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Abstract 

Dark fermentation was evaluated for biohydrogen production using whey as the sole substrate and subsequently 

through whey–cattle manure co-digestion to enhance hydrogen yield and process stability. Whey-only experiments 

were conducted in 250 mL batch reactors using a Box–Behnken design to evaluate temperature (30–50 °C), 

substrate–inoculum ratio (3–5), and organic loading (10–20). Hydrogen generation occurred during acidogenesis 

and acetogenesis; however, performance was highly sensitive to acid accumulation and methanogenic shifts. 

Although whey demonstrated fermentability due to its lactose content, operational instability limited hydrogen 

selectivity. In contrast, co-digestion with cattle manure improved buffering capacity, optimized C/N balance, 

enhanced microbial diversity, and significantly increased hydrogen productivity. Thermophilic co-digestion 

conditions (55 °C) achieved hydrogen yields of up to 59.5 mL H₂/g VS, outperforming those of whey-only systems. 

The comparative analysis confirms that co-substrate integration strengthens metabolic pathways toward hydrogen 

formation and improves process robustness for renewable energy production. 
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Introduction 

Whey is a high-organic-load by-product of cheese production rich in lactose, making it a suitable substrate for 

hydrogen-producing acidogenic bacteria(Salama et al., 2019). However, rapid acidification and nutrient imbalance 

frequently compromise hydrogen selectivity in single-substrate systems (Nemati et al., 2025). Dark fermentation 

efficiency depends on maintaining acidogenesis while suppressing methanogenesis, which consumes hydrogen 

(Albuquerque et al., 2024). 

Cattle manure provides anaerobic microbial consortia, alkalinity, and nitrogen content that can stabilize 

fermentation (Hangri et al., 2024) Co-digestion has been proposed to balance the carbon-to-nitrogen (C/N) ratio, 

enhance buffering capacity, and improve hydrogen yield. This study compares whey-only and whey–manure 

systems to determine performance improvements from co-substrate integration. 

Materials and Methods 

Whey-only assays were performed in 250 mL Schott batch reactors under strict anaerobic and dark conditions. A 

Box–Behnken experimental matrix varied temperature (30, 40, and 50 °C), substrate–inoculum ratio (3–5), and 

organic loading (10–20). Gas production was measured daily via NaOH displacement and stored in Tedlar bags 

for chromatographic quantification (H₂, CH₄, CO₂, O₂). Reactor monitoring included pH, production time, and 

detection of methanogenic onset. 

For co-digestion, whey was combined with cattle manure to improve the C/N ratio and microbial synergy. 

Mesophilic (30–40 °C) and thermophilic (50–55 °C) regimes were evaluated. Additional monitoring included 

volatile fatty acids (VFAs), chemical oxygen demand (COD), and volatile solids (VS). 



Results and Discussion 

Whey-only fermentation confirmed hydrogen production during the early acidogenic phases; however, VFA 

accumulation reduced pH and promoted metabolic shifts. Hydrogen selectivity was strongly temperature-

dependent. Thermophilic conditions increased volumetric gas production but also required strict control to avoid 

methanogenesis (Rao & Basak, 2021). Substrate–inoculum ratio influenced hydrogen dominance, yet instability 

remained a recurring limitation. 

In contrast, whey–manure co-digestion significantly enhanced hydrogen yield and stability. Manure supplied 

buffering capacity and diversified anaerobic microbiota, mitigating acid inhibition and maintaining favorable 

metabolic pathways. Thermophilic co-digestion (55 °C) achieved hydrogen yields up to 59.5 mL H₂/g VS, 

exceeding those of whey-only digestion. Co-digestion also improved hydrogen-to-methane selectivity and 

prolonged productive phases. Scientifically, these improvements are attributed to a balanced C/N ratio, enhanced 

microbial enzymatic activity, and suppression of hydrogen-consuming methanogens. 

The comparative analysis demonstrates that manure serves as both a biological inoculum and a biochemical 

stabilizer, converting a structurally unstable whey system into a robust hydrogen-producing process. Table 1 

summarizes the results obtained. 

Table 1. Comparative performance between whey-only and whey–manure systems. 

Parameter Whey Only Whey + Manure 

Operational stability Sensitive to acidification Improved buffering capacity 

Hydrogen yield Moderate, variable Up to 59.5 mL H₂/g VS (55 °C) 

Methane suppression Requires strict control Improved selectivity toward H₂ 

C/N balance Carbon-rich, nitrogen-limited Balanced C/N ratio 

Process robustness Instability under load variation Enhanced microbial synergy 

 

Conclusions 

Whey is a feasible substrate for hydrogen production but presents operational limitations due to 

acidification and metabolic instability. Co-digestion with cattle manure substantially improves hydrogen yield, 

buffering capacity, microbial diversity, and selectivity. The integration of agro-industrial residues under 

thermophilic conditions enhances hydrogen recovery and process robustness, supporting scalable renewable 

biohydrogen production. 
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