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Wolia Costa Gomes a 

a Postgraduate Program in Environment, Environmental Sciences Laboratory, Ceuma University, Rua Josué Montello 01 - Jd. Renascença II, 65075-120 São Luís, 
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A B S T R A C T   

The production of photosynthetic microalgae is a promising ecological advantage for obtaining carbon credits. 
This paper addresses cultivation and preparation, growth analysis, physicochemical characterization (X-ray 
diffraction-XRD, Fourier transform infrared-FTIR, scanning electron microscopy-SEM, and energy dispersive 
spectroscopy-EDS), and thermal behavior (thermogravimetry-TG, derivative thermogravimetry-DTG, and dif-
ferential scanning calorimetry-DSC) of two microalgae, namely Pediastrum boryanum-PB (CH007) and Desmo-
desmus subspicatus-DS (AEE431E) for a potential application as an energy resource. Regarding the former, the 
literature reports no specific study on the species, which shows high lipid productivity and fast growth. A 
synthetic culture medium (Walter culture-WC) was subjected to variations in pH, luminosity, and maximum 
growth reached in 12 and 13 days for PB and DS, respectively. TG/DTG curves identified the main thermal 
degradation stages, i.e., dehydration (DS (24.68–158.68 ◦C) and PB (20.06–116.18 ◦C)), devolatilization (DS 
(166.34–543.00 ◦C) and PB (128.22–493.93 ◦C)), and gasification or carbonization (DS (>550 ◦C) and PB 
(>500 ◦C)), and DSC curves revealed two endothermic events, an exothermic one for DS, and only one endo-
thermic event and an exothermic one for PB. XRD patterns showed a cellulose crystallinity index (CI) for DS 
(22.54 %) and PB (28.82 %), confirming the predominance of amorphous regions. SEM images detected external 
epidermis for DS and some interconnected pores for PB. The FTIR spectra identified functional groups (lipids, 
proteins, and carbohydrates) and C––O, C–O, O–H, C–H, and C-O-C linkages, and EDS and ICP-OES identified 
the main organic, inorganic, and metallic elements. The microalgae species displayed characteristics similar to 
those of the other biomasses in the bioenergy industry, enabling their use in thermoconversion processes for 
biofuel production and considering some socioenvironmental aspects.   

1. Introduction 

Urbanization, industrialization, and excessive use of fossil fuels have 
increased greenhouse gases (GHG) in modern society [1]. On the other 
hand, the release of untreated wastewater threatens both human health 

and the environment, requiring the exploration of new, clean, renewable 
and sustainable energy resources [1]. As an example, some solid, liquid 
and/or gaseous resources have been used for the recovery and produc-
tion of different biofuels, such as biodiesel, biomethane, biohydrogen, 
biooil and other products with high added value [2]. 
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In this context, microalgae have stood out as a promising biomass 
species for industrialization, since they cause no harmful effects to the 
environment [3]. Although the production of biofuels from biomass is 
not a new concept, it has been more frequently investigated due to the 
increasing demands and constant increases in the prices of fossil fuels 
[3]. The production of biofuels with microalgae has faced several 
challenges, such as energy deficiency and costly processes for growing 
and harvesting a substantial amount of necessary nutrients, (e.g., ni-
trogen (N) and phosphorus (P)) using conventional methods of culti-
vation [3]. 

Interestingly, integrated membrane systems of these microorganisms 
are possible alternatives not only for the cultivation and harvesting of 
microalgae, but also for the production and recovery of biofuels and 
other products with high added value [4]. As an example, the growth 
and cultivation of microalgae require special attention, since they can 
lead to the creation of a socioeconomically and environmentally correct 
organization as a way of producing biofuels from different species of 
microalgae [5]. 

Brazil is a country of continental dimensions and rich in water re-
sources, such as the Amazon River, and the choice of freshwater 
microalgae species for the biofuel production meets the need for infor-
mation, including low cost in cultivation, ease of adaptation to the 
culture environment, high growth rate, CO2 fixation, high levels of 
carbon and oxygen, higher heating value, and low contents of nitrogen, 
sulfur, and ash [6]. The Brazilian Northeast shows an influential and 
important coastal extension with a great diversity of marine species, 
including different microalgae, such as Pediastrum boryanum - CH007 
and Desmodesmus subspicatus - AEE431E [7]. Maranhão State, especially 
São Luís city - Latitude: 2◦31′51″ South and Longitude: 44◦18′24″ North, 
requires new possibilities for the production of different biomasses with 
the following main characteristics: cultivation with no direct confron-
tation with food production, devastation of areas of fertile soil (export- 
type agriculture), and consumption of large volumes of clean freshwater 
[7]. 

Microalgae are photosynthetic organisms with a great diversity of 
microorganisms regarding their morphology, complexity degree, and 
size [8,9]. Freshwater microalgae of Pediastrum genus belong to the 
Eukaryotic domain, Protista kingdom, Chlorophyta division (green 
algae), Chlorophyceae class, Sphaeropleales order, and Hydrodictyaceae 
family [10], whereas microalgae Desmodesmus are commonly found in 
freshwater and less frequent in salt water, i.e., they are chlorophyllous 
microorganisms with a unicellular structure [11]. Desmodesmus and 
Scenedesmus are included in the Chlorophyceae class, Sphaeropleales 
order, and Scenedesmaceae family [12]. 

Microalgae have acquired significant importance as a possible source 
of sustainable feedstock for the biofuels production. Among several 
species reported in the literature (e.g., Chlorella sorokiniana SDEC-18 
[13], Botryococcus braunii [14], Anabaena Arthrospira fusiformis, 
Arthrospira platensis, Chlorella vulgaris, Chlorella sorokiniana, among the 
38 species in this study [15], Tribonema sp. [16]) can accumulate lipids 
inside, which can be extracted and converted directly into biodiesel by 
thermochemical, biological, or biochemical processes. 

Pediastrum boryanum - CH007 and Desmodesmus subspicatus - 
AEE431E require solar energy, carbon dioxide (CO2), and some nutri-
ents to produce bio-oil more efficiently compared to traditional oilseed 
crops such as soybean, sunflower, and olive [17]. Therefore, their use in 
real production processes is an important justification for minimizing 
the harm caused by global warming due to the burning of fossil fuels. 

Microalgae offer other advantages over conventional oilseeds, such 
as fast life cycle and continuous production throughout the year and 
exponential growth under cultivation without socioenvironmental 
damage and lower consumption of freshwater compared to traditional 
plantation crops. After extraction, the biomass can be used in animal 
feed and as organic fertilizer, source of dyes, and natural antioxidant 
[18,19]. Another modern and technological application for microalgae 
concerns bioremediation programs [5,7], or production of medicines 

and drugs, food and chemical intermediates for the petrochemical 
sector, bioplastics, biokerosene, and various bioactive compounds 
[7,20]. 

This article analyzes the cultivation and, from a biotechnological 
point of view, the growth curve and the physicochemical characteriza-
tion and thermal behavior of Pediastrum boryanum - CH007 and Des-
modesmus subspicatus - AEE431E, as two potential candidates for 
bioenergetic application through thermochemical processes in specific 
equipment such as Drop Tube Furnace (DTF). 

Fig. 1. Optical microscopic images of (a) Pediastrum boryanum and (b) Des-
modesmus subspicatus microalgae, with a magnitude of 40×. 
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2. Materials and methods 

2.1. Cultivation systems of microalgae 

2.1.1. Microalgae species studies 
Strains of Pediastrum boryanum - CH007 (Fig. 1a) were chosen for 

optimizing the cultivation system. They were kindly donated by the 
Freshwater Microalgae Cultivation Bank (BCMD) of the Microalgae 
Laboratory (LM) of the Institute of Biological Sciences (ICB) at Federal 
University of Rio Grande (UFRG), since the literature reports no other 
more specific studies, due to the high productivity rates of lipid contents 
and rapid growth [20] for the biomass production, favoring the gener-
ation of biofuels. Desmodesmus subspicatus - AEE431E (Fig. 1b), National 
System for the Management of Genetic Heritage and Associated Tradi-
tional Knowledge (SisGen) at Federal University of São Carlos (UFSCar), 
another more frequently studied species, was used for comparative 
purposes. 

Fig. 1a shows the formation of discoid colonies with cells arranged in 
concentric circles in the peripheral cells' incisions or 1-2-4 apophyses 
(tapered extensions) and Fig. 1b displays colonial individuals with two, 
four, eight, sixteen, and up to thirty-two cells within the coenobium, i.e., 
a more common feature among green algae, which float on water 
surfaces. 

2.1.2. Preparation of the synthetic cultivation medium 
WC (Walter Culture) was used as the synthetic cultivation medium. It 

underwent a small adaptation, i.e., calculations were performed 
adjusting the laboratory glassware and transforming kilogram (kg) 
measurement unit to milliliter (mL) [21]. Its pH (potential hydrogen) 
was maintained as ≈7.0 and its composition is shown in Table S.1 (see 
supplementary material). 

Stock solutions (standard and initial ones) were prepared with the 
aid of analytical scales (M214-AIH) for the weighing of the reagents and 
stored in a laboratory refrigerator (Consul, Cycle Defrost Duplex 
CRD37EB) at ≈20 ◦C average temperature. Except the vitamin's solu-
tion, which was sterilized through filters of 0.22 μm average pores for 
avoiding thermal degradation, the solutions were autoclaved at 0.5 atm 
average pressure and ≈120 ◦C towards avoiding biological contamina-
tion [22]. 

2.1.3. Climatization of the microalgae cultivations 
The culture media were acclimatized to a favorable environment to 

optimize the growth of Pediastrum boryanum and Desmodesmus sub-
spicatus, whose cultures were developed in 2000 mL Erlenmeyres used as 
experimental bench photobioreactors and incubated at (23 ± 2) ◦C, with 
agitation by directed injection of compressed air (model AC 202–240 V 
at 3 L min− 1 flow rate) to ensure a better homogenization. The fluo-
rescent lamps of the experimental apparatus provided an average power 
of 2000 Lux for DS and 3000 Lux for PB, controlled by a Kasvi Benchtop 
pHmeter (model K39-2014B Benchtop pHmeter, pH 0–14, 220 V). 

2.1.4. Determination of the experimental parameters for the microalgae 

2.1.4.1. Microalgae growth. An optical microscope (40×) determined 
the growth of the two microalgae through an evaluation of their cellular 
density in function of the cultivation time in each experimental unit. The 
samples were removed every 24 h after the start of the cultivations for 
the cell counting in a Neubauer chamber (K5-0011 - KASVI) so that the 
cellular density, expressed in terms of number of cells per milliliter of 
the cultivation medium (cells mL− 1), could be determined. 

The cells were counted in triplicate (n = 3) for better reproduct-
ability and experimental reliability. The number of cells corresponds to 
the arithmetic average of the three countings [23]. The cultivation time 
was expressed by number of days elapsed from the start of the inocu-
lation (adaptation period - lag phase) to the cellular density maximum 

reach (stationary phase). The dispersion graphs, where x-axis indicates 
cultivation time [days] and y-axis denotes number of cells [mL− 1], 
represented the growth curves of Pediastrum boryanum and Desmodesmus 
subspicatus samples. 

2.1.4.2. Production and characterization of the dry microalgae biomass. 2 
L Erlenmey flasks and distilled/autoclaved water at 121 ◦C for 15 min 
were used for the preparation of the inoculum. The number of replicates 
for the process was 50 times for each sample throughout the microalgae 
cultivation. Under aseptic conditions, 1800 mL of culture medium were 
transferred to flasks to which 100 mL of suspension of Pediastrum bor-
yanum and Desmodesmus subspicatus were added. After reaching the 
steady state of cell growth, the biomass was separated by a flocculation 
process with aluminum sulfate (Al2(SO4).H2O) at 5.0 % concentration 
[24,25]. The supernatant (biomass) was separated by centrifugation. 

After the flocculant addition, the solution was neutralized with the 
formation of sedimented flakes, which were gradually removed - the 
material was concentrated in the lower part of the bench photo-
bioreactor [25]. The sedimentation process took place over 12 h (rest 
time of the microalgae). The cultivation microalgae slurry was then 
transferred to 50 mL Falcon tubes, which were taken to a digital 
centrifuge (Model CT-4000), where the samples were subject to a 2000 
rpm rotation for 7 min and the supernatant was separated from the 
microalgae biomass. At the end of the process, the total wet biomass was 
placed in the inferior part of a Petri plate and the produced biomass was 
dried in a sterilization oven (7 Lab. model SSAi 40 L inox) and exposed to 
60 ◦C for 48 h for the obtaining of a dry biomass sample [26]. 

2.1.4.3. Statistical analysis of the growth curve. Data on microalgae 
growth under the conditions described were evaluated by Analysis of 
Variance (ANOVA), with n = 3 sample size for each species. 

The test was conducted at a 5.0 % significance interval and data were 
submitted to Tukey test for a normal distribution analysis (distribution is 
considered normal for p > 0.05). All data used in this study were 
considered homogeneous and normal [27]. 

After the preparation of the inoculum, the volume of the two dry 
biomasses obtained was sufficient for their productivity analysis by 
physicochemical characterizations and thermal behavior, as addressed 
in what follows. 

2.1.4.4. Fourier transform infrared spectroscopy (FTIR). The infrared 
spectra of the samples were obtained in the 4000 to 400 cm− 1 spectral 
region, in transmittance mode with 4 cm− 1 variation in a spectropho-
tometer (Shimadzu, IR-Prestige-21). 

2.1.4.5. Thermal analysis (TG/DTG/DSC curves). The TG/DTG/DSC 
curves for Pediastrum boryanum and Desmodesmus subspicatus were 
measured in a simultaneous thermogravimetric analyzer (NETZSCH STA 
449C) under non-isothermal conditions. Approximately 10 mg (±0.5) of 
each sample were inserted in a platinum crucible under inert atmo-
sphere (argon 5.0) with 50 mL min− 1 flow rate. The samples were heated 
from room temperature (≈25 ◦C) to 800 ◦C, at 10 ◦C min− 1 heating rate 
(β) and Proteus® software was employed for the analyses of the curves. 
The instrument had been previously calibrated with RbNO3, KClO4, 
CsCl, K2CrO4, and BaCO3 pure compounds. 

2.1.4.6. Scanning electron microscopy (SEM images) and energy dispersive 
spectroscopy (EDS). SEM images were obtained under a Scanning Elec-
tron Microscope (TESCAN, VEGA3) corresponding to a tungsten 
thermionic emission system, whereas the dispersive energy spectra were 
acquired by an energy dispersive spectroscopy detector by X-ray (EDS) 
coupled to the SEM (Oxford, 51-ADD0048). 

2.1.4.7. X-ray diffraction (XRD). X-ray diffraction patterns were ob-
tained in a diffractometer (Creator Version) with CuKα radiation (λ =
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1.541 Å, 40 kV - 40 mA) and powder diffraction configuration. 
The crystallinity index of cellulose (CI) was calculated by Eq. (1) 

[28], where I002 is the crystalline region intensity and Iam is the amor-
phous region intensity, both present in the samples studied. 

IC% =
(I002 − Iam)*100

I002
(1)  

2.1.4.8. Inductively coupled plasm optical emission spectrometer (ICP - 
OES). The concentration of the main inorganic and mettalic elements in 
Pediastrum boryanum and Desmodesmus subspicatus was determined by an 
Optical Emission Spectrometer by Inductively Coupled Plasm (Varian, 
ICP - OES 710ES). 

2.1.4.9. Calorimetry analysis (HHV). The Higher Heating Value [MJ 
kg− 1] was determined according to ASTM E711 standard [29] and using 
a bomb calorimeter (IKA-C200 Calorimeter, USA) with 0.5 g sample 
mass. The analysis was performed in duplicate for a better 
reprodutibility. 

3. Results and discussion 

3.1. Total concentration of algae 

The reference values for the determination of the microalgae con-
centration at the beginning of the experiments were based on Actinas-
trum hantzshii microalgae cultivated in the control medium (WC) with 
43 × 105 cell mL− 1 cellular density [23,27,30]. After cultivation, the two 
microalgae studied were counted microscopically daily, with the aid of a 
Newbauer camera. As the days passed, the cells multiplied, absorbing 
the nutrients provided by the medium and identifying the phases with 
their respective cells number, namely lag phase, growth-acceleration 
phase, exponential growth phase, stationary phase, and death phase. 
The previously found reference values were compared with data from 
the literature, i.e., the total cells for Pediastrum boryanum and Desmo-
desmus subspicatus were 42 × 105 cells mL− 1 and 46 × 105 cells mL− 1, 
respectively. 

3.2. Determination of cellular counting per growth phase 

Towards the algae growth follow-up, the samples monitored by their 
pH were placed in eppendorfs containing 1.0 mL and fixed in acetic lugol 
at 5.0 %. 

The procedure was checked in 12 days for Pediastrum boryanum and 
13 days for Desmodesmus subspicatus in all cultivation media employed, 
considering the life cycles of such microorganisms in the control me-
dium, as shown in Fig. 2(a–b). 

Fig. 2(a–b) shows some distinct phases during the microalgae growth 
phases, namely lag, growth-acceleration, exponential growth, station-
ary, and death.  

(I) Lag phase: the cellular quantity for the two species was 2 × 105 

cells mL− 1, demonstrating their adaptation to the new cultivation 
medium (WC) under the same conditions of the original solution. 
The microalgae synthesized the enzymes necessary for the 
metabolism of the components present in the cultivation medium 
[31]. According to Suzana et al. [32], WC, commonly used for the 
cultivation of some microalgae species, provides nutrients 
required for their development, contributing to good productivity 
and an adequate cellular composition for the obtaining of 
byproducts of industrial interest (biofuels, bioethanol, and/or 
biomethane).  

(II) Growth-acceleration phase: from the 2nd to the 4th day (≈38 
× 105 cells mL− 1), Pediastrum boryanum (PB) startet growing. At 
the beginning of the phase, the cells were adapted to the medium 
and began to multiply. The end of the phase was marked, since all 

microorganisms showed a simultaneous multiplication [33]. 
Such a phase was observed from the 2nd to the 10th day of the 
experiments for Desmodesmus subspicatus and characterized by an 
exponential cellular increase (≈30 × 105 cells mL− 1), i.e., a large 
production of proteins and/or enzymes and a high DNA replica-
tion rate DNA [34].  

(III) Exponential growth phase: from the 7th day for PB, with ≈51 
× 105 cells mL− 1, and from the 11th day for DS, with ≈50 × 105 

cells mL− 1. This phase describes the occurrence of a specific 
maximum growth rate held constant until the end. The end of the 
phase is determined by the end of the maximum growth rate. The 
phase does not show a shortage or deficiency of nutrients or their 
transport to the microalgae [35].  

(IV) Stationary phase: from the 8th and 10th days, 45 × 105 cells 
mL− 1 were presented for PB and 52 × 105 cells mL− 1 were shown 
for DS in the 11th day. The phase is marked by the depletion of 
one or more nutrients; therefore, the growth rate equals the death 
one, i.e., the microalgae concentration is kept practically con-
stant. An adequate nutrition of the microalgae requires nutrients 
reservations or an autolysis suffered by some cells, releasing their 
nutrients for meeting the nutritional needs of the other cells [31]. 
However, a short period of time between the 10th and the 14th 
days was comprehended for the DS sample. The medium 
composition underwent some changes due to either the 

Fig. 2. Daily follow-up of the cellular counting and growth phases for (a) 
Desmodesmus subspicatus (DS) and (b) Pediastrum boryanum (PB). 

G.S.S. Jacinto et al.                                                                                                                                                                                                                            



Algal Research 75 (2023) 103266

5

production of metabolites, or the depletion of essential nutrients, 
leading to a reduction in the progressive growth rate of the cells, 
which then entered a stagnation phase. Under new conditions, 
they showed a slow growth, declining after some days [32].  

(V) Death phase: occurred between the 11th and the 13th days with 
PB, whose cells varied between 38 × 105 and 36 × 105 cells mL− 1, 
respectively. Their death was caused by the depletion of the nu-
trients in the culture medium of the microorganisms. An autol-
ysis, or disruption of the microorganisms, occurred by the action 
of intracellular enzymes [31]. Regarding DS, the cultivation of 
that microalgae showed no decline phase, since the cells were 
collected during the establishment of the stationary phase, when 
the cells are fully formed, stabilized, and with interesting quan-
tities for collect and development of specific analyses [36]. 

In comparison to the growth of PB and DS in this study, Chiranjeevi 
and Venkata [37] evaluated the productivity of Chlorella vulgaris and 
Scenedesmus obliquus microalgae cultivated in effluents of fish viscera 
(liquid/solid effluents from the fish production and slaughtering and 
domestic wastes (including washing and cleaning water from daily 
processes)), obtaining a good yield for both species. Despite Scenedesmus 
obliquus, cellular growths of 120 × 105 cells mL− 1 in viscera effluents 
and 250 × 105 cells mL− 1 in domestic wastes were observed. 

3.3. Statistical analysis of growth curves 

ANOVA, with 95.0 % reliability, was conducted with data from the 
growth curves of DS and PB (Fig. 3). The results showed the number of 
grown cells, indicating excellent growth responses and a good biomass 
production in the benchtop bioreactor as the alternative medium used, 
suggesting it can be safely employed for the obtaining of microalgae 
biomass in multiple applications [38]. 

A high positive linear correlation was observed with the data of 
variables of the growth curves the determination coefficients (R2) were 
0.9420 and 0.9753 for Pediastrum boryanum and Desmodesmus sub-
spicatus, respectively. The results enabled the obtaining of equations of 
linear and polinomial regressions of 4rd-order between the two vari-
ables for each culture [39]. 

However, ANOVA was conducted for the choice of factors that 
showed statistical significance in the biomass process [39]. F (ratio of 
variance) showed significant differences between the averages of the 
factors studied and p-value (probability of significance), denoting a high 
reliability degree in the results [40]. Regarding the present study, the 
higher the F values calculated, the more significant the factors for the 

process. As an example, the high values reported for the ratio of variance 
(F = 433.71) for Desmodesmus subspicatus and low p-value (p = 3.46 ×
10− 5), confirming the significance level adopted (p < 0.05) and for 
Pediastrum boryanum (F = 32.50) and p-value (p = 5.38 × 10− 5) indi-
cated the lower the p-value, the higher the reliability degree [41]. The 
results showed 5.0 % significance factors, which may be justified by the 
presence of mineral salts in the WC cultivation medium that are 
aggregated in the biomass and do not correspond purely to the micro-
algae biomass [42]. The result is also related to the correlation matrix, 
according to which the productivity for both microalgae showed no 
significant correlation with the other parameters evaluated [39–42]. 

3.4. Fourier transform infrared spectroscopy (FTIR) 

Fig. 4 shows the main absorption groups in the infrared region for the 
two microalgae species (see also Table S.2) [43]. 

According to Shu-Yuan et al. [43], the FTIR spectra of Chlorella 
sorokiniana microalgae, whose proteins are characterized by two strong 
bands at around 1645 and 1540 cm− 1, are associated with the stretching 
mode of C––O bond and a combination of the deformation of N–H bond 
and C–N stretching of the complex amide vibrations, respectively [44]. 
Two strong bands characterize the presence of lipids: (i) stretching CH2 
and CH3 bands at the 2850–3000 cm− 1 region and; (ii) C––O vibration 
modes associated with the lateral chain of the ester carbonyl group at 
1740 cm− 1 [45]. The bands at 1000–1250 cm− 1 correspond to vibrations 
of carbohydrates and phospholipids [45]. 

In this study, the FTIR analyses identified some functional groups, 
such as carboxyl, amine, hydroxyl, carbonyl, among others. Sepctra are 
related to presence of humic acids (main organic component of several 
water bodies, dystrophic lakes, and oceans), which are relatively simple 
and show few absorption bands [46]. 

Mainly lipids, proteins, and sugars were attributed to the two 
microalgae species. According to Thomas et al. [47], a slight displace-
ment of the FTIR bands towards the shorter wavelengths was observed. 
The main bands for all samples in the present study were around 
3600–3000 cm− 1, which are strong characteristics of hydroxyl (OH) 
vibration modes (OH) [48]. 

The spectra of Desmodesmus subspicatus and Pediastrum boryanum 
showed high similarity to those of Spirulina platensis [49]. Bataller and 
Capareda [50] reported both spectra of the biomasses showed an amide I 
band resulting from the C–O stretching vibrations of peptide bonds 
observed between 1774 and 1583 cm− 1. Amide II band, which results in 

Fig. 3. Linear and polynomial mathematical models of adjustments for the 
growth curves of Desmodesmus subspicatus (PB) and Pediastrum boryanum (DS). 

Fig. 4. FTIR spectra for Desmodesmus subspicatus (DS) and Pediastrum bor-
yanum (PB). 
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C––O linkage, and N stretching vibrations are observed between 1583 
and 1484 cm− 1. The lateral chain of COO– protein and the complex 
amide III band are present, respectively, at 1426–1377 cm− 1 and 
1329–1290 cm− 1 [50]. 

Radical O–H (alcohols and phenols), which corresponds to vibra-
tional stretching, can be observed in the wavelength between 3960 and 
3340 cm− 1, whereas C–H (alkanes) is present between 2981 and 2767 
cm− 1 [51]. C–O stretching is present at 1762–1719 cm− 1 and a defor-
mation combination band O-CH and C-OH is observed between 1560 
and 1350 cm− 1. For example, Bataller and Capareda [50] studied Spir-
ulina platensis microalgae species and stated that C–H (single, double, or 
triple bonds) and O–H (single bonds) deformations are present between 
1186 and 1350 cm− 1 [52]. The characteristic bands of carbohydrates (C- 
O-C) and C stretching were observed at 955–1186 cm− 1, and the ab-
sorption bands (CH3 and CH2) are at 2998–2829 cm− 1. Those charac-
teristics of lipids and C–O ester absorption can be observed at 
1771–1688 cm− 1, although little evident, probably due to the low 
absorbance or the low lipids contents and superposition with the amide I 
band tail (i.e., they determine the minimum amount of biomass required 
for the production of homogeneous films with a good signal/noise ratio 
with no bands saturation) [49]. C–O stretching is present at 1211–1139 
cm− 1 and CH2 absorption bands are observed at 1482–1456 cm− 1 [50]. 

3.5. Thermal analysis (TG/DTG curves) 

Fig. 5 shows the TG/DTG curves for (a) Desmodesmus subspicatus (DS) 
and (b) Pediastrum boryanum (PB), both with 3 (three) main thermal 
degradation events. 

Regarding DS species, the first stage (I) is associated with a small 
mass loss due to the dehydration or evaporation of moisture (water at 
intracellular level). The second stage (II) represents the main devolati-
lization reactions, in which most of the sample mass was lost or released 
as volatile materials associated with the thermal degradation of carbo-
hydrates, polysaccharides, proteins, and lipids [53,54]. The outer cell 
wall of microalgae generally contains specific polysaccharides, such as 
pectin, agar, and alginates [55]. On the other hand, the inner cell wall is 
composed mainly of cellulose and organized into layers of fibers that 
offer resistance and flexibility to the structures [56]. Although it is a 
hydrophilic molecule, cellulose is completely insoluble in water due to 
its large size, so that the molecule requires high temperatures for its 
breakdown [57]. A “shoulder” appears in the DTG curve at approxi-
mately 280.0 ◦C, which may be attributed to the thermal degradation of 
proteins and polysaccharides soluble at low temperatures [58]. Near 
310.0 ◦C, another “shoulder” appears in the second stage, which may be 
attributed to the thermal degradation of holocellulose (cellulose +
hemicellulose together) on the cell wall [59,60]. Finally, the third stage 
(III) is represented by high temperatures and associated with the total 
decomposition of all organic matter and some inorganic elements con-
tained in the microalgae species [26,61]. 

Regarding Desmodesmus subspicatus, event (I) ranged between 32.0 
and 163.0 ◦C and corresponds to the dehydration or evaporation process 
due to the presence of free water and/or water weakly bonded to bio-
molecules; however, for Pediastrum boryanum, the event occurred be-
tween 37.0 and 175.0 ◦C. Such a temperture change can be evidence PB 
released a smaller quantity of intrinsic moisture [62], or showed a low 
boiling point [63]. Stage II, with 163.0–317.0 ◦C to 174.0–324.0 ◦C 
temperatures for DS and PB, respectively, can be associated to the 
devolatization process, including depolymerization and decarboxyl-
ation, which are attributed mainly to the thermal decomposition of 
carbohydrates and proteins [64]. Such reactions are the major events of 
mass loss in microalgae, especially because those two components are 
found in large quantities in different microalgae species, mainly con-
cerning carbohydrates [65]. Stage III (in the 317.0–601.0 ◦C and 
324.0–599.0 ◦C range for DS and PB) can be associated with the thermal 
decomposition of the remaining organic compounds and some inorganic 
and metallic ones, which may occur as gasification products, and to the 

formation of compounds based on carbon and/or non-volatile elements 
that evaporate at high temperatures, forming CO gases (carbon mon-
oxide) and CO2 (carbon dioxide) [61]. 

As an example, for Botryococcus braunii microalgae and in compari-
son to this study, the TG/DTG curves were divided into three distinct 
regions, indicating the three main thermal decomposition stages [63]. 
The first (I) was the evaporation of both moisture and organic com-
pounds of low boiling point at ≤156.0 ◦C, i.e., according to the heating 
rates applied. The chlorophyll decomposition (Clorofila clorobium) may 
also have occurred at 80.0–110.0 ◦C, since chlorophyll is an unstable 
compound and can be easily degraded at temperatures between 80.0 
and 145.0 ◦C [66]. However, the thermal decomposition of chlorophyll 
in that stage for Botryococcus braunii produced no compounds, such as 
phytane and pristane, some chlorophyll species commonly found in 
microalgae [67]. Phase II of degradation occurred from 156.0 to 
557.0 ◦C, with a thermal decomposition of different condensable and 
non-condensable volatile materials, depolymerization, decarboxylation, 
and breakage of carbohydrates, proteins, chlorophyll, and lipidic com-
pounds present in microalgae [68]. Interestingly, some carbohydrates 
and proteins can be decomposed at, respectively, 200.0 to 300.0 ◦C and 
280.0–400.0 ◦C [69]. However, the lipids present in the microalgae of 
this study were thermally degraded at 315.0 to 600.0 ◦C. 

The DTG curves showed more prominent peaks during 

Fig. 5. TG/DTG curves: (a) Desmodesmus subspicatus (DS) and (b) Pediastrum 
boryanum (PB) under inert atmosphere (argon 5.0), 10 ◦C min− 1 heating ratio, 
and room temperature up to 800 ◦C. 
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devolatization stages or maximum decomposition rates, indicating a 
thermal degradation of the main chemical constituents present in the 
different samples of microalgae species [70]. The first less intense peak 
for DS (≈30.0–160.0 ◦C) and PB (≈36.0–175.0 ◦C) represented a ther-
mal decomposition of proteins and carbohydrates, whereas the second 
more pronounced peak of the aforementioned samples 
(≈250.0–316.0 ◦C; ≈263.0–326.0 ◦C) can be associated with the ther-
mal decomposition of lipids or other fatty acid-based compounds [65]. 
In stage III, the DTG curve revealed the last thermal decomposition 
started at ≈317.0–600.0 ◦C (for both samples). The thermal degradation 
of the compounds present in stage III was confirmed to be due to gasi-
fication and formation of non-volatile carbon compounds that evapo-
rated towards forming gases such as CO and CO2 at high temperatures 
[65]. 

3.6. Differential scanning calorimetry (DSC curves) 

Fig. 6 shows the DSC curve of Desmodesmus subspicatus (DS) and 
Pediastrum boryanum (PB). 

Fig. 6 displays a protein denaturation transition inversely related to 
the water content and an endothermal tendency (decomposition prod-
uct) [71]. Desmodesmus subspicatus clearly showed three endothermal 
events for the three stages, with 51.1 ◦C, 268.1 ◦C, and 422.3 ◦C peak 
tempertures, respectively, as also observed by You and Xiaojie [72], 
simultaneously associated with TG and DTG curves [73]. 

However, Pediastrum boryanum showed only one exothermic event in 
stage II, with 272.9 ◦C peak temperature, and three endothermal events 
with 58.9 ◦C, 420.6 ◦C, and 507.3 ◦C peak temperatures, correlated 
directy with TG/DTG curves, respectively [74]. 

Protein denaturation is characterized by the thermal cracking of 
hydrogen bonds, exposing the main hydrophobic groups, attracted to-
wards forming disulfide-type crossed bonds, which form networks/ 
meshes that retain water and form the gel [75]. The three endothermal 
events for Pediastrum boryanum in this study were related to protein 
denaturation [71]. 

On the other hand, the thermal degradation of some vegetable oils 

produces some volatile compounds such as fatty acids, aldehydes, and 
alcohols as secondary products and some compouds such as polycyclic 
aromatic hydrocarbon and acrylamide, which may exert several effects 
on human, animal, and plant health, since they are toxic and display 
some carcinogenic and mutagenic properties [76]. 

3.7. Scanning electron microscopy (SEM images) 

Fig. 7(a–d) shows an image obtained by Scanning Electron Micro-
scopy (SEM images) for Desmodesmus subspicatus (Fig. 7a–b) and 
Pediastrum boryanum (Fig. 7c–d). The technique also determined the 
main morphological differences, structural or textural effects for the two 
studied samples through images with different amplitudes [77]. 

Fig. 7(a–b) displays the formation of more heterogeneous morpho-
logical surfaces in Desmodesmus subspicatus, with different and irregular 
pore sizes [32] in comparison to Pediastrum boryanum. Yu et al. [28] 
studied the application of vegetable coals obtained by the pyrolysis of 
Chlorella vulgaris microalgae species in biorefineries and reported such a 
porous and irregular structure formed on the surface of the samples 
might contain active sites of bond, favoring the application of biochar 
produced as a biological adsorbent for soil tretament. It would promote 
fertilization for increasing the water retention capacity with molecules 
of gases and liquids of other substances retained on the surface of the 
samples. Desmodesmus subspicatus (Fig. 7a–b) frequently showed the 
presence of several external epidermis of different sizes on the cells and 
cellular walls [62,77]. 

The samples showed a rigid cellular wall, with formation of granu-
lations with one or more cells and whose size ranged from 4.8 to 12.0 μm 
length and 2.8–7.3 μm width [78]. 

However, according to the micrograph in Fig. 7(c–d), the 
morphology of Pediastrum boryanum (PB) was highly irregular and rigid, 
with particles agglomerates of several sizes on the surface and some 
interconnected pores of different shapes and sizes [79]. 

Breil et al. [80] claimed some microalgae species, such as Spirullina, 
show phenotypic plasticity, i.e., capacity to alter their own physiology 
or morphology in response to the environment and/or conditions under 

Fig. 6. Differential scanning calorimetry (DSC curves) for Desmodesmus subspicatus (DS) and Pediastrum boryanum (PB).  
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which they live, namely luminous intensity, temperature and/or avail-
ability of nutrients. The authors reported some morphological alter-
ations in Desmodesmus subspicatus are related to the availability of 
nutrients, leading to the formation of colonies in low concentrations of 
nutrients and unicellular formation in high amounts of nitrogen and 
phosphor [77,80]. 

The structural morphology of the two microalgae species will be 
fundamental for validating other physical properties (e.g., porosity, ri-
gidity, size, and grains contour). Therefore, both shape and size of the 
particles directly affect different thermal processes, flow fluidity, heat 
and mass transfer areas during thermochemical processes, probably due 
to the retention of gases in the pores [62]. 

Despite the different compositions of the culture media, the 
comparative results of the SEM images of the microalgae showed the 
morphological differences of the cells and/or cellular walls of the two 
species were not significant. 

3.8. Energy dispersive spectroscopy (EDS) 

Fig. 8 diplays the contribution of Energy Dispersive Spectroscopy to 

determine the composition of the main inorganic elements and alkaline 
metals present in the dry biomass of Desmodesmus subspicatus (DS) and 
Pediastrum boryanum (PB). 

The transformation of microalgae into biofuels requires knowledge 
on the main elements (C, N, O, and S) and other biocompounds that 
constitute them, whether structural or bioproducts. Regarding Desmo-
desmus subspicatus, the compositional mapping with the use of EDS 
revealed the main dispersion elements, such as carbon (51.0 %), oxygen 
(38.2 %), aluminum (6.6 %), nitrogen (4.5 %), sulfur (3.2 %), phosphor 
(0.6 %), and sodium (0.4 %) – the elemental composition of the latter 
ones was below 1.0 %. The carbon source used by DS can be in the form 
of either inorganic carbon (CO2), or organic one (glucose, acetate, 
among others) for the production of fatty acids, hence, lipids, whose 
amount in each cell is different among the diverse microalgae species 
available [81] – the higher the carbon percentage, the better the thermal 
process of the sample. Among its main advantages are low carbon di-
oxide emissions to the atmosphere, contributing to reductions in both 
global warming and greenhouse effect, and availability of carbon sour-
ces to be used as feedstock for the biofuels production [79]. 

However, regarding Pediastrum boryanum, the order of the major 

Fig. 7. SEM micrographs of Desmodesmus subspicatus (DS): (a) 500× and (b) 1000× and Pediastrum boryanum (PB): (c) 500× and (d) 1000×.  
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dispersion elements was oxygen (43.0 %), carbon (39.9 %), aluminum 
(7.7 %), nitrogen (4.8 %), sulfur (3.1 %), phosphor (0.9 %), and sodium 
(0.5 %). The large quantity of oxygen atoms in the sample suggests the 
existence or formation of a large amount of oxides, hence, possible 
active sites in those microalgae, which are responsible for the complex 
reactions of biofuels production by thermochemical processes [76], or 
even the formation of corrosive agents for walls of ovens and/or fur-
naces, when those microalgae are applied in real thermal processes [26]. 
Moreover, the large quantity of carbon in the species composition is a 
strong indicator for the production of different biofuels (solid, liquid, 
and/or gaseous) by several thermochemical processes (combustion, 
pyrolysis, gasification, and/or oxy-fuel combustion). 

3.9. X-ray diffraction (XRD) 

Fig. 9 shows the XRD pattern for DS and PB samples. 
The XRD measurements regarding Desmodesmus subspicatus (DS) and 

Pediastrum boryanum (PB) aimed at investigating the formation of 
crystalline and/or amorphous regions in the dry biomass samples. The 
diffractograms (Fig. 9) show a high predominance of the crystalline 
region, with 2θ ≈ 18.45◦, and 30.29◦ for the two species. Such an 
amorphous structure may be related to the predominance of hemicel-
lulose and less cellulose in the carbohydrates that form the cellular walls 
of some microalgae (e.g., chlorophyceae [82]). More intense and slender 
peaks were observed at 2θ ≈ 30.29◦ and 30.01◦ for DS and PB, respec-
tively, which are probably associated with the formation of crystalline 
regions in the dry biomasses, as in Spirulina platensis [83]. The authors 
also reported a predominance of the amorphous region, with (2θ) 20.05◦

maximum value and a more pronounced peak, i.e., crystalline, at 2θ ≈
28.5◦, showing a PPB (protein by penicilina bond)-type protein crys-
tallized in the microalgae drying treatment and employed as dehydrated 
powder for food supplementation [84]. 

The material's crystallinity index of cellulose (%CI) can be estimated 
from the width of the peaks collected in the XRD spectra. More intense 
and narrower peaks show a high crystallinity degree, whereas larger 
ones show a higher amount of amorphous region of the material [85]. 
The %CI obtained for the microalgae were 22.54 % for DS and 28.82 % 
for PB. Regarding the breakdown of intra and interchain hydrogen 
bonds, the crystalline degree for the lignocellulosic material is suitable 
for the presence of celullose, whose structure is highly crystalline; on the 
other hand, the components of hemicellulose and lignin are amorphous 
[86]. Spirulina platensis showed 19.08 % CI, hence, higher amorphism 
(80.92 %) [87], which are, respectively, lower and higher values than 
the ones from the present study. 

According to Lee et al. [88], the pretreatment of an algal biomass is a 
limiting and more costly stage during the bioenergetic production pro-
cess due to the complex cellular wall composition. However, the stage is 
highly required for minimizing the crystallinity degree of the cellulosic 
matrix, increasing the surface area and solubility of sugars, and 
improving the substrate digestibility [60]. Therefore, celullose and other 
polysaccharides (e.g., amide) are susceptible to hydrolysis, i.e., break-
down of sugars by physical, chemical, and/or biological treatments. The 
production of third-generation bioethanol requires a hydrolysis process 
in the exposition of micro and macrocomponents; consequently, the 
microalgae cellular wall is the main structure to be depolymerized for 
the extraction of several polysaccharides [89]. The acid treatment then 
works as a catalyst and the glycosidic linkages of the molecules are 
cleaved. At the end of the process, any addition or dilution of water will 
lead to a fast rupture of the hydrolyzed substrate in the constituent 
monosaccharides [90]. 

The X-ray patterns of DS and PB samples were very similar, since a 
large part of the peaks coincided. Moreover, the relative intensity of the 
diffraction peaks of the microalgae was reduced, probably due to a slight 
amorphization in the respective structures, which might have caused 
some distortion in the crystalline network [91]. 

3.10. Inductively coupled plasma optical emisson spectrometer (ICP-OES) 

According to Fig. 10, the elemental composition of the biomass of 
Desmodesmus subspicatus (DS) and Pediastrum boryanum (PB) is mostly 
comprised of aluminum (Al) – 75.0 % on average. Iron (Fe < 5.0 %), 
found in the two samples, is also highly important for the algae cell, 
since its deficiency can limit a higher photosynthetic acitivity, with a 
reduced presence of chlorophyll, hence, an inhibition in the microalgae 
cultivation [66]. 

The different microalgae species are known to require some essential 
nutrients for their development and primarily composed of the following 
macronutrients: C, N, O, H, P, Ca, Mg, S, and K. Regarding micro-
nutrients, they usually require Fe, Mn, Cu, Mo, and Co, obtained from 
the cultivation medium, i.e., WC (Walter Culture) [21]. Such additional 
information on the inorganic and metallic chemical composition of the 
two species was acquired only through the aforementioned technique. 

Van Dam et al. [92] cultivated Chlorella vulgaris in a residual 

Fig. 8. Percentage of the main elements (organic, inorganic, and metallic ones) 
obtained by EDS for Desmodesmus subspicatus (DS) and Pediastrum boryanum 
(PB) samples. 

Fig. 9. X-ray diffraction for Desmodesmus subspicatus (DS) and Pediastrum bor-
yanum (PB) samples. 

G.S.S. Jacinto et al.                                                                                                                                                                                                                            



Algal Research 75 (2023) 103266

10

hydroponic solution and analyzed its elemental composition by ICP- 
OES. The values found were 320.0 mg g− 1 and 23.6 mg g− 1 for iron 
(Fe) and zinc (Zn), respectively, which were lower than those for the 
same elements reported in the present study, namely 1706.0 mg g− 1 and 
46.0 mg g− 1 for PB, and 1116.0 mg g− 1 and 42.0 mg g− 1 for DS. Such a 
difference may be related to the potential of the microalgae cells for 
adsorbing and absorbing nutrients from different cultivation media, 
since the nutritional solution for the hydroponic cultivation is rich in 
nutrients, including Fe and Zn [93]. 

Compositions of the cultivation medium are important for defining 
the composition of bioactives for specific purposes in the bioprospection 
of microalgae. Trace elements or oligoelements are essential in the 
functioning of algal metabolism; their lack or excess can alter the pro-
duction of algal biomass and some bioactives. Cultivations with re-
striction in the amount of phosphor (P) and nitrogen (N) can lead to 
cellular stress, thus decreasing the protein content and accumulating 
lipids in the cellular content [94]. An increase in the lipid percentage of 
the microalgae makes it a potential candidate for the extraction of 
essential oils and production of by-products (e.g., biofuels, biodiesel, 
and biooil) [95,96]. 

3.11. Calorimetry analysis (HHV) 

Heating value is an important parameter for defining the effective 
use of biofuels in real thermal processes [97]. The Higher Heating Value 
(HHV) obtained for Pediastrum boryanum (17.58 ± 0.03 MJ kg− 1) and 
Desmodesmus subspicatus (18.62 ± 0.03 MJ kg− 1), compared to the 
values found for Oedogonium sp (16.13 MJ kg− 1), Scenedesmus sp. (21.10 
MJ kg− 1), Chlorella vulgaris (22.06 MJ kg− 1), and Spirulina (23.10 MJ 
kg− 1) [98,99], proved satisfactory, within an acceptable range for algal 
biomass, and indicated the high potential of the two species for ther-
moconversion in bioenergy. 

Cristóbal et al. [100] stated microalgae biomass generally shows a 
higher carbon content and lower oxygen concentration when compared 
to traditional crop biomasses due to the high amount of energy released 
when C–C linkages are broken. Such an increase in carbon content 
directly corresponds to a rise in biofuel energy content [101]. Jamilatun 
et al. [102] studied the biooil composition of biomass Spirulina platensis 
(SP) and Spirulina platensis residue (SPR) after biooil extraction and 
observed their heating values (32.04 MJ kg− 1 and 25.70 MJ kg− 1, 
respectively) were similar to those of crude oil (18.85 MJ kg− 1) and 
biooil (26.12 MJ kg− 1), reaffirming the promising values presented in 
the present study for the two microalgae species. 

4. Conclusions 

This study analyzed the cultivation of two microalgae species 
(Pediastrum boryanum and Desmodesmus subspicatus) through growth 
curve, total physicochemical characterization, and thermal behavior. 
The several techniques employed proved both species are highly rele-
vant for the understanding of their biotechnological potential for the 
prodution of clean and renewable biofuels and/or bioenergy, due to the 
high heating value, composition of fatty acids, lipids, carbohydrates, 
proteins, and/or condensable and non-condensable combustion gases, 
which can directly influence the oxidative degradation process of the 
algal feedstock. However, some socioeconomic aspects must also be 
considered during the biotechnological process of bioenergy generation. 
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A. Muhammad, H.A.M. Ala’a, Integrated valorization of waste cooking oil and 
spent coffee grounds for biodiesel production: blending with higher alcohols, 
FT–IR, TGA, DSC and NMR characterizations, Fuel Length Article 244 (2019) 
419–430, https://doi.org/10.1016/j.fuel.2019.01.169. 

[3] G.M. Elrayies, Microalgae: prospects for greener future buildings, Renew. Sustain. 
Energy Rev. 81 (2018) 1175–1191, https://doi.org/10.1016/j.rser.2017.08.032. 

[4] M. Maaz, M. Yasin, M. Aslam, G. Kumar, A.E. Atabani, M. Idrees, A. Fatima, 
J. Farrukh, A. Rizwan, K.A. Asim, L. Geoffroy, H. Marc, K. Jeonghwan, Anaerobic 
membrane bioreactors for wastewater treatment: novel configurations, fouling 
control and energy considerations, Bioresour. Technol. 283 (2019) 358–372, 
https://doi.org/10.1016/j.biortech.2019.03.061. 

Fig. 10. Elemental composition of the two biomass species evaluated by ICP- 
OES (%). 

G.S.S. Jacinto et al.                                                                                                                                                                                                                            

https://doi.org/10.1016/j.algal.2023.103266
https://doi.org/10.1016/j.algal.2023.103266
https://doi.org/10.1126/science.1189003
https://doi.org/10.1016/j.fuel.2019.01.169
https://doi.org/10.1016/j.rser.2017.08.032
https://doi.org/10.1016/j.biortech.2019.03.061


Algal Research 75 (2023) 103266

11

[5] A. Khalid, A. Muhammad, A. Muhammad, F. Abrar, K.A. Laeeq, A. Faisal, 
L. Moonyong, K. Jeonghwan, J. Nulee, C. Seop, B.A. Bazmi, Y. Muhammad, 
Membrane separation processes for dehydration of bioethanol from fermentation 
broths: recent developments, challenges, and prospects, Renew. Sustain. Energy 
Rev. 105 (2019) 427–443, https://doi.org/10.1016/j.rser.2019.02.002. 

[6] S. Marco, M. Alan, E. Herman van den, K. Henk, C. Piet, M. Pieter van der, 
Chlamydomonas eugametos (chlorophyta) stores phosphate in polyphosphate 
bodies togetherwith calcium, J. Phycol. 32 (2016) 402–409, https://doi.org/ 
10.1111/j.0022-3646.1996.00402.x. 

[7] Z. Zhang, J. Hairui, G. Guiping, X. Zhang, T. Tianwei, Synergistic effects of 
oleaginous yeast Rhodotorula glutinis and microalga Chlorella vulgaris for 
enhancement of biomass and lipid yields, Bioresour. Technol. 164 (2014) 93–99, 
https://doi.org/10.1016/j.biortech.2014.04.039. 

[8] N. Arora, L.M.L. Laurens, N. Sweeney, V. Pruthi, K.M. Poluri, P.T. Pienkos, 
Elucidating the unique physiological responses of halotolerant Scenedesmus sp. 
cultivated in sea water for biofuel production, Algal Res. 37 (2019) 260–268, 
https://doi.org/10.1016/j.algal.2018.12.003. 

[9] S. Sivagnanam, L. Peter, S. Ramachandran, I. Aran, K. Balu, C. Pablo, Scenedesmus 
sp. strain SD07 cultivation in municipal wastewater for pollutant removal and 
production of lipid and exopolysaccharides, Environ. Res. 218 (2023), 115051, 
https://doi.org/10.1016/j.envres.2022.115051. 

[10] P. Gaurav, D.P. Yadav, G. Ashish, ResNeXt convolution neural network topology- 
based deep learning model for identification and classification of Pediastrum, 
Algal Res. 48 (2020), 101932, https://doi.org/10.1016/j.algal.2020.101932. 

[11] E. Houda, I. Tasneema, M.O. Victor, M.R. Navid, Microalgal biofilms: towards a 
sustainable biomass production, Algal Res. 72 (2023), 103124, https://doi.org/ 
10.1016/j.algal.2023.10312. 

[12] S.A. Mariana, B.H. Gabriel, C.B. Carolina, M.A.F. Luiz, B.G. Reinado, 
Heterotrophic growth of green microalgae Desmodesmus subspicatus in ethanol 
distillation wastewater (vinasse) and lipid extraction with supercritical CO2, 
J. Chem. Technol. Biotechnol. 92 (2017) 573–579, https://doi.org/10.1002/ 
jctb.5035. 

[13] P. Haiyan, Z. Lijie, B.J. Michael, J. Liqun, L. Xiao, M. Chunxia, Y. Zhigang, 
W. Xiaodong, C. Shuaiqi, L. Wen-Feng, Highly efficient harvesting and lipid 
extraction of limnetic Chlorella sorokiniana SDEC-18 grown in seawater for 
microalgal biofuel production, Algal Res. 66 (2022) 102813, https://doi.org/ 
10.1016/j.algal.2022.102813. 

[14] M.O. Victor, I. Tasneema, M.R. Navid, E. Houda, The potential of coupling 
wastewater treatment with hydrocarbon production using Botryococcus braunii, 
Algal Res. (2023), 103214, https://doi.org/10.1016/j.algal.2023.103214. 

[15] M. Huesemann, S. Edmundson, S. Gao, S. Negi, T. Dale, A. Gutknecht, H. 
E. Daligault, K.C. Carol, J. Freeman, T. Kern, S.R. Starkenburg, C.D. Gleasner, 
W. Louie, R. Kruk, S. McGuire, DISCOVR strain pipeline screening – part I: 
maximum specific growth rate as a function of temperature and salinity for 38 
candidate microalgae for biofuels production, Algal Res. 71 (2023) 102996, 
https://doi.org/10.1016/j.algal.2023.102996. 

[16] Q. Shasha, W. Zhongzhong, H. Yuansheng, L. Ji, Z. Xinmin, S.B. Dagmar, 
Selective enrichment of auto-floating microalgae for wastewater bioremediation 
and biofuel/bioproduct production, Algal Res. 69 (2023) 102911, https://doi. 
org/10.1016/j.algal.2022.102911. 

[17] S. Chinnasamy, B. Ramakrishnan, A. Bhatnagar, K.C. DAS, Biomass production 
potential of a wastewater alga Chlorella vulgaris ARC 1 under elevated levels of 
CO2 and temperature, Int. J. Mol. Sci. 10 (2019) 518–532, https://doi.org/ 
10.3390/ijms10020518. 

[18] M.J. Joshua, F.J. Kevin, S.J. Robin, Rapid determination of bulk microalgal 
biochemical composition by Fourier-transform infrared spectroscopy, Bioresour. 
Technol. 148 (2013) 215–220, https://doi.org/10.1016/j.biortech.2013.08.133. 

[19] D. Vamvuka, S. Sfakiotakis, Effects of heating rate and water leaching of 
perennial energy crops on pyrolysis characteristics and kinetics, Renew. Energy 
36 (2011) 2433–2439, https://doi.org/10.1016/j.renene.2011.02.013. 

[20] K. Chiu-Mei, C. Tsai-Tu, L. Tsung-Hsien, K. Chiem-Ya, L. Jinn-Tsyy, C. Jo-Shu, 
L. Chih-Sheng, Cultivation of Chlorella sp. GD using piggery wastewater for 
biomass and lipid production, Bioresour. Technol. 194 (2015) 326–333, https:// 
doi.org/10.1016/j.biortech.2015.07.026. 

[21] R.R.L. Guillard, Culture of phytoplankton for feeding marine invertebrates, in: W. 
L. Smith, M.H. Chanley (Eds.), Culture of Marine Invertebrate Animals, 1975, 
pp. 29–60, https://doi.org/10.1007/978-1-4615-8714-9_3. 

[22] P.C.C. Aline, F.T. Juliana, T.F. Luciane, G. Mariliz, Study of a consortium of 
microalgae in the removal of nutrients from tannery effluents, UERGS Sci. 
Electron. J. 4 (2017) 743–752, https://doi.org/10.21674/2448-0479.34.743- 
752. 

[23] N.G. Emeka, P.A. David, L.W. Damian, A. Kamal, M.R. Navid, Light management 
technologies for increasing algal photobioreactor efficiency, Algal Res. 39 (2019), 
101433, https://doi.org/10.1016/j.algal.2019.101433. 

[24] C.Y. Sook, P.N.M. Krishna, W.Y. Ta, R.E. Mavinakere, P. Siew-Moi, J.C. Joon, R. 
N. Ramakrishnan, Starch-based flocculant outperformed aluminium sulfate 
hydrate and polyaluminium chloride through effective bridging for harvesting 
acicular microalga Ankistrodesmus, Algal Res. 29 (2018) 343–353, https://doi. 
org/10.1016/j.algal.2017.11.001. 

[25] Z. Liandong, H. Tianyi, L. Shuangxi, N.K. Yohanes, L. Baishan, C. Jun, H. Erkki, 
Effects of operating parameters on algae Chlorella vulgaris biomass harvesting and 
lipid extraction using metal sulfates as flocculants, Biomass Bioenergy 132 
(2020), 105433, https://doi.org/10.1016/j.biombioe.2019.105433. 

[26] A.V.S. Silva, D.A. Mortari, C.C. Conconi, F.M. Pereira, G. Cruz, Investigation of 
the combustion process of fish scales from Northeast Brazil in a tubular drop 

furnace (DTF), Environ. Sci. Pollut. Res. 29 (2022) 67270–67286, https://doi. 
org/10.1007/s11356-022-20643-x. 

[27] L. Guy, K. Sharon, L. Varda, E. Benjamim, M. Ayala, I. Tal, T. Yaakov, A. Noam, 
S. Gadi, The desert green algae Chlorella ohadii thrives at excessively high light 
intensities by exceptionally enhancing the mechanisms that protect 
photosynthesis from photoinhibition, Plant J. 106 (2021) 1260–1277, https:// 
doi.org/10.1111/tpj.15232. 

[28] C.T. Yu, W.H. Chen, L.C. Men, W.S. Hwang, Structure characteristics changes of 
rice straw treated with boiled acid solution, Ind. Crop. Prod. 29 (2009) 308–315, 
https://doi.org/10.1016/j.indcrop.2008.06.005. 

[29] American Society for Testing and Materials – ASTM E711, Standard Test Method 
for Gross Calorific Value of refuse – Derived Fuel by the Bomb Calorimeter, 2023. 
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