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Abstract: 

The rapid depletion of non-renewable fossil fuels such as coal, petroleum, and gas has led to a 

global energy crisis and environmental pollution. Hydrogen and biobutanol have emerged as vital 

renewable energy sources due to their cleanliness and high energy potential (122 kj/g). The 

production of renewable energy from these sources involves the utilization of nanoparticles in 

conjunction with microorganisms from the Clostridial bacteria family. The active sites of 

hydrogenase metal atoms, namely NiFe, FeFe, and Fe-hydrogenase, play a significant role in this 

process. Iron (Fe) metals particularly influence hydrogen production, as they enhance the activity 

of the hydrogenase enzyme. Fe is an essential component of cytochromes found in anaerobic 

microbes. Consequently, introducing Fe-based nanoparticles is assumed to promote microbial cell 

growth and hydrogenase activity. Various factors, such as nanoparticle size, concentration, 

operational conditions, operational mode, and substrate, impact the production of biohydrogen and 

biobutanol. Furthermore, a protein sequence analysis reveals the presence of a multi-active site for 

amylase activity in Clostridium. This discovery suggests that this enzyme can translate and 

augment biofuel production rates. By exploring and harnessing these avenues, the world can 

advance toward a more sustainable future by capitalizing on the potential of hydrogen and 

biobutanol as renewable energy sources while mitigating the negative consequences of the 

depletion of non-renewable fossil fuels. 
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1. Introduction: 

Across the globe, the use of fossil fuels has a significant contribution to energy, causing harm to 

both the environment and human health. In order to address this issue and meet the world's energy 

demands, a new energy source is necessary. By producing biofuels, we can decrease our reliance 

on fossil fuels and, when possible, replace them to mitigate the limitation of their finite resources. 

The major worry is that within the next 150-200 years, the world can face a lack of coal and 
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petroleum energy. In the near future, there are possibilities for the production of biofuels, which 

aim to decrease environmental pollution. Biofuels, including bio methanol, biohydrogen (H) 

biomethane, and biodiesel, contain much more energy than bio fossil [1]. Hydrogen and biobutanol 

are renewable energy sources considered essential and the most pristine and high-potential energy 

sources about ( 122 kj/g)[2][3]. Butanol is a crucial biological liquid fuel, which can be produced 

from renewable resources by the anaerobic acetone-butanol-ethanol (ABE) fermentation process 

conducted by solventogenic Clostridium strains, such as Clostridium acetobutylicum and 

Clostridium beijerinckii [4][5]. The world is facing an energy crisis and environmental pollution 

due to the rapid depletion of non-renewable fossil fuels such as coal, petroleum, and gas. There is 

a push toward developing new technologies and chemical materials to address this issue to create 

a new form of clean energy.  

For renewable energy production, some chemical particles or nanoparticles were involved in 

inducing the production of hydrogen and biobutanol with the assistance of microorganisms. The 

utilization of nanoparticles (NPs) has been a significant rise in various applications such as 

immobilizing proteins, production of biosensors, and generating biofuels [6][7][8][9][10]. The 

considerable advancement In nanotechnology has enhanced its capability to augment biological 

processes [9]. Hydrogen production by microorganisms catalyzes the reactions by hydrogenase 

enzymes (Hydrogenases are critical enzymes in the energy metabolism of many organisms). 

Enzymes play a crucial role in anoxic environments, particularly where molecular hydrogen H2 

serves as a critical intermediate. Hydrogenase enzymes are classified into different groups based 

on the type of metal atom present in their active site, which are thus categorized as [NiFe]-, [FeFe]- 

and [Fe]-hydrogenases[11].   Hydrogen production is influenced by the presence nanoparticles of 

the iron (Fe) and nickel (Ni) metal and Ions, which enhance the hydrogenase enzymatic 

activity[12][13]. Size of Fe-based, Ni-based and ions including Mg, Cu, Na, NH4, and K 

nanoparticles have their efficiency in production rate. These element are essential for microbes to 

initiate their metabolism, also  have different responses to hydrogen yield (HY) and hydrogen 

evolution rate (HER)[14][15][16][17]. The modification and adjustment of nanoparticle size and 

concentration have led to improvement in hydrogen production yield for Fe-based NPs but for Ni-

based NPs or lone, the smaller (less than 42 nm) NPs improved the hydrogen yield, whereas, bigger 

size of NPs (40-50 nm) seemed to increase the hydrogen HER ( hydrogen evolution rate). The 

reason behind high production with large size NPs is its stability for maintaining its frame for a 

long time[18].  

 

1.1.Impact size and concentration of Fe-based NP production rate 

The concentration, and size  of Fe-ion/Fe effect in biohydrogen production. Statistically analyzed 

results from ANN-RSM showed that size and concentration of Fe based NPs strongly affect the 

production rate. Fe is the essential element to form the metal content at the active sites of 

hydrogenases such as ([FeFe], [FeNi], and [Fe]), thus catalyzing the reduction reaction of H+ to 

H2 [1]. Furthermore, fe-based NPs have shown to enhanced the activity of ferredoxin 

oxidoreductase by decreasing the level of dissolved oxygen (DO) and improving electron transfer 

via their surface quantum properties  [1][19]. In addition, Fe-based components could participate 

in enriching the microbial community and enhancing the growth of H2-producing bacteria[20]. 

Iron is an important trace element in the formation of hydrogenases and other enzymes. A 

commonly used technique to increase BioH2 production during dark fermentation is the pre-
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addition of iron to the culture medium.[21]. over all size, concentration of nanopartical, and 

substrate has considerable effects on biohydrogen production (Table 1)  

Table 1- BioH2 production with the addition of Fe-based nanoparticles 

Nanoparticles   Opt/mgL-1      Substrate Siz/nm           HY/mmolL-1      HER/mmolL-1g-1 Reference 

Fe2O3 (NPs) 50 Glucose 50 1.92 2.5 [22] 

Fe2O3 (NPs) 50 CDW 33 16.75 102.5 [23] 

Fe2O3 (NPs) 200 DW 23 7.85 62.4 [24] 

Fe2O3 (NPs) 50 Wastwater 6.5 1.9 49.4 [25] 

Fe2O3 (NPs) 200 MEG 100 8.4 0.6 [26] 

Fe2O3 (NPs) 300 CAS 20 3.875 1.9 [27] 

Fe2O3 (NPs) 200 Glucose 20 9.2 3.1 [27] 

Fe2O3 (NPs) 60 Glucose 60 1.92 2.5 [22] 

Fe(NPs) 400 Grass 50 2.9 5.4 [28] 

Fe(NPs) 25 Starch 35 3 0.4 [29] 

Fe(NPs) 300 Malate 16 20 0.4 [30] 

Fe(NPs) 50 Xylose 75 13.3 2 [13] 

Fe(NPs) 200 MSJ 50 0.9 2.4 [31] 

Fe(NPs) 200 Sucrose 50 15.9 10.1 [12] 

Fe(NPs) 175 Glucose 59 12.9 5.69 [32] 

Fe(NPs) 250 Malate 12 24.2 0.8 [33] 

Fe3O4(A-C-NPs)    250 Glucose 30 11.656 3.2 [34] 

Magnetite (NPs) 200 SJ 50 6.7 0.23 [35] 

Hematite (NPs) 200 Sucrose 55 10.4 6 [36] 

 

1.2.The impact of nanoparticles on the production of biohydrogen. 

NPS (Nanoparticle) application has been increasing significantly for protein immobilization, 

biosensors, and biofuel production [6][7][8][9][10]. NPs can influence microbial metabolic 

activity for biohydrogen production under aerobic conditions by efficiently transferring 

electrons[37]. Various  NPs, such as silver (Ag), Fe, Ni, Copper (Cu), gold (Au), and palladium 

(PD),  stimulate BHP ( biohydrogen production) by their surface [6][38][38][37]. The large size 

of NPS enables a solid ability to adsorb and transfer the electron better [39]. Effective 

microorganisms catalyze the production of biohydrogen and biobutanol from various substrates, 

including glucose, sucrose, lignocellulose, and rice mill wastewater. These substrates, in 

conjunction with the action of microorganisms, enhance both the production rate and the quality 

of hydrogen.  

Clostridium bacteria can produce hydrogen gas, but not all strains are equally efficient. The type 

of substrate they use, such as complex carbohydrates or simple sugars, significantly affects 

hydrogen production. Different themes also have varying hydrogen production rates and yields 
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depending on the substrate they consume. Selecting an appropriate strain and substrate is pivotal 

in achieving efficient hydrogen production, thus contributing to sustainable energy development 

(see Table 2)—for instance, the amylolytic Clostridium sp. Strain BOH3 demonstrates the ability 

to produce both butanol and hydrogen from food waste, eliminating the requirement for enzymatic 

pretreatment. According to protein sequence analysis, amylase in Clostridium sp. strain BOH3 

may contain a multi-active site for activity and has high ability of translation than Clostridium 

beijerinckii NCIMB 8052 [40]. As a solvent, butanol is a vital chemical to produce drugs, 

antibiotics, and vitamins used in considerable industrial interest. In general, the sugars present in 

food waste are complex macromolecules that require initial breakdown into monosaccharides prior 

to microbial fermentation. To enhance the hydrolysis efficiency of food waste, a range of 

pretreatment methods, such as physical, thermochemical, and enzymatic hydrolysis, can be 

employed. These methods facilitate the effective breakdown of complex sugars, allowing for 

subsequent microbial fermentation. Among these methods, the addition of commercial enzymes 

like amylase and xylanase has proven effective in enhancing the breakdown of starch in food 

waste. Although efficient enzymatic pretreatment can enhance butanol and biohydrogen 

production from food waste,  The economic viability of this process is hindered by the high costs 

associated with commercial enzymes. These expenses can significantly reduce the overall 

economic value of the process [41]. To boost production rates, we aim to develop a streamlined 

process for one-step butanol and hydrogen production from food waste, utilizing an amylolytic 

Clostridium sp. strain BOH3 that can produce its own amylase. Our primary goal is to enhance 

butanol production and yield by actively promoting amylase activities. Ni and CO-based metal 

nanoparticles reduce the toxicity of microorganisms and improve their role in biohydrogen 

production [41]. Achieving the optimal concentration and temperature for each element is crucial 

for maximizing biofuel production. For instance, the concentration of NiFe2O4 nanoparticles 

(NPs) within the 50-200 mg/l range has been found to enhance hydrogen generation. However, 

when the concentration of NiFe2O4 NPs exceeds 400 mg/l, it reduces hydrogen productivity. 

Interestingly, at a concentration of 100 mg/l and a temperature of 37 °C, there was a significant 

38.6% increase in hydrogen production compared to the control. Similarly, at a concentration of 

200 mg/l and a temperature of 55 °C, there was a notable increase of 28.3% compared to the control 

[42]. According to metabolic mentoring, NiFe2O4 NPs enhanced the butyrate pathway 

corresponding to the increasing abundance of clostridium barium in mesophilic fermentation[42] 

[43]. Nanoparticles are commonly employed to address potential obstacles that can impede the 

activity of hydrogen-producing microbes. These obstacles may include accumulating volatile fatty 

acids (VFAs), organic overload, and other inhibitory factors[44]. To surpass these limitations, 

researchers have explored the utilization of nanoparticles[43]. Some metal nanoparticles (e.g., 

FeO3 and TiO2) accumulate inside the microorganism cells and interact with intercellular 

comportment via chemical, physical, or biological mechanisms[18]. 

Nanoparticles could be single-metal and two single-metal, like the spinal ferrite NPs, such as 

nickel ferrite ( NiFe2O4), copper ferrite (CuFe2O4), and manganese ferrite ( MnFe2O4). These 

nanomaterials are used in magnetic drug delivery, electronic device, and information storage [43]. 

Iron, which affects hydrogen and butanol production, is considerable to understand; iron is 
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essential in producing biohydrogen and biobutanol[45][46]. Butanol production could be enhanced 

with suitable iron content. The iron cluster in hydrogenase Is a distinctive form of the fe-s center 

known as the hydrogen cluster. According to many research reports, hydrogen evolution or butanol 

production are individuals, But few reported simultaneous hydrogen and butanol production.  The 

production of hydrogen and butanol is a competitive process that relies on the balance between 

NADH and NAD, crucial components of metabolic electron transfer. Researchers have taken a 

keen interest in utilizing various nanoparticles due to their unique physical and chemical 

properties, particularly in dark hydrogen fermentation. The objective is to enhance the efficiency 

of hydrogen-producing microbes, reduce costs, and achieve higher hydrogen production rates. By 

leveraging the benefits of nanoparticles, the aim is to optimize the production process for improved 

outcomes.
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Microbial strains               Substrates                               Substrate               Operational                        Operation Mode             Hydrogen Production          Hydrogen Yield                Reference 
                                                                        Concentration            Conditions                      (working volume)                        Rate                             molH2/ Hexose                                                                          

                                                                                                                                        
C. butyricum               Glucose                   3 g/L             37 _C, initial pH 6.5                Batch (250 mL)                             /                                  2.09                                                      [47] 
C. butyricum KCCM 35433     Glucose                  5 g/L               35 _C                  Batch (100 mL)                            /                                  1.23e1.42 mol/mol glucose          [48] 
C. butyricum IFO 3847            Glucose                   9 g/L              37 _C, initial pH 7.0                Batch (1 L)                            /            1.26                                                      [49] 
C. butyricum IAM 19002        Glucose                   9 g/L              37 _C, initial pH 7.0                Batch (1 L)                            /                              1.04                                     [49] 
C. butyricum IMA 19003        Glucose                  9 g/L             37 _C, initial pH 7.0                Batch (1 L)                                         /                              1.2                                                       [49] 
C. butyricum CWBI1009         Glucose                                    1-10 g/L                30 _C, initial pH 7.3                Batch (200 mL)                             /                             0.23e2.4                                    [50] [51] 
C. butyricum TM-9A              Glucose                   10 g/L                    37 _C, initial pH 8                 Batch (9 L)                            /                             3.34 mol/mol glucose                    [52] 
C. butyricum W5               Glucose                                     10 g/L                   39 _C, initial pH 6.5                 Batch (1.5 L)                                  Maximum                          0.82                                      [53] 

                                                               7.61 mmol/L/h 
C. butyricum IFO 384               Glucose                   10 g/L              37 _C, initial pH 7.0                Batch                             /                                    0.9                                                        [54] 
C. butyricum TM-9A                 Glucose                   10 g/L              37 _C, initial pH 7.2                 Batch (20 mL)                                       /                                    2.67e3.1                                     [55] 
C. butyricum A1                         Glucose                   10 g/L              37 _C, initial pH 6.5                 Batch (100 mL)                                     /                                   1.9                                                        [56] 
C. butyricum DSM 10702        Glucose                   10 g/L             37 _C, initial pH 6.8                Batch (30 mL)                                        /                                   2.4e3.1                                     [57] 
C. butyricum RAK25832         Glucose                   10 g/L              30 _C, initial pH 8.0                 Batch (30 mL)                                        /                                   0.91e2.23                                      [58] 
C. butyricum ST5               Glucose                   10 g/L              37 _C, initial pH 6.5                 Batch (10 mL)                                        /                                   0.7                                                       [59] 
C. butyricum INET1              Glucose                   10 g COD/L          35 _C, initial pH 7.0                 Batch (100 mL)                                     /                                    2.24                                      [51] 
C. butyricum EB6               Glucose                   15.7 g/L                37 _C, initial pH 5.6                 Batch (1 L)                                              /                                    2.2                                                       [54]  
C. butyricum RAK25832         Fructose                                     10 g/L              30 _C, initial pH 8.0                 Batch (30 mL)                                        /                                    0.86                                      [58] 
C. butyricum TM-9A               Xylose                   10 g/L              37 _C, initial pH 7.2                 Batch (20 mL)                                        /                                    0.6                                                       [55] 
C. butyricum INET1               Xylose                   10 g COD/L          35 _C, initial pH 7.0                 Batch (100 mL)                                     /                                    1.2                                                       [51] 
C. butyricum RAK25832         Xylose                   10 g/L               30 _C, initial pH 8.0                 Batch (30 mL)                                        /                                    1.27                                      [58] 
C. butyricum CWBI 100          Sucrose                                    4.3 g COD/L          30 _C, initial pH 7.3                 Batch (200 mL)                                      /                                   0.44   [54] 
C. butyricum RAK25832        Sucrose (10 g/L)                 10 g/L               30 _C, initial pH 8.0                Batch (30 mL)                                         /                                   0.41                                      [58] 
C. butyricum CGS2              Sucrose                                     20 g COD/L          37 _C, initial pH 7.1                Batch (300 mL)                                      /                                   0.95                                      [60] 
C. butyricum CGS2                   Sucrose                   10e40 g COD/L    37 _C, feed flow pH 9.3           Continuous (460 mL)                63e292 mL/h/g COD         0.31e0.92                                         [60] 
C. butyricum CGS5              Sucrose (COD ¼ 20 g/L)             20 g COD/L          37 _C, initial pH 7.5                Batch (200 mL)                             /                                     1.39                                      [58] 
C. butyricum TISTR 1032       Sucrose (COD ¼ 25 g/L)             25 g COD/L          37 _C, initial pH 6.5                Batch (70 mL)                            Maximum 3.5 L/L/d            1.52                                     [51] 
C. butyricum INET1              Sucrose (COD ¼ 10 g/L)              10 g COD/L         35 _C, initial pH 7.0                Batch (100 mL)            /                                      0.72                                      [51] 
C. butyricum CWBI 1009       Lactose (COD ¼ 4.3 g/L)             4.3 g COD/L        30 _C, initial pH 7.3                Batch (200 mL)           /                                     0.34   [54] 
C. butyricum INET1              Lactose (COD ¼ 10 g/L)              10 g COD/L          35 _C, initial pH 7.0                Batch (100 mL)           /                                     1.83                                      [51] 
C. butyricum RAK25832        Lactose (10 g/L)                 10 g/L                    30 _C, initial pH 8.0                Batch (30 mL)            /                                     0.56                                                    [58] 
C. butyricum TM-9A                Molasses                                     25 g/L              37 _C, initial pH 8                Batch (9 L)                             /                                      8.11 mmol/g molasses                [52] 
C. butyricum DSM 10702       Starch                   1 g/L              37 _C, maintained at pH 7.0  Batch (100 mL)                             /                                      3.2                                      [61] 
C. butyricum CWBI 1009       Starch                    4.3 g COD/L         30 _C, initial pH 7.3                Batch (200 mL)            /                                      0.73    [58] 
C. butyricum NCIB 9576        Starch                    10 g/L              37 _C, initial pH 7.0                Batch (100 mL)           /                                      2.58                                     [62] 
C. butyricum INET1                 Starch                    10 g COD/L          35 _C, initial pH 7.0                Batch (100 mL)           /                                      2.17                                     [51] 
C. butyricum               Glycerol                                             5 g/L                     37 _C, initial pH 7.4                Batch (170 mL)            /                                      3.57                                      [63] 
C. butyricum INET1                 Glycerol                                             10 g COD/L         35 _C, initial pH 7.0                  Batch (100 mL)                                     /                                      0.66                                                   [51] 

Table 2: - Biohydrogen generation from different types of carbohydrates using strains of Clostridium butyricum 
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C. butyricum DSM 2578         Glycerol                                            10-50 g/L              37 _C, initial pH 7.0                 Batch (30 mL)                                       /                                       0.58-0.73                                         [64] 
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1.3.The impact of FONPs on biohydrogen fermentation and the production of hydrogen from 

glucose and pre-treated cassava starch 

Different concentrations of FONPs (Fluorinated Oxide Nanoparticles) have been found to 

impact the hydrogen yield from glucose substrate production. The hydrogen yields gradually 

increased from 164.5 to 171, 183, and 192 ml/g with varying concentrations of FONPs ranging 

from 0 to 200 mg/l. Notably, a concentration of 200 mg/l of FONPs resulted in the highest 

hydrogen production compared to the absence of FONPs nanoparticles. This increase can be 

attributed to the enhanced hydrogenase activity and improved electron transfer efficiency in E. 

erogenous cells facilitated by FONPs. Adding FONPs to the fermentation process likely 

bolstered the electron transfer process due to their excellent conductive properties[36]. 

Clostridium is used to be an efficient biohydrogen and biobutanol producer among all other 

microorganisms. Enterobacter strains are considered to be more promising for industrial-scale 

for hydrogen production. The reason was the rapid growth rate of this microorganism and its 

ability to utilize a wide range of substrates and have strong adaptability to dissolved oxygen, 

hydrogen pressure, and PH [65].  

 

2. Result: 

The use of fossil fuels worldwide has a substantial impact on both the environment and human 

health, making it imperative to find alternative energy sources. To meet the global energy demands 

and tackle this issue, the development of a new energy source is crucial. Producing biofuels offers 

a promising solution as it allows us to reduce our dependence on fossil fuels and, whenever 

feasible, replace them. This transition to biofuels helps address the limitations of finite fossil fuel 

resources while working towards mitigating their harmful effects. The major worry is within the 

next 150-200 years will face a lack of coal and petroleum energy.to gain this aim, Nanoparticles 

significantly impact the output, helpful for increasing the production of hydrogen, and biobutanol 

enhances the action of hydrogenase as a cofactor. Fe-based Nanoparticles have substantial effects 

on metabolic pathway, are the essential element to form the metal content at the active sites of 

hydrogenase ([FeFe], [FeNi], and [Fe]), and enhance the activity of ferredoxin oxidoreductase by 

decreasing the level of dissolved oxygen (DO) and improving electron transfer via their surface 

quantum properties and speed up the production of biofuel. Considering the Parameters such as 

concentrations, sizes, temperatures, and substrate are essential for the maximum output of 

biohydrogen and biobutanol.  hydrogen and biobutanol are renewable energy sources and the 

cleanest and high potential energy sources ( 122 kj/g). Fe-based NPS can influence the microbial 

metabolic activity for the production For the output of biohydrogen and biobutanol different 

substrates are used, such as glucose, sucrose, lignocellulose, and rice mill wastewater, catalyzing 

by microorganismlaction of effective microorganism help the production rate and quality of 

hydrogen. Such as  an amylolytic Clostridium sp. Strain BOH3 can produce butanol and hydrogen 

from food waste without the need for enzymatic pretreatment. According to protein sequence 

analysis has been shown that amylase in Clostridium sp. strain BOH3 may contain a multi-active 
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site for activity, has a high ability of translation, can produce 14.1 g/L butanol and 16.2 mmol 

hydrogens from 180 g/L food waste. In general, sugars stored in food waste are macromolecules 

(such as starch), which are usually hydrolyzed to monosaccharides before microbial fermentation. 

Collection the waste food from around to produce biofuel energy is an effective method for 

maintaining a clean environment.   

Conclusion 

In conclusion, using fossil fuels harms the environment and human health, and a new energy source 

is necessary to meet the world’s energy demands. Biofuels are a viable alternative, as they can 

decrease our reliance on fossil fuels and mitigate the limitation of their finite resources. 

Nanoparticles, particularly Fe-based ones, have been shown to significantly impact the production 

of biofuels such as hydrogen and biobutanol by enhancing microbial metabolic activity. Different 

substrates, such as food waste, can be use to produce biofuels, and effective microorganisms like 

Clostridium sp. strain BOH3 can increase the production rate and quality. Overall, collecting waste 

food to produce biofuel energy is an effective method for maintaining a clean environment. 

3. Future perspective 

Extensive research has been conducted to identify nanoparticles that are compatible with 

microorganisms and do not impede their metabolic activity. These nanoparticles play a crucial role 

in preventing and modifying any adverse effects on microbial functions. At the pilot scale level, 

the production of biobutanol and biohydrogen using Clostridium sp. strain BOH3 has 

demonstrated promising outcomes. This particular strain exhibits the remarkable ability to produce 

biobutanol and biohydrogen from food waste without the need for enzymatic pretreatment, which 

significantly lowers production costs. Leveraging the capabilities of Clostridium sp. strain BOH3 

at the pilot scale presents immense potential for generating biobutanol and biohydrogen from food 

waste. This approach not only helps in waste reduction but also offers a sustainable and efficient 

production process that is economically viable for the future. 

 

Acknowledgments  

We thank the Research department of Spinghar Medical Institute Kabul Campus for contributing 

to providing facilities. This article is dedicated to all Afghan girls deprived of education in 

Afghanistan. 

Competing interests: All authors declared no potential personal or financial conflicts of interest. 

Ethics statement: This study was ethically approved by the medical bioethics committee of the 

SIHE ethics committee (code: 1386-1413). 

 Reference 

[1] S. K. S. Patel, J. K. Lee, and V. C. Kalia, “Nanoparticles in Biological Hydrogen 

Production: An Overview,” Indian J. Microbiol., vol. 58, no. 1, pp. 8–18, 2018, doi: 

10.1007/s12088-017-0678-9. 



IJFANS INTERNATIONAL JOURNAL OF FOOD AND NUTRITIONAL SCIENCES 

ISSN PRINT 2319 1775 Online 2320 7876 
 
Research paper                           © 2012 IJFANS. All Rights Reserved, UGC CARE Listed ( Group -I) Journal Volume 11, Iss 12, Dec 2022 

 

4595 | P a g e  
 

[2] V. C. Kalia and H. J. Purohit, “Microbial diversity and genomics in aid of bioenergy,” J. 

Ind. Microbiol. Biotechnol., vol. 35, no. 5, pp. 403–419, May 2008, doi: 10.1007/S10295-

007-0300-Y. 

[3] P. Sinha, S. Roy, and D. Das, “Genomic and proteomic approaches for dark fermentative 

biohydrogen production,” Renew. Sustain. Energy Rev., vol. 56, pp. 1308–1321, Apr. 

2016, doi: 10.1016/j.rser.2015.12.035. 

[4] S. N. Naik, V. V. Goud, P. K. Rout, and A. K. Dalai, “Production of first and second 

generation biofuels: A comprehensive review,” Renew. Sustain. Energy Rev., vol. 14, no. 

2, pp. 578–597, 2010, Accessed: Apr. 09, 2023. [Online]. Available: 

https://ideas.repec.org/a/eee/rensus/v14y2010i2p578-597.html. 

[5] E. M. Green, “Fermentative production of butanol--the industrial perspective,” Curr. 

Opin. Biotechnol., vol. 22, no. 3, pp. 337–343, Jun. 2011, doi: 

10.1016/J.COPBIO.2011.02.004. 

[6] A. Elreedy et al., “Nickel-graphene nanocomposite as a novel supplement for 

enhancement of biohydrogen production from industrial wastewater containing mono-

ethylene glycol,” Energy Convers. Manag., vol. 140, pp. 133–144, 2017, doi: 

10.1016/J.ENCONMAN.2017.02.080. 

[7] S. K. S. Patel, S. H. Choi, Y. C. Kang, and J. K. Lee, “Large-scale aerosol-assisted 

synthesis of biofriendly Fe2O3 yolk–shell particles: a promising support for enzyme 

immobilization,” Nanoscale, vol. 8, no. 12, pp. 6728–6738, Mar. 2016, doi: 

10.1039/C6NR00346J. 

[8] S. Mohanraj, K. Anbalagan, P. Rajaguru, and V. Pugalenthi, “Effects of phytogenic 

copper nanoparticles on fermentative hydrogen production by Enterobacter cloacae and 

Clostridium acetobutylicum,” Int. J. Hydrogen Energy, vol. 41, no. 25, pp. 10639–10645, 

Jul. 2016, doi: 10.1016/J.IJHYDENE.2016.04.197. 

[9] T. S. Kim et al., “A highly efficient sorbitol dehydrogenase from Gluconobacter oxydans 

G624 and improvement of its stability through immobilization,” Sci. Rep., vol. 6, Sep. 

2016, doi: 10.1038/SREP33438. 

[10] S. V. Otari, S. K. S. Patel, J. H. Jeong, J. H. Lee, and J. K. Lee, “A green chemistry 

approach for synthesizing thermostable antimicrobial peptide-coated gold nanoparticles 

immobilized in an alginate biohydrogel,” RSC Adv., vol. 6, no. 90, pp. 86808–86816, Sep. 

2016, doi: 10.1039/C6RA14688K. 

[11] D. H. Kim and M. S. Kim, “Hydrogenases for biological hydrogen production,” 

Bioresour. Technol., vol. 102, no. 18, pp. 8423–8431, 2011, doi: 

10.1016/j.biortech.2011.02.113. 

[12] S. Mohanraj, S. Kodhaiyolii, M. Rengasamy, and V. Pugalenthi, “Phytosynthesized iron 

oxide nanoparticles and ferrous iron on fermentative hydrogen production using 

Enterobacter cloacae: Evaluation and comparison of the effects,” Int. J. Hydrogen Energy, 



IJFANS INTERNATIONAL JOURNAL OF FOOD AND NUTRITIONAL SCIENCES 

ISSN PRINT 2319 1775 Online 2320 7876 
 
Research paper                           © 2012 IJFANS. All Rights Reserved, UGC CARE Listed ( Group -I) Journal Volume 11, Iss 12, Dec 2022 

 

4596 | P a g e  
 

vol. 39, no. 23, pp. 11920–11929, 2014, doi: 10.1016/j.ijhydene.2014.06.027. 

[13] P. H. Hsieh, Y. C. Lai, K. Y. Chen, and C. H. Hung, “Explore the possible effect of TiO2 

and magnetic hematite nanoparticle addition on biohydrogen production by Clostridium 

pasteurianum based on gene expression measurements,” Int. J. Hydrogen Energy, vol. 41, 

no. 46, pp. 21685–21691, 2016, doi: 10.1016/j.ijhydene.2016.06.197. 

[14] A. A. Zaidi, F. RuiZhe, Y. Shi, S. Z. Khan, and K. Mushtaq, “Nanoparticles augmentation 

on biogas yield from microalgal biomass anaerobic digestion,” Int. J. Hydrogen Energy, 

vol. 43, no. 31, pp. 14202–14213, 2018, doi: 10.1016/j.ijhydene.2018.05.132. 

[15] J. Wang and W. Wan, “The effect of substrate concentration on biohydrogen production 

by using kinetic models,” Sci. China, Ser. B Chem., vol. 51, no. 11, pp. 1110–1117, 2008, 

doi: 10.1007/s11426-008-0104-6. 

[16] X. Zhao, D. Xing, N. Qi, Y. Zhao, X. Hu, and N. Ren, “Deeply mechanism analysis of 

hydrogen production enhancement of Ethanoligenens harbinense by Fe2+ and Mg2+: 

Monitoring at growth and transcription levels,” Int. J. Hydrogen Energy, vol. 42, no. 31, 

pp. 19695–19700, 2017, doi: 10.1016/j.ijhydene.2017.06.038. 

[17] P. Wimonsong, J. Llorca, and R. Nitisoravut, “Catalytic activity and characterization of 

Fe-Zn-Mg-Al hydrotalcites in biohydrogen production,” Int. J. Hydrogen Energy, vol. 38, 

no. 25, pp. 10284–10292, 2013, doi: 10.1016/j.ijhydene.2013.06.066. 

[18] L. Method, “A Review of Enhancement of Biohydrogen Productions by,” 2021. 

[19] F. Nadeem et al., “Defect engineering in SnO2 nanomaterials: Pathway to enhance the 

biohydrogen production from agricultural residue of corn stover,” Appl. Mater. Today, 

vol. 21, p. 100850, 2020, doi: 10.1016/j.apmt.2020.100850. 

[20] S. Shanmugam, S. Krishnaswamy, R. Chandrababu, U. Veerabagu, A. Pugazhendhi, and 

T. Mathimani, “Optimal immobilization of Trichoderma asperellum laccase on polymer 

coated Fe3O4@SiO2 nanoparticles for enhanced biohydrogen production from delignified 

lignocellulosic biomass,” Fuel, vol. 273, no. January, p. 117777, 2020, doi: 

10.1016/j.fuel.2020.117777. 

[21] J. Wang and W. Wan, “Effect of Fe2 + concentration on fermentative hydrogen 

production by mixed cultures,” Int. J. Hydrogen Energy, vol. 33, no. 4, pp. 1215–1220, 

2008, doi: 10.1016/j.ijhydene.2007.12.044. 

[22] N. S. Engliman, P. M. Abdul, S. Y. Wu, and J. M. Jahim, “Influence of iron (II) oxide 

nanoparticle on biohydrogen production in thermophilic mixed fermentation,” Int. J. 

Hydrogen Energy, vol. 42, no. 45, pp. 27482–27493, 2017, doi: 

10.1016/j.ijhydene.2017.05.224. 

[23] A. Gadhe, S. S. Sonawane, and M. N. Varma, “Enhancement effect of hematite and nickel 

nanoparticles on biohydrogen production from dairy wastewater,” Int. J. Hydrogen 

Energy, vol. 40, no. 13, pp. 4502–4511, 2015, doi: 10.1016/j.ijhydene.2015.02.046. 



IJFANS INTERNATIONAL JOURNAL OF FOOD AND NUTRITIONAL SCIENCES 

ISSN PRINT 2319 1775 Online 2320 7876 
 
Research paper                           © 2012 IJFANS. All Rights Reserved, UGC CARE Listed ( Group -I) Journal Volume 11, Iss 12, Dec 2022 

 

4597 | P a g e  
 

[24] A. Gadhe, S. S. Sonawane, and M. N. Varma, “Influence of nickel and hematite 

nanoparticle powder on the production of biohydrogen from complex distillery wastewater 

in batch fermentation,” Int. J. Hydrogen Energy, vol. 40, no. 34, pp. 10734–10743, 2015, 

doi: 10.1016/j.ijhydene.2015.05.198. 

[25] S. N. Malik, V. Pugalenthi, A. N. Vaidya, P. C. Ghosh, and S. N. Mudliar, “Kinetics of 

nano-catalysed dark fermentative hydrogen production from distillery wastewater,” 

Energy Procedia, vol. 54, pp. 417–430, 2014, doi: 10.1016/j.egypro.2014.07.284. 

[26] A. Elreedy, M. Fujii, M. Koyama, K. Nakasaki, and A. Tawfik, “Enhanced fermentative 

hydrogen production from industrial wastewater using mixed culture bacteria incorporated 

with iron, nickel, and zinc-based nanoparticles,” Water Res., vol. 151, pp. 349–361, 2019, 

doi: 10.1016/j.watres.2018.12.043. 

[27] R. Lin et al., “Enhanced dark hydrogen fermentation by addition of ferric oxide 

nanoparticles using Enterobacter aerogenes,” Bioresour. Technol., vol. 207, pp. 213–219, 

2016, doi: 10.1016/j.biortech.2016.02.009. 

[28] G. Yang and J. Wang, “Improving mechanisms of biohydrogen production from grass 

using zero-valent iron nanoparticles,” Bioresour. Technol., vol. 266, no. May, pp. 413–

420, 2018, doi: 10.1016/j.biortech.2018.07.004. 

[29] M. Taherdanak, H. Zilouei, and K. Karimi, “Investigating the effects of iron and nickel 

nanoparticles on dark hydrogen fermentation from starch using central composite design,” 

Int. J. Hydrogen Energy, vol. 40, no. 38, pp. 12956–12963, 2015, doi: 

10.1016/j.ijhydene.2015.08.004. 

[30] S. Dolly, A. Pandey, B. K. Pandey, and R. Gopal, “Process parameter optimization and 

enhancement of photo-biohydrogen production by mixed culture of Rhodobacter 

sphaeroides NMBL-02 and Escherichia coli NMBL-04 using Fe-nanoparticle,” Int. J. 

Hydrogen Energy, vol. 40, no. 46, pp. 16010–16020, 2015, doi: 

10.1016/j.ijhydene.2015.09.089. 

[31] Y. Yin and J. Wang, “Enhanced biohydrogen production from macroalgae by zero-valent 

iron nanoparticles: Insights into microbial and metabolites distribution,” Bioresour. 

Technol., vol. 282, no. March, pp. 110–117, 2019, doi: 10.1016/j.biortech.2019.02.128. 

[32] S. Mohanraj, S. Kodhaiyolii, M. Rengasamy, and V. Pugalenthi, “Green synthesized iron 

oxide nanoparticles effect on fermentative hydrogen production by Clostridium 

acetobutylicum,” Appl. Biochem. Biotechnol., vol. 173, no. 1, pp. 318–331, 2014, doi: 

10.1007/s12010-014-0843-0. 

[33] J. Wang and W. Wan, “Influence of Ni2+ concentration on biohydrogen production,” 

Bioresour. Technol., vol. 99, no. 18, pp. 8864–8868, 2008, doi: 

10.1016/j.biortech.2008.04.052. 

[34] M. Frey, “Hydrogenases : Hydrogen-Activating Enzymes,” pp. 153–160, 2002. 

[35] K. Reddy et al., “Biohydrogen production from sugarcane bagasse hydrolysate: effects of 



IJFANS INTERNATIONAL JOURNAL OF FOOD AND NUTRITIONAL SCIENCES 

ISSN PRINT 2319 1775 Online 2320 7876 
 
Research paper                           © 2012 IJFANS. All Rights Reserved, UGC CARE Listed ( Group -I) Journal Volume 11, Iss 12, Dec 2022 

 

4598 | P a g e  
 

pH, S/X, Fe2+, and magnetite nanoparticles,” Environ. Sci. Pollut. Res., vol. 24, no. 9, pp. 

8790–8804, 2017, doi: 10.1007/s11356-017-8560-1. 

[36] H. Han, M. Cui, L. Wei, H. Yang, and J. Shen, “Enhancement effect of hematite 

nanoparticles on fermentative hydrogen production,” Bioresour. Technol., vol. 102, no. 

17, pp. 7903–7909, 2011, doi: 10.1016/j.biortech.2011.05.089. 

[37] L. Beckers, S. Hiligsmann, S. D. Lambert, B. Heinrichs, and P. Thonart, “Improving 

effect of metal and oxide nanoparticles encapsulated in porous silica on fermentative 

biohydrogen production by Clostridium butyricum,” Bioresour. Technol., vol. 133, pp. 

109–117, 2013, doi: 10.1016/j.biortech.2012.12.168. 

[38] S. Mohanraj, K. Anbalagan, S. Kodhaiyolii, and V. Pugalenthi, “Comparative evaluation 

of fermentative hydrogen production using Enterobacter cloacae and mixed culture: Effect 

of Pd (II) ion and phytogenic palladium nanoparticles,” J. Biotechnol., vol. 192, no. Part 

A, pp. 87–95, 2014, doi: 10.1016/j.jbiotec.2014.10.012. 

[39] Y. Zhang and J. Shen, “Enhancement effect of gold nanoparticles on biohydrogen 

production from artificial wastewater,” Int. J. Hydrogen Energy, vol. 32, no. 1, pp. 17–23, 

2007, doi: 10.1016/j.ijhydene.2006.06.004. 

[40] J. Chen et al., “Role of biomass-derived carbon-based composite accelerants in enhanced 

anaerobic digestion: Focusing on biogas yield, fertilizer utilization, and density functional 

theory calculations,” Bioresour. Technol., vol. 307, no. March, p. 123204, 2020, doi: 

10.1016/j.biortech.2020.123204. 

[41] K. Rambabu, P. L. Show, G. Bharath, F. Banat, M. Naushad, and J. S. Chang, “Enhanced 

biohydrogen production from date seeds by Clostridium thermocellum ATCC 27405,” Int. 

J. Hydrogen Energy, vol. 45, no. 42, pp. 22271–22280, 2020, doi: 

10.1016/j.ijhydene.2019.06.133. 

[42] H. Sayedi, S. T. Pachakhan, S. U. Zadran, A. Sahar, and A. Mujtaba, “Reinfection with 

SARS-CoV-2 in Afghanistan : A case study,” vol. 3, no. 05, pp. 3–6, 2022. 

[43] J. Zhang, C. Fan, H. Zhang, Z. Wang, J. Zhang, and M. Song, “Ferric oxide/carbon 

nanoparticles enhanced bio-hydrogen production from glucose,” Int. J. Hydrogen Energy, 

vol. 43, no. 18, pp. 8729–8738, 2018, doi: 10.1016/j.ijhydene.2018.03.143. 

[44] G. Kumar, T. Mathimani, E. R. Rene, and A. Pugazhendhi, “Application of 

nanotechnology in dark fermentation for enhanced biohydrogen production using 

inorganic nanoparticles,” Int. J. Hydrogen Energy, vol. 44, no. 26, pp. 13106–13113, 

2019, doi: 10.1016/j.ijhydene.2019.03.131. 

[45] S. T. Pachakhan and S. Hamidi, “Review : Role of NONO Gene from DBHS Complex 

and its Interaction with PIN1 in Cancer,” vol. 8, no. 1, pp. 161–167, 2023. 

[46] H. Wu, Y. Wang, C. Zheng, J. Zhu, G. Wu, and X. Li, “Multi-shelled NiO hollow 

spheres : Easy hydrothermal synthesis and lithium storage performances,” J. Alloys 

Compd., vol. 685, pp. 8–14, 2016, doi: 10.1016/j.jallcom.2016.05.264. 



IJFANS INTERNATIONAL JOURNAL OF FOOD AND NUTRITIONAL SCIENCES 

ISSN PRINT 2319 1775 Online 2320 7876 
 
Research paper                           © 2012 IJFANS. All Rights Reserved, UGC CARE Listed ( Group -I) Journal Volume 11, Iss 12, Dec 2022 

 

4599 | P a g e  
 

[47] J. J. Seppälä, J. A. Puhakka, O. Yli-Harja, M. T. Karp, and V. Santala, “Fermentative 

hydrogen production by Clostridium butyricum and Escherichia coli in pure and 

cocultures,” Int. J. Hydrogen Energy, vol. 36, no. 17, pp. 10701–10708, 2011, doi: 

10.1016/j.ijhydene.2011.05.189. 

[48] J. H. Park et al., “Improvement in H2 production from Clostridium butyricum by co-

culture with Sporolactobacillus vineae,” Fuel, vol. 285, no. July 2020, p. 119051, 2021, 

doi: 10.1016/j.fuel.2020.119051. 

[49] I. Karube, T. Matsunaga, S. Tsuru, and S. Suzuki, “Continuous hydrogen production by 

immobilized whole cells of Clostridium butyricum,” Biochim. Biophys. Acta, vol. 444, no. 

2, pp. 338–343, Sep. 1976, doi: 10.1016/0304-4165(76)90376-7. 

[50] C. Hamilton et al., “Effect of the nitrogen source on the hydrogen production metabolism 

and hydrogenases of Clostridium butyricum CWBI1009,” Int. J. Hydrogen Energy, vol. 

43, no. 11, pp. 5451–5462, 2018, doi: 10.1016/j.ijhydene.2017.12.162. 

[51] Y. Yin and J. Wang, “Isolation and characterization of a novel strain Clostridium 

butyricum INET1 for fermentative hydrogen production,” Int. J. Hydrogen Energy, vol. 

42, no. 17, pp. 12173–12180, 2017, doi: 10.1016/j.ijhydene.2017.02.083. 

[52] N. RamKumar, P. D. Anupama, T. Nayak, and S. Subudhi, “Scale up of biohydrogen 

production by a pure strain; Clostridium butyricum TM-9A at regulated pH under 

decreased partial pressure,” Renew. Energy, vol. 170, pp. 1178–1185, 2021, doi: 

10.1016/j.renene.2021.01.106. 

[53] X. Wang, P. T. Monis, C. P. Saint, and B. Jin, “Biochemical kinetics of fermentative 

hydrogen production by Clostridium butyricum W5,” Int. J. Hydrogen Energy, vol. 34, 

no. 2, pp. 791–798, 2009, doi: 10.1016/j.ijhydene.2008.11.023. 

[54] M. L. Chong et al., “Effects of pH, glucose and iron sulfate concentration on the yield of 

biohydrogen by Clostridium butyricum EB6,” Int. J. Hydrogen Energy, vol. 34, no. 21, 

pp. 8859–8865, 2009, doi: 10.1016/j.ijhydene.2009.08.061. 

[55] M. Junghare, S. Subudhi, and B. Lal, “Improvement of hydrogen production under 

decreased partial pressure by newly isolated alkaline tolerant anaerobe, Clostridium 

butyricum TM-9A: Optimization of process parameters,” Int. J. Hydrogen Energy, vol. 

37, no. 4, pp. 3160–3168, 2012, doi: 10.1016/j.ijhydene.2011.11.043. 

[56] M. A. Jenol, M. F. Ibrahim, P. L. Yee, M. Md Salleh, and S. Abd-Aziz, “Sago biomass as 

a sustainable source for biohydrogen production by Clostridium butyricum A1,” 

BioResources, vol. 9, no. 1, pp. 1007–1026, 2014, doi: 10.15376/biores.9.1.1007-1026. 

[57] C. C. Hu, A. Giannis, C. L. Chen, W. Qi, and J. Y. Wang, “Comparative study of 

biohydrogen production by four dark fermentative bacteria,” Int. J. Hydrogen Energy, vol. 

38, no. 35, pp. 15686–15692, 2013, doi: 10.1016/j.ijhydene.2013.03.131. 

[58] S. S. Aly et al., “Identification of factors that accelerate hydrogen production by 

Clostridium butyricum RAK25832 using casamino acids as a nitrogen source,” Int. J. 



IJFANS INTERNATIONAL JOURNAL OF FOOD AND NUTRITIONAL SCIENCES 

ISSN PRINT 2319 1775 Online 2320 7876 
 
Research paper                           © 2012 IJFANS. All Rights Reserved, UGC CARE Listed ( Group -I) Journal Volume 11, Iss 12, Dec 2022 

 

4600 | P a g e  
 

Hydrogen Energy, vol. 43, no. 10, pp. 5300–5313, 2018, doi: 

10.1016/j.ijhydene.2017.08.171. 

[59] V. T. Hoang, D. H. Hoang, N. D. Pham, H. M. Tran, H. T. V. Bui, and T. A. Ngo, 

“Hydrogen production by newly isolated Clostridium species from cow rumen in pure- 

and co-cultures on a broad range of carbon sources,” AIMS Energy, vol. 6, no. 5, pp. 846–

865, 2018, doi: 10.3934/ENERGY.2018.5.846. 

[60] M. Fritsch, W. Hartmeier, and J. S. Chang, “Enhancing hydrogen production of 

Clostridium butyricum using a column reactor with square-structured ceramic fittings,” 

Int. J. Hydrogen Energy, vol. 33, no. 22, pp. 6549–6557, 2008, doi: 

10.1016/j.ijhydene.2008.07.070. 

[61] J. H. Park, D. H. Kim, H. S. Kim, G. F. Wells, and H. D. Park, “Granular activated carbon 

supplementation alters the metabolic flux of Clostridium butyricum for enhanced 

biohydrogen production,” Bioresour. Technol., vol. 281, no. December 2018, pp. 318–

325, 2019, doi: 10.1016/j.biortech.2019.02.090. 

[62] M. S. Kim, J. S. Baek, Y. S. Yun, S. Jun Sim, S. Park, and S. C. Kim, “Hydrogen 

production from Chlamydomonas reinhardtii biomass using a two-step conversion 

process: Anaerobic conversion and photosynthetic fermentation,” Int. J. Hydrogen 

Energy, vol. 31, no. 6, pp. 812–816, 2006, doi: 10.1016/j.ijhydene.2005.06.009. 

[63] A. Kivistö, V. Santala, and M. Karp, “Non-sterile process for biohydrogen and 1,3-

propanediol production from raw glycerol,” Int. J. Hydrogen Energy, vol. 38, no. 27, pp. 

11749–11755, Sep. 2013, doi: 10.1016/J.IJHYDENE.2013.06.119. 

[64] M. A. Jáuregui, A. Ladino, and D. Malagón-Romero, “The effect of the initial 

concentration of glycerol on the hydrogen produced by strains of the genus Clostridium 

spp.,” Int. J. Sustain. Eng., vol. 11, no. 3, pp. 205–210, 2018, doi: 

10.1080/19397038.2017.1387826. 

[65] C. Zhang, F. X. Lv, and X. H. Xing, “Bioengineering of the Enterobacter aerogenes strain 

for biohydrogen production,” Bioresour. Technol., vol. 102, no. 18, pp. 8344–8349, 2011, 

doi: 10.1016/j.biortech.2011.06.018. 

 

https://journals.e-palli.com/home/index.php/ajlsi/submission/wizard/2?submissionId=1661#step-2 

 
https://www.ijrasb.com/index.php/ijrasb/submission/wizard/2?submissionId=467#step-2   

https://journals.e-palli.com/home/index.php/ajlsi/submission/wizard/2?submissionId=1661#step-2
https://www.ijrasb.com/index.php/ijrasb/submission/wizard/2?submissionId=467#step-2

