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Abstract

Phosphorus-based compounds play a crucial role in agricultural productivity. However,
excessive phosphorus discharge into water bodies contributes to eutrophication. This study
proposes a circular approach for phosphorus recovery and reuse through the thermal val-
orization of Posidonia oceanica residues, an abundant marine biomass along Mediterranean
coasts. After energy recovery from this waste (12.3 MJ kg~ !), the resulting ash was as-
sessed as an effective adsorbent for aqueous phosphorus removal. Batch experiments were
conducted to evaluate adsorption kinetics and equilibrium, considering the influence of
key operational variables, such as temperature, pH, and adsorbent dosage. Under optimal
conditions, the material achieved a maximum retention of approximately 55-60 mgP g~ 1.
The Freundlich model successfully describes the equilibrium isotherm data, indicating a
heterogeneous adsorbent and an overall endothermic process. Phosphorus removal was
favored at basic pH values (9.5-10.5), where the monohydrogen phosphate predominates.
Leaching tests further revealed that saturated material releases phosphorus and other
minerals in a manner clearly dependent on the final pH, with higher phosphorus release
under more acidic conditions. These results suggest that Posidonia ash could serve as a
low-cost adsorbent while also acting as a potential phosphorus source in soils.

Keywords: phosphorus removal; adsorption; green waste ashes; natural adsorbents;
biofertilizer; phosphorus availability

1. Introduction

Continuous phosphorus inputs into aquatic systems, primarily originating from an-
thropogenic sources such as agricultural runoff, domestic wastewater, and industrial
effluents, contribute to the degradation of water quality [1]. If not properly regulated, these
discharges can lead to eutrophication, thereby altering the ecological balance and function-
ing of aquatic ecosystems. Eutrophication in aquatic systems is typically initiated when
phosphorus concentrations surpass 0.1 mgP-L~! [2]. Eutrophication induces an overgrowth
of phytoplankton, deteriorates water quality, reduces aquatic biodiversity, and accelerates
water scarcity [3,4]. Esfandi et al. [5] report that, under the Organization for Economic
Cooperation and Development (OECD) classification criteria, a substantial proportion of
lakes are considered eutrophic: 54% in Asia, 53% in Europe, 48% in North America, 28%
in Africa, and 41% in South America. The problem is especially severe in semi-enclosed
marine basins like the Mediterranean Sea, where limited hydrodynamic exchange and
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elevated nutrient loading from agriculture and urban runoff significantly enhance the
risk and extent of eutrophication [6]. To mitigate eutrophication, it is essential to reduce,
remove, and, where feasible, recover phosphorus from wastewater. As a key component
in fertilizer production, phosphorus has been classified as a Critical Raw Material by the
European Union in its 2023 list, due to concerns over supply security and its significant
economic role. Consequently, the development of processes, technologies, and materials
that enable the safe recycling and reuse of dissipated phosphorus is of great interest, as it
promotes the sustainable recovery of critical resources from waste streams and aligns with
the principles of a circular economy [7-9].

At the same time, Mediterranean coastal areas are experiencing an increasing accumu-
lation of Posidonia oceanica residues. While this endemic seagrass plays a crucial ecological
role in stabilizing sediments and supporting marine biodiversity [10], climate change-
related stressors, such as rising sea temperatures and shifts in hydrodynamic regimes, have
led to a greater deposition of Posidonia biomass along shorelines [11]. Despite their high
organic and mineral content, these residues are often managed as waste, overlooking their
potential for valorization in various biotechnological and environmental applications [12].

Recent studies have explored the treatment of Posidonia oceanica biomass to develop
materials with potential adsorptive properties [13]. Furthermore, ashes derived from
biomass, rich in mineral phases, have demonstrated promising capabilities for phosphate
retention from aqueous solutions [14-18]. Their application as sustainable adsorbents are
consistent with circular economy principles. Therefore, the utilization of Posidonia oceanica
litter as an organic biomaterial for thermal valorization, and subsequently its ashes as
precursors for adsorbents, offers dual environmental benefits by both valorizing coastal
biomass and mitigating phosphorus pollution in aquatic environments.

In the event that these ashes demonstrate the capacity to adsorb phosphorus, the
material generated following adsorption treatment would be enriched in this essential
macronutrient, which is non-renewable and critical for plant growth due to its vital role in
various physiological processes [19-21]. Consequently, this phosphorus-rich product pos-
sesses significant potential as a sustainable fertilizer alternative. By recovering phosphorus
from aqueous systems, this approach not only reduces the depletion of natural phosphorus
reserves but also diminishes the reliance on synthetic phosphorus fertilizers in adjacent
agricultural lands. This dual benefit promotes more sustainable nutrient management
and enhances the economic viability of the treatment strategy [22,23]. Recent studies have
demonstrated that phosphorus recovery from waste-derived adsorbents aligns well with
circular economy principles, simultaneously addressing environmental pollution and re-
source scarcity [7]. Thus, valorizing phosphorus-laden adsorbents as fertilizers represents
a promising pathway towards sustainable agriculture and nutrient recycling.

Building on these considerations, the present work aims to conduct an in-depth study
of phosphorus removal from aqueous media via adsorption using a material derived from
green biowaste produced along the Mediterranean coasts—specifically, ashes obtained
after the thermal treatment of Posidonia oceanica. The ash will be produced, processed,
and subsequently tested for its phosphorus removal capacity. The kinetics of the removal
process and adsorption equilibrium will be analyzed and modeled. Particular attention
will be given to the effects of contact time, temperature, adsorbent dosage, and initial pH.
Finally, to evaluate its potential use as a phosphorus-rich fertilizer material, the phosphorus-
saturated ashes will undergo leaching-desorption experiments under controlled conditions
to determine the amount of phosphorus and other relevant cations that can be released
depending on the proton dosage and contact time during the leaching process.



AgriEngineering 2025, 7, 333

30f23

2. Materials and Methods
2.1. Preparation and Characterization of Adsorbent

The raw material, Posidonia oceanica balls, was collected from a beach on the Mediter-
ranean Sea in the Gulf of Valencia region, Denia, Spain. This material was shredded,
washed with water, filtered, and dried in an oven at 353 K. This sample is hereafter referred
to as PO.

The adsorbent, the Posidonia oceanica ash, was prepared by combustion of the raw
material in a muffle furnace at 823 K for 2 h, followed by cooling, according to the Solid
biofuels—Determination of ash content (ISO 18122:2022) standard [24]. The resulting
ash was washed with deionized water until the conductivity of the suspension reached
approximately 1000 uS cm~!. Finally, the sample was dried at 353 K overnight in an oven,
sieved through a 0.5 mm mesh, and stored in a sealed container until use. This material is
hereafter referred to as POA.

Characterization of both the raw material and the adsorbent was performed through
a set of complementary analytical techniques. Specifically, an initial qualitative analysis
of the ash composition was carried out by X-ray fluorescence spectrometer Zetium 4 kV
(Malvern-Panalytical, Almelo, The Netherlands), which allowed the identification of the
predominant elements and guided the subsequent selection of the cations quantified by
inductively coupled plasma—optical emission spectrometry ICP-OES (Varian Inc., Palo alto,
CA, USA). Elemental analysis (C, H, N, S) was performed using an elemental analyzer
1106 (Carlo Erba, Milan, Italy). Powder X-ray diffraction (PXRD) was used to assess the
crystalline nature of the adsorbent, employing a multi-sample Philips X'Pert diffractometer
equipped with a graphite monochromator (Philips, Amsterdam, The Netherlands). Data
were collected over a 20 range of 2° to 80°, with a step size of 0.02° and an accumulation
time of 20 s per step, using Cu-K« radiation (A = 0.1542 nm). Thermogravimetric and
differential thermal analyses (TGA-DTA) of the raw material were conducted under an air
atmosphere using a Mettler Toledo TGA /SDTA 851E analyzer (Mettler Toledo, Greifensee,
Switzerland). The particle morphology of the sample was examined by scanning electron
microscopy (SEM) with a GeminiSEM 500 (Carl Zeiss, Jena, Germany). Additionally,
textural properties were determined from N, adsorption-desorption isotherms measured
at 77 K on a Micromeritics TriStar 3000 (Micromeritics, Norcross, GA, USA).

The point of zero charge (pHpzc) was determined using the equilibrium method. The
pH of a series of aqueous solutions was adjusted to the desired initial value (pHinitia1) using
0.1 M HCl or 0.1 M NaOH. Adsorbent samples were mixed with 50 mL of each solution in
100 mL stoppered conical flasks and stirred until equilibrium was reached at 293 K. The
final pH (pHfina)) was then measured, and the pHpzc was determined by plotting pHinitial
versus pHipq).

2.2. Batch and Semi-Batch Adsorption Experiments

Adsorption experiments were performed in batch mode, adapting the methodology
commonly used in similar studies [25]. Equilibrium tests were conducted with different
initial phosphate concentrations, Co (5-150 mgP L~'), using sodium phosphate dibasic
(NaHPOy) solutions in 100 mL stoppered conical flask containing 50 mL of synthetic water
and varying amounts of adsorbent. The mixtures were stirred in a temperature-controlled
chamber for the selected time. The chosen temperatures ranged from 283 K to 303 K, which
are typical values found in most natural water bodies.

Adsorption studies were conducted with solid-to-liquid doses (D) varying from
0.5gL7! to 2.0 g L', depending on the type of experiment. Blank experiments, per-
formed in the absence of phosphorus, were also conducted to validate the experimental
methodology. Upon completion of the adsorption experiment, at time £, the solution
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was filtered through a glass microfiber filter (1.2 pm), and the phosphate concentration,
Ct (mgP L~'), was determined using the vanadomolydophosphoric acid colorimetric
method as described in the Standard Methods for the Examination of Water and Wastewater [26].
The filtrate was also used to measure pH and electrical conductivity.

Multiple experiments were conducted for each series, and most of them were dupli-
cates to verify reproducibility.

Semi-batch experiments were used for kinetic studies. The protocol was similar to
that described above, but a larger amount of synthetic water (220 mL) was used, and the
samples were collected at predetermined intervals for subsequent analysis.

The amount of phosphorus adsorbed onto the adsorbent, g; (mgP g~1), was calculated
by the mass balance equation, as represented by Equation (1):

(Co—C) _ (G—-C)

9= "Wy D 1)

where V (L) is the volume of the solution; W (g) is the weight of the adsorbent used; and D
(g L~1) is the adsorbent dose.
In addition, the percentage of phosphorus removal, or removal efficiency, o001 (%),
was calculated according to the following equation:
Co— G

Premoval((yo) = CO x 100 (2)

2.3. Leaching-Desorption Studies

The solid used for the leaching-desorption experiments was a sample of phosphorus-
saturated adsorbent, obtained from an equilibrium experiment with an initial phosphorus
concentration of 200 mgP L~! and a dose of 2.0 g L™1. After reaching equilibrium, the solid
was filtered, thoroughly washed with deionized water, and dried at 353 K. This sample is
hereafter referred to as POA-P.

Leaching-desorption experiments were carried out in accordance with the procedure
described in the UNE-EN 15958:2012 standard [27], for the extraction of water-soluble
phosphorus in fertilizers. The experiments were performed in batch mode with a solid-
to-liquid ratio (D) of 10 g L~!. Samples were placed in a 50 mL stoppered conical flask
containing 20 mL of aqueous solutions at different pH values (adjusted using 1 M HCl) and
the corresponding amount of phosphorus-saturated adsorbent, under continuous stirring
at room temperature (293-298 K) for the selected contact time.

Blank experiments using the original ash material (PO) were also performed. Upon
completion of the desorption experiment, at time £, the solution was filtered through a
glass microfiber filter (1.2 um), and pH and electrical conductivity were measured. The
concentration of the extracted ions, corresponding to those identified in the ash composition,
was determined by inductively coupled plasma—optical emission spectrometry ICP-OES.

2.4. Adsorption Kinetics

Different kinetic models have been tested. In this regard, three commonly used
kinetic models reported in the literature were applied: the pseudo-first-order model, the
pseudo-second-order model, and the Elovich model.

The pseudo-first-order rate expression proposed by Lagergren, applied to a batch
adsorption system, is shown in Equation (3) [28]. Integrating this equation and applying
the boundary conditions t = 0 g; = 0 and at t = ¢ g; = q;, Equation (4) is obtained.

d
% = k1(ge — qt) 3)
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7 = q.(1-e707) (4)

where k1 (h~1) is the rate constant of pseudo-first order adsorption and g, (mg g~?) is the
amount of solute adsorbed at equilibrium.

The pseudo-second order rate expression, developed by Ho and co-workers [29] and
applied to batch adsorption experiments, is presented in Equation (5).

d
% =ka(ge — q1)° (5)

where k, (g mg~! h™1) is the rate constant of pseudo-second order adsorption. Integrating
the above equation yields

9t = —3 = (6)
ko-g? T 9e

t
t
+qe

==

where I (mg g’1 h™1) is the initial adsorption rate.

Finally, the Elovich model is suitable for chemical adsorption processes and systems
with heterogeneous adsorbing surfaces. Equation (7) represents the mass balance applied to
a batch adsorption experiment, considering the Elovich model as a kinetic expression [30],
and Equation (8) shows its integrated form, using the same boundary conditions as in the
previous models:

% = e P )
n= () In-+a-pen )

where a (mg g~ h™!) is the initial adsorption rate, and 8 (g mg ™) is the Elovich constant.

All these models have been fitted directly, without any linear transformation, to avoid
violating the assumptions of linear regression [31,32]. Model fitting was performed using
the least squares method.

2.5. Adsorption Isotherms

Different isotherm models have been used to determine the adsorption capacity of
the adsorbent under various conditions. In this work, three of the most commonly applied
models for this type of process were considered: the Langmuir model, the Freundlich
model, and the Temkin model.

The Langmuir model assumes, among other things, that adsorption occurs on a solid
surface with equivalent sites, without interactions between adsorbate molecules, and
that the adsorption is limited to monolayer coverage. The Langmuir isotherm model is
represented by the following equation [33]:

_ Ymax <Ky - Ce

fe= 11K .C. )

where gqx (mg g~ 1) is the maximum adsorption capacity, and K; (L mg~!) is the Langmuir
constant, which reflects the affinity of the adsorbate for the adsorbent.
The Freundlich isotherm model is an empirical equation, and its expression can be
written as [34]
ge = Kp - C/" (10)

where Kr (mg!~(1/m L1/" ¢=1) is a constant indicative of the relative adsorption capacity of
the adsorbent, and 7 is a constant that reflects the intensity of the adsorption.
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The Temkin isotherm model assumes that the heat of adsorption of all molecules in
the layer decreases linearly with surface coverage due to adsorbent-adsorbate interactions.
The Temkin model is expressed as follows [35]:

ge = B-In(K7 - Ce) (11)

where Kt (L mg’l) is the Temkin equilibrium constant, and B (mg g’l) is a constant related
to the variation in adsorption energy.

Similarly to the previous point, all these models have also been fitted directly, without
any linear transformation, in accordance with the recommendations of other authors [32,36].
The models were fitted using the least squares method, following the recommendations of
Tran and co-workers [37,38].

3. Results and Discussion
3.1. Characterization of Adsorbent

Figure 1A shows the thermogravimetric analysis of the thermo-oxidative degradation
process of PO (raw material), presenting mass loss (TG) and the rate of mass loss (DTG).
This process can be divided into four stages. The first stage, from 302 K to 458 K, with a
maximum DTG at 333 K, is characterized by moisture evolution, resulting in a mass loss
of 9.5%. The second stage, from 458 K to 664 K, with a maximum DTG at 597 K, involves
a mass loss of 50.7%, attributed to the decomposition of hemicellulose, cellulose, and
lignin. The third stage, from 664 K to 850 K, with a maximum DTG at 741 K, accounts for
a29.4% mass loss. Finally, the fourth stage, from 850 K to 1173 K, presents a broad maximum
at 894 K with a mass loss of 1.7%. According to the literature, this stage corresponds to char
combustion and lignin decomposition [39]. The residual mass after the oxidative process,
corresponding to ash yield (wet basis), was 8.7%. Both the ash yield and the mass loss in
the fourth stage are low compared to other studies [38—41]. However, this may be due to
the washing of the original sample prior to characterization, as effective removal of salt
and sand is achieved by properly washing and sieving of the raw material [42].

Table 1 shows the elemental analysis of PO. This sample exhibits a slightly higher
carbon content than that reported in other studies. This is attributed to the low ash content
discussed above, which results in a higher relative proportion of carbon in the sample.
Using the Dulong formula [43], the higher heating value (HHV) was estimated to be
12.32 MJ kg~ !. This value is consistent with those reported in the literature for similar
material [40,44], and has already been recognized as a valuable feedstock for thermo-
chemical processes, including combustion, gasification, and pyrolysis [39]. Although the
HHYV of Posidonia oceanica biomass lies in the lower range of typical biomasses used for
energy purposes (11-21 MJ kg~1), it remains comparable to several agricultural residues
commonly valorized for energy purposes, such as vine prunings, sorghum, or paddy
straw (~11-14 MJ kg’l) [45]. This suggests that Posidonia biomass could be effectively
incorporated into biomass blends for thermo-chemical processes, thereby enabling the
subsequent reuse of its ash as a phosphorus recovery material.
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Figure 1. Characterization of the raw and adsorbent materials: (A) TG and DTG of PO (raw material);

(B) X-ray diffraction of POA; (C) Point of zero charge for POA.

Table 1. Physicochemical properties of the raw and adsorbent.

Samples PO POA

pHPZC n.d. 10.7

BET surface area/(m? g~1) nd. 13

External surface area/ (%) n.d. 86

Elementary analysis/(wt. %)

Carbon 39.22 342
Nitrogen 0.72 0.00
Hydrogen 5.05 0.48

Sulfur 0.70 1.85

Oxygen 37.04 n.d.

Composition/(wt. %)

Si n.d. 11.0

Al nd. 1.6

Fe n.d. 4.0

Mg n.d. 5.6
Ca n.d. 114

Na n.d. 1.2

K n.d. 0.8

P n.d. 0.2

n.d.: Not determined.

In the case of Posidonia ash, POA, Table 1 shows its physicochemical properties. The
relatively small surface area and the high percentage of external surface area indicate
that the adsorbent does not exhibit significant microporosity. In this regard, the scanning
electron micrographs (Figure 2) reveal a non-crystalline, heterogeneous distribution of
particles with varying sizes and shapes, ranging from a few to several tens of microme-
ters. Reinforcing or vascular fibers can also be observed among the fragments. Similar
morphologies have been reported for ashes derived from other plant-based wastes [25,46].
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Figure 2. Multiscale SEM analysis of Posidonia oceanica ash morphology.

The ashes are essentially inorganic, as evidenced by their low carbon content, which
indicates a proper combustion process. Moreover, the measured carbon content in the ash
may be overestimated due to the possible decomposition of calcite during combustion.
A moderate sulfur content is also present. Silicon and calcium are the main components,
followed by magnesium, reflecting a high content of alkaline earth metals. The material
also contains a relatively high iron content, greater than that of aluminum. Finally, the
content of alkali metals and phosphorus is low. This composition is consistent with data
reported in specialized literature [40,41].

The diffraction pattern of the POA (Figure 1B) confirms its low crystallinity. The
material appears to be a heterogeneous mixture, mostly amorphous, composed of metal
oxides. Using X'Pert Highscore Plus software (v. 2.2b), two crystalline phases—silica (5iO5)
and calcite (CaCOz)—were clearly identified. Other phases, such as anhydrite (CaSO4) and
periclase (MgO), were also suggested, though with less certainty due to the number of
overlapping peaks.

The basicity of the adsorbent was determined based on the point of zero charge
(pHpzc), shown in Figure 1C, for a dose of 2.0 g L~!. The extrapolated value was approxi-
mately 10.7, which lies at the upper end of the typical range reported for metal oxides [47].
The buffering capacity of the material is clearly illustrated in Figure 1C: over a wide range
of initial pH values, the final pH remained nearly constant, stabilizing around the pHpzc,
even when the initial pH started as low as 3. The high buffering capacity of POA is mainly
attributed to the presence of alkaline earth metals such as calcium and magnesium, which
provide alkalinity and contribute to pH stabilization. In addition, aluminosilicate struc-
tures and iron oxides containing surface hydroxyl groups with amphoteric behavior also
play a role by enabling protonation and deprotonation reactions depending on the pH.
However, the overall buffering effect will depend on factors such as POA dosage and
soil characteristics.

3.2. Adsorption Kinetic Studies

Adsorption kinetic studies are essential for determining the required equilibration time
and the optimal contact time for isotherm adsorption experiments [38]. Kinetic phosphate
adsorption experiments were conducted at different temperatures: 283 K, 293 K, and
303 K. The relative error across different data points ranged from a minimum of 2.0% to a
maximum of 12.1%, observed only on rare occasions. The average error obtained for the
different series of the POA adsorbent was 5.9%. Figure 3 presents the kinetic results at
these three temperatures.
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Figure 3. Kinetics of phosphate removal by POA at different temperatures: (A) 283 K; (B) 293 K;
(C) 303 K. Adsorbent dose (D): 1.0 g L1, Initial phosphate concentration (Cp): 80 mgP L.

As shown in Figure 3, phosphorus removal increased rapidly during the first day,
after which the system evolved at a very slow rate, gradually approaching a pseudo-steady
state. A marked initial step can be observed, with approximately 73% removal achieved
within the first 12 h and 81% after 24 h, compared to that achieved after 96 h. This behavior
indicates a relatively fast initial removal of phosphorus, followed by a very slow process
that persists over long periods, allowing an increase in the final retention yield. Based on
these initial kinetic data, it is evident that this material is capable of effectively removing
phosphorus, demonstrating a high retention capacity.

Several kinetic models were used to analyze the experimental data and to distinguish
possible kinetic differences. Table 2 shows the fitted parameters of the three kinetic models
studied for this adsorbent at all temperatures, including the coefficients of determination
(R?), calculated from the theoretical values predicted by the model relative to the true
values obtained, Yyeor = f(Yexp), and the root mean squared error (RMSE) according to
Equation (12) [32]. Figure 3 also shows the fitted curves for the three models at each
temperature. The continuous lines represent the different models.

1 , )2
RMSE = \/MZ(%xp - qiheor) (12)

i

where N is the sample size, qiexp is the experimental value of g; of the sample i and qithw, is
the value of g; obtained using the model in the same condition as qiexp.
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Table 2. Typical kinetic models for phosphate adsorption over POA at different temperatures.

Models TIK 283 293 303
Pseudo-first-order
e/ (mgP g~ 1) 424 42.1 415
ki /(b1 0.348 0.388 0.487
R2 0.84 0.72 0.53
RMSE 43 5.1 5.6
Pseudo-second-order
ge/ (mgP g 1) 445 44.0 44.1
kz/(g mgP~1 h~1) 0.011 0.012 0.013
R? 0.925 0.85 0.74
RMSE 2.8 37 42
Elovich
a/(mgP g 1h™1) 157.6 193.0 240.3
B/(g mgP~1) 0.176 0.185 0.181
R? 0.972 0.993 0.972
RMSE 1.7 0.78 14

According to the observed evolution, the pseudo-first-order and pseudo-second-order
models can be excluded for this material, as they show the greatest deviations from the
experimental data. Both models converge toward a final equilibrium value, which, as
mentioned above, does not occur with this material. Moreover, their R? values for both
models are the lowest and their RMSE values the highest when compared to the Elovich
model. These models overestimated values during the initial stage and then underestimated
the final constant equilibrium values. The Elovich model provides the best representation of
the adsorption evolution, showing both the rapid initial uptake a final trend that continues
to increase. Consequently, this model yields the highest R? values and the lowest RMSE
values. The fit to this model is indicative of chemical adsorption on a heterogeneous surface,
where the adsorption rate decreases as the amount adsorbed increases. In this context,
as described during the characterization of the material, POA is a partially crystallized
heterogeneous mixture of oxides, in which interactions between these oxides and phosphate
can occur through chemical reactions.

Since the Elovich model does not provide a defined equilibrium time, a pseudo-
equilibrium of 96 h was selected, consistent with previous studies on similar
materials [16,17,25,/48]. At this time, the adsorption rate was already very low
(~0.05 mgP g~! h™!), and the ratio between the chosen pseudo-equilibrium time and
the parameter ¢, (the characteristic Elovich time, defined as the inverse of a-§), which
indicates the number of “characteristic times” elapsed until reaching pseudo-equilibrium,
ranged between 2600 and 3400, both values being considerably more conservative than
those typically reported in the literature [49-53].

Activation Energy—Arrhenius Plot

Once the model describing the kinetic behavior of the sample has been selected and
the rate constants at different temperatures have been determined, the activation energy
(Ea) of the kinetic process can be calculated using the Arrhenius equation, as shown below.

X =y exp [—Eﬂ (13)

This equation was fitted directly without any linear transformation of the graph. The
fitting was performed using the least squares method. Figure 4 shows the Arrhenius plot
for the kinetic constant and the accuracy of the fit obtained. The activation energy for
the POA sample was 15.2 k] mol~!. This value is consistent with those reported for the
same adsorption process on ashes from other biomaterials (15.6-24.7 kJ mol 1) [25]. The
variation in § with temperature does not show a clear trend, fluctuating around an average
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value of 0.181 g mgP~!, indicating moderate heterogeneity that is not significantly affected
by temperature within the studied range.

5.8+
5.6
5.44

5.24

In ()

301 R2=0.998

4.8

4.6 T T T |
33 34 35 3.6

10°/T /K
Figure 4. Arrhenius plot for the kinetic adsorption of phosphorus on POA sample.

3.3. Adsorption Isotherm Studies
3.3.1. Effect of Temperature

Phosphate adsorption isotherms for the POA adsorbent were determined at three
different temperatures, maintaining a constant adsorbent dose of 1.0 g L~! and an equi-
librium time of 96 h, based on the preliminary kinetic study. The temperatures studied
(283-303 K) reflect the typical range found in natural water bodies. Figure 5 presents the
results obtained at these temperatures. It can be observed that the adsorption capacity
increases with equilibrium concentration, reaching high retention values on the order of
45-55 mgP g~ !. Notably, a high retention capacity is observed even at low equilibrium
concentrations, which suggests the material’s potential for effective phosphorus removal
from natural waters where phosphate concentrations are typically low while maintaining
high adsorbent efficiency.
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Figure 5. Phosphorus adsorption isotherms on POA at different temperatures: (A) 283 K; (B) 293 K;
(C) 303 K. Adsorbent dose (D): 1.0 g L1
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The isotherms were analyzed using the three previously described models: Langmuir,
Freundlich, and Temkin. All experimental data were fitted directly to these models without
any linearization. Model selection was based on the coefficient of determination (R?) and
the root mean squared error (RMSE), following the procedure described earlier. Table 3
presents the fitted parameters for each model at different temperatures, together with their
respective R? and the RMSE values.

Table 3. Isotherm models for phosphate adsorption over POA at different temperatures.

Models T/K 283 293 303
Langmuir
Gmax/ (mg g~ 1) 485 50.7 57.0
Kr/(mg='L) 3.265 7.382 3.063
R? 0.76 0.60 0.906
RMSE 4.69 6.02 3.25
AAICc 49.8
Freundlich
1/n 0.120 0.100 0.106
Kg/(mg!~(1/m 1 1/n g—1) 32.6 36.3 39.1
R? 0.987 0.940 0.938
RMSE 1.06 2.33 2.64
AAICe 0.0
Temkin
B/(mgg™!) 471 4.14 5.18
Kr/(mg~='L) 1088 7847 1834
R2 0.972 0.915 0.963
RMSE 1.53 2.76 2.03
AAICc 24

According to the data obtained and the experimental trends shown in Figure 5, the
Langmuir isotherm model can initially be discarded, as it presents the lowest R? values
and the highest RMSE values. Moreover, the Langmuir model assumes an asymptotic
approach to a maximum adsorption capacity (§muax), @ behavior that is not observed in the
experimental data under the present operating conditions.

In contrast, both the Freundlich and Temkin models provide a good fit to the exper-
imental data, with comparable performance in terms of R> and RMSE values and curve
evolution. Unlike the Langmuir model, both the Freundlich and Temkin models assume a
heterogeneous adsorption system and a decrease in interaction strength as surface coverage
increases. These assumptions are consistent with the findings from the kinetic study, sup-
porting the applicability of both models to describe the adsorption behavior of the material.
Figure 5 also includes the model fits as continuous lines.

To distinguish between these two models, and considering that they are not nested,
the corrected Akaike Information Criterion (AICc) was applied, following an approach
similar to that adopted in previous work [25]. The value was determined using
Equation (14) [54].

SSE

N-K-1 (14

where N is the number of data points, SSE is the sum of squares residuals of the regression,
and K is the number of fitting parameters in the regression plus one.

The model with the lowest AICc value is considered the most likely to be correct.
Since the AICc is expressed on a relative scale, it is common practice to calculate the AICc
differences (AAICc), taking the model with the lowest value as the reference. The larger the
AAICc, the less plausible the fitted model becomes [55].

AAICc; = AICc; — AICcChin (15)
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Table 3 shows the AAICc values for each model, considering all the data obtained
at the three temperatures together. As can be seen, this difference is very high for the
Langmuir model, which allows us to rule it out in agreement with the other statistical
parameters analyzed. In contrast, the difference between the Freundlich and Temkin models
is much smaller, close to 2.0, indicating that both models have substantial support [55]. The
model probabilities, as a measure of strength of evidence [56], are 76.5% for Freundlich
and 23.5% for Temkin, while it is negligible for Langmuir. Therefore, from a statistical
perspective, although the Freundlich model appears the most likely, the Temkin model
cannot be completely ruled out.

Regarding the effect of temperature, the results show a slight increase in phosphorus
removal capacity with increasing temperature. Although the Langmuir model was rejected
for its poor fit, it is noteworthy that the estimated 4,5y values increase with temperature,
suggesting improved adsorption capacity at higher temperatures.

The variation in the isotherm constants with temperature is particularly relevant, as
it relates to the isosteric enthalpy of adsorption (AH,;), which can be evaluated using the
van’t Hoff equation.

(all‘lKl‘) 7_AHW] (16)

o(1/T) ), R

According to Equation (16), the slope of the linear plot of In K; versus 1/T corresponds
to the isosteric enthalpy of adsorption. The linearity of this type of plot also suggests
that the model possesses not only mathematical adequacy but also physical-chemical
significance.

Figure 6 presents the van’t Hoff plot for the selected isotherm constants, K (Fre-
undlich) and K7 (Temkin). As shown, the evolution of the Freundlich constant, K, follows
the expected linear trend described by Equation (16), yielding a high coefficient of deter-
mination (R? of 0.991), which supports its validity as a descriptor of the thermodynamic
behavior of the adsorption process. In contrast, although the Temkin constant, Kt, can
mathematically reproduce the experimental variation, the resulting parameters lack physi-
cal significance, as reflected in the poor fit (R of 0.08). Therefore, based on these findings,
the Freundlich isotherm model is selected as the most appropriate for describing the
physicochemical adsorption process in this system.
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~ ~
ke, ~
X 361 g0 X
= =
351 L7.0
R2=0.991
mK K,
34 . . : 6.0
3.3 34 35 3.6

103/T/K!

Figure 6. Effect of temperature on the isotherm constant of the POA sample. Adsorbent dose (D):
1.0gL~L

From Figure 6, the adsorption enthalpy can be determined from the slope of the
Freundlich van’t Hoff plot using Equation (16). The calculated enthalpy of adsorp-
tion is 6.5 k] mol~!, which falls within the typical range reported for similar materials
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(5.6-11.7 k] mol~1) [25]. This positive value confirms the endothermic nature of the global
process, implying that phosphorus removal is favored at higher temperatures, consistent
with the observed increase in retention capacity.

Regarding the temperature dependence of the Freundlich exponent (1/n), which
reflects adsorption intensity, no clear trend is observed. The parameter fluctuates around
an average value of 0.109. This low value of 1/7 is indicative of a strong affinity between
the adsorbent and the adsorbate, supporting efficient adsorption even at low equilibrium
concentrations, as previously discussed.

3.3.2. Effect of Adsorbent Dose

The effect of adsorbent dose on phosphorus removal is shown in Figure 7, where
three doses (0.5 g L™1,1.0 g L™}, and 2.0 g L~!) were evaluated. For each dose, two initial
phosphorus concentrations (50 mgP L~! and 100 mgP L~!) were used to enable a com-
parative study of the adsorption performance. For both initial phosphorus concentrations
an increase in adsorbent dose leads to a corresponding increase in phosphorus removal
(Figure 7A), approaching 100% at higher doses. This behavior is expected, as a greater
amount of adsorbent provides more active sites for adsorption, resulting in a lower equilib-
rium concentration and, consequently, higher removal efficiency.

1004 A Il 50mepL! B Bl 50mgrL’!
W4 100 mgp L'

P, 100 mp L 804

804

60+

40

Prem()va[ /(%)

D/(gL™ D/(gL™

Figure 7. Effect of adsorbent dose at 293 K on removal (A) and adsorption capacity (B) of phosphorus
onto POA sample for two initial phosphate concentrations, 50 mgP L~! and 100 mgP L.

These types of representations are commonly found in the literature for evaluating
the effect of adsorbent dose; however, they should be interpreted with caution, as they can
be misleading. One of the appropriate approaches to assess this effect is to determine the
maximum adsorption capacity at different doses [25]. Nevertheless, when the adsorption
isotherm does not exhibit a clear plateau, as observed in this study, analyzing the dose
effect becomes more complex.

Figure 7B shows the adsorption capacity of POA for the two initial concentrations of
phosphorus, 50 mg L~! and 100 mg L™}, respectively. It is evident that adsorption capacity
decreases with increasing dose, particularly at the lower initial concentration (solid black
bars). This is because the equilibrium concentrations fall within the high-affinity region
of the isotherm, where variations in adsorption capacity (g.) are more sensitive to dose
changes. Therefore, comparisons should be made preferably under conditions where the
equilibrium concentrations lie in the mid-to-high range of the isotherm (hatched blue bar),
where the true effect of dose can be observed without being masked by the high initial
affinity of the adsorbent.

3.3.3. Effect of pH on the Removal Process

The pH of the aqueous solution is a crucial parameter influencing adsorption processes,
as it directly affects the ionization state and speciation of the adsorbate. To evaluate this
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effect, phosphate removal experiments were conducted using synthetic water containing
100 mgP L~!. The initial pH was adjusted as required using HCl or NaOH solutions,
covering a range from approximately pH 2 to pH 10.

Figure 8A illustrates the effect of initial pH on the adsorption capacity of POA, while
Figure 8B presents the corresponding final pH values reached after equilibrium for each
initial pH tested, that is, for the same adsorption capacity values.
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Figure 8. Effect of initial pH (A) and final pH (B) on adsorption capacity of phosphorus onto POA
sample at 293 K. Initial phosphate concentration (Cg): 100 mgP L. Adsorbent dose (D): 1.0 g L~

Due to the basic character of the material, an increase in pH is observed during the
adsorption process, even in the presence of phosphorus. The final pH values mostly reached
are typically within the range of 9.5 to 10.5, as shown in Figure 8B. Notably, this pH range
corresponds to the highest phosphate removal capacities achieved. Outside this interval,
the adsorption capacity decreases significantly.

As reported by various authors, adsorption is strongly influenced by both the ionic
state and type of functional groups present on the adsorbent surface, as well as the specia-
tion of the adsorbate in solution [57-59]. In this context, considering that phosphate exists
in aqueous media in multiple ionic forms depending on pH, it is reasonable to hypothesize
that POA exhibits a preferential interaction with a specific phosphate species.

Figure 9 shows the phosphate speciation diagram as a function of pH, alongside the
estimated adsorption capacity of the POA adsorbent at each corresponding final pH value
(blue line from Figure 8B). The results reveal that maximum phosphate removal occurs
when the dominant species in solution is the monohydrogen phosphate ion (HPO,2").
As the concentration of this species decreases, either under more acidic or more alkaline
conditions, a marked decline in removal is observed. This finding suggests that HPO,*
is the primary species interacting with the adsorbent surface, playing a key role in the
overall retention mechanism. At pH 8 and 11.5, where the HPO,42~ fraction decreases to
approximately 0.9, the retention capacity drops by about 10%, likely due to changes in the
binding affinity of the different phosphate species.
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Figure 9. Speciation diagram of phosphate as a function of pH and its relationship with the adsorption
capacity of the POA sample.

3.3.4. Phosphate Adsorption Performance

In this study, the phosphate removal capacity of Posidonia oceanica ash (POA) was
assessed under various operational conditions, including variations in initial phosphate
concentrations, absorbent dosage, temperature, and initial pH. The adsorption capac-
ity ranged approximately from 30 mgP g~! to 60 mgP g~ !, depending on the specific
conditions employed.

Table 4 presents a comparative overview of phosphate removal capacities reported
in the literature for a variety of bio-based adsorbents, including the POA evaluated in
this work. It can be observed that, compared to the direct use of Posidonia fibers or
other agricultural fibers, the use of POA enables up to twelve times higher phosphorus
removal. Similarly, when compared to ashes derived from plant or biological waste, POA
exhibits more than twice the capacity of the best-performing of these materials. Even
in comparison with carbon-based adsorbents, such as biochars from plant residues, the
removal rates achieved with POA are significantly higher. These results demonstrate that
POA outperforms many other biomass-derived materials, underscoring its potential as a
cost-effective and efficient material for phosphorus recovery from aqueous systems.

Table 4. Comparison of phosphate adsorption capacity of various bio-based adsorbents.

Precursor Material Treatment Dose/(g L-1) q/(mgP g—1) Ref
Posidonia oceanica fiber Raw 10 3.0 [60]
Posidonia oceanica fiber Raw 2 5.0 [61]

Date palm Raw 6 5.85 [62]
Peanut shell Biochar 1 7.6 [63]
Sesame straw Biochar 2 9.4 [64]
Sewage sludge Biochar 1 15.2 [65]
Walnut shell Biochar 2 6.4 [66]
Walnut shell Biochar 1 47 [67]
Rice straw Ash 10 45 [25]
Rice husk Ash 2 1.6 [57]
Reed Ash 1.5 22.5 [25]
Lime sludge Ash 1 20.8 [68]
Paulownia Ash 5 12.0 [48]
Wheat straw Ash 5 8.4 [48]
Barley straw Ash 5 12.0 [48]
Posidonia oceanica fiber Ash 0.5-2 33.5-58.7 This study

Beyond its performance, it is noteworthy that POA is a byproduct of a combustion

process in which its energy content is previously recovered, requiring only a simple wash-
ing pretreatment before use. In contrast, other waste-derived adsorbents that exhibit
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comparable or slightly higher adsorption capacities often require extensive and costly
pretreatment (e.g., chemical activation, acid /base treatment, or pyrolysis), thereby com-
promising the overall economic and environmental viability of the process. Consequently,
POA emerges as a promising alternative for sustainable phosphorus removal and resource
recovery applications.

Finally, although the adsorption process with POA leads to basic final pH values
(9.5-10.5), this limitation can be addressed through neutralization steps, such as those
already implemented in wastewater treatment plants recovering struvite or calcium phos-
phates. Considering that the material has not been chemically modified or activated, the
additional cost of neutralization may be offset by the absence of activation stages required
for other adsorbents with similar performance, further supporting the practical feasibility
of the proposed solution.

3.4. Leaching-Desorption Performance

Although the regeneration and reuse of the phosphorus-saturated POA may be tech-
nically feasible, this strategy would require chemical reagents, such as alkaline or saline
solutions, to desorb the retained phosphorus. The use of such chemicals could not only
increase operational costs but also lead to the partial dissolution of the active mineral
phases responsible for phosphate adsorption. Therefore, an alternative and more sustain-
able management strategy is proposed: the direct agricultural application of POA-P as a
phosphorus-enriched fertilizer.

This valorization pathway enhances the economic and environmental viability of
the treatment process by avoiding costly regeneration steps and closing the material loop
through a circular use of waste-derived resources. Given the basic nature of POA, as
previously discussed in Section 3.1, this material is particularly suitable for acidic soils,
where it could simultaneously supply essential nutrients and improve soil pH conditions.

To further explore the stability and potential release of phosphorus from POA-P under
relevant environmental conditions, a leaching-desorption test was performed. Figure 10
illustrates the phosphate release behavior of both the phosphorus-saturated ash (POA-P)
and the original material (POA) in contact with deionized water under different conditions
of contact time (f4,) and proton dose (Ds).
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Figure 10. Phosphorus leaching-desorption behavior of POA samples at room temperature as
influenced by proton dose (A) and the resulting final pH (B). Adsorbent dose (D): 10 g L1

The results show that using water alone as an extraction agent does not lead to
significant phosphate desorption. Only in the test with a contact time of 1 h did the leachate
reach a measurable phosphate concentration of 4.2 mgP L~!. However, this concentration
decreased to zero as the contact time increased, indicating rapid stabilization of the system.
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This behavior is attributed to the high buffering capacity of the material, with the final
pH rising from approximately 9.9 after one hour to 10.5-10.7 over longer durations. The
original POA sample did not leach any detectable phosphorus under the same conditions,
confirming that phosphate retention occurs only after the adsorption process and is not
due to inherent soluble phosphorus content in the raw ash.

In any case, when POA-P interacts with soil, especially acidic soils, there will be
a proton exchange between the acidic species in the soil and the material, which will
neutralize the environment to varying degrees depending on soil characteristics. Several
mechanisms may contribute to proton consumption and environmental neutralization.
These include, firstly, the displacement of surface-associated cations during phosphate
release, and secondly, the partial dissolution of the POA-P silicate framework, particularly
under low pH conditions. In this context, phosphorus leaching was studied at different
doses of externally added protons (i.e., initially added to the extractant). Since the system
evolves over time, contact time was also considered.

A preliminary conclusion from Figure 10B is that, as the final pH of the suspension
becomes more acidic, the concentration of released phosphorus increases, regardless of the
contact time applied. Therefore, the environmental pH will directly influence leaching. For
instance, at a final pH of 7, the phosphorus concentration reached 11.5 mgP L1,

The effect of contact time is illustrated in Figure 10A. After 1 h of contact, the phospho-
rus concentration as a function of the added proton dose reached maximum values, with
concentrations as high as 213 mgP L~! at a proton dose of 10 mmol g~!. The maximum
leached amount corresponds to approximately 45% of the total phosphorus retained during
the adsorption stage. This indicates a high proportion of available phosphorus that could
be utilized by plants.

However, phosphorus concentration decreases with increasing contact time. This is
due to the system’s evolving pH over time, which eventually stabilizes at a final equilibrium
value and possibly slow re-equilibration processes, such as re-adsorption or precipitation.
In any case, given the high availability of phosphorus observed, and understanding phos-
phorus release as an equilibrium process, it can be assumed that release will be driven by
demand from surrounding species. Thus, POA-P can be considered a phosphorus reservoir
that gradually releases its content in response to environmental needs.

Figure 11 shows the leaching behavior of other cations present in the extract. The
following cations present in the Posidonia ash composition were analyzed: calcium, mag-
nesium, silicon, potassium, sodium, iron, and aluminum. However, the concentrations
of Al and Fe were negligible at any acid dose applied. The minimal presence of iron
and aluminum in leachate solutions, even under acidic conditions, indicates low mo-
bility of these metals, possibly incorporated in the form of stable amorphous phases
or poorly soluble oxides/hydroxides formed during combustion, which significantly
reduces the risk of contamination and strengthens the environmental safety of POA-P
agricultural applications.

Calcium and magnesium reached the highest concentrations, followed by silica. In
addition to sodium, a portion of the potassium present in the solid was also leached, which
is another beneficial element for soil applications. Except for sodium, whose concentration
increases with contact time, the concentrations of the other analyzed cations appear to be
relatively independent of this factor. The mechanisms governing the release of cations such
as calcium, magnesium, potassium, and sodium indeed differ, particularly in the context of
phosphate interactions. The interaction between phosphate and multivalent cations can
lead to the formation of ternary surface complexes [69]. In contrast, sodium release is more
pronounced in the absence of phosphate, as it is typically associated with basic surface sites
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as a counterion, while sodium may remain on the surface, due to the formation of ternary
complexes, in the presence of phosphate.
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Figure 11. Leaching-desorption behavior of POA samples at room temperature for other cations.
Adsorbent dose (D): 10 g L1

Therefore, considering this material as a reservoir, these elements could be gradually
released into the environment in response to demand, contributing to the long-term nutrient
availability in soils.

4. Conclusions

Based on the results shown in this work, it can be concluded that ashes from Posidonia
oceanica are very effective in removing phosphorus from aqueous solutions, with removal
capacities falling among the highest reported for similar materials in the literature. The
adsorption kinetics follow an Elovich model, which continues to remove phosphorus even
after 96 h of contact. However, the material exhibits a high affinity for the adsorbate,
achieving removals of around 75% within the first 12 h.

Phosphorus adsorption is an endothermic process, with adsorption capacity increasing
with temperature. The Freundlich isotherm model accurately describes the observed
behavior, indicating that the material is heterogeneous and exhibits a decrease in interaction
strength as the coverage increases. The high affinity of the adsorbent for phosphorus enables
high removal efficiencies even at low phosphorus concentrations.

Phosphorus removal is closely related to the final pH reached, with an optimal range
between 9.5 and 10.5. Due to the basic nature of the adsorbent, the initial pH plays a key
role in determining this outcome, along with the amount of adsorbent used. This pH range
clearly corresponds to the predominance of the monoprotonated phosphate species, which
appears to be critical in this removal process.

Finally, it has been demonstrated that the phosphorus retained by the adsorbent can
be leached, suggesting that the material could also function as a fertilizer. Given its basic
character, it would be more suitable for application in acidic soils, where it could also act as
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a neutralizer of that acidity. A higher level of acid exchange increases the availability of the
various ions present in the material.

Future work should address the performance of this material under more realistic
conditions, including the presence of natural organic matter and competing ions, in order
to further validate its applicability and advance the development of the proposed solution.

This study highlights the innovative use of Posidonia oceanica ash as a novel adsor-
bent with superior performance compared to similar materials, offering a promising
contribution to nutrient recovery and waste valorization strategies within the circular
economy framework.
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OECD  Organization for Economic Cooperation and Development
PO Posidonia oceanica fiber

POA Posidonia oceanica ash

POA-P  Phosphorus-saturated Posidonia oceanica ash
ICP Inductively Coupled Plasma

OES Optical Emission Spectrometry

SEM Scanning Electron Microscopy

pPZC Point of Zero Charge

PXRD  Powder X-ray diffraction

TGA Thermogravimetric analyses

DTA Differential thermal analyses
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