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ectiveness of oiled ballast water
treatment processes: insights into hydrocarbon
oxidation product formation and environmental
implications†
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Ballast water released from ships into coastal environments has been identified as a mechanism that

introduces contaminants of concern into coastal ecosystems. This study investigates the treatment

processes employed at a ballast water treatment facility in Valdez, Alaska, that remove hydrocarbons

from unsegregated ballast water. Specifically, the aim is to quantify and characterize hydrocarbons of

emerging concern, known as dissolved hydrocarbon oxidation products (HOPs) and heavy metals (HMs),

throughout the treatment process. Specialized analytical techniques were employed, such as non-

volatile dissolved organic carbon analysis, fluorescence spectroscopy, Fourier transform-ion cyclotron

resonance-mass spectrometry, and inductively coupled plasma triple quadrupole mass spectrometry.

Results demonstrate that the treatment removes benzene, toluene, ethylbenzene, and xylene (BTEX)

compounds, while HOPs remain. Optical and molecular analyses provide insights into the composition

and transformation of HOPs, showing a shift towards more oxygenated and complex compounds during

the treatment process. Quantitative analysis of 18 HMs revealed a decrease in the concentration of most

dissolved HMs throughout the treatment process, with none exceeding regulatory limits. The findings

highlight the need for comprehensive monitoring and regulation of ballast water treatment processes,

considering the presence of HOPs and HMs. The results provide valuable insights for environmental

monitoring and risk assessment in ballast water treatment, emphasizing the significance of

understanding and mitigating the impacts of petroleum derived contaminants on aquatic ecosystems.
Environmental signicance

The effective treatment of oiled ballast water is crucial to prevent the release of harmful petroleum contaminants intomarine ecosystems. Current treatment and
monitoring practices focus on a small fraction of volatile hydrocarbons, overlooking two other contaminant classes of concern, dissolved hydrocarbon oxidation
products (HOPs) and heavy metals. This study provides novel quantitative and qualitative insights into the transformation of HOPs and dissolved heavy metals
at the ballast water treatment at the Valdez Marine Terminal, Alaska. These ndings suggest the treatment process is ineffective in removing HOPs, resulting in
the discharge of both HOPs and dissolved heavy metals into the aquatic ecosystem from the facility, posing ecological risks and highlighting the need for
improved environmental regulations.
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1 Introduction

Approximately 10 billion tons of ballast water are transported
worldwide annually to stabilize cargo ships during empty
voyages between ports.1 However, the offloading of ballast water
raises concerns regarding the transfer of harmful biological
agents, such as invasive species and pathogens, as well as the
release of chemical contaminants.2 While the threat of chemical
pollution from ballast water offloading decreased with modern
double-hulled ships with ballast water tanks segregated from
cargo tanks, the North American petroleum industry still faces
risks. During winter, ships may require additional ballast water,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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which requires storage in unsegregated tanks.3 Unsegregated
ballast water from oil tankers can mix with residual petroleum
products, posing a risk of releasing harmful hydrocarbons and
oxygen-containing analogues into marine ecosystems. Thus,
treatment is necessary before discharging such water into the
environment.4

Previous studies focused on applying optical spectroscopy to
trace the origin of ballast water based on the composition of
“natural” dissolved organic matter.5–9 However, those studies
did not examine ballast water in contact with oil. This study
focuses on the ballast water treatment facility (BWTF) at the
Valdez Marine Terminal in Prince William Sound, Alaska,
operated by the Alyeska Pipeline Service Company. Three
treatment processes are employed to remove hydrocarbons
from unsegregated ballast water: gravity separation, pressurized
air otation treatment, and biological treatment. These tech-
niques utilize physical (separation and volatilization) and bio-
logical (oxidation) processes to eliminate hydrocarbons before
discharging 1.72 million gallons of effluent daily (average) into
Port Valdez, an area of signicance for aquaculture and
conservation.10

In addition to treating ballast water, the BWTF also treats
water from other sources. The inuent sources are categorized
as follows in terms of contribution: stormwater (44%), oiled
ballast water (37%), industrial wastewater (14%), and raw water
(5%).10 Stormwater, originating from rain and snowmelt, is the
largest inuent source and is expected to be uncontaminated,
diluting contaminants from other sources.10 Ballast water is the
second largest inuent source, primarily responsible for
hydrocarbon and metal contamination.10 The BWTF discharge
has been monitored since 1972 by regulatory agencies,
including the Environmental Protection Agency and Alaska
Department of Environmental Conservation. The Alaska
Department of Environmental Conservation currently oversees
the facility through the Wastewater Discharge Authorization
Program (Alaska Pollutant Discharge Elimination System,
permit AK0023248), which mandates monitoring of various
parameters in the BWTF effluent, such as ow, pH, total sus-
pended solids, zinc (Zn), total aromatic hydrocarbons, total
aqueous hydrocarbons, total recoverable oil and grease, density,
dissolved inorganic phosphorus, ammonia, and toxicity.10 Most
recently, the Alaska Department of Environmental Conservation
identied zinc, total aromatic hydrocarbons, and whole effluent
toxicity as the three primary parameters of concern, most likely
to exceed water quality criteria.

Regulating oil contamination levels during the treatment
process typically involves measuring the benzene, toluene,
ethylbenzene, and xylene (BTEX) family of compounds, also
known as total aromatic hydrocarbons.11 Although BTEX
represents only a small fraction of crude oil, it serves as a stan-
dard for regulation.12 Crude oil consists of a complex mixture of
compounds with varying molecular weights.13–15 Higher molec-
ular weight compounds form the unresolved complex mixture
and are challenging to characterize and quantify using tradi-
tional chromatography techniques this is required for current
monitoring methods.16,17 Furthermore, compounds in crude oil
become more polar when oxidized through biotic and abiotic
© 2024 The Author(s). Published by the Royal Society of Chemistry
degradation processes.18–22 The increased polarity from incor-
porating oxygen heteroatoms further complicates the compo-
sition of compounds in the unresolved complex mixture.23,24

These water-soluble polar hydrocarbon oxidation products
(HOPs) can readily partition into the aqueous phase, remaining
undetected during transportation from their petroleum
source.13,18,25–33

The term HOPs was coined by the San Francisco Bay Area
Regional Water Quality Control Board (Fry and Steenson, 2019)
to clarify the nature of compounds derived from petroleum
bodies in petroleum-contaminated groundwater.34 HOPs are of
emerging concern due to their potential risks to the environ-
ment.35,36 Although polycyclic aromatic hydrocarbons are
thought to be the drivers of toxicity in vertebrates, Meador and
Nahrgang stated, “There are no studies that exist demonstrating
that total PAHs are capable of causing toxic effects in early life
stage sh at the low levels claimed (0.1–5 mg L−1)”.37 Moreover,
there is a mounting body of evidence that some HOPs pose
a signicant risk to human health and the environment.27,28,38–56

Additionally, the relationship between the chemical composi-
tion of HOPs in the unresolved complex mixture and their
toxicity remains to be determined. In the context of ballast
water treatment, HOPs may be formed through microbial
processes in ballast tanks during transport and within each step
of the water treatment process. Although the BWTF process
successfully removes BTEX, the impact of the treatment process
on the formation of HOPs is unknown. Another emerging
concern is the presence of heavy metals (HMs) in ballast water.
Despite meeting water quality criteria, whole effluent toxicity
testing has revealed chronic toxicity to aquatic organisms in
some instances.10 Dissolved Zn, with its high recorded
concentrations in the BWTF effluent, is believed to be the
driving parameter for potential toxicity.10

This study investigates the concentration and behavior of
HOPs and HMs throughout the BWTF treatment process. To
achieve this objective, specialized analytical techniques were
employed. HOPs were quantied using non-volatile dissolved
organic carbon analysis (NVDOC) and characterized via uo-
rescence spectroscopy and Fourier transform-ion cyclotron
resonance mass spectrometry. Inductively coupled plasma
triple quadrupole mass spectrometry was utilized to determine
the quantity of a wide range of HMs. This study serves two
purposes: rst, to understand the formation and transport of
HOPs and HMs through the BWTF process, and second, to
quantify and characterize the HOPs and HMs released into Port
Valdez through the BWTF discharge. The ndings of this study
hold signicant implications for the functionality and moni-
toring of the BWTF, as they shed light on two poorly understood
and reported classes of contaminants.

2 Materials and methods
2.1. Ballast water treatment facility (BWTF) overview and
sample collection

Fig. 1 shows a schematic of the BWTF process. The process
starts with the inuent being subjected to gravity separation
(GS) in large water storage tanks where settling occurs over an
Environ. Sci.: Adv., 2024, 3, 1746–1759 | 1747
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Fig. 1 Overview of the ballast water treatment facility at the Valdez Marine Terminal. Green arrows represent flow direction, and red asterisks
represent a sampling point.
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average of four hours per each 68.1 million L of water. The oil
layer is then skimmed and transferred to a recovery tank, while
the water layer proceeds to the dissolved air otation (DAF)
process. In the DAF process, air is bubbled through the oiled
water to remove volatile organic compounds, followed by an air
stripping process. The generated exhaust vapors are captured
and incinerated using regenerative thermal oxidizers. The
treated water then passes to the biological treatment (BT)
process, where mixing and aeration occur in large open
concrete-lined ponds for an average of 16 hours to promote
biodegradation. Finally, the treated water is discharged into
Port Valdez.

In Fig. 1, the asterisks denote the points at which samples
were collected aer each treatment. Opportunistic sampling by
the Alyeska Pipeline Service Company occurred over one year,
resulting in 12 sampling events corresponding to 12 different
ballast water offloading events (Table S1†). The sample collec-
tion time was staggered at the different process points to ensure
that the same ballast water was captured throughout the treat-
ment. A fourth sampling point was added for the last seven
sampling events to collect water in the gravity separation tank
prior (TP) to ballast offloading to characterize other inuent
sources (e.g. stormwater). Gravity separation tank levels were
recorded before and aer ballast offloading. Unltered samples
were collected using 250 mL amber high-density polyethylene
(HDPE) bottles and stored at −20 °C until analysis. Thawed
samples were subsampled and processed as required for each
analysis. The Alyeska Pipeline Service Company provided BTEX
measurements for each sample using an Agilent Gas Chro-
matograph – Model 7890A and Model 7890B.

2.2. Non-volatile dissolved organic carbon (NVDOC) analysis

HOPs were quantied based on NVDOC concentration. Each
sample was ltered through a pre-combusted (550 °C > 4 hours)
Advantec GF-75 0.3 mm glass ber lter into a pre-combusted
1748 | Environ. Sci.: Adv., 2024, 3, 1746–1759
amber glass vial. The pH of each sample was adjusted with
ultrapure hydrochloric acid (VWR International) to pH < 2.
Samples were analyzed for NVDOC concentration with a Shi-
madzu TOC-V system equipped with an autosampler. NVDOC
was measured as non-purgeable organic carbon converted to
CO2 and detected by a non-dispersive infrared detector.57

NVDOC was quantied using potassium hydrogen phthalate
(VWR International) standards, which were analyzed daily.58

2.3. HOPs optical characterization

Ultraviolet-visible and uorescence excitation–emission matrix
(EEM) spectra were utilized to characterize the optical proper-
ties of HOPs. The pH of ltered samples was adjusted to pH 8
with NaOH (VWR International) for absorbance and uores-
cence measurements with an Aqualog® uorometer (Horiba
Scientic), which measures absorbance and uorescence
simultaneously.59–61 These optical measurements were carried
out in a 1 cm quartz cuvette at an excitation range from 240–
800 nm in 5 nm increments and an emission range from 240–
800 nm in 2.34 nm increments with an integration period of 5 s.
Spectra were blank subtracted and corrected for instrument
bias and inner lter effects. Fluorescence intensities were
normalized to Raman scattering units before parallel factor
analysis, a multiway data analysis technique that decomposes
EEMs into several underlying optical signatures.62 The drEEM
toolbox in MATLAB was utilized for parallel factor analysis
deconvolution.62 The spectral components of the resulting
statistical model were validated by residual assessment and
split-half analysis.63,64 The validated model was uploaded to the
OpenFluor database to compare with published models above
95% similarity score.65

Additionally, humication index (HIX) values were deter-
mined by the peak area under the emission spectra at 435–
480 nm divided by the sum peak area at emission spectra 300–
345 and 435–480 nm at excitation 254 nm.66 Specic UV
© 2024 The Author(s). Published by the Royal Society of Chemistry
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absorbance at 254 nm (SUVA254) was calculated by dividing the
absorbance at 254 nm (in cm−1) by the NVDOC concentration
(in mg L−1) × 100 for nal SUVA254 units in L mg C−1 m−1.

2.4. HOPs molecular composition

Filtered samples were acidied to pH 2 with ultrapure hydro-
chloric acid (VWR International) and extracted utilizing solid
phase extraction (SPE) with Varian Bond Elut PPL cartridges
(0.5 g, 3 mL) as reported elsewhere.67 The nal concentrations of
the extracts were adjusted to 25 mg C mL−1 in 1 : 1 methanol :
water (VWR International) to normalize carbon loads across
samples to uncover compositional trends. Extracts were
analyzed by negative-ion electrospray ionization coupled with
a 10 T Apex Qe Fourier transform-ion cyclotron resonance mass
spectrometer (Bruker Daltonics) housed in the College of
Sciences Major Instrumentation Cluster (COSMIC) facility at
Old Dominion University (Norfolk, VA). The instrument was
externally calibrated daily with a polyethylene glycol standard,
and Suwannee River fulvic acid standard (International Humic
Substances Society) was analyzed to evaluate tuning parameters
and assess day-to-day variability as Goranov et al. 2022 exem-
plied.68,69 Collected mass spectra were internally calibrated
with naturally abundant fatty acids, dicarboxylic acids, and
compounds belonging to the CH2-homologous series.70 Cali-
brated peak lists were rened by removal of blank, salt, doubly-
charged, and isotopologue peaks followed bymolecular formula
assignment (S/N$ 3, assignment error ±1 ppm) with elemental
criteria (C4–N, H4–200, O1–50, N0–2, S0–1) utilizing the Toolbox for
Environmental Research (TEnvR) in MATLAB.71 TEnvR default
settings were utilized for formula renement and constraints.
Assigned molecular formulae were then classied based on
their stoichiometry into the following categories: aromatic
(AImod$ 0.5), unsaturated low-oxygen (ULO) (AImod < 0.5, H/C
< 1.5, O/C < 0.5), unsaturated high-oxygen (UHO) (AImod < 0.5,
H/C < 1.5, O/C $ 0.5), and aliphatic compounds (H/C $ 1.5),
with AImod being the modied aromaticity index.72 The values
for each class are their percentage of the total abundance (i.e.,
% relative abundance).73

2.5. Heavy metal quantication

Agilent Technologies 8900 inductively coupled plasma triple
quadrupole mass spectrometry system was utilized to measure
the concentration of HMs from the BWTF. A 10 mL aliquot of
each sample was ltered through 0.45 mm polypropylene
syringe lters (Agilent Technologies) and acidied to a concen-
tration of 2% (v/v) trace-metal grade nitric acid (Fisher Scien-
tic) and 0.5% (v/v) trace-metal grade hydrochloric acid (VWR
International). The inductively coupled plasma triple quadru-
pole mass spectrometer was operated in MS/MS mode using
helium as the collision gas and ammonia as the reaction gas.74,75

HMs were quantied based on calibration curves using the
environmental calibration standard mix and internal standard
mix (Agilent Technologies). The instrument was tuned daily
using a solution containing Ce, Co, Li, Mg, Ti, and Y (Agilent
Technologies) (1 mg L−1). Specic operating parameters and
detection limits are outlined in the ESI (Tables S2 and S3).†
© 2024 The Author(s). Published by the Royal Society of Chemistry
Quantication of dissolved Ni, Cu, and Zn at stations in
Prince William Sound and the Gulf of Alaska shelf was done at
the University of Alaska Fairbanks by high-resolution induc-
tively coupled plasma mass spectrometry using an Element 2
(ThermoScientic) and isotope dilution. Details on sample
collection and processing can be found in Kandel and Aguilar-
Islas 2021.76 Briey, samples were collected using trace metal
clean techniques, ltered through 0.2 mm AcroPak200 lter
cartridges (Pall), and acidied to a concentration of 0.2% (v/v)
Optima grade nitric acid (Fisher Scientic). Samples were
concentrated in-line before analysis using the seaFAST system
(Elemental Scientic Inc.).
2.6. Statistical analyses

JMP, Version 17 (SAS Institute Inc.) was used to conduct all
statistical analyses. Outliers were eliminated using Cauchy
robust outlier analysis. Normality was assessed utilizing the
Shapiro–Wilk test. Statistical differences among processing
points were evaluated using one-way ANOVA followed by the
Tukey–Kramer post hoc test for parametric data, and the
Kruskal–Wallis test followed by the Steel-Dwass post hoc test for
nonparametric data. Statistical differences in composition
between the tank prior (TP) and gravity separation (GS)
sampling points were tested using the t-test for parametric data
and the Mann–Whitney test for nonparametric data. Spear-
man's rank correlation coefficient (r) was utilized to assess the
correlation between the characteristics of HOPs and heavy
metal concentrations with treatment time and the correlation
between assigned molecular formulas and parallel factor anal-
ysis components due to the non-linear relationship between
variables. Principal component analysis was utilized to examine
the variation between the relative contribution of the parallel
factor analysis components. The signicance level for all
statistical analyses was set at p < 0.05.
3 Results and discussion
3.1. Hydrocarbon concentrations through the BWTF process

The measured concentrations of BTEX demonstrate that the
BWTF process effectively removes these compounds (Fig. 2).
BTEX concentrations range from 0.01± 0 mg L−1 in the effluent
to 7.47 ± 1.05 mg L−1 aer GS (Table S4†). There is a strong
negative correlation (r = −0.884) between BTEX concentration
and treatment time, indicating the effectiveness of the BWTF
process in reducing BTEX levels. Among the treatment
processes, DAF shows the highest efficiency in removing BTEX,
as concentrations remain negligible aer BT. This result
suggests that biodegradation is not a signicant factor in
removing low concentrations of BTEX from contaminated
ballast water. These ndings align with previous studies
investigating the effectiveness of biodegradation at the BWTF.11

It is important to note that the measured BTEX levels in the
discharge are below the maximum effluent permit limit of
0.73 mg L−1 set by the Alaska Department of Environmental
Conservation. Moreover, the maximum water quality standard
for BTEX in Port Valdez is 0.01 mg L−1, measured at the edge of
Environ. Sci.: Adv., 2024, 3, 1746–1759 | 1749
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Fig. 2 Changes in the concentration of hydrocarbon oxidation
products (HOPs) measured as non-volatile dissolved organic carbon
(NVDOC), and benzene, toluene, ethylbenzene, and xylene (BTEX)
through treatment process. Samples were collected at each step in the
treatment process: Tank Prior (TP) represents wastewater in gravity
separation tank prior to ballast offloading, GS after the gravity sepa-
ration tank, DAF after the dissolved air flotation treatment, final effluent
after the biological treatment. The red arrow signifies the order of each
step in the treatment process. (NGS, DAF, final effluent = 12, NTP = 7; ±
standard error (SE)).
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the BWTF mixing zone.10 Considering the subsequent dilution
of the effluent in Port Valdez (with a dilution factor of 56 : 1 in
the mixing zone), the measured BTEX values are well below the
maximum water quality limit.

In contrast, there is no statistically signicant change in the
concentration of dissolved HOPs as measured by NVDOC
among the different treatment processes (Fig. 2). The measured
NVDOC concentration in the effluent was 2.31 ± 0.31 mg L−1. It
is worth noting that the BWTF does not monitor NVDOC levels
directly but instead measures total aqueous hydrocarbons,
which include BTEX and 16 polycyclic aromatic hydrocarbons to
represent the unresolved complex mixture.10 However, this
approach is inaccurate due to additional compounds with
varying polarity, which makes the unresolved complex mixture
unsuitable for gas-chromatography techniques.16,17 Currently,
there are no specic limits for total aqueous hydrocarbons in
the BWTF effluent since it is not considered a parameter of
concern. However, the highest measured concentration in the
effluent was 0.04 mg L−1.10 The signicant difference (∼58-fold)
between NVDOC and total aqueous hydrocarbons highlights the
complexity of the unresolved complex mixture and the many
undetected compounds, suggesting that NVDOC is a more
effective technique. Currently, there are no regulatory standards
for NVDOC concentration in the BWTF effluent.10 However,
1750 | Environ. Sci.: Adv., 2024, 3, 1746–1759
studies demonstrate using NVDOC as an effluent parameter for
industrial and municipal treatment processes, providing
insight into potentially harmful carbon compounds being
released undetected into aquatic ecosystems.77,78
3.2. Optical signatures reveal compositional changes in
HOPs

Optical analyses reveal changes in the composition of HOPs,
providing insights into their source, reactivity, and fate within
the BWTF processing. The HIX and specic UV absorbance at
254 nm (SUVA254) are optical parameters that indicate molec-
ular size, oxygenation, and aromaticity.79,80 Increasing HIX
values indicate a rise in long-wavelength, oxygenated, and large
refractory compounds, while decreasing short-wavelength,
small labile compounds. Overall, HIX values increase with
BWTF process time (r= 0.659), ranging from 0.262± 0.013 (GS)
to 0.376± 0.026 (DAF), indicating a compositional shi towards
more oxygenated and complex compounds (Table S4†). SUVA254
tracks changes in HOPs by measuring light absorption of dis-
solved organic matter chromophores, with increasing values
associated with higher aromaticity. In the BWTF process,
SUVA254 values range from 0.8 ± 0.1 (effluent) to 1.3 ± 0.1 L mg
C−1 m−1 (TP), but no signicant trend with treatment time was
observed (Table S5†). These observed HIX and SUVA254 values
align with previous studies characterizing laboratory-produced
HOPs.81,82 Importantly, they are considerably lower than the
values reported for coastal marine natural organic matter (HIX
=∼4, SUVA254 =∼3), indicating that the source of the dissolved
organic matter in the BWTF is petroleum-derived HOPs rather
than naturally derived compounds.83 These ndings suggest
a transformation of HOPs during the BWTF process, increasing
oxygenation and complexity.

Parallel factor analysis was employed to investigate the
underlying signatures in the uorescence EEMs dataset and
track the corresponding compositional changes during the
BWTF process. A validated four-component parallel factor
analysis model was derived (Fig. 3). Each component has
specic excitation and emission maxima (Ex/Em) values and
exhibits distinct spectroscopic and biogeochemical character-
istics. Component 1 (C1) has Ex/Em maxima at 275/295 nm and
shows similarity to 15 entries (95–99% similarity score) in the
OpenFluor database (containing thousands of component
signatures of natural organic matter). The C1 component is
called a “protein-like” uorescence signature in organic
biogeochemistry, representing short-wavelength, reactive dis-
solved organic matter rather than actual proteins. In the context
of HOPs, this signature indicates a composition of reduced,
aliphatic, and low heteroatom structures, such as 3-ring alky-
lated and oxygenated polycyclic aromatic hydrocarbons.
Component 2 (C2) with Ex/Em values of 250/361 nm matches
seven published components (95–97% similarity), including
two signatures derived from petroleum. One match is found in
a study by Podgorski et al., which investigated petroleum-
contaminated groundwater and identied biorefractory HOPs
composed of low molecular weight, highly aromatic, and
oxygenated compounds.28 The second match is found in a study
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Validated four-component parallel factor analysis model (top) and relative contributions of P parallel factor analysis components (C1–4)
(bottom) from fluorescence excitation–emission matrix spectroscopy data of dissolved hydrocarbon oxidation products at various stages of the
ballast water treatment process (Tank Prior (TP) represents wastewater in gravity separation tank prior to ballast offloading; GS after the gravity
separation tank; DAF after the dissolved air flotation treatment; final effluent after the biological treatment). Connecting letters for each
component's relative contribution are multiple comparisons (Steel-Dwass for C1 and C3, Tukey–Kramer for C2 and C4; p < 0.05). (NGS, DAF, final

effluent = 12, NTP = 7; ± SE).
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by Brünjes et al., focusing on the biodegradation of asphaltenes
through laboratory incubations, representing another potential
biorefractory signature.84 Component 3 (C3) with Ex/Em values
of 285/331 nm matches 22 published components (96–99%
similarity), three of which are petroleum-derived. C3 aligns with
C5 in the groundwater study by Podgorski et al., representing
short-wavelength, polycyclic aromatic hydrocarbons that are
biolabile and acutely toxic.28 C3 also matches C3 in the
asphaltene biodegradation study by Brünjes et al., indicating
biolabile and potentially toxic HOPs.84 Furthermore, C3
matches C4 in a previous study by Harsha et al., which char-
acterized photoproduced HOPs in laboratory simulations, rep-
resenting reduced, aliphatic HOPs generated from 24 hours
irradiated diesel.81 Component 4 (C4) has Ex/Em values of 250/
415 nm and matches 11 published models, including two
unique petroleum signatures. C4 corresponds to C4 in the
asphaltene biodegradation study by Brünjes et al., exhibiting
a “humic-like” uorescence signature.84 C4 also matches C1 in
a study by Whisenhant et al. examining photoproduced HOPs
generated from laboratory simulations, where C1 represented
the most degraded HOPs that exhibited “humic-like” uores-
cence.82 This result indicates the presence of HOPs composed of
long-wavelength, aromatic, oxygenated, and heteroatomic
compounds.

Three out of the four components identied in the parallel
factor analysis align with components from the Brünjes et al.
study, suggesting that the optical signatures measured in the
BWTF process are likely petroleum-derived.84 Overall, the HOPs
© 2024 The Author(s). Published by the Royal Society of Chemistry
associated with the BWTF process range from short-wavelength
(aliphatic, reduced, biolabile) to long-wavelength (aromatic,
oxygenated, refractory) compounds, with the order of increasing
wavelength being C1 > C3 > C2 > C4.

Principal component analysis (PCA) illustrates the relation-
ship between each component and the treatment process
(Fig. 4). C1 closely associates TP and GS data, while C2 is linked
to the DAF process. C3 and C4 represent the nal effluent.
Overall, PCA reveals similarities between TP and GS, as well as
between DAF and nal effluent data. By measuring the relative
contribution of each optical signature, the compositional
changes resulting from the BWTF process are uncovered
(Fig. 3). There are no signicant differences in component
contribution between TP and GS and between DAF and the nal
effluent. Notably, C1 is the only signature that decreases with
treatment time (r = −0.797). This correlation suggests that the
short-wavelength HOPs represented by C1 are labile and
undergo substantial oxidation during the DAF process, result-
ing in a ∼52% reduction in the C1 signature between GS and
DAF. On the other hand, C2, C3, and C4 increase with the
amount of time in the BWTF process (r = 0.591, 0.743, and
0.567, respectively), indicating that the oxidation process
produces varying types of HOPs. Aer the DAF process, C2
shows an increase of ∼43%, the smallest transformation
observed among the components coupled, and no composi-
tional change due to BT. This result suggests that C2 may
represent more refractory HOPs, as also noted in the matched
components in the studies by Podgorski et al. and Brünjes et al.,
Environ. Sci.: Adv., 2024, 3, 1746–1759 | 1751
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Fig. 4 Principal component analysis (PCA) biplot, loadings represent
parallel factor analysis components (C1–4) from fluorescence exci-
tation–emission matrix spectroscopy data of dissolved hydrocarbon
oxidation products at various stages of the ballast water treatment
process (Tank Prior (TP) represents wastewater in gravity separation
tank prior to ballast offloading; GS after the gravity separation tank;
DAF after the dissolved air flotation treatment; final effluent after the
biological treatment).
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indicating C2's potential use for oil treatment and spill moni-
toring.28,84 C3 experiences a signicant increase of ∼74% aer
DAF and constitutes ∼30% of the uorescence signature
observed in the effluent. C4 exhibits an increase of ∼104% aer
DAF treatment and represents the most aromatic and oxygen-
ated signature, reecting the most degraded HOPs in the BWTF
process. Overall, C4 constitutes approximately 10% of the total
observed uorescence at the BWTF, suggesting that the BWTF
process does not signicantly degrade HOPs into these long
wavelength, large molecular weight compounds. Instead, semi-
labile/labile HOPs, corresponding to C2 and C3, are released
into the ocean, posing a higher likelihood of reactivity and
toxicological effects in aquatic ecosystems.
3.3. Molecular composition of HOPs

The molecular composition of HOPs formed during the BWTF
was examined using Fourier transform-ion cyclotron resonance
mass spectrometry. Overall, the HOPs are mostly composed of
unsaturated low-oxygen (ULO) (39.3 ± 3.52–50.5 ± 6.12%) and
aliphatic (21.6 ± 5.86–34.3 ± 7.09%) compounds, with smaller
contributions of unsaturated high-oxygen (UHO) (13.2 ± 2.97–
20.8 ± 3.66%) and aromatic (6.49 ± 1.33–12.5 ± 3.50%)
compounds (Fig. 5). Previous studies have indicated that ULO
and aliphatic molecular classications in HOPs contain
potentially toxic compounds.27,40 The high abundance of these
compounds at the BWTF poses a potential risk for environ-
mental effects. Positive correlations between assigned molec-
ular formulae classication and parallel factor analysis
1752 | Environ. Sci.: Adv., 2024, 3, 1746–1759
components reveal molecular markers for each uorescent
signature (Fig. 6). C1 consists predominantly of aliphatic
(47.9%) and ULO (39.6%) compositions; C2 consists of aliphatic
(30.3%), ULO (31.2%), and UHO (38.5%); C3 is primarily
composed of ULO (66.2%) and aromatic (24.6%); and C4 is
predominantly composed of ULO (70.8%), aliphatic (15.5%),
and aromatic (13.0%) (Fig. 6). These molecular markers align
with trends observed in the optical signatures, where aroma-
ticity, oxygenation, and heteroatom content increase with
emission wavelength (Table S6†).

A signicant increase in CHOS compounds with treatment
time was observed (r = 0.422), indicating that more complex
heteroatoms are either formed during or resist the treatment
process. Moreover, CHOS compounds may represent surfac-
tants that resist degradation during treatment, as observed
previously.85 The absence of more signicant molecular trends
with treatment time (Table S5†) is likely attributed to the
dependence of HOPs composition on the inuent source.
Compositional source specicity has been observed in the
degradation of naturally dissolved organic matter, with the
composition of degradation products remaining source-specic
until very late-stage processing.86,87 Previous studies emphasize
this phenomenon in industrial wastewater treatment, where the
composition of dissolved organic matter is highly dependent on
the inuent source and cannot be generalized, as opposed to
municipal wastewater and drinking water treatments that have
more consistent inuent.88 The molecular composition of HOPs
during the BWTF process aligns with this source-specic model,
as evidenced by the variability in molecular trends associated
with different offloading events (Fig. 7). Each sample set origi-
nates from a different inuent source, leading to diverse and
variable HOPs molecular composition. These ndings empha-
size the compositional complexity of HOPs while highlighting
the utility of optical techniques in measuring bulk composi-
tional changes.
3.4. Trends in heavy metal concentrations

The BWTF process signicantly affects the concentration of
HMs in oiled ballast water, as revealed by a large quantitative
screening of 18 HMs (Ag, Al, As, Ba, Cd, Co, Cr, Cu, Fe, Mn, Mo,
Ni, Pb, Sb, Th, U, V, and Zn) with inductively coupled plasma
triple quadrupole mass spectrometry. The total heavy metal
(THM) concentration decreases signicantly with BWTF process
time (r = −0.745). The only signicant transformation among
treatment stages occurs during the DAF process, where the
THM concentration decreases by approximately 34% (Fig. 8).
This trend aligns with previous studies identifying the removal
of dissolved HMs in wastewater through DAF treatments.89,90

The measured THM concentrations throughout the BWTF
process range from 143 ± 11.0 (nal effluent) to 373 ± 29.7 mg
L−1 (TP). The bulk decrease in HMs does not imply that indi-
vidual dissolved HMs decrease throughout the process.

Among the 18 HMs measured, 11 display signicant trends
with BWTF process time. Specically, Al, V, Cr, Fe, Ni, As, Mo,
Pb, and Th exhibit negative correlations, whereas Co and Cu
exhibit positive correlations (Table S8†). These signicant
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Van Krevelen plots of the O/C and H/C ratios for molecular formulas assigned to the dissolved hydrocarbon oxidation products at various
stages of the ballast water treatment process (tank prior represents wastewater in gravity separation tank prior to ballast offloading; gravity
separation after the gravity separation tank; dissolved air flotation after the dissolved air flotation treatment; final effluent after the biological
treatment). Data are color-coded by elemental composition. The black lines separate the van Krevelen space into stoichiometric categories:
aliphatic, unsaturated low-oxygen (ULO), unsaturated high-oxygen (UHO), and aromatic.

Fig. 6 Molecular composition of each parallel factor analysis
component (C1–4).
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metals are divided into three concentration levels: high (0.539–
203 mg L−1), including Fe, Cu, and Ni; medium (0.148–13.1 mg
L−1), including V, As, Al, and Mo; and low (0.038–0.527 mg L−1)
including Th, Pb, Cr, and Co (Fig. S2†). Zinc (Zn) is of particular
interest, which the Alaska Department of Environmental
Conservation categorizes as a parameter of concern and is
believed to be the main driver of effluent toxicity due to high
measured levels in the discharged effluent.10 The Zn concen-
trations in this study range from 30.1 ± 0.139 (TP) to 31.4 ±

0.150 mg L−1 (DAF), which are signicantly lower than the
permit-set limit for effluent (4150 mg L−1) and the water quality
standard limit (86.14 mg L−1). The measured effluent Zn
concentrations from 2008 to 2017 range from 53 to 1450 mg L−1,
with an average of 267 mg L−1, approximately 8.5 times higher
than the reported values from this study.10

Possible sources of HMs in the oiled ballast water include
interactions with metal industrial equipment and from crude
oil.10,91,92 None of the measured HMs exceeded the water quality
standards set by the Alaska Department of Environmental
© 2024 The Author(s). Published by the Royal Society of Chemistry
Conservation and the Environmental Protection Agency.10

Levels of Ni, Cu, and Zn were detected in the nal effluent (5.69
mg per L Ni, 1.34 mg per L Cu, and 30.3 mg per L Zn) were elevated
compared to upper water column (0–100 m) baseline
measurements at a downstream station in Prince William
Sound (0.31–0.42 mg per L Ni, 0.21–0.42 mg per L Cu, and 0.06–
0.49 mg per L Zn), which were similar to upstream levels for
these metals over the Gulf of Alaska shelf (0.26–0.28 mg per L Ni,
0.22–0.41 mg per L Cu, and 0.02–0.12 mg per L Zn) (Fig. S3†).
These ndings suggest that the input of HMs from the BWTF
effluent is diminished by dilution and other processes (e.g.,
biological uptake and particle scavenging) and does not appear
to negatively impact the rest of the Sound. However, the impact
on the ecosystem near the BWTF would need to be determined.
Also, this study cannot determine the fate of dissolved HMs.
Still, it is worth noting that if HMs from the effluent are even-
tually transported to the sediment, the additive accumulation of
HMs in sediment poses an ecological risk.93–95
3.5. Comparison between stormwater and oiled ballast
water

To evaluate the impact of inuent sources other than oiled
ballast water on contamination levels, measured contaminants
were compared between samples taken from the tank prior (TP)
to ballast offloading, representing other inuent sources, and
samples taken following the gravity separation (GS) treatment
of oiled ballast water. Since stormwater constitutes the primary
inuent to the BWTF, TP is assumed to be composed mostly of
stormwater and acts as a non-contaminated water source
capable of diluting oiled ballast water. Surprisingly, most of the
measured data quantifying and characterizing HOPs and HMs
were statistically insignicant (Table S9†). Yet, when TP and GS
were compared, signicant differences in SUVA254 and some
individual HMs (V, Co, Cu, As, Ag, Pb, Th, U) were observed
(Table S9†). A higher SUVA254 value in TP (0.013 ± 0.001)
suggests the presence of more aromatic compounds in
comparison to GS (0.009 ± 0.001). Variability in individual HM
concentrations can be attributed to the inuence of interaction
Environ. Sci.: Adv., 2024, 3, 1746–1759 | 1753
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Fig. 7 Variable molecular composition of dissolved hydrocarbon oxidation products at various stages of the ballast water treatment process (GS
after the gravity separation tank; DAF after the dissolved air flotation treatment; final effluent after the biological treatment) in three different
offloading events. ULO, unsaturated low-oxygen; UHO, unsaturated high-oxygen.

Fig. 8 Shift in concentration of total heavy metals through the
treatment process (Tank Prior (TP) represents wastewater in gravity
separation tank prior to ballast offloading; GS after the gravity sepa-
ration tank; DAF after the dissolved air flotation treatment; final
effluent after the biological treatment). Connecting letters are Steel-
Dwass multiple comparisons (p < 0.05). (NGS,final effluent = 12, NTP = 7,
NDAF = 9; ± SE).
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and leaching of metals from industrial equipment, or contri-
bution from natural sources (e.g., atmospheric dust deposition).
Based on historical contribution data, these ndings challenge
1754 | Environ. Sci.: Adv., 2024, 3, 1746–1759
the notion that TP is a non-contaminated water source that
dilutes contaminants from oiled ballast water.

Recorded values from the gravity separation tank before and
aer ballast offloading indicate an average dilution factor of
44 : 1 for oiled ballast water. Considering this dilution factor,
the expected concentrations and composition of contaminants
(HOPs and HMs) were anticipated to be low in TP. However, the
actual measurements did not align with these expectations.
Previous monitoring data reported very low BTEX levels (below
detection limits), suggesting that TP is not contaminated and
likely dilutes the contaminants in oiled ballast water.10 Based on
these reports, the NVDOC values in TP samples were expected to
be lower. However, the measured NVDOC concentrations
suggest that the stormwater may contain hydrocarbons not
detected by BTEX measurements. Furthermore, the optical
signatures indicate that the source of dissolved organic matter
is derived from petroleum rather than naturally occurring
substances.

This observed relationship could be attributed to various
factors, such as residual oil contamination during the industrial
process, higher levels of industrial waste inuent, or contami-
nated stormwater itself. Further research and regular moni-
toring are necessary to gain valuable insight into the sources of
contaminants being retained at TP and then treated at the
BWTF. Understanding the composition of the other inuents in
addition to the ballast water is of utmost importance, especially
considering that the Alaska Department of Environmental
Conservation permits the discharge of untreated stormwater
during periods of high rainfall and snow melt.
3.6. Environmental implications

This study utilized various analytical techniques to investigate
the BWTF process in greater detail, uncovering previously
undetected contaminants. The ndings indicate that the BWTF
© 2024 The Author(s). Published by the Royal Society of Chemistry
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effectively removes BTEX from oiled ballast water but fails to
remove HOPs. Instead, the process generates and releases
diverse compositionally complex HOPs, which may pose
ecological risks. The C3 optical signature identied in this study
matched other published components known to exhibit acute
toxicity. Additionally, potentially toxic molecular classications
(ULO and aliphatic) were highly abundant during the BWTF
process. While this study centered on the BWTF in Valdez,
Alaska, the treatment techniques utilized (gravity separation,
otation, and biological treatment) are commonly used for
treating oiled wastewater.96 These treatment commonalities
suggest that conventional methods are inadequate in effectively
treating HOPs, highlighting the necessity for developing alter-
native treatment approaches for all forms of oiled wastewater.

The toxicity mechanism of HOPs in the environment is not
well understood. Still, existing literature suggests that HOPs
may be more toxic than their parent petroleum compounds due
to increased bioavailability from higher oxygen content.35

Although the measured levels of HOPs and HMs in the effluent
are not alarmingly high, it is crucial to consider the volume of
effluent discharged into Port Valdez, which averages 1.72
million gallons per day, with strong seasonal variation.10 When
normalized, this study reveals that 15 kg of HOPs and 11 g of
arsenic are released into the water daily during the processing
of oiled ballast water. These signicant quantities have the
potential to enter the aquatic ecosystem, transport through the
water column, bioaccumulate in organisms, and sorb into the
sediment, posing potential harm over time.

The techniques employed in this study, such as NVDOC and
optical analyses, can be used as broad monitoring tools for oil
contamination. NVDOC provides a comprehensive quantica-
tion of dissolved organic carbon from oiled ballast water, going
beyond specic fractions like BTEX or total aqueous hydrocar-
bons and thus offering insights into carbon release. Addition-
ally, optical signatures can characterize general qualities such
as reactivity, aromaticity, and oxygen content. Utilizing remote
uorescence sensors calibrated with petroleum-specic signa-
tures may enable monitoring the formation and transport of
HOPs in the BWTF. Adequate monitoring in oiled ballast water
treatment is essential for understanding the release and trans-
port of contaminants into the environment.

4 Conclusions

This study examined the treatment processes employed for
oiled ballast water at the BWTF in Valdez, Alaska, using various
analytical techniques to quantify and characterize HOPs and 18
heavy metals. NVDOC analysis uncovered the BWTF removes
regulated BTEX compounds but does not effectively remove
HOPs. Instead, optical and molecular analyses reveal a compo-
sitional shi in HOPs toward more oxygenated and complex
compounds during the treatment process. Moreover, these
analyses reveal that the primary composition of HOPs released
from the BWTF into Port Valdez is potentially toxic, consisting
of uorescent signature C3 and molecular characteristics of
unsaturated low-oxygen and aliphatic compounds. The quan-
titative screening of several heavy metals (HMs) indicates
© 2024 The Author(s). Published by the Royal Society of Chemistry
a decrease in concentration for most dissolved HMs during the
treatment process, with none of the concentrations in the nal
effluent exceeding regulatory limits. Comparing effluent
concentrations to those upstream and downstream from the
BWTF suggests that the input of discharged HMs does not affect
concentrations in Prince William Sound and, consequently,
does not impact Gulf of Alaska shelf waters. Findings from this
research contribute valuable insights into the challenges and
implications of treating oiled ballast water, highlighting the
need for enhanced monitoring strategies and treatment tech-
niques to prevent contaminant discharge in aquatic
environments.
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