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Abstract

Study of Volatile Organic Compounds
Adsorption on Porous Inorganic
Materials by Surface Modification

In-Keun Shim

Department of Chemistry, Inorganic Chemistry
The Graduate School

Seoul National University

Nanotechnology has the potential to revolutionize a wide range of fields,
including electronics, energy, medicine, environment, and materials science.
The unique properties of nanostructures, such as their high specific surface
area and tunability, make them particularly useful for various applications in
nanotechnology. With rapid advancements in nanotechnology, the interest of
people moves from the convenience of nanotechnology to the health
concerns such as the quality of breathing air, the cleanliness of drinking
water, and the safety of foods. Among them, the indoor air quality has got
the most attention since the beginning of the COVID-19 pandemic. To date,
a lot of adsorbents for air and water purification by utilizing the

nanomaterials such as activated carbon, carbon nanotube, boron nitride,



cellulose nanocrystals, cellulose nanofibrils, layered double hydroxide,
graphene, porous silica, metal-organic framework, and so on.

In this dissertation, porous silica nanoparticles and graphene nanomaterials
are mainly investigated as proposed effective adsorbents for removing toxic
chemicals in indoor air. Unlike the method for evaluating the removal of
pollutants in water, the assessment of pollutants removal performance in the
air tends to show a high coefficient of variation (CV) due to the intrinsic
nature of the matrix. To reduce this uncertainty, the standard methods
published by the international organization for standardization (ISO) were
applied in this study from the specimen preparation to quantitative analysis.

In chapter 1, the research background for indoor air pollutants, adsorbents,
mesoporous silica nanoparticles, graphene oxide nanomaterials is briefly
described.

In chapter 2, among the previously reported various types of porous
silica, a mesoporous silica nanoparticles with wrinkle structure was
investigated as a adsorbent for indoor benzene, toluene, ethylbenzene, and
xylene (BTEX). Although the template-directed mesoporous silicas using
surfactants have been widely studied for the past decades, poor accessibility
to their active sites inside pores has limited their practical applications.
From the structural point of view, the proposed silica is expected to
enhance the accessibility of functional materials inside their pores. In
addition, the mesoporous dimensions and the size of the silica could be

easily controlled by handling the adding amount of n-butanol in preparation
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process. The BTEX removal ability with surface modified mesoporous silica
is looked into from the physisorption point of view. The proposed silica
nanomaterials show over 90% of BTEX removal performance except for
benzene.

In chapter 3, 3D structured graphene oxide and n-doped graphene oxide
are designed to increase the number of active sites for formaldehyde
adsorption in air. To embody the 3D structure to graphene oxide, the innate
feature of self stacking between single graphene layers is physically
prevented and expanded porosity in materials is expected to increase the
adsorption capacity. The influences of adsorption performance by adopting
doping elements on graphene oxide sheets and regulating relative humidity
are focused on this chapter from the chemisorption point of view. Although
there is a difference depending on the relative humidity, n-doped
mesoporous graphene oxides show the removal performance of formaldehyde
in air in a range of 85.8-44.3%.

In chapter 4, the status of indoor air pollutants in Korea is discussed and
their risk assessments results are estimated. The sick building syndrome
symptoms of workers in underground shopping shops is investigated with
the concentration of indoor air pollutants. The concentrations of n-butanol,
n-heptane, and xylene were associated with eye irritation symptoms, while
those of n-heptane were associated with respiratory symptoms, and those of
benzene, n-heptane, and decanal were associated with general symptoms. In

part 2, the representative indoor air pollutants (e.g., single VOCs, TVOCs,
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carbonyl compounds, carbon dioxide, PM10, and PM2.5) monitoring results
in three different types of housing (apartment, detached houses, and
multiplex houses) were discussed. The statistical factor analysis was
conducted to find influencing factors on the levels of pollutants. For
example, the concentration of formaldehyde in apartments and detached

houses were highly influenced by interior building materials.

Keywords : porous material, adsorption, surface modification, air pollutants,
silica, graphene, VOCs
Student Number : 2012-30876
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1. Indoor air and related physical-chemical technologies

There are thousands of pollutants indoors, and it is known that about 250
of them affect our health.! For that reason, the US Environmental
Protection Agency (US EPA) points out indoor air pollution as one of the
five most urgent environmental problems facing the United States,” and the
WHO reports that the number of deaths due to indoor air pollution reaches
up to 3.2 million per year in 2020.°) According to the US EPA, the level
of pollutant inside building can be significantly higher than those found
outdoors, sometimes even more than 100 times higher. This could be due to
a variety of factors, such as inadequate ventilation, airtight building design
for saving energy, the presence of source of pollution indoors, and the
accumulation of pollutants over time. Indoor pollutants stem from
outdoor-indoor transfers or specific indoor sources. Most indoor pollutants
derive from anthropogenic activity (e.g., remodeling/repair, cleaning, cooking,

combustion processes) and building materials as shown in Figure 1.

Adhesive, sealant, putty

Wallpaper

A

Figure 1. Main sources of indoor air pollutants.

Flooring, wood-based panels E
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Among the thousands of indoor pollutants, the most important ones are
particulate matter (e.g., total suspended particulate(TSP), PM10, and PM2.5)
and volatile organic compounds in terms of relating to human health.

Volatile organic compounds (VOCs) is defined as organic compounds
whose boiling point is in the range from (50 °C to 100 °C) to (240 °C to
260 °C) in International Organization for Standardization (ISO).! Among
them, four chemicals so called BTEX (benzene, toluene, ethylbenzene, and
xylene) is the most noticeable pollutants due to their ubiquitous and toxic
characteristics. Benzene has been classified as carcinogenic to humans by the
International Agency for Research on Cancer (IARC) since 1979. The
carpets, paints, plastics, furniture, environmental tobacco smoke (ETS) and
polymeric furnishing are major indoor sources of benzene.”! The highest
concentration of benzene has been monitored in shopping shops (2.5-48 ug
m>) followed by offices (1.4-5.5 pg m?), homes (0.7-4.4 pg m>) and
schools (0.5-3 pg m>).* Toluene is not a confirmed carcinogenic
chemicals, but it is one of the most common indoor air pollutants and the
most abundant among BTEX. It is released from a variety of household
products including adhesives, coatings, and cosmetics combustion devices.”
Shopping complexes present the highest toluene levels (15-164 pg m?),
followed by office (6-32 pug m™), and houses (3-20 pg m™). Ethylbenzene is
used as a solvent during manufacturing of plastics, paints, adhesives, and
other building materials. It has been classified as a potential human

carcinogen by IARC and recorded their concentration in a range from 0.8 to



16 pg m™ in shopping centers and homes.™ Xylene is slightly greasy liquid
of great industrial value and has three structural isomers: ortho, meta, and
para. Indoor sources of xylene are dyes, polymers, cleaning products,
pharmaceuticals, and paints. It is detected in a range of concentration from
0.3 to 16 pg m™ in houses and schools.®) Xylene is a suspected carcinogens
associated with an increased risk of leukemia, non-Hodgkin’s lymphoma and

colon/rectum cancer.!'”

Formaldehyde is known a genotoxic chemical and
classified as a human carcinogen by IARC. It is mainly emitted from
wood-based products assembled using urea-formaldehyde resin but can also
be produced by paints, cigarette smoking, insulation forms, electronics,
fabrics or the use of vanishes and floor finishes. And formaldehyde is also
generated by oxidation of other VOCs with ozone or radiation indoors.!"
The concentration of exposure in houses and offices is in a range from 7.7
to 30 pg m>."® It is hard to reduce or eliminate these indoor air pollutants
in a cost-effective or technically feasible manner, and active abatement units
can be installed to lower their levels. These devices were traditionally made
up of physical-chemical technologies such as filters and ozonizers, which
were part of a central heating and ventilation system or used as portable
units. Currently, the market for physical/chemical technologies for indoor air
treatment is dominated by mechanical and electronic filtration, adsorption,
and ozonation. Among them, adsorption and photocatalytic oxidation methods

have been widely adopted in practice especially for abatement of VOCs and

formaldehyde as shown in Table 1.



Table 1. Physical/Chemical Technologies for Removal of VOCs and
Formaldehyde.
. Air flow Removal capacity Single pass
Design (m¥h)  (ug/m’h) efficiency (%) Reference
Adsorption
Indoor passive panels (g 0.2 FA: 40-140 - [12]
- Dimensions: 0.089 m T: 30-210
Granular activated carbon 0.06 - B: 81.5-91.6 [13]
- 7 g of adsorbent T: 86.6-100
E: 91.6-99.2
X: 89.9-100
Porous ferrihydrite / SiO, composite - FA: 6.3-8.1 mg/g - [14]
High-grade activated carbon filter 510 - FA: 0.6 [15]
(portable) T: 32.0
Activated carbon prefilter 569 - FA: 0.2, T: 7.8 [15]
(portable)
Non-woven polyester filter impregnated 340 - FA: 1.5 [15]
with activated carbon (portable) T: 26.0
Granular activated carbon + - - FA: 1.4 [15]
KMnO4-impregnated alumina T: 3.5
(in-duct)
Photocatalytic oxidation
Indoor passive panels + UVeVis light 0.2 T: (a) 59-120 - [12]
(a) TiO,-wood flooring (b) 58-70
(b) wallpaper (c) <15
- Dimensions: 0.089 m?
UV light (253.7 nm) TiO, converter 720 - B: 0.58, T: 0.58 [16]
+ MERV11 filter E: 0.50, X: 032
(in-duct) FA: 0.08
ZnO nanorod-wrapped PTFE nanofiber - - FA: 60 [17]
antibacterial membrane with Ag
nanoparticles
(7.07 cm?, 0.1 mm thick)
Hybrid method
ZIF8-Si0, nanofiber composite membrane 0.013 FA: 36.04 FA: 80 [18]
- Dimensions: 7.07 cm’
Dielectric barrier discharge NTP + UV 2 - B: 58-90 [19]
light + SiO»/TiO»-coated glass fiber tissue
(6.5 g/m* Si02 + 6.5 g/m* TiOy)
MOF TiO,/UiO-66-NH, composites +  0.06 T: 106.7 mg/g T: 47.2 [20]

UV light

* (abbreviation) FA: formaldehyde, B: benzene, T: toluene, E: ethylbenzene, X: xylene



2. Adsorption and adsorbents

Most chemical, physical, and biological processes arise at the boundary
between two phases. Adsorption is a process in which atoms, ions, or
molecules from a gas, liquid, or dissolved solid adhere to a surface. This
process generates a film of the adsorbate on the surface of the adsorbent.

In a rule, the adsorption process is generally classified as physisorption
(characteristic of weak van der Waals forces) or chemisorption (characteristic
of covalent bonding). They are similar in many ways, but there are some
important differences between the two. In chemisorption, the adsorbed
species forms a chemical bond with the surface, whereas in physisorption,
the attraction between the adsorbate and the surface is primarily due to van
der Waals forces, which are weak, non-covalent interactions. One way to
distinguish between chemisorption and physisorption is by looking at the
strength of the interaction between the adsorbate and the surface.
Chemisorption is typically a much stronger interaction than physisorption,
and as a result, chemisorbed species are much harder to remove from the
surface. This can be observed experimentally by looking at the amount of
energy required to desorb the adsorbed species. Another way to distinguish
between the two types of adsorption is by looking at the coverage of the
adsorbed species on the surface. In chemisorption, the coverage is typically
low, with only a small number of adsorbed species per unit area of the
surface. In contrast, in physisorption, the coverage can be much higher, with

a large number of adsorbed species per unit area. Overall, the main



difference between chemisorption and physisorption is the strength of the
interaction between the adsorbate and the surface. Chemisorption involves a
chemical bond, whereas physisorption is a weaker van der Waals interaction.
This difference in interaction strength leads to differences in the amount of
energy required for desorption and the coverage of the adsorbed species on

the surface.

Table 2. Comparisons between Physisorption and Chemisorption.

Physisorption Chemisorption
Force Van der Waals Chemical bonds
Pathway Reversible Irreversible
Favor condition Low temperature High temperature
Target Non-specific Relatively specific in nature
Forming layer Multi-molecular layer Monolayer
Activation energy Low High
Adsorption enthalpy Low (20-40 kJ mol™) High (80-240 kJ mol™)

In an environmental aspect, adsorption is a process in which pollutants
are captured on the surface of adsorbent materials like activated carbon and
zeolites. These materials can be used in construction materials and are easy
to integrate into indoor environments. However, their efficiency can be
reduced by high humidity and variable pollutant levels. The specificity of
adsorbent materials for certain pollutants could also limited their ability to
remove other pollutants. To maintain their efficiency and prevent re-emission

of pollutants, adsorbent materials may need to be replaced or regenerated.



The efficiency of adsorption devices for removing VOCs could vary greatly
and depends on the several factors as described in Figure 2. Up to now,
carbon based materials (e.g., activated carbons, biochar, carbon nanotubes,
graphenes) and silicon based materials (e.g., MCM-41, =zeolites, porous
silicas), and metal organic frameworks (MOFs) are well known for high
removal capacities against for formaldehyde and BTEX.

Ozonization and photocatalytic oxidation methods are also useful as
mentioned before, but these methods using ozone or photocatalysts are
partially dissatisfied and unsuitable to apply in indoor air due to the
possibility to generate toxic side products when decomposing VOCs and
toxicity of ozone itself. Thus, the demand of developing efficient adsorbents
is highly requested nowadays. Overall, adsorption could be considered the
best way in physical/chemical technology for removing indoor VOCs and

formaldehyde.

@
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Figure 2. (a) Factors affecting the adsorption capacity of VOCs and

formaldehyde, (b) example of VOC abatement mechanism by biochar.”"

9 o MNE gk



3. Mesoporous silica materials

According to International Union of Pure and Applied Chemistry (IUPAC)
nomenclature, mesoporous material is a type of porous material that has
pores with diameters ranging from 2 to 50 nm.

Mesoporous silica, a type of nanoporous material with hexagonal pores of
size 2-3 nm, was first synthesized by the Mobile Corporation in 1990 and
was named MCM-41.%2) This was the first instance of using a cationic
surfactant, specifically cetyl ammonium bromide (CTAB), as a template to
create pores in a silica framework. Since then, various types of surfactants
including cationic, anionic, and neutral have been used to synthesize silica
nanoporous materials.

Mesoporous silica is often made through a process called sol-gel
chemistry in an aqueous solution. This process involves preparation of an
inorganic polymer network at low temperatures using hydrolysis and
condensation of a silica precursor (Si(OEt)s), such as tetraethyl orthosilicate
(TEOS). In hydrolysis, the alkoxide group (OR) of the silica precursor is
replaced by the silanol group (Si-OH) by the nucleophilic attack of the
oxygen atom of the water. And dimers, linear trimer, cyclic and polymeric
species with siloxane bonds (Si-O-Si) are formed by condensation reactions.
To get mesoporous materials, surfactants such as cetyltrimethylammonium
bromide (CTAB) are used. These surfactants tend to form micelles at
concentrations above their critical micelle concentration (CMC), and the

silica precursor could then condense on the surface of the micelles to form
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silica particles. Surfactants play a key role in determining the pore size and
pore volume of silica materials.

There are many different types of surfactants available and the advance in
sol-gel chemistry, which has allowed for the development of various types
of mesoporous silica with different structures. By using them, the particle
size, morphology, and pore structure of mesoporous silica could be
intentionally designed and their synthesis process could be easily controlled.
The template surfactant could be removed through calcination or solvent

extraction to create pores as a final step in this process (Figure 3).

[

&

(=
Self-assembly Co-assembly ﬂxq’ N, gl%h
/ at conc. > CMC q with silica 0 _,ﬁ{‘i fr’, ﬁ‘}
N7 m— m— 903525
& INECIES v L
Silica precursor & = Ny o

Surfactant Micelle iy,

Condensationthrough
Surfactant ageing or hydrothermal

removal

Mesoporous Organic-inorganic
silica silica-template composite

Figure 3. General synthesis method for mesoporous silica wusing a

surfactant-templated route.*!
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Silica-based mesoporous matrices have the following unique structural
properties: 1) an ordered porous structure; 2) a large pore volume and
surface area, providing high potential for efficient molecule adsorption; 3) a
tunable particle size ranging from 50 to 300 nm; 4) an easy of surface
functionalization. The common chemicals used for surface modification are
silanes and these are grafted on silica surfaces by condensation reaction
between hydroxyl group of surface and chloro, epoxy, alkoxy groups in
silane coupling agents. Typical silylation is accomplished by one of the

following procedures.

= Si—OH + Cl—SiR, 22 25C, _ g0 08iR, + HCL + base (1)
, , . 100°C , , ,

=S5i—OH+ R'O—-SiR, —— = Si—O0SiR; + HOR 2)
, , 25°C . )

2= Si—OH+ HN(SiR;), — 2= Si— OSiR, + NH, 3)

By imparting various functionality on the surface, the applicability of
mesoporous silicas could be further broadened.

Figure 4 shows the various morphologies of typical mesoporous silica
nanoparticles. After the discovery of MCM-41, researchers began developing
different types of silica materials with different pore sizes and shapes. In
1998, Stucky and colleagues reported the synthesis of SBA-15 using a
triblock copolymer called P123. This discovery was a significant step

forward in the design of porous silica nanomaterials, because it allowed
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researchers to control the size of the pores. Since then, many different
methods have been reported for synthesizing pore-extended SBA-15 with
pore sizes ranging from 5 to 30 nanometers using various combinations of
surfactants and swelling agents. These methods have been used to synthesize
a wide range of silica materials with different structures, including hollow
spheres, wrinkled silica materials, spherical materials with hexagonal pores,

rod-shaped materials, silica nanocapsules, and hollow silica nanocubes.

Figure 4. TEM images of various mesoporous silica nanoparticles (a) hollow

silica,® (b) wrinked mesoporous silica,”” (c) SBA-15,*" (d) MCM-41,*"

28 [29]

(e) hollow silica nanocapsules,?® (f) hollow silica nanocubes.
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Figure 5. Several representative mesoporous silicas and their space groups.””

Mesoporous silica nanomaterials could be classified by means of their

5.9

pore structures as shown in Figure Silica nanomaterials with different

shapes and sizes have been studied extensively for many different
applications because of their attractive structural properties, low toxicity, and
good biocompatibility. Mesoporous silica has been explored for a wide range

of purposes, including drug delivery,®"! adsorption and separation,** CO,

[33] [34]

gas capture, biochemistry, gene delivery,®” food science,*® DNA

delivery,”” and as a support for heterogeneous catalysts."**!

4. Graphene oxide materials

Graphite is a form of carbon that could occur naturally or be produced

14 o M ETf e



artificially. Their individual sp> carbon layers could be stacked either be in
a hexagonal (AB) or rhombohedral (ABC) pattern, or the stacking could be
irregular (turbostratic) as shown in Figure 6(a).”’”) Generally, natural graphite
is used as a starting material to preparation of graphene or graphene oxide.
Graphene is an allotrope of carbon made up of a single layer of atoms
arranged in a repeating hexagonal lattice nanostructure as shown in Figure 6
(b). Due to its innate properties, graphene surpasses all other carbonaceous
allotropes in application for material science. Theoretically, graphene has a
large specific surface area (2630 m” g'), high intrinsic mobility (200 000
cm?> V' ST, high Young's modulus (~10. TPa), good thermal conductivity
(~5000 W m? K7), highly transparent (~97.7%), and good electrical
conductivity. It is built of sp’-hybridized carbon atoms arranged in a
honeycomb crystal structure. In natural graphite, the graphene layers bond

together definite m-m stacking interactions.

armchair = i
Figure 6. Schematic representation of (a) ideal structure of AB stacked
graphite, (b) structure of a graphene sheet with zig-zag and arm-chair edges,

and (c) HRTEM image of C-C bond at the arm-chair edge in graphene.*”
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There are several methods for preparing graphene, including mechanical
stripping, liquid phase stripping, chemical vapor deposition (CVD), epitaxial
growth on silicon carbide (SiC), and chemical reduction of graphene oxide.
Novoselow and Geim got a success to pull apart individual graphene layer
from bulk graphite using Scotch tape in 2004.1*!) This finding gave a chance
to look into a properties of graphene which previously were known only in
theory, but its low production rate always be a limitation. Prior to
mechanical exfoliation, CVD is a non-destructive method to produce a

graphene.'*

In general, a graphene could be grow on transition metal
surface (e.g., silicon wafer) with hydrocarbon gases as a carbon source at
high temperature over 1000 °C. After finishing the deposit of graphene on
substrate, the pure graphene layer could be obtained after chemical etching
of the metal substrate. A promising method to produce a uniform and
wafer-sized graphene layer is epitaxial growth on SiC. It is conducted at
high temperature in the range from 1200 to 1600 °C wunder ultrahigh

vacuum condition.™

Si et al achieved light graphenes which are able to
suspend well in water at a concentration (2 mg mL™) from graphene oxide
by chemical reduction.”**! They used sodium borohydride as a reducing agent
and then sulfonation with aryl diazonium salt of sulfanilic acid. The
chemical oxidation method is highly evaluated in a low production cost and
possibility of mass production than the other methods.

Graphene oxide also has a single carbon layer and dimensions of sheets

are polydisperse. Compared with graphene, this two-dimensional carbon
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material has a lot of oxygen atoms on graphene oxide sheet layers that act
as a functional group. In consequence, the crystal structure of graphene
oxide is more complicated, and its physical and chemical properties might
be changed as the transition of its structure. Many synthetic methods have

been proposed as shown in Table 3.

Table 3. Representative Methods for Preparing Graphene Oxide.

Developer Reagent Condition Note Ref.
Brodie HNO;, KCI10; 3-4 h, 60 °C The first method [45]
Hummers HNO; 20 h, RT Widely used [46]
David H,S04, KMnO,4, NaNOs; <2 h, 35 °C Fast process [47]
Marcano H;PO4, H,SO4, KMnOy4 12 h, 50 °C Low toxicity [48]
Panwar HNOs, H;POy, HoSOs, KMnO; 3 h, 50 °C High yield [49]
Shen (BzO), 10 min, 110 °C No liquid [50]

The preparation of graphene oxide is accomplished via two steps and a
schematic procedure described in Figure 7. In an initial step, the interlayer
space of graphene layers in graphite is expanded through intercalation of an
acid during the formation of graphite oxide. Consecutive oxygenations on
graphite layers occur on both sides of the basal planes and result in
forming graphite oxide. Exfoliation of single layers of graphite oxide leads
to graphene oxide. The nature of functional groups on graphene oxide
depends on the reaction condition such as shown in Table 3. Graphene
oxides consist of about 45 mass% carbon in its structure but it is extremely

hard to define the structure exactly due to their polydisperse characteristics.
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)
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Expandable Graphite

¢

Graphite Oxide

Graphene Oxide (GO)

Figure 7. Schematic synthetic procedure of graphene oxide by modified

Hummer's method."!

Despite the advantageous features of graphene oxide, there are common
limitations such as easy agglomeration, difficult to process, and weak
electrochemical activity to block expanding their application fields. To
overcome this limitation, the functionalization of graphene oxide was
introduced and significant progress has been achieved. The functionalization
of graphene oxide not only maintains their beneficial characteristics, but also
assigns additional functions to give them new characteristics. To now, the
reported main stream of functionalization methods could be categorized by
covalent method, non-covalent method, and element doping method. The
covalent bonding functionalization enforces performance of graphene oxides
by introducing organic motifs on their surface. The abundant hydroxyl
groups, carboxyl groups, and epoxy groups on materials surfaces could be
chemical reaction sites for isocyanation, carboxylic acylation, epoxy ring
opening,  diazotization, and  addition.®®  The non-covalent bond

functionalization of graphene oxide leads the creation of a new composite
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materials. The driving forces between graphene oxides and functional groups

could be m-m bond interaction,” hydrogen bond interaction,”” ion
intercalation,” and electrostatic interaction.’® The greatest advantage of this
functionalization is the final materials could maintain their intrinsic features
and improve their dispersion stability which is innate limitation of graphene

oxides (Figure 8).

Figure 8. Exfoliation and stabilization of graphene oxide through the =n-n
interaction with tetrapyrene derivative.”’!

Element doping modifications mostly are conducted by heat treatment, ion
bombardment, arc discharge, and other ways to incorporate other elements
into graphene oxide layers. By introducing new elements on sheets, the
surface properties such as energy band, polarity could be controlled. The
common doped elements are nitrogen, boron, phosphorus, and sulfur.””

Although it is difficult to control quantitative doping amounts, this approach

is expected to open new types of applications.
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Chapter 2.

Surface-Modified Wrinkled Mesoporous Silica as an
Effective Adsorbent for Benzene, Toluene,

Ethylbenzene, and Xylene in Indoor Air
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1. Introduction

During the COVID-19 pandemic, indoor air quality has become an
emerging health concern. Furthermore, micron-sized particulate matter (PM
2.5) is a known air pollutant. The effects of greenhouse gas, which is an
air pollutant that causes global climate changes, have emerged as a critical
environmental issue. In addition, PM 2.5 can induce climate changes, and
the inhalation of PM 2.5 can cause various health problems in humans.
Therefore, volatile organic compounds (VOCs), which are precursors of PM
2.5 that are toxic to humans, have been classified as the most serious air
pollutants; furthermore, the development of technologies to capture these
pollutants is in high demand.!'

Porous materials such as activated carbon, zeolites, mesoporous silicates,
pillared clays, and metal-organic frameworks, are promising candidates as

(19 The rapid adsorption and

adsorbents for the removal of air pollutants.
large adsorption capacity of porous materials are ascribed to their large
surface areas and unique pore structures. However, it has been previously
reported that the pore size, surface nature, chemical stability, and internal
porous structure also determine the adsorption performance of porous

(141 For example, porous materials with hydrophilic surfaces are

materials.
not suitable adsorbents for VOCs in the air because of the hydrophobic
properties of VOCs. To overcome this limitation and promote the selectivity

of adsorbents for VOCs, the chemical properties of adsorbent surfaces can

be easily modified to match the chemical properties of adsorbates using

3 ™ _17 ";
27 ":l"*-"i _.:..._-I !. |



U516 Therefore, two

cost-effective and simple chemical manipulation methods.
methods have been used to modify the surfaces of porous materials: 1)
one-pot synthesis using specific surface-modification reagents during the
preparation of porous materials and 2) post-synthesis using surface

modification reagents.'”'®!

The latter is a more powerful method than the
former as the fabricated materials, and in particular silica-based materials,
present high mechanical strength and easily tunable pore structures.

VOCs are ubiquitous pollutants that are primarily responsible for the sick
building syndrome and multiple chemical sensitivities.'”*” Among VOCs,
benzene, toluene, ethyl benzene, and xylenes (BTEX) are the most
representative and harmful chemicals in indoor air.”! BTEX are detected
almost exclusively indoors (frequency > 95%), and benzene has been
classified as a Group 1 carcinogenic to humans by the International Agency

[22,23]

for Research on Cancer. BTEX are released continuously from the

surfaces of building materials, wood products, electronics, and clothes over
extended periods; therefore, they accumulate in indoor air.?4

Several researchers have attempted to lower the concentration of BTEX in
indoor air by using various porous adsorbents, including surface-modified

porous  adsorbents.”

However, previous studies presented common
limitations, as follows: 1) one or several adsorbates were tested individually,
although numerous VOCs are present in real indoor air; 2) it is challenging

to adjust the hydrophobicity of silica-based adsorbents; and 3) it is

challenging to fine-tune the porosity of adsorbents to optimize their

b Fa _17 ";
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adsorption properties owing to the robust nature of ceramic bonds. To
overcome these shortcomings, we prepared several spherical wrinkled
silicates with different surface chemical properties using a sol-gel method,
exposed them to a mixed BTEX atmosphere to simulate real indoor air, and

evaluated the selectivity of the adsorbents for the adsorbates (Scheme 1).

a)
CHy Porous and Winkled
HiC l:l'—GH; surface caused by
CTAB CHy B penetration of n-
BuOH
Penetration of n-BuOH
@ in reverse micelles
Reverse

micelle Heated to Surfactant

‘ 70°C extraction

r r for 16 hours $ (SE) with
E§ Cyclohexane (solvent) Reverse micelles o hydrolyze TEOS subsequent

- washing

TEPS-WSN with phenyl group
— OTES-WSN with CzH;; chain
Further modification with
OTES, HDTMS, TEPS HDTMS-WSN with C;6H;3 chain
b)
Sorbent tube
Vent
N, 80 ml/min.

_—

BTEX mixture
with standard
spiking (C)

‘WSNs or modified WS Glass wool TENAX TA (Cy) Glass wool

Heating zone (200 °C) '
Detector (GC/MS)

(D -[C=

Heating Coil for Thermal desorption TD

Scheme 1. Schematic of the (a) Fabrication of Wrinkle-Structured Silica
Nanoparticles and (b) Standard BTEX Adsorption Test Method Based on the
International Standard ISO 16017-1:2000 Using the Materials Fabricated in
This Study.
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As it is necessary to develop a facile way to transfer the fundamental
research efforts to the lots of commercial applications, we believe all
challenging issues aforementioned should be demonstrated in cost-effective
ways. In this purpose, the wrinkled silica nanoparticle (WSN) was
introduced as the host materials because i) this material could be prepared
in relatively mild condition compared with other silicates and ii) the porosity
and particle size are easily controlled in a solution process. Furthermore, the
surface of WSN could be subjected to further modification with various
silane compounds to impose the desirable properties for the effective

adsorbates toward BTEX gases mixed in indoor air.

2. Experimental

2.1. Chemicals and instrumentation

Cetyltrimethylammonium bromide (CTAB), tetraecthyl orthosilicate (TEOS),
BTEX analytical standard (200 pg/mL), n-octyltriethoxysilane (OTES),
hexadecyltrimethoxysilane (HDTMS), and triethoxyphenylsilane (TEPS) were
obtained from Aldrich. Urea, cyclohexane, n-butanol, ethanol, and acetone
were purchased from Samchun Chemicals. The chemicals were used as
received without further purification.

The size and morphology of the samples were observed using an H-4300

(Hitachi) field-emission scanning electron microscopy (FE-SEM) instrument
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and an H-7600 (Hitachi) high-resolution transmission electron microscopy
(HR-TEM) device.

Thermogravimetric analysis (TGA) data were collected using a STA6000
(PerkinElmer) system in the temperature range of 30—800 °C at a heating
rate of 10 °C min' under an air atmosphere. N, adsorption-desorption
experiments were performed using a Belsorp II (BEL Japan) apparatus at
liquid N, temperature (77 K), and the specific surface areas of the
adsorbents were estimated using the Brunauer-Emmett-Teller (BET) method.

Fourier-transform infrared (FT-IR) spectra were acquired using a Frontier
(PerkinElmer) FT-IR spectrometer and the KBr pellet method in the
wavenumber range of 400—4000 cm ', and the results were used to confirm
the formation of organosilane grafts on the surface of the wrinkled silica
nanoparticles (WSNs) used as adsorbents.

The BTEX adsorbed on the WSNs were desorbed using a thermal
desorption system, their concentrations were determined, and then they were
separated using an GC-2010 (Shimadzu) gas chromatograph, followed by
detection using a quadrupole mass spectrometer. A VB-1 capillary column
(VICL; 0.25 mm internal diameter, 60 m length, 1.0 um film thickness) was
used as the analytical column. The temperature program of the gas
chromatography oven was as follows: —40 °C for 6 min, increased at a rate
of 4 °C min' to 180 °C, increased at a rate of 20 °C min ' to 250 °C,

and then maintained at 250 °C for 10 min.
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2.2. Preparation of mesoporous WSNs

Mesoporous WSNs were prepared using our previously reported method
with some modifications.”® In brief, 13 mmol of CTAB and 50 mmol of
urea were dissolved in 150 mL of ultrapure water, and then 60 mmol of
n-butanol (n-BuOH) was added to the mixture under stirring until the
mixture became transparent. Next, 1.4 mol of cyclohexane and 60 mmol of
TEOS were added simultaneously to the reaction mixture, and the solution
was stirred for 30 min. The mixture was then heated to 70 °C and
maintained at this temperature for 16 h. The obtained precipitate was
isolated via centrifugation and washed several times with acetone and
ethanol. Lastly, the surfactant was extracted from the WSNs by redissolving
the precipitate in a 10% volume of a 12 M HCI solution in ethanol under

vigorous stirring at room temperature for 15 h.

2.3. Surface modification of WSNs

Three silane coupling reagents: OTES, HDTMS, and TEPS, were used to
modify the surface of the surfactant-extracted WSNs (SE-WSNs) using
conventional hydrolysis condensation reactions. Typically, 200 mg of
SE-WSNs was dispersed in 100 mL of absolute ethanol, and 0.5 mol of
silane, which was used as the coupling agent, was added to the dispersion.
The mixture was refluxed for 12 h under vigorous stirring and then
centrifuged. The precipitates were washed a few times with ethyl alcohol

and dried overnight at 80 °C.
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2.4. BTEX adsorption performance of WSNs

The experimental procedure was based on the international standard ISO
16017-1:2000.”” Four sorbent samples were prepared by individually packing
50 mg of SE-WSNs, OTES-WSNs, HDTMS-WSNs, and TEPS-WSNs with
quartz wool in thermal desorption glass tubes (1/4" OD x 3.5" length;
Supelco), which were subsequently sealed.

To quantify the amount of adsorbent, each tube was connected in series
with a back tube containing pre-cleaned commercial sorbent Tenax TA (a
porous polymer resin based on 2,6-diphenyl-p-phenylene oxide). BTEX
standard solution (1 pL) was injected into the linked test tubes at 200 °C
using an 80 mL min' N, gas stream.

The concentrations of adsorbed BTEX were calculated by subtracting the
amounts of BTEX in the back tube from the amounts of BTEX in the
spiked sample. The percentages of adsorbed BTEX in each test tube were

calculated as follows:
% BTEX adsorbed = (C;, — C,) x 100,

where C, is the concentration of BTEX in the spiked standard sample and

Cy 1s the concentration of BTEX in the back tube.
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3. Results and Discussion

3.1. Sample characterization

WSNs were fabricated using a simple reverse micelle method and
cyclohexane as the oil phase. It was hypothesized that #-BuOH, which is an
amphiphilic solvent, conferred the wrinkled pore structure to WSNs because
of the dynamic equilibrium between the oil and water phases. Therefore, the
reverse micelles formed by CTAB were slightly deformed, and n-BuOH
penetrated them, promoting the migration of a small amount of oil phase
into the water phase. The kinetically formed nanostructures were then
solidified as TEOS was hydrolyzed inside the nanostructures at 70 °C for
16 h. After CTAB was removed via a subsequent extraction step, the
as-prepared WSNs particles were subjected to surface modification with
OTES, HDTMS, and TEPS to adjust their hydrophobicity. Besides, such
silane derivatives for the surface modification were selected by concerning
both molecular structures and chain length of functional groups in the silane
moiety. In general, adsorption between host and guest compounds is
influenced by molecular shapes and molecular interactions. Therefore, it was
worthy to demonstrate what factors such as molecular shape and chain
length (octyl groups in OTES and hexadecyl groups in HDTMS) would be
important to design host materials in terms of target-specificity. Because all
BETX gas molecules have planar benzene motifs, it could be expected that
phenyl groups in TEPS which can provide m-m interaction would well fit to

BTEX. Furthermore, OTES and HDTMS modification is anticipated to

34 ':I-"i . !-.:;



induce van der Waals interaction between host and BTEX. By comparing
the adsorption efficacy on modified hosts, we could determine the molecular
interaction strength between n-m interaction and van der Waals interaction

that is usually influenced by chain length and/or contact area.

100 nm

Figure 1. Scanning electron micrographs (top panels) and transmission

electron micrographs (bottom panels) of WSN.

Figure 1 shows the FE-SEM and HR-TEM images of the as-prepared
WSNs. The synthesized WSNs presented a uniform and spherical

morphology, with diameters in the range of 200—400 nm. The HR-TEM
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images revealed that the WSNs presented an irregular mesoporous surface
texture with an average pore width of approximately 30 nm comprising
wrinkled silica. Furthermore, the inner pore structures were continuously
wrinkled silica from the top surfaces, which was confirmed using HR-TEM.
However, the silica struts and/or networks were not porous and comprised
densely packed wrinkled silica structures in the center. Therefore, the
porosity of WSNs was primarily ascribed to their somewhat large
mesopores. In addition, detailed morphology analysis indicated that the
WSNs could be formed in the wrinkled or deformed reverse micelles owing
to n-BuOH penetrating the micelles (Scheme 1a). The detailed reaction
mechanism for the formation of hierarchical mesoporous WSNs has been
described in our previous paper.’*”

The FT-IR spectra of the SE-WSNs and surface-modified WSNs were
analyzed to confirm their chemical compositions (Figure 2). The silica
frameworks of WSNs were confirmed by the presence of the distinctive
bands at 3436, 1090, 960, 803, and 468 cm ', which were assigned to the
O-H stretching vibration, Si-O-Si asymmetric stretching, Si-O-Si-OH
vibration, Si-O-Si symmetric stretching, and Si-O-Si bonding modes,
respectively.®™  Unlike the FT-IR spectrum of SE-WSNs, those of the
surface-modified WSNs included the characteristic vibration bands of
organosilane functionalities (the blue and dotted lines in Figure 2). These
results confirmed that the SE-WSNs did not contain significant amounts of

surfactants.

36 "J“*"i T



Csp3'I_UCsp2'H
region

Transmission (a.u.)

3436

468

1090 _

4000 3000 2000 1000
Wavenumber (cm™)
Figure 2. FT-IR spectra of (a) SE-WSNs, (b) OTES-WSNs, (c)

HDTMS-WSNs, and (d) TEPS-WSNS.

Even though the lengths of the aliphatic chains of OTES-WSNs and
HDTMS-WSNs were different, their FT-IR spectra were comparable because
of the similarities between their functional groups. The peaks at 2850, 2917,
and 2956 cm' in the FT-IR profiles of OTES-WSNs and HDTMS-WSNs
were assigned to the symmetric and asymmetric stretching modes of the
methylene groups and asymmetric stretching mode of the methyl group,

respectively.”” The characteristic peaks for C-H stretching in the FT-IR

37 ,3245 -:‘:3|- 1_'_“ 'cfj]l_ 7L



spectrum of TEPS-WSNs were attributed to the vibrational mode of Cg,,-H
and were upshifted to wavenumbers in the range of 2980-2850 cm'
compared to those in the FT-IR spectra of OTES-WSNs and
HDTMS-WSNs.P%!

In general, the surface modification methods of porous nanoparticles via
post-grafting techniques including the method in this study always have the
issue of how to technically control the reactivity of exterior and interior
surfaces because both sides of surfaces may have similar reactivity in terms
of chemistry. However, there clearly exist topological differences between
the exterior and interior surface, and thus the molecular accessibility of both
surfaces would be different. This topology issue is strongly related to the
fact that the chemical reactions are generally depending on the diffusion
rates of materials in the reaction media. While the exterior surface is fully
exposed for chemical reaction, the interior surface was only open for the
molecules which penetrated the narrow pathways to reach the interior part.
Therefore, it could be expected that the chemical reactions in exterior and
interior surfaces could be controlled in such different accessibility of
materials with different diffusion rates in the reaction media. We empirically
found the optimum concentration at which the reaction mainly occurs at
exterior modification forming very thin layers. The rationales on the exterior
surface modification were obtained based on substantial studies together with

the characteristics of host WSNs.
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Figure 3. Thermogravimetric analysis curves of as-prepared WSNs,

SE-WSNs, OTES-WSNs, HDTMS-WSNs, and TEPS-WSNE.

The TGA curves of the WSNs (Figure 3) further confirmed that OTES,
HDTMS, and TEPS were grafted on SE-WSNs. The weight loss of
SE-WSNs in the temperature range of 200—400 °C was significantly lower
than that of the as-prepared WSNs because of the effective removal of
surfactant from the pores of SE-WSNs. Hence, the primary weight loss
stage of the as-prepared WSNs was ascribed to the bonding water and
dihydroxylation on their surface. The surface-modified WSNs also exhibited

a rapid weight loss stage starting at approximately 240 °C, which was
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smaller than that of the as-prepared WSNs. Therefore, it was suggested that
the weight losses of the surface-modified WSNs corresponded to the
oxidative decomposition of the organic components of the organosilanes
grafted onto the surface of WSNs. The weight loss ratios of the as-prepared
WSNs, SE-WSNs, OTES-WSNs, HDTMS-WSNs, and TEPS-WSNs were
23.9%, 8.4%, 10.2%, 11.0%, and 11.1%, respectively. Therefore, it was
concluded that the organosilanes covered the surface of SE-WSNs during the
surface-modification reactions. Besides, based on the significantly smaller
weight loss ratios from modified samples than that from as-prepared WSNs,
it could be expected that modified WSNs still had quite large amounts of
void volumes.

The specific surface areas and pore structures of the adsorbents were
obtained using their N, adsorption-desorption isotherms (Figure 4), and the
results are summarized in Table 1. The adsorbents presented similar type IV
isotherms, indicating their mesoporous nature, according to the classification

B2l Furthermore, the isotherms

of Brunauer, Deming, Deming, and Teller.
presented sharp capillary condensation at a relative pressure of approximately
0.9 owing to the relatively large mesopores (30 nm) of the samples, as

confirmed by the SEM and TEM data.
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Figure 4. N, adsorption-desorption isotherms of the as-prepared WSNs,

SE-WSNs, OTES-WSNs, HDTMS-WSNs, and TEPS-WSNS.

Although the isotherms of the surface-modified WSNs were quite similar
to those of the unmodified WSNs, the isotherms of the surface-modified
WSNs  presented H3  hysteresis loops. This suggested that the
surface-modified WSNs presented slit-shaped and/or panel-shaped pores."*”
These results were consistent with the SEM and TEM data (Figure 1).

Unlike the isotherms, the specific surface areas and mean pore sizes of

the surface-modified WSNs were affected by the anchored organosilanes.

After surfactant extraction, the specific surface area of SE-WSNs increased
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significantly from 387 to 650 m’ g'. As the silanol groups on the
SE-WSNs surface were replaced with organosilanes via condensation
reactions, the specific surface areas of the surface-modified WSNs decreased
gradually and ranged between 517 and 630 m*> g .

The calculated Barrett-Joyner-Halenda (BJH) pore distribution peaks of the
as-prepared  WSNs, SE-WSNs, OTES-WSNs, HDTMS-WSNs, and
TEPS-WSNs were 24.4, 37.4, 37.4, 32.3, and 32.3 nm, respectively. The
decrease in mesopore size after surface modification was attributed to
organosilane coating the surface of the SE-WSNs. The pore widths of the

adsorbents are summarized in Table 1.

Table 1. Structural Properties of the Wrinkled Silica Nanoparticles.

BET BJH
Sample Seer’ v, D 4, dopea’ V'

m’g) (em’gh) (nm) (m’g) (m) (m’'gh)
As-prepared WSNs 387 1.80 18.66 441 24.41 1.82
SE-WSNs 650 1.63 10.00 635 37.44  1.60
OTES-WSNs 517 1.61 12.47 469 37.44 157
HDTMS-WSNs 599 1.91 12.73 558 3228 1.87
TEPS-WSNs 630 1.59 10.06 594 32.28  2.08

? Specific surface area, b Mean pore volume; ¢ Mean pore diameter; d Pore specific
b
surface area, ¢ Pore distribution peak.

However, unlike the average pore sizes (D) listed in Table 1, which
depended on the organosilane used for surface modification, the BJH pore

width distributions of the surface-modified WSNs and SE-WSNs significantly



showed detail pore structures depending on the organic moieties of the

organosilanes (Figure 5a).
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Figure 5. (a) BJH pore size distribution of WSNs, SE-WSNs, OTES-WSNs,

HDTMS-WSNs, and TEPS-WSNs. (b) Schematic of the rationale for the

difference in pore size distributions between WSNs modified with different

organosilanes.

T
 S—

& 2 A=t 8



First of all, the pore distributions of modified WSNs such as
OTES-WSNs, HDTMS-WSNs and TEPS-WSNs were similar, but the pore
volume peak of OTES-WSNs at similar pore widths was little lower than
those of other two types of modified WSNs. However, the pore volume
distribution of SE-WSNs was broad and did not exhibit discernable peak
pore volume positions at specific pore widths. Presumably, this unique
feature would happen as the walls of WSN particles were irregularly and
slightly shrunk when they were dried without the support of surfactant
molecules in interior surfaces of particles. Furthermore, the distribution
profiles of modified WSNs were more similar with that of as-prepared
WSNs rather than that of SE-WSNs would. Therefore, it was hypothesized
that these distribution trends indicated different pore width development
progress upon the treatment of post-modification process. (Figure 5b).

In this study, we lacked detailed information on the thickness of the
organosilane layers of the surface-modified WSNs. We hypothesized that
organosilanes formed thin coating layers on the surface of WSNs because
the BET surface areas of the surface-modified WSNs were slightly lower
than that of SE-WSNs without significantly blocking the pore widths.
However, the pore volumes of modified WSNs ranging from 2 nm to 10
nm were smaller than that of SE-WSNs. Especially, the BET surface areas
could be listed in the largest to smallest order as SE-WSNs > TEPS-WSNs

> HDTMS-WSNs > OTES-WSNs > As-prepared WSNs, which was same
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order as amount of pore volumes at ranging from 2 nm to 10 nm listed in
the largest to smallest order (Figure 5a). Therefore, it could be implied that
the surface area of all WSN particles mainly relied on the portion of pores
ranging from 2 nm to 10 nm. Then, the average size of particles would be
maintained as estimated in TGA showing small fractions of weight loss
implying the increase in thickness of modified WSNs were negligible. In
addition, small molecules such as TEPS molecules could be more accessible
toward interior surfaces than the other long-chained silane molecules but the
pore volumes of TEPS-WSNs ranging from 2 nm to 10 nm were larger
than those of other modified WSNs. Therefore, it could be expected that the
surface modification reagents would not be easily diffused into the interior
surfaces once the exterior surfaces were modified in a kinetically faster
fashion. Moreover, it could be worthy to suggest that the modified layers
would be very thin on modified WSN particles and large fractions of
interior surfaces with over 10 nm pore widths would still remain intact.
Typically, the n-m interactions in the benzene ring in the gas phase are
stronger than the van der Waals forces. Nonetheless, the benzene rings of
TEPS are far from each other owing to their degree of rotation and steric
hindrances (Figure 5b). Therefore, this type of kinetic motion of phenyl
rings around the pores of WSNs would not significantly block the pore
windows inducing a quite symmetrical shape of peak around the peaked
position in its pore size distribution profile as shown in Figure 5a.

In contrast, the alkyl chains of OTES and HDTMS were more closely
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packed than the phenyl rings of TEPS, and steric hindrances were weaker.
Although the degree of rotational freedom of alkyl chains can be similar to
that of the rotation of phenyl rings, long alkyl chains can form various
conformational isomers, such that the conformers entangle the chains,
resulting in dense close packing (Figure 5b). Even though the intermolecular
van der Waals interactions between two molecules in the gas phase are
weaker than the m-m interaction forces, van der Waals forces could render
strong forces upon being closer and denser. Hence, although the kinetic
motion of alkyl chains around the pore windows of porous nanoparticles
frequently could induce the formation of slit-like and irregular pore windows
somewhat blocking the pores than the kinetic motion of phenyl rings, the
longer alkyl chains having more than 4 carbons would be more severely
entangled and supported with each other (Figure 5b). As a result, the longer
alkyl chains could form less slit-like and irregular pore windows and less
blocking pore width. Therefore, the peaked pore volume of HDTMS-WSNs
could be closer to that of TEPS-WSNs than that of OTES-WSNs in their
pore size distribution profiles and the more symmetrical shape around the

peak position as shown in Figure 5Sa.

3.2. VOC Adsorption capacities of WSNs
Figure 6a shows the VOC adsorption capacities of SE-WSNs,
OTES-WSNs, HDTMS-WSNs, and TEPS-WSNs at room temperature. Air

samples spiked with 200 ng of ethylbenzene and xylene, which are more
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hydrophobic than benzene and toluene were purified using 50 mg of each
adsorbent. However, the adsorption efficiencies of the adsorbents for benzene
and toluene depended on the surface properties of the adsorbents. In
particular, the adsorption efficiencies of the adsorbents for benzene were
significantly different, and SE-WSNs, OTES-WSNs, HDTMS-WSNs, and
TEPS-WSNs eliminated 82.6%, 77.3%, 99.0%, and 52.7% of benzene,
respectively, from spiked air samples. The adsorption of gas molecules by
porous materials can be affected by the gas-pore-surface interaction energy,
pore diameter, pore volume, pore specific surface area, pore morphology,
and surface roughness.** In terms of specific surface area, it was expected
that the adsorption capacity of TEPS-WSNs (surface area of 630 m® g') for
benzene be higher than those of OTES-WSNs and HDTMS-WSNs (surface
areas of 517 and 599 m’ g', respectively). However, the experimental
results differed from the expectation, suggesting that factors other than the
specific surface area of the adsorbent contributed to the adsorption
performance to a greater extent. The benzene adsorption capacities of
OTES-WSNs and HDTMS-WSNs differed by more than 20% even though
their surfaces were covered with similar organic silanes with different alkyl
chain lengths. Typically, the absorption performance of the materials in this
study for BTEX was attributed to the capillary condensation of sorbates in
the large mesopores of the adsorbents, and the adsorption capacities of
SE-WSNs for BTEX were proportional to the molecular weights of the

adsorbates and molecular interactions between adsorbates and adsorbents. The
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boiling points of benzene, toluene, ethyl benzene, and para-xylene are 80.1,
110.6, 136, and 144 °C, respectively.

However, to further investigate the differences in adsorption capacity
between adsorbents, the values of the interaction energies for several

[35-37

benzene-hydrocarbon clusters were retrieved from the literature,”>*” and are

summarized in Table 2.

Table 2. Estimated Interaction Energy (AEi,) Values for Several

Benzene-Hydrocarbon Clusters.

AEy (kcal mol ™)

Sandwich T-shaped  T-shaped(2) Reference
benzene-methane  -1.16° 40
benzene-ethane ~ -1.98" 38
benzene-propane -2.54" 38
benzene-n-butane  -3.05" 38
benzene-benzene -1.80° -2.62¢ -2.62¢ 39
benzene-toluene -2.27¢ -2.55¢ -2.95¢ 39

“ Calculated CCSD(T) level interaction energy using the aug-cc-pVDZ; ” Estimated
CCSD(T) interaction energy at the basis set limit; ¢ Estimated CCSD(T) interaction
energy using the aug-cc-pVTZ

Fujii et alP® and Shibasaki et al’' determined the CH-m interaction
energy values in benzene-alkane model clusters using laser spectroscopy
experiments and theoretical calculations. In addition, Sinnokrot and Sherrill*”’
calculated the lowest conformational energy between two benzene molecules

using a high-level quantum mechanical method. Fujii et al.®® reported that

the interaction energy increased proportionally with the alkyl chain length.
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However, the energy depended on the arrangement of the two benzene
molecules (face-to-face, edge-to-face, and parallel-displaced stacking) and
ranged between 1.80 and 2.62 kcal mol'. Typically, aromatic-aromatic
interactions are stronger than aromatic-aliphatic interactions owing to the m-m
stacking interactions between aromatic rings. However, the aromatic-aliphatic
interaction energy for aliphatic hydrocarbons with long chains (n > 4; 2.7
kcal mol') can exceed the benzene-benzene interaction energy (1.8—2.62
kcal mol™"). These findings indicate that the hydrophobic effect, difference in
interaction energy between adsorbent and adsorbate, and adsorbate surface
area affected the total adsorption efficiencies of individual VOCs on the
surface-modified WSNs. Dispersion forces are the critical factor affecting the
interaction forces for benzene-alkane clusters. Dispersion forces, which are
the weakest intermolecular attraction forces, are attributed to the surrounding
dipole moments. The greater the polarizability, the stronger the dispersion
forces, which strengthen the attraction between molecules with larger
molecular masses. The following equation can be used to quantify the
strength of the interactions between dissimilar atoms or molecules (A and B)

from the viewpoint of polarizability and dispersion forces:!*!

=3 Ly ayop
2 L+ 45

where r is the distance and / is the first ionization energy between atoms

or molecules and a is the polarizability constant.
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Figure 6. (a) Adsorption capacities of SE-WSNs, OTES-WSNs,
HDTMS-WSNs, and TEPS-WSNs for BTEX and (b) schematic illustration

for their adsorption properties.

Therefore, the dispersion energy and polarizability of long alkane moieties

(i.e. HDTMS) were considerably higher than those of short alkane moieties

50 o ,ﬁ -ﬁ t” '<f:1- W



(i.e. OTES). Consequently, the adsorption capacity of HDTMS-WSNs for
benzene was higher than that of OTES-WSNs. Moreover, toluene, which is
more hydrophobic than benzene, can be easier adsorbed onto hydrophobic
surfaces, such as those of OTES-WSNs, HDTMS-WSNs, and TEPS-WSNs,
and the adsorption capacities illustrated in Figure 6b reflecting these facts.
However, the rationale for the lowest absorption capacity of TEPS-WSNs for
benzene has not yet been elucidated, even though interaction energy was
considered. Therefore, we suggested that the intermolecular interactions
between benzene and the phenyl groups of TEPS-WSNs prevented the
capillary condensation of benzene molecules in the mesopores of
TEPS-WSNs (Figure 6b).

As we quantitatively discussed on the molecular interaction between
carbon groups from the literatures of Fujii et al. and Shibasaki et al. (please
see Table 2), the interaction between aromatic groups and alkyl groups
normally is weaker than that between aromatic and aromatic groups but the
interaction between aromatic groups and alkyl groups having more than 4
carbons can be greater than that of aromatic-aromatic interaction. In this
study, the numbers of carbon functionalities in OTES and HDTMS were 8
and 16, respectively. Therefore, it could be anticipated that the BTEX would
be more accumulated and gathered around the exterior surfaces of WSNs
modified with OTES and HDTMS than the surfaces of TEPS-WSNs to be
facilely fill the mesopores of modified WSNs. Although, if the layer formed

via modification with TEPS was thick enough to densely expose phenyl
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groups to exterior surfaces of WSNs, the BTEX molecules could be
captured by many phenyl groups in the layers of TEPS groups. Moreover,
the low adsorption performance of TEPS-WSNs for benzene and toluene
were well matched with the trends obtained from theoretical calculations
(Table 2) between two single molecules. Therefore, it could be expected that
the thickness of modified layers grown on the surface of WSNs would be

thin in the level of almost monolayer.

Table 3. The Summary of Recent Works and WSNs Adsorbents Used in

This Study.

Adsorption efficacy for BTEX (umol g')  Surface

Materials Ethvl- area Reference
Benzene  Toluene Y o-Xylene (m? g

benzene
SE-WSNs 0.042 0.043 0.038 0.025 387
OTES-WSNs 0.040 0.041 0.038 0.025 650 This
HDTMS-WSNs  0.051 0.043 0.038 0.025 517 work

TEPS-WSNs 0.027 0.040 0.038 0.025 630

TMS-RH* 0.007 0.020 0.149 0.061 632 Areerbo

[42]

Carbograph 4 0.018 0.079 0.180 0.036 210 et al.

“ Trimethylchlorosilane grafted MCM-41(mesoporous silica)
’ Commercial adsorbent(graphitized carbon black)

The summary of toxic gas adsorption performances for various WSNs was
shown in Table 3 together with those of other materials obtained from

similar systems. Therefore, it was found that all the WSNs in this study
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showed significantly higher adsorbed amounts for benzene than others in
terms of the adsorbed amounts in the wunit amount of adsorbates.
Interestingly, while the others showed high adsorbed amount for specifically
favorable guests, WSNs demonstrated mild preference for most BTEX gases.
Therefore, it could be suggested that the WSNs could be versatile adsorbates
for the benzene-derivative VOCs.

The MCM-41 modified with trimethyl silane (TMS) and commercially
available Carbograph showed the best adsorption performance with the ethyl
benzene among BTEX (Table 3) because the hydrophobic compatibility
between host and guest was the most matched with ethylbenzene. Thus, the
van der Waals interaction between hosts and guests could govern the
preferential adsorption. However, WSNs generally showed similar adsorption
performances for BTEX molecules (Table 3) without the special preference.
As illustrated in Figure 5(b), the outer surface of WSN was modified with
organic moiety and according to the N, adsorption/desorption isotherms
(Figure 4), the pronounced capillary condensation of adsorbates was observed
in the high relative pressure regimes. This could be due to the condensation
of adsorbates in the worm-like mesoporous capillaries of WSNs.
Accordingly, the organic modification on the surface of WSN could be
utilized to concentrate BTEX molecules around the mesopore windows, and
the adsorbates were condensed in the capillaries. Therefore, it could be
expected that the adsorption performances of WSNs were synergistically

determined by considering both hydrophobicity like other materials (Table 2)
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and capillary condensation tendency upon expanding alkyl chain length
(Figure 6).

Then, to confirm the recyclability of WSNs, the columns of all materials
were purged with blowing N, gas at the flow rate of 100 mL min'. and
heating at 200 °C for 10 minutes to regenerate the surfaces of adsorbates.
The typical regeneration temperatures on Tenax TA (international standard

for BTEX) are summarized in Table 4.

Table 4. The Summary of Boiling Points for BTEX and Desorption
Temperature from Tenax TA That Is the Commercially Available and

International Standard Materials as Demonstrated in ISO 16017-1:2000.

Benzene Toluene Ethylbenzene Xylene
Boiling point (°C) 80 111 132-144 136
Desorption temperature 120 140 140 145

from Tenax TA® (°C)

“ Tenax TA: a porous polymer resin based on 2,6-diphenyl-p-phenylene oxide.

Different from the temperature for Tenax TA tubes, the columns of
WSNs were heated up to 200 °C which was determined by concerning
thermal characteristics of adsorbents and adsorbates such as the thermal
decomposition of organic layers on WSNs and boiling points. Then such
performances were consecutively cycled for five times. The result exhibited
that the adsorption efficacy for benzene and toluene was not significantly

altered upon consecutively recycling up to five times as shown in Figure 7.
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Moreover, it was also confirmed that the WSNs were thermally stable up to

200 °C in repeating cycles.

R SE-WSNs Hl OTES-WSNs BB HDTMS-WSNs [ TEPS-WSNs

100 -

(=N €]
<o <
¥ |

Adsorption (%)

i
<o
1

20 +

Benzene Toluene

Figure 7. The recyclability profiles of various WSNs.

The most WSNs except TEPS-WSN showed quite constant performances
for both benzene and toluene at each recycle with considering the standard
deviations. Nonetheless, TEPS-WSN showed quite considerable discrepancy
in the adsorption performances for benzene between on the initial (0 point
in Figure 7) and the first recycle but it did not show significant discrepancy

in the consecutive adsorption performance for toluene. Therefore, it could be
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expected that some amount of benzene could be easily stuck in the TEPS
motifs due to the well-matched hydrophobic and shape compatibility between

phenyl group in TEPS and benzene.

4. Conclusions

Spherical WSNs (300 nm) were synthesized. Their surface was chemically
modified with three organosilanes to convert them into adsorbents for the
removal of frequently detected VOCs from indoor air. The factors affecting
the adsorption efficiency of the surface-modified WSNs for BTEX were
investigated. In addition to the surface area, pore size, and pore volume of
the adsorbents and adsorbate-adsorbent interaction energies, the dispersion
forces between adsorbents and adsorbates were among the critical factors
affecting VOC adsorption. Although the organosilanes grafted onto the
surface of WSNs did not change the mesopore structure of WSNs, we
determined that the removal efficiencies of the surface-modified WSNs for
BTEX were considerably affected by the surface characteristics of the
adsorbents. HDTMS-WSNs outperformed the other adsorbents in this study.
In particular, the removal efficiencies of HDTMS-WSNs with long alkyl
chains for BTEX in air were higher than that of OTES-WSNs because the
dispersion forces between BTEX and HDTMS-WSNs were stronger than
those between BTEX and OTES-WSNs.

SE-WSNs present a wide range of industrial applications. However, we
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believe that surface modification of mesoporous silica can expand its
potential applications to adsorbents for the removal of specific indoor air
pollutants. Moreover, we believe that mesoporous silica can be used to
purify indoor air with high concentrations of specific VOCs in excess of the
typical background level (e.g. printing offices, building material factories,
and electronic goods manufacturing plants). Furthermore, mesoporous silica
can be used as a building material for sport facilities and filters in air

cleaners.
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Chapter 3.

Surface Manipulation of Graphene Oxide for

Removing Formaldehyde in Air
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1. Introduction

Since the COVID-19 pandemic, the importance of managing indoor air
pollutants has become more prominent because people spend a substantial
proportion of their time in buildings. Among these numerous pollutants,
formaldehyde could be found in every indoor spaces because building
materials (e.g., wood-based panels, furniture, paints, sealants, adhesives) are
release it continuously with considerable amounts."! Due to this ubiquitous
characteristic and its carcinogenic toxicity, WHO had selected formaldehyde
as one of the nine pollutants that should be managed as important in terms
of public health.”! In the report, indoor exposures of formaldehyde are the
dominant contributor to personal exposures through inhalation and indoor
concentrations may be high enough to cause adverse health effects. The
lowest concentration reported to cause sensory irritation of the eyes in
humans is 0.36 mg m™ for 4 hours. Increases in eye blink frequency and
conjunctival redness show up at 0.6 mg m>, which is considered equal to
the no observed adverse effect level (NOAEL). Such being the case, WHO
established an indoor air guideline value for formaldehyde at 0.1 mg m™ for
preventing sensory irritation in the general population. Despite the fact that
formaldehyde is such a toxic chemical, the only ways suggested by WHO
were to use low-emitting building materials and products, avoid tobacco
smoke, and do natural or mechanical ventilation frequently. Therefore, it is
valuable to develop another method that could efficiently remove

formaldehyde in indoor air.

63 "J“*"i T



To date, a lot of scientific approaches have been addressed on removing

indoor airborne chemicals including formaldehyde, e.g., adsorption,**

9] [10-12 [13,14 [15-18]

catalytic oxidation,””™ photodegradation, ! biodegradation, I plasma,
p ar 2 p

and incineration."” Among these methods, adsorption has been regarded as

one of the most promising choice for formaldehyde abatement due to its

291 Fyrthermore the

simplicity, no secondary pollutants, and energy savings.
adsorption has another merits coming from the specific features of various
adsorbents, e.g., high surface area, simple surface modification, robustness to
regeneration, facial pore structure manipulation, and low cost.”"! One of the
most frequently used conventional adsorbents for formaldehyde might be
activated carbon (AC).**! Although their low manufacturing cost, micropore
structure, hydrophobic and organophilic characteristics make AC to used
widely for water and air purification systems, small adsorption capacity and
short breakthrough time are still unsatisfied points especially in dealing with
small molecule even after some improvements through surface modifications

(261 AC could well adsorb chemicals

or combination as composite materials.
with a boiling point above 0 °C. Unlike other indoor volatile organic
compounds (VOCs) that could successively be abated by porous materials
via physical adsorption, formaldehyde could not easily be removed by pure
sorbent media due to its relatively low boiling point (-19.3 °C) and high
vapor pressure (3,883 mmHg at 25 °C).*"" As a result, it is hard to achieve

satisfactory adsorption efficiency using conventional adsorbents. Among the

allotrope of carbon, graphene-based materials has been getting more attention

3 ™ _17 i
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recently due to their unique properties, e.g., extremely large specific surface
area (theoretical 2,630 m’ g'), chemical stability, mechanical strength,

[28]

thermal conductivity, etc. Until now, most of the application of using

graphene-based nanomaterials with formaldehyde have been focused on

[29-31]

developing a detecting sensor. Some researches reported formaldehyde

removal using CNT-graphene composite”

and catalytic element (e.g., Pt,
TiO,, etc)™**! doped graphene, however, there are still some limitations on
graphene or graphene oxide materials itself such as low adsorption capacity
and relatively complex synthetic procedure to be a competent adsorbent for
formaldehyde.

Herein, three-dimensional nitrogen doped mesoporous graphenes (NMGs)
were prepared in order to enhance the removal efficiency of gaseous

formaldehyde and compared its adsorption capacity with pure mesoporous

graphenes (MGs) in room temperature and humidity conditions.

2. Materials and Methods

2.1. Chemicals and instrumentation

Commercial graphite (< 20 pm), triblock copolymer Pluronic P123
(EO»PO7EQOy, My = 5,800) were obtained from Sigma Aldrich.
Ammonium hydroxide (NH4OH) was purchased from DaeJung Chemicals.
All chemicals used in experiments without further purification.

XRD patterns of MGs and NMGs were obtained by powder X-ray
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diffractometer (XRD, Ultima IV, Rigaku) using Ni filtered Cu Ko radiation
(L = 1.5418 A) at 40 kV and 30 mA. Thermogravimetric analysis (TGA)
data were collected using a STA6000 (PerkinElmer) system in the
temperature range of 30-800 °C at a heating rate of 5 °C min ' in the
condition of 20 mL min' of N, gas flow rate. The temperature range was
from 30 to 800 °C with a heating rate of 5 °C min'. The morphology of
the samples were observed using an JSM-7100F (JEOL) field-emission
scanning electron microscopy (FE-SEM) instrument. N, adsorption-desorption
experiments were conducted using a Belsorp II (BEL Japan) instrument at
liquid N, temperature (77 K), and the specific surface areas of the MGs
and NMGs were estimated using the Brunauer-Emmett-Teller (BET) method.
The element composition of nitrogen were determined by using XPS
(K-alpha plus, Thermo Fisher Scientific) with an excitation source of Al K,

radiation (1.4866 keV).

2.2. Preparation of exfoliated graphene oxide (GO)
To prepare the MGs and NMGs, modified Hummer’s method which is
commonly used chemical process to obtain GO from commercial graphite

powder was adopted in a initial step.”®

The as-prepared GO (1.2 g) was
dispersed in deionized water (120 mL) and sonicated in an ultrasound bath
(Sonics, Vibra-Cell, 160 W) for 30 min. The sonicated solution was

centrifuged at 3000 r.p.m for 10 min to separate between unexfoliated GO

particles and exfoliated ones,
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2.3. Preparation of MGs and NMGs via soft-template route

A schematic diagram of MGs and NMGs preparation is shown in Scheme
1. To give a function of mesoporosity, two dimensional exfoliated GO went
through inorganic-polymer composite process via soft-template method. The
commercial triblock copolymer Pluronic P123 was used as a building block
to prepare three dimensional exfoliated GO and P123 rod-like micelle
composite structure.*® Specifically, 120 mL of the exfoliated GO suspension
(10 mg mL") and 480 mL of P123 aqueous solution (200 mg mL™") were
homogeneously mixed under vigorous stirring for 24 h to form the MGs. In
the case of NMGs, 130 mL of ammonium hydroxide was added as a
nitrogen source. And the mixture was transferred into 1 L Teflon-sealed
stainless steel autoclave. The autoclave condition was maintained at 180 °C
for 24 h. After finishing the autoclave process, the composite gel was
washed with deionized water and ethanol. And the washed sample directly
moved into a dry oven and kept at 60 °C for 12 h. Finally, three
dimensional MGs and NMG were obtained after eliminating rod-like polymer

micelles by calcination at 700 °C under Ar gas stream for 3 h.

2.4. Formaldehyde adsorption performance of the MGs and NMGs
Adsorption experimental apparatus was based on the international standard

ISO 12219-5:2019%7  and  16000-23:2018.*)  Formaldehyde quantitative

analysis was followed by ISO 16000-3:2022.°") As shown in Figure 1, 6

mg of MGs and NMGs were set in each static 20 L stainless steel chamber
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(SUS304). The 20 L chambers were installed in a temperature-controlled
climate chamber. Before setting up the chamber and the other parts were
washed with distilled water twice and baked out in a drying oven at 260 °

C to wipe out any pollutants on chamber surface.

(2)

Temperature-controlled

climate chamber sampling pump

—
— === ) vent

tridge
50 mL/min, 5 min

(b) - - —"
Multi-channel [ i - o = :

{fAdsorbenfl

Injection

Formaldehyde standard
in methanol

Figure 1. The schematic diagram (a) and instrument system picture (b) of

formaldehyde adsorption test.

To quantify the amount of adsorbed formaldehyde, 2 pg of formaldehyde
solution (1000 pg mL™" in water, AccuStandard) was injected directly into
three different chambers (MGs, NMGs, Control). The injected amount of
adsorbate had been decided by considering theoretically estimated monolayer

coverage of formaldehyde molecules on the entire surface of adsorbents.

W, < SA,

Amount of formaldehyde (g) = A
f

where, W, is an amount of adsorbents (g), SA, is a surface area of

adsorbent (m* g'), and SA; is a surface area of a formaldehyde molecule.
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The chambers were immediately air tightened and maintained at 25 °C,
30% or 60% relative humidity. During the adsorption test, the air in the
chamber was continuously circulated by a small stainless steel fan rotating
200 r.p.m.

The air inside MGs, NMGs, and control chamber were sampled after 12
h. Formaldehyde in air was sampled for 5 min at a flow rate of 50 mL
min”' in a 2,4-dinitrophenylhydrazine (DNPH) cartridge equipped with an
ozone scrubber using an MP->'100 KNII pump (SIBATA Co., Japan,
accuracy: = 5%). Each DNPH cartridge was eluted with 5 mL of
acetonitrile using a solid extraction vacuum manifold (Supelco), The
extracted solutions were analyzed by high-performance liquid chromatography
(HPLC, Ultimate 3000, Thermo Fisher Scientific) with a C18 column (150
mm x 4.6 mm x 5 pum, Restek). Acetonitrile and water were allowed to
flow at a ratio of 70:30 and a rate of 1 mL min"'; Formaldehyde was
detected at a UV wavelength of 360 nm. Formaldehyde-2,4-DNPH solution
(100 pg mL™" in acetonitrile, Sigma Aldrich) was used as a certified
formaldehyde standard.

The concentrations of adsorbed formaldehyde were estimated by
subtracting the concentration of formaldehyde in the MGs or NMGs
chamber from the amount of formaldehyde in the control chamber. The
percentages of adsorbed formaldehyde in each chamber were calculated as

follows:
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C.—C,)

( (& a
% formaldehyde adsorbed = ———— <100,

C

c

where, C. is the concentration of formaldehyde in the control chamber and

C. is the concentration of fomaldehyde in the MGs or NMGs chamber.

3. Results and Discussion

3.1. Sample characterization

At a specific critical micelles concentration, poloxamer such as P123 form
various types of micelles including rod-shape micelles like hydrocarbon
surfactants. The rod-like P123 polymers in this study were expected to act
as a key material for enhancing formaldehyde adsorption capacity. Because
of inter-layer m-m and van der Waals interactions, the graphene powder can
not help reducing the number of functional groups available for
formaldehyde adsorption to lower the adsorption efficiency. Thus, to
overcome this limitation, polymer-supported graphene sheets were applied to
reduce the aggregation and restacking effect and to make more sites
available for adsorption.

To make sure the MGs and NMGs have been successfully synthesized via
the soft-template method, several structural analyses were conducted. Main
purposes of sample characterization were to confirm 1) the generation of

mesoporosity, 2) the existence of n-doping sites on NMGs.
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— 500 nm | —— L L]

Figure 2. FE-SEM images for (a, b) MGs and (c, d) NMGs.

Figure 2 shows the FE-SEM images of MGs and NMGs. In low
magnification images, the particle surfaces of all samples were not smooth,
but wrinkled or crumpled. In addition, countless small pores were observed
on the external surface of particles in higher magnification images. This
highly open porous architecture could be one of clues that rod-like P123

micelles had been embedded between graphene nanosheets.
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Figure 3. Powder X-ray diffraction patterns for (a) GO (b) MGs (c) NMGs.

The X-ray diffraction patterns of samples were shown in Figure 3. The
symbolic diffraction peaks at 260 =12.2° were assigned to the (002) plane of
GO with a d-spacing of 0.73 nm. On the other hand, MGs and NMGs
showed relatively weak and broad diffraction peaks at 20 = 25.9° with a
d-spacing of 0.34 nm. This shrinkage of interlayer space (A = 0.39 nm)
resulted from the loss of oxygen functional groups on the surface of GO
nanosheets. From the first-order reflection of a X-ray beam from the (002)
plane of samples, the interplanar spacing, the spacing between adjacent (/hkl)

lattice planes, was estimated by Bragg’s law.
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The (10) diffraction peaks at 26 = 42.7° (GO) and 26 = 43.1° (MGs and
NMGs), indicating a short range order in stacked graphene layers. When it
comes to considering the full width at half maximum (FWHM) of (10)
diffraction peaks, the FWHM of GO was much narrower than that of MGs
and NMGs. It would be evidence that GO is more ordered than MGs and
NMGs because the FWHM represents the order of the solid. It means that
GO nanosheets had been exfoliated intentionally however a part of the
nanosheets were restacked by cohesive effect, resulting in relatively higher
crystallinity. On the other hand, the stacks of graphene layers of MGs and
NMGs were randomly stick on the surface of PI123 micelle rods and
interrupting  self-restacking of graphene nanosheets, resulting in showing
relatively lower crystallinity and turbostratic disorder structure.*”’

The Scherrer’s equation with a constant equal to 0.91 was applied to
(002) reflection for evaluating the average height of stacking layers, denoted
as H. And Warren constant of 1.84 was applied to two dimensional (10)
reflection for estimating the average diameter of stacking layers, denoted as
D. The full widths were measured at the half maximum of the peak
position of 002 and 10 bands to calculate the L., mean size of crystal in
the c-direction and L,, mean size of crystal in the a-direction (layer

diameter), using Scherrer formula.

K-\
B,, cosf
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where, A is the wavelength of X-ray used (0.15418 nm), By is the full
widths and K, a constant which was 091 and 1.84 for Lc and L,
calculation, respectively. The average number of layers per GO stack for
Scherrer’s approach,

Le
d

n =

Table 1 showed the comparison of structural parameters which were

U The GO consists of 5~6 graphene layers

estimated by above equations.
spacing 0.73 nm apart from each other in a stacking nanostructure of an
average diameter by height of about 12.9 nm x 4 nm. About 4 graphene
layers spacing 0.34 nm were located in a 6.78 nm X 1.22 nm sized
stacking block of MGs. And similarly, a 5.83 nm x 1.15 nm sized NMGs
stacking block consisted of about 3 graphene nanosheets spacing 0.34 nm
distance (Scheme 1). Addition of ammonium hydroxide for nitrogen doping
did not have any influence on the interlayer spacing, but the crystal size,
number of nanosheets in a stack, and crystallinity. The pore structure of
samples were investigated by N, adsorption-desorption isotherms (Figure 4)
and their results were summarized in Table 2. All sample showed hybrid

type of I(a) an VI(a) isotherms according to IUPAC classification.!**!
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Table 1. Comparison of Structural Parameters of GO, MGs, and NMGs Resulting from the XRD Patterns.

Sample Peak (002) Peak (10)

260 (deg) FWHM (deg) H (nm) d (nm) n 26 (deg) FWHM (deg) D (nm)
GO 12.2 1.99 4.04 0.73 5.6 42.7 1.26 12.9
MGs 25.9 6.66 1.22 0.34 3.5 43.1 2.40 6.78
NMGs 25.9 7.04 1.15 0.34 33 43.1 2.79 5.83

Scheme 1. Schematic Diagram of MGs and NMGs Which Is Reflected Their Structural Parameters.
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It suggested that they had both characteristics of microporous solids and
mesoporous solids. And the outer shapes of MGs and NMGs could be
assumed to be large monolithic particles having no interparticular porosity
since isotherms showed small capillary condensations of nitrogen at high
partial pressure. The hysteresis loop of all samples exhibited a typical H2(a)
type attributed either to pore-blocking/percolation in a narrow range of pore
necks or to cavitation-induced evaporation. The ink-bottle pore shape,
features of type H2(a) hysteresis, would be induced from a partial
deformation of the end of cylindrical P123 micelles by washing with ethanol
and water in the process. The BET specific surface areas were 950 and
1108 m* g' for MGs and NMGs, with a total volume of pores of 1.70 and
1.40 mL g', with a mean pore diameter of 7.16 and 5.06 nm, respectively.
The features of mesopore structure showed significant differences between
MGs and NMGs rather than that of total pore structures. The decrease in
mean mesopore diameter and the increase in specific surface area sample
came from the smaller dimension of NMGs stacking units than that of

MGs. This is also consistent with previous XRD results.

Table 2. Comparison of Pore Structure Parameters of MGs and NMGs.

s Pore volume (mL g") Pore diameter (nm)
BET
Sample 2 1

m= gl e VS vl D D,*
MGs 950 1.70 1.51 0.89 7.16 11.22
NMGs 1108 1.40 1.19 0.85 5.06 6.44

* The total pore volume at P/P, = 0.99; ® The mesopore volume (BJH); ° The

mean pore diameter; 4 The average mesopore diameter (BJH)
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Figure 4. (a) Nitrogen adsorption-desorption isotherms and (b) BJH pore size

distribution of MGs and NMGs.
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Figure 5. FE-SEM images and EDS maps of NMGs.

From the elemental mapping of EDS, the distribution nitrogen in NMGs
was revealed to be homogeneous (Figure 5). The mapping images implied
that nitrogen atoms were well doped on every basal plane of graphene
nanosheets regularly by reaction between GO and NH4OH. Figure 6(a)
showed XPS survey spectra of MGs and NMGs in the range of 200-700
eV. In the MGs sample, the carbon and oxygen were detected at 285 and
532 eV, respectively. On the other hand, a notable N 1s peak was
monitored at 399 eV in the NMGs sample. The overall nitrogen atomic
percentages of NMGs was determined to be about 6 at %. Various nitrogen
components in NMGs were further analyzed by fitting high-resolution N 1s

spectra as shown in Figure 6(b).
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Figure 6. (a) XPS survey specra of MGs and NMGs (b) high-resolution N

Is spectra of NMGs.

Deconvolution of the N Is line scan revealed the present of pyridinic-N
(N-6, 398.5 eV), pyrrolic-N (N-5, 400.1 eV), graphitic-N (N-Q, 401.5 eV)
and pyridinic-N-oxide (N-O, 404.0 eV). From the peak intensity, the
proportion of nitrogen contents were 41.7% (N-6), 30% (N-5), 21.7% (N-Q)
and 6.7% (N-O).

The most abundant N-6 species were generated by the substitution of one
carbon atom in a Cg ring by one nitrogen atom with two sp®> bonds.
According to the reactivity of N-functional groups, the N-6 and N-5 mainly

acted as adsorption sites for improving the gas adsorption.

3.2. Formaldehyde Adsorption capacity of MGs and NMGs

Figure 7 showed the formaldehyde adsorption capacities of MGs and

NMGs at 25 °C with different relative humidity conditions. Average
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adsorption efficiencies of MGs and NMGs at RH 30% were 42.7% and
85.8%. The mean adsorption performances of MGs and NMGs at RH 60%

were 33.9% and 44.3%.
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Figure 7. Adsorption capacity of MGs and NMGs for formaldehyde in air.

The resulting n-doping mesoporous graphenes exhibited better adsorption
efficiency than the original mesoporous graphenes. There are several factors
that can affect the performance of a porous inorganic material for gas
adsorption. These include the specific surface area, the porosity, the
chemical composition of the materials, the temperature, humidity and
pressure at which the gas is adsorbed, and the type of gas being adsorbed.
Because the gap of specific surface areas between two adsorbents was small

about 15%, this large difference might be explained by the other affecting
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factors. Compared with pristine graphite, the improved performance of
NMGs for formaldehyde uptake is attributed to the synergistic effect of
physisorption (contributed by micropore structure) and chemisorption
(contributed by surface functional group). The carbonyl group of a
formaldehyde molecule could react with an amino group and finally an

imine group is formed as a result.*’!

Table 3. Density Functional Theory (DFT) Calculation Results between

N-Doping Graphene and Formaldehyde."*"!

Functional
group
E.u° -0.07652 -0.15359 -0.41246

Control (Pristine) pyridinic-N (N-6) pyrrolic-N (N-5)

Optimal
Geometry”

Functional
group
Eads '024172 '018524

graphitic-N (N-Q) pyridinic-N-oxide (N-O)

Optimal
Geometry

a

theoretical adsorption energy for the most stable formaldehyde adsorption

configuration; ® optimal geometry of functional groups upon formaldehyde adsorption

s A=l 8F

X
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As demonstrated in Table 3, Su et al. conducted theoretical calculation by
using density functional theory (DFT) for relationship between formaldehyde

gas and n-doping graphene under dried air condition.*¥

The adsorption
energy (-0.07652 eV) of pristine graphene was significantly lower than that
of n-doping graphenes. Among the n-doping graphene, the pyrrolic-N (N-5)
graphene was energetically favorable for formaldehyde removal (-0.41246
eV). In a dried air condition, the total adsorption energy (-0.25265 eV) of
NMGs for formaldehyde could be estimated in Table 4 combining the

results of high-resolution N 1s spectra of NMGs. This interaction force is

3.3 times stronger than the pristine carbon materials.

Table 4. Estimated Adsorption Energy of NMGs for Formaldehyde
Combining the Results from the DFT Calculation and High-Resolution N 1s

XPS Spectra.

N-6 N-5 N-Q N-O
Eais (€V) -0.15359 -0.41246 -0.24172 -0.18524
P, (%)* 41.7 30.0 21.7 6.7
Adjusted Eus (eV) -0.06405 -0.12374 -0.05245 -0.01241
Total Eus (eV) -0.25265

* proportion of nitrogen contents which was estimated by XPS spectra.

The adsorption performances of MGs dropped slightly, while that of
NMGs sharply fell by about 50% in the high humidity condition. It is
already known that the relative humidity does not have critical effect on
adsorption performance for physisorption unless it is over 70~80%.*

However, for chemical adsorption of formaldehyde, the water vapor effect
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may be different due to the water solubility of formaldehyde, different
reaction mechanisms, and competition with other adsorbate for occupying the
limited active sites on the surface of base media. Therefore, water vapor has
a negative effect on some chemisorbent materials and it was also applied in
this study. Although the 60% RH condition did not affect physisorption
which was contributed by micropore structures, the force of chemisorption

severely influenced this negative effect.

4. Conclusions

Mesoporous graphene oxide was synthesized via a soft-templated method
using P123 polymers. A portion of their surface carbon atoms were
homogeneously exchanged with nitrogen atoms about 6 at %.

The variation range of relative humidity in common indoor space is from
20 to 80%. Although there is a difference depending on the relative
humidity, NMG shows the dramatic formaldehyde in air with 85.8-44.3%.
Among the critical factors affecting formaldehyde adsorption, the
adsorbate-adsorbent interaction energy and specific surface areas.

Graphene oxide presents a variety of industrial applications. However, we
believe that the pathway to build a robust 3D structure and surface
modification can expand its potential applications to adsorbents for the
removal of specific indoor air pollutants. Moreover, we believe that NMGs
can be used to purify indoor air with high concentrations (e.g., workplace in
building materials production line (paints, adhesive, wood-based panel,

sealant, spay, etc.)).
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Chapter 4.

Indoor Air Pollutants and Their Risk Assessments

Part 1. Prevalence of sick building syndrome symptoms and
subjective-objective  indoor air quality of stores in

underground shopping districts of Korea
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1. Introduction

Sick building syndrome (SBS) encompasses symptoms associated with the
indoor environments of office occupants, including irritation of the upper
respiratory tract (e.g., nose or throat), eyes, and skin, as well as headache

and fatigue.!"”!

Notably, these symptoms are related to both environmental
and individual characteristics; the former include indoor air pollution (e.g.,
volatile organic compounds—VOCs), biological airborne contaminants,”* and
building characteristics (e.g., inadequate ventilation or dampness)™® and the
latter includes sex, age, history of allergies, psychosocial work stress,

[2,7.8

depression, and anxiety.”® For indoor air quality (IAQ), formaldehyde and

VOC concentrations have been found as causative factors in SBS.'"
However, a clinical definition has not been confirmed, and no definitive
pathological theory of pathogenic etiology has been put forth since SBS was
defined by a WHO in 1983.t"'!

Subjective IAQ perception, including perceived odor and sensory effects,

[12]

is commonly associated with VOCs and other air contaminants. Indoor

odorants include human body odors, tobacco smoke, VOCs from building

materials, perfumes, air fresheners, and bio-odorants (e.g., mold and

]

animal-derived materials).") Simultaneously, sensory inflammation of the

eyes and upper respiratory tracts may be caused by airborne chemicals

[14,15] n [16,17]

irritating the mucosa or skin, often being described as "dryness".
The relationship between the prevalence of SBS symptoms and
occupants’perceived TAQ have been conducted in offices, homes, and
hospitals;™®'"?  but, few studies have been conducted on workers in

underground space.?'
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The use of underground spaces is increasing worldwide for many
purposes, such as transportation and commercial facilities.”*) However, TAQ
of such underground spaces can be worse than aboveground equivalents
owing to poorer ventilation capacities (e.g., difficulty in incorporating natural
ventilation) under such structural constraints. One previous study conducted
in large department store buildings reported that CO,, formaldehyde, and
total VOC (TVOC) concentrations were higher in underground spaces than
those aboveground.” Particularly, underground shopping districts (USDs) are
often crowded by passengers, shoppers, and employees in urban areas, there
are numerous potential sources of indoor air pollution from transportation
and commercial facilities. To manage USD IAQ, the Korean government
regulates USDs with a net floor area of > 2000 m’ based on the Indoor
Air Quality Management Act, which managed 64 USDs in 2018.*
Nevertheless, in comparison to passengers or shoppers, USD store workers
incur a significantly greater exposure duration. Kim et al. investigated the
prevalence of SBS symptoms in USDs and their relationships with the
perceived IAQ perceptions of store workers, revealing that approximately
half of store workers had experienced SBS symptoms and that perceived
IAQ is associated with SBS symptoms (adjusted odds ratios, aOR = 1.81—
7.84);** however, information on their relationships with environmental IAQ
monitoring data in USDs is limited. Accordingly, the purpose of this study
was to determine the relationships among SBS symptoms, [IAQ perception,
and indoor aldehyde and VOC concentrations in USD stores. Both subjective
and objective IAQ measurements at the USD working-area level were used

to examine correlated factors associated with SBS symptoms.



2. Material and Methods

2.1 Participants

In 2020, 25 USDs existed in Seoul. Using general status data from USD
stores in Seoul in 2020 [26], we aimed to collect data from 500 of the
2,788 stores in the 25 USDs. Trained interviewers without prior knowledge
visited the USD stores between June and October (mostly in the summer
season). Stores were selected if they had at least one worker > 20 years of
age, who worked > 6 months at the location, for > 8 h day'. The store
categories, which included clothing, fashion accessory (e.g., shoe or luggage
shops), and food (e.g., restaurants, bakeries, or cafes), were also considered
to include similar proportions of different store types. Store workers were
then asked to complete a computer-assisted personal interview using tablet
computers. Across the 25 USDs, one was remodeling and another was not
operating; thus, 454 stores across 23 USDs participated in the study.

Here, 10 of the 23 USDs were selected for objective IAQ measurement,
including aldehyde compounds and VOC concentrations in stores. Across
these 10 USDs, the net floor areas ranged from 2,997-31,566 m?, and the
number of participating stores ranged from 5 to 27. All USDs are operated
with heating, ventilation, and air conditioning systems under normal
conditions. During the personal interviews,the interviewers asked store
workers to participate in IAQ measurements. Ultimately, 128 stores across
the 10 USDs were included in this analysis. We obtained IAQ
measurements upon visitation within 2 weeks of the personal interviews with

store workers.
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2.2 Questionnaires

Information on demographic and job characteristics, SBS symptoms, and
subjective IAQ perception was included in the questionnaires. Demographic
details included sex, age, education level, current smoking status, and any
medical diagnoses of allergies, whereas job characteristics included the type
of store, working period, working hours, and door status of participants’
stores (open or closed).

To examine subjective IAQ perception on SBS status, the same questions
as in a previous study were applied,!"”’ where 16 SBS questions based on a
modified version of the National Institute for Occupational Safety and Health
Indoor Air Quality and Work Environment Survey were provided.
Specifically, the SBS questions were: "Have you experienced the following
symptoms while working in your stores in the USDs in the last month?,"
where the participants chose one of the following options for each SBS

n on

symptom: "never," "neutral," "sometimes," and "frequently." All responses of
"sometimes" or "frequently" were defined here as the presence of SBS.
Furthermore, 16 SBS symptoms were categorized into four SBS groups,
namely skin, eye irritation, respiratory, and general symptoms, based on
clinical symptom characteristics.

For subjective TAQ, seven [AQ perception questions were used that have
been previously applied as a qualitative index of IAQ.”*** Specifically, the
IAQ perception questions were "Have you experienced the following

perception while working in your stores in the USD within the last month:

(1) stuffy odor; (2) unpleasant odor; (3) pungent odor; (4) moldy odor; (5)



tobacco smoke odor; (6) humid air; or (7) dry air?," where a five-point

n n n n

scale was used: "never," '"rarely," "neutral," "sometimes," and "frequently,"
and responses of "sometimes" or "frequently" were defined as "yes". The
seven IAQ perceptions were categorized into two groups: "with" and

n

"without," where if at least one of the seven IAQ perceptions was reported,

the participant was considered to have IAQ perception.

2.3 Environmental monitoring

As most USDs are open from 10:00 to 22:00, all sampling was conducted
for 30 min between 11:00 AM and 16:30 PM on weekdays under normal
operating conditions. Measurement points were set at least 1 m away from
the walls and 1.2-1.5 m above the floor, as central in the store as possible.

Parameters of temperature, relative humidity (RH), CO,, 15 aldehyde
compounds, and 42 VOCs were measured at the same time in each store
for 30 min, and the averages of these individual measurements were used.
Temperature (range, 0—60 °C; accuracy, = 0.6 °C), RH (range, 5-95% RH;
accuracy, £ 3.0% RH), and CO, concentrations (range, 0-5000 ppm;
accuracy, = 3.0% of readings or =50 ppm) were measured using an
IAQ-CALC Model 7545 (TSI, Shoreview, MN, USA), whereas aldehydes
and VOCs were measured according to the environmental standard method
of the Korean Ministry of Environment. Aldehyde compounds were
measured twice for 30 min at a flow rate of 500 mL min' in a
2,4-dinitrophenylhydrazine (DNPH) cartridge equipped with an ozone
scrubber using an MP->100 KNII pump (SIBATA Co., Japan, accuracy: =+

5%). For VOCs, two samples were collected using a Tenax-TA (Supelco
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Inc., Bellefonte, PA, USA) for 30 min at a flow rate of 100 mL min™'
using an MP-Y30 KNII pump (SIBATA Co., accuracy: = 5%). Aldehyde
and VOC samples were sealed and stored below 4 °C until analysis.

During laboratory analysis, each DNPH cartridge was eluted with 5 mL
of acetonitrile using a solid extraction vacuum manifold (Supelco), and the
extracted  solutions were analyzed wusing high-performance liquid
chromatography (HPLC, Ultimate 3000, Thermo Fisher Scientific, Waltham,
MA, USA) with a C18 column (150 mm x 4.6 mm X 5 um, Restek,
Centre County, PA, USA). Acetonitrile and water were allowed to flow at a
ratio of 70:30 and a rate of 1 mL min"'; aldehyde compounds were detected
at a UV wavelength of 360 nm. A TO11/IP-6A aldehyde/ketone-DNPH Mix
solution (15 pg mL™; Supelco) was used as the standard. Method detection
limits (MDLs) ranged from 0.14 pg m® (formaldehyde) to 1.23 pg m>
(p-tolualdehyde) for the 15 aldehyde compounds.

VOCs  adsorbed by  Tenax-TA  were  analyzed using  gas
chromatography/mass  spectrometry (GC/MS, Clarus 690/Clarus  SQS,
PerkinElmer, Waltham, MA, USA). Tenax-TA tubes were desorbed at 280
°C for 15 min by thermal desorption (TD, TurboMatrix 650 ATD,
PerkinElmer) and transported to a gas chromatograph with a VB-1 column
(60 m x 0.25 mm x 1.0 um). TVOC concentrations were estimated by
summing the peaks from n-hexane to n-hexadecane, calculated using toluene
calibration factors. Detailed TD-GC/MS analytical conditions are shown in

Table 1.



Table 1. Thermal Desorption Gas Chromatography/Mass Spectrometry (TD-

GC/MS) Analytical Conditions.

Parameter Conditions
Desorption time and flow 15 min, 60 mL min
Desorption temperature 280 °C
TD Cold trap packing Tenax-TA
Trap cool temperature =20 °C
In split No
GC column VB-1 (60 m x 0.25 mm % 1.0 um)
Initial temperature 40 °C (6 min)
GC/ Oven ramp rate 1 4 °C min"' (40-180 °C)
MS Oven ramp rate 2 20 °C min"' (180-250 °C)
Final temperature 250 °C (10 min)
Column flow 1.5 mL min’
MS source temperature 200 _°C

All samples were calibrated and quantified using a 50 Component Indoor
Air Standard (Supelco). MDLs ranged from 0.10 pug m™ (trichloroethylene)
to 0.96 pg m> (n-hexadecane) for the 42 VOCs.

The coefficient of determination (R?*) for the calibration curve was >
0.999 for both the aldehyde compounds and VOCs. Concentrations of each
aldehyde compound and VOCs < MDLs were assigned as 1/ V2 MDL.

Detection frequencies > 90% for individual aldehyde compounds, VOCs, and

TVOC were included in this study.

2.4 Statistical analyses

Univariable analyses of the relationships between the prevalence of SBS
symptom groups and demographic or job characteristics of store workers
were conducted using a chi-square test, whereas Spearman’s correlations
were used to examine the relationships among IAQ perception variables. The

same correlations were used to examine the relationship between IAQ
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perception and temperature, RH, CO,, aldehyde compounds, and VOC
concentrations. All individual TAQ substances measured at 128 stores were
included in the statistical analysis. Because most aldehyde and VOC
concentrations were log-normally distributed, concentrations are described
using the geometric mean (GM) and geometric standard deviation (GSD),
whereas temperature, RH, and CO, concentrations are described using the
arithmetic mean (AM) and standard deviation (SD).

Multivariable logistic regression analysis was conducted to examine the
relationships between the SBS symptom groups and TAQ perception. Sex,
age, and the variables identified in the univariate analysis (p < 0.1) were
included in the model. Although several SBS symptom groups were not
associated with sex or age, they were included in the multivariable model
for comprehensiveness. The same test was used to examine the relationships
between SBS symptom groups and the individual concentrations of aldehydes
or VOCs. Similarly, sex, age, and all variables identified in the univariate
analysis (p < 0.1) were included. Environmental variables (temperature, RH,
and CO,) were selected using stepwise methods, whereas environmental TAQ
monitoring data, including aldehyde compounds and VOCs, were used as the
continuous variables. When the models examined SBS symptoms with
benzene or decanal concentrations, RH was not used as a covariate, as it
was significantly correlated between them (Pearson’s r = 0.64 and 0.75,
respectively). Similar criteria for the elimination of independent variables (r
> |0.6]) in regression models have been used to avoid multicollinearity in
previous studies.?”?*) SAS (v.9.4, SAS Institute, Cary, NC, USA) was used

for all statistical analyses, and p-values < 0.05 were set as significant.
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3. Results

3.1 Prevalence of SBS symptom distribution
The prevalence of SBS symptoms in IAQ monitored store workers (n =

128) was similar to that in the non-IAQ monitored group(n = 326, Table 2).

Table 2. Prevalence of SBS Symptoms in Underground Shopping District

Store Workers.

Non-IAQ 1AQ
All monitored monitored p-value’
group group
(n=326, %) (n=128, %)
Skin Skin dryness or itching 52 (11.5) 31 (9.5) 21 (16.4) 0.038
Eve Dry, itching, or irritated eyes 137 (30.2) 97 (29.8) 40 (31.3) 0.755
ir);itation Tired or stained eyes 96 (21.1) 65 (19.9) 31 (24.2) 0.315
Any eye irritation symptoms 175 (38.5) 125 (38.3) 50 (39.1) 0.887
Stuffy or runny nose 40 (8.8) 28 (8.6) 12 (9.4) 0.790
Cough 17 (3.7) 10 (3.1) 7 (5.5) 0.225
Sneezing 51 (11.2) 29 (8.9) 22 (17.2) 0.012
Respiratory Sore olr dry throat 76 (16.7) 54 (16.6) 22 (17.2) 0.873
Wheezing 16 (3.5) 13 4) 3 (23) 0.393
Shortness of breath or chest
tightness 18 (4) 8 (2.5) 10 (7.8) 0.009
Any respiratory symptoms 127 (28) 90 (27.6) 37 (28.9) 0.782
Nausea or upset stomach 10 (2.2) 7 (2.1) 3(23) 0.898
Headache 68 (15) 45 (13.8) 23 (18) 0.263
Tiredness, fatigue, or drowsiness 122 (26.9) 82 (25.2) 40 (31.3) 0.187
Nervousness 61 (13.4) 42 (12.9) 19 (14.8) 0.582
General Difficulty in remembering
. . . 27 (5.9) 17 (5.2) 10 (7.8) 0.292
things or in concentrating
Dizziness or lightheadedness 20 (4.4) 10 (3.1) 10 (7.8) 0.027
Feeling depressed 17 (3.7) 12 (3.7) 5 (3.9 0.909
Any general symptoms 184 (40.5) 128 (39.3) 56 (43.8) 0.381

" Chi-square test

The majority of the 128 store workers were female (57.0%) and > 60
years old (39.8%). The distributions of the prevalence of 16 SBS symptoms
and their symptom groups are listed in Figure 1. Within the SBS symptom
group, the prevalence of skin, eye irritation, respiratory, and general

symptoms was 16.4%, 39.1%, 28.9%, and 43.8%, respectively.
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Univariate analysis of the prevalence of SBS symptom groups according
to demographic and job characteristics is shown in Table 3. Several
variables were correlated with prevalence of SBS symptom groups. The
prevalence of skin symptoms was significantly higher in store workers with
educational levels of "college or higher" than those of "high school or less"
(p = 0.005), whereas that of general symptoms was marginally higher in

store employees who worked > 8 h day' than those who worked 8 h day’

(p = 0.080).
Any general symptoms | 43.8
Feeling depressed — ] 39
Dizziness or lightheadedness ~—— ] 78
"E Difficulty in remembering things or concentrating ~—— ] 78
QE Nervousness — | 148

Tiredness, fatigue. or drowsiness ] 313

Headache ————— 139

Nausea or upset stomach

Any respiratory symptoms | 28.9

Shortness of breath or chest tightness 7.3

- Wheezing ) 23
g
E:L Sore or dry throat 17.2
.-E Sneezing 1172
Cough ~—55

Stuffy or unnynose  — ] 94
5 Any eve irritation symptoms | 39.1
% Tired or stained eyes ] 24.2
L-;‘ Dry, itching, or irritated eyes ] 31.3
; Skin dryness oritching ——7 464

Percent (%o)

Figure 1. Prevalence of Sick Building Syndrome (SBS) Symptoms in
Underground Shopping District Store Workers (n = 128).
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Table 3. Distribution of SBS Symptom Prevalence by Demographic and Job Characteristics.

Total Skin Eye imritation Respiratory General
0 Yes (%)  p-value Yes (%)  p-value Yes(%) p-value Yes (%)  p-value

Demographic characteristics
Sex

Men 55 8 (14.5) 0.622 18 (32.7) 0.202 18 (32.7) 0.408 23 (41.8) 0.702
Women 73 13 (17.8) 32 (43.8) 19 (26.0) 33 (45.2)
Age(yr)

<60 77 15 (19.5) 0.249 34 (44.2) 0.147 25 (32.5) 0.275 34 (44.2) 0.910
>60 51 6 (11.8) 16 (31.4) 12 (23.5) 22 (43.1)
Education

High school or less 66 5 (7.6) 0.005 24 (36.4) 0.519 16 (24.2) 0.230 26 (39.4) 0.305
College or higher 62 16 (25.8) 26 (41.9) 21 (33.9) 30 (48.4)
Current smoking status

No 104 15 (14.4) 0.207 40 (38.5) 0.772 29 (27.9) 0.596 48 (46.2) 0.254
Yes 24 6 (25.0) 10 (41.7) 8 (33.3) 8 (33.3)
Doctor's diagnosis of allergy

No 109 17 (15.6) 0.553 44 (40.4) 0.469 32 (29.4) 0.787 48 (44.0) 0.876
Yes 19 4 (21.1) 6 (31.6) 5 (26.3) 8 (42.1)
Job characteristics
Type of store

Clothing 47 10 (21.3) 0.509 19 (40.4) 0.142 13 (27.7) 0.164 20 (42.6) 0.451
Fashion accessories 41 6 (14.6) 20 (48.8) 16 (39.0) 21 (51.2)

Food service 40 5 (12.5) 11 (27.5) 8 (20.0) 15 (37.5)
Working period(yr)

<4 29 6 (20.7) 0.106 8 (27.6) 0.143 6 (20.7) 0.670 11 (37.9) 0.536
4-10 44 11 (25.0) 23 (52.3) 15 (34.1) 20 (45.5)

11-20 30 2 (6.7) 11 (36.7) 9 (30.0) 16 (53.3)

>21 25 2 (8.0) 8 (32.0) 7 (28.0) 9 (36.0)
Working hours(th day™")

8 45 6 (13.3) 0.489 15 (33.3) 0.328 11 (24.4) 0.412 15 (33.3) 0.080
>8 83 15 (18.1) 35 (42.2) 26 (31.3) 41 (49.4)
Door open

Open 5 2 (40.0) 0.146 2 (40.0) 0.965 2 (40.0) 0.577 2 (40.0) 0.863
Semi-open 123 19 (15.4) 48 (39.0) 35 (28.5) 54 (43.9)

* Chi-square test
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3.2 Perceived IAQ index and correlations

USD store workers mostly perceived dry or humid air (10.2%), followed
by stuffy odors (5.5%), unpleasant, pungent, or tobacco smoke (3.9%), and
moldy odors (1.6%). Among the seven IAQ perception indices, all were
significantly correlated with each other, except between stuffy odors and
humid air, pungent odors and dry and humid air, and tobacco smoke and

humid air (Table 4).

3.3 Environmental monitoring data and IAQ perception

The indoor aldehyde compound and VOC concentrations of the 128 stores
and their correlations with the categorized IAQ perceptions of workers in
each store are shown in Table 5. IAQ perception was significantly correlated
with RH (r = 0.26), formaldehyde concentration (r = 0.35), and benzene
concentration (r = 0.24); however, temperature, CO,, other aldehydes, VOCs,
and TVOC concentrations were not significantly correlated with IAQ

perception.
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Table 4. Correlations among Perceived Indoor Air Quality Index.

Stuffy odor  Unpleasant odor Pungent odor Moldy odor Tobacco smoke odor Dry air Humid air

Stuffy odor 1

Unpleasant odor 0.48%** 1.00

Pungent odor 0.25%* 0.62%** 1.00

Moldy odor 0.48%** 0.58%** 0.30%** 1.00

Tobacco smoke odor 0.34%** 0.58%** 0.46%** 0.42%** 1.00

Dry air 0.49%** 0.47%** 0.17 0.47%** 0.41%** 1.00

Humid air 0.15 0.20* 0.17 0.2%* 0.11 0.32%** 1.00
* p < 0.05 * p < 0.01, *** p < 0.001

7 21
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Table 5. Indoor Aldehyde Compounds, VOC Concentrations (ug m®), and
Their Correlations with Indoor Air Quality (IAQ) Perception of Workers of

Stores in Underground Shopping Districts (USDs; n = 128).

Spearman correlation of

Mean TAQ perception
Rho p-value
Temperature (°C) 249 + 1.6 -0.09 0.328
Relative humidity (%) AM + SD 51.8 + 14.8 0.26 0.003
CO: (ppm) 822.0 £ 1914 -0.05 0.608
Formaldehyde 27.4 (1.9) 0.35 < 0.001
Acetaldehyde 16.5 (1.9) 0.11 0.211
Propionaldehyde 1.7 (1.7) 0.07 0.433
Benzaldehyde 3.5 (1.9 -0.15 0.089
Hexaldehyde 53 (1.7) -0.04 0.629
Benzene 3.3 (2.0 0.24 0.006
n-Butanol 1.6 (1.8) -0.01 0.874
n-Heptane 29 (2.1) 0.16 0.065
Toluene 64.5 (2.7) 0.07 0.440
n-Butylacetate 2.7 (3.1) 0.12 0.196
n-Octane 24 (2.1) 0.05 0.540
Tetrachloroethylene GM 0.5 (4.9) 0.07 0.460
Ethylbenzene (GSD) 55 (2.1) 0.12 0.172
Xylene 9.9 (2.1) 0.15 0.102
Styrene 0.8 (1.9) 0.00 1.000
n-Nonane 1.1 (2.2) 0.16 0.064
1,4-dichlorobenzene 1.6 (2.6) -0.01 0.930
D-Limonene 23 (24 0.07 0.461
Nonanal 44 (1.9) 0.00 0.991
n-Undecane 1.0 (2.2) 0.12 0.174
Decanal 1.3 (1.8) 0.07 0.454
n-Dodecane 2.6 (3.1) -0.03 0.711
n-Tetradecane 3.6 (2.1) 0.02 0.864
TVoC 288.3 (1.9) 0.06 0.509
IAQ = indoor air quality; AM = arithmetic means; SD = standard deviation, GM =
geometric mean; GSD = geometric standard deviation; TVOC = total volatile organic
compounds
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3.4 SBS symptoms and IAQ perception

Figure 2 shows the multivariable logistic analysis of SBS symptom groups
by categorized IAQ perception. Store workers who perceived [AQ were
more likely to experience eye irritation (aOR = 4.00; 95% CI = 1.55-10.32)
and respiratory (aOR = 4.71; 95% CI = 1.82-12.15) and general symptoms
(aOR = 3.33; 95% CI = 1.32-8.42); however, skin symptom groups were

not significantly associated with categorized IAQ perception.

Skin*

Eye irritation**

®

Respiratory** : ®

General***

L]

Adjusted odds ratios

*adjusted for sex, age. education
**adinsted for sex, age
= *adinsted for sex, age. working hours

Figure 2. Associations (aOR with 95% CI) between SBS symptom groups
and IAQ perception. Demographic and job characteristic variables identified
in the univariate analysis, sex, and age, were included in the multiple

logistic regression model.
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3.5 SBS symptoms and environmental monitoring data

Aldehyde compounds and VOC concentrations associated with SBS
symptom groups in the univariate analysis (p < 0.1; Table 6) were
examined using multivariable logistic regression analysis. After adjusting for
demographic and job characteristics, as well as environmental factors
selected by stepwise methods, store employees who worked in shops with
higher concentrations of n-butanol (aOR = 1.37; 95% CI = 1.01-1.87),
n-heptane (aOR = 1.25; 95% CI = 1.06-1.47), and xylene (aOR = 1.04,
95% CI = 1.01-1.08) were more likely to experience eye irritation
symptoms (Figure 3). Moreover, workers in stores with higher concentrations
of m-heptane (aOR = 1.13; 95% CI = 1.01-1.27) were more likely to
experience respiratory symptoms and those in stores with higher
concentrations of benzene (aOR = 1.17; 95% CI = 1.00-1.37), n-heptane
(aOR = 1.24; 95% CI = 1.06-1.45), and decanal (aOR = 1.61; 95% CI =
1.00-2.58) were more likely to experience general symptoms. Skin
symptoms, however, were not significantly associated with any aldehydes or

VOC concentrations.
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n-Butanol* — e
E n-Heptane* H—e——
e n-Octane* e
Tetrachloroethylene™ o
n-Butanol** ®
§ n-Heptane™** I SR—
*é Toluene** ®
L Xylene** .
o n-Dodecane™* o
n-Heptane** e —

%‘ Toluene™* P
% n-Octane™** ey
§ 1.4-dichlorobenzene™* e

n-Dodecane** P

Benzaldehyde™ ——

Benzengttekkst e
g n-Heptang ettt —e—i
g) Nonanal**++* He—

Decanal*#++++ T

0.0 0.5 1.0 1.5 2.0 25 3.0

*adjusted for sex, age, education Adjusted odds ratios

**adjusted for sex, age

***adjusted for sex, age, CO,

*+*++adjusted for sex, age, working hours, relative humidity
*++++adjusted for sex, age, worldng hours

*#xs++xadjusted for sex, age, working hours, relative humidity, and CO,

Figure 3. Associations (aOR with 95% CI) between SBS symptom groups,
aldehyde compounds and VOC concentrations (per pg m®). Demographic
and job characteristic variables identified in the univariate analysis, sex, and
age were included, and environmental variables (i.e., CO,, temperature, and
relative humidity) selected using stepwise methods were included in the

multiple logistic regression model.



Table 6. Relationships between SBS Symptom Groups and Environmental Monitoring Data.

Skin Eye imitation Respiratory General

No(n=107) Yes(n=21) p-value* No(n=78) Yes(n=50)  p-value No(n=91) Yes(n=37) p-value No(n=72) Yes(n=56) p-value
Temperature (°C)  AM 248 £ 1.6 253 + 1.8 0.213 250 £+ 1.6 248 + 1.6 0.551 250 + 1.6 248 £+ 1.7 0.562 250 £ 1.6 248 + 1.6 0.380
RH (%) + 51.6 + 14.5 524 £ 162 0.819 51.8 £ 143 51.6 £ 15.6  0.942 514 £ 153 527 £ 134 0.633 489 £ 164 554 + 114 0.010
CO, (ppm) SD 8129 + 1948 868.4 + 169.4 0226 834 + 189.2 803.3 + 195.1 0.379  820.1 £+ 196.0 826.8 + 182.2 0.858 820.9 + 1959 823.4 + 187.2 0.943
Formaldehdye 27.2 (1.9 28.1 (1.9) 0.839 27.7 (1.9) 26.8 (1.8) 0.765 27.4 (1.9 27.3 (1.8)  0.958 25.7 (2.0) 29.6 (1.7)  0.208
Acetaldehyde 16.1 (1.9) 18.9 (1.7) 0.300 16.9 (1.9) 159 (1.9 0.596 16.2 (1.9 17.3 (1.9)  0.598 15.6 (2.0) 17.7 (1.7)  0.262
Propionaldehyde 1.7 (1.7) 1.9 (1.6) 0.409 1.8 (1.7) 1.6 (1.8) 0.129 1.8 (1.7) 1.7 (1.8) 0.514 1.8 (1.8) 1.7 (1.7)  0.739
Benzaldehyde 3.6 (1.9 3.5 (1.9) 0.934 3.7 (1.8) 34 (2.2) 0.527 3.5 (1.9 3.7 (2.0) 0.661 3.9 (1.6) 3.1 (23)  0.060
Hexaldehyde 5.1 (1.7) 6.1 (1.7) 0.195 5.5 (1.6) 5.0 (1.8) 0.377 52 (1.7) 54 (1.6) 0.761 5.5 (1.6) 5.1 (1.8) 0437
Benzene 3.3 (2.0 3.4 (1.9) 0.792 3.2 (2.0 3.3 (1.9) 0.824 3.2 (2.0 3.5 (2.0) 0.527 29 (2.1 3.8 (1.8)  0.034
n-Butanol 1.5 (1.7) 2.0 (2.0) 0.061 1.5 (1.7) 1.8 (2.0) 0.080 1.5 (1.7) 1.7 (2.0) 0.335 1.6 (1.7) 1.5 (1.9  0.702
n-Heptane 2.8 (2.1) 3.7 (2.1) 0.090 2.6 (2.1) 34 (2.1) 0.053 2.7 (2.1 35 (22) 0.063 2.6 (2.1 34 (2.1) 0.045
Toluene 63.3 (2.7) 70.7 (2.8) 0.641 55.6 (2.6) 81.2 (2.8) 0.034 57.9 (2.6) 842 (29) 0.051 62.2 (2.7) 67.6 (2.7)  0.636
n-Butylacetate 2.7 (3.0) 2.9 (3.6) 0.730 2.7 (3.0) 2.8 (3.2) 0.831 2.6 (2.9) 3.0 (3.6) 0.586 2.5 (3.0 3.0 (3.2) 0.337
n-Octane 22 (2.1 3.1 (1.9) 0.072 2.2 (2.0 2.6 (2.3) 0.321 2.2 (2.0 2.8 (2.2) 0.083 2.2 (2.0 25 (22 0431
Tetrachloroethylene GM 0.5 (4.8) 0.9 (5.2) 0.092 0.5 (4.7) 0.5 (5.3) 0.956 0.5 (4.8) 0.5 (5.3) 0.855 0.5 (4.6) 0.6 (53) 0.473
Ethylbenzene (GSD) 55 (22 5.5 (1.7) 1.000 51 (2.1 6.2 (2.0) 0.139 5.7 (2.0 53 (24) 0.648 5.3 (2.0 59 (22) 0398
Xylene 10.0 (2.1) 9.8 (2.0) 0.925 9.1 (2.0 11.4 2.1 0.081 9.9 (2.1) 10.1 (22) 0.858 9.2 (2.2) 11.0 (2.0) 0.175
Styrene 0.8 (1.9) 1.0 (1.8) 0.164 0.8 (1.9) 0.9 (1.9) 0.556 0.8 (1.9) 0.9 (2.1) 0.573 0.8 (1.9) 09 (2.0) 0.187
n-Nonane 1.0 (2.2) 1.2 (2.2) 0.568 1.1 (2.2) 1.0 (2.3) 0.510 1.1 (2.2) 1.1 (22) 0.860 1.0 (2.3) 1.1 (2.0) 0.501
1,4-dichlorobenzene 1.6 (2.8) 1.9 (1.9) 0.398 1.6 (3.0) 1.8 (2.1) 0.348 1.5 (29 2.0 (1.8) 0.053 1.6 (2.8) 1.8 (24) 0.495
D-Limonene 2.3 (2.5) 2.4 (1.7) 0.731 2.5 (2.7) 2.1 (2.0 0.330 2.3 (2.6) 2.3 (2.0) 0.992 2.3 (2.6) 24 (22) 0.800
Nonanal 4.4 (2.0 4.7 (1.6) 0.554 44 (2.1) 4.5 (1.6) 0.775 4.4 (2.0 4.6 (1.6) 0.593 39 (2.1 52 (1.7)  0.013
n-Undecane 1.0 (2.2) 0.9 (1.9 0.544 0.9 (2.2) 1.0 (2.1) 0.526 0.9 (2.3) 1.0 (2.0) 0.660 1.0 (2.4) 0.9 (1.9) 0.894
Decanal 1.2 (1.8) 1.4 (1.8) 0.334 1.2 (1.8) 1.3 (1.7) 0.473 1.2 (1.8) 1.4 (1.7) 0.194 1.1 (1.8) 1.4 (1.6)  0.023
n-Dodecane 2.5 (3.3) 3.0 (2.4) 0.558 2.2 (2.9 3.4 (3.3) 0.027 2.3 (2.9 34 (34) 0.072 2.4 (3.3) 29 (2.8) 0.276
n-Tetradecane 3.7 (2.1 32 (2.2) 0.492 3.5 (2.1 3.7 (2.0 0.705 3.5 (2.1 3.7 (2.1) 0.673 33 (22 4.0 (1.9) 0.131
TVOC 292.0 (1.9) 270.1 (2.0) 0.625 278.8 (1.9)  303.7 (2.0) 0.481 279.9 (1.9)  309.8 (2.1) 0.438 286.2 (2.0) 2909 (1.9) 0.893

AM, arithmetic mean; SD, standard deviation; GM, geometric mean; GSD, geometric standard deviation.

* Student’s t-test
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4. Discussion

Approximately 20-50% of USD store workers assessed experienced at
least one SBS symptom within the last month, with the prevalence of
general symptoms being the highest. Although not statistically significant, the
proportion of all SBS symptoms, except for respiratory symptoms, was
higher in women than in men, indicating that women are more sensitive to
SBS symptoms, as has been observed in Korea previously.”” Other
variables, such as education level, were associated with skin symptoms,
which were similar to one previous study conducted upon Swedish adults at

home, !

whereas working hours were marginally associated with general
symptoms.

Most IAQ perceptions were significantly associated with one another.
Correlation coefficients among unpleasant, moldy, and tobacco smoke odors
were > 0.5, whereas all others were not, indicating different aspects of the
IAQ. Similar findings have been reported in home environments in China,
where parents reported IAQ perceptions.””

Among the measured chemical substances, formaldehyde and TVOC
concentrations in the USDs are regulated by the Indoor Air Quality Control
Act of the Ministry of Environment in Korea, with corresponding threshold
limits of 100 pg m> and 500 pg m>, respectively. Here, formaldehyde
concentrations in one store (0.8%) and TVOC concentrations in 25 stores

(19.5%) exceeded these thresholds. Even then, aldehyde compounds and

VOC concentrations were lower than those reported in a previous study in
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Korea in 2017,5" where the GM of formaldehyde concentrations was 43.0 p
g m® (GSD = 2.1) and that of TVOC concentrations was 321.0 pg m>
(GSD = 2.2) across 30 USDs. Notably, the findings in the present study
may have varied from those elsewhere, as the Indoor Air Quality Control
Act mandates that IAQ should be measured in USD corridors, but not
inside stores.

There have been no comparable studies on the relationships among
individual aldehyde compounds, VOC concentrations, and subjective [AQ
perception, although similar subjective IAQ indices have been used

(2030] TAQ perception was significantly associated with all SBS

previously.
symptoms (except for skin symptoms) based on multivariable logistic
analysis. A similar finding has been reported by Kim et al. (2019), where
across 314 USD store workers in Seoul, dose-dependent relationships were
observed among skin, eye irritation, respiratory, and general symptoms
within the categorized IAQ perception scores.”*”

Overall, environmental IAQ monitoring data, including the concentrations
of several aldehyde compounds and VOCs, were associated with allSBS
symptom groups (except for skin symptoms) according to the multivariable
logistic models. Among the environmental monitoring data, most SBS
symptom groups were associated with n-heptane concentrations, where the
aORs of mn-heptane were highest for eye irritation symptoms, followed by

general and respiratory symptoms. Similar findings have been reported

previously in Japan, where n-butanol, benzene, n-heptane, and xylene
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concentrations were associated with SBS symptoms among adults who lived

in newly built homes.!'**?!
The source of n-heptane could be solvents and adhesives™ applied in the
USDs, whereas shoes from shoe stores might be the sources of heptane.**!

Furthermore, n-heptane can be emitted from building materials or cosmetic

35 [36]

products.’™ Xylene may be associated with shoes and leather goods,*® and

benzene and xylene may be entering from outdoor automobile exhaust
fumes, as most USD entrances are located in the city center near roads.Y
Decanal might originate from ozone-initiated reactions or be associated with

738 Based on data from the present study, indoor

cooking-related activities.
n-heptane, xylene, or benzene concentrations were significantly higher in
fashion accessories than those in food services; whereas indoor decanal
concentrations were not associated with store type (data not shown). More
detailed results are under preparation for publication.

Associations of SBS symptoms with these aldehyde compounds and VOCs
suggested that these chemical levels in USD stores need to be controlled to
reduce SBS symptoms in workers. As controlling the products sold or
cooking activities within USDs is difficult, increasing ventilation rates or
using low-VOC-emission building materials may be more practical.

Formaldehyde irritates the skin, eyes, nose, and throat,?” and TVOC may
cause similar symptoms. Formaldehyde and TVOC concentrations, as well as
their relationships with SBS symptoms in indoor environments, have been

32,40
d,[ ;

previously reporte ! but some studies have not.'® In the present study,
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indoor formaldehyde and TVOC concentrations were not associated with any
SBS symptom group. This may have been because their concentrations
maintained relatively low ranges in USD stores.

The association of SBS symptoms with several aldehyde compounds and
VOCs indicated that indoor airborne chemicals are attributed to subjective
symptoms. Here, aldehyde and VOCs were detected at a rate of > 90%,
although their concentrations were relatively low. Nevertheless, there are no

B2 Thepresent study

long-term studies on their biological effect on humans.
suggests that SBS symptoms are associated even with such low
concentrations of chemical substances, although further research is necessary
to determine whether subjective SBS symptoms are associated with such low
levels.

Notably, the present study could not infer that IAQ perception or
environmental [AQ monitoring data were causally associated with SBS
symptoms of workers, as the research was cross-sectional, and the reported
SBS symptoms can vary depending on participants’ sensitivity, as the
objective measurements did not entail physicians’ medical examinations.
Because stores with environmental TAQ monitoring were selected only by
workers who agreed, it may not be representative of all USD store workers
in Seoul. Furthermore, the true operating characteristics of USDs may not
have been reflected, as the study was conducted during the COVID-19

pandemic of 2020, and the number of customers, as well as the store

working hours, may have been affected.
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The IAQ monitoring was conducted during weekdays, for 30 min per
USD store. Notably, this may not have fully represented in-store IAQ due
to daily or hourly variability. In particular, population densities within USDs
may be higher on weekends, potentially affecting IAQ. Such variations can
affect the relationships between SBS symptoms and in-store TAQ of USDs.
Accordingly, continuous sampling over longer time periods could more
accurately measure VOC or aldehyde concentrations within stores.

The questionnaire survey and environmental monitoring were conducted as
close in time as possible (the average difference in days between the
questionnaire survey and IAQ monitoring was 11 + 7 days), thereby
minimizing the differences among SBS symptoms, aldehyde compounds, and
VOC concentrations.

In this study, the relationship of SBS symptoms with indoor aldehyde
compounds and VOC concentrations in USD stores was examined.
Additionally, we examined the subjective IAQ. The subjective IAQ
perception and several environmental TAQ monitoring data showed similar
associations with SBS symptom groups. Therefore, subjective IAQ perception

could help screen SBS symptoms related to IAQ in USDs.

5. Conclusions

Among the 128 USD stores and workers investigated here, 2-5 had

experienced at least one SBS symptom within the previous month.
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Categorized TAQ perceptions of workers were associated with SBS symptom
groups, including eye irritation, as well as respiratory and general symptoms.
Among IAQ monitoring data, the concentrations of n-butanol, n-heptane, and
xylene were associated with eye irritation symptoms, while those of
n-heptane were associated with respiratory symptoms, and those of benzene,
n-heptane, and decanal were associated with general symptoms, showing
similar trends as when [AQ perceptions were used as subjective indicators.
The association of SBS symptoms with aldehyde compounds and VOCs
suggests that the chemical levels in USD stores need to be controlled to
reduce SBS symptoms in workers. Because managing the products sold or
cooking activities within USDs is difficult, increasing ventilation rates or

using low-VOC-emission building materials are likely more practical.
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1. Introduction

Although residential environments have traditionally received less attention
than outdoor air or work environments, they may be the primary sources of
exposure to certain air pollutants for many people. This is because people
spend a significant amount of time indoors, often more than 90%.!"?
Additionally, efforts to improve the energy efficiency of buildings have
resulted in making indoor spaces more airtight, which can increase the risk
of environmental diseases such as sick house syndrome and multiple

B3] Volatile organic compounds (VOCs) are a significant

chemical sensitivity.
group of indoor air pollutants because their concentration levels are often
higher indoors than outdoors.

Emissions from building materials, car exhaust, interior renovations,
smoking, cooking, and poor ventilation can all contribute to poor indoor air

(691 Previous research has shown that exposure to high levels of

quality.
VOCs can have adverse health effects and contribute to the development of
environmental diseases. The European exposure study (EXPOLIS) found that
VOC exposure was higher at home than at outdoor or work environments.
Therefore, it is important to be mindful of indoor air quality management.
The South Korean economy has experienced significant growth in recent
years. Over the past decade, the country's per capita income has nearly
doubled. Also, the supply of houses had already reached a point of

saturation in 2002. As the economy improves, the production of building

materials and chemical products used in our homes has also increased. This
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means that there is a higher possibility of being exposed to more chemicals
in daily activities.

The Ministry of Environment in South Korea regulates the indoor air
quality of construction materials, public facilities, and newly constructed

[10]

apartments in order to address indoor air quality issues."' While previous

research has primarily focused on the indoor air quality of newly

constructed houses in the pre-occupancy stage,!''"*

most people actually live
in houses that are in the post-occupancy stage. Therefore, monitoring and
evaluating indoor air quality in post-occupancy houses is considered more
valuable for promoting public health. However, there is a lack of research
on the systematic maintenance of indoor air quality in post-occupancy
houses.

The most common types of housing in South Korea are apartments,
detached houses, and multiplex houses. And the assessment of indoor air
quality in these types of housing is important because approximately 47% of
South Koreans live in apartments, 39% live in detached houses, and the rest
live in multiplex/terraced houses.

In this study, the results of indoor air concentrations of single VOCs,
TVOCs, carbonyl compounds, carbon dioxide, PM10, and PM2.5 in three
most common types of housing in Korea in 2009-2010 are summarized.

This study aimed to investigate the association between housing types and

indoor air quality in these dwellings and to identify factors that influence

indoor air quality by summarizing the results of indoor air concentrations of
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single VOCs, total VOCs, carbonyl compounds, carbon dioxide, PM10, and
PM2.5 in the three most common types of housing in South Korea in

2009-2010.

2. Materials and Methods

2.1. Test Homes

Characteristics of a total of 180 dwellings were summarized in Table 1.
This study involved the investigation of 100 apartments, 32 detached houses,
and 48 terraced/multiplex houses in order to characterize the indoor and
outdoor air quality by housing type.

The average age of the apartments, detached houses, and multiplex houses
was 13.0, 22.8, and 13.8 years, respectively. The average floor of the
apartments, detached houses, and multiplex houses was 7.8, 1.2, and 2.0,
respectively. The mean floor of the detached houses was close to one due
to the characteristics of these types of houses. The average indoor area of
the apartments, detached houses, and multiplex houses was 93.6, 121.8, and

72.9 m?, respectively.
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Table 1. House Characteristics.

n %

Type

Apartment 100 55.6
Detached 32 17.8
Terraced/multiplex 48 26.7
New  furniture/renovation

No 88 48.9
Yes 92 51.1
Year  of construction

< 1990 51 28.3
1991-1995 30 16.7
1996-2000 32 17.8
2001-2005 39 21.7
> 2006 27 15.0
Size  (m’)

< 82.5 14 41.1
> 825 106 58.9
Floor

Underground 6 33
1st-2nd 55 30.6
> 3rd 97 53.9

2.2. Sampling Methods

Indoor air samples were collected during the day. Prior to sampling, the
windows of all studied houses were opened for 30 minutes to ensure good
ventilation, and the houses were made airtight for 5 hours. Active samplers
were placed in three locations in each residence: a living room, a bedroom,
and an outdoor area. In indoor locations, the sampling equipment was set

up in the center of the room. The outdoor sampling position was selected to

3 o
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avoid significant point sources of pollution, such as car exhaust. The height
at which the sampler was set up varied depending on the nature of the
home, either 1.5 m above the ground to represent the breathing zone of a
standing person or 1.2 m above the ground to represent the breathing zone
of a sitting person.

Temperature and relative  humidity were recorded using two
thermo-hygrometer data loggers (Oregon Scientific). An IAQ-CalCTM
portable device (model 8760, TSI Inc., USA) was used to monitor indoor
and outdoor CO, concentrations.

VOCs were collected using a commercial adsorbent tubes (Tenax-TA, 200
mg, 1/4" x 9 cm, Perkin Elmer Inc., U.K.) and a personal air sampling
pump (MP-X30H, Sibata scientific technology LTD, Japan) at a flow rate of
0.1 L min" for 30 minutes. After sampling, the samples were sealed and
stored at 4 °C. Field blanks were collected alongside the air samples. The
VOCs collected on the adsorbent tubes were desorbed in a Thermal
Desorption (TD) system (Shimadzu, Japan), separated by GC (GC-2010,
Shimadzu, Japan) and detected by quadrupole mass spectrometry. The
analytical column used was a VB-1 capillary column (0.25 mm internal
diameter, 60 m length, 1.0 pm film thickness). The temperature program for
the GC oven was as follows: 40 °C for 6 minutes, increasing at a rate of 4
°C min" up to 180 °C, increasing at a rate of 20 °C min" up to 250 °C,
and then maintained at 250 °C for 10 minutes. The concentration of total

volatile organic compounds (TVOC) was determined by analyzing the total
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integrated signals between n-hexane and n-hexadecane in a GC/MS
chromatogram and expressing the result as toluene equivalents.

Carbonyl compounds in the air were collected wusing a
2,4-dinitrophenylhydrazine (DNPH) cartridge (Supelco, USA) and a personal
air sampling pump at a flow rate of 0.5 L min-1 for 30 minutes. An ozone
scrubber (Sep-Pak, Waters, USA) was installed in front of the DNPH
cartridge to eliminate the influence of ozone. The amounts of three target
carbonyl compounds (formaldehyde, acetaldehyde, and acetone) were then
analyzed using high performance liquid chromatography (HPLC). The indoor
and outdoor PM10 and PM2.5 concentrations were monitored using a
SidePak Aerosol Monitor (model AMS510, TSI Inc., USA), which measured
PM10 and PM2.5 at 5-second intervals at a flow rate of 1.7 L min" for 10

minutes.

2.3. Data Analysis

Data analysis for this study was conducted using SPSS 12.0 to calculate
descriptive  statistics, perform multiple regression analysis, and use
non-parametric methods such as One Way ANOVA. The Pearson correlation
coefficient was used to determine correlations between quantitative indoor air
quality variables (pollutant concentrations, temperature, relative humidity,
floor, housing type, season, construction years, etc.). Statistically significant
associations were identified as those with a p-value of less than 5% for a

two-sided test.
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3. Results and Discussion

3.1. Indoor pollutants concentration of three different housing types
Table 2 shows the concentrations of various indoor pollutants in different
types of housing. The most common chemicals found were toluene,
ethylbenzene, xylene, styrene, formaldehyde, acetaldehyde, and acetone. The
concentrations of all single volatile organic compounds (VOCs) except for
toluene were higher in multiplex houses compared to apartments. The
concentration of total VOCs (TVOCs) generally ranged from 50 to 5,500 g
m> in the studied houses, with mean concentrations of 651.5 pug m” in
apartments, 701.4 pg m~ in detached houses, and 808.5 pg m> in multiplex
houses. The highest TVOC concentration, around 5,417.9 pug m>, was
recorded in one of the apartments studied. This apartment had indoor
dimensions of 32.0 m’, similar to the average dimensions of 33.1 m’ for
the other apartments. The total volume of furniture in this apartment was
6.84 m’, similar to the average dimensions of all furniture in each
apartment. The indoor temperature of this apartment (26.0 °C) was also not
significantly different from the average indoor temperature of the other
apartment houses (26.4 °C). Therefore, it is assumed that some
anthropogenic sources of TVOC (e.g., adhesive, raw wood, wood based
panel" air freshener) rather than environmental factors (temperature,

dimension of indoor space) had a significant effect on the concentration.
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Table 2. Comparison of Indoor Air Pollutant Concentrations in Different Housing Types.

(unit: ug m> except for CO,)

Apartment (#=400)

Detached houses (n=150)

Multiplex houses (#=226)

Mean  Min Median Max Mean  Min Median Max Mean Min Median Max
Toluene 114.7 122 75.9 831.3 110.7 4.1 38.8 1,796.7 92.3 3.7 60.8 820.8
Ethylbenzene 10.4 ND. 7.0 98.9 10.5 ND. 49 111.8 243 N.D. 7.0 465.4
Xylene 19.0 N.D. 146 99.9 16.8 N.D. 9.8 155.9 46.1 N.D. 128 1,692.7
Styrene 9.8 ND. 44 119.5 5.4 N.D. 1.6 94.2 15.9 N.D. 32 897.3
TVOC 651.5 789 507.1 5,417.9 7014 559 439.7 4,056.3 808.5  50.7 591.6 4,355.2
Formaldehyde 130.0 24.2 119.2 350.6 99.5 8.7 75.1 414.6 127.0 11.1 1025 511.8
Acetaldehyde 37.6 N.D. 337 120.0 314 0.9 27.1 169.6 444 6.4 37.6 186.2
Acetone 80.7 14.2 65.4 566.3 66.2 13.7 56.0 3273 98.3 120 822 390.6
CO; (ppm) 961 366 846 2,784 1,019 311 963 2,321 1,377 387 1,272 4,606
PM, s 48.4 4.0 40.0 266.0 57.6 3.0 53.0 241.0 514 8.0 42.0 306.0
PM;, 53.8 6.0 44.5 284.0 61.8 4.0 58.0 249.0 55.6 8.0 45.0 306.0

* N.D.: not detected.
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The high concentration of total volatile organic compounds (TVOC) in the
indoor air of this apartment house was likely due to the high levels of
d-limonene, n-hexane, nonanal, and n-undecane. These VOCs were found to
be 6.5, 7.6, 10.4, and 14.9 times higher than the average concentration in
the other monitored apartment houses, respectively. D-limonene is a chemical
commonly found in indoor air and is associated with citrus fruit and air

[15,16

fresheners.'>'%! Limonene is generally considered safe, but sometimes it may

cause irritation to the eyes, skin, and throat in humans, and has been shown

]

to cause kidney damage in rats!"”! Nonanal is emitted by paper and

perfumes, and n-undecane can be found in indoor air as a result of cigarette

smoking and painting.!"®

It is likely that indoor smoking and the presence
of tangerines, and wet painting on the walls in the house contributed to the
high TVOC concentration.

The average and maximum concentrations of styrene in multiplex houses
were significantly higher than in other types of housing. This may be due
to the fact that many multiplex houses have vinyl flooring sheets,"”’ which
contain styrene, rather than wood-based tiles, which are commonly used in
apartments and detached houses. The high levels of styrene emitted from the
vinyl flooring sheets likely have a significant impact on the indoor air
quality in multiplex housing.

The maximum CO, concentration was recorded in a multiplex housing, as

shown in Table 2. The highest CO, concentration is probably due to the

relatively small indoor volume of this detached house (20.00 m®). The
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average indoor dimensions of apartments, detached houses, and multiplex
houses are 33.07, 44.47, and 29.40 m’, respectively.

Formaldehyde levels in detached houses were slightly lower compared to
other housing types. The average concentration of formaldehyde in
apartments, detached houses, and multiplex houses was 130.0, 99.5, and
127.0 ug m>, respectively. These values in apartments and multiplex houses
exceed the Ministry of Environment's guidelines (210 pg m-3) for newly
constructed apartments.

However, no notable differences were found among the housing types in

terms of particulate matter.

3.2. Indoor/outdoor ratio

Table 3 presents the ratio of indoor to outdoor concentrations (I/O ratio)
of major indoor chemicals. The sample sizes for each of the measured
pollutants in apartments, detached houses, and multiplex houses are 400,
150, and 226, respectively. Except for particulate matter, all
indoor-to-outdoor ratios were above one. This indicates that indoor sources
have an impact on the indoor air quality in the studied houses.!***"

When comparing the mean values of the I/O ratio, multiplex houses had
higher indoor levels of total gaseous pollutants than apartments and detached
houses. In particular, the I/O ratio of styrene, which is possibly a human

carcinogen, was above 70 in apartments. This significant difference may be

due to the extensive use of plastic home appliances within a confined
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indoor space. The low outdoor concentration of styrene in apartment
complexes also contributes to a higher I/O ratio compared to the other
housing types. The average outdoor concentrations of styrene are 0.14 pg
m> in apartment complexes, 0.30 pg m™ in detached houses, and 3.0 pg
m® in multiplex houses, respectively. The reason of this outdoor level
difference could be explained by the fact that potential styrene-emitting
recyclable materials such as plastic products are well-managed by being
collected in designated areas in apartments, while recyclables are often
stacked close to the buildings in multiplex houses.

In the case of particulate matter, concentrations are higher outdoors than

indoors due to vehicle emissions and other factors.

Table 3. Indoor to Outdoor Ratios of the Concentration of Indoor Air

Pollutants in Apartment, Detached houses and Multiplex Houses.

Apartments Detached houses Multiplex houses

(n=400) (n=150) (n=226)
Toluene 4.1 4.9 4.1
Ethylbenzene 2.2 2.8 6.4
Xylene 34 34 9.5
Styrene 70.7 2.7 8.1
TVOC 9.5 11.1 12.8
Formaldehyde 9.0 6.6 8.5
Acetaldehyde 8.1 7.8 11.0
Acetone 9.6 3.8 5.6
CO, 3.9 3.0 4.1
PM; s 0.8 0.7 0.7
PM; 0.8 0.7 0.7
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3.3. Affection factors on indoor air quality
3.3.1. Interior renovation

Residential houses in Melbourne, Australia that have undergone
renovations have been reported to have indoor concentrations of volatile
organic compounds that are 10 to 100 times higher, and this high level

[15

persists for several months.""” And this high concentration of volatile organic

compounds decreases significantly within the following year and after one
year, the variation becomes very small.l*”!

To investigate the effect of interior renovations on indoor air quality, an
additional survey was conducted on the studied houses, and the results are
summarized in Table 4. The data was analyzed using the Mann-Whitney test
to determine the significance of four sets of data groups. As a result, most
chemical measurements generally recorded higher values in homes whose
period after the completion of interior renovations was within a year,
compared to those that were over a year. In particular, the concentration of
toluene was almost twice as high and formaldehyde was almost 50% higher
in interior remodeled apartments and detached houses. This indicates that
certain indoor sources significantly contribute to indoor air quality. Although
formaldehyde is known to be emitted by numerous natural sources and
anthropogenic activities, it is extensively produced by man-made products,
particularly indoors. Formaldehyde and toluene are widely used as solvents

or additives in the production of off-gassing products such as new wooden
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products, recent paint or varnish, ceiling tiles, carpet glues, various plastics,
and insulation materials./***>"

Therefore, the latter outweighed the former as a major indirect source of
formaldehyde and toluene in recently renovated spaces. Although acetone is
widely used as a solvent in many interior materials,” the Wilcoxon rank
sum tests of significance showed no statistically significant difference
between non-renovated houses and renovated houses within one year. TVOC
levels also exhibited significant differences regardless of housing type, but
the difference in average concentration between them was only statistically
significant in detached houses (P<0.05).

In the case of particulate matter, PM2.5 and PM10 levels were slightly

lower in renovated houses, but it was not statistically significant.
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Table 4. Association between Indoor Pollutants Levels and Interior Renovations.

Apartment Detached houses Multiplex houses

Yes (n=80) No (n=320) Yes (n=30) No (n=120) Yes (n=60) No (n=164)
Toluene 205.9” 91.9" 181.4™ 93.0" 93.2 91.9
Ethylbenzene 142" 9.4 14.5" 9.5" 54.2° 13.0°
Xylene 23.6° 17.9° 22.7" 153" 116.17 19.7
Styrene 158" 7.0" 5.1 55 38.3 7.4
TVOC 752.2" 626.4" 881.2" 656.4" 915.5 768.0
Formaldehyde  168.4" 120.4™ 135.2" 90.6 124.3 128.0
Acetaldehyde ~ 43.17 36.2° 35.6 30.4 41.1 45.6
Acetone 111.8™ 72.9" 77.4 63.2 101.3 96.9
PM, 5 38.6 50.7 56.7 57.8 48.0 52.8
PM 433 56.2 61.0 61.9 51.7 57.1

* Mann-Whitney ‘p<0.03,

“p<0.01
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3.3.2. Length of residence

Each housing type is divided into two groups to examine how the length
of residence affects indoor air quality in residential spaces. As shown in
Table 5, one group consists of current occupants who have lived there for
less than two years, and the other group has lived there for over 11 years.
All chemical levels detected in studied houses dramatically decreased with
occupancy time, except for TVOC levels in apartments. For residences with
less than five years of occupancy, the concentration of BTEX is statistically
significant, and it is thought that the shorter the dwelling period means that
the house will be a newly built building with a high probability."*”

Additionally, newly built houses have higher indoor pollutant levels
because the air is more tightly contained compared to older, more ventilated

houses.?>?®!

In particular, the average concentrations of styrene significantly
decreased over time, which may be due to the lack of new off-gassing
sources or plastic-based home electronics such as TVs, refrigerators,

microwaves, and computers.
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Table 5. Association between Indoor Pollutants Levels and Length of Residence.

Apartment

Detached houses

Multiplex houses

< 2years (n=168)

> llyears (n =32)

< 2years (n =38) > llyears (n =72)

< 2years (n =86) > llyears (n =12)

Toluene 161.9"
Ethylbenzene  12.7

Xylene 22.5
Styrene 13.17
TVOC 712.9

Formaldehyde 143.0°
Acetaldehyde  37.9

Acetone 92.6"
PM, s 42.9
PM;q 47.8

76.5"
7.9
13.8
33"
725.2
87.17
31.9
48.6"
453

49.9

276.5" 443"
14.7° 6.6°
24.0° 12.5°
1517 237
1,029.5™ 538.0"
172.27 79.17
443" 25.5"
83.5" 55.8"
58.7 56.6
61.7 61.4

117.2"
41.7"
88.8"
32.8"
924.6°
145.3
46.9
113.2°
45.1
48.8

44.6"
3.2
8.9”
11"
452.0°
104.7
37.2
62.8"
38.1

40.7

* Mann-Whitney "p<0.05, “p<0.01
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3.3.3. Floor

To study the relationship between indoor pollutant levels and floor, the
studied houses were classified into two or three sub-groups based on their
floor and the results are summarized in Table 6.

The concentrations of carbonyl compounds in apartments were significantly
associated with the floor (P<0.05) and increased with higher floor levels. In
the case of detached/multiplex houses, only TVOC and formaldehyde
concentrations showed a statistical difference with the floor.

In contrast, individual VOCs and particulate matter levels did not show a

significant association with the floor.
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Table 6. Association between Indoor Pollutants Levels and Floor.

Apartment Detached/Multiplex houses

192" (n=136) > 3" (n =264) Underground  (n=24) 192" (n=112) > 3" (n =90)
Toluene 114.5 114.8 92.5 79.5 108.1
Ethylbenzene ~ 10.5 10.4 9.7 354 14.2
Xylene 20.6 183 22.0 66.5 27.2
Styrene 7.6 10.9 4.1 7.7 29.2
TVOC 650.4 652.1 1,334.17 692.4" 812.7"
Formaldehyde  110.8" 139.8™ 85.9° 128.8" 135.7°
Acetaldehyde  35.0° 38.9" 41.7 43.9 45.6
Acetone 65.6" 88.0" 105.0 95.2 100.6
PM, 524 45.9 51.1 50.4 52.9
PM,, 58.2 51.0 56.6 53.9 57.5

* (Apartment) Mann-Whitney “p<0.05, “p<0.01, (Detached/Multiplex houses) Kruskal-Wallis * p<0.05, ™ p<0.01
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3.3.4. Season

Figure 1 illustrates the average values of residential indoor pollutants
according to the four seasons: spring (March to May), summer (June to
August), fall (September to November), and winter (December to February).

The indoor temperature and humidity during the spring season was 22.2
°C and 48.7%, respectively. During the summer season, the indoor
temperature and humidity was 28.3 °C and 64.1%, respectively. During the
fall season, the indoor temperature and humidity was 22.7 °C and 54.6%,
respectively. During the winter season, the indoor temperature and humidity
was 19.2 °C and 45.6%, respectively.

There are several reports about variations of residential indoor pollutants
levels by seasons. Some reports suggest that the higher levels of residential
indoor pollutants during the winter season may be due to the colder, harsher
weather conditions, which may result in closed windows and decreased
ventilation. For example, in Britain, it has been reported that there are
higher concentrations of VOCs (208 pg m™) in residential homes during the
winter season compared to the summer season (161 pg m>).0% In Germany,
there are also reports of higher concentrations of major VOCs, including

benzene, during the winter season compared to other seasons.!

However,
there are also reports that suggest the opposite trend. For instance, in
German apartments, VOC concentrations have been reported to be

approximately four times higher during the summer season.” This

observation has been interpreted as being the result of the increase in indoor
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temperature from the hot summer weather, which may facilitate the release
of VOCs from furnishings. Both relative indoor humidity and temperature
have been found to be closely related to indoor VOC emissions."*”

In our research, we observed elevated concentrations of VOCs, including

toluene and aldehydes, in summer due to the fact that the indoor summer

temperature was approximately 9 °C higher on average than the winter

conditions.
H Toluene
B [ Ethylbenzene
I Xylene
[ Styrene
800 B TvoC
[ Formaldehyde
I A cetaldehyde
] B Acetone
P [ PM2.5
= [ PM10
600
= |
g = =
g
= 150
3
2 ]
o]
O 100
50 4
04
Spring Summer Autumn Winter

Figure 1. Seasonal variation of indoor air pollutants in studied houses.
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4. Conclusions

In this study, a detailed investigation of indoor air quality was conducted
in the three most common types of housing. The average concentrations of
chemicals found in the studied houses were higher than those previously
reported for houses in countries with a similar climate. The levels of styrene
were significantly higher in apartments compared to the other housing types.
Formaldehyde concentrations in apartments and detached houses were found
to be influenced by the interior building materials. Other factors, such as
length of residence and floor location, also had an impact on indoor air
quality, although the magnitude of this impact varied among the different

housing types and characteristics.
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Fabrication of Wrinkled Silica Nanoparticles for

VOCs abatement in air

1. Introduction

As described in Chapter 2, wrinkled mesoporous silica could be developed
as various adsorbents with high performance. The character of WSNs (e.g.,
large specific surface area, high porosity, ease of surface modification,
synthesis in mild condition, simple synthesis method, and high possibility of
mass production) open up the possibility of developing WSNs to be
commercial adsorbents. Although the BTEX are the most frequently detected
in indoor air, numerous other volatile organic compounds are co-existed and
induce sick house syndrome and multiple chemical sensitivity to humans.
However, the kind of these unknown VOCs are diversifying due to the
increased air tightness of buildings for energy savings and unintentional use
of chemical products. From the informative annex of ISO 16000 part 5 and
part 6,'* there are 44 organic chemicals listed in Table 1 that are mainly
detected in indoor air. For that reason, World Health Organization (WHO)
announced in 2022 that household air pollution was responsible for an
estimated 3.2 million deaths per year in 2020, including 237,000 deaths of
children under the age of 5.7

In this appendix, the total adsorption capacities of WSNs for 44 chemicals

in air were investigated.



Table 1. Frequently Detected VOCs in Indoor Air and Their Properties.

No. Compounds Molecular formula CAS No. Mvgggflltar pggili?% ) Density
1 Hexane CH;(CH,)sCH; 110-54-3 86.18 69 0.659
2 Chloroform CHCl; 67-66-3 119.38 61 1.492
3 1,2-Dichloroethane CICH,CH,Cl 107-06-2 98.96 83 1.256
4 2,4-Dimethylpentane (CH;),CHCH,CH(CH3), 108-08-7 100.2 80 0.673
5 1,1,1-Trichloroethane CH;CCl; 71-55-6 133.4 74~76 1.336
6 n-Butanol C4H,00 71-36-3 84.16 64 0.673
7 Benzene Ce¢Hsg 71-43-2 78.11 80 0.879
8 Carbon tetrachloride CCly 56-23-5 153.82 76 1.594
9 1,2-Dichloropropane CH;CH(CI)CH,CI 78-87-5 112.99 95~96 1.155
10 Bromodichloromethane CHBrCl, 75-27-4 163.83 90 1.98
11 Trichloroethylene CICH=CCl, 79-01-6 131.39 86.7 1.463
12 Isooctane (CH3),CHCH,C(CHs); 540-84-1 114.23 98 ~99 0.692
13 n-Heptane CH;(CH,)sCH;3 142-82-5 100.21 98 0.684
14 Methyl Isobutyl Ketone (CH;),CHCH,COCH; 108-10-1 100.16 117 0.7978
15 Toluene C¢HsCH; 108-88-3 92.14 110.6 0.866
16 Dibromochloromethane CICHBr, 124-48-1 208.28 119~120 | 2.451
17 Butyl acetate CH;COO(CH,);CH; 123-86-4 116.2 124~126 | 0.882
18 n-Octane CH;(CH,)6CHj; 111-65-9 114.23 118 0.705
19 Tetrachloroethylene Cl,C=CCl, 127-18-4 165.83 121 1.622
20 Ethylbenzene C¢HsC1 100-41-4 106.17 136 0.867
21 ggllggj C¢H4(CHs), igzjéi 106.17 138 0.864
22 o-Xylene C¢H4(CHs), 95-47-6 106.17 138 0.864
23 Styrene C¢HsCH=CH, 100-42-5 104.15 145~146 | 0.909
24 n-Nonane CH;(CH,),CH; 111-84-3 128.26 151 0.72
25 a-Pinene CoHy6 80-56-8 136.26 156 0.9
26 m-Ethyltoluene C,HsC¢H4CHj3 620-14-4 120.19 158~159 | 0.865
27 p-Ethyltoluene C,HsC¢H,CH; 622-96-8 120.19 162 0.861
28 1,2,3-Trimethylbenzene CeH3(CHs)s 526-73-8 120.19 175~176 | 0.894
29 o-Ethyltoluene C,H;CsH4CHj3 611-14-3 120.19 164~165| 0.887
30 [3-Pinene CoHy6 127-91-3 136.24 158~166 | 0.864
31 1,2,4-Trimethylbenzene CeH3(CHs)s 95-63-6 120.19 168 0.876
32 n-Decane CH;(CH,)sCH; 124-18-5 142.28 174 0.73
33 1,4-Dichlorobenzene CsH4Cl, 106-46-7 147 173 1.241
34 1,3,5-Trimethylbenzene CeH3(CHs)s 108-67-8 120.19 162~164 | 0.865
35 D-Limonene CH;CHsC(CH,)CH; 5989-27-5 136.24 178 0.8411
36 Nonanal CoH 50 124-19-6 142.27 190 0.8264
37 n-Undecane CH;(CH;)oCHj3 1120-21-4 156.31 196 0.74
38 1,2,4,5-Tetramethylbenzene (CH3)4CHa 95-93-2 134.22 191~197 | 0.838
39 Decanal CH;(CH,)sCHO 112-31-2 156.3 207~209 0.8
40 n-Dodecane CH3(CHa)10CH; 112-40-3 170.34 216.2 0.749
41 n-Tridecane CH3(CH,);,CH; 629-50-5 184.37 235 0.7564
42 n-Tetradecane CH3(CH,);,CH; 629-59-4 198.4 254 0.767
43 n-Pentadecane CH3(CH,)13CH;3 629-62-9 212.42 271 0.7685
44 n-Hexadecane CH;3(CH,)4CH; 544-76-3 226.45 287 0.773
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2. Experimental

2.1. Chemicals and instrumentation
(3-trimethoxysilylpropyl)diethylenetriamine (DETAS) and 44 component

indoor air standard (100 pg mL"') were purchased from TCI and Supelco,

respectively. All the other chemicals and instrumentation details were

identical described in Chapter 2.

2.2. Surface modification of WSN

The surfactant extracted WSNs (WSN) were prepared by going through
identical procedures stated in Chapter 2. To give a definite surface
functionality, surface modifications were processed by a two step reaction
(Appendix/Figure 1.(b)). First, hydroxyl groups on WSN were exchanged
with an equal number of amine groups by condensation reaction with
DETAS. 0.5 g of WSN were put into 100 mL of ethanol and strongly
stimed to disperse them well. Subsequently, 242.75 pL of DETAS
corresponding to 50 wt% of WSN was added and reacted at room
temperature for 24 h. Thereafter, the solution was centrifuged to precipitate
the nanoparticles, washed three times using ethanol, and then dried to
prepare silica nanoparticles having a wrinkled surface modified with an
amine group (WSN-DETAS).

The WSN-DETAS was used as a starting material for further surface

modifications. Three different coupling agents, 1,2-epoxyoctadecane (OCT),
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1,3-bis(3-chloropropyl)tetrakis(trimethylsiloxy)disiloxane (DIS), 9-chloromethyl
anthracene (ANT), were employed with WSN-DETAS to prepare WSN-ANT,

WSN-DIS, and WSN-OCT as described in Appendix/Scheme 1.(b).

(a) |I| EI . EI
T N y o

|

.%Ct.--". R, Ht“-‘;,/-

|
1,

-

ANTH $chioromehtyl anthracene  DIS"1,3-bis{3-chloroprepyl) { ylsiboxydisil OETD 1. 2-epoayociaducans

(b) WSN-DETAS(1:0.5) == ANT __Reflux  WSN-ANT

{150 ma) [55.5 mg/ Ex0H &0 mi) T0°CH2Zh

i : DIsS Reflux
) WSN [Z:E;F;:.fﬂ.{}.ﬁ} + (138.8 bl ELOH 60 mi) W MG

WSN-DETAS(1:0.5 OCcT Reflux
3 {150 .....-_4;.{ ) + (8.2 rmg/ EYOH 60 mi) W WSN-OCT

Appendix/Figure 1. (a) Coupling agents for surface modification, (b)

Schematic procedure for preparing surface modified WSNs.

2.3. VOCs adsorption performance of four different WSNs

Four sorbent samples were prepared by individually packing 100 mg of
WSN, WSN-ANT, WSN-DIS, and WSN-OCT with quartz wool in thermal
desorption glass tubes (1/4" OD x 3.5" length; Supelco), which were
subsequently sealed as shown in Appendix/Figure 2.

For adsorption experiments, standard solutions of 44 wvolatile organic
compounds were prepared at 500 ppm. The volatile organic compound

standard used was a liquid standard mixture (100 ppm, Japanese indoor air
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standards mixture, Supelco). Adsorption capacities of WSNs were compared
with the commercial adsorbent Tenax-TA (200 mg). The other experimental

details were identical as described in Chapter 2 (Part I).

WSN 100mg

Appendix/Figure 2. (a) WSNs packed thermal desorption glass tubes, (b)

diagram of common thermal desorption tube.

3. Results and Discussion

3.1. Sample characterization

The TGA curves of the WSNs were shown in Appendix/Figure 3(a). The
surface-modified WSNs (WSN-DETAS, WSN-ANT, WSN-DIS, and
WSN-OCT) exhibited a rapid weight loss in a temperature range from 240

to 550 °C. The weight loss ratios of the WSN, WSN-DETAS, WSN-ANT,
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WSN-DIS, and WSN-OCT were about 8%, 16%, 21%, 16.5%, and 16.5%,
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Appendix/Figure 3. (a) Thermogravimetric analysis curves and (b) FT-IR

spectra of WSNs, (c) fluorescence spectrum of WSN-ANT.

Appendix/Figure 3(b) showed the FT-IR spectra of WSNs and
fluorescence emission spectrum of WSN-ANT. In FT-IR spectra, the peaks
in a range of 28502900 cm ' in were assigned to the symmetric and
asymmetric stretching modes of the Cy3-H and Cy»-H. And in lower

wavelength region, the peaks about at 1500 cm™' were detected due to CH,
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scissoring and CH; bending. Anthracene grafted WSN showed the intensity
of fluorescence emitted by anthracene molecules as a function of the
wavelength of the light (Appendix/Figure 3(c)). Anthracene is a polycyclic
aromatic hydrocarbon (PAH) that exhibits fluorescence when excited by
ultraviolet light. The characteristic peaks of anthracene means that anthracene

molecules attach tightly on the surface of WSN.

3.2. VOCs Adsorption capacities of WSNs

Appendix/Figure 4 showed the test results for 44 VOCs adsorption
capacities with WSN, WSN-ANT, WSN-DIS, and WSN-OCT at room
temperature.

As a result of adsorption of aliphatic hydrocarbons, all WSN samples
showed  higher  adsorption  ability = except for n-hexane  and
2,4-dimethylpentane  than the  2,6-diphenyl-p-phenylene  oxide  based
commercial adsorbent. Among the WSNs, surface modified ones recorded
higher performance than WSN. In addition, the adsorption result of aromatic
hydrocarbons showed a relatively better adsorption degree than that of
aliphatic hydrocarbons.

In Appendix/Figure 4(c), all aldehyde compounds showed very low

interaction forces with all WSNs than Tenax-TA.
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Appendix/Figure 4. Adsorption capacities of WSNs for (a) aliphatic
hydrocarbons, (b) aromatic hydrocarbons, (c) aldehyde, alcohol, and acetate,

(d) ketone and terpene.

4. Conclusions

The surface of wrinkled mesoporous silica were successfully modified with
three different coupling agents (9-chloromethyl anthracene, 1,2-epoxyoctadecane,
1,3-bis(3-chloropropyl)tetrakis(trimethylsiloxy)disiloxane). ~ Surface = modified
WSNs showed much higher adsorption performance for 44 volatile organic
compounds in air rather than commercial sorbents (Tenax-TA) except for
aldehydes, n-hexane, and 2,4-dimethylpentane. It is thought that further

research is needed for a detailed interpretation of these results.
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