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ACTION ITEM

Sponsor: Danielle Verna and the Scientific
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Project number and name or topic: 9512 Determining Concentration and
Composition of Oxygenated
Hydrocarbons from the Valdez Marine
Terminal

1. Description of agenda item: The Board is being asked to accept the report titled
“Examining the Effectiveness of Ballast Water Treatment Processes: Insights into
Hydrocarbon Oxidation Product Formation and Environmental Implications” by Maxwell
Harsha and David Podgorski from the University of New Orleans, dated August 1, 2023. The
report is accompanied by a brief Executive Summary which contains a synopsis of the
project findings and recommendations. During this project, a series of samples were
collected throughout the treatment process at the Valdez Marine Terminal's Ballast Water
Treatment Facility (BWTF) to identify hydrocarbon oxidation products (HOPs). HOPs are a
component of hydrocarbons that are not currently monitored or regulated. Contractors
chemically analyzed the samples for HOPs and will present a brief presentation to the
Board summarizing the results.

2. Why is this item important to PWSRCAC: This project will enable the Council to
monitor “the environmental impacts of the operation of the terminal facilities and crude oil
tankers” as directed by OPA 90 by assessing the type and amount of HOPs that are
discharged from the BWTF. Tankers offload ballast water carried in cargo tanks to the
BWTF for treatment prior to discharge into Port Valdez. Preliminary research indicates that
HOPs are a component of that discharge. HOPs are as toxic or more toxic than non-
oxygenated hydrocarbons but there has been much less research on the fate, transport,
and toxicity of HOPs. The results and recommendations of this project could lead to future
research to understand the fate, transport, and toxicity of oxygenated hydrocarbons in the
marine environment and the environmental effects of HOPs.

3. Previous actions taken by the Board on this item:

Meeting Date Action

Board 5/21/21 The Board adopted the FY2022 budget as presented, which included funding for
the Oxygenated Hydrocarbons project.

Board 9/16/21 The Board authorized a contract with the University of New Orleans for Project

9512, Determining Concentration and Composition of Oxygenated Hydrocarbons
from the VMT, in an amount not to exceed $70,400.

4. Summary of policy, issues, support, or opposition: None.

5. Committee Recommendation: The Scientific Advisory Committee recommended
the Board accept this report at their meeting on July 21, 2023.
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6. Relationship to LRP and Budget: Project 9512 Determining the Concentration and
Composition of Oxygenated Hydrocarbons from the VMT is in the approved FY2024 budget
and annual work plan. The work associated with this report fell under the FY2023 budget
and annual work plan with $17,000 in carryover into FY2024.

9512 - Composition of Oxygentated
Hydrocarbons
As of August 2, 2023

Original Budget $17,000.00
Revised Budget $17,000.00
Actual & Commitments $0.00
Amount Remaining $17,000.00
7. Action Requested of the Board of Directors: Accept the report titled “Examining

the Effectiveness of Ballast Water Treatment Processes: Insights into Hydrocarbon
Oxidation Product Formation and Environmental Implications” by Maxwell Harsha and
David Podgorski from the University of New Orleans dated August 1, 2023, as meeting the
terms and conditions of contract number 9512.22.01, and ready for distribution to the
public.

8. Alternatives: None recommended.

9. Attachments: Draft report titled “Examining the Effectiveness of Ballast Water
Treatment Processes: Insights into Hydrocarbon Oxidation Product Formation and
Environmental Implications” by Maxwell Harsha and David Podgorski from the University of
New Orleans, and the report Executive Summary.

951.104.230921.4-40xyHydro
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Examining the Effectiveness of Ballast Water Treatment Processes: Insights into

Hydrocarbon Oxidation Product Formation and Environmental Implications
Maxwell L. Harsha*?, David C. Podgorski®®<f

aDepartment of Chemistry, °Chemical Analysis & Mass Spectrometry Facility, ‘Pontchartrain
Institute for Environmental Sciences, Shea Penland Coastal Education and Research Facility,

University of New Orleans, 2000 Lakeshore Drive New Orleans, Louisiana, USA

*Corresponding Author: mlharsha@uno.edu
Abstract:

This study investigates the treatment processes employed at a ballast water treatment
facility in Valdez, Alaska, to remove hydrocarbons from unsegregated ballast water.
Specifically, the aim is to quantify and characterize hydrocarbons of emerging concern,
known as hydrocarbon oxidation products (HOPs), and heavy metals (HMs) throughout the
treatment process. Specialized analytical techniques, such as non-volatile dissolved organic
carbon analysis, fluorescence excitation-emission matrix spectroscopy, and inductively
coupled plasma triple quadrupole mass spectrometry were employed for quantification and
characterization. Results demonstrate that the treatment process effectively removes
benzene, toluene, ethylbenzene, and xylene (BTEX) compounds, while HOPs remain. Optical
analyses provide insights into the composition and transformation of HOPs, showing a shift
towards more oxygenated and complex compounds during the treatment process.
Additionally, the study examines the concentrations of various HMs and identifies their
trends throughout the treatment process. 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.
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ADEC Alaska Department of Environmental Conservation
APDES Alaska Pollutant Discharge Elimination System
BT Biological Treatment

BTEX Benzene, Toluene, Ethylbenzene, and Xylene
BWTF Ballast Water Treatment Facility

C[1,2,3,...] Component [1,2,3,..]

Cco, Carbon Dioxide

DAF Dissolved Air Flotation

EEMs Excitation-Emission Matrix Spectroscopy
EX/EM Excitation and Emission Maxima

G Grams

GS Gravity Separation

HDPE High Density Polyethylene

HIX Humification Index

HMs Heavy Metals

HOPs Hydrocarbon Oxidation Products

ICP-QQQ Inductively Coupled Plasma Triple Quadrupole Mass Spectrometry
KG Kilograms

LOD Limit of Detection

LOQ Limit of Quantification

MG/L Milligrams per Liter

ML Milliliters

MM Millimeters

NaOH Sodium Hydroxide

NM Nanometers

NVDOC Non-Volatile Dissolved Organic Carbon Analysis
PAHs Polycyclic Aromatic Hydrocarbons

PARAFAC Parallel Factor

PCA Principal Component Analysis

pH Potential of Hydrogen

S Seconds

SUVA,s5, Specific UV absorbance at 254 nm

TAH Total Aromatic Hydrocarbons

TAqH Total Aqueous Hydrocarbons

THM Total Concentration of Heavy Metals

TP Tank Prior

UCM Unresolved Complex Mixture

Hm Micrometer
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1. Introduction:

Approximately 10 billion tons of ballast water are transported worldwide annually to stabilize
cargo ships during their empty voyages between ports (Lamoureux and Organization 1967).
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 (Kurniawan et al. 2022). While the threat of chemical pollution from ballast
water offloading decreased with the use of modern double-hulled ships with ballast water
tanks segregated from cargo tanks, the North American petroleum industry still faces risks.
During winter months, ships may require additional ballast water, which requires storage in
unsegregated tanks (Love 2018). 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 (Verna and Harris 2016).

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 treatment, and biological treatment. These
techniques utilize physical (separation and volatilization) and chemical (oxidation) processes
to eliminate hydrocarbons before discharging 1.72 million gallons of effluent daily (average)

into Port Valdez, an area of significance for aquaculture and conservation (ADEC 2019).

The influent sources at the BWTF are categorized as follows in terms of contribution:
stormwater (44%), oiled ballast water (37%), industrial wastewater (14%), and raw water (5%)
(ADEC 2019). Stormwater, originating from rain and snowmelt, accounts for the largest
influent source and is expected to be uncontaminated, diluting contaminants from other
sources (ADEC 2019). Ballast water is the second largest influent source, primarily
responsible for hydrocarbon and metal contamination (ADEC 2019). The BWTF discharge has

been monitored since 1972 by government agencies, including the Environmental Protection
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Agency and the Alaska Department of Environmental Conservation (ADEC). ADEC currently
oversees the facility through the Wastewater Discharge Authorization Program (Alaska
Pollutant Discharge Elimination System (APDES) permit AK0023248), which mandates
monitoring of various parameters in the BWTF effluent, such as flow, pH, total suspended
solids, zinc, total aromatic hydrocarbons (TAH), total aqueous hydrocarbons (TAgH), total
recoverable oil and grease, density, dissolved inorganic phosphorus, ammonia, and toxicity
(ADEC 2019). In the most recent permit, ADEC identifies zinc, TAH, and whole effluent toxicity
as the three primary parameters of concern, most likely to exceed water quality criteria in

the BWTF effluent (ADEC 2019).

Regulating oil contamination levels during the treatment process typically involves
measuring the benzene, toluene, ethylbenzene, and xylene (BTEX) family of compounds, also
known as TAH (Payne et al. 2005). Although BTEX represents only a small fraction of crude
oil, it serves as a standard for regulation (Hollebone 2011). Crude oil consists of a complex
mixture of compounds with varying molecular weights (Palacio Lozano et al. 2019; Krajewski,
Rodgers, and Marshall 2017; Frysinger et al. 2003). Higher molecular weight compounds
form the unresolved complex mixture (UCM) and are challenging to characterize and
quantify using traditional chromatography techniques relied upon by current monitoring
methods (Farrington and Quinn 2015; McKenna et al. 2013). Furthermore, compounds in
crude oil become more polar when oxidized through biotic and abiotic degradation
processes (Ward et al. 2018; Ray et al. 2014; D'Auria et al. 2009; Aeppli et al. 2012; Fry and
Steenson 2019). The increased polarity, resulting from the addition of oxygen heteroatoms,
further complicates the composition and fraction of compounds in the UCM (Boduszynski
1987; Boduszynski and Altgelt 1992; Boduszynski 1988). These polar hydrocarbon oxidation
products (HOPs) can readily partition into the aqueous phase, remaining undetected during
transportation from their petroleum source (Aeppli et al. 2012; Fry and Steenson 2019;
Krajewski, Rodgers, and Marshall 2017; Frysinger et al. 2003; Zito et al. 2019; Ward and
Overton 2020; Maki, Sasaki, and Harayama 2001; Freeman and Ward 2022; Brunjes et al.
2022; Ward et al. 2018; Ray et al. 2014; D'Auria et al. 2009; Palacio Lozano et al. 2019).
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HOPs are of emerging concern due to their potential risks to human health and the
environment, even though they are not currently regulated (Katz et al. 2022; Little et al. 2000).
Additionally, the relationship between the chemical composition of HOPs in the UCM and
their toxicity remains to be determined. In the context of ballast water treatment (Katz et al.
2022), 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, as their toxicity varies based on elemental composition and concentration. Despite
meeting water quality criteria, whole effluent toxicity testing has revealed chronic toxicity to
aquatic organisms in some instances (ADEC 2019). Zinc, with its high recorded
concentrations in the BWTF effluent, is believed to be the driving parameter for potential
toxicity (ADEC 2019). Therefore, this study aims to investigate the concentration and

behavior of HOPs and HMs throughout the BWTF process.

To achieve this objective, specialized analytical techniques are employed. Non-volatile
dissolved organic carbon analysis (NVDOC) and fluorescence excitation-emission matrix
spectroscopy (EEMs) are used to quantify and reveal optical signatures that provide insight
into the composition of HOPs, respectively. Inductively coupled plasma triple quadrupole
mass spectrometry (ICP-QQQ) is utilized to determine the quantity of a wide range of HMs.
This study serves two purposes: first, 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 findings of this study hold
significant implications for the functionality and monitoring of the BWTF, as they shed light

on two poorly understood and reported classes of contaminants.
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2. Materials and Methods:

Gravity

i1
——— Separation (GS)

Dissolved Air
Flotation (DAF)

Treatment (BT)
Figure 1. Overview of the BWTF. (*) represents a sampling point.
2.1. BWTF overview and Sample Collection

Figure 1 shows a schematic of the BWTF processing. The process starts with the influent
being subjected to gravity separation (GS) in large water storage tanks where settling occurs
over an average of four hours. The oil layer is then skimmed and transferred to a recovery
tank, while the water layer proceeds to the dissolved air flotation (DAF) process. In the DAF
process, air is bubbled through the oiled water to remove volatile organic compounds
followed by an air stripping process. Exhaust vapors generated 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 Figure 1, the asterisks denote the points at which samples were collected after each
treatment process. Opportunistic sampling by the Alyeska Pipeline Service Company took
place over one year, resulting in 12 sampling events that corresponded to 12 different ballast
water offloading events. To ensure that the same ballast water was captured throughout the

treatment process, the sample collection time was staggered at the different process points.
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A fourth sampling point was added for the last seven sampling events to collect wastewater
from the gravity separation tank prior (TP) to ballast offloading to characterize other sources
of influent. Gravity separation tank levels were recorded before and after ballast offloading.
Samples were collected using 250 milliliters (mL) amber high density polyethylene (HDPE)
bottles and stored at -20°C until analysis. The Alyeska Pipeline Service Company provided

BTEX measurements for each sample.
2.2. Non-Volatile Dissolved Organic Carbon (NVDOC) Analysis

HOPs were quantified based on NVDOC concentration. Each sample was filtered through a
pre-combusted (550°C > 4 hours) Advantec GF-75 0.3 micrometer (um) glass fiber filter into
a pre-combusted amber glass vial. The pH (potential of hydrogen) of each sample was
adjusted with ultrapure hydrochloric acid to pH < 2. Samples were analyzed for NVDOC
concentration with a Shimadzu TOC-V system equipped with an autosampler. NVDOC was
measured as non-purgeable organic carbon converted to CO, (carbon dioxide) and detected
by a non-dispersive infrared detector (Stubbins and Dittmar 2012). NVDOC was calibrated

with potassium hydrogen phthalate with daily standards run regularly.
2.2. HOPs Optical Characterization

Fluorescence EEMs was utilized to characterize the optical properties of HOPs. The pH of
filtered samples was adjusted to pH 8 with NaOH (sodium hydroxide) for absorbance and
fluorescence measurements with an Aqualog® fluorometer (Horiba Scientific, Kyoto, Japan)
(Yan et al. 2013; Tfaily et al. 2011; Spencer, Bolton, and Baker 2007). Optical measurements
were carried out in a 10 millimeters (mm) quartz cuvette, at an excitation range from 240 -
800 nanometers (nm) in 5 nm increments, and an emission range from 240 - 800 nm in 2.34
nm increments with an integration period of 5 seconds (s). Spectra were blank subtracted
and corrected for instrument bias and inner filter effects. Fluorescence intensities were
normalized to Raman scattering units prior to Parallel Factor (PARAFAC) analysis, a multiway
data analysis technique to decompose EEMs into underlying optical signature (Murphy et al.

2013). The drEEM toolbox and MatLab code were utilized to complete PARAFAC of the EEMs
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(Murphy et al. 2013). The spectral components of the resulting statistical model were
validated by residual and split-half analysis (Harshman and Lundy 1994; Stedmon and Bro
2008). The validated model was uploaded to the OpenFluor database to compare with
published models above 95% similarity score (Murphy et al. 2014). Humification index (HIX)
values were determined 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
(Ohno 2002). Specific ultraviolet absorbance at 254 nm (SUVA,s4) was calculated by dividing

the absorbance at 254 nm (azs4) by the NVDOC concentration.
2.3. Heavy Metal Quantification

ICP-QQQ (Agilent Technologies 8900) was utilized to measure the concentration of HMs. A
10 mL aliquot of each sample was filtered through 0.45-pm polypropylene syringe filters
(Agilent Technologies) and acidified to a concentration of 2% (v/v) trace-metal grade nitric
acid (Fisher Scientific) and 0.5% (v/v) trace-metal grade hydrochloric acid (VWR International).
The ICP-QQQ was operated under MS/MS, using helium as the collision gas and ammonia as
the reaction gas (Kubota 2022; Proper, Mccurdy, and Takahashi 2020). Quantification of HMs
was performed based on calibration curves using 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 pg/L). Specific operating
parameters and detection limits are outlined in the supplementary information (Tables S1
and S2). Limit of detection (LOD) and quantification (LOQ) calculated from standard deviation

of ten blank response replicates and slope of HM calibration curves.
2.4 Statistical Analyses

JMP, Version 17 (SAS Institute Inc.) was used to conduct all statistical analyses. The data
underwent Cauchy robust outlier analysis to eliminate any outliers. Pairwise Student's t-tests
were employed to calculate p-values at a 95% confidence level. To determine correlation,
nonparametric Spearman's rank correlation coefficient (p) was used. Principal component

analysis was utilized to examine the variation between different processing points.
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3. Results and Discussion:

A NVDOC

I ® BTEX
) )

Concentration (mg/L)
O = N W b U1 OO N O

4 e
TP GS DAF Effluent
Sample Location

Figure 2. Changes in NVDOC and BTEX concentrations through treatment process.

3.1. Hydrocarbon concentrations through the BWTF process

The measured concentrations of BTEX demonstrate that the BWTF process effectively
removes these compounds. Figure 2 shows that BTEX concentrations range from 0.01 £ 0
milligrams per liter (mg/L) in the effluent to 7.47 + 1.05 mg/L after GS. There is a strong
negative correlation (-0.917) between BTEX concentration and treatment processing,
indicating the effectiveness of the BWTF process in reducing BTEX levels (Tables S3 and S4).
Among the treatment processes, DAF shows the highest efficiency in removing BTEX, as
concentrations remain negligible after BT. This result suggests that biodegradation is not a
significant factor in removing low concentrations of BTEX from ballast water. These findings
align with previous studies investigating the effectiveness of biodegradation at the BWTF
(Payne et al. 2005). It is important to note that the measured BTEX levels in the discharge are
below the maximum effluent permit limit set by ADEC (0.73 mg/L). The maximum water
quality standard for BTEX in Port Valdez is 0.01 mg/L, which is measured at the edge of the
BWTF mixing zone (ADEC 2019). Taking into account 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 limit.
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In contrast, there is no statistically significant change in the concentration of HOPs as
measured by NVDOC among the different treatment processes (Figure 2). The measured
NVDOC concentration in the effluent was 2.31 £ 0.31 mg/L (Table S3). It is worth noting that
the BWTF does not monitor NVDOC levels directly but instead measures TAgH, which
includes BTEX and 16 polycyclic aromatic hydrocarbons (PAHs) to represent the UCM (ADEC
2019). However, this approach is not accurate due to the presence of additional compounds
with varying polarity, which makes the UCM unsuitable for gas-chromatography techniques
(Farrington and Quinn 2015; McKenna et al. 2013). Currently, there are no specific limits set
for TAgH in the BWTF effluent since it is not considered a parameter of concern, although
the highest measured concentration in the effluent was 0.04 mg/L (ADEC 2019). The
significant difference (~58-fold) between NVDOC and TAgH highlights the complexity of the
UCM and the large number of undetected compounds, suggesting that NVDOC is a more
effective technique. Currently, there are no regulatory standards for NVDOC concentrations
in water quality. However, studies demonstrate the use of NVDOC as an effluent parameter
for industrial and municipal treatment processes, providing insight into potentially harmful
carbon compounds being released undetected into aquatic ecosystems (Park et al. 2022;

Yang et al. 2015).
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. The HIX and specific UV absorbance at 254 nm
(SUVA,s4) are optical parameters that serve as indicators of oxygenation and aromaticity,
respectively (Gao et al. 2017; Hansen et al. 2016). Increasing HIX values indicate a rise in long-
wavelength, oxygenated, and refractory compounds, while decreasing short-wavelength,
labile compounds. Overall, HIX values show an increasing trend throughout the BWTF
process (p = 0.693), ranging from 0.262 + 0.013 (GS) to 0.376 + 0.026 (DAF), indicating a
compositional shift towards more oxygenated and complex compounds (Table S3). SUVAs,
tracks changes in HOPs by measuring the absorption of light by dissolved organic matter,

with increasing values associated with higher aromaticity. In the BWTF process, SUVA,s4
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values decrease (p = -0.345), ranging from 0.008 + 0.001 (Effluent) to 0.013 + 0.001 (TP),
indicating an overall decrease in aromaticity (Table S3). These observed HIX and SUVAs,4
values align with previous studies characterizing laboratory-produced HOPs (Harsha et al.
2023; Whisenhant et al. 2022). Importantly, they are considerably lower than the values
reported for coastal marine natural organic matter (HIX= ~4, SUVA,s,=~3), indicating that the
source of the dissolved organic matter in the BWTF is petroleum-derived HOPs rather than
naturally derived compounds (D’Andrilli et al. 2022). These findings suggest a transformation
of HOPs during the BWTF process, leading to an increase in oxygenation and complexity
while exhibiting a slight decrease in aromaticity. This departure from the typical positive
correlation between HIX and SUVA;s4 highlights the complex nature of HOPs and emphasizes

the necessity of employing multiple characterization techniques.

Emission (nm)

250 300 350 400 450 250 300 350 400 450

Excitation (nm)

Figure 3. Validated four-component PARAFAC model.
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Figure 4. PCA biplot, loadings represent PARAFAC components.
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Figure 5. Relative contributions of PARAFAC components. Connecting letters for

components are Student's t-test pairwise comparisons at 95% confidence.

PARAFAC was employed to investigate the underlying optical signatures in the EEMs dataset
and track compositional changes during the BWTF process. A validated four-component
PARAFAC model was derived (Figure 3). Each component corresponds to specific excitation

and emission maxima (Ex/Em) values and exhibits distinct characteristics. Component 1 (C1)
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has Ex’Em maxima at 275/295 nm and shows similarity to 15 entries (95-99% similarity score)
in the OpenFluor database, which primarily characterizes natural organic matter (Graeber et
al. 2012; Kowalczuk et al. 2013; Murphy et al. 2006; Osburn et al. 2016; D'Andrilli et al. 2017;
Wheeler, Levia, and Hudson 2017; Painter et al. 2018; Yang et al. 2019; Sun et al. 2021;
D’Andrilli et al. 2019; Chen et al. 2017; DeFrancesco and Guéguen 2021; Dall'Osto et al. 2022).
This component is commonly referred to as a "protein-like" fluorescence signature in organic
biogeochemistry, representing short-wavelength, reactive dissolved 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 alkylated and oxygenated
PAHs. Component 2 (C2) with Ex/Em values of 250/361 nm matches seven published
components (95-97% similarity), including two signatures derived from petroleum (Brunjes
et al. 2022; Catalan et al. 2021; Retelletti Brogi, Kim, et al. 2019; Podgorski et al. 2018; Bittar
et al. 2016; Williams et al. 2010; Murphy et al. 2013). One match is found in a study by
Podgorski et al., which investigated petroleum-contaminated groundwater and identified
biorefractory HOPs composed of low molecular weight, highly aromatic, and oxygenated
compounds (Podgorski et al. 2018). The second match is found in a study by Brunjes et al.,
focusing on the biodegradation of asphaltenes through laboratory incubations, representing
another potential biorefractory signature (Brunjes et al. 2022). Component 3 (C3) with Ex/Em
values of 285/331 nm matches 22 published components (96-99% similarity), three of which
are petroleum-derived (Harsha et al. 2023; Sheng et al. 2021; Gao and Guéguen 2017,
DeFrancesco and Guéguen 2021; Retelletti Brogi et al. 2022; Brunjes et al. 2022; Winsch and
Murphy 2021; Batista-Andrade et al. 2023; Retelletti Brogi et al. 2020; Lee et al. 2018; Kim et
al. 2022; Retelletti Brogi, Jung, et al. 2019; D'Andrilli et al. 2019; Yamashita et al. 2011;
Stedmon and Markager 2005; Yu et al. 2015; Murphy et al. 2011; Hambly et al. 2015; Cawley,
Butler, et al. 2012; Cawley, Ding, et al. 2012; Podgorski et al. 2018). C3 aligns with C5 in the
groundwater study by Podgorski et al., representing short-wavelength, polynuclear PAHs
that are biolabile and acutely toxic HOPs (Podgorski et al. 2018). C3 also matches with C3 in
the asphaltene biodegradation study by Brunjes et al., indicating biolabile and potentially

toxic HOPs(Brunjes et al. 2022). Furthermore, C3 matches with C4 in a previous study by
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Harsha et al., which characterized photoproduced HOPs in laboratory simulations,
representing reduced, aliphatic HOPs generated from 24-hour irradiated diesel (Harsha et
al. 2023). Component 4 (C4) has Ex/Em values of 250/415 nm and matches 11 published
models, including two unique petroleum signatures (Huang et al. 2022; Brunjes et al. 2022;
Jeonetal. 2021; Lin and Guo 2020; Whisenhant et al. 2022; Cabrera et al. 2020; Jia et al. 2017;
Chen et al. 2017; D’Andrilli et al. 2019; Painter et al. 2018; Retelletti Brogi et al. 2018). C4
corresponds to C4 in the asphaltene biodegradation study by Brunjes et al., exhibiting a
"humic-like" fluorescence signature (Brunjes et al. 2022). C4 also matches with 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”
fluorescence (Whisenhant et al. 2022). This result indicates the presence of HOPs composed
of long-wavelength, aromatic, oxygenated, and heteroatomic compounds. Three out of the
four components identified in the PARAFAC analysis align with components from the Brinjes
et al. study, suggesting that the optical signatures measured in the BWTF process are likely
petroleum-derived (Brunjes et al. 2022). Overall, the HOPs 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 relationship between each component and
the treatment process (Figure 4). C1 exhibits a close association with TP and GS, while C2 is
linked to the DAF process. C3 and C4 represent the effluent. Overall, PCA reveals similarities
between TP and GS, as well as between DAF and effluent. By measuring the relative
contribution of each optical signature, the compositional changes resulting from the BWTF
process are uncovered (Figure 5). There are no significant differences in component
contribution between TP and GS, as well as between DAF and effluent, except for C3. This
finding indicates that C3 undergoes significant transformation during the BT process.
Notably, C1 is the only signature that decreases due to the BWTF process (p = -0.805). This

correlation suggests that the short-wavelength HOPs represented by C1 are labile and
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undergo substantial oxidation during the DAF process, resulting in a ~52% reduction in the
C1 signature between GS and DAF. On the other hand, C2, C3, and C4 increase with the BWTF
process (p = 0.713, 0.453, and 0.544, respectively), indicating the oxidation process leading
to varying types of HOPs. After the DAF process, C2 shows an increase of ~43%, which is the
smallest transformation observed among the components coupled and no compositional
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 Brunjes et al.,
indicating its potential use for oil treatment and spill monitoring (Brinjes et al. 2022;
Podgorski et al. 2018). C3 experiences a significant increase of ~74% after DAF and is the only
signature significantly changed due to BT, with an increase of ~13%. This highlights the
biolabile nature of C3, which has been identified as a significant driver of acute toxicity in the
matched studies. It constitutes ~30% of the optical signatures observed in the effluent and
increases with biological treatment. C4 exhibits an increase of ~104% after DAF treatment
and represents the most aromatic and oxygenated signature, reflecting the most degraded
HOPs in the BWTF process. Overall, C4 constitutes approximately 10% of the total observed
signatures at the BWTF, suggesting that the BWTF process does not significantly degrade
HOPs into these long-wavelength compounds. Instead, semi-labile/labile HOPs are released
into the aquatic ecosystem, posing a higher likelihood of reactivity and potential effects in

aquatic ecosystems.

Page 17 of 30



4-4 Attachment A

3.3. Trends in HM concentrations
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Figure 6. Shifts in (a) total and (b) significant HMs through the treatment process. Error bars
are removed from significant HMs plot for clear visualization. Connecting letters for THM are

Student’s t-test pairwise comparisons at 95% confidence.

The BWTF process significantly affects the concentration of HMs in oiled ballast water, as
revealed by a large quantitative screening. Overall, the total concentration of heavy metals
(THM) decreases significantly with the BWTF process, and similar trends are observed as with
HOPs. The only significant transformation occurs during the DAF process (p = -0.814) (Figure
6a). After the DAF process, the THM concentration decreases by approximately 34%. The
measured THM concentrations throughout the BWTF process range from 143 + 11.0

(effluent) to 373 + 29.7 pg/L (TP).

Out of the 18 HMs measured, only seven show significant trends with the BWTF process, and
all exhibit negative correlations (Table S4). These significant metals are divided into three
concentration levels: high (1.5 - 203 pg/L) including Fe, Ba, and Ni; medium (1.5 - 13.1 pg/L)
including Al and As; and low (0.148 - 2.02 pg/L) including V and Cr (Figure 6b). Of particular
interest is zinc (Zn), which ADEC categorizes as a parameter of concern and is believed to be
the main driver of effluent toxicity. The Zn concentrations in this study range from 30.1 +

0.139 (TP) to 31.4 £ 0.150 pg/L (DAF), which are significantly lower than the permit-set limit
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for effluent (4,150 pg/L) and the water quality standard limit (86.14 pg/L). The measured
effluent Zn concentrations from 2008 to 2017 range from 53 to 1,450 pg/L, with an average
of 267 pg/L, which is approximately 8.5 times higher than the reported values from this

study.

Possible sources of HMs in the oiled ballast water include interactions with metal industrial
equipment and from crude oil (Chinedu and Chukwuemeka 2018; Ajeel et al. 2021; ADEC
2019). None of the measured HMs exceeded the water quality standards set by ADEC and
the EPA (ADEC 2019). However, a potential threat associated with the discharge of HMs
from the BWTF is their sorption and accumulation in sediment, which poses an ecological

risk (Zhao et al. 2021; lordache et al. 2022; Miranda et al. 2022).

3.4. Comparison between stormwater and oiled ballast water

The unexpected similarities between TP (assumed stormwater) and GS (gravity separation
tank) in terms of measured contaminants (HOPs and HMs) raise questions about the
assumption that TP is a non-contaminated water source and its capacity to dilute oiled
ballast water. Surprisingly, all the measured data quantifying and characterizing HOPs and
HMs were statistically insignificant. This finding challenges the belief that TP, based on
historical contribution data, is a non-contaminated water source that dilutes contaminants

from oiled ballast water.

Recorded values from the gravity separation tank before and after 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 levels (below detection limits) of
BTEX, suggesting that TP is not contaminated and likely dilutes the contaminants in oiled
ballast water (ADEC 2019). 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 that are not detected by BTEX measurements.
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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 influent, or
contaminated stormwater itself. Further study and monitoring are necessary to gain
valuable insight into the sources of contaminants being treated at the BWTF. Understanding
the composition of the other influents is of utmost importance, especially considering that

ADEC permits the discharge of untreated stormwater during periods of high rainfall.

3.5. Implications for environmental monitoring

This study utilized a wide range of analytical techniques to investigate the BWTF process in
greater detail, uncovering previously undetected contaminants. The findings indicate that
the BWTF effectively removes BTEX from oiled ballast water but fails to remove HOPs.
Instead, the process generates and releases a diverse range of compositionally complex
HOPs, which may pose ecological risks. The C3 optical signature identified in this study

matched with other published components known to exhibit acute toxicity.

The toxicity mechanism of HOPs in the environment is not well understood, but existing
literature suggests that HOPs may be more toxic than their parent petroleum compounds
due to increased bioavailability resulting from higher oxygen content.(Katz et al. 2022)
Although the measured levels of HOPs and HMs in the effluent are not alarmingly high, it is
crucial to consider the volume of effluent being discharged into Port Valdez, which averages
1.72 million gallons per day (ADEC 2019). When normalized, this study reveals that 15
kilograms (kg) of HOPs and 11 grams (g) of arsenic are released into the water daily during
the processing of oiled ballast water. These significant quantities have the potential to enter
the aquatic ecosystem, transport through the water column, bioaccumulate in organisms,

and sorb into sediment, posing potential harm over time.
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The techniques employed in this study, such as NVDOC and optical analyses, have the
potential to be used as broad monitoring tools for oil contamination. NVDOC provides a
comprehensive quantification of dissolved organic carbon from oiled ballast water, going
beyond specific fractions like BTEX or TAgH, thus offering insights into the carbon release.
Additionally, optical signatures can characterize general qualities such as reactivity,
aromaticity, and oxygen content. Utilizing remote fluorescence sensors calibrated with
petroleum-specific signatures 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 transport of contaminants into the environment.
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Executive Summary

Ships rely on ballast water to maintain stability when traveling without cargo. However, this
water can contain pollutants, including hydrocarbons derived from oil, when stored in cargo
tanks. When this unsegregated ballast water is discharged, these pollutants can be released
into environments where they pose risk to the health of aquatic ecosystems. Ballast water
treatment facilities (BWTFs) are designed to eliminate these oily contaminants before water
is returned to the environment.

Current regulations on the effectiveness of the removal of oily contaminants are based on
the concentration of four compounds: benzene, toluene, ethylbenzene, and xylene (BTEX).
However, these four compounds only account for a tiny fraction of crude oil. Most
compounds in petroleum are not accounted for by these measurements. Specifically,
hydrocarbon oxidation products (HOPs), which can be more toxic than their parent
petroleum compounds, are considered to be emerging contaminants because they are not
regulated by government agencies. In addition to enhanced toxicity, HOPs are water-soluble,
so they can be rapidly transported vast distances away from their source of origin in aquatic
ecosystems. There is limited knowledge about the effectiveness of BWTFs in removing HOPs
and potentially toxic heavy metals.

The goal of this research is to determine the removal efficiency of HOPs and heavy metals at
the BWTF in Valdez, Alaska, prior to their release into Port Valdez. Over the course of one
year, twelve sample sets were opportunistically collected at the Valdez Marine Terminal's
BWTF when incoming tankers unloaded unsegregated ballast water (stored in the same
tanks as crude oil). Samples were collected after the oil/water separator (90's Tank), dissolved
air flotation/air stripper, and biological treatment tank (BTT) prior to discharge into Port
Valdez. Most samples were collected in the fall or winter months. Alyeska provided data on
BTEX concentrations for each sampling event. HOPs are not detectable by standard methods
of analysis that are used to measure hydrocarbons. Therefore, we had to use specialized
analytical techniques to measure the chemical composition and concentrations of HOPs at
each stage of the treatment process.

The results indicate that the treatment process efficiently removes BTEX as it is designed to
do. However, the process does not significantly reduce the concentration of HOPs from the
beginning of the process until they are discharged into Port Valdez. Instead, HOPs undergo
transformation into more chemically complex and potentially toxic compounds during the
treatment process. In addition, the BWTF successfully decreases the concentration of heavy
metals released into Port Valdez to meet water quality standards. Although the levels of
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these contaminants were not alarmingly high, they can still pose risk to aquatic ecosystems
via bioaccumulation.

Recommendations for the future include testing the toxicity of the effluent released into Port
Valdez, online monitoring of HOPs with sensors (like BTEX), treating the effluent with light
(destroy compounds), and properly maintain microbial populations in BTT (destroy
compounds). Moreover, measurements should be made of metals and HOPs in sediments
and shellfish (like previous studies focused on hydrocarbons by Dr. Merv Fingas) near the
exit of the effluent.
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