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Abstract

Constructed wetlands offer a sustainable, decentralized solution for wastewater treatment and reuse
in Morocco. This study evaluated mesocosm-scale advanced vertical flow constructed wetlands
(AVFCWs) incorporating locally sourced reactive media to assess phosphate mining residues as a
novel substrate. Accordingly, four configurations were compared: a sand-based control (CW-A) and
three amended systems combining pozzolan with phosphate mining residues (CW-B), clay (CW-C),
and biochar (CW-D), operated in batch mode under hydraulic retention times (HRTs) of 24, 48, and
72 h. The incorporation of reactive media significantly improved treatment efficiency, with CW-D
achieving high removal efficiencies across most parameters. COD and TSS removal reached 80% and
88%, respectively, while nitrogen removal exceeded 82% in optimal configurations. Phosphorus
removal reached 76% in CW-B and 88% in CW-C. The removal of Cd and Cu exceeded 85% in all
systems, with phosphate mining residues demonstrating strong potential for metal immobilization.
However, despite these high removal efficiencies, the treated effluent did not meet Moroccan reuse
standards for cadmium and faecal coliforms, indicating that single-stage AVFCWs are insufficient for
safe agricultural reuse and require additional polishing steps. Extended HRT improved AVFCWs
performance, but increased water loss, reaching up to 28% due to evapotranspiration. Hence,
phosphate mining residues emerge as promising substrate, pending further optimization, while
supporting circular economy objectives.

Keywords: constructed wetlands; heavy metals; mining residues; reactive media; water reuse;
wastewater treatment; water loss

1. Introduction

Global water use has been consistently increasing by approximately 1% per year over the past
four decades, a trend projected to continue through 2050. This increase is mainly driven by
population growth, socio-economic development, and shifting consumption patterns [1]. At the same
time, climate change is intensifying droughts particularly in vulnerable regions such as the
Mediterranean [2]. These combined pressures are exacerbating water scarcity. In parallel, the
discharge of untreated or inadequately treated wastewater has emerged as a significant source of
water pollution threatening aquatic ecosystems and human health. To address this situation, the
reuse of treated wastewater has gained recognition as a sustainable water management strategy,
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particularly in arid and semi-arid regions. Therefore, reusing treated effluents in agriculture, which
accounts for over 72% of global freshwater consumption, has been adopted in several countries [1].
Reclaimed wastewater not only provides an alternative water source but also contains valuable
elements such as nutrients and organic matter [3,4]. However, long-term use of treated wastewater
for irrigation raises significant environmental and public health concerns due to the bioaccumulation
of persistent contaminants such as heavy metals and emerging pollutants. Unlike organic pollution,
the removal of these contaminants through conventional processes is minimal and require advanced
processes for effective removal [5].

Constructed wetlands (CWs), a nature-based solution, offer an attractive pathway for
decentralized wastewater treatment and agricultural reuse. In CWs, a variety of physical, chemical,
and biological processes co-occur, enabling the removal of a wide range of contaminants [6]. CWs
have the potential to achieve high performances in terms of organic matter and suspended solids
removal, exceeding 90% at reasonable investment and operational costs [7,8]. However, one of their
main limitations is the requirement for relatively long hydraulic retention times (HRTs) leading to a
large surface area, which may limit the use of CWs for large wastewater volumes. Therefore,
improving pollutant removal efficiency under shorter HRT is essential for improving the feasibility
of CWs while ensuring high treatment performances that respect wastewater reuse standards. One
promising approach involves replacing the traditional sand and gravel substrate with highly
adsorptive media that enhance contaminant immobilization. The use of these materials enhances key
removal mechanisms, such as adsorption, ion exchange, precipitation, and surface complexation,
while increasing biofilm development fostered by their porous structure [9]. As a result, these reactive
media can accelerate pollutant sequestration, enabling CWs to operate efficiently under shorter HRTs
and higher hydraulic loading rates (HLRs), thereby reducing the overall footprint of the system.

In Morocco, several low-cost, locally available materials are of high interest for use in CWs,
including biochar derived from local biomass waste; pozzolan, a highly porous volcanic raock; and
clay minerals rich in cation exchange sites. While these materials have been investigated in CWs,
phosphate mining residues, an abundant by-product of Morocco’s strategic phosphate industry,
remain completely unexplored, with no existing studies evaluating their potential use in CWs. These
residues are generated in large volumes during the extraction process and are commonly stockpiled,
occupying valuable land and presenting long-term environmental management challenges [10].
These residues are characterized by heterogeneous mineral composition dominated by fluorapatite,
along with carbonate and clay minerals. These properties suggest strong potential for water treatment
applications since it promotes several removal mechanisms. The high calcium content is expected to
support Ca-P precipitation, enhancing phosphorus removal [11,12]. In addition, metals can be
removed through adsorption, ions exchange, precipitation and complexation [13]. And finally, the
alkaline character of these materials may contribute to metal immobilization by supporting the
formation of metal hydroxides and carbonates [14].

In addition, their valorization contributes to a circular economy approach by transforming a
problematic industrial by-product into a valuable resource for sustainable wastewater treatment
systems.

Accordingly, this study aims to provide a first evaluation of phosphate mining residues as a
CWs substrate. Given their properties, these residues are expected to enhance treatment efficiency of
CWs, potentially achieving performance comparable to that of established reactive media such as
clay and biochar, while operating under shorter HRTs and thereby reducing the systems footprint.
To explore this potential, a mesocosm-scale experiment was conducted to compare four single-stage
advanced vertical flow CWs (AVFCWs): a conventional sand-based control and three amended
systems incorporating phosphate mining residues, clay, pozzolan and biochar. The specific objectives
of this research are to: (i) evaluate the efficiency of AVFCWs mesocosms amended with a combination
of different reactive media in removing conventional contamination in addition to heavy metals; (ii)
to compare the role of the different materials on the removal of the contaminants; (iii) to study the
effect of HRT on the treatment efficiency; (iv) to evaluate water loss driven by evapotranspiration
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under semi-arid to arid condition; and (v) to assess effluent quality regarding Moroccan reuse
standards to identify achievable targets and parameters requiring additional polishing steps.

2. Materials and Methods

2.1. AVFCW Mesocosms Configuration

The experiments were conducted in the greenhouse of the UM6P experimental farm in
Benguerir, Morocco, from June to December 2024. The AVFCW mesocosms were constructed using
cylindrical plastic containers (30 cm x 50 cm; diameter x Height) with a surface area of 0.07 m?, as
shown in Figure 1. The experimental setup aimed to evaluate the effect of incorporating the different
reactive media, as well as their combined effects, on the removal of organic and inorganic
contaminants from domestic wastewater. Hence, four AVECW mesocosms, labelled: CW-A (control),
CW-B, CW-C and CW-D, were implemented using various combinations of substrate materials. The
arrangement, depth, and material ratios of each substrate layer are summarized in Table 1. The layer
arrangement and substrate configuration were selected based on vertical flow constructed wetland
design principles, with each layer fulfilling a specific hydraulic and treatment function. The reactive
materials were chosen according to their physicochemical properties, local availability, and circular
economy potential, while the mixture ratios were defined based on preliminary batch and continuous
adsorption tests to balance treatment performance with hydraulic conductivity. All systems included
a 10 cm gravel drainage layer at the bottom. In the control system CW-A, the drainage layer was
topped with 34 cm of fine sand. CW-B and CW-C consisted of four layers, arranged from bottom to
top as follows: drainage layer, a 12 cm layer consisting of a mixture of biochar and pozzolan, a 12 cm
layer consisting of a mixture of pozzolan and mining residues (CW-B) or pozzolan and clay (CW-C)
and finally a 10 cm layer of sand. CW-D, on the other hand, consisted of three layers: a drainage layer,
a 24 cm layer comprising a mixture of biochar and pozzolan and a 10 cm layer of sand at the top.
Pozzolan was systematically combined with all tested reactive media to maintain adequate hydraulic
conductivity. A geotextile was placed between the layers to prevent fine particles from being washed
out with wastewater. Subsequently, each AVFCW mesocosm was planted with two young Arundo
Donax plants. Before starting the experiments, the AVFCWs underwent a two-month acclimation
period. During the first month, the systems were irrigated with freshwater to support plant growth
and maturation. In the second month, they were conditioned with wastewater to promote the
development and maturation of microbial biofilm within the substrate. This allowed the
establishment of diverse microbial communities essential for biological processes and helped ensure
consisting operating conditions.

Sand Sand

10 cm

Sand

Mining residues
pozzolan

Clay +pozzolan

Sand

Biochar + pozzolan

24 cm

Geotextile Biochar+ pozzolan Geotextile Biochar + pozzolan

12 cm

Gravel Gravel Gravel Gravel

o~

.

30cm

30cm

Figure 1. Schematic diagram of experimental constructed wetland systems.
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Table 1. Characteristics and disposition of the materials in the CW mesocosms.
CWs Label Layers Lay((e;i;: pth Substrate materials Mixture ratios (w:w)
1st layer 34 Sand silex 100
CW-A
2nd Jayer 10 Gravel 100
1st layer 10 Sand silex 100
CW-B 2nd Jayer 12 Pozzolan: Mining residues 80:30
3 layer 12 Pozzolan: biochar 70:30
4t layer 10 Gravel 100
1st layer 10 Sand silex 100
2nd Jayer 12 Pozzolan: clay 70:30
CW-C -
3 layer 12 Pozzolan: biochar 70:30
4™ Jayer 10 Gravel 100
1+t layer 10 Sand silex 100
CW-D 2nd Jayer 24 Pozzolan: biochar 70:30
3t layer 10 Gravel 100

2.2. Reactive Media Characterisation

The reactive media used in this study were characterized to understand their physicochemical
properties and potential removal mechanisms. Mineralogical composition was determined by X-ray
diffraction using Co Ka radiation (20 5-75°) (XRD, PANalytical X'Pert PRO). Surface morphology
and elemental composition were provided by Scanning electron microscopy (SEM, JEOL JSM-7100F)
coupled with energy dispersive X-ray spectroscopy (EDS, JSM-IT200). Samples were gold-coated
before analysis. Specific surface area was determined using the Brunauer-Emmett-Teller (BET,
Micromeritics 3Flex 5.02.01) method with N2 adsorption at 77K. The materials pH was measured in
deionized water (1:20 (w/v)) after one hour equilibration [15].

2.3. Operation of the Experimental Setup

Primary-treated wastewater was collected from the wastewater treatment plant (WWTP) of
Benguerir and stored in a 1000-litre inlet tank. To evaluate the simultaneous removal of organic and
inorganic contaminants, the wastewater was spiked with high concentrations of cadmium (Cd 0.8-
1.2 mg/L) and copper (Cu: 1.2-2.0 mg/L) compared with those found in typical domestic wastewater.
This challenge load approach was adopted to evaluate the adsorption and immobilization of
pollutants under more stringent conditions. The selected concentrations were therefore intended to
stress the AVFCW mesocosms, enabling clearer differentiation of their removal capacities. To ensure
wastewater homogenisation, a closed-loop recirculation system was installed in the storage tank
using a submersible pump. The AVFCW mesocosms were operated in batch feeding mode, where
every cycle consisted of influent feeding, retention time, and drainage. For each cycle, an influent
volume of 10 litres was loaded onto the surface of each mesocosm using a peristaltic pump at a flow
rate of 2 L/min. Drainage was conducted by opening a valve located at the bottom of the mesocosm
after the designated retention time. The experiments were conducted in three phases to assess the
impact of HRT on treatment efficiency: phase (I) with an HRT of 24 h, and four cycles per week; phase
(II) with an HRT of 48 h, and three cycles per week; and phase (III) with an HRT of 72 h, and two
cycles per week. Each phase lasted four weeks. As the three phases were conducted sequentially from
June to December, ambient temperature declined across the experimental period, with average values
of 24.01 °C, 20.08 °C, and 14.09 °C in Phases I, II, and 1II, respectively.
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2.4. Water Sampling and Analysis

In situ measurements, including electrical conductivity (EC), pH, temperature (T°), and
dissolved oxygen (DO), were performed using portable meters (Eutech™ PC 450 Multi-Parameter
Meter and inoLab® Oxi 7310 Oximeter). Samples from the inlet and outlet of the AVFCW mesocosms
were collected during each treatment cycle using sterilised polyethylene bottles. The samples were
immediately transported to the laboratory and stored at 4 °C until analysis. The samples were
analysed by the Agricultural Innovation and Technology Transfer Center laboratory (AITTC, UM6P-
BENGUERIR) for chemical oxygen demand (COD), total suspended solids (TSS), total phosphorus
(TP), total nitrogen (TN), copper (Cu), and cadmium (Cd). The COD concentration was determined
by spectrophotometry, after oxidising the samples with potassium dichromate in a strongly acidic
medium (sulfuric acid) at high temperatures. TSS was determined by filtering a sample through a
0.45 um membrane, drying the membrane at 105 °C, and weighing it before and after filtration. The
TSS concentration was calculated based on the mass difference. TN and TP were analysed using
colorimetric methods with a continuous flow analyser (SAN*, Skalar). Total concentrations of Cd
and Cu were determined via inductively coupled plasma optical emission spectrometry (ICP-OES;
Agilent 5110) following nitric acid digestion, without prior filtration. The faecal coliforms (FC) were
enumerated, as specified in NM ISO 9308:2019, at Protege Maroc Laboratory (Casablanca). A sample
volume was filtered through a 0.45 um membrane to retain bacteria, then placed on a chromogenic
coliform agar (CCA) plate. After incubation at 36 + 2 °C for 21 + 3 h, colonies were counted.

2.5. Water Balance and Evapotranspiration Estimation

The evapotranspiration (ET) rate from each mesocosm was estimated using the water balance
method according to the equation [16]:

gr="%/,+p-%/, (1)

where ET = Evapotranspiration rate (m3/day), Q1 = wastewater inflow rate (m?/day), Q> = wastewater
effluent rate (m¥/day), A = mesocosm surface area (m?), P = precipitation rate (m/day)

In this study, P = 0 since the experimental setup was installed in a greenhouse, eliminating direct
rainfall input. The influent volume was regulated using the peristaltic pump, while the effluent
collected from each mesocosm was weighed using a scale to determine the volume of the treated
water.

2.6. Statistical Analysis

The performance of the AVFCW mesocosms amended with different reactive media was
statistically evaluated by comparing the mean effluent concentrations of selected physicochemical
and biological parameters under the same hydraulic retention times (HRTs). The experimental design
consisted of one mesocosm per substrate configuration, hence replications were achieved through
successive batch treatment cycles within each phase. The effective sample sizes per treatment were n
=16 in phase I, n =12 in phase Il and n = 8 in phase III. Statistical analyses were conducted using IBM
SPSS Statistics (Version 27). Normality and homogeneity of variance were assessed using the Shapiro-
Wilk and Levene tests, respectively. When these assumptions were met, one-way ANOVA followed
by Tukey test was applied; otherwise, the non-parametric Kruskal-Wallis test was used. Statistical
significance was considered at a confidence level of p <0.05. Principal component analysis (PCA) was
performed on the entire standardized database to identify potential relationships between the
variables and the underlying gradients governing the AVFCWs. Meanwhile, spearman correlation
was applied to assess linear relationships among operational and effluent quality parameters.
Spearman correlation was selected due to the non-normal distribution of several parameters.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Results

3.1. Reactive Media Characterization

The XRD profile shown in Figure 2 reveals the mineralogical composition of the different
adsorbents, agreeing with the elemental composition given by EDS analysis and presented in Figure
S1. Mining residues were characterized by mineralogical heterogeneity dominated by Fluorapatite
(Cas(PO4)sF) evidenced by high content of Ca, P and F. Small quantities of carbonate minerals (calcite
and dolomite), Palygorskite and quartz are also present. The clay samples consist of Illite confirmed
by the presence of Si, Al, K, and Fe with the presence of microcline, hematite and anatase phases.
Pozzolan consists predominantly of an amorphous phase typical of volcanic rock, with the presence
of minor crystalline phases dispersed throughout, namely olivine, pyroxene, and faujasite supported
by diverse elemental composition (Si, Al, Fe and Ca). Biochar on the other hand displayed two broad
diffraction peaks indicating the amorphous carbon phase. BET surface area analysis demonstrated
that biochar exhibited relatively high specific surface area (366.15 m?/g), followed by clay (26.77 m?/g),
phosphate mining residues (21.47 m?/g), and pozzolan (15.69 m?/g), all considerably higher than sand
and gravel (<1 m?/g) [17]. The pH values of the substrates ranged from 8.1 and 8.75 showing an
alkaline character.

. * H @ Calcite % Dolomite ® Quartz A Palygorskite
[ B Fluorapatite
L] | |
A
- . u P n
* ®e x $
n al "1 x - . * e -

* Dolomite ® Quartz ¥ Hematite O Microcline <+ Anatase
O lilite

<« Olivine 4Pyroxene V Hematite «Faujasite

Intensity (a.u.)

v Halite

(d)

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Diffraction angle 26 (degree)

Figure 2. XRD patterns of (a) phosphate mining residues, (b) Clay, (c) Pozzolan, and (d) Biochar.

3.2. Environmental Parameters

Figure 3 displays influent-effluent pH, EC, DO, and temperature profiles across the AVFCWs
during the three experimental phases.

pH

The pH of raw wastewater (RW) fluctuated throughout the experiment, with average values of
8.27+0.29,7.85+0.67, and 7.69 + 0.29 in phases [, II, and I, respectively. The effluent pH was reduced
and stabilised to near neutral within all the AVFCW mesocosms as shown in Table 2 and Figure 3a.
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Electrical conductivity

The wastewater used in the present study is characterized by a relatively high electrical
conductivity (EC), which remains stable through the experiment as shown in Figure 3b. A slight
increase in the EC was observed in the effluent of all AVFCW mesocosms across the three phases
with CW-A exhibiting the lowest EC. Furthermore, peaks in EC were observed after periods of
AVFCW mesocosms inactivity likely indicating the accumulation of dissolved ions and their
subsequent flushing when operation restarted.

Dissolved oxygen

The dissolved oxygen (DO) in the influent was significantly low compared to values reported in
other studies [18,19] thereby minimizing oxygen supply from the influent. As shown in Table 2 and
Figure 3-c, DO levels in the influent ranged from 0.83 + 0.30 mg/L in phase I to 1.23 + 1.21 mg/L in
phase III. For all the AVFCW mesocosms, the effluent DO fluctuated over time with CW-A exhibiting
the lowest values among all the mesocosms, with an average of 0.90 + 0.39, 0.66 + 0.31, and 1.03 + 0.38
mg/L in phases I, II and III, respectively. According to the ANOVA test, there is a statistically
significant difference in DO values between CW-A and the other AVECWs (p < 0.05).

Temperature

The average influent temperatures were 25.8 + 1.66 °C, 21.81 + 2.17 °C, and 16.23 + 2.68 °C in
phases 1, II, and III, respectively (Table 2, Figure 3-d). A clear declining trend was recorded across the
experimental period, reflecting seasonal variation in ambient temperature, corresponding to an
average of 24.01 °C in phase I, 20.08 °C in phase II and 14.09 °C in phase IIL

Table 2. The average pollutants influent and effluent concentrations and removal efficiencies of the AVFCWs in
the three phases (mean + SD).

Parameters Influent CW-A CW-B CW-C CW-D
Phase I
pH 8.27 +0.29 7.60+0.17a 7.44 +0.13a 7.48 +0.16a 7.48 +0.13a
EC (mS/cm) 3.19£0.10 3.33+0.14a 3.59 +0.40a 342 +0.21a 3.54 £0.34a
DO (mg/L) 0.83+0.30 0.90 £ 0.39a 1.59 +0.33b 1.53 +0.30b 1.53 £0.31b
Temperature (°C) 25.8 +1.66 23.4+1.31a 23.5+1.23a 23.6 +1.29a 23.5+1.28a

COD (mg/L) 243.96 +51.14 135.56 +25.65a 72.20 +19.28b 81.69 +26.76b 64.03 +18.15b
Re (%) 43.18+11.27 69.72+7.80 6532+13.16  72.90+8.86
TSS (mg/L) 73.69+15.79 18.69+10.49a 8.44+521b 8.69 +5.30b 9.56 +5.77b
Re (%) 74.72+1395  88.92+5.63 88.62 +5.60 87.47 +6.01
TN (mg/L) 88.06+8.06 76.70+12.60a 47.92+17.12b 4250+ 15.14b 40.02 +16.41b
Re (%) 13.35+7.81 46.12+17.59 52.35+14.72 55.13+17.17
TP (mg/L) 8.77 £0.79 718+1.52a 2.04+0.67b  2.11+0.84b 422 +1.11c
Re (%) 18.40+13.83 76.41+887 75.69+10.11 51.41+14.07
Cu (mg/L) 1.66 +0.21 0.36 +0.16a 0.3+0.15a 0.29 +0.14a 0.3+0.14a
Re (%) 78.69 +7.84 82.30 + 6.87 83.10 +6.12 82.50 + 6.33
Cd (mg/L) 1.19+0.15 0.28 £0.11a 0.14 + 0.06b 0.14 + 0.07b 0.14 + 0.06b
Re (%) 76.20 +9.83 87.82 +5.26 88.02 +4.77 88.57 +4.69
CFlif/l(z;(;)iL) 4.90+0.96 3.62 +1.30a 1.78 +1.44b 1.97 +1.53b 1.48 +1.48b
Re (Ulog) 1.27 £1.11 3.08 +1.69 292 +1.62 342+1.44
Phase II
pH 7.85 +0.67 724+0.23a 7.15+0.18a 7.08+0.18a 7.14+0.17a
EC (mS/cm) 3.13+0.05 3.28 +0.14a 347 +0.31a 3.55 +0.24a 341+0.21a
DO (mg/L) 0.99 +0.63 0.66 +0.31a 1.24 + 0.40b 1.41 +0.39b 1.21 +0.31b
Temperature (°C)  21.81+2.17 2023+2.04a 19.97+2.04a 20.37x2.07a 19.89+1.97a
COD (mg/L) 294.29 +80.44 143.98 +30.25a 86.02 +35.14b 73.61+34.87b 61.52 +38.43b
Re (%) 4956 +10.56 70.18+10.71 74.14+1290 79.13 +10.57
TSS (mg/L) 72.83+31.27 2325+13.57a 8.33+242b 8.08 +3.92b 8.33 + 3.60b
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Re (%) 67.97+1347 87.64+421  88.04+600  87.73+598
TN (mg/L) 72.68+6.65 5826+3.83a 34.40+13.92b 36.81+12.18b 27.99+13.97b
Re (%) 1932+834 5348+1459 49.79+1420 62.47 +14.21
TP (mg/L) 701+1.60  588+17la 237+054b 240+082b  4.03+05lc
Re (%) 16781121 6571+652 64.82+1228  40.51 +11.09
Cu (mg/L) 1224029  026+0.14a 021+0.11a 014+0.10a  0.17+0.10a
Re (%) 76.91+1325 83.06+7.07 8856+673  85.14+7.48
Cd (mg/L) 0.75+0.12  013+0.11a 0.08+0.03ab 0.06+0.02b  0.06+0.02b
Re (%) 83.93+10.63 89.08+477 92124277  92.11+2.87
CFIEZ/ f&;’i b 583+0.63  425+054a 390+0.87a 394+068a  3.94+0.68a
Re (Ulog) 159+058  194+057 1904057  1.79+0.67
Phase III
pH 769+029  713+0.18a 7.14+0.13a 7.07+0.12a  7.17+0.18a
EC (mS/cm) 3204005  340+008a 3.80+044a 384+027a  3.83+0.44a
DO (mg/L) 123+121  1.03+038a 1.68+0.17b 1.68+032b  1.54+0.16b
Temperature (°C) ~ 1623+2.68 1448+1.60a 1428+140a 1452+137a 14.32+1.33a
COD (mg/L)  230.41+41.34 90.20+22.54a 16666279; 60.53+19.27b 58.41 + 16.86b
Re (%) 61.00+502 7135+3.80 73.95+4.66 7481 +432
TSS (mg/L) 79.75+2542 1838+578a 825+3.54b 11.00+4.00b  9.13+491b
Re (%) 7312+10.54 88.63+3.82 8350+7.96  87.24+6.41
TN (mg/L) 67.91+9.73 5488+546a 2600+12.01b 11.16+6.64c 21.48 + 6.84bc
Re (%) 17.84+1478 58.62+2416 8276+10.40 67.89 +10.03
TP (mg/L) 5834061  439+113a 140+025b  0.66+024b  2.68+0.31c
Re (%) 2518+1512  7590+392  88.64+390  53.82+5.31
Cu (mg/L) 204+093  039+012a 032+011a 026+0.08a 022+0.12a
Re (%) 85.05+6.10 88.73+3.42  8931+472  9529+283
Cd (mg/L) 0.85+037  019+0.4a 009+0.05a 0.12+0.06a  0.08+0.03a
Re (%) 7820+8.04  8857+356  8532+457  89.82+2.50
CFIEZ/ 1%5’1?1 b 575+033  419+0.69a 3.87+042a 393+0.65a  3.62+0.65a
Re (Ulog) 156+046  1.88+033  1.82+073  2.13+0.21

Different superscript letters (a, b and c) indicate significantly different values (ANOVA, p < 0.05).
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Figure 3. Influent and effluent profiles of (a) pH, (b) EC, (c) DO and (d) temperature during the three
experimental phases: Phase I (HRT = 24h), Phase II (HRT = 48h), and Phase III (HRT = 72h).

3.3. Organic Matters and Total Suspended Solids Removal

Chemical Oxygen Demand

The removal of organic matter in the four AVFCW mesocosms was evaluated through the
monitoring of COD concentrations over the three operational phases. Figure 4-a and Table 2 shows
COD mean concentration values in the systems during the experimental period. The average COD
concentrations in the influent ranged between 230.41 + 41.34 mg/L and 294.29 + 80.44 mg/L,
suggesting a relatively medium organic load in the raw wastewater [20]. During phase I, CW-A
(control system) resulted in the highest effluent COD concentration (135.56 + 25.65 mg/L), indicating
the lowest organic matter removal. On the other hand, CW-B, CW-C and CW-D achieved improved
performances, with average effluent COD concentrations of 72.20 + 19.28 mg/L, 81.69 + 26.76 mg/L,
and 64.03 + 18.15 mg/L, respectively. This trend was consistent through the subsequent phases.
Statistical analysis revealed a significant difference between CW-A (the control system) and the
AVFCWs amended with reactive media (p < 0.05). However, no significant differences were observed
among CW-B, CW-C, and CW-D, although CW-D consistently outperformed all the systems.

Figure 5-a shows the COD removal efficiencies at different retention times (24 h, 48 h, and 72 h).
At 24 h HRT (Phase I), Removal efficiencies of 72.90 + 8.86%, 69.72 + 7.80%, 65.32 + 13.16% and 43.18
+11.27% were achieved in CW-D, CW-B, CW-C and CW-A, respectively. With the extension of HRT
to 72 h (Phase IlI), the removal efficiencies of COD improved and become more stable in all AVECW
mesocosms, reaching 74.81 + 4.32%, 73.95 + 4.66%, 71.35 + 3.80%, 61.00 + 5.02% for CW-D, CW- C,
CW-B and CW-A, respectively.

Total suspended solids

During the experiment, TSS concentrations in the raw wastewater were relatively low, as
illustrated in Figure 4-b. This can be attributed to the use of primarily decanted wastewater, which
was stored in a tank before being fed to the AVFCW mesocosms. The storage likely allowed
additional settling, further reducing the TSS content. The average influent TSS concentrations were
73.69 +15.79 mg/L in Phase I, 72.83 + 31.27 mg/L in Phase II, and 79.75 + 25.42 mg/L in Phase III. The
results show that the use of reactive media (pozzolan, clay, biochar, and mining residues)
significantly (p <0.05) improved TSS removal compared to the control system (CW-A). In CW-B, CW-
C, and CW-D, the effluent TSS concentrations decreased to below 10 mg/L, with removal efficiencies
exceeding 84% across all phases. In contrast, the TSS effluent concentration in CW-A was around 20
mg/L, corresponding to a removal efficiency of approximately 70%, as shown in Figure 5-b.

3.4. Nutrient Remouval

Total Nitrogen

The TN concentrations in influent and effluents of the four AVFCWs across the different phases
are shown in Figure 4-c and Table 2. The average influent concentration fluctuated between 88.06 +
8.06 mg/L in phase I and 67.91 + 9.73 mg/L in phase III. The TN effluent concentration of AVFCW
mesocosms enriched with reactive media decreased significantly (p < 0.05) compared to the control
system (CW-A), reaching 40.02 + 16.41 mg/L for CW-D, 42.50 = 15.14 mg/L for CW-C, and 47.92 +
17.12 mg/L for CW-B, in contrast with 76.70 + 12.60 mg/L for CW-A in Phase I. The same trend was
observed in the subsequent phases, except for CW-C, which showed the highest removal, reaching a
concentration of 11.16 + 6.64 mg/L in phase III. The performance of CW-A remained consistently low
throughout the experiment, despite a slight improvement with increased HRT. As presented in
Figure 5-c, TN removal efficiencies of CW-A were 13.4 = 7.81%, 19.3 + 8.34%, and 17.8 + 14.78% in
Phases I, II, and III, respectively. On the other hand, CW-C achieved the highest TN removal
efficiency in Phase III, at 82.8 + 10.40%, followed by CW-D at 67.9 + 10.03%, and CW-B at 58.6 +24.16%.
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Figure 5. Removal efficiency of (a) COD and (b) TSS (c) TN (d) TP (e) Cu (f) Cd at different HRTs (24 h, 48 h and
72 h).

Total phosphorus

The variations in TP concentrations between influent and effluent throughout the experiment
are presented in Figure 4-d. The mean influent concentrations ranged between 8.77 + 0.79 mg/L and
5.83 +0.61 mg/L within phases I and III, respectively as presented in Table 2. Through the experiment,
CW-B and CW-C achieved the lowest concentration of TP, while CW-D showed moderate
performance, with CW-A being the least effective. In phase I, CW-B and CW-C decreased the mean
TP concentrations to 2.04 + 0.67 mg/L and 2.11 + 0.84 mg/L, respectively, compared to and 4.22 + 1.11
mg/L for CW-D and 7.18 + 1.52 mg/L for CW-A. The ANOVA test indicated that reactive media
significantly influences TP removal. Indeed, CW-A had a statistically significant difference (p < 0.05)
compared to the other AVFCWs. CW-B and CW-C significantly outperformed CW-D (p < 0.05) but
did not differ from one another. Similar trends were observed in the subsequent phases. Figure 5-d
shows the TP removal efficiency at different retention times. CW-B and CW-C achieved the highest
removal efficiencies during phase I (76.41 + 8.87% and 75.69 + 10.11%, respectively), while CW-D
showed moderate removal (51.41 + 3.52%) and CW-A exhibited the lowest removal rate (18.40 +
14.07%). However, prolonging the HRT to 72 h in Phase III further enhanced TP removal efficiencies,
reaching 88.64 + 3.90%, 75.90 + 3.92%, 53.82 + 5.31%, and 25.2 + 15.12% for CW-C, CW-B, CW-D and
CW-A, respectively.

3.5. Heavy Metals Removal

As presented in Table 2, the average influent concentrations of Cu and Cd ranged, across the
three phases, from 2.04 + 0.93 mg/L to 1.22 + 0.29 mg/L and from 1.19 + 0.15 mg/L to 0.75 + 0.12 mg/L,
respectively. Following the treatment, CW-A consistently exhibited the highest effluent
concentrations of Cu and Cd, with considerable fluctuation throughout the experiment as shown in
Figure 4-e, f. However, there was no statistically significant difference compared to the other
AVFCWs. CW-B, CW-C, and CW-D maintained average effluent Cu concentrations below 0.3 mg/L,
meeting the Moroccan irrigation standard, while their average Cd concentrations ranged from 0.19
mg/L to 0.06 mg/L, exceeding the allowable limit of 0.03 mg/L.

As shown in Figure 5-¢, f, increasing HRT generally improved the removal of Cu and Cd. At an
HRT of 72 h, the maximum Cu removal efficiencies were 95.29 + 2.83%, 89.31 + 4.72%, 88.73 + 3.42%
and 85.05 + 6.10% for CW-D, CW-C, CW-B and CW-A respectively, while the lowest removal rates
were observed at an HRT of 24 h. Moreover, longer HRT reduced variability, leading to a more
consistent performance. The highest removal rates for Cd were observed at 48 h, reaching 92.12 +
2.77%, 92.11 + 2.87%, 89.08 + 4.77%, and 83.93 + 10.63% for CW-C, CW-D, CW-B and CW-A,
respectively.

3.6. Faecal Coliforms Removal

The performance of the AVFCW mesocosms in removing faecal coliforms (FC) at different
hydraulic retention times (HRTs) was monitored and presented in Figure 6. The mean influent FC
concentrations varied slightly and were 4.90 + 0.96 log CFU/100 mL in phase I, 5.83 + 0.63 log CFU/100
mL in phase II, and 5.75 + 0.33 log CFU/100 mL in phase IIl. During Phase I, CW-B, CW-C, and CW-
D exhibited the highest removal efficiencies, achieving effluent concentrations of 1.78 + 1.44, 1.97 +
1.53, and 1.48 + 1.48 log CFU/100 mL, respectively. This corresponds to log reductions of 3.08 + 1.69
for CW-B, 2.92 + 1.62 for CW-C and 3.42 + 1.44 for CW-D. In contrast, CW-A showed the lowest
removal efficiency of 1.27 + 1.11, with a statistically significant difference (p < 0.05) compared to the
other AVFCW mesocosms. However, during phases II and III, FC removal efficiencies of all AVFCW
mesocosms decreased significantly, achieving comparable performance across the systems. The
removal rates ranged from 1.59 + 0.58 to 1.94 + 0.57 log CFU/100 mL, in phase II and from 1.56 + 0.46
to 2.13 + 0.21 log CFU/100 mL in phase IIL
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Figure 6. (a) Influent and effluent FC concentrations (b) FC removal efficiency across the three phases.

3.7. Principal Components Analysis and Correlation Matrix

Principal component analysis (PCA) was performed to identify underlying patterns and inter-
relationships across 12 operational and effluent quality parameters. The first two principal
components (PCs) captured a considerable proportion of the total variance (61.8%), accounting for
37.6% and 24.2%, respectively. PC3 supported a further 11.9%, increasing the cumulative variance to
73.7%. PC1 reveals a strong positive association between pH, temperature, COD, TSS, TN, TP and
heavy metals, and a negative association with HRT and DO. Figure 7-a illustrates the distribution of
the observations according to the HRT. It reveals a clear gradient across treatment phases, with Phase
I (HRT =24 h) characterized by higher contaminant loads, while Phases II and III (HRT =48 h and 72
h, respectively) exhibit progressively lower concentrations of pollutants and increased dissolved
oxygen levels. PC2, On the other hand, separates systems according to the physicochemical
conditions and predominant treatment mechanisms. It exhibits strong positive loading on DO, pH,
EC and temperature, in contrast with HRT, TSS, TN, TP and Log FC. The PCA biplot by system
illustrated in Figure 7-b shows clearly differentiate CW-A from the three amended AVFCWs. CW-A
is characterized by lower overall performance. In contrast, CW-B, CW-C, and CW-D partially overlap
in the negative to neutral PC2 and lower PC1 indicating similar overall performance.

Figure 8 illustrates spearman correlation. Spearman correlation showed positive correlations
between COD and TSS, TN and TP (up to r = 0.53), with a strong relationship between TN and TP (r
= 0.62). Heavy metals were strongly associated (r = 0.61) and moderately correlated with COD and
TSS and pH. Faecal coliforms, on the other hand, showed a positive correlation with TSS (r = 0.42)
and a negative association with temperature (r = 0.44.
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3.8. Evapotranspiration and Water Loss in Constructed Wetlands

The evapotranspiration (ET) and corresponding water loss rates in the AVFCWs were assessed
through the three phases and presented in Table 3. During phase I, ET ranged between 13.11 + 6.65
mm/day and 10.16 + 6.19 mm/day, with CW-A having the lowest ET among all the AVFCWs. This
phase was characterised by warmer temperatures, with an average of 24.01 °C, promoting higher
rates of evapotranspiration. In the subsequent phases, ET decreased slightly in all systems, reflecting
the seasonal decline in temperature, which dropped to 20.08 °C in phase II and 14.09 °C in phase III.

In phase I, water loss was moderate across the AVFCWs with an average of 6.78 + 4.13%, 8.63 +
5.81%, 8.74 + 4.43% and 8.41 * 6.92% for CW-A, CW-B, CW-C and CW-D, respectively. In phase III,
the water loss increased considerably, especially for the amended systems, reaching 14.57 + 3.08%,
24.81 £ 6.71%, 27.55 + 6.04%, and 27.11 £ 7.13% for CW-A, CW-B, CW-C, and CW-D, respectively.

Table 3. Water loss in the constructed wetlands across the phases.

ET (mm/day) Water loss (%)
CW-A 10,16 + 6,19 6,78 + 4,13
Phase I CW-B 12,94+ 8,71 8,63 + 5,81
CW-C 13,11 + 6,65 8,74 + 4,43
CW-D 12,62 + 10,37 8,41 + 6,92
CW-A 5,14 +2,43 7,20 + 3,40
Phase II CW-B 10,04 + 3,83 14,06 + 5,36
CW-C 12,15 + 3,90 17,01 + 5,45
CW-D 13,17 + 4,25 18,44 + 5,95
CW-A 6,94 + 1,47 14,57 + 3,08
CW-B 11,81 + 3,20 24,81+ 6,71
Phase I1I CW-C 13,12 + 2,88 27,55 + 6,04
CW-D 12,91 + 3,39 27,11+7,13

4. Discussion

The present study demonstrated that both substrate type and hydraulic retention time governed
the AVFCWs performance, with phosphate mining residues exhibiting high potential as substrate for
constructed wetlands. Overall, the amended AVFCWs mesocosms consistently outperformed the
sand-based system across all monitored parameters. This improvement is mainly related to the
distinct physicochemical properties of the materials, as evidenced by their characterization. The
porous structure and the high specific surface area of biochar, the mineral composition of phosphate
mining residues and clay (notably the presence of P, Ca, Al, and Fe), and the alkaline character of all
materials provided more favorable conditions for pollutant retention and transformation.

The environmental conditions established within the AVFCW mesocosms beds provided insight
into the underlying treatment processes. The effluent pH was reduced and stabilized to near neutral
in all systems, mainly driven by active biochemical processes. In fact, organic matter biodegradation
produces carbon dioxide (CO2) under aerobic conditions and organic acids in anaerobic zones [21,22]
while nitrification releases H* neutralizing hydroxyl ions [23,24]. Moreover, the hydraulic retention
time increasing from phase I to phase IIl may have further lowered the pH due to prolonged
nitrification, organic matter decomposition and CO:2 accumulation. Meanwhile, a slight increase in
EC was observed in the amended systems, likely due to organic matter mineralization releasing
inorganic ions such as sulphates, phosphates, nitrates, etc. and increasing total dissolved solids in
wastewater. This rise may also reflect ions concentration by evapotranspiration [25] and ions (e.g.
Na, K*, Mg?, and Ca?) release from the substrates through dissolution or ions exchange [9,26]. DO
levels increased significantly in CW-B, CW-C, and CW-D, which could be due to the porous
substrates, namely pozzolan and biochar, which enlarge the surface area for microbial activity and
improve oxygen transfer within the wetlands bed [27]. Nevertheless, DO levels in all systems

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.2002.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 April 2026 d0i:10.20944/preprints202604.2002.v1

15 of 23

remained consistently below the 2.0 mg/L limit, recognized as the threshold for aerobic conditions,
indicating that the AVFCWs operated predominantly under anoxic conditions, thereby limiting
nitrification and hindering oxygen-dependent microbial processes. In addition, temperature likely
played an important role in the system performance. The gradual temperature decline across the
phases (from 24.01 °C to 14.09 °C), reflecting seasonal variation, may have further influenced
microbial activity, oxygen solubility and consequently the overall treatment performances. A
temperature of 15 °C is generally considered as a threshold below which bacterial activity and plant
growth are significantly hindered [28,29]. In this study, phase IIl, during which the temperature
dropped below 15 °C, coincided with an extended HRT (72 h), which may have mitigated the
unfavorable effects of low temperature on treatment efficiency.

The enhanced COD removal in the AVFCW mesocosms, compared to CW-A, may be attributed
to the combined effect of reactive media and the favorable environmental conditions, with CW-D
consistently outperforming all the systems. These results align with previous studies emphasizing
the beneficial effects of using reactive media in constructed wetlands [9,30,31]. The porous structure
of the materials, observed on SEM images together with the relatively high specific surface area
confirmed by BET measurements, provide an increased surface area for microbial attachment and
enhance oxygen transfer within the beds, thereby improving organic matter biodegradation [32-34].
The lower COD removal efficiencies achieved in this study compared to some previous studies [8,35]
could be attributed to the presence of heavy metals in the wastewater, which form stable complexes
with organic matter. These complexes are less susceptible to microbial degradation [14,36].
Furthermore, COD removal efficiencies improved from phase I to phase III demonstrating that longer
HRT allows for an extended contact time between pollutants and active biofilms, leading to enhanced
microbial degradation of organic matter and reduced variability within the systems [37,38]. However,
the temperature decline may have partially counteracted this effect, and the observed results likely
reflect the confounding effect of both parameters. In contrast, removal mechanisms of TSS differ from
those governing organic matter removal, as they are mainly driven by physical processes, including
sedimentation, filtration, and interception by microbial biofilms [8,22]. Several factors influence these
processes, including plant root density, feeding mode, substrate type and HRT. In the present study,
CW-B, CW-C and CW-D consistently outperformed CW-A in TSS removal. These findings support
previous studies indicating that reactive or fine media enhances TSS removal by increasing the
available surface area for filtration and biofilm development [39,40]. Although previous studies have
demonstrated that longer HRT improves TSS removal efficiency [38,41], extending the HRT from 24
to 72 h had no significant effect on TSS removal in this study.

Nitrogen removal in CWs is a complex process primarily attributed to ammonia volatilization,
nitrification, denitrification, plant uptake, and substrate adsorption [22,42,43]. In the present study,
TN removal improved significantly with increasing HRT across all the AVFCW mesocosms, although
seasonal variation between the phases may have modulated microbial removal rates. The
performance of CW-A remained consistently low throughout the experiment, despite a slight
improvement with increased HRT, due to the limited porosity and oxygen transfer of the sand bed,
which constrained the establishment of nitrifying microbial communities. On the other hand, CW-C
achieved the highest TN removal efficiency in phase III, followed by CW-D and CW-B. The functional
properties of the reactive media supported TN removal mechanisms. Clay and mining residues offer
high cation exchange capacity for NH4*, which likely explains the high nitrogen removal observed in
CW-C and CW-B under longer HRT. This is evidenced by the presence of abundant K* in illitic clay
and Ca? in mining residues, as confirmed by EDS analysis. Moreover, biochar may provide a carbon
source for denitrifying bacteria through the gradual release of dissolved organic matter, while
enhancing electron transfer [32,33]. The porous structure and high surface area of all reactive media
further support nitrification and denitrification by enhancing oxygen transfer and microbial
development [44].

Total phosphorus is removed through the combined action of biotic processes, such as plant
uptake and microbial immobilization, and abiotic mechanisms, including adsorption, precipitation,
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and complexation [45,46], with removal efficiency largely governed by substrate type and HRT
[32,47]. Throughout the experiment, CW-B and CW-C achieved the lowest effluent TP concentrations,
while CW-D exhibited moderate performance, with CW-A being the least effective. These results
emphasize the crucial role of substrates in phosphorus removal. Mineral based materials promoted
phosphorus removal by providing strong binding sites for adsorption and precipitation. Indeed, XRD
and EDS analyses confirmed the presence of calcium-rich fluorapatite phosphate mining residues,
enabling Ca-P precipitation [11,12,48]. Illite clay provided abundant Al/Fe-OH sites for phosphorus
adsorption through ligand exchange and complexation [49-51]. On the other hand, the AVFCW
mesocosm packed with raw biochar achieved moderate TP removal due to its negatively charged
surface [52,53].

Heavy metals represent a significant concern for human health and the environment. Their
removal from treated wastewater intended for agricultural reuse is therefore of paramount
importance. In constructed wetlands, both biotic processes (mainly plant uptake) and abiotic
processes including adsorption, precipitation, and complexation, contribute to heavy metal removal.
Following treatment, all systems achieved high Cu and Cd removal efficiencies, with CW-A
consistently exhibiting the highest effluent concentrations, with considerable fluctuation throughout
the experiment. This highlights the contribution of plant uptake and suspended solids filtration to
heavy metal removal [54,55]. Furthermore, plants promote the transformation of metals by inducing
chemical changes in the rhizosphere through oxygen transport, organic carbon release, and sulfur
cycling [56]. However, in this study, biotic processes were insufficient to meet the stringent
requirements for agricultural reuse for Cd concentrations. In contrast, CW-B, CW-C, and CW-D
maintained average effluent Cu concentrations below 0.3 mg/L, meeting the Moroccan irrigation
standard. The enhanced heavy metal removal observed in the AVFCW mesocosms is likely attributed
to the physicochemical properties of the reactive media. Inorganic anions released within the system
can form complexes and precipitates with heavy metal ions, thereby reducing effluent concentration
[14]. The alkaline character of the reactive media (pH = 8.1-8.75) further supports the formation of
metal carbonates and metal hydroxides, among other precipitates, governed by pH and the
availability of key anions (e.g., HCOs, COs> and OH-) [13]. The presence of biochar across all
amended AVFCW mesocosms may have further improved heavy metal adsorption, owing to its
relatively high specific area (366.15 m?/g) and abundant functional groups and exchangeable ions as
previously reported in several studies [14,36,57]. Mining residues, on the other hand, promote heavy
metal immobilization through Ca/P precipitation, attributable to their high Ca (25.35%) and P content
(7.79%), as well as surface adsorption through electrostatic interactions [58,59]. Illite clay leverages
heavy metal removal through its cation exchange capacity, along with Al-OH/Fe-OH surface
complexation [60,61]. Finally, increasing HRT generally enhanced Cd and Cu removal and reduced
effluent variability, leading to a more stable and consistent performance.

The removal of pathogens in constructed wetlands involves several physical, chemical and
biological processes. Physical mechanisms, including adsorption, filtration, and sedimentation, play
a significant role in the initial retention of pathogens. Chemical factors include oxidation, solar
radiation, and biocide excreted by roots. Biological processes consist of predation by protozoa,
competition with native microbial communities, and natural die-off under adverse environmental
conditions [62,63]. The effectiveness of these processes is considerably influenced by environmental
factors such as temperature, solar radiation, dissolved oxygen availability, and hydraulic retention
time [64,65]. In this study, the microbiological results revealed the main limitation of the system.
Although the amended AVFCW mesocosms achieved up to 3-log FC reduction during phase I, the
removal efficiency decreased significantly in the subsequent phases, with all systems reaching
similarly moderate performances. This decrease could be attributed to lower temperatures, as higher
FC removal rates are typically achieved during warmer summer months [66,67]. Extended retention
times stabilized the removal efficiencies rather than enhanced them, which disagrees with previous
studies [66]. This suggests that the confounding temperature decline masked any positive HRT effect.
Water losses at longer HRT may also have concentrated FC in the effluent. The impact of reactive
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media was not significant which is inconsistent with previous studies demonstrating that reactive
media, especially biochar, enhance pathogen removal [68]. Accordingly, the concentration of FC
exceeded the limit for wastewater reuse in agriculture in Morocco, set at 1000 CFU/100 mL indicating
that single-stage AVFCWs are not sufficient for pathogen removal. Thus, the integration of additional
polishing steps such as a second CW stage, ultraviolet (UV) disinfection or chlorination is required.

PCA and Spearman correlation analyses offer a comprehensive overview of pollutant removal
mechanisms in the AVFCW mesocosms, elucidating performance differences across treatment phases
and wetland configurations. PC1 revealed a strong positive association between pH, temperature,
COD, TSS, TN, TP and heavy metals, and a negative association with HRT and DO, suggesting that
increases in one parameter were generally accompanied by increases in others. Notably, PC1 also
reflected a gradient driven by the combined effect of increasing HRT and declining temperature,
reflecting a confounding interaction between these two variables. The distribution of the observations
according to the HRT revealed a clear gradient across treatment phases, with Phase I (HRT = 24 h)
characterized by higher contaminant loads, while Phases II and III (HRT =48 h and 72 h, respectively)
exhibiting progressively lower pollutant concentrations and increased dissolved oxygen levels,
emphasizing the significant influence of HRT on treatment performance. At the same time, this
gradient reflected seasonal variability, marked by declining temperatures across the phases, which
likely influenced microbial activity. On the other hand, PC2 separated systems according to
prevailing physicochemical conditions and predominant treatment mechanisms, with strong positive
loadings on DO, pH, EC and temperature, in contrast with HRT, TSS, TN, TP and Log FC. Positive
PC2 suggested enhanced aerobic biodegradation and nitrification, while negative scores reflected
higher contributions from denitrification, adsorption, precipitation and filtration. The system based
biplot reinforced the mechanistic contributions of reactive media with CW-A distinctly separated
from the amended AVFCW mesocosms, confirming its limited treatment capacity and the
predominance of biological processes. In contrast, CW-B, CW-C, and CW-D partially overlaped in
the negative to neutral PC2 region and lower PC1 scores, indicating comparable overall performance.
This confirms that reactive media enhanced treatment efficiency through combined biological and
physicochemical mechanisms. Notably, CW-C and CW-B consistently occupied regions with lower
TN and TP, consistent with their higher nutrient removals. This finding highlighted the capacity of
mining residues and clay to promote ion exchange, adsorption, precipitation, and surface
complexation alongside biological transformation.

Spearman correlations supported and complemented PCA results, providing a consistent
representation of pollutant removal in the AVFCWs. Positive correlations between COD and TSS, TN
and TP, along with their loading in the same direction on PC1 in opposition to HRT and DO, indicated
that organic matter, suspended solids and nutrients were partially removed through coupled
processus. These processus included filtration and precipitation, biodegradation,
nitrification/denitrification, especially in well aerated zones. Heavy metals were strongly associated
and moderately correlated with COD and TSS and pH, suggesting partial co-removal with organic
and particulate matter, in addition to adsorption, precipitation and complexation on Ca, P, Al and Fe
rich substrates, particularly in clay and mining residues. Faecal coliforms, on the other hand,
exhibited a positive correlation with TSS and a negative association with temperature, indicating that
FC are partially eliminated with particular matter with reduced inactivation in low temperatures.

Water loss through evapotranspiration emerges as an important consideration for wastewater
reuse, particularly in arid to semi-arid regions. Phase I recorded the highest ET rates (10.16 + 6.19 —
13.11 + 6.65 mm/day), coinciding with warmer temperatures (24.01 °C), with CW-A exhibiting the
lowest ET among all systems. In the subsequent phases, ET decreased slightly in all systems,
reflecting the seasonal decline in temperature, which dropped to 20.08 °C in phase II and 14.09 °C in
phase III. These results are consistent with previous studies that reported ET rates for Arundo donax
ranging between 5 and 40 mm/day [69-71]. Furthermore, the use of reactive media enhanced ET
compared to sand-based systems, aligning with previous studies that indicate that substrates
characterized by significant porosity and organic matter content tend to increase the ET due to their
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higher water retention capacity and enhanced plant growth [72,73]. The water loss followed a trend
consistent with evapotranspiration but increased considerably with longer HRT, rising considerably
from phase I to phase III, particularly in the amended systems. These results were consistent with
reported water losses reaching 28% when using Arundo donax as a plant [71]. This increase is
attributable to the prolonged interaction between water, plants, and substrates, enhancing both
transpiration and surface evaporation [22,74]. Overall, these findings emphasize that substrate type
and extended HRT may result in greater water losses, which could pose challenges for wastewater
reuse by concentrating salts and reducing the treated wastewater volume. Consequently, careful
media selection and HRT optimization are critical for balancing treatment performance with water
conservation, especially in semi-arid to arid regions.

5. Conclusions

This mesocosm-scale study provided an evaluation of phosphate mining residues as a novel
reactive substrate for constructed wetlands. The results demonstrated that the incorporation of
reactive media significantly enhanced pollutant removal compared to sand based system. CW-D
achieved the highest overall performance for COD and TSS removal, while CW-B and CW-C
outperformed in phosphorus and heavy metal removal through adsorption, precipitation and cation
exchange. Notably, phosphate mining residues achieved 76% phosphorus removal and up to 89% Cd
and Cu removal, positioning them as a viable alternative to conventional substrates.

On the other hand, the treated wastewater did not meet the Moroccan agricultural reuse
standards for cadmium and faecal coliforms. The Cd noncompliance is mainly attributable to the high
challenge load applied in this study, whereas faecal coliform removal was limited in all systems,
especially under low temperatures. These results suggest that single stage AVFCWs are insufficient
and require additional polishing steps for safe agricultural reuse. Moreover, the subsequent phases
with increasing HRT coincided with seasonal temperature decline, resulting in a combined influence
of both factors that may have masked the positive individual effect of HRT on treatment performance.
Extended HRT also increased water loss through ET, reaching up to 28%, thereby reducing the
available treated wastewater volume for reuse.

These findings were obtained under greenhouse conditions at mesocosm scale. Further
validation is necessary for extrapolating to field-scale systems, including: (i) used substrate
characterization and microbial community analysis to elucidate treatment mechanisms; (ii)
Optimization of operational parameters (e.g. hydraulic loading rate, bed depth, reactive media ratios,
etc.); (iii) Long-term performance monitoring to evaluate substrate ageing and saturation; (iv)
Integration of additional treatment steps (two stage CWs) to achieve regulatory compliance; (v) pilot-
scale trials with economic and environmental assessment to evaluate feasibility for decentralized
wastewater treatment in rural Morocco.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1. SEM images and corresponding EDS spectra of (a) phosphate mining
residues (b) Clay (c) Pozzolan and (d) Biochar.
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