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A B S T R A C T

Macroalgae have gained significant attention in recent research owing to their potential as novel food source and 
their noteworthy nutritional properties. However, a substantial amount of these macroalgae accumulates along 
the coast without being utilized, highlighting the need for proper treatment and disposal methods to mitigate 
secondary pollution effects. Previous studies on macroalgae have primarily focused on extracting bioactive 
compounds or anaerobic digestion processes to produce methane or volatile fatty acids (VFA), with observed 
improvements following different pre-treatments. In this study, three biorefinery options for macroalgae have 
been compared. Additionally, the extraction of bioactive compounds followed by VFA production is proposed as 
a promising new valorization strategy. Milled macroalgae exhibited a low methane production yield (138 ± 17 
NmL CH4⋅g volatile solid− 1), corresponding to 31 ± 4 % biodegradability, while the acidification percentage was 
higher (45 ± 1%). Among the three solvents applied (water, ethanol and acetone), ethanol (80%) at 25 ◦C was 
the most effective in recovering bioactive compounds, such as chlorophylls, sugars, and phenolic compounds 
with antioxidant activity. The extraction of chlorophylls and phenolic compounds was not influenced by particle 
size reduction. However, a more efficient extraction of sugars was observed with lower particle size. Moreover, 
ethanol treatment demonstrated the good efficiency in VFA production, reaching up to 3.6 ± 0.2 g VFA- 
(chemical oxygen demand, COD)⋅L− 1, with a VFA spectrum (in COD basis) consisting of 51% acetic acid, 29% 
propionic acid, 5% i-butyric acid, 7% butyric acid, and 7% i-valeric acid. These findings highlight the potential of 
ethanol for efficient compound recovery and VFA production from macroalgae.

1. Introduction

Macroalgae are organisms that can be found in all aquatic habitats, 
including oceans, rivers, ponds, and wastewater, although they can also 
be cultivated in large areas along the coast (Sultana et al., 2023). These 
organisms use the natural nutrients present in seawater for their growth, 
and their primary metabolites consist of lipids, proteins, carbohydrates, 
and water. Additionally, macroalgae contain chlorophylls, cytochromes, 
nucleotides, and other compounds involved in various metabolic re
actions (Xu et al., 2023). Due to their unique biochemical composition, 
macroalgae are suitable for producing a wide range of compounds, 
including carotenoids, phenolic compounds, and vitamins (Babich et al., 
2022; Pardilhó et al., 2022). The content of primary metabolites varies 
depending on the type of macroalgae and the conditions in which they 
are cultivated. Macroalgae also produce secondary metabolites, which 

are specific to one or more species and are not involved in primary 
metabolism. These secondary metabolites include agar, alginate, fucoi
dan, ulvan, laminarin, starch, cellulose, pectin, β-D-mannuronic, 
α-L-guluronic substances, and carrageenan (Babich et al., 2022; Xu et al., 
2023). These metabolites possess biological activity and have antiviral, 
antitumor, anti-inflammatory, plant growth-stimulating, and antioxi
dant properties (Babich et al., 2022).

Despite their benefits, uncontrolled macroalgae growth can have 
negative environmental and ecological impacts on coastal areas and 
affect fishing and shellfish industries. Nevertheless, the utilization of 
kelp biomass holds immense promise as a valuable resource for bio
refinery operations, particularly in the production of biofuels and 
chemicals through biological methods, such as anaerobic digestion and 
ethanol fermentation (Casoni et al., 2020; Pardilh et al., 2023; Sharmila 
et al., 2022).
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To recover high added value components from macroalgae, a pre
vious stage is required to break the physical and chemical barriers of its 
complex structural framework. With a previous pre-treatment, the 
accessibility to these compounds is increased (Pardilhó et al., 2022). Yet, 
macroalgae pre-treatment involves several challenges, such as 
enhancing economic viability, ensuring environmental compatibility, 
reducing extraction time, addressing scalability issues, improving pro
cess robustness, and, of course, preserving the biological activity of the 
compounds (Narayanan, 2024; Sadeghi et al., 2024; Ummat et al., 
2021). There exist different pre-treatment methods, such as thermal 
treatments, that have been widely studied, but they present the disad
vantage of the possible degradation of some thermosensitive compounds 
(Rodríguez-Gutiérrez et al., 2019). Regarding the extraction, traditional 
methods, such as Soxhlet or thermal, offer several advantages like low 
cost, reproducibility, and simplicity, but they also have significant 
drawbacks, including longer extraction times, higher solvent re
quirements, potential risk to biological activity, and lower efficiency 
(Sadeghi et al., 2024). Therefore, novel and environmentally sustainable 
studies are underway (Quit et al., 2022)., incorporating advanced 
technologies, such as supercritical fluid extraction, pressurized liquid 
extraction, ultrasound-assisted extraction, microwave-assisted extrac
tion, enzyme-assisted extraction, ultrasound-microwave-assisted 
extraction, and liquefied gas extraction.

However, the recovery of these compounds of interest does not 
eliminate the problem regarding macroalgae management, since there is 
still residual biomass after the recovery step. The most effective process 
for organic waste treatment is anaerobic digestion, where the organic 
matter is transformed mainly into biogas, a mixture of CH4 (60–70%) 
and CO2 (30–40%). However, recently, the production of volatile fatty 
acids (VFA) is gaining interest as VFA are key components for the in
dustry due to their role as basic molecules for obtaining bioplastics, 
chemical products with high added value or for biofuels production 
(Cubero-Cardoso et al., 2022; Liang et al., 2024). Due to this wide range 
of applications, VFA have a larger market than energy, with prices 
ranging between 400 and 800 €⋅t− 1 for acetic acid (C2) and 2000–2500 
€⋅t− 1 for propionic acid (C3) (Atasoy et al., 2018; Calt, 2015). Producing 
VFA through microbial processes is considered a very interesting alter
native to its production from fossil sources, due to its renewable, 
biodegradable and sustainable nature (Bevilacqua et al., 2021; Bhatia 
and Yang, 2017). However, VFA production from by-products or resi
dues is not yet widespread at an industrial level. More specifically, 
studies about VFA production from macroalgae are limited (Banu et al., 
2020; Pham et al., 2012, 2013), with the majority of studies focusing on 
Ulva fasciata and Laminaria japonica macroalgae and employing 
chemo-thermal, microwave, and alkaline pre-treatment methods. These 
studies underscore the necessity for further research aimed at enhancing 
bioconversion yields to VFA by exploring more efficient pre-treatment 
methods. For this reason, we propose a pre-treatment approach that 
synergistically combines the extraction of bioactive compounds with 
enhanced bioconversion to VFA.

The general objective of this study was to develop a biorefinery 
process for macroalgae valorization, including the extraction of com
pounds with high added value followed by the anaerobic fermentation 
of the residual biomass for VFA production. This holistic valorization 
strategy was compared to the single anaerobic digestion and anaerobic 
fermentation of macroalgae.

2. Materials and methods

2.1. Macroalgae conditioning

Macroalgae were manually harvested from the coast of Illa de Arousa 
(Galicia, Spain) in January 2023. This particular macroalgae contained a 
considerable amount of sand and shells and predominantly featured 
Ulva lactuca macroalgae. This raw macroalgae without any conditioning 
was designated as “untreated” (U). Macroalgae was conditioned with 

tap water in order to remove the majority of sand and shells and this was 
termed “washed” (W). Lastly, the particle size of washed macroalgae 
was reduced to sizes smaller than 1 cm using a coffee grinder (Orbegozo, 
MO-3250), resulting in the substrate named “milled” (M). After condi
tioning, macroalgae were stored at− 20 ◦C to avoid the uncontrolled 
fermentation of the substrate. The three types of macroalgae were 
characterised in terms of solids (total and volatile) and organic matter 
content.

2.2. Extraction of bioactive compounds from macroalgae

Water, ethanol, and acetone are among the commonly used organic 
solvents for the conventional extraction of bioactive compounds 
(Raghunath et al., 2023; Ummat et al., 2021). Therefore, these three 
solvents were tested in triplicate: acetone 80% for pigments recovery, 
such as chlorophylls; ethanol 80% for phenolic compounds recovery; 
and water for sugars recovery. The extractions took place in 500 mL 
screw-top bottles, where 50 g of washed (W) or milled (M) macroalgae 
and 250 mL of solvent were added. Acetone treatment involved 2 h of 
magnetic agitation in amber bottles at room temperature (25 ◦C). The 
ethanol and water extractions were conducted in a water bath at 70 ◦C 
for 2 h. After each pre-treatment, the liquid phase (extract), containing 
the bioactive compounds, was separated from the solid phase by 
centrifugation. The solid phases (SP) of the triplicates were mixed and 
dried together for 24 h at 105 ◦C, for their subsequent use as a substrate 
in the anaerobic fermentation tests. For the liquid phase (LP), the COD, 
TS and VS, total phenolic content (TPC), antioxidant activity, and total 
sugars were determined. Liquid phase samples with organic solvent 
were dried with a nitrogen stream (TurboVap LV Concentration Evap
orator) prior to analytical determinations. Furthermore, 10 mL of the LP 
extracted was evaporated to dryness using a vacuum rotary evaporator 
(Büchi, vacuum controller V-800) and weighted to determine the yield 
of the extraction, which represents the dry weight of the extract (DWE) 
per liter of LP.

2.3. Methane production from macroalgae

Methane production was carried out with milled (M) macroalgae 
through biochemical methane potential test at pH 7.5 and 37 ◦C. The test 
was conducted in triplicate using a reactor with a capacity of 2 L, 
coupled with an AMPTS II equipment (Bioprocess Control) 
(Taboada-Santos et al., 2020). The study employed an inoculum to 
substrate ratio of 2, in terms of VS, and an inoculum concentration of 5 g 
VS⋅L− 1. The flocculent inoculum for the study was sourced from the 
sludge digester of the wastewater treatment plant located in Lugo 
(Spain). The main characteristics of the inoculum were: pH: 7.4 ± 0.1; 
alkalinity: 7800 ± 500 mg CaCO3⋅L− 1; total COD (tCOD): 15900 ± 400 
mg L− 1; soluble COD (sCOD): 500 ± 70 mg L− 1; TS: 23270 ± 12 mg L− 1; 
and VS: 13914 ± 2 mg L− 1. Methane production was monitored daily 
over a 23-day period, and the mixed liquor of the bottles was analyzed at 
the end of the assay. The results were expressed in milliliters of methane 
under normal conditions (0 ◦C and 1 atm) per gram of volatile solids of 
the substrate (NmL CH₄⋅g VS⁻1). Physico-chemical characterization at 
the beginning and end of the BMP test is shown in Table S1.

2.4. Anaerobic fermentation of macroalgae

Batch anaerobic fermentation tests were conducted at pH 7.5 and 
37 ◦C, allowing for comparison with batch anaerobic digestion (Z. Wang 
et al., 2023). Moreover, mesophilic range and neutral pH were reported 
as a good conditions to maximize VFA production from organic sub
strates (Sun et al., 2021). In the first test, macroalgae before and after 
conditioning, namely U, W, and M, was used as substrate. In the second 
test, the residual macroalgae after the extractions with the different 
solvents, was used. For each test, blanks (only the inoculum) were 
incorporated to account for the background sCOD and VFA 
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contributions from the inoculum (Fig. S1). The batch tests were con
ducted in triplicate using 0.5 L (0.4 L of working volume) screw-top 
bottles with plastic septum. The bottles underwent incubation at 37 ◦C 
inside an Optic Ivymen Systems Shaking Incubator, with a rotation 
speed of 75 rpm. The inoculum to substrate ratio was 1, in terms of VS, 
using an inoculum concentration of 10 g VS⋅L− 1. The flocculent inoc
ulum for the study was sourced from the sludge digester of the waste
water treatment plant located in Vigo (Spain). The main characteristics 
of the inoculum were: pH: 8.1 ± 0.1; alkalinity: 10360 ± 60 mg 
CaCO3⋅L− 1; tCOD: 48600 ± 850 mg L− 1; sCOD: 5150 ± 10 mg L− 1; TS: 
56170 ± 260 mg L− 1; and VS: 28502 ± 14 mg L− 1. The methanogenic 
inhibitor 2-bromoethanesulfonate was dosed at the beginning of each 
test with a concentration of 0.5 g g VS− 1

substrate. The assays were moni
tored by measuring the pH, sCOD, VFA and intermediates of a 10 mL 
sample extracted on days 1, 3, 7, 14, 21, and 28. Physico-chemical 
characterization at the beginning and end of the batch fermentation 
tests is shown in Tables S2 and S3.

2.5. Analytical methods

The determination of the pH, alkalinity, TS, VS, tCOD and sCOD was 
carried out by following standard methods (APHA, 2017).

Volatile fatty acids, ranging from acetic acid (C2) to heptanoic acid 
(C7), were quantified using gas chromatography. The analysis was 
performed using an Agilent 6850 gas chromatograph equipped with a 
flame ionization detector (FID). A DB-Wax column from Agilent Tech
nologies (30 m × 0.250 mm x 0.25 μm) was utilized. The injector 
temperature was set at 250 ◦C, while the detector temperature was set at 
280 ◦C. Nitrogen was used as the carrier gas. Prior to analysis, the 
samples were filtered (0.45 μm) and acidified with 10 μM concentrated 
H3PO4 (85%) (Bevilacqua et al., 2021). Biogas composition was deter
mined using a Hewlett-Packard (HP) 5890 Series II gas chromatograph.

The total phenolic content (TPC) was determined by the Folin- 
Ciocalteu spectrophotometric method, using visible spectrophotometry 
in a Powerwave XS2 spectrophotometer (BioTek Instruments), and 
expressed as milligrams of gallic acid equivalents (GAE) per kilogram of 
washed or milled macroalgae (Singleton and Rossi, 1965). Anthrone 
colorimetric method was used to determine the total sugar content 
(Mokrasch, 1954). The absorbance of samples was taken at 630 nm by 
visible spectrophotometry in a Powerwave XS2 spectrophotometer 
(BioTek Instruments). A calibration curve with known glucose concen
trations was made, and the results were expressed as milligrams of 
D-glucose equivalents per kilogram of washed or milled macroalgae.

The antioxidant activity of the extracts was assessed using two 
spectrophotometric methods commonly applied: DPPH (2,2-diphenyl-1- 
picrylhydrazyl) method, as described by Brand-Williams et al. (1995), 
and ABTS radical (2.2′-azinobis-(3-ethyl-benzothiazoline-6-sulfonate), 
as described by Re et al. (1999). The results were quantified as milli
grams of Trolox per kilogram of washed or milled macroalgae.

Content in chlorophyll a, b and c was determined according to Jeffrey 
and Humphrey (1975) using the following equations (Eqs. (1)–(3)) and 
expressed in milligrams per kilogram of washed or milled macroalgae. 

Chlorophyll a = (11.85⋅(A664-A750))-(1.54 x (A647-A750))-(0.08⋅(A630- 
A750))                                                                                            (1)

Chlorophyll b = (− 5.47⋅(A664-A750))+(21.03⋅(A647-A750))-(2.66⋅(A630- 
A750))                                                                                            (2)

Chlorophyll c = (− 1.67⋅(A664-A750))-(7.60⋅(A647-A750))+(24.52⋅(A630- 
A750))                                                                                            (3)

The spectrophotometric measurements were performed using a 
UV–visible spectrophotometer (Shimadzu UV-1800, Shimadzu). Results 
were expressed as mean values ± standard deviations. To assess the 
differences between samples, a comparison was performed using the 
software Sigmaplot 14.5. One-way analysis of variance (ANOVA) 

followed by Tukey’s comparison test was per-formed. Results were 
considered statistically significant for p < 0.05.

3. Results and discussion

3.1. Influence of macroalgae conditioning on VFA production

The characteristics of untreated, washed and milled macroalgae are 
shown in Table 1. The conditioned macroalgae exhibit a notable 
decrease in TS and an increase in VS and tCOD as a result of the removal 
of a substantial amount of sand and shells through washing. Particle size 
reduction only affected TS, probably due to a decrease in moisture 
content caused by the friction in the coffee grinder which resulted in 
increased TS.

Batch fermentation tests were conducted to assess macroalgae 
fermentation yield and product spectra, comparing the impact of mac
roalgae conditioning (untreated, washed, and milled). pH remained in 
the neutral range (6.9–7.5) throughout all the experiments (data not 
shown). A gradual increase in VFA concentration was observed over 
time (Fig. 1). In parallel, sCOD concentration also increased over time, 
but it is important to note that, during the first days of experiment, 
around 60% of the sCOD comprises soluble compounds other than VFA, 
which remain unidentified at present. Nevertheless, this unidentified 
proportion decreased over time, with the majority of the measured sCOD 
eventually being attributed to VFA at the end of the experiment. During 
the final days of the assay, the sCOD of untreated and milled macroalgae 
decreased due to biogas production, specifically hydrogen, methane, 
carbon dioxide, and hydrogen sulfide. At the end of the test, VFA pro
duction accounted for 4.0 ± 0.1 g COD⋅L− 1, 3.2 ± 0.1 g COD⋅L− 1 and 4.6 
± 0.1 g COD⋅L− 1 for untreated, washed and milled macroalgae, 
respectively (Fig. 1). These values correspond to acidification percent
ages of 36 ± 1%, 27 ± 1%, and 39 ± 1%, respectively.

Particle size reduction may alter the crystalline index of cellulose, 
thereby enhancing the release of soluble compounds, as evidenced by 
comparing the exponential growth in sCOD between untreated and 
milled macroalgae (Dharmaraja et al., 2023). As a consequence, the 
overall efficiency of the biorefinery process increases by 44% when 
macroalgae are milled after washing. The fermentation of mechanically 
pre-treated Ulva reticulata demonstrated a notable VFA increase from 33 
mg L− 1 to 135 mg L− 1 (Kumar et al., 2018), which highlights the sig
nificant impact of size reduction on the fermentation process. In 
contrast, macroalgae conditioning did not have a significant effect on 
product spectra. Acetic acid was the major VFA component in all tests, 
accounting for more than 50% (in COD basis), followed by propionic 
acid (20%), and lastly butyric and valeric acids, each accounting for less 
than 10% of the total VFA content (Table S4). This VFA composition 
closely resembled findings from a previous work (Banu et al., 2020).

3.2. Methane vs. volatile fatty acid production

The BMP test was conducted to assess the methane production po
tential of macroalgae. Milled macroalgae was selected for this study 
based on prior observations and the results of previous studies, which 
demonstrated that particle size reduction enhances substrate bioavail
ability for microorganisms (Tedesco et al., 2013; Trujillo-Reyes et al., 
2022). The methane yield of milled macroalgae was 138 ± 17 NmL 
CH4⋅g VS− 1 (Fig. S2), which is similar to the values obtained in other 

Table 1 
Characterization of the conditioned of macroalgae.

Macroalgae Total solids Volatile solids tCOD

(g⋅kg− 1) (g⋅kg− 1) (g⋅kg− 1)

Untreated (U) 309 ± 12 84 ± 2 95 ± 10
Washed (W) 164 ± 11 123 ± 12 138 ± 2
Milled (M) 191 ± 15 116 ± 1 134 ± 2
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recent studies that used untreated Ulva lactuca (Tabassum et al., 2017). 
This yield corresponds to an anaerobic biodegradability of 31 ± 4 % 
(COD basis), which is lower than the 45 ± 1 % observed for VFA pro
duction. In a comparative study on methane and VFA production from 
food waste, results showed methane yields of 435 mL CH₄⋅g VSfed− 1 and 
VFA yields of 434 mg VFA⋅g VSfed− 1 (Tampio et al., 2019). In contrast, 
experiments with milled macroalgae produced 138 ± 17 NmL CH₄⋅g 
VSfed− 1 and 460 mg VFA⋅g VSfed− 1. Therefore, the efficiency of 
bioconversion processes varies depending on the substrate, with mac
roalgae producing lower methane but higher VFA yields compared to 
food waste. Ganesh Saratale et al. (2018) studied the anaerobic digestion 
of various species of macroalgae (red, green, and brown) and the values 
obtained ranged from 110 to 310 mL CH4⋅g VS− 1. Municipal sludge and 
food waste are common industrial waste products used for methane 
production, with median methane yields of 144.5 and 429 mL CH₄/g VS 
in BMP tests, respectively (Liu et al., 2024). Recent research has shown 
that producing VFA from waste through anaerobic fermentation results 
in lower life-cycle environmental impacts compared to conventional 
anaerobic digestion for bioenergy production (Gálvez-Martos et al., 
2021). VFA offer additional advantages as they can be utilized as plat
form chemicals or substrates for biotechnologically relevant microor
ganisms, enabling the production of biofuels, biochemicals, and 
biomaterials (Tomás-Pejó et al., 2023). Nevertheless, methane remains a 
vital end product, primarily for bioenergy generation.

3.3. Bioactive compounds extraction from macroalgae

Table 2 presents the physico-chemical characterization of the liquid 
and solid phases after the extraction processes using washed and milled 
macroalgae. The solvent that allowed the greatest solubilization of 
organic matter was ethanol (Table 2), which is evidenced by the 
decrease in organic matter in the solid phase and the increase in liquid 

phase. Water extraction had the lowest sCOD levels in the liquid phase, 
for both washed and milled macroalgae, and acetone extraction showed 
different results between washed and milled macroalgae. The extraction 
yield was significantly lower with acetone than with ethanol and water 
(Table 2). The extraction yield is influenced by various parameters, 
including particle size, solvent type, solvent-to-solid ratio, and temper
ature (Quit et al., 2022). The difference in extraction yields between 
washed and milled macroalgae was most evident with acetone extrac
tion, likely due to the greater variability in measurements associated 
with efficiently transferring components from the longer macroalgae 
and the selectivity of compounds. Conversely, in the case of water and 
ethanol, the temperature effect causes the macroalgae to move with 
vapor bubbles, resulting in a more effective homogenization process.

Fig. 1. Evolution of VFA (COD basis) and sCOD over time in the batch fermentation tests with untreated (a), washed (b) and milled (c) macroalgae.

Table 2 
Physico-chemical characterization of solid (SP) and liquid phases (LP) after 
solvent extraction.

Solid phase Liquid phase

VS (g⋅kg− 1
dry 

SP)
tCOD (g⋅kg− 1

dry 

SP)
Yield (g 
DWE⋅L− 1

LP )
sCOD 
(g⋅L− 1

LP )

Acetone (80%)
Washed 

(W)
809 ± 19 735 ± 20 1.3 ± 0.5 1.2 ± 0.1

Milled (M) 660 ± 8 674 ± 27 2.4 ± 0.4 2.7 ± 0.1
Ethanol (80%)
Washed 

(W)
748 ± 9 693 ± 5 5.6 ± 0.1 3.5 ± 0.1

Milled (M) 676 ± 14 629 ± 25 5.3 ± 0.4 3.3 ± 0.1
Water
Washed 

(W)
768 ± 7 777 ± 32 5.0 ± 2.1 1.2 ± 0.1

Milled (M) 780 ± 10 785 ± 21 5.5 ± 1.6 1.8 ± 0.2
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The extraction of chlorophylls was carried out due to their utility as 
pigments in the food industry and their potential applications in the 
pharmaceutical field (X. Wang et al., 2023). As expected, a higher 
concentration of chlorophylls was obtained using acetone (Fig. 2a), 
particularly with the milled macroalgae (225 ± 12 mg chlorophyll a 
⋅kg− 1, 96 ± 4 mg chlorophyll b ⋅kg− 1, and 296 ± 2 mg chlorophyll c 
⋅kg− 1). This could be attributed to the treatment being conducted at 
room temperature with agitation using a magnetic stir bar, facilitating 
enhanced material transfer with smaller particle sizes. However, lower 
amounts of chlorophyll were extracted with water, regardless the type of 
macroalgae used (washed or milled). Conventional extraction of 
phenolic compounds, secondary metabolite in macroalgae, is generally 
carried out using ethanol, methanol, or acetone (Gil-Martín et al., 2022; 
Sasaki and Yoshikuni, 2022). In this study, ethanol was the most 
adequate solvent, reaching 260 ± 50 mg GAE⋅kg− 1 and 210 ± 20 mg 
GAE⋅kg− 1for the W and M macroalgae, respectively (Fig. 2b). These 
results were higher than those obtained in another study with Ulva 
lactuca and fasciata macroalgae with values of 80 mg GAE⋅g kg− 1 

(Egodavitharana et al., 2023). Concerning antioxidant activity (Fig. 2c), 
ethanol extraction was the most efficient, with values of 120 ± 10 mg 
DPPH-Trolox⋅kg− 1 and 380 ± 30 mg ABTS-Trolox⋅kg− 1 for washed 
macroalgae, which are consistent with previous studies (Loganayaki 
et al., 2013). The assessment of total sugars content in the extracts was 
conducted, as macroalgae are abundant in diverse carbohydrates, 
including alginate, fucoidans, and ulvans (Sasaki and Yoshikuni, 2022). 
The highest value was achieved for milled macroalgae with water as 

solvent (2.1 ± 0.1 g D-glucose⋅kg− 1, Fig. 2d).

3.4. Effect of the extraction of bioactive compounds on the anaerobic 
fermentation of macroalgae

The anaerobic fermentation of residual macroalgae (solid phase) 
after bioactive compound extraction has been assessed through a batch- 
mode experiment, comparing the impact of three solvents (80% acetone, 
80% ethanol, and water) and two types of macroalgae (washed and 
milled) on the fermentation process (Fig. 3). The highest acidification 
percentages were achieved after extraction with acetone (around 40 ±
2%), followed by the extraction with ethanol (38 ± 1%) and lastly the 
water extraction (27 ± 3%). No significant differences were observed 
between the two types of macroalgae.

VFA spectrum was similar for all experiments with around 50% 
acetic acid (Fig. 3). Interestingly, after solvent extraction, propionic acid 
percentages increased compared to non-extracted macroalgae 
(Table S4). For instance, in the case of milled macroalgae, propionic acid 
increased from 22% to 29% after ethanol extraction. Conversely, a 
decrease in the production of valeric acid is observed when macroalgae 
were treated with different solvents. These results confirm that the 
extraction of bioactive compounds does not negatively impact the bio
process, as the VFA profile and production remained similar than un
treated biomass. Additionally, after ensuring the thorough removal of 
organic solvents to prevent any detrimental effects on the bioprocess, 
other valuable alternatives following bioactive compound extraction 

Fig. 2. Concentration of chlorophyll (a), total phenolic compounds (b), antioxidant activity (c) and total sugars (d) extracted from washed and milled macroalgae 
using different solvents. Data given per kg of macroalgae.

J. Cubero-Cardoso et al.                                                                                                                                                                                                                       Environmental Research 263 (2024) 120008 

5 



could include the production of biohydrogen, bio-oil, or bioethanol 
(Kammler et al., 2024).

3.5. Comparative material balance analysis of macroalgae biorefinery 
processes

Three valorization options have been evaluated for 1 kg of milled 

macroalgae (100 g of organic matter) (Fig. 4). The first option involves 
anaerobic digestion to produce methane, yielding 15 L of CH4 per ki
logram of macroalgae. The second option is similar, but it focuses on 
anaerobic fermentation to produce VFA, specifically 27 g of acetic acid 
and 8 g of propionic acid per kilogram of macroalgae. The third option 
involves a pre-treatment step to extract various bioactive compounds 
from the macroalgae (Fig. S3). The ethanol solvent treatment 

Fig. 3. Evolution of VFA (COD basis) and sCOD over time during the batch fermentation of residual macroalgae after bioactive compound extraction with three 
different solvents (acetone, ethanol and water).
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demonstrated better performance, yielding 200 mg of chlorophyll, 210 
mg of phenolic compounds, and 1200 mg of sugars per kilogram of 
macroalgae. Additionally, 26 g of acetic acid and 10 g of propionic acid 
were produced per kilogram of macroalgae. This valorization option 
resulted in the conversion of over 50% of the organic matter into a 
product of industrial interest. However, this option has certain draw
backs, including the use of a significant amount of organic solvent that 
could be reclaimed, and the need for a drying process, which increases 
operational costs. Further research is recommended to explore alterna
tive, more sustainable, and environmentally friendly extraction pro
cesses that eliminate the use of organic solvents.

4. Conclusions

This study demonstrates that the extraction to obtain bioactive 
compounds followed by VFA production from the residual biomass is a 
more attractive valorization option for macroalgae than only methane or 
VFA production. Particle size reduction is crucial to increase the yields. 
Yet, further research is recommended to explore alternative, more sus
tainable, and environmentally friendly extraction processes that elimi
nate the use of organic solvents.
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