Pre prints.org

Article Not peer-reviewed version

Adsorption of Methylene Blue Dye onto
Various Marine Sediments and
Seagrass Biomass of Posidonia
oceanica Species: Kinetics and
Equilibrium Studies

Maria C. Vagi i ,Andreas S. Petsas , Dionysia Dimitropoulou , Melpomeni Leventelli , Anastasia D. Nikolaou

Posted Date: 12 February 2025
doi: 10.20944/preprints202502.0946.v1

Keywords: Aquatic pollution; Methylene blue; Synthetic dyes; Adsorption isotherms; Biosorption; Kinetics;
Marine sediments; Algae; Phycoremediation

O O] Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
Eh'j:- 1 available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/1742201
https://sciprofiles.com/profile/3151483
https://sciprofiles.com/profile/4227037
https://sciprofiles.com/profile/3448407
https://sciprofiles.com/profile/510957

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 February 2025 d0i:10.20944/preprints202502.0946.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Adsorption of Methylene Blue Dye Onto Various
Marine Sediments and Seagrass Biomass of
Posidonia oceanica Species: Kinetics and Equilibrium
Studies

Maria C. Vagi *, Andreas S. Petsas 2, Dionysia Dimitropoulou » Melpomeni Leventelli ?,
Anastasia D.Nikolaou?

1 Department of Marine Sciences, Laboratory of Environmental Quality & Geo-spatial Applications, School of
the Environment, University of the Aegean, Mytilene, Lesvos, GR-81100, Greece

2 Department of Food Science & Nutrition, School of the Environment, University of the Aegean, Myrina,

Lemnos, GR-81400, Greece

Correspondence: mbag@env.aegean.gr

Abstract: The present study concerns the investigation of the sorption and desorption phenomena of
the organic compound methylene blue which is used as a synthetic dye in several industries. The
batch equilibrium technique was applied using three marine sediments collected from the North
Aegean Sea (Greece). Simultaneously, a different target of the current survey was to examine whether
non-living biomass of the seagrass species Posidonia oceanica can be used as efficient biosorbents for
the removal of MB dye from wastewater through phycoremediation. The influence of several factors
on biosorption was studied, such as organic dye loading, biomass loading, contact time, solution pH,
and speed of agitation. The obtained experimental results showed that both Freundlich and
Langmuir isotherm models could describe the kinetics of the occurred process. Acquired results
indicated a positive correlation between the sorption of the target chemical and the adsorbents'
organic matter content and textural analysis of fine fraction (<63um). Desorption studies revealed
that the studied dye in most cases the dye was very strongly adsorbed on studied matrices with lower
quantities of seawater extractable amounts. Finally, according to the experimental findings,
bioadsorption on P. oceanica can be characterized as an efficient method for the bioremediation of
dye-polluted wastewater.

Keywords: aquatic pollution; methylene blue; synthetic dyes; adsorption isotherms; biosorption;
kinetics; marine sediments; algae; phycoremediation.

1. Introduction

In modern society, a constantly growing number of harmful organic substances are discarded
into the environment. Organic dyes constitute a category of synthetic and environmentally persistent
pollutants. According to the 2012 annual report of Pure Earth (originally Blacksmith Institute, a New
York City-based international nonprofit organization), textile industries contribute around 17-20 %
of the total industrial water pollution globally [1,2].

A wide variety of dyes, including aryl amines, azo dyes, anthraquinones, carbazoles, oxazines,
phenothiazines, thodamines, thiophene dyes, and several other chemicals that are classified into
different chemical groups is used in numerous applications. More than 100,000 commercial dyes have
been reported worldwide [3]. Regardless of the various procedures that have been used worldwide
to treat dye-containing wastewater produced by various industries (such as adsorption, precipitation,
reverse osmosis, oxidation/reduction, and biological methods including aerobic and anaerobic
treatments), dyes are inevitably released to the environment producing highly colored wastewater
(according to the relevant scientific data, approximately 10%-15% of the originally used amount) [4].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Therefore, likewise many other anthropogenic organic substances, organic dyes can be introduced
into various aquatic ecosystems including marine and coastal environments. The majority of dyes,
along with their degradation byproducts, after penetrating several environmental compartments
(soil, water, air), may cause numerous health problems for the inhabitants of the ecosystems and
consequently humans due to their toxic and carcinogenic nature [5,6]. Solar radiation penetration and
thus reduction of the photosynthesis rate of phytoplanktons and other macrophytes present in water,
pH, and salinity of the water alterations, reduction of dissolved oxygen (DO), increase in biological
oxygen demand (BOD) and chemical oxygen demand (COD) are some of the impacts that affect the
overall ecological balance of the water body [1,7,8].

Hence, the scientific interest is non-diminishingly focused on dyes’ environmental fate and
behavior, and their removal from dye-polluted wastewater matrices. Based on the retrieved
literature, the removal of dyes can be achieved by numerous physical, chemical, and biological
traditional techniques [9-11], while adsorption processes are considered feasible and effective
methods for their elimination from water bodies [1,12]. The effectiveness of various low-cost
adsorbents towards dye adsorption has been investigated, such as natural materials, waste materials
from industry, agricultural by-products, and biomass based activated carbon [1,12,13].

Biosorption of toxic pollutants by macroalgae and microalgae, known as phycoremediation, is a
promising method for wastewater treatment due to its natural, eco-friendly and cost-effective
characteristics [1]. The major advantages of using algae in adsorption-based treatment of colored
wastewater are their easy availability and growth, efficient uptake of dyes, and formation of less toxic
sludge [1].

Methylene blue (MB) is an organic molecule classified as an aromatic heterocyclic basic dye. It
is widely utilized as a synthetic dye across multiple industries, including textile, plastic, paper, and
printing, and in scientific applications such as photo-redox catalysis, fluorescent tracers, and various
medicinal uses. The International Union of Pure and Applied Chemistry (IUPAC) recognizes it by its
full name: [7-(Dimethylamino)phenothiazin-3-ylidene]-dimethylazanium chloride (Table 1).
Notably, MB is highly water-soluble and is recognized as a cationic and primary thiazine dye [14].
Its principal applications involve the paper, pulp, and printing industries, textile dyeing —especially
for materials like silk, wool, and cotton—and it also serves as a pharmaceutical agent in the treatment
of methemoglobinemia [1,13,14].

Since the dye compound MB is xenobiotic, its environmental fate and behavior are critical issues
in research conducted by the scientific community. The persistence of the molecule determines its
mobility across environmental compartments and defines its impact on the ecosystem. A
comprehensive list of scientific studies, including various literature reviews, has documented the
removal of MB through adsorption [15-17] and bioremediation [12,13,18]. However, the existing
literature offers limited published data on the adsorption of MB onto natural substrates, such as
marine sediments [19,20].

The present study concerns two scientific targets: (i) to investigate the sorption and desorption
phenomena of MB on three different marine sediments collected from unpolluted coasts of the North
Aegean Sea (Greece) that varied in their textural analysis and their content of organic matter, and (ii)
to examine whether the seagrass species Posidonia oceanica is a natural material that can be used for
the efficient bioadsorption of MB dye and consequently considered as a promising alternative
treatment that could be applied as a supplement or a substitute method of current water treatments
for the removal of organic pollutants from wastewater.

Table 1. Structural formulae, main physicochemical properties, and other

information for MB.

Data
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Structural formulae

Molecular formulae
TUPAC systemic
name

Synonyms

Relative molecular
mass

Description

Density
Solubility
pKa

Vapour pressure

N
I99E!
cl
\,I\l \S* ’l\‘/

C16HisCINsS
[7-(Dimethylamino)phenothiazin-3-ylidene]-dimethylazanium chloride

Aizen methylene blue; Basic blue 9 (8CI); Calcozine blue ZF; Chromosmon; C.I.
52 015; Methylthionine chloride; Methylthioninium chloride; Phenothiazine5-
ium,3,7-bis, (dimethylamino)-, chloride; Swiss blue; Tetramethylene blue;
Tetramethyl thionine chloride

319.85 a.m.u.

Dark green crystals or crystalline powder with bronze lustre, odourless, stable in air,
deep blue solution in water or alcohol, forms double salts
1.0 g/mL at 20 °C
43.6 g/L in water at 25 °C; also soluble in ethanol
3.14 to 3.851
1.30 x 107 mm Hg at 25 °C

doi:10.20944/preprints202502.0946.v1

1Data retrieved from several bibliographic sources [20-23].

2. Materials and Methods

Analytical grade MB was supplied by Merck (Germany) and used as adsorbate without any
further purification. The stock solution of MB (1,000 mg L) was prepared daily in high purity water
Type-II (Evoqua Water Technologies LLC, UK) and suitably diluted in saltwater to the required initial
concentrations (working solutions). The seawater used in the current study was collected from an
unpolluted area of the Aegean Sea, near the city of Mytilene (Lesvos) (Figure 1).

The sediment samples used in the present study were collected from three different sampling
stations of the Aegean Sea in Northern Greece (Figure 1). Specifically, sediment samples 1 and 2, S1
and S2 respectively, were collected from stations 1 and 2 which were located in relatively unpolluted
coastal areas of Chios (S1) and Lesvos (S2) islands. In contrast, sample 3 (S3) was gathered from
station 3 which was located in a marine aquaculture industry (Selonda, Gera’s Golf, Lesvos).

Before their use, all three samples were air-dried at room temperature, passed through a 10-
mesh sieve (2mm particle size), and stored in tightly sealed dark Pyrex vials under refrigeration (at -
20°C). The determination of the % content of sediments’ organic matter was performed according to
the Walkley & Black chromic acid wet oxidation method [24]. Finally, the organic matter content was
calculated by multiplying organic carbon by factor 1.72. In Table 2 the afore-mentioned
characteristics of the analyzed marine sediments are presented.
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Figure 1. Map of sampling locations of marine sediments and seagrass biomass.

The criterion for the selection of those substrates as adsorbent surfaces were based on both their
difference in their textural analysis fine fraction (<63pum) (that ranged between 1.68-34.54%) and the
content of organic matter as well (that varied from 1.70 to 5.38%).

Table 2. Characteristics of the studied sediments.

. Textural analysis (%) Organic matter content
Sediment sample 63-2000 pm <63pm %)
0,
S1 98.32 1.68 2.94
S2 93.76 6.24 1.70
S3 65.46 34.54 5.38

1 Determined by Walkley & Black chromic acid wet oxidation method.

The non-living biomass of the species Posidonia oceanica employed as adsorbent material was
manually collected from the coastal area of the city of Mytilene (Lesvos, N. Aegean) (Figure 1). The
collected seagrass biomass was transferred in plastic bags to the laboratory within the same day and
thoroughly washed with running tap water to remove any foreign bodies, chemical substances, and
remaining saltwater. Afterward, the washed biomass was rinsed with ultrapure water multiple times
(at least three). Finally, the seagrass mass was placed spread out on filter papers laid on plastic trays
and left until complete air-drying was achieved at ambient temperature (18-20 °C) for 48-72 hours to
a constant weight. The storage of dried P. oceanica biomass was done in hermetically sealed glass jars
until their further use in the adsorption tests. Simultaneously, the natural pretreatment of P. oceanica
biomass was assessed by cutting its fibres into smaller pieces measuring 2mm in width and 6-7mm
in length. This method was evaluated as a simple approach to enhance its adsorption capacity.
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2.1. Adsorption studies

The batch adsorption experiments were conducted according to the Test Guideline-106
proposed by the Organization for Economic Co-operation and Development Guideline 106 [25]. The
method has been previously described in detail by Vagi et al., 2023 [13, 26]. Briefly described, all
tested adsorption systems were prepared separately in Erlenmeyer flasks by mixing a known volume
of MB standard solution (prepared in seawater and with final concentrations ranging between 1 and
100 mg L) with a pre-weighed quantity of studied adsorbent (marine sediment or seagrass biomass).
Erlenmeyer flasks were sealed with Teflon lining and shaken by a horizontal shaker (Gesellschaft fiir
Labortechnik, GFL, Germany) until adsorption equilibrium was reached (according to the results of
the conducted preliminary kinetic experiments) at a constant room temperature of 20°C+1°C. After
equilibration, aliquots of the aquatic suspensions were withdrawn (5 mL), centrifuged (5000 rpm for
15 min, Heraeus, Germany), and the remaining (not adsorbed) dye concentrations in the solution was
determined by spectrophotochemical analysis at 665 nm (Cary 60 UV-Vis Spectrophotometer, Agilent
Technologies, USA).

The amount of adsorbed MB on the marine substrates was evaluated by calculating the
difference between the initial and equilibrium dye concentrations in the solution (Equations 1 & 2):

(%)Percentage removal = (C‘gﬁ x 100 (Equation 1)

Amount adsorbed =V X % (Equation 2)
where Ciand Ce. are the initial and equilibrium (or final) concentrations of MB dye (in mg L),
respectively, V is the volume of the dye solution (in L), and m is the mass of dry adsorbent tested (in
g) [1, 27,28].
Further mass balance calculations were made based on the assumption that the total amount of
MB dye that was originally added in the adsorption mixtures was equal to the sum of the amount of
permanently adsorbed MB on the marine substrates used as adsorbent materials, the amount of
pigment desorbed, the remaining (free or not-adsorbed) amount in the marine solution, and finally
the amount of MB degraded by biotic or abiotic processes (Equation 3):
(100%)Total amount of MB dye = (%)Amount adsorbed permanently +
(%)Amount desorbed +
(%)Amount remaining in solution +
(%)Amount degraded
Simultaneously, similar experimental procedure was followed for blanks (without MB) and
controls (without sediment or seagrass biomass) which were included in each sample batch to ensure

the quality control of the conducted experiments. The average values of duplicate runs were obtained
and analyzed.

2.2. Desorption studies

Desorption of adsorbed MB at 20°C+1°C was determined by using the experimental systems
from previously conducted batch adsorption tests. When the equilibrium of the of the solid-solution
mixtures (marine sediment-seawater or seagrass biomass-seawater mixtures) was reached, the entire
volume of supernatants was poured off (after centrifugation, 5000 rpm for 15 min) and replaced by
fresh seawater. The flasks were mechanically shaken for 2 h to achieve the desorption equilibration
process and afterwards centrifuged (5000 rpm for 15 min). In each case, the amount of dye recovered
through the desorption process by seawater was determined by spectrometric analysis (A=665 nm),
whereas the amount of MB remaining permanently adsorbed by the sediment or seagrass biomass
was calculated as the difference between the initial adsorbed amount and the desorbed amount [13,
26].
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3. Results and Discussion

The experimental results obtained from the conducted adsorption-desorption batch equilibrium
tests that were carried out are presented below.

3.1. Adsorption of methylene blue dye onto marine sediments

3.1.1. Effect of contact time

The effect of contact time on the extent of dye adsorbed onto the three marine adsorbent
materials (and therefore removed from the aquatic solution) in terms of the % percentage amount
remaining in solution versus contact time was investigated. The data acquired after the mechanical
agitation of 7 mg L' MB seawater solution-sediment mixtures for 10, 20, 30, 60, 120, and 360 min are
presented in Figure 2 for all the selected marine sediments and control experiments.

100 &

8 80 Control
b= S1
£
g 60 ——52
g —o—53
5
5 ©
g |
g 20
4
R i

0 g

0 30 60 9 120 150 180 210 240 270 300 330 360

Contact time (min)

Figure 2. Rate of sorption of MB onto marine sediments studied (Experimental conditions: Dye’s initial
concentration = Ci =7 mg L1; Volume of MB seawater solution =50mL; Dose of adsorbent = 0.5 g L-'; pH=8.00;
0=20°C+1°C).

The results indicate that the sorption of MB on the three marine sediments occurred rapidly
under the experimental conditions. All systems reached equilibrium, with the S3 sediment sample,
which had a higher organic matter content (5.38%) and the highest percentage of fine fraction
(<63um) at 34.54%, showing the fastest rate. Equilibrium for the S3 sediment and MB solution
mixtures was achieved within 30 minutes. However, a contact time of 2 hours was established as the
optimum for all sediment-MB solution adsorption systems, as equilibrium was attained for all tested
systems within that timeframe.

Given that in batch-type adsorption systems, a monolayer of adsorbate is normally formed on
the surface of the adsorbent, the rate of transport of MB dye from the aqueous seawater solution onto
the surface of the adsorbent was decreased when adsorption sites of the adsorbent particles were also
reduced. Moreover, the amount of MB degraded during this time was negligible, as indicated by the
control experiment of MB in seawater without adding sediment.
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3.1.2. Adsorption isotherms

In the related literature, the adsorption process is usually investigated by plots/isotherms that
relate the solute's relative concentrations in solution (Ce) and adsorbed to the solid adsorbent (q). For
that purpose, seven test substance initial concentrations (Ci) were used between the range of 5 to 100
mg L in batch adsorption tests as described in paragraph 2.1. (Experimental conditions: Volume of
MB seawater solution =50mL; Dose of adsorbent = 2 g L-'; Contact time= 2 h; pH=8.00; 6=20°C+1°C).
For the case of S3 sediment sample, experiments were performed using only six concentration levels
of MB in the initial seawater solution that was in contact with the marine sediment. The lowest initial
concentration of 5 mg L (included in cases of sediments S1 and S2) was not studied, since total
removal of MB through adsorption was expected to occur. After adsorption equilibrium was reached,
individual spectrophotometric analysis of the aqueous phases was performed and the solution’s
equilibrium concentrations (Ce) of MB were determined, and the amount of dye adsorbed on marine
sediment’s surface was calculated from the depletion of the test substance in the solution (indirect
method). The adsorbed mass per unit mass of adsorbent was plotted as a function of the equilibrium
concentration of the test substance [25]. Derived data are illustrated in Table 3 and Figure 3 and were
further processed via kinetic models in order to draw safer conclusions regarding the study of the
specific process.

Table 3. Effect of adsorbate’s initial concentration on the extent of dye’s removal by adsorption on marine
sediments (Experimental conditions: Dye’s initial concentration = Ci=5 to 100 mg/L; Volume of MB seawater
solution =50mL; Dose of adsorbent =2 g L-!; Contact time= 2h; pH=8.00; 6=20°C+1°C).

S1 S2 S3
Co Ce q Co Ce q Co Ce q
(mgLY) (mgLlY) (mgg') (mgLl’) (mgL?Y) (mgg!) (mgL!) (mgL") (mgg)
5 0,10 0,22 5 0,04 0,21 10 0,13 0,44
10 0,25 0,41 10 0,49 0,43 20 0,15 0,88
20 0,45 0,88 20 3,07 0,76 30 0,33 1,32
30 1,11 1,24 30 5,36 1,06 40 0,56 1,75
40 1,45 1,59 40 13,37 1,11 50 0,75 2,20
50 4,86 2,02 50 17,35 1,46 100 8,66 3,87
100 14,25 3,70 100 48,76 2,29
E 4,5
)
5
-
e =
2o 3
S B0
2 g 2,5
E é © s1
5% 2 es2
89S 15 es3
g 4 °
~
Z
S 0,5
= L
¢}
(¢} 5 10 15 20 25 30 35 40 45 50

Equilibrium concentration (Q in mg L)

Figure 3. Adsorption isotherms of MB dye on three studied marine sediments (Experimental
conditions: Dye’s initial concentration = Ci=5 to 100 mg/L; Volume of MB seawater solution =50mL;
Dose of adsorbent =2 g L1; Contact time= 2h; pH=8.00; 0=20°C+1°C).
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3.1.3. Kinetics of adsortion

The acquired experimental data depicted in Table 3 and Figure 3 were fitted to the following three
isotherm adsorption models: Freundlich, Langmuir and Henry which are described by Equations 3,
4 and 5, respectively:

X _ C. =Ky C./" (Equation 3)
—=Cs =KpC, quation

= dmaxs Ce (Equation 4)

a= 14Ky, Ce
% = q = Ky C. (Equation 5)

where x/m = Cs = q (in mg g7) is the quantity of dye adsorbed (x, in mg) per unit mass of adsorbent
(m, in g); Ce (in mg L) is the equilibrium concentration of MB in solution; Kr  (in mg'-» g-' L) is the
adsorption constant or distribution coefficient that represents the quantity of MB adsorbed in mg/g
(sediment) for a unit equilibrium concentration of the compound under test; n represents energy
distribution of sorption sites, while 1/n is a measure for the sorption intensity (e.g. for n=I the partition
between the two phases is independent of the concentrations); (X/m)max = gmax (in mg g7) is the
measure of monolayer (maximum) adsorption capacity of the adsorbent substrate (marine sediment);
Kt is Langmuir constant and represents the energy of adsorption (in L mg); and finally Ku is the
adsorption constant (or distribution coefficient) of Henry’s isotherm model that indicates the
adsorbate affinity toward a solid surface (in L g)

The obtained values for the basic isotherm modeling parameters after the application of the
above three Equations are presented in Table 4.

Table 4. Isotherm modelling parameters related to the adsorption of MB onto marine sediments.

Freundlich Isotherm Model

S1 sediment S2 sediment S3 sediment
Parameter (units)
sample sample sample
Ke(L mg™) 1.0049 0.5623 1.8576
n 1.8315 3.0414 2.2267
R2 0.9659 0.9644 0.9004

Langmuir Isotherm Model

S1 sediment S2 sediment S3 sediment
Parameter (units)
sample sample sample
(z) = qrex (mg g7) 2.5907 0.9827 6.7981
m/ max
Kt (L mg™) 6.2246 6.1419 30.6359
R2 0.9829 0.8884 0.8487
Henry Isotherm Model
. S1 sediment S2 sediment S3 sediment
Parameter (units)
sample sample sample
Ku(L gt 0.2897 0.0553 0.4837
R? 0.8474 0.8399 0.6949

From Table 4 it was observed that the equilibrium sorption data were very well represented by
the Freundlich isotherm by providing the highest correlation coefficients (R? > 0.9004), whereas the
lowest correlation coefficients were calculated for Henry isotherm (R? > 0.6949) that is a one-
parameter adsorption model representing a linear relationship between the adsorbed adsorbate and
the bulk amount of adsorbate present in the solution. In Freudlich isotherm model, the surface is
considered as heterogeneous and moreover, in this case, monolayer capacity is not assumed [1,29].
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Estimated values of Freundlich sorption coefficients Kr for adsorption systems of MB and S1, S2, and
S3 sediments were 1.0049, 0.5623, and 1.8576 L mg!, respectively. Furthermore, calculated 1/n values
between the range of 0.328 and 0.546 (therefore less than 0.7) described highly curved isotherms
(Figure 3). Obtaned values of (1/n) < 1, as well stated in bibliography, represent a convex, L type
isotherm in which the adsorption energy decreases as the surface concentration increases, and the
adsorption process is favorable if 1/n is greater than zero (0<(1/n)<1) [29].

In all three cases of marine sediment samples tested the Kr (Freundlich isotherm model), qmax
(Langmuir isotherm model), and Ku (Henry isotherm model) values are in the order: S3>51>52 (Table
4), while % content of organic matter of the adsorbent sediments is in the order: S3>51>52 (Table 2).
The lower adsorption capacity was determined in the experiments using as an adsorbent the
sediment with a lower content of organic matter (52). In others words the amount of MB sorbed on
sediment with a lower content of organic matter (52) was the smallest. On the contrary, for sediments
with higher organic matter content (51, 2.94%, and S3, 5.38%), sorption followed a different behavior
and occurred to a higher extent. Therefore, a positive correlation between the sorption of MB and the
organic matter content of marine sediments is indicated.

The adsorption distribution coefficients are important parameters for understanding the
mobility of a chemical compound in the environmental matrices and its distribution between water
and sediment compartments. However, their values for a given compound can vary dramatically
between different types of soils or sediments. For that reason, the values of adsorption distribution
coefficients are often normalized to the organic content of the matrix to obtain sorption coefficients
that do not depend on the properties of the sorbent. Normalized to organic matter content sorption
coefficients (Kom) are described as the ratio between the sorption coefficient Kr, and the organic
matter content of the sorbent, in units of mass of organic matter (OM) per mass of sediment (g OM/g
sediment). Estimated Kowm coefficients were used to assess the extent to which the studied organic

chemical MB dye, was sorbed. Kom values were calculated through the Equation 6:
Kr

KOM = m X 100 (Equatlon 6)

As shown in Table 5 the values of the Kowm coefficients ranged from 33.0765 to 34.5279. Acquired
data confirmed that using Kom coefficients over Kr coefficients is preferable when adsorption
experiments are performed on substrates with different percentages of organic matter content, as this
smooths out the differences between the substrates, which in any case are reduced but not eliminated.
Furthermore, the decreasing order of adsorption capacity, based on organic matter content
normalized adsorption coefficients, followed the corresponding decreasing order of content of
organic matter in the sediments:

Sediment S3 (Kov= 34,5279)> Sediment S1 (Kom= 34,1803)> Sediment S2 (Kov=
33,0765)

Table 5. Normalized to organic matter content sorption coefficients (KOM) and free energy change AG values!.

. Kom AG
Sediment sample (cal mol) J mol?)
S1 34,1803 -2.062,07 -8.627,70
S2 33,0765 -2.042,91 -8.547,53
S3 34,5279 -2.067,98 -8.652,42

! Based on data obtained through Freundlich adsorption isotherm model.

The mechanism of adsorption as well as the strength of the formed adsorbate-adsorbent bonds
were evaluated by calculating the change in Gibbs free energy, AG (in both cal mol-! and ] mol units)
through Equation 7:

AG = —RX T x InKgym (Equation 7)
where R is the universal gas constant (equal to 1.986 cal K mol! or 8.314 ] K mol?), and T is the
absolute temperature (in degrees K). Based on the calculated values presented in Table 5, AG is
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negative in all cases examined, indicating that the adsorption process is spontaneous and exothermic.
As it has been well established in literature , a process occurs spontaneously, when the change in
Gibbs free energy, AG, is negative. Simultaneously, the change in entropy, AS, is also negative, since
adsorption restricts the freedom of translational movement of the adsorbed substance. Hence, the
value of AG=AH-T AS is negative only if the change in enthalpy, AH, is also negative, i.e. if the process
is exothermic. In addition, based on estimated data for all three sediments, the values of AG were of
the same order of magnitude (range of values: from -2,067.98 cal mol-1 for sample S3 to -2,042.91 cal
mol-1 for sample S1), indicating chemisorption in all cases examined.

3.1.4. Affinity of studied marine sediments with the MB dye

According to the the relevant scientific literature, in order to draw useful and safe conclusions
regarding the affinity of the solid adsorption surface (i.e. marine sediments) with the adsorbed
substance, the production of plots that describe the extent of adsorption in conditions of saturation
of the aqueous solution is suggested, as for example the function In(x/m)=f[In(Ce/Cs)] [30]. In Figure
4 the relative graphs obtained are illustrated that show the correlation for eachone of the three
sediments examined with the synthetic dye MB through the relations (a) In(x/m)=f[In(C¢/Cs)] and (b)
(x/m)=f[In(Ce/Cs)] where C. is the adsorption equilibrium concentration and Cs is the solubility of of
synthetic test compound in water (43.6 g/L, data from reference [23]).
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Figure 4. Affinity of the three examined marine sediments to the adsorption of the synthetic dye MB, (a)
In(x/m)={[In(Ce/Cs)] and (b) (x/m)=f[In(Ce/Cs)].

Based on the information acquired from the relevant processing of the experimental results, it
appears that the affinity of the marine sediment substrates for the adsorption of the selected synthetic
dye follows the following increasing order: S2>51>53 as the isotherms in both Figure 4(a) and Figure
4(b) shift towards lower values of the parameter In(Ce/Cs).
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3.1.5. Mass balances

In Table 6 the results of the average values determined after the execution of two series of
experiments are depicted concerning the % percentage masses of MB dye : (i) adsorbed on 1g of
marine sediment at seven different concentrations, called loading levels, which ranged from 0.225 to
4.5 mg g of dry marine sediment, (ii) desorbed by 10 mL of seawater (for loading levels 0.225, 0.45
and 0.9 mg g') or 20 mL of seawater (for loading levels 0.225, 0.45 and 0, 9 mg g), and finally (iii)
remained free (or not adsorbed) in the seawater phase.

Table 6. Average values of percentage balances for the adsorbed, desorbed and free amount of the selected
synthetic dye in the marine sediments of the study (Experimental conditions: Sediment mass (adsorbent):
1.0000+0.0002 g; Volume of MB seawater solution =45 mL; Rotational stirring speed: 150 rotation min-!; pH=8.00;
6=20°C+1°C).

Sediment Loading Level (%) Adsorbed (%) Free or not (%) Desorbed!
Sample (mg g?) adsorbed

0.225 98.06 1.94 0.09 (0.09)

0.45 97.49 251 0.21 (0.22)

0.9 97.75 2.25 0.22 (0.22)

S1 1.35 96.28 3.72 0.54 (0.56)
1.8 96.38 3.62 0.48 (0.50)

2.25 90.28 9.72 1.02 (1.13)

4.5 85.75 14.25 1.62 (1.89)

0.225 99.17 0.83 0.09 (0.09)

0.45 95.15 4.85 0.14 (0.14)

0.9 84.65 15.35 0.11 (0.13)

S2 1.35 82.13 17.87 0.23 (0.28)
1.8 66.58 33.42 0.16 (0.25)

2.25 65.30 34.70 0.21 (0.32)

4.5 51.24 48.76 0.38 (0.73)

0.225 99.00 1.00 0.00 (0.00)

0.45 98.72 1.28 0.01 (0.01)

0.9 99.24 0.76 0.09 (0.09)

S3 1.35 98.91 1.09 0.15 (0.15)
1.8 98.61 1.39 0.17 (0.17)

2.25 98.51 1.49 0.19 (0.19)

4.5 91.34 8.66 0.68 (0.74)

1 Data without brackets have been calculated based on the initial amounts of MB loaded in batch adsorption

systems. In contrast, data in brackets have been calculated based on the corresponding adsorbed masses of MB.

According to the relevant laboratory results of the mass balances study, it was evident that the
percentages of the amount of MB dye adsorbed in all three marine sediments from different origins
in the North Aegean Sea were notably high. For sample S1, the adsorption ranged from 85.75% to
98.06%. Sample S2 showed a broader range from 51.24% to 99.17%, while sample S3 had percentages
ranging from 91.34% to 99.24%. As expected (based on the treatment results acquired by adsorption
isotherm models and the assessment of the affinity of the substance with the substrates), the lowest
adsorption rates were observed for the case of sample S2, which was the sample containing the
minimum values of organic matter content (1.70%) and microparticle fraction <63pum (6.24%). On the
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contrary, the highest adsorption percentages were recorded for the case of sample S3, which was the
sample with the highest content of organic matter (5.38%) as well as the highest value of microparticle
content <63um (34.54%).

Additionally, it became evident from Table 6 that the adsorption of the selected organic
compound decreased as its concentration increased in the seawater/sediment system. For example,
the % amount of adsorbed substance in sample S2 decreased from 99.17% to 51.24% (~48% reduction)
when the initial concentration in the aqueous solution that was in contact with the solid surface of
the sediment rised from 5 mg L! to 100 mg L-! (those concentrations in the contact solution correspond
to loading levels of 0.225 mg g and 4.5 mg g marine sediment, respectively). These result are in
accordance with the relevant scientific literature, according to which this phenomenon is expected
and interpreted based on the fact that as all the active adsorption sites available from the surface of
the marine sediment are occupied, the system is driven towards a saturation state [12,29].

Regarding the desorption process, as it follows from Table 6, the percentages of the desorbed
amount of MB dye (calculated based on the initial amounts of MB loaded in batch adsorption systems
and based on the corresponding adsorbed masses of MB) were too low. More specifically, the
percentages of the desorbed amounts of MB (based on the initial amounts of the compound in the
sediment/seawater mixture) ranged for sample S1 from 0.09 to 1.62%, for sample S2 from 0.09 to
0.38% and sample S3 from 0.00 to 0.68%. These observations suggest the following assumptions: (i)
strong retention of the adsorbed molecules of the compound with the colloidal particles of the
sediment through high energy bonds which do not break and consequently the process of adsorption
(chemisorption) is irreversible, and (ii) the greater affinity of the molecules of the MB compound to
the adsorption sites of the colloids of the marine sediments examined compared to seawater.

Finally, the unadsorbed amount of synthetic dye that remained free in the overlying seawater
solution (i.e. in the water column of marine environment) was different for each case of examined
sediment and dependent on the physicochemical characteristics of the underlying marine sediment
substrate. In particular, the highest percentages of non-adsorbed/free amount of MB, which ranged
from 0.83 to 48.76% of the initial amount, were observed in the case of sample S2 which was the
sample with the minimum content of organic matter and fine textural fraction<63pm (1.70% and
6.24%, respectively). On the contrary, the lowest percentages of free amount were recorded for the
case of sample S3 (from 1.00 to 8.66% of the initial amount of MB) which was the sample with the
maximum organic matter content (5.38%) as well as the highest value of contained microparticle
fraction <63um (34.54%). Sample S1 showed moderate behavior as the percentages of non-adsorbed,
and therefore bioavailable substance percentages, ranged from 1.94 to 14.25%, an observation
attributed to the corresponding values of organic matter content (2.94%) and microparticle fraction
<63um (1.68%).

3.2. Adsorption of methylene blue dye onto seagrass biomass of Posidonia oceanica species

3.2.1. Effect of contact time

The effect of contact time on the amount of dye adsorbed on biomass of P. oceanica was examined
at various time intervals in seawater solutions containing initial concentrations of dye that varied
(within the range of 10 to 50 mg L-1), and which were mixed with two different doses of the studied
algal adsorbent substrate (1 and 2 g L1). Selected experimental data obtained are presented in Figure
5 for both cases of biomass in original physical size and biomass cut into smaller length pieces (2mm
width x 7mm length). Based on the results, the contact time required to achieve adsorption
equilibrium is short (about 60 min) indicating a rapid process of transport and accumulation of MB
on the surface of the seagrass biomass. The relative increase in the extent of removal of dye after 60
min of contact time is not significant and hence it was fixed as the optimum contact time for MB and
P. oceanica adsorption systems.
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Figure 5. Rate of sorption of MB onto seagrass biomass of P. oceanica (Experimental conditions: Dye’s initial
concentration = Ci= 40 mg L!; Volume of MB seawater solution =50mL; Dose of adsorbent = 2 g L-!; Rotational
stirring speed= 150 rpm; pH=5.45; 6=20°C+1°C).

Considering that the rate of the studied physical process of transport and retention of the
substance from the liquid solution on the solid surface of the adsorbent depends on the number and
availability of surface adsorption sites, the shape of the curve was expected. The decrease in the
adsorption rate of MB pigment by P. oceanica species depending on the time that is observed in Figure
5 is attributed to the fact that the increase in the quantity of substance already adsorbed leads to less
likely possibilities for a non-adsorbed molecule to find an available adsorption site.

In addition, according to Figure B data, the estimated rate of the process was greater in the
material of seagrass biomass that had been divided into small pieces compared to not cut seagrass
biomass. This observation was expected since the increase in the surface area of adsorbent accelerates
the phenomenon, especially in the initial stages when diffusion and dispersion from the solution
between the pores of the adsorbent take place. Finally, negligible amount of MB degraded during the
control experiment (MB in seawater without adding algal biomass, Figure 5).

3.2.2. Effect of adsorbent’s dose

The effect of the adsorbent’s dose on the extent of MB dye adsorption (in terms of percentage
removal and equilibrium concentration) was investigated by the conduction of a series of batch
adsorption experiments using different amounts of algae mass of P. oceanica species. Hence,
individual masses of adsorbent material ranging between the values of 1 to 25 g L were used, mixed
with 50 mL of dye standard solution at three concentration levels (20 mg L, 30 mg L-'and 50 mg L)
and shaken mechanically to bring the adsorption equilibrium (contact time 60min, stirring speed 150
rpm, pH=5.77, 6=20°C+1°C). The relevant data for initial concentration level 20 mg L are given in
Figure 6 indicating that the percentage removal of MB increased with the increase in dose of
adsorbent. This may be due to the increase in availability of surface-active-sites resulting from the
increased dose and conglomeration of the adsorbent which is in accordance with other researchers
[27,28,31].
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Figure 6. Effect of the amount of P. oceanica biomass on the adsorption of the MB dye (Experimental conditions:
Dye’s initial concentration = Ci = 20 mg L; Volume of MB seawater solution =50mL; Contact time=60 min;
Rotational stirring speed= 150 rpm; pH=5.45; 6=20°C+1°C).

Based on the acquired results the increase in the extent of MB dye’s removal by adsorption was
found to be significant by increasing the dose of adsorbent up to 2 g L1, whereas above that value
minor further increase in the adsorption capacity of the adsorption systems was observed.
Consequently, the amount of biomass 2 g L' was fixed as the optimum dose of P. oceanica used as
adsorbent substrate in all other series of experiments conducted.

3.2.3. Effect of mechanical rotational stirring speed

Batch adsorption experiments with constant algal biomass (2 g L) and initial concentration of
MB dye 30 mg L' (volume of MB seawater solution 50 mL) were performed at different mechanical
rotational stirring speeds (0, 150, 300 and 450 rpm) to study the effect of rotational speed on the
adsorption capacity of the seaweed P. oceanica. After 60min of mechanical agitation (to reach
adsorption equilibrium), equilibrium concentration of target dye substance was determined via
spectrophotometric analysis and the corresponding results are summarized in Figure 7 (in terms of
percentage removal by adsorption).

Although the maximum (%) percentage removal of MB through adsorption process on the
studied seagrass biomass was achieved at the highest value of tested stirring speed (450 rpm) than
the others examined (0, 150, and 300 rpm), however the stirring rate of 150 rpm was chosen as the
most practical and efficient one for the execution of the experiments since at this speed the %
adsorption was in the same order of magnitude (at 150 rpm: 84.99%+2.99% removal; at 450 rpm:
88.77%+4.93% removal).
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Figure 7. Effect of rotational stirring speed on the extent of MB dye adsorption on P. oceanica (Experimental
conditions: Dye’s initial concentration = Ci= 30 mg/L; Volume of MB seawater solution =50mL; Dose of adsorbent
=2 g L1; Contact time= 60min; pH=5.45;, 6=20°C+1°C). Mean values of three replicates (N=3) and standard

deviations.

3.2.4. Effect of pH

In order to study the effect of pH of the aquatic solution containing the dye on the adsorption
process onto algal biomass, experiments were carried out over a range of pH values (2.20 to 11.80).
The pH was adjusted to the desired value by adding sodium hydroxide (NaOH) or hydrogen chloride
(HCI) solution. The results of the measurements are given in Figure 8 where the quantity of adsorbed
MB pigment per unit mass of P. oceanica seaweed (mg of MB per g of biomass) as a function of pH
is depicted. As can be seen, the minimum value of adsorbent capacity is observed at pH=2.20 (11.18
mg g), which increased up to the value of 5.45 and then remained constant (15.59 mg g') within the
pH range of 5.45 and 11.50.
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Figure 8. Effect of pH value on the extent of MB dye adsorption on P. oceanica (Experimental conditions: Dye’s
initial concentration = Ci= 30 mg/L; Volume of MB seawater solution =50mL; Dose of adsorbent =2 g L-!; Contact
time= 60min; 6=20°C+1°C).
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Several researchers have already reported that the aqueous solution pH is an important
parameter influencing the sorptive uptake of dyes because of its profound impact on both the surface
binding sites of the biosorbent and the ionization/aggregation process of the dye molecules
[12,27,28,32]. The lower adsorptive capacity that was noted at the most acidic value studied (pH=2.20)
can be attributed to the fact that methylene blue is a cationic substance (pKa =3.14 éwg 3.851, Table
1) combined with the phenomenon that at low pH values (or high concentrations of hydrogen cations
Hr) the surface of the seaweed can be positively charged (primary via protonation of functional
groups contained in polysaccharides, lipids and proteins). Therefore, due to the repulsive
electrostatic forces between the adsorbent and the absorbate reduced adsorption occurred at pH=2.20.
Consequently, pH=5.45 was set as the optimal value for the maximum adsorbent capacity and used
in the rest of the adsorption experiments including the study of adsorption isotherms. The results of
the present study regarding the influence of solution pH on biosorption of MB by algae are consistent
with other published studies that involved the study of biosorptive uptake of MB using various
species of algae, such as the Mediterranean green alga Enteromorpha spp. [28], and P. oceanica [32]
which showed that the equilibrium biosorption capacity was optimal under alkaline conditions
(pH=6-10) and minimum at acidic pH 2 [28,32].

3.2.5. Adsortion isotherms

Isotherms relating the solute's relative concentrations in solution (Ce) and adsorbed to the solid
adsorbent (Qe) were plotted after the performance of the appropriate experiments. More specific, five
test substance initial concentrations (Ci) were used between the range of 10 to 50 mg L-! in batch
adsorption tests that were performed under the optimal experimental conditions, as described in
paragraph 2.1. (Experimental conditions: Volume of MB seawater solution =50mL; Dose of adsorbent
=2 g L1; Contact time=60min; pH=5.45; 0=20°C+1°C). After adsorption equilibrium was reached, the
amount of dye adsorbed on P. oceanica was determined indirectly (calculated from the depletion of
the test substance in the solution) [25]. Derived data are illustrated in Table 7 and Figure 9.

Table 7. Effect of adsorbate’s initial concentration on the extent of dye’s removal by adsorption onto biomass of
P. oceanica (Experimental conditions: Dye’s initial concentration = Ci= 10 to 50 mg/L; Volume of MB seawater
solution =50mL; Dose of adsorbent = 2 g L; Contact time= 60min; pH=5.45; 6=20°C+1°C).

Seagrass biomass of P. oceanica in original size (not  Seagrass biomass of P. oceanica cut into smaller

cut) size pieces (2mm width x 7mm length)

Co Ce % Q- Co Ce % Q.
(mg L?) (mg L) Removal (mg g) (mg L) (mg L?) Removal (mg g)
10 0,58 94,21 4,61 10 0,42 95,85 4,70
20 1,92 90,39 9,13 20 1,85 90,76 9,21
30 2,45 91,50 13,89 30 2,13 92,90 13,55
40 3,33 91,68 19,84 40 2,59 93,52 20,29

50 3,22 93,56 22,71 50 5,10 89,80 21,77
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Figure 9. Adsorption isotherms of MB dye on (a) Seagrass biomass of P. oceanica in original size (not cut), and
(b) Seagrass biomass of P. oceanica cut into smaller size pieces (2mm width x 7mm length), (Experimental
conditions: Dye’s initial concentration = Ci= 10 to 50 mg/L; Volume of MB seawater solution =50mL; Dose of
adsorbent = 2 g L-1; Contact time= 60min; pH=5.45; 6=20°C+1°C).

3.2.6. Adsorption kinetic modelling

The acquired experimental data depicted in Table 7 and Figure 9 were fitted to the prescribed
Freundlich’s, Langmuir’s and Henry’s isotherm adsorption models, described by Equations 3, 4 and
5, respectively. The isotherm modelling parameters related to the biosorption of MB onto P. oceanica
biomass calculated are summarized in Table 8.

Table 8. Isotherm modelling parameters related to the biosorption of MB onto P. oceanica biomass.

Freundlich Isotherm Model

Seagrass biomass of P. oceanica cut
Seagrass biomass of P. oceanica in
Parameter (units) into smaller size pieces (2mm width
original size (not cut)
x 7mm length)

Kr (L mg") 0.1357 0.0593
n 0.9424 0.7247
R? 0.9194 0.7777

Langmuir Isotherm Model

Seagrass biomass of P. oceanica cut
Seagrass biomass of P. oceanica in
Parameter (units) into smaller size pieces (2mm width
original size (not cut)
x 7mm length)

X = - 13.245 17.857
(m)max (max (mg g 1)
Ke (L mg™) 0.0095 0.0008
R? 0.9131 0.9606
Henry Isotherm Model

Seagrass biomass of P. oceanica cut
into smaller size pieces (2mm width
x 7mm length)

Ku(L g 0.1444 0.2073
R? 0.9241 0.7735

As shown by the isotherm modelling parameters calculated through the three different

Seagrass biomass of P. oceanica in

Parameter (units) .. .
original size (not cut)

mahthematical adsorption models (Table 8), it becomes evident that the squared regression
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correlation coefficients (R?) ranged between the values 0.7735 and 0.9606 indicating from satisfactory
to very good fit of the obtained experimental data to all models examined.

Moreover, based on the comparison of calculated data illustrated in Table 8, it is observed that
the Langmuir adsorption model was the best-fit equilibrium isotherm model for the processing of
the experimental equilibrium adsorption data of MB dye on the selected alga as its application
provided the highest collinearity coefficient values for both the untreated P. oceanica biomass as well
as for the naturally treated by shredding P. oceanica biomass (cut into pieces of size 2mm x 6-7mm)
with R? values equal to 0.9131 and 0.9606, respectively. Therefore, the main assumption that could be
made is the monolayer coverage process of MB molecules onto Pocidonia’s sorptive sites.
Consequenlty, the surface of tested seagrass can be considered as homogeneous where all adsorption
sites exhibit equal affinity for solute MB molecules [1,33,34]. As it has been previously reported by
other researchers the Langmuir model is a valid model for monolayer sorption onto a surface with a
finite number of similar active sites [27,28,32-35]. Furthermore, the high values of substrate’s sorptive
capacity (13.245 mg g and 17.857 mg g for not-cut and cut into smaller size pieces of P. oceanica,
accordingly) indicated the strong atrraction forces that interact between the binding-sites on the
biomass of seagrass and the molecues of the studied dye.

High values of adsorption capacity indicate a strong electrostatic force of attraction between MB
dye molecules and the biosorbent binding sites of P. oceanica, which align with previously reported
scientific data on the removal of various chemicals from aqueous solutions through adsorption onto
algal species. For instance, Ncibi et al. conducted batch biosorption experiments for the removal of
MB from aqueous solutions using biomass from P. oceanica fibers, achieving a maximum adsorption
capacity of 556 mg g [32]. Additionally, the same authors noted that a significantly higher
adsorption capacity of 274 mg g could be achieved in the removal of MB by utilizing raw and dried
Mediterranean green alga Enteromorpha spp. as adsorbent materials [28].

4. Discussion

Based on the broad published bibliographic information gathered in this research, there has been
significant scientific interest in removing MB dye as a pollutant from aqueous solutions through
adsorption techniques utilizing low-cost adsorbents such as agricultural wastes and byproducts,
industrial solid wastes, biomass, clay minerals, and zeolites [15,36,37]. The use of biosorption
methods with algae to remediate dyes from aquatic ecosystems provides a cleanup technology that
is not only cost-effective but also eco-friendly, non-intrusive, and safe. This technique, known as
phycoremediation, is a segment of bioremediation that employs macroalgae or microalgae to remove
or transform contaminants with potential toxicity, including various dyes present in water into
nonhazardous compounds. Algae possess several advantageous characteristics that make them
suitable for efficiently eliminating synthetic dyes from dilute effluents. These include their abundance
in nature, large surface area-to-volume ratios, ability to clean sites contaminated with multiple types
of pollutants, and the generation of minimal amounts of chemical and biological sludge for disposal
[1].

More specifically, the studies on biosorption of MB dye by plants, macroalgae or microalgae
revealed an interesting adsorption potential of some species such as Posidonia oceanica [present
study,32], Enteromorpha spp. [28], Spirodela polyrrhiza [38], Ulva Lactuca [39], Cystoseira barbatula [40],
Sargassum muticum [41], Bifurcaria bifurcate [42], Fucus vesiculosus [43], Chlorella pyrenoidosa [44],
Phaeodactylum tricornutum [45], Caulerpa lentillifera [46], Sargassum muticum [47], and Gelidium [48].
Summarized bibliography retried is given in Table 9.
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Table 9. Selected bibliographic references regarding maximum adsorption capacity qmax (in mg g) of adsorbent
materials of different origin for the removal of MB dye.

Adsorbent Material Maximum adsorption capacity Reference
qmax (in mg g*)

Posidonia oceanica 13.24-17.86 Present Study
Posidonia oceanica 5.56 [32]
Enteromorpha spp. 274 [28]
Spirodela polyrrhiza 144.93 [38]

Ulva lactuca 40.2 [39]
Cystoseira barbatula 38.61 [40]
Sargassum muticum 191.38 [41]
Bifurcaria bifurcata 2,744.5 [42]
Fucus vesiculosus 698.477 [43]
Chlorella pyrenoidosa 20.8-21.3 [44]
Phaeodactylum tricornutum 18.5-18.9 [45]
Caulerpa lentillifera 417 [46]
Sargassum muticum 279.2 [47]
Algae Gelidium 171 [48]
Algal waste 104 [48]
Composite material with polyacrylonitrile 74 [48]
Marine sediment (collected from unpolluted 0.9827 Present Study

coastal areas of Chios, North Aegean, Greece)

Marine sediment (collected from unpolluted 2.5907 Present Study
coastal areas of Mytilene, Lesvos, North Aegean,

Greece)

Marine sediment (collected from a marine 6.7981 Present Study
aquaculture industry, Selonda, Gera’s Golf, Lesvos

North Aegean, Greece)

Sediment obtained from a canal in an industrial 56,0 [20]
park (Ekman dredge, Taipei City, Taiwan)

River sediment (Sebou River, Morocco) 3,24 [49]

Wine-processing waste sludge 285.7 [50]

The experimental results of this study concerning the adsorption efficiency of the seagrass P.
oceanica in removing methylene blue cationic dye from aquatic solutions simulating a marine
environment are comparable to some of the previously published scientific data presented in Table
9. In comparison to earlier scientific studies that documented the successful elimination of the studied
dye from aqueous solutions in laboratory settings, the maximum capacity evaluated in the current
study (13.24 to 17.86 mg g) is consistent with the findings of Santaeufemia et al. (2021). Their research
focused on the effective removal of dyes from seawater using both dead and living biomass of the
microalga Phaeodactylum tricornutum, reporting a maximum removal capacity for methylene blue of
18.9 mg g'. Notably, the dead biomass exhibited greater effectiveness, likely due to the difficulties
faced by the dye in penetrating living cells [45].

Likewise, the study by El Sikaily et al. (2006) investigated the maximum adsorption capacity of
the commonly available green alga Ulva lactuca as a viable biosorbent for the biological treatment of
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methylene blue. They found that the adsorption capacity was approximately 40.2 mg of dye per gram
of dry green algae at a pH of 10, with dye and alga concentrations of 25 g L-* and 2.5 g L, respectively
[39]. According to Caparkaya et al. (2008), the maximum adsorption capacity of the brown alga
Cystoseira barbatula Kiitzing, which is widely distributed in the Mediterranean Sea, was estimated as
38.61 mg g at 35 °C. This observation suggested that it could serve as an effective and low-cost bio-
sorbent for the removal of methylene blue from aqueous solutions [40]. Accordingly, values of the
same order of magnitude were determined by Pathak, et al. (2015) for phycoremediation of MB by
Chlorella pyrenoidosa (20.8-21.3 mg g™) [44].

Simultaneously, other researchers have reported varying adsorption efficiencies for different
species used as biosorbents. For example, a study by Bouzikri et al. (2020) found that the brown
marine alga Bifurcaria bifurcata, which is abundantly available along the Moroccan coast, achieved a
maximum biosorption capacity of 2,744.5 mg g for methylene blue (MB) at an optimal pH of 5.6,
after a contact time of 15 minutes [42]. Similarly, the maximum adsorption capacities of various
species have been documented, showing that some are more efficient in the bioremediation of
methylene blue (MB) dye. For instance, Spirodela polyrrhiza has a capacity of 144.93 mg g™ [38],
Sargassum muticum at 191.38 mg g™ [39], Fucus vesiculosus at 698.477 mg g [43], Caulerpa lentillifera at
417 mg g™ [46], and another measurement for Sargassum muticum is 279.2 mg g™ [47], with algae
Gelidium also showing a capacity of 279.2 mg g [48]. In comparison, the estimated adsorption
capacity for P. oceanica in the present study ranges from 13.24 to 17.86 mg g!, which is significantly
lower than the capacities of those algal species. On the contrary, Ncibi et al. (2007) studied the kinetic
and equilibrium sorption phenomenon of methylene blue by the seagrass P. oceanica, which is an
endemic marine magnoliophyta present in the Mediterranean Sea and is the same species utilized by
the present study. The results showed that biosorption capacity was optimal using a 6-9 solution pH
range and by increasing the biosorbent concentration up to 1 g L. The reported value of maximum
bioadsorption capacity was equal to 5.56 mg g [32], which is lower than the one that was estimated
in the present study.

Furthermore, the published scientific data retrieved showed that there is a complete lack of data
regarding the sorption process of MB dye in water systems and specifically in marine and coastal
ecosystems. Although for a few decades, the method of biosorption of chemical dyes and especially
MB on biomass adsorbent materials of various origins (e.g. algae, fungi, agricultural by-products,
activated carbon, etc.) has been extensively studied and has been proven to be a very effective method
of remediation of industrial wastewater containing xenobiotic pigments, however the study of the
adsorption process in natural environmental substrates such as soils and sediments is minimal (Table
9).

For example, the published work of Liu et al. (2012), according to the results of which it is shown
that wine-processing waste sludge (WPWS) allowed the adsorption of high amounts of MB from
aqueous solution (maximum adsorption capacity qma=285.7 mg g-!) due to its high organic matter
content. This characteristic made this mud excellent for dye adsorption due to its large specific
surface area and high binding affinity with the adsorbed dye [50]. Similarly, in an experimental study
by Chen et at. (2018) which was implemented with sewage channel sediments collected from a
Taiwanese industrial park, appear to exhibit behavior very similar to WPWS. These sediments were
also black in color and fine-textured (mud and very fine sand covered with black, sticky organic
materials), so the canal sediment could remove the most MB from water at pH 8.0 (qmax=56.0 mg g-!
at 10 °C), while additionally it was shown that adsorption rates increased with increasing
temperature [20].

Finally, according to the findings of Dra et al. (2020), batch studies on the adsorption of
methylene blue (MB) using untreated Moroccan sediment from Oued Sebou revealed a maximum
adsorption yield of 100%. This was achieved at a pH of 8, a solution temperature of 323 K, a sediment
mass of 1 g-L-1, and an MB concentration of 10 mg-L-!. These results indicate that the operational
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parameters significantly influenced the adsorption process. Additionally, a maximum adsorption
capacity of 3.24 mg g! was reported [49].

Therefore, marine sediments and raw P. oceanica seagrass fibres seem to be competitive materials
compared to other methylene blue sorbents and some optimizing treatments on these substrates
might be very interesting for further studies in the future.

5. Conclusions

In conclusion, the experimental results from this study, which investigated the adsorption of
methylene blue dye on marine sediments from the Aegean Sea in Northern Greece, demonstrate that
this process is significant. It influences the distribution of the synthetic dye within the marine
ecosystem, occurs extensively, and is irreversible. The highest removal of adsorption was achieved
at a basic pH and with high organic matter and fine sediment fractions (less than 63um). The
Langmuir and Freundlich isotherm models closely fit the adsorption process, while Henry’s isotherm
model showed the lowest squared correlation coefficients for fitness.

Additionally, the findings indicated that the cationic dye methylene blue was strongly adsorbed
onto the surfaces of various marine sediments as well as on the seagrass biomass of Posidonia oceanica,
a native marine flowering plant found in the Mediterranean Sea. The results suggest that non-living
biomass of P. oceanica can effectively serve as a raw material, requiring no additional preparation, for
removing the dye from seawater across a wide range of concentrations. Overall, the results of this
study indicate that using natural materials from the Aegean Sea in Northern Greece for the
adsorption removal of methylene blue dye is both feasible and environmentally friendly.
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Abbreviations

The following abbreviations are used in this manuscript:

BOD Biological Oxygen Demand

Ce Equilibrium concentration of methylene blue in the solution (in mg L)
(@] Initial concentration of methylene blue in the solution (in mg L)

GCs Solubility or saturation concentration (in mg L)

COD Chemical Oxygen Demand

DO Dissolved oxygen

IUPAC International Union of Pure and Applied Chemistry

Kr Freundlich’s isotherm constant (in mg!-» g-1 L") or L mg™)

Ku Henry’s isotherm constant (in L g)

Ko Langmuir’s isotherm constant (in L mg™)

Kom Normalized sorption coefficients per 1g of organic matter

m Mass of dry adsorbent (in g)

MB Methylene Blue

n Freundlich exponent related to adsorption intensity (dimensionless)
OECD Organization for Economic Co-operation and Development Guideline
oM Organic matter

pH Negative logarithm (base 10) of hydrogen ion concentration

pKa Negative logarithm (base 10) of the acid dissociation constant

q Amount of methylene blue adsorbed per unit of mass of dry adsorbent (in mg g*)
Qmax Maximum (monolayer) adsorption capacity of the adsorbent substrate (in mg g-)
R Universal gas constant (equal to 1.986 cal K mol or 8.314 ] K mol)

R? Squared regression correlation coefficient
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T Absolute temperature (in K degrees)

\% Solution volume (in L)

WPWS Wine-Processing Waste Sludge

AG Change in Gibbs free energy (in cal mol! or ] mol!)
AH Change in enthalpy (in cal mol! or ] mol)

AS Change in entropy (in cal mol™ or ] mol)

0 Temperature (in °C degrees)
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