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Water scarcity and limited access to effective wastewater treatment represent critical challenges in arid and semi-
arid regions, where water reuse is increasingly necessary to support agriculture and local communities. To
address these challenges, a Nature-Based Solution (NbS) was implemented in El-Banger village near Alexandria
of Egypt, where a sand biofilter system for civil wastewater treatment was previously unable to meet reuse
standards. This study presents the design and evaluation of a new bench-scale Constructed Wetland (CW) that
operated with a hydraulic retention time of approximately 20 h over a two-week experimental period, and in-
tegrated locally available macrophytes (Phragmites australis, etc.) with a multilayer filtering substrate. The bench-
scale CW efficiently remediated the influent wastewater, achieving over 93 % Chemical Oxygen Demand (COD)
removal, contributing to meet Egyptian standards for agricultural and gardening reuse, when considered
together with the overall physicochemical and microbiological assessment. Moreover, pathogen counts,
including Escherichia coli and Staphylococcus aureus, were reduced by more than three orders of magnitude, and
solar-powered UV disinfection eliminated residual contamination. Toxicity and phytotoxicity tests using Daphnia
magna and Solanum lycopersicum seeds confirmed the absence of adverse effects. Metagenomic analyses revealed
functional bacterial taxa (e.g, Actinobacteria, Proteobacteria, Bacteroidetes) contributing to pollutant degra-
dation, along with reduced fungal diversity post-treatment. These results confirm that our bench-scale CW, based
on local materials and macrophyte consortia, can replace conventional wastewater treatments in the context of
limited resources. However, future research should focus on system upscaling, long-term performance assess-
ment under real operating conditions and the optimization of the CW plant efficiency for an optimal wastewater
reuse in arid and Mediterranean regions.

1. Introduction

Worldwide more than 1.5 billion people are threatened by soil
degradation and loss or limitation of food production, and approxi-
mately 400 million hectares of agricultural lands are saline, mostly in
arid or semi-arid regions [1]. The Mediterranean basin is experiencing
the effects of global warming more rapidly than rest of the world, and
this phenomenon is increasing the risk of soil salinization. In Egypt, the
desert climate dominates, but an arid climate characterizes its Medi-
terranean coast with rainfall ranging from 80 to 200 mm per year. The
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imbalance between land productivity and food needs will increase since
Egypt population is expected to grow [2,3]. The management of fresh-
water resources is therefore a critical issue in the development and
adaptation to climate change of the Egyptian population living along the
Mediterranean coast [4]. The current water crisis is due not only to its
scarcity, but also to the lack of adequate infrastructures and water
resource mismanagement, especially in all the Mediterranean internal
and marginalized areas [5]. According to data from the Holding Com-
pany for Water Supply and Wastewater, in Egypt, the annual collected
wastewater averaged 6.5 billion Cubic Meters (BCM) between 2009 and
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2014, constituting approximately 81 % of the total domestically pro-
duced water. Notably, about 44 % of the nationally generated waste-
water remained untreated, representing a substantial volume equivalent
to 5 % of Egypt annual share from the Nile River [6]. On the other hand,
only 20 % of the annually treated wastewater underwent primary
treatment, while the remaining 80 % underwent secondary treatment,
with tertiary treatment being the least utilized option due to its high cost
[71.

Unfortunately, there is no institutional form for sanitary drainage in
these regions, due to financial constraints and the availability of low-
cost treatment plants, depending mainly on the behavior of the soci-
ety. Therefore, the only practical solution to address the current situa-
tion is to explore alternative water resources such as benefiting from
more accessible wastewater treatment processes to reuse the remediated
water [8,9].

In this context, the use of phytoremediation (PR) technology could
represent one of the most exploitable alternatives for local communities,
thanks to their environmental and economic sustainability [10-12]. PR
is a Nature-Based Solution (NbS) exploiting the ecological relationship
through biotic (e.g, plants, microorganisms, etc.) and abiotic compo-
nents (e.g., sand) to reclaim wastewater [13]. This relationship can be
artificially designed and realized through the implementation of Con-
structed Wetlands (CWs). CWs are based on natural and spontaneous
biochemical, physical and physiological reactions, reproducing the
removal processes of pollutants typical of natural aquatic systems or
wetlands [14]. About that, several studies have demonstrated the
effectiveness of CWs and PR as sustainable alternatives to conventional
wastewater treatments, particularly in areas where the resource are
limited [15,16]. Specifically, the applications in arid and semi-arid re-
gions (e.g, Egypt) have shown that CWs plants can ensure reliable
pollutant removal at the same time minimizing energy demand, opera-
tional and management costs [17,18]. In this context, the selection of
appropriate macrophyte species plays a key role in CW performance,
resilience and long-term stability. The vegetation typically used in CW
beds is typically selected based on their functional traits. Species such as
Phragmites australis (Cav.) Trin. ex Steud., Typha spp. or Arundo donax L.,
widely diffusing both in Mediterranean and arid regions, are known for
their high tolerance to salinity and organic loads, extensive root systems,
rapid and huge biomass production, hence, for all these reasons they are
widely used [19,20].

Despite the proven effectiveness of CWs in Mediterranean regions (e.
g, Egypt), several practical aspects remain insufficiently addressed.
Limited attention has been dedicated to CWs oriented to wastewater
reuse, combining reduced land requirements with integrated physico-
chemical, microbiological and ecotoxicological assessments.

In this context, we realized a bench-scale CW based on Horizontal
Subsurface Flow (HSSF) [21] for the treatment of civil wastewater, with
the aim to evaluate its capability to achieve wastewater quality suitable
for agriculture reuse, under the hypothesis that the combined effect of
an optimized CW configuration and macrophyte diversity could improve
treatment efficiency.

2. Materials and methods

The CW bench-scale apparatus was realized as a finishing process
downstream of a NbS system already implemented in an agricultural
area of Banger El Village (Alexandria of Egypt suburb). Since this area
was affected by high salt concentration in irrigation water, and the
domestic sewage (grey and black) was discharged in unsealed soak pits
with approximate dimensions infiltrating it directly into the subsurface
layers contaminating the environmental matrices also with pathogenic
microorganisms.

2.1. Sizing and multi-stratification of a pilot HSSF CW

The HHSF CW bench-scale apparatus (Fig. 1), was built up and an
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Fig. 1. HSSF bench-scale CW design. Light blue arrows indicate the water flow.

aquarium pump with a flow of 350 liters per hour for wastewater
recycling was used, and gravity flow was exploited to limit energy
consumption. The bench-scale CW was designed to include sequential
treatment phases in different compartments (Fig. S1): i) equalization
(0.10 x 0.40 x 0.50 m, 20 L volume, 20 min minimum retention time);
ii) oxidation-nitrification (0.06 x 0.40 x 0.50 m, 12 L volume, 2.5 h
retention time); iii) CW bed (0.35 x 0.40 x 0.50 m, 70 L volume, 20 h
retention time); iv) discharge-recirculation (0.74 x 0.40 x 0.50 m). The
bench-scale CW (Fig. S2) went operative at the laboratories of SRTA-City
(Borg El Arab, Alexandria of Egypt), the temperature was in the range
20-23 °C and light for the macrophyte were irradiated by two LED lamps
with 12 h of light and 12 of dark. In order to reduce the ratio between the
surface area required for optimal water remediation and the number of
people equivalent (p.e.), natural high specific surface was used as part of
the filling media of the bench-scale CW bed. Specifically, the CW bed
was multi-layer stratified with mainly inert filling materials (e.g., sands
of different grain sizes). Although the wetland bed was stratified using
substrates of different granulometry, the system operated under a hor-
izontal subsurface flow regime. Substrate layering was adopted to
improve filtration, root anchorage, and microbial activity, and was not
intended to generate vertical flow conditions.

The CW bed was therefore stratified, starting from the bottom, with:
8-12 cm gravel (10 L); 15-20 cm sand (20 L); biochar (1 L in small
pieces and enough to cover the bed surface); expanded clay (2L, as
designed, Sg = 1000 m?> m’3); 20-25 cm sand (30 L) in which plants
were allocated (one individual for each of the macrophyte species,
placed at the four corners of the CW bed), obtaining a 63 L reactor
volume. Different macrophyte species were selected and used as con-
sortium, because the presence of different macrophytes in the bench-
scale CW, enhancing its ecosystemic biodiversity, favored the bio-
phyto-remediation processes respect to a macrophyte monoculture
(Spiniello et al. [21]; Tuttolomondo et al. [22]). Therefore, specimens of
Arundo donax L., Phragmites australis (Cav.) Trin. ex Steud., Typha spp.
and Nerium oleander L. were chosen [see Supplementary Materials (SM)
for more details)].

All the calculations elaborated for the multilayer bed stratification of
the bench-scale CW are also given in SM.

2.2. Experimental plan

The experiment was carried out with the bench-scale CW for the
treatment of effluents from a sand biofilter operating in the village El
Banger, Borg El Arab in Alexandria. This sand biofilter system (con-
sisting of a septic tank completed by a sand filter) worked for the
treatment of civil wastewater, but it produced an effluent that still did
not meet all the quality standards required for water reuse in agriculture
and gardening.

Specifically, 60 L of the wastewater, collected after the passage
through the biofilter, was used as influent and recirculated continuously
for 14 days. In addition, small wastewater additions were performed to
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compensate for evapotranspiration losses, using volumes adjusted ac-
cording to the composition of the latest recirculated effluent.

The biofilter wastewater, collected as effluent, before being loaded in
the bench-scale CW, was filtered three times on a cotton sieve to avoid
clogging problems during the treatment/recirculation due to the pres-
ence of coarse solids. Chemical analyses [e.g., COD, N compounds, pH,
Electrical Conductivity (EC), TDS, etc.] were performed on water sam-
ples at difference time points: before and after the initial filtration step
(pre-f and post-f samples); at zero time (to) or a brief recirculation after
loading the filtered wastewater into bench-scale CW (recirculation rate
= 60 L in about 1.0 min). During the wastewater recirculation in the
bench-scale CW samples at: 24, 48, 72, 142 h, and the final effluent, at
the end of the treatment were collected. TSS analysis was performed on
samples: pre- and post-filtration, typ and at 142 h (t42). Microbiological
counts of pathogenic microorganisms were performed at the beginning
of the treatment, after about one week, and at the end of the experiment
(14 days) after UV treatment. The UV disinfection was performed by
immersing a UV lamp (15 W) in the final compartment of the bench-
scale CW for 30 min. Having established that a single week of recircu-
lation in the bench-scale CW was sufficient to achieve the limits laid
down in Egyptian legislation for reuse in agriculture, other kinds of
additional analysis [e.g., Heavy Metals (HMs) / elements] were carried
out only on the starting sample and after a week of treatment, that is, the
time necessary to consider for possible practical applications.

Finally, we repeated the experiment twice to confirm the obtained
data. About that, also the second experiment showed similar results.

2.3. Chemical analyses

The methods of chemical analyses of influents and effluents are
described in detail in SM.

2.4. Microbiological analyses

The 3M™ Petrifilm™ plates (Neogen Corporation - Lansing, MI
48912 USA) were used for the count of total aerobic microorganisms,
Escherichia coli, Staphylococcus aureus, yeast and molds. The samples
were serially diluted up to 10~ and 1.0 mL of each dilution was spread
on the plates in duplicate; then the plates were incubated for the time
and at the temperature suggested by the manufacturer. The counts of
Colony Forming Units (CFU) mL ™! were finally calculated.

2.5. Toxicity test on Daphnia magna

In order to carry out a toxicity screening of the influents and effluents
of the bench-scale CW, acute 24-48 h mobility inhibition tests on those
water samples with the freshwater crustacean Daphnia magna was per-
formed in accordance with ISO 6341 and OECD Guidelines 202.
Parthenogenetic females of D. magna, aged no more than 24 h, from
long-lasting forms (efippi), were exposed for 24-48 h to the water
collected samples (at different dilution and in six biological replicates
for each sample dilution) at 25 °C with a 16 h light - 8 h dark photo-
period. The measured endpoint was represented by immobilization. This
standard method is compatible with the use of the commercial Daph-
toxkit F (MicroBio Tests Inc. - Kleimoer 15 9030 Gent, Belgium). Finally,
for each sample, the “lethal concentration 50%” (LCsg) was calculated as
shown in the equation below, that is the % sample concentration at
which half the members of the D. magna population are killed after a
certain period of exposure, by means of the AAT Bioquest LC50 calcu-
lator online.

Max — Mi
Y = Min + ax €Y

Hill coefficient
X
')
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2.6. Germination test on tomato seeds

Phytotoxicity test, that is germination/elongation test, on seeds of
tomato, irrigated either with the influents or effluents, was also carried
out.

Seeds were sterilized immersing them in 70 % ethanol for 2 min
under shaking at 100 rpm (rotation per minute), followed by a series of
one-minute washes in sterile water, then immersed in 1.5 % hypochlo-
rite for 15 min under shaking at 100 rpm, and, finally, again undergone
a series of one-minute washes in sterile water. Seeds, in duplicate, were
then lying on three sterile sheets of blotting paper in 90*15 mm Petri
dishes (10 seeds per plate). An experiment consisting of three groups:
control (irrigated with Hoagland solution), influent and effluent (the
latter collected after 1 week of recirculation in the bench-scale CW) was
set up. Petri dishes were kept in dark for the first three days and then
exposed at a natural light photoperiod for the following eight days, the
number of germinated seeds was recorded every day. At the end of the
phytotoxicity test, seedlings were removed from the plate and, for each
one, the length of stem and roots was measured by taking a picture on
graph paper and then the data analyzed with the open-source ImageJ
software. Different indices (e.g., Relative Seed Germination, Coefficient
of Velocity of Germination, etc.) were calculated to estimate the
phytotoxicity on tomato seeds of the influent or effluent respect with the
control.

2.7. Data and metagenomic analyses

Data are presented as mean + standard deviation (SD). Statistical
analyses were performed using PAST software v. 4.13. Differences be-
tween multiple groups were assessed by one-way ANOVA followed by
Tukey’s post-hoc test for pairwise comparisons. A p-value < 0.05 was
considered statistically significant. The methods for data and meta-
genomic analyses are described in detail in SM.

3. Results

After two weeks of civil wastewater (60 L) recirculation in the bench-
scale CW, its remediation capability was determined by analyzing
several chemical, physical and biological parameters either of the
influent or of the effluents collected at different time points.

3.1. HSSF CW performance (chemical physical parameters)

The COD-BODs5 and N compound concentrations at different time
points are reported in Fig. 2A,B.

The COD values decreased according to a hyperbolic trend. The
average biodegradability index (BODs/COD ratio) was equal to 0.26,
which complies with the standards reported for civil wastewater, but it
fluctuated during the different recirculation times. In fact, initially it was
equal to 0.34; it decreased significantly during the initial recirculation
time reaching its minimum at ty (0.002), then it increased again
(maximum value equal to 0.52 at 48 h), and finally it lowered at the end
of the recirculation (0.06 at two weeks). Either the filtration process
(upstream of the bench-scale CW) or the first wastewater recirculation in
the bench-scale CW have contributed significantly to the reduction of
COD and BODjs values. Then, their values reached the regulatory limits
provided by Egyptian legislation (Table 1) for water reuse already
within 24 h of recirculation. The same notable abatement during the
initial recirculation time occurred for suspended solids, in fact, from a
starting value of 140 + 4 ppm, an almost halved (80.0 + 1.5) and an
almost zero value (less than 1.0) were reached, respectively, in the post-f
and tp samples, remaining low until the end of the first week of recir-
culation (value equal to 5.0 £ 0.1 in sample t;42).

In the case of N compounds, the only available results (mg LY for
sample pre-f and post-f, due to technical limitations related to the
turbidity of the samples, are total N (sample pre-f = 107.81 + 2.78 and
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Fig. 2. Different time frames analysis for COD-BODs (A-upper panel) and N
compounds (B-lower panel). Legend of samples: pre-f = pre-filtration and pre-
treatment in bench-scale CW; post-f = post-filtration and pre-treatment in
bench-scale CW; t0 = time zero (to) recirculation in bench-scale CW; t24 = time
24 h (to4) recirculation in bench-scale CW; t48 = time 48 h (t4g) recirculation in
bench-scale CW; t72 =time 72h (t;5) recirculation in bench-scale CW;
t142 = time 142 h (t142) recirculation in bench-scale CW; t334 = time after two
weeks of recirculation in bench-scale CW. Different uppercase letters indicate
statistically significant differences (p < 0.05) among sampling times for COD,
while different lowercase letters indicate statistically significant differences for
BOD:s. Nitrogen species (NH4, NO3 NO) are shown as temporal profiles without
statistical lettering, as they represent transformation dynamics rather than
monotonic removal trends.

sample post-f = 61.6 + 1.61) and NHy4 (sample post-f = 45.17 + 2.78). A
decrease in the total N concentration was detected since the beginning
until the end of the recirculation time. The most abundant N fraction on
the total was initially represented by NHj, then by NO3 (from 48 to 72 h)
and finally by NO3 (from 142 h until the end of the process); it is
noteworthy the gradual completion of the nitrification process during
the wastewater recirculation (NH4 — NO3 — NO3). Anyway, despite the
peak of NO3 at 142 h, they still felt within the limits required by
Egyptian legislation. The chloride values, pH, EC and TDS at all
collection times are reported in the graphs of Fig. S3. The chloride
concentrations showed trend quite similar to both COD and TSS, namely
a significant reduction between the pre-f and post-f samples and then at
tp, keeping around the one of tp value until the end of the wastewater
recirculation; pH values were slightly alkaline throughout the process,
with a peak of 8.15 + 0.01 at tyy; both the EC and TDS values, likewise,
decreased over time following a gently sloping line.

The values of all the analyzed parameters, after one week of bench-
scale CW recirculation, comply with local regulatory settings. For almost
all the analyzed parameters there was a significant reduction, with the
only exception of the increase of NO3. As regards SAR parameter, it
decreased over time although not in a significant way. As for HMs, Fe
and Cu concentrations were already below the limits at the beginning of
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Table 1

Chemical-physical characteristics of the initial wastewater after a week of
treatment in HSSF CW, compared with the Egyptian regulatory limits for reuse in
agriculture. Legend of samples: pre-f = pre-filtration and pre-treatment in HSSF
CW; t142 = time 142 h (ty40) treatment in HSSF. *Statistically significant dif-
ferences (p < 0.05) between sample collected at tp and t;42. ND = not detectable.

Parameter Sample Sample Sample Sample Egyptian limit on
pre-f post-f to t142 the reservoirs
and Nile
branches and
canals
DM 82/48
COD (mg 246.76 141.0 55.0 3,50 30
LY +3.75 +5.6 +3.8 +0.17
BODs (mg 84.00 48409 0.2 *1.01 20
LY +1.61 +0.02 +0.03
Total N 107.81 61.6 41.44 *25.68 /
(mgL™hH +278 +1.6 +2.78 +1.47
NH,4 (mg ND 4517 33.60 *1.36 /
L™ +2.78 +0.65 +0.08
NO3 (mg ND ND 1.67 #26.40 30
L™ +0.05 +1.39
NO, (mng ND ND 0.23 *0.40 /
L™ +0.01 +0.01
Chlorides 183.5 104.85 51.0 *70.00 400
(mgL™h) £1.1 +2.10 +1.1 +0.43
Mg (mg 29.85 ND 14.51 *11.33 100
LY +0.95 +0.74 +0.46
Ca (mg 361.51 ND 175.4 ¥136.49 230
L™ +2.01 +0.9 +1.06
Na (mg 221.63 ND 107.8 107.62 230
L™ +1.53 +1.1 +0.80
SAR 3.01 ND ND 2.37 6-9
+0.01 +0.02
Ir(mgL™Y) 075 0.43 0.21 *0.098 1
+0.05 +0.05 +0.04 +0.010
Cu (mg <0.08 <0.08 <0.08 <0.08 1
LY
pH 7.30 7.52 7.76 *8.11 9
+0.05 +0.04 +0.05 +0.01
ECuSem™ 1241 1286 1078 *849 /
+19 +27 +21 +15
TDS ppm 859 777 579 %480+ 8 800
+10 +16 +11
TSS (mg 140.0 80.0 <1.0 *5.0 30
L™ +1.4 +2.1 +0.1

the wastewater recirculation; however, Fe had a considerable reduction
during the first week of recirculation. Regarding data processing and
thus the calculation of Remediation Efficiencies (RE) and Rates (RR) (at
t142 Versus tp), the highest values were achieved for COD (RE = 93 % and
RR =0.36 mg h™1). In contrast, BODs, and NOj experienced an increase
from the start of recirculation in the bench-scale CW until the end of the
first recirculation week. The same experiment was repeated another
time and data showed the same trends.

Finally, macroscopic and morphological effects on macrophytes
(attributable to the contact time with the wastewater) were assessed.
However, neither toxic effect, plant growth reduction, nor leaf chlorosis
or browning phenomena were observed at the end of the experiment
(data not shown).

3.2. HSSF CW disinfection capabilities

As regards the bench-scale CW disinfection capabilities, the number
of CFU per mL (resulting from aerobic microorganisms, E. coli and
S. aureus, etc.) were reduced by 2 or more orders of magnitude after one
and two weeks of the wastewater recirculation in the bench-scale CW. In
addition, the final UV lamp treatment eliminated all the E. coli, and it
reduced, after two weeks, by an additional order of magnitude the col-
onies count of the recirculated wastewater (Fig. 3).
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3.3. Wastewater toxicity test

The results of the toxicity test, after 48 h of D. magna exposition to
the pre-f sample (Table S1), are reported in Fig. 4, where graph was
obtained using the AAT Bioquest LC50 software and in compliance with
the formula reported in the 2.5 section.

The resulting LC50 was equal to 74.95, therefore a pre-f sample
concentration of 75 % was sufficient to immobilize half of the D. magna
individuals. On the contrary, all the individuals, treated with the
wastewater recirculated at t142, were vital at the end of the test,
therefore LC50 was not estimated because no toxicity was observed.

Table 2 shows the results of phytotoxicity (germination) tests on
tomato seeds: several indices were calculated for pre-f and t142 samples,
in relation to the control group where the seeds were irrigated only with
Hoagland solution. The data matrix collected for each experimental
group (number of seeds germinated every day, final lengths of roots and
shoots are reported in Table S2.

Compared to the control, a slight decrease was observed in the RSG
index for seeds irrigated with the influent; while the RGS and shoot GI
indices slightly decreased using both samples (influent or effluent), but
the differences were not statistically significant. Differences were
detected for the RGR and root GI indices for seeds irrigated with the
influent, which were significantly higher with respect to the control.

3.4. Metagenomics results

The results of NGS analyses on bacterial 16S rDNA and fungal ITS

1.2

1.0 |
0.8 |
0.6 |
> 0.4
0.2 |
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C

Fig. 4. Results of the D. magna toxicity test for sample pre-filtration (pre-f). C
= sample concentrations [%]; RI = Response Index.
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Table 2

Germination test results for sample pre-f and t;4, relative to the control. *Sta-
tistically significant differences compared to the control (Kruskal-Wallis test,
p < 0.05). The Coefficient of Velocity of Germination value for the control is
equal to 44.26; for all other indices the control data coincided with the value
100.

Index (%) Sample pre-f Sample t;42

Relative Seed Germination (RSG) 94.7 105.3

Relative Growth of Root (RGR) 164.9* 111.1

root Germination Index (root GI) 156.2* 117.0

Relative Growth of Shoot 79.1 80.4
(RGS)

shoot Germination Index 74.9 84.6
(shoot GI)

Coefficient of Velocity of Germination (CVG) 43.25 41.05

relative to the influent, and effluent (after wastewater recirculation)
made it possible to understand the microbial dynamics occurring over
time in the associated ecosystem with the bench-scale CW. Fig. 5 dis-
plays bar diagrams illustrating the relative frequencies of Operational
Taxonomic Units (at Order level for bacteria and at Class level for fungi)
identified by means of bioinformatic analysis for the analyzed samples.
For each OTU, the sum of the relative frequencies between the samples is
equal to 1. Fig. 6 shows the Shannon diversity index for the bacterial and
fungal community. The bacterial diversity showed a slight decrease from
influent to effluent samples, although this difference is not statistically
significant. In contrast, the fungal community exhibited a marked and
significant reduction in a-diversity (p < 0.05).

4. Discussion

The effectiveness of CW has been already demonstrated at pilot scale,
as a sustainable solution for the treatment of civil wastewater, also
aimed at targeted reuse of treated water [21,23,24]. In our case, the
wastewater treatment was based on the use of a HSSF CW built ad hoc
and filled only with natural and very inexpensive materials, with
emphasis on sustainability and, at the same time, maintaining the goal of
the effluent reuse. Despite this being a crucial challenge, significant
removal of all contaminants, from the treated wastewater, was achieved
even from a microbiological point of view. In fact, after only a few
hours/days of wastewater recirculation in the implemented bench-scale
CW the microorganisms present in it were greatly reduced. In addition,
it is noteworthy that the surface area of the implemented bench-scale
CW was considerably reduced when compared with those currently
employed worldwide (ratio m? EI"! reduced from 4 to 10 m? per EI
down to almost 1:1), as well as the contact times necessary for optimal
influent remediation. This improvement is due to the use of a combi-
nation of technical innovations including: the hydraulic configuration
adopted (HSSF with wastewater recirculation), the substrate materials
used (e.g., expanded clay and biochar) and the selection of the most
appropriate native macrophytes to be used as a consortium [25].

A comparative analysis with recent studies on phytoremediation of
wastewater, particularly urban wastewater, highlighted the efficacy in
contaminant removal of the bench-scale CW employed in our study
[26-34]. In fact, compared to previous studies adopting different con-
figurations (including hybrid flow CW plants) and different plant species
(e.g., P. australis), the designed and built bench-scale CW showed either
comparable or even better removal efficiencies despite its low surface
and short contact time [22,34,35].

4.1. Contribution of the selected plant species

The results showed that the four selected macrophytes (P. australis,
A. donax, N. oleander and Typha spp.) operated successfully thanks to
their physiological and ecological characteristics essential in the phy-
toremediation processes (e.g., fast growth, high biomass and phyto-
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Fig. 5. Taxa bar plot of the relative frequencies of different bacterial orders (upper) and fungal classes (lower) identified in the various samples.

transpiration rate, resistance and tolerance, etc.) [36]. Furthermore,
these plants were able to tolerate stress conditions, such as the presence
of pathogenic microorganism and HMs (e.g., Fe), or high concentration
of ammonia and chlorides. The use of these species as a consortium in
the bench-scale CW confirmed their high-rate performances (previously
reported with the use of a single plant species) despite the very short
contact times of wastewater treatment and without any evident plant
growth limitation or competition among them [37]. The same result was
observed in other studies at pilot-scale, confirming the synergistic effect
due to the increased ecosystem biodiversity in terms of different plant
species and microorganism communities [21].

4.2. Contribution of the CW configuration and stratification

Currently, the CW design, the most widely used in Europe, adopts a
(sub)-submerged flow. In this context, HSSF plants have been mainly
built because, although providing lower remediation yields, they don’t

cause management problems compared to Vertical Flow (VF) systems. In
recent years, however, the need to reach more stringent effluent quality
standards has led to a growing interest in vertical and combined/hybrid
flow systems [34]. In fact, the use of combined ones allows to overcome
the limitations related to the one-stage systems and at the same time
exploits their advantages [22]. In the present study, the limitation of
large areas employed in the remediation process has been overcome
thanks to several technical innovations, mainly aimed at improving the
efficiency of the bench-scale CW. Furthermore, the use of several inert
materials (sand of different granulometry) adopted in the stratification
did not affect the functioning dynamics of the bench-scale CW, but,
instead, provided a support to the semi-hydroponic growth of both
macrophyte plants and microorganisms, allowing at the same time a
rapid and constant recirculation of the wastewater without clogging
problems. All these strategies enabled to reduce the Hydraulic Retention
Time (HRT), that is the time during which pollutants needs to be in
contact with the plant rhizosphere, microbial biofilms and substrates, so
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as to be degraded or accumulated, this is definitely a crucial factor
controlling the removal mechanisms of contaminants and, ultimately,
the use of the CWs for wastewater treatment. Therefore, although no
hybrid configuration was adopted in our study, the HSSF CW allowed us
to achieve the set objectives of wastewater reuse either in agriculture or
gardening. Finally, the use of natural materials with high ratio Surfa-
ce/Volume as expanded clay, instead of plastic carriers, commonly used
for suspended biomass activated sludge treatment systems, which can
also be relatively expensive, avoids the risk of plastic release into the
environment, especially if not properly disposed of after their use.

4.3. Mechanisms of contaminant removal

The mechanisms for reducing BODs and COD in CWs are known to be
affected by the biodegradability of compounds and process conditions
[38]. In our study, COD and BODs values were found to comply with
Egyptian reuse regulatory limits after only 24 h of treatment in the
bench-scale CW. The same notable abatement in the initial stages
occurred for the suspended solids. However, the experiment lasted about
a week to ensure the adequate reduction of other pollutant concentra-
tions (e.g., N compounds) and the presence of pathogenic microorgan-
isms, allowing the effluent reuse as purified water in agriculture. This
positive outcome can be attributed to the significant contribution of
both pre-filtrations upstream of the bench-scale CW recirculation and
the adsorption capacity of the CW physical substrate at the beginning of
the wastewater treatment. The BODs value at ty was indeed almost zero,
and the slight increase recorded subsequently can be attributed to the
usual metabolic and physiological processes carried out by the biotic
component of the CW. Anyway, the biodegradability index of the water
from the beginning to the end of the process experienced a substantial
decrease, reaching 0.06 at the end of the treatment, confirming the
depletion of biodegradable organic matter. Usually, the use of a
hybrid-flow CW, combining HSSF and VF, ensures good removal of the
suspended solids and organic matter [39]. However, the final COD RE
(93 %) obtained in our experiment, with the exclusive use of an HSSF
configuration, highlights the importance of the technical innovations
adopted, including the careful selection of mainly inert filling materials,
macrophyte species and their use as a consortium. In accordance with
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other authors, indeed, the use of diverse macrophytes favored a more
efficient root system distribution filtration bed of the bench-scale CW
and the development of a diversified microbiome/microbiota both in the
rhizosphere and on the substrate particles of the different matrices
employed for the multilayer stratification [40].

In the present study, the increase in NO3 content observed after CW
treatment, together with the decrease in NO3 and NH{, indicates the
progression and near completion of the nitrification process. This sug-
gests that nitrification was the dominant nitrogen pathway under the
prevailing operational conditions, likely favored by wastewater recir-
culation, high oxygen availability in the rhizosphere, and the presence of
high-specific surface substrates supporting active microbial biofilms. On
the other hand, the accumulation of NO3 in the effluent may also be
partially attributed to a limited nitrate uptake by macrophytes and to
reduced denitrification activity, potentially due to reduced availability
of anoxic zones [24]. Although denitrification and anammox processes
cannot be excluded in localize micro-anoxic niches within the matrices
or biofilms, no direct evidence was collected in our study to confirm
their occurrence.

A strategy to further reduce the presence of NO3 could be to increase
the depth of the phytoremediation bed, especially in the HSSF one, to
improve anoxic conditions and also enhance the completion of the
denitrification processes. In any case, the final concentration of the NO3
did not pose any problem since it fell within the Egyptian limits suitable
for reuse. Therefore, good N removal efficiencies was obtained with our
bench-scale CW, in line with reuse objectives, and this result can also be
explained by the dynamic interaction that took place among plants and
microorganisms [21]. In this context, also the richness and biodiversity
of macrophytes had positive effects on the N removal capabilities of the
HSSF c, in agreement with other authors, some of them estimated that
species richness could explain more than 25 % of the removal in the N
concentration of the effluent [41-45].

A high content of chlorides in the influents can greatly impact the
performance of CWs and inhibit the activities of macrophytes and mi-
croorganisms, as widely documented in the literature [46,47]. The
mechanisms of chloride removal in CWs are mainly due to plant phys-
iological activities such as photosynthesis and/or transpiration, thus
underlining once more the importance of choosing the right macro-
phytes for realization of the CWs. In our case, the bench-scale CW,
excluding the initial pre-filtration, achieved a chloride RE of 33 % (t;42),
ensuring compliance with limits for agricultural water reuse at the end
of the treatment. This result, in the case of CW remediation in real ap-
plications, would also avoid the risks related to the irrigation of crops
with saline water, leading, in the long run, to soil deterioration, which is
what's happening nowadays in Egypt. This result might probably be due
also to the presence of a great number of halophilic microbial species
deriving from the local context [48]. In accordance with the above, the
measured values of EC and TDS likewise decreased over time along a
gently sloping line. As regard metal content present in the influents,
removal mechanisms in CWs include both chemical-physical processes
as substrate adsorption, complexation, binding to organic matter, (co-)
precipitation and biological processes as root absorption, bacterial
oxide-reduction, etc. [49]. In our study, HMs concentrations were below
the legal limits even before treatment. Anyway, remediation processes
carried out by the bench-scale CW during wastewater recirculation
reduced significantly iron and other metal concentration.

4.4. Disinfection capacities of the CW and toxicity tests

The modelling and design of our bench-scale CW ensured a good
disinfection of the reclaimed wastewater, significantly reducing or
eliminating the pathogenic bacteria present in the influent. Vymazal
reviewed, in 2005, 60 CWs around the world with emergent vegetation,
revealing that the rate of removal of fecal coliforms was usually from 95
up to 99 %, as also confirmed by subsequent studies [50-54]. Our results
show, once more, how the CWs for wastewater disinfection, in
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comparison to other finishing treatments, are less expensive and highly
sustainable. Many mechanisms contribute to the successful disinfection
treatment performed by CWs, widely described in the literature,
including physical processes of filtration and sedimentation, adsorption
to the substrates, action of antibiotics present in root depositions/ex-
trusions, or of antibiotic-active rhizosphere bacteria [55,56].

Moreover, one week of treatment was sufficient to significantly
reduce (by two or more orders of magnitude) the number of CFU per mL
in aerobic microorganisms, E. coli, S. aureus and yeasts and molds.
Additionally, considering the ambitious goal of using remediated
wastewater for irrigation of crops and vegetables for human consump-
tion, a subsequent disinfection with UV lamps, immersed in the tank
collecting the outlet, was achieved. The UV treatment allowed the
elimination of E. coli and resulted in an additional order of magnitude
reduction in the CFU. Therefore, this additional step, in the optic of
greater sustainability (e.g., the use of solar panels to power UV lamps),
should be assessed also in the real case of CW application to ensure
greater public health and safety.

The results of toxicity/germinability tests, conducted on Daphnia
magna larvae or tomato seeds using either the inlet or outlet of the
bench-scale CW, revealed that the effluents were not toxic to both living
organisms. On the other hand, the absence of toxicity of the influent
towards tomato seeds highlighted how organisms, belonging to different
kingdoms, animal versus plant, exhibit different adaptive capabilities
and of response to wastewater contaminants.

4.5. Microbial communities

The metagenomic analyses conducted on the influents and effluents
shaded light on the dynamics of microbial communities, forming a
complex system as that of the CW, underlying the wastewater treatment
process.

The main bacterial phyla belonging to functional microorganisms in
CWs were Actinobacteria, Bacteroidetes, Proteobacteria and Firmicutes.
These microorganisms play a crucial role in removing pollutants from
CWs through catalyzing chemical reactions, biodegradation, bio-
sorption, and supporting plant growth, among other processes [57]. The
order Halobacteriales was also present; the bacteria belonging to this
order are common in environments with high quantities of salts and
organic matter and, although aerobic, can thrive in salty environments
due to their ability of creating energy through photosynthesis [58].

Similarly, the presence of fungal taxa (mainly at the class level) that
significantly decreased between the influent and the effluent commu-
nities were compared.

In a study concerning the structure of the fungal communities pre-
sent in different wastewater, specifically in the activated sludge from
treatment plants, analyzed in the Gauteng province of South Africa,
Basidiomycota and Ascomycota were identified as the two dominant and
characteristic phyla (their relative abundances were 48.38 % and
38.36 %, respectively, in accordance with previous studies) [59]. As
they were found to be dominant in the co-occurrence network, this
suggested that these two phyla can adapt to different environments.
Many of the dominant fungal genera, identified in the above cited study,
belonging to the class Eurotiomycetes (such as Aspergillus, Penicillium,
Talaromyces, Paecilomyces, Cladophialophora), have the capability to
transform/degrade organic contaminants such as toluene, polycyclic
aromatic hydrocarbons (PAHs), dioxins, and many others. Calabon et al.
reported that members of the genus Penicillium may confer better
drainage and filtration to activated sludge [60]. In addition, the domi-
nance of Ascomycota (2968 species belonging to 1018 genera) in fresh-
water fungal taxa, including the Eurotiomycetes characterized by 276
species and 49 genera, is well-documented in the literature. Therefore, it
is relevant that these two phyla were largely present in the fungal
community of our bench-scale CW and probably they have contributed
to pollutant removal.

The analyses on the microbial diversity of the different analyzed
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samples revealed how the contact of wastewater with the biotic and
abiotic components of the bench-scale CW may have impacted the
richness of the microbial taxa present in the effluent [57]. In fact,
although the effluent recorded the highest number of identifications of
gene sequences related to fungi, its relative Shannon diversity index,
calculated from the fungal taxa in the effluent sample, was significantly
lower compared to the influent samples. Furthermore, the biodiversity
indices calculated for bacteria are consistently higher, in each analyzed
sample, than those observed for the fungi. However, this result could be
influenced by the quality of databases used for taxonomic identification
since the fungal databases are less annotated and limited to class-level
(rather than order-level as for the bacteria).

5. Conclusion

This study addressed key challenges in civil wastewater treatment
and disposal, proposing phytoremediation as a more sustainable alter-
native, both environmentally and economically, when compared to
conventional ones. This innovative NbS approach has proved particu-
larly useful for rural and marginal areas and especially for the desertic or
semi-desertic ones. The investigation at bench-scale demonstrated the
viability of phytoremediation process as secondary treatments following
primary sedimentation, with an emphasis on compliance with regula-
tory standards for both surface water discharge and agricultural reuse.
Moreover, the effluent being rich in NO3, it can be considered a resource
for crop fertilization without any negative impact on the agricultural
soils. Therefore, our HSSF CW can be a sustainable alternative for
addressing the challenges of wastewater management, particularly in
sites where land is a quite limited resource. In fact, the relevant reduc-
tion of the sizes (1/4) of the areas, that need to be allocated for phy-
toremediation, must be assumed as a considerable innovation respect
with the same plants previously used. Finally, future research should
focus on long-term performance under real operating conditions, deeper
investigation of nitrogen transformation pathways, and quantitative
assessment of macrophyte growth and biomass to further optimize the
system for wastewater reuse applications.
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