N

N

Role of Seasons in the Fate of Dissolved Organic Carbon
and Nutrients in a Large-Scale Surface Flow
Constructed Wetland

Nicolas Maurice, Cécile Pochet, Nouceiba Adouani, Marie-Noélle Pons

» To cite this version:

Nicolas Maurice, Cécile Pochet, Nouceiba Adouani, Marie-Noélle Pons. Role of Seasons in the Fate of
Dissolved Organic Carbon and Nutrients in a Large-Scale Surface Flow Constructed Wetland. Water,
2022, 14, 10.3390/w14091474 . hal-03674825

HAL Id: hal-03674825
https://hal.univ-lorraine.fr /hal-03674825v1

Submitted on 21 May 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.univ-lorraine.fr/hal-03674825v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

é
] water

Article

Role of Seasons in the Fate of Dissolved Organic Carbon and
Nutrients in a Large-Scale Surface Flow Constructed Wetland

Nicolas Maurice !, Cécile Pochet 2, Nouceiba Adouani ! and Marie-Noélle Pons 13*

Citation: Maurice, N.; Pochet, C;
Adouani, N.; Pons, M.-N. Role of
Seasons in the Fate of Dissolved
Organic Carbon and Nutrients in a
Large-Scale Surface Flow
Constructed Wetland. Water 2022,
14, 1474. https://doi.org/10.3390/
w14091474

Academic Editors: Jian Liu and
Christos S. Akratos

Received: 8 April 2022
Accepted: 1 May 2022
Published: 4 May 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Laboratoire Réactions et Génie des Procédés, Université de Lorraine, CNRS, 1 rue Grandville,
CEDEX F-54001, BP 20451 Nancy, France; nicolas.maurice@univ-lorraine.fr (N.M.);
nouceiba.adouani@univ-lorraine.fr (N.A.)

2 Grand Reims, CEDEX F-51000, CS 80036 Reims, France; Cecile.Pochet@grandreims.fr

3 LTSER-Zone Atelier du Bassin de la Moselle, Laboratoire Réactions et Génie des Procédés, 1 rue Grandville,
CEDEX F-54001, BP 20451 Nancy, France

* Correspondence: marie-noelle.pons@univ-lorraine.fr; Tel.: +33-372743747

Abstract: The role of seasons in the removal of dissolved organic carbon (DOC), nutrients and in
changes in the spectral properties of dissolved organic matter (DOM) in a large-scale surface flow
constructed wetland (SF-CW) receiving reclaimed water and composed of three basins with differ-
ent vegetation patterns was studied. Dissolved nitrogen removal efficiencies within the three basins
in summer (>50%) and winter (<30%) were significantly different. SF-CW water is enriched in DOC
in spring and summer with average outlet concentrations above 8 mg-L™!. UV-visible indices, such
as the specific absorbance at 254 nm or the spectral slope between 275 and 295 nm, did not vary over
the seasons; thus, the basins did not change DOM aromaticity and average molecular weight. Syn-
chronous fluorescence spectra showed variations in terms of protein-like and humic-like substances,
the latter being more sensitive to photodegradation. A lab-scale photodegradation experiment con-
firmed that radiation from the sun was responsible for this decrease, showing this process could
alter the composition of DOM at full-scale. DOM variations result from a seasonal competition be-
tween release by vegetation and photodegradation. These results validate the necessity for long-
term monitoring of SF-CWs, and the utility of rapid optical methods to monitor DOC.

Keywords: dissolved organic matter; synchronous fluorescence spectrum; nitrogen; surface flow
constructed wetland; UV-visible spectrum

1. Introduction

Wastewater treatment plant effluents contain dissolved organic matter (DOM), such
as humic acids, proteins, carbohydrates, or other anthropogenic compounds (e.g., phar-
maceutical and personal care product residues) that may not be removed during their
passage through wastewater treatment plants (WWTPs) [1]. Thus, significant amounts of
DOM may be released via WWTPs directly into receiving environments. In addition, dur-
ing tertiary treatment and depending on the characteristics of the DOM, the addition of
chlorine for disinfection purposes to eliminate pathogens can result in the formation of
carcinogenic byproducts such as trihalomethanes [2].

Many surface-flow constructed wetlands (SF-CWs) are used as a finishing treatment
stage for WWTP effluents [3-7] to eliminate residual concentrations of nutrients, patho-
gens and micropollutants by adsorption on sediments, uptake by plants, precipitation,
biodegradation or photodegradation [8-12]. These nature-based systems require little en-
ergy and offer a shelter for fauna (particularly for avifauna) and a possible pleasant land-
scape to citizens.

Although many parameters are monitored in SF-CWs, such as nitrogen and phos-
phorus, the fate of DOM is still poorly monitored. However, DOM plays an important
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role in aquatic environments, thus its quantification and characterization are not trivial.
Depending on its origins and physicochemical properties, it can serve as a substrate for
microorganisms, attenuate the amount of light entering the water column [13,14],
transport pollutants [15], and increase or decrease the bioavailability of contaminants [16-
18].

In seminatural environments such as SF-CWs, transfer from the DOM pool to the
particulate organic matter (POM) pool is possible through adsorption on mineral particles
in suspension via different mechanisms (hydrogen bonding, van der Waals forces and
ligand exchange) or colloidal formation by aggregation of various kinds of organic matter
(humic substances, polysaccharides and proteins) [19]. However, the two main processes
allowing the transformation of DOM within aquatic environments are photodegradation
and biodegradation. These two processes can allow the elimination of DOM through the
production of carbon dioxide (COz) or methane (CH4) when the oxidation or fermentation
is complete or the transformation into byproducts, if it is partial [20]. Furthermore, aquatic
plants growing within CWs can release dissolved organic carbon (DOC) [21-24], serving
as substrate for the establishment of a bacterial community [25]. DOM release occurs nat-
urally by the leaching of soluble organic matter, but the actions of microorganisms accel-
erate the release process by biodegrading plants [25,26].

Biodegradation often results in the rapid loss of small labile aliphatic organic matter,
carbohydrates and proteins [22,27,28]. However, it can also release high molecular weight
(HMW) aromatic carbon compounds, such as humic-like compounds produced as a by-
product of the degradation of organic matter [29,30]. The photodegradation of DOM oc-
curs if the molecule can absorb certain wavelengths of sunlight (direct photodegradation),
or if it is exposed to reactive oxygen species (ROS) formed by the photodegradation of
photosensitizers (indirect photodegradation). Photodegradation in aquatic environments
can lead to the shift of HMW substances to smaller photoproducts [31,32].

The spectral properties of DOM provide information on the source and composition
of these elements at a relatively low cost. Optical methods are fast and can be used rou-
tinely, without any reagent, by plant operators. The specific absorbance at 254 nm
(SUV Az is proportional to the percentage of aromatic carbon in the DOM [33]. Helms et
al. [34] showed that the Sz75-205 spectral slope (calculated by a linear fit of the log-trans-
formed absorption coefficient between 275 and 295 nm) was negatively correlated with
DOM molecular weight. The ratio of absorbance at 254 nm and 365 nm (E2/E3) is also
related to the relative size of the DOM molecules [35]. Synchronous fluorescence applied
to DOM allows for the rapid identification of fluorescent compounds present in aquatic
environments by isolating peaks from the initial fluorescence spectrum [36]. This can be
useful to know the composition of the DOM, as well as the changes it may have under-
gone. There are few studies on how SF-CWs change the characteristics of DOM.

Furthermore, in temperate climates the seasons are marked by large variations in so-
lar radiation and temperature [37]. These will greatly modify certain parameters within
CWs, such as the establishment of aquatic vegetation, the water temperature and the
amount of UV penetrating in the water, which can attenuate or increase the various pro-
cesses allowing the transformation of DOM in addition to those allowing the removal of
phosphorus and nitrogen. The effect of seasons on the removal efficiencies of these nutri-
ents in CWs built in a temperate climate is still poorly studied, as such research requires
long-term monitoring of the CWs. We hypothesized that warmer and sunnier seasons will
remove them more efficiently in such SF-CWs under this climate.

This study aimed to provide new information on the seasonal fate of nitrogen, phos-
phorus and DOM under a temperate climate in a large SF-CW fed by an urban WWTP
effluent. The fate of DOM has been further characterized using optical methods (absorb-
ance and fluorescence). These methods are largely used in natural aquatic environments
and rarely in nature-based solutions for urban wastewater treatment. In order to confirm
the influence of sun, the effects of photodegradation on DOM characteristics were also
studied in the laboratory on samples taken from the SF-CW inlet. In large-scale SF-CWs,
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vegetation monitoring is often a challenge, and here the issue was solved by the use of
high-resolution satellite images.

2. Materials and Methods
2.1. Study Area

The 6-hectare AZHUREV SF-CW was built in 2017 at the border of Saint-Brice Cour-
celles and Merfy, France (49°16'36.011" N, 3°58'31.553" E). At that latitude the theoretical
day length varies between 8 and 14 h (Figure Sla). The climate is oceanic, with the daily
average temperature under shelter varying between 5 °C and 20 °C (Figure S1b), and an
effective monthly number of hours of sun between 50 and 300 (Figure Slc).

The SE-CW (Figure 1) is composed of three basins (350 x 50 m), supplied in parallel
by reclaimed wastewater. When the water exits the SE-CW, it passes through a natural
reed bed and a pond before being discharged into the Vesle River, the final receiving body.
The basins’ soil was compacted to avoid infiltration and potential pollution of the ground-
water table. Each basin was initially planted with different amounts of Phragmites australis.
The areas with low water depths (30 cm) were planted in 2017, while the nonplanted areas
have a water depth of approximately 50 cm. Basin 1 (B1) has no planted vegetation, and
basins 2 (B2) and 3 (B3) have planted vegetation cover rates of 20% and 40%, respectively.
In spring and summer, opportunistic species such as Ceratophyllum demersum, Ceratophyl-
lum submersum, Lemna gibba, Lemna minor, Wollfia sp. and Cladophora sp. develop in the
basins.

WWTP

Urban
runoff

Figure 1. The surface flow constructed wetland. Modified from Google Earth (Google Inc., 2017),
image date: 28 June 2018). The stars correspond to the sampling points.

The floating and emerged vegetation were checked regularly on Sentinel-2 satellites
images (spatial resolution = 10 m, time resolution = 3 days, depending upon cloudiness)
(https://scihub.copernicus.eu/, accessed on 31 March 2022), and the red (R), green (G) and
blue (B) spectral band images (Figure S2) were generated. The average excess greenness
(EG) has been used to monitor globally the development of the floating and emerged veg-
etation, as a function of the sum of the degree days [38]:

EG =2G— (R +B) 1)

where R, G and B are the average intensities of the red, green and blue bands, respectively,
measured over the area enclosing the three basins. This descriptor is based on visible light
channels and its variations can be easily checked by the user. The degree day is defined
with respect to the reference temperature of 4 °C [39]:



Water 2022, 14, 1474

4 of 19

(Tmax + Tmin) _
2

where Twin and Twe are the minimal and maximal temperatures (in °C) under shelter,
measured at the closest weather station (Reims-Prunay, 49°11'51" N, 4°11'05" E).

During dry weather, the SF-CW is receiving treated wastewater from the Grand
Reims WWTP (activated sludge process with a capacity of 470,000 equivalent inhabitants)
via the distribution canal. During rain episodes, the SF-CW is only fed by urban runoff.
During the study, the theoretical hydraulic residence time of each basin varied from 4 to
7 days. The average flow was 150 m3>h™ (8% of the total WWTP effluent flow rate) and
was reasonably constant (CV = 19%) throughout the study. The water temperature was
measured at the exit of the three basins using autonomous probes (CTD-diver, SDEC,
Reignac-sur-Indre, France), with a sampling period of 15 min.

DD = 4 2

2.2. Sampling

For this study, 21 sampling campaigns were considered, from June 2019 to January
2021 (approximately one per month), with the collection of water samples at the inlets
(Blin, B2in and B3in) and outlets of the basins (Blout, B2out and B3out). The seasons are
defined as follows: winter (December, January and February), spring (March, April and
May), summer (June, July and August) and autumn (September, October and November).

The SF-CW was fed exclusively by reclaimed wastewater from the WWTP for these
campaigns. All samples were collected in 500-milliliter HDPE bottles previously washed
with diluted nitric acid, rinsed with ultrapure water, and transported in iceboxes in the
dark to the laboratory. They were filtered through 1-micrometer pore size glass microfiber
syringe filters (GF/B, Whatman™). The filtered samples were placed in 100-milliliter high-
density polyethylene bottles and stored at 4 °C before use.

2.3. Chemical Analyses

The pH values of the water samples were measured using a Hach HQ40d pH meter,
and the conductivity was measured using a Hach CDM210 conductometer. After filtration
through 0.45-micrometer nominal pore size regenerated cellulose syringe filters (Phenom-
enex®), nitrates were determined by ion chromatography (Thermo Scientific Dionex iCS
3000) [40]. Orthophosphates (oPs) and ammonium (N-NH4) were quantified by spectro-
photometric methods with a HACH DR 2400 spectrophotometer (HACH PhosVer3 detec-
tion method 8048 for orthophosphates [41], and Nessler micro-method adapted from
HACH method 8038 [42]). DOC and total dissolved nitrogen (TN) were measured using
a total organic carbon (TOC) analyzer (TOC-VCHS/TNM-1, Shimadzu, Japan) [43]. The
quantification limit was 0.5 mg-L for DOC and TN, 0.02 mg-L for N-NHs and 0.05
mg-L" for nitrates.

2.4. Spectroscopy

All measurements were performed at ambient temperature (=20 °C). UV-visible
spectra were collected using a Shimadzu UV-2600 spectrophotometer (Kyoto, Japan) us-
ing a 1 cm path-length quartz cell. Spectra were scanned from 200 to 600 nm using 1-
nanometer steps. The absorbances at 250 nm and 365 nm were used to calculate the E2/E3
ratio [44]. SUVA254 was obtained by dividing the absorbance at 254 nm (m™) (A2s4) by the
DOC concentration (mg-L). The spectral slope 5275-295 was calculated using log-trans-
form linear regression between 275 and 295 nm [34].

The synchronous fluorescence spectra were collected on a Hitachi F-2500 (Krefeld,
Germany) fluorimeter. The excitation wavelength range was 230-600 nm with a constant
offset (AA = 50 nm) between the excitation and emission wavelengths using a 1 cm path-
length quartz cell. The scanning speed was 300 nm.min!, the wavelength increment was
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1 nm, and the slit widths were set to 2.5 nm. The spectra were corrected for Raman scat-
tering by measuring the Raman peak of ultrapure water (excitation wavelength = 350 nm,
emission wavelength range 380 to 410 nm) [45]:
Fa
Frp = —

M= g ®)
where F1 is the measured fluorescence intensity of a sample at emission wavelength A in
arbitrary units (A.U.), A is the sum of the intensity of the Raman peak at every wave-
length, and Fra is the fluorescence at emission wavelength A calibrated to Raman units
(R.U.). Then, an inner-filtering correction was applied [46]:

Aex+A
Foppy = Fppo 106520 4)

where Aer et Aen are the absorbance values at the current excitation (Aex) and emission
wavelengths (Aen), and Feorr the corrected fluorescence intensity. Spectral decomposition
was applied as described in Assaad et al. [36] using lab-developed software embedded in
a Fortran code. Each fluorophore i is represented by a Gauss function, with the following:

_(A-bp?
fi) = ape 7 ©)

where ai is the height of the peak (i.e., fluorophore pseudo-concentration), bi is the position
of the center of the peak, and c: is related to the peak width. Then, the decomposed fluo-
rescence peak of the ultrapure water was subtracted from each sample.

2.5. Irradiation Experiments

Photolysis experiment A was run in triplicate with 3.5-milliliter PMMA (poly(me-
thyl)methacrylate) (Fischer Scientific, Illkirch, France) cells filled with a SF-CW influent
sample. The cells were placed at a 1-cm distance from an ultraviolet (UV)-A lamp (T-15 L,
Vilber) emitting at 365 nm. At designated time intervals (0, 2, 12 and 24 h) synchronous
fluorescence spectra were collected directly using the PMMA cells. The UV-visible spectra
were collected after transfer of the samples into a quartz cuvette. Irradiation of ultrapure
water was performed under the same conditions.

Photolysis experiments B and C were run on Blin samples for two of the 21 cam-
paigns (February and June 2020) corresponding to two different seasons (winter and sum-
mer). Photodegradation experiments were conducted with 3.5-milliliter PMMA cells,
which were placed at a 1-cm distance from a solar spectra fluorescent tube (JBL Solar Na-
tur, 15 W). At designated time intervals (0, 2, 5, 24, 48 h), synchronous fluorescence spectra
were collected directly using the PMMA cells. Irradiation of ultrapure water was per-
formed under the same conditions.

2.6. Statistics

Experimental results were statistically evaluated using RStudio version 1.2.1335.
Data normality was checked with a Shapiro-Wilk test, which is well adapted to small
sample sizes. Comparisons between inlet and outlet were performed with parametric
paired Student’s t-tests. The Student’s t-test is one of the most commonly used techniques
for testing a hypothesis on the basis of a difference between two sample means, when data
follow a normal distribution and are paired. The existence of correlations between outlets
was analyzed by using one-way ANOVA (parametric statistics). The one-way ANOVA is
one of the most commonly used techniques for testing a hypothesis on the basis of a dif-
ference between more than two sample means, when data follow a normal distribution
and are independent. Differences were considered significant when p < 0.05.
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3. Results and Discussion
3.1. Weather Conditions and Vegetation

Table 1 summarizes the weather conditions during the period of study, in addition
to the water temperature at the exit of the basins. Cladophora sp. was the first species to
develop in spring (usually in April) and covered quickly the open water areas, contrib-
uting to the progressive greening of the basins (Figure 2). Lemna sp. started to develop a
little later: by denying access to sunlight for algae, Lemna sp. gradually induced the algae
senescence and decomposition in early summer. A second outburst of algae usually oc-
curred in late summer. Mid-September was the peak of vegetation for all species. The ac-
tual cover rate of the basins can be higher than 80% in summer and is a function of the
development of Lemna sp., and of the wind which displaces them easily.
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50 3000
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g 2000 B
g 20 o
0) —
<]
% 1500 ©
o 10 o}
2 <
% 1000 §
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Figure 2. Excess greenness over the basins and annual number of degree-days during the period of
study.

Table 1. Average air temperature under shelter (°C) and number of sunlight hours (h-month-!) for
the different seasons during the period of study. Values to the right of (+) are the standard devia-

tions.
Average Air Number of Sunlight Average Water Tem-
Season Months Temperature (°C) Hours (h-month-) perature (°C)
P (Min—-Max)
) December, January, 6.5+£25
6+1. +
Winter February 5.6+ 14 79437 (0.2-14.1)
14.5+4.5
i i + +
Spring March, April, May 99124 216 + 53 (3.6-25.9)
20.5+2.0
7 x1. +
Summer June, July, August 18.7+1.3 232 + 38 (14.7-28.2)
September, October, 125+3.6
A 11.7 + 4. 132 +
utumn November 3 32£60 (3.6-22.3)

3.2. Evolution of pH, Conductivity, DOC, Nitrogen Species and o0-Ps

The three inlets were grouped under the name “inlet” as they receive the same re-
claimed wastewater. During these 21 campaigns, the average TN, DOC and o-Ps contents
at the inlets of the basins were 2.3+ 0.6 mg-L, 7.3 +0.8 mg-L-'and 1.4 + 0.4 mg-L" (Table
2), respectively.
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Table 2. Water quality at the inlet and the three outlets (Blout, B2out and B3out). Values to the right
of (+) are the standard deviations. Values with different superscript letters (a, b) within each param-
eter are significantly different (p <0.05) (n =21).

H Conductivity DOC TN N-NH; N-NO:s o-Ps
P (uS-cm™) (mgC-L) (mgN-L1) (mgN-L™) (mgN-L) (mgPO+L7)
Inlet 78+0.2> 928 +1172 73+0.82 23+0.62 09+042 0.9+0.82 14+04-
Blout 79+0.32 849+ 1142 81+15-= 1.6+0.7" 0.7+0.82 03+0.4" 12+0.62
B2out 79+032 854 +109 2 79+14-2 12+04"0 0.4+0.3° 0.3+0.4> 14+0.62
B3out 7.9+0.32 832 +1012 85+1.8= 1.1+0.3? 0.3+0.2° 0.2+0.3° 14+0.82

Overall, these parameters changed little within the SF-CW except for TN, ammonium
and nitrates, which decreased significantly between the inlet and outlets of the three ba-
sins. The average treatment efficiency for TN was between 30% (B1) and 53% (B3) (Table
S1). Nitrification (NHa* to NOs~)/denitrification (NOs~ to N2/N20), uptake by aquatic plants
and microorganisms (NH+/NOs- to organic N) and ammonia volatilization are mecha-
nisms often encountered in CWs [8,47]. Here, pH is well buffered (7.8 £ 0.2 at inlet and 7.9
+ 0.3 at outlets); therefore, ammonia loss by volatilization is negligible since it generally
requires a pH level above 9.3 [8]. The other mechanisms mentioned above are dependent
on living organisms and should be dependent on temperature and sunlight variations.
During this study, summer was warmer and sunnier than winter (Table 1). For this reason,
seasonal variations were evaluated, and the average concentrations at the inlet and outlet
of the basins as a function of the seasons are shown in Figure 3.

15 4
da C
. *x
*

3
10 @ b =
5, %y

)

£ E 2 ot
: : *
a 9 ol ENY * o

1

o-Ps (mg.L")
ra
NH,* (mg N.LY)

wintar spring summer autumn
minlet aBlout oB2out mB3out 2

5
z
g
g
z

winter spring summer autumn

Sinlet OB Tout aBZout BB3out

Figure 3. Variations in (a) DOC, (b) o-Ps, (c) TN, (d) ammonium and (e) nitrates according to the
seasons for the inlet and the three outlets (Blout, B2out and B3out). * indicates a significant differ-
ence (Student’s t-test) between the seasons (* p < 0.05, ** p < 0.01). The sample size (n) varies season-
ally for the inlet (winter: n (8); spring: n (11); summer: n (22); autumn: n (17)) and outlets (winter: n
(3); spring: n (4); summer: (8); autumn: n (7)).
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The data show a sustained and stable removal of TN. However, the removal effi-
ciency of N-species was different according to the season. The mean concentrations in TN
(Figure 3c) at the basin outlets were lower in summer (about 1 mg-L™) than in winter
(about 2 mg-L") (Table S1). The removal efficiencies for B1 were higher in summer (55%)
than in autumn (24%) and winter (10%) and the removal efficiencies for B2 and B3 were
higher in summer (57% and 57%, respectively) than in winter (19%, and 31%, respectively)
(Table S2).

The mean concentration in ammonium at the outlets of the three basins was signifi-
cantly different from the mean concentration at the inlet in spring and summer (Figure
3d). It is also different for B2 and B3 in winter and autumn. The large standard deviations
observed in winter and autumn for B1 do not allow us to draw any solid conclusion.

In the case of nitrates (Figure 3e), there was a significant difference between inlet and
outlet for the three basins in spring and summer when the vegetation was actively devel-
oping. In winter and autumn there was no difference between inlet and outlet, except for
B3 in autumn.

These results demonstrate a seasonal effect influenced by the reduced temperatures
in the winter. Temperature is a key environmental factor in nitrogen removal kinetics, as
it regulates the activity of nitrifying and denitrifying bacteria in CWs [48]. The overall rate
of nitrate removal was higher in the summer than in the winter [49]. Mietto et al. [50]
showed that the activity of denitrifying bacteria in a CW is generally more intense with a
temperature above 14.2 °C. During autumn, the higher yields in B2 and B3 were caused
by the planted plants that allow the development of additional bacteria that attach to their
underwater parts (stem lower section, root, rhizome), resulting in a greater bacterial bio-
mass, and therefore a greater bacterial activity in spite of decreasing temperatures (Table
1) [51]. In addition to supporting bacteria, aquatic plants take up nitrogen for their growth,
and their development is dependent on temperature and solar radiation (photosynthesis).
The two forms of nitrogen generally used for assimilation are NH4+* and NOs~ [52-55].
Rooted plants rely primarily on nutrient uptake from sediment, whereas for no rooted
plants, water is the primary source of nutrients [53]. Although the uptaken amount is
plant-specific, the uptake of nitrogen by plants was a significant mechanism during spring
and summer in temperate climates, and this contributed to the good efficiency of the ba-
sins during these two seasons compared to autumn and winter. Production of NH+* in
autumn by the decomposition of Ceratophyllum sp. cannot be excluded: it may be the rea-
son for the high NH4* concentration observed in B1, as the basin is hosting a large amount
of this species.

The water flowing through the basins was enriched in DOC in spring and summer
(Figure 3a), with concentrations for Blout, B2out and B3out above 8 mg.L, and treatment
efficiencies for B1, B2 and B3 of —21, —24 and -53%, respectively, in the spring and -27, -25
and —38%, respectively, in the summer (Table S2). This result is contrary to different stud-
ies showing that DOC content can decrease as a result of photodegradation and biodeg-
radation [56-59], which are major processes in CWs. However, these studies were run
with DOC types which differ largely from those in ours. Mostofa et al. [56] and Bowen et
al. [59] studied river DOM, Hansen et al. [58] worked with peat soil, algae and plants
(Schoenoplectus acutus, Typha spp., and Oryza sativa, which do not populate our SF-CW)
leachates. Aquatic plants growing within CWs can exude DOC via their roots or leaves
for rootless plants. These compounds can serve as food for the establishment of a bacterial
community [14,22,25], or inhibit the growth of other plants [60-62]. These plants may also
release DOC when they are in contact with water after their death by bacterial degradation
of the POM [63]. The exudation hypothesis seems most likely, since the increase in DOC
at the outlet of the basins relative to the inlet occurs exclusively when the aquatic plants
were developing or when they were mature, i.e., in spring and summer, even though there
was a turnover of submerged aquatic plants between spring and summer within the CW.
Spring is favorable for Cladophora sp. which goes into senescence in early summer to give
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way to other aquatic plants. These algae will be degraded by microorganisms, which re-
leases DOC. No difference was seen between planted and nonplanted basins, since pro-
portionally there were more opportunistic submerged plants than planted plants in the
basins.

0-Ps were very poorly eliminated within the basins, with removal efficiency being
highly variable. Spring seemed to be the most favorable season, since there was significant
difference between the inlet and the three outlets (Figure 3b), but the outlet concentrations
were similar over the seasons (Table S3). The two main mechanisms for phosphorus re-
moval within CWs are uptake by plants, and adsorption to the substrate. The contribution
of microorganisms remains small [64]. Phosphorus removal in CWs is the most effective
in systems where water is filtered through the substrate [8], such as horizontal flow and
vertical flow CWs [65]. In a free surface CW, as here, the main part of the water does not
come into contact with the substrate; therefore, this mechanism is seldom solicited. On the
other hand, the decrease in 0-Ps in the spring was probably induced by the development
of aquatic plants. o-Ps uptake by plants is highest during the early growth phase [8]. Feijod
et al. [66] and Gao et al. [67] also showed that macrophytes are most effective at removing
phosphorus during the spring but also in the autumn, which was not noted here. Aquatic
plants do not have the same affinity for phosphorus [68] or the same need to grow, which
leads to variations in their ability to store phosphorus [69,70]. Of course, these values are
specific to this study and would potentially differ if experimental conditions were
changed. During the summer, the CW was an o-Ps release zone when Cladophora sp.,
which grew in the spring, entered senescence and was degraded; the CW was and an o-
Ps sink when other plants (L. minor, L. gibba, C. submersum, C. demersum and Wollfia sp.)
were growing in July and August.

3.3. DOM Characterization

The increase in DOC between the inlets and the outlets of the basins was an incentive
for a further characterization of DOM using optical methods.

3.3.1. UV-Visible Spectra

The UV-visible spectra provide information on the characteristics of DOM in the ba-
sins after calculating the Sz7s-205, E2/E3 and SUV Azss indices. An example is provided in
Figure 4.

1.2
Blin

~ 1 Used for SUVA,s, B2in
£ B3in
o08d | - mmmmee- Blout
e N L  eemese- B2out
3 3 N S S B3out
5 06 R
g ‘F\

0.4 1%\ Used for spectral slope

0.2 - | &

0 L) L L) -—=_‘ Ll 1)
200 250 300 350 400 450 500

Wavelength (nm)

Figure 4. Examples of UV-vis spectra collected from 18 June 2020 samples.
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The average SUV Az values for the inlets and outlets ranged from 2.1 to 2.2 L-mg C
-nm! (Table 3). This ratio describes the hydrophobicity and hydrophilicity of DOM in
water; a SUVA > 4 indicates mainly hydrophobic and especially aromatic material,
whereas a SUVA < 3 illustrates mainly hydrophilic material [71]. DOC with SUVA less
than 2 contains less than 20% aromaticity [33]. All the sampling points show values close
to 2, thus the DOC contains few aromatics. There was no significant difference between
the inlets and outlets of the basins during the 21 campaigns. As SUV Az is proportional
to the percentage of aromatics [33], there is no change in this percentage. As this index is
dependent on DOC (A25/DOC) and DOC contents are higher at the outlet than at the inlet
of the basins during the spring and summer (Figure 2a), SUV Az should decrease during
these seasons. However, the DOC released by aquatic plants by exudation [60-62] or when
degraded by microorganisms may contain some aromatic compounds [26,72-75], repre-
sented by Azs, which counterbalances the effect of DOC in SUV Azs4. This leached DOC
depends on the macrophyte species; it can differ, for example, in color and C/nutrient ratio
[76], in percentage of humic-like matter and photo-reactivity [77], and in the percentages
of proteins, amino acids and carbohydrates [78]. Macrophyte DOC is less aromatic than
terrestrial DOC but has similar or higher aromaticity than phytoplankton DOC [78].
Freshly leached labile material from plants and algae has a SUV A <2.5 L-mg C! -nm™!
[58], such that there are very few aromatic compounds released from aquatic plants.

Table 3. UV-visible indices (SUV Azss, S1 and E2/E3) of the inlet and the three outlets (Blout, B2out
and B3out) (n = 21). Values to the right of (+) are the standard deviations. Values with different
superscript letters (a) within each parameter are significantly different (p <0.05).

(L‘igg_f:;_l) Sa275-205 E2/E3
Inlet 21+022 0.015+0.001 = 5.1+0.062
Blout 22+03a 0.016 £ 0.001 a 51+0.07a
B2out 21+03a 0.015+0.005 = 5.3+0.062
B3out 22+02a 0.016 £ 0.001 = 5.3+0.052

According to literature, S2r5205 and E2/E3 are negatively correlated with molecular
weight [34,44]. Here, they were not significantly different between the outlets and the in-
lets of the basins, which would suggest that there is no alteration of DOC from the point
of view of molecular weight. When Sz7s295 and E2/E3 increase, it can be due to photodeg-
radation, which degrades mainly high molecular weight compounds [57]. The 24-h pho-
todegradation experiment A conducted in triplicate in the laboratory with a UV lamp on
the WWTP effluent validates this hypothesis (Figure 5). After 24 h of exposure to a UV
lamp, S275295 and E2/E3 increased from 0.018 + 0.000 to 0.023 + 0.000 and from 6.0 + 0.1 to
7.8 +0.2, respectively.
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Figure 5. Spectra collected during lab-scale photolysis experiment A with an enlargement of the
zone used for the calculation of SUVAzss and the spectral slope S275-295.

Thus, the absence of variation in these indices between the outlets and the inlets of
the basins suggests (a) that the two processes did not operate within the basins or (b) that
the actions of the two processes were of the same intensities that stabilized them. Accord-
ing to the season, these hypotheses could be validated since there is a decline in these
processes during the autumn and winter as a result of the decrease in water temperature,
which reduces the bacterial metabolism (biodegradation), and the decrease in the amount
of solar radiation reaching the surface of the basins (photodegradation). Conversely, there
was an increase in these processes during the spring and summer. UV-visible indices
show some limitations in explaining the processes undergone by DOC [58].

3.3.2. Fluorescence Spectra

Three fluorescence peaks were observed in the synchronous fluorescence spectrum
of Blin (Figure 6). Peak 1 (max approximately at Aex =270-290 nm) is associated with pro-
tein-like substances [49-80]. Peak 2 (max approximately Aex = 320 nm) and peak 3 (max
approximately Aex = 350-360 nm) are attributed to humic-like substances [79,80]. These
peaks can be further associated to five fluorophores, as determined by spectral deconvo-
lution. Their characteristic wavelengths (b:) are 280 nm (F1), 310 nm (F2), 340 nm (F3), 355
nm (F4) and 370 nm (F5). F1 is associated to protein-like substances, and F2 to F5 to humic-
like substances. F3 fluorescence contributes to the whole wavelength range and has an
influence on peak 1 fluorescence.
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Figure 6. Synchronous fluorescence spectrum for Blin (sampling date: 16 June 2020).

When comparing the synchronous fluorescence spectra between the inlet and the
outlet in winter and summer (Figure 7) it appears that there was a decrease for the inten-
sities of the three peaks, but this was less pronounced in winter.
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Figure 7. Synchronous fluorescence spectra in winter (5 February 2020) and summer (16 June 2020)
at the inlet and outlet of B1.

As photodegradation is a major process that can modify the characteristics of DOM
[57,81-87], the evolution of the synchronous fluorescence intensities of the protein-like
substances, represented by F1 and of the humic-like substances (represented by the sum
of the intensities of F2 to F5) were plotted as a function of time for the photolysis experi-
ment A, run with a UV-A lamp (Figure 8b). Protein-like substances are less sensitive to
photolysis than humic-like substances, as their fluorescence decreased by 30% during the
experiment, against 76% for the fluorescence related to humic-like substances.
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Figure 8. Synchronous fluorescence spectra of protein-like substances and humic-like substances (a)
and evolution of the protein-like and humic-like SF50 intensities during the photolysis experiment
A (run in triplicate) (b).

In order to be more realistic concerning the irradiation conditions, experiments B and
C were run with a solar lamp for 48 h (Figure 9). Under these conditions, the synchronous
fluorescence spectrum collected at the end of experiment C was close to the spectrum col-
lected at the exit of B1 in June 2020. For the winter sample, the photolysis effect observed
in the lab was stronger than the one observed on the field.
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Figure 9. Synchronous fluorescence spectra during the photolysis experiments B (5 February 2020)
and C (16 June 2020).

Figure 10 compares the SF50 intensities related to protein-like and to humic-like sub-
stances for the three basins according to the season (1 = 21). The lowest protein-like fluo-
rescence intensities were recorded in winter and spring, but globally there was no drastic
change between inlet and outlet. The humic-like fluorescence intensities at the outlet were
always lower than those at the inlet, whatever the season. This is in agreement with the
findings of Mostafa et al. [56], Hur et al. [81] and Clark et al. [85] who have shown that the
decrease in fluorescence intensity of humic-like compounds is more important than that
of protein-like compounds after a period of photolysis
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Figure 10. Comparison of protein-like and humic-like SF50 intensities at the outlets versus the inlets
of the three basins as a function of the season.

The decrease in intensity of the fluorophores comes either from the transformation
of the fluorescent DOM into DOM without particular optical properties, from the total
oxidation of these molecules into CO: [20], or from their transformation into CHs by an-
aerobic fermentation. The DOC released from aquatic plants in the spring and summer
does not seem to alter the fluorescence spectrum, unless the apparent stability of the pro-
tein-like substances compared to humic-like substances is related to aquatic plants that
can release these compounds. Protein-like compounds would be less sensitive to the re-
moval process of this CW than humic-like fluorophores. It is not possible to extrapolate
this to all CWs because the opposite can also exist [83-86]. This will depend on the type
of CW, the origin and quantity of the inlet DOM, the latitude, the residence time, and the
type and quantity of the vegetation. Many studies [18,21,24,86,88] showed that the fresh
labile material leached from plants and algae is composed mainly of carbohydrates, which
are relatively hydrophilic substances with low aromatics, as well as proteins, amino acids
and peptides. The quantity of humic substances released seems negligible. According to
Fu et al. [88], the proportion of humic-like and protein-like fluorescent components can
be similar but it will depend on the algae or aquatic plants. No leaching experiments have
been performed with plants growing in the CW, thus it is difficult to conclude on this
subject. Despite this, there was a decrease in fluorescence between input and output for
these different fluorophores. In summer, the coverage of the basins by Lemmna sp. may hin-
der partially photolysis, but there was always a thin layer of water above the plants ex-
posed to UV radiation, which is more powerful in summer than in winter.

4. Conclusions

Within large-scale SF-CWs under temperate climates, the fate of DOC, nitrogen spe-
cies and o0-Ps is more or less seasonally dependent. The most favorable season to eliminate
nitrogen is summer (>50%), whereas DOC is released during this period. o-Ps are hardly
removed throughout the year by SF-CWs. Optical characteristics, which can be easily
measured, are very complementary to DOC analysis to investigate the fate of DOM in SF-
CWs. According to E2/E3, SUV A2 and the spectral slope Sers205, the DOC absorbance
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global characteristics in this SF-CW did not change, and these results differ from other
studies. This apparent stability is attributed to the combination of several phenomena
with inverse effects, such as photodegradation, exudation of organics by plants, etc. Syn-
chronous fluorescence spectra show differences between the inlet and the outlet, which is
attributed to photolysis that affects more humic-like substances than protein-like sub-
stances. Although it has not been studied here, biodegradation could also modify the flu-
orescence spectra. Our future challenge is to identify the DOM released by the most abun-
dant aquatic plants in this SF-CW (Ceratophyllum sp., Lemna sp., Cladophora sp. and Phrag-
mites australis), and to assess the long-term effect of seasons on such large-scale SE-CWs
with a more sophisticated feeding pattern (alternation of reclaimed wastewater and
stormwater).

Supplementary Materials: The following supporting information can be downloaded at
www.mdpi.com/article/10.3390/w14091474/s1: Figure S1: (a) Day length at the location and effective
number of sun in 2019, 2020 and 2021; (b) mean temperatures under shelter in 2019, 2020 and 2021,
compared to the mean minimal, maximal and mean values over the 2013-2021 period; (c) mean total
number of hours of sun per month in 2019, 2020 and 2021, compared to the mean values over the
2013-2021 period. Figure S2: Different views of the SF-CW from the Sentinel-2 satellite. Table S1:
TN concentrations at the outlet of B1, B2 and B3 and its removal according to the seasons. Table S2:
DOC concentrations at the outlet of B, B2 and B3 and its removal according to the seasons. Table
53: 0-Ps concentrations at the outlet of B1, B2 and B3 and its removal according to the seasons.
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