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Abstract

Ambient VOCs samples were collected at three locatidtalyU campugPU), Kwun Tong(KT), Hok Tsui(HT))
in Hong Kong during the periods of November 2000—February 2001 and June 2001-August 2001. Also the
concentrations of VOCs in Cross Harbor tunnel in Hong Kong were obtained in order to determine the vehicular
sources of VOCs. Toluene was the most abundant VOC detected in Hong Kong. At the PU station, which is close to
a main road, the concentrations of most VOCs were higher in summer than in winter. However, at the background
location HT, the concentrations of all VOCs except tetrachloroethene were higher in winter than in summer. Regional
physical dispersioftransportation and mixing depth may be the reasons for higher VOC concentrations in winter at
HT. The BTEX (benzene:toluene:ethylbenzene:xylenetios of PU and KT during winter period were
(1.9:10.1:1.0:1.8and (1.9:10.4:1.0:1.5 and(0.9:8.3:1.0:2.2 and (0.8:29.6:1.0:1.Bfor summer season, respectively.
The xylenéethylbenzene(X/E) ratio was used to assess the relative age of the air parcels in this study. The
concentrations of VOCs in the atmosphere in Hong Kong were mainly affected by direct emissions from vehicles,
evaporation of fuels, photochemical reactions and few industrial emissions. The BTEX ratio in the tunnel was
2:10.4:1:3.2. The BTEX ratios at PU and KT during the winter period were similar to that in tiereépt for
xylenes. The X/E ratio in the tunnel was higher than that in the ambient air. This indicated that the freshly emitted
xylenes in the tunnel decayed at different rates from OH-oxidation in the atmosphere. Good BTEX corrétations
0.8) were found at PU and KT in winte** P<0.01. Vehicular exhaust was the dominant source at PU and KT
stations, and less evaporation of fuel or additive occurred at low temperature in winter. Diurnal variations of mean
BTEX concentrations at the roadside monitoring statiBiy) showed two peaks associated with traffic density and
vehicle type.
© 2003 Elsevier B.V. All rights reserved.
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Fig. 1. Sampling sites in Hong Kong.

1. Introduction their adverse impacts on human health. VOCs are
one of the major groups of TAPs.

Hong Kong is a densely populated city. In 2001, __Many researcheéChan et al., 2002; Lee et al.,
there were 6.76 million people crowded into 2002; Barletta et al., 2002; Mohamed et al., 2D02
1098.04 kmi of land, resulting in an average h_ave focused.on the urban. levels of VQCS, espe-
density of 6156 people per square kilometine cially aromatic and chlorinated organic com-
Census and Statistics Department of Hong Kong, Pounds, due to the known and suspected
2001). Large amounts of air pollutants are released €arcinogenic nature of these speciédanson,
from both mobile and stationary sources everyday. 1996. However, VOCs play an important role in
The main VOC sources in Hong Kong are motor the formation of ground-level ozone and photo-
vehicle exhausts. There were 525000 registeredchemical oxidants associated with urban smog
vehicles on 1904 km of roads in 200The Census  (Monod et al., 200L One study showed that the
and Statistics Department of Hong Kong, 2001 toluene concentration in Hong Kong was relatively
The result of the heavy traffic in Hong Kong is higher than that in other citig€han et al., 200R
poor air quality. Other than those traditional air Most VOCs identified in Hong Kong were mainly
pollutants such as carbon monoxide, sulphur diox- emitted from motor vehicles and gasoline
ide, oxide of nitrogen, ozone and particulates, the evaporation.
toxic air pollutants (TAPs) have become of Some of the VOC species are commonly used
increasing concern in the past few decades due toas indicators of the age of the air mass and tracers
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for emission sourcedHsieh and Tsai, 2003
Nelson and Quigley1984) used the ratio between
(m+p)-xylene and ethylbenzengX/E) to inves-
tigate the extent of photochemical reactivity in the
atmosphere. The calculated lifetimes of ethylben-
zene, m-xylene, p-xylene ando-xylene are 1.6
days, 11.8 h, 19.4 h and 20.3 h, respectively
(Atkinson 1994; Monod et al., 2001(assuming
[OH]=10° rad cnT3). The relatively longer life-
time of benzene indicated that it has lower reactiv-
ity or is more stable in the atmospheftdsieh and
Tsai, 2003. Xylenes are considered a more reac-
tive species while ethylbenzene is considered a
less-reactive species. A lower/K ratio implies

an aged air parcdHsieh and Tsai, 2003 Monod

et al. (200D showed that the XE ratio was a
useful tool to estimate the photochemical age of
the air mass. Samples collected from the ambient
air are difficult to differentiate between different
pollution sources, and thus it is difficult to predict
the true impacts of different emission sources. Few
studies regarding motor emissions in tunnels have
been published in Asian cities to investigate the
characteristics of vehicle emissiof§hiang et al.,
1996; Na et al., 2002; Hwa et al., 200Zhiang

et al. (1996 characterized different pollutants in
the air of a roadway tunnel in Taiwan and estab-
lished base-line information on vehicle exhausts.
The study showed that the age of vehicle exhaust,
temperature and the composition of fuel used by
vehicles could affect the pollutants emitted. In the
VOC measurements, the average BTEX ratio
obtained inside the tunnel was 3:5:1:4.

Liu Chunming et al., 2000 presented the first
available data and temporal variation of VOCs in
Changchun, China. It showed that the VOC con-
centrations were not only affected by traffic vol-
ume and meteorological factors such as wind
direction, but also by the emissions from other
sources. Diurnal variations of total VOCs dis-
played two peak$08:00—10:00 and 15:00—17:00
h) in traffic peak hours, indicating the effect of
traffic volume; and the diurnal variations of total
VOCs displayed a single peak in the industrial
area, showing the effect of other emission sources.

The study reported here focused on the investi-
gation and interpretation of seasonal variations of
VOCs at three sampling locatiofsadside, mixed
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urban and rural ar¢aDiurnal variations of VOCs

at the roadside environment were observed and
finally vehicular emissions collected in a tunnel
were used to determine their impact on the atmos-
phere of Hong Kong.

2. Methods
2.1. Sampling and analysis

2.1.1. Sampling

The climate in Hong Kong is sub-tropical and
the seasons of autumn and spring are usually short.
Therefore the winter season we defined includes
November, December, January and February, while
the summer season includes May, June, July and
August. Strong monsoon wind and dry weather
characterize winter seasons. In the summer, it is
hot and humid with occasional showers and thun-
derstorms. The prevailing winds in Hong Kong
are mainly north-easterly especially in winter time.

Sites were selected for VOC monitoring accord-
ing to their different landuse categories, popula-
tions and traffic densities. Three sampling
locations (PolyU campus, Kwun Tong and Hok
Tsui) were chosen to represent the areas of urban
traffic, industrial and commercial mixed, and rural
background, respectively. The three sampling sites
were PolyU campugPU), Kwun Tong (KT) and
Hok Tsui (HT), with their locations shown in Fig.

1. VOC samples were collected during the periods
of November 2000—February 200ivinter) and
June 2001—August 200umme). Sampling was
carried out every 6 days and lasted for 24 h at the
PU station, while 10 samples and six samples were
collected for 24 h during each period at KT and
HT, respectively.

To observe the diurnal variations in VOC con-
centrationgd BTEX), samples were collected at the
roadside PolyU statiof ~8 m away from the
traffic road in a 3-h interval from 09:00 to 21:00
h once a week from February 2002—March 2002.
In all, nine sets of data were collected. The
morning period (09:00-12:00 h represents the
period of high traffic activity with less photochem-
ical reaction. The noon period12:00—15:00 h
represents the period of high photochemical activ-
ity and the time for the most intense vertical



158 K.F. Ho et al. / Science of the Total Environment 322 (2004) 155-166

mixing. The afternoon period15:00-18:00 h ples. Flow rates of around 50 prhin were used
represents another high traffic activity and the later for 3-h sampling. All canisters were cleaned using
period of photochemical reactions. The evening humid zero air with at least five fillingevacuating
period (18:00—21:00 hrepresents the period after cycles before sampling to ensure that the concen-
photochemical reaction. tration of all compounds inside the canister was
Also 12 grab VOC samples were collected below 0.02 ppbv. Sampling and analysis of the
inside the Cross-Harbor Tunnel of Hong Kong samples were in accordance with U.S. EPA Com-
during November 2001 for vehicular emission pendium Method TO-14A, 1997. VOCs sampled
source analysis. in the canister were concentrated in a NUTECH
The field descriptions are as follows: 3550A cryogenic concentrator and were injected
PolyU campus(PU): It is situated at approxi- into a HP5890A gas chromatograph coupled to a
mately 6 m above ground level, and approximately HP5973 mass-selective detect6&C/MSD). A
8 m away from the main traffic road. The station RESTEK RTX-1 capillary column, 60 x320
is adjacent to Hong Chong Road, which leads to ymx3 um, was used in this system. The initial
the Cross Harbor Tunnel. The traffic volume of temperature was held at30 °C and immediately
the road is extremely high with more than 170 000 rajsed to 80°C at 10 °C/min, and then raised
vehicles per day. Moreover, the site faces the from 80 to 220°C at 5°C/min and held at 220
Victoria Harbor with a strong wind from the sea °C for 5 min. Most of the VOCs in the ambient
providing good air dispersion. Thus the VOC samples were below the detection limit of 0.02
levels at the site are mainly influenced by vehicle ppby for the 39 compounds monitored. A total of
emission and wind direction. 37 VOC species were identified by this GRISD
Kwun Tong (KT): Most industries in Hong  system, and the target VOCs were identified from

Kong, mainly metal and printing industries, are the mass spectra and quantified by multipoint
located in this area. They are close to the residen- calibration.

tial buildings and most of the vehicles are light
and heavy goods vehicles. Kwun Tong is one of > 3 Quality assurance/quality control
the Hong Kong Environmental Protection Depart-  The quality assurance and quality cont(QIA/
ment (HKEPD) air quality monitoring locations,  QC) procedure included laboratory and field
representing a mixed residenfiabmmercial  planks, parallel samples and duplicate measure-
industrial area chosen for data comparison. The ments of samples. Before each sampling with a
samples were collected on a 25-m high rooftop.  canister, blank samplézero ai) was analyzed to
Hok Tsui (HT): It is situated at the tip of  ensyre that the concentration of all compounds
Southern Hong Kondapproximately 20 m above jnside was below 0.02 ppbv. Parallel samples and
sea level, where the least anthropogenic pollution qypjicate measurements of samples were analyzed
is expected. This is considered a background mon- g test the precision of the sampling and analytical
Itoring station. _ techniques, respectively. The mean relative stan-
Cross Harbor tunnel: It is a two-bore tunnel garq deviations(R.S.D) for all the compounds

with two lanes per bore with a length of approxi- - \yere |ess than 10%. A new calibration curve was
mately 1990 m. The daily patronage of this tunnel yetarmined each time. The detection limit of each

vr\gas I:\;a\ppdrozI(_imatelly 120 000 durin%_zooo- Ungler compound was calculated from the data of seven
the Road TunneldGovernment Ordinance and | opjicate measurements of low concentration sam-

Regulat_lons, the spee_d limit of the Cro_ss Harbor ples and observed from their standard deviation.
T“r?”e' Is 70 fkn}fn- lPrlvateo Ca{) and tarlhare tﬂe The standard deviation ranged from 1 to 10%. The
tmh_ajcir typei(sTo ve ICtéD> 60/f[’)t a": trzagvgzt roug calibration system used standard gas at nominal
IS tunneltfransport epartment, concentrations of 1 ppmv in nitrogen to be diluted
2.1.2. Analysis with nitrogen using Dynamic Dilution Calibrator-
Pre-cleaned and pre-evacuated 6- SUMMA Model 700 (Advanced Pollution Instrumentation,
stainless steel canisters were used to collect sam-Inc.). A dilution factor of 1.902 liter per minute
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Table 1
Concentrations of selected VOCs at three stations in Hong K@#eh average
Unit: wg/m? PU PU KT KT HT HT

winter summer winter summer winter summer
Methy! chloride 2.38:0.70 1.84+0.46 2.84+0.45 1.70:0.31 2.25+0.24 1.27#0.12
Methylene Chloride 2.121.58 3.06:2.01 1.94:1.19 241114 1.56+1.27 1.08t2.00
Benzene 5.0%2.28 2.9%1.10 4.92+2.01 1.74+.0.69 2.0%40.62 0.32:0.17
Carbon tetrachloride 1.000.25 0.8G+0.14 0.99+0.22 0.89:0.09 0.78:0.05 0.58+0.06
Toluene 26.4410.71 26.22-8.48 26.42-18.55 64.34-36.77 3.23+2.58 1.05+1.31
Tetrachloroethene 1.330.73 0.96t0.48 1.56+2.35 4.10:2.91 ND 0.2740.33
Ethylbenzene 2.611.67 3.18+2.11 2.53+2.34 2.1A40.78 0.24+0.19 ND
m,p-Xylene 2.78:1.30 3.99:1.82 2.23t1.76 2.310.66 ND ND
o-xylene 2.03:0.96 3.06+1.99 1.66+1.19 1.610.47 ND ND
1,3,5-trimethylbenzene 0.790.49 1.3%2.75 0.40:0.21 0.44+0.10 ND ND
1,2,4-trimethylbenzene 2.150.98 2.59+2.45 1.60+0.79 1.54+0.32 ND ND

ND non-detectablébelow detection limit; + S.D.

(LPM) was used and the actual flow of standard atmospheric aromatic hydrocarbon, followed by
gas was approximately 0.1 LPM into a 6 | precle- benzene in both PU and KT stations. The intro-
aned canister. After dilution, the concentration was duction of unleaded and particularly ‘super unlead-
further diluted to 50 ppbv and it was then mixed ed' fuel has significantly increased the levels of
with a humidified zero air stream and pressurized aromatic compounds in petrol and has led to
to 16.7 psig. The final concentration of the diluted changes in fuel composition involving olefins, and
calibration gas was 25 ppbv. A multipoint dynamic the use of oxygenateéPerry and Gee, 1994
calibration(three levels plus humid zero aiwas  However, the increased aromatics, olefins and
performed before each sample analysis. Three gther organic compounds in fuels used in vehicles,
different volumes of standard gas of 50, 125 and which are not fitted with catalytic converters have
Correlation coefficients ranged from 0.98@8eth- VOCs (Perry and Gee, 1994; Singh et al., 1985
ylene chloring to 0.9999 (toluend. Response  The concentrations of toluene at PU ranged from
linearity tests showed that the ;esponse suj;nal Was14 4 to 54.3pg/m? in winter and 11.6 to 39.2
proportional to injection volum 50—ZSQ m) or wg/m® in summer, respectively. According to
voc c_:oncer_mtratlons(O.l—_lz ppb\). During the Table 1, significant variationgall ¢ values are
analysis periods, four-point calibration was per- g ayer than the criticgl =2.02,P=0.05) existed

i(;rm:g g\fgvg%g]yand ane-point calibration was for all aromatic VOC data between the urbaq areas
: (PU and KT and the rural aredHT) sampling

location. The distributions of these VOC com-

pounds were different, with high concentrations of

3.1. VOC concentrations in the atmosphere of benzene, toluene, ethyl benzene and xylenes
Hong Kong (BTEX).
The PU station has the heaviest traffic in Hong

In this study, 60 ambient samples were collected Kong. BTEX and 1,2,4-trimethyloenzene came
during the monitoring period and a total of 37 mainly from traffic emissions and fuel evaporation.
species of VOCs were measured. As shown in However, at the KT station, tetrachloroethene was
Table 1 11, selected VOCs compounds were sometimes found to be as high as 7.@/m* and
detected and quantified by GC-MSD analysis of the average concentration was 2.8/m?® (winter
ambient air samples collected at the three moni- =1.6 ng/m?®; summer=4.1 ng/m?3). The possible
toring stations. Toluene was the most abundant source of these tetrachloroethene could be cleaners,

3. Result and discussion
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especially the dry-cleaning shops along the streets.VOCs are common in the winter and in the

The VOC spectrum at the KT site was distinctively
different from the other stations. There is a mixture
of industrial buildings, commercial buildings and
restaurants in this area. As shown in Table 1, KT
has the highest toluene concentratiofleean=
64.3 ng/m?), especially in summer. The KT site
has high traffic volume and its BEX concentrations
are only slightly lower than those in PU. At HT,
which is classified as background, toluene, ben-
zene, methylchloride and methylene chloride were
found to be the top four species in winter and their
concentrations were 3.2g/meé, 2.3 png/m3, 2.1
png/m® and 1.6pg/m?, respectively. Other VOC
concentrations were less than 1@/m?® since
there were no significant anthropogenic sources.

3.2. Seasonal variations

Temperature in winter is usually between 10
and 20°C, and between 25 and 3% in the

summer. Table 1 illustrates the seasonal variations

of VOCs between the winter and summer months
among the three locations.

At the PU site, some VOC concentrations were
slightly higher in summer than in winter, including
methylene chloride, xylenes and 1,3,5-trimethyl-

summer: dilution due to the increase in the mixing
depth in summer; more rains in the summer, which
cause a washout of pollutants and thus less accu-
mulation of VOCs compared to the dry winter;
removal of VOCs by particulate matter by dry and
wet deposition; and chemical removal, especially
by OH radicals, during the summer. VOC removal
is faster in summer than in winter as more sunlight
and higher temperatures produce higher chemical
removal reaction rates. Therefore the winter VOC
concentrations were higher than those in the sum-
mer, as found in many other citi€8vathne, 1983;
Hartwell et al., 1987; Baek et al., 199%Generally
speaking, except for toluene and tetrachloroethene,
all other VOCs at KT in winter had higher or
similar concentrations in summer. Higher concen-
trations of toluene might be due to the construction
work nearby(e.g. painting and more evaporation
from restaurants as well as industrial areas during
summer time.

3.3. BTEX ratios
BTEX ratios were calculated to compare

the VOC emissions among the three sampling
sites. The BTEX ratios of PU and KT during

benzene. Some had similar concentrations such ashe winter period were(1.9:10.1:1.0:1.8 and

carbon tetrachloride, ethylbenzene, toluene and(1.9:10.4:1.0:1.%

1,2,4-trimethylbenzendall ¢ values are below
critical |¢| =2.06, no significant differencésMeth-

ylchloride, benzene and tetrachloroethene, howev-

er, had lower concentrations in summer than in
winter. Most of the VOCs were emitted to the
atmosphere from anthropogenic activities at this

and (0.9:8.3:1.0:2.2 and
(0.8:29.6:1.0:1.8 for the summer season, respec-
tively. The ratios at KT reflected that there might
be different sources between winter and summer.
However, as the BTEX ratios in PU and KT were
similar during winter, both stations might be affect-
ed by the same sources. In the summer there

station, such as motor vehicle exhausts and evap-should be other sources for toluene at KT, thus a

oration of petrol vapors from motor vehicles. Some

high T/B ratio was observedT/B=37). Gener-

VOCs had higher concentrations simply because ally speaking, the range of/B ratios at PU was

there is more evaporation in the summer. However,

at the HT station, all VOCs¢except tetrachloroeth-
ene had higher concentrations in winter. Regional
physical dispersioftransportation could explain
higher concentrations in winter at HT. As the
prevailing winds in Hong Kong are north-easterly,
especially in winter time, the transportation of

3-8 in winter and 5-14 in summer. As the
concentrations of ethylbenzene and xylenes were
too low at HT during both seasons, only/B
ratios were calculated, 2 and 3 in winter and
summer, respectively. The results indicate that the
sources of benzene and toluene at HT were differ-
ent from that at PU and KT. There are many

pollutants from the north-east area was one of the factors that influence the VOC profiles in Hong
possible source for the background site. Several Kong, a complex scenario that requires more data

factors that could affect the concentrations of

and intensive measurements. Mainly high toluene
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to benzene ratios were found in other Asian cities, Table 2

and higher ratios have been observed in Asian YOCS concentrations in tunnel

cities such as ManildT/B=10), Bangkok (T/

B=10), Korea(T/B=6) (Gee and Sollars, 1998;
Na and Kim, 2001 T/B ratios were high in these ~ reon 12
cities because they are located in areas with large
industrial emissions, possibly with additional chioroethene
sources of toluene. Gee and Solldd998 sug- bromoethane
gested that either there were large additional ethyl chloride
sources of toluene in these cities or there were fréon 11
major differences in the fuels or vehicles used. It
is clear that the kind of unleaded fuels widely used feon 113

in Asian cities contain a very high aromatic level 1,1-dichloroethane
(45%), and toluene is one of the most popular cis-1,2-dichloroethene
compounds added to unleaded fuels in order to Shioroform
increase the octane index. The level of toluene in
gasoline in Hong Kong is much higher than that penzene

in the USA. According to one of the fuel supplier carbon tetrachloride
in Hong Kong, the level of toluene in gasoline is 1,2-dichloropropane
around 20%. But for other aromatic compounds {richioroethene
such as ethylbenzene and xylene, their percentage
are less than 10%cCaltex Oil (Hong Kong Ltd. 1.1,2-trichloroethane
2001, and the percentage of benzene is less thantoluene

5%. This confirms the high proportion of toluene 1.2-dibromoethane
in these fuels. Gasoline evaporation may well be tetrachloroethene
one of the sources that lead to extremely high
toluene concentration in Hong Kong. However, ,, , xyiene
seasonal variations of xylepethylbenzendX /E) styrene

ratios were observed at both PIX/E=1.84 in o-xylene

winter; 2.22 in summerand KT (X/E=1.54 in  135-imethylbenzene
winter; 1.80 in summerstations. Generally speak-
ing, the X/E ratio is slightly lower at KT station 1 3.gichlorobenzene
due to reactiofidegradation of the more reactive 1,2-dichlorobenzene
isomers of xylene at the receptor, which is far 1.3.5-trichlorobenzene
from the source$Monod et al., 2001

161
Unit: pg/m? Tunnel
3.412.30
methyl chloride 1.140.74
freon 114 ND
ND
ND
ND
1.33:0.86
1,1-dichloroethene ND
methylene chloride 1.541.52
0.45-0.29
3.7410.39
1.624.09
0.19+0.13
1,2-dichloroethane ND
1,1,1-trichloroethane 0.240.14
30.529.16
0.450.28
15.6844.20
1.021.34
cis-1,3-dichloropropene ND
§rans-1,3-dich|oropropene ND
0.140.19
200.8299.82
ND
0.430.53
chlorobenzene 0.080.12
ethylbenzene 15.0#6.22
27.12-13.94
2.481.84
18.55:8.55
7.056.18
1,2,4-trimethylbenzene 32.4625.92
1,4-dichlorobenzene 0.330.13
0.130.13
ND
ND
hexachlorobutadiene ND

ND non-detectablébelow detection limit.

3.4. VOCs in tunnel

The concentrations of most vehicular related VOCs

Generally, the VOCs in tunnels may come from obtained inside the tunnel were much higher than
two major sources, which include vehicular emis- those obtained at the PU statidilable 2. The
sion and evaporative emissiogfrom fuel tank, maximum concentrations of benzene, toluene,
engine, etd. (Kourtidis et al., 1999. Samples ethylbenzenem,p-xylene, o-xylene and 1,2,4-tri-
were collected at the Cross Harbor Tunnel in order methylbenzene were 40,1g/m?®, 397.4ug/m?,
to study the characteristics of VOCs emitted direct- 25.9 pg/m?, 53.5ug/m?3, 28.0 ng/m* and 91.2
ly from motor vehicles. As this tunnel is a closed ng/m3, respectively. The average BTEX ratio
system, the pollutants should not have been affect-inside the tunnel was 2:10.4:1:3.2. The ratio of
ed by meteorological factors, and the results should BTEX reported in the other studies for vehicle
be most representative of the vehicular emissions. exhaust wa$3:4:1:4) (Chiang et al., 19956 while
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Table 3
Summary of BTEX correlation coefficients) at PU and KT during summer and winter
Tunnel benzene toluene ethylbenzene m,p-xylenes o-xylene
PU winter
benzene 1.00 - - - -
toluene 0.81 1.00 - - -
ethylbenzene 0.90 0.94 1.00 - -
m,p-Xylene 0.83 0.88 0.93 1.00 -
o-xylene 0.80 0.83 0.91 0.98 1.00
PU summer
benzene 1.00 - - - -
toluene 0.57 1.00 - -
ethylbenzene 0.33 0.45 1.00 - -
m,p-xylene 0.26 0.47 0.78 1.00 -
o-xylene 0.23 0.30 0.97 0.76 1.00
KT winter
benzene 1.00 - - - -
toluene 0.95 1.00 - - -
ethylbenzene 0.93 0.99 1.00 - -
m,p-Xylene 0.93 0.98 0.99 1.00 -
o-xylene 0.93 0.99 0.99 0.99 1.00
KT summer
Benzene 1.00 - - - -
Toluene 0.09 1.00 - - -
ethylbenzene 0.55 0.07 1.00 - -
m,p-xylene 0.52 0.06 0.99 1.00 -
o-xylene 0.67 0.20 0.96 0.97 1.00
in the study in the tunnel in Taiwa(Taipei city), less evaporation of fuel or additive occurred at

the ratio was(3:5:1:4) (Chiang et al., 1996 The low temperature. Also at KT, the traffic emissions
ratios of BTEX in Hong Kong were different from  were the major sources in winter. However, poor
the ratios of other countries, especially for benzene correlations of benzene with TEX and toluene with
and toluene emissions. Moreover, the K ratio BEX were found during summer at both sites.
(3.2) in the tunnel was higher than that in the More evaporation in the summer season, especially
ambient air(1.54-2.22. This indicates that the for toluene (high proportion in gasoline and
freshly emitted xylene in the tunnel decayed at photochemical reactions under high solar radiation
different rates from OH-oxidation in the atmos- were the major factors affecting the correlation of
phere. Therefore the JE ratio decreased after BTEX. At KT, as discussed above, poor correla-
xylene emitted to the ambient air and reacted with tions of toluene with BEX might be due to the

some oxidants in the atmosphere. higher emission from construction work nearby
(e.g. painting during the summer. Ethylbenzene,
3.5. BTEX correlation analysis m,p-xylene ando-xylene were well correlated with

each other during both seasons, suggesting that

As shown in Table 3, BTEX correlations were they came from the same sources during both
evaluated at the PU and KT monitoring sites seasons. At the background site HT, although no
during winter and summer. Good BTEX correla- nearby sources affected the correlation, higher
tions (r>0.8) were found at PU and KT during concentrations of BTEX observed in winter might
wintertime(** P <0.01). During wintertime, vehic-  be due to the transportation of pollutants from the
ular exhaust was the dominant source at PU, andnortheast area. However, the concentrations of
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Table 4 3.6. Diurnal variations

BTEX correlation coefficient$r) at tunnel

Tunnel benzene toluene ethylbenzene xylenes The VOC concentrations were not the same
bonzenc 100 throughout the day. Concentrations of most VOC
toluene 0.78 1.00 _ B species were lower outside th(_a tunnel due to a
ethylbenzene  0.86 0.80 1.00 _ dilution effect. The concentrations of benzene,
xylene 0.96 0.76 0.95 1.00 toluene, ethylbenzene and xylene were four to six

times higher inside the tunnel than outside. Sam-
ples were collected at the PU station intensively
ethylbenzene and xylenes were lo®ometimes  from 09:00 to 21:00 h, and in total four 3-h
below the detection limifs and with the small averaged samples were collected each day. The
sampling size no correlation analysis was done for diurnal variations of BTEX concentrations were
HT. different for benzene compared with toluene, ethyl-
Table 4 shows the correlation coefficients) benzene and xyleng$ig. 2). The concentrations

for the BTEX concentrations in tunnel. Strong of toluene, ethylbenzene;,p-xylene ando-xylene
correlations between EX were found with signifi- followed the same pattern: increased at 09:00—
cance levels<0.01. However, benzene in the 12:00 h, then decreased at 12:00-15:00 h, fol-
tunnel only showed fair correlation with TEX with  lowed by a peak at 15:00-18:00 h, and finally
a significance level of 0.05. This is because the decreased slightly at 18:00-21:00 h. It was
benzene content is the loweéivhen compared observed that the concentrations of TEX reflected
with TEX) in the petrol fuel, therefore, the evap- the traffic flow (peak at 09:00—12:00 and 15:00—
oration of benzene to the atmosphere is the lowest.18:00 h and vehicle types. However, benzene
The major emission of benzene was from vehicular concentrations were higher at 09:00-12:00 and

exhaust. 18:00-21:00 h than that at 12:00-15:00 and
40.00
35.00 -
_ 30.00 .
) P =<
LS T - S~
E 200 i 7 1 =~
2 [ 1
~ 20.00 e o .
=
S 15.00
q L
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. TR
0.00 , C B
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Fig. 2. Temporal variation of benzene, toluene, ethylbenzene and xylenes at PolyU station.
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15:00-18:00 h. But the variations were not signif- was close to the road. The/B ratios were similar
icant (s-test for benzene concentrations during in the periods 09:00-12:00 h, 12:00-15:00 h and
09:00-12:00, 18:00-2100 h and 12:00-15:00, 18:00-21:00 h, with the average ratio ranging
15:00-18:00 k-1.47, cf. critical|{|=2.07) from 7.1 to 7.6, respectively. But an increase in
The traffic volume on the Hong Chong Road the T/B ratio (10.9 during 15:00-18:00 h sug-
started to increase from 05:00 h and reached its gested that the contributions of evaporative emis-
maximum value at 08:00 h, while at 19:00 h it sion increased. The different BT ratio at 15:00—
started to decreagdraffic Annual Census 2000 18:00 h meant that there were different sources of
Although there was only a slight increase in the pollution during this time. The possible sources
traffic volume during the morning and evening responsible for this difference could be the
rush hour, it was noted that there were changes in decrease of diesel vehicles and increase of gasoline
the vehicle types during the day. The percentagesvehicles, andor the evaporation of the gasoline
of private cars and taxis were much higher at night from manufacturing activities. However the/B
than in the morning, while percentages of medium ratio decreased again during 18:00-21:00 h
and heavy vehicles were higher in the morning. In because the evaporation of fuels declines due to
the morning 50% of the total traffic flow was the temperature drop.
private cargtaxis and 17% were mediutheavy
vehicles, while at night 64% of the total traffic 4. Conclusion
flow was private car&axis and only 7% was
mediuny heavy vehicles. In a 1 year seasonal VOC monitoring study
Benzene is mainly emitted from vehicular carried out at PU, KT and HT monitoring sites in
exhaust(less from gasoline evaporatipand has Hong Kong from November 2000—February 2001
less reactivity with the OH radical. The slight and June 2001-August 2001, high ambient con-
decrease of benzene concentrations during 12:00—centrations were recorded for toluef4-h aver-
15:00 and 15:00-18:00 h periods were due to the age concentrations of toluene at PU ranged from
dilution effects caused by an increase of the mixing 14.4 to 54.3ug/m® in winter and 11.6 to 39.2
depth during the daytiméNa et al., 2003. The wg/me in summer, respectively In addition, the
peaks of TEX species in the mornin@9:00— most abundant toxic organic compounds in urban
12:00 may be due to the high traffic volume in air were aromatic hydrocarbons. Vehicular emis-
that period. After that period, the concentrations sion is one of the most important pollutant sources
started to decrease due to the decrease of trafficin Hong Kong, leading to the high concentrations
volume and the dilution effects caused by an of aromatic compounds in the atmosphere. How-
increase of the mixing depth. At 15:00-18:00 h, ever, the concentrations of aromatic compounds
the concentrations of TEX reached their maximum were low at the background station, HT. Most
because the traffic voluméespecially the gasoline  VOCs had higher concentrations in summer except
vehicle9 and other evaporative emissiofia et at the HT station, where all VOQ®xcept tetrach-
al., 2003 increased. Finally, TEX decreased loroetheng¢ had higher concentrations in winter
because the traffic volume and the manufacturing than in summer, possibly the result of regional

activities (painting and coatingdecreased. physical dispersioftransportation at HT. The PU
and KT sites had similar BTEX ratios during
3.7. Diurnal variations of BTEX ratio winter, suggesting that both vehicular exhaust and

evaporative emissions of gasoliteomposition of
The X/E ratios were similar during the whole aromatic hydrocarbon in gasoline: toluene approx.
sampling periods, with the average ratio ranging 20%, ethylbenzene and xylerel0%; benzene<
from 1.2 to 1.7. The similar EX suggested a 5%) are the major sources. In the summer there
common source of the two pollutants, namely the were other sources for toluene in KT, resulting in
vehicular exhaust, and the photochemical reaction a high T/B ratio of 37. Good BTEX correlations
was not significant because the sampling location (+>0.8) were found at PU and KT during winter
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(** P<0.0D. In winter, vehicular exhaust was the Barletta B, Meinardi S, Simpson 1J, Khwaja HA, Blake DR,

dominant source at PU, along with less evaporation Rowland_ FS. Mixing ratios of volatile o'rganic' compounds
of fuel or additive at low temperature. (E\r/]aﬁf; é%otg,zgf‘gzggﬁgiz of Karachi, Pakistan. Atmos
The concentrations of most VOCs obtained ,ex ol (Hong Kong Ltd., ‘Caltex MSDS for 395434-

inside the tunnel were much higher than those at  vortexGold', 2001(http://msds.caltex.coin
PU station. The average BTEX ratio inside the chan CY, Chan LY, Wang XM, Liu YM, Lee SC, Zou SC,
tunnel was 2:10.4:1:3.2, which was different from  Sheng GY, Fu JM. Volatile organic compounds in roadside
the ratios found in other countries. Moreover, the ~ microenvironments of metropolitan Hong Kong. Atmos
comparison of the KE ratios between tunnel and Ch?ggérogcz?éf:g;z\?ggE:ig‘:]; EE, Chang SC. Characteristics
ambient air_implied th.e photo_chemlcal reactivity of hazardous air pollutants emitted from motor vehicles.
of xylenes. The XE ratio (3.2) in the tunnel was Toxicol Environ Chem 1996:56:85—104.
higher than that in the ambient a(d.54-2.22. Gee IL, Sollars CJ. Ambient air levels of volatile organic
This indicated that the freshly emitted xylene in  compounds in Latin American and Asian cities. Chemo-
the tunnel decayed at different rates from OH-  sphere 1998;36:2497-2506.
oxidation in the atmosphere. Hanson DJ. Toxic release inventory report shows chemical
The 3-h average samples collected showed that emissions continuing to fall. Chem Eng News 1996;74:29—
benzene eXthlted. a _different variation pattern Hartwell TD, Pellizzari ED, Perritt RL, Whitmore RW, Zelon
when compared with toluene, ethylbenz_enep- HS, Sheldon LS, Sparacino CM, Wallace L. Results from
xylene andb-xylene. Benzene concentrations Were  the total exposure assessment methodoldggAM) study
higher between 09:00-12:00 and 18:00—21:00 h in selected communities in Northern and Southern Califor-
than at 12:00—15:00 and 15:00—-18:00 h; while the  nia. Atmos Environ 1987;21:1995-2004.
concentrations of toluene, ethylbenzene,p- Hsieh CC, Ts_ai JH. VOC concentration characteristics in
xylene ando-xylene were high at 09:00—12:00 h, Southern Talwan. Chemosphere 2003;50:545-556.
then decreased at 12:00—15:00 h, peaked at 15:00-"2 MT. Hsieh CC, Wu TC, Chang Len-Fu W. Real-world
. vehicle emissions and VOCs profile in the Taipei tunnel
18:00 h, then decreased again at 18:00-21:00 h. |ocated at Taiwan Taipei Area. Atmos Environ
The X/E ratios were similar during 09:00-21:00 2002;36:1993-2002.
h but there was a slight difference in th¢H ratio Kourtidis KA, Ziomas IC, Rappenglueck B, Proyou A, Balis
during 15:00-18:00 h. This may be due to the D. Evaporative traffic hydrocarbon emissions, traffic CO
change of the vehicle type from diesel vehicle to and specia_ted HC traffic emissions from the city of Athens.
gasoline vehicle at that period and the increase of Amos Environ 1999;33:3831-3842. .

. s . Lee SC, Chiu MY, Ho KF, Zou SC, Wang Xinming. Volatile
r_nanUfaCtunng activities. Evaporatlon Qf the gaso- organic compound$§VOCs) in urban atmosphere of Hong
line and the use of solvents for industrial purposes  kong. Chemosphere 2002:48:375-382.
were possible causes of the peak at 15:00—18:00Liu Chunming, Xu Zili, Du Yaoguo, Guo Haichen, Analyses

h. of volatile organic compounds concentrations and variation
trends in the air of Changchun, the northeast of China,
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