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Abstract: Petroleum products can contaminate groundwater through dissolution of their Water-Soluble
Fractions (WSFs), yet the composition and dissolution behavior of WSFs from different refined products
remain insufficiently understood. In this study, oil-water equilibrium WSFs of 25 refined petroleum prod-
ucts from the same refinery were generated using a slow-stirring method and analyzed for Total Organic
Carbon (TOC), Total Petroleum Hydrocarbons (TPH), Volatile Petroleum Hydrocarbons (VPH),
Extractable Petroleum Hydrocarbons (EPH), and Ooxygen-Containing Organic Compounds (OCOCs). The
results showed that the dissolved organic concentrations of WSFs varied by 1-2 orders of magnitude among
different product types. Gasoline, naphtha, and atmospheric residues produced WSFs with relatively high
TOC and TPH concentrations, dominated by C6-C9 aromatic hydrocarbons. In contrast, kerosene, diesel,
and most gasoline blending components exhibited much lower dissolved hydrocarbon concentrations. In
several gasoline-related products, oxygenated additives such as Methyl Tert-Butyl Ether (MTBE) and Tert-
Amyl Methyl Ether (TAME) were detected at high levels and dominated the dissolved organic composition,
resulting in elevated OCOCs/TPH ratios. In addition, butane was identified as a characteristic dissolved
compound in the WSF of alkylated oil. These results demonstrate pronounced differences in the chemical
composition and distribution patterns of dissolved constituents among refined petroleum products.
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Introduction of petroleum release on groundwater quality vary
significantly depending on its chemical composi-
tion and solubility (Spruill, 1988; Vasudevan et al.,
2016a; McGuire et al., 2018; Truskewycz et al.,
2019; Luki¢ et al., 2024). Light petroleum frac-
tions such as monoaromatic hydrocarbons readily
dissolve in water, contributing to acute groundwa-
ter contamination (Devika, 2015; Takahashi et al.,
2015; Liu et al. 2024). Conversely, heavy
petroleum fractions dissolve more slowly, leading

Petroleum is a complex mixture of hundreds to
thousands of organic compounds with diverse
physicochemical properties (Radhakrishnan et al.,
2023; Sun et al., 2025). The environmental impacts
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(TAME)) exhibit high aqueous solubility and large
groundwater plumes (Baker, 2007; Zito et al.,
2024). Previous studies have highlighted the
significant role of these oxygenates in the mobility
and persistence of contamination, but their relative
contribution to groundwater contamination across
different refined petroleum products remains insuf-
ficiently explored.

Refined petroleum products are produced
through different refining processes, resulting in a
wide variety of chemical compositions, which lead
to distinct dissolution behaviors in groundwater
(Kaiser, 2017; Herce et al., 2022; Wissam Muhsin
and Zhang, 2022). However, many studies have
focused primarily on crude oil or specific oil types,
overlooking the broader range of refined products,
such as gasoline, diesel, and naphtha, which
exhibit different dissolution characteristics (Uhler
et al., 2005; Rial et al., 2013; Muller et al., 2019;
Radhakrishnan et al., 2023; Santana et al., 2024).
The absence of comparative studies across diverse
refined products limits our understanding of the
full extent of groundwater contamination risks
posed by these products, especially regarding how
product-specific composition governs the chemi-
cal characteristics of their Water-Soluble Fractions
(WSFs).

When released into the subsurface, petroleum
contaminants partition into two primary phases:
Non-Aqueous Phase Liquid (NAPL) and the
dissolved phase in groundwater. The NAPL acts as
a persistent source, whereas the dissolved
compounds form the mobile plume responsible for
long-term exposure (Radhakrishnan et al., 2023).
One important approach to evaluating the poten-
tial risks of petroleum products to groundwater is
to characterize their WSFs, which represent the
dissolved constituents of petroleum responsible for
driving both immediate and long-term groundwa-
ter contamination (Monteiro et al., 2018; Muller et
al., 2019; Bera et al., 2020; Luki¢ et al., 2024).
WSFs typically comprise a complex mixture of
monoaromatics, short-chain aliphatics, phenols,
and various  Oxygen-Containing  Organic
Compounds (OCOCs) (Yu et al., 2025). The rela-
tive abundance of these constituents within WSFs
is highly dependent on the type of refined
petroleum product, reflecting differences in refin-
ing processes and feedstock composition. Accord-
ingly, in addition to Volatile Petroleum Hydrocar-
bons (VPH), other components such as Extractable
Petroleum Hydrocarbons (EPH) and OCOCs can
also contribute significantly to the overall ground-
water contamination potential of petroleum prod-
ucts. The lack of integrated assessment hinders the
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development of accurate predictive models for
groundwater contamination potential, particularly
in scenarios involving accidental releases or long-
term leakages from fuel storage and transportation
infrastructure (Dawn and Foote, 2003; McMahon
et al., 2021; Santana et al., 2024).

In this study, we systematically characterized
the chemical composition of the oil-water equilib-
rium WSFs of 25 representative petroleum prod-
ucts collected from the same refinery. Using a slow-
stirring equilibration method, we quantified the
partitioning behavior of hydrocarbons and OCOCs
into WSFs and analyzed their composition in terms
of Total Organic Carbon (TOC), Total Petroleum
Hydrocarbons (TPH), VPH, EPH, and OCOC:s.

1 Materials and methods

1.1 Chemicals

The calibration standards of volatile hydrocarbons
(n-C6 to n-C10 alkanes, benzene, toluene, ethyl-
benzene, xylenes, and C3-alkylbenzenes) were
obtained from AccuStandard (New Haven, CT,
USA). The calibration standards of MTBE
(>99.0%) and TAME (>99.0%) were obtained
from J&K Scientific (Beijing, China). The calibra-
tion standard of normal alkanes (n-C10 to n-C40)
was obtained from Beijing TMRM™ Technology
Co., Ltd. (Beijing, China). Aluminum oxide
(>99.8%) and anhydrous sodium sulfate (>99.0%)
were purchased from Tianjin Fu Chen Chemical
Reagent Co., Ltd. (Tianjin, China). Silica gel
(100-200 mesh) was purchased from Qingdao
Haiyang Chemical Co., Ltd. (Qingdao, China).
Calibration standards for the determination of
organic and inorganic carbon (sodium hydrogen
phthalate, anhydrous sodium carbonate, and
sodium bicarbonate (>99.8%)) were purchased
from Aladdin Industrial Corporation (Shanghai,
China).

1.2 Equilibration experiments

The equilibration experiments were based on the
slow-stirring method used for partitioning oil
samples into the aqueous phase (Lekmine et al.,
2014; Yu et al., 2025). The experiments were
conducted in triplicate using 40 mL glass Volatile
Organic Analysis (VOA) vials. Each vial was
initially filled with 35 mL of deionized water and a
magnetic stir bar. A glass tube (13 mm in diameter,
100 mm in length) was vertically inserted into the
water through a screw cap fitted with a Teflon-
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lined septum. Subsequently, 5 mL of oil was care-
fully added to the water surface. The top of the
glass tube was then sealed with a Teflon-faced
septum (Fig. S1). The oil-water mixture was stirred
continuously at 150 rpm for 72 hours at 20°C to
reach equilibrium. Following equilibration, the
aqueous phase (WSF) was sampled directly
through the immersed glass tube by inserting a
glass syringe fitted with a long needle through the
Teflon-lined septum that sealed the tube opening
(Fig. S1). An appropriate volume of the water was
carefully withdrawn. This protocol effectively
isolated the WSF without disturbing or including
the overlying neat oil phase. The collected samples
were then promptly analyzed for organic carbon
and hydrocarbon composition.

1.3 Carbon analysis

TOC, Non-Purgeable Organic Carbon (NPOC),
and Purgeable Organic Carbon (POC) of the oil
WSFs were measured by a Shimadzu TOC-L CPH
total organic carbon analyzer (Kyoto, Japan)
following the method (Spruill, 1988; Wang et al.,
2012). Aqueous solutions were automatically
injected via a glass syringe into a platinum cata-
lyst combustion tube maintained at 680°C, where
organic carbon was oxidized to carbon dioxide
(CO,). The TOC analyzer was operated under the
following conditions: Zero-grade air as the carrier
gas at a flow rate of 150 mL/min, gas pressure
of 200 kPa, and injection volume of 50 puL. For
NPOC analysis, samples were sparged with zero-
grade air at 230 mL/min for 90 s to remove
purgeable organic carbon prior to injection.
POC was calculated by subtracting NPOC from
TOC.

1.4 Volatile constituent analysis

Volatile constituent analysis of oils and oil WSFs
is described in a previous paper of our group (Yu
et al., 2025). Approximately 20 mg of oil was
quickly weighed into a tared volumetric flask
containing 10 mL of High-Performance Liquid
Chromatography (HPLC) grade methanol. Then,
50 pL of the resulting methanol extract was
injected through a Teflon-lined septum into a
sealed 40 mL VOA vial containing exactly
39.95 mL of reagent-grade water. After complet-
ing the equilibrium experiment, the vials were
partially opened, and an appropriate volume of the
aqueous phase was quickly withdrawn using a
pipette, then diluted to 40 mL for subsequent anal-
ysis.
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Volatile constituents were analyzed using purge-
and-trap gas chromatography-mass spectrometry
(PT-GC/MS). An Agilent 7890B gas chromato-
graph (Texas, USA) was coupled to an Eclipse
4760 purge-and-trap concentrator and an OI Anal-
ytical 4,100 Water/Soil Sample Processor (Califor-
nia, USA). The GC was equipped with a split/split-
less injector operated in split mode (split ratio 3:1),
an HP-PONA column (50 m x 0.20 mm I[.D. x
0.5 pm film thickness), and an Agilent 5977B
Mass Selective Detector (MSD). The GC oven
temperature program was as follows: Initial
temperature at 38°C (held for 1.8 min),
increased at 10°C/min to 120°C, then at
15°C/min to 240°C, with a final hold at 240°C
for 2 min. The operation program of purge-and-
trap was: Purge temperature 35°C, purge time
11 min, purge flow 30 mL/min, desorb time
2 min, and desorb temperature 190°C.

Volatile constituents in WSFs from equilibrium
aqueous solutions were also analyzed by PT-
GC/MS under the same instrumental conditions.
Quality assurance and control included method
blanks, replicate samples, and matrix samples.
Volatile concentrations in method blanks were
below 2% of those detected in the corresponding
aqueous solutions. The relative standard deviation
(RSD) across replicates was within 20% (Table 1).

1.5 EPH analysis

Liquid-liquid extraction was carried out using
3 mL of dichloromethane (DCM) for every
5 mL of aqueous solution. The DCM extracts
were dried over anhydrous sodium sulfate and
subsequently purified through an alumina
column prior to analysis by GC/MS. The GC
was equipped with a split/splitless injector oper-
ated in split mode (split ratio 10:1), an HP-
PONA column (50 m x 0.20 mm [.D. x 0.5 pm
film thickness), and an Agilent 5977B Mass
Selective Detector (MSD). The oven tempera-
ture program was as follows: Initial tempera-
ture at 38°C (held for 1.8 min), increased at
10°C/min to 120°C, then at 15°C/min to 240°C,
with a final hold at 240°C for 2 min.

2 Results and discussion

2.1 TOC, TPH, and OCOCs

The 25 oil samples can be categorized into 6 types:
(1) gasoline blending components (reforming
topped oil, pentane oil, light gasoline, etherified

http://gwse.iheg.org.cn
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gasoline, raffinate oil-1, raffinate oil-2, and alky-
lated oil), (2) naphtha (coal hydrogenation naphtha,
hydrogenated naphtha, refined naphtha, 140
refined naphtha, and refined oil for reforming feed-
stock), (3) gasoline (refined heavy gasoline, 120
refined heavy gasoline, and reformulated gasoline),
(4) atmospheric residue (depentanization atmo-
spheric residue and C6-removed atmospheric
residue), (5) kerosene (hydroprocessed kerosene
and straight-run kerosene), and (6) diesel (140
refined diesel, straight-run diesel, catalytic diesel,
upgraded diesel-1, upgraded diesel-2, and pour
point depressant diesel). Most of the data discus-
sions in the following text are based on this six-
type categorization.

The pollution potential of WSFs of these 25 oils
can be roughly categorized into two major groups
based on order-of-magnitude differences in TOC,
TPH, and OCOCs concentrations of the WSFs
(i.e., high-risk group and low-risk group) (Table
1). The TOC and TPH concentrations of the high-
risk group were 1-2 orders of magnitude higher
than those of the low-risk group. The high-risk
group can be further categorized into two subsets
based on distinct water chemistry signatures. One
subset was characterized by high concentrations of
TPH, including 120 refined heavy gasoline, naph-
tha, and atmospheric residue. Another subset was
characterized by high concentrations of OCOCs
(e.g., MTBE and TAME), including etherified
gasoline, raffinate oil-2, reformulated gasoline and
refined heavy gasoline. Conversely, the low-risk
group (including gasoline blending components
(excluding etherified gasoline and raffinate oil-2),
kerosene, and diesel) was characterized by rela-
tively low TOC and TPH concentrations and negli-
gible amounts of OCOCs. This empirical catego-
rization is conceptually consistent with previous
studies highlighting the roles of TOC, TPH, and
OCOC:s in assessing the pollution potential of oil
WSFs (Xin et al., 2024).

The OCOCs/TPH ratio was elevated in the high-
risk groups dominated by OCOCs. This suggests
that relying solely on TPH may underestimate their
potential for groundwater contamination. The
OCOCs detected in this study were primarily ether
oxygenates, namely MTBE and TAME. These
compounds are not naturally present in crude oil
and are not inevitable by-products of refining
processes, but are intentionally added to gasoline
to enhance octane rating and combustion perfor-
mance. Although MTBE and TAME are typically
associated with gasoline products, they were also
detected in the WSFs of several non-gasoline refin-
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ery products. This likely reflects operational
aspects of integrated refineries, such as cross-
contamination during pipeline transport, storage
tank residues, or processing of mixed feedstocks,
rather than in situ chemical formation. No other
oxygen-containing organic compounds were
detected at significant levels within the scope of
this study. Owing to their high aqueous solubility,
low sorption potential, and limited natural attenua-
tion, MTBE and TAME are highly mobile and
persistent in groundwater (Table 2). Consequently,
they can substantially elevate groundwater TOC
concentrations even when TPH levels remain low,
explaining the high OCOCs/TPH ratios observed
in certain oil WSFs and underscoring the limita-
tions of relying solely on TPH to assess groundwa-
ter contamination risk.

The elevated OCOCs/TPH ratios observed in
samples such as etherified gasoline (176.2), refined
heavy gasoline (17.1), and reformulated gasoline
(2.4) indicate a shift in the dominant dissolved
constituents contributing to groundwater contami-
nation. In these instances, the dissolved plume is
largely influenced by oxygenated additives rather
than conventional petroleum hydrocarbons. This
shift is important for risk assessment, as OCOCs
(e.g., MTBE and TAME) exhibit physicochemical
behaviors (e.g., higher solubility, lower soil
adsorption, and greater persistence) that differ
markedly from those of typical hydrocarbons
(Baker, 2007; Zito et al., 2024). Consequently,
reliance solely on TPH measurements in such
scenarios may underestimate the total dissolved
contaminant mass and may also misrepresent key
contamination characteristics (e.g., plume mobility,
persistence, and remediation challenges), with
potential implications for site management strate-
gies.

2.2 POC and NPOC

Significant variations in the concentrations of POC
and NPOC were observed among the 25 oil WSFs
(Fig. 1). WSFs of gasoline (excluding refined
heavy gasoline), naphtha, and atmospheric residue
exhibited high POC concentrations (18.0-225.6
mg/L) but low NPOC concentrations (2.6-7.4
mg/L). In contrast, WSFs of gasoline blending
components  (excluding etherified gasoline),
kerosene, and diesel exhibited low concentrations
of both POC (0.67-31.8 mg/L) and NPOC
(1.9-15.5 mg/L). Notably, the WSFs of refined
heavy gasoline and etherified gasoline had high
concentrations of both POC (554.4 mg/L and 664.9
mg/L) and NPOC (196.3 mg/L and 145.1 mg/L).

http://gwse.iheg.org.cn
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Table 2 Henry's constant, saturation vapor pressure and aqueous solubility of selected organic compounds at

25°C

Henry's constant (atm m*/mol) Saturation vapor pressure (kPa) Aqueous solubility (mg/L)
MTBE 5.87x10 32.66 52,100
TAME 1.32x10° 10.00 12,350
Benzene 0.18 12.7 1,790
Toluene 0.22 3.8 535
Ethylbenzene 0.32 1.3 61
m/p-Xylene 0.28 1.1 151
o0-Xylene 0.29 0.9 171
1,3,5-trimethyl-Benzene 0.45 0.4 48
1,2,4-trimethyl-Benzene 0.37 0.6 74
1,2,3-trimethyl-Benzene 0.41 0.5 52
Cyclopentane 1.1 33 161
Butane 0.91 210 73
Pentane 1.4 68 48
Hexane 1.8 17 13
Heptane 2.2 6.1 3.00
Octane 2.6 1.9 0.66
Nonane 3 0.6 0.17
Decane 35 0.2 0.052
Undecane 4 0.1 0.044

The POC/TOC ratios of gasoline blending compo-
nents, gasoline, naphtha, and atmospheric residue
WSFs exceeded 64%, demonstrating that VPH are
the dominant constituents in these WSFs. By
contrast, the POC/TOC ratios in kerosene and
diesel WSFs ranged from 9.2% to 57.1%, suggest-
ing a more substantial contribution from EPH.

The observed differences are attributed to varia-
tions in the molecular composition of the oils.
Gasoline blending components were dominated by
C4-C6 paraffins and isoparaffins, which have high
volatility and low aqueous solubility (Figs. S2-S3).
As a result, the WSFs of gasoline blending compo-
nents exhibited low POC concentrations (Sauer
and Costa, 2003; Lari et al., 2016). In contrast,
gasoline, naphtha, and atmospheric residue
contained soluble components such as monoaro-
matic hydrocarbons, which contributed to higher
POC concentrations in their WSFs (Takahashi et
al., 2015). Kerosene and diesel, which were
enriched in low-solubility EPH (Yu et al., 2025),
exhibited very low concentrations of both POC and
NPOC in their WSFs.

OCOCs (e.g., MTBE and TAME) significantly
affected the TOC concentration of oil WSFs. The

http://gwse.iheg.org.cn

presence of MTBE and TAME in etherified gaso-
line and refined heavy gasoline resulted in high
concentrations of POC and NPOC in the corre-
sponding WSFs (Tables 1 and 2). MTBE and
TAME increased the POC concentrations of oil
WSFs because both MTBE and TAME are typical
volatile organic compounds. During NPOC
measurement, the TOC analyzer first eliminated
both carbon dioxide and POC from the water
sample through an aeration process (purging with
O, gas). The remaining carbon in the sample was
then recorded as NPOC. However, due to the
extremely high aqueous solubility of MTBE and
TAME (Table 2), a portion of them dissolved back
into the water during the aeration process. As a
result, a certain amount of dissolved MTBE and
TAME was misclassified as NPOC. This caused
the measured NPOC concentrations in these WSFs
to become higher than the true values. Since POC
was obtained by subtracting NPOC from TOC, this
misclassification could also result in an underesti-
mation of the true POC values. To quantify the
measurement bias induced by the incomplete purg-
ing of highly soluble OCOCs, supplementary
experiments were conducted using standard aque-
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Fig. 1 POC and NPOC of 25 oil WSFs

ous solutions of MTBE and TAME prepared at
known concentrations. The results indicated that
NPOC recovery ranged from 65% to 80% for
MTBE and from 34% to 41% for TAME across a
concentration range of 5-100 mg/L (Table S2).
These results confirm that a fraction of dissolved
MTBE and TAME is not removed during the purg-
ing step and is therefore operationally classified as
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NPOC, resulting in an overestimation of NPOC
and a corresponding underestimation of POC
(calculated as TOC-NPOC). For more accurate
quantification, the relationship between known
MTBE and TAME concentrations and the
measured NPOC concentrations presented in Table
S2 can serve as a basis for applying correction
factors to NPOC data from such samples.
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2.3 OCOCs

The concentrations of OCOCs varied significantly
among WSFs of different oils (Table 1). The
OCOC concentrations of the WSFs of etherified
gasoline, reformulated gasoline, and refined heavy
gasoline (269.9-809.2 mg/L) were significantly
higher than those of other oil WSFs. In these
samples, the OCOC concentrations (MTBE plus
TAME) accounted for 70.3%-99.4% of the total
concentrations of TPH and OCOCs, demonstrat-
ing that OCOCs were the primary component of
the dissolved organic constituents. In contrast, the
WSFs of refined naphtha, alkylated oil, and raffi-
nate oil-2 exhibited much lower OCOCs concen-
trations (0.9-16.2 mg/L), indicating their rela-
tively minor contribution to groundwater contami-
nation.

A further comparison between the OCOCs
concentrations in the parent oils and the corre-
sponding WSFs revealed that oils with higher
concentrations of OCOCs released more OCOCs
into groundwater. This indicates that the initial oil
additive content significantly influences OCOCs
dissolution. Such a relationship could serve as
important evidence for source identification and
forensic tracking of groundwater contamination
(Mohler et al., 2020). Specifically, the total
concentrations of MTBE and TAME in etherified
gasoline, reformulated gasoline, and refined heavy
gasoline ranged from 19.1 mg/g-oil to 312.6 mg/g-
oil, which were significantly higher than those in
refined naphtha, alkylated oil, and raffinate oil-2
(0.1-7.9 mg/g-oil) (Table S1). The observed
disparities underscore the impacts of ether addi-
tive composition on the release dynamics of
petroleum products and their consequent ground-
water contamination potential. Previous research
has also demonstrated a strong positive correlation
between the OCOCs concentrations in WSFs and
their initial abundance in the parent oil (Shih,
2003), further emphasizing the critical role of oil
molecular composition in governing aqueous
pollutant behavior.

The high environmental risk of OCOCs was not
only attributable to their high aqueous concentra-
tions, but also to their unique physicochemical
properties. MTBE and TAME exhibit extremely
high aqueous solubility and vapor pressure, allow-
ing them to migrate rapidly across soil-water inter-
faces and infiltrate aquifer systems (Squillace,
1997). Their low sorption affinity and limited natu-
ral attenuation rates further contribute to persis-
tence and long-range transport in aquifers, thus
resulting in relatively large groundwater plumes

http://gwse.iheg.org.cn

(Baker, 2007; Balleste et al., 2019). These physical-
chemical properties collectively confer OCOCs
with enhanced mobility and prolonged environ-
mental persistence in subsurface environments
compared to conventional petroleum hydrocar-
bons. Although a detailed toxicological evaluation
is beyond the scope of this study, MTBE and
TAME are recognized as environmentally relevant
contaminants due to their high mobility and persis-
tence in groundwater, as well as their extremely
low taste and odor thresholds in drinking water. In
addition, MTBE has been classified by the Interna-
tional Agency for Research on Cancer (IARC) as a
Group 2B compound (possibly carcinogenic to
humans), which further underscores the need to
consider OCOCs when assessing groundwater
contamination risks.

2.4 Carbon number distribution of VPH

The VPH concentrations in 25 oil WSFs followed
the trend: Atmospheric residue (192.6-199.8
mg/L) > gasoline/naphtha (24.3-113.6 mg/L) >
gasoline blending components (4.2-25.9 mg/L) >
diesel/kerosene (0.9—8.4 mg/L) (Fig. 2 and Table
1). WSFs of atmospheric residue, gasoline, and
naphtha were dominated by C6-C8 compounds,
accounting for 82.8%—95.6%, 77.8%—86.7%, and
83.1%-95.9% of VPH, respectively. Among gaso-
line blending components, the WSFs of reforming
topped oil, pentane oil, light gasoline (etherifica-
tion feedstock), and etherified gasoline were domi-
nated by C5 and C6 compounds (67.5%—91.6%).
The WSFs of raffinate oil-1 and -2 were domi-
nated by C6 compounds (89.2%-92.3%). The
WSF of alkylated oil was dominated by C4
compounds (79.5%, predominantly butane; see
Section 3.6). In contrast, WSFs of kerosene and
diesel were dominated by higher-molecular-weight
VPH (C8-C10, 54.7%—88.7%).

Although the aqueous-phase carbon number
distributions are primarily governed by the parent
petroleum composition, they may also be modu-
lated by physicochemical processes such as selec-
tive dissolution, oil-water partitioning, and
volatilization. However, under the experimental
conditions and timescale of this study, these
processes exert a secondary influence and do not
obscure the dominant control of parent composi-
tion (Fig. S2). Atmospheric residue and gasoline
were rich in C6-C9 compounds, which readily
dissolved in water and pose greater groundwater
contamination potential (Bushnaf et al., 2017).
Naphtha was primarily composed of C6-C9 naph-
thenes, which also pose a significant risk of

363


http://www.gwse.iheg.org.cn

Journal of Groundwater Science and Engineering

14(2026) 356-381

(a) 225¢
200
175
_ 150
=
g
< 125
8=
g
£ 100
3
E
o 75
50
25
O~\‘\\0\Q,A\‘bfb‘vfb%@@@@@@@\(\,\\\\
Qt>°\&°;%\eaio*& & @b?:&& ‘@é@ § @&Q & %e'\&%o*&%o*&@é@@g@@%&@%& &
N S FF AT T T T FG GG ITEE IR
'@QQ@Q‘@& & & S DL FERTATATE AT DD F LS S
»o'°‘<& D LD ?>‘b$'\ ‘bfb Q’Q {&\Q &%\‘5\' & X "Q@ %%e J@' \‘5\' \‘5\ ‘&\)\\' NG &0%
& T & F I LCE LTI IFS KR I &SP D
é@é&‘ &&OQ’& b*o%ob&\bp &éoz‘,@(é:o&%\‘& SO oQ@g\&\ 5 é@(@ v -o&
T & 5 &R LERE S S §
N > & N N S %
< CQ eéo > Q/ & .(\)‘b' 00
& & & & & R
° < 3 &S
S & S
& 9
N
(b)

Pour point depressant diesel 32%

I I s [ 7 N s o [ o [ 1

10%

Catalytic diesel

Straight-run diesel

140 refined diesel

Reformulated diesel-2
Reformulated diesel-1

Straight-run kerosene
Hydroprocessed kerosene
Depentanization atmospheric residue
C6-removed atmospheric residue
Refined heavy gasoline

120 refined heavy gasoline
Reformulated gasoline

Refined oil for reforming feedstock
Refined naphtha

140 refined naphtha

Hydrogenated upgraded naphtha
Coal hydrogenation naphtha
Alkylated oil

Raffinate oil-2

Raffinate oil-1

Etherified gasoline

Light gasoline (etherification feedstock)
Pentane oil

Reforming topped oil 0

20

40 60
Relative content/%

80 100

Fig. 2 The carbon number distribution of VPH within 25 oil WSFs

groundwater contamination. In contrast, gasoline
blending components were primarily composed of
C4-C6 paraffins and isoparaffins, which have low
aqueous solubility (Gray, 1982; Mao et al., 2009;
Sun et al., 2016). Therefore, the concentrations of
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WSFs in these oils were low. Kerosene and diesel
were primarily composed of >C9 hydrocarbons,
which have low aqueous solubility and thus lower
groundwater contamination potential (Mao et al.,
2009).
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2.5 Hydrocarbon group profile of VPH diesel, and kerosene. Aromatics accounted for

more than 70% of the total VPH concentrations
Aromatics were the dominant group of VPH in the (Fig. 3), reflecting their high aqueous solubility
WSFs of gasoline, naphtha, atmospheric residue, and preferential partitioning into groundwater
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Fig. 3 The groups distribution of VPH within 25 oil WSFs
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(Watts, 2000; Mao et al., 2009; Logeshwaran et al.,
2018). A comparative analysis of aromatic content
in oils and their corresponding WSFs further
confirmed this trend (Fig. 3 and Fig. S3). Aromat-
ics were abundant in gasoline (26%—27%), atmo-
spheric residue (72%—86%), kerosene (19%—20%),
and diesel (15%—82%). Their proportions in the
corresponding WSFs were even higher, reaching
809%—89%, 98%—99%, 14%—81%, and 58%—96%,
respectively. Although the aromatic content in
gasoline blending components was relatively low,
their proportions in the corresponding WSFs were
still considerable (Fig. 3 and Fig. S3). These find-
ings were consistent with previous research
(Nassery et al., 2024; Yu et al., 2025). In addition,
aromatics generally exhibited higher toxicity than
aliphatics, particularly in their pronounced effects
on the blood and hematopoietic system. While
aliphatics primarily induce mild narcotic effects
and skin irritation, aromatics (such as benzene) can
cause severe central nervous system depression
and chronic hematological disorders (Rial et al.,
2013; Vasudevan et al., 2016b; Chad M. Thomp-
son et al.,, 2021). Therefore, aromatics are the
primary risk drivers for groundwater investigation,
risk assessment and remediation (Zhang et al.,
2018). Overall, aromatics are the dominant risk
drivers in the groundwater environment, govern-
ing site investigation priorities, risk assessment
outcomes, and remediation strategy selection at
petroleum-contaminated sites.

In contrast, the WSFs of gasoline blending
components had a relatively uniform distribution
of VPH groups (Fig. 3). Aromatics contributed less
than 50% of total VPH, suggesting that they were
not the primary constituents in the WSFs of gaso-
line blending components. Instead, paraffinics and
naphthenes were present in higher proportions than
aromatics. An exception was alkylated oil. The
WSF of alkylated oil was predominantly composed
of paraffins (alkanes), accounting for >70% of the
total VPH. Although paraffinic hydrocarbons are
generally considered less toxic than aromatic
compounds, their environmental relevance should
not be overlooked, as their high abundance and
contribution to the dissolved hydrocarbon mass
may still influence the overall risk associated with
WSFs (Patil et al., 2023; Bai et al., 2024). Such
variation in VPH group profiles highlights the
complexity of oil dissolution behavior and empha-
sized the necessity for a more comprehensive anal-
ysis of different VPH groups when assessing
groundwater contamination risks.

Although the toxicity of paraffinic hydrocar-
bons is generally well documented and often
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considered lower than that of aromatic compounds,
their environmental relevance should not be over-
looked, as their high abundance and contribution to
the dissolved hydrocarbon mass may still influ-
ence the overall risk associated with WSFs,
whereas  toxicity-driven impacts are more
commonly dominated by aromatic components.

2.6 The top 10 most abundant com-
pounds of VPH

The top 10 most abundant compounds identified in
the VPH fraction of oil WSFs were selected as
representative compounds with potential relevance
to aqueous-phase contamination across different
petroleum products, and they generally exhibit
relatively high aqueous solubility (Table 3). In the
WSFs of gasoline, naphtha, and atmospheric
residues, benzene and toluene were the predomi-
nant constituents, followed by C2-C3 alkylben-
zenes. These WSFs were characterized by a high
proportion of aromatics. Among them, benzene
had particularly high solubility (1,790 mg/L at
25°C), which greatly facilitated its dissolution into
groundwater (Yang et al., 2023). In contrast, the
WSFs of kerosene and diesel primarily contained
lower concentrations of C1-C3 alkylbenzenes.
These oils were mainly composed of long-chain
alkanes with low aqueous solubility (Dawn and
Foote, 2003), resulting in reduced potential for
groundwater contamination. Notably, in addition to
benzene, the WSFs of gasoline blending compo-
nents also contained high concentrations of
cyclopentane (0.19—7.03 mg/L), which had a rela-
tively high aqueous solubility (161 mg/L at 25°C).
This increased the groundwater contamination
potential of gasoline blending components.

In addition to monoaromatic hydrocarbons,
butane also represented a potential groundwater
contaminant. The WSF of alkylated oil contained
18.81 mg/L butane (Table 3). Butane exhibited
moderate aqueous solubility (73 mg/L at 25°C),
which allowed it to dissolve into and migrate with
groundwater following a release. Field observa-
tions corroborated the potential of butane as a diag-
nostic marker for petroleum source identification.
For instance, McMahon et al. (2021) reported that
butane was detected at 0.082 pg/L in groundwater
located 0.56 km from a shale oil production facil-
ity. Consequently, the distinct abundance of butane
in the alkylate WSF indicated its utility as a char-
acteristic molecular marker in environmental
forensic studies, particularly for tracing incidents
involving alkylation products (Song et al., 2025).
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However, the high volatility of butane (Henry's
law constant: 0.91 atm-m’/mol) promotes its parti-
tioning from the aqueous phase to the atmosphere,
thereby limiting its environmental persistence and
detectable range in groundwater. Therefore, for
practical forensic applications, it is recommended
that butane be used in conjunction with other
source-tracking methodologies to enhance the reli-

ability of pollution source identification.

2.7 EPH of oil WSFs

By examining the chemical composition of the oil

Table 4 The concentration of EPH within oil WSFs

samples, it was found that only diesel and kerosene
contained EPH (Fig. S2). Therefore, the presence
and composition of EPH in their corresponding
WSFs were further analyzed. Substantial variation
in the molecular composition of EPH was observed
in these two types of oil WSFs (Table 4). The
concentrations of EPH in the WSFs of diesel and
kerosene were relatively low, generally ranging
from 2.3 mg/L to 10.0 mg/L. In the WSFs of
hydroprocessed kerosene, reformulated diesel-1,
and 140 refined diesel, EPH were primarily
composed of aliphatic hydrocarbons, particularly n-
alkanes (C11-C17) and 4-methyldecane, suggest-

Hydropro- Pour point
Compound (mg/L) cessed Reformulated 140 refined Catalytic depressant Straight-
Kerosene diesel-1 diesel diesel diesel run diesel
Total concentration 10.01 8.04 8.68 3.83 2.25 4.49
4-methyldecane 4.23
p-Cymene 0.21 2.53
2,3-dihydro-4-methyl-1H indene 0.91 0.55
Decahydro-2-methylnaphthalene 0.43 0.55
1,2,3,4-Tetrahydronaphthalene 0.55 0.17
Undecane 1.04 1.18 1.87 0.22 0.15 0.18
Dodecane 1.51 1.12 1.63
Tridecane 0.11 1.55
Tetradecane 0.32
Pentadecane 0.39
Hexadecane 0.30 0.42
Heptadecane 0.43 0.74
1,2,3,4-tetrahydro-5-methylnaphthalene 0.33 0.62
Naphthalene, 1,4,5-trimethyl 0.87 0.23 0.46 0.25
Naphthalene, 1,5-dimethyl 0.25 0.12 0.26 0.27 0.18 0.47
Naphthalene, 1,6,7-trimethyl 0.87 0.64 0.56 0.44
Naphthalene, 1,6-dimethyl 0.11 0.07
Naphthalene, 1-methyl 0.10 0.21
3- (2-methyl-propynyl) -1H indene 0.20
Decane, 2,4-dimethyl 0.28 0.21 0.24
Dodecane, 2,6,11-trimethyl 0.20 0.15 0.18
Naphthalene 0.21 0.12 0.35
Naphthalene, 2-(1-methylethyl) 0.18
Naphthalene, 2,3,6-trimethyl 0.63 0.37 0.81
Naphthalene, 2,3-dimethyl 0.32 0.27 0.42
Naphthalene, 2,6-dimethyl 0.61 0.47
Naphthalene, 2-methyl 0.26
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ing the predominance of saturated hydrocarbons in
the three oil WSFs. In contrast, in the WSFs of
catalytic diesel, pour point depressant diesel, and
straight-run diesel, EPH were dominated by
aromatics. Aromatics such as methyl-substituted
naphthalenes, p-cymene, and indene derivatives
were frequently detected in these samples. Due to
their recalcitrance to biodegradation, these aromat-
ics could present long-term risks to groundwater
quality (Karishma et al., 2024).

Although EPH accounted for a smaller propor-
tion of the total dissolved constituents compared to
VPH and OCOCs, they represent a more persistent
source of contamination in the aquifer and thus
warrant special consideration. Regular monitoring
of EPH is important for a comprehensive assess-
ment of the long-term environmental risks at
petroleum-contaminated sites (Brown et al., 2017).

2.8 The ratio of VPH/POC and EPH/
NPOC

To gain a deeper understanding of the distribution
patterns of TPH and OCOCs in the WSFs of differ-
ent oils, we calculated the ratios of VPH/POC and
EPH/NPOC and compared them with theoretical
values (Table 1). Among the 25 oil WSFs, the
measured VPH/POC ratios (0.76—1.84) of 19 oil
WSFs deviated by less than 20% from the theoreti-
cal values (1.07-1.21, calculated assuming the

compounds are naphthalene and butane) (Fig. 4a).
These results indicated that VPH concentrations
were generally consistent with the volatile organic
carbon content measured in WSFs.

However, in four WSFs with high concentra-
tions of OCOCs (WSFs of etherified gasoline,
raffinate oil-2, reformulated gasoline, and refined
heavy gasoline), the measured VPH/POC ratios
were significantly lower (<0.50) (Fig. 4a). This
indicated a substantial underestimation of volatile
organic contamination when OCOCs were
excluded. When OCOCs were included using the
(VPH+OCOCs)/POC ratio, the measured values
for these four oil WSFs (0.86—1.76) deviated by
less than 20% from the adjusted theoretical values
(1.07-1.47, calculated separately from naphtha-
lene and MTBE) (Fig. 4b). This close agreement
provided quantitative support that OCOCs consti-
tuted a substantial, and in some cases dominant,
fraction of the purgeable organic carbon pool.
Notably, this reconciliation occurred only when
OCOCs were included in the calculation, high-
lighting their significant contribution to the
dissolved volatile organic load. These results
suggested that standard analytical frameworks
which excluded OCOCs underestimated the role of
oxygenated compounds when characterizing
releases from oxygenated fuels. Collectively, this
finding supported the use of OCOCs/TPH ratios as
a comparative diagnostic indicator, where elevated
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Fig. 4 VPH/POC, (VPH+OCOCs)/POC and EPH/NPOC

values indicated conditions under which TPH-
based assessments could be potentially misleading.
The reduced discrepancies between measured and
calculated concentrations confirmed the contribu-
tion of OCOCs to volatile organic contamination
and highlighted their importance in environmental
risk assessment.

In contrast, the EPH/NPOC ratio was generally

http://gwse.iheg.org.cn

lower than the theoretical expectation. Except for
hydrotreated kerosene and reformulated diesel-1,
the remaining four oil samples exhibited EPH/
NPOC ratios below 1 (Fig. 4c). This discrepancy
may have arisen from losses of EPH during liquid-
liquid extraction during sample preparation or
incomplete identification of all EPH by PT-GC/MS
during sample analysis.
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2.9 Implications, limitations, and future
perspectives for groundwater risk
assessment

The WSF concept applied in this study is used to
characterize the dissolution process at the oil-water
interface, representing the source-term release of
dissolved constituents into groundwater rather than
the subsequent migration or attenuation of contam-
inant plumes within the aquifer. Accordingly, labo-
ratory-derived WSFs describe the chemical
composition of dissolved contaminants entering
groundwater at the source zone and define the
initial conditions for downstream transport and
transformation processes. Consistent with this
interpretation, previous field evidence shows that
groundwater sampled immediately beneath
petroleum source zones exhibited chemical compo-
sitions comparable to those obtained from labora-
tory oil-water equilibrium experiments using the
same petroleum products, supporting the rele-
vance of WSFs for source-zone dissolution charac-
terization (Yu et al., 2025).

It should be noted that WSF-based characteriza-
tion does not explicitly account for soil-related
partitioning processes, particularly sorption to Soil
Organic Carbon (SOC), nor for soil heterogeneity
and non-equilibrium sorption-desorption behavior,
all of which may influence contaminant retarda-
tion and long-term plume evolution under field
conditions (Zargar et al., 2013; Vasudevan et al.,
2014b). Therefore, groundwater contamination
potential inferred from WSFs should be inter-
preted as a conservative, screening-level indicator
rather than a site-specific prediction. For detailed
risk assessment and remediation design, WSF-
based chemical characterization should be inte-
grated with site-specific soil properties, hydrogeo-
logical conditions, and fate-and-transport model-
ing (Vasudevan et al., 2014a).

In addition, the present WSF characterization
focuses on short-term oil-water dissolution
processes relevant to early-stage releases. In
general, the aqueous solubility of the majority of
petroleum hydrocarbons is extremely low; conse-
quently, mass loss from the oil phase during initial
dissolution is minor, and the overall oil-phase
composition can be reasonably approximated as
stable. In the experimental system used in this
study, approximately 80% of the investigated
petroleum products were dominated by such low-
solubility components, for which dissolution-
induced compositional changes were minimal.
Significant and observable alterations in oil-phase
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composition due to selective dissolution are
expected primarily under prolonged and continu-
ous leaching over extended time scales (e.g., years
or longer), which is beyond the scope of the
present study. Nevertheless, this assumption may
be less applicable to products enriched in highly
soluble constituents, such as etherified gasoline,
reformulated gasoline, refined heavy gasoline,
depentanization atmospheric residue, and C6-
removed atmospheric residue, where preferential
dissolution of soluble components may lead to
measurable compositional shifts in the oil phase.
This represents an inherent limitation of equilib-
rium-based WSF characterization and should be
considered when extrapolating the present results
to long-term dissolution scenarios.

3 Conclusions

This study systematically characterized the oil-
water equilibrium WSFs of 25 refined petroleum
products and provides new insights into the mecha-
nisms controlling their groundwater contamination
characteristics.

(1) The groundwater contamination behavior of
petroleum products is primarily controlled by the
selective dissolution of a limited fraction of highly
soluble compounds, rather than by the bulk
composition of the oil.

(2) Conventional hydrocarbon-based indicators
(e.g., TPH) are not universally representative of
dissolved contamination, particularly in systems
where oxygenated additives are present.

(3) Oxygen-containing additives (e.g., MTBE
and TAME) can fundamentally alter the composi-
tion, mobility, and persistence of dissolved
contaminant plumes, indicating that they should be
treated as independent controlling components
rather than auxiliary constituents.

(4) Molecular-level composition provides a
more robust basis for interpreting groundwater
contamination than bulk concentration metrics,
especially for distinguishing between different
types of refined petroleum products.

(5) Laboratory-derived WSFs can serve as a
source-term descriptor for dissolved contamina-
tion, but their application to field conditions re-
quires integration with hydrogeological processes.
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Appendix 1. Numerical method for
calculating the surface area of the

Ellipsoidal model

Annexed Table S1 Concentration of OCOCs in some oil samples

Oil WSFs samples MTBE (mg/g-oil) TAME (mg/g-oil)
Etherified gasoline ND 312.6

Raffinate oil-2 18.9 0.2

Alkylated oil 0.1 ND

Refined naphtha 0.3 0.1

Reformulated gasoline 7.1 0.8

Refined heavy gasoline 6.0 114.2

Note: "ND" indicates not detected (below the method detection limit).

Annexed Table S2 NPOC recovery from standard aqueous solutions of MTBE and TAME

MTBE TAME
. Measured . Measured
Nominal concen- . Measured concentration Nominal concen- . Measured concentration
concentration . - concentration . -
tration (mg/L) Nominal concentration tration (mg/L) Nominal concentration
(mg/L) (mg/L)
5 3.66 73.2% 5 2.01
10 6.24 62.4% 10 4.11 41.1%
20 15.93 79.7% 20 6.76 33.8%
50 32.28 64.6% 50 17.71 35.4%
100 66.32 66.3% 100 34.32 34.3%
— Teflon-lined septum
Glass tube
— Screw cap fitted with
a Teflon-lined septum
(\

~
11
Ne—L

/_ﬁ
(O~

[ 5mLoil

35 mL deionized water

Magnetic stir bar

Fig. S1 Schematic diagram of the slow-stirring experimental setup
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