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Much previous research in different countries describes a strong dependence
on temperature and humidity for indoor air pollutants generated from building
materials. Since many types of building materials are complexly applied in
residential buildings in UAE and are constantly using air-conditioning, the
result might be different from the characteristics of indoor air pollutants
from a small chamber experiment. This paper aims to investigate the
relationship between the concentration of indoor air pollutants according to
changes in temperature and humidity in newly built apartments before moving
in. As a methodology, a field measurement was performed in 23 housing units in
five different residential towers in Ajman, United Arab Emirates. Before the
measurement, a 7-day bake-out was completed, and the target units were
measured 30 days before moving in. The result showed that formaldehyde
(HCHO) and VOCs such as benzene (CgHg), toluene (C;Hg), ethylbenzene
(CgHig), xylene (CgHig), and styrene (CgHg) have consistent humidity
dependence within the range of 15 %—-60% of relative humidity (RH). It was
impossible to confirm the temperature dependency since it showed different
characteristics for each apartment between 22°C and 33°C. There is a limit to
predicting the occurrence of indoor air pollutants in the apartment only with
microclimatic factors since there are many other variables, such as various
building materials, management history of materials, and construction
methods. However, it was proven that there is an emission cut-off point
where the generation of indoor air pollutants deviates from a linear
relationship in the RH 40%-50% and 25°C. These temperature and humidity
ranges are synchronized with daily life ranges.
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Introduction

The residents of Dubai spend more than 90% of their time
indoors due to hot arid desert weather (Jung and Awad, 2021a).
This lifestyle makes them easily exposed to Sick Building
Syndrome (SBS) faster than in any other metropolis (Awad
and Jung, 2021). An environment with poor indoor air quality
deteriorates the health of the occupants (Jung and Al Qassimi,
2022). Formaldehyde (HCHO) and Volatile
Compounds (VOCs) such as Benzene (CgHs), Toluene
(C;Hg), Ethylbenzene (CgHjo), Xylene (CgHjp), and Styrene
(CgHg) are representative indoor air pollutants (Arar and
Jung, 2021).

The generation of these indoor air pollutants from building

Organic

materials is the main factor affecting the indoor air pollution of
the residential environment (Jung et al., 2021a; Jung and Awad,
2021b). VOC emission from building materials is affected by the
environmental conditions to which the materials are exposed and
the influence of internal characteristics such as the type of
material and the total amount of VOC contained in the
material (Jung et al, 2021b). For Indoor Air Quality (IAQ)
tests related to building materials, data are primarily collected
under controlled environmental conditions such as small
chamber tests since they can control other contaminants and
experimental conditions, and most target materials with a clear
history (Darling et al., 2012; Yauk et al., 2020). Therefore, it is
possible to identify contaminants’ emission mechanisms and
influencing factors in building materials via a small chamber
experiment (Uhde and Schulz, 2015).

However, experiments on generating hazardous substances
under controlled conditions have very different emission
characteristics than living spaces such as apartments (Lee
et al,, 2012; Xue et al., 2016). Compared to the small chamber
the affected by
microclimate factors subject to a wide variety of interior

environment, indoor environment is
finishing materials, and control is limited (Zheng et al., 2011).

It is reported that VOC emission in building materials
generally depends on temperature and humidity, which are
representative of indoor microclimate factors (Xiong et al.,
2013; Xie and Suuberg, 2021). In addition, the characteristics
of these building materials will affect the indoor air condition of
the house (Xiong and Zhang, 2010).

Several previous studies have reported seasonal changes in the
concentration of temperature and humidity influence factors
(Chithra and Nagendra, 2012; Deng and Lau, 2019). Most
studies are on the solid relationship between the indoor
concentration of Formaldehyde (HCHO) and temperature and
humidity or suggest a linear relationship between temperature
and absolute humidity (Sachan et al,, 2017). There is a lack of
research on the effects of pollutants in indoor spaces by focusing on
temperature and humidity factors (Al Horr et al., 2016).

Therefore, this study investigates the relationship between
the concentration of indoor air pollutants according to changes
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in temperature and humidity in newly built apartments before
moving in.

Materials and methods

Volatile Organic Compounds (VOCs) emit toxic indoor air
pollutants from certain solids or liquids. VOCs such as
Formaldehyde (HCHO), Benzene (CgHg), Toluene (C,Hg),
Ethylbenzene (CgHjo), Xylene (CgHjp), and Styrene (CgHjg)
are known for adverse health effects and VOCs concentration
is usually ten times higher in indoors than outdoors. VOCs are
emitted by a wide array of products numbering in the thousands.

Exposure to VOCs can cause a variety of negative health
effects called SBS (Sick Building Syndrome), including
irritation to the eyes, nose, and throat, headaches and the
loss of coordination, nausea, and damage to the liver, kidneys,
or central nervous system (Table 1). Some VOCs are suspected
or proven carcinogens. Benzene (C4Hs) and Ethylbenzene
(CgHyp) exposure are linked with an increased risk of
leukemia and hematopoietic cancers. Toluene (C,;Hg) and
(CsHyo) but
produce reproductive adverse effects; especially when

Xylene are non-carcinogenic, they may
exposures are chronic at low to high concentrations
(Masekameni et al., 2019).

VOCs are widely used as ingredients in household products
such as paints, varnishes, and wax for cleaning, disinfecting
cosmetics, degreasing, and hobby products. Fuels are also
made up of organic chemicals. All of these products can

release organic compounds while you are storing or using them.

Physical intrinsic properties of volatile
organic compounds

Table 2 shows the physical properties of typical chemical
substances reported in indoor environments: Formaldehyde
(HCHO), Benzene (CgHg), Toluene (C,Hg), Ethylbenzene
(CgHyp), Xylene (CgHjp), and Styrene (CgHg). The intrinsic
properties of these chemicals also act as a direct cause of
differences in the emission properties of chemicals.

In the relationship between a chemical’s intrinsic boiling point
and volatility, the one with the lower boiling point vaporizes first,
and the higher the volatility (Mirzaei et al., 2016). The boiling point
is a measure of intermolecular attraction because a high boiling
point means solid intermolecular attraction (Zhong et al., 2012). In
addition, intermolecular attraction is generally said to be highly
volatile when the molecular weight is negligible. The smaller the
molecular weight is, the weaker the intermolecular force is and thus
evaporates quickly (Regmi et al,, 2012; Ravula et al., 2019).

Da Silva et al. (2017) reported that, in the case of individual
VOC chemicals, the relationship between the boiling point and
the concentration in the chamber showed a negative linear
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TABLE 1 The effects of hazardous substances on the human body.

Hazardous substances

Formaldehyde (CH,O)

Volatile Organic Compounds

(VOCs)

Benzene (CgHg)

Toluene (C;Hg)

Ethylbenzene (CgH,)

Xylene (CgHj()

Styrene (CgHg)

Dichlorobenzene
(CeH4Cly)

Sources

- Plywood, particle board

- Urea/Melamine/Phenolic
Synthetic resin

- Dye, organic pigment, plasticizer

- Chemical intermediates for synthetic rubber,
nitrobenzene

Phenol and synthetic compounds

- Solvent thinner for adhesive paint

- Construction adhesive

- Building materials and furniture using adhesives

- Interior Fitout adhesive

- Building materials and furniture using adhesives

- Adhesive raw material

- Synthetic resin paint

- Insulation and carpet

- Deodorant, insecticide, pesticide
- Organic synthetic products

- Dyes

TABLE 2 Physical intrinsic properties of chemical substances.

Name CAS number Molecular weight
(g/mol)

Formaldehyde (HCHO) 50-00-0 30.02

Benzene (CsHg) 71-43-2 79.11

Ethylbenzene (CsHj,) 100-41-4 106.17

Styrene (CsHg) 100-42-5 104.14

Xylene (CgHo) 1330-20-7 106.16

Toluene (C;Hg) 108-88-3 92.14

relationship, and a chemical with a high boiling point showed a
low concentration in the small chamber.

Also, considering the relationship between vapor pressure and
volatile chemical substances, vapor pressure refers to the partial
pressure of water vapor in the atmosphere (Chapman, 2011).
Chemical substances with high vapor pressure are more likely to
evaporate on the surface of the liquid, and at this time, the volatility
increases (Torimoto et al., 2010). Vapor pressure is related to the
nature of the liquid to vaporize, and if the vapor pressure is high, the
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The effects on human
body

- May cause cancer

- Minor irritation to the eyes
- possible sore throat

- May cause cancer

- Dizziness during acute exposure

Vomiting, headache, drowsiness
- Effects on the central nerve system

- Eye or airway irritation when exposed to high
concentrations

- Fatigue, vomiting

- Effects on the central nerve system

- Irritation to the throat or eyes

- Prolonged skin contact may cause dermatitis
- Central nerve system depressant

Action

- Inducing fatigue, headache, insomnia,
excitementetc.

- Affects the lungs and central nerve system

- Causing drowsiness or dizziness

- No evidence of carcinogenic potency

Vapor pressure

Vapor density

(C) (mmHg) (g/ml)
-19 3890 0.815

80 1790 0.874
136 7.1 3.66

146 6.4 3.60
138.5 6.6 3.70

111 28.4 3.15

tendency of molecules to evaporate occurs. As the temperature rises,
the water vapor pressure increases; thus, the emission of chemicals
tends to depend on the water vapor pressure (Shirazi et al., 2019).
Therefore, temperature’s effect on chemical emission is due to the
positive impact of temperature on the diffusion of VOCs and water
vapor pressure (Chung et al., 2019).

Xu and Zhang (2011) reported that the relationship between
vapor pressure and chamber concentration of individual VOC
chemicals showed a static linear relationship and that chemicals
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TABLE 3 The review of relevant previous research.

10.3389/fbuil.2022.1018395

- VOC emission according to temperature and RH with wood composite materials

- Temperature 15°C-30°C, VOCs increased 1.5-129 times
- RH from 50 % to 80%, VOCs increased 1-32 times

- Gypsum board, wallpaper, and carpet test with different RH conditions

- Temperature range limit chemical emissions from building materials

- The effect of temperature and humidity of VOC on textile flooring materials between 23°C and 71°C

- Styrene (CgHg) showed little temperature dependence

- Temperature and RH have essential implications for varnish and paint emission

- TVOC is temperature-dependent, but each VOCs show different patterns

- Test for carpet, PVC flooring, sealant, water-based paint, and floor varnish

- After 1 week, most VOC emissions increased with increasing temperature

Researchers Year Contents
Lin et al. (2021) 2021
Que et al. (2013) 2013
Lee and Kim (2012) 2012
Zhou et al. (2020) 2020
Wi et al. (2020) 2020
Kevin et al. (2018) 2018

- Formaldehyde (HCHO) emission properties from particleboard and plywood

- Dependence on temperature and RH, the value of the emission amount has a significant deviation

with high vapor pressure had higher chamber concentrations. On
the other hand, the relationship between the polarity and
volatility of chemicals is that non-polar components are
highly volatile (Aruoja et al., 2014). Those soluble in water are
highly polar, and those insoluble in water are non-polar. Most
nonpolar molecules are highly volatile because of the low
intermolecular attraction (Zhang et al., 2017).

Rizk et al. (2016) reported that the adsorption of VOC chemicals
in flooring materials is generally divided into two types, namely,
hydrophilic and hydrophobic, related to the proportionality constant
of polarity and non-polarity. Water molecules tend to adsorb
hydrophilic substances. Therefore, when the Relative Humidity
(RH) increases, the hydrophilic chemical is further desorbed, thus
the amount of emission in the room (Huang et al, 2021).

In other words, the volatility of chemical substances is related to
experimental environments, such as temperature and humidity. As
the temperature and absolute humidity increase, the vapor pressure
rises, and volatility occurs when the vapor pressure increases (Davis
etal,, 2016). Therefore, indoor building materials can be predicted to
volatilize actively in an environment with a high temperature,
increasing the amount of generation indoors (Rauert et al,, 2015;
Persson et al., 2019).

The intrinsic properties of each chemical and the emission
effect are firmly related. The characteristics of this correlation
help predict the emission pattern and emission amount of
specific VOCs (Zheng et al., 2010).

Relationship between emissions from
building materials and temperature/
humidity

Chemical emission in building materials is affected by many
factors (Zhang et al., 2014). Many researchers report that the

Frontiers in Built Environment

emission mechanism varies depending on the type of building
material and climatic and environmental factors, and the
intrinsic properties of each hazardous substance. In particular,
it depends on temperature and humidity (Missia et al., 2010).

The emission of chemical substances in building materials is
generally divided into diffusion inside the building material and
surface emission through a complex material transport process
(Asdrubali et al., 2017).

The diffusion of chemicals inside a building material is
affected by the material’s concentration, pressure, temperature,
or density (Huang et al, 2015). It is also proportional to the
intrinsic diffusion coefficient for each chemical substance. Each
chemical’s diffusion coefficient depends on molecular weight,
volume, and temperature. In particular, it relates to the
characteristics of the building material in which diffusion
occurs. This indicates that the emission properties of
chemicals may vary depending on the type of building
material (Kim et al.,, 2011).

On the other hand, surface emission of chemical substances
from building materials occurs by the action of evaporation and
convection between the surface of the material and the air layer
above it (Huang et al., 2013). Surface emission is proportional to
the mass transfer coefficient for each chemical. It depends on the
generation environment in which the physical properties of the
air at the boundary layer, materials’ surface properties, and the
surface airflow’s velocity act.

In other words, the surface-emission process in the path of
chemical substances generated in building materials tends to be
more dependent on the environment in which it occurs, and the
diffusion process in building materials depends on the
characteristics of the material (Xiong et al., 2012). Since these
two processes generally occur consecutively, it can be said that
the emission of chemical substances from building materials is
due to environmental and material characteristics based on the

frontiersin.org
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FIGURE 1

Apartments in Ajman, UAE (upper left: Ajman Corniche residence, upper right: Conqueror tower, bottom left: Oasis towers, bottom right:

Horizon tower).

inherent characteristics of chemical substances (Bourdin et al.,
2014).

Previous studies to secure emission data from building
materials were experiments through artificial climate rooms or
chambers in which climatic and environmental factors can be
controlled (Table 3).

Lin et al. (2021) tested VOC emission characteristics
according to temperature and RH through a chamber
experiment with wood composite materials. It was reported
that when the temperature increased from 15°C to 30°C, the
VOCs increased by 1.5-129 times, and when the RH increased
from 50 % to 80%, it increased by 1-32 times (Suzuki, 2019).

The emission of chemicals from building materials is significantly
affected by temperature and relative humidity. However, the increase
in temperature and humidity does not always increase, and there are
many other influencing factors, such as temperature range, VOC type,
and material type (Jiang et al., 2017).

Que et al. (2013) tested gypsum board, wallpaper, and carpet
under different RH conditions and concluded that the emission
properties depend on the material types. Studies show that the
chemical and temperature range limit chemical emissions from
building materials.

Frontiers in Built Environment
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Lee and Kim (2012) studied the effect of temperature and
humidity of VOC on textile flooring materials when the
temperature range was 23°C-71°C and the relative humidity
was 0 % and 45% under zero ventilation (equilibrium state).
He reported that VOC substances such as Styrene (CgHg) showed
little temperature dependence, but low volatility compounds
such as Benzothiazole (C;HsNS) showed strong temperature
dependence. His experiments found that all VOC substances
were not dependent on the typical room temperature range of
23°C-30°C. Therefore, although building materials’ emission
depends on temperature and humidity, it is affected by the
content used in experiments such as bakeout (Kang et al., 2010).

Zhou et al. (2020) revealed that temperature and humidity
have essential implications for varnish and paint emission
through a small chamber experiment using paint and varnish.
TVOC appeared to be temperature-dependent, but individual
VOC showed a different pattern, so it was necessary to
understand the temperature dependence for each material. In
the case of humidity, it is reported that it is difficult to detect the
trend of fluctuations.

Wi et al. (2020) measured VOC emission for carpet, PVC
flooring, sealant, water-based paint, and floor varnish. After the
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TABLE 4 Overview of the target housing.

Apartment name Location
A (Ajman Corniche residence) Ajman Corniche
B (Conqueror tower) Sheikh Maktoum Bin Rashid Street
C (Oasis towers) Al Rashidiya 1, Ajman
D (Horizon tower) Ajman Downtown, Ajman
E (Aida tower) Musherief, Ajman
Ajman Corniche Residence 2,200 sgm

2 Bedroom Type 2-G

006 T T O
TR RIRRRRRIRRREELE, 72

2505 SR RRRRRL
JRRRRLHERRIES ISR
AN et e %ttt et e et e et e et tatenatesess

Oasis Towers 1,800 sgm
2 Bedroom Type A

FIGURE 2

2 Bedroom Type B

10.3389/fbuil.2022.1018395

Bake-out period Measured time Measured units
12/8-12/14 (7 Days) 16 December 2020 4
1/3-1/8 (7 Days) 10 January 2021 4
11/14-11/20 (7 Days) 22 November 2020 5
1/31-2/6 (7 Days) 8 February 2021 6
11/26-12/2 (7 Days) 4 December 2020 4
Conqueror Tower 2,300 sgm

\\

g
1

Dining room

Horizon Tower 1,720 sqm
2 Bedroom Type A1

FSanoon

Floor plans for Ajman Corniche residence, Conqueror tower, Oasis towers, and Horizon tower.

material’s ventilation for about 1 week, most VOC emissions
increased with increasing temperature.

It is reported that VOC emission increased when the
humidity was increased to 50%. Still, when the experiment
was conducted after 3 weeks of ventilation, VOC emission
from the building material showed a tendency independent of
temperature and humidity. This means that depending on the
experience (difference in the content of internal pollutants), such
as ventilation of materials, the dependent tendency according to
temperature and humidity can be different (Liang et al., 2016a).

Frontiers in Built Environment

Kevin et al. (2018) report on Formaldehyde (HCHO)

emission properties in particleboard and plywood. Although it
shows dependence on temperature and humidity, the value of the
emission amount has a significant deviation, which is reported to
be caused by improper experimental control, the difference in
testing procedure, the effect of time elapse of material, and the
difference in emission mechanism for each material.

In other words, it was identified that the chemical substances

generated from building materials tend to be dependent on
temperature and humidity but may show a different tendency
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TABLE 5 Temperature and humidity distribution in target housing units.

Apartment name Humidity (%)

10.3389/fbuil.2022.1018395

Temperature ("C)

Mean Standard deviation Mean Standard deviation
A (Ajman Corniche Residence) 58.4 +4.1 25.4 +1.1
B (Conqueror Tower) 60.5 +3.8 25.1 +0.8
C (Oasis Towers) 57.3 +4.5 26.5 +0.5
D (Horizon Tower) 52.7 +3.5 24.8 +1.6
E (Aida Tower) 60.1 +4.2 26.7 +0.6
Total 57.8 +10.2 25.7 +2.8

TABLE 6 Measuring IAQ factors and methods.

Measuring factors Measurement

Indoor
temperature

Background
factors

Digital thermo-hygrometer
(TR-72U)

Relative humidity
CH,O

TAQ factors DNPH cartridge £300 Pump

Measuring time

10:00 am-6:00 p.m. (Autosave every 5 min
for 8 h)

20 min)

VOCs Tenax tube X300 pump

20 min)

on factors such as the type of material, temperature range, and
material history (Verdier et al., 2014).

Therefore, not all experiments show a dependence on
temperature and humidity. It can be seen that the material’s
experience (contaminant content) and the range of temperature
and humidity are essential variables.

The contents described above are the contents of experiments
in a controllable environment with building materials. The
emission characteristics of building materials in the living
space of an actual house may be different (Wang et al., 2018).

The indoor space has more influencing factors than the
experimental space (Kim et al, 2012). Despite this, it is
necessary to study whether the principles shown in building
materials will be applied. Examining how many reduction
measures can be achieved by controlling temperature and
humidity in living conditions is essential.

Xiong et al. (2021) report that the winter concentration is
higher than the summer in the seasonal indoor concentration
survey. It can be seen that they are not related. The indoor
concentration of VOC is affected by many parameters: the type of
pollutants such as furniture, fluctuating temperature, relative
humidity, ventilation rate, internal activity, and adsorption effect.

Liang et al. (2016b) concluded there is a strong correlation
with temperature by measuring Formaldehyde (HCHO) in
apartment buildings. That temperature has the most vital
explanatory power, such as temperature, humidity, and
household location.

Frontiers in Built Environment
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Measuring location

1.5 m from the floor in the center of the living
room

10:00 am-6:00 p.m. (Measured every

10:00 am-6:00 p.m. (Measured every

E 160 -
140 Q'.‘
=1 120 4 »=10.02¢""* R
2 R =0.8891
£ 100
g L I
£ 80 -
S 60 g
=
£ 40
=
S 20
E
= 0 T T T
0 10 20 30 40

Relative Humidity (%)

FIGURE 3
CH,0O concentration change according to humidity change
in A (Ajman Corniche residence).

(2019) stated that the
concentration of Benzene (C¢Hg) and TVOC was different in

In addition, Hazarika et al
the summer season, when the temperature and humidity were
high, compared to the mid-season and winter season. He said
that further research was needed. Takigawa et al. (2012) report
change in chemical substances according to humidity changes in
The
concentrations of VOCs tend to increase with the increase in

newly built apartment houses before moving in.

humidity. However, it was reported that toluene was not
significantly affected by the rise and fall of humidity. It can be
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FIGURE 4
CH,O concentration change according to humidity change
in D (Horizon tower).
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FIGURE 5

CH,0O concentration change according to humidity change
in E (Aida tower).

seen that the dependence trend on temperature and humidity for
each material may be different.

According to Kim et al. (2012), when the indoor air
temperature is generally between 17°C and 28°C, in the case of
floor heating, the concentration of VOCs fluctuates depending
on the temperature conditions of the flooring (temperature of
50°C-60°C). His study reported that the formaldehyde was not

TABLE 7 Coefficient (R?) between each chemical and humidity.

Indoor air A (Ajman B (Conqueror
pollutants Corniche residence) tower)
Formaldehyde (HCHO) 0.88 0.42

Toluene (C;Hg) 0.87 0.15

Ethylbenzene (CsHj) 0.28 0.56

Styrene (CgHg) 0.81 0.21

Xylene (CgHjo) 0.79 0.22

Benzene (C¢Hg) 0.10 0.48

Frontiers in Built Environment
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released from the floor ash at 23°C-29°C. It is said that
formaldehyde was mainly released when the temperature was
raised to 50°C.

Therefore, it is concluded that most plywood flooring
materials can affect indoor air pollution when used for floor
heating (Lee and Kim, 2012). This indicates that temperature
and humidity generally affect the emission of chemicals in
building materials, but the influence decreases in the
temperature range of daily living conditions (Liang et al.,
2015).

Research method

The target housing in this study was the apartments in
Ajman, completed in 2020, and the overview of the measured
households is shown in Figure 1 and Table 4.

The measured housing units were constructed according
to a standardized procedure. Since there are no seismic
activities in UAE, the structure of high-rise residential
buildings is reinforced concrete with a flat slab, which is
different from other countries using beams and girders. There
is no reinforced concrete load-bearing wall structure in high-
rise residential buildings because most of the residential
buildings in UAE are more than 40 stories. Cinder blocks
are used to fill the gap between reinforced concrete columns.
Cement and insulation spray is the next step. The final wall
finish will be either an aluminum panel or paint. They were
measured 30 days before moving in, and a bake-out was
performed 7 days before the measurement.

Each apartment’s floor plan with the area is shown in
Figure 2, and the measurement point is the middle point of
the living room. The height of the living room varies between
3.1 and 3.2 m. Since the same developer, AQAAR, built it,
they used the same type of central A/C and similar types of
building materials such as floor tiles, floor marbles, water
paint wall finish, and the same kind of built-in closet (Aqaar,
2021). When all the units were measured, they were not
occupied.

In addition, the temperature and humidity of the indoor air
were measured during the measurement, and the distribution of

C (Oasis D (Horizon E (Aida Total
towers) tower) tower)

0.46 0.48 0.33 0.56
037 023 0.16 032
0.88 038 0.47 0.15
0.85 037 0.08 0.18
0.70 0.11 0.14 0.01
0.44 0.17 0.03 0.19
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Formaldehyde (HCHO) and VOCs distribution according to indoor humidity change.

the average temperature and humidity and standard deviation of
the measured households for each apartment is shown in Table 5.

The measured indoor air pollutants were Formaldehyde
(HCHO) and VOCs. The measurement method is based on
the WHO standards, measured at 1.5 m from the living room
center from 10 a.m. to 6 p.m. (Table 6) (WHO, 2021). For the first
step to measure formaldehyde (HCHO) concentration, all
windows and interior furniture doors are opened for 30 min
to perform natural ventilation before sampling. As the second
step, close all the windows for more than 5 h to prevent airflow
(Shrubsole et al., 2019). The furniture doors and the built-in
cabinet are opened to allow air movement for indoor air
pollutants collection. In the third step, a sample is collected
with a DNPH (2,4-Dinitrophenylhydrazine) cartridge after 5 h,
rolled up with tinfoil to block any possible light effects
(Sarigiannis et al., 2011). At this time, the natural and forced
ventilation are sealed, and samples are collected. An ozone
scrubber is used when collecting air samples, and 15L is
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collected for 20 min using a precise mini suction pump
(0.5 ml/min). The air samples in the last step are precisely
by  HPLC
Chromatography). In the TVOC concentration measurement
method, the two stages of the formaldehyde (HCHO) sampling
method is the same, and a Tenax tube is used in the third step

analyzed (High-Performance Liquid

(Rovelli et al., 2019). The last step analyzes the air sample by GC/
MS (Gas Chromatography/Mass Spectroscopy). However, since
the device used in this study is a direct-reading method for
instantaneous values, it measures instantaneous concentrations
multiple times, unlike the collection method of process test
methods (Rizk et al., 2018). In addition, since this study also
aims to identify the influencing factors, it has the meaning of
multiple measurements to collect time-variation values rather
than one-time measurements in one building (Yu and Kim,
2010). To avoid the errors of manual reading, two minimum
and maximum readings were excluded, especially from the
measurement of formaldehyde (HCHO).
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Results

Characteristics of concentration change
of chemical substances according to
indoor humidity changes

Figures 3-5 show the change in the concentration of
formaldehyde (HCHO) according to the humidity change for
the measured households of A (Ajman Corniche Residence), D
(Horizon Tower), and E (Aida Tower). The change in the
concentration of formaldehyde (HCHO) indicates the
fluctuation pattern of the exponential function graph. The
value of R* indicates the degree of fit between the measured
value and the exponential function graph. In analyzing the
measurement results of this experiment, the suitability of the
linear graph and the exponential function graph was reviewed to
find a graph suitable for the fluctuation of the measurement
result value. In most cases, the compatibility with the exponential
function graph was higher, so this was applied.

In addition, Table 7 summarizes the R® values of each
chemical for each apartment. R® is a coefficient indicating the
fit with the linear graph in the case of the whole. Examining the
distribution characteristics of chemical substances according to
humidity change for each apartment, the fluctuation pattern of
each chemical substance according to humidity change in all
apartments shows a quantitative exponential relationship.

In the case of A (Ajman Corniche Residence), the value of R*
was found to be between 0.88 (CH,O) and 0.10 (C4Hg), as it
differs for each material. Also, B (Conqueror Tower) is 0.56
(CgH,0)-0.15 (C;Hg), C (Oasis Towers) is 0.89 (CgH,;()-0.38
(C,Hg), D (Horizon Tower) is 0.48 (CH,0)-0.11 (CgH,(), and E
(Aida Tower) is 0.47 (CgH;0)-0.03 (C¢Hg). The humidity within
the measured household for each apartment is about 20 %-60%,
the humidity range in daily life. Although there was a difference
in the degree of each apartment, the correlation with humidity
dependence was consistently shown.

Figure 6 shows the concentration distribution of chemical
substances according to the indoor humidity change for all
23 homes. As shown in Figure 6, although there is a
difference in the degree of each indoor air pollutants, there is
a static and linear dependence on the humidity in all indoor air
pollutants. As a result of verifying the suitability of the linear
graph and the exponential function graph in the analysis of the
measured values, the linear graph were adopted because the
suitability of the entire target house was higher.

Formaldehyde (HCHO) showed the most significant
dependence on humidity (R* = 0.5 6). Analyzing this again by
chemical substance, the value of R® for formaldehyde (HCHO)
was 0.56 for all subjects, and it was found to exist between
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TABLE 8 Coefficient (R?) between each chemical and temperature.

10.3389/fbuil.2022.1018395

Indoor air A (Ajman B (Conqueror C (Oasis D (Horizon E (Aida Total
pollutants Corniche residence) tower) towers) tower) tower)

Formaldehyde (HCHO) 0.90 0.42 0.44 0.19° 0.41 0.03*
Toluene (C,Hsg) 0.91 0.64 0.62 0.03* 0.57 0.05°
Ethylbenzene (CgH,o) 036 0.56 0.61 0.58° 0.01 0.05°
Styrene (CgHs) 0.85 0.54 0.58 0.01° 0.65 0.01
Xylene (CgH,0) 0.86 0.02 0.32 0.42° 0.03 0.01
Benzene (C¢Hg) 0.17 0.56 0.24 0.09 0.09 0.07*
“A negative exponential function or a linear relationship.

TABLE 9 Average concentration distribution of each chemical.

Indoor air A B C D E Total
pollutants (unit:

pg/m’)

Formaldehyde (HCHO) 100.3 (+37.1) 171.6 (+27.1) 154.1 (+43.0) 68.0 (+10.6) 73.1 (£30.6) 1132
Toluene (C,Hyg) 458.6 (+227.6) 445.4 (+146.6) 791.3 (£119.2) 98.1 (+20.7) 194.1 (+114.2) 397.4
Ethylbenzene (CgH,o) 582 (£21.5) 25.6 (+27.8) 176.7 (+96.6) 21.2 (£9.09) 26.4 (+11.9) 61.5
Styrene (CgHs) 26.2 (+13.2) 21.4 (+6.6) 58.8 (£28.9) 27.4 (+10.4) 14.2 (+5.7) 29.4
Xylene (CgHo) 220.1 (+118.1) 57.2 (£35.0) 414.8 (+167.7) 91.2 (+54.4) 219.2 (+134.0) 200.4
Benzene (CgHg) 42 (+1.1) 35 (£2.4) 9.5 (+1.2) 1.8 (+0.7) 2.3 (+0.8) 42
0.88 and 0.34 for each apartment. temporary emission amount slightly out of a linear

In the case of Toluene (C,Hg) as a whole, the value of R* is
0.31, 0.87 to 0.15 for each apartment, 0.15 for Ethylbenzene
(CgHjp) as a whole, 0.89 to 0.29 for each apartment, and 0.18 for
Styrene (CgHg) as a whole, 0.86 to 0.07 for each apartment. In the
case of Xylene (CgHjy), it was found that the value of R* was
between 0.01 for all, 0.80-0.11 for each apartment, 0.19 for
Benzene (C¢Hg), and 0.48-0.03 for each apartment.

In the suitability analysis of the linear relationship in chemical
substances, except for a few cases [Benzene (C¢Hg) in apartments A
(Ajman Corniche Residence) and E (Aida Tower), Toluene (C;Hg)
in B (Conqueror Tower) and E (Aida Tower), and Styrene (CgHg) in
E (Aida Tower)], the case where the entire house was analyzed in
each apartment It was confirmed that the relative weakening as
compared to the point of analysis.

In the case of the apartment to be surveyed, as it is a building
of the same company, it can be said that the building materials
and construction procedures are standardized, so they are
of the effect of
temperature and humidity on chemical substances in a house

generally similar. Therefore, analysis
is judged to be a factor that causes a difference in the results
between the fundamental analysis and the analysis for individual
apartment units.

In the analysis of the entire house, it was found that

Ethylbenzene (CgHjo) and Styrene (CgHg) showed a high
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relationship within the range of about 40-50% of RH. It can
be predicted that a high source of indoor pollutants exists within
a limited humidity range. The cause of this phenomenon is
whether it is due to the diversity of materials applied indoors,
of
chemicals. Whether this is due to the difference is judged to

management conditions, and inherent characteristics
require further study. In particular, Formaldehyde (HCHO) is a
material with hydrophilicity. It can be predicted to have a strong
relationship with humidity. It was confirmed that it is a substance
that consistently shows a strong dependence according to

changes in humidity in the analysis of the entire apartment.

Characteristics of concentration change
of chemical substances according to
indoor temperature changes

Figures 7-9 show the pattern of toluene concentration
change according to temperature change for the measured
households of A (Ajman Corniche Residence), D (Horizon
Tower), and E (Aida Tower) among the survey apartments.

The change in the concentration of toluene indicates the
fluctuation pattern of the exponential function graph, and the
value of R” indicates the degree of fit between the measured value
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Formaldehyde (HCHO) and VOCs distribution according to indoor temperature change.

and the exponential function graph. Table 8 summarizes the R*
values of each chemical for each apartment. R* is a coefficient
indicating the fit with the linear graph in the case of the whole.

Looking at the distribution characteristics of chemical
substances according to temperature change for each
apartment, in the case of apartment A (Ajman Corniche
Residence), the R* value indicates the degree of fit between
the changing pattern of Formaldehyde (HCHO), Benzene
(CeHp), (C;Hg), Ethylbenzene (CgHip), Xylene
(CgHjp), and Styrene (CgHg) and the exponential function
graph was 0.90 (CH,O) to 0.17 (C¢Hg), in B (Conqueror
Tower) 0.64 (C,Hg) to 0.01 (CgH,(), in C (Oasis Towers) 0.61
(CgHjp) to 0.24 (C¢Hg), in E (Aida Tower) 0.66 (CgHg) to 0.01
(CsHip).

However, in the case of D (Horizon Tower), the value of R* was
negative for all materials except Benzene (CsHg), and it was found to

Toluene
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exist between —0.58 (CgH) and —0.01 (CgHy). A (Ajman Corniche
Residence), B (Conqueror Tower), C (Oasis Towers), and E (Aida
Tower) show the same tendency to establish a positive proportional
relationship. In contrast, D (Horizon Tower) shows a negative
association except for only Benzene (CsHj).

Table 9 shows the distribution of the average concentration
of each pollutant for each household measured by apartment. In
the case of D (Horizon Tower), the concentration (amount of
generation) is minimal compared to other apartments, and the
standard deviation is relatively small, so it can be seen that the
distribution range of the concentration change according to
temperature and humidity is very small compared to other
substances.

This characteristic can also be confirmed in Figures 7-9. The
toluene emission concentration of other apartments is generally
higher than 200 ug/m’ to close to 1,000 ug/m”.
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On the other hand, it can be seen that apartment D shows a
low concentration distribution from less than 140 ug/m’ to
60 ug/m’. It was confirmed that, unlike humidity, the degree
of chemical generation strongly influenced the temperature-
dependent tendency at temperature, and the temperature
dependence was weakened below a certain amount.

On the other hand, as a result of examining the relationship
between the distribution of indoor chemicals and temperature for
all measurement households, as shown in Table 8, the correlation
coefficient R* does not show a linear trend in the indoor
temperature range of 23°C-33°C. When looking at each
material, the value of R* exists between 0.90 and 0.40, except
the
formaldehyde (HCHO) in each apartment was negative.
Toluene (C;Hg) exists between 0.91 and 0.51, Ethylbenzene
(CgHyp) exists between 0.61 and 0.01, and Styrene (CgHj)
exists between 0.85 and 0.55. Xylene (CgH,) ranges from
0.87 to 0.01, and Benzene (C¢Hg) ranges from 0.56 to 0.09.

As such, although there is a difference in degree for each

for D (Horizon Tower), where concentration of

apartment, they all show a quantitative linear relationship, and it
can be evaluated that they offer suitable suitability, except for
Xylene (CgH;p) in B (Conqueror Tower), Ethylbenzene (CgH; ()
in E (Aida Tower). However, when the case of D (Horizon
Tower) is added, it can be seen that the suitability is significantly
weakened, as described above. Therefore, it was determined that
the trend identification of the overall target housing was
attributed to the characteristics of individual apartments. It
can be seen that the tendency of dependence on temperature
rather than the degree of consistent support on humidity, as
described above, is weakened.

Also, looking at the temperature and humidity characteristics
of the house used for the analysis, the humidity is in the range of
7.1 %-64.4%, and average humidity of 28.8% is reported.
Compared with the 31.9% (+11.2%) in this study, it is judged
that the humidity distribution is similar.

Meanwhile, Figure 10 shows the concentration distribution
of each chemical according to temperature change for the entire
measurement generation. As can be seen from the figure, the
concentration distribution of each chemical according to the
temperature change does not show a linear relationship. Instead,
it offers two distribution groups that form a bell shape. It can be
seen that there is a case group with a high incidence around the
room temperature of 25°C, and a bell-shaped distribution group
exists, although the degree of occurrence is small at around 32°C
compared to 25°C. It is understood that there is a temperature
division point where the generation of chemical substances in the

indoor air condition in the house increases.

Discussion

Formaldehyde (HCHO) is a hydrophilic material, and a
strong relationship with humidity can be predicted. Still, in
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the case of Ethylbenzene (CgH;o) and Styrene (CgHg), there is
a case where the temporary release amount slightly deviates from
the linear relationship within the range of about 40%-50% of the
RH. It can be predicted that a high generating source among
indoor pollutant sources exists within a limited humidity range.
Further research is needed to determine whether the cause of this
phenomenon is due to the diversity of materials applied indoors
or differences in management conditions and inherent
characteristics of chemical substances.

There is a temperature breakpoint where the generation of
chemicals in the indoor air condition in a house increases. This
distribution characteristic can be considered related to the
existence of a temperature range in which radiation is
activated for each material due to the features of the building
material. In addition, it can be considered that different
construction methods for each apartment influence indoor
concentration. These results should be studied more closely in
future studies.

Conclusion

Much previous research in different countries describes a
strong dependence on temperature and humidity for chemicals
generated from building materials. However, since many types of
building materials are complexly applied in housing and the
residential buildings in UAE are constantly using air-
conditioning, it appears different from the characteristics of
chemical generation in a precise small chamber environment.
The results of the study are as follows.

First, Formaldehyde (HCHO), Benzene (CsHg), Toluene
(C;Hg), Ethylbenzene (CgHjo), Xylene (CgHip), and Styrene
(CgHg) have consistent humidity dependence within the range
of 15%-60% of RH in the room. Among the above chemicals, it
was shown that Formaldehyde (HCHO) showed a strong
dependence.

However, as for the temperature, it was impossible to confirm
the consistent support as it showed different characteristics for each
house or apartment within the indoor temperature range of
22°C-33°C. This indicates that the microclimate factor that
suppresses or controls the generation of indoor pollutants
requires more attention to humidity and temperature, and
humidity control is a controllable factor that can reduce pollutants.

Second, when the emission amount is much smaller than the
average concentration of the entire house and the emission
amount’s standard deviation is minimal, the temperature
dependence is weakened when the concentration emission
range according to the temperature change is minimal.
Identifying a certain concentration level for this is a part that
needs to be systematically studied in the future.

Third, there is an emission cut-off point where the generation
of chemical substances deviates from a linear relationship in the
range of relative humidity of 40%-50% and the room
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temperature of 25°C. These temperature and humidity ranges
imply a lot of meaning and importance as they are the ranges in
daily life.

Fourth, there is a limit to predicting the occurrence of
chemical substances in a house only with microclimatic
factors such as temperature and humidity. Other than that,
there are many variables, such as the types of various building
materials, management experience (contaminant content) of
materials, and construction and application characteristics.

Fifth, in future research, more systematic study is required to
identify the complex factors that affect the emission of pollutants in
the indoor environment and their influence in a hot desert climate.
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