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Abstract: In this study, the effects of various moisture pretreatment devices (MPDs) on
the analytical process of trichloroethylene (TCE) and nitrous oxide (N;O), which are repre-
sentative organic and inorganic compounds emitted from semiconductor industries, were
investigated. Three types of MPDs—a KPASS (MPD_K), a Nafion™ dryer (MPD_N), and
a cooler (MPD_C)—were evaluated for their performance under sample gas conditions
of 25 °C and 150 °C at various flow rates. MPD modification was also carried out to
improve their performance at high loading capacities. The results indicated that humidity
introduced significant bias in the measurement of TCE and N,O according to the analyzers
explored in this study. At a flow rate of 1 L/min, among the MPDs, MPD_N exhibited
the highest moisture removal efficiency, followed by MPD_K and MPD_C. In terms of
analyte recovery rates, MPD_K achieved the highest TCE recovery, followed by MPD_N
and MPD_C, across all tested conditions. Conversely, MPD_C resulted in the lowest N,O
recovery rates, whereas MPD_K and MPD_N maintained over 95% recovery rates. At a
flow rate of 4 L/min, MPD_N and MPD_C did not work at high temperatures. In contrast,
the modified MPD_K, which received less investment compared to many other membranes,
showed an acceptable moisture removal efficiency (>85%) and analyte recovery (>98%).
Therefore, modified KPASS is recommended as a useful moisture pretreatment device for
the analytical process of TCE and N,O at both normal and high loading capacities.

Keywords: cooler; KPASS; Nafion dryer; nitrous oxide; trichloroethylene

1. Introduction

Air emission monitoring refers to the systematic collection and analysis of data on air
pollutants to evaluate air quality, identify emission sources, and ensure compliance with
environmental regulations [1]. This process involves the use of specialized instruments
and analytical techniques to quantify pollutant concentrations in ambient air or emissions
from stationary sources [1]. Air quality monitoring plays several important roles [1,2]: it
enables the detection of hazardous pollutant levels in real time, allowing authorities to
issue timely warnings and implement preventive measures; it provides publicly accessible
data to enhance public awareness and promote community engagement in air quality
improvement; and it supports scientific research on pollution trends, associated health
impacts, and the effectiveness of mitigation strategies.

Since the rise in the artificial intelligence era has triggered a race to develop advanced
chips, the semiconductor industry has been rapidly expanding in both quantity and quality.
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As a result, the emission levels of air pollutants resulting from semiconductor manufactur-
ing have increased. The primary air pollutants such as volatile organic compounds (VOCs),
greenhouse gases, inorganic gases, etc., released from semiconductor production are shown
in Table 1. Therefore, the emission monitoring for these compounds is necessary.

Table 1. The emission rates and environmental impacts of air pollutants from semiconductor indus-
tries in South Korea [3-7].

No. Compound Emission (ton/year) Lifetime Environmental Effect

1 TVOC >6000 Few hours to months Ozone precursot secondary
organic aerosol precursor

2 Trichloroethylene (TCE) >18 Few days Ozone Precursor, secondary
organic aerosol precursor

3 Ketones 40 Few days Ozone precursor, secondary
organic aerosol precursor

4 Toluene >200 Few hours to months Ozone precursot, secondary
organic aerosol precursor

5 Fluorinated compounds >1000 >200 years GWP-100 * = 135~17,400

6 N,O >3000 >100 years GWP-100 = 273

7 NHj; >250 Few hours Fine particle precursor

3 HCl 52000 Hours Acid source, secondary organic

aerosol formation

* GWP-100: 100-year time horizon global warming potential.

Since VOCs and greenhouse gases (e.g., fluorinated compounds and N,O) demon-
strate significant emission levels from semiconductor industries (Table 1), the continuous
monitoring of these compounds is an important issue for environmental management.
However, the process of monitoring VOCs and greenhouse gases that are emitted from
semiconductor industries is still being developed [8-12].

In terms of continuous air monitoring, it is well known that the moisture content,
including both gas and liquid phases, can have a significant effect on the bias of the moni-
toring process using gas analyzers [13-22], especially at high moisture contents due to the
use of scrubbers in the semiconductor industry [12,23]. To mitigate moisture interference,
moisture pretreatment devices (MPDs) are necessary. However, the potential loss of target
analytes due to MPD usage is a crucial concern [13,14,17-22].

MPDs generally include condensation- and permeation-based devices [13,24].
Condensation-based MPDs utilize solid-phase condensation, with KPASS acting as a repre-
sentative MPD; liquid-phase condensation uses coolers as representative MPDs [13,14,17-22].
Permeation-based MPDs operate based on the separation of H;O and other compounds
via a membrane; the Nafion™ dryer is a representative MPD [13,14,17-22]. The basic
structures of these MPDs are shown in Figure 1.

Studies have shown that condensation-based MPDs can result in a 10% loss of ozone at
30% relative humidity (RH) and a 40% loss at 80%RH. Similarly, SO, losses of 19.3%, 29.3%,
and 61.5% have been observed at RH levels of 30%, 50%, and 80%, respectively, when a
cooler was used for moisture removal [14,17,20]. It was reported that isobutyl alcohol,
methyl isobutyl ketone, butyl acetate, and styrene experienced losses of approximately 19%,
4%, 5%, and 10%, respectively, at 80%RH, with concentration reproducibility varying from
8% to 31% [21]. This suggests that water within the cooler absorbs and desorbs analytes [21].
Additionally, HCl losses of up to 95% due to coolers have been reported [18].

Permeation-based MPDs are also commonly used for humidity control [13,24]. How-
ever, Nafion™ dryers have been found to introduce measurement errors, such as a 2 ppbv
discrepancy when used with an ozone analyzer measuring 330 ppbv of O3 [25]. These
dryers also contribute to analyte loss; for example, H,S losses of up to 7% at 100%RH [26]
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and dimethyl sulfide losses of 10% at 13 ppbv and 100%RH [26] or 2% at 4.9 ppbv and
90%RH [27] have been documented. Notably, isobutanethiol exhibited a loss of up to 29%
at 1.6 ppbv and 92%RH [27]. Significant VOC losses, including methyl ethyl ketone and
isobutyl alcohol, have also been reported when using Nafion™ dryers [19,21,22].
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Figure 1. General schematic of moisture pretreatment devices for continuous emission monitoring;:
(a) KPASS; (b) cooler; and (c) Nafion™ dryer.

The studies of MPDs for VOCs have been well documented [19,21,22]. However, these
studies were conducted with flow rates of less than 1 L/min and with aldehydes, ketones,
and aromatic hydrocarbons [19,21,22]; halogenated hydrocarbons have not been considered.
In terms of F compounds and N,O, there is a lack of studies on MPDs for monitoring these
compounds. On the other hand, gas analyzers for the continuous measurement of air
pollutants commonly use flow rates around 1 L/min [28-31]. Therefore, MPDs have
been widely recommended to be used with flow rates of 1 L/min [14,17,18,20]. However,
for these greenhouse gases, the measurement process needs higher flow rates [12,32-34],
which may cause overloading for conventional MPDs. Therefore, the investigation of
MPDs at high loading capacities is necessary for monitoring VOCs and greenhouse gases
emitted from semiconductor industries. Among the VOCs of concern, benzene, toluene,
ethylbenzene, xylene, styrene, and ketones have been studied elsewhere [19,21,22]. In
terms of greenhouse gases, N>O has the highest water solubility [35-39]. Therefore, TCE
was selected as a representative VOC, and N,O was selected as a representative greenhouse
gas emitted from semiconductor industries in order to assess the performance of MPDs
on the measurement of VOCs and greenhouse gases. If the selected MPD could operate
well with respect to TCE and N;O, it could also operate with other VOCs and greenhouse
gas compounds.

Consequently, this study aims to investigate the impact of MPDs on the measurement
accuracy of TCE and N,O at normal and high loading capacities. The findings will help
identify the most suitable MPD techniques for accurately quantifying these pollutants in
emissions from semiconductor manufacturing facilities.

2. Materials and Methods
2.1. Experimental Apparatus

A cooler (TC-Standard 6122, Biihler Technologies GmbH, North Rhine-Westphalia,
Germany) was used as a representative liquid-based condensation method. A Nafion™
dryer with a 3 m length (SWG-A01-36/KF, AGC Inc., Tokyo, Japan) was used as a repre-

sentative permeation method. On the other hand, KPASS (NSP-D, Nara Control, Seoul,
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Republic of Korea), a recently developed MPD based on the frost filter approach [20,22],
was used for comparison. The specifications of the used MPDs are shown in Table 2.

Table 2. Specifications of moisture pretreatment devices in the current study.

. Moisture Removal . Flow Rate
No. Device Code Mechanism Basic Setup (L/min)
1 Cooler MPD_C Liquid condensation =~ Condensation temperature: 2 °C 1~2
2 Nafion™ dryer MPD_N Membrane permeation Dry air/sample ratio: 4/1 1~2
3 KPASS MPD_K Frost filter Supercooling 1~5

TCE was analyzed using a GC/FID (7200A, DS Science Inc., Gwangju-si, Republic of
Korea). The GC/FID operation conditions are shown in Table 3. A 60 m capillary column
with a diameter of 0.32 um (DB 624, Agilent Technologies, Inc., Santa Clara, CA, USA) was
applied for the GC. The TCE calibration curve is shown in Figure 2. The method detection
limit for TCE was 0.44 ng.

Table 3. Operation conditions of GC/FID for TCE analysis.

Parameter Unit Value
Initial oven temperature (holding time) °C (min) 80 (2)
Temperature ramp rate °C min ! 25
Final oven temperature (holding time) °C (min) 120 (0.5)
Detector temperature °C 280
Column flow rate (mL/min) 1.5
Split ratio - 20
120,000
.-'.
100,000
80,000
5
< 60,000 _
S .
-
40,000 y =1043.1x —3276.3
17 =0.9989
20,000 e
-'.‘.‘
0 I ’ T T T T T 1
0 20 40 60 80 100 120
TCE mass (ng)

Figure 2. Calibration curve of GC/FID for TCE.

N,O was analyzed using an IR spectroscopy analyzer (FGA5000, ELT Sensor, Bucheon-
si, Republic of Korea). The measurement range of the analyzer was 0-20,000 ppm, with a
resolution of 1 ppm and a detection limit of 10 ppm. Before use, the analyzer was calibrated
with zero and span gases, as recommended by the manufacturer. In terms of humidity, a
humidity sensor (Testo 645, Testo SE & Co. KGaA, Titisee-Neustadt, Germany) was used to
measure the humidity in the sample gas.
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2.2. Experimental Materials

TCE (100 ppm, Rigas, Daejeon, Republic of Korea) and N,O (20,000 ppm, Rigas,
Daejeon, Republic of Korea) were used as standard gases for the experiment. Ny (99.99%)
was used as the zero gas for calibrating the analyzer, as well as for diluting the standard gas.

2.3. Experimental Procedure
2.3.1. Investigation into the Humidity Effect on the Analytical Results of TCE and N,O

Gas chromatography (GC) techniques, coupled with flame ionization detectors (FIDs)
or mass selective detectors (MSDs), are widely used for analyzing TCE in air [40]. For N,O,
GC with an electron capture detector (ECD), the IR spectroscopy approach (e.g., Fourier-
transform infrared spectroscopy (FTIR) and non-dispersive infrared (NDIR) spectroscopy),
and cavity ring-down spectroscopy (CRDS) are commonly employed [41]. Among these,
FTIR and IR spectroscopy are preferred for real-time N,O monitoring [12,41]. However,
both GC-based techniques and IR spectroscopy can be affected by the humidity in the
sample gas [13,15,16,19,21,42-44]. In semiconductor manufacturing plants, wet scrubbers
are widely used for pollutant removal [12], leading to high moisture content in the flue gas,
which may introduce bias in the measurement of TCE and N,O. Therefore, the effect of
humidity on the measurement of TCE using GC/FID, as well as the measurement of N,O
using IR spectroscopy, was investigated to contribute more evidence to the existing body of
literature. The experimental setup is presented in Figure 3.

Mixing chamber

Humidity ( ( ) _
generator ‘ - Analyzer

Hunmudity
sensor

MFC

Figure 3. Experimental setup for humidity effect on TCE and N,O analytical results.

In terms of TCE, the TCE standard gas was mixed with moist air to generate 50 ppm
TCE at various humidities. The relative humidity (RH) of the sample varied from 10%
to 90%. TCE was analyzed using GC/FID, and TCE samples were collected after the
mixing chamber stage using a syringe. The injection volume of TCE into the GC/FID was
200 uL. For N,O, the target concentration was 8500 ppm, and the humidity variations were
the same as in the TCE experiment. After thorough mixing in the mixing chamber, N,O
concentrations were measured using the FGA5000 analyzer. A ten-minute average of the
N,O data was evaluated for each experiment. The relative mean squared error (RMSE),
mean normalized error (MNE), and mean normalized bias (MNB) were calculated to assess
the error of the analyzer compared to the standard gas. Details of the calculation method
can be found elsewhere [45-48].

2.3.2. Investigation into the Performance of Moisture Pretreatment Devices at Normal
Loading Capacities

Gas analyzers for the continuous measurement of air pollutants commonly use flow
rates around 1 L/min [28-31]. Therefore, MPDs have been widely recommended to be used
with a flow rate of 1 L/min. The performance of the MPDs of concern was investigated
under a normal loading capacity with a 1 L/min flow rate.
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Comparison of the Moisture Removal Efficiency with Respect to Various Moisture
Pretreatment Devices at Normal Loading Capacities

Moisture removal efficiencies were investigated with respect to different MPDs. The
experimental setup is presented in Figure 4.

Sampling Sampling

Mixing chamber

idi Moisture
Humidity
generator Pretreatment
Device ‘
Sensor - sensor
MFC

Figure 4. Experimental setup for performance tests of moisture pretreatment devices.

Room temperature conditions (25 °C, 90%RH) and stack conditions (150 °C, 20%v /v
humidity) were used to investigate the moisture removal efficiencies of MPDs. The air
flow rate was 1 L/min. For the moisture removal experiment, only humid air from the
humidity generator, using the bubbling method, was introduced into the MPDs. Each MPD
was warmed up for 10 min, and its respective performance was investigated for 10 min.
Triplicate experiments were conducted.

Investigation into TCE and N, O Recovery Rates with Respect to Different Moisture
Pretreatment Devices at Normal Loading Capacity

The recovery rates of TCE and N,O after passing through MPDs were investigated.
The experimental setup is the same as shown in Figure 4. For TCE, 0.5 ppm and 50 ppm
concentrations were generated under room and stack conditions. Due to the exposure limit
of TCE, the maximum concentration of 50 ppm was selected, as shown in Table 4 [40].

Table 4. Time-weighted average exposure limit of TCE in several countries [40].

No. Country Exposure Limit (ppm)
1 USA 100
2 UK 100
3 Japan 50
4 Republic of Korea 50

For N,O, a high concentration of 10,000 ppm was chosen based on emission levels at
semiconductor facilities before treatment [23], and a low concentration of 100 ppm was
selected due to its hazardous level [41]. The recovery rate of the analyte is calculated as
shown in Equation (1).

(Cin - Cout)

Cin

Here, Rec is the recovery rate of the analyte (%), Cj, is the initial concentration of

Rec = x 100 (1)

the analyte (ppm), and C,; is the concentration of the analyte after passing the water
pretreatment device (ppm).
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As shown in Figure 4, one MPD was used in each experiment. For TCE, TCE samples
were collected at sampling points and injected into the GC/FID for analysis. However,
due to the effect of humidity on the analytical results, the initial concentrations of TCE
were demonstrated under dry conditions. Afterward, humid air was mixed with the
TCE standard gas at the same mixing ratio to maintain a consistent inlet concentration
for the MPD performance test. The collected volume was also 200 pL. Similarly, N,O
concentrations were measured using the FGA5000 analyzer, which was connected to the
sampling points. Initial N,O concentrations were measured under dry conditions because
the analyzer cannot operate at high humidity levels. When humid air was mixed to
investigate the recovery rate, the analyzer was only connected to the sampling points after
the MPDs. A ten-minute average of the data was used for comparison.

2.3.3. Investigation into the Performance of Moisture Pretreatment Devices at High
Loading Capacities

For the air pollution monitoring of semiconductor industries with various emission
gases, Fourier-transform infrared spectroscopy (FTIR) and quadrupole mass spectrometry
(QMS) have been utilized [12]. Contrary to the conventional gas analyzer, the necessary
flow rate of the system is recommended to be 4 L/min in order to balance response time
and sensitivity [12,32-34]. Therefore, the performance of the MPDs was also investigated
under a high loading capacity with a flow rate of 4 L /min.

Investigation into the Moisture Removal Efficiency of Various Moisture Pretreatment
Devices at High Loading Capacities

The experimental setup and humidity conditions were the same as reported in a
previous section (Comparison of the Moisture Removal Efficiency with Respect to Various
Moisture Pretreatment Devices at Normal Loading Capacities). However, the air flow rate
was 2 L/min and 4 L/min. The performance of each MPD was also investigated for 10 min.
Each experiment was repeated 3 times.

Improvement in the Performance of Moisture Pretreatment Devices

After investigating the performance of MPDs with respect to a flow rate of 4 L/min,
it was found that MPD_N and MPD_C could not operate well at flow rates of 4 L/min
and at a high inlet gas temperature (see Section 3.3.1). In contrast, although MPD_K could
operate at high flow rates and high temperatures, the humidity removal efficiency was
lower than 80%. Therefore, MPDs should be improved to achieve better performance.
More membranes could be used to reduce the flow distribution to each one; however, the
investment price will be much higher. For MPD_C, its improvement is unnecessary because
its analyte recovery was lower than that of the other MPDs. Therefore, the improvement
in MPD_K was the most successful. Due to the higher flow rates, the residence time of
the sample gas in MPD_K is shorter. Thus, to improve the residence time, larger volumes
of the cold trap in MPD_K should be taken into account. To increase the volume, three
designs of cold traps were simulated, as shown in Figure 5.

Figure 5. Various types of cold traps for MPD_K.
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Type A, which is the original cold trap design, consists of two three-quarter-inch pipes.
Type B is a new design with four three-quarter-inch pipes, and Type C consists of eight
half-inch pipes (arranged in a 4 x 2 array over two rows). Their length was identical, at
8 cm. For these three different flow paths, the cooling efficiency was theoretically analyzed
in terms of the heat exchange area, residence time, and temperature homogeneity based on
Fourier’s law and the Graetz number in order to figure out the optimal configuration. The
heat exchange area refers to the surface area through which heat transfer occurs and is a
critical factor that determines the efficiency of thermal exchange [49]. The heat exchange
areas were calculated based on Equation (2).

A=nxDXLXN 2)

Here, A is the total heat exchange area (cm?), D is the diameter of the pipe (cm), L is the
length of the pipe (cm), and N is the number of pipes.

Residence time refers to the duration that the fluid remains inside the pipe, which is a
critical factor in determining how effectively the gas can be cooled [50]. Under the same
flow rate conditions, a longer residence time allows for an increased opportunity for heat
exchange, increasing the likelihood of achieving lower temperatures. In this study, the
residence time for each structure was calculated using Equation (3).

t_NxACxL
g= — =
Q

Here, t; is the residence time (s), N is the number of pipes, A, is the section area of the pipe,

3)

L is the pipe length (m), and Q is the air flow rate (m?3/s).

Fourier’s law is a fundamental principle that describes conductive heat transfer and is
used to predict temperature distribution across the cross-section of a pipe [51]. It determines
how heat is transferred through the pipe wall and how temperature is distributed in the
cross-sectional direction. As concerns Type C, where the Peltier element is installed on only
one side, the cooling effect on the opposite side of the flow path is likely to be significantly
weaker. This can act as a factor that reduces the temperature homogeneity within the pipe.
Heat flux, based on Fourier’s law, was calculated based on Equation (4).

q=—kx— (4)
Here, q is the heat flux (W/m?), k is the thermal conductivity of the materials (W/m-K)
(k =237 W/m-K for aluminum), AT is the temperature difference between two points (K),
and ¢ is the heat transfer distance (m).

The Graetz number (Gz) is a dimensionless parameter that indicates how effectively
heat is transferred from the pipe wall to the center of the fluid; it serves as an important
criterion for evaluating heat exchange efficiency [52]. The Graetz number (Gz) was defined
using Equation (5), as follows:

Gz:%xRexPr (5)

where D is the diameter of the pipe (m), L is the pipe length (m), Re is the Reynolds number,
and Pr is the Prandtl number.

After a theoretical comparison of the three types of cold traps, a practical comparison
was conducted by attaching each cold trap to the MPD_K to investigate its moisture removal
efficiency and analyte recovery rates. The air flow rate was 4 L/min. High concentrations of
TCE and N, O were selected for this experiment. The experimental setup is the same as that
depicted in Figure 4. The performance was investigated for 10 min. Triplicate experiments
were conducted. Finally, the optimal design was selected.
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All data were analyzed using Excel (Version 2501, Microsoft Corporation, Redmond,
WA, USA). A t-test was conducted using MATLAB software (Version 9.10.0.1684407, Math-
Works, Inc., Natick, MA, USA).

3. Results and Discussion
3.1. Effect of Humidity on the Analytical Results of TCE and N,O
The effect of humidity on the TCE analytical results using GC/FID is shown in Figure 6.

65

(=)
(=]

} .................. % .......................... e

wh
o

TCE concentration (ppm)

s i y =—0.0021%> + 0.2869x + 50.269
0 12 =0.0858
45
40
0 10 20 30 40 50 60 70 80 90 100

Relative humidity (%)

Figure 6. Relationship between the humidity of the gas samples and the TCE analytical results using
GC/FID (error bar is the standard deviation).

As shown in Figure 6, the analytical results were approximately 50 ppm when the
dry samples were analyzed. However, when the humidity in the sample increased, the
analytical TCE concentrations significantly increased. A t-test between the mean TCE
concentrations under dry and humid conditions showed a significant difference with a
95% confidence interval, due to p-values < 0.05. RMSE, MNE, and MNB were 0.72 ppm,
1.1%, and 0.97% under dry conditions; however, they increased to 9.47 ppm, 18.9%, and
18.9% at 90%RH. Therefore, humidity caused significant errors in the analytical results.
Accordingly, the humidity in the sample can significantly bias the TCE analysis when
using GC/FID. The effect of humidity on the measurement of VOCs has also been reported
elsewhere. It was found that when VOC samples with 85%RH at 30 °C were analyzed
using GC/FID, the analytical errors varied from 3% to 11.9%. In particular, the errors for
chloroform compounds such as 1,2 4-trichlorobenzene and o-dichlorobenzene were 8.2%
and 3%, respectively [42]. The measurement error for benzene using GC/FID was reported
to be as high as 21% when the sample had 80%RH at 20 °C [53]. Therefore, the moisture
content in the sample gas should be reduced when using GC/FID [53].

In terms of N, O, the effect of humidity on the N, O analyzer based on IR spectroscopy
is presented in Figure 7.

As shown in Figure 7, humidity also caused significant errors in the measurement
of N,O using IR spectroscopy. RMSE, MNE, and MNB were found to be 200 ppm, 2.5%,
and 2.49% at 10%RH, but were reported as 1890 ppm, 22.2%, and 22.25% at 90%RH. This
indicates the significant positive errors of the analytical results. Humidity interference
was generally observed in IR spectroscopy analyzers because H,O spectra often overlap
with the spectra of other compounds in the mid-IR region [15,16,44]. Therefore, humidity
removal is necessary to improve the measurement accuracy of IR spectroscopy analyzers.
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Figure 7. Relationship between the humidity of the gas samples and the N,O measurement results
using IR spectroscopy (error bar is the standard deviation).

3.2. Comparison of the Performance of MPDs with Respect to Normal Loading Capacities
3.2.1. Comparison of the Moisture Removal Efficiency of Different MPDs at Normal
Loading Capacities

The moisture removal efficiencies of MPD_K, MPD_N, and MPD_C at room and stack
conditions are depicted in Figure 8.

0N N B

Moisture pretreatment devices

%25°C = 150°C

Figure 8. Moisture removal efficiencies of various moisture pretreatment devices with respect to
room and stack conditions at normal loading capacities.

As shown in Figure 8, MPD_N exhibited the best moisture removal efficiencies under
both conditions, followed by MPD_K and MPD_C. MPD_C showed the lowest moisture
removal efficiency because moisture was removed by condensation at the dew point of
water. The moisture removal efficiency under stack conditions was higher than that under
room conditions because the sample at stack conditions contained more moisture than
the sample at room conditions. The moisture removal efficiency pattern among various
MPDs was found to be similar to that in another study (Table 5). As shown in Table 5,
the cooler showed a lower moisture removal efficiency than the other MPDs, especially at
room temperature. At high-temperature conditions, all MPDs revealed over 90% moisture
removal efficiency. Consequently, Nafion™ dryers and KPASS are recommended for
effective moisture control in gas analysis at room temperature. At high temperatures, all
MPDs are appropriate for the removal of moisture in the sample gas.
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Table 5. Comparison of the moisture removal efficiency of various moisture pretreatment devices.

Average Moisture Removal Efficiency (%)

No. Target Analyte Condition
KPASS Nafion Cooler
1 VOCs [21] 25 °C, 90%RH 90 - 60
2 VOCs [19] 25 °C, 90%RH - 96 67
3 03, 50;,, and CO [17] 25 °C, 80%RH 93 - 59
4 O3 and SO, [20] 25 °C, 30~80%RH 87~95 85~90
5 VOCs [22] 25 °C, 90%RH 89 71 95
6 TCE and NO (this study) 25 °C, 90%RH 82 93 72
7 TCE and NO (this study) 150 °C, 20%v/v 92 91 92
3.2.2. Effect of Moisture Pretreatment Devices on the Recovery of TCE and N,O at Normal
Loading Capacities
The TCE recovery rates with respect to various MPDs at room and stack conditions
are presented in Figure 9.
110 (a) 110 (b)
100 100
€ 90 € 90
5 g
g 80 g 80
g 70 5 70
= =

60

50

MPD_K

=
o

[
o

MPD_N MPD_N
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Figure 9. TCE recovery rates with respect to various MPDs and conditions at (a) 0.5 ppm TCE and
(b) 50 ppm TCE.

As shown in Figure 9, MPD_K revealed the highest TCE recovery rates (>97%) at
both high and low concentrations. In contrast, MPD_C showed the lowest TCE recovery
rate, as it removes moisture in the liquid phase, which can capture TCE due to its water
solubility of 1.28 g/L at 25 °C [54]. Although MPD_N demonstrated a better moisture
removal efficiency;, it resulted in a higher loss of TCE compared to MPD_K. This loss may
be attributed to the deposition of TCE on the inner membrane of MPD_N, which has a
length of 3 m, leading to a retention time of over 2 s. In contrast, the retention time of TCE
in MPD_K was only approximately 0.06 s. Thus, the TCE loss in MPD_N might be higher
than in MPD_K.

In terms of NO, the recovery rates with respect to different MPDs are depicted in
Figure 10.

As shown in Figure 10, MPD_C exhibited the lowest N, O recovery rates. Since the
water solubility of N,O is 1.2 g/L at 20 °C [55], it could be captured by water droplets
in MPD_C. Both MPD_K and MPD_N demonstrated high recovery rates for N,O, with
MPD_K achieving approximately 100% recovery under both room and stack conditions,
while MPD_N showed a slightly lower recovery rate. However, both MPD_K and MPD_N
performed significantly better than MPD_C. This suggests that MPD_K and MPD_N are
more suitable for NpO measurement in terms of recovery efficiency.
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Figure 10. N, O recovery rates with respect to various MPDs and conditions at (a) 100 ppm N,O and
(b) 10,000 ppm N,O.
To clarify the effectiveness of MPDs on the analytical errors of the analytical process,
RMSE, MNE, and MNB were calculated between measurement data when using MPDs and
standard gas concentrations; these values were compared to those obtained in Section 3.1.
The calculated results are presented in Table 6.
Table 6. Comparison of analytical errors with and without the use of MPDs.
Conditi N,O TCE
ondition RMSE (ppm) MNE (%) MNB (%) RMSE (ppm) MNE (%) MNB (%)
With MPD at 25 °C 131 1.3 -1.3 0.46 0.79 0.15
With MPD at 150 °C 238 2.3 2.3 1.13 1.95 —1.95
Direct wet sample at 90%RH 1889 222 22.2 9.47 18.9 18.9

100

©
S

Moisture removal efficiency (%)
— 3 P ]
oo o oo oo CC

As shown in Table 6, when an MPD_K was applied, the errors were less than 2.3% for
N,O and less than 2% for TCE. In contrast, when the 90%RH sample was analyzed, the
bias was high, and the errors were over 22% for N, O and over 18% for TCE. This is clear
evidence that suggests MPDs help to improve the measurement errors.

3.3. Comparison of the Performance of MPDs with Respect to High Loading Capacities
3.3.1. Comparison of the Moisture Removal Efficiency of Different MPDs with Respect to
High Loading Capacities

The moisture removal efficiencies of MPDs with respect to various flow rates at 25 °C
and 150 °C are presented in Figure 11.

(a) (b)
100

é Z)g % § % MPD_C
;:% EE % § E Break E i Break E
z’; Tg g : through E through

Figure 11. Moisture removal efficiencies of MPDs with respect to various conditions (a) at 25 °C and
(b) at 150 °C.
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As shown in Figure 11, all devices exhibited high removal efficiencies at a flow rate of
1 L/min. However, as the flow rate increased, moisture could not be effectively removed
at 2 LPM and 4 LPM conditions when the gas temperature was 25 °C. In particular, both
MPD_N and MPD_C showed breakthroughs at 150 °C, while MPD_K also showed a lower
moisture removal efficiency at 4 L/min. For MPD_C and MPD_K, at low flow rates (1 LPM),
longer residence times ensure a higher removal efficiency. At4 LPM, the gas passes through
too quickly, preventing condensation and resulting in moisture being discharged without
removal. In terms of MPD_N, Nafion™ membranes should be operated below 80 °C, as
structural deformation may occur at higher temperatures. However, in this experiment,
the inlet gas temperature exceeded 100 °C, surpassing the membrane’s allowable limit.
Consequently, a temperature differential occurred between the membrane’s interior and
exterior, leading to rapid internal cooling and the condensation of water vapor into liquid
droplets. Since the Nafion™ dryer is designed to remove water in gaseous form, the
presence of a large amount of condensed moisture inside the membrane can significantly
reduce its dehumidification performance. Despite increasing the purge gas flow to facilitate
moisture removal, dehumidification was unsuccessful, likely because the condensed water
inside the membrane blocked vapor movement, hindering proper drying. Although purge
gas normally helps expel moisture from the membrane, the presence of liquid water
prevents vapor diffusion through the membrane and inhibits the purge gas from directly
removing water droplets. As a result, inefficient purge gas flow can form internal pressure
differences, causing gas backflow [56]. Moreover, even with increased purge gas flow,
the gas blockage might have occurred due to non-uniform flow inside the membrane or
residual condensed water that could not be quickly drained. Although a higher purge
gas flow is expected to enhance moisture removal, in this case, fast-moving gas could not
effectively remove the moisture clinging to the membrane surface and may have caused
turbulence, which impeded condensate drainage. Consequently, MPD_K showed the
highest potential for removing moisture at high loading capacities, although the efficiency
decreased. To improve the removal efficiency, the residence time should be improved.

3.3.2. Optimal Cold Trap Design for MPD_K to Effectively Operate at High
Loading Capacities
Theoretical Assessment of Various Cold Trap Designs

The theoretical heat transfer efficiency of three types of cold traps was simulated and
is shown in Table 7.

Table 7. Specifications of Type A, Type B, and Type C cold traps.

Type ID Pipe Total Volume Residence Surface Heat Flux (W/m?) Graetz Number

(cm) Count (cm?) Time (s) Area (cm?) 25°C 150 °C 25°C 150 °C

A 1.905 2 45.6 0.68 95.76 541,714 1,557,232 247.59 167.30
B 1.905 4 91.21 1.37 191.5 ] 541,714 - 1,557,232 123.79 83.65
C 127 8 81.07 122 255.4 First row: 1,036,066 First row: 2,978,689 61.90 41.82

Second row: 366,831 Second row: 1,055,889

As shown in Table 7, Type C, having the highest number of pipes, shows the largest
surface area (255.35 cm?). Type B, with a larger pipe volume and a slower flow velocity,
exhibited the longest residence time (1.37 s). In contrast, Type A, which has the smallest
number of tubes and the smallest cross-sectional area, recorded the lowest values for both
residence time (0.684 s) and surface area (95.76 cm?). The cooling performance generally
improves when the gas is in contact with a larger surface area of the tube wall and for a
longer period of time. From this perspective, Type B has the advantage of providing a
sufficient heat transfer time due to its long residence time, while Type C facilitates rapid
heat exchange through its large surface area—each offering favorable characteristics for
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effective cooling. Meanwhile, under high-flow conditions, both moisture removal efficiency
and the recovery rate of target substances become important considerations. Compared to
Type A, Type B has approximately twice the residence time and more than twice the surface
area, which can significantly enhance moisture removal performance. However, a longer
residence time also increases the likelihood of some substances being lost due to extended
contact with the cooling surfaces. In contrast, although Type C has a shorter residence time
than Type B, it is clearly longer than that of Type A, and it possesses the largest surface area
among the three structures. As such, Type C may offer a balanced performance between
recovery rate and moisture removal efficiency.

In terms of heat transfer distance, the shorter the heat transfer distance, the more
rapidly the heat flux increases under the same material and temperature conditions. In
particular, the first row of Type C exhibited a very high heat transfer performance, whereas
the second row within the same structure shows a significant decrease in performance
due to the longer heat transfer distance (Table 7). Types A and B had structurally identical
heat transfer distances, resulting in the same heat flux values. These results highlight the
critical importance of heat transfer distance as a physical factor in structural design and
confirm its role as a key parameter for optimizing heat transfer efficiency. Additionally,
as the inlet temperature of the gas increases, the temperature difference for heat transfer
becomes larger, which further enhances the cooling efficiency of structures with shorter
heat transfer paths. This characteristic is particularly evident in the first row of Type C,
which recorded the highest heat flux under high-temperature fluid conditions, suggesting
that it may serve as the most advantageous structure in terms of cooling efficiency.

Since a lower Graetz number generally indicates a more uniform temperature distri-
bution across the pipe cross-section, Type C is the most advantageous in terms of cross-
sectional heat transfer uniformity under both temperature conditions (Table 7). However, in
Type C, four of the eight pipes are located farther from the thermoelectric element, resulting
in a relatively longer heat conduction path. This increases the likelihood of delayed or
uneven heat transfer. In contrast, Type B features all pipes evenly arranged along the
same heat transfer path, providing the most favorable condition for uniform temperature
distribution throughout the structure.

Accordingly, although Type C has the longest residence time and the largest heat
exchange area—suggesting the highest heat transfer efficiency—it may suffer from the
poorest temperature uniformity, potentially affecting the recovery rate. On the other
hand, Type B, which uses multiple thicker pipes, offers a large overall heat exchange area,
sufficient residence time, and consistent pipe placement along identical heat transfer paths.
Therefore, it is expected to achieve an excellent balance between cooling efficiency and
temperature homogeneity. These characteristics suggest that Type B is likely to deliver a
stable cooling performance even under high-flow conditions.

Performance of the Modified MPD_K with Respect to Various Cold Trap Designs at High
Loading Capacities

Three types of cold traps were used to investigate the moisture removal efficiencies at
low and high temperatures. The experimental results are depicted in Figure 12.

As shown in Figure 12, under the 25 °C condition (a,b,c), all three types exhibited stable
moisture removal behavior, and clear differences in removal performance were observed
among the structures. Moisture removal efficiencies of Type A, Type B, and Type C were
approximately 66.5%, 75.6%, and 83.6%, respectively. These results align with the general
principle of heat transfer, in which moisture removal efficiency improves as residence time
and heat transfer area increase. In particular, Type C has the largest number of flow paths
and the greatest total heat exchange area. Although the inner diameter of each pipe is small,
the high number of flow paths allows the flow velocity to be effectively dispersed, resulting
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in a relatively long residence time. These structural characteristics contribute positively to
enhanced cooling performance, which was reflected in the high moisture removal efficiency
observed in the experiment. However, when the air temperature was 150 °C, the perfor-
mance of the three types of cold traps was changed (Figure 12d—f). While Type C initially
demonstrated an excellent moisture removal performance, condensate rapidly accumulated
inside the device as the experiment progressed, eventually leading to saturation. Following
this, a sharp increase in the humidity of the outlet air was observed, which was interpreted
as the system reaching its moisture handling capacity due to the rapid condensation of
a large amount of water in a short period under high-temperature conditions. Although
Type C exhibited excellent short-term cooling performance, owing to its short heat transfer
distance, small pipe diameter, and long residence time, with the cooling effect reaching
deeply into the center of the pipe, its actual performance showed a temperature drop in
the rear row, which is farther from the thermoelectric element, and the rapid accumulation
of condensate within the structure led to saturation. Despite its strong cooling capacity,
these findings reveal structural limitations in fluid discharge and condensate management,
negatively affecting sustained moisture removal and recovery rates.
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Figure 12. Inlet and outlet humidity of different types of cold traps at 25 °C for (a) Type A, (b) Type
B, and (c) Type C, as well as at 150 °C for (d) Type A, (e) Type B, and (f) Type C.

In contrast, Type B maintained a stable moisture removal performance, even under
high-temperature conditions, due to its relatively large heat transfer area, uniform tempera-
ture distribution, and steady flow dispersion. Throughout the experiment, the variation in
removal efficiency was minimal, and no structural saturation occurred during prolonged
operation. These results demonstrate that Type B is an optimal cold trap structure that is
capable of maintaining both cooling performance and structural reliability under hot and
humid conditions.

The recovery of TCE and N,O with respect to Types A, B, and C is shown in Figure 13.

As shown in Figure 13, both Type B and C demonstrated higher recovery rates com-
pared to Type A, with Type B particularly standing out due to its high average values and
low standard deviations, indicating that it successfully balances moisture removal perfor-
mance and analyte gas recovery stability. Although Type C was theoretically expected to
deliver an excellent moisture removal performance due to its large heat transfer area and
long residence time, the actual experiment showed that it rapidly removed moisture in the
early stage, causing the structure to become quickly saturated. This characteristic is likely
due to limitations in condensate handling capacity and moisture retention within the struc-
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ture, which reduced heat exchange efficiency and ultimately increased the risk of analyte
gas loss during prolonged operation. As a result, Type C exhibited a significant drop in TCE
and N,O recovery rates. In contrast, Type A, with its simple structure and short residence
time, allowed the sample gas to pass through quickly, minimizing losses. Type B, on the
other hand, achieved a well-balanced performance by maintaining strong moisture removal
capabilities while avoiding condensate saturation or temperature imbalance, resulting in
stable recovery rates. In particular, Type B maintained over 98% recovery under both
temperature conditions while also demonstrating high moisture removal efficiency, making
it the most suitable structure for ensuring the quantitative reliability of gas analysis. These
results demonstrate that Type B achieves the most ideal balance among the three key design
variables—heat transfer area, residence time, and temperature homogeneity—and, as such,
successfully meets both objectives of moisture removal and gas preservation. Therefore,
among the three structures proposed in this study, Type B is evaluated as the optimal
pretreatment configuration in terms of both moisture removal efficiency and gas recovery
stability under high-flow conditions.
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Figure 13. TCE (a) and N,O (b) recovery rates with respect to various cold trap types.

Consequently, KPASS exhibited the best performance among the tested MPDs for
removing moisture from TCE and N,O samples at normal loading capacities. This pattern
was consistent with previous studies (Table 8). In terms of high loading capacities, the
Nafion™ membrane and cooler revealed their limitation at high temperatures and high
flow rates. In contrast, modified KPASS showed good moisture removal efficiency and
analyte recovery rates with less investment. In particular, although the sample gas had high
temperatures and flow rates, the modified KPASS still retained a high moisture removal
efficiency. This removal efficiency was also comparable to previous studies (Table 8) that
used conventional MPDs and flow rates of less than 1 L/min. The KPASS device removes
more moisture than the cooler because it employs a frost-based filter, which captures
more water vapor than liquid droplets [20]. Additionally, KPASS causes less analyte loss
compared to Nafion™ due to the shorter retention time of analytes within the device.
Furthermore, the modified KPASS device can operate at high sample gas temperatures
and high flow rates, whereas high temperatures can damage the Nafion™ membrane.
Therefore, KPASS is recommended for effective moisture control when analyzing TCE
and N;O. However, the current KPASS device uses a Peltier element to cool the cold trap,
which consumes a significant amount of energy to maintain the desired temperature when
high-temperature gas is introduced into the device. This leads to increased operating
costs. Moreover, the performance of the Peltier element is sensitive to environmental
conditions. High ambient temperatures, such as during the summer, can reduce the cooling
efficiency of the Peltier, resulting in a decreased moisture removal efficiency. Consequently,
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measurement errors may increase due to the higher outlet humidity. These limitations of
the KPASS device should be taken into consideration.

Table 8. Recovery rates of analytes with respect to various moisture pretreatment devices.

Flow Rate Average Recovery Rate (%)

No. Compound Condition (L/min) KPASS Nafion  Cooler
1 Methyl ethyl ketone [19,21] 25 °C, 80%RH, 100 ppb 0.2 103 7.5 100
2 Isobutyl alcohol [19,21] 25 °C, 80%RH, 100 ppb 0.2 96.6 21.4 91.7
3 Methyl isobutyl ketone [19,21] 25 °C, 80%RH, 100 ppb 0.2 99.5 1.47 94.4
4 Butyl acetate [19,21] 25 °C, 80%RH, 100 ppb 0.2 97.9 15 90.8
5 Styrene [19,21] 25 °C, 80%RH, 100 ppb 0.2 99.2 82.8 88.6
6 Benzene [22] 25 °C, 90%RH, 200 ppb 0.5 97 98 97
7 Toluene [22] 25 °C, 90%RH, 200 ppb 0.5 97 88 97
8 Ethylbenzene [22] 25 °C, 90%RH, 200 ppb 0.5 97 97 97
9 p-xylene [22] 25 °C, 90%RH, 200 ppb 0.5 98 97 96
10 Ozone [20] 25 °C, 80%RH, 100 ppb 1 97 94 -
11 SO, [17] 25 °C, 80%RH, 150 ppb 1 100 - 93
12 CO[17] 25 °C, 80%RH, 25 ppm 1 98 - 93.6
13 TCE (this study) 25 °C, 90%RH, 0.5 ppm 1 98 96 91
14 TCE (this study) 25 °C, 90%RH, 50 ppm 1 100 95 92
15 TCE (this study) 150 °C, 20%v/v, 0.5 ppm 1 97 96 90
16 TCE (this study) 150 °C, 20%v /v, 50 ppm 1 98 96 94
17 N;O (this study) 25 °C, 90%RH, 100 ppm 1 98 98 85
18 N, O (this study) 25 °C, 90%RH, 10,000 ppm 1 98 97 86
19 N,O (this study) 150 °C, 20%v/v, 100 ppm 1 100 100 96
20 N, O (this study) 150 °C, 20%uv/v, 10,000 ppm 1 99 100 92
21 TCE (this study) 25 °C, 90%RH, 50 ppm 4 99.7 - -
22 TCE (this study) 150 °C, 20%v/v, 50 ppm 4 98.2 - -
23 N,O (this study) 25 °C, 90%RH, 10,000 ppm 4 100.7 - -
24 N, O (this study) 150 °C, 20%v/v, 10,000 ppm 4 100.6 - -

4. Conclusions

Various moisture pretreatment devices (MPDs) were evaluated for their ability to
remove moisture from TCE gas samples analyzed using GC/FID, as well as N;O gas
samples measured using IR spectroscopy. The MPDs under investigation included a KPASS
(MPD_K), a Nafion™ dryer (MPD_N), and a cooler (MPD_C). The moisture removal
efficiencies and analyte recovery rates were assessed under both room and stack conditions
for TCE and N;O gases at normal loading capacities and high loading capacities. The
effects of humidity on the measurement errors of TCE using GC/FID and N,O using
IR spectroscopy were also examined. The results indicated that moisture content had a
significant impact on the analytical accuracy of TCE using GC/FID and on the measurement
of N,O using IR spectroscopy. In terms of normal loading capacity, when the MPDs were
used to remove moisture from the gas samples, the average moisture removal efficiencies
of MPD_K, MPD_N, and MPD_C were 82%, 93%, and 72%, respectively, under room
conditions, and 92%, 91%, and 92%, respectively, under stack conditions. Regarding
TCE recovery rates, MPD_C resulted in less than 95% recovery across all conditions,
whereas MPD_K and MPD_N achieved over 95% recovery in all cases, with MPD_K
demonstrating the highest TCE recovery rate. For N,O, MPD_C exhibited the lowest
recovery rates (85-96%), while MPD_K and MPD_N maintained recovery rates above 97%
across all conditions. However, all conventional MPDs did not operate well at high loading
capacities. The Nafion™ dryer and cooler did not work properly at a high temperature
(150 °C) and flow rate (4 L/min). In terms of the KPASS device, the original design did
not achieve an acceptable moisture removal efficiency. However, when a new cold trap
structure was developed to achieve the high loading capacity with the least investment, it
was found that the recovery rate of the modified KPASS was over 98% and the moisture
removal efficiency was over 85%. Consequently, a moisture pretreatment device should
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be used to remove moisture from the gas samples when analyzing TCE using GC/FID
and measuring N,O using IR spectroscopy to minimize analytical bias due to humidity.
When selecting an MPD, a frost-based device is recommended to ensure both effective
moisture removal and high analyte recovery rates for TCE and N;O. Since this approach is
applicable to TCE and has previously been found to be suitable for aromatic hydrocarbons,
aldehydes, and ketones, the frost-based moisture pretreatment device can be applied for the
measurement of VOCs emitted not only from semiconductor industries but also from other
major sources. This approach also demonstrated a good performance with N,O, which
has the highest loss potential during the condensation process among greenhouse gases
due to its high water solubility. Therefore, this method can be employed for monitoring
greenhouse gases emitted from the semiconductor or electrical industries, which have
similar emission patterns of gases with high global warming potential. However, due to
the limitations of using Peltier elements for the cooling process, a long-term field study
should be conducted to assess the durability and uncertainty of MPDs under real-world
environmental conditions.
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