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Abstract
Hydrogen has attracted significant interest as a sustainable energy carrier due to its high calorific value, high octane number, and the production of water as the only combustion product. However, most hydrogen is produced via steam methane reforming, a process not enough environmentally sustainable. Dark fermentation (DF) is a promising and eco-friendly alternative to produce hydrogen via the microbial oxidation of organic substrates under anaerobic conditions. Among the microorganisms active in DF, Thermotoga neapolitana is particularly noteworthy as it achieves the highest hydrogen yields reported to date. This thermophilic bacterium can grow on a wide variety of sugar-based substrates - those derived from agro-industrial waste included – and produce hydrogen, acetic acid, and lactic acid.
The present study aimed to identify the most suitable carrier for biofilm formation by T. neapolitana. A series of batch experiments was conducted to test various materials as solid supports, including polypropylene, polyurethane sponge, silicone (Tygon tubing), metal nets, and nylon nets. The nylon nets provided the best results and were used in further experiments in continuous stirred-tank reactors to assess their performance. Results provide valuable insights for the optimization of biofilm-based hydrogen production and the potential application of T. neapolitana in sustainable bioenergy processes.
Introduction 
In recent years, hydrogen has gained increasing prominence as an energy carrier due to its numerous favorable characteristics and its potential contribution to the transition toward a sustainable energy system. In particular, the need to reduce dependence on fossil fuels - primarily responsible for devastating environmental impacts such as global warming, air pollution, and geopolitical and economic conflicts - has driven research into alternative solutions (Lanzillo et al., 2024). Among these, hydrogen stands out as one of the most promising options because of its high energy density (approximately three times that of gasoline), high octane number, and its ability to produce energy without emitting greenhouse gases. The only byproduct of hydrogen combustion is water, which makes it particularly attractive from an ecological standpoint.
However, despite these advantages, large-scale hydrogen production is a challenge from both technological and economic perspectives. Currently, approximately 96% of hydrogen is produced via steam methane reforming (SMR). The SMR is a well-established efficient technology but it is characterized by significant greenhouse gas emissions during the process. The remaining 4% is produced via water electrolysis, which is a more sustainable process. However, this process requires large amounts of electrical energy, usually delivered from non-renewable sources reducing its positive environmental impact. Consequently, research is increasingly focusing on alternative methods that could reduce the costs and the ecological footprint associated with hydrogen production.
A promising and innovative approach to produce hydrogen is the use of microorganisms. Dark fermentation (DF)  - an anaerobic process in which bacteria and other microorganisms utilize organic substrates to produce hydrogen – has garnered considerable attention. This process offers several advantages, including the use of waste materials as substrates, low production costs, and minimal environmental impact (Ahmad et al., 2024). Additionally, the theoretical hydrogen yield of DF is particularly high, reaching up to 4 moles of H₂ per mole of glucose (Jain et al., 2022), making it a potentially competitive technology for industrial-scale production.
A promising microorganism for the DF process is Thermotoga neapolitana, a thermophilic bacterium belonging to the family of Thermotogales (d’Ippolito et al., 2020). It grows at high temperature (approximately 75°C) and can metabolize a wide range of sugars, including monosaccharides (such as pentoses and hexoses) and disaccharides, to produce mostly hydrogen and acetic acid (Pradhan et al., 2015). Despite its promising potential, hydrogen production by T. neapolitana under liquid conditions has not yet reached sufficient performance to justify large-scale industrial use. As a matter of fact, reported volumetric hydrogen production rates are limited, indicating that productivity remains a limiting factor for a viable industrial application. Strategies that enhance biomass retention and cell density, such as biofilm-forming cultures, are therefore being explored to overcome these limitations.
The present study reports results of tests on a spectrum of materials (polypropylene, sponge, silicone (Tygon tubing), metal nets, and nylon nets) to promote the formation of biofilms by T. neapolitana, with the aim of optimizing hydrogen productivity. It is expected that the biofilm could enhance the efficiency of the fermentation process by improving the stability and activity of the microorganism, thus potentially increasing hydrogen production. The aim is to improve the efficiency of the fermentation process, making biological hydrogen production a competitive solution with respect to conventional methods.

Materials and methods 
2.1 Microorganism and culture media
The experimental tests were carried out with Thermotoga neapolitana DSM 4359, supplied by the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) (Braunschweig, Germany). Pyrex glass bottles (100 mL) were filled with 50 mL of culture medium. The composition of the culture medium was reported by Lanzillo et al. (2025).
The culture medium was prepared in bottles previously degassed with N₂ to provide anaerobic conditions. The bottles were sealed with Viton stoppers, secured with aluminium crimps and sterilized by autoclaving at 120°C for 20 min. The strain was initially grown in acclimated pre-cultures incubated in a static oven at 75°C for 24 h to ensure sufficient biomass growth. As the microbial concentration approached 0.4 gDM/L, the pre-cultures were used to inoculate both the batch bottles and the reactor used in the fermentation campaign.

 2.2 Batch tests for biofilm production
Preliminary fermentations were carried out under batch conditions to test the propensity of different solid carriers to support T. neapolitana biofilm formation. The fermentations were conducted in 100 mL bottles containing 30 mL of fermentation medium. The solid carriers were loaded in the bottles prior to autoclaving. The temperature was set at 75°C and the initial pH at 7.5. 
The substrate used in these fermentations was glucose at a concentration of 5 g/L.
The solid supports tested in these experiments included polypropylene, polyurethane sponge, silicone, metal nets, and nylon. The main features of the materials used are listed in Table 1.

Table 1. Materials used for biofilm formation in batch experiments.
	Material
	
	Amount
	Shape
	Dimensions
	

	Polypropylene (PP)
	
	13.7 g

	Cubes
	1.0x0.5x0.2 cm
	

	Polyurethane sponge
	
	1.4 g

	Cubes
	2.0x0.9x1.0 cm
	

	Silicone tubing
(tygon tube)
	
	25 g

	Rings
	L= 1 cm
D.I.= 0.5 cm

	

	Metal nets
	
	4 g

	Nets
	2.5x2.0 cm
	

	Nylon nets
	
	16.8 g
	Nets
	2.5x2.0 cm
	


Different masses of the carrier materials were used in order to maintain a constant total volume (carrier + medium) of 50 mL in each reactor. This approach allowed us to preserve the same gas–liquid volumetric ratio adopted by Lanzillo et al. (2025), enabling a more appropriate comparison with the operating conditions reported in that study.

2.3 Biofilm tests in continuous stirred-tank reactors
Biofilm-based fermentations were carried out in a continuous stirred-tank reactor (CSTR). The system consisted of a Pyrex glass vessel with a total volume of 0.3 L (Cheimika, Salerno, Italy), equipped with a thermostatic jacket to control the temperature at 75°C. The culture pH was set at 7.0 and controlled by a supplement of 1 M NaOH and 0.5 M HCl solutions.
Homogeneous mixing within the reactor was provided by liquid recirculation using a peristaltic pump operating at a recirculation volumetric flow rate much higher than the volumetric feeding rate to the reactor. The solid carrier selected during the batch tests was used in the continuous fermentations. The carriers were loaded into 140 mL (VL) culture medium.
The bioreactor with the carriers was sterilized by autoclaving at 121°C for 20 min. After sterilization, nitrogen gas (N₂) was sparged through the culture medium to remove oxygen from both the liquid phase and the headspace. As the temperature dropped below 80°C, trace metals, vitamins, and the carbon source (glucose at concentration of 10 g/L) were added. Provided the anaerobic conditions, the N₂ flow was stopped and the reactor was inoculated with precultures to set initial cell concentration at 0.08 gDM/L. The reactor was initially operated under batch mode for a first period to promote optimal microbial growth. Subsequently, continuous stress cycles for ten days were operated to encourage biofilm formation on the carrier: the pH was shifted outside of its optimal range (6.5–8.0) and the volumetric flow rate was set to reach a maximum residence time () of 2.0 h. Specifically, stress cycles consisted of alternating 8 h of operation at  of 2 h with the pH maintained at 7.0, and 16 h at a residence time of 12 h, during which the pH was set on alternate days to 6.0, 7.5, and 8.0 to promote biofilm development. At the end of the biofilm formation phase, the amount of attached biomass on the carrier was quantified, and approximately 12 g of biofilm dry weight was obtained, confirming successful biofilm establishment. As the biofilm layer was established, the fermentation was carried out at dilution rate 0.040 h⁻¹. 
Continuous tests were carried out at two different dilution rates (DL) 0.040 and 0.067 h-1. The liquid flow rate (F) was therefore set at 5.6 and 9.4 mL/h respectively (F=DL* V). The dilution rate was changed to assess the performance of Thermotoga neapolitana in terms of acetic acid and hydrogen production. During the experiments, culture samples were periodically collected to assess cell and metabolite concentrations until steady-state conditions were established. Steady-state data were processed only when the cell and metabolite concentrations were constant for at least 2–3 times the reactor residence time.

2.4 Analytical methods 
To monitor batch and CSTR fermentations, periodic sampling was performed to evaluate microbial growth in the liquid phase, substrate consumption (glucose), and metabolite production. For liquid-phase analysis, 1 mL of the culture medium was withdrawn. The optical density (ODλ) of the samples was measured at 600 nm using a UV–visible spectrophotometer (SPECORD 50 UV-VIS; Analytik Jena, Jena, Germany). Biomass concentration (gDM/L) was calculated from the absorbance values using a calibration curve (1 OD = 0.4 gDM/L).
Prior to the analysis of water-soluble products, the samples were centrifuged at 13’000 rpm for 10 min using a MiniSpin centrifuge (Eppendorf Italia, Milan, Italy). The concentrations of acetic acid and sugars were determined using an HPLC system (HP1260, Agilent Co., Santa Clara, CA, USA) equipped with a Rezex™ RHM-Monosaccharide H⁺ (8%) column (300 × 7.8 mm) used at 25°C and a refractive index detector (RID) operated at 25°C. Water was used as the mobile phase at a flow rate of 0.6 mL/min.
Gas samples (3 mL) were routinely withdrawn from the batch bottles and CSTR to assess the concentrations of H₂ and CO₂. Following the protocol of Lanzillo et al. (2020) gas composition analysis was performed using a gas chromatograph (HP6890, Agilent Co., Santa Clara, CA, USA) equipped with a thermal conductivity detector (TCD) operated at 100°C. The instrument was fitted with an HP-PLOT Molecular Sieve 5A capillary column (15 m length, 0.53 mm internal diameter, 50 μm film thickness) (Sigma Aldrich, Milan, Italy). The analyses were performed using helium as the carrier gas at a flow rate of 4 mL/min and a pressure of 3.44 psi, with the system maintained at a static temperature of 50 °C.
The internal pressure of the fermentation bottles was recorded using a pressure gauge (Keller) before and after each gas sampling. Gas production in the CSTR reactor was instead measured continuously using an automatic flow meter (BPC® Go).
The experiments were performed in triplicate. 
3. Results 
This study aimed to assess different types of supports for biofilm formation by the bacterium Thermotoga neapolitana. A fermentation campaign was carried out for a preliminary material screening in batch reactors (100 mL bottles). The selected carrier - nylon nets - was subsequently used for tests in a continuous stirred-tank reactor (CSTR).

3.1 Batch tests for biofilm production
Biofilm production is typically associated with aerobic and mesophilic microorganisms. However, bacterial aggregation on solid carriers has also been observed for certain anaerobic and thermophilic species. Reysenbach and Shock (2002) reported several cases in which bacteria grown at approximately 80° C produced exopolysaccharides, which are fundamental to biofilm formation.
Different types of solid carriers were tested under batch conditions to assess their suitability as support for T. neapolitana biofilm. Table 2 summarizes the results related to biofilm growth on the tested support materials. The evaluation of the materials was based on free cell growth, acetic acid and hydrogen production, and biofilm formation after two weeks of incubation.
The comparison of the results in the present investigation with those collected during batch free-cell fermentation reported by Lanzillo et al. (2025) – performed under the same operating conditions – suggests that the polyurethane sponge was the only material that completely inhibited T. neapolitana growth, likely due to toxic compounds released during autoclave sterilization. The metal net did not inhibit cell growth and metabolite production; however, these processes occurred at a lower rate than in free-cell tests. Polypropylene, silicone, and nylon did not exhibit any negative effects on cell growth and metabolite synthesis. Notably, silicone and nylon also promoted slight biofilm formation, identifying them as the most promising materials for supporting biofilm growth in continuous stirred-tank reactors (CSTR). Similar results were reported by Pysz et al. (2004), who cultivated Thermotoga maritima in batch and chemostat reactors to investigate biofilm formation and its effects on gene expression. 
In conclusion, nylon nets were selected as support for biofilm growth.


Table 2: Features and fermentation performance of the solid carriers tested as immobilization support for T. neapolitana biofilm.
	Material
	
	Growth
	Production
	Biofilm
	

	Polypropylene (PP)
	
	++

	++
	NO
	

	Polyurethane sponge
	
	-

	-
	NO
	

	Silicone tubing
(tygon tube)
	
	++

	++
	YES


	

	Metal nets
	
	+

	+
	NO
	

	Nylon nets
	
	++

	++
	YES
	


· "-" means no cell growth or metabolite production
· "+" indicates partial inhibition of growth and metabolite production
· "++" indicates no inhibition effects on growth and metabolite production
3.2 Biofilm tests in continuous stirred-tank reactors
Based on the results obtained from the preliminary batch tests, nylon nets (12 g) were used as the carrier for biofilm development. Main features of the carrier are reported in Table 1.
Biofilm-based fermentation was carried out to enhance the production of acetic acid (AA) and hydrogen (H₂). During the first 36 h after inoculation, the reactor was operated under batch conditions without pH control to promote optimal microbial growth. Repeated stress cycles were applied to the microorganism by forcing the pH out of the optimal growth range (6.5–8.0) and progressively increasing the medium volumetric flow rate to reduce the residence time () to 2 h. After 10 days under stressed conditions, a significant biofilm layer was observed. Continuous fermentation with immobilized cells was then initiated by setting the dilution rate (DL) of 0.040 h⁻¹. 
The dilution rate was set constant until steady-state condition was approached: glucose consumption, acetic acid and hydrogen production were kept constant over a time period corresponding to 2–3 residence times (). The DL was subsequently increased to 0.067 h⁻¹.
Figure 1 reports the results of dark fermentation carried out in the CSTR with immobilized cells on a nylon net support. The biofilm formation phase is not reported in the graph. Time zero corresponds to the moment when the DL was set at 0.040 h⁻¹ (=25h). The vertical line at 272 h marks the instant at which the DL was increased to 0.067 h⁻¹ (=15h).
Dilution rate 0.040 h⁻¹ (=25h).
After an initial lag phase, the microorganism began to consume glucose, reaching a conversion of approximately 88% of the sugar substrate. As the monosaccharide was consumed, acetic acid was gradually produced reaching a maximum steady-state concentration of 5.0 g/L. Gas production was observed simultaneously with acetic acid (AA) production. The maximum volumetric gas production rate during this phase was 55 mL/L*h and hydrogen (H₂) accounted for 33 mL/L*h (mL of H2 on L of reaction volume per hour). 
Dilution rate 0.067 h⁻¹ (=15h).
At this dilution rate, an immediate decrease in glucose consumption was observed, resulting in a steady-state glucose concentration of approximately 2.5 g/L. Regarding acetic acid production, a slight decrease was noted, reaching a steady-state concentration of 4.6 g/L. This trend is similar to that reported by Dreschke et al. (2019) for a free-cell 3 L CSTR using 5 g/L glucose. Specifically, when the residence time () was reduced from 24 to 20 h, they observed a rapid decrease in acetic acid and glucose concentrations, followed by stabilization at higher levels after a few days.
In contrast, gas production increased, reaching 87.5 mL/L*h of total gas and 56.3 mL/L*h of H₂, corresponding to an increment of over 70% compared with the previous dilution rate. This result suggests that higher dilution rates promote H₂ production in biofilm-based systems. 
The presence of biofilm significantly enhanced the fermentation performance of T. neapolitana. In fact, in this study the acetic acid production was 5.5 times higher than the one obtained by Dreschke et al. (2019) at high residence time for free cells.
In the study by Moll et al. (2025), conducted with T. neapolitana in a 0.7 L free-cells CSTR operated at 77 °C and pH 7.35, a hydrogen production rate of 70 mL/L*h was obtained at a dilution rate (DL) of 0.067 h⁻¹, which is very similar to the value observed in the present work. This result indicates that, at such low dilution rates, the positive effect on hydrogen production is not yet evident. Therefore, it is necessary to operate at higher dilution rates in order to achieve a more significant enhancement in hydrogen production.
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Figure 1: Dark Fermentation in a CSTR with a nylon net support for the formation of biofilm with T. neapolitana: a) Profile of acetic acid production and glucose consumption; b) Production of gas and H2 at  25 and 15 h. 

4. Conclusions
This study aimed to optimize the dark fermentation process performed by Thermotoga neapolitana, with a particular focus on enhancing H₂ production yields. To this end, a series of batch experiments was carried out to evaluate different solid support materials for biofilm formation, including polypropylene, polyurethane sponge, silicone (Tygon tubing), metal nets, and nylon nets.
The experimental results demonstrated that the polyurethane sponge acts as a toxic support for the fermentation process, as it inhibits microbial growth. In contrast, nylon nets and silicone tubing proved to be highly suitable supports for T. neapolitana adhesion and biofilm formation.
Based on these findings, a more complex reactor configuration was developed, consisting of a continuous stirred-tank reactor (CSTR) in which nylon nets were selected as solid support material. Analysis of the fermentation profiles obtained at dilution rates (DL) of 0.040 and 0.067 h⁻¹ revealed a substantial increase in both acetic acid and hydrogen production.
In conclusion, the findings indicate that T. neapolitana is proficient in forming biofilms on nylon net supports, and that the implementation of an immobilized-cell CSTR is effective.
This study offers novel insights into the role of support materials in enhancing biofilm-based dark fermentation and presents a practical strategy for improving hydrogen productivity. Consequently, it contributes to the development of more efficient and scalable biohydrogen production systems.
Nomenclature
AA – acetic acid, g/L
DF – dark fermentation, -
DL – dilution rate, 1/h
Glu – glucose, g/L
PP – Polypropylene, -
X– biomass, g/L
 – retention time, h
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