Pergamon

Atmospheric Environment Vol. 28, No. 14, pp. 2351-2359, 1994
Elsevier Science Lid

Printed in Great Britain.

1352-2310/94 $7.00 + 0.00

1352-2310(94) E0035-1

OFFICE WORKER’S EXPOSURE TO VOLATILE ORGANIC
COMPOUNDS WHILE COMMUTING AND WORKING
IN TAIPEI CITY

CuaNG-CHUAN CHAN and SHou-HsianGg Lin

National Taiwan University, College of Public Health, Institute of Occupational Medicine and Industrial
Hygiene, No. 1 Jen-Ai Rd, st Sec., Taipei, Taiwan

and

Guor-RonG Her
National Taiwan University, Department of Chemistry, No. 1 Roosevelt Rd, 4th Sec., Taipei, Taiwan

(First received 8 October 1992 and in final form 1 October 1993)

Abstract—This study examined office workers® exposure to volatile organic compounds (VOCs) from two
activities: commuting and working in an office in Taipei, Taiwan in the spring of 1992. About 18 target
C¢—C,, hydrocarbons and chlorinated VOCs were collected on Tenax-GC adsorbent tubes, and analysed
by a thermal desorption and GC-MS method. We found that similar VOC species were present in
commutes and in offices except that chloroform and 1,1,1-trichloroethane were only present in offices. The
in-vehicle VOC concentrations in Taipei were about 2-30-times higher than the levels in many western
cities. The VOC concentrations in commute varied only with different commuting vehicles. The in-vehicle
VOC concentrations were not affected by either time-of-day or route-of-traffic. On the average, the VOC
concentration ratio of motorcyclist: private vehicle-driver: bus-rider was about 5:3:2. The round-trip
commuting duration ratio of motorcyclist: private vehicle-driver: bus-rider was 1:1.5:2. The VOC concen-
trations in commute were about 5-11 times higher than in offices. We concluded that motorcyclists had the
highest VOC exposures while commuting in Taipei. The comparisons of VOC profiles in various micro-
environments indicated that auto exhaust emissions were the main VOC sources in vehicle and in office. In

general, office workers’ benzene exposures during commuting were greater than at work in Taipei.

Key word index: Volatile organic compounds, benzene, chloroform, exposure assessment, commuters.

INTRODUCTION

The emission of volatile organic compounds (VOCs)
from vehicles has been a long-time interest of air
pollution researchers because some VOCs are import-
ant precursors of photochemical reactions in forming
urban smog. More recently, VOC studies also focused
on the problem of air toxics, such as benzene. The
commuting has been identified as one of most impor-
tant activities in getting benzene exposure in the U.S.
EPA’s Total Exposure Assessment Methodology
(TEAM) study (Wallace, 1987). More studies were
followed to measure the VOC concentrations directly
either inside cars, subways, or from cyclists’ breathing
zones in the U.S. and the U.K.(Chan et al., 1991, 1992;
Weisel et al., 1992; Bevan et al, 1991; SCAQMD,
1989). Although these studies succeeded in document-
ing factors in influencing the commuters’ VOC expo-
sures while commuting, they failed in estimating
their actual exposures in respective population. The
lack of commuting patterns and enough VOC meas-
urements is one of the main reasons for such failure.
We, therefore, designed a study to estimate a popula-
tion’s exposure to VOCs while commuting by estab-
lishing commuting patterns and by measuring in-

vehicle VOC concentrations in Taipei. The entire
study included two sub-groups, i.e. office workers and
students. Only the results of office workers were pres-
ented in this paper. We examined differences in in-
vehicle VOC concentrations among the three most
popular commuting tools for office workers in Taipei,
i.e. bus, car and motorcycle. We also identified impact
of in-vehicle VOC concentrations by some key com-
muting elements, such as, time of day and route of
traffic. Additionally, we measured VOC concentra-
tions in workers’ offices in order to compare their
VOC exposures during commuting and at work.

METHODS

Commuting patterns

A questionnaire survey was conducted to establish the
commuting patterns of office workers in downtown Taipei
{the Chung-Zen District). We classified all office buildings
with more than 50 workers in the district into three categor-
ies: private companies, governmental buildings and schools.
A total of 386 office workers from two private companies,
one governmental office and one school were randomly
selected to fill the questionnaire. The information about time
of leaving homes/offices, duration of each trip, routes of each
trip, and commuting tools was obtained in the questionnaire.
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VOC measurements

Three major commuting routes toward downtown Taipei
identified from the commuting pattern survey were chosen
for VOC sampling. One was from the north, another from
the east and the third from the south. We assigned one
commuter by bus, another by motorcycle and the third by
private car on each route. They were all non-smokers. Three
private cars were one Ford (1500 cc, 1982), one Yue-Long
(1600 cc, 1988), and one Toyota (1600 cc, 1989). The buses
and cars used in this study were using air conditioning with
windows closed during the sampling period. Their speeds
were about 30-40 km h~'. Smoking was not allowed inside
air conditioning buses in Taipei. These three participants
were matched to start the sampling instruments simultan-
eously on each sampling. All commuters were wearing per-
sonal samplers during the commutes. The mode time that
most office workers left homes and offices, identified in the
commuting pattern survey, were set to be the start-time of
VOC sampling. In order to estimate these office workers’
VOC exposure at work, fixed-site samples were collected in
the office of three institutions, one private company, one
governmental office and one research institute, in downtown
Taipei for six consecutive days. Two samples were collected
on each site daily for six consecutive days. The VOC field
sampling was carried out from 20 to 26 March 1992. The
weather condition was generally overcast with an averaging
temperature of 22°C in the daytime and 20°C in the night-
time during these days in Taipei.

Sampling and analytical methods

Eighteen VOCs, ranging from C; to C,,, were measured
in this study. The VOCs measured were 3 aliphatic hydro-
carbons, 1 olefinic hydrocarbon, 12 aromatic hydrocarbons,
and 2 chlorinated hydrocarbons. The U.S. EPA TO-1
method was modified to collect and analyse these 18 VOCs
(Winberry et al, 1988). The sampling system consisted
of a stainless steel tube (178 mm x 5.2 mm ID) with 04 g
Tenax-GC, and a low-flow sampling pump (SKC Inc,
Model 222). The sampling rate was adjusted at 50 ml min~!
for commuters and 30 ml min ~* for fixed sites. The sampling
duration ranged from 0.5 to 1h for commuter measure-
ments, and from 3 to 4 h for fixed-site measurements. The
VOCs were trapped on the Tenax-GC tubes. The analysis
of VOCs from the Tenax-GC tubes was performed by a
high resolution gas chromatography/mass spectrometry
(GC/MS) technique. The major components of the system
were a thermal desorption system (Tekmar Inc., Model 5010
GT), a capillary gas chromatographic system (50 m x 0.2 mm
HP-1 fused silica capillary column), a quadruple mass
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spectrometer (HP 5971A) and a data processing system (HP
G1030A MS ChemStation). The thermal desorber used
a two-step desorption program to desorb the sampling tubes
using helium as a carrier gas. First, the tubes were thermally
desorbed at 200°C for 8 min. Second, they were trapped by
liquid nitrogen at —120°C. Third, they were ballistically
heated to 270°C again. Finally they were cryogenically fo-
cused at —120°C before injection. The initial oven temper-
ature of GC was set at 40°C for 2 min, and ramped first
slowly to 120°C at the rate of 4°C min !, and held for 3 min,
and ramped very quickly to 240 C at the rate of 60°C min~ .
The identification of each compound was confirmed by its
retention time and mass spectrum. The quantification of
target VOCs was accomplished by using the calibration
curves of six different concentrations of all target compounds
and the internal standard (perfluorotoluene) in each samples.

Quality assurance and quality control

Three sets of quality control samples were prepared to
evaluate the accuracy of the sampling and analytical system
for the target VOCs. Each set contained an unspiked sam-
pling tube to serve as a blank sample and a spiked one as
a control sample. Most target VOCs had recovery effi-
ciencies greater than 85% except heptene. Seven pairs of
duplicates were collected and analysed to assess the precision
of the method. The relative mean deviation of these duplic-
ates was within 10% for all target VOCs. Three sampling
tubes spiked with 10 ng of VOC standards were used to
determine the detection limits (LODs) of the system. The
LODs of the sampling methods ranged from 046 to
0.95 ugm ™3 for most target VOCs based on the average
sampling volume of 5¢.

RESULTS

We found that bus, motorcycle and car were the three
most widely used commuting tools among the eight
commuting modes for the commuters in Taipei in our
questionnaire survey (Table 1). In total there were
about 84.5% of all surveyed commuters who used
these three tools for their daily commutes. The rest
were commuting either by walking, train, taxi, bike, or
shuttle bus. Based on these findings, we decided to
measure VOC concentrations only in bus, car and
motorcycle. Among these three types of commuters,

Table 1. Summary of office workers' commuting patterns in Taipei, 1992 (n=386)

Walk Bus Bike Motor- Shuttle bus Train Taxi Car
cycle
Number of people 25 152 7 98 4 17 8 73
Percentage of total 6.5 39.6 1.8 25.5 1.0 44 2.1 19.0
Age 34 32 33 29 30 31 37 38
(22-63)t  (15-64)  (21-58)  (18-53) (20-36) (18-48) (22-51) (24-61)
Home-to-office 18 50 21 32 55 57 49 42
(min) (1-40)  (15-107)  (9-40) (10-100) (20-100) (20-100) (25-120) (8-100)
Duration
Office-to-home 17 56 22 35 44 65 59 48
{min) (1-40)  (15-121)  (9-40) (5-95) (15-85) (30-130) (30-90) (10-109%)
Distance
Home-to-office 1.5 8 53 10 5 25 12.5 10
(km) (0.5-7) (0.8-45) (1.2-10) (1-45) (3-10) (10-40) (4-18)  (1.5-40)

* Median value.
t Values in parantheses are range.
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private-car commuters were the eldest (38-years-old),
while the motorcyclists were the youngest (29-years-
old). The bus commuters had the longest commuting
duration, while the motorcyclists had the shortest.
The median round-trip duration of daily commute
was about 1 h for using motorcycles, 1.5 h for driving
private cars, and 2 h for taking buses. The bus com-
muters, however, had a shorter distance of commute
than the private-car drivers and motorcyclists. The
median one-trip distance of commute was about 8 km
for bus commuters, 10 km for motorcyclists, and
10 km for private-car commuters. We also found that
most office workers started their morning commutes
at 7:30 a.m. and their afternoon at 5:30 p.m.

We found substantial difference in VOC concentra-
tions among these three commuting tools (p <0.01)
(Table 2). The concentrations of 16 measured VOCs
averaged at 3.1 mgm ™2 on motorcycle, 2.1 mg m~?
in private car, and 1.3 mgm~? in bus in Taipei during
commutes. The in-vehicle VOC concentration ratios
of motorcycle/car/bus were about 5:3:2. The higher
on-motorcycle VOC concentrations can be due to
motorcyclists’ proximity to tail-pipe emissions on the
roads. Toluene, benzene, and m-/p-xylene were three
most abundant species among the aromatic VOCs.
The mean concentrations of benzene were 160 ugm ™3
in bus, 248 ygm ™2 in car, and 372 ygm~* on motor-
cycle, respectively. The in-vehicle benzene concentra-
tions in Taipei were higher than the levels measured in
several western cities (Table 3). The commuters were
exposed to about 31-50 uygm~3 in Los Angeles
(SCAQMD, 1989), 12 ugm ™3 in Raleigh (Chan et al,,
1991), 17 ygm™2 in Boston (Chan et al., 1992),
9-26 ugm ™3 in New Jersey (Weisel et al., 1992), and
37-82 ygm~3 in London (Bevan et al, 1991). On
average, in-vehicle benzene concentrations in Taipei
were about 2-30-times higher than those in some big
cities in developed countries like Los Angeles, Boston,
and Raleigh. Furthermore, benzene concentrations
experienced by motorcyclists in Taipei were about
7-40-times higher than cyclists in London and Bos-
ton. Besides that, we found that a higher proportion of
alkylated benzene compounds in these VOC measure-
ments, such as, propyl benzenes, and ethyl-methyl
benzenes. This phenomenon could be attributable to
a relatively high proportion of aromatic components,
including the benzene content, in the gasoline prod-
ucts and the low proportion of emission controlled
cars and motorcycles in Taiwan. In 1991, the aromatic
components in gasoline averaged at 35% in Taiwan
according to the Chinese Petroleum Company, a
state-run monopoly. In addition, the catalyst-equip-
ped cars were minimal among the cars and motor-
cycles in Taiwan since only new cars after 1 July 1990,
were required to meet emission standards which were
equivalent to the 1983 U.S. standards. In contrast to
this, the aromatic component in gasoline averaged at
29.5% and the rate of the catalyst-equipped vehicles
were about 88% in the U.S. in 1988.

Table 3. In-vehicle VOC concentrations (ugm~?) in five cities: Taipei, Boston, Los Angeles, Raleigh and London

§ Raleigh summer || London 1991

1 Los Angeles

1988

winter 1988

1 Boston winter 1989

* Taipei spring 1992

Car
Mean

Car
Mean

Car
Mean

Car
Mean

Bus

Bicycle

Mean

Bicycle

Mean

Motorcycle

Mean

Sd Sd Sd Sd Sd Sd
112

Sd

Sd

Mean

Chemical

n=77

n=

n=23

n=25

n=26

12
47

36

9 50
16 11 158 136
2 — —

37 140 17 10
849 81 33 20
189 75 6 4

174
246
46

248
599
112
230
161

60
130
45

160
367

77
149

Benzene
Toluene
Ethylbenzene
m/p-xylene
o-xylene

139

154

96 362 129 21 14 10
244

75

80
45

89

95

* Current study (modified TO-1 method).
1 Ref. Chan et al., 1992 (Charcoal tube, GC-FID).

d in Los Angeles (TO-14 method).

t Ref. SCAQMD, 1989. Three xylenes were not separated and no measurement of ethylbenzene was reporte

§ Ref. Chan et al., 1991 (TO-14 method).

|l Ref. Bevan et al., 1991 (Tenax-TA, GC-MS).
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The VOC concentrations on the roadways of
Taipei showed no significant difference between
morning and afternoon rush hours (p>0.01) (Fig. 1).
This can be explained by the fact that temperature
changes between daytime and nighttime in a subtrop-
ical city like Taipei are small, which makes the
variation of temperature-dependent auto-exhausts
become minimal. There were also no significant differ-
ence in VOC concentrations among three commuting
routes except that the in-car VOC concentrations on
the eastbound commuting route were higher than
other two routes (p> 0.01) (Fig. 2). Further investiga-
tion showed that the air conditioning of the car used
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in the east-bound route was broken and the driver
opened the windows during the sampling period. It is
not unexpected that there were similar VOC com-
muter exposure on these three routes because the
traffic volume and traffic jams along these three main
traffic routes during rush hours were also very similar
in Taipei. The temporal and spatial consistency in
commuter exposure to VOCs, therefore, simplified
our assumptions in applying the measured data to
estimating exposures in the general population.

The VOC measurements in offices showed slightly
different VOC species from the VOC measurements
on roads (Table 4). There were significant amount
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Fig. 1. Comparison of in-vehicle concentrations between morning and afternoon rush hours.
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Fig. 2. Comparison of in-vehicle VOC concentrations among three traffic routes.
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Exposure to volatile organic compounds

of 1.1,1-trichloroethane concentrations in all three
offices. Since liquid paper was widely used by workers
in these three offices, we believed that 1,1,1-tri-
chloroethane-containing liquid paper was the main
emission source. We also found relatively high chlo-
roform concentrations in the office of the research
institution. The mean chloroform concentration in
this office was 62 ugm~> over five sampling days.
Since this office is very close to a chemical laboratory,
we think chloroform most likely comes from the near-
by laboratory. Among the 16 overlapped VOCs, the
VOC concentrations in office were significantly lower
than those on the road (p <0.01). Taking benzene as
an example, in-office concentrations were about 1/5 of
in-bus concentrations, 1/8 of in-car concentrations,
and 1/11 of on-motorcycle concentrations.

We used the results of correlation among VOCs as
a way to identify common emission sources in differ-
ent microenvironments. By correlating measurements
of benzene with measurements of the other 15 non-
chlorinated VOCs either in commutes or in offices, we
found that benzene measurements were moderately
correlated with measurements of other aromatics. The
correlation coefficients between benzene and other
aromatics ranged from 0.51 to 0.74. This indicated
that benzene detected in offices as well as in vehicles
were possibly associated with the same emission
sources, ie. automobile emissions. Additionally, we
compared VOC profiles to identify specific VOC
sources in different microenvironments. The benzene-
based VOC profiles were calculated by devising con-
centrations of toluene, ethylbenzene, m-/p-xylenes,
and o-xylene by benzene concentrations, respectively
(Fig. 3). Profile comparisons indicated that measure-
ments of these five compounds in bus and on motor-
cycle were very similar. Since the auto-exhaust profile
was not available in Taiwan, we compared our
measurements with the auto-exhaust profile in the
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U.S. (Edgerton et al., 1989), and found a similarity
among them. The alkylated-benzenes/benzene pro-
files in private cars were, however, different from the
profiles in the other two vehicles. There were possibly
sources of VOC emissions from car interiors. Since
there were no measurements of emissions from uphol-
stery and plastic in three private cars, we are not able
to quantify the contribution of these sources to in-car
VOC profiles. Another particular feature of our VOC
profiles was that there were high toluene/benzene
ratios in governmental and private companies’ offices.
Since toluene was a universal solvent for many prod-
ucts, it was possibly emitted from some products and
furnishings used in these offices. We also found that
alkylated-benzenes/benzene ratios were lower indoors
than on the road. This was possibly due to alkylated-
benzene’s faster transformation than benzene while
dispersion since photochemical reactivity of al-
kylated-benzenes was higher than benzene.

We combined information about commuting pat-
terns with measured in-vehicle VOC concentrations
to calculate commuters’ expected exposures to VOCs
while commuting in Taipei. The expected mean/
median exposures were calculated by multiplying
mean/median values of round-trip commuting dura-
tion (in minutes) with measured VOC concentrations
(in mgm™3) (Table 5). For round-trip exposures,
motorcyclists had the greatest exposures, while
bus-rides had the smallest exposures. The median
exposures of 16 VOCs were 124 mgm ™~ 3-min for bus-
riders, 157 mgm™~3-min for private vehicle-drivers,
181 mgm ™ 3*-min for motorcyclists during commutes.
The median benzene exposures were 16 mgm ™~ 3-min
for bus-riders, 15 mgm™3-min for private vehicle-
drivers, 22mgm~3-min for motorcyclists during
commutes. In contrast, the median benzene exposures
at work were 12 mgm~3-min at the governmental
agency, 29 mgm~3-min at the research institute, and

80 T M benzene

70 + E2 toluene
13
g 60 T .ethylbenune
X
% 50 1 Em-/p—xylenc
]
'i 40 T Do—xylene
[}
% 30 +
&
g
¥ 20 1
: 5 B
¢ 10 A
g

0.0 t

bus motorcycle private car governmental private research auto
agency company institute emission
microenvironments

Fig. 3. Comparison of median VOC concentration profiles in six microenvironments in Taipei with a U.S. auto emission
profile.
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Exposure to volatile organic compounds

10 mgm ~3-min at the private company assuming an
8-h working duration daily. Although the workers
usually spent their time 7-8 h longer at work than in
commute, their benzene exposures in commute were
generally equivalent to their exposures at work. Since
the commuting and working exposures are both rela-
tively high, we believe that programs of reducing
workers’ benzene exposures in commute as well as at
work are warranted in Taipei.

CONCLUSION

We identified that both in-vehicle and in-office
benzene concentrations in Taipei were extraordinarily
higher than many other cities in developed countries.
In addition, the in-vehicle VOC concentrations while
commuting varied only with type of vehicles, but not
with route of commute nor time of day for commuting
in Taipei. Most of the in-vehicle and indoor non-
chlorinated VOCs, such as, benzene, toluene, and
xylenes were mainly from emissions of mobile sources.
However, toluene, may be contributed by some in-
door emission sources in certain offices. In contrast,
chlorinated VOCs, such as, chloroform and 1,1,1-
trichloroethane were mainly from indoor sources. We
recommend that a series of pollution prevention strat-
egies should be implemented in order to protect the
public from exposure to benzene in Taipei. In the
short term, the reduction in the proportion of benzene
and aromatics in gasoline and the installation of cata-
lysts in motorcycles and cars are two possible ways to
cut down benzene emissions from mobile sources in
Taipei. In the long run, there are two possible alterna-
tives to solve the benzene problem. One way is to
eliminate benzene emissions by phasing in vehicles
powered by alternative fuels, such as LPG-fueled or
electricity-fueled vehicles. The other way is to shorten
commuting duration by building a better public
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transportation system. We also recommend that in-
door air quality survey programs should be carried
out in order to identify potential sources of indoor air
pollution in offices.
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