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Abstract
Environmentally friendly and sustainable alternative systems for the valorization of organic residues are
increasingly explored to obtain high value bioproducts such as proteins, pigments, lipids, and
carbohydrates through microalgal biorefineries. However, the large-scale application of microalgae is
often limited by the high cost of synthetic culture media. In this study, the use of vermicompost (VR),
vermicompost leachate (LX), and digestates from cow manure (DB), swine manure (DP), a 1:1 mixture of
both (DM), and mixed livestock digestate (DC) were evaluated for the cultivation of Chlorella vulgaris, in
comparison with the synthetic Bold Basal medium (MC). The DM medium produced 43% more biomass,
155% more proteins, 159% more lipids, and 150% more carbohydrates than MC. All media, except DB,
resulted in higher lipid concentration than MC, with DC showing the highest value, exceeding the
synthetic medium by 172%. Additionally, in DM were identified 9 out of the 10 Fatty acids methyl esters
(FAMEs) detected, compared to only 4 in MC; oleic and palmitic acids were produced in all treatments.
Biodiesel from lipids obtained using LX, VR, DB, and DP met the five evaluated quality parameters,
whereas biodiesel from MC met four of them. These results demonstrate the potential of digestates and
vermicompost based media as low cost and sustainable alternatives for microalgal biomass production
and biodiesel oriented biorefineries.

1. Introduction
Raw materials for pigments, proteins, carbohydrates, and lipids production are generally attained from
biological sources whose availability is limited by the large amounts of land and water required for their
production, thereby compromising food security. Microalgae represent an alternative, and their use has
gained increasing importance in recent years across various industries, due to their potential for
producing industrially relevant compounds [1,2] having application in food, pharmacy, and cosmetics; for
example, protein content in microalgae biomass range from 23% to 63% on dry biomass basis
depending upon the genera and species [3]. Besides, microalgae have higher surface area productivity
and photosynthetic efficiency compared to terrestrial crop plants. Additionally, microalgae provide a dual
benefit by reducing greenhouse gas emissions through photosynthesis while generating biomass rich in
carbohydrates, pigments, lipids, and proteins [4].

Chlorella vulgaris is a model microalga due to its high photosynthetic efficiency and its ability to adapt to
different cultivation conditions [5]. It has been widely studied for its high content of important
biomolecules such as amino acids, vitamins, carotenoids, lipids (e.g., omega-3 fatty acids),
carbohydrates (e.g., β-glucans), and proteins [6,7]; it has been widely used as human food supplements.
Chlorella vulgaris has good-quality protein with amino acids rich in methionine, lysine and alanine,
important components for fish dietary; inclusion of 2.5–10% algae into fish diets enhanced growth [8].
The microalgae studies have found also important applications in the field of biofuels, they produce
desirable fatty acids methyl esters (FAME) for biodiesel production, including palmitic acid, stearic acid,
and eicosatrienoic acids [9]. The lipids and carbohydrates they produce can be converted into biodiesel,
bioethanol, biohydrogen, and biomethane through thermochemical and biochemical processes [10,11];
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thereby reducing some of the disadvantages associated with conventional energy production. For
example, diesel production involves the exploitation of non-renewable resources, air pollution, and health
risks [12] as well as the emission of pollutants such as nitrates, sulfates, and fine particulate matter [13].
Besides, oil crops cannot sustainably provide sufficient biodiesel [14]. Ethanol production generates
significant environmental impacts, including high water demand [15]. Hydrogen produced from natural
gas and coal results in high CO₂ emissions [16]. Despite the advantages offered by microalgae, large-
scale biofuel production using these organisms requires low-cost culture media for the process to be
economically feasible [17].

One of the main challenges in the industrial-scale utilization of microalgae cultivation lies in the
selection and optimization of the culture medium, as this factor directly influences the biochemical
composition of the biomass, production costs, and consequently, the quality of the derived products and
application of them [18]. Various organic culture media derived from agro-industrial residues or effluents
have been evaluated as a sustainable strategy to reduce costs and improve the biochemical profile of
microalgae [19,20]. For example, using wastewater from sugar industries increased in 59%, 83.82%, and
110.66% in microalgal biomass, protein, and lipid production, respectively, compared to the synthetic
BG11 medium [21]. Using 20% aquaculture wastewater, lipid content increased by 11.81%, compared to
more concentrated wastewater treatments (40, 60, 80 and 100%), due to nutrient deficiency in the
residual water [22]. The use of digestates has been shown to increase biomass production and improve
lipid composition, particularly in terms of polyunsaturated fatty acid (PUFA) production [23]. These
findings are consistent with previous studies demonstrating the feasibility of using alternative media for
microalgal cultivation [24]. The use of these materials also promotes waste valorization, aligning with
the principles of the circular bioeconomy [3].

The aim of this study was to evaluate the use of vermicompost, digestates from mono-digestion and co-
digestion of different manures, as culture media for Chlorella vulgaris, for carbohydrate, protein, lipid, and
pigment production, as well as the lipids profile and its application in biodiesel production; thereby
providing an alternative use for these waste-derived materials.

2. Materials and Methods
2.1 Microalgae

The microalga used was Chlorella vulgaris, provided by the Bioprocess Laboratory of the Unidad
Profesional Interdisciplinaria de Biotecnología of the Instituto Politécnico Nacional.

2.2 Culture media preparation

Digestates were obtained from the anaerobic digestion of cow manure (DB), swine manure (DP), and a
1:1 mixture of both manures (DM). The anaerobic digestion was performed in 250 mL serum bottles,
with 5% total solids at 30 °C, for a total fermentation time of 32 days [25].
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Additionally, a digestate from the Universidad Autónoma de Chapingo, Mexico (DC) was used to
compare with the laboratory-produced digestate under controlled conditions. This digestate was
collected from the University digester, where manure from all livestock is processed.

All digestates were filtered through porous cloth, and the filtrate was diluted with distilled water to adjust
the initial total nitrogen concentration to 40 mg L⁻¹, corresponding to that of the modified synthetic Bold
Basal medium (MC).

Vermicompost and vermicompost leachate were obtained from GreenForest®. 200 g of vermicompost
(VR) were mixed with 1 L of warm water, stirred, and maintained at room temperature for 3 days. The
mixture was then filtered and diluted with distilled water to reach a total nitrogen concentration of 40 mg
L⁻¹. Additionally, 10 mL of commercial vermicompost leachate (LX) was diluted with distilled water to
achieve a total nitrogen concentration of 40 mg L⁻¹.

The modified Bold Basal medium (MC) was used as control to compare with the alternative media. It
was prepared as follows (g L⁻¹): NaNO₃, 0.250; MgSO₄·7H₂O, 0.075; CaCl₂·2H₂O, 0.025; NaCl, 0.025;
K₂HPO₄, 0.070; KH₂PO₄, 0.175; and FeSO₄·7H₂O, 0.004. The pH was adjusted to 6.8 [26].

2.3 Microalgae cultivation

A total of 15 mL of inoculum, previously adjusted to an optical density (OD₆₀₀) of 0.5, was transferred into
250 mL flasks containing 150 mL of each culture medium adjusted to 40 mg L⁻¹ of total nitrogen. The
flasks were kept at 24 °C, under a light intensity of 3000 lux, with a 12:12 h light/dark photoperiod.
Continuous aeration was provided using Elite 799 air pumps (19 L).

After 12 days, the procedure was repeated, and the biomass obtained from the second cultivation was
used for subsequent analyses. All measurements were performed in triplicate.

2.4 Analytical methods

2.4.1 Characterization of culture media

To characterize the culture media, Chemical Oxygen Demand (COD), total nitrogen (N), total phosphorus
(P), and total potassium (K) were quantified using Hach® kits and a Hach DR 2800 spectrophotometer,
following the manufacturer’s methodology. Total organic carbon (TOC) was calculated. These analyses
were performed at the beginning and at the end of the cultivation period [27].

2.4.2 Biomass, pigments, proteins, carbohydrates, and lipids quantification

After 12 days of cultivation, total pigment content (sum of chlorophyll a, chlorophyll b, and carotenoids),
proteins, carbohydrates, and lipids were quantified from the harvested biomass.

For biomass determination, 20 mL of microalgal suspension was centrifuged (Hettich centrifuge) at
13,000 rpm for 5 minutes. The cell pellet was separated, and the biomass was directly measured using
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an ADAM AMB 50 thermobalance.

For pigment quantification, 1 mL of the microalgal suspension was centrifuged as described above. The
cell pellet was resuspended in 1 mL of methanol and stored for 24 h at 4 °C in darkness. The sample was
then centrifuged at 13,000 rpm for 5 minutes, the supernatant was recovered and measured the
absorbance using a Thermo Scientific® Multiskan GO UV–Vis spectrophotometer at 470, 653, and 666
nm for the determination of carotenoids, chlorophyll b, and chlorophyll a, respectively. The sum of them
was the total pigments [28].

Proteins were quantified using the Bradford method. One milliliter of the cell suspension was centrifuged
as previously described, added 1 mL of 1 N NaOH, and placed in a boiling water bath for 2 hours to
achieve hydrolysis. After that 100 µL was mixed with 1 mL of Bradford reagent and after 10 minutes,
measured the absorbance at 595 nm. The calibration curve was prepared using bovine serum albumin
[29].

For total carbohydrate quantification, 1 mL of the cell suspension was centrifuged as described above,
mixed with 1 mL of 2 N HCl, and maintained in a boiling water bath for 2 hours for hydrolysis.
Subsequently, 200 µL of 5% phenol and 1 mL of concentrated H₂SO₄ were added. After 10 minutes, the
sample was vortexed, and after 30 minutes, measured the absorbance at 490 nm. The calibration curve
was prepared using glucose [30].

For total lipid determination, 30 mL of the microalgal suspension was centrifuged at 6000 rpm for 15
minutes. The cell pellet was treated with 5 mL of 0.4 N HCl at 90 °C. After cooling, 10 mL of isopropanol
was added, and the mixture was agitated at 250 rpm for one hour. Then, mixed with 10 mL hexane
shaken, and allowed to stand for phase separation. The organic phase was dried with anhydrous sodium
sulfate and transferred to a pre-weighed vial. Hexane was evaporated at 45 °C and the vial was allowed
to cool. Total lipid content was determined by weight difference [26].

2.4.3 Biodiesel production

For the transesterification reaction, 1 mL of hexane and 1 mL of 0.5 N methanolic HCl were added to the
vials previously used for lipid determination. The vials were capped and vortexed, then placed in a
thermoblock at 80 °C for 2 hours. Subsequently, added 200 µL of distilled water and vortexed again and
mixed with 1 ml HPLC-grade hexane, after 10 minutes, the organic phase was filtered through a 0.22 µm
PTFE filter and transferred to a vial for chromatographic analysis [26]. The chromatographic analysis,
was performed in an Agilent gas chromatograph (Technologies 7890B; Santa Clara, CA, USA) coupled to
a mass spectrometer (GC/MSD Agilent Technologies 5977A Series; Santa Clara, CA, USA) with a VF-
MAXms column (30 m × 0.25 mm, 0.50 μm), with helium as the carrier gas at a flow rate of 2.4 mL·min⁻¹.
The injector temperature was maintained at 230 °C. The oven temperature was initially set at 140 °C for
5 minutes and then increased at a rate of 8 °C per minute up to 250 °C, where it was held for 15 minutes.
The transfer line (MSD) temperature was maintained at 180 °C. The ion source and quadrupole
temperatures were set at 230 °C and 150 °C, respectively [31].
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To predict the quality of the obtained biodiesel, the iodine value (IV), cetane number (CN), higher heating
value (HHV), density (D), kinematic viscosity (KV), and degree of unsaturation (UD) were calculated using
the corresponding equations [32] and compared with the parameters specified in the EN 14213 [33] and
ASTM D6751 standards [34].

3. Results and Discussion
3.1 Culture media assay

According to the initial characterization, the culture media showed significant variations in pH and
composition compared to the synthetic medium (Table 1). These differences may have influenced the
growth and metabolism of Chlorella vulgaris, since nutrient availability is critical for its development.

The initial pH of the alternative culture media was slightly alkaline and higher than that of the synthetic
medium (MC). The pH of digestates generally ranges from 7.5 to 8.4 [35] due to their ammonia and
phosphate content, which confers alkalinity to the culture medium [36]. This condition is desirable for
microalgal cultivation because alkaline media favor the availability of dissolved CO₂, which is essential
for photosynthesis [37]. 

Table 1. Characterization of the different culture media used for microalgal cultivation.

Treatments Initial pH

 

Total organic carbon

(mgL-1)

P total

(mgL-1)

K total

(mgL-1)

MC 6.75 ± 0.03 - 139.67 ±1.53 50.67 ±2.52

LX 7.96 ± 0.01 144.93 ±1.33 15.10 ±0.20 38.50 ±1.50

VR 8.16 ± 0.05 179.04 ±0.84 31.17 ±0.15 151.67 ±1.53

DP 7.06 ± 0.01 289.82 ±0.19 55.80 ±0.30 19.50 ±0.80

DB 7.25 ± 0.01 621.04 ±1.17 101.53 ±0.25 102.67 ±1.53

DM 6.88 ± 0.01 409.38 ±0.84 78.20 ±0.40 35.50 ±3.50

DC 8.27 ± 0.01 61.38 ±0.19 16.30 ±0.40 56.17 ±1.04

Values shown are the mean of three replicates (n = 3) ± standard error (SE). Identical letters within a
column indicate no statistically significant difference (P < 0.05).

The P, K, and total organic carbon (TOC) contents differed among the digestates. The synthetic medium
has the highest content of P, surprising between 38.14 to 124.57 g to the alternative culture media. The
DM medium showed intermediate TOC, P, and K contents between DB and DP. Besides DM and DC were
both from a co-digestion process the amount of nutrients were different, DM had 6.7 times more TOC
and almost 5 times more P than DC, it has 1.6 times more K than DM. DB showed the highest TOC and K,
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however, P was 37.5% lower than MC. These results are consistent with those reported by [38], who
indicated that digestate obtained from cow manure digestion generally contains higher amounts of
organic matter compared to digestate derived from swine manure. Lee et al [39] reported that bovine
manure digestate contained 150 mg L⁻¹ of K and 60 mg L⁻¹ of P. 

3.2 Biomass, carbohydrate, proteins, pigments, and lipids content

According to Table 2, the DM culture medium resulted in the highest amounts of biomass, proteins, and
carbohydrates, exceeding the synthetic medium by 43%, 155%, and 150% respectively. Biomass obtained
with DM was even higher than values reported by Koutra et al [40], who indicated a value of 1.24 g L⁻¹,
like those obtained with VR, DP, and DC. Initial pH had effect on biomass, according to Panahi et al [6]
Chlorella vulgaris grow better at pH 6 than 8, it tolerates better low pH than higher. The highest biomass
production was from DM, MC and DP which had low initial pH values. DB reported the low biomass and
had the highest initial pH.

Except for DB, which was statistically similar to MC, all other media produced more lipids than MC, the
improvement was from 33 (DB) to 172% (DC). This could be explained because lipid production is
affected besides N deficiency, by low illumination, causing stress conditions and in consequence the
accumulation of energy in form of lipids [41]; all the vermicomposta and digestate based media had a
dark color.

The highest pigment content was obtained with MC, which was 46% higher than DM, 42% higher than DP,
91% higher than DB, and 58% higher than DC. The amount of carbohydrate was higher in DM, followed by
DC, VR and DP; the other media (LX and DB) were statistically equal then the synthetic medium. LX had
low TOC this could explain the low carbohydrate production. 

It is noteworthy that although DB contained the highest concentrations of TOC, P, and K, it resulted in the
lowest biomass and lowest content of the measured compounds of interest, pigments, proteins, lipids,
and carbohydrates. This may be attributed to its high darker coloration, which could have interfered with
light penetration and, consequently, with photosynthesis and microalgal growth.

The increases in biomass, lipids and carbohydrates shown by some of the alternative media, may be
attributed to their mixotrophic nature, where microalgae can also utilize organic carbon present in the
culture medium. This observation is consistent with Peng et al [42], who reported that C. vulgaris
cultivated under mixotrophic conditions produced higher amounts of biomass and lipids compared to
photoautotrophic conditions. 

Results are like other authors, as Azcárraga-Salinas et al [24], who found that in a Scenedesmus obliquus
culture using digestates, vermicompost tea, and vermicompost leachate showed an improved in
biomass (23-95%), lipid (70-110%), and carbohydrate (238-489%) using different digestates as culture
media compared to synthetic medium. 
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Table 2. Composition and biomass of Chlorella vulgaris cultivated in different alternative media and in
the synthetic medium.

 

Culture
media

 

Biomass

(gL-1)

 

Total
Pigments 

(mgL-1)

 

Protens

(mgL-1)

 

Lipids

(mgL-1)

 

Carbohidrates

(mgL-1)

MC 1.70 ±
0.20ab

25.36 ± 1.99a 139.36 ±
3.59b

167.78 ±
2.94f

561.36 ± 9.06d

LX 0.78 ± 0.15c 18.12 ± 1.48b 96.00 ±
2.71cd

223.33 ±
5.09e

560.61 ± 9.11d

VR 1.55 ± 0.14b 11.48 ± 0.36c 101.64 ±
5.43c

284.44 ±
4.84d

800.84 ± 1.22c

DP 1.58 ± 0.16b 14.52 ± 1.76bc 126.10 ±
0.49b

342.22 ±
4.00c

784.39 ± 9.98c

DB 0.62 ± 0.15c 2.16 ± 0.60d 84.51 ± 2.33d 173.33 ±
3.85f

441.65 ± 3.60e

DM 2.43 ± 0.14a 13.47 ± 0.71bc 355.23 ±
2.00a

435.56 ±
4.84b

1403.43 ±
19.79a

DC 1.55 ± 0.13b 10.46 ± 0.33c 131.38 ±
1.12b

456.67 ±
3.85a

1196.99 ±
18.58b

Values shown are the mean of three replicates (n = 3) ± standard error (SE). Identical letters within a
column indicate no statistically significant difference (P < 0.05).

The amounts of biomass, proteins, lipids, and carbohydrates were higher in the digestate obtained from
the mixture of manures (DM) compared to those produced using a single type of manure (DP or DB).
Besides, DC resulted in the third-highest protein concentration, the highest lipid content, and the second-
highest carbohydrate content. Both DM and DC digestate were derived from anaerobic co-digestion of
mixtures of manures, indicating that the co-digestion of manures from different animal sources provides
characteristics that favor the growth and composition of C. vulgaris. Co-digestion, by combining the
properties and characteristics of more than one type of manure, provides a better C/N ratio and
improved biodegradability compared to mono-digestion, demonstrating a synergistic effect [43].
Furthermore, the co-digestion of swine and bovine manure prevents inhibition caused by ammonia and
volatile fatty acids (Wi et al and Pulgarín-Muñoz et al) [44,45] reported that the co-digestion of sewage
sludge with agro-industrial fruit and vegetable residues increased the biodegradable organic content.
Hilgert et al [46] indicated that the degradability of cow and swine manure differs due to the animals’
diets, being higher in swine manure because of grain-rich feeding and slower in cow manure due to
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pasture-based feeding. Azcárraga-Salinas et al [24] reported similar behavior, medium with digestate
from the co-digestion of swine and cow manure improved the biomass, pigments, lipids, and
carbohydrates in 13%, 10%, 8%, and 22% respectively compared to using a digestate from swine manure
digestion; and improvements of 20%, 114%, 8%, and 45% respectively compared to digestate from cow
manure anaerobic digestion. 

FAMEs produced in the culture medium

Ten different fatty acids methyl esters (FAMEs) were identified across the treatments (Table 3). Palmitic
acid and oleic acid were produced in all culture media. Palmitic acid was the most abundant FAME in all
media, which is consistent with reports indicating that this FAME is the most abundant in Chlorella sp.
[47]. The most common FAMEs in microalgae are palmitic, stearic, oleic, linoleic and linolenic
acids [48,49]. The composition of lipids as well as the proportion of unsaturated, mono and
polysaturated acids depends on culture media, microalgae species, and growth conditions [23].

In the synthetic medium MC and in the LX, VR, and DP media, were identified four FAMEs. Three of these
FAMEs have been previously reported in C. vulgaris cultivated in three different synthetic media, where
their proportions varied, emphasizing that the selection of the culture medium is crucial for FAME
production and composition [50]. In the DB medium, were identified only palmitic and oleic acids,
whereas in the DM medium, 9 of the 10 detected FAMEs were produced, except for bicyclopropyl hexyl-2-
octanoic acid. In DC, five FAMEs were identified. This confirms a synergistic effect in the DM and DC
media, which were yielded by different manures co-digestion. This effect was reflected not only in the
content of value-added compounds (table 3) but also in a greater diversity of fatty acids. 

The percentage of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs) and
polyunsaturated acids (PUFAs) could determine the microalgae potential applications. For example, a
higher proportion of SFAs and MUFAs is recommended for biofuel production [51] because a high PUFAs
proportion decreased the biodiesel stability causing poor oxidative stability [52]. In all culture media,
more than 50% SFAs and MUFAs were attained, highlighting DB, which reached 100%, followed by the
vermicompost-based media: 72.74% with VR and 66.61% with LX. The remaining media showed values
like MC. The lipidic acids produced in the synthetic media MC and using digestates produced more than
40% PUFAs compared to treatments with vermicompost based media that reached lower than 33.5%.
These results are consistent with those reported by Arora and Philippidis [51] who observed more than
50% SFAs and MUFAs in three Chlorella strains cultivated under mixotrophic conditions. González-Falfán
et al [31], reported for Scenedesmus sp. cultivated with different no synthetic media, 60%–69% SFA
proportion, and unsaturated in the range of 31% to 38%. PUFAs in microalgae allow them to remain
metabolically active and survive the environmental stress conditions [53,54]. Ermis et al [22] tested wild-
type microalgae cultivated on digestate and three synthetic media, with digestate improved the lipid
production as well as saturated and polyunsaturated fatty acids proportion.

Table 3. Lipid profile of fatty acids produced in each treatment by Chlorella vulgaris and percentage of
saturated and unsaturated fatty acids.
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Treatment

 

Fatty acids

 

% Saturation

 

MC

 

Palmitic acid (C16:0)

Oleic acid (C18:1)

Bi cyclopropyl hexil-2-octanoic acid (C21:0)

Linolenic acid (C18:3)

 

SFAs: 42.48 ± 2.23

MUFAs: 11.69 ± 0.65

PUFAs: 45.83 ± 2.13

 

LX

 

Palmitic acid (C16:0)

Oleic acid (C18:1)

Bi cyclopropyl hexil-2-octanoic acid (C21:0)

Linolenic acid (C18:3)

 

SFAs: 47.99 ± 1.29

MUFAs: 18.82 ± 1.51

PUFAs: 33.20 ± 1.31

 

 

 

VR

 

Palmitic acid (C16:0)

Oleic acid (C18:1)

Bi cyclopropyl hexil-2-octanoic acid (C21:0)

Araquidonic acid (C20:4)

 

SFAs: 40.76 ± 1.29

MUFAs: 31.98 ± 1.75

PUFAs: 27.26 ± 0.51

 

 

DP

 

Palmitic acid (C16:0)

Oleic acid (C18:1)

Linoleic acid (C18:2)

Linolenic acid (C18:3)

 

SFAs: 25.68 ± 2.32

MUFAs: 28.56 ± 0.97

PUFAs: 45.76 ± 1.13

 

 

DB

 

Palmitic acid (C16:0)

Oleic acid (C18:1)

 

SFAs:51.17 ± 2.77

MUFAs: 48.83 ± 2.77

 

 

DM

 

Palmitic acid (C16:0)

7-hexadecenoic acid (C16:1)

7,10-hexadecadienoic acid (C16:2)

7,10,13-hexadecatrienoic acid (C16:3)

 

 

SFAs: 16.33 ± 0.26

MUFAs: 40.09 ± 0.80

PUFAs: 43.58 ± 0.39
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9,12-octadecadienoic acid (C21:2)

16-methyl heptadecanoic acid (C17:1)

Oleic acid (C18:1)

Linoleic acid (C18:2)

Linolenic acid (C18:3)

 

 

DC

 

Palmitic acid (C16:0)

Oleic acid (C18:1)

12,15-Octadecadienoic acid (C18:2)

Linolenic acid (C18:3)

Araquidonic acid (C20:4)

 

SFAs:: 21.92 ± 0.46

MUFAs: 29.54 ± 1.36

PUFAs: 48.55 ± 0.49

The letter C refers to the carbon chain length, and the number after the colon indicates the number of
unsaturations of the fatty acid methyl ester in each treatment. Values shown are the average of three
replicates (n = 3) ± standard error (SE). 

Theoretical determination of biodiesel quality

Based on the lipid profile and the degree of unsaturation of the fatty acids, it is possible to predict the
biodiesel quality for each treatment. According to Table 4, biodiesel obtained from the lipids generated
using the vermicompost-based media (LX and VR), as well as from digestates derived from a single type
of manure digestion (DB and DP), meets the five evaluated quality parameters established by the
international standards EN 14213 [33] and ASTM D6751[34]. In contrast, biodiesel from lipids generated
by MC and DM did not meet the iodine index value requirement, while DC failed to meet both the iodine
index value and cetane number criteria.

The SFA content is inversely related to the iodine index value; higher SFA percentages result in lower
iodine index values. Low iodine index can improve the oxidative stability of biodiesel but may also
increase its cloud point, thereby limiting its use in cold climates [55]. Low iodine index values, such as
that observed for DB (41.83), are ideal for biodiesel intended for use in cold environments, since
saturated fatty acids (C16:0) prevent polymerization [56].

Biodiesel with high cetane number values improves ignition quality [36]. This parameter is associated
with high proportions of SFAs and MUFAs, which should be present in balanced ratios, as observed in DP
and DB. An unbalanced proportion may lead to incomplete combustion [51], as in the case of DM, which
showed more than two times the percentage of MUFAs relative to SFAs, and MC and LX, which also
exhibited more than two times the MUFA content compared to SFAs. High PUFA content tends to reduce
the cetane number [57].
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In terms of kinematic viscosity and higher calorific value, biodiesel obtained from lipids from all culture
media complied with the established standards. Viscosity is an important parameter because high
viscosity can cause injector clogging whereas low viscosity improves fuel flow under cold conditions
[58]. The higher calorific value indicates whether biodiesel is suitable for industrial applications [51].

The biochemical composition of the microalgae allows the suggestion of potential applications. DM and
DC media for its high carbohydrates production could have potential use in biorefineries for bioenergy
conversion. Microalgae with high amounts and diversity of PUFAs have been used as feed to enhance
the fatty acid content of oily fish [59,60] besides carotenoids and PUFAs reduce mortality, enhance
stress response and aquatic animals environmental adaptation [3] linolenic, linoleic, and palmitic acids
are highly valued in aquaculture [61]. Therefore, MC, DP, DM, and DC media could be suitable for this
purpose, as their PUFA percentages exceeded 43%. The DB treatment met all five biodiesel quality
parameters and showed the highest cetane number and the lowest iodine index value, making it the
most suitable for biodiesel production. 

Table 4. Predicted biodiesel quality parameters obtained for lipids from each treatment.
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Tratament

 

Iodine
index

 

 

(IV)

 

 Cetane
number

(CN)

 

High calorific
value
(MJ/kg)

 

(HHV)

 

Kinematic
Viscosity

(mm2/s)

 

(KV)

 

Density
(g/cm3)

 

(D)

 

Insaturation
grade

 

(UD)

 

MC

 

129.61 ±
5.56b

 

51.84 ±
1.65cd

 

39.79 ±
0.040b

 

4.18 ±
0.092bc

 

0.88 ±
0.008b

 

 

103.36 ±
4.27b

 

LX

 

102.74 ±
2.21c

 

56.98 ±
0.77b

 

39.79 ±
0.023b

 

4.31 ±
0.05abc

 

0.88 ±
0.003d

 

 

85.21 ± 1.25c

 

VR

 

114.36 ±
3.04c

 

54.88 ±
0.60bc

 

39.90 ±
0.007a

 

4.38 ±
0.026ab

 

0.88 ±
0.004bc

 

 

86.51 ± 2.70c

 

DP

 

103.76 ±
3.28c

 

55.25 ±
0.59bc

 

39.71 ±
0.005cd

 

4.13 ±
0.008cd

 

0.88 ±
0.004cd

 

120.08 ±
3.82a

 

DB

 

41.83 ±
2.37d

 

67.95 ±
0.34a

 

39.74 ±
0.010bc

 

4.49 ±
0.006a

 

0.87 ±
0.003e

 

48.83 ± 2.77d

 

DM

 

134.22 ±
1.59ab

 

48.51 ±
0.38de

 

39.61 ±
0.007d

 

3.93 ±
0.055de

0.88 ±
0.002ab

 

 

120.79 ±
2.48a

 

DC

 

145.26 ±
2.25a

 

46.08 ±
0.52e

 

39.67 ±
0.006cd

 

3.88 ±
0.018e

 

0.88 ±
0.003a

 

126.62 ±
1.29a
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EN 14213

ASTM
D6751

 

≤120

 

≥47

 

≥35

 

1.9-6.0

 

0.86-0.90

 

NA

EN 14213: European Committee for Standardization (CEN). ASTM D6751: American Society for Testing
and Materials (ASTM). Values shown are the mean of three replicates (n = 3) ± standard error (SE).

Conclusions
The use of digestates and vermicompost represents effective alternative culture media for Chlorella
vulgaris. Biodiesel potentially obtained from vermicompost-based media and from digestates derived
from cow or swine manure meet all the evaluated quality parameters. Digestates obtained through co-
digestion of manures (DM and DC) increased the protein, lipid, and carbohydrate contents compared to
monodigestion, and promoted a greater diversity of FAMEs. The digestates exerted different effects on
microalgal composition, suggesting different potential applications. DB is recommended for biodiesel
production, whereas DM and DC are suitable for bioenergy applications such as bioethanol production
due to their high carbohydrate content. MC, DP, DM, and DC are suitable for aquaculture feed because of
their high PUFA content.

Declarations
Data availability Not applicable.

Funding: Brenda Yanin received a scholarship from the Secretaría de Ciencia, Humanidades, Tecnología
e Innovación. This project was financed by the  Secretaría de Investigación y Posgrado of the Instituto
Politécnico Nacional from the multidisciplinary project No. 2240. 

Ethics approval and consent to participate Not applicable.

Competing interests The authors declare that they have no competing interests.

References
1. Ren X, Liu Y, Fan C, Hao H, et al (2022) Production, processing, and protection of microalgal n-3

PUFA-rich oil. Foods, 11:1215. https://doi.org/10.3390/foods11091215

2. Sajjadi B, Chen W, Raman A, Ibrahim S (2018) Microalgae lipid and biomass for biofuel production: A
comprehensive review on lipid enhancement strategies and their effects on fatty acid composition
Renew. Sust. Energ Rev 97:200. https://doi.org/10.1016/j.rser.2018.07.050

3. Kumar R, Hegde A, Sharma K et al (2022) Microalgae as a sustainable source of edible proteins and
bioactive peptides – Current trends and future prospects. Food Res Int 157:111338.
https://doi.org/10.1016/j.foodres.2022.111338

Page 14/19



4. Jaiswal K, Chowdhury C, Yadav D et al (2022) Renewable and sustainable clean energy development
and impact on social, economic, and environmental health. Energy Nexus 7:100118.
https://doi.org/10.1016/j.nexus.2022.100118

5. Aigner S, Glaser K, Arc E et al (2020) Adaptation to aquatic and terrestrial environments in Chlorella
vulgaris (Chlorophyta). Front Microbiol 11:585836. https://doi:103389/fmicb2020585836

6. Panahi Y, Khosroushahi A, Sahebkar A, Heidari H (2019) Impact of cultivation condition and media
content on Chlorella vulgaris composition. Adv Pharm Bull 9:182–194.
https://doi.org/10.15171/apb.2019.022

7. Chen F, Qian J, He Y, Leng Y, Zhou W (2022) Could Chlorella pyrenoidosa be exploited as an
alternative nutrition source in aquaculture feed? A study on the nutritional values and anti-nutritional
factors. Front Nutr 9:1069760. https://doi:103389/fnut20221069760

8. Enyidi U (2017) Chlorella vulgaris as protein source in the diets of African catfish Clarias gariepinus.
Fishes. 2:17 https://doi.org/10.3390/fishes2040017

9. Khorramdashti M, Giri M, Majidian N (2021) Extraction lipids from Chlorella vulgaris by supercritical
CO2 for biodiesel production. S Afr J Chem Eng 38:121-131.
https://doi.org/10.1016/j.sajce.2021.03.008

10. Chandra R, Hooshmand M (2023) Processes and biorefinery approach for enhanced algal
bioproduct recovery in the form of lipid and UV protectant. In: IWA Publishing (ed) IWA Publishing
eBooks. IWA Publishing, London, p229. https://doi.org/10.2166/9781789063547_0229

11. Kim E, Kim S, Choi H, Han S (2020) Co-production of biodiesel and bioethanol using psychrophilic
microalga Chlamydomonas sp. KNM0029C isolated from Arctic sea ice. Biotechnol Biofuels 13:20.
https://doi.org/10.1186/s13068-020-1660-z

12. El-Araby R (2024) Biofuel production: exploring renewable energy solutions for a greener future
Biotechnol Biofuels Bioprod 17:129. https://doi.org/10.1186/s13068-024-02571-9

13. Wang Q, Zhuang G, Huang K et al (2016). Evolution of particulate sulfate and nitrate along the Asian
dust pathway: Secondary transformation and primary pollutants via long-range transport. Atmos
Res 169: 86-95. https://doi.org/10.1016/j.atmosres.2015.09.013

14. Hasanuzzaman M, Nahar K, Ikegwu T et al (2022). Oilseed Crops - Uses, Biology and Production. In
IntechOpen (ed) IntechOpen eBooks. IntechOpen, London.
https://doi.org/10.5772/intechopen.100889

15. Sharif N, Munir N, Hasnain M, et al (2021) Environmental impacts of ethanol production system. In:
Arshad M (ed) Sustainable ethanol and climate change: sustainability assessment for ethanol
distilleries. Springer International Publishing, Cham, pp 205-223. https://doi.org/10.1007/978-3-030-
59280-6_10

16. Amin M, Shah H, Fareed A, et al (2022) Hydrogen production through renewable and non-renewable
energy processes and their impact on climate change. Int J Hydrogen Energy 47: 33112-33134.
https://doi.org/10.1016/j.ijhydene.2022.07.172

Page 15/19



17. de Carvalho J, Sydney E, Assú Tessari L, Soccol, C (2019) Chapter 2—Culture media for mass
production of microalgae. In: Pandey A, Chang J-S, Soccol CR, Lee D-J, Chisti Y (eds), Biofuels from
algae, 2nd edn. Elsevier, Amsterdam, pp 33-50. https://doi.org/10.1016/B978-0-444-64192-2.00002-
0

18. Khan M, Shin J, Kim J (2018) The promising future of microalgae: current status challenges and
optimization of a sustainable and renewable industry for biofuels feed and other products. Microb
Cell Factories. 17(1) 36. https://doi.org/10.1186/s12934-018-0879-x

19. Melo R, de Andrade A, de Bezerra R et al (2018) Chlorella vulgaris mixotrophic growth enhanced
biomass productivity and reduced toxicity from agro-industrial by-products. Chemosph. 204, 344-
350. https://doi.org/10.1016/j.chemosphere.2018.04.039

20. Lakshmikandan M, Yang F, Ye S, Liu Y, Chang C, Yang Y, Wen H, Ameen F, Li M (2024) Enhancing
nutrient removal of agricultural and agro-industrial wastewater utilizing symbiotic microalgal co-
cultivation systems to optimize sustainable resource recovery. J Water Process Eng. 63:105524.
https://doi.org/10.1016/j.jwpe.2024.105524

21. Saejung C, Ektasaeng T (2023) Evaluation of Chlorella vulgaris grown in sugar industry wastewater
for use as aquaculture feed. Int J Environ Sci Technol. 20:5957–5964

22. Ratomski P, Hawrot-Paw M (2021) Influence of nutrient-stress conditions on Chlorella vulgaris
biomass production and lipid content. Catalysts. 11:573

23. Ermis H, Güven-Gülhan Ü, Çakır T, Altınbaş M (2022) Microalgae growth and diversity in anaerobic
digestate compared to synthetic media. Biofuel Res J. 9:1551–1561.
https://doi:10.18331/BRJ2022.9.1.2

24. Azcárraga-Salinas, B, Solís-Oba M, Fernández-Linares L, et al (2025) Sustainable production of
bioactive compounds and biodiesel from Scenedesmus obliquus cultivated in organic waste-based
media. Biofuels Bioprod Biorefin 20:86-98. https://doi.org/10.1002/bbb.70053

25. Castro-Sierra A, Espinosa-Solares T, Houbron E et al (2024) Production of phytoregulators during
anaerobic digestion of bovine and swine manures. Rev Mex Ing Quim 23:24289.
https://doi.org/10.24275/rmiq/Bio24289

26. Ramírez-López C, Chairez I, Fernández-Linares L (2016) A novel culture medium designed for the
simultaneous enhancement of biomass and lipid production by Chlorella vulgaris UTEX 26.
Bioresour Technol. 212:207–216. https://doi.org/10.1016/j.biortech.2016.04.051

27. Dubber D, Gray N (2010) Replacement of chemical oxygen demand (COD) with total organic carbon
(TOC) for monitoring wastewater treatment performance to minimize disposal of toxic analytical
waste. J Environ Sci Health Part A. 45:1595–1600. https://doi:10.1080/10934529.2010.506116

28. Davani L, Terenzi C, Tumiatti V et al (2022) Integrated analytical approaches for the characterization
of Spirulina and Chlorella microalgae. J Pharm Biomed Anal. 219:114943.
https://doi:10.1016/j.jpba.2022.114943

29. Aragón-López Y, Pérez-Santiago A, Sánchez-Medina M et al (2020) Cultivo in vitro de Lactarius
volemus en la búsqueda de lectinas fúngicas TIP. Rev Espec En Cienc Quím-Biológicas. 23

Page 16/19



https://doi:1022201/fesz23958723e20200269

30. Visca A, Di Caprio F, Spinelli R et al (2017) Microalgae cultivation for lipids and carbohydrates
production. Chem eng trans 57:127-132. https://doi:103303/CET1757022

31. González-Falfán K, Guerrero-Barajas C, Badillo-Corona JA et al (2021) Production of metabolites
from Scenedesmus sp and a microalgal consortium cultured in unconventional media. Cienc Mar.
47:89–103. https://doi.org/10.7773/cm.v47i2.3138

32. Talebi A, Tabatabaei M, Chisti Y (2014). BiodieselAnalyzer: A user-friendly software for predicting the
properties of prospective biodiesel. Biofuel Res J 1:55-57. https://doi.org/10.18331/BRJ2015.1.2.4

33. European Committee for Standardization (2014) EN 14213: Liquid petroleum products—Fatty acid
methyl esters (FAME) for use in diesel engines and heating applications—Requirements and test
methods. CEN, Brussels

34. ASTM International (2023) ASTM D6751-23a: Standard specification for biodiesel fuel blend stock
(B100) for middle distillate fuels. ASTM International, West Conshohocken, PA.
https://doi.org/10.1520/D6751-23A

35. Barampouti E, Mai S, Malamis D et al (2020). Exploring technological alternatives of nutrient
recovery from digestate as a secondary resource. Renew Sust Energ Rev 134:110379.
https://doi.org/10.1016/j.rser.2020.110379

36. Maroa S, Inambao F (2019) The effect of cetane number and oxygen content in the performance
and emissions characteristics of a diesel engine using biodiesel blends. J energy South Afr 30:1-13.
https://doi.org/10.17159/2413-3051/2019/v30i2a5337

37. Qiu R, Gao S, Lopez P, Ogden K (2017) Efectos del pH sobre el crecimiento celular la producción de
lípidos y la adición de CO2 de la microalga Chlorella sorokiniana. Algal Res 28:192–199

38. Priekulis J, Aplocina E, Laurs A (2016) Chemical composition of digestate. In 15th International
Scientific Conference Engineering for Rural Development, pp. 381-386.

39. Lee M, Steiman M, Angelo S (2021) Biogas digestate as a renewable fertilizer: Effects of digestate
application on crop growth and nutrient composition. Renew Agric Food Syst 36:173-181.
https://doi.org/10.1017/S1742170520000186

40. Koutra E, Mastropetros S, Ali S, et al (2021). Assessing the potential of Chlorella vulgaris for
valorization of liquid digestates from agro-industrial and municipal organic wastes in a biorefinery
approach. J Clean Prod 280:124352. https://doi.org/10.1016/j.jclepro.2020.124352

41. Abdel-Karim O, Wijffels R, Barbosa, M (2024b). Microalgal lipid production: A comparative analysis
of Nannochloropsis and Microchloropsis strains. J Appl Phycol 37:15-34.
https://doi.org/10.1007/s10811-024-03318-7

42. Peng Y, Gao F, Hang W, et al (2019) Effects of organic matters in domestic wastewater on
lipid/carbohydrate production and nutrient removal of Chlorella vulgaris cultivated under mixotrophic
growth conditions. J Chem Tech Biotechnol 94:3578-3584. https://doi.org/10.1002/jctb.6161

43. Olatunji K, Mootswi K, Olatunji O et al (2025). Anaerobic co-digestion of food waste and groundnut
shells: synergistic impact assessment and kinetic modeling. Waste Biomass Val.

Page 17/19



https://doi.org/10.1007/s12649-025-02904-1

44. Wi J, Lee S, Ahn H (2023) Influence of dairy manure as inoculum source on anaerobic digestion of
swine manure. Bioengineering 10:432 https://doi.org/10.3390/bioengineering10040432

45. Pulgarín-Muñoz C, Saldarriaga-Molina J, Correa-Ochoa M, Castro-Valencia J (2025) Effect of
cosubstrate ratio and temperature on sewage sludge and agro-industrial fruit and vegetable waste
anaerobic co-digestion. Waste Biomass Valor. https://doi.org/10.1007/s12649-025-03129-y

46. Hilgert J, Herrmann C, Petersen S et al (2023). Assessment of the biochemical methane potential of
in-house and outdoor stored pig and dairy cow manure by evaluating chemical composition and
storage conditions. Waste Manag 168:14-24. https://doi.org/10.1016/j.wasman.2023.05.031

47. Anto S, Pugazhendhi A, Mathimani T (2019) Lipid enhancement through nutrient starvation in
Chlorella sp. and its fatty acid profiling for appropriate bioenergy feedstock. Biocatal Agric
Biotechnol 20:101179. https://doi.org/10.1016/j.bcab.2019.101179

48. Abdel-Karim O, Wijffels R, Barbosa M (2024a) Strain-specific responses in microalgal lipid
production: revealing the impact of light, temperature, and nitrogen stressors on Nannochloropsis
and Microchloropsis. Res Sq. https://doi.org/10.21203/rs.3.rs-4217667/v1

49. Poh Z, Kadir W, Lam M et al (2020). The effect of stress environment towards lipid accumulation in
microalgae after harvesting. Renew Energy 154:1083. https://doi.org/10.1016/j.renene.2020.03.081

50. Rushan N, Mat Yasin N, Said F (2021) The effect of culture medium on the oil yield and fatty acid
methyl ester of freshwater microalgae Chlorella vulgaris. Chem Eng Commun 208:592-600.
https://doi.org/10.1080/00986445.2020.1864622

51. Arora N, Philippidis G (2021) Insights into the physiology of Chlorella vulgaris cultivated in sweet
sorghum bagasse hydrolysate for sustainable algal biomass and lipid production. Sci Rep 11:6779.
https://doi.org/10.1038/s41598-021-86372-2

52. Yadav A, Sharma S, Nitesh Meena R et al (2025) Tapping the microalgal potential: genetic precision
and stress-induction for enhanced astaxanthin and biofuel production. Biotechnol Biofuels Bioprod
18:92. https://doi.org/10.1186/s13068-025-02656-z

53. Joseph T, Ray J (2023). Experimental assessment of lipid yield and phycoremediation potential of
five indigenous microalgae under various nutrient regimes (N:P) in BBM. Res Sq.
https://doi.org/10.21203/rs.3.rs-3344643/v1

54. Joseph T, Ray J (2024) experimental assessment of lipid yield and phycoremediation potential of
five indigenous microalgae under various nutrient regimes. Bioenergy Res, 17:1856-1875.
https://doi.org/10.1007/s12155-024-10722-x

55. Sia C, Kansedo J, Tan Y, Lee K (2020) Evaluation on biodiesel cold flow properties, oxidative stability
and enhancement strategies: A review. Biocatal Agric Biotechnol 24:101514.
https://doi.org/10.1016/j.bcab.2020.101514

56. Hanif M, Bhatti I, Zahid M, Shahid M (2022) Production of biodiesel from non-edible feedstocks
using environment friendly nano-magnetic Fe/SnO catalyst. Sci Rep 12:16705.
https://doi.org/10.1038/s41598-022-20856-7

Page 18/19



57. Delgado R, dos Santos Guarieiro M, Antunes P et al (2020). Effect of nitrogen limitation on growth,
biochemical composition and cell ultrastructure of the microalga Picocystis Salinarum. Res Sq
https://doi.org/10.21203/rs.3.rs-103539/v1

58. Bhalamurugan G, Orsat V, Mark L (2018) Valuable bioproducts obtained from microalgal biomass
and their commercial applications: A review. Environ Eng Res 23:229.
https://doi.org/10.4491/eer.2017.220

59. AS S (2019) Biodiesel and polyunsaturated fatty acid (PUFA) potential of microalgae biomass-a
short review. Res Dev Mater Sci 10:1182-1193. https://doi.org/10.31031/rdms.2019.10.000744

60. Sun X, Ren L, Zhao Q et al (2018). Microalgae for the production of lipid and carotenoids: a review
with focus on stress regulation and adaptation. Biotechnol Biofuels 11:272.
https://doi.org/10.1186/s13068-018-1275-9

61. Elshobary M, Ebaid R, Alquraishi M, Ende S (2025) Synergistic microalgal cocultivation: Boosting
flocculation, biomass production, and fatty acids profile of Nannochloropsis oculata and
Phaeodactylum tricornutum. Biomass Bioenerg 193: 107595.
https://doi.org/10.1016/j.biombioe.2025.107595

Page 19/19


