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Headspace solid-phase microextraction (HSSPME) is one of the simplest and cost-efficient
sample preparation approaches for determination of volatile organic compounds (VOCs) in soil.
This study was aimed at the development of the model for numerical optimization of HSSPME of
volatile organic compounds from dry soil samples by porous coatings using COMSOL Multiphysics
(CMP). ‘“Transport of Diluted Species in Porous Medium’ physics was used for modeling. Effect of
sample mass, pressure, fiber-headspace and soil-headspace distribution constants on extraction
profiles and time of 95% equilibrium has been studied using the developed model. Equilibrium
extraction under atmospheric pressure (1 atm) can take up to 97 min, while under vacuum (0.0313
atm) — 2.3 min. Equilibration time under vacuum was 42-43 times lower than under 1 atm at
all studied distribution constants and sample masses. The developed model was modified for
optimization of pre-incubation time using ‘Transport of Diluted Species’ physics. According to the
obtained plots, 95% equilibration time can reach 13.3 min and depends on both sample mass and
soil-headspace distribution constant of the analyte. The developed model can be recommended
for optimization of pressure, preincubation and extraction time when fiber-headspace and soil-
headspace distribution constants, soil porosity and density are known.

Keywords: solid-phase microextraction; numerical modeling; COMSOL; soil analysis;
volatile organic compounds; computational optimization.
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By-¢asanbl KaTTbl Gasanbl MUKPOIKCTPaKumA (BKPM3I) TonbipakTaFbl yLNaabl OpraHUKaNbIK
KocbinbicTapabl (¥YOK) aHbiKTay YWiH CbiHama JalblHAAYAbIH, KapanalbiMm »KoHe yHemai
a4icTepiHiH 6ipi 6onbin Tabbinagbl. byn 3eptrey COMSOL Multiphysics (CMP) kemerimeH KeyeKTi
*abblHAAP apKblNbl KypFak Tonblpak yarinepiHeH BKPM3 ylwinanbl opraHUKanblK KOCblIbICTapAbl
CaHAbIK OHTaMNaHAbIpy MoAeniH a3ipneyre 6afbiTTanfaH. Mopenbaey ywiH «CyWbInTblAfaH
3aTTapAblH, KeyeKTi opTafa TacbiMangaHybl» GuU3MKacbl KONAAHbINAbI. D3ipNeHreH moaenbai
naaanaHa oTbipbin, SKCTPAKLUMANBIK KabblH MeH ras ¢gasacbl apacbiHAafbl XaHe TonblipaK neH
ras ¢asacbl apacblHAafbl CbiHAMa MacCacbiHblH, KbICbIMHbIH, TanAaHaTblH 3aTTapAblH Tapany
KOHCTaHTaNapblHbIH 3KCTPaKuuA npodunbaepiHe acepi kaHe 95% Tene-TeHAiKKe KeTy yaKblTbl
3epTTengi. ATmocdepanbik Kpicbimaa (1 aTm) Tene-TeHaikke }KeTy 97 MUHYTKa AeiiiH, an Bakyymaa
(0,0313 aTm) 2,3 MUHYTKa AeWiH CO3blNYbl MYMKiH. Bakyymaafbl Tene-TeHAiK yaKkbiTbl 6apbiK
3epTTe/NreH Tapanay KOHCTaHTalapbl MeH CbiIHAMA Maccanapbl ywiH 1 aTm - fa KapafaHaa 42-43
ece TemeH 6onabl. D3ipneHreH moaenb «CyMbINTbINFAH 3aTTapAbl TacbiMangay» GpuaMKacbiH
KON ZaHa OTbIPbIN, anAblH ana MHKybaumanay yakbITblH OHTakNaHAbIPY YWiH e3repTingi. AnbiHFaH
rpaduKkTepre caikec, 95% Tene-TeHAIKTI OpHaTy yaKbiTbl 13,3 MUHYTKA KETyi MYMKiH »KaHe
CblHaMaHbIH, MaccacblHa Aa, TOMbIpaK NeH ras ¢asacbl apacbliHAafbl TaNAaHATbIH 3aTTblH Tapany
KOHCTaHTacblHa Aa 6aiNaHbICTbI. D3ipNEHTEH MOAENb KbICbIMAbI, aNAbIH aNa MHKybaumanay xaHe
9KCTPAKLMA YaKbITbIH OHTAWNAHABIPY YWIiH YCbIHbIAYbI MYMKiH, ByNn Ke3fae TangaHaTbiH 3aTTbIH,
IKCTPAKLMANDIK KabblH MeH ra3 ¢asacbl apacblHAAFbl, TOMNbIPaK NeH ra3 ¢gasacbl apacbiHAAFbI
Tapasy KOHCTaHTanapbl, COHbIMEH KaTap KeyeKTiiri MeH Tbifbl34blfbl 6enrini 60aybl KaxKeT.

TyiiH ce3aep: KaTTbl pazasbl MMKPOIKCTPAKLUSA; caHAbIK Mogenbaey; COMSOL; Tonbipak,
Tangaybl; ywnanbl OpraHuKablK KOCbIbICTAP; KOMMNbIOTEPIK OHTAWNAHAbIPY.
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MapodasHana TBepaodpasHaa MUKposKcTpakuma (MTOM3) — oaunH M3 cambiX NPOCTbIX
N 3KOHOMMUYHBIX MeTof0B NPobONOAroTOBKM ANA ONpPefeneHua NeTyuyux OpraHUYecKux
coeanHeHnnii (JIOC) B noyse. [laHHOe UccnefoBaHKWe bblo HaNPaBAEHO Ha pa3paboTKy moaenn
yncneHHom onTummsaumm NTOM3 neTyunx opraHMYecKnx coegMHeHn n3 06pasLLOB CyX0i NoYBbI
NOPUCTbIMM NOKPBLITUAMM C UCNoNb30BaHMem COMSOL Multiphysics (CMP). Jna mogenvposaHus
ncnonb3osann Gpusnky «TpaHcnopT pa3basieHHbIX BewecTs B nopucTol cpege». C nomoLbio
paspaboTaHHON MOAENN U3yHEeHO BANAHWE MacCbl 06pasLLa, AaBNEHUA, KOHCTAHT pacnpeaeneHuma
aHaNUTa MeXAy SKCTPAKLMOHHbBIM MOKPLITUEM U ra3oBoi $a3oi M mexay NovBol U ra3osBoin
ba3oit Ha NpodPuan 3KCTPaKUMUM U Bpema AO0CTUNKeHMA 95%-Horo paBHoBecuA. [loCTUKeHMe
paBHoBecuA Npu aTMocpepHoM AaBneHun (1 atm) mokeT 3aHUMaTb A0 97 MUH, @ NOA BaKyyMOM
(0,0313 aTm) — 2,3 MMUH. Bpemsa ycTaHOBNEHWUA paBHOBECUSA B Bakyyme 6b110 B 42-43 pa3a MeHblue,
yem npu 1 aTm Npu BCeX UCCNeAOBaHHbIX KOHCTaHTax pacnpejeneHua U maccax obpasuos.
PaspaboTaHHaa mogenb 6bi1a moaMduUMpPoOBaHa ANA ONTUMMU3ALUM BPEMEHWU NPenHKybauum
¢ ucnonb3oBaHnem ¢u3nKM «TpaHcnopT pasbaBneHHbix BewecTB». COrnacHoO NOAyYeHHbIM
rpadukam, Bpems yctaHoBieHUA 95%-HOro paBHOBECUA MOXKET AocTuraTh 13,3 MUH U 3aBUCUT
KaK oT maccbl 06pasLia, Tak M OT KOHCTaHTbI pacnpeseieHnUa aHaanTa Mexay no4Boi 1 rasoBow
¢basoit. PaspaboTaHHaa mofenb MOXeT bbiTb PEKOMeHAOBaHa ANA ONTUMM3ALUM AaBAEHUA,
BPEMeHU NpenHKybaunm n sKCTpaKL MK, Korga M3BeCTHbI KOHCTaHTbI pacnpejesieHna aHanuta
MeXAy 3KCTPAKLMOHHBIM MOKPbITUEM W ra3oBol $asoi, mexay Nnoysoi M rasosoi ¢asoi, a
TaKXe MOpPUCTOCTb U NJIOTHOCTb MOYBbI.

KnioueBble cnoBa: TBepAodasHas MUKPOIKCTPAKLUA; UYUC/IEHHOE MOAENNPOBAHUE;
COMSOL; aHann3 no4Bbl; NeTyuyme opraHn4Yeckme coeguHeHna; KOMNboTEPHAA ONTUMMU3ALLUA.
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1. Introduction

Headspace solid-phase microextraction (HSSPME) is one
of the simplest and cost-efficient sample preparation techniques
for quantification of volatile organic compounds in soil samples
[1, 2]. HSSPME is based on extraction of analytes by a small
(typically, polymeric) coating located in a headspace above
sample. It combines extraction, concentration, clean-up, and
allows obtaining low detection limits. HSSPME-based analytical
methods have been developed for quantitation of pesticides [3-
5], volatile organic compounds [6], petroleum hydrocarbons [7,
8], chemical warfare agents [9,10], rocket fuel residuals [11, 12],
phenols [13-15] and other pollutants in soil. Due to its simplicity,
HSSPME has a great potential for on-site application [16-19].

Development of methods for quantification of volatile
organic compounds in soil samples based on HSSPME is tedious
because many parameters should be experimentally optimized
— amount of sample, fiber coating, extraction temperature,
pressure and time [20, 21]. Typically, parameters are optimized
sequentially (one parameter per experiment) [20]. Design of
experiments (DOE) is often used for enhancing the optimization
process by decreasing the number of experiments [22].
COMSOL Multiphysics® (CMP) have been successfully used for
a much simpler and faster computational optimization of
HSSPME of volatile organic compounds from samples of air
[23-25] and water [26, 27]. COMSOL Multiphysics® allows
monitoring changes in concentrations of analytes in different
locations of an extraction vessel and obtaining extraction
profiles of analytes.

Fick’s second law of diffusion has been used to model
mass transport in the gas phase:

@ =D V?c (1)
at

where: cis the analyte concentration, mol/m?3; D is the diffusion

coefficient of the analyte in a corresponding gas, m?/s; t is time.

Diffusion coefficient of an analyte in gas phase (D, cm?/s) is

typically estimated using Fuller et al. [28] method:

s )
a h

D =0.001 >
pl(V)Y3 + (V)*/3]

()

where T is the temperature, K, M, is the molecular mass of an
analyte, g/mol, M, is the molecular mass of a gas (e.g., air) in
headspace, g/mol, p is the pressure, atm, v is the molecular
diffusion volume of an analyte; V, is the molecular diffusion
volume of a gas in headspace.

Mass transport in a porous coating has been modeled
using [23, 26]:

dc
(e+pkp) EZDE VZc (3)

where: € is a porosity of a porous material (0.366 for 85 um
Carboxen/polydimethylsiloxane, Car/PDMS, fiber [23]); p is a
bulk density of a porous material (760 kg/m?® for 85 um Car/
PDMS [23]); K, is a distribution constant between coating and
air, m*/kg; D is the effective diffusivity in the coating, m*/s, that
can be determined using:

D,=D¢l/o (4)
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where: D is the diffusion coefficient of an analyte in the gas
inside the coating calculated by Eq. (2); o is the tortuosity factor
of the coating (1.317 for 85 um Car/PDMS [23]) that is calculated
from the corresponding porosity [29].

To our best knowledge, the modeling of HSSPME of VOCs
from soil samples has not been described in the open literature.
This research was aimed at developing the model for simulation
of HSSPME of VOCs from dry soils. Modeling mass transport
and adsorption of VOCs in dry soils should be similar to that in
porous coatings because both of them are saturated with gas.
Wet soils contain or are saturated with water, which will require
developing of a different, more complex model.

2. Experiment

2.1 General modeling parameters

Modeling was conducted using COMSOL Multiphysics 5.6
(Burlington, MA, USA) software with Chemical Engineering
module installed on a personal computer equipped with a six-
core Core i7-8700 central processing unit (Intel, Santa Clara, CA,
USA), 16 Gb of DDR4 random access memory (Apacer, Taiwan)
and 250 Gb 860 Evo solid-state drive (Samsung, Seoul, Rep. of
Korea).
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2.2 Modeling of HSSPME

Two-dimensional (2D) axisymmetric model was built using
‘Transport of Diluted Species in Porous Media’ physics. The
geometry (Figure 1) consisted of four main rectangular domains:
soil, headspace, fiber core (0.13 x 10 mm) and fiber coating
(0.08 x 10 mm). A small additional rectangle (0.49 x 10.2 mm)
was built around the coating as proposed by Kenessov et al. [23]
for improved modeling accuracy. Fiber core and coating were
located in the center of the headspace. Mass transport in the
headspace was modeled using Eq.(1). Headspace was
considered static. Mass transport and adsorption in the coating
and soil were modeled using Eq. (3).

Modeling was conducted for 85 pum Car/PDMS coating
(Supelco, USA), the structure of which was thoroughly studied
before [23]. Coating porosity, tortuosity factor and bulk density
were set to 0.366, 1.317 and 760 kg/m?3, respectively. Porosity,
tortuosity factor and bulk density of soil were set to typical
values - 0.4, 1.3 and 1300 kg/m?, respectively [30]. User defined
adsorption isotherm was chosen for the adsorption modeling
using:

c,=c- K (5)
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Geometry components: 1 —soil, 2 — headspace, 3 —fiber core, 4 — SPME coating, 5 — additional rectangle around the coating
where the initial concentration was set to zero.

Figure 1 — Geometry of the model for solid-phase microextraction of VOCs from soil
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where c, is the concentration adsorbed to the solid material,
mol/kg; ¢ is the concentration in gas inside a solid material,
mol/m3; K, is the solid-headspace distribution constant, m®/kg,
calculated from the dimensionless solid-headspace constant
(K,) using:

(6)

It was assumed that before HSSPME, the equilibrium
between soil and headspace was established. Initial
concentration of an analyte in headspace and soil gas before
extraction (C,,) was calculated using:

_ Cos M
Kps ms + Vp, + & ms/ps

Coh (7)

where C, is the initial analyte concentration in soil before
introducing it to the vial (mol/kg); K is the soil-headspace
distribution constant, m3/kg; m,_ and ds are the mass (kg) and the
bulk density (kg/m?) of soil, respectively; V, is the headspace
volume (m?), €_is the soil porosity. Initial analyte concentrations
in the coating and in the small rectangle around the coating
were set to zero.

Benzene was chosen as a model analyte for study because
it has successfully been used (as one of the analytes) for
developing the CMP models for air [23, 25] and water [26]. Two
coating-headspace distribution constants (Kﬂ,) were tested —
150000 and 8300, as reported by Prikryl and Sevcik [31] for 85
pum Car/PDMS and 65 um polydimethylsiloxane/divinylbenzene
(PDMS/DVB) fibers, respectively. Because the internal structure
of PDMS/DVB is not reported in the available literature,
parameters (dimensions, porosity, tortuosity factor and bulk
density) for Car/PDMS were used for calculations at Kﬂ1= 8300.
Modeling was conducted using seven different dimensionless
soil-headspace constants (Ksh): 1, 10, 100, 1000, 10000, 100000
and 1000000.

Diffusion coefficient of benzene in headspace was
calculated using Eq. (2). Extraction temperature (298 K) and
pressure (1 atm or 0.0313 atm) were assumed constant and
homogeneous in all domains. Fuller diffusion volumes for
benzene, air and water molecules were set to 90.7, 20.1 and
12.7 [28]. Fluid diffusion coefficients of benzene in gas inside the
coating and the soil were set equal to the diffusion coefficient in
headspace.

Extra fine free triangular mesh was used for the modeling.
For better accuracy, resolution of narrow regions was increased
to 10 and maximum element size was set to 0.2. All other study
settings were set to default (Physics controlled).

During data processing, surface average derived values
were calculated. ‘Concentration species absorbed to the solid’
were used for calculating concentration in the coating. Relative
concentrations in the coating were calculated by dividing
computed concentrations absorbed to the coating by
equilibrium concentrations calculated using [21]:

ISSN 1563-0331
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KprOSmS

[er] =

MeEr  MgE (8)
Kpfmf + Kpsms +Vy + p_f+ f

where C,_is the initial analyte concentration in soil before
introducing it to the vial (mol/kg); K is the coating-headspace
distribution constant, m?3/kg; K, is the soil-headspace
distribution constant, m3/kg; m, €, and p, are the mass (kg),
porosity and the bulk density (kg/m?) of the coating, respectively;
m,, €_and p_are the mass (kg), porosity and the bulk density (kg/
m?®) of soil, respectively; V, is the headspace volume (m®).

2.3 Modeling of pre-incubation

Two-dimensional (2D) axisymmetric model was built using
two ‘Transport of Diluted Species’ physics. The geometry
consisted of two main rectangular domains: soil and headspace.
Equation (1) has been used to model mass transport in both soil
and headspace. Apparent diffusion coefficient was set for
simulating mass transport in soil [23]:

_ Deg
“ Ps Ksh

)

Fluxes to (or backward from) headspace (Flux, and Flux,,
respectively) at the soil-air boundary were set to [23]:

m
Flux, = 1000?(cS — cnKsn);
(10)
m
Flux, = 1000 — (cqKs, = C5)

where: 1000 m/s is the flux coefficient at the soil-headspace
interface (set to a very high value as previously used
[23]); ¢, and ¢, are concentrations of the analyte in soil and
headspace at the interface, respectively, mol/m?. Initial analyte
concentration in headspace was set to zero.

Relative concentrations in the headspace were calculated
by dividing computed concentrations in the headspace by
equilibrium concentrations calculated using [21]:

Cos™Ms

Len) = e Teoskanrovi a

3. Results and Discussion

3.1 Extraction profiles obtained during the modeling

The model allowed obtaining extraction profiles of
benzene from headspace above 1 g of soil in 20 mL vial (Figure
2) using different values of the coating-headspace and soil-
headspace distribution constants. At th = 150000, the increase
of K, from 100 to 1000 resulted in a substantially longer
equilibration process. Time required for extracting 95% of the
equilibrium benzene amount (t, ) increased from 33.7 to 65.3
min. At th =8300, the increase of K, from 100 to 1000 resulted

Chemical Bulletin of Kazakh National University 2022, Issue 4
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in the increase of ¢ . from 4.4 to 5.9 min. Equilibration at K, =
150000 takes about one order of magnitude longer time than at
Kﬂ1 =8300.

Such extraction profiles can be used for optimizing
extraction time, which is typically chosen after the equilibrium
is established. However, to minimize competition between
analytes and matrix ingredients, extraction can be conducted at
the linear range — when analyte concentration in a coating
linearly increases with the increase of time [21].

—150000, 100 150000, 1000 8300, 100 8300, 1000

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

Relative concentration in the coating

0.1

0.0

0 25 50 75 100 125 150 175
Extraction time (min)

Figure 2 — Benzene solid-phase microextraction profiles from

headspace above 1.00 g of soil in 20 mL vial at 1 atm simulated

in CMP using two different K, (150000 and 8300) and K, (100
and 1000) values

3.2 Effect of sample mass under atmospheric pressure

Sample mass is an important parameter in HSSPME.
Increase in a sample mass can result in an increased analyte
amount in a coating and a lower detection limit. This parameter
is particularly important when extraction effectiveness is high
[21]. However, the increase of soil mass and height in the vial
can slow down the equilibration process, which will be more

-1 10 100

1000 -+-10000

100000 -e-1000000 A
100

80

20

E———

0 2 4 6 8 10
Sample mass (g)

affected by the mass transfer in soil — analytes located at the
bottom of the vial will have to pass via a thicker level of soil to
reach the headspace. In the case of HSSPME of VOCs from
water, mass transfer in the sample can be enhanced by stirring,
but this approach is impossible for soil. According to Eq. (3), the
mass transfer rate in soil depends on the fluid diffusion
coefficient, porosity, tortuosity factor and soil-headspace
distribution constant.

CMP allows simulating the effect of soil mass on extraction
profiles and optimization of this important parameter along
with extraction time (Figure 3). At K, = 150000 and K, =1,
sample mass has a minor effect on the equilibration time (Figure
3A). At th = 150000 and K, =10, linear dependence of t, 45 0N
the sample mass is observed. At th = 150000 and K, = 100,
linear dependence of t, . on the sample mass is observed when
increasing m_from 2 to 10 g. At K,, = 150000, K, = 100 and m_=
10g, t, ,, reaches 97.0 min, the highest value in this study. At K,
= 150000, K, = 100000 and 1000000, toos linearly decreases
from 69.8-71.5 min to 52.3-54.0 min with the increase in m_
from 1 to 10 g. At K, = 150000 and K, = 10000, t, linearly
decreases from 74.0 to 59.8 min with the increase in m_from 2
to 10 g. At K, = 8300, ¢, values are not higher than 6 min
meaning that equilibrium extraction can be conducted at any
m_with low time expenses (Figure 3B). The trends are similar to
those at th = 150000, except at K, = 100: t, increases when
increasing m_from 1to 5 g followed by the decrease when m_is
increased to 10 g. At th = 150000 and K, =1000,t, . increases
when increasing m_from 1 to 5 g followed by a slight decrease
when m_is increased to 10 g.

3.3 Effect of sample mass under vacuum conditions

HSSPME under vacuum conditions (Vac-HSSPME) can be
used to achieve equilibrium faster [32-35]. This is mainly caused
by the decreased diffusion coefficients in headspace under
vacuum conditions [36]. The effect of vacuum when extracting
VOCs from a dry soil is even more pronounced because it
enhances mass transfer in the soil sample. As is seen from Eq. (4),

-1 10 100

1000 -»-10000

100000 -e-1000000 B

toes (Min)

0 2 4 6 8 10
Sample mass (g)

Figure 3 — Time required for extracting 95% of the equilibrium benzene amount (t, ) using coating-headspace distrbution
constants 150000 (A) and 8300 (B) at 298 K, 1 atm and different soil-headspace distribution constants
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1 10 100 = 1000 -»10000 -=-100000 -e-1000000 A
25
2.0
€15
£
10
0.5
—— ]
0.0
0 2 4 6 8 10

Sample mass (g)

-1 10 100 1000 -+-10000 -=-100000 -e-1000000 B

0.16
0.14
0.12
0.10

0.08

toes (Min)

0.06

0.04

0.02

0.00
0 2 4 6 8 10
Sample mass (g)

Figure 4 — Time required for extracting 95% of the equilibrium benzene amount (t, ) using coating-headspace distribution
constants 150000 (A) and 8300 (B) at 298 K, 0.0313 atm and different soil-headspace distribution constants

effective diffusion coefficient in soil is directly proportional to
the diffusion coefficient in soil gas that is the same as headspace.
To estimate the effect of vacuum on t, s @ Pressurein the model
was set to 0.0313 atm corresponding to the saturated pressure
of water at 298 K. Benzene diffusion coefficient in water vapor at
0.0313 atm was calculated using Eq. (2).

At Kﬂ1 =150000, t, under vacuum were 0.15-2.3 min at all
studied K, and m_values (Figure 4A). The trends were similar to
those at atmospheric pressure, and t,  under vacuum were 42-
43 times lower than under atmospheric pressure. At K, = 8300,
t, 4 under vacuum were 0.04-0.14 min at all studied K, and m_
values (Figure 4B). The trends were also similar to those at
atmospheric pressure, and t, under vacuum were 42-43 times
lower than under atmospheric pressure. The obtained results
prove that the decrease of pressure in the vial substantially
decreases equilibration time at all studied values of distribution
constants and sample masses. CMP can be used to estimate the
effect of vacuum and optimize extraction time under vacuum

conditions.

3.4 Optimization of pre-incubation time

Pre-incubation time is an important parameter for
achieving greatest accuracy and precision of methods based on
HSSPME. It is required to establish the equilibrium between a
sample and headspace in a vial before introducing and exposing
an SPME fiber. Typically, pre-incubation time is optimized
experimentally. Recently, CMP has been successfully used for
optimization of preincubation time before HSSPME of VOCs
from a water sample [26]. The model developed for HSSPME of
VOCs from soil has been modified for optimization of pre-
incubation time by removing SPME fiber and related domains
from the geometry and physics. However, it was impossible to
accurately set the initial concentration of the analyte in soil and
soil gas, and another model was built using two ‘Transport of
Diluted Species’ physics (for soil and headspace).

According to the modeling results, equilibration time (t, )
depends on both sample mass and soil-headspace distribution
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constant of the analyte (Figure 5). Atk , =1and 10, t . increases
linearly with the increase of sample mass. At K, = 100, t .
increases linearly only in the range from 1 to 5 g followed by a
decrease. At K, = 1000, 10000 and 1000000, tos decreases
linearly when increasing a sample mass from 2 to 10 g. At K, =
100000, t, . decreases linearly in the whole studied range of
sample mass. Thus, the developed model can be used for

optimizing the pre-incubation time.

-1 10 100

1000 -+-10000 -+-100000 -e-1000000

14

toe5 (min)
[ =
(o] o N

()]

Sample mass (g)

Figure 5 — Effect of sample mass on the time required for
achieving 95% of the equilibrium of benzene between
headspace and soil (t, ) at 298 K, 1 atm and different

soil-headspace distribution constants

4. Conclusion

Thus, anew CMP model has been developed for optimizing
HSSPME of VOCs from dry soil samples. For optimization,
coating-headspace and soil-headspace distribution coefficients
at the extraction temperature, coating and soil porosities and
bulk densities should be known. Fluid diffusion coefficients can
be estimated using Fuller method. Sample mass, geometry of
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the extraction vessel, location of the fiber, extraction time and
pressure can be optimized using the model. Pre-incubation time
can also be optimized after a minor modification of the main
model. In addition to the optimization of extraction parameters,
the model can be used for a better understanding of an
extraction process, disclosing and solving various problems
related with, e.g., poor accuracy and precision.

In the future, the developed model can be improved by
considering soils saturated and unsaturated with water, which
can be done using the ‘Unsaturated Porous Medium’ feature in
the ‘Transport of Diluted Species in Porous Medium’ physics.
Such modeling will require soil-water distribution constants,
diffusion coefficients in water and volatilization rates for
studied analytes. The model can be improved by adding a
possibility of temperature optimization that will dependences
of most modeling parameters on the temperature. Losses of
unstable analytes during storage, pre-incubation and extraction
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