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Abstract

Two natural materials, pozzolan from Aguelmous (Middle Atlas, Morocco) and local
gravel (3—6 mm), were selected and compared as permeable layers in a multi-soil layering
(MSL) system treating domestic wastewater. This comparison was motivated by the need
to evaluate a widely used conventional material in Morocco (gravel) against a highly po-
rous volcanic pozzolan expected to improve pollutant removal due to its superior struc-
tural and physicochemical properties. The study combined physicochemical characteriza-
tion, adsorption experiments using methylene blue (MB) and methyl orange (MO), and
pilot-scale multi-soil layering (MSL) system tests under vertical-flow conditions. Pozzolan
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exhibited a highly porous structure with a specific surface area of 13.77 m?-g™" and a total

porosity of 70.12%, compared with 1.92 m2-g~*

and 45.49% for gravel, respectively. These
properties resulted in higher adsorption performance, with MB removal efficiencies of
66.60% for pozzolan versus 45.35% for gravel at 16.5 mg-L™!, and MO removal efficiencies
of 69.12% versus 58.55% at 10 mg-L™*. Correspondingly, pozzolan showed higher adsorp-
tion capacities for MB (9.976 mg-g™') and MO (1.534 mg-g™) than gravel (0.829 and 0.750
mg-g-, respectively). In pilot-scale operation, pozzolan-based filters achieved higher re-
moval efficiencies for BODs (82.01%), COD (86.14%), ammoniacal nitrogen (89.48%), and
total phosphorus (66.30%) compared with gravel (75.56%, 78.24%, 61.56%, and 50.42%,
respectively). The enhanced ammoniacal nitrogen removal in filter F2 (6-15 mm) is at-
tributed to favorable aerobic conditions within the system, which likely promoted nitrifi-
cation due to improved oxygen availability. However, the absence of sufficient anoxic
zones limited denitrification, leading to nitrate (NO3) accumulation. Overall, the results
indicate that natural pozzolan is a highly suitable permeable material for enhanced pol-
lutant removal, making it a promising alternative to conventional gravel in decentralized
MSL wastewater treatment systems.

Keywords: adsorption; methylene blue; methyl orange; multi-soil layering; pozzolan;
treatment; wastewater
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1. Introduction

Wastewater contamination represents a major environmental and public health is-
sue, particularly in arid and semi-arid regions such as Morocco, where water scarcity in-
tensifies pressure on limited water resources. Rapid urbanization and agricultural activi-
ties have significantly increased wastewater generation, reaching 0.706 billion m? in 2017
and expected to exceed 1.026 billion m? by 2040 [1]. Untreated or insufficiently treated
domestic wastewater generally contains high concentrations of organic matter, suspended
solids, nutrients, and ammoniacal nitrogen, which can severely affect aquatic ecosystems
and public health.

These pollutants have significant environmental impacts. Excess organic matter and
nutrients contribute to eutrophication, oxygen depletion, and degradation of aquatic eco-
systems, while high ammoniacal nitrogen and phosphorus concentrations accelerate wa-
ter quality imbalance and ecological deterioration [2,3]. Therefore, the reduction of con-
ventional pollution indicators such as biochemical oxygen demand (BODs), chemical ox-
ygen demand (COD), ammoniacal nitrogen, suspended solids, and total phosphorus is
essential to ensure environmental protection and safe wastewater reuse. In addition, in-
dustrial wastewater may contain synthetic dyes such as methylene blue and methyl or-
ange, which are frequently detected in textile and dyeing effluents. These compounds are
of environmental concern due to their persistence, toxicity, and ability to alter aquatic
ecosystem functioning. Methylene blue is a cationic dye that can induce oxidative stress
and cellular damage in aquatic organisms [4,5], while methyl orange is an azo dye that
may degrade into aromatic amines, some of which are potentially carcinogenic [6,7]. Both
dyes reduce light penetration in water bodies, inhibit photosynthetic activity, and contrib-
ute to long-term ecological imbalance. Their removal, together with conventional pollu-
tants, is therefore essential to ensure environmental protection and safe wastewater reuse.

To address these challenges, several wastewater treatment technologies have been
developed, including activated sludge systems and physicochemical processes. However,
these conventional systems are often energy-intensive, costly, and difficult to implement
in decentralized rural. In this context, multi-soil layering (MSL) systems have emerged as
a low-cost and sustainable alternative for decentralized wastewater treatment [8-12].
These systems combine physical filtration, adsorption, and biological degradation within
a structured porous medium, enabling efficient pollutant removal under low-energy op-
erating conditions.

The performance of MSL systems strongly depends on the characteristics of the per-
meable materials used as filtration media and microbial support. Various materials such
as zeolite, perlite, gravel, and pozzolan have been investigated in different regions [4,8—
15]. Among these materials, pozzolan has attracted increasing interest due to its porous
structure, high specific surface area, and aluminosilicate-rich composition, which favor
adsorption processes and microbial attachment. Gravel, although widely used, generally
exhibits lower surface reactivity and less favorable physicochemical properties for pollu-
tant retention.

In this context, the present study investigates two locally available materials: natural
pozzolan from the Middle Atlas region (Aguelmous, Morocco) and local gravel. The hy-
pothesis of this work is that the highly porous and reactive structure of pozzolan can im-
prove pollutant removal efficiency in MSL systems compared with conventional gravel
through enhanced adsorption capacity, improved oxygen transfer, and favorable condi-
tions for microbial activity.

To better understand the adsorption behavior and surface reactivity of these materi-
als, methylene blue and methyl orange were selected as model organic micropollutants
representing cationic and anionic species, respectively. These compounds are widely used
as probe molecules in adsorption studies because they enable controlled evaluation of key
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parameters such as pH, contact time, adsorption kinetics, and equilibrium isotherms
[7,13-15]. Their opposite charges make it possible to investigate surface charge properties
of the filter media and identify dominant interaction mechanisms such as electrostatic at-
traction, hydrogen bonding, and m—m interactions. The insights obtained from these model
compounds are used to interpret the behavior of real wastewater pollutants, particularly
ammoniacal nitrogen (N — NHY), nitrate (N — NO3), organic matter (COD, BODj;), and nu-
trient species (TN and TP), within permeable layered filtration systems. These dyes there-
fore act as surrogate tracers for understanding pollutant retention processes in mineral-
based media. In addition, they are hazardous pollutants due to their toxicity and persis-
tence, reinforcing the importance of their removal in wastewater treatment.

Despite growing interest in MSL systems, the relationship between the physicochem-
ical properties of local filtration materials and their treatment performance remains insuf-
ficiently understood, particularly under arid and semi-arid conditions. Furthermore, the
Middle Atlas pozzolan has not yet been comprehensively characterized using combined
structural and adsorption approaches coupled with pilot-scale MSL performance evalua-
tion.

Therefore, the main objective of this study is to establish a relationship between the
physicochemical characteristics of pozzolan and gravel and their performance in MSL sys-
tems treating domestic wastewater. Specifically, this work aims to: (i) characterize the
structural and surface properties of both materials using XRD, SEM, FTIR, and XRF anal-
yses; (ii) evaluate their adsorption behavior toward methylene blue and methyl orange
through kinetic, isotherm, pH, and contact time studies; and (iii) assess their efficiency in
pilot-scale MSL systems operated under high hydraulic loading conditions.

To the best of our knowledge, this study provides one of the first comprehensive
structure—performance investigations of Middle Atlas pozzolan integrated into MSL sys-
tems for domestic wastewater treatment under arid conditions.

2. Materials and Methods

To explore the potential of these natural minerals, comprehensive characterization is
necessary to predict their performance in various applications, particularly in wastewater
treatment. The characterization methods used in this study are described below.

2.1. Natural Minerals
2.1.1. Harvesting Area

Pozzolan particles were collected from a quarry in Aguelmous, a town in the Middle
Atlas Mountains, 32 km north of Khénifra, Morocco (see Figure 1).
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Figure 1. Administrative map showing regional, provincial, and communal divisions of the

Aguelmous area (Middle Atlas, Morocco), including the location of the pozzolan quarry.

The gravels were sourced from a quarry in Kenitra northwestern Morocco, located
on the Atlantic coast between Rabat and Tangier.

2.1.2. Material Composition

Three types of natural minerals were used (see Figure 2): (Figure 2a) pozzolan (Pz)
with a particle size of 3 to 6 mm, (Figure 2b) pozzolan (PZ) with a particle size of 7 to 9
mm, and (Figure 2c) gravel (Gr) with a particle size of 3 to 6 mm. All samples were used
without any pre-treatment.
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Figure 2. (a) Pozzolan with particle diameter of 3-6 mm; (b) Pozzolan with particle diameter of 7-9

mmy; (c) Local gravel with particle diameter of 3-6 mm used as filter media.

Methylene blue (MB) was chosen as a model for a medium-sized cationic organic
micropollutants [13,15], while methyl orange is an anionic dye belonging to the group of
azo dyes [7,14] (See Table 1).

Table 1. Physicochemical characteristics of the two model dyes used in adsorption studies.

Dye Molecular Formula Molar Mass Amax (nm)
(g:mol?)
N
OO SS
CH,
g/llle;hﬂene \T S+€ - 1‘|I _CH, 319.85 666
CH, CH,

o
H,C N !—0 - Nat
\ 4 |
Methyl orange p) N 0 327.33 465
H,C

Precise amounts of dye were dissolved in distilled water to prepare stock solutions
at concentrations of 33 mg-L™! for MB and 10 mg-L™" for MO. Working solutions were
prepared by appropriately diluting the stock solutions before each test. All solutions were
stored at 4 °C, protected from light, to prevent degradation.

2.2. Physicochemical Characterization of Materials
2.2.1. Organic Matter (OM) and Mineral Matter (MM) Content

The samples were calcined at temperature of 550 °C for 4 h, as mentioned in the lit-
erature [16,17].
The content of organic matter (OM) was calculated using Equation (1):

OM (%) = 100 - MM 1)

2.2.2. Humidity Rate

The amount of water was calculated based on the NF EN ISO 665 standard [16],
which represents the mass loss after drying at 105 °C until a constant mass is reached.

2.3. Geotechnical Parameter
2.3.1. Material Porosity
Open, Water-Accessible Porosity

The porosity of the materials was determined by gravimetric analysis using the water
saturation method [18]. A 100 g sample, pre-washed with distilled water and dried at 105
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°C for 24 h, was immersed in water for 24 h to ensure complete pore saturation. After
saturation, the samples were removed from the water, surface moisture was gently re-
moved using absorbent paper, and the saturated mass was measured. The porosity per-
centage was then calculated from the difference between the oven-dried mass and the
saturated immersed mass relative to the total sample volume and water density using
Equation (2).

Mg ~Mw
SWxVy

P=(1- ) * 100 @)

where P is the porosity (%), Mq is the mass of the oven-dried sample (g), M,, isthe mass
of the saturated sample immersed in water after 24 h (g), dow is the density of water
(g - cm™3), and Vi is the total volume of the sample (cm3).

Total Gas-Accessible Porosity

The open porosity of the samples was assessed using a hydrometer-bottle-type po-
rosimeter (PHI-X, Mecanum; New Science, Casablanca, Morocco). This method is based
on the isothermal pressure/mass technique. The total mass of the material is measured
under different pressures of an inert gas, thereby allowing the fluid to penetrate only the
open and interconnected pores. This allows for accurate determination of the open poros-

ity.
2.3.2. Determination of the Specific Surface Area

The specific surface area of the gravel was determined using the methylene blue
method. This method utilizes the Langmuir model to determine the maximum adsorption
capacity of methylene blue. The specific surface area of the material was determined by
Equation (3) [19,20]:

Ss = Qu*Np*s 3)

where Sg: specific surface area (m? - g™*), Qp,: maximum adsorption capacity (mg- g~*)
(Langmuir model), s: area occupied by a MB molecule (175 A2), and N,: Avogadro’s num-
ber.

2.4. Microstructural Characterization

Scanning electron microscopy (SEM) was used to investigate the morphological and
structural characteristics of the samples [21,22], The elemental composition was deter-
mined by X-ray fluorescence (XRF) spectrometry [22], loss on ignition (LOI) was assessed
by thermal treatment at high temperature [23], providing information on the organic mat-
ter content and thermal stability of the samples, X-ray diffraction (XRD) was used to char-
acterize the crystalline structure, and functional surface groups were identified by Fourier
transform infrared spectroscopy (FTIR) [21,22].

2.5. Determination of the Soil Type

Many techniques were used in this work to define the nature of the soil. The deter-
mination of the particle distribution was carried out according to standard NF P 94-056
for particle size analysis [24].

The plasticity indices (PI) were calculated from measurements carried out in accord-
ance with standards NF P 94-051 [25] and NF P 94-052-2, related to the plastic limit (wP)
and liquid limit (wL). The fine fraction was also evaluated using the methylene blue test,
to determine clay activity [25]. In addition, the specific surface area of the oil was deter-
mined by the BET method [26].
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2.6. Study of the Adsorption of MB and MO
2.6.1. Variable Optimization

Adsorption tests were performed by mixing 0.25 g of the adsorbent material with 20
mL of an aqueous dye solution. Three initial concentrations were tested for each dye: 4.12
mg-L1 (C1), 8.25 mg-L? (C2), and 16.50 mg-L (Cs) for methylene blue (MB), and 5.00
mg-L (C1), 8.25 mg-L1 (C2), and 10 mg-L (Cs) for methyl orange (MO). The influence of
pH was studied over a range of 2 to 11, while the effect of contact time was evaluated over
a range of 1 to 120 min. After each treatment, the adsorbent-adsorbate mixture was cen-
trifuged at 9000 rpm for 5 min using a high-speed centrifuge. The absorbance of the re-
covered solutions was measured using a JENWAY UV-Visible spectrophotometer, using
the wavelength corresponding to the maximum absorbance of each dye. The final dye
concentration was determined using the previously established calibration curve. The fi-
nal dye concentration was determined from the previously established calibration curve,
and the adsorption capacity at a given time (Qt) was calculated using Equation (4).

Q= SCtuy )

m

where C; and C:(mg-L™) represent the initial concentration and the concentration at time
t, respectively. V (L) is the volume of the solution, and m (g) is the mass of the adsorbent.

2.6.2. Adsorption Isotherm Studies

The adsorption isotherms were established by preparing solutions with varying con-
centration of MB and MO, while maintaining the pH, adsorbent mass (0.25 g), and solu-
tion volume (20 mL).

The experiments were performed in batch mode at room temperature with enough
contact time to reach equilibrium. The residual concentration was determined by UV-Vis-
ible spectroscopy after centrifugation was used to separate the phases.

Using Equation (4), we were able to calculate the amount adsorbed at equilibrium

(de)-

2.6.3. Study of Adsorption Kinetics

The adsorbent mass (0.25 g), solution volume (20 mL), pH, and initial dye concentra-
tion were kept constant during kinetic studies. At room temperature, the mixture was
stirred and samples were taken at contact times that ranged from 1 to 120 min. After cen-
trifugation, the dye concentration was measured using UV-Visible spectrophotometry.
The amount adsorbed at each time t (q;) was determined using the Equation (4).

2.6.4. Linear Regression Analysis and Error Functions

The linear regression technique described by Nafisur et al. [27] was used to establish
all isothermal and kinetic parameters in this study. The kinetic and isothermal models that
best describe the interactions at the interface and the nature of the adsorption process were
determined using error functions. Specific equations were employed to measure statistical
error functions such as the sum of squared errors (SSE) (Equation (5)), the Spearman cor-
relation coefficient (rg) (Equation (6)), the chi-square test (x*) (Equation (7)), as well as the
variance Aq [28] (Equation (8)).

SSE = Z?:l(qe,exp - qe,cal)i2 ©)
(de,exp™ eyca )2
rg=1- % ©)
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2
_ (qe,exp_ qe,cal)i

x? @)
qe,ca\l
_|((de,exp— Ye,cal)/Ge,cal)2
pq- [(em= o ®

Simulated and experimental adsorption capacities (mg-g~*) are represented by the
terms geca and Qeexp, While n represents the total number of data points used. These
parameters were provided by OriginPro 2026 (version 10.3.0.197, 64-bit SR1, OriginLab
Corporation, Northampton, MA, USA).

2.7. Description of the Experimental Pilots

Three experimental filters that were installed in Saada municipality in Marrakech
(Morocco) were tested on the field conditions. The coordinates are 31° 37’ 43.49" N and 8°
7'29.72" W.

This area has an arid climate, characterized by average minimum temperatures of
around 5 °C in winter and maximum temperatures exceeding 38 °C in summer. Annual
rainfall is relatively low (200 mm/year), which contributes to a significant water deficit
in the region.

Three circular filters with a capacity of 120 L, an average diameter of 46 cm, and a
height of 80 cm are present in the experimental setup. The filters are identical and consist
of alternating layers of permeable materials and layers of soil mixture (SMLs), which are
prepared from a mixture of 70% local soil, 10% charcoal, 10% commercial iron, and 10%
fibers from Phoenix dactylifera residues (Phoenix dactylifera), ranging in size from 1 to 3
cm (see Figure 3).

2
. \:\' W
LB R 2

Figure 3. Materials used in multilayer filters: (a) soil; (b) iron nail; (c) charcoal; (d) Phoenix dac-

tylifera waste.

The variable in the three filters is the nature and granulometry of the permeable layer
(Figure 4). The MSL systems were composed of alternating mixed-soil blocks and perme-
able layers, with an internal permeable layer thickness of 5 cm and a permeable layer di-
ameter of 46 cm. The mixed soil consisted of 70% soil supplemented with 10% charcoal,
10% plant fibers, and 10% iron debris. Two of the filters were filled with gravel and poz-
zolan within the same particle size range (3-6 mm) to evaluate the comparative effective-
ness of these two locally available materials in domestic wastewater treatment (F1 and
E3). The third filter (F2) was filled with coarser pozzolan particles (6—15 mm) in order to
assess the influence of granulometry on hydraulic behavior and treatment efficiency (Fig-
ure 4a,b).

To avoid confusion regarding the granulometric fractions used in this study, it
should be noted that different pozzolan particle sizes were used depending on the exper-
imental objective. For the laboratory adsorption experiments involving methylene blue
and methyl orange, pozzolan fractions of 3-6 mm and 7-9 mm were used to investigate
adsorption kinetics, isotherms, and the effects of pH and contact time. In contrast, the pi-
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lot-scale MSL systems treating domestic wastewater were operated using pozzolan frac-
tions of 3-6 mm and 6-15 mm.

After the assembly of the MSL pilots, including the placement of the permeable filter
media (pozzolan or gravel) and the mixed-soil blocks, the systems were thoroughly rinsed
with clean water to remove dust and fine particles potentially present in the different ma-
terials before the start of the experiments. No chemical or thermal pre-treatment was ap-
plied to the materials used.

Collection Tank

@

Soil Mixture Layer

Permeable Layer
Pozzolan/ Gravel

Drainage Layer
¥ =¥ 7 Treated Water

Figure 4. (a) Installation of the experimental pilot systems; (b) internal structure of the multilayer
filter (MSL) pilot showing the stratified arrangement of filter media; F.T: feed tank.

The filters were continuously supplied with domestic urban wastewater collected
from the wastewater treatment plant of the Saada municipality. Wastewater was pumped
from the outlet of the settling tank into a feed tank (F.T) to ensure homogeneous flow
distribution to the three filters. The systems operated continuously under a hydraulic
loading rate of 400 L-m2-day! throughout the experimental period, corresponding to an
average flow rate of approximately 66.4 L-day™ per filter based on the effective surface
area. Influent and effluent samples were collected at the inlet and outlet of each pilot unit
to monitor physicochemical treatment performance. The continuous feeding mode was
selected to maintain stable hydraulic conditions, avoid shock loading effects, and simulate
realistic field operating conditions for decentralized wastewater treatment systems.

2.8. Sampling

Samples intended for physicochemical analysis were collected in polyethylene bot-
tles. All samples were stored at 4 °C and transported to the EMDD (Energy Materials Sus-
tainable Development) laboratory at the Higher School of Technology in the city of Salé
for analysis. Samples are collected fortnightly over a period of 6 months.

2.9. Physicochemical Characterization of Water

The pH, temperature, electrical conductivity, and dissolved oxygen were measured
in situ using an AQUAMETER multiparameter probe.

Turbidity was measured using a HACH TL2300 turbidimeter, COD was determined
according to the standard method by oxidizing the organic matter at 150 °C with an excess
of potassium dichromate in an acidic medium in the presence of silver sulfate (APHA,
2005) [29], BODs was determined using the spectroscopic method in a temperature-con-
trolled chamber at 20 °C (AFNOR, T90-103), and the measurement of ammonium ions was
done with Nessler’s reagent using a colorimetric method.

This reagent, in the presence of ammonium, forms a yellow to brown complex whose
intensity can be measured at 425 nm (AFNOR, T 90-015).
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Nitrate was measured using sodium salicylate, which forms a yellow complex in an
acidic medium, the intensity of which is measured at 410 nm (AFNOR, T 90-045). Ortho-
phosphates are determined using the colorimetric method, whereby a phosphomolybdate
complex is formed in an acidic medium. This complex is then reduced by ascorbic acid to
produce a blue complex, the intensity of which is measured by spectrophotometry at 700
nm (AFNOR T 90-023).

3. Results and Discussions

Although batch adsorption experiments using methylene blue (MB) and methyl or-
ange (MO) do not fully reproduce the complexity of real municipal wastewater, they were
used as model organic pollutants to assess the intrinsic adsorption behavior of the filter
materials. These dyes were selected because of their contrasting ionic nature (cationic MB
and anionic MO), which allows evaluation of electrostatic interactions, surface reactivity,
and accessibility of active sites. In the context of multi-soil layering (MSL) systems, pollu-
tant removal is governed by coupled mechanisms including adsorption, biofilm develop-
ment, nitrification—-denitrification, and physical filtration. Therefore, adsorption tests do
not aim to simulate real wastewater composition, but rather to provide fundamental in-
sight into the surface properties and initial pollutant retention capacity of the materials,
which are key factors influencing overall MSL performance.

3.1. Chemical Composition

Table 2 shows that the three samples are mainly of mineral substances, with a similar
composition of 99%. Consequently, their organic matter content is less than 1%. The mois-
ture content of the substrates is influenced by relative humidity as well as by other pa-
rameters such as porosity [30]. The pozzolan has a higher moisture content (1.8%) than
the quarry gravel (0.61%), which could result in a layer of water taking longer to percolate
[31].

Table 2. Physicochemical and geotechnical properties of filter materials.

Pozzolan Pz (3- Pozzolan PZ Gravel Gr

Parameter Unit 6 mm) (7-9 mm) (3-6 mm)
Organic matter (OM) % 0.102 0.103 0.104
Mineral matter (MM) % 99.898 99.897 99.896
Water content (WC) % 1.840 1.870 0.610
Open porosity % 8.530 14.500 4.320
Total porosity % 70.120 72.570 45.490
Specific surface area m?2-g1 13.770 3.050 1.920
Loss on ignition (LOI) % 5.889 5.889 38.850
Particle shape - Crushed Crushed Crushed

As shown in Table 2, the porosity of the PZ is higher than that of Pz, which is in turn
higher than that of Gr. More specifically, Pz has an open water-accessible porosity of
14.50%, PZ has a porosity of 8.53%, and Gr has a porosity of only 4.32%. However, the
estimated total gas-accessible porosity is 72.57% for PZ, 70.12% for Pz, and 45.49% for Gr,
Pz has a larger specific surface area than PZ and Gr, with values of 13.77, 3.05 and 1.92
m?/g respectively.
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3.2. Microstructural Characterization
3.2.1. Chemical Analysis by X-Ray Fluorescence

The chemical composition of the studied pozzolan and gravel was evaluated using
X-ray fluorescence analysis. The results are presented in Table 3 (a and b).

Gravel contains less silica (SiOz2) than pozzolan, at 10.16% and 43.81%, respectively.
Conversely, gravel contains more calcium oxide (CaO) than pozzolan, at 39.47% and
7.98%, respectively. Furthermore, pozzolan contains higher amounts of alumina (Al20Os)
and iron (III) oxide (Fe20s) than gravel: 14.94% and 14.34% versus 3.95% and 1.53%, re-
spectively. Hybrid nanomaterials based on alumina and iron (III) oxide have demon-
strated effective adsorption of nitrates and fluorides [32,33]. The presence of iron oxides
in pozzolan could facilitate phosphate precipitation.

Table 3. (a) Chemical composition (% by mass) of pozzolan (Pz-PZ) and gravel (Gr) determined by
X-ray fluorescence (XRF) analysis —Major oxides. (b) Chemical composition (% by mass) of pozzo-

lan (Pz-PZ) and gravel (Gr) determined by XRF —Trace elements.

(a)
SiO2 Fex0s ALOs Na:0 P20s CaO KO MgO SOs MnO Cl

Sample (%
m/m)
Pz 43.81 14.34 1494 130 1.14 798 131 454 0.057 0207 0.066
Gr 10.16 153 395 0.095 0.073 39.47 0476 4.58 0.272  0.053 0.035

(b)

(i’/a‘;“nl;’rlrel) NiO CuO ZnO SrO CrOs TiO: BaO ZrO» Nb:0s PbO Rb:O Y205
Pz 002 025 014 033 002 335 017 005 002 001 0.010 0.006
Gr 001 015 008 004 - 014 - - - 001 0003 -

3.2.2. Loss on Ignition (LOI)

The loss on ignition (LOI) analysis (Table 4) indicates that the mass loss for gravel is
higher at 38.85% compared to pozzolan at 5.889%, which may be due to the degradation
of calcite and the release of CO, between 650 °C and 900 °C [34]. The X-ray fluorescence
chemical analysis confirms the presence silica in pozzolan and calcite in gravel.

Table 4. Loss on ignition (LOI, % by mass) of pozzolan (Pz) and gravel (Gr).

Parameter Unit Pozzolan Pz Gravel Gr
Loss on Ignition (LOI) % (m/m) 5.89 38.85

3.2.3. Fourier Transform Infrared (FTIR) Absorption Spectroscopy

Figure 5 displays the spectra of natural pozzolan and aggregate (Gr). The presence
of peaks at 3687 cm~! and 3624 cm™! indicates stretching of the OH group [35], while the
band at 3433 cm™ corresponds to stretching of the Si-OH group [36]. The two bands at
2980 cm and 2870 cm™! correspond to the asymmetric and symmetric stretching of the
CH group of the organic matter present in the samples [35,37]. The peak at 2520 cm™ is
attributed to the calcium carbonate CaCO; [38]. The peak at 1800 cm™ reveals the presence
of the CO group [38]. The band at 1648 cm™ is attributed to the stretching vibration of the
O-H group [35]. A broad band between 1410 and 1470 cm™ corresponds to carbonate and
calcium oxalate [37,38]. The peak at 1038 cm™ is due to the stretching of the Si-O group
[37] in the amorphous silicate phase [39]. This peak is also attributed to Si-O-5i stretching
and Si-O-Al (Mg) and (Al, Mg) = O-H stretching in quartz, silica, and clay minerals [40].
The presence of carbonate is confirmed by the band at 878 cm™ [38]. The Si-O group’s
vibration contributes for the band observed about 800 cm [37,38]. The stretching of the
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Si-O-Al group and the in-plane bending vibration of carbonate are represented by the
band at 712 cm™ [41]. The elongation vibration of the Fe-O group is shown by the peak at
535 cm™ [42]. Finally, the presence of the Si-O-5i group is shown by the band at 478 cm™!
[35,38]. Comparison of the FTIR spectra of pozzolan and gravel reveals that the band at
1038 cm™, which corresponds to the asymmetric stretching vibration of Si-O bonds, is
significantly more pronounced in pozzolan. This increased intensity is generally associ-
ated with the glassy silicate structure of volcanic pozzolan.

Conversely, the bands located at 800 cm™, 712 cm™, and 1465 cm™, which are associ-
ated with carbonate compounds, exhibit greater intensity in gravel. This result validates
our observations from the chemical analysis by X-ray fluorescence and loss on ignition.

PN

Gr

Transimitance (a.u)

a
v
~

3687
3624
2980
2870
1800
1642
1465
1038

it

535

78

3433

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
1

Wavenumber ecm™
Figure 5. Fourier transform infrared (FTIR) spectroscopy analysis of the studied samples (natural
pozzolan (Pz, PZ), and gravel (Gr)). Characteristic absorption bands are indicated, revealing surface

functional groups relevant to adsorption mechanisms.

3.2.4. X-Ray Diffraction Analysis (XRD)

The results of the X-ray diffraction analysis are shown in Figure 6. X-ray diffraction
(XRD) analysis of the studied samples (see Figure 6) reveals the presence of several crys-
talline phases. The peak located at 20 = 19.80° is attributed to kaolinite [43], while those
observed at 20 = 20.8°, 26.6°, 39.3°, 45.7°, 50.1°, 59.9° correspond to quartz [40,44,45]. The
intense peak at 20 = 29.86° accompanied by a secondary reflection at 39.38° clearly reveals
the presence of either calcite (CaCOs) [40,44,46] or magnesia [44], and the peak located at
20 =~ 42.40° suggests the presence of silicate calcite [40], whereas the peaks detected around
33.14°, 34.98°, 35.64°, 40.24°, and 54.82° are related to hematite (Fe20s) [47], and the peak
at 44.46° may also be due to metallic iron a-Fe [48]. Additionally, signals appear at 20 =
27.99° and 35.64°, which are characteristic of anorthite [49]. Finally, the peak detected at
around 27.88° is due to albite [40]. The crystallite size was estimated using the Scherrer
equation (9) [50], applied to the main diffraction peaks. The peaks at 20 =20.80° and 26.60°,
which are attributed to quartz, were identified in the Gr sample and have full widths at
half maximum (FWHM) of 0.18° and 0.13°, respectively. In contrast, the peak observed at
20 = 29.86°, which corresponds to calcite, was identified in the Pz sample and has an
FWHM of 0.19°.

K *A
DP = BcosO ©)

where DP is the crystallite size in nm, k is a constant (0.94), {8 is the full width at half
maximum in radians, O is the diffraction angle, and A is the wavelength of the X-rays
(0.15418 nm).
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The estimated crystalline sizes for Gr, as determined from the quartz peaks, are 44.54
nm (20 =20.80°) and 63.53 nm (20 = 26.60°). For Pz, the calcite crystallite size is 44.46 nm
(20 = 29.86°). These results are consistent with the sharp quartz peaks identified in Gr,
which reflect relatively large crystallites and a well-ordered crystalline structure. This reg-
ular arrangement gives the gravel a moderate specific surface area and limited reactivity
toward micropollutants. In contrast, the calcite peak observed in Pz corresponds to a well-
defined crystalline phase, confirming the presence of Calcium carbonate (CaCO3) within
the material.

This microstructure, typical of volcanic materials (pozzolan), is characterized by the
coexistence of crystalline phases (such as calcite) and an amorphous aluminosilicate
glassy matrix (silica). The latter is mainly responsible for the higher porosity and enhanced
surface reactivity of pozzolan. It promotes the development of active sites capable of re-
taining or interacting with organic and inorganic micropollutants.

... 19.80
20,80
20,00
26.60
3788
29.86
33.14

- 34.98
35.64
36.48
©42.40
- -44.46
4574
-68.10

50.10
© 54,70
© 59,88

Intensity (a.u)

10 20 30 50 60 70

40
20 (Degree)
Figure 6. X-ray diffraction (XRD) spectra of natural pozzolan (Pz, PZ) and gravel (Gr).

3.2.5. Scanning Electron Microscopy

Scanning electron microscopy (SEM) analysis of the pozzolan and gravel samples is
presented in Figure 7. The micrographs were processed using Image]J software (Image]J
1.54g, National Institutes of Health, Bethesda, MD, USA), following established protocols
in the literature [51], allowing for a precise comparison of their morphological character-
istics.
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© o @ h)

Figure 7. Scanning electron microscopy (SEM) image analysis. Top row (left to right): (a) SEM image
of a PN sample, (b) original image after thresholding, (c) after dilation, and (d) final image after
erosion (PN). Below row (left to right): (e) SEM image of gravel (Gr), (f) original image after thresh-
olding, (g) after dilation, and (h) final image after erosion (Gr). Pores are shown in black, while the

material (PN or Gr) is shown in white.

The scanning electron microscope analysis of the two samples studied is shown in
Figure 7a,e. Scanning electron microscopy analysis revealed that the pozzolan had a very
rough surface with numerous asperities, as well as a highly porous, irregular, and heavily
fractured structure, with well-defined micrometric cavities of size (>110 pm). This texture
suggests a high specific surface area, which is favorable for the adsorption of pollutants,
particularly phosphates and heavy metals, as well as the retention of fine particles (see
Figure 8). Its highly irregular, rough surface morphology and micrometric pore network
provide physical characteristics, extensive contact area and mechanical retention capacity,
that are consistent with the structural requirements for effective filter media in MSL per-
meable layers, as described by Sbahi et al. [12] and Latrach et al. [52]. Furthermore, obser-
vation reveals a sheet-like or lamellar structure around the large central cavities and in
areas where overlapping fine, flat edges are piled irregularly. This structure is typical of
amorphous or partially crystalline silicates-rich materials, and suggests the possible pres-
ence of feldspars (Albite or anorthite), which can be found in certain volcanic pozzolans
[53]. This sheet-like structure increases the specific surface area, promotes ionic interac-
tions [54] (adsorption of phosphates, heavy metals, and ammonium ions), and facilitates
the water diffusion into the material’s inner layers.

Conversely, gravel has a massive, minimally fractured structure, a relatively smooth
surface and few visible pores. This results in limited reactive or bonding zones and thus a
reduced adsorption capacity.

https://doi.org/10.3390/w18131595


https://doi.org/10.3390/w18131595

Water 2026, 18, 1595

15 of 44

Micropore
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Active sites

external surface
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Figure 8. Schematic representation of the internal transfer of micropollutants within the pore structure
of filter materials, illustrating the role of macropores, mesopores, and micropores in adsorption at ac-

tive sites.

To complement the qualitative observations from the SEM images (Figure 7), a quanti-
tative analysis of pore characteristics was performed using Image] software, The results con-
firm morphological differences between pozzolan (PN) and gravel (GR), with PN exhibiting
a higher number of small, irregular pores, while GR displays fewer but larger, more circular
pores. Pore size distribution indicates that most PN pores fall within the 1-3 um range (Fig-
ure 9), whereas GR pores are spread across broader size classes. Shape descriptors, such as
circularity. Feret diameters and aspect ratios further highlight these structural distinctions.
These quantitative parameters allow for a more precise correlation between surface mor-
phology and functional properties: PN, with its fine, irregular porosity, is particularly fa-
vorable for adsorption and particle retention, and presents structural characteristics high
contact area, rugosity, pore size in the 1-3 um range [12,55], whereas GR, with its larger,
more regular pores, is better suited for drainage and fluid flow. This approach aligns with
previous studies on photocatalyst design and nanoparticle synthesis, where quantitative
morphological characterization helped clarify structure-property relationships and opti-
mize material performance.

Ultimately, multi-technique analysis revealed notable differences in the physico-
chemical structure of pozzolan and gravel. These results clearly illustrate the crystalline,
organized structure of gravel and the glassy, amorphous nature of pozzolan. In fact, due
to its disordered structure, large specific surface area and high density of silanol groups,
pozzolan provides reactive sites and exhibits superior reactivity to gravel [56].
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Figure 9. Pore distribution in PN and Gr. Pore frequency for different pore size ranges over a unit
area of 138 um x 104 um. Parentheses () indicate inclusive values, while brackets [] indicate exclusive

values.

3.3. Soil Type

The soil under study is very fine, with 64% of particles measuring less than 0.08 mm,
a minimal gravel fraction (>2 mm = 1%), a liquid limit of 41%, and a plasticity index of
15%. This indicates that it is a low-plasticity silty soil with a clayey tendency [57,58]. A
methylene blue value of 2 mL- g™ confirms the silty nature of the soil [58], and shows a
low risk of swelling (PI < 18) [59]. The specific surface area, as determined by the BET
method, is 60.09 m>g~*. These characteristics endow the soil with several properties rele-
vant to wastewater treatment: the high specific surface area ensures the adsorption of col-
loidal matter, nutrients, and certain metal ions, while the moderate plasticity enables the
production of bricks that do not disintegrate rapidly. The soil’s low natural permeability
has been enhanced by the incorporation of lignocellulosic fibers (Phoenix dactylifera fiber),
which increases porosity and facilitates drainage while maintaining adsorption capacity.
These combined characteristics make this material a suitable for use in filtration and sta-
bilization applications in wastewater treatment systems.

3.4. Mechanical, Physicochemical, and Biological Treatment Mechanisms

The multi-soil layering system utilizes a combination of physicochemical and biolog-
ical processes. The amorphous and irregular surface structure of the pozzolan provides
for a high surface area to mass ratio which causes pollutants (both organics and inorgan-
ics) to be adsorbed easily, while its silico-aluminous body allows for electrostatic interac-
tions with nutrients like phosphorus, as well as facilitating of chemical complexation
[55,60]. On the other hand, the porous architecture of the material, characterized by inter-
connected micrometric cavities and a high specific surface area, provides the physical sub-
strate required for biofilm development, as documented in MSL systems [11,12]. The
physicochemical properties of the material (porosity, surface area, rugosity) are therefore
expected to influence treatment efficiency through both direct adsorption mechanisms
and by conditioning the structural environment of the permeable layer, as documented
across MSL applications [52,61] (see Figure 10).
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Figure 10. Schematic representation of the mechanical, physicochemical, and biological treatment

mechanisms operating within the multilayer filter (MSL) system.

3.5. Adsorption of MB and MO
3.5.1. Effect of the Initial Concentration and Time

The change in the amount of MB and MO dyes adsorbed on the three samples over
time, as well as the impact of the initial concentrations, is presented in Figure 11.

Analysis of Figure 11 shows that the adsorption of the two dyes over time is charac-
terized by two stages. For MB, there is a rapid phase during the first ten minutes, and for
MO, during the first five minutes. This corresponds to diffusion of the dye on the external
surface of the material. This is followed by a slower phase related to intraparticle diffusion
[62]. This behavior is typical of a two-phase adsorption mechanism. Methylene blue (MB)
reaches equilibrium after 60 min at all three concentrations. In contrast, equilibrium is
reached quickly after only five minutes for MO.

Thus, the optimal adsorption conditions for both dyes were an initial concentration
of 16.5 mg-L™! for MB and 10 mg-L™! for MO, with an optimal contact time of 60 min for
MB and 5 min for MO. These conditions ensure maximum adsorption while taking into
account the gradual saturation of the active sites.
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Figure 11. Adsorption of methylene blue (MB) and methyl orange (MO) on the three adsorbent ma-

terials as a function of contact time and initial dye concentration. (a1) MB adsorption on Pz; (az) MB

adsorption on PZ; (as) MB adsorption on Gr. (b1) MO adsorption on Pz; (bz) MO adsorption on PZ;

(bs) MO adsorption on Gr.
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3.5.2. Effect of pH

The study of the influence of pH on the adsorption of MB and MO on the three ma-
terials is shown in Figure 12.

The experiments were carried out by adjusting the pH of the medium using hydro-
chloric acid or sodium hydroxide solution. This made it possible to demonstrate the sig-
nificant impact of pH on dye adsorption.

Methylene blue (MB), a cationic dye, shows a slight decrease in the amount adsorbed
on Pz and PZ materials as the pH increases up to approximately 7 (see Figure 12a), at
which point minimum adsorption is observed. This behavior can be explained by the
gradual modification of the pozzolan surface: in acidic conditions (pH < 7), the surface is
protonated and carries weak positive charges (=5i— OHz*) [63], which promote electrostatic
interactions with the negative sites of the dye or the slightly positive or neutral surface
sites. Beyond this pH, MB adsorption increases slightly due to the rise in the number of
available negative sites, which enhances the electrostatic attraction between the deproto-
nated surface of Pz or PZ and the cationic dye.

On the local gravel (Figure 12b), which is silico-carbonate in nature and slightly po-
rous, the adsorption of MB gradually increases with pH. This behavior reflects a mecha-
nism dominated by electrostatic interactions and low competition from H* ions in an
acidic medium, with limited physical interactions on the mineral surfaces.

1.6+ 0.35-
—s—Pz ——PZ ——Gr (a) —=—Pz —+—PZ ——Gr (b)
1.4
124 .
0.30- N
=10 =
o e N o b e
DDB [~ L ¢
he E
306 a
’ e . v 0.25-
0.4
0.2
0.0 +——r—r—r 0.20 +————
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
pH (Scale) pH (Scale)

Experimental conditions

Temperature=298 K Time= 120 min Volume =20 mL

MB concentration= 8.25 mg-L™* MO concentration =5 mg-L™*

Figure 12. Influence of initial pH on the adsorption efficiency of (a) methylene blue (MB) and (b)
methyl orange (MO) on the three filter materials (Pz, PZ, and Gr).

Methyl orange (MO), an anionic dye, exhibits an opposite trend. Adsorption is max-
imal in acidic conditions (pH = 2,6), decreases up to pH = 5, and then increases slightly
thereafter up to pH = 11. In an acidic medium, the highly protonated surface of the poz-
zolan (=5i-OHz*) promotes attractive electrostatic interactions with the dye’s anions. As
the pH rises, deprotonation of the surface sites [63] (=Si-OH — =5i-O-) causes electrostatic
repulsion with the negative charges of the dye,

thereby reducing adsorption. In basic conditions, a slight increase is observed, at-
tributed to hydrogen bonding between the azo groups (-N=N-) and the hydroxyls, as well
as 1—7t interactions (Figure 13) between the aromatic rings of the dye and the silicate sur-
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faces [63]. The local gravel exhibits similar behavior but with a smaller amplitude, due to
its low surface reactivity and low porosity.
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Figure 13. Schematic representation of possible physicochemical mechanisms governing micropol-
lutant adsorption onto filter materials, including electrostatic interactions, m—m stacking and hydro-

gen bonding.

3.5.3. Adsorption Isotherm

Adsorption equilibrium modeling was performed using the Langmuir, Freundlich,
Temkin and Jovanovic isotherms [64,65] to determine the amount of dye in the liquid
phase (Ce) and that adsorbed on the material (Qe) (see Figure 14). The Langmuir isotherm
model assumes that the active adsorbent sites are identical and can form a complex with
a single solute molecule (monolayer adsorption), and that there are no interactions be-
tween the adsorbed molecules [66]. The Freundlich adsorption isotherm applies to multi-
layer adsorption, which involves interactions between the adsorbed molecules [66]. The
Temkin model is based on the assumption that the adsorbent surface is energetically ho-
mogeneous. The Jovanovic model is based on the same assumptions as the Langmuir
model (monolayer adsorption on active sites), but incorporates lateral interactions be-
tween the adsorbed molecules [64,65]. The linear equations used in this study were
adopted as proposed in the literature, notably by Rahman and al., to enable direct fitting
of the experimental data [67]. Fitting experimental data to the Langmuir, Freundlich, Tem-
kin, and Jovanovic isotherm models enabled identification of the model that best repre-
sented the adsorption process for each dye studied. The results presented in Table 5a show
that, for methylene blue (MB), the highest correlation coefficients (R?), ranging from 0.976
to0 0.979, along with low error values (SSE, SAE), were obtained with the Langmuir model
for the Pz and PZ materials.

This indicates that the adsorption of MB on these materials follows a Langmuir-type
isotherm, suggesting the formation of a monolayer of adsorbate on a homogeneous sur-
face with a limited number of energetically equivalent active sites. This behavior reflects
a chemisorption-type interaction between the cationic dye and the surface groups of the
pozzolan.

Conversely, sedimentary gravel (Gr) exhibits a better fit with the Freundlich model,
with higher correlation coefficients (R? and rs) than those obtained with the Langmuir
model (see Table 5a). This result indicates heterogeneous adsorption, where the active
sites have different adsorption energies. According to the Freundlich model, the predom-
inant adsorption process is physisorption, which is dominated by electrostatic interactions
and van der Waals forces between the dye molecules and the mineral surface.
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Regarding methyl orange (MO), the Freundlich model also provides the best fit, with
correlation coefficients exceeding 0.98 for all adsorbents. This result indicates heterogene-
ous, multilayer adsorption, governed by electrostatic interactions between the dye anions
and the positively charged surfaces in acidic conditions.
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Experimental conditions

pHyp=6.3, pHyo =4.1, Time =120 min, Temperature =298 K, Volume =20 mL

MB concentration range = 3.3-33 mg-L™" , MO concentration range = 4.5-7.5 mg-L™*

Figure 14. Linear isotherm models fitted to adsorption data: (a1,az) Langmuir model for MB and MO;
(b1,b2) Freundlich model; (c1,c2) Temkin model; (d1,dz2) Jovanovic model. Results are shown for Pz,
PZ, and Gr, respectively.

The experimental data were fitted to the Langmuir, Freundlich, Temkin, and Jo-
vanovic isotherm models to evaluate their applicability for the adsorption of methylene
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blue and methyl orange on the materials Pz, PZ, and Gr. The correlation coefficients (R?)
for all models were very close to 1, indicating good overall agreement between the exper-
imental data and the theoretical models. However, R? values alone are insufficient to fully
assess the quality of the fit. Therefore, as suggested in the literature, additional statistical
parameters and error functions were considered [68], and the SSE and x? error functions
were used for a more thorough evaluation.

The SSE (sum of squared errors) shows the total absolute difference between experi-
mental and calculated values. The chi-square (x?) statistic quantifies the normalized dif-
ference between experimental and calculated values, facilitating model comparison. In
this study, although the Temkin and Jovanovic models occasionally exhibited slightly
lower error values, some of their associated parameters remained physically unrealistic.
In contrast, the Freundlich model displayed low SSE and x? values, with parameters con-
sistent with physical reality, making it the most accurate model. These results indicate
that the adsorption of methylene blue and methyl orange onto the Pz, PZ, and Gr materi-
als exhibits slight heterogeneity and a multilayered structure [68,69], consistent with a
non-uniform distribution of active sites and chemisorption-type interactions [69].

Finally, the analysis of the RL separation parameters from the Langmuir model
shows that RL < 1, confirming that the adsorption is favorable. This trend is supported by
the values of the 1/n values from the Freundlich model, which are between 0 and 1. These
values also indicate favorable and effective adsorption, particularly at low dye concentra-
tions.

Thus, the comparative analysis confirms that the Langmuir model best describes the
adsorption of methylene blue on pozzolan, while the Freundlich model is most suitable
for local gravel and methyl orange, consistent with the respective cationic and anionic
nature of the dyes and the heterogeneous morphology of the studied materials.

Table 5. (a) Isotherm parameters and error functions for methylene blue (MB) and methyl orange
(MO) adsorption on pozzolan (Pz, 3-6 mm; PZ, 7-9 mm) and gravel (Gr, 3-6 mm). Langmuir: gm,
maximum adsorption capacity (mg-g™'); K, Langmuir constant (L-mg™); Ri, dimensionless separa-
tion factor; Freundlich: Kp, Freundlich constant; n, heterogeneity factor; Temkin: B, Temkin con-
stant related to heat of adsorption; A, Temkin equilibrium constant; Jovanovic: gm, maximum ca-
pacity; K;, Jovanovic constant, Error functions: R? coefficient of determination; x? chi-square; SSE,
sum of squared errors; s, Spearman correlation coefficient, Ads, adsorbent; -, not applicable. Exper-
imental conditions: adsorbent dose =0.25 g/20 mL; pH = 6.4 for MB and 4.1 for MO; T =298 K; contact
time = 120 min. (b) Kinetic parameters and error functions for methylene blue (MB) and methyl
orange (MO) adsorption on pozzolan (Pz, 3-6 mm; PZ, 7-9 mm) and gravel (Gr, 3-6 mm); PFO,
pseudo-first-order model (kq, rate constant, min™; qe, equilibrium capacity, mg-g™'); PSO, pseudo-
second-order model (k,, rate constant, g-mg'-min™); Elovich model (a, initial adsorption rate,
mg-g -min’}; 3, desorption constant, g'-mg™); intraparticle diffusion model (k;, intraparticle diffu-
sion rate constant, mg-g~-min=-5; C, intercept related to boundary layer thickness); error functions:
R?, coefficient of determination; x?, chi-square; SSE, sum of squared errors; rs, Spearman correlation
coefficient; Ads, adsorbent. The experimental qeexp Of methylene blue (MB) and methyl orange
(MO) adsorbed onto Pz, PZ, and Gr at 298 K are respectively 0.916, 0.553 and 0.499 and 0.554, 0.611
and 0.470, respectively, Experimental conditions: adsorbent dose = 0.25 g/20 mL; pH = 6.4 for MB
and 4.1 for MO; T =298 K; contact time = 120 min.

(a)
1
Line:;[ (l;f]lflation Dye Ads Parameters Error Function
<m§f“gﬂ> Qe (mgg™) Koo R RE o SSE r

Langmuir

MB Pz  9.976 0.914 0.056 0.577 0979 0.013 0.989 0.003
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Qi - =% 3 PZ 2939  0.568 0.040 0.659 0976 0.034 0988  0.007
¢ erbimax mex Gr 0.829  0.469 0.190 0294 0951 0.045 0975  0.009
Pz 1534  0.342 0.168 0.100 0.995 0.007 0.997  0.002
MO PZ 1706  0.341 0.146  0.091 0.990 0.015 0995  0.003
Gr 0750  0.341  0.0003 0.185 0.899 0.135 0948  0.027
Kr N
Pz - 0.912 0547 1124 0975 0.011 0987  0.002
MB Pz - 0.569 0129 1215 0960 0.016 0980  0.003
Freundlich Gr - 0.471 0.185 2.103 0.972 0.005 0.98  0.001
Ln Q. =Ln Ky + %ane Pz - 0.342 0224 1.275 0.995 8.60 x 104 0.997 1.72 x 10+
MO Pz - 0.341 0220 1236 0990 0.001 0.995 3.46x 10+
Gr - 0.342 0249 1.683 0911 0.013 0954  0.003
Br At
Pz - 0913 31946 1.893 0979 0.007 0.989  0.001
MB Pz - 0570 55323 0.611 0931 0.008 0.965  0.002
Temkin Gr - 0471 11,3312 1.249 0953 0.001 0976 3.88x 10+
Qe =BrLn (A1-Ce) Pz - 0342  9417.6 2582 0.989 2.05x 105 0.994 4.11 x 105
MO Pz - 0.341 91487 2.084 0.981 3.67 x 10+ 0.990 7.35x 105
Gr - 0.342 12,3488 3.301 0.880 0.002 0938 4.24x 10+
Ky
MB Pz 0360 0912  -0.503 - 0944 0026 0971  0.005
PZ 0234 0569  -0.141 - 0942 0023 0970  0.005
Jovanovic Gr 0276 0471  -0.070 - 0983 0.003 0.991 6.60x10*
Qe =Qm (1 - e KCe) MO Pz 0151 0367  -0.465 - 0988 0.002 0.994 4.09-x10°5
PZ 0147 0368  -0.480 - 0987 0.002 0.993 4.61x10*
Gr 0177 0367 -0377 - 0942 0.008 0970  0.002
(b)
I.(metlc Mod.el Dye Ads Parameters Error Function
Linear Equation
K
ge (mg-g™) (min-! R? x> SSE Is
)
Pz 0284  0.069 0.957 0.050 0.978 0.017
MB PZ 0264 0.076 0.981 0.025 0.990 0.009
In (55?@): Gr 0210  0.088 0.978 0.040 0.988 0.013
Pz 0.060  0.195 0.930 0.944 0.950 0.315
-Ki,t + Ln Qe
MO PZ 0.009  0.148 0.860 0.829 0.927 0.276
Gr 0.013  0.073 0.944 0.072 0.971 0.024
Pz 0929  0.609 0.999 7.449 0.999 0.931
MB PZ 0572  0.643 0.999 35.185 0.999 4.398
X 1:50 ) Gr 0508  0.174 0.999 6.846 0.999 0.856
T e Pz 0.555 31.221 0.999 1.350 0.999 0.169
MO PZ 0.611 72.596 0.999 0.969 0.999 0.121
Gr 0471 38.198 0.999 2.815 0.999 0.352
a p
2.64
Pz 506.348 14.448 0.975 0.001 0.987
Elovich x-104
Q= éln (aB) + MB PZ 4175 15.128 0.943 0.002 0.971 f"'l%i
él“ © 1.92
Gr 6.055 16.637 0.997 770x10° 0998
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Pz 4091 38798 0.902 377x104  0.949 )}.1205_4
MO PZ 3.446 20‘2’)'68 0.853 217x105 0923 7%?:
Gr 2476 0418 0.896 653x10% 0946 217*
2 106
Kig Ciq

2.25-%
Pz—Part I 0086 0.529 0.996 225%10% 0998
7.65-%
Pz—Part II 0029  0.683 0.842 0.001 0018 "
520x
PZ—Part I 0059  0.234 0.839 5.22x104 0916 ;"

MB
PZ—P 2.70-
art 0039 0291 0.963 541x104 0981 270
II 104
7.91x
Gr—Part I 0.078  0.201 0.999 791107 0999 "7
Intraparticle diffu- Gr—Partll 0028 0321 0.960 319104 0980
sion 104
= . 0.5 .
Q Kéd’ v Pz—Part I 0.047  0.432 0.971 521x105 0985 5‘120?

id

115
Pz—Part II 0.002  0.539 0.781 231x10°  0.884
8.40-x
PZ—Part I 0010  0.585 0.903 840106 0950 .

MO
PZ—Part ¢ 1> 10 0.605 0.790 161x10% 0889 0%
II 10~
222%
Gr—Part I 0.002  0.459 0.939 222x107 0969 7
1.91-x
Gr—Part Il 0002 0461 0.921 3.82x10¢ 0960

3.5.4. Adsorption Kinetics

Thermodynamic equilibrium between the amount of dye in the liquid phase and the
amount fixed on the solid surface comprises three stages: diffusion through the surround-
ing film diffusion within its pores, and adsorption and desorption reaction. This equilib-
rium has been studied using four models: the pseudo-first-order kinetic model, the
pseudo-second-order kinetic model, the Elovich model, and the intraparticle diffusion
model [64] (see Figure 15).

The kinetic model equations used in this study were adopted as proposed in the lit-
erature, notably by Rahman et al., to enable direct fitting to the experimental data [67].

Analysis of the kinetic parameters presented in Table 5b shows that the adsorption
of methylene blue (MB) and methyl orange (MO) onto the Pz, PZ, and Gr materials pri-
marily follows the pseudo-second-order (PSO) model, as indicated by the high correlation
coefficients (R? > 0.99) and the low values of the squared error values (SSE). The qge values
calculated using the PSO model are close to the experimental values, confirming that the
process rate is primarily governed by chemical adsorption involving two types of com-
plementary binding sites, This is consistent with the reference study [70]: site S1 (horizon-
tal binding), associated with weak physical interactions, and site Sz (vertical binding),
which is characterized by stronger chemical interactions (see Figure 16). Conversely, the
pseudo-first-order (PFO) model exhibits lower correlation coefficients and notable dis-
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crepancies between the experimental and theoretical values, indicating that this model is
inadequate for describing the observed phenomenon. Furthermore, the Elovich model fits
certain experimental conditions well, indicating the presence of surface heterogeneity,
particularly for natural materials such as pozzolan. These results confirm that the adsorp-
tion kinetics is dominated by chemisorption, which is consistent with previous studies on
the removal of cationic and anionic dyes by heterogeneous mineral adsorbents.
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Figure 15. Kinetic model fitting for adsorption of MB and MO on Pz, PZ, and Gr: (a1,az) pseudo-first-

order; (b1,b2) pseudo-second-order; (c1,¢2) Elovich model; (d1,d2) Weber—Morris intraparticle diffu-

sion model.
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Figure 16. Multiparameter comparison of water quality treated by the three filter systems (F1, F2,
F3); (a) Turbidity removal; (b) COD removal; (c) BODs removal; (d) N-NHf removal; (e) TN removal;
(f) N-NO3 mass concentration (mg-g—!); (g) P-PO3 removal; and (h) TP removal.

Studying intraparticle diffusion using the Weber—Morris model provides a better un-
derstanding of the mass transfer mechanisms involved in the adsorption of methylene
blue (MB) and methyl orange (MO) onto the adsorbents Pz, PZ, and Gr adsorbents. The
q: versus t®*curves show that the relationship is not strictly linear and does not pass
through the origin. This indicates that intraparticle diffusion is not the only rate-limiting
step in the process [71]. The diffusion values differ depending on the materials and dyes
used, reflecting variable penetration rates within the micropores. Furthermore, the pres-
ence of a positive intercept term (Cyiq) suggests the existence of an initial rapid step corre-
sponding to surface adsorption, followed by a gradual diffusion of the dye molecules into
the pores of the solid. This multi-step behavior is typical of heterogeneous systems, in
which the porous texture and the distribution of active sites play a determining role in the
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overall kinetics of the process. Therefore, adsorption onto these materials is the result of
both rapid surface diffusion and intraparticle diffusion, which controls the slow phase of
the process.

Adsorption studies using methylene blue and methyl orange demonstrate that poz-
zolan surpasses gravel in efficacy for both cationic and anionic dyes, primarily attributable
to its elevated porosity and reactive surface. This finding is consistent with results re-
ported for other functionalized natural adsorbents. For instance, modified biochars exhibit
a strong relationship between specific surface area, porosity, and adsorption efficiency,
with methylene blue removal reaching up to 95% [72]. In the same way, g-CsNs/LDH com-
posites are very effective at breaking down methylene blue (about 99%), which is due to
the way the different parts of the composite work together and the way they make reactive
species when exposed to visible light [73]. These comparisons show that porosity and the
number of active sites are important factors in how dyes are adsorbed and broken down.
This gives us a good way to compare the performance of pozzolan to that of other func-
tional porous materials.

3.6. Physicochemical Performances
3.6.1. Physicochemical Parameter of Raw Wastewater

The physicochemical characteristics of raw wastewater are presented in Table 6.

Table 6. Physicochemical parameters of raw wastewater (RWW) collected at the outlet of the pri-
mary settling tank, Saada Municipality Wastewater Treatment Plant, Marrakech, Morocco, Bi-

weekly sampling over 6 months (1 =12).

Parameter Unit Min Max Mean SD n
Temperature °C 12.50 29.40 21.17 6.38 12
pH - 7.09 7.55 7.36 0.17 12
DO mg- L1 0.02 0.03 0.026 0.005 12
EC us- cm™t  1722.00 2530 2214.08 234.41 12
Turbidity NTU 77 503 305 132 12
COD mg- L1 372 804 590.25 142 12
BODg mg- L1 28 220 109.91 57.74 12
N — NHf mg - L1 44.15 105.75 52.66 29.26 12
N — NO3 mg - L1 0.32 0.45 0.386 0.042 12
TN mg- L1 100 146 128.16 12.91 12
P — P03~ mg- L1 10.44 14.15 12.44 1.17 12
TP mg- L1 5.69 24.3 11.74 4.75 12

The data presented in Table 6 indicate that the raw domestic wastewater is highly
polluted. The high content of organic matter, as evidenced by a chemical oxygen demand
(COD) of 590.25 mg-L™" and a biological oxygen demand (BODs) of 109.91 mg-L™*, com-
bined with an ammoniacal nitrogen (N-NHzs*) concentration of 52.66 mg-L™?, indicates a
substantial organic and inorganic load. Furthermore, electrical conductivity of 2214.08
1

uS-cm™" indicates substantial mineralization and ionic load, while the high turbidity of

305 NTU reveals significant number of suspended solids and colloidal particles.

3.6.2. In Situ Results

The results of the physicochemical parameters of raw and treated wastewater are
presented in Table 7.
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Table 7. Mean + SD of physicochemical parameters of raw wastewater (RWW) and effluents from
the three MSL filters (F1: pozzolan Pz 3-6 mm; F2: pozzolan PZ 6-15 mm; F3: gravel Gr 3-6 mm),
hydraulic loading rate: 400 L-m2-d™!; biweekly sampling over 6 months (n =12).

Moroccan Irri-

Parameter Unit Fl F2 F3 gation Stand-
(Pz3-6 mm) (PZ6-15mm) (Gr3-6 mm) ards

Temperature  °C 19.75+7.11 19.97 + 6.53 20.00 £ 6.88 <35

pH - 7.61+0.09 7.58 +0.21 7.45+0.12 6.5-8.5

DO mg-L'  4.71+0.67 5.35+1.52 5.07+1.35 -

EC ps-cm™t 1605 + 262 1788 + 260 1817 + 295 12

The temperatures of the water treated by the three filters generally remained similar
for the two types of pozzolan, while the temperature observed with the gravel was slightly
lower. These variations are primarily due to the climatic and experimental conditions. The
slight decrease in temperature measured at the filter outlets can be attributed to the rela-
tively low thermal conductivity of the filtering material, which limits heat exchange be-
tween the flowing water and the external environment. Moreover, all values obtained re-
main in compliance with Moroccan standards for irrigation [74].

The pH values of water treated by the three filters are also comparable, showing a
slight increase compared to the pH of the raw water. This increase is due to the nature of
the filtering materials and the binding of calcium and magnesium to their surfaces, which
lead to the alkalinization of the treated water [75]. Furthermore, the measured pH remains
in compliance with Moroccan standards for irrigation [74].

Analysis of dissolved oxygen indicates that the raw wastewater is heavily polluted
organically and reflects high anaerobic bacterial activity upstream of the filtration system.
Clear improvements were observed in all three filters, with DO values of 4.71 mg-L™* and
5.07 mg-L™* for the Pz and Gr filters of the same diameter, respectively.

The increase in dissolved oxygen in the pozzolan filter is probably due to its porous
structure, which promotes aeration and oxygen diffusion [76]. This reflects a reduction in
organicload and improved oxygenation in the filter media. The Pz filter shows the highest
DO value, 5.35 mg-L™", probably due to its particle size and higher porosity, promoting a
more efficient oxygen transfer. At this stage, however, we can already question the impact
of this oxygenation on the alternation of aerobic and anaerobic conditions in the filter, and
consequently on denitrification.

The electrical conductivity of water filtered through pozzolan (Pz) is lower than that
of water treated with gravel (Gr). This difference can be explained by the higher specific
surface area of the Pz and its richness in characteristic groups, which give it an increased
capacity to retain cations [52]. Furthermore, the electrical conductivity values obtained
remain below the limits set out in the Moroccan standard for water intended for irrigation
[74].

3.6.3. Reduction of Organic Matter and Nutrients

The summary of the results is presented in the form of comparative histograms illus-
trated by Figure 16.

In general, multi-soil layering is highly effective at reducing turbidity. In our case
(see Figure 16a), we can observe that the Pz and Gr have efficiencies of 97.53% and 96.69%,
respectively. The slight increase in efficiency for the Pz is certainly due to its porous struc-
ture containing cavities and micropores of various sizes, as well as interstices which we
have already observed under scanning electron microscopy [77]. This structure is favora-
ble for the retention of suspended particles through mechanical trapping. In addition, the
interconnected porous network may enhance sedimentation and filtration of fine sus-
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pended solids within the permeable layer, thereby improving turbidity reduction. Alt-
hough the PZ has a similar composition to Pz, its particle size distribution negatively af-
fects the efficiency, which is significantly lower at 92.24%. The larger void spaces associ-
ated with coarse particles may facilitate the passage of suspended matter through the filter
media, reducing particle retention efficiency. These results demonstrate that a complex
porous microstructure and surface irregularities are key factors in improving turbidity
removal efficiency, particularly when combined with a fine particle size distribution.

The COD removal efficiencies of the three filters indicate good filtration and biodeg-
radation performance, with average values of 86.14%, 75.63%, and 78.24% for Pz, PZ, and
Gr, respectively. The fine-grained (3—6 mm) pozzolan filter outperforms gravel of the same
size in terms of COD removal. This performance is due to the difference in specific surface
area, which is 13.77 m2g™! for Pz and 3.05 m>g~* for Gr. COD reduction mainly relies
on microbial action and the adsorption of dissolved organic substances in the mixed soil
layers, and the specific surface area of the permeable layers, as well as the surface proper-
ties of the permeable media. The enhanced performance of pozzolan can also be attributed
to improved oxygen diffusion within its highly porous structure, which promotes aerobic
degradation of organic matter by heterotrophic bacteria. We believe that the internal struc-
ture of the Middle Atlas pozzolan, as revealed by SEM and characterized by high porosity,
is more significant than its external size. This is consistent with the hypothesis that the
high internal porosity and rough surface of Middle Atlas pozzolan provide a structurally
favorable environment for biological activity, as has been reported for analogous porous
volcanic media in MSL systems [12,52,61]. This dual role of pozzolan, combining adsorp-
tion and enhanced biodegradation, explains the higher COD removal compared with
gravel. In contrast, the compact structure and smooth surface texture of gravel are known
to offer reduced attachment surfaces, which may limit the establishment of active micro-
bial communities, as described by Sbahi et al. [12].

However, the pozzolan filter (6-15 mm), shows performance close to that of gravel
under the same operating conditions despite having a lower specific surface area (1,92
m2-g-1). This suggests that, at larger particle size, increased void space enhances hydraulic
conductivity and oxygen transfer, partially compensating for the lower surface area and
maintaining sufficient biodegradation activity. Therefore, in addition to particle size, the
nature of the material is a determining factor in COD reduction.

It should be noted that in this study, the observed removal rate reached 86.14% de-
spite the application of a hydraulic load of 400 L-m~? - day~* and an initial COD of 590
mg-L™! in the raw water. Latrach et al. [52] reported a comparable performance at 86%,
but with a lower hydraulic load of 250 L-m~? - day ™! and an influent COD of 504 mg-L™".
Lamzouri et al. [78] obtained a slightly lower efficiency of 84%, also which hydraulic load
of 250 L-m~2 - day ~*. Thus, despite an increase in organic load and flow rate, the multi-soil
layering maintained similar efficiency, confirming the performance of the installed filter.
This result emphasizes that the quality of the filter media is a key factor in COD reduction.

The higher BODs removal observed for PZ (87.45%) compared to Pz (82.01%) and Gr
(75.56%) can be attributed to the influence of particle size on oxygen transfer efficiency.
Coarser particles favor better aeration of the permeable layer and more regular hydraulic
flow, both of which are physicochemical conditions known to support aerobic biodegra-
dation in fixed-bed systems [11,12]. These conditions are favorable for the degradation of
biodegradable organic matter, which directly contributes to BODs reduction in the MSL
systems. The rough surface texture and porous internal architecture of pozzolan also favor
mechanical retention of fine biodegradable particles and provide extended contact sur-
faces, which are expected to enhance the overall treatment capacity of the medium, con-
sistent with results reported for pozzolan-based MSL filters [52]. In addition, the porous
structure may improve water retention and contact time within the medium, thereby fa-
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cilitating oxidation and treatment processes. In contrast, the lower performance observed
for gravel highlights its limited retention capacity and reduced surface reactivity com-
pared to pozzolan.

Multi-soil layering pozzolan perform significantly better than gravel filters in the re-
moval of ammoniacal nitrogen, with values of 89.48%, 83.16% and 61.55% for Pz, PZ, and
Gr, respectively. Ammonium ions are eliminated in multi-soil layering via two mecha-
nisms: nitrification, and adsorption onto the filter media [79]. Both processes occur within
the permeable layer. The siliceous nature of the pozzolan from the Middle Atlas, with
43.81% SiO2 combined with 14.94% alumina and 14.34% iron oxide, as revealed by X-ray
fluorescence, ensures a high cation exchange capacity. This is advantageous for the ad-
sorption of ammonium ions, in contrast to gravel, which is rich in CaO (39.47%). The
higher ammoniacal nitrogen removal observed in pozzolan-based filters may therefore
result from the combined effect of ammonium adsorption and favorable conditions for
nitrification processes within the permeable layer. The porous internal structure, surface
roughness, and oxygenation conditions of the pozzolan permeable layer collectively con-
stitute physicochemical conditions recognized as favorable for nitrification in fixed-bed
filtration systems [76,79]. Improved oxygen transfer within the porous medium is partic-
ularly important because nitrification is an aerobic process requiring sufficient dissolved
oxygen availability. In particular, the rough surface texture reduces hydraulic shear stress
at the material surface, which is known to limit the washout of slow-growing nitrifying mi-
croorganisms a critical factor in achieving stable ammonium oxidation in MSL systems, as
highlighted by Hu et al. [79] and Song et al. [76]. Particle size has a moderate influence on
efficiency, likely due to the increased specific surface area. Consequently, the nature of the
material is more decisive than the particle size for ammonium removal.

The ammoniacal nitrogen removal observed in this study (89.48%) is higher than that
reported by Latrach et al. [52] (84%). These results also confirm the significant role of ad-
sorption on porous pozzolan, which has a high density of reactive groups. Furthermore,
using lignocellulosic fibers, such as Phoenix dactylifera fiber, with diameters ranging from
1 to 3 cm could improve the hydraulic conductivity of the soil mixture used [80]. This im-
provement facilitates better water infiltration and increases the interaction surface area be-
tween the solid matrix and the liquid phase, thereby creating physicochemical conditions
favorable for nitrification and ammonium transformation processes. These properties there-
fore contribute to enhancing the efficiency of ammonium removal in the multi-soil layering
used in the water treatment process.

In fact, the connection between the structure of the material and how well it works in
filtration systems that use porous materials is widely recognized as a key factor, In this
study, the pozzolan’s high porosity (70.12-72.57%) and relatively high specific surface area
(13.77 m2.g~1) lead to a big increase in the number of active sites that can be used to adsorb
pollutants. This step of adsorption is very important because it gathers contaminants at the
solid-liquid interface, which makes it easier for them to break down later, Moreover, the
interconnected porous architecture enhances mass transfer phenomena at the solid-liquid
interface, thereby increasing the residence time of pollutants in contact with reactive sur-
faces. In addition, improved oxygen diffusion within the porous medium may favor aerobic
treatment processes involved in ammoniacal nitrogen removal. This structural configura-
tion is recognized in the MSL literature as conducive to supporting the biological transfor-
mation of contaminants, particularly under conditions where adequate oxygenation is
maintained [11,12,76].

These observations are consistent with recent advances in the field of functional porous
materials, where structural properties notably porosity and specific surface area are recog-
nized as governing factors in adsorption systems. Recent studies have shown that engineer-
ing materials at the micro- and nanoscale enables optimization of reactive site distribution,
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mass transfer, and active site accessibility, leading to overall improvement in treatment per-
formance [81,82]. Additionally, in biological wastewater treatment systems, these properties
are recognized as favorable for biological treatment processes in fixed-bed systems, thereby
contributing to improved pollutant removal efficiency [83].

Hence, the pozzolan used in this study can be measured as a functional porous mate-
rial, whose inherent features play a crucial role in the joined adsorption and biodegradation
mechanisms within the MSL system.

Total nitrogen follows the same trend with good yields for pozzolan (78.24%) for Pz;
(64.24%) for PZ and poor yields for Gr (51.28%). However, the reduction of nitrogen in an
integrated filter largely depends on whether the conditions are aerobic or anaerobic. The PZ
filter shows a higher nitrate (N — NO3) concentration at the outlet than at the inlet (Figure
16f)). Therefore, denitrification does not occur in this filter, unlike in the Pz filter, which
shows a nitrate removal efficiency of 93.88%. Denitrification in an integrated filter occurs in
the soil mixing bricks (at the bottom of the filter) through the action of denitrifying bacteria
under anaerobic conditions, provided that a carbon source is available. This is a limiting
factor (BOD5/COD) and an additional source is required in our case. This is the Phoenix
dactylifera fiber, which has a carbon content of 26.46% as analyzed by X-ray fluorescence.
This result highlights the impact of particle size on denitrification mechanisms in permeable
layers. Fine particles limit the diffusion of oxygen to the bottom of the filter and ensures
flow resistance, thus allowing a longer retention time. Therefore, a fine particle size pro-
motes a favorable nitrification/denitrification balance in a multi-soil layering system.

In this context, the aerobic—anaerobic distribution within the filter is strongly governed
by the porosity and granulometry of the permeable layer, which control oxygen transfer
pathways, hydraulic conductivity, and the formation of potential anoxic microzones. Thus,
particle size does not only influence hydraulic retention but also indirectly regulates redox
conditions required for simultaneous nitrification and denitrification processes.

Consistent with the preceding observations on the absence of denitrification in the MSL
filter using pozzolan (6—15 mm), pore size distribution and interconnectivity play a crucial
role in species transport and pollutant-material interactions. Recent studies on composite
porous materials demonstrate that internal structure and phase boundaries directly influ-
ence the transport of reactive species, thereby affecting overall treatment performance. For
instance, in a NiFe LDH@ZIF-67 composite, the integrated structure delivers higher adsorp-
tion performance compared to the individual components, underlining the prominence of
internal structuring for boosting pollutant-material interactions [84].

Similarly, in a CuO/boron carbon nitride/MXene heterojunction, the great effectiveness
detected in photocatalytic degradation is credited to inner boundaries that encourage charge
carrier separation and movement, stressing that boundary formation and internal linkage
impact the dynamics of reactive species and overall system performance [85]. These obser-
vations offer an additional theoretical framework to elucidate why the high permeability of
pozzolan promotes oxygenation and restricts the creation of strictly anaerobic zones in the
MSL filter, indirectly stimulating microbial metabolic pathways and nitrogen transfor-
mation.

The concentrations of total nitrogen and nitric nitrogen were 33.38 mg-L™" and 0.02
mg-L7?, respectively. The MSL system enabled the removal of TN (Figure 16e) and N — NO3
(Figure 16f), achieving average removal rates of 78.24% for TN and 93.24% for N — NO3,
respectively. Our TN result is lower than that observed by Latrach et al. [52], who reported
a 90% reduction. This may be attributed to the high levels of pollutant load and the high
hydraulic load rate. Conversely, the reduction of N — NO3 in our system is higher than that
measured by Niu et al. [86], which may indicate that the porous structure of the support
provided favorable conditions for nitrification processes in the system. Furthermore, the use
of Phoenix dactylifera fiber could promote hydraulic conductivity and stimulate the activity
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of denitrifying bacteria that convert nitrate (NO3) into gaseous nitrogen (N2). Similarly, lig-
nocellulosic fibers can also serve as a source of bioavailable organic carbon, which is essen-
tial for the heterotrophic metabolism of denitrifying organisms [86].

In multi-soil layering, phosphorus removals are primarily achieved through chemical
precipitation and adsorption processes, particularly on substances with high concentrations
of Fe*, A, or Ca? [87,88], X-ray fluorescence (XRF) analysis revealed that pozzolan has
high levels of iron (Fe20s: 14.34%) and aluminum oxide (Al2Os: 14.94%) oxides, in contrast
to gravel, which has considerably lower concentrations of these oxides (1.527% and 3.953%,
respectively). The CaCOs contained in the pozzolan, whose presence is confirmed by XRF
examination (CaO = 15.2%), can also increase phosphorus elimination through additional
precipitation mechanisms. This mechanism is consistent with recent research on phospho-
rus removal technologies and adsorption mechanisms on composite materials, where ma-
terial configuration and the presence of reactive cations besides porous structure promote
phosphate immobilization [88-90]. However, results from X-ray diffraction (XRD) analysis
reveal that these oxides were present in well-structured crystalline phases, notably in the
form of hematite and augite. This crystalline structure limits their dissolution capacity and,
consequently, their chemical availability for effective interaction with phosphate ions [80].
Therefore, despite being recognized for its remarkable qualities in physical filtration, bio-
mass support, and adsorption capacity, pozzolan’s performance in terms of chemical phos-
phorus precipitation remains limited. This limitation is attributable to the relatively low re-
activity of the crystalline forms of iron oxides, aluminum oxides, and CaO [55] it contains
compared to amorphous forms such as ferrihydrite, which are much more reactive [90],
Nevertheless, the results obtained indicate a higher total phosphorus removal capacity for
pozzolan (66.30%) than for gravel (59.07%) under identical operational conditions. This in-
crease, although slight, can be attributed to the physical capture of a portion of particulate
phosphorus, which is usually associated with suspended matter [91] and is more easily re-
tained in fine-grained materials. It seems pertinent to take into consideration exploiting ma-
terials on the basis of iron oxide and amorphous calcium carbonate. Hence, the use of amor-
phous iron-based materials is recommended to enhance phosphorus removal, mainly
through more active adsorption and precipitation processes. In this regard, increasing the
proportion of iron debris in the soil mix deserves to be considered.

3.6.4. Physicochemical Properties and Nutrient Removal Performance: A Qualitative
Mechanistic Interpretation

Given the small number of materials tested (n = 3), Table 8 presents the physicochemi-
cal characteristics of the three filtering materials along with their average removal efficien-
cies measured in the MSL pilot system.

Table 8. Physicochemical properties of filtering materials (Pz, PZ, Gr) and their nutrient removal effi-

ciencies in the MSL pilot system.

. SSA Total Porosity Fe20s oy CaO  Turb o N — NH} oy PO#-P o

Material (mz-g‘l) %) %) Al203 (%) (%) (%) DCO (%) (%) NT (%) (%) PT (%)

Pz 13.77 70.12 14.34 14.94 7.98 97.53 86.14 89.48 7824 51.65 66.30
(3-6 mm)

Pz - 72.57 14.34 14.94 7.98 92.24 75.63 83.16 64.24 55.37 59.07
(6-15 mm)

Gr 1.92 45.49 1.53 3.95 3947 96.69 78.24 61.55 51.28 48.03 50.42
(3—6 mm)

Specific surface area and organic matter removal.
Filter F1 (Pz, 3-6 mm), characterized by the highest specific surface area (13.77
m2g~1), achieves the best removal efficiencies for COD (86.14%) and turbidity (97.53%).
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In contrast, filter F3 (Gr, 3-6 mm), whose specific surface area is approximately 7.2 times
lower (1.92 m2>-g™?), attains a limited COD removal of 78.24%, representing a difference of
7.9 percentage points under identical hydraulic and granulometric conditions. Filter F2
(PZ, 6-15 mm), associated with a coarser grain size, exhibits the lowest COD performance
(75.63%), suggesting a reduced available reactive contact surface per unit volume, despite
a slightly higher total porosity than F1 (72.57% vs. 70.12%).

These results indicate that, for organic matter removal, the reactive contact surface is
a more determining factor than overall porosity. This observation is consistent with ad-
sorption mechanisms described in fixed-bed filtration systems, where the presence of sur-
face functional groups (=Si—-OH, Fe/Al hydroxides) promotes the retention of organic com-
pounds, particularly in colloidal form [92,93]. Furthermore, these surfaces can also act as
support sites for the development of microbial communities involved in the biological
oxidation of organic matter.

Porosity, oxygenation, and transformation of ammoniacal nitrogen.

Ammonium (N — NH}) removal follows the order F1 (89.48%) > F2 (83.16%) > F3
(61.55%). The substantial difference between F1 and F3 (27.9 percentage points), despite
identical grain size, highlights the influence of intrinsic material properties, particularly
internal porosity. Pozzolan exhibits a markedly higher total porosity (70.12%) than gravel
(45.49%).

A more developed porosity enhances gas exchange and helps maintain oxidizing
conditions within the filter medium, which are known to be essential for the transfor-
mation of ammoniacal nitrogen in treatment systems [94,95]. Thus, the lower performance
observed for gravel can be attributed to a reduced oxygen transfer capacity and a limited
internal surface area.

Iron and aluminum oxides and phosphorus removal.

Total phosphorus removal follows the order F1 (66.30%) > F2 (59.07%) > F3 (50.42%).
This trend is directly related to the metal oxide contents. Pozzolan (F1) contains approxi-
mately 29.28% iron and aluminum oxides (Fez0s and Al:Os), whereas gravel (F3) contains
only 5.48%, corresponding to an approximately 5.3-fold difference between the two ma-
terials.

This contrast explains the observed differences, as iron and aluminum oxides are
known for their ability to bind phosphates through specific adsorption via ligand ex-
change mechanisms [96]. The 15.9 percentage point difference in favor of F1 can therefore
be mainly attributed to a higher density of reactive sites.

Although gravel has a high calcium oxide content (39.47%), which could promote
phosphorus precipitation in the form of calcium phosphates, the results show that this
mechanism remains secondary under near-neutral pH conditions (7.45-7.61). This is con-
sistent with studies indicating that adsorption onto iron and aluminum oxides is domi-
nant at pH values below 8 [97].

Grain size, and total nitrogen removal.

Total nitrogen removal shows significant variations (F1 = 78.24%, F2 = 64.24%, F3 =
51.28%). The comparison between F1 and F2, which are made of the same material but
have different grain sizes, highlights a 14 percentage point advantage for the finer fraction.

This result can be explained by the effect of grain size on the system hydrodynamics:
finer particles increase the tortuosity of the medium and extend the contact time between
the effluent and the reactive surfaces [98].

The observed difference between F1 and F3, despite identical grain size, further con-
firms that the physicochemical properties of the materials play a determining role, inde-
pendently of grain size.

Orthophosphate removal and saturation of reactive sites.
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Phosphate (PO+#--P) removal efficiencies are relatively similar across the three mate-
rials (51.65%, 55.37%, and 48.03%), showing limited variability. This convergence suggests
a limitation related to the progressive saturation of adsorption sites over the experimental
period, rather than pronounced intrinsic differences between the materials.

It is also possible that a fraction of the iron and aluminum oxides present in the ma-
terial is structured in more stable crystalline forms, influenced by the local physicochem-
ical conditions of the medium.

3.6.5. Statistical Analysis

The data were analyzed using RStudio version 2026.01.2 Build 418 (“Apple Blos-
som”) (Posit Software, PBC, Boston, MA, USA), running on Windows (Quarto 1.8.25), an
integrated development environment for the open-source R programming language
[92,99].

The performance of the three filters (F1, F2, and F3) was evaluated over a six-month
period using physicochemical measurements of the water (turbidity, COD, BODs,
N — NHJ, N-NO3, P-PO+*, TN, TP, pH, and temperature). Descriptive data show that the
treatments significantly reduce turbidity, COD, BODs, ammoniacal nitrogen (N-NHs*), to-
tal nitrogen (TN), and total phosphorus (1P), while pH and temperature remain generally
stable, as confirmed by the 95% confidence intervals (Table 9).

Table 9. Descriptive statistics (mean + SD; 95% confidence interval: [lower CL-upper CL]) of phys-
icochemical parameters of raw wastewater (RWW) and effluents from the three MSL filters (F1, F2,
F3), Biweekly sampling over 6 months (n = 12 per filter).

Parameter Unit RWW F1 (Pz 3-6 mm) F2 (PZ 6-15 mm) F3 (Gr 3—-6 mm)
Temperature o 21.18 % 6.38 19.76 + 7.12 19.97 + 6.53 20.01 = 6.8
[17.57-24.79] [15.73-23.78] [16.28-23.67] [16.11-23.90]
. 7.36+0.17 7.61 +0.10 7.58 +0.21 7.45+0.12
p [7.27-7.46] [7.56-7.67] [7.46-7.70] [7.38-7.52]
0o I 0.03 = 0.005 472 +0.68 5.35+1.53 5.08 + 1.36
[0.023-0.029] [4.33-5.10] [4.49-6.21] [4.31-5.84]
He 1S em-t 221408223002 (208145~ 16057526192 1788.58+26023 181783429566
2346.72] [1457.55-1753.95]  [1641.34-1935.82]  [1650.55-1985.12]
o 305.13 + 132.02 737 +4.97 24.45+15.26 10.30 + 6.75
Turbidity NTU [230.44-379.83] [4.97-9.77] [15.26-33.64] [6.75-13.85]
oD - 590.25 + 142.47 79.42 + 14.96 142.92 +31.36 127.25 + 26.88
[509.64-670.86] [70.95-87.88] [125.17-160.66] [112.04-142.46]
BOD. ng L1 109.92 + 57.74 19.32 +5.29 14.16 + 8.75 26.40 + 13.14
[77.24-142.59] [13.99-24.64] [9.21-19.11] [18.96-33.83]
N = NH? - 52.67 +29.63 5.29+2.79 8.95 + 5.37 20.32 + 11.63
[36.11-69.23] [3.71-6.87] [5.91-19.10] [13.74-26.90]
N ng L1 128.17 +12.92 27.85+321  45.75+ 433 [43.30— 61.82+7.33
[120.86-135.48] [26.04-29.67] 48.20] [57.67-65.97]
N - No- - 11.74+1.17 0.02+0.004  10.69+1.04 (10.10- 5.84+0.06
3 [11.78-13.11] [0.02-0.03] 11.28) [5.82-7.49]
b— poi- ng. L 12.45+1.17 6.84+0.28 6.32+0.18 (6.21- 7.35+0.25
[11.78-13.11] [6.687.00] 6.42) [7.21-7.49]
. ng L1 11.74 + 4.75 3.99+1.72 4.85+2.05 (3.68— 5.84+2.44
[9.05-14.42] [3.02-4.96] 6.01) [4.46-7.22]
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Multiple statistical comparison tests were applied to evaluate significant differences
between the filters, The associated p-values allow identification of statistically significant
differences (p < 0.05).

Specifically, statistical comparisons between filters were conducted using multiple
contrast tests, enabling the determination of significant differences between F1, F2, and F3
for each parameter (See Table 10). The results indicate that F1 is overall the most efficient
filter, with significantly higher removal efficiencies for COD, N — NH}, TN, and TP (p <
0.0001), while F2 and F3 show variable performance depending on the parameter: F2 per-
forms better for BODs but is less effective for nitrates (N — NO3), and F3 is more stable but
generally less efficient. For phosphates (PO4%), the differences between filters are small
and not significant, indicating a limitation in treatment for this parameter (See Table 10).

Table 10. Multiple pairwise comparison results between MSL filters (F1: Pozzolan Pz 3-6 mm; F2:
Pozzolan PZ 6-15 mm; F3: Gravel Gr 3-6 mm) for each physicochemical parameter. Post hoc con-

trast test performed using RStudio (R Core Team). Significant differences indicated at p <0.05.

Parameter Contrast Estimate SE DF t-Ratio p-Value
L F1-F2 5.292 0.653 33 8.101 <0.0001
Turbidity
(NTU) F1-F3 0.843 0.653 33 1.291 0.4101
F2 -F3 —4.448 0.653 33 -6.810 <0.0001
F1-F2 10.512 0.817 33 12.869 <0.0001
Er?g]')L-l) F1-F3 7.901 0.817 33 9.672 <0.0001
F2 -F3 -2.612 0.817 33 -3.197 0.0084
F1-F2 -5.435 0.743 33 -7.315 <0.0001
](31;);;1) F1-F3 6452 0.743 33 8.684  <0.0001
F2 -F3 11.887 0.743 33 15.999 <0.0001
N F1-F2 6.320 0.721 33 8.764 <0.0001
1(\;;{1 f) F1-F3 27.927 0.721 33 38.728 <0.0001
F2 -F3 21.607 0.721 33 29.963 <0.0001
F1-F2 13.982 0.658 33 21.262 <0.0001
Z’I:g'Ll) F1-F3 26.405 0.658 33 40.153 <0.0001
F2-F3 12.422 0.658 33 18.890 <0.0001
Or F1-F2  2767.867  39.700 33 69.750 <0.0001
?;?LT) F1-F3 33.805 39.700 33 0.852 0.6739
F2-F3  -2734.062  39.700 33 —68.898 <0.0001
F1-F2 -4.229 2.370 33 -1.784 0.1904
P-PO+- (mg-L') F1-F3 4.094 2.370 33 1.728 0.2102
F2 -F3 8.323 2.370 33 3.512 0.0037
F1-F2 7.226 0.726 33 9.951 <0.0001
;rig-L-l) F1-F3 15.875 0.726 33 21.863 <0.0001
F2 - F3 8.649 0.726 33 11.912 <0.0001

Figure 17 shows the distribution of filter performances using standardized Z-scores,
allowing a global comparison of the studied parameters regardless of their units. Raw
wastewater (Raw) is characterized by a high dispersion of values, reflecting significant
variability and heterogeneity of physicochemical parameters. After treatment, a notable
reduction in this variability is observed for all three filters. Filter F1 exhibits moderate
dispersion with a relatively centered distribution, indicating a good balance between effi-
ciency and stability. In contrast, filter F2 shows greater variability, marked by extreme
values, suggesting less homogeneous performance. Filter F3 displays a tighter distribu-
tion, reflecting better homogeneity of results, although its overall performance remains
lower than that of F1. These observations indicate that filter F1 offers the best compromise
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between performance and stability, whereas F2 is more unstable and F3 is more consistent
but less efficient.
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Figure 17. Distribution of filter performance in the form of standardized Z-scores.

Figure 18 illustrates the temporal evolution of removal efficiencies for the various
physicochemical parameters across the three studied filters. Overall, the efficiencies re-
main relatively stable over time, with limited variation depending on the parameter. Tur-
bidity shows very high removal rates for all filters, with a slight advantage for F1. For
COD and total nitrogen (TN), F1 demonstrates superior and consistent performance, fol-
lowed by F3 and then F2. However, F2 stands out with better BODs removal. Regarding
ammoniacal nitrogen (NH+*-N), F1 exhibits high and stable removal efficiencies, while F3
shows lower performance, suggesting limited nitrification. Nitrate (N — NO3) removal is
also more effective with F1, whereas F2 shows low efficiencies, indicating possible accu-
mulation. Phosphate (PO+*) removal remains moderate and more variable over time for
all filters. Overall, F1 is distinguished by high and relatively consistent performance, re-
flecting good temporal stability of its efficiency.
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Figure 18. Temporal evolution of the removal efficiencies (%) of physicochemical parameters for the
three filters (F1, F2, and F3).
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Figure 19 illustrates the distribution of removal efficiencies (%) for each physico-
chemical parameter according to the filter used. Unlike the global analysis based on Z-
scores, this representation allows a detailed assessment of the specific performance of each
filter. The results show that filter F1 exhibits the best overall performance, particularly for
COD, ammoniacal nitrogen (N — NHy), total nitrogen (TN), and total phosphorus (TP),
with high and relatively stable removal rates. Filter F2 stands out with better efficiency for
BOD:s but presents negative removal efficiencies for nitrate (N — NO3) removal, suggesting
potential accumulation of this parameter. Filter F3 displays intermediate performance for
most parameters. Additionally, turbidity removal efficiencies are high for all filters, while
differences observed for phosphate (PO+*) remain relatively small. These results confirm
the overall superiority of F1, while highlighting specific behaviors of each filter depending
on the parameter studied.
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Figure 19. Distribution of removal efficiencies (%) for each parameter according to the filter used.

These statistical approaches, including means, standard deviations, confidence inter-
vals, multiple comparison tests, and temporal stability analysis, address recent recom-
mendations on optimizing adsorption processes [98]. They provide a robust interpretation
of filter performance, going beyond the simple presentation of means and accounting for
variability, the significance of differences, and temporal stability. The analyses robustly
demonstrate that the physicochemical characteristics of the materials (porosity, specific
surface area, particle size distribution, composition) are directly correlated with the ob-
served adsorption efficiencies, and confirm the combined role of physicochemical proper-
ties in the effectiveness of the nested systems. The potential contribution of biological pro-
cesses, including microbial-driven degradation, is consistent with the established MSL lit-
erature [6,7,86] and will require direct microbiological characterization in future work.

3.7. Comparative Study of the Treatment Performance of Filtration Systems

Table 11 presents a comparison of pollutant removal efficiencies between the MSL
system using different filtering media (Middle Atlas pozzolan and gravel, this study) and
several wastewater treatment technologies reported in the literature, including con-
structed wetlands, biofilters, sand filtration, and infiltration—percolation systems.
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Table 11. Comparative performance analysis with decentralized wastewater treatment technolo-

gies.
COD BODs N—NH;f TN TP Hydraulic Loading
Technol 4 Ref.
echnology (%) (%) (%) (%) (%)  Rate (L/m%day) ¢
MSL—Middle 86.14 8201  89.48 7824 66.30 400 this
Atlas Pozzolan study
FWS (Free Water - 7274 39-53 41-58 34-50 33-123 [93]
Surface)
HSSF (Horizontal
- 7 — —4 70-141
Subsurface Flow) > 30-39 3343 50 0 (53]
VSSF (Vertical
Subsurface Flow) ) 90 73 43 26 82-84 [53]
Infiltration— 71-90 81-94 270 [100]
Percolation (Sand)
MSL —Zeolite 54.6— 97.8—
(Japan/Taiwan) 76.9 C 7T - gy 500 [101]

Table 11 benchmarks the MSL-Pozzolan Moyen Atlas system against widely re-
ported decentralized treatment technologies. The results confirm the competitive and, in
several respects, superior performance of the proposed system under real domestic
wastewater conditions.

Against constructed wetland variants (FWS, HSSF, VSSF) [93], the MSL—pozzolan
system achieved N-NHs* removal of 89.48%, markedly exceeding those reported for Free
Water Surface wetlands (39-53%). Horizontal Subsurface Flow systems (30-39%), and
Vertical Subsurface Flow configurations (73%). Total nitrogen removal (78.24%) similarly
outperformed all three wetland types (41-58%, 33-43%, and 43%, respectively). These dif-
ferences are particularly significant given that constructed wetlands typically require hy-
draulic loading rates of 33-141 L.m %.day " two to twelve times lower than the 400
L.m~?.day~! applied in this study and occupy substantially larger land footprints. The
capacity of the MSL—pozzolan system to achieve superior nitrogen removal at higher hy-
draulic loads is attributable to the synergistic effect of pozzolan porosity (70.12%), which
sustains simultaneous aerobic nitrification and anoxic denitrification microhabitats within
the permeable layer, as documented for comparable MSL configurations [11,12].

Against infiltration—percolation on sand [100]. COD removal in the MSL-pozzolan
system (86.14%) is comparable to infiltration—percolation values (71-90%), while N — NH7
removal (89.48%) lies within the upper range reported for sand-based systems (81-94%).
Critically, however, infiltration—percolation achieves these performances at a hydraulic
loading rate of approximately 270 L-m~2-day~! and requires pre-treatment of the influent
in most documented configurations [100]. The MSL-pozzolan system operates at 400
L.m~?-day~! onraw domestic wastewater without pre-treatment, demonstrating a higher
treatment intensity per unit area and greater operational simplicity.

Against MSL—Zeolite systems (Japan/Taiwan) [101]. This comparison warrants par-
ticular interpretive caution: the MSL-zeolite results (COD: 54.6-76.9%; N — NHf: 77.9-
99.7%; PT: 97.8-99.1%) were obtained using synthetic wastewater under controlled labor-
atory conditions, which are not representative of the complexity and variability of real
domestic effluents. Synthetic wastewater typically contains lower organic loads, simpler
molecular compositions, and no suspended solids, which structurally overestimates re-
moval efficiencies compared to field conditions [102]. Under the real wastewater condi-
tions applied in the present study the MSL—pozzolan system achieved COD removal
(86.14%) consistently above the upper bound of the MSL-zeolite range (76.9%), and
N — NHf removal (89.48%) within the competitive range of zeolite-based systems, despite
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the additional treatment challenge posed by genuine domestic effluent. Furthermore, total
phosphorus removal in the MSL-pozzolan system (66.30%) is lower than that of MSL-
Zeolite (97.8-99.1%), a difference that is expected given zeolite’s higher cation exchange
capacity; however, this comparison is confounded by the use of synthetic influent in [101],
which typically contains orthophosphate at fixed, low concentrations that do not reflect
the competitive adsorption dynamics present in real wastewater matrixes.

Taken together, the MSL-pozzolan Middle Atlas system demonstrates treatment ef-
ficiencies that are comparable to or exceed those of established decentralized technologies,
while operating at higher hydraulic loading rates, on unmodified domestic wastewater,
and using a locally abundant, low-cost natural material. The direct comparison with MSL—
zeolite [101] is methodologically limited by the use of synthetic influent in the reference
study, which systematically favors performance metrics and precludes a fully equivalent
benchmarking. These results collectively support the suitability of Middle Atlas pozzolan
as a high-performance, cost-effective, and field-applicable filter medium for decentralized
wastewater treatment in semi-arid regions.

4. Conclusions

The study conducted on nested filters based on pozzolan (Pz and PZ) and gravel (Gr)
provides new insights into the combined influence of the nature and particle size of filter
materials on wastewater treatment efficiency. The results showed that pozzolan, due to
its porous structure, rough surface, and silico-aluminous composition, delivers superior
performance in reducing BODs, COD, ammonium, total nitrogen, nitrates, phosphorus,
and turbidity compared to gravel. The pozzolan-based 3-6 mm fraction MSL systems
achieved removal efficiencies of 82.01% for BODs, 86.14% for COD, 89.48% for ammonia-
cal nitrogen, 78.24% for total nitrogen, 93.24% for nitrate, 66.30% for total phosphorus, and
97.53% for turbidity. Optimal adsorption conditions for dyes 16.5 mg-L™* for methylene
blue and 10 mg-L™! for methyl orange, with contact times of 60 min and 5 min, respec-
tively) confirm its high capacity to retain organic pollutants. Physicochemical parameters
(pH, temperature, dissolved oxygen, conductivity) remained within Moroccan irrigation
standards, highlighting the suitability of these materials for safe and effective wastewater
treatment and supporting the potential of natural pozzolan as an efficient alternative to
conventional gravel in decentralized MSL systems.

This study uniquely demonstrates how the physicochemical properties of the perme-
able layer materials, namely porosity, specific surface area, and surface texture govern
both adsorption capacity and the structural conditions of the filter environment, which in
turn determine nitrogen removal efficiency through particle size-dependent oxygenation
and retention time effects.

Future perspectives to enhance filter performance and robustness include optimizing
particle size distributions and material compositions to improve the balance between aer-
ation, hydraulic flow, and adsorption capacity. The integration of materials enriched with
amorphous iron or alumina could further increase phosphorus removal via adsorption
and chemical precipitation. Filter efficiency should also be evaluated for other types of
wastewaters, such as agro-industrial effluents or leachates, to assess process transferabil-
ity under different climatic and hydrological conditions. Future microbiological charac-
terization of the filter media would provide direct experimental evidence for the biological
mechanisms inferred from the physicochemical performance data reported here, and is
planned as a continuation of this work. In addition, long-term operation under continuous
hydraulic loading should be investigated to evaluate potential clogging phenomena, hy-
draulic stability, and maintenance requirements of the MSL systems. Finally, techno-eco-
nomic and environmental sustainability studies will be necessary to confirm the feasibility
of large-scale deployment, while ensuring a balance between performance, cost, and en-
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vironmental impact. Therefore, future work will consider scaling up the system, optimiz-
ing the cost and performance of filters based on local natural minerals, and assessing their
durability as well as the long-term stability of adsorption.
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