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Abstract: The unique perspective that microalgae biomass presents for bioenergy production is
currently being strongly considered. This type of biomass production involves large amounts of
nutrients, due to nitrogen and phosphorous fertilizers, which impose production limitations. A viable
alternative to fertilizers is wastewater, rich in essential nutrients (carbon, nitrogen, phosphorus,
potassium). Therefore, Arthrospira platensis was cultivated in 150 mL photobioreactors with 70%
(v/v) with the wastewater from a dairy industry, under a regime of light:dark cycles (12 h:12 h),
with an irradiance of 140 µmol m−2 s−1 photon. The discontinuous cultures were inoculated with
an average concentration of chlorophyll-a of 13.19 ± 0.19 mg L−1. High biomass productivity was
achieved in the cultures with wastewater from the dairy industry (1.1 ± 0.02 g L−1 d−1). This biomass
was subjected to thermal and physical treatments, to be used in co-digestion with cattle manure.
Co-digestion was carried out in a mesophilic regime (35 ◦C) with a C: N ratio of 19:1, reaching a high
methane yield of 482.54 ± 8.27 mL of CH4 g−1 volatile solids (VS), compared with control (cattle
manure). The results demonstrate the effectiveness of the use of cyanobacterial biomass grown in
wastewater to obtain bioenergy.
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1. Introduction

Cyanobacteria and microalgae are photosynthetic microorganisms, capable of adapting to various
physical and chemical factors, such as light, salinity, pH, temperature, and nutrient concentration [1].
This metabolic plasticity gives them great potential to treat wastewater and industrial water,
bioremediation of aquatic and terrestrial habitats, and applications, such as biofertilizers, biofuels,
food supplements, or bioenergy [2]. The nutrient assimilation capacity (nitrogen and phosphorus)
of these photosynthetic microorganisms has aroused the interest of the scientific community in the
environmental field for its possible use in the biological treatment of wastewater, reducing the risk
of contamination of water bodies by effluent discharges with the presence of suspended solids,
biodegradable organic compounds and pathogenic microorganisms [3–5]. The accumulation of
nitrogen and phosphorus in water bodies is the primary source responsible for eutrophication [6].
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According to its biochemical composition, these photosynthetic microorganisms can grow and
assimilate nutrients from the wastewater and biomass production that could have a bioenergetic
profile [7]. Urban and industrial effluents are considered nutrient-rich culture media due to the
organic and inorganic load [8]. The cultivation of photosynthetic microorganisms in wastewater
represents several advantages, such as low energy cost process, improvement of water quality through
the use of nutrients in wastewater, and obtaining nutrient-rich biomass (nitrogen and phosphorus),
and oxygen generation [4]. Microalgae and cyanobacteria are an essential component in many
wastewater treatment systems around the world. In many countries with developing economies,
wastewater is generally treated in facultative and oxidation ponds [9,10]. Microalgae and cyanobacteria
spontaneously colonize these, but due to the deep and low mixing of this system, dry biomass
productivity is low, 10 tons ha−1 year−1. For these reasons, the biomass is not harvested, and the
removal of nutrients from the wastewater by microalgae and cyanobacteria is inefficient [11]. In the
late 1950s, high-rate algal ponds (HRAPs) were developed as an alternative to facultative ponds [12].
HRAPs are raceways in which a paddlewheel mixes the water, as a result of this better mixing,
high productivity of microalgae and cyanobacteria biomass are obtained, about 30 tons dry biomass
ha−1 year−1 [13]. Likewise, the productivity of microalgae and cyanobacteria grown in agro-industrial
wastewater in closed systems (photobioreactors) is high. Thus, Álvarez and Otero [14] obtained
a biomass concentration of 5 g L−1 with Arthrospira sp. grown in anaerobic centrate from anaerobic
digestion of wastewater from fish processors.

The food industries generate large volumes of wastewater for all the processes that involve the
processing of their products, water with a high nutrient load, as is the dairy industry characterized by its
wastewater rich in carbohydrates and proteins [15]. World milk production increased to 829 million tons
in 2018, growing annually by 16.7 million tons, or 2.1% as of 2017, with an accelerated increase since 2014.
However, production growth is expected world milk by 22% until 2027 [16]. A third of milk production
is consumed as fresh milk, a fourth processed in cheese making; one fifth used in butter, milk powder,
and casein [17]. However, this process consumes significant amounts of water, with an average
consumption of 1.44 ± 0.20 L per L of raw milk processed in milk, cheese, or commercial powdered
products. This high-water consumption causes the dairy industry to present problematic aspects in
eliminating specific residues, such as acid whey, crystallized lactose mother liquor, and cleaning in situ.
Due to its characteristics, high chemical oxygen demand (COD) and biological oxygen demand (BOD),
lipids, nutrients, lactose, this type of industrial waste can cause eutrophication in water bodies if it
does not receive adequate treatment [18]. Dairy industry waste disposal is reported as a significant
environmental problem due to soil or water contamination. Possible use of this type of wastewater
would be to cultivate microalgae or cyanobacteria; thus, the sewage nutrients would be recycled
into microalgal or cyanobacterial biomass, biomass that, according to its biochemical and nutritional
composition, could have a possible application.

One of the emerging applications of microalgae and cyanobacteria biomass is to use them as
a source of biofuels due to their high productivity and the fact that cultivation systems do not
compete for land or freshwater with terrestrial crops [19,20]. The low concentration of microalgal
biomass in the culture system, and its high-water content (80–90%) have an unfavorable impact on
the energy balance of the process that depends on dry biomass [21–24]. For these reasons, the use
of microalgae and cyanobacteria biomass in the energy field is not feasible for direct combustion,
pyrolysis, and gasification that require dry biomass due to the high-energy input to remove intracellular
water but is viable for processes that use wet biomass [25–27]. Anaerobic digestion (AD) is the
primary biological process to obtain bioenergy from biomasses with high-water content, such as
microalgae and cyanobacteria biomass. It easily supports biomass high water content without the
energy drawbacks of centrifugation and drying [28,29]. AD is eliminating some of the costs generated
in microalgae-based biofuel production systems. The integration of AD to the biofuel production
systems from microalgae, higher efficiency, and sustainability of the process are obtained [30]. The AD
of the biomass of microalgae and cyanobacteria is catabolized in the absence of an external electron
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acceptor by strict or facultative anaerobic microorganisms through a redox reaction. The product
generated during the process accepts the electron released during the decomposition of the organic
matter; therefore, the organic matter acts as a donor and acceptor of electrons [31].

Golueke et al. in 1957 [32] recognized the importance of generating energy through the methane
produced by the fermentation of the obtained microalgae biomass; they investigated AD of biomass
from Chlorella spp., and Scenedesmus spp., grown in wastewater. However, little research has been
done on the fermentation of microalgae biomass for methane production, and unlike what was done
with macroalgae on the same topic, only today is this important energetic source receiving attention
again [33–35]. Later Oswald et al., between, 1959 and 1998, continue with the research of the AD of
the biomass of microalgae and cyanobacteria produced in “Advanced Integrated Wastewater Pond
Systems” [36–42].

The co-digestion of microalgae and cyanobacteria biomass has been carried out with various
substrates. Thus, Solé-Bundó et al. evaluated the co-digestion of the biomass of Chlorella sp. and wheat
straw in different proportions, the maximum methane yield was obtained with the 50% microalgae
–50% wheat straw [43]. The biomass of another chlorophyte, Scenedesmus sp., has been evaluated
in co-digestion with pig manure, reaching a maximum methane yield of 245 mL CH4 g−1 volatile
solids (VS) [44]. Another material frequently used as co-substrate is waste activated sludge (WAS).
Thus Wang et al. obtained a maximum methane yield of 296 mL CH4 g−1 VS in the co-digestion of the
biomass of Chlorella sp. and WAS [45]. A poorly evaluated co-substrate is lipid-rich fat, oil, and grease
waste (FOG). However, it generally produces high methane yields in co-digestion with microalgae
biomass. Thus, Park and Li evaluated co-digestion anaerobic biomass of Nannochloropsis salina
D.J. Hibberd 1981, and FOG, reaching a methane yield of 540 mL CH4 g−1 VS [46].

Anaerobic co-digestion is one of the areas of most considerable investigation.
Thus Fernández-Rodríguez et al. [47] used the microalgae Dunaliella salina (Dunal) Teodoresco
1905 as a co-substrate in the AD of olive mill solid waste (OMSW). They evaluated different C/N ratios,
the maximum methane production 330 mL CH4 g−1 VS was obtained for the co-digestion mixture
75% OMSW-25% D. salina with a C:N ratio of 26.7:1. While Gonzalez-Fernandez et al. [48] evaluated
anaerobic co-digestion of microalgal biomass of Scenedesmus sp. and Chlorella sorokiniana Shihira and
R.W. Krauss 1965, grown in urban wastewater and sewage sludge, they operated biodigesters at
psychrophilic (15–25 ◦C), mesophilic (35 ◦C) and thermophilic (50 ◦C) conditions. The highest methane
yield occurs in thermophilic conditions, 90.2 ± 1.9 mL CH4 g−1 VS.

The main objective of this research was to evaluate the culture and biomass production of
Arthrospira platensis Gomont 1892 (Spirulina) in tubular photobioreactors, using wastewater from a dairy
industry as a source of nutrients, and its subsequent use in anaerobic co-digestion with cattle manure
with the premise of increasing methane production. During the investigation, the characteristics of
both substrates were determined before co-digestion.

2. Materials and Methods

2.1. Dairy Industry Wastewater Characteristics

The Dairy Industry Wastewater (DIWW) utilized was obtained from a dairy industry specialized in
gourmet cheeses and milk derivatives, which are made with Italian technology. Samples of DIWW were
taken at the outlet of the distribution channels, presenting the following characteristics: total nitrogen
(TN) 2.22 mM, total phosphorus (TP) 0.20 mM, and pH 5.5.

2.2. Photobioreactors and Culture Conditions

The cyanobacterium A. platensis was obtained from the culture collection of the Laboratorio de
Biotecnología Microbiana (BiotemLab) of the Universidad de Guayaquil (Universidad de Guayaquil,
Guayaquil, Guayas, Ecuador). Cultures were acclimated to the wastewater by increasing the
concentration of DIWW for several months, reaching a maximum concentration of 70% (v/v).
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Acclimated cultures from log-phase were centrifuged before starting the experiment and resuspended
in DIWW 70% and 30% of seawater (35%). A nutritional correction was made with the foliar nutrient
Bayfolan®, to reach a final concentration of N 20.80 mM and P 1.67 mM, with an N:P ratio of 12.5: 1;
further, it was supplemented with 47.6 mM NaHCO3, and due to the pH of the residual water (5.5) it was
adjusted to 10.2. The control cultures were performed with standard Zarrouk media (N:P 10:1), with the
following composition: NaHCO3 214.3 mM; NaNO3 29.4 mM; K2HPO4 2.9 mM; K2SO4 5.7 mM; NaCl
17.1 mM; MgSO4·7H2O 0.8 mM; CaCl2·2H2O 0.5 mM; FeSO4·7H2O 0.04 mM; EDTA 0.3 mM; H3BO3

0.046 mM; MnCl2·4H2O 0.009 mM; ZnSO4·7H2O 0.0008 mM; Na2MoO4 0.00009 mM; and CuSO4·5H2O
0.0003 mM (Sigma-Aldrich, Saint Louis, MO, USA) [49].

Cultures were carried out in triplicate and initiated with a high concentration of chlorophyll-a
(13.19 ± 0.19 mg L−1) from acclimated cultures from log-phase, to avoid the inhibitory effect of DIWW
on growth [50], and kept in batch culture for five days. Cultures were carried out indoors in six glass
bubble-column photobioreactors (PBRs-0.3 in height, 0.05 in diameter), and 150 mL volume, at 30 ◦C
in a thermostatic bath under a circadian lighting regime 12 h light/12 h dark with an irradiance of
140 µmol photon m−2 s−1 (Figure 1a). The bioreactors were continuously aerated with air filtered
with cellulose acetate filters of 0.2 µm pore diameter (Minisart® Sartorius, Hamburg, Germany),
supplemented with pulses of CO2 to maintain the pH 9.9 ± 0.3 during the light cycle. Evaporation (less
than 6% of the culture volume) was corrected daily with sterilized distilled water before the harvesting
for analysis.
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Figure 1. Flow diagram of the cultivation of cyanobacterial biomass and its anaerobic co-digestion:
(a) Cultivation in column photobioreactors (PBRs) of Arthrospira platensis in wastewater from a dairy
industry; (b) harvested and pre-treated cyanobacterial biomass, and raw cattle manure; (c) anaerobic
co-digestion of cyanobacterial biomass and raw cattle manure in a mesophilic regimen (35 ◦C).

2.3. Anaerobic Co-Digestion

At the end of the batch culture (day five), these were harvested to collect the cyanobacterial
biomass to determine the biochemical composition, VS, TN, TP, and total organic carbon (TOC) were
analyzed. The cyanobacterium biomass was subjected to a thermal pre-treatment at 120 ◦C for 40 min;
subsequently, the biomass was ultrasonicated at 20 kHz for two minutes and was used in anaerobic
co-digestion with cattle manure (Figure 1b). The raw cattle manure was collected at the El Algarrobo
farm in the Engabao commune (2◦36′37′′ S; 80◦26′12′′ W) of the General Villamil Playas canton during
September, October, and November 2019 (dry season). The manure collected was transported to the
Microbial Biotechnology Laboratory, where it was sieved (5 mm) to separate large particles, weighed,
and finally, the content of VS, TN, and TOC was determined. Pre-treatment of the cyanobacterium
biomass before anaerobic co-digestion allows to the improvement of its biodegradability significantly.
This step makes the organic matter more accessible to anaerobic microbiota and, therefore, it degrades
more efficiently [51]. Pre-treatment methods to disrupt microalgal cell walls, such as thermal,
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chemical, and ultrasonic methods, can significantly improve the digestibility of crude proteins and
guarantee maximum methane production [52]. Anaerobic co-digestion was conducted in batch mode.
Digesters were in glass bottles with 1000 mL capacity. Each bottle contained a final concentration of
substrates (cyanobacterium biomass (CB) + cattle manure (CM)) of 7 g VS L−1, the ratio of the percentage
of biomasses was 15% CB and 85% CM, with a final carbon: nitrogen ratio of 19:1. Finally, the bottles
were filled up to 700 mL with distilled water and incubated at 35 ◦C (Figure 1c). CH4 concentration
was determined every 24 h for 40 days. Similarly, anaerobic digestion of each substrate (CB and CM)
was performed out separately under the same conditions described above.

2.4. Analytical Methods

Samples (5 mL) were taken daily and centrifuged at 17,100 g for 15 min at 4 ◦C. For the measurement
of chlorophyll-a, Talling and Driver method [53] modified by Álvarez [54] was applied: the pellet was
resuspended in methanol 95% (v/v) and sonicated at 20 kHz for 2 min followed by 4-h extraction in the
dark at 4 ◦C. Cell debris was removed by centrifugation, and chlorophyll-a absorption was measured
spectrophotometrically at 665 nm. The methanolic extract was read at the optical density of 665 nm,
and the chlorophyll-a content was quantified using the following equation:

Chl-a (mg L−1) = DO665nm × 13.9 (1)

where OD is the optical density (665 nm), and 13.9 a constant value.
TN and TP from DIWW, biomass, and cell-free supernatant fraction were analyzed,

with an adaptation of the persulfate digestion method [55] and vanadate-molybdate methods [56],
respectively, with a Water Testing and Color Measurement Photometer MD 600 (Lovibond®,
Dortmund, North Rhine-Westphalia, Germany). The carbohydrates of the biomass were quantified
spectrophotometrically by the phenol-sulfuric acid method using glucose as standard [57]. Protein and
phycobiliprotein were also analyzed in the pellets on day five. Protein was determined by the
Lowry method [58] modified by Herbert et al. [59], using bovine serum albumin as standard,
and phycobiliproteins were measured according to the Bennett and Bogorad method [60] after
re-suspending the pellet in 6.0 mL of saline buffer (0.01 M Na3PO5-0.15 M NaCl, pH 7.0). Dry weight was
measured per diem by filtering 5 mL of biomass and washing with 5 mL HCO2NH4 0.5 M three times [61].
The total nitrogen and total organic carbon content of the organic residues (cyanobacterial biomass and
cattle manure) used for anaerobic co-digestion were analyzed with an adaptation of the persulfate
digestion method proposed by D’Elia et al. [55], and the chromic acid oxidation method proposed by
Degtjareff [62], and modified by Walkey and Black [63], respectively. VS were measured according
to Standard Methods 2540 G [64]. Methane was determined with a Digital Handheld Gas Leakage
Detector model 7899 (E-instruments® Langhorne, PA, USA). All analytics were done in triplicate.

2.5. Statistical Analyses

The graphs and statistical analyses were performed with the GraphPad PRISM version 8.4.3
(GraphPad Software, Inc.®, San Diego, CA, USA). The results were analyzed using variance (ANOVA
double and one-way) parametric test and the Tukey test post hoc with a significance level of p ≤ 0.05.

3. Results

3.1. Growth and Productivity of Arthrospira Platensis in Batch Cultures with Wastewater from
Dairy Industries

The growth of A. platensis measured as chlorophyll-a concentration did not show significant
differences between the cultures maintained in DIWW (70% v/v) (32.31 ± 1.01 mg L−1) and the cultures
maintained in standard medium (Zarrouk) (31.37 ± 0.95 mg L−1) (test Tukey’s P ≤ 0.05) (Figure 2).
The DIWW with the respective nutritional correction supported the growth of A. platensis.
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The productivity values of the cultures maintained in DIWW (1.26 ± 0.31 g L−1 d−1) not present
significant differences concerning the control (Zarrouk medium) (1.20 ± 0.38 g L−1 d−1) (Tukey
P test ≤ 0.05) (Figure 3).
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3.2. Carbohydrates, Protein, and Phycobiliprotein of Arthrospira Platensis in Batch Culture with Wastewater
from Dairy Industries

The biomass carbohydrates did not show significant differences between the cultures maintained
in DIWW (253.35± 0.01 mg g−1) and the cultures maintained in Zarrouk medium (261.22 ± 0.01 mg g−1)
(Tukey P test ≤ 0.05) (Table 1). However, the protein concentration showed significant differences
between the cultures with DIWW 487.50 ± 31.14 mg g−1 concerning the cultures with Zarrouk:
400.45 ± 32.01 mg g−1 (Tukey P test ≤ 0.05) (Table 1). The cultures maintained in DIWW obtained
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a 21.74% more protein concentration of the dry biomass than the control (Zarrouk Medium). In contrast
to protein content, phycobiliproteins: allophycocyanin (APC) and phycocyanin (PC) did not show
significant differences in their concentration (mg g−1 dry biomass) between the cultures maintained in
Zarrouk medium and the cultures maintained in DIWW (Table 1) (Tukey test P ≤ 0.05). The control
presented the following values: 105.09 ± 9.44 mg g−1 and 82.12 ± 7.16 mg g−1; for APC and PC,
respectively. The cultures with the DIWW showed the following average values: 94.27 ± 5.23 mg g−1

and 77.40 ± 4.69 mg g−1; for APC and PC, respectively.

Table 1. Biomass carbohydrate, protein, and phycobiliprotein (allophycocyanin [APC] and phycocyanin
[PC]) of Arthrospira platensis in batch cultures. Values are average ± SD (n = 3).

Biochemical Composition Zarrouk Medium Dairy Industry Wastewater (DIWW)

Biomass carbohydrate 261.22 ± 0.01 mg g−1 253.35 ± 0.01 mg g−1

Protein 400.45 ± 32.01 mg g−1 487.50 ± 31.14 mg g−1

Phycobiliprotein

Allophycocyanin 105.09 ± 9.44 mg g−1 94.27 ± 5.23 mg g−1

Phycocyanin 82.12 ± 7.16 mg g−1 77.40 ± 4.69 mg g−1

3.3. Nutrients Removal

In the discontinuous culture of A. platensis with DIWW, the concentration of TN was reduced from
20.80 mM to 2.41 mM, a removal efficiency (RE) of this nutrient of 88.41% was obtained. In comparison,
for the TP, the concentration decreased from 1.67 mM to 0.05 mM, reaching an RE of 97.01%.

3.4. Content of VS, TN, TP, OC, and Mesophilic Anaerobic Co-Digestion (CB and CM)

The content of VS, TN, TP, and TOC of the CB and CM substrates submitted to anaerobic
co-digestion was, for CB: 85.03 ± 10.76% for the VS, 105.70 ± 7.60 mg g−1, 3.00 ± 0.25 mg g−1,
and 566.90 ± 76.20 mg g−1 for the TN, TP, and TOC, respectively. For CM the VS it was 70.70 ± 17.87%,
and 5.65 ± 1.18 mg g−1, 1.75 ± 0.45 mg g−1, and 270.65 ± 10.13 mg g−1 for the TN, TP, and TOC,
respectively (Table 2).

Table 2. Volatile solid, total nitrogen, total phosphorus, and organic carbon of cyanobacterium biomass
and cattle manure. Values are average ± SD (n = 3).

Substrate VS % (Volatile
Solid)

TN mg g−1

(Total Nitrogen)
TP mg g−1 (Total

Phosphorus)
OC mg g−1

(Organic Carbon)

Cyanobacterium biomass 85.03 ± 10.76 105.70 ± 7.60 3.00 ± 0.25 566.90 ± 76.20
Cattle manure 70.70 ± 17.87 5.65 ± 1.18 1.75 ± 0.45 270.65 ± 10.13

Mesophilic anaerobic co-digestion was performed for 40 days. The accumulated methane yield
profiles obtained for the evaluated substrates are shown in Figure 4. The previously treated CB showed
a yield of 299.63 ± 7.53 mL of CH4 g−1 VS; for CM, the values obtained were 191.93 ± 2.22 mL of CH4

g−1 VS, while for the mixture (80:20) of CB and pretreated CM, the maximum methane production was
obtained, 482.54 ± 8.27 mL of CH4 g−1 VS (Figure 4).
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4. Discussion

The result obtained demonstrated the feasibility of maintaining a stable batch culture of the
cyanobacteria A. platensis using wastewater from a dairy industry as a culture medium, and the
subsequent use of the cyanobacteria biomass obtained in this culture system in anaerobic co-digestion
with cattle manure, resulting in high methane yield. The cultivation of this type of photosynthetic
microorganisms in agro-industrial wastewater is presented as an exciting alternative to develop as
tertiary wastewater treatments, avoiding the environmental impact that arises with the discharge of this
type of sewage into bodies of water. Additionally, due to the elemental composition (C:N:P), presented by
the biomass of A. platensis, it can be used as a biofertilizer or a biostimulant in agriculture [65–67].

The results of this work with the wastewater from a dairy industry demonstrate the viability
of using A. platensis in the bioremediation of this type of effluent, with the potential to become an
alternative to standard tertiary treatments its high removal capacity of nutrients. Added to the
high production of biomass, which can be applied for multiple purposes, including pharmaceuticals,
organic fertilizers, biofuels, and animal feed [68–72]. This work was possible to obtain removal
efficiencies of 88.41% for TN and 97.01% for TP in cultures with wastewater from the dairy industry.

The use of microalgae and cyanobacteria for the removal of N and P in agro-industrial wastewater
is an area of permanent study. Therefore, Ouhsassi et al. [73] evaluated the treatment of wastewater from
dairy plants with the cyanobacterium Pseudanabaena galeata Böcher 1949, cultivated the microorganisms
with different concentrations of wastewater (25, 50, and 75% v/v), with a final concentration of TN
of 1.1, 2.2 and 3.2 mM, respectively. The highest RE was with the concentration of TN 1.1 mM,
with 86.44%. Marazzi et al. [74] evaluated the treatment of wastewater from whey processing with
the microalgae Scenedesmus acuminatus (Lagerheim) Chodat 1902, and a consortium of microalgae
consisting of Chlorella, Scenedesmus, and Chlamydomonas spp. The wastewater had a TN concentration of
3.71 mM and a TP of 0.42 mM. The RE for S. acuminatus was 88% and 69% for nitrogen and phosphorus,
respectively, and for the microalgal consortium, it was 90% and 73% for TN and TP, respectively.
In comparison, Daneshvar et al. [75] evaluated a freshwater microalgae Scenedesmus quadricauda
Chodat, nomenillegitimun 1926, and a seawater microalgae Tetraselmis suecica (Kylin) Butcher 1959,
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in the treatment of dairy wastewater (DWW). The initial concentration of TN and TP in the DWW was
6.14 and 0.09 mM, respectively, for the culture of the marine species, they added 34 g L−1 of sea salt.
The RE percentages for TN and TP were 86.21% and 89.83% for S. quadricauda, and 44.92% and 42.18
for T. suecica. We must emphasize that the significantly lower TN and TP concentrations are used in
the studies mentioned above than the ones used in our research. Cyanobacteria are characterized by
their high consumption and accumulation of nutrients, nitrogen in cyanophycin granules, and carbon
in carboxysomes. These characteristics make them strong candidates for the removal of nutrients in
agro-industrial wastewater.

The growth of A. platensis measured as the concentration of chlorophyll-a obtained in the
cultures with DIWW is similar to that described in other investigations. Álvarez and Otero [16],
in semi-continuous cultures of Arthrospira sp. with an anaerobic centrate rich in ammonium,
they obtained a chlorophyll-a concentration of 27.6 ± 0.5 mg L−1. Markou et al. [76] obtained
a chlorophyll-a concentration of 23.74 mg L−1 in A. platensis cultures with oil mill wastewater.
Olguín et al. [77] cultivated Arthrospira maxima Setchell and N.L. Gardner 1917, in raceways at
30 ◦C, with seawater (salinity 30%) supplemented with 2% (v/v) of pig purine concentrate with
a final ammonium concentration of 1.4 mM, obtaining a maximum concentration of chlorophyll-a of
8.1 mg L−1, a concentration significantly lower than the concentration of this work (32.31 ± 1.01 mg L−1).
The chlorophyll-a concentration obtained in our research is higher than the works mentioned above.
This difference is explained by the high light intensity used (140 µmol photon m−2 s−1) and the CO2

supplement that our cultures had. The mechanisms of production and accumulation of pigments in
cyanobacteria, chlorophyll-a, and phycobiliproteins, are activated by ambient light conditions [78],
this confirms our high production of both photosynthetic pigments.

The productivity of the Arthrospira platensis cultures maintained with DIWW is among the
highest (1.26 ± 0.31 g L−1 d−1), thus Olguín et al. [79] with cultures of Arthrospira sp. in seawater
supplemented with anaerobic effluents of digested swine waste, they reached productivity
of 0.144 g L−1 d−1. Rizzo et al. [80], using the Zarrouk medium in A. platensis cultures with
a light intensity of 150 µmol photons m2 s−1, obtained maximum productivity of 0.104 g L−1 d−1.
Kim et al. [81] cultivated A. maxima for one year in semi-open raceway systems, the lowest
productivity obtained in these systems was 0.142 g L−1 d−1, and the highest was 0.314 g L−1 d−1.
However, studies with higher productivity, such as that described by Michael et al. [82], who cultivate
Arthrospira fusiformis (Voronichin) Komárek and J.W.G. Lund 1990, in a medium formulated based on
the commercial fertilizer NPK10-20-20, obtained productivity of 2.54 g L−1 d−1. The high productivity
values obtained here may be due to the high effective irradiance available in tubular systems (diameter
4.6 cm) and the strict pH control.

The concentrations of carbohydrates, proteins, and phycobiliproteins obtained in A. platensis
cultures maintained with DIWW are similar to those obtained by other researchers. In batch cultures
of Spirulina platensis with Zarrouk medium supplemented with 2.5%, 5%, and 10% (v/v) of cheese whey
(CW), varied concentrations of proteins and carbohydrates were obtained, for 2.5% CW 60.62% and
23.29%, for 5% CW 44.56% and 47.83%, and for 10% CW 39.62 and 40.65% for proteins and carbohydrates,
respectively [82]. Olguín et al. [83] evaluated the light intensity of 66 (low) or 144 µmol photon m2 s−1

(high) in batch cultures of Spirulina sp. maintained in seawater enriched with 2% (v/v) of anaerobic
effluents and 23.81 mM NaHCO3. The cultures with low light intensity presented concentrations
of 39.0% and 3.41% for proteins and carbohydrates, respectively, while the cultures with high light
intensity, the values obtained were 33.0% and 28.41% for proteins and carbohydrates, respectively.
However, the biochemical composition of the biomass is directly correlated with the species used and
the cultivation conditions. Thus, Markou et al. [76] obtained ranges in carbohydrate concentration from
16.52% to 63.75%. The protein content varied from 22.04% to 38.13% in A. platensis cultures in oil mill
wastewater (OMWW); this variation depended on the treatments used to decrease the concentration of
phenolic compounds turbidity of the OMWW. The values obtained for the phycobiliproteins are among
the highest for the cultivation of cyanobacteria in wastewater (171.67 mg g−1). Chaiklahan et al. [84],
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in semi-continuous cultures of A. platensis with 20% of the anaerobic centrate of porcine slurry,
supplemented with 53.6 mM NaHCO3 and 3.3 mM NH2CONH2, with an ammonium concentration
of 1.6 mM, obtained a concentration of 195.0 mg g−1 PC and 192.0 mg g−1 for the control (Zarrouk
medium). While in the semi-continuous culture of Arthrospira sp. in the anaerobic centrate of the fish
and shellfish industry, phycobiliprotein values of the order of 158.1 mg g−1 were obtained, with a final
NH4

+/NH3 concentration of 14.3 mM [14].
The content of TN, TP, and OC of A. platensis maintained in DIWW presented values between those

obtained in other works. Mahdy et al. [85] determined the content of OC of 486.0 mg g−1 and TN of 106.0
mg g−1 in the biomass of Chlorella vulgaris Beyerinck [Beijerinck] 1890. OC values 526.0 mg g−1, and TN,
82.0 mg g−1, are described for the same species [86]. Biller et al. [86] obtained similar values for A. platensis
to those obtained in our work, for OC 557.0 mg g−1 and TN 112.0 mg g−1, while Scenedesmus dimorphus
(Turpin) Kützing 1834, presented OC 534.0 mg g−1 and TN 79.0 mg g−1. The OC content of the biomass
of microalgae and cyanobacteria present similar values between the different species; the TN content
is significantly higher in A. platensis correlated with the high protein percentage that this species
can present (40–70%) [16,86]. Regarding the percentage of VS in the biomass of microalgae and
cyanobacteria, low values such as 45% have been obtained for the Nannochloropsis oculata (Droop)
D.J. Hibberd 1981 [87], intermediate values, 77%, for Nannochloropsis salina [87], and high values,
90%, in Chlorella vulgaris [88]. For Arthrospira platensis, SV values of 86–90% have been obtained [89–91].
However, in more detailed work on Arthrospira maxima, values that fluctuated between 80–92.7%
were obtained. VS variation is correlated with differences in A. maxima biomass composition due
to cultivation conditions, so the percentage of protein presented a range of 60–71%, carbohydrates
13–16%, and lipids 6–7% [92].

The high methane yields for the different substrates used in anaerobic co-digestion in our
work presented values between those already described by other researchers. For the microalgae,
Chlorella vulgaris, the methane yield by the anaerobic digestion of its biomass is between 189–403 mL
CH4 g−1 VS [88,93,94]. This wide variation in this chlorophyte is presented using different cultivation
systems, reflected in the variation in the biomass composition. Similar results are described in the
methane yield by anaerobic digestion of the biomass of Scenedesmus, with a production range between
170–354 mL CH4 g−1 VS [95–97]. This methane yield variation is related to the composition of the
biomass and the C / N ratio that it presents, which is generally low [98]. For the genus Spirulina
(Arthrospira), the methane yield product of the anaerobic digestion of its biomass, in the same way,
presents values between 50–150 mL g−1 VS [99]. The CH4 yield values of the anaerobically digested A.
platensis biomass in our work are significantly higher (299.63 ± 7.53 mL of CH4 g−1 VS); this is explained
by the thermal and ultrasonic pre-treatment given to it, which significantly increases the digestibility
of the high protein fraction contained [52]. The co-digestion of the pre-treated cyanobacterial biomass
with cattle manure in our work presented high yield values of CH4 (482.54 ± 8.27 mL of CH4 g−1

VS), higher than those described in other works. Thus, Solé-Bundó et al. [43], in the co-digestion
of pre-treated biomass of Chlorella sp. (20%) with wheat straw (80%), obtained a methane yield of
304.7 mL CH4 g−1 VS. In comparison, the co-digestion of the Scenedesmus sp. (30%) with pig manure
(70%) produced a yield of 245 mL CH4 g−1 VS [46]. The cyanobacterium Spirulina (Arthrospira) has been
evaluated in co-digestion (50% −50%) with sewage sludge with a methane yield of 360 mL CH4 g−1

VS [90]. The high methane yield achieved in the co-digestion of C.B. and CM is directly related to:

− The thermal and sonic pre-treatments that break the cell wall of the cyanobacteria and significantly
improve its biodegradability;

− The improvement in the carbon-nitrogen ratio of both substrates;
− The thermophilic regime used (35 ◦C).
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5. Conclusions

The results obtained in this work show that the filamentous cyanobacterium Arthrospira platensis
can be cultivated using wastewater from the dairy industry, with high biomass productivity,
representing an interesting alternative for the treatment of this type of wastewater that, with its
discharge, causes environmental impacts. Additionally, the biomass obtained by this system presents
an interesting biochemical composition, with a high protein percentage (48.8%) that would be suitable
for animal nutrition. It was found that this biomass has a high methane yield when used in anaerobic
co-digestion with cattle manure, becoming a bioenergetic alternative.

Author Contributions: X.Á., M.S., B.V.-M., and O.A. conceived and designed the experiments; I.M. and X.Á.
performed the experiments; X.Á., M.S., B.V.-M., and O.A. analyzed the data; X.Á. wrote the paper. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work has been supported by the Internal Competitive Fund (FCI) of the Universidad
de Guayaquil. FAO partially supported research on anaerobic co-digestion within its Climate Smart Livestock
Program. We thank the team of the Microalgae and Cyanobacteria Biotechnology area for the technical support
during the project. The wastewater from the dairy industry was kindly provided by Gean Rossi (Quito) Ecuador.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Semyalo, R. The Effects of Cyanobacteria on the Growth, Survival, and Behaviour of a Tropical Fish (Nile
Tilapia) and Zooplankton (Daphnia Lumholtzi). Ph.D. Thesis, University of Bergen, Bergen, Norway, 2009.

2. Cairns, J.; Dickson, K. A simple method for the biological assessment of the effects of waste discharge on
aquatic bottom dwelling organisms. J. Water Pollut. Control Fed. 1971, 43, 755–772. [PubMed]

3. Martins, J.; Peixe, L.; Vasconcelos, V. Unraveling cyanobacteria ecology in wastewater treatment plants
(WWTP). Microb. Ecol. 2011, 62, 241–256. [CrossRef] [PubMed]

4. Tafur, J.; Estrada, L. Tratamiento de aguas residuales in vitro por medio de la microalga Chlorella sp. en el
Municipio de Barrancabermeja, Colombia. CITECSA 2015, 6, 5–19.

5. Sankaran, K.; Premalatha, M. Nutrients uptake from anaerobically digested distillery wastewater by
Spirulina sp. under xenon lamp illumination. J. Water Process Eng. 2018, 25, 295–300. [CrossRef]

6. Yang, X.; Wu, X.; Hao, H.; He, Z. Mechanisms and assessment of water eutrophication. J. Zhejiang Univ. Sci.
B 2008, 9, 197–209. [CrossRef]

7. Pittman, J.; Dean, A.; Osundeko, O. The potential of sustainable algal biofuel production using wastewater
resources. Bioresour. Technol. 2011, 102, 17–25. [CrossRef]

8. Streit, N.; Ramírez-Mérida, L.; Queiroz, L.; Jacob-Lopes, E.; Queiroz, M. Producción de pigmentos por
Aphanothece microscopica Nägeli a partir de residuos industriales lácteos. Ingeniare Rev. Chil. Ing. 2017, 25,
350–358. [CrossRef]

9. Vijayakumar, S. Potential applications of cyanobacteria in industrial effluents—A review. J. Bioremediat.
Biodegrad. 2012, 3. [CrossRef]

10. Rahman, A.; Ellis, J.T.; Miller, C.D. Bioremediation of domestic wastewater and production of bioproducts
from microalgae using waste stabilization ponds. J. Bioremediat. Biodegrad. 2012, 3. [CrossRef]

11. Muylaert, K.; Beuckels, A.; Depraetere, O.; Fourbert, I.; Markou, G.; Vandamme, D. Wastewater as a Source of
Nutrients for Microalgae Biomass Production. In Biomass and Biofuels from Microalgae Advances in Engineering
and Biology, 1st ed.; Moheimani, N., McHenry, M., de Boer, K., Bahri, P., Eds.; Springer International
Publishing: London, UK; New York, NY, USA, 2015; Volume 2, pp. 75–94. [CrossRef]

12. Oswald, W.J.; Golueke, C.G. Biological transformation of solar energy. Adv. Appl. Microbiol. 1960, 2, 223–262.
[CrossRef]

13. Craggs, R.; Lundquist, T.J.; Benemann, J.R. Wastewater treatment and algal biofuel production. In Algae
for Biofuels and Energy, 1st ed.; Borowitzka, M.A., Moheimani, N.R., Eds.; Springer: Berlin, Germany, 2013;
Volume 5, pp. 153–163. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/5553779
http://dx.doi.org/10.1007/s00248-011-9806-y
http://www.ncbi.nlm.nih.gov/pubmed/21287346
http://dx.doi.org/10.1016/j.jwpe.2018.08.014
http://dx.doi.org/10.1631/jzus.B0710626
http://dx.doi.org/10.1016/j.biortech.2010.06.035
http://dx.doi.org/10.4067/S0718-33052017000200350
http://dx.doi.org/10.4172/2155-6199.1000154
http://dx.doi.org/10.4172/2155-6199.1000e113
http://dx.doi.org/10.1007/978-3-319-16640-7
http://dx.doi.org/10.1016/S0065-2164(08)70127-8
http://dx.doi.org/10.1007/978-94-007-5479-9


Processes 2020, 8, 1290 12 of 16

14. Álvarez, X.; Otero, A. Nutrient removal from the centrate of anaerobic digestion of high ammonium industrial
wastewater by a semi-continuous culture of Arthrospira sp. and Nostoc sp. PCC 7413. J. Appl. Phycol. 2020,
32, 2785–2794. [CrossRef]

15. Arango, O.; Sanches, L. Tratamiento de aguas residuales de la industria láctea en sistemas anaerobios tipo
UASB. Biotecnologia en el Sector Agropecuario y Agroindustrial 2009, 7, 24–31.

16. OECD/FAO. Agricultural Outlook 2019–2028; OECD Publishing: Paris, France, 2019; pp. 180–189. [CrossRef]
17. Kushwaha, J.; Srivastava, V.; Mall, I. An overview of various technologies for the treatment of dairy

wastewaters. Crit. Rev. Food Sci. Nutr. 2011, 51, 442–452. [CrossRef] [PubMed]
18. Raghunath, B.V.; Punnagaiarasi, A.; Rajarajan, G.; Irshad, A.; Elango, A.; Mahesh-Kumar, A. Impact of dairy

effluent on environment—A review. In Integrated Waste Management in India: Status and Future Prospects for
Environmental Sustainability, 1st ed.; Prashanthi, M., Sundaram, R., Eds.; Springer International Publishing:
Cham, Switzerland, 2016; pp. 229–249. [CrossRef]

19. Chen, H.; Qiu, T.; Rong, J.; He, C.; Wang, Q. Microalgal biofuel revisited: An informatics-based analysis of
developments to date and future prospects. Appl. Energy 2015, 155, 585–598. [CrossRef]

20. Kerrison, P.D.; Stanley, M.S.; Edwards, M.D.; Black, K.D.; Hughes, A.D. The cultivation of European kelp for
bioenergy: Site and species selection. Biomass Bioenergy 2015, 80, 229–242. [CrossRef]

21. Milledge, J.J.; Heaven, S. Methods of energy extraction from microalgal biomass: A review. Rev. Environ. Sci.
Bio 2014, 13, 301–320. [CrossRef]

22. Milledge, J.J.; Smith, B.; Dyer, P.; Harvey, P. Macroalgae-Derived Biofuel: A Review of Methods of Energy
Extraction from Seaweed Biomass. Energies 2014, 7, 7194–7222. [CrossRef]

23. Sills, D.L.; Paramita, V.; Franke, M.J.; Johnson, M.C.; Akabas, T.M.; Greene, C.H.; Tester, J.W. Quantitative
Uncertainty Analysis of Life Cycle Assessment for Algal Biofuel Production. Environ. Sci. Technol. 2012, 47,
687–694. [CrossRef]

24. Fasaei, F.; Bitter, J.H.; Slegers, P.M.; van Boxtel, A.J.B. Techno-economic evaluation of microalgae harvesting
and dewatering systems. Algal Res. 2018, 31, 347–362. [CrossRef]

25. Horn, S.V. Bioenergy from Brown Seaweeds, 1st ed.; Norwegian University of Science and Technology (NTNU):
Trondheim, Norway, 2000.

26. Murphy, F.; Devlin, G.; Deverell, R.; McDonnell, K. Biofuel Production in Ireland—An Approach to 2020
Targets with a Focus on Algal Biomass. Energies 2013, 6, 6391–6412. [CrossRef]

27. Milledge, J.J.; Staple, A.; Harvey, P. Slow Pyrolysis as a Method for the Destruction of Japanese Wireweed,
Sargassum muticum. Environ. Nat. Resour. Res. 2015, 5, 28–36. [CrossRef]

28. Barbot, Y.; Al-Ghaili, H.; Benz, R. A Review on the Valorization of Macroalgal Wastes for Biomethane
Production. Mar. Drugs 2016, 14, 120. [CrossRef] [PubMed]

29. Aresta, M.; Dibenedetto, A.; Barberio, G. Utilization of macro-algae for enhanced CO2 fixation and biofuels
production: Development of a computing software for an LCA study. Fuel Process. Technol. 2005, 86,
1679–1693. [CrossRef]

30. Ward, A. The Anaerobic Digestion of Microalgae Feedstock, “Life-Cycle Environmental Impacts of Biofuels
and Co-products. In Biomass and Biofuels from Microalgae Advances in Engineering and Biology, 1st ed.;
Moheimani, N., McHenry, M., de Boer, K., Bahri, P., Eds.; Springer International Publishing: London, UK;
New York, NY, USA, 2015; pp. 331–345.

31. Maneein, S.; Milledge, J.J.; Nielsen, B.V.; Harvey, P.J. A Review of Seaweed Pre-Treatment Methods for
Enhanced Biofuel Production by Anaerobic Digestion or Fermentation. Fermentation 2018, 4, 100. [CrossRef]

32. Golueke, C.G.; Oswald, W.J.; Gotaas, H.B. Anaerobic Digestion of Algae. Appl. Microbiol. 1957, 5, 47–55.
[CrossRef] [PubMed]

33. Uziel, M. Solar Energy Fixation and Conversion with Algal Bacterial System. Ph.D. Thesis, University of
California, Berkeley, CA, USA, 1978.

34. Matsunaga, T.; Izumida, H. Seawater-based methane production from blue-green algae biomass by marine
bacteria coculture. In Biotechnology Bioengineering Symposium; John Wiley & Sons: Gatlinburg, IL, USA, 1984;
Volume 14, pp. 407–418.

35. Chen, P.H. Factors Influencing Methane Fermentation of Micro-Algae. Ph.D. Thesis, University of California,
Berkeley, CA, USA, 1987.

36. Golueke, C.G.; Oswald, W.J. Biological Conversion of Light Energy to the Chemical Energy of Methane.
Appl. Environ. Microbiol. 1959, 7, 219–227. [CrossRef]

http://dx.doi.org/10.1007/s10811-020-02175-4
http://dx.doi.org/10.1787/agr_outlook-2019-en
http://dx.doi.org/10.1080/10408391003663879
http://www.ncbi.nlm.nih.gov/pubmed/21491269
http://dx.doi.org/10.1007/978-3-319-27228-3_22
http://dx.doi.org/10.1016/j.apenergy.2015.06.055
http://dx.doi.org/10.1016/j.biombioe.2015.04.035
http://dx.doi.org/10.1007/s11157-014-9339-1
http://dx.doi.org/10.3390/en7117194
http://dx.doi.org/10.1021/es3029236
http://dx.doi.org/10.1016/j.algal.2017.11.038
http://dx.doi.org/10.3390/en6126391
http://dx.doi.org/10.5539/enrr.v5n1p28
http://dx.doi.org/10.3390/md14060120
http://www.ncbi.nlm.nih.gov/pubmed/27338422
http://dx.doi.org/10.1016/j.fuproc.2005.01.016
http://dx.doi.org/10.3390/fermentation4040100
http://dx.doi.org/10.1128/AEM.5.1.47-55.1957
http://www.ncbi.nlm.nih.gov/pubmed/13403639
http://dx.doi.org/10.1128/AEM.7.4.219-227.1959


Processes 2020, 8, 1290 13 of 16

37. Golueke, C.G.; Oswald, W.J. Power from solar energy—-Via algae-produced methane. Sol. Energy 1963, 7,
86–92. [CrossRef]

38. Oswald, W.J. Gas production from microalgae. Clean Fuels Biomass Wastes 1976, 311–324. Available online:
https://ui.adsabs.harvard.edu/abs/1976cfms.proc..311O/abstract (accessed on 13 September 2020).

39. Oswald, W.J.; Green, F.B.; Lundquist, T.J. Performance of methane fermentation pits in advanced integrated
wastewater pond systems. Water Sci. Technol. 1994, 30, 287–295. [CrossRef]

40. Green, F.B.; Lundquist, T.J.; Oswald, W.J. Energetic of advanced integrated wastewater pond systems.
Water Sci. Technol. 1995, 31, 9–20. [CrossRef]

41. Green, F.B.; Bernstone, L.; Lundquist, T.J.; Muir, J.; Tresan, R.B.; Oswald, W.J. Methane fermentation,
submerged gas collection, and the fate of carbon un advanced integrated wastewater pond systems. Water Sci.
Technol. 1995, 31, 55–65. [CrossRef]

42. Chen, P.H.; Oswald, W.J. Thermochemical treatment for algal fermentation. Environ. Int. 1998, 24, 889–897.
[CrossRef]

43. Solé-Bundó, M.; Eskicioglu, C.; Garfí, M.; Carrère, H.; Ferrer, I. Anaerobic co-digestion of microalgal biomass
and wheat straw with and without thermo-alkaline pre-treatment. Bioresour. Technol. 2017, 237, 89–98.
[CrossRef] [PubMed]

44. Astals, S.; Musenze, R.S.; Bai, X.; Tannock, S.; Tait, S.; Pratt, S.; Jensen, P.D. Anaerobic co-digestion
of pig manure and algae: Impact of intracellular algal products recovery on co-digestion performance.
Bioresour. Technol. 2015, 181, 97–104. [CrossRef]

45. Wang, M.; Sahu, A.K.; Rusten, B.; Park, C. Anaerobic co-digestion of microalgae Chlorella sp. and waste
activated sludge. Bioresour. Technol. 2013, 142, 585–590. [CrossRef]

46. Park, S.; Li, Y. Evaluation of methane production and macronutrient degradation in the anaerobic co-digestion
of algae biomass residue and lipid waste. Bioresour. Technol. 2012, 111, 42–48. [CrossRef]

47. Fernández-Rodríguez, M.J.; Rincón, B.; Fermoso, F.G.; Jiménez, A.M.; Borja, R. Assessment of two-phase
olive mill solid waste and microalgae co-digestion to improve methane production and process kinetics.
Bioresour. Technol. 2014, 157, 263–269. [CrossRef]

48. Gonzalez-Fernandez, C.; Barreiro-Vescovo, S.; de Godos, I.; Fernandez, M.; Zouhayr, A.; Ballesteros, M.
Biochemical methane potential of microalgae biomass using different microbial inocula. Biotechnol. Biofuels
2018, 11, 1–11. [CrossRef]

49. Zarrouk, C. Contribution à l’étude d’une Cyanophycée. Influence de Divers Facteurs Physiques et Chimiques
sur la Croissance et Photosynthèse de Spirulina Maxima Geitler. Ph.D. Thesis, University of Paris, Paris,
France, 1966.

50. Markou, G.; Georgakakis, D. Cultivation of filamentous cyanobacteria (blue-green algae) in agro-industrial
wastes and wastewater. A review. Appl. Energy 2011, 88, 3389–3401. [CrossRef]

51. Sialve, B.; Bernet, N.; Bernard, O. Anaerobic digestion of microalgae as a necessary step to make microalgae
biodiesel sustainable. Biotechnol. Adv. 2009, 27, 409–416. [CrossRef]

52. Janczyk, P.; Franke, H.; Souffrant, W.B. Nutritional value of Chlorella vulgaris: Effects of ultrasonication and
electroporation on digestibility in rats. Anim. Feed Sci. Technol. 2007, 132, 163–169. [CrossRef]

53. Talling, J.F.; Driver, D. Some problems in the estimation of Chlorophyll-a in phytoplankton. In Proceedings
of the Primary Productivity Measurement, Marine and Fresh-water, University of Hawaii, Honolulu, HI,
USA, 21 August–6 September 1961; Doty, M.S., Ed.; US Atomic Energy Commission: Washington, DC, USA,
1961; pp. 142–146.

54. Álvarez, X. Modulación de la Producción y Caracterización Estructural de los Exopolisacáridos
en Cianobacterias Diazotróficas, y Estudio de su Utilización Para el Tratamiento del Digestato Líquido de la
Digestión Anaeróbica de Efluente Efluentes de una Procesadora de Pescado. Ph.D. Thesis, Universidade de
Santiago de Compostela, Santiago de Compostela, Spain, 2016.

55. D´Elia, C.; Steudler, P.; Corwin, N. Determination of total nitrogen in aqueous samples using persulfate
digestion. Limnol. Oceanogr. 1977, 22, 760–764. [CrossRef]

56. Tandon, H.; Cescas, M.; Tyner, E. An acid-free vanadate-molybdate reagent for the determination of total
phosphorus in soils. Soil. Sci. Soc. Am. J. 1968, 32, 48–51. [CrossRef]

57. DuBois, M.; Gilles, K.A.; Hamilton, J.K.; Rebers, P.A.; Smith, F. Colorimetric method for determination of
sugars and related substances. Anal. Chem. 1956, 28, 350–356. [CrossRef]

http://dx.doi.org/10.1016/0038-092X(63)90033-1
https://ui.adsabs.harvard.edu/abs/1976cfms.proc..311O/abstract
http://dx.doi.org/10.2166/wst.1994.0628
http://dx.doi.org/10.2166/wst.1995.0448
http://dx.doi.org/10.2166/wst.1995.0458
http://dx.doi.org/10.1016/S0160-4120(98)00080-4
http://dx.doi.org/10.1016/j.biortech.2017.03.151
http://www.ncbi.nlm.nih.gov/pubmed/28412147
http://dx.doi.org/10.1016/j.biortech.2015.01.039
http://dx.doi.org/10.1016/j.biortech.2013.05.096
http://dx.doi.org/10.1016/j.biortech.2012.01.160
http://dx.doi.org/10.1016/j.biortech.2014.01.096
http://dx.doi.org/10.1186/s13068-018-1188-7
http://dx.doi.org/10.1016/j.apenergy.2010.12.042
http://dx.doi.org/10.1016/j.biotechadv.2009.03.001
http://dx.doi.org/10.1016/j.anifeedsci.2006.03.007
http://dx.doi.org/10.4319/lo.1977.22.4.0760
http://dx.doi.org/10.2136/sssaj1968.03615995003200010012x
http://dx.doi.org/10.1021/ac60111a017


Processes 2020, 8, 1290 14 of 16

58. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the folin phenol reagent.
J. Biol. Chem. 1951, 193, 265–275. [PubMed]

59. Herbert, D.; Phipps, P.J.; Strange, R.E. Chemical Analysis of Microbial Cells. In Methods in Microbiology;
Norris, J.R., Ribbons, D.W., Eds.; Academic Press: London, UK; New York, NY, USA, 1971; Volume 5B,
pp. 242–264. [CrossRef]

60. Bennett, A.; Bogorad, L. Complementary chromatic adaptation in a filamentous blue-green alga. J. Cell. Biol.
1973, 58, 419–435. [CrossRef] [PubMed]

61. Zhu, C.J.; Lee, Y.K. Determination of biomass dry weight of marine microalgae. J. Appl. Phycol. 1997, 9,
189–194. [CrossRef]

62. Degtjaree, W.T.H. Determining soil organic matter by means of hydrogen peroxide and chromic acid. Soil Sci.
1930, 29, 239–246. [CrossRef]

63. Walkley, A.; Black, I.A. An examination of Degtjareff method for determining soil organic matter,
and a proposed modification of the chromic acid titration method. Soil Sci. 1934, 37, 29–38. [CrossRef]

64. APHA. Standard Methods for the Examination of Water and Wastewater, 23rd ed.; American Public Health
Association: Washington, DC, USA, 2017.

65. Muñoz-Rojas, M.; Chilton, A.; Liyanage, G.S.; Erickson, T.E.; Merritt, D.J.; Neilan, B.A.; Ooi, M.K.J. Effects of
indigenous soil cyanobacteria on seed germination and seedling growth of arid species used in restoration.
Plant Soil 2018, 429, 91–100. [CrossRef]

66. Plaza, B.M.; Gómez-Serrano, C.; Acién-Fernández, F.G.; Jimenez-Becker, S. Effect of microalgae hydrolysate
foliar application (Arthrospira platensis and Scenedesmus sp.) on Petunia x hybrida growth. J. Appl. Phycol.
2018, 30, 2359–2365. [CrossRef]
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