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ARTICLE INFO ABSTRACT

Keywords: The influence of the hydraulic retention time (HRT) on the performance of a high-rate algal pond (HRAP) with

CECs biomass settling and recycling for tertiary and quaternary treatment of domestic wastewater was herein eval-

EfChe'iChi“ coli uated. A decrease in the HRT from 4 days (P1) to 2 days (P2) did not entail substantial differences in the removal

E;g;l'rate algal pond efficiencies of nitrogen (54.3 + 11.6 and 54.0 + 7.3 %), phosphorous (42.6 + 21.6 and 39.3 + 35.8 %), organic

Microalgae carbon (33.5 + 12.2 and 38.4 + 26.4 %) and inorganic carbon (55.6 + 10.8 and 50.5 + 26.8 %). Escherichia coli

Nutrient removal (0.7 + 1.4 and 3.8 + 5.2 CFU-mL™}, respectively) and suspended solid (10 mg TSS-L™1 average) concentrations
in the effluent remained below European discharge limits. However, the effluent total nitrogen (TN) concen-
tration exceeded those limits, despite the high NH4 removal capacity (> 95 %) of the HRAP. Regarding CECs, 9
compounds were removed below their quantification limit in P1, and 5 compounds in P2. The HRT exhibited a
low impact on the total removal of CECs, with removal efficiencies of 57.6 + 4.0 % and 63.7 + 3.1 % during P1
and P2, respectively. The CEC concentrations retained in biomass increased at decreasing the HRT, with 723 and
1026 pg L~ at P1 and P2, respectively. Most of these compounds belonged to the group of fluoroquinolones or
anti-inflammatory drugs. Overall, HRAPs represent a cost-effective technology platform for tertiary and qua-
ternary treatment of domestic wastewaters.

1. Introduction

Domestic wastewater treatment in most developed countries is
nowadays carried out using conventional activated sludge processes
based on mechanical aeration via air bubbling or superficial turbines.
The high energy consumption of this aeration typically results in high
operating costs (45-75 % of the total cost) and a high environmental
impact due to indirect CO2 emissions [1,2]. Moreover, the limited
nutrient assimilation in the form of biomass in activated sludge pro-
cesses supports a low nutrient recovery from wastewater [3], which
leads to a loss of these valuable resources present in domestic
wastewater.

On the other hand, there is a growing concern about the environ-
mental and health related impacts of the so-called contaminants of
emerging concern (CECs), which are persistent synthetic organic
chemicals capable of damaging the environment at very low

concentrations (nano to milligrams per liter). Unfortunately, conven-
tional activated sludge processes provide an insufficient elimination of
these CECs (e.g., pharmaceutical compounds, analgesics, pesticides,
etc.), which nowadays limits the reuse of treated water [4-6]. This
limited treatment performance of conventional systems also extends to
other relevant processes such as the removal of pathogens from treated
water (i.e. fecal bacteria or other microorganisms that may be hazardous
to human health) [7]. Therefore, conventional secondary treatment
typically results in an effluent characterized by a low organic matter
content and high concentration of nitrates and nitrites along with above-
limit concentrations of phosphates [8,9] and other relevant contami-
nants like pathogens [10] and CECs [11], which must be removed before
being disposed into the environment.

Regarding the above-mentioned problematic, microalgae-based
processes represent a sustainable proposal for supporting conventional
activated sludge processes as a next step for the treatment of domestic
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wastewater [12]. Wastewater treatment in algal-bacterial photo-
bioreactors has been based on the intensification of the symbiosis be-
tween photosynthetic microalgae and heterotrophic/nitrifying bacteria.
In these systems, the photosynthetic oxygen produced by microalgae is
used by aerobic heterotrophic microorganisms (bacteria or heterotro-
phic microalgae) to oxidize organic matter, producing the CO5 that
microalgae need to carry out photosynthesis in the presence of sunlight.
In this context, nitrifying bacteria also use inorganic carbon as a carbon
source and oxygen as electron acceptor for NHj oxidation. The assimi-
lation in the form of algal-bacterial biomass of the CO5 produced during
the oxidation of organic pollutants and the inorganic carbon inherently
present in the wastewater leads to a higher recovery of nutrients (N, P),
and a decrease in the carbon footprint of the wastewater treatment
process [13-15]. The latter represents the basis of the tertiary treatment
of domestic wastewater. In this context, an effective mixing of the algal
cultivation broth can promote photosynthesis and support the high pH
and dissolved O, concentrations needed to boost pathogen removal from
treated wastewater [7,16]. Unfortunately, there is a limited knowledge
about the potential of algal-bacterial photobioreactors to remove path-
ogens from treated domestic wastewater.

Furthermore, algal-bacterial photobioreactors exhibit a series of
unique biological and abiotic mechanisms that could eventually support
a superior CEC elimination compared to activated sludge processes: i) an
effective photolysis mediated by solar UV penetration in the shallow
open ponds, ii) bioadsorption of CECs on the extracellular walls of
microalgae or in compounds (such as polysaccharides) released by
microalgae, iii) bioaccumulation (or bio-uptake) supporting the storage
of CECs inside the cells and their subsequent removal with the wasted
biomass; iv) biodegradation of CECs by algal-bacterial biomass medi-
ated by the action of enzymes and v) hydrolysis mediated by the high pH
and dissolved oxygen concentrations prevailing in the algal cultivation
broth. Despite the potential of algal-bacterial photobioreactors for CECs
removal, the number of studies assessing CECs fate during microalgae-
based quaternary treatment is still scarce, which will help adopting
this nature-based technology as an integrated part of a multi-stage
wastewater treatment system. There is also a lack of information on
how the removal of multi-pollutants evolves, and on their interaction
and competition during tertiary/quaternary microalgae-based removal
processes, since most studies using algal-bacterial systems were devoted
to secondary/tertiary treatment [11,17]. Furthermore, there is a lack of
information regarding the capacity of these systems to operate effec-
tively under hydraulic retention times (HRTs) that are practical for
tertiary treatment applications (i.e., 1-2 days), while secondary HRAP-
based treatment systems typically require 4-10 days of HRT [9].

This work evaluated the performance of a microalgae-based pond
implemented as a tertiary and quaternary treatment of real domestic
wastewater previously treated in a conventional denitrification-
nitrification activated sludge plant. In this regard, the influence of hy-
draulic retention time (HRT) on different process parameters was eval-
uated, including: (1) carbon and nutrient removal; (2) fecal pathogen
removal; and (3) CECs removal (both by biodegradation and bio-
adsorption/bioaccumulation on the biomass).

2. Methodology
2.1. Inoculum and feedstock

A consortium of microalgae was used as inoculum for the start-up of
the HRAP. This consortium was obtained from a high-rate algal pond
(HRAP) operated outdoors at the Institute of Sustainable Processes of
University of Valladolid (Valladolid, Spain). The main photosynthetic
species of the inoculum were Pseudoanabaena sp. (98 %), a cyanobac-
terium genus, and Chlorella vulgaris (2 %), a green microalga specie. The
feedstock used as substrate was the effluent of a nearby wastewater
treatment plant (WWTP) (Valladolid, Spain), which is operated based on
a denitrification-nitrification activated sludge process. This treated
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wastewater was weekly collected in 20 L batches and stored at 4 °C prior
use. The composition of this treated wastewater is shown in Table 1.

2.2. Contaminants of emerging concern and reagents

The 44 target CECs are listed in Table 3. These compounds are
grouped into different families: 22 antibiotics, 6 anti-inflammatories, 3
lipid regulators, 2 beta-blockers, 1 psychiatric drug, 1 antiparasitic, 1
hormone, 1 insect repellent, 1 pesticide, 4 cosmetic preservatives, 1
stimulant and 1 antipruritic. The selection of these compounds was
based on their high consumption nowadays, and their ability to maintain
their pharmacological potential in the environment. These compounds
have been reported to be, to a greater or lesser extent, persistent or
poorly degraded in conventional WWTP [18,19]. For a more accurate
quantification on the analytical instrumentation, i.e., tandem mass
spectroscopy (MS/MS), the following isotopically-labelled internal
standards were used: methylparaben-d4, ethylparaben-d5,
propylparaben-d7, naproxen-d3, diclofenac-d4, ibuprofen-d3, salicylic
acid-dy, ciprofloxacin-d8, sulfadimidine-d4, sulfamethoxazole-d4, sul-
fadiazine-d4, florfenicol-d3, progesterone-d9, carbamazepine-d10,
caffeine-d10, trimethroprim-d3 and clofibric acid-ds.

2.3. Experimental set-up and operating conditions

A pond mimicking a HRAP system (Fig. 1) was set up (in an indoor
laboratory) with a total volume of 11.25 L and a working volume of 9 L.
The reactor consisted of a polypropylene prism with a rectangular base
(30 cm x 15 cm) and a height of 25 cm (average water layer of HRAPs).
Two submerged pumps (model Eheim Compac 300) were used to
maintain the algal-bacterial broth in suspension. In order to mimic a real
process, the HRAP was in direct contact with the atmosphere and
exposed to a photosynthetic active radiation (PAR) similar to peak solar
radiation (1307 umol m~2 s™) by using visible and UV LEDs (360365
nm and 380-385 nm; 40 w m~2) operated under light:dark cycles of 12
h:12 h. A Watson Marlow 120S pump was used to supply the wastewater
to the HRAP. The reactor effluent was collected in a settler of 1 L ca-
pacity (Fig. 1c). A fraction of the settled biomass was recirculated back
to the reactor to maintain a high biomass concentration (0.9 + 0.2 and
1.0 + 0.3 g/L at P1 and P2, respectively), while another fraction of the
settled biomass was harvested periodically to maintain the mean cell
residence time (MCRT).

Table 1
Average pollutant concentrations in the influent and effluent of the HRAP sys-
tem. Removal efficiencies are calculated considering the evaporation of the
system.

Influent (mg L) Effluent (mg L™1) Removal (%)

PERIOD 1°

TOC 17.1 £3.1 13. £ 1.9 33.5+122
1C 86.2 +13.1 46.0 = 8.4 55.6 £ 10.8
TN 36.9 + 4.7 20.2 + 4.5 54.3 +11.6
NHz 27.5+ 8.0 1.31+£1.1 95.7 + 4.4
NO2 145 £19.5 8.69 + 4.1 49.99

NO3 48.6 + 30.6 66.9 + 20.0 —-15.5
P03~ 2.55+ 29 1.19 £ 0.6 42.6 = 21.6
PERIOD 2

TOC 16.9 £ 4.3 12.7 £ 4.4 38.4 + 26.4
IC 57.3+27.4 319+ 138 50.5 + 26.8
N 38.1 +11.2 224+ 5.4 54.0+7.3
NHy 146 £17.4 0.98 £ 1.5 97.5 + 3.2
NO3 27.1 £25.1 17.7 £ 8.4 41.61

NO3 74.5 + 37.9 64.8 + 19.5 22.08

P03~ 1.22 £ 0.63 0.59 + 0.29 39.3 + 35.8

# Period 1 and Period 2 correspond to HRT values of 4 and 2 days,
respectively.
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Fig. 1. A) Schematic diagram of the experimental HRAP system; B) Image of the HRAP; C) Image of the settler. Legend: Feedstock tank (1), Pumps (2 and 10), LED
lights system (3), HRAP (4), Settler (5), Effluent stream (6), Effluent tank (7), Purge stream (8) and Recirculation stream (9).

2.4. Evaluation of the influence of the HRT on the HRAP performance

The HRAP was operated for 108 days to evaluate the effect of HRT on
the removal efficiency of carbon, nutrients, CECs and pathogens. The
HRAP was operated during Period 1 (P1) for 77 days (corresponding to
22 days of start-up period (data not shown) and 55 days of process) at 4
days of HRT (corresponding to an influent flow rate of 1.6 mL min?)
and during period 2 (P2) for 31 days at 2 days of HRT (corresponding to
an influent flow rate of 3.2 mL min ’1). The external recirculation from
the bottom of the settler to the HRAP was paced at 50 % of the influent
flowrate at both conditions. The steady states in P1 and P2 were main-
tained for at least 3 weeks. The influent and effluent concentrations of
total organic carbon (TOC) and inorganic carbon (IC) were measured
twice a week, along with the concentrations of total nitrogen (TN), NHZ,
NOz, NO3, POg, Cl~ and SO . Total and volatile suspended solids (TSS
and VSS, respectively) concentrations and pH were quantified in the
influent, effluent, HRAP cultivation broth and waste biomass stream.
The dissolved O, concentration (DO) and the temperature in the culti-
vation broth of the HRAP were measured twice a week along with
chemical parameters. The influent and effluent concentration of
Escherichia coli was measured once a week. Finally, the concentrations of
CECs in the influent, effluent and settled biomass were determined
under steady state in P1 and P2.

2.5. Analytical procedures

Temperature and DO were measured using an OXI 3310 oximeter
(WTW, Germany). The pH was determined by using an Eutech Cyber-
scan pH 510 (Eutech instruments, The Netherlands). PAR radiation was
quantified using an LI-250a light meter (LI-COR Biosciences, Germany).
A Shimadzu TOC-VCSH analyser (Japan) coupled with a TNM-1 chem-
iluminescence module was used for TN, TOC and IC determinations,
from non-filtered samples (dissolved plus particulate forms). TSS and
VSS concentrations were determined according to standard methods
[20]. The concentrations of dissolved S-SO%, N-NO3, N-NO3, PO%’ and
Cl™ were determined by HPLC-IC (Waters 432, conductivity detector,
USA) according to Posadas et al. (2013) [21]. Dissolved N-NHJ con-
centration was determined by the Nessler method in a UV-2550 spec-
trophotometer (Shimadzu, Japan) [21]. E. coli concentrations were
determined according to Chambonniere et al. (2023) [22], where
removal efficiencies were expressed as percentage of removal and with
logarithmic removal values (LVR) (log10e(Cinfiuent/ Ceffluent)- Dissolved
phosphorous was measured following the orthophosphate determina-
tion method. In brief, 35 mL of sample (previously filtered through 0.45
nm filters and diluted if necessary) reacted with 10 mL of vanadate-
molybdate solution (previously prepared from heptamolybdate and
monovanate ammonia, at 25 and 1.25 mg L™}, respectively) and make-
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up to 50 mL of total volume with distilled water, followed by a 10 min
incubation time. The resulting solution was measured in a spectropho-
tometer at 470 nm (UV-2550 spectrophotometer (Shimadzu, Japan)).
Particulate forms of phosphorus were not measured, due to the low TSS
concentration measured on the secondary treated WW used as feedstock.
Microalgae and cyanobacteria identification was performed by micro-
scopic examination following the same procedure as Marin et al. (2021)
[23].

Influent and effluent samples from the experimental system oper-
ating under steady-state conditions were systematically collected, along
with purge biomass, using amber glass bottles during phases 1 and 2.
Three samples per condition were used, time-spaced all along their
respective steady state. Liquid samples were subsequently filtered using
a two-step process: first through 0.7 pm glass fiber filters, followed by
0.45 pm nylon membrane filters. This procedure aimed to minimize
microbial load and prevent sample degradation. Following filtration, all
samples were stored at —20 °C until further processing. The analytical
methods described by Lopez-Serna et al. (2011) [24] and Lépez-Serna
et al. (2019) [25] were followed for CECs extraction (from liquid and
solid phases) and quantitative analysis. In brief, a solid phase extraction
was carried out on 100 mL of 0.45 um filtered liquid samples fortified at
0.1 % NagEDTA and 1 pg/L of each internal standard compound using
Oasis® HLB cartridges (60 mg, 3 cc; Waters Chromatography, Barce-
lona, Spain). Each cartridge was eluted twice with 3 mL per elution. The
resulting solution was evaporated and then reconstituted in 1 mL of 0.1
% formic acid (FA) in H,O/MeOH (95:5). The final solutions were
analysed in a Sciex Exion UHPLC (Danaher, Washington DC, USA)
coupled to a tandem triple-quadrupole Sciex 6500+ QgQ mass spec-
trometer. A Kinetex EVO C18 (2.1 mm x 50 mm, particle size 1.7 pm)
reverse-phase column of Phenomenex (Danaher, Washington DC, USA)
was used as stationary phase in the liquid chromatography (LC) section
of the instrumental analysis. HoO and MeOH-based solutions containing
0.1 % formic acid were run as mobile phases. In the mass spectroscopy
(MS) section, an electrospray ionization interphase (ESI), working
simultaneously both on positive and negative mode was set. Acquisition
was carried out in Selected Reaction Monitoring (SRM) mode. The SRM
transitions are shown in Supplementary Material. The resolution at q1
and q3 was stablished at units. For sample quantification, an 8-level
standard addition calibration curve was built from 5 ng L™ to 1 x 10*
ng L™, Additionally, both calibration solutions and samples were for-
tified at 500 ng L~! with internal standards.

The same methodology described above was followed for the quan-
titative determination of CECs in solid samples of settled biomass.
However, these samples underwent previously a solid-liquid extraction
consisting of a two-cycle ultrasound assisted extraction (UAE) of 0.3 g of
lyophilized sample with a mixture methanol-H50 (10:90). In addition, in
contrast to the protocol described for liquids, internal standards were
spiked in the lyophilized samples the day before the extraction was
carried out. The 8-level regression curve for solids extended from 17 ng
g’l t0 1333 ng g -1

2.6. Data treatment

NHj stripping was calculated based on a nitrogen balance of the
system, attributing the net loss of nitrogen to this phenomenon. For this
calculation, the following equation was used:

N, stripping — TN; inf Qiﬂf — TN, efl Qeﬂ - Bpurge qurge *Nbiomass (€D)]

where Niyipping corresponds to the mass of nitrogen loss per day by
ammonia stripping (mg); TNy, and TN,z corresponds to the average total
nitrogen concentration (mg L™!) in the influent and the effluent of the
system. Qinf, Qet and Qpurge Stands for the inlet, outlet and purged flow
rates (L/d); Bpyrge Stands for the biomass concentration on the purge (mg
L™1); and Npjomass stands for the content of nitrogen mass on the biomass,
set at 0.124 based on the standardized biomass formula for microalgae
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(CsH,0,N).
The percentage of nitrogen lost by stripping was calculated based on
the following equation:

N
SRS 100 2

Nyy = —Srioping_
5 TNinf Qins

2.7. Economic analysis

A simplified techno-economic assessment was conducted for a ter-
tiary/quaternary wastewater treatment system based on HRAPs to
evaluate its economic implications. The system was designed to treat
1200 m® d~! of municipal effluent from a population equivalent (p.e.) of
6000 and consisted of four HRAPs (HRT = 2 days, depth = 0.25 m, as in
this study), requiring 9600 m? alongside an additional 20 % area
designated for harvesting and auxiliary equipment. Continuous opera-
tion of the plant throughout all 365 days of the year was assumed.

Capital expenditure (CAPEX) included land costs, construction of
HRAPs, and installation of harvesting units (Table 1, Supplementary
Material). Land costs were estimated at 1 € rn’z, based on current
agricultural land prices in Spain [26]. Although settling was used for
biomass separation, the addition of flocculants is typically required to
improve efficiency, which requires additional equipment such as a
flocculation tank, settler, and pumping systems.

Operational expenditure (OPEX) included electricity, flocculants,
maintenance and taxes and insurance. A breakdown is provided in
Table 1, Supplementary Material. The electricity demand for this ter-
tiary/quaternary treatment is primarily due to mixing (in the HRAP and
flocculant tank) and water pumping. In this regard, an annual electricity
consumption was estimated considering the electricity consumption in
the HRAP (0.08 kWh per m3) and a power consumption for harvesting
and other processes of 0.1 kWh per m® [27,28]. Regarding harvesting,
natural biopolymer-based flocculants, such as Tanfloc, offer a more
sustainable alternative. An estimated dosage of 50 mg L™ was assumed
in these calculations, based on previous studies [29]. Labor costs have
not been considered, as the plant will be operated by existing waste-
water treatment plant staff.

Apart from the benefits of wastewater treatment, the main revenue
for this system would be the valorisation of algal biomass as fertilizer.
Assuming an average biomass productivity of 15 g m~2 d ! in the HRAP,
the estimated annual revenue would be 21,024 €.

3. Results and discussion

The following section presents the results obtained in this study
under both HRT conditions. First, the environmental parameters that
governed the system's performance are described. Subsequently, the
results concerning key wastewater treatment parameters—such as car-
bon, nitrogen, and phosphorus removal, as well as the evolution of algal
biomass growth—are presented. The HRAP's capacity for fecal pathogen
removal is also reported. Finally, the last subsection describes the
changes in the concentration of CECs in the system (in both the liquid
phase and the biomass) for the two tested HRTs.

3.1. Environmental parameters

Temperature in the cultivation broth at steady state was of 27.4 +
2.4 and 31.8 + 1.5C in P1 and P2, respectively (Fig. 2A). The raise in
temperature was caused by a rise in room temperature to 25 °C during
P2 (plus the previous heat radiation of the LED system). The dissolved
oxygen concentration in the system gradually increased from 2 mg L ™!
to a mean value of 10.7 + 2.2 mg L ™! in P1 and 10.6 + 4.1 mg L' in P2
as a result of algal biomass growth. These dissolved oxygen concentra-
tions were high enough to allow oxidation of both the residual organic
matter and NH7 present in the WWTP effluent (which typically require
>2mg L! 0O2) [30]. Water evaporation accounted for 16.9 + 8.0 % and
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Fig. 2. Time course of A) temperature, dissolved oxygen concentration and
evaporation rate, and B) pH in the cultivation broth of the HRAP. Dotted line
indicates transition from P1 to P2.

26.8 + 6.3 % of the influent wastewater at HRT of 4 and 2 days,
respectively. The pH of the HRAP culture broth increased from 7.77, a
value similar to the feed (7.81), up to 8.4 + 0.4 during P1 and 9.2 + 0.4
during P2 (Fig. 2B). Thus, the cultivation broth of the HRAP underwent a
gradual alkalinization process due to photosynthetic activity (uptake of
CO3) [13]. On the other hand, the pH of the feed remained constant
throughout the process, with an average value of 7.75 + 0.43. These
environmental parameters ranged within typically reported values in
previous researches [31].

3.2. Carbon and nutrient removal

The inlet IC concentration under steady state at an HRT of 4 days
averaged 86.2 + 13.1 mg L1, while the steady state outlet IC concen-
tration at P1 accounted for 46.0 + 8.4 mg L™! (Fig. 3A). Similarly, the
inlet and outlet concentrations at an HRT of 2 days averaged 57.3 + 27.4
and 31.9 + 13.8 mg L™}, respectively. This corresponded to steady state
removal efficiencies of 55.6 + 10.8 and 50.5 + 26.8 % at P1 and P2,
respectively. IC plays a key role in the performance of HRAP, as it is the
assimilable form of carbon by microalgae and nitrifying bacteria, and
therefore, one of the major limiting factors of their growth [13]. IC may
be assimilated by microalgae by direct CO; assimilation via plasmatic
membrane; by converting HCO3 into COz by the enzyme carbonic
anhydrase; or by direct HCO3 transport through the plasmatic mem-
brane [32]. A decrease in HRT implied a higher loading rate of IC, which
in turn would allow a higher algal and oxygen productivity in the HRAP,
provided that light intensity is not limiting [13]. The fact that the
biomass grew in the photobioreactor under both HRTs demonstrated
that the input of IC present in the influent was high enough to prevent
growth limitation without the need of external carbon supply [33], also
considering biomass settling and recirculation to the HRAP, which helps
preventing biomass washout at the short HRTs herein tested. The HRT
was also high enough to provide the HRAP with a high capacity to buffer
the variations in the concentration of IC (present in the form of COo,
HCOj3 and CO%") in the feed. This fact was confirmed by the observed
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Fig. 3. Time course of the concentration of A) total organic carbon (TOC) and
B) inorganic carbon (IC) during HRAP operation. Dotted line indicates transi-
tion from P1 to P2.

drop in the inlet IC concentration occurring between days 84 and 98 due
to the active nitrification processes in the WWTP providing the treated
domestic wastewater (Fig. 3A). Posadas et al. (2015) [30] observed a
similar IC removal efficiency of 54 + 19 % (55.6 + 10.8 % in our study)
during the treatment of 50:50 (v/v) fish farm and domestic wastewater
in a 180 L HRAP operated at 7 days of HRT.

The inlet TOC concentrations under steady state for P1 and P2
averaged 17.1 + 3.1 and 16.9 + 4.3 mg L™}, while the outlet concen-
trations averaged 13.0 + 1.9 and 12.7 + 4.4 mg L™}, respectively. These
concentrations corresponded to steady states removal efficiencies of
33.5 £ 12.2 % and 38.4 + 26.4 % for P1 and P2, respectively. The fact
that the removal efficiency remained similar between both operational
periods suggests that a lower HRT can be used for organic carbon
removal without significantly affecting the performance of the system
regarding TOC. The slight increase in the TOC removal efficiency in P2
may be attributed to the higher growth of bacterial biomass, which as-
similates some organics contained in the feed as a source of energy and
carbon [13]. In this context, Posadas et al. (2015) [30] recorded a TOC
removal efficiency of 65 + 18 % at 7 days HRT in a HRAP treating a
50:50 (v/v) fish farm and domestic wastewater with 158 + 67 mg TOC
L1 of inlet concentration.

On the other hand, the TN concentrations under steady state at the
inlet flow averaged 36.9 4.7 and 38.1 + 11.2 mg L1, while the outlet
values averaged 20.2 + 4.5 and 22.4 + 5.4 mg L™}, for P1 and P2,
respectively. These effluent concentrations were above the maximum of
10 mg L7! required by current European regulations [9,34]. The
removal of this aggregate pollutant in the HRAP remained constant
throughout periods 1 and 2, with average removal values of 54.3 £ 11.6
% and 54.0 + 7.3 %, respectively. In this context, the time course of the
total nitrogen concentration (Fig. 4A) shows the capacity of the system
to adapt to the varying nitrogen concentrations in the feed. The observed
reduction in TN concentration in the HRAP was likely due to the
assimilation of ammonium in the form of algal and bacterial biomass.
Gomez-Serrano et al. (2015) [34] reported an effective tertiary treat-
ment with microalgae in semi-continuous mode (with an effective HRT
of 3.3 days), where negligible concentrations of nitrogen were reported
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Fig. 4. Time course of the concentration of A) total nitrogen (TN), B) ammonia
(NHZ), C) nitrate (NO3) and D) nitrite (NO3) during the HRAP operation.
Dotted line indicates transition from P1 to P2.

in the effluent of the system at inlet concentrations of 17 mg L™} (mostly
in NHZ form). Arbib et al. (2013) [35] obtained a TN removal efficiency
of 65.1 + 2.9 % operating a HRAP at 10 h of HRT during the tertiary
treatment of domestic wastewater, with average TN inlet concentrations
of 25.4 + 1.7 mg L™,

Similarly, high total ammoniacal nitrogen concentrations of 27.5 +
8.0 mg N L.™! were recorded in the influent of the HRAP in P1 as a result
of the poor nitrification activity of the WWTP, while inlet ammoniacal
nitrogen concentrations of 14.6 + 17.4 mg N L™! were observed in P2.
The average concentrations in the effluent averaged 1.31 + 1.1 and 0.98
+ 1.5 mg N L7}, respectively. Thus, the HRAP was highly efficient
removing NHj (Fig. 4B), with removal efficiencies of 95.7 + 4.4 and
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97.5 + 3.2 % at HRTs of 4 and 2 days, respectively (Table 1). The
removal of N-NHJ by the algal-bacterial biomass was likely mediated by
the uptake associated with the removal of residual organic matter and
inorganic carbon, and by ammonium nitrification (the latter supported
by the high dissolved oxygen and inorganic carbon concentrations). De
Morais et al. (2022) [8] achieved a similar NHJ removal efficiency of 95
% by using three interconnected 480 L photobioreactors at 24 h HRT as
tertiary treatment system. In this context, Matamoros et al. (2016) [36]
found a direct correlation between the removal of NH{-N and the
removal of CECs in wastewater. It is also important to highlight the
potential loss of ammonium through stripping to the atmosphere. In this
regard, a nitrogen balance was performed (Table 2), attributing the ni-
trogen loss in the system to ammonia stripping. A loss of 10.8 & 21.5 %
was estimated in P1 and 27.0 & 33.0 % in P2. The increase in nitrogen
loss observed at 2 days of HRT was consistent with the higher temper-
ature and higher pH recorded in this operational phase, despite the
shorter exposure time to the atmosphere resulting from the reduced
HRT.

The nitrate concentration (Fig. 4C) in the effluent of the HRAP (66.9
+ 20.0 mg L™1) during P1 was, on average, higher than the concentra-
tion in the feed (48.6 + 30.6 mg L™1), which suggested the occurrence of
an active nitrification in the HRAP at the HRT of 4 days. However, the
active nitrification in the full-scale activated sludge WWTP providing
the treated water in P2 resulted in nitrate concentrations slightly higher
in the influent (74.5 + 37.9 mg L™ than in the effluent (64.8 + 19.5
mg LY (Fig. 4C). Thus, the nitrate removal efficiencies averaged —15.5
% (= generation of nitrate from ammonium oxidation) and 22.08 % in
P1 and P2, respectively. On the other hand, nitrite concentrations
(Fig. 4D) averaged 14.5 + 19.5 and 27.1 + 25.1 mg L' in the influent,
while 8.69 + 4.1 and 17.7 + 8.4 mg L™! were detected in the effluent
during P1 and P2, respectively. In this context, the removal efficiencies
of nitrite under steady state were 50.0 % and 41.6 % in P1 and P2,
respectively. Overall, the high nitrate concentrations observed in the
HRAP effluent could indicate a nitrogen input exceeding the treatment
capacity of the photosynthetic system regardless of the HRTs tested. The
near complete removal of NHJ appears to be the result of an increased
activity of the nitrifying bacteria oxidizing this compound to NO3 and
NOg3 [10]. At this point it should be highlighted that ammonia nitrifi-
cation is a mechanism of ammonia removal, which do not entail nitro-
gen removal.

The influent phosphate concentrations under steady state averaged
2.55 + 2.9 and 1.22 + 0.63 mg L™! for P1 and P2, respectively, while the
effluent concentrations averaged 1.19 + 0.6 and 0.59 + 0.3 mg L,
respectively (Fig. 5). Hence, the phosphate removal efficiency remained
relatively constant throughout the process (42.6 + 21.6 and 39.3 +
35.8, in P1 and P2, respectively). The concentration peak in the feed
during days 35 and 39 in phase 1, reaching concentrations up to 10 times
higher than the average, was likely due to a punctual malfunction of the
WWTP. Excluding this phosphate concentration peak, the effluent
phosphate concentrations remained below 1 mg L7} as required by
current European regulations [9,34]. Phosphate removal in HRAP sys-
tems occurs by precipitation induced by the raise of pH (due to photo-
synthetic activity), as well as by microalgae assimilation in the form of
biomass and accumulation as polyphosphates (the latter mechanism
known as luxury uptake) [13]. It is worth mentioning the lower phos-
phate concentration measured in the influent at P2, along with the
higher standard deviation observed for TN at this condition. Based on
the availability of inorganic and organic carbon in the cultivation, the
larger variation in nitrogen removals recorded in P2 might be attributed
to a lower N:P ratio. Other authors, such as Sukacova et al. (2015) [37]
showed a similar phosphate removal efficiency of up to 41 + 11 % using
a microalgae biofilm photobioreactor illuminated with real sunlight in a
tertiary treatment process with an inlet concentration of 2.9 + 0.1 mg P
L~!. Gémez-Serrano et al. (2015) [34] achieved negligible concentra-
tions of phosphate in the effluent of an effective tertiary treatment with
microalgae in semi-continuous mode (with an effective HRT of 3.3 days)
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Table 2
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Nitrogen balance calculated in the system for both periods, based on the nitrogen contained on the influent, the effluent and biomass purged per day. The nitrogen
missing in the balance was attributed to the stripping of ammonia to the atmosphere.

Purge (8biomass) N Influent (mg) N Efluent (mg) N Biomass (mg) N stripping (mg) Stripping (%)
Period 1° 0.31 + 0.09 88.5 +11.3 39.7 £9.9 39.1 +£11.3 9.58 +19.0 10.8 + 21.5
Period 2 0.46 + 0.15 182.9 + 53.6 78.8 £ 20.1 56.5 + 12.3 49.3 £ 60.3 27.0 +33.0

@ Period 1 and Period 2 correspond to HRT values of 4 and 2 days, respectively.
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Fig. 5. Time course of the concentration of phosphate (POz) during HRAP
operation. Dotted line indicates transition from P1 to P2.

at an inlet concentration of 10 mg L1, Arbib et al. (2013) [35] reported
a phosphate removal efficiency of 58.8 + 1.2 % in a HRAP operating at
10 h HRT during tertiary treatment with average inlet concentrations of
2.03 £ 0.13mgP L1, In this regard, Velasquez-Orta et al. (2024) [38]
performed a meta-analysis of different HRAPs at pilot scale, observing
an average removal of 50 % in PO}~ together with 90 % in NHZ, which
are similar values than those of our study.

The biomass in the HRAP grew gradually over time and was main-
tained at 1 g/L via periodic biomass wasting from the bottom of the
settler (Fig. 6). In this regard, once the HRAP reached this target biomass
concentration, a 0.1 L purge was carried out each sampling day, ac-
counting for 1.11 + 0.33 and 1.59 + 0.54 g of total biomass removed per
sampling event in P1 and P2, respectively. Thus, average biomass con-
centrations in the HRAP of 0.9 + 0.2 and 1.0 + 0.3 mg TSS L1 were
recorded during P1 and P2, respectively (with a VSS/TSS ratio of 0.73 +
0.09). Moreover, the biomass concentration in the effluent (after
settling) averaged 10 mg TSS L™}, which was lower than the 35 mg L™*
required by current European regulations [9]. The high biomass growth
rate, together with the high aggregation and precipitation capacity of
the algal-bacterial biomass, allowed the HRAP to be operated at HRTs as
low as 2 days (which typically entail algal washout in HRAP without
biomass recirculation). Under this operational strategy, the solid
retention time (SRT) set during P1 and P2 accounted for 8.0 + 3.0 and
6.5 + 2.8 days, respectively. The higher SRT values compared to the
HRTs (in both conditions) allowed to avoid the washout of microalgae
and nitrifiers despite the low HRTs tested [39]. These values of HRT at
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Fig. 6. Time course of the concentration of biomass in the HRAP and settler
measured as TSS. Dotted line indicates transition from P1 to P2. VSS/TSS ratio
was 0.73 £ 0.09.

the prevailing temperatures of the culture broth guaranteed the estab-
lishment of a stable algae and nitrifying population.

The capacity of the HRAP to eliminate pathogens during tertiary
treatment was assessed using E. coli as indicator species, a highly
widespread fecal bacterium in domestic wastewater. The average con-
centration of E. coli in the effluent under steady state was 0.7 + 1.4 and
3.8 + 5.2 CFU mL™! during P1 and P2, respectively (Fig. 7). Influent
E. coli concentrations of 28.6 + 15.2 CFU mL™! were recorded during
P1, while the E. coli concentration increased up to 600 CFU mL ™! in P2.
Despite the rapid rise in E. coli concentration in the feed at the end of P2,
the HRAP was highly effective at eliminating this pathogen, with an
average removal efficiency of 97.4 + 4.5 % and 99.0 + 0.4 % at P1 and
P2, respectively. These removal efficiencies corresponded to logarithmic
removal values (LRV) of 1.59 and 1.75, respectively. The extended
exposure to light (visible and UV), the predatory effect (by viruses,
protozoa and other organism) and the toxicity for pathogens induced by
the high pH and O; concentration were likely the main mechanisms for
this effective pathogen removal [7,31]. The effluent E. coli concentra-
tions recorded in this experiment were below the maximum limit for the
reuse of water for agriculture imposed in Spain (200 CFU/ 100 in 50 %
of samples or 1000 CFU/100 mL in 90 % of the samples measured) [40].
Ruas et al. (2018) [41] obtained similar removal efficiencies in an HRAP
during secondary domestic wastewater treatment at a HRT of 5 days:
98.6 % of E. coli, 99.7 % of Enterococci sp. and 97.4 % of Pseudomonas
aeruginosa, with an average removal efficiency of total coliforms of 88.7
%. Buchanan et al. (2018) [42] obtained a similar LRV of 1.75 in an
HRAP treating a septic tank wastewater at 4 days HRT. Finally, Cham-
bonniere et al. (2020) [43] obtained an average E. coli LRV of 1.77 +
0.54 in two 0.83 m> HRAPs fed with domestic wastewater at 10.3 days of
HRT.

Overall, the application of a tertiary treatment based on microalgae-
bacteria associations supported an effective removal of nutrients, carbon
and pathogens. The use of microalgae for wastewater treatment has
consistently reported in literature for secondary treatment [44,45], but
also as an efficient tertiary treatment platform [32]. Here, the decrease
in HRT from 4 to 2 days did not exert a significant impact on the per-
formance of the HRAP, which was likely due to the effective retention of
algal-bacterial biomass mediated by the settling and recirculation.
Indeed, the observed differences in process performance were more
related to variations in the composition of the influent wastewater than
to the increase in wastewater load.
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3.3. CECs removal

For a significant number of the target CECs compounds analysed in
the effluent of the WWTP, herein used as influent in the HRAP for ter-
tiary and quaternary treatment, concentrations below the limits of
detection (MDL) and quantification (MQL) were observed (Table 3).
Therefore, the discussion was herein elaborated in terms of detected or
non-detected compounds rather than concentrations and removals for
each of the individual 44 CECs analysed. At an HRT of 4 days, the HRAP
was able to remove the following 9 CECs below their limits of quanti-
fication: nalidixic acid, sulfamethoxazole, clarithromycin, apramycin,
naproxen, acetaminophen, atorvastatin, propranolol and atenolol. On
the other hand, at 2 days of HRT, the HRAP removed the following 5
CECs under the limit of quantification: atenolol, acetaminophen, clofi-
bric acid, progesterone and methylparaben. These results confirmed the
high efficiency of HRAPs for the removal of emerging pollutants as a
post-treatment or polishing step [46,47].

For ofloxacin (P1), tiamulin (P1), naproxen (P2), salicylic acid (P1),
atorvastatin (P2), carbamazepine (P1 & P2), DEET (P1 & P2), atrazine
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(P2), 4-hidroxybenzoic acid (P1) and caffeine (P2), similar concentra-
tions in the influent and effluent of the HRAP were observed (Table 3).
Unexpectedly, higher concentrations of CECs were found in the effluent
for some of these compounds. This may be due to the delays caused by
the high operational HRTs (4 and 2 days in period 1 and 2, respectively)
and the inherent fluctuations in the inlet CECs concentrations in the real
secondary effluent treated. In addition, the high evaporation rates
(ranging from 7.1 to 29.2 % and from 16.7 to 33.4 % of the influent
flowrate at P1 and P2, respectively) inherently caused an increase in the
concentration of all CECs in the treated WW.

Some CECs with unusually high differences in the concentration
between periods were identified (Table 3). For instance, salicylic acid
was present at much higher concentration in the inlet in period 2 (6446
ng L™1) than in period 1 (34 ng L™1), although medium to good removal
efficiencies were recorded in both cases (19.7 and 71.6 % at P1 and P2,
respectively). Additionally, diclofenac was found at the HRAP outlet ata
concentration of 2788 ng L7 lin period 1 in comparison to 361 ng L7 lin
period 2 (average values of 461 and 181 ng L' were recorded at the
inletin P1 and P2, respectively), which entails one order of magnitude of

Table 3
Concentrations of contaminants of emerging concern measured in the influent, effluent and biomass during the wastewater treatment in an algal-bacterial
photobioreactor.
Period 1° Period 2
Effluent (ng LhH Influent (ng LhH Biomass (ng g’l) Effluent (ng LhH Influent (ng LY Biomass (ng g’l)
Antibiotics Penicillin G <MDL <MQL <MQL <MQL <MQL <MDL
Doxycycline <MQL <MDL <MQL <MDL <MDL <MQL
Tetracycline <MDL <MDL <MDL <MDL <MDL <MDL
Ciprofloxacin 243 105 55 242 150 53
Ofloxacin 90 94 33 108 30 26
Levofloxacin 66 216 24 160 74 18
Norfloxacin <MDL <MDL <MDL <MDL <MDL <MQL
Nalidixic acid <MQL 9 <MQL <MQL <MQL <MDL
Sulfadimidine <MDL <MDL <MDL <MQL <MQL <MQL
Sulfadiazine <MQL <MDL <MDL <MQL <MQL <MQL
Sulfamethoxazole <MQL 126 <MDL <MQL <MDL <MDL
Sulfamethizole <MDL <MQL <MDL <MDL <MDL <MDL
Sulfathiazole <MDL <MDL <MDL <MDL <MDL <MDL
Sulfapyridine <MDL <MDL <MDL <MDL <MDL <MDL
Tylosin <MDL <MDL <MDL <MDL <MDL <MDL
Erythromycin <MDL <MDL <MDL <MQL <MQL <MDL
Clarithromycin <MDL 125 <MQL 73 <MQL <MQL
Apramycin <MDL 64 <MDL <MDL <MDL <MDL
Tiamulin 3 16 <MDL <MQL <MDL 5
Florfenicol <MDL <MQL <MQL <MDL <MDL <MQL
Trimethoprim <MDL <MQL 217 <MDL <MDL <MQL
Anti-inflammatories Dexamethasone <MDL <MDL <MDL <MDL <MDL <MDL
Diclofenac 2788 461 <MQL 361 181 590
Naproxen <MQL 255 <MQL 94 59 <MQL
Ibuprofen <MDL <MDL <MDL <MDL <MDL <MDL
Acetaminophen <MQL 63 174 <MQL 15 137
Salicylic acid 53 34 32 1849 6446 17
Lipid regulators Clofibric acid <MDL <MDL <MDL <MDL 28 <MDL
Atorvastatin <MQL 64 <MDL 25 12 <MDL
Gemlfibrozil 182 243 <MDL 172 45 <MDL
Beta-blockers Propranolol <MDL 27 <MQL 13 <MQL 28
Atenolol <MDL 175 <MDL <MDL 184 <MQL
Psychiatric drugs Carbamazepine 21 13 4 20 25 3
Anti-parasitics Metronidazole <MQL 42 <MDL <MQL <MQL <MDL
Fenbendazole <MDL <MQL <MQL <MDL <MDL <MQL
Hormones Progesterone <MQL <MQL <MQL <MQL 42 <MQL
Insect repellents DEET 106 80 18 103 168 27
Pesticides Atrazine <MDL <MQL <MQL 2 2 13
Cosmetic preservatives Methylparaben <MDL <MQL 120 <MDL 121 74
Ethylparaben <MDL <MQL <MDL <MDL <MDL <MDL
Propylparaben <MDL <MDL <MQL <MDL <MDL <MDL
4-hidroxybenzoic acid 52 40 33 490 170 18
Stimulants Caffeine 320 <MDL 13 135 90 7
Anti-pruritics Crotamiton <MQL <MQL <MQL <MOQL <MQL <MDL
Total concentration 3924 2252 723 3847 7842 1016

Note: <MDL for concentrations below the detection limit. <MQL for samples below the quantification limit.

? Period 1 and Period 2 correspond to HRT values of 4 and 2 days, respectively.
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difference. HRAPs have shown high removal efficiencies of diclofenac
(identified as a high priority compound by the EU under the Water
Framework directive) during domestic wastewater treatment [48]. In
this context, Escapa et al. (2016) [49] demonstrated the ability of
Chlorella vulgaris to tolerate high concentrations of diclofenac, reaching
up to 79 % removal efficiencies in a bubbling column photobioreactor
treating synthetic culture medium (25 mg L™! of inlet diclofenac) in
semicontinuous mode with an effective HRT of 3.3 days.

Overall, excluding diclofenac on period 1, lower total CEC concen-
trations in the effluent compared to the influent of the HRAP were
recorded in both periods, with similar removal efficiencies in liquid
phase of 57.6 + 4.0 % and 63.7 + 3.1 % for period 1 and 2, respectively.
In this regard, Hom-Diaz et al. (2017) [50] observed pharmaceutical
removal efficiencies higher than 48 % in a microalgal photobioreactor
treated toilet WW at 12 and 8 h of HRT. Similarly, Matamoros et al.
(2015) [51] observed no statistical difference in CECs removal at 8 and
4 days of HRT in a HRAP treating urban wastewater in summer, where
environmental conditions may be comparable to the temperatures pre-
vailing in the HRAP of this work (28.3 + 2.4 °C). Comparing our tertiary
treatment with a non-HRAP based treatment, Chen et al. (2024) [6]
analysed the efficiency of 2 activated sludge WWTPs following a tertiary
treatment based on a high efficiency sedimentation tank (HEST) fol-
lowed by a denitrification deep bed filter (DDBF). In this study, the
tertiary treatment removed 10.2 and 55.8 % of the CECs from the sec-
ondary effluents, accounting for 2.93 and 2.36 % of the total WWTP
CECs removal. Similar to our study, the tertiary system was efficient at
removing certain CECs such as paracetamol, sulfamethoxazole etc...
while it was totally inefficient for other CECs, even increasing their
concentration as in the particular case of carbamazepine.

In addition, the biomass samples analysed also exhibited rather
fluctuating CEC concentrations (Table 3). Many of the target compounds
were present below the detection and quantification threshold. Most of
those CEC quantified in the biomass belonged to the groups such as
fluoroquinolones (ciprofloxacin, ofloxacin and levofloxacin), with 112
(P1) and 107 (P2) ng g’1 in total; or anti-inflammatories (diclofenac,
naproxen, acetaminophen and salicylic acid), with 204 (P1) and 744
(P2) ng g~ ! in total. This groups are characterized by their high partition
coefficients (logP), which facilitates their transition from the liquid to
the solid phase of the biomass [52,53].

CEC concentrations in the biomass were also relevant all along the
process, indicating that bioaccumulation and bio-adsorption in the
algal-bacterial biomass were remarkable during tertiary and quaternary
treatment in the HRAP. Interestingly, the HRT impacted this CEC
accumulation in the biomass. Hence, lower HRTs resulted in higher
CEGCs concentrations in the algal-bacterial biomass (723 ng L™! at P1,
1016 ng L' at P2), and consequently higher removal efficiency medi-
ated by the increasing biomass production rates at lower HRTs [51].
This CEC concentration in biomass allows us to acknowledge what kind
of degradation processes are more important for each CEC and HRT
condition, distinguishing between bioadsorption/bioaccumulation pro-
cesses and biodegradation/biophotolysis/hydrolysis ones. The increase
in the CECs concentration in the biomass at lower HRT, while supporting
similar overall CECs removals between the two operational conditions,
suggests that bioadsorption/bioaccumulation mechanisms act faster
than biodegradation mechanisms. Thus, it is likely that the CECs
retained in the biomass via bioadsorption could be more susceptible to
removal via biophotolysis and biohydrolysis due to their higher expo-
sure to radiation and environmental conditions, while those retained by
bioaccumulation could be more prone to removal by biodegradation
since they are already inside the microalgae/bacterial cells. Unfortu-
nately, it was not possible to determine the extent of each specific
mechanism with the methodology used in this study.

It is noteworthy that the MDL and MQL were, in general, higher in
the effluent than in the influent. This entailed that some CECs could not
be detected or quantified in the effluent but were quantified in the
influent. Typically, wastewater treatment processes eliminate

Algal Research 91 (2025) 104239

interfering compounds, resulting in simplified matrices that entail a
lower signal-to-noise ratio and, therefore, lower MDL and MQL at the
effluent of the system in comparison to the influent. In this particular
study, the effluent of the microalgae-based treatment system likely
presented interfering compounds, such as photosynthetic pigments
(chlorophylls, carotenoids, etc...) as well as multiple organic metabo-
lites, which increased the signal to noise ratio and, thus, the MDL and
MOQL [19,54]. This could explain the higher limits of detection and
quantification estimated for many CECs at the effluent. The MDL and
MOQL for the target compounds are given in Supplementary material.

Overall, the proposed system effectively removed approximately 60
% of the CECs present in the secondary-treated wastewater, with no
significant differences observed between the applied HRTs. However,
the removal behavior of individual CECs varied according to their
physicochemical properties, with some compounds showing high
removal efficiencies, while others were barely affected by the tertiary/
quaternary treatment. The accumulation patterns of each CEC in the
biomass provided insights into the predominant removal mechanisms
for specific compounds, although a comprehensive understanding of
these processes cannot be achieved with the methodology applied in this
study. While the use of a generalized approach allowed for an overall
assessment of CEC removal, a more targeted methodology is required to
elucidate the behavior of individual CECs (or groups of CECs) under the
proposed tertiary treatment conditions.

3.4. Sustainability and economic analysis

This simplified economic evaluation of the HRAP-based tertiary/
quaternary treatment system provides insights into its cost structure and
operational feasibility. The total capital expenditure was mainly driven
by construction costs of the ponds and harvesting units, while opera-
tional costs were dominated by electricity consumption and flocculants
usage. The capital investment required for the system (85,943 €) is
competitive when compared to membrane-based tertiary treatments,
which typically involve higher infrastructure costs (approximately 400 €
pe ) vs 71.62 € pe~! in the case of microalgae-based systems [55].
Operational costs (45,723 € per year, equivalent to 0.104 € m~%) are
lower also compared to other tertiary treatment methods such as
membrane filtration, photo-Fenton processes, or constructed wetlands
(0.4-1.0 € m~3). However, they are higher than those associated with
simpler disinfection techniques like chlorination or ozonation, which
typically cost around 0.004 € m~ and 0.03 € m~3, respectively [56].

Domestic wastewater treatment is typically performed using acti-
vated sludge processes, with operational costs typically ranging from
0.17 to 0.75 € per cubic meter [57,58]. Therefore, the combination of
conventional secondary activated sludge treatment with algal-based
tertiary/quaternary processes results in a higher overall OPEX
(0.27-0.85 € m ). Nonetheless, this approach offers added value
through enhanced nutrient removal and the potential for biomass val-
orisation, with an estimated annual biomass productivity equivalent to
21,024 € (0.048 € m™3).

In terms of environmental impact, the installation of a HRAP system
for tertiary/quaternary treatment would imply an indirect increase in
CO2 equivalent emissions due to the energy consumption for culture
mixing. For the aforementioned reference scenario, the implementation
of a microalgal-based system for tertiary/quaternary treatment would
result in an increase in CO; emissions due to electricity consumption of
19.8 ton-eq per year, assuming a CO» footprint of 0.174 kg equivalent
per kWh. Furthermore, it has been proven that this type of plant might
emit significant quantities of nitrous oxide (N2O) into the atmosphere,
representing an emission with a high greenhouse effect (298 kg CO,
equivalent kg N,0™1) [59]. In the reference case, N,O emissions from
the HRAP would represent 779 kg CO5-eq y ! considering the empirical
ratio of 0.05 mg N-N2O g N input_1 [60]. Nevertheless, direct CO5 re-
ductions of 96.2 ton-eq per year would occur in this process as a result of
photoautotrophic microalgal growth, considering a biomass production
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of 52.56 ton y ! and 1.83 g of CO, consumed for each gram of algal
biomass. As a result, this process will contribute to decrease the carbon
footprint of the wastewater system. There is also a loss of water in the
process, due to biomass harvesting and, more significantly, evaporation
from the HRAPs, given the large surface area required. Although
approximately 27 % of the influent wastewater was lost at an HRT of 2
days, the mixing system used in this study was oversized and not
representative of a large-scale system. In this regard, considering an
average evaporation loss of 9 L. d~! m~2 in temperate climates, the total
annual water loss would be approximately 31,536 m>, representing 7.2
% of the influent wastewater [61]. The environmental impact of the
plant must be taken into account in the evaluation of the balance be-
tween the ecological damage to be avoided by the pre-discharge
wastewater treatment compared to the environmental impact involved
in the implementation of the treatment plant. Here, it is important to
emphasise the high CECs removal capacity of the HRAP and the benefits
associated to their removal [5,11]. Overall, microalgae-based tertiary
treatment is a viable option, especially in regions with land availability
and strong environmental regulations on nutrient discharge.

In conclusion, the implementation of a tertiary/quaternary treat-
ment entails an increase in both economic and environmental costs,
which must be carefully considered when assessing the overall viability
of the process. These additional costs should be weighed against the
improvements achieved in the removal of nutrients, pathogens, and
CEGs, as discussed in the previous section. The potential valorization of
the algal biomass produced may partially offset the additional expenses
associated with the integration of this advanced treatment stage into
domestic wastewater management.

3.5. Limitations of this study

Although the present study provides valuable information on the
tertiary/quaternary wastewater treatment potential of microalgae, it
should be noted that the proposed experimental design has certain
limitations. On the one hand, the concentrations of the pollutants at the
inlet of the system underwent large variations throughout the operation
of the process as a result of fluctuations in the treatment performance of
the preceding activated sludge process. This implied a lack of stability in
many of the parameters measured in the system, which makes it difficult
to draw certain conclusions from the data recorded, especially with re-
gard to the legal limits that must be fulfilled when discharging water
into the environment. On the other hand, although the analysis of the 44
CECs targeted in this research has simultaneously allowed us to observe
their interaction when they are removed from the system, the applica-
tion of a general analytical method for all these compounds has implied
MQLs and MDLs with very high values given the low concentrations of
many of the CECs analysed. Therefore, the subsequent application of
more specific methods for groups of CECs could be relevant in order to
know the specific concentrations of these pollutants.

4. Conclusions

The HRAP configuration herein tested was effective at removing
contaminants during tertiary and quaternary treatment of domestic WW
at short HRT (4 and 2 days). Biomass settling and recirculation pre-
vented biomass washout at 4 and 2 days of HRT. The tested HRTs did not
exert significant differences in the capability of the HRAP to remove
contaminants from treated wastewater. The system was able to maintain
phosphate, E. coli and biomass concentrations in the effluent below EU
discharge limits, while TN concentrations exceeded such limits, mainly
in the form of nitrite (P1 = 8.69 and P2 = 17.7 mg L~1) and nitrate (P1
= 66.9 and P2 = 64.8 mg L™ 1). In this context, nearly all inlet NH-N
(>95 %) was removed in the clarified effluent, mediated by an effective
assimilation in the form of algal biomass and primarily by nitrification.

The removal of CECs was influenced by the inherent variations of
their concentration in the influent of the HRAP, where the tested HRTs
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did not substantially impact their removal. Overall, the HRAP supported
similar CECs removal efficiencies of approximately 60 %, despite the
concentrative effect caused by the high evaporation rates observed
during the operation. In this regard, 9 compounds were removed below
their MQL in P1 and 5 compounds in P2. On the other hand, the accu-
mulation of CECs in the biomass increased at increasing wastewater
loading rates, which provide interesting insights into the microalgae
mechanism for CEC removal (i.e. bioadsorption/bioaccumulation/
biodegradation). Despite the high removal efficiencies recorded in this
study, further research in needed to optimize HRAP performance during
quaternary treatment.
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