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Abstract: The current intensification in agricultural pressure has resulted in the addition of excessive
amounts of nutrients. While hydroponic systems have become an agricultural tool to reduce this
nutrient addition, the produced nutrient-rich drainage solution, which has a negative effect in water
bodies, is still a barrier that needs to be overcome. A promising alternative for nutrient recovery
is the cultivation of microalgae, which require a significant quantity of nutrients for their growth.
Furthermore, their biostimulant properties enhance the circularity and sustainability approach.
This study evaluates microalgae growth with a hydroponic drainage solution and the use of the
resulting biomass as a source for biostimulant. Three microalgae strains were tested (Desmodesmus
sp., Chlorella vulgaris, and Scenedesmus obliquus) and grown at laboratory scale (0.5 and 2 L) with
drainage wastewater taken from hydroponic tomato crops. Measures of ODy5y and ODgg revealed
Desmodesmus sp. as the strain with the best performance, achieving 1.4 and 1.8, respectively, in the
0.5 L assay and 1.08 and 1.3 in the 2 L assay. These results were confirmed in another assay that
compared Desmodesmus sp. growth in drainage wastewater and in control media. Then, Desmodesmus
sp. was tested at industrial scale. Results show the columnar PBR reached 1.8 g-1.~! compared to
1.1 g-'L~! achieved with raceways. Finally, the resulting biomass was tested in a biocatalysis process
for biostimulant production, suggesting an innovative system to use microalgae biomass cultured in
wastewater as a valuable product such as biostimulant.
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1. Introduction

Overwhelming growth in the population, which is projected to reach 8.9 billion people
by 2050, is forcing farmers to increase agricultural land and production [1]. In recent
years, farming techniques have focused on intensive systems to ensure the supply of
groceries to feed this constantly growing population, leading to an increase in the addition
of excessive amounts of nutrients and biopesticides [2], both of which have a significant
environmental impact. Pesticides have contaminated almost all parts of our environment
and their residues are found in soil, air, and different aquatic bodies [3]. Regarding chemical
fertilizers, their greatest environmental impact is due to greenhouse gas (GHG) emissions
during their production. Nevertheless, contamination by environmental runoff of nutrients,
not absorbed by crops, can also cause serious eutrophication problems [4].

In recent decades there has been a change to a more sustainable model in agriculture
practices, mainly focused on organic agriculture [5]. In 2021, 76.4 million hectares were
under organic agricultural management worldwide, increasing 1.7% compared to the
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previous year [6]. Scientific results support the increase in yields and productivity due
to the use of biofertilizers and biostimulants. For example, research results show that the
use of certain biostimulants and organic fertilizers for strawberry cultivation increases
efficiency, improves yields, and allows soil enhancement [7]. However, yields from organic
agriculture do not reach the levels of conventional agriculture because organic sources of
nutrients are not sufficient to increase the crop yield. Therefore, one of the crucial challenges
still faced by sustainable agriculture is meeting the global demand for safe food while
preserving the environment and mitigating climate change, coupled with reducing the
residue of chemicals and pesticides on food [4,8].

On this basis, researchers are called to develop innovative tools to increase the quality and
quantity of produced crops while reducing the carbon footprint and harmful consequences.

Hydroponic systems offer a sustainable tool for industrialized crop production, es-
pecially due to the recirculation of nutrient solutions, which reduces nutrient addition.
Moreover, this technology can offer a growth rate up to 50% higher than that of traditional
crops [9]. Hydroponic systems are based on a substrate consisting mainly of a nutrient-
rich water solution, with technical benefits including being cost effective and disease free,
having a higher yield, and being more sustainable, with fewer requirements for space and
labor [10]. The optimization of water consumption has also been studied, resulting in the
agrological technology with higher water-saving potential [2]. Despite the success of these
systems, concerns about some environmental disadvantages are rising, mainly based on
the negative effect of the nutrient-rich drainage solution in water bodies [11].

Accordingly, drainage is currently treated as wastewater, losing the potential as a
source of valuable compounds. The contents of nutrients can be within a range of about
200-300 mg-L~! for nitrogen and 40-100 mg-L~! phosphorus [12,13].

Microalgae are photosynthetic microorganisms that use inorganic compounds and
solar energy to synthesize organic molecules needed for their survival [14]. Their capacity
to adapt to different physical-chemical conditions (e.g., pH, temperature, CO;) is due
to their efficient use of photosynthesis [15,16]. They convert water and carbon dioxide
into carbon compounds using light as a source of energy and other nutrients such as
nitrogen and phosphorus [17], which can be provided as inorganic salts or can be taken
from wastewater [18].

Microalgae biomasses have biostimulant and biofertilizer properties. They also in-
crease nutrient absorption and tolerance to abiotic stress, achieving better yield and im-
proved quality in several crops [19]. Furthermore, microalgal extracts have also been shown
to boost protection against bacterial and fungal diseases, which might help in the reduction
in pesticide application [20].

Biostimulants are considered to be environmentally friendly, mainly because of their
reduced environmental impact and high crop production. Interest in them is currently
increasing and they are becoming more attractive to growers [18].

Production of microalgae coupled to wastewater treatment has been widely reported
as a reliable process. Microalgae can be applied to different wastewater targets, including
for largely different effluents such as sewage, centrate, and manure [21-23]. However,
growing microalgae using a nutrient-rich solution from hydroponic systems is a novel
approach. Moreover, the conversion of these drainage wastes into recoverable resources
to produce high-value products (e.g., biostimulants), fits into the circular bioeconomy
approach [11]. Within the circular economy paradigm, microalgae can use nutrients from a
wide range of wastewaters, while producing biomass and value-added compounds such as
pigments, antioxidants, and proteins [20].

Different studies have already been performed, from laboratory to pilot scale. More-
over, different species and different hydroponic crops have been tested. Accordingly,
the potential of microalgae as a solution for the elimination of nutrient-rich effluents has
been demonstrated.
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A systematic review of the cultivation of Arthrospira sp. in alternative culture media
based on wastewater effluent was carried out, and demonstrated a supplement with a
synthetic medium for the use of obtained biomass for commercial purposes [24].

Regarding the cultivation of Chlorella, it was found that the composition of minerals
reaches higher concentrations when it is grown in the most concentrated hydroponic
wastewater from lettuce cultivation, thereby showing the use of this residue in a sustainable
way for obtaining high-valued biomass [25].

More recent studies about the treatment of drainage solution from hydroponic tomato
greenhouse included not only Chlorella vulgaris but also an indigenous microalgal commu-
nity. A significant reduction in nitrogen of between 34.7 and 73.7 mg/L, and in phosphorus,
of between 15.4 and 15.9 mg/L, was observed, although the large reduction in nutrients
was achieved through growth of the indigenous microalgal community. Nevertheless,
biomass composition analysis of the algae showed inferior content compared to results
obtained with conventional growth media [12].

A trend of using consortia or indigenous communities instead of monospecific cultures
was observed in other studies. A comparison between four microalgae strains (Chlorella
vulgaris, Parachlorella kessleri, Scenedesmus obliquus, Scenedesmus quadricauda) and an indige-
nous consortium of photosynthetic microorganisms was made in terms of bioremediation
capacity of wastewater from hydroponic tomato cultures. The best results were shown by
Scenedesmus obliquus and the consortia, which in less than seven days obtained the highest
reduction in nitrate and phosphate concentrations (average removal of 98.2 and 87.1%,
respectively) [26].

Other experiments using wastewater from hydroponic lettuce cultivation to grow a
microbial consortium and axenic culture (Paracercomonas saepenatans) achieved nearly 100%
removal of nitrate and between 41 and 100% removal of phosphate. It was also revealed that
among the most important strains of the consortium were Vorticella and Scenedesmus [27].

Scenedesmus is a strain that has been used to achieve very good results in the reuse of
nutrients from hydroponic wastewater or drainage. It was found to be capable of achieving
removal efficiencies from cucumber hydroponic drainage close to 35% for nitrates and 98%
for phosphates (where this efficiency was maximized at higher pH) while growing in PBR
conditions [28]. These removal efficiencies could be increased up to 100% of N and P using
a pilot-scale indoor photobioreactor equipped with LEDs [29].

Despite the good results obtained in these previous studies, such as nutrient reduction
through microalgae cultivation with wastewaters, it is necessary to continue investigating
to overcome certain technological challenges. Among these investigations, the study of new
species and the optimization of culture protocols that achieve maximum nutrient absorption
and higher quality biomass production is crucial. On the same basis, it is necessary to
develop strategies for the recovery of produced biomass, as well as its industrial and/or
commercial applications [29].

Therefore, these challenges are addressed in this study. First, the growth rate of
different microalgae strains was evaluated when they were cultivated within enriched
nutrient wastewater from hydroponic tomato crops. The main objective was to select a
microalgae strain capable of growing using wastewater drainage as a culture medium,
whose biomass could be used as a source of biostimulant production. On the same basis, the
growth of the selected strain was evaluated within different culture systems by measuring
the biomass production yield. Afterwards, a biocatalysis process based on enzymatic
degradation was developed, leading to biostimulation production. Enzymatic degradation
possesses several advantages, especially when compared to acid hydrolysis, including
the absence of secondary inhibitory by-products, fewer corrosion issues, and low utility
consumption [30]. This innovative approach enhances the circularity and sustainability of
agriculture practices, since wastewater from hydroponic crops is used to grow microalgae,
while using this biomass to develop a novel biostimulant that can be further applied
on crops.
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2. Materials and Methods
2.1. Microalgae Strains

The initial stages of the investigation were focused on making a selection of microalgae
species capable of growing in wastewater, whose biomass can be used for the production
of biostimulants [31,32]. Desmodesmus sp. has been proven to have a clear positive impact
on plant development, as suggested in some previous studies [31]. Other selected strains
were Chlorella vulgaris, which is one of the most cultured strains worldwide and has
also been previously studied for its biostimulant effect [33], and a Tetradesmus sp. strain
(hereinafter referred to as Scenedesmus, its former name), which is also a well-known species
for bioremediation of different kinds of organic wastewater [34].

The Desmodesmus strain was the property of STAM SLR (Italian Engineering company)
and a sample was shipped to Neoalgae for preliminary tests. Chlorella vulgaris was provided
by the Culture Collection of Algae and Protozoa (CCAP 211/109), and Tetradesmus obliquus
CE.402 (formerly known as Scenedesmus obliquus) was provided by the strain repository of
Neoalgae Micro Seaweed Products (Gijon, Spain), and was isolated from an urban waste
landfill in Asturias, Spain [35].

2.2. Culture Media

The used cultured medium was BG-11 [23], which is a widely used culture medium
for Chlorophyte strains such as the ones selected, as suggested by several banks of algal
strains [36]. The chemical composition of this culture medium is shown in Tables 1 and 2.

Table 1. BG-11 culture medium composition.

Concentration in Stock

Chemical Compound Solutions (g-L 1)

Addition per 1L of Culture

NaNO; 15¢g
K,HPOy-3H,O 40.00 1mL
MgSO4~7H20 75.0 1mL
CaCl,-2H,O 36.0 1 mL
Citric acid 6.0 1mL
Ammonium ferric citrate 6.0 1 mL
MgNayEDTA-H,0 1.0 1 mL
Na2C03 20 1mL

Trace metals solution * 1 mL

* Preparation of the trace metals solution (Table 2).

Table 2. Composition of the trace metals solution.

Chemical Compound Concentration (g-L—1)
H3BO3 2.86
MnCl, - 4H,0 1.81
ZnSQy - 7H20 0.22
Na2M004 . 2H20 0.39
CuSOy - 5H,O 0.08
CO(NO3)2 . 6H20 0.05

All reagents used were of analytical grade and purchased from Labbox Labware
(Barcelona, Spain), with exception of NaNO3; and MgSQO,, which were purchased from
Vadequimica (Barcelona, Spain).

For the experimental set-up, which focused on microalgae cultivation with wastewater,
hydroponic drainage obtained from tomato crops of the University of Thessaly (UTH) in
Volos was used [37]. The drainage wastewater was not exposed to any chemical or physical
treatments in order to preserve its original characteristics. This decision was taken in
contemplation of the final objective of this technology, which is based on the culture of
microalgae within hydroponic wastewater in a simple and efficient system.
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UTH cultivates different crops in an experimental polyethylene covered greenhouse
(ground area of 160 m?), located at the University of Thessaly near Volos (latitude 39°44/,
longitude 22°79', altitude 85 m) on the coastal area of eastern Greece. The selected wastew-
ater was analyzed by UTH following the standard analytic laboratory protocols. Extraction
was performed using the Kjeldahl nitrogen method (TKN) based on the Kjeldahl (1883) pro-
tocol [38]. Nutrient elements were determined using ICP (ICP-OES, SPECTRO Analytical
Instruments GmbH, Kleve, Germany).

According to the results shown in Table 3, the drainage wastewater from tomato crops
showed higher nutrient content, and thus selected for this investigation.

Table 3. Nutrient composition of the used wastewater from different crops in University of Thessaly
(UTH) in Volos.

Hydroponics Hydroponics Aquaponics
Compound Cucumber Tomato Fish Tanks Tomato
Drainage Drainage (mmol L-1) Drainage

(mmol L—1) (mmol L—1) (mmol L—1)
NO3;~ 12.50 12.95 2.19 1.14
NH4* 0.50 0.57 0.06 0.02
PO~ 0.90 1.93 0.19 0.07
K 3.83 8.17 0.71 0.31
Ca 6.98 6.60 1.04 1.20
Na 1.83 3.18 1.78 2.55
Mg 2.34 3.10 0.50 0.50

2.3. Laboratory Scale Culturing

At laboratory scale, it was decided to develop three experiments at different volumes.
First, Chlorella, Scenedesmus, and Desmodesmus strains were inoculated in 0.5 L of wastewater
and supplemented with BG-11 culture medium (see Figure 1). On this basis, experimental
and control cultures were supplemented with 0.5 mL of each of the stock solutions specified
in Table 1.

Figure 1. A 0.5 L experimental assay with three strains of Chlorophyte microalgae.

Then, these cultures were used as inoculums for the next experiment in 2 L bottles, in
which it was expected to consolidate the previous outcomes. Before inoculation, all of the
cultures used as inoculums were diluted to a similar starting OD750 (with a value of 0.2),
in order to enhance the homogeneity at the beginning of the experiment.

Finally, the 2 L assay was repeated with 2 different groups of the same strain: the
experimental group (cultured in presence of 100% wastewater) and the control group
(absence of wastewater) (Figure 2). Thus, the Desmodesmus inoculum was taken from the
first 2 L experiment, following the hypothesis that, when pre-cultured in hydroponics
drainage, this strain could become better acclimated to it and develop mechanisms that
enhance its growth rate and survival.
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Figure 2. Two-liter trials with experimental and control groups of Desmodesmus sp.

In the three experiments, the cultures were maintained under constant controlled
conditions in order to minimize the influence of different parameters on culture growth
and wastewater tolerance. Accordingly, environmental settings were kept constant, with
a photoperiod of 16 h of light and 8 h of darkness. Light was provided through lamps
with a continuous photon flux of 80-100 umol-s~!-m~2. Moreover, temperature was
also maintained at 25 °C. Furthermore, cultures were agitated through the addition of
aeration [22]. This was done using air pumps with a flow rate of 100 L-h~!. All experimental
cultures were carried out in triplicate, including a control group that was not exposed to
stressors such as the presence of hydroponic drainage wastewater. Once the results obtained
were evaluated, the optimum strain was selected for further steps in pilot-scale culturing.

2.4. Pilot-Scale Culturing

Once the stationary phase of cellular density was reached, 2 L cultures were used
as inoculums for pre-industrial 10 L plastic bottles (Nalgene, United States). These bot-
tles were kept in the Neoalgae greenhouse facility in Gijon, Spain (43.52326797371128,
—5.701862389558017). The change from a controlled-conditions chamber to a climate-
dependent greenhouse can be a source of stress for microalgae, along with the scaling-up
process [39]. The variances in light intensity, as well as temperature, can be translated into
growth rate declines, and reductions in microalgae development and even their collapse.
Accordingly, such a source of stress is widely recognized as a critical point in industrial-
scale cultivation of microalgae. On this basis, it was decided to make several renewals of
the 10 L cultures (a total of 5 renewals at intervals of 10 days) in order to achieve a steady
growth curve. It was decided to do so in contemplation of achieving a Desmodesmus strain
that was fully acclimatized to the selected culture conditions. On this basis, cultures were
kept in these bottle-like systems until reaching the late exponential growth phase, and were
then used as inoculums for vertical photobioreactors (PBRs; Aqualgae, Spain) (Figure 3,
left). PBRs are industrial production systems that consist of closed vertical glass columns
that are 3 m high and 30 cm wide, in which air can be added through their base. These
systems have a maximum volume of 100 L. After evaluating the growth of the selected
strain, PBR cultures were used as inoculums for open culturing systems named raceways
(Fibrastur, Spain) (Figure 3, right), since there are the most widely used tool for industrial-
scale microalgae biomass production [40]. Thus, raceway ponds were chosen as culturing
facilities. These open-type production systems for microalgae cultivation consist of an oval
open pond with a paddle wheel that continuously homogenizes the culture in order to
facilitate gas interchange and culture agitation. These systems are 12 m long and 30 cm
deep and have a total volume of 4500 L.
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Figure 3. Pilot-scale microalgae cultivation systems at NEOALGAE: vertical closed PBRs (left), open
raceways (right).

2.5. Growth Parameters

For microalgae growth analysis, it was decided to measure optical density at 750 nm
(ODys50) in order to evaluate the evolution of the culture opacity, by sampling every 48 h [41].
Moreover, chlorophyll concentration was also analyzed via optical density measurements
at an absorbance of 680 nm (ODggp) [42] in order to evaluate if the opacity observed was
related to a variation in the concentration of living cells. Sampling was conducted under
sterile conditions and the samples were agitated before measurements to avoid errors due
to cellular precipitation. The optical densities were measured using a spectrophotometer
(BioChrome Libra S11) by taking 1 mL of each sample per replicate. Sampling was con-
ducted in sterile conditions, and the samples were agitated with a vortex for 5 s before the
optical density was measured. Background fluorescence was determined using a blank
sample obtained by mixing the culture medium and wastewater following the experimental
percentages.

Dry weight was obtained gravimetrically. Firstly, the initial weight was obtained
by drying (24 h) GF/C glass microfiber filters (Whatman, Cambridge, UK) inside Petri
plates. Around 10 mL of culture was filtrated and washed two times with distilled water
to eliminate the salt excess. Then, filters were dried again for 36 h at 60 °C and the final
biomass was obtained by calculating the difference between the final weight (filter and cell
biomass) and initial weight (only filter) [43].

In addition, microscopy analysis was carried out using an optical microscope (Bioblue
BB.1153-PLi) in order to evaluate the culture’s health, and especially to check for the possi-
bility of grazers or other unwanted microorganisms that could damage the experimental
cultures. Moreover, microscopy analysis also helped to evaluate microalgal stress since the
selected microalgae form aggregates when exposed to undesirable conditions. Sampling
was conducted by micro-pipetting (200 pL) in sterile conditions.

2.6. Optimization of a Biocatalysis Process

The biocatalysis process consisted of enzymatic hydrolysis without previous harvest-
ing steps, which strongly facilitates the operating conditions while reducing the installation
costs [44]. It was decided to use a process based on the sedimentation of the culture.

The biocatalysis process was based on the hydrolytic activity of non-GMO enzymes
called EnzMix complex (Neoalgae Micro Seaweeds Products, Asturias, Spain). The experi-
mental design was based on the addition, at room temperature, of different concentrations
of the EnzMix complex to several samples of Desmodesmus culture with the objective of
obtaining the minimum volume of enzymatic complex required to maximize the quantity
of broken cellular walls. Moreover, the experimental design was divided into 2 differ-
ent groups: group A (where microalgae culture was pre-concentrated to % of the initial
volume) and group B (no preconcentration of microalgae culture). Therefore, 250 mL
samples were taken for each of the replicates of the experimental groups. Those for group
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A were pre-concentrated through gravity precipitation of the culture used for the group B
assay. The final experimental design is presented in Table 4, which shows the % and pL
of EnzMix added to each sample of each group. Culture samples were exposed to each of
the enzymatic complexes and were examined after agitation for 24 h, along with a control
sample that was agitated for the same time but without the addition of enzymes. After
24 h, samples were exposed to an analysis of the chlorophylls present (OD680) under the
assumption that broken cell walls produce the degradation of the photosynthetic systems
while degrading the chlorophyll. Each test was performed in triplicate and the results
are shown as averages with variance in the outcomes obtained. Group A consisted of a
pre-concentration through gravity precipitation of the culture used for the group B assay,
specifically at /4 of the initial volume.

Table 4. Experimental design for biocatalysis optimization of pre-concentrated and non-concentrated
biomass. The samples are named as follows: EM means EnzMix, A or B letter means experimental
group, C means control, and number represents the % of EnzMix.

Experimental Group Sample Number COE?S::: )((%) Cor]f:;)zlla.::{lz(pL)
EM-AC Control 0
EM-A1 1% 270
EM-A4 4% 1080
A EM-A8 8% 2160
EM-A10 10% 2700
EM-A12 12% 3240
EM-BC Control 0
EM-B1 1% 100
EM-B4 4% 400
B EM-B8 8% 800
EM-B10 10% 1000
EM-B12 12% 1200
3. Results

3.1. Strain Selection at Laboratory Scale Culturing

Figure 4a shows the results in terms of opacity measures (ODysp) for the studied
microalgae species (Scenedesmus, Chlorella, and Desmodesmus) cultured with 0.5 L of wastew-
ater. The first measure of the inoculum on day 0 displayed similar values among the
cultures evaluated (0.5). However, during the first two days, Scenedesmus and Chlorella did
not show changes in this value, while values for Desmodesmus increased to 0.6. For the rest
of the experiment, there was a growing trend for the three curves; however, Scenedesmus
showed another drop on day 8 to 1.0, which was less than the values achieved by Desmod-
esmus and Chlorella. Desmodesmus did not present any observable drop, showing higher
values during all experiments and finally achieving the maximum value of 1.4.

Regarding chlorophyll concentration analysis (ODggg) (Figure 4b), measurement re-
sults showed similar trends to opacity results. The experiments started with the same
value of 0.5 for the three inoculums. Then, Desmodesmus was the culture that reached the
highest values of ODggp, achieving the highest value of 1.8 on day 10 and not presenting
any drop during all the experiments. Scenedesmus and Chlorella showed the lowest values
and, during the first two days, showed an initial drop, evidencing no growth during these
first moments.

These experimental cultures were used as inoculums for 2 L bottles in the following
experimental assay; Figure 5 shows the results in terms of measures of ODys (opacity
evaluation) and ODgg (chlorophyll content evaluation).
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Figure 4. Measurements in 0.5 L experiments with wastewater: (a) absorbance at ODys( for opacity
evaluation, (b) absorbance measurements at ODgg for chlorophyll content evaluation.

(a) Culture’s opacity (2L bottles)
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Figure 5. Measurements in 2 L experiments with wastewater: (a) absorbance at ODysq for opacity
evaluation, (b) absorbance measurements at ODgg for chlorophyll content evaluation.
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Accordingly, initial measurements of the inoculum at time 0 of experimentation dis-
played the same values of absorbances at 750 nm and 680 nm of 0.2 and 0.3, showing that the
three experimental groups presented similar opacity and chlorophyll content, respectively.

Regarding culture opacity, contrary to what was observed during the 0.5 L assays,
no initial drops were observed during the first two days of the 2 L trials. Nevertheless,
Scenedesmus cultures showed a slightly reduced growth rate during the first two days,
especially when compared to Desmodesmus cultures (0.34 and 0.38 in each case on day 2).
These species presented a constant growing rate that lasted until day 12 of the experimental
design, where it seemed to achieve a stationary phase with maximum values of 1.02 and
1.08. On the contrary, Chlorella cultures presented a higher growth rate at the beginning
of the experiment, achieving 0.44 on day 2. Nonetheless, this intense growth rate was
not maintained during the whole experiment. During the subsequent measurements,
the observed opacity in Chlorella cultures showed a reduction in terms of growth rate,
which was less than that of the rest of the strains, achieving a maximum of 0.8 on day 12.
Regarding chlorophyll concentration, trends were similar in all the cases. On the second
day, Chlorella reached the highest value of 0.5, while Scenedesmus and Desmodesmus stayed
at 0.3 and 0.4, respectively. However, the growth for Chlorella was less than that of the other
two, reaching the lowest value on day 12 (1.0)

Figure 6 shows the results for the Desmodesmus culture growth in different media, i.e.,
control culture growth in the absence of wastewater and experimental group growth with
100% wastewater.

(a) Culture's opacity (Desmodesmiis) (b) Chlorophyll content (Desmodesmiss)

= e
N O

=

Absorbance (750nm)
o o o
= [} [}

Absorbance (680 nm)

0 2 4 6 8 10 12 0 2 4 6
Time (days) Time (days)
—e—Control — ® - 100% Wastewater —e— Control = ® = 100% Wastewater

8 10 12

Figure 6. Measurements in 2 L experiments with Desmodesmus sp. growth with wastewater and
the control (without wastewater): (a) absorbance at ODys for opacity evaluation, (b) absorbance
measurements at ODggp for chlorophyll content evaluation.

At inoculation (day 0), both control and experimental cultures showed significantly
close starting values (0.2) in terms of opacity (ODy50) and chlorophyll concentration (ODggp).
Both groups developed closely during the early stages of the assay; nevertheless, the
experimental group presented a slight peak of 0.6 in opacity measurements on day 4 of
experimentation, which increased in the following days (0.7 on day 6, 1.0 on day 8, and
reaching the maximum value of 1.4 on day 12). Although control groups reached a higher
value on day 6 (0.8), the rest of the values were always below those of the experimental
group, which also showed an exponential growth phase from day 6 to 12. Control group
cultures showed a fluctuation by the end of the experimental assay (days 8 to 12), showing
a smaller exponential growth phase (only for days 10 to 12).

On the other hand, chlorophyll concentration analysis showed very similar tendencies
to the culture opacity measures, which is visible in Figure 6. Nevertheless, control group
cultures presented a curve with a more linear trend than the opacity studies. Accordingly,
the exponential section of the observed curve lasted longer (from day 3 until the end of
the experimental assay). This phase led to a stationary phase from day 8. Regarding
experimental group cultures, by the middle period of the experimentation (day 6), the
experimental group showed a clear stationary phase, which led to the obtained data being
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below the yield of the control group. Furthermore, the experimental group presented a
second exponential phase on day 8, reaching final maximum values higher than those
observed in control group cultures.

3.2. Selection of Best Microalgae Cultivation System at Industrial Scale

After finishing the 2 L assays, Desmodesmus cultures were scaled up to 10 L bottles
in order to increase the inoculum volume. The selected cultures survived the switch in
conditions and grew with optimum results. After the acclimation assay, 10 L Desmodesmus
sp. bottles were used as inoculums for three vertical column-type photobioreactors (PBRs),
for a final volume of 100 L (Figure 3, left).

After inoculation, the cultures’ opacity (ODys50) and chlorophyll concentration (ODgg)
were evaluated; results are shown in Figure 7. Cultures presented a starting stationary
phase that lasted from the beginning of experimentation to the 2nd day. Nevertheless, this
period led to an exponential growth phase that ended on day 9 with a second stationary
phase. Thus, 9 days was considered to be the maximum growth period for this assay.

Opacity measurement of the PBR cultures Chlorophyll concentration of the PBR cultures
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Figure 7. ODy5p and ODggp measurements during closed-type PBR culturing.

It was also decided to evaluate the biomass generation via the study of the progress of
the dry weight per liter (g-L~!) (see Figure 8).

Biomass increase of the PBR cultures
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Figure 8. Dry weight biomass measurements during closed-type PBR culturing.

Dry weight biomass analysis showed that the absorbance increase that was shown in
the previous absorbance analysis during the early stages of the assay (days 1 to 4) does not
experience significant growth in terms of biomass synthesis (below 0.5 g-L~!). Moreover, by
the 6th day of experimentation, the dry weight analysis showed that the exponential growth
phase seen during previous measurements was related to a significant augmentation of
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the microalgal biomass that was present in the sample, reaching up to 1.8 g-L~! on day
9. Despite the fact that maximum opacity measurements were seen by day 9, dry weight
analysis showed increases until day 12. On this basis, significant growth in the present
biomass was observed until the end of the experimental assay.

As shown in Figure 3, right, the Desmodesmus cultures grown in PBRs were used as
inoculums for the raceway cultivation system.

As seen during the PBR assay, microalgal growth presented a continuously growing
trend, which did not show any drop in terms of opacity or chlorophyll concentration. As
shown in the ODy5( analysis in Figure 9, the growth was constant from day 0 to day 12,
reaching 1.08. During days 6 to 8, the measures showed a small decreasing tendency, but
recovered by day 10.

Chlorophyll concentration of the raceway cultures
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Figure 9. Absorbance measurements of the raceway cultures of Desmodesmus sp.

On the other hand, the chlorophyll concentration analysis also showed a starting
exponential growth phase during the first 4 days, then a stationary phase, and finally from
day 8 to day 12, a second exponential growth phase.

In order to evaluate the biomass generation potential of this strain and compare it
among the culture systems (closed-type vs. open-type), it was decided to conduct a biomass
generation study along with the absorbance measurements; results are visible in Figure 10.

Biomass increase of the raceway cultures
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Figure 10. Dry weight biomass measurements of the raceway cultures of Desmodesmus sp.

The obtained results showed that this strain presented a continuous tendency that
maintained a relatively steady rate during the whole experimentation, achieving 1.1 g-L ™!
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on day 12. Furthermore, this strain showed an exponential growth phase from day 8, in
terms of dry weight synthesis, which matches with the results of the opacity measurements.

3.3. Development of the Biocatalysis Process

As observed in Figure 11, the control group of the pre-concentrated assay showed a
maximum ODggg of 1.742, which did not vary significantly with the addition of 1% and
4% of the EnzMix complex. Nevertheless, the addition of 8% of the EnzMix complex
produced a clear decrease in the absorbance measurements taken, from 1.742 to 1.565. This
decrease was even more significant when 10% of the EnzMix complex was applied, with
the value falling to 1.393. At this point, the reduction in the concentration of chlorophylls
was considered to be significant. Nevertheless, the addition of 12% of the EnzMix complex
produced a slight increase in the values measured.

Variation on chlorophyll content of group A
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Variation on chlorophyll content of group B
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Figure 11. Variation in the chlorophyll content of the pre-concentrated culture (group A) and non-
concentrated culture (group B) when hydrolyzed with EnzMix complex for 24 h.

Regarding the group B trials, the results obtained show that the addition of 1% of
the EnzMix complex does not modify the chlorophyll concentration, as observed during
the ODggyp measurements. Moreover, the 4% group showed a visible decrease in the
measurements taken, which relates to a better relation between substrate and enzyme
if compared to the 1% group. On the same basis, the 8 and 10% groups each showed
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a greater decrease in the percentage of chlorophyll present in the sample, which aligns
with what was stated about the optimum relation between the quantity of substrate and
enzymatic molecules. Similarly, the 12% group was consistent with the correlation between
the increasing percentage of enzyme and the reduction in the absorbance measured at
680 nm.

Furthermore, these results were also supported by the visual study of the samples (see
Figure 12).

\‘%
1 EM-A8 EM-B8 EM-B10 m

Figure 12. Example of the visual degradation of the samples used for the study of chlorophyll content
of the pre-concentrated culture (group A) and non-concentrated culture (group B) when hydrolyzed
with EnzMix complex for 24 h.

Colorimetric study of the results revealed that the darkening of the sample became
more intense as the percentage of EnzMix complex was increased. The variance among the
control group and the experimental assays was visually evident, which correlates with the
efficient activity of the enzymatic complex chosen. Moreover, the influence of EnzMix on
cellular integrity was more significant between the 4% and the 8% groups, which might be
related to the increased percentage of enzymes. Moreover, the 8% group still presented a
light-green color mixed with deep brown. This light-green color completely disappeared
with the 10% EnzMix complex. On the same basis, it was decided to evaluate the cellular
structure under optical microscopy in order to evaluate the degradation of the external
walls (see Figure 13).

Figure 13. Microscopic view of the group A samples after 24 h of hydrolytic process.

As can be seen in Figures 12 and 13, control groups maintained a bright-green color
after 24 h of agitation in the absence of the studied enzymatic complex. Moreover, the
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same color was kept with the 1% and 4% EnzMix complexes, which is related to what
was observed in Figure 12, mainly because the color presented in the used flasks is a
magnification of what is observed at a microscopic level. On the contrary, the group that
was exposed to the 8% EnzMix complex for 24 h presented a notable loss in the green color
of the sample observed. This change is also related to the brown-like color observed in
the visual analysis of the sample measured. Nevertheless, the observed cells preserved
a slight green color; moreover, no broken cell walls were seen during the analysis of this
experimental group. Furthermore, the group that was treated with a 10% EnzMix complex
presented an absence of color and the structure of most of the cells was heavily damaged,
which relates to the totally brown color observed during visual analysis of the flasks. On the
same basis, the 12% group presented the same visual results, with no colorimetric change
when compared to the 10% assays. Moreover, the study of the cellular walls showed
no observable difference between the integrity of the observed samples of the 10% and
12% groups.

4. Discussion
4.1. Strain Selection in Laboratory-Scale Culturing

At a 0.5 L volume, the three studied microalgal species (Chlorella vulgaris, Scenedesmus,
and Desmodesmus sp.) tolerated the presence of hydroponic drainage wastewater. It was
observed that there was no decrease in terms of cellular population during the experimental
culturing process. On this basis, drainage wastewater at 100% concentration did not present
any hazardous effect on any of the selected strains. According to Figure 4, the three species
showed similar trends in ODy59 and ODggy measurements. Thus, these findings support
the obtained results. Scenedesmus (which showed the lowest growth results) and Chlorella
cultures presented diverse rising and falling stages, indicating possible metabolic stress.
Both species showed no growth during the two first days of the experimentation, which
may mean that time is needed to acclimate to the wastewater. Desmodesmus sp. cultures
did not present any observable drop in the culture opacity measurements, which means
that the presence of 100% drainage wastewater did not represent a source of stress for
this strain. Indeed, Desmodesmus sp. cultures presented a continuously rising trend that
was constant during the whole experimental assay. On the same basis, the experimental
cultures belonging to this strain presented an opacity and chlorophyll content that were
higher than those of the rest of the experimental cultures.

At a volume of 2 L, cultures behaved differently from what was observed in 0.5 L. Up
to day 4, Scenedesmus presented more limited growth, but, from that point, showed the
fastest evolution, reaching nearly the highest values of absorbance at 750 nm and 680 nm.
However, Chlorella showed the opposite evolution, showing the highest values up to day 4
and then dropping, before reaching a stationary phase.

These results support the findings from previous works regarding cultivation of C.
vulgaris and S. obliquus with agricultural drainage water (ADW) from maize fields [45].
These previous findings suggested that there were no relevant inhibitory compounds for
microalgae growth, but rather that microalgae nutrients were taken up from ADW. Global
productivity (g-L~!-day-1) of C. vulgaris and S. obliquus increased from 0.145 to 1.96 and
from 0.263 to 0.385, respectively, when the nutrient media were supplemented with ADW,
but decreased to 0.071 and 0.062 when cultivated with 100% ADW. Previously, another
study [12] found that C. vulgaris growth over nine days with drainage solution from a
commercial greenhouse achieved a similar biomass dry weight (mg-L~!) compared to the
control (267 and 296, respectively), which also supports the results from our investigation.

Finally, Desmodesmus sp. presented the highest culture opacity by the mid-term of the
assay, but this then fell to be below the results yielded by Scenedesmus. Nevertheless, this
peak was brief and Desmodesmus sp. ended the assay as the strain with the highest growth
rate, and was shown to be the strain that presented the best acclimation to hydroponic
drainage wastewater.
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After the analysis of the obtained results during these first two experiments, all of the
used microalgal species yielded similar results in terms of acclimation to the presence of
100% wastewater, as well as the growth rate under controlled conditions. Nevertheless, the
selected Desmodesmus strain used during the experimental design showed slightly superior
performance when compared to Chlorella and Scenedesmus strains in terms of culture opacity,
chlorophyll concentration, and maximum growth rate.

A previous study [46] compared, at laboratory scale, the growth of five species of
Scenedesmus and two species of Desmodesmus in potato wastewater over 7 days. Despite that
fact that cellular density of the species increased significantly during the experimental assay;,
one of the species, Scenedesmus sp. (HXY5), yielded the best growth results (2.64 g-L~1).

The results yielded by Desmodesmus during our initial study were confirmed in the
assay of 2 L, with two Desmodesmus groups (one control without wastewater and the other
with 100% wastewater). With the exception of the measurements obtained on day 6, in
which values of experimental groups decreased by 0.05 in terms of absorbance at 750 nm
and 680 nm, the values were constantly higher than those of the control groups. According
to the data obtained, we could not assess that the presence of wastewater significantly
disturbs the development of Desmodesmus sp. cultures. Indeed, higher growth was shown
when cultured in 100% wastewater (achieving a maximum of 1.37 in ODggp on day 10,
while the control showed 1.37, 1.45, and 1.33 on day 12). Previous studies [47] carried out
experiments to grow Desmodesmus maximus in the presence of different wastewaters (swine,
municipal, dairy, and poultry wastewaters), achieving values of ODggy on day 10 between
0.8 and 1.1. Accordingly, our study improves on the growth performance of Desmodesmus
culturing in the presence of wastewater achieved in the presented previous works.

4.2. Selection of the Best Microalgae Cultivation System at Industrial Scale

According to the results obtained for biomass productivity (g-L~!) of Desmodesmus cul-
tures in PBR and raceway systems, Figure 8 shows that values are higher in PBRs, reaching
1.7 g'L~! on day 12, than in the case of raceways (see Figure 10), which reached a maximum
of 1.1 gL ! on day 12. Previous studies [48] enhanced the growth of
two Desmodesmus species by up to 3.5 and 4.7 gL~! after 14 days of growth using an
optimal light stress (400 pumol m~2 s ~1). On this basis, we can suggest that further works
can enhance the biomass production of Desmodesmus sp. under the described conditions in
our study in order to improve this type of circular economy system.

Regarding results of Desmodesmus in PBRs, dry weight biomass analysis showed that,
although the absorbance increased at early stages of the assay (days 1 to 4), cultures did
not experience significant growth in terms of biomass synthesis. This could be explained
by the natural development of microalgae by binary fission [49], which intensively affects
the optical density measurements but does not produce a notable increase in the total dry
weight of the sample analyzed. This effect is not shown in the raceway system where,
although biomass values are lower, the tendency is more constant. Compared to the
outcomes shown in PBRs, raceway cultures did not present an initial steady phase in terms
of biomass generation. However, both values (OD759 and ODggp) showed clearly that this
species grows with optimum results in closed-type photobioreactors such as the PBRs used
in this study.

Previous works achieved similar values of biomass growth of 2 g-L.~! in half the
time (6 days), growing Desmodesmus sp. in a bubble column photobioreactor but at a
smaller scale (2.5 L) and under controlled temperature and photoperiod conditions [50].
The same culture in nitrogen-deficient conditions could increase the growth to 9 g-L~1.
Other studies [51] also achieved higher biomass but in heterotrophic conditions, ranging
from 2.82 g-L ™! t0 3.53 g-L~! when two-stage cultivation strategies were applied.

4.3. Optimization of a Biocatalysis Process

The results obtained indicate that 10% (regarding biomass present in the sample) is
the optimum concentration of the EnzMix complex for efficient cell wall disruption, while
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keeping the addition of enzymatic complexes at the minimum possible. The control group
did not vary significantly with the addition of 1% and 4% of the target compound. This
result might be explained by the reduced relation among the substrate (microalgae cells)
and the enzymatic molecules, so there were no changes in the data obtained. However, the
decrease in the absorbance measurements when a higher percentage of EnzMix was added
(8% to 10%) is related to the efficient degradation of the present cellular walls. Nevertheless,
the addition of 12% EnzMix produced a slight increase in the values measured, which
relates to the turbidity caused by the presence of the enzymatic complex. Due to the
novelty of this compound (EnzMix), we could not find any previous studies that tested this
technology in microalgae disruption. On this basis, it is suggested that further studies need
to develop the suggested system for biostimulant synthesis.

Previous studies examined biostimulant activity resulting from biomass suspension
and aqueous extract of Desmodesmus [31], from Desmodesmus cells (culture centrifuged
and washed twice with sterile distilled water) [32], and from Desmodesmus sp. extracts
prepared with cells lysed in distilled water [52]. To the best of our knowledge, this is the
first report using a biocatalysis process with Desmodesmus sp., which is suggested as a novel
and sustainable way to produce biostimulants at an industrial scale.

The results obtained suggest an innovative and sustainable system for the reuse of
hydroponic drainage wastewater in value-added products (such as biostimulants) through
the cultivation of microalgae and within the framework of the circular economy paradigm.
Among the microalgae species studied in this work, Desmodesmus sp. was found to have
the best performance growing in drainage wastewater, despite being a new species in this
type of application and not being studied at industrial scale. Nevertheless, further studies
remain necessary to assess the biostimulant effect of Desmodesmus sp. biomass hydrolyzed
with the EnzMix complex.
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