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Abstract

In Saint-Louis, Senegal, a constructed wetland with horizontal flow reed beds
(FHa and FHb) has demonstrated significant efficacy in treating municipal
wastewater. Analyzing various treatment stages, the system showed only a
slight temperature variation, from an influent average of 26.3°C to an effluent
of 24.7°C. Electrical conductivity decreased from 1331 mS/cm to 974.5 mS/cm
post-primary treatment, with suspended solids (SS) dramatically reduced
from 718.9 mg/L to 5.7 mg/L in the final effluent. Biochemical oxygen de-
mand (BOD5) and chemical oxygen demand (COD) saw a notable decrease,
from initial levels of 655.6 mg/L and 1240 mg/L to 2.3 mg/L and 71.3 mg/L,
respectively. Nitrogenous compounds (N-TN) and phosphates (P-PO?") also
decreased significantly, indicating the system’s nutrient removal capacity.
Microbiological analysis revealed a reduction in fecal coliforms from 7.5
Ulog/100ml to 1.8 Ulog/100ml and a complete elimination of helminth eggs.
The presence of Phragmites and Typha was instrumental in enhancing these
reductions. The system’s compliance with the Senegalese standards for dis-
posal into natural environments, WHO recommendations for unrestricted
water reuse in irrigation, and the European legislation for water reuse was es-
tablished. The effluent quality met the stringent criteria for various classes of
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agricultural reuse, illustrating the system’s potential for sustainable water man-
agement. This wetland model presents a robust solution for water-stressed re-
gions, ensuring environmental protection while supporting agricultural needs.
The study calls for ongoing research to further refine the system for optimal,
reliable wastewater treatment and water resource sustainability.
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1. Introduction

Sustainable water resource management stands as a paramount concern of our
time, responding to the challenges posed by demographic growth and environ-
mental pressures [1]. Within this context, wastewater treatment emerges as a
critical domain, offering innovative solutions for ensuring water availability and
quality [2]. Among such innovative approaches, horizontal flow constructed
reed bed filters have gained increasing interest due to their presumed efficacy in
purifying contaminated waters [3]. The African perspective on water manage-
ment by 2025 aims to promote “the equitable and sustainable use of water for
socio-economic development”. To effectively achieve this goal, African nations
can draw inspiration from other countries facing similar challenges, imple-
menting improved systems to ensure better sanitation for their growing popula-
tions. Enhancing sanitation facilities plays a pivotal role in combating poverty
and improving the quality of life. Significant disparities in sanitation and waste-
water treatment between Africa and other continents persist. It is noted that ten
of the countries with the highest levels of open defecation are in Sub-Saharan
Africa, where the proportion of the population using safe sanitation facilities is
also the lowest at 21% [4]. Constructed reed beds, often associated with natural
filtration processes, represent a promising treatment technology. This hybrid
method, combining engineering and biological processes, offers substantial ben-
efits in terms of cost and environmental impact. Their ability to remove various
pollutants, both physico-chemical and microbiological, makes them a prime
candidate for wastewater treatment systems of small and large scales [5]. This
study specifically focuses on the efficacy of horizontal flow constructed reed bed
filters in the Senegalese context, where water-related concerns are exacerbated
by climatic and socio-economic factors. The aim of this study is to evaluate the
effectiveness of a wastewater treatment system using horizontal flow constructed

reed bed filters, specifically in the Saint-Louis region of Senegal. The system
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comprises various stages, including manual pre-treatment, French-type ho-
rizontal filters (FHa and FHb) associated with different plants (Phragmites and
Typha), and a refining step. The Sahelian climate of the region, characterized by
high temperatures and low rainfall, presents particular challenges to water
treatment. The ultimate goal is to achieve effluent quality that allows for the wa-
ter’s reuse in crop irrigation. Through a thorough analysis of the results obtained
in our study, we will seek to determine the viability of applying this technology
in the Senegalese context, with a particular emphasis on the reuse of treated wa-
ter in agriculture. In doing so, we contribute to building a crucial knowledge
base for the development of sustainable water management strategies, aligned
with the United Nations Sustainable Development Goals (SDGs).

2. Materials and Methods
2.1. Description of the Study Area

The study area is located in the Saint-Louis region of Senegal, specifically within
the premises of Gaston Berger University of Saint Louis near the agricultural
farm. The university is approximately 12 km from the city of Saint-Louis on the
N2 national road leading to Richard-Toll or the Mauritanian border. It is part of
the rural community of Gandon and is situated between the two villages Sanar
Peulh and Sanar Wolof. The climate of Saint-Louis is Sahelian, with hot, dry
continental winds, and an average annual temperature of 24.5°C. Temperatures
range from 18°C in January to 40°C in May. Saint-Louis enjoys an average of
250 hours of sunshine per month, about 8.5 hours of sun per day. The climate is
characterized by great aridity (with an annual average precipitation of 265.0
mm) and is divided into two distinct seasons: the rainy season (hot and humid)
from the end of June to October, with significant rainfall that can reach 100 mm
in August, and the dry season from November to May, marked by Harmattan
winds from the desert, creating hot, dusty days with almost no precipitation [6].
The goal is to achieve effluent quality that meets the objective of reusing water
for crop irrigation. The purification system, shown in 3D in Figure 1, consists of
a manual cleaning coarse grid, along with a sand cleaner; a first stage of French-
type FPR as pretreatment and primary treatment totaling 72 m? (3 cells of 24 m’
each); a second French-type FPR stage (second step), as a secondary treatment of
48 m’ in total (24 m® each); and a third stage (refinement) of horizontal FPR to-
taling 72 m* (two cells of 36 m* each). Table 1 indicates the design characteris-
tics of the filter, highlighting the type of horizontal filter, the specific filter (FHa
and FHD), the height of the filter (in cm), the material of the filtration layer (Flint),
its granulometry (5 - 15 mm), and finally, the type of plant used as a purifier.

The horizontal filters (FHa and FHb) have similar design features in terms of
height, filtration layer material, and granulometry. The main difference lies in
the plants associated with each filter, with Phragmites for FHa and Typha for
FHb. This plant pairing suggests a possible adaptation of the filter according to

specific needs related to the characteristics of the selected plants.
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Figure 1. Multistage constructed wetland (CW) layout (prototype, University Gaston Berger (UGB) campus).

Table 1. Main design features of the filter

Filtering layer
Stage Filter Plant
Height (cm) Material Granulometry
Horizontal FHa 60 Silex 5-15mm Phragmites
filter FHb 60 Silex 5-15mm Typha

2.2, Sampling and Quality Control

In addition to samples collected from the influent to the prototype and the ef-
fluent from the pretreatment device, samples are taken at the inlets and outlets
of each filter cell. A monitoring program spanning six months (12 series) and
including the analysis of grab samples was conducted from February to July
2019. Samples were collected at each filter in the pilot process, including the in-
fluent and effluent of each filter (9 sampling points), and then preserved ac-
cording to standard methods [7]. The pH, electrical conductivity (EC), and tem-
perature (T) were measured on-site using portable sensors. chemical oxygen de-
mand (COD), biological oxygen demand under five days (BOD5), suspended sol-
ids (SS), total nitrogen (TN), ammonia ( N-NH; ), nitrates ( N-NO; ), and phos-
phates (P-PO}") as well as total phosphorus (TP) were analyzed in accordance
with standardized French methods NF EN ISO 19458 [8] at the Wastewater
Treatment and Water Pollution Laboratory of Cheikh Anta Diop University, in
Dakar, Senegal [9]. Fecal coliforms (FC) were counted according to the standar-
dized culture method on lactose bile violet red agar (VRBL) for 24 hours, and
the results were expressed in colony-forming units (CFU) in logarithmic base
per volume unit. Helminth eggs were quantified according to standard methods
[7]. In the remainder of this study, we will focus exclusively on the water quality

at the output of the vertical filters.

2.3. Data Analysis

Statistical analyses were performed on the raw data using Excel 2016 and IBM-
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Table 2. Average

SPSS Statistics [10]. Excel 2016 was used for descriptive analyses (means, maxi-
mum, minimum, and standard deviation). IBM-SPSS Statistics was utilized to
conduct an analysis of variance (ANOVA). The ANOVA was carried out to as-
sess the impact of various design and operational variables on the study out-
comes, particularly regarding pollutant reduction. The threshold for statistical

significance was set at p < 0.05.

3. Results
3.1. Water Quality and Physico-Chemical Pollutant Removal

Table 2 presents the results of water quality analysis at different stages of the
treatment process, including influent, pretreatment, output from primary and
secondary treatments with vertical flow (VF), and outputs from horizontal filters
(FHa and FHb). Data are provided for various parameters including temperature
(T), electrical conductivity (EC), pH, suspended solids (SS), 5-day biochemical
oxygen demand (BODS5), chemical oxygen demand (COD), total nitrogen (N-TN),
ammoniacal nitrogen ( N-NH} ), nitrate ( N-NO; ), and phosphate ( P—POi’). In
Table 2 results show an evolution in water quality across five treatment stages.
Water temperature remains relatively stable throughout the process, with a
slight decrease from 26.3°C £ 1.5°C at the inlet to about 24.7°C % 1.4°C at the
outlet. The initial electrical conductivity (EC) of 1331 + 170 mS/cm decreases
significantly after treatment (974.5 + 211.5 mS/cm at the outputs of the first and
second vertical flow treatment), then slightly increases to the final values of 1056
+ 115 and 1049 £ 142 mS/cm at the outputs of the FHa and FHb filters. The pH,
which starts at 7.7 + 0.2, drops to 5.75 + 0.4 after the intermediate stages, then
rises to 8.0 0.2 at the final stages, indicating a more alkaline water at the outlet
than at the inlet. Suspended solids (SS) show a significant reduction, from 718.9
+ 291 mg/L in the influent water to only 5.7 + 2.3 mg/L at the FHb outlet. Simi-
larly, 5-day biochemical oxygen demand (BOD5) and chemical oxygen demand

water quality and associated standard deviation

Outlet 1st & 2nd

Parameters Influent Pre-Treatment. Treatment. Outlet FHa Outlet FHb
T ('C) 263x1.5 27.1x0.8 26.15 £ 0.55 248+ 1.0 247+ 1.4

EC (mS/cm) 1331 £ 170 1420 + 129 974.5 £ 211.5 1056 =+ 115 1049 + 142
pH 7.7+0.2 7.5+0.1 5.75+0.4 8.0+0.2 8.0+ 0.2
SS (mg/L) 718.9 £ 291 388.8 £ 59 12.8 + 4.25 9.6 £6.4 5.7+£23
BOD5 (mg/L) 655.6 £ 106 495.5 + 85 235+ 1.65 3.8+27 23+1.1
COD (mg/L) 1240 = 589 1063 = 293 88.1 £ 37.5 79.8 = 39 71.3 £33
N-TN (mg/L) 188 £ 82 138.2 £ 29 37.95+£19.0 24465 23.0x9.0
N-NH; (mg/L) 130.9 £ 68 99.8 + 21 4.15+2.25 41+24 34+29
N-NO; (mg/L) 43+£25 27+13 30.6 £ 11.5 11.1+3.1 125+ 4.7
P-POj’ (mg/L) 70.9 = 43 68.7 £ 39 13.8+5.0 55+4.1 21+1.2
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(COD) decrease drastically, from initial values of 655.6 + 106 mg/L and 1240 +
589 mg/L respectively, to 2.3 + 1.1 mg/L (BOD5) and 71.3 * 33 mg/L (COD) at
the end of treatment. For total nitrogen (N-TN), a reduction from 188 + 82
mg/L to 23.0 + 9.0 mg/L is noted at the FHb outlet. Ammonium ( N-NHj} ) also
decreases from 130.9 + 68 mg/L to 3.4 + 2.9 mg/L. Contrary to these trends, ni-
trates ( N-NOj ) increase after pretreatment, from 4.3 = 2.5 mg/L to 30.6 + 11.5
mg/L, then decrease in the following stages to reach 12.5 + 4.7 mg/L.

Finally, phosphate concentration (P-PO} ) progressively decreases from 70.9
+ 43 mg/L to 2.1 + 1.2 mg/L at the FHb outlet, reflecting the treatments efficien-
cy in reducing phosphorus concentrations. These data illustrate the effectiveness
of the treatment process in improving water quality by reducing the majority of
the measured contaminants, although the transient increase in nitrates requires

particular attention.

3.2. Enumeration and Removal of Microbiological Indicators

Table 3 presents monitoring data for two indicators of microbiological conta-
mination, fecal coliforms (FC) and helminth eggs (HE), at different stages of a
wastewater treatment process. Data for fecal coliforms are expressed in loga-
rithmic units per 100 milliliters (Ulog/100ml), and results for helminth eggs are
in eggs per liter (eggs/L). The “Average” column represents the mean concentra-
tion, while “Max” and “Min” represent the observed maximum and minimum
values, respectively. The reduction in concentration is also expressed as a per-
centage. For fecal coliforms (FC), there is a progressive decrease in the average
concentration from the influent with 7.5 Ulog/100ml, passing to 6.7 Ulog/100ml
after pretreatment, then to 3.75 Ulog/100ml after the first and second treatment,
and finally reaching 1.8 and 2 Ulog/100ml at the FHa and FHb outlets, respec-
tively. The maximum variation (Ulog) also decreases, from 0.9 in the influent to
0.3 at the outlet, indicating a reduction in contamination variability. The per-

centages of FC elimination increase from 11% after pretreatment to 52% and

Table 3. Concentration and elimination of microbiological indicators. FC: fecal coliforms
and HE: helminth eggs.

First and
Indicator Influent Pre-Treatment  second FHa FHb
traitement
Average 7.5 6.7 3.75 1.8 2
FC concentration Max 8.1 7.1 4.15 2.8 2.1
(Ulog/100ml) Min 7.2 6.4 3.5 0.1 2
removal Ulog 0.9 0.8 0.6 0.3 0.3
% 11 44 52 47
HE (eggs/L)  Average 13! 52 0 0 0
removal % 62 100 - R
!Ascaris spp., Trichuris spp; *Ascaris spp.
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47% for the FHa and FHDb outlets, respectively. For helminth eggs (HE), the av-
erage concentration at the influent is 13 eggs/L, which is reduced to 5 eggs/L af-
ter pretreatment, indicating a 62% elimination. After the first and second treat-
ment, the concentration drops to 0 eggs/L, showing a 100% elimination, which is
maintained for the FHa and FHb outlets. These results demonstrate the effec-
tiveness of the treatment process in reducing microbiological indicators. The
treatment succeeds in almost completely eliminating helminth eggs and signifi-
cantly reducing the concentration of fecal coliforms, indicative of a substantial
improvement in the microbiological quality of the water. However, a slight in-
crease in FC concentration at the FHb outlet compared to the FHa outlet might
warrant investigation to understand and optimize the treatment process at this

stage.

4. Discussion

4.1. Physicochemical Pollutant Removal

The changes in various parameters according to the different treatment stages
are depicted in Figure 1. The values are calculated from the average results pre-
sented in Table 2, which showcases the performance of a water treatment system
in terms of the removal of various pollutants, with observed elimination rates
after pretreatment and at the FHa and FHb outlets, based on 12 samples. The in-
fluent water, characterized by a typical composition of raw municipal wastewater
with a minor contribution from industrial wastewater, presents high concentra-
tions of pollutants compared to standards for urban wastewater [2]. These high
concentrations are attributed to the low levels of water use in Senegal (40 - 80
L/person) compared to Europe (about 150 L/person) [11]. Ces concentrations
élevées sont attribuées aux faibles niveaux d’utilisation de I'eau au Sénégal (40 -
80 L/personne) par rapport a ’Europe (environ 150 L/personne) [11]. The high
nutrient concentrations (N-TN > 100 mg/L, (P-PO]  near 80 mg/L) and high
electrical conductivity are also notable and align with other studies on wastewa-
ter in Senegal [12]. For EC, the negative values (-6.7%, —8.4%, —7.6%) suggest
an increase in conductivity after treatment, which could indicate a concentration
of dissolved salts or other conductive ions, a phenomenon that can be explored
and contextualized in studies such as [13]. SS shows a substantial reduction, with
pretreatment eliminating 45.9% and the FHb outlet displaying the best perfor-
mance with 55.5%. This efficiency in SS removal is a positive indicator of treat-
ment performance, as discussed in [14]. OD5 presents a reduction of 24.4% after
pretreatment, but curiously a negative increase (-61.7%) at the FHa outlet, fol-
lowed by a slight improvement (2.1%) at the FHb outlet. This increase at FHa
could be attributed to unexpected biological or chemical processes and should be
analyzed in light of sources such as [15]. Nevertheless, the observation of a nega-
tive value for BOD5 elimination rate (—61.7%) at the FHa outlet is peculiar as it
suggests an increase in BODS5 rather than a reduction, which would be contrary

to the goal of wastewater treatment. Even though this value is obtained relative
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to the average of the values measured at the outlets of the second treatment by
horizontal flow, an increase in BOD5 concentration is noted. This could be due
to several factors such as measurement error, sample contamination, internal bi-
ological processes (such as the proliferation of bacteria or the decomposition of
previously undegraded organic matter, inhibition of degradation by certain
chemical components, or unfavorable conditions (pH indicating more alkaline
water at the outlet than at the inlet in our experiment), a sudden increase or var-
iation in the inflow rate with a high organic load just before sampling could also
explain this peculiar result. To determine the exact cause, it would be necessary
to review the sampling, measurement, and analysis procedures, as well as ex-
amine the operational conditions of the treatment station at the time of mea-
surement. A repetition of measurements or an analysis of trends over several
cycles could help confirm whether this is a one-time anomaly or a systemic
problem. For COD, elimination rates remain relatively low, suggesting lesser
treatment efficacy for this measure of organic pollution, necessitating further
investigation as recommended by [16]. The elimination of total nitrogen (N-TN)
and ammonium ( N-NHj ) shows progressive improvements at different stages,
with the best performances observed at the FHb outlet (39.4% and 18.1% respec-
tively). These trends correspond to observations in works like those of [17]. Ni-
trate ( N-NO; ) elimination is effective, especially at the FHa and FHb outlets
(63.7% and 59.2% respectively), which reflects adequate nitrification, a process
also covered in the specialized literature such as [18]. Finally, the elimination of
phosphates ( P-POY") is particularly effective at the FHb outlet with 84.8%. This
result is very positive as phosphates can contribute to the eutrophication of re-
ceiving waters, as explained in [19].

Table 4 and Figure 2 augment the analysis by presenting the pollutant re-
moval rates across various treatment stages and tracking the progression of dif-
ferent water quality parameters throughout the treatment phases, inclusive of
error bars that denote the standard deviation. The results highlight effective
suspended solids (SS) elimination and significant reductions in chemical oxygen

demand (COD) and biochemical oxygen demand (BOD5). High performance in

Table 4. Pollutant elimination rates

Parameters Pre-treatment (%) QOutlet FHa (%) Outlet FHb (%)
EC (mS/cm) -6.7 -8.4 -7.6
SS (mg/L) 459 25 55.5
BOD5 (mg/L) 244 -61.7 2.1
COD (mg/L) 14.3 9.4 19.1
N-TN (mg/L) 26.5 35.7 39.4
N-NH! (mg/L) 23.8 1.2 18.1
N-NO; (mg/L) 372 63.7 59.2
P-PO} (mg/L) 3.1 60.1 84.8
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Figure 2. The evolution of various water quality parameters through the different treatment stages, complete with error bars that

represent the standard deviation.

the elimination of nitrogenous and phosphorus compounds confirms the sys-
tem’s efficiency in nutrient reduction. The pretreatment step aims to remove
sand and large particles in the wastewater, occasionally exacerbated by sandstorms
due to the site’s geographical positioning [6]. This pretreatment effectively re-
moves a large amount of suspended material, primarily inorganic particles. The
second stage involves primary and secondary treatment in reed bed filters with
vertical flow, which significantly eliminates suspended materials and organic
matter while nitrifying the effluent (N-NO,; > 30 mg/L). These results indicate
proper filter operation, with eliminations comparable to other similar expe-
riences [20]. High temperatures in the region enhance the kinetics of degradation,
strengthening microbial activity in the sand filters. The strong phosphorus eli-
mination is also noted, although this removal may decrease over time. The filters
act as a polishing step, reducing residual pollution to very low levels for certain
parameters. However, the suboptimal pH limits denitrification in these FHa and
FHD filters. While they are highly effective for certain parameters, their influence
on the removal of BOD5 and COD is limited, as these compounds have already
been largely degraded in previous stages. Significant differences between the two

filters are observed depending on the plant species.

4.2. Removal of Microbiological Indicators

The waters arriving at the pilot treatment station have characteristics typical of

municipal wastewater in Senegal. They contain various pathogens, including
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high concentrations of viral bacteria and helminth eggs, reflecting the carrier
state and infection levels in the community. This raises public health concerns in
the case of wastewater reuse, particularly in endemic regions with a high preva-
lence of waterborne diseases. Therefore, the removal of microbiological indica-
tors is crucial if water reuse is considered. The enumeration and removal of mi-
crobiological indicators, such as fecal coliforms (FC) and helminth eggs (HE),
gauge the effectiveness of the FHa and FHb filters. Table 3 presents the initial
concentrations, removal performance, and characteristic values of the microbio-
logical indicators at different treatment stages. The evolution of the removal
rates of fecal coliforms (FC) and helminth eggs (HE) according to the different
treatment stages are presented in Figure 3. As for fecal coliforms (FC), the av-
erage concentration decreases progressively through the treatment stages, from
7.5 Ulog/100ml in the influent to 1.8 Ulog/100ml after the final treatment (FHb).
The maximum reduction observed is 6.1 Ulog (from 8.1 to 2 Ulog/100ml), and
the minimum is 5.2 Ulog (from 7.2 to 2 Ulog/100ml). The efficiency of elimina-
tion increases at each stage, starting at 11% after pretreatment and reaching up
to 52% after the first and second treatment. The raw wastewater exhibited a high
number of helminth eggs (predominantly Ascaris spp.) which were nearly 100%
eliminated in the first stage of the constructed wetland system. The effective re-
moval of Ascaris spp. eggs was due to filtration/sedimentation [21]. The hori-
zontal filters (FHa and FHb) show significant efficacy in reducing fecal coli-
forms, with reductions up to 1.8 Ulog. This substantial reduction demonstrates
the system’s efficiency in removing microbiological contaminants. The average
fecal coliform concentrations decreased from 7.5 to 1.8 Ulog/100 mL. These val-
ues underscore the importance of microbiological contaminant removal to meet
water quality standards [22]. Horizontal filters demonstrated notable elimina-
tion of helminth eggs, with total removal in both FHa and FHDb filters. This sug-
gests particular efficacy in the treatment of parasitic pathogens. The microbio-
logical indicators evaluated, namely fecal coliforms (FC) and helminth eggs (HE),

150 (a) - Removal efficiency of fecal coliforms (FC) (b)- Removal efficiency of helminth eggs (HE)
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Figure 3. (a) the evolution of the removal rates of FC (fecal coliforms) according to the different stages of treatment; (b) the evo-
lution of the removal rates of HE (helminth eggs) according to the different stages of treatment.
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are relevant markers of water microbiological quality. Their monitoring allows
for quantifying the horizontal filter’s efficacy in reducing health risks associated
with fecal and parasitic contamination. In conclusion, the table highlights the
positive performance of the FHa and FHb filters in reducing microbiological in-
dicators, with significant results for fecal coliforms and helminth eggs. These
observations reinforce the idea that horizontal flow phytoremediation is an ef-
fective method in wastewater treatment regarding the elimination of microbio-
logical contaminants. These findings are essential for guiding the design and op-
erational practices of water treatment systems to optimize treated water quality.
Further research could explore the specific mechanisms underlying these results,
thus contributing to the continuous improvement of water treatment technolo-

gies.

4.3. Operating and Design Parameters Effect

Table 5 illustrates the impact of design and operational variables on the removal
of various parameters within the system. The letter “S” indicates a significant ef-
fect of the variable on the corresponding parameter.

Variables related to plant species, particularly Phragmites (FHa) and Typha
(FHDb), exhibit a significant effect (S) on the removal of suspended solids (SS),
5-day biochemical oxygen demand (BODS5), chemical oxygen demand (COD),
ammonium ( N-NH; ) and phosphate ( P-POi’) but not fecal coliforms. The lack
of a significant notation for fecal coliforms indicates that this variable does not
have a significant effect in this specific context. The significant effect (S) of plant
species suggests their role in reducing suspended solids, with plant roots poten-
tially playing a crucial role in trapping these particles and removing organic
matter, thereby improving the quality of the treated water. Regarding the gravel
material in the first stage of the horizontal filters, significant differences were
observed for FHb (flint + 15 cm of 3 - 8 mm river gravel), which showed better
elimination rates for almost all parameters. However, no significant difference
was noted between FHa (flint) and FHb (granite), aligning with other studies
[23] that showed poorer performance in horizontal filters with crushed gravel or
sand. Specific studies might be needed to interpret these results in detail. The
depth of the sand filters showed no significant differences in any parameter,
likely due to the small differences in sand height (20 cm) not being sufficient to
cause a significant effect. Horizontal filters planted with Typha (FHb) out-
performed those planted with Phragmites for all physicochemical parameters.
While the literature is not clear on which plant offers better performance in ho-

rizontal filters [24], our results show clear differences that could be attributed to

Table 5. Effect of design and operational variables on parameter removal

Variable SS BOD5 COD N-NH; P-POY FC

Plant species (FHa, FHb)

S S S S -
(Phragmites, Typha)
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the more substantial and faster development of Typha. Additionally, Typha co-
lonized the entire bed in about a month, while the growth and spread on the
Phragmites bed were much less significant. Clearly, the hydraulic load plays an
important role in the elimination of certain pollutants in horizontal filters [25].
The UGB’s horizontal filters did not show clogging or oxygenation problems
during the study, even without resting periods. This was demonstrated by the
good water infiltration capacity of the filters, the quality provided, and the nitri-
fication capacity. Therefore, for the Senegalese conditions studied in a dry and
hot climate, preliminary results indicate that no resting period is necessary. High
temperatures and a dry climate would favor mineralization and the drying of
solids and organic matter, leading to a significant reduction in construction and
operational costs, as there would be no need to build/operate multiple beds in
parallel. Despite these trends, further studies must be conducted to confirm
these hypotheses. The results suggest that the choice of plant species, Phragmites
and Typha, in horizontal filters (FHa, FHb), has a considerable impact on treat-
ment efficacy. These plants are known for their ability to promote beneficial
ecological processes in wastewater treatment systems. The significant effect ob-
served for several parameters confirms the importance of horizontal filters in
improving water quality, particularly regarding the reduction of organic pollu-
tants and nutrients. In conclusion, integrating Phragmites and Typha into hori-
zontal filters appears to be an effective strategy to enhance the overall perfor-
mance of the wastewater treatment system. However, more in-depth investiga-
tions are necessary to fully understand the underlying mechanisms and further

optimize these systems based on the specific characteristics of the site.

4.4. Prospects for the Reuse of Treated Water for Agricultural
Irrigation

Table 6 offers a detailed comparison of water quality parameters from filters

Table 6. Comparison of the quality of treated water effluents with the quality requirements of Senegal, the EU, and the WHO, or

recommendations for the elimination and reuse of water in irrigation.

Senegalese Norms WHO Recommendations o
European Legislation for

Parameters FHa FHb for Disposal Media for Water Reuse in o
(NS 05-061, 2001  Unrestricted Irrigation 2o Reuse in irrigation
SS (mg/L) 9.6 5.7 40 - 10° — 35>
BOD5 (mg/L) 3.8 2.3 50 - 10° — 254
COD (mg/L) 79.8 71.3 200 - -
N-TN (mg/L) 244 23.0 30 - -
N-NH, (mg/L) 4.1 34 N/A - -
N-NO; (mg/L) 11.1 12.5 N/A - -
P-PO} (mg/L) 5.5 2.1 10 - -
FC (UFC/100ml) 180 200 2000 1000 10*-100°-1000°-10.000¢
HE (Eggs/L) 0 0 - <1 -
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FHa and FHb against the target values of Senegalese discharge standards [26],
the World Health Organization (WHO) guidelines for unrestricted water reuse
in irrigation [27], and European legislation for water reuse in irrigation [28]. The
analysis of Table 6 shows that the treated effluents comply with Senegalese
standards for discharge into the natural environment [26], the legislation of the
European Union for the reuse of water in irrigation [28] and the recommenda-
tions of the World Health Organization (WHO) for the reuse of water in unre-
stricted irrigation [27]. According to the Senegalese standards, the constructed
wetland system meets the quality requirements for discharge into natural envi-
ronments for all the parameters studied. This compliance underlines the effec-
tiveness of the station in treating municipal wastewater effluents, thus adhering
to local norms and contributing to environmental preservation.

The classifications a, b, ¢, and d refer to categories of recycled water quality
and permitted agricultural use and irrigation methods. Class A: All food crops
including those eaten raw and food crops where the edible part is in direct con-
tact with the recycled water. All irrigation methods are allowed. Class B: Food
crops consumed raw when the edible part is produced above ground and not in
direct contact with the recycled water, processed food crops, and non-food crops
including those for feeding dairy or meat animals. All irrigation methods are
permitted. Class C: The same category of crops as Class B, irrigable with Class B
water quality. Only drip irrigation is allowed. Class D: Industrial, energy crops,
and seeds. All irrigation methods are permitted.

Concerning the European Union requirements for wastewater reuse, the sys-
tem reaches the required quality for all uses related to COD and SS. For fecal co-
liforms, the effluent could be reused for Classes C and D (1000 CFU/100mL -
10,000 CFU/100mL). The Class A of European legislation imposes more strin-
gent standards for FC compared to the results from FHa and FHb. This extended
reusability highlights the system’s versatility in the context of European norms,
opening up possibilities for various agricultural applications. In relation to the
WHO recommendations, Table 6 emphasizes that the multi-stage constructed
wetland provides water suitable for unrestricted reuse in irrigation for all para-
meters, including fecal coliforms and helminth eggs. These results demonstrate
that the multi-stage constructed wetland enables the safe reuse of water in agri-
culture, a crucial consideration in areas facing severe water scarcity like Senegal.
Ultimately, horizontal filters emerge as a viable solution for the safe reuse of
treated water, offering significant opportunities in regions confronted with water
scarcity. Future planning of innovative irrigation based on drip and deficit irri-
gation demonstrates the practical feasibility of this approach in real-world ap-
plications. The positive results of Table 6 underscore the necessity of ongoing
research on horizontal filters, focusing on optimizing treatment parameters to
meet the increasing needs for sustainable water management. In conclusion, ho-
rizontal filters present notable performances, paving the way for more efficient

and sustainable use of water resources in contexts such as Senegal.
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5. Conclusion

The detailed study of the wastewater treatment system through horizontal flow
reed bed filters yields promising results regarding the process’s effectiveness.
The horizontal filters, FHa and FHb, have shown significant performance in
eliminating contaminants both physico-chemically and microbiologically. Mon-
itoring water quality throughout the treatment process has indicated substantial
improvements, evidencing the horizontal filters’ efficacy in pollutant removal.
Significant reductions have been observed across various parameters, including
temperature, electrical conductivity, suspended solids, biochemical oxygen de-
mand, chemical oxygen demand, total nitrogen, ammonium, nitrate, and phos-
phate. These findings demonstrate the system’s ability to effectively treat a range
of contaminants present in wastewater. The enumeration and elimination of
microbiological indicators, such as fecal coliforms and helminth eggs, are also
encouraging. Horizontal filters have shown a significant reduction in fecal coli-
forms and complete elimination of helminth eggs, underscoring the system’s ef-
fectiveness in treating microbiological contaminants. The analysis of design and
operational variables revealed significant outcomes, particularly regarding the
plant species used in the horizontal filters. Phragmites and Typha plants have
shown a significant impact on the removal of suspended solids, organic matter,
ammonium, phosphate, and fecal coliforms. These results highlight the impor-
tance of plant species selection in designing horizontal filters. Finally, the com-
parison of results with Senegalese standards, WHO recommendations, and Eu-
ropean legislation for water reuse in irrigation highlights the system’s com-
pliance with water quality requirements. The treated effluents meet national and
international standards, thus offering favorable prospects for reusing treated
water in irrigation. In conclusion, this study provides encouraging results on the
effectiveness of the wastewater treatment system based on horizontal flow reed
bed filters. The physicochemical and microbiological performance, compliance
with standards, and potential for reusing treated water in irrigation make it a
promising solution for sustainable wastewater management in the Saint-Louis
region of Senegal. However, further research could focus on the continuous op-
timization of the system and a deeper understanding of the underlying mechan-

isms to ensure consistent and reliable performance.
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