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Abstract: We investigated the effectiveness of a multi-sorbent tube (M-Tube) to improve the sampling
method for a wide range of odor-causing volatile organic compounds (VOCs) at low concentrations.
The M-Tube applied in this study was a fixed tube packed with three adsorbents (Carboxen®,
Carbopack™, and Tenax®-TA) in series. To verify the efficiency of the M-Tube, a comparative study
was conducted against a single tube (S-Tube, Tenax®-TA). A total of 42 target compounds were
selected, including eight different chemical groups: terpenes, hydrocarbons, aldehydes, ketones,
alcohols, esters, furans, and alkanes, to verify the effectiveness of the M-Tube. In the laboratory test,
response factors, which are the ratios between output signals of gas chromatography by the sorbent-
tube sample and the liquid-standard sample, for the M-Tube were higher than those for the S-Tube.
The breakthrough volume of the M-Tube was higher than that of the S-Tube, indicating that the
M-Tube had a relatively lower method detection limit. In the field application to the sewage treatment
plant, 29 compounds were identified, and their concentration ranged from 0.3 to 98 ppbv (above
MDL). The detected compounds were considered odor-causing VOCs, and the odor contribution of
the compounds could be assessed. We ultimately concluded that comprehensive odor management
could be established by determining trace VOCs.

Keywords: odor-causing VOCs; GC-MS; multi-sorbent tube; odor management

1. Introduction

Odors are caused by one or more volatilized chemical compounds affecting physio-
logical symptoms and psychological stress [1]. Odor-causing compounds originate from
odor sources (e.g., wastewater treatment, landfill, livestock, and industrial facilities) redis-
tributing into a gas phase in the environment [2,3]. The pollutants should be accurately
monitored for proper control and management [4]. The odorous compounds often include
volatile organic compounds (VOCs) such as alcohols, aldehydes, esters, aromatics, terpenes,
or ketones, that could contain sulfur or nitrogen. Most odorants have low odor threshold
concentrations (down to ppbv; in some cases, it can go down to pptv) and exist at low con-
centrations (from ppmv down to pptv) in the environment [1-3,5], which leads to potential
difficulty in the chemical analysis of odorants. Sulfur- or nitrogen-containing compounds
(i.e., hydrogen sulfide and ammonia) have been widely studied in odor management [6-10],
whereas VOCs have been less studied. As VOCs are a large group of organic chemi-
cals with different chemical and physical properties [11,12], analysis of odorous VOCs is
still challenging.

Sample collection and quantification of odorous VOCs are critical to establish a plan for
odor management and develop control technologies, which will mitigate odor emissions [5].
The accuracy of the VOCs measurement largely depends on choosing the appropriate
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sampling method [13]. Traditional sampling techniques for VOCs includes canisters, bags,
solid sorbents, and liquid solvents [14]. Sorbent materials usually packed in a tube have
high surface areas, and the sampling method with the sorbent tube is easy to handle [15].
However, this measurement requires preconcentration prior to VOC analysis [16] and
encounters problems of breakthroughs in sampling [17].

Previous studies have reported that VOC could be analyzed using various sampling
and analysis methods such as online sampling with a proton transfer reaction quadrupole
interface time-of-flight mass spectrometer (PTR-QiTOF-MS) [18,19], canister sampling with
a solid-phase extraction-gas chromatography-mass spectrometry/pulsed discharge helium
ionization detector/flame ionization detector (SPE-GC-MS/PDHID/FID) [20], TD-GC-
MS [21-23], and SPME-GC-MS [19,21,24-27]. The ISO 16000 series has been widely accepted
as the international standard for the determination of VOCs and recommends the use of the
sorbent Tenex®-TA (Poly (2,6-diphenyl-p-phenylene oxide)) and gas chromatography (GC)
followed by mass spectrometry (MS) or a mass spectrometry-flame ionization detector (MS-
FID) [28]. Tenex-based polymer adsorbents have a low retention volume for high volatility
VOCs, and the approximate analyte volatile range of commercialized Tenex®-TA is n-C7
to n-C26, including aromatics compounds (excluding benzene), nonpolar compounds,
and less volatile polar compounds [29]. Many studies of VOC analysis have applied a
Tenex®-TA single-sorbent tube [30,31]. Still, some studies reported that the Tenax®-TA
single sorbent tube was inappropriate for analyzing odorous VOCs, especially for polar,
very volatile, and low concentrated compounds [32,33].

To improve the sampling methods using the Tenax®-TA single tube, some studies
have suggested the multi-sorbent tube, which packs more than one adsorbent material in
series according to the characteristics of analytes [16,34—42]. They included two or three
adsorbents for their multi-sorbent tubes to analyze VOCs in the gas phase. However, the
previous studies [37,40,41] discussed a relatively narrow range of VOCs, which might cause
difficulty in understanding the applicability of their multi-sorbent tubes to a wide range of
VOCs. Sources of offensive odor may have different emission conditions against general
air pollutants, and the proposed sampling method needs to be applied in the field. In
particular, odorous compounds are generated in humid conditions from environmental
facilities such as wastewater treatment plants. Therefore, further studies of multi-sorbent
tubes are needed to cover a wide range of VOCs and, at the same time, the applicability of
multi-sorbent tubes to humid field conditions must be checked.

This study aimed to achieve effective odor management by analyzing odorous VOCs
generated at low concentrations. This purpose was to be achieved by comparing between
the performance of a single sorbent tube (Tenax®-TA) and that of a multi-sorbent tube in
the analysis of odorous VOCs using thermal desorption (TD) coupled with a capillary gas
chromatography/mass spectrometry detector (GC-MS). The multi-sorbent tube contained
Carboxen® 1003, Carbopack™ B, and Tenax®-TA in series to collect samples for the analysis
of odorous VOCs. The laboratory-based study assessed the analytical sensitivity of the
multi-sorbent tube over the single-sorbent tube. It also evaluated the breakthrough volume
(BV) to identify the safe sampling volume. A field test with the multi-sorbent tube suggested
in this study was also conducted to quantify odorous VOCs generated from sludge storage
in a wastewater treatment plant. Lastly, the odor contribution of the quantified VOCs and
the effect of gas humidity pretreatment on field sampling were investigated.

2. Materials and Methods
2.1. Materials

Standards of VOCs with a purity of no less than 98% are summarized in Table S1. The
standards included alcohols, aldehydes, alkanes, esters, furans, hydrocarbons, ketones, and
terpenes. The standards of VOCs were diluted with methanol (99.99%, Honeywell-Burdick
& Jackson, Muskegon, MI, USA) prior to the analysis. To dilute VOCs standard gas in
the analytical calibration procedure, pure dry nitrogen gas (99.999%, Air Korea Co., Ltd.,
Gimhae, Korea) was used.
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2.2. Sorbent Tubes

The sorbent materials were selected in this study by considering the adsorption
properties (i.e., adsorption strength, surface area of sorbent, hydrophilic-hydrophobic
property) of the compounds to be tested. The adsorbents used in this study are Tenax®-
TA, Carbopack™ B, and Carboxen®-1003. Tenax®-TA is known to be advantageous for
adsorption of 7-26 carbons, having relatively weak adsorption strength (a surface area
of 35 m?/g), among the three adsorbents, with hydrophobic adsorbates. Carbopack™
B is advantageous for adsorption of 5-12 carbons, having medium adsorption strength
(a surface area of 100 m? /g) with hydrophobic adsorbates. Carboxen®-1003 is advantageous
for capturing 2-5 carbons, having high adsorption strength (a surface area of 1000 m?/g)
with adsorbates of medium hydrophilic property. Sorbent materials were placed in the
tube to allow sample gas to pass through the weaker adsorbent first and then the most
strongly adsorbing materials [43]. Sorbents were carefully weighted considering any loss
during the fabrication of sorbent tubes (Table S2).

Single-sorbent and multi-sorbent tubes were prepared and referred as S-tube and
M-tube, respectively. The S-tube (Tenax®—TA 200 mg, APK Sorbent Tubes) was purchased
from KNR (KNR Co., Ltd., Seongnam, Korea). The M-tube was packed with 59.5 mg
of Carboxen®-1003, 109.2 mg of Carbopack™ B, and 181.4 mg of Tenax®-TA in series
(Figure S1). The adsorbents” packing ratio was adjusted to collect a wide range of VOCs
most efficiently according to the adsorbent properties (e.g., adsorption strength and sur-
face area). All sorbents were placed in a stainless-steel tube with a stainless-steel mesh
and end plugs, and glass wool was placed between sorbents to separate them. Tenax®-
TA (60/80 mesh, 35 m?/ g), Carbopack™ B (60/80 mesh, 100 m2/ g), Carboxen®-1003
(40/60 mesh, 1000 m?2/ g), and glass wool (Non-treated, GC suitable) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). (The properties of the selected adsorbent are shown
in Table S3.) Stainless-steel tubes in the thermal desorption unit (TDU tubes, SS, Empty,
6 mm external diameter, 89 mm long) were purchased from RESTEK (Bellefonte, PA, USA).
After tube packing and before each use, all tubes were conditioned using a tube conditioner
(APK-1200, KNR Co., Ltd., Korea) for 120 min at a maximum temperature of 300 °C under
100 mL/min of a pure nitrogen gas (99.9999%, Air Korea Gas Co., Ltd., Yeoju, Korea) flow.
Conditioned tubes were immediately sealed using tube caps (UC-Tube Cap, Unilok Co.,
Ltd., Ansan, Korea) fitted with PTFE ferrules.

2.3. Experiments
2.3.1. Analytical Sensitivity

To test for GC-MS response sensitivity of the M-Tube, GC signals for standard VOCs
were compared between S-Tube and M-Tube. Standard stock solutions from neat chemicals
were prepared and further diluted in methanol to obtain VOC standards with concentra-
tions ranging from 0.198 to 695.8 ng/uL, which is the typical range in the VOCs concen-
trations generated in the sewage treatment plant, found in our previous study [44]. All
standards were newly prepared on the day of use. The calibration curves (4 calibration
points) of the VOC standards were made by loading 1 uL of the previously prepared
standard dilutions into the sorbent tubes (both S-tube and M-tube). Chemical analysis was
performed by using TD-GC/MS in scan mode and SIM (selected ion monitoring) mode,
respectively.

In order to verify the loss of analytes during the thermal desorption process, the liquid-
phase VOCs standard solutions (78.008 to 170.379 ng/uL) were analyzed with 1 uL direct
injection using GC/MS. The recovery percentage was calculated after analyzing liquid
direct injection, M-tube, and S-tube, using the same concentration sample, respectively, and
the recovery percentage formula was as follows.

GC signals of M(or S) tube sample
GC signals of liquid direct inject sample

Recovery percentage = x 100 1)
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2.3.2. Breakthrough Volume

In order to evaluate safe sampling volumes (SSV) for the given sorbent tubes, a break-
through volume (BV) experiment was conducted. The term BV refers to the volume of gas
that will purge any chemicals through the sorbent tube. In this study, a backup tube was
used, by placing an identical tube in series with the first tube (both S-Tube and M-Tube).
This setup could capture any sample breakthrough in the backup tube. The breakthrough
percentage was estimated as the percentage of the mass detected in the backup tube to
the total mass analyzed. The BV was estimated as the sample volume when the break-
through percentage was 5% [17,43]. The SSV was calculated as half of the experimentally
determined BV [45] and applied to the sampling conditions of the field study.

Standard gas samples were prepared by volatilizing liquid samples with pure nitrogen
gas in the Tedlar® bags (KNR Co. Ltd., Namyangju, Korea). Standard gas concentrations for
each compound were set up differently, ranging from 50 to 100 pg/m?, based on a previous
study of VOC concentrations from sewage treatment plants [44]. It was assumed that the
relative humidity (RH) of the standard gas sample was zero because the nitrogen gas used
for dilution was 99.999% pure gas and a liquid standard sample does not contain any water.
The gas standard sample in the Tedlar® bag flowed through a sampler (KMS-200, KEMIK
Co. Ltd., Seoul, Korea) with a flow rate of 100 mL/min into the two tubes connected in
series. In Table 54, VOCs loss was not observed at 100 mL/min of gas sampling flow rate.

The sampling volumes of the S-Tube were 0.5 L, 1 L, and 3 L. M-Tube was sampled
with the sampling volumes of 1L,5L,10L,15L, 20 L, 25L, 30 L and 35 L. After sampling
each volume, the main and backup tubes were analyzed with TD/GC/MS, respectively.

2.3.3. Analysis

Liquid standards were prepared by diluting in methanol with a concentration range
of 0.1 ng/tube to 1000 ng/tube. In the calibration process, for loading the adsorbent tube
with the liquid standard solution, a liquid standard injector (APK-6100L, KNR Co., Ltd.,
Namyangju, Korea), which can set a vaporizing temperature and purge gas flow rate, was
used to vaporize the different liquid standard solutions before entering the adsorbent tubes.
Liquid standards were vaporized at 250 °C and purged with 100 mL/min of pure nitrogen
gas flow rate for five minutes and then introduced into the adsorbent tubes. VOCs analysis
was performed with thermal desorption (Markes Unity Series 2, Markes International Ltd.,
Llantrisant, UK) coupled with gas chromatography (Agilent 7820 A) mass spectrometry
(Agilent 5977 E, Santa Clara, CA, USA). In the TD, the conditions were set as follows:
pre-purge, one minute; desorption temperature, 330 °C for eight minutes; desorption trap
helium flow rate, 50 mL/min; inlet split, 1:1; cold-trap (U-T11GPC-2S, general purpose
trap, Markes International Ltd.) temperature, —10 °C; transfer-line temperature, 180 °C. In
the GC/MS, split ratio was 20 and column flow rate was 1 mL/min of helium (99.9999%
purity). GC oven temperature was set as 35 °C for the first ten minutes, increased to
200 °C with the increment rate of 5 °C per minute, and then was kept at 200 °C for 10 min
(total 48 min). Column used in the analysis was DB-5 (60 m x 0.320 mm X 1 um, Agilent
technologies, Santa Clara, CA, USA). The ion-source temperature and the quadrupole
temperature were 230 °C and 150 °C, respectively. The mass range of scan mode analysis,
which was conducted to confirm the retention time and major ions of each compound, was
31 to 400 m/z. Quantitative analysis was performed in SIM mode. In the case of liquid
direct injection, all GC-MS analysis conditions, only without the TD part, were applied
identically with the adsorbent tube method. The correlation coefficients of the calibration
curves were equal or higher than 0.98. All samples taken in the adsorbent tube were
analyzed in the same manner as described above. Details of the basic information and
detection limits for all compounds are available in the Supplementary Materials (Table S1).

2.3.4. Application to a Field Test

To examine the application of the M-Tube to field conditions, a field test was conducted.
A sewage treatment plant in Seoul, Korea, was selected for the site. The plant treats
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wastewater flowing from a city and generates energy from the resulting biogases. This site
has a very humid environment, with RH close to 100% (detected by Hygro-Thermometer
Clock, 811CE, Daekwang, Inc., Hwaseong, Korea). Since the M-Tube contains a hydrophilic
adsorbent, a pretreatment process for removing moisture was added to the sampling
process using the M-Tube. In the case of S-Tube, the pretreatment process was not added in
the entire sampling process.

For the M-Tube, humidity control with silica gel was implemented by putting the silica
gel into the 30 mL of impinger and passing the gas to be sampled through the impinger.
Humidity control with calcium chloride was also implemented by putting 500 mg of
calcium chloride, mixed with 100 mg of diatomaceous earth, into the impinger and passing
the sample gas through the impinger.

The headspace gases of the concentration facility were sampled using three types of
sampling processes. The sampling-gas flow rate was set at 100 mL/min with a gas sampler
(KMS-200, KEMIK Co. Ltd., Seoul, Korea). The SSVs resulting from our BV experiment
were applied to the field test. We named the samples as shown in Table 1 according to
the sampling procedure. M1-Sample was analyzed with a sampling volume of 0.5 L using
the M-Tube with humidity pretreatment of silica gel. M2-Sample and M3-Sample were
analyzed with sampling volumes of 0.5 L and 5 L, respectively, using the M-Tube pretreated
by calcium chloride mixed with diatomaceous earth.

Table 1. Experimental setup of humidity control for different samples.

Materials Used for Sampling Volume . . . .
Sample Humidity Control (mL) Flow Rate (mL/min) Sampling Time (min)
S -1 500 100 5
M1 Silica gel 500 100 5
M2 CaCl, + Diatomaceous earth 500 100 5
M3 CaCl, + Diatomaceous earth 5000 100 50

1 Humidity pretreatment was not conducted for the S-Tube.

As for the gas-phase VOCs emitted in the field, qualitative analysis (MS scan mode)
and quantitative analysis (MS SIM mode) were performed. Calibration curves made for
standard VOCs were used to calculate the concentration of quantitative analysis.

2.4. Odor Assessment

To quantitatively evaluate the odor, we calculated an odor quotient (OQ) of each
compound. The odor quotient is the value obtained by dividing the concentration of each
odor substance by its odor threshold [46—-48]. Moreover, a sum of odor quotients (SOQ) was
compared in each sample. A previous study investigated the relationship between dilution
to the threshold (D/T) ratio concentration and the odor quotient value and confirmed that
log(SOQ) and log(D/T) values were linearly proportional (r = 0.86) [49].

Odor Concentration

Odor Quotient = Odor Threshold

@

3. Results
3.1. TD/GC/MS Sensitivity

Figure 1 shows the responses to the corresponding retention concentrations of S-Tube
and M-Tube. The responses obtained from S-Tube and M-Tube were compared at four
concentrations ranging from 21.3 ng/tube to 21,302 ng/tube. The y-axis and the x-axis
represent the intensity (abundance) of the signal by GC analysis with the S-Tube and the
M-Tube, respectively. In all four concentrations, the slopes of the graphs were less than one,
indicating that the response sensitivity of the S-Tube was smaller than that of the M-Tube.
Less analyte was lost in the M-Tube than in the S-Tube because the adsorbent with high
adsorption strength was used in the M-Tube. The S-Tube showed low responses in the
relatively low concentrations (Figure 1a,b), while the responses of the S-Tube were similar



Atmosphere 2022, 13, 1457

6 of 14

to those of the M-Tube in the higher concentrations (Figure 1c,d). Detailed chromatograms
are provided in Figure S2a. These results imply that the M-tube is more applicable for
analyzing samples with relatively low concentrations than the S-Tube. For samples with
relatively low concentrations, the analyte loss in the M-tubes was less than that in the
S-tubes. In all the analysis results, the GC-MS peak area ratio of the M-Tube to the S-Tube
was 26 on average, demonstrating that analysis using the M-Tube was effective for analysis
of low-concentration samples. Detailed recovery percentages of each compound showed in
Table S5 (Supplementary Materials).
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Figure 1. Comparison of GC-MS response intensity between the S-Tube (y-axis) and the M-Tube
(x-axis) with four different retention concentrations ranging from 21.3 ng/tube to 21,302 ng/tube.
Analysis was performed by thermal desorption coupled with GC/MS in scan mode and SIM mode:
(a) Total mass: 21.3 ng/tube; (b) Total mass: 2130 ng/tube; (c) Total mass: 10,651 ng/tube; (d) Total
mass: 21,302 ng/tube.

3.2. Breakthrough Volume

Figure 2 shows the adsorbed mass of the main and backup tubes of the S-Tube in three
different retention volumes (i.e., 0.5 L, 1 L, 3 L) and two different inlet concentrations of
total volatile organic compounds (i.e., 440 ppbv, 880 ppbv). In the S-Tube, some compounds
experienced breakthrough from 1 L of retention volume. As the retention volume increased,
the amount of mass adsorbed on the backup tube also increased. In Figure 2a, the break-
through did not occur in 0.5 L and 1 L. In the 3 L of retention volume, the breakthrough
percentage was 1.6% (data not shown). In Figure 2b, the breakthrough occurred at 1.5% at
0.5L,6.1%at 1L, and 8.7% at 3 L retention volume, indicating that the BV of the S-Tube was
5L/g of adsorbent at the inlet gas concentrations of 880 ppbv. The safe sampling volume
of the S-Tube was calculated as 2.5 L/g, which is half of the BV. As the concentration of the
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inlet gas increased, the BV decreased. Thus, the BV we obtained in this study cannot be
applied to inlet gas at different concentrations.

35 7
—_ (a) (b)
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(2]
<
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X
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72]
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o 1 3 4
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=
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0.0 ® @ : ; — | o e : - - - :
0.5 1.0 15 20 25 30 0.5 1.0 15 20 25 30

Retention volume (L)

Figure 2. Adsorbed mass of the main and backup tubes of S-Tube for two different inlet gas con-
centrations of total volatile organic compounds; (a) 440 ppbv, and (b) 880 ppbv. The open circles
represent the adsorbed mass of the main tubes and the closed circles represent the adsorbed mass of
the backup tubes.

Figure 3 shows the chromatograms of the main and backup tubes of the M-Tube at
35 L retention volume when the inlet gas concentration of TVOCs was 440 ppbv (detailed
chromatograms are provided in Figure S2b). Some peaks seen in the chromatogram of the
backup tube were below the detection limit and breakthrough did not occur in the backup
tube at 35 L retention volume. Conversely, some overloaded peaks were observed in the
chromatogram of the main tube, suggesting that analytical errors might occur. Since there
was no overloaded peak in the 10 L retention volume, the BV of the M-Tube was estimated
as 10 L (converted to 28.6 L/g of adsorbent). The SSV in our M-tubes was determined to be
14.3 L/ g of adsorbent, which is half of 28.6 L/g of adsorbent.

PTFE tube

Sampling f?O\\r’ cmjneclinn .

‘O O Main tube ) J Ol U Back-up tube ) ) =)
\6; : | M-Tube, 35L(main tube) : : M-Tube, 35L (back-up tube)

%3 ' 31

S 2 A 2

=

bl JF

EN | L] 0

<

10 20 30 40 10 20 30 40
Retention time (min)

Figure 3. The chromatogram of the main (left) and backup (right) tube of the M-Tube at 35 L
retention volume. The inlet gas concentration of total volatile organic compounds was 440 ppbv. For
the comparison of GC peaks between the main tube and backup tube, y-axis was shown in the same
scale for both chromatograms.



Atmosphere 2022, 13, 1457

8 of 14

3.3. Field Study

Figure 4 shows the composition of each group of chemicals in our field study, detected
with different tube types and methods for humidity pretreatment. As we estimated the
SSV of the S-Tube as 0.5 L in this study, 0.5 L of headspace gas of the concentration facility
was sampled using the S-Tube without humidity pretreatment. Likewise, as we estimated
the SSV of the M-tube as 5 L in this study, we sampled 0.5 L (for comparison with S-tube)
and 5 L of the headspace gas in the same facility using the M-Tube with either silica gel or
calcium chloride for humidity pretreatment. As a wide range of substances was detected,
the substances were grouped into different classes.

(a) (b)
S-Sample

Sampling volume : 0.5 L

Total adsorbed mass : 357 ng/tube

M1-Sample
Sampling volume : 0.5 L
Total adsorbed mass : 172 ng/tube

Concentration : 713 pg/m?* Concentration : 345 pg/m?

() (d)
M2-Sample

Sampling volume : 0.5 L

Total adsorbed mass : 183 ng/tube

M3-Sample
Sampling volume : 5 L
Total adsorbed mass : 4558 ng/tube

Concentration : 366 pg/m?* Concentration : 912 pg/m?

Figure 4. Composition of analytes sampled from the headspace gas in the concentration facility
of wastewater treatment plant. Different sampling conditions (i.e., tube type, sampling volume,
humidity pretreatment) were applied to each sample (Table 1). (Tube types: S-Tube or M-Tube,
sampling volume: 0.5 L or 5 L, humidity control (in the M-Tube sampling): silica gel or CaCl, with
diatomaceous earth).

In Figure 4a—c, field sampling results of the S-Tube and M-Tube with the 0.5 L sampling
volume are shown. The total mass of the S-Tube was 357 ng/tube, which was higher than
those of the M-Tube with silica gel (172 ng/tube) and calcium chloride (183 ng/tube).
Half of the analyte was lost due to humidity pretreatment (Figure 4b,c). The sample
pretreated with calcium chloride had a lower sample loss. However, the sample loss rate
was quite large, indicating that the humidity pretreatment had a negative effect on the
stable sampling of VOCs gas. Further studies, such as sample stability, oxidant control, and
humidity control, are recommended for investigating appropriate methods to overcome
this problem.
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The M3-Sample was observed to have a higher TVOCs concentration (912 pg/ m3)
than that of the S-Sample (713 ng/ m3) (Figure 4a,d), with the same headspace gas from
the concentration facility. The low detection limit of the M-Tube might account for the
higher concentrations by the M3-Sample because trace compounds are more likely to be
detected in the M3-Sample. For this reason, it is recommended to use the M-Tube for the
analysis of trace compounds. Twenty-nine compounds were detected above the MDL using
the M3-Sample, while only five compounds were detected above the MDL using either
the M1-Sample or M2-Sample (data not shown). When using the M3-Sample, the highest
concentration was observed in toluene (371 pg/m3, corresponding to 98.5 ppbv), followed
by n-decane (122 pg/m3, corresponding to 20.9 ppbv), methyl pentanoate (74 ug/m?3, corre-
sponding to 15.6 ppbv), 3-pentanone (58 png/m?, corresponding to 16.5 ppbv), n-undecane
(57 ug/m3, corresponding to 8.9 ppbv), and ethyl pentanoate (51 pug/m3, corresponding to
9.6 ppbv). The concentrations of the remaining 23 compounds ranged from 2 to 22 pg/m?3
(up to 0.3 ppbv).

In Figure 4, the composition of substances was different depending on the sampling
methods, meaning that the substances that the S-Tube and M-Tube collected differed.
From comparing field sampling results between the M1-Sample and M2-Sample, alco-
hols might be adsorbed by the humidity pretreatment material of the M2-Sample (i.e.,
CaCl, + diatomaceous earth) before arriving at adsorbents. In the case of M3-Sample, sub-
stances of various chemical groups were detected because the larger sampling volume of
M3-Sample (5 L) led to a stronger preconcentration of trace compounds.

Figure 5 shows the odor quotients of the detected compounds. The odor quotient is
a quantitative index of odor, calculated by the ratio of the odor substance concentrations
to the odor threshold concentration of each substance. The sum of odor quotient (SOQ)
was 5.08 in S-Sample, 7.82 in M1-Sample, 45.76 in M2-Sample, and 93.24 in M3-Sample.
The M3-Sample had the highest odor quotient because the M3-Sample had the highest
adsorbed mass of detected compounds. The lowest SOQ value of 5.08 in S-Sample and the
highest value of 93.24 in M3-sample differed by more than 18 times. Moreover, the odor
quotient of terpenes was less than 1 from S-Sample, M1-Sample and M2-Sample, while that
of terpenes was close to 10 from M3-Sample.
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Figure 5. Distribution of odor quotients for each chemical group (bar graph, left side) and sum of
odor quotient for each sample in the field study (line graph, right side) for four different sampling
conditions (Table 1). Odor quotients were calculated as the ratio of the measured concentrations at
headspace gas to the odor threshold concentrations. Odor quotient is 1 when humans begin to sense
the odor from a specific substance.
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Hydrocarbons had the highest composition among the seven chemical groups (Figure 4),
while ester and glycol ethers had the highest odor quotient (Figure 5). The reason is that
ester and glycol ethers have lower odor threshold concentrations than hydrocarbons, further
implying that glycol ethers contribute more to odor than hydrocarbons. It is recommended
to consider the odor contribution of each chemical group and give priority to chemical
groups with higher odor contribution in the removal process.

4. Discussion

Commercial multi-tubes combined only for analyzing odorous substances do not yet
exist. The manufacturer provides information about each adsorbent, but multi-sorbent
tubes still have limited options. The manufacturer also provides a service that manufactures
multi-tubes if the analyst selects adsorbents and configures them. However, the selection
guide is very limited, and all the analysis results from the selected combination’s adsorbent
are the analyst’s responsibility, making it difficult to use the desired adsorbent combination
in terms of the reliability of the results. Therefore, it is necessary to increase the research on
the validation of multi-sorbent tubes.

Since odorous VOCs exist at low concentrations, the sensitivity of the analytic method
and the capacity of sampling volume are critical to evaluating VOCs emission, which can
be allowed by applying the analytical method proposed in this study. We observed that the
M-tube is better for collecting VOCs with lower concentrations and boiling points and has
a bigger SSV than the S-tube.

Our results were consistent with previous studies showing that breakthroughs are
more likely to occur with lower boiling points or carbon numbers [40,41]. Of compounds
with a 100 °C or lower boiling point, the breakthrough occurred in 76% of them. Only
48% of compounds with boiling points higher than 100 °C experienced the breakthrough,
indicating that the compounds with higher boiling points had lower breakthrough per-
centages. Therefore, the physical properties, such as the boiling point of compounds,
should be considered when they are analyzed. For example, breakthroughs are likely to
occur when sampling very volatile compounds and smaller sampling volumes should be
collected accordingly.

However, it is practical to increase the sampling volume to lower the detection limit
when analyzing substances that are not highly volatile. Odor-causing VOCs tend to have a
more irritating odor at higher vapor pressures [42]. The adsorbent packed in the sorbent
tube can significantly affect odor-causing VOCs analysis, demonstrating that the adsorbent
type should be carefully selected for practical VOC analysis.

The SSV was higher in the M-Tube than in the S-Tube because the packing adsorbents
had a larger surface area and stronger adsorption force than the S-Tube. Compared to the
M-Tube, the S-Tube might easily desorb the analytes back when it is purged for desorbing.
This observation can be supported by previous studies reporting that polymeric adsorbents
such as Tenax tended to have lower SSVs for highly volatile compounds [31,43]. As the
sampling volume increases, it might be advantageous to use our M-Tubes to analyze trace
compounds because of their larger SSVs. Several studies compared the breakthrough
percentage of the S-tubes with that of multi-sorbent tubes. They found that the multi-
sorbent tubes showed relatively large BVs compared to the single-sorbent tubes [18,31,44],
consistent with our results. The maximum volume of gas that can be sampled without a
significant breakthrough of VOCs must be known before use, which directly correlates to
the effectiveness of the sampling method for VOCs analysis.

However, the actual breakthrough volumes in the field study decreased under extreme
environmental conditions (e.g., high humidity). Humidity control is necessary for the
field study when using multi-tubes containing hydrophilic adsorbents, which are easily
affected by humidity in the air sample. Research on moisture control in field sampling
is still limited and challenging. In this study, silica gel and calcium chloride were used
to control moisture. The silica gel adsorbs moisture through physical adsorption, and
calcium chloride absorbs water molecules in the air to liquefy them since it is deliquescent



Atmosphere 2022, 13, 1457

11 0f 14

and ionizes itself to remove moisture. Other methods include purging the tube with dry
nitrogen gas just before TD-GC-MS analysis, or heating the tube, setting the temperature
of the tube to high during sampling, to prevent condensation of water molecules. In the
purging case, the compounds are already lost by moisture during sampling because it is
a follow-up process. The heating tube’s sample loss was big because the heat applied to
prevent water from being condensed so that other VOCs, particularly very VOCs (with
lower boiling points than water), are not adsorbed. However, in the case of silica gel, some
VOCs, such as acetaldehyde, tend to be adsorbed together, which is consistent with the
results of papers published by several researchers [50-53]. Calcium chloride, which is very
deliquescent, can be better for removing water from the air, resulting in the loss of volatile
compounds being less than that of silica gel. It is worthwhile to note that some VOCs were
easily dissolved in moisture.

We found that underestimated VOCs could also affect odor assessment. Figure 5
shows the broad range of SOQ from 5.2 (5-Sample) to 93.3 (M3-Sample); even though
they are the same gas sample, they could be assessed very differently according to the
different sampling tools. These differences can lead to a significant error in establishing the
operation plan of the odor-reduction process. It is recommended to analyze the odorous
substances through appropriate sampling methods. Olfactory and theoretical threshold
tests have been generally used to evaluate odors [54]. When evaluating odor intensity
using the olfactory test, the odor is subjectively judged through the individual’s sense of
smell, so theoretical odor evaluation methods such as the threshold test are being studied
to secure the objectivity of the odor evaluation. However, there is still some limitations
in the theoretical threshold test due to the complexity of odor. For example, the olfactory
test and threshold test results are often less correlated, which can provide substantially
different results from each other, which is known to be because the odor threshold can
represent different values in different literature [55]. However, in an approach based on the
results of this study, the difference in results according to the odor assessment method may
be due to the chemical analysis’s analytical limitation. For more advanced odor evaluation,
it is essential to study the correct odor-threshold calculation and the sampling/analysis
method, which can identify and quantify odor-causing compounds, specifically odorous
VOCs which are still under study.

5. Conclusions

In this study, we made the multi-sorbent tube composed of three adsorbents of
Carboxen® 1003, Carbopack™ B, and Tenax®-TA in series and compared their sampling
performances with those of the single-sorbent tube packed with Tenax®-TA.

After VOCs were adsorbed on the adsorbent tubes (i.e., S-Tube, M-Tube), they were
analyzed using thermal desorption coupled with gas chromatography/mass spectrometry
under the scan mode and SIM mode.

Areas of the analysis were compared between the S-Tube and M-Tube among different
concentrations ranging from 20 ng/tube to 20,000 ng/tube. In the analysis of compounds
with relatively high concentrations, both types of tubes showed similar performance, but
the S-Tube was not efficient in the analysis of compounds with relatively low retention
concentrations (20-2000 ng/tube).

BVs of the S-Tube and M-Tube were compared with standard gas concentrations of
50 pg/m> and 100 pg/m?>. BV of the S-Tubs was 1 L and SSV was 0.5 L, correspondingly.
In the M-Tube, the BV experiments were performed up to 35 L of sampling volume, but
breakthrough did not occur. SSV of the M-Tube was determined to be 5 L considering the
peak overloaded on the gas chromatogram.

The samples collected from concentration facility in a wastewater treatment plant
were compared among different types of tubes and humidity pretreatment methods. The
highest adsorbed mass was observed in the analysis of the headspace gas with 5 L sampling
volume using the M-Tube.



Atmosphere 2022, 13, 1457 12 of 14

In conclusion, it is suggested that using the multi-sorbent tube composed of suitable
adsorbents enables a more accurate and efficient analysis of trace compounds in gas
samples, establishing more comprehensive odor management.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos13091457/s1, Figure S1: Schematic drawing of multi-sorbent
tube suggested in this study. Carboxen, Carbopack B, and Tenax TA were packed in series inside
a stainless steel tube [46—48,56]; Figure S2a: Comparison of GC/MS responses between the single-
sorbent tube and the multi-sorbent tube; Figure S2b: Chromatograms of the back-up tube and main
tube in the single-sorbent tube (upper) and the multi-sorbent tube (bottom) sampling methods;
Table S1: Quality assurance of the S-Tube and M-Tube sampling for 42 target compounds; Table S2:
Mass of adsorbents (Tenax® TA, Carbopack™ B, and Carboxen® 1003) packed in multi-sorbent
tubes; Table S3: Characteristics of adsorbents used in this study; Table S4: Capture efficiency (%) of
specified VOCs by sorbent tubes on gas sampling flow rates; Table S5: Relative recovery rates between
different standard phases (gas and liquid) in the analysis of VOCs using gas chromatography-mass
spectrometry (Am: chromatographic peak area of gas samples in the multi-sorbent tube method, As:
chromatographic peak area of gas samples in the single-sorbent tube method, Al: chromatographic
peak area of liquid samples).
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