KLAIPEDA UNIVERSITY

Elise Marie Clemence LORRE

PHTHALATE ESTERS
IN BOREAL ESTUARINE SYSTEMS:
SOURCES, DISTRIBUTION AND FATE

DOCTORAL DISSERTATION

NATURAL SCIENCES,
ECOLOGY AND ENVIRONMENTAL SCIENCES (N 012)

Klaipeda, 2025



This doctoral dissertation was prepared in the 2020—2025 period at Klaipeda University,
based on the conferment of a doctorate right which was granted to Klaipeda University
by order of Minister of Education, Science and Sport (Republic of Lithuania) No.
V-160, signed on 22 February 2019.

Academic advisor
dr. Mindaugas ZILIUS (Klaipéda University, Natural Sciences, Ecology and
Environmental Sciences — N 012).

Research consultant
prof. dr. Federica BIANCHI (University of Parma, Italy, Natural Sciences,
Ecology and Environmental Sciences — N 012).

This doctoral dissertation will be defended at a public meeting of the Board of Klaipéda
University in Ecology and Environmental Sciences:

Chairman:

dr. Darius DAUNYS (Klaipéda University, Natural Sciences, Ecology and
Environmental Sciences — N 012);

Members:
dr. Tatjana PAULAUSKIENE (Klaipéda University, Natural Sciences,
Environmental Engineering — T 004);
dr. Marion KANWISCHER (Leibniz Institute for Baltic Sea Research, Germany,
Natural sciences, Chemistry — N 003);
dr. Laure MALLERET (Aix-Marseille University, France, Natural Sciences,
Chemistry — N 003);
prof. dr. Anna SOBEK (Stockholm University, Sweden, Natural Sciences,
Ecology and Environmental sciences — N 012).

The dissertation will be defended in a public meeting of the Board in Ecology and
Environmental Sciences, Klaipéda University, Marine Research Institute, Conference
hall (201 a.) at I p. m. on 6th of June, 2025.

Address: Universiteto alley 17, LT-92294, Klaipéda, Lithuania.

This doctoral dissertation was sent out on May 6, and is available for review at the
Library of Klaipeda University.



KLAIPEDOS UNIVERSITETAS

Elise Marie Clemence LORRE

FTALATU ESTERIAI BOREALINESE
ESTUARIJU SISTEMOSE:
SALTINIAI, SKLAIDA IR LIKIMAS

DAKTARO DISERTACIJA

GAMTOS MOKSLALI,
EKOLOGIUJA IR APLINKOTYRA (N 012)

Klaipeda, 2025



Disertacija rengta 2020-2025 metais Klaipédos universitete pagal Lietuvos Respu-
blikos $vietimo, mokslo ir sporto ministro 2019 m. vasario 22 d. jsakymu Nr. V-160
Klaipédos universitetui suteiktg Ekologijos ir aplinkotyros mokslo krypties doktoran-
tiros teisg.

Vadovas
dr. Mindaugas ZILIUS (Klaipédos universitetas, gamtos mokslai, ekologija ir
aplinkotyra — N 012).

Mokslinis konsultantas
prof. dr. Federica BIANCHI (Parmos universitetas, Italija, gamtos mokslai, eko-
logija ir aplinkotyra — N 012).

Daktaro disertacija ginama Klaipédos universiteto Ekologijos ir aplinkotyros mokslo
krypties taryboje:

Pirmininkas:
dr. Darius DAUNYS (Klaipédos universitetas, gamtos mokslai, ekologija ir
aplinkotyra — N 012);

Nariai:
dr. Tatjana PAULAUSKIENE (Klaipédos universitetas, gamtos mokslai, aplin-
kos inzinerija — T 004);
dr. Marion KANWISCHER (Leibnizo Baltijos jiiros tyrimy institutas, Vokietija,
gamtos mokslai, chemija — N 003);
dr. Laure MALLERET (Marselio universitetas, Pranciizija, gamtos mokslai, che-
mija—N 003);
prof. dr. Anna SOBEK (Stokholmo universitetas, Svedija, gamtos mokslai, eko-
logija ir aplinkotyra — N 012).

Daktaro disertacija bus ginama vieSame Ekologijos ir aplinkotyros mokslo krypties
tarybos posédyje 2025 m. birzelio 6 d. 13 val. Klaipédos universiteto Jaros tyrimy
instituto konferencijy saléje (201 a.).

Adresas: Universiteto al. 17, LT-92294, Klaipéda, Lietuva

Daktaro disertacija iSsiysta 2025 m. geguzés 6 d.
Disertacija galima perziiiréti Klaipédos universiteto bibliotekoje.



Abstract

The present study provides a comprehensive evaluation of the occurrence, distri-
bution, and fate of phthalate esters (PAEs) in boreal estuarine systems. Utilizing the
Curonian Lagoon as a model ecosystem, it aimed to identify the key factors govern-
ing PAE dynamics in estuarine systems. The findings indicate that the estimated PAE
inputs to the lagoon were generally lower than those of the outflow to the sea, sug-
gesting that the lagoon serves as a convergence zone for PAEs before their release into
the Baltic Sea. However, the role of the lagoon in regulating PAE throughputs var-
ied seasonally and was modulated by meteorological factors, including ice cover and
wind patterns. Among the estimated PAE sources, the main tributary emerged as the
primary source to the Curonian Lagoon, although additional contributors were also
present. While wastewater treatment plant discharges had a relatively minor impact,
atmospheric deposition was suspected to be a significant yet understudied source. A
key focus of the present study was to evaluate the role of suspended particulate matter
(SPM) in the transport and distribution of PAEs. Often overlooked in conventional
monitoring programs, SPM served as a crucial vector for distributing PAEs, particu-
larly those with a higher molecular weight, throughout the ecosystem. The sedimenta-
tion of particles with attached PAEs contributed to sediment contamination, reinforc-
ing the role of sediments as a major reservoir for PAEs in the ecosystem. Estimates
indicated that several tonnes of PAEs had been retained in surface sediments for over
5 years, underscoring their long-term persistence in the aquatic environment. This ac-
cumulation raised concerns about potential ecological risks, as the study revealed sig-
nificant threats to aquatic organisms in the lagoon. Comparative analysis with similar
estuarine systems, such as the Szczecin and Vistula lagoons, demonstrated consistent
long-term trends, further validating the Curonian Lagoon as a representative model
for PAE distribution in boreal estuarine systems. In addition to assessing contami-
nation patterns and ecological risks, this research introduces novel methodological
advancements that enhance analytical precision in contaminant detection and provide
unprecedented insights into PAE degradation processes, contributing to a broader un-
derstanding of the fate of pollutants in aquatic ecosystems.

Keywords:

Phthalate esters, Lagoon, Ecotoxicological Risk, Transcriptome analysis, Sus-
pended Matter



Reziumé

Siame darbe i§samiai jvertintas ftalaty esteriy (PAE) paplitimas, pasiskirstymas ir
likimas borealinése estuarijy sistemose. Tyrimy tikslas buvo identifikuoti pagrindi-
nius veiksnius, lemiancius PAE kaitg estuarijy aplinkoje, kaip modeling ekosistemg
naudojant Kur$iy marias. Tyrimy rezultatai atskleidé, kad KurSiy marios didzigjg dalj
laiko veiké kaip PAE Saltinis Baltijos jiirai. Vis délto mariy kaip tersaly Saltinio arba
»ltro* vaidmuo keitési priklausomai nuo sezoniniy meteorologiniy veiksniy — ledo
dangos ar véjo krypties. Pagrindiniu PAE $altiniu Kur§iy marioms buvo upés prietaka,
tuo tarpu nuoteky valyklos daré santykinai nedidelj poveikj bendrajai tarsai. Tikeétina,
kad atmosferiné depozicija taip pat gal¢jo biti reikSmingas PAE tarSos $altinis, taciau
jis kol kas licka mazai istirtas.

Viena i$ svarbiy tyrimo krypciy buvo PAE identifikavimas skirtingose fazése, sie-
kiant jvertinti suspenduoty daleliy poveiki PAE pernasai ir pasiskirstymui Kursiy ma-
riy ekosistemoje. Nors Siy daleliy vertinimas daznai nejtraukiamas j standartines ste-
bésenos programas, paaiskéjo, kad jos yra svarbus vektorius, ypa¢ pernesant didesnés
molekulinés masés PAE junginius. Prie daleliy adsorbuoti PAE sedimentacijos metu
pernesami ir j dugno nuosédas, kurios yra pagrindinis jy rezervuaras ekosistemoje.
Apskaiciuota, kad pavirSinése dugno nuosédose yra sukaupta iki keliy tony PAE, i$
kuriy dalis susikaupé prie§ daugiau nei penkerius metus. Sis vertinimas parodo ilga-
laikj PAE uzsilaikyma KurSiy mariy ekosistemoje. Atlikus rizikos vertinima skirtin-
giems vandens organizmams paaiskéjo, kad PAE akumuliacija priekrantés ekosiste-
mose gali kelti ekotoksiskumo pavojy.

Kur$iy mariy, Séecino ir Vyslos lagiiny palyginimas atskleidé panasias ilgalaikes
tarSos tendencijas, patvirtinancias, kad Kur$iy marios gali buti reprezentatyvus mo-
delis PAE pasiskirstymui borealinése estuarijy sistemose jvertinti. Be terSaly papliti-
mo ir ekotoksiskumo rizikos vertinimo, Siame tyrime panaudoti nauji metodologiniai
sprendimai, kurie pagerino analitinj tyrimo tikslumg nustatant terSalus ir suteiké naujy
izvalgy apie PAE skaidymo procesus, taip prisidedant prie iSsamesnio supratimo apie
terSaly likimg vandens ekosistemose.

ReikSmingi ZodzZiai:

Ftalaty esteriai — Lagiina — EkotoksiSkumo rizika — Transkriptomo analizé — Sus-
penduota medziaga
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Introduction

1.1. Phthalate esters: economical, societal and ecological importance

Phthalic acid esters (PAEs), commonly referred to as “phthalate esters” or “phthal-
ates,” are a group of organic compounds predominantly used as plasticizers. These
additives play a key role in enhancing the flexibility of rigid polyvinyl chloride (PVC)
materials, making them suitable for a wide range of applications. Plasticizers such as
PAEs can constitute up to 30% of the total weight of PVC materials (Wypych, 2012).
Beyond PVC, PAEs are used as viscosity control agents, solvents, adhesives, and
components in personal care products (ECPI, 2018; Katsikantami et al., 2016; Wilkes
et al., 2005).

Phthalates are the most widely used plasticizers globally, with an annual market de-
mand of approximately 6 million tonnes. China and the Asia-Pacific region represent
the largest area of PAE production, accounting for around 45% of the global market,
while Europe contributes around 15% (Bu et al., 2020; ECPI, 2025). The widespread
adoption of PAEs can be attributed to both their affordability and the versatile proper-
ties that they impart to plastic products, such as durability and temperature resistance.
These qualities make PAEs essential for manufacturing products such as electrical
wire sheathing and flooring (European Plasticisers, 2023; Wilkes et al., 2005).

Phthalates are a chemically diverse group of compounds that are not universally
interchangeable in their applications. They are broadly categorized based on the car-
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1. Introduction

bon chain length of their side groups: low-molecular-weight (LMW) PAEs, with side
chains of 1-6 carbons; and high-molecular-weight (HMW) PAEs, with side chains
of 7-13 carbons (Katsikantami et al., 2016). Among HMW PAEs, Di(2-ethylhexyl)
phthalate (DEHP) is the most commonly used plasticizer, enhancing the flexibility,
elasticity, and durability of industrial products such as wires, cables, flooring, tar-
paulins, wall coverings, synthetic leather, roofing membranes, and automotive ma-
terials (Katsikantami et al., 2016; Wilkes et al., 2005; Wypych, 2012). Conversely,
LMW PAEs, such as dibutyl phthalate (DnBP) and diisobutyl phthalate (DiBP), are
commonly utilized in medical devices, adhesives, paints, inks, and enteric coatings.
The smallest LMW PAEs, including dimethyl phthalate (DMP) and diethyl phthalate
(DEP), with hydrocarbon chains of only 1-2 carbons, are prevalent in domestic prod-
ucts, serving as solvents and fixatives in perfumes, cosmetics, and other household
items (Katsikantami et al., 2016; Wilkes et al., 2005; Wypych, 2012).

The widespread use of PAEs has raised significant concerns regarding their po-
tential impact on human health and the environment. The first official reports on the
levels of PAEs in the environment appeared in the 1970s (Hites, 1973; Hites and
Biemann, 1972). Since then, numerous studies have documented and monitored their
presence across various environmental compartments, including the water column,
sediments, and biota (Tran et al., 2022; Tuli et al., 2024), confirming their status as
ubiquitous environmental contaminants. The evidence suggests that even at low con-
centrations, PAEs may disrupt biological processes in humans and wildlife, exhibiting
teratogenic, mutagenic, and carcinogenic effects (Becker et al., 2004; Caldwell, 2012;
Chang et al., 2021). Numerous studies have linked PAE exposure to endocrine system
disruption, leading to reproductive toxicity and a variety of health disorders, including
thyroid dysfunction, respiratory diseases, obesity, reproductive and kidney diseases,
neurological conditions, cardiovascular ailments, and diabetes (Chang et al., 2021).
In aquatic environments, PAEs pose significant ecological risks, affecting organisms
at multiple levels. The exposure of embryos to PAEs can cause severe developmental
abnormalities, including mortality, spinal deformities, necrosis, and cardiac edema,
compromising survival and population stability (Y. Zhang et al., 2021). In adult or-
ganisms, PAEs have been linked to reproductive impairments, hormonal disruptions,
and organ damage, with prolonged exposure leading to bioaccumulation and toxic
effects up the food chain (Net et al., 2015b; Y. Zhang et al., 2021). Beyond direct
toxicity, PAEs can disrupt ecosystem dynamics by altering community composition,
potentially altering the nutrient cycle and destabilizing food webs (Wang et al., 2023;
Zhu et al., 2019). Their impact on the growth of primary producers, such as algae (Gu
et al., 2017; Wenchao et al., 2023), can also threaten nutrient cycling and ecosystem
productivity. Given their potential impact on the ecosystem, further research is es-
sential in order to understand their long-term ecological consequences and inform
mitigation strategies.
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1. Introduction

Given their associated health and environmental risks, several PAEs, including
DnBP, DiBP, DEHP, and benzyl butyl phthalate (BzBP), have been classified under
the European Union’s Classification, Labelling, and Packaging (CLP) regulation as
reprotoxic substances, Category 1B (ECHA, 2025a). This classification indicates a
presumed potential for reproductive toxicity in humans based on animal studies. Ad-
ditionally, DnBP and BBP are categorized as Aquatic Acute 1, and BBP as Aquatic
Chronic 1, reflecting their adverse impacts on aquatic ecosystems (ECHA, 2025a).
The European Chemicals Agency (ECHA) further recognizes these four phthalates
as endocrine disruptors for human health, with DEHP and DnBP also identified as
endocrine disruptors in the environment (ECHA, 2025b).

As a result, the use of these PAEs is now heavily restricted under European regu-
lations, requiring authorization for their application. These measures have led to a
steady decline in the use of PAEs over time. For instance, PAEs constituted approxi-
mately 88% of the European plasticizer market in 2005, while by 2014, this share had
declined to 70% (ECPI, 2018), with projections indicating a continued decrease in
subsequent years. Despite this decline, PAEs continue to be widely used, posing risks
to the well-being of living organisms. Numerous studies have confirmed the perva-
sive presence of PAE compounds in the environment (Gao and Wen, 2016; Puri et al.,
2023; Y. Zhang et al., 2021).

1.2. Sources of phthalate esters in the aquatic environment

Coastal environments, particularly estuarine systems, receive substantial chemical
inputs from agricultural, industrial, and domestic sources through both water and atmo-
spheric pathways (Shen et al., 2019; Y. Zhang et al., 2021). In agricultural fields, surface
runoff is a major contributor to PAE contamination in water bodies. The application of
pesticides, biosolids, and fertilizers, which have been found to contain PAEs at concen-
trations ranging from 1.17 to 2795 ug . kg™ (Mo et al., 2008), leads to contamination
as excess residues bind to soil particles and are later washed into rivers and estuaries (He
et al., 2015). Additionally, plastic mulch and agricultural film, both widely used to im-
prove crop yields, gradually degrade and release PAEs into the soil (Chen et al., 2013),
where they can be transported by rainfall and irrigation runoff. Furthermore, plastic
greenhouses and the volatilization of PAEs from contaminated sources contribute to at-
mospheric pollution (Wang et al., 2021), allowing these contaminants to be carried over
long distances and subsequently deposited into water bodies (Woodrow et al., 2019).

Phthalates from both industrial and domestic sources enter the environment pri-
marily through wastewater discharge. Industries such as plastic manufacturing, tex-
tiles, and chemical processing release PAEs into industrial wastewater, which, if in-
adequately treated, contaminates rivers, lakes, and coastal waters (Bergé et al., 2014;
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1. Introduction

Dargnat et al., 2009). Additionally, PAEs can evaporate from industrial materials and
attach to airborne dust particles, which later settle onto land and water through atmo-
spheric deposition (Gao et al., 2018; Wu et al., 2019). Similarly, domestic sources like
personal care products, detergents, and plastic household items contribute significant-
ly to wastewater pollution, as PAEs are washed down drains and often bypass com-
plete removal in wastewater treatment plants (Bergé et al., 2014; Gao et al., 2014).
Furthermore, indoor emissions from vinyl flooring, furniture, and synthetic textiles
release PAEs into household air, where they bind to dust and can either be inhaled or
transported outdoors through ventilation (Basaran et al., 2020; Lu and Zhu, 2021).

Wastewater treatment plants (WWTPs), which receive influents from domes-
tic, agricultural, and industrial sources, are recognized as one of the most signifi-
cant direct contributors to PAEs in aquatic systems (Gao et al., 2014). Conventional
WWTPs, relying on standard treatment methods, have demonstrated highly variable
PAE removal efficiency, ranging from as low as 14.2% to as high as 99.8% (Bai et
al., 2022). However, recent advancements in wastewater treatment technology have
improved the removal of organic pollutants including PAEs, offering promising solu-
tions to mitigate their environmental impact (Wang et al., 2020).

While there are multiple potential contributors to environmental contamination, the
complexity of environmental systems often poses challenges in identifying and quanti-
fying individual sources of pollution. Semi-enclosed coastal estuarine systems, such as
that of the Curonian Lagoon, offer unique opportunities to evaluate pollution dynamics
through a “black-box” approach by estimating the mass balance of inputs and outputs.
This lagoon receives 96% of its freshwater inflow from the Nemunas River, its major
tributary (Jakimavicius and Kriaucitinien¢, 2013), along with several WWTPs which
contribute localized inputs. It also features a single outflow, where it exchanges water
with the Baltic Sea. These characteristics allow for the comprehensive monitoring of
both inflow and outflow, facilitating the assessment of WWTP impacts and other pol-
lutant sources. Consequently, the Curonian Lagoon provides an ideal case study for
identifying and quantifying the sources of PAEs, enabling a deeper understanding of
their behavior and distribution in semi-enclosed estuarine systems.

1.3. The transport and partitioning of phthalate esters
in the aquatic environment

The ubiquitous use and continuous release of PAEs have rendered them pervasive
environmental contaminants. Water serves as a major vector for both direct and indirect
PAE exposure, given its central role in consumption, agriculture, and food production
(Tuli et al., 2024). However, most studies have focused predominantly on the occur-
rence of PAEs in the water column, often neglecting their partitioning between dis-
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1. Introduction

solved and particulate phases (Bergé et al., 2013). Analytical workflows frequently lead
to the removal of suspended particulate matter (SPM) during sample preparation, with
only the dissolved phase being analyzed (He et al., 2013; Paluselli et al., 2018; Xu et al.,
2022). Consequently, relatively few studies have provided a comprehensive assessment
of PAE partitioning in aquatic environments (He et al., 2019; Zeng et al., 2009).

Understanding water-solid partitioning is crucial for elucidating the distribution
and behavior of PAEs in the environment. Partitioning directly influences the bio-
availability and accumulation patterns of these pollutants. It has been demonstrated
that the sorption of chemicals onto sediments can reduce their bioavailability for up-
take by organisms such as fish (Schrap and Opperhuizen, 1990). However, reduced
bioavailability also limits biodegradation, allowing sorbed substances to persist and
accumulate in the environment over extended periods. This persistence contributes to
bioaccumulation and the potential for biomagnification, creating long-term environ-
mental and health risks.

The sorption of PAEs onto particles (i.e., suspended matter or sediments) is largely
governed by their hydrophobicity, typically expressed as the octanol-water partition
coefficient (Log K ; Gago et al., 1987). The Log K_ for PAEs increases with the
length of their alkyl chains (see Table 1), indicating that HMW PAEs are more likely
to associate with particulate matter than LMW PAEs. Particle characteristics also play
a critical role in the partitioning of PAEs. Hydrophobic compounds, such as PAEs,
tend to be adsorbed preferentially onto the organic matter present in suspended par-
ticles or sediments (Staples et al., 1997b). Consequently, the degree of adsorption is
typically correlated with the organic carbon content of these particles (Yang et al.,
2013). Moreover, fine-grained particles have a larger surface area, providing more
binding sites for adsorption and thus a greater capacity to retain organic matter, which
can also enhance the sorption of PAEs (Lu et al., 2023).

Beyond hydrophobicity, the sorption of PAEs is also influenced by environmental
factors, including temperature, pH, and salinity. Higher temperatures and pH levels
generally reduce the sorption capacity of PAEs, increasing their solubility and pro-
moting broader dispersion in the water column (Gao et al., 2016). In contrast, higher
salinity enhances the sorption behavior of PAEs through the salting-out effect, leading
to greater accumulation in sediments or adsorption onto particulate matter in saline
environments (Yuwatini et al., 2013). This highlights the critical role of SPM in deter-
mining the distribution and fate of PAEs in aquatic environments. Investigating PAE
partitioning is therefore essential for a more accurate understanding of PAE bioavail-
ability, persistence, and potential ecological and health implications.
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1.4. The fate and transformation of phthalate esters
in the aquatic environment

Once introduced into aquatic environments, PAEs undergo various physical,
chemical, and biological processes that govern their fate, transport, and transforma-
tion. Key mechanisms, such as adsorption, degradation, and partitioning, predeter-
mine how PAEs are distributed across various compartments in water bodies (Staples
et al., 1997b). The definitive removal of PAEs from the environment occurs through
their degradation into smaller, linear compounds. This transformation can proceed
via abiotic processes, such as hydrolysis and photolysis, or through microbial deg-
radation, which has been recognized as the primary pathway for PAE breakdown in
aquatic systems (Puri et al., 2023).

Abiotic degradation processes, while theoretically feasible, are generally too slow
to significantly impact the persistence of PAEs in natural waters. For example, BBzP
has an aqueous photolysis half-life exceeding 100 days, while DMP and DEHP have
a half-life of approximately 3 and 2,000 years, respectively (Boll et al., 2020; Gledhill
et al., 1980; Staples et al., 1997b). In contrast, microbial degradation can occur on a
much faster timescale, ranging from days to years, depending on environmental con-
ditions and the specific matrix involved (Boll et al., 2020).

Phthalate esters in the dissolved phase exhibit greater bioavailability to organisms
and accessibility for microbial degradation than those adsorbed onto SPM or sedi-
ments (Staples et al., 1997b). Consequently, PAEs degrade, theoretically, more rapidly
in the water column compared to sedimentary environments. Several environmental
conditions, including oxygen availability, nutrient levels, temperature, and pH, in-
fluence PAE degradation rates. Aerobic conditions promote faster degradation than
anaerobic conditions due to differences in microbial activity and metabolic pathways
(Boll et al., 2020; Staples et al., 1997b). Optimal PAE degradation occurs at moderate
to high temperatures, with peak efficiency observed at ~30 °C, a neutral pH (~7), and
in nutrient-rich conditions that support microbial growth. In contrast, extreme pH val-
ues, low temperatures, and nutrient scarcity can significantly slow degradation, lead-
ing to prolonged PAE persistence in the environment (Chang et al., 2005; Kanaujiya
etal., 2023; Li et al., 2007; Sharma et al., 2024).

The molecular structures of PAEs play a crucial role in their degradation kinetics.
LMW PAEs degrade faster than HMW PAEs, for example. This difference is likely
due to the steric effect of the side ester chains of PAEs, which prevent the bind-
ing of the hydrolytic enzymes necessary for their degradation (Liang et al., 2008).
HMW PAEs are also more likely to be adsorbed onto SPM and sediments, reducing
their bioavailability and degradation potential. Consequently, HMW PAEs are prone
to long-term accumulation in the environment, while LMW PAEs are more readily
bioremediated.
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However, much of our current understanding of the degradation of PAEs comes
from controlled laboratory studies, which may not accurately depict environmental
conditions. Laboratory experiments frequently involve testing isolated chemicals as
the sole carbon source for microbial growth, whereas natural environments contain
a complex mixture of organic and inorganic compounds competing as substrates for
microbial metabolism (Peterson and Staples, 2003). Moreover, laboratory experi-
ments typically employ model microbial communities, often derived from sewage,
that do not necessarily mimic the activity and composition of microbial communities
in natural waters (Bouhajja et al., 2016; Zhu et al., 2020). While laboratory-controlled
experiments remain an important tool for understanding pollutant degradation, their
limitations underscore the need for complementary approaches to account for envi-
ronmental complexity. Long-term field studies are therefore essential to validate labo-
ratory findings, assess the real-world persistence of PAEs, and improve predictions of
their environmental fate.

Integrating pollutant quantification with microbiome analyses in natural samples
presents a promising approach. Advanced molecular tools, such as metagenomics and
metatranscriptomics, offer powerful insights into microbial community composition
and functional potential of PAE degradation in situ (Bouhajja et al., 2016). These
methods allow for the identification of the genes and metabolic pathways associated
with PAE biodegradation, providing a more holistic understanding of microbial pro-
cesses in the ecosystem. Despite their potential, omics-based approaches are rarely
employed to study the transformation of PAEs in natural environments (Wei et al.,
2021; Zhu et al., 2020). Expanding the application of such tools could bridge knowl-
edge gaps, enabling the more accurate assessment of the fate of PAEs and their trans-
formation in complex aquatic systems.
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2

Aims and working hypotheses

The general aim of this thesis is to elucidate the key factors controlling the dynam-
ics and fate of PAEs within estuarine environments. To achieve this overreaching aim,
the following specific objectives were delineated:

1. To develop a reliable analytical method for quantifying PAEs in sediments.

2. To quantify the PAE loads delivered to the Curonian Lagoon by different inputs
(WWTPs, Nemunas River, Baltic Sea).

3. To assess the spatiotemporal variability in the distribution of PAEs within pe-
lagic and benthic compartments of the Curonian Lagoon.

4. To evaluate the influence of suspended matter on the distribution behavior of
PAEs in the water column.

5. To estimate the storage of PAEs in the Curonian Lagoon ecosystem.

6. To evaluate the distribution, potential risks, and fate of PAEs in selected coastal
lagoons of the Baltic Sea, comparing them with the model Curonian Lagoon system.

In line with the specific objectives, the following hypotheses were formulated:

* Season-driven environmental fluctuations can significantly influence the re-
lease and distribution of PAEs within the Curonian Lagoon, potentially im-
pacting their concentrations and transport mechanisms (objectives 2 and 3).
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*  Suspended matter plays a crucial yet often overlooked role in the distribution of
PAEs. Despite its relevance, SPM has been insufficiently considered in previous
investigations, and this study aims to address this gap (objectives 4 and 5).

*  The Curonian Lagoon can serve as a valuable case study for elucidating the
behavior of PAEs within estuarine ecosystems. This insight could facilitate the
extrapolation of findings to similar coastal environments, particularly other
lagoons in the Baltic Sea region (objective 6).

2.1. Elements of novelty

This doctoral study unveils novel insights into the mechanisms governing the
distribution of pollutants in estuarine systems, with a focus on the previously un-
derexplored Curonian, Vistula, and Szczecin lagoons, specifically concerning PAEs.
It provides new data on pollution levels in these unique ecosystems, addressing a
critical gap in the current understanding of phthalate contamination. Furthermore,
the study employs mass balance estimations, also known as a “black-box” approach,
to investigate anthropogenic pollutant sources within semi-enclosed lagoons. These
systems possess the rare combination of geographical, morphological, and hydrody-
namic characteristics necessary for such an analysis. This approach, which focuses on
input and output estimations, has been successfully employed in the analysis of nutri-
ent dynamics (Zilius et al., 2018); however, it is rarely utilized in studies of organic
pollutant distribution due to its specific environmental constraints. This methodology
significantly enhances our understanding of the transport, transformation, and fate
of pollutants in estuarine environments, offering valuable insights into the complex
interactions between natural processes and anthropogenic influences on ecosystems.

A key novel aspect of this study also lies in the comprehensive analysis of wa-
ter column samples, systematically segregating them into dissolved and particulate
phases. This approach facilitates the in-depth examination of the relative significance
of each phase in the behavior and distribution of PAEs. The findings demonstrate
that SPM, frequently overlooked in conventional monitoring studies due to practical
constraints, plays a critical role in the partitioning of PAEs between dissolved and par-
ticulate forms. The partitioning observed between phases has significant implications
for the fate and transport of these pollutants within estuarine environments.

Furthermore, the present study pioneers the application of advanced analytical
tools. This includes the Quality by Design approach, which is used to optimize envi-
ronmental analytical method, and shotgun transcriptomic analysis, which is performed
on field samples from the Baltic lagoons. Transcriptomics analysis yields unprec-
edented insights into the microbial communities capable of degrading PAEs, thereby
shedding light on the natural attenuation processes that mitigate pollutant impacts.
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2.2. The scientific and practical significance of the results

The findings of this doctoral study hold substantial scientific and applied signifi-
cance. From a scientific standpoint, the study significantly advances the current un-
derstanding of the distribution and fate of PAEs in estuarine systems, shedding light
on the critical roles played by SPM and sediment in the transport, storage, and overall
fate of PAEs within aquatic environments. This research not only underscores the
importance of these matrices in influencing the behavior of PAEs, but also provides
novel insights into their interactions and impact on pollutant dynamics in estuarine
systems. Notably, it provides novel insights into the interaction between PAEs and
microbial communities in sediment and the potential environmental risk posed by
such pollutants.

While the focus of this research is specifically on PAEs, the innovative method-
ological approaches employed transcend this specific scope. The utilization of the
“black-box” and Quality by Design approaches, transcriptomics analysis and analyti-
cal partitioning of PAE phases offer valuable tools and frameworks applicable beyond
the scope of this research. These cutting-edge methodologies have the potential to
be applied to a broader range of organic pollutants, thereby opening new avenues
for future research. By refining these techniques, this research contributes to a better
understanding of the role of estuarine systems in regulating the load of pollutants to
adjacent coastal sites, and aims to establish a scientific basis for formulating recom-
mendations for future environmental monitoring programs.

The findings of this study also hold important implications for environmental
monitoring programs from an applied perspective. The results highlight the crucial
importance of integrating SPM into monitoring frameworks to achieve a more com-
prehensive understanding of pollutant dynamics. The study demonstrates that SPM
plays a pivotal role in the distribution, transport, and fate of PAEs, which can sig-
nificantly affect the accuracy of environmental impact assessments if overlooked.
By highlighting the substantial influence of SPM on pollutant behavior, this research
advocates for the integration of SPM analysis into routine environmental monitoring
programs. This integration would enhance the capability of monitoring programs to
detect and evaluate the presence and movement of contaminants, thereby improving
the reliability of the data used to assess the impacts of human activities, natural events,
and policy interventions on aquatic environments. Furthermore, incorporating SPM
into monitoring practices can aid in developing more effective strategies for pollution
management and mitigation, ultimately leading to the better protection of water qual-
ity and ecosystem health. The insights gained from this study provide a foundation
for revising existing monitoring practices and developing targeted recommendations
for future environmental assessment efforts, ensuring that they are both scientifically
robust and practically relevant.
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2.3. Scientific approval

The results of this study have been presented at 3 international conferences:

ICES PICES Fourth Early Career Scientist Conference, St. John’s, Newfoundland,
Canada, July 2022 (Poster presentation) — “Distribution and behaviour of Phthalic
Acid Ester in the water column of the largest European lagoon.”

ASLO 2023; Association for Science of Limnology and Oceanography; Aquatic
Sciences Meeting, Palma, Spain, June 2023. (Poster presentation) — “Impact of Sus-
pended Matter on the transport and the degradation Kinetics of Phthalates Esters in
the water column.”

BSSC 2023; Baltic Sea Science Congress, Helsinki, Finland, August 2023. (Post-
er presentation) — “Comparative assessment of Phthalates Esters distribution in the
coastal lagoons of the Baltic Sea: a compositional profile, spatial patterns and envi-
ronmental control.”
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Main methods

3.1. Study area

Coastal environments, particularly estuarine systems, face increasing threats from
anthropogenic pollution due to the large volumes of chemicals that they receive from
domestic, agricultural, and industrial effluents (Shen et al., 2019; Y. Zhang et al.,
2021). Estuaries, being situated at the interface between land and sea, function as
“coastal filters” for pollutants. Within these systems, pollutants may be retained, trans-
formed, or accumulated, thereby reducing the pollutant load on their pathway to the
sea. However, the accumulation of pollutants has an adverse impact on the ecological
health and water quality of estuarine and adjacent marine environments (Barletta et
al., 2019; Roscher et al., 2021). Lagoons, representing a distinct sub-class of estuar-
ies, are typically shallow water bodies separated from the open sea by natural barriers
such as sandbanks, shingles, or rock formations (Johnson et al., 2007). Due to their
unique morphology and hydrodynamics, lagoons are particularly relevant study areas
for examining the behaviors and fate of pollutants within coastal ecosystems. Among
other characteristics, boreal lagoons, in particular, are distinguished by periods of ice
cover and ice-free conditions, dramatic temperature variations, and fluctuations in
riverine inputs, which seasonally regulate nutrient and pollutant concentrations, as
well as microorganism activity and composition (Idzelyté et al., 2020; Zilius et al.,
2021, 2018).
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Figure 1. The geographical locations of sampling stations in the lagoon areas
(A — Curonian Lagoon; B — Vistula Lagoon; C — Szczecin Lagoon).

The present study primarily focused on the Curonian Lagoon (Fig. 1.A), located in
the southeastern region of the Baltic Sea. The study aimed to comprehensively exam-
ine the sources and spatio-temporal distribution of PAEs within this lagoon system,
as detailed in Papers II and III. The Curonian Lagoon represented a model system
for this investigation. Subsequently, a comparative analysis was conducted with two
other similar Baltic lagoons, the Vistula and Szczecin lagoons (Fig. 1.B and C), to
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contextualize the findings and assess regional variations in PAE sources and distri-
bution (Paper IV). The Szczecin and Vistula lagoons were selected for comparison
due to their similar geomorphological features, comparable range of salinity despite
varying riverine inputs (Szczecin > Curonian > Vistula), and different levels of pro-
ductivity (Curonian > Szczecin > Vistula), resulting in varying compositions, levels of
suspended matter, and activity of microorganisms. This allowed for the evaluation of
whether comparable but distinct conditions could exert similar (or distinctive) control
over PAE distribution, fate, and transformation in these ecosystems. The physico-
chemical conditions in these systems have been extensively described in previous
studies (Bonaglia et al., 2025; Cheung et al., 2025).

3.1.1. The Curonian Lagoon

The Curonian Lagoon, with an area of ~1,600 km?, is the largest coastal lagoon in
Europe. This shallow (mean depth of 3.8 meters), microtidal estuarine system is situ-
ated along the southeastern coast of the Baltic Sea, spanning both Lithuania and the
Russian Federation. The lagoon discharges into the sea through the narrow Klaipeda
Strait and experiences occasional salinity increases in its northern section due to inter-
mittent wind-driven events. They typically range from 1 to 2 PSU, with a maximum
of 7 PSU (Zemlys et al., 2013).

The Curonian Lagoon receives direct discharges from several WWTPs situated
along its perimeter, with the largest of these being the Klaipeda City WWTP, which
serves approximately 150,000 inhabitants of the Klaipéda municipality and other
small towns in the area. The WWTP has a design capacity of nearly 500,000 popu-
lation equivalents (PE), with an actual loading of ~320,000 PE and a discharge of
~0.016 km?® per year (AB Klaipédos Vanduo pers. com.). Smaller WWTPs located
on the Curonian Spit contribute additional inputs to the lagoon, particularly during
the tourism season between June and September, when the resident population sub-
stantially increases. However, the predominant source of freshwater is the Nemunas
River, with an annual average discharge of 16.4 km?, accounting for 96% of the total
freshwater inflow (HELCOM, 2015; Jakimavicius and Kriau¢itiniené, 2013; Vyber-
naite-Lubiene et al., 2018). The river basin, covering an area of 97,864 km?, drains
urban, agricultural, and industrial regions across Lithuania, Belarus, and the Russian
Federation, serving a population of over 5 million inhabitants.

The inflow from the Nemunas River results in distinct hydrodynamics and sedi-
mentary conditions within the lagoon, dividing it into two main areas: the northern
transitional area and the south-central confined area. The northern half is character-
ized by shallower depths (1.5-2 meters), shorter water renewal times (seasonal range
of 50-100 days), and sandy sediments (Umgiesser et al., 2016; Zilius et al., 2014).
In contrast, the central-southern half of the lagoon is deeper (mean depth of 3.5 me-

27



3. Main methods

ters), characterized by longer water renewal times (seasonal range of 100-250 days),
and dominated by organic-rich, silty sediments. Overall, the lagoon is vertically well-
mixed due to its shallow depth and weak salinity gradients (Zilius et al., 2024, 2014).

The sampling strategy for each objective was meticulously designed to account for
the diverse sources of input to the lagoon, including WWTPs, riverine inflows, and
exchanges with the sea, as well as its distinct sedimentary environments — specifically
the sandy transitional (hereinafter “sandy”) and muddy confined (hereinafter “mud-
dy”) areas. This strategic approach ensured comprehensive coverage of the lagoon’s
varying hydrodynamic and sedimentary conditions, allowing for the more accurate
assessment of spatial distribution and potential sources of pollutants.

3.1.2. Comparable lagoons (Vistula, Szczecin)

To evaluate the use of the Curonian Lagoon as a model system, a research frame-
work was established in two similar systems: the Vistula and Szczecin lagoons, both
located in the southern Baltic Sea. The Szczecin Lagoon, covering 687 km?, is located
between Poland and Germany and has an average depth of 3.8 meters. This lagoon is
primarily influenced by the discharge of the River Odra (Oder), which contributes 94%
of freshwater inputs. The Odra River, with a length of 854 kilometers and a basin area
of 120,000 km?, plays a crucial role in the hydrodynamics of the lagoon (Radziejew-
ska and Schernewski, 2008). The Szczecin Lagoon is also significantly impacted by
maritime transport, with a dredged channel 10.5 meters in depth crossing the lagoon,
linking the mouth of the Odra River to the Szczecin harbor and the Baltic Sea.

The Vistula Lagoon, covering 838 km?, is located between Poland and the Rus-
sian Federation. Unlike the Curonian and Szczecin lagoons, the Vistula Lagoon has a
considerably smaller catchment area and tributaries, resulting in higher salinity levels
and longer water residence times (Chubarenko and Margonski, 2008).

Similarly to the Curonian Lagoon, the Vistula and Szczecin lagoons are character-
ized by two dominant sedimentary environments: shallow sandy areas and deeper
muddy areas. The shallow sandy areas, with a mean depth of 1.5 meters, are char-
acterized by limited organic matter accumulation in sediments and high shear stress,
resulting in frequent sediment resuspension. The deeper muddy areas, with a mean
depth of 4 meters, are rich in organic deposits, indicating substantial organic input and
prolonged water circulation.

3.2. The extraction of phthalate esters

The global industrial sector encompasses a substantial number of PAEs. How-
ever, the scope of this study focused on seven primary congeners: dimethyl phthal-
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ate (DMP), diethyl phthalate (DEP), diisobutyl phthalate (DiBP), dibutyl phthalate
(DnBP), butyl benzyl phthalate (BBzP), di(2-ethylhexyl) phthalate (DEHP), and di(n-
octyl) phthalate (DOP). These specific PAEs were selected due to their widespread
use, broadly recognized potential health risks, environmental persistence, and regula-
tory significance. Four of these phthalates, namely DiBP, DnBP, BBzP, and DEHP,
are already included in several European Union watchlists, underscoring their impor-
tance as priority substances for environmental and public health monitoring (ECHA,
2025a). In contrast, although DMP, DEP, and DOP are not formally listed in major
surveillance programs, they remain critical in environmental studies. These phthal-
ates are frequently found in various environmental matrices, and their widespread
presence in some ecosystems suggests that they may pose significant ecological risks
(Miao et al., 2025).

In this study, PAEs were extracted from three distinct environmental matrices: the
dissolved, particulate, and sediment phases. Due to the potential presence of PAEs
within laboratories, extraction methods had to follow strict and clean protocols ensur-
ing rigorous quality control measures. To ensure the reliability and accuracy of the
results, all extraction techniques described below were validated in accordance with
EURACHEM guidelines (Magnusson and Ornemark, 2018).

3.2.1. The dissolved phase

Phthalate esters can be extracted from the aqueous environment using various
methods, such as solid-phase extraction (SPE), liquid-liquid extraction (LLE), and
solid-phase microextraction (SPME) (Net et al., 2015a). Among these, SPE has
emerged as the most widely utilized technique for the extraction of PAE from water
samples due to its superior accuracy, reproducibility, and capacity to concentrate ana-
lytes from large water volumes (Tuli et al., 2024).

However, if the water samples contain excessive suspended particulate matter, the
SPE system may become clogged, potentially compromising the efficiency of the
SPE procedure. In this study, to mitigate the risk of compromised analysis and to gain
more detailed insights into the distribution of PAEs, all water samples were filtered
through pre-combusted (at 500 C for 6 hours) GF/F filters (0.7 um nominal pore size)
to separate the dissolved and particulate phases. Subsequently, the SPE method was
applied to extract the dissolved fraction of PAEs, following the EN ISO 18856:2005
international standard (European Committee for standardization, 2005).

The SPE is based on selective adsorption, where the target analytes — in this case,
PAEs — are separated from the liquid matrix by passing the sample through a solid sor-
bent material. This study employed C18ec cartridges (Chromabond®, 6 mL/500 mg)
as the sorbent. Subsequently, the retained analytes were eluted using a small volume
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of solvent — specifically, 2 mL of ethyl acetate — to concentrate the analytes for later
analytical detection. This procedure is detailed in Paper II.

3.2.2. The particulate phase

The analysis of PAEs bound to particulate matter requires the separation of SPM from
the aqueous phase. Pre-combusted (at 500 °C for 6 hours) GF/F filters with a nominal pore
size of 0.7 um are commonly used for this purpose (Net et al., 2015a; Zeng et al., 2008).
Filter pre-combustion is essential to minimize contamination during PAE analysis. After
filtration, the filter containing the precipitated particulate matter must be treated as a solid
sample. While various methods exist for extracting PAEs from solid samples, ultrasonic
extraction is the most commonly used technique for SPM (Net et al., 2015a). In this study,
an ultrasonic homogenizer (Bandelin Sonoplus HD 4200, equipped with a TS103 probe,
BANDELIN electronic GmbH & Co. KG, Germany) was utilized for extraction. The filters
were spiked with an internal standard and subjected to two rounds of ultrasonic extraction
to ensure high recovery efficiency, using dichloromethane (DCM).

For particle-bound contaminants, concentrations are typically normalized by mass
(e.g., ug/g) to clearly indicate the amount of contaminant associated with the particu-
late matter. In this study, the mass concentration was multiplied by the concentration
of SPM in the water column to obtain the volumetric concentration of particulate-
bound PAEs, expressed in pg/L. This volumetric concentration is crucial for calculat-
ing the total concentration of PAEs in the water column (as the sum of dissolved and
particulate-phase concentrations) and for comparing the distribution of PAEs between
the dissolved and particulate phases.

3.2.3. The sediment phase

The extraction of PAEs from sediment matrices has been carried out using a
wide range of methods, including Soxhlet extraction, microwave-assisted extrac-
tion (MAE), accelerated solvent extraction (ASE), and ultrasonic-assisted extraction
(UAE). However, in contrast to liquid samples, no single method consistently outper-
forms the others when it comes to sediment extraction, as each technique presents its
unique advantages and limitations. Techniques such as MAE and ASE require special-
ized equipment which may not be readily available in all laboratories, and pose the
risk of cross-contamination between samples due to the cleaning procedures required
between uses. Soxhlet extraction is effective, but it is time-intensive and requires
large volumes of solvent (Net et al., 2015a).

In contrast, UAE offers a compelling advantage due to its simplicity and accessibil-
ity. It can be readily implemented in most analytical laboratories with basic equipment,
such as a shaking table and an ultrasonic bath. Additionally, UAE allows for the si-
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multaneous extraction of multiple samples, significantly reducing overall analysis time.
However, optimizing parameters such as solvent type and volume, shaking time, and ul-
trasonic treatment duration can be challenging, as each factor can directly influence the
extraction efficiency of organic pollutants (Ndwabu et al., 2023). Consequently, rigor-
ous method optimization and validation are imperative to ensure optimal performance.

In this study, UAE was selected for the extraction of PAEs from sediment. The
optimization and validation of the procedure are detailed in Paper I. The optimized pa-
rameters included shaking time, ultrasonic time, solvent type, and volume. The final
extraction procedure involved transferring 2—4 g of dry sediment into a borosilicate
glass bottle followed by the addition of the solvent (optimized condition: 17.5 mL of
mixture of DCM and acetone in a 1:1 ratio). The bottles were closed, shaken (opti-
mized condition: 15.0 min duration) on a horizontal shaking table and sonicated (op-
timized condition: 12.0 min duration) at room temperature in an ultrasonic bath. The
supernatant was then separated from the sediment, evaporated under a gentle stream
of nitrogen gas, and reconstituted in ethyl acetate for further analysis.

3.3. GC-MS analysis

Phthalates are commonly quantified using chromatographic techniques, with gas
chromatography coupled to mass spectrometry (GC-MS) being the most widely used
due to its capability for the simultaneous identification and quantification of target
PAEs at low limits of detection (LOD), typically in the pg/L or ng/g range.

The development of a GC-MS method requires the careful optimization of several
parameters to ensure high sensitivity, selectivity, and resolution. Key GC parameters
include column type and dimensions, carrier gas type and flow rate, oven temperature
programming, and injection conditions. These factors influence analyte separation
efficiency and analysis time. For MS, critical parameters such as ionization source,
mass analyzer settings, detector voltage, and data acquisition mode directly impact
detection sensitivity and specificity (Agilent, 2020).

In this study, a Shimadzu GC-2010 Plus gas chromatograph coupled with a GC-
MS-TQ8040 mass spectrometer (Shimadzu Corporation, Japan) was employed. He-
lium (99.9999%) served as the carrier gas at a constant flow rate of 1 mL/min, with
the GC injector operating in splitless mode at 250 °C. Chromatographic separation
was achieved using an Rxi-5Sil MS capillary column (30 m X 0.25 mm i.d., 0.25 pm
film thickness; Restek®, USA) with the following temperature program: 60 °C for 2
minutes, 25 °C/min to 240 °C (held for 2 minutes), and 10 °C/min to 300 °C (held for
3 minutes). The transfer line and ion source temperatures were maintained at 280 °C
and 230 °C, respectively. The mass spectrometer was operated in time-scheduled sin-
gle-ion monitoring (SIM) mode, with the targeted and qualifier ions listed in Table 1.
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Table 1. Physicochemical properties of targeted PAEs.

Name Acronym | Formula | CAS Molecular | Boiling | Log | Target | Qualifier
weight point K * |ion ions
(g mol™) (°0) (m/z) | (m/z)
Dimethyl DMP CH,0, | 131- 194.2 282 1.61 | 163 194-133
phthalate 11-3
Diethyl DEP C,H,0, |84- 2222 298 238 | 149 177-222
phthalate 66-2
Diisobutyl DiBP CH,,0, | 84- 278.3 327 4.11 149 223
phthalate 69-5
Dibutyl DnBP C H,0, | 84- 278.3 340 445 | 149 223-278
phthalate 74-2
Butyl Benzyl | BBzP C,H,0, | 85- 312.4 370 4.59 | 149 206-312
phthalate 68-7
Di(2- DEHP C,H,0, | 117- 390.6 386 7.5 149 167-279
ethylhexyl) 81-7
phthalate
Di(n—octyl) | DOP C,H,O, | 117- 390.6 380 8.06 | 149 279-261
phthalate 84-0

K, : octanol-water partition coefficient; CAS: Chemical Abstract system.
*Data from Staples et al. (1997).
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Results and discussion

4.1. Challenges in the analytical detection of PAEs
in environmental matrices

The present study aimed to provide novel insights into the distribution of PAEs in aquat-
ic environments. Therefore, employing reliable analytical methods that adhere to validated
protocols was crucial. Given the ubiquitous presence of PAEs in laboratory settings (e.g.,
in the air, materials, and chemicals), the risk of sample contamination was high, posing
a challenge to the accurate quantification of PAEs in environmental samples (Net et al.,
2015a). This was further exacerbated by the low concentrations of PAEs typically found in
the natural environment and the complexity introduced by the diverse extraction methods
available, each requiring time- and resource-intensive parameter optimization.

The goal of Paper I was to develop an optimized extraction method for PAEs in
sediment matrices that strikes a balance between high analytical performance and
operational efficiency. Specifically, the research sought to reduce the number of tests
needed for optimization while concurrently upholding the robustness and reliability
of the proposed methodology.

The study employed ultrasonic-assisted extraction (UAE) as the extraction method
due to its simplicity and minimal equipment requirements. Notably, the Quality by De-
sign (QbD) approach was applied for the first time to optimize UAE on environmental
samples. QbD is a structured and systematic approach to method development that em-
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phasizes understanding the relationships between critical process parameters and desired
outcomes (Orlandini et al., 2013). By applying QbD, the research identified the optimal
conditions for four key parameters in the extraction process: solvent type, solvent vol-
ume, shaking time, and ultrasonic extraction time. This approach minimized the number
of tests required for optimization and substantially enhanced the robustness of the meth-
od, thereby improving extraction efficiency and reliability. When compared to alterna-
tive methodologies, the newly optimized approach employing standard instrumentation
demonstrated a notable reduction in solvent consumption while simultaneously improv-
ing detection limits. The proposed method employed 17.5 mL of extraction solvent, rep-
resenting a reduction in solvent volume compared to previously reported UAE-based
methods for PAE extraction (Table 2). Additionally, the method demonstrated lower lim-
its of detection (LODs) relative to other UAE-based approaches, achieving detection
limits comparable to those obtained through miniaturized sample extraction techniques.

The implementation of QbD principles represents a significant advance in the field
of environmental analysis. Using QbD allowed for the streamlining of the method
development process, reducing the time and resources typically required for optimiza-
tion. Furthermore, the use of QbD enhanced confidence in the final method, ensuring
that it is both efficient and scientifically sound. This novel application sets a precedent
for future studies in environmental analysis, highlighting the value of QbD as a tool
for method optimization in complex analytical processes.

After optimizing the key parameters to ensure the best performance of the method, it
was essential to conduct method validation to confirm both its accuracy and operational
efficiency. Validation, as outlined in the EURACHEM guidelines (Magnusson and Or-
nemark, 2018), involves assessing several parameters, including selectivity, sensitivity,
working range, limits of detection (LOD), limits of quantification (LOQ), accuracy in
terms of trueness, and precision. Precision encompasses repeatability, intermediate pre-
cision, and reproducibility, while additional parameters such as ruggedness and uncer-
tainty can also be considered. All of these parameters ensure that key challenges, such
as the presence of interferences, are effectively controlled and monitored. Interference
in PAE analysis can arise at various stages: during sampling if inappropriate materials
(e.g., plastic) are used, during enrichment if the extraction materials or laboratory air
are contaminated, or during GC-MS analysis if PAEs are present as contaminants in the
instrument (European Committee for standardization, 2005).

Given that the method was newly developed and fully optimized for sediment
matrices, comprehensive validation was performed to ensure its robustness (Paper I).
Full validation may not be necessary for applications involving established methods,
such as water sample analysis. In such scenarios, method verification can be con-
ducted, allowing for the exclusion of certain parameters from the validation protocol.
Consequently, in this study, the methods applied for PAE extraction in environmental
matrices were either fully validated (for sediment) or verified (for water). All methods
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exhibited recovery ranging from 73% to 111% across different matrices for all tar-
geted analytes. The limits of detection were below 0.06 pg L' in water samples and
below 0.7 ng g ' in sediment samples (Table 3). Furthermore, blank levels were care-
fully controlled, and no cross-contamination was observed throughout the analyses.
These findings demonstrate that the analytical procedures utilized for PAE analysis
adhered to strict high-quality protocols and that the laboratory and equipment were

properly maintained, ensuring the accuracy of the reported results.

Table 2. Comparison of LOD values achieved in this work (sediment samples) with previous

studies on the determination of PAEs (from Paper I).

Reference Extraction | Compounds | Solvent Solvent | LOD (ng
method volume | g™)
(ml)
This study UAE 7 PAEs + DCM/AC (1:1) 17.5 0.1-0.7
DEHA
Reid et al., 2009 | ASE 4 PAEs DCM/AC (1:1) NS 15
Xu et al., 2008 UAE DnBP, DEHP | DCM/AC (1:1) NS 10
Huang et al., 2008 | ASE 6 PAEs Ethyl acetate 6 6-11
Ramirez et al., MAE 6 PAEs + MeOH 15 15
2019 DEHA
Fernandez- UAE + HS- | 6 PAEs MeOH 5 1-79
Gonzalez et al., SPME
2017
Liuetal., 2014 Soxhlet 16 PAEs DCM 300 1.12-8.59
Hassanzadeh et Soxhlet DnBP, DEHP | DCM 300 1 (DnBP);
al., 2014 8 (DEHP)
Zhang et al., 2017 | UAE 8 PAEs DCM 50 0.12-1.60
Souafet al., 2023 | UAE 4 PAEs + hexane/AC (1;1) 30 10-80
DEHT
Cao et al., 2022 UAE 15 PAEs AC/hexane (10:1) |20 0.27-5.85
Jiménez-Skrzypek | UAE + 10 PAEs + Acetonitrile+tDCM | 22 LOQ:
et al., 2020 dSPE DEHA 0.020-4.0

AC: Acetone; ASE: accelerated solvent extraction, DCM: Dichloromethane; DEHA: Di(2-
ethylhexyl) adipate; DEHT: Dioctyl Terephthalate; dSPE: dispersive solid phase extraction;
HS-SPME: headspace solid-phase extraction; MAE. Microwave assisted extraction; MeOH:
Methanol; NS: Not specified; UAE: Ultrasonic assisted extraction
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Table 3. Control quality data for each PAE and each of the matrices targeted in the study
(from supplementary data of paper IV).

PAE Dissolved Particulate Sediment
congeners | MDL Recovery | MDL Recovery | MDL Recovery
(ng L) (%) (ng L) (%) (mgg") [ (%)
DMP 0.06 105 0.02 70 0.2 73
DEP 0.06 97 0.02 74 0.1 80
DiBP 0.05 99 0.01 91 0.3 92
DnBP 0.03 109 0.01 96 0.2 83
BBzP 0.03 106 0.04 82 0.7 90
DEHP 0.04 111 0.01 103 0.2 100
DOP 0.04 109 0.03 96 0.2 87
D4-DBP - 92 - 90 - 89
D4-DEHP - 96 - 87 - 84
D4-DOP - 93 - 85 - 78

Method Detection limit (MDL) = 3*Ss (Ss — sample standard deviation of n replicates spiked
sample analyses; n = 10). Recovery rate (%) based on n replicates spiked sample analyses at
1 pg L' for the water phase (dissolved and particulate; n = 10) and 1 ng g' for the sediment
phase (n = 10).

4.2. The role of the Curonian Lagoon in regulating the flux of PAEs
into the Baltic Sea

The Curonian Lagoon exhibits unique hydrological and morphological characteristics,
rendering it an ideal system for investigating the retention and release of pollutants during
their transit from land to sea. This study employed a “black-box’ approach to quantify the
mass balance of PAE inputs from various sources, with a primary focus on the Nemunas
River, contributions from WWTPs along the lagoon, and outflow to the Baltic Sea (see
Paper II). The difference between these inputs and outputs was used to evaluate whether
the lagoon functions as a sink for PAEs or as an intermediary system that accumulates
PAEs from various sources before later exporting them to the Baltic Sea.

The findings reveal that from June 2021 to May 2022, the Nemunas River was the
primary source of PAEs to the lagoon, delivering approximately 2.74 tons. In contrast,
WWTPs discharged negligible quantities (<0.02 tons) during this period. Concurrent-
ly, 5.19 tonnes of PAEs were exported from the lagoon to the Baltic Sea (see Paper II).
These findings suggest that during the study period the lagoon exported more PAEs
to the Baltic Sea than it received from the sources examined, implying the existence
of other contributing factors beyond those considered in this study. However, the la-
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goon’s role in regulating PAE flux is dynamic and subject to temporal and seasonal
variability. For example, during winter, the opposite pattern emerged, with inflows
surpassing outflows by 159%, suggesting the substantial retention of PAEs within
the Curonian Lagoon (Fig. 2). This implies that the lagoon can temporarily shift to
a PAE sink. These findings raise a critical question: If PAEs within the lagoon are
not predominantly sourced from the river, what other sources may contribute to their
presence?
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Figure 2. Monthly PAE loads from June 2021 to May 2022 at the inflow (Nemunas River)
and outflow (Klaipeda Strait) of the Curonian Lagoon, and the proportion of dissolved or
particulate-bound PAEs (from Paper II).

4.2.1. Sources of PAEs in the lagoon: the investigation of compositional
profiles

The PAEs in aquatic environments can originate from various sources, including
industrial, domestic, and agricultural activities. Although PAEs are primarily used
as plasticizers, each congener has a distinct function and application. Analyzing the
profiles of specific PAEs within the lagoon system can provide valuable insights into
their sources.
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Figure 3 illustrates the compositional profiles of PAEs obtained during winter and
summer at the different stations, including potential source points within the lagoon
and at its outflow. During the winter period (December—February), the compositional
profiles of the lagoon and outflow stations were strikingly similar to those of the river,
with DEHP being the dominant congener. DEHP is commonly used as a plasticizer in
PVC, making it the most widely used PAE globally, with a high potential for leaching
into the environment during PVC manufacturing, use, and/or disposal (Wilkes et al.,
2005). Its extensive application across various industries suggests a significant impact
of industrial activities on the Nemunas River. The similar compositional profiles ob-
served in the water column along the river, lagoon, and outflow gradient reinforce the
point that the river serves as the primary source of PAEs to the lagoon during winter.

In contrast, during the summer (June—August), PAE sources appear to be more
diversified. Due to lower precipitation in summer, the flow of the river decreased sub-
stantially, reducing PAE inputs to less than 0.1 tonnes in July and August, compared
to over 1.6 tonnes in January 2021 (Fig. 2). Despite the diminished flow, composi-
tional similarities between the river and lagoon stations, particularly at the transitional
“sandy” station, suggest that the river continues to have a notable influence on PAE
distribution within the lagoon even during periods of low flow. During the summer,
both the river and lagoon appear to be more strongly impacted by domestic sources,
as evidenced by the increased presence of lower-molecular-weight PAEs (Fig. 3),
which are typically found in products such as insect repellents and personal care items
(Al-Saleh and Elkhatib, 2016; Karunamoorthi and Sabesan, 2010). The heightened
recreational use of the river and lagoon during the warmer months likely contributes
to the release of these domestic pollutants.

While smaller PAEs were present in higher proportions at the river and lagoon
stations, DEHP remained the dominant congener at the lagoon’s outflow during the
summer (Fig. 3). It is noteworthy that this study did not measure the contribution of
the atmospheric deposition of PAEs to the lagoon. Zeng et al. (2010) suggest that at-
mospheric deposition could significantly influence PAE concentrations in the waters
adjacent to industrial zones, which may be particularly relevant to the lagoon outflow
station located near the industrial area of Klaipéda. As semi-volatile organic pollut-
ants, PAEs can be emitted into the atmosphere from various anthropogenic sources,
including industrial activities, plastic production, waste incineration, the use of house-
hold products, and agricultural practices (Gao et al., 2018; Lu et al., 2020; Wu et al.,
2019; Zhang et al., 2020). Once released, PAEs exist either in the gas phase, primarily
LMW PAEs, or as particle-bound pollutants, predominantly HMW PAEs (Darbre,
2018). Their transfer to aquatic environments occurs through multiple atmospheric
processes, including wet deposition (via precipitation, such as rain and snow), dry de-
position (the settling of acrosol-bound PAEs), and gas—water exchange (direct absorp-
tion from the atmosphere into surface waters) (Mi et al., 2023). These mechanisms
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Figure. 3. Compositional profiles of PAEs obtained during the winter and summer seasons
at different stations, including potential source points (WN: WWTP Nida; WK: WWTP
Klaipeda; Inflow: Nemunas River) and measurements from within the lagoon (sandy and
muddy sites) and at its outflow (data from Papers II and III). *Data collected in July 2021.

have already been demonstrated as pathways for PAE transport into aquatic systems
(Mi et al., 2023; Xie et al., 2007, 2005). Consequently, the continuous atmospheric
deposition of PAEs throughout the year may represent a significant source of contami-
nation for both the lagoon and the Baltic Sea.

4.2.2. Seasonal variations in the transport and distribution of PAEs

Seasonality can significantly influence the transport of pollutants within a lagoon
system through various environmental fluctuations. Temporal changes in temperature,
precipitation, and wind patterns may influence pollutant distribution. Water tempera-
ture, for example, can indirectly impact the distribution of PAEs by affecting microbial
activity, water density and phase transitions. During the warmer summer months, the
microbial community is expected to be more active than in colder periods, facilitating
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the more efficient degradation of PAEs in the environment (Kumawat et al., 2022; Xu
et al., 2022). Additionally, temperature can induce stratification in the water column,
preventing the vertical mixing and deposition of pollutants (El¢i, 2008). In temperate
and boreal regions, lagoons frequently become ice-covered during low-temperature
periods. The ice sheet can act as a temporary reservoir, trapping PAEs from the water
and atmosphere (Stocker et al., 2007).

Wind and precipitation patterns exert a direct impact on the hydrodynamics of the
lagoon, influencing both the dispersion of pollutants and water residence time, which
can shape the accumulation patterns of PAEs. Increased precipitation, peaking during
the autumn and winter seasons in Lithuania, increases surface runoff, which can trans-
port PAEs from the catchment area into the lagoon. Furthermore, intense precipitation
events can also lead to overflows from wastewater systems, further increasing the
input of pollutants to aquatic ecosystems (Gajewska et al., 2024). On the other hand,
precipitation can also induce a dilution effect, reducing the concentration of PAEs
in the water (Dong et al., 2022). Consequently, quantifying such factors remains ex-
tremely challenging in ambient environmental conditions, as they can either offset or
exacerbate one another at certain points.

The primary objective of this study was to identify key factors that may supersede
others in influencing PAE dynamics (see Papers II and III). Although no definitive
seasonal patterns were observed, several findings merit further investigation. First,
ice cover formation in the lagoon during the coldest month (typically January) ap-
pears to have a significant effect on the retention of PAEs in the water column. The
concentrations of PAEs in the inflow of the Nemunas River to the lagoon fluctu-
ated between 0.01 pg/L (July 2021) and 0.25 pg/L (May 2022) (Fig. 2A, Paper II).
However, in January 2022, with the presence of frozen snow that had accumulated
in the river, PAE concentrations spiked to 0.74 ng/L, tripling the typical levels in the
inflow. Previous studies have demonstrated that a surface of snow can effectively ad-
sorb organic pollutants from the atmosphere, particularly at temperatures below 0 °C
(Lei and Wania, 2004), creating a temporary reservoir for these contaminants. During
snowmelts, these pollutants are released into surrounding water bodies (Meyer and
Wania, 2008), thus explaining the high concentration found during snowmelt events.

The findings of the present study also demonstrate that water circulation within
the lagoon regulates the concentration and distribution of PAEs. The highest PAE
levels in the water column were observed during contrasting seasons: winter, char-
acterized by cold temperatures and high river discharge; and summer, characterized
by warmer temperatures and lower river discharge. During the winter months, when
riverine inputs were elevated, the sandy station experienced direct flushing from the
river, resulting in the highest observed PAE concentrations. Conversely, in summer,
when river discharge was at its lowest, the confined muddy site exhibited prolonged
water residence time, leading to higher PAE concentrations due to the accumulation
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of pollutants (Fig. 4). This suggests that, over the course of the seasons, pollutants
tend to spread in different areas within the lagoon depending on the hydrodynamics.
Furthermore, it indicates that during certain seasons (most likely winter), PAEs origi-
nating from the river are more likely to be flushed out of the lagoon due to its short
residence time, while in other seasons (most likely summer) they are more prone to
remaining and accumulating within the lagoon.
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Figure 4. Seasonal variations in the total PAE concentration in the water column (dissolved
and particulate-bound phases). Labelling by letters indicates the outcome of post-hoc pairwi-
se comparisons — i.e., bars sharing the same letter are not statistically significantly different
(p > 0.05) (modified from Paper III).

4.3. The distribution of PAEs in the Curonian Lagoon

The spatial distribution of PAEs is influenced not only by the fluctuation of en-
vironmental conditions across seasons, but also by their physico-chemical proper-
ties. Due to their strong hydrophobicity, PAEs (especially those of higher molecular
weight) will tend to adsorb to suspended matter and later accumulate in the sediment
(Mohammadian et al., 2016; Staples et al., 1997b). Consequently, PAEs rarely remain
in the dissolved phase of the water column. However, due to analytical constraints and
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time-consuming processes, many studies have focused solely on the dissolved phase
and thus failed to investigate suspended matter (Bergé et al., 2013). In this study, all
samples from the water column were partitioned between the dissolved and particu-
late phases to investigate the role of SPM in the distribution of PAEs in the aquatic
environment.

4.3.1. The role of suspended matter in the distribution of PAEs

The analysis of all samples in this study consistently revealed that LMW PAEs
(i.e., carbon chain < 4C) were predominantly found in the dissolved phase. In con-
trast, HMW PAE:s (i.e., carbon chain > 4C) were primarily associated with particulate
matter (Fig. 5). This finding aligns with the physicochemical properties of PAEs, as
LMW PAEs exhibit lower log K_ , indicating a smaller tendency to be attached to the
particulate phase (Staples et al., 1997b). Therefore, the importance of SPM in the dis-
tribution of PAEs in the environment depends on the relative abundance of LMW and
HMW PAEs. If HMW congeners are more prevalent in the environment, suspended
matter will be the dominant phase for their presence; conversely, if LMW PAEs are
more common, they will primarily remain dissolved.
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Figure 5. The relationship between the proportion of HMW PAEs and the proportion of total
PAEs associated with particles in water column samples. The data represents the combined
results from water samples collected in this study (from Papers II, 111, and IV).
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The present study observed a wide range of SPM concentrations at the study sites,
ranging from 3 to 113 mg/L. However, SPM concentration was a poor predictor of
PAE concentration or partitioning in the Curonian Lagoon. This likely results from the
complex nature of the adsorption and desorption processes of PAEs onto SPM. While
SPM concentration can indeed play a role, numerous other factors, such as the organic
content of SPM, salinity, dissolved organic carbon (DOC), and other environmental
variables, also play a significant role in determining the extent of PAE adsorption and
desorption (Al-Omran and Preston, 1987; Yang et al., 2013; Zhou and Liu, 2000).

The study detailed in Paper III revealed that higher concentrations of dissolved
and particulate-bound PAEs were associated with elevated DOC levels and increased
83C values in SPM. An increase in DOC concentration can facilitate the desorption
of PAEs from SPM into the aqueous phase (Mitsunobu and Takahashi, 2006), thereby
increasing the proportion of dissolved PAEs. Conversely, higher 8'*C values, typically
observed during spring and summer phytoplankton blooms in the Curonian Lagoon
(Lesutiené et al., 2014; Remeikaité-Nikiené et al., 2016), were correlated with in-
creased levels of particulate-bound PAEs, suggesting that phytoplankton may provide
a suitable substrate for PAE adsorption.

All of this demonstrates that environmental conditions exert a profound effect on
the distribution of PAEs, rendering the prediction of their behaviour a complex chal-
lenge. Nonetheless, this study also confirms that SPM plays a crucial role in the sorp-
tion of hydrophobic contaminants in aquatic systems. Accordingly, further research
and monitoring programs should include SPM as an important compartment.

4.3.2. Sediment as an efficient storage and a long-term representant of
pollution

The PAEs accumulate within the sediment by settling with SPM onto surface sedi-
ment (Staples et al., 1997b). The sedimentary environment of the Curonian Lagoon
comprises two distinct macroareas: a shallow, transitional area comprising sandy,
low-organic sediments (712.8 km?); and a deeper, confined area containing muddy,
organic-rich sediments (871.2 km?; Zilius et al., 2018, 2014). Therefore, sediment
type strongly influences the distribution of PAEs within each lagoon compartment.
Notably, muddy sediments in the Curonian Lagoon exhibited higher PAE concentra-
tions (90-254 ng g') than sandy sediments (5-28 ng g ') (Fig. 6). This pattern can be
attributed to the hydrophobic nature of organic compounds like PAEs, which prefer-
entially accumulate in the organic matter fractions of sediment particles (Xu and Li,
2009; Zhou and Rowland, 1997), thereby resulting in elevated concentrations within
organic-rich sediments.
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Figure 6. Seasonal variations in total plasticizers concentrations in sediment (0—2 cm and
2-5 cm layers). Letter labels indicate the outcome of post-hoc pairwise comparisons — i.e.,
bars sharing the same letters are not statistically significantly different (p > 0.05). Note that
different sediment layers were not compared between sites due to negligible differences
(p > 0.05) (modified from Paper III).

The present study reveals that approximately 7.5 tonnes of plasticizers have been
accumulated within the upper 5 cm of sediment in the Curonian Lagoon (Paper III).
An additional estimate suggests that 4.1 tonnes of plasticizers have been deposited
over the past 5 years. These findings indicate that around 3 tonnes of plasticizers iden-
tified within the upper 5 cm of sediment have likely persisted for more than 5 years,
highlighting the long-term persistence of such compounds in estuarine sediments. No-
tably, the vast majority (~90%) of these plasticizers are accumulated in the organic-
rich areas of the lagoon.

The estimated stock of plasticizers in the Curonian Lagoon is approximately 2.6 kg
km?, significantly higher than those reported for open coastal areas such as the Bohai
Sea and Yellow Sea (Table 4), where the estimated stocks are 0.3 and 0.2 kg km?2,
respectively (Mi et al., 2019). However, this remains considerably lower than the
amount of plasticizers observed in Taihu Lake (170 kg km%;, W. Zhang et al., 2021)
and the Hangzhou, Taizhou, and Wenzhou Bays (230, 82, and 52 kg km™, respec-
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tively; Hu et al., 2020). These estimates rely on assumptions such as uniform sedi-
mentation rates and consistent plasticizer concentrations across the study area. Never-
theless, such comparisons offer valuable insights into the relative scale of plasticizer
pollution in various aquatic environments globally.

Table 4. Normalized content of plasticizers in the surface sediment of various marine and
freshwater systems (from Paper III).

Location Inventory System surface | Content Reference
2(tons) area (km?) (kg km™)

Curonian Lagoon 4.1 1584 2.6 This Study

Bohai Sea 21 78000 0.27 Mi et al., 2019
Yellow Sea 66 380000 0.17 Mi et al., 2019
Taihu Lake 390 2338 170 W. Zhang et al., 2021
Hangzhou bay 82 350 230 Hu et al., 2020
Taizhou bay 28 342 82 Hu et al., 2020
Wenzhou bay 26 500 52 Hu et al., 2020

Moreover, the presence of mollusk shells can facilitate the accumulation of organic
pollutants in the benthic compartment, particularly in areas with low organic matter
content. In Paper I of this study, conducted at a station with fine sandy sediments, PAE
concentrations were substantially higher in live zebra mussel shells, followed by shell
debris, and lowest in surrounding sandy sediments. This pattern may be attributed
to the higher organic content of the shells and the filtration capacity of live mussels
(De Solla et al., 2016; Topi¢ Popovi¢ et al., 2023). Additionally, the size of the shells
appeared to influence the extent of PAE accumulation. The study further reveals that
larger unionid shell debris contained significantly (p < 0.05) higher amounts of PAEs
than smaller debris from zebra mussels and gastropods. Thus, the surface area of
shells represents an important factor in determining the accumulation of organic pol-
lutants within coastal ecosystems.

4.3.3. The fate of PAEs in the Curonian Lagoon

The fate of PAEs in the Curonian Lagoon is influenced by their transport to the sea,
accumulation in sediments, and biodegradation processes (Papers II-1V). As previ-
ously discussed, the export of PAEs via lagoon outflow to the sea acts as an effective
removal pathway. While sedimentation also transfers PAEs from the water column
to the sediment, their long-term accumulation in the sediment creates a significant
reservoir for these compounds. However, once PAEs settle in the sediment, their sub-
sequent behaviour remains a critical question.
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Hydrodynamic processes, including sediment resuspension and flushing, can
transport PAEs out of the Curonian Lagoon, but they do not eliminate these com-
pounds from the environment. Biodegradation is the primary mechanism for the ul-
timate breakdown and removal of PAEs within aquatic systems (Boll et al., 2020;
Staples et al., 1997b). This involves the transformation of PAEs into smaller linear
compounds through complex pathways (Fig. 8), making the investigation of these
processes extremely challenging. Conventional laboratory experiments have been
widely used to study these processes, but they often utilize controlled conditions with
single isolated bacterial strains, failing to capture the complexity of natural environ-
ments (Hu et al., 2021). A more holistic approach can rely on the analysis of pollut-
ants alongside microbiome data from environmental samples. In this study (Paper
IV), genomic data was compared with the KEGG PATHWAY database to identify
actively expressed genes associated with the aerobic degradation of phthalic acid (PA)
to protocatechuate (Fig. 7). The results indicate that PA biodegradation is more likely
to occur within sediments rather than in the water column, as critical active genes for
this process were consistently absent in the water column (see Table 5). This finding
contrasts with controlled laboratory results, which typically show that PAEs degrade
more rapidly in the water column within a few days, while in sediments, degradation
can take weeks to months (Yuwatini et al., 2006). However, in natural environments,
degradation rates can be influenced by external factors, and the water column often
lacks the specific bacterial strains required for efficient degradation (Baloyi et al.,
2021). As aresult, in situ PAE degradation can result in a significantly longer half-life,
ranging from several years to even hundreds of years (Y. Zhang et al., 2021).

The analysis indicates that Gram-positive bacteria played a minimal role in PA
degradation, as only one of the six transcripts associated with the Gram-positive deg-
radation pathway was detected. Conversely, Gram-negative bacteria were primarily
responsible for the degradation process (Table 5). Furthermore, the taxonomic annota-
tion revealed that the genes involved in the aerobic degradation pathway were mainly
attributed to unclassified bacteria, unclassified Proteobacteria, Alpha- and Betapro-
teobacteria, Chloroflexi, and Actinobacteria (see Fig. S4 and S5 in Paper V). These
are the common classes of bacteria capable of degrading PAEs (Hu et al., 2021; Liang
et al., 2008).
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Figure 7. Aerobic degradation pathways of phthalic acid (phthalate, PA) into protocatechuate,
along with the corresponding genes involved in the pathway. K18251: phthalate
3,4-dioxygenase subunit alpha; K18252: phthalate 3,4-dioxygenase subunit beta; K18253:
phthalate 3,4-dioxygenase ferredoxin component; K18254: phthalate 3,4-dioxygenase
ferredoxin reductase component; K18255: phthalate 3,4-cis-dihydrodiol dehydrogenase;
K18256: 3,4-dihydroxyphthalate decarboxylase; K18068: phthalate 4,5-dioxygenase; K18069:
phthalate 4,5-dioxygenase reductase component; K18067: phthalate 4,5-cis-dihydrodiol
dehydrogenase; K04102: 4,5-dihydroxyphthalate decarboxylase (from Paper V).

In the Curonian Lagoon, the biodegradation of PA appeared to be slightly more
active in sandy sediments compared to muddy sediments. This difference is likely
attributable to the quality of organic carbon in these environments, which influences
microbial activity and substrate preference (Bartoli et al., 2021). During microbial
degradation, PAEs can serve as a carbon source for microorganisms, but breaking
down the PAE molecule requires a significant investment of energy due to its complex
chemical structure (Durante-Rodriguez et al., 2024). In organic-rich environments
such as muddy sediments, microorganisms have access to more readily degradable
carbon sources, such as sugars, amino acids, and other simple organic compounds.
These substrates are metabolically easier to process, leading microorganisms to pref-
erentially utilize them over energy-intensive PAEs (Hu and Wan, 2006). Conversely,
in sandy sediments, where organic carbon content is low, microorganisms face limited
options for carbon sources. In such nutrient-poor conditions, they are more likely to
utilize PAEs as carbon sources despite the higher energy demand for their degrada-
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4. Results and discussion

tion. This selective use of PAEs in sandy sediments highlights the adaptation of micro-
bial communities in response to environmental constraints and resource availability.
It also underscores the importance of sediment composition and organic content in
determining the fate of PAEs in aquatic ecosystems.

The fate of PAEs in the Curonian Lagoon is governed by two distinct macro-areas
that influence their behaviour differently. In the transitional sandy area, river flush-
ing likely facilitates the transport of PAEs out of the lagoon. The low organic content
in sediments in this area also limits the potential for PAE adsorption, leading to their
removal from the lagoon ecosystem. In contrast, the confined muddy area fosters the
accumulation of PAEs within the ecosystem. The longer water residence time due to
reduced river influence in this zone allows PAEs to settle into organic-rich sediments
where microbial degradation may occur, although activity remains limited.
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Figure 8. The diverse biodegradation pathways of PAEs in the environment.

This study demonstrates the great potential of genomic tools in understanding the
fate of pollutants in the environment. These advanced tools enable the identification
and characterization of the microbial communities involved in pollutant degradation,
providing valuable insights into the metabolic pathways and genetic mechanisms un-
derlying these processes (Bouhajja et al., 2016; Mishra et al., 2021). However, their
widespread application is hindered by several limitations. Due to their technical com-
plexity and high analytical costs, metagenome analyses are not easily accessible to
all researchers, resulting in a significant gap in the available data (Bouhajja et al.,
2016). Furthermore, the lack of comprehensive databases restricts our ability to fully
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4. Results and discussion

interpret transcriptomic information related to pollutant degradation. In the present
study, the main focus was on a single degradation pathway transforming PA into pro-
tocatechuate. However, multiple pathways exist for the complete breakdown of PAEs
(Fig. 8). One of these pathways involves the initial degradation of PAEs into PA (i.e.,
the “upstream degradation pathway”), which is often considered a limiting step in
the overall degradation process (Wei et al., 2021). Characterizing these additional
pathways is crucial in the creation of a more comprehensive assessment of the fate
of PAEs in the environment. Therefore, in future research, efforts should be made to
enrich genomic databases to gain a more holistic understanding of organic pollutant
degradation. This knowledge will ultimately contribute to more effective environmen-
tal management and pollution mitigation strategies.

4.4. The ecological risk

The widespread distribution of PAEs in the Curonian Lagoon raises concerns about
potential risks to the organisms inhabiting this aquatic ecosystem. Prolonged exposure
to organic pollutants, such as PAEs, can have a significant impact on aquatic organisms
(Staples etal., 1997a; Y. Zhang et al., 2021). To evaluate the potential environmental risk
of PAEs in the Curonian Lagoon, the risk quotient (RQ) was calculated by comparing
measured concentrations with the predicted no-effect concentrations (PNEC) of PAEs
(European Commission, 2003). PNEC values for algae, crustaceans, and fish in water
and sediment were obtained from Li et al. (2017) and Zhang et al. (2018). The ecologi-
cal risk in the water phase was categorized into three levels based on the RQ value: low
risk (RQ <0.01), medium risk (0.01 <RQ < 1), and high risk (RQ > 1). For the sediment
phase, high risk was defined as RQ > 1 for PAE congeners with alog K between 3 and
5 (e.g., DMP, DEP, DiBP, DnBP), and RQ > 10 for those withalog K >S5 (e.g., DEHP)
(European Commission, 2023; Li et al., 2017). Due to insufficient data, BBzP in both
phases and DOP in sediment were excluded from the risk assessment.

The ecological risk assessment for the pelagic compartment of the Curonian La-
goon, based on the average concentrations of PAEs over four seasons, reveals compa-
rable trends in both the sandy and muddy sites (Fig. 9). DMP, DEP, and DnBP posed
a low risk to all organisms in these areas. Algae appeared to be the most vulnerable
group — mainly to DEHP, which represented a high risk at both sites, and to DOP,
which posed a high risk at the muddy site and a medium risk at the sandy site. Crusta-
ceans were exposed to a medium level of risk from DEHP and DOP across both sites,
while fish faced a medium level of risk from DiBP and DEHP at both sites, as well
as from DOP at the transitional sandy site in particular. These results indicate that the
spatial distribution of PAEs alone does not drastically alter ecological risk trends, as
both sites exhibited comparable patterns of contamination.
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Figure 9. A risk assessment of six PAEs in the water phase of the muddy and sandy
sites in the Curonian Lagoon. Risk Quotient (RQ) values were calculated based on the
mean concentrations of PAEs. RQ values represent the potential effect on algae (square),
crustaceans (triangle), and fish (cross) (modified from Paper III).

The ecological risk assessment was also extended to a single season across three
different lagoons, facilitating comparative analysis (Fig. 10). The assessment revealed
overall moderate ecological risks in all systems. However, the specific PAEs posing
the highest risks to algae, crustaceans, and fish varied between lagoons. While DEHP,
DOP, and DiBP posed risks to most organisms in the Curonian and Vistula lagoons,
only DMP presented a medium risk to all targeted organisms in the Szczecin Lagoon.
Although the high risk thresholds were not reached, the persistent presence of PAEs
remains a considerable threat to lagoon ecosystem stability. Furthermore, the tempo-
ral variation of PAEs in the pelagic compartment plays a crucial role in risk levels.
For example, when assessing all seasons, the Curonian Lagoon presented a potentially
high risk for some organisms (Fig. 9), whereas a single-season assessment suggested
only a medium risk (Fig. 10). Given the transient nature of PAEs in the pelagic envi-
ronment, relying solely on single-season assessments may either understate or over-
state long-term ecological threats. Therefore, a comprehensive risk assessment should
prioritize data collection across multiple time points throughout the year to ensure a
more accurate evaluation.
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Figure 10. A risk assessment of six PAEs in the water phase of the three studied lagoons
(Curonian Lagoon — CL; Vistula Lagoon — VL; Szczecin Lagoon — SL). Risk Quotient (RQ)
values were calculated based on the mean concentrations of PAEs. RQ values represent the

potential effect on algae (cross), crustaceans (triangle), and fish (square) (from Paper IV).

In the sediment assessment, none of the compounds exceeded the ecological risk
thresholds. However, these findings should be interpreted cautiously, as sediment risk
assessment relies on several assumptions. These include the equal sensitivity of pelag-
ic and benthic organisms to PAEs, the assumption of the thermodynamic equilibrium
of PAE concentrations in different phases, and the use of a generic partition method
to estimate sediment-water partitioning (European Commission, 2003). Therefore,
determining the toxicity of PAEs in the sediment of the Curonian Lagoon remains
challenging. Overall, the situation suggests that the current PAE concentrations in the
Curonian Lagoon could have a significant impact on the structure and function of mi-
cro- and macro-organisms, as well as their biological activities (Arfaeinia et al., 2019;
Liu et al., 2016). Consequently, careful monitoring and management of the lagoons
are essential in order to prevent further adverse effects on their ecosystems.

4.5. The Curonian Lagoon as a model to study other Baltic lagoons

This study hypothesized that the Curonian Lagoon could serve as a representa-
tive model for investigating the spatial variability and accumulation patterns of PAEs
within Baltic lagoon ecosystems. To validate this, a comparative analysis was carried
out in the Curonian Lagoon and two similar lagoon systems — the Vistula and Szczecin
lagoons. This inter-system comparison aimed to determine whether the spatial dis-
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tribution and accumulation of PAEs observed in the Curonian Lagoon are consistent
with patterns found in other similar coastal environments.

4.5.1. Dissimilarities

The primary distinctions between the studied lagoons lay in the sources of PAEs
affecting each system. In the Szczecin and Curonian lagoons, with large tributaries,
riverine input played a significant role in determining the PAE levels within these sys-
tems. Conversely, the Vistula Lagoon, with small tributaries, was not as strongly in-
fluenced by river inputs. This becomes evident when examining PAE concentrations:
in the Szczecin Lagoon, PAE levels in river inflows were notably higher compared
to the concentrations at sampling stations within the lagoon, whereas the opposite
pattern was observed in the Vistula Lagoon (Fig. 11). Additionally, the compositional
profile of PAEs at the inflow to the Szczecin Lagoon was dominated by congeners
with lower molecular weights, particularly DMP. This pattern was also observed at
the sandy station and lagoon outflow (Fig. 12). In contrast, the inflow to the Vistula
Lagoon exhibited a more balanced distribution of PAE congeners, potentially even
dominated by species with higher molecular weights. However, within the Vistula
Lagoon itself, lower-molecular-weight congeners become predominant, accounting
for over 95% of the PAEs detected. This high proportion of lower-molecular-weight
congeners within the lagoon suggests potential leakage from domestic wastewater
sources occurring shortly before the sampling events.
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Figure 11. Mean total PAE concentrations in the water column (dissolved and particulate-

bound phases) in the three Baltic lagoons under study (Curonian, Vistula, and Szczecin)
(from Paper IV). The error bars refer to the standard deviation (n = 3). NA — not analyzed.
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These results underscore the need for tailored monitoring strategies for each lagoon
to address its unique pollution sources and environmental conditions. A strategic, site-
specific approach would enable the more precise identification and assessment of lo-
cal pollution sources, facilitating effective management and mitigation efforts.
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Figure 12. The relative contributions (%) of individual plasticizers in the water column at
each sampling station within the Curonian (CL), Vistula (VL), and Szczecin (SL) lagoons

(from Paper IV).

4.5.2. Similarities

While the differences between the studied systems were most pronounced in the
water column, notable similarities emerged in the sediment. Given the propensity of
PAEs to accumulate in sediment, their concentration in this compartment accurately
reflects long-term pollution trends. A significant similarity across all systems was the
consistently higher concentration levels of PAEs in muddy sediments (Fig. 13).

The elevated concentrations of PAEs detected at the muddy sites can be attributed
to the accumulation of organic pollutants in fine-grained deposits and high organic
content in sediments (Lu et al., 2023; Yang et al., 2013). These characteristics en-
hance the settling and retention of PAEs in surface sediments for extended periods.
Consequently, a comprehensive understanding of the hydrodynamics and sedimentary

conditions in each area is crucial when assessing the pollution levels of organic con-
taminants.
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Figure 13. The mean total PAE concentrations in the sediments of the three Baltic lagoons
under study (Curonian, Vistula, and Szczecin) (from paper V). The error bars refer to the
standard deviation (n = 3).
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Figure 14. The relative contribution (%) of individual plasticizers in the water column and
sediment within the Curonian (CL), Vistula (VL), and Szczecin (SL) lagoons (from Paper IV).
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Another notable similarity observed across the studied lagoons was the composi-
tional profile of PAEs in the sediment, specifically the predominance of DEHP, fol-
lowed by DnBP (Fig. 14). Although these PAEs were not consistently the most abun-
dant in the water column, they exhibited high persistence in the sediments across all
studied systems. This persistence highlights a crucial aspect of the long-term ecologi-
cal risks posed by PAEs. Furthermore, while DEHP is regulated under the European
framework for environmental pollutants, DnBP is not (European Commission, 2008).
This regulatory gap has led to the exclusion of DnBP from many monitoring pro-
grams, potentially allowing its accumulation to continue unmonitored.

Developing sampling strategies that consider the sources of PAEs in the water col-
umn is crucial, as short-term pollution dynamics directly impact the ecosystem. It is
equally vital to comprehend the hydrodynamic and sedimentary characteristics of the
studied area in order to accurately evaluate long-term pollution trends in sediments.
Moreover, it is advisable to expand monitoring programs to encompass a broader
range of pollutants, including those not currently regulated, so as to adopt a more
comprehensive approach to environmental management.
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Recommendations

Based on the findings of this study, several recommendations are proposed to en-
hance the monitoring of PAEs within state programs. These recommendations aim to
support the more comprehensive evaluation of PAE occurrence, transport dynamics,
and potential environmental risks in transitional and coastal waters.

Current state monitoring programs follow European Union guidelines, limiting
the analysis of PAEs to DnBP and DEHP in WWTP outflows and restricting DEHP
monitoring to aquatic environments (rivers, lagoons, and the sea). However, given
the broader distribution of PAEs in the environment and their potential ecological and
human health impacts, the expansion of the list of target analytes is strongly recom-
mended. The results of this study indicate that additional PAEs are present in Lithu-
anian waters, suggesting the need for a more comprehensive monitoring approach.
Importantly, all PAEs analyzed in this study can be extracted and quantified simulta-
neously, making the inclusion of additional compounds a cost-effective improvement
to the current monitoring framework.

The analysis of PAEs in water monitoring is subject to ambiguity regarding the
specific matrices analyzed, which may lead to inconsistencies in data interpretation.
The method detailed in the EN ISO 18856 standard commonly used for PAE analysis
relies on solid-phase extraction (SPE), which is particularly sensitive to SPM. During
periods of high SPM levels, such as algal blooms or strong sediment resuspension
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events, pre-filtration is often necessary to prevent column clogging, whereas at other
times, samples may be analyzed without filtration. This variability can significantly
influence the measured concentrations of PAEs. Therefore, to improve comparability
and ensure consistent data collection, it is essential to establish a clear and standard-
ized protocol that defines the analyzed matrix (filtered vs. unfiltered samples) and
maintain consistency across different monitoring periods.

Finally, DEHP, the only PAE currently monitored in the aquatic environment in
Lithuania, is an HMW compound with a strong tendency to bind to SPM rather than
remain dissolved in the water. In scenarios where economic or logistical constraints
necessitate the selection of a single matrix for monitoring, prioritizing SPM over the
dissolved phase would provide a more representative assessment of DEHP contami-
nation and its environmental fate.

58



6

Conclusions and insights

A robust, ready-to-use analytical method for the detection of PAEs in sediment
was optimized and validated, ensuring its applicability for routine environ-
mental assessment. This method offers lower quantification limits compared
to other methods found in the literature and requires a reduced volume of sol-
vents, making it more environmentally friendly. Furthermore, this study intro-
duces a novel approach for method optimization in environmental chemistry,
contributing to advancements in analytical methodologies for contaminant
detection and enhancing the precision of environmental monitoring practices.
Mass balance calculations assessing the input and output loads of PAEs in-
dicate that the Nemunas River served as the primary source of PAEs to the
Curonian Lagoon ecosystem, while the contribution of WWTPs discharging
directly into the lagoon was comparatively minor. On an annual basis, the
Curonian Lagoon exports more PAEs to the Baltic Sea than it receives from
the river, suggesting the presence of additional contributing sources beyond
those analyzed within the scope of this study. Atmospheric deposition is sus-
pected to play a significant role in the delivery of PAEs to this system, high-
lighting the necessity of further investigations into atmospheric pathways and
their potential influence on contaminant levels in the lagoon.
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The Curonian Lagoon plays a dynamic role in regulating PAE throughput to
the sea, influenced by seasonal meteorological events and environmental fac-
tors. During winter, the ice cover in the lagoon can trap pollutants, which are
subsequently released into the water. Additionally, wind patterns and hydrody-
namics can shape the distribution of PAEs within the lagoon. This underscores
the intricate interplay between the lagoon’s regulatory function and the pre-
vailing environmental conditions.

The distribution of PAEs within the Curonian Lagoon ecosystem is governed
by their molecular weight. Lower-molecular-weight phthalate esters were pre-
dominantly found in the dissolved phase, whereas higher-molecular-weight
PAEs were primarily associated with SPM, accounting for around 50% of the
total PAEs detected. SPM acted as a vector that facilitated the accumulation
of PAEs in sediments, where higher-molecular-weight compounds were most
prevalent. These findings highlight the importance of including SPM in future
investigations of hydrophobic organic pollutants to ensure accurate assess-
ments of their environmental presence and potential impacts.

Sediment serves as an effective reservoir for PAEs, particularly in confined,
organic-rich environments. This study estimates that over 7 tonnes of PAEs
were present in the surface sediment of the Curonian Lagoon, with more than
3 tonnes suspected to have been stored for over 5 years. Notably, these esti-
mates do not account for the presence of shell material in the sediment, which,
as demonstrated in this study, also contributes to the retention of PAEs. This
underscores the widespread and persistent presence of such contaminants in
the estuarine environment.

The Curonian Lagoon serves as a suitable model for understanding the dis-
tribution of PAEs within coastal lagoon ecosystems, particularly concerning
long-term trends. DEHP and DiBP emerged as the predominant PAEs in the
sediments across all studied systems, with their concentrations being consis-
tently higher in areas with organic-rich sediments. The primary distinction
among the studied lagoons was attributed to varying sources of pollution. Riv-
erine and industrial discharges were identified as the main contributors to PAE
contamination in the Curonian and Szczecin lagoons. In contrast, the Vistula
Lagoon was primarily affected by domestic runoff from surrounding areas,
which was the principal source of PAEs. These findings underscore the im-
portance of considering both environmental conditions and pollution sources
when assessing the ecological impacts of PAEs in lagoon ecosystems.

The investigation of three lagoon systems revealed a comparable number of
actively transcribed genes responsible for converting phthalic acid to proto-
catechuate. This finding suggests that the conversion of phthalic acid to proto-
catechuate is not a rate-limiting step in the PAE degradation process in these
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lagoons. While the transcriptomic approach employed in this study provided
valuable information regarding the occurrence of degradation, it has limita-
tions, particularly in terms of the limited understanding of other metabolic
pathways involved in PAE degradation that it engenders. Therefore, future re-
search should address these knowledge gaps to enhance our understanding of
complete PAE degradation mechanisms in environmental contexts.

The levels of PAEs found in the Baltic lagoons are comparable to or lower
than those observed globally, posing a medium risk to living organisms, in-
cluding algae, crustaceans, and fish. Furthermore, specific PAEs present in
the Curonian Lagoon pose a potentially high risk to organisms. These findings
highlight the importance of the continuous monitoring and risk assessment of
PAEs in these ecosystems, as even low concentrations can have adverse effects
on aquatic life and disrupt the ecological balance. Further research is needed
to better understand the long-term implications of PAE exposure for the health
of aquatic organisms, especially those inhabiting sediments.
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Summary in Lithuanian

IVADAS

Ftalaty esteriai (PAE), dar zinomi kaip ftalatai, yra organiniy junginiy grup¢, daz-
niausiai naudojama kaip plastifikatoriai siekiant padidinti polivinilchloridg (PVC)
turin¢iy medziagy lankstuma. Be PVC gaminiy, ftalaty esteriai taip pat naudojami
ir kituose produktuose, tokiuose kaip klijai, tirpikliai ar asmens higienos priemonés
(ECPI, 2018; Katsikantami ir kt., 2016; Wilkes ir kt., 2005). Ftalaty esteriai yra pla-
Ciausiai pasaulyje naudojami plastifikatoriai, o jy metinis poreikis siekia apie 6 mili-
jonus tony. Tai chemiskai jvairi junginiy grupé¢, kuriy nejmanoma taip lengvai pakeisti
kitais, siekiant gaminiui suteikti panasias savybes. Jprastai pagal anglies grandinés
ilgi PAE yra klasifikuojami j mazos molekulinés masés (LM W) ir didelés molekulinés
masés (HMW) ftalatus (Katsikantami ir kt., 2016).

Didelés molekulinés masés PAE, tokie kaip bis(2-etilheksilo) ftalatas (DEHP),
dazniausiai naudojami pramongje: kabeliy, grindy dangy ir automobiliy detaliy gamy-
boje. Mazos molekulinés masés PAE, tokie kaip dibutilftalatas (DnBP), diizobutilfta-
latas (DiBP) ir dietilftalatas (DEP), dazniau naudojami gaminat medicinos prietaisus,
kosmetikg ir buitinés paskirties produktus (Katsikantami ir kt., 2016; Wilkes ir kt.,
2005; Wypych, 2012). Nepaisant PAE svarbos pramong¢je, jy naudojimas kelia rizika
aplinkai, gyvy organizmy ir Zmogaus sveikatai. Tyrimai rodo, kad tam tikras PAE kie-
kis gali sutrikdyti endokrining sistema, sukelti reprodukcijos sutrikimus, skydliaukeés
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8. Summary in Lithuanian

funkcijos pazeidimus, kvépavimo ligas, nutukimg ir neurologinius sutrikimus (Becker
ir kt., 2004; Caldwell, 2012).

Aplinkoje ftalaty esteriai yra patvaris, todé¢l kelia ilgalaike grésme organizmams
ir visos ekosistemos funkcionavimui. Europos Sajungoje keli i§ PAE — DBP, DiBP,
DEHP ir benzilbutilftalatas (BzBP) — yra klasifikuoti kaip toksiski, veikiantys repro-
dukcija, todél yra grieztai regulivojami (ECHA, 2025a). Nors $iy PAE naudojimas per
pastaruosius metus gerokai sumaz¢jo, jie vis dar daznai aptinkami aplinkoje, todél yra
bitina nuolatiné stebésena ir prevencija.

[ estuarijas ir kitas priekrantés sistemas terSalai patenka i$ upés baseine esanciy buiti-
niy, zemes tikio ir pramonés Saltiniy (Shen ir kt., 2019; Zhang ir kt., 2021). Pagrindiniai
PAE patekimo j vandens ekosistemas keliai yra iSleidziamos nevalytos ar tik i§ dalies
iSvalytos nuotekos, emisijos j atmosfera arba pavirSinés lietaus nuotekos. Nuoteky valy-
klos laikomos vienomis i§ pagrindiniy PAE Saltiniy pavirSiniams vandenims (Gao ir kt.,
2014). Taciau atskirti konkretaus Saltinio indélj i tarSa yra gana sudétinga dél jy jvairo-
vés. Vertinant pasklidusios PAE tarSos sulaikyma priekrantés sistemose, KurSiy marios
yra idealus modelis, dél savo iSskirtiniy geomorfologiniy savybiy leidziantis sudaryti
srauty masiy balansa pagal vadinamajj ,,juodosios dézes* principa.

Dél plataus PAE naudojimo S§ie junginiai nuolat aptinkami vandenyje, dugno nuo-
sédose ir gyvuosiuose organizmuose. Vanduo yra pagrindinis tiesioginis ir netiesio-
ginis PAE pernaSos vektorius, nes jis yra naudojamas Zemes tikyje, maisto gamyboje
ir kasdieninéje zmogaus veikloje (Tuli ir kt., 2024). Analizuojant PAE junginius van-
denyje, dél efektyvesnés ekstrakcijos suspenduotos dalelés (SPM) yra paSalinamos i
méginio, tode¢l nustatomos tik iStirpusios PAE frakcijos (He ir kt., 2013; Paluselli ir
kt., 2018; Xu ir kt., 2022). Tuo tarpu PAE pasiskirstymas tarp skirtingy faziy yra svar-
bus veiksnys, lemiantis jy biologinj prieinamuma, galimg bioakumuliacija, degradaci-
ja ir uzsilaikyma aplinkoje. PAE sorbcija prie SPM lemia jy pernasg j dugno nuosédas,
dél to gali sumazéti Siy junginiy momentinis poveikis organizmams, gyvenantiems,
vandens storyméje, taciau taip prailgéja jy buvimas ekosistemoje. Sorbcijos intensy-
vumas priklauso nuo PAE molekuliy hidrofobiskumo, SPM savybiy ir aplinkos saly-
gy (Gago ir kt., 1987; Lu ir kt., 2023; Yang ir kt., 2013). Todél tiriant PAE sklaidg yra
bitina atsizvelgti j atitinkamus aplinkos veiksnius, lemiancius PAE ekologinj poveikij
ir ilgalaike elgseng ekosistemoje.

I vandenj patekusius ftalaty esterius veikia jvairis fizikiniai, cheminiai ir biologi-
niai procesai, lemiantys jy pernasa, transformacijg ir likimg. Mikrobiologiné degra-
dacija yra pagrindinis PAE skaidymo kelias vandens ekosistemoje, kurj reguliuoja
deguonies bei maistiniy medziagy prieinamumas, pac¢iy PAE molekuliné strukttra
(LMW vs. HMW) ir jy pasiskirstymas tarp faziy (Boll ir kt., 2020; Puri ir kt., 2023;
Staples ir kt., 1997b). Vis délto didzioji dalis turimy ziniy apie PAE skaidymg yra
paremta laboratoriniais eksperimentais, kurie ne visuomet atspindi realias aplinkos
salygas. PAE degradacijos tyrimai in situ salygomis, taikant pazangius molekulinius
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jrankius — metagenomo ir metatranskriptomo analize — gali suteikti naujy jzvalgy apie
$iy tersaly skaidymo mechanizmus. Sie molekuliniai metodai leidZia identifikuoti mi-
krobioma, mikroorganizmus ir genus, dalyvaujancius PAE degradacijoje, taip pagi-
lindami supratimg apie Siy junginiy natiiralig transformacija (Bouhajja ir kt., 2016).
Didesnis $iy molekuliniy metody taikymas galéty praturtinti zinias apie PAE biode-
gradacijos dinamikg ir uzsilaikymg aplinkoje.

Tikslai ir darbo hipotezés

Pagrindinis Sio darbo tikslas — atskleisti svarbiausius veiksnius, lemiancius ftalaty
esteriy (PAE) kaitg ir likimg estuarijy aplinkoje. Siekiant §io tikslo, buvo iskelti uz-

daviniai:

1. sukurti patikimg analitinj metoda PAE kiekiams nuosédose nustatyti;

2. jvertinti skirtingy Saltiniy (nuoteky valymo jrenginiy, Nemuno upés, Baltijos
juros) svarbg PAE srautams j Kursiy marias;

3. ivertinti PAE pasiskirstymo kaitg laike ir erdvéje, skirtinguose KurSiy mariy
ekosistemos komponentuose;

4. istirti suspenduoty daleliy jtaka PAE pasiskirstymui vandens storyméje;

5. apskaiciuoti sukauptus PAE kiekius Kursiy mariy ekosistemoje;

6. jvertinti PAE pasiskirstyma, galima rizika ir likima pasirinktose Baltijos jtros

pakrantés lagiinose, palyginant jas su modeline KurSiy mariy sistema.

Remiantis tyrimo uzdaviniais buvo suformuluotos §ios hipotezés:

Sezoniniy aplinkos veiksniy svyravimai gali reikSmingai pakeisti PAE iSsis-
kyrima ir pasiskirstymg KurSiy mariose, veikdami jy koncentracijg ir pernasos
mechanizmg (2 ir 3 uzdavinys).

Suspenduotos dalelés vandenyje atlieka svarby, taciau daznai nejvertinama
vaidmen] PAE pasiskirstyme. Nepaisant SPM reikSmés, anksciau atliktuose
PAE tyrimuose SPM buvo nepakankamai tirta, todél Sis darbas atskleidzia
SPM poveikj PAE pasiskirstymui KurSiy mariose (4 ir 5 uzdavinys).

Kursiy marios gali bti laikomos tinkamu modeliu, padedanciu suprasti PAE
elgseng estuarinése sistemose. Tokie duomenys gali biiti pritaikomi kity pana-
$iy priekranciy lagliny tyrimams, ypac Baltijos jiiros regione (6 uzdavinys).

Naujumo elementas ir rezultaty reik§mé

Sioje studijoje pateikiamos naujos jzvalgos apie tersaly pasiskirstymo mechaniz-
mus estuarijy sistemose, ypatinga démes;j skiriant PAE tarSai Kur$iy mariose, Vyslos
ir S¢ecino lagiinose — ekosistemose, kurios $iuo aspektu iki §iol buvo menkai istirtos.
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Taikant ,,juodosios dézés* (angl. black-box) principa, buvo identifikuojami antropo-
geniniai tarSos Saltiniai pusiau uzdarose vandens sistemose ir sudaromas srauty masiy
balansas, pasinaudojant iSskirtinémis iy ekosistemy geografinémis, morfologinémis
ir hidrodinaminémis savybémis.

Vienas i§ svarbiausiy metodologiniy tyrimo aspekty — sisteminga PAE analize is-
tirpusioje ir su dalelémis susietoje fazéje, vandens méginiuose. Toks PAE faziy atsky-
rimas atskleidzia fundamentinj, ta¢iau daznai ignoruojama SPM poveikj PAE pernasai
ir pasiskirstymui vandens ekosistemose. Tradicinése stebésenos programose jprastai
PAE neanalizuojamas skirtingose fazése, todél gali biiti netinkamai jvertinamas $iy
tersaly kiekis ar neteisingai interpretuojama jy elgsena aplinkoje.

Siame darbe taip pat pristatoma pazangi analitiné tyrimy metodika, apimanti ,,Ko-
kybés valdymo pagal dizaing* (angl. Quality by Design, QbD) koncepcijos taikyma,
optimizuojant analitinius metodus aplinkos cheminiuose tyrimuose ir transkriptomo
analize, naudojamg nustatant PAE skaidyme dalyvaujantj mikrobioma (genus ir mi-
krobiotg). Transkriptomo analizé leidzia pirma kartg iSsamiai jvertinti mikrobioma,
dalyvaujantj PAE transformacijose estuarijy ekosistemose.

Sioje studijoje taikyti metodai ir principai — masiy spektrometrija, masiy balanso
sudarymas, skirtingy PAE faziy identifikavimas, transkriptomo analizé — yra univer-
saliis ir gali biti pritaikyti platesniam organiniy terSaly spektrui tirti, taip atveriant
naujas kryptis ateities aplinkos tyrimuose.

Rezultatai ir diskusija

ISSikiai tiriant PAE aplinkos komponentuose

Ftalaty esteriai yra placiai paplite tieck gamtoje, tiek ir laboratorijy aplinkoje, todél
ju analitinis aptikimas aplinkos komponentuose kelia nemazai isstkiy. Maza §iy jungi-
niy koncentracija aplinkoje ir didelé ekstrakcijos metody jvairové apsunkina optimalios
analizés strategijos pasirinkima (Net ir kt., 2015a). Daugelis esamy metody yra reiklis
tyrimo metu buvo sukurtas ir optimizuotas PAE ekstrakcijos i§ nuosédy metodas, uzti-
krinantis aukstg analitinj precizisSkumg bei veiklos efektyvuma (I publikacija).

Tyrimo metu buvo atrinkta ultragarsu atlickama PAE ekstrakcija (UAE), pasizy-
minti paprastumu bei minimaliu jrangos poreikiu, o metodui optimizuoti analizuojant
aplinkos méginius pirma karta buvo pritaikytas ,,Kokybés valdymo pagal dizaing™
principas. Sistemiskai jvertinus pagrindinius optimizacijos proceso parametrus, tir-
piklio tipa, jo tiirj, méginio kratymo laikg bei ultragarso poveikio trukme, pavyko
nustatyti optimalias ekstrakcijos salygas. Lyginant su alternatyviais metodais, optimi-
zuotas metodas leido sumazinti tirpiklio sunaudojima bei pagerinti nustatymo ribas,
taip uztikrinant patikima rezultatg.
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Sio tyrimo metu taip pat buvo atlikta metodo verifikacija ir validacija, kuri paro-
dé auksta preciziSkumg atkiirimo salygomis skirtingose matricose, Zemas nustatymo
ribas ir kryZminés tarSos nebuvima, o tai patvirtina, kad analitinés procediros atitiko
grieztus kokybés kontrolés standartus ir uztikrino duomeny patikimuma.

Kursiy mariy vaidmuo reguliuojant ftalaty esteriy (PAE) srautg i Baltijos

jura

Tyrimo rezultatai parodé, kad 2021 m. birzelio — 2022 m. geguzés laikotarpiu pa-
grindinis PAE $altinis Kur§iy marioms buvo Nemuno up¢€, atnesSusi apie 2,74 tonos
PAE. Tuo tarpu nuoteky valymo jrenginiai neturéjo reikSmingos jtakos PAE srautams
1 marias (<0,02 tonos). Per ta patj laikotarpj | Baltijos jura i§ KurSiy mariy su iStekéji-
mu buvo i$nesta apie 5,19 tonos PAE (Zr. II publikacijg), tai rodo, kad be Siame tyrime
identifikuoty PAE $altiniy egzistuoja ir kiti, neitirti tar§os $altiniai. Sie rezultatai lei-
dzia daryti prielaida, kad mety kontekste Kursiy marios daugiausia funkcionuoja kaip
tarpiné sistema, kaupianti PAE 18 jvairiy Saltiniy ir véliau juos eksportuojanti j Baltijos
jura. Vis délto, mariy vaidmuo reguliuojant PAE srautus yra kintantis ir priklauso nuo
sezoniniy veiksniy.

Ziemos metu Nemuno upé buvo ypaé uztersta DEHP junginiu, kuris, tikétina, pa-
teko su nuotekomis i§ pramonés. Todél Siuo periodu Kursiy mariy vandenyje vyravo
DEHP. Didelis Nemuno upés debitas taip pat salygojo ir trumpa vandens uzsilaikyma
paciose mariose, d¢l to DEHP dominavo ir iStekéjime i$ mariy j Baltijos jlirg. Vasara,
prieSingai, upé | marias atnesé¢ didesn¢ dalj mazos molekulinés masés PAE (LMW
PAE), daznai siejamus su buitine tarSa (Al-Saleh ir Elkhatib, 2016; Karunamoorthi ir
Sabesan, 2010). Taip pat vasaros metu upés jtaka mariy vandens srautui j jiirg buvo
mazesné, nors DEHP liko dominuojanciu junginiu iStekanciame mariy vandenyje,
greiCiausiai dél atmosferinés tarSos i$ netoliese esancios Klaipédos pramoninés zonos.

Sezoniniai veiksniai, tokie kaip ledo danga ir pokyc¢iai vandens masiy judéjime,
taip pat reikSmingai veiké PAE pasiskirstyma aplinkoje. Pavyzdziui, ziema, kai upés
pavirSius buvo padengtas ledu ir sniegu, buvo iSmatuota iki trijy karty uz viduting
meting didesné PAE koncentracija, o tai leidzia manyti, kad ledas gali veikti kaip
laikinas tersaly kaupiklis. Tuo tarpu vasarg, sumazejus upés debitui, pailgéjo vandens
uzsilaikymas paciose Kursiy mariose, o tai lémé intensyvy PAE kaupimasi, ypac uz-
darose mariy zonose.

PAE pasiskirstymas Kursiy mariose

Ftalaty esteriy pasiskirstyma KurS§iy mariose lemia ne tik sezoniskumo veikiamos
aplinkos salygos, bet ir paciy PAE specifinés fizikinés ir cheminés savybes. Dél di-
delés PAE hidrofobijos, jie jprastai jungiasi prie vandenyje suspenduoty daleliy, o
véliau, vykstant jy sedimentacijai, PAE perneSami j dugno nuosédas (Mohammadian
ir kt., 2016; Staples ir kt., 1997b). Visuose analizuotuose méginiuose buvo pastebéta,
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kad mazos molekulinés masés ftalatai (LMW PAE) dazniausiai aptinkami iStirpusioje
fazéje, tuo tarpu didesnés molekulinés masés junginiai (HMW PAE) labiau susij¢ su
vandenyje suspenduotomis dalelémis. Tod¢l SPM vaidmuo reguliuojant PAE pasis-
kirstyma mariose didzigja dalimi priklauso nuo santykinio LMW ir HMW kiekio.

Prie SPM prisijungg ftalaty esteriai lengvai nuséda j dugno nuosédas, kurios tam-
pa jy ilgalaikiu rezervuaru (Staples ir kt., 1997b). KurSiy mariose PAE daugiausia
kaupiasi akumuliacinéje mariy zonoje, kurioje vyrauja dumblo nuosédos. Siose zo-
noje sulaikoma apie 90 % bendro PAE kiekio. Tikétina, kad tokj PAE pasiskirstymo
désninguma lemia jy hidrofobiskumas, dél kurio jie linke kauptis didelj organinés
medziagos kiekj turin¢ioje smulkiojoje nuosédy frakcijoje. Sio tyrimo duomenimis,
virSutiniame 5 cm Kur$iy mariy nuosédy sluoksnyje yra susikaupe apie 7,5 tonos
PAE, i§ kuriy apie 3 tonos susikaupé prie$ daugiau nei penkerius metus. Sie rezultatai
atskleidzia ilgalaikj PAE uzsilaikymga estuarijy nuosédose.

Pagrindinis ftalaty esteriy skaidymo mechanizmas gamtoje yra biodegradacija —
procesas, kurio metu Sios medziagos yra transformuojamos j mazesnius, maziau kenks-
mingus junginius (Boll ir kt., 2020; Staples ir kt., 1997b). Visgi natiiraliis PAE skaidy-
mo keliai yra sudétingi ir daznai sunkiai atkuriami laboratorinémis salygomis (Hu ir
kt., 2021). Jie galéty buti geriau suprasti paraleliai atliekant terSaly analize ir aplinkos
mikrobiomo (geny ir mikrobiotos) tyrimus. Ypa¢ vertingos jzvalgos gaunamos pasitel-
kus genomo tyrimo jrankius (pvz.: transkriptomo analizg), kurie leidzia identifikuoti
mikroorganizmy bendrijas ir jy metabolizmo kelius. Sio tyrimo metu gauti genomo
duomenys rodo, kad PAE biodegradacija koduojanciy geny ekspresija intensyviausiai
vyksta dugno nuosédose, tuo tarpu §iy geny ekspresija nevyko vandens storyméje. Sie
rezultatai kontrastuoja su pries tai vykdytais laboratoriniais eksperimentais, kurie paro-
dé¢ didesnius skaidymo grei¢ius vandenyje. Sio tyrimo rezultatai rodo, kad estuarijose
aktyviausiai PAE skaidé gram neigiamos bakterijos, tuo tarpu gam teigiamy bakterijy
poveikis skaidymui buvo nedidelis. J[domu ir tai, kad PAE biodegradacija, vertinant
pagal geny ekspresija, intensyviau vyko smélyje, negu dumblo nuosédose, tikétina,
deél skirtingo organinés anglies prieinamumo bakterijoms. Sie rezultatai pabréZia geno-
mo tyrimo metody svarbg analizuojant mikrobiologinius procesus ir terSaly skaidymo
mechanizmus. Vis délto tokiy metody taikymas turi ir i$$tkiy: didelé tyrimo kaina,
reikalinga specifiné jranga, techniniai sunkumai ir ribota informacija apie mikrobioma
duomeny bazéje. Todél genomo duomeny bazés plétra ir tobulinimas yra batini sie-
kiant iSsamesnio aplinkos terSaly degradacijos procesy supratimo.

Ekotoksiskumo rizika

Estuarijy aplinkoje placiai paplite PAE kelia susirlipinimg dél galimos rizikos
Siose ekosistemose gyvenantiems organizmams (Staples ir kt., 1997a; Zhang ir kt.,
2021). Atliekant ekotoksiSkumo rizikos vertinimg, visy tirty laginy vandenyje nu-
statyta, kad bendras rizikos lygis zuvims, dumbliams ir véziagyviams buvo vidutinio
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lygio. Tiek seklaus smélio, tiek ir gilesnése dumblo kaupimosi zonose buvo nustatyta
panasi tendencija, rodanti, kad vien geografinis PAE pasiskirstymas neturi esminés
itakos bendram ekotoksiSkumo rizikos pobiidziui. Tac¢iau laikinas PAE koncentracijos
kitimas vandens storyméje gali turéti didele reikSme rizikos lygio vertinimui. Pavyz-
dziui, jvertinus visus sezonus, KurSiy mariose kai kuriems organizmams nustatyta
galimai didelé rizika del PAE tarSos lygio. Kai buvo analizuojami tik vieno sezono
duomenys nustatyta jau tik vidutiné rizika. Atsizvelgiant | PAE koncentracijos kaitg
vandens storymeéje, rizikos vertinimas remiantis vieno sezono duomenimis gali lemti
ilgalaikeés ekologinés grésmeés pervertinimg arba nepakankamg jvertinima.

Vertinant ekotoksiskumo rizika dugno nuosédose nenustatyta, kad analizuojamy PAE
junginiy koncentracija virSyty leistinas rizikos vertes, sukelian¢ias poveikj bentosui. Taciau
$iy rezultaty negalima interpretuoti vienareikSmiskai dél naudojamo vertinimo metodo ne-
apibréztumo. Esama situacija rodo, kad dabartiné PAE koncentracija tirtose lagtinose gali
turéti neigiama poveikj mikro- ir makroorganizmy bendrijos sudéciai, funkcijoms ir jos
biologiniam aktyvumui. Todél, siekiant iSvengti tolesnio neigiamo poveikio ekosistemai,
biitinas nuoseklus KurSiy mariy stebéjimas ir atsakinga tarSos prevencija.

Kursiy marios kaip modelis kity Baltijos lagiiny tyrimams

Kursiy marios Sioje studijoje buvo naudojamos kaip modelis PAE pasiskirstymui ir uz-
silaikymui Baltijos lagiinose vertinti. Todél tyrimy metu gauti rezultatai i§ KurSiy mariy
buvo palyginti su rezultatais i§ Vyslos ir Séecino lagiiny. Pagrindinis skirtumas tarp $iy
lagiiny buvo PAE $altinis: j Kur$iy marias ir S¢ecino lagiing PAE pateko su intensyvia upiy
prietaka i§ Zemyninés dalies del nuoteky isleidimo i§ pramonés. Tuo tarpu Vyslos lagting
PAE srautas su upés prietaka buvo nedidelis. Analizuojant PAE sudétj upés prietakoje i
Vyslos lagiing nustatyta, kad didzioji dalis PAE yra i$ aplink lagiing iSsidésciusiy buitiniy
tarSos Saltiniy. Skirtumai pagal PAE sudétj paciose lagiinose daugiausiai atsispindéjo van-
dens storyméje, tuo tarpu dugno nuosédose PAE sudétis buvo panasi tarp lagtiny ir jo kau-
pimosi tendencijos buvo vienodos. Didziausia PAE koncentracija buvo iSmatuota dumblo
nuosédose su dideliu organinés medziagos kiekiu, tai rodo ilgalaikj $iy junginiy sulaikyma
tirtose sistemose. Atsizvelgiant j tai, kad PAE sudétis dugno nuosédose visose trijose lagi-
nose buvo panasi, galima teigti, kad Kursiy marios yra tinkamas modelis ilgalaikiam PAE
pasiskirstymui ir kaupimuisi estuarijy sistemose vertinti.

ISvados

1. Tyrimo metu buvo optimizuotas ir validuotas analitinis metodas, tinkamas naudoti
ftalaty esteriy (PAE) kokybinei ir kiekybinei analizei nuosédose, vykdant rutining
aplinkos biiklés stebésena. Sis metodas, palyginus su literatiiroje apraSytais me-
todais, turi Zemesnes kiekybines nustatymo ribas ir reikalauja mazesnio tirpikliy
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kiekio, todél yra draugiskesnis aplinkai. Be to, tyrime pateikiamas naujas poZzidiris
metody optimizavimg aplinkos chemijoje, prisidedantis prie terSaly aptikimo anali-
tiniy metodiky pazangos ir didinantis aplinkos stebésenos tiksluma.

Masés balanso skai¢iavimai, vertinant PAE jneSimo ir iSneSimo srautus, pa-
rod¢, kad pagrindinis PAE $altinis KurSiy mariy ekosistemoje buvo Nemuno
upé, o nuoteky valykly indélis, tiesiogiai iSleidziant nuotekas j marias, buvo
palyginti nedidelis. Per metus 1§ KurSiy mariy j Baltijos jiira pateko daugiau
PAE, nei jy buvo atneSama su upe, kas rodo, jog egzistuoja papildomi Saltiniai,
kurie nebuvo identifikuoti Siame tyrime. Tikétina, kad atmosferiné depozicija
gali buti reikSmingas PAE patekimo kelias | mariy ekosistemg. Todél ateityje
bitina jvertinti galima atmosferiniy procesy jtaka tarSos mastui mariose.
Kursiy marios vaidmuo reguliuojant PAE srautus | jiira priklauso nuo sezoni-
niy meteorologiniy reiskiniy ir aplinkos veiksniy. Pavyzdziui, ziema ledas gali
sugerti terSalus, kurie véliau tirpsmo metu atpalaiduojami j vandens storyme.
Taip pat v¢jo kryptis ir hidrodinaminiai procesai daro jtakg PAE pasiskirsty-
mui mariose. Tai parodo sudétinga saveika tarp mariy reguliacinés funkcijos ir
vyraujanciy aplinkos salygy.

Ftalaty esteriy pasiskirstymas Kursiy mariy ekosistemoje priklauso ir nuo jy
molekulinés masés. Mazos molekulinés masés PAE daugiausia buvo aptikti
iStirpusioje fazéje, o didesnés molekulinés masés junginiai buvo adsorbuoti
suspenduoty daleliy (SPM), sudarydami apie 50 % visy nustatyty PAE. SPM
veiké kaip vektorius, sedimentaciniy procesy metu perneSantis PAE i§ van-
dens storymés j dugno nuosédas. Todél dugno nuosédose buvo daugiausiai
susikaupe didesnés molekulinés masés PAE junginiai. Sie rezultatai rodo, kad,
siekiant tiksliai jvertinti hidrofobiSky organiniy tersaly paplitimg ir poveikj
estuarijy aplinkai, yra batina analizuoti SPM.

Nuosédos, ypa¢ akumuliacinéje KurSiy mariy zonoje, kurioje kaupiasi orga-
nin¢ medziaga, veikia kaip efektyvus PAE rezervuaras. [vertinta, kad pavir-
Siniame Kursiy mariy nuosédy sluoksnyje yra susikaupe daugiau nei 7 tonos
PAE, i8 kuriy vir§ 3 tony galimai susikaupé pries daugiau nei 5 metus. Svarbu
pazymeéti, kad nebuvo jvertintos moliusky kriaukliy duzenos, kurios, kaip pa-
rodé §is tyrimas, taip pat adsorbuoja PAE. Tai patvirtina, kad PAE yra placiai
paplite terSalai, ilgam pasiliekantys laginy aplinkoje.

Kurs$iy marios yra tinkamas modelis siekiant suprasti PAE pasiskirstymo dés-
ningumus pakranciy lagiiny ekosistemose, ypac ilgalaikéje perspektyvoje.
DEHP ir DiBP buvo pagrindiniai ftalaty esteriai, aptikti visy tirty lagtiny nuo-
sédose. Siy junginiy koncentracija buvo didesné daugiau organinés medziagos
turin¢iose dumblo nuosédose. PAE junginiy Saltiniai tirtose lagiinose skyré-
si: Kursiy mariose ir S&ecino lagiinoje dominavo upiy ir pramoniniy nuoteky
prietaka, o Vyslos lagtinoje — tarSa i$ buitiniy Saltiniy. Todél vertinant PAE
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poveikj lagtiny ekosistemoms biitina atsizvelgti tiek j aplinkos salygas, tiek ]
tarSos Saltiniy pobtdj.

Trijose tirtose lagiinose buvo aptikta panasi ftalio riigsties virsma j protokatechua-
ta kuoduojanciy geny ekspresija. Tai leidzia daryti prielaidg, kad Sis virsmas néra
ribojantis etapas PAE skaidymo procese. Nors Siame tyrime taikyta transkriptomo
analiz¢é suteiké daug vertingos informacijos apie PAE skaidymo proceso eiga, ji turi
ir tam tikry apribojimy, ypac dél ribotos duomeny bazés apie kitus PAE virsmus.
Todgél ateities tyrimai turéty biiti orientuoti  Sias ziniy spragas.

TarSos lygis ftalaty esteriais Baltijos lagiinose buvo panasus arba maZzesnis
nei vidutinis pasaulinis lygis, keliantis vidutinj pavojy gyviems organizmams:
dumbliams, véziagyviams ir zuvims. Visgi kai kurie specifiniai KurS§iy mario-
se aptikti PAE junginiai gali kelti didele grésme organizmams. Sie rezultatai
pabrézia nuolatinio PAE monitoringo ir rizikos vertinimo svarbg, kadangi net
ir nedidelés koncentracijos gali turéti neigiama poveikj vandens organizmams
ir sutrikdyti ekologing pusiausvyrg. Siekiant geriau suprasti ilgalaikes PAE
poveikio pasekmes vandens organizmy sveikatai, ypa¢ gyvenantiems dugno
nuosédose, biitini iSsamesni tyrimai.
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ARTICLE INFO ABSTRACT

Keywords: Phthalate esters (PAEs) are the most widely used plasticizers worldwide and are considered as ubiquitous
Phthalate esters environmental contaminants. Due to both their ubiquity and potential health and environmental risks, their
Adipate

determination is a matter of worldwide concern. In the present study, an efficient method based on ultrasonic-
assisted solvent extraction followed by gas chromatography-mass spectrometry is proposed for the simultaneous
determination of PAEs and di(2-ethylhexyl) adipate in estuarine sediments and shells. Method optimization was
successfully carried out according to Quality by Design principles. Shaking time, ultrasonic time, extractant
volume, and solvent type were selected as Critical Method Parameters. Validation proved method reliability for
the determination of the investigated analytes, achieving detection limits in the 0.1-0.7 ng g ' and 0.1-0.5ng g
range for sediments and shells, respectively. A good precision was obtained with RSD < 20% and trueness
(recovery) in the 73(£7)-120(+10)% and 70(+10)-111(+3)% range, for sediments and shells, respectively.
Finally, the method was applied to analyze sediment samples and mollusc shells, collected from the Curonian
Lagoon (Southeast Baltic Sea). Di(2-ethylhexyl) phthalate was present in all the analyzed samples, thus pointing
out its ubiquity in estuarine environment. PAEs were also found in shell debris or living mussels, highlighting

Quality by design

Ultrasonic-assisted solvent extraction
Sediment

Mollusc shells

them as a hotspot of organic contaminants, especially in transitional environments, where accumulation of
organic rich deposits is limited.

1. Introduction systems has decreased over the last decades due to the introduction of
strict regulations on their use in industry [5,6]. Nevertheless, the level of
PAEs observed in some areas is still high: for example in the Baltic re-

gion, concentrations over 3900 and 800 ng g’1 were determined in

Phthalate esters (PAEs) are the most widely used plasticizers
worldwide. Their presence as additives in plastics, cosmetics, wall

covering, floors, and packaging materials make them ubiquitous com-
pounds in daily life [1,2]. Being classified as endocrine disruptors, these
compounds could exert adverse health effects on both humans and
wildlife in all environments [3].

In aquatic environments, owing to their relative high hydrophobic-
ity, PAEs are adsorbed onto suspended particles and settled down to
surface sediment [4]. Consequently, sediments can act as a temporal
storage for PAEs. In Europe, the concentration of PAEs in aquatic

settling deposits and sediments, respectively [6,7]. To overcome the
restrictions on the use of PAEs, many manufacturers have replaced them
with phthalate-free alternatives such as adipates, among which di
(2-ethylhexyl) adipate (DEHA), thus contributing to increase their
presence in the plasticiser market and, ultimately, in the environment
[6].

The quantification of PAEs in sediments can be a real challenge since
it requires the use of reliable analytical methods to avoid overestimation
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[8]. The extraction of PAEs from solid matrices such as sediments has
been reported using a large variety of methods, like Soxhlet,
microwave-assisted extraction (MAE), accelerated solvent extraction
(ASE), ultrasonic-assisted extraction (UAE) or solid-phase micro-
extraction (SPME) [8-15]. The major advantage of the UAE approach
relies on its ease of implementation in every analytical lab, requiring
simple devices.

In recent years, Quality by Design (QbD) principles have been
introduced by US Food and Drug Administration [16] for assuring
quality in pharmaceutical products and processes. This quality paradigm
has been outlined also in International Council for harmonisation (ICH)
Pharmaceutical Development guideline Q8 [17] and its use has been
implemented in Analytical Method Development ICH Q14 guideline
[18]. Analytical Quality by Design (AQbD) consists of a systematic
framework in analytical method development, and represents an
important ally of the analytical researcher, in particular for the set-up of
separation procedures [19,20]. Even if the most important field of AQbD
application is still pharmaceutical analysis [21-23], recently few ap-
plications have been reported in food [24,25] and environmental anal-
ysis [26,27], confirming the great potential of this sound-science based
approach. QbD principles are founded on Design of Experiments (DoE)
and Risk Analysis, and their application makes it possible to efficiently
drive method development, both clarifying the effects of multiple pa-
rameters on the analytical output and identifying the method operable
design region (MODR). The latter is defined as the multivariate zone
where it is assured that the analytical target is achieved with a selected
level of probability [21].

In this study, for the first time in the literature, QbD was applied to
the development of an extraction procedure in environmental analysis.
Despite DoE optimization of UAE extraction has been already proposed
in the literature [9,25,28-30], the application of QbD to extraction
techniques is still limited to one example in food analysis, associated
with the extraction of polyphenols from a vegetable matrix [31].

In this study, QbD was applied to optimize the UAE conditions for the
GC-MS determination of several PAEs and DEHA in estuarine sediments.
Validation was carried out to assess method reliability for the determi-
nation of the analytes at trace levels in samples collected from the
Curonian Lagoon (Southeast Baltic Sea). The obtained results will pro-
vide a better understanding of the pollution levels in one of the most
important lagoons of the Baltic region, since the compositional profiles
of PAEs in the sediment of the area are still understudied and rarely
considered in the state monitoring programs.

2. Material and methods
2.1. Chemicals and materials

Dimethyl phthalate (DMP), Diethyl phthalate (DEP), Dibutyl
phthalate (DBP), ButylBenzyl phthalate (BBzP), Di(2-ethylhexyl)
phthalate (DEHP), Di-n-octyl phthalate (DOP), Diisobutyl phthalate
(DiBP), and Di(2-ethylhexyl) adipate (DEHA) standards (all purity grade
> 98%) were purchased from HPC Standard GmbH (Cunnersdorf,
Germany).

Internal standards D4-ring deuterated dibutyl phthalate (D4-DBP,
98%) and D4-ring deuterated di-n-octyl phthalate (D4-DOP, 98%) were
purchased from LGC Standard Sp. Z 0.0. (Lomianki, Poland). Capillary
grade ethyl acetate (EA), supratrace grade dichloromethane (DCM),
acetone (>99.8% purity) (AC) and supergradient grade methanol
(MeOH) were purchased from VWR International GmbH (Vienna,
Austria). Both the stock (1000 mg L) and the working (10 mg Lh
solutions were prepared in EA and stored in the dark at -20 °C until
analysis. To avoid background pollution, the laboratory equipment used
for sampling and analysis was exclusively made of glass or stainless
steel. Prior to use, all glass apparatus was soaked in 10% HCI for 12 h,
rinsed with distilled water, dried, burned at 500 °C for 6 h, and finally
pre-rinsed with MeOH.
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2.2. Optimization of the ultrasonic assisted extraction

The Critical Method Attributes (CMAs) [19,22] corresponding to the
responses to be investigated and maximized, were chosen as the chro-
matographic areas of DiBP, DBP, BBzP, DEHP. The Critical Method Pa-
rameters (CMPs) of the extraction [19,22], namely the factors that could
potentially impact the CMAs, were represented by three quantitative
factors, i.e. shaking time (SHA time), ultrasonic time (US time) and
extraction volume (VOL), and one qualitative factor, namely solvent
type (SOLV type). The knowledge space, that is the experimental domain
of the CMPs explored by DoE, was the following: SHA time, 10.0-20.0
min; US time, 10.0-20.0 min; VOL, 10.0-20.0 mL (Table Al). The
investigated solvents were DCM and the solvent mixtures DCM/AC and
DCM/MeOH, both in 1:1 ratio. The final optimized conditions for the
ultrasonic assisted extraction parameters, together with the MODR in-
terval in brackets, are the following: SHA time, 15.0 min, US time, 12.0
min (10.5-15.0 min), SOLV type, DCM/AC; VOL, 17.5 mL (15.1-20.0
mL).

The extraction procedure was as follows: dry sediment (2.5 g) was
weighed and transferred to a 100 mL borosilicate glass bottle, then the
extraction solvent (optimized condition: 17.5 mL of DCM/AC) was
added. The bottles were closed, shaken (optimized condition: 15.0 min)
on a horizontal shaking table (KS 4000 ic control, IKA, Germany) and
sonicated (optimized condition: 12.0 min) at room temperature in an
ultrasonic bath (setting power: 100%; Sonorex Digiplus DL 512 H,
Bandelin, Germany). Supernatant was separated from sediment, evap-
orated under a gentle stream of nitrogen gas, and dissolved in 1.5 mL of
EA. Prior to GC-MS analysis, the extracts were filtered through 0.22 pm
polytetrafluoroethylene filters (Frisenette, Denmark).

NemrodW software (NemrodW, LPAI sarl, Marseille, France) was
used for planning the symmetric screening matrix and for related data
treatment. MODDE 13 software (Sartorius Data Analytics AB, Géttingen,
Germany) was used to generate the Central Composite Design (CCD) in
Response Surface Methodology (RSM), to perform related data treat-
ment and to identify the MODR through Monte-Carlo simulations [32].
When performing risk analysis, the target for defect per million oppor-
tunities (DPMO) [33] was set at 100,000, matching with a risk of error of
10%.

2.3. GC-MS analysis

A Shimadzu GC-2010 Plus gas chromatograph equipped with a
GCMS-TQ8040 mass spectrometer (Shimadzu Corporation, Japan) was
used for GC-MS analyzes. Helium (99.9999%) was used as the carrier gas
at a constant flow rate of 1 mL/min; the GC injector was operated in
splitless mode at 250 °C, whereas chromatographic separation was
performed on a Rxi-5Sil MS capillary column (30 m x 0.25 mmi.d., 0.25
pm film thickness; Restek®, Bellefonte, USA) using the following tem-
perature program: 60 °C, held for 2 min, to 240 °C at 25 °C/min, held for
2 min, to 300 °C at 10 °C/min, held for 3 min. Transfer line and ion
source were maintained at 280 °C and 230 °C, respectively. The mass
spectrometer was operated in time scheduled single-ion monitoring
mode (SIM) by recording the current of the ions reported in Table A2.
Signal acquisition and data handling were performed using the LabSo-
lutions (Shimadzu Corporation) software.

2.4. Method validation

A blank analysis was performed prior to validation to establish the
absence of contamination in the matrices used as reference (shells and
sediments). Then method validation was performed according to EUR-
ACHEM guidelines [34] under the optimized conditions using the blank
matrices. Detection (yD) and quantitation limits (yQ) expressed in terms
of signals were obtained by the analysis of blank sediments spiked with
each analyte at 0.2 ng g '. Both the mean (y},) and the standard deviation
(sp) of 10 replicated measurements were calculated. Finally, detection
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(LOD) and quantitation (LOQ) limits were obtained by projection of the
corresponding signals yD and yQ through a calibration plot y = f(x) onto
the concentration axis. Linearity was assessed using a matrix-matching
calibration (sediment and shells) on 6 concentration levels: LOQ, 2,
10, 50, 100, 150 ng g~ * for all the analytes, with the only exception of
BBzP (LOQ, 4, 10, 50, 100, 150 ng g’l), by performing 3 replicated
measurements per level. D4-DBP and D4-DOP were used as internal
standard at the concentration of 10 ng g™'. Homoscedasticity was veri-
fied by applying the Hartley test. Lack of fit and Mandel’s fitting tests
[35] were also performed to assess the goodness of fit and linearity (a =
0.01). The significance of the intercept (¢=0.05) was evaluated by
performing a Student’s t-test. Repeatability and intermediate precision
were evaluated as relative standard deviations (RSD%) on 3 concen-
tration levels: LOQ, 25 and 150 ng g™, performing four replicated
measurements per level. Intermediate precision was estimated over
three days, verifying homoscedasticity of data and performing the
analysis of variance (ANOVA) at the 95% confidence level. Trueness was
calculated for each analyte in terms of recovery rate (RR%) by per-
forming 8 replicated measurements at LOQ, 25 and 150 ng g~'. RR% was
calculated as follows: RR%=(Cexp/Cspk)®100 where ceyp, is the observed
concentration and cgpy is the concentration of the fortified matrix.
Finally, the matrix effect (ME) was calculated at LOQ, 25 and 150 ng g
using the following formula:

ME(%)= Al / A2 x 100

where Al is average peak area of each analyte/internal standard in
matrix extract and A2 is that in DCM/AC (1:1, v/v) at the same
concentration.

2.5. Real sample analysis

Sediment samples from the oligohaline Curonian Lagoon (salinity <
0.5 [36]), which is located along the southeast coast of the Baltic Sea,
were collected in August 2021 (Site A and B) and in February 2022 (Site
C) from two principal sedimentary environments: deeper confined (3.5
m depth) and shallow transitional (~1.5 m depth). Confined area (Site
A, 55°17'14.3" N/ 21°01'17.4"E) has a longer water renewal time and
organic-rich deposits (organic carbon content (Corg) = 12.0%, median
grain size = 0.042 mm). Shallower transitional area (Site B, 55°26'40.1"
N/ 21°10'57.8"E; Site C 55°20'25.9'N/21°11'24.4"E) is characterized by
shorter water renewal time, and sandy sediments with low organic
matter content (Corg = 0.1-0.3%, median grain size = 0.209-0.223 mm).
Sediments were collected using a hand corer with stainless-steel tubes (i.
d. 8 cm, length 30 cm) at each of the three sites. The upper 0-5 cm layer
was subsampled, transferred to glass jars and kept at -20 °C. Prior to
analysis, sediments were freeze-dried for 48 h, grinded using agate
mortar and pestle, and homogenized by sieving through a stainless-steel
sieve (0.5 mm, Retsch GmbH, Germany). At stations with fine sand
deposits (Site B and C), large debris of shells (> 0.5 mm) were also
separated and mashed prior to analysis. In total, four types of shells
(only Site C): i) a mixture of 95% gastropods -+ mussels together and 5%
of unionid, ii) unionid, iii) gastropods, and iv) mussels were submitted to
analysis.

3. Results and discussion

Phthalate esters can be categorized into two main groups: low mo-
lecular weight (LMW; 3-7 carbon atoms in their chemical backbone) and
high molecular weight compounds (HMW; 7-13 carbon atoms in their
chemical backbone). These two groups have different applications,
toxicological properties, and legal requirements. In the present study,
our focus was on LMW PAEs, as HMW PAEs are not associated with
adverse health effects and do not cause endocrine disruption [2,37].
Among the LMW PAEs, only four compounds, namely DBP, BBzP, DEHP
and DIBP are classified as very dangerous substances by REACH [2],
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suggesting their use as model compounds for the optimization of the
extraction conditions.

The choice of the extraction solvent is always a critical step in the
development of a novel extraction procedure. A wide variety of organic
solvents have been proposed to extract PAEs from sediment, including
hexane/AC mixtures (1:1, v:v) [9,12], pure DCM or mixture of solvents,
such as DCM/MeOH (1:1, v:v) or DCM/AC (1:1, v:v) [13,38,39]. Un-
fortunately, most organic solvents are potentially dangerous, and extra
care must be taken during sample handling, recycling or disposal [40].

Preliminary results (data not shown) showed that the use of hexane,
both pure and in mixture with AC was able to produce lower GC-MS
responses compared to DCM, so only the performance of DCM (pure
or in mixture with MeOH) or AC was evaluated. DCM has been used to
extract PAEs from different matrices including water, sediment, plastic
toys, food, and other biological matrices [41,42]. However, the addition
of water-miscible solvents, such as AC or MeOH, could increase the
extraction capability of the mixture due to both increased hydrophilicity
and water/organic solvent partitioning. As previously reported, residual
water present in the sample can reduce the extraction efficiency [43] by
reducing the wettability of the surface, thus limiting the extraction of the
most apolar compounds. By contrast, the use of a water-miscible organic
modifier facilitates PAEs extraction by allowing a better penetration of
the solvents into the sample [44]]. In this context, the extraction of PAEs
relies on the establishment of weak London dispersion forces,
dipole-based interactions, and hydrogen bonding with carboxylic groups
of the analytes.

In this study, following the Quality by Design framework, the opti-
mization of the UAE extraction conditions was carried out in subsequent
steps, consisting of a screening phase for obtaining preliminary infor-
mation on the effects of the investigated CMPs on the CMAs, and a
subsequent RSM to obtain a map of the predicted CMAs values
throughout the experimental domain. The final step was represented by
the definition of the MODR.

3.1. Screening phase

Preliminary experiments were carried out to identify the CMPs, i.e.
the factors potentially affecting the effectiveness of UAE, and to select
their experimental domain for the screening phase (Table A1). To reduce
environmental impact, cost and time, the range of factors, such as
extraction time (shaking and ultrasonic) and solvent volume, was
selected based on the minimum value reported in the literature (10/15
min extraction time [13,38] and 5/10 ml of solvent [10,39]).

A Free-Wilson model was postulated to investigate the relationship
between the CMPs and the CMAs [45]. This includes one constant term
Ap and a number of coefficients for each factor equal to the number of
considered levels minus one. Each factor was investigated at three
levels, so the model comprised two coefficients for each factor:

y=Ao+AA+AA+BB+B,B+C,C+C,C+DD+D,D

In this model, y is the response (CMA), namely the area of each of the
considered compounds, A is SHA time, B is US time, C is SOLV type and D
is VOL (see Table A1). A 3%//9 symmetric screening matrix was selected
to estimate the coefficients, thus highlighting the effect of the considered
factors for each CMA. This type of matrix is very useful to achieve pre-
liminary information on both the significant factors to be considered in
the study and on the experimental domain to be studied in subsequent
RSM [45,46]. The experimental domain investigated and the 3%//9
symmetric screening matrix used in this study are reported in Table Al.

Graphical analysis of effects was performed, and the results obtained
from the different models are plotted in Fig. 1 referring to DiBP (Fig. 1a,
b), DBP (Fig. 1¢,d), BBzP (Fig. 1e,f) and DEHP (Fig. 1g,h). In the plots on
the left (Fig. 1a,c,e,g) the bar length is related to the effect of the change
of level of each CMP on the CMA; each bar is related to a specific pair of
levels. Hence, the bar named as b1/2-1 shows the entity of the effect
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Fig. 1. Screening graphic analysis of effects for DiBP (a, b), DBP (c, d), BBzP (e, ), DEHP (g, h). In (a, c, e, g) plots the length of the bar is related to the entity of the
effect produced by a change of level of the factors; the statistically significant effects are coloured in orange. In (b, d, f, h) plots the bar length is related to the effect of

the single level on the response.

when changing level between the medium one (2) and the low one (1) of
the first considered CMP, i.e. shaking time. In the same way, b1/3-1
refers to the effect observed when moving from high level (3) to low
level (1) of the same CMP. In the plots on the right (Fig. 1b,d,f;h) the
length of the bar is related to the effect of each single level of the CMPs
(blue bar, low level; green bar, medium level; red bar, high level) on the
CMA.

The analysis of the results reported in Fig. 1 allowed for the identi-
fication of the CMPs levels leading to a maximization of the CMAs. As for
SHA time, the best level was the medium one for all the analytes, apart
from DEHP, for which no significant effect was observed. Thus, this
factor was set at 15 min (medium level) for RSM. As concerns US time,
the graphs for all the analytes evidenced that the maximization of all the
four CMAs was in general obtained at low-medium levels, consequently
the new experimental domain to be studied in the RSM phase was moved
towards low levels, corresponding to 8-15 min. As for SOLV type, it was
observed that for DiBP and DBP the best results were obtained by using
DCM/AC, whereas for DEHP the best solvents were either DCM or DCM/
AC. Finally, the highest extraction for BBzP was obtained by using the
DCM/MeOH mixture. On the basis of these findings, considering that
DCM/AC was able to effectively extract the majority of the analytes, the
DCM/AC mixture was selected as the best compromise for the simulta-
neous extraction of the investigated PAEs. As for VOL, increased peak
areas were obtained at medium and high level for both DiBP and DBP,
whereas low levels were required for BBzP extraction. The effect of this
factor was not significant on DEHP. Since no common trend was
observed for this CMP, the same experimental domain as in the
screening was studied in the RSM phase. The experimental conditions to
be investigated through RSM are summarized in Table Al.

3.2. Response surface methodology

To obtain detailed information on the effects of both US time and
VOL, RSM was carried out. RSM makes use of optimization designs to
generate tridimensional response surfaces or bidimensional contour
plots which allow the dataset to be described and previsions of the
response values to be made with the purpose of selecting the optimal
conditions [33,47].

A second-order polynomial model was postulated linking the CMPs
to the CMAs and investigating the presence of curvature. The following
equation was hypothesized relating the response y (CMA) to the inde-
pendent factors x; (CMPs), where linear (), interaction (f;) and
quadratic () coefficients are included, f is the intercept and ¢ is the
experimental error.

¥ =fo+ Bixi + o + 1% + s + Pz + €

A CCD was used to estimate the coefficients of the model. This design
is composed by 2% Full Factorial Design points, 2k star points and n
experiments at the center of the design. In this case, the factorial and the
star points lied equidistant from the center, obtaining a circumscribed
CCD [45,46]. The factors were studied at five levels (-a, -1, 0, +1, +a),
where a=1.41. Due to the low number of factors involved, the design
was replicated for obtaining a reliable estimate of the experimental
variance, for a total of eighteen experiments including two experiments
at the center of the experimental domain. No mathematical trans-
formation of the responses was required. Model refining led to negligible
improvements in the quality parameters of the model, thus all the co-
efficients were retained, regardless of their statistical significance. All
the four models resulted valid and significant by ANOVA (p < 0.05),
apart from DiPB, whose model was not valid due the high reproduc-
ibility observed (DiPB reproducibility = 0.935). However, for DiPB, as
for all the other responses, the quality parameters of the model
(Table A3) were good [33]. The values of coefficient of determination R?
ranged from 0.716 to 0.914, whereas the values of coefficient of pre-
dicted variation Q2 were in the 0.39-0.814 range. Therefore, all the
models could be used for drawing and investigating the contour plots.

The coefficient plots, which provide a graphical representation of
both the weight and the significance of the model terms, are represented
in Fig. Al. US time exerted a significant positive effect on DiBP and DBP,
whereas VOL exerted a significant positive effect on all the responses,
with a higher weight (longer bar) with respect to US time. Negative
quadratic effects were found for DiBP (both for time and volume) and for
DBP (volume). There was a significant US time* VOL positive interaction
only for DEHP.

The contour plots obtained plotting VOL vs. US time are reported in
Fig. 2. The best results for each CMA corresponded to the red-coloured
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Fig. 2. RSM contour plots of the CMAs obtained plotting volume of extractant vs. ultrasonic time.

zones, where the maximization of the responses was achieved. For all
the CMAs high values of VOL were preferred, whereas for US time
different behaviors were observed, even if a medium value of this CMP
could represent a good compromise among the different CMAs.

This aspect was confirmed by observing the sweet spot plot shown in
Fig. A2. This plot is built by overlaying all contour plots for individual
CMAs to define the area where all the required response criteria are met.
The color scale, reported in the legend, makes it possible to distinguish
the zone where all the CMAs requirements are satisfied, highlighted in
bright green and corresponding to the sweet spot, as well as the zones
where three, two, one, or no CMA requirements are satisfied, coloured in
green, teal, blue and white, respectively. The following minimum and
target values were set for the CMAs: DiBP, 7800-8000; DPB, 7300-7500;
BBzP, 1900-2000; DEHP, 6800-7000. These values were fixed by
considering the responses measured when running the CCD, in partic-
ular, the target values were approximately between the median and the
75% quartile of the measured results, to obtain a good compromise for
all the CMAs.

The MODR was established considering not only the predicted
average values of the CMAs but also the probability of fulfilling the CMA
requirements, combining the information of calculated models and
Monte-Carlo simulations [32]. The desired level of probability that the
requirements for the CMAs are met was set to 90%, corresponding to
10% risk of failure, thus meaning a target value for DPMO equal to 100,
000 [32]. The model error was included in the predictions of response
distributions and the risk of failure was plotted in the probability map
shown in Fig. 3. The MODR was calculated from a robust set-point which
corresponded to 13.1 min and 18.0 min for US time and VOL, respec-
tively, and was represented by the green zone, included in the 10%
isoprobability line. The MODR interval, reported in Table Al, was
calculated as: US time, 10.5-15.0 min; VOL, 15.1-20.0 min. The MODR
was validated by testing four verification points spanning the interval
and verifying the satisfaction of the CMA targets. The working point was
selected to reduce both the time required for the extraction and the
amount of solvent used, limiting costs and environmental pollution. The
following conditions were set: US time, 12.0 min; VOL, 17.5 mL.
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Fig. 3. Probability map by plotting ultrasonic time vs. volume of extractant.
The risk of failure is represented; the MODR is coloured in green and is included
in the 10% isoprobability line.

3.3. Method validation

The method was validated by operating under the optimized condi-
tions. Validation was carried out considering some of the most used and
harmful PAEs as target analytes: as previously stated, all the selected
compounds are present in lists of substances of very high concern and
widely found in the environment [48,49]. In addition to their inclusion
in the US EPA priority pollutant list [5S0], DEHP, DBP, DIBP and BBzP
have been recognized as compounds having endocrine disrupting effects
to human health according to Regulation (EC) No 2021/2045 [51].
DEHP has been also identified as having endocrine disrupting properties
for which there is scientific evidence of probable serious effects to the
environment. Among the target analytes, DEHP, DBP, DOP, and BBzP
were prohibited in childcare products; in addition, the use of BBzP, DBP,
DEHP in the electrical and electronic equipment was banned since 2019
[52]. To extend the potential applications of the optimized method,
DMP and DEP were also included into the validation study. Although
these PAEs are not classified as carcinogenic, mutagenic, endocrine
disruptors, or reproductive toxicant substances by REACH, they are
present in the US EPA priority pollutant list [50]. Finally, due to the
increasing use of phthalate-free alternatives like adipate in the plasti-
cizer market and environment [6], DEHA was also investigated for po-
tential environmental discharge due to its widespread use as a low-toxic
phthalate-free alternative [53].

LOD and LOQ values in the 0.1-0.7 and 0.4-2 ng g™ range for
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sediments, and in the 0.1-0.5 and 0.4-2 range for shells, were achieved
(Table 1 and Table 2).

Linearity was assessed in the LOQ-150 ng g™! range for each analyte
(Tables 1 and 2). As for precision, good results were obtained in terms of
intermediate precision, with RSDs always lower than 20%. No signifi-
cant difference among the mean values obtained over 3 days was
observed by applying ANOVA (p > 0.05). Since no certificated reference
material was available for PAEs in sediment, the trueness of the method
was evaluated by spiking sediment and shells samples. Recovery rates
-RR% in the 73(£7)-120(+10)% range and 70(£10)-111(+3)% range
in sediment and shells respectively, were calculated at LOQ, 25 and 150
ng g, thus assessing the efficiency of the developed method. A matrix
effect in the 12-25% range was observed, thus confirming that matrix-
matched calibrations have to be performed. Finally, a preconcentra-
tion factor of 12 was calculated. An example of a GC-MS chromatogram
of a sediment sample spiked with the investigated analytes is shown in
Fig. A3.

Overall, it can be stated that the LOD values achieved by the pro-
posed method were either better or comparable with those reported in
previous studies (Table 3). It has to be highlighted that the reported
LODs and LOQs are lower compared to other UAE-based methods,
obtaining limits similar to those achieved by using miniaturized sample
extraction techniques (Table 3). Despite the preconcentration factor
may not be remarkable, the proposed method offers several additional
advantages including low costs, speed, and the availability of the
instrumentation in all analytical labs. With respect to the traditional
Soxhlet extraction, which is time- and solvent-consuming, UAE, MAE,
and ASE can be considered as greener approaches, i.e. more time- and
solvent-efficient techniques. As reported in Table 3, the proposed
method is based on the use of 17.5 ml of extraction solvent, which is
lower than those used in previous UAE-based methods for PAEs
extraction [9,12,41,54]. Although MAE and ASE require lower solvent
consumption with respect to UAE, concerns related to the cleaning of
sample cells need to be considered, since potential cross contamination
can occur, thus affecting the achievement of reliable results especially
when trace analyzes are performed [8,11]. UAE can be also considered
an efficient technology in terms of energy consumption, since it does not
require high temperature and pressure conditions. Another key point of
this technique relies on its high versatility, allowing for the optimization
of many extraction variables depending on the matrix and the targeted
analytes.

3.4. Analysis of real sample

To demonstrate the feasibility and applicability of the proposed
method, solid matrices (lithogenic particles + shells debris or live
mollusc individuals, n = 27) from 9 different sedimentary environments
of the Curonian Lagoon were analyzed. Samples and the obtained results
are given in Tables 4 and A4.

Plasticizers were detected in all samples, indicating that PAEs are

Table 1
LODs, LOQs, regression coefficients, precision (RSDs%) and trueness (RR%) for sediment samples.
Analyte LODs LOQs i ient” \bilif Intermediate precision Trueness
(ngg ™ (ngg™h) b(sp) (RSD%) (RSD%) (RR%%-+SD)
Sediment Level (ng g ") Level (ng g ") Level (ng g™)
LOQ 25 150 LOQ 25 150 LOQ 25 150
DMP 0.2 0.8 1.72 (+0.02) 7 4 2 20 10 10 90+20 73+8 80+10
DEP 0.1 0.4 1.55 (+0.02) 8 2 2 20 20 10 100+20 80+10 7849
DiBP 0.3 0.8 0.76 (+0.03) 3 3 2 9 9 5 120+10 92+8 85+4
DBP 0.2 0.7 0.76 (+0.02) 6 2 0.8 10 6 2 120£10 83+6 82+2
BBzP 0.7 2 1.90 (+0.04) 9 5 3 9 7 2 100+10 90+7 8412
DEHA 0.1 0.5 1.96 (+0.04) 7 5 2 20 10 10 100+20 90+10 86+9
DEHP 0.2 0.6 0.71 (£0.01) 7 2 1 20 9 3 110+20 100+10 89+2
DOP 0.2 0.7 0.71 (£0.01) 6 4 4 10 3 5 100+10 87+3 88+4

“ Regression equation: y = b x. Intercept not significant for all the analytes.
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Table 2
LODs, LOQs, regression coefficients, precision (RSDs%) and trueness (RR%) for shell samples.
Analyte LODs LOQs Intermediate precision Trueness
(ngg™ (ng g™ b(£sp) (RSD%) (RSD%) (RR%2%=SD)
Shell Level (ng g™") Level (ng g™") Level (ng g™")
LOQ 25 150 LOQ 25 150 LOQ 25 150
DMP 0.2 0.5 1.45 (+0.01) 10 6 1 20 10 2 70+10 84+5 78.0 £ 0.7
DEP 0.1 0.4 1.328 (+0.007) 20 9 2 10 7 2 90+20 90+20 87+2
DiBP 0.2 0.6 0.62 (+0.01) 10 4 4 10 3 2 77+8 El 96+4
DBP 0.1 0.4 0.667 (+0.003) 10 2 2 9 2 2 90+10 97+2 98+2
BBzP 0.5 2 1.82 (+0.01) 20 1 2 10 2 3 90+10 108+1 109+2
DEHA 0.4 1 1.77 (+0.01) 10 5 2 10 3 1 90+10 104+5 11143
DEHP 0.1 0.4 0.693 (+0.006) 10 10 7 10 8 4 96+9 100-£10 102+7
DOP 0.2 0.7 0.695 (+0.004) 3 2 0.3 3 2 1 89+2 98+2 100.9 £ 0.3
“ Regression equation: y = b x. Intercept not significant for all the analytes.
Table 3
Comparison of LOD values achieved in this work (sediment samples) with previous studies for determination of PAEs.
Refs. Extraction method Compounds Solvent Solvent volume (ml) LOD (ng g™
This study UAE 7 PAEs + DEHA DCM/AC (1:1) 17.5 0.1-0.7
[11] Reid et al., 2009 ASE 4 PAEs DCM/AC (1:1) NS 15
[13] Xu et al., 2008 UAE DBP, DEHP DCM/AC (1:1) NS 10
[55] Huang et al., 2008 ASE 6 PAEs Ethyl acetate 6 6-11
[56] Ramirez et al., 2019 MAE 6 PAEs + DEHA MeOH 15 15
[10] Ferndndez-Gonzalez et al., 2017 UAE + HS-SPME 6 PAEs MeOH 5 1-79
[57] Liu et al., 2014 Soxhlet 16 PAEs DCM 300 1.12-8.59
[58] Hassanzadeh et al., 2014 Soxhlet DBP, DEHP DCM 300 1 (DBP); 8 (DEHP)
[41] Zhang et al., 2017 UAE 8 PAEs DCM 50 0.12-1.60
[12] Souaf et al. 2023 UAE 4 PAEs + DEHT hexane/AC (1;1) 30 10-80
[9] Cao et al. 2022 UAE 15 PAEs AC/hexane (10:1) 20 0.27-5.85
[54] Jiménez-Skrzypek et al., 2020 UAE + dSPE 10 PAEs + DEHA AC+DCM 22 LOQ:
0.020-4.0

“ m-dSPE: micro-dispersive solid-phase extraction;
MAE. Microwave assisted extraction
ASE: accelerated solvent extraction
HS-SPME: headspace solid phase extraction
dSPE: dispersive solid phase extraction
NS: Not specified.

ubiquitous pollutants in the Curonian Lagoon. Regarding the composi-
tional profiles of sediments, only 4 plasticizers were detected in the
samples collected from the Curonian Lagoon. DEHP was the most pre-
dominant PAE and was observed in all samples, accounting for 66-93%
of the total plasticizer amount. DiBP and DBP were the other predomi-
nant PAEs and were detected in 94% and 77% of the samples, respec-
tively. However, their relative contribution to the total concentration of
plasticizers ranged only from 0 to 26% and 0 to 8%, respectively, which
is in line with the values observed in other contaminated areas [59].
These findings can be explained considering that DEHP is characterized
by a high octanol-water partitioning coefficient (K,,,) compared to other
PAEs (Table A2), thus indicating its tendency to be bound with particles

Table 4

[4]. In previous years, PAEs, particularly DEHP, accounted for the vast
majority of plasticizers used. However, due to health concerns and legal
restrictions, numerous phthalate plasticizer manufacturers have con-
verted to phthalate-free alternative compounds such as adipates or cit-
rates, which now account for a significant part of the EU plasticizer
market [6,60]. DEHA was detected only at Station A (Table 4) at a
concentration level (6.5 + 1.6 ng g’l) lower than those of other PAEs
identified at this station. However, its detection in the Curonian Lagoon
sediments encourages the development of new monitoring programs
including the evaluation of alternatives free-phthalate plasticizers.
Hydrophobic organic compounds such as PAEs are mainly accumu-
lated in the organic matter fractions of particles [61], explaining the

Average concentrations (ng g ~ ', n = 3) of PAEs in sediment samples collected in the Curonian Lagoon (SE Baltic Sea).

Station Sediment Type Corg (%) Concentration + SD (ng g™)

DMP DEP DiBP DBP BBzP DEHA DEHP DoOP Total
A Sediment 15.10+0.09 <LOD <LOD 12+3 < LOD <LOD 6+2 6020 <LOD 80+20
B Fine sediment 0.4140.01 < LOD < LOD < LOD < LOD < LOD < LOD 6+2 < LOD 6+2
B Shells debris mix* - < LOD < LOD 23+05 0.7 +0.3 < LOD < LOD 6+1 < LOD 9+2
C Fine sediment 0.44+0.01 < LOD < LOD 25+0.1 1.5+03 < LOD < LOD 36+1 < LOD 40+2
C Shells debris mix” 1.76+0.02 < LOD < LOD 3.1+04 1.9+03 < LOD < LOD 27.0 £ 0.7 < LOD 3241
9 Gastropod shells debris 2.0+0.1 < LOD < LOD 23+0.6 2.0+0.8 < LOD < LOD 20+1 < LOD 25+3
C Unionid shells debris 4.61+0.03 < LOD < LOD 26+03 1.6 +0.4 < LOD < LOD 40+6 < LOD 44+7
C Zebra mussel shells debris 2.34+0.06 < LOD < LOD 21+03 1.5+0.2 < LOD < LOD 22.6 £ 0.5 < LOD 26.3+0.9
C Mussel shells® 9.1640.03 < LOD < LOD 31+04 27+0.5 < LOD < LOD 73+9 < LOD 80+10

@ Mix of gastropod and mussel shells debris.
> Mix of gastropods (~50%), mussels (~45%), and unionid (~5%).
¢ Alive individuals; Corg — organic carbon content.
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highest concentrations of PAEs in most organic loaded sediments (Sta-
tion A, Corg= 15.10-£0.09%; PAEs: 80-+20 ng g’l). However, other fac-
tors such as the presence of shells of mollusc can facilitate the
accumulation of organic pollutants in the benthic compartment. At
Station C, a significant difference (p < 0.001) in concentration levels
among the type of sediment and shells was observed. The shells of live
zebra mussels had a significantly (p < 0.001) higher concentration of
PAEs than the rest of the samples (sediments and shell debris), which
may be explained by considering both the higher organic content of the
shells, and the particle filtration of live mussels. Mussels, and in general
benthic filter-feeders, are largely used for monitoring water quality as
they can bioaccumulate the contaminants dissolved in water, seques-
tered in surficial sediment, or bound to particulates in the water column
[62,63]. Therefore, the surface of shells can be an important factor for
determining the accumulation of organic pollutants. As shown in
Table 4, results showed that larger unionid shells had a significantly (p
< 0.05) higher amount of PAEs (447 ng g ') compared to smaller zebra
mussels and gastropods (26.3+0.9 ng g and 25+3 ng g, respectively).
As for the shell debris mix, it has to be noticed that unionid shells rep-
resented a small portion of the mixture (~5% of the total weight), thus
explaining the similar concentration between the shell debris mixture
(32+1 ng g1) and gastropod and mussel shells, which represented the
95% of remaining debris (Table A4). These findings suggest that the
presence of shells debris or living molluscs in organic poor sediments
canincrease the potential retention of organic pollutants in environment
depending on the type of shells.

In general, the total concentration of plasticizers in the analyzed
samples ranged from 6+2 ng g ! to 80+20 ng g !. This range of con-
centration is relatively lower compared to that found in other regions of
the world, especially in China, where concentrations in sediment often
exceeds 500 ng g™ and can reach over 2400 ng g™ [10,64]. Although
collected sediment samples are not necessarily representative of pollu-
tion level in the Baltic area, the ubiquity of PAEs in all samples
encourage the development of further monitoring studies in estuarine
systems such as the Curonian Lagoon.

4. Conclusions

The results obtained in this study demonstrate that a novel reliable
UAE-GC-MS method is applicable for the simultaneous determination of
different PAEs in sediment samples, with good precision, recovery and
detection limits. The optimization of the UAE parameters was efficiently
carried out by Quality by Design principles, making it possible to
identify the MODR. For the first time in the literature QbD is applied for
developing an extraction procedure in environmental analysis. The
developed method allowed the simultaneous determination of 8 plasti-
cizers that are rarely considered all together in monitoring programs.
Among the investigated analytes, DEHP was present in all the samples
collected from estuarine system. PAEs were also found attached to the
shell debris or live mussels, highlighting them as a hotspot in organic
poor sandy sediments. An important future perspective is the application
of the developed methodology for the determination of PAEs in complex
environmental matrices, including sediments with a different level of
organic matter or shell debris, to improve results deriving from envi-
ronmental monitoring strategies.
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