Dark fermentation potential in increasing circularity of biotechnological wastes
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Introduction

Within the last 20 years, dark fermentation gained considerable interest between the technologies to produce green H».
Although promising, its application as a “stand-alone” process is currently hampered by several factors. The main
constraints are related to high reaction volumes, the need for renewable and alternative substrates to sugars, the
difficulty to obtain robust biocatalysts, the reduction of pretreatments and further valorisation of its by-products (e.g.,
CO,, short chain fatty acids-scVFAs, residual solids) (Ren et al. 2011; Lukajtis et al. 2018; Jain et al. 2024).

Along with dark fermentation, cultivation of both microalgae and cyanobacteria gained increasing interest in
the development of a green and sustainable economy. Such interest lays in their capacity of growing in phototrophic or
mixotrophic conditions, allowing use and valorisation of anthropogenic CO, streams and different industrial effluents,
whilst generating added value products of interest for the chemical, nutraceutical and pharmaceutical industries coupled
with bioremediation applications (Olabi et al. 2023; Saravanan et al. 2023; Prabha et al. 2022). Despite their properties,
high cultivation costs often limit microalgae and cyanobacteria production and commercialization. Main actions
reported in the literature to increase process feasibility are directed towards the exploitation of waste gas stream and
liquid effluents from other processes. Although use of low-cost resources like wastewaters for their growth would not
allow use of the biomass in the nutraceutical and food industry, valuable chemicals like pigments (i.e. phycobilins,
chlorophylls and carotenoids) could still be recovered and further ways to achieve biomass full and efficient utilization
could be deployed. (Slade and Bauen 2013; Mutale-Joan, Sbabou, and Hicham 2023). Given the requirements of these
two technologies a possible solution could consider their integration. Cyanobacterial/microalgal biomass grown in
wastewater could be used as feedstock as is, or after denaturation and extraction of valuable chemicals, in a dark
fermentation process generating renewable H,, CO, and scVFAs. The latter two could then be used as substrates for
further growth and production of algal or cyanobacterial biomass/products, resulting in a cyclical process that would
valorise the waste products of both processes (Figure 1).
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Figure 1: Integration of dark fermentation and micro-algae/cyanobacteria driven
photosynthetic/mixotrophic processes with potential flows of substrate interchanges



Materials and methods
In this work a microbial consortium obtained through adaptative laboratory evolution was characterized at

physiological level displaying potential for application in a coupled biotechnological process where dark fermentation
utilises waste algal biomass grown on effluent aiming at the full valorisation of all products (i.e. gases, liquid and
solids). The performances of the biocatalyst were recorded during repeated batch cultivation in mesophilic conditions
(37°C) with cyanobacteria biomass (Spirulina spp.) used for bioremediation representing the main substrate for the
process. Fermentation of lyophilized biomass (Spyro) was tested at substrate concentrations of 100 and 50 g/L.
Furthermore, residues obtained after phycobilin extraction were also tested as potential substrates. Residues were
obtained with two high-pressure denaturation protocols running for 2 hours at 100°C (Treat 1) and for 5 hours at 80°C
(Treat 2), respectively. Fermentation of denatured residues was tested at a concentration of 50 g/L. All performances
were screened against positive controls provided with 100 and 50 g/L of glucose (Ctrl). Liquid from the organic fraction
of municipal solid waste digestate was diluted 1:3 with tap water and used as source of minerals. To assess the
robustness of the biocatalyst, sterilization procedures of liquid and solid substrates were not performed.

Results, discussion and conclusions

Production of H, was reported in all tested conditions. Generally, it was observed that higher substrate input
(100 g/L) led to higher H» productivity and increased quality of output gas stream characterized by higher H»
concentrations when compared to tests provided with 50 g/L substrate (Figure 2).
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Figure 2: H> and CO: concentrations in output gas (A;C) and average productivity (B;D)
measured during dark fermentation of Spirulina biomass and residues of its denaturation
for phycobilin extraction. Comparisons were performed through a two-way ANOVA test.

Fermentation of denatured residues revealed that milder extraction methodologies (Treat 2) would allow for
their possible valorisation through dark fermentation. Residues treated at lower temperature displayed H», production
rates similar those of control and Spirulina provided samples, whilst considerably lower amounts were obtained from
residues treated at higher temperature (Treat 1) (Figure 2B). Given such results, the utilization of fine-tuned extraction
methodologies should be considered to maximise the production of H; in the fermentative process.



Along with H,, scVFAs were also produced. Cultures fed with Spirulina biomass displayed in general a wider
panel and higher production of acid species in comparison to control samples, with acetic and butyric acid being the
most represented (Figure 3).

%k %k %k Xk % % %k %k
Tou= 1 1

g/L

Figure 3: Levels of acetate and butyrate produced during dark
fermentation of Spirulina biomass and control samples (substrate
concentration 100g/L). Comparisons were performed through a two-
way ANOVA test.

Despite carbohydrate-rich wastes are regarded as the best feedstocks for biological H» production, results
reported in this study shows the potential of using cyanobacteria biomass derived from biotechnological and chemical
processes as a possible substrate for dark fermentation processes.

Along with H,, fermentation of cyanobacteria biomass allowed for high production of both CO, and scVFA (i.e. acetic
and butyric acid) which could be re-deployed as feedstocks for cyanobacterial phototrophic and mixotrophic processes
respectively. Furthermore, residual fermentation solids could represent a precursor for biomaterial production allowing
for an efficient valorisation of all fermentation products. Fermented biomass and residues were used as templating agent
to produce metal-based catalysts, which could exploit the activation of oxygenated water for catalytic processes.
Furthermore, finely tuned pyrolysis conditions in absence of metals would produce sponge-like materials that could
promote microbial adhesion and biofilm formation. A feasibility study was also carried out to define the possibility to
deploy the technology.

Further research should focus on process scalability and the development of continuous operations. Moreover,
optimization of feedstock provision (i.e., possible co-feeding with wastes rich in carbohydrates) and the utilization of
other cyanobacteria or algal strains representing possible substrate for such process should be considered.

References

Jain, Rupal, Narayan Lal Panwar, Sanjay Kumar Jain, Trilok Gupta, Chitranjan Agarwal, and Sanwal Singh Meena.
2024. “Bio-Hydrogen Production through Dark Fermentation: An Overview.” Biomass Conversion and
Biorefinery 14 (12): 12699-724. https://doi.org/10.1007/s13399-022-03282-7.

Lukajtis, Rafat, Iwona Holowacz, Karolina Kucharska, Marta Glinka, Piotr Rybarczyk, Andrzej Przyjazny, and Marian
Kaminski. 2018. “Hydrogen Production from Biomass Using Dark Fermentation.” Renewable and Sustainable
Energy Reviews 91 (April 2017): 665-94. https://doi.org/10.1016/j.rser.2018.04.043.

Mutale-Joan, Chanda, Laila Sbabou, and El Arroussi Hicham. 2023. “Microalgae and Cyanobacteria: How Exploiting
These Microbial Resources Can Address the Underlying Challenges Related to Food Sources and Sustainable
Agriculture: A Review.” Journal of Plant Growth Regulation 42 (1): 1-20. https://doi.org/10.1007/s00344-021-
10534-9.

Olabi, A. G., Nabila Shehata, Enas Taha Sayed, Cristina Rodriguez, Ruth Chinyere Anyanwu, Callum Russell, and
Mohammad Ali Abdelkareem. 2023. “Role of Microalgae in Achieving Sustainable Development Goals and
Circular Economy.” Science of the Total Environment 854 (August 2022): 158689.
https://doi.org/10.1016/j.scitotenv.2022.158689.

Prabha, Syama, Aravind K. Vijay, Rony Rajan Paul, and Basil George. 2022. “Cyanobacterial Biorefinery: Towards
Economic Feasibility through the Maximum Valorization of Biomass.” Science of the Total Environment 814:
152795. https://doi.org/10.1016/j.scitotenv.2021.152795.

Ren, Nanqi, Wangian Guo, Bingfeng Liu, Guangli Cao, and Jie Ding. 2011. “Biological Hydrogen Production by Dark



Fermentation: Challenges and Prospects towards Scaled-up Production.” Current Opinion in Biotechnology 22
(3): 365-70. https://doi.org/10.1016/j.copbio.2011.04.022.

Saravanan, A., P. Senthil Kumar, Michael Badawi, Gunda Mohanakrishna, and Tejraj M. Aminabhavi. 2023.
“Valorization of Micro-Algae Biomass for the Development of Green Biorefinery: Perspectives on Techno-
Economic Analysis and the Way towards Sustainability.” Chemical Engineering Journal 453 (P1): 139754.
https://doi.org/10.1016/j.cej.2022.139754.

Slade, Raphael, and Ausilio Bauen. 2013. “Micro-Algae Cultivation for Biofuels: Cost, Energy Balance, Environmental
Impacts and Future Prospects.” Biomass and Bioenergy 53 (0): 29-38.
https://doi.org/10.1016/j.biombioe.2012.12.019.



