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Abstract
Vinasse is a by-product resulting from the ethanol production process. It is generated in huge volumes which are destined to 
fertirrigation, although has high polluting potential. Otherwise, microalgae-guided sequestration is seen as one of the more 
promising and sustainable solutions to mitigate  CO2. Another advantage of microalgae production systems is their potential 
to utilize wastes, including sewage, leachates, and gas emissions. In this context, this research aimed to evaluate the efficiency 
of microalgae for vinasse preliminary treatment in terms of the remotion of nutrients (phosphorus and ammoniacal nitrogen) 
and organic matter. Moreover, the resultant microalgae biomass amount was characterized for bioproducts generation, such 
as carbohydrates, proteins, lipids content, and antioxidant, bioactive substances with high potential for both commercial and 
industrial use. The media cultivation supplemented with 20% or 30% of vinasse resulted in 3.16 g  L−1 of biomass, 30% of 
carbohydrate and 20% of lipids and 3.05 g  L−1 biomass, 24% of carbohydrate and 51% of lipids, respectively, in 96 h. Both 
treatments also resulted in a significant reduction of nutrients and chemical oxygen demand (COD). The obtained results 
indicate the increasing of vinasse in media cultivation can modulate the microalgae metabolism. Furthermore, is the first 
time that the microalgae Coelastrella sp., utilized in this work, is reported in Brazil and has its potential evaluated for the 
treatment of vinasse with concomitant generation of bioproducts.
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Introduction

In recent years, industrial development and social progress 
have led to an increase in water system pollution (Zhao 
et al. 2023). The production of ethanol from sugarcane has 
emerged as an energy alternative from renewable sources, 
but its production generates large amounts of highly pol-
luting waste (Sydney et al. 2019). The vinasse is the main 
waste generated, obtaining 13 L for each liter of ethanol 
produced, and is characterized by being a by-product with 
high content of organic matter and nutrients (de Mattos and 
Bastos 2016). Moreover, due to its low pH, high corrosion 
capacity, and high rates of biochemical (BOD) and chemical 
(COD) oxygen demand, it is considered an effluent with high 
polluting potential (Soto et al. 2021).

Different alternatives for the reuse of this waste have 
already been tested. The primary use of vinasse is in soil 
fertirrigation due to the concentration of nutrients present 
in this effluent (Candido et al. 2022). However, this use 
has been questioned and restricted due to several factors 
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(Quintero-Dallos et al. 2019). First, the use of vinasse for 
this purpose should be controlled due to its high potential for 
eutrophication (Candido and Lombardi 2018). In addition, 
there is the possibility of producing methane from the diges-
tion of sugarcane vinasse (Oliveira et al. 2017). Besides, the 
low pH, electric conductivity, and chemical elements present 
in sugarcane vinasse may cause changes in the chemical and 
physical–chemical properties of soils, rivers, and lakes with 
frequent discharges over a long period of time, and also have 
adverse effects on agricultural soils and biota in general. 
And, in the long term, there is a tendency to accumulate 
certain minerals that make the soil more toxic for cultivation, 
impairing sugarcane growth (Trevisan et al. 2020). Given 
this scenario, it is necessary to point out sustainable alter-
natives for using vinasse, aiming to reduce environmental 
impacts and to associate it with generating products with 
added value. One of the possibilities is the use of vinasse 
in biotechnological processes, e.g., biodigestion for biogas 
generation or for the cultivation of microorganisms, such as 
microalgae (Candido and Lombardi 2018). Considering the 
advantages of microalgae, such as high photosynthetic effi-
ciency and their ability to avoid competition with terrestrial 
crops, as well as being solar-powered microbial factories, 
they emerge as promising solution to address issues related 
to energy crisis, food security, and pollution (Ammar et al. 
2020). Due to their high carbon demand, microalgae present 
significant potential as an agent capable effectively mitigat-
ing these problems (Leong et al. 2021).

Microalgae-based bioproducts have attracted the indus-
try's attention (Ahmad et al. 2022); however, the costs asso-
ciated with cultivating these microorganisms, especially 
those related to the necessary nutrients, are considered a 
significant barrier to their commercialization (Faé Neto et al. 
2018; Silva et al. 2021). In this scenario, using vinasse as 
part of the culture medium for microalgae growth is consid-
ered a potential alternative. Besides reducing costs compared 
to synthetic culture media, microalgae can act in the degra-
dation of toxic compounds present in vinasse and, concomi-
tantly, in the generation of value-added products (Trevisan 
et al. 2020; Candido et al. 2022) such as lipids, pigments, 
and carotenoids (Santana et al. 2017).

It highlights the potential of microalgae as a promising 
resource for the production of value-aided products, as bio-
fuels. It emphasizes its several possibilities, with specific 
focus on proteins for human nutrition and the production 
of biofuels such as gasoline, diesel, jet fuel and ethanol (Al 
Raie et al. 2020).

The use of sugarcane vinasse as a culture medium to study 
various green and blue microalgae is not new. dos Santos 
et al. (2016) studied a cyanobacterium Spirulina maximum 
supplemented with sugarcane vinasse to obtain different bio-
products: lipid, carbohydrate, protein, and ashes. In the same 
way, Micractinium sp. ME05 was studied with sugarcane 

vinasse in different types of metabolism (heterotrophic and 
mixotrophic), both to accumulate lipids and obtain biodiesel 
(Engin et al. 2018). Sydney et al. (2019) studied six species 
of microalgae (Botryococcus braunii SAG 801-7, Synechoc-
occus nidulans LEB 25, Chlorella kessleri LEB15, Chlorella 
vulgaris LEB 104, Neochloris oleoabundans UTEX 1185 
and Scenedesmus obliquus LEB 22) and three cyanobacte-
ria (Arthrospira platensis SAG 257.80, Arthrospira laxis-
sima SAG 256.80, and Arthrospira maxima SAG 84.79) and 
verified the potential of these microalgae to grow in pure 
and diluted sugarcane vinasse, and the possibility to have 
lipids accumulation. Other work has studied the potential 
of obtaining biofertilizers using two strains of C. vulgaris 
and Desmodesmus sp. growing in a medium supplemented 
with vinasse (Ferreira et al. 2021), which Desmodesmus sp. 
showed higher duplication cells (7 times), more proteins, 
and lipids production. It is worth mentioning that all the 
studies conducted with microalgae and vinasse have not 
been carried out with isolated strains from the mangrove.

The mangroves are unique ecosystems, rich in biodiver-
sity, organic matter, salinity, and low oxygenation, requiring 
several physiological adaptations from the biota to overcome 
these problems. However, there are very limited studies on 
the mangrove-isolated microalgae, and it is well known that 
not all strains can grow under many adverse conditions (Tha-
toi and Behera 2013).

Therefore, this work aims to investigate the potential of 
microalgae biorefinery, which uses the sugarcane vinasse 
as a culture medium for microalgae strains isolated from 
mangroves to grow and characterize the main added-value 
bioproducts with biotechnological interest.

Materials and methods

Sugarcane vinasse and medium preparation

Crude sugarcane vinasse was kindly provided by an indus-
trial ethanol plant. To make vinasse suitable for culture 
medium, it is necessary to use pre-treatment processes, 
given some of its characteristics, such as turbidity, suspen-
sion of solids, and acidity (Candido et al. 2022). Then, the 
process of clarification and decantation of solids was carried 
out according to the methodology of Santana et al. (2017). 
First, calcium hydroxide (Ca(OH)2) (Synth) was added to the 
crude vinasse at a rate of 3 g  L−1. After 40 min, the material 
was centrifuged (High-Speed Refrigerated Centrifuge CR-
22N Hitachi®) at 10,000 rpm, 20 °C for 5 min, and the pre-
cipitated material was discharged. Then, the pH is adjusted 
to 7.5 by adding sodium hydroxide (NaOH), and, finally, it 
was autoclaved at 121 °C for 20 min.

The culture medium BG-11 was used to dilute the pre-
viously prepared vinasse for the subsequent assays. The 
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medium was formulated according to the methodology of 
(Gracioso et al., (2021), for maintenance of strains and bio-
mass production.

Microalgae strains and inoculum procedure

Microalgae strains were obtained from mangrove sam-
ples from two different areas in the cities of Cubatão and 
Santos (SP, Brazil) (46 25′13.224″ W 23 53′46.428″ S and 
46 23′7.567″ W 23 56′40.420″ S, respectively). Enrichment 
of the samples and isolating the strains were performed as 
described by Gracioso et al. (2021).

To promote the acclimatization of strains in vinasse, five 
different strains and one consortium (identified as A3, A5, 
A20, B7, B12, and MSC4P, respectively) were transferred 
to test tubes filled with increasing vinasse concentrations 
(10%, 20% and 30%, v/v) in BG-11 medium. The tubes 
were closed with a roller and exposed to a light intensity of 
130 µmol  m−2  s−1.

Microalgae selection and molecular identification

Microalgae strains were screened for growth in sugarcane 
vinasse. Initially, the cultures of each strain were inoculated 
in 250 mL Erlenmeyer flasks of diluted vinasse formulations 
at 10%, 20% and 30% in the BG-11 medium. The cultivation 
was performed with agitation (80 rpm) at 26 ± 1 °C and a 
light intensity of 130 µmol  m−2  s−1. Microalgae growth was 
monitored visually along 15 days.

The A3 strain showed the best growth rate under the con-
ditions tested in these selection experiments. Thus, it was 
chosen to proceed with subsequent experiments and identi-
fication by molecular biology.

For this, fresh culture pellets were submitted to DNA 
extraction using a protocol adapted from Lõoke et al. (2017). 
For cell disruption, a lysis buffer consisting of 0.2 M lithium 
acetate and 1% SDS (sodium dodecyl sulfate) in a solution 
associated with glass microspheres (150–212 μm, Sigma-
Aldrich) was used. The mixture was kept under agitation 
for 20 min and then subjected to a temperature of 75 °C 
for 10 min. Next, a 5 M NaCl solution (100 μL) was added 
to the mixture to remove proteins and cellular debris. Sub-
sequently, the DNA was precipitated using ice-cold 100% 
ethanol (Química Moderna, Brazil), keeping the mixture at 
−20 °C for approximately 30 min. Next, the precipitate was 
cleaned using 70% ethanol and kept at 37 °C for complete 
evaporation of the solvent. Finally, the extracted DNA was 
resuspended in 50 μL of deionized water.

The ITS gene was amplified by PCR using ITS1 (5′-
TCC GTA GGT GAA CCT GCG G-3′) and ITS4 (5′-TCC TCC 
GCT TAT TGA TAT GC-3′) primers. The reaction was per-
formed using 1 μL of the previously extracted DNA, 1 μL 
of each primer (10 μM), 22 μL of PCR grade water, and 

25 μL of ReadyMix™ Taq PCR Reaction Mix with  MgCl2 
(Sigma-Aldrich), totalizing 50 μL of the final volume. The 
mixture was submitted to amplification (GeneAmp PCR 
System 9700, Thermofisher) according to the parameters 
proposed by Ristaino et al. (1998). Amplification efficiency 
was observed on agarose gel electrophoresis (0.8% in TAE 
buffer) in AmershamTM Imager 600 (Cytiva, Sweden). The 
obtained sequences were compared with known sequences 
from the BLAST database (https:// blast. ncbi. nlm. nih. gov/ 
Blast. cgi).

Growth conditions of A3 strain

The cellular growth of A3 strain in vinasse-based media at 
concentrations of 0%, 20% and 30% (v/v) was carried out in 
sterile Drechsler flasks of 5 cm in diameter and a working 
volume of 250 mL, with the injection of air at 0.04%  CO2 
and an illumination rate of 130 µmol  m−2  s−1. The biomass 
growth was determined by biomass dried weight (described 
below) during 96 h. By plotting the Ln (OD) in a graphic, 
the maximum specific growth rate was calculated during the 
exponential phase (µmax).

Biomass dry weight determination

Dry biomass was determined by gravimetric methods from 
10 mL samples of the culture. In this procedure, polyether-
sulfone membranes with a pore size of 0.22 µm and 0.47 mm 
in diameter (Sartorius Stedim Biotech®) were dried in the 
microwave for 5 min at maximum power. After that, the 
membrane was weighed (Wi) and submitted to vacuum filtra-
tion of microalgae cultivation. After filtration, the membrane 
was dried in the microwave again, under the same conditions 
as described, and then the final weight (Wf) was annotated. 
To determine the biomass, Eq. (1) was used.

Evaluation of vinasse‑based culture medium 
treatment

Determination of chemical oxygen demand (COD)

To quantify the initial and final COD of the cultures, it was 
utilized a colorimetric assay (Spectroquant® COD Merck 
kit) following the manufacturer’s instructions. To reduce the 
generated wastes, the methodology was adapted by using 
100 µL of oxidant solution A and 950 µL of solution B in 
Test Tubes COD vials. The solutions were mixed and 1 mL 
of culture sample, previously centrifuged at 10,000 rpm for 
5 min, was added to avoid the influence of algal biomass on 

(1)BDW =
Wf −Wi

volume culture filtered

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi


 Brazilian Journal of Chemical Engineering

1 3

the test. These samples were mixed and inserted into the 
digester block at 148 °C for 2 h. At the end of this period, 
the samples were left to stand for 10 min, shaken, and left 
to stand again for another 10 min. After that, they were ana-
lyzed in a UV/Vis spectrophotometer at λ = 446 nm. A cali-
bration curve was performed with known concentrations of 
standard potassium biphthalate solution in water, following 
the same procedure reported above.

Determination of phosphorus

The determination of phosphate concentration in vinasse-
based media was performed by the colorimetric assay (Phos-
phate-test Merck) following the manufacturer’s instructions. 
A calibration curve was performed with known concentra-
tions of potassium phosphate standard solution in water, per-
forming the same procedure. The phosphorus concentration 
represents one third of the obtained phosphate value.

Determination of ammoniacal nitrogen (N‑NH3)

The determinations of N-NH3 in vinasse-based media were 
performed according to the colorimetric method 4500-NH3 
F-Indophenol Method (Standard Methods for the Examina-
tion of Water and Wastewater—APHA). For this, the fol-
lowing solutions were used: (a) 1.26 mol  L−1 of alcoholic 
phenol solution, (b) 0.017 mol  L−1 of sodium nitroprusside 
solution, (c) 0.25 mol  L−1 of alkaline citrate solution, (d) 
10 mL of alkaline citrate solution and 2.5 mL of sodium 
hypochlorite (2.5%) to obtain oxidant solution. To each 500 
µL of cultivation sample, 20 µL of solution (a), 20 µL of 
solution (b), and 50 µL of solution (d) were added, then 
shaken. After adding the oxidizing solution, the samples 
were kept at rest for 1 h, under low light. Subsequently, 200 
µL of each sample were transferred to a 96-well plate and 
analyzed in a UV/Vis spectrophotometer at 640 nm.

Biomass characterization

Qualitative and quantitative characterization of lipids

To perform the qualitative analysis of lipids, 5–10 mg of 
cells in dry weight were used after 72 h of cultures in tripli-
cate. For the extraction of total lipids, the National Renew-
able Energy Laboratory (NREL) method was used (Wychen 
et al. 2015). Briefly, 200 µL of chloroform/methanol (2:1) 
(Synth and Vetec, respectively), plus 300 µL of 0.6 M hydro-
chloric acid/methanol solution were added to the sample. 
The closed tubes were placed in a heating block and kept 
for 1 h at 85 °C. Then, were removed from the block after 
15 min for cooling, and 1 mL of hexane was added and 
mixed. After stirring, the tubes were kept open in a hood at 
room temperature for solvent evaporation.

Fatty acids percentages were determined via GC-FID 
(Agilent Technologies 7890A) with: HP-Innowas column 
(19091N-133l—30  cm × 0.25  mm × 0.25  µm), helium 
as drag gas; FID detector at 300 °C; He (30 mL  min−1), 
40 mL   min−1  H2 flow, 400 mL   min−1 air flow; heating 
ramp (adapted of NREL) for analysis as 100 °C for 1 min; 
25 °C  min−1 till 200 °C, kept for 1 min; 5 °C  min−1 till 
250 °C, kept for 7 min. FAMEs were quantified using a 
calibration curve previously developed from the FAME 
Standard Mixture of 25 known FAMES (FAME STAND-
ARD MIXTURE 100 mg USP), comparing peak areas to 
the known standards.

Determination of carbohydrates profile

The carbohydrate profile was determined by the NREL 
method. Briefly, 25 ± 2.5 mg of freeze-dried algal biomass 
were placed into 10 mL glass tubes. At this biomass, 250 
μL of 72% (w/w) sulfuric acid was added and mixed vigor-
ously. The tubes were transferred to an oven at 30 ± 3 °C 
and incubated for 1 h, vortexing each tube vigorously every 
5–10 min. After 1 h, the tubes were removed from the oven, 
and 7 mL of deionized water was added to each tube, obtain-
ing a concentration of 4% (v/v) sulfuric acid. The sealed 
samples were autoclaved for 1 h at 121 °C. After this cycle, 
the tubes were removed from the autoclave and cooled until 
room temperature.

The hydrolyzed samples were neutralized using calcium 
carbonate  (CaCO3) to reach a pH between 6–7. So, the neu-
tralized samples were centrifuged (10,000 rpm, 5 min) and 
filtered through a 0.22 μm nylon filter to remove all sol-
ids and precipitate before the HPLC analysis. The HPLC 
analysis was performed with a refractive index detector 
(RID), using a Shodex Sugar SP0810 column at 85 °C. The 
mobile phase used was deionized water at a flow rate of 
0.6 mL  min−1. The volume sample used was 50 μL.

For proper quantification of sugars, a calibration curve 
was performed with known concentrations of glucose, 
xylose, galactose, arabinose, and mannose.

Determination of total protein

To quantify the total of proteins, 5 mg of lyophilized cells 
were resuspended in 2 mL of buffer lysis (50 mM Tris, pH 
8.0, 150 mM NaCl, and 1 mM dithiothreitol). To disrupt the 
cells, sonication was used (Digital Sonifer 450, Branson) 
at 90% of amplitude, for six cycles of 30 s on and 59 s off, 
on ice (Vidotti et al. 2020). The proteins extracted on the 
buffer were recovered by centrifugation, 10,000g at 4 °C 
for 30 min. After that, the proteins were quantified by a 
2D-Quant kit (Cytiva), according to the manufacturer.
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Extraction of carotenoids and determination of antioxidant 
activity

The protocol for carotenoid extraction was described by 
Zavřel et al. (2015) and adapted for microalgae. Briefly, cold 
methanol was added to 1 mg of lyophilized cells, incubating 
at 4 °C for 20 min. After this period, the sample was centri-
fuged under the same conditions.

The percentage of antioxidant activity (AA%) was 
assessed by DPPH free radical assay and calculated by 
Eq. (2). The measurement of the DPPH radical scaveng-
ing activity was performed according to the methodology 
described by Brand-Williams et al. (1995). The samples 
were reacted with the stable DPPH radical in a methanol 
solution (100 µL of sample and 400 µL of DPPH radical 
solution in methanol, 0.6 mM). The DPPH, when reacted 
with an antioxidant compound, donates hydrogen, which is 
reduced, changing the color from deep violet to light yellow. 
This reaction was read at 515 nm using a UV–Vis spectro-
photometer until color stabilization. The mixture of metha-
nol and sample served as blank, and the positive control 
solution was prepared by mixing ascorbic acid and DPPH 
radical solution.

The results are evaluated according to the percentage of 
reduction, where a higher percentage means the greater oxi-
dizing capacity of the sample.

Results and discussion

Microalgae selection and identification

The initial selection of strains capable of growing in vinasse 
was carried out using this effluent at a concentration of 10% 
(v/v). Under this condition, only isolates A3 and A5 and the 
MSC4P consortium presented visual growth over 15 days of 
cultivation. Then, the concentration of vinasse was increased 
to 20% (v/v) where, under this condition, only strain A3 
could grow (data not shown), being selected for future trials.

The isolate A3 (GenBank accession number: ON921055) 
was identified as Coelastrella sp. 99.40% similarity with 
Coelastrella sp. CORE-2, isolated from the Yucatan Penin-
sula, a tropical area in North America (Fig. 1). Coelastrella 
belongs to the phylum Chlorophyta and the family Scened-
esmusceae (Karpagam et al. 2018), which has spherical, 
subspherical, ellipsoidal or fusiform cells with a diameter 
ranging from 6 to 15 μm. Reproduction is asexual, by auto-
spores (Wang et al. 2019; Nayana et al. 2022). The genus is 

(2)

%DPPH reduction =
(Abs. blank − Abs. sample)

Abs. blank
× 100

characterized by having parietal chloroplast and meridional 
ribbing on the cell wall surface (Vasistha et al. 2023).

According to Nayana et al. (2022), this strain is distrib-
uted all over the planet. However, to the best of our knowl-
edge, this is the first record of this strain isolated from man-
grove. The strain presents a recognized capacity for effluent 
treatment (Luo et al. 2016) and production of bioproducts 
of interest, such as pigments relevant to the food and textile 
industries, in addition to having antioxidant potential, for 
example, and lipid-rich biomass for biofuel generation (Kar-
pagam et al. 2018; Goecke et al 2020; Nayana et al. 2022).

Cellular growth in vinasse medium

Assays containing two different concentrations of vinasse 
(20% and 30%, v/v) and control with BG-11 vinasse-free 
medium were tested to evaluate the growth of Coelastrella 
sp strain A3. As shown in Fig. 2, there was a significant 
difference in cell growth comparing the cultures with and 
without vinasse. Evaluating the cell growth phases of the 
strain, without vinasse, the onset of the exponential phase 
occurred within 48 h of testing. In the assays containing 
vinasse, this growth phase occurred in the first 24 h. The sta-
tionary phase occurred after 120 h in the control assay; with 
vinasse, it occurred after 48 h. This difference in growth can 
be attributed to the different carbon sources in the vinasse. 
Microalgae have a diversified metabolism, which allows 
them to perform not only photosynthesis in photoautotrophic 
processes but also mixotrophy, performing photosynthesis 
associated with the use of organic carbon to generate energy 
and biomass (Pang et al. 2019).

Different kinetic parameters were evaluated in all cultures 
performed (without and with—20% and 30%—vinasse). To 
evaluate the maximum growth rate in both concentrations 
of vinasse, the first 24 h of the assay were observed. In the 
concentration of 20% (v/v), the maximum growth rate (µmax) 
calculated during the exponential phase was 0.0063  h−1, 
with a generation time of 110.23 h (R2 = 0.98). In the con-
centration of 20% vinasse (v/v), the µmax was determined 
between 2 and 14 h of the assay, equal to 0.0432  h−1, with a 
generation time of 16.05 h (R2 = 0.98). In the concentration 
of 30% vinasse (v/v), the µmax was obtained between 2 and 
22 h of the experiment, equal to 0.0338  h−1, with a genera-
tion time of 20.50 h (R2 = 0.97). With these results, it could 
be observed that under the concentration of 30%, the strain 
was more significantly stressed, since its kinetic data were 
directly affected.

Ramirez et al. (2014) studied Scenedesmus sp. growing in 
a supplemented medium with vinasse concentrations vary-
ing from 0–50% (v/v). In that research, it was observed that 
the exponential growth phase reached its peak between 180 
and 240 h with 0.5 g  L−1 of maximum dry biomass pro-
duction. Ding et al. (2020) verified the growth capacity of 
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Coelastrella sp. in grow in palm oil effluent. In this study, 
the biomass production for the strain was 0.936 g  L−1 in 
120 h of assay. In this work, the maximum biomass produc-
tion by Coelastrella sp. in 20% (v/v) vinasse occurred after 
14 h of the assay, reaching 1.43 g  L−1. In 30% (v/v) vinasse, 
the maximum biomass production was obtained after 22 h 
of the assay, reaching 2.24 g  L−1.

In our work, at the end of the experiment, the biomass 
production obtained was equal to 1.18 g  L−1 (± 0.12) for 

the control culture (without vinasse), 3.16 g L (± 0.44) for 
the cultures containing 20% (v/v) vinasse and 3.05 g ± 0.30 
for the cultures containing 30% (v/v) vinasse. About 
this, no significant differences (p > 0.05) were evidenced 
between the cultures containing different concentrations 
of sugarcane vinasse. However, there is a significant dif-
ference between the control and both cultures with effluent 
(p < 0.05) (Fig. 3).

Fig. 1  Phylogenetic tree of the mangrove-isolated green-microalgae 
identified by rDNA ITS as Coelastrella sp. The tree was constructed 
by MEGA11: Molecular Evolutionary Genetics Analysis version 11 
(Tamura et al. 2021) with sequences obtained from NCBI databases 

and then aligned using ClustelW in automatic mode. The bootstrap 
method was used with 500 replications in a Jukes–Cantor model. The 
black square marks Coelastrella sp. isolated from the mangrove
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Vinasse treatment

This work analyzed the efficiency of Coelastrella sp. in 
removing N-NH3, phosphorus and COD. The efficiency of 
N-NH3, phosphorus, and COD remotion can be better vis-
ualized in Fig. 4. N-NH3 values reached 100% removal in 
both treatments, with 20 and 30% vinasse. For 20% of the 
vinasse, the initial phosphorus content was 16.00 mg  L−1 
(± 0.41). On the last day of growth, it reached 6.0 mg  L−1 
(± 0.41). While the initial COD values were 76.30 mg  L−1 
(± 4.14) and the final values were 42.10 mg  L−1 (± 1.46). 
On the other hand, the initial values for 30% vinasse were 
26.00 mg  L−1 (± 0.71) and 83.50 mg  L−1 (± 10.37), phos-
phorous and COD respectively. And the final values were 

1 mg  L−1 (± 0.02) and 42.3 mg  L−1 (± 8.78) for phospho-
rus and COD, respectively.

In both growth conditions, the N-NH3 was completely 
consumed by the strain. One of the essential nutrients for 
cells is nitrogen, which participates in various biological 
routes such as protein and peptides, chlorophylls, energy 
transfer molecules, and material genetic production (Luo 
et al. 2016).

De Mattos and Bastos (2016) observed nitrogen con-
sumption in the cultivation of the Desmodesmus sp. strain 

Fig. 2  Cell growth profile of Coelastrella sp. strain A3 isolated 
from mangrove in control culture (A) and with vinasse (B, 20 
and 30%, v/v). Cultures were performed at 22  °C, 0.04%  CO2, 
130 µmol  m−2  s−1. Vinasse and BG-11 medium were sterile

Fig. 3  Biomass production in cultivations with 0%, 20%, and 30% of 
vinasse

Fig. 4  Evaluation of different parameters before and after treatment 
by Coelastrella sp. The parameters evaluated in 20 and 30% vinasse 
in BG-11, were N-NH3, phosphorus and COD
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in vinasse, resulting in a removal of approximately 50% 
nitrogen. Considering that stillage is used for fertirrigation, 
the removal of ammoniacal nitrogen minimizes the environ-
mental impacts of its discharge into the soil, since it reduces 
its polluting potential. Similar to this work, Lee et al. (2021) 
demonstrated the nitrogen removal potential of Coelastrella 
sp. in piggery wastewater, where it was able to remove 99% 
of ammoniacal nitrogen present in the samples.

Regarding the phosphorus present in the stillage, it was 
observed that removal of 63.12% and 95.8% in 20% and 30% 
(v/v) of the stillage, respectively. Different studies point out 
the potential of the use of microalgae for the removal of 
phosphorus from wastewater of different processes. Scherer 
et al. (2017) observed the removal of approximately 52% of 
available phosphorus in a medium with 30% (v/v) bovine 
manure effluent by the consortia containing Scenedesmus 
species. Lee et al. (2021) verified the total removal of phos-
phorus present in piggery effluent by the Coelastrella sp. 
strain after 96 h of cultivation.

COD is a parameter that measures the amount of organic 
matter; however, it does not determine the concentration 
of specific and individual substances but the consump-
tion of oxygen through chemical oxidation reactions (Dias 
et al. 2015). In the present study, the COD reduction was 
53.9% and 50.7% in cultivation with 20% and 30% vinasse, 
respectively.

The potential for COD reduction by microalgae has also 
been described in several works. De Mattos and Bastos 
(2016) found a reduction of approximately 35% of COD by 
the strain Desmodesmus sp. in vinasse. Scherer et al. (2017) 
found a reduction of approximately 54% of COD by a con-
sortium containing Scenedesmus species. Using Coelastrella 
sp. strain, Lee et al. (2021) found a 92% of COD reduction 
in 96 h of the experiment, using piggery effluent as a culture 
medium.

Biomass characterization (total and lipids profile, 
carbohydrates profile, antioxidant‑carotenoids, 
total protein)

Lipid and carbohydrate production

Microalgae, when submitted to stressful conditions, mainly 
related to nitrogen limitation, store energy in the form of 
lipids and carbohydrates. However, under this condition their 
growth is decreased (Lee et al. 2021).

In this work, the production of lipids and total carbohy-
drates was evaluated by Coelastrella sp. after 96 h of cultiva-
tion in different concentrations of vinasse (Fig. 5). During 
the growth with 20% of vinasse there was a higher produc-
tion of carbohydrate 30.89% (± 1.56), whereas in 30% this 
production decreased (24.36% ± 4.2), increasing the produc-
tion of lipids 51% (± 0.32).

Previous investigations also endorse the fact that lipids 
content is one of the major indicators of bioproducts gen-
eration in biomass regarding to microalgae cultivation. As 
in the current work, Maltsev et al. (2021) also noticed sig-
nificant lipids production in a medium with nitrogen and 
phosphorus stringency, in which 57% dry weight content 
was reached.

A work developed by Santana et al. (2017) studied the 
growth and biomass characterization of two microalgae 
strains, Chlamydomonas biconvexa and Micractinium sp. 
using vinasse at percentages of 50% and 100%. For the Chla-
mydomonas biconvexa strain, the increase in the concentra-
tion of vinasse also resulted in the decrease of carbohydrate 
concentration. For Micractinium sp. the increase of vinasse 
increased the production of carbohydrates.

Future studies on the characterization of the carbohy-
drates produced by the Coelastrella sp. strain would help in 
understanding the potential of this strain to produce ethanol 
from its biomass.

Previous studies developed with Coelastrella sp. indicate 
that, in fact, a higher proportion of BG-11 medium tends to 
inhibit the lipid accumulation, given the high concentration 
of nitrates from this medium (Lee et al. 2021).

When subjected to a higher concentration of vinasse 
(30%), there was a considerable increase in the content of 
stored lipids and a decrease in carbohydrate accumulation. 
Probably, the stress caused by increasing vinasse favored the 
lipid production pathway and inhibited the carbohydrate pro-
duction pathway. Indeed, Coelastrella sp. is recognized for 
its potential production of lipids, including those of interest 
for biodiesel (Nayana et al. 2022).

Scherer et al. (2017) tested Scenedesmus sp. growing 
the strain in medium containing cattle raising wastewater at 
10% v/v and obtained 15% total lipids concentration at 120 h 
cultivation time. Viêgas (2010) observed that an extraction 

Fig. 5  Production of lipids and total carbohydrates according to the 
concentration of vinasse
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method applying chloroform/methanol 2:1 v/v provided 20% 
of total lipids concentration for Chlorella pyrenoidosa. In 
comparison with the previous studies, it can be stated that 
Coelastrella sp. is not only highly adaptable in a medium 
containing wastewater, but also presents a high lipid produc-
tion performance.

Through GC-FID analysis it was possible to identify the 
profile of fatty acids extracted from Coelastrella sp. in 20% 
and 30% of vinasse in BG-11 medium (Fig. 6).

Generally, the chain length of suitable fatty acids for 
biodiesel production ranges between 14 and 18 carbons. 
Most common FAMEs found in biodiesel are oleic, linoleic 
acid and palmitic acid which is a saturated fatty acid and is 
known as the most common fatty acid found in biodiesel 
(Ho et al. 2014).

The profile of fatty acids presents in the microalgae 
showed chains between 10 to 20 carbons. The lipid profiles 
showed predominant formation of arachidic acid (C20:0) 
followed by α-linolenic acid (C18:3). It is noted that most 
of the fatty acids are saturated, a preferable feedstock for 
biodiesel generation because of its properties such as: high 
oxidative stability, low ignition delay, and lower potential 
for  NOX emission, an intensely aggressive pollutant for the 
ozone layer (Lee et al. 2021).

D’Oca et al. (2011) found a higher amount of linolenic 
acid (C18:3) ranging from 29.04% to 42.47% in the fatty 
acid profile of Chlorella pyrenoidosa under different culture 
conditions. However, lipids composed of higher concentra-
tions of unsaturated fatty acids tend to lead to instabilities 
with oxygen during the combustion of biodiesel synthesized 
from this feedstock (Lee et al. 2021). Therefore, consider-
ing the results observed in the present work, it is suggested 
that Coelastrella sp. may be useful for the production of 
biodiesel with higher combustion stability.

The monosaccharides commonly present in hydrolyzed 
algal biomass are glucose, xylose, mannose, galactose, and 

arabinose (Hernández et al. 2015). Thus, the concentration 
of these was analyzed in the final biomass of strain A3. The 
HPLC characterized carbohydrate profile of the vinasse cul-
ture growth is shown in Fig. 7.

The most concentrated carbohydrate in both cultivations 
was glucose, which is the main monosaccharide fermented 
when producing bioethanol. It reached 8.87% (± 0.58) and 
7.10% (± 2.11) for 20% and 30% vinasse, respectively. For 
the other sugars, the percentage of accumulation ranged 
from 1.2 to 6.1. As for the fatty acids, the profile of the car-
bohydrates produced was different in the two concentrations 
of vinasse used.

Antioxidants and protein

Some metabolites produced by microalgae are molecules 
with biotechnological potential, which can be added to 
human and animal nutrition, biofertilizers, pharmaceuticals, 
cosmetics, textile dye, food colorants, and others (Coulom-
bier et al. 2021).

The antioxidant potential of Coelastrella sp. grown with 
different percentages of vinasse, and the total protein is 
shown in Table 1.

The results for antioxidant activity were promising, 
once 1 mg of biomass was enough to reduce 50% of DPPH. 

Fig. 6  Lipid profile of Coelastrella sp. cultivated on vinasse

Fig. 7  Carbohydrate profile produced by Coelastrella sp. A3 strain 
when cultivated with different vinasse concentrations

Table 1  Analysis of antioxidant and protein production by Coelas-
trella sp

Sample DPPH reduction (%) Protein (μg μL−1)

Ascorbic acid 77.6 ± 1.4 –
20% Vinasse 49.7 ± 7.2 25.3 ± 3.5
30% Vinasse 49.8 ± 9.5 27.3 ± 2.4
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Between 20% or 30% of vinasse, no significant difference 
may be observed.

The same can be observed for proteins production, where 
with 20% of vinasse, 25.3 μg μL−1 of proteins were produced 
and with 30% of vinasse, 27.3 μg μL−1 were produced, with 
no significant difference between the growths.

In previous works, regarding the action of antioxidants 
naturally produced by microalgae, the experiments use dif-
ferent methodologies for extraction, quantification, con-
centration, and reaction time. This makes the comparison 
between studies complex, highlighting the need to stand-
ardize the protocols. In the results obtained in this study, 
we have compared the antioxidant activity with the positive 
control (ascorbic acid). The percentage of DPPH reduc-
tion for the control was about 75%, and for the extracted 
antioxidant from microalgae grown on sugarcane vinasse, 
the percentage reached 50% with 1 mg of biomass. These 
results show the potential for antioxidant production by Coe-
lastrella sp. isolated from mangrove. Further studies can 
bring better results such as, for example, optimization of the 
cultivation to obtain the antioxidants, different extraction 
protocols, and data analysis can further show the potential 
of this microalgae.

Conclusions

The use of microalgae isolated from mangroves proved to be 
a potential tool for treating vinasse generated in bioethanol 
production from sugarcane. Besides the reduction of COD, 
phosphate, and ammoniacal nitrogen, it was observed the 
production of lipids, carbohydrates, proteins, and antioxi-
dants. It is worth noting that the potential treatment with the 
generation of bioproducts occurred in only 4 days of cultiva-
tion. However, the main challenge of this technology is the 
scaling-up, a critical step in all biotechnological processes. 
In this sense, future studies with isolated Coelastrella sp. 
must be performed to check its potential to grow in larger 
concentrations of vinasse, with the concomitant bioproducts 
accumulation.
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