraction of volatile substances from the headspace
over samples and its application to the analysis of model
systems and real foods.

2. Experimental

2.1. Model Mixtures of Odorants

Two modd mixtures of odorants were used,
prepared by dissolving individual substances 20200 pl
each in 2 ml of ethand (Mixture 1) and essentia oils of
oregano and nutmeg to which individua odorants of
carvone, camphor, caryophyllene, and eugenol were added
(Mixture 2). According to the GC data, all materials
contained not less than 98 % of the main component. To
control the qualitative composition of the mixtures, 10 pl of
each mixture were diluted in 100 pl of ethanol, and then
1 pl of 210 % n-dodecane sol ution was added as an internal
gstandard. The resulting mixture was analyzed by capillary
gas chromatography. The composition of the mixtures, the
concentration of the odorants (relative to the n-dodecane),
and their basic parameters are presented in the Table.

Table

Char acterigtics of odorantsand their concentr ations
in model mixtures(relatively to n-dodecane)

Compound Mixture | Relative content. in 10 pl of MW, Hydrobocity Retention index
no amodd mixture g/mal (log Pogtanoliwater) [16] on DB-1

Esters
Ethyl butyrate 1 210 116 1.70 784
Amyl acetate 1 216 130 2.15 880
Hexyl acetate 1 236 144 2.83 996
Geranyl acetate 1 97 196 4.04 1364
Terpene hydrocarbons
a-Pinene 2 569 136 4.16 932
Limonene 1 490 136 4.38 1025
y-Terpinene 2 310 136 4.36 1050
Caryophyllene 2 516 204 - 1420
Alcohols and aldehyde
2-Hexend 1 240 98 1.58 832
Hexanol 1 250 102 2.03 852
Heptand 1 254 116 2.45 954
Octanal 1 210 130 - 1055
Linalool 1 655 154 3.50 1085
Ketones and phenols
Camphor 2 151 152 2.74 1125
Carvone 2 610 150 2.75 1218
Thymal 2 783 150 3.30 1278
Eugenol 2 945 164 2.99 1330
Myrigticin 2 120 192 - 1492
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2.2. Porous Adsorbents

We used three porous adsorbents (Supelko, USA):
Tenax GC (40-60 mesh), representing the polymer of
n-2,6-diphenylene oxide with a specific surface area of
18.6 m’/g and average pore size of 72 nm; Porapack R
(60-80 mesh) was based on poly-N-vinylpyrrolidone and
had specific surface area of 550-570 m?/g. Chromosorb
105 (60— 80 mesh) was a polyaromatic polymer with a
specific surface area of 600-700 m?/g and average pore
size of 50 nm[5]. Prior to use, all adsorbents were washed
with ethanol, ether, and acetone and kept in a flow of
helium for 24 h at 523 K in a thermostat.

2.3. Extraction of Volatile Substances

To extract volatile substances from the gas phase, a
0.5 ml Erlenmeyer flask was sequentially charged with
10 ml of distilled water, 10 ul of model mixture 1 or 2,
then closed with a glass stopper and kept at ambient
temperature (295— 226 K) for 2 h. A chemical glasswitha
diameter of 1.8 mm and height of 20 mm was charged
with 100 mg of one of the porous adsorbents specified and
positioned on the bottom of the flask with a model
solution. Then, the flask was corked up again and kept for
3 h to compare the effectiveness of the adsorbents and
evaluate the odorant concentration in agqueous solutionsin
relation to the degree of extraction. Kinetic curves were
built using a set of nine samples (10 ml each); the
exposure time for the polymer in the gas phase over
agueous solutions was 30 min, 1, 2, 3, 4, 5, 18, 24, and 48
hours. Then the glass was extracted from the flask, and the
adsorbent was transferred into a glass test tube. Diethyl
ether (1 ml) and 5 pl of 1% ethanolic solution of
n-dodecane were added to the polymer. The mixture was
shaken for 10 min followed by the decantation of the
liquid into a clean test tube. Extraction was repeated
without the addition of n-dodecane. The extracts were
combined and, if necessary, evaporated using a 35-cm -
long Vigreux column at 313 K to get the residual volume
of 0.2-0.4 ml. A specia check was performed, which
showed that the procedure guaranteed the quantitative
extraction of the odorants. Each experiment was repeated
3-5times.

2.4. Gas Chromatographic Analysis

The extracts were andyzed on an HP 5730
chromatograph (Hewlett Packard, USA) equipped with a
fused silica capillary column DB-1 (50 m x 0.32 mm,
immobile phase width di = 0.25 pum) operated at the
temperature from 333 to 523K with the gradient rate
8 K/min. The rate of carrier gas heliumwas 1 ml/min, the
temperature of the injector unit and flame-ionization
detector was 523 K. The volume of the samplewas 2 5 pl.
The chromatograms were registered by the Ecochrom
(State Registration no. 16616-97, Russia) system for the
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collection and processing of chromatography data. The
relative concentration of the components in the initial
model solutions and samples was calculated from the
comparison of peaks referring to the components and the
internal standard by smple adjustment, and expressed in
units, equivalent to the number of pg of n-dodecane. The
efficiency of extraction (%) was determined as the ratio of
the odorant quantity found in the gas phase to the quantity
introduced into the agueous solution. The procedure made
the determination of the sensitivity coefficients of the
detector to compounds of various structures unnecessary,
therefore these coefficients were cancelled in the
calculation. The processing and averaging of the data
obtained were performed using the ANOVA software at
the value p<0.05. The plotting, construction of linear
correlations and their processing were realized using the
Origin 7.5 software.

3. Results and Discussion

The traditional static analyss of the gas phase is
based on the equilibrium distribution of the substances
between liquid or solid and gas phases in a closed space
and the determination of the concentration of volatile
substances in vapors. All general methods for the
determination of volatile substances in vapors, their
theoretical and practical aspects, benefits, and drawbacks
are considered in detail in the reviews [4, 5]. The actual
version included the adsorption of volatile substances
from the gas phase by porous adsorbents under batch
conditions; the quantity of the adsorbent could be changed
to fit the desired task under consideration. Upon expaosure,
the concentration of species in vapors reduced gradually,
and new portions transferred from aqueous into the gas
phase according to their distribution coefficients. Finally,
the entire process resulted in the preconcentration of
volatile substances on a porous adsorbent, which allowed
for the improvement of the accuracy, reproducibility and
effectiveness of the parameters of the following GC
determination of the contents of the odorants, released
from the products to the gas phase over them. The
retained substances were eluted by diethyl ether in the
presence of an interna standard; therefore, the sample
could be further preconcentrated, analyzed by a number of
GC and GC-MS methods under various conditions and
processed quantitatively. To summarize, the major
advantages of the technique reported were represented by
its simplicity, no need for special equipment, and the
possibility of using an internal standard to quantify the
entire determination.

The study of odorant adsorption from vapors over
their aqueous solution revealed a correlation between the
efficiency of extraction and the structure of the analyte
and the adsorbent nature. Fig. 1 presents the degree of
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extraction of a model mixture of odorants relating to
various classes of organic compounds from vapors over
their agueous solution using three porous adsorbents upon
exposure for 3 h. Porapack R and Chromosorb 105
appeared to have an identical sorption activity, while the
activity of Tenax appeared to be amost two times lower.
Since the concentration of volatile species over all
adsorbents was identical, the effect apparently
corresponded to the lower affinity of Tenax toward
nonpolar odorants in comparison to Porapack R and
Chromosorb. The lower sorption activity of Tenax filled
traps was observed before under the conditions of

dynamic headspace analysis[7].
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Fig. 1. Recovery of odorants from the gas phase over an agueous
solution (three porous adsorbents, 3 h): hexyl acetate (1);
geranyl acetate (2); limonene (3); caryophyllene (4); heptanol
(5); eugenal (6) and camphor (7)

Lower esters (see the Table) demonstrated a similar
degree of extraction, which was 42-56 % for Porapack R;
geranyl acetate was extracted to 17 % only. After
exposure over Porapack R and Chromosorb for 3 h, only
48-66 % of monoterpene hydrocarbons (pinene, limonene
and terpinene) and 12-13% of sesguiterepene
caryophyllene were isolated. All adsorbents showed a low
extraction degree for polar substances. alcohaols, ketones,
aldehyde, and phenols that were likely determined by the
lower volatility of the polar odorants from aqueous
solutions. Thus, if we compare the adsorption properties
for the three adsorbents, Tenax demonstrated the lowest
activity and was excluded from further investigation.
Chromosorb 105 and Porapack R showed similar
adsorption properties (Fig. 1); to study in detail the
behavior of odorants under the conditions of static
headspace analysis, Porapack R was chosen.

Fig. 2 presents relative kinetic curves (those adjusted
to the initial concentration of each odorant in the model
solution), which illustrate the relation of exposure time to
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the extraction degree of components by Porapack R. As can
be seen, the longer the exposure time, the bigger the
quantity of substances trapped; however, the specific rate of
accumulation depended on the structure of the substances
and their hydrophobic properties. Generdly, the extraction
of components from the gas phase over their agueous
solution (or that of other food species) appeared to be a
two-step process: the trangition of odorants from water into
the gas phase followed their adsorption on a polymer
meatrix. The overall process is caled extraction, it depends
on two sets of distribution coefficients of the odorants:
between the gas and agqueous phases and between the gas
phase and the adsorbent surface. The didribution
coefficients reflect the sum of the interactions between the
odorants and the matrix, and the affinity of the volatile
gpecies to the adsorbents. The time of settlement of the
sorption equilibrium is determined by the hydrophobic
properties, molecular weight, and diffuson parameters of
odorants in the medium [17, 18]. The equilibrium retention
by an adsorbent is a quick process, since diffusion in gas
proceeds much faster than in liquids. Under such
conditions, the ratelimiting step is the trangtion of
odorants from liquid into the gas phase. Therefore, the
obtained relations of the degree of extraction of substances
to the exposure time (kinetic curves) could be used for
calculation of the kinetic parameters for the release of
odorants from aqueous solutions or ancther matrix. Therate
of the evolution is determined by the dope of the kinetic
curves inther linear segments. Findly, the rate constant of
transfer is calculated based on the rate of release and the
initial concentration of the substances in the sample. These
parameters are crucially important for the evaluation of
stability of product aroma and the identification of compo-
nents respongble for the formation of the entire aroma.

The maximum degree of extraction was observed
for nonpolar esters with low molecular weights. ethyl
butyrate, amyl and hexyl acetates as well as for
hydrocarbons pinene, limonene, and terpinene (Figs. 2a
and b). In three hours, Porapack R extracted around one
half of the substances from an aqueous solution; a fairly
good quality extraction was achieved in 18-24 h. The less
volatile nonpolar substances of the same class, geranyl
acetate and caryophyllene, were 46-47 % extracted after
exposure for 48 h. In the series of esters, the growth of
molecular weight was accompanied by the enhancement
of hydrophobic properties (see the Table); however,
volatility in this series reduced, which resulted in the
decrease of the extraction degree of the odorants. Within
the series of monoterpene hydrocarbons with equal
molecular weights, hydrophobicity increased in the
following order: pinene < terpinene < limonene. The same
order was found to determine their degree of extraction
from agueous solutions (Fig. 2b). Analogous behavior was
registered for alcohols as well: hexanol, heptanol, and
octanol. Despite the growth of molecular weight, the
enhanced hydrophobic properties led to a higher degree of
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extraction; however, the absolute value was only 57 % in
3 h, and did not exceed 30-39 % in 48 h (Fig. 2¢). The
determined degree of extraction for linalool appeared
lower than that for octanal, its behavior copied heptanol’ s
behavior. 2-Hexenal tended to be extracted easier than
alcohals, in 20 h more than one half of the substance was
transferred from agqueous solution into the gas phase (Fig.
2¢). Fig. 2d presents kinetic curves for carvone, thymoal,
and myristicin. The substitution of the hydroxyl group in
myristicin by nonpolar groups increased its extraction
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degree from agueous solution fivefold in comparison to
thymol. The kinetics and extraction degree for camphor
and eugenol had the same values as those for carvone and
thymol, respectively. The assumption that the poor
extraction of alcohols was determined by their low
concentration in the gas phase over the aqueous solution
and did not indicate the low true affinity of the adsorbent
to this class of organics was proved by the data obtained
for the same mixture in an empty flask with no solvent.
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Fig. 2. Time dependence of extraction degree by Porapack R from vapors over an agueous solution:
ethyl butyrate (1); hexyl acetate (2); geranyl acetate (3); limonene (4); pinene (5);
caryophyllene (6); 2-hexena (7); octand (8); linal ool (9); hexanol (10); myristicin (11); carvone, camphor (12)
and thymol, eugenol (13)

Fig. 3 presents a comparison of the degrees of
extraction for equal quantities of odorant mixtures from an
agueous solution and with no solvent in 3 h. The extraction
of acohols and a dehydes by Porapack R from vapors over
solvent-free mixtures exceeded the value over an agueous
solution by 10-15 times and, for nonpolar odorants, by 1.5—
2 times (Fig. 3). Apparently, the difference reflected the
interaction of odorants with water, resulting in their lower
concentration inthe gas phase. Hence, the interaction of

nonpolar compounds, hydrocarbons and esters, with water
appeared much weaker in contrast to acohols and
aldehydes. The difference between the odorant composition
over an agueous solution and the same solution in the
presence of some food polymer, eg. protein or
polysaccharide, or emulsion, provided the grounds for
evaluation of the interaction of the odorant with food
polymers and determination of digtribution coefficients
between various phases[2, 19-24].
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Fig. 3. Comparison of extraction extent of odorants by Porapack
R from vapors over a solvent-free mixture and its agqueous
solution (3 h): ethyl butyrate (1); amyl acetate (2); hexyl acetate
(3); 2-hexend (4); hexanal (5); heptanal (6); octanal (7); linalool
(8) and limonene (9)
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Fig. 4a illustrates the relation of the odorant
guantity introduced into theinitial aqueous solution to that
trapped by Porapack R from the gas phase over 3 h. The
obtained relations were found to be linear in the
concentration range checked (from 90 to 8000 ng). The
linear behavior of the relations revesled the constant
character of the degree of extraction for each odorant; it
was independent of concentration. Therefore, both
processes of the transition of odorants from the agueous
phase into vapors and the following accumulation on a
porous adsorbent were clearly thermodynamically
equilibrium. Such behavior allowed the use of the method
proposed in flavor chemistry; for instance, to determine
the kinetic and thermodynamic parameters of the release
of odorants, to reveal substances that specify the aroma of
food, and estimate the interaction of volatile organics with
polymer components of food matrixes, etc. In
combination with the method of phase ratios, one can
simply and rdiably measure the distribution constants of
odorants between the gas phase and the food substance or
another object [24-27]. As a practicd example, Fig. 5
presents the estimated time dependence of odorant relea
se fromsome liquid solvents and dry supportersfor the
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Fig. 4. Effect of odorant concentration in the agueous phase on their content the gas phase: ethyl butyrate (1); hexyl acetate (2);
geranyl acetate (3); limonene (4); pinene (5); caryophyllene (6); 2-hexenal (7); octanol (8); lindoal (9); hexanal (10); myristicine (11);
carvone, camphor (12) and thymol, eugenol (13)
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selection of a matrix that would provide the desirable
presence of essential oil components in vapors. The
amount of the essential oil mixture and concentration of
each individual component, the volumes of the gas phases
were kept similar or identical, and all other conditions
were kept equal. As expected, the nature of solvent and
matrix substantially influenced the odorant composition in
vapors. Thus, hydrocarbons vaporized easily from
propylene glycol, less easly from triacetin and
maltodextrin, and were retained very well by vegetable
oil. Alcohols and phenols were found to leave
maltodextrin most easily, in contrast to the liquid matrixes
tested. The retention of phenols by triacetin and starch
was close to each other. The ratio of substances in the
initial mixture of essential oils due to their transfer to the
gas phase was reproduced best in the case of maltodextrin
matrix used dry. This materia was chosen to maintain the
predetermined concentration of volatile species in
chambers for tests on laboratory animals.

Relative content in headspace

= N w N a (2]
o o o & o o o
. . . . . . )

O Propylene glycol OTriacetin
O Vegetable oil E Maltodextrin

B Starch

Fig. 5. Concentration of odorantsin the gas phase over solutions
and dry disperse samples containing equal quantities of essential
0ils (24 h, ambient temperature): pinene (1); limonene (2);
linaloal (3); thymal (4); carvacrol (5) and eugenol (6)

4. Conclusions

New version of the quantitative determination of
volatile organics in the gas phase over samples using
porous adsorbents was developed. The method proposed
is sample and alows for the application of internal
standards and the analysis of complex mixtures by
chromatography and other techniques. The quantities of
substances in the vapor and aqueous solution were found
to correlate linearly, which revealed the thermodynamic
equilibrium behavior of extraction and preconcentration
on porous adsorbents. Therefore, the extraction degree of
odorants was independent of their concentration in the
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initial solution. Extended exposure time was shown to
favor an increase in the degree of extraction, while the
specific rate of accumulation was affected by the structure
of the substance, its hydrophobic properties, and the
nature of the matrix. The method was proved to be
applicableto various tasksin flavor chemistry.
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AHAJII3 ITAPOBOI ®A31 APOMATUYHUX
CITIOJIYK 3 BUKOPUCTAHHSAM ITOPUCTUX
AJICOPBEHTIB

Anomauia. Pospobnena Ho8a Memoouxa KibKiCHO20 U3HA-
YeHHsL IemKUX CRONLVK V napogiul azi nao 3pazkamu. Peuogunu 6yiu
excmpazogani i nOnepeoHbO CKOHYEHMPOBAHi 3 napogoi ghasu noiui-
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MEDHUX NOPUCMUX a0CcopOeHmié 3a YMO8 MEPMOOUHAMIYHOI  KLIBKICMIO peuoguHU 6 2a306ill ma 600Hiu aszax. 3anpononosano
pisHosazu, 3 NOOATLWUM IX eKCMPAZY8aHHAM 3 A0COPOEHmMI8 3a  UKOPUCMOBYBAMU MAKULL MEMOO OJid GUSHAUEHHS TEMKUX DEYOBUH
00NOMO20I0 OP2AHIYHUX POHUHHUKIE. 3aNUWKOBUI KOHMPONL 6V8 6 2a306ill (hasi HAO PiOKuUMU Ma MEEPOUMU MAMPUYAMU DIZHO2O
npogedenuil 3 BUKOPUCIAHHIM KAnapHOT 2a30680i xpomamozpagii  ckuady.

ma 3aCMocy8aHHAM 6HYMPIWHb020 cmanoapmy. Bueueno eniug

mpuganocmi adcopoyii ma KOHYeHmMpayii pewosun y 600HOMY Knrouosi cnosa. aocopbenm, ananiz naposoi gazu, Kiib-
PO3UUHI HA CMYNIHbL BUWIYYEHHs. | 3HAUOEHO JIHINHI KOpenayil Mide — KiCHe GU3HAYEHHS, JIemKi CROJLYKU, KOMIO3UYIsL.



