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Abstract
The staggering increase in pollution associated with a sharp tightening in global energy demand is a major concern for 
organic substances. Renewable biofuel production through simultaneous waste reduction is a sustainable approach to meet 
this energy demand. This study co-fermentation of dairy whey and SCB was performed using mixed and pure bacterial 
cultures of Salmonella bongori, Escherichia coli, and Shewanella oneidensis by dark fermentation process for hydrogen 
production. The maximum  H2 production was 202.7 ± 5.5  H2/mL/L, 237.3 ± 6.0  H2/mL/L, and 198 ± 9.9  H2/mL/L obtained in 
fermentation reactions containing dairy whey, solid and liquid hydrolysis of pretreated sugarcane bagasse as mono-substrates. 
The  H2 production was greater in co-substrate by 347.3 ± 18.5  H2/mL/L under optimized conditions (pH 7.0, temperature 
37 °C, substrate concentration 30:50 g/L) than expected in mono-substrate conditions, which confirms that co-fermentation 
of different substrates enhances the  H2 potential. Fermentation medium during bio-H2 production under GC analysis has 
stated that using mixed cultures in dark fermentation favored acetic acid and butyric acid. Co-substrate degradation produces 
ethyl alcohol, benzoic acid, propionic acid, and butanol as metabolic by-products. The difference in the treated and untreated 
substrate and carbon enrichment in the substrates was evaluated by FT-IR analysis. The present study justifies that rather than 
the usage of mono-substrate for bio-H2 production, the co-substrate provided highly stable  H2 production by mixed bacterial 
cultures. Fabricate the homemade single-chamber microbial fuel cell to generate electricity.
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Introduction

Bioenergy is renewable energy derived from sources that 
cannot be depleted or replenished within the lifetime of a 
human (Owusu and Asumadu-Sarkodie 2016; Joseph 2019). 
Bioenergy can be derived from different types of sources, 
including wood residues, agricultural residues, and livestock 
residues (Scarlat et al. 2011; Prakash Kumar Sarangi et al. 
2022). Limiting demand for imported fuels in low-income 
countries and diversifying national energy resources are 
potential benefits (Shrestha and Shakya 2012; Aditiya and 
Aziz 2021). Bio-H2 can produce electricity at a minimal 
cost in underdeveloped countries, here modern conversion 
technologies and processes are applied appropriately (Nath 

and Das 2011). Bio-H2 (hydrogen) is an alternative energy 
and sustainable power source in the current situation (Bhar-
athiraja et al. 2014; Kadier et al. 2022). Bio-H2 is a clean 
and ecologically friendly fuel with high energy consumption 
and yield (Liu et al. 2019). It is produced using a variety of 
ways, including dark fermentation, photo fermentation, and 
bio-photolysis (Dinamarca and Bakke 2011; Kumar et al. 
2019). The dark fermentation technique is a developing 
trend in which  H2 is produced naturally (Sinha and Pandey 
2011). Dark fermentation is the conversion of organic mat-
ter into various organic and inorganic products (Bastidas-
Oyanedel et al. 2015; Qyyum et al. 2022). In the absence 
of sunlight, dark fermentation uses microbial resources to 
produce hydrogen from waste biomass (Oztekin et al. 1993; 
Bolatkhan et al. 2019). A variety of microbes such as Enter-
obacter, Bacillus, and Clostridium are involved in bio-H2 
production (Davila-Vazquez et al. 2009; Khan et al. 2021). In 
photofermentation, hydrogen is produced by the decomposi-
tion of organic matter with the help of nitrogenase, which is 
produced by photosynthetic bacteria (Basak and Das 2007; 
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Hitam and Jalil 2020). A variety of photosynthetic bacteria, 
including R. capsulatus, R. sphaeroides, R. sulfidophilum, 
R. rubrum, and R. palustris (Nath and Das 2011; Li et al. 
2022).

Dark fermentation is an intricate process and is highly 
affected by many parameters. These parameters include 
nutritional requirements, substrate concentration, substrate 
specificity, reactor configuration, temperature, pH, hydrau-
lic retention time (HRT), and organic loading rate (Logan 
et al. 2002; Wu et al. 2003; Lin and Lay 2004; Bernal et al. 
2021; Nurhayat and Bilgin 2022). In heterogeneous hydro-
gen-producing reactors, pH changes might significantly alter 
populations of different species because pH inhibits bacterial 
growth (Horiuchi et al. 1999; Audu et al. 2021; Varghese 
et al. 2022). Microbial metabolism is highly affected by pH 
variations that lie within the growth range of microorgan-
isms (Dijkstra et al. 2012; Jayachandran and Basak 2022). 
This possibility such substrate Corn stalks, wheat stalks and 
Sugarcane bagasse degradation efficiency, utilization of car-
bon and energy sources, synthesis of protein and discharge 
of the metabolic end products from cells (Pant et al. 2010; 
Prathiba et al. 2022). Much research has been conducted 
on the effects of pH on  H2 production from carbohydrate-
rich wastes (Mizuno et al. 2000; Liu et al. 2020). Maximum 
substrate utilization rates by methanogens are affected by 
temperature (Rebac et al. 1997; Dalby et al. 2021). Biomass 
concentration has a significant impact on the spread of fer-
mentation products, as biomass utilization rates can be a 
major problem by biomass concentration (Gil et al. 2003; 
Nath and Das 2011). Pretreatment approaches based on 
acid, alkaline, enzymatic, and combination treatment are 
universally acceptable and the easiest means of producing 
bio-H2 (Xing et al. 2006; Johnstone et al. 2010). Without 
pretreatment, direct conversion yields very little  H2; how-
ever with pretreatment, the complex structure of cellulosic 
biomass breaks down and yields a very high  H2 generation 
efficiency (Fujita et al. 2016; Galbe and Zacchi 2012). The 
lignin–carbohydrate complexes in sugarcane bagasse (SCB) 
are destroyed or disturbed during acid hydrolysis, making 
the cellulose freely available to enzymes and microorgan-
isms (Karimi et al. 2014; Shukla et al. 2023). Acid treatment 
of SCB with  H2SO4 at different concentrations (0.25–7.0% 
volume) is a commonly used approach since it is environ-
mentally beneficial (Abubakar et al. 2022).

Bio-H2 production from different wastewater is used 
as substrates using the pure and mixed culture of bacte-
ria (Kyazze et al. 2005). Pure culture systems produce a 
lower diversity of biomass, making metabolic shifts easy 
to detect (Elsharnouby et al. 2013; Amin et al. 2022). In 
addition, studies with pure cultures can provide valuable 
insights into the conditions that promote hydrogen pro-
duction (Hawkes et al. 2002; Cao et al. 2022). The hydro-
gen-producing pure culture can be genetically modified 

to block, inactivate, and shut down undesirable metabolic 
pathways. The advantages of pure culture systems include 
their minimal inoculum steps, technical feasibility, and 
ease of use despite lower yields compared to co-cultures 
(Hallenbeck and Ghosh 2009; Mahata and Das 2022). It is 
economically beneficial to support and maintain anaerobic 
conditions for hydrogen-producing bacteria to eliminate 
unwanted compounds (Juan et al. 2015; Lui et al. 2020). 
In the fermentation process, co-culture catalysis improves 
the conversion of complex sugars and degraded organic 
substances into hydrogen and provides a wide range of 
pH. According to most studies, economics and technology 
were important factors that interrelate. Co-cultures com-
bine strict and facultative anaerobes in the first category. 
Strict anaerobic bacteria are very sensitive to oxygen, and 
hydrogen-producing bacteria can block oxygen. Another 
way facultative anaerobes consume  O2 in a medium elimi-
nates the need for an expensive reducing agent, making it 
simple to achieve anaerobic conditions. Enhanced hydro-
gen production through batch fermentation process under 
anaerobic conditions using co-cultures of Enterobacter sp. 
(facultative anaerobes) and Clostridium sp. (strict anaer-
obes) was performed to achieve stable hydrogen produc-
tion and high yield was observed (Nath and Das 2011; 
Kamilah et al. 2018).

Nevertheless, the use of different substrates for bio-H2 
production is a more feasible and sustainable alternative. An 
important novelty of this work is that it is the first report to 
investigate the production of  H2 from whey and sugarcane 
bagasse as co-substrates using a novel bacterial strain E.coli, 
S. bongori, and S. oneidensis. In this study, the bio-H2 poten-
tial of industrial waste and lignocellulosic substrates was 
investigated by dark fermentation using pure and co-cultures 
of efficient bio-H2-producing bacteria. Dairy whey effluents 
and solid and liquid hydrolysates from sugarcane bagasse are 
rich in carbohydrates and bacterial nutrients, and therefore 
the most suitable substrates for bio-H2 production by dark 
fermentation. This work involves the use of an MFC by fac-
ultative anaerobic bacteria with co-substrate.

Materials and methods

Culture collection, subculture, and pure culture 
maintenance

Bio-H2-producing facultative anaerobic bacteria viz., E. 
coli, S. bongori, S. oneidensis of different anaerobic sludge 
collected from in and around Dindigul district, Tamil Nadu 
in India, which were previously isolated in our laboratories 
were utilized for the present study (Mumtha et al. 2022a). 
The three selected bacterial strains were cultured on the 
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nutrient agar at pH 7 and 37 °C for 24 h and maintained in 
the refrigerator at 4 °C for further study.

Substrate collection and processing

Dairy whey was collected from the SPS Dairy and Foods 
Ltd, Nadunayagapatti, Dindigul District, Tamil Nadu, India. 
One liter of samples was collected in sterile containers and 
transported immediately to the lab and stored at 4 °C for 
further processing. Sugarcane bagasse was collected from 
the Rajshree Sugarcane Industry and Chemical limited near 
Vaigai dam, Theni District, Tamil Nadu, India. The collected 
sugarcane bagasse was once soaked in distilled water and 
dried at 40 °C for 24 h in a hot air oven. The dried substrates 
were milled to a size less than 0.5 mm and stored in a closed 
container at room temperature.

Substrate pretreatment

Dairy whey of about 200 mL was heat treated at 100 °C 
for 55 min in a hot air oven (Venkata Mohan et al. 2008). 
Sugarcane bagasse of 10 g was pretreated by acid hydrolysis 
treatment with 0.5% (v/v)  H2SO4 (hydrochloric acid) and 
autoclaved for 120 min at 121 °C (Reddy et al. 2017). After 
cooling, the substrate was strained through Whatman filter 
paper under a vacuum. Both the liquid and solid hydrolyzed 
residues of sugarcane bagasse collected were adjusted to 
pH 7 by 1N of NaOH and stored at room temperature in an 
airtight container for further study.

Substrate characterization 
before and after pretreatment

Before and after pretreatment of substrates such as dairy 
whey and sugarcane bagasse substrates, the physiochemical 
characteristics including pH, TS (total solids), COD (chemi-
cal oxygen demand), VSS (volatile suspended solids), TSS 
(total suspended solid), VDS (volatile dissolved solids), 
phosphates, sodium, nitrogen, calcium, cellulose, hemicellu-
lose, lignin, ash, and moisture content were tested. The COD 
of the substrates was analyzed by the APHA method (Feder-
ation 2012). Carbohydrate content was determined using the 
sulfuric phenol method (Nielsen et al. 2010) and reducing 
sugars were quantified by the DNS method (Hu et al. 2008). 
Protein was determined according to the standard Lowry 
method (Waterborg 2009) with a UV–Vis spectrophotometer 
(Thermo scientific Genesys UV–Visible Spectrophotometer) 
at 660 nm using Bovine Serum Albumin (BSA) as standard. 
FTIR analysis, to determine functional group properties of 
a treated and untreated sample of dairy whey and solid and 
liquid hydrolysate of sugarcane bagasse (LHS) analyzed by 
FT-IR 460 plus in the range of 4000–500  cm−1 wavenumber 
(Fourier Transform Infrared Spectrometer, Model (JASCO 

FA/IR-4700). The SEM and EDX were used to determine 
the chemical identification and element concentration of 
untreated and pretreated SCB. Zhang and Shen (2006) 
employed scanning electron microscopy (SEM) to visualize 
the morphological characteristics of the substrates at differ-
ent magnifications. Energy dispersive X-ray spectrometer 
(Bruker-EDX) which provides 30 kV, and X-ray absorption 
spectroscopy create a difference in energy which results in 
peak formation.

Factors’ effects on microbial bio‑H2 production

To optimize the factors affecting pure- and co-culture-
based microbial bio-H2 production, batch fermentation 
was performed in a 150 mL glass bottle with 75 mL of 
working volume. Different operational factors responsible 
for bio-H2 production, viz., different pH (6, 6.5, 7, 7.5, 8, 
and 8.5), temperatures (28 °C, 37 °C, 42 °C, and 50 °C), 
mono-substrate concentrations (10, 30, 50 and 70 g/L), 
and co-substrate concentrations (10:5, 30:15, 50:25 and 
70:30 g/L), effects on microbial bio-H2 production were 
optimized. Dairy whey and sugarcane bagasse were sup-
plemented as a carbon source in a fermentative medium 
(3 g/L  NH4HCO3, 0.125 g/L  KH2PO4, 0.015 g/L  MnSO4. 
 6H2O and 0.200 g/L  MgCl2.6H2O, trace element 0.005 g/L 
 CuSO4.5H2O, 0.002 g/L  CoCl2.5H2O, 5.37 g/L  NaHCO3 and 
0.025 g/L  FeSO4.7H2O,) for pure and co-culture microbial 
fermentation process (Mumtha et al. 2022). Each serum bot-
tle containing fermentation medium was inoculated with 1% 
of the selected bacterial culture under aseptic conditions. 
The inoculated amber bottles were blocked with a soft cork 
and sealed with an aluminium led using the squeezing for-
ceps after the  N2 and  CO2 gas had been fixed for 5 min. The 
serum bottles were kept in an Orbital Shaking Incubator 
(Remi Instrument) at 150 rpm for 62 h.  H2 gas production 
was analyzed by GC-TCD (Gas Chromatography with a 
Thermal Conductivity Detector Shimadzu GC 2014).

Analytical methods for bio‑H2 production for factor 
optimization

During factor optimization for bio-H2 production, the cul-
ture growth was monitored by UV–Vis spectrophotometer 
(Thermo scientific Genesys UV–Visible Spectrophotom-
eter), OD at 660 nm after 64 h. Protein was determined by 
the Lowry method (Waterborg 2009) using UV–Vis spec-
trophotometer at 660 nm. Reducing sugars were quantified 
by DNS assay, and carbohydrate content was determined 
using the sulfuric phenol method. VFAs (volatile fatty acids) 
were analyzed by (GC-FID /Shimadzu GC 2014) and the 
samples were centrifuged at 5000 rpm at 5 °C. The collected 
supernatant was filtered through a 0.2 mm membrane filter 
(2%  H3PO4 80/100 mesh and capillary column coated with 
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10% PEG-20 M). Detector, injection port, and programmed 
column temperatures were 130–175 °C, 220 °C, and 240 °C, 
respectively. Nitrogen gas with a flow rate of 20 mL  min–1 
was used as carrier gas. The gasses  H2 and  CO2 were ana-
lyzed by gas chromatography (Shimadzu GC 2014) using 
a thermal conductivity detector (GC-TCD). Propak Q tube 
(80/100 mesh) was employed as the packing material and 
nitrogen gas acted as the carrier gas with an oven, injec-
tion port, and detector in the temperature range of 150 °C, 
100 °C, and 80 °C. A volume of approximately 1 ml of bio-
H2 was manually injected.

Maximum  H2 production rates were estimated from 
cumulative  H2 production using the modified Gompertz 
equation.

where, cumulative  H2 production (mL) H (t),  H2 production 
potential (mL) P, maximum  H2 production rate (mL/h) Rm, 
e = 2.71828, lag-phase (h) and t time (h).

Results and discussion

Physicochemical characteristics of substrates

Physicochemical characteristics of substrates employed for 
bio-H2 production were investigated. In dairy whey (DW), 
pH was found to be alkaline (9.4 ± 0.3), this may be due 
to the use of detergent for washing, and sugarcane bagasse 
(SCB) showed an acidic pH of 5.6 ± 0.1, consistent with 
the data published by Webber III et al. (2017). Dairy whey 
is rich in organic content and useful for the production of 
bio-H2 which can be converted to electrical energy (Muru-
gan et al. 2021). COD tests determine the amount of  O2 
required for oxidizing organic substances with a strong 
chemical oxidant. The chemical oxygen demand (COD) of 
DW (908 ± 0.7 g/L) was higher than the value obtained for 
the SCB (1008 ± 2.9 g/L), respectively. Meanwhile, nitro-
gen content was measured by total nitrogen (TN) and solu-
ble protein. The total nitrogen (TN) of the substrate was 
0.73 ± 0.06 g/L which is less in DW compared to the TN 
acquired for the SCB. Furthermore, the SCB soluble protein 
value was higher than the DW value. Kumari and Das (2017) 
reported an ash and moisture content of SCB of 2.0 ± 0.7 g/L 
and 6.7 ± 0.5 g/L, respectively, comparable to the ash and 
moisture content values of SCB in the present study. VSS 
(volatile suspended solids) and SS (suspended solids) were 
estimated to determine wastewater strength and treatment 
ability. In the present research, TDS (total dissolved solid) 
and TSS (total suspended solid) of dairy whey were found 
to be 145 ± 0.3 g/L and 2.2 ± 0.02 g/L, respectively. For rice 

H(t) = P.exp

(

−exp
R
m
.e(� − t) + 1

P

)

husk, pine wood, and palm fruit bunch, the maximum sugar 
concentrations were obtained at the severity factors of 1.96, 
1.74, and 1.76, respectively (Gonzales et al. 2016). For the 
SCB, the values of TS (Total solid) and VS (volatile solid) 
were 50.6 ± 0.2 g/L and 97.21 ± 1.2 g/L, respectively, which 
correspond to the values reported by Talha et al. (2016). 
Trace elements and micronutrients were also analyzed in the 
DW and SCB. Table 1 shows two of the samples had high 
Mg content of 0.12 ± 0.001 g/L and 41 ± 0.01 g/L. It has 
also been found that soluble inorganic salts, such as calcium 
(Ca) and sodium (Na) soluble in the liquid product, were 
higher in the DW sample (48.9 ± 0.09 and 3.2 ± 0.02 g/L). 
Only calcium showed a higher concentration in the DW 
(48.9 ± 0.09 g/L) compared to the SCB sample.

In particular, most of the inorganic elements in DW are 
higher than that of SCB. The trace elements such as iron 
(Fe) were found to be higher in DW (3.00 ± 0.07 g/L), while 
Fe in SCB had a value of 0.45 ± 0.05 g/L. Iron limitation 
somehow inhibited the formation of ethanol. It is possible 
that the alcohol dehydrogenases involved are iron dependent 
(Zhang and Shen 2006). Trace elements and macronutrients 
play an essential role in biological  H2 production although 
they are required in minimal amounts by some co-enzymes 
and enzymes for their action (Zhang et al. 2013). The results 
indicate that DW and SCB have higher nitrogen content 
while SCB has higher carbon content, so their complemen-
tary properties can provide appropriate co-degradation in 
carbon and optimal.

Functional group characteristics of treated 
and untreated substrates by FT‑IR analysis

To quantify the functional group present in the main com-
ponent in an untreated and treated dairy whey, FT-IR spec-
troscopy was performed (Fig. 1). The strong and broad peak 
intensity attained at 3326  cm−1, attributed to O–H stretching 
either by the presence of hydroxyl group or carbohydrates 
that indicate the presence of lipids, proteins, and carbohy-
drates. (Ekka and Mierin 2022) similarly observed similar 
kinds of peaks viz., a strong and broad peak within the range 
of 3450–3285  cm−1, associated with carbohydrates, proteins, 
and lipids. The peaks that belong to carbohydrates and pro-
teins in dairy whey after heat and ultrasonication treatment 
for 55 min achieved a high intensity rather than untreated 
dairy whey. The strong peak at 2504  cm−1 is assigned to 
the carbon dioxide O=C=O stretching group. The  CO2 was 
soluble, as a result peak intensity disappears after heat treat-
ment. The O=C=O stretching group at 669 and 2600  cm−1 
could be due to the presence of  CO2 bands (Tan and Leb-
ron 2012). After pretreatment, the strong peak in the pep-
tide C=O bond on protein-relevant peaks was observed at 
1633  cm−1. The peak at this wavelength indicates whether 
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the peak decreased or increased before and after pretreat-
ment about protein degradation, and it confirms the presence 
of protein in dairy effluent (Tang et al. 2017). The band at 
602  cm−1 is assigned to the C=C bending alkene group that 
disappears after heat treatment.

The chemical structure of biomass and acid hydroly-
sis was determined using FT-IR analysis. In this study, 
the FT-IR spectra of the untreated sugar cane bagasse 
(SCB), and solid and liquid hydrolysis-treated SCB show 
a wide change in their functional groups (Fig. 1). The band 
assigned at 4000–2995  cm−1 was determined as cellulose 
(Morán et al. 2008). The peak at 3427  cm−1 represents 
the OH group and indicates crystalline cellulose presence 
in both treated and untreated samples. In liquid hydroly-
sis, the peak that appears at 3305  cm−1 corresponds to 
the hydroxyl (OH) group, indicating that the cellulose is 
solubilized after acid hydrolysis treatment. The absorp-
tion at 2920 and 2911  cm−1 was related to –CH stretching 
of methyl and methylene group that shows a great differ-
ence in their peak intensity for solid and liquid hydrolysis. 

In both solid hydrolysis and liquid hydrolysis, the peak 
intensity of 1623  cm–1 was assigned to C–H bond defor-
mations, and aromatic ring vibration was associated with 
the lignin. The intense peak observed at 1558 cm-1 is 
assigned to the stretching of carbonyl groups (1728  cm–1) 
and vibration of aromatic rings (1600,1635,1510  cm–1); all 
of these contain lignin compounds (Moretti et al. 2014). 
The bands at 1462  cm−1 and 1375  cm−1 correspond to the 
symmetric  CH2 bending (Cao and Tan 2004). Treated and 
untreated SCB shows a similar peak intensity at 1299  cm−1 
assigned to be C–O ether group. Solid hydrolysis indicates 
that the peak intensity recorded at 1162  cm−1 corresponds 
to the vibration of the ring C–O–C in hemicellulose (Ju 
et al. 2011). The acid hydrolysis treatment affected the 
cellulose and hemicellulose solubility, the peak intensity 
at 1025   cm–1 was associated with C–O stretching. The 
stronger band at 897  cm−1 was observed in acid hydrol-
ysis treatment, which is present in the cellulose II or 
amorphous cellulose form, characterized by the C–O–C 
stretching at the β-1,4-glycosidic linkage. A lignocellulose 

Table 1  Physiochemical characteristics of various substrates of the present study compared with an earlier study

Mean ± S.E/all the parameters are in mg/L−1except pH
DW dairy whey, SCB sugarcane bagasse

S. No. Parameter Value of present study Values of earlier study 
report

References

DW SCB DW SCB Hassan and Zohri (2019), Oztekin et al. (1993), 
Zhang et al. (2013)

1 pH 9.4 ± 0.3 5.6 + 0.1 9.5 5.1 Ahmed et al. (2022)
2 Chemical oxygen demand (COD) 908 ± 0.7 1008 ± 0.9 48–1026 – Pandey and Wang (2019), Talha et al. (2016)
3 Total solids (TS) 2.7 ± 0.04 50.6 ± 0.2 2.805 51.3 Emerald et al. (2012), Queiroz et al. (2020)
4 Total dissolved solids (TDS)  145 ± 0.3 ND 130–8469 – Miito et al. (2021)
5 Total suspended solids (TSS) 2.2 ± 0.02 ND 2.5 – Jihen et al. (2015), Kumari et al. (2019), Patil 

et al. (2016)
6 Volatile solids  43.8 ± 0.5 97.21 ± 1.2 20.5–1079 97.91 Chakraborty et al. (2018), Mehrotra et al. (2016)
7 Calcium 48.9 ± 0.09 0.63 ± 0.05 55–115 0.7–2.37 Anukam et al. (2016), Kumari et al. (2019), 

Mehrotra et al. (2016)
8 Nitrogen  0.73 ± 0.06 1.2 ± 0.03 1–180 0.29–1.72 Anukam et al. (2016), Halder et al. (2020)
9 Carbon 34.6 ± 0.7 40.1 ± 0.23 301.71 47.62 Kumari et al. (2019), Patil et al. (2016)
10 Protein 3.4 ± 0.6 3.8 ± 0.1 3.85 2–46 Kumari et al. (2019), Patil et al. (2016)
11 Total sugar 1.8 ± 0.9 2.6 ± 0.4 1.68 1–50 Ethaib et al. (2017)
12 Cellulose ND 40.1 ± 0.03 – 40.79 Ethaib et al. (2017)
13 Hemicellulose ND 20.6 ± 0.3 – 22.32 Kumari et al. (2019)
14 Lignin ND 16.3 ± 0.4 – 17.4 Kumari et al. (2019)
15 Moisture content ND 6.7 ± 0.5 – 6.83 Kumari et al. (2019)
16 Ash content ND 2.01 ± 0.7 – 0.41–2.09 Mehrotra et al. (2016), Morán et al. (2008)
17 Sodium 3.2 ± 0.02 1.3 ± 0.06 60–810 0.97 Mehrotra et al. (2016)
18 Phosphorus 52.3 ± 0.8 21.2 ± 0.2 9–210 – Morán et al. (2008)
19 Iron 3.00 ± 0.07 0.45 ± 0.05 3 – Morán et al. (2008)
20 Magnesium 0.12 ± 0.001 0.41 ± 0.01 0.08–70 – Hassan and Zohri (2019), Oztekin et al. (1993), 

Zhang et al. (2013)
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matrix is confirmed by the presence of these bands in the 
SCB, due to its content of cellulose, hemicellulose, and 
lignin (Naik et al. 2010).

SEM and EDAX analysis

SEM study of treated and untreated sugarcane bagasse 
showed that pretreatment caused physical changes to the bio-
mass. Significant morphological differences were observed 
between the native SCB and acid hydrolysispretreated SCB. 
The untreated sugarcane bagasse has a smooth and continu-
ous surface, whereas 120 min of acid hydrolysis pretreated 
SCB showed that some fibers detached, indicating the pres-
ence of SCB cellulose, hemicellulose, and lignin compo-
nents. Acid hydrolysis treatment at 120 min, which partially 
removed lignin and hemicellulose, showed unstructured 
SCB formation. Elemental analyses were performed simul-
taneously on SCB. The EDX results indicated that untreated 
SCB contained carbon (30%), oxygen (13.71%), and nitro-
gen (0.5%) as dominant compositions. Since sulfuric acid 
can be employed in the hydrolysis process, the sample con-
tains sulfur following pretreatment with acid hydrolysis. 
This interpretation agrees with the information provided by 
Laluce et al. (2019). Carbon (69.42%), oxygen (36.06%), 
and nitrogen (3.12%) percentages were increased during acid 
hydrolysis pretreatment of SCB.

Heat treatment of dairy whey changes the biological, 
chemical, and physical properties (Fig. 2). Heat-treated 
dairy whey exhibits greater reactions due to an increase in 
reducing sugars (lactose is broken down into simple sugars 
like glucose and galactose) (Harju et al. 2012; Chen 2023). 
Acid hydrolysis treatment converts complex carbohydrates 
into a substrate for fermentation. (Karimi-Maleh et al. 2023). 
Hydrogen production can be enhanced by efficient pretreat-
ment methods to produce more simple sugars (Wu et al. 
2003). To promote hydrogen production from substrates, 
the optimal treatment method is essential for an inexpen-
sive and environmentally friendly strategy (Sillero et al. 
2023). Pretreatment using thermochemistry and enzymes 
has some limitations, such as disposal problems, and energy-
consuming and time-consuming processes; therefore, uncon-
ventional methods such as microwaves, ionizing irradiation, 
electroporation, IR radiation, ultrasound, etc., need to be 
further investigated (Bhurat et al. 2023).

Effect of various factors on microbial bio‑H2 
production

The variation in  H2 production differs based on the micro-
bial strains, substance concentrations, pH, and temperature 
(Zhang et al. 2003; Xiao et al. 2013; Li et al. 2020). In most 
cases, the optimal pH for hydrogen production lies between 

Fig. 1  Functional group characteristics by FT-IR analysis. a Treated and untreated dairy whey, b treated and untreated sugarcane bagasse
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6.0 and 8.0, and the fermentative pathway is supported in 
slightly acidic conditions to achieve the best bacterial growth 
(Sinha and Pandey 2011; Alexandropoulou et al. 2020). 
Numerous studies have reported that the optimum tempera-
ture for  H2 production depends on the bacteria and substrate 
(Wang and Wan 2008a). Substrate concentration increases 
 H2 production by providing enough organics for microorgan-
isms and promoting bacterial growth (Lay and Chang 2012). 
Hydrogen production was inhibited by further increasing the 
substrate concentration, as less  H2 was collected, and simi-
lar studies were reported (Leo et al. 2008; Pascualone et al. 
2019). The optimum co-digestion ratio of carbohydrates and 
proteins achieved the maximum hydrogen yield, production 
rate, and process stability (Xue et al. 2019). In this study, 
pH, temperature, and substrate concentration played a sig-
nificant role in optimizing the process.

Effect of pH

The critical factor, the pH of the fermentative medium, was 
one of the most important parameters that affects the produc-
tion of bio-H2. The extreme pH range inhibits the activity 
of Fe-hydrogenase which leads to a reduction in hydrogen 
production (Ahmed et al. 2022; Husna et al. 2022). The opti-
mal pH of the maximal bio-H2 production depends on the 
microbial activity and substrates used for fermentation. The 
impact of pH on bacterial growth and bio-H2 production 
from various substrates including dairy whey (DW), solid 
and liquid hydrolysis of pretreated sugarcane bagasse (SH/
LH-PSCB), and co-substrate (DW and SH-PSCB) by pure 

culture E. coli, S. bongori, S. oneidensis and co-culture of 
these strains was studied by testing at pH of 6.0, 6.5, 7.0, 
7.5, 8.0, and 8.5. Bio-H2-producing bacteria utilize sub-
strate carbon and protein as a major nutrient source for their 
growth and  H2 yield (Jarunglumlert et al. 2018; Hassan and 
Zohri 2019; Karimi-Maleh et al. 2023). Hence, to research 
the impact of pH on bio-H2 production, changes in carbo-
hydrate, protein, and reducing sugar contents present in the 
substrates were analyzed and cumulative  H2 productions 
were recorded, as shown in Figs. 3 and 4.

S. bongori and S. oneidensis utilize substrate carbon, 
protein, and reducing sugar effectively except E. coli that 
produces a maximum  H2 at pH 7.0. The strain E. coli uti-
lizes carbon and protein effectively at pH 7.5 but shows an 
increase in reducing sugars (Fig. 4) due to the liberation of 
simple sugars on digestion of complex carbon of substrate. 
This leads to less  H2 yield from dairy whey at pH 7.5 by E. 
coli (Fig. 4), due to the effect of metabolite products formed 
during the digestion of carbon and protein at a high rate. 
SCB is a lignocellulose material rich in hemicellulose and 
cellulose that can be hydrolyzed and fermented by microbes 
(Fangkum and Reungsang 2011; Bu et al. 2021). S. bongori 
at pH 7.5 shows high substrate utilization whereas other 
strains utilize highly at pH 7.0 with high yield. The substrate 
LH-PSCB utilization widely differs with the pH of the fer-
mentation medium. E. coli and S. bongori utilize maximum 
protein at pH 7.5 and reducing sugar at pH 7.0, while, carbon 
utilization by E. coli was high at pH 6.5 whereas S. bongori 
shows maximum utilization at pH 7.0. S. oneidensis utilizes 
carbon, reducing sugar, and protein at a high rate at pH 7.5. 

Fig. 2  Catalysis reaction of treated biomass. a Heat treatment of dairy whey lactose and b acid hydrolysis treatment of sugarcane bagasse
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In the case of co-culture, the carbon, reducing sugar, and 
protein utilization vary in the pH range of 6.5, 7.0, and 7.5. 
E. coli and S. oneidensis utilize maximum co-substrate at pH 
7.5 while S. bongori and co-culture show maximum utiliza-
tion at pH 7.0. At pH 7.0, the microbial biomass was at a 
high rate with an increase in substrate consumption (Ghimire 
et al. 2015; Rao and Basak 2021).

Performing bio-H2 production from various substrates 
with pure culture at different pH shows that E. coli, S. bon-
gori, and S. oneidensis reached a maximum  H2 produc-
tion of 108.5 ± 4.81  H2/mL/L, 88.33 ± 2.1  H2/mL/L, and 
142 ± 2.4  H2/mL/L, respectively, at pH 7.0 for dairy whey 
(Fig. 4a). Saratale et al. (2018) used a pure culture of E. 
coli to produce bio-H2 from wet SCB biomass with an aver-
age production rate of 1000 pL  H2 CFU1 day. The solid 
hydrolysate of acid-pretreated sugarcane bagasse generated 
bio-H2 under batch fermentation with a pure culture of E. 
coli and S. oneidensis, and the  H2 production at pH 7.0 was 
135.5 ± 1.7  H2/mL/L and 159.1 ± 1.5  H2/mL/L, respectively. 
The maximum production of bio-H2 from SH-PSCB was 
achieved by S. bongori, 178.3 ± 2.5  H2/mL/L at pH 7.5 with 
high substrate utilization. Ramprakash and Muthukumar 
(2018) studied bio-H2 production from 1.5% acid-hydro-
lyzed-treated rice mill wastewater using co-culture and pure 
culture of Citrobacter freundii and Enterobacter aerogenes, 
the maximum  H2 content of 1.61 mol/mol sugar yield was 

achieved in mixed culture. In this study,  H2 production from 
liquid hydrolysate of acid-pretreated SCB was maximum 
at pH 7.5 with a pure culture of E. coli, S. bongori, and 
S. oneidensis—144.2 ± 2.3  H2/mL/L, 145.1 ± 1  H2/mL/L 
and 155.4 ± 2.7  H2/mL/L respectively. Co-substrate of DW 
and SH-PSCB revealed that the generation of  H2 by a pure 
culture of E. coli and S. bongori was 169.4 ± 1.6  H2/mL/L 
and 149.6 ± 2.2  H2/mL/L and was maximum at pH 7.0. S. 
oneidensis  H2 production was 158.1 ± 0.6  H2/mL/L from co-
substrate at pH 7.5 (Fig. 5a). In an anaerobic baffled reac-
tor, dark fermentation (DF) is used to generate biohydrogen 
from brewery effluents. Operating parameters included tem-
perature, pH, and retention time. The maximum HPR was 
obtained at 18.16 mL/h, and the lowest HPR was 0.94 mL/h 
for 35 °C at pH 5–2.5, respectively (Mutsvene et al. 2023).

The pure and co-culture of bacterial strains obtained high-
efficient  H2 yield at pH 7.0 while using potential substrate 
dairy whey and solid hydrolysis of pretreated sugarcane 
bagasse as a co-substrate in the batch fermentation. Since S. 
bongori and E. coli effectively utilize dairy whey and solid 
hydrolysis of pretreated sugarcane bagasse for  H2 production, 
batch fermentation with co-substrate by co-culture at differ-
ent pH 7 shows maximum  H2 yield of 1.9  H2/gVs(removal) 
rather than the mono-substrate (Fig. 4b). (Karimi-Maleh 
et al. 2023) (author reported that Pseudomonas resinovo-
rans were used to produce polyhydroxyalkanoate (PHA) 

Fig. 3  Bio-H2 production in pure and co-culture systems was tested at different pH for carbon, protein, and sugar utilized on various substrates: a 
dairy whey, b soil hydrolysis of pretreated sugarcane bagasse, c liquid hydrolysis of pretreated sugarcane bagasse, d co-substrate



3 Biotech (2023) 13:270 

1 3

Page 9 of 21 270

from spent coffee grounds (SCGs). A Clostridium butyri-
cum DSM10702 batch experiment was conducted to produce 
biohydrogen from oil-extracted SCGs (OESCGs). The maxi-
mum  H2 yield was obtained at 2.37  H2 yield (mol-H2/mol-
consumed or added sugar). Liu et al. (2011) and Cai et al. 
(2021) also reported that the maximum HPR by Clostridium 
sp. was obtained at an optimal pH range of 6.0–8.2. Bal-
akrishnan et al. (2022) and Mohammadi and Mohammadi 
(2022) investigated the  H2 production from sucrose and 
glucose at different pH 5.5–8.0, while Sinbuathong and Sil-
lapacharoenkul (2021) reported that pH 7.0 was suitable for 
 H2 production from starch factory waste water. The present 
study found that the  H2 production from dairy whey and 
pretreated sugarcane bagasse yielded maximum  H2 at pH 
7.0 and pH 7.5.

Bio-H2 production from DW with co-culture fermentation 
compared to the pure culture at pH 7.0 yielded the highest 
cumulative bio-H2 production of 194.3 ± 1.7  H2/mL/L. Bio-
H2 production with alkaline pretreated sugarcane bagasse 
(SCB) using co-culture of Clostridium thermocellum and 
Thermoanaerobacterium aotearoense produces maximum 
bio-H2 of 48.02 ± 2.37 mmol/L (Cheng and Zhu 2016). 
Generation of bio-H2 from the solid hydrolysate of acid-
pretreated SCB by co-culture of E. coli, S. bongori, and S. 
oneidensis produces the greatest cumulative  H2 production 
of 187 ± 1.6  H2/mL/L at pH 7. Fermentation by co-culture 
yields an  H2 of 161.5 ± 1.9  H2/mL/L from LH-PSCB at pH 
7.5. Co-substrate fermentation with co-culture yields a maxi-
mum  H2 production of 206 ± 1.5  H2/mL/L at pH 7 (Fig. 4a).

Dursun and Gülşen (2021) reported that these bacte-
rial strains Enterobacteria, Salmonella bongori, Erwinia 

Fig. 4  Effect of biohydrogen production from various substrates by pure and co-culture at different pH: a cumulative  H2 production and b  H2 
yield
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amylovora, Brenneria goodwinii, Sulfurospirillum sp., Thi-
ofractor thiocaminus, and Hydrogenimonas thermophile 
in completely fluidized bed reactor and stirred tank reactor 
produce maximum  H2 of 25.3 and 11.1 mL/day at pH 5. 
Fermentation medium with low pH inhibits methanogens 
and improves  H2 gas production. The optimal pH range for 
E. coli growth was between pH 6 and 7. E. coli  H2 pro-
duction is high at pH 5.5–6, and further increases in pH 
may decrease  H2 production.  H2 production by E. coli is 
increased at pH 5.5–6 whereas a further increase in pH can 
reduce  H2 production (Fang and Liu 2002; Zhang 2021). 
Salmonella survives well in a pH range of pH 3.8 to 9.5 with 
an optimal pH range of 6.5–7.5 at 37 °C; however, growth 
was recorded between 2 and 4 °C and at 54 °C (Kotzekidou 
2013; Ryan et al. 2017). The optimal pH of 6.8–7.0 was 
closely related to the growing conditions of Shewanella sp. 
(Kim et al. 2002; Biffinger et al. 2007).

Effect of temperature

Temperature significantly affected the bio-H2-producing 
microorganisms and their  H2 production rates. Dark fermen-
tation for bio-H2 production could occur at various tempera-
tures which range from thermophilic (40–65 °C), mesophilic 
(25–40 °C), and hyperthermophilic (65–80 °C) (Levin et al. 
2004; Toledo-Cervantes et al. 2020). In the current study, 
bio-H2 production was tested at a wide range of temperatures 

including 28 ℃, 37 ℃, 42 ℃, and 50 ℃ for various bacte-
rial strains, such as E. coli, S. bongori, S. oneidensis, and 
Co-culture. Hence, to research the impact of temperature on 
bio-H2 production, changes in carbon, protein, and reducing 
sugar were analyzed and calculated results of cumulative  H2 
productions were recorded as shown in Figs. 5 and 6.

Three selected bio-H2-producing strains such as S. bon-
gori, E. coli, and S. oneidensis highly consume substrate 
carbon, protein, and reducing sugar, at 37 ℃ with maximum 
 H2 production. S. bongori at 50 °C degrades protein and 
carbon at low rates and produces less  H2 from dairy due to 
the metabolites formed during degradation (Fig. 5). A batch 
experiment was conducted under mesophilic conditions, and 
all the trial tests had reduced volatile solids and total solids, 
and substrate utilization increased (Sillero et al. 2023). At 
optimal temperature, the growth of E. coli and the produc-
tion of  H2 were at a maximum rate. Above 42 °C, the growth 
of E. coli becomes slower and its production decreases 
due to the sudden decrease in enzyme activity in the cell 
(Bakonyi et al. 2012). S. bongori and S. oneidensis at a tem-
perature of 37 °C show high utilization of SCB, whereas 
other strains utilize highly at a temperature of 28 °C with 
a higher HY. LH-PSCB substrate utilization varies widely 
depending on the temperature of the fermentation medium. 
S. oneidensis utilizes maximum protein at 37 °C and reduc-
ing sugar at 28 °C, carbon utilization by E. coli was high at 
37 °C whereas S. oneidensis shows maximum utilization at 

Fig. 5  Bio-H2 production in pure and co-culture systems was tested at different temperatures for carbon, protein and sugar utilized on various 
substrates: a dairy whey, b soil hydrolysis of pretreated sugarcane bagasse, c liquid hydrolysis of pretreated sugarcane bagasse, d co-substrate
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37 °C. In the case of co-culture, the carbon, reducing sugar, 
and protein utilization vary at a temperature range of 28 °C, 
37 °C, and 42 °C. Co-culture shows maximum utilization at 
a temperature of 37 °C while E. coli utilizes minimum co-
substrate at a temperature of 42 °C (Fig. 5).

Based on the bio-H2 production activity from DW by 
the pure culture at different temperatures, it is observed 
that E. coli, S. bongori, and S. oneidensis reached a maxi-
mum  H2 production of 96.7 ± 1.4  H2/mL/L, 136.7 ± 1.4  H2/
mL/L, and 145.0 ± 0.7  H2/mL/L, respectively, at 37 ℃ in 
pH 7.0 (Fig. 7a). Mthethwa et al. (2018) achieved maxi-
mum hydrogen production by DF (dark fermentation) of 
lactate f9 wastewater at pH 7.5 and 45 °C with mixed and 
pure cultures of Clostridium sp. and E. coli. Bio-H2 pro-
duction from DW with co-culture fermentation compared 
to pure culture yield the highest cumulative  H2 production 
of 155.7 ± 2.6  H2/mL/L at 37 ℃. The solid hydrolysate of 
acid-pretreated sugarcane bagasse generated  H2 under batch 
fermentation with a pure culture of E. coli, S. bongori, and 
S. oneidensis—H2 production at 37 ℃ was 138.7 ± 1.0  H2/
mL/L, 148.7 ± 1.3  H2/mL/L, and 164 ± 1.7  H2/mL/L, respec-
tively. The minimum production of bio-H2 from SH-PSCB 

by co-cultures was 150 ± 9.9  H2/mL/L 37 ℃. The maximum 
bio-H2 production from liquid hydrolysate of acid-pretreated 
SCB with pure culture E. coli, S. bongori and S. oneiden-
sis was found to be 94 ± 2.7  H2/mL/L, 139 ± 0.9  H2/mL/L, 
and 158.7 ± 1.3  H2/mL/L, respectively (Fig. 7a). Genetically 
modified E. coli yields 0.63 mol  H2/mol formate under opti-
mal conditions for pH 6.5, which was 1.5 times more than 
the wild type (Bakonyi et al. 2012). E. coli poses a complex 
of enzymes hydrogenase (Hyd-3), formate dehydrogenase 
(FDH-H), and numerous electron transfer mediators. For-
mate is the only precursor for  H2 production in E. coli, for-
mate is converted to  CO2 and  H2 by the enzyme complex 
FHL (formate hydrogen lyase) (Sawers 2005; Yoshida et al. 
2007; Mathews and Wang 2009; Taifor et al. 2017). Fermen-
tation by co-cultures yields an  H2 production of 166 ± 2.7 
 H2/mL/L from LH-PSCB at 37 ℃. Bio-H2 production from 
co-substrate consisting of DW and SH-PSCB with pure 
culture revealed that the production of hydrogen by E. coli 
and S. bongori was 161 ± 4.8  H2/mL/L and 174.1 ± 2.7  H2/
mL/L, maximum at the temperature 37 ℃. S. oneidensis H2 
production was 215.3 ± 8.3  H2/mL/L from co-substrate at 
37 ℃. Co-substrate fermentation with co-cultures yielded 

Fig. 6  Effect of biohydrogen production from various substrates by pure and co-culture at different temperatures: a cumulative  H2 production 
and b  H2 yield



 3 Biotech (2023) 13:270

1 3

270 Page 12 of 21

a maximum production of  H2 of 230.7 ± 2.7  H2/mL/L at 
the temperature of 37 ℃ (Fig. 6a). Current research utilized 
magnetite to enhance the bioactivity of  H2-producing bacte-
ria during DF. A maximum bio-H2 production was obtained 
of 73.59 ml/gVS (Gökçek et al. 2023).

The pure and co-culture of bacterial strains obtained 
high-efficient hydrogen yield at pH 7.0 while using potential 
substrate dairy whey and solid hydrolysis of pretreated sug-
arcane bagasse as a co-substrate in the batch fermentation. 
Since S. bongori and E. coli effectively utilize dairy whey 
and solid hydrolysis of pretreated sugarcane bagasse for 
hydrogen production, batch fermentation with co-substrate 
by co-culture at different temperatures shows a maximum 
yield of 2.32  H2/gVs(removal) at 37 ℃ rather than the mono-
substrate (Fig. 7b). Lakshmidevi and Muthukumar (2010) 
investigated the impact of significant profiles on the perfor-
mance of the process, such as enzyme dosage, substrate con-
centration, and acid concentration. Biohydrogen production 
from pretreated using pure culture at a maximum specific 
HY of 126 ml/g of VSS day (Lakshmidevi and Muthukumar 
2023).

Mono‑ and co‑substrate concentration

Optimizing the organic load has a crucial impact on anaero-
bic bio-H2 production (Brindhadevi et al. 2021). Several 
researchers have revealed that the ideal substrate fixation is 
expected to assume an essential function in bio-H2 produc-
tion (Hawkes et al. 2002; Oceguera-Contreras et al. 2019; 
Ferraren-De Cagalitan and Abundo 2021; Nagarajan et al. 
2021). Besides the characteristics of the substrate, substrate 
concentration significantly affects microbial activity and 
metabolic pathways in dark fermentation (Wang and Yin 
2018). Bio-H2 production was tested at different substrate 
concentrations, including 10, 30, 50, and 70 g/L from vari-
ous substrates such as dairy whey (DW), solid and liquid 
hydrolysis of pretreated sugarcane bagasse (SH/LH-PSCB). 
Co-substrates (DW and SH-PSCB) were mixed in a ratio of 
10:5 g/L, 30:15 g/L, 50:35 g/L, and 70:30 g/L and tested 
for bio-H2 production. The DW is rich in carbohydrates and 
can be converted into high energy and gasses like  H2 and 
methane. In the dairy processing industry, carbon is mainly 
present in the form of fat, protein, and carbohydrates, which 
are suitable substrates for bio-H2 production through the 
process of dark fermentation.

Wu and Zhou 2012 stated that the  H2 yield was maximum at 
10 g/L of substrate concentration, but when it exceeds or drops 

Fig. 7  Bio-H2 production in pure and co-culture systems was tested 
at different substrate concentrations for carbon, protein, and sugar 
utilized on various substrates: a dairy whey, b soil hydrolysis of pre-

treated sugarcane bagasse, c liquid hydrolysis of pretreated sugarcane 
bagasse, d co-substrate
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from 10 g/L,  H2 production decreases. The high substrate con-
centration compared with the optimal concentration leads the 
microorganisms to overproduce the inhibitors, mainly volatile 
fatty acids and ethanol, which reduce the  H2 yield (Eker and 
Sarp 2017). Wang and Wan (2008b) reported that ethanol, pro-
pionate, acetate, and butyrate affected  H2 yield in the range of 
about 0–100 mmol/L. The inhibitory effect increases with the 
higher metabolite concentration. Undissociated soluble metabo-
lites permeated the cell membrane of  H2-producing microor-
ganisms and disrupt the intracellular physiological balances 
(Bundhoo and Mohee 2016). The formation of organic acids 
(e.g., propionate, acetate, lactate, and butyrate) and a decrease 
in pH disrupt the dynamic equilibrium of  NAD+/NADH reduc-
ing the metabolic reaction of fermenting microbes. High sub-
strate concentrations also lead to high  H2 partial pressures in the 
fermentation medium, leading to low  H2 production (Hawkes 
et al. 2002). Low substrate concentrations reduce biomass 
(volatile suspended solids) hydrogen content and influence 
the activity of fermentative bacteria due to the lack of enough 
carbon sources. Hence, the substrate concentration needs to be 
optimized for maximum  H2 production. The  H2 production rate 
was increased with increasing organic matter loading rate but 
decreased rapidly when the biomass concentration exceeded 
the optimized condition (Lee et al. 2014).

In this study, S. bongori, E. coli, and S. oneidensis show 
high depletion in the substrate carbon, protein, and reducing 
sugar at substrate concentration of 30 g/L of dairy whey but 
generated an excellent  H2 production. E. coli and co-culture 
at a substrate concentration of 30 g/L show high utiliza-
tion in SCB, while bio-H2 production by S. bongori shows a 
maximum utilization at 10 g/L substrate concentration. The 
amount of substrate utilized was significantly affected by the 
LH-PSCB at different substrate concentrations. S. oneidensis 

utilizes maximum protein, carbon, and, reducing sugar at a 
substrate concentration of 10 g/L, carbon utilization by E. 
coli was high at a substrate concentration of 50 g/L, whereas 
S. bongori shows low utilization at a substrate concentration 
of 70 g/L. In LH-PSCB co-culture, carbon, reducing sugar, 
and protein were consumed less at substrate concentrations 
of 10 g/L, 30 g/L, 50 g/L, and 70 g/L. Reducing sugar uti-
lization by E. coli was high at a substrate concentration of 
30:15 g/L whereas S. oneidensis shows low utilization at a 
substrate concentration of 50:25 g/L (Fig. 7).

Performing bio-H2 production from DW with pure culture 
at different temperatures shows that E. coli S. bongori, and S. 
oneidensis reached a maximum  H2 production of 122.7 ± 1.7 
 H2/mL/L, 54.4 ± 2.4  H2/mL/L, and 195.7 ± 1  H2/mL/L, respec-
tively, at substrate concentration of 50 g/L. Bio-H2 production 
from dairy whey with co-culture fermentation, compared to 
the pure culture, at pH 7.0 was highest, yielding a cumulative 
 H2 production of 202.7 ± 5.5  H2/mL/L. The solid hydrolysate 
of acid-pretreated sugarcane bagasse under batch fermentation 
with pure culture E. coli and S. oneidensis yielded a maxi-
mum  H2 production of 123.7 ± 2.8  H2/mL/L and 137.3 ± 1.6 
 H2/mL/L, respectively. The maximum production of  H2 from 
SH-PSCB by S. bongori was 148 ± 0.9 ml/L at a substrate 
concentration of 30 g/L. Generation of bio-H2 from the solid 
hydrolysate of acid-pretreated sugarcane bagasse by co-culture 
of E. coli, S. bongori, and S. oneidensis produces the high-
est cumulative  H2 production of 237.3 ± 6.0  H2/mL/L at sub-
strate concentration 30 g/L (Fig. 8a). Lu et al. (2018) achieved 
the highest  H2 range of 51.39% at a biomass concentration 
of 30 g/L.  H2 production rate (100.16 mol/m3−d) was esti-
mated to be high at 10–30 g/L of substrate concentration and 
decreases with an increasing substrate concentration of 30 g/L 
(Lu et al. 2019). The pure and co-culture of bacterial strains 

Fig. 8  Model of single-chamber 
microbial fuel cell
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obtained high-efficient  H2 yield at pH 7.0 while using poten-
tial substrate dairy whey and solid hydrolysis of pretreated 
sugarcane bagasse as a co-substrate in the batch fermentation. 
Since S. bongori and E. coli effectively utilize dairy whey and 
solid hydrolysis of pretreated sugarcane bagasse for hydrogen 
production, batch fermentation with co-substrate by co-cul-
ture at different substrate concentrations shows a maximum 
 H2 yield of 2.92  H2/gVs(removal) at 30:15 g/L rather than the 

mono-substrate. For both acidic and alkaline hydrolysates, 
co-digesting the pretreated SMS with cattle manure enhances 
hydrogen and methane production (Vasilakis et al. 2023).

H2 production from liquid hydrolysate of acid-pretreated 
sugarcane bagasse with a pure culture of E. coli, S. bongori, 
and S. oneidensis (154.4 ± 2.2  H2/mL/L, 153.5 ± 1.3  H2/
mL/L, and 149.9 ± 3.4  H2/mL/L) was maximum at substrate 
concentration of 50 g/L. Fermentation by co-culture yields 

Fig. 9  Effect of biohydrogen production from various substrates by pure and co-culture at different substrate concentrations: a mono-substrates 
cumulative  H2 production, b mono-substrate  H2 yield, c co-substrates cumulative  H2
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an  H2 of 198 ± 9.9  H2/mL/L from LH-PSCB at a substrate 
concentration of 50 g/L.  H2 production from co-substrate 
consisting of DW and SH-PSCB with pure culture revealed 
that the production of  H2 by S. bongori and S. oneidensis 
177.3 ± 1.6  H2/mL/L and 168 ± 0.9  H2/mL/L was maximum 
at 30:15 g/L. E. coli yields an  H2 of 192.7 ± 1.8  H2/mL/L 
from co-substrate at 30:15 g/L. Co-substrate fermentation 
with co-culture yields a maximum  H2 of 347.3 ± 18.5  H2/
mL/L at a substrate concentration of 30:15 g/L (Fig. 9). 
The bio-H2 was produced using GAS (granulated anaero-
bic sludge) and RH (rice husk) as substrate, along with a 
hydrochar to degrade the dye rhodamine B (RhB). Maxi-
mum hydrogen yield was obtained at 5.37 mL g  RH−1 and 
0.179 ml  H2  h−1 g  RH−1 (Silvestri et al. 2023).

Bio-H2 production has found that the use of co-cultures 
for DF has a significant limitation: besides HPB (hydrogen-
producing bacteria), it can also consist of various microbes 
like HCB (hydrogen-consuming bacteria) and microbes that 
compete with HPB with the substrate (Saady 2013). The HPB 

produced various end products like ethyl alcohol, benzoic 
acid, propionic acid, butanol, butyric acid, acetic acid, lactic 
(Table 2). VFA like acetate, lactate, and propionate are formed 
as intermediates by-products during anaerobic  H2 production. 
An increase in  H2 production was arrested if propionic acid 
and lactic acid are formed as intermediates (Song et al. 2011; 
Popall et al. 2022). If the end product is ethanol or butyric 
acid, there will be no excess NADH to convert to  H2 (Song 
et al. 2011; Chen et al. 2022). The high partial pressure of  H2 
can lead to a chemical change, which can cause the formation 
of ethanol, lactate, butanol, and acetone at the expense of  H2. 
Organic acids found that the micro-addition of propionic acid 
increased biological  H2 production, while the micro-addition 
of butyric, ethanol, and acetic acid decreased bio-H2 produc-
tion (Xia et al. 2015). In dark fermentation, obligate or fac-
ultative anaerobes utilize a different type of organic waste to 
generate bio-H2 at a higher rate than other fermentation pro-
cesses. During anaerobic fermentation, organic substrates are 
broken down into simpler elements, producing bio-H2 along 

Table 2  Optimization studies of dark fermentation biohydrogen production from waste biomass

NA not available, Conc concentration, VFA Volatile fatty acid, HPR Hydrogen production rate and COD Chemical oxygen demand

S. No. Substrate Hydrogen produing 
bacteria

Optimization of 
operation condition 
other studies

VFA Cumulative  H2 pro-
duction  H2/mL/L/ or 
HPR l−1/h−1

References

1 Rice starch waste-
water

Enterobacter aero-
genes MTCC 2822 
and Clostridium 
acetobutylicum 
MTCC 11274

Substrate conc: 
4.0 g/L

Temperature: 37 °C
pH: 6.5

acetate, butyrate, 
propionate and 
lactate

1.13 L  H2/L media Jayachandran and 
Basak (2022)

2 Glucose Clostridium beijer-
inckii

Substrate conc: 3 g/L
Temperature: 30 °C
pH: 6.1

Butyrate, formate 
and ethanol

71 ml  H2/(h L) Skonieczny and 
Yargeau (2009)

3 Galactose and 
Glucose

Clostridium butyri-
cum and Lactoba-
cillus casei

Substrate conc:0.2–
5.7 g/L

Temperature: 35 °C
pH:7.0

NA NA Park et al. (2018)

4 Beverage wastewater Mixed culture Substrate conc: 
20 g/L

Temperature: 37 °C
pH:5.5

Acetate, butyrate and 
ethanol

2367 ml  H2/L Sivagurunathan and 
Lin (2020)

5 Sugarcane bagasse 
hydrolysate

Clostridium butyri-
cum

Substrate conc: 
20 -COD g/L

Temperature: 37 °C
pH:5.5

Acetic acid, butyric 
acid, propionic 
acid, ethanol and 
butanol

1611 ml  H2/L/day Pattra et al. (2008)

6 Dairy wastewater Rhodobacter 
sphaeroides

Substrate conc: 60 
v/v

Temperature: 28 °C
pH:7

lactic acid 1.97  l−1/h−1 Seifert et al. (2010)

7 Dairy whey and Sug-
arcane bagasse

E.coli
S.bongori
S.oneidensis

Substrateconc: 
30:15 g/L Tem-
perature: 37 °C

pH:7

Ethyl alcohol, 
Benzoic acid, 
Propionic acid, 
Butanol, Butyric 
acid, Acetic acid, 
Lactic acid and 
Acetyl

347.3 ± 18.5  H2/ml/L In this study
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with acetic acid, lactic acid, propionic acid, fertilizers, and 
ethanol as high-value chemical intermediates. In the produc-
tion of bio-H2 from glucose, pyruvate is the major anaerobic 
metabolite. Pyruvate is converted to acetyl-CoA by one of the 
enzymes, namely formate lyase or ferredoxin oxidoreductase 
(Siriwongrungson et al. 2007).

MFC biohydrogen generation system

The major challenges of using biohydrogen are transport, 
storage, and electrical conversion. In this case, we can com-
bine the biohydrogen-generating system with the fuel cell 
system to generate electricity. This study used biohydrogen 
produced from anaerobic fermentation to generate electric-
ity using a homemade microbial fuel cell. In the literature, 
however, there are few references to direct fuel cell electric-
ity generation based on biohydrogen (Flores et al. 2023).

The microbial fuel cell achieved a voltage of 
0.68 ± 0.04 V per cell 24 h. As a result of the experiment, 
anaerobically fermented biohydrogen gas was found to be a 
suitable fuel for fuel cells. This study has the advantage of 
focusing on the relationship between co-substrates energy 
recovery and electricity generation. The commercial applica-
tion of biohydrogen associated with fuel cells will be more.

Conclusion

In this study, the potentiality of bio-H2 production through 
the co-substrate process of DW with sugarcane bagasse was 
tested. Results showed that co-culture was more effective at 
enhancing bio-H2 production than pure culture. SCB was 
treated with acid using a hydrolysis time of 1 h at 121 °C and 
 H2SO4 concentration 0.2% (v/v) and dairy whey after heat 
treatment in a hot air oven at 100 ℃ for 45 min to inactive 
the non-spore-forming bacteria. pH, temperature, and sub-
strate concentration were shown to be important factors for 
stability in bio-H2 production. Different strains of hydrogen-
producing bacteria were isolated and operated under optimal 
conditions. In SCB, the highest cumulative  H2 production of 
237.3 ± 6.0  H2/mL/L was obtained at 37 ℃ for pH 7, 50 g/L 
in co-culture. The optimal DW + SCB mixing ratio can facil-
itate bio-H2 production during 62 h of co-fermentation with 
co-culture that yield maximum hydrogen of 347.3 ± 18.5  H2/
mL/L and 2.92  H2/gVs(removal) at 30:15 g/L at 37 ℃. The 
metabolic profile in GC was correlated with the co-culture 
assimilated in the fermentation medium to produce acetic 
acid and butyric acid during bio-H2 production. Instead of 
using mon-substrate for bio-H2 production, the present study 
concludes that co-culture produces more stable hydrogen 
from co-substrates, i.e., co-fermentation produces biohy-
drogen. There is a need for future analyses to advance this 

technology to the commercial field while implementing eco-
friendly and economical approaches.
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