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ABSTRACT
Microalgae are being proposed as excellent substrates for different biorefinery processes. Anaerobic
digestion process of microalgae is one of these interesting processes but has some limitations in
deleting cell walls. For this reason, many studies proposed different types of pre-treatments,
entailing energy, operation, and investment costs. This work aims to optimize the anaerobic
digestion of the microalgae Chlorella sorokiniana and Chlorella sorokiniana (strain S12/S13/S16)
without any pre-treatment by selecting the optimal harvesting time. The greatest influence is
seen at 5:00 PM in methane production for both microalgae. For Chlorella sorokiniana, it is the
most optimal moment for anaerobic digestion, whereas Chlorella sorokiniana (strain S12/S13/S16)
is the least optimal. In the other harvesting times, both microalgae present a similar methane
production, i.e. 173 ± 12 mL CH4/g of total volatile solids. The highest methane production rate
values were obtained during peak sunlight, 1:00 PM and 8:00 AM, respectively, and lower overnight.
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1. Introduction

Biorefinery based on microalgae cultures has gained a lot
of attention in the last years due to the possibility of
obtaining interesting compounds, such as amino acids,
fine chemicals, or pigments, as well as the generation of
fuels such as biogas, biodiesel, or biohydrogen [1, 2].
The yield of these microalgae-based biorefineries is
related to the composition of the microalgae cells, which
depends on the stimulus received from surroundings
such as carbon dioxide, water, nutrients deficit, light inten-
sity, pH, and temperature [3, 4]. For example, lipid content,
fatty acid, and lipid class compositions of microalgae are
strongly influenced by the culture age [5], light intensity,
and photoperiod [6]. Other compounds such as photosyn-
thetic pigments, proteins, and carbohydrates have been
reported to be also influenced by light [7].

Microalgae have been widely proposed as a substrate
for anaerobic digestion processes, allowing the

conversion of the microalgae into biomethane for
energy production. Species from the genus Chlorella
and Scenedesmus have been the most widely studied
as a substrate for anaerobic digestion processes [8]. Gen-
erally, the specific methane yield described for these
processes ranged between 90 and 440 mL CH4/g VS
(VS, total volatile solids) [8,9]. However, the biomethani-
zation of microalgae can be limited due to the difficulty
of degrading the cell walls, whose hydrolysis has been
widely reported as one of the main challenges in the
anaerobic digestion of microalgae [8,10]. Different pre-
treatments have been reported as a possible solution
to overcome this challenge, such as thermal treatments,
mechanical or the application of microwaves or ultra-
sounds [4,10]. These methods aim to break down the
microalgae cell wall, allowing the solubilisation of the
organic matter and, thus, facilitating the biological
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access of the anaerobic microorganisms to the organic
matter to be converted into methane [8]. However, the
energy consumption during the pre-treatment stage is
not always compensated during the subsequent anaero-
bic digestion, especially for high-intensive pre-treat-
ments [11]. For the pre-treatment of microalgae, the
implementation of mechanical treatments is partly
limited by the low solid concentration of the microalgae
biomass, which results in negative energy balances [10,
12]. Likewise, the energy balances of the thermal treat-
ments would be energetically unfeasible due to the
high cost associated with heating the high water
content in the microalgae biomass. Most of the studies
about microalgae pre-treatments reviewed by Passos
et al. [10] showed a ratio between the energy output
from the anaerobic digestion and the energy input
from the pre-treatments lower than one. On the con-
trary, Schwede et al. [13] reported a positive energetic
balance in the anaerobic digestion of Nannochloropsis
salina after a thermal pre-treatment of 100–120 °C for
2 h, relating their positive energy balance with the
high concentration of the used microalgae feedstock.

Another factor that would influence the methane
yield of microalga is the organic matter composition,
i.e. proteins, carbohydrates, or lipids content [10]. The
composition of the microalgae can be related to the
specific microalga species. For example, of the capability
of accumulating polyunsaturated fatty acids, microalgae
from the genus Bacillariophceae or Chlorophyceae tend
to accumulate eicosapentaenoic acid. In contrast, other
microalgae such as Crypthecodinium cohnii or species
from the genus Schizochytrium have been reported to
accrue docosahexaenoic acid [4]. Other authors have
described that the anaerobic digestion of microalgae
can also be influenced by different parameters such as
cultivation conditions, the growth phase of the microal-
gae culture, or storage conditions due to variations in
the microalgae composition [14]. The variation in the
time of harvesting during the day would vary the micro-
algae composition due to variations in different inter-
related factors, thus, affecting the anaerobic digestion
of the microalgae biomass.

This work aimed to determine the optimal moment of
the one natural day to harvest the microalgae culture for
enhancing methane production, through biochemical
methane potential tests, as an alternative to usually pro-
posed pre-treatments methods for enhancing the
methane production. The microalgae Chlorella sorokini-
ana and Chlorella sorokiniana (strain S12/S13/S16) were
cultured as model microalgae. The knowledge offered
by this research relates the time of harvesting of the
selected microalgae with the production of methane
that leads to their biodegradation. Also, it was evaluated

the substrate composition at each harvesting time as
possible explanation of the differences in the methane
production. These results could be applied not only to
these microalgae, but also to other similar biomasses.

2. Materials and methods

2.1. Microalgae culture and harvesting
conditions

An initial culture of C. sorokiniana and C. sorokiniana
(strain S12/S13/S16) were obtained from Algal Biotech-
nology group from CIDERTA-University of Huelva
(Spain). The identification and description of
C. sorokiniana (strain S12/S13/S16) can be found at
Tapia et al. [15]. Both microalgae were cultured in a
modification Chlamydomonas reinhardtii medium
which contained [16]: 0.72 g KH2PO4; 1.44 g K2HPO4;
1 mL MgSO4 · 7H2O (61% w/v); 1 mL CaCl2 · 2H2O (20%
w/v); 0.5 g NH4Cl; 0.95 g KNO3; 0.0114 g H3BO3;
0.0637 g Na2·EDTA; 0.022 g ZnSO4 · H2O; 0.005 g MnCl2
· 4H2O; 0.005 g FeSO4 · 7H2O; 0.0016 g CoCl2 · 6H2O;
0.0016 g CuSO4 · 5H2O and 0.0011 g (NH4)6Mo7O24 ·
4H2O per liter. Both microalgae were cultivated in
outdoor batch photobioreactors at natural light, temp-
erature, and light/dark period conditions. Each photo-
bioreactor contained approximately 8-L of microalgae
culture and was aerated and mixed with air to provide
the needed CO2 at 100 L/h.

Stationary phase culture was harvested every 5 h in a
24-hour cycle, i.e. 8:00 AM, 1:00 PM, 5:00 PM, 10:00 PM,
and 3:00 AM, by centrifuging at 5000 rpm for 5 min.
The concentrate was immediately frozen in liquid nitro-
gen at –195.8°C for preservation by lyophilization in a
lyophilizer Telstar LyoQuest (Spain). Lyophilized microal-
gae were stored at −20 °C for subsequent analysis.

2.2. Biomethane potential tests

The potential of each microalgae sample taken at
different times was evaluated in triplicate through bio-
chemical methane potential (BMP) tests in reactors
with a working volume of 120 mL at mesophilic con-
ditions (35–37 °C) ,more details about the BMP system
can be found in Serrano et al. [17]. The reactors were
mechanically continuously stirred through magnetic
bars at 300 rpm. The inoculum to substrate ratio was
fixed in 2, based on VS. Initially, 120 µL of a micronutri-
ent solution was added to supply all the required micro-
nutrients to the microorganisms with the following
composition: 2.28 g/L H3BO3, 2.747 g/L ZnSO4, 1.02 g/L
MnCl2 · 4H2O, FeSO4 · 1.0 g/L 7H2O, 0.32 g/L CoCl2 ·
6H2O, 0.32 g/L CuSO4 · 5H2O, and 0.22 g/L (NH4)6Mo7O24
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· 4H2O [18]. 5 mL of a 65 g/L NaHCO3 solution as an alka-
linity source was added to each reactor to ensure the
correct pH. Blanks were also used, in triplicate, to sub-
tract the endogenous inoculum activity of the
methane produced from the substrates. Methane pro-
duction was measured daily by liquid displacement
after CO2 removal by bubbling in 2N NaOH. The
methane volumes were expressed at standard tempera-
ture and pressure conditions for all measurements.

2.3. Chemical analyses

The VS and the chemical oxygen demand (COD) determi-
nations were carried out according to the protocols
defined by the American Public Health et al. [19]. The
determination of the concentration of ammonia was
carried out by the colorimetric Nessler Method by
Hannah kits. The Lowry method [20] was used to
measure the protein content of the microalgae samples.
Casein was used as a standard for the calibration curve,
expressing the results of proteins in the samples as mg
of casein equivalent. Total carbohydrates were estimated
by the Dubois colorimetric method [21]. A calibration
curve using glucose standards was used as a reference,
expressing the results as mg of glucose equivalents.

2.4. Kinetic model

A first-order kinetic model was used for evaluating the
methane production for the calculation of the
maximum methane yield coefficient (Equation 1) and
the methane production rate (Equation 2), according
to the following expressions [22]:

G = Gmax [1− exp (−k × t)] (1)

where G (mL CH4/g VS) is the cumulative specific methane
production, Gmax (mL CH4/g VS) is the ultimate specific
methane production, k (d−1) is the specific rate constant
or apparent kinetic constant, and t (d) is the time.

Rm = Gmax × k (2)

where Rm (mL CH4/(g VS·d)) is the methane production
rate.

3. Results and discussion

3.1. Relation between the harvesting time and
microalgae composition

The chemical characterization of the samples of both
microalgae taken at different times is presented in
Table 1. As it can be seen, both C. sorokiniana and

C. sorokiniana (strain S12/S13/S16) showhed similar
COD values, ranging from 655 ± 20 mg O2/L to 759 ±
11 mg O2/L (Table 1). Therefore, it was impossible to
establish any relation between the harvesting time and
the COD for both microalgae. Also, the almost constant
organic matter concentration would indicate that the
microalgae cultures were at a stationary growth phase
at the different sampling times [23], ensuring that the
obtained differences would not be a consequence of
the growing process. The concentration of ammonia in
the microalgae samples at each harvesting time is also
shown in Table 1. As can be seen, the concentration
remained almost constant at the different harvesting
times, with mean values of 13.1 ± 0.4 mg/L and 9.2 ±
0.1 mg/L for C. sorokiniana and C. sorokiniana (strain
S12/S13/S16), respectively, concentrations similar to
those described by Rossi et al. [24]. The ammonium con-
centration is much lower than those shown to the
anaerobic digestion process inhibition, i.e. higher than
1000–1500 mg / L [25].

The concentration of proteins in both C. sorokiniana
and C. sorokiniana (strain S12/S13/S16) presented a
similar trend, reaching a maximum concentration in
the sample harvested at 10:00 PM. However, the proteins
concentration in C. sorokiniana (strain S12/S13/S16) was
markedly higher than in C. sorokiniana at all the harvest-
ing times (Table 1). The maximum concentration of pro-
teins was 96.6 ± 12.4 mg casein eq/g VS and 129.2 ±
5.8 mg casein eq/g VS for C. sorokiniana and
C. sorokiniana (strain S12/S13/S16), respectively. These
values mean an increment of around 20% to the
lowest concentration of protein for each microalga
(Table 1). These protein values are lower than the per-
centages described for Chlorella sp. by other authors,
which varied between 35 and 60% in dry weight [26,
27]. Similarly, the concentration of carbohydrates was
also higher in C. sorokiniana (strain S12/S13/S16) than
in C. sorokiniana (Table 1). Both microalgae presented
a reasonable constant carbohydrate concentration
regardless of the harvesting time, except for abnormal
data for each microalga (8:00 AM for C. sorokiniana
and 10:00 PM for C. sorokiniana (strain S12/S13/S16)).
Concretely, the mean values for the concentration of
carbohydrates were 12.2 ± 2.8 mg glucose eq./g VS and
15.2 ± 2.4 mg glucose eq./g VS for C. sorokiniana and
C. sorokiniana (strain S12/S13/S16), respectively (Table
1). The increase in the protein concentration in the
samples harvested at 10:00 PM would be intriguing
due to these compounds’ high theoretical methane
potential, i.e. 0.851 L CH4/g VS, compared to the carbo-
hydrates, whose theoretical methane yield is 0.415 L/g
VS [28].
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3.2. Relation between the harvesting time and
the biomethane production

The variation of the methane yield coefficient through-
out the experimental time for the anaerobic digestion
of each microalga at each harvesting time is shown in
Figure 1a and b. As it can be seen, the methane yield
coefficient rapidly increased during the first 4-days,
without any lag phase for both C. sorokiniana (Figure
1a) and C. sorokiniana (strain S12/S13/S16) (Figure 1b).
The absence of a lag phase indicated that the hydrolysis
was not a rate-limiting stage during the microalgae
degradation due to readily degradable components in
the substrate [29, 30]. The decrease in the methane
yield coefficient observed for some samples was a con-
sequence of the activity of the microorganisms in the
blanks, which still produced a small amount of biogas
when the biogas production in the samples was the
exhaust.

The first-order kinetic model was implemented to cal-
culate the methane production rate and facilitate the
comparison of the methane yield coefficient with other
authors [31]. Figure 2 shows the ultimate specific
methane production for each microalga harvested at
each time. As it can be seen, the optimal harvesting
time for C. sorokiniana was at 5:00 PM, with a Gmax

value of 214 ± 6 mL CH4/g VS (Figure 2). This value was
42% higher than the value of Gmax obtained for the
same microalgae at 10:00 PM. The highest content of
proteins would explain this difference in the samples
of C. sorokiniana harvested at 10:00 PM (Table 1). The
anaerobic degradation of proteins can increase the con-
centration of volatile fatty acids, ammonia, or, to a lesser
extent, hydrogen and sulphur compounds which can
inhibit the anaerobic digestion process at specific con-
centrations [32]. Samples of C. sorokiniana (strain S12/
S13/S16) presented quite similar values of Gmax to
those obtained for C. sorokiniana (Figure 2), except for

the sample harvested at 5:00 PM, which showed the
lowest values of Gmax, i.e. only 132 ± 6 mL CH4/g VS.

This value was 30% lower than the highest value of
Gmax obtained for C. sorokiniana (strain S12/S13/S16) at
3:00 AM (Figure 2). Despite the lower value obtained
at 5:00 PM, the values of Gmax for C. sorokiniana (strain
S12/S13/S16) remained almost constant, with a mean
value of 173 ± 12 mL CH4/g VS. Usually, the variation in
the composition has been seen to influence the biode-
grading of biomass [33, 34]. However, the variation in
the composition of the biomasses at the different har-
vesting time was not very marked, being not possible
to establish a clear relation with the variations in the
methane production, which would be related to other
factors. For example, differences in the cell wall micro-
alga morphology and thickness, which has been
reported for different growth phases, could explain vari-
ations in the anaerobic biodegradability [35]. Therefore,
it is possible to conclude that the harvesting time has a
strong influence in the methane yield coefficient
obtained from the microalgae, although was not poss-
ible to establish a clear relationship this variation and
the analysed characteristics of the microalgae.

Figure 3 shows the values of Rm for each microalga
harvested at each time. For both microalgae, the
highest Rm values were obtained during daylight hours
(from 8:00 AM to 5:00 PM), while the lowest Rm values
corresponded to samples harvested at night (Figure 2).
It is worth noting that this trend was more marked for
C. sorokiniana than for C. sorokiniana (strain S12/S13/
S16). Concretely, the values of Rm for C. sorokiniana
varied from only 41 mL CH4/(g VS·d) at 3:00 AM to
80 mL CH4/(g VS·d) at 5:00 PM, i.e. an increment of
around 100%. These methane production rate values
were in the same range as those reported by Beltrán
et al. [36], which reported a methane production rate
of 76.6 mL CH4/(g VS·d) during the batch anaerobic
digestion of C. sorokiniana at mesophilic temperature.

Table 1. Characterization of the microalgae samples harvested at each different time, where COD, chemical oxygen demand, VS, total
volatile solids.

Chlorella sorokiniana

Harvesting time COD (mg O2/L) Proteins (mg casein eq./g VS) Carbohydrates (mg glucose eq./g VS) Ammonia (mg/L)

3:00 AM 707 ± 8 87.9 ± 2.5 12.8 ± 0.6 13.7 ± 0.4
8:00 AM 658 ± 8 86.0 ± 3.5 7.2 ± 0.6 12.9 ± 0.5
1:00 PM 681 ± 8 80.9 ± 5.5 13.6 ± 0.6 13.0 ± 0.3
5:00 PM 655 ± 20 89.6 ± 6.2 13.5 ± 0.5 13.1 ± 0.3
10:00 PM 759 ± 11 96.6 ± 12.4 13.9 ± 0.4 12.8 ± 0.1
Chlorella sorokiniana (strain S12/S13/S16)
Harvesting time COD (mg O2/L) Proteins (mg casein eq./g VS) Carbohydrates (mg glucose eq./g VS) Ammonia (mg/L)
3:00 AM 682 ± 7 113.9 ± 2.7 15.5 ± 0.2 9.2 ± 0.3
8:00 AM 733 ± 66 109.6 ± 0.9 12.7 ± 0.2 9.0 ± 0.5
1:00 PM 693 ± 35 120.7 ± 2.0 14.1 ± 0.2 9.2 ± 0.4
5:00 PM 682 ± 22 108.3 ± 1.1 15.1 ± 0.4 9.3 ± 04
10:00 PM 665 ± 7 129.2 ± 5.8 19.1 ± 0.5 9.2 ± 0.3
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Figure 1. (A) Variation of the methane production with time for C. sorokiniana harvested at different times, and (B) Variation of the
methane production with time for C. sorokiniana (strain S12/S13/S16) harvested at different times, where VS, total volatile solids.
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The enhancement in the values of Rm achieved at
varying the harvesting time was similar to one described
by Córdova et al. [37], which reported a variation from

11.56 ± 0.15 mL CH4/(g VS·d) to values between 18 and
28 mL CH4/(g VS·d) at applying different physical pre-
treatment methods before the anaerobic digestion of

Figure 2. Variation of the ultimate specific methane production (Gmax) for C. sorokiniana and C. sorokiniana (strain S12/S13/S16) har-
vested at different times, where VS, total volatile solids.

Figure 3. Variation of the methane production rate (Rm) for C. sorokiniana and C. sorokiniana (strain S12/S13/S16) harvested at
different times, where VS, total volatile solids.
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C. sorokiniana. Therefore, it was impossible to determine
a clear relation between the microalgae composition
and the anaerobic digestion behaviour at the different
harvesting times. However, the harvesting time strongly
influenced Rm, resulting in variations like the obtained by
other authors through the application of pre-treatments
to the microalgae [33].

4. Conclusions

The anaerobic digestion process evaluated the methane
production and methane production rate from
C. sorokiniana than for C. sorokiniana (strain S12/S13/
S16). The microalgae have been harvested at one
natural time every 5 h and evaluated through a bio-
chemical methane potential test. The influence of sun-
light in harvesting both microalgae has been
demonstrated. In the other harvesting times, both
microalgae present a similar methane production, i.e.
173 ± 12 mL CH4/ g VS. The methane production rates
have been the most optimal at 1:00 PM and 8:00 AM
for C. sorokiniana and C. sorokiniana (strain S12/S13/
S16), respectively.

Acknowledgement

Antonio Serrano is grateful to the Economic Transformation,
Industry, Knowledge and Universities Department of the Anda-
lusia Autonomous Government for his Emergia fellowship
(Reference: EMERGIA20_00114).

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The author(s) reported there is no funding associated with the
work featured in this article.

ORCID

Fernando G. Fermoso http://orcid.org/0000-0002-2586-007X
Angeles Trujillo-Reyes http://orcid.org/0000-0003-1064-5083
Juan Cubero-Cardoso http://orcid.org/0000-0002-4455-5417
Antonio Serrano http://orcid.org/0000-0002-4615-5038

References

[1] Chew KW, Yap JY, Show PL, et al. Microalgae biorefinery:
high value products perspectives. Bioresour Technol.
2017;229:53–62. doi:10.1016/j.biortech.2017.01.006

[2] Siddiki SYA, Mofijur M, Kumar PS, et al. Microalgae
biomass as a sustainable source for biofuel, biochemical
and biobased value-added products: an integrated

biorefinery concept. Fuel. 2022;307:121782. doi:10.1016/
j.fuel.2021.121782

[3] Borowitzka MA. Commercial production of microalgae:
Ponds, tanks, tubes and fermenters. J Biotechnol.
1999;70(1):313–321. doi:10.1016/S0168-1656(99)00083-8

[4] Kumar BR, Mathimani T, Sudhakar MP, et al. A state of the
art review on the cultivation of algae for energy and other
valuable products: application, challenges, and opportu-
nities. Renew Sust Energ Rev. 2021;138:110649. doi:10.
1016/j.rser.2020.110649

[5] Alonso DL, Belarbi E-H, Fernández-Sevilla JM, et al. Acyl
lipid composition variation related to culture age and
nitrogen concentration in continuous culture of the
microalga Phaeodactylum tricornutum. Phytochemistry.
2000;54(5):461–471. doi:10.1016/S0031-9422(00)00084-4

[6] Wahidin S, Idris A, Shaleh SRM. The influence of light inten-
sity and photoperiod on the growth and lipid content of
microalgae Nannochloropsis sp. Bioresour Technol.
2013;129:7–11. doi:10.1016/j.biortech.2012.11.032

[7] Mohsenpour SF, Richards B, Willoughby N. Spectral con-
version of light for enhanced microalgae growth rates
and photosynthetic pigment production. Bioresour
Technol. 2012;125:75–81. doi:10.1016/j.biortech.2012.08.
072

[8] Ganesh Saratale R, Kumar G, Banu R, et al. A critical review
on anaerobic digestion of microalgae and macroalgae
and co-digestion of biomass for enhanced methane gen-
eration. Bioresour Technol. 2018;262:319–332. doi:10.
1016/j.biortech.2018.03.030

[9] González-Fernández C, Sialve B, Bernet N, et al. Impact of
microalgae characteristics on their conversion to biofuel.
Part II: focus on biomethane production. Biofuels Bioprod
Biorefin. 2012;6(2):205–218. doi:10.1002/bbb.337

[10] Passos F, Uggetti E, Carrère H, et al. Pretreatment of
microalgae to improve biogas production: a review.
Bioresour Technol. 2014;172:403–412. doi:10.1016/j.
biortech.2014.08.114

[11] Serrano A, Villa-Gomez D, Fermoso FG, et al. Is anaerobic
digestion a feasible alternative to the combustion of olive
mill solid waste in terms of energy production? A critical
review. Biofuels Bioprod Biorefin. 2021;15(1):150–162.
doi:10.1002/bbb.2159

[12] Cho S, Park S, Seon J, et al. Evaluation of thermal, ultrasonic
and alkali pretreatments on mixed-microalgal biomass to
enhance anaerobic methane production. Bioresour Technol.
2013;143:330–336. doi:10.1016/j.biortech.2013.06.017

[13] Schwede S, Rehman ZU, Gerber M, et al. Effects of thermal
pretreatment on anaerobic digestion of Nannochloropsis
salina biomass. Bioresour Technol. 2013;143:505–511.
doi:10.1016/j.biortech.2013.06.043

[14] Zabed HM, Qi X, Yun J, et al. Anaerobic digestion of
microalgae biomass for methane production. In: MA
Alam, Z Wang, editor. Microalgae biotechnology for
development of biofuel and wastewater treatment.
Singapore: Springer; 2019. p. 397–421.

[15] Tapia C, Fermoso FG, Serrano A, et al. Potential of a local
microalgal strain isolated from anaerobic digester
effluents for nutrient removal. J Appl Phycol. 2019;31
(1):345–353. doi:10.1007/s10811-018-1546-7

[16] Sager R, Granick S. Nutritional studies with
Chlamydomonas reinhardi. Ann N Y Acad Sci. 1953;56
(5):831–838. doi:10.1111/j.1749-6632.1953.tb30261.x

ENVIRONMENTAL TECHNOLOGY 7

http://orcid.org/0000-0002-2586-007X
http://orcid.org/0000-0003-1064-5083
http://orcid.org/0000-0002-4455-5417
http://orcid.org/0000-0002-4615-5038
https://doi.org/10.1016/j.biortech.2017.01.006
https://doi.org/10.1016/j.fuel.2021.121782
https://doi.org/10.1016/j.fuel.2021.121782
https://doi.org/10.1016/S0168-1656(99)00083-8
https://doi.org/10.1016/j.rser.2020.110649
https://doi.org/10.1016/j.rser.2020.110649
https://doi.org/10.1016/S0031-9422(00)00084-4
https://doi.org/10.1016/j.biortech.2012.11.032
https://doi.org/10.1016/j.biortech.2012.08.072
https://doi.org/10.1016/j.biortech.2012.08.072
https://doi.org/10.1016/j.biortech.2018.03.030
https://doi.org/10.1016/j.biortech.2018.03.030
https://doi.org/10.1002/bbb.337
https://doi.org/10.1016/j.biortech.2014.08.114
https://doi.org/10.1016/j.biortech.2014.08.114
https://doi.org/10.1002/bbb.2159
https://doi.org/10.1016/j.biortech.2013.06.017
https://doi.org/10.1016/j.biortech.2013.06.043
https://doi.org/10.1007/s10811-018-1546-7
https://doi.org/10.1111/j.1749-6632.1953.tb30261.x


[17] Serrano A, Fermoso FG, Alonso-Fariñas B, et al. Phenols
recovery after steam explosion of Olive Mill Solid Waste
and its influence on a subsequent biomethanization
process. Bioresour Technol. 2017;243:169–178. doi:10.
1016/j.biortech.2017.06.093

[18] Raposo F, Banks CJ, Siegert I, et al. Influence of inoculum
to substrate ratio on the biochemical methane potential
of maize in batch tests. Process Biochem. 2006;41
(6):1444–1450. doi:10.1016/j.procbio.2006.01.012

[19] American Public Health A, Eaton AD, American Water
Works A, et al. Standard methods for the examination
of water and wastewater. Washington (DC): APHA-
AWWA-WEF; 2005.

[20] Lowry O, Rosebrough N, Farr AL, et al. Protein measure-
ment with the Folin phenol reagent. J Biol Chem.
1951;193(1):265–275. doi:10.1016/S0021-9258(19)52451-6

[21] DuBois M, Gilles KA, Hamilton JK, et al. Colorimetric method
for determination of sugars and related substances. Anal
Chem. 1956;28(3):350–356. doi:10.1021/ac60111a017

[22] Donoso-Bravo A, Pérez-Elvira SI, Fdz-Polanco F.
Application of simplified models for anaerobic biode-
gradability tests. Evaluation of pre-treatment processes.
Chem Eng J. 2010;160(2):607–614. doi:10.1016/j.cej.
2010.03.082

[23] Lavens P, Sorgeloos P. Manual on the production and use
of live food for aquaculture. No. 361. Food and
Agriculture Organization (FAO); Ghent, Belgium; 1996.

[24] Rossi S, Díez-Montero R, Rueda E, et al. Free ammonia
inhibition in microalgae and cyanobacteria grown in
wastewaters: photo-respirometric evaluation and model-
ling. Bioresour Technol. 2020;305:123046. doi:10.1016/j.
biortech.2020.123046

[25] Capson-Tojo G, Moscoviz R, Astals S, et al. Unraveling the
literature chaos around free ammonia inhibition in
anaerobic digestion. Renewable Sustainable Energy Rev.
2020;117:109487. doi:10.1016/j.rser.2019.109487

[26] Kobayashi N, Noel EA, Barnes A, et al. Characterization of
three Chlorella sorokiniana strains in anaerobic digested
effluent from cattle manure. Bioresour Technol.
2013;150:377–386. doi:10.1016/j.biortech.2013.10.032

[27] Singh M, Reynolds DL, Das KC. Microalgal system for
treatment of effluent from poultry litter anaerobic

digestion. Bioresour Technol. 2011;102(23):10841–
10848. doi:10.1016/j.biortech.2011.09.037

[28] Sialve B, Bernet N, Bernard O. Anaerobic digestion of
microalgae as a necessary step to make microalgal bio-
diesel sustainable. Biotechnol Adv. 2009;27(4):409–416.
doi:10.1016/j.biotechadv.2009.03.001

[29] Kafle GK, Chen L. Comparison on batch anaerobic diges-
tion of five different livestock manures and prediction of
biochemical methane potential (BMP) using different
statistical models. Waste Manage. 2016;48:492–502.
doi:10.1016/j.wasman.2015.10.021

[30] Li P, Li W, Sun M, et al. Evaluation of biochemical methane
potential and kinetics on the anaerobic digestion of veg-
etable crop residues. Energies. 2019;12(1):26.

[31] Siles JA, Serrano A, Martín A, et al. Biomethanization of
waste derived from strawberry processing: advantages
of pretreatment. J Clean Prod. 2013;42:190–197. doi:10.
1016/j.jclepro.2012.11.012

[32] Kim M-J, Kim S-H. Conditions of lag-phase reduction
during anaerobic digestion of protein for high-efficiency
biogas production. Biomass Bioenergy. 2020;143:105813.
doi:10.1016/j.biombioe.2020.105813

[33] de la Lama-Calvente D, Cubero J, Fernández-Rodríguez
MJ, et al. Anaerobic co-digestion of microalgae and
industrial wastes: a critical and bibliometric review.
Microalgae; 2022.

[34] Vidal-Antich C, Peces M, Perez-Esteban N, et al. Impact of
food waste composition on acidogenic co-fermentation
with waste activated sludge. Sci Total Environ.
2022;849:157920. doi:10.1016/j.scitotenv.2022.157920.

[35] Spain O, Funk C. Detailed characterization of the cell wall
structure and composition of nordic green microalgae. J
Agric Food Chem. 2022;70(31):9711–9721. doi:10.1021/
acs.jafc.2c02783

[36] Beltrán C, Jeison D, Fermoso FG, et al. Batch anaerobic co-
digestion of waste activated sludge and microalgae
(Chlorella sorokiniana) at mesophilic temperature. J
Environ Sci Health A. 2016;51(10):847–850.

[37] Córdova O, Passos F, Chamy R. Physical pretreatment
methods for improving microalgae anaerobic biodegrad-
ability. Appl Biochem Biotechnol. 2018;185(1):114–126.
doi:10.1007/s12010-017-2646-6

8 F. G. FERMOSO ET AL.

https://doi.org/10.1016/j.biortech.2017.06.093
https://doi.org/10.1016/j.biortech.2017.06.093
https://doi.org/10.1016/j.procbio.2006.01.012
https://doi.org/10.1016/S0021-9258(19)52451-6
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1016/j.cej.2010.03.082
https://doi.org/10.1016/j.cej.2010.03.082
https://doi.org/10.1016/j.biortech.2020.123046
https://doi.org/10.1016/j.biortech.2020.123046
https://doi.org/10.1016/j.rser.2019.109487
https://doi.org/10.1016/j.biortech.2013.10.032
https://doi.org/10.1016/j.biortech.2011.09.037
https://doi.org/10.1016/j.biotechadv.2009.03.001
https://doi.org/10.1016/j.wasman.2015.10.021
https://doi.org/10.1016/j.jclepro.2012.11.012
https://doi.org/10.1016/j.jclepro.2012.11.012
https://doi.org/10.1016/j.biombioe.2020.105813
https://doi.org/10.1016/j.scitotenv.2022.157920
https://doi.org/10.1021/acs.jafc.2c02783
https://doi.org/10.1021/acs.jafc.2c02783
https://doi.org/10.1007/s12010-017-2646-6

	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Microalgae culture and harvesting conditions
	2.2. Biomethane potential tests
	2.3. Chemical analyses
	2.4. Kinetic model

	3. Results and discussion
	3.1. Relation between the harvesting time and microalgae composition
	3.2. Relation between the harvesting time and the biomethane production

	4. Conclusions
	Acknowledgement
	Disclosure statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


