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› CWs removal efficiency
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Matamoros et al. Environ. Sci. Technol. 2007, 41:8171
PPCP Removal at Design HLR. PPCP levels detected in

the influent (Table 3) are consistent with the levels found in
other raw wastewaters from the EU and Denmark (19, 20).
The set of PPCP was selected on the basis of their concen-
tration and a high detection frequency. Analgesics, fragrances,
and sunscreen products are major compounds in urban
wastewater. Nevertheless, high PPCP variability in inlet
concentration was observed between campaigns. When HLR
increased, then HRT in the sedimentation tank decreased,
which led to an increase in PPCP concentration in sedi-
mentation tank outlet (i.e., the influent to SF and VFCW).
This suggests that some removal took place in the sedimen-
tation tank at low HLR. Contaminant removal was calculated
by analyzing both dissolved and particulate phases from the
influent and effluent. Whereas the major portion of PPCP
occurred in the dissolved phase (9), galaxolide and tonalide
were strongly bound to the particulate phase due their high
hydrophobicity (log Kow ) 5.7–5.9) (21).

PPCP removal was higher for the most abundant com-
pounds, which is in agreement with their high biodegradation
reported elsewhere (9). Although an apparent difference in
PPCP removal efficiency between the planted VFCW and the
SF was observed at the design HLR of 70 mm day-1, a
statistically significant difference was observed for only some
of them (Table 3). On the basis of the observed removals, the
PPCPs studied can be grouped in relation to their removal
efficiency into (i) PPCPs very efficiently removed, that is,
>95% removal in one of the systems (caffeine, salicylic acid,
methyl dihydrojasmonate, CA-ibuprofen, hydrocinnamic
acid, oxybenzone, ibuprofen, OH-ibuprofen); (ii) PPCPs
moderately removed, with removals between 70 and 90% in
the two systems (naproxen, diclofenac, galaxolide, and
tonalide); and finally (iii) PPCPs poorly removed, with
elimination rates of <30% (carbamazepine). A similar dif-
ference in removals has been observed in treated wastewater
irrigated on arable land. In this case, compounds were sorbed
or transformed while percolating through the topsoil layer,
and only some of them (i.e., carbamazepine) were detected
in the lysimeter wells (22).

Comparing the obtained PPCP removal in the VFCW with
the removals obtained in conventional WWTPs and HFCW,

VFCWs appear to be more efficient for some PPCPs. Even
diclofenac, a compound that has been extensively reported
as recalcitrant in a variety of wastewater treatment tech-
nologies (23, 24), showed a removal efficiency of ca. 73% in
the VFCW studied. Some of the highly efficiently removed
compounds (i.e., salicylic acid, caffeine, methyl dihydrojas-
monate, and oxybenzone) as well as the compounds that
can be eliminated by sorption onto the organic matter (i.e.,
galaxolide and tonalide) (9) and carbamazepine, which have
a low removal efficiency, seem to behave very similarly in
the two systems studied. The better PPCP removal observed
in the VFCW and the SF compared to HFCWs is probably
caused by the fact that aerobic processes predominate in
VFCWs and SFs, whereas HFCW are usually oxygen deficient
because of the water-saturated conditions. This is consistent
with previously reported removals of PPCPs in aerated
microcosms (25, 26). Therefore, the two main removal
mechanisms postulated in this study are biodegradation and
sorption onto the substrate. Whereas sorption of galaxolide
and tonalide onto the organic matter retained in the substrate
is supported by their high log Kow values, plant uptake is not
considered to be significant, at least for negatively charged
compounds (27) or highly hydrophobic ones (galaxolide and
tonalide) (28). Further research is needed to ascertain the
role of plant uptake for other neutral compounds (i.e.,
caffeine, methyl dihydrojasmonate, and oxybenzone).

Effect of HLR on PPCP Removal. To compare the PPCP
removal of the VFCW with that of the SF and the relationship
to HLR, the total mass removal of each compound was plotted
against its total mass loading rate (Figure 2). It is seen from
the plots that (i) salicylic and hydrocinnamic acids in both
systems are not affected by the mass loading rate and are
nearly completely removed in both systems; (ii) oxybenzone,
caffeine, methyl dihidrojasmonate, ibuprofen, OH-ibuprofen,
and CA-ibuprofen are nearly completely removed in the
VFCW at all loading rates but in the SF the removal decreased
at the highest loading rate; (iii) galaxolide and tonalide are
removed at similar rates<95% in both systems; (iv) naproxen
is removed more efficiently in the VFCW compared to the
SF, particularly at the highest loading rate; and (v) carbam-
azepine and diclofenac are poorly removed in both types of

TABLE 3. Minimum, Maximum (in Parentheses), and Average Concentrations of PPCPs in the Wastewater Influent for All Loading
Rates and the Removal Efficiencies (Percent) Observed in the Vertical Flow Constructed Wetland (VFCW) and the Sand Filter (SF)
at a Hydraulic Loading Rate of 70 mm Day-1 and Working with either Unsaturated Water Flow or Saturated Flowa

unsaturated flow saturated flow

influentb,c

(µg L-1)
VFCW

(% rem)
SF

(% rem)
VFCW

(% rem)
SF

(% rem)
HFCW (9)
(% rem)

WWTP
(% rem)

Pharmaceuticals

salicylic acid (45.7–72.3) 53.9 98 ( 1 98 ( 1 85 ( 7 77 ( 7 96 99 (3)
ibuprofen (8.3–17.2) 11.7 99 ( 1 90 ( 3*d 55 ( 1 49 ( 1* 71 60–70 (33)/ 90 (1)
OH-ibuprofen (12.4 – 16.9) 3.7 99 ( 1 86 ( 3* 51 ( 1 47 ( 2* 62 95 (34)
CA-ibuprofen (8.7–12.4) 10.6 99 ( 1 95 ( 3* 71 ( 6 68 ( 8 87 95 (34)
naproxen (0.96–2.15) 1.57 89 ( 5 80 ( 5 62 ( 3 66 ( 7 85 40–55 (33)/66 (1)
diclofenac (0.48–1.28) 0.82 73 ( 3 76 ( 7 53 ( 2 39 ( 22 15 9–75 (1)/17 (23)
carbamazepine (1.24–2.9) 2.06 26 ( 14 11 ( 7 20 ( 4 8 ( 15 16 (35) 8 (23)/7 (1)
caffeine (35.2–64.0) 48.4 99 ( 1 98 ( 1 82 ( 1 75 ( 6* 97 99 (23)

Personal Care Products

methyl-dihydrojasmonate (18.8–31.8) 22.8 99 ( 1 98 ( 1* 78 ( 4 76 ( 8 99 98 (21)
hydrocinnamic acid (11.2–17.6) 15.4 99 ( 1 99 ( 1 82 ( 3 69 ( 11 nae na
oxybenzone (8.58–22.1) 14.8 97 ( 1 95 ( 2 88 ( 3 64 ( 24 na 68–99 (36)
galaxolide (3.05–12.4) 5.62 90 ( 1 92 ( 1 88 ( 2 88 ( 2 86 70–85 (33)/89 (21)
tonalide (0.66–1.83) 0.99 82 ( 1 82 ( 1 75 ( 2 73 ( 4 88 75–90 (33)/88 (21)
HRT (h) 4–6 4–6 137 126 114 12–24

a Removals obtained in horizontal flow constructed wetlands (HFCW) and conventional wastewater treatment plants
(WWTP) are listed for comparison. b n ) 15. c Particulate and dissolved wastewater. d Statistically significant differences at
a significance level of 0.05 (VFCW vs SF). e Not available.
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But: 
what is the fate of the compounds?
what are the removal processes?
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AIMS
› investigate removal (efficiencies and dynamics) in 

subsurface CWs both on the water and plant phases 

› evaluate influencing factors on compound removal 
(initial concentration, CW configuration, plant type)

› compare removal mechanisms

› compare microbial metabolic functions
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MODEL COMPOUNDS
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Typha latifolia Phragmites australis Iris pseudacorus

Berula erecta Juncus effusus
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2x Mesocosms 2x Hydroponics

Substrate sorption vs biofilm degradation

Seasonality

CW design

Uptake

Plant metabolisation
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› Mesocosms reactors

› Artificial influent (nutrients + C)
› 5 HLR; 5 plant species; 2 initial 

concentrations; season
› 4 compounds

sample after heating to 550 !C (both in g).

2.3. Imazalil and tebuconazole analysis

Water, substrate and plant extract samples were analyzed for
imazalil and tebuconazole on an HPLC system (Thermo Scientific
Ultimate 3000) equipped with a diode array detector (DAD). The
water samples were pre-concentrated by solid-phase extraction
(SPE) prior to analysis. Substrate and plant tissue samples were
extracted by ultrasonication, and the substrate extracts were
analyzed directly, while the plant extracts were further cleaned by
two-stage saponification and SPE prior to analysis. All procedures
and reagents used are described in the supplementary material.
The detection (LOD) and quantification limits (LOQ), relative stan-
dard deviations (RSDs) and recovery efficiencies for imazalil and
tebuconazole are provided for the water, substrate and plant tissue
samples in Table S2.

2.4. Calculation

Imazalil and tebuconazole removal efficiencies were corrected
for water loss due to evapotranspiration. The evapotranspiration
was calculated as follows: DV (%) ¼ (Q t e Vout)/Q t, where DV is the
water loss by evapotranspiration, Q is the influent flow in L d#1, t is
the time in d and Vout is the effluent volume in L. The removal ef-
ficiencies were calculated as follows: Removal (%) ¼ (Cin e (1 e
DV) $ Cout)/Cin $ 100, where Cin and Cout are the influent and
effluent concentrations, respectively, in mg L#1. Moreover, the real
hydraulic retention time of each mesocosm was calculated as
Tr ¼ Vout/(Vm $ r), where Tr is the real HRT in d, Vm is the volume of
each CWmesocosm (3.38 L) in L and r is the porosity value (37%) in
%.

The removal of imazalil and tebuconazole was expected to
follow a first-order kinetics model. Fitted values were derived from
the following Eq. (1):

k ¼ ln (Cin/Cout)/Tr (1)

where Tr is the real HRT calculated in d and Cin and Cout are the
influent and effluent concentrations, respectively, in mg L#1.

The Arrhenius equation was used to evaluate the temperature
effect on the pesticide removal kinetics following Eq. (2):

k ¼ A exp (-Ea/RT) (2)

where k is the first-order reaction rate constant (d#1), Ea is the
activation energy (KJ mol#1), A is the pre-exponential constant
(d#1), R is the ideal gas constant (8.31 kJ#1 mol#1), and T is the
absolute temperature (K).

2.5. Statistical analysis

Statistical analyses were carried out using the XLStat Pro® sta-
tistical software (XLStat, Paris, France). A KruskaleWallis test was
used to compare the pesticide removal, chlorophyll content, plant
height growth, water quality (pH, effluent temperature, EC, SAT,
evapotranspiration and DO), and nutrient (TOC, TN and TP) removal
between the different treatment groups in the same season. A
ManneWhitney test was used to compare seasonal changes for
each mesocosm. A one-way ANOVA and post hoc Tukey's HSD test
were used to assess the reaction rates constants and the pesticide
concentrations in the substrates and plant tissues between the
different systems at the 0.05 significance level. Student T test was
used to compare two seasonal differences in the same system for
the same parameters. Principal component analyses (PCA) were
used to compare the relation between pesticide removal and all the
measured environment conditions, operating conditions, water
quality parameters and nutrient removal values for the different
treatment groups and seasons. For PCA analysis, data were stan-
dardized (to a Z score with a mean ¼ 0 and S.D. ¼ 1) to ensure that
each variable had the same influence in the analysis.

3. Results

3.1. Standard water parameters and plant growth

The effluent temperatures ranged from 15 to 24 !C in summer
and from 0.9 to 11 !C in winter (Fig. S2a). The mesocosm influent
concentrations of TOC (8e16 mg L#1), TN (7e13 mg L#1) and TP
(1.3e2.3 mg L#1) were stable along the course of the experiment
(Fig. S2b). Standard effluent quality parameters of all mesocosm
groups throughout the experiment from July 2014 to March 2015
(Fig. S3) were not significantly different, showing that pesticide
groups performed similarly to the control groups. Focusing on each
treatment group, the pH significantly increased from the influent to
the effluent of the unplanted mesocosms. The planted mesocosms
had significant lower effluent pH values than the unplanted con-
trols. Additionally, all mesocosms had statistically higher SAT (%)
than the influent level, while the SAT of unplanted controls' efflu-
ents, although appearing lower, was not significantly different than
that of the planted mesocosms. All wetland plants in the different
groups (pesticides and control) had similar plant heights and
chlorophyll contents in leaves (Fig. S4) during the summer period.
Plant senescence occurred in winter. Juncus was the only erect and
green plant during this period, less affected by the cold and lack of
light during the winter (stable plant height and leaf density were
recorded), indicating no plant growth during this period. No data
were registered for the other plants; once they had all wilted, the
dead aboveground biomass was removed prior to the sampling

Fig. 1. Schematic diagram of a single constructed wetland mesocosm system (a) and a group of systems (b).

T. Lv et al. / Water Research 91 (2016) 126e136128
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uptake

translocation

accumulation

Degradation

Plant uptake

Substrate 
sorption

Microbial 
degradation

< 0.35%

Metabolised
99%

Ibuprofen

Iohexol

<0.4%

Zhang et al. Ecol. Eng. 2017, 98:394 
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Ibuprofen
1-HO-Ibu

2-HO-Ibu

3-HO-Ibu
CA-Ibu

Ibuprofen metabolites
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campaign. Evapotranspiration (Fig. S4) was, as expected, higher in
summer (range from 10% to 100%) than in winter (range from 0% to
27%). Nutrient removal among the 3 groups (Fig. S5) was also not
significantly different, showing that the pesticides did not have an
impact on the systems by comparison with the control group.
Regarding the seasons, lower removal of TN and TPwas observed in
some mesocosms in the winter, although not statistically signifi-
cant. For all the parameters mentioned previously, no effect of the
HLR could be observed (data not emphasized in the supplementary
figures).

3.2. Removal of imazalil and tebuconazole

The removal efficiencies of both pesticides decreased with the
HLR increase in all CW mesocosms and with a similar pattern for
both concentration levels and seasonal periods (Fig. 2). Statistical
analyses of pesticide removal (Table S3) showed that all planted
mesocosms achieved significantly higher imazalil and tebucona-
zole removal compared with the unplanted controls during the
summer campaign. For imazalil, the removal rate remained con-
stant above 95% in the planted mesocosms, with the exception of
the highest HLR of 13.8 cm d!1 that lowered the removal efficiency
to 68%e90% in the planted mesocosms at both the 10 mg L!1 and
100 mg L!1 influent levels. In the unplanted mesocosms, the
removal efficiencies also decreased with increasing HLR. For

tebuconazole, mesocosms planted with Berula showed statistically
higher removal efficiencies than the other plants, except the
unplanted mesocosms during the summer period. The removal
efficiencies decreased to 24%, 23%, 61%, 18%, 7% and 10% for the
Juncus, Typha, Berula, Phragmites, Iris and unplanted mesocosms at
the 100 mg L!1 influence level during the highest HLR (13.8 cm d!1).
During the winter campaign, only planted mesocosms showed
statistically lower removal efficiencies for both compounds
compared with the corresponding systems in the summer
campaign. The efficiencies of the unplanted mesocosms were
similar in both seasons. Moreover, for the winter period, the
pesticide removal abilities of the planted and unplanted meso-
cosms were similar.

3.3. Kinetics of imazalil and tebuconazole removal

3.3.1. First-order reaction rate constants
The removal of both pesticides in the CW mesocosms could be

adequately described by the first-order kinetics model, except for
imazalil removal in the CWmesocosms planted with Juncus, Typha,
Berula and Iris during winter. The removal rate constants were
dependent on the season, but not influenced by the influent con-
centration levels (10 and 100 mg L!1). The first-order removal rate
constants (k value), half-life, R2 and suitable model ranges in the
experiment are presented in Table 1. The unfitted imazalil data

Fig. 2. Removal efficiency of imazalil (IMZ) and tebuconazole (TBZ) in constructed wetland mesocosms (n ¼ 3) planted with five wetland plant species and unplanted controls at
two tested concentrations in summer and winter seasons for different hydraulic loading rates (HLRs) and/or corresponding theoretical hydraulic retention times (tHRTs). Error bars
indicate the standard deviation.

T. Lv et al. / Water Research 91 (2016) 126e136 129

PESTICIDES
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Microbial community analysis by
Community-level physiological profiling – Biolog EcoPlates

Weber & Legge Methods Mol Biol., 2010, 599:263
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TebuconazoleIbuprofen

sample after heating to 550 !C (both in g).

2.3. Imazalil and tebuconazole analysis

Water, substrate and plant extract samples were analyzed for
imazalil and tebuconazole on an HPLC system (Thermo Scientific
Ultimate 3000) equipped with a diode array detector (DAD). The
water samples were pre-concentrated by solid-phase extraction
(SPE) prior to analysis. Substrate and plant tissue samples were
extracted by ultrasonication, and the substrate extracts were
analyzed directly, while the plant extracts were further cleaned by
two-stage saponification and SPE prior to analysis. All procedures
and reagents used are described in the supplementary material.
The detection (LOD) and quantification limits (LOQ), relative stan-
dard deviations (RSDs) and recovery efficiencies for imazalil and
tebuconazole are provided for the water, substrate and plant tissue
samples in Table S2.

2.4. Calculation

Imazalil and tebuconazole removal efficiencies were corrected
for water loss due to evapotranspiration. The evapotranspiration
was calculated as follows: DV (%) ¼ (Q t e Vout)/Q t, where DV is the
water loss by evapotranspiration, Q is the influent flow in L d#1, t is
the time in d and Vout is the effluent volume in L. The removal ef-
ficiencies were calculated as follows: Removal (%) ¼ (Cin e (1 e
DV) $ Cout)/Cin $ 100, where Cin and Cout are the influent and
effluent concentrations, respectively, in mg L#1. Moreover, the real
hydraulic retention time of each mesocosm was calculated as
Tr ¼ Vout/(Vm $ r), where Tr is the real HRT in d, Vm is the volume of
each CWmesocosm (3.38 L) in L and r is the porosity value (37%) in
%.

The removal of imazalil and tebuconazole was expected to
follow a first-order kinetics model. Fitted values were derived from
the following Eq. (1):

k ¼ ln (Cin/Cout)/Tr (1)

where Tr is the real HRT calculated in d and Cin and Cout are the
influent and effluent concentrations, respectively, in mg L#1.

The Arrhenius equation was used to evaluate the temperature
effect on the pesticide removal kinetics following Eq. (2):

k ¼ A exp (-Ea/RT) (2)

where k is the first-order reaction rate constant (d#1), Ea is the
activation energy (KJ mol#1), A is the pre-exponential constant
(d#1), R is the ideal gas constant (8.31 kJ#1 mol#1), and T is the
absolute temperature (K).

2.5. Statistical analysis

Statistical analyses were carried out using the XLStat Pro® sta-
tistical software (XLStat, Paris, France). A KruskaleWallis test was
used to compare the pesticide removal, chlorophyll content, plant
height growth, water quality (pH, effluent temperature, EC, SAT,
evapotranspiration and DO), and nutrient (TOC, TN and TP) removal
between the different treatment groups in the same season. A
ManneWhitney test was used to compare seasonal changes for
each mesocosm. A one-way ANOVA and post hoc Tukey's HSD test
were used to assess the reaction rates constants and the pesticide
concentrations in the substrates and plant tissues between the
different systems at the 0.05 significance level. Student T test was
used to compare two seasonal differences in the same system for
the same parameters. Principal component analyses (PCA) were
used to compare the relation between pesticide removal and all the
measured environment conditions, operating conditions, water
quality parameters and nutrient removal values for the different
treatment groups and seasons. For PCA analysis, data were stan-
dardized (to a Z score with a mean ¼ 0 and S.D. ¼ 1) to ensure that
each variable had the same influence in the analysis.

3. Results

3.1. Standard water parameters and plant growth

The effluent temperatures ranged from 15 to 24 !C in summer
and from 0.9 to 11 !C in winter (Fig. S2a). The mesocosm influent
concentrations of TOC (8e16 mg L#1), TN (7e13 mg L#1) and TP
(1.3e2.3 mg L#1) were stable along the course of the experiment
(Fig. S2b). Standard effluent quality parameters of all mesocosm
groups throughout the experiment from July 2014 to March 2015
(Fig. S3) were not significantly different, showing that pesticide
groups performed similarly to the control groups. Focusing on each
treatment group, the pH significantly increased from the influent to
the effluent of the unplanted mesocosms. The planted mesocosms
had significant lower effluent pH values than the unplanted con-
trols. Additionally, all mesocosms had statistically higher SAT (%)
than the influent level, while the SAT of unplanted controls' efflu-
ents, although appearing lower, was not significantly different than
that of the planted mesocosms. All wetland plants in the different
groups (pesticides and control) had similar plant heights and
chlorophyll contents in leaves (Fig. S4) during the summer period.
Plant senescence occurred in winter. Juncus was the only erect and
green plant during this period, less affected by the cold and lack of
light during the winter (stable plant height and leaf density were
recorded), indicating no plant growth during this period. No data
were registered for the other plants; once they had all wilted, the
dead aboveground biomass was removed prior to the sampling

Fig. 1. Schematic diagram of a single constructed wetland mesocosm system (a) and a group of systems (b).

T. Lv et al. / Water Research 91 (2016) 126e136128
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Lv et al. Water Res., 2017, 110:241
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Fig. 8. Network analysis showing the correlation of water quality and substrate parameters and microbial community metrics 
for unsaturated ((a) interstitial water and (b) biofilm samples) and saturated ((c) interstitial water and (d) biofilm samples) 
constructed wetland mesocosms.
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SUBSTRATE SORPTION TESTS

› Zeolite
› Polonite
› Petcoke
› Sand
› crushed autoclaved aera

ted concrete (CAAC)
› Iron slags

Manuscript under revision
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Plant uptake?
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CONCLUSIONS – SUBSURFACE FLOW SYSTEMS

› Eco-technologies are also an effective solution to remove 
organic micropollutants from water

› Sorption to substrate is a less relevant mechanism

› Wetland plants can uptake and metabolise organic 
micropollutants

› Removal is due to biodegradation: unclear yet the extent of 
plant and microbial degradation

› Which microbial degradation pathways are more relevant? 
Can we enhance CECs removal by co-metabolisation?

27
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