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Abstract

Steroid hormones (SHs) have a high estrogenic potential, and urban wastewater is one of
their main ways into the aquatic environment. Constructed wetlands (CWs) are consid-
ered one of the most sustainable alternatives for the treatment of wastewater from small
communities. However, the use of gravel and sand implies a significant environmental
impact associated with their extraction and transport. A more sustainable alternative is the
use of plant residues, as they are abundant, inexpensive, and readily available, and they
can improve the efficiency of hormone removal through sorption. Thus, the sorption of
15 SHs was studied on conventional, mineral substrates (gravel, sand, and volcanic ash)
and alternative vegetal wastes, i.e., mulches from giant reed, palm tree, balsa wood, and
pine needles. These materials were characterized by determining their Point of Zero Charge
(pHpzc), ash content, content of leachable polycyclic aromatic hydrocarbons (PAH) and
heavy metals, total surface area (BET), and pore characteristics. Results indicated that SH
sorption on the mineral substrates was quite low, in most cases less than 10-15%. However,
in the mulches it reached between 50 and 95%, except for corticosteroids (11-43%). The
pseudo-second-order kinetics provided the best fit in all cases, with R? values between 0.97
and 0.9999. Experiments with a contact time of 7 days showed that the palm tree was the
only substrate that completely removed the three corticosteroids studied (cortisone, pred-
nisone, and prednisolone). Additionally, a significant correlation was observed between
removal due to sorption (%) and log octanol-water partition coefficient (log Kow). Fre-
undlich isotherm provided a higher number of best fits than Langmuir. Lastly, to compare
sand with palm mulch under more realistic experimental conditions, four lab-scale CWs
(two with palm mulch and two with sand, with/without plants) were studied. The sand-
based CWs achieved faster SH percentage removals, while after 24 h, SH mass removals
were significantly higher in the palm mulch-based CWs.

Keywords: constructed wetland; steroid hormones; sorption; sustainable substrate; vegetal
residue

1. Introduction

Emerging contaminants include many different groups, such as pharmaceuticals,
personal care products, steroidal hormones (SHs), or agrichemicals [1]. SHs, natural or
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synthetic, are synthesized from cholesterol and are found in many different applications in
the pharmaceutical and livestock industries and the veterinary sector. As a consequence
of such a massive use, SHs reach the aquatic environments mainly through agricultural
fertilization with manure or sludge and the discharge of raw and treated wastewater [2].
These compounds have raised concern because they pose a threat to the biota even at trace
concentrations as low as ng L~!. One of the most disturbing effects of SHs is their ability to
alter the normal functioning of the endocrine system in humans and aquatic organisms [3].
In fact, estrone and 173-estradiol (natural SHs) and 17x-ethinylestradiol (synthetic SH) are
among the most potent endocrine disrupters [4].

Constructed wetlands (CWs) are nature-based wastewater treatment technologies
and are probably one of the best options for small communities (<2000 person equivalent,
p-e.). Though these systems are regarded as secondary treatment (BOD removal), they
can achieve acceptable nutrient (N and P) and pathogen removal (tertiary treatment). In
comparison to the conventional wastewater treatment methods, the main advantages
of CWs are their easy design and construction, low-cost maintenance, high robustness,
aesthetic appearance, and pollutant abatement efficiency, while their main constraint is
their higher footprint [5]. In fact, CWs are among the most preferred methods for small
communities by experts from the academic, research, and industrial fields [6]. CWs are
usually regarded as more sustainable than conventional methods. For example, Wang
et al. (2023) [7] concluded that during the service period, CWs would approach carbon
neutrality if carbon sequestration by plants were considered. They also showed significantly
low carbon emissions and cost-effective benefits when compared with other wastewater
treatments [7].

CWs basically consist of an impervious layer, the porous substrate, helophytes, and
water. Gravel and sand are conventional substrate materials, but their use involves a
non-negligible environmental and social impact associated with mining and transport [8].
Additionally, gravel and sand can clog, and their pollutant sorption capacity is usually very
low. Thus, low-cost adsorbents have been proposed as alternative substrates for CWs to
reduce clogging and/or increase performance by improving the removal of one or more
water-quality parameters [9]. Low-cost adsorbents should be abundant, available from
waste or byproducts, and require little or no processing.

Mulch from plant waste is a good example of low-cost adsorbents [1]. The Canary
Island palm (Phoenix canariensis L.) is one of the most ubiquitous ornamental palm species
that can grow on a wide variety of soils [10]. However, studies dealing with the valoriza-
tion of palm trees as a low-cost adsorbent are scarce [11]. Arundo donax or giant reed is
characterized by a high biomass productivity, resistance to most pests, and a potential
for invasiveness [12]. In natura or, transformed into activated carbon or biochar, Arundo
donax has been proposed as a biosorbent for the removal of heavy metals, antibiotics, and
dyes from water [13]. Biomasses from different pine tree species have also been used as
biosorbents for the removal of antibiotics [14], dyes [15], and heavy metals [16]. Balsa
(Ochroma pyramidale) is one of the fastest-growing wood species. Most balsa wood used
commercially is harvested from plantations, particularly from Ecuador. Balsa wood is a
lightweight, cost-effective material, and one of the preferred core materials in structural
sandwich panels for wind turbine blades, sporting equipment, boats, aircraft, heat, and
sound insulation [17]. Nevertheless, to the authors” knowledge, these materials have not
been systematically studied as biosorbents for the removal of SHs from wastewater in CWs.

CWs can be particularly efficient at the removal of SHs [18,19]. Biodegradation,
sorption onto organic surfaces, and plant uptake have been considered as the main removal
pathways of SHs in CWs [3]. Therefore, the starting hypothesis of this work was that using
biosorbents as a substrate for CWs could improve their efficiency by increasing the sorption
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of SHs. Thus, this study presents a systematic comparison of the sorption of 15 SHs in four
vegetal mulches (Canarian palm tree, Canarian pine needle, balsa wood, and giant reed)
and three conventional mineral substrates (sand, gravel, and volcanic lapilli). Finally, the
removal of SHs in lab-scale CWs with sand and palm mulch was assessed. The results
obtained can help to improve SH removal in CWs by enhancing sorption.

2. Materials and Methods
2.1. Steroid Hormones Analysis

The analysis of steroid hormones in water samples was performed using an ultra-
high performance liquid chromatography system coupled to a triple quadrupole mass
spectrometer (UHPLC-MS/MS) from Waters (Barcelona, Spain). The target compounds,
including estrogens, androgens, progestogens, and glucocorticoids, were obtained from
Sigma-Aldrich (Madrid, Spain) with purities exceeding 99% (Table 1). Stock solutions
(1000 mg-L~!) were prepared in methanol and stored at —20 °C in amber bottles, while
working solutions (10 mg-L~!) were freshly prepared daily. All solvents and reagents,
including HPLC- and LC-MS-grade methanol and water, as well as ammonia for pH
adjustment, were purchased from Panreac Quimica (Barcelona, Spain). Ultrapure water
was supplied by a Milli-Q system (Millipore, Bedford, MA, USA).

Table 1. The studied hormones by family and acronyms.

Steroid Hormones Family Compounds (Acronym)
Diethylstilbestrol (DES)
17«-Ethinylestradiol (EE)
Estrogens 17p-Estradiol (E2)
Estrone (E1)
Estriol (E3)
Prednisolone (PRDNL)
Glucocorticoids Prednisone (PRD)
Cortisone (COR)
Testosterone (TES)
Androgens Boldenone (BOL)
Nandrolone (NAN)
Norgestrel (NOR)
Megestrol Acetate (MGA)
Norethisterone (NORET)
Progesterone (PRO)

Progestogens

Chromatographic separation was achieved using a Phenomenex EVO column C18
(50 x 2.1 mm) with a particle size of 1.7 pm (Phenomenex, CA, USA) at a temperature of
35 °C. The mobile phase consisted of water with 0.1% ammonia and methanol, applied in
a gradient mode at a flow rate of 0.4 mL-min~!. The gradient started with an 80:20 (v/v)
water/methanol ratio, progressively transitioning to 0:100 (v/v) for 6.5 min, including
re-equilibration time. Ionization was conducted using electrospray ionization (ESI), with
estrogens detected in negative ion mode (ESI -) at —2.5 kV and androgens, progestogens,
and glucocorticoids detected in positive ion mode (ESI +) at 3.0 kV. Multiple reaction
monitoring (MRM) parameters were optimized via direct infusion of a 1 mg-L~! standard
solution in methanol at 10 pL-min—1, considering mobile phase composition. The source

https://doi.org/10.3390/su18073395


https://doi.org/10.3390/su18073395

Sustainability 2026, 18, 3395

40f24

temperature was set to 150 °C, with a desolvation temperature of 500 °C and N as the
desolvation gas at a flow rate of 1000 L-h~!. Argon was used as the collision-induced
dissociation gas at 0.15 mL-min~!. More information regarding calibration range, internal
standards, recoveries, and LOQs can be found in [18].

2.2. Sorption Experiments

All glassware was autoclaved (121 °C and 16 psi, 30 min) before use. All experiments
were carried out in glass material, at a stable temperature of 20 (+1) °C, in darkness and
with constant magnetic stirring. An SH standard solution of 500 jtg L~! of each hormone
was prepared for the sorption experiments. Though the SH concentrations in untreated
wastewater are typically in the ng-L~! range, 500 ug-L~! was chosen in this study to
minimize uncertainty associated with the analytical process. pH was set to 7.1 with a
phosphate buffer (1.36 g of KH,PO4 and 0.24 g of NaOH in 1 L). The phosphate buffer was
selected to set experimental conditions close to those of domestic wastewater. In addition
to fixing the pH and avoiding variability in the results, the reference solution had an
electrical conductivity of 1.3-1.5 mS/cm (at 25 °C), within the range of domestic wastewater.
Additionally, due to the high pKa values (9-11) of SH in water, they will be predominantly
in their non-ionized form, which favors their adsorption onto organic substrates.

The plant substrates were manually cut into small pieces and then triturated to sizes of
about 1-2 cm. Then, they were freeze-dried at temperature and pressure values of —50 °C
and 0.098 mbar, respectively. The gravel was basaltic, and the sand was highly carbonated
(45.5% carbonate as shown by calcimetric analysis). The gravel, sand, and volcanic lapilli
had approximate average particle sizes of 6.5, 0.32, and 4.5 mm, respectively. To determine
if other processes, such as sorption on the walls of the container or biodegradation, could
contribute significantly to the removal, sorption controls were carried out without substrate,
both at free and fixed pH at 7.15, in duplicate in each case. Volumes of the hormone solution
of 200 mL were used, from which 1 mL samples were taken at t = 0, 30, 60, 90, 120, 180,
240, 1440, and 2880 min. Contact times of 7 days were used in the desorption studies. In
mineral sorption studies, 2 g and hormone solution volumes of 200 mL (10 g/L) were used.

2.3. Experiments with Lab-Scale CWs

Four lab-scale CWs (polypropylene, volume: 15 L, 30 x 25 x 20 cm) were built in
plastic recipients to determine the effect of biodegradation and sorption in more realistic
conditions (Figure S1). The sorption of SHs on the plastic material was not tested since it
would be similar in all the recipients and the results would be comparable among them.
Thus, two of them had palm tree mulch as substrate, and the other two had sand. To
determine the effect of the presence of plants, one CW of each substrate was planted with
Cyperus sp. The CWs were prepared in January 2022 and were irrigated with water from
the Campus CW effluent (analytical methods in Supplementary Material S2 and obtained
results in Table S1). To give time for bacterial colonization of the substrate, substrate
stabilization, and plant growth, the study was carried out in May 2023. Just before starting
the experiments, the porosities of the CWs were determined by measuring their free water
volumes, which resulted in: 13 L (CW1, mulch + plant), 9 L (CW2, mulch), 6 L (CW3, sand
+ plant), and 4.5 L (CW4, sand). The experiments were performed in batch mode with
the effluent of the full-scale CW of the Campus spiked with the SHs to achieve an initial
concentration of 500-800 ng L. It must be taken into account that though the full-scale
CW achieves a good removal, the effluent also contains SHs. Thus, the initial concentrations
in the lab-scale CWs varied. Once the lab-scale CWs had been filled up, samples were taken
at t = 0 and at intervals of 30 min during the first 3 h and after 24 h. In addition to this,
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NH4-N was measured after 24 h. All experiments were performed in duplicate, and the
average values are shown.

2.4. Statistics

The sorption of SHs onto the plant residue experiments was studied both as a percent-
age with respect to the control without substrate, and as the mass of hormone retained per
mass of sorbent. For the first case, the following equation was used (1):

Sorption (%) = 100 X (Cpt — Cst)/Cpt (1)

where Cy,; is the SH concentration in the control at t = t; Cs; = SH concentrations in the
solution containing the studied substrate at t = t.

The amount of hormone adsorbed per unit mass of substrate at time t and upon
equilibrium, q. (mg/g), was estimated by the mass balance equation as follows:

q=(C—-C) xV/m )

Jde = (Co — Ce) x V/m (3)

where C, and C; are respectively the initial and equilibrium concentrations of hormone
(ug L71) in the liquid phase, C; is the concentration of hormone at time t, m is the mass
of dry sorbent used (g), and V is the volume of solution (L). The non-linear fit of the
experimental results was used to determine parameters of sorption kinetics and isotherm
models with Solver in Microsoft Excel 2020. The number of concentration points was 4, the
equilibrium was set at 48 h, and the models were considered valid when R? was above
0.7-0.8.

Removal (%) and mass removal (ng) in the lab-scale CWs were calculated according to:

Removal, % =100 x (Cin — Cout)/Cin 4)

Mass removal (ug) = (Cin — Cout) X V (5)

where Cj, is the pollutant concentration in the influent or at time = 0, and Cgy is the
concentration in the effluent or at the indicated time.

In general, all the experiments were performed twice. If differences were important
(>10%), a third repetition was made. Significant differences among different groups of
values, such as ge and removals, were compared by means of the ANOVA test if normality
(Shapiro-Wilk test) and homoscedasticity (Bartlett test) were met. Otherwise, the non-
parametric Kruskal-Wallis test was used. In all cases, a 95% confidence level was adopted,
i.e., the means of the compared groups of data were different when p-values < 0.05. The
open-source software R-Commander (version 2.9-5) was used for the statistical analysis.

2.5. Sorption Kinetics

Kinetic studies help to explain how fast the process occurs and the mechanisms
involved, and suggest the factors that affect the rate of reaction. The sorption kinetics can
be analyzed by mathematical models [1]. In the present work, zero, first, second, pseudo-
first, pseudo-second-order, and intraparticle diffusion kinetic models have been tested.
The linear model equations were used for plotting and determining the corresponding
constants [20]. The equations corresponding to the different kinetic models are shown in
Table 2.
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Table 2. List of kinetic models used in this study, equations, linear form, and plot.

Kinetics Model Equation Linear Form Plot
Zero-order dqi/dt =k qe=qw — ki t qevs. t
First-order dqe/dt=ky q¢ Ingi=lnqp — ko t Inqgvs. t

Second-order dqi/dt = k3 g 1/qt=1/quw + ks t 1/qtvs. t
Pseudo-first-order dq¢/dt = ka(qe — qt) In(ge —qt) =Inge — (ks t) In(gqe — q¢) vs. t

Pseudo-second-order dqe/dt = ks(qe — q1)? t/qe=1/(ks qe?) + t/qe t/qevs. t

Intraparticle diffusion q=kt/?+C - qt vs. t1/2

2.6. Sorption Equilibrium

The study of equilibrium is important in the understanding of the sorption process.
In this case, sorption isotherms, i.e., equilibrium equations that are applied when equilib-
rium is reached at constant temperature, are used. There are many different equilibrium
isotherms, but those of Langmuir and Freundlich are among the most used [1].

The Langmuir isotherm assumes no interaction between adsorbed molecules and a
constant binding energy between the adsorbate and the adsorbent. The capacity of the
adsorbent, ge, can be expressed according to the following Equation (6):

qe = (qs Kp, Ce)/(1 + Ky, Ce) (6)

where ge (g hormone/g adsorbent) is the capacity of adsorbent at equilibrium, Ce (1g
hormone/L) is the liquid phase hormone concentration at equilibrium, constant Ky, (L/ug
hormone) relates to the sorption energy, and qs (1g hormone/g adsorbent) is the maximum
monolayer sorption capacity.

Freundlich isotherm is an empirical model used to describe sorption on heterogeneous
sites with multilayer sorption. It assumes a non-uniform distribution of energy on the
sorption sites. In this case, the capacity of the adsorbent, qe, is expressed according to
Equation (7):

ge = Kp Ce 1/nF (7)

where ge (1g hormone/g adsorbent) is the capacity of adsorbent at equilibrium, Ce (1g
hormone/L) is the liquid phase hormone concentration at equilibrium, Kg (ug hormone/g
adsorbent (L/mg hormone)1/nF) represents the Freundlich constant associated with the
sorption capacity, and 1/nF shows the surface energetic heterogeneity or sorption intensity.
When nF > 1, sorption is considered favorable and stronger with larger values [21].

2.7. Sorbent Surface Characterization

Environmental compatibility for materials used in sorption studies was assessed by the
analysis of selected water-extractable metals and polycyclic aromatic hydrocarbons (PAHs)
and ash content according to the European Standard UNIEN 12915-1/2009 [22] for sorbents
meant to be used for drinkable water production. Sorbent characterization methods are
summarized in the Supplementary Materials (S1), and more details on the analytical
protocols, including reagents, standards, and materials, used for the characterization of the
materials can be found in [23,24].

3. Results and Discussion
3.1. Characterization of the Sorbents

The pHpzc is the pH at which the sorbent’s surface has no net electrical charge and
has a relevant role in predicting the sorption behavior. Determination of pHpzc has been
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carried out to assess the behavior of materials towards pollutants of different charges at
different pH [23]. Values of pHpzc of the different materials were determined (see Table 1),
while the graphs obtained for pHpzc calculation are shown in Figure S2.

In the mulches, ash percentages were in the narrow range of 1.39-3.4%, with the lowest
value corresponding to balsa (Table 2), whereas mineral waste materials exhibited very
high ash content due to their inorganic composition. These data are fully comparable with
those determined elsewhere [25].

Both mineral and vegetal sorbents showed leachable PAH concentrations below MQLs
in extraction water (0.17-0.90 ng/L) except for fluoranthene in the sub-ng/L range in
selected samples (Table 3). These results can be explained by the absence of a combustion
process, well-known to be associated with PAH formation, on the materials used in this
study [26]. However, the sum of PAH regulated by EN 12915-1 in all materials complies
with this European Standard limit, highlighting their environmental compatibility for water
depuration purposes. Assessing the water-extractable metals regulated by the standard,
all materials showed values far below the limits. In most cases, the data shown in Table 3
evidenced values below the limits of quantification (LOQs). The only exception was
observed in balsa for Hg and Pb, which were higher than the European regulation limit.
Thus, pine needles, giant reed, and palm mulch are suitable for water treatment from an
environmental point of view. Even though mineral materials do not strictly comply with
EN 12915-1, the latter should be used as a precautionary approach since it regulates the use
of adsorbent materials in the treatment of water for human consumption. These biosorbents
are proposed for their use as substrates in CWs treating wastewater treatment, not for
water treatment for human consumption. However, metal leachability studies would be
recommended, particularly in the case of balsa.

Table 3. Ash content (%), concentrations of selected elements (ug L.~!), and polycyclic aromatic
hydrocarbons (PAHs, ng L~1). UNI EN 12915-1 [22] limits are also reported.

Ash  PAHs? Sb As Cd Cr Hg Ni Pb Se pHpzc
Pine needles 299  <MQL 102 <1* <05* <1* 0135 256 378 293 472
Giant reed 340 <MQL <1* <1* <05* 117 0118 493 377 <1*  6.66
Sand 7530 021 <1*  <1* <05* <1* 0124 229 372 <1* 992
Lapilli (volcano ash) 100 0.19 <1*  <1* <05* 291 0112 473 536 209  7.62
Palm mulch 219  <MQL <1* <1* <05* 135 0139 300 475 <1* 642
Gravel 9508 0.4 <1*  <1* <05* <1* 0127 344 433 <1* 971
Balsa wood 139  <MQL <1* <1* <05%* <1* 0603 264 189 286 557
Limit 15 20 3 10 05 5 03 15 5 3 nr.

UNIEN 12915-1

* Limits of quantification; * PAH regulated by the EN 12915-1: fluoranthene, benzo(b)fluoranthene,
benzo(k)fluoranthene, benzo(a)pyrene, indeno(1,2,3-c,d)pyrene, and benzo(g,h,i)perylene; n.r. = not reported.

Textural properties are presented in Table 4. Overall, based on BET surface area
values, these materials are characterized by low porosity, except for gravel having relatively
greater porosity than the others. N, sorption—desorption isotherms of materials selected
for sorption studies are shown (Figure 1). The N, amount adsorbed on the substrates was
significantly low except for volcanic ash, in agreement with their BET values. According to
the classification of physisorption isotherms [27], overall, all curves can be attributed to
Type 111, generally associated with the surface of a nonporous or macroporous solid. Based
on the IUPAC classification of hysteresis loops, the observed H3-type hysteresis loop for
sand and gravel suggests the presence of a pore network consisting of macropores, whereas
no hysteresis phenomena were reported for the other materials.
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Table 4. Total (BET), micropore (t-plot), and mesopore (BJH) surface area (m? gfl), mesoporosity
percentage (%), and average pore width (Pore width, A).

BET t-Plot BJH Mesoporosity Pore Width
Pine needle 0.44 n.c. 0.3 16 >1000
Giant reed 0.83 n.c. 0.4 40 >1000
Sand 1.2 n.c. 1.2 45 38
Volcano ash 1.3 n.c. 1.1 56 35
Palm mulch 1.07 n.c. 0.9 33 >1000
Gravel 21.34 8.28 189 74 38
Balsa wood 1.86 n.c. n.c. 0 >1000
n.c.: not calculable.
0.7 . 05
- ]
o E 04
E 0.5 %
% 0.4 g 03
§ 0.3 2 0.2 [
z 02 %
0 24 J 0 e o S S T
0 0.2 04 0.6 08 1 0 0.2 04 0.6 0.8 1
Relative Pressure (P/P °) Relative Pressure (P/P °)
——Gravel - A —+—Gravel - D — Palm -A —e— Palm - D
Volcano ash - A +—Volcano ash - D _— Giant reed - A —e— Giant reed - D
Sand - A —+—Sand - D Pine needle — A Pine needle - D
Balsa - A Balsa - D
(A) (B)

Figure 1. N, sorption—desorption isotherm linear plots for mineral (A) and organic substrates (B).
A: sorption; D: desorption.

3.2. Controls in Sorption Experiments

Controls without the substrate showed that the reduction in the concentration of
hormones by processes other than sorption on the substrates remained below 10-15%.

3.3. SH Sorption on Mineral vs. Vegetal Substrates

The experiments were carried out with 2 g of each substrate separately in 200 mL of
solution (10 g/L). Samples were taken every 30 min for the first 4 h, and then at 24 and 48 h.
A blank without substrate was also used to account for sorption on the container walls and
other possible processes, such as bacterial degradation. Figure 2 shows the evolution of the
E1 concentration in the control without substrate and with the mineral substrates (sand,
gravel, and lapilli) and the organic substrates (giant reed, palm, pine needles, and balsa
wood). As can be seen in the case of the mineral substrates, the concentrations remained
stable around 350400 ppb, similarly to the evolution of the control. The results for the other
hormones are very similar (Figure S3). Nevertheless, in the case of the organic substrates, a
reduction in concentration is observed over time, while that of the control remains constant.

Figure 3 illustrates the average sorption values with respect to the control, for the
mineral and vegetal substrates after a contact time of 48 h, 10 g/L of substrate, and
pH=72.
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Figure 2. Evolution of the concentration of E1l in the control and in the presence of mineral and
organic substrates. Substrate concentration: 10 g/L, pH =7.2.
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Figure 3. Sorption (%) with respect to the control for the mineral (a) and mulch (b) substrates after a
contact time of 48 h, 10 g/L of substrate, and pH = 7.2.
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As can be seen, in the case of mineral substrates, most sorption values were below 10%,
except for sand for estriol, EE and DES, and gravel with DES. Therefore, it can be concluded
that the sorption of hormones on the surface of mineral substrates can be regarded as
negligible, and it was not considered in the kinetics and isotherms analyses. However, in
the case of the vegetal substrates, much higher sorption values, between 50 and 90%, were
achieved after 48 h, except for Estriol and the corticosteroids (prednisone, prednisolone,
and cortisone).

3.4. Sorption onto the Vegetal Substrates

Once it was determined that mineral substrates have a very limited adsorbent capacity
for hormones, sorption on vegetal substrates was studied in more depth.

3.4.1. Kinetic Studies

Kinetic studies are probably the most important factor to predict the sorption rate [28].
With the goal of investigating the mechanisms of sorption, various kinetic models were
tested. In the present study, the model fit of the experimental data followed the following
pattern: low for zero-order (R?: 0.318-0.903), acceptable for first-order (R?: 0.442-0.963)
and second-order (R?: 0.788-0.988), good for pseudo-first order (R2: 0.675-0.996) and
intraparticle diffusion (R?: 0.907-0.997), and particularly good, with the highest fit for
pseudo-second-order kinetics (R%: 0.975-0.9999). Table 5 shows the R? values for the
sorption of Estrone on the vegetal substrates as an example.

Table 5. R? values for the sorption of Estrone on the vegetal residues with the different kinetic
models tested.

Kinetic Model Balsa Giant Reed Palm Tree Pine Needle
Zero order 0.3434 0.0568 0.5174 0.2115
First-order 0.3731 0.0355 0.7702 0.1832

Second-order 0.3450 0.0202 0.7000 0.1258
Pseudo-first-order 0.9772 0.9714 0.8898 0.9491
Pseudo-second-order 0.9968 0.9984 0.9524 0.9945
Intraparticle diffusion 0.9698 0.9592 0.9085 0.9631

Nevertheless, Ngeno et al. (2024) observed that both the pseudo-first-order and
pseudo-second-order models forecasted the biosorption kinetics of progesterone onto
acid-activated Moringa oleifera seed comparatively well, but the former gave the best
fit [28]. As an example, Figure 4 illustrates the different model fits for Estrone to giant reed
mulch substrate.

The fact that the best fit was almost always for the pseudo-second-order model, and
with it having such high R? values, indicates that chemisorption, involving electron sharing
or exchange, plays a significant role in the sorption process [29]. Nevertheless, the observed
rate can be influenced by external diffusion (mass transport from bulk solution to the
sorbent surface) and internal diffusion (within pores). If the pseudo-second-order kinetics
model fits well despite potential diffusion limitations, it implies that the adsorption sites
are not uniformly accessible, causing heterogeneous kinetics, and the overall rate is not
controlled solely by diffusion [30]. In the present study, the lignocellulosic biosorbents
are structurally heterogeneous as they have different functional groups (-OH, -COOH,
and aromatic sites) and pores of various sizes (Table 4). In conclusion, a predominant
pseudo-second-order kinetic fit suggests that sorption occurs mainly via chemisorption
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at heterogeneous sites, and the resistance to mass transfer (diffusion) may influence the
overall rate, especially in porous or complex biosorbents.
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Figure 4. Plots of the kinetic models of Estrone with giant reed mulch.

Therefore, the comparison of the different substrates and hormones was made based

on the ge values obtained with this model. Table 6 shows the

e values with 2 g of substrate
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and 7 days of contact time for the different substrates and hormones according to the
pseudo-second-order model (Figure 54).

Table 6. Values of qe (1g/g) from the second-order kinetics model for the different organic substrates
and SHs after 48 h of contact time were 48 h with 2 g substrate.

Giant Reed Palm Pine Needle Balsa Wood
Estrone 29.5 25.5 34.7 27.2
17 B 31.5 38.7 31.8 35.3
Estriol 18.2 21.5 229 28.1
17 35.1 29.9 35.5 35.5
Des 30.5 32.8 27.7 24.7
Testosterone 30.9 38.3 35.7 26.0
Nandrolone 26.7 39.3 34.2 254
Boldenone 30.3 35.1 32.3 224
Progesterone 36.9 33.5 34.8 31
MGA 374 325 33.8 25
Norgestrel 30.0 30.8 34.4 27.6
Noretisterone 28.0 30 33.1 26
Cortisone 14.3 15.6 41 8.9
Prednisone 17.7 17.6 23.2 9.6
Prednisolone 10.6 16.7 23.2 8.7

The ge values were generally very similar among the different substrates and hor-
mones, except for the corticosteroids. Thus, the mean ge of the palm (39 &+ 3.4 pg/g)
was slightly higher than that of the other substrates (pine needle: 33.6 £ 6.3 ug/g, balsa:
33.1 £129 ug/g, and giant reed: 33.5 + 11.8 ug/g). The qe of palm was significantly
greater than that of pine needles (p = 0.008) but not significantly different from those of
balsa and giant reed, most probably due to the high standard deviation values.

The present results fall in the range obtained by other authors for similar sorbents.
For example, Fernandes et al. (2011) studied the sorption of EE2 and E2 on decomposed
peat and found qe values of 83 and 86 ug/g, respectively [31]. Martins et al. (2022)
found qe values between 4.6 and 10.9 /g for the same hormones with different sorbents
obtained from water treatment sludges [32]. Ngeno et al. (2024) found Langmuir isotherm
biosorption capacity of 135.8 pug/g for the sorption of progesterone onto acid-activated
Moringa oleifera seed biomass [28].

3.4.2. Sorption Isotherms

To know what type of sorption prevailed, the Langmuir and the Freundlich isotherms
were applied to the results obtained. Table 7 shows the experimental and fitting parameters
for the Freundlich and Langmuir isotherms for each hormone and plant substrate. The best
fit has been assigned according to R?, RMSE (Root Mean Square Error), and SSE (Sum of
Squared Errors) values.
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Table 7. Experimental and fitting parameters for the Freundlich and Langmuir isotherms for each
hormone and plant substrate.

Giant Reed Langmuir Freundlich Best Fit
Hormone Qmax K R? RMSE SSE Kf n R? RMSE SSE
Estrona 835.8 0.0003 0.978 2.7 28.3 0.30 1.08 0.981 2.5 25.0 Freundlich
17 beta 922.9 0.0003 0.974 2.7 29.3 0.31 1.07 0.976 2.6 27.2 Freundlich
Estriol 138.3 0.0006 0.831 3.8 58.7 0.26 1.28 0.838 3.8 56.3 Freundlich
17 alfa 288.8 0.0012 0.984 2.3 20.8 0.59 1.17 0.985 2.2 20.2 Freundlich
DES 185.2 0.0051 0.987 22 20.0 1.80 1.30 0.994 1.6 9.9 Freundlich
TES 36.3 0.0161 0.924 1.8 13.1 4.27 2.88 0.855 2.5 249 Langmuir
Boldenone 41.6 0.0070 0.837 25 26.0 2.06 2.18 0.793 29 329 Langmuir
Progesterone 67.7 0.0156 0.916 4.0 62.9 391 2.00 0.951 3.0 36.6 Freundlich
MGA 64.1 0.0066 0.946 2.0 16.5 1.63 1.70 0.964 1.7 11.0 Freundlich
Norgestrel 48.8 0.0075 0.995 0.5 0.9 2.00 1.99 0.988 0.8 2.5 Langmuir
NORE 37.7 0.0086 0.959 1.1 4.6 2.35 2.32 0.926 1.4 8.2 Langmuir
Cortisone 13.7 0.0360 0.083 1.3 7.2 8.42 14.59 0.042 1.4 75 Langmuir
Predinsone 21.8 0.0049 0.425 2.2 18.9 1.15 2.37 0.410 2.2 19.4 Langmuir
Prednisolone 11.4 0.0268 0.143 0.8 2.5 5.92 10.69  0.106 0.8 2.6 Langmuir
Palm tree Langmuir Freundlich Best Fit
Hormone Qmax K R? RMSE  SSE Kf n R? RMSE SSE
Estrone 59.5 0.0047 0.974 1.26 6.32 0.69 1.40 0.970 1.36 7.35 Langmuir
17 beta 9,255,670.1 0.0000 0.641 11.18 499.99 0.19 0.63 0.742 9.48 359.32 Freundlich
Estriol 45.0 0.0039 0.892 1.80 12.95 0.69 1.59 0.883 1.87 14.03 Langmuir
17 alfa 16,808,330.2 0.0000 0.877 4.80 92.35 0.05 0.64 0.983 1.80 12.94 Freundlich
DES 17,366,554.6 0.0000 0.984 2.32 21.50 1.27 0.95 0.985 222 19.63 Freundlich
TES 46.3 0.1707 0.954 3.20 41.08 10.61 3.04 1.000 0.24 0.24 Freundlich
Nandrolone 100.1 0.0070 0.852 5.58 124.37 3.15 1.80 0.876 5.11 104.43 Freundlich
Boldenone 929 0.0085 0.848 5.87 137.71 4.19 2.00 0.906 4.62 85.22 Freundlich
Progesterone 43.0 0.2346 0.922 4.02 64.54 9.56 2.66 0.986 1.69 1147 Freundlich
MGA 129.1 0.0047 0.975 1.89 14.24 1.04 1.24 0.983 1.55 9.57 Freundlich
Norgestrel 89.8 0.0061 0.909 3.93 61.91 1.39 1.45 0.935 3.31 43.76 Freundlich
NORE 46.9 0.0146 0.832 4.27 72.80 3.02 2.13 0.916 3.02 36.51 Freundlich
Cortisone 24.9 0.0057 0.943 0.72 2.05 0.89 1.98 0.970 0.52 1.09 Freundlich
Predinsone 78.9 0.0011 0.945 1.07 4.61 0.18 1.22 0.951 1.01 4.09 Freundlich
Prednisolone 75.4 0.0010 0.944 0.98 3.86 0.15 1.21 0.945 0.98 3.84 Freundlich
Pine needle Langmuir Freundlich Best fit
Hormone Qmax K R? RMSE SSE Kf n R? RMSE SSE
Estrone 61.7 0.007015 0.69 5.67 128.7 1.5 1.6 0.636 6.2 151.3 Langmuir
17 beta 89.0 0.003912 0.86 4.12 67.7 1.0 1.4 0.835 44 774 Langmuir
Estriol Freundlich
17 alfa 72.3 0.0107001 091 4.09 67.0 33 2.0 0.873 4.8 90.7 Langmuir
DES 17,366,554.6 8.798 x 1078 0.98 2.32 21.5 1.3 0.9 0.985 2.2 19.6 Freundlich
TES 54.9 0.0975034 0.92 3.57 50.9 7.4 1.9 0.966 2.3 21.3 Freundlich
Progesterone 61.2 0.0291296 0.75 6.39 163.5 8.0 2.7 0.843 5.0 101.1 Freundlich
MGA 74.2 0.0118098 0.96 2.51 25.1 2.8 1.7 0.926 34 46.8 Langmuir
Norgestrel 55.6 0.00972 0.89 3.17 40.2 29 2.1 0.823 4.0 64.1 Langmuir
NORE 46.5 0.0093057 0.85 2.75 30.2 3.6 2.5 0.769 35 48.0 Langmuir
Prednisolone 9,553,760.0 7.883 x 1077 0.87 2.48 24.7 0.0 0.6 0.994 0.5 1.1 Freundlich
Balsa Langmuir Freundlich Best Fit
Hormone Qmax K R? RMSE SSE Kf n R? RMSE SSE
Estrone 243.2 0.0 0.350 8.5 291.5 0.3 1.0 0.347 8.6 292.9 Langmuir
17 beta 6,897,031.2 0.0 0.568 8.6 296.1 0.0 0.5 0.767 6.3 159.9 Freundlich
Estriol 1,753,190.4 0.0 0.248 8.5 289.6 0.0 0.3 0.435 7.4 217.6 Freundlich
17 alfa 7646.5 0.0 0.699 5.9 140.1 0.6 1.0 0.700 5.9 139.9 Freundlich
DES 17.3 52.6 0.000 7.1 200.0 15.6 12.8 0.039 6.9 1924 Freundlich
TES 29.8 1.1 0.233 11.1 489.7 18.2 10.0 0.157 11.6 538.1 Langmuir
Nandrolone 22.4 6.8 0.416 1.5 8.6 19.1 31.7 0.560 1.3 6.5 Freundlich
Progesterone 33.0 14 0.217 11.7 552.1 244 16.3 0.053 12.9 667.7 Langmuir
MGA 42.5 0.0 0.089 11.1 494.0 5.3 2.7 0.071 11.2 503.6 Langmuir
NORG 78.5 0.0 0.203 9.7 379.0 1.1 1.5 0.191 9.8 384.8 Langmuir
NORE 699.7 0.0 0.208 9.7 377.2 0.1 1.0 0.207 9.7 377.3 Langmuir
Cortisone 21.1 0.0 0.053 3.5 48.9 0.4 1.8 0.047 3.5 49.2 Langmuir
Predinsone 16.8 0.0 0.679 1.0 4.0 0.3 1.7 0.664 1.0 4.2 Langmuir
Prednisolone 171 0.0 0.221 1.5 9.1 0.3 1.8 0.207 1.5 9.3 Langmuir

In the case of giant reed and palm, a clear predominance of the Freundlich model is
observed, indicating a highly heterogeneous surface with good affinity and strong initial
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uptake for many hormones. Pine needles showed a greater prevalence of the Langmuir
model, which suggests a less heterogeneous surface but with a non-negligible sorption
capacity. Finally, balsa shows poorer fits to both models and a mixed behavior, although
many hormones fit the Langmuir model better, indicating good sorption capacity for some
hormones, but not as consistent as palm or cane. In conclusion, it can be said that the
obtained results indicate that SHs’ sorption to the mulches was more a non-ideal sorption
involving heterogeneous sorption phenomena rather than the formation of monolayer
coverage of SH molecules on the surface of the adsorbents.

Sorption results can be explained by taking into consideration the role of electro-
static attractions/repulsions between the adsorbate and adsorbent. Indeed, under the
pH conditions of wastewater close to neutrality, sand and gravel have a strong positive
surface charge and therefore should absorb better anionic contaminants and retain less
cationic/neutral compounds if the electrostatic sorption mechanism plays an important role
in governing SHs removal. Also, pore dimension-related phenomena could be taken into
consideration as a driving force in the sorption process; even if the investigated materials
are generally macroporous, a minor contribution to the total pore volume is ascribable to
mesoporosity, which is relatively modest, especially in sand (almost 50%) and less in palm
mulch (33%). On the other hand, all the investigated target analytes are dimensionally
similar, having a maximum diameter included in a narrow range (13.26-16.72 A), and thus
able to fully access pore sites in materials (mesoporosity range 20-50 A). In comparison
with palm mulch, the higher mesoporosity degree of sand, as well as its higher total surface
area, would agree with its faster sorption capacity.

3.4.3. Sorption/Kow Correlation

Ilyas et al. (2021) investigated the prediction of removal efficiency of different groups
of organic micropollutants, namely pharmaceuticals (PhC), personal care products (PCP),
and steroid hormones (SH) in CWs [33]. Their predictive models were based on the physic-
ochemical properties of micropollutants, such as molecular weight (MW), octanol-water
partition coefficient (Log Kow), soil organic carbon sorption coefficient (Log Koc), octanol-
water distribution (Log Dow), and dissociation constant (pKa). In the case of SHs, the
best performing model combined MW, Log Kow, and pKa. Our results show a significant
positive correlation between sorption (%) and log Kow (Figure 5a). However, in sorption
processes, saturation can occur at different concentrations for different biosorbents and
pollutants, leading to erroneous conclusions. Thus, the correlation analysis has also been
performed with qmax (calculated with the Freundlich isotherm and a reference hormone
concentration of 100 g L~ 1) and e (derived from the second-order kinetics) (Figure 5b,c,
respectively). As can be observed, though the results are qualitatively similar (positive, sig-
nificant correlation), those with sorption percentage were the highest. As can be observed,
sorption was at least partially governed by the relative liposolubility /hydrosolubility of the
different SHs, with corticosteroids having the lowest qe values because of their low Kow.
Corticosteroids have a predominantly hydrophobic structure (steroidal nucleus), but they
also contain polar groups (-OH, =O) in a higher proportion than other steroid hormones,
making them moderately polar and somewhat water-soluble. These structural features
are reflected in low Kow values. Thus, they exhibit lower log Kow values (~1.5-2.5) than
other SHs, such as androgens or estrogens (~3—4.5), indicating lower hydrophobicity and
explaining their reduced tendency to adsorb onto biosorbents.
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Figure 5. Correlation between log Kow and percentage sorption (a), Freundlich-derived qmax (b),
and second-order kinetics ge (c), for the different vegetal residues.

However, the correlation with Koc, although positive, was not significant since the R?
values obtained were much lower (R? < 0.3). These results can help to improve predictive
models on the removal of SHs in aquatic systems through sorption.
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3.4.4. Effect of Sorption Time

To study the effect of sorption over time and possible desorption, contact time was
extended to 7 days. The results indicate a relatively rapid sorption in the first 2448 h, in
which most of the removal is achieved, and stabilization or a slight increase in removal
thereafter. Results are shown in Figure S4.

In general, and except for corticosteroids, the results indicate that SH sorption onto
the vegetal wastes was an irreversible process, so that desorption was not usually observed
after that time. On the other hand, corticosteroids not only show the lowest sorption values
due to their low log Kow values, but they can also suffer desorption from some organic
substrates. However, it is interesting to note that palm mulch was the only biosorbent that
achieved complete removal of the three corticosteroids, although at times it took as long as
6 days.

3.5. Biodegradation vs. Sorption of SHs in Lab-Scale CWs

The objective of the first part of the article was to compare and quantify the effect of
sorption in the process of hormone removal using mineral substrates and those obtained
from plant residues. The conclusions are clear: (i) sorption is stronger in plant residues;
(ii) it follows pseudo-second-order kinetics; (iii) the Freundlich isotherm better describes
the process; and (iv) palm is the most recommended adsorbent. However, under CW
real conditions, other factors such as biodegradation and, to a lesser extent, plant uptake,
are relevant.

Thus, it was decided to study the removal of the SHs in four lab-scale CWs to determine
the effect of the substrate (organic vs. mineral) and the presence of plants (Cyperus sp.)
on the removal of SHs, namely: CW1: palm mulch + plant; CW2: only mulch; CW3:
sand + plant; and CW4: only sand (Figure S1). The experiments were performed in batch
mode with the effluent of the full-scale CW of the Campus spiked with the SHs to achieve
an initial concentration of 500 ytg L~!. It must be considered that though the full-scale CW
achieves a good removal, the effluent also contains SHs. Thus, the initial concentrations
in the lab-scale CWs varied. Figure 6 shows the evolution of the spiked SHs in the lab-
scale CWs.

In CW1 (palm mulch + plant), there was a gradual reduction in hormone concentra-
tions from a mean concentration of 350 pg L~ to 42 pg L' after 3 h, and to 8 pg L' after
24 h. Three SHs (diethylstilbestrol, 17-beta-estradiol, and estriol) were completely removed
after 3 h, and four more SHs (4-androstene-3,17-dione, t-dehydroandrostene, androstane,
and estrone) after 24 h. In CW2 (palm mulch only), concentrations dropped rapidly from
a mean concentration of 434 ug L~! to 33 ug L ! after 3h and to 13 pg L' after 24 h. At
3 h, two hormones had been eliminated (androstene and diethylstilbestrol), and another
six SHs (4-androstene, t-dehydroandrostene, prednisone, diethylstilbestrol, 17 b-estradiol,
and estriol) after 24 h. At 3 h, two hormones had been completely eliminated (androstene
and diethylstilbestrol), and another six SHs (4-androstene, t-dehydroandrostene, pred-
nisone, diethylstilbestrol, 17 b-estradiol, and estriol) after 24 h. In CW3 (sand + plant),
the kinetic behavior was like that of CW2, with mean concentrations rapidly dropping
from 497 ug L~ 1to41 ug L-lat3handto 13 ug L~1 at 24 h. In this case, four hormones
(androstene, diethylstilbestrol, 17b-estradiol, and estriol) were eliminated, while at 24 h, in
addition to those already indicated above, five others (nandrolone, 4-androstene, testos-
terone, t-dehydroandorstene, and androstene) were also completely removed. In CW4,
the mean concentrations also decreased rapidly at first from a mean of 374 ug L=} to
59 ug L~! at 3 h, and to 8 ug L~! at 24 h. In CW4, three hormones disappeared within 3 h
(androsterone, diethylstilbestrol, and 17-b-estradiol), while nine others were completely
removed after 24 h (nandrolone, 4-androstene, t-dehydroandrostene, androstene, cortisone,
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diethylstilbestrol, estrone, 17-b-estradiol, and estriol). Although CW4 achieved complete
removal of the highest number of hormones after 24 h (12, compared to nine in CW3,
eight in CW2, and seven in CW1), in this case, some desorption from the substrate can be
observed, being more evident for prednisolone and prednisone (Figure 6d).
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Figure 6. Evolution of SH concentrations over time (3 h) in CW1: (a) palm mulch + plant; (b) CW2:
only mulch; (¢) CW3: sand + plant; and (d) CW4: only sand.

As indicated above, the different CWs had quite different porosities and thus could
treat different amounts of water. Thus, to have an idea of the different reactors’ efficiencies,
and therefore the effect of the substrate and the plants, the temporal evolution of average
SH removals (%) and SH mass removed (ug) was calculated (Figure 7).

As can be seen, the average removals reached values greater than 90% in very short
periods of time, particularly in the sand-based CWs (Figure 7a), i.e., there was an im-
portant difference caused by the substrate. At t = 0 min, removals in CWs with sand
(CW3: 89.1 £ 6.5%; CW4: 95.2 & 4.2%) were significantly faster than those with mulch
(CW1: 51 & 15%; CW2: 76.5 £ 4%). After 90 min, CW2, CW3, and CW4 presented av-
erage removals without significant differences, between 87 and 92%, except for CW1
(mulch + plant) with a significantly lower value of 82.5%. After 3 h, there was no signif-
icant difference among removals for all the CWs (CW1: 89.8 & 6.4%, CW2: 93.5 £ 4%,
CW3: 93 & 5%, and CW4: 88.5 & 9.6%). After 24 h, an almost complete removal, greater
than 98%, was achieved in all of them. These fast degradations can be explained by the
aerobic conditions of the reactors [3,34], since dissolved oxygen concentrations in CW3
and CW4 were in the range of 5-6 mg L~!, while those with mulch (CW1 and CW2) were
significantly lower (2-3 mg L™'). These results agree with the stronger N-NH4 removals
obtained by nitrification in the CWs with sand (84-89%) compared to those with mulch
(42-49%, Figure 8). The complete degradation of ethinyl estradiol within 6 d by nitrifying
activated sludge was reported by Vader et al. (2000), who established a correlation between
degradation capability and nitrifying activity [35]. The simultaneous elimination of N-
NH4 and different organic micropollutants, including ethinyl estradiol, has been reported
because of the cometabolic biotransformations induced by autotrophic aerobic bacteria
through the enzyme ammonium monooxygenase [36]. Chen et al. (2021) studied the effect
of CW type and aeration and found that aerobic biodegradation was significantly faster
than anaerobic biodegradation, with the former being the main removal mechanism in
comparison to substrate sorption and plant uptake [37].

Nevertheless, the picture provided by the evolution of the SH mass removed is
different from that of percentage removal (Figure 7b). As mentioned above, the porosities
of the CWs, i.e., the water volume that can be housed and treated in each CW, were rather
different (13 L for CW1, 9 L for CW2, 6 L for CW3, and 4.5 L for CW4). These values can
help to justify the faster initial removals obtained in the sand-based CWs, since, in addition
to their higher dissolved oxygen concentrations, their lower water content indicates higher
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substrate density, and most probably a higher concentration of bacteria per unit volume.
As time passed, mass removals in the mulch-based reactors (CW1 and CW2) increased to
reach significantly higher levels than those of sand-based ones, although between them
(CW1 vs. CW2), the difference in removals was not significant (p > 0.05). Furthermore,
when the average mass removed after 24 h (1440 min) was analyzed, significant differences
due to the substrate were observed, with the mulch being more efficient than sand. On the
other hand, the presence of the plant significantly improved the efficiency of the mineral
substrate, and also in the case of mulch, but not significantly for the latter (p > 0.05).
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Figure 7. Average SH removal (%) (a) and SH mass removed (ug) (b) over time for the lab-scale CWs:
CW1 (palm mulch + plant); CW2 (palm mulch); CW (sand + plant); and CW4 (sand). Each bar value
is the average SH concentration (n = 15) at the corresponding time.
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Figure 8. Average concentrations of NH4-N in the influent and effluents of the lab-scale CWs with
HRT of 1 day (n = 4).

The fact that palm mulch CWs increased their efficiency over time with respect to sand
CWs may be due to the combination of sorption and biodegradation, since the obtained
results have shown that sorption on sand was rather limited. In other words, SH removal in
sand CWs was most probably due to aerobic biodegradation, while in palm mulch CWs, it
was due to a combination of biodegradation and sorption, with sorption being slower than
biodegradation. In the latter, sorption was able to compensate for the faster biodegradation
in sand. The lower concentration of dissolved oxygen and nitrification in the palm mulch
justifies the lower aerobic SH degradation rate in those CWs, which is compensated by
adsorption afterwards. Additionally, in the more real conditions of the CWs, the palm
mulch particle size would be bigger than that of the adsorption studies, leading to less
efficient SH adsorption. This could explain the initial faster degradation in sand CWs.

Moreover, the fact that the plants improved removal in both cases, but only signif-
icantly in the sand-based CWs, can be explained by the greater surface area for biofilm
colonization and SH sorption provided by the rhizosphere. Many studies have shown that
plants can help to improve pollutant removal in CWs. This effect has been attributed to in-
creased water retention time and pH changes that could boost sorption onto substrates [38]
in addition to improved microbial activities and increased retention sites [37].

In view of these results, it can be concluded that palm mulch can improve CW sustain-
ability and notably contribute through sorption to the removal of SHs with respect to sand
CWs. Nevertheless, sand, despite its greater capacity for physical filtration and hosting a
greater number of bacteria, can suffer from clogging more easily and has a high environ-
mental cost. In fact, in previous studies with sand CWs, better removals of conventional
water-quality parameters were initially obtained, but clogging problems appeared soon,
leading to later lower performance [8]. Thus, only influents with low concentrations of
suspended solids and organic matter should be treated in sand CWs. The lower density of
palm mulch compared to sand, and thus the lower concentration of bacteria, can justify that
biodegradation in sand was faster than the combination of biodegradation and sorption in
palm mulch. Thus, future research on more sustainable, efficient CW substrates should be
devoted to studying the combination of vegetal wastes, such as palm mulch with soil or
wastes from construction/demolition.
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4. Conclusions

This study presents a comparison of the SH sorption capacity of conventional, mineral
CW substrates (gravel, sand, and lapilli) vs. alternative sustainable substrates obtained from
vegetal residues. The latter provided much higher sorption efficiencies, with no desorption
observed after 7 days. The pseudo-second-order kinetic model and the Freundlich isotherm
provided the best fits to experimental data. Palm mulch provided the best results. Sorption
(measured as %, e and qmax) was significantly correlated to log Kow, with corticosteroids
showing the lowest sorption.

Experiments with laboratory-scale CWs showed that the removal efficiency of SHs
was extremely fast in aerobic, sand-based CWs, most probably by aerobic biodegradation,
since the SH sorption capacity of sand was low. However, the SH mass removal was the
highest in the planted palm mulch CW, since it could treat larger volumes of influent. In
this case, a combination of aerobic biodegradation and sorption would be responsible
for removal. Thus, the substrate porosity/density is an important variable to consider.
Therefore, considering the higher clogging risk of sand, unsaturated sand-based CWs are
a good choice for the treatment of waters with low suspended solids content, such as the
effluent of conventional wastewater treatment facilities or the final steps of nature-based
systems. On the contrary, mulch will be the best option for the treatment of wastewater
with high SS content, such as urban wastewater, because of its lower clogging risk.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su18073395/s1; Figure S1: Lab-scale CWs with different substrates
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substrate; S1. Water analysis methods. Table S1: Characterization of the influent to the lab-scale
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