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Abstract. Non-axenic microalga Chlorella sorokiniana was cultivated in batch
cultures, and its total sugar composition was determined. The microalga under
study showed a total sugar concentration of 21.44 ± 0.46% (w/w). The effects
of freeze-drying, oven-drying, freezing and thawing, chemical and the combi-
nation of hydrothermal and chemical pretreatments were evaluated. In the
combined pretreatment different concentrations of H2SO4 and reaction times
were also optimized. It was possible to determine that the sugar extraction yields
more significant were 59.5% for the lyophilization, 6.2% with 6 cycles of freeze
and thawing and around 100% for 2 and 4% (v/v) of H2SO4 at 121 °C for
30 min. Some of the methods that were described in this study are interesting to
facilitate cost-efficient conversion of microalgal biomass into biofuels.
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1 Introduction

Recently microalgae have been considered an alternative sustainable resource, for high-
value bioproducts and a promising third-generation (3G) feedstock for biofuels pro-
duction. Biofuels derived from microalgae biomass have received a great deal of
attention, owing to their high potentials since they are sustainable, renewable, cost‐
effective and environmentally friendly [1]. Some LCA studies, for greenhouse gases
emissions from different biofuels, showed that due to the CO2 recycling for microalgae
cultivation, the algal biodiesel has lower emissions than the corn bioethanol [2, 3].
A sustainable biofuel production requires a biorefinery approach, to ensure that all
cellular components of the microalgae are converted into high-value bioproducts and
biofuels [4].

Microalgae do not require arable land to grow up and easily develop in natural or
engineered systems. Can be cultivated in different types of water such as wastewaters,
fresh brackish and marine waters. They are able to fix dissolved inorganic carbon and
CO2 to synthesize chemical energy via autotrophic and heterotrophic metabolisms.
Have higher, photosynthetic efficiency (3%–8%), biomass yield (more than 50%) and
CO2 caption (10–50 times), when compared terrestrial plants [4].

According to the growing conditions they can accumulate different quantities of
lipids, proteins, carbohydrates (starch) and other high value products [5]. The main part
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of these components can be found intracellularly, 20 to 60% of lipids, 20 to 50% of
starch in the plastids and 20 and 50% of other bioproducts [6].

The cell wall has the function of provide rigidity and recalcitrance to microalgal
biomass biodegradability, its structure and composition is also impressive. It is pri-
marily composed by cellulose, pectin and sulfated polysaccharides.

Pretreatment methods emerged as mechanisms to overcome the complex and
recalcitrance nature of the cell wall components. Thermochemical methods were
thoroughly investigated, but there are furthermore technical, environmental and eco-
nomic issues that should be regarded. Therefore, it is necessary to study sustainable
pretreatment technologies, suitable to the specifics of each microalga. An integrated
biomass pretreatment and biorefinery concept are essential to promote a production of
biofuels in a cost-effective and eco-friendly manner [4, 7].

Microalgae cell disruption is an integral part of the downstream operation required
to increase the accessibility to the intracellular compounds and the cell wall compo-
nents. In order to produce bioethanol, it is necessary the hydrolysis of cell wall
polysaccharides (cellulose and hemicellulose) and intracellular carbohydrates, present
in the form of starch, to release monosaccharides for its later fermentation into bioe-
thanol. Biomass pretreatments is a necessary stage to increase the surface area, to
enhance sugars solubility and to improve substrate digestibility [8].

Diverse types of pretreatments are currently used including chemical, thermal,
mechanical, enzymatic, and their combinations, which can promote cell disruption,
facilitate extraction, and result in the modification the structure of carbohydrates as well
as the production of fermentable sugars [6]. The choice of the method should take into
account the contribution of the method to the cell biodegradability, which varies
according to the cellular structure of the microalgae species under study.

Pretreatment for cell disruption were studied on non-axenic microalgae Chlorella
sorokiniana using combinations of thermal, hydrothermal, mechanical and chemical
methods. Thermal pretreatment is based on applying heat to microalgal biomass to
disrupt chemical bonds in the cell wall and to improve solubilization of cell compo-
nents. Thermal pretreatment can be applied by inserting only heat to microalgae bio-
mass and hydrothermal pretreatment by inserting heat combined with pressure.
Chemical pretreatment is based on introducing alkaline, acidic oxidative chemicals, or
organic solvents to solubilize polymers and enhance biodegradation. Mechanical pre-
treatment promotes the destruction of the cell wall through mechanical forces, by the
action of microwave, glass beads or ultrasound and increases the substrate accessibility
to enzymes [5]. Different pretreatment methods can be applied in combination to
reduce the cost and increase efficiency of pretreatment.

In this work, the effects of freeze-drying, oven-drying, freezing and thawing,
chemical and the combination of hydrothermal and chemical pretreatments were
evaluated. In the combined pretreatment different concentrations of H2SO4 and reaction
times were also optimized.
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2 Materials and Methods

2.1 Strains and Culture Conditions

The non-axenic culture of Chlorella sorokiniana 211-32 [9] was obtained from the
culture collection of the Institute of Plant Biochemistry and Photosynthesis, IBVF,
(Seville, Spain). Tris-acetate-phosphate (TAP) medium at pH 7.2 was used for C.
sorokiniana culturing [10]. The microalgal strain was inoculated from a 2% (w/v) agar
plate into 50 mL flasks with TAP medium and precultured. When the cultures reached
the exponential growth phase, they were sequentially scaled up until reaching 3 L of
culture with a cell concentration of 1.5 g/L. The cultures were photomixotrophically
grown at 25 °C with aeration under continuous white light irradiation of 100 lE
m−2s−1. Microalgal growth was followed by spectrophotometrical measurement of the
optical density at 750 nm (GBC DBUV instrument Cintra 202, Australia). The
microalgal biomass was harvested at the end of the exponential phase using a cen-
trifuge (Hettich Zentrifugen Universal 320, Germany) at 4470 G for 10 min.

2.2 Pretreatment Conditions Tested

For oven drying (Binder FD 115, Germany), about 100 ± 5 mg of microalgal biomass
was weighed out into a pre-weighed crucible (Precisa XB 120A, Switzerland). The
samples were placed into a convection drying oven at 60 °C ± 1 °C at atmospheric
pressure for 24 h. samples were withdrawn, allowed to cool to room temperature in a
desiccator and weighed [11].

Microalgal biomass was lyophilized (Labconco FreeZone 2.5, USA) at −70 °C,
until a constant weight was reached. After oven drying and lyophilization, the biomass
was macerated in a mortar.

The freezing and thawing cycles were repeated 6 times, each one for 24 h at −21 °C
on wet and lyophilized biomass.

The chemical pretreatment was done at room temperature with 4% (v/v) H2SO4 and
50 g/L of microalgal biomass with agitation (IKA KS4000i, Portugal) for 20 and
90 min.

The combination of hydrothermal and chemical pretreatment was completed in an
autoclave (Raypa AE8, España) at 121 °C with 50 g/L of microalgal biomass. Two
variables were studied, the concentration of H2SO4 (2, 4, 7 and 10% v/v) for 30 min
and the reaction time (20, 30, 45, 60 and 90 min) with 4% (v/v) H2SO4. All the assays
were performed in triplicate with a control using water. The Fig. 1 shows a graphical
representation of the tests performed.

2.3 Analytical Procedures

Total carbohydrates of microalgae biomass were measured by anthrone method [12]
and total reducing sugars content of microalgae hydrolysates were determined with
dinitrosalicylic acid (DNS) method, using the calibration curve equation of y = 0.3010
x + 0.0177 with R2 > 0.99, prepared with glucose standards ranging from 0.2 to 2 g/L
[13].
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The total reducing sugar content in % (g reducing sugar/g dry biomass) was cal-
culated by:

Total reducing sugar % w=wð Þ = Reducing sugar (g/L)
Initial dried biomass (g/L)

�100 ð1Þ

The sugar extraction yield was calculated by:

Sugar extraction yield %ð Þ¼ Total reducing sugar % w=wð Þ
Total sugar % w=wð Þ �100 ð2Þ

2.4 Statistical Analysis

All experiments were conducted in triplicates and the data were expressed as the mean
± SD. One-way analysis of variance (ANOVA) followed by Tukey’s multiple com-
parison test was used to examine the difference among individual treatment and
optimum condition. GraphPad Prism version 8.0 for Mac (GraphPad Software, Inc.,
USA) was used for all statistical analysis and difference in the variables was considered
significant at the P < 0.05 of confidence.

3 Results and Discussion

Through the anthrone method it was possible to determine, that the non-axenic C.
sorokiniana microalga has 21.44 ± 0.46% (w/w) of total sugars. All extraction yield
calculations were performed taking into account this value.

From the pretreatments developed by oven drying and freeze drying it was possible
to obtain a total reducing sugars content of 9.17 and 12.55% (w/w), respectively. The
freeze drying, with an extraction yield of 58.5% is the pretreatment method with better
performance.

Due to its simplicity and capacity of mechanically breaking the cell walls, the
freezing and thawing cycles were also evaluated. According to Fig. 2, it can be
established that the increase from 1 to 2 and 4 freeze and thawing cycles, did not

Fig. 1. Pretreatment conditions tested and future application of fermentable sugars.
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released more reducing sugars. The transition from 1 to 6 cycles is the most striking,
with a total reducing sugar content increase of 17.8 times for wet biomass and 15.5
times for lyophilized biomass.

Although the release of sugars is higher with the increase of cycles, the maximum
extraction yield achievedwith 6 cycles offreeze and thawing inwet biomass is only 6.2%.
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Fig. 2. Variation of total reducing sugar content (% g reducing sugar/g dry biomass) from the
freezing and thawing pretreatment method. Values represent mean (n = 3) ± SD. Columns with
the same letters are not significantly different (P < 0.05) according to the Tukey’s test for mean
comparisons.
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Fig. 3. Variation of total reducing sugar content (% g reducing sugar/g dry biomass) from the
chemical pretreatment method. Values represent mean (n = 3) ± SD. Columns with the same
letters are not significantly different (P < 0.05) according to the Tukey’s test for mean
comparisons.
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The chemical hydrolysis of non-axenic C. sorokiniana microalga biomass was
carried out for 20 and 90 min at room temperature with shaking and a concentration of
4% (v/v) H2SO4. As illustrated in Fig. 3, in the reaction time of 20 min there was no
hydrolysis of the biomass, since there is no significative difference between the control
and the assay with 4% (v/v) H2SO4.

When the reaction time was increased from 20 to 90 min, there was a decrease of
2.6 times in the total reducing sugar content. In conclusion, the hydrolysis under these
conditions, with 90 min of exposure time to 4% (v/v) leads to the degradation of the
released sugars.

Given the lack of hydrolysis from the chemical pretreatment, the combination with
hydrothermal conditions was crucial. Reaction time is a variable that has a significant
effect on sugar extraction. The hydrolysis of non-axenic C. sorokiniana was carried out
at different reaction times from 20 to 90 min with 4% (v/v) H2SO4 at 121 °C. Ana-
lyzing the Fig. 4A it is possible to distinguish, that the total reducing sugars content of
20 and 30 min assays are respectively circa, 6 and 9 times higher than the control.
From 20 and 30 min of reaction there is an increase of sugar content of about 7.5% (g
reducing sugar/g dry biomass). At 30, 45 and 60 min there is no difference between
tests. The reaction time that best promotes the extraction of reducing sugars is 30 min,
achieving a yield of 100%. When the pretreatment takes place for 90 min, there is a
decrease in the content of reducing sugars. Exposure over a long period of time and
under the action of acid may cause some degradation of reducing sugars.

A range of H2SO4 concentrations from 2 to 10% (v/v) at 121 °C for 30 min was
also evaluated. Analyzing Fig. 4B there is, a circa 20 times increase of the total
reducing sugar content between the control and 2, 4, 7 and 10% (v/v) H2SO4 tests. No
significant differences between the 2 and 10% (v/v) H2SO4 tests were registered.
Increasing the H2SO4 concentration from 2 to 10% (v/v) does not promote a higher
extraction of the reducing sugars. This increase, in acid concentration, can also,
enhance sugar degradation during the pretreatment, causing a loss of substrate as well
as, undesirable production of inhibiting substances. In conclusion, the combination of
hydrothermal and chemical pretreatment method with 2% (v/v) H2SO4 is the one that
best promotes the availability of sugars, achieving an extraction yield of 97.8%.

According to studies performed by Miranda et al. [14] on Scenedesmus
obliquus microalga, the combination of hydrothermal and chemical pretreatment under
the conditions 5% (v/v) H2SO4 at 120 °C for 30 min allowed an extraction yield of
96%. This yield is very close to the one obtained for non-axenic Chlorella sorokiniana
microalga, at 2% (v/v) H2SO4 at 120 °C for 30 min. The specific recalcitrance of each
microalga can explain the difference between the yield in the study of Miranda et al. and
the yield present in this work of 100% with 4% (v/v) H2SO4, at 120 °C for 30 min [14].

In some pretreatments it was possible to verify the existence of sugar degradation.
Glucose yields and sugar decomposition products largely depend on reaction time, acid
concentration and reaction temperature. As a result of this sugar decomposition,
depending on the acidic conditions, some undesirable byproducts emerge such as
furfural and 5-hydromethylfurfural (5-HMF) [15]. Levulinic acid, formaldehyde, and
formic acid are also produced as the decomposition progress [16, 17]. These byprod-
ucts are known to inhibit the ethanol producing microorganisms in the fermentation
process [18].
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Fig. 4. Variation of total reducing sugar content (% g reducing sugar/g dry biomass) from the
combination of hydrothermal and chemical pretreatment methods. (A) Variation of reaction time
with 4% (v/v) H2SO4. (B) Variation of H2SO4 concentration with a reaction time of 30 min.
Values represent mean (n = 3) ± SD. Columns with the same letters are not significantly
different (P < 0.05) according to the Tukey’s test for mean comparisons.
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Studies of enzymatic hydrolysis are already under way. The pretreatment defined in
this study, will be the step that precedes the studies of enzymatic hydrolysis, where the
conditions for the maximum production of fermentable sugars are being optimized for
the production of bioethanol.

4 Conclusions

Physical, chemical and hydrothermal combined with chemical pretreatments of non-
axenic microalgae C. sorokiniana were evaluated. From this work we can conclude that
the following conditions, room temperature, 4% (v/v) H2SO4 for 90 min lead to the
degradation of sugars. It was possible to determine that the sugar extraction yields more
significant were around 100% for 2 and 4% (v/v) of H2SO4 at 121 °C for 30 min.

Overall, some of the methods that were described herein may be valuable to
facilitate cost-efficient conversion of microalgal biomass into biofuels.
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