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Abstract: Wastes generated during the cultivation of marine microalga Crypthecodinium cohnii and af-
ter the lipid extraction process, were energetically valorized into biogas production through anaerobic
digestion (AD). The tested wastes were extracted microalgae (Ae) with hexane (AeH) using supercrit-
ical extraction methods (AeS) and the supernatant obtained after culture medium centrifugation (M).
The digestion of the algae biomass in the admixture with the supernatant medium (AeH+M+I and
AeS+M+I) provided a higher methane content and a higher methane yield (582 and 440 L CH4/kg
VS) than the substrates Ae and M, individually digested (155 and 96 L CH4/kg VS, respectively).
Flow cytometry monitoring processes during AD indicated that the yield of the accumulated biogas
was influenced by the operating conditions. The mixture of AeH+M+I was the only assay with a
proportion of cells with less damaged membranes after AD, providing the highest methane yield
and productivity (582 L CH4/kg VS and 31 L CH4/kg VS.d, respectively) and the highest energetic
potential of 5.8 KWh/kg VS of all the substrates. From the results, AD integration to lipid production
by C. cohnii to recover energy from the generated wastes enhanced the sustainability of the entire
process and promoted the practice of zero waste.

Keywords: marine microalgae; Crypthecodinium cohnii; wastes; flow cytometry; anaerobic digestion;
biogas/methane

1. Introduction

The heterotrophic marine dinoflagellate microalga Crypthecodinium cohnii produces
significant amounts of lipids (20–50% cell dry weight) with a high proportion of docosa-
hexaenoic acid (DHA), aω-3 polyunsaturated fatty acid, necessary for brain development
during pregnancy and childhood [1]. Furthermore, this compound has been recognized
benefits on human health, improving vision, psoriasis, cancer prevention, heart health
and inflammatory response reduction [2]. Currently, DHA has several applications in the
nutritional, pharmaceutical and cosmetic industries, foreseeing a growing market size [3]. A
few companies have commercialized DHA-rich oil obtained from heterotrophic microalgal
oil, such as DSM and Lonza [3].

Several methods can be used to extract the intracellular microalgal lipids, namely, the
Soxhlet lipid extraction method that is widely applied in the food industry as it uses hexane.
Supercritical extraction (SCE), by resorting to supercritical carbon dioxide (CO2), is a cleaner
method of lipid extraction by way of no residues being present in the extracted lipids.

In addition to obtaining lipids, the microalgal oil production process generates wastes
such as fermentation broth supernatant and microalgal biomass leftovers, obtained after
lipid extraction which are usually neglected. Because they contain carbon, nitrogen, and
other nutrients, they could be useful as substrates for the biogas/methane production. The
anaerobic digestion process (AD) transforms organic matter into biogas (mainly methane
and carbon dioxide) and preserves nutrients (N and P) in the digestate, through the action
of a microbial community, under anaerobic conditions. Biogas can be applied to electric
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and thermal energy supply or converted into biomethane and injected into the natural
gas network [4]. In this way, it can be regarded as an energy-carrying gas and useful
for the C. cohnii lipid production process, reducing the energy demand of the overall
process and fulfilling the circular economy principles [4]. A solid stream of digestate can
be stabilized (composted) and converted into a product for agriculture or animal feed
while the liquid fraction can be recovered as water irrigation or, even, as “water” directed
towards the production of e-methane through the electrolysis process, taking advantage of
the power-to-methane concept [5]. AD is a well-known process with recognized advantages
associated with mitigating climate change, economic benefits as well as the diversification of
opportunities [6]. It has been suggested as the most environmentally sustainable option [7].
Diverse studies have been carried out regarding the energy recovery of algal biomass,
highlighting the inherent advantages of the joint digestion of algal biomass and other
organic effluents [8–11].

During the bioprocess evolution, microorganisms are often exposed to adverse condi-
tions such as nutrient limitation, pH gradients, osmotic stress, inhibitor presence, etc., which
may affect cellular functions and viability, and thus the process efficiency. Usually, these
conditions damage the cell membrane, thus compromising the cellular integrity, which may
result in cell dormancy or death. If a high proportion of dormant or dead cells are present
during the process development, this will inevitably lead to a reduction in bioprocess yield.
Therefore, it is essential to monitor the cell viability throughout any bioprocess, to evaluate
the cell physiological status throughout the process development [12].

The main objective of the present research was to take advantage of all wastes from
C. cohnii microalgae fermentation and lipid extraction process, foreseeing zero wastes
during the OmegaFuel project (PTDC/EAM-AMB/30169/2017) [13,14]. In an innovative
approach, it was intended to evaluate the integration of microalgae lipid production with
the energetic and agricultural valorization of the generated wastes by AD. The definite
goal was to understand the benefits of digesting the different wastes simultaneously,
taking advantage of the substrate complementarity concept, to make the overall system
simpler and cheaper and, consequently, more sustainable. Since the wastes (biomass
leftovers containing solvents and fermentation broths with salt) used as substrates for
biogas production contain compounds that may inhibit the anaerobic microbial cells of
the inoculum, flow cytometry was used to evaluate and understand the impact of these
substrates on the consortium of cells.

This is the first work that reports the valorization of wastes generated during the
C. cohnii lipid production process, for biogas production through AD, accomplishing the
circular economy principles, which represents an important improvement of the microalgal
lipid production process.

2. Materials and Methods

C. cohnii was the focus of the study in the OmegaFuel project regarding its ability to
produce DHA and biofuels. C. cohnii biomass was produced in a 7 L fed-batch bioreactor.
At the end of fermentation, the culture medium was centrifuged, and the biomass was
taken for further intracellular lipid extraction [14].

2.1. Substrates and Inoculum

Several wastes were generated during the C. cohnii lipid production step, which were
used as substrates for AD: microalgae (Ae) after lipid extraction using hexane (AeH) and
supercritical extraction methods (AeS), and the supernatant obtained after culture medium
centrifugation (M). This medium was composed of yeast extract (corresponding to 0.11 g/L
nitrogen), sea salt (25 g/L), and glycerol (19.8 g/L) [14]. The proportion used to prepare
both mixtures (AeH+M and AeS+M) was based on the quantities of each residue obtained
at the end of the cultivation process (M) and after the lipid extraction steps (AeH or AeS):
8 g Ae/L M (ratio of 0.008:1, m/v).
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Biological solids (1.3 ± 0.0 g VSS/L) were collected in an anaerobic digester plant at
Quinta do Conde (Portugal) and used as the inoculum (I, 30% v/v) in the AD process at a
substrate/inoculum ratio value of 2.3 expressed in volatile solids.

2.2. Anaerobic Digestion Experimental Set-Up

The experiment was carried out in triplicate under batch conditions, using 70 mL
glass units, with useful volume of 40 mL and leaving 30 mL of headspace. The reactors
were sealed, and the headspace of each unit was flushed with nitrogen at the beginning
of the assay to ensure anaerobic conditions. The test units were incubated within the
constant mesophilic range of temperature (37 ± 1 ◦C) and maintained until it was possible
to positively confirm the initial assumptions, that is, to verify the possibility of using AD to
valorize the remaining wastes from the microalgae fermentation and lipid extraction pro-
cesses, as well as to assess the benefits of digesting the different wastes together. According
to this, the experiments lasted about a month.

2.3. Analytical and Chromatograph Methods

Performance of the process was monitored by analytical characterizations of all sam-
ples and by the volume and quality of the obtained biogas. Chemical oxygen demand
(COD), volatile solids (VS), volatile suspended solids (VSS), total nitrogen (Kjeldahl, TN),
ammonium (NH4

+-N), and pH, were assayed according to standard methods [15].
Analytical measures of the described parameters were performed at the beginning

(in) and at the end of the assay experimental time (data not shown). Results are presented
as a percentage of the removal of each parameter. The biogas production was monitored
daily with a pressure transducer, expressed under standard conditions of temperature
and pressure (STP: 0 ◦C, 1 bar) defined by IUPAC (International Union of Pure Applied
Chemistry). The methane content of the biogas collected in each unit headspace was
measured by injecting 0.25 mL of the gas sample into a gas chromatograph (GC Thermo
Electron Corporation Trace GC Ultra), equipped with a thermal conductivity detector
and a Carboxen®-1010 PLOT Capillary GC Column (L × I.D. 30 m × 0.32 mm, average
thickness 15 µm). The injector and detector temperatures were 200 and 230 ◦C, respectively.
The column temperature profile was: isot 35 ◦C for 7.5 min, ramp 24 ◦C/min, 5 min isot.
Helium was utilized as the carrier gas (1.5 mL/min). Quantification of each gas produced
was performed by comparing the obtained graphical peak areas with the pattern of an
injected gas mix at the beginning of each analysis.

All values of the biogas and methane yields are presented under STP conditions and
divided by the mass of volatile solids (L CH4/kg SVin) or by the organic matter content
(L CH4/kg CODin) of the substrate fed at the beginning of the assay. The primary energy
yield (kWh/kg VSin and kWh/kg CODin) of the tested mixtures was calculated using the
lower methane heating value (LHV) of 9.97 kWh/m3 CH4 [16].

2.4. Flow Cytometric Analysis

Flow cytometry was used to evaluate the physiological status of the anaerobic mi-
crobial consortium of cells, used to inoculate all samples, to understand the response of
these cells to the different operational conditions of the AD experiment, using membrane
integrity as a cell viability marker [12]. This information complements data given by
traditional methods used to monitor anaerobic digestion cultivations, such as biogas and
methane productions, which does not provide any information on cell physiological status.
Two fluorescent dyes were used: SYBR Green I (SYBR) and propidium iodide (PI) [17].
SYBR is a nucleic acid-specific stain that penetrates all cells, and PI is a stain indicator of
membrane integrity, as intact membranes exclude this dye. In this way, it was possible to
distinguish the microbial consortium of cells from the medium particles.

Samples were sonicated for 15 s to disintegrate cellular aggregates and ensure the
analysis of individual cells. For staining, 2 µL of SYBR Green I solution (1:30 dilution of
SYBR Green I commercial stock (from Invitrogen) solution made in dimethyl sulfoxide)
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and 2 µL of PI (from Invitrogen, stock solution of 1 mg mL−1 prepared with water) were
added simultaneously to 500 µL of sample and incubated for 30 min in the dark.

Samples taken from the vials were analyzed at the beginning and the end of the
experiment using a Cytoflex Beckman-Coulter flow cytometer, equipped with a blue laser,
FSC/SSC light scattering detectors and five fluorescence detectors.

All analyses were carried out in duplicate, and each analysis was stopped after more
than 5000 events were detected. The data were analyzed using the CytExpert 2.5 software.

The proportion of cells with damaged membrane (permeabilized cells) was calculated
according to Equation (1):

∆(SYBR/PI) = % (SYBR/PI)f − % (SYBR/PI)0 (1)

where % (SYBR/PI)f is the percentage of permeabilized cells detected at the end of the AD
process; % (SYBR/PI)0 is the percentage of permeabilized cells detected at the beginning of
the AD process; and ∆(SYBR/PI) is the difference between the above two parcels.

In this way, an increase in the number permeabilized cells, reflecting the cells’ stress
response to each assay condition, was assessed throughout the AD process.

3. Results
3.1. Chemical Composition of Substrates and Inoculum

There was a considerable difference between the chemical composition of AeH and M
(Table 1). Algae clearly had a higher content than the substrate M, which was practically
devoid of nitrogen. Given these characteristics, M could complement and somehow work
as a liquid medium when both substrates AeH and M are digested together. Biological
solids, used as inoculum for the assays, held the highest concentration of nitrogen present
in its ionized form (NH4

+) suggesting the occurrence of organic material degradation.

Table 1. Substrates and inoculum: chemical composition.

Substrates and
Inoculum

COD
(g/L)

VS
(g/L)

TN
(g/L)

NH4
+-N

(mg/L)

AeH+M 96.6 ± 5.6 37.3 ± 0.7 0.17 ± 0.0 0.56 ± 0.0
AeS+M 103.6 ± 2.2 37.6 ± 1.2 0.15 ± 0.0 0.56 ± 0.0

AeH 1638.3 ± 90 413.6 ± 30 17.4 ± 0.4 14.0 ± 0.0
M 96.5 ± 0.0 37.3 ± 0.2 0.17 ± 0.0 0.28 ± 0.0
I 20.0 ± 0.6 5.1 ± 0.2 0.45 ± 0.0 462.0 ± 4.0

COD—chemical oxygen demand; VS—volatile solids; TN—total nitrogen.

The mixtures containing the defatted microalgae biomass—AeH+M and AeS+M—showed
an identical chemical composition in terms of COD, VS, and nitrogen, indicating that the ex-
traction process did not seem to influence the energy potential of the remaining algal biomass,
as shown in Table 1. Comparatively, the medium (M) with similar concentrations constituted
a very interesting potential in terms of energy recovery. Therefore, organic flows above 96 g
COD/L that came from C. cohnii lipid production as by-products were available and susceptible
to energy valorization.

3.2. Anaerobic Digestion of Microalgae Fermentation Wastes

Biogas production was observed in all the operational conditions tested, with no lag
phase evidenced in any of them, as shown in Figure 1. The experiments can be described
in three distinct phases: an initial phase (the first 7 experimental days), with a steeper
slope than the others; an intermediate phase (the following 12 days) where stabilization of
gas production was noticed and, finally, a terminus phase of the experiment in which an
increase in biogas production was observed, mainly in the case of AeH+M+I and AeS+M+I.
The comparison between these two units showed that the first had supremacy in terms of
the ability to generate more accentuated increases in gas production than the other and this



Processes 2022, 10, 2463 5 of 11

can be associated with a faster microbial consortium development that in the final stage
is more adapted to the substrate in digestion. Effectively, in the case of AeH+M+I, it was
possible to verify the similarity between gas production volume obtained in the first seven
days and that generated in the last seven experimental days.
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Figure 1. Anaerobic digestion of wastes from fermentation: (a) cumulative biogas production;
(b) cumulative methane production. STP—standard temperature and pressure. The values presented
for the percentage of methane refer to the last day of the experiment.

The highest gas productions were recorded in the units digesting the defatted microal-
gae biomass mixed with the culture medium—AeH+M+I and AeS+M+I—followed by the
medium alone, M+I, with accumulated biogas volumes of 106, 74, and 48 mL, respectively.
Regarding the quality of the produced biogas at the end of the experiment, it was noted that
both mixtures provided a crucial concentration of methane (76–77%), while the collected
biogas from the digestion of medium alone was very poor in methane (26%).

Both mixtures, AeH+M+I and AeS+M+I, with CODin concentrations of 27 and 22 g/L,
respectively, showed the highest removals in proportions of 68–61% (Table 2), resulting in a
methane yield of 75 and 65 L CH4/kg CODin, respectively (Figure 2a). The highest yields
of methane production, in terms of volatile solids, were also obtained with the mixtures
AeH+M+I and AeS+M+I, resulting in 582 and 440 L CH4/kg VSin, respectively (Figure 2b).
It was interesting to observe that despite the high production of ammonium levels in
these mixtures, an inhibitory effect on the anaerobic digestion process was not observed.
Under these conditions, this fact can be explained by the low ammonium concentrations
determined, 0.06 g/L at the beginning, increasing to 0.18 g/L (data not shown) at the end
of the process (Table 2). On the other hand, M+I with 30 g CODin/L and 63% of COD
removal, showed a low methane yield of 0.02 L CH4/kg CODin. In fact, the reduced biogas
volume of M+I and its low quality may be related to the nitrogen involved, whose content
of 0.60 g/L and 0.17 g/L NH4

+-Nin at the beginning of the process may have caused an
imbalance and thus inhibition of the process.
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Table 2. Performance of anaerobic digestion of microalgae fermentation wastes.

Mixture

pH COD Volatile Solids Total Nitrogen Ammonia Nitrogen

pHin pHf
CODin
(g/L)

CODr
(%)

VSin
(g/L) VSr (%) TNin (g/L) TNr (%) NH4

+-Nin
(g/L)

NH4
+-Nr

(%)

AeH+M+I 9.4 7.25 26.7 ± 0.0 68 3.4 ± 0 42 0.15 ± 0.000 −97 0.06 ± 0.002 −181
AeS+M+I 9.4 7.26 22.0 ± 0.0 61 3.2 ± 0 40 0.16 ± 0.010 −90 0.06 ± 0.002 −99

AeH+I 7.63 7.75 12.9 ± 0.0 −8 5.1 ± 1 −59 0.59 ± 0.004 25 0.23 ± 0.000 N.d.
M+I 7.46 7.75 29.8 ± 0.4 63 12.3 ± 1 48 0.60 ± 0.000 25 0.17 ± 0.000 N.d.

I 7.68 7.19 6.4 ± 1.8 27 1.6 ± 0 75 0.26 ± 0.004 67 0.04 ± 0.001 −22

COD—chemical oxygen demand; VS—volatile solids; TN—total nitrogen. N.d.—Not determined.
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Figure 2. Anaerobic digestion of wastes from fermentation: (a) cumulative methane yield expressed
as L CH4/g COD added at the beginning of the AD; (b) cumulative methane yield expressed as L
CH4/g VS added at the beginning of the AD.

Despite the relevant proportion of methane (71%) present in the biogas provided by
the digestion of extracted algae with hexane AeH+I, the volume of gas obtained in this assay
was the lowest of all experiments performed (Figure 1). It becomes evident, accordingly, that
the joint digestion of the algae with the culture medium, taking advantage of the substrate
complementarity concept [8], is much more interesting as it allows doubling/tripling of
the production of biogas and further promoting the gas quality. Biogas volumes of 35 mL
(71% CH4) and about 100 mL (76% CH4) were accumulated in AeH+I and AeH+M+I
anaerobic units, respectively. In comparison, this can be justified by the difference between
the organic material initially available in AeH+I which was about half that of the existing
organic material in AeH+M+I (13 vs. 27 g COD/L, Table 2) and, conversely, with the initial
nitrogen levels which were about four times higher than those recorded in the AeH+M+I.

As expected, the digestion mixture AeH+M+I from the fermentation wastes displayed
the highest methane productivity of the whole experiment, 31 L CH4/kg VSin.d and 4.0 L
CH4/kg CODin.d, followed by the digestion mixture AeS+M+I. These data indicate that the
sustainability of the lipids production, from the heterotrophic marine microalga C. cohnii,
could be promoted by energetic valorization of the remaining materials through integration
of the anaerobic digestion techniques. An energetic potential of 4.4–5.8 KWh/Kg VSin and
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0.65–0.75 KWh/Kg CODin (Table 3) can be retrieved and applied to the lipid production
process itself.

Table 3. Methane productivity and energy potential estimated at the end of the anaerobic digestion
for microalgae fermentation wastes and mixtures used as feedstock.

Mixture
Methane Productivity Energy Content

(L CH4/kg VS.d) (L CH4/kg COD.d) (KWh/Kg VS) (KWh/Kg COD)

AeH+M+I 31.4 4.04 5.80 ± 0.00 0.75 ± 0.00
AeS+M+I 11.2 1.66 4.39 ± 0.26 0.65 ± 0.04

AeH+I 9.53 0.006 1.10 ± 0.06 0.0007 ± 0.00
M+I 3.32 0.002 0.24 ± 0.01 0.0002 ± 0.00

3.3. Flow Citometry

Figure 3 shows the evolution of permeabilized cells of the anaerobic microbial consor-
tium during AD, shown as ∆(SYBR/PI), calculated according to Equation (1). Therefore,
the lower the difference values of ∆(SYBR/PI), the lower the percentage of permeabilized
cells at the end of the anaerobic process. A negative ∆(SYBR/PI) value means that the
percentage of permeabilized cells at the end of the assay (tf) was lower than that at the
beginning of the experiment (t0), which indicates that the microbial consortium of cells was
exposed to favorable conditions during the AD process, such that the proportion of per-
meabilized cells decreased during the assay, relatively to the percentage of permeabilized
cells detected at the beginning of the assay. This fact happened for the assay which used
AeH+M+I as substrate (−8.3%).
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In contrast, a ∆(SYBR/PI) positive signal indicates that the percentage of permeabilized
cells increased throughout the AD process, relatively to the beginning of the assay. This
means that the microbial consortium cells were exposed to adverse conditions that induced
the cell membrane permeabilization. This was observed for assays AeS+M+I (+4%), AeH+I
(+11%) and M+I (+16%).

4. Discussion

Cultivation of marine microalgae requires a high sodium chloride content (0.5–1 M);
however, substrates with salinity values of 0.4 M can already affect methane production
during anaerobic digestion, and above 0.5 M are toxic [18,19]. The culture medium super-
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natant (M) used in this work came from the fermentation of the marine microalgae C. cohnii,
whose culture medium contains sea salt (25 g/L) [14], that is, the medium has a salinity
of about 0.4 M. Indeed, as shown in Figure 1, the digestion of the culture medium (M)
produced some biogas volume, 48 mL, but with low quality (26% CH4), and all yields and
methane productivity values obtained from the anaerobic digestion of this residue were
also the lowest of all the tests, probably due to the concentration of sea salt. The option
of mixing of microalgae biomass leftovers was a good approach to overcome the negative
impact of this parameter, making it possible to obtain a biogas production of 74 and 106 mL
(76–77% CH4) during the anaerobic digestion of the global wastes.

In this work, AeH+I or M+I showed the highest content of nitrogen and ammonia
(Table 2), thus producing the lowest biogas volumes of all the substrates tested by anaerobic
digestion, 32 and 48 mL, respectively. The mono-digestion of microalgae has been shown
to be difficult [6]. The high content in nitrogen, usually as proteins, leads to low C:N
ratios. During the anaerobic digestion process, acidogenic bacteria and methanogens can
be inhibited by high levels of ammonia released by the degradation of these proteins [20].
On the other hand, as proposed by some authors [18,20], the co-digestion of microalgae
with carbon-rich feedstock can be a cost-effective and efficient approach to avoid ammonia
inhibition. In this case, we used the remaining culture medium (M) as a carbon-rich feed-
stock, in terms of COD and VS, for the AD of the two extracted microalgae (AeH and AeS),
and consequently, biogas production was highly increased by up to 106 mL (76% methane)
for AeH+M+I and 74 mL (77% methane) for AeS+M+I. Although at lower percentages, up
to 62%, other authors also recorded significant increases in methane production using this
approach, the co-digestion of microalgae with high-carbon wastes [21–23].

The results from flow cytometric analysis were in accordance with the results obtained
for methane production and can be explained by the presence of available nutrients in the
media resulting from the extracted alga residues, which contain proteins and carbohydrates
that can be readily uptaken by the microbial consortium during anaerobic digestion. There-
fore, it seems that the assayed AeH+M+I (∆(SYBR/PI) = −8.3%) contained a higher nutrient
availability in the culture medium than the other assays, which not only favored biogas
production, but also protected the cells against nutrient limitation, a condition that often
induces cell membrane damage [24]. It should be noted that no hexane or hexane traces
were present in the extracted algal biomass (AeH), in the assayed AeH+M+I and AeH+I
since it was previously evaporated. The lower ∆(SYBR/PI) value observed for AeS+M+I
(∆(SYBR/PI) = +4%), relatively to AeH+M+I (∆(SYBR/PI) = +11%) may be explained by
the less efficient alga extraction with hexane (AeH), compared to the supercritical alga
extraction (AeS), resulting in biomass leftovers with a higher nutrient content that could
be consumed by the microbial consortium, resulting in the highest methane yield and
productivity (Figure 2 and Table 3, respectively). Indeed, it is well known that supercritical
extraction is much more efficient than traditional solvent extraction methods [25]. This
means that less nutrients remain in the microalgal biomass leftovers, after supercritical
extraction, compared to the biomass leftovers resulting from hexane extraction. The highest
difference ∆(SYBR/PI) observed for the M+I assay (16%), was attributed to lower nutrient
availability due to the fermentation broth (M), since it corresponded with the exhausted
medium collected at the end of the microalgal biomass production step. Additionally, the
high fermentation broth salinity value of 0.4 M (25 g/L) might have had a negative impact
on the consortium of cells involved in the M+I assay, resulting in the cell permeabilization
of 16% of the total cell population. The presence of microalgal biomass residues in the
remaining assays (AeH+M+I, AeS+M+I, AeH+I) might have mitigated the negative effect
of the salt present in M since the salt present in the microalgal biomass was removed during
the extraction step.

There have been some works reporting anaerobic co-digestion of microalgal biomass-
and organic-rich feedstocks in batch condition tests. The mesophilic co-digestion of a
mixture of 75% OMSW (olive mill solid waste) and 25% Dunaliella salina generated a
methane yield of 330 L CH4/kg VS added [22]. Hermann et al. [6] reported that the co-
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digestion of 15% Arthrospira platensis with 85% seaweed achieved a biochemical methane
yield of 311 L CH4/kg VS and a maximum specific methane production rate of 29 L CH4/kg
VS.d. The co-digestion of mixtures of algae bloom (Microcystis spp.) and lake water with
corn straw achieved 325 L CH4/kg VS [21]. Tetraselmis suecica biomass co-digested with
glycerol increased the methane yield rate from 174 to 438 L CH4/kg VS in relation to
its mono-digestion [26]. The synergetic effect was observed in a mixture containing 63%
undigested sewage sludge and 37% wet algae slurry, in which a CH4 yield of 408 L/Kg VS
was reached under mesophilic conditions [23]. All these values were considerably lower
than those obtained in the present work for the digestion of the AeH+M+I mixture, 582 L
CH4/kg VS, and lower than those obtained with the AeS+M+I mixture, 440 L CH4/kg VS
(Figure 2).

The selection of biomass for the AD process among other operational conditions de-
cides the composition of the biogas. To be economically feasible, the overall process should
guarantee the maximal concentration of methane in the biogas content, so the calorific
value of the biogas is increased. The extraction of lipids from microalgae biomass prior
to the processing of gaseous bioenergy will results in an increase in the production yield
and the biorefinery approach of microalgae biomass has a zero-waste discharge [27]. The
concept of the C. conhii biorefinery achieved with a high-energy content, 4.4–5.8 KWh/Kg
VS, revealed in the biogas produced (Table 3) after anaerobic digestion of both mixtures
containing the lipids extracted C. cohnii biomass leftovers and the supernatant of the culture
medium (AeS+M+I and AeH+M+I). The overall approach offers solutions that address
societal needs both in terms of products and processes [28].

5. Conclusions

The anaerobic digestion process can be successfully applied to the energetic valoriza-
tion of C. cohnii defatted biomass and the culture medium supernatant, the main wastes
generated during the microalgal lipid production process. AD integration with the lipid
production step avoids wastes, using the biomass leftovers as AD feedstocks.

The results indicate that the process used for lipid extraction had an influence on the
energy recovery through anaerobic digestion. Concerning the substrates used for AD, the
joint digestion of algae with the culture medium was more interesting than the individual
digestion of each one, insofar as the combination of the two wastes, taking advantage of
the substrate complementarity concept, promoted a zero-waste practice and provided a
greater volume of biogas of better quality.

Given the interest of the results presented here, the authors consider that the proposal
of this work deserves larger scale trials. Thus, based on the achieved data, they intend
to proceed with the research on the energetic valorization of the tested wastes generated
from C. cohnii microalgae fermentation and the lipid extraction process, and evaluate the
impact on the microbial consortium of cells by the anaerobic digestion process. It will be
important to design AD assays on a larger scale to consolidate all the results obtained in
the present work.

Author Contributions: Conceptualization, all authors; methodology, A.E. and I.P.M.; validation,
all authors.; formal analysis, all authors; investigation, A.E. and I.P.M.; resources, all authors; data
curation, A.E. and I.P.M.; writing—all authors.; writing—review and editing, A.E.; supervision, A.E.
and I.P.M.; project administration, T.L.d.S.; funding acquisition, T.L.d.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research has been funded by the project PTDC/EAM-AMB/30169/2017, entitled
“OmegaFuel—New platform for biofuels and omega-3 compounds production, from the marine
microalga Crypthecodinium cohnii sustainable biorefinery” supported by FCT (Fundação para a Ciência
e a Tecnologia), and was developed in the Biomass and Bioenergy Research Infrastructure (BBRI)-
LISBOA-01-0145-FEDER-022059, supported by 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).



Processes 2022, 10, 2463 10 of 11

Data Availability Statement: Not applicable.

Acknowledgments: Authors acknowledge SIMARSUL (Quinta do Conde, Portugal) for biologic
solids. Special thanks to Natércia Santos for technical laboratory assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Song, P.; Kuryatov, A.; Axelsen, P.H. A new synthetic medium for the optimization of docosahexaenoic acid production in

Crypthecodinium cohnii. PLoS ONE 2020, 15, e0229556. [CrossRef] [PubMed]
2. Diao, J.; Song, X.; Zhang, X.; Chen, L.; Zhang, W. Genetic Engineering of Crypthecodinium cohnii to Increase Growth and Lipid

Accumulation. Front. Microbiol. 2018, 9, 492. [CrossRef] [PubMed]
3. da Silva, T.L.; Moniz, P.; Silva, C.; Reis, A. The Dark Side of Microalgae Biotechnology: A Heterotrophic Biorefinery Platform

Directed toω-3 Rich Lipid Production. Microorganisms 2019, 7, 670. [CrossRef] [PubMed]
4. Cabrita, I.; Silva, L.; Marques, I.P.; Gírio, F.; Di Berardino, S. Avaliação do Potencial e Impacto do Biometano em Portugal: Sumário

Executivo, 1st ed.; LNEG: Lisbon, Portugal, 2015; p. 17.
5. Ghaib, K.; Ben-Fares, F.-Z. Power-to-Methane: A state-of-the-art review. Renew. Sustain. Energy Rev. 2018, 81, 433–446. [CrossRef]
6. Herrmann, C.; Kalita, N.; Wall, D.; Xia, A.; Murphy, J.D. Optimised biogas production from microalgae through co-digestion with

carbon-rich co-substrates. Bioresour. Technol. 2016, 214, 328–337. [CrossRef]
7. Slorach, P.C.; Jeswani, H.K.; Cuéllar-Franca, R.; Azapagic, A. Environmental sustainability in the food-energy-water-health nexus:

A new methodology and an application to food waste in a circular economy. Waste Manag. 2020, 113, 359–368. [CrossRef]
8. Assemany, P.; Marques, I.D.P.; Calijuri, M.L.; da Silva, T.L.; Reis, A. Energetic valorization of algal biomass in a hybrid anaerobic

reactor. J. Environ. Manag. 2018, 209, 308–315. [CrossRef]
9. Neves, A.; Lopes da Silva, T.; Reis, A.; Ramalho, L.; Eusebio, A.; Marques, I.P. Anaerobic digestion of pre-treated microalgae

biomass. Chem. Eng. Trans. 2018, 64, 169–174. [CrossRef]
10. Saratale, R.G.; Kumar, G.; Banu, R.; Xia, A.; Periyasamy, S.; Saratale, G.D. A critical review on anaerobic digestion of microalgae

and macroalgae and co-digestion of biomass for enhanced methane generation. Bioresour. Technol. 2018, 262, 319–332. [CrossRef]
11. Veerabadhran, M.; Gnanasekaran, D.; Wei, J.; Yang, F. Anaerobic digestion of microalgal biomass for bioenergy production,

removal of nutrients and microcystin: Current status. J. Appl. Microbiol. 2021, 131, 1639–1651. [CrossRef]
12. da Silva, T.L.; Roseiro, J.C.; Reis, A. Applications and perspectives of multi-parameter flow cytometry to microbial biofuels

production processes. Trends Biotechnol. 2012, 30, 225–232. [CrossRef]
13. Moniz, P.; Silva, C.; Oliveira, A.C.; Reis, A.; da Silva, T.L. Raw Glycerol Based Medium for DHA and Lipids Production, Using the

Marine Heterotrophic Microalga Crypthecodinium cohnii. Processes 2021, 9, 2005. [CrossRef]
14. Moniz, P.; Martins, D.; Oliveira, A.C.; Reis, A.; Lopes da Silva, T. The Biorefinery of the Marine Microalga Crypthecodinium

cohnii as a Strategy to Valorize Microalgal Oil Fractions. Fermentation 2022, 8, 502. [CrossRef]
15. APHA; AWWA; EWF. Standard Methods for Examination of Water and Wastewater, 22nd ed.; American Public Health Association:

Washington, DC, USA; American Water Works Association: Denver, CO, USA; Water Environment Federation: Washington, DC,
USA, 2012.

16. Heat Values of Various Fuels. Available online: https://world-nuclear.org/information-library/facts-and-figures/heat-values-
of-various-fuels.aspx (accessed on 5 July 2022).

17. Lelong, A.; Hégaret, H.; Soudant, P. Cell-based measurements to assess physiological status of Pseudo-nitzschia multiseries, a
toxic diatom. Res. Microbiol. 2011, 162, 969–981. [CrossRef]

18. Sialve, B.; Bernet, N.; Bernard, O. Anaerobic digestion of microalgae as a necessary step to make microalgal biodiesel sustainable.
Biotechnol. Adv. 2009, 27, 409–416. [CrossRef]

19. Mottet, A.; Habouzit, F.; Steyer, J.P. Anaerobic digestion of marine microalgae in different salinity levels. Bioresour. Technol. 2014,
158, 300–306. [CrossRef]

20. Ward, A.; Lewis, D.; Green, F. Anaerobic digestion of algae biomass: A review. Algal Res. 2014, 5, 204–214. [CrossRef]
21. Zhong, W.; Zhang, Z.; Luo, Y.; Qiao, W.; Xiao, M.; Zhang, M. Biogas productivity by co-digesting Taihu blue algae with corn

straw as an external carbon source. Bioresour. Technol. 2012, 114, 281–286. [CrossRef] [PubMed]
22. Fernández-, M.J.; Rincón, B.; Fermoso, F.G.; Jiménez-Rodríguez, A.-M.; Borja, R. Assessment of two-phase olive mill solid

waste and microalgae co-digestion to improve methane production and process kinetics. Bioresour. Technol. 2014, 157, 263–269.
[CrossRef] [PubMed]

23. Olsson, J.; Feng, X.M.; Ascue, J.; Gentili, F.G.; Shabiimam, M.; Nehrenheim, E.; Thorin, E. Co-digestion of cultivated microalgae
and sewage sludge from municipal waste water treatment. Bioresour. Technol. 2014, 171, 203–210. [CrossRef] [PubMed]

24. Pagán, R.; Mackey, B. Relationship between Membrane Damage and Cell Death in Pressure-Treated Escherichia coli Cells:
Differences between Exponential- and Stationary-Phase Cells and Variation among Strains. Appl. Environ. Microbiol. 2000, 66,
2829–2834. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0229556
http://www.ncbi.nlm.nih.gov/pubmed/32196504
http://doi.org/10.3389/fmicb.2018.00492
http://www.ncbi.nlm.nih.gov/pubmed/29616006
http://doi.org/10.3390/microorganisms7120670
http://www.ncbi.nlm.nih.gov/pubmed/31835511
http://doi.org/10.1016/j.rser.2017.08.004
http://doi.org/10.1016/j.biortech.2016.04.119
http://doi.org/10.1016/j.wasman.2020.06.012
http://doi.org/10.1016/j.jenvman.2017.12.054
http://doi.org/10.3303/CET1864029
http://doi.org/10.1016/j.biortech.2018.03.030
http://doi.org/10.1111/jam.15000
http://doi.org/10.1016/j.tibtech.2011.11.005
http://doi.org/10.3390/pr9112005
http://doi.org/10.3390/fermentation8100502
https://world-nuclear.org/information-library/facts-and-figures/heat-values-of-various-fuels.aspx
https://world-nuclear.org/information-library/facts-and-figures/heat-values-of-various-fuels.aspx
http://doi.org/10.1016/j.resmic.2011.06.005
http://doi.org/10.1016/j.biotechadv.2009.03.001
http://doi.org/10.1016/j.biortech.2014.02.055
http://doi.org/10.1016/j.algal.2014.02.001
http://doi.org/10.1016/j.biortech.2012.02.111
http://www.ncbi.nlm.nih.gov/pubmed/22459954
http://doi.org/10.1016/j.biortech.2014.01.096
http://www.ncbi.nlm.nih.gov/pubmed/24561632
http://doi.org/10.1016/j.biortech.2014.08.069
http://www.ncbi.nlm.nih.gov/pubmed/25203227
http://doi.org/10.1128/AEM.66.7.2829-2834.2000
http://www.ncbi.nlm.nih.gov/pubmed/10877775


Processes 2022, 10, 2463 11 of 11

25. Santana, A.; Jesus, S.; Larrayoz, M.; Filho, R. Supercritical Carbon Dioxide Extraction of Algal Lipids for the Biodiesel Production.
Procedia Eng. 2012, 42, 1755–1761. [CrossRef]

26. Santos-Ballardo, D.U.; Font-Segura, X.; Ferrer, A.S.; Barrena, R.; Rossi, S.; Valdez-Ortiz, A. Valorisation of biodiesel production
wastes: Anaerobic digestion of residual Tetraselmis suecica biomass and co-digestion with glycerol. Waste Manag. Res. 2015, 33,
250–257. [CrossRef]

27. Kannah, R.Y.; Kavitha, S.; Karthikeyan, O.P.; Rene, E.R.; Kumar, G.; Banu, J.R. A review on anaerobic digestion of energy and cost
effective microalgae pretreatment for biogas production. Bioresour. Technol. 2021, 332, 125055. [CrossRef] [PubMed]

28. Silva, C.; Moniz, P.; Oliveira, A.C.; Vercelli, S.; Reis, A.; da Silva, T.L. Cascading Crypthecodinium cohnii Biorefinery: Global
Warming Potential and Techno-Economic Assessment. Energies 2022, 15, 3784. [CrossRef]

http://doi.org/10.1016/j.proeng.2012.07.569
http://doi.org/10.1177/0734242X15572182
http://doi.org/10.1016/j.biortech.2021.125055
http://www.ncbi.nlm.nih.gov/pubmed/33813179
http://doi.org/10.3390/en15103784

	Introduction 
	Materials and Methods 
	Substrates and Inoculum 
	Anaerobic Digestion Experimental Set-Up 
	Analytical and Chromatograph Methods 
	Flow Cytometric Analysis 

	Results 
	Chemical Composition of Substrates and Inoculum 
	Anaerobic Digestion of Microalgae Fermentation Wastes 
	Flow Citometry 

	Discussion 
	Conclusions 
	References

