Journal of Environmental Protection, 2014, 5, 310-326 .0:0 Scientific
Published Online March 2014 in SciRes. http://www.scirp.org/journal/jep .02:0 Research
http://dx.doi.org/10.4236/jep.2014.54034

Seasonal and Temporal Variations in
Volatile Organic Compounds in Indoor and
Outdoor Air in Al-Jahra City, Kuwait

Nabeel M. Al-Khulaifil, Humood F. Al-Mudhaf?, Raslan Alenezi?,
Abdel-Sattar 1. Abu-Shady?*, Mustafa I. Selim3

1Department of Environmental Health, College of Health Sciences, Public Authority for Applied Education and
Training (PAAET), Adailiyah, Kuwait

2Department of Chemical Engineering Technology, College of Technological Studies, Public Authority for Applied
Education and Training (PAAET), Adailiyah, Kuwait

3Department of Pharmacology and Toxicology, Brody School of Medicine, East Carolina University, Greenville, USA
Email: “aasattar44@yahoo.com, ai.abushady@paaet.edu.kw, 19abushady44@gmail.com

Received 7 December 2013; revised 5 January 2014; accepted 3 February 2014

Copyright © 2014 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

Indoor and outdoor air samples were simultaneously collected from the largest office building in
Jahra City during 57 sampling events between August 2010 and November 2011. The collected
samples were analyzed for 78 volatile organic compounds (VOCs) using CO: cryogenic preconcen-
tration and GC/MS analysis. Of the 48 VOCs detected, the toluene concentration exceeded the
recommended air quality guidelines in 2% of the outdoor samples, and the benzene concentration
exceeded these guidelines in 17.5% and 19.5% of the indoor and outdoor samples, respectively.
Industrial and vehicle emissions were negligible. Emissions from oil fields, various crude oil pro-
duction and flaring activities in the north were major sources of VOCs in the ambient air. The VOC
profiles; seasonal, monthly, and weekday/weekend variations; and their effects on ozone forma-
tion potentials are discussed. The results indicate that the most abundant class of chemical com-
pounds was oxygenated compounds, of which acetone, acetaldehyde, propanal, methanol, ethanol,
and 2-propanol were the most dominant species. Propene and toluene were the most abundant
species of aliphatic and aromatic hydrocarbons, respectively.
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1. Introduction

Air pollution is a major challenge for all countries, particularly the most industrialized countries. Breathing
clean, pollution-free air is a prerequisite for good health. However, due to an increase in population and human
and industrial activities, air pollution continues to increase. This increase poses a significant health threat
worldwide because the dispersion of air pollutants across the planet cannot be prevented. Thus, efforts to study
environmental pollution and air pollution in particular have been intensified.

Kuwait is located in the far northwestern corner of the Arabian Gulf. The gulf borders the country to the east,
and hot deserts surround it in all other directions. Kuwait is a small country (~18,000 km?) with a total popula-
tion of 3.824 million as of December 31, 2012 [1]. The population resides in 6% of the area, mostly along the
coast. Of the six Governorates of Kuwait, Al-Jahra, which is in the north, is the largest and occupies 62.4% of
Kuwait. A sizeable fraction of the total population (12.5%) lives in the residential areas of Al-Jahra city (JA),
which encompasses ~0.16% of the governorate desert area. Kuwait ranks fourth in crude oil production (3.0 mil-
lion barrels per day) [2].

Recent studies have reported that the ambient air in Kuwait has the highest levels of volatile organic com-
pounds (VOCs) emission of all developed countries [3]. These emission levels are mainly produced by 1) flaring
activities and gas and crude oil production facilities which emit 90,000 tons of non-methane VOCs (NMVOCs)
into the atmosphere each year [3]; 2) refineries, petrochemical plants, and other miscellaneous industries located
in the south; 3) six fossil fuel dual-purpose power and desalination plants on the Kuwaiti coast; and 4) the traffic
and transport sector. These emission sources and possibly some minor ones (fuel evaporation and spills, use and
distribution of natural gas, waste disposal areas, wastewater treatment plants, laundry, etc.) greatly contribute to
the elevated levels of various VOCs in ambient air, which in turn leads to elevated pollutant levels in indoor air.

VOCs constitute one of the most important major air pollutant groups in the ambient and indoor environment.
They play a key role in the photochemical production of secondary air pollutants that harm the environment and
impact human health. In addition to outdoor sources, many indoor activities in office buildings (OBs) contribute
to air pollutant levels. These indoor sources emit a wide range of pollutants, including VOCs, toxic gases, and
airborne dust laden with fungal spores. Exposure to this mixture of pollutants can lead to serious health effects,
depending on personal susceptibility and exposure dose. Therefore, the indoor air quality (IAQ) in OBs is criti-
cal to the comfort, health, productivity of occupant employees [4]. Although several studies have been con-
ducted to measure indoor/outdoor VOC levels to evaluate indoor environmental quality [4] [5] or assess the air
quality in different areas of Kuwait, studies of the emissions of a limited number of VOCs [6] [7] have been li-
mited, particularly those of indoor and outdoor air [8] [9]. None of the very few studies on JA air quality [10]
[11] have been addressed about VOCs, although a recent study investigated indoor and outdoor VOCs in OBs in
Kuwait [12]. In this study, we analyzed VOCs in indoor and outdoor air samples from the largest OB in JA in
order to 1) evaluate their types, levels, and chemical composition; 2) determine their seasonal, monthly, and
weekday/weekend variations; 3) identify their major sources whenever possible; and 4) complete existing gaps
in the scientific data to assist the development of sound regulatory and environmental health policy decisions by
Kuwaiti authorities. In addition, the characterization of pollutants in indoor/outdoor air and identification of
their sources will provide insights into strategies for controlling and/or eliminating them.

2. Materials and Methods
2.1. Site Description

JA is an urban residential and commercial area in the northern corner of Kuwait City that is surrounded by crude
oil and gas fields, power plants, sewage treatment plants, and major highways (Figure 1). We studied the air in a
JA OB that was built in 1983 and renovated in 2005. It is a two-story building with an area of 6250 m” and is oc-
cupied by 248 Jahra Municipality employees. It consists of closed offices with no open areas. The building is ser-
ved by eight central heating, ventilation, and air-conditioning systems (HVAC) with eight air-handling units (AHU),
all of which are located on the roof. The test area consisted of one office (an area of 65 m?) of 12 (an area of 750 m?)
on the first floor served by one HVAC and one AHU. The 12 offices are occupied by 51 employees. The OB was se-
lected based on the US-EPA sampling protocol [13]. Smoking is not prohibited, and the windows are kept clos-
ed most of the time. No refurbishment or renovation projects were performed during the air-sampling period.
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Figure 1. Map of Kuwait showing the Jahra sampling location (yellow circle), KU-EPA monitoring station (EPA, red tri-
angle), main hospital (H), sewage treatment plant (SP, red star), power plants (PP, green squares), oil fields, Shuaiba in-
dustrial area (SIA), and miscellaneous industrial activities (MIA).

2.2. Sample Collection and Analytical Procedure

The details of the sampling devices, air sampling, preconcentration of the air samples, analytical procedure for
measuring VOC levels in the air, and quality control have been reported elsewhere [12]. A summary is presented
below. Briefly, whole air samples were collected passively in time-integrated modes. The field sampling was
conducted from August 2010 to November 2011 beginning at 7 AM for either 8-h or 24-h. Two sampling points,
indoor (1) and outdoor (O), were defined at the OB. The indoor test area was selected according to the US-EPA
sampling protocol [13]. The O samples were simultaneously collected from the roof. The procedures for the air
sampling and chemical analyses and the performance criteria for quality assurance (QA) and quality control (QC)
were performed according to US-EPA Compendium Method TO-15 [14]. The MDL values of the analyzed
VOCs ranged from 0.1 ppbv for m- and p-chlorotoluene to 1.4 ppbv for chlorodifluoromethane (CDFM).

The hourly average meteorological parameters and levels of inorganic gases over the same study period were
obtained from the database of the Kuwait Environment Public Authority (KU-EPA) air monitoring station lo-
cated 500 m from the sampling site (Figure 1). An average of the hourly values was used for the 8-h and 24-h
sampling events.

3. Results and Discussion
3.1. General Characteristics of VOCs

Air samples were simultaneously collected from the | and O sampling areas of the OB in JA 57 times. The in-
door temperature was 22.5°C - 26.1°C with a mean of 24.1°C, and the indoor relative humidity (RH) was in the
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range of 40% - 58% with a mean of 46%. The outdoor temperature ranged from 10.1°C to 52.2°C with a mean
of 28.1°C, and the outdoor RH was between 47.2% and 67.7% with a mean of 49.4% during the sampling events.
The air samples were analyzed for 78 VOCs, which were grouped into six chemical classes (CHCs) as follows:
six aliphatic hydrocarbons (HCs), 29 halogenated HCs (HHCs), 15 carbonyl compounds (CCs), five alcohols
(ALCs), 16 aromatic compounds (ACs) (10 aromatic hydrocarbons (AHCs) and six chlorinated AHCs
(CAHCSs)), and seven miscellaneous compounds (MCs).

The levels of 48 VOCs were above the MDL. Twelve of these VOCs were detected in <25% of the samples.
None of the detected VOCs exceeded the air quality standard exposure limits, with the exception of the AHCs
benzene and toluene [15] [16]. According to the air quality guidelines, the maximum exposure limit for benzene
is 5 pg-m® (1.6 ppbv) [15]. Benzene exceeded this limit in 17.5% and 19.5% of the | and O samples, respec-
tively. The maximum benzene concentrations were 3.4 ppbv in the | samples and 6.2 ppbv in the O samples.
Toluene levels (73 ppbv) exceeded the established WHO guideline of 260 pg-m * (69.1 ppbv) [16] in 2% of the
O samples. Table 1 presents a statistical summary of the most frequently detected VOCs. Abnormally high 1-

Table 1. Statistical summary for VOCs in the indoor (1) and outdoor (O) samples (ppbv).

VOC = o /O MDL  VOC ’ o 110 MDL
I. HCs IV. ALCs

Pentane (0.42,'2521,'?00) (0.52,'1:32,?00) 09 0.4 Methanol (2.641.',2 21193,4 é%) (fflizé?g& 16 12
Hexane (0?4?31.5(?';1) (0.14?61.-21,.5238) 08 04  Ethanol (4.192,2131831‘,128) (1.?).,94;{13:136) 20.6 03
Propene (0.76,';9%47,%00) (0.53’,'?;83?'200) 2.1 03 1-Propanol (ﬁ%fzg?g‘) (4%%(,3:1;8%,02) 01 03
Isoprene (0.12'?;11,'34) (o.lz'?sf72,'6138) 0.9 0.2 2-Propanol (0.31;153.3:598) (0.62:?%.14?'88) 11 04
Isobutene (0_22012_2:268) (0.1:52;3:575) 13 04 V.ACs

BD® 0.7+0.8(0.3,44,54) 06+08 (03, 34,30) 1.2 0.2 Benzene (0.12:'131"4(?'88) (0'12"1;21";5) 10 02
1. HHCs Toluene (0_2"823_8;358) (0‘74?712.173"'88) 05 03
CDFM® (1'2"94298’;796) (15:91;{;:%3) 24 14 EB" 06+04(02 22 091) 07+08(02 42 88) 0.9 02

DCDFMP 0.6 +0.2 (0.2, 1.1,95) 0.7 £0.3(0.4,2.0,91) 09 0.1 o-Xylene 0.8+0.5(0.3,3.3,93) 1.0+1.2(0.4,6.0,88) 0.8 0.3
CM" 1.0+0.5(0.4,28,91) 0.8+0.4(0.3,2.0,88) 13 0.3 m-Xylene 1.3+0.9(0.3,53,95) 2.3+4.4(0.3,22.895) 0.6 0.3
TCFM® 05+0.4(0.1,25,89) 05+05(0.2,29,84) 09 0.1 p-Xylene 0.6+0.4(0.3,2.3,91) 1.0+1.8(0.3,9.3,89) 0.6 03
MC® 1.1+15(0.3,7.0,47) 23+45(0.2,18.1,47) 05 0.2 Styrene 1.1+21(0.3 62, 14)43+9.4 (0.3 32.3,13) 0.3 0.3

lI. CCs 1,2,3-TMB® 0.3+ 0.4 (0.2, 2.4, 60) 0.3+0.2(0.3,1.1,35) 1.0 0.2
63+37 49+68 b

Ethanal ) 700" 0g) 08511100 13 05 124TMB'08+11(0275,89) 06£07(023586) 13 02

Acrolein 1.0 +1.8(0.3,9.9,53) 0.5+0.3(0.3,12,28) 20 0.3 135TMB®0.2+0.1(0.1,1.1,37) 0.3+0.2(0.1,08,16) 0.7 0.2
125472 19.1+41.9

Acetone ;1 313, 100) ©05,270,100) 07 04 VI MCs

Propanal 5.7 35 (0.7,16,88) 4.9+9.8(05,624,81) 1.2 03  CP° 08%0.6(0.1,3.9,88) 1.1+14(0.2,6.3,86) 07 02
Butanal 1.2 +2.3(0.3,12.2,49) 0.6+ 0.6 (0.4,2.9,44) 1.8 03 CH® 05%0.2(0.2,1.1,44) 05+0.4(0.4,1.6,39) 1.0 03
MEK® 1.0+0.8(0.3,39,39) 1.1+0.9(02,27,23) 09 02 ACN® 1.9+15(04,6.7,88)1.9+1.3(0.3,13.3,81) 1.0 03

Hexanal 0.7 £0.6(0.1,4.2,74) 0.7+0.7(0.1,3.1,58) 1.1 01 MTBE" 0.6%0.7(0.2,3.9,54) 05+05(0.3,27,54) 12 03

The values are given as the mean + SD (minimum, maximum, % detection). °1,3-butadiene (BD), chlorodifluoromethane (CDFM), dichlorodifluo-
romethane (DCDFM), chloromethane (CM), trichlorofluoromethane (TCFM), methylene chloride (MC), methyl ethyl ketone (MEK), ethylbenzene
(EB), trimethylbenzene (TMB), cyclopentane (CP), cyclohexane (CH), acetonitrile (ACN), methyl tertiary-butyl ether (MTBE).
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propanol levels (3.5% detection) were detected by GC/MS in only one sampling event (122 and 486 ppbv in the
I and O samples, respectively) and might be attributable to its outdoor emission from temporary casual incidents
(episodic) and subsequent dispersion indoors. For these reasons, the 1-propanol data were omitted from all ALC
calculations and results are presented below. The mean concentrations of total VOCs (TVOCs) in the I and O
samples were 213.6 + 260.0 and 90.8 + 90.6 ppbv, respectively. The TVOC concentrations ranged from 29.8 to
1535.2 ppbv for the | samples and from 10.0 to 379.9 ppbv for the O samples. The mean TVOC concentrations
were much lower than those reported for | (423.0 ppbv) and O (392.1 ppbv) samples from a mosque located in
south Kuwait near the Shuaiba industrial area (SIA) [8]. It was difficult to compare the TVOC concentrations
measured in this study with those reported in the literature for other world cities because of differences in the
number and types of the measured VOCs, emission sources, meteorological conditions, and sampling site loca-
tions.

As shown in Table 1, the mean 1/O ratios for individual VOCs ranged from 0.3 for styrene to 20.6 for ethanol.
The mean value of the 1/O ratios for all the detected VOCs was 1.5 + 2.9, which decreased to 1.0 £ 0.5 when the
ratio for indoor ethanol was omitted. Outdoor VOC levels are generally affected by the type, nature, and prox-
imity of the surrounding emission sources; season; temperature; and wind speed [17] [18], whereas indoor VOC
levels in OBs are affected by the degree of indoor/outdoor air exchange and indoor emission sources, which in-
clude building materials, wall paints, carpets, furniture, copiers, printers and other office utilities, cleaning pro-
ducts, solvents, deodorants, fragrances, and tobacco smoking [18] [19].

The 1/0 ratio of each VOC indicates its indoor origin/source. A VOC with an I/O ratio of 1.0 = 0.5 is mainly
emitted from an outdoor source, whereas a VOC with a high ratio, usually >5.0, is emitted primarily from indoor
sources [20]. Other researchers [21] have reported that 1/O ratios between 2.0 and 6.0 indicate a mixture of in-
door and outdoor sources. In this study, the 1/0 ratios (Table 1) indicated that ethanol, CDFM, and, to a lesser
extent propene and acrolein, were mainly produced from indoor sources. The extremely high indoor ethanol le-
vels might be due to the Kuwaiti practice of extensively using perfumes, fragrances, and air fresheners as well as
other indoor activities. CDFM is one of the main fluids used as an aerosol spray propellant and refrigerant for
HVAC systems. Its relatively high 1/O ratio can be attributed to leakage from these systems into the indoor air
[12]. A small amount of propene and acrolein might have been emitted from several indoor emission sources in
the OB [4]. Smoking indoors might have contributed to the indoor benzene levels. The source of all other indoor
VOCs with I/O ratios <1.0 was the ambient air [19]. Many studies have reported higher indoor VOC levels than
those outdoor [4] [5], which have been attributed to the dominance of indoor sources.

The VOC concentrations reported in this study are compared to those reported in the literature in Table 2.
This comparison is limited to a few VOC species due to the lack of data for some of the species detected in this
study. The indoor VOC concentrations in this study were significantly lower than those measured in other coun-
tries, with the exception of ethanol. These large differences were mainly attributed to the building characteristics,
occupant densities, and human-related activities [5]. By contrast, the outdoor VOC concentrations measured in
this study were higher than those measured in other world cities, consistent with previous reports on Kuwaiti
ambient air [3]. Kuwait is a major crude oil producer, and its various production and flaring activities lead to
high VOC emissions.

3.2. BTEX and Interspecies Ratios

Benzene (B), toluene (T), ethylbenzene (E), and xylenes (X) (collectively referred to as BTEX) are often used as
an AHC target group in environmental studies. BTEX represent a very important group of air pollutants in urban
settings because of their human health effects and role in atmospheric chemistry. Many studies have confirmed
that vehicle emissions in urban areas are the major source of BTEX, and BTEX concentrations are thus an effec-
tive indicator of air pollution due to these emissions. In Hong Kong, 60% of TVOCs in the atmosphere are
BTEX, which are mainly produced from vehicle emissions [24]. By contrast, only 14% of TVOCs in the out-
door air were BTEX in this study, and the outdoor BTEX were the main source of indoor BTEX (mean 1/O ratio
of 0.6 (Table 1)). T was the most abundant BTEX species in the O samples (51% of BTEX), consistent with the
results of other studies [24]-[26]. Many researchers have reported good correlations between BTEX inter-spe-
cies, which are used extensively as indicators of vehicular or non-vehicular VOC emissions [25] [27]-[29]. In
urban areas, ratios of T/B less than 2.0 are considered an indication of the strong influence of mobile source
emissions [26] [29] (ratios between 1.5 and 4.0 have also been suggested to indicate high vehicle emissions
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Table 2. Mean concentrations of the VOC species (ppbv) reported for indoor air in office buildings and for ambient air in
urban areas".

Indoor Ambient (outdoor)
Singapore Europe Bangkok,  This Karachi, Nagoya, Seoul, London, Lille, Dallas, This
[5] [5] Thailand [4] study Pakistan [22] Japan [22] Korea [22] UK [22] France [22] USA [22] study

Pentane NR NR NR 20 134 0.68 13 0.56 0.54 1.87 21
Hexane 10.8 16.5 24 0.8 75 0.56 1.0 0.24 0.23 1.00 1.0
Propene NR NR NR 6.7 5.5 0.65 1.8 1.36 0.67 0.91 3.2
Isoprene 38 3.2 NR 1.6 NR 0.57 0.3 0.14 0.05 0.33 1.8
Isobutene NR NR NR 20 NR 0.14 0.2 0.12 0.16 0.12 15
BD" NR NR NR 0.7 0.8 NR NR NR NR NR 0.6
DCDFMP NR NR NR 0.6 0.7 NR NR NR NR NR 0.7
mc NR NR NR 1.1 0.3 NR NR NR NR NR 2.3
Ethanol 9.1 111 NR 122 15.7 NR NR NR NR NR 5.9
Benzene 27.3 4.6 25 11 5.2 0.47 1.0 1.06 0.78 0.81 11
Toluene 87.8 10.7 259 38 7.1 2.46 6.40 2.16 2.32 2.90 7.9
EB® NR NR 2.8 0.6 NR 0.51 0.70 0.37 0.26 0.38 0.7
o0-Xylene 10.0 2.3 22 0.8 11 0.24 0.80 043 0.25 0.47 1.0
m/p-Xylene  32.9 51 2.8 19 3.3 0.65 2.30 1.02 0.71 1.32 3.3
Styrene NR NR 0.8 11 NR 0.13 0.3 NR NR 0.08 4.3
1,2,3-TMB° NR NR NR NR NR 0.14 NR NR 0.09 0.19 0.3
1,24-TMB®  NR NR NR NR 1.0 NR NR NR NR 0.56 0.6
1,35-TMB®  NR NR NR NR 04 0.14 0.3 NR 0.07 0.22 0.3
Cyclopentane  NR NR NR NR NR 0.07 0.3 NR NR 0.19 11
Cyclohexane  NR NR NR NR NR 0.18 0.5 NR NR 0.18 0.5

aNot reported (NR). °1,3-butadiene (BD), dichlorodifluoromethane (DCDFM), methylene chloride (MC), ethylbenzene (EB), trimethylbenzene
(TMB).

[277), whereas T/B ratios greater than 2 are considered an indication of non-vehicular emission sources [26] [29].
The ratio of (m, p)-Xs to E (X/E) has been identified as a photochemical age indicator [30]. A literature survey
revealed that T/B ratios were 2.5 in Delhi, India [25]; 4.3 in Ankara, Turkey [26]; 1.2 in Hong Kong and 4.04 in
Sydney, Australia [27]; 2.0 in Izmir, Turkey [29]; and 2.2 to 4.3 in Windsor, Canada [31]. These studies all re-
ported that vehicle emissions were the major contributor of VOCs to the ambient air. By contrast, higher T/B ra-
tios of 7.19, 7.74, and 10.22 were reported for Osaka, Japan; Hong Kong; and Bangkok, Thailand, respectively
[25], and were attributed to large industrial emissions and/or toluene-rich fuels. In general, the differences in the
(T/B) ratios for these cities might be due to differences in their industrial activities, fuel composition, vehicle
types, and other specific sources of VOC emissions. In the present study, the low percent of BTEX in the am-
bient air and large mean T/B ratio for all O samples (7.1) indicate that vehicle emissions contribute little to the
TVOC levels in the ambient air in JA. The primary reasons for this result are 1) the relatively low population
density; b) the absence of traffic congestion; c) residential buildings, mainly one or two-story private homes,
cover a large area of JA; and d) data on the chemical composition of fuel in Kuwait needed to evaluate the ex-
tent of vehicle emissions are lacking. This finding also suggests an absence of evaporative emissions (no fuel-
filling gas stations or workshops in the vicinity) and industrial emissions from either the southeastern sewage
treatment plant or the refineries, petrochemical plants, and other industries in the upwind SIA and MIA (Figure
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1). For these reasons, we can confidently conclude that emissions from flaring and crude oil production activi-
ties in the downwind northern oil fields (approximately 50 km north of JA) were the major contributors to the
TVOCs in the JA atmosphere. These emissions were transported by winds that blew from the north/northwes-
tern direction at an average speed of 4.1 m/s more than 70% of the year (as calculated from KU-EPA data), con-
sistent with other reports in the literature [8] [11].

The X/E ratio is used to evaluate VOC transfer from highly polluted sites and to determine their lifetime in
the atmosphere [29] [30]. The degradation rate of (m, p)-Xs in the atmosphere is much faster than that of E; the
(m, p)-X and E atmospheric lifetimes are 3 and 8 h, respectively. This difference in reactivity means that as pol-
luted air travels, the (m, p)-X levels decrease more rapidly than the E levels, and consequently, the decrease in
the X/E ratio is dependent on the distance from the source. Regardless of the geographic location, a ratio of 3.6
was reported for vehicle emissions [30]. In this study, the average X/E ratio of 4.5 in the O samples is consistent
with the values of 4.5, 4.4, and 4.3 reported for Athens, Greece [32]; Los Angles, USA [33]; and Haifa, Israel
[34], respectively. The high X/E ratios were attributed to evaporative emissions from liquid gasoline fuels. The
X/E ratios in this study support the conclusion that emissions from flaring and crude oil production activities
were the major contributors of VOCs to the ambient air in JA, whereas the source of indoor VOCs (X/E ratio of
3.3) was outdoor air that aged in the indoor environment.

The only previous study of BTEX species in Kuwait was performed in residential houses [9]. The reported
ranges of B, T, E, and Xs were 0.5 - 11.7 ppbv, 1.0 - 49.7 ppbv, 1.0 - 25.7 ppbv, and 0.1 - 61.9 ppbv, respec-
tively, in indoor air and 0.4 - 5.8 ppbv, 1.9 - 30.4 ppbv, 0.5 - 17.4 ppbv, and 0.1 - 72.2 ppbv, respectively, in
outdoor air. These ranges are very high (with the exception of the values of B and T in the O samples) compared
to the values reported in Table 1 due to differences in the locations and their associated activities. None of the
correlations between the BTEX species were discussed in the previous work.

3.3. Chemical Composition of VOCs

The VOC profiles for the | and O samples indicate that of the six CHCs, ALCs constituted the largest fraction of
TVOCs (60% of the | samples and 33% of the O samples), followed by CCs, which accounted for 17% and 29%
of TVOCs in the | and O samples, respectively. For the O samples, the abundances of the other CHCs were in
decreasing order: ACs (15.0%) > HCs (9.9%) > HHCs (9.6%) > MCs (4.3%) > CAHCs (0.1%). They decreased
in the following order in the | samples: HCs (8.4%) > HHCs (6.4%) > ACs (6.2%) > MCs (2%) > CAHCs
(0.1%). These profiles differ from those reported by Al-Dabbous et al. [8]. They found that HHCs were the most
dominant species, accounting for 54% of the | samples and 63% of the O samples, followed by the oxygenated
compounds, which accounted for 32% and 16% of the | and O samples, respectively, in the Fahaheel area of
Kuwait. Alkanes were the most abundant compounds in urban ambient air in Beijing, China (55%) [35]; Mexico
City (52%) [36]; Tehran, Iran [37]; Houston, USA [38]; Seoul, Korea (53%); Nagoya, Japan (58%); London,
UK (50%); Lille, France; and Dallas, USA [23]. By contrast, ACs were the most abundant species in the air in
Nisyros Island, Greece (74% - 84%) [39] and Bursa, Turkey (77% - 83%) [40]. These variations indicate that the
dominant CHC is entirely dependent on the types and nature of the sampling location and surrounding emission
sources. In this study, the indoor ethanol emissions resulted in a significant increase in ALCs in the | samples,
whereas the direct exposure of the ambient air to sunlight (high temperatures characterize the Kuwait climate)
greatly contributed to the considerable formation of outdoor oxygenated hydrocarbons (62%) via the photo-
oxidation of HCs (from flaring and other crude oil activities). The low percent of ACs in the O samples also
supports the conclusion that the contribution of vehicle emissions to the ambient air in JA was low. Internation-
ally, the most dominant VOCs in indoor air in OBs are toluene and limonene in Bangkok, Thailand [4]; methyl-
cyclopentane, n-hexane, toluene, limonene, n-heptane, and 3-methylpentane in European countries; and benzene,
toluene, m/p-xylene, naphthalene, and limonene in Singapore [5]. These differences in dominant VOCs between
countries might be due to socioeconomic factors (e.g., building characteristics), culture (e.g., occupant behavior),
climate, and indoor activities.

3.4. Seasonal and Monthly Trends of VOCs

Identifying the seasonal patterns of VOCs is critical to understanding their chemical and transport processes in
the atmosphere. In this study, summer (SU) was defined as the three-month period from July to September, au-
tumn (AU) included October through December, winter (WI1) included January through March, and spring (SP)



N. M. Al-Khulaifi et al.

was from April to June. The indoor temperature was found to range from 22.5°C to 26.1°C over the entire study
period, while the average seasonal temperatures of the ambient air were 42.3°C, 23.1°C, 17.1°C, and 34.5°C in
SU, AU, WI, and SP, respectively. The outdoor temperature ranges in SU, AU, WI, and SP were 38.5 - 52.2,
11.7 - 41.0, 10.1 - 21.5, and 24.8°C - 45.3°C, respectively. Figure 2(a) shows that for both the | and O samples,
the highest and lowest mean TVOC levels were recorded for AU and W1, respectively. The levels in the | sam-
ples were higher than those in the O samples for all seasons. The highest I/O ratio, 3.9, was observed during WI,
while the lowest I/O ratio, 1.7, was measured during SP. These variations might be explained by changes in in-
door emissions due to seasonal variations in indoor activities and differences in outdoor VOC levels. These dif-
ferences might also be related to the degree of 1/0 air exchange through windows, which were mostly closed in
W1 and frequently opened in SP. During summer, most expatriates, who represent 69% of the population [1],
leave for their home countries, and many Kuwaiti employees travelled for tourism, resulting in a decrease in in-
door activities, and their return by September/October might have also contributed to the seasonal variation in
VOCs in indoors. By contrast, other studies have reported high VOC levels in the ambient air in WI and low
VOC levels in SU [17] [23] [27] [40], which were attributed to one or more of the following: 1) higher precipi-
tation frequency and intensity in SU than in WI; 2) lower traffic densities in SU; 3) higher atmospheric stability
in WI; and 4) increased solar radiation in SU. Other studies have reported high VOC levels in SU and low VOC
levels in WI [29], and Zhang et al. [41] reported high VOC levels in SP and low VOC levels in AU. These find-
ings can be explained by variations in the meteorological conditions, emission intensities from nearby sources,
and photochemical activity [42]. The photochemical reactions between VOCs and OH radicals occur more ra-
pidly during hot seasons than cold ones because of the high OH radical levels, high temperature, and enhanced
solar flux during warmer seasons [27] [42]. The efficiency of these reactions in reducing VOC levels depends on
their profiles in the ambient air. In addition, variations in vertical and horizontal atmospheric ventilation, which
depend mainly on the mixing height and wind speed parameters, play an important role in the seasonal varia-
tions in VOC levels [43]. To our knowledge, no studies have addressed the seasonal variations in indoor air.

The TVOC profile for the | samples demonstrated that only ALCs exhibited significant seasonal variations,
with the highest and lowest levels in AU (203 ppbv) and SP (95 ppbv), respectively (Figure 2(b)). The seasonal
variations in other CHCs were negligible. By contrast, ACs, ALCs, and CCs exhibited significant seasonal vari-
ations in the O samples (Figure 2(c)). CCs exhibited the highest levels in SU and lowest levels in WI, whereas
the ALC levels were highest in AU and lowest in WI. More specifically, the seasonal variation profiles of the
various CHCs (Figure 2(d)) demonstrate that for the |1 samples, ALCs made the greatest contribution to TVOCs
in all seasons and only ranged from 62% in SU to 65% in WI. CCs accounted for a significant portion of
TVOCs (from 14% in AU to 19% in SP), while ACs contributed modestly to TVOC levels (from 3% in SU to 8%
in WI). The O samples exhibited a different VOC profile; CCs were the largest contributor in SU (64%) and the
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Figure 2. Seasonal variations in the TVOC levels in the indoor (1) and outdoor (O) samples.
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second largest contributor in all other seasons, while ALCs accounted for the largest portion of TVOCs in AU
(32%), WI (41%), and SP (37%) and the second largest in SU (18%). The contributions of the other classes from
largest to smallest were ACs, HCs, HHCs, and MCs. As reported in other studies [44] [45], the dominance of
CCs in SU is due to the high efficiency of the photochemical oxidation of hydrocarbons assisted by higher solar
energy. No other studies have addressed seasonal variations in the VOC profile.

The seasonal variations in the most dominant VOCs of the different CHCs are shown in Figure 3. For ALCs
in the | samples, the ethanol levels were very high (from 65% in W1 and SP to 83% in AU), while the methanol
levels were very low (from 12% in AU to 28% in WI and SP) (Figure 3(a)). By contrast, ethanol was detected
in the smallest amounts (from 11% in WI to 22% in AU), and methanol was found to be the predominant ALC
(from 45% in SP to 71% in SU) in the O samples (Figure 3(b)). Acetone was the most dominant VOC of the
CCs and exhibited negligible seasonal variations (41% in AU to 45% in SP) in the | samples (Figure 3(a)).
However, the acetone levels varied considerably from 39% in SP to 72% in SU in the O samples (Figure 3(b)).
Of the HHCs, CDFM was the most dominant species. In the | samples, the highest levels of CDFM were ob-
served in SU and AU (73%), and the lowest levels were detected in WI (29%). By contrast, the CDFM levels
were lowest in SU (21%) and highest in WI (67%) in the O samples. For the HCs, ACs, and MCs, the most do-
minant VOCs were propeng, toluene, and acetonitrile, respectively.

The high indoor ALC levels can be attributed to the dispersion of methanol from outdoor air and to indoor
ethanol emissions from the extensive use of perfumes, which varied seasonally based on the number of em-
ployees away on annual vacations and the amount of perfume used. The high levels of CDFM compared to those
of other HHCs in the | samples resulted from HVAC leakage at the roof (where the O samples were taken),
which was dispersed into the indoor and ambient air. The increases in the outdoor levels of both ALCs and CCs
in SU were previously attributed to the photochemical reactions of hydrocarbons. Toluene is an important gaso-
line additive and industrial solvent and has been reported to be the dominant VOC in urban areas [27] [46].

The monthly variations in the TVOC levels were significant for the |1 samples (ranging from 91 ppbv in Au-
gust 2011 to 598 ppbv in October 2010) and O samples (ranging from 34 ppbv in October 2011 to 311 ppbv in
September 2010). The TVOC levels were higher in the | samples than the O samples. The 1/O ratio ranged from
1.0 in August 2011 to 8.0 in February 2011, except when the 1/O ratios fell below 1.0 in September 2010 (0.4)
and November 2010 (0.8) (Figure 4(a)). These low 1/O ratios were attributed to high levels of acetone in Sep-
tember and of methanol, acetone, and toluene in November 2010 in the O samples compared to the | samples.
The significant increase in the TVOC levels in the I samples in October 2010 was attributed to high indoor
ethanol emissions (70%), which might have been related to the increase in the indoor activities of the employees.
No specific trend was observed in the monthly or yearly TVOC variations. These variations depended on the
extent of indoor activities and other previously mentioned factors.

The monthly variations in the VOC profiles indicate that ALCs were the most dominant species in the | sam-
ples for all months (from 44% in November 2010 to 81% in October 2010), in agreement with our earlier results.
CCs were the second highest contributor to indoor VOC levels (from 9% in October 2010 to 27% in November
2010), and three different classes, HCs (nine months), AHCs (four months), and HHCs (three months), com-

90 80
%0 ——SUM  —%—AUT -6 WIN  -+-SPR ——SUM ——AUT -6 WIN -+-SPR
70
8 70 ' (a) I - Samples 2 6 ’,0\\ L’ (b) O - Samples
=
] <
R £ 50
g 50 S
= 40 b 3 40
£ § 30
g o0f g
& 20 £ 20
10 10
0 0
& & N N & R < & N N < A8
& 0@\ & S & ¢ & & 0@\ & S & ¢ &
R AN P PN o S RC AR G P S
& &
had >
Dominant VOCs Dominant VOCs
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prised the third largest contribution in different months (Figure 4(b)). For the O samples, ALCs (11 months,
from 8% to 59%) and CCs (five months, from 15% to 89%) were the dominant species at different points in the
year. The second and third largest contributions were mostly due to CCs and ACs (from 1% to 26%), while the
fourth and fifth largest contributions were alternately due to HCs (from 2% to 15%) and HHCs (from 3% to
22%), as shown in Figure 4(c). The effects of atmospheric reactions involving highly photochemically reactive
VOCs to produce ozone might explain the monthly variations in the TVOC levels. VOCs (mainly HCs and
BTEX) are known to be ozone precursors, and therefore decreases in their concentrations should indicate in-
creases in ozone formation, which also depends on the temperature and NO, levels. The increase in ozone levels
during the SU months (July, August, and September) reported in several studies [43] [47] [48] was found to cor-
relate with the increase in the temperature and decrease in HC (Figure 4(d)), BTEX (Figure 4(e)), and NO, le-
vels. Conversely, the increased levels of HCs, BTEX, and NO, in November 2010 were associated with a de-
crease in the temperature and ozone levels. In addition, the monthly T and X levels varied more than the B and E
levels (Figure 4(e)), consistent with the work of Vardoulakis et al. [48].

3.5. Weekday/Weekend Variation Patterns

Many studies have reported that atmospheric emissions of VOCs and other pollutants are higher on weekdays
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(WDs) than weekends (WESs) [29] [49]. The temporal variations in the TVOC and CHC levels in the | and O
samples over 8 h and 24 h on WDs and WEs are given in Table 3. The TVOC levels in the | and O samples
were higher during the 8-h sampling than the 24-h sampling on WDs. By contrast, the TVOC levels were lower
during the 8-h sampling than the 24-h sampling on WEs. In addition, the 1/O ratios on both WDs and WESs were
higher when the sampling was performed for 8 h (2.6 for WDs and 2.0 for WEs) than when it was conducted
over 24 h (2.1 for WDs and 0.8 for WESs). The following ratios of the TVOC levels, WDs-8 h/WDs-24 h, WDs-8
h/WEs-8 h, and WDs-24 h/WEs-24 h, were calculated and found to be higher for the | samples (1.4, 2.7, and 1.2,
respectively) than for the O samples (1.1, 2.1, and 0.4, respectively). These findings are consistent with those of
other studies [29] [49] and strongly indicate that the indoor and outdoor emissions were high during working
hours in the morning on WDs (due to increased activities) and low in the morning and high in the afternoon and
evening on WEs (when activities increased). These conclusions are confirmed by the temporal variations in the
VOC profile (Table 3), in which ALCs were the most dominant CHC due to high indoor ethanol emissions. In
addition, the BTEX levels and %BTEX/TVOC values were higher for the O samples than for the | samples
(with a few exceptions on WES), suggesting that flaring from the nearby upwind oil fields in the north had a sig-
nificant impact on the VOC levels.

The outdoor WD/WE ratios of the dominant VOCs ranged from 0.9 for propanal to 3.5 for toluene during the
8-h sampling and from 0.2 for o-, m-xylenes to 1.4 for TMB during the 24-h sampling. Higher ratios were ob-
served during the 8-h sampling than during the 24-h sampling (Table 4). Consistent with the conclusion of Shan
et al. [50], the 8-h WD/WE ratios for the B, X, E, and TMB traffic markers were mostly between 1.5 and 2.0
due to high vehicle usage during the WDs. In addition, the 8-h WD/WE ratios for the oxygenated hydrocarbons
were >1.0 (range 1.3 - 2.5) due to the high activity of photochemical reactions during WDs. Toluene is a known
solvent marker, and variations in its WD/WE ratios depend on the strengths of its evaporative sources [51]. The
inorganic species exhibited comparable WD/WE ratios of approximately 1.0, and no significant difference be-
tween the 8-h and 24-h values was observed, which indicates that their emission sources and emission strengths
did not vary considerably.

The variations in the WD/WE ratios demonstrate the weekend impact. The weekend effect is explained by the
effect of VOCs on O3 formation and the decrease in NO, emissions over the weekend. In addition, low levels of
particulate matter (PM) on WEs enhance O formation by minimizing sunlight scattering [40]. During the study
period, the average PMy, levels on WDs and WEs were 149 and 32 pg-m 3, respectively, for the 8-h sampling
and 129 and 72 pg-m 3, respectively, for the 24-h sampling. These values indicate significant scattering of sun-

Table 3. Temporal variations in the TVOC concentration, chemical classes, and BTEX and its inter-species.

Indoor (1) Outdoor (O)
Samggr‘;fn ‘é‘tl;?;“’i‘ - WD24h WD8h WE24h  WE8h WD24h WD8h WE24h WESh

TVOC (ppbv) 186 251 160 94.4 877 959 195 46.6

110 21 2.6 0.8 20 - - -
BTEX (ppbv) 8.6 77 8.7 9.2 14.2 11.9 34.2 1.0
9% BTEX/TVOC 6.6 42 73 10.1 162 12.9 17.9 2.0
/B 40 3.0 3.2 31 6.1 8.1 78 8.2
m, p-X/E 34 31 38 33 34 45 10.4 15
HCs (ppbv) 9.0 153 9.5 6.5 6.9 8.2 12.0 0.6
HHCs (ppbv) 8.6 8.2 26.9 45 6.0 53 131 14.4
CCs (ppbv) 24.2 26.4 327 225 276 246 87.2 183
ALCs (ppbv) 131 186 76.6 48.1 275 280 42.1 0.9
AHCs (ppbv) 9.5 8.7 9.5 106 150 139 35.0 1.0
MCs (ppbv) 14 12 33 13 2.1 14 33 0.9

“WD = weekdays (Sunday to Thursday); WE = weekends (Friday and Saturday).
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Table 4. Weekday/weekend ratios of the dominant outdoor VOC species and inorganic pollutants.

Sampling duration Sampling duration
VOC species VOC species

8h 24h 8h 24h
Propene 11 0.5 m-Xylene 1.8 0.2
Acetaldehyde 1.6 0.6 p-Xylene 1.8 0.2
Methanol 1.3 0.6 0-Xylene 1.8 1.0

Ethanol 2.2 0.6
Trimethyl benzenes 11 14

2-Propanol 25 1.2
Acetone 15 0.3 NOy 0.9 13
Benzene 1.1 0.9 CcO 14 1.3
Toluene 35 0.5 CO; 1.0 1.0
Ethylbenzene 13 0.8 O3 1.0 0.8

light (low O3 formation) on WDs and in the mornings. In addition to O3 formation, the photochemical oxidation
of VOCs produces intermediate compounds and/or CO and CO, through chain reactions with OH radicals [43].
These photochemical reactions include reactions with nitrate radicals and O during the night [52]. Therefore,
these reactions affect the temporal variability in the VOC levels and play a role in controlling O; formation [53].

3.6. 0zone Formation Potential

The impacts of VOC emissions on ozone formation must be understood to develop strategies for controlling air
pollution. The reactions of VOCs with OH radicals in the troposphere initiate the photochemical formation of
ozone to widely varying degrees. These reactions depend on the ozone formation potential (OFP), which is used
to compare the reactivities of different VOCs for photochemical ozone formation. The maximum increment
reactivity (MIR) values [54] (defined as the maximum amount of ozone that can be produced in the atmosphere
per unit weight of the VOC species) were used to calculate the OFPs of different VOC species using the equa-
tion OFP; = C; x M; (where OFP; is the OFP of VOC species i; C; is the concentration of species i; and M; is the
MIR coefficient of species i). The OFP calculations were limited to the VOC data from the O samples in this
study (HHCs have no MIR values) because the outdoor VOCs were exposed to direct sunlight, which initiates
the photochemical reaction. Of the detected VOC classes, ALCs made the largest contribution to the TVOC
concentration, followed by CCs, ACs, HCs, and MCs. However, ozone production is not only proportional to
the VOC concentrations but also to their MIR values, which are a measure of their reactivities with OH radicals.
As a result, the VOC products and their reaction rates (depend on their MIR values) determine the rate of ozone
production (OP). By considering these reactivities for all the results, we found that CCs played the dominant
role in OP (33%), followed by ACs (30%) and HCs (26%, of which alkenes contributed 25%). ALCs (OP of
10%) played a minor role in the total OP (TOP), although it was the most prevalent VOC (34% of TVOCs). The
top 10 VOCs that contributed more than 80% of the TOP were propene (13%), xylenes (12%), propanal (12%),
toluene (11%), acetaldehyde (11%), isoprene (6%), methanol (4%), isobutene (3%), acetone (3%), and 1,3-bu-
tadiene (3%). Of BTEX, xylene was the most dominant contributor to TOP, followed by toluene, which is con-
sistent with the results of other studies [25] [55].

TOP varied seasonally (Figure 5(a)) and decreased in the same order as the TVOC levels in the O samples
(Figure 2(a)): AU > SP > SU > WI. TOP increased by 226%, 104%, and 30% in AU relative WI, SU, and SP,
respectively. In contrast to the seasonal CHC profile shown in Figure 2(c), in which ALCs were the most do-
minant species in all seasons (except SU), we found that the ALC contribution to TOP was very low in all four
seasons (but higher than MCs) (Figure 5(b)). In addition, the variations in the seasonal contribution patterns of
other CHCs to TOP differed from those to the TVOC level (Figure 2(c)). CCs were the most dominant contri-
butors to TOP in SU, and ACs contributed the most in other seasons, except in WI, when CCs and HCs ac-
counted for an equal amount of TOP. CCs were the second largest contributors in SP and third largest in AU,
while HCs were the second largest contributors in AU. CCs contributed the most to the TVOC levels after
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Figure 5. Seasonal variations in the mean ozone production (OP) of various chemical classes in ambient air.
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Figure 6. Monthly variations in the mean ozone production (OP) of various chemical classes in ambient air.

ALCs.

The monthly variations in TOP for various CHCs (except HHCs) are shown in Figure 6(a) and indicate that
TOP was the highest in November 2010 and lowest in February 2011. TOP was 10 times greater (1035%) in
November 2010 than in February 2011. TOP was low in the SU months. By contrast, the mean recorded ozone
levels in the O samples were higher in the SU months and lowest in November 2010 (Figure 4(d)) due to the
slow photochemical reactions of VOCs emitted in November 2010 compared with VOCs emitted in SU. Of the
CHC:s, the contributions of CCs, ACs, and HCs to TOP were the highest in nine months (in SU and AU), five
months (in AU and SP), and two months (in WI), respectively, as shown in Figure 6(b). This contribution pat-
tern was very similar to that of the CHCs, which were the dominant contributors to TVOC after excluding ALCs
(Figure 4(c)). The seasonal and monthly variations were attributed to differences in the chemical compositions,
which varied monthly, and in the reactivities of the various VOCs, which greatly affected TOP.

Based on their monthly OP averages, the top 10 VOCs, which contributed more than 86% of TOP, were tolu-
ene (14%), acetaldehyde (14%), propene (14%), propanal (13%), xylenes (11%), methanol (5%), acetone (4%),
isoprene (4%), isobutene (4%), and 1,3-butadiene (3%). This ordering of the top contributors to TOP was com-
pletely different from that of the top contributors to the TVOC level based on its seasonal variation.

4. Conclusions

Our analysis indicated that (1) 48 VOCs were detected in varying levels and in different proportions. Toluene
exceeded the recommended air quality guidelines in 2% of the outdoor samples, whereas benzene exceeded the
guidelines in 17.5% and 19.5% of the indoor and outdoor samples, respectively. (2) The 1/O ratio of 20.6 calcu-
lated for ethanol was extremely high compared to those calculated for other VOCs due to the extensive indoor
use of perfumes, fragrances, and air fresheners in Kuwait. Moreover, we found that (3) emissions from flaring
and crude oil production activities in the north were the major sources of VOCs in the ambient air, while the
contributions from vehicle and industrial emissions were negligible. The low percent of BTEX and high mean
value of the T/B ratio indicated that vehicle emissions contributed to only a small amount of VOCs. (4) Oxyge-
nated hydrocarbons, which are mainly produced from the photo-oxidation of hydrocarbons, were the most do-
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minant class of VOCs. (5) TVOC levels were highest in autumn and lowest in winter. (6) Due to indoor activi-
ties, alcohols were the most dominant class of VOCs in indoor air during all seasons, whereas carbonyls and al-
cohols accounted for the largest proportion of VOCs in ambient air in the summer due to the high efficiency of
photochemical oxidation. Moreover, (7) variations in meteorological conditions, the nature and intensity of
emissions from nearby sources, and photochemical activity were the main factors leading to the observed sea-
sonal and monthly variations in the outdoor VOC levels, whereas the indoor VOC levels were affected by the
degree of indoor/outdoor air exchange and numerous indoor emission sources. Furthermore, (8) temporal varia-
tions in the TVOC levels in the | and O samples were greater during weekdays than on the weekend. The TVOC
levels also varied more over 8 h than 24 h due to extensive human activities during the weekdays and in the
morning. (9) Of the chemical classes, carbonyls played the dominant role in troposphere ozone production
(33%), followed by aromatic hydrocarbons (30%) and alkenes (25%). The top 10 VOCs, which contributed to
more than 80% of the total ozone production, were propene (13%), xylenes (12%), propanal (12%), toluene
(11%), acetaldehyde (11%), isoprene (6%), methanol (4%), isobutene (3%), acetone (3%), and 1,3-butadiene
(3%).
The data from this study will be useful to researchers, epidemiologists, and health authorities.
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