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Abstract: This study reports the performance of a three-step lab-scale system including a hybrid
digester (HD), a vertical flow (VF) constructed wetland, and a photodegradation (PD) lamp, with
two different arrangements regarding the position of the recirculation point. In addition to total
suspended solids (TSS), chemical oxygen demand (COD), and nitrogen compounds, removal of
the following pollutants was investigated: paracetamol (ACE), ofloxacin (OFL), caffeine (CAF),
ketoprofen (KET), ibuprofen (IBU), clofibric acid (ACB), bisphenol A (BPA), and sotalol (SOT). An
excellent performance of HD was achieved on the elimination of TSS (82.2 ± 18.5% on average) and
COD (63.9 ± 4.1%). TSS and COD removal increased to 91.2 ± 0.4% and 83.4 ± 2.9%, respectively, for
the combined HD–VF system. Ammonia removal was 57.0 ± 7.8% in the VF unit while significant
denitrification occurred in the HD. The overall HD–VF–PD system achieved mean removals of 100%
for OFL, KET, SOT, and IBU, 98 ± 2% for ACE, 87 ± 8% for CAF, 81 ± 38% for ACB and 26 ± 9% for
BPA. The removal of ACE, OFL, CAF, and IBU was mostly by biodegradation in the HD and VF units
while the PD unit was responsible for the removal of KET, ACB, and SOT.

Keywords: emerging pollutants; nitrogen removal; anaerobic digester; constructed wetland;
photodegradation; municipal wastewater

1. Introduction

Constructed wetlands (CWs) are non-conventional wastewater treatment systems
whose removal mechanisms are based on natural processes. The main CW limitations are
clogging of granular media and large land area requirements. In this regard, anaerobic
digesters (ADs) have been used as a CW pre-treatment in order to reduce total suspended
solids (TSS) and organic matter loading rate, consequently decreasing the required foot-
print [1–4]. The combination of CW as green technologies and advanced “grey” technolo-
gies also facilitates the reduction of the land footprint in the adoption of nature-based
solutions and improves the removal of emerging pollutants as well as disinfection, facil-
itating decentralized treatment schemes and water reuse in urban and non-urban settle-
ments [5]. As in the case of advanced grey treatment technologies, some schemes combining
green-grey technologies can achieve treated effluent quality for diverse water reclamation
purposes, including reuse as potable water [5,6].

Combined AD-vertical subsurface flow (VF) CW systems can reach simultaneous
organic matter and nitrogen removal through efficient nitrification and denitrification [7].
In addition, nitrogen removal efficiency can be enhanced by recirculating the nitrified
effluent from the VF to the denitrifying AD [8,9]. The literature on the combined AD-VF
system with recirculation is scarce. However, the first works point to significant results
of simultaneous organic matter and nitrogen removal due to advanced denitrification in
the AD and nitrification in the VF unit [7,10,11]. However, an important aspect to be taken
into account during the operation of the combined AD-VF system with recirculation is the
possible biomass washout from the digester, which worsens its efficiency and increases
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the risk of VF clogging. Thus, new AD models with better biomass retention have to be
investigated. In this sense, a hybrid digester (HD) consisting of an up-flow anaerobic
sludge bed, with an anaerobic filter coupled to it, resulted in improved organic matter
removal and reduced biomass washing, without the need for an additional unit dedicated
to sludge retention [12].

On the other hand, the concern about the occurrence of emerging pollutants (EPs) has
increased nowadays due to its widespread presence in the environment and the potential
harm they can cause to the environment and human health [13,14]. EPs includes pharma-
ceuticals, personal care products, pesticides, nanoparticles, flame retardants, plasticisers,
musks, algal toxins, and chlorinated paraffin. Although identified in low concentrations
(µg·L−1 or ng·L−1), EPs can accumulate in the environment and in living organism. Part of
these compounds are not eliminated in conventional wastewater treatment plants, with the
subsequent entry into the water cycle [15–17].

Researchers have recently reported the removal of EPs by different types of CWs: hori-
zontal subsurface flow (HF) [18,19], VF [20,21], surface flow (SF) [22,23], hybrid CWs [20],
as well as combined AD-CWs [24]. Photodegradation (PD) occurs in SF [24,25] whilst it
is absent from subsurface flow intensified CWs. On the other hand, the use of ultraviolet
lamps is a very popular method for disinfecting drinking water, and it might be a useful
post-treatment stage in removal EPs.

The elimination of EPs in CW is mainly influenced by redox potential, temperature,
hydraulic retention time (HRT), influent concentration, and exposure to sunlight. The
removal mechanisms are multiple and complex, including absorption, sedimentation,
aerobic biodegradation, anaerobic and anoxic biodegradation, photodegradation, phytore-
mediation, and volatilization [26–29]. Hybrid systems that combine different aerobic and
anaerobic environments and exposure to light offer the best results, even at high organic
loading rates [24,27,30]. These three conditions (anaerobiosis, aerobiosis, and photoexpo-
sure) occur specifically in the HF, VF, and SF wetlands, respectively. Hybrid systems can
combine these three types of units, although the main tendency is to combine HF and
VF units without SF units [31,32]. This is due to the need to reduce the area required by
intensifying the processes necessary for the elimination of organic matter and nutrients,
based on the combination of anaerobic/anoxic and aerobic environments. Thus, natural
PD is restricted in many hybrid combinations. Then, when the advanced elimination of
many EPs is sought, interest arises in completing the hybrid systems based on aerobic and
anaerobic stages with advanced PD technologies [5,26,33].

PD (usually as photocatalytic processes) was used as both pre-treatment [34,35] and
post-treatment [36,37] in combination with CWs to treat different kind of wastewater such
as municipal sewage, pesticide-polluted wastewaters, or textile wastewater. The order
of treatment is crucial, and optimal configurations can vary according to the nature of
the contaminants [38]. Recently, Castellar [5] reviewed the combination of green-grey
technologies for wastewater reuse in urban sites. These authors found a very small number
of articles that address the coupled operation of these technologies, but they emphasize
the growing interest observed in recent years. The predominant configuration consisted
of CWs followed by advanced oxidation processes and electrochemical processes. The
order in which these technologies are applied can vary, with grey technologies mainly
being used as the last step to achieve complete disinfection and removal of persistent
compounds, although there are also cases where grey technologies go ahead to remove
recalcitrant materials or make them more biodegradable for their subsequent removal in
green technologies. The use of final effluent recirculation has very few examples in these
combined systems [5].

Gonzalo [39] applied for the first time ultraviolet radiation (UV) for the removal of
EPs from CW effluents. As reported by these authors, the UV cell completed the removal
of ibuprofen and ketoprofen, being mainly responsible for the removal of sotalol, clofibric
acid, and bisphenol A. On the other hand, UV post-treatment was common and effective
for the complete disinfection of the effluent end [5], a key aspect for most water reuse
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options. Both the disinfection capacity of UV radiation and the interesting results found by
Gonzalo [39] in the removal of emerging pollutants are indicative of the complementarity
of these technologies.

The main hypothesis of the present study is that a PD unit using UV radiation can
efficiently complete the removal of several EPs that are not removed or are only partially
removed in high loading CWs hybrid systems, which generally are designed for advanced
nitrogen removal (i.e., including anaerobic/anoxic and aerobic steps).

In this way, the aim of this work is to study the integrate performance of a combined
three step HD–VF–PD system with effluent recirculation regarding the simultaneous re-
moval of organic matter, nitrogen, and EPs from raw municipal wastewater (MW). A UV
lamp was selected as PD step. Two different arrangements were checked: (a) (HD–VF)R-PD,
in which recirculation was provided from the effluent of the VF unit; and (b) (HD–VF–PD)R,
in which recirculation was provided from the PD unit. In addition to TSS, chemical oxygen
demand (COD), and nitrogen, the removal of several emerging pollutants was investigated.

2. Materials and Methods
2.1. Combined HD–VF–PD Lab-Scale System

The system was constituted by three lab-scale units connected in series (Figure 1). The
first one consisted of a hybrid anaerobic digester (HD), combining a hydrolytic up-flow
sludge bed zone (HUSB) and an anaerobic filter zone (AF). The volume of the HD was
879 cm3 with a cross-sectional area of 50.3 cm3. In addition, the anaerobic filter zone
was constituted by gravel of 4–8 mm particle size as filter medium. The second unit
was a VF. Placed as indicated in Figure 1, the main filtering medium (FM1) consisted of
4–8 mm gravel (with a height of 35 cm and porosity 30.5%), whilst the top 6 cm layer (FM2)
consisted of 1–2 mm sand (porosity 18.4%). Beneath the filtering media, there was a 6 cm
drainage layer of 8–16 mm gravel (porosity 36.5%). The internal diameter of the VF unit
was 13.9 cm, and the active height was 47 cm. The VF unit was planted with six plants of
Iris pseudacorus. Finally, the last lab unit was an ultraviolet lamp used for the PD process.
This lamp (Heraeus TNN 15/32 low-pressure Hg-vapor lamp) emitted at a wavelength of
254 nm and was placed in a cell of 8 cm of diameter and 700 cm3 of active volume. The
PD cell was provided with continuous mixing by means of a magnetic stirrer. Effluent
recirculation was provided either from the VF unit effluent or from the PD unit effluent.
The influent tank was kept at 9.5 ◦C.
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Figure 1. Scheme of the combined HD–VF–PD system with recirculation of VF effluent (a) or PD
effluent (b). Acronyms: MW, municipal wastewater; HD, hybrid digester; VF, vertical flow unit; FM,
filtering medium; DL, drainage layer; PD, photodegradation lamp; Q, flow; S, substrate concentration.
Recirculation options: (a) from VF unit, (b) from PD unit.
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2.2. Operational Characteristics

In order to determine the viable operating conditions of the HD, this unit was subject
to a previous period of adaptation and stabilization of three months. During this previous
period, the HD was operated as a single unit at HRT decreasing from approximately 14 to
9 h. In addition, different resting cycles were applied to the HD (7/7 days ON/OFF and
4/3 days ON/OFF). During resting periods, the wastewater in the HD was drained to a
level below the AF zone in order to allow the aeration of the accumulated biomass.

During this study, the combined HD–VF system operated for 4 months as indicated in
Table 1. The operation time was divided in five periods (Table 1): I, start-up of combined
HD–VF system and recycling of the VF effluent; II, the PD cell was connected; III, the
recycled flow from VF was doubled, increasing the recirculation rate; IV, the recirculation
point was changed to the PD effluent; V, increased influent flow and changing the point of
recirculation to VF effluent. Applied recirculation ratio QR/Q1 ranged from 1.0 to 2.5.

Table 1. Operational characteristics of the combined HD–VF–PD system.

Period I II III IV V

Operation time (d) 0–16 17–45 46–74 75–101 102–122
System configuration a (1) (2) (2) (3) (1)

Q1 (L·d−1) 4.28 ± n.d. 3.76 ± 0.09 3.36 ± 0.96 3.60 ± 0.32 5.77 ± 0.58
Recirculation ratio, QR/Q1

b 1.03 (VF) 1.03 (VF) 2.37 (VF) 2.20 (PD) 2.54 (VF)
External addition EPs no yes yes yes no

Overall HLR (mm·d−1) 212 184 166 178 292
Overall TSS SLR (g·m−2·d−1) 48.0 36.2 26.5 37.2 95.2

Overall COD SLR (g·m−2·d−1) 87.3 71.4 45.1 67.7 193.8
Overall NH4

+-N SLR
(g·m−2·d−1) 8.6 7.4 5.9 7.2 15.7

HD HRT (h) 4.9 5.7 6.3 5.9 3.6
HD v (m·h−1) 0.130 0.113 0.169 0.172 0.313

VF HLR (mm·d−1) 282 245 221 237 389
PD HRT (h) - 0.5 0.5 0.25–0.5 c -

a System configuration: (1) (HD–VF)R, (2) (HD–VF)R-PD, (3) (HD–VF–PD)R. b The point from which the
recirculation was taken is indicated into brackets. c HRT was 0.5 during the first part of this period (IVa)
and 0.25 during the second part (IVb). Acronyms: Q1 = municipal wastewater flow rate; QR = recirculation flow
rate; EPs = emerging pollutants; HLR = hydraulic loading rate; SLR = surface loading rate; HRT = hydraulic
retention time; v = up-flow velocity.

The HD unit received the raw influent (MW from A Coruña area, obtained at the
entrance of the municipal treatment plant after pre-treatment), and the recycled VF effluent
(or PD effluent during period IV). Peristaltic pumps (Dinko Instruments D-21 V) were used
to feed the system units. The HD was fed through 16 pulses per day, which lasted 50 min
each. HRT in HD ranged from 3.6 to 6.3 h. During resting periods (3 days a week), the AF
zone was aerated by draining the required wastewater volume.

The HD effluent entered the VF above the top layer FM2 through 12 pulses per day.
Resting of 3 days on a weekly basis was applied to the HD and VF units. The effluent VF
was pumped to the PD cell during periods II, III, and IV at 6 pulses per day, when the
ultraviolet lamp was switched on. The flow and duration of each pulse to the PD cell were
selected in order to reach the established HRT. The pulse lasted for 50 min during periods
II, III, and IVa and for 25 min during period IVb, whilst the HRT was 0.50 (II, III, and IVa)
and 0.25 (IVb) h.

Overall hydraulic loading rate (HLR) ranged from 166 to 292 mm·d−1 (without recir-
culation) and overall surface loading rate (SLR) ranged from 45 to 194 g COD m−2·d−1

(42–110 g BOD5 m−2·d−1) due to variations in influent flow and concentration (Table 1).
Ammonia SLR ranged from 5.9 to 15.7 g N·m−2·d−1. Total nitrogen load was estimated to be
slightly higher than ammonia load because of partial ammonification of the influent nitrogen.

On the other hand, the EPs studied were representative of the different type of com-
pounds commonly found in MW. The selection of EPs was determined by their difficulty to
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be removed from the different environments present in each of the three treatment units.
Thus, the following EPs were investigated: paracetamol (ACE), ofloxacin (OFL), caffeine
(CAF), ketoprofen (KET), ibuprofen (IBU), clofibric acid (ACB), bisphenol A (BPA), and
sotalol (SOT). According to Gonzalo [39], MW collected from the same wastewater treat-
ment plant as the present MW showed sufficiently high and representative concentrations
of IBU, CAF, and ACE while the concentrations for BPA, OFL, ACB, and KET were variable
and low. Under this assumption, an external addition of five lower concentration EPs
was added to ensure their presence. Thus, the supplement consisted of a stock solution
in methanol composed of BPA, OFL, SOT, ACB, and KET with a final concentration in the
wastewater of 2 µg·L−1. The concentration of the eight EPs was monitored at the inlet and
outlet of each unit during periods II to IV.

2.3. Sampling and Analytical Methodology

Influent samples were obtained from each shipment of wastewater whilst effluent
composite samples from each unit were integrated daily. All samples were analyzed in the
laboratory for TSS, volatile suspended solids (VSS), COD and biological organic demand
(BOD5) following Standard Methods [40]. Allylthiourea was used as nitrification inhibitor
in BOD5 assays. The pH values were measured, in situ and daily, using a HANNA HI
208 electrode. Nitrate, nitrite, and ammonium determination was carried out by ionic
chromatography (930 Compact IC Flex de Metrohm). Total inorganic nitrogen (TIN) was
estimated as the sum of nitrite, nitrate, and ammonia nitrogen. Solids accumulation
in the HD as well as its specific methanogenic activity (SMA) and specific denitrifying
activity (SDA) were determined periodically. The determination of EPs was carried out
by chromatographic analysis by HPLC/HRMS (Thermo Scientific LTQ Orbitrap, from
Thermo Fisher Scientific, Bremen, Germany). Samples were previously filtered with 0.2 µm
hydrophilic Teflon filter and then diluted 1:1 with the mobile phase.

To obtain the hydraulic capacity and infiltration rate of VF unit, flow profiles of a
complete dosing cycle were determined every 2–3 weeks during the study.

2.4. Solids Accumulation and Biological Assays

Solids accumulation in the HD was determined periodically. This included the biomass
retained on the gravel of AF zone and the sludge generated in the HUSB zone. Duplicate
samples of the AF gravel (about 20 g w. m. each) were taken after draining the system at
the beginning of some resting periods, the removed gravel being replaced by an equivalent
amount of clean gravel. These samples were used to determine the moisture content and
the accumulated volatile solids. On the other hand, it was also determined the volume of
the sludge bed in the HUSB zone and its TSS and VSS content.

Batch assays were carried out in order to determine the SMA and the SDA. SMA
was determined on sludge samples from the HUSB zone following the method described
by Soto [41], by using 120 mL vials with 50 mL of liquid volume and approximately
2.5 g VSS·L−1. Neutralized acetic acid was used as substrate, at a concentration of
500 mg COD·L−1. SDA assays were carried out in 250 mL vials with 100 mL of liq-
uid volume. SDA was determined on both HUSB sludge and AF gravel samples by using
approximately 1 and 2.5 g VSS·L−1, respectively. Substrates for SDA assays were neutral-
ized acetic acid (300 mg COD·L−1) and KNO3 (50 mg N·L−1). A pre-feeding with 20% of
substrate concentration was applied for SDA assays 24 h before the measuring run. Macro
and micronutrients and reducing agent were added in all assays as indicated by Ferreiro
and Soto [42]. All assays were carried out in duplicated at 20 ◦C in a thermostatic chamber
and monitored following the headspace gas analysis method [41]. Denitrifying activities
were obtained from the rate of nitrate removal after analysis by ionic chromatography.

2.5. Comparative Study of Eps Removal by PD Cell Treating Raw and Pre-Treated Effluent

In addition, a comparative study was carried out on the direct application of the PD
cell to the raw MW and the treated effluent from the combined HD–VF system. For this,
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initially the photoreactor was loaded with 700 mL of MW and the feeding was continued
for 140 min applying a flow of 1400 mL·h−1 (HRT of 0.5 h). To determine the effect of
PD cell on EPs, the effluent of the last 50 min (that is, after an operation time exceeding
3 times the HRT) was collected and the concentration of EPs was determined. The test
was performed in duplicate with raw MW and HD–VF effluent, both supplemented with
2 µg·L−1 of OFL, KET, ACB, BPA, and SOT.

3. Results and Discussion
3.1. Evaluation of the Performance of HD and VF Units Regarding Organic Matter and
Nitrogen Removal

The performance of HD–VF system was evaluated in terms of water quality parameters
related to suspended solids, organic matter, and nitrogen compounds. Figure 2 shows the
influent and effluent concentrations of HD and VF units for TSS and COD as well as pH
values throughout the study. Figure 3 shows the influent and effluent concentrations for
nitrogen compounds. The impact of PD unit on these parameters was reduced and will be
described in Section 3.2.
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Figure 2. Evolution of several operational parameters in the raw influent and effluent of HD and
VF units. Acronyms: TSS = total suspended solids; COD = chemical oxygen demand; Inf = mu-
nicipal wastewater influent; HD eff = hybrid digester effluent; VF eff = vertical flow constructed
wetland effluent.
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Figure 3. Concentration of nitrogen compounds in raw influent and effluent of HD and VF units.
Acronyms: Inf = municipal wastewater influent; HD eff = hybrid digester effluent; VF eff = vertical
flow constructed wetland effluent.

Influent and effluents pH values were maintained practically constant at 6.7–7.5, al-
though HD effluent had slightly higher pH values than the VF effluent during the study.
The HD was designed to operate under hydrolytic-acidogenic conditions, so an effluent
with a more acidic pH value would be expected due to the generation of volatile fatty
acids [43]. However, recirculation of nitrified effluent back to the HD resulted in denitrifica-
tion processes taking place within the HD unit and thus increasing the alkalinity compared
to the nitrification process in the VF unit [44]. This behavior may be a consequence of the
denitrification process that occurs in the HD unit and, therefore, increases the alkalinity
regarding the nitrification process of the VF unit. In addition, a drop in pH of VF effluent
was not observed as would be expected in systems of this type [7,9,31,45].

As for particulate matter, whilst the influent concentration to the HD was in range of
122–404 mg TSS·L−1, the HD effluent concentrations during periods I and II was below
125 mg TSS·L−1 (mean value of 54 mg TSS·L−1). In period III and following, TSS in HD
effluent dropped to less than 41 mg TSS·L−1 (mean value of 21 mg TSS·L−1), indicating
a very good retention of particulate matter. According to Winter and Goetz [46], VFs
should receive a maximum influent concentration of 100 mg TSS·L−1 to avoid clogging,
so the HD met this recommendation with an overall average effluent concentration of
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34 ± 29 mg TSS·L−1. Overcome the start-up (period I), during periods II to V, the TSS
effluent concentration from the VF unit was highly stable and averaged 19 ± 8 mg TSS·L−1.
However, this concentration was only slightly lower than the HD effluent concentration,
indicating a reduced retention of particulate matter in the VF unit. Total COD had an evo-
lution similar to that of TSS, mean values for periods II to V decreasing from 424 ± 191 (in-
fluent) to 94 ± 39 (HD effluent) and 65 ± 22 (VF effluent) mg COD·L−1. During period V,
the influent concentration of TSS and COD clearly increased (Figure 2) as well as the
HLR (Table 1). However, the increase in TSS and COD effluent concentration was limited
indicating the good performance of the combined HD–VF system at high SLR.

The evolution of nitrite over time was irregular, as an intermediate in the nitrogen
cycle, but showed in general low values (Figure 3). The highest values of nitrite have been
recorded during period II (1.6 mg N·L−1 on average for the effluent of the VF unit) whilst
during the rest of the study the average concentration was maintained at values below
1.1 mg N·L−1, following the sequence HD effluent ≥ VF effluent > raw influent.

Nitrate concentration was low in the raw influent, increased in the HD effluent (values
below 12.5 mg NO3

−-N·L−1) because of the recirculated VF effluent, and was higher in the
VF effluent due to the nitrification processes (Figure 3). At the beginning of period II, the
concentration of nitrate increased in the VF effluent and was maintained in the range of
12–19 mg NO3

−-N·L−1 during the rest of the study. On the same time, the concentration
of ammonia in VF effluent progressively decreased during period II until reach steady
values of 13–14 mg NH4

+-N·L−1 in the next periods III and IV. This trend indicated an
improvement of nitrification capacity of VF unit during period II that was maintained
during periods III and IV. During period V, the ammonia concentration of VF effluent
clearly increased (Figure 3), which was due to the increase in raw influent concentration
and HLR during this period. The treatment capacity and performance of both the HD and
VF units will be evaluated in depth in Section 3.3.

Ammonia was mainly removed in the VF unit by the nitrification process. The drop of
ammonia concentration from the raw influent to the HD effluent was due to the mixing
with the recirculated VF effluent. Thus, ammonia concentration in HD effluent mainly
followed the trends of raw influent and VF effluent ammonia (Figure 3). However, nitrate
concentration in HD effluent varied largely, the highest values were obtained during pe-
riod III (7.6 ± 4.5 mg NO3

−-N·L−1) followed by period IV (5.0 ± 1.5 mg NO3
−-N·L−1).

The higher values of nitrate concentration in HD effluent during periods III and IV could
be probably due to the higher recirculation rate (QR/Q1 = 2.2–2.4, Table 1) than during
the period II (QR/Q1 = 1.0). In addition to the different recirculation rates, nitrate removal
can be influenced by the COD/N ratio [47], since in the denitrification processes a con-
sumption of up to 8.6 mg COD could be required for the conversion of 1 mg NO3

− to
N2 [48]. The COD/TIN ratio was lower in periods III and IV in relation to periods II and V.
COD/TIN ratio (note that we are considering TIN and not total nitrogen, because organic
N was not determined in this study) for raw wastewater by period was: 10.1 (I), 9.3 (II),
7.5 (III), 9.2 (IV), and 12.2 (V), which was favorable to denitrification. However, as a result
of COD removal in HD and VF units and effluent recirculation, net COD/TIN ratio in
HD influent was substantially low, ranging from 3.8–4.9 at periods III and IV, to 5.4–5.7 at
periods II and V. Furthermore, high HLR and SLR during period V probably favored anoxic
conditions in the HD and nitrate removal, explaining the lower nitrate concentration in HD
effluent during period V, in spite of the high loading rates and concentration.

3.2. Effect of PD Unit on Suspended Solids, Organic Matter, and Nitrogen Conversion

The PD cell had a poor effect on TSS, COD and ammonium removal, as the overall
removal rates only increased by about 1% for the combined HD–VF–PD system with respect
to the HD–VF system. In terms of concentration, the PD lamp showed a reduced effect on
several parameters. With respect to the VF effluent, the PD effluent underwent an increase
in pH from 7.2 to 7.4, and a reduction of 8.2% TSS, 2.7% VSS, 6.5% total COD, and 9.4%
soluble COD, while the reduction was below 1.3% for nitrate and ammonium. In fact, the
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differences between VF effluent and PD effluent concentrations for all these parameters
were not significant (p > 0.1). Only the variation of nitrite concentration throughout the PD
unit showed significant differences (p = 0.002), increasing from 0.74 ± 0.27 (VF effluent) to
1.08 ± 0.17 (PD effluent) mg NO2

−-N·L−1.

3.3. Overall Treatment Performance and Unit Contribution

Figure 4 shows the evolution of performance of the overall system and the contribution
of each unit to the overall removal of TSS, COD and ammonia. Considering periods II to V,
the overall system removed about 90–92% of TSS (91.2 ± 0.4% on average), 79–85% of COD
(83.4 ± 2.9% on average), 39–66% of NH4

+-N (52.7 ± 13.2% on average), and 35–45% of
TIN (36.0 ± 7.1% on average). Most of the TSS and COD was removed by the HD unit,
reaching about 82.2 ± 18.5% TSS and 63.9 ± 4.1% COD removal, whereas the VF unit
contributed with 8.4 ± 19.4% TSS and 19.0 ± 5.6% COD removal, respective to the raw
influent. These results agree with previous research using combined AD-CW systems where
the AD unit was primarily responsible for the removal of influent TSS and COD [1,2,49–51].
For example, in the combined AD-VF system with recirculation employed by Gonzalo [7],
the AD unit was the one that removed most of the TSS and COD, although these authors
obtained lower removal efficiencies (between 59% and 77% of TSS and between 63% and
74% of COD) treating MW. In this way, in the present study using the HD as the first system
unit, the VF unit received a low organic matter concentration, which is of high interest to
prevent clogging and prolong its lifetime. Some authors pointed out that the maximum
values for organic and solids loading to VF are around 20 g COD·m−2·d−1 [46,52,53] and
around 5 g TSS·m−2·d−1 [46]. These values were reached during period III and approached
during period IV.

Environments 2023, 10, 35 10 of 23 
 

 

as the first system unit, the VF unit received a low organic matter concentration, which is 
of high interest to prevent clogging and prolong its lifetime. Some authors pointed out 
that the maximum values for organic and solids loading to VF are around 20 g 
COD·m−2·d−1 [46,52,53] and around 5 g TSS·m−2·d−1 [46]. These values were reached during 
period III and approached during period IV.  

On the other hand, ammonia nitrogen was removed only in the VF unit, which 
reached 57.0 ± 7.8% on average, whilst the HD increased ammonia by 3.7%, probably due 
to the completion of the ammonification process, as other authors have noted [54,55]. As 
indicated in Section 3.1 on ammonium concentration, the percentage of ammonium re-
moval also increased from period II to IV, supporting the trend of improvement observed 
in the nitrification process. However, in period V, the removal efficiency dropped to about 
40%, probably due to the increase in ammonium concentration in the influent and the 
applied HLR (Figure 4). The HD was the unit responsible for nitrogen removal, achieving 
an average removal efficiency of 47.0 ± 3.6% of TIN, slightly higher than in the overall 
system, because some TIN was generated in the VF and PD units. 

  
  

Figure 4. Evolution of percentage removal of TSS, COD, NH4+-N, and TIN in the overall system and 
contribution of each unit. Acronyms: TSS = total suspended solids; COD = chemical oxygen demand; 
NH4+-N = ammonium; TIN = total inorganic nitrogen; HD = hybrid digester; VF = vertical flow con-
structed wetland; PD = photodegradation lamp. 

3.4. VF Performance 
To evaluate better the efficiency of the VF column, net SLR, and surface removal rate 

(SRR) were calculated according to the equations given by Gonzalo [7]. The results are 
indicated in Table 2. HLR applied to VF unit varied between 221 and 389 mm·d−1 (includ-
ing recirculation flow, the HLR range was 374–1037 mm·d−1), which was well above the 
recommended values for VF [53]. On the other hand, the VF unit operated with highly 
variable SLR of TSS and COD, which ranged from 0.8 to 24.2 g TSS·m−2·d−1 and 21.0 to 83.5 
g COD·m−2·d−1. In period III, the lowest values of SLR were found, which were due to the 
high removal obtained in the preceding HD unit. TSS removal in the VF unit was low in 
general, due not only to the high removal in the HD unit, but also to the usually high TSS 
concentration of the VF unit. As indicated, the TSS effluent concentration for the VF unit 
averaged 19 ± 8 mg TSS·L−1 (periods II to V) which was clearly higher than that of about 5 
mg TSS·L−1 reported by Gonzalo [7]. The lower TSS removal could be related to the large 
particle size of the filter media used in the present study respect to that of Gonzalo [7]. In 
fact, Nivala [56] obtained a worse TSS removal in a VF with 4–8 mm gravel (76.1% of 
removal) than with 1–3 mm sand (96.6%). Net COD and ammonia removal by the VF unit 
ranged from 40% to 63% and from 44% to 64%, respectively. 

20
30
40
50
60
70
80
90

100

I II III IV V

O
ve

ra
ll 

re
m

ov
al

 (%
)

Period

TSS COD NH4+ −N TIN

-20
-10

0
10
20
30
40
50
60
70
80
90

100

TSS COD NH4+ −N TINR
em

ov
al

 (%
 o

f s
ys

te
m

 in
fl

ue
nt

)

HD VF PD

Figure 4. Evolution of percentage removal of TSS, COD, NH4
+-N, and TIN in the overall system

and contribution of each unit. Acronyms: TSS = total suspended solids; COD = chemical oxygen
demand; NH4

+-N = ammonium; TIN = total inorganic nitrogen; HD = hybrid digester; VF = vertical
flow constructed wetland; PD = photodegradation lamp.

On the other hand, ammonia nitrogen was removed only in the VF unit, which reached
57.0 ± 7.8% on average, whilst the HD increased ammonia by 3.7%, probably due to the
completion of the ammonification process, as other authors have noted [54,55]. As indicated
in Section 3.1 on ammonium concentration, the percentage of ammonium removal also
increased from period II to IV, supporting the trend of improvement observed in the
nitrification process. However, in period V, the removal efficiency dropped to about 40%,
probably due to the increase in ammonium concentration in the influent and the applied
HLR (Figure 4). The HD was the unit responsible for nitrogen removal, achieving an
average removal efficiency of 47.0 ± 3.6% of TIN, slightly higher than in the overall system,
because some TIN was generated in the VF and PD units.
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3.4. VF Performance

To evaluate better the efficiency of the VF column, net SLR, and surface removal
rate (SRR) were calculated according to the equations given by Gonzalo [7]. The results
are indicated in Table 2. HLR applied to VF unit varied between 221 and 389 mm·d−1

(including recirculation flow, the HLR range was 374–1037 mm·d−1), which was well above
the recommended values for VF [53]. On the other hand, the VF unit operated with highly
variable SLR of TSS and COD, which ranged from 0.8 to 24.2 g TSS·m−2·d−1 and 21.0 to
83.5 g COD·m−2·d−1. In period III, the lowest values of SLR were found, which were due
to the high removal obtained in the preceding HD unit. TSS removal in the VF unit was
low in general, due not only to the high removal in the HD unit, but also to the usually
high TSS concentration of the VF unit. As indicated, the TSS effluent concentration for the
VF unit averaged 19 ± 8 mg TSS·L−1 (periods II to V) which was clearly higher than that
of about 5 mg TSS·L−1 reported by Gonzalo [7]. The lower TSS removal could be related
to the large particle size of the filter media used in the present study respect to that of
Gonzalo [7]. In fact, Nivala [56] obtained a worse TSS removal in a VF with 4–8 mm gravel
(76.1% of removal) than with 1–3 mm sand (96.6%). Net COD and ammonia removal by
the VF unit ranged from 40% to 63% and from 44% to 64%, respectively.

Table 2. Net surface loading rate received and removed by the VF unit.

Period
SLR (g·m−2·d−1) Removal (%) SRR (g·m−2·d−1)

TSS COD NH4
+-N TSS COD NH4

+-N NH4
+-N

II 21.5 39.8 10.1 79.3 63.2 48.7 5.2
III 0.8 21.0 8.2 −407.6 40.1 63.6 5.5
IV 5.6 31.5 9.3 17.9 47.4 59.4 5.5
V 16.5 83.5 23.4 33.2 52.1 43.6 11.9

Acronyms: SLR = surface loading rate; SRR = surface removal rate; TSS = total suspended solids; COD = chemical
oxygen demand; NH4

+-N = ammonium.

SLR for ammonia ranged from 8.2 to 23.4 g·m−2·d−1 of NH4
+-N, being more stable

than TSS and COD SLR because the effect of the HD on ammonia removal was negligible.
Ammonia removal ranged from 44% to 64% whilst SRR of ammonia remained stable at
periods II to IV (5.2–5.5 g NH4

+-N·m−2·d−1) and increased to 11.9 g NH4
+-N·m−2·d−1

in period V. Thus, the VF unit reached ammonia SRR higher than that reported for con-
ventional VFs [32] but similar to those reported to optimized systems [7,31]. However,
the percentage ammonium removal was lower than that reported by Gonzalo [7]. This
could probably be due to the large gravel used in the VF unit of the present study (4–8 mm)
in comparison to that (1–4 mm) of the system of Gonzalo [7]. As indicated, the VF unit
reached steady effluent values of 13–14 mg NH4

+-N·L−1 in the present study, while Gon-
zalo [7] reported mean VF values of approximately 6 mg NH4

+-N·L−1 and percentage
removals around 80%. Nivala [56] worked with 4–8 mm gravel and achieved an inter-
mediate ammonia removal efficiency (between 67% and 71%) but applying lower SLR
(4.7 g NH4

+-N·m−2·d−1) than that of the present study.
The rate of infiltration of the influent into the VF unit is a direct measure of the risk of

clogging. The limitation of the influent load of suspended solids and organic matter allows
avoiding this risk and maintaining good infiltration conditions throughout the operation
time. Data on flow profiles from the VF unit indicate mean retention time of an influent
pulse was 4.5 ± 0.7 min during periods I, II, III and IV and increase to 8.4 ± 0.8 min for
the last period with the highest HLR. This retention times were very short, indicating
that the column was far from clogging conditions. These results contract with those of
Gonzalo [7] who reported a higher degree of clogging level when treating pre-treated
MW during the periods of greater SLR (between 17 and 38 g TSS·m−2·d−1 and 37 and
63 g COD·m−2·d−1) and using a minor particle size in FM1. On the other hand, the high
risk of clogging reported by Gonzalo [7] could be partly related to the occasional but
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unavoidable sludge washout from the AD digester, a factor that in the present study was
completely eliminated by presence of the filter body of the HD.

3.5. HD Performance and Biomass Characteristics

Hydraulic retention time of digester ranged from 3.6 to 6.3 h (Table 1). Solid accumu-
lation in both the HUSB zone and the filtering zone of the HD are shown in Table 3, as
well as surface denitrification rate (SDR). Volatile solids concentrations in both the sludge
bed and the filter of the HD, as well as the sludge bed volume, were maintained practi-
cally constant. Volatile solids accumulation in the filtering gravel ranged from 0.84% to
1.78% d. m. (accounting the amounts withdrawn with gravel samples), so the AF remained
far from clogging risk. Furthermore, no direct effect on the reduction in volatile solids in
the filtering media of AF was observed during the resting period.

Table 3. Solid characteristics in both the HUSB zone and the filtering zone of the HD at the end of
each operational period.

Period I II III IV V

Biomass of AF gravel
VS (% d.m.) 1.78 1.15 n.d. 1.23 1.59

H2O (% d.m.) 13.75 16.46 n.d. 19.04 21.46
VS (g) 10.9 7.1 n.d. 7.5 9.7

SDA (mg N·g VS−1·h−1) n.d. 3.05 n.d. 2.57 n.d.
Biomass of HUSB zone

Sludge bed volume (mL) 140.0 143.6 n.d. 149.8 152.2
TSS (g·L−1) 8.00 8.63 n.d. 11.35 9.08
VSS (g·L−1) 5–76 5.78 n.d. 9.28 6.33

SMA (g COD·g VSS−1·d−1) 0.023 0.039 n.d. 0.017 n.d.
SMA latency (h) 150 300 n.d. 100 n.d.

SDA (mg N·g VSS−1·h−1) 4.71 6.65 n.d. 6.48 n.d.
Overall HD

SDR (g N·m−2·d−1) n.d. 16.87 14.19 19.23 39.70
Acronyms: VS = volatile solids; SMA = specific methanogenic activity; SDA = specific denitrifying activity;
SDR = surface denitrification rate; AF = anaerobic filter zone; HUSB = hydrolytic up-flow sludge bed zone;
HD = hybrid digester; n.d. = not determined.

On the other hand, the amount of suspended solids in the HUSB sludge bed showed a
clear reduction during period I, from 5.9 to 1.1 g TSS (or from 4.8 to 0.8 g VSS). Afterwards,
from the beginning of period II to the end of period V, the amount of sludge in the HUSB
remained nearly constant at 1.44 ± 0.24 g TSS (or 1.06 ± 0.29 g VSS). Furthermore, the
purged sludge corresponding to the samples withdrawn for analysis and activity assays
account for 1.3 g TSS (1.0 g VSS). From this data, a mass balance (periods II–V) clearly
indicated that most of the influent TSS and VSS (on average 82.1% TSS and 83.3% VSS)
were hydrolyzed in the HD under the applied conditions and 8.0% of VSS remained as
sludge and biofilm. The minimum solid retention time (calculated as indicated by Ruiz [2])
varied from 4 to 22 days and could be increased by reducing the purge and raising the
VSS concentration in the sludge bed. The application of low HRT and solid retention time
establishes the hydrolytic-acidogenic conditions in the HD, hence the methanogenic stage
in ADs operating at 13–20 ◦C need a solid retention time of 50–80 days [57].

SMA of the HUSB sludge remained very low, particularly considering the large latency
period in SMA assays (Table 3). On the other hand, we assumed that SMA of the AF sludge
was null because of aeration effect during the resting periods. Considering the potential
methane production depending on the SMA, the average emission factor was 1.75% of COD
(calculated as indicated by De la Varga [58]). These values indicated a low or no methane
production in the HD under the operating conditions. In addition, the recirculation of
nitrified effluent from the VF may have influenced the reduction in methane generated by
the HD [7]. SDA was maintained during periods II to IV, at about 6.5 mg N·g VSS−1·h−1

for the sludge of the HUSB zone and between 2.6 and 3.1 mg N·g VSS−1·h−1 for the
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sludge of AF zone. Potential denitrification rate, referred to the overall HD–VF system
area, was 31.6–36.1 g N·m−2·d−1 (periods II and IV). It was found that 75% of the potential
denitrification rate was provided by the sludge retained in the AF zone. Consequently, the
HD reached high denitrification efficiency, as indicated by the low nitrate concentration in
the HD effluent (mean of 4.3 ± 3.5 mg N·L−1).

SDR (Table 3) for the HD system was calculated following the simplifying assumptions
made by Torrijos [59] and Gonzalo [7]. Simplifications considered that nitrogen was
removed only by the nitrification–denitrification pathway, then the SDR of the HD would
equal the surface rate of TIN removal. SDRHD remained between 14.2 and 19.3 g N·m−2·d−1

in periods II-IV and increased to 39.7 g N·m−2·d−1 in period V.
Taking into consideration the same simplifications expressed above [7,59], the surface

nitrification rate (SNR) would be equal to the ammonia SRR (calculated in Section 3.4 for VF
unit). Referred to the overall system, SNR and SDR showed values close to each other (SDR
of 5.6 ± 2.9 g N·m−2·d−1 and SNR of 6.0 ± 2.9 g N·m−2·d−1). These surface denitrification
and nitrification rates were similar to those obtained by Gonzalo [7] working with a HUSB–
VF combined system, but higher than those obtained for VF–HF hybrid systems [48,59].
On the other hand, the fact that SDR and SNR took similar values in combination with
the fact that the effluents from both units had a notable concentration of both nitrate and
ammonia (i.e., non substrate limiting conditions) means that improving the TIN removal
efficiency will require improving both denitrification and nitrification capacities.

3.6. Emerging Pollutant Removal
3.6.1. Presence of EPs in Influent Wastewater

Table 4 shows the presence of several EPs in the wastewater fed to the system. Ex-
cept for IBU, in general mean concentrations were sustained during the study period, as
indicated by variation coefficients lower than 20%. High concentrations (>20 µg·L−1) were
registered for ACE, OFL, and CAF. Other compounds such as KET, ACB, BPA, and SOT
showed low but sustained concentrations in the range of 1–7 µg·L−1.

Table 4. Concentration of several EPs in the influent to the combined HD–VF–PD system.

ACE OFL CAF KET IBU ACB BPA SOT DCL CBZ

Mean (µg·L−1) 68.1 20.0 27.3 4.50 0.19 1.10 7.40 2.11 <0.10 <0.10
St. Dev. (µg·L−1) 10.6 1.2 3.4 0.39 0.38 0.15 0.95 0.41 n.a. n.a.

VC (%) 15.6 6.0 12.6 8.7 200.0 13.7 12.9 19.5 n.a. n.a.

Acronyms: ACE = paracetamol; OFL = ofloxacin; CAF = caffeine; KET = ketoprofen; IBU = ibuprofen;
ACB = clofibric acid; BPA = bisphenol A; SOT = sotalol; DCL = diclofenac; CBZ = carbamazepine. Concentration
and standard deviation in µg·L−1 (n = 4). VC: variation coefficient. n.a.: not applicable. Influent concentrations
measured after supplementing 2 µg·L−1 of OFL, KET, ACB, BPA, and SOT to the raw wastewater.

As indicated in Section 2 and shown in Table 4, a supplementary amount of 2 µg/L
of some compounds was added to the raw wastewater. Despite this addition, ACB
showed concentrations lower than 2 µg·L−1 in the influent, which could be due to the
tendency for this compound to sorb in the feed tank [26]. IBU was not supplemented
because in previous studies showed a concentration sufficiently high [39]. However, in the
present study, IBU concentration was higher than the detection limit only during period II
(0.76 µg·L−1) whilst during the other periods remained below 0.10 µg·L−1. Other com-
pounds such as carbamazepine (CBZ) and diclofenac (DCL) were always below the detec-
tion limit (0.10 µg·L−1) in both raw wastewater and treated effluents and were no further
considered in this study.

3.6.2. Overall EP Removal per Periods

Removal of individual EPs in the overall system is shown in Figure 5. Three com-
pounds, OFL, KET, and SOT always reached 100% removal in the overall system. Nearly
complete removal was obtained for ACE (98 ± 2%), CAF (87 ± 8%), and ACB (81 ± 38%)
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showing a slightly lower removal that indicated by Gonzalo [39], whilst BPA showed a
very low removal of 26 ± 9%, as opposed to the 90% removal achieved by Gonzalo [38].
As indicated above, the IBU data were limited to period I, in which 100% overall removal
was achieved.
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Figure 5. Removal efficiency of each EP through the overall HD–VF–PD system by period (bars) and
mean and standard deviation in the overall period (marker and error bars). See Table 1 for operational
conditions for the different periods and Table 4 for pollutant abbreviations.

Figure 5 shows that both the configuration relating the point of recirculation (i.e., the
configuration (HD–VF)R-PD applied at periods II–III and the configuration (HD–VF–PD)R
applied at period IV) as well as the recirculation rate (QR/Q1 = 1 in period II and 2.2–2.4 in
periods III and IV, Table 1) had minor effects on the overall efficiency of EP removal. Higher
recirculation rate seems to reduce CAF removal slightly, from 99% to 88%. Gonzalo [38] also
found a reduced effect of recirculation rate with higher efficiencies at QR/Q1 = 1 than at
QR/Q1 = 2. However, a larger recirculation rate favors the removal of total nitrogen in the
HD–VF system. On the other hand, including PD unit in the recirculation loop (period IV)
slightly reduced ACE removal from 100% to 96% but increased BPA removal from 19% (III)
to 36% (IVa), on average.

The effect derived from the position of the recirculation will require additional research,
particularly with the aim of studying its influence on potential by-products generated in
the PD stage [5,26]. One of the arguments in favor of using PD as a pre-treatment or first
stage has to do with the positive effect of CWs in removing those possible by-products [5].
The application of recirculation, currently uncommon in studies that combine green and
grey technologies, makes it possible to take advantage of the benefits of green-grey schemes
and at the same time the advantages of grey-green schemes referring to the elimination of
by-products. However, the monitoring of by-products of the PD stage was not included in
the present study.

Reducing the HRT in PD step from 0.5 to 0.25 h (change from period IVa to IVb) only
shown effect on ACB removal, as the overall removal drastically decreased from 100%
to 24%. As will be shown below (see Section 3.6.3), this is because PD was the only effective
unit in removing ACB in the conditions of the present study.

The four solid phases of the system units (that is, HUSB sludge and AF media in the
HD, FM1, and FM2 filtering media in VF unit) were analyzed for EP accumulation at the
end of the period of study (Table 5). None of the studied EP was detected in HD filter
material or in the FM1 bed material (detection limit of 0.5 ng·g−1 d.m.). ACE and BPA were
found in FM2 bed material at concentrations of 1.6 and 2.4 ng·g−1 d.m., respectively. The
presence of EP in the HD sludge was more generalized, being 0 for SOT, KET, and ACB,
and ranging from 2 to 10 ng·g−1 d.m. for CAF, DCL, ACE, CBZ, IBU, and OFL (ordered
from lower to higher concentration), and finally to 21.4 ng·g−1 d.m. for BPA. However,
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mass balances for the EP monitored period (periods II to IV) indicated that EP accumulated
throughout the system was below 0.02% of the amount fed for all compounds, except
for BPA that reached 0.21%. Thus, EP accumulation must be considered negligible and
the overall removal efficiencies show in Figure 5 correspond to the actual elimination of
these compounds during the treatment. Low accumulation of EPs on the bed materials
is consistent with the used bed materials, as gravel and sand showed low or negligible
sorption capacity [60].

Table 5. Concentrations of EPs in the solid phases of the HD and VF treatment units.

ACE OFL CAF KET IBU ACB BPA SOT CBZ DCL

Hybrid digester

HUSB sludge 5.3 2.4 10.3 <0.5 3.2 <0.5 21.4 <0.5 4.2 8.4
AF gravel <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Vertical Flow CW
FM2 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
FM1 1.6 <0.5 <0.5 <0.5 <0.5 <0.5 2.4 <0.5 <0.5 <0.5

Concentration units: ng·g−1 (dry matter). Acronyms: HUSB = hydrolytic up-flow sludge bed; AF = anaerobic
filter; FM2 = top filtering media of vertical flow CW; FM1 = main filtering media of vertical flow CW. See Table 4
for pollutant abbreviations.

3.6.3. EP Removal by System Steps

Figure 6 shows the contribution of each step of the combined system to the removal of
each one of the studied EPs. ACE removal mainly occurred in the HD unit which contributed
with 65% to 97% removal of this compound during periods III and IV. ACE removal during
period II was 25%, suggesting that doubling the recirculation rate (period III and IV) improved
the ACE removal by the HD. However, increasing efficiency in ACE removal from period II
to period III could also be due to biomass growth and adaptation. Secondly, the VF unit also
contributed to ACE removal, given that ACE was not previously removed in the HD unit, as
in periods II and IVb. Therefore, the biological units were responsible for removing most of the
influent ACE (mean removal of 94 ± 5% for combined HD–VF system). Literature reports a
high removal efficiency of ACE due to biodegradation mechanisms under both anaerobic and
aerobic conditions [20,61–64]. Chen [61] obtained high removal efficiencies (between 95% and
100%) in three HF operating at low HLR (15–40 mm·d−1). Ranieri [62] found that HLR greatly
affected the percentage of ACE removal in three HF, ranging from 97% to 100% removal at
30 mm·d−1 to 47–52% at HLR of 240 mm·d−1. These authors also indicate that more aerobic
conditions would increase ACE removal, whilst sorption was not a dominant mechanism. In
our study, high removals were obtained in HD and VF units at high HLR (circa 177 mm·d−1 in
the overall system and 235 mm·d−1 in the VF unit). Vo [63] worked with high influent doses
of ACE (10 ACE mg·L−1) in a VF and found low effluent concentrations (>0.4 µg·L−1) after
15 days of operation. On the other hand, in the conditions of the present study, the PD unit
did not contribute to the removal of ACE (Figure 6). In fact, PD cell showed minimal effect on
the residual ACE concentration (about 3 µg·L−1) that received during periods IVa and IVb.
Kim and Tanaka [65] classified ACE as a slow-degrading compound using UV lamp emitting
at 254 nm wavelength, while Kim [66] indicated a 1% elimination with single exposure to
UV light.

On the other hand, CAF removal was mainly due to the action of the VF unit, which
reached 52–76% removal. The contribution of anaerobic and photodegradation processes
to CAF removal were limited, ranging from 0% to 28% removal depending on the period
of the study. In overall, HD and VF units together removed most of the CAF (71–86%).
Poor HD efficiency has previously been observed in other ADs [24] while HF with pre-
dominantly anaerobic conditions have obtained removals above 80% [61,67–69]. Thus,
aerobic biodegradation appeared as the dominant mechanism [70] although other mech-
anisms may be involved in the removal of CAF in CWs [68]. Carranza-Diaz [71] found
an average efficiency of 66% of CAF in high organic load HF with predominant anaerobic
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conditions (median dissolved oxygen of 0.15 mg·L−1 and redox potential of −120 mV)
whilst other compounds (among then IBU, KET, and BPA) showed average removal ef-
ficiency below 30%. On the other hand, Zhang [72] reported that removal of CAF and
IBU (as well as for KET but not for ACB) in HF was significantly enhanced under the
batch (fill and drain) versus continuous mode, due to the fact that fill and drain works as
a passive pump to replenish oxygen to the wetlands. In our study, data available for IBU
(limited to period II) suggest that this compound can be removed in all units, as observed
by Gonzalo [39]. However, a recalcitrant behavior of IBU under AD treatment was reported
by Alvarino [73]. Furthermore, the performance of the UV lamp was low in the removal
of CAF and IBU (28% and 43%, respectively), agreeing with Matamoros [74] on its scarce
photodegradability. Thus, biodegradation of IBU seemed to be favored due to aerobic
conditions [70,75].
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Figure 6. Overall removal of several EPs in the different steps of the combined HD–VF–PD system
(* for ACB, mean of periods II and III only, because the intermediate concentration for period
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pollutant abbreviations.

The antibiotic OFL was completely removed in the biological units. The concentration
of OFL in the effluent of the VF unit was always bellow the detection limit. Thus, the
potential effect of the PD unit on this compound was not determined. However, the HD
only contributed to the removal of OFL during period II. This fact suggests that OFL cannot
be biodegraded in anaerobic conditions but absorbed on the biomass and the filtering bed.
Once the absorption capacity was overpassed, OFL was not at all removed in the HD unit.
In these conditions, OFL reached the VF unit where was completely removed. Conkle [76]
highlighted the importance of sorption as a removal pathway for OFL and reported a
sorption of 72–90%, most occurring in the first 20 h. Verlicchi [77] mentioned 84% removal
of OFL in HF used as tertiary treatment. Chen [78] reported 100% removal of OFL in a
five-stage integrated CW (including horizontal surface and subsurface flow and floating
units) at HLR of 7 mm·d−1. Yan [79] found OFL removal in flooded mesocosm-scale CWs
ranging from 78% to 93%.

KET, ACB, and SOT were efficiently removed in the PD unit, whilst the HD and VF
units showed minimal effect on these compounds (Figure 6). The PD lamp was able to elim-
inate 78% of ACB, 86% of KET, and 91% of SOT. On the other hand, system configuration
and operational conditions did not affect the removal efficiency of these compounds, except
for the reduction in the PD HRT from 0.5 to 0.25 h, which drastically reduced the removal of
ACB. The non-elimination of KET in the biological units was in contrast with the literature
on biodegradation as a feasible mechanism [61,80,81]. In fact, Reyes-Contreras [24] reported
about 30% removal in an AD in both winter and summer conditions, while Gonzalo [39]
achieved 47% removal in a VF. The removal of KET and other photodegradable emerging
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contaminants during tertiary treatment based on filtration-UV light radiation–chlorination
was previously reported by Matamoros and Salvadó [82]. In the same way, Cardinal [83]
indicated the dominance of photolytic processes in the removal of ACB in SF units, while
Mathon [84] classified SOT as a medium photodegradable compound in SF exposed to
sunlight. However, under biological treatment, such as wastewater treatment plants or
subsurface CWs, SOT removal was low [29,85]. Conkle [86] worked with a system that
included aerated ponds, hybrid CWs, and a natural wetland and found that 82% SOT
removal was achieved with the overall system.

BPA was not removed in HD and VF units, and only partially (6% to 36%) in the
PD unit. Ávila [87] found that BPA was readily removed in units where the removal of
TSS was high, probably due to sorption on the particulate matter because of their high
hydrophobicity. In our system, removal of particulate matter occurred mainly in the HD
unit, but the amount of BPA accumulated in the HD sludge at the end of the study, as well
as in FM1 and FM2 materials of VF unit (see Section 3.6.2), was negligible. As hydrolysis
of suspended solids was very high, it is possible that absorbed compounds were rapidly
dissolved and washed-out of the unit. Biodegradation stands as the major pathway of BPA
removal, being promoted under aerobic conditions [20,88,89]. Removal enhancement under
batch mode operation of HF was reported by Ávila [88] for IBU and BPA. These authors
highlighted the great dependence on the redox status of the wetlands of BPA degradation,
which ranged from 65% to 89% removal depending on the oxygenation conditions.

High removal efficiencies for BPA (57–98%) were also reported by Ávila [89] in VF
units operated at 95 mm·d−1 of HLR. Once again, Ávila [89] found that BPA removal
improved with better aerobic conditions, whilst large bed particle size (4–8 mm gravel)
offered the lower removals in comparison to small particle size (1–3 mm sand). Probably
the very low removal of BPA in our system could be related to the low absorption capacity
of the bed materials and the very low HRT in both the HD and VF units derived from
the high HLR applied (177 mm·d−1 for the overall system in comparison to 28.5 mm·d−1

for the HF units of Ávila [88] and 95 mm·d−1 for the VF units of Ávila [89]. However,
Ávila [27] reported high removal rates of BPA in VF units of a hybrid CW at high HLR
of up to 180 mm·d−1, in spite of the use of bed media for the VF units similar to those
of the present study (an upper 10 cm layer of 1–2 mm sand and a main layer of 3–8 mm
fine gravel).

3.6.4. Removal Efficiency of the PD Cell Treating Raw Wastewater and CW Effluent

Table 6 shows influent and effluent concentration of EPs during the comparative
study of PD treating raw MW (simulating PD as single unit pre-treatment) and biologically
treated MW (simulating PD as single unit post-treatment, treating HD–VF system effluent).
The results indicated that the PD cell effectively eliminated KET and SOT in both conditions
(100% removal), whilst it was ineffective in removing OFL, CAF, and BPA (net removals in
the range of 1–21% with pre-treated effluent and negative removals of 5–6% with raw MW).
An effective removal of IBU was achieved in raw MW while its effect was not determined
in the pre-treated effluent as its concentration was below the detection limit (Table 6).
However, the results obtained during period II indicated that the PD unit was able to
completely remove IBU from the pre-treated effluent.

ACE was not affected by PD cell in raw MW treatment, but it was removed from the
pre-treated effluent although the concentration was very low. Removal of ACB was 19%
with raw MW and 29% with pre-treated effluent. Briefly, four compounds (ACE, OFL,
CAF, and BPA) showed negative removals in raw MW (−4.4 ± 2.0%) and variable but
positive removals (range 1 to 100, mean 34 ± 45%) in pre-treated effluent, suggesting a
better behavior of the PD cell in pre-treated effluents. A similar response in both situations
occurred for ACB, however, the differences were not statistically significant (p > 0.1). On
the other hand, the PD unit showed a high removal efficiency for KET, SOT, and IBU
compounds in both raw and pre-treated water. The order of treatment (green-grey or
grey-green) has been discussed by several authors [5,26]. However, these results reinforce
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the idea that the PD step should be used as the final stage to achieve a better removal
efficiency for all the compounds studied.

Table 6. Results for PD cell treating raw MW and HD–VF effluent.

ACE OFL CAF KET IBU ACB BPA SOT

Raw MW

Influent 91.09 17.83 44.17 5.95 0.89 1.17 6.40 3.09
Effluent 92.46 18.74 46.43 <0.10 <0.10 0.94 6.79 <0.10
Removal (%) −1.5 −5.1 −5.1 100.0 100.0 19.2 −6.0 100

HD–VF effluent

Influent 1.38 19.33 17.62 4.58 <0.10 1.16 7.37 2.38
Effluent <0.10 19.1 14.0 <0.10 <0.10 0.83 6.32 <0.10
Removal (%) 100.0 1.3 20.8 100 n.a. 28.9 14.1 100

n.a.: not available; Concentrations in µg·L−1. See Table 4 for pollutant abbreviations.

4. Conclusions and Future Research

The potential of the combined HD–VF system with PD as a post-treatment (UV light
at λ = 254 nm) for advanced removal of various pollutants during raw MW treatment
was investigated on a lab-scale. Monitored contaminants were suspended solids, organic
matter, nitrogen compounds, and eight emerging pollutants (ACE, OFL, CAF, KET, IBU,
ACB, BPA, and SOT). The performance of the combined HD–VF system with recirculation
was successful in removing 90–92% TSS and 79–85% COD. In fact, the HD unit was
able to highly reduce the influent concentration to the VF unit (82.2 ± 18.5% of TSS and
63.9 ± 4.1% of COD) helping to prevent bed clogging and reduce the required VF surface
area. On the other hand, the VF unit achieved stable effluent concentrations although its
removal efficiency was low (8 ± 19% TSS and 19 ± 6% COD). This low contribution of the
VF unit to particulate and organic matter removal was probably due to the large particle
size used as filtering media.

As for total nitrogen, 39.0 ± 8.1% removal was estimated for the combined (HD–VF)R
system. The anoxic character of the HD resulted in denitrification leading to an average
effluent concentration of 4.5 ± 3.5 mg NO3

−-N·L−1 where the largest values corresponded
to the higher recirculation rate. Meanwhile, nitrification occurred in the VF unit due to its
mostly aerobic environment which reached removal between 51% and 67% of NH4

+-N.
In addition, it was observed that the use of a relatively coarse filtering media in the VF
provided good surface removal capacity under non-clogging conditions and high SRL,
although with medium percent removal efficiencies. This clogging-free and sustainable
operation of the VF unit also contributed to the high solid retention efficiency of the HD,
which completely prevented sludge washing from the anaerobic digester, which would
otherwise enter the VF unit. The combined system showed a similar relative denitrification
and nitrification capacity, slightly lower for denitrification. Therefore, increasing the
TIN removal efficiency requires an improvement in denitrification in the HD as well as
nitrification in the VF. This could be achieved by using large recirculation rates and a
smaller particle size in the VF filtering media.

Regarding the PD unit, no effect was observed on the removal of nitrogen, particles,
and organic matter, while it had a clear role in the removal of some recalcitrant emerging
pollutants. ACE, OFL, CAF, and IBU compounds were effectively removed through the
biological treatment units while KET, ACB, and SOT required PD processes for their
removal from MW. In this way, the overall HD–VF–PD system achieved a removal efficiency
of 100% for OFL, KET, SOT, and IBU, greater than 80% for ACE, CAF, and ACB, and only
26% for BPA. The accumulation of EPs in the solid phases of the system (HD and VF units)
was found to be negligible. In addition, this study also found that the PD unit was more
efficient in the post-treatment position than as a first pre-treatment step. Variations in
recirculation point and recirculation rate within the HD–VF–PD system had no relevant
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effect on the overall EP removal efficiency. The reduction in the HRT of UV lamp from
0.5 to 0.25 h drastically reduced the removal of ACB while did not affect the removal of the
other compounds.

The results of this study indicate that photodegradation with UV lamps is an interest-
ing option to include in combined systems that aim for more complete removal of emerging
pollutants. Following the interesting results obtained at the laboratory scale, the order of
the units in the hybrid system and the position of the recirculation require further investiga-
tion, in particular in relation to the possible generation of by-products and also the overall
efficiency in the removal of parent pollutants. These aspects are related to the composition
of the water matrix, which is an important factor because both dissolved organic matter
and inorganic species can act as radical scavengers with an inhibitory or promoting effect
on EPs degradation [26].

New research should address these aspects and should preferably be conducted on a
pilot plant or field scale. UV radiation lamps are currently available on the market, while
anaerobic digesters and CWs are considered established technologies. Thus, the research
gap is in the integration and complementary nature of the technologies involved. An
additional issue of great relevance is the energy demand and costs of the proposed systems.
In this regard, Capodaglio [90] described methods to estimate the energy efficiency of
different advanced treatment processes. This author concludes that ionizing radiation—
including UV—could provide economical, reliable, and safer wastewater treatment.
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retention time; HUSB = hydrolytic up-flow sludge bed; IBU = ibuprofen; KET = ketopro-
fen; MW = municipal wastewater; OFL = ofloxacin; PD = photodegradation; Q = flow
rate; R = recirculation; SDA = specific denitrifying activity; SDR = surface denitrification
rate; SF = surface flow constructed wetland; SLR = surface loading rate; SMA = specific
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moval rate; TIN = total inorganic nitrogen; TSS = total suspended solids; UV = ultraviolet ra-
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