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Abstract: This study examined the compliance of indoor air contaminants (total volatile organic
compound [TVOC], ozone [O,4], carbon monoxide [CO], formaldehyde [CH,O], particulate
maftter [PM;, PM,;, PMs; and PM,;] and carbon dioxide [CO,]) during Dhuhr/Friday and Asr
prayers with the guideline limits in Malaysia's Industrial Code of Practice (ICOP). Monitoring
was conducted from 12:00-5:00 p.m. in three prominent mosques in Malacca City, namely,
M1 (a historic mosque; during Dhuhr at 1:07-1:18 p.m. to Asr at 4:31-4:42 p.m.), M2 (a historic
mosque; during Friday af 1:38-1:48 p.m. to Asr af 4:33-4:50 p.m.) and M3 (a floating mosque
on the Straits of Malacca; during Dhuhr at 1:12-1:27 p.m. to Asr at 4:33-4:50 p.m.). Results
show that the mean concentrations of the nine indoor air contaminants in M1, M2 and M3 did
not exceed ICOP's limits, except for the ozone concentration in M3 that exceeded the limit
at 0.150 ppm. We conclude that the concentration levels of indoor air confaminants in the
studied mosques are in compliance with Malaysia's ICOP and the non-compliance issue with
regard to the ozone concentration in one of the mosques is due fo the mosque's location in a
busy coastal and marine area.

Keywords: Indoor air quality (IAQ), Mosque, Chemical air contaminant, Particulate matter,
Ventilation performance indicator

INTRODUCTION

Mosques are a fourist attraction in Malacca and have been visited by locals
and outsiders since Malacca was declared a heritage city in 2008. For Muslims,
mosques represent places of great importance and are unique in their functions
and operations. Worshipers or congregators need to feel comfortable, calm and
peaceful during their prayers (saldh) or while performing other religious activities
within the main prayer halls of mosques. The main prayer hall of a mosque is an
indoor space accessible fo Muslims and the public. The hallis occupied at least five
times a day because Muslims commonly perform five compulsory prayers (saldh)
daily. However, the prayer times and durations vary corresponding to areas, regions
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and fime zones. The Fajr (dawn) prayer time for Malaysia is from 6:00-7:00 a.m., the
Dhuhr (after midday) prayer is from 1:00-2:00 p.m., the Asr (afternoon) prayer is from
4:30-5:30 p.m., the Maghrib (after sunset) prayer is from 7:00-8:00 p.m. and the Isha
(evening) prayer is from 8:30-9:30 p.m. The main prayer halls of mosques are fully
occupied on Fridays by worshippers as male adult Muslims congregate to listen to
sermons and perform the Friday prayer from around 1:00-2:30 p.m. On this holy day,
the Dhuhr prayer is replaced by the Friday prayer and the number of vehicles that
fransport the worshipers to the mosques increases. The indoor conditions of mosques
should provide acceptable thermal comfort for worshipers to feel comfortable
and calm and leave with a feeling of tranquility and peace (Abdullah, Majid
and Othman, 2016). Given that mosques are consistently used by the public, their
indoor air quality (IAQ) needs fo be monitored because it is threatened by various
contaminants from indoor and outdoor sources that considerably affect the indoor
environment (Elbayoumi et al., 2014).

However, Lee and Chang (2000) reported that indoor pollutant levels could
be greater than the outdoor pollutant levels. The factors that affect IAQ include
lack of ventilation, poor outdoor air quality, existence of indoor contaminant
sources, lack of maintenance, mechanical ventilation and air conditioning (MVAC)
installation, water infrusion and resident activity (Ferndndez et al., 2013; Prihatmanti
and Bahauddin, 2014). However, pollutants generated from sources within the
indoor environment may lead to higher exposure to indoor air contaminant
concentrations in comparison with the outdoors due to the lower air flow in the
former. These sources include cleaning procedures, building materials, furniture,
furnishing, use of chemical products and general activities.

Several studies in Malaysia have shown that thermal comfort, sick building
syndrome (SBS) and displeasure in buildings have become common issues (Amin,
Akasah and Razzaly, 2015; Shan et al., 2016). Inadequate ventilation rates and
high concentrations of CO,, PM,; and biological pollutants have been observed
in mosque buildings in Turkey and the Kingdom of Saudi Arabia (Ocak et al., 2012;
Hameed and Habeeballah, 2013). Malaysia's Industrial Code of Practice (ICOP) was
established to ensure that employees and occupants are protected from poor IAQ
that can adversely affect human health, well-being and productivity (Department
of Occupational Safety and Health [DOSH], 2010).

The objective of this study was to assess the level of compliance fo the
guideline limit in ICOP of nine indoor air contaminants, namely, total volatile organic
compound (TVOC), ozone (O,), carbon monoxide (CO), formaldehyde (CH,O),
particulate matter (PM,, PM,;, PM; and PM,;) and carbon dioxide (CO,), during
Dhuhr/Friday and Asr prayer times in the main prayer halls of mosques.

MATERIAL AND METHOD

Sampling Locations

This research was conducted in the main prayer halls of three prominent mosques
(coded as M1, M2 and M3) in Malacca City. M1 and M2 are historical mosques
located in the centre of Malacca City and M3 is a floating mosque located on
the man-made Malacca Island and built on sfilts above the Straits of Malacca.
According to the Malaysian Standard: Architecture and Asset Management of
Masjid — Code of Practice (MS 2577: 2014)(MS, 2014), the designs of M1 and M2 are
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influenced by mosques in Southeast Asia (pyramid-shaped roof) and the design of
M3 is influenced by mosques in Turkey (Ottoman style). Figure 1 shows a view of the
studied mosques and their respective coordinates.

f

M2
(N2.196674, E102.247285) (N2.199205, E102.247514)

M3
(N2.179007, E102.248871)

Figure 1. View of the Studied Mosques and Their Coordinates

Selection of Monitoring Instruments

An |IAQ probe (IQ-610) was used to measure TVOC, O,, CO and CO, and a
formaldehyde multi-mode monitor (FM-801) was utilised to measure CH,O. Both
instruments are of the Graywolf model. In addition, an airborne particle counter
(Handheld 3016 IAQ) of the Lighthouse model was used to measure PM,, PM, 5, PM;
and PM,,. All instruments were mounted on a tripod at 1.3 m above the ground
at one sampling point and placed at the main prayer hall. The details of the
measurement instruments are shown in Table 1. The total main prayer hall areas of
M1, M2 and M3 are 216.579 m? (W: 13.521 m x L: 16.018 m), 151.388 m? (W: 12.286 m
x L:12.322 m) and 635.370 m? (W: 25.358 m x L: 25.056 m), respectively.
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Sampling Method

The sampling events in the mosques were conducted for five hours from 12:00-
5:00 p.m. The sampling was performed for three days, with one day for each
mosque with a carpeted floor. Table 2 summarises the sampling work performed in
the three mosques. All of the mosques rely on passive ventilation (i.e. windows and
doors) and active ventilation (i.e. fans) systems during prayer fime. The doors and
windows were kept open during the monitoring period and the fans were switched
on during the prayer fimes only.

The quality assurance and quality control (QA/QC) for Graywolf and
Lighthouse models was performed by annual factory calibration. All insfruments
were attached fogether and the output parameters were displayed on a setup
screen. Readings of all the parameters were obtained after 30 minutes to one hour
to stabilise. Then, the location was set according to the current time and date of
monitoring and the data were set to one-minute real-time average (100% data
logging). The instruments were placed at the centre of the main prayer hall and the
selected sampling location was af least 0.5 m from the walls, corners and windows
but not directly in front of air-conditioning system units and floor fans and not within
2 m of the doors.

Table 2. Sampling Schedule and Activities

Monitoring Activities

Mosque Session Prayer Time (Within Five Hours of :l?c::i?:) ?::s
Sampling Period)

M1 Dhuhr to 1:07-1:18 p.m. 1. Before Dhuhr/Friday TVOC, O,, CO,
Asr prayer 4:31-4:42 p.m. prayer CH,0, PM,,

M2 Friday t 138148 2. During Dhuhr/Friday PM,s, PMs,
A” ayto 4:33_4:50 p.m. prayer PM,,, and CO,

ST prayer oo=4oU p.m. 3. Between Dhuhr/Friday
M3 Dhuhr to 1:12-1:27 p.m. and Asr prayer

Asr prayer 4:33-4:50 p.m. 4. During Asr prayer

RESULTS AND DISCUSSIONS

The indoor air contaminants were divided info chemical air contaminants (TVOC,
0O,, CO and CH,0), respirable particulate matter (PM,, PM,;, PM; and PM,,) and
ventilation performance indicator (CO,). Figures 2-4 show the concenfrations of
these contaminants in M1, M2 and M3, respectively. The results show fluctuations in
the concenftration of chemical air contaminants in M1, M2 and M3 during prayer
and non-prayer times, except for the ozone concentrations in M1 and M2. The
results also indicate that PM,, was the dominant respirable PM in the three mosques.
The concentratfions of the venfilation performance indicator were higher in the
mosques during prayer times than during non-prayer times. Tables 3-5 show the
concenftration levels of indoor air contaminants in comparison with the acceptable
guideline limit recommended by ICOP for the studied mosques.
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Figure 2. Concentrations of the Indoor Air Contaminants during Dhuhr to Asr Prayer

Times at M1
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The results in Table 3 suggest that the mean TVOC concentration in M1
was slightly higher than that in M2 and M3. The mean TVOC concentrations in
M1, M2 and M3 were 0.132 = 0.016 ppm (range: 0.105-0.185 ppm), 0.129 *
0.008 ppm (range: 0.114-0.158 ppm) and 0.102 + 0.008 ppm (range: 0.092-0.142
ppm), respectively. The mean of TVOC concentrations in M1, M2 and M3 were
much smaller than the acceptable guideline limit of 3 ppm recommended by ICOP.
TVOC concentrations in mosques can be influenced by the building materials and
carpets used as floor covering in the mosques. As mentioned by Jokl (2000), volatile
organic compounds (VOCs) can be produced by building materials and fittings,
especially carpets and other floor covering materials. The concentrations of VOCs,
including benzene, toluene and chlorofluorocarbons (Environmental Protection
Agency, 2012), can also be affected by temperature, humidity, seasons and other
environmental factors (Jo and Sohn, 2009).

Meanwhile, the results suggest that the mean O, concentration in M3 is higher
than that in M1 and M2. The mean O, concentration in M3 is 0.15 * 0.08 ppm
(range: 0-0.30 ppm) and exceeds the acceptable limit of 0.05 ppm recommended
by ICOP. The high concentration of O, in M3 may be due to the mosque's location
in a coastal and marine area. This finding is in accordance with those of Tong et al.
(2017) and Yahaya et al. (2017), who found that coastal and marine areas are the
main sources of O, concentrations due to the influenced of two factors, namely,
site location and provincial transport. In these areas, during daytime, sea breeze
from the sea to land and land breeze from the land to sea during night time bring
new chemical mixtures of the ozone precursor, such as NOx and sea salt aerosol,
that produce nitryl chloride at night and increase the ozone concentrations
the next morning. McKendry and Lundgren (2000) also found that surface O, is
generally created by the reaction of anabatic winds and sea breeze formation with
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convective venting processes. However, the mean O, concenfration in M1 and
M2 was 0.00 + 0.00 ppm, which implies that no trace of O; was present in the two
mosques due to the absence of outgassed precursors. O, is a secondary pollutant
that can be influenced by precursor availability, local meteorology, seasonal
variability (Lin et al., 2015; Awang et al., 2018), local sources and background
hemispheric concentrations through fransboundary transport (Ryoo et al., 2017).

Table 3. Descriptive Statistics of the Chemical Contaminants Concentrations

Mosque M1 M2 M3 Acceptable Limit
TVOC concentrations (ppm) 3 ppm
N total 300 300 300
Mean = SD 0.132+£0.016  0.129 £0.008  0.102 +0.008
Minimum 0.105 0.114 0.092
Median 0.130 0.128 0.101
Maximum 0.185 0.158 0.142
O, concentrations (ppm) 0.05 ppm
N total 300 300 300
Mean = SD 0.00 £ 0.00 0.00 £ 0.00 0.15+£0.08
Minimum - - 0.00
Median - - 0.15
Maximum - - 0.30
CO concentrations (ppm) 10 ppm
N total 300 300 300
Mean = SD 1.14+0.24 1.88+0.31 0.98£0.27
Minimum 0.60 1.30 0.70
Median 1.20 1.80 0.90
Maximum 1.80 2.50 2.00
CH,O concentrations (ppm) 0.1 ppm
N total - 0.066 0.019
Mean = SD - 0.024 £0.004 0.013 +£0.0006
Minimum - 0.011 0.011
Median - 0.022 0.013
Maximum - 0.029 0.013

The results also suggest that although the mean CO concentration in
M2 is slightly higher than that in M1 and M3, the mean CO concentrations in all
three mosques did not exceed the acceptable guideline limit value of 10 ppm
recommended by ICOP. The mean CO concentratfions in M1, M2 and M3 were
1.14 + 0.24 ppm (range: 0.60-1.80 ppm), 1.88 + 0.31 ppm (range: 1.30-2.50 ppm)
and 0.98 + 0.27 ppm (range: 0.70-2.00 ppm), respectively. The contributions of CO
concentrations may be due to the automobile exhaust from high fraffic near the
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mosques and continuous CO concentrations can cause health issues among the
occupants, especially children. For example, Evans et al. (2014) found that the risk
of asthma in urban children can be aggravated by CO concentrations.

The highest mean CH,O concenfrafion was observed in M2, followed
by M3 and MI1. The mean CH,O concentrations in M2 and M3 were 0.024 *
0.004 ppm (range: 0.011-0.029 ppm) and 0.013 + 0.0006 ppm (range: 0.011-
0.013 ppm), respectively and the mean CH,O concenfration in M1 is less than
0.01 ppm. The mean CH,O concentrations in M1, M2 and M3 did not exceed the
acceptable guideline limit of 0.1 ppm recommended by ICOP. The possible sources
of indoor CH,O are wood-based materials, flooring materials, insulation materials,
coating materials, indoor chemistry and indoor combustion; the disclosure of indoor
CH,0O is expected to be higher than the outdoor value (Salthammer et al., 2010).
CH,O concenftrations could exert adverse health effects on humans. Therefore,
these concentrations also need to be monitored in indoor environments.

Table 4 shows that the highest mean PM concentrations (PM,, PM,; and
PM;) were in M1, followed by M3 and M2. The mean PM, concentratfions in M1, M3
and M2 were 0.42 £ 0.07 pg/m?® (range: 0.30-0.56 pg/m?), 0.33 + 0.03 ug/m?3 (range:
0.25-0.39 pg/m?®) and 0.24 + 0.03 ug/m?3 (range: 0.21-0.30 pg/m?d), respectively. For
PM, s, the mean concentrations in M1, M3 and M2 were 4.15 + 0.58 ug/m? (range:
3.26-5.04 ug/m?3), 3.55 £ 0.34 pg/m?® (range: 2.91-4.21 pg/m?3) and 2.90 + 0.42 pg/m?
(range: 2.39-3.69 ug/m?®), respectively. Meanwhile, the mean PM; concenfrations
in M1, M3 and M2 were 12.54 + 2.79 ug/m? (range: 9.60-17.50 pg/m?), 11.93 + 1.05
pg/m? (range: 10.22-13.99 ug/m?3) and 11.84 £ 2.85 ug/m? (range: 8.98-17.18 ug/m?),
respectively. The highest mean PM,,concentration was in M2 (25.45 + 8.52 ug/m3;
range: 15.18-41.13 pug/m?3) followed by M1 (20.82 + 5.21 ug/m?3; range: 15.51-31.81
pug/md) and M3 (16.54 £ 1.05 pg/m?; range: 14.79-18.27 ug/m?d). However, the mean
PM,, PM, s, PMsand PM,, concentrations in M1, M2 and M3 sfill did not exceed the
acceptable limit of 150 pyg/mrecommended by ICOP.

PM is a common indoor pollutant and may cause adverse health effects.
These health effects vary from minor respiratory symptoms to increments in
morbidity and mortality rates depending on the exposure duratfion and pollutant
concenfration (Jedrychowski et al.,, 2013). The sources of PM inside mosques
could be particles resuspended from carpets, infiltration of outdoor particles info
the buildings as jemaah or congregators walk inside the mosques and secondary
particle formation from the reaction of gaseous pollutants. Thatcher and Layton
(1995), Ferro, Kopperud and Hildemann (2004) and Fromme et al. (2007) concluded
in their studies that resuspension is a function of particle size, occupants' activities
and types of floor materials.

Table 5 shows that the highest mean CO, concentration was in M2, in which
jemaah perform the Friday prayer. Their concurrent attendance during Dhuhr time
on Fridaysincreased the number of people in the mosque and therefore contributed
to a high CO, concentration af this time. The maximum CO, concenfration in M2
reached 872 ppm, which is almost twice the maximum concentration values in M1
and M3 (491 and 453 ppm, respectively) but sfill within the acceptable limit of 1,000
ppm. Reduced ventilation (Ahmed, Rahman and Shahrani, 2004), high number of
jemaah and the level of activities of jemaah (Al-Dabbous et al., 2013) might affect
CQO, levels in mosques during this fime. The mean CO, concentration in M2 was
526.25 £ 82.37 ppm (range: 447-872 ppm), followed by M1 and M3 with 455.82 +
11.69 ppm (range: 425-491 ppm) and 413.04 + 11.98 ppm (range: 397-453 ppm),
respectively.
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Table 4. Descriptive Statistics of the Respirable Particulate Matter Concentrations

Mosque M1 M2 M3 Acceptable Limit
PM, concentrations (ug/mg) 150 ug/m?
N total 300 300.00 300
Mean £ SD 0.42 +0.07 0.24 +0.03 0.33+0.03
Minimum 0.3 0.21 0.25
Median 0.42 0.22 0.32
Maximum 0.56 0.30 0.39
PM, s concentrations (ug/mg) 150 ug/m?
N total 300 300 300
Mean £ SD 4.15+0.58 2.90+0.42 3.55+0.34
Minimum 3.26 2.39 2.91
Median 3.98 2.74 3.435
Maximum 5.04 3.69 4.21
PM; concentrations (ug/m?) 150 ug/m?
N total 300 300 300
Mean + SD 1254279 11.84+285 11.93+1.05
Minimum 9.6 8.98 10.22
Median 11.05 10.4 11.49
Maximum 17.5 17.18 13.99
PM,, concentrations (ug/m?3) 150 ug/m?
N total 300 300 300
Mean £ SD 20.82+521 25.45+852 16.54+1.05
Minimum 15.51 15.18 14.79
Median 18.26 22.015 16.665
Maximum 31.81 41.13 18.27

Table 5. Descriptive Statistics of the Ventilation Performance Indicator

Concentrations

Mosque M1 M2 M3 Acceptable Limit
CO, concenftrations (ppm)

N total 300 300 300

Mean = SD 45582+ 11.69  526.25+82.37 413.04+11.98

1,000 ppm

Minimum 425 447 397

Median 457.5 492 409

Maximum 491 872 453
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According fo Lin and Deng (2003), the indoor CO, level is one of the common
indicators used to measure IAQ. The large number of jemaah during the Friday prayer
increases the CO, concentrations compared with those on normal days. Thus, the
ventilation rate and sources of fresh air inside mosques are important factors that
need to be considered. According to Mumovic et al. (2009) and Ponsoni and Raddi
(2010), CO, levels inside a building can be confrolled by increasing the ventilation
rate and sources of fresh air. The high CO, level during the Friday prayer must be
monitored because it could exert adverse effects on human health. Guais et al.
(2011) mentioned that CO, concentrations around or above 1,000 ppm, especially
those above 10,000 ppm, are classified as toxicity values.

CONCLUSIONS

This study showed that the mean concentrations of nine indoor air contaminants
(TVOC, O, CO, CH,0O, PM,, PM,5, PMs, PM,; and CO,) in M1 (a historic mosque;
monitored during Dhuhr to Asr payers) and M2 (a historic mosque, monitored during
Friday to Asr prayers) were still within the acceptable guideline limit recommended
by ICOP. However, one of the nine parameters, which is mean O, concentration
in M3 (a floating mosque; monitored during Dhuhr to Asr prayers), exceeded the
acceptable guideline limit. The mean O; concentration in M3 exceeded the
acceptable limit at 0.150 ppm because M3 is located in a coastal and marine area.
The CO, level during the Friday prayer in M2 reached 872 ppm, which is close fo the
acceptable limit of 1,000 ppm recommended by ICOP. This result might be due to
reduced venfilation conditions, large number of jemaah and their activities in the
mosque. In conclusion, the concentration levels of indoor air contaminants in the
prayer halls of the studied mosques in Malacca are in compliance with Malaysia's
ICOP and DOSH (2010) and this compliance needs to be sustained fo prevent any
possible health effects on worshippers during their religious congregations and
other activities. Providing adequate ventilation is a means to maintain good IAQ in
the mosques. Nevertheless, a non-compliance issue for ozone was observed in one
of the mosques due to its location.
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