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1. Introduction 
 
The most widely used gasoline additive methyl tert-butyl ether (MTBE) has been 
questioned recently, since frequent detection of this compound in groundwater 
indicates that it could be a risk to our environment (McCarthy and Tiemann, 2006). 
Consequently, legislative efforts have been made by some local governments to phase 
out the use of MTBE (Ulrich, 2004). In this case, it is necessary to find out another 
gasoline additive, the one which has the similar benefits to gasoline but less risk to the 
environment to take the place of MTBE. Among a number of options, ethyl tert-butyl 
(ETBE) is a highly promised one due to its lower water solubility, suggesting that it 
could pose less impact to our water supply. However, before ETBE is well accepted as 
a more environmentally friendly alternative, a thorough understanding of its 
environmental fate is needed, as well as its influence on the fate of other gasoline 
components.  
 
The aim of the present study was to investigate the degradation of MTBE and ETBE 
in soil, focusing on the comparison between MTBE and ETBE degradation in the 
present of gasoline, and the effect of these compounds on the degradation of other 
gasoline components, particularly BTEX. BTEX were included in the study because 
they are the largest aromatic constituents in gasoline related to health effects (Steen 
and Elton, 2006).  
 
 
 

1-1. Background 
 
1-1-1 History of gasoline additives 
 
Gasoline that consists primarily of straight-chain alkanes and cycloalkanes has poor 
combustion characteristic when burned in internal combustion engines. A mixture of 
air and vaporized gasoline of this type tends to ignite spontaneously in the engine’s 
cylinder before it is completely compressed and sparked, so the engines “knocks”, 
with a resulting loss of power (Baird and Cann, 2005). Lead octane additives have 
traditionally been used to enhance combustion efficiency of gasoline and prevent 
engine “knock”. However, because of their toxic property, these additives have been 
phased out in recent years in most places over the world. In 1980s, many refiners 
started to replace lead with aromatics due to the lower prices of those compounds at 
that time. MTBE has been widely used since 1990s when some environmental 
regulations started to limit the aromatic content in gasoline. It was added into the 
gasoline initially at a low percentage as an octane enhancer, and later was blended at 
higher concentration as oxygenate to meet the clean air requirement (Environmental 
Restoration Division, 2006). 
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Oxygenates are added into gasoline in order to increase the overall octane numbers 
and improve combustion efficiency (Yacobucci and Womach, 2006). In addition to 
this, they can also reduce carbon monoxide levels since they generate less CO during 
combustion than the hydrocarbons they replace. Furthermore, when used as a part of 
the gasoline formulation, MTBE leads to a reduction in emissions of exhaust 
pollutants such as volatile organic compounds (VOCs), nitrogen oxides and 
particulates (The European Fuel Oxygenates Association, 2006). 
 
1-1-2 Extent of MTBE and ETBE 
 
Among all oxygenates, MTBE is so far the largest selling oxygenates due to its high 
octane, easy to blend, and reasonable cost. Ethanol is now the second top selling 
oxygenates (Stinker, 2006). Because of some technical and logistic problems that face 
alcohol, it is less commonly used as a direct additive and most ethanol is currently 
converted to ETBE before it is blended into gasoline (International Energy Agency, 
2006). At present, MTBE is the most important oxygenated gasoline additive in the 
United States; In Europe and Asia, ETBE is taking the leading position, especially in 
France, Spain and Germany (Rohm and Haas, 2004).  
 
1-1-3 Production of MTBE and ETBE 
 
Oxygenates can be produced from petrochemical or agricultural feedstock. Methanol, 
derived primarily from natural gas, is one feedstock used in the production of MTBE; 
Ethanol, derived by a fermenting process from corn and other agricultural products, is 
used as a feedstock for the production of ETBE (The European Fuel Oxygenates 
Association, 2006). 
 
MTBE is produced by reacting methanol and isobutylene in the presence of heat and 
catalyst, while ETBE is produced by mixing ethanol and isobutylene, also reacting 
with heat over a catalyst (U. S. Department of Energy, 2006). Since the basic process 
chemistry is the same, the production processes of MTBE and ETBE are similar 
although rates and operating conditions could vary. 
 
1-1-4 Release of gasoline additives into environment 
 
The production, distribution, storage, and use of fuel oxygenates have resulted in their 
release into the atmosphere, soil and groundwater. Oxygenate release into the 
atmosphere is quantitatively the largest reported release mechanism, but groundwater 
contamination, especially by MTBE, is currently the major concern (Ulrich, 2004). 
Sources of subsurface contamination include pipelines, refueling facilities, surface 
spills precipitation, and especially underground storage tanks.  
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1-2. Problem of MTBE 
 
Although MTBE has the benefits of increasing combustion efficiency and improving 
air quality, it has been argued in recent years because of its indirect risks to the 
environment. Widespread gasoline spills and storage tank leaks have contaminated the 
groundwater systems, making it the second most common water pollution (Blue 
Water Network, 2006). Although its risk to human health has not been proved (Dekant 
et al., 2001), the undesirable taste and odor of MTBE contaminated water have been 
complained in some places where it has been used as gasoline additive.  
 
MTBE poses a particularly difficult environmental problem because of its high water 
solubility and low sorption onto soils. These unique properties allow it to move 
quickly and easily through the water column with minimal retardation and also make 
it difficult to be removed. Once these contaminants move below the surface, they can 
have even longer life spans due to anaerobic conditions (Kordesch, 2004). As a result, 
many municipalities are looking for ways to phase out the use of MTBE as a gasoline 
additive.   
 
Furthermore, MTBE is a persistent substance in soil and ground water, resulting from 
its molecule structure of an ether bond and a tertiary carbon group. Although 
degradation of MTBE has been reported either under aerobic condition or anaerobic 
condition, the degradation rate has showed to be very slow (Schmidt et al., 2004). The 
data allow computation results in a half-life for MTBE of at least 2 years in most 
natural groundwater systems, in contrast to 2-3 months for BTEX, the most 
water-soluble hydrocarbons in gasoline (Fayolle et al., 2001). 
 
 
 

1-3. Fate and transport of ETBE in environment 
 
1-3-1 Physical and chemical properties of ETBE 
 
Comparing ETBE with MTBE, there are various related aspects needed to be 
considered, including octane contribution, technical convenience, available supply, 
economic consideration, as well as their environmental impact. Of all these concerns, 
this study pays more attention to the environmental factors: their fate and transport in 
the environment following the accident release.  
 
Since the fate and transport of organic compounds in the environment are primarily 
determined by their chemical and physical properties, a fundamental comparison of 
these properties is of great significance. Table 1 summarizes the key properties of 
ETBE against that of MTBE: 
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Table 1: Physical and chemical properties of MTBE and ETBE (The European Fuel 
Oxygenates Association, 2006) 
Properties MTBE ETBE 
Molecular structure 

O O

 
Molecular formula CH3OC(CH3) 3 CH3CH2OC(CH3) 3 
Octane number 116 118 
Molecular weight (g/mol) 88 102 
Boiling point (oC) 55.3 73.1 
Oxygen content (% wt) 18.2 15.7 
Vapor pressure (mmHg at 25oC) 270 128 
Water solubility (mg/L) 42 23.7 
Henry’s Law Constant 43.8 140 
Log Kow 1.2 1.74 
Log Koc 1.05 2.2 

 
ETBE has higher boiling point and lower vapor pressure than MTBE, which ensure 
that ETBE is compatible to be blended into gasoline, allowing a more efficient 
blending and the mixed gasoline can be transported via pipeline without any problem. 
Despite of all these technical convenience and supply available, ETBE also presents 
some advantages and disadvantages concerning environmental protection and 
sustainable development. 
 
Improve air quality 
 
With high octane number, either MTBE or ETBE has significant function of 
combustion enhancement. Besides, their high oxygen content leads to more complete 
gasoline combustion, resulting in lower emissions of many air pollutants such as 
carbon monoxide, VOCs, nitrogen dioxide and particulates. Although both of them 
provide the above mentioned benefits for air quality, there are slight differences 
between them. According to Agriculture for Chemical and Energy (2006), ETBE 
shows advantage over MTBE in terms of formaldehyde, SOX, hydrocarbons and 
methane emissions. However, ETBE appears to be not as advantageous as MTBE in 
terms of particulates, nitrogen dioxide, acetaldehydes and ammonia emissions. 
 
Protect water resource 
 
First of all, ETBE is less water soluble than MTBE, which means it could 
substantially reduce the risks to groundwater system that faces MTBE. Furthermore, 
having a higher sorption onto soil (log Kow and log Koc), ETBE is less easily desorbed 
from the soil phase to groundwater and thereby tend to migrate shorter distances from 
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a spill. In addition, due to its higher Henry’s law constant, ETBE tends to partition 
into air phase rather than water phase when comparing with MTBE, allowing it to be 
easier removed from subsurface or groundwater following an accidental release of 
gasoline.  
 
Renewable energy 
 
Another attractive feature of ETBE is that it can be produced using renewable 
material. In other words, part of the raw material in gasoline can be replaced with a 
renewable material. As a result, it provides potential economical and environmental 
benefits in the sense that it opens the door for an acceptable fuel component to absorb 
the growing surplus of grain and other biomass (Bush, 2004), ensuring a sustainable 
development. However, the higher cost of grain-derived ETBE makes it uneconomic 
compared with the use of MTBE as a gasoline additive. In the European Union, it 
currently costs two to three times more, excluding taxes, to produce bio-fuels (ETBE) 
than fossil automotive fuels (Total, 2006). 
 
1-3-2 Degradation of ETBE in environment 
 
As have been mentioned before, the natural attenuation of organic compounds is 
determined by their physical and chemical properties such as volatilization, 
dissolution, and sorption. Besides, an essential factor is their nature of microbial 
transformation and biodegradation. The detection of MTBE in ground and surface 
waters illustrates that the adverse consequences can be anticipated if chemicals that 
resist biodegradation are added to gasoline (Ulrich, 2004). It is important, therefore, to 
understand the biodegradability of ETBE in evaluating its environmental impact, 
because only biodegradation can ensure complete removal of these compounds. 
 
MTBE and ETBE are not considered to be readily biodegradable (Environmental 
Restoration Technology Transfer, 2006), neither aerobically or anaerobically, but 
biodegradations have been reported either in laboratory studies or in field-scale 
investigation. Over the past decade, a number of studies have been conducted 
predicting the degradation of MTBE under different conditions. In most of the cases, 
the degradation was relatively slow and preferentially taken place under aerobic 
conditions, using MTBE as a carbon source or in co-metabolism with other 
compounds (Strand, 2006).  
 
Compared with the studies on MTBE degradation, the degradation of ETBE is an area 
has rarely been probed and a little information available. Steffan et al (1997) tested 
the ability of several propane-oxidizing bacteria that metabolize ETBE; Fayolle et al 
(1998) presented the isolation of two bacterial strains from activated sludge that could 
degrade ETBE under aerobic condition. Kharoune et al (2000) demonstrated aerobic 
degradation of ETBE in an up-flow fixed-bed reactor; and Kharoune et al (2001) 
described the isolation and the characterization of ETBE-degrading bacterial strains 
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that degrade ETBE completely under aerobic conditions. The results of most 
researches suggested that the biodegradation of ETBE was also slow and prefer 
aerobic condition. 
 
Most of these researches suggested that the initial step of MTBE and ETBE 
degradation pathway could be the cleavage of their ether bond, transforming MTBE 
or ETBE to tert-butyl alcohol (TBA), which was sometimes further degraded. The 
pathway of metabolism of ETBE involved an initial attack by monooxygenase. In 
several cases, the enzyme was characterized as a cytochrome P-450 (Fayolle et al., 
2001). 
 
1-3-3 Research Areas 
 
The literature survey shows that the biodegradation of ETBE as well as that of MTBE 
is still not clear, few researches have been conducted to compare the degradations of 
these compounds and little information available concerning their degradation in the 
presence of gasoline. At this time, it is difficult to conclude the potential and limits of 
their degradation in the environment and comparison can not be made regarding their 
environmental impacts.  
 
In order to compare the fate of these compounds in the environment, it is necessary to 
evaluate their degradation in the presence of gasoline. In another words, an 
understanding of their environmental impacts requires information on the behavior of 
contaminant mixtures. That is, the effect of other gasoline hydrocarbons on the 
degradation of MTBE and ETBE should be considered. Conversely, the addition of 
ETBE and MTBE in gasoline may impact the fate of other gasoline hydrocarbons as 
well. The following study was performed for these purposes. 
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2. Materials and Methods 

 
The laboratory work was conducted from October 2005 till March 2006 in the 
laboratory of Tema Institute, Linköping University.  
 
 
 

2-1. Materials 

 
2-1-1 Soil Preparation 
 
The focus of this study is the biodegradation of MTBE and ETBE in soils of 
unsaturated zone (vadose zone). The unsaturated zone is the portion of the subsurface 
above the ground water table. It contains water and air in the pores of soil particles. 
The unsaturated zone is paid more attention since it is in between the land surface 
where gasoline additives frequently released, and the saturated zone (ground water) 
on which we rely for fresh water.  
 
Two types of soil were prepared by organic planting soil, sand and clay, representing 
different soil conditions of unsaturated zone. Soil I contained 100% organic planting 
soil, which was purchased from Rölundaprodukter AB, the composition and 
characteristics are showed in Appendix 1; Soil II was prepared by combining 60% 
organic planting soil, 30% sand ( size < = 0.33mm, from Fyra Tassar) and 10% clay 
(from Lergrossisten AB) in volume. The water holding capacity, water content and 
organic content of these two types of soil were measured before they were introduced 
into the experiment. 
 
Water holding capacity  
 
Water holding capacity (WHC) was measured by packing soil into plastic cylinders 
that were fitted with fine nylon cloth at the bottom and then immersing the cylinder 
into water for 24 hours. Soil moisture content was measured after allowing the 
cylinder to freely drain on a funnel for 30 min (Choudhary et al., 1995). WHC was 
then determined with formula: 
WHC = ((wet soil weight at 100%WHC – dry soil weight) / dry soil weight) × 100%. 

 
Water and organic content  
 
In order to determine the water content (Pwater) in the soils, approximately 10g of soil 
sample was put into a porcelain crucible whose net weight was recorded in advance. 
When filled, the crucible was weighed and oven-dried under 105oC for 24 hours, then 
the dried soil sample was re-weighed with the crucible (Rowell, 1994). The water 
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content was calculated as follows: 
Pwater = ((wet soil weight - dry soil weight) / dry soil weight)) × 100% 

 
To determine the organic content (Porganic), the dried soil sample was heated in a 
furnace at 550oC for 4 hours and weighed again after cooling down in an exicator 
(Rowell, 1994). The organic content was calculated as follows: 

Porganic = ((dry soil weight – burned soil weight) / dry soil weight) × 100%. 
 
A pretest of water content was performed for these two types of soil according to the 
methods described above (see Appendix 2 for details), and the results showed that 
water content of Soil I was 31% of its water holding capacity, whereas water content 
of Soil II was 26% of its water holding capacity. In order to balance water content to 
the same percentage against their water holding capacity, a calculated amount of 
water was added to soil II. The adjusted soils were then re-measured for their water 
content as well as their organic content (see Appendix 2 for details). The water 
holding capacity, water content and organic content of the two types of soil used in 
the experiment are summarized in Table 2. 
 
Table 2: Water holding capacity, water content and organic content of soil I and soil II 
Type of soil Soil I Soil II 
Water holding capacity (%) 402 83 
Water content (%) 130 26 
Organic content (%) 54 10 
 
 
 
2-1-2 Gasoline preparation 
 
The gasoline used in this study was prepared by blending MTBE or ETBE into the 
basic gasoline. Since there was no pure gasoline (gasoline without additives) available, 
E5-BASE provided by Preem Raffinaderi AB (Gothenburg, Sweden) was used as the 
basic gasoline initially content 3.7% MTBE. MTBE (98%) and ETBE (99%) were 
purchased from SIGMA-ALDRICH CHEMIE GmbH.  
 
15% MTBE and 17% ETBE are the legal maximum content (by volume) for gasoline 
blending, as to meet the requirement of oxygen content 2.7% (by weight). For the 
sake of convenience, 15% MTBE gasoline (Gasoline M) and 15% ETBE gasoline 
(Gasoline E) was used in this study. Gasoline M was prepared by putting 5.99 ml of 
above mentioned MTBE into a 50ml flask and adding basic gasoline till the mark. 
After allowing it to be well distributed, the prepared Gasoline M was transferred to a 
brown bottle and stored in a refrigerator. 50ml Gasoline E was prepared in the same 
way with 7.58 ml of the above mentioned ETBE and the prepared Gasoline E was 
also stored in the refrigerator. Gasoline C was used for control test, which was 
prepared by 100% basic gasoline. The compositions of the prepared gasoline are 
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shown in Figures 1, 2, and 3, where Gasoline C contained 3.7% MTBE, Gasoline M 
contained 15% MTBE, and Gasoline E contained 15% ETBE as well as 3.14% MTBE. 
The calculation details are shown in Appendix 3. 
 
 

Composition of Gasoline C

Other components MTBE

Fig 1. Composition of Gasoline C 

Composition of Gasoline M

Other components MTBE

Fig 2. Composition of Gasoline M 

Composition of Gasoline E

Other components MTBE ETBE

Fig 3. Composition of Gasoline E 

 
 
 

2-2 . Methods 
 
2-2-1 Start-up and Maintenance 
 
Eight groups (20 bottles in each group) of samples were prepared (see Table 3), 
including control test samples and blank test samples. Each sample was prepared 
according to the following procedure: 
A specified amount of soil (16g of soil I or 8g of soil II) was put into a 31ml gas-tight 
glass bottle; and then 0.4ml prepared gasoline (Gasoline M, Gasoline E or Gasoline C) 
was spilled onto the soil, while no gasoline was introduced for the blank test samples 
(BI BII). The bottle was sealed immediately with a stopper and aluminum cap. The 
reason for introducing different amount of soil I and soil II was to ensure the same 
volume of gas phase in all sample bottles. Control test and blank test were considered 
for the purpose of removing the contamination interferences from the gasoline or the 
soil. 
 
Table 3: Groups (Systems) of different combination of soil and gasoline 
 Soil I Soil II 
Gasoline M Group MI Group MII 
Gasoline E Group EI Group EII 
Gasoline C (control test) Group CI Group CII 
No gasoline (blank test) Group BI Group BII 
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The prepared sample bottles were then stored in a climate room in which they were 
maintained in darkness and a temperature around 20oC. In each group, four bottles 
were labeled for regular CO2 measurements and the others were for MTBE and ETBE 
analysis. 
 
Oxygen compensation 
 
On day 30, oxygen content in the gas phase was measured, showing that all the 
systems lacked oxygen (Figure 4). To compensate for the oxygen consumption in the 
first 30 days, 3ml oxygen was added to BI and BII bottles whereas 2ml oxygen was 
added to the other bottles.  
 
From that day on, oxygen was introduced into the systems regularly to maintain 
aerobic condition. First, 1ml oxygen was added to all the bottles once a week for 4 
weeks. Then, 3ml oxygen was added to BI and BII bottles whereas 2ml oxygen was 
added to the other bottles once a month for 3 months. At the end of the experiment, 
oxygen content was measured once again, showing that systems CI CII MI MII EI EII 
were still in aerobic condition, while systems BI BII were not (Figure 5). 
 
Oxygen was supplied by using a sample bag (SKC INC). Pure oxygen was first 
collected in the sample bag, and then a specified amount of oxygen (as described 
above) was withdrawn from the sample bag and injected into the sample bottles by a 
gas-tight syringe. 
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Fig 4. Oxygen concentration on day 30, where X axis 

refers to different systems and Y axis refers to oxygen 

concentrations in ppm, measured on GC-TCD. 
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Fig 5. Oxygen concentration on day 148, where X 

axis refers to different systems and Y axis refers to 

oxygen concentrations in ppm, measured on GC-TCD. 
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2-2-2 Analytical instrument 
 
Gas chromatography 
 
GC is now the most widely used and the “standard methods” for detecting and 
quantifying volatile organic compounds (VOCs), such as gasoline components and 
additives (Environmental Protection Agency, 2005). Detectors used in GC vary in 
nature depending upon the characteristics of the analyte and the circumstances of its 
determination (Fifield and Haines, 1995).   
 
Thermal conductivity detector  
 
In this study, carbon dioxide and oxygen concentrations were measured with a gas 
chromatograph (GC-8A SHIMADZU) equipped with thermal conductivity detector 
(TCD). When CO2 was measured, the carrier gas was helium at a flow of 30 ml/min, 
and the separation column used was a packed column (Porapak Q) with the 
dimensions 2m×3mm. The oven and injector/detector temperature were 60oC and 
100oC, respectively. When measuring O2, the machine conditions were the same, but 
the carrier gas was argon instead of helium. 
 
In order to avoid contamination from the samples, a pre-treatment column was 
installed prior to the native column, packed with Magnesium Perchlorate (MERCK) 
and Carbograph - TD 20/40 Mesh (Alltech). The function of these absorbents was to 
remove the water in the sample and to retain volatile organic compounds, which 
otherwise would cause unstable baseline in the chromatogram and unwanted peaks, 
that might interfere with the target compound, i.e. CO2 or O2. 
 
Mass Spectrometry  
 
In this study, MTBE ETBE and BTEX were measured by gas chromatography (6890, 
Hewlett Packard) coupled with mass spectrometry (5973 Hewlett Packard), running in 
selected ion monitoring (SIM) mode. The carrier gas was helium (1.0 ml/min), and 
sample was introduced in the injector (200oC) with split technique (split ratio 100:1). 
The compounds were separated by passing through a capillary column (Chrompac CP 
sil 5CB; 50m×320µm×5µm). The oven temperature was programmed from the initial 
40oC (1 min) up to the final temperature of 210oC (0 min) at an increasing rate of 
8oC/min. The mass fragments used for detection are shown in Table 4. Data collection 
and evaluation of the chromatogram was performed using Agilent Chemstation 
software program. 
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Table 4: Mass fragments (m/z) used for MTBE, ETBE and BTEX measurement 
Compound Retention time (min) Mass fragments (m/z) 
MTBE 10.02 73, 74 
ETBE 11.57 57, 59, 87 
Benzene 12.99 77, 78 
Trichloroethylene 14.06 130, 132 
Toluene 16.17 91, 92 
Ethylbenzene 
m-xylen and p-xylen 
o-xylen 

18.87 
19.07 
19.78 

91, 106 

 
 
 
2-2-3 Analytical method 
 
Carbon dioxide 
 
Carbon dioxide (CO2) is the final product of degradation for all organic compounds. 
Therefore, the degradation profile of all organic matters in a sample bottle could be 
reflected by the change of carbon dioxide in the gas phase. The concentration of 
carbon dioxide serves as an indicator for the start point and the end point of the 
degradation, providing a reference for conducting other measurement.  
 
Four bottles in each group were labeled for regular CO2 measurements. Twice a week, 
(two parallel duplicates, alternatively analyzed), 0.3ml of the gas phase was 
withdrawn from the headspace with a gas-tight syringe and inject directly into 
GC/TCD. CO2 was also measured in the other bottles in conjunction with their 
withdrawal for chemical analysis later on.  
 
The output of the GC/TCD analysis was represented by the peak areas. CO2 
concentration was based on a comparison of these peak areas with a standard 
calibration curve：A series of standards that approximated the composition of the 
unknown were prepared, chromatograms for the standards were obtained, and peak 
areas were plotted as a function of concentration (Skoog et al., 1996). A linear 
regression was performed by the Excel software program to get a linear equation for 
estimation, and CO2 concentrations were calculated based on this equation. The 
results are shown in Appendix 4. 
 
Oxygen  
 
Oxygen (O2) is an essential requirement for aerobic life in soil. It plays an important 
role in microbial soil processes. Microorganisms in soil use oxygen when 
decomposing organic matter and produce carbon dioxide, resulting in decreasing 
concentrations of oxygen and increasing carbon dioxide (California State University 
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Bakersfield, 2006).  
 
As has mentioned before, oxygen content was measured twice in this study. The 
measurement was conducted by taking duplicate bottles out of each group, withdrawal 
of 0.3ml gas sample from the headspace with a gas-tight syringe and injecting directly 
into GC/TCD. The quantitative method was the same as that of CO2 measurement and 
the results are shown in Appendix 5. 
 
MTBE, ETBE and BTEX 
 
MTBE, ETBE and BTEX concentrations in the gas phase were analyzed in order to i) 
evaluate the degradation of ETBE and MTBE in presence of gasoline; ii) the effect of 
ETBE and MTBE on the fate of gasoline components BTEX; and iii) providing 
information for the comparison of ETBE versus MTBE degradation.  
 
Duplicate bottles out of each group were withdrawn every three or four weeks (on day 
1, 4, 30, 49, 65, 94, 123 and day 151). After CO2 measurement, the sample bottles 
were stored in a freezer until chemical analysis was performed.  
 
Before chemical analysis, the stored sample bottles were taken from the freezer, after 
introducing internal standard (the details are described below) and shaken for 5 
minutes, they were kept at room temperature over night allowing them to reach 
equilibrium. MTBE, ETBE and BTEX concentrations were measured by withdrawing 
0.1ml gas sample from the headspace with a gas-tight syringe and injecting directly 
into GC-MS.  
 
Internal standard method was applied for quantitative analysis of MTBE, ETBE and 
BTEX. An internal standard is a known amount of a compound, different from the 
analyte, added into the sample. The observed area of the target analyte is compared 
with the area from the internal standard to find out the concentration of the target in 
the sample (Harris, 1999). The reason of introducing internal standard was to 
compensate for the slight variation of the sample volume from run to run, which 
occurred during the manual injection of the sample. Another reason was to 
compensate for the possible sample loss when the sample was withdrawn from the 
sample bottles with different pressures. Once the internal standard was introduced into 
the sample, the ratio of analyte to standard remained constant in any operation.  
 
The calibration curves of MTBE and ETBE showed that the concentration of analyte 
was linearly correlated with the area ratio of the analyte to the standard, when the 
same amount of internal standard was introduced. Theoretically, the concentration of 
analyte could be calculated according to the linear regression equation. In this study, 
peak area ratio was used instead of specific concentration to simplify the calculation 
procedure in data interpretation. The results are shown in Appendix 6. 
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Trichloroethylene was chosen to be the internal standard in this study, because it meet 
the criteria of internal standard (McNair and Miller, 1998): a) It is not a component in 
the sample and it does not overlap the peak of any component in the sample; b) It 
elutes from the column close to the target analytes but can be well resolved from 
them. 
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3. Results and Discussion 
 

3-1. Carbon dioxide generation 
 
During the whole experiment, regular measurements were performed for carbon 
dioxide concentration from day 1 to day 65, and the results are shown in Figure 6. 
Carbon dioxide concentration was also measured parallel with MTBE, ETBE and 
BTEX measurement, every time before those sample bottles were stored in the freezer 
prior to their chemical analyses. The results are shown in Figure 7. 
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Fig 6. Regular CO2 measurement in 65 days, where X 

axis refers to time in days and Y axis refers to CO2 

concentrations in systems BI BII CI CII MI MII EI 

EII, measured on GC-TCD. 
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Fig 7. Long-term CO2 measurement in 151 days, 

where X axis refers to time in days and Y axis refers 

to CO2 concentrations in systems BI BII CI CII MI 

MII EI EII, measured on GC-TCD. 

 
 
Carbon dioxide concentration increased in all the systems over time, due to the 
activity of soil microorganisms. The basic activity of soil microorganisms, like that of 
other life forms, is survival through reproduction. Soil microorganisms use residue 
components as substrates for energy and also as carbon source in the synthesis of new 
cells. Energy is furnished to the microbial cells through the oxidation of the organic 
compounds and the major end product is carbon dioxide (Sylvia et al., 1999). 
 
The increasing rates of carbon dioxide varied considerably for the different systems. 
The concentration increased far slower in the systems with gasoline (CI CII MI MII 
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EI EII) compared with the systems without gasoline (BI BII), suggesting that gasoline 
inhibited the activity of the microorganisms in these systems. The reason is that the 
amount of gasoline added into the systems could be toxic to the soil microorganisms, 
or at least to some of them. 
 
The increasing rates of carbon dioxide in systems CI MI EI were always higher than 
that in systems CII MII EII. In another word, carbon dioxide increased faster in soil I 
systems (100% organic planting soil) than that in soil II systems (60% organic 
planting soil). Most probably, this was attributed to that there were more organic 
materials (substrates) in soil I.   
  
There were also slight differences between carbon dioxide concentrations in systems 
CI MI and EI, the highest concentration appeared in system CI while the lowest in 
system MI. The same order could also be found in systems CII MII and EII, with the 
highest concentration in CII while lowest one in MII. As what have been mentioned 
before, gasoline could inhibit the activity of soil microbes, and it seems that the 
inhibiting effect could be even more significant when the gasoline was blended with 
additives, especially with MTBE. 
 
 

3-2. MTBE, ETBE and BTEX degradation 
 
3-2-1 Degradation pathway of MTBE，ETBE and BTEX 
 
During the whole experiment, the concentrations of MTBE, ETBE and BTEX were 
measured every 3 to 4 weeks (on day 1, 4, 30, 49, 65, 94, 123 and 151), and the 
results are shown in Figures 8, 9, 10, 11, 12, and 13. 
 
MTBE, ETBE and BTEX concentration decreased in all the systems. They decreased 
faster the first three months and slowed down the last two months. A lag period was 
observed in system CII and MII, while no lag period was observed in the other 
systems. The decrease of the target compounds coincided with the increase of carbon 
dioxide. The results indicated that MTBE, ETBE and BTEX as organic compounds by 
nature might be degraded by the microorganisms in the soil, even if the course of 
decay could be more complicated than that of the other organic materials in the soil or 
gasoline. 
 
The degradation of organic compounds progresses through the interrelated activities 
of many different microorganisms (Sylvia et al., 1999). Simple organic materials in 
soil or gasoline are readily decomposed to end products by a number of 
microorganism groups in competition with one another. More complex and resistant 
substrates such as MTBE, ETBE and BTEX may cause a lag-phase and later on be 
broken down into degradation products. With different lag-times, the degradation 
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products will be further decomposed to end products. 
 
Some researches suggest that there are two possible mechanisms involved in the 
biodegradation of organic compound. One is that the organic compound is used by the 
microorganisms as the substrate: in the presence of oxygen, the soil microorganisms 
may use the carbon of MTBE, ETBE and BTEX as their food source. Another 
mechanism is called co-metabolic biodegradation, in which the soil microorganisms 
produce some enzyme when they consume other substrates to support their growth, 
and those enzymes happen to decompose MTBE, ETBE and BTEX.  
 
During five months of experiment, the concentrations of MTBE and ETBE decreased 
slower than BTEX did, suggesting that MTBE and ETBE were more persistent than 
BTEX compounds. The persistent character of MTBE and ETBE might be attributed 
to their special molecular structures. MTBE molecule consists of a methyl group and 
a tert-butyl group linked by an oxygen atom, while ETBE molecule consists of an 
ethyl group and a tert-butyl group linked by an oxygen atom (see Table 1). Since the 
ether bond (carbon-oxygen-carbon bond) is quite strong, ethers are generally resistant 
to chemical or biological reactions. Although the ether bond could be cleaved under 
certain conditions, the bulky tert–butyl group makes it difficult to be accessed (Zhang 
et al., 2006). 
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Fig 8. MTBE and BTEX degradation in system CI, 

where X axis refers to time in days and Y axis refers 

to the ratios of MTBE and BTEX concentrations to 

their initial concentrations, measured on GC-MS. 
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Fig 9. MTBE and BTEX degradation in system CII, 

where X axis refers to time in days and Y axis refers 

to the ratios of MTBE and BTEX concentrations to 

their initial concentrations, measured on GC-MS. 
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Fig 10. MTBE and BTEX degradation in system MI, 

where X axis refers to time in days and Y axis refers 

to the ratios of MTBE and BTEX concentrations to 

their initial concentrations, measured on GC-MS. 

 

System MII

0

0.2

0.4

0.6

0.8

1

1.2

0 100 200

Time (Days)

C
o
n
c
e
n
t
r
a
t
i
o
n
 
/
 
I
n
i
t
i
a
l

C
o
n
c
e
n
t
r
a
t
i
o
n

MTBE Benzene

Toluene Ethylbenzene

Xylenes
 

Fig 11. MTBE and BTEX degradation in system MII, 

where X axis refers to time in days and Y axis refers 

to the ratios of MTBE and BTEX concentrations to 

their initial concentrations, measured on GC-MS. 
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Fig 12. MTBE, ETBE and BTEX degradation in 

system EI, where X axis refers to time in days and Y 

axis refers to the ratios of MTBE, ETBE and BTEX 

concentrations to their initial concentrations, 

measured on GC-MS. 
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Fig 13. MTBE, ETBE and BTEX degradation in 

system EII, where X axis refers to time in days and Y 

axis refers to the ratios of MTBE, ETBE and BTEX 

concentrations to their initial concentrations, 

measured on GC-MS. 
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3-2-2 Comparison between ETBE and MTBE degradations 
 
Figure 14 and Figure 15 show relative MTBE and ETBE concentrations in the two 
soils. The concentration of MTBE decreased more rapidly than ETBE did during the 
first two months, whereas during the last three months, the concentration of MTBE 
decreased slower than that of ETBE with one exception. After five months, 61% of 
MTBE was degraded, whereas 66% ETBE was degraded in soil I; in soil II, the 
degradation of MTBE reached 69% whereas the degradation of ETBE reached 71% 
(see Appendix 7 for details). This indicated that concentrations of ETBE decreased 
more than MTBE did in a relatively long period of time, which implied that ETBE 
might be less persistent.  
 
Some researches suggest that MTBE and ETBE degradation is likely to begin in the 
wake of the cleavage of the ether bond. The main reaction is the hydroxylation by 
oxygenases of the carbon in –CH2 or –CH3 groups that are adjacent to the ether bond, 
converting the stable ether bond to an unstable hemiacetal (Fayolle et al., 2001). 
Although MTBE and ETBE have similar molecular structure, there is still difference 
between them. The ether bond is ended with a methyl carbon in MTBE molecule; 
while in ETBE molecule the ether bond is ended with an ethyl group instead. In this 
case, if the cleavage of the ether bond is assumed to be the first step of the MTBE and 
ETBE degradation, the results of this study imply that the methyl group is probably 
more difficult to be released from the ether bond than the ethyl group, or conditions 
for cleavage of ether bond in MTBE are likely to be more strict than that in ETBE. 
Another possibility is that the degradation product of ETBE is ethanol whereas that of 
MTBE is methanol; ethanol is less toxic to soil microorganisms therefore the 
degradation of ETBE is less easily inhibited while comparing with that of MTBE. 
 
The results also showed that MTBE and ETBE decreased more rapidly in soil II than 
in soil I, which indicate that MTBE and ETBE degraded slower in the organic rich 
soil. Most probably, this is because that in organic rich soil there were more other 
organic substrates available for the soil microorganisms, and soil microorganisms tend 
to consume naturally generated and simply structured substrates rather than complex 
and foreign substrates, such as MTBE and ETBE. As a result, the degradation of 
MTBE and ETBE were less in soil I (organic content 54%) than in soil II (organic 
content 10%).  
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Fig 14. Comparison between ETBE and MTBE 

degradation in soil I, where X axis refers to time in 

days and Y axis refers to the ratios of decreased 

concentrations of ETBE and MTBE to their initial 

concentrations. 
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Fig 15. Comparison between ETBE and MTBE 

degradation in soil II, where X axis refers to time in 

days and Y axis refers to the ratios of decreased 

concentrations of ETBE and MTBE to their initial 

concentrations.

 
3-2-3 Effects of MTBE and ETBE on the fate of BTEX 
 
After five months, the degradation of BTEX was in the range of 82% - 91% as a 
whole, which was higher than that of MTBE (61% - 69%) and ETBE (66% - 71%), 
indicating that these compounds degraded easier and faster than MTBE and ETBE did 
(see Appendix 7 for details). 
 
In order to figure out the effect of MTBE and ETBE on the fate of BTEX, an 
exponential regression method was performed with the help of the SPSS software 
program. The regression curve was drawn with the data of the target compound of 
BTEX in each systems, the regression equation was in the form of: 

y = b × exp {kx} 
where y is the ratio of remained concentration to initial concentration of the target 
compound; x is the degradation time in days; b and k are experimental constants. The 
regression equations for each compound accompanied with R2 values are presented in 
Appendix 8, and R2 values ranged from 0.953 to 0.985 except MTBE in EII (0.928). 
According to these equations, the half-lives of benzene, toluene, ethylbenzene, and 
xylenes were calculated (see Appendix 9 for details) and presented in Figure 16 and 
Figure 17.  
 
In all soil II systems, there were slight differences between the half-lives of BTEX 
compounds, where the half-lives were in the order of benzene > toluene > 
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ethylbenzene > xylenes (the exception was in EII, where toluene > benzene). The 
half-lives of BTEX were slightly longer in ETBE systems, and slightly shorter in 
MTBE systems compared with the control systems, implying that MTBE might 
enhance the degradation of BTEX whereas ETBE probably have an inhibiting effect 
on BTEX degradation in soils with lower organic content and sufficient oxygen 
compensation. 
 
In all soil I systems, the half-lives of BTEX were in the order of benzene > toluene > 
xylenes > ethylbenzene. It differed from the soil II systems in that the order of xylenes 
and ethylbenzene was exchanged. The half-lives of BTEX in MTBE systems were 
shorter than in ETBE systems, this was the same as that in soil II systems. However, 
besides the half-lives of BTEX in MTBE systems, the half-lives in ETBE systems 
were also slightly shorter than that in control systems, it probably due to the 
degradation of BTEX in system CI was heavily inhibited in the circumstance where 
the oxygen was in deficiency, resulted from higher microbial activity and insufficient 
oxygen compensation in organic-rich soil (see Figure 5). 
 
No explicit explanation can be given for these observations so far, since it is hard to 
reason the activities of soil microorganisms depending only on the results of chemical 
analysis. Microbiology analysis is needed for further investigation. 
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Fig 16. Half life of BTEX in soil I, where X axis 

refers to BTEX compounds and Y axis refers to their 

half lives calculated from the exponential regression 

equations. 
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3-3. Advantages and disadvantages of ETBE 
 
By combining the results of this experiment and the knowledge from literature survey, 
the advantages and disadvantages of ETBE as a gasoline additive are summarized as 
following: 
 

1. With a high octane number, ETBE can play an important role as an octane 
enhancer, making the combustion of gasoline more efficient. 

2. Because of its higher boiling point and lower vapor pressure, ETBE is 
compatible to be blended into gasoline and the mixed gasoline can be 
transported by pipeline without any problem. 

3. As an oxygenate additive, its higher oxygen content allows more complete 
combustion of gasoline, resulting in lower emission of many air pollutants, 
which means that ETBE can improve air quality. 

4. Due to its lower water solubility, higher affinity to soil, and coupled with its 
higher Henry’s law constant, ETBE tends to pose less risk to groundwater 
comparing with conventional gasoline additive MTBE. In another word, it is 
not as hazardous for water resources as MTBE is. 

5. Since it can be produced by renewable material, ETBE provides potential 
environmental benefits and contribution to sustainable development. 

6. Regarding the biodegradation aspect, the results of this study imply that ETBE 
could have a slight advantage over MTBE, however the presence of this 
compound probably have a little inhibiting effect on BTEX degradation. 

7. Although ETBE can bring about many advantages, the higher price makes it 
uneconomic in comparison with the use of MTBE. 
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4. Conclusion 
 
The results of this study showed that the degradation of MTBE, ETBE and BTEX 
occurred in all the systems, nevertheless MTBE and ETBE degraded far more slowly 
in contrast with the degradation of BTEX, indicating that MTBE and ETBE are more 
persistent. When the degradation of MTBE and ETBE were compared, ETBE 
decreased a little faster than MTBE, implying that ETBE advantages slightly in 
degradation over MTBE. Concerning the effects of MTBE and ETBE on the fate of 
BTEX, the results showed that MTBE might enhance whereas ETBE might inhibit the 
degradation of BTEX in soils with lower organic content and sufficient oxygen 
compensation. In addition, less degradation of MTBE and ETBE was observed in 
organic-rich soil in all the cases, probably because that there are more other substrates 
available for the microorganisms in organic-rich soil. 
 
It is concluded that ETBE is a more promised and friendly gasoline additive in terms 
of environment protection. Its adaptability is further supported by its biodegradation 
advantage over MTBE, as indicated by the results of this study. Economic issue 
would be a main concern influencing its future application. 
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7. Appendixes 

 

Appendix 1 

Composition and characteristics of Organic Planting Soil 

 

Composition in volume% 

38% light moss peat H1 – H3 

38% dark moss peat H4 – H6 

15% chicken manure 

5% Bio-balance 

4% Sand 

Additive per m3 

6kg CaCO3 powder 

Size of particles: Medium 3.5mm sieve 

Weight: 220kg/ m3 

pH-value: 5.5 - 6.5 

Conductivity: 1.5 – 2.5 
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Appendix 2 

Results of water holding capacity, water content and organic content 
measurement 
 
 
Pretest of water content 

 
 
Water holding capacity measurement (WHC) 
 

 soil I-1 soil I-2 mean of soil I soil II-1 soil II-2 mean of soil II
Net weight of 
crucible 

20.01 21.59 20.8 22.62 22.85 22.735

With soil at 100% 
WHC 

37.03 37.02 37.025 42.84 38.38 40.61

After 105oC 23.35 24.71 24.03 33.73 31.33 32.53
%H2O at 100% 
WHC 

4.10 3.95 4.02 0.82 0.83 0.82

 
 
Water content and organic content measurement 
 

 Soil I-1 Soil I-2 mean of Soil I Soil II-1 Soil II-2 mean of Soil II
Net weight of 
crucible 

20.01 21.59 20.8 22.64 22.85 22.745

With soil 29.04 30.41 29.725 32.43 32.47 32.45
After 105oC 23.82 25.55 24.685 30.4 30.45 30.425
After 550oC 21.66 23.55 22.605 29.63 29.69 29.66
Water content 1.37 1.23 1.30 0.26 0.27 0.26
Organic content 0.57 0.51 0.54 0.10 0.10 0.10

 
 
 

 Soil I-1 Soil I-2 mean of Soil I Soil II-1 Soil II-2 mean of Soil II
Net weight of 
crucible 

30.42 26.81 28.615 27.87 30.86 29.365

With soil 40.43 37.27 38.85 42.81 45.57 44.19
After 105oC 34.8 31.54 33.17 40.18 43.02 41.6
After 550oC 32.52 29.22 30.87 39.02 41.89 40.455
Water content 1.29 1.21 1.25 0.21 0.21 0.21
Organic content 0.52 0.49 0.50 0.09 0.09 0.09
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Appendix 3 

Calculation for gasoline preparation 
 
 
MTBE needed for Gasoline M preparation: 
M*98% + (50-M) *3.7% = 50*15%, M = 5.99(ml) 
 
 
ETBE needed for Gasoline E preparation: 
E*99% = 50*15%, E = 7.59(ml) 
 
 
MTBE content in Gasoline E: 
M = (50-7.59)*3.7%/50 = 3.14% 
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Appendix 4 

Results of CO2 measurement (CO2 concentration (ppm)) 
 
Regular CO2 measurement 
 

Day BI BII CI CII MI MII EI EII 
1 2667.782 2241.109 2066.134 1933.941 1887.864 1633.702 1718.957 1581.127
2 16759.74 11504.55 7710.635 6579.043 7696.036 6216.927 7518.227 6280.314
3 32931.71 22896.61 12526.46 9564.641 10956.43 9286.517 12322.16 9605.82
4 47656.02 30957.86 14437.14 12069.7 14087.74 11007.96 14404.98 12378.74
7 93638.29 59193.11 24134.83 18357.58 19696.52 16713.2 22247.13 16840.65
8 104300.5 63706.17 25624.13 21364.06 21502.72 15439.22 23824.18 18755.08

11 121477.6 80695.3 31938.04 23871.67 25374.47 20185.34 28560.08 20272.23
14 173546.8 106461 38444.6 30999.81 31823.55 21080.79 35972.31 27757.06
18 190552.6 140763 56161.75 38360.58 37627.88 29661.49 47656.29 31678.27
22 187356.2 152047.3 59810.56 46056.11 44963.42 29836.43 44498.52 34276.31
24 220501.2 198901.5 76298.72 51571.5 52799.09 40553.57 66019.01 44530.49
29 213692.2 192017 70368.77 55455.04 59679.14 42726.26 77999.25 58329.51
32 232899.3 213114.4 96546.71 62618.16 61328.81 48001.62 85053.07 54476.18
36 227972.4 203019.1 83990.47 65198.25 69688.18 38509.5 73147.3 55899.08
39 282568.5 235837.8 115082.3 68692.97 79184.01 57827.62 96094.22 57090.86
42 283063 272055 107794.5 77960.63 87735.16 53490.62 107892.2 73503.78
46 275408.5 263965.1 110927.8 72549.95 93426.38 56754.86 104552.8 66672.42
49 286082 319089.4 120061.4 72253.69 105162.9 58968.69 115735.6 83554.06
53 307732.5 340297.9 128995.8 86840.96 107233.9 70496.28 129181.3 69341.82
57 330725.1 337481 123808.4 87971.36 117319.9 70432.76 130213.3 86399.59
60 333220.1 347935 147023 89679.72 118932.2 84563.14 140334.2 91407.67
65 343528.9 375149.7 132538.6 89205.51 128027.9 77060.8 136042.9 90722.41

 
Long term CO2 measurement 
 

days 1 4 30 65 94 123 151 
BI 4344.072 48539.48 245507.5 329663.2 402827.3 503534.1 501539.4 
BII 3185.807 32020.12 218904.7 337587.1 413298.3 516622.9 509766.1 
CI 3097.503 15367.85 85979.23 117229.9 144657.4 180821.8 178519.4 
CII 2418.271 12554.12 63970.65 90687.72 98058.24 122572.8 124911.8 
MI 2483.628 14404.77 67070.64 83883.43 109992.8 137491 143239.7 
MII 2132.478 11973.08 53695.71 55411.25 88414.3 110517.9 110309.7 
EI 2719.926 15118.9 79548.09 100303.9 137866.7 172333.4 172206.9 
EII 2308.038 12912.72 64036.29 68385.87 97871.63 122339.5 117739.8 

 



 33

Appendix 5 

Results of O2 measurement (O2 concentration (ppm)) 
 
 
System O2 Concentration on day 30 O2 Concentration on day 148 
BI 1004.255 3755.583 
BII 1046.955 20394.85 
CI 24602.16 122341.7 
CII 117537.3 199838.9 
MI 74437.14 171666.7 
MII 144505.7 225532.2 
EI 26751.51 141131 
EII 130964.3 220803.8 
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Appendix 6 

Results of MTBE, ETBE and BTEX measurement  
(Concentration/Initial concentration) 
 
 

System CI         
Day 1 4 30 49 65 94 123 151 
MTBE 1 1 0.878405 0.689274 0.58717 0.498053 0.416184 0.378808 
Benzene 1 1 0.827948 0.598623 0.454115 0.303083 0.200434 0.175634 
Toluene 1 1 0.843922 0.647723 0.495083 0.291362 0.172136 0.153484 
Ethylbenzene 1 1 0.798209 0.660597 0.52194 0.274179 0.15097 0.13597 
Xylenes 1 1 0.813837 0.676742 0.546857 0.294494 0.16436 0.159397 

 
 

System CII         
Day 1 4 30 49 65 94 123 151 
MTBE 1 1 1.000876 0.685775 0.575929 0.43356 0.340028 0.327496 
Benzene 1 1 0.949921 0.592298 0.432982 0.261184 0.167881 0.13553 
Toluene 1 1 0.984154 0.629267 0.442395 0.275005 0.15352 0.118819 
Ethylbenzene 1 1 0.952914 0.638123 0.430429 0.258559 0.129469 0.099917 
Xylenes 1 1 0.927399 0.621832 0.42309 0.257883 0.133316 0.10645 

 
 

System MI         
Day 1 4 30 49 65 94 123 151 
MTBE 1 1 0.826702 0.744154 0.658215 0.492441 0.424777 0.394482 
Benzene 1 1 0.770016 0.67132 0.531994 0.293161 0.215054 0.173471 
Toluene 1 1 0.77506 0.695349 0.538487 0.249211 0.176883 0.138689 
Ethylbenzene 1 1 0.767005 0.689023 0.540102 0.212373 0.147652 0.114848 
Xylenes 1 1 0.755805 0.662541 0.538003 0.216252 0.157849 0.123472 

 
 

System MII         
Day 1 4 30 49 65 94 123 151 
MTBE 1 1 0.852043 0.73777 0.532538 0.400387 0.326524 0.312284 
Benzene 1 1 0.946754 0.677158 0.423886 0.252485 0.147519 0.137664 
Toluene 1 1 1.009447 0.73933 0.440792 0.241674 0.123669 0.118243 
Ethylbenzene 1 1 0.995771 0.698469 0.40123 0.208752 0.097072 0.092587 
Xylenes 1 1 0.927988 0.651311 0.380326 0.206226 0.099151 0.096137 
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System EI         
Day 1 4 30 49 65 94 123 151 
MTBE 1 1 0.899444 0.716789 0.636774 0.452543 0.377148 0.368048 
ETBE 1 1 0.925293 0.743308 0.660986 0.432116 0.345471 0.344002 
Benzene 1 1 0.855159 0.613152 0.489983 0.26568 0.187237 0.179577 
Toluene 1 1 0.870494 0.628217 0.503773 0.246942 0.167072 0.163637 
Ethylbenzene 1 1 0.819581 0.618611 0.496511 0.221447 0.152283 0.150993 
Xylenes 1 1 0.805926 0.60874 0.499314 0.232636 0.170578 0.167481 

 
 

System EII         
Day 1 4 30 49 65 94 123 151 
MTBE 1 1 0.85036 0.715728 0.531008 0.389842 0.453213 0.319031 
ETBE 1 1 0.880129 0.763853 0.558921 0.376054 0.392364 0.290201 
Benzene 1 1 0.845655 0.644359 0.412961 0.241548 0.232202 0.152537 
Toluene 1 1 0.897965 0.729675 0.440049 0.230399 0.211356 0.137961 
Ethylbenzene 1 1 0.862331 0.755471 0.427363 0.20627 0.177867 0.117957 
Xylenes 1 1 0.828433 0.713693 0.416181 0.209834 0.173188 0.123887 
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Appendix 7 

Degradation of ETBE and MTBE 
 
 
Degradation of ETBE and MTBE in Soil I (Decreased concentration / Initial concentration) 
Day 1 4 30 49 65 94 123 151 
ETBE in EI 0 0 0.07 0.26 0.34 0.58 0.65 0.66 
MTBE in MI 0 0 0.17 0.26 0.34 0.51 0.58 0.61 
 
 
 
Degradation of ETBE and MTBE in Soil II (Decreased concentration / Initial concentration) 
Day 1 4 30 49 65 94 123 151 
ETBE in EII 0 0 0.12 0.24 0.44 0.62 0.61 0.71 
MTBE in MII 0 0 0.15 0.26 0.47 0.60 0.67 0.69 
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Appendix 8 

Regression equation for BTEX degradation 
(Where y is the ratio of remained concentration to initial concentration of the target 
compound, and x is the degradation time in days.) 
 
 
Regression equation for BTEX degradation in Soil I  
 CI MI EI 
Benzene Y = 1.0673exp{-0.0127x} 

R2 = 0.985 
Y = 1.0881exp{-0.0125x} 
R2 = 0.982 

Y = 1.0858exp{-0.0130x} 
R2 = 0.967 

Toluene Y = 1.1277exp{-0.0138x} 
R2 = 0.977 

Y = 1.1396exp{-0.0143x} 
R2 = 0.968 

Y = 1.1175exp{-0.0139x} 
R2 = 0.959 

Ethyl 
-benzene 

Y = 1.1498exp{-0.0147x} 
R2 = 0.969 

Y = 1.1717exp{-0.0158x} 
R2 = 0.958 

Y = 1.1113exp{-0.0145x} 
R2 = 0.956 

Xylenes Y = 1.1379exp{-0.0137x} 
R2 = 0.963 

Y = 1.1438exp{-0.0152x} 
R2 = 0.962 

Y = 1.0835exp{-0.0137x} 
R2 = 0.958 

 
 
 
Regression equation for BTEX degradation in Soil II 
 CII MII EII 
Benzene Y = 1.1398exp{-0.0147x} 

R2 = 0.974 
Y = 1.1670exp{-0.0151x} 
R2 = 0.959 

Y = 1.0780exp{-0.0133x} 
R2 = 0.966 

Toluene Y = 1.1944exp{-0.0155x} 
R2 = 0.971 

Y = 1.2452exp{-0.0165x} 
R2 = 0.968 

Y = 1.1461exp{-0.0142x} 
R2 = 0.956 

Ethyl 
-benzene 

Y = 1.2228exp{-0.0167x} 
R2 = 0.970 

Y = 1.2685exp{-0.0183x} 
R2 = 0.958 

Y = 1.1705exp{-0.0154x} 
R2 = 0.954 

Xylenes Y = 1.1943exp{-0.0163x} 
R2 = 0.973 

Y = 1.2163exp{-0.0179x} 
R2 = 0.956 

Y = 1.1389exp{-0.0152x} 
R2 = 0.962 
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Appendix 9 

Half life of BTEX 
(Where k is the experimental constant in exponential equation y = b × exp {kx}, and 
HL is the half life of the target compound) 
 
 
Half life of BTEX in soil I 
 CI MI EI 
Benzene K = -0.0127 

HL = 59.70 
K = -0.0125 
HL = 62.20 

K = -0.0130 
HL = 59.65 

Toluene K = -0.0138 
HL = 58.93 

K = -0.0143 
HL = 57.61 

K = -0.0139 
HL = 57.86 

Ethyl-benzene K = -0.0147 
HL = 56.65 

K = -0.0158 
HL = 50.87 

K = -0.0145 
HL = 55.23 

Xylenes K = -0.0137 
HL = 60.02 

K = -0.0152 
HL = 54.44 

K = -0.0137 
HL = 56.45 

 
 
 
Half life of BTEX in soil II 
 CII MII EII 
Benzene K = -0.0147 

HL = 56.05 
K = -0.0151 
HL = 56.13 

K = -0.0133 
HL = 57.76 

Toluene K = -0.0155 
HL = 56.18 

K = -0.0165 
HL = 55.30 

K = -0.0142 
HL = 58.41 

Ethyl-benzene K = -0.0167 
HL = 53.55 

K = -0.0183 
HL = 50.87 

K = -0.0154 
HL = 55.23 

Xylenes K = -0.0163 
HL = 53.41 

K = -0.0179 
HL = 49.66 

K = -0.0152 
HL = 54.16 
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