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Abstract: In this study, a total volatile organic compound (TVOC) monitoring system was developed
and employed for the continuous and real-time monitoring of TVOCs. Gas chromatography (GC)
coupled with thermal desorption (TD) and a commercially available portable VOC detector were si-
multaneously applied to verify the performance of the developed system. Since the developed system
was applicable with and without a pump, the effect of the pump on the monitoring performance was
also investigated. Overall, the reliable accuracy and precision of the developed TVOC monitoring
system were verified in the TVOC concentration of 50~5000 ppby. Based on the simultaneous analysis
with TD-GC, the TVOC monitoring system showed nearly identical performance to the TD-GC
system regardless of the presence of the pump. When compared to the commercially available and
portable VOC detector equipped with an internal pump, the maximum delayed response of the
TVOC monitoring system was 15 min. In the VOC transport in soil, the breakthrough curve was
successfully obtained compared to the case with the TD-GC system. Considering the measurement
frequency of the TD-GC system, the TVOC monitoring system as a passive monitoring device can be
effectively applied to the subsurface area with the TVOC concentration at or above 50 ppby.
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1. Introduction

Volatile organic compounds (VOCs) are hazardous and carcinogenic contaminants
that readily vaporize into the atmosphere. They originate from diverse sources encompass-
ing outdoor elements such as industrial processes and transportation as well as indoor
contributors such as building materials and household items [1,2]. The origins of VOCs
include inappropriate industrial waste management, biofuel production, combustion of
fossil fuels, emissions from vehicles, and release from oil storage containers. A substantial
contribution of VOC emission comes from the petroleum and chemical industries [34].
Notably, the leakage from underground storage tanks and inadequate emission manage-
ment in the petrochemical plants can directly contaminate soil and groundwater, gradually
spreading VOCs from the sources. Apparently, underground volatile compounds are likely
to rise to the ground surface, eventually leading to vapor intrusion [5]. Since benzene,
toluene, ethylbenzne, and xylene, collectively known as BETX, account for 80% of the total
VOCs released by petrochemical plants [6], the on-site monitoring of BTEX migration to
the ground level is crucial at the contaminated sites to ensure safe land use and proper
site development.

VOCs are both air pollutants and contributors to the formation of other air pollutants.
For example, VOCs act as precursors to the secondary formation of particulate matter [7].
In the troposphere, VOCs react with sunlight and nitrogen oxides, forming photochem-
ical smog and contributing to an increase in the greenhouse effect [8]. Also, VOCs are
introduced to the human body through various pathways such as ingestion, skin contact,
and inhalation. This exposure occurs through transport mechanisms such as molecular
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diffusion from pollutants, precipitation penetration, and groundwater flow [9,10]. In partic-
ular, human health is vulnerable to highly volatile substances such as paints, ink, laundry
detergents, etc. These substances are introduced to the body primarily through inhalation
rather than ingestion or skin absorption [11,12]. Specifically, BTEX is known to pose a po-
tential hazard to the human body, depending on the exposure level [13]. The International
Agency for Research on Cancer classifies benzene as a human carcinogen (Group 1) and
ethyl benzene as a substance that is likely to be carcinogenic to humans (Group 2B). While
there is insufficient evidence supporting the carcinogenicity of toluene and xylene, they are
lipophilic substances with high affinity for lipid-rich tissues such as brain cells. Therefore,
long-term exposure can potentially affect the central nervous system [14,15].

VOC:s are typically analyzed by gas chromatography (GC) with primary detectors
such as flame ionization detector (FID) and photoionization detector (PID) for both quan-
titative and qualitative measurements [16-18]. The FID exhibits lower volatility, greater
stability, and enhanced reliability [19,20]. In contrast, the PID is commonly employed
as a cost-effective, portable sensor due to its ability to facilitate on-the-go analyses and
prompt assessment. When examining low concentrations of VOCs, thermal desorption
(TD) presents a feasible method to concentrate the gaseous VOC sample using a selective
adsorbent for VOCs. This technique enables the reliable analysis of even minimal con-
centrations by enriching the samples at low temperatures, subsequently proceeding with
thermal desorption and injection into the GC system [21,22]. Adsorbents made from porous
polymer resin are employed for the preconcentration of VOCs in TD [23,24].

To assess BTEX in the contaminated site, it is crucial to develop instruments capable
of directly measuring VOCs on-site to ensure a timely response. Though the portable GC
apparatus demonstrates a potential to achieve detection limits as low as parts per billion,
the utilization of carrier gas is an obstacle to application in the field [25,26]. Therefore, the
on-site VOC measurement devices without carrier gas generally include PID sensors [27].
Though the PID sensor-equipped instruments are light and portable, an internal pump
is required to introduce a sample with a flow rate of around 200~500 mL/min. Also,
studies have explored sensors utilizing ion mobility spectrometry or infrared spectroscopy,
demonstrating their superior capability for detection down to the ppty level, with a rapid
response within 20 s [28,29]. However, all the existing real-time devices for monitoring
VOCs are designed to facilitate the injection of gas into the analytical instrument. It is
impractical to monitor precisely the concentration of VOCs within the soil stratum where
the negative pressure buildup is undesirable [30-32]. Hence, it is necessary to design and
operate measurement devices that overcome this limitation.

In this study, a total VOC (TVOC) monitoring system without a pump was developed
employing a PID sensor. The reliability of the system was scrutinized across diverse
conditions, drawing comparisons with the TD-GC system and a portable TVOC analyzer
equipped with a pump. The TVOC monitoring system developed in this study was applied
to measure TVOC migrated through a soil column to ensure a notable advantage by
eliminating the need for GC or carrier gas, thus facilitating direct VOC measurements.

2. Materials and Methods
2.1. Gas Sample Preparation

Benzene, toluene, ethylbenzene, and xylene (m-, p-, and o-) were selected as repre-
sentative VOCs. Moreover, 10 ppm BTEX gas (RIGAS, Daejeon, Republic of Korea) and
99.999% nitrogen gas (Seoul Specialty Gases, Chungcheongbuk-do, Republic of Korea)
were used to generate the gas samples at target concentration. Each gas was connected to
a mass flow controller (WIZ-701, KMB Tech, Incheon, Republic of Korea) to prepare the
target concentration of BTEX gas in a tedlar bag (Top Trading ENG, Seoul, Republic of
Korea) (Figure S1). For example, setting a flow rate of 990 mL/min for high-purity nitrogen
gas while maintaining a 10 ppm, BTEX gas flow of 10 mL/min led to a gas sample dilution
of 100 times in a tedlar bag, which is a BTEX concentration of 100 ppby.
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2.2. TVOC Monitoring System

The TVOC monitoring system consisted of a sensor board equipped with a PID sensor
(MiniPID2, ION Science Ltd., Cambridgeshire, United Kingdom) and a control box designed
for monitoring the system. The PID sensor possessed dimensions of 20 mm in both diameter
and height. It comprised a compact UV lamp and a membrane filter, emitting ultraviolet
photons at a specific wavelength (10.6 eV in MiniPID2). To safeguard the sensor board
against external impacts, a suitably sized acrylic box (18 cm x 13 cm X 5 cm) was fabricated
and hermetically sealed (Figure 1). Additionally, a fan was incorporated to enhance the
mixing of the incoming VOC gas within the acrylic box, allowing a homogeneous VOC
concentration to interact with the VOC sensor. Two openings were established in the acrylic
box to serve as an entry point and exit point, facilitating the diffusion of VOCs into the
acrylic box to access the sensor board. The control box featured an integrated touchscreen
equipped with the capability to exhibit the detected VOC concentration upon receiving
a signal from the PID sensor. The TVOC monitoring system was operated with either an
internal battery or an external power source.
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Figure 1. (a) Schematics and (b) overall view of TVOC monitoring system.

To validate the TVOC monitoring system, Tedlar bags prepared at both lower concen-
trations (100, 200, 300, 400, and 500 ppby) and higher concentrations (1000, 2000, 3000, 4000,
and 5000 ppby) were connected to the TD-GC to check the calibration curve. The identical
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Tedlar bag was subsequently employed for the validation of the TVOC monitoring system.
The validation of the TVOC monitoring system involved two distinct methods: firstly, by
opening the acryl box and facilitating the directed influx of a specific VOC flow into the
TVOC sensor using a pump, and secondly, by introducing VOC into the acryl chamber
to enable sensor measurement through diffusion. The TVOC measurements at both low
and high concentrations for each method were validated using a calibration curve and
comparison to those determined in the TD-GC system.

2.3. TD-GC System

TD (APK 2350, KNR Co., Seongnam, Gyeonggi-do, Republic of Korea) and GC/FID
(Agilent 8890, Agilent Technologies, Santa Clara, CA, USA) were employed to analyze
the BTEX separately (TD-GC system). Tenax TA, known for its excellent heat resistance
(withstanding temperatures up to 350 °C) and its proficiency in adsorbing and desorbing
VOCs [33,34], was loaded into the adsorption tube and installed within TD. The analysis
conditions were as follows: The initial temperature of the valve in TD was 150 °C, with
transfer line and adsorption temperatures at 180 °C and —20 °C, respectively. Adsorption
lasted for a duration of 6.1 min, and desorption occurred with a flow rate of 50 mL/min
at 320 °C. In GC, the inlet temperature was set at 250 °C, the detector was operated at
300 °C, and column was initially kept at 40 °C for 5 min. Subsequently, the temperature
was ramped up to 100 °C at a rate of 10 °C/min and then further increased to 250 °C at
20 °C/min. The column flow was 1 mL/min, the split ratio was 15:1, and the split flow
was 5 mL/min.

To establish the linear correlation between the adsorption quantity of BTEX and the
peak area observed in GC analysis, the BTEX sampling conditions were systematically
modified. This involved adjusting the adsorption time across different concentrations and
flow rates. The BTEX adsorption quantity was determined on the basis of the GC data
according to each concentration and flow condition. The assessment aimed to ascertain the
reliability of BTEX analysis by utilizing the coefficient of determination (R?) derived from
linear regression analysis applied to area data and BTEX adsorption amount. This was
obtained through linear regression analysis of area data and BTEX adsorption. Accuracy
and precision were calculated based on mean and standard deviation of seven consecutive
data collections [35]. The experiments were conducted across three different flow conditions
(50, 100, and 150 mL /min) and four distinct adsorption times (5, 10, 15, and 20 min).

2.4. Combination of TVOC Monitoring System and TD-GC System

The TVOC monitoring system and TD-GC system were connected sequentially, per-
forming a simultaneous analysis of VOCs. A tedlar bag containing TVOC concentrations
of 50, 500, and 5000 ppby was linked to the inlet of the TVOC monitoring system through a
tube for each respective concentration level. The outlet of the TVOC monitoring system
was connected to TD-GC (Figure 2). The flow rate and adsorption time for TD-GC were
selected by findings from the preceding validation test conducted for TD-GC. To assess
the measurements of two systems within a consistent time frame, the TVOC monitoring
system’s recorded values were averaged over the entire duration of sample adsorption
in TD-GC system. The calibration curve for both TVOC monitoring system and TD-GC
system was measured and utilized to compare the TVOC concentrations of two systems.
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Figure 2. (a) Experimental setup and (b) schematic view of TVOC monitoring system with TD-

-

GC system.

2.5. Combination of TVOC Monitoring System and a Portable VOC Detector

TVOC monitoring system was compared to the commercially available portable VOC
detector (RAE3000, Honeywell, Charlotte, NC, USA). A tedlar bag containing a BTEX
standard gas sample at three different concentrations (50, 500, and 5000 ppby) was affixed
to the acrylic chamber (50 cm x 50 cm x 50 cm). The TVOC monitoring system was
placed in the acrylic chamber, while the portable VOC detector was out of the chamber and
connected to the chamber outlet out (Figure 3). The pump equipped with the portable VOC
detector was utilized to facilitate the transfer of VOC gas from the tedlar bag to the chamber.
The pump maintained a flow rate of 500 mL/min, enabling a gradual increase in VOC
concentration in the chamber until it reached the VOC concentration initially prepared in
the tedlar bag. Once the test setup was ready, the portable VOC detector was activated
to pull the VOC gas into the chamber. The fan inside the chamber was also activated to
equilibrize the VOC concentration in the chamber. The VOC concentration was monitored
until it reached a stable equilibrium state.

—>o
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-
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Figure 3. (a) Experimental setup and (b) schematic view of TVOC monitoring system with a portable
VOC detector.
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2.6. VOC Transport in Soil Column

The combination of the TVOC monitoring system and TD-GC system (as noted in
Section 2.3) was employed, incorporating a soil column between the TVOC monitoring
system and the tedlar bag (Figure 4). A cylindrical acrylic column with a diameter of
50 mm and a height of 200 mm was used for the soil column experiment. A 1 mm-thick
VOC permeable membrane was placed at the bottom of the column to fill the column
with soil, allowing the passage of VOC gases through the column. For the type of soil
used in the experiment, standard sand (Jumunjin sand, Gangneung, Republic of Korea) of
1.18~1.4 mm in size was used. Prior to the test, the sand was dried at 110 °C for24 hin a
drying oven. Following the complete filling of the soil column using dried sand, the inlet
of the soil column was connected to a tedlar bag containing TVOC concentrations of 50,
500, or 5000 ppby. Concurrently, the outlet of the soil column was connected to the input
of the TVOC monitoring system. The condition for adsorption in the TD-GC was set at a
flow rate of 150 mL/min with an adsorption duration of 20 min. Regarding the flow rate
of the pump, the TD was maintained at a consistent flow rate of 150 mL/min during the
soil column experiment, and the adsorption occurred every 43 min as scheduled in the
TD-GC system.

TD 1
| 3]y
I
D
Monitor
) GC/FID
¥ TVOC monitoring system

‘ __—» Soil column

Tedlar bag

(b)

Figure 4. (a) Experimental setup and (b) schematic view of VOC transport in soil.

3. Results and Discussion
3.1. Verification of TVOC Monitoring System
3.1.1. Precision and Accuracy

Based on the precision and accuracy of the TD-GC system across different flow rates
(50, 100, and 150 mL/min) and adsorption durations (5, 10, 15, and 20 min), the optimum
analytical condition was determined as a flow rate at 150 mL/min and an adsorption
duration of 20 min (Tables S1-56). As the molecular weight of VOC compound increased
from benzene to toluene, ethylbenzene, and xylene, there was a marginal decrease in
precision and accuracy, although primarily within an acceptable range.

When the VOC concentrations of low concentration range (100, 200, 300, 400, and
500 ppby) and high concentration range (1000, 2000, 3000, 4000, and 5000 ppby) were
analyzed by both TD-GC and the TVOC monitoring system (with and without a pump), the
R? values obtained from the measurements conducted by the TD-GC and TVOC monitoring
system demonstrated excellence performance, exceeding a value of 0.99 (Figure 5). A
slightly decreased R? was noted when the TVOC monitoring system was exposed to VOCs
through diffusion without the use of a pump. This suggests that the TVOC monitoring
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system shows VOC measurement precision similar to that of TD-GC. It establishes that
achieving highly accurate VOC measurements is feasible, even when employing diffusion-
based measurement instead of the conventional approach of directing the flow to the sensor
using a pump, as seen in typical portable VOC measuring devices.
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Figure 5. VOC measurements by TD-GC and TVOC monitoring system at the following concentra-
tions: (a) High concentration with pump; (b) High concentration without pump; (c) Low concentration
with pump; (d) Low concentration without pump.

Subsequently, upon establishing a series connection between the TVOC monitoring
system and TD-GC, as illustrated in Figure 2, the two systems concurrently analyzed
VOC concentrations of 50, 500, and 5000 ppby. Notably, the highest level of precision
was noted in both TD-GC and the TVOC monitoring system at the highest concentration
of 5000 ppby, showing a decline in precision with decreased concentration. In terms of
accuracy, the examined range of VOC concentrations revealed only a slight variance in
accuracy. Nevertheless, a slight decline in the accuracy of the TVOC monitoring system was
evident at the lowest concentration of 50 ppby (Table 1). This demonstrated outstanding
precision and accuracy in measuring VOC and highlighted a remarkably high correlation
between TD-GC and the TVOC system.

Table 1. Accuracy and precision of TVOC monitoring system and TD-GC according to VOC concen-
tration (50, 500, 5000 ppby).

Parameter System 50 ppby 500 ppby 5000 ppby
o TD-GC 99.10+£1.05 98.54+0.02 102.06 +2.10
Accuracy (%) o
TVOC monitoring system 9446 +1.67 9877 £063  97.89 £0.83

TD-GC 7.38 £0.57 8.48 £ 0.68 144 +£0.18

Precision (%) TyOC monitoring system 7494065  3.67+076  212+153
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3.1.2. Responsiveness

Further verification of the TVOC monitoring system was carried out with respect to
its responsiveness to changes in concentration. When the VOC concentrations of 50, 500,
and 5000 ppb, were simultaneously analyzed within a 50 cm X 50 cm x 50 cm acrylic
chamber using both the TVOC monitoring system and a portable VOC detector, as shown
in Figure 3, the TVOC monitoring system exhibited a comparatively slower convergence to
the concentration levels. For example, the portable VOC detector achieved a concentration
of 5000 ppby, within 40 min upon the injection of 5000 ppby into the chamber, whereas the
TVOC monitoring system required 50 min to reach the same level. The TVOC monitoring
system experienced a comparable delay in arrival, irrespective of the concentration level
of VOC within the tested range (Figure 6). The underlying reason for this phenomenon is
postulated to stem from the variance in assessing VOC using sensor detection via diffusion
versus advection. This was substantiated by noting that when directing the flow rate to the
TVOC system sensor using a pump, its responsiveness closely matched that of the portable
VOC detector.
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2 2
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= s
£ 3000 - £ 3000
2 g
=) o J
8 2000 ——TVOC monitoring system 5 2000 —-TVOC monitoring system
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Figure 6. Real-time VOC measurements of TVOC monitoring system and portable VOC detector when
the surrounding VOC concentration was changed from 0 ppby to the concentration of the following;:
(a) 5000 ppby with pump; (b) 5000 ppby without pump; (c) 500 ppb, with pump; (d) 500 ppby
without pump; (e) 50 ppby with pump; (f) 50 ppby without pump.
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The time taken for the portable VOC detector and TVOC monitoring system to reach
10%, 20%, . . ., and 100% of the concentration of convergence is denoted as tyg, ta, ..., and
t100, respectively (Table S7). The analysis compared the reaching times of the two devices,
with and without the use of a pump in the TVOC monitoring system. In experiments
conducted without a pump in the TVOC monitoring system, a maximum delay of up
to 15 min was observed in the TVOC monitoring system compared to the portable VOC
detector. As the designated VOC concentration decreased, the TVOC monitoring system’s
reaching time extended, leading to a growing disparity between the two devices. In
experiments conducted with a pump, the difference in reaching times between the two
devices was less pronounced compared to experiments without a pump. In spite of the
delayed responsiveness exhibited by the TVOC system, the system can be applicable
where the change in VOC concentration takes place at a gradual pace, for instance, in
subsurface areas.

3.2. Application to VOC Measurement through Soil Column

Since the TVOC monitoring system was designed to observe the VOC concentration
in soil, the VOCs transported through the lab-scale sand pack column were examined
by the TVOC monitoring system, connected in series with TD-GC, which served both
as the driving force of VOC transport and for dual verification purposes. Throughout
the experimental period, the VOCs were compelled to pass through the column by the
pump equipped in the TD, maintaining a flow rate of 150 mL/min. When subjected to
VOC concentrations of 50, 500, and 5000 ppby, the level of responsiveness appears nearly
identical to that of TD-GC due to the extension of the measurement interval, aligning with
the 43-min analytical cycle of the GC (Figure S2). Within such a measurement interval and
VOC concentration changes, the TVOC monitoring system demonstrated a commendable
degree of precision and accuracy (Table 2). Given the relatively slow transport of VOCs
within the soil layer through diffusion, it is anticipated that the TVOC monitoring system
could function effectively as a continuous and real-time device for measuring VOCs within
a concentration range from 50 ppby to 5000 ppbsy,.

Table 2. Accuracy and precision of TD-GC and TVOC monitoring system according to VOC concen-
trations (50, 500, and 5000 ppby) through soil column.

Parameter System 50 ppby 500 ppby 5000 ppby
Accuracy (%) TD-GC 103.17 £0.09 102.60 +0.07 100.35 £ 0.13
y e TVOC monitoring system 99.24 +0.52  100.96 +1.37 100.14 + 1.64

TD-GC 1.06 + 0.40 0.89 £0.12 0.07 £ 0.03

Precision (%) TyOC monitoring system 5124294 1914079  0.64+0.04

Comparing the detection concentrations of BTEX gases over time during soil column
penetration experiments using the TVOC monitoring system and TD-GC, it is observed
that, at the initial detection data point of 23 min, the TVOC monitoring system exhibits
higher BTEX gas detection concentrations compared to TD-GC (Figure 7). This is attributed
to the experimental setup where TD-GC had a 20-min adsorption time when analyzing
BTEX gases. The concentration of adsorbed BTEX on the adsorbent for the first 20 min
represents the average concentration of BTEX gases penetrating the soil column. In other
words, while the BTEX concentration at the column outlet was increased before reaching a
steady state in the initial stages of the experiment, the 20-min average concentration was
lower than the momentary concentration at 20 min. Consequently, the BTEX measurement
values in the early stages of the experiment appear to be higher in the TVOC monitoring
system compared to TD-GC, considering the short measurement intervals of the TVOC
monitoring system in contrast to TD-GC. Analyzing the TD-GC data at 23 min reveals
that benzene is detected in the highest quantity, followed by toluene, ethylbenzene, and
xylene in sequence. This suggests that as BTEX gases permeate the soil-filled column,
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encountering interference from soil particles, they move along the interstitial pores, with
the smallest molecular weight, benzene, being the first to penetrate the soil layer and be
detected by TD-GC [36]. Toluene, being next in molecular weight and having a smaller
molecular size than ethylbenzene, m,p-xylene, and o-xylene, was also detected earlier than
the latter compounds.

0O TVOC monitoring system

= 6000 - £] o-Xylene
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% 3000 - H Ethylbenzene
% 2000 % & Toluene

2 1000 -

S n [ Benzene
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(a) .
600 0O TVOC monitoring system
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£ 100 -
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Figure 7. VOC through soil measured by TD-GC and TVOC monitoring system according to
concentration of the following: (a) 5000 ppby; (b) 500 ppby; (c) 50 ppby.

The TVOC monitoring system has the advantage of measuring TVOC in real-time with
short detection time intervals compared to TD-GC. This advantage allows for rapid mea-
surement of TVOC in potentially contaminated sites, such as areas affected by petroleum
pollution, without the need for suction flow. It enables long-term and stable continuous
measurements. However, measurements at concentrations below 50 ppb,, exhibit consider-
able variability, leading to some instability. Considering the site development where the
previous land use is uncertain, the TVOC monitoring system demonstrates its value when



Atmosphere 2024, 15, 245

11 0f 13

applied to the soil layer. This is particularly advantageous in situations where a negative
pressure can be built by implementing gas sampling of the portable VOC detector.

The performance of the TVOC monitoring system can be influenced by environmental
factors such as temperature and humidity. While this study found insignificant mea-
surement errors under the tested conditions, it is crucial to acknowledge that the field
applications may present more intricate environmental conditions that might be difficult to
implement in the laboratory. Considering the inherent impact of temperature and humidity
on VOC monitoring sensors [37], finding effective operation and maintenance to alleviate
these effects is crucial for accurate and reliable VOC monitoring. Therefore, regular cali-
brations under different environmental conditions are necessary to ensure the accuracy
of measurements. Specifically, given the design of the sensor for waterproof operation, it
is important to house the PID sensor in a waterproof container for optimal functionality.
Also, for the potential use of the TVOC monitoring system as a portable detector, a reliable
power supply is essential. Although the system tested in this study relied on batteries
with regular replacement needs, integrating a self-sufficient power source, for example, a
solar-based power supply, can ensure continuous and sustainable operation. Furthermore,
real-time data acquisition would require users to analyze large datasets; therefore, incorpo-
rating an artificial intelligence-based data analysis for outlier detection and trend analysis
would become imperative to handle the substantial volume of information. Above all, the
continuous development of a PID sensor can enhance measurement sensitivity. To further
enhance responsiveness and reliability, advancements in sensor design and functionality
are required.

4. Conclusions

The TVOC monitoring system was developed by utilizing sample injection through
diffusion, making it suitable for subsurface applications. The system aimed to incorporate
the beneficial features of TD-GC and a portable VOC detector. The precision and accuracy
of the TVOC monitoring system were in alignment with the TD-GC in established optimal
experimental conditions. Even though the TVOC monitoring system exhibited a delayed
response in comparison to the portable VOC detector, it demonstrated competitive respon-
siveness in cases characterized by a gradual and slow change in VOC concentration. Since
the TVOC monitoring system is a diffusion-based gas monitoring system without altering
the neighboring flows, it is another type of passive monitoring.

The TVOC monitoring system proposed in this study is expected to be a desirable
device for monitoring VOC gas diffused from contaminated soil in the field. In particular,
the TVOC monitoring system can find application in environmental and industrial policies
aimed at regulating and controlling VOC emissions. Additionally, the data obtained by the
TVOC monitoring system can support evidence-based decision-making in the development
and implementation of policies related to VOC control and mitigation strategies. The sensor
improvement needed to acquire high-precision measurement at a low concentration below
50 ppby will allow further application of the TVOC monitoring system.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /atmos15030245/s1, Table S1: Accuracy of TD-GC at 50 ppby
of TVOC under varying flowrate and adsorption time, Table S2: Precision of TD-GC at 50 ppby of
TVOC under varying flowrate and adsorption time, Table S3: Accuracy of TD-GC at 500 ppby of
TVOC under varying flowrate and adsorption time, Table S4: Precision of TD-GC at 500 ppby of
TVOC under varying flowrate and adsorption time, Table S5: Accuracy of TD-GC at 5000 ppby of
TVOC under varying flowrate and adsorption time, Table S6: Precision of TD-GC at 5000 ppb, of
TVOC under varying flowrate and adsorption time, Table S7: Time to reach 10%, 20%, 30%, 40%, 50%,
60%, 70%, 80%, 90%, and 100% of the designated concentration of the portable VOC detector and
TVOC monitoring system, Figure S1: Schematic view of gas sample preparation system, Figure S2:
VOC through soil measured by TD-GC and TVOC monitoring system at TVOC concentration of
(a) 5000 ppby, (b) 500 ppby, and (c) 50 ppby.
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