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 Tramadol was the most widely distributed drug in the constructed wetland ecosystem 

 Salix alba was the plant that contained the highest number of drugs 

BEH: Bridge Ethylene Hybrid; CW: Constructed Wetland System; HLB: Hydrophilic-

Lipophilic Balance; HRMS: High resolution mass spectrometry; LC: Liquid 

Chromatography; LOD: Limit of Detection; MRM: Multi-Reaction Monitoring; MS/MS: 

Tandem mass spectrometry; PE: People Equivalent; QqQ: Triple quadrupole; R
2
: Linear 

correlation coefficient; SIR: Single Ion Recording; SPE: Solid Phase Extraction; SFTW: 

Surface Flow Treatment Wetland; TTT: Treatment; TW: Treatment Wetland; UPLC: Ultra 

Performance Liquid Chromatography; VFCW: Vertical Flow Constructed Wetland; WWTP: 

Wastewater Treatment Plant. 
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 1 

The consumption of pharmaceuticals is increasing consistently year after year all over the 2 

world. This trend is mainly occurring due to the expanding population and the increased life 3 

expectancy of people around the world (Daughton 2003). Since the late 1990s, 4 

pharmaceuticals started to attract public attention as emerging aquatic pollutants (Halling-5 

6 

López-Roldán et al. 2010; da Silva et al. 2011; López-Serna et al. 2013). In fact, after they are 7 

excreted from human and animal organisms, these chemicals can persist in the environment 8 

et al. 9 

2009; Daughton and Ternes 1999). It is well known that municipal wastewater is a major 10 

source of pharmaceuticals entering aquatic environments (Kolpin et al. 2002; Zorita, 11 

Martensson, and Mathiasson 2009). Many studies have indicated that elimination of 12 

pharmaceuticals in municipal wastewater treatment plants is often incomplete (Ternes 1998; 13 

Writer et al. 2013). Thus, year after year, more and more studies have detected 14 

pharmaceuticals in the environment and determined there are possible toxicological risks to 15 

drinking water quality, the development of antibiotic-resistant bacteria, the feminization of 16 

as well as genotoxicity in aquatic organisms (Horii et al. 2007; Batt, 17 

Kostich, and Lazorchak 2008). 18 

At the same time, a new kind of Constructed Wetland (CW) was built to be incorporated 19 

adjacent to Wastewater Treatment Plants (WWTP) that receive waters in the small 20 

communities of the Rhin-Meuse hydrological basin (North-East of France). These CWs are 21 

named Surface Flow Treatment Wetlands (SFTWs), and their role is to act as a 22 

complementary pollutant mitigation system for WWTPs dedicated to small communities with 23 

less than 2,000 People Equivalent (PE) (Malamaire 2009; Boutin, Iwema, and Lagarrigue 24 

2010; Verlicchi and Zambello 2014). The predominant vegetation in SFTWs is composed of 25 

local and typical plants that have their roots embedded and anchored in the substrate. A CW is 26 

a robust and economic wastewater treatment technology that enables many different kinds of 27 

wastewater to be treated in a cost-effective manner. 28 

CWs have also been shown to be able to remove a variety of pharmaceuticals and other 29 

organic micropollutants from polluted water with promising results (Verlicchi and Zambello, 30 

2014). Several processes are involved in the removal of pharmaceuticals in CWs, including 31 

plant uptake, photodegradation, hydrolysis and microbial degradation. Plants have been 32 

shown to play an essential role in the removal of pharmaceuticals from water (Matamoros et 33 

al. 2012), and there is also evidence for the direct uptake of pharmaceuticals by several crop 34 

plant species (Shenker et al. 2011; Carvalho et al. 2014). In addition to direct uptake, plants 35 

may facilitate the removal of pharmaceuticals by the release of root exudates into the 36 

rhizosphere (Zhang et al. 2011). Although several studies have documented significant 37 

removal of pharmaceuticals in CWs, data on the direct uptake of pharmaceuticals by wetland 38 

plants are sparse and restricted to a few selected compounds and plant species (Dordio et al. 39 
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2011; Matamoros et al. 2012; D. Q. Zhang et al. 2011). Although several studies have 40 

documented the significant removal of micropollutants in SFTWs, little is known about their 41 

role in complementary pollutant mitigation of emerging contaminants. 42 

To the best of our knowledge after consulting the current scientific literature, a study focused 43 

on pharmaceutical distribution in water, plants, soil and the global ecosystem of SFTWs has 44 

not been done yet. The objective of this study was the assessment of 83 pharmaceuticals in a 45 

Vertical Flow Constructed Wetland (VFCW) and SFTW dedicated to small communities. The 46 

study considered the complete ecosystem of the SFTW through monitoring of four 47 

compartments: water, sediments, plants and water snails, which is an animal living in the 48 

SFTW. For this study, we developed an analytical method integrating Solid Phase Extraction 49 

(SPE) and ultra-high-performance liquid chromatography coupled to mass spectrometry 50 

(UPLC-MS/MS QqQ). We used different off-line SPE (Solid Phase Extraction) methods and 51 

adapted them to different SFTW matrices. Tandem SPE combining reverse phase (C18) and 52 

Hydrophilic-Lipophilic Balance (HLB) were used for water samples, whereas normal phase 53 

silica-based SPE was used for solid matrices (plants, sediments and animals). 54 

 55 

 56 

In this study, the following reagents and chemical products are used: drug standards (Sigma 57 

Aldrich analytical, 99%), Ammonium formate (Fluka analytical, 99%), formic and acetic 58 

acids (Fluka analytical, MS grade 98%), methanol, acetonitrile and 2-propanol (Fluka 59 

analytical, LCMS Chromasolv R, 99; 9%). 60 

 61 

The studied SFTW is located in Falkwiller (Alsace, France). The upstream consists of two 62 

stages of VFCW designed and operated according to French guidelines (Molle et al. 2005). 63 

The VFCW receives sewage from 1,450 PE. The SFTW geometric characteristics are 64 

summarized and described in Table S1 and Figure 1. It was built in 2009 by excavation, and 65 

the depth was variable inside the wetlands. However, at the time of the experiment, the 66 

bathymetry was modified due to suspended solids that were settling, which essentially came 67 

from a VFCW inlet by-pass during storm events. Natural vegetation is present on the banks 68 

and heterogeneous in the wet perimeter (Figure 1). The nominal hydraulic residence time is 69 

approximately 1 h. 70 
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 100 

The SFTW has been used since 2009 and presented substantial mud thickness due to age 101 

(Nuel et al. 2017). SFTW is the last step before treated wastewater or sewage is discharged 102 

into the receiving water body. Between 10 and 50 cm of mud was observed at the bottom of 103 

the SFTW. Three samples of superficial mud from SFTW influent, middle and effluent were 104 

pooled and provided a composite mud sample of approximately 100 g (Figure 1) that was 105 

kept in a cooler (between 0 and 3°C) during transport and frozen at -80°C until 106 

pharmaceutical analysis. 107 

 108 

Twenty-five water snails (Radix balthica) (27.49 g) were collected on the SFTW banks on the 109 

same day as the other samples were collected (water, plants, sediments). After collection, the 110 

snails were rapidly rinsed with tap water and deposited on water absorbent to remove residual 111 

water. They were kept in a cooler (between 0 and 3°C) during transport and stored at -80°C. 112 

 113 

 114 

Pharmaceuticals and other drugs, as well as emergent contaminants present in the collected 115 

VFCW influent (100 mL), SFTW influent and effluent (both 200 mL) (Figure 1), were 116 

filtered with glass fibres of 1.22 µm and 0.45 µm. Then, they were concentrated using a 117 

tandem SPE C18 and HLB (1 g) cartridge system (Imchem-Waters, Versailles, France). Each 118 

cartridge was previously activated using 5 mL of methanol and equilibrated with 10 mL H20: 119 

0.5% (v: v) acetic acid. The activated cartridges were mounted in tandem, and a pumping 120 

system was made with a manifold (Figure 2). After all the water flowed through the system, 121 

the cartridges were eluted in glass vials with 10 mL of methanol. Then, the samples were 122 

dried completely using a speed-vac (Savant Thermo Scientific, Villebon sur Yvette, France) 123 

and stored at -80°C until mass spectrometry analysis. 124 

 125 

Different plant tissues (150 g fresh weight) were lyophilized. Then, 20 g dry weight were 126 

weighed and ground with Tissue Lyser I (QIAGEN, Courtaboeuf, France). Powder from the 127 

20-g equivalent was solubilized in 1 L acetonitrile with 0.5% formic acid (v: v) under gentle 128 

mixing for 24 h at 4°C. The supernatant was harvested and filtered with glass fibre at 1.22 129 

µm. Then, samples were concentrated using an SPE SiO2 cartridge system (Imchem-Waters, 130 

Versailles, France). The cartridge was previously activated using 5 mL of methanol and then 131 

equilibrated with 10 mL of a methanol:water mixture (95:05 v:v) and 0.5% (v:v) acetic acid. 132 

The activated cartridge was mounted, and a pumping system was made with a manifold 133 

(Figure 2). After all the water flowed through the system, the cartridges were eluted in glass 134 

vials with 10 mL of methanol:water (20:80 v:v). Then, the samples were dried using a speed 135 

vac (Savant Thermo Scientific, Villebon sur Yvette, France) and stored at -80°C until mass 136 

spectrometry analysis. 137 
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 161 

The identification and characterization of drugs from different samples were performed using 162 

a Quattro Premier XE (Waters) mass spectrometer equipped with an electrospray ionization 163 

source and coupled to an Acquity UPLC system (Waters). Chromatographic separation was 164 

achieved using a Bridge Ethylene Hybrid (BEH) HSST3 C18 column (2.1 × 100 mm, 1.8 µm; 165 

Waters) coupled to an Acquity UPLC HSS T3 C18 pre-column (2.1 × 5 mm, 1.8 µm). The 166 

mobile phase consisted of 99% water, 10 mM ammonium formate, 0.1% formic acid (Solvent 167 

A) and 100% methanol (Solvent B). The run started by 2 min of 95% A, then a linear gradient 168 

was applied to reach 100% B in 5 min, and 100% B was maintained for 2 min; then, returning 169 

to initial conditions (95% A) was achieved in 0.3 min and maintained for equilibration for 170 

1.30 min. The total run time was 10 min. The column was operated at 35°C with a flow rate 171 

of 0.4 mL/min (sample injection volume of 5 µL). Nitrogen was generated from pressurized 172 

air in a N2G nitrogen generator (Zefiro 35LC-MS FDGS, Evry, France) and was used as a 173 

drying and nebulizing gas. The nebulizer gas flow was set to approximately 50 L/h, and the 174 

desolvation gas flow was set to 900 L/h. The interface temperature was set to 400°C, and the 175 

source temperature was set to 135°C. The capillary voltage was set to 3.4 kV. The cone 176 

voltages and the ionization modes (positive or negative) were optimized for each drug 177 

standard. Low-mass and high-mass resolution were 15 for both mass analysers, ion energies 1 178 

and 2 were 0.5 V, the entrance and exit potential were 2 and 1 V, and the detector (multiplier) 179 

gain was 650 V. 180 

 181 

The studied drugs are listed in Table 1. All the drug stock solutions were stored at -80°C at 182 

10 mg/mL in a water/methanol mixture (90:10 v: v) solution. For chromatography retention 183 

time determination, MS scan, Single Ion Recording (SIR) mode, MS/MS daughter scan and 184 

Multiple Reactions Monitoring (MRM) transition determination, all the standards were 185 

diluted with methanol to 10 µg/mL. For quantification, standard curves were made at different 186 

concentrations (from 0.01 ng/mL to 10 µg/mL) and injected in triplicate and analysed at the 187 

MRM level. Standard drug molecules were first analysed in full-scan mode (m/z 50 1000) for 188 

the best ionization mode and parent ion m/z determinations. The selected ion recording MS 189 

mode was used to optimize parent mass cone voltage for each drug. Drug fragmentation was 190 

performed by collision-induced dissociation with argon using a daughter scan. The collision 191 

energy was optimized for each drug. MRM, MS/MS mode, was used based on the selection of 192 

the most abundant ions. For qualitative and quantitative analysis of each drug (Table S2), 193 

MRM transitions of Ro 48-8071(CAS number: 161582-11-2) was used with the following 194 

transitions (m/z 448> 183) as an external standard. 195 

 196 

 197 

Each drug compound previously detected in a sample was quantified using standard ranges. 198 

The standard molecules were diluted by one-tenth from 1 µg/L to 10 mg/L in an ultrapure 199 

water:methanol mixture (90:10 v:v). Then, each dilution was injected three times starting 200 
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from the weakest concentration to the highest. The standard range coefficients were obtained 201 

by linear correlation between peak area and drug concentration, and R² was higher than 96%. 202 

Furthermore, as previously described, RO 48-8071 was used as an external standard and was 203 

injected at 10 µg/L. Finally, standard range coefficients were divided by RO 48-8071 peak 204 

area to consider UPLC-MS/MS sensibility variation (Figure 3). 205 

 206 

Drug concentrations were obtained using standard range coefficient and drug peak areas 207 

divided by the RO 48-8071 peak area. Thus, UPLC-MS/MS sensitivity differences between 208 

the establishment of standard ranges and the sample analyses were considered. Then, drug 209 

quantity injected for the UPLC-MS/MS was determined and extrapolated to initial sample 210 

quantities (volume for liquid and mass for solid samples). 211 
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Table 1: Pharmaceuticals compound associated with their CAS number and therapeutic function (crossed lists of ATC and pharmacology 212 

classification) analysed by UPLC-MS/MS in waste water, soil, five plants and water snails collected in Falkwiller SFTW. 213 

Compound CAS number Therapeutic class Compound CAS number Therapeutic class 
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Compound CAS number Therapeutic class Compound CAS number Therapeutic class 
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 214 

 215 

The chromatography conditions were based on reverse-phase separation under acidic 216 

conditions (pH = 3.2) using a BEH HSST3 C18 column (Waters). The mixed retentive 217 

characters of HSST3 offer the best separation properties in acidic conditions that cover the 218 

largest spectra of separation for drugs, 219 

2014; Cotton et al. 2016). 220 

For liquid samples, off-line SPE was used to concentrate and purify pharmaceuticals before 221 

analytical analysis. The most popular chemistry of SPE is the HLB, which is a copolymer of 222 

divinyl-benzene and N-vinyl-pyrrolidone that has the characteristics of a hydrophilic and 223 

lipophilic balance. These good recovery properties can be considered the first choice in this 224 

application area (Buchberger 2011; Robles-Molina et al. 2014). Additionally, compared to 225 

other SPE chemistry, HLB has the main advantage for resisting backpressure and therefore 226 

can be used on-line coupled to liquid chromatography systems (Cotton et al. 2016). We made 227 

retention tests using two popular SPE methods: HLB and C18 (Waters). The results for 228 

wastewater samples showed that HLB provided qualitatively better retention of 229 

pharmaceuticals than C18 (data not shown). However, when a tandem SPE cartridge system 230 

was mounted with C18 first and HLB last (Figure 2), and the corresponding eluate was 231 

pooled, there was a better yield than when the cartridges were used individually. This result 232 

showed that tandem SPE has better retention and enrichment capacities than individual SPE. 233 

One explanation might be a diminution of the matrix effect that is due to the C18 SPE, which 234 

might act as a fixator of apolar molecules or macromolecules that were once fixed on the C18 235 

remain on the cartridge despite methanol elution. This explanation is supported by the fact 236 

that after a second elution with isopropanol, large amounts of molecules could be released 237 

(data not shown). Thus, it might be possible that C18 SPE acts as a pre-cleaning system that 238 

favours the retention of lower mass molecules, like pharmaceuticals, with the HLB chemistry. 239 

For solid samples, tandem C18 and HLB cartridges were not appropriate for organic solvents 240 

such as acetonitrile. This solvent was used to extract drug compounds from the solid samples, 241 

including plants, soils and water snails. After extraction tests on Phragmites australis from 242 

another municipal VFCW, we chose normal phase cartridges that were SiO2-based. 243 

Additionally, the SiO2 cartridge can extract polar molecules from a non-polar solvent. 244 

 245 

 246 

Eighty-three pharmaceuticals were considered in this study, and they had substantial 247 

chemical, structural and functional diversity (Table 1). The scope of this paper is to make an 248 

inventory of the most abundant pharmaceuticals in the different compartments of the SFTW. 249 
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 250 

The limits of detection were calculated in triplicate using the 83 drugs as pure standards, and 251 

the standard curves obtained for most of the drugs were good with a linearity at different 252 

concentrations with a value of R
2
 > 0.96. However, four had R

2
 [0.97; 0,984] and two had R

2
 253 

[0.96; 0.97]. LOD were very different for each drug, and based on standard drugs, the LOD 254 

was 5.10
-4

 ng/mL for clindamycin and 3.8 ng/mL for tramadol (Figure 3). The LOD was 255 

calculated based on MRM peak intensity of the combined parent ion and daughter ion with a 256 

threshold lower limit of 100 for the value of the peak area. This limit corresponds to a LOD 257 

that is approximately ten times lower than the LOD for each pharmaceutical. Furthermore, 258 

UPLC sensitivity variations during one analysis and between two different analysis periods 259 

were normalized using RO 48-8071 as an external standard. Therefore, each drug peak area 260 

was related to an external standard peak area, and the machine sensitivity was significantly 261 

taken into account. 262 
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 263 

Figure 3: Distribution of LOD values for the detected pharmaceuticals with the tandem SPE-264 

LC-MS/MS method (µg/L of solubilized sample), normalized by an external Standard RO 48-265 

8071 chromatogram area and a LOD defined as superior in a chromatogram area of 100. 266 
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 267 

A total of 28 pharmaceuticals were detected in the (i) inlet water of the VFCW (Figure 4). 268 

The class of compounds detected at high concentration (above 1 µg/L) included 13 269 

pharmaceuticals. Among them, the anti-asthma drug theophylline (228 µg/L), painkiller 270 

tramadol (47.03 µg/L) and paracetamol (16.72 µg/L) were detected. Additionally, caffeine, 271 

which is a psychostimulant, was abundant (24.92 µg/L). All these substances were found as 272 

abundant substances in wetlands, which has been seen in many reports dealing with 273 

pharmaceutical surveys (Halling-Sørensen et al. 1998; Wode et al. 2012; da Silva et al. 2011; 274 

Vymazal et al. 2017). The anti-inflammatory class was well-represented with ibuprofen (5.37 275 

µg/L), naproxen (5.37 µg/L), and prednisolone (1.15 µg/L). Two molecules belonged to the 276 

anti-depressant class, including metoprolol (1.35 µg/L), which is also a member of the anti-277 

headache class, and atenolol (3.42 µg/L). In the anti-gastric, anti-secretory and anti-ulcer 278 

classes, omeprazole (5.06 µg/L) and esomeprazole (4.26 µg/L) were found. 279 
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 283 

From the 83 pharmaceuticals that were monitored, a total of 21 were detected in the SFTW 284 

inlet (which corresponded to the VFCW outlet as well, see Figure 4). Among the 21 drugs, 20 285 

were the same as drugs identified in the inlet water (i) of the VFCW, but the concentrations 286 

that were measured were lower. Fenoprofen, which is an anti-inflammatory drug, was 287 

detected only in the inlet water of the SFTW, which suggested there was a possible release of 288 

that drug from the VFCW. One explanation might come from the potential retention 289 

properties that the soil provides, and the plant system is composed of a common reed 290 

(Phragmites australis) present in the VFCW, as described by (Da silva et al. 2011). However, 291 

no particular explanation for that specific drug has been described until now. Interestingly, 3 292 

drugs showed an increase in the measured concentration: tramadol (65.46 µg/L), lamotrigine 293 

(2.27 µg/L), and sulfamethoxazole (0.45 µg/L), which indicated there was a release of the 294 

SFTW. The 4 drugs that were not detected were amitriptyline, topiramate, cefpodoxime and 295 

omeprazole, and the latter, despite its abundance in the inlet water sample, suggested there 296 

was total elimination of these 4 drugs from the VFCW system and omeprazole in particular. 297 

 298 

Among the 83 pharmaceuticals that were monitored, 18 were detected at the outlet of the 299 

SFTW (Figure 4). Fourteen pharmaceuticals that were identified were the same as in 300 

compounds detected in the SFTV inlet. Only 3 pharmaceuticals among those 14 were 301 

measured at a higher concentration, including atenolol (0.09 µg/L), naproxen (0.44 µg/L) and 302 

ofloxacin (0.068 µg/L). The higher concentration of these drugs can be explained by a 303 

discharge effect of the SFTW since it is an old system built in 2009. Indeed, punctual 304 

measurement of the mud level on that SFTW revealed a high accumulation of mud that may 305 

be due to the effects of ageing, which is characterized by short hydraulic residence time (1 h) 306 

(Nuel et al. 2017; Laurent et al. 2015). Additionally, one drug that was detected on the inlet of 307 

the VFCW and not at the outlet, cefpodoxime, was detected at the outlet effluent of the SFTW 308 

(0.02 µg/L). This result strengthens the hypothesis of a discharge after storage, which 309 

probably occurred in the sediment solid phase, or a pharmaceutical molecular deconjugation 310 

might have occurred during the treatment process (Verlicchi and Zambello 2014). A study of 311 

elimination efficiency in the studied wetland was not within the scope of this paper. However, 312 

our results showed that the wetland system cannot eliminate all the drugs. The SFTW outlet is 313 

the last step before water is released to the environment. Additionally, 18 drugs were 314 

identified that are released from the SFTW into the environment  315 

 316 

From the 83 drugs that were monitored in the sedimentary phase of the SFTW (Figure 5), 17 317 

pharmaceuticals were measured at concentrations ranging from a maximum of 38,341.51 318 

ng/kg for the painkiller tramadol to the lowest concentration at 3.8 ng/kg for the TTT 319 

coronary insufficiency bisoprolol. Tramadol was also abundant in the different water influent 320 

and effluent; therefore, it is not surprising that it is the most abundant pharmaceutical found in 321 

the solid sediment phase. In a recent study focused on removal of pharmaceuticals from 322 

constructed wetlands, Vymazal et al 2017 showed that tramadol was one of the most abundant 323 
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drugs in wastewater (similar to our study), and interestingly, the authors show that the average 324 

concentrations did not vary too much among the different wastewater samples. For this study, 325 

a composite sediment phase was made using 3 samples collected at different representative 326 

locations of the SFTW, and only surface mud was collected. Therefore, we can consider the 327 

pharmaceuticals that were identified to be bound to the solid soil surface no deeper than a few 328 

centimetres. Tramadol was the most abundant drug found that might have good adsorption 329 

binding properties at the mud surface. Anti-arrhythmic sotalol (1,791.19 ng/kg) was the 330 

second most abundant pharmaceutical that was detected. To explain those high concentrations 331 

of tramadol and sotalol, the sedimentary phase might be have a certain amount of storage 332 

capacity for those pharmaceuticals. This hypothesis correlates with a previous observation 333 

showing that those pharmaceuticals were not affected by the elimination process for the 334 

VFCW or the SFTW. Among the 17 pharmaceuticals, 8 were found in all the influent and 335 

effluent waters (bisoprolol, caffeine, carbamazepine, lamotrigine, metoprolol, ofloxacin, 336 

sotalol and tramadol), which indicated there was an accumulation of these specific drugs in 337 

the sediment. Interestingly, the antidepressant amitriptyline was detected in the water influent 338 

of the VFCW and not in the influent or effluent of the SFTW in the sediments at a high 339 

concentration (233 ng/kg). These results that retention occurred, and there is also some 340 

storage capacity in the sedimentary phase for some of these drugs. We have tried to find 341 

explanations for the presence of the drugs found in the mud phase in our study according to 342 

the chemical properties of the drugs. Unfortunately, chemical structural properties like 343 

hydrophobicity, which might favour adsorption, or stability properties of the molecules that 344 

can explain the presence of the drugs in the mud phase were not observed. Several authors 345 

showed that tramadol elimination or degradation is linked to the temperature and to biological 346 

transformation with a higher removal in water and a solid phase in summer compared to 347 

winter (Wick et al. 2009; Rühmland et al. 2015). In our study, we did not measure those 348 

parameters. The drugs present in the mud had no particular hydrophobic capacity, and the 349 

hypothesis that the sedimentary phase is not only a mirror of the drug water capacity at a 350 

given time point but that it also has storage capacity over a longer period is reinforced by our 351 

observations. Additionally, we observed that among the 17 drugs, 7 were not detected in 352 

water samples (e.g., antidepressants, candesartan, sertraline and fluoxetine, antihistaminic 353 

desloratadine, antiemetic domperidone, antiarrhythmic propafenone, and neuroleptic 354 

quetiapine). 355 

The detection of these pharmaceuticals in the sediments and not in water favours the 356 

hypothesis of soil retention and storage over time (da Silva et al. 2011; Chyan et al. 2014). 357 

These results raise questions about SFTW ageing and questions about sediment removal to 358 

prevent the risk of drug release from the mud phase into the aquatic environment. Indeed, the 359 

antidepressant telmisartan was detected in the sediment at a high concentration (393 ng/kg), 360 

but it was also found in the effluent of the SFTW and not in the other water phases, which 361 

indicated there was a clear discharge of this drug from the sediments to the aquatic 362 

environment. Overall, these results indicate that SFTW sediments are a reservoir for 363 

pharmaceuticals that accumulate over time as well as pollutants that can be mobilized and 364 
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discharged in the environment, e.g., after a rapid increase in water flux from a storm, snow 365 

melting or long rain periods. To address questions about SFTW ageing, one answer that came 366 

from our results would be the elimination of the sediment phase of an old SFTW (8 years 367 

old). This approach would be the solution after several years of using SFTW to prevent the 368 

discharge effects of drugs into an aquatic environment. 369 

 370 

For a better understanding of the distribution of pharmaceuticals in the SFTW ecosystem, we 371 

extended our study to the occurrence of pharmaceuticals in the biota of the SFTW (Figure 5). 372 

Among the animals living in the aquatic system of the SFTW studied were water snails (Radix 373 

balthica). This small invertebrate is an annual resident of the SFTW that lives at the bottom 374 

on the sediment phase of the aquifer. Water snails eat aquatic plants and algae at 375 

decomposition that accumulate at the surface of the mud phase and can therefore accumulate 376 

pharmaceuticals (Lagesson et al. 2016). Radix balthica is particularly considered to be a good 377 

bio-indicator and bio-accumulator of pharmaceuticals (Mazzitelli et al. 2017). In the aquifer 378 

of our study, the water snail Radix balthica is present from April to the end of October. This 379 

animal might be able to accumulate pharmaceuticals during this period. Indeed, the 380 

pharmaceutical screening in water snails resulted in the detection of 11 drugs (Figure 5). All 381 

the pharmaceuticals detected were also found in water and/or in sediments. The drug detected 382 

at a higher concentration was the antibiotic trimethoprim (659 ng/kg). The accumulation of 383 

this drug in the water snail is linked to the presence of trimethoprim in the effluent of the 384 

SFTW, where it has been detected exclusively (not in the sediment or in plants). An 385 

explanation for the origin of this antibiotic cannot really be given here, and we cannot define 386 

why it is present in the effluent of the SFTW and in water snails. The hypothesis of an 387 

accumulation in algae or aquatic plants, which is the normal diet of the water snail, might not 388 

be excluded. Among the 11 pharmaceuticals that were determined, 7 were also present in the 389 

sediment phase (amitriptyline, caffeine, desloratadine, metoprolol, sotalol, telmisartan, 390 

tramadol). Tramadol is the second most abundant drug detected in water snails. We can 391 

hypothesize that its presence is linked to the abundance of tramadol in the aquifer of the 392 

wetland. In this case, one hypothesis is that pharmaceuticals were transferred from soil 393 

sediments and water directly into the water snail. This change can be explained by the 394 

characteristics of the sediment phase used for the study that was mainly composed of the 395 

upper organic layer of the mud, which is also part of the diet of the water snails. We also 396 

detected 3 drugs in the water snail that were previously detected exclusively in water influent 397 

or effluent and not in sediments (Atenolol, cefpodoxime poxetif, citalopram), which indicated 398 

there was a transfer of drugs from the water environment directly to the animal biota. The 399 

mechanism of adsorption and absorption of these drugs in the water snail is unknown, along 400 

with the toxicological effects associated with the drugs. 401 

 402 

The 83 drugs were also monitored in the plant biota living in the inlet of the SFTW. Five 403 

plants were screened in our study, including white willow (Salix alba), yellow flag (Iris 404 

pseudacorus), soft rush (Juncus effusus), creeping primrose (Ludwigia peploides) and 405 
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Himalayan balsam (Impatiens glandulifera) (Figure 1). To compare plant properties in terms 406 

of pharmaceutical storage, leaves were taken from all the plants for measurement of 407 

pharmaceutical occurrence. All five plants were located around the SFTW influent flow and 408 

near the preferential flow, as previously determined by tracer experiments (Laurent et al. 409 

2015). The first result was that the number of pharmaceuticals determined in each of the five 410 

plants leaves was different (Figure 5). Six pharmaceuticals were found in Impatiens 411 

glandulifera, 5 in Iris pseudacorus, 8 in Juncus effusus, 9 in Ludwigia peploides, and 12 412 

pharmaceuticals in Salix alba. The second result was that different drugs were detected in 413 

different plants. Together, these results indicate that plants have different pharmaceutical 414 

perception and storage properties, and Salix alba was the plant that contained the highest 415 

number of drugs. Several authors showed that the presence of plants in wetlands improves 416 

drug storage and degradation, and they found that the elimination rates were compound-417 

dependent (Sauvêtre and Schröder 2015; Y. Zhang et al. 2016). For example, Zang et al 418 

(2016) showed that Typha, Phragmites, Iris and Juncus were able to accumulate two 419 

pharmaceuticals, including ibuprofen and iohexol, but each plant had was more or less 420 

efficient towards removal of these drugs. Another study showed that Phragmites could 421 

degrade ibuprofen, naproxen, diclofenac and caffeine with better performance than Typha 422 

during the summer season (Hijosa-Valsero et al. 2010). 423 

No pharmaceuticals were common among the five plants. Thus, the fact that the same organ 424 

was sampled for the analysis (leaves), all plants were harvested on the same day and all plants 425 

were in the same water stream and grew in the same square metre. One hypothesis is that 426 

plants are not passive players towards drugs assimilation, but each plant has specific 427 

properties. Impatiens glandulifera seems to be the only plant among the five capable of 428 

storing the anti-inflammatory ibuprofen and at a very high concentration (34,238.28 ng/kg). 429 

Recently, it has been shown that some wetland plants, such as Typha could remove Ibuprofen 430 

over 99%, whereas Phragmites australis was less efficient (Y. Zhang et al. 2016). One 431 

hypothesis to explain the accumulation of Ibuprofen in Impatiens glandulifera is the inability 432 

of this plant to degrade ibuprofen, unlike the four other plants. If the majority of the 433 

pharmaceuticals identified in plants were also measured in the water influent or effluent or in 434 

the sediments, several new pharmaceuticals were measured in plants exclusively. For 435 

example, anti-ischaemic pentoxifylline was detected in our study but was exclusively found in 436 

three plants: Iris pseudacorus at 76.14 ng/kg, Salix alba at 335.91 ng/kg, and Juncus effusus 437 

at 30.519 ng/kg. In Ludwigia peploides, two pharmaceuticals were exclusively found in that 438 

plant, including the cardiovascular drug ramipril (381.05 ng/kg) and the analgesic nefopam 439 

(565.14 ng/kg). Salix alba had two drugs that were exclusively detected in this plant, 440 

including the anti-spasmodic phloroglucinol at 25,048 ng/kg and the steroid hormone estriol 441 

at 381.05 ng/kg. Surprisingly, tramadol that was abundant in a different compartment of the 442 

wetland (water, soil and snail) was not detected in plants. At this level, we cannot conclude if 443 

tramadol is not taken up by wetland plants or whether tramadol is completely degraded by 444 

plants. To clarify this point, Kusari et al. 2016 showed accumulation of tramadol in a tropical 445 
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Figure 5: Quantitative drug analysis for mud, Radix balthica and plants samples in Falkwiller 457 

(ng/g) obtained by UPLC-MSMS analysis. 458 

 459 

A total of 83 pharmaceuticals belonging to distinct therapeutic groups and having different 460 

physicochemical properties were monitored in the diverse compartments of a constructed 461 

wetland named a Surface Flow Treatment Wetland. The sample campaign consisted of 462 

different samples of water, sediment phase, and biota composed of invertebrates and five 463 

plants collected in a constructed wetland in France (south of Alsace). A screening method for 464 

83 pharmaceuticals was developed by combining SPE coupled to UPLC-MS/MS. The results 465 

indicated a wide variation in pharmaceutical species and concentrations monitored in the 466 

different water compartments of the wetland. In this study, we could show that the SFTW 467 

plays a role in pharmaceutical storage and elimination. However, some pharmaceuticals were 468 

released from the SFTW. The drug monitoring concerning SFTW sediments indicated that the 469 

mud plays a role as a reservoir for pharmaceuticals that accumulate over time. The possibility 470 

for pollutants to be mobilized and discharged in the environment, e.g., after a rapid increase in 471 

water flux due to a storm, snow melting, or a long rain period is a risk that cannot be 472 

excluded. We also detected drugs in water snails that were previously found exclusively in 473 

water influent or effluent and not in sediments, which indicated there was a transfer of drugs 474 

from the water environment to the animal biota. Tramadol was the most widely distributed 475 

drug in the constructed wetland ecosystem, except in wetland plants. Finally, the drug survey 476 

in the five plants of the SFTW revealed that plants are not passive partners in the process of 477 

pharmaceutical removal. Salix alba was the plant that contained the highest number of drugs 478 

among the five plants that were studied. The results showed plant specificity towards drug 479 

storage properties that could explain why these plants have settled in this ecological niche. 480 

Maybe these plants are simply the most adapted plants to this polluted environment. This 481 

study is the first that surveyed drugs on a large scale over the entire ecological system of a 482 

constructed wetland.  483 

484 

-Meuse, Région Alsace and Ecole Nationale 485 

The authors wish to thank the 486 

Falkwiller local authorities for allowing us to carry out experiments on their WWTP as well 487 

as Dr. Claire Villette for proofreading this document in depth. 488 

489 

Table S1: SFTW dimensional characteristics 490 

Parameters Falkwiller 

Type Vegetated ditch 

Slope (m/m) 1/4 to 1/1 

Water depth (m) 0.1- 0.3 
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Maximum width (m) 5 

Maximum length (m) 95 

Surface (m²) 140 

Surface per p.e. (m²) 0.1 

Volume (m
3
) 14 

Thickness mud (m)  

Table S2: MS/MS parameters for the analysis of target compounds by MRM negative and 491 

positive ionization mode with RT: retention time; CV: Cone voltage; and CE: collision 492 

energy. 493 

Ionization 

mode 
Target compound RT (min) 

Precursor 

ion 

CV(

V) 
Fragment CE (eV) 

- Clofibric acid 6.74 213.3 21 126.9 15 

+ Acetylsalicyclic acid 7.57 181.20 28 149.10 15 

+ Allopurinol 2.48 136.90 36 110.00 20 

+ Alpha ethynylestradiol 6.96 297.10 22 106.80 17 

+ Amitriptyline 6.5 278.8 26 105.2 30 

+ Amoxicillin 3.78 365.90 18 208.10 15 

+ Ampicillin 5.46 350.1 19 192.00 14 

+ Antipyrine 5.25 189.50 17 187.60 20 

+ Atorvastatin 6.91 558.90 33 440.10 20 

+ Atenolol 4.15 267.20 33 190.10 20 

+ Beta oestradiol 7.02 273.20 25 106.90 25 

+ Bezafibrate 6.49 362.00 28 138.90 23 

+ Bisoprolol 5.94 326.10 33 116.00 20 

+ Caffeine 4.92 195.00 30 138.00 20 

+ Candesartan 7.72 611.9 23 423.6 20 

+ Carbamazepine 6.39 237.10 25 194.20 25 

+ Carvedilol 6.11 407.7 35 222.2 30 

+ Cefpodoxime proxetil 6.13 557.90 28 240.90 20 

+ Citalopram 5.93 325.6 33 109.1 20 

+ Clindamycin 5.99 425.00 28 126.00 25 

+ Clofibrate 7.40 224.8 22 141.3 34 

+ Clotrimazol 7.63 278.80 22 149.00 25 

+ Codeine 5.61 300.00 38 215.40 25 

+ Cyclophosphamide 5.89 261.00 33 139.90 20 

+ Desloratadine 6.34 311.30 32 259.00 25 

+ Diclofenac 7.30 294.90 18 215.20 20 

+ Domperidone 5.84 426.4 25 175.00 25 

+ Doxepin 6.24 280.6 30 107 25 

+ Doxycycline 5.88 444.80 25 387.00 20 

+ Eprosartan 6.22 425.6 26 207.1 25 

+ Erythromycin 6.5 734.00 36 158.20 25 

+ Esomeprazole 6.49 346.00 18 198.20 15 

+ Estriol 6.15 306.10 15 107.20 17 
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Ionization 

mode 
Target compound RT (min) 

Precursor 

ion 

CV(

V) 
Fragment CE (eV) 

+ Fenofibrate impurity 6.60 319.10 25 233.00 15 

+ Fenoprofen 6.55 243.00 22 197.20 20 

+ Fluoxetine 6.55 310.10 18 148.10 10 

+ Furosemide 5.87 331.2 15 174.9 10 

+ Gabapentin 4.62 172.40 25 154.20 10 

+ Gemfibrozil 7.61 251.10 18 82.70 10 

+ Haloperidol 6.23 376.50 35 164.90 25 

+ Ibuprofen 7.36 224.40 12 161.20 14 

+ Indomethacin 7.30 358.10 28 138.80 25 

+ Ketoprofen 6.73 255.00 28 104.80 20 

+ L Thyroxine 6.74 777.50 33 731.70 25 

+ Lamotrigine 5.54 256.00 36 211.00 31 

+ Levetiracetam 4.39 154.10 25 126.20 20 

+ Lincomycin 4.60 407.20 35 126.00 26 

+ Losartan 6.55 423.00 22 207.20 20 

+ Mefenamic acid 7.60 242.10 25 224.20 15 

+ Metoprolol 5.32 268.20 27 116.20 20 

+ Mirtazapine 5.61 266.70 25 264.60 20 

+ Nadolol 4.82 310.60 29 254.10 15 

+ Naproxen 6.84 231.50 22 185.10 15 

+ Nefopam 5.64 254.60 24 181.10 20 

+ Norfluoxetine 7.36 327.30 25 215.20 20 

+ Ofloxacin 4.90 362.40 28 318.20 20 

+ Omeprazole 6.36 346.30 18 198.10 15 

+ Opium 4.31 286.00 20 185.00 25 

+ Oxcarbazepine 6.06 253.50 28 166.90 30 

+ Pantoprazole 6.25 385.40 20 200.10 10 

+ Paracetamol 4.09 152.10 33 110.00 15 

+ Paroxetine 6.30 330.40 24 192.20 20 

+ Pentoxifylline 5.61 279.10 34 181.10 20 

+ Phloroglucinol 2.09 127.10 28 126.80 10 

+ Pravastatin 6.58 447.60 30 327.20 20 

+ Prednisolone 6.48 361.50 16 343.20 10 

+ Propafenone 6.49 342.60 22 116.10 25 

+ Propanolol 7.39 296.50 14 167.10 15 

+ Quetiapine 6.28 384.30 44 253.10 35 

+ Ramipril 6.64 417.60 21 234.20 20 

+ RO 48-8071 6.96 448.01 48 183.00 30 

+ Roxithromycin 6.82 838.70 31 158.10 20 

+ Sertraline 6.76 306.40 17 159.00 25 

+ Sildenafil 6.22 475.40 33 283.20 35 

+ Simvastatin 7.78 420.1 19 127.40 10 

+ Sotalol 3.89 273.30 22 255.20 10 
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Ionization 

mode 
Target compound RT (min) 

Precursor 

ion 

CV(

V) 
Fragment CE (eV) 

+ Sulfadiazine 4.20 251.40 25 156.00 15 

+ Sulfamethoxazole 5.10 254.40 22 156.10 15 

+ Telmisartan 7.15 515.90 30 514.60 30 

+ Theophylline 4.58 181.30 27 124.10 20 

+ Topiramate 5.87 357.40 19 264.00 19 

+ Tramadol 5.21 264.60 22 246.50 10 

+ Trimebutine 4.96 388.70 18 371.10 10 

+ Trimethoprim 4.72 291.50 29 230.20 20 
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ability of major pollutants. The pond is poorly vegetated on its bed and during summer, there is a 

high duckweed development which strongly limits photodegradation. Whereas in the vegetated 

ditches, oxygenation is positively impacted by: bed and banks strongly vegetated and short 

distance of stirred flow that allows turbulent flow regime. Finally, for 60% campaigns the 

SFTWs, typology is more significant than the seasonality to explain SFTW behaviors and global 

performances. 

Keywords: Surface Flow Treatment Wetland; Seasonality; removal efficiency; typology; 

residence time distribution; hydraulic behavior 

Highlights: 

 SFTW typologies impact differently removal efficiencies, notably nitrate pollutants 

 High redox potential values are the target for good treatment on total nitrogen 

 Inlet SFTW Total Nitrogen is almost composed by nitrate and has seasonal variation 

 SFTW typology is more significant than seasonality to explain global performances 

 The focus should be on redox potential value to improve SFTW removal ability 

Nomenclature 
 

: RTD variance 

: dimensionless volume 

: Theoretical residence time 

: Mean residence time 

HAC: Hierarchical Ascending Classification 

ATR: Tracer Retention by Area 

Aut: Autumn 

BOD: Biological Oxygen Demand 

C: Tracer concentration 

: Maximal tracer concentration 

: Tracer concentration at time  

COD: Chemical Oxygen Demand 

E(t): Residence Time Distribution (RTD) 

: Total mass of recovered tracer 

N: Number of CSTRs of the TIS model 

NO3: Nitrate 

Pe: Peclet number 

PE: People-Equivalent 

PCA: Principal Component Analysis 

QL: Quantification Limits 

R: Tracer recovery 

RE: Removal Efficiency 

RTD: Residence Time Distribution 

SPA: Specific Peak Attenuation 

STR: Specific Tracer Retention 

Sum: summer 

TSS: Total Suspended Solid 

SFTW: Surface Flow Treatment Wetland 

Spri: Spring 

t: Time moment considered 

TKN: Total Kjeldahl Nitrogen 
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TN: Total Nitrogen 

TP: Total Phosphorus 

VFCW: Vertical Flow Constructed Wetland 

: Cumulative outlet water volumes 

: system volume 

Wint: winter 

WWTP: Waste Water Treatment Plant 
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1 Introduction 

1.1 SFTW in French context 
Surface Flow Treatment Wetlands (SFTWs) are considered as ecological engineering treatment 

wetlands used for waste water and storm water treatment. SFTWs have water flowing above the 

surface of a permanently saturated soil in a horizontal direction, flowing through macrophytic 

vegetation [1]. SFTW generally have a shallow sealed basin or sequence of basins and water 

surface above the substrate [2]. In France, since 2009, there is an increase of SFTW labelled as 

[3] that are built between the Wastewater Treatment Plant (WWTP) 

and the receiving aquatic environment. They are considered as a complementary treatment to 

WWTP but there are no envisioned regulatory removal efficiencies. Considering international 

references, this study approaches the cases of a pond and a vegetated ditch as aquatic systems. 

Nevertheless, to be consistent with French context and previous studies [4] [6], SFTW acronym 

is used in this study. 

1.2 SFTWs outcomes and expected treatment processes  
The main ecosystem services we are looking at are the regulating-related ones [7]: (i) particulate 

matter retention: Total Suspended Solids (TSS) due to WWTP by-pass (overflow during rain 

events for combined sewer systems) or secondary clarifier failure, (ii) limitation of hydraulic and 

pollutants loads to surface waters through infiltration, evapotranspiration or evaporation [8], (iii) 

hydraulic peak attenuation in order to protect surface water bodies from erosion and washout, (iv) 

additional pollutant mitigation: in this case, the wetland acts as a polishing step usually focusing 

on nutrients, pathogens and micro-pollutants removal [9]. The main mechanisms likely to be 

involved are [10]: infiltration, evapotranspiration, biological degradation, nutrients uptake by 

plants, photo-degradation or transformation and settling. 

1.3 Short review on SFTWs hydrodynamics, physico-chemical behaviors and 

pollutant removal efficiency 
The SFTWs efficiency depends on the residence time of contaminants inside the system [11]

[13]. However, there is no established design and sizing rule for this kind of treatment wetland at 

present since (i) they are built on remaining space after WWTP construction, (ii) it is a nature-

based system, subject to high variability and complex interactions, (iii) feedback on ageing 

effects is lacking and (iv) in France they are not considered as a regulatory treatment step. 

Resulting surfaces and shapes may not be optimal and lead to strong non-idealities of the flow: 

preferential pathways, mixed zones, dead-zones as well as internal recirculation could occur and 

affect the wetland mitigation capacity [14]. A previous study [4] highlighted that the various sizes 

and shapes of SFTW strongly influence their hydrodynamic properties. Furthermore, Nuel et al. 

[6] showed that sludge accumulation is an important ageing indicator due to suspended solid 

accumulation, sludge and vegetation development. However, this last study suggests that there is 

no significant difference on pond SFTW hydraulic behavior due to seasonal effect during one 

year.  

Concerning physico-chemical parameters dynamics inside SFTWs, the literature points out the 

importance of redox potential as partly governing the treatment efficiency of the system. In fact, 

in SFTWs, the redox potential value is notably influenced by: 

- Water depth variation [15]: Hijosa-Valsero et al. [16] observed redox potential values 

between 50 and -55 mV (anoxia) respectively for the water surface and for the bottom 

when Navarro et al. [17] observed between 300 and 100 mV (aerobia) for the surface and 



5 

 

the bottom of another pond. Garcia et al. [18], [19]brought to light that the removal 

capacity due to metabolic process increased significantly with water depth; 

- Thanks to photosynthesis, plants release oxygen by their roots into water, which increased 

redox potential value [20], [21]. This oxygenation process increases with the hydraulic 

residence time [15]; 

- Natural photo-degradation generates strong oxidant molecules as: -OH from NO3, Fe(III)-

carboxylate and many other strong oxidants [22] as  [23] or  [24] from humic 

substances (tannins or lignin for example). Notably, in pond system, photo-degradation is 
at its maximum during summer time [25]; 

- Mechanical oxygenation may occur within small water falls or stirring flow but depends 

on local topography and feasibility. 

Concerning literature on SFTWs pollutant removal, it is important to notice that the order of 

magnitude of pollutant load at SFTW inlet and consequently its efficiency may strongly change 

due to the SFTW position in the treatment process. Hence in the French context, SFTWs receive 

treated waste water from the WWTP rather than raw water in other contexts. Several authors 

reported that SFTW removal ratio of total nitrogen (TN) varies between 40 and 55 %, whereas 

the removal rate of total phosphorous (TP) is between 40 and 60 % [26] [28]. In addition 

removal ratio were generally high for COD, BOD and bacterial pollution (80 99% removal in 

most cases) [29]. AFB (2017) reviewed technical and scientific studies concerning many and 

different kind of full-scale SFTW. Particularly, they brought to light that: 

- The removal efficiency of major pollutants was low during autumn and winter season. 

During these periods, it is usual to observe degraded SFTWs influent quality due to: 

treatment process downturn (nitrification and denitrification for example) and SFTW 

plant seasonal leaf fall into water (increase of TSS or decrease of pollutant assimilation 

plant capacity); 

- Nitrate removal was optimal in spring period due to plant development; 

- SFTWs removal capacities were low, even negative in the case of influent concentrations 

close to the quantification limit; 

- SFTWs water pH was generally more basic in effluent than in influent; 

- Increase of dissolved oxygen due to hydraulic mixing or/and to algae development 

(photosynthesis) 

1.4 Aim of this study 
Considering this literature, there is a lack of long term SFTWs monitoring. More specifically, the 

cumulative effects of SFTW typology (pond or vegetated ditch) and seasonality on both 

hydrodynamic and pollutant removal performances is not well documented. In this study, influent 

and effluent of two SFTWs - a pond and a vegetated ditch - were monitored during 18 months. 

We first put the SFTWs treatment efficiency in perspective with i) local weather data, ii) 

hydrodynamic features and iii) physico-chemical parameters dynamics. Then we explained how 

SFTWs typology influences their pollutant removal capacity and we recommended construction 

guidelines.  

2 Materials and method 

2.1 Sites descriptions 
The studied SFTWs are located in Lutter (GPS coordinates: x=1029832 y=6717415) and 

Falkwiller (GPS coordinates: x=1010535 y=6738280), both in Alsace, France. The upstream 

WWTP consist of two stages Vertical Flow Constructed Wetland (VFCW) designed and operated 
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according to the French guidelines [30]. Lutter and Falkwiller VFCWs receive sewage from 

respectively 970 People-Equivalent (PE) and 1 450 PE. Parts of storm water in collected 

wastewater were respectively 90 % for Lutter and more than 50 % for Falkwiller. Furthermore, 

many agricultural drains are still connected to Falkwiller wastewater sewer network. SFTWs 

geometric characteristics and typology are summarized on Table 1. 

Table 1: SFTWs geometric characteristics 

 Falkwiller Lutter 

Typology Vegetated ditch Pond 

Slope 1/4 to 1/1 1/4 
Water depth (m) 0.1- 0.3 0.1- 0.2 

Width (m) 5 13 

Length (m) 95 40 

Surface (m²) 140 750 

Surface per p.e. (m²) 0.1 0.77 

Volume (m
3
) 14 425 

Nominal theoretical residence 

time (h) 
5 96 

Mud thickness (m)  0.117 (+/- 0.104) 

 
The bottom of Lutter SFTW is made of clay to ensure watertight, as the natural soil displays a 

relatively high permeability. When the WWTPs were commissioned in 2009, the depth was 

variable inside the wetlands. Yet at the time of the experiment, the bathymetry was modified due 

to suspended solids settling, essentially from WWTP inlet by-pass during storm events. Natural 

vegetation is only present near the banks (Figure 1)

Figure 1: Operational principle (left) and May 2015 picture (right) of Lutter SFTW

The mean residence time is about 15 h (+/- 7.8 h). For more details on Lutter SFTW 

hydrodynamics variation with seasons, reference is made to Laurent et al. [4] and Nuel et al. [6]. 

 
This SFTW was built by soil excavation without clay input at the bottom. It is composed by a 

pond followed by a vegetated ditch and another pond (Figure 2). Since the construction in 2010, 

there was no plant or mud maintenance. Currently this care strategy (recommended by the local 

Water Agency) conducted to a high plant density and important sediment deposits. The nominal 

theoretical residence time is about 5 h, the hydrodynamic behavior will be detailed in section 3.3. 
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2.4 Sampling campaigns and pollutant analysis 
Sampling campaigns began on July 2015 on both sites and took place every two months. Overall 

15 sampling campaigns were achieved. 24h-sampling water samples were collected from SFTWs 
inlet and outlet thanks to automatic samplers (TELEDYNE ISCO, Lincoln, Nebraska). The 

volume of the samples was controlled by the wastewater flow in order to obtain representative 

average samples. The minimum sampling frequency was targeted to 150 samples during 24 

hours. Knowing that a single sample corresponds to 50 mL, a 24 h-sampling water samples was 

about 7 or 14 liters depending on weather and flow patterns. Samples were kept using 

refrigerated glass bottles (0 - 3°C). Pollutants concerned in this study correspond to the ones that 

require monitoring following French regulation. Chemical Oxygen Demand (COD), Biological 

Oxygen Demand (BOD), Suspended Solid (SS), Total Kjeldahl Nitrogen (TKN), Nitrate (NO3) 

and Total Phosphorus were analyzed at each campaign using standardized methods (see Table 3S 

on supplementary data). 

2.5 Removal efficiencies and specific data treatment 
SFTW removal efficiencies (RE) were calculated considering inlet and outlet pollutant 

concentrations as well as inlet and outlet water flow rate: 

 

With: 

- RE: Removal Efficiency (%) 

- : Outlet concentration (µg.L
-1

); 

- : Outlet daily volume (m
3
); 

- : Inlet concentration (µg.L
-1

); 

- : Intlet daily volume (m
3
). 

To calculate removal efficiency, all concentrations data were considered according to their own 

analytical precisions and Quantification Limits (QL) (Table 1S on supplementary data). 

Concentrations less than QL were considered being equal to QL. Furthermore, removal 

efficiencies were calculated only if inlet and outlet concentrations belonged strictly to different 

intervals. If not, removal efficiency was considered as zero. 

2.6 Statistical analysis 
Statistical analyses were carried with R software [34]. More specifically, inlet and outlet flow-

rate, weather and physico-chemical data were analyzed by statistic tests; if data were normally 

distributed the Student test was performed, if not the Wilcoxon test was applied. 

3 Results and discussions 
First of all, local weather data and water budget seasonal variations are studied to feature 

seasonal impact on SFTWs. Then, the own SFTW typology is described thanks to hydrodynamic 

behavior measurement. Finally, inlet and outlet physicochemical parameters, pollutant 

concentrations and removal efficiencies are correlated with significant seasonal parameters and 

with SFTW typologies to feature specific removal efficiency behaviors according to SFTW 

design. 

3.1 SFTWs local weather data 
During sampling campaigns, weather conditions were significantly different between SFTWs site 

considering barometric pressure, hygrometry, wind speed ( ) and air 
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temperature ( ). However, solar radiation was not significantly different 

(  due to the relative short distance between both sites: around 30 km as the 

crow flies.  

Table 2 : Weather data (+/- Standard deviation) recorded during sampling campaigns. For each campaign, the table 

displays average values for air temperature, hygrometry and wind speed while solar radiations are summed. Following 
abbreviations were used: Spri: Spring; sum: Summer, Aut: Autumn and Win: Winter. Each campaign is identified by its 

rank, the season and the year. 1.Sum15 means the first campaign during summer 2015. 

Season Month Site 
Temperature 

(°C) 

Solar radiation 

(W/m²) 

Hygrometry 

(%) 

1.Sum15 July 
Falkwiller 24.1(+/- 5.7) 32,219.1 69.2 (+/- 22) 

Lutter 21.9 (+/- 6) 31,103.7 64.6 (+/- 21.1) 

2.Sum15 September 
Falkwiller 12.9 (+/- 3.8) 12,150 84.4 (+/- 14.1) 

Lutter 15 (+/- 3.9) 18,589.6 79.9 (+/- 16.1) 

3.Aut15 November 
Falkwiller 7.2 (+/- 1.3) 3,149.8 99 (+/- 1.7) 

Lutter -2.3 (+/- 3.4) 6,919.2 88.2 (+/- 9.8) 

4.Wint16 January Falkwiller 5.7 (+/- 3.1) 7,002.9 80.6 (+/- 14.5) 

5.Wint16 March 
Falkwiller 1.1 (+/- 1.3) 13,113.4 94.5 (+/- 6.9) 

Lutter 2.9 (+/- 3.8) 11,769.6 81.9 (+/- 13.6) 

6.Spri16 May Falkwiller 16.6 (+/- 3.3) 11,130.3 82.8 (+/- 20.4) 

7.Sum16 July 
Falkwiller 22.6 (+/- 6) 30,432 75.5 (+/- 21.2) 

Lutter 15.1 (+/- 3.1) 8,229.4 88.8 (+/- 9.3) 

8.Sum16 September 
Falkwiller 15 (+/- 3) 10,319.8 89.5 (+/- 12.1) 

Lutter 20.8 (+/- 5.6) 16,674 76.5 (+/- 17.8) 

9.Aut16 November Lutter -0.5 (+/- 3.2) 6,489.8 91.9 (+/- 8.2) 

 

According to air temperature, experiments could represent the performance in each season. It can 

be noticed that there were rainy events on March and May 2016 for Falkwiller SFTW and July 

2016 for Lutter one. 

3.2 Water budget and peak flow rate attenuation 
Flow-rate measurements ensured automatic samplers for sampling. The data treatment highlights 

daily inlet, outlet and water balance volumes. Furthermore SFTW water balance studies highlight 

flow-rate reductions by infiltration, evaporation, evapotranspiration and water stock variations.  

Inlet and outlet flow rates were statistically different. This is mainly due to outlet flow 

attenuation. Considering each SFTW, total inlet volumes were different for all campaigns due to 

seasonal effects (Figure 3). In fact spring and winter period were propitious to rainy days that 

increase infiltrated water through the sewer network. Furthermore, Falkwiller SFTW presented 

the highest variability of total inlet volume due to its typology that allows water infiltration and 

the density of vegetation that modifies the water budget thanks to evapotranspiration. During 

sampling campaigns, SFTW peak flow attenuation was about 22% for Falkwiller and 9% for 

Lutter. Evaporation and tidal range impacted the water budget in Lutter whereas 

evapotranspiration and infiltration are issues in Falkwiller SFTW. A large flow reduction can be 

noticed during September and November 2016 in Falkwiller, respectively: 73% and 86%. That 

came from dike holes near the SFTW outlet, which created hydraulic shortcuts. 
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Volumes Average inlet flowrate (l/s) 1.2 4.4 

Average outlet flowrate (l/s) 1.2 2.7 

Effective volume calculated from 

RTD (m
3
) 

108.1 8.2 

Dead volume (m
3
) 316.9 41.8 

Pollutant 

attenuation 
 (µg/l) 516.49 539.03 

SPA (mg mg-1) 0.28 0.19 

STR (%m
-3

) 1.18E-01 6.48E-01 

ATR (%m
-2

) 6.71E-02 2.57E-01 

Modeling Pe 1.73 1 

 (s
2
) 1.16 1.16 

N 1.0 1.72 

 

For both sites, average hydraulic residence time ( ) were less than theoretical residence time ( ) 

due to significant dead zones defined as a region of stagnant or no flow, to plants roots 

development or to sediments accumulation. On Lutter SFTW,  was four times smaller than the 

theoretical value  due to 317 m3 (74 %) estimated of dead volumes. This important volume was 

principally the consequence of aging effect and particularly sedimentation [6]. In Falkwiller 

SFTW,  was almost seven times smaller than the theoretical value , due to estimated 41 m
3
 (84 

%) of dead volumes caused by strong development of plants during autumn and sediments 

accumulation. The retardation time or minimum travel time (t1) is defined as the shortest time for 

water to move from the inlet to the outlet. Short-cutting index also considers t1: it is the ratio of t1 

over the nominal hydraulic residence time . In Falkwiller case, shortcutting was estimated at 6.8 

% whereas for Lutter SFTW it was at 2.3 %. This suggests that this wetland behaves closer to a 

continuous stirred tank reactor than a plug-flow reactor [35].  

 

Calculated Peclet numbers (Pe) allowed to distinguish different mixing regimes: convective or 

dispersive flow. It was the lowest on Falkwiller SFTW, indicating a high overall dispersion, 

likely due to velocities heterogeneities through the vegetated ditch. In Lutter SFTW and during 

winter, lower vegetation density is related to less dispersive flow regime, comparatively to 

hydrodynamic behaviors during autumn [6]. Moreover, RTD analysis allowed to extrapolate 

pollutant behavior inside SFTW. In fact, tracer compound can be assimilated to a dissolved 

pollutant. This approach permitted to calculate: Specific Peak Attenuation (SPA), Specific Tracer 

Retention (STR) and Tracer Retention by Area (ATR) for each SFTW. A highest SPA value was 

observed in Lutter (0.28), which suggested a better ability to reduce pollutant concentration. 

Nevertheless STR and ATR indicators on Falkwiller site presented a better tracer mass retention 

ability considering volumes and surface. Finally, tracer campaigns highlight a different 

hydrodynamic behavior due to their typology. These observations should have different 

influences on water physico-chemical parameters, water quality and treatment processes. 

3.4 Physicochemical parameters affected by SFTW typology 
Inlet and outlet physicochemical parameters were being monitored during each sampling 

campaign: pH, temperature, conductivity, redox potential and dissolved oxygen. Actually, redox 

potential measurements allow to characterize water as oxidizing (high values) or reducing (low 

value) environment. For example, in oxidizing environment TKN compounds are oxidized to 

NO2 and NO3 thanks to the nitrification process. Furthermore all these parameters characterize 

SFTWs surroundings impact on influent and can highlight removal process. Considering all these 
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physicochemical parameters (Figure 4), their variability was higher at the outlet as for water 

temperature parameter: on 1.sum 15 the inlet average was at 9.12 °C (+/- 0.17 °C) whereas the 

outlet average was at 6.19 °C (+/- 29 0.92 °C) for Lutter case. SFTW processes seemed to be 

more influenced by daily weather variation. 

According to seasons, inlet water temperature, dissolved oxygen and redox potential parameters 

were significantly impacted by Lutter SFTW while only inlet water pH and redox potential 

parameters were significantly impacted by Falkwiller SFTW. These differences are explained by 

SFTWs typology that impact their sensitivity with the meteorological variation, the vegetation 

development, and their nominal hydraulic residence time (see 1.3 Short review on SFTWs 

hydrodynamics, physico-chemical behaviors and pollutant removal efficiency) as described on 

introduction part. We can see that Lutter SFTW had a strong impact on dissolved oxygen and 

redox potential parameters (  for both parameters). Indeed, for all 

sampling campaigns, the variability of these parameters at the outlet is larger than at the inlet. 

Knowing that the redox potential can be assimilated to the ability of an environment to be oxidant 

or reductive, this variability should impact the change in biochemical processes inside Lutter 

SFTW. Two hypotheses can support these observations:  

(i) hydraulic pathway and mixing: hydrodynamic behavior highlighted retention time distribution 

as typical system with large internal recirculation [4]. Due to the relatively rapid recirculation 

compared to preferential path flow, the wetland is acting as one large stirred tank; hence the 

observed RTD (see 3.3 SFTWs hydrodynamic behavior) is simply the superposition of the 

recirculation pattern and the exponential decay of a continuous stirred tank reactor (Levenspiel 

1999). In Falkwiller SFTW, by contrast, lower value of Peclet number indicates that 

hydrodynamic behavior was characterized by convection flow regime. That is confirmed by 

important shortcutting index (6.8 %) (Table 3). 

(ii) the pond presents gentle slopes (Table 1) that encourage the development of many different 

kind of plants (Dwire et al. 2006) contributing to water oxygenation. Furthermore due to these 

gentle slopes and to over depth (Lutter SFTW), the pond has different water depths that influence 

significantly dissolved oxygen and redox distribution (Song et al. 2009). Considering different 

water depths, redox potential in a pond may vary from -55 mv to 200 mV (Hijosa-Valsero et al. 

2010; Navarro et al. 2011). In addition, Falkwiller SFTW is a vegetated ditch that receives the 

highest influent flowrate (Figure 3), hence its short hydraulic residence times did not allow 

significant impact on influent physicochemical parameters. 

Comparing influent and effluent physicochemical parameters, we cleary observe that there was 

different impacts due to SFTWs typology. Should these differences on physico-chemical 

parameters dynamics in both SFTWs impact significantly the pollutant removal?
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seasons, but all during 2016. Group2 gathered Lutter campaigns due to their height wind speed 

(v.test=2.54) and redox value (v.test=2.04) but also to low atmospheric pressure (v.test -2.59). In 

fact, in contrary to Falkwiller SFTW which is surrounded by forest, Lutter one was built in a 

clear area in the middle of agricultural fields without any tree. In addition, according to wind 

direction and direction flow, wind parameter can strongly impacted hydrodynamic behavior as 

mixing parameter for example [39], [40]. Finally group 3 brought Falkwiller and Lutter 

campaigns together. This group was characterized by important nitrate concentrations (TN), 

mostly composed by nitrate compound (Figure 5) and high COD concentrations too. In contrast 

to group1, group2 individuals were described by a low redox potential value. 

HAC interpretation highlighted that low nitrate concentrations and high redox potential parameter 

are the variables that permitted to differentiate and characterize respectively Falkwiller and Lutter 

sites. Also, thanks to group 3 significate variable descriptions, we can note that the mixt of site 

and season was gathered because of strong NO3 concentrations and weak redox potential value 

that emphasis the missing of significant elements to differentiate the two different sites.. 

Furthermore, SFTW removal pollutant abilities are correlated with mean residence time of water 

(Su et al. 2009) which is function of SFTW geometric and influent flow rate [11], [13]. 

Table 4: HAC groups characterizations where: v.test: comparison of mean variables in category to overall mean by 

considering variable variance, Mean in category: the average of a variable in the groups; Overall mean: the average of the 
variable for the whole data set; sd: the associated standard deviations 

Variables v.test Mean in category Overall mean  

G
ro

u
p

 1
 NO3 -2.06 8.6 (+/- 3.15) 21.97 (+/- 14.66) 

NO2 -2.10 0.06 (+/- 0.03) 0.27 (+/- 0.23) 

BOD5 -2.23 2 (+/- 1.73) 7.95 (+/- 6.01) 

TP -3.13 1.19 (+/- 0.47) 3.13 (+/- 1.4) 

G
ro

u
p

 2
 Wind 

speed 
2.54 0.9 (+/- 0.12) 0.52 (+/- 0.39) 

Redox 2.04 141.75 (+/- 36.41) 110.09 (+/- 41.15) 

Pressure -2.59 965.65 (+/- 5.09) 976.59 (+/- 11.17) 

G
ro

u
p

 3
 NO3 3.15 37.1 (+/- 10.31) 21.97 (+/- 14.66) 

TN 3.00 43.57 (+/- 14.45) 26.58 (+/- 17.33) 

COD 2.55 27.67 (+/- 6.26) 22.4 (+/- 6.3) 

Redox -2.53 76 (+/- 9.78) 110.09 (+/- 41.15) 

Lutter and Falkwiller sites have clearly different designs (see 2.1 Sites descriptions) that caused 

different hydrodynamic characterization (Table 3) and lead to different impacts on water 
treatment process too (Figure 4, Figure 5and Table 4). With focus on redox potential value and 

nitrate concentrations associated to hydrodynamic parameters, this should bring new elements to 

understand SFTW removal efficiencies specifications. Thanks to Principal Component Analysis 

(PCA) approach (Figure 1S on supplement data), effluent redox values and ratio of pollutant 

concentrations (effluent by influent) were correlated. More than 60% of variability 

was explained on the two first axes. BOD, COD, TSS, TN and NO3 were close to the correlation 

circle, which means these variables were strongly featured. On one hand, this PCA logically 

pointed out that NO3 and TN concentration ratios were negatively correlated with TKN ratios. In 

fact, the TN in SFTW effluent mainly stems from TKN oxidation. Furthermore, BOD, COD, TSS 

and TP concentrations ratios were strongly and positively correlated with each other but not with 
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nitrogen compounds ratios. On the other hand, important redox potential values indicated slight 

or confirmed oxidizing conditions. 

The results above show that Falkwiller and Lutter SFTW are typically a mixt of above findings. 

Indeed: firstly, Lutter SFTW is poorly vegetated on its bed and during warm and sunny time, 

there is a high duckweed development which strongly limits photo-degradation. In fact, during 

the warm period and duckweed development, the outflow redox potential was always lower than 

in influent (Figure 4). Without duckweed, effluent redox potential was not significantly different 

from influent one. This plant presence could explain why, although the residence time is fairly 

high and varying water depths are encountered, the system is not strongly oxidizing as explained 

by [15]. Secondly in Falkwiller SFTW, oxygenation is positively impacted by: (i) bed and banks 

strongly vegetated by different kind [20], [21], variety and family plants, (ii) short distance (one 

meter long) of stirred flow due to local topography that allow turbulent flow regime and (iii) 

presence of small pond at the beginning of the SFTW. However, the mean residence time is 

strongly impacted by the sedimentation process and is currently too short to permit sufficient 

water oxygenation. Finally, the important plant cover strongly limits the photo-degradation. 

4 Conclusion 
This study focused on the crossed effects of seasonality and typology (a pond and a vegetated 

ditch) on SFTWs global performances thanks to: weather and physicochemical data monitoring, 
major pollutants analyses and hydrodynamic measurement on two different sites by their design 

and influent average flow rate. Firstly, among weather parameters only solar radiation was 
considered to not be different between both sites. It suggested a local weather for each SFTW 

which should influence plants development and treatment process. Secondly removal efficiencies 

were approached considering pollutant concentrations and daily masse balance. This double 

approach highlighted that SFTWs reduced influent flow rate by evaporation, evapotranspiration, 

infiltrations and tidal range respectively depending on: free water surface exposed to solar 

exposition, vegetation density, soil infiltration capacity and SFTW design (volume and depth 

rate). 

Then, due to these system external variations, several physiochemical parameters were 

specifically impacted between SFTWs inlet and outlet depending on considered wetland as redox 

potential for Lutter site. Moreover, nitrogen compounds concentrations were season dependent at 

the inlet and outlet of the SFTW. These observations led to the conclusion that SFTWs removal 

ability and local weather condition are strongly linked. Finally, hydrodynamic studies on both 

sites highlighted that longer residence times led to higher redox values and higher nitrogen 

removal. 

According to these results and literature, to improve SFTW removal ability of major pollutants, 

especially nitrogen ones, the focus should be on redox potential value by: (i) their design which 

should be optimized to favor longer mean residence time and attention should be paid to improve 

hydraulic efficiency, (ii) water oxygenation should be improved by increasing vegetation density, 

(iii) favor solar penetration in a pond area to encourage the photo-degradation process (pond 

should be located at the earliest stage as possible to take advantage of important NO3 

concentrations from VFCW and to maximize the effect of oxidant molecule in the SFTW system) 

and (iv) improving hydraulic mixing (waterfall for example). 
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SFTWs showed interesting participations to wastewater major pollutant process treatment 

considering their current design. The next study of this research program will be the assessment 

of SFTWs performances for micro pollutant removal, especially pharmaceutical compounds. 
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Supplementary data 

1. Pollutant analysis protocols 
Table 1S: Pollutant analyze information 

Pollutant Methodology 
Analytical 

uncertainty (%) 

Quantification limits 

(mg.L
-1

) 

BOD5 Microtitre 30 1 

COD Microtitre 10 2 

SS NF EN 872 20 0,005 

NH4 Microtitre 10 0,04 

NK NF EN 25663 10 0,3 

NO2 Microtitre 10 0,003 

NO3 Microtitre 10 0,3 

Pt Microtitre 10 0,05 

 

2. Pollutant removal efficiencies 
Table 2S : Falkwiller removal efficiencies pollutants 

Season 
BOD5 

(%) 

COD 

(%) 

SS 

(%) 

NH4 

(%) 

NK 

(%) 

NO3 

(%) 

TN 

(%) 

TP 

(%) 

1.sum15 0 0 83 -162 6 23 21 0 

2.sum15 -439 -14 -2209 -89 2 25 22 34 

3.aut15 -26 0 -519 0 88 22 27 0 

4.wint16 -20 0 -731 0 52 0 0 17 

5.wint16 0 0 -159 0 12 30 29 0 

6.spri16 0 -90 -1958 0 25 -57 0 -120 

7.sum16 0 0 -703 0 78 80 79 0 

8.sum16 -2 74 -301 1 0 91 91 0 

Average -61 -4 -812 -31 33 27 33 -9 

 

Table 3S : Lutter removal efficiencies pollutants 

Season 
BOD5 

(%) 

COD 

(%) 

SS 

(%) 

NH4 

(%) 

NK 

(%) 

NO3 

(%) 

TN 

(%) 

TP 

(%) 

1.L.spri15 -676 -129 -498 -1009 -34 -25 -27 0 
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                    Echantillonneur portable réfrigéré

 
 

 CONSERVATION DES ECHANTILLONS A 4°C PRECISEMENT 
 AUTONOMIE DE 48H00 SUR BATTERIE 
 COMPACT ET FACILEMENT TRANSPORTABLE 
 ECHANTILLONNAGE  SELON LES NORMES EN VIGUEUR 
 SONDE MULTIPARAMETRES PHYSICO-CHIMIQUES ADAPTABLE 
 MODULES DEBITMETRIQUES ENFICHABLES 
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Un échantillonneur évolué puissamment réfrigéré, portable, avec mémorisation des 
résultats et des différents paramètres mesurés 
Le nouvel échantillonneur Isco Avalanche est équipé avec l‘unité centrale de la série 6712 qui assure des 
performances maximales en terme de mémorisation, communication avec des modules débitmétriques 
enfichables, pluviomètres, sondes multiparamètres et traitement de toutes les données et résultats sur PC. 
Alimenté directement sur secteur ou sur batterie 12 volts, il se décline en différentes configurations: 4 flacons de 
5 litres, 14 flacons de 1 litre ou monoflacon 10 ou 20 litres. 

De même que l‘échantillonneur monoflacon  Isco Glacier,  l‘Avalanche assure 48 heures et plus de réfrigération 
à partir d’une batterie type automobile 12 volts. Son groupe frigorifique peu gourmand en énergie peut-être 
déclenché uniquement lors du premier prélèvement effectué. L‘Avalanche peut attendre patiemment des jours 
ou des semaines avant de prélever des échantillons selon les conditions programmées et les conserver au frais 
en attendant leur récupération. 
 

Fiabilité et performances 
 Programmation simple ou évoluée pour prélèvements de routine ou applications personnalisées. 

 Boîtier électronique: Protection IP67 

 Interface SDI-12 pour liaison avec sondes multiparamètres et autres capteurs compatibles.  

 Mémorisation de tous les paramètres mesurés ainsi que de la température interne de l’enceinte 
réfrigérée à intervalle réglable. 

 Le détecteur de présence de liquide LD90 sans contact avec l’effluent ainsi que le décompte des 
révolutions effectuées par la pompe assurent une excellente précision pour les volumes prélevés 

Applications 
 Contrôle des stations de traitement des eaux usées des collectivités ou des industries 

 Surveillance des eaux naturelles et mesures des paramètres physicochimiques, déclenchement des 
prélèvements en fonction de seuils  
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Caractéristiques techniques 

Taille: 78 x 36 x 60  cm 

Poids: A vide sans batterie: 35 kg 

Types de flacons: 14 x 1L plastique PE 
12 x 350 ml verre 
4 x 5L plastique PE 
4 x 2L verre 
10 Litres plastique PE ou verre 

   20 Litres plastique  PE; 16 litres verre 

Alimentation: 12 VDC (Fournis par batterie externe type automobile, ou 
directement sur secteur 220 volts ) 

Réfrigération: 

 

Sans CFC, maintient la température de l’échantillon à 3 C±1 C 

pour une température extérieure de 0 C to 50 C. 

                                                                Pompe 

 Tuyauterie d‘aspiration:  
Longueur 1 à 30 m 

Matériau Vinyle ou Téflon 

Diamètre interne 9 mm 

Durée de vie du segment de pompage: 2 000 échantillons 

Dénivellation Maxi: 8,5 m 

Reproductibilité ± 5 % 

Vitesse d’aspiration selon la dénivellation:   

3.0 m 0.91 m/s 

7.0 m 0.66 m/s 

Détecteur de présence de liquide: Sans contact avec l’eau, capteur spécifique détectant la présence 
de liquide à l’entrée de la pompe  

                                                         Programmateur 

Poids: 5.9 kg 

Dimensions: 26 x 32 x 25 cm 

Température extérieure: 0° to 49°C 

Protection: IP67 

Mémoire du programme: ROM non volatile 

Entrée du signal débitmétrique: Accepte: Impulsions débitmétriques de 5 à 15 volt DC ou 
fermetures de contact sec durée 25 millisecondes. 

Lancement externe: Déclenche le programme de prélèvements et la réfrigération au 
premier prélèvement  par fermeture de contact 

Nombre d’échantillons programmable: 1 à 999 échantillons maxi 

Précision de l’horloge: 1 minute par  mois 

                                                             Programme 

Fréquence de prélèvements: 1 minute à 99 heures et 59 minutes, par incréments de 1 minute ou 
1 à 9 999 impulsions débitmétriques 

Mode de prélèvement: Temps ou débit ou évènements extérieurs 

Volume d‘échantillon : 10 à 9 990 ml par incréments de 1 ml 

Mémorisation: 5 programmes 

Tests et diagnostics: Tests pour RAM, ROM, pompe, et affichage 
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Sondes YSI 6820V2 & 6920V2 
 

Avec 1 ou 2 ports optiques 
 

 

        

 
Les sondes 6820V2 & 6920V2,  

priorité à l’optique ! 
 

Sondes compactes pour mesures 

ponctuelles et surveillance avec 

collecteurs de données 
 
Copyright Anhydre 01-2012 

Les sondes YSI 6820V2 & 6920V2 mesurent et enregistrent en simultané : 
 

 Température * Conductivité 

 Conductance spécifique * Salinité 

 Solides totaux dissous * Résistivité 

 pH * Redox 

 Profondeur * Niveau compensé et débit 

 Oxygène dissous RapidPulse™ * Nitrates, ammonium, chlorures 
 

 Turbidité * Oxygène dissous ROX™ 

 Chlorophylle * Rhodamine 

 Cyanobactéries (Phycocyanine) * Cyanobactéries (Phycoérythrine) 
 

Les configurations des capteurs :  
 6820V2-1 & 6920V2-1 :  

T & C, O2d RapidPulse™, pH & redox, 3 électrodes ISE, 1 port optique parmi 

O2d ROX™, turbidité, rhodamine, chlorophylle, cyanobactéries 

 6820V2-2 & 6820V2-2 :  
T & C, pH & redox, 1 électrode ISE, 2 ports optiques parmi : O2d ROX™, 

turbidité, rhodamine, chlorophylle, cyanobactéries PC ou PE 
 

* Capteurs optiques avec nettoyage automatique 

* Capteurs remplaçables sur le terrain 

* Compartiment pour piles sur la 6920V2 pour enregistrement autonome in situ 
 

Tirez avantage des nouveaux capteurs optiques YSI :  
En complément aux classiques : turbidité, chlorophylle et rhodamine, YSI vous propose 

ces capteurs innovants : 

 Oxygène dissous ROX™ 
Le capteur ROX™ utilise la technique de détection par durée de luminescence pour 
proposer le plus fiable capteur O2d avec le plus faible effort possible en entretien. 

Expérimentez une maintenance membrane significativement réduite tout en 

conservant d’excellentes précision, sensibilité et gamme. 

 Cyanobactéries 
Les capteurs de cyanobactéries par fluorescence YSI vous permettent de surveiller 

cette population lorsque leur présence est problématique. Que ce soit pour une 

alerte avancée sur une prolifération, la traque des espèces dégradant goût et odeur 

ou les études des écosystèmes, les capteurs YSI BGA produisent des données 

sensibles et fiables in situ.   
 

Mises à niveau disponibles pour les anciennes 6820 & 6920 :  
YSI s’est engagé à fournir des solutions fiables et économiques pour la surveillance 
des eaux. Les anciennes sondes tiennent le rythme et se mettent à niveau par 

conversion en V2 (bloc support des capteurs, mises à jour du logiciel, vérification 

et calibration par un technicien expérimenté). 
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Spécifications des capteurs des sondes YSI 6820V2 & 6920V2 
Température 
 

 
 

Conductivité * 

 
 

 
Salinité 
 

 
 

Niveau compensé (-SV) 

Moyenne profondeur (-M) 
Faible profondeur (–S) 
 

Type du capteur 
Gamme 
Précision 
Résolution 

Type du capteur 
Gamme 
Précision 

Résolution 

Type du capteur 
Gamme 
Précision 
Résolution 

Type du capteur 
 
Gamme 

Précision 
 

Résolution 

Thermistance YSI Precision 
-5°C à 50°C 
+/-0,15°C 
0,01°C 

Cellule 4 électrodes nickel et gamme automatique 
0 à 100mS/cm 
+/-0,5% de la lecture +0,001mS/cm 

0,001mS/cm à 0,1mS/cm (fonction de la gamme) 

Calcul à partir de la température et de la conductance (algorithme normalisé) 
0 à 70ppt (parties pour mille) 
+/-1% de la lecture ou +/-0,1ppt, la valeur la plus grande 
0,01ppt 

Pression, compensations dynamiques d’erreurs, capillaire de compensation 

barométrique dans le câble, 
0 à 9 mètres (-SV) 0 à 61 mètres (-M) 0 à 9 mètres (–S) 

0 à 3 mètres : +/-0,003m +/-0,12 mètres +/-0,02 mètres  
3 à 9 mètres : +/-0,01m  

0,0003m 0,001 mètre 0,001 mètre 
pH Type du capteur 

Gamme 
Précision 

Résolution 

Electrode avec jonction bulbe verre 
0 à 14 unités 
+/-0,2 unités 

0,01 unité 

Redox Type du capteur 
Gamme 
Précision 

Résolution 

Bouton platine 
-999mV à +999mV 
+/-20mV 

0,1mV 
Oxygène dissous optique 
ROX™ 

%saturation 

Type du capteur 
Gamme 
Précision 

 

Résolution 

Optique numérique 
0 à 500% 
0 à 200% : +/-1% de la lecture ou 1% saturation air, la valeur la plus grande 

200 à 500% : +/-15% de la lecture 

0,1% 

Oxygène dissous optique 
ROX™ 

Mg/l 

Type du capteur 
Gamme 

Précision 
 

Résolution 

Optique numérique 
0 à 50mg/l 

0 à 20mg/l : +/-1% de la lecture ou 0,1mg/l, la valeur la plus grande 
20 à 50mg/l: +/-15% de la lecture 

0,01mg/l 

Oxygène dissous  

RapidPulse®** 
(%sat) 

 
 

Oxygène dissous  
RapidPulse®** 
(mg/l) 

 

 

Nitrates*** 
 
 

 
Ammonium*** 

 
 
 

Chlorures*** 
 
 

 
 

Type du capteur 
Gamme 

Précision 
 
Résolution 

Type du capteur 
Gamme 

Précision 
 

Résolution 

Type du capteur 
Gamme 

Précision 
Résolution 

Type du capteur 
Gamme 
Précision 

Résolution 

Type du capteur 
Gamme 

Précision 
Résolution 

 

Polarographique monolithique 
0 à 500% saturation air 

0 à 200% sat - +/-2% de la lecture ou +/-2% sat air, la valeur la plus grande ; 200 à 500% sat 
air, +/-6% de la lecture 
0,1% saturation air 

Polarographique monolithique 
0 à 50mg/l 

0 à 20mg/l - +/-2% de la lecture ou +/-0,2mg/l, la valeur la plus grande ; 20 à 50mg/l, +/-6% 
de la lecture 

0,01mg/l 

Electrode spécifique ISE 
0 à 200mg/l-N 

+/-10% de la lecture ou 2mg/l, la valeur la plus grande 
0,001 à 1 mg/l-N (fonction de la gamme)  

Electrode spécifique ISE 
0 à 200mg/l-N 
+/-10% de la lecture ou 2mg/l, la valeur la plus grande 

0,001 à 1 mg/l-N (fonction de la gamme)  

Electrode spécifique ISE 
0 à 1 000mg/l-N 

+/-15% de la lecture ou 5mg/l, la valeur la plus grande 
0,001 à 1 mg/l-N (fonction de la gamme)  
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Turbidité 
 

Type du capteur 
Gamme 
Précision 

Résolution 

 

Infra rouge, néphélométrie 
0 à 1000 NTU (0 – 4000NTU avec le 6026-ER) 
+/-2% de la lecture ou 0,3 NTU, la valeur la plus grande**** 

0,1NTU 

Rhodamine Type du capteur 
Gamme 
Précision 
Résolution 

Fluorescence UV 
0 à 200µg/l 
+/-5% de la lecture ou 1µg/l, la valeur la plus grande 
0,1µg/l 

 

*  sont également rapportées les valeurs de conductance spécifique (conductivité corrigée à 25°C), de résistivité, des solides totaux dissous. Ces valeurs sont 

automatiquement calculées à partir des mesures de température et de conductivité en accord avec les algorithmes trouvés dans les Standard Methods for the 

examination of water and wastewater (éd. 1989) 

** seulement sur 6820V2-1 & 6920V2-1 

*** eau douce seulement, immersion 15 mètres maximum, 6820V2-1 & 6920V2-1 équipées de 3 ports ISE, 6820V2-2 & 6920V2-2 équipées de 1 port ISE 

**** en solutions YSI de polymères AMCO-AEPA 
 

 

Phycocyanine* 
 

 

 
Phycoérythrine* 

 
 

 
Chlorophylle* 
 

 
 

Type du capteur 
Gamme 

Limite de détection 

Résolution 

Type du capteur 
Gamme 
Limite de détection 

Résolution 

Type du capteur 
Gamme 
Limite de détection 

Résolution 

Fluorescence UV 
0 à 280 000 cellules/ml (1) – 0 à 100URF 

Environ 220 cellules/ml (2) 

1 cellule/ml – 0,1URF 

Fluorescence UV 
0 à 200 000 cellules/ml (1) – 0 à 100URF 
Environ 450 cellules/ml (3) 

1 cellule/ml – 0,1 URF 

Fluorescence UV 
0 à 400µg/l  - 0 à 100URF 
Environ 0,1µg/l (4) 

0,1µg/l Chl – 0,1%URF 

Linéarité 
R2>0,9999 (5) 

 

 

Linéarité 
R2>0,9999 (6) 
 

 

Linéarité 
R2>0,9999 (7) 
 

 
URF = Unité Relative de Fluorescence - la profondeur maximale d’immersion des capteurs optiques est 61 mètres ou 200 mètres 

(1)  L’explication sur la gamme peut être trouvée dans la section 6 Principes du manuel des sondes YSI série 6 Rev. D 

(2)  Estimé sur culture de cellules Microcystis Aeruginosa - (3)  Estimé sur cultures de Synechocossus sp. 

(4)  Déterminé sur culture d’Isochrysis sp et concentration en chlorophylle a, déterminée par extraction 

(5)  Relative à une dilution en série de rhodamine WT (0 à 400µg/l)  

(6)  Relative à une dilution en série de rhodamine WT (0 à 8µg/l) 

(7)  Relative à une dilution en série de rhodamine WT (0 à 500µg/l)   

 

Spécifications des sondes YSI 600 XLV2-1 & YSI 600 XLMV2-1 
Encombrement & Poids 6820V2-1 : diamètre 73mm, longueur 343mm, poids 1,5kg 
 6920V2-2 : diamètre 72,4mm, longueur 457mm, poids 1,8kg 

Energie Interne : 8 piles alcalines, taille AA (6920V2-x) ou externe 12Vcc externe via le câble (6920V2-x & 6820V2-x) 

Mémoire 384ko (150 000 lectures horodatées) 

Garantie 24 mois (sonde et capteurs optiques), 12 mois (câbles et autres capteurs) 

Communications RS-232, SDI-12 

Matériaux, milieux PVC et acier inoxydable, eaux douces, salées et polluées 
 

Pour commander les instruments YSI 6820V2 & 6920V2 
6820V2-1-O 

6820V2-1-S 
6820V2-1-M 

6820V2-1-SV 

6920V2-1-O 

6920V2-1-S  

6920V2-1-M 

6920V2-1-SV 

 
6820V2-2-O 
6820V2-2-S 

6820V2-2-M 

6820V2-2-SV 

6920V2-2-O 

6920V2-2-S  

6920V2-2-M 

6920V2-2-SV 

Sonde 1 port optique, 3 ports ISE, sans mesure de niveau ou profondeur, alimentation externe 

Sonde 1 port optique, 3 ports ISE, avec mesure de faible profondeur, alimentation externe 
Sonde 1 port optique, 3 ports ISE, avec mesure de moyenne profondeur, alimentation externe 

Sonde 1 port optique, 3 ports ISE, avec mesure de niveau compensé, alimentation externe  

Sonde 1 port optique, 3 ports ISE, sans mesure de niveau ou profondeur, alimentation piles ou externe 

Sonde 1 port optique, 3 ports ISE, avec mesure de faible profondeur, alimentation piles ou externe 

Sonde 1 port optique, 3 ports ISE, avec mesure de moyenne profondeur, alimentation piles ou externe 

Sonde 1 port optique, 3 ports ISE, avec mesure de niveau compensé, alimentation piles ou externe  

 
Sonde 2 ports optiques, 1 port ISE, sans mesure de niveau ou profondeur, alimentation externe 
Sonde 2 ports optiques, 1 port ISE, avec mesure de faible profondeur, alimentation externe 

Sonde 2 ports optiques, 1 port ISE, avec mesure de moyenne profondeur, alimentation externe 

Sonde 2 ports optiques, 1 port ISE, avec mesure de niveau compensé, alimentation externe  

Sonde 2 ports optiques, 1 port ISE, sans mesure de niveau ou profondeur, alimentation piles ou externe 

Sonde 2 ports optiques, 1 port ISE, avec mesure de faible profondeur, alimentation piles ou externe 

Sonde 2 ports optiques, 1 port ISE, avec mesure de moyenne profondeur, alimentation piles ou externe 

Sonde 2 ports optiques, 1 port ISE, avec mesure de niveau compensé, alimentation piles ou externe  





































































  

 

Maximilien NUEL 

Devenir des résidus 
médicamenteux et de leurs 

métabolites au sein des Zones 
de Rejet Végétalisées (ZRV) 

  

 

Résumé 

résidus médicamenteux dans l'environnement. Depuis 2009, les Zones de Rejet Végétalisées (ZRV) 

2 STEU et de leur ZRV, ont été évaluées pendant 2 années. Les résidus médicamenteux (86) ont eu 
une  majorité de rendements d'épuration compris entre 30 et 70 % dans les ZRV et avec des 
maximums en été et des minimums en hiver. Relativement aux abattements observés sur les STEU 
en amont, la contribution des ZRV à l'épuration globale du site était inférieure à 30 % du flux entrant. 
Aussi, la réduction des volumes d'eau rejetés au milieu naturel a été corrélée avec une 
augmentation des concentrations en résidus médicamenteux. Par ailleurs, les plantes ont montré 
une capaci
des concentrations dans les boues, a mis en évidence une tendance à une adsorption en été et un 
relargage en hiver des micro-polluants. 

Mots clefs : Zones de Rejets Végétalisées ; Filtres plantés de roseaux ; Station de traitement des 
eaux usées ; Résidus médicamenteux ; Effet de saisonnalité et de vieillissement ; Régime 

écoulement ; Dissipation des résidus médicamenteux. 

 

Abstract 

Wastewater Treatment Plants (WWTP) are considered as one of the most important pharmaceutical 
compound discharges into the environment. Since 2009, French Water Agencies, promote Surface 
Flow Treatment Wetlands (SFTWs) at the outlet of WWTPs, between the WWTP and the receiving 
aquatic environment but their removal efficiencies are not well investigated. To overcome these lacks 
of knowledge, pollutant removal efficiencies of 2 WWTP and their SFTW were monitoring during 2 
years. In regard to pharmaceutical compounds (86), SFTW removal efficiency rates ranged from 30 
to 70% with maximum values in summer and minimum values in winter. The SFTW removal 
efficiency contributions to WWTP were inferior to 30%. In addition, SFTW inflow reductions were 
correlated with an increase of drug compound concentrations in the outflow. Furthermore, there was 
a specific absorption of these micro pollutants by plants whereas there were dynamic interactions 
between sampled mud and drugs residues with an adsorption during summer and a release during 
winter. 

Keywords: Surface Flow Treatment Wetland; Vertical Flow Constructed Wetland; Wastewater 

treatment Station; Wastewater; Drug compounds; Seasonality and aging effect; Flow pattern; Drug 
compounds distribution. 


