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bstract

River water collected from 27 sites in 21 rivers, groundwater from 66 sites in 34 cities, and 2 sewage plants in the Niigata Prefec
total 301 samples) were analyzed for methyltert-butyl ether (MTBE) using an improved purge-and-trap-GC–MS method. The amo
TBE found in water samples from the 27 river sites ranged from 0.003 to 5.3�g l−1. MTBE was found in all 27 sites during winter b

t was found at only 9 sites and 14 sites, respectively, during the summer. MTBE was found most frequently (in 21 sites) at leve
rom 0.003 to 0.009�g l−1 during February. The highest levels of MTBE were always found in the samples collected from the same
mount of MTBE found in sewage water samples ranged from <0.003 to 0.025�g l−1. No significant differences were observed between
mounts of MTBE recovered from inflow and outflow waters. Relatively high levels (0.02–0.034�g l−1) of MTBE were found in January

wo sites, which were located on the upper course of the Shinano River. MTBE levels ranged from 0.004 to 0.035�g l−1 and from 0.005 t
.041�g l−1 at the mouths of the Shinano River and Agano River, respectively. The levels of MTBE in groundwater collected from

n 34 cities in Niigata Prefecture ranged from <0.003 to 5.9�g l−1.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Human exposure to methyltert-butyl ether (MTBE) has
egun to receive much attention from environmental scien-

ists as a chemical that has been released into the environment
onstantly and consistently[1,2]. It has been used in large
uantities as an anti-knocking agent in gasoline, oxyfuels,
nd low-boiling-point solvents. Consequently, concerns have
een raised about its possible adverse effects on humans[3].
herefore, the US Environmental Protection Agency (EPA)

∗ Corresponding author. Tel.: +1 530 752 4523; fax: +1 530 752 3394.
E-mail address:tshibamoto@ucdavis.edu (T. Shibamoto).

has proposed to develop guidelines under the Toxic
stances Control Act to eliminate or limit the use of MTBE
a fuel additive in gasoline[4]. MTBE has also received mu
attention as a chemical requiring serious investigation
counterpart agencies in Japan[5–8].

Among variability of exposure studies, the time of sa
pling may play an important role because MTBE is vola
and readily decomposes in UV light. For example, w
40 ml of vapor-phase MTBE was exposed to a reg
home fluorescent lamp for 18 h, 2.72�mol of formalde-
hyde, 25.5�mol of butanal, and 12�mol of 2-butanone wer
formed[9]. tert-Butyl formate,tert-butyl alcohol, methyl ac
etate, and acetone were reported as breakdown produ
MTBE oxidized with Fenton’s reagent[10]. However, onc
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it enters surface water or groundwater, MTBE is extremely
difficult to eliminate due to its high water solubility (4.8 g
100 g−1). Moreover, MTBE is strongly persistent toward mi-
crobial degradation[11,12]. Therefore, it is important to de-
termine the levels of MTBE in surface water and groundwater
to assess the environmental contamination caused by MTBE.

There are many reports on trace analysis of MTBE in
environmental water samples such as groundwater sam-
ples[13,14], seawater samples[15], and lake water samples
[16]. These studies were performed using purge-and-trap gas
chromatography–mass spectrometry, which is the method
that has been used most commonly for MTBE analysis in
environmental samples.

In the present study, MTBE levels of water samples col-
lected from 21 rivers, 66 wells in 34 cities, and 2 sewage plants
in Niigata Prefecture, Japan were analyzed to evaluate the
seasonal distribution of MTBE levels in the environment us-
ing purge-and-trap/gas chromatography–mass spectrometry.

2. Experimental

2.1. Chemical and reagents

MTBE (analytical grade for pesticide residues) stock so-
lution (1000�g l−1 in methanol) was purchased from Kanto

Kagaku (Tokyo, Japan). [2H12] (MTBE-d12) was purchased
from CDN Isotopes (Quebec, Canada). Water (VOC analyti-
cal grade) was bought from Wako (Osaka, Japan). The stan-
dard stock solutions of MTBE and MTBE-d12 were prepared
in a methanol solution (1000�g l−1).

2.2. Sample collections

Water samples from rivers were collected from 27 sites
in 21 rivers shown inFig. 1 in February and July 2002,
and July 2003 (a total of 81 samples). Also, river waters
were collected from 6 sites in the main stream of the Shi-
nano River (Sites 5–10) once a month on the same day
of the month from January and December 2002 (a total of
72 samples). Downstream (Site 6), samples were collected
twice a month from January to March 2002 and in Novem-
ber and December 2003 (a total of 10 samples). At the
mouths of the Shinano River (Site A) and the Agano River
(Site B), samples were collected once a month on the same
day of the month from January to December 2003 (total 24
samples).

Water samples were collected from the inflows and out-
flows of the two sewage plants in Niigata City, Niigata Pre-
fecture during two days in December 2002 and August 2003.
A total of 48 water samples from each plant (24 samples each
from inflow and from outflow) were collected from 10 a.m.

F
(

ig. 1. Sampling sites in Niigata Prefecture, Japan. (): Sites on rivers (Sites 1–2
Site B).
7) (): Sites at mouth of Shinano River (Sites A) and mouth of Agano River
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on the first day to 9 a.m. the second day at 1 h intervals using
an auto-sampler.

Groundwater samples were collected from April to August
2001 at 66 sites in 34 cities in Niigata Prefecture (66 samples).

Analyses were performed upon arrival of the samples at
the laboratory or stored at 4◦C until analyses (not more than
2 days).

2.3. Purge-and-trap system

A water sample (44 ml) for analysis was placed in a vial
(GL Sciences, Tokyo, Japan). After 4.4 ng of MTBE-d12 (in-
ternal standard) was added to the sample, the vial was sealed.

A Tekmar LSC 4000J concentrator (Tekmar, Ohio,
Canada) on-line coupled with the GC–MS system and
equipped with a Tenax TA adsorbent trap (GL Sciences,
Tokyo, Japan) was used. Helium was used as a purging gas.
Cryo-focus temperature was−180◦C.

It is important to find optimum conditions for analysis of
volatile chemicals, such as MTBE, to obtain reliable results.
Therefore, using an MTBE standard solution (0.06�g l−1 in
purified water), the optimum conditions of purging time (4, 6,
8, 10, 12, and 14 min), purging temperature (20, 30, 40, and
50◦C), desorbing time (6, 8, 10, 12, and 14 min) and desorb-
ing temperature (160, 180, 200, and 220◦C) for the purge-
a tions
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MTBE trapped by these methods was subsequently analyzed
by GC–MS. Among these methods, the level of MTBE re-
covered is much higher by the solid phase micro-extraction
method than by the headspace method. However, a sample
recovered by solid phase micro-extraction method tends to
be contaminated by the chemicals degraded from solid phase
materials that interfere with GC–MS analysis[22]. Therefore,
the purge-and-trap method, which has high recovery and re-
producibility, was improved and used in the present study. In
the case of GC–MS analysis, surrogate chemicals are used as
an internal standard to increase accuracy. MTBE-d3 is com-
monly used for MTBE analysis[13,18,20]. However, among
the monitoring mass spectral peaks of MTBE-d3 (m/z= 76
and 57),m/z57 is consistent with that of MTBE. Therefore,
m/z 57 is not applicable as a fragment ion for confirmation.
Also, m/z 76 from MTBE-d3 is the same as a base peak of
carbon disulfide. Therefore, if an MTBE sample contained
carbon disulfide, it would interfere with MTBE quantitation
because MTBE and carbon bisulfide are not readily separated
by a GC column. All of these problems were solved by using
MTBE-d12 and monitoring peaksm/z82 and 66 in the present
study.

3.1. Optimization of analytical conditions
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nd-trap process were examined. With optimum condi
btained from the above experiments, the LOD of MTBE
etermined using a standard MTBE solution (0.010�g l−1

n purified water). The recovery efficiencies of MTBE fro
iver water, ground-water, and seawater were also determ
sing solutions containing 0.06�g l−1 of MTBE for each.

.4. GC–MS analyses

A Hitachi Model G-7000M GC equipped with
0 m× 0.25 mm I.D. (df = 1.4�m) DB-VRX fused silica cap

llary column (J & W Scientific, Folsom, CA, USA) and
itachi M-9000 MS (Hitachi, Tokyo, Japan) was used to
lyze MTBE. The GC oven temperature was held at 4◦C

or 3 min and programmed at 4◦C min−1 to 90◦C, and then
◦C min−1 to 230◦C and held for 7 min. GC–MS interfa

emperature was 200◦C. Ion source temperature was 180◦C.
mission current was 10�A and photomultiplier voltage wa
30 V. The mass spectrometer was operated in multipl
ctant monitoring mode (MRM) to observem/z 73 and 57

or MTBE, and 82 for MTBE-d12. The GC retention time
f MTBE and MTBE-d12 were 12.02 and 11.75 min, resp

ively.

. Results and discussion

There have been several reported methods for trap
TBE in ground and surface waters. These technique

lude the headspace method[17], purge and trap metho
13–19], and solid-phase microextraction method[20,21].
The optimum conditions obtained for purge-and-trap
ess were 40◦C for purging temperature, 10 min for purgi
ime, 220◦C for desorbing temperature, and 10 min for d
rbing time.

The limit of detection (LOD) of MTBE in the wate
amples by GC–MS in the literature ranged from 0.0
.0�g l−1 [14–19]. Recently, a lower LOD (0.001�g l−1)

han those was reported[13]. However, the value in this r
ort was calculated using a conventional signal-to-noise
f 3 method. The LOD, which was determined by the me
reviously reported[22,23], was 0.0029�g l−1 in the presen
tudy.

The recovery efficiencies of MTBE at the level
.06�g l−1 were 99.1± 3.4% (n= 7) for the river-water
03± 3.4% (n= 7) for the ground-water, and 100± 2.1%
n= 7) for the sea-water in the present study.

.2. MTBE concentrations in the rivers in Niigata
refecture during summer and winter

Fig. 1 shows the 27 collection sites from the 21 river
iigata Prefecture.Fig. 2shows MTBE concentrations fou

n the samples collected during the winter (February 2
nd summer (June 2002 and 2003). The frequencies of M
ppearance in the sites were 27/27 (100%) in February
/27 (32.5%) in June 2002, and 14/27 (51.9%) in June 2
amely, MTBE was found in all sites during the winter

t was found at only 9 sites and 14 sites during the s
ers of 2002 and 2003, respectively. MTBE was found
ore sites during winter than summer. However, the leve
TBE found during all three collection times (9 sites) w
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Fig. 2. Number of sites where MTBE was found at various levels in river
waters.

not higher during the winter than during the summer. The
levels of MTBE found at six sites during the summer were
higher than those found during the winter. MTBE appeared
most frequently at levels ranging from 0.003 to 0.009�g l−1

during February 2002 (21 sites).
The levels of MTBE in the samples from the 26

sites—except for one site, which contained a high level of
MTBE (5.3�g l−1)—ranged from 0.003 to 0.25�g l−1. Lev-
els of MTBE exceeded 0.10�g l−1 at only four sites. The
highest levels of MTBE were always found in the samples
collected from the same site. These levels are similar to the
ones reported in other parts of Japan[21]. These levels are
also consistent with the levels reported in the waters from
the other parts of the world, including a small urban creek
in Germany (0.025–0.10�g l−1) [20]; rivers in New Jersey,
California, and Finland (0.3–0.4�g l−1) [19,24,25]; and
rivers in Germany and Italy (0.1–0.25�g l−1) [26].

3.3. MTBE concentrations in sewage water

In order to investigate the sources of MTBE in the river wa-
ters, sewage water samples were collected from two sewage
plants in Niigata Prefecture.Table 1shows the results of
MTBE analyses in the water samples from the two sewage
plants. The amount of MTBE found in sewage water samples
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ered from inflow versus outflow waters (p< 0.05). The levels
of MTBE found in these water samples were relatively low,
suggesting that sewage water from plants does not play an im-
portant role in the level of MTBE in river waters in Niigata
Prefecture. However, if wastewater collected from a station-
ary source near a river contained MTBE at a level as high as
30�g l−1, it may contribute to MTBE contamination in river
water[16].

3.4. MTBE concentrations in the Shinano River

The Shinano River is the largest river in Japan. It flows
36.6 km from Kobushin Peak at the border of the Nagano,
Saitama, and Yamanashi prefectures to the Sea of Japan at
the city of Niigata. It is approximately 1/10 the length of
the Mississippi River in the USA. The Shinano River basin
is one of the largest watersheds in Japan and drains an area
of approximately 11900 km2 in four prefectures. For several
centuries, there have been rice fields along the Shinano River.
In addition to being used for the generation of electricity,
Shinano River water is used for agriculture (80.5%), industry
(14.4%), drinking water (3%), and other uses (2.1%). There
are many water inlets from filtration plants for the drinking
waters. Also, a large amount of wastewater and sewage water
flows into the Shinano River from villages, towns, and cities
l
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anged from <0.003 to 0.025�g l−1. The standard deviatio
f the MTBE levels found in the samples from inflow a
utflow waters (Table 1) suggest that no significant diffe
nces were observed between the amounts of MTBE r

able 1
TBE concentrations in inflows and outflows from two sewage plants

oncentration (�g l−1) Plant 1

Winter Summe

Inflow Outflow Inflow

ighest 0.025 0.015 0.013
owest 0.008 0.011 0.003
eana 0.013 0.013 0.007
Db 0.004 0.002 0.002
a Mean of 24 samples.
b Standard deviation.
Plant 2

Winter Summer

utflow Inflow Outflow Inflow Outflow

.011 0.013 0.016 0.010 0.007

.004 0.006 0.005 0.003 0.003

.008 0.009 0.009 0.006 0.005

.002 0.003 0.002 0.002 0.001

ocated near the river.
Water samples were collected once a month from six

Sites 5–10) along the Shinano River from January to De
er 2002. MTBE was found in all samples except the o
ollected from Site 7 in April–July, and September; and f
ites, 8, 9, and 10 in April–September. The levels of MT

anged from 0.003 to 0.46�g l−1 in samples from Sites 5–1
his range of levels is consistent with those found in
ther sites except one site, at which the level was higher
.0�g l−1 (Fig. 2). The frequencies of MTBE appearance

he sites were 12/12 (100%) in Site 5; 12/12 (100%) in
; 7/12 (58.3%) in Site 7; 6/12 (50%) in Site 8; 6/12 (50

n Site 9; and 6/12 (50%) in Site 10.
Fig. 3shows the levels of MTBE in the samples obtai

rom Sites 5, 7, 8, 9, and 10. Values from the samples
ite 6 were excluded inFig. 3 because some samples fr
ite 6, which is located on the down course of the river,

ained MTBE at levels higher than 0.10�g l−1. Relatively
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Fig. 3. Monthly variations of MTBE levels at the sites on the Shinano River.

high levels (0.02–0.034�g l−1) of MTBE were found in Jan-
uary at Sites 9 and 10, which are located on the upper course
of the river. Aside from these two exceptions, generally the
samples collected on the down course of the river (Sites 5
and 7) contained higher levels of MTBE than those collected
on the upper course of the river (Sites 9 and 10). This trend
was consistent with the findings from a similar study done on
the Rhine River, Germany[20]. Fig. 3 indicates that MTBE
levels were generally higher during winter than summer. The
same trend was observed in the seven New Jersey streams,
USA [24].

Fig. 4 shows the monthly variations of MTBE levels in
the samples collected at Site 6. The levels of MTBE ranged
from 0.005 (mid February) to 0.46�g l−1 (April). The av-
erage level of MTBE at this site was 0.11�g l−1 and the
median value was 0.068�g l−1. There was no significant
difference between the levels of MTBE in the winter and
the summer at Site 6. Relatively high levels of MTBE (over
0.10�g l−1) were found inconsistently throughout the year
(January, March, April, July, and December) at Site 6. The
distribution pattern of MTBE at Site 6 was somewhat differ-
ent from those at the other four sites (5, 7, 8, 9, and 10) in the

Fig. 5. Monthly variations of MTBE levels at the mouth of the Shinano River
and at the mouth of the Agano River.

Shinano River. The factors responsible for the difference are
not clear, although there is a sewage plant near Site 6.

Fig. 5shows the monthly variations of MTBE levels in the
samples collected at the mouths of the Shinano River (Site
A) and the Agano River (Site B) (refer toFig. 1). MTBE
levels ranged from 0.004 to 0.035�g l−1, and from 0.005 to
0.041�g l−1, at the mouths of the Shinano River and Agano
River, respectively. The highest levels were obtained in the
samples collected in January. Generally, MTBE levels at the
mouths of the two rivers were higher in winter than in sum-
mer.

A water sample collected from a river where a boat landing
contained a relatively high level of MTBE (3.2�g l−1) [18].
In the present study, there were no boat landings near the sites
where relatively high levels of MTBE were found. However,
there are several chemical plants near the rivers, which may
contribute to the levels of MTBE in the river waters.

3.5. MTBE concentrations in groundwater

Fig. 6shows the number of sites where MTBE was found
at each range of levels. Detectable levels of MTBE were
found at 22 sites in 13 cities. Among the 66 sites in the
present study, 44 sites did not have detectable levels of MTBE

F ound
w
Fig. 4. Monthly variations of MTBE levels at Site 6.
ig. 6. Number of sites where MTBE was found at various levels in gr
aters.
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(<0.003). MTBE levels ranged from 0.003 to 5.9�g l−1. The
average value was 0.35�g l−1 and the median value was
0.013�g l−1. The number of groundwater samples in which
MTBE level was less than the detectable level was more than
that of river water samples. Generally, the MTBE levels in
groundwater were similar to those in river waters.

According to the report on MTBE levels in groundwater
(wells) collected near gas stations by the Japan Ministry of
Environment in 2000[27], the levels of MTBE found in 36
sites out of 196 sites ranged from 0.0034 to 0.27�g l−1. These
values are consistent with the ones found in the present study.
However, the exact sources of MTBE in the groundwater
analyzed in the present study are not clear.

4. Conclusions

A purge-and-trap-GC–MS method for trace MTBE anal-
ysis in environmental water samples was successfully im-
proved using MTBE-d12 as an internal standard. Optimum
conditions for a purge-and-trap process were established.
This method was validated using water samples collected
from various rivers, ground waters, and sewage waters in Ni-
igata Prefecture, Japan.
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