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Introduction

Emerging contaminants in the Mediterranean Sea
endangering Lebanon’s Palm Islands Natural
ReserveT

Bilal Nehmeh,}? Fatima Haydous,}? Hiba Ali,?® Adonis Hdaifi,? Bayan Abdlwahab,?
Mariam Bou Orm,? Zohrab Abrahamian &2 and Elias Akoury & *2

The Mediterranean Sea is an intercontinental marine environment renowned for its biodiversity and
ecological significance. However, it is also one of the most polluted seas globally with significant levels
of microplastics and heavy metals among other emerging contaminants. In Lebanon, inadequate waste
management infrastructure and unregulated industrial discharges have exacerbated water quality
deterioration by introducing these complex contaminants into surface and seawater. The Palm Islands
Natural Reserve in Lebanon is a UNESCO-designated marine protected area and home to endangered
species. However, the reserve faces significant threats from pollution, including heavy metals and
microplastics, exacerbated by nearby Tripoli's escalating contamination. Plasticisers, particularly
phthalates, are recognized for their hormone-disrupting effects, and heavy metals like cadmium, lead,
and arsenic pose severe eco-toxicological risks. This study investigates the levels of heavy metals and
phthalates in water and sediments from the Palm Islands. Samples were collected from different
locations within the reserve, and heavy metals and phthalates were detected, including chromium (13.58
to 19.28 pg LY, arsenic (2.05 to 5.04 pg LY, cadmium (1.27 to 3.04 pg LY, and lead (0.92 to 2.88 ug
LY. Cadmium levels exceeded the permissible limits set by environmental regulatory bodies,
highlighting an urgent pollution problem. Phthalates, including DEP and DEHP, were also detected in
concentrations of 7.12-10.25 pg L™ for DEP and 38.47-56.12 pg L™! for DEHP raising concerns over
their potential eco-toxicological impact on marine species. Our research underscores the need for
comprehensive environmental monitoring, better waste management infrastructure, and stricter
regulatory measures to address pollution in Lebanon's coastal ecosystems.

leads to their accumulation in marine environments, making
coastal areas particularly vulnerable.

Marine ecosystems, especially those near coastal regions, are
increasingly threatened by pollution from various anthropo-
genic activities."® Among the pollutants, emerging contami-
nants such as heavy metals and phthalates pose serious risks to
marine biodiversity, public health, and environmental
sustainability. Heavy metals are persistent, bioaccumulative,
and toxic,** while phthalates, widely used as plasticizers, have
been identified as endocrine disruptors.®” The release of these
contaminants from industrial, agricultural, and urban sources

“Department of Physical Sciences, School of Arts and Sciences, Lebanese American
University, Beirut 1102-2801, Lebanon. E-mail: elias.akoury@Ilau.edu.lb; Tel: +961 1
786456, ext. 3950

*Université Lille Nord de France, USTL, Cite Scientifique, 59652 Villeneuve d'Ascq
Cedex, France

‘US-Middle East Partnership Initiative (MEPI) Tomorrow's Leaders Program, USA

T Electronic  supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d4ra09017a

i Contributed equally.

2034 | RSC Adv, 2025, 15, 2034-2044

The Palm Islands Natural Reserve, located off the coast of
Tripoli, Lebanon, is a marine protected area covering 4.2 km?. It
was officially designated as a protected zone in 1992 under the
Barcelona Convention and recognized by UNESCO for its
ecological significance.®® The reserve comprises three islands
and is home to a rich variety of flora and fauna, including
endangered species such as monk seals, sea turtles, and the
painted lady butterfly.'>'* Furthermore, the reserve provides
a crucial habitat for migrating birds, unique marine species,
and medicinal plants, underscoring its ecological significance
in the eastern Mediterranean. However, despite its protected
status, the Palm Islands face growing threats from rising
pollution levels in the surrounding waters. The natural reserve
is located approximately six nautical miles north of the Tripoli
shoreline, an area recently identified for its alarming levels of
environmental contaminants, including heavy metals, solid
waste, and toxic chemical pollutants, with heavy metals and
microplastics being of particular concern.'” Plasticisers are
organic chemicals, added during plastic production, that
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accumulate in marine environments and release phthalates.*
These are hormone-disrupting chemicals that interfere with the
production of the male sex hormone, reduce female fertility,
and increase birth defects.’**° A study by Deudero et al. (2015)
detected the presence of microplastics in the gastrointestinal
tracts of various fish species in the western Mediterranean
henceforth indicating widespread contamination.'” A similarly,
study revealed substantial microplastic in marine environment
underscoring the urgent need for mitigation efforts.'® Notably,
elevated levels of heavy metals in sediments were detected along
the Lebanese coast™ thus highlighting the significant pollution
burden on marine ecosystems. Despite the efforts, these
contaminants are poorly examined in marine environment and
thus conceal our ability to fully understand their eco-
toxicological impact.

A lack of waste treatment infrastructure combined with
uncontrolled industrial and household discharges in Lebanon
is leading to the progressive deterioration of surface and sea
water quality through elevated organic, inorganic, and complex
contaminant environmental loading. To mitigate this problem,
arange of issues must be addressed that go beyond treatment of
traditional point- and nonpoint-source pollution parameters.
Given the diversity and interconnectivity of pollutants present
in Lebanon's water sources and the massive use of plastics and
chemical plasticizers; there is a substantial need for a holistic
approach to tackle this issue. The absence of local research on
the impact of plastic pollution means, nationwide figures are
not available. As per a 2015 study conducted by Cozar et al., it is
estimated that the Mediterranean Sea has 1000 to 3000 tons of
plastic floating on its surface.”® Microplastic contamination has
increased significantly in recent years because of the lack of
oversight and poor governance by regulatory agencies,*"** which
resulted in the spread and acceleration of pollution of the water,
sediment, and air compartments. Additionally, identification
and analysis of heavy metals, phthalates, and their derivatives
in the Mediterranean region and specifically in Lebanon,
remains largely unexplored. Therefore, this study is of tremen-
dous significance to assess these emerging contaminants
and their toxic effects in water and sediments of a marine
protected area. In this study, we investigate the presence of
heavy metals, phthalates, and their derivatives in water and
sediments of the Palm Islands Natural Reserve to highlight the
toxicological effects of these emerging contaminants on marine
ecosystem.

This study addresses these research gaps by investigating the
levels of heavy metals and phthalates in surface water and
sediments within the Palm Island Natural Reserve. The research
provides a comparative analysis of these environmental
compartments, contributing to an improved understanding of
pollutant dynamics in coastal ecosystems. By focusing on
seasonal variations and proximity to pollution sources, this
work offers valuable insights into the ecological risks posed by
emerging contaminants. Additionally, the study highlights the
need for implementing effective pollution control measures and
further research into the long-term environmental implications
of contaminant accumulation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Materials and methods
Reagents and sample preparation

Reagents used in this research were of high purity and analyt-
ical grade: ethyl acetate C4HgO, and dichloromethane CH,Cl,
(Fischer Scientific, Schwerte, Germany); 30% hydrogen peroxide
H,O0, solution (Sigma Aldrich, Germany), 69% nitric acid HNO3
(BDH Laboratory Supplies, England), 37% hydrochloric acid
HCI (AnalaR Normapur, France). Standards consisted of the
heavy metals As, Cd, Cr, and Pb (Merck, Darmstadt, Germany)
and the phthalates dimethyl phthalate (DMP - C;0H;00,),
diethyl phthalate (DEP - C,;,H,,0,), diallyl phthalate (DAP -
C14H140,), diisobutyl phthalate (DiBP - C;¢H,,0,), di-n-butyl
phthalate (DBP - C;6H,,0,), dipentyl phthalate (DPeP -
C15H,604), di-hexylphthalate (DHXP - C,oH3,04), benzyl butyl
phthalate (BBP - C;9H,00,), dicyclohexyl phthalate (DHCP -
Cy0H604), di(2-ethylhexyl) phthalate (DEHP - C,,H350,), di(2-
propylheptyl) phthalate (DPHP - C,3H;60,), di(n-octyl) phtha-
late (DnOP - C,4H330,), and dibenzyl phthalate (DBzP -
C,,H,50,4) (Santa Cruz Biotechnology, Heidelberg, Germany).
Reference materials for salt water and wastewater were acquired
to validate the accuracy of the method (ERM-CA403 and ERM-
CA713, Institute for Reference Materials and Measurements,
Geel, Belgium). All solutions were prepared with analytical
reagent grade chemicals and ultrapure water (Millipore S.A., St
Quentin-en-Yvelines, France, 18 MQ cm, 25 °C, total organic
carbon content <2 ppb). Samples of seawater and sediments
were collected in April 2020 along the palm island using acid-
washed plastic bottles and were stored at a temperature of 4 °©
C. Seawater and sediment samples were collected in triplicates
during the month of April 2020 along Palm Island using acid-
washed plastic bottles for heavy metal analysis and glass
bottles for phthalate analysis. Samples were stored at 4 °C to
maintain their integrity. This sampling period was intentionally
selected to coincide with seasonal variations in marine condi-
tions and times of increased pollutant discharge, ensuring the
collection of representative data aligned with the study's
objectives. The sampling program was meticulously designed to
gather data from five strategically selected locations, chosen
based on their proximity to pollution sources and ecological
significance as shown on the map in Fig. 1A. Water samples
were collected at a depth of 10 cm from the surface, while
sediment samples were obtained from a depth of 20 cm using
grab samplers. Grab sampling was employed for its ability to
provide a snapshot of environmental conditions at specific
moments, facilitating precise analysis of heavy metals and
phthalates. The program accounted for spatial and temporal
variations through repeated sampling and incorporated strin-
gent quality control measures, such as blank and duplicate
samples, to ensure accuracy and consistency across all sites.

Macro parameters and total organic carbon

Seawater samples were collected from different locations of the
Palm Island Natural Reserve (locations 1-3). Samples were
collected from the surface water near the natural reserve (loca-
tion 4) and location 5 was Tripoli's seashore, the closest major
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Fig. 1 Comprehensive water analysis of Palm Island coastal water. (A) Map of the city of Tripoli and the Palm Island showing the sampling sites
(sites 1 to 3 on the island shore, site 4 in the vicinity of the island, and site 5 located on the shore of the city of Tripoli). (B) Solid-phase extraction
(SPE) manifold configured for rapid saturation using multiple syringes. Outlet port connects via vacuum tubing to a filtering flask and vacuum
source. A simplified diagram of a gas chromatograph-mass spectrometer (GCMS) showing carrier gas, autosampler, analytical column, vacuum,
ion source, mass analyzer, and ion detector. (C) The diagram depicts the setup of the microwave-assisted digestion, including the microwave
polarized light, microwave chamber, digestion vessel, temperature/pressure sensors, and exhaust system. The schematic illustrates the key
components of the Inductively Coupled Plasma Mass Spectrometer (ICPMS) including the sample introduction system, plasma torch for ioni-
zation, ion lenses for focusing, quadrupole or sector field mass analyzer for ion separation, and detector for signal measurement.
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city to the islands. All samples were stored at 4 °C until analysis.
Macro parameters of the samples were measured (conductivity,
pH, dissolved oxygen species (DOS) and turbidity). The total
organic carbon (TOC) of the water samples was measured using
a TOC-VCPN instrument (Shimadzu, Kyoto, Japan) and
acquired calibration curves for Total Carbon (TC) and Inorganic
Carbon (IC) are reported in ESI Fig. 1.1

Solid phase extraction for phthalates

Solid phase extraction (SPE) was performed from an adopted
method for the extraction of phthalates from the water
samples.”® The setup consisted of a CHROMABOND SPE

View Article Online

RSC Advances

vacuum manifold (Macherey-Nagel, Diiren, Germany) with 24
WELCHROM C18E 6 mL, 500 mg, glass cartridges (Welch
Materials, Connecticut, United States) as depicted in (Fig. 1B).
The cartridges were cleaned three times with 5 mL acetone and
5 mL dichloromethane and conditioned with 5 mL ethyl acetate,
5 mL acetone, and 5 mL ultrapure water prior to sample
extraction. Following the percolation step, the cartridge was
washed with 5 mL of ultrapure water and dried under vacuum to
remove any remaining salt. Phthalates were then eluted with
ethyl acetate (2 x 3 mL) into pre-cleaned vials and ethyl acetate
was completely evaporated. Prior to GC-MS measurements,
1 mL of ethyl acetate was added to the final samples.

Table 1 Operating conditions for the microwave oven digestion and inductively coupled plasma mass spectrometer

Microwave oven digestion

Step Power (W) Pressure (MPa) Temperature (°C) Ramp time (min) Hold time (min)
1 850 2 170 10 22
850 2 22 10 1

Inductively coupled plasma mass spectrometer

Operating conditions
Spectrometer

Nebulizer

Spray chamber
Cell geometry
Sampling cone

Skimmer cone

RF power
Reflected power

Standard mode
Plasma gas flow
Nebulizer gas flow
Auxiliary gas flow
Expansion stage
Intermediate stage
Analyzer stage

He mode (collision cell mode)
He gas flow

Octopole bias (CCT bias)
Quadrupole bias (pole

bias)

Acquisition parameters
Field

Frequency

Mass range

Dwell time

Number of sweeps
Number of replicates
Total acquisition time

© 2025 The Author(s). Published by the Royal Society of Chemistry

Thermo Scientific, iCAP
RQ, ASX-280,
autosampler ICP-MS
Borosilicate glass
concentric with 0.4

mL min~*

2.70 °C, quartz cyclonic
Octopole

Nickel, 1.1 mm diameter
orifice

Nickel, 0.75 mm
diameter orifice
400-1600 W

<10 W

15 L min ™"

1.03 L min ™!
0.81 L min~*
2.01 mbar
10 * mbar
10~° mbar

4.0 mL min~!

—21V
—-18V

Virtual hyperbolic
2 MHz

2-290 a.m.u

0.04 s

5

3

220 s
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GC-MS analysis

Gas Chromatography Mass Spectrometry (GC MS) Thermo
Scientific Trace 1310 gas chromatograph coupled to Thermo
Scientific TSQ 9000 triple quadrupole mass spectrometer
manifold (Massachusetts, USA) operated with electron impact
ionization was used to determine phthalates’ concentrations
(Fig. 1B). Samples (1 uL) were injected automatically in splitless
mode at 280 °C on a TG5 silica MS column (30 m x 0.25 mm;
0.25 pm) with the GC oven operating at 40 °C for 1 min, 70 °C at
10 °C min~* for 2 min, 225 °C at 60 °C min~* for 3 min, and
280 °C at 8 °C min " for 4 min. The carrier gas helium 99.9995%

1

was used at a flow rate of 1 mL min . Data collection and

analysis were performed using the Xcalibur software.

Sample digestion for heavy metal analysis

Heavy metals were extracted from the seawater samples using
acid digestion EPA method 3015A 22.5 mL of water sample was
combined with 2 mL of concentrated HNO; and 0.5 mL of
concentrated HCI in a reaction vessel (Fig. 1C). Samples were
digested at (1) 850 W at 170 °C for 10 min with a ramp of 15 °
Cmin ' and (2) 850 W at 170 °C for 22 min with Multiwave ECO
microwave digestion system (Anton Paar GmbH, Graz, Austria)
equipped with 16 pressure-activated-venting vessels (Rotor
24HVT50, Anton Paar GmbH, Graz, Austria) (Table 1). Samples
were then transferred into 50 mL falcon tubes, diluted 5 times
with 3% HNO; in ultrapure deionized water and were stored at
4 °C until ICP-MS analysis. Similarly, sediment samples
collected from the same locations in the Palm Islands (Fig. 1A)
were digested as follows: 0.5 g of each sediment sample was
transferred to the microwave tubes and two methods were
applied. 2.5 mL of HNO; and 7 mL of HCI were added to the
sediment samples and the microwave program ran for 10 min to
reach 165 °C; then the samples were kept at this temperature for
10 additional min. The tubes were placed in the microwave for
8 min to reach a temperature of 175 °C.

ICP-MS analysis

Elemental analysis was performed using inductively coupled
mass spectrometer (ICP-MS) iCAP Q/iCAP RQ ICP-MS (Thermo
Fisher Scientific Inc., Bremen, Germany) operating with argon
gas of spectral purity (99.9995%) and tuned using iCAP Q/RQ
TUNE aqueous multi-element standard solution in 2% HNO;
+ 0.5% HCI solution (Thermo Scientific, Bremen, Germany)
before each experiment (Fig. 1C). To maximize ion signals and
minimize interference effects due to high oxide levels, various
parameters were optimized with the tuning solution (1 mg L)
torch position, ion lenses, gas output, resolution axis (10% of
peak height) and background (<20 shots) (Table 1). Samples
were analyzed twice, and heavy metal content were measured in
triplicate to report average values. Quantification of heavy
metals was carried out using external calibration curves from
standard solutions prepared in 3% nitric acid and plotted using
several concentrations (ESI Fig. 27). Isotopic ratios in digested
samples were examined to ensure the absence of polyatomic
interferences during the full quantitative mode analysis.

2038 | RSC Adv, 2025, 15, 2034-2044
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Certified reference materials were used to ensure method
accuracy. The limit of detection (LOD) for each element was
determined through blank determination assays, equivalent to
three times the standard deviation of 20 blank replicates. The
limit of quantification (LOQ) was calculated as twice the LOD
for each element. Precision for heavy metal analysis via ICP-MS
was validated through spiking methodology at various concen-
trations within permissible limits for each matrix, with recovery
percentages calculated for each metal.

Results and discussion

The water samples were collected from five locations (Fig. 1A)
within the Palm Islands Natural Reserve (1 to 4 directly from the
island shore, location 5 at 500 meters away). Each sample was
analyzed for macro parameters, heavy metals, and phthalates.
The GPS coordinates for each sampling location are provided
along with the respective results for various parameters in Table
2. All samples showed slightly alkaline pH ranging between 8.32
and 8.41; representative conductivity values between 5.53 and
6.12 mS m *; and dissolved oxygen (DO) levels (7.1-8.1 mg L")
indicative of stable marine conditions. The measurement of the
total carbon (TC) consists of the sum of the total organic carbon
TOC (the carbon covalently bonded in organic molecules) and
the inorganic carbon IC (carbonates, bicarbonates, and dis-
solved CO, in the samples). TOC involves the purgeable organic
carbon POC (removed from the samples by gas purging) and the
non-purgeable organic carbon NPOC (not removed by gas
purging). TC-IC measurements were conducted and TOC was
determined by subtracting IC from TC. Additionally, NPOC
measurements were acquired directly by acidifying the sample
and bubbling it with the sparging gas to eliminate IC. The TC
calibration curve was formed using standard solutions of
potassium hydrogen phthalate with concentrations in the range
of 0 to 100 ppm. For the IC calibration curve, 10 standard
solutions with concentrations ranging between 0 and 100 ppm
were prepared from a mixture of sodium hydrogen carbonate
and sodium carbonate (0.8:1 mass ratio). Both calibration
curves are represented in ESI Fig. 1.1 The results are presented
in Fig. 2A and Table 2. NPOC levels vary significantly, with the
highest value at location 2 (5.19 4 0.09 mg L"), thus indicating
higher organic matter content at this site while the other loca-
tions have relatively lower and more consistent values.

Next, we accessed the levels of heavy metals in the collected
water and sediment samples using ICP-MS after preparing
calibration curves from different concentrations of standard
solutions (ESI Fig. 21). To evaluate the method and its repro-
ducibility, reference materials for seawater and wastewater were
analyzed and the attributed recovery percentages were in the
range of 81.67 and 116.75% (ESI Table 17). Fig. 2B and Table 2
report the findings of the analysis where levels of chromium
(range from 13.58 to 19.28 ug L") arsenic (range from 1.98 to
5.04 ug L™ '), cadmium (range from 1.27 to 3.04 pg L") and lead
(range from 0.92 to 2.88 pg L™ ') were detected. According to the
U.S. Environmental Protection Agency (EPA) recommendations
for heavy metals levels in seawater, the threshold effect levels
for chromium (50 pg L™"),* arsenic (36 pg L™ '), cadmium

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Physicochemical parameters and contaminants levels in sea water and sediment samples from Palm Islands. Average concentrations of
heavy metals, phthalates and macroparameters of water and sediments collected from specified locations, and comparisons to global

concentration averages

Locations of water samples

Parameters 1 2 3 4 5 Global concentration averages
GPS coordinates 34°2945"N 34°29'40"N  34°29/31"N  34°29'28'N  34°27'19'N
35°46'18"E  35°46/35"E  35°46/30"E  35°46'45"E  35°48'35"E
Macro parameters
pH 8.39 8.32 8.41 8.34 8.32 7.5-8.5 (WHO)*
Conductivity (S m™?) 5.54 5.62 5.53 5.91 6.12 0.005-0.05 S m ™' (natural water)*®
Dissolved oxygen (DO) 7.4 7.3 7.5 7.2 8.1 6-8 mg L' (potable water)*®
Average NPOC (mg L") 1.3840.06 519+0.09 0.9140.06 176 +0.09 1.31+0.12 <2 mgL " (oligotrophic), 4-6 (polluted)*’
Heavy metals (ug L)
Chromium 13.58 £0.26 15.22 + 0.36 15.31 +0.34 16.57 £0.73 19.28 + 0.22  0.5-50 pg L' (EPA)*®
Arsenic 327 £011 4.414+0.79 298 +£0.37 2.05+£025 5.044+0.49  Limit 10 pg L~" (WHO)*
Cadmium 127 £ 0.11  1.41 +£024 198+ 0.33 2.25+0.15 3.04+047 3-5ug L' (EPA)*
Lead 0.92+£071 1.114+0.79 1.25+0.44 1.32+£025 2.884+0.49 5-10 pg L' (EPA)*!
Phthalates (ng L")
DEP 936 £2.31 911+ 112 7.12+216 8324187 1025+ 1.91 <10 pg L " (ref. 32)
DEHP 51.24 £1.03 51.61 + 1.41 56.12 4+ 2.68 46.93 +0.91 38.47 +2.41 <50 pg L™ " (ref. 32)
Locations of sediment samples
Parameters 1 2 3 4
Heavy metals (mg kg ')
Chromium 8.27 + 0.34 11.69 + 0.44 25.71 + 0.48 14.42 + 0.35
Arsenic 3.11 + 0.91 4.25 £ 0.89 8.67 £ 0.34 8.01 £ 0.28
Cadmium 3.61 £ 0.48 3.17 £+ 0.41 4.52 £ 0.33 4.81 4 0.55
Lead 1.15 £ 0.42 1.21 £ 0.89 3.08 £ 0.33 1.85 £ 0.25

(0.78 ug L™1)** and lead (8.1 ug L™')* are reported as guidelines
for maintaining healthy marine environment. Similarly, we re-
ported the levels of heavy metals found in the collected sedi-
ments and their distribution: chromium (range from 7.76 to
18.71 mg kg™ '), arsenic (range from 3.11 to 8.67 mg kg™"),
cadmium (range from 3.11 to 4.5 mg kg™ "), and lead (range
from 1.01 to 3.04 mg kg '). Importantly, the allowed levels of
heavy metals in marine sediments are regulated to protect
marine ecosystems and human health. According to National
Oceanic and Atmospheric Administration (NOAA) guidelines for
heavy metals, the threshold effect levels for chromium (52.3 mg
kg™ 1), arsenic (7.24 mg kg™ "), cadmium (0.68 mg kg™ ") and lead
(35.8 mg kg™') are set to prevent harmful levels for the accu-
mulation of these metals in marine sediments and jeopardize
marine ecosystems and human health.** All metals met regu-
latory limits set for seawater and sediments except for cadmium
which exceeded the expected levels reported by EPA and NOAA
(Table 3).

We then used 13 phthalate standards to optimize the solid-
phase extraction (SPE) procedure by considering factors such
as solvent type, sample volume, and sorbent mass. The gas
chromatogram of the phthalate standard mixture displayed
distinct retention times for each phthalate, with no peak over-
laps (Fig. 2C). Retention times and m/z ratios of the phthalates

© 2025 The Author(s). Published by the Royal Society of Chemistry

are listed in ESI Table 2.7 The recovery percentages of phtha-
lates from the optimized SPE-GC-MS method ranged between
83 and 95% with ethyl acetate as solvent. After SPE extraction of
phthalates from water samples obtained from the Palm Island,
identification of phthalates in water samples was confirmed by
GC-MS, where the two phthalates DEP and DEHP were detected
in all samples with concentrations between 7.12 and 10.25 pg
L' for DEP and between 38.47 and 56.12 pg L™' for DEHP
(Fig. 2D and Table 2). ESI Fig. 31 represents calibration curves
with concentration-dependent variation in the intensity of the
chromatogram peaks of the 13 investigated phthalates.

The comparison of the two emerging contaminants between
surface water and sediments in the study area reveals signifi-
cant differences in concentration levels, underscoring the
distinct roles of these two environmental compartments in
pollutant distribution and accumulation. In surface water,
heavy metal concentrations, including chromium (13.58-19.28
ug L), arsenic (2.05-5.04 pg L™ '), cadmium (1.27-3.04 g L™Y),
and lead (0.92-2.88 pg L"), generally fall within regulatory
limits (e.g., EPA and WHO guidelines). These values reflect the
dynamic nature of water, where pollutants are diluted and
dispersed due to hydrodynamics. In contrast, sediments exhibit
significantly higher concentrations of heavy metals, with chro-
mium ranging from 8.27-25.71 mg kg™ ', arsenic from 3.11-
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Fig. 2 Assessment of contaminants in water samples from different sites (A) concentration of Non-Purgeable Organic Carbon (NPOC), Total
Carbon (TC), Inorganic Carbon (IC), and Total Organic Carbon (TOC) in five locations where the water samples were collected. (B) Concentration
levels of toxic heavy metals (chromium, arsenic, cadmium, and lead) from ICPMS analysis showing significant contamination in all samples, with
certain metals present at higher concentrations. (C) Gas Chromatography analysis highlighting the presence of various phthalates with their
retention times. DEHP shows the highest peak intensity, indicating its prevalence among the identified compounds. (D) Quantitative analysis of
DEP and DEHP concentrations where the latter consistently appears at higher concentrations than DEP in all samples, demonstrating its
dominance among the detected phthalates.

Table 3 Correlation matrix of the physicochemical parameters. The table presents the correlation coefficients between various physico-
chemical parameters, heavy metals, and phthalates measured in water samples. Positive correlations indicate a direct relationship between
variables, while negative correlations suggest an inverse relationship, providing insights into potential shared sources, environmental dynamics,
and contamination patterns

Conductivity —Dissolved

pH (Sm™) oxygen (DO) Average NPOC Chromium Arsenic Cadmium Lead DEP DEHP
pH 1.000
Conductivity (Sm™")  —0.697  1.000
Dissolved oxygen (DO) —0.221 0.600 1.000
Average NPOC —-0.571 —0.184 —-0.371 1.000
Chromium —0.619 0.934 0.731 —-0.177 1.000
Arsenic —0.512 0.311 0.716 0.347 0.441 1.000
Cadmium —0.389 0.888 0.735 —0.438 0.959 0.262 1.000
Lead —0.503 0.863 0.913 —0.275 0.941 0.614 0.913 1.000
DEP —0.649 0.547 0.537 0.190 0.404 0.707 0.248 0.555 1.000
DEHP 0.703 —0.951 —0.684 0.150 —0.850 —0.476  —0.780 —0.869 —0.769 1.000
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8.67 mg kg !, cadmium from 3.17-4.81 mg kg, and lead from
1.15-3.08 mg kg™ '. This indicates that sediments act as long-
term reservoirs, binding metals to particulate matter and
accumulating pollutants over time, suggesting persistent
contamination and potential historical pollution sources.
Similarly, phthalates, such as DEP (7.12-10.25 pg L™') and
DEHP (38.47-56.12 pg L™ '), were detected in surface water at
levels near or slightly exceeding global standards (<10 ug L™ for
DEP and <50 ug L' for DEHP), suggesting active contamination
from industrial discharges and plastic waste. While phthalates
were not measured in sediments, the accumulation patterns of
heavy metals suggest that hydrophobic contaminants like
phthalates likely follow similar trends, emphasizing the need
for further analysis of their sedimentary concentrations to
better understand long-term environmental risks. These find-
ings highlight the importance of monitoring both surface water
and sediments to comprehensively assess pollution dynamics
and guide effective management strategies.

Next, we analyzed the correlation coefficients between the
various physicochemical parameters, heavy metals, and
phthalates measured in water samples. Positive correlations
indicate a direct relationship between variables, while negative
correlations suggest an inverse relationship, providing insights
into potential shared sources, environmental dynamics, and
contamination patterns. The analysis of correlations among
water quality parameters reveals significant interactions
between various pollutants and water samples, providing
insights into their behavior across the sampled sites. For
instance, higher conductivity is associated with increased
chromium concentration, suggesting that both may originate
from shared sources or environmental conditions, such as
industrial discharges or mineral-rich runoff. Elevated lead
levels are found alongside higher dissolved oxygen concentra-
tions, indicating site-specific chemical dynamics that might
influence metal solubility or mobility in oxygen-rich environ-
ments. Also, the very high correlation between cadmium and
chromium implies that these heavy metals likely stem from
similar sources, such contamination events. Equally important,
higher levels of DEHP are detected in water with lower
conductivity, indicating that organic and inorganic pollutants
may originate from different sources or environmental condi-
tions. This inverse relationship suggests that areas with higher
DEHP contamination tend to have lower lead levels and vice
versa, possibly reflecting distinct contamination profiles at the
sites. On the other hand, a negative correlation between pH and
conductivity suggests that water samples with higher pH values
tend to have lower ionic strength or salinity, reflecting differ-
ences in the underlying water chemistry. Arsenic levels, for
instance, show a moderate correlation with DEP suggesting
potential shared sources of pollution. The strong correlation
between lead and chromium suggests similar sources or
processes driving their presence, reinforcing the idea of shared
contamination pathways. Higher levels of DEHP correspond
with lower dissolved oxygen concentrations, indicating that
organic pollutants may impact oxygen dynamics, potentially
through increased microbial activity or chemical oxygen
demand. Finally, the strong correlations among chromium,
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cadmium, and lead indicate that these metals are likely intro-
duced from common sources, such as industrial pollution or
agricultural runoff. While DEHP and DEP show negative
correlations with heavy metals and conductivity, suggesting
that different contamination sources or environmental condi-
tions influence the distribution of organic and inorganic
pollutants. The negative relationship between pH and conduc-
tivity reflects variations in the water's chemical composition
across sites. The correlation between conductivity and heavy
metals further suggests that contamination affects the ionic
balance of the water. These correlations provide a clearer
understanding of the complex interactions among pollutants
and water chemistry across the sampling sites. They highlight
the importance of considering both organic and inorganic
contamination sources to develop effective monitoring and
remediation strategies.

Thus the findings of this study indicate significant levels of
heavy metals and phthalates in the water and sediments of the
Palm Islands Natural Reserve, emphasizing the severe pollution
issues in this region. The slightly alkaline pH and stable marine
conditions observed in the macro parameters of the water
samples are consistent with typical marine environments;
however, the elevated levels of contaminants highlight ongoing
pollution challenges. Meticulously, the presence of heavy
metals such as chromium, arsenic, cadmium, and lead in both
water and sediment samples raises serious environmental
concerns. Cadmium levels in particular exceeded the permis-
sible limits set by both the EPA and NOAA, indicating a poten-
tial risk to marine life and human health. For instance, heavy
metals like mercury and lead can bioaccumulate in marine
organisms leading to neurological damage and reproductive
failure while phthalates cause developmental abnormalities.
For humans, consuming contaminated seafood can result in
mercury poisoning, which affects the nervous system, causing
cognitive and motor impairments. Long-term exposure to
phthalates through the food chain trigger hormone imbalances,
fertility issues, and an increased risk of cancers.

The detection of DEP and DEHP in all water samples
confirms the pervasive nature of plastic pollution and its
derivatives in the marine environment. The presence of these
phthalates poses additional risks to the biodiversity of the Palm
Islands Natural Reserve. Notably, the differences observed
among the sampling stations in our study can be attributed to
several environmental and anthropogenic factors. These varia-
tions reflect the influence of both natural and human-induced
processes, which vary depending on the specific characteris-
tics of each location. For instance, urban runoff from industrial
activities, sewage discharge, and municipal waste carry a wide
range of pollutants, including heavy metals and phthalates, into
coastal waters and sediments on the shores of Tripoli and
reaching the protected palm islands. Agricultural runoff from
nearby farmland adds pesticides, fertilizers, and veterinary
antibiotics to the marine environment. In addition, maritime
activities, including shipping and fishing, release oil spills,
antifouling agents, microplastics, and waste discharge. Solid
waste dumping along the coast further exacerbates pollution
with plastics and chemical leachates. Additionally, coastal
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tourism at the preserved islands contributes sunscreen resi-
dues, microplastics, and personal care product residues.
Together, these sources underline the multifaceted nature of
contamination in the study area, necessitating targeted moni-
toring and mitigation strategies.

Sea currents play a significant role in the dispersion of these
contaminants that reach the reserve. Stations located down-
stream of pollutant sources are more likely to exhibit higher
contaminant levels. Additionally, hydrodynamic conditions
such as tides, waves, and currents can influence the distribution
of both heavy metals and phthalates by either dispersing or
concentrating them in certain areas. For example, areas with
slower-moving waters may experience greater accumulation of
contaminants in sediments.

The toxicological effects of heavy metals and phthalates on
marine organisms are well-documented, including disruptions
to reproductive systems, growth inhibition, and increased
mortality rates. The high levels of cadmium and phthalates
detected in this study suggest that the marine ecosystem
around the Palm Islands is under significant stress, which could
have cascading effects on the broader biodiversity of the region.
The endangered species and unique flora and fauna of the
reserve are particularly vulnerable to such pollutants, poten-
tially leading to long-term ecological imbalances. The inter-
connected nature of the pollutants underscores the need for an
inclusive strategy to tackle the pollution crisis. This involves not
only enhancing waste management infrastructure and enforc-
ing stricter regulations on industrial discharges but also con-
ducting continuous monitoring and research to track the levels
and effects of emerging contaminants. Public awareness and
community engagement are also crucial in driving collective
action towards preserving the marine environment.

To further integrate existing literature and place our findings
in a broader context, we compared the observed heavy metal
and phthalate contamination levels in our study to similar
studies from other regions, which have also reported concern-
ing levels of these contaminants in both water and sediment.
For example, studies conducted in coastal areas of the Medi-
terranean Sea and other heavily industrialized regions such as
the Gulf of Mexico and the East China Sea has consistently
found elevated levels of cadmium and phthalates, suggesting
widespread anthropogenic impact on marine ecosystems.*** In
comparison to these studies, the cadmium and phthalate
concentrations in our sampling stations also exceed regulatory
guidelines, which emphasizes the global scale of this environ-
mental issue and the critical need for stronger measures to
control industrial discharge and plastic pollution. The envi-
ronmental impact of various pollutants and heavy metals across
different settings underscores the urgent need for comprehen-
sive monitoring and remediation efforts. Concurrently, the
bioaccumulation of heavy metals in animal species highlights
the pervasive nature of environmental contamination and
potentially affecting entire ecosystems.* Moreover, the identi-
fication of toxic metals in food products,* including recent
findings of heavy metal contamination in thyme products,*
underscores the importance of stringent food safety measures.
Equally important, studies investigating cadmium uptake in
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native plants provide crucial insights into the mechanisms of
metal absorption in terrestrial environments,** emphasizing the
necessity for proactive measures to mitigate environmental
pollution and safeguard human health. In addition to heavy
metals and microplastics, the presence of other emerging
contaminants in water bodies and sediments, notably Polycyclic
Aromatic Hydrocarbons (PAHs) and Polychlorinated Biphenyls
(PCBs), poses significant environmental and public health
concerns.* These studies collectively underscore the need for
vigilant environmental monitoring and food safety measures to
mitigate potential health hazards.

Plastic pollution as well as domestic waste pollution crisis
has gained such proportions that it is chocking Lebanon as well
as significantly polluting the Mediterranean Sea. Mountains of
garbage ends up in the sea since the overflowing trash has
already grown to enormous proportions in the second largest
city in Lebanon, Tripoli, through land reclamation and
disposing it off in the sea. The city is engulfed with dissatis-
faction with garbage disposal, inappropriate industrial waste
treatment, alarming levels of surface and sea water pollution.
More importantly, the implications of this study extend beyond
Tripoli to the entire country of Lebanon and the broader MENA
region, thus highlighting the need for regional cooperation and
comprehensive policies to address marine pollution. Finally,
the pollution crisis not only threatens the ecological health of
the Mediterranean but also has significant implications for
tourism in Lebanon and the MENA region. The natural beauty
of the Palm Islands Natural Reserve and other coastal areas in
Lebanon are key attractions for tourists. However, the deterio-
rating water quality and environmental degradation can deter
visitors, impacting the tourism industry which is vital for the
economy. Addressing these environmental issues is crucial for
sustaining tourism and preserving the natural heritage that
attracts visitors to Lebanon and the region.*

Conclusion

This study provides critical insights into the pollution dynamics
of the Palm Islands Natural Reserve, revealing significant
contamination by heavy metals and phthalates in both water
and sediment samples. Elevated levels of heavy metals, partic-
ularly chromium, arsenic, cadmium, and lead, were found in
sediments, indicating persistent accumulation, with cadmium
exceeding regulatory limits and posing risks to marine life and
human health. Phthalates, including DEP and DEHP, were
detected in all water samples, highlighting the widespread issue
of plastic pollution and its potential long-term impact on
biodiversity. These findings reflect ongoing pollution chal-
lenges driven by industrial discharges, agricultural runoff,
maritime activities, and waste dumping, underscoring the need
for comprehensive monitoring and targeted mitigation strate-
gies. Correlation analysis revealed complex interactions
between pollutants, emphasizing shared sources and environ-
mental dynamics shaping contamination patterns. The study
highlights the urgent need for stronger pollution controls,
enhanced waste management, and ongoing monitoring,
particularly given the Palm Islands’ ecological significance as
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a habitat for endangered species. It calls for regional coopera-
tion to combat marine pollution, with broader implications for
the Mediterranean and MENA regions, and stresses the
importance of preserving Lebanon's vital tourism sector. The
research contributes valuable data for environmental moni-
toring and highlights the necessity of collective action to protect
marine ecosystems, safeguard public health, and mitigate the
risks posed by these emerging contaminants.
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