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RESUMEN

Se midieron concentraciones de PM10�WDQWR�HQ�LQWHULRUHV�FRPR�H[WHULRUHV�HQ����HGL¿FLRV�UHVLGHQFLDOHV�GH�
Phitsanulok, Tailandia, durante las temporadas de seca y lluvias de 2014. Además, se analizaron siete metales 
traza en el PM10: Zn, Fe, Pb, Cd, Ni, Cu y Cr. Las concentraciones mensuales intra y extramuros de PM10 fueron 
de 41.5 a 105.3 μg m–3 y de 95.2 a 145.1 μg m–3, respectivamente. Las concentraciones de PM10 fueron sig-
QL¿FDWLYDPHQWH�PD\RUHV�GXUDQWH�OD�WHPSRUDGD�VHFD��HQ�FRPSDUDFLyQ�FRQ�OD�WHPSRUDGD�K~PHGD��/DV�UD]RQHV�
interior/exterior fueron menores a uno, lo cual indica que el material particulado se origina en ambientes 
exteriores. En general, las concentraciones medias de metales pesados en el PM10 variaron de 0.2 a 2.7 y de 0.5 
a 7.1 μg m–3 para el ambiente interior y el exterior, respectivamente. En el PM10�GH�LQWHULRUHV�VH�HQFRQWUy�XQD�
IXHUWH�FRUUHODFLyQ�SRVLWLYD�HQWUH�=Q�\�&X��=Q�\�1L��\�&X�\�1L��$VLPLVPR��VH�HQFRQWUy�XQD�IXHUWH�FRUUHODFLyQ�
entre Zn y Ni, Pb y Cu, Cu y Ni, Cd y Ni, y Zn y Cu en exteriores. Los factores de enriquecimiento de Zn, 
Cu, Pb, Cr y Ni fueron menores a uno, lo cual sugiere que los metales en el PM10 de interiores se originaron 
HQ�PDWHULDOHV�GH�OD�FRUWH]D��(Q�FXDQWR�D�OD�YDORUDFLyQ�GH�ULHVJRV�VDQLWDULRV��VH�GHWHUPLQy�PHGLDQWH�XQD�HYD-
OXDFLyQ�GH�ULHVJRV�FRQ�XQ�VLVWHPD�LQWHJUDGR�GH�LQIRUPDFLyQ��TXH�HO�&U�LPSOLFD�HO�PD\RU�ULHVJR�GH�Fáncer.

ABSTRACT

The concentrations of PM10 were measured both indoors and outdoors at 10 roadside residential buildings in 
Phitsanulok, Thailand during the dry and wet seasons of 2014. Seven trace metals (Zn, Fe, Pb, Cd, Ni, Cu and 
Cr) were also analysed in PM10. The monthly average concentrations of indoor and outdoor PM10 were 41.5 
to 105.3 μg m–3 and 95.2 to 145.1 μg m–3, respectively. PM10�FRQFHQWUDWLRQV�ZHUH�VLJQL¿FDQWO\�KLJKHU during 
the dry season compared to the wet season. The indoor/outdoor (I/O) ratios were less than one indicating that 
the particulate matter originates from the outdoor environment. Overall, the average concentrations of heavy 
metals in PM10 ranged from 0.2 to 2.7 μg m–3 and 0.5 to 7.1 μg m–3 for the indoor and outdoor environments, 
respectively. A strong positive correlation in indoor PM10 was found between Zn and Cu, Zn and Ni, and Cu 
and Ni. Zn and Ni, Pb and Cu, Cu and Ni, Cd and Ni, and Zn and Cu showed strong positive correlations 
in the outdoor environment. The enrichment factors of Zn, Cu, Pb, Cr and Ni were less than one suggesting 
that the metals in indoor PM10 have originated from crustal materials. For the health risk assessment, Cr was 
found to have the highest excess cancer risk in an evaluation using an Integrated Risk Information System.

�������8QLYHUVLGDG�1DFLRQDO�$XWyQRPD�GH�0p[LFR��&HQWUR�GH�&LHQFLDV�GH�OD�$WPyVIHUD�� 
This is an open access article under the CC BY-NC-ND License (http://creativecommons.org/licenses/by-nc-nd/4.0/).



312 T. Srithawirat et al.

1. Introduction

The distribution of urbanization in Thailand is imbal-
anced. The rapid growth of urban areas has created 
high population densities in large cities. The number 
of new vehicles registered in Thailand has increased 
around three times from 2000 to 2011 (DLT, 2014). 
7UDI¿F�HPLVVLRQV�DUH�UHFRJQL]HG�DV�WKH�PDMRU�VRXUFH�
of air pollution in cities (Jinsart et al., 2002; Zhang 
and Batterman, 2013). Previous studies have shown 
that the populations of several cities of Thailand are 
exposed to high levels of particulate matter (PM) 
such as PM10 and PM2.5 (PM with an aerodynamic 
diameter less than 10 and 2.5 μm, respectively). 
These levels often exceed the National Ambient Air 
Quality Standards (NAAQS) of Thailand (Guo et 

al., 2014). Several other studies have demonstrated 
that PM in Thailand is associated with respiratory 
problems and a wide range of premature mortality 
FDXVHV��9LFKLW�9DGDNDQ�DQG�9DMDQDSRRP��������4LX�
et al., 2015). Fine particles are more dangerous than 
coarse particles. Apart from the size of the particles, 
RWKHU� VSHFL¿F� SK\VLFDO�� FKHPLFDO�� DQG� ELRORJLFDO�
characteristics that can produce harmful health effects 
include the presence of metals, polycyclic aromatic 
hydrocarbons (PAHs), and other organic components 
�9LFKLW�9DGDNDQ�DQG�9DMDQDSRRP��������

Exposure to PM occurs mainly indoors because 
people spend most of their time inside buildings, 
especially in their homes (Massey et al., 2013; Du et 

al., 2011; Yang Razali et al., 2015). Effects of inhaled 
DHURVROV�GHSHQG�RQ�WKH�VSHFL¿F�FKHPLFDO�VSHFLHV��WKH�
concentration, the duration of exposure, and the site 
of deposition within the respiratory tract (Salma et 

al., 2002). Particle size is the most important factor 
determining the location of the deposited particles as 
well as the mechanism of deposition (Salma et al., 
2002; Braniš et al.���������,Q�JHQHUDO��DLUERUQH�¿QH�
particles have been considered of greater health sig-
QL¿FDQFH�WKDQ�RWKHU�PDMRU�DLU�SROOXWDQWV��7KH�KHDY\�
PHWDOV�DVVRFLDWHG�ZLWK�¿QH�SDUWLFOHV�KDYH�EHHQ�VKRZQ�
WR�LQFUHDVH�OXQJ�FDQFHU�DQG�FDUGLRSXOPRQDU\�LQMXULHV�
in humans (Park et al., 2008). Fine particles carry a 
higher burden of toxic metals than coarse particles 
(Shridhar et al., 2010; Massey et al., 2013).

Many studies indicate that indoor air quality is 
affected by outdoor air intrusion into the indoor 

environment (Jones et al., 2000; Kuo and Shen, 2010; 
Leung, 2015; Tunsaringkarn et al., 2015). Outdoor 
air pollutants can enter buildings through open doors, 
open windows, ventilation systems, and cracks in 
VWUXFWXUHV��9HQWLODWLRQ�KDV�D�VWURQJ�LQÀXHQFH�RQ�LQ-
door PM concentration, but this may also vary due to 
the difference in the physical nature of pollutants and 
their source characteristics (Leung, 2015). Several 
studies have shown a relationship between indoor 
and ambient air (Jamriska et al., 1999; Jones et al., 
2000; Cyrys et al., 2004). In urban areas, high density 
residential zones and high WUDI¿F�YROXPH�LQÀXHQFH�WKH�
concentration of air pollutants in indoor environment 
(Agrawal et al., 2003; Massey et al., 2012).

The measurement of indoor PM and its relation to 
toxicity are essential in order to determine the exposure 
risk of inhabitants. Thus, the aim of this study was to 
measure indoor and outdoor PM10 concentrations and 
their chemical composition in roadside residential 
buildings of Phitsanulok, a rapidly growing province 
in lower northern Thailand. This is a pioneering in-
vestigation on the probable sources of trace metals 
in this area and the health risks associated with them. 
The data is expected to provide valuable information 
for future mitigation and sustainable urban planning.

2. Methodology

2.1 Sampling site

The Phitsanulok province (16º 50’ N, 100º 15’ E) 
(Fig. 1) covers an area of about 10 816 km² and it 
encompasses a large city located in the lower north 
territory of Thailand, with a population of 854 000. 
Phitsanulok was chosen for this study because it is a 
rapidly developing area due to the east-west econom-
ic corridor linking Thailand with Myanmar, Laos and 
Vietnam (ADB, 2010). The climate of Phitsanulok 
LV�XQGHU�WKH�LQÀXHQFH�RI�PRQVRRQ�ZLQGV�RI�VHDVRQDO�
character. The south-west monsoon (May-October) 
brings a stream of warm moist air from the Indian 
Ocean causing abundant rain over the country with 
temperatures ranging from 23 to 39 ºC and relative 
humidity from 35 to 100%. The northeast monsoon 
(October-February) brings cold and dry air from an-
ticyclonic conditions on the Chinese mainland with 
temperatures ranging from 14 to 38 ºC and relative 
humidity from 27 to 98% (TMD, 2014).

Keywords: Indoor air quality, heavy metal, enrichment factor, excess cancer risk, I/O ratio.
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Five residential buildings (sites 1-5 in Fig. 1) 
near the Asian Highway 16 (AH16) and another 
¿YH��VLWH������LQ�)LJ�����QHDU�WKH�$VLDQ�+LJKZD\����
(AH13) in the municipality of Phitsanulok were cho-
sen as sampling sites. The sampling was conducted 
from January to June 2014. The houses varied in age from 
¿YH�WR����\HDUV�WR�SURYLGH�D�YDULDEOH�VDPSOH�RI�W\SLFDO�
indoor and outdoor concentrations. The houses are 
made of bricks and cement.

2.2 Sample collection

Portable air samplers (MiniVol™ TAS 5.0, Airmet-
rics, USA) were used for monitoring the indoor and 
outdoor mass concentration of PM10�DW�D�FRQVWDQW�ÀRZ�
rate of 5 L min–1 ± 5% with a controller for continuous 
measurement during the 8-h simultaneous sampling 

SHULRG� ������������/7���7KH�ÀRZ� UDWH� FDOLEUDWLRQ�
PHDVXUHPHQWV�ZHUH� SHUIRUPHG�XVLQJ� D�PDVV�ÀRZ�
calibrator during equipment placement and removal 
activities. The particles were collected on a 47-mm 
TXDUW]�¿OWHU�SDSHU�IRU�FKHPLFDO�DQDO\VLV��%HIRUH�DQG�
DIWHU�VDPSOLQJ��WKH�¿OWHUV�ZHUH�VWRUHG�LQ�GHVLFFDWRUV�
for 24 h prior to an initial weighing in a clean room 
under controlled temperature and relative humidity 
conditions. The indoor sampling instrument was 
placed at a height of 1.5 m and at locations in the 
house where the occupants spend most of their time. 
Inlet heads were positioned as close as possible to 
head height, in the breathing zone. Outdoor sampling 
was undertaken 1.5 m away from the boundary of 
the houses. The device was placed at a height of 
1.5 m from the ground. A total of 120 samples were 

Fig. 1. Sampling location.
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collected from ten houses per month, 60 from 
the indoor environment and 60 from the outdoor 
environment of each house on different dates over 
a six-month period (January to June, 2014). The 
average mass concentration of PM10 was calcu-
lated by the gravimetric method. After collecting, 
WKH�¿OWHUV�ZHUH�UHIULJHUDWHG�DW�DERXW����&�SULRU�WR�
chemical analysis.

2.3 Analytical procedure

The samples were digested in a mixture of pure 
concentrated acids (HNO3 and HClO4 in a 4:1 ratio) 
and diluted with deionized water up to 25 ml, then 
¿OWHUHG�WKURXJK�D������ȝP�0LOOLSRUH�¿OWHU�SDSHU�WR�
obtain a clear solution in pre-cleaned volumetric 
ÀDVNV�DQG�VWRUHG�DW����&�SULRU�WR�DQDO\VLV��7KH�FKHP-
ical compounds of the PM samples were determined 
via inductively coupled plasma optical emission 
spectrometry (ICP-OES) (JY 238, Horiba, Japan). All 
PM samples were analyzed for the following seven 
elements: Zn, Fe, Pb, Cd, Ni, Cu and Cr.

The limit of detection (LOD) for each of the met-
als was determined by measuring the signal to noise 
ratio. The LOD for Zn, Pb, and Fe was 0.10 ng m–3; 
for Cd and Cr, 0.03 ng m–3; for Ni, 0.13 ng m–3, and for 
Cu, 0.07 ng m–3. Percentage recoveries of the metals 
using acid digestion ranged between 98 and 117%. 
7KH�EODQN�¿OWHU�VDPSOHU�ZDV�PRQLWRUHG�XVLQJ�XQ-
H[SRVHG�¿OWHU� SDSHUV�ZKLFK�ZHUH� SURFHVVHG�ZLWK�
¿HOG�VDPSOHV��%DFNJURXQG�FRQWDPLQDWLRQ�RI�KHDY\�
PHWDOV� ZDV� GHWHUPLQHG� E\� VXEWUDFWLQJ� WKH� ¿HOG�
blank values from the concentrations. In this study, 
the background contamination was used to correct 
measurements.

2.4 Risk assessment from carcinogenic metals

Excess cancer risks (ECRs) were calculated using 
the unit risk and the PM-bound concentration of the 
metals, which can be used to represent their total 
concentration (Park et al., 2008). The information 
of carcinogenic types and unit risks of the metals 
is available from the US-EPA database for IRIS 
(Integrated Risk Information System). We assumed 
that a breathing rate for 8-h occupational exposure 
= 10 m3, and a breathing rate for 24-h continuous ex-
posure = 20 m3 (occupational exposure = 5 days/week; 
continuous exposure = 7 days/week) (US-EPA, 
1998). The typical method for calculating ECRs is 
by using the following formula (US-EPA, 1998):

Excess cancer risk (inhalation) =

atmospheric concentration of 

rqnnwvcpv"*たi"o–3+"'"wpkv"tkum"*たi"o–3)–1 (1)

2.5 Statistical analyses

Analysis of the experimental data was performed us-
ing the Statistical Package for Social Sciences (SPSS 
v. 11.5, IBM, USA). Descriptive statistics, including 
the mean concentrations of PM10 and standard devi-
ations, were used to investigate the elemental con-
centrations of the PM10 samples. Pearson correlations 
were conducted to evaluate the relationship of the 
indoor and outdoor PM10 and its metal concentrations.

3. Results and discussion

3.1 PM mass concentrations

The average monthly PM10 concentration and stan-
dard deviations obtained in the residential buildings 
are presented in Table I. The PM10 mass in indoor and 

Table I. Average monthly concentration of indoor and outdoor PM10 at roadside buildings (in ȝ�JP–3).

Month N AH16 AH13

Indoor (I) Outdoor (I) I/O ratio Indoor (I) Outdoor (O) I/O ratio

January 10  91.1 ± 9.4  145.1 ± 7.9 0.6  60.6 ± 6.1  103.6 ± 9.1 0.6
February 10  95.4 ± 9.8  125.6 ± 8.5 0.8  41.5 ± 5.3  105.6 ± 5.4 0.4
March 10  80.6 ± 6.1  123.6 ± 9.1 0.7  45.4 ± 6.8  98.6 ± 2.4 0.5
April 10  85.3 ± 5.2  115.6 ± 9.4 0.7  55.2 ± 9.4  95.2 ± 8.5 0.6
May 10  71.9 ± 6.5  95.6 ± 9.4 0.8  61.5 ± 5.3  100.6 ± 10.1 0.6
June 10  105.3 ± 10.2  135.4 ± 8.8 0.8  65.5 ± 8.5  101.6 ± 9.4 0.6
Average  88.3 ± 11.7  123.5 ± 17.1 0.7  54.9 ± 9.6  100.9 ± 3.7 0.6
Minimum 71.9 95.6 0.6 41.5 95.2 0.4
Maximum 105.3 145.1 0.8 65.5 105.6 0.6

N: number of samples.
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outdoor samples ranged from 71.9 to 105.3 μg m–3 
and 95.6 to 145.1 μg m–3 for AH16, and from 41.5 
to 65.5 μg m–3 and 95.2 to 105.6 μg m–3 for AH13, 
respectively. The trends of PM10 concentrations were 
higher in outdoor samples compared to indoor sam-
ples. Overall, the houses at AH16, a six-lane highway, 
showed higher average monthly PM10 concentrations 
compared to those at AH13 (a four-lane highway), ex-
cept for the outdoor PM10 concentration in May. There 
DUH� VLJQL¿FDQW� GLIIHUHQFHV� LQ� 3010 concentrations 
recorded at the different sampling sites (p < 0.05). 
However, statistical analysis performed with the 
t�WHVW� VKRZQ� QR� VLJQL¿FDQW� GLIIHUHQFH� (p > 0.05) 
between the mean concentrations of indoor and out-
door PM10� LQ�WKH�¿YH�KRXVHV�ORFDWHG�RQ�HDFK�URDG�
site, indicating that similar sources lead to the gener-
ation of particulate pollutants in these environments 
(Massey et al., 2013).

The results indicate that PM10 in indoor and 
outdoor environments is mainly affected by particle 
HPLVVLRQV� IURP� WKH� URDGVLGH�DUHD��7UDI¿F�YROXPH�
can increase in the wider highway (AH16), so it is 
expected to contribute to higher concentrations of 
PM10 inside and outside roadside buildings due to 
KLJK�WUDI¿F�GHQVLW\�DQG�FRQJHVWLRQ�LQ�WKLV�DUHD��7KH�
higher PM10 concentrations at the sampling sites may 
be emitted by vehicles, depending on the locations 
and prevailing winds. Generally, the contribution 
IURP� FURVV�ERUGHU� VRXUFHV� LV� OHVV� VLJQL¿FDQW� LQ�
urban areas due to the increased distance from the 
pollution sources (Cheng et al., 2009). However, 
urban air quality is highly affected by city design. 
Densely distributed buildings, deep street canyons, 
and buildings with high ratios of height to road 
width, can block and weaken the approaching wind, 
thus reducing air dispersion (Cheng et al., 2009; Li 
et al., 2009).

As there is no indoor air quality standard for 
public buildings in Thailand, we compared our re-
sults with the indoor air quality standards of other 
Asian countries. The concentrations of indoor PM10 
presented in this study were below the guideline for 
Singapore (150 μg m–3 for 8-h averaging time) (NEA, 
1996). The PM10 concentrations recorded in this 
VWXG\�DUH�FODVVL¿HG�DV�JRRG�DFFRUGLQJ�WR�WKH�,QGRRU�
$LU�4XDOLW\�2EMHFWLYHV�IRU�2I¿FHV�DQG�3XEOLF�3ODFHV�
in Hong Kong (180 μg m–3 for 8-h averaging time) 
but exceeded the excellence class value at 20 μg m–3 
(EPD, 2003).

3.2 Seasonal variation of PM10

In this study, the seasonal variation was divided into 
two seasons: dry (January-March) and wet (April-
June) based on the regional meteorological conditions 
from the Thai Meteorological Department (TMD, 
2014). Fig. 2 shows the average seasonal concentra-
tions of PM10 in indoor and outdoor environments 
of the AH16 and AH13 sites. The mean variations 
of PM10 at the AH16 and AH13 sites show similar 
seasonal trends. In the dry season, the mean concen-
trations of PM10 in indoor and outdoor environments 
at AH16 were 89.0 and 131.4 μg m–3, respectively. 
For AH13, the average PM10 concentrations were 49.2 
and 102.6 μg m–3. In the wet season, the mean concen-
trations of PM10 in indoor and outdoor environments 
at AH16 were 87.5 μg m–3 and 115.5 μg m–3, respec-
tively. For AH13, the average PM10 concentrations 
were 60.7 μg m–3 and 99.1 μg m–3, respectively. The 
RYHUDOO�VHDVRQDO�WUHQGV�VKRZHG�VLJQL¿FDQWO\�KLJKHU�
PM10 concentrations in the dry season in comparison 

Fig. 2. Seasonal variation of PM10 in indoor and outdoor 
HQYLURQPHQWV��7KH�¿UVW�TXDUWLOH��4��RU���WK�SHUFHQWLOH��
is the median of the lower half of the data set. The third 
quartile (Q3 or 75th percentile) is the median of the upper 
half of the data set.

200

160

Dry season

P
M

1
0
 (

µ
m

–
3
)

120

80

40

0

200

160

Wet season

P
M

1
0
 (

µ
m

–
3
)

120

80

40

0
AH16 in AH16 out AH13 in  AH13 out



316 T. Srithawirat et al.

to the wet season (p < 0.05), except for indoor PM10 

at AH13. Lower PM10 concentrations were obtained 
in the wet season due to the washout of particles in 
the atmosphere (Saha and Krishna Moorthy, 2004). 
The higher PM10 concentrations were recorded at the 
AH16 site, indicating outdoor particulate levels have 
DQ�LPSDFW�RQ�WKH�LQGRRU�HQYLURQPHQW�YLD�LQ¿OWUDWLRQ��
Similar results were reported by Chao and Wong 
(2002). The average indoor PM10 concentrations in 
homes near a minor road in Hong Kong were higher 
WKDQ�WKRVH�RI�WKH�KRPHV�IDU�DZD\�IURP�WKH�WUDI¿F��ZKLOH�
they were higher for the homes near a main road than 
for homes near a minor road. High indoor PM concen-
WUDWLRQV�ZHUH�REVHUYHG�LQ�KRPHV�FORVH�WR�KHDY\�WUDI¿F��
This indicates that high outdoor PM concentrations 
originating from vehicle and industrial exhaust, as well 
as wind-blown dust pose a great impact on indoor PM 
concentrations (Chao and Wong, 2002).

Comparing this study with the results from other 
Asian countries, it was found that the average indoor 
and outdoor PM10 concentrations of households in 
rural areas of India were 242.5 and 217.76 μg m–3 

(Massey et al., 2013). Massey et al. (2012) also found 
that annual average concentrations of PM10 in indoor 
and outdoor environments in Agra, India were 247 
and 255 μg m–3 in roadside houses, and 181 and 195 
μg m–3 in urban houses. A study in homes of Delhi, In-
dia reported that the average indoor and outdoor PM10 

concentrations ranged from 104 to 506 μg m–3 and 
from 100 to 598 μg m–3, respectively (Kulshreshtha 
and Khare, 2011). The results from India are about 
2-3 times higher than those from this study. Chao 
and Wong (2002) reported that the mean indoor and 
outdoor PM10 concentrations in houses in Hong Kong 
were found to be 63.3 and 69.5 μg m–3, respectively, 
which are about 1-2 times lower than in this study.

3.3 Indoor/outdoor ratios (I/O)

The indoor/outdoor ratio (I/O) has been widely used 
for evaluating the difference between indoor and 
outdoor concentrations as an indicator of indoor 
sources strength (Kulshreshtha and Khare, 2011). 
Indoor air pollutant concentrations are affected by the 
LQ¿OWUDWLRQ�RI�RXWGRRU�SROOXWDQWV�LQWR�WKH�KRPHV�DQG�
by pollutants from indoor sources. Therefore, the I/O 
ratios of PM10 were calculated to quantify the impact 
of outdoor air and indoor sources on indoor air qual-
LW\��7KH�,�2�UDWLR�LV�GH¿QHG�DV�WKH�UDWLR�&in/Cout where 
Cin and Cout are the indoor and outdoor concentrations 

of PM, respectively (Chen and Zhao, 2011). The I/O 
ratio can vary largely due to factors such as location, 
building design and different activities of the occu-
pants (Massey et al., 2012).

The I/O ratios of PM10 were presented in Table I. 
They ranged from 0.6 to 0.8 and from 0.4 to 0.6 for 
AH16 and AH13, respectively. The I/O ratios of all the 
sampling sites were less than one, indicating that the 
PM originated from vehicle induced emissions from 
the nearby congested roads, which directly enter the 
indoor environment of homes increasing their con-
centration levels (Oosterlee et al., 1996). Pathways 
of outdoor air pollutants to the indoor environment 
GHSHQG�RQ�YHQWLODWLRQ�DQG�LQ¿OWUDWLRQ��7KH�YHQWLODWLRQ�
of a dwelling by fan or air conditioner, or by individual 
or central air conditioning systems, draw in air from 
outdoors through fresh air intakes (Leung, 2015). The 
prevailing wind provides natural ventilation whenev-
HU�WKH�GRRUV�DQG�ZLQGRZV�DUH�RSHQ��,Q¿OWUDWLRQ�FDQ�
also occur through cracks and leaks in the building, 
ZKLFK�PD\�EH� VLJQL¿FDQW� IRU� D�EXLOGLQJ�ZLWK�SRRU�
sealing (Leung, 2015). Due to these mechanisms, air 
pollutants from outdoors can penetrate into the indoor 
environment, and can either be diluted or accumulated 
according to the ventilation condition (Leung, 2015).

3.4 Trace elemental concentrations and enrichment

The chemical elemental concentrations associated with 
indoor and outdoor PM10 are given in Table II. The 
results show the mean concentration of PM10 and the 
standard deviation of each metal at individual sites. 
No trend of monthly changes in metal concentrations 
was observed for individual metals. The overall trends 
of indoor and outdoor metal concentrations at AH16 
were Fe > Pb > Zn > Cu > Cr > Ni > Cd and Fe > Pb 
> Cr > Zn > Ni > Cu > Cd, respectively. For AH13, 
the concentration trends of indoor and outdoor metal 
concentrations were Zn > Cr > Cu > Fe > Pb > Ni > Cd 
and Pb > Fe > Zn > Cr = Ni > Cu > Cd, respectively. 
Compared with other metals at AH16, Fe concen-
trations were the highest in both indoor and outdoor 
environments. In the present study, Pb concentra-
tions were found to be higher outdoors, compared to 
the indoor environment. Higher Pb concentrations at the 
roadside on these sites may be due to the mixing of 
residual Pb in soil and its resuspension in the air due 
to motor vehicles and community activities such as 
outdoor painting, automobile repair shops, battery 
manufacturers and recycle shops (Srithawirat and 
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Latif, 2015). Soils in older areas of the cities are 
highly contaminated by lead, largely due to past use 
of lead additives in gasoline, the use of lead in exte-
rior paints, and industrial lead sources. Laidlaw et al. 
�������VXVWDLQ�WKDW�DXWRPRWLYH�WUDI¿F�WXUEXOHQFH�SOD\V�
D�VLJQL¿FDQW�UROH�LQ�WKH�UHVXVSHQVLRQ�RI�FRQWDPLQDWHG�
roadside soils and dusts, and resuspended soil appears 
WR�EH�D�VLJQL¿FDQW�XQGHUO\LQJ�VRXUFH�RI�DWPRVSKHULF�
Pb (Zahran et al., 2013).

Mineral and stone materials used in road building 
may contain Cd, Cu, Fe, Ni, Pb and Zn, which are 
released to the environment as the road surface wears 
(Lindgren, 1996). After the prohibition of leaded 
gasoline in Thailand, lead-based paint could be 
FRQVLGHUHG�D�PDMRU�H[SRVXUH�VRXUFH�RI�3E�LQ�KRXVHV��
as it is very commonly used in existing residences, 
such as on walls, toys and furniture (Lin et al., 2009). 
Fergusson and Marsh (1993) suggested that worn 
construction, furnishing and carpet materials can lead 
to elevated heavy metal content.

Sources of metals in aerosols are reported dif-
ferently by different researchers. Lindgren (1996) 
reported that engine wear releases Cr, Cu, Mn, and Ni. 
Cr is derived from yellow paints in roads and alloys in 
automobiles (Madany et al., 1994); it is also emitted 
by municipal waste burning outdoors (Massey et al., 
2013). Zn in outdoor urban environments may be 
released from galvanized steel road equipment, such 
as crash barriers, road signs and lamp posts, as a cor-
rosion product (Yuen et al., 2012). Rubber underlays, 
FDUSHWV��DQG�JDOYDQL]HG�LURQ�URR¿QJ�DUH�FRQVLGHUHG�
as important sources of Zn in indoor environments 
(Kim and Fergusson, 1993).

The correlations between chemical elements found 
in indoor and outdoor environment are presented in 
Table III. The statistical analysis of data from indoor 
environments indicates that there are positive and neg-
DWLYH�FRUUHODWLRQV�DW�WKH�����FRQ¿GHQFH�OHYHO��$�VWURQJ�
positive correlation was found between Zn and Cu, Zn 
and Ni, and Cu and Ni in indoor environments (r = 
0.858, 0.888 and 0.916). For outdoor environments, 
a strong correlation was observed between Zn and 
Cu, Zn and Ni, Pb and Cu, Cu and Ni, and Cd and Ni 
(r = 0.852, 0.783, 0.788, 0.831 and 0.961, respective-
ly). The results indicate that these metals may originate 
from similar sources, such as automobile emissions, 
street dust and other related industrial activities.

Enrichment factors (EFs) were calculated to 
determine whether the PM originated from crustal 
or non-crustal sources. They were estimated for 
individual elements over the average elemental com-
position of the upper continental crust (Hernandez et 

al., 2003). Typically, the EF method normalizes the 
measured heavy metal content with respect to a sam-
ple reference metal such as Fe or Al (Ravichandran et 

al., 1995). The EFs of an atmospheric element were 
calculated using the following equation: 

EFx = (Cx/Cref)atmosphere /(Cx/Cref)crust (2)

where x is the concentration of an element measured 
in the atmosphere and Cref is the concentration of the 
reference element. Fe was used in this study as a refer-
HQFH�EHFDXVH�LW�LV�D�PDMRU�FRQVWLWXHQW�RI�FOD\�PLQHUDOV�
and has been successfully used by several researchers. 
Deely and Fergusson (1994) reported that Fe is an 

Table II. Statistical analysis of trace metal concentrations in PM10 at roadside buildings 
(in ȝJP–3).

Heavy
metal

N

AH16 AH13

Indoor (I) Outdoor (I) Indoor (I) Outdoor (I)

Mean SD Mean SD Mean SD Mean SD

Fe 12 2.7 0.8 5.8 1.9 0.8 0.4 6.3 4.0
Zn 12 1.3 0.6 0.9 0.9 1.6 1.3 2.1 1.6
Pb 12 1.7 0.7 3.7 1.9 0.6 0.1 7.1 1.7
Cu 12 1.1 0.2 0.6 0.3 1.0 0.5 1.3 0.9
Cr 12 0.9 0.7 1.0 0.9 1.5 0.9 2.0 1.1
Cd 12 0.2 0.1 0.5 0.2 0.2 0.1 0.7 0.1
Ni 12 0.3 0.2 0.7 0.6 0.3 0.2 2.0 0.5

N: number of samples.



318 T. Srithawirat et al.

acceptable normalization element to be used in the 
calculation of the EF, since its distribution is unrelated 
to other heavy metals. The average element concentra-
tions in soil were obtained from Taylor and McLennan 
(1985). EFs close to one point are considered to have 
a crustal origin, while it is assumed that those greater 
than 10 have a non-crustal source (Nolting et al., 1999). 
Further, EFs can also assist in the determination of the 
degree of metal contamination (Yongming et al., 2006). 
The contamination categories are recognised on the ba-
VLV�RI�WKH�()��()V�RI�PRUH�WKDQ�¿YH�LQGLFDWH�WKDW�WKH\�DUH�
VLJQL¿FDQWO\�HQULFKHG�DQG�FRQWDPLQDWHG��<RQJPLQJ�et 

al., 2006). For both roadside environments (AH16 and 
AH13), Zn, Cu, Pb, Cr and Ni in PM10 showed EFs of 
less than one which means that the metals analyzed in 
indoor particles have penetrated from outdoor sources 
(Kulshrestha et al., 2014). Only the enrichment of Cd 
was found to be greater than one at all sites, which may 
be due to indoor dust at these sites, associated with paint 
and related indoor activities.

3.5 Risk assessment from carcinogenic metals

Among the heavy metals in indoor and outdoor 
PM10 on the roadside residential areas of this study, 

Cr, Cd, Ni and Pb are known carcinogenic agents 
that can cause serious health risks when people are 
exposed through the inhalation pathway (US-EPA, 
�������$FFRUGLQJ� WR� WKH�86�(3$�FODVVL¿FDWLRQ� RI�
carcinogens, Cr (VI) is categorized in group A as a 
known human carcinogen by exposure through the 
inhalation route. A previous research has acknowl-
edged that the measured total Cr concentration was 
assumed to be a mixture of carcinogenic (Cr  [VI]) 
and non-carcinogenic (Cr [III]) agents in a 1:6 
concentration ratio in ambient air (US-EPA, 2004). 
Mancuso (1997), forming the basis for the estimation 
of cancer potency for Cr compounds, suggests that 
in an urban area one-seventh of the total chromium 
concentrations is hexavalent (Cr [VI]). Therefore, in 
this study the concentration of Cr (VI) was assumed 
to be one-seventh of the total Cr concentration for 
the carcinogenic risk assessment (Park et al., 2008; 
Hieu and Lee, 2010; Massey et al., 2013;Taner et al., 
�������&G�LV�FODVVL¿HG�DV�D�JURXS�%��KXPDQ�FDUFLQR-
JHQ��1L�GXVW�IRUP�UH¿QHULHV�DQG�QLFNHO�VXEVXO¿GH�DUH�
also known human carcinogens. The concentrations 
of PM10 analyzed in this study may contain nickel 
VXEVXO¿GH��QLFNHO�R[LGH�DQG�PHWDOOLF�QLFNHO��ZKLFK�

Table III. Summary on indoor and indoor of trace metal concentrations in PM10 correlations 
among studied variables from ten study locations

Overall
(10 stations)

Indoor 

Fe Zn Pb Cu Cr Cd Ni

Fe 1
Zn 0.632 1
Pb 0.856 –0.656 1
Cu –0.653 0.858** –0.920** 1
Cr –0.956* 0.138 –0.864 –0.197 1
Cd –0.921* –0.534 0.281 –0.647 0.356 1
Ni –0.614 0.888** –0.630 0.916** –0.324 –0.546 1

Overall
(10 stations)

Outdoor

Fe Zn Pb Cu Cr Cd Ni

Fe 1
Zn 0.657 1
Pb 0.501 0.659 1
Cu 0.489 0.852** 0.788** 1
Cr 0.480 0.497 0.254 0.451 1
Cd 0.212 0.443 0.998** 0.807 –0.576 1
Ni 0.514 0.783** 0.967** 0.831** 0.358 0.961** 1


FRUUHODWLRQ�LV�VLJQL¿FDQW�DW�WKH������OHYHO����WDLOHG���

FRUUHODWLRQ�LV�VLJQL¿FDQW�DW�WKH������OHYHO�
(2-tailed).
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DUH�FODVVL¿HG�DV�JURXS�$�FDUFLQRJHQV��3E�LV�D�SUREDEOH�
human carcinogen categorized in group B2, but the 
ECR for Pb was not calculated due to inadequate 
evidence on its carcinogenic effect on humans and to 
its unit risk currently being amended by the US-EPA.

The ECR of PM10-bound carcinogenic trace el-
ements in the indoor and outdoor environments for 
the average values, as well as the 95th percentile 
values of Cd, Cr and Ni are presented in Table IV. The 
ECRs calculated for the average values of Cr (VI), 
Cd and Ni concentrate in indoor and outdoor PM10 
were multiplied by 106 to compare the risks to a one 
in a million standard (US-EPA, 1998). Cr showed 
the highest ECR followed by Cd and Ni in indoor 
and outdoor environments, due to the much higher 
unit risk of Cr (VI), ranging from seven to 50 times 
compared to the unit risk of Cd or Ni. The total ECRs 
based on the average values of Cd, Cr (VI) and Ni in 
indoor and outdoor environments were 14 832 and 19 
404, respectively. These results indicate that 14 832 
and 19 404 people out of one million are at risk of 
developing cancer from exposure to the carcinogenic 
metals in the PM10 fraction of indoor and outdoor 
particulates in this area. The ECRs trend was found 
to be higher in outdoor than in indoor environments, 
indicating that the occupants’ exposure to toxic heavy 
metals in outdoor areas results in an increased cancer 
risk in comparison to the indoor environment.

4. Conclusions

This study determined the concentrations of PM10 
and their metal composition in indoor and outdoor 
environments at roadside residential locations in Phit-
sanulok, Thailand. The results showed that the con-
centrations of PM10 ranged from 41.5 to 105.3 μg m–3, 
and from 95.2 to 145.1 μg m–3 for indoor and outdoor 
environment, respectively. The seasonal variation 
showed that PM10 OHYHOV�ZHUH� VLJQL¿FDQWO\� KLJKHU�

in the dry season in comparison to the wet season 
(p < 0.05). Precipitation washout of PM10 concen-
trations in the atmosphere was considered a factor 
causing lower concentrations during the wet season. 
The trends of PM10 concentrations were higher in the 
outdoor environment in comparison to the indoor 
HQYLURQPHQW��7KH�KLJK�GHQVLW\�WUDI¿F�DQG�FRQJHVWLRQ�
was thought to contribute to the concentrations of 
PM10 in roadside buildings. The I/O ratios of all the 
sampling sites were less than one, indicating that PM 
originated from vehicle emissions, which enter the 
LQGRRU� HQYLURQPHQW�E\�YHQWLODWLRQ� DQG� LQ¿OWUDWLRQ��
The average concentrations of PM10 in this study were 
found to be lower than the values set by the Singapore 
1($�DQG�WKH�+RQJ�.RQJ�*XLGHOLQHV�IRU�2I¿FHV�DQG�
Public Places. PM-bound heavy metals Zn, Fe, Pb, Cd, 
Ni, Cu and Cr were detected in PM10. Cr was found 
to have the highest carcinogenic risk among the trace 
metals in residential areas. This study suggests that 
WKHUH�LV�D�QHHG�WR�DGGUHVV�WKH�LVVXH�RI�¿QH�SDUWLFXODWH�
monitoring (i.e. particulate matter with diameter size 
below than 2.5 ȝP [PM2.5]) and its toxic effects should 
be comprehensively investigated, considering different 
locations as well as the pattern in resident’s activities 
in order to design control and mitigation strategies.
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