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Abstract

Fuel spills pose significant environmental risks, particularly to drinking water sources and aquatic ecosystems. The
composition of fuels has changed over the decades to reduce fossil greenhouse gas emissions. In Sweden, although
the number of spill incidents has declined, with around 600 cases reported annually, there remains limited
knowledge on the environmental and health impacts of modern fuels. This study aimed to address this gap through
comprehensive chemical analysis and ecotoxicological assessments of 31 fuel samples, including petrol, diesel, fuel
oil, and marine gas oil. Using gas chromatography-mass spectrometry (GC-MS), we determined 53 substances,
including aromatic and aliphatic hydrocarbons, ethers, esters, and 17 polycyclic aromatic hydrocarbons (PAHs). A
key focus was on forming a stable water-accommodated fraction (WAF) to isolate non-dissolved fuel elements
from water, which is crucial for assessing subsurface aquatic life and drinking water production impacts. Results
indicated significant differences in fuel odor profiles, with ethers enhancing odor intensity. Petrol components
showed higher water solubility than diesel, partly due to ethanol. Ecotoxicological tests revealed varying toxicity
across fuels, with petrol showing the highest toxicity to aquatic organisms, although activated sludge exhibited
resilience. Fuels containing water-soluble ethers posed the highest risks to drinking water, while modern diesel was
of lower concern due to its low solubility and toxicity. In freshwater ecosystems, petrol and hydrophobic toxins in
fuel oil had severe effects during spills. Overall, this study offers critical insights into the environmental impact of
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common fuels, supporting improved risk assessment and management strategies for spill mitigation and water
resource protection.

Keywords: Fuel spills, aquatic environments, fuel composition, odor, ecotoxicological implications, water protection

INTRODUCTION

Fuel spills pose a significant threat to environmental integrity and human health worldwide, including in
Sweden, where they are the most common occurrence of environmental damage. Although the number of
incidents has decreased in recent years thanks to improved practices, techniques, and, for some products,
reduced usage, around 600 incidents are still addressed annually by emergency services and salvage
teams™?. These spills threaten drinking water sources and aquatic ecosystems, highlighting the need for
detailed, up-to-date information about modern fuels and their environmental and human health impacts.
The most extensive and transparent summary currently available is from the US and dates from 1999",
making it less applicable to current conditions.

The chemical composition of petrol and diesel is strictly regulated under the Fuel Act'" in Sweden. For
instance, MK1 petrol (environmental class 1 petrol) is allowed to contain up to 35% volume of aromatic
hydrocarbons. Aromatic hydrocarbons are a group of chemicals known for their significant environmental
impact. From an environmental assessment perspective, it is not just the total volume of aromatic
hydrocarbons that matters; the specific types of aromatics present are equally critical. This is because
individual aromatic hydrocarbons vary significantly in toxicity and water solubility. Some can be more
harmful and more soluble in water sources than others. Hence, understanding not only the total amount
but also the precise composition of these aromatics in fuels is essential®. Accurate and up-to-date data on
these substances are imperative for effectively assessing and managing environmental risks and ensuring
water safety.

Key fuel components are aromatic and aliphatic hydrocarbons, ethers, esters, and polycyclic aromatic
hydrocarbons (PAHs). Aromatic hydrocarbons are notable for their strong, sometimes unpleasant odors.
They also have some solubility in water and specific health risks; for instance, benzene is well-known for its
carcinogenicity'”. Aliphatic hydrocarbons constitute the bulk of the fuels and have varying properties based
on their chain length. Ethers are added to fuels to enhance performance, and at the same time, they are
noted for their strong odor"”. The addition of esters, such as oleic acid methyl ester, as bio-components will
influence overall fuel properties, even the odor and potential toxicity of the fuel. In addition, the
environmental persistence of PAHs, coupled with their potential to bioaccumulate and induce adverse
health effects such as cancer and reproductive issues, underscores the environmental significance of these
compounds.

Odors have long been associated with oil and fuel spills, as volatile and semi-volatile compounds create a
wide variety of odors that can be easily recognized by humans. Some of the components may be detected by
smell at very low detection levels'”. Many substances in fuels can affect the smell and taste of water at
concentrations lower than those that are toxic. For drinking water production, it is essential not only to
avoid harmful health effects from pollutants but also to ensure the water is free of taste and odor. While
there are known odor thresholds for individual substances like ethers”, comprehensive studies on the odor
properties of fuel products mixed in water are limited. Such studies are necessary to understand how
different substances might interact to enhance or reduce each other’s effects in water"”. In-depth
evaluations are needed to comprehend the full impact of fuel spills on drinking water resources.



Strandberg et al. J Environ Expo Assess 2024;3:20 | https://dx.doi.org/10.20517/jeea.2024.16 Page 3 of 20

Fuel-induced water contamination poses significant risks to both human health and wildlife"".
Contaminants such as benzene, methyl tert-butyl ether (MTBE), and volatile organic compounds (VOCs)
can leach into groundwater and surface water sources, jeopardizing drinking water quality and leading to
adverse health effects including cancer and neurological disorders™". Inhalation exposure to volatile
compounds from contaminated water sources can cause respiratory problems, while direct skin contact
during recreational activities can result in irritation and absorption of harmful chemicals"”. Consequently,
modeling approaches are essential to estimate human exposure to fuel spill-related substances. Fuel
contamination can also have detrimental effects on aquatic ecosystems, leading to decreased populations
and biodiversity loss due to direct toxicity and bioaccumulation of contaminants in aquatic organisms'*.

Additionally, habitat degradation from fuel spills can disrupt ecosystem functions and lead to increases in
harmful algal blooms and pathogenic bacteria”. All of this underscores the importance of preventing and
mitigating fuel-induced water pollution through effective management practices and regulatory measures'.

Fuel spills in aquatic environments pose significant risks not only to human health but also to both
shoreline (beach zone) and open water (pelagic zone) ecosystems. The recent shift in fuel composition,
including the increased addition of ethanol to petrol and biofuels such as hydrogenated vegetable oil (HVO)
and rapeseed methyl ester (RME) to diesel, has likely altered the solubility and toxicity of these fuels.
However, the extent and nature of these changes remain unclear, particularly regarding their ecotoxicity.
Understanding the ecotoxicity of these new fuel products is particularly crucial for diesel fuels used by ships
in large quantities on freshwater lakes, which are vulnerable to accidental discharges"*. To address these
concerns, this study aimed to fill key knowledge gaps and provide actionable insights into the
environmental and health impacts of fuel spills, especially for surface water sources. The objectives included
analyzing the chemical composition of common fuels available at gas stations to inform environmental risk
assessments, investigating the transfer of the fuel compounds into the water phase, determining odor
thresholds for fuel-water mixtures, and exploring the ecotoxicity of selected fuels on freshwater organisms.
Additionally, guidelines were developed to assess the impact of ethers, especially from petrol spills, on
surface water sources, supporting effective response planning and risk mitigation. The study also initiated
the development of a predictive model to evaluate how individual chemical compounds and mixtures
influence the odor characteristics of water. These objectives align with the broader goal of improving our
understanding of fuel spills’ environmental and health impacts, thereby supporting evidence-based
decision-making to mitigate risks and protect natural resources.

EXPERIMENTAL

Fuels

A total of 31 fuels were analyzed for chemical composition [Table 1]. All fuels were acquired at fuel stations
or fuel oil incinerators in Sweden. The EU diesels were acquired in Germany and Italy, and the marine gas
oil (MGO) samples were acquired in Sweden, and in Trinidad and Tobago. From the total 31 fuels, specific
fuels were selected for further tests. For the odor test, twelve fuels were selected to represent a diverse range
of compositions in terms of hydrocarbon origins, additives, bio-components, and ethanol content. This
selection aimed to assess how each substance or group of substances contributed to the overall odor,
ensuring a comprehensive evaluation across varying fuel types. For the ecotoxicity test, six fuels were
selected to represent the major product groups available in the market, providing insights into the ecological
impact of different fuel categories. Additionally, two standard fuels and one custom-made were used in
evaporation tests, chosen to provide a range of ethanol and ether concentrations. All prior information
available on the composition of the fuels was limited to the consumer information provided by fuel
producers [Table 1]. More information about the legal framework on fuels in Sweden and Europe can be
found in Supplementary Materials [Supplementary Table 1].
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Table 1. Descriptions of fuels included in the study, based on consumer-available information on the websites of the fuel providers,
and the tests performed on each sample

Sample Product Claimed content Analysis ::al.ll sis of Analysis of Odor  Ecotoxicity Evaporation
ID name* of fuel fuel y WAF** test test P
P95-1 Petrol 95 Octane E10 petrol, 95 octane, 10% VYes Yes Yes
ethanol, 68% bio naphtha
P95-2 Petrol 95 Octane E10 petrol, 95 octane, 10% VYes Yes Yes
ethanol
P95-3 Petrol 95 Octane E10 petrol, 95 octane, 10% VYes Yes
ethanol
P95-4 Petrol 95 Octane E10 petrol, 95 octane, 10% Yes Yes
ethanol
P95-5 Petrol 95 Octane E10 petrol, 95 octane, 10% Yes
ethanol
P95-6 Petrol 95 Octane E10 petrol, 95 octane, 10% Yes
ethanol
P98-1 Petrol 98 Octane EO5 petrol, 98 octane, 5% Yes Yes Yes
ethanol
Po8g-2 Petrol 98 Octane EO5 petrol, 98 octane, 5% Yes Yes Yes Yes
ethanol
Po8-3 Petrol 98 Octane EO5 petrol, 98 octane, 5% Yes
ethanol
pPo8-4 Petrol 98 Octane EO5 petrol, 98 octane, 5% Yes Yes
ethanol
E85-1 Ethanol 85 E85 fuel, 85% ethanol and Yes Yes Yes
15% petrol
E85-2 Ethanol 85 E85 fuel, 85% ethanol and Yes Yes Yes
15% petrol
E85-3 Ethanol 85 E85 fuel, 85% ethanol and  Yes
15% petrol
E85-4 Ethanol 85 E85 fuel, 85% ethanol and  Yes
15% petrol
D-SE1 MK1 Diesel Diesel, 20% of HVO Yes Yes Yes
D-SE2 MK1 Diesel Diesel, 7% of RME Yes Yes Yes Yes
D-SE3 MK1 Diesel Diesel, 6% RME Yes Yes Yes
D-SE4 MK1 Diesel Diesel, 7% of RME Yes
D-SE5 MK1 Diesel Diesel, 7% of RME Yes
D-SE6 MK1 Diesel Diesel, 7% of RME Yes
D-SE7 MK1 Diesel Diesel, 7% of RME Yes
HVO1 HVO100 100% hydrogenated Yes Yes Yes Yes
vegetable oil
HVO2 HVO100 100% hydrogenated Yes
vegetable oil
HVO3 HVO100 100% hydrogenated Yes
vegetable oil
HVO4 HVO100 100% hydrogenated Yes
vegetable oil
MGO-1  Marine Gas Oil  Unknown claim Yes Yes
MGO-2  Marine Gas Oil  Unknown claim Yes Yes Yes Yes
D-EU1 EU Diesel Diesel, 6% RME Yes Yes Yes Yes
D-EU2 EU Diesel Diesel, 6% RME Yes Yes Yes Yes
EO1-1 Fuel oil no 1 Unknown claim Yes Yes Yes Yes
EO1-2 Fuel oilno1 Unknown claim Yes Yes Yes

*Note that the product names are generic and do not represent the fuel company’s consumer-branded names; **WAF stands for water-
accommodated fraction. PAH: Polycyclic aromatic hydrocarbon; HVO: hydrogenated vegetable oil; RME: rapeseed methyl ester.
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Overview of the test execution

The test process began with a chemical analysis of the fuels using gas chromatography-mass spectrometry
(GC-MS), focusing on 53 selected substances categorized according to SPIMFAB substance groups
[Supplementary Table 2]. These substances were chosen for their relevance to odor and to illustrate the
range of light and heavy substances in the fuels. While these substances offer insight into the chemical
makeup, they do not represent the entirety of the fuels. The relationship between toxicity and the
composition of the fuels was not examined, meaning chemicals that might have harmful environmental
effects were not focused on. Following the analysis of fuels, a series of tests were conducted to investigate
the interaction between various fuels and water, focusing on the potential impact on odor and ecotoxicity.
The mixing of fuel and water was intentionally designed to represent a worst-case scenario regarding the
concentrations of fuel substances in water. An overview of the experimental procedure is shown in Figure 1.

The first step involved mixing a significant proportion of fuel with water, chosen to simulate a severe spill
scenario. This blending process ensured thorough dispersion of fuel components within the water.
Subsequently, the mixture was left to settle, which was crucial for the formation of a stable water-
accommodated fraction (WAF), where non-dissolved fuel components separated from the water. The WAF
underwent chemical analysis using GC-MS to identify and quantify a diverse range of substances crucial for
interpreting odor and ecotoxicity results [Supplementary Section 2]. A portion of the WAF underwent odor
testing to determine threshold levels at which odors became noticeable, while ecotoxicological tests on
selected fuels targeted crustaceans, algae, and bacteria to provide a comprehensive view of ecotoxicity across
different trophic levels. Finally, to understand how volatile fuel components evaporate from the water
surface under different temperatures and ethanol concentrations, evaporation experiments were conducted
on the WAF to model the fate of fuel spills in aquatic environments under varying conditions of
temperature and ethanol concentrations.

Sample preparation and extraction

To prepare the test solution, 500 mL of tap water and 50 mL of each fuel sample were combined ina 1 L
Duran bottle fitted with a Teflon-lined screw cap. Mixing was achieved using a Rotier ra20 from Gerhardt,
rotating at approximately 20 rpm for approximately 15 h. Subsequently, the mixture was transferred to a
separator funnel and allowed to settle for about 4 h. The resulting aqueous phase containing the fuel, known
as the WAF, was carefully gathered into a new Duran bottle, and stored at -20 °C before further sample
preparation. This method ensured the thorough mixing of the fuel with water and the subsequent
separation of the WAF for analysis.

To quantify the concentrations of selected fuel hydrocarbons in the WAF, liquid-liquid extraction was
employed. Each WAF sample (4 mL) was extracted with 1 mL of dichloromethane (DCM) inside a
pyrolyzed (at 400 °C overnight) glass tube (25 mL) to prevent external contamination. Prior to extraction,
250 ng of surrogate internal standard (IS) consisting of toluene-d, and hexadecane-d,, were added, followed
by 1 min of vortex mixing. The organic phase (1 mL) was then transferred to a pre-cleaned Eppendorf tube,
where 200 mg of Na,SO, was added to eliminate any residual water. After vortexing for 1 min, the tubes
underwent centrifugation at 14,000 rpm for 10 min to guarantee recovery of DCM without Na,SO, residues.
Finally, 250 ng of volumetric IS (benzene-d,) was added for recovery calculation before injection. All
organic solvents used, sourced from Rathburn Chemicals Ltd (Walkerburn, UK), were of high-performance
liquid chromatography (HPLC) grade and pre-tested to ensure quality and purity.

For the quantification of selected hydrocarbons in the fuel samples, a direct dilute and shoot quantitative
analysis method was employed"”. To prevent analytical instrumentation overload, each fuel sample
underwent a two-step dilution process, resulting in a 400-fold dilution. This involved diluting each sample
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Figure 1. Overview of the execution of tests, including mixing water (1), settling to produce a water/fuel mixture (WAF) (2), which is
analysed (3.1), diluted for odor tests (3.2), ecotoxicological tests of crustaceans, algae and bacteria (3.3), and evaporation experiments
(3.4), respectively. WAF: Water-accommodated fraction.

to 1 mL of DCM within a pre-pyrolyzed glass vial (1.5 mL) and adding 250 ng of each IS, including toluene-
d,, hexadecane-d,,, and benzene-d,. Calibration standards of different concentrations (1-5,000 pug/L) in
DCM were used for all the compounds [Supplementary Table 2].

Instrumental analysis and quantification

The GC-MS analysis was conducted using an Agilent 5977B GC-MSD system in electron impact ionization
mode (EI), specifically configured with an HP-PONA column (length 50 m; inner diameter 0.2 mm;
stationary phase thickness 0.5 pm). This setup facilitated the separation of petroleum process products via
detailed hydrocarbon analysis, encompassing paraffins, isoparaffins, aromatics, naphthalenes, and olefins.
The analysis utilized the PONA and PIANO standard mixes provided by LGC Standards Ltd. The auto-
injector (Agilent 7683B) facilitated pulsed splitless mode injection of 1 pL volume samples. MassHunter
software version B.04.00 was utilized for quantitative analysis. The quantified substances [Supplementary
Table 2] were categorized into groups, including ethers, BTEX compounds, aromatics, aliphatic
compounds, and esters. Notably, MTBE, ethyl tert-butyl ether (ETBE), and tertamyl-methyl ether (TAME)
were common ethers identified. Due to the project’s focus on odor properties, particular emphasis was
placed on achieving optimal resolution for low molecular weight substances such as BTEX and ethers, as
these were expected to contribute significantly to odor™'*. The BTEX group, comprising benzene, toluene,
ethylbenzene, and xylene isomers, along with other aromatic compounds like 3-ethyl-toluene and propyl-
and trimethyl-benzene, were of interest. Aliphatic compounds analyzed ranged from hexane (C,) to
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tetracosane (C,,), with challenges noted for shorter alkanes due to solvent peak interference in the GC
chromatographic separation caused by water extractions and fuel dilution using DCM. Additionally,
cyclohexane and n-hexane evaluations were hindered by minor impurities in the DCM solvent.
Quantification of 17 selected PAHs [Supplementary Table 3], including those recommended by the
Environmental Protection Agency (EPA)" which are frequently found in environmental monitoring
samples, was also performed using HPLC with fluorescence detection (HPLC-FL) and diode array detection
(DAD)™. A mixture of fluorinated PAHs was used as surrogate IS and calibration standards of different
concentrations (0.1-1,500 pg/L) in acetonitrile. The reference method utilized was according to the Swedish
Standard SS-EN 17503:2022".

Odor threshold test

Odor threshold tests were conducted in accordance with the European standard SS-EN 1622:2006*,
utilizing the paired test method (10.2.2) outlined in the comprehensive procedure (10.3.2). The standard
and this report adopt the threshold odor number (TON) as the measure of dilution beyond which the
sample no longer exhibits a detectable odor. For the assessment of odors, test panels were formed by the
four participating drinking water producers (DWP), comprising personnel from production, laboratory,
and management, totaling 3-11 members per panel. Each panelist received a series of dilutions of the WAF,
with each series containing five different dilutions. Panelists indicated which bottle, if any, emitted an odor
compared to a reference water sample. These assessments were conducted on two separate occasions, with
DWPs evaluating fuel types based on Table 2. IVL prepared the various dilution series and dispatched them
to the drinking water producers (DWP). Following the geometric progression prescribed in the protocol,
the dilutions were arranged in a geometric series. Dilution factors were set to 2 in the first and 2.5 in the
subsequent rounds (i.e. second and third). This adjustment aimed to widen the concentration disparity
between consecutive dilutions, enhancing sensitivity. However, not all results from the odor tests were
deemed usable. In many instances, panel members detected an unusual scent in the weakest dilution or
failed to perceive any odor throughout the series. Consequently, the conventional definition of odor
threshold”™, which necessitates the geometric mean of all panel members’ results, could not be applied.
Instead, the threshold was redefined as the dilution at which 50% of panelists detected an odor - a more
practically feasible approach employed in odor threshold determinations by various sources®. This
adjustment facilitated the inclusion of more data in the analysis. Concerning the methodology, it is
acknowledged that there might be some bias in the odor test outcomes. This bias stems from the inability to
fully randomize the odor testing procedure, particularly in the aspect of smelling reference water and
samples. Panel members were aware of which bottle served as the reference, rendering complete
randomization impractical. Any potential bias would likely manifest as a panel’s early detection of odor,
skewing the results.

Statistical analysis

The analysis of data on odor thresholds and concentrations in the WAF involved utilizing a linear mixed
model, with the TON as the response variable. WAF concentrations served as explanatory variables, while
fuel type was considered a random effect to account for correlated observations from the same fuel type.
Due to the dataset containing more variables (chemicals) than observations (odor test results), selecting a
model with numerous chemical compounds as explanatory variables was infeasible. Therefore, a smaller
selection of chemical compounds was chosen by investigating correlations between each chemical and the
odor threshold, and between each chemical and every other chemical. Lasso regression, a variable selection
technique, was employed to automate the selection process by reducing coefficient estimates of non-
important variables to zero. The results obtained from Lasso regression guided the construction of the linear
predictor in the mixed model. Notably, in all statistical models, the upper bound concentration was utilized
if the concentration fell under the detection limit of the chemical analysis. This approach ensured a robust
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Table 2. Fuel types that were sent to each DWP (X: first round; Y: second round; Z: third round)

Fuel DWP1 DWP 2 DWP3 DWP4
HVO1 Q9] X XY)
D-SE1 XY 9 X
D-SE2 XY X(Y)
D-SE3 XY) ) X
E85-1 XY) X ()

P98-1 X ) X Q9]
P95-1 X(Y) X (Y)

P95-2 X XY) Q)]
P98-2 z z
MGO-2 z z

D-EU1

D-EU2 z Z

DWP: Drinking water producer.

analysis of the relationship between WAF concentrations of selected chemical compounds and odor
thresholds, accounting for the complexity of the dataset and addressing the challenge of variable selection in
models with limited observations.

Ecotoxicity to freshwater organisms

Ecotoxicity assessment of freshwater organisms involved evaluating seven fuels, wherein water/fuel
solutions were prepared separately from those used for odor threshold tests. A ratio of 100 mg of fuel per
1 L of growth medium was stirred overnight using a magnetic stirrer, followed by a settling period of 4 h.
The growth-inhibiting effects on alga were evaluated using the OECD 201 test” with Pseudokirchneriella
subcapitata, meeting quality standards and conducted under specified conditions. Toxicity to bacteria was
assessed through the microtox ISO 11348-3 method”, measuring luminescence inhibition in Vibrio
fischeri. Crustacean reproduction tests followed EPA/600/4-89/001 standards"”, utilizing Daphnia magna
and assessing fry release and mortality rates. A statistical analysis of the toxicity data was performed using a
computer-based program developed by the USEPA, known as BOOTSTRAP". Degradation tests, following
SSEN-ISO 7827"", estimated fuel constituent degradation from changes in dissolved organic carbon (DOC)
content over a 28-day period, while a respiration test, per ISO 8192"", evaluated inhibitory effects on
activated sludge microorganisms’ respiration rates using WAF dilutions. A detailed description of each test
can be found in the Supplementary Section 2.

RESULTS AND DISCUSSION

Chemical analysis of fuels

The composition of diesel and petrol fuels was analyzed using GC-MS, focusing on 53 selected substances
categorized according to SPIMFAB substance groups [Supplementary Table 2]. These substances were
chosen for their significance in interpreting results related to odor and to illustrate the proportion of light
and heavy substances in the fuels. While these substances offer insight into the chemical makeup, they do
not represent the entirety of the fuels. Results align with European standards and the Swedish Fuel Act,
showing lower aromatic compound concentrations in MK1 diesel and HVO fuels compared to EU Diesel,
Fuel oil 1, and Marine Gas Oil [Figure 2]. MK1 diesel variants containing biocomponents like HVO or RME
exhibit variance in ester concentrations, absent in Fuel oil 1 or MGO. Petrol types display a substantial
presence of aromatic compounds across all samples, compliant with the Fuel Act’s allowed limit [Figure 2].
Additionally, blends like E85 and 98 octane petrol contain ethers below permissible levels, impacted by
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Figure 2. Total concentrations of the SPIMFAB substance groups in diesel and diesel-like (A) and petrol and petrol-like (B) fuels. Note
that suns of substance groups only contain the quantified substances included in this study.

ethanol content regulations. The box and whisker plot presented in Supplementary Figure 3, which includes
products with three or more samples per product group, reveals that petrol demonstrates greater
heterogeneity in its main constituents compared to diesel. This is evidenced by the wider quartile spans
observed within the respective product groups. Consequently, the composition of diesel is considered more
homogeneous than gasoline.

Moreover, eight fuel samples were chosen for PAH analysis [Supplementary Table 3]. The selection criteria
were informed by suspicions of PAH presence in these fuels, intentionally excluding Swedish MK1 diesel
and HVO from the analysis in compliance with stringent legislation prohibiting PAHs in these fuel types.
The result of the analysis is shown in Figure 3. European diesel samples revealed a moderate presence of
these compounds, with medium-molecular-weight PAHs like phenanthrene emerging significantly in one
of the samples, indicating a uniformity that might reflect regulations governing European fuel standards.
Further insights were gathered from comparing fuel oils produced across different time frames. The EO1-1
sample, a modern fuel oil, contained considerably lower amounts of the PAHs than the EO1-2 sample
produced during the 1970s. Another difference was observed in the Marine Gas Oil samples, where the
product from Sweden, MGO-1, contained a higher concentration of naphthalene than the Trinidad
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Figure 3. Concentrations of PAHs in oeight fuel samples grouped as PAH-L (low molecular weight), PAH-M (medium molecular weight)
and PAH-H (high molecular weight). PAH: Polycyclic aromatic hydrocarbon.

(MGO-2) sample. The most striking observation is that 95 and 98-octane fuels displayed considerable
amounts of naphthalene, which is suspected to have a toxic effect on aquatic organisms.

Overall, the quantified compounds represented a minor proportion of all the compounds present in the
fuels due to the limited number of compounds available in the commercial standard mixtures for spark
ignition fuels that were used. These mixtures do not include every chemical found in the fuels but cover a
significant portion relevant to the study. As a result, many hydrocarbons were not accounted for in the
findings. The goal was to identify which chemicals contributed to odor, allowing for the exclusion of
compounds unlikely to affect odor significantly. Additionally, the relationship between the chemicals’
toxicity and their composition was not examined, meaning chemicals that might have harmful
environmental effects were not focused on.

The total concentration of quantified components in products D-SE3 and HVO1 appears lower compared
to D-SE2 and D-SE1, as evidenced by the span of the bars in Figure 2. Despite this, the selected compounds
for quantification portray a broad spectrum of chemicals present in fuels, chosen based on the availability of
standards for paraffins, isoparaffins, aromatics, naphthenes, and olefins. While these compounds provide
insight into structurally similar compounds, the vast complexity of fuel chemistry cannot be entirely
captured. Supplementary Figure 4 demonstrates that the analyzed fuel contains a diverse array of
hydrocarbons not included in the calibration mixture, ranging from low boiling point compounds to
branched long-chain aliphatics. This complexity likely contributes to the low proportion of quantified
compounds in HVO-1. Despite limitations, the analysis still targets representative hydrocarbons in each
boiling point fraction, aiming to encompass substances of similar molecular size to those not directly
quantified. The observed differences in aromatic and polyaromatic hydrocarbons, as well as ether content
among the various fuel types, suggest significant variations in odor and ecotoxicological profiles.

Chemical analysis of fuel-water mixtures
The solubility of petrol-specific substances in water appears higher compared to diesel fuels. This difference


https://oaepublishstorage.blob.core.windows.net/c62a50a2-df6c-4075-be82-cb0d8875e3d8/jeea3016-SupplementaryMaterials.pdf

Strandberg et al. J Environ Expo Assess 2024;3:20 | https://dx.doi.org/10.20517/jeea.2024.16 Page 11 of 20

is evident from the analysis of total organic carbon (TOC), which shows the difference in total solubility of
fuels, where higher concentrations of ethanol in P95-3 (10%) and E85-3 (85%) are reflected in the increased
TOC [Supplementary Table 4]. The same trend is indicated by a comparison between Figures 2 and 4.
Petrol fuels dissolve more readily in water than diesel, primarily because of the presence of dissolved ether
and BTEX components in the fuel. Additionally, specific compounds such as the branched alkane
2,3-dimethyl pentane, and two unsaturated short-chain alkenes, 1-hexene and 1-heptene, were found to
occur to a greater extent dissolved from petrol fuels.

Figure 5 illustrates the concentration levels of specific aromatic compounds in fuels alongside their
corresponding levels in the resulting WAF. These compounds are predominantly present in petrol fuels.
Notably, less substituted aromatic compounds exhibit a higher solubility in water compared to more
substituted compounds, influencing the proportions between fuel and WAF concentrations. Conversely, the
levels of selected aliphatic compounds in fuels and WAF, predominantly present in diesel fuels, do not
display noticeable differences in the relative proportion during the transfer from fuel to water.

Ethanol and RME in fuels significantly enhance the dissolution of hydrocarbons in water. The ethanol-
containing fuel (E85-1) exhibits the highest concentrations of predominant petrol components (BTEX,
aromatic components, linear, branched, and cyclic short alkanes and alkenes) in the WAF, despite only
comprising 15% petrol. This probably derives from ethanol's solvent properties, facilitating phase transfer
and increased solubility in the receiving WAF. However, it is worth noting that the closed system utilized in
testing, with limited fuel and water phase volumes, may potentially exaggerate the solubility of petrol
compounds compared to real-world scenarios, yet the observed trend remains relevant in case of a spill
event. Moreover, the presence of longer chain aliphatic compounds in the water samples appears to follow
with the concentration of the RME component (oleic acid methyl ester) in the fuel, despite the initial
concentrations of the aliphatic compounds in the fuel being similar. Hence, the WAF from D-SE2 and
D-SE1 contained more dissolved long-chain aliphatic than the WAF from D-SE3. This suggests that the
methyl ester might function as a surfactant, influencing the surface tension of water and consequently the
formation of droplets in the emulsification of fuel in water, leading to an increased contact area across the
two phases. A similar effect was observed for the cyclic aliphatic compounds examined, including methyl-,
ethyl-, propyl-, butyl-, and pentyl-cyclohexane.

A strong correlation between ether concentration in WAF and fuel content was found [Supplementary
Figure 5]. Derived from the chemical analyses of fuels and their corresponding WAF, an ether transfer
equation was generated between concentrations in fuel and WAF. The most important variable explaining
the ether concentration of the WAF was the ether concentration in the raw fuel. The scatterplot of the total
concentration of ether in the WAF vs. the total concentration in fuels on a logarithmic scale shows the
linear relation between the concentrations and the regression equation describing ether transfer from fuel to
WATF. Given the low number of observations, the equation still gives a good prediction of the solubility of
ether from fuel to water.

In conclusion, the most striking observation is that ether is readily soluble in water, independent of the
ethanol content in the fuel, indicating its very effective solubility. Additionally, the petrol content in the
water phase of E85 is comparable to or even higher than that observed in water mixed with pure petrol
fuels. Conversely, diesel fuels demonstrate very low solubility in water, highlighting a significant difference
in how these fuel types interact with water.
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Table 3. TON averaged over fuel types, the dilution ratio where 50% of the panellists did not sense an odor and the MTBE
concentration at that dilution

Dilution ratio

Fuel TON (%)* Concentration MTBE (ug/L)
HVO1 62 1.6 13
P95-1 250 0.40 85
D-SE3 260 0.39 0.22
D-SE1 300 0.33 1.7
D-SE2 300 0.33 55
P95-2 490 0.21 8.1
MGO-2 1,500 0.066 0.0031
D-EU2 1,500 0.066

D-EUT 9,500 0.0m 0.0m
E85-1 24,000 0.0042 4.0
P98-2 24,000 0.0042 34
P98-1 60,000 0.0017 1.4

*Percent of WAF in a sample beyond which an odor could not be detected. TON: Threshold odor numbers; MTBE: methyl tert-butyl ether;
WAF: water-accommodated fraction.

Determination of odor thresholds and prediction

Fuels E85-1, P98-2, and P98-1 were notably distinguishable by odor. The TON in Table 3, which
summarizes the results of the odor tests, is the dilution ratio beyond which a sample has no perceptible
odor. If TON = 10, the WAF and reference water mixture consisted of 9-part reference water and 1-part
WATF (i.e. dilution ratio of 10%). A high TON implies that odor was detected at a low proportion of WAF in
the sample; therefore, the odor was potent. These three fuels stood out with notably high TON values, thus
minimal odor thresholds. These are the 85% ethanol petrol and the 98-octane petrol, respectively.
Considerable variability in odor thresholds was observed among panel members evaluating the same fuel
type [Figure 6]. In the initial round, several panelists detected an odor in the most diluted sample within the
series, particularly for E85-1 and P98-1 fuels. Remarkably, during the first round, a dilution factor of 2 was
employed, while a dilution factor of 2.5 was utilized in subsequent rounds. This adjustment resulted in more
significant steps between each dilution, leading to a wider range of concentrations and larger discrepancies
in odor threshold among panel members. TON values [Table 3] were calculated by summarizing the data
for each fuel type.

When predicting odor, it was found that only a few of the quantified substances in the fuels had a strong
correlation with the TON value. The substances with correlations above 0.6 are depicted in a correlation
matrix [Supplementary Figure 6]. Initial analysis suggested that the relationship between TON and
concentrations is best modeled on a logarithmic scale. Consequently, the natural logarithm was applied to
both TON and the concentrations of chemicals. The primary observation reveals that the substances
correlated with the odor threshold are also positively associated. However, there are exceptions, such as the
correlations between 1-heptene and ETBE, as well as 1,2,4,5-tetramethylbenzene and ETBE, which exhibit
lower correlations. In instances where 50% of the odor panel identified an odor, the MTBE concentration in
the samples was measured at 1.4 ug/L in P98-1 and 4.1 ug/L in E85-1. These concentrations fall below the
odor threshold reported by WHO", which stands at 15 pg/L. The concentrations of other ethers in the
WAF are too minimal to account for the variance. Consequently, the results suggest that the low threshold
could be a result of MTBE being part of a mixture of other substances that either add to or enhance the
odor. However, statistical evaluation could not be performed due to the confined number of samples.

MTBE levels demonstrate a significant correlation with TON, indicated by an R* value of 0.7
[Supplementary Figure 7], and exhibit correlations with every other substance. However, considering
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Figure 6. The threshold odor number, on a logarithmic scale, indicates whcre an odor first was noticed by cach panel member.
Triangles indicate a anel member noticing an odor in the most diluted sample, and diamonds indicate no odor in the least diluted
sample. Dots indicate a panel member noticing an odor in any other bottle. In thelst round, a dilution factor of 2 was used, and in the
2nd and the 3rd round, a dilution factor of 2.5 was used. One cur per fuel type for better visual separation. WAF: Water-accommodated
fraction.

MTBE along with other chemicals as explanatory variables in a model could lead to substantial errors due to
multicollinearity, a statistical phenomenon to be avoided. To address this, a variable selection technique
called Lasso regression was applied, suggesting MTBE as the sole explanatory variable. By adopting this
simple model, which solely incorporates MTBE, multicollinearity issues are circumvented. The plot
illustrating TON against MTBE concentration in Supplementary Figure 7 showcases a linear relationship,
supported by a regression equation derived from a linear mixed model. It is crucial to note that the
construction of this model was constrained by the limited number of observations. When constructing
linear models, it is advisable to have a minimum of 10-20 observations for each estimated parameter”’, a
requirement that is fulfilled in these experiments only when utilizing a single explanatory variable.

The results from the odor tests, combined with the solubility experiments, lead to the conclusion that the
total volume of ether in a spill primarily determines the risk posed to the water source. This is because odor
intensity is proportional to ether concentration, and ether concentration in water is directly proportional to
ether concentration in the fuel. In cases of surface water contamination, existing technologies are equipped
to handle hydrophobic substances on the water surface. However, soluble compounds like ethers present a
significant challenge, as there are no efficient methods to remove them from open water bodies. This
necessitates reliance on preventive measures or advanced treatment processes, such as sorption filters, by
drinking water producers to ensure water safety and quality.

Ecotoxicological test results

All ecotoxicological tests were performed on WAF attained from mixing fuel and water and extracting the
water phase. In some tests, the concentration is expressed as the loading rate, which is the amount of WAF
per liter of water, and in some tests, it is noted as a percentage of WAF in the solution. All tests focus on the
effective toxicity of the fuel product, which means that the effects of potential solvents in the product, such
as ethanol, are desired outcomes. The results from the analysis of TOC show the difference in total solubility
of fuels, where higher concentrations of ethanol in P95-3 (10%) and E85-3 (85%) are reflected in the
increased TOC [Supplementary Table 4].
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Figure 9. The inhibition of respiration of active sludge from different doses of WAF (Vol %) attained from five different fuels. WAF:
Water-accommodated fraction.

The first test aimed to evaluate the impact of various fuels on the growth of freshwater microalgae.
Exponentially growing algae cultures were subjected to WAF of the test substances for a duration of 72 h.
Despite the relatively short test period, effects spanning several generations may be evaluated using this test.
The primary response measured was the reduction in growth observed across a series of algal cultures (test
units) exposed to varying concentrations (loading rates) of the test substances. This response is evaluated by
comparing the exposure concentration to the average growth of an unexposed control culture. Growth and
growth inhibition are determined based on measurements of algal biomass, typically represented as dry
weight per unit volume, recorded over time. Cell counts (cells/mL) served as a proxy for dry weight per
OECD Test Guideline No. 201. The test endpoint was the inhibition of growth, expressed as the logarithmic
increase in biomass, or the average specific growth rate, during the exposure period. On the contrary, fuels
HVO1, D-SE1, P95-3, and D-EU1 exhibited no notable contrast in comparison to the control (P > 0.05),
leading to the establishment of their NOEC at 100 mg/L, which represents the highest concentration tested
and indicates no observed toxic effect. Figure 7 displays the growth of algae over 72 h for the most
concentrated solutions utilized in the tests.

The microtox test aimed to assess general toxicity by measuring the inhibition of bacterial activity through
the suppression of luminescence in genetically modified bacterial cells. Luminescence inhibition serves as an
indicator of the cells’ toxic response. Results from the microtox tests revealed significant luminescence
inhibition in bacteria when exposed to petrol fuels [Figure 8]. For a solution comprising 50% WAF, absolute
inhibition of luminescence was observed for E85 and P95 samples, while P98 exhibited nearly complete
inhibition. EU-diesel and fuel oil also displayed luminescence inhibition at 50% WAF, albeit not when
diluted to 4.5%. Conversely, HVO and MK1 diesel (D-SE1) showed minimal to no inhibition when used as
a 90% WATF solution, except for a minor inhibition observed for day 28 after 5 min. Toxicity to Daphnia
magna, indicated by reproduction inhibition, was observed across all fuel samples [Supplementary Figure 8].
In the case of HVO-1, the EC,, (the concentration at which 10% of the organisms are affected) was
attained at 11 Vol% WAF, while the EC,, was reached at 69 Vol%, suggesting mild inhibitory effects of the
HVO fuel. Conversely, the EU-diesel D-EU1 reached the EC,, at just 1% WAF, indicating very strong toxic
properties. The uptake of toxic substances in crustaceans such as Daphnia magna can occur through direct
absorption via gills and body surfaces, or through ingestion of contaminated food. The D-EU1 sample
contained hydrophobic aromatic substances, which may have adsorbed to the food, potentially increasing
the exposure of the crustaceans compared to other fuels.


https://oaepublishstorage.blob.core.windows.net/c62a50a2-df6c-4075-be82-cb0d8875e3d8/jeea3016-SupplementaryMaterials.pdf

Page 16 of 20 Strandberg et al. J Environ Expo Assess 2024;3:20 | https://dx.doi.org/10.20517/jeea.2024.16

10,000,000
=
% 1,000,000 —e— HVO1
= —e— D-EU1
[S)
e —e—£01-1
(%]
© —o— D-SE1
g 100,000
2 —e—E85-2
—e—P95-3
—e— P92
10,000
0 24 48 72

Time (h)
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Figure 8. Inhibition of luminescence in a mictotox test for seven fuel sams. HVO-1 and D-SEI were tested using 90% WAF solution,
while the others were tested using 50 % and 4.5% WAF solutions. Each solution was tested for O and 28 days,and 5, 10 and 15 min. The
incubation conditions are controlled tomaintain the bacterial culture’s viability, providing a nutrient-rich medium, ensuring proper
aeration, and regular subculturing. Accurate and consistent bacterial cultures are essential for reliable microtox test results. WAF:
Water-accommodated fraction.

The microbial degradation test utilized wastewater sludge inoculated in WAF solutions and was intended to
evaluate how well the sludge could degrade organic material in the presence of fuels. However, due to
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insufficient levels of DOC in the test solutions, the results were not reliable and, therefore, could not be used
for assessment. None of the samples exhibited acceptable levels of DOC, and no interference with the
degradation process of DOC was observed [Supplementary Figure 9] for the HVO-1 and D-SE1 samples;
the water solubility and, consequently, the DOC levels in the WAF were under the permissible range for the
analytical methodology. These levels were also near the lower limit for D-EU1 and EO1-1 samples. The
method recommended a DOC range of 10-40 mg/L, yet the concentration of the test material fell below
2 mg/L. Consequently, the findings were deemed invalid for assessment purposes.

The ISO 8192 method™ was employed to evaluate the inhibitory effects of WAF on the respiration rate of
activated sludge microorganisms. This involved exposing the sludge to WAF concentrations of 0.5%, 5%,
and 50% and monitoring changes in oxygen consumption, serving as an indicator of the fuels’ potential
toxicity to the microbial community. Results indicated that at a 50% WAF concentration, all samples, except
EO1-1, exhibited inhibitory effects on the activated sludge. In contrast, EO1-1 demonstrated negative
inhibition, suggesting it acted as a growth substrate for the activated sludge community [Figure 9]. Overall,
petrol fuels exhibited the highest toxicity to the activated sludge among the tested samples, indicating that
petrol was the most harmful. Since activated sludge is a mixture of microorganisms and organic matter
often used in wastewater treatment to break down pollutants™, if a substance is toxic to activated sludge, it
can impair the sludge’s ability to treat wastewater effectively, leading to environmental and public health
risks. In that sense, spill events involving petrol fuels that risk entering the sewage system through storm
water or intrusion from contaminated surroundings are particularly dangerous because they can disrupt the
wastewater treatment process by damaging the microbial communities in activated sludge.

Finally, this study started exploring the evaporation rates of ethers in water-fuel mixtures and their impact
on odor properties. Our research involved bench-scale aeriation tests across various temperatures and
ethanol concentrations, revealing significant findings on the evaporation patterns of MTBE and ETBE in
different fuel blends. This was the first step to introduce a linear regression model to predict ether
evaporation, offering valuable insights for managing fuel spills, particularly in cold environments. However,
the model requires further research before being applicable to real-world scenarios of fuel spills, providing
valuable insights for practical applications in fuel handling and environmental management.

CONCLUSION

A method to quantify many of the chemicals present in fuels has been successfully developed and applied,
enabling a more accurate assessment of their environmental and health impacts. This is vital for complying
with regulations, improving fuel compositions, reducing pollution, and supporting informed decision
making to develop cleaner and safer energy sources. Thus, the evaluation of the solubility of the
components in modern fuels in water was further applied in studies determining correlations between fuel
content and odor, toxicity and the evaporation of the components at different temperatures. As fuel
compositions have been changed in recent decades to reduce the emissions of fossil greenhouse gasses,
investigations of how these changes can affect risks for humans and the environment are much needed.
Petrol-specific substances were found to exhibit higher solubility in water compared to those in diesel, with
ethanol in petrol and rapeseed methyl ester in diesel aiding hydrocarbon dissolution into water. However,
ethanol did not significantly increase ether solubility, and a strong correlation between ether concentration
in water and fuel content was observed, allowing for the prediction of ether concentration in WAF solely
from fuel ether concentration. Only a limited number of substances were strongly associated with odor,
with the concentration of dissolved ethers, especially MTBE, shown to be a reliable indicator of fuel odor in
water. This raises concerns when using odor as a proxy for the presence of fuel components in drinking
water, as fuels with low or no addition of MTBE or other ethers may go undetected. Evaporation
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experiments revealed that ether evaporation can be predicted based on WAF ether concentration, water
temperature, and ethanol content. Cold water conditions lead to a reduction in ether evaporation rates,
resulting in a decrease in ether concentration over time, depending mainly on diffusion, with consequent
risks of more widespread pollution. European diesel samples revealed a moderate presence of PAHs, but 95
and 98-octane fuels displayed considerable amounts of naphthalene, which may have a toxic effect on
aquatic organisms. Ecotoxicological tests indicated reproduction inhibitions in crustaceans across all fuel
samples, with petrol fuels exhibiting greater algae growth inhibition and bacterial luminescence decrease
compared to diesel. Despite the indication that petrol was the most harmful, none of the fuels significantly
inhibited activated sludge respiration, suggesting its resilience due to diverse bacterial flora. The increased
water solubility of fuels due to changes to the fuel composition necessitates a review of risk management
concerning fuel spills. For drinking water producers, fuels containing water-soluble ethers pose the most
significant risk, while modern diesel poses a marginal concern for surface water-based raw water sources
due to low solubility and reduced toxic substance levels. In freshwater ecosystems, water-soluble petrol-
associated substances and hydrophobic toxic substances in fuel oil or EU diesel have the most severe effects
during a spill, although MK1 and HVO diesel minimally affected test organisms compared to the control.
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