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ABSTRACT

This study measured elemental mercury (Hg0) vapour concentrations released from a known amount of Hg0, simulating 
various thermometer and sphygmomanometer spillage scenarios in an indoor test environment. A volume of 0.15 mL 
and 5 mL Hg0 spills were tested at 25±1ᵒC and 30±1ᵒC room temperature, measured at different heights and distances 
from the spills. Hg0 vapour concentrations were measured in real-time using a Mercury Survey Meter EMP-2 with an 
interval of 30 min for two hours. The average concentration of Hg0 vapour emitted from the 0.15 mL spill was between 
0.1±0.3 µg m−3 and 6.6±11.0 µg m−3, whereas the 5 mL Hg0 spill showed a higher range from 1.0±0.3 µg m−3 to 24.8 ± 
8.5 µg m−3. The difference in Hg0 concentration between a large spill and a small spill at 25ᵒC and 30ᵒC were 11.4 and 
8.6 times higher, respectively. The average test room concentrations ranged from 0.4 µg m−3 to 16.8 µg m−3, exceeding 
the Agency for Toxic Substances and Disease Registry chronic minimal risk level of 0.3 µg m−3. The Mann-Whitney U 
test revealed a significant difference in the median Hg0 concentration between the spill amount (p<0.032) and room 
temperature (p<0.005). This study successfully provides an estimate of mercury spill levels caused by the breakage of a 
thermometer or sphygmomanometer implying that a small or large spill in a warm room with low ventilation could result 
in significantly higher levels of Hg0 vapour, posing a risk to human health.
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INTRODUCTION

Mercury is a naturally occurring chemical element found in the rock of the earth’s crust. It exists in three forms: (1) 
elemental mercury (Hg0), (2) inorganic mercury compounds (e.g., mercuric chloride, mercuric sulfide), and (3) organic 
mercury compounds (e.g., methylmercury, phenylmercury). Hg0 is slightly volatile at room temperatures and significantly 
more volatile when heated (ATSDR, 1999; CDC, 2005; WHO, 2014). Both liquid and vapour forms of Hg0 are poorly 
absorbed through human skin, even in high concentrations, and it is essentially nontoxic when ingested by humans 
as less than 0.1% is absorbed. However, inhalation has become the most significant and concerning route of human 
exposure towards Hg0, since once Hg0 vapour is inhaled, the lungs absorb the inhaled vapour up to about 80% and carry 
it into the blood system (ATSDR, 1999; CDC, 2005; WHO, 2000). Higher exposure levels (e.g., 10 – 100 µg m−3) over 
prolonged periods are associated with personality changes, memory loss, insomnia, and depression (ATSDR, 2009). 
At low-level exposures, nonspecific symptoms like weakness, fatigue, anorexia, and weight loss have been reported 
(ATSDR, 1999). The International Agency for Research on Cancer (IARC), and the Environmental Protection Agency 
(EPA) have not had sufficient evidence to either classify Hg0 as a carcinogen or a noncarcinogen (ATSDR, 1999; CDC, 
2005).

Despite its toxicity, the unique characteristics of Hg0 have made it useful in many applications, such as in common 
medical measuring devices including thermometers and sphygmomanometers (ATSDR, 1999; CDC, 2005; UNEP, 
2008). The Minamata Convention on mercury stated that by 2020 there would be no import, export, or manufacturing 
of medical equipment containing Hg0 such as thermometers and sphygmomanometers (UNEP, 2019). However, the 
remaining Hg0-containing devices are still being used in many health facilities, universities and private residences. 
These devices would pose a significant risk to the surrounding personnel in terms of breakage and long-term disposal 
(UNEP, 2008; Sodeno 2023). If the Hg0-containing devices are mishandled, they can break and cause the liquid Hg0 
to spill, which often causes accidental exposure to Hg0 (ATSDR, 1999; CDC, 2005; Pandey et al., 2011). Zeitz et al., 
(2002) stated that 96% of 413 Hg0 spills reported occurred at fixed locations, with the most frequent sites being schools 
or universities (20.3%), private residences (16.7%), and healthcare facilities (16.5%).

Most Hg0 spill cases seem to involve thermometers, which are widely used throughout the world but easily broken 
(Cizdziel and Jiang, 2011; UNEP, 2015). The amount of Hg0 in each thermometer is about 0.5 – 3.0 g, and spillage 
of that amount is defined as a small spill (Malaysia, 2013). Spillage of anything larger than a broken thermometer is 
classified as a large spill (Baughman, 2006; Malaysia, 2013; UNEP, 2015). A sphygmomanometer contains 50 – 140 
g of Hg0 (NEWMOA, 2010); it is considered a large spill if it breaks. The classification of a mercury spill as either large 
or small is determined by a variety of factors, including the quantity of mercury released, the type of mercury (element 
or compound), the location of the spill (e.g., residential, industrial, or public facility), and the surrounding conditions 
(e.g., ventilation, temperature, and proximity to vulnerable areas such as schools or healthcare facilities). If a large spill 
occurs at home or a workplace and is not adequately cleaned, the hazard may persist for a long time, as Hg0 vapour 
could continue to be emitted >10 years after it was spilt (Carpi and Chen, 2001). Since the Hg0 vapour is heavier than 
air, after a spill the vapour may accumulate in poorly ventilated areas (Cizdziel and Jiang, 2011). Hubbard and Tranter 
(2011) assessment showed that historic spills were the primary Hg0 vapor source (76.6%) in Minnesota schools. When 
the Hg0 spill occurs, there is no detectable odour from either the liquid or vapour to serve as a warning sign of hazardous 
concentrations. Thus, it has become a matter of great concern to many regulators where several regulatory authorities 
have recommended limiting exposure to Hg0 vapour to prevent occupational diseases or other adverse health effects 
over a specified duration of exposure as shown in Table 1 (ACGIH, 2012; ATSDR, 1999; DOSH, 1994; NIOSH, 2014; 
OSHA, 2005; USEPA, 1995). 

While acceptable exposure limits have been developed for Hg0 vapour in the air, information on concentrations released 
from an ordinary fever thermometer or Hg0 sphygmomanometer is still scarce. There are currently many published data 
on indoor occupational exposures (Eustaceet et al., 2004; Marcotte et al., 2017; Nagpal et al., 2017; Yuyun et al., 2013), 
and residential exposures to airborne Hg0 (Gyamfi et al., 2020; Morrison, 2007). However, very few investigators have 
measured Hg0 vapour concentrations generated by known amounts of Hg0 (Bigham et al., 2008; Hickson et al., 1993; 
Winter, 2003). None of the previous studies were conducted under tropical climate conditions, such as in Malaysia, 
which generally has higher indoor temperatures (28◦C - 32◦C) (Jamaludin et al., 2015) and relative humidity (40% 
– 70%) (Gonzalez and Mohd Sahabuddin, 2019). There have been multiple incidents of Hg0 spills across Malaysia. 
A notable case involved a 50 mL of Hg0 spill on the floor of a classroom 2016 (Penang), followed by another spill in 
a residential area (Penang) a sphygmomanometer leaked in a clinic (Kuching), and another broke in a Polytechnic 
(Penang) (Ibrahim and Puvanah, 2016). The most recent mercury spill resulting from a broken thermometer took place 
in a school in Penang in 2023 (Nusi, 2023) and at Airport Terminal in Kota Kinabalu in 2024 (Nabalunews, 2024). 
Although there is limited publication of precise spill data, Hg0 exposure continues to be a concern in Malaysia due to its 
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toxic effects. Hence, it is imperative to provide data regarding the concentrations of Hg0 in indoor air released from a 
known amount of Hg0 in a tropical climate setting, to have a comprehensive understanding of the levels and associated 
risks. This experiment aims to measure the Hg0 vapour levels in an indoor test environment, simulating a small and large 
spill in a low-ventilated room in tropical climate conditions. Measurements were carried out at different temperatures, 
various heights and distances from the source of spill and Hg0 concentrations were compared with permissible exposure 
limits, and other spill cases.

Table 1. Recommended exposure limit for Hg0 airborne concentrations set by several regulatory authorities.

Airborne 
concentration (µg 

m−3)

Description Reference

10,000 Immediately dangerous to life or health (IDLH) NIOSH 
(2014)

100 Permissible exposure limit (PEL), 8-hour time-weighted average 
(TWA8)

OSHA 
(2005)

25 Permissible exposure limit (PEL), 8-hour time-weighted average 
(TWA8)

DOSH 
(1994)

25 Threshold limit value (TLV), averaged over an 8-h working shift ACGIH 
(2012)

10 Recommended exposure limit (REL), averaged over a 10-h working 
shift

NIOSH 
(2014)

0.3 Reference concentration (RfC), an estimate of a continuous inhalation 
exposure that is likely to be without an appreciable risk of deleterious 
effects during a lifetime

USEPA 
(1995)

0.2 Minimal risk level (MRL), an estimate of daily human exposure that 
is likely to be without appreciable risk of adverse non-cancer health 
effects over a specified duration of exposure

ATSDR 
(1999)

NIOSH: National Institute for Occupational Safety and Health, OSHA: The United States Occupational Safety Health 
Administration, ACGIH: American Conference of Governmental and Industrial Hygienists, DOSH:  Department of 
Occupational Safety and Health Malaysia, USEPA: The United States Environment Protection Agency, ATSDR: Agency 
for Toxic Substances and Disease Registry

MATERIALS AND METHODS

Experimental setup

This is an experimental study to measure Hg0 vapour concentration at different spill scenarios in an indoor air environment. 
The Hg0 sampling was conducted in a modified cabin with a room size of 2.9 m width x 4.0 m length x 2.2 m height. 
The exterior had a door in the short sidewall and a window in the long sidewall. The interior was equipped with an air 
conditioner, an exhaust fan, a door, and a vinyl-type floor. The schematic diagram of the experiment layout is provided in 
Supplementary 1 (Figure 1). Prior to the experiment, the walls and ceiling were properly sealed to prevent any openings 
or gaps. The door and window were closed during the sampling procedure to limit the entry of fresh air, which created 
a low-ventilation room environment. Reagent-grade Hg0 >99.99% purchased from Sigma-Aldrich (USA) was used in 
this experiment. Room temperature (◦C) and relative humidity (%RH) were monitored using a Q-Trak™ Indoor Air 
Quality Meter Model 7565 (TSI Incorporated, Minnesota, United States). The air movement was measured using a hot 
wire anemometer VelociCalc® Air Velocity Meter Model 9535 (TSI Incorporated, Minnesota, United States). The range 
and accuracy of the devices for temperature, relative humidity and velocity were from 0 to 60oC (±0.6 oC), 5 to 95% 
RH (±3% RH), and 0 to 30 m s−1 (±3%), respectively, measured approximately 0.1 m and 0.75 m above the floor. The 
concentrations of Hg0 vapour were measured using a portable Mercury Survey Meter Model EMP-2 (Nippon Instruments 
Corporation, Osaka, Japan). The EMP-2 is a real-time mercury detector with a measurement range of 0.1 – 999.9 µg m−3 
with 0.4 µg m−3 precision. It has a response time of 1 s, which allows average concentrations to be computed internally. 
The EMP-2 is equipped with an internal calibration mechanism which was employed before each test condition. All of 
the air sampling devices used has been verified and calibrated prior to sampling and is valid during the experiment.
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Measurements

All measurements were conducted between 2nd of May and 24th of May 2019. Hg0 vapour experiments were tested with 
0.15 mL and 5 mL of liquid Hg0 spill. The 0.15 mL Hg0 corresponds to 2 g or a small spill, and the 5 mL Hg0 corresponds 
to approximately 67 g or a large spill. The small spill represents a thermometer spill, and the large spill simulates a 
sphygmomanometer spill. Liquid Hg0 was carefully placed in a Petri plate and positioned on the floor of the test room. 
The Petri plate kept the Hg0 from spreading and facilitated the cleanup process. The Malaysia Department of Standards 
published an MS 1525 Guideline for Malaysian climate standard indoor environment design, recommending indoor 
temperatures between 24◦C and 26◦C (Malaysia, 2014). According to a survey study, the temperature inside housing in 
Malaysia ranges from 28◦C to 32◦C (Jamaludin et al., 2015). Therefore, this study selected two temperatures within this 
ranges as the indoor test temperatures at approximately 25◦C ± 1◦C and 30◦C ± 1◦C. The air conditioner was switched 
on and adjusted to maintain the desired temperature. Measurements were taken at six points vertically and horizontally 
throughout the room; (i) three different height positions at 0.1 m, 0.75 m, and 1.5 m (breathing zone) above the Hg0 spill, 
and (ii) three different distances at 1 m, 2 m, and 3 m from the Hg0 spill at 0.75 m height. The average concentration for 
each test was recorded at 30 min intervals; 1 min, 30 min, 60 min, 90 min, and 120 min after the spill. The test condition 
parameters are summarized in Supplementary 2 (Table 1). Levels of Hg0 vapour was logged in µg m−3. The volume of 
the test room was 25.52 m3. Since six sampling points were set across the room, the average room concentrations were 
then calculated to represent the concentration of Hg0 for the room. The concentrations measured at 0.1 m above the 
Hg0 source (C0.1m) represented the concentration from 0 to 0.2 m in height above the floor (Vroom: 1 m long x 2.9 m wide 
x 0.2 m high = 0.58 m3). The concentrations measured at 0.75 m above the floor (C0.75m) represented the concentration 
from 0.2 to 1.0 m height (Vroom: 1 m long x 2.9 m wide x 0.8 m high = 2.32 m3). The concentrations measured at 1.5 
m height above the Hg0 source (C1.5m) represented the concentration from 1.0 to 2.2 m height (Vroom: 1 m long x 2.9 m 
wide x 1.2 m high = 3.48 m3). The concentrations measured at a distance of 1.0 m (C1m), 2.0 m (C2m) and 3.0 m (C3m) 
from the Hg0 source reflected a concentration of room volume 1 m long x 2.9 m wide x 2.2 m high = 6.38 m3 each, which 
covers the rest of the room. Thus, the average room concentration (Cr) was approximated by the sum of C0.1m, C0.75m, 
C1.5m, C1m, C2m, and C3m weighted by the fraction of the room volume that each of them represented, as shown in Eq. (1).

Cr= 0.02C0.1m+0.09C0.75m+0.14C1.5m+0.25C1m+0.25C2m+0.25C3m   … (1)
To minimise exposure to the highly toxic Hg0 and lower the risk of adverse effects, several control measures were 
implemented during the experimental of this study. Appropriate personal protective equipment was worn, including 
protective coverall with hood, nitrile gloves 0.38 mm thickness, safety goggles, covered shoes with shoe cover and 
half mask double respirator (3M-6200) with organic vapour/acid gas cartridges (U0301-3M-6003). After each test, the 
Hg0 spill was cleaned using a Mercury Spills Kit (Camlab, Cambridge, United Kingdom) and afterwards disposed of in 
accordance with local regulations. Before conducting the following test, the levels of Hg0 vapour in the test room were 
verified to be completely absent.

Statistical Analysis

Statistical analysis for the Hg0 spill results was performed using IBM SPSS Statistics 25. The normality was tested and 
observed from the frequency distribution (histogram) and the Shapiro-Wilk test. The data were not normally distributed 
(p<0.05); therefore, the non-parametric tests were used. A Kruskal-Wallis test was used to determine differences 
between the concentrations of Hg0 according to distance, height, and sampling time. The Mann-Whitney U test was 
used to compare differences between Hg0 amounts at different room temperatures. All statistical analysis was carried 
out at a 95% confidence interval. A p-value of <0.05 was considered significant.

RESULTS 

A dataset of N = 120 different test conditions was obtained, with each condition having an average of at least 290 Hg0 
concentration readings (n ≥ 290). Supplementary 3 (Table 2) provides the mean, range, and standard deviation for 
each test condition measured at 25ᵒC and 30ᵒC at different heights (C0.1m, C0.75m, C1.5m) and distances (C1m, C2m, C3m), 
at intervals of 1 min, 30 min, 60 min, 90 min, and 120 min after the small and large spills. The frequency distribution of 
all the Hg0 concentrations dataset is shown in histogram plot with an average of 7.48 ± 7.46 µg m−3 (Supplementary 4, 
Figure 2). During the sampling, the room’s relative humidity varied from 40% to 63% with an air velocity of 0.11 m s−1 to 
0.12 m s−1. The outside ambient temperature ranged from 29ᵒC to 33ᵒC. 
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Table 2: Studies on Hg0 vapour concentration measured in an indoor air environment using real-time mercury analyser

Source Study site Hg0 amount and condition Air temperature 
(sampling time)

Levels
(µg m−3)

This study Indoor test experiment, low 
ventilated room, 
26 m3 

•	 0.15 mL, stationary 25ᵒC, 30ᵒC (2 h) 0.1 − 83.0 

•	 5 mL, stationary 25ᵒC, 30ᵒC (2 h) 1.01 − 32.0

Bigham et al. 
(2008)

Indoor test experiment, well-
ventilated room,
20 m3, 2.2 h−1 air change

•	 0.034 mL, stationary 17ᵒC (0.5 h) 0.26 − 0.56
•	 5 mL, stationary 19ᵒC (0.5 h) 1.8 − 26
•	 ~0.1 mm, thousand beads 22ᵒC (2 h) 100 − 902
•	 ~0.1 mm, thousand beads 10ᵒC (140 h) 9 − 49

Winter (2003) Indoor test experiment, well-
ventilated room, 107 m3, 0.3 
h−1 air change

•	 0.015 mL, stationary 22ᵒC 0.046
•	 0.15 mL, stationary 21.8ᵒC − 24.2ᵒC 4.6 − 10 

Santoro (2006) Spill case, university building •	 0.15 mL, one thermometer 
spill in a hot water bath, 
evaporated 

1ᵒC (6 h) 28 − 80 

1ᵒC (3 days) 7 − 80

Scheepers et 
al. (2014)

Spill case, private residence •	 3mL, one barometer spill 
on the hardwood floor, 
cleaned using a vacuum 
cleaner, measured four 
days after the spill

19ᵒC − 22ᵒC 0.5 − 28.0

Morrison 
(2007)

Spill case, private residence •	 0.04 mL, one thermometer 
spill on the bedroom floor, 
cleaned using a vacuum 
cleaner, measured four 
days after the spill

No information 10 − 12

•	 0.22 mL, one thermostat 
spill on hallway wood strip 
floor, cleaned using wet/
dry vacuum cleaner

No information 0.4 − 1.6

Carpi and 
Chen (2001)

Spill case, private residence •	 One thermometer spill, 
measured 16 y after the 
spill

25ᵒC (3 − 5 h) 0.045 ± 0.0007

•	 One thermometer spill, 
measured six months after 
the spill

22ᵒC (3 − 5 h) 0.52 ± 0.006
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Small vs large spill at different temperatures

The average concentration of Hg0 vapour emitted from the small spill ranged from 0.1 ± 0.3 µg m−3 to 6.6 ± 11.0 µg m−3, 
while the average amount released from the large spill showed higher levels, from 1.0 ± 0.3 µg m−3 to 24.8 ± 8.5 µg 
m−3. The highest concentration from the small spill was 83.0 µg m−3, while the large spill had the highest concentration 
of 132.0 µg m−3. The Cr levels generated from the small spill were between 0.4 µg m−3 and 2.1 µg m−3, while the large 
spill resulted in higher Cr from 1.5 µg m-3 to 17.8 µg m-3. At 25ᵒC and 30ᵒC, the large spill released 11.4 times and 8.6 
times higher Cr in the room, respectively, than the small spill at the same temperature (Supplementary 5, Table 3). 
Figure 1 showed a significant difference in Cr concentration, measured at 25ᵒC and 30ᵒC. The small spill and the large 
spill showed an increase of 1.6 times (1.0 µg m−3 to 1.6 µg m−3) and 1.2 times (11.4 µg m−3 to 13.8 µg m−3), respectively, 
when the temperature rose from 25ᵒC to 30ᵒC. The Mann-Whitney U test showed a statistical difference in the median 
of Hg0 concentration between the Hg0 amount and room temperature. The concentrations of Hg0 vapour at 30◦C were 
significantly higher than at 25◦C (Mann-Whitney U = 1.392E3, n1 = n2 = 60, Z = -2.140, p < 0.032 two-tailed) with mean 
ranks of 67.29 for 30◦C and 53.71 for 25◦C. Comparing the amount of Hg0, the concentrations were significantly higher 
for the large Hg0 spill than for the small spill (Mann-Whitney U = 167, n1 = n2 = 40, Z =-8.577, p < 0.005 two-tailed) with 
the mean ranks at 87.72 for the large Hg0 spill and 33.28 for the small one. Pearson correlation test revealed a 

Figure 1. The weighted room average Hg0 vapour concentration, Cr (µg m−3) measured for 2-h using 0.15 mL and 5 mL 
liquid Hg0 at 25◦C and 30ᵒC with standard deviation error bars

Small vs large spill at different sampling times

The Cr concentration measured at different times (1 min, 30 min, 60 min, 90 min and 120 min) is shown in Figure 2. 
The pattern shows a significant rise at 30 min and reaches a peak value between 30 min and 90 min. All test samples 
showed a decrease at 120 minutes. At 25ᵒC, the Cr values emitted from the large spill increased the Hg0 levels by 
3.8 times at 1 min and up to 18.8 times at 120 min compared to the small spill. At 30ᵒC, the large spill increased Cr 
concentrations by 5.4 times at 1 min to 9.2 times at 60 min as opposed to the small spill. The small spill emits a barely 
noticeable pattern at both temperatures, ranging from 0.4 µg m-3 to 1.7 µg m-3 in contrast, higher Cr was reported 
from large Hg0 spill, varying from 1.5 µg m−3 to 17.8 µg m−3. The Kruskal Wallis test was performed to determine the 
association between Hg0 concentrations at different sampling times (1 min, 30 min, 60 min, 90 min and 120 min). This 
study showed that there was a statistically significant difference in Hg0 concentrations between the different sampling 
times (X2 (4) = 17.363, p = 0.02), with mean rank concentrations of 72.29 for 90 min, 68.79 for 60 min, 64.06 for 30 min, 
62.35 for 120 min and 35.00 for 1 min.
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Figure 2. Graph of the weighted room average Hg0 concentrations (µg m−3) at 1 min, 30 min, 60 min, 90 min and 120 
min after the spill

Hg0 concentration at different heights and distances

The average Hg0 levels were highest at 0.1 m above the point of the liquid Hg0, which ranged from 1.6 µg m−3 to 17.5 
µg m−3. The levels gradually reduced at 0.75 m and were lowest at 1.5 m height above the source, between 0.5 µg m−3 

and 14.8 µg m−3 (Figure 3a). At 25ᵒC, the large spill shows an increase from 9.4 times (at 0.1 m height) to 24.6 times 
(at 1.5 m height) higher than the small spill. In contrast, at 30ᵒC, the increasing Hg0 levels released from the large spill 
was not apparent compared to the small spill; between 5.5 times (at 0.1 m) and 8.7 times (at 1.5 m) higher. The average 
Hg0 concentrations measured at different distances (0 m, 1 m, 2 m, and 3 m), at 0.75 m height from the Hg0 source are 
shown in Figure 3b. The trend shows a slight decrease of Hg0 levels with an increase of distance. At 25ᵒC, the large spill 
shows an increase from 6.3 times (at 1 m distance) to 21.2 times (at 3 m distance) higher vapour concentration than the 
small spill. However, at 30ᵒC, Hg0 levels released from the large spill were between 7.2 times (at 3 m distance) and 13 
times (at 1.5 m) higher than the vapour released from the small spill.
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Figure 3a. Average Hg0 vapour concentration (µg m−3) emitted from 0.15 mL and 5 mL Hg0 measured at 0.1 m, 0.75 m 
and 1.5 m height above the source with standard deviation error bars

Figure 3b.  Average Hg0 vapour concentration (µg m−3) emitted from 0.15 mL and 5 mL Hg0 measured at 0.75 m height 
at the point of source, 1 m, 2 m, and 3 m distance from the source with standard deviation error bars

DISCUSSION

Generally, the Hg0 concentrations varies at different heights and distances over time. The findings demonstrated that 
the room temperature and the volume of Hg0 have a substantial impact on the levels of Hg0 vapour released into indoor 
air. Higher temperature and a greater amount of Hg0 were the significant factors in increasing the levels of Hg0 in a low-
ventilated room. The greater the Hg0 amount, the larger the surface area, thus increasing the Hg0 evaporation into the 
air (Bigham et al. 2008). Winter (2003) and Bigham et al. (2008) reported the same trend where higher temperatures 
and larger Hg0 amounts lead to greater levels of Hg0 vapour released into the atmosphere. 

The small difference emitted from the small spill at both temperatures was explained by Reinke and Brosseau (1996) 
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where changes in room temperature during evaporation of a substance are assumed to be negligible for the low 
generation rate of a small spill. The downward trend with time might have been due to the oxidation of Hg0, as stated by 
several investigators (Hickson et al. 1993; Winter 2003; Bigham et al. 2008). Bigham et al. (2008) suggested that the 
oxidation of liquid Hg0 in air follows a similar mechanism of water vapour. The author also found that the downward trend 
corresponds to the time constant of days. The effect of oxidation is less visible in hourly readings, but more noticeable on 
a daily rather than hourly basis. This explains a slight reduction found at 120 min in this paper, which is a measurement 
of 2 hours rather than an observation of days. Nonetheless, the decreasing trend is statistically significant, indicating 
that high temperatures and little ventilation in the test room may accelerate the oxidative process of liquid Hg0; hence, 
the decreasing trend is visible at 120 min.

This study shows that the Hg0 levels were highest at 0.1 m above the Hg0 source and 0 m distance (at the point of 
source). The same findings were reported by other investigators, namely that Hg0 vapour levels were highest at the 
point above the Hg0 spill source (Winter 2003; Bigham et al. 2008). A Kruskal Wallis test was performed to determine the 
association between Hg0 concentrations at different heights (0.1 m, 0.75 m and 1.5 m), and distances (0 m, 1 m, 2 m, 
and 3 m). The test revealed no statistical difference between the distances and heights in the median Hg0 concentration. 
This indicates that if a Hg0 spill occurs in a corner of a warm and poorly ventilated room, the readily vapourising nature 
of Hg0 may allow the vapour to accumulate in the air, occupying the entire space and give significant human exposure 
to a person in the room, even if they are not near to the source of the spill. 

The measurements obtained from both small and large Hg0 spills were significantly below than the immediately 
dangerous to life or health (IDLH) limit of 10,000 µg m−3 set by the National Institute for Occupational Safety and 
Health (NIOSH 2014). Considering residential exposure scenarios, this study discovered that the Cr concentrations 
exceeded both the reference concentration (RfC) limit of 0.3 µg m−3 stipulated by the United States Occupational Safety 
Health Administration (USEPA, 1995), and the minimal risk level (MRL) limit of 0.2 µg m−3 set by the Agency for Toxic 
Substances and Disease Registry (ATSDR,1999), a level that protects public health in residential exposure situations. 
In terms of occupational exposure scenarios, the Cr concentrations emitted from the large Hg0 spill at both temperatures 
exceeded the recommended exposure limit (REL) of 10 µg m−3 determined by the National Institute for Occupational 
Safety and Health (NIOSH 2014). At a temperature of 30◦C, the large Hg0 spill released concentration of 24.8 µg m−3, 
which almost exceeding the 8-hour time-weighted average (TWA8) exposure limit of 25 µg m−3 established by both the 
Department of Occupational Safety and Health Malaysia (DOSH, 1994) and the American Conference of Governmental 
and Industrial Hygienists (ACGIH, 2012). Nevertheless, the concentrations measured were lower than the TWA8  
permissible exposure limit of 100 µg m−3 set by the United States Occupational Safety Health Administration (OSHA, 
2005). These regulatory limits were established based on the average duration of 8-hour and 10-hour work shifts. 
Therefore, this finding indicates that if mitigation action is delayed after a large spill in a warm and poorly ventilated 
room, it poses a significant risk of Hg0 exposure to surrounding personnel in the area. 

Table 2 shows the Hg0 air concentrations reported by several researchers measured in an indoor air environment using 
a real-time mercury analyser. This study is similar to the indoor test experiment conducted by Winter (2003) and Bigham 
et al. (2008) using 0.15 mL and 5 mL liquid Hg0, respectively. This study showed higher levels of Hg0 vapour emitted 
from 5 mL Hg0 (1.0 – 132.0 µg m−3) compared to the same amount reported by Bigham et al. (2008) (1.8 – 26 µg m−3). 
Similarly, this study also showed higher concentrations (0.1 – 83.0 µg m−3) released from 0.15 mL Hg0, compared 
to the same amount published by Winter (2003) (4.6 – 10 µg m−3). The reason might be due to the higher test room 
temperatures in this study (25ᵒC and 30ᵒC) and low air-exchange resulting in high Hg0 levels compared to the other two 
similar studies using lower room temperatures (19ᵒC – 24.2ᵒC) and a well-ventilated room. Bigham et al. (2008) reported 
high levels of Hg0 vapour when the 5 mL liquid Hg0 was swept with a broom, causing the liquid Hg0 to disperse and 
form thousands of small beads, accelerating the vaporisation (Reinke and Brosseau 1996), thus increasing the levels to 
above 100 µg m−3, which was within the range of this study. 

This study was compared with actual spill cases, as described in Table 2. Hg0 levels emitted from the small spill (0.1 – 
83.0 µg m−3) showed a similar range with a thermometer spill case reported by Santoro (2006) (28 – 80 µg m−3). Several 
studies reported low Hg0 levels in residential buildings after six months and a trace level 16 years after a thermometer 
spill event spill occurred (Carpi and Chen 2001; Morrison 2007). Although the Hg0 spill was removed, it still exists in the 
air. The persistence of Hg0 vapour in indoor air is caused by a few factors: (1) Hg0 droplets have a tendency to create 
little beads that spread out and can potentially into cracks, resulting in a challenging cleaning process and (2) over 
time, Hg0 has a tendency to permeate building materials and is typically unable to be extracted from porous substances 
such as carpets, textiles, fibreboard, untreated wood, and upholstered furniture (Baughman 2006). This suggests that 
even a small Hg0 spill at home might pose a long-term risk to the residents, especially if the clean-up is not carried out 
intensively and the Hg0 vapour continually persists in the air. Similarly, the Cr concentrations from the large spill were 
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comparable to those reported in hospital buildings in Indonesia where broken sphygmomanometers were fixed (Yuyun et 
al. 2013). The study comparison suggested that the small and large Hg0 spill test presented in this study, which simulate 
a thermometer and sphygmomanometer spill, are comparable to actual spill incidences for a fever thermometer and 
sphygmomanometer. It is noted that the published data on mercury-related issues has significantly decreased in recent 
years due to stricter regulations and the substitution of mercury-containing devices with safer alternatives. Hence, the 
need for further research has lessened, resulting in a scarcity of published data on this topic in the past few years.

CONCLUSION

The results indicated that both large or small Hg0 spills in warm room temperatures with poor ventilation could result in 
substantially higher amounts of Hg0 vapour, which can potentially risk human health. Although the use of thermometers 
and spygnomamemeter has declined since the enactment of the Minamata Convention on Mercury in 2017, homeowners 
and facility managers should identify devices containing Hg0 and, where possible, replace them with Hg0-free substitute 
products. It takes very little Hg0 to create unsafe vapour levels in the surrounding air. Nevertheless, it must be noted 
that Hg0 levels in our experiments are representative of the conditions for spill described in this article. It is important 
to consider both the effects of environmental parameters and the characteristics of spilt Hg0 when evaluating the Hg0 
vapour under other conditions. 
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