Hindawi

Indoor Air

Volume 2023, Article ID 8867880, 15 pages
https://doi.org/10.1155/2023/8867880

Research Article

WILEY | Q@) Hindawi

Indoor Pollutant Reduction Performance of Different Mechanical
Ventilation Filters in Apartment Buildings

Seong Fun Kim ), Jin Chul Park®,” and Yong Woo Song (>

'Graduate School, Chung-Ang University, 84 Heukseok-ro, Dongjak-gu, Seoul 06794, Republic of Korea
2School of Architecture and Building Science, Chung-Ang University, 84 Heukseok-ro, Dongjak-gu, Seoul 06974, Republic of Korea

Correspondence should be addressed to Yong Woo Song; yongma0930@cau.ac.kr

Received 22 May 2023; Revised 14 July 2023; Accepted 30 August 2023; Published 15 September 2023

Academic Editor: Faming Wang

Copyright © 2023 Seong Eun Kim et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

High-efficiency particulate air (HEPA) and charcoal filters have been applied to ventilation systems to save energy and reduce
pollutants. However, such filters only work for specific types of pollutants, and their performance is not always sustainable.
This study compares the pollutant reduction performance of TiO, photocatalytic filters with HEPA and charcoal filters in
mock-up experiments with toluene as the pollutant, changing air volume, and varying ventilation frequencies. The results show
that the HEPA filter was ineffective at reducing toluene, and the charcoal filter was found to have the fastest reduction rate
until 180 min after the start of the experiment. However, after 180 min when the charcoal filter was saturated, its pollutant
reduction performance rapidly declined, resulting in low persistence. Conversely, the TiO, photocatalytic filter had a lower
reduction rate than that of the charcoal filter but had a continuous pollutant reduction performance during 720 min.
Comparing the pollutant reduction effect of the TiO, photocatalyst filter and the charcoal filter with a reduced amount based
on the experimental time, the TiO, photocatalyst filter has a maximum pollutant reduction effect of about seven times and at
least about two times. This study confirms that HEPA and charcoal filters reduce gas pollutants, and it was found that

combining TiO, photocatalysts with ventilation devices can improve indoor air quality in apartment buildings.

1. Introduction

Reducing energy consumption is a widely recognized strat-
egy to decrease carbon emissions and combat global warm-
ing, particularly in the context of building energy
efficiency. Buildings are often constructed with airtight fea-
tures to minimize air leakage and save energy. However, this
can result in reduced indoor and outdoor air circulation,
leading to poor ventilation and difficulties in removing pol-
lutants from indoor and outdoor sources. Consequently,
such pollutants can have adverse effects on the health of
indoor occupants. Pollutants are typically categorized into
particulate and gaseous pollutants based on their phase.
Particulate pollutants, such as PM10 and PM2.5, are rep-
resentative indoor pollutants, while gaseous pollutants, such
as volatile organic compounds (VOCs), NO,, and SO,, are
commonly found both indoors and outdoors [1, 2]. These
pollutants are considered key substances that need to be

effectively managed, and their indoor/outdoor criteria are
outlined in the indoor air quality guidelines provided by
the World Health Organization (WHO) [3].

To address the problem of poor ventilation and promote
indoor/outdoor air circulation, the Ministry of Land, Infra-
structure, and Transport of Korea has mandated imple-
menting mechanical ventilation systems in buildings
through Article 11 of the Regulations for Building Facilities
[4]. Mechanical ventilation systems enable indoor ventila-
tion by introducing outdoor air, even in situations where
natural ventilation is challenging. This can improve the
effectiveness of pollutant removal by inducing airflow in des-
ignated areas or spaces.

Currently, mechanical ventilation systems in apartment
buildings typically utilize dust collection and activated car-
bon filters to remove pollutants. Such filters are subject to
KS B 6141 standards, which specify various requirements,
such as the particle collection rate, ventilation resistance,
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and amount of dust collected [5]. However, there is a grow-
ing need for more effective and sustainable solutions that
can address the challenges associated with indoor air pollu-
tion and ventilation in buildings.

L.1. Literature Review on Dust Collection Filters. Several
studies have investigated the effectiveness of dust collection
filters in removing indoor pollutants. For instance, Day
et al. [6] investigated the exposure of volunteers to PM2.5
and ozone using a combination of dust collection filters
and electrostatic precipitator filters. Xu et al. [7] evaluated
ventilation and air purification systems equipped with high
efficiency particulate air (HEPA) filters as dust collection fil-
ters and found that they can reduce particulate matter (PM),
carbon monoxide, and carbon dioxide, thus alleviating
asthma symptoms in patients. Singer et al. [8] installed min-
imum efficiency reporting value (MERV) 13-16 filters in
cooling systems to assess their effectiveness in reducing
PM2.5 emitted from sources, such as California highways
and home cooking, and reported a remarkable reduction of
93-98%.

Souzandeh et al. [9] developed a nanofilter that exhibited
promising results in removing particulate and gaseous pol-
lutants. Kim and Lee [10] and Brown et al. [11] confirmed
the efficiency of various filters in removing PM and aller-
gens. Specifically, HEPA filters have been shown to have a
particulate pollutant removal efficiency of over 99% when
compared to that of conventional medium filters [12-15].

However, one limitation of dust collection filters, includ-
ing HEPA filters, is the accumulation of pollutants over
time, leading to increased airflow resistance and potential
degradation in filter performance, including airflow velocity
and power consumption [16]. To address this problem,
researchers have proposed installing prefilters in conjunc-
tion with HEPA filters to enhance efficiency and extend ser-
vice life [17]. Currently, prefilters are commonly used in
ventilation systems in apartment buildings in combination
with dust collection filters, such as HEPA filters, to optimize
their performance.

Numerous studies have confirmed the effectiveness of
dust collection filters, such as HEPA filters, in removing par-
ticulate pollutants, although their efficiency may decrease
over time. However, it has been established that dust collec-
tion filters are less effective in removing gaseous pollutants
[18, 19].

1.2. Literature Review on Charcoal Filters. To improve the
effectiveness of dust collection filters, a proposed approach
involves combining an adsorption filter with a dust collec-
tion filter to adsorb and remove gaseous pollutants [20,
21]. Studies have demonstrated that a combination of char-
coal and dust collection filters can reduce VOCs inside an
aircraft by 30% [22]. Additionally, computational fluid
dynamics (CFD) modeling has been employed to derive an
adsorption model for activated carbon fibers with an acetal-
dehyde reduction effect, aiming to utilize the adsorption per-
formance of activated carbon [23].

Gallego et al. [24] confirmed that commercially available
activated carbon filters in air purifiers can reduce several
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VOCs, including alcohol and ether. Maximoff et al. [25]
investigated the capacity of activated carbon filters in
adsorbing VOCs and toxic gases generated during fires.
Ligotski et al. [26] estimated the service life of activated car-
bon filters by measuring the time taken to reduce the con-
centration of toluene to 0.09ppm. Moreover, several
studies have explored the use of dust collection and activated
carbon filters in ventilation systems. However, similar to
dust collection filters, activated carbon filters also require
regular replacement and management owing to their limited
service life [20, 21, 27, 28]. Furthermore, there is a potential
concern that adsorbed pollutants can be released and rein-
troduced into indoor spaces due to differences in pollutant
concentrations, highlighting the urgent need for solutions
to address this problem.

1.3. Literature Review on TiO, Photocatalysts. In addition to
activated carbon filters, TiO, photocatalysts are used for
removing gaseous pollutants. TiO, photocatalysts generate
highly oxidizing radicals via photochemical reactions with
UV rays [29-38]. The radicals can decompose or adsorb gas-
eous pollutants, leading to their removal through oxidation
reactions, without generating additional pollutants as some
other photocatalysts do. Several studies have been conducted
to investigate the performance of TiO, photocatalysts in
reducing gaseous pollutants, as well as in decomposing and
adsorbing different substances, such as NO, and SO,, which
are outdoor air pollutants that contribute to the formation of
PM [39-41].

Cassar et al. [42] installed concrete exterior materials
mixed with TiO, photocatalysts in the Jubilee Church in
Rome and observed a reduction of 30-40% in NO,. Luna
et al. [43] coated the surface of stone finishing materials with
TiO, photocatalysts and confirmed their effectiveness in
smoke removal. Lettieri et al. [44] applied a TiO, photocat-
alytic coating to stone surfaces and found that the NO,
reduction effect lasted for eight months. Ramakrishnan and
Orlov [45] added TiO, photocatalysts into concrete and
reported an increase in NO, adsorption performance com-
pared to that of conventional concrete. Furthermore, it has
been demonstrated that TiO, photocatalysts added to
asphalt pavement and mortar can reduce NO, by 60-80%
[45].

Several studies have confirmed the efficacy of TiO,
photocatalysts in removing gaseous pollutants. For instance,
a numerical analysis confirmed the reduction of pollutants
using photocatalysts attached to a reaction device [46]. Mon-
tecchio et al. [47] utilized a CFD simulation to demonstrate
the effectiveness of a reaction device in reducing VOCs as
gaseous pollutants. Zhang et al. [48] applied doped photoca-
talysts to glass windows in actual buildings and confirmed
the reduction of formaldehyde during natural ventilation.
Although several studies have focused on reducing indoor
pollutants using TiO, photocatalysts, there is a general lack
of research that combines TiO, photocatalysts with ventila-
tion systems to compare their effectiveness with existing pol-
lutant reduction methods.

To address this gap in the literature, this study installed
HEPA and charcoal filters in addition to TiO, photocatalysts
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FiGurek 1: Filter types. (a) HEPA and (b) charcoal.

TaBLE 1: Filter dimensions and features.

Filter type Dimensions (width x length x thickness) Rating Number of airflow paths Purpose
HEPA 234 mm x 250 mm X 20 mm H13 — Dust collection
Charcoal 234 mm x 250 mm x 10 mm — 357 ea. Gas adsorption
in ventilation systems similar to those used in existing apart- TaBLE 2: Charcoal filter weight measurements.

ment buildings. The pollutant reduction performance of .
each filter were compared at varying air volumes and venti- Contents Counts Weight
lation frequencies to evaluate their effectiveness in removing Charcoal filter airflow honeycomb 357 1428¢
commonly found gaseous pollutants in apartment buildings. Selection honeycomb 25 10g
Specifically, a TiO, photocatalyst coating agent was applied Charcoal filter weight 1 04g

to the TiO, photocatalytic filter designed and developed by
Song et al. [49] to remove NO, using ducts. Toluene was
used a representative indoor gas pollutant in the experiment
as suggested by the WHO [50], ASHRAE [51], and Ministry
of Environment of the Republic of Korea [52]. The experi-
ment was conducted for each filter type, where the number
of ventilations per hour and the air volumes were changed.
To our knowledge, the approach of this study has not been
previously used. The results of this study show that indoor
pollutants in apartments can be removed by applying this
method in areas with poor air environments due to high
external pollutant concentrations and suggests a way to
improve the indoor air environment. In addition, the study
results can be used as a reference for the development of
ventilation devices to improve the indoor air environment
in buildings other than apartment buildings.

2. Materials and Methods

2.1. Dust and Charcoal Filter. In this study, three types of fil-
ters were employed to effectively remove different types of pol-
lutants. First, the highly efficient HEPA filter, renowned for its
widespread use in dust collection owing to its remarkable par-
ticulate removal rate of 99.95%, was utilized. The HEPA filter
in Figure 1(a) is rated as H13, based on the EN-1822 standard,
making it one of the top-performing filters in the industry
[53]. The second filter employed was the activated carbon fil-
ter in Figure 1(b), which is specifically designed for deodoriza-

tion and adsorption of gaseous pollutants. Images of both
filters are shown in Figure 1, and Table 1 lists the critical
parameters for each filter, ensuring their effective
performance.

As indicated in Table 2 and Figure 2, the charcoal filter
contains 357 airflow paths in the honeycomb structure,
and the measured weight of the activated carbon in
Figure 2(a) was 142.8 g.

The weight was estimated based on the weight of the
activated carbon applied to 25 airflow paths, which were
randomly selected out of the 357 available paths. During
the weight measurement, the humidity inside the electronic
scale in Figure 2(b) was 39.7%.

2.2. TiO, Photocatalytic Filter. A tubular filter containing a
TiO, photocatalyst, which was designed and developed in
previous experiments, was used as the third type of filter.
The filter has a unique structure, as depicted in Figures 3
and 4, with a coating agent mixed with a TiO, photocatalyst
applied internally, and the capability to accommodate UV
lamps for photocatalytic reactions.

In the experiment, the HEPA, charcoal, and TiO, photo-
catalytic filters were installed in a ventilation system that is
commonly used in apartment buildings, and the reduction
performance of toluene was compared for each filter at vary-
ing ventilation frequencies.
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FIGURE 2: Charcoal filter measurements. (a) Weight and (b) humidity.
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F1Gure 3: Concept of the TiO, photocatalytic filter.

2.3. Overview of Ventilation System. The filters were com-
bined with a designed and fabricated reaction device and
the existing ventilation system, as shown in Figure 5. The
ventilation system with charcoal filter applied is shown in
Figure 5(a), the HEPA filter application is shown in
Figure 5(b), and the ventilation system with TiO, photocata-
lyst filter is configured as shown in Figure 5(c).

The reaction device and filter were installed in the supply
air (SA) section of the ventilation system, which provides air
to the indoor space. This setup facilitates the removal of
gaseous pollutants that may enter from the outside
through internal circulation, even in scenarios where
ventilation is challenging because of high external pollutant
concentrations.

2.4. Mock-Up Experiment. A mock-up experiment was
developed to assess the toluene reduction performance of
the ventilation system, incorporating HEPA and charcoal fil-
ters designed to reduce particulate and gaseous pollutants, as
well as the specially designed and fabricated TiO, photocat-
alytic filter. Since there is no established method for evaluat-
ing the performance of ventilation systems equipped with
photocatalysts, certain elements of the indoor air purifier
test method (SPS-KACA002-132) of the Korea Air Cleaning
Association [54] were applied to the shape and internal con-
figuration of the mock-up. Table 3 presents a comparison
between the conditions of the photocatalytic ventilation sys-
tem (mock-up) designed in this study and indoor air purifier
method.
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F1GURE 4: TiO, photocatalytic filter design drawing and production photographs.

The existing test method for evaluating air purifier pol-
lutant purification typically uses a concentration criterion
of 10.00ppm [54] and employs an accelerated test that
involves exposing the air purifier to high-concentration pol-
lutants for 30 min to assess its purification efficiency. How-

ever, in this study, a lower pollutant concentration of
1.00 ppm was utilized, which is 1/10 of the concentration
used in the existing test method. By using this concentration,
the data with errors that may occur between experiments at
concentrations of 0.02 ppm, the resolution of the measuring
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FIGURE 5: Conceptual diagram of ventilation system application for each filter type.

equipment used in this experiment, can be reduced. Addi-
tionally, a concentration of 1.00 ppm is sufficient to confirm
the effectiveness of TiO, photocatalysts as suggested by ISO
22197-3:2019 [55], an international standard for reducing
pollutants of TiO, photocatalysts. Furthermore, the existing
test method does not include any condition related to the
photocatalytic activity. Hence, a UV-A lamp, as used in pre-
vious studies, was employed in this study. Accordingly, a
Philips TL-D 18 W BL lamp with a maximum light intensity
of 20 W/m® was used in this study. By applying irradiance,
the oxidation reaction of the TiO, photocatalyst is promoted
according to the increase in UV-A irradiance, confirmed by

Song et al. [49], resulting in an improvement in the overall
pollutant reduction rate.

A polycarbonate material was used to prevent the gener-
ation of pollutants other than the gas used in the experiment,
as well as adsorption and chemical reactions. Additionally, a
mixing fan was installed on the ceiling to facilitate active
dilution of the internal air. The mock-up design drawing
and a photograph of the installed mock-up are shown in
Figure 6.

As illustrated in Figure 7, the installed mock-up com-
prised connections on the right side for the ventilation sys-
tem, with a pollutant inlet in the upper left corner and an
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TaBLE 3: Comparison of the mock-up and indoor air purifier experimental methods.

Evaluation criteria

Conditions Indoor air purifier method (SPS-KACA002-132) [54] Photocatalytic ventilation system
Temperature 23+3°C 23+3°C
Humidity 50 + 10% 50 + 10%
Experimental gas concentration 10 £ 1 ppm 1+£0.1 ppm
UV-A irradiance None 20 W/m?
Test chamber size 8.0+0.5m> 30.0+1.5m> 50.0 + 1.5 m’ 0.65mx1.15mx 1.75m (1.31 m°)
Target pollutants NH,, CH,COOH, CH,CHO, C,Hy, HCHO CHg

1750 mm

I
1\

650 mm f
A4 I

1150 mm

A 4

FIGURE 6: Mock-up design drawing and photograph.

outlet connected to the measurement equipment in the
lower left corner. The ventilation system used in the mock-
up had an air volume of 140 m’/h, which corresponds to
the typical ventilation rate for an 84m” apartment. The
experimental setup incorporating the ventilation system
and mock-up is depicted in Figure 7.

2.5. Measurement Equipment. In the mock-up experiment, a
photoionization detector (PID) sensor capable of measuring
the concentration of toluene (pollutant used in the experi-
ment) was used as the measuring instrument. Furthermore,
the PID sensor can also measure the byproducts generated,
such as benzene (C.H,) and butadiene (C,H,), when toluene
(C,Hg) is decomposed according to the chemical reaction of
the photocatalyst.

Additionally, a SLIDE-AC was utilized to maximize the
light intensity of the UV-A lamp installed in the tubular
photocatalytic filter, and a thermohygrometer was employed
to measure the internal temperature and humidity. Further
details regarding the measurement equipment are presented
in Table 4.

2.6. Experimental Conditions. The objective of the experi-
ment was to assess the pollutant reduction efficacy of each
filter, including the specially designed and fabricated TiO,
photocatalytic filter, applied in the ventilation system. The
experiment involved varying the air volumes to achieve
one and five air exchanges per hour within the mock-up vol-
ume to investigate the pollutant reduction performance.
Moreover, a higher concentration of pollutants than the
standard concentration in actual environments was
employed to evaluate the sustained effect of each filter. To
ensure consistency, the experiment was conducted in tripli-
cate for each ventilation frequency. At the conclusion of
each experiment, the mock-up was opened to discharge
residual pollutants, and the internal temperature and
humidity were maintained at 25+2.5°C and 50+ 10%,
respectively.

The ventilation frequency was determined by measuring
the wind speed of the air moving in the circular duct, uti-
lizing the duct air volume measurement method outlined
in the Society of Air-Conditioning and Refrigerating Engi-
neers of Korea (SAREK Standard 201-2013) [56]. The
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F1GURE 7: Conceptual schematic of the mock-up experiment.

TaBLE 4: Overview of experimental measurement equipment used in the mock-up.

Equipment name

Airwell plus gas analyzer

Measuring gas Toluene
Sensor type PID
Range 0-10 ppm
Resolution 0.02 ppm
Max. concentration 100 ppm
Min. concentration 0.1 ppm
Flow rate 1.5 L/min

DLC-0.5 K 220/240
0.5 KVA A
220V/5-240V | % g

Equipment name
Capacity
Input/output

Current 2 A

Testo 174H

Temperature range -20 to +70°C

Humidity range 0%-100% RH

fundamental conditions of the mock-up experiment and
the wind speed measurement method are presented in
Tables 5-7.

The experiment utilizing the calculated wind speed was
conducted in four sequential steps. First, toluene gas, a rep-
resentative indoor gaseous pollutant, was continuously
injected into the mock-up at a concentration of 1 ppm and
a flow rate of 3.6 L/min until the experiment was concluded.
Additionally, a flow rate of 3.6 L/min, equivalent to the injec-
tion flow rate, was discharged and routed to the measure-
ment equipment and bypass to maintain the pressure
within the mock-up.

Second, following the injection of toluene gas into the
mock-up, the airtightness of the mock-up was confirmed,
and a uniform internal concentration distribution of 1 ppm
was verified and maintained.

Third, on confirming the maintenance of the concentra-
tion, each of the HEPA dust collection, activated carbon, and
photocatalytic filters was connected, and the reduction in
toluene concentration was determined. Furthermore, the
time required to reach the minimum concentration was
measured to assess the efficiency of the filters.

Fourth, upon achieving convergence to the minimum
concentration, the time at which the activity of each filter
ceased was investigated. The mock-up was then confirmed
to be airtight once again by examining the increase in pollut-
ant concentration inside the mock-up through the continu-
ous injection of toluene gas.

The four steps were repeated for each ventilation fre-
quency of 1 and 5 air changes per hour (ACH). Finally, the
results of the experiment were used to compare the toluene
reduction performance of each filter.
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TABLE 5: Mock-up experimental conditions.
Mock-up dimensions (volume) Content Value Content Value
Temperature 25+2.5°C Test gas C,Hg
Humidity 50 +10% Gas concentration 1.00 £ 0.1 ppm
0.65mx1.15mx 1.75m (1.31 m>) UV-A Irradiance 20 W/m? Experimental flow rate 3.6 L/min
. 1 ACH
Number of tests At least three per condition ACH
5 ACH
TaBLE 6: Calculation method of the ventilation duct air volume.
Number of Data point position (unit: mm)
measurement points
for each diameter Data Data Data Data Data
point 1 point 2 point 3 point 4 point 5
6 0.032D 0.135D 0.321D - -
8 0.021D 0.117D 0.184D 0.345D -
10 0.019D 0.077D 0.153D 0.217D 0.361D

TaBLE 7: Wind speed calculation of TiO, photocatalytic reaction
device by ACH in mock-up.

Cross-sectional area and

Content outlet wind speed
Outlet cross-sectional area 0.00785 m*
Wind speed 1 m/s hourly air volume 28.26 m*/h
Wind speed of 1 ACH 0.046 m/s
Wind speed of 5 ACH 0.23m/s

3. Results and Discussion

3.1. Mock-Up Ventilation Frequency 1 ACH Result. As
described above, the mock-up experiment to examine the
toluene reduction performance was conducted for 1 ACH.
The experiment followed the aforementioned four steps,
and the results are presented in Figure 8 and Table 8.
Based on the experimental results, the tubular photocat-
alytic filter required 377 min to reach a minimum concentra-
tion of 0.6ppm, and the maximum reduction effect was
sustained for 403 min (720 min—317 min), after which the
reaction ceased because the UV lamp was turned off (as dis-
cussed in Section 3.3). Subsequently, the toluene concentra-
tion started to rise again as the activity of the filter ceased.
For the activated carbon filter, it took 100 min to reach a
minimum concentration of 0.55ppm, and the maximum
reduction effect was sustained for 24min (124 min
—100min). Thereafter, the toluene concentration started
increasing again, indicating that the charcoal filter was satu-
rated, and its adsorption performance terminated 124 min

after the start of the experiment. As for the HEPA filter, no
pollutant reduction effect was observed.

3.2. Mock-Up Ventilation Frequency 5 ACH Result. A second
experiment for 5 ACH was conducted to examine changes in
the toluene reduction performance of each filter and the
retention performance for each filter. The experiment was
conducted in the same sequence as above, and the results
are shown in Figure 9 and Table 9.

Under a ventilation rate of 5 ACH, the tubular photocat-
alytic filter achieved a minimum concentration of 0.58 ppm
in 180 min, which is approximately 48% faster compared
to that of the experiment conducted at 1 ACH. This indi-
cates that toluene, which possesses high chemical molecular
bonds, was effectively reduced through decomposition. Fur-
thermore, the byproducts generated during toluene decom-
position were also efficiently decomposed.

In contrast, the charcoal filter exhibited a lower reduction
efficiency compared to the TiO, photocatalytic filter, and the
concentration of toluene began increasing again after
100 min, similar to the results observed for 1 ACH. This sug-
gests that the duration of pollutant reduction for the charcoal
filter remains consistent regardless of the ventilation fre-
quency. Notably, the HEPA filter did not exhibit any reduc-
tion effect even with increased ventilation frequency.

3.3. Total Mock-Up Ventilation Frequency Test Result. The
toluene reduction performance of each filter was assessed
based on the 1 and 5 ACH experiments described earlier.
The amount of toluene removed was calculated and com-
pared for the time period from 60 min after the start of the
experiment when pollutant reduction began, up to 780 min



10 Indoor Air
Reaction start point Reaction end point
1.20 I i
. . l .
RUYRV TR ~. . AL Wy RV PRI RT N BV
= e d ’ Ladde ,,Co,’l \}4.5‘.#.3»‘\?\ .\::vl d l.:‘\lh Ay?w}’(\q‘}'.\.d..l:y QJ\;#A,..A rt\\.-.v:; .u\?.lg {l- &?’A‘-\pw \v:i
E 080
2,
£
=]
2 060 :
=] 1 Time to reach minimum
51 mmlwm*.monu[‘.uliuml tl\mh(v.\] . !
é 040 | - - - - I ........ Ulm». L o
Q 1 . 100 min : |
©)]
ﬁ Activated photocatalytic filter
Activated charcoal filtér’ _ performance retention time
0.20 rformance retention ume : 720 min - :
I 124 min .
0.00 1 -
0 min 100 min 200 min 300 min 400 min 500 min 600 min 700 min 800 min 900 min 1000 min
Time (min)
TiO, photocatalytic filter 1 ACH =«= HEPA (H13) filter 1 ACH
==== Charcoal filter 1 ACH
FiGUre 8: Toluene reduction for 1 ACH.
TaBLE 8: Toluene reduction performance for 1 ACH.
Classification Start concentration Minimum concentration Reduction rate Duration of reduction effect
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Charcoal filter 0.95ppm 0.55ppm 42.11% 124 min
HEPA filter 1.04 ppm 1.02 ppm 1.92% 0 min

when the activity of the photocatalytic filter was terminated
by turning off the UV lamp.

The toluene removal amounts for each filter type were
compared at 60 min intervals, using Equations (1) and (2),
as specified in ISO 22197-3:2019 [55].

R= 910~ 9r % 100, (1)
Dro
ylt:Rx M, (2)

100 x 22.4

where R denotes the removal percentage of toluene (%), Oy,
indicates the supply volume fraction of toluene (uL/L), @,
indicates the toluene volume fraction at the exit (uL/L), 7,
corresponds to the quantity of toluene removed by the test
piece (umol), and f denotes the standardized test gas flow
rate (3.6 L/min, 0°C, 101.3 kPa, dry gas).

Additionally, the reduction rates based on the surface
areas of each filter were compared. Since a direct quantita-
tive comparison of the HEPA, charcoal, and photocatalytic
filters is not feasible owing to differences in the surface area,
the removal amount per unit area in direct contact with air
was calculated. The surface area of each filter is listed in
Table 10.

The toluene reduction results for each filter type accord-
ing to the removal amount and unit area calculation were

divided into 60min intervals to calculate the removal
amount accumulated over 60min. The corresponding
results are shown in Figure 10 and Table 11.

The experimental results show that the charcoal filter
demonstrated a high reduction performance for the first
180 min following the initiation of toluene reduction, with
a maximum reduction rate of 4.09 ymol/cm?min. However,
the toluene reduction ceased thereafter owing to the adsorp-
tion saturation of the filter, resulting in the release of toluene
back into the chamber.

In contrast, the TiO, photocatalytic filter exhibited tolu-
ene reduction from the outset of the experiment, maintain-
ing a reduction rate of 0.64 to 0.65umol/cm®min until
720 min, when the UV lamp was turned off. Conversely,
the HEPA filter did not exhibit any significant toluene
reduction effect.

Based on these findings, it was observed that the charcoal
filter may inadvertently worsen the indoor air quality by
rereleasing pollutants into the environment after saturation,
unless continuous management is performed. In contrast,
the TiO, photocatalytic filter demonstrated sustained pollut-
ant reduction performance as long as the UV lamp remained
switched on, despite its lower reduction performance per
unit time compared to the charcoal filter. Furthermore, the
TiO, photocatalytic filter achieved a consistent reduction
level even with increased ventilation frequency, although
the time required to reach the maximum reduction varied.
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FiGURE 9: Toluene reduction for 5 ACH.
TaBLE 9: Toluene reduction performance for 5 ACH.
Classification Start concentration Minimum concentration Reduction rate Duration of reduction effect
TiO, photocatalytic filter 0.99 ppm 0.58 ppm 41.41% 720 min
Charcoal filter 0.97 ppm 0.52 ppm 46.39% 130 min
HEPA filter 1.05ppm 1.02 ppm 2.86% 0 min

TaBLE 10: Surface areas for the different filter types.

Filter type Surface area (cm?)
HEPA 585
Charcoal 585

TiO, photocatalytic 1,544.58

Therefore, it is expected that similar reduction effects could
be achieved at a ventilation frequency of 0.5 ACH, which
is the standard ventilation rate for apartment buildings in
Korea, although this falls outside the scope of this study.

3.4. Discussion. In this study, the effectiveness of different fil-
ters in reducing gaseous pollutants in indoor environments
after installation in ventilation systems was compared and
examined. The noteworthy implications of this study are dis-
cussed below.

First, existing ventilation systems typically utilize dust
collection filters designed to remove particulate pollutants.
In recent years, activated carbon filters, which are capable
of removing gaseous pollutants, have been installed in con-
junction with HEPA filters to enhance the pollutant removal
performance. However, this method has limitations because
the adsorption capacity of activated carbon can be exceeded,
resulting in a reduced pollutant removal effectiveness. To
overcome this limitation, one potential solution involves
using TiO, photocatalysts.

Second, TiO, photocatalysts generate radicals with oxi-
dizing properties through photochemical reactions utilizing
the band gap energy of UV rays. However, it is challenging
to introduce naturally occurring UV rays into indoor spaces
because of external reflection and obstruction by windows
and doors. Furthermore, the potential health risks associated
with UV rays limit their use in indoor environments. There-
fore, in this study, a UV lamp was installed inside the venti-
lation duct to indirectly apply the mechanism employed by
TiO, photocatalysts in indoor spaces.

Third, a limitation of this study is that the ventilation
system used in the experiment is an energy recovery ventila-
tion system, which introduces outdoor air in addition to
internal circulation. Therefore, further research is necessary
to compare the performance of different filters in reducing
gaseous pollutants when natural ventilation is introduced.
Natural ventilation can decrease pollutant concentrations
by diluting indoor air with clean outdoor air, which can
affect the performance of filtration methods based on
decomposition and adsorption. Therefore, to confirm the
effectiveness of different filtration methods, it is essential to
conduct performance comparisons under conditions where
pollutants are diluted through natural ventilation.

Finally, if the length, weight, and application method of
the TiO, photocatalytic filter used in this study are
improved, there is potential to apply the pollutant reduction
effect of the TiO, photocatalyst in various indoor environ-
ments, where the use of UV rays may be restricted. Further
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FiGure 10: Reducing pollutants over time depending on ventilation and filter type.
TaBLE 11: Reducing pollutants over time depending on ventilation and filter type.
Filter type
Time TiO, photocatalytic Charcoal HEPA
1 ACH 5 ACH 1 ACH 5 ACH 1 ACH 5 ACH
O min (UV-on) 0.00 0.00 0.00 0.00 0.00 0.00
60 min (UV-on) 0.14 0.19 0.62 0.83 -0.05 -0.05
120 min (UV-on) 0.36 0.50 1.55 1.79 -0.04 -0.03
180 min (UV-on) 0.48 0.65 1.04 1.48 -0.03 -0.03
240 min (UV-on) 0.56 0.66 -0.01 0.18 -0.04 -0.03
300 min (UV-on) 0.62 0.64 -0.22 -0.05 -0.04 -0.02
360 min (UV-on) 0.64 0.65 -0.23 -0.08 -0.03 -0.01
420 min (UV-on) 0.64 0.65 -0.24 -0.08 -0.03 -0.02
480 min (UV-on) 0.64 0.65 -0.24 -0.07 -0.03 -0.02
540 min (UV-on) 0.63 0.66 023 -0.08 -0.04 -0.02
600 min (UV-on) 0.64 0.65 -0.24 -0.10 -0.04 -0.02
660 min (UV-on) 0.65 0.63 024 0.13 -0.02 0.00
720 min (UV-off) 0.64 0.62 -0.24 -0.14 -0.04 -0.02
780 min (UV-off) 0.45 0.53 -0.24 -0.16 -0.03 -0.03

Symbols (-) indicate rerelease (unit: ymol/cm2~min),

advancements in the design and application of TiO, photo-
catalytic filters could broaden their potential for reducing
indoor gaseous pollutants beyond the limitations of UV rays.

4. Conclusion

In this study, we utilized a ventilation system designed to
effectively remove pollutants from indoor air in situations

where ventilation is challenging. We evaluated the perfor-
mance of HEPA, charcoal, and TiO, photocatalytic filters
in reducing gaseous pollutants via a mock-up experiment,
and the findings are summarized as follows.

First, we designed and fabricated a tubular TiO, photo-
catalytic filter, which was used in conjunction with HEPA
and charcoal filters that are commonly used in existing ven-
tilation systems. The pollutant reduction performance of
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each filter was evaluated using toluene gas as a representative
indoor pollutant. We conducted accelerated tests by apply-
ing ventilation system air volumes that circulated the
mock-up volume once and five times per hour and assessed
the sustainability of the filter performance.

Second, among the three filters used in the experiment,
the HEPA filter was found to be ineffective in reducing gas-
eous pollutants. In contrast, the activated carbon filter dem-
onstrated the highest reduction performance across all
variables tested in the experiment. However, as the pollutant
concentration started increasing again after reaching the
minimum concentration, the sustainability of its perfor-
mance was limited, which suggested that the activated car-
bon filter became saturated because of pollutant adsorption.

Third, the TiO, photocatalytic filter demonstrated a pol-
lutant reduction performance that was approximately 50%
lower than that of the activated carbon filter in the experi-
ment; however, its pollutant decomposition performance
was sustained over a longer time. It is anticipated that even
better reduction results can be achieved by employing
methods to increase the content or reactivity of the TiO,
photocatalyst, such as doping.

This experimental study highlights that different filter
types, including those based on TiO, photocatalysts and
UV rays, can effectively reduce gaseous pollutants and retain
their performance over time in indoor spaces. The findings
of this study can serve as valuable baseline data for the devel-
opment of methods utilizing TiO, photocatalysts in indoor
spaces, with the aim of improving indoor air quality in
apartment buildings through pollutant decomposition and
adsorption, even in situations where dilution ventilation is
challenging because of air pollution.

Data Availability

Data are available on request.

Conflicts of Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

This work was supported by the Basic Science Research Pro-
gram through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education (grant number
NRF-2022R1A6A3A01086791), the Korean Agency for
Infrastructure Technology Advancement (KAIA), grant
tunded by the Ministry of Land, Infrastructure, and Trans-
port (grant number 22SCIP-B146254-05), and the Chung-
Ang University research grant in 2022.

References

[1] W.T. Tsai, “An overview of health hazards of volatile organic
compounds regulated as indoor air pollutants,” Reviews on
Environmental Health, vol. 34, no. 1, pp. 81-89, 2019.

13

[2] Y.Han, N. Zhu, N. Lu, J. Chen, and Y. Ding, “The sources and
health impacts of indoor air pollution,” in 2010 4th Interna-
tional Conference on Bioinformatics and Biomedical Engineer-
ing, pp. 1-4, Chengdu, China, 2010.

[3] WHO, “WHO guidelines for indoor air quality: selected pol-
lutants,” 2010, https://apps.who.int/iris/handle/10665/260127.

[4] Ministry of Land, Infrastructure and Transport (MOLIT),
Rules on facility standards of buildings, Korean MOLIT,
2021, January 2023, https://www.law.go.kr/%EB%B2%95%
EB%A0%B9/%EA%B1%B4%EC%B6%95%EB%AC%BC%
EC%9D%98%20%EC%84%A4%EB%B9%84%EA%B8%B0%
EC%A4%80%20%EB%93%B1%EC%97%90%20%EA%B4%
80%ED%95%9C%20%EA%B7%9C%EC%B9%99.

KS B 6141, Air filter units for ventilation, Korean Standards
Association, 2002, January 2023, https://standard.go.kr/KSCI/
standardIntro/getStandardSearchView.do?menuld=919&top
Menuld=502&upperMenuld=503&ksNo=KSB6141&tmpr
KsNo=KSB6141&reformNo=10.

D. B. Day, J. Xiang, J. Mo et al., “Combined use of an electro-
static precipitator and a high-efficiency particulate air filter in
building ventilation systems: effects on cardiorespiratory
health indicators in healthy adults,” Indoor Air, vol. 28, no. 3,
pp. 360-372, 2018.

[7] Y.Xu, S. Raja, A. R. Ferro et al., “Effectiveness of heating, ven-
tilation and air conditioning system with HEPA filter unit on
indoor air quality and asthmatic children's health,” Building
and Environment, vol. 45, no. 2, pp. 330-337, 2010.

[8] B.C. Singer, W. W. Delp, D. R. Black, and I. S. Walker, “Mea-
sured performance of filtration and ventilation systems for fine
and ultrafine particles and ozone in an unoccupied modern
California house,” Indoor Air, vol. 27, no. 4, pp. 780-790, 2017.

H. Souzandeh, Y. Wang, and W.-H. Zhong, ““Green” nano-fil-
ters: fine nanofibers of natural protein for high efficiency filtra-
tion of particulate pollutants and toxic gases,” RSC Advances,
vol. 6, no. 107, pp. 105948-105956, 2016.

[10] J.S. Kim and M. H. Lee, “Effect of filter collection efficiency on
the clean air delivery rate in an air cleaner,” Indoor Air, vol. 31,
no. 3, pp. 745-754, 2021.

[11] K. W. Brown, T. Minegishi, J. G. Allen, J. F. McCarthy, J. D.
Spengler, and D. L. MacIntosh, “Reducing patients’ exposures
to asthma and allergy triggers in their homes: an evaluation of
effectiveness of grades of forced air ventilation filters,” The
Journal of Asthma, vol. 51, no. 6, pp. 585-594, 2014.

[12] J. Cox, K. Isiugo, P. Ryan et al., “Effectiveness of a portable air
cleaner in removing aerosol particles in homes close to high-
ways,” Indoor Air, vol. 28, no. 6, pp. 818-827, 2018.

[13] P. Azimi, D. Zhao, and B. Stephens, “Estimates of HVAC
filtration efficiency for fine and ultrafine particles of outdoor
origin,” Atmospheric Environment, vol. 98, pp. 337-346,
2014.

[14] M. S. Waring, J. A. Siegel, and R. L. Corsi, “Ultrafine particle
removal and generation by portable air cleaners,” Atmospheric
Environment, vol. 42, no. 20, pp. 5003-5014, 2008.

[15] R. L. Peck, S. A. Grinshpun, M. Yermakov, M. B. Rao, J. Kim,
and T. Reponen, “Efficiency of portable HEPA air purifiers
against traffic related combustion particles,” Building and
Environment, vol. 98, pp. 21-29, 2016.

[16] M. S. Zuraimi, M. Vuotari, G. Nilsson, R. Magee, B. Kemery,
and C. Alliston, “Impact of dust loading on long term portable
air cleaner performance,” Building and Environment, vol. 112,
pp. 261-269, 2017.

5
)

(6

[}

©
2


https://apps.who.int/iris/handle/10665/260127
https://www.law.go.kr/%EB%B2%95%EB%A0%B9/%EA%B1%B4%EC%B6%95%EB%AC%BC%EC%9D%98%20%EC%84%A4%EB%B9%84%EA%B8%B0%EC%A4%80%20%EB%93%B1%EC%97%90%20%EA%B4%80%ED%95%9C%20%EA%B7%9C%EC%B9%99
https://www.law.go.kr/%EB%B2%95%EB%A0%B9/%EA%B1%B4%EC%B6%95%EB%AC%BC%EC%9D%98%20%EC%84%A4%EB%B9%84%EA%B8%B0%EC%A4%80%20%EB%93%B1%EC%97%90%20%EA%B4%80%ED%95%9C%20%EA%B7%9C%EC%B9%99
https://www.law.go.kr/%EB%B2%95%EB%A0%B9/%EA%B1%B4%EC%B6%95%EB%AC%BC%EC%9D%98%20%EC%84%A4%EB%B9%84%EA%B8%B0%EC%A4%80%20%EB%93%B1%EC%97%90%20%EA%B4%80%ED%95%9C%20%EA%B7%9C%EC%B9%99
https://www.law.go.kr/%EB%B2%95%EB%A0%B9/%EA%B1%B4%EC%B6%95%EB%AC%BC%EC%9D%98%20%EC%84%A4%EB%B9%84%EA%B8%B0%EC%A4%80%20%EB%93%B1%EC%97%90%20%EA%B4%80%ED%95%9C%20%EA%B7%9C%EC%B9%99
https://www.law.go.kr/%EB%B2%95%EB%A0%B9/%EA%B1%B4%EC%B6%95%EB%AC%BC%EC%9D%98%20%EC%84%A4%EB%B9%84%EA%B8%B0%EC%A4%80%20%EB%93%B1%EC%97%90%20%EA%B4%80%ED%95%9C%20%EA%B7%9C%EC%B9%99
https://standard.go.kr/KSCI/standardIntro/getStandardSearchView.do?menuId=919&topMenuId=502&upperMenuId=503&ksNo=KSB6141&tmprKsNo=KSB6141&reformNo=10
https://standard.go.kr/KSCI/standardIntro/getStandardSearchView.do?menuId=919&topMenuId=502&upperMenuId=503&ksNo=KSB6141&tmprKsNo=KSB6141&reformNo=10
https://standard.go.kr/KSCI/standardIntro/getStandardSearchView.do?menuId=919&topMenuId=502&upperMenuId=503&ksNo=KSB6141&tmprKsNo=KSB6141&reformNo=10
https://standard.go.kr/KSCI/standardIntro/getStandardSearchView.do?menuId=919&topMenuId=502&upperMenuId=503&ksNo=KSB6141&tmprKsNo=KSB6141&reformNo=10

14

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

Z. Feng, Z. Long, and J. Mo, “Experimental and theoretical
study of a novel electrostatic enhanced air filter (EEAF) for fine
particles,” Journal of Aerosol Science, vol. 102, pp. 41-54, 2016.
Y. Zhang, J. Mo, Y. Li et al., “Can commonly-used fan-driven
air cleaning technologies improve indoor air quality? A litera-
ture review,” Atmospheric Environment, vol. 45, no. 26,
pp. 4329-4343, 2011.

S. Batterman, C. Godwin, and C. R. Jia, “Long duration tests of
room air filters in cigarette smokers’ homes,” Environmental
Science & Technology, vol. 39, no. 18, pp. 7260-7268, 2005.

T. A. Metts and S. A. Batterman, “Effect of VOC loading on the
ozone removal efficiency of activated carbon filters,” Chemo-
sphere, vol. 62, no. 1, pp. 34-44, 2006.

G. Beko, G. Clausen, and C. J. Weschler, “Sensory pollution
from bag filters, carbon filters and combinations,” Indoor
Air, vol. 18, no. 1, pp. 27-36, 2008.

W. Rosenberger, “Effect of charcoal equipped HEPA filters on
cabin air quality in aircraft. A case study including smell event
related in-flight measurements,” Building and Environment,
vol. 143, pp. 358-365, 2018.

J. Roegiers and S. Denys, “CFD-modelling of activated carbon
fibers for indoor air purification,” Chemical Engineering Jour-
nal, vol. 365, pp. 80-87, 2019.

E. Gallego, F. J. Roca, J. F. Perales, and X. Guardino, “Experi-
mental evaluation of VOC removal efficiency of a coconut
shell activated carbon filter for indoor air quality enhance-
ment,” Building and Environment, vol. 67, pp. 14-25, 2013.

S. N. Maximoff, R. Mittal, A. Kaushik, and J. S. Dhau, “Perfor-
mance evaluation of activated carbon sorbents for indoor air
purification during normal and wildfire events,” Chemosphere,
vol. 304, article 135314, 2022.

R. Ligotski, U. Sager, U. Schneiderwind, C. Asbach, and
F. Schmidt, “Prediction of VOC adsorption performance for
estimation of service life of activated carbon based filter media
for indoor air purification,” Building and Environment,
vol. 149, pp. 146-156, 2019.

G. Beko, M. O. Fadeyi, G. Clausen, and C. J. Weschler, “Sen-
sory pollution from bag-type fiberglass ventilation filters: con-
ventional filter compared with filters containing various
amounts of activated carbon,” Building and Environment,
vol. 44, no. 10, pp. 2114-2120, 2009.

J. Miyawaki, T. Shimohara, N. Shirahama et al., “Removal of
NOx from air through cooperation of the TiO, photocatalyst
and urea on activated carbon fiber at room temperature,”
Applied Catalysis B: Environmental, vol. 110, pp. 273-278,
2011.

C. W. Kwong, C. Y. H. Chao, K. S. Hui, and M. P. Wan, “Cat-
alytic ozonation of toluene using zeolite and MCM-41 mate-
rials,” Environmental Science & Technology, vol. 42, no. 22,
pp. 8504-8509, 2008.

C.H. Ao and S. C. Lee, “Enhancement effect of TiO, immobi-
lized on activated carbon filter for the photodegradation of
pollutants at typical indoor air level,” Applied Catalysis B:
Environmental, vol. 44, no. 3, pp. 191-205, 2003.

A. Fujishima, X. Zhang, and D. A. Tryk, “TiO, photocatalysis
and related surface phenomena,” Surface Science Reports,
vol. 63, no. 12, pp- 515-582, 2008.

Z. Shayegan, C. S. Lee, and F. Haghighat, “TiO, photocatalyst
for removal of volatile organic compounds in gas phase-a
review,” Chemical Engineering Journal, vol. 334, pp. 2408-
2439, 2018.

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]

[45]

(46]

(47]

Indoor Air

M. M. Ballari, M. Hunger, G. Hiisken, and H. J. H. Brouwers,
“NO, photocatalytic degradation employing concrete pave-
ment containing titanium dioxide,” Applied Catalysis B: Envi-
ronmental, vol. 95, no. 3-4, pp. 245-254, 2010.

B. J. Cha, S. Saqlain, H. O. Seo, and Y. D. Kim, “Hydrophilic
surface modification of TiO, to produce a highly sustainable
photocatalyst for outdoor air purification,” Applied Surface
Science, vol. 479, pp. 31-38, 2019.

D.S.Jang, S. H. Kim, Y. Kim, J. J. Lee, and D. S. An, “The effec-
tiveness of liquid PUD-TiO, photocatalyst on asphalt pave-
ment,” Materials, vol. 14, no. 24, p. 7805, 2021.

G. Hiisken, M. Hunger, and H. J. H. Brouwers, “Experimental
study of photocatalytic concrete products for air purification,”
Building and Environment, vol. 44, no. 12, pp. 2463-2474,
20009.

P. Pichat, “Are TiO, nanotubes worth using in photocatalytic
purification of air and water?,” Molecules, vol. 19, no. 9,
pp. 15075-15087, 2014.

A. M. Ramirez, K. Demeestere, N. De Belie, T. Méntyld, and
E. Levinen, “Titanium dioxide coated cementitious materials
for air purifying purposes: preparation, characterization and
toluene removal potential,” Building and Environment,
vol. 45, no. 4, pp. 832-838, 2010.

K. Takeuchi, “Heterogeneous photochemical reactions and
processes in the troposphere,” in Encyclopedia of Environmen-
tal Control Technology, P. N. Cheremisinoft, Ed., pp. 279-326,
Gulf Publishing Company, 1989.

T. Ibusuki and K. Takeuchi, “Removal of low concentration
nitrogen oxides through photoassisted heterogeneous cataly-
sis,” Journal of Molecular Catalysis, vol. 88, pp. 93-102, 1994.
J. S. Dalton, P. A. Janes, N. G. Jones, J. A. Nicholson, K. R. Hal-
lam, and G. C. Allen, “Photocatalytic oxidation of y , gases
using TiO 2 : a surface spectroscopic approach,” Environmen-
tal Pollution, vol. 120, no. 2, pp. 415-422, 2002.

L. Cassar, C. Pepe, G. Tognon, G. L. Guerrini, and R. Amadelli,
“White cement for architectural concrete, possessing photo-
catalytic properties,” in Proceedings of the 11th International
Congress on the Chemistry of Cement Vol. 4, Durban, South
Africa, 2003.

M. Luna, M. J. Mosquera, H. Vidal, and J. M. Gatica, “Au-
Ti02/Si02 photocatalysts for building materials: self-
cleaning and de-polluting performance,” Building and Envi-
ronment, vol. 164, article 106347, 2019.

M. Lettieri, D. Colangiuli, M. Masieri, and A. Calia, “Field per-
formances of nanosized TiO, coated limestone for a self-
cleaning building surface in an urban environment,” Building
and Environment, vol. 147, pp. 506-516, 2019.

G. Ramakrishnan and A. Orlov, “Development of novel inex-
pensive adsorbents from waste concrete to mitigate NOx
emissions,” Building and Environment, vol. 72, pp. 28-33,
2014.

J. Wu, Y. Alipouri, H. Luo, and L. Zhong, “Ultraviolet photo-
catalytic oxidation technology for indoor volatile organic com-
pound removal: a critical review with particular focus on
byproduct formation and modeling,” Journal of Hazardous
Materials, vol. 421, article 126766, 2022.

F. Montecchio, H. Persson, K. Engvall, J. Delin, and R. Lanza,
“Development of a stagnation point flow system to screen and
test TiO,-based photocatalysts in air purification applica-
tions,” Chemical Engineering Journal, vol. 306, pp. 734-744,
2016.



Indoor Air

(48]

(49]

(50]

(52

(53]

(54]

[55]

(56]

T. Zhang, X. Li, Y. Rao, Y. Liu, and Q. Zhao, “Removal of
formaldehyde in urban office building by the integration of
ventilation and photocatalyst-coated window,” Sustainable
Cities and Society, vol. 55, article 102050, 2020.

Y. W. Song, S. E. Kim, Y. G. Jung, J. Y. Yoo, and J. C. Park,
“Controlling nitrogen oxide and ultraviolet-a irradiance in
ventilation duct system using TiO, photocatalyst,” Building
and Environment, vol. 199, article 107881, 2021.

World Health Organization, Air quality guidelines for Europe,
World Health Organization, Regional Office for Europe, 2000,
February 2023, https://www.who.int/publications/i/item/
9789289013581.

American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE), ANSI, ASHRAE Stand,
62.1-2010: Ventilation for Acceptable Indoor Air Quality,
2010, February 2023, https://www.ashrae.org/file%20library/
technical%20resources/standards%20and%20guidelines/
standards%20addenda/62_1_2010_h_l_final.pdf.

Ministry of Environment, Enforcement Decree of the Indoor
Air Quality Control ActFebruary 2023, https://www.law.go
ke B A S 71 A e A .

European Committee for Standardization, High efficiency air
filters (EPA, HEPA and ULPA)—part 1: classification, perfor-
mance testing, marking, 2009, (2009) EN 1822-EN 1821.

Korea air cleaning association, Indoor air cleaners, 2021, Janu-
ary 2023, https://www.kaca.or.kr/web_basic/standard/view
.php?pagen=451. (SPS, KACA002-132:2021).

1SO: IS0, 22197-3, Fine ceramics (advanced ceramics,
advanced technical ceramics)-Test method for air-purification
performance of semiconducting photocatalytic materials - Part
3: Removal of toluene, 2019, January 2023, https://www.iso
.org/standard/72348 . html.

The Society of Air-conditioning and Refrigerating Engineers
of Korea, Duct airflow measuring method(SAREK Standard
201-2013), 2013, January 2023, https://www.sarek.or.kr/html/
sub07_03.jsp.

15


https://www.who.int/publications/i/item/9789289013581
https://www.who.int/publications/i/item/9789289013581
https://www.ashrae.org/file%20library/technical%20resources/standards%20and%20guidelines/standards%20addenda/62_1_2010_h_l_final.pdf
https://www.ashrae.org/file%20library/technical%20resources/standards%20and%20guidelines/standards%20addenda/62_1_2010_h_l_final.pdf
https://www.ashrae.org/file%20library/technical%20resources/standards%20and%20guidelines/standards%20addenda/62_1_2010_h_l_final.pdf
https://www.law.go.kr/&#xBC95;&#xB839;/&#xC2E4;&#xB0B4;&#xACF5;&#xAE30;&#xC9C8;&#xAD00;&#xB9AC;&#xBC95;&#xC2DC;&#xD589;&#xB839;
https://www.law.go.kr/&#xBC95;&#xB839;/&#xC2E4;&#xB0B4;&#xACF5;&#xAE30;&#xC9C8;&#xAD00;&#xB9AC;&#xBC95;&#xC2DC;&#xD589;&#xB839;
https://www.kaca.or.kr/web_basic/standard/view.php?pagen=451
https://www.kaca.or.kr/web_basic/standard/view.php?pagen=451
https://www.iso.org/standard/72348.html
https://www.iso.org/standard/72348.html
https://www.sarek.or.kr/html/sub07_03.jsp
https://www.sarek.or.kr/html/sub07_03.jsp

	Indoor Pollutant Reduction Performance of Different Mechanical Ventilation Filters in Apartment Buildings
	1. Introduction
	1.1. Literature Review on Dust Collection Filters
	1.2. Literature Review on Charcoal Filters
	1.3. Literature Review on TiO2 Photocatalysts

	2. Materials and Methods
	2.1. Dust and Charcoal Filter
	2.2. TiO2 Photocatalytic Filter
	2.3. Overview of Ventilation System
	2.4. Mock-Up Experiment
	2.5. Measurement Equipment
	2.6. Experimental Conditions

	3. Results and Discussion
	3.1. Mock-Up Ventilation Frequency 1 ACH Result
	3.2. Mock-Up Ventilation Frequency 5 ACH Result
	3.3. Total Mock-Up Ventilation Frequency Test Result
	3.4. Discussion

	4. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments



