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h  i g  h  l  i  g  h  t  s

• MTBE,  TAME  and  ETBE  can  cause
vapor intrusion  problem.

• Ether  oxygenate  vapor  intrusion  may
cause aesthetic  problem  (odour).

• EPA  screening  criteria  for  hydro-
carbon is  not  applicable  for  ether
oxygenates.

• A  set  of  site-specific  attenuation  fac-
tors of  MTBE,  TAME,  and  ETBE  are
provided.
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a  b  s  t  r  a  c  t

Vapor  intrusion  of  synthetic  fuel  additives  represents  a  critical  yet  still  neglected  problem  at  sites  con-
taminated  by  petroleum  fuel  releases.  This study  used  an  advanced  numerical  model  to  investigate  the
vapor  intrusion  potential  of fuel  ether  oxygenates  methyl  tert-butyl  ether  (MTBE),  tert-amyl  methyl  ether
(TAME),  and  ethyl  tert-butyl  ether  (ETBE).  Simulated  indoor  air concentration  of these  compounds  can
exceed  USEPA  indoor  air screening  level  for MTBE  (110  �g/m3). Our  results  also  reveal  that  MTBE  has
much  higher  chance  to  cause  vapor  intrusion  problems  than  TAME  and  ETBE.  This  study  supports  the
statements  made  by USEPA  in the Petroleum  Vapor  Intrusion  (PVI)  Guidance  that  the  vertical  screen-
ing  criteria  for petroleum  hydrocarbons  may  not  provide  sufficient  protectiveness  for  fuel  additives,
and  ether  oxygenates  in  particular.  In addition  to adverse  impacts  on  human  health,  ether oxygenate
vapor  intrusion  may  also  cause  aesthetic  problems  (i.e., odour  and flavour).  Overall,  this  study  points
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out  that  ether  oxygenates  can  cause  vapor  intrusion  problems.  We  recommend  that  USEPA  consider
including  the  field  measurement  data  of  synthetic  fuel additives  in  the existing  PVI  database  and  possibly
revising  the  PVI  Guidance  as necessary.

© 2017  Elsevier  B.V. All  rights  reserved.

1. Introduction

Vapor intrusion risk at contaminated sites has received signifi-
cant increased attention in recent years. Petroleum hydrocarbons
(PHCs), such as benzene, toluene, ethylbenzene, and xylene (BTEX),
are primary compounds of concern at petroleum vapor intrusion
(PVI) sites [1–12]. However, PHCs are not the only compounds that
may  pose vapor intrusion threats to human health at PVI site. Fuel
contains both PHCs and various non-PHC fuel additives. Current
understanding of vapor intrusion risk of non-PHC fuel additives is
still very limited. Ma  et al. and Sihota et al. assessed the vapor intru-
sion risk of fuel ethanol [13–15]. Ma  et al. investigated the vapor
intrusion process of lead scavengers ethylene dibromide (EDB) and
1,2-dichloroethane (DCA) [16]. To our best knowledge, the vapor
intrusion potential of fuel ether oxygenates received little attention
by previous studies.

Ether oxygenates such as methyl tert-butyl ether (MTBE), tert-
amyl methyl ether (TAME), and ethyl tert-butyl ether (ETBE) are
blended with gasoline to increase octane rating and decrease
exhaust emissions. The USA produced 8.8 million tons of MTBE
alone in1998, although production declined after 2000 [17]. MTBE
is currently the most widely used oxygenate in many Asian coun-
tries such as China. Since 1997 MTBE has been used as a substitute
for tetraethyl lead in unleaded gasoline in China. In 2015, China
consumed 7.3 million tons of MTBE in gasoline for on road use
and the average MTBE blending ration in Chinese gasoline was
6.08%. In Europe, MTBE is progressively being replaced by ETBE
and TAME as a result of European Biofuels Directive 2003/30/EC
and 2009/28/EC. In 2011, Europe consumed 3 million tons of ETBE
[18]. TAME is primarily used in Finland and Italy and also in other
European countries and in the USA [19,20].

Contamination of the soil and groundwater environments by
ether oxygenates is a worldwide environmental problem. MTBE
leakage has resulted in more than 250,000 contaminated sites in
the United States alone [21]. The US Geological Survey reported
that MTBE was one of the most frequently detected volatile organic
compounds in groundwater [22]. Since 1990s, ether oxygenates
were also detected in groundwater and surface water in many
European countries [23] and more recently have been found in
groundwater of China [24]. Although MTBE has been banned in the
USA and may  be phased out in other countries, it is found to persist
in many subsurface environments for a long time due to its recalci-
trance to biodegradation. As volatile compounds, ether oxygenates
may  cause vapor intrusion problems.

In 2015, the U.S. Environmental Protection Agency (USEPA)
released a technical guidance for addressing petroleum vapor intru-
sion (PVI) at leaking underground storage tank (UST) sites [1]. In
this guidance, USEPA established screening distance criteria for
petroleum hydrocarbon (PHC) based on compiling field-measured
data in the USEPA PVI database [1]. However, non-PHC ether oxy-
genates are neither included in the USEPA PVI database nor part
of the EPA recommended screening criteria, despite the possibility
of the coexistence of high level of ether oxygenates at UST sites
[21]. Non-PHC ether oxygenates are not included in the USEPA
PVI database since individual states do not routinely monitor these
chemicals. Therefore, as it is acknowledged in USEPA PVI Guidance
(Section 10), the separation distance criteria can not be used for

non-PHC constituents [1]. More peer reviewed studies are required
to improve our understanding on the use of screening distances for
ether oxygenates.

In addition to adverse impacts on human health, ether oxy-
genates exhibit an unpleasant odor for which the human olfactory
system is highly sensitive [25]. Odour and flavour thresholds
of MTBE, TAME and ETBE are usually lower than other volatile
groundwater contaminants [25]. Impacts of MTBE contamination
on drinking water aesthetic quality (odour) are well recognized
[25,26]. However, to our best knowledge, the aesthetic impact from
ether oxygenates vapor intrusion process has not been assessed.

This study used an advanced three-dimensional (3-D) numer-
ical model to simulate the process of subsurface migration and
vapor intrusion into indoor air of MTBE, TAME, and ETBE under dif-
ferent site conditions. The aesthetic impact associated with ether
oxygenates vapor intrusion and the applicability of current USEPA
screening distance methods for ether oxygenates were assessed.

2. Methodology

2.1. Physico-chemical properties of ether oxygenates

Table S1 in the Supplementary Data shows the physico-
chemical properties of MTBE, TAME and ETBE. For comparison, the
properties of representative groundwater contaminants including
benzene, trichloroethylene (TCE), 1,2-dibromoethane (EDB) and
1,2-dichloroethane (DCA) are also provided in Table S1. Among the
chemicals listed in Table S1, MTBE has the highest water solubility
and the lowest octanol-water (Kow) and soil organic carbon-water
partition coefficients (Koc), thus MTBE would be very mobile in
groundwater with low adsorption by soil organic matter and low
retardation by the soil matrix. Compared to MTBE, both TAME and
ETBE have lower water solubility and higher Kow and Koc. Com-
pared to benzene, MTBE has a higher vapor pressure and thus will
volatilize more easily from the non-aqueous phase liquid (NAPL)
source [27]. Compared to benzene, MTBE has lower Henry’s law
constant and thus will be less volatile from groundwater source.
The Henry’s law constants of TAME and ETBE are five and four times
higher than that for MTBE respectively, indicating TAME and ETBE
are more volatile from contaminated groundwater than MTBE.

2.2. Toxicity of ether oxygenates

The acute and chronic toxicity of MTBE has been extensively
investigated. Exposure to high level of MTBE-containing fuel can
cause headache, nausea, cough, dizziness, eye irritation, and dys-
pnea [24]. However, the potential carcinogenic effect of MTBE on
humans remains a matter of debate [28]. MTBE has been found to be
mutagenic to animals [29]. Nevertheless, the International Agency
for Research on Cancer (IARC) has categorized MTBE in Group3
(“not classifiable as to its carcinogenicity to humans”) [30]. USEPA
established a drinking water advisory for MTBE based on taste and
odour criteria at the level of 20–40 �g/L which is much higher
than that of benzene/TCE/1,2-DCA (5 �g/L) and EDB (0.05 �g/L). The
WHO has not established a health-based guideline value for MTBE
in drinking water because any guideline value based on adverse
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