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ARTICLE INFO ABSTRACT

Keywords: Cyanobacterial wastewater-based biorefineries are a sustainable alternative to obtain high-value products with
Biorefinery reduced costs. This study aimed to obtain phycobiliproteins and carotenoids, along with biogas from a
Carotenoids wastewater-borne cyanobacterium grown in secondary effluent from an urban wastewater treatment plant,
Cyanobacteria " . . . .

Micropollutants namely treated wastewater. For the first time, the presence of contaminants of emerging concern in concentrated
Phycoliiliproteins pigment extracts was assessed. Tertiary wastewater treatment was conducted in a 3 L photobioreactor inoculated
Wastewater with Synechococcus sp., and operated in semi-continuous regime with a hydraulic retention time of 6 days. The

carotenoid content was stable (reaching up to 4 mg g DW™) regardless of the wastewater composition, while the
phycobiliprotein content (up to 214 mg g DW™) varied according to nitrogen availability. In concentrated
pigment extracts, only 3 (out of 20) organic microcontaminants were detected. The biochemical methane po-
tential of pigment-extracted biomass (222 NL CH4 kg VS™1) was still 72 % of raw biomass. In conclusion, a
cyanobacteria culture rich in Synechococcus sp. appears as a promising source of bio-based products in a circular

economy approach.

1. Introduction

Cyanobacteria are photosynthetic microorganisms characterized by
a rich metabolism, which can be exploited to recover a wide diversity of
high-value bio-based products. Indeed, cyanobacteria are a promising
source of natural pigments such as phycobiliproteins and carotenoids,
with market values of 1.5 billion USD (Pagels et al., 2021). The most
abundant auxiliary pigments contained in cyanobacterial cells are
phycobiliproteins, which can be classified depending on their absorption
peaks into: phycocyanins (Amax= 610-625 nm), allophycocyanins
(Amax= 650-660 nm), and phycoerythrins (Ayax= 490-570 nm). In fact,
cyanobacteria are mainly cultured to produce these natural pigments,
with intense colorations and a wide variety of bioactivities, which are
gaining market value in industries such as food, cosmetics, and textile
(Arashiro et al., 2020a).

Nevertheless, the economic feasibility of microalgal pigment recov-
ery technologies is still limited, due to the high energy demand and costs
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of: i) standard culture media components (Arashiro et al., 2020a), and ii)
biomass downstream processing (harvesting, dewatering and extrac-
tion) (Kouhia et al., 2015). This, together with the threat that the spill of
nutrient-rich wastewater can cause to ecosystems (Yen et al., 2013), has
led to the development of alternative strategies such as cyanobacterial
production in waste streams for biomass valorization in the framework
of a circular economy. A biorefinery is based in the production of diverse
products, with the generation of minimum residues from a source of raw
biomass (Monlau et al., 2021). In the context of wastewater bioreme-
diation, the recovery of pigments and biogas (bioenergy) from cyano-
bacteria treating wastewater, would contribute to both the profitability
and sustainability of the process. Indeed, the use of residual biomass
after phycobiliprotein extraction as a substrate for anaerobic digestion is
feasible in terms of solvents involved (i.e., distilled water or phosphate
buffer) (Ruiz-Dominguez et al., 2019). Furthermore, anaerobic digestion
leads to the mineralization of organic nitrogen and phosphorus, which
could be recovered in the digestate and applied as biofertilizer in a
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circular bioeconomy approach (Monlau et al., 2021).

To date, most studies on the recovery of pigments from wastewater
have used either sterile or diluted wastewater sources (Babu Balaraman
et al., 2021; Khatoon et al., 2018; Narindri Rara Winayu et al., 2021).
Concerning the recovery of phycobiliproteins along with other
co-products from unsterile wastewater, Shahid et al. (2021) obtained
102 mg phycobiliproteins per g dry mass along with lipids by growing
cyanobacteria in municipal wastewater, while van den Hende et al.
(2016) digested pigment-extracted biomass to recover biogas. In order
to assess the stability of the process, which is one of the main challenges
of bioproduct recovery from wastewater, Arashiro et al. (2020b) and
Senatore et al. (2023) developed pilot-scale semi-continuous experi-
ments coupling tertiary wastewater treatment to the recovery of pig-
ments from cyanobacteria.

The development of a successful cyanobacterial-based biorefinery
treating wastewater has to overcome barriers as contamination by green
microalgae and wastewater composition fluctuation over time. In this
context, there is a need to find strains that: i) accumulate high concen-
trations of target bioproducts, ii) present faster growth rates than those
of the outcompeting microorganisms, to remain the predominant species
(Shahid et al., 2021), and iii) are able to cope with changing conditions
over time. Thus, wastewater-borne strains are pinpointed as potential
candidates, as they are more adapted to wastewater conditions than
strains from culture collections.

Among the waste streams that may be used cyanobacterial-
biorefineries, the secondary effluent from urban wastewater treatment
plants (WWTPs) fulfills the requirements in terms of physicochemical
characteristics and nutrient composition. In comparison with raw
sewage, this treated effluent promotes the growth of cyanobacteria,
given the low chemical oxygen demand (COD), high ammonium
(N—NHJ) and low phosphate (P-PO?{) concentrations (Senatore et al.,
2023). However, this stream contains harmful compounds such as
contaminants of emerging concern (CECs), that are not removed in
conventional activated sludge systems. The study of these compounds
has for years been focused on environmental contamination, meaning
that most of the effort has been put to improve their removal from water
bodies. However, their persistence in microalgal biomass and bio-
products has barely been assessed. The increasing importance of
microalgae in the food sector, has led to the proposal of prospective
quality control strategies and regulations (Salehipour-Bavarsad et al.,
2024). Thus, novel methodologies for screening CECs in microalgal food
supplements have been proposed (Martin-Girela et al., 2020). Despite
being crucial for improving the social acceptance of wastewater bio-
refineries, the analysis of CECs in wastewater-derived products is almost
inexistent. Recent studies have analyzed the presence of CECs in
wastewater-based microalgal bio-stimulants (Ruales et al., 2024) and
pigment-rich extracts (Bellver et al., 2023). In fact, a preliminary study
recovering phycobiliproteins from Synechocystis sp. grown in secondary
effluent from urban wastewater treatment, showed that only 3 out of 22
CECs detected in this stream were found in crude phycobiliprotein ex-
tracts. In particular, only caffeine, carbamazepine and naproxen were
detected. Since these compounds are polar, they may remain in the
phosphate buffer used for phycobiliproteins extraction (Bellver et al.,
2023). However, it remained unclear whether further pigment purifi-
cation steps could reduce their concentration in the final product.

The aim of the present study is to evaluate the potential of urban
secondary effluent as a source of nutrients for the recovery of natural
pigments from a wastewater-borne Synechococcus sp. in a circular
economy approach. This general objective was achieved by the
following specific objectives: i) assessing the pigment production po-
tential of Synechococcus sp. in unsterile synthetic media, ii) studying
Synechococcus sp. pollutant removal capacity, biomass growth and pig-
ments production over time in urban secondary effluent, iii) evaluating
the biogas production potential of raw and pigment-extracted biomass,
and iv) analyzing the persistence of CECs from secondary effluent
samples to in concentrated pigment extracts. To the author’s knowledge,
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this is the first time that the presence of these contaminants in concen-
trated and dialyzed wastewater-derived phycobiliproteins is analyzed.

2. Materials and methods
2.1. Cyanobacterial biomass and pigments production

2.1.1. Strain selection and culture

A strain of Synechococcus sp. isolated from photobioreactors treating
wastewater, that resembled to Synechococcus sp. PCC8966 according to
NCBI Genebank database (Rueda et al., 2020), was used in the present
study. The inoculum was maintained under sterile conditions in a 1 L
photobioreactor at room temperature (25 °C). The culture was grown in
BG11, mixed continuously by air bubbling, and kept under white-LED
lamps with a light irradiance of 36 pmol m™ s™! and a light:dark cycle
of 15:9 h This culture was used as inoculum for batch and
semi-continuous experiments (Sections 2.1.2 and 2.1.3, respectively).

2.1.2. Phycobiliprotein production potential

In order to determine the phycobiliprotein production potential of
this Synechococcus sp. strain under optimum conditions, batch trials in
standard culture medium were developed 1 L Erlenmeyer flasks (in
triplicate) during 6 days. Non-sterile BG11 (modified with 158 mg
NaHCO3 L™! and 971.4 mg NaNO3 L™!) was used as culture medium.
Temperature and agitation were the same as described previously
(Section 2.1.1). However, light irradiance was fixed at 91 pmol m2 s'l,
and pH was daily adjusted to 7.0 by CO3 injection using a pH meter (GLP
21, CRISON). Cultures were inoculated with an initial volatile sus-
pended solid (VSS) concentration of 0.1 g Lfl Inoculation volume was
calculated with a regression curve correlating turbidity and the con-
centration of VSS (g LY (R%= 0.95) (see supplementary material).

2.1.3. Phycobiliprotein production in secondary effluent

The phycobiliprotein production in secondary effluent was quanti-
fied in semi-continuous assays, in order to determine the stability of the
process over time. In this case, 2.5 L of culture were grown in a 3 L
polymethyl methacrylate (PMMA) cylindrical photobioreactor, under
the light intensity and light:dark cycle described in 2.1.2. Biomass was
continuously stirred at 200 rpm (VELP Scientifica, Usmate, Italy). The
pH was maintained between 7.5-9.0 by automatic injection of CO, by
means of an electro-valve connected to a pH sensor and controller (HI
8711, HANNA instruments, Italy). The standard culture medium was
here replaced by unsterile and filtered (0.7 pm) secondary effluent from
a municipal WWTP located in Barcelona (Spain).

Initially, biomass grew in batch until a concentration of 0.4 g VSS L1
was achieved. Then, secondary effluent was added (and culture
retrieved) in a semi-continuous mode, to maintain a hydraulic retention
time (HRT) of 6 days. Culture retrieval was carried out under complete
mixing conditions, maintaining the same HRT and cellular retention
time in the photobioreactor. The reactor was operated during 3 HRTs
(18 days). Over this period, culture broth was retrieved three times per
week, after which it was centrifuged at 3300 g for 10 min (centrifuge
5702, Eppendorf). Pellets were preserved in 15 mL Falcon tubes at —21
°C, and freeze-dried for 48 h (ScanVac CoolSafe, LaboGene). This pro-
tocol was applied prior to pigment extraction, biogas production tests
and CECs analyses for all the biomass samples analyzed. The main
physico-chemical parameters of the studied secondary effluent are
shown in supplementary material.

2.2. Analytical methods

2.2.1. Physic-chemical analyses

Culture growth/ biomass production was estimated every other day
by both measuring turbidity and VSS concentration. Turbidity was
measured in aliquots of 10 mL with a nephelometer (HI-93,703, HANNA
instruments). VSS were determined following Standard Methods (2540C
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and 2540D) (APHA-AWWA-WPCF, 2017). N—NO3, N—NO3 and P-PO%’
contents were measured following Standard Methods (4500-NO3,
4500-NO3 and 4500-P), while N—NHZwas measured as described by
Solorzano (1969). Nutrient concentrations were measured at the
beginning and end of the batch experiment; and every other day during
the semi-continuous experiment.

2.2.2. Phycobiliproteins, carotenoids and chlorophyll-a extraction and
quantification

The phycobiliprotein extraction protocol was adapted from Arashiro
et al. (2020b). 3 mg of dry biomass were added to 1 mL of phosphate
buffer, and two freeze-thaw cycles (—21 °C to 4 °C) were developed to
disrupt the cells. After disruption, slurries were poured into 1.5 mL
Eppendorf tubes and centrifuged at 9500 g for 15 min (centrifuge 5702,
Eppendorf). Then, supernatants were recovered and measured at ODsg2
nm> OD565 nm, OD615 nm, ODe20 nm» ODe52 nm and ODa2gp nm in a UV-VIS
spectrophotometer (UV-11, LanOptics). Analyses were developed in
triplicate and phosphate buffer was used as a blank. While phycobili-
protein concentrations were calculated according to Bennett and
Bogorad (1973), phycobiliprotein purity ratios were calculated as
described by Cuellar-Bermudez et al. (2015) (Egs. (1)-3):

Phycocyanin purity ratio = ODeaonm/OD2gonm (@)
Allophycocyanin purity ratio = ODgsznm/OD2sonm 2)
Phycoerythrin purity ratio = ODsgsnm/OD2sonm 3

After phycobiliproteins extraction, crude phycobiliprotein extracts
were freeze-dried (48 h, under dark conditions) (ScanVac CoolSafe,
LaboGene) and stored at —21 °C until CECs analysis. The same protocol
was applied to pigment-extracted biomass prior to biochemical methane
potential tests. CECs were analysed from pigment crude extracts,
concentrated extracts and raw biomass samples.

Carotenoids and chlorophyll-a extraction procedures were adapted
from Zavrel et al. (2015). Freeze-dried biomass samples (3 mg) were
placed in 1.5 mL Eppendorf tubes, and extracted with 1 mL of methanol
(4 °C). Pigment concentrations were measured and quantified in UV-VIS
spectrophotometer (UV-11, LanOptics) at OD 479 nm, ODggs nm and OD72q
nm following the equations described by Zavrel et al. (2015). Analyses
were developed in triplicate and methanol was used as a blank.

All the extractions were developed in triplicate, and the pigment
content was expressed as mg of pigment per g of dry weigh (mg g pw).

2.2.3. Pigment concentration

To obtain the concentrated phycobiliprotein extracts, crude extracts
were resuspended in 25 mL of distilled water, and a two-step precipi-
tation with ammonium sulfate was developed by adapting the meth-
odology described by Burgess (2009). For the first precipitation
(proteins other than phycobiliproteins), 20 % ammonium sulfate was
added to the mixture under continuous stirring and incubated at 4 °C (30
min). Then, samples were centrifuged at 4 °C (1200 g, 20 min)
(centrifuge 5424 R, Eppendorf), supernatants recovered, and phycobi-
liproteins further precipitated with 60 % ammonium sulfate overnight.
Afterwards, pellets were obtained by centrifugation (1200 g, 10 min)
(centrifuge 5424 R, Eppendorf), resuspended in distilled water (25 mL)
and dialysed (4 °C) against the same solvent using dialysis membranes
(0 12,000 Da, Sigma-Aldrich). At the end of the procedure, dialyzed and
concentrated pigment samples were poured into 15 mL Falcon tubes,
freeze-dried (48 h, under dark conditions) (ScanVac CoolSafe, Labo-
Gene) and stored at —21 °C until CECs analysis.

2.2.4. Contaminants of emerging concern analysis

CECs were analysed in secondary effluent, freeze-dried cyanobacte-
rial biomass and pigment samples collected over the experimental
period. In order to assess how a precipitation with ammonium sulphate
of the pigment extracts could affect the accumulation of CECs, both
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crude and precipitated phycobiliprotein samples were analysed. For
secondary effluent, 3 samples were collected at the beginning, mid and
end of the experimental period. The analytical methodologies for
quantifying CECs in secondary effluent, biomass, crude and concen-
trated phycobiliprotein extracts were developed as described by Bellver
et al. (2023). Limits of detection (LOD) and quantification for secondary
effluent, biomass and crude pigment extract samples are reported in
Bellver et al. (2023), while LODs for precipitated pigment extracts, as
well as concentrations of CECs for secondary effluent, biomass, crude
and precipitated pigment extracts are reported in supplementary
material.

2.3. Biogas production from raw and phycobiliprotein-extracted biomass

The anaerobic biodegradability and biogas production potential of
cyanobacterial biomass, before (raw biomass) and after (residual
biomass) phycobiliprotein extraction, was determined by biochemical
methane potential (BMP) tests.

2.3.1. Biochemical methane potential tests

Batch reactors were inoculated with mesophilic, digested sludge
from a municipal WWTP located in Barcelona (Spain). Tests were car-
ried out in 160 mL serum bottles, with a working volume of 50 mL (in
duplicate). Bottles were inoculated with 5 g volatile solids (VS) L' of
substrate (VSgypstrate) and a VSgypstrate:VSinoculum Of 0.5, as described by
Arashiro, et al. (2020b). Additionally, blank samples without substrate
were run to determine the inoculum-produced background methane;
while microcrystalline cellulose (CEL) (Thermo scientific, Germany) was
used as a positive control. After filling each reactor with the corre-
sponding volumes of inoculum and substrates, bottles were flushed with
helium gas, sealed with butyl rubber stoppers and placed in a platform
shaker incubator (OPAQ, Ovan, Spain) at 90 rpm and 35 + 2 °C. Pres-
sure in each batch reactor was periodically measured with a digital
manometer (GMH 3151 Gresinger™, Germany). Biogas composition
was determined by calculating the percentage of methane and carbon
dioxide in the digester’s headspace. Gases were analysed using a gas
chromatograph (GC- Trace Thermo Finnigan, U.S.A) equipped with a
Thermal Conductivity Detector, which involved injecting the gas sam-
ples into a packed column (Hayesep 3 m 1/8 in 100/120). Helium was
used as the carrier gas in split less mode, with a flow rate of 19 mL min'.
The oven temperature was set to 35 °C, resulting in a retention time of
2.0 min. The injector and detector temperatures were set at 150 °C and
250 °C, respectively. The system was calibrated using standard methane
(99.9 % CHy4, Messer-Griesheim, Germany) and carbon dioxide (99.9 %
CO9, Messer-Griesheim, Germany) by injecting duplicate samples to
create a six —point standard curve in the range of 10-100 % for each gas.
Measurements were performed until the daily methane production was
<1 % of the total accumulated methane production in all batch reactors.
Methane yields were corrected to standard conditions (0 °C and 101,3
kPa) over the substrate concentration (VS).

2.3.2. Statistics and kinetics data analysis

The cumulative biochemical methane yield (BMY, NL CH4 kg vs™
was modelled using a first-order kinetic model as a function of time t (d),
as described in Eq. (4):

B =B, + [1 —exp( — kt)] C)]

where: By stands for the methane production potential (NL CH4 kg
VS‘l), k is the first order kinetic rate constant (d_l), B is the accumu-
lated methane production at time t (NL CHy4 kg VS’l) and t is time (d).
The pair of experimental data (B, t) was adjusted by the least-square
method using the SOLVER function from Excel. This allows the deter-
mination of parameters k and By of each assay.

The error variance (s%) is estimated by the following Eq. (5):
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Zy—x)

N—k ®)

$?=
where: y is the experimental value, x is the value estimated by the
model, N is the number of samples and K is the number of model pa-

rameters (K = 2).
3. Results and discussion
3.1. Phycobiliprotein production potential of Synechococcus sp.

The phycobiliprotein production potential of the wastewater-borne
Synechococcus sp. grown in standard culture medium was 273.7 mg g
DW! of total phycobiliprotein, corresponding to a phycobiliprotein
productivity of 16.5 + 2.7 mg L d'!. This content was regarded as the
phycobiliprotein production potential of this Synechococcus sp. strain in
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unsterile conditions, and used for further comparison with the results
obtained in secondary effluent.

Phycocyanin was the most abundant (79 % of the total phycobili-
protein content) and had the highest purity (ratio of 1.3), followed by
allophycocyanin (16 %, purity ratio of 0.5) and phycoerythrin (5 %,
purity ratio of 0.6). The results obtained fall within the range reported in
the literature for Synechococcus sp. For instance, a concentration around
100 mg gDW™ of high-purity phycocyanin was achieved by growing
Synechococcus elongatus in BG11 (Tan et al., 2023), and up to 439 mg g
DW! by growing Synechococcus sp. PCC7002 in a culture where N was
supplied in form of nitrite and ammonia ions (Lin et al., 2022). The
differences between these results may be attributed not only to differ-
ences in the extraction methods, but also to the distinctive biology of the
strain used.
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Fig. 1. Synechococcus sp. biomass growth (expressed as Volatile Suspended Solids (VSS) concentration) in the semi-continuous reactor (a). Discharge, secondary
effluent and removal (%) of nutrients (N—NO3, N—NOx, P—Poi' and N—NHY) over time (b, c, d, e).
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3.2. Synechococcus sp. biomass production in secondary effluent

Upon tertiary wastewater treatment, Synechococcus sp. biomass
concentration reached a maximum of 0.7 g VSS L! at operational day 5
(Fig. 1, a). However, from operational day 8 onwards, it stabilized
around 0.5 g VSS L', and biomass productivity around 0.1 g VSS L d!
(Table 1).

Differences between biomass production and growth kinetics before
and after reaching the steady state may be attributed to the decrease in
nutrient availability, since both N and P were very limited by the time
when steady state was reached. These results are in accordance with
those described by Senatore et al. (2023), who reached productivities of
108 mg DW L™! d! by treating secondary effluent with Synechocystis sp.
(HRT of 6 days), which increased to 173 mg DW L™ d~! by increasing
the concentration of nutrients (HRT of 8 days).

Nutrients content and removal efficiencies are shown in Fig. 1.
Secondary effluent was characterized by a relatively high and stable
concentration of N—NH{ over the whole experiment (41.5 + 1.3 mg N L’
1), which was steadily removed with high efficiency (> 99.9 % from day
3 on). Regarding N—NO3, N—NOj3 and P-PO3, secondary effluent had
very low concentrations of these nutrients (< 3.5 mg L’l), and removal
efficiencies up to 100 and 99 % were attained for N—NO3 and N—NO3
respectively. Variations on the removal of N—NOj3 from day 5 to day 15
may be related to the fact that, over this period, the concentration of this
nutrient was maintained at very low values. A possible reason for this is
that all forms of inorganic nitrogen are reduced to N—NHjprior to
cellular uptake. So when both N—NHjand N—NOj3 are supplied
together, cyanobacteria prefer the uptake of former over the latter
(Arashiro et al., 2020b). In the case of P—PO?{, high removal efficiencies
(99-100 %) were sustained over time.

Inhibition by free ammonia in wastewater treatment systems has
been related to reduced efficiencies, especially in the case of cyano-
bacterial monocultures (Rossi et al., 2020). Regarding domestic waste-
water characteristics, a promising cyanobacterial candidate for tertiary
treatment must have tolerance to high N—NHj concentrations. In fact,
results on the growth of Synechococcus sp. in N—NH{ rich streams are
diverse. Indeed, while concentrations above 20 mg N—NH4" L™  had a
negative effect on Synechococcus sp. growth (Srimongkol et al., 2019),
Synechococcus sp. MK568070 showed a stable growth in oil refinery
wastewater with concentrations up to 47.6 mg N—NHZL! (Blazina
etal., 2019). Besides, a biomass concentration of 2 g DW L! was reached
by culturing Synechococcus sp. NKBG042902 in municipal wastewater
with a concentration of 100 mg N*NH3+L'1 (Aketo et al., 2020). In the
present study, the N—NHJ concentration in the reactor ranged between
10.3 and 20.6 mg L}, which enabled a stable cyanobacterial growth over
time.

Table 1
Kinetic parameters, biomass and pigment productivities in the semi-continuous
experiment. VSS; Volatile Suspended Solids, p; specific growth rate.

Parameter Exponential phase (day Steady-
1-5) state
(day 8-19)
VSS (g L'l) 0.60 + 0.14 0.47 +
0.05
Biomass productivity (g L' d!) 0.16 + 0.04 0.08 +
0.02
u(@dh 0.36 + 0.19 0.20 +
0.06
Duplication time (d) 2.26 + 1.20 3.79 +
1.55
Phycobiliprotein productivity (mg L 31.12 + 14.65 6.58 +

dh 1.61

Chlorophyll-a productivity (mg L d™)  2.43 + 0.81 0.83 +
0.02

Carotenoid productivity (mg L™ d1) 0.62 + 0.17 0.26 +
0.07

Water Research 273 (2025) 123005

Thus, the studied cyanobacteria culture seems promising for nutri-
ents removal upon tertiary wastewater treatment.

3.3. Natural pigments production by Synechococcus sp. in secondary

effluent

The production of phycobiliproteins, chlorophyll-a and carotenoids
was monitored during the semi-continuous operation of the photo-
bioreactor. Average pigment contents are shown in Fig. 2, while average
productivities and purities are shown in Table 1.

Higher values were obtained during the initial exponential phase, as
compared to the subsequent steady-state. Specifically, the maximum
phycobiliprotein content (214.3 mg g DW™)), phycocyanin purity ratio
(1.1) and total phycobiliprotein productivity (41.5 mg phycobiliproteins
L'd1), were achieved at operational day 3. Such high phycobiliprotein
content is close to the phycobiliprotein production potential achieved in
unsterile synthetic media (273.7 mg g DW™). However, this elevated
phycobiliprotein content was not stable over the experimental period
(Fig. 2, a), as it decreased once the N—NOj content in the reactor was
depleted. Once the reactor reached the steady-state (day 5), the phy-
cobiliprotein content, productivity and phycocyanin purity ratio stabi-
lized at values around 91 mg gDW, 6.6 mg L d"! and 0.5, respectively
(Table 1).

Cyanobacterial pigment loss (chlorosis) under diverse stress condi-
tions has been previously described, and specifically when induced by N
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200 + Allophycocyanin
* u Phycoerythrin
W Phycocyanin purity

150 Allophycocyanin purity

Phycoerythrin purity
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Phycobiliprotein content (mg g DW-1)
[, o
o o

(b) Exponential Steady-state

Total carotenoids

20 1 = Chlorophyll-a

Pigment content (mg g DW-")

Exponential Steady-state

Fig. 2. Synechococcus sp. phycobiliprotein (a), carotenoid and chlorophyll-a (b)
content over the exponential and steady-state periods.
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starvation. Thus, under N stress, cyanobacteria conduct an immediate
degradation of the phycobilisomes (which contain the phycobilipro-
teins), as so as to release amino acids to maintain the protein synthesis
(Forchhammer and Schwarz, 2019). In fact, in N-depleted cultures, this
process is characterized by rapid phycocyanin loss, that may be followed
by chlorophyll-a decay. In the present work, this photosynthetic
pigment showed a similar trend as phycobiliproteins, but attenuated
with a lower decay (Fig. 2, b). Chlorophyll-a content in the biomass
reached a maximum value of 15.5 mg ¢ DW'! at day 3, which progres-
sively decreased and stabilized at values ranging from 9.3 to 13.6 mg g
DWL. Conversely, the carotenoids content was maintained fairly stable
over the whole experiment (2.5-4.1 mg g DW'1).

Even if the photobioreactor was operated in a semi-continuous mode
maintaining an HRT of 6 days, inorganic N was depleted. Thus, by the
time the culture was retrieved and replaced by secondary effluent, cells
could have been N-starved for some hours. In fact, this phenomenon has
also been found in microalgae consortia grown in food-processing ef-
fluents, in which N—NHj4 was depleted within 2 days of culture (Amadu
et al., 2023). Furthermore, phycobiliprotein degradation to fulfill the
nutritional requirements of the wastewater-grown strains BERC03 and
BERCO04, was associated to the low phycobiliprotein yields achieved
(Shahid et al., 2021). Culture bleaching has also been related to different
environmental stresses, such as sulphur, iron and P deprivation

mm Secondary effluent
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(Hemlata and Fatma, 2009), as well as salinity increase (Samiotis et al.,
2022) or toxicity caused by the presence of herbicides
(Gonzalez-Barreiro et al., 2004). Even though the pigment content
reduction in this study is mainly attributed to N scarcity, the toxicity of
the wide variety of CECs detected in the secondary effluent, as well the
low P supply (Fig. 1, d), may have also contributed to the pigment
content evolution over time.

Concerning phycobiliprotein recovery from wastewater reported in
the literature, contents up to 237 mg g DW™! with purities reaching 1.14
were obtained in sterile wastewater (Khatoon et al., 2018). On the other
hand, total phycobiliprotein and carotenoid contents up to 102 mg g
DW! and < 2 mg g DW! were recovered from unsterile urban waste-
water (Shahid et al., 2021). These values are within those reported in the
present study (Fig. 2). The results obtained with Synechoccoccus sp. in
treated wastewater are close to those obtained in treated swine waste-
water, where up to 13 % DW of phycocyanin and allophycocyanin, and
up to 2 mg g DW™ of p-carotene were recovered (Narindri Rara Winayu
et al., 2021). Additionally, phycocyanin purities showed a maximum of
0.97 with a tendency to decline over time. It is important to note that the
aforementioned study only lasted 12 h vs. 18 days in the present one,
which was performed in semi-continuous operation and treating undi-
luted secondary effluent. In the present work, the phycocyanin content
in the biomass during the steady-state operation (day 8-19), was on
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mm Phycobiliprotein crude extract
ww  Phycobiliprotein concentrated extract
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Fig. 3. Mean concentrations of the detected CECs in secondary effluent (n = 3). Error bars indicate SD (left). Mean concentrations of the detected CECs in biomass (n
= 5), pigment extracts (n = 5) and phycobiliprotein rich extracts (n = 3). Error bars indicate the concentration ranges (right). To calculate means, values <LOD were
not considered. (*) indicates that the compound was detected in two or less samples. CECs; Contaminants of emerging concern, LOD; Limit of Detection.
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average 68.9 + 19.9 mg g DW'L. This is in line with the phycocyanin
content (74 mg g DW 1) achieved with Synechocystis sp. in a 30 L pho-
tobioreactor treating secondary effluent in semi-continuous mode
(Senatore et al., 2023). As may be expected, higher values (91 mg g
DW™) were achieved in semi-continuous experiments with synthetic
media (Zanolla et al., 2022).

To summarise, the studied wastewater-borne Synechococcus sp.
strain appears as a promising source of natural pigments in a circular
bioeconomy approach. According to the results obtained under the
operational conditions assayed, it is expected that higher pigment pro-
ductivities could be achieved by increasing the nutrient loading rate.
Thus, further efforts such as reducing the HRT or testing more highly
loaded waste streams should be addressed in the future in order to in-
crease phycobiliprotein recovery over time.

3.4. Fate and concentration of contaminants of emerging concern

The concentrations of CECs in the secondary effluent, cyanobacterial
biomass, crude and concentrated phycobiliprotein extracts is shown in
Fig. 3 and supplementary material. In global, data indicates that while
many compounds were present in secondary effluent, only 2 of them
passed to the concentrated phycobiliprotein extract.

In the secondary effluent, most of the analysed CECs were detected
(20 out of the 29 analysed compounds) (Fig. 3). Moreover, 4 of these
compounds presented concentrations higher than 1 pg L (namely
diclofenac, caffeine, 5-methyl-2H-benzotriazole and benzotriazole).
Such concentration levels were also found in a previous study (Bellver
et al. 2023). Regarding cyanobacterial biomass, 5 compounds (caffeine,
carbamazepine, naproxen, methylparaben and cashmeran) were detec-
ted on > 60 % of the samples, and their concentrations ranged from 0.2
to 1.0 ug gDW L. Interestingly, while some compounds highly present
in wastewater, such as caffeine and naproxen, were clearly incorporated
into the biomass, other abundant compounds in wastewater, like
diclofenac or 5-methyl-2H-benzotriazole, were scarcely detected in the
biomass. In the case of diclofenac, photodegradation is the most plau-
sible explanation for its limited presence in cyanobacterial biomass, as
this compound has been proven to be light-sensitive in previous studies
(Zhang et al., 2017; Wu et al., 2022). Conversely, for 5-methyl-2H-ben-
zotriazole, the low concentration detected in biomass may be explained
by limited sorption. Previous studies have also reported low adsorption,
minimal bioaccumulation and partial removal of benzotriazole by
microalgae (Matamoros et al., 2015; Wu et al., 2022). In contrast,
compounds such as cashmeran or methylparaben were found in
biomass, even if they presented lower concentrations in treated waste-
water (Fig. 3). In the case of cashmeran, a synthetic musk, this was most
likely due to its high hydrophobicity (log Kow of 4.5 (Rimkus, 1999),
which may have triggered the sorption on the biomass. In fact, musks are
known to partition into wastewater solids (Smyth et al., 2007), and a
previous study found that they bioaccumulated in microalgal biomass
(Matamoros et al., 2015). For methylparaben, its presence in biomass
may be explained by its moderate biodegradability (Matamoros et al.,
2015), its continuous presence in treated wastewater, and a potential
microalgae bioaccumulation from the water fraction (Mustafa et al.,
2021).

Regarding crude pigment extracts, only caffeine, methylparaben and
naproxen were incorporated in >60 % of the samples, while the rest of
detected compounds were only detected on <40 % of the samples. The
concentrations of these three compounds on the extracts (0.1 to 1 ug g
DW™1) were close to the ones found on the biomass. As the extraction was
made with phosphate buffer at pH = 7, a possible explanation would be
that only compounds with polar properties at that pH were extracted. In
this sense, caffeine and methylparaben are polar in its neutral state and
naproxen is ionized at pH=7 (pK,=4).

In a previous study, it was hypothesized that, as the crude pigment
extracts analysed (obtained from Synechocystis sp.) missed the precipi-
tation steps, even lower concentrations or no presence of CECs could be
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expected on the concentrated extract (Bellver et al., 2023). Thus, in the
present study, phycobiliprotein precipitation was tested (see Section
2.2.3). It was observed that caffeine and methylparaben still remained in
the concentrated extracts in similar or even higher concentration ranges
(0.4t03.0pgg DWD). This could be related to the fact that caffeine and
methylparaben were specifically bound on the phycobiliproteins, while
naproxen —which is known to bind strongly to serum protein (Mortensen
et al., 1979)- probably remained with the rest of proteins that were
removed in the first precipitation step (20 % of ammonium sulfate). The
presence these two CECs on the concentrated pigments indicates that
other non-measured contaminants could also be present, which could
limit the usage of those pigments for human applications. Nonetheless,
the concentrations of the measured compounds were very similar to the
ones found in crops grown in peri-urban agriculture, which were
assessed to not pose a human health risk for consumption (Margenat
et al., 2019). This suggests that such contaminants concentrations were
low enough to allow the usage of the concentrated pigments for the
formulation of dyes, among other potential uses. In any case, the
tracking of other contaminants together with further purification tech-
niques could be explored in order to clarify the potential market for
these pigments.

3.5. Biogas production by anaerobic digestion of pigment-extracted
biomass

The production of biogas from residual biomass after the extraction
of phycobiliproteins was studied to evaluate the potential recovery of
bioenergy along with the pigments. The results of BMP tests with raw
and pigment-extracted biomass are shown in Table 2 and Fig. 4.

Piment-extracted biomass methane yield was 222.1 NL CH,4 kg VS,
being 72 % of the methane yield from unextracted (raw) biomass (314.9
NL CH,4 kg VS™1). As phycobiliproteins are anaerobically biodegradable,
the lower methane yield achieved after pigment extraction may be
related to the decrease in biodegradable organic matter. Indeed, the
extraction method may have resulted in the release of both soluble and
membrane-bound proteins, reducing the concentration of soluble
organic matter. Nevertheless, the methane yield was still 72 % that of
raw biomass, even after the recovery of a value-added bio-based product
along with biogas.

Regarding the kinetics of biogas production, the anaerobic digestion
of pigment-extracted biomass was significantly faster than raw biomass
(> 19 %), indicating significantly higher degradation rates (p-value =
0.005). Indeed, pigment-extracted biomass reached 96 % of the final
methane yield after 8 days, compared to raw biomass that achieved the
same methane yield after 10 days. This has practical implications upon
full-scale operation in terms of HRT, hence anaerobic digester volume
and costs.

The results of this study are in accordance with other biochemical
methane potential tests using microalgal biomass as a substrate (Passos
and Ferrer (2015); Ansari et al. (2017)). However, in some cases the

Table 2

Final methane yield, methane content and kinetic constant (k) of Synechococcus
sp. biomass grown in secondary effluent, before (raw biomass) and after phy-
cobiliprotein extraction (pigment-extracted biomass). Significant differences
between samples are shown by letters a and b (p-value < 0.05). NL; Normal
Liters.

Sample Final methane = Methane First-order
yield content kinetics constant
(NL CH, kg (%) k(d™h
vsh)
Raw biomass  314.9 + 7.0* 75.5 + 0.337 + 0.03 (R?
0.48ns = 0.992)**
Pigment- biomass  222.1 +£10.2* 76.3 + 0.402 + 0.04 (R?
extracted 0.08ns = 0.989)**

* Significant at p < 0.05; ** highly significant at p < 0.01; ns = non significance.
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Fig. 4. Methane yield of Synechococcus sp. biomass grown in secondary effluent, before (raw biomass) and after phycobiliproteins extraction (pigment-extracted

biomass). NL; Normal Liters.

methane yield increased after pigments extraction. For instance, Meix-
ner et al. (2018), van den Hende et al. (2016) and Arashiro et al. (2020b)
reported 81 %, 89 % and 6.7 % higher methane yield from
pigment-extracted biomass in comparison with raw biomass (348 vs.
429 NL CH, kg VS, 272 vs. 305 NL CH4 kg VS and 187 vs. 153 NL CH,
kg VS, respectively). This could be related to the fact that the cyano-
bacterial peptidoglycan layer is highly variable depending on the strain
and highly dependent on the specific downstream processes applied. On
the one hand, downstream processing can break down the structure of
the cyanobacteria biomass and increase the soluble organic matter,
making the residual biomass more digestible and increasing the methane
yield. On the other hand, the removal of compounds upon downstream
processing can decrease the organic matter availability, hence the
methane yield. This may explain the higher methane yield obtained
from Synechococcus sp. biomass before than after pigment extraction
(314.9 vs 222.1 NL CH4 kg vsh. However, the process kinetics were
enhanced, meaning that pigment extraction enhanced the hydrolysis of
biomass.

To date, some cyanobacterial biorefineries treating waste streams
have been tested at pilot or demonstration scale. Diez-Montero et al.
(2020) run a demonstrative-scale biorefinery with a mixed culture
dominated by Synechococcus sp. treating agricultural runoff. Harvested
biomass underwent a thermal pretreatment and achieved an average
methane yield (240 NL CH4 kg VS'l) close to those obtained in the
present study. However, the commercial-scale implementation of cya-
nobacterial biorefineries is still in its early stages, because of challenges
associated with production processes and downstream strategies. In this
context, the valorization of residual biomass after bio-based products
extraction for biogas production may lead to more efficient utilization of
the resources. The combination of both bio-based products and bio-
energy recovery may improve the sustainability of the process from a
technical, economic and environmental point of view.

4. Conclusions

The studied cyanobacteria culture successfully reduced the nutrients
concentration, while producing biomass for natural pigments and biogas
recovery. Promising results were achieved over the semi-continuous
operation of the photobioreactor (18 days), with a total carotenoid

content that was stable over time, reaching up to 4 mg g DW'L. The
maximum phycobiliprotein content was 214 mg g DW™, which was
limited by nutrients depletion over time. Out of 20 CECs detected in the
secondary effluent, only caffeine, methylparaben and tributylphosphate
remained in the concentrated extracts. Still, it should be noticed that
their presence may restrict the commercial application to markets other
than food. Finally, the methane yield of phycobiliprotein-extracted
biomass (72 % of raw biomass) showed how it may contribute to the
sustainability of the biorefinery. To increase biomass production, future
studies could focus on the supplementation of the secondary effluent
with other nutrient-rich residues, such as digestate.

CRediT authorship contribution statement

Marta Bellver: Writing — original draft, Validation, Methodology,
Investigation, Formal analysis, Data curation, Conceptualization. Eve-
lyn Ruales: Writing — original draft, Methodology, Investigation,
Formal analysis. Rubén Diez-Montero: Writing — review & editing,
Resources, Conceptualization. Ménica Escola Casas: Writing — original
draft, Validation, Formal analysis, Conceptualization. Victor Mata-
moros: Writing — review & editing, Resources, Conceptualization. Ivet
Ferrer: Writing — review & editing, Supervision, Resources, Project
administration, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This research was funded by the R+D+I projects AL4BIO
(RTI2018-099495-B-C21) and Cyan2Bio (PID2021-1265640B-C32),
funded by MCIN/AEI/ 10.13039/501100011033 and “ERDF A way of
making Europe”’. Marta Bellver acknowledges her grant
PRE2019-091552 funded by MCIN/AEI/ 10.13039/501100011033 and
by “ESF Investing in your future”. Evelyn Ruales acknowledges her grant
2020 FISDUR 00592 from AGAUR Agencia de Gestio d’Ajuts



M. Bellver et al.

Universitaris i de Recerca. Monica Escola is grateful to the Beatriu de
Pinés 2018 grant-programme (MSCA grant agreement number 801370).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.watres.2024.123005.

Data availability
Data will be made available on request.

References

Aketo, T., Hoshikawa, Y., Nojima, D., Yabu, Y., Maeda, Y., Yoshino, T., Takano, H.,
Tanaka, T., 2020. Selection and characterization of microalgae with potential for
nutrient removal from municipal wastewater and simultaneous lipid production.

J. Biosci. Bioeng. 129 (5), 565-572.

Amadu, A.A., Abbew, A.-W., Qiu, S., Addico, G.N., Hodgson, 1., Duodu, S., Appiah, S.A.,
Ge, S., 2023. Advanced treatment of food processing effluent by indigenous
microalgae-bacteria consortia: population Dynamics and enhanced nitrogen uptake.
Algal Res. 69, 102913.

Ansari, F.A., Wahal, S., Gupta, S., Rawat, 1., 2017. A comparative study on biochemical
methane potential of algal substrates: implications of biomass pre-treatment and
product extraction. Bioresour. Technol. 234, 320-326.

APHA-AWWA-WPCEF., 2017. Standard Methods for the Examination of Water and Waste
Water, 20th ed. America Public Health Association, Washington DC.

Arashiro, L.T., Boto-Ordoénez, M., van Hulle, S.W.H., Ferrer, 1., Garfi, M., Rousseau, D.P.
L., 2020a. Natural pigments from microalgae grown in industrial wastewater.
Bioresour. Technol. 303, 122894.

Arashiro, L.T., Ferrer, 1., Paniker, C.C., Gomez-Pinchetti, J.L., Rousseau, D.P.L., van
Hulle, S.W.H., Garfi, M., 2020b. Natural Pigments and Biogas Recovery from
Microalgae Grown in Wastewater. ACS Sustain. Chem. Eng. 8 (29), 10691-10701.

Babu Balaraman, H., Sivasubramanian, A., Kumar Rathnasamy, S., 2021. Sustainable
valorization of meat processing wastewater with synergetic eutectic mixture based
purification of R-Phycoerythrin from porphyrium cruentium. Bioresour. Technol. 336,
125357.

Bellver, M., Diez-Montero, R., Escola Casas, M., Matamoros, V., Ferrer, L., 2023.
Phycobiliprotein recovery coupled to the tertiary treatment of wastewater in semi-
continuous photobioreactors. Tracking contaminants of emerging concern.
Bioresour. Technol. 384, 129287.

Bennett, A., Bogorad, L., 1973. Complementary chromatic adaptation in a filamentous
blue-green alga. J. Cell Biol. 58 (2), 419-435.

Blazina, M., Haberle, 1., Enis Hrusti¢, E., Budisa, A., Petri¢, 1.P., Konjevi¢, L., Silovic, T.S.,
Djakovac, T., Gecek, S., 2019. Growth aspects and biochemical composition of
Synechococcus sp. MK568070 cultured in oil refinery wastewater. J. Mar. Sci. Eng. 7,
164.

Burgess, R.R., 2009. Protein Precipitation Techniques. In: Burgess, R.R., Deutscher, M.P.
(Eds.), Guide to Protein Purification, 2nd ed. Academic Press, Cambridge,
Massachusetts, pp. 331-337. 463.

Cuellar-Bermudez, S.P., Romero-Ogawa, M.A., Vannela, R., Lai, Y.J.S., Rittmann, B.E.,
Parra-Saldivar, R., 2015. Effects of light intensity and carbon dioxide on lipids and
fatty acids produced by Synechocystis sp. PCC6803 during continuous flow. Algal
Res. 12, 10-16.

Diez-Montero, R., Vassalle, L., Passos, F., Ortiz, A., Garcia-Galan, M.J., Garcia, J.,
Ferrer, 1., 2020. Scaling-up the anaerobic digestion of pretreated microalgal biomass
within a water resource recovery facility. Energies 13 (20), 5484.

Forchhammer, K., Schwarz, R., 2019. Minireview Nitrogen chlorosis in unicellular
cyanobacteria-a developmental program for surviving nitrogen deprivation. Environ.
Microbiol. 21 (4), 1173-1184.

Gonzalez-Barreiro, O., Rioboo, C., Cid, A., Herrero, C., 2004. Atrazine-Induced chlorosis
in Synechococcus elongatus cells. Arch. Environ. Contam. Toxicol. 46, 301-307.
Hemlata, Fatma, T., 2009. Screening of cyanobacteria for phycobiliproteins and effect of
different environmental stress on its yield. Bull. Environ. Contam. Toxicol. 83 (4),

509-515.

Khatoon, H., Kok Leong, L., Abdu Rahman, N., Mian, S., Begum, H., Banerjee, S.,
Endut, A., 2018. Effects of different light source and media on growth and
production of phycobiliprotein from freshwater cyanobacteria. Bioresour. Technol.
249, 652-658.

Kouhia, M., Holmberg, H., Ahtila, P., 2015. Microalgae-utilizing biorefinery concept for
pulp and paper industry: converting secondary streams into value-added products.
Algal Res. 10, 41-47.

Lin, J.Y., Tan, S.I, Yi, Y.C., Hsiang, C.C., Chang, C.H., Chen, C.Y., Chang, J.S., Ng, L.S.,
2022. High-level production and extraction of C-phycocyanin from cyanobacteria
Synechococcus sp. PCC7002 for antioxidation, antibacterial and lead adsorption.
Environ. Res. 206, 112283.

Margenat, A., Matamoros, V., Diez, S., Canameras, N., Comas, J., Bayona, J.M., 2019.
Occurrence and human health implications of chemical contaminants in vegetables
grown in peri-urban agriculture. Environ. Int. 124, 49-57.

Water Research 273 (2025) 123005

Martin-Girela, 1., Albero, B., Tiwari, B.K., Miguel, E., Aznar, R., 2020. Screening of
contaminants of emerging concern in microalgae food supplements. Separations 7,
28.

Matamoros, V., Gutiérrez, R., Ferrer, 1., Garcia, J., Bayona, J.M., 2015. Capability of
microalgae-based wastewater treatment systems to remove emerging organic
contaminants: a pilot-scale study. J. Hazard. Mater. 288, 34-42.

Meixner, K., Kovalcik, A., Sykacek, E., Gruber-Brunhumer, M., Zeilinger, W., Markl, K.,
Haas, C., Fritz, 1., Mundigler, N., Stelzer, F., Neureiter, M., Fuchs, W., Drosg, B.,
2018. Cyanobacteria biorefinery — production of poly(3-hydroxybutyrate) with
synechocystis salina and utilisation of residual biomass. J. Biotechnol. 265, 46-53.

Monlau, F., Suarez-Alvarez, S., Lallement, A., Vaca-Medina, G., Giacinti, G.,

Munarriz, M., Urreta, 1., Raynaud, C., Ferrer, C., Castanon, S., 2021. A cascade
biorefinery for the valorization of microalgal biomass: biodiesel, biogas, fertilizers
and high valuable compounds. Algal Res. 59, 102433.

Mortensen, A., Bjern Jensen, E., Bernth Petersen, B., Husted, S., Andreasen, F., 1979. The
determination of naproxen by spectrofluorometry and its binding to serum proteins.
Acta pharmacol. et Toxicol. 44 (4), 277-283.

Mustafa, S., Bhatti, H.N., Magbool, M., Igbal, M., 2021. Microalgae biosorption,
bioaccumulation and biodegradation efficiency for the remediation of wastewater
and carbon dioxide mitigation: prospects, challenges and opportunities. J. Water
Process Eng. 41, 102009.

Narindri Rara Winayu, B., Tung Lai, K., Ta Hsueh, H., Chu, H., 2021. Production of
phycobiliprotein and carotenoid by efficient extraction from Thermosynechococcus
sp. CL-1 cultivation in swine wastewater. Bioresour. Technol. 319, 124125.

Pagels, F., Pereira, R.N., Vicente, A.A., Guedes, A.C., 2021. Extraction of pigments from
microalgae and cyanobacteria—a review on current methodologies. Appl. Sci., 11,
5187.

Passos, F., Ferrer, 1., 2015. Influence of hydrothermal pretreatment on microalgal
biomass anaerobic digestion and bioenergy production. Water Res. 68, 364-373.

Rimkus, G.G., 1999. Polycyclic musk fragrances in the aquatic environment. Toxicol.
Lett. 111, 37-56.

Rossi, S., Diez-Montero, R., Rueda, E., Castillo Cascino, F., Parati, K., Garcia, J.,
Ficara, E., 2020. Free ammonia inhibition in microalgae and cyanobacteria grown in
Wastewaters: photo-respirometric evaluation and modelling. Bioresour. Technol.
305, 123046.

Rueda, E., Garcia-Galan, M.J., Diez-Montero, R., Vila, J., Grifoll, M., Garcia, J., 2020.
Polyhydroxybutyrate and glycogen production in photobioreactors inoculated with
wastewater borne cyanobacteria monocultures. Bioresour. Technol. 295, 122233.

Ruiz-Dominguez, M.C., Jauregui, M., Medina, E., Jaime, C., Cerezal, P., 2019. Rapid
green extractions of C-phycocyanin from arthrospira maxima for functional
applications. Appl. Sci. 9 (10), 1987.

Salehipour-Bavarsad, F., Nematollahi, M.A., Pistocchi, R., Pezzolesi, L., 2024. Algal food
safety: possible contaminations, challenges of Harmonized Quality Assessments, and
suggested recommendations for the nascent industry of microalgae-based products.
Algal Res. 81, 103579.

Samiotis, G., Stamatakis, K., Amanatidou, E., 2022. Dimensioning of Synechococcus
elongatus PCC 7492 cultivation photobioreactor for valorization of wastewater
resources. J. Chem. Eng. 435, 134895.

Senatore, V., Rueda, E., Bellver, M., Diez-Montero, R., Ferrer, 1., Zarra, T., Naddeo, V.,
Garcia, J., 2023. Production of phycobiliproteins, bioplastics and lipids by the
cyanobacteria Synechocystis sp. treating secondary effluent in a biorefinery approach.
Sci. Total Environ., 159343

Shahid, A., Usman, M., Atta, Z., Musharraf, S.G., Malik, S., Elkamel, A., Shahid, M.,
Abdulhamid Alkhattabi, N., Gull, M., Mehmood, M.A., 2021. Impact of wastewater
cultivation on pollutant removal, biomass production, metabolite biosynthesis, and
carbon dioxide fixation of newly isolated cyanobacteria in a multiproduct
biorefinery paradigm. Bioresour. Technol. 333, 125194.

Smyth, S.A., Lishman, L.A., McBean, E.A., Kleywegt, S., Yang, J.-J., Svoboda, M.L.,
Ormonde, S., Pileggi, V., Lee, H.-B., Seto, P., 2007. Polycyclic and nitro musks in
canadian municipal wastewater: occurrence and removal in wastewater treatment.
Water Qual. Res. J. 42, 138-152.

Solorzano, L., 1969. Determination of ammonia in natural waters by the
phenolhypochlorite method. Limnol. Oceanogr. 14, 799-801.

Srimongkol, P., Tongchul, N., Phunpruch, S., Karnchanatat, A., 2019. Ability of marine
cyanobacterium Synechococcus sp. VDW to remove ammonium from brackish
aquaculture wastewater. Agric. Water Manage. 212, 155-161.

Tan, H.T., Yusoff, F.M., Khaw, Y.S., Nazarudin, M.F., Mazli, N.A.LLN., Ahmad, S.A.,
Shaharuddin, N.A., Toda, T., 2023. Characterisation and selection of freshwater
cyanobacteria for phycobiliprotein contents. Aquacult. Int. 31, 447-477.

van den Hende, S., Beyls, J., de Buyck, P.J., Rousseau, D.P.L., 2016. Food-industry-
effluent-grown microalgal bacterial flocs as a bioresource for high-value
phycochemicals and biogas. Algal Res. 18, 25-32.

Wu, K., Tizzani, R., Zweers, H., Rijnaarts, H., Langenhoff, A., Fernandes, T.V., 2022.
Removal processes of individual and a mixture of organic micropollutants in the
presence of Scenedesmus obliquus. Sci. Total Environ. 838, 156526.

Zanolla, V., Biondi, N., Niccolai, A., Abiusi, Fabian, Adessi, A., Rodolfi, L., Tredici, M.R.,
2022. Protein, phycocyanin, and polysaccharide production by Arthrospira platensis
grown with LED light in annular photobioreactors. J. Appl. Phycol. 34, 1189-1199.

Zaviel, T., Sinetova, M.A., Cerveny, J., 2015. Measurement of chlorophyll a and
carotenoids concentration in cyanobacteria. Bioprotocol 5 (9), e1467.

Zhang, N., Li, J.M., Liu, G.G., Chen, X.L., Jiang, K., 2017. Photodegradation of diclofenac
in aqueous solution by simulated sunlight irradiation: kinetics, thermodynamics and
pathways. Water Sci. Technol. A J. Int. Assoc. Water Pollut. Res. 75, 2163-2170.


https://doi.org/10.1016/j.watres.2024.123005
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0001
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0001
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0001
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0001
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0003
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0003
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0003
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0003
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0004
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0004
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0004
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0005
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0005
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0006
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0006
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0006
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0007
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0007
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0007
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0008
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0008
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0008
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0008
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0009
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0009
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0009
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0009
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0010
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0010
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0011
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0011
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0011
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0011
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0013
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0013
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0013
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0014
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0014
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0014
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0014
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0015
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0015
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0015
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0016
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0016
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0016
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0017
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0017
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0018
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0018
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0018
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0019
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0019
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0019
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0019
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0020
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0020
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0020
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0021
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0021
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0021
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0021
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0022
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0022
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0022
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0023
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0023
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0023
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0024
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0024
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0024
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0026
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0026
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0026
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0026
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0027
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0027
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0027
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0027
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0028
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0028
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0028
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0029
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0029
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0029
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0029
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0030
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0030
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0030
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0031
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0031
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0031
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0032
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0032
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0033
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0033
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0034
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0034
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0034
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0034
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0036
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0036
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0036
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0037
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0037
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0037
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0038
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0038
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0038
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0038
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0039
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0039
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0039
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0040
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0040
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0040
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0040
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0041
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0041
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0041
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0041
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0041
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0042
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0042
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0042
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0042
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0043
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0043
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0044
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0044
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0044
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0045
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0045
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0045
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0046
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0046
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0046
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0047
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0047
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0047
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0048
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0048
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0048
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0049
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0049
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0050
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0050
http://refhub.elsevier.com/S0043-1354(24)01905-5/sbref0050

	Natural pigments and biogas recovery from cyanobacteria grown in treated wastewater. Fate of organic microcontaminants
	1 Introduction
	2 Materials and methods
	2.1 Cyanobacterial biomass and pigments production
	2.1.1 Strain selection and culture
	2.1.2 Phycobiliprotein production potential
	2.1.3 Phycobiliprotein production in secondary effluent

	2.2 Analytical methods
	2.2.1 Physic-chemical analyses
	2.2.2 Phycobiliproteins, carotenoids and chlorophyll-a extraction and quantification
	2.2.3 Pigment concentration
	2.2.4 Contaminants of emerging concern analysis

	2.3 Biogas production from raw and phycobiliprotein-extracted biomass
	2.3.1 Biochemical methane potential tests
	2.3.2 Statistics and kinetics data analysis


	3 Results and discussion
	3.1 Phycobiliprotein production potential of Synechococcus sp.
	3.2 Synechococcus sp. biomass production in secondary effluent
	3.3 Natural pigments production by Synechococcus sp. in secondary effluent
	3.4 Fate and concentration of contaminants of emerging concern
	3.5 Biogas production by anaerobic digestion of pigment-extracted biomass

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Supplementary materials
	Data availability
	References


