Energy Conversion and Management: X 16 (2022) 100317

ELSEVIER

Contents lists available at ScienceDirect
Energy Conversion and Management: X

journal homepage: www.sciencedirect.com/journal/energy-conversion-and-management-x

Energy
Conversion
¢Management: @

Check for

Effective fractionation of microalgae biomass as an initial step for its e

utilization as a bioenergy feedstock

Pedro L. Martins ", Alberto Reis?, Luis C. Duarte ®, Florbela Carvalheiro®"

@ Unidade de Bioenergia e Biorrefinarias (UBB), LNEG, Laboratério Nacional de Energia e Geologia, LP., Lisboa, Portugal
b Centro de Estudos Florestais, Instituto Superior de Agronomia, Universidade de Lisboa, Lisboa, Portugal

ARTICLE INFO ABSTRACT

Keywords:
Autohydrolysis
Biorefineries

Blue bioeconomy

Dilute acid hydrolysis
Protein, Oligosaccharides
Pre-treatment
Scenedesmus obliquus

Scenedesmus obliquus, a biotechnologically relevant microalgae, was grown in 70 L vertical photobioreactors
using non-supplemented secondary brewery wastewater as a culture medium. Upon collection, by mechanical
means, the cells were subjected to hydrothermal (autohydrolysis) and dilute acid hydrolysis (0.5 % sulfuric acid)
pre-treatments carried out using pressure micro-reactors under isothermal conditions up to 300 min.

Both processes enabled a high recovery of soluble sugars (~50 %) that were, in a great majority, present in the
added-value oligomeric form (92 % and 90.5 % for autohydrolysis and dilute acid hydrolysis, respectively).
Protein solubilization also presented relevant yields (35 % removal), with dilute acid hydrolysis allowing both

higher oligosaccharides and protein productivities at a milder temperature.

As compared to the current whole microalgae biomass-based upgrade strategies, the use of these mild pro-
cesses is extremely promising, as they will enable the future co-production of added-value oligosaccharides, and
protein, which can be relevant co-products of a biofuels-based biorefinery.

Introduction

The use of microalgae for the production of biofuels, the so-called
third-generation biofuels, and bioproducts is an increasingly relevant
topic within the blue bioeconomy framework, defined as the set of
economic activities associated with renewable aquatic biological re-
sources [1]. The relevance of third-generation biofuels, such as bio-
diesel, bioethanol, and bio-oil, to fight climate change is indisputable
[2]. Biodiesel can be produced from microalgae lipids [3]. Bioethanol
can be produced from carbohydrate-rich microalgae [4], or directly
from sunlight (lato sensu e.g. using the genetically modified cyanobac-
teria Synechocystis sp. [5]). Finally, bio-oil (and biochar) can be prepared
using thermochemical treatment of microalgae biomass or residual
biomass after lipid extraction, saccharification, and/or ethanol pro-
duction [6]. Similarly, due to their ability to accumulate different types
of macronutrients depending on the growth medium composition and
culture conditions, microalgae also present an unparalleled versatility
and huge potential as important sources of a wide plethora of bio-
products with different applications. These include fertilizers [7], ani-
mal feed (most noteworthy for poultry and aquaculture) [8], feed and
food additives [9] as a relevant source of protein [10], biomaterials
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[11], pigments [12], cosmetics, antioxidants, and other pharmaceuticals
[13]. Additionally, many microalgae species are robust enough to be
able to grow in unconventional and cheap growth media, such as
wastewater, using economic/low-tech installations, implemented at
sites that do not compete for arable/agricultural land. Furthermore, it
has been reported that microalgae can not only grow in wastewater but
also have wastewater treatment capabilities, which is a most relevant
trait from a sustainability standpoint [14] providing additional sus-
tainability and synergistic effects. In fact, brewery wastewater is espe-
cially interesting in this context as, it is a non-toxic substrate with high
organic matter and very low amount of contaminants (e.g. heavy
metals). Despite this, it poses significant environmental risks, if dis-
carded without suitable treatment (e.g. inducing eutrophization and
diminishing oxygen availability in aquatic environment). But, on the
other hand, its easy degradability makes it a prime candidate for
microalgae growth [14]. Furthermore, depending on the source, its
biochemical parameters can be highly compatible with microalgae
growth [15], with little need for chemical remediation. This would be
enhanced after adequate treatment, namely after secondary wastewater
treatment, where it can be a potential low-cost and beneficially alter-
native source to be used for microalgae growth. These are important
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advantages when compared to first and second-generation biomasses,
even considering the bioremediation potential of some land energy
crops, and open new valorization opportunities.

Despite these significant traits and the technical developments ach-
ieved in the past few years, several techno-economic limitations still
hinder the commercial production of third-generation biofuels and
many of these bioproducts. As these organisms are efficient carbon fix-
ators and metabolizers [10], the constraints are mainly linked to post-
cultivation processes [16], which require the processing of large vol-
umes of culture broth with low microalgae titers. As such, research is
increasingly focusing on the development of effective downstream
processes for microalgal biomass in order to have an economically
sustainable overall production of biofuels together with added-value
bioproducts [17], when this is technically, legally, and/or regulatorily
possible under local/regional constraints.

Amongst the wide variety of microalgae, Scenedesmus obliquus is
recognized as a fast-growing, very robust species that readily adapts to
heterotrophic growth, which allows its production in a wide range of
conditions, from sole autotrophic conditions to fully heterotrophic
conditions using wastewater as a source of carbon and nutrients. It is
also relatively easy to harvest due to the high biomass concentration that
it is possible to achieve [18]. Furthermore, its typical chemical
composition is well balanced regarding, carbohydrates, protein, and
lipids, making it a prime subject for biorefinery studies and applications
[7,19]. Nevertheless, similarly to lignocellulosic materials, S. obliquus
upgrade is dependent on the development of effective fractionation
processes, especially after lipids extraction, when it is necessary to break
its thick cell wall [20].

Commonly, microalgae have rigid cell wall structures consisting of
different polysaccharides, but unlike higher plants, microalgae do not
contain lignin, which gives important operational advantages as lignin
imposes limitations on the fractionation of polysaccharides [21].
Microalgae polysaccharides include cellulose as the main component,
but also other structural components such as mannan, xylan, and uronic
acids [22], and in the case of Scenedesmus species, they can also have
trilaminar layers of algeanan and glycoproteins, chitin-like poly-
saccharides [22], and minerals.

Conversely, to other microalgae, whose pretreatment and sacchari-
fication have been broadly studied, the selective fractionation of
[23-26] S. obliquus is still not fully explored. Efficient saccharification in
other algae species can be achieved by either chemical or/or enzymatic
means. The use of mineral acids, such as sulfuric, hydrochloric, and
nitric acid is effective but the severities typically employed range similar
to the ones used for land/lignocellulosic biomass, generally using tem-
peratures between 120 and 140 °C and reaction times well above 15 min
when high saccharification are required [4,23]. Previous reports for the
acid hydrolysis of S. obliquus report conditions at 120 °C with up to 3N
sulfuric acid for 30 min to achieve sugar recoveries between 71 and 97 %
[20,23]. Similarly, S. bijugatus (26 % carbohydrate content after lipid
extraction), under acid hydrolysis with sulfuric acid up to 1.08 N) at
130 °C, 45 min, and 20 g/L solid concentration, presented a saccharified
yield of 84 % of biomass sugars [21,23], which are rather severe/
potentially uneconomic conditions.

Furthermore, the full conversion of microalgae cell-wall carbohy-
drates into monosaccharides might not be fully beneficial, especially if
the production of specialty chemicals is possible [27], namely when
algae are cultivated under controlled/hygienic conditions. Besides the
production of biomethane/biogas [19,20] and bioethanol [28,29] car-
bohydrates can also have other applications, as already demonstrated
for lignocellulosic biomass. Some of the most interesting of these are
based on oligosaccharides, which can have applications as food and feed
as additives with prebiotic, antioxidant, and other bioactive properties
[30,31]. Furthermore, when associated with biofuel production, oligo-
saccharides can significantly contribute to the biorefinery economy
[32]. Oligosaccharide production can be achieved by several fraction-
ation methods. The most commonly used are hydrothermal processes
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such as autohydrolysis [7,33] and dilute acid hydrolysis [20,34], which
have not yet been extensively applied to microalgae, and specifically to
S. obliquus with this aim.

This work aims to study, compare and optimize autohydrolysis and
dilute acid hydrolysis, with very low acid concentration (0.5 % w/w),
for the selective fractionation of microalgae using S. obliquus, grown in
brewery wastewater effluent as a model system for biomass pretreat-
ment for subsequent products formation (e.g. biofuels) and to envisage
the application of this microalga in future added-value applications.
Both hydrolysates and processed solids obtained after pre-treatments are
analyzed to provide a detailed understanding of polymers fractionation,
and monomeric and oligomeric sugars recovery in hydrolyzates.

Materials and methods
Growth medium and microalgae cultivation

The microalgae Scenedesmus obliquus, from the Coimbra University
Algae Collection (Portugal), was cultivated in a pilot cylindrical vertical
acrylic bubble column photobioreactor (70 L total volume, 50 L opera-
tional volume). The growth medium was a brewery effluent recollected
after a secondary treatment from a local industrial brewery. Upon
collection, treated effluent was stored in closed plastic containers at 4 °C
until use. No chemical remediation was used on the effluent. Table 1
presents the physical and chemical composition of the brewery effluent
used as growth medium for microalgae cultivation.

Total solids were lower than previously reported for this type of
effluent [15], as expected for a treated effluent. Low amounts of sugars
indicate a low possibility for major growth of heterotrophic bacterial or
fungal contamination. The high level of COD is in line with comparable
similar substrate [15], and together with the nitrogen level, 5.6 mg /L as
determined by the Kjeldahl method (i.e., 0.207 % dry weight) this
effluent presented good prospects for microalgae cultivation.

Batch cultivation was carried out at room temperature, and under
constant fluorescent light (43.2 pmol/m?.s) and aeration with air (0.1
vvm) as described in [7]. Cell growth was monitored through optical
density measurements at 540 nm and cell dry weight.

Microalgae harvesting and concentration

The culture broth was concentrated by an in-house developed
centrifugation method based on the use of a continuous dairy centrifuge
(electric cream separator, Alfa Laval, Sweden). Biomass was centrifuged,
washed with water, and centrifuged again. The concentrated algae paste
presented a moisture content close to 90 % and although it can be used

Table 1
Physical, and chemical composition of the brewery effluent used for the growth
of S. obliquus.

Component

Physical Total solids (mg/L) 2690
Ash (mg/L) 1760
Density 0.99

Chemical pH 7.13
Total Kjeldahl Nitrogen (mg/L) 5.6
COD (mg/L) 5376
GlcOS (mg/L) 2.91
XOS (mg/L) 8.49
Glucose (mg/L) 22.07
Acetic acid (mg/L) 6.50

Elemental C (% dry weight) 11.83
H (% dry weight) 0.85
N (% dry weight) <0.3

GlcOS - gluco-oligosaccharides; XOS — xylo-oligosaccharides.
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as is, in order to produce a homogeneous, reproducible lot, concentrated
biomass was frozen (-18 °C) and then freeze-dried (Thermo Scientific,
Hector PowerDry LL3000, USA), until further use.

Fractionation processes

Autohydrolysis

Hydrothermal assays (autohydrolysis) were conducted in pressure
micro-reactors (25 mL glass tubes, ACE Glass Inc., USA) capped with
Teflon screw caps using 1 g of dry biomass and water to reach a liquid-
to-solid ratio (LSR) of 12 g/g. The tubes were incubated in an oil bath
preheated to the desired reaction temperature (150 °C), controlled by a
probe (Sigma, IKA ETS-D5, USA) and under continuous magnetic stir-
ring. Zero-time reading corresponds to the sample (tube reactor) taken
at the time when the desired bath oil temperature is reached. This cor-
responds, typically, to 5-7 min to reach again the set temperature of
150 °C after the addition of the glass tubes. When the desired reaction
time was attained, the tubes were rapidly cooled down to room tem-
perature [35]. The liquid and solid phases were separated by centrifu-
gation (Ortoalresa, Digicen 21 R, Spain) at 5300 g, for 10 min, at 10 °C.
The liquors were collected for analysis, and the solid pellets were
washed with the same amount of distilled water and centrifuged again.
The washed solids were stored until further analysis after freeze-drying.
Part of the liquors was freeze-dried (Thermo Scientific, Hector PowerDry
LL3000, USA), weighted for mass quantification, and analyzed for mo-
lecular weight as described below.

Dilute acid hydrolysis

Dilute acid hydrolysis assays were conducted in the same conditions
as described for autohydrolysis, but using 1 g of sample and a sulphuric
acid solution to reach 6 g HySO4/100 g microalgae biomass, also using a
LSR of 12 g/g. The reaction temperature was set at 140 °C. When the
desired reaction time was attained, the reaction was stopped, and the
liquid and solid phases were processed as described above. Zero-time
was determined as described above for autohydrolysis. This corre-
sponds to approximately 5-7 min to reach 140 °C.

Analytical methods

All of the following analytical procedures were carried out, at least,
in duplicate.

Moisture, dissolved solids, and ash content of process samples

The moisture content of the biomass samples was determined by
oven-drying at 105 °C, and the total ash content was determined by
incineration at 550 °C for, at least, 16 h, with both procedures based on
the algae-specific NREL protocol [36]. Total solids and ash content in the
secondary effluent were measured using the same methodologies.

Determination of the elemental composition of process samples

The elemental composition (C, H, N) of the freeze-dried secondary
brewery effluent was measured in an Elemental analyzer (Elementar
—Vario Macro Cub, Germany) according to ISO 16948:2015 standard
[37]. The elemental composition of biomass samples was determined
using a Vario el III elemental analyzer system (GmbH, Germany), ac-
cording to the procedure provided by the manufacturer. Oxygen is
quantified by difference, taking into account the content of the macro-
elements. Macro and micro minerals were qualitatively and quantita-
tively characterized using a Microwave Plasma Atomic Emission
Spectrometer (MP-AES, Agilent) [38] after acid digestion of the samples
for approximately 20 min in a microwave system (Discover SP - Mi-
crowave Synthesizer, CEM Corporation). Standards were prepared from
certified Agilent Technologies standard solutions, and proper blanks
were also performed for comparison.
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Quantification of the chemical oxygen demand (COD) in the effluent

COD was determined according to the open reflux method — Method
5220-B [39].

Extractives quantification in biomass samples

The content of extractives was determined by sequential solvent
extraction in a Soxhlet apparatus using a modified method based on
[40], switching the solvent order. Briefly, the extractions were per-
formed firstly with ethanol, followed by water for 18 h for each solvent.
Total and partial extractives content were calculated relating to the
feedstock dry mass. Lipids/fat quantification was performed according
to a relevant Portuguese standard [41].

Quantification of carbohydrates

For the quantification of the carbohydrates present in the feedstock
and pre-treated biomass, samples were subjected to quantitative acid
hydrolysis using 72 % (w/w) H2SO4 (30 °C, 60 min) followed by dilution
to 4 % (w/w) HySO4 and hydrolysis (121 °C, 60 min) in an autoclave,
according to [42]. The acid-insoluble organic residue was quantified by
filtration through 1.22 pm glass fiber filters (VWR, USA), after correc-
tion for ash and protein. The monosaccharides present in the effluent
used as a growth medium and in the hydrolyzates were analyzed by
HPLC as described below.

Starch was enzymatically determined using a test kit supplied by
Boheringer (Boheringer, Germany). The uronic acid content was deter-
mined by spectrophotometry at 520 nm, using a Jasco V-520 spectro-
photometer (Jasco, Japan) according to [43] using glucuronic acid as a
standard.

Monosaccharides (glucose, mannose, xylose, galactose, rhamnose,
and arabinose) were analyzed in an HPLC system (Agilent 1100 Series,
Waldbronn, Germany), equipped with a refractive index (RI) detector
and a diode array detector (DAD), using an Aminex HPX-87P column
(Bio-Rad, Hercules, USA) in combination with a cation sztguard
column (Bio-Rad). Elution took place at 80 °C with water as eluent at a
flow rate of 0.6 mL/min [44]. All samples were previously neutralized
using barium hydroxide or a combination of Amberlite® MB-20 resin
(Sigma-Aldrich, USA) and calcium carbonate.

Oligosaccharide concentrations were calculated by an indirect
method based on the increase in sugar monomers quantified by HPLC
after liquor acid hydrolysis with 4 % (w/w) H3SO4 (121 °C, 60 min)
[45]. Acetic acid and acetyl groups in oligosaccharides were determined
using an Aminex HPX-87H column (Bio-Rad, USA) in combination with
a cation H""guard column (Bio-Rad) using 5 mM sulfuric acid as mobile
phase at 0.6 mL/min flow rate and the column temperature of 50 °C
[46].The degree of polymerization of oligosaccharides was estimated by
HPSEC on BioSep-SEC-S2000 column with a BioSep-SEC-S4000 guard
column (Phenomenex, USA) as previously described in Moniz et al. [47].
Elution was monitored using a refractive index and took place at 30 °C
with 50 mM sodium nitrate at a flow rate of 0.7 mL min~!. Calibration
was performed using mannose and dextrans with molecular weight
ranging between 1 kDa and 580 kDa, as standards.

All samples were filtered through 0.22 nylon membrane filters
(VWR, USA) before HPLC analysis.

The percentage of the polymeric sugars was calculated from the
concentration of the corresponding monomeric sugars, using an anhydro
correction of 0.90 (162/180) for C-6 sugars (glucose, galactose, and
mannose) and 0.88 (132/150) for C-5 sugars (xylose and arabinose). A
correction factor for sugars degradation during post-hydrolysis (F) was
also considered, corresponding to 1.04 for hexoses and 1.09 for pen-
toses. As example, the percentages of glucan and xylan can be calculated
as follows (Eq. (1) and Eq. (2)).
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Wso1 and DW are the weight of the solution and the sample dry weight,
respectively and p is the volumetric mass density of the solution (g/L).

Nitrogen quantification

Nitrogen quantification in all biomass samples and in effluent was
also carried out by the Kjeldahl method. For estimating the protein
content in algae biomass, the N x 4.78 conversion factor [48] was used.

Chlorophyll quantification

Chlorophyll a and chlorophyll b content were determined spectro-
photometrically according to the method described by Richie [49].

Results and discussion
Chemical composition of Scenedesmus obliquus

The chemical composition of S. obliquus is shown in Table 2. Protein
is the most relevant component, presenting a value of 25.4 %, similar to
the values previously reported for this species [50,51] and also for
Chlorella vulgaris [52], one of the most studied Chlorophyceae species.
This value is also close to those reported for another effluent-grown
S. obliquus (27-36 %) [53,54]. As the protein content found in micro-
algae is highly variable and also dependent on culture media composi-
tion, the content found is still lower than others reported for S. obliquus
[7,21,50].

Carbohydrate is also a relevant group of biomass constituents, and
the total content found, 16.30 %, is in the range of the previously re-
ported for this species [21,51,52] although slightly lower than preferred
for this type of study. Glucose, expressed as glucan was the main sugar
found, representing 53 % of total sugars, with galactose being the second
most prevalent sugar. However, due to limitations of the HPLC column
used in this study, both galactose and rhamnose signals appear over-
lapped, and as galactose is known to be more relevant in these

Table 2
Chemical characterization of microalgae Scenedesmus obliquus (g/100 g
biomass).

Component Water Structural  g/100 g
Extractable biomass
Protein 8.05 17.35 25.40
Carbohydrates 4.81 11.49 16.30
Glucan® 2.01 6.68 8.69
Xylan 0.55 1.24 1.79
Arabinan n.d. 0.71 0.71
Galactan®  2.25 1.32 3.57
Mannan n.d. 1.55 1.55
Acetyl groups 1.99
Uronic acids 3.24
Chlorophylls® 0.10
Lipids 3.09
Acid insoluble 13.87
residue’
Ash 15.78
Extractives Ethanol 11.75
Water 17.45

n.d.: Not detected.
@ From which 1.32 g/100 g biomass corresponds to starch.
b May also include rhamnose.
¢ Chlorophylls a + Chlorophyll b.
4 Protein and ash-free.
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microalgae, galactose and rhamnose will be henceforth referred to as
galactose.

As compared to lipid accumulating microalgae, this microalga has a
very low lipid content, reaching only 3.09 % which is a consequence of
the growth conditions [55].

Total extractive content of 29.15 % was found. The analysis of water
extractives showed an 8.05 % content of protein and 4.81 % of carbo-
hydrates, demonstrating that an important part of these components can
be easily removed by the conventional Soxhlet extraction. The ash
content found was quite high, close to the values reported for some
brown and green macroalgal species [56] and higher than the described
for some species from the Chiorella genus [23,57-59]. However, it is still
lower than previously reported in other studies with S. obliquus [51]. It is
important to highlight that the ash content of biomass, may also depend
on the downstream processing, namely the washing of biomass during
the harvest process. In this study, a 10 % decrease in ash content was
obtained after washing biomass with distilled water. This value could
potentially be further decreased with additional washings, especially
with pH 4 buffer solution, as a way to solubilize salts, with emphasis on
phosphates and calcium, although this was not done to prevent biomass
losses, which can occur due to the washing process.

Besides these major components, S. obliquus also contains a not
negligible amount of uronic acids (3.24 %) and acetyl groups (1.99 %).
The value of these parameters is not often measured/reported in the
literature for microalgae biomass; however, it is similar to the data
found in ambient air-grown species of the Chlorella genus [60], in the
range of the values previously reported for Phaeodactylum tricornutum
and Chlorella vulgaris [61] but lower than those found for some red
microalgae [62].

Similarly, the values for acid-insoluble residue are also not usually
analyzed, although they account for a significant part of the biomass
composition. The chlorophyll content is quite similar to previously re-
ported [7].

This microalga was also analyzed for elemental composition and this
data is shown in Fig. 1. Carbon is the most relevant element, comprising
45 % of all elements quantified, with hydrogen and nitrogen repre-
senting 7 % each. The values for these elements are in the range of some
previously reported for S. obliquus [51,63] but lower than those
described for Chlorella vulgaris [58,63]. However, when compared to
some lignocellulosic biomasses, the nitrogen content found was much
higher [51]. Oxygen (O) and Sulfur (S) were calculated by difference
and represented 34 % of the measured elements. The C/N ratio of 6.6
found in this microalgae also makes it a possible candidate for anaerobic
co-digestion for the production of biogas [64,65].

Regarding the elemental minerals, calcium and phosphorous were
the most important found, representing 62 % and 24 % of minerals
detected, respectively. Magnesium accounted for 6.7 % and potassium
for 4 % of total minerals. Iron and all other heavy metals accounted for
only 2 % of all minerals and less than 0.01 % of all elements quantified.
This composition is an interesting and important characteristic of this
biomass, especially being a microalga grown in a wastewater-treated
effluent, pointing to its low toxicity and potential for usage in high-
valued applications and as a biofertilizer.

Fractionation of Scenedesmus obliquus by autohydrolysis

Fig. 2 shows the composition of liquors obtained after autohydrolysis
of S. obliquus at 150 °C for different reaction times. For all conditions,
most sugars solubilized were obtained in the oligomeric form (Fig. 2a),
with monomeric sugars representing about 10 % of total sugars (Fig. 2b),
on average. This result was not completely unexpected, as autohy-
drolysis is a very mild pre-treatment, that mainly promotes the hydro-
lysis of the carbohydrate chains through the acetic of H' ions (both from
acetyl groups and water auto-ionization), resulting in a high yield of
oligomers [66].

Overall, sugar solubilization increased with time, although after 120
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Fig. 1. Elemental composition of secondary brewery effluent-grown microalgae Scenedesmus obliquus.
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Fig. 2. Time course of oligosaccharide (a) and monosaccharide (b) yields obtained after hydrothermal treatment of S. obliquus at 150 °C.

min, only slight increases in solubilization were obtained. In the mildest
condition, the total yield of sugars was 4.25 g/100 g of initial biomass
(92 % in oligomeric form), corresponding to 26 % of initial sugars. This
fact suggests an initial high reactivity and relatively easy solubilization
of these biomass carbohydrates, which is in agreement with the previ-
ously reported for the composition of extractives (see above). At 120
min, the sugar yield was 8.17 g/ 100 g biomass, corresponding to 50.1 %
of initial sugars, only surpassed by 51.5 and 55.3 % for 240 min and 300
min of treatment, respectively. Considering the long reaction times to

obtain only a slight increase in sugar recovery, the best reaction time for
this experiment was considered to be 120 min, as this leads to a sig-
nificant saving in energy costs. It is important to note that the reaction
pH, which is an important parameter for hydrolysis, is quite high in the
case of this biomass (7.76-6.09) and much higher than the values usu-
ally obtained for lignocellulosic biomass. In this case, the presence of a
catalyst that can produce a drop in pH values may have a positive effect
on hydrolysis.

Few studies of autohydrolysis were made to date on microalgae and
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almost all use autohydrolysis as a preliminary step for other processes, e.
g., enzymatic hydrolysis or to pave the path for the application of
microalgal biomass as a source of proteins [10,67]. These yields ob-
tained are higher than the ones reported in studies conducted at lower
temperatures and much higher reaction times (50 °C, 48 h) [33]. In
these, the highest carbohydrate yields were 14.9 % and 31 % for
Chlorella and Scenedesmus sp., respectively. Even compared with
alkaline-assisted treatment, the yields obtained above 120 min were
roughly 10 % higher than those obtained for the later species [33].
Although the autohydrolysis studies of microalgae are very scarce, [67]
studied the effect of autohydrolysis on Scenedesmus sp. using tempera-
tures of 160 °C and above. Under these conditions, a concentration of
total sugars of 13.4 g/L with a liquid-to-solid ratio (LSR) of 15 was re-
ported. However, the starting biomass had a carbohydrate content of 48
%, which is much higher than the species of this study. For an initial
carbohydrate content of 16.3 %, the results obtained are very encour-
aging and show some possible routes to boost sugar yields.

The LSR used these autohydrolysis studies, along with the initial
sugar concentration, and their solubility resulted in less concentrated
solutions. In all conditions tested, glucooligosaccharides (GlcOS) were
the main sugars found in the liquors followed by gal-
actooligosaccharides (GalOS). This is consistent with the composition of
the initial biomass, also showing that apparently, there is no selectivity
according to the type of sugar. Overall, the oligosaccharides (OS) con-
centration tends to increase with reaction time, in particular in the case
of GlcOS. The highest total OS concentration was 6.72 g/L at 300 min
(7.28 g/L total sugars), and 6.03 g/L (6.61 g/L total sugars) were ob-
tained for the 120 min reaction time. This concentration can however be
theoretically increased by lowering the LSR used in other types of re-
actors that facilitate a better mechanical agitation of the paste-like
medium formed by the highly hygroscopic microalgae. The distribu-
tion of the soluble saccharides obtained at 120 min of reaction time was
also analyzed by HPSEC for the estimation of their molecular weight and
polymerization degree (DP) and it was found to present a bimodal dis-
tribution between soluble polysaccharides (in lower amount) and oli-
gosaccharides with a typical average DP around 6, that are putatively
the main saccharide products present (data not shown).

Regarding the impact of these treatments on the protein fraction, it is
clear that protein removal increased to reach 36.78 % after 180 min
(Fig. 3). After that, it remained quite stable reaching 37.15 % (300 min).
Together with protein removal, there was also a decrease in solid yield
which reached 60.45 % as the lowest value. The results obtained show
that autohydrolysis treatments lead to both solubilization of sugars and
protein, following both a similar trend and which is inverse to the solid
yield.

The analysis of pre-treated solids (Table 3) shows a stable protein
content of around 30 % for all conditions and composition of
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Table 3
Composition of autohydrolysis treated S. obliquus biomass at 150 °C (g/100 g
treated biomass).

Time (min)
Component 0 30 60 120 180 240 300
Glucan 6.45 5.02 6.05 5.73 5.62 4.81 2.58
Xylan 0.62 0.45 0.26 0.55 0.51 0.28 0.33
Mannan 217 1.66 1.41 1.60 1.69 1.88 2.12
Galactan 2.70 1.78 1.51 1.59 1.55 1.20 1.14
Protein 33.15 2950 28.99 2865 27.40 2838 2831
Acid insoluble 3.37 6.41 1797 20.38 19.94 20.29 29.59
residue*
Acid insoluble 0.00 0.00 1.49 1.49 0.74 0.37 3.06
ash
Others (by 51.55 55.18 42.26 40.01 42.55 42.79 32.88
difference)

" Protein and ash-free.

carbohydrates that tend to decrease with reaction time, being glucose
the main sugar present. However, the drop in carbohydrate content of
the solids above 120 min, when compared to the small increase in sugar
concentration in the liquors, suggests some possible sugar degradation
under these harsher conditions. The acid-insoluble residue increased
over time, indicating the formation of non-soluble products.

Overall, the autohydrolysis process enabled relevant hydrolysis of
carbohydrates, producing OS as the main sugars, together with an
important removal of protein. Nevertheless, the residual solids obtained
still contain a protein content similar to the original microalgae biomass.
Furthermore, the carbohydrate content of this processed biomass is still
relevant showing that it is suitable for other applications.

Fractionation of Scenedesmus obliquus by dilute acid hydrolysis

To assess the effect of a catalyst on the hydrolysis of S. obliquus
polysaccharides, dilute acid hydrolysis experiments, with a very low
catalyst concentration (0.5 % sulfuric acid) were carried out. Fig. 4
shows the yield of mono- and oligosaccharides obtained for different
reaction times. As occurred for autohydrolysis, most sugars in all
treatments were recovered in oligomeric form (Fig. 4a), although the
monomeric sugar fractions are higher in this case (Fig. 4b). The increase
in monomeric sugars was expected because of the catalytic effect of the
acid. Nevertheless, it should be noted that the OS concentration was
much higher than expected and that is usually reported for dilute acid
hydrolysis. However, as this dilute acid process was carried out under
very mild conditions, the production of OS is favored. This is a result
that, to our knowledge, has not been reported yet, and can probably be
achieved under these very dilute acid conditions and due to the nature of
this feedstock. Total sugar release to the liquid fraction increased with
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Fig. 3. Protein removal (e) and solid yield (M) obtained under hydrothermal treatment of S. obliquus at 150 °C.
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Fig. 4. Time course of oligosaccharide (a) and monosaccharide yields (b) (g/100 g feedstock) obtained after dilute acid hydrolysis of S. obliquus at 140 °C.

treatment time, reaching a maximum at 90 min, corresponding to a yield
of 7.75 g sugars/100 g biomass, i.e., 47.58 % of total initial sugars. After
120 min treatment, there was a slight decrease in sugar yield that might
suggest a possible sugar degradation.

The results obtained indicate some boosting effect of the added acid
to sugar solubilization. At 90 min, the sugar solubilization was 47.5 %,
which was close to the obtained in autohydrolysis at 120 min (50.1 %).
Therefore, it was possible to reach an approximate sugar recovery in 30
min less time, with only a minimal addition of sulfuric acid. The cata-
lytic effect is also due to the reaction pH, which is lower in the case of
dilute acid hydrolysis. However, in the conditions tested, pH ranged
from 4.79 to 4.25, which is also very mild and where further neutrali-
zation can be avoided.

The total sugar yield is a relevant parameter to assess the efficient
hydrolysis of polysaccharides. But the relative amount of OS to mono-
saccharides is also very important. The previous data obtained for
lignocellulosic materials show that, typically, autohydrolysis leads to
high production of OS whereas in dilute acid hydrolysis processes
monosaccharides production is favored. In this case, and as occurred for
autohydrolysis, the OS content surpasses the monosaccharides. Again,
GlcOS were the most relevant OS followed by GalOS (Fig. 4a). The
concentration of all OS tends to increase with reaction time, reaching a
maximum at 90 min of treatment with a concentration of 4.93 g/L. This
value is lower than the obtained for autohydrolysis and it should occur
due to the catalytic effect of the acid. At 120 min a slight drop in OS
concentrations was observed, suggesting a possible degradation as this
does not correspond to an increase of monosaccharides concentration.
The acid treatment also showed an impact on the saccharide chains
obtained. HPSEC analysis of the samples obtained at 90 min of reaction

also resulted in two main groups of saccharides. The smaller, and more
abundant, also averaged a DP of 6, similar to the described above for
autohydrolysis, but the high DP fraction is actually smaller than the
obtained from autohydrolysis in the best condition (approximately 25 %
lower). These results support a more severe effect on sugar fractionation
under acid hydrolysis, even considering that it was carried out for a
shorter reaction time. Although some potential difficulties may arise
with the use of these oligosaccharides in higher animals due to the
growth medium used, the produced oligosaccharides are in the range
that can be useful as supplements with prebiotic effects [68,69]. These
processes can also be considered as hygienic/sterilizing, thus enabling
the potential recovery of stabilized products and their true potential
should be evaluated carefully in the future. Especially, these types of
supplements can be recovered by applying the same technology, perhaps
adjusting the growth medium, but keeping with approved safety regu-
lations for food/feed applications [70].

Dilute acid hydrolysis of S. obliquus has been seldom reported. Pre-
vious reports [71] present 18 g sugars/100 g feedstock, although using
higher acid concentration, i.e., 1.5 M H3SOy, far higher than the 50 mM
used in these experiments. In the most similar conditions, the 7.75 g/
100 g feedstock obtained in this study was far higher than the 3.54 g/
100 g feedstock described by the previous authors [71]. In another
report for S. obliquus, even higher concentrations of H,SO4 and HCI (3 N)
were used for dilute acid hydrolysis in an autoclave (120 °C), resulting in
around 13 g/100 g biomass sugar recovery [21]. In the same report, 2 N
of sulfuric acid in the same conditions resulted in the recovery of 95.8 %
of initial sugars but in monomeric form and with the production of
degradation products [21]. Therefore, the present study shows that for
the recovery of oligomeric sugars the acid concentrations need to be
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quite low to provide high yields. Yields rounding 90 % total sugars can
also be found in reports at temperatures ranging between 110 and
130 °C for Chlorella vulgaris. Again, the acid concentrations tested were
very high (3-5 %), resulting in the recovery of mostly monomeric sugars
[23,59].

All reaction conditions affected the protein fraction of the biomass,
increasing the protein solubilization over time to reach the higher pro-
tein removal (35 %) under the harshest condition (Fig. 5). Comparing
the same reaction times with the autohydrolysis treatments, and
although the reaction temperature is lower for dilute acid hydrolysis, a
slight increase in protein removal was verified for the same reaction
times, suggesting an effect of the acid catalyst on protein removal. The

Table 4

Energy Conversion and Management: X 16 (2022) 100317

Composition of dilute acid hydrolysis treated S. obliquus biomass at 140 °C (g/

100 g treated biomass).

Time (min)

Component 0 30 60 90 120

Glucan 8.48 5.60 6.16 6.06 4.57
Xylan 0.43 0.00 0.22 0.10 0.09
Mannan 1.86 1.83 1.88 1.62 1.71
Galactan 2.30 1.34 1.52 1.36 2.00
Protein 31.94 29.60 30.58 30.29 29.67
Acid Insoluble residue* 4.77 30.76 24.44 29.22 33.41
Acid insoluble ash 0.00 2.22 2.05 4.54 6.72
Others (by difference) 50.21 28.65 33.15 26.81 21.84

Chlorophyceae green algae, like S. obliquus, have a wide array of different
cell wall compositions but a big part of them is highly rich in cellulose-
pectin complexes and glycoproteins [72], which may explain the
simultaneous glucan and protein solubilization in both treatments
tested. If this can occur, the recovery of glycoprotein oligosaccharides
may be of great interest for added value applications.

As discussed for autohydrolysis, dilute acid hydrolysis has a similar
trend for polysaccharides and protein solubilization. Solid yield for all
treatments was also measured, as shown in Fig. 5, decreasing with
treatment time, reflecting the increases of sugar and protein solubili-
zations mentioned before.

As mentioned before for autohydrolysis, all dilute acid hydrolysis
pre-treated solids, shown in Table 4, contain a final protein content of
around 30 %. Again, the carbohydrate content decreased with time, with
glucan being the most prevalent polysaccharide. However, at 120 min,
the carbohydrate decrease in pre-treated solids is not accomplished by
an increase in sugars recovery in the liquors (Fig. 4), suggesting some
possible degradation. Acid insoluble residue and ash also increased over
time.

As obtained for autohydrolysis, dilute acid hydrolysis under these
very mild conditions enabled considerable hydrolysis of carbohydrates,
still producing OS as the main sugars, but to a lesser extent, with also a
relevant protein removal yield. Even so, the resulting solids still contain
a protein content similar to the untreated biomass, and a relevant car-
bohydrate content making it a suitable feedstock for other applications,
e.g., feed applications, biofertilizers and biofuels production.

Conclusion

The two studied fractionation methods, autohydrolysis and dilute acid
hydrolysis, enabled the effective extraction of carbohydrates from S. obliquus
biomass being the sugars obtained mainly in the oligomeric form.
Autohydrolysis enabled a 50 % sugar recoveryyield after 120 min treatment,
and dilute acid hydrolysis also showed faster kinetics, reaching the

* .
Protein free.

maximum total sugar yield (also close to 50 %) after only 90 min,
demonstrating that dilute acid hydrolysis allowed a similar sugarrecovery in
a shorter timeframe and slightly lower temperature. Protein solubilization
was also assessed with a maximum removal yield of 35 % achieved for both
processes. As compared to other currently available strategies these two
approaches are considered extremely promising for microalgae
fractionation enabling the production of added-value products, i.e.,
potentially marketable oligosaccharides, and processed solids with a
potentially improved upgradability in the biorefinery framework, especially
taking into account that these processes can also be considered as hygienic/
sterilizing, thus enabling the potential recovery of stabilized products.

CRediT authorship contribution statement

Pedro L. Martins: Formal analysis, Investigation, Methodology,
Writing — original draft, Writing — review & editing. Alberto Reis:
Funding acquisition, Project administration, Supervision, Resources,
Data curation, Investigation, Writing — review & editing. Luis C.
Duarte: Conceptualization, Formal analysis, Funding acquisition,
Methodology, Validation, Visualization, Writing - original draft,
Writing — review & editing. Florbela Carvalheiro: Conceptualization,
Formal analysis, Funding acquisition, Methodology, Supervision, Vali-
dation, Visualization, Writing — original draft, Writing — review &
editing.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

40 80

A .-

1 TTTeal BT
~ 30 e 60
Q\D ,,—/’ —~
= 2
< o 2 g
> - =)
2 5
5 20 L 40 '3,
— -
£ e =
2 e A
o [ Jone
A~ 10 - L 20

0 . . ; 0
0 30 60 90 120
Time (min)

Fig. 5. Protein removal (e) and solid yield (lll) obtained after dilute acid hydrolysis of S. obliquus at 140 °C.



P.L. Martins et al.

Data availability

Data will be made available on request.

Acknowledgment

Pedro Martins gratefully acknowledges the Ph.D. grant from FCT
(SFRH/BD/121704/2016). The authors gratefully acknowledge Céu
Penedo, Belina Ribeiro, Graca Conceicao, and Natércia Sousa for labo-
ratory help. CCMAR (Portugal) and Daniel Figueiredo are gratefully
acknowledged for the trace analysis assays. Ana Rita Sousa and Amélia
Caldeira, are gratefully acknowledged for the Elemental analyzis of the
effluent performed at LBB — Laboratory of Biofuels and Biomass of LNEG.
The work was carried out at the Biomass and Bioenergy Research
Infrastructure (BBRI), funded by the BBRI-LISBOA-01-0145-FEDER-
022059 project that is supported by the Operational Programme for
Competitiveness and Internationalization (PORTUGAL2020), by Lisbon
Portugal Regional Operational Programme (Lisboa 2020), and by North
Portugal Regional Operational Programme (Norte 2020) under the
Portugal 2020 Partnership Agreement, through the European Regional
Development Fund (ERDF). Central de Cervejas, S.A., Vialonga, Portugal
is kindly acknowledged for providing the used effluent.

References

[1]

[2]
[31

[4

=

[5

=

[6]

[7

—

[8

—

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

EUMOFA, European Commission, Blue bioeconomy report, 2020. https://doi.org/
10.2771/33246. Last accessed on 22/04/2022.

Bricka JP. Biorefinery third generation microalgae biofuels. Biofutur 2012;332:19.
Gonzélez-Delgado AD, Kafaro V. Microalgae Based Biorefinery: Evaluation of
several routes for joint production of biodiesel, chlorophylls, phycobiliproteins,
crude oil and reducing sugars. Chem Eng Trans 2012;29..

Silva CEdF, Bertucco A, Bioethanol from microalgal biomass: A promising
approach in biorefinery, Braz Arch Biol Technol, 2019;62. https://doi.org/
10.1590/1678-4324-2019160816.

Lopes da Silva T, Passarinho PC, Galrica R, Zenoglio A, Armshaw P, Pembroke JT,
et al. Evaluation of the ethanol tolerance for wild and mutant Synechocystis strains
by flow cytometry. Biotechnol Rep (Amst) 2018;17:137-47. https://doi.org/
10.1016/j.btre.2018.02.005.

Lopez-Gonzalez D, Puig-Gamero M, Acien FG, Garcia-Cuadra F, Valverde JL,
Sanchez-Silva L. Energetic, economic and environmental assessment of the
pyrolysis and combustion of microalgae and their oils. Renew Sustain Energy Rev
2015;51:1752-70. https://doi.org/10.1016/j.rser.2015.07.022.

Ferreira A, Ribeiro B, Ferreira AF, Tavares MLA, Vladic J, Vidovi¢ S, et al.
Scenedesmus obliquus microalga-based biorefinery — from brewery effluent to
bioactive compounds, biofuels and biofertilizers — Aiming at a circular
bioeconomy. Biofuel Bioprod Biorefin 2019;13(5):1169-86. https://doi.org/
10.1002/bbb.2032.

Draaisma RB, Wijffels RH, Slegers PM, Brentner LB, Roy A, Barbosa MJ. Food
Commodities from microalgae. Curr Opin Biotechnol 2013;24(2):169-77. https://
doi.org/10.1016/j.copbio.2012.09.012.

Taelman SE, De Meester S, Van Dijk W, da Silva V, Dewulf J. Environmental
sustainability analysis of a protein-rich livestock feed ingredient in the
Netherlands: microalgae production versus soybean import. Resour Conserv Recy
2015;101:61-72. https://doi.org/10.1016/j.resconrec.2015.05.013.

Janssen M, Wijffels RH, Barbosa MJ. Microalgae based production of single-cell
protein. Curr Opin Biotechnol 2022;75:102705. https://doi.org/10.1016/j.
copbio.2022.102705.

Verdugo M, Lim LT, Rubilar M. Electrospun protein concentrate fibers from
microalgae residual biomass. J Polym Environ 2014;22(3):373-83. https://doi.
org/10.1007/510924-014-0678-3.

Mc Gee D, Archer L, Paskuliakova A, Mc Coy GR, Fleming GTA, Gillespie E, et al.
Rapid chemotaxonomic profiling for the identification of high-value carotenoids in
microalgae. J Appl Phycol 2018;30(1):385-99. https://doi.org/10.1007/s10811-
017-1247-7.

Chew KW, Yap JY, Show PL, Suan NH, Juan JC, Ling TC, et al. Microalgae
biorefinery: high value products perspectives. Bioresour Technol 2017;229:53-62.
https://doi.org/10.1016/j.biortech.2017.01.006.

Choi H-J. Parametric study of brewery wastewater effluent treatment using
Chlorella vulgaris microalgae. Environ Eng Res 2016;21:401-8. https://doi.org/
10.1016/10.4491/eer.2016.024.

Rao AG, Reddy TS, Prakash SS, Vanajakshi J, Joseph J, Sarma,. P.N., pH regulation
of alkaline wastewater with carbon dioxide: a case study of treatment of brewery
wastewater in UASB reactor coupled with absorber. Bioresour Technol 2007;98:
2131-6. https://doi.org/10.1016/j.biortech.2006.08.011.

Lee OK, Seong DH, Lee CG, Lee EY. Sustainable production of liquid biofuels from
renewable microalgae biomass. J Ind Eng Chem 2015;29:24-31. https://doi.org/
10.1016/j.jiec.2015.04.016.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Energy Conversion and Management: X 16 (2022) 100317

Mobin SMA, Chowdhury H, Alam F. Commercially important bioproducts from
microalgae and their current applications — a review. Energy Procedia 2019;160:
752-60. https://doi.org/10.1016/j.egypro.2019.02.183.

Zhang Y, Ren L, Chu H, Zhou X, Yao T, Zhang Y. Optimization for Scenedesmus
obliquus cultivation: the effects of temperature, light intensity and pH on growth
and biochemical composition. Microbiol and Biotechnol Lett 2019;47:614-20.
https://doi.org/10.4014/mbl.1906.06005.

Marques AdL, Pinto FP, Araujo OQdF, Cammarota MC, Assessment of methods to
pretreat microalgal biomass for enhanced biogas production, J Sustain Dev Energy,
Water Environ Syst, 2018;6:2:394-404. https://doi.org/10.13044/j.sdewes.
d5.0193.

Wirth R, Lakatos G, Bojti T, Maroti G, Bagi Z, Kis M, et al., Metagenome changes in
the mesophilic biogas-producing community during fermentation of the green alga
Scenedesmus obliquus, J Biotech, 2015;215:52-61. 2015. https://doi.org/10.1016/j.
jbiotec.2015.09.306.

Miranda JR, Passarinho PC, Gouveia L. Pre-treatment optimization of Scenedesmus
obliquus microalga for bioethanol production. Bioresour Technol 2012;104:342-8.
https://doi.org/10.1007/500253-012-4338-z.

Rashidi B, Trindade LM. Detailed biochemical and morphologic characteristics of
the green microalga Neochloris oleoabundans cell wall. Algal Res 2018;35:152-9.
https://doi.org/10.1016/j.algal.2018.08.033.

de Farias Silva CE, Bertucco A. Dilute acid hydrolysis of microalgal biomass for
bioethanol production: an accurate kinetic model of biomass solubilization, sugars
hydrolysis and nitrogen/ash balance. React Kinet, Mech Catal 2017;122:1095-114.
https://doi.org/10.1007/511144-017-1271-2.

Ho SH, Huang SW, Chen CY, Hasunuma T, Kondo A, Chang JS. Bioethanol
production using carbohydrate-rich microalgae biomass as feedstock. Bioresour
Technol 2013;135:191-8. https://doi.org/10.1016/j.biortech.2012.10.015.
Markou G, Angelidaki I, Nerantzis E, Georgakakis D. Bioethanol Production by
Carbohydrate-Enriched Biomass of Arthrospira (Spirulina) platensis. Energies 2013;
6:3937-50. https://doi.org/10.3390/en6083937.

Kim KH, Choi IS, Kim HM, Wi SG, Bae HJ. Bioethanol production from the nutrient
stress-induced microalga Chlorella vulgaris by enzymatic hydrolysis and
immobilized yeast fermentation. Bioresour Technol 2014;153:47-54. https://doi.
org/10.1016/j.biortech.2013.11.059.

Gouda M, Tadda MA, Zhao Y, Farmanullah F, Chu B, Li X, et al. Microalgae
bioactive carbohydrates as a novel sustainable and eco-friendly source of
prebiotics: emerging health functionality and recent technologies for extraction
and detection. Front Nutr 2022;9:806692. https://doi.org/10.3389/
fnut.2022.806692.

Miranda JR, Passarinho PC, Gouveia L. Bioethanol production from Scenedesmus
obliquus sugars: the influence of photobioreactors and culture conditions on
biomass production. Appl Microbiol Biotechnol 2012;96(2):555-64. https://doi.
org/10.1007/s00253-012-4338-z.

Ashokkumar V, Salam Z, Tiwari ON, Chinnasamy S, Mohammed S, Ani FN. An
integrated approach for biodiesel and bioethanol production from Scenedesmus
bijugatus cultivated in a vertical tubular photobioreactor. Energy Convers Manage
2015;101:778-86. https://doi.org/10.1016/j.enconman.2015.06.006.

Mussatto SI, Mancilha IM. Non-digestible oligosaccharides: A Review. Carbohyd
Polym 2007;68(3):587-97. https://doi.org/10.1016/j.carbpol.2006.12.011.
Moniz P, Ho AL, Duarte LC, Kolida S, Rastall RA, Pereira H, et al. Assessment of the
bifidogenic effect of substituted xylo-oligosaccharides obtained from corn straw.
Carbohydr Polym 2016;136:466-73. https://doi.org/10.1016/j.
carbpol.2015.09.046.

Lopes TF, Carvalheiro F, Duarte LC, Girio FM, Quintero JA, Aroca G. Techno-
economic and life-cycle assessments of small-scale biorefineries for isobutene and
xylo-oligosaccharides production: a comparative study in Portugal and Chile.
Biofuels Bioprod Bioref 2019;13:1321-32. https://doi.org/10.1002/bbb.2036).
Mahdy A, Mendez L, Ballesteros M, Gonzélez-Fernandez C. Autohydrolysis and
alkaline pretreatment effect on Chlorella vulgaris and Scenedesmus sp. methane
production. Energy 2014;78:48-52. https://doi.org/10.1016/j.
energy.2014.05.052.

Ho SH, Li PJ, Liu CC, Chang JS. Bioprocess development on microalgae-based CO2
fixation and bioethanol production using Scenedesmus obliquus CNW-N. Bioresour
Technol 2013;145:142-9. https://doi.org/10.1016/j.biortech.2013.02.119.
Sampaio B, Moniz P, Roseiro LB, Pinto F, Carvalheiro F, Duarte LC. Propylene
glycol-based biomass deconstruction. In Carvalho MdG, Scarlat N, GrassI A, Helm P
(ed), Eur Biomass Conf Exhib Proc. 2019. https://doi.org/10.5071/
27thEUBCE2019-3CV.5.21.

Wychen SV, Laurens LML. Determination of total solids and ash in algal biomass.
Report No. NREL/TP-5100-60956. Golden, Colorado: National Renewable Energy
Laboratory; 2015.

1.0.f. Standardization. ISO 16948:2015 - Solid biofuels — Determination of total
content of carbon, hydrogen and nitrogen. 2015.

Khatiwada B, Hasan MT, Sun A, Kamath KS, Mirzaei M, Sunna A, et al. Proteomic
response of Euglena gracilis to heavy metal exposure — identification of key proteins
involved in heavy metal tolerance and accumulation. Algal Res 2020;45:1017-64.
https://doi.org/10.1016/j.algal.2019.101764.

A.P.H. Association. Standard methods for the examination of water and
wastewater. 20th ed, Washington, DC USA, 1998.

Sluiter A, Ruiz R, Scarlata C, Sluiter J, Templeton D. Determination of extractives
in biomass. Report No. NREL/TP-510-42619. Golden, Colorado: National
Renewable Energy Laboratory; 2008.

NP-856 Oilseeds. Portuguese stantard for fat determination, 1985.


http://refhub.elsevier.com/S2590-1745(22)00140-4/h0010
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0015
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0015
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0015
https://doi.org/10.1016/j.btre.2018.02.005
https://doi.org/10.1016/j.btre.2018.02.005
https://doi.org/10.1016/j.rser.2015.07.022
https://doi.org/10.1002/bbb.2032
https://doi.org/10.1002/bbb.2032
https://doi.org/10.1016/j.copbio.2012.09.012
https://doi.org/10.1016/j.copbio.2012.09.012
https://doi.org/10.1016/j.resconrec.2015.05.013
https://doi.org/10.1016/j.copbio.2022.102705
https://doi.org/10.1016/j.copbio.2022.102705
https://doi.org/10.1007/s10924-014-0678-3
https://doi.org/10.1007/s10924-014-0678-3
https://doi.org/10.1007/s10811-017-1247-7
https://doi.org/10.1007/s10811-017-1247-7
https://doi.org/10.1016/j.biortech.2017.01.006
https://doi.org/10.1016/10.4491/eer.2016.024
https://doi.org/10.1016/10.4491/eer.2016.024
https://doi.org/10.1016/j.biortech.2006.08.011
https://doi.org/10.1016/j.jiec.2015.04.016
https://doi.org/10.1016/j.jiec.2015.04.016
https://doi.org/10.1016/j.egypro.2019.02.183
https://doi.org/10.4014/mbl.1906.06005
https://doi.org/10.1007/s00253-012-4338-z
https://doi.org/10.1016/j.algal.2018.08.033
https://doi.org/10.1007/s11144-017-1271-2
https://doi.org/10.1016/j.biortech.2012.10.015
https://doi.org/10.3390/en6083937
https://doi.org/10.1016/j.biortech.2013.11.059
https://doi.org/10.1016/j.biortech.2013.11.059
https://doi.org/10.3389/fnut.2022.806692
https://doi.org/10.3389/fnut.2022.806692
https://doi.org/10.1007/s00253-012-4338-z
https://doi.org/10.1007/s00253-012-4338-z
https://doi.org/10.1016/j.enconman.2015.06.006
https://doi.org/10.1016/j.carbpol.2006.12.011
https://doi.org/10.1016/j.carbpol.2015.09.046
https://doi.org/10.1016/j.carbpol.2015.09.046
https://doi.org/10.1002/bbb.2036)
https://doi.org/10.1016/j.energy.2014.05.052
https://doi.org/10.1016/j.energy.2014.05.052
https://doi.org/10.1016/j.biortech.2013.02.119
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0180
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0180
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0180
https://doi.org/10.1016/j.algal.2019.101764
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0200
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0200
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0200

P.L. Martins et al.

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Wychen SV, Laurens LML. Determination of total carbohydrates in algal biomass.
Report No. NREL/TP-5100-60957. Golden, Colorado: National Renewable Energy
Laboratory; 2015.

Blumenkrantz N, Asboe-Hansen G. New method for quantitative determination of
uronic acids. Anal Biochem 1973;54(2):484-9.

Branco PC, Dionisio AM, Torrado I, Carvalheiro F, Castilho PC, Duarte LC.
Autohydrolysis of Annona cherimola mill. seeds: optimization, modeling and
products characterization. Biochem Eng J 2015;104(12):2-9. https://doi.org/
10.1016/j.bej.2015.06.006.

Sluiter A, Hames B, Scarlata CJ, Sluiter J, templetos D, Determination of sugars,
byproducts, and degradation products in liquid fraction process samples, Report
No. NREL/TP-510-42623. National Renewable Energy Laboratory, Golden,
Colorado, 2008.

Moniz P, Pereira H, Quilhé T, Carvalheiro F, Characterisation and hydrothermal
processing of corn straw towards the selective fractionation of hemicelluloses, Ind
Crops Prod, 2013;50:145-153. https://doi.org/10.1016/j.indcrop.2013.06.037.
Moniz P, Pereira H, Duarte LC, Carvalheiro F, Hydrothermal production and gel
filtration purification of xylo-oligosaccharides from rice straw, Ind Crops Prod,
2014;62:460-465. https://doi.org/10.1016/j.indcrop.2014.09.020.

Laurens LML. Summative Mass Analysis of Algal Biomass — Integration of analytical
procedures. Report No. NREL/TP-5100-60943. Golden, Colorado: National
Renewable Energy Laboratory:; 2015.

Ritchie RJ. Universal chlorophyll equations for estimating chlorophylls a, b, ¢, and
d and total chlorophylls in natural assemblages of photosynthetic organisms using
acetone, methanol, or ethanol solvents. Photosynthetica 2008;46(1):115-26.
https://doi.org/10.1007/s11099-008-0019-7.

Barka A, Blecker C. Microalgae as a potential source of single-cell proteins.

A review, Biotechnol Agron Soc 2016;20(3):427-36.

Chen WH, Wu ZY, Chang JS. Isothermal and non-isothermal torrefaction
characteristics and kinetics of microalga Scenedesmus obliquus CNW-N. Bioresour
Technol 2014;155:245-51. https://doi.org/10.1016/j.biortech.2013.12.116.
Spolaore P, Joannis-Cassan C, Duran E, Isambert A. Commercial applications of
microalgae. J Biosci Bioeng 2006;101(2):87-96. https://doi.org/10.1263/
jbb.101.87.

Hodaifa G, Martinez MA, Sanchez S. Use of industrial wastewater from olive-oil
extraction for biomass production of Scenedesmus obliquus. Bioresour Technol
2008;99(5):1111-7. https://doi.org/10.1016/j.biortech.2007.02.020.

Toyub MA, Ahmed SR, Miah MI, Habib MAB. Growth performance and chemical
composition of Scenedesmus obliquus in various concentrations of fertilizer factory
effluent media. J Bangladesh Agril Univ 2005;3(2):309-16.

Breuer G, Lamers PP, Janssen M, Wijffels RH, Martens DE. Opportunities to
improve the areal oil productivity of microalgae. Bioresour Technol 2015;186:
294-302. https://doi.org/10.1016/j.biortech.2015.03.085.

del Rio PG, Dominguez E, Dominguez VD, Romani A, Domingues L, Garrote G.
Third generation bioethanol from invasive macroalgae Sargassum muticum using
autohydrolysis pretreatment as first step of a biorefinery. Renew Energy 2019;141:
728-35. https://doi.org/10.1016/j.renene.2019.03.083.

Guccione A, Biondi N, Sampietro G, Rodolfi L, Bassi N, Tredici MR. Chlorella for
protein and biofuels: from strain selection to outdoor cultivation in a green wall
panel photobioreactor. Biotechnol Biofuels 2014;7:84. https://doi.org/10.1186/
1754-6834-7-84.

Kroger M, Klemm M, Nelles M. Hydrothermal disintegration and extraction of
different microalgae species. Energies 2018;11(2):450. https://doi.org/10.3390/
en11020450.

10

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

Energy Conversion and Management: X 16 (2022) 100317

Martins LB, Soares J, da Silveira WB, Sousa RdCS, Martins MA. Dilute sulfuric acid
hydrolysis of Chlorella vulgaris biomass improves the multistage liquid-liquid
extraction of lipids. Biomass Convers Biorefin 2020. https://doi.org/10.1007/
§13399-020-00661-w.

Cheng YS, Labavitch JM, VanderGheynst JS. Elevated CO; concentration impacts
cell wall polysaccharide composition of green microalgae of the genus Chlorella.
Lett Appl Microbiol 2015:1-7. https://doi.org/10.1111/lam.12320.

Templeton DW, Quinn M, Van Wychen S, Hyman D, Laurens LM. Separation and
quantification of microalgal carbohydrates. J Chromatogr A 2012;1270:225-34.
https://doi.org/10.1016/j.chroma.2012.10.034.

Borjas Esqueda A, Gardarin C, Laroche C. Exploring the diversity of red microalgae
for exopolysaccharide production. Mar Drugs 2022;20:246. https://doi.org/
10.3390/md20040246.

Mahima J, Sundaresh RK, Gopinath KP, Rajan PSS, Arun J, Kim SH, et al. Effect of
algae (Scenedesmus obliquus) biomass pre-treatment on bio-oil production in
hydrothermal liquefaction (HTL): biochar and aqueous phase utilization studies.
Sci Total Environ 2021;778:1-9. https://doi.org/10.1016/j.
scitotenv.2021.146262.

Khalid A, Arshad M, Anjum M, Mahmood T, Dawson L. The anaerobic digestion of
solid organic waste. Waste Manag 2011;31(8):1737-44. https://doi.org/10.1016/
j-wasman.2011.03.021.

Debowski M, Kisielewska M, Kazimierowicz J, Rudnicka A, Dudek M,
Romanowska-Duda Z, et al. The effects of microalgae biomass co-substrate on
biogas production from the common agricultural biogas plants feedstock. Energies
2020;13(9):2186. https://doi.org/10.3390/en13092186.

Carvalheiro F, Duarte LC, Girio F, Moniz P. Hydrothermal/liquid hot water
pretreatment (autohydrolysis): A multipurpose process for biomass upgrading. In:
Mussatto SI, editor. Biomass fractionation technologies for a lignocellulosic
feedstock based biorefinery. Amsterdam: Elsevier; 2016. https://doi.org/10.1016/
B978-0-12-802323-5.00014-1.

Yuan T, Li X, Xiao S, Guo Y, Zhou W, Xu J, et al. Microalgae pretreatment with
liquid hot water to enhance enzymatic hydrolysis efficiency. Bioresour Technol
2016;220:530-6. https://doi.org/10.1016/j.biortech.2016.08.117.

Moura P, Barata R, Carvalheiro F, Girio F, Loureiro-Dias MC, Esteves MP. In vitro
fermentation of xylo-oligosaccharides from corn cobs autohydrolysis by
Bifidobacterium and Lactobacillus strains. LWT - Food Sci Technol 2007;40:963-72.
https://doi.org/10.1016/j.1wt.2006.07.013.

Moura P, Marques S, Alves L, Freire JPB, Cunha LF, Esteves MP. Effect of xylo-
oligosaccharides from corn cobs autohydrolysis on the intestinal microbiota of
piglets after weaning. Livest Sci 2007;108:244-8. https://doi.org/10.1016/j.
livsci.2007.01.053.

Fernandez FGA, Reis A, Wijffels RH, Barbosa M, Verdelho V, Llamas B. The role of
microalgae in the bioeconomy. Nat Biotechnol 2021;61:99-107. https://doi.org/
10.1016/j.nbt.2020.11.011.

Castro YA, Ellis JT, Miller CD, Sims RC. Optimization of wastewater microalgae
saccharification using dilute acid hydrolysis for acetone, butanol, and ethanol
fermentation. Appl Energy 2015;140:14-9. https://doi.org/10.1016/j.
apenergy.2014.11.045.

Domozych DS, Ciancia M, Fangel JU, Mikkelsen MD, Ulvskov P, Willats WGT. The
cell walls of green algae: A journey through evolution and diversity. Front Plant Sci
2012;3:1-17. https://doi.org/10.3389/1pls.2012.00082.


http://refhub.elsevier.com/S2590-1745(22)00140-4/h0210
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0210
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0210
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0215
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0215
https://doi.org/10.1016/j.bej.2015.06.006
https://doi.org/10.1016/j.bej.2015.06.006
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0240
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0240
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0240
https://doi.org/10.1007/s11099-008-0019-7
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0250
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0250
https://doi.org/10.1016/j.biortech.2013.12.116
https://doi.org/10.1263/jbb.101.87
https://doi.org/10.1263/jbb.101.87
https://doi.org/10.1016/j.biortech.2007.02.020
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0270
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0270
http://refhub.elsevier.com/S2590-1745(22)00140-4/h0270
https://doi.org/10.1016/j.biortech.2015.03.085
https://doi.org/10.1016/j.renene.2019.03.083
https://doi.org/10.1186/1754-6834-7-84
https://doi.org/10.1186/1754-6834-7-84
https://doi.org/10.3390/en11020450
https://doi.org/10.3390/en11020450
https://doi.org/10.1007/s13399-020-00661-w
https://doi.org/10.1007/s13399-020-00661-w
https://doi.org/10.1111/lam.12320
https://doi.org/10.1016/j.chroma.2012.10.034
https://doi.org/10.3390/md20040246
https://doi.org/10.3390/md20040246
https://doi.org/10.1016/j.scitotenv.2021.146262
https://doi.org/10.1016/j.scitotenv.2021.146262
https://doi.org/10.1016/j.wasman.2011.03.021
https://doi.org/10.1016/j.wasman.2011.03.021
https://doi.org/10.3390/en13092186
https://doi.org/10.1016/B978-0-12-802323-5.00014-1
https://doi.org/10.1016/B978-0-12-802323-5.00014-1
https://doi.org/10.1016/j.biortech.2016.08.117
https://doi.org/10.1016/j.lwt.2006.07.013
https://doi.org/10.1016/j.livsci.2007.01.053
https://doi.org/10.1016/j.livsci.2007.01.053
https://doi.org/10.1016/j.nbt.2020.11.011
https://doi.org/10.1016/j.nbt.2020.11.011
https://doi.org/10.1016/j.apenergy.2014.11.045
https://doi.org/10.1016/j.apenergy.2014.11.045
https://doi.org/10.3389/fpls.2012.00082

	Effective fractionation of microalgae biomass as an initial step for its utilization as a bioenergy feedstock
	Introduction
	Materials and methods
	Growth medium and microalgae cultivation
	Microalgae harvesting and concentration
	Fractionation processes
	Autohydrolysis
	Dilute acid hydrolysis

	Analytical methods
	Moisture, dissolved solids, and ash content of process samples
	Determination of the elemental composition of process samples

	Quantification of the chemical oxygen demand (COD) in the effluent
	Extractives quantification in biomass samples
	Quantification of carbohydrates
	Nitrogen quantification
	Chlorophyll quantification

	Results and discussion
	Chemical composition of Scenedesmus obliquus
	Fractionation of Scenedesmus obliquus by autohydrolysis
	Fractionation of Scenedesmus obliquus by dilute acid hydrolysis

	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgment
	References


