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Abstract: The global population increase during the last century has significantly amplified freshwater
demand, leading to higher wastewater (WW) production. European regulations necessitate treating
WW before environmental. Microalgae have gained attention for wastewater treatment (WWT) due
to their efficiency in remediating nutrients and pollutants, alongside producing valuable biomass.
This study investigates the phycoremediation potential of a Chlorella-like strain isolated from urban
WW in a 600L-scale system under winter conditions. Experiments in December 2021 and February
2022 tested the strain’s adaptability to varying environmental conditions, particularly temperatures
(min-max temperature range: from —3.69 to 10.61 °C in December and —3.96 to 17.61 °C in February),
and its ability to meet legal discharge limits. In December, low temperatures algal growth. Nitrates
showed an RE of about 92%, while ammonia slightly decreased (RE, about 32%), and phosphorous
remained unchanged. In February, mild temperatures increased algal density (33.3 x 10° cell mL~1)
and, at the end of experiment, all nutrients were below legal limits with very high RE % (NH4",
91.43; PO,3~ 97.32). Both trials showed an E. coli RE, % = 99%. The study highlights the potential
of microalgae for WWT and the importance of considering seasonal variations when implementing
these systems.

Keywords: phycoremediation; microalgae; urban wastewater; nutrient removal; E. coli load

1. Introduction

The demographic increase that characterised the last century led to an increasing
demand and consumption of freshwater and, consequently, to wastewater (WW) produc-
tion. According to the European directive, WW need to be treated before their release
in the environment [1]. In fact, the presence of pollutants in WW can not only lead to
eutrophication, an enrichment in waterbodies of nitrogen and phosphorous that can cause
an alteration of natural balances in a specific habitat, but also be a risk for human health
due to the presence of bacteria like Escherichia coli [2-4].

Nowadays, WW treatment occurs inside wastewater treatment plants (WWTPs).
Briefly, WW undergo different treatments that can be distinguished into physical, bio-
logical, and chemical. Physical treatment allows the removal of suspended solids using
grits and settlers, biological treatment implies the use of microorganisms aggregates, called
activated sludge (AS), responsible for nutrients reduction, meanwhile chemical treatments
are needed for bacterial load abatement [5-7]. During the WW treatment, different types
of sludges are generated and recollected for further treatments to reduce the amount of
water contained in the sludge and stabilise it for further applications [8]. The water, ob-
tained after the separation and still rich in nutrients, is then added to new WW in the
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treatment plant while the dried sludges can be used in agriculture as soil improvers or
used in anaerobic biodigestion processes [9-11]. WWTP efficiency is affected by different
parameters. Temperature is one of the main factors since low temperatures can negatively
affect biochemical reactions not only in terms of reaction rates and pathways but also in
terms of microorganism yields and mortality [12,13]. During the winter season, environ-
mental temperatures can reach low values, affecting the water temperature in the treatment
plants and consequently resulting in lower contaminant reduction [13]. Seasonality is
another important factor affecting WWTP efficiency. In a study conducted by Sala-Garrido
and colleagues in 2012, it was highlighted that seasonal WWTPs are less efficient than
non-seasonal WWTPs [14]. The water flow reduction in the WWTPs caused by seasonality
can reduce their efficiency. Lastly, climate change can have a negative impact since heavy
precipitation and extraordinary climate events could result in plant overload [15].

In the last years, microalgae, photoautrophic microorganisms able to use carbon diox-
ide (CO,) and sun energy to produce organic matter, have received more and more attention
due to the wide applications in which they can be used [16,17]. The possibility of using microal-
gae for WW phycoremediation has been widely studied [18,19]. Urban wastewater (UWW)
contain nutrients in both organic and inorganic form which is reflected by high Biochemical
Oxygen Demand (BOD) and Chemical Oxygen Demand (COD) [16,20,21]. In particular, the
presence of phosphorous (P) and nitrogen (N) in WW and the low concentration of toxic
substances makes them suitable to be exploited as a nutrient-rich culture medium for
microalgae [16].

Different works have highlighted that algae from culture collection can be exploited
for WW phycoremediation; moreover, strains as Neochloris oleoabundans and Scenedesmus
obliguus have shown lipid production and thus can be valorised for biodiesel produc-
tion [22,23]. Given the remarkable adaptability of microalgae to their native environmental
conditions, the use of microalgae isolated from WW present higher nutrient removal ca-
pabilities and experienced less stress compared to algae from culture collections [24-27].
Furthermore, it has been observed that a Chlorella-like chlorophyte, isolated from urban
wastewater, displayed the ability to grow in wastewater and demonstrated a higher effi-
ciency in removing ammonium and phosphates compared to synthetic media [17]. Similar
studies conducted in both laboratory and larger system scales have consistently yielded
similar results with various algal species [5,28-30].

In addition to nutrient removal, wastewater treatment with microalgae offers several
other benefits: (1) CO, sequestration and oxygenation of the effluent thanks to the pho-
tosynthetic activity; (2) colour and odour removal; (3) sludge reduction; (4) reduction of
operation costs. Moreover, microalgae can have a positive impact on greenhouse gasses
produced in a WWTP [31]. CO; is released during aeration, organic matter oxidation, and
energy consumption in facilities [32]. Methane is released under anaerobic conditions, such
as anaerobic digestion and low-oxygen treatments [33]. Nitric oxide (N;O) is produced by
wastewater microorganisms during nitrification/denitrification, especially when dissolved
oxygen is low [34]. As previously mentioned, CO; sequestration and O, release during
photosynthesis can increase dissolved oxygen and, consequently, reduce or minimise the
formation of N;O and methanogenesis [35,36]. Furthermore, microalgae can be used for
further applications as a second row material [37,38]. Microalgae like Spirulina and Chlorella
sp. are widely used as food supplement due to the rich content in proteins, essential amino
acids, carbohydrates, vitamins and fatty acids [39]. Still, pigments, like chlorophylls and
carotenoids, can be exploited in cosmetical and pharmaceutical industries for their antioxi-
dants properties or anticarcinogenic activities [40]. Some microalgae, specifically those able
to synthesize high lipid content (i.e., Chlorella sp., Nannochloropsis sp., Scenedesmus sp.), are
suitable candidates for biofuel production [41,42]. In addition, microalgal biomass could
be employed as biofertilisers or biostimulants in crop production, exploiting its nutrients,
vitamins, enzymes and phytohormones to stimulate growth, development and production
or improve chemical and biological soil properties [43,44].
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The aim of this work is to study the phycoremediation activity of an autochthonous
microalga isolated from the thickening WW provided by Ferrara WWTP in a system scale-
up, using a 600L prototype exposed to environmental conditions. The trial took place in
winter season and was repeated in two different months (December 2021 and February 2022)
with the purpose to understand how the same strain can phycoremediate under different
weather conditions, especially the different temperatures that characterised the months
in analysis and photoperiod typical of the winter period. These results are part of a more
complex research focused on the study of the mentioned strain used for phycoremediation
purposes in larger volumes to better understand its activity during the hole year under
natural conditions.

2. Materials and Methods
2.1. Microalgae

The microalgae used for both the phycoremediation tests belong to a Chlorella-like
strain, isolated in 2018 from the urban WW (UWW) derived from the thickening pro-
cess at the HERA-Ferrara multiutility company as described in Baldisserotto et al., 2020 [17].
For experiments, the algal biomass was provided by Alga&Zyme Factory srl (Ferrara, Italy),
which cultivated the algal strain in 200 L-bag cylindrical photobioreactors in BG11 synthetic
medium [45], modified in terms of nitrogen and phosphorous to reflect their concentration in
the original WW from which microalgae were isolated (NH,Cl 1.45 g L=1; K;HPO, 0.62 g L™ 1).

2.2. Wastewater

Holding Energia Risorse Ambiente (HERA) SpA manages the WWTP located in
Ferrara, Italy (145,000 population equivalent—PE—on BOD basis; 44°5149” N, 11°37'47”
E) and furnished the WW effluent used as culture medium for the experimentations. In
detail, the stream derived from the thickening process of the sludge line of the urban WW
treatment line and was collected in two different times, in December 2021 for the first
experimentation and in February 2022 for the second one (for environmental main details,
see Sections 2.4 and 3.1). Algae were inoculated in the WW after sedimentation of the
particulate matter. To understand the composition of the used WW, chemical analysis
were conducted by HERA laboratories, following standard certified methods for waters
(Table 1). The analyses were realised to determine only the most important parameters.
They focused on COD and BOD:s for the organic matter, N and P as the main pollutants
undergoing stronger legal limits (in accordance with the Italian Legislative Decree of 3
April 2006, No. 152), heavy metals and Daphnia magna acute toxicity assay to evaluate the
WW toxicity.

Table 1. Chemical analysis of the UWW harvested in December 2021 and February 2022 before the
microalgae inoculation.

Parameter Unit December February
Chemical oxygen demand (COD) mg L1 O, 80 26
Biochemical oxygen demand (BOD5) mg L 10, 19 12
Total suspended solids mg L1 48 10
Escherichia coli UFC/100 mL 61,000 1700
Total nitrogen (TN) mg L1 25.2 6.1
Nitric nitrogen (N-NO3z ™) mg L1 24.4 4.1
Nitrous nitrogen (N-NO, ™) _
Ammonia nitrggen (N-NH4*) mg L~ 0.16 0-30
Total phosphorous (TP) mg L1 14 1.7
Total chromium mg L1 221 5.3
Chromium VI mgL~! <0.02 <0.02
Lead mg L~} <0.02 <0.02

Zinc mgL~! <0.005 <0.005
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Table 1. Cont.
Parameter Unit December February

Selenium mg L1 0.06 0.12

Mercury mg L1 <0.01 <0.01

Nichel mg L~} <0.001 <0.001

Copper mg L1 <0.01 <0.01

Cadmium mg L1 0.021 <0.005

Aluminium mg L1 <0.005 <0.005
Daphnia magna acute toxicity assay % mortality 1.33 0.15

The WW used in December was turbid even after sedimentation; conversely, on
February the WW was clear.

2.3. Experimental Design

In both experimental trials, the Chlorella-like strain was introduced into a 600L stainless
steel prototype situated within the HERA-Ferrara WWTP, near the sedimentation tank. The
prototype was sheltered by a canopy to protect it from adverse weather conditions while
remaining exposed to the prevailing environmental factors, particularly temperature and
light intensity, throughout the entire experiment. To boost microalgae growth in case of
insufficient natural light, the prototype was equipped with white LED lights emitting a
photosynthetically active radiation (PAR) of 30 pmolphotons m2s L.

In both experiments, the microalgae were cultivated in batch mode without aeration.
The initial optical density at 750 nm (ODysg) of the cultures was approximately 0.3, the
volumes of algae and WW being adjusted accordingly (see Table 2 for details). Since the
mother cultures used for the two trials had different ODy5y values—1.60 in December 2021
and 2.89 in February 2022—the initial volumes of culture used for the trials varied: 85 L for
the first trial and 55 L for the second trial.

Table 2. Volumes of microalgae and WW used for the set-up of the prototype.

Chlorella-like UWW
December 2021 85L 450 L
February 2022 55L 540 L

Various parameters of algae were systematically monitored at specific intervals during
20 days-long experiments. For both trials, data were collected on days 0 (inoculation
day), 1, 2, 3,7, 10, 14, 17, and 20. These parameters on microalgae included: algae cell
density, specific growth rate, biomass yield and productivity, PSII maximum quantum
yield, photosynthetic pigment, and morphological characteristics. Furthermore, specific
aspects of the cultivation substrates were also monitored. For this, the microalgal biomass
was separated from the WW centrifugating samples at 2000 x g for 10 min. Afterwords it
was possible to measure pH fluctuations, Nitrogen (N as ammonia, N-NHy*, and nitrate,
N-NOj3 ™) and Phosphorous (P as phosphate) content, and Escherichia coli concentration. To
ensure representative samples, the culture was manually mixed before each harvest time.

2.4. Environmental Parameters

Data related to temperature were monitored throughout both experimentations and
consisted in: average hourly air temperature 2 m above the ground (°C); average, minimum
and maximum daily air temperature 2 m above ground (°C) (Table 3). Data were down-
loaded from “dext3er”, a webapp for the extraction of weather data from ARPAE-Emilia
Romagna database (Agenzia Regionale per la Prevenzione, I’Ambiente e I'Energia of Emilia
Romagna region, Italy). Data were collected by a control unit located in Malborghetto di
Ferrara (Ferrara, Italy, 44°51'32.1” N 11°39'22.5" E). The choice of the control unit was made
both considering the geographical proximity to the WWTP where the tests took place and
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considering the completeness of the data recorded (https://simc.arpae.it/dext3r/ accessed
on 23 June 2023) [46].

Table 3. Temperature expressed as minimum, maximum, and average registered on the first day
of experimentation.

Min T° Max T° Average T°
December 2021 —0.56 °C 10.61 °C 4.86 °C
February 2022 0.93 °C 14.44 °C 6.28 °C

2.5. Growth Rate of Algae and pH of Culture Substrates

The microalgal growth was monitored using a spectrophotometer to measure the
optical density at 750 nm (ODysy; Pharmacia Biotech Ultrospec ® 2000, 1-nm bandwidth;
Amersham Biosciences, Piscataway, NJ, USA). In addition, the cell density (106 cell mL—1)
was determined using a Thoma’s counting chamber (Paul Marienfeld GmbH & Co. KG,
Lauda-Koenigshofen, Germany) under microscopic conditions (Zeiss mod. Axiophot light
microscope; Carl Zeiss, Oberkochen, Germany). The microalgae growth rate, expressed in
terms of daily cell divisions, was calculated using the following Formula (1) [47]:

log,N1 —log, N,
-1\ _ t08iV1 824No
K (day ) - t1 —to @

where p is the growth rate, N1 the cell number at time t;, Ny the cell number at time (5 and
t1 — ty is the time interval.

Dry biomass was determined using pre-dried and pre-weighed glass-fiber filters
(Whatmann GF-C, pore diameter 1.2 pm). Known volumes of culture, depending on its
own density, were filtered and dried at 60 °C for 48-72 h. Afterwards the filters were
weighed and the dry weight (DW) of algal biomass was expressed in gpw L™ [48].

At each experimental time the pH of the WW-based culture substrate was measured
using Jenway mod. 3510 (Stafforshire, Stone, UK) bench pH-meter.

2.6. PSII Maximum Quantum Yield of Algae

A pulse amplitude modulated fluorometer (Junior-PAM, Chlorophyll Fluorimeter,
Heinz Walz GmbH, Effeltrich, Germany) was employed to assess the photosynthetic activity
of Photosystem II (PSII). Specifically, the parameter Fy /Fy (maximum quantum yield of
PSII) was used to evaluate the stress levels of the algae. Algal cultures exhibiting values
within the range of 0.6 to 0.7 were considered to be in a healthy and physiologically good
state, while lower values were indicative of physiological stress [49,50]. Samples were
prepared as reported in previous studies: aliquots of cell suspension were centrifugated at
10,000 g for 10 min [51,52]. One-two drops of algal pellet were put onto small pieces of
filter paper (Pharma laboratory paper, myCordenons, Milan, Italy) and after 15 min of dark
adaptation PSII maximum quantum yield was measured as (2)

E _In—h
Fv  Fum

)

where Fy is the variable fluorescence, F); and F are the maximum and minimum fluores-
cence intensity emitted by dark and light-acclimated sample, respectively [53].

2.7. Photosynthetic Pigments of Algae

Photosynthetic pigments extraction was performed using absolute methanol, and
the Pharmacia spectrophotometer cited above was used to read the optical density of
extracts [52]. Briefly, known volumes of algal culture were centrifugated at 10,000 x g for 10
min and the pellet was extracted with methanol for 15 min at 80 °C. The extracts were ma-
nipulated under dim green light to avoid pigment photo-degradation. The clarified extracts
(20,000 g, 10 min) were spectrophotometrically measured at different wavelengths: 666,


https://simc.arpae.it/dext3r/

Water 2024, 16, 2635

6 of 24

653 and 470 nm, respectively for chlorophyll a (Chl a), chlorophyll b (Chl b) and carotenoids
(Car), and at 750 nm for the background disturbance. Pigments were then quantified using
formulas reported in Wellburn, 1994, and were expressed as pg pigments ngw_1 [54].

2.8. Characteristics of the Cultivation Substrate

Throughout experiments, nitrate (N-NO3; ™), ammonia (N-NH;*) and phosphate (P-
PO,37) present in the cultivation substrates were measured using a colorimetric quantifi-
cation method with a flow injection autoanalyser (Flowsys, Systea SpA, Company, Roma,
Italy) [55]. Afterwards the removal efficiency in percentage (RE, %) was calculated in
accordance with the following Equation (3):

Co— G

RE, % =
Co

100% 3)
where Cy and C; are the nutrient concentration (ppm) at time ¢ or ¢, respectively [17].

The total carbon (TC), inorganic carbon (IC), and total organic carbon (TOC) concen-
trations were measured using the Total Organic Carbon Analyzer, TOC-V CSH (Shimadzu
Italia S.r.l.). Briefly, the total carbon content in the sample, within a combustion chamber
for catalytic oxidation (T° = 650 °C), is oxidized or decomposed, resulting in the formation
of CO,. The concentration of CO, is measured by a detector and is proportional to the
TC content in the sample. For the determination of IC, the sample inside a reaction cell
is acidified and subjected to bubbling of a carrier gas (purified air) to convert only the
inorganic carbon into carbon dioxide. The detected concentration of CO; is related to the
inorganic carbon content. TOC is determined by the difference between the TC value and
the IC value.

The concentration of E. coli was determined at the HERA laboratories using certified
analytical method according to the UNI CEI EN ISO/IEC 17025 standard (https://www.
gruppohera.it/gruppo/attivita/ingegneria-laboratori-e-servizi-tecnici/laboratori accessed
on 12 February 2024) [56].

2.9. Light Microscopy of Algae Samples for Exopolysaccharides Detection (EPS)

For biological samples, the employment of Alcian Blue staining allows the detection
of acidic exo-mucopolysaccharides at the cell wall level (or extruded from cells) through
light microscopy [57-59]. The analysis was performed using 1% Alcian Blue 8GX (Serva,
Feinbiochemica, Heidelberg, Germany) dye, prepared at 1% in 3% acetic acid [60,61]. In
detail, 1 mL aliquots of sample were centrifuged at 10,000x g for 10 min to separate the
algal pellet from the culture medium. Thirty pL of the stain were added to the pellet, and
the sample was left 30 min at room temperature for the reaction to occur. After two washes
in distilled water to remove excess dye, the algal cells were observed under a Zeiss mod.
Axiophot light microscope. Photographs were taken with a VisiCam Pro 20C digital camera
(20 megapixels; VWR International Srl, Milan, Italy) mounted on an adaptor.

2.10. Data Analysis

Statistical analysis were performed using the R-based program Jamovi 2.3.31. Graphical
presentations were obtained using GraphPad Prism 8.4.2 and Microsoft Excel 365. To identify
significant differences between the two experimentations, t-student tests were conducted with
p-value set at p < 0.05. The data are presented as means =+ standard deviations.

3. Results
3.1. Environmental Parameters

During December 2021 minimum temperatures consistently ranged between —3.69
and 0 °C; only on two days values above 0 °C, respectively of 1.77 and 4.05 °C (t3 and ty9),
were recorded. The maximum temperatures documented ranged from 2.42 to 10.61 °C.
The midday temperatures were similar to the maximum ones, following the same trend.
The average temperatures remained above 0 °C throughout the experiment and slightly
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decreased after four days of testing, fluctuating between 4 °C and 6 °C during the first four
days and consistently staying below 4 °C from the fifth day onwards (Figure 1).

December 2021
—— MaxT°C
--A-- Midday T °C
~v- Average T °C
-m-- MinT°C

Temperature (°C)

Time (Days)

Figure 1. Maximum (max T °C), midday (midday T °C), average (average T °C), and minimum (min
T °C) temperatures recorded in December 2021. Each temperature is represented by circles, triangles,
inverted triangles, and squares. The temperatures were recorded by a control unit located in Malborghetto
di Ferrara, and the data were downloaded from the ARPAE d3xter (version 0.95) database.

In February 2022 minimum temperatures were similar to those in December 2021,
ranging between —3.96 and 3.52 °C. On the contrary, maximum temperatures consistently
remained above 10 °C, with the only exception of two days when maximum temperatures
were 7.56 and 5.9 °C (t; and tg respectively). Values and trends of midday temperatures
were similar to the maximum ones. The recorded average temperatures fluctuated between
3 °Cand 10 °C (Figure 2).

February 2022
- Max T°C

%) --a-- Midday T °C
- ~v- Average T °C
5] . o
5 -m- MinT °C
=
3
2,
ﬁ 0 [ ] ; . 7 ‘\- PN

——

M 5w 10 15% 20

LR

-5 Time (Days)

Figure 2. Maximum (max T °C), midday (midday T °C), average (average T °C), and minimum
(min T °C) temperatures recorded in February 2022. Each temperature is represented by circles,
triangles, inverted triangles, and squares. The temperatures were recorded by a control unit located
in Malborghetto di Ferrara, and the data were downloaded from the ARPAE d3xter database.

3.2. Algal Growth Aspects

To monitor algal growth, optical density, cell density, and dry biomass were monitored.
In the first experiment, conducted in December 2021, the ODy5( exhibited a nearly constant
trend, as the measured values consistently fell between 0.2 and 0.4. At the initial and
final experimental times, the measured optical density was 0.315 and 0.287, respectively



Water 2024, 16, 2635

8 of 24

(Figure 3). On the contrary, the trial set up in February 2022 showed a similar trend
only during the early 10 experimental days, during which the optical density was always
between 0.3 and 0.4; subsequently the ODys( increased reaching a value of 0.768 on the
final day of experimentation (Figure 3).

1.0
—— December

0.8 -0~ February

0.6

OD 750

0.4

0.2

0.0 T I I
0 5 10 15 20

Time (days)

Figure 3. Time course variations of optical density at 750 nm (ODys5) of experimental cultures in
20 days-long trials set up in December 2021 and February 2022. Squares and circles represent the
optical density measured at specific time.

A similar result was obtained also considering the cell density (Figure 4). For both trials
the cell density on the first day of test was approximately 9 x 10° cell mL~!. In December
it was possible to monitor this parameter only until the 14th day of experimentation;
afterward, large cell aggregates made cell counting impossible. Nevertheless, the values
observed up to tj4 remained consistently similar to the initial concentration, with a growth
rate of 0.006 day ~!. Conversely, in February the cell density remained constant until day
10, and subsequently the density increased up to 33.3 x 10° cell mL~! on the last day of
trial, showing a growth rate of 0.19 day ! (Figure 4).

H
o

—— December
1-o— February

w
o
|

Cell density (10° cell mL™)
= N
e 9

o

| |
10 15 20

Time (days)

o
($)]

Figure 4. Time course variations of cell density of algae in 20 days-long experimental trials set up
in December 2021 and February 2022. Squares and circles represent the optical density measured at
specific time.

Considering the dry weight yield of cultures, in December 2021 the mean starting
datum was 0.080 4 0.012 gpw L1 (Figure 5). It remained constant during the experimental
period; at ty, i.e., the final day of test, the dry biomass production was 0.099 £ 0.004
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gpw L1, In February 2022, the yield at ty was 0.076 & 0.015 gpw L~! and, after a minor
decrease at day 1 (0.062 + 0.016 gpw L~1), the trend showed an increase. At 20 days of
experiment the dry biomass yield was 0.223 4 0.015 gpw L~! (Figure 5). The difference
between December 2021 and February 2022 biomass was significant from day t;o up to day
to (p < 0.050on t10, t1a, t1y and p< 0.01 on day tzo).

0.3
Hl December
~ [ February
|'4 I l
80 0.2
2 T
£
2 * * * *
= 0.1
>
1
a
0.0- | | ]

0 1 3 7 10 14 17 20
Time (days)

Figure 5. Time course trend of dry biomass yield of algae cultures (gpw L1 in20 days-long trials
set up in December 2021 and February 2022. The columns and error bars represent the mean value
and standard deviation, respectively (n = 3). At each experimental time Welch’s ¢ test was performed
between groups and significant differences are indicated with * for p < 0.05.

During the experiment performed in December 2021 the pH of the substrate showed a
wave-like trend (Figure 6). On the first day pH was 7.61 and decreased down to 6.34 on the
second day of trial. After that pH increased reaching a value of 8.1 on day ty and then a
second decrease was observed: on day tj4 the pH was 6.37 and then it increased slightly
reaching a final value of 7.34 on the last day of trial. On the contrary, in the February 2022
test the pH constantly increased from a starting value of 8.08 on day tg to 10.16 on day tpg

(Figure 6).
11

—o— December

10- 1-0— February

9_

6 T T T
0 5 10 15 20

Time (days)

Figure 6. pH trend of the UWW substrates during the December 2021 and February 2022 trials.
Squares and circles represent the pH values measured at specific time.
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3.3. PSII Maximum Quantum Yield and Photosynthetic Pigments Content of Algae

PSII maximum quantum yield and photosynthetic pigments concentrations were mon-
itored to have information about the physiological state of the culture and its biochemical
composition (Figures 7-9).

Regarding the PSII photosynthetic activity, both trials showed a similar trend: a first
decrease after the inoculum time and then an increase. In December 2021 the lowest
measured value after the inoculum (0.600 & 0.008) was 0.055 & 0.002 on day t;g. After that
a slow increase in the parameter was observed reaching a final value of 0.304 £ 0.013 on
day 20. Even if the trial conducted in February 2022 showed a similar trend, the lowest
measured value was 0.245 4= 0.006 on day ty, but it increased up to 0.528 &+ 0.004 at the
end of the experimentation. Nonetheless, parameters measured in December 2021 and
in February 2022 differed significantly at each experimental time (p < 0.05 or p < 0.01)
(Figure 7).

0.8
—o— December
-0~ February
0.6
&
0.4
=
0.2
0 5 10 15 20

Time (days)

Figure 7. Time course variations of photosynthetic activity of algae expressed in Fy /Fy1 in December
2021 and February 2022 trials. Squares, circles and error bars represent the mean value and standard
deviation, respectively (1 = 3). At each experimental time Student’s ¢ test was performed between
groups and significant differences are indicated with * (p < 0.05) or ** (p < 0.01).

Total chlorophylls (Chlrot) concentration (ug ngW’l) showed a decreasing trend in
the December 2021 experiment; the concentration on the first day of trial was
43.08 + 2.10 pg mgpw ! and 15.32 + 0.83 ug mgpw ! after 20 days. In February 2022
the concentration on day 0 was 46.51 & 0.37 g mgpw ' and decreased during the fol-
lowing 17 days of trial. On the last day of experimentation, the total Chls concentration
increased at 25.63 & 2.08 ug mgpw . Even if the initial concentration and the general trend
were similar, significant differences between December and February tests were observed:
p <0.05 at t3 and t;7, p < 0.01 at ty and tp (Figure 8).

During December 2021, Chltor and carotenoids (Car) showed a similar trend; in fact,
during the 20 days of trial Car concentration decreased from 5.89 & 0.11 pg ng\,\f1 on the
first day to 1.46 & 0.08 ug mgpw ! on the last day. Conversely, in February 2022 the Car
content in the algae was significantly lower compared to what was observed in December
2021 (p < 0.05) and showed a different trend. In fact, Car concentration increased from
2.00 + 0.055 ug mgpw ! on the first day of trial to 5.52 + 0.47 ug mgpw ! on the 20th
day of experimentation and in general the concentration had a wave-like trend. Overall,
significant differences were observed at each experimental time (p < 0.05 on ty, t3 and t7,
p <0.01 on t14 and t;7) (Figure 9).
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Figure 8. Timecourse variations of total chlorophyll content of algae in December and February trials.
The columns and error bars represent the mean value and standard deviation, respectively (1 = 3).
At each experimental time Welch’s ¢ test was performed between groups and significant differences
between groups are indicated with * (p < 0.05) or ** (p < 0.01).
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Figure 9. Timecourse variations of total carotenoids content of algae in December 2021 and February
2022 trials. The columns and error bars represent the mean value and standard deviation, respectively
(n = 3). At each experimental time Welch’s t test was performed between groups and significant
differences between groups are indicated with * (p < 0.05) or ** (p < 0.01).

3.4. Nutrients Removal from the Cultivation Substrate and E. coli Load

To assess the phycoremediation capacity of the selected microalgal strain, the con-
centration of various nutrients (N in the ammonia and nitrate form, P as phosphate, and
organic and inorganic carbon) present in the culture medium was quantified.

In December 2021, ammonia slightly decreased from 30.22 4= 2.92 mg L1t020.67 +
0.79 mg L~ after one day of treatment and its concentration remained constant until the
end of the test (final day, RE, % = 31.66 & 5.17). In the February 2022 test, the concentration
of ammonium in the effluent decreased, as well. However, in this case, the reduction was
gradual during the initial days and became more evident in the later experimental period.
In this test, the initial concentration decreased from 33.00 & 1.41 mg L~! to 27.00 4 1.00
mg L~! at day 10 of testing, and from 18.67 - 0.29 mg L~! t0 2.8 + 0.2 mg L~! from day
14 to day 20, reaching an overall final RE, % of 91.43 & 0.38. Despite the reduction in
ammonium concentration observed for both tests, in the first 10 days of experimentation,
with the exception of tj, the concentration recorded in December 2021 was significantly
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lower than that in February 2022 (p < 0.01 from t; to tjp). Conversely, from t;7 onwards,
the concentration recorded in February 2022 was significantly lower than that recorded in
December 2021 (p < 0.01 on t17 and p < 0.05 on tyg) (Figure 10).
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Figure 10. Timecourse variations of N-NHy* content in the UWW substrate during the 20 days-long
December 2021 and February 2022 trials. The columns and error bars represent the mean value and
standard deviation, respectively (1 = 3). At each experimental time Welch’s ¢ test was performed between
groups and significant differences between groups are indicated with * (p < 0.05) or ** (p < 0.01).

The WW used in the two tests had different initial loads of nitric nitrogen. In particular,
the nitrate concentration in December 2021 was 52.29 + 3.4 mg L1 at tg; it gradually
decreased during the first 7 days of experimentation and then dropped suddenly from
t7 (33.39 + 6.65 mg L) to ty4 (4.28 + 0.69 mg L), with an overall RE, % value of 91.90
=+ 0.84. Subsequently, the recorded values remained almost constant. At the end of the
experiment, the final concentration was 6.2 & 1.54 mg L~1 with a final RE, % value of 88.06
=+ 3.73. In contrast, the nitrate concentration observed in February 2022 was significantly
lower (p < 0.1) starting from the inoculation time (5.148 4 0.209 mg L~1). Over the course
of the 20-day treatment, nitrates showed slight fluctuations as evident from the oscillating
trend in the graph (Figure 11). At the end of the trial, the recorded concentration was
6.72 & 0.82 mg L. Overall, significant differences between December 2021 and February
2022 (p < 0.05 and p < 0.01) were observed at every experimental time, except for tg t;7 and
tyo (Figure 11).
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Figure 11. N-NO3 ™ content in December and February Trials. The columns and error bars represent
the mean value and standard deviation, respectively (n = 3). At each experimental time Welch'’s ¢
test was performed between groups and significant differences between groups are indicated with *
(p <0.05) or ** (p < 0.01).
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Regarding phosphorous, the concentrations on the day of the inoculum were slightly
different (12.52 & 0.21 mg L~! in December 2021 and 11.17 & 0.13 mg L~ in February 2022)
yet significant (p < 0.01). In time, the initial difference in concentration between the two
trials increased progressively. In December 2021, the phosphorous concentration showed
fluctuations, but at the end of the experiment, it remained similar to the initial values with
a concentration of 13.14 & 1.53 mg L~!. An opposite trend was observed for the February
2022 test, during which phosphorous steadily and gradually decreased reaching a final
concentration of 0.3 + 0.07 mg L~! on tyg. A significant difference (p < 0.05 or p < 0.01)
between the two trials was observed at each experimental time and at tpy an RE, % value of
97.32 £ 0.63 was observed (Figure 12).
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Figure 12. P-PO,3* content in December and February Trials. The columns and error bars represent
the mean value and standard deviation, respectively (n = 3). At each experimental time Welch'’s ¢
test was performed between groups and significant differences between groups are indicated with
*(p <0.05) or ** (p < 0.01).

Additionally, the concentration of both the organic and the inorganic fraction of carbon
in the UWW effluent, which was used as cultivation substrate for Chlorella-like algae, was
also monitored to obtain more comprehensive information about the primary nutrients
utilised by microalgae for their metabolism. In December, no variations were observed in
the measured parameters. In contrast, in February, the concentration of inorganic carbon
decreased drastically, while organic carbon increased. Overall, the total carbon at the end
of the test was nearly halved (Table S1 in the Supplementary Material).

E. coli load was monitored in the effluent before the inoculations (Table 1), after the
inoculation, at three days post-inoculation, and at the conclusion of the experimental
periods (Table 4). In December 2021, the E. coli load was 36,000 CFU, and after just three
days of treatment, it decreased to 2600 CFU (RE, % = 92.78). At the end of the trial, E. coli
load was 72 CFU, and a final RE, % = 99.8 was reached. Conversely, in February 2022 E coli
load slightly increased after three days of treatment (ty = 210 CFU; t3 = 220 CFU), but on
the final day of treatment it was 2 CFU with a final RE, % = 99.04.

Table 4. E. coli load expressed in UFC on day 0, day 3 and day 21 of treatment. RE, % calculated after
21 days of treatment.

Day of Experimentation December 2021 February 2022
0 36,000 210
3 2600 220
21 72 2

Final RE, % 99.8 99.04
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3.5. Morphological Aspects of Algae

At each experimental time, the cultures were observed under an optical microscope
to assess the overall state of the culture. In December, the chloroplasts of the microalgae
underwent morphological changes, deviating from the classic cup-like shape; in contrast,
in February, the microalgae maintained the same morphological characteristics throughout
the entire experiment (Figure S1 in the Supplementary Material).

Alcian Blue staining was performed to determine if there was any production of
exopolysaccharides (EPS). In December, staining was carried out at t;4 when the presence
of cellular aggregates appeared and highlighted the presence of EPS. In February, the same
staining was performed at t;4, and once again, it was possible to observe the presence of
EPS produced by the microalgae (Figure S2 in the Supplementary Material).

4. Discussion

The increase in water demand, the resulting rise in wastewater production from
industrial and domestic activities, and the necessity to treat wastewater before its release
into the environment make it essential to develop efficient treatment methods. Furthermore,
various legal limits, based on the characteristics of the environment into which treated
water is discharged and established according to the risk of eutrophication of the area, are
provided [1]. Currently, wastewater treatment methods encompass chemical, physical, and
biological approaches [62]. However, the need to optimise WWTPs has driven research and
development of new water treatment technologies.

The use of microalgae for wastewater phycoremediation has received significant inter-
est among researchers due to the potential for simultaneously treating water and cultivating
algal biomass [63]. The presence of nutrients, such as N, P, and C, makes urban wastewater
an excellent medium for microalgae cultivation. The use of microalgae not only enables
the treatment of wastewater, resulting in a clean and oxygenated effluent, but also allows
biomass production that can be further valorised in the context of a circular economy [64,65].
Indeed, algal biomass can be employed in various sectors such as cosmetics, nutraceuticals,
agriculture, and more [66-70].

In this article, a comparison has been presented between two phycodepuration tests
conducted at a 600-litre external plant during two different winter periods, December 2021
and February 2022. The aim was to assess whether the selected algal strain could work
effectively even when subjected to the environmental conditions characterizing winter
season. Although both experiments were conducted during the winter period, the inoc-
ulated algae were exposed to different environmental parameters. According to the data
released by the Italian Institute for Environmental Protection and Research (Istituto Superi-
ore per la Protezione e la Ricerca Ambientale, ISPRA), December 2021 had temperatures
that were in line with the climatic average [71]. In contrast, February 2022 was milder,
showing anomalies of approximately +1.5 °C compared to the seasonal average [72]. In
addition, according to the monthly reports released on the website of the Regional Agency
for Prevention, Environment, and Energy of Emilia-Romagna (Arpae), it was found that
in December 2021 was predominantly overcast, with fog and mist; conversely, in Febru-
ary 2022 was mostly clear and sunny (https://www.arpae.it/it/temi-ambientali/meteo/
report-meteo/bollettini-mensili/bm_202112.pdf/view Arpae Emilia Romagna, Bologna,
Italy). An additional environmental variable that could influence the outdoor cultivation of
microalgae is the photoperiod, but the presence of LED lights installed in the prototype
may have mitigated the influence of such factor. Another difference was the composition
of the WW used for the two trials. As reported in Table 1, some pollutants had different
initial concentrations due to the WWTP efficiency that can be influenced by environmental
parameters and different water load depending on the seasonality [13,14]. December 2021
low temperatures could have had a negative impact on the WW treatment resulting in
WW with a higher organic load as highlighted by COD and BODs concentrations (80 and
19 mg L1 respectively in December 2021; 26 and 12 mg L1 respectively in February
2022). Similarly, the WW used had different heavy metals concentrations. In particular, in
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December 2021, total chromium and cadmium were 22.1 and 0.021 mg L~ respectively,
while in February these concentrations were lower, 5.3 mg L~! and <0.005 mg L~!. Lastly,
the acute toxicity test of D. magna, an ubiquitous model organism in water bodies, was
performed to determine the degree of water toxicity [73]. In December 2021, the detected
toxicity was 1.33%, while in February 2022 was 0.15%. The higher toxicity registered in
December 2021 could be a consequence of the high chromium concentration [74,75].

For both experiments, the cell density was determined at each experimental time.
In December, the culture had a cell density of 8.76, and in February, it was 8.98. For
both experiments, the density remained unchanged during the first 10 days of the trial.
These lag phases can represent the adaptation to the transition from the ideal growth
conditions of the laboratory, such as room temperature and a synthetic nutrient-rich culture
medium, to the harsher conditions of outdoor cultivation, including low temperatures,
nutrient concentrations different from the optimal ones, and other potential pollutants in the
effluent used for the field application [76,77]. PAM analysis showed a reduction in the value
of Fy /Fy, supporting this idea, i.e., that the culture was exposed to stressful conditions;
indeed, as reported in the literature, Fy/Fy; values below 0.6 indicate a condition of
stress, while higher values indicate a good health status of the algal culture [78-80]. In
December, from day 14 onwards, the formation of cellular aggregates made it impossible
to obtain a reliable estimation of cell density. The random distribution of cells in the
Thoma’s chamber allows for accurate cell estimation when cells are freely dispersed in the
culture medium. However, when cells are present within aggregates, especially within
flocs, our estimation accuracy may be compromised, leading to an underestimation of the
density [81]. The presence of cell aggregates may be attributed to the new conditions of the
culture medium used. More specifically, WW deriving from the thickening process may
have different compositions due to the varying purification capacity of the WWTP, which
experiences seasonal fluctuations [82]. Consequently, the bacterial load varies depending
on the efficiency of the plant. In the case of WW treatment, bacteria play a pivotal role
in organic matter removal, and research has shown that they can produce extracellular
polymeric substances (EPS) that facilitate their aggregation with other microorganisms as
microalgae [83]. The data provided by HERA highlighted a high concentration of E. coli
in the effluent (61,000 CFU/100 mL), and the production of EPS may have contributed to
the formation of aggregates [84,85]. Additionally, microalgae can also produce EPS and
therefore may have contributed to the formation of aggregates that were highlighted by
the alcian blue staining [86—88]. Moreover, some case study reported that the presence of
divalent cations in the culture medium can promote aggregate formation through cross-
linkages among polysaccharides, sugars, and protein chains within EPS, enhancing both
consistency and stability; therefore, the composition also plays a role in the solidity of the
aggregates, although in our study the latter was not investigated [83,86].

Despite incomplete data regarding cell density for the culture set up in December 2021
(see Section 3.2), it is possible to gather information on algal growth by considering optical
density and dry biomass yield [89]. Optical density remained almost constant throughout
the experiment, suggesting that the culture did not experience significant growth during
the trial; dry biomass yield data also supported this thesis. The presence of heavy metals,
especially chromium, and the higher water toxicity could have affected algal growth and
health, slowing its adaptation to the new environmental condition [90,91]. In fact, Fy /Fy
values were incredibly low for all the rial, increasing only during the last days. Moreover,
the high COD concentration in December 2022 could have affected water turbidity and
consequently obstacle light penetration [92]. In contrast, in February, it was possible to
determine cell density throughout the experiment. After a lag-phase, the density increased
from the fourteenth day, reaching a final cell density of 33.3 x 10° cell mL~!. This result is
confirmed by optical density and dry weight parameters, both of which showed an increase
in the measured values. At the end of the experiment, optical density and dry weight were
more than doubled. The milder temperatures in February had a positive impact on algal
growth [93]. These positive impacts are supported by the trend of Fy /Fy ratio; in fact,
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after its initial reduction during the lag-phase, Fy/Fy increased, reaching a final value
characteristic of an healthy condition [49].

pH values are influenced by photosynthetic activity, algal metabolism, temperature,
and consequently it can affect salts solubility [94,95]. In December, the observed decrease in
pH during the first days of the experiment can be correlated with the concurrent reduction
of N in the form of ammonium [96,97]. The pH trend observed from t; to tjp remains
unclear. On one hand, there is a reduction in phosphorous at t3, which could be due to
changes in salt solubility [98,99]. On the other hand, we cannot exclude the possibility that
the bacterial component in the effluent played a role in these parameter variations [100,101].
The pH then gradually increased from t;4 onwards, likely caused by the photosynthetic
activity of the microalgae [95,102]. In February, there was a gradual increase in pH, likely
due to the high photosynthetic activity carried out by microalgae, this is also supported by
Fy/Fy data [95,103].

The content of photosynthetic pigments has been primarily monitored to obtain in-
formation about the biomass composition in order to consider its best application as a
secondary raw material in a perspective of reuse and circular economy [65,104]. Further-
more, the pigment content can provide information about the “health status” of microalgae
since it is influenced by environmental factors [105]. Microalgae cultivated in December
showed an initial peak in carotenoid production, which gradually decreased during the
days of the experiment. Conversely, algae cultivated in February displayed very low
carotenoid values at the initial stage, which increased progressively during their stay in the
pilot plant. The initial difference in carotenoid content observed at ty could be attributed
to the varying densities of the mother cultures used for the trials. The culture used in
February had a higher optical density compared to the one used in December (2.89 and
1.604, respectively). Consequently, the amount of mother culture used for the two inocula
was adjusted to reach an ODy5( of 0.3 (see Section 2.3). Under high-density conditions, the
intensity and spectrum of light undergo significant changes; consequently, the wavelength
reaching various cells in the algal suspension will differ, as well the duration of exposure
to light and darkness for each cell [106]. The observed pigment content, which shows
a preference for chlorophylls over carotenoids, could therefore be an adaptation to the
growing conditions of the culture to maintain its photosynthetic capacity [107]. Further-
more, the observed trends in carotenoid levels during the trial may not be exclusively
linked to temperature effects but are more likely associated with the pH of the growth
medium. It has been reported that a low pH value leads to a decrease in carotenoid content
in S. obliqguus and Muriellopsis sp., conversely, elevated pH values have been shown to
increase the concentration of these pigments [108,109]. It is, therefore, plausible that the
characteristic pH levels in December led to a reduction in carotenoid content, while the
higher pH levels in February stimulated their production. Additionally, the dilution of
the culture after inoculation might have caused a change in the intensity of the radiation
perceived by the culture, and therefore the increase in the concentration of carotenoids
could be an adaptive response to light stress [110,111].

Regarding chlorophylls, both trials showed similar trends in which their content in
algal biomass decreased during time. It is reported that Chlorella vulgaris can successfully
grow at low temperatures with a lower chlorophylls content [112].

Considering the nitrogen content in the culture medium, even though NH," is usually
the preferred form for microalgae [113], in December there was only an initial decrease in
NH4* content in the first days of the experiment. It is likely that the slowed metabolism of
the algae, as indicated by the PAM data, suggests that the algal conditions were not suitable
for NH4* uptake. Furthermore, stress conditions may have reduced photosynthetic activity,
favouring cellular respiration instead and therefore leading to the creation of an anoxic
environment [114]. In this context, naturally occurring denitrifying bacteria in the effluent
may have used NO3; ™~ in the denitrification reaction, thereby reducing this compound.
This would explain the observed reduction. Regarding PO43~, it remained nearly constant
throughout the test, probably due to the stressful conditions of the algae. Indeed, the
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microorganism death rate negatively affected P removal, as dissolved reactive phosphorous
can be released from dead algae and bacteria [115].

In February, a rapid reduction in NH4* was observed starting from the 10th day,
reaching values close to 0 at the end of the experiment. This suggests a greater efficiency
in the removal of ammoniacal nitrogen by the selected strain, which also experienced an
increase in terms of cell density from the same day of the experiment. As for NO3 ™ levels,
the concentration in the effluent in February was completely different from that of the
previous trial. The composition of the effluent varies depending on the treatment plant’s
effectiveness, which is subject to changes based on various environmental factors [116,117].
Opverall, nitrate concentration remained almost unchanged during the trial. The increase in
pH may have influenced the bacterial component in the effluent, limiting its denitrification
activity [118]. On the other hand, the P-PO43~ contents decreased from the early days of the
experiment, which could be attributed to the uptake of this compound by microalgae [118].

The concentration of carbon, in its organic and inorganic fractions, was also monitored
as a preliminary analysis to gather additional information regarding the primary nutrients used
by the microalgae. Although no significant results were obtained in December, in February
there was an almost total reduction in the inorganic fraction accompanied by an increase in
the organic fraction. Presumably, in December both the algal and bacterial components were
affected by the environmental conditions to which they were subjected. Conversely, the results
in February further support the hypothesis that the algal component utilised the medium’s
nutrients for its metabolism [119]. To obtain more comprehensive information, a systematic
analysis of the carbon content will need to be conducted in future experiments.

The concentration of E. coli is considered as an indicator of faecal contamination [120].
This parameter underwent a drastic reduction in both trials, and promising results were
achieved as early as the third day of treatment. E. coli may have been included in the
extracellular substance (EPS) released by the microalgae and bacteria, resulting in their
precipitation, and whose presence was highlighted by Alcian blue stain [83,121,122]. Be-
sides inclusion in cellular aggregates, the reduction of E. coli may also be due to the actual
ability of the microalgae used in these experiments to reduce the bacterial load in the
effluent, a characteristic already studied and demonstrated in other microalgae [123,124].
This reduction could be attributed to various factors, including the release of secondary
metabolites that can inhibit bacterial growth, an increase in pH and dissolved oxygen due
to photosynthetic activity, and competition for nutrients present in the effluent [125-127].

Some results obtained in other work, conducted in similar seasonal conditions, are
reported in Table S2 in the Supplementary Materials [128-135]. From a comparison, it
emerges that our results are very promising and in line with, if not better than, those
reported in the literature, even considering the obvious differences in both the algal strains
used and the environmental conditions or characteristics of the urban wastewater tested.

5. Conclusions

Although the trials were both conducted in winter season, different outcomes were
observed. Indeed, environmental fluctuations can influence microalgal activity. Despite
similar minimum temperatures, differing results were noted. In February, the maximum
temperatures exceeded 10 °C, which may have contributed to a more favourable response
of the algae to the culture medium. Additionally, the two setups were characterized by
opposite weather conditions: grey and rainy in December 2021, and sunny in February
2022. The photoperiod in the two tests was also different, and despite the presence of LED
lights on the prototype, it cannot be excluded that this environmental parameter may have
influenced the results.

Regarding the December trial, the levels of nitric and ammoniacal nitrogen, as well as
phosphorous, did not comply with the legal limits required for the safe discharge of treated
waters into the identified receptor river (Volano River); indeed, this river is designated as
a sensitive environment at risk of eutrophication according to Italian Legislative Decree
of 3 April 2006, No. 152. However, the February trial yielded positive results, as both
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nitrogen and phosphorous concentrations detected were below the legal limits. Hence, it
is suggested that the chosen strain may exhibit better phycoremediation activity under
environmental conditions similar to those of February.

This trial also yielded remarkable results regarding E. coli load: after both experiments,
it appears that only a few days of treatment were effective in reducing E. coli concentrations,
in accordance with legal requirements at the end of the experiments.

This study has potential limitations. To acquire more complete information, the test
should have covered the entire winter season but due to logistical constraints the trials
were conducted only in December and February, considering them as early and late winter,
respectively. Also, it would have given more reliable findings repeat the experimentations
in different years to consider the annual temperature variability and have more biological
replicas. Considering the pollutants concentrations, in this work the authors focused only
on nitrogen and phosphorous due to the stronger legal limits. A more comprehensive
analysis of the pollutants, including also the emerging ones, could have been conducted.
Lastly, in the work was proposed a batch cultivation but a fed-batch or in continuous
cultivation could be more effective and sustainable considering the time and amount of
time required for the treatment.

Despite the work boundaries, the results reported are very encouraging and further
confirm the applicability of microalgae as an alternative biological treatment for wastewater,
even when exposed to winter environmental conditions. While the data are based on
national laws, similar regulations in other countries make the findings broadly applicable.
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(100X magnification, scale bar 5 um) of December 2021 (left) and February 2022 (right) samples. EPS
production is highlighted by Alcian blue stain; Table S1: Concentrations of inorganic carbon (IC), total
organic carbon (TOC) and total carbon (TC) in the WW on the first and last day of trial; Table S2: Microalgae
nutrients removal from different WW under various cultivation condition in winter season.
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