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Solid-phase microextraction (SPME) for determination of geosmin and
2-methylisoborneol in volatile emissions from soil disturbance

ABSTRACT

A method is described here for the concentration and determination of geosmin and 2-methylisoborneol (2-MIB)
from the gaseous phase, with translation to field collection and quantification from soil disturbances in situ. The
method is based on the use of solid-phase microextraction (SPME) fibers for adsorption of volatile chemicals from
the vapor phase, followed by desorption into a gas chromatograph-mass spectrometer (GC-MS) for analysis. The
use of a SPME fiber allows simple introduction to the GC-MS without further sample preparation. Several fiber
sorbent types were studied and the 50/30 ym DVB/CAR/PDMS was the best performer to maximize the detected
peak areas of both analytes combined. Factors such as extraction temperature and time along with desorption
temperature and time were explored with respect to analyte recovery. An extraction temperature of 30 °C for 10
min, with a desorption temperature of 230 °C for 4 min was best for the simultaneous analysis of both geosmin
and 2-MIB without complete loss of either one. The developed method was used successfully to measure geosmin
and 2-MIB emission from just above disturbed and undisturbed soils, indicating that this method detects both
compounds readily from atmospheric samples. Both geosmin and 2-MIB were present as background concen-
trations in the open air, while disturbed soils emitted much higher concentrations of both compounds. Sur-
prisingly, 2-MIB was always detected at higher concentrations than geosmin, indicating that a focus on its
detection may be more useful for soil emission monitoring and more sensitive to low levels of soil disturbance.

1. Introduction

Geosmin and 2-methylisoborneol (2-MIB) are alcohols produced by
multiple soil organisms, giving soil its characteristic “earthy” smell
(chemical structures shown in Fig. S1). Dozens of cyanobacteria and
actinobacteria species have been and are still being documented to
produce geosmin and/or 2-MIB (Alghanmi et al., 2018; Krishnani et al.,
2008), as well as multiple species of common soil fungi (Breheret et al.,
1999; Schniirer et al., 1999), some plants (Freidig and Goldman, 2014;
Sporle et al., 1991), and even amoebae (Hayes et al., 1991). Therefore,
the likelihood of a soil containing geosmin and/or 2-MIB producers is
very high.

Current research on geosmin and 2-MIB is almost exclusively focused
on detection of these volatiles in drinking water and aquaculture, as they
are the primary contaminant sources of off-taste and unpleasant odors in
freshwater and associated food products globally (Conte et al., 1996;
Hanson et al., 2003; Son et al., 2015; Watson et al., 2000; Yu et al.,
2014). However, it is known that geosmin and 2-MIB are also released

from disturbed soils (Metting and Metting, 1992; Watson et al., 2000)
but isolation, quantification, and the relationship of volatile chemical
emission with soil mechanical disturbance has never been examined in
situ. Therefore, development of a method that enables in situ, rapid,
simple collection of these volatile analytes, referred to as the soil vola-
tilome, in proximity to soil disruption in the field would be invaluable.
In past research, volatile emissions from intact soils were studied ho-
listically, or in focused studies of geosmin and 2-MIB, soils were
removed from natural conditions and extracted in laboratory settings
that likely altered the volatilome (Buttery and Garibaldi, 1976; Fabre
et al., 2002; Jiittner, 1990; Rinnan et al., 2013; Stahl and Parkin, 1994,
1996). In situ field investigation of volatile emissions from disturbed
soils will allow a more accurate understanding of the soil volatilome and
will provide important information to understand the relationships that
control and regulate its composition. Geosmin and 2-MIB are expected
to be major components of the soil volatilome. Almost nothing is known
regarding production and volatilization of geosmin, 2-MIB and other
volatiles from soils, especially in situ. The soil volatilome may be a rich



http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2021.131333&domain=pdf

source of information on soil health, fertility, microbial activity, and
other useful edaphic properties. Research to isolate and quantify soil
volatiles would be invaluable to understand the factors that control
and regulate their production, turnover, and emission from the soil
into the atmosphere, such as relationships between emissions and soil
biological, chemical, and physical properties and climate dynamics.

A fundamental requirement for in situ investigations of the soil vol-
atilome is a highly reliable field collection mechanism at the point of
generation, followed by a sensitive analytical method for the volatile
compounds from collected samples. The available analytical instru-
mentation for measuring VOCs in air samples, usually gas chromatog-
raphy (GC) combined with mass spectrometry (MS), flame ionization
detector (FID) or headspace flame ionization detector (HSGC-FID), are
well-served by pre-concentration to lower the detection limits.
Although other analytical methods are available for measuring VOCs
in air, for instance, proton transfer reaction mass spectrometry, GC-
MS is more mature and far more widely used, which opens the door
for broad use of our technique. Most of the pre-concentration
techniques that have been developed for VOCs from air samples
involve sorbents and resins fol-lowed by thermal desorption or
solvent extraction (Lord et al.,, 2002; Oliver et al.,, 1996). The
desorbed VOCs are then carried with an inert gas into the analytical
instrument for quantification and identification. From its
introduction by Pawliszyn (Arthur and Pawliszyn, 1990; Belardi
and Pawliszyn, 1989), solid-phase microextraction (SPME) has grown
into a well-known and trusted technique for analyte collection and
concentration from air. SPME relies on the adsorption of analytes from
air or water onto chemically modified silica fibers. The fibers can
concentrate and retain the analytes until thermal desorption directly
into the injection port of the GC. SPME fiber coatings can be chosen
for sensitivity and selectivity of target analytes and can provide
extremely low detection limits with the requisite resolution and
identification power (Shirey, 2007). While mature SPME-GC-MS
methods for deter-mination of geosmin and 2-MIB from water samples
exist (Jelen et al, 2003; Watson et al, 2000), including from
headspace samples (Lloyd and Grimm, 1999), the use of SPME for
field collection of the volatilome with respect to soil disturbance is
unexplored.

The purpose of this paper is to explore the use of SPME for
collection of geosmin and 2-MIB from air immediately above a soil
disturbance and provide initial evidence for a relationship between the
volatilome and the soil disturbance. This work provides proof of
concept for a technique that enables in situ field collection and study
of these compounds arising from the soil. Since we expect both
geosmin and 2-MIB to be present, and perhaps the major contributors
to the soil volatilome, our research attempts to find conditions that
are Mutietitdsfan deatbtisodypounds concurrently, without the complete
loss of either analyte.

2.1. Chemicals and reagents

Geosmin (99.0%) and 2-MIB (99.3%) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Standards were dissolved in hexane
(99.9% purity, Fisher, Waltham, MA, USA) to prepare 1 mg L™ stock
solutions of both compounds. Liquid calibration standards were pre-
pared in the range of 0.05 pg L' - 20 pg L™! for each compound by
diluting different amounts of the standard stock solution with hexane.
The stock solution was good for six months when stored at —20 °C and
the calibration standards were prepared weekly and stored in the dark at
4°C.

2.2. Gas chromatography-mass spectrometry (GC-MS) instrumentation

The analyses were performed on an Agilent 7890B/5977A GC-MS
system (Agilent Technologies, Inc., Santa Clara, CA, USA) equipped
with a PAL3 RSI 85 autosampler (CTC Analytics AG, Zwingen,
Switzerland). The target compounds were separated using a HP-5MS

(30 m x 0.25 mm, 0.25 pm film thickness) capillary column (Agilent).
The GC-MS parameters for liquid injection and SPME analyses were
initially chosen based on previous studies (Jelen et al., 2003). Helium
was used as the carrier gas and was maintained at a constant flow rate of

1.2 mL min~ .

2.3. Liquid injection

Liquid injection analysis was conducted to determine the detection
limits of the GC-MS system for 2-MIB and geosmin and to evaluate
sensitivity and recovery of the SPME-GC-MS method. The inlet tem-
perature for direct liquid injection was 250 °C. The oven temperature
program was held at 60 °C for 3 min, ramped at 15 °C min ! to 180 °C
and held for 1 min, and finally ramped at 30 °C min ! to 250 °C. The
temperature of the transfer line was 250 °C and ion source was set at
230 °C. The mass spectrometer was operated in the EI positive mode (70
eV). The solvent delay was set to 7.5 min, and the gain factor was 1.00.
The mass spectrometer was operated in either the full scan acquisition
(SCAN) mode from 40 to 400 amu with 4.0 scans sec ™! to identify the
mass fragmentation pattern and the retention time of the compounds, or
in the selected ion monitoring (SIM) mode for refined calibration and
quantification of 2-MIB and geosmin. The selected ion mass-to-charge
ratios (m/z) for 2-MIB and geosmin (+1.0) are listed in Table S1 in
the Supplemental Information (Jelen et al., 2003; Lloyd et al., 1998).
After retention time determination of these compounds in SCAN mode,
9.0 min was selected as the transition point from 2-MIB ions (before 9.0
min) to geosmin ions (after 9.0 min).

The calibration of the GC-MS system for liquid injection was per-
formed using nine different concentrations between 0.05 pg L™! and 20
pug L7 (equivalent to 0.1 pg-40 pg loaded onto the column) for each
analyte. Each concentration was analyzed in triplicate. A volume of 2 uL
was injected into the GC-MS with a 4 mm i. d. single taper inlet liner
(Agilent) using the PAL3 liquid injection tool equipped with a 10 pL
syringe (Agilent). Injections were carried out in splitless mode and the
split valve was closed for 5 min. The ion fragments obtained from this
study (2-MIB (95.0, 108.0, and 135.0 m/z) and geosmin (97.0, 112.0,
and 125.0 m/2)) agree well with the values (+1.0) obtained from pre-
vious work as shown in Table S1. The method detection limit (MDL) for
each compound was determined by analyzing the 0.2 pg L~ concen-
tration standard eight times and multiplying the standard deviation (SD)
with the one-sided 99% t-value of the student’s t-distribution with a
degree of freedom of 7 (2.998). The method quantification limit (MQL)
was defined as three times MDL (40 CFR 136, 1984).

2.4. SPME analysis

Four different SPME fibers: 50/30 pm DVB/Carboxen (CAR)/PDMS
(Supelco, Inc. Bellefonte, PA, USA), 65 pm PDMS/DVB (Supelco), 85 pm
Polyacrylate (Restek Corporation, Bellefonte, PA, USA), and 100 pm
PDMS (Restek) were studied to determine geosmin and 2-MIB sorption
properties based on their general ability to adsorb semi-volatile and
volatile compounds according the manufacturer’s fiber selection guides
(Kong and Cao, 2018; Watson et al., 2000).

The PAL3 autosampler, equipped with a SPME fiber conditioning
module and a sample agitation module, was used for automatic fiber
conditioning. Fiber conditioning temperatures and times were chosen
according to the manufacturer’s instructions (Table S2). During labo-
ratory assessment, the PAL3 was responsible for sample concentration
onto the SPME fiber from the headspace of vials in the sample agitation
module, as well as injection into GC-MS inlet for thermal desorption. The
inlet port of the GC was equipped with a 0.75 mm i. d. inlet liner
(Supelco) for SPME sample analysis and was operated in splitless mode
to increase linear flow rates around the fiber.

The Total Vaporization Technique (TVT) (Rainey et al., 2014) was
used to prepare vapor standards of geosmin and 2-MIB using the pre-
viously prepared liquid calibration standards. A 10 pL aliquot of a



geosmin or 2-MIB standard in hexane (0.05 pg L™ ! to 20 pg L™ 1) was
injected through the septum of a 20 mL screw top vial (Agilent) using a
10 pL syringe (Hamilton Company, Reno, NV, USA). The small 10 pL
volume was chosen to ensure fast and total vaporization of both stan-
dard and solvent within the vial, keep the resulting pressure inside the
vial low, and allow determination of chemical recovery. The use of
TVT was efficient because it allowed for the extraction of the target
analytes straight from the vapor phase to a fiber placed in the
headspace (Rainey et al., 2014). Sorption onto SPME fibers from TVT
vials occurred in the sample agitation module under temperature
control.

Calibration curves for each fiber were prepared by analyzing TVT
vials prepared with a combined geosmin and 2-MIB gas standard at
nine different concentrations between 0.25 and 10 pg m~ 3. Common
SPME extraction and desorption parameters were used for all fibers
based on a previous study (Jelen et al., 2003). Extraction of the
sample vial was performed at a temperature of 30 °C for 30 min with
desorption in the GC-MS injection port at 260 °C for 5 min. Injections
were carried out in splitless mode and the split valve was closed for 5
min. The oven tem-perature program was held at 50 °C for 1 min,
ramped at 10 °C min~ ! to 200 °C and held for 1 min, and finally
ramped at 20 °C min~ ! to 220 °C. The MS parameters were the same as
previously listed in Section 2.3 for SIM mode, except 9.5 min was
chosen as the time point to switch from 2-MIB ions to geosmin ions.
The selection of the best fiber was made based on a combination of
GC-MS responses for both analytes in addi-tion to a prediction of
expected relative importance of these analytes from field soil
disruption.

2.5. SPME method optimization

SPME extraction and desorption parameters were systematically
altered to determine effects on the GC-MS peak area of both geosmin
and 2-MIB using only the best fiber type identified in Section 2.4. All
opti-mization studies described below used a single solution that
contained both geosmin (5.0 pg L~ 1) and 2-MIB (5.0 pg L™ 1) in
hexane. MDL and MQL of the SPME method were determined for
both compounds ac-cording to the procedure described above for
liquid injection calibration analysis using the SIM mode.

The following extraction and desorption parameters were tested to
determine the effect on extraction efficiency: extraction temperature,
extraction time, desorption temperature, and desorption time. Five
different temperatures: 30, 40, 50, 60, and 70 °C were tested with a
constant extraction time of 30 min to determine the optimal extraction
temperature of the fiber. The effect of extraction time of the fiber was
examined at 10, 20, 30, 40, and 50 min at the optimal extraction tem-
perature. Desorption was conducted at 260 °C for 5 min for both ex-
periments. Fiber desorption was tested at five different inlet
temperatures: 230, 240, 250, 260, and 270 °C with a constant desorption
time of 5 min. Finally, the fiber was desorbed at five different
desorption times: 1, 2, 3, 4, and 5 min at the optimal desorption
temperature. The MS parameters remained the same as previously
listed for SIM mode in Section 2.3, and the GC oven temperature
program remained the same as previously listed in Section 2.4. All
SPME method optimization ex-periments were conducted in triplicate.
Carryover was also tested after every three samples by running a fiber
blank that was not exposed to the samples using the optimized
parameters to confirm that our conditions removed all analytes prior to
further analysis.

As a final evaluation, nine different geosmin and 2-MIB gas cali-
bration standards at concentrations between 0.05 pg L™ ! and 20 pg L~
! were evaluated using the optimized SPME method. The
calibration standards were analyzed three times each. The sensitivity,
linearity, and detection limit of this SPME method was compared to
the liquid injec-tion calibration method.

Five different open-air field trials were conducted for collection of
2.6. Open-air field collection of geosmin and 2-MIB from disturbed soils

geosmin and 2-MIB using exposed DVB/CAR/PDMS fibers. Fibers were
immediately retracted following exposure, stored in their storage boxes
at room temperature, and analyzed within 24 h of exposure. A Drummer
silty clay loam soil (fine-silty, mixed, superactive, mesic Typic Endoa-
quoll) was selected on the campus of the Construction Engineering
Research Laboratory (Champaign, IL, USA) in an area with perennial
turfgrass cover. Soil percent moisture and temperature data were
collected at the time of each sample collection using a AT W.E.T soil
temperature and moisture probe (AT Devices, Cambridge, UK) with
three replicate samples collected and averaged around each sampling
point. Air temperature and humidity levels were obtained with a Fish-
erbrand Traceable digital thermometer (ThermoFisher Scientific, Wal-
tham, MA, USA) at the time of sample collection. In Trial 1 (air
temperature of 24 °C, 74% relative humidity; no soil data), a single fiber
was placed 2 cm above the soil surface and exposed to ambient air for 20
min to obtain a background sample. The soil at this immediate location
was then disturbed by pressing a Corona SoilRIPPER (Corona Tools,
Corona, CA, USA) into the soil completely, twisting 180°, and lifting to
pull the disturbed soil plug loose. The plunger was then pressed to
release the plug and the process was repeated for three additional ro-
tations to fully disrupt the soil plug in a replicable manner, giving a soil
disturbance 18.4 cm in diameter and 13.3 cm deep (3.5 L volume). A
single DVB/CAR/PDMS fiber was immediately placed 2 cm over the
disturbed soil and exposed for 20 min. Figs. S2 and S3 show undisturbed
and disturbed sampling in the field using SPME. Both fibers were
analyzed for geosmin and 2-MIB using SIM mode.

For Trial 2 (air temperature of 24 °C, 74% relative humidity; soil
temperature of 30.5 °C, 28.8% moisture), immediately after disturbing
the soil in a manner similar to Trial 1, individual DVB/CAR/PDMS fibers
were placed over the disturbed area 2 cm above the original soil surface
and exposed for 1, 2, 5, 10, or 20 min and analyzed using SIM mode for
geosmin and 2-MIB detection. In Trial 3 (air temperature of 21 °C, 71%
relative humidity; soil temperature of 22.9 °C, 29.1% moisture), five
DVB/CAR/PDMS fibers were placed 2 cm over the disturbed soil and
exposed for 1, 2, 5, 10, and 20 min, identical to Trial 2, with the
exception that SCAN mode was utilized for analysis. In Trial 4 (air
temperature of 23.0 °C, 67% relative humidity; soil temperature of
30.3 °C, 32.9% moisture), eight DVB/CAR/PDMS fibers were used in the
field. A single blank fiber was initially exposed in its box for 30 min at a
distance of 4 m from the other fibers, a second fiber was exposed 2 cm
above an undisturbed soil surface for 30 min, and 6 fibers were exposed
2 cm above the disturbed soil surface for 10, 20, 30, 40, 50, or 60 min
and analyzed using SIM mode. In Trial 5 (air temperature of 19.8 °C,
44% relative humidity; soil temperature of 23.2 °C, 15.0% moisture),
eight DVB/CAR/PDMS fibers were exposed 2 cm above the surface of a
similarly disturbed area of the soil and three replicates were exposed for
20 and 40 min each and 2 replicates were exposed for 30 min each.
Fibers were analyzed using SIM mode for detection of geosmin and 2-
MIB. Means of replicate geosmin and 2-MIB concentrations were
compared to identify the optimal exposure times in Trial 5 for both
compounds.

3. Results and discussion
3.1. Liquid injection

The retention times (RT) for geosmin and 2-MIB from liquid in-
jections were identified using standard stock solutions for each com-
pound alone and then together in the same solution. Samples were
analyzed using both SCAN and SIM modes. A typical chromatogram is
shown in Fig. S1 for SCAN mode. The MassHunter Program Library
identified the 2-MIB peak at 8.24 min and the geosmin peak at 10.50
min. As expected with our system, geosmin has a longer elution time
than 2-MIB with this HP-5MS capillary column, as also noted by others
who used the same column type (Jelen et al., 2003). The mass spectra for
these two compounds are shown in Figs. S4 and S5. We recognize that



since geosmin elutes at 10.5 min, it is not necessary to ramp to 250 °C;
however, heating to this elevated temperature ensured that we mini-
mized any potential carryover of compounds. If minimization of analysis
time is critical, this oven profile can be altered.

The combined standard stock solutions were also analyzed using the
SIM mode (for example, see Fig. S6) using the circled masses in the
spectra for these compounds, which agreed with the literature values
(Table S1). Use of the SIM mode eliminates nearly all background peaks.
The calibration curves for geosmin and 2-MIB using liquid injection in
the SIM mode is shown in Fig. 1. The best fit lines for the data display
excellent linearity over almost four orders of magnitude and illustrate a
slightly higher response for 2-MIB over geosmin.

Eight samples of the 0.2 pg L~ ! concentration were analyzed for each
compound and the SD was determined. The MDL and MQL values were
calculated using the SD for each target analyte as previously described in
Section 2.3. The MDLand MQL values fora 2 pL direct injection of 2-MIB
in hexane solution were 0.042 pg L™ ! (0.084 pg injected) and 0.126 pg
L~ 1, respectively (Table S3). The MDL and MQL values for a 2 pL direct
injection of geosmin in hexane solution were 0.054 pg L~ ! (0.108 pg
injected) and 0.162 pg L™ 1.

3.2. SPME

3.2.1. Analysis of 2-MIB and geosmin by SPME

The retention times of each compound were investigated using TVT
with a 50/30 pm DVB/CAR/PDMS fiber for a set of standard solutions at
nine different concentrations. This three-component fiber was chosen
based on success in previous SPME-GC-MS studies (Jelen et al., 2003).
Initially, we performed a blank analysis with the fiber inserted into the
headspace of a 20 mL vial with ambient air. Fig. S7 illustrates an
example chromatogram of a blank run in SCAN mode. Potential in-
terferences were noted by appreciable peaks at 10.67 (a siloxane peak),
13.79 (a phthalate peak), and 15.67 (96% match with isobutyl laurate)
min originating from volatile compounds in the ambient air, or
off-gassing from vial, septum, or the fiber itself, despite the SPME fiber
conditioning step. The retention times of these background peaks did not
interfere with our analyte peaks (vide infra) as denoted on the chro-
matogram. Minor column bleed and instrument noise are also noted in
the background.

Using TVT, a standard solution containing 1 mg L™ ! geosmin and 1
mg L~ 1 2_MIB was analyzed via SPME using the SCAN mode (Fig. S8).
The 10.67 min background peak is observed but 2-MIB (8.74 min) and
geosmin (11.86 min) both elute in regions unobscured by interferents
present in the blank (Fig. S7). The DVB/CAR/PDMS fiber is therefore a
reasonable choice for analysis of these two compounds. While the liquid
injection analysis above noted a similar but slightly higher MS response
for 2-MIB over geosmin (Figs. S1 and 1), the DVB/CAR/PDMS fiber
preferentially sorbs and releases the geosmin component as evidenced
by its larger peak area compared to 2-MIB. Using pure hexane as the TVT
sample, Fig. S9 demonstrates the presence of the ubiquitous 10.67 min
background peak, and the lack of either 2-MIB or geosmin as a
contaminant in the solvent and no carryover of these compounds on
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conditioned fibers.

The same combined 1 mg L~" standard solution with TVT and DVB/
CAR/PDMS fibers was used to detect 2-MIB and geosmin in SIM mode
(Fig. S10). As expected, this mode clearly shows both peaks at the same
retention times as the SCAN mode, while eliminating nearly all
contaminant peaks. The retention times of both compounds are slightly
longer than those of the liquid injection for geosmin and 2-MIB primarily
due to the additional time needed for analyte desorption from the fiber.
Based on the complete baseline separation, the peak symmetry, and the
absence of degradation products, use of an extraction temperature of
30 °C for 30 min and a desorption temperature of 260 °C for 5 min is a
valid set of initial analysis conditions for SPME collection from the
headspace samples.

3.2.2. Comparison of different fiber types

The four different fiber types were compared to determine which
fiber is best to collect and detect 2-MIB and geosmin. The 2-MIB and
geosmin calibration curves for each fiber type can be found in
Figs. S11-S14. Multicomponent coatings with different thicknesses can
be compared with respect to relative adsorption of 2-MIB and geosmin
(Shirey, 2007). PDMS is a good general purpose sorbent for hydrophobic
molecules. The DVB coating is usually suitable for larger molecules as
well as single matrices with multiple target analytes, while CAR is aimed
at lower molecular weight molecules (Shirey, 2007). The polyacrylate
coating is suitable for polar analytes found in polar matrices (Shirey,
2007).

The peak area results from the 20 pg L™ geosmin and 20 pg L~ 2-
MIB standard stock solution for each of the fiber types are compared
in Fig. S15, where a lower peak area indicates the inability of the analyte
to either adsorb onto or release from the fiber. Despite the presence of
hydroxyl groups in both molecules, neither analyte performed well with
the polyacrylate fiber. The other three fibers had much better sorption
properties with these small analytes.

From the liquid calibration curve above (Fig. 1), we expect a slightly
larger peak area for 2-MIB over that of geosmin at the same concen-
tration. All fibers, however, show a preference for geosmin over 2-MIB
using these extraction and desorption conditions. PDMS and PDMS/
DVB were very similar in performance for both compounds and may be
the best fibers to keep the performance of both analytes consistent. If 2-
MIB is the only analyte of interest, the PDMS fiber had the best prop-
erties for this compound. The 50/30 pm DVB/CAR/PDMS fiber had the
single best response for either compound with a large peak area for the
geosmin. It also had the highest response when totalling both peak areas.
Since we were unsure which of these two compounds would be domi-
nant in the field soil disruption studies, and we were uncertain as to the
amount of analytes emitted, we chose the three-component fiber for
further experiments due to its superior geosmin performance and total
capacity.

3.2.3. SPME parameter optimization
Our goal was to maximize the analyte peak areas with respect to
changing the SPME extraction and desorption conditions from the TVT

162822x - 8.2912
R*=0.9999

Geosmin: y = 109732x - 20.012
R?=0.9995

0.025 0.03 0.035 0.04 0.045

Mass Injected (ng) into instrument

@2-MIB

Geosmin

Fig. 1. Liquid calibration curves for 2-MIB and geosmin in SIM mode.



Table 1

SPME method optimization parameter determination showing mean peak area comparison for 2-MIB using 50/30 pm DVB/CAR/PDMS fiber.

Extraction

Standard deviation

Temperature (°C) Mean peak area”

Desorption

Standard deviation

Temperature (°C) Mean peak area”

30 109.79 14.36 230 87.80 3.39
40 64.67 2.39 240 79.79 8.46
50 45.04 10.30 250 110.15 11.65
60 38.58 8.56 260 106.60 7.62
70 34.71 9.24 270 116.10 8.20
Time (min.) Mean peak area® Standard deviation Time (min.) Mean peak area® Standard deviation
10 123.63 6.64 1 52.28 7.18
20 91.29 10.54 2 61.51 17.59
30 80.50 4.79 3 63.47 3.46
40 64.63 6.70 4 66.63 16.89
50 47.73 6.03 5 45.28 13.53

2 Average of three samples.

Table 2

SPME method optimization parameter determination showing mean peak area comparison for geosmin using 50/30 pm DVB/CAR/PDMS fiber.

Extraction

Temperature (°C) Mean peak area” Standard deviation

Desorption

Standard deviation

Temperature (°C) Mean peak area”

30 860.43 83.12 230 752.74 21.10
40 941.39 47.80 240 527.42 15.42
50 1021.69 28.26 250 635.89 78.22
60 918.81 92.02 260 380.42 16.82
70 759.46 39.05 270 295.51 19.32
Time (min.) Mean peak area® Standard deviation Time (min.) Mean peak area® Standard deviation
10 663.10 35.00 1 483.52 14.59
20 718.17 67.57 2 509.38 140.53
30 738.11 30.83 3 473.04 83.43
40 655.71 45.59 4 471.57 119.54
50 560.30 53.40 5 330.46 17.71

@ Average of three samples.

headspace, indicating maximum recovery of the two analytes, to derive
a single fieldable analysis method. Extraction temperature is an impor-
tant parameter when analyzing compounds via headspace-SPME (HS-
SPME) because it influences the mass transfer rates and partitioning of
analytes between the solution, sorbent, and gas phases. Higher tem-
peratures increase the vapor pressure of volatile analytes in the head-
space, however, higher temperatures may also negatively impact
sorption efficiency of the different SPME fiber coatings. To determine
the best extraction temperature to maximize 2-MIB and geosmin com-
bined, 10 pL standard stock solution containing 5 pg L™ of both 2-MIB
and geosmin was injected into three separate 20 mL headspace vials. For
each sample set analysis, a DVB/CAR/PDMS SPME fiber was used to
extract the samples in the vials at 30, 40, 50, 60, and 70 °C. Tables 1 and
2 show the 2-MIB and geosmin peak area as a function of extraction
temperature. The best extraction temperature for 2-MIB (Table 1) was
30 °C, and the best extraction temperature for geosmin (Table 2) was
50 °C. It is evident in Table 1 that, as extraction temperature increases,
2-MIB partitions back into the gas phase at relatively low temperature
(>30 °C) while geosmin begins this process above 50 °C. Therefore,
30 °C was chosen as the optimal extraction temperature for 2-MIB and
geosmin combined to avoid substantial loss of 2-MIB at higher
temperatures.

The duration of fiber exposure to the headspace can strongly influ-
ence the analyte adsorption into the stationary phase of the fiber
coating. Previous work indicates extraction yield increases over rela-
tively long exposure times (Watson et al., 2000). It was found that 2-MIB
and geosmin reached an apparent equilibrium after 1-2 h in an enclosed
headspace (Watson et al., 2000). Here, shorter extraction times of 10
through 50 min were investigated at 30 °C to determine 2-MIB and

geosmin recoveries. The collection of 2-MIB quickly dropped off after 10
min of extraction (Table 1) while most efficient recovery of geosmin was
found to occur at 30 min extraction time (Table 2). According to a water
extraction study in which geosmin and 2-MIB were analyzed using
SPME, a peak decrease for 2-MIB and geosmin occurred between 4 and
20 min for sample collection time on the SPME fiber and 5 min was the
optimal time between sensitivity and sample time (Lloyd et al., 1998).
Therefore, a longer extraction time is not necessarily better. The
extraction conditions of 10 min at 30 °C provides a reasonable balance in
the simultaneous extractions of 2-MIB and geosmin. These happen to be
the best for extraction of 2-MIB but the determination (peak area) of this
analyte drops off rapidly when not optimized. The ideal extraction
conditions for geosmin are 30 min at 50 °C but it is less sensitive to
sub-optimal settings.
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°
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]
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Fig. 2. Calibration curves for 2-MIB and geosmin using a combined TVT and
DVB/CAR/PDMS fiber method.



To determine the optimal desorption temperature of the fiber in the
injection port, TVT and the DVB/CAR/PDMS fiber was used with a 5 pg
L ! geosmin and 5 pg L™* 2-MIB sample, extracted at 30 °C for 10 min.
Each of the different fibers were desorbed into the GCMS at a series of
inlet temperatures: 230, 240, 250, 260, and 270 °C at a constant
desorption time of 5 min. The peak area of 2-MIB increased with
increasing desorption temperature and was maximized at 270 °C
(Table 1). Geosmin was very sensitive to the desorption temperature and
decreased rapidly with increasing temperature above 230 °C (Table 2).
A desorption temperature of 230 °C provides the best balance for
determination of both analytes. Although 2-MIB enjoys a higher
desorption temperature, geosmin is substantially lost or degraded as the
temperature increases from 230 °C to 270 °C. It is known that if ade-
sorption temperature is too high for a specific analyte, decomposition of
the analyte and damage to the fiber can occur (Dong et al., 2005).

Five different desorption times: 1, 2, 3, 4, and 5 min, were investi-
gated to determine the optimal desorption time for the analytes when in
the GC inlet. All parameters for the GC-MS were kept the same as in the
previous sections, with an extraction temperature of 30 °C for 10 min,
and a desorption temperature of 230 °C. Each desorption time was tested
in triplicate with TVT analysis of a 5 pg L™! geosmin and 5 pg L™} 2-MIB
sample. Tables 1 and 2 illustrate 2-MIB and geosmin peak areas as a
function of desorption time. The peak area of 2-MIB slightly increased
with increasing desorption time, reaching a maximum at 4 min, while
the peak area of geosmin appears consistent across the 1-4 min
desorption time. Peak areas for both analytes decreased at 5 min;
therefore, 4 min was chosen as the best sample desorption time.

Our parametric selections above were chosen so that we do not
completely lose one of the analytes as we attempt to maximize both.
Once the characteristics of the soil volatilome are known, re-evaluation
of the parameters in future research may be necessary to maximize one
species to the likely detriment of the other.

Table 3
2-MIB and geosmin detection from DVB/CAR/PDMS SPME fibers exposed to
undisturbed and disturbed soils.

Trial ~Mode  Exposure time 2-MIB Geosmin

(min) Concentration (pg/ concentration (ug/L)
L)

1 SIM 20 0.156 0.011
(Undisturbed)

1 SIM 20 1.179 0.121

2 SIM 1 0 0

2 SIM 2 0.638 0.054

2 SIM 5 0.6 0.1

2 SIM 10 0.868 0.1

2 SIM 20 2.656 0.09

3 SCAN 1 0 0

3 SCAN 2 0 0

3 SCAN 0 0

3 SCAN 10 0 0

3 SCAN 20 0 0

4 SIM 0 (Blank) 0 0

4 SIM 30 0.312 0.025
(Undisturbed)

4 SIM 10 2.624 0.27

4 SIM 20 3.958 0.247

4 SIM 30 8.128 0.591

4 SIM 40 20.328 2.738

4 SIM 50 5.329 0.921

4 SIM 60 12.046 1.988

5 SIM 20 9.179 0.723

5 SIM 20 5.933 0.244

5 SIM 20 3.041 0.119

5 SIM 30 3.844 0.286

5 SIM 30 9.203 0.564

5 SIM 40 6.56 0.385

5 SIM 40 12.872 1.081

5 SIM 40 3.798 0.414

3.2.4. SPME calibration curve

Using the parameters uncovered above, the DVB/CAR/PDMS fiber
and the TVT method were utilized to construct and re-evaluate cali-
bration curves for both 2-MIB and geosmin as presented in Fig. 2. The R?
values using this set of method parameters were 0.9694 for 2-MIB and
0.9939 for geosmin, representing good linearity. In a previous study in
which water samples were analyzed for geosmin and 2-MIB using HS-
SPME, the R? values were 0.984 for 2-MIB and 0.993 for geosmin
(Watson et al., 2000). Since we expected the concentration of these
analytes to fall within this smaller range, the upper range of the cali-
bration curve was 0.01 pg L™! in the vial headspace. We also, however,
analyzed 0.1 and 0.2 pg L™! (10 and 20 times greater) vial concentra-
tions. These samples had 2-MIB average peak areas of 72,882.16 and
118,591.30 and geosmin average peak areas of 107,171.70 and 196,
741.80, respectively, indicating that our calibration curve is far from the
saturation point of these fibers.

Since the amount of geosmin or 2-MIB injected into the TVT vial and
the response of the GC-MS from mass directly injected into the instru-
ment are known (Fig. 1), the % recovery of these compounds by the fiber
from within the TVT vial can be calculated. Using the highest concen-
tration standard, 200 pg of both analytes injected into the vial resulted
in peak areas that approximate 50 pg of geosmin and 13 pg of 2-MIB.
This corresponds to a 25.5% recovery of geosmin and 6.5% recovery
of 2-MIB from the total in the TVT vial. Since both compounds are
present in equal amounts in the vial, geosmin is outcompeting 2-MIB for
sorption sites on the fiber even though some parameters are biased to-
ward 2-MIB.

Injection of 10 pL of a 20 pg L™! standard into the 20 mL vial creates a
10 ng L~} internal concentration. Analysis of eight different 1 ng L™}
standards allows calculation of an MDL in the vapor phase for geosmin
and 2-MIB of 0.16 ng L ™! (3.2 pg in the vial) and 0.72 ng L™! (14.4 pg in
the vial), respectively. Similarly, the MQL in the vapor phase for geo-
smin and 2-MIB are 0.47 ng L~'and 2.2 ng L7, respectively (Table S3).
Our method uses standards containing both compounds and a SPME
method that is not completely optimized for either compound. While
this method will be used for analysis of field samples as we expect both
compounds to be present, the data will inform us whether future
research requires a refinement of the method to focus on a single
compound.

3.3. Open-air collection of geosmin and 2-MIB from disturbed soils

In Trial 1, both fibers placed at the soil surface detected concentra-
tions of geosmin and 2-MIB (Table 3). However, the fiber placed over the
soil surface after soil disruption detected much higher concentrations of
both compounds, with a 2-MIB concentration more than 7 and geosmin
concentration 11 times higher when exposed to the disturbed soil
compared to the undisturbed soil.

Trials 2 and 3 utilized identical exposure intervals for geosmin and 2-
MIB, with the only difference being the use of SCAN (Trial 2) and SIM
(Trial 3) modes. All fibers exposed for 2 min or more in Trial 2 SIM mode
detected both 2-MIB and geosmin, while neither 2-MIB nor geosmin
were detected in any of the exposed fibers in Trial 3 SCAN mode
(Table 3). This difference indicates that SIM mode must be utilized in
studies with small soil disturbances where low concentrations of both
compounds are expected. Although we did not determine the MDL of our
method in SCAN mode, higher concentrations of these compounds
would certainly be observable in SCAN mode (Fig. S1). Trial 3 in SCAN
mode did, however, confirm that no other volatile chemicals were
emitted from the same disturbed soil with any consistency and geosmin
and 2-MIB are the primary species of interest for studies of disturbed
soils. The Trial 2 SIM mode concentrations further indicated that
increased exposure times for both 2-MIB and geosmin generally resulted
in higher collection efficiencies. Since the highest concentrations were
observed at the greatest exposure times, we studied longer exposure
times for effect on analyte collection.



Trial 4 indicated that 40 min exposure was optimal for detection of
both geosmin and 2-MIB compared to 10, 20, 30, 50, and 60 min in SIM
mode (Table 3). The blank fiber sample did not detect either geosmin or
2-MIB, while the fiber placed directly over undisturbed soil detected low
background concentrations of both (Table 3). Comparing the undis-
turbed sample to the 30 min exposure of disturbed soil clearly demon-
strates the substantial release of these compounds due to soil
disturbance in agreement with Trial 1. In Trial 4, exposure to disturbed
soil yielded concentrations of both 2-MIB and geosmin over 20 times
higher than the fiber exposed to undisturbed soil, depending on field
exposure time (Table 3). The difference between disturbed and undis-
turbed at 30 min, for example, is (8.13-0.31 =) 7.8 pg L~ additional 2-
MIB in the immediate atmosphere due to disruption of 3.5 L of soil. As a
rough approximation, a soil disruption of just 0.1 L would double the
amount of 2-MIB present in the atmosphere, well above the SPME MQL
for this compound.

Based on mean comparisons, Trial 5 confirmed the Trial 4 finding
that 40 min exposure for both geosmin and 2-MIB using DVB/CAR/
PDMS fibers is the most effective exposure time. Mean 2-MIB concen-
trations were 6.05, 6.52, and 7.74 pg L~ at 20, 30, and 40 min exposure,
respectively, while geosmin concentrations were 0.36, 0.43, and 0.63 ug
L7 at 20, 30, and 40 min exposure, respectively (Table 3). Concentra-
tion variability, however, was high between samples, but this is not
unanticipated due to high variation of biochemical processes in any
given soil and the possibility that individual fibers vary in their affinity
for binding of specific compounds.

Geosmin and 2-MIB were detected far above background levels in all
disturbed soil samples exposed for at least 2 min from all trials and
experimental conditions using DVB/CAR/PDMS fibers in SIM mode. In
addition, since both 2-MIB and geosmin were detected just above un-
disturbed soils and not in the fiber blank, these compounds are contin-
uously percolating from the soil and are most prevalent at the soil
surface. Further, because only a very small volume of soil was disturbed
(8.5 L), larger or multiple soil disturbances could yield more information
regarding the concentration, duration, diffusion, and other properties
associated with their emission from disturbed soils.

It was expected that both geosmin and 2-MIB would be detected
near disturbed soil. The total origin of these compounds, however,
remains unknown. As Actinomycetes, filament forming bacteria, are a
primary producer of these compounds, soil disruption that destroys
these filaments could initiate an immediate release of 2-MIB and
geosmin. Alternatively, prior release of these compounds that accu-
mulate in soil pore spaces and are released upon pore destruction
could also result in increased concentrations. What is known is that the
release of these compounds from disturbed soils is immediate and
seems to continue at elevated levels for at least the time duration
studied here.

Mean concentrations for 2-MIB and geosmin from exposure to
disturbed soil samples across all trials analyzed using SIM mode were
5.64 pg L1 and 0.55 pg LY, respectively (Table 3). The 2-MIB con-
centration was consistently higher (on average 10 times) than geosmin
under any condition, which agrees with previous research detecting
higher concentrations of 2-MIB compared to geosmin in soils directly
(Buttery and Garibaldi, 1976; Stahl and Parkin, 1994, 1996) and is
likely influenced by the microbial ecology of producers, biochemical
production of the compounds, and sorption chemistry with soil con-
stituents. Recovery rates of geosmin and 2-MIB in soils using wet
purging are documented at 15% and 24%, respectively, indicating
likely soil adsorption, particularly with geosmin (Stahl and Parkin,
1994). Both geosmin and 2-MIB are produced by a number of soil or-
ganisms (Alghanmi et al., 2018; Breheret et al., 1999; Krishnani et al.,
2008; Schniirer et al., 1999); however, most organisms only appear to
be biochemically equipped to produce one or the other of these com-
pounds (Anuar et al., 2017). This may be due to the specific biosyn-
thetic pathways, molecular properties, or other factors possessed by
individual genera, species, and isolates of the compound producers.

Geosmin biosynthesis occurs from conversion of farnesyl diphosphate
(the universal C;5 sesquiterpene precursor) via a single enzyme, geo-
smin synthase (Giglio et al., 2011; Jiang et al., 2006). 2-MIB biosyn-
thesis occurs from conversion of geranyl diphosphate (the universal
Cy0 sesquiterpene precursor) via two enzymes, geranyl diphosphate
2-methyltransferase and MIB synthase (Giglio et al., 2011; Komatsu
et al., 2008). Given that soil organisms are responsible for production
of 2-MIB and geosmin and the variation in concentrations measured
from the same soil over time, it is likely that numerous environmental
variables influence the production and subsequent emission of 2-MIB
and geosmin from disturbed soils, and may at least partially explain
the discrepancy between emitted concentrations of the two com-
pounds. The influence of variation in microbial populations on geo-
smin and 2-MIB production has been previously reported (Stahl and
Parkin, 1996). As other variables such as soil moisture, temperature,
texture, pH, and vegetation influence the soil microbial community,
they too will likely influence emission of 2-MIB and geosmin.

Based on the above results, we can make multiple recommendation
for further investigation. First, while the DVB/CAR/PDMS fiber was
best for geosmin analysis, the collection and analysis method should be
tailored for geosmin to maximize its response. This is the lower con-
centration analyte in all cases studied here and conclusions based on
its presence requires more attention to an optimized method. Second,
in the soils investigated here, use of a PDMS fiber and a 2-MIB opti-
mized method may be preferable if correlating soil disruption to
concentration as its greater concentration will increase sensitivity.
Third, use of multiple fibers of both types is best when the relative
amounts of these two species in the volatilome is unknown. As stated
above, other variables could change the ratio of these compounds and
an initial screen may be required until a more comprehensive corre-
lation between volatilome and soil parameters is established. In
addition, this work does point out a SPME drawback where a fiber
sample is available for only a single analysis. Each desired replicate
requires an additional fiber. Finally, increased utilization of this
method under variable disturbance scenarios and environmental
conditions will provide additional information to develop further an-
alyses of these compounds and its potential applications.

4. Conclusion

The purpose of this study was to develop and evaluate a SPME
method that would allow for the simultaneous collection and analysis
of two soil volatiles, 2-MIB and geosmin, from the air near a soil
disturbance. Direct liquid injection of hexane standards of these two
analytes provided initial information on elution time, fragment masses
for SIM analysis, and detector response for recovery calculations when
using SPME fibers. Among tested fibers, a PDMS fiber was determined
to be best for 2-MIB. If either geosmin alone or the maximum mass of
total analytes sorbed on the fiber is the analytical focus, a DVB/CAR/
PDMS SPME fiber coating is most effective. Multiple parameters were
tested to determine the effect on the mass introduced on-column with
the DVB/CAR/PDMS SPME fiber, but these parameters should be
regarded as guidelines for optimization with other systems, fibers, and
analytes in mind. MDL and MQL for the SPME method for both 2-MIB
and geosmin were calculated and were determined to be low enough to
detect concentration changes of the analytes in the air over much
smaller soil disruption events than employed here. Both geosmin and
2-MIB were detected at low background concentrations just above
undisturbed soil, but emissions from over a disturbed soil quickly
exceeded background levels at fiber exposures greater than 2 min. In
the soil types studied here, 2-MIB emission from a minor soil distur-
bance was ten-fold higher than the accompanying geosmin concen-
tration, indicating that 2-MIB is the more valuable marker for
monitoring soil disruption.
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