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A B S T R A C T

Wastewater treatment plants play a key role in the release of pharmaceuticals and other contaminants into the 
aquatic environment, causing negative effects on the ecosystems of receiving water bodies. This work aimed to 
assess the removal efficiency of real loads of these contaminants by wastewater-native microalgae consortia 
acting on treated wastewater previously subjected to secondary treatment. Wastewater sampling and removal 
efficiency experiments were conducted over 1 year at three different sampling points. Nineteen pharmaceutical 
compounds of different drug classes (stimulants, anticonvulsants, antidepressants, antibiotics, β-blockers, lipid 
regulators, and nonsteroidal anti-inflammatory drugs/analgesics), as well as one herbicide/algicide (Diuron) 
were detected and quantified. Native blooming microalgae consortia were grown in treated wastewaters, and 
their potential to remove these compounds was quantified. The removal efficiency of these compounds by native 
microalgae consortia was variable, ranging from almost no removal for Clofibric acid or Ketoprofen to near 
complete removal for Fluoxetine, Venlafaxine, Atenolol or Diuron. These variations were influenced not only by 
the molecular nature of the compounds but also by the microbial composition variability of the microalgae 
consortia, especially among the prokaryotes present. Overall, microalgae consortia successfully removed be
tween 40 % and 83 % of the total detected compounds, preventing a significant part of these from entering the 
aquatic environment, contributing to enhance treated wastewater quality. Significant biomass growth was 
observed, reaching dry-weight concentrations up to 2.6 g.L− 1, indicative of good capacity of the grown consortia 
to deal with the toxicity effects of the pollutants. In addition to what is now reported, microalgae treatment also 
removes other pollutants, such as nutrients, metals or microplastic particles, constituting a versatile tertiary 
treatment for polishing treated wastewaters. These findings demonstrate the potential of native microalgae 
consortia-based systems to improve wastewater treatment processes, mitigating the environmental impact of 
pharmaceutical compounds while producing potentially useful biomass.

1. Introduction

The increasing use of pharmaceutical compounds (PhCs) in modern 
society poses a growing threat to both environmental and human health 
(Pérez-Lucas et al., 2023). A significant portion of these compounds is 
excreted unchanged or as biologically active metabolites, reaching 
aquatic ecosystems via domestic and industrial wastewater or surface 
runoff, contributing to the pool of potential environmental contami
nants of emerging concern (CECs) (Paíga et al., 2019). Wastewater 

treatment plants (WWTPs) are major entry points of PhCs into the 
environment, as conventional treatment systems are not specifically 
designed to remove such contaminants, often functioning as permeable 
barriers (Gonzalez-Rey et al., 2015; Salgado et al., 2010; Sutherland 
et al., 2018). Additional relevant sources include hospital effluents and 
discharges from pharmaceutical manufacturing facilities (Moghaddam 
et al., 2023). As a result, PhCs have been detected in surface waters and 
in the tissues of aquatic organisms (Gonzalez-Rey et al., 2015; Samal 
et al., 2022; Szopińska et al., 2022).
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Recognition of the risks associated with PhCs has led to new regu
latory frameworks within European water policy, including Directive 
2013/39/EU, the Urban Wastewater Treatment Directive (91/271/ 
EEC), and the Watch List established by Implementing Decision (EU) 
2022/1307, which includes ten PhCs, with six new additions, such as 
antibiotics (e.g., sulfamethoxazole and trimethoprim) and psychiatric 
drugs (e.g., venlafaxine). Over the past decades, the persistence of PhCs 
in treated effluents has been widely reported (Gaffney et al., 2017; 
Sutherland et al., 2018), with notable prevalence of non-steroidal 
anti-inflammatory drugs (NSAIDs), analgesics, antibiotics, antidia
betics, hormones, radiologic agents, β-blockers, and lipid regulators. 
Their occurrence varies according to demographic factors, population 
habits, and treatment technologies (Gaffney et al., 2017).

In Portugal, available data on PhCs in treated effluents are still 
limited, with most research focusing on influents or sludge (Silva et al., 
2021b; Pereira et al., 2023). The compounds detected (Table 1) align 
with global trends, with antibiotics, NSAIDs, lipid regulators, and psy
chiatric drugs being most frequently reported. Paíga et al. (2016) found 
19 out of 33 targeted PhCs in the Lis River (Leiria region), with 
increasing concentrations downstream of WWTPs. In southern Portugal, 
Rocha et al. (2013) reported the presence of pharmaceutical endocrine 
disruptors in the Formosa Lagoon, a protected natural area that receives 
treated effluents from one of the WWTPs studied. In the same region, 
Gonzalez-Rey et al. (2015) detected 13 pharmaceuticals in the Arade 
Estuary, with notable concentrations of caffeine (804 ng L− 1) and 
theophylline (186 ng L− 1).

The presence of emerging contaminants (CECs), such as PhCs, may 
compromise the safe reuse of wastewater, a crucial practice in water- 
scarce regions like the Mediterranean, where nearly 50 % of the popu
lation experiences water shortages during the dry season (Pereira et al., 
2017). In southern Portugal, reservoir levels reached only 6 % of their 
useable capacity during the summer of 2024 (Águas do Algarve, 2024). 
In response, the Portuguese Environment Agency has launched a stra
tegic plan to promote water efficiency, encouraging sustainable waste
water treatment methods that enable reuse, particularly in 
water-intensive sectors such as agriculture and tourism (Pereira et al., 
2017). Both WWTPs analysed in this study operate under such 

conditions, being located near golf courses or orchards.
The need for improved wastewater treatment and reuse is also 

emphasized by international frameworks such as the EU Water Frame
work Directive and the United Nations Sustainable Development Goals 
(SDGs), particularly SDG 6, which aims to ensure availability and sus
tainable management of water and sanitation for all (Pereira et al., 
2017). This need for sustainable water management is a global concern, 
impacting countries in Southern Europe, the Middle East, Asia, and 
Africa, due to climate change, population growth, agricultural chal
lenges, and impaired water quality. Consequently, wastewater reuse has 
become a global priority, with increasing investments in innovative 
treatment solutions (UNESCO, 2024)

Microalgae-based systems are emerging as promising solutions for 
removing CECs, including PhCs, from treated effluents. These photo
synthetic microorganisms are capable of metabolizing various organic 
compounds while producing biomass in nutrient-limited media 
(Maryjoseph and Ketheesan, 2020). This biomass can be further valo
rized within biorefinery contexts, through fractionation into high-value 
products (Aditya et al., 2022; Mojiri et al., 2022). Compared to other 
tertiary treatments, microalgae-based approaches offer advantages such 
as low operational costs, high efficiency, and potential for biomass 
recovery.

Initial studies focused primarily on the removal of nutrients such as 
phosphorus and nitrogen (Sutherland and Ralph, 2019). More recently, 
research has expanded to investigate the removal of emerging contam
inants, with promising results under laboratory conditions (Gondi et al., 
2022; Maryjoseph and Ketheesan, 2020).

Most studies have been conducted at lab scale with microalgae 
monocultures under controlled conditions (Maryjoseph and Ketheesan, 
2020; Zhou et al., 2022). Furthermore, maintaining axenic conditions in 
real-world applications is costly and often impractical (Gururani et al., 
2022). Although engineered microalgae-bacteria systems have been 
explored, fewer studies focus on native consortia from wastewater plants 
tested with real pharmaceutical loads. Recent research highlights their 
potential for removing contaminants (Sutherland et al., 2018), demon
strating advantages over monocultures, such as increased resilience and 
multiple removal mechanisms (Chen et al., 2019a; Chan et al., 2022; 

Table 1 
Studies targeting pharmaceutical compounds in wastewater effluents conducted in Portuguese WWTPs in the last fifteen years.

Number of WWTPs, Type and capacity (Pop. 
Eq.)

Location Number of targeted 
molecules

Most frequent drug 
classes

Detection range (ng 
L− 1)

Reference

15, secondary and tertiary 8700–256,000 North  11 Antibiotics n.d – 9800 Pereira et al. (2015)

Centre Lipid regulator n.d – 2400
South Anti-inflammatory n.d – 670

5, secondary, 3164–78,601 South (Alentejo) 26 Analgesic 54–7800 Silva et al. (2021a)
Stimulant 84–4800
NSAIDs 280–3300

1, secondary, 213,500 Center (Lisboa) 32 Antidiabetics 50–58,000 Gaffney et al. 
(2017)Psychostimulants n.d – 2900

NSAIDs n.d - 3300
1, Secondary, 248,685 Center (Leiria) 83 NSAIDs n.d – 1934 Paíga et al. (2019)

Antibiotics n.d – 448
Psychiatric drugs 57–52,059

1,secondary, 213,000 Center 
(Coimbra)

65 X-raycontrast agent 33,885–85,000 Santos et al. (2013)
Antibiotics <MDL – 1679
Psychiatric drugs n.d - 496

5, Secondary, 773–11,195 Center 65 NSAIDs 518 - 43,653 Salgado et al. 
(2010)В-blockers 624–19,888

Lipid regulator 198–7286
2, Secondary, 49,351–248,685 Center (Leiria) 32 Analgesics 313–4909 Paíga et al. (2016)

NSAIDs <MDL – 3304
Psychiatric drugs n.d – 374

15, Secondary and tertiary, 8700–256,000 Northern 11 NSAIDs n.d. – 32,000 Pereira et al., 2016
Center Antibiotic n.d – 10,200
South Lipid regulator n.d − 20,400

*n.d. Not detected.

V. Afonso et al.                                                                                                                                                                                                                                  Journal of Environmental Management 392 (2025) 126858 

2 



Aditya et al., 2022; Gururani et al., 2022; Sutherland and Ralph, 2019).
A further limitation is that most studies use spiked wastewater 

samples, artificially enriched with known contaminant concentrations, 
which may not reflect real-world conditions involving multiple com
pounds at trace levels. Even fewer studies have combined real effluent 
matrices and naturally occurring microbial consortia in the same 
experimental design.

This study aimed to evaluate the removal efficiency of naturally 
evolving microalgal consortia in the treatment of real WWTP effluents. 
Samples were collected from two wastewater treatment plants located in 
southern Portugal over one year, across different seasons. Twenty 
pharmaceutical compounds and one herbicide/algaecide were moni
tored. Treated effluent was used as the cultivation medium, enabling 
simultaneous assessment of biomass production and contaminant 
removal. The selected compounds were previously identified in regional 
studies (Pereira et al., 2016; Gonzalez-Rey et al., 2015) and are among 
the most consumed pharmaceuticals in Portugal (Infarmed, 2022).

Since pollutant loads and microbial compositions vary across 
WWTPs and regions, this study provides detailed insights into two 
representative southern Portuguese facilities, contributing valuable data 
for future comparative and applied research. To the best of our knowl
edge, this is among the first studies in which native microalgal consortia 
were allowed to evolve naturally throughout the experiments, without 
external manipulation of species composition. The integrated assess
ment of contaminant removal and biomass production underscores the 
feasibility of circular, sustainable, and environmentally sound waste
water treatment solutions.

2. Materials and methods

The samples of treated wastewater from two WWTPs were collected 
seasonally over one year: winter, spring, summer and autumn. The 
effluent samples were used for chemical analysis and microalgae 
growth. The loads of targeted pharmaceutical compounds were deter
mined in each season, and their removal efficiency by native microalgae 
consortia was evaluated.

2.1. Wastewater collection

Samples were collected from two distinct WWTPs (WWTP-A and 
WWTP-B) effluents, as described in Afonso et al. (2024). Briefly, 
WWTP-A was originally designed to handle wastewater up to 31,500 m3 

day− 1, a population equivalent of 138,000, and is currently operating at 
an average flow rate of 10,000 m3 day− 1. The treatment system com
prises two parallel lines, with the first employing a trickling filter system 
during peak periods, while the second utilizes an activated sludge sys
tem. Following treatment, the effluent undergoes UV disinfection before 
entering an artificial maturation lagoon, where it has a retention time of 
about 48 h before being released to an adjacent water line. WWTP-B has 
a maximum treatment capacity of 26,700 m3 day− 1 (44,500 population 
equivalent) but is currently operating at an average flow rate of 4000 m3 

day− 1. This facility employs a biological treatment process using acti
vated sludge under extended aeration conditions, housed in two 
oxidation ditches with surface aerators. As a post-secondary treatment, 
the wastewater undergoes UV disinfection before being discharged into 
the receiving waterbody, the Ria Formosa coastal lagoon.

Composite 24-h flow-weighted wastewater samples were collected 
seasonally (winter, spring, summer, and autumn) after the disinfection 
step (WWTP-A.1 and WWTP-B), and grab wastewater samples were 
collected after the maturation lagoon in WWTP-A (WWTP-A.2). All the 
water samples were collected in glass jars previously washed with sul
furic acid at 20 % (v/v). Upon arrival at the laboratory, the wastewater 
was characterized regarding its organic matter content, by measuring 
chemical oxygen demand (COD), following the American Public Health 
Association (APHA) method 5220D (APHA, 2017). Total phosphorus 
and total nitrogen (TP and TN) were also measured using APHA 

standard methods 4500-P and 4500-N respectively (APHA, 2017). Part 
of the collected wastewater was aliquoted and immediately stored at 
− 20 ± 1 ◦C for the analysis of pharmaceuticals (PhCs) and other con
taminants. The remaining wastewater was immediately used for char
acterization and microalgae growth experiments.

2.2. Reagents

HPLC-grade acetonitrile, methanol and water were supplied by 
Romil Ltd. (Barcelona, Spain). Analytical grade hydrochloric acid and 
formic acid were obtained from Panreac (Barcelona, Spain). Ammonium 
formate, acetaminophen, ampicillin, amoxicillin, atenolol, carbamaze
pine, ciprofloxacin, 10,11-epoxycarbamazepine, clofibric acid, diclofe
nac, 1-hydroxyibuprofen, 2-hydroxyibuprofen, ketoprofen, naproxen 
and salicylic acid, fluoxetine, venlafaxine (>97 %) were purchased from 
Sigma-Aldrich (Steinheim, Germany). Ibuprofen, diuron, sulfamethox
azole and trimethoprim (>98.5 %) were purchased from Dr. Ehren
storfer (Augsburg, Germany). Caffeine was obtained from Merck 
(Darmstadt, Germany). 3 mL solid phase extraction (SPE) cartridges, 
packed with 60 mg of Oasis HLB were purchased from Waters (Milford, 
MA, USA). For each pharmaceutical compound, a stock solution of 1000 
μg mL− 1 was prepared in methanol, and stored at 4 ◦C. Working solu
tions were prepared by diluting the stock standard solution in methanol: 
water (50:50, v/v).

2.3. Experimental design

The mitigation experiments were performed as described in Afonso 
et al. (2024). Briefly, the growth experiments were conducted in 5 L 
glass jars with 2 L of working volume, where the treated wastewater 
(nutrient deficient and with no supplementation), was inoculated with 
the respective native microalgae consortia, previously obtained. The 
cultures were maintained over 30 days, in a fed-batch mode, replacing 
30 % of the culture with fresh wastewater after 15 days of growth. 
Microalgae growth parameters were regularly monitored, such as pH 
(pH Meter Basic20, Crison), conductivity (MicroCM2202, Crison), dis
solved oxygen (O2) and dry weight (d.w.). For d.w. determination, 10 
mL of culture were filtered through pre-weighed 1.2 μm fibreglass filters 
(Whatman 934-AH), dried for 1 h at 103 ◦C (Venti-line, VWR), and then 
weighed. The dry weight was calculated by subtracting the weight of the 
filter without biomass from the weight of the filter with biomass. After 
microalgae growth, the biomass was harvested by centrifuging the cul
tures at 14000 rpm, at 4 ◦C, in an ultracentrifuge (Gyrozene 2236R 
High-speed ultra-centrifuge, Korea), for 20 min. The solid fractions were 
kept for further analysis, and the liquid fractions were preserved at − 20 
± 1 ◦C to quantify the targeted PhCs.

2.4. Detection and quantification of pharmaceutical compounds

Twenty pharmaceutical compounds and metabolites and one herbi
cide/algicide were selected for targeted analysis by liquid chromatog
raphy - coupled to triple quadrupole mass spectrometry (LC-MS/MS). 
The selected pharmaceutical compounds belong to six drug classes: 
stimulants (caffeine); antidepressants/anticonvulsants (carbamazepine 
and its metabolite: 10,11-epoxycarbamazepine; venlafaxine and fluox
etine); antibiotics (ampicillin, amoxicillin, ciprofloxacin, sulfamethox
azole and trimethoprim); lipid regulators (clofibric acid); β-blockers 
(atenolol) and NSAIDs/analgesics (diclofenac, Ibuprofen and its me
tabolites: 1-hydroxyibuprofen and 2-hydroxyibuprofen; ketoprofen, 
naproxen, acetaminophen and salicylic acid). The herbicide diuron was 
also targeted and quantified. This compound enters wastewater streams 
through agricultural runoff, as it is widely used in farming to control 
weeds. Additionally, diuron can reach wastewater from urban areas 
where it is applied for weed control on pavements and in gardens.

The compounds were extracted using solid phase extraction (SPE). 
The eluates were evaporated to dryness, then redissolved in methanol: 
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water (50:50, v/v), filtered through a 0.22 μm nylon filter (Whatman), 
and analysed by liquid chromatography-triple quadrupole mass spec
trometry (LC-MS/MS). A detailed description of the extraction condi
tions and analytical method, including sensitivity, accuracy, and 
recovery rates, can be found in the supplementary material.

2.5. Determination of microbial composition of the consortia

The taxonomic classification of the microorganisms present on each 
consortia was based on 18S rRNA sequencing for eukaryotic organisms 
and 16S rRNA sequencing for prokaryotic organisms.

2.5.1. DNA extraction
Microalgal biomass DNA was extracted using the NZYSoil gDNA 

isolation kit (NZYTech, Portugal). The concentration and quality of the 
extracted DNA were assessed with a spectrophotometer (Nano
Drop3300, Thermo Fisher Scientific, USA).

2.5.2. Library preparation and sequencing workflow
The library preparation and sequencing for full-length 16S and 18S 

rRNA gene amplicons were performed at the Integrated Microbiome 
Resource (IMR, https://imr.bio), as described at https://imr.bio/proto 
cols.html. A detailed description is provided in the supplementary 
material.

2.5.3. Bioinformatic analysis
Taxonomic profiling of eukaryotic classes was conducted using a 

standardized bioinformatics pipeline from the Microbiome Helper re
pository (Comeau et al., 2017). The analysis followed the PacBio CCS 
Amplicon SOP v1 (QIIME 2) and Amplicon SOP v2 (QIIME 2 version 
2020.8), available at the Microbiome Helper GitHub repository. Key 
steps included the following. 

- Data Preparation: Sequence orientation was resolved to ensure uni
formity across all reads. Primer sequences were trimmed using 
Cutadapt and reads not matching the correct primer sequences or 
outside the expected size range (1300–1800 nt) were filtered.

- Import and Quality Control: Trimmed FASTQ files were imported 
into QIIME 2 as artefacts. Quality metrics were summarized to ensure 
sufficient sequencing depth, and denoising was performed using the 
DADA2 plugin. Low-quality reads (expected errors >2) were 
removed, and sequences were trimmed based on quality score dis
tributions. Amplicon sequence variants (ASVs) were inferred, and 
chimeric sequences were excluded.

- Taxonomic Classification: ASVs were taxonomically classified using 
a Naive Bayes classifier trained on the SILVA full-length 18S data
base. Chloroplast, mitochondrial, and unclassified sequences (at the 
phylum level) were removed.

- Data Filtration and Normalization: Highly rare ASVs (frequency 
<0.05 % of the mean sample depth) were excluded to reduce noise in 
the dataset.

Data Visualization: Relative abundance data at the class level were 
extracted and visualized in stacked bar plots to illustrate taxonomic 
diversity across samples.

2.6. Statistical analysis

Comprehensive statistical analysis was conducted using GraphPad 
Prism (version 10.1.2, GraphPad Software, Inc., San Diego, CA, USA). 
For graphical data, two-way ANOVA multiple-comparison tests were 
conducted to evaluate significant differences between data set groups. 
One-way ANOVA was performed for graphics with one data set. A cor
relation matrix was established using Spearman’s rank correlation co
efficient (Spearman r). This matrix incorporated the average values of 
the removal efficiency of each compound, the initial values of COD, TN 

and TP in the wastewaters, and the average values of pH, conductivity 
and dissolved oxygen (%) during the removal experiments. The signif
icance level for all the analyses was set at p < 0.05.

3. Results and discussion

3.1. Pharmaceutical loads

In the present work, twenty pharmaceutical compounds and me
tabolites were targeted. Figs. 1 and 2 depict the loads of these com
pounds, over one year, on 12 samples analysed (four seasons in three 
different sampling stations). The antibiotics amoxicillin and ciproflox
acin were not detected, and ampicillin was only detected in one sample 
(WWTP-B in autumn) at a concentration of 102 ± 6.40 ng L− 1, therefore 
these are not represented in the graphical results. Ibuprofen was the 
compound found at the highest concentration (35.5 ± 3.6 μg L− 1 in 
WWTP-B during autumn). The other compounds found at higher con
centrations were diclofenac and venlafaxine. The other antibiotics, the 
antidepressant fluoxetine and the lipid regulator clofibric acid were 
found at lower concentrations, ranging between not detected (or below 
the minimum quantification limit) and 60.6 ± 2.5 ng L− 1. Overall, the 
compounds detected at higher concentrations belong to the stimulant, 
NSAIDs/analgesic and anticonvulsant/antidepressant drug classes, as 
illustrated in Fig. 1. This tendency is also observed when considering the 
annual average of the PhCs in the three effluents, shown in Table 2, 
where caffeine is the most abundant compound, followed by ibuprofen 
> diclofenac > venlafaxine > atenolol. The prevalence of ibuprofen and 
diclofenac in the samples correlates with the sales trends reported by the 
Portuguese National Health Authority (Infarmed, 2022), regarding 
medicine and healthcare products. According to the reports, anti- 
inflammatory and analgesic drugs were the most sold drug classes. 
Among these, ibuprofen and diclofenac were the second and third most 
frequently sold over-the-counter medications, accounting for 8 % and 6 
% of the total sales volume, respectively (Infarmed, 2022). The most sold 
compound, acetaminophen, was found at lower loads in the wastewater 
effluents (12.25–16.76 ng L− 1), because it is efficiently removed by 
conventional WWTP treatments. Wu et al. (2023) reviewed the removal 
of acetaminophen in WWTPs worldwide and found an average removal 
of 94.7 %. Moreover, the remaining drug classes, antibiotics, β-blockers 
and lipid regulators, are listed as Portugal’s top ten most prescribed drug 
classes (Infarmed, 2022).

Overall, these results are consistent with the data reported world
wide, where these classes are the most detected, both in treated waste
water and the receptor environment (Dey et al., 2019; Samal et al., 2022; 
Santos et al., 2013). In Portugal, available data regarding PhCs in WWTP 
effluents is summarized in Table 1 and shows a similar distribution of 
the predominant drug classes. Paíga et al. (2016) reported the preva
lence of the same classes of PhCs in the treated effluents of two WWTPs 
with secondary treatment systems, and in the surface waters of the river 
where these treated wastewaters were discharged. Salgado et al. (2010)
also detected high concentrations of NSAIDs, in the effluents of five 
WWTPs located in Portugal, where ibuprofen reached concentrations up 
to 50 μg L− 1. The occurrence of the compounds from the other three 
classes (antibiotics, β-blocker and lipid regulator), although at lower 
concentrations, was consistent, with a detection frequency close to 100 
%. Contrarily, Salgado et al. (2010), found considerably higher con
centrations of lipid regulators (ranging between 198 and 7286 ng L− 1) in 
five secondary WWTPs. The same trend was observed by Paíga et al. 
(2016), who found a prevalence of lipid regulators in the WWTPs 
located in the same region. However, different molecules were targeted 
by Paíga et al. (2016), which might explain these discrepancies. These 
classes of pharmaceuticals are commonly related to chronic diseases, 
often requiring long-term treatments, leading to a continuous discharge 
into the wastewater systems. These classes are also frequently detected 
in WWTPs worldwide, though their concentrations vary greatly, 
depending on the location, demographic characteristics, prescription 
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habits, climatic conditions, and the type and capacity of WWTPs (Paíga 
et al., 2019; Santos et al., 2009; Salgado et al., 2010). The herbicide 
Diuron was detected in all samples analysed, at concentrations ranging 
between 4.02 ± 0.09 in WWTP-B in autumn, and 49.8 ± 1.10 μg L− 1 in 
WWTP-A.1 in Winter, as depicted in Fig. 2. There is a trend for higher 
concentrations in winter and spring samples, coinciding with the wet 
season when weed control is most practised in the region where this 
study was conducted.

Analysing the loads of the samples within WWTP-A (WWTP-A.1 and 
WWTP-A.2 - Figs. 1 and 2 and Table 2), there is a tendency for a 
decreasing load after the maturation lagoon (WWTP-A.2). The concen
trations of NSAIDs, anticonvulsants/antidepressants and lipid regula
tors, are generally higher before than after maturation. The final effluent 
released into the aquatic environment is discharged from the maturation 
lagoon. Significant differences were observed for ibuprofen (5.8 ± 8.7 
μg L− 1 in WWTP-A.1 and 0.98 ± 1.6 μg L− 1 in WWTP-A.2) (p < 0.05). 

Fig. 1. Loads of the five classes of pharmaceutical compounds, in the winter, spring, summer and autumn, for each sampling site: WWTP-A.1, WWTP-A.2 and WWTP- 
B. Different Lower cases denote significant differences between seasons (groups), (p < 0.05).
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This indicates that there is removal of compounds during the retention 
time in the lagoon, most likely promoted by exposure to UV radiation 
from sunlight, which causes photodegradation of organic molecules 
(Wang et al., 2020). In addition, microorganisms in the lagoon can 
incorporate these substances by assimilation or adsorption and further 
settling (Wang et al., 2020). Direct adsorption to sediments may also 
occur.

3.2. Removal of pharmaceutical compounds by microalgae consortia

The use of microalgae to remove pollutants from wastewater has 
been widely explored. However, most of the data available to date relies 
on laboratory experiments where few molecules were selected, and 
controlled microalgae cultures were used. Furthermore, most of the data 
reported is based on experiments where wastewater samples are spiked 
with the molecules of interest at higher concentrations than those found 
in real environmental samples. The present study investigates if 
wastewater-native microalgae consortia are efficient in removing the 

loads of the eighteen PhCs and one herbicide detected simultaneously in 
the different wastewater effluents. The wastewater samples used in this 
study were collected after secondary aerobic heterotrophic treatment, 
and the presence of the contaminants detected points out to the diffi
culty of these systems to remove the contaminants detected. Any further 
removal observed in this study is due to photosynthetic autotrophic 
activity or heterotrophic-autotrophic symbiosis. Even though the ex
periments were carried out at a laboratory scale, under controlled 
temperature and illumination conditions, further insights can be ob
tained from the present study. This study utilized real treated waste
water samples, characterized by their complex matrix and diverse array 
of trace compounds, along with spontaneously developed microbial 
consortia, known for their inherent variability and metabolic flexibility. 
This approach enhances the understanding of microalgal consortia in 
tertiary wastewater treatment.

Fig. 3 represents the composition of the consortia used at the 
beginning of the first mitigation experiments, each of which naturally 
developed in the wastewater collected from the respective sampling 

Fig. 2. Loads of the stimulant caffeine and the herbicide/algicide diuron, during winter, spring, summer and autumn, in the three wastewater effluents: WWTP-A.1, 
WWTP-A.2 and WWTP-B. Different lower cases denote significant differences between seasons (groups) (p < 0.05).

Table 2 
Average loads, ng L− 1 of each compound in the wastewater effluents: WWTP-A.1; WWTP-A.2; WWTP-B. of the four sampling campaigns (mean ± s.d). Different lower 
cases denote significant differences between columns of the same row.

PhCs WWTP-A.1 WWTP-A.2 WWTP-B

Anticonvulsants/Antidepressant Fluoxetine 9 ± 5a 3 ± 1a 21 ± 18a

Venlafaxine 420 ± 181a 238 ± 136a 677 ± 319a

Carbamazepine 86 ± 30a 94.83 ± 25.94a 97 ± 32a

10,11-epoxycarbamazepine 29 ± 14a 30 ± 9a 38 ± 13a

Antibiotics Sulfamethoxazole 25 ± 16a 26.18 ± 18.61a 29 ± 21a

Trimethoprim 15 ± 13a 8 ± 5a 11 ± 7a

В-blocker Atenolol 360 ± 232a 257 ± 152a 295 ± 170a

Lipid regulator Clofibric acid 1 ± 1a 0.7 ± 0.5a 8 ± 7a

Stimulant Caffeine 1310 ± 1244a 729 ± 1189a 544 ± 715a

NSAIDs/Analgesics Naproxen 412 ± 604a 57.00 ± 66.19a 54 ± 35a

Ketoprofen 87 ± 57a 5 ± 4a 18 ± 20a

Ibuprofen 5832 ± 8727a 983 ± 1560 b 8868 ± 15354a

2-hydroxyibuprofen 167 ± 160a 14 ± 8a n.d.
1-hydroxyibuprofen 407 ± 294a 163 ± 56.72a <130
Acetaminophen 12 ± 5a 17 ± 11a 17.66 ± 9.64a

Diclofenac 998 ± 439a 267.75 ± 198a 865 ± 326a

Salicylic acid 13 ± 4a 13 ± 10a 10 ± 8a
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points. Concerning the eukaryotic organisms (Fig. 3A), the predominant 
taxonomic class across all three consortia was Chlorophyceae, ac
counting for over 90 % of the detected organisms. In the WWTP-A.2 
consortium, Trebouxiophyceae also exhibited a notable presence (~8 
%), while the remaining classes collectively represented less than 2 %. 
The prevalence of photosynthetic green algae is expected given the 
culture conditions: irradiation, a moderate presence of nutrients and 
scarcity of biodegradable organic matter. These results align with those 
of Ibrahim et al. (2025) regarding the prevalence of Chlorophyceae 
(>90 %) as the dominant eukaryotic microalgae in wastewater-derived 
consortia, with Trebouxiophyceae practically representing the remain
ing microalgae, demonstrating their adaptability to wastewater envi
ronments. These authors reported a higher taxonomic diversity in 
summer conditions than in winter, but this is only visible with the 
breakdown of the genera present.

As to the abundance of prokaryotic organisms (Fig. 3B), the vari
ability is much higher. Photosynthetic cyanobacteria were present 
ranging from 8 % (on WWTP-B consortium) to 25 % (on WWTP-A.2). 
Within each consortium there are at least four different taxonomic 
classes with an abundance higher than 5 %, but these and their abun
dance, are different on the three consortia. The composition of the 
consortia is expected to change during the mitigation experiments, as 
the microorganisms are grown in effluents with varying microbial and 
chemical compositions and exposed to varying temperatures and pho
toperiods. Thus, the abundance of prokaryotic organisms is highly 
dependent on the composition of the treated wastewater where the 
consortia were grown. This variability is expected to influence the per
formance of each consortium in the removal of some of the pollutants 
monitored. Nevertheless, the detected presence of Gammaproteobac
teria, Alphaproteobacteria, Cyanobacteria, and Planctomycetes in the 
three consortia agrees with previous studies highlighting the role of 

these microbial groups in wastewater environments. Gammaproteo
bacteria have been associated with the removal of micropollutants in 
wastewater treatment systems (Unuofin et al., 2019; Cydzik-Kwiat
kowska and Zielińska, 2016), suggesting their potential contribution to 
the bioremediation processes observed in the present study. Similarly, 
Alphaproteobacteria have been identified as temperature-sensitive in 
activated sludge systems, which may indicate that seasonal variations 
could influence their abundance in the experimental conditions 
(Muszyński et al., 2015). Moreover, Planctomycetes, frequently re
ported in activated sludge from multiple WWTPs (Chen et al., 2019b; 
Cydzik-Kwiatkowska and Zielińska, 2016), are known for their role in 
nitrogen cycling and organic matter degradation. The microbial 
composition of the three consortia shares similarities with those found in 
industrial WWTPs, where Proteobacteria dominate and are often 
responsible for the degradation of specific contaminants (Unuofin et al., 
2019). These findings suggest that despite the differences in wastewater 
sources and treatment conditions, certain microbial groups consistently 
play key roles in wastewater bioremediation. Given the dynamic nature 
of the experimental conditions, further studies should be conducted to 
assess how the microbial composition evolves over time and how it 
impacts the degradation of specific pollutants.

It is important to highlight that the native consortia studied here are 
complex microbial communities where bacteria coexist with micro
algae, creating symbiotic relationships that can significantly influence 
pharmaceutical degradation. Numerous studies have demonstrated that 
bacteria associated with microalgae enhance the biodegradation of 
contaminants via complementary metabolic pathways, co-metabolism, 
or facilitating bioavailability of compounds (e.g., Aditya et al., 2022; 
Phyu et al., 2024). The variability observed in removal efficiencies 
across consortia and seasons may partially reflect changes in the bac
terial community composition and its interactions with microalgae. 

Fig. 3. Relative abundance of taxonomic classes in the three inocula used at the start of the mitigation experiments (winter) to inoculate the wastewater effluents: 
WWTP-A.1, WWTP-A.2, and WWTP-B. Taxonomic classification is based on 18S rRNA sequencing for eukaryotic classes (A) and 16S for prokaryotic classes. Each 
class is represented by a distinct colour as indicated in the legend.
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Although this study focused primarily on the role of the microalgae 
consortia, future investigations targeting the specific contributions and 
mechanisms of bacterial partners within these communities could pro
vide valuable insights for improving treatment performance.

Fig. 4 shows the average removal percentage of each PhC, during the 
four seasons (winter, spring, summer and autumn), while Fig. 5 depicts 
the same results for Caffeine and Diuron. Concerning the behaviour of 
the different pollutants monitored, three distinct categories can be 

identified. 

1. Consistent removal above 60 % by all consortia used in all water 
samples.

This is the case for Fluoxetine, Venlafaxine, Atenolol and Diuron. 

2. Most frequent removal below 30 %, with few exceptions.

Fig. 4. Removal efficiencies of the drug classes: anticonvulsant/antidepressants, antibiotics, β-blocker, lipid regulator and NSAIDs; in the winter, spring, summer and 
autumn, for each sampling site: WWTP-A.1, WWTP-A.2 and WWTP-B. Different lower cases denote significant differences between seasons (groups) (p < 0.05).
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This is the case for Carbamazepine and its metabolite, clofibric acid 
and ketoprofen. 

3. Removal is highly dependent on the consortia used and/or water 
samples.

Observed for the antibiotics, NSAIDs/Analgesics (except for keto
profen) and Caffeine.

3.2.1. Category 1
This includes the pollutants that were successfully removed by the 

native photosynthetic consortia. The chemical nature of these com
pounds contributes to their successful removal in all the samples and 
growth conditions tested with all consortia.

Venlafaxine, which is a tertiary amine compound, has a positive 
charge below pH 8.1, which enhances the affinity for the negatively 
charged cell walls, potentiating the adsorption of this molecule to the 
biomass (Akao et al., 2022). Fluoxetine is also basic, with a secondary 
amine group, and its removal is even more efficient. In this study, all the 
cultures for the mitigation experiments were initiated with pH levels 
between 7 and 8 (data not shown), and the average pH during micro
algae growth varied between 8 and 9 (Table S5, supplementary 
material).

The β-blocker atenolol was consistently removed by all the consortia 
ranging from 83.4 % to 97.5 %. This aligns with the findings of Gentili 
and Fick (2017) and Hom-Diaz et al. (2017), who reported similar ef
ficiencies using wild microalgae consortia cultivated in wastewater at a 
pilot scale under sunlight exposure.

Concerning the herbicide/algicide diuron (Fig. 5), this compound 
was consistently removed, in all experiments, with removal efficiencies 
ranging between 77.7 % and 100 %. On the contrary, García-Galán et al. 
(2020) reported a low removal efficiency for diuron on a closed PBR 
system with a mixed microalgae culture.

These contradictory data on the removal efficiencies may be attrib
uted to differences in the microbial communities present in the treat
ment systems, the specific operational conditions of the reactors, and the 
initial concentration of diuron. Variations in light exposure, nutrient 
availability, and the cumulative contaminants present may also influ
ence the degradation pathways and efficiency of diuron removal.

3.2.2. Category 2
The behavior of this category is also explained by the chemical 

nature of the pollutants, but in this case, these are recalcitrant and the 
photosynthetic consortia grown have no capacity to remove them.

Only the winter consortium on WWTP-A.1 was able to significantly 
remove carbamazepine (60.2 ± 5.8 %) and its metabolite 10,11-epoxy
carbamazepine (99.3 ± 9.7 %), with very low removal in all other ex
periments. Akao et al. (2022) obtained similar results using a 
microalgae-bacteria biofilm that removed 82–94 % of venlafaxine, but 
only 18–51 % of carbamazepine. Other authors have reported low 
removal efficiencies of carbamazepine by microalgae, bacteria and 
microalgae-bacteria consortia (García-Galán et al., 2020; Matamoros 
et al., 2016; Wilt et al., 2016). The hydrophilicity (Log P = 2.1) and 
recalcitrant characteristics of carbamazepine lead to low adsorption of 
this molecule to the cell walls; additionally, it possesses an 
electron-withdrawing functional group that makes it more resistant to 
biodegradation (Hai et al., 2018; Tadkaew et al., 2011; Wijekoon et al., 
2013).

The lipid regulator (clofibric acid) showed minimal removal effi
ciency following microalgae growth. Only the winter consortium of the 
WWTP-A.2 effluent was able to remove 63 ± 17 % of this compound, 
and almost no removal by the other consortia was observed. Clofibric 
acid, along with carbamazepine, are recalcitrant compounds, that resist 
the different treatments of the WWTPs, and for this reason, they are 
frequently present in the aquatic environment (Tixier et al., 2003; 
Winkler et al., 2001). Its recalcitrant characteristics are attributed to the 
molecular structure, with two methyl groups on the carbon adjacent to 
the ether bond, that create steric hindrance, impairing not only the 
adsorption to the cell walls, but also the cleavage of the ether bond, 
which is the main mechanism known to occur during the biodegradation 
of its isomer (with only one methyl group near the ether bond) 
(Evangelista et al., 2010). In line with this data, Hemidouche et al. 
(2018) achieved a maximum removal of 35 % using a phenol-resistant 
strain of Pseudomonas aeruginosa. An exception to the low removal ef
ficiencies was reported by Ungureanu et al. (2020), who achieved 60 % 
removal by optimising the culture conditions of the fungus Trametes 
pubescens.

In contrast with other NSAIDs, the removal efficiency of ketoprofen, 
was minimal, achieving only 26 % in WWTP-A.1 during autumn, and no 
removal was observed in the other seasons. These results were similar to 
those obtained by Hom-Diaz et al. (2017), who reported removal effi
ciencies of 36 % after microalgae treatment of toilet wastewater in a 
1200 L multitubular PBR. Similarly, low degradation was reported on 
the removal rates of ketoprofen using consortia of Chlorella sp. – bacteria 

Fig. 5. Removal efficiencies of the stimulant caffeine and the herbicide/algicide diuron, in the winter, spring, summer and autumn, for each sampling site: WWTP- 
A.1; WWTP-A.2; WWTP-B. Different lower cases denote significant differences between seasons (groups) (p < 0.05).

V. Afonso et al.                                                                                                                                                                                                                                  Journal of Environmental Management 392 (2025) 126858 

9 



under continuous light (Ismail et al., 2016). The reduced biodegrad
ability of ketoprofen under light exposure is attributed to the formation 
of by-products during photodegradation, which persist and hinder 
consortia biodegradation activity (Ismail et al., 2016). Additionally, the 
concentration of ketoprofen in the wastewater was relatively low (n.d. – 
185 ng L− 1), which might contribute to less efficiency even in cases 
where partial removal occurred.

3.2.3. Category 3
For the compounds fitting into this category, over 30 % removal is 

frequent, but not the rule, as in most cases the same chemical compound 
can be almost totally removed or show almost no removal depending on 
the water sample and/or the microbial consortium growth.

The antibiotics monitored fit into this category (Fig. 4). The observed 
removal of sulfamethoxazole and trimethoprim was inconsistent, vary
ing between no removal to 93 %. In WWTP-A.1, the summer consortium 
achieved the maximum removal (50.0 ± 8.2 %) for sulfamethoxazole, 
and no removal was observed for trimethoprim in all four consortia. In 
WWTP-A.2 the maximum removal was 62.6 ± 7.9 % in the spring 
consortium for sulfamethoxazole, while trimethoprim had a maximum 
removal of 44.5 ± 2.8 % in the autumn and no removal in Winter. In 
WWTP-B the removal efficiency was generally higher, reaching 93.0 ±
8.0 % for sulfamethoxazole by the autumn consortium, and 67.1 ± 2.8 
% for trimethoprim in Winter. As stated above, the observed removal 
variability can be explained by the differences in the microalgae con
sortia composition through the four growth cycles, as different micro
organisms may predominate in each growth cycle. As stated previously, 
the consortia evolve naturally through each cycle, with no attempt to 
influence the microbial composition of culture. Different microorgan
isms may use different mechanisms to remove these molecules, 
explaining the variability in the removal efficiencies between the con
sortia (Lu et al., 2023; Norvill et al., 2017; Tian et al., 2019). Lu et al. 
(2023) conducted a meta-analysis of the data reported in the literature 
on the removal of antibiotics by microalgae, concluding that there was a 
high heterogeneity among microalgae consortia. Furthermore, Kiki et al. 
(2020) found that the predominant mechanism for antibiotics removal 
was biodegradation, with the limited impact of biosorption, bio
enrichment or abiotic factors.

As observed in Fig. 4, most NSAIDs/analgesics also fit into this 
category (except for ketoprofen, fitting in category 2 as previously dis
cussed). Acetaminophen was removed with above 60 % efficiency 
whenever present at concentrations above 20 ng L− 1 (winter consortium 
at WWTP-A.2 and winter and summer consortia at WWTP-B). Of twelve 
essays carried out, Diclofenac had over 60 % removal in five and below 
30 % removal in only three of them. Ibuprofen and its metabolites were 
more than 60 % removed in nine out of fifteen cases where they were 
detected in the initial samples at significant concentrations. Very limited 
Ibuprofen removal was observed in the sample with the highest initial 
concentration (35.5 μg L− 1 in WWTP-B is autumn), showing the in
capacity of the consortium involved to deal with such an overload of this 
PhC. Naproxen showed nearly total removal in only one essay (WWTP-B 
in spring) but was also frequently more than 30 % removed. This vari
ability corroborates the data reported by different authors, where 
different culture systems yield different removal efficiencies (Ismail 
et al., 2017; Escapa et al., 2015).

The removal of the stimulant, caffeine (Fig. 5), was inconsistent 
through all the consortia, with very low removal in WWTP-A.1 by the 
spring consortium, in WWTP-A.2 in winter, and in WWTP-B in the 
autumn consortium. In the other consortia, the removal efficiency var
ied between 16 and 100 %. Caffeine has a very low Log KOW (− 0.07) and 
consequently, low adsorption on the biomass or organic matter. Thus, 
the main mechanism responsible for eliminating caffeine in biological 
systems is attributed to biodegradation (Rempel et al., 2023).

For these pollutants in category 3 there is potential for their efficient 
removal using photosynthetic consortia, but in many cases this does not 
happen. This is probably related to the composition of the microbial 

consortium used, which is highly variable, particularly concerning the 
prokaryotic organisms present, as seen in Fig. 3B. Low removal is 
observed whenever microorganisms with the competence to remove the 
targeted chemicals have not been established in sufficient numbers. For 
these pollutants the microbial community seems to have a more sub
stantial impact than the inherent properties of the molecules.

Table 3 displays the most significant positive correlations identified 
through the Spearman correlation matrix (Fig. S1on supplementary 
material), examining the influence of factors such as COD, TN, TP, and 
biomass production on removal efficiencies. A remarkable result is that 
there are almost no strong correlations involving pollutants outside 
category 3. Biomass production, measured by dry weight (d.w.), was 
strongly influenced by temperature (0.72), chemical oxygen demand 
(0.62) and total phosphorus (0.60). However, the only significant cor
relation between d.w. and PhC removal was observed for diclofenac 
(0.64), partially explaining the variable removal performance for this 
compound. Regarding initial nutrient concentrations, significant posi
tive correlations were observed between TN concentration and the 
removal efficiency of acetaminophen (0.51), and TP concentrations and 
removal of naproxen (0.51). pH is one of the variables that shows in
fluence on the removal efficiency of various PhCs, showing significant 
correlations with 1-hydroxyibuprofen (0.55), naproxen (0.50) and 
Diclofenac (0.64), which are all carboxylates. pH influences the electric 
charge of these molecules, consequently influencing biodegradability 
and/or adsorption. The removal of venlafaxine can be influenced by pH, 
as this molecule shows higher adsorption to the cell walls when it is 
positively charged, which is the case at pH 8.1. Furthermore, tempera
ture also plays a vital role in microalgae growth, and physiological 
conditions. This was also supported by the strong correlation between 
dry weight and temperature (0.72). Fluoxetine was the only PhC which 
removal was slightly influenced by dissolved oxygen (0.58). Positive 
correlations were also observed between the removal of pairs of PhCs, 
most frequently those with similar structure, such as ibuprofen and its 
metabolites, carbamazepine and its metabolite or fluoxetine and ven
lafaxine. The similarities of their molecular structure lead to similar 
removal patterns.

These results show that in real-world scenarios, with no effort to 
influence the culture composition, temperature and light conditions, a 
system for wastewater treatment based on naturally evolving micro
algae consortia will be unpredictable, and variable removal efficiencies 

Table 3 
Pairs of variables with the highest positive correlations (>0.5) obtained with the 
Spearman correlation matrix (Fig. S1).

Pair of variables Correlation value

Ibuprofen – 1- hydroxyibuprofen 0.81
Ibuprofen – 2-hydroxyibuprofen 0.63
1-hydroxyibuprofen – 2-hydroxyibuprofen 0.78
1-hydroxyibuprofen – pH 0.55
Fluoxetine – Venlafaxine 0.58
Fluoxetine – sulfamethoxazole 0.60
Fluoxetine – 1-hydroxyibuprofen 0.52
Fluoxetine – 2-hydroxyibuprofen 0.53
Fluoxetine – O2 (%) 0.58
Venlafaxine – Sulfamethoxazole 0.54
Carbamazepine – 10,11-epoxycarbamazepine 0.56
Carbamazepine – Diclofenac 0.55
Clofibric acid – Acetaminophen 0.61
Naproxen – pH 0.50
Naproxen – TP 0.51
Acetaminophen – Salicylic acid 0.76
Acetaminophen – TN 0.51
Diclofenac – pH 0.69
Diclofenac – d.w. 0.64
d.w. – Temperature 0.72
d.w. – COD 0.62
d.w. – TP 0.60

* TP- Total phosphorous; TN – Total Nitrogen.
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must be expected. Further control must be exerted to ensure a more 
consistent removal, probably by carrying out acclimatization of the 
consortia to the presence of the targeted chemicals or inoculation using 
consortia that have proven their efficiency. Nonetheless, in this study, 
the overall aggregated removal of PhCs by the consortia in each 
experiment ranged from 40 to 83 %, improving water quality regarding 
PhCs contamination.

Even though the observed removal of PhCs was in many cases 
inconsistent and incomplete, there are other significant contributions of 
microalgae-based treatment for treated wastewater polishing. The most 
obvious is the removal of residual nutrients (N and P), preventing 
eutrophication on the receiving water bodies., Additionally, micro
plastics were also removed from these wastewater effluents (31 %–82 
%), as detailed by Afonso et al. (2024). The proficient mitigation of 
various contaminants, including pharmaceuticals and microplastics, by 
native microalgae consortia underscores their potential to enhance 
wastewater treatment systems.

Recent studies have emphasized the critical role of microbial con
sortia – particularly the synergistic interactions between microalgae and 
bacteria – in improving wastewater treatment efficiency. Microalgae 
contribute directly by uptaking nutrients and certain micropollutants 
through photosynthesis and bioaccumulation, while also creating 
oxygenated conditions that support aerobic bacterial activity. In turn, 
bacteria can degrade more complex organic contaminants such as 
pharmaceuticals, and release CO2 and metabolites that promote 
microalgal growth. This mutualistic relationship enhances the resil
ience, stability, and contaminant removal capacity of these systems 
across changing environmental conditions. By relying on native micro
algae consortia, which include diverse bacterial communities, our study 
reflects this naturally occurring synergy and its role in the observed 
pharmaceutical mitigation (Su et al., 2022; Iqhrammullah et al., 2024)

While this study focused on evaluating the pharmaceutical removal 
performance of native consortia under real wastewater conditions, 
future research could incorporate controlled laboratory experiments to 
isolate specific microbial contributions and better elucidate the mech
anistic pathways involved in pharmaceutical degradation. Overall, these 
findings highlight the capacity of native microalgae consortia, cultivated 
in wastewater effluents, to substantially reduce contamination levels, 
representing a promising solution for the development of sustainable 
wastewater treatment systems that can enable treated wastewater reuse. 
Additionally, the biomass produced, up to 2.6 kg/m3 of treated water 
(Afonso et al., 2024), is a potential feedstock for biofuels and high-value 
product generation in a biorefinery concept, creating a circular economy 
system. The results of the study of the extraction of valuable bioactive 
compounds and the production of biofuels from this feedstock will be 
presented in a separate report currently under preparation.

To our knowledge, this is the first report where the same microalgae 
consortia have evolved naturally through four consecutive growth cy
cles over one year, with culture conditions adapted to each season, and 
where their performance in reducing pharmaceutical compounds in real 
treated effluents was assessed.

4. Conclusion

This work shows the potential of native microalgae consortia to 
remove real loads of pharmaceutical compounds and one herbicide from 
treated wastewater effluents. It is worth noting that all the cultures 
evolved naturally over the four growth cycles with no attempt to in
fluence the microbial community. The wastewater effluents were 
nutrient deficient, and no supplementation was provided. Out of the 
twenty-one compounds targeted, nineteen were detected. The stimulant 
caffeine and the NSAID ibuprofen were the compounds that were pre
sent at higher concentrations (2.5 μg L− 1and 35.5 μg L− 1, respectively). 
Native microalgae consortia removed between 40 % and 83 % of the 
targeted molecules, with substantial variability among the different 
compounds and microalgae cultures. Of the 19 compounds targeted, all 

consortia consistently removed four and showed potential to remove 
eleven others. The removal was mainly influenced by the nature of the 
compound and by the microbial community of the consortia. Other 
variables, such as pH, and microalgal growth, also play a role in the 
removal efficiency, with positive correlations with the removal of spe
cific pharmaceutical compounds. In conclusion, this work introduces a 
novel approach proposing the use of naturally evolving microalgae 
consortia in wastewater treatment, providing a comprehensive assess
ment of their effect on the removal of targeted contaminants in waste
water effluents. The biomass produced can be further used as a feedstock 
for high value biochemiclas and bioenergy generation, promoting the 
sustainability of both wastewater treatment and bioproduct production 
via a circular economy approach.
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Muszyński, A., Tabernacka, A., Miłobędzka, A., 2015. Long-term dynamics of the 
microbial community in a full-scale wastewater treatment plant. Int. Biodeterior. 
Biodegrad. 100, 44–51. https://doi.org/10.1016/j.ibiod.2015.02.008.

Norvill, Z.N., Toledo-Cervantes, A., Blanco, S., Shilton, A., Guieysse, B., Muñoz, R., 2017. 
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