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ARTICLE INFO ABSTRACT

Editor: Stefanos Giannakis Emerging organic micropollutants pose a threat to aquatic environments even at trace levels. Among the many
different groups of emerging pollutants, pharmaceutical residues are of special concern because of their toxicity
and long-term effects on biota. Natural wastewater treatment systems are effective at eliminating pharmaceu-
ticals, but removals are usually incomplete. In this regard, effluent recirculation can help to improve the removal
of pharmaceuticals in natural wastewater treatment systems with the goal of producing a better-quality effluent
for reuse. This is particularly interesting for water-scarce regions such as semi-arid islands of this study. The
obtained results provide evidence that effluent recirculation can significantly improve the removal of pharma-
ceuticals in natural wastewater treatment systems. Of the 11 compounds studied, the highest concentrations and
detection frequencies (in decreasing order) were those of caffeine, paraxanthine, nicotine, ibuprofen, naproxen
and atenolol. The average removals increased from 87.5% (no recirculation) to 97% (100% recirculation ratio),
and these results are associated with an improved ammonium and total N removal with 100% recirculation. To
the knowledge of the authors, this is the first study showing the positive effect of effluent recirculation on the
removal of pharmaceuticals in a full-scale natural wastewater treatment system.
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1. Introduction

The consumption of pharmaceutical compounds (PhCs) has
increased worldwide in recent decades, and their residues can now be
found in almost all urban and domestic wastewaters [1-3]. In this re-
gard, thousands of different PhCs have been found in aquatic ecosystems
and some of them have been detected in all the continents [4]. A variety
of deleterious effects of PhCs on aquatic systems appear even at low
concentrations [5] including estrogenic disruption or development of
antimicrobial resistance [6]. Consequently, research efforts have been
focused on augmenting removal efficiency in wastewater treatment
facilities.

Conventional wastewater treatments plants (WWTPs) can provide
high PhCs removals, but natural wastewater treatment systems (NWTSs)
can do it at lower economic cost [6]. NWTs such as ponds and con-
structed wetlands (CWs), are particularly suitable for small to medium
size communities because of their minimum or zero energy consump-
tion, low maintenance requirements, limited or nil use of chemical
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products, and positive visual and ecological impact [7,8]. Following the
water flow, the classic structure of a pond system is composed of
anaerobic pond, facultative pond and maturation pond. The main target
pollutants to be removed in each pond are TSS (anaerobic), BOD
(facultative) and pathogens (maturation) [9]. Ponds usually achieve
good efficacy but quite often the effluent requires further polishing to
meet the quality standards for reuse or discharge to natural streams
[10]. CWs are basically a substrate of gravel and/or sand submerged in
the water to be treated and the associated plants and microorganisms.
According to water flow, CWs can be classified as surface or subsurface,
vertical (VF) or horizontal flow (HF). In subsurface flow (SSF) CWs
water flows through a bed of gravel and/or sand. CWs are usually the
most effective, but the bed can be clogged if the influent is not pretreated
[11]. Although CWs are efficient (70-90%) in the removal of organic
matter (TSS, COD, BOD, turbidity), that of N is usually lower (40-50%),
mainly because of the low concentration of dissolved oxygen (DO) in
water. The combination of pond and CW has been proposed as a robust
method for wastewater treatment including PhC removal [12-14,10].
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The main elimination mechanisms of PhCs in NWTs are photo-
degradation, biodegradation and sorption [15-17]. It is generally
accepted that biodegradation of PhCs is enhanced in aerobic media [18].
Different intensification strategies have been tested to enhance DO
transfer to water in CWs, being tidal flow, artificial aeration and effluent
recirculation (ER) the most studied. In ER, a part of effluent is pumped
back to the system inlet. As a result, different effects such as increasing
DO concentrations and the interaction between pollutants and micro-
organisms, and effluent dilution, are expected to improve pollutant
removal [19,20]. The recirculation ratio (effluent recirculated flow to
influent flow) usually falls in the range 50-250%, though Nivala et al.
applied 300% in full-scale VF CWs in Jordan [21]. Some researchers
have claimed negative effects of ER [22], but many others observed
improved removal of organic matter (COD and TSS) and N in both
subsurface vertical and horizontal flow CWs [20]. Additionally, vertical
flow CW effluent denitrification has been another application of ER. In
this case, the effluent is directed to an anaerobic unit such as septic or
recirculating tank to combine anoxic conditions and BOD to provide
remarkable denitrification [21]. Nevertheless, most studies devoted to
determining the feasibility of applying ER have been performed in small
systems (Wu et al., 2014) while only a few have been performed in
full-scale plants [21,23]. To the best knowledge of the authors, this is the
first study evidencing the positive effect of effluent recirculation on the
removal of PhCs in a full-scale natural wastewater treatment.

Therefore, the objective of this research was to ascertain the effect of
a 100% ER on PhC removal in a pilot NWTS treating wastewater from a
university campus. Preliminary studies about low ER ratios (50% of
influent flow) were not conclusive about the elimination of PhCs [12].
For this reason, monitoring with no ER (year 2018) and 100% ER (year
2021) were compared. The results obtained can help to achieve reliable
and quantitative values on their concentrations, frequency of detection
and removal efficiency in NWTs, considering that the differences in the
removal efficiencies depend on the physic-chemical characteristics of
the compounds.

2. Materials and methods
2.1. Materials and reagents

Pharmaceuticals’ (Table 1) purities were above 97% and were pur-
chased from Sigma-Aldrich (Madrid, Spain). To perform the quantifi-
cation, atenolol-d7 (Toronto Research Chemical Inc, Toronto, Canada),
ibuprofen—d3 (Sigma-Aldrich, Madrid, Spain) and sulfamethoxazole-d4
(Dr. Ehrenstorfer GmbH, Ausgburg, Germany) were used as internal
standards. A mixture standard was prepared as working solution at a
concentration of 10 mg-L ! from individual stock solutions of 1000 mg L’
!, Water and methanol LC-MS grade were used in the chromatographic
separation and were both from Panreac (Barcelona, Spain) as well as the
acetic acid used as mobile phase modifier. Type I Ultrapure water used
in solid phase extraction was obtained with a Millipore water purifica-
tion system (Bedford, MA, USA).

Table 1
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2.2. Wastewater treatment description and sample collection

The NWTS is located in the Campus of Tafira of the University of Las
Palmas de Gran Canaria and has been described in detail in previous
studies (for further details, see supplementary data). The Campus is
located 270 m above sea level and the average temperatures during the
sampling period were between 16.5 and 22.6° C. Regarding rainfall, the
sampling was performed in months with different rainfall amounts,
which ranged from 30 mm to only 6 mm per month. These rainfall
amounts are in accordance with the dominant semi-arid and subtropical
climate of the archipelago. The NWTS consists of a septic tank from
which wastewater is pumped into a macrophyte-covered facultative
pond followed by a horizontal flow CW. The CW has three channels, the
first two are surface flow channels and the last one is a sub-surface flow
(Fig. 1). The pond and the channels have been completely covered by
common reed, Canna sp. and Cyperus sp.

Grab samples were taken in amber-glass bottles every 15 days since
February to May. Based on the results obtained in a preliminary study
that evaluated two periods, one without ER and another one with an ER
of 50% [12], it was decided to carry out a more in-depth investigation to
evaluate the pharmaceuticals removal with 100% ER. Since the studied
system is in the university Campus, the amount of wastewater produced
is strongly reduced during Christmas and summer holidays, neverthe-
less, considering the physicochemical properties of the wastewater it can
be considered as urban wastewater [12]. The effluent recirculation ratio
indicated in the three periods was applied during the whole academic
year, since September to July, but the analyses were restricted to
February and May because in this period the required inflow, and then
the recirculation ratio, was fully assured. Thus, the interval between
September and February can be regarded as an acclimatation time for
the system for the new conditions. Additionally, the influent sample
dilution was considered no significative by the scarce of nil rainfall in
the studied periods.

The total number of samplings per period was 6. The sample pre-
treatment consisted of adjusting the pH to a value under 3 and filtra-
tion to prevent bacterial degradation of the target analytes.

The NWTS was designed to treat the effluent produced by 150 pop-
ulation equivalent (p.e.), 7.5 m3/d in a surface of about 300 m?. The
influent was pumped from the septic tank with a triturating, timer-
controlled pump. The timer was programmed to work 12 times a day,
every 2 h for 2 min. The inflow rate was 4.5 L s\, approximately. A
small tank (Fig. 1) was built between the septic tank and the pond inlet
to reduce the influent pressure at the pond inlet, to measure the influent
and recirculated effluent flows and as a sampling point. ER was per-
formed with a smaller, submergible, timer-controlled pump located at
the outlet of the system. The nominal hydraulic retention time without
recirculation (HRT= Reactor volume, m? / Influent, m3 d'l) was 49 d.
The resulting HRT with 100% ER was 25 d considering that in the
calculation of the HRT, the recirculated influent is added to the influent.
During the period with ER=100% the influent and the recirculated
effluent were of 6-6.5 m°> d’! [19]. No influent dilution occurred at the

Target pharmaceuticals and physical-chemical properties. Data extracted from Pubchem Database.

Pharmaceutical type ~ Compound Acronym  CAS no. Molecular weight (g/ pKa LogKow  Solubility in water (mg-L})  Vapour pressure
mole) (mmHg)
Stimulants Nicotine NICO 54-11-5 162.230 8.5 1.17 1-.10° 0.038
Caffeine CAFF 58-08-2 194.191 140 -0.07 2.2.10* 9107
Paraxanthine PRX 611-59-6 180.164 - -0.22 27 -
Anti-inflammatories Naproxen NPX 22204-53-1 230.260 4.2 3.18 15.9 1.89-10°°
Ibuprofen IBU 15687-27-1 206.281 5.3 3.97 21 4.74.10°
Diclofenac DCLF 15307-86-5  296.149 4.2 4.51 2.4 6.14-10%
Lipid regulators Gemfibrozil GMF 25812-30-0  250.333 4.5 4.39 11 3.1-10°
Anti-hypertensives Atenolol ATE 29122-68-7  266.336 9.6 0.16 1.3.10* -
Anti-convulsants Carbamazepine CBZ 298-46-4 236.269 139 2.45 18 1.84.107
Antibiotics Trimethoprim TRIM 738-70-5 290.318 7.1 0.91 400 -
Erythromycin ERY 114-07-8 733.927 8.9 3.06 4.2 2.12:10%
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Fig. 1. Scheme of the NWTS (not to scale).

influent sampling point since the influent and the recirculated effluent
pumps operation times were different and did not coincide. They were
programmed to work at different time periods of the day because of their
very different powers. Additionally, that way the influent concentrations
could be compared among the experimental periods without recircula-
tion and different recirculation ratios.

2.3. Pharmaceutical analysis procedure

The pharmaceuticals were extracted and pre-concentrated by means
of a solid phase extraction (SPE) methodology [12]. In brief, a volume of
250 mL of filtered wastewater at pH 7 was extracted using OASIS HLB
cartridges (500 mg, 6 mL, Waters, Barcelona, Spain). After loading the
samples, water-soluble interferences were eliminated using 5 mL of
Milli-Q water and then the target compounds were eluted with 5 mL of
methanol. Next, the extracts were evaporated using N3 and reconstituted
with 1 mL of Milli-Q water with 100 ug L' of internal standards. Ex-
tracts were filtered using Chromafil Xtra PET of 0.20 um syringe filters
(Machery-Nagel, Diiren, Germany) to avoid chromatographic column
clogging. The extracts were analysed by ultra-high performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS/MS). using an
Acquity BEH chromatographic column (50 mm x 2.1 mm, 1.7 um) from
Waters (Barcelona, Spain) and the mobile phase consisted of LC-MS
grade water and methanol, both with 0.5% of acetic acid. The separation
of the target compounds was done in gradient mode at a flow rate of
0.3 mL min™. Detection was carried out using electrospray ionization
(ESI) in both positive and negative mode, applying capillary voltage of
3.5kV and — 3.0 kV in positive and negative mode, respectively. The
quantification of target pharmaceuticals was done using external cali-
brations curves with IS at a fixed concentration. Calibration curves
showed appropriate regression coefficients (r2) higher than 0.990. The
analytical methodology used reports recovery rates in the range of
92-116.1% in influent samples and between 79.4% and 125.1% in
effluent samples [24] and very appropriate quantification limits be-
tween 0.88 and 628 ng-L ™, being for most of the compounds below
180 ng-L'L.

2.4. Statistical analysis

To perform the statistical analysis, it is important to highlight how
effluent recirculation and pharmaceuticals removal were calculated.

The effluent recirculation ratio ER was calculated as follows:
ER, 100% = 100 x (influent /recirculated effluent), both in m?d! (€))

The particular removals for each pollutant were calculated according
to the following expression:

Removal, % = 100 x (Cinﬁuem - Cefﬂuent)/cinﬂuenl (2)

where: Cipfluent is the average concentration of the pollutant in the
influent sample analyzed by triplicate, Ceffuent is the average concen-
tration of the pollutant in the triplicate of the effluent sample.

The general removal efficiencies of each recirculation period were
calculated as the average of the removals of each sampling for each
compound. Average pharmaceutical removals of the different experi-
mental periods were compared by means of the ANOVA test. Normality
and homoscedasticity were determined with the Shapiro-Wilk and
Bartlett tests. If these conditions were not met, the non-parametric
Kruskal-Wallis test was used. In all cases a 95% confidence level was
adopted, i.e. the means of the compared groups of data were considered
to be different when p-values < 0.05.

3. Results and discussion
3.1. Evaluation of pharmaceuticals occurrence

The 11 PhCs analysed were selected according to their uses and
presence in wastewaters in Gran Canaria (Spain) [24,25]. These were
nicotine, caffeine and paraxanthine (stimulants present in pharmaceu-
ticals and products like coffee, energy drinks and tobacco), naproxen,
ibuprofen and diclofenac (non-steroidal anti-inflammatory drugs
(NSAIDs), trimethoprim and erythromycin (antibiotics) and atenolol
(B-blocker), gemfibrozil (lipid regulator) and carbamazepine
(antiepileptic).

Table 2 summarizes (in decreasing order of concentrations) the
average concentrations + std. dev. and number of positive values in the
2 sampling periods (year 2018 with ER= 0% and 2021 with ER= 100%)
and the 3 sampling points (influent, pond effluent and CW effluent). As
can be observed, the highest average concentrations were those of
caffeine (108-124 pg L'1) and its metabolite paraxanthine (14-96 ug L~
1). Caffeine is a common wastewater contaminant and the concentra-
tions of this study fall in the range of those of influents of WWTPs (0.22



J.A. Herrera-Melian et al.

Table 2

Average concentrations (ugL™') + std. dev. and (% of positive readings) in the
sample points in the three studied periods (0% and 100% ER). The total number
of samplings per sampling period was 6. Data of 0% ER extracted from [12].

Recirculation Influent Pond effluent CW effluent
rate
CAFF 0% 124 +£101 6.7 + 4,1 28+1,5
100% (100%) (100%) (100%)
108 + 56 20+1.1 0.2+0.1
(100%) (100%) (100%)
PRX 0% 14 + 8 (100%) 0.6 + 0.8 0.5+ 0.5
100% 96 + 66 (100%) (100%)
(100%) 1.9+0.9 0.85 + 0.66
(100%) (100%)
NICO 0% 3.2+£20 0.7+ 0.4 0.2+0.1
100% (100%) (100%) (100%)
15 + 9 (100%) 0.7 +0.3 0.2 + 0.1 (83%)
(100%)
IBU 0% 14 + 9 (100%) 6.8 +£ 2.5 33+1.6
100% 20 +19 (100%) (100%)
(100%) 7.7 £5.0 2.9 + 2.0 (83%)
(83%)
NPX 0% 3.4+23 1.2+0.2 0.9+ 0.4
100% (100%) (10%) (100%)
220 + 357 9.4+34 0.2 + 0.3 (83%)
(83%) (83%)
ATE 0% 0.008 + 0.015 0.001 + 0.001 0.000 + 0.001
100% (50%) (67%) (33%)
0.94 £ 0.50 0.14 £ 0.06 0.06 + 0.05
(83%) (100%) (100%)
CBZ 0% 0.002 (17%) - -
100% - 0.35 (17%) 0.07 + 0.10
(33%)
DCLF 0% - 0.015 + 0.01 0.019 + 0.008
100% - (83%) (100%)
GMF 0% - 0.04 + 0.07 0.19 + 0.05
100% - (33%) (100%)
0.18 £0.13 0.24 £ 0.17
(50%) (83%)
TRIM 0% - 0.01 (17%)
100% - -
ERY 0% - -
100% - -

and 209 ug L) of different countries [26]. The concentrations of para-
xanthine, are similar to those of Italy and Spain [27]. Although nicotine
is the most abundant alkaloid in tobacco, some other plants, such as
potatoes or tomatoes also contain nicotine [28]. The main nicotine
sources to the environment are human excretions and leaching from
tobacco product waste, which represents the most littered item in cities
and coasts [29]. The concentrations of nicotine of the present study
(2.3-15 pg L) are related to its consumption since it is the most
consumed substance of licit abuse after alcohol, in Spain and worldwide
[30]. Martinez-Bueno et al. found a greater mean concentration
(22.4 ug L'Y) than this study in the influent a conventional WWTPs in
south-east of Spain [28].

Regarding analgesic and anti-inflammatory drugs, ibuprofen vary
widely in untreated wastewaters within the interval < 0.004-603 ug L1
[26]. Thus, it can be said that the average valued of the present study
(4.4-20 pg L) fall in the lower side of the range. Naproxen also belongs
to the group of analgesic and anti-inflammatory drugs, but its maximum
concentrations in wastewater (52.9 ug L’l) are lower than those of
ibuprofen [31]. In the present study, the average concentrations in the
influent for 2018 and 2019 (3.4 and 4 pg L™}, respectively) are in the
range, but those when ER= 100% are much higher (220 pg L'!). The
pB-blocker atenolol was frequently found in the three sampling points of
this study, but at very low concentrations (0.007-0.94 ug L'!) in com-
parison to those reported in wastewater (0.1-33.1 pg LY [31].

The other compounds were found sporadically and at very low
concentrations. Hence, they were excluded from the study of the effect
of ER. For example, in spite that the anti-convulsive drug carbamazepine
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is one of the most frequently detected and persistent PhCs in WWTPs
effluents [32], in the present study it was found only 4 times at con-
centrations that vary between 0.002 pg L and 0.35 pg L. Diclofenac,
another NSAID, was found at average concentrations ranging from
0.01 pg L to 0.08 pg L. Such low concentrations can be caused by its
restriction in Spain because of its associated cardiovascular problems
[33]. It was detected at measurable concentrations in the influent only
when ER= 0%, but the detection frequency was high in the intermediate
and effluent sampling points with ER= 0% and 50% [12]. It was not
detected when high ER was implemented. The results of the lipid
regulator gemfibrozil were like those of diclofenac regarding their low
detection frequency in the influent, but high in the intermediate and
effluent. Unlike diclofenac, gemfibrozil was detected in the period with
ER= 100%. The antibiotic trimethoprim was observed twice in the
influent when ER= 50% with an average concentration of 0.007 ug L,
and 3 times in the intermediate point (pond effluent), but never in the
effluent [12]. Another antibiotic, erythromycin was never detected in
any of the three periods studied.

The average concentrations of some compounds with 100% ER, such
as nicotine, paraxanthine, naproxen and atenolol, are particularly high
in comparison to the previous years. This could be related to changes in
the use of these drugs and variation in the attendance of the university
population to the campus motivated by the pandemic. Except for these
values, the concentrations found in this study are in the upper range of
those obtained by Afonso-Olivares et al. for the influent of a conven-
tional WWTP in Gran Canaria [24].

3.2. Effect of effluent recirculation on PhCs removal

The analysis of PhC removal outliers by means of the box-and-
whiskers plot identified 4 values, as shown in Table 3.

Negative removals, i.e. higher concentrations in the effluent than in
the influent, can be associated with the fact that grab sampling does not
consider residence time distribution [34], conjugation/deconjugation
reactions [35] and matrix interference, particularly in influent samples
because of their higher pollutant load [36]. After the removal of the
identified outliers the average values were calculated. Fig. 2 illustrates
the average removals obtained for each PhCs and ER applied.

As can be observed, nicotine removals found in the present study
were remarkable with values of 91% (no ER) and 98% (100% ER),
falling in the upper range of those of the literature. Though ER seemed to
improve efficiency, it was not significant (Anova, p = 0.256). Informa-
tion on nicotine removal in NWTs is very scarce. In fact, Ekpeghere et al.
found that nicotine removal efficiencies for different types of conven-
tional WWTPs were 2.9-99% [37]. Martinez-Bueno et al. observed
nicotine removal of 75% in a WWTP in south-east Spain while those of
Nguyen et al. were above 80% in large scale conventional WWTPs in Ho
Chi Minh city, Vietnam [28,38]. Such high removal rates in activated
sludge, the low Kow (1.17) and high solubility in water (~16 g/L)
suggest that the main removal mechanism of nicotine in NWTs is
biodegradation. However, photodegradation [29,39], can also play a
role in open systems such as ponds and surface flow CWs though is not
probably the case of the present study because of the high plant cover of
our system.

The results of the p-blocker atenolol do not reflect a clear effect of ER,
since 0% and 100% ERs provided good but similar results, i.e. 93% and
90%, respectively. However, these data should be taken with care
because of the low number of positive results, 2 with 0% ER and 5 with
100% ER. Atenolol removal has been observed to be 27-97% in HSSF

Table 3
Average PhC removal identified as outliers for each ER ratio.

ER ratio Removals identified as outliers
0% -57%
100% 4.7%, 55.5%, 73%
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Fig. 2. Average PhC removals with 100% ER, and those with 0% ER[12] for comparison.

and hybrid CWs [6]. Sorption to organic matter is an important removal
mechanism. Park et al. [17] studied the sorption of atenolol, carba-
mazepine and ibuprofen to soil organic matter in a CW by means of
electrostatic interactions. The authors concluded that atenolol showed
the highest sorption efficiency (~60%), followed by carbamazepine
(~40%) and ibuprofen (~30%).

Very high removals of caffeine and its intermediate, paraxanthine,
were obtained in the present study. In the case of caffeine, the mean
values were 95% (0% ER) and 99.8% (100% ER), with the latter being
significantly improved (p-value: 0.028, Anova). The removals obtained
in this study are higher than those observed by other authors, such as
Avila et al. [40] who obtained an average removal of 80% in both HF
and VF. Considering that caffeine is a hydrophilic compound, its main
removal mechanisms are biodegradation and plant uptake [41]. The
case of paraxanthine is like that of caffeine and nicotine, in the sense that
high removal values were obtained, 95.5% and 98% with ER of 0% and
100%, respectively. It can be said that the removal of paraxanthine was
improved with recirculation, but not significantly (p-value: 0.127,
Anova).

In the case of carbamazepine which has been largely identified as a
recalcitrant compound in wastewaters and CWs [42], only an adequate
average removal value was obtained corresponding to ER= 100% in the
CW. Although the mean removal obtained was quite high (99.8%), it
does not allow to determine the effect of recirculation for this drug
because it was detected in intermediate and effluent points in 1 and 2
samples, respectively.

ER had a clear effect on naproxen removal since it was significantly
increased from 71% (0% ER) up to 99% (100% ER) (p-value: 0.014,
Anova). Naproxen is a commonly detected NSAID in wastewater and its
removal efficiencies in HSSF CW are 43-99% [43]. The simultaneous
elimination of ammonium and different pharmaceuticals such as nap-
roxen and ibuprofen has been described by means of the cometabolic
biotransformations induced by autotrophic aerobic bacteria. The facts
that naproxen is readily biotransformed under both, anaerobic and
aerobic environments and that nitrification enhances its biotransfor-
mation [44] can explain the positive effect of ER. Ibuprofen removal
without recirculation was 78% and 79% with 100% ER, without a sig-
nificant difference (p-value: 0.209, Anova). Dvorakova Brezinova et al.
studied the removal of ibuprofen and its major metabolites, hydrox-
yibuprofen and carboxyibuprofen, in full-scale subsurface horizontal
flow CWs in the Czech Republic [45]. Their removals amounted to
44.7%, 29.3% and 47.5%, respectively. The authors justified their re-
sults considering such medium efficiency of anoxic and anaerobic con-
ditions. Lancheros et al. found higher ibuprofen removals (92%) in a
lab-scale HSSF CW and claimed that biodegradation, sorption and plant
uptake were, in that order, the main removal mechanism of ibuprofen

and naproxen [43].

3.3. Global performance and environmental risk assessment

Finally, regarding the global performance of the system for all the
PhCs (Fig. 3), it was observed that after the elimination of the outliers
(Table 2), the average removal obtained when no recirculation applied
was 87.5%. This good result can be explained by warm temperatures
throughout the studied periods (minimum recorded water temperature
was 13°C) that favor microbial activity, the long theoretical HRT and
dense plant cover of the system. In fact, Vystavna et al. observed
improved removal efficiency for androstenedione, carbamazepine,
caffeine, diclofenac, estrone, ibuprofen, paracetamol, propranolol and
triclosan associated to longer water residence time and an increase in
macrophyte cover in a full-scale CW in Ukraine [46]. In addition to this,
in this study the average removal value (86.5%) with 50% ER was like
that without ER [12]. However, the application of a 100% recirculation
provided a significant improvement of the average removal up to 97%
(Anova, p-value = 0.0074) (Fig. 3).

These results fall in the upper range of those observed by other au-
thors. For example, Matamoros and Salvad6 found an average value of
71% in a study of 27 emergent pollutants in a system composed of a
pond and a surface horizontal flow CW treating the effluent of a con-
ventional WWTP [47]. The authors claimed that the efficient combina-
tion of biodegradation, sorption and photodegradation provided such
good results. However, in the present study, the effect of the latter might
be negligible because of the dense plant cover of all the system. In

100 96.95

Removal, %
1%
o

ER= 0% ER=50% ER=100%

Fig. 3. Average removals of all the PhCs for ER = 50% and 100% [12] and the
present study with ER= 100%.
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another study, Matamoros et al. compared different intensive treatment
systems (extended aeration and rotating biological contactor) with CW
and ponds for the removal of 25 emerging contaminants. The average
removal efficiencies were 42% for the CW, 62% for the extended aera-
tion, 63% for the rotating biological contactor and 82% for the ponds
[48].

There are different ways to improve pollutant removal in CWs by
increasing aeration such as tidal flow, effluent recirculation and artifi-
cial aeration [20].

The environmental risk associated to the PhCs studied, was evalu-
ated with their concentrations in the effluent for 0% and 100% ER. To
calculate the risk coefficients, the recommendations of the Technical
Guidance Document (TGD) on Risk Assessment of the European Com-
mission in support of Commission Directive 93/67/EEC on risk assess-
ment for new notified substances were followed. The risk coefficients
(RQs) were calculated by dividing these mean concentrations by the
predicted no-effect concentration (PNEC). The PNECs for daphnids and
algae were obtained from the literature and the RQs were categorized as
low ecological risk: RQ < 0.1; medium ecological risk: RQ between 0.1
and 1; high ecological risk: RQ > 1. As can be seen in Fig. 4, for both
daphnids and algae the environmental risk decreases for all the detected
compounds (except paraxanthine that experiments a slight increase for
algae) with ER. Only nicotine presents a high ecological risk for daph-
nids in both periods (0% and 100% ER). Ibuprofen showed a medium
ecological risk for daphnids and algae, being a little higher for the latter.
Regarding the environmental risk for algae produced by nicotine, itis 10
times lower than for daphnids. The rest of detected and quantified
compounds (caffeine, paraxanthine, naproxen and gemfibrozil) showed
low environmental risk quotients that remain stable or are lower with
100% ER.

Though the results obtained in this study have been encouraging, the
complete removal of the emergent pollutants studied, and the associated
risk was not achieved. In general, effluent recirculation can be easily
implemented since it requires only a time-meter controller, a recircu-
lation pipe, and a small pump which evince the low economic cost of this
strategy. The small pump would provide a low recirculation flow, low
energy consumption and low or nil sediment resuspension at the outlet.
Also, it is important to highlight that ER should not be greater than
100% to minimize the energy consumption. If possible, recirculation
should promote effluent re-oxygenation by turbulence. Thus, the future
investigation will be focused on testing the following options: i)
combining the effluent recirculation with its aeration by turbulence or
bubbling, ii) applying an internal recirculation between two points of
the CW, since the great reduction of BOD obtained in the pond, would
allow to aerate this part of the system more easily, iii) filling the
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subsurface flow channels with sorbent material, such as biochar or
agroforestry residues, with the goal of adding adsorption to biodegra-
dation, and increasing the active surface for the establishment of bio-
film, as well, iv) constructing a vertical flow CW filled with organic
substrate, prior to the system to reduce its organic load (mainly TSS and
BOD) and allow more oxidizing conditions in the pond-CW system.

4. Conclusions

The effect of effluent recirculation as an easy to implement strategy
to enhance the removal efficiency of pharmaceutical compounds was
studied in a full-scale CW treating wastewater from a university campus.
The highest concentrations were found for stimulants such as caffeine
and nicotine and other pharmaceuticals with unrestricted use such as
ibuprofen and naproxen. Under normal operation (no effluent recircu-
lation) the pond-CW combination was very efficient at the removal of
pharmaceuticals since it achieved 86% average removal, especially for
stimulants and non-steroidal anti-inflammatories. However, the 100%
recirculation provided a significant removal improvement of 97%,
probably related to improved ammonium removal. Nevertheless, the
complete elimination of the studied pollutants and the associated risk
was not achieved. Thus, different strategies such as combining ER with
forced or natural aeration, testing the effect of internal recirculation, or
filling the surface flow channels with sorbing materials will be subject of
future research.
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