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Abstract

:

The growing population and economic expansion have led to increased energy demand while presenting complex waste generation and management challenges, particularly in light of climate change. Green hydrogen, which is considered a major clean energy carrier, can also be generated from food waste through a process known as dark fermentation. The production of dark fermentative hydrogen from food waste and biomass residues, in general, is influenced by the type of feedstock, source of inoculum, and their pretreatment and handling strategies. Food waste is a suitable substrate for dark fermentation and has a variable and complex composition, which is a major factor limiting the hydrogen yield. This review critically assesses food waste sources, focusing on their physical and chemical composition, pretreatment methods, and strategies for optimizing dark fermentative hydrogen production. This paper also highlights and critically discusses various inoculum sources and innovations regarding the pretreatment and enrichment applications of inocula for dark fermentative hydrogen production. Based on the literature analysis, advanced research is required to develop more sustainable and specific pretreatment strategies that consider the properties of food waste and the source of the inoculum. This approach will aid in preventing inhibition and inefficiency during the dark fermentation process.
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1. Introduction


Several factors have triggered unprecedented energy demand worldwide. These factors include rapid population growth, global technological advancement, massive industrialization, and rapid urbanization [1,2,3]. Global energy demand has increased significantly from 900 million tons of oil equivalent (Mtoe) in 1990 to 14,000 Mtoe in 2018 and is projected to reach 20,000 Mtoe in 2050 [1,4]. Given the current trend in energy demand, the utilization of fossil fuels, such as coal, oil, and natural gas, alone is insufficient to meet global energy requirements. Moreover, the combustion of fossil fuels has significantly contributed to climate change [5] by altering the environment and emitting greenhouse gases (GHGs) into the atmosphere. The environmental drawbacks, health impacts, fluctuating prices, and depleting nature of fossil fuels have increasingly led to the shift toward clean and sustainable energy sources [6,7]. It was reported that the total capacity of renewables added globally accounted for 83%, whereas the combined capacity of added fossil fuels and nuclear power accounted for only 17% by 2022 [8]. As global energy demand continues to increase, renewable energy sources will be increasingly solicited to complement fossil fuels in meeting energy requirements. At the same time, the world progresses toward a just energy transition [9].



Bioenergy is a renewable energy source that plays a key role in the clean power supply, clean fuel supply for transportation, and clean cooking fuel supply [10]. Biofuel production is motivated by five main reasons: (1) sustainably exploit biomass resources from agricultural and forestry activities, (2) produce clean energy to meet the Sustainable Development Goal 7 (SDG7) [11], (3) enable and increase flexibility in the energy sector as biofuel can be used in transportation, electricity, heating and cooling, [12]; (4) sustainably manage and add value to waste originating from diverse streams [13,14]; and (5) trigger economic growth especially in rural areas possessing biomass and waste resources (SDG 1) [15]. Biofuels such as bioethanol, biodiesel, biomethane/biogas, and biohydrogen are modern bioenergy carriers that can gradually substitute fossil fuels in different energy sectors. Bioethanol, biodiesel, and biogas technologies have already reached an advanced stage of commercialization, with technology readiness levels (TRL) exceeding eight [16,17], while the main biohydrogen production technologies are still between research and pilot scales. Among the mentioned biofuels, biohydrogen is considered the most promising biofuel due to the following reasons: (1) it does not emit any harmful gases when oxidized (only water is formed as byproduct when used in fuel cells); (2) it has the highest calorific value of 119.93 MJ/kg (compared with 50.02 MJ/kg for biomethane, 27 MJ/kg for bioethanol, and 42.50 MJ/kg for biodiesel) [18,19]; and (3) Aside from common applications such as transportation and power generation, it is used as feedstock in industrial processes such as ammonia production, steel manufacturing, methanol synthesis, polymer and plastic production, and glass production [20,21].



Biohydrogen production has attracted increasing attention in recent years, with efforts geared towards scaling up the technology to a full industrial operating scale [22]. Biohydrogen is produced through thermochemical and biochemical processes of biomass resources, as shown in Figure 1. Biochemical (biological) technologies are often preferred over thermochemical technologies owing to their ecological merits, lower energy requirements, and lower capital costs [23,24]. Depending on the feedstock type (considering parameters such as moisture content, lignin content, cellulose content, calorific value, and other chemical properties), a conversion technology can be deemed suitable concerning the technical aspects of the processing, as highlighted in Table 1.



Biological hydrogen production technologies include dark fermentation (DF), photofermentation, biophotolysis, microbial electrolysis, and combined dark and photofermentation. Among these technologies, DF has emerged as the most promising pathway to achieve industrial biohydrogen production due to its realistic potential for commercialization in the near future [25], its proven feasibility (relatively higher hydrogen yield), and its ability to convert diverse and complex biomass feedstocks [26,27]. Sustainable dark fermentative biohydrogen production uses second-generation feedstock, including food waste (FW), wastewater, animal manure, municipal solid waste (MSW), agricultural residues, and aquatic weeds [28,29,30,31,32].



FW represents a significant resource for dark fermentative hydrogen production because of its substantial potential in terms of availability, inherent moisture content, and high biodegradability [33]. According to the World Food Programme (WFP), nearly one-third (equivalent to 1.3 billion tons) of the food produced by humans is lost or wasted every year [34]. FW is primarily disposed into landfills, resulting in severe environmental setbacks as landfills are major contributors to anthropogenic methane emissions, exacerbating global warming [35]. FW management represents a global environmental concern and presents a significant challenge to waste management stakeholders in identifying sustainable and advantageous alternatives to waste value recovery. Many strategies have been leveraged in the literature to convert FW into valuable products, including energy, chemicals, and biofuels [36,37]. Optimal and sustainable FW management would directly impinge on food security, economic development, and, most importantly, environmental well-being [38]. Habashy et al. [39] reported that using FW for biohydrogen production could serve as a sustainable approach to simultaneously address challenges such as energy insecurity and municipal solid waste disposal. The presence of endogenous microorganisms favorable for hydrogen generation and the high carbohydrate content in FW make it a suitable candidate for biohydrogen production in non-sterile environments [40].



However, utilizing FW as a substrate for DF requires prior treatment to facilitate bioprocesses that would result in an efficient hydrogen yield [41]. An adequate pretreatment method positively affects substrate utilization and metabolic pathways during dark fermentation [42]. The bioprocesses that govern DF appear to be intricate and highly sensitive to substrate composition and the microbial consortium present in the medium. Many inoculum sources have been leveraged as mixed cultures for DF, and several pretreatment techniques have been applied to both inocula and FW to reduce the inhibiting effects while enhancing the hydrogen yield from the DF of FW [3,43,44]. This paper critically reviews and projects the current status of FW DF, focusing on FW sources, FW physical and chemical compositions, and FW pre-treatment strategies for optimizing dark fermentative hydrogen production. This review further exposes and critically discusses the different inoculum types and innovations regarding the pre-treatment and enrichment applications of inoculums for dark fermentative hydrogen production from FW.





[image: Energies 17 06350 g001] 





Figure 1. The different pathways for hydrogen production from biowaste substrates (adapted and modified from [45]). 
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2. Hydrogen Production by Dark Fermentation: An Overview


2.1. Principles


In general, fermentation processes are biological or biochemical transformations that occur in aerobic or anaerobic non-sterile environments and involve the microbial decomposition of organic substrates to produce hydrogen, carbon dioxide (CO2), organic acids, and alcohols. In particular, DF is a light-independent microbial transformation of cellulosic feedstocks under anaerobic conditions to generate biological hydrogen molecules along with by-products, such as volatile fatty acids (VFAs), CO2, and small quantities of alcohols [46]. Dark fermentation includes the hydrolysis, acidogenesis, and acetogenesis phases of anaerobic digestion, as displayed in Figure 2, and is engineered by specific hydrogen-producing microorganisms. In an anaerobic bioreactor in the total absence of light, hydrogen-producing bacteria degrade organic matter through multiple metabolic processes or pathways, resulting in the generation of hydrogen gas, CO2, VFAs (acetic acid, butyric acid, propionic acid, and lactic acid), and alcohols (ethanol and butanol) in a limited period of time [47]. One reason for investigating dark fermentative hydrogen production is its acceptance of a wide range of organic feedstocks as substrates. Among the varieties of available substrates and within their chemical compositions, carbohydrates are the most considered components in the metabolic processes for hydrogen production [48]. For instance, it has been reported that one-third of the carbon content in glucose is converted into hydrogen and carbon dioxide, whereas the remaining two-thirds are transformed into VFAs [49,50].



Several metabolic pathways are active during DF. Depending on the consortium of bacteria available in the bioreactor, substrates are degraded by several metabolic pathways with different prevalence levels, as summarized in Table 2 [51,52].
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Figure 2. The different stages of dark fermentation of biowaste and the microbiological pathways that lead to hydrogen and organic acids production (adapted and modified from [53]). 
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From the theoretical equations (Table 2), the acetate pathway is the best, as four moles of hydrogen can be obtained from one mole of glucose. Although the acetate pathway produces more hydrogen than the butyrate pathway, the latter is the most probable, with only two moles of hydrogen produced [55]. Even though the acetate and butyrate pathways are the most performing H2-producing pathways, their hydrogen yields are still lower than the theoretical hydrogen yield from glucose, as shown in Equation (8).


C6H12O6 + 6H2O → 12H2 + 6CO2



(8)







During mixed acid fermentation, microorganisms utilize multiple routes to degrade glucose, resulting in a lower hydrogen yield than theoretically expected [47]. The probability of a given metabolic pathway prevailing during the bioprocesses depends on the type and nature of the microbial species and strains existing in the mixed culture. Antonopoulou et al. [56] reported that the butyrate pathway is dominant when clostridia-type strains are used.




2.2. Factors Influencing the Performance of Dark Fermentation


The production of hydrogen by DF of biomass and waste is influenced by several factors that limit its scale-up. These factors can be inherent to the substrate (such as heavy metals, nutrients’ availability, VFAs accumulation, etc.) or related to the reactor operational parameters (such as temperature, initial pH, retention time, reactor type and volume, etc.) or related to the inoculum source and size of the inoculation.



The substrate type and composition constitute critical evaluation factors for DF, as the hydrogen yield is inherently dependent on the nutrients and biocatalysts released by the substrate. As reported by Elbeshbishy et al. [61], a higher substrate concentration may lower the performance of the fermentation process because of inappropriate accumulation of VFAs, thus lowering the intracellular pH of the bacteria. The impact of substrate composition on macro- and micronutrients and heavy metal ions is discussed in Section 3.3 of the present review. It is widely acknowledged that bioreactor control and monitoring significantly impact DF metabolism. For instance, the pH change of the reactor can affect microbial community growth and activity and drastically disrupt metabolic pathways [62]. The decrease in pH was primarily triggered by the formation of VFAs during the early stages of the fermentation process. The influence of pH is also significant on the metabolism and drift between solventogenesis and acidogenesis, which release protons that form hydrogen molecules [63]. From the reviewed reports, the optimum pH for DF ranges from 5.5 to 8, with an average of 6.7, as shown in Table 3. This pH range maximizes microbial growth and activity, favoring a higher hydrogen production rate and organic acid yield. The pH evolution during DF depends inextricably on the type of biomass feedstock and, hence, on the chemical composition of the substrate [64]. The optimal pH control level and regulation strategies during DF constitute major aspects that require further research and optimization.



Similar to pH, temperature is a key factor that influences microbial growth and the efficiency of conversion processes in DF. It can affect various aspects of fermentation, including enzyme activities such as those of hydrogenases, rates of substrate degradation, distribution of metabolic products, and composition of bacterial communities [65,66]. Fermentative bacteria can be categorized into distinct temperature groups based on their optimal growth conditions: psychrophiles thrive at temperatures between 10 and 20 °C, mesophiles thrive in a range of 30 to 40 °C, thermophiles grow best at temperatures between 50 and 60 °C, and extreme thermophiles perform well at temperatures greater than 65 °C [67]. The optimal temperature for DF can vary depending on the type of bacteria involved (mixed or pure cultures) and the nature of the substrate. Research suggests that higher temperatures can accelerate enzymatic hydrolysis, making thermophilic and extreme thermophilic conditions more suitable for lignocellulosic substrates [68]. Several studies indicate that mesophilic temperatures, particularly around 35–40 °C, are the most commonly employed in DF [50].



To enhance the performance of dark fermentative hydrogen production, several additives have been found to have a strong stimulating effect on hydrogen yield. A recent study emphasized the critical role of Fe-based nanoparticles in stabilizing anaerobic fermentation media [69]. Leroy-Freitas et al. [69] showed that the addition of Fe2O3 nanoparticles (300 mg/L) increased hydrogen productivity by 10%, highlighting the potential of iron-based nanoparticles to enhance biohydrogen production. Investigating the interactions between inorganic materials (adsorbents) and anaerobic bacteria, Silva et al. [70] reported that the supplementation of zeolite type 13X in the optimum ratio zeolite/inoculum of 0.13 improved the hydrogen yield by 27% as compared with control batch assays. The addition of inorganic supplements relies on dynamizing hydrogenase enzyme activity, improving electron transfer kinetics, and providing surface area for bacteria adhesion. Further investigation of the properties of novel materials, their cost-effectiveness, and the potential for scaling up biohydrogen production could lead to breakthroughs toward commercial viability.





3. Food Waste as a Substrate for Dark Fermentation


3.1. Food Waste Sources


The term FW relates to cooked or uncooked food materials that are made for human consumption but are discarded, lost, or degraded. FW generally includes kitchen waste, fruit and vegetable waste, and food processing waste. FW accounts for a large fraction of MSW in both developed and developing countries around the globe. The main streams of FW include households, restaurants, cafeterias, dining halls, hotels, butcheries, supermarkets, food industries, and other public eateries. Different types of FW can be classified into two main categories: Pre- and post-consumption FW [71,72]. Pre-consumption FW indicates the waste generated during food preparation and the waste discarded before human consumption, whereas post-consumption FW refers to leftovers (usually cooked or processed) after human consumption. FW is made up of various types of waste, such as meat and fish waste, dairy products, oil waste, fruit and vegetable waste, and cereal waste [73].



In recent decades, many studies have investigated the use of FW as a potential feedstock for dark fermentative hydrogen production [30,40]. Habashy et al. [39] posited that utilizing FW for biohydrogen production could serve as an innovative approach to simultaneously address the challenges of energy security and municipal solid waste disposal. The presence of endogenous microorganisms favorable for hydrogen generation and the high carbohydrate content in FW make it a suitable candidate for biohydrogen production in non-sterile environments [40]. FW is considered an emerging substrate that has been found to contain high quantities of biodegradable materials. Consequently, it can be readily processed through anaerobic fermentation to produce hydrogen [33,74]. The composition of FW varies widely across various origins. It is dependent on country, geographical location, income level, and season [75,76]. The variable nature of FW composition may necessitate more specialized bioconversion methodologies [77] to optimize biofuel production. Ho and Chu [72] reported that FW collected from a housing estate in Hong Kong was mainly composed of meat, fish, vegetables, fruit peelings, and poultry. Such a mixture is suitable for anaerobic DF because the necessary nutrients, mainly carbohydrates, are present in fruit peelings and vegetables, and the mixture has a high potential to meet the equilibrium needed (C/N ratio) by the bacterial consortium in the bioreactor. Szabó-Bódi et al. [78] investigated the dominant types of FW in Hungarian households. They discovered that the most frequently discarded food materials were meals and bakery products. They further concluded that FW generation and composition were functions of household income levels. Middle-income households mainly generate bakery products as waste, whereas low-income households typically produce fresh fruit waste. Higher-income consumers generate the most FW.



Furthermore, FW can be differentiated according to its generation stage [79]. The production stage of FW includes residues of harvest, by-products from processing, and loss from improper packaging. This FW is constituted of roughly 14% of cereals, 26% of tubercles, 6% of dairy products, and 4% of meat and fish. Most FW is produced in the final consumption stage when households and restaurants contribute large amounts. At this stage, the largest fraction (approximately 48%) originates from fruits and vegetables, 6% from tubercles, 7% from meat and fish, 12% from dairy products, and 2% from oil [73].





 





Table 3. FW handling and dark fermentation outcomes.
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	Substrate
	Source
	Country
	Pretreatment
	Inoculum
	Inoculum Pretreatment
	Type of Reactor
	Volume
	Mode of Operation
	Initial pH
	Temperature
	HRT
	Hydrogen Yield
	Reference





	FW mixed with pretreated sewage sludge
	Restaurant
	
	Dehydration in an oven at 105 °C (FW), a combination of alkalization

and ultrasonication (sewage sludge)
	Sewage sludge anaerobic digestate
	Boiled at 90 °C for 15 min
	-
	5 L
	Batch
	5.5
	37
	48 h
	13.8 mL H2/g VSSconsumed
	[80]



	FW
	Canteen
	China
	pH adjusted to 1.0 using HCl and then kept the low pH for 24 h
	Monoculture of C. acetobutylicum
	-
	Serum bottles
	100 mL
	Batch
	6.8
	37
	96 h
	-
	[81]



	Apple pulp
	Industrial agriculture farming
	Turkey
	1.2 atm pressured at 121 °C
	-
	-
	closed cap bottles
	100 mL
	Batch
	-
	-
	-
	-
	[82]



	Apple pulp
	Industrial agriculture farming
	Turkey
	1 atm at 100 °C
	-
	-
	closed cap bottles
	100 mL
	Batch
	-
	-
	-
	-
	[82]



	OFMSW
	-
	-
	Addition of 21.92 mmol HCl (0.35 mol/L) and heating to 90 °C for 30 min
	wastewater treatment sludge
	Rehydration

and pretreatment for 15 min at 90 °C
	Glass bottles
	200 mL
	Batch
	6.0
	37
	-
	23.2 ± 16 mL/gVS
	[83]



	FW
	Canteen
	China
	Heating up to 140 °C in hydrothermal reactor for 20 min
	Liquid fraction of digestate obtained from mesophilic

digestion reactor
	Not treated
	Glass bottles
	500 mL
	Batch
	7
	35 ± 1
	7 days
	62.7 ± 0.3 mL/gVS
	[84]



	FW
	Restaurant
	China
	Heating up to 140 °C in hydrothermal reactor for 20 min at 500 rpm stirring speed
	Anaerobic sludge sourced from industrial digester
	Heat-shocked at 100 ◦C for 30 min, and then

acclimatized using a modified culture medium
	Glass bottles
	500 mL
	Continuous
	-
	35
	4 days
	38.1 mL/gVS
	[85]



	FW
	Cafeteria
	Korea
	Alkali shock with KOH at pH 9.0–13.0
	No
	No
	-
	-
	Batch
	8.0
	37 ±1
	24 h
	162 mL H2/g VS
	[86]



	FW
	Cafeteria
	Korea
	Acid pretreatment with HCL at pH 1.0–4.0
	No
	No
	-
	300 m L
	Batch
	8.0
	35 ± 1
	24 h
	158 mL H2/g VS
	[87]



	FW
	Household
	Poland
	Ground to solid particles less than 3 mm
	Digested sludge from

wastewater treatment plant
	Thermal treatment between 70 to 120 °C
	Glass bottles
	1 dm3
	Batch
	-
	37 °C
	2 days
	96 cm3 H2/gTVSFW
	[88]



	FW
	Canteen
	-
	Ground to mesh particles
	Vermicompost and digested sludge
	Immersed in a hot water bath at 100 °C for 10–15 min
	Glass reactors
	500 mL
	Batch
	6
	40 °C
	48 h
	50 mL/gVS
	[89]



	FW
	Cafeteria
	
	Ground to less than 5 mm in

diameter, followed by alkali pretreatment at pH 12.5 for 1 day

using 6 N KOH solution
	Sludge from an anaerobic digestion plant of

wastewater treatment plant
	Heat-treated at 90 °C for 15 min
	Anaerobic sequencing

Reactor (ASBR)
	230 L
	Batch
	5.3
	35 °C
	36 h
	0.9 mol H2/mol hexose
	[90]



	Cane molasses
	-
	India
	-
	Enterobacter cloacae

IIT-BT 08
	
	Cylindrical bioreactor with

spherical dished end
	10,000 L
	Continuous
	
	37 °C
	
	76.2 m3 H2 with 18.1 kg CODremoved/m3 H2
	[26]









3.2. Physical and Chemical Properties of Food Waste


The rate and degree of degradability of a substrate during anaerobic digestion processes are dependent on its physical and chemical composition. Characterizing FW presents significant challenges because of its inherent variability and heterogeneity. The properties of FW depend on its physical composition. Therefore, the physicochemical composition of FW depends on its origin (country, geographical region) and the place where it is produced (household, hotel, supermarket, etc.), as shown in Table 3. However, FW has some general characteristics regardless of its origin and composition. The moisture content of FW generally ranges between 60–90%, while the pH and the volatile solid (VS) content are around 4.5 to 6.5 and 10 to 180 g/L, respectively as shown in Table 4 [73,76]. In many studies related to FW, degradable carbohydrates range between 41–62%, while proteins and lipids range between 15–25% and 13–30%, respectively [91]. Slopiecka et al. [92] documented an extended characterization of 88 different types of FW. Among the different types investigated, egg products showed the highest pH of 7.43 on average, while the highest average VS content of 75.21% was registered with cereal products. Moreover, the highest carbohydrate content of 87.33% on average was shown by spices, whereas sweeteners and sweet goods showed the most elevated average C/N of 26.57. Zhang et al. [75] reported that the TS and the VS contents of FW were in the ranges of 18.1 to 30.9% and 17.1 to 26.35%, respectively, highlighting the high water content of FW. The high moisture content (MC) of FW makes it an easily biodegradable substrate, favoring its suitability for DF. Starchy and fat-rich wastes have been reported to contain three to five times higher TS content than vegetable waste [93]. Conversely, ash content was two to three times higher in vegetable waste than in industrial food processing waste, while flour and corn-based waste displayed the lowest ash content (less than 5%). As investigated by Vavouraki et al. [94], kitchen FW, for example, is composed of 81.5% moisture and 18.5% TS. The TS is made up of 94.1% VS and 5.9% ash content; the VS is constituted of 55% of total sugar, 24% of starch, 16.9% of cellulose, 14% of lipids, and 16.9% of proteins [94]. This composition exhibits a high concentration of carbohydrates, thereby indicating significant potential for biohydrogen production through DF. The most common pathway for hydrogen production by DF is the glycolysis pathway, wherein glucose is consumed to produce hydrogen and by-products.



As reviewed by Selvam et al. [103], the sulfur content of FW ranges from 73% to 98%, with an average value of around 91%. VS content indicates the presence of organic nutrients that serve as energy source for microorganisms. The propensity of FW to yield high proportions of VS demonstrates its suitability for dark fermentative hydrogen production.



The chemical properties of FW are paramount to apprehending its possible value chains. The chemical properties of FW include pH, chemical oxygen demand (COD), and chemical elements. pH has a noticeable impact on FW degradation during bioprocesses in DF. Microorganisms (specifically hydrogen-producing bacteria) only perform optimally within a certain adaptable pH-range beyond which their metabolism and growth are limited. Depending on the composition of the microbiota, certain treatments may need to be implemented on FW to maintain specific pH levels and accommodate particular bacterial species. FW as compared with other biomasses such as lignocellulosic feedstocks, animal manure, sewage sludge, etc., has an acidic pH, which may require some adjustment for the DF process [104,105]. Depending on the pH-range, FW is selectively consumed by bacteria in an anaerobic bioreactor. It was reported that a pH-range of 7.0 to 8.0 favors the consumption of proteins, while a pH-range of 6.0 to 9.0 promotes the degradation of carbohydrates [106].



The elemental composition of FW is necessary to determine the ratios of macronutrients and micronutrients (e.g., C/N, C/P), as well as the theoretical hydrogen yield. As reported in the literature [103], the average C, H, O, N, and S contents of FW from various studies were 47.7%, 6.8%, 35.2%, 3.0%, and 0.3%, respectively, while the concentrations of micronutrients such as Na, Mg, and Ca fall within the ranges of 7.8 to 23.0 g/kg, 0.5 to 2.0 g/kg, and 1.3 to 30.0 g/kg respectively. The high carbon content of FW renders it a suitable candidate for DF, as carbon is a primary nutrient for hydrogen-producing bacteria. The C, H, and O contents indicate the potential of carbohydrates in FW, which serve as the primary substrates for hydrogen production pathways during DF. Similar to macronutrients, micronutrients are essential for microbial growth and the optimal performance of microorganisms in DF. The concentrations of Na, Ca, Mg, and other micronutrients in FW contribute to the formation of granular bioparticles inside the bioreactor and improve cell growth while increasing hydrolytic capacity [107]. As reported by Gbiete et al. [9], the presence of micronutrients alleviates the nutritional requirements of the bacterial consortium in the fermenter. It was reported that K and Ca behave as enzymes and co-factors in fermentation media [108]. However, excessive concentrations of minerals in FW can lead to stagnation in the fermenter, which would ultimately affect the degradation rate of the FW substrate.



In addition to macro-and micronutrients, FW also contains light and heavy metals. As revealed in previous studies [93,109], FW can contain light metals such as phosphorus (P) and aluminum (Al), and heavy metals such as copper (Cu), iron (Fe), zinc (Zn), plomb (Pb), Manganese (Mn), cadmium (Cd), cobalt (Co), lithium (Li), nickel (Ni), and Chromium (Cr). Elevated concentrations of heavy metals in FW are among the primary drawbacks of FW DF, as they reduce microbial activity, thus lowering the hydrogen yield.




3.3. Native Inhibiting Components in Food Waste


Recently, studies [73,110,111] proposed the valorization of FW through a circular economy concept using DF as a technique for the production of hydrogen, a sustainable energy carrier. Dark fermentative hydrogen production from FW has been investigated in batch, semi-continuous, and continuous operation modes evaluating key parameters such as pH, temperature, organic loading rate (OLR), reactor design, substrate composition, inoculum sources, and pretreatment methods, etc., to enhance hydrogen yield [73]. To date, ongoing research continues to investigate the DF of FW for hydrogen production, addressing multiple challenges that impede the bioprocesses, particularly the inhibitory factors that result in low hydrogen productivity [30,58]. Canto-Robertos et al. [58] investigated the presence of endogenous microorganisms in FW, causing inhibitions to the DF process. The study revealed that the inhibition of hydrogen production was caused by the abundance of endogenous lactic acid-bacteria, especially the Bifidobacterium (0.19%) in the FW. Several studies have indicated that despite recent advancements in dark fermentative hydrogen production, a comprehensive understanding of inhibitory factors, which are prevalent in various DF systems, remains lacking [112]. These factors include organic, inorganic, and biological inhibitors, as shown in Figure 3. Inhibitory compounds may originate from the substrate, be generated during the pretreatment process, or be produced during fermentation. Various inorganic compounds such as heavy metals, light metals, ammonia, and sulfate, which are mostly present in FW, have exhibited inhibitory effects on dark fermentative hydrogen production [3,112].



Metal ions contribute positively to DF by assisting bacterial metabolism, cell growth, and enzyme activation for smooth hydrogen production [113]. However, elevated concentrations of metal ions in FW have demonstrated inhibitory effects on hydrogen production via DF [3]. Cao et al. [97] investigated the influence of sodium concentration in FW on biohydrogen production via DF. The study revealed that beyond 14 g/L of sodium concentration in FW, hydrogen production decreased as the bacteria began to lose their liquid content owing to an increase in osmotic pressure. The concentration of sodium in FW can sometimes be higher than the optimum tolerable value for DF, especially FW from mixed dishes and soup. Therefore, it is imperative to consider pretreating FW prior to its utilization as a DF substrate. Among the heavy metals, iron is the most extensively investigated because of its direct involvement in the production of molecular hydrogen by ferredoxin hydrogenase during DF. The presence of excess iron ions in FW can lead to a shift in the metabolic pathway, which suppresses hydrogen production [114]. As reviewed by Chen et al. [112], the most important DF-inhibiting heavy metals are zinc and copper, whereas the impact of chromium and cadmium is less.



Gao et al. [98] reported that the TS of FW exceeding 22% (wet sample) led to the inhibition of hydrogen production with the promotion of homoacetogenic bacteria growth. The countermeasure to hydrogen consumption in the mentioned study was the addition of chloroform, which suppressed hydrogen-consuming bacteria. The high solid contents in FW renders it thicker, leading to mass transfer limitations that delay the breakdown of organic mater during DF. In addition, when the fat content of FW exceeds a certain level, it can create an inhibition source through the accumulation of long-chain fatty acids. Fats accumulation in FW can also provoke foaming and scum formation on the surface of the fermenter, causing a heterogeneous distribution of organic content as well as the microbial community in the fermenter [115]. To optimize dark fermentative hydrogen production from FW, it is essential to elucidate the endogenous inhibitory factors and implement appropriate pretreatment measures to mitigate their effects.





4. Food Waste Pretreatment Methods


Pretreatment of organic substrates was originally developed in 1920 for fermentation processes and has been considered an expensive process because of its energy and chemical consumption [41]. In recent days, pretreatment has been regarded as a crucial step toward optimizing hydrogen recovery from organic waste in anaerobic fermentation processes. The most common FW pretreatment methods for biohydrogen production include physical, thermal, chemical, thermochemical, biological, and a combination of the methods [29]. Nevertheless, the selection of pretreatment methodologies for optimizing dark fermentative hydrogen production presents a global challenge in the field and constitutes an area for further investigation. Pretreatment protocols should be tailored to the substrate’s physicochemical composition to mitigate endogenous inhibitory effects of the substrate during DF.



Biosorbents, bioleaching, and electro-kinetic remediation have been investigated for the effective removal of heavy metals from hydrogen-producing substrates [112,116]. For instance, wheat straw and wheat bran are commonly used for the sorption of metal ions from aqueous solutions. Wheat straw was found to be effective in removing metal ions such as Cu (II) and Cd (II) [117]. The use of wheat bran for the biosorption of metal ions, including Pb (II), Cd (II), Cu (II), Cr (IV), etc., has been reported in many literatures [118]. Bundhoo and Mohee [3] proposed the dilution of reactor contents as a strategy for reducing the inhibitory effects of metal ions. The presence of metal ions exceeding tolerable thresholds in FW presents a significant limitation in biohydrogen production. Further investigation should consider the co-fermentation of FW with wheat residues to mitigate the effects of metal ions.



Gao et al. [98] reported that the TS of FW exceeding 22% (wet sample) led to the inhibition of hydrogen production with the promotion of homoacetogenic bacteria growth. The countermeasure to hydrogen consumption in the previous study was the addition of chloroform, which suppressed hydrogen-consuming bacteria. The high solid contents in FW render it thicker, leading to mass transfer limitations that delay the breakdown of organic materials during DF. In addition, when the fat content of FW exceeds a certain level, it can create an inhibition source through the accumulation of long-chain fatty acids. Fat accumulation in FW can also provoke foaming and scum formation on the surface of the fermenter, causing a heterogeneous distribution of organic content and the microbial community in the fermenter [115]. To optimize dark fermentative hydrogen production from FW, it is essential to elucidate the endogenous inhibitory factors present in the latter and implement appropriate pretreatment measures to mitigate their effects.



4.1. Thermal Pretreatment


A potential approach to enhance biohydrogen production from FW is to implement innovative pretreatment strategies that mitigate hydrogen-consuming microorganisms in FW while simultaneously facilitating the hydrolysis process. Consistent with this concept, Mahmud et al. [119] conducted a physical pretreatment of FW using heat at temperatures of 70, 80, and 90 °C and UV radiation for different time periods to eliminate hydrogen-consuming bacteria in FW. This experimental work resulted in the highest reducing sugar production at 70 °C heat treatment on one hand and a bactericidal effect on hydrogen-consuming microbes with UV radiation pretreatment. Thermal pretreatment is mainly aimed at increasing the solubilization of the substrate by the thermal breakdown of complex polysaccharides into simple forms that are easily accessible to microorganisms during DF. Kim et al. [80] investigated hydrogen yield by dark co-fermentation of FW with sewage sludge. The FW substrate was thermally pretreated by dehydration in an oven at 105 °C while the sewage sludge was subjected to alkalization at pH 12 and ultrasonication for 30 min. The investigation resulted in enhanced hydrogen production compared with untreated samples, highlighting the significant effect of thermal pretreatment of FW on biohydrogen generation through DF. Generally, two types of thermal pretreatments are applied to pretreat FW: wet and dry. Wet thermal pretreatment involves hydrothermal processes operating at high temperatures and pressures (around 300 °C and 200 bar, respectively) to maintain water in its critical state. Under such conditions, FW is homogenized and solubilized for high-yield biohydrogen production. Dry thermal processes include simple drying, oven-drying, autoclaving, and microwave heating. Harsh thermal pretreatment of FW is suitable for deactivating native microbes, which has adverse effects on hydrogen productivity during DF. However, it is worth noting that some thermal pretreatment methods are unsustainable and can lead to detrimental effects on energy and material recovery from FW. High-temperature thermal processes are energy-intensive, and further investigations are necessary to definitively determine whether the enhancement in hydrogen yield compensates for the energy consumption associated with the process. Moreover, recent studies demonstrated that high-temperature thermal pretreatment of FW favors the formation of recalcitrant compounds (i.e., melanoidins, furans, etc.) as the temperature and residence time exceed certain ranges (approximately T > 150 °C and residence time > 1 h) [41]. Further investigations in this field should aim to determine the appropriate temperature and residence time ranges to consider in order to prevent the formation of these recalcitrant compounds.




4.2. Chemical Pretreatment


Among chemical pretreatments, acid, and alkaline pretreatments are the most widely investigated in the literature. Chemical pretreatment methods also include the application of organic and oxidative solvents, ionic-liquids, and carbon dioxide pretreatments, but the application of acidic and alkaline solutions are the most common strategies leveraged to pretreat FW substrate for anaerobic fermentation purposes. Acid and alkaline pretreatments are effective for the solubilization of organic substrates by breaking down lignin, hemicellulose, and cellulose compounds. Acid pretreatment of FW is reported to have positive outcomes on biohydrogen yield by DF as pretreated FW using alkaline solution enhanced hydrogen yield by 9% [120]. Acid pretreatment is found to be more efficient in depolymerizing carbohydrates, whereas alkaline pretreatment exhibits greater effectiveness in the solubilization of proteins and the saponification of lipids. Song et al. [99] investigated the impact of chemical and hydrothermal pretreatments on the solubilization and hydrolysis of household FW during anaerobic fermentation. For the chemical pretreatment, they adjusted the pH with 10 M HCl or 10 M NaOH, while the hydrothermal pretreatment consisted of heating the FW to temperatures around 200 °C in an autoclave for 30 min. The results showed that a combination of the two methods produced the best impact on the dissolution of organics, especially the polysaccharides and amino acids. Acid pretreatment uses both weak acids (i.e., H2SO4, citric acid) and strong acids (HCl) at concentrations targeted towards depolymerizing the organic substrate to yield simple sugars. Kim et al. [87] reported that acid pretreatment of FW had positive results on biohydrogen production, achieving a hydrogen yield of 158 mL/g VS. Alkali pretreatment with strong alkali such as NaOH and KOH is geared towards solubilizing native complex structures in FW (proteins, lipids, polysaccharides) and rendering all components accessible to bacteria in anaerobic digestion. Jang et al. [86] pretreated FW with alkali shock using KOH prior to the batch fermentation test. The pretreatment achieved a hydrogen yield of 1.57 ± 0.11 mol H2/mol hexose, showing a mere improvement compared with the untreated samples. Based on the literature review, acid pretreatment attracted more attention than alkali pretreatment throughout the past decade. For instance, acid pretreatment of FW using H2SO4 at 98% w/w to decrease the pH to 1.0 enhanced hydrogen yield by 62.8% in batch mesophilic anaerobic fermentation [81].



Although acid and alkali pretreatments achieve good results in FW fermentation, it is worth noting that certain parameters need to be controlled to optimize the DF. The choice of the type of acid/base (weak or strong) and the concentration of the acidic/alkaline solution are crucial to achieving the desired pretreatment outcome. Strong acids and alkali are reported to be more efficient in the solubilization of the organic substrate than weak ones. Deveci et al. [82] compared strong acid and weak acid pretreatments (i.e., sulfuric acid and acetic acid, respectively) of apple pulp under pressurized and non-pressurized conditions. The study showed that in the two cases, strong acid pretreatment produced the highest total sugar concentration, while weak acid pretreatment resulted in the highest reduced sugar concentration. Dilute acid pretreatment, which typically utilizes strong acids at low or very high concentrations, is an industrially preferred method of pretreatment. Nevertheless, higher concentrations of alkali and acid solutions (i.e., excess Na+, OH−, H+, and Cl− ions) can inhibit microbial growth, thereby affecting substrate conversion and complicating subsequent utilization of the effluents for specific purposes. Although lower concentrations of acid/alkali solutions do not effectively achieve the pretreatment target as per the literature reviewed, they should be recommended for DF processes to preserve optimum microbial community metabolisms. Dauptain et al. [83] demonstrated that acid pretreatment of the organic fraction of municipal solid waste (OFMSW) was inefficient in enhancing hydrogen production and led to metabolic and microbial community changes during DF. Reports on the detrimental effects of chemical pretreatments of organic substrates on dark fermentative hydrogen production are limited in the literature. The application of acid or alkali solutions to pretreat FW for DF presents challenges when considering all necessary parameters and their impacts on the substrate and metabolic processes during fermentation. Further research is necessary to elucidate the distinctions between utilizing strong and weak acids/alkalis and to determine the optimal conditions of application, including socio-economic considerations.




4.3. Hydrothermal Pretreatment


Given the nature of FW and its moisture content, it is appropriate for hydrothermal pretreatment (HTP), a process that can substantially increase its hydrolysis rate during anaerobic fermentation. HTP uses moist FW at high temperatures (100–300 °C) and high pressure (1–7 MPa) reactors to solubilize native recalcitrant structures. HTP is more effective in fractionating the hemicellulose component of biomass while deconstructing the lignin wall, which requires higher temperatures. HTP was found effective in pretreating household FW when combined with alkali pretreatment [99]. In the previous study, household FW was pretreated in a 500 mL autoclave at temperatures ranging from 120 to 200 °C for 30 min at a stirring speed of 100 rpm. HTP enhances the anaerobic fermentation performance of FW and annihilates the effects of native inhibiting microbes on biohydrogen production. This principle was investigated by Wei et al. [84] in their study on the effect of hydrothermal pretreatment on two-stage anaerobic digestion of FW for hydrogen and methane production. In the mentioned study, the HTP was implemented in a 1000 mL reactor containing 90% moisture and heated up to temperatures ranging from 50 to 140 °C for 20 min. According to the findings, the production of hydrogen and the overall concentration of volatile fatty acids (VFAs) during the DF stage, as well as the total biomethane yield accumulated during the methanogenic stage, demonstrated an increasing trend as the temperature of the hydrothermal process (HTP) increased. The greatest hydrogen and biomethane outputs of 62.7 ± 0.3 and 590.6 ± 8.0 mL/g VS were obtained at an HTP temperature of 140 °C, which were 242.6% and 11.8% higher than those achieved in a two-stage anaerobic digestion process using untreated substrates. Similar conclusions were drawn by Ding et al. [85] after hydrothermally pre-treating FW at 140 °C for 20 min and fermenting it for 18 days in a two-stage anaerobic digestion process. They achieved a hydrogen and methane yield of 38.1 mL/g VS and 439.6 mL/g VS, respectively. These studies show that HTP is suitable for the biological conversion of FW into biofuels. Temperature increase rate is a key parameter in the HTP process as high heating rates lead to more carbohydrate solubilization and, hence, a high biohydrogen yield by DF. However, HTP temperatures that are too high and longer retention times can cause carbonization of the substrate, which produces hydrophobic hydrochar. HTP is a promising method with the potential for dark fermentative hydrogen production. Mastery of the reaction conditions, such as optimum temperature, retention time, heating rate, etc., will be crucial for the large-scale application of this technology.




4.4. Fungal and Enzymatic Pretreatment


The application of biological agents has been thoroughly examined as a pretreatment measure for the anaerobic fermentation of FW for hydrogen production. Biological pretreatment is an environment-friendly method that does not require the use of chemical solutions (acids or alkalis), heat, or reactive chemicals to break down FW’s complex compounds into soluble and accessible compounds for microorganisms. During biological pretreatment, specific fungal species and enzymes are chosen based on their ability to break down carbohydrates into simple sugars, proteins into amino acids, and lipids into simple fatty acids, making the subsequent fermentation process more efficient and less amenable to direct fermentation. A detailed fungal pretreatment process is shown in Figure 4. The most commonly applied fungi for biomass biological pretreatment are white-rot fungi (e.g., Phanerochaete chrysosporium, Ceriporiopsis subvermispora, Phlebia subserialis, etc.) and brown-rot fungi (Trichoderma reesei, Aspergillus niger, Aspergillus oryzae, etc.) that are inoculated in FW under aerobic, or controlled aerobic environments [121].



Although white-rot fungi are recognized for efficiently breaking down lignin, they can still be applied to FW, which is not a highly lignocellulosic substrate. Brown-rot fungi are more suitable for FW pretreatment thanks to their ability to degrade cellulose and proteins into hexoses and amino acids, respectively [122]. For example, Bhurat et al. [100] reported that biohydrogen yield by DF of fungi-pretreated FW enhanced by 3.8-fold compared to that of the control sample. Recently, Gardũno et al. [123] combined fungal treatment and DF in a sequential process to produce hydrogen from brewery sludge. After 18 days of retention time, the fungus strain Pleurotus ostreatus was produced while the hydrogen yield amounted to 495.7 ± 6.2 mL H2/g CODconsumed, achieving a theoretical molar efficiency of 94.2%. The hydrogen yield was 25% higher than that obtained by a single DF process. This shows the noteworthy potential of the simultaneous generation of fungi and hydrogen through combined fungal pretreatment and DF.



As an alternative to supplementing fungal species, which subsequently secrete enzymes into FW, pure enzymes can be directly supplemented to FW as degradative agents. This strategy is well implemented via the solid-state fermentation (SSF) process. As an alternative to expensive commercial enzymes, Zou et al. [124] investigated the effect of enzymatic pretreatment on anaerobic digestion efficiency through mixed enzymes produced from household FW in situ. The mixed enzymes were produced through SSF of household FW, and the subsequent anaerobic digestion of the FW significantly improved (up to 98.56% of volatile solid removal), thus maximizing bioenergy recovery. SSF can be leveraged as a key biological pretreatment method for substrates with high moisture and low lignin contents. However, Fungal and enzymatic pretreatment methods are highly time-consuming and sensitive, making them difficult to scale up commercially. Although biological pretreatment is relatively less expensive, less energy-consuming, and environmentally benign, it is still not the preferred choice for FW pretreatment due to its relatively limited effectiveness. Considering this pretreatment method, it is recommended that future investigations explore the potential of combining white-rot and brown-rot fungi, as well as the specific enzymes exhibiting high hydrolysis capabilities for the pretreatment of biomass.




4.5. Physical Pretreatment


Physical pretreatment of biomass generally aims to reduce its particle size to increase the surface area for chemical and biological reactions. Depending on the pretreatment target, biomass can be pulverized to a particle size of 2 mm or finer through mechanical crushing, radiation, ultrasound, ozonation, microwave pretreatments, or ultrafine pulverization. Both mechanical and thermal pretreatment techniques are frequently categorized under the broader classification of physical pretreatment, although there exists a distinction between them. Mechanical pretreatment practices include milling, chopping, grinding, screw pressing, crushing, etc. The application of physical pretreatment of FW prior to anaerobic fermentation processes has demonstrated potential for future development. Gallego-Garcia et al. [125] argued that mechanical biomass milling can drastically improve the digestion of the pretreated substrate by disrupting the cell unit’s organic material. The application of milling as a pretreatment technique is generally followed by other pretreatment applications to prepare the substrate for DF. Ultrasonication techniques are one of the most investigated physical pretreatments. Compared to other pretreatment methods, ultrasonication pretreatment of FW is less energy-consuming, faster, and can yield high efficiencies of depolymerization of the organic material [125]. Ravi et al. [101] reported that ultrasonication aided by surfactants significantly increased the digestibility of mixed FW and the yield of VFAs. Microwave-assisted treatment of FW can improve FW solubilization and DF efficiency. The microwave pretreatment strategy is based on the emission of microwaves that are absorbed by the intracellular components of FW to suddenly release a large amount of heat, thereby solubilizing the FW components. Inan et al. [126] investigated the effect of microwave and microwave-chemical pretreatment of agricultural waste on sugar yield for the subsequent enzymatic hydrolysis process. The study concluded that microwave pretreatment followed by alkali addition (NaOH) produced the best outcome. However, microwave and ultrasonication pretreatments could be inappropriate for FW pretreatment when the target is to produce hydrogen by DF because of their limited or negative impact. In a study by Bundhoo [127], it was revealed that though microwave and ultrasound irradiation pretreatment enhanced the solubilization of FW under high pretreatment conditions, they failed to improve biohydrogen production. This failure was caused by the formation of inhibitors during the pretreatment process, which engineered changes in the metabolic pathways that promoted propionic acid and ethanol production. From the perspectives of sustainability and scalability, the viability of microwave and ultrasound pretreatment methods for biohydrogen production remains highly uncertain and equivocal. Steam explosion pretreatment is also a physical pretreatment technology commonly used for lignocellulosic feedstocks. It can be applied to the pretreatment of FW for DF. The challenges associated with steam explosion pretreatment include its operation at high temperatures and pressures (up to 300 °C), which raise concerns about safety and energy consumption. There is a paucity of studies addressing steam explosion pretreatment of FW for DF.




4.6. Combined Pretreatment Strategies


No pretreatment method achieves complete efficacy or attains the target with 100% efficiency. As highlighted in each of the aforementioned single pretreatment methods, there are deficiencies and limitations that necessitate addressing the improvement of FW pretreatment for dark fermentative hydrogen production. Consequently, a combination of two or more pretreatment methods is an appropriate approach for mitigating pretreatment limitations. The most common pretreatment combinations, both at the laboratory scale and in industrial applications, involve mechanical size reduction and thermal and chemical pretreatments. In the majority of cases, the first pretreatment stage consists of physical size reduction of the substrate by milling, crushing, grinding, or pulverization. The subsequent stages can involve the application of alkali or acidic solutions, high-temperature heating, or supplementation with fungi and/or enzymes to further hydrolyze the organic substrate prior to DF. This strategy is well projected in the study by Elbeshbishy et al. [128]. In the previous study, three combined FW pretreatment methods, namely ultrasonication with heat, acid, and alkali, were investigated, considering parameters such as FW solubilization and biohydrogen productivity. Among the different combinations, ultrasonication with base pretreatment achieved the highest production of soluble chemical oxygen demand (COD) and soluble proteins, while ultrasonication with acid pretreatment showed the highest increase in soluble carbohydrates and achieved the highest hydrogen yield of 118 mL/gVS. The results demonstrated that ultrasonication with heat and ultrasonication with base had dire effects on biohydrogen production. Similarly, Shanthi et al. [129] reported that dimethyl sulphoxide combined with ultrasonic pretreatment was more efficient in solubilizing fruits and vegetable residues than the single pretreatment methods. The combination of pretreatments as a strategy for enhancing DF continues to gain increasing research interest, as evidenced by the recent study conducted by Hangri et al. [130]. They combined H2O2 with sonification as a pretreatment measure, along with the co-fermentation with cheese whey, to enhance biohydrogen production from dairy cow manure. The results demonstrated a significant difference between the combined pretreatment strategy and the co-fermentation strategy, with the former achieving a hydrogen yield of 51.25 mL/L, while the latter produced a total hydrogen yield of 334.90 mL/L. These findings underscore the potential of innovative strategies for mitigating the inhibition of high-yield biohydrogen production. The advantages and disadvantages of the different pretreatment methods are listed in Table 5.





5. Inoculum Sources and Characteristics


Analogous to the critical function of engines in machinery, hydrogen-producing bacteria act as primary catalysts in the DF process. These hydrogen-producing microorganisms develop under specific environmental conditions, which presents challenges for their cultivation in biohydrogen production applications. Therefore, researchers have investigated the applicability of several bacterial sources found in the natural environment as inocula for dark fermentative hydrogen production. The most frequently investigated inoculum sources include digestate from anaerobic digesters, soil and peat samples, compost material, animal manure, river sludge, wastewater treatment sludge, and a mixed consortium of different sources, as illustrated in Figure 5. A critical assessment of different inoculum sources is highlighted in the following paragraphs.



5.1. Anaerobic Digestate


One of the most traditional inoculum sources for DF is digestate obtained from biogas digesters. Anaerobic digestate abounds a consortium of bacteria comprising both hydrogen producers and consumers. Hydrogen-producers are essentially spore-forming bacteria within the family of Clostridium and Enterobacter species, whereas hydrogen-consumers are non-spore-forming bacteria that constitute the majority of methanogens and lactic acid bacteria (depending on the digested substrate). In a comparative study by Domińska et al. [88], digested sludge from a wastewater treatment plant was compared with sludge from the anaerobic treatment of dairy industry wastewater in terms of their performance in dark fermentative hydrogen production. The results showed that sludge from the wastewater treatment plant had a better impact on hydrogen production than the sludge from the dairy industry wastewater. The authors noted that the sludge thickness was a significant influencing factor. The use of pretreated anaerobic digestion sludge as an inoculum for FW fermentation has produced positive outcomes across many studies, enhancing the hydrogen yield from diverse substrates [110,131,132]. Nonetheless, the use of anaerobic seed sludge as an inoculum requires intensive pretreatment processes to eliminate the methanogen population and other potential hydrogen-consuming bacteria in the sludge. This process can be time-consuming and increase the cost of biohydrogen production. Anaerobic sludges potentially contain inhibiting compounds such as ammonia and VFAs that could affect the stability of bioprocesses in DF [132]. Therefore, it is recommended that a thorough evaluation of the anaerobic sludge type be conducted, taking into account the microbial composition, potential inhibitory components, and its suitability as an inoculum for DF of the specified substrate.




5.2. Wastewater Treatment Sludge


Similar to anaerobic digestates, wastewater treatment sludge has been widely applied as a traditional inoculum for dark fermentative hydrogen production. Domińska et al. [133] applied digested sludge from a wastewater treatment plant as an inoculum in household kitchen waste fermentation for hydrogen production. They reported that thermally pretreated digested sludge had a positive influence on metabolic pathways, thereby promoting hydrogen-producing pathways during DF. While it is arguably unequivocal that wastewater treatment sludge has the necessary properties to be considered as an inoculum source for DF, it is also important to acknowledge its limitations. Wastewater is known to contain higher quantities of heavy metals which reside in the sludge [134]. If used as an inoculum, the heavy metal content in the sludge could pose a drawback to the fermentation process. Proper pretreatment of the sludge is recommended to prevent inhibitions during DF.




5.3. Soil and Peat Samples


Specific microbe-containing soil samples have been investigated as inocula for anaerobic fermentation-producing biogas. Mutschlechner et al. [135] investigated the suitability of different soil samples for enhancing methane production from anaerobic digestion. The hypothesis behind this investigation was that soil-borne methanogens are highly diverse and can adapt to extreme environments, which would counteract common digestion failures during anaerobic digestion. Of the nine samples tested, four displayed optimum methanogenic activity, leading to a sufficient methane yield. Peat has also been reported as a potential inoculum source for anaerobic fermentation processes owing to its robust microbial community [136]. Soil and peat may serve as potential inoculum sources for DF, and further investigations should be conducted into these sources.




5.4. Animal Manure


The active microbial consortium present in different types of manure can significantly trigger hydrogen production during the fermentation processes. The application of animal manure as an inoculum for DF has shown relevant results in past studies demonstrating a promising potential for biohydrogen production [137]. Animal manure is reported to contain a high-density rumen microbiome [138], which is a facultative anaerobe efficient in protein, starch, and sugar degradation processes during DF. Jais et al. [137] reported that cow manure was the best-performing inoculum among the tested inoculums during the DF of kitchen waste. If properly treated to eliminate methanogens, animal manure could serve as a valuable inoculum source for DF. Further research should examine the efficiency of various manure types for application in the DF processes.




5.5. Compost


Compost contains diverse microorganisms that can break down organic substrates to produce biofuels, such as hydrogen and methane. The use of compost as an inoculum for anaerobic fermentation processes has mostly been associated with mixed microbial inocula. Sukphun et al. [139] investigated five inoculum samples, including cow manure, rice straw compost, livestock soil, anaerobic sludge, and cow rumen fluid, for two-stage hydrogen and methane production by anaerobic fermentation of sugarcane leaf. They reported that all the inoculums were effective in hydrogen production metabolisms. They further highlighted that using rice straw compost as an inoculum enriched the cellulolytic consortium to degrade the substrate. Vermicompost was mixed with sewage sludge at a ratio of 50:50 to create a microbial consortium for the DF of the FW [89]. These findings indicate that a harmonious synergy was evident between the combined consortia of the inoculum, which stimulated a more productive metabolic pathway for increased hydrogen production. Further research should evaluate the suitability and efficiency of compost inoculum for biohydrogen production.




5.6. River/Lake/Pond Sludge


Research on the integration of river or lake sludge as an inoculum source for DF is still in the early stages. A few studies reported the potential of using sludge collected from marine sediments as inoculum for anaerobic fermentation [48]. Singh et al. [140] isolated hydrogen-producing bacterial strains from riverbed sediments for biohydrogen production via DF. River sludge has also been tested as an inoculum for DF in a study by Tang et al. [141]. However, the use of river sludge in fermentation processes requires extensive pretreatment of the sludge to reduce the heavy metal content and eliminate hydrogen-consuming bacterial strains to ensure a stable and optimum bioprocess during DF.




5.7. Mixed Consortia


Mixing diverse inoculum sources for DF has attracted much interest because of its potential for improving hydrogen production [142]. Considering the limitations observed with single mixed culture inoculum sources, a potential approach would be to combine different inoculum samples obtained from diverse microbial communities to create a synergistic effect that is capable of enhancing hydrogen production through DF. This strategy has been explored in the literature, and the results are promising [143]. It was reported that under thermophilic conditions in a fermentation reactor, clostridium-type bacteria are more resistant and dominate Enterobacter species that are less resistant to high temperatures [142]. The mixed inoculum strategy promoted the stability of the bioprocesses and efficient utilization of the substrate under varying conditions to produce hydrogen. Mixing different inoculum sources for the DF of organic substrates presents a potential for future research in the perspective of optimizing and scaling up biohydrogen production.





6. Inoculum Pretreatment and Enrichment Methods


The need for inoculum pretreatment prior to DF is evident since the different inoculum sources contain both hydrogen-producing (HPB) and hydrogen-consuming organisms (HCB). Pretreatment is a crucial step to eliminate most hydrogen consumers and -inhibitors, mostly the potential methanogens present in the inoculum. Although no pretreatment method guarantees a methanogen-free inoculum, it is crucial to reduce the activity of HCB to optimize the biohydrogen production process with HPB. Various inoculum pretreatment strategies have been extensively investigated in several studies over the past years. However, no standard pretreatment strategy has been agreed on till recently. The main strategies include heat shock, acid shock, basic shock, freezing and thawing, microwave irradiation, chemical inhibitors, and combined pretreatment methods [3,132]. The different pretreatment methods produced mixed results. Although some methods have a positive impact, others have a negative effect on the microbial community that produces hydrogen.



Al-Haddad et al. [132] investigated the impacts of heat shock, acid shock, and basic shock pretreatment of anaerobic digestate on hydrogen yield from DF. They concluded that heat shock was the best method to achieve the highest hydrogen yield. Acid shock and basic shock did not favor the growth of hydrogen-producing bacteria and their optimum activity during the bioprocesses. Depending on the inoculum source, the application of chemicals should be evaluated thoroughly. Similar to the mentioned study, Argun and Kargi [144] investigated the effects of repeated heat, chloroform, and combinations of repeated heat and chloroform pretreatments of two anaerobic sludge sources on biohydrogen production from DF. The results showed that repeated heat treatment was more effective in selecting hydrogen-producing bacteria. Heat shock pretreatment of inoculum sources can be carried out under different temperatures ranging from 70 to 120 °C on average, while the treatment time can vary from 10 min to 30 min. Under such conditions, the majority of non-spore-forming bacteria (typically not contributing to hydrogen generation) cease, while the spore-forming bacteria (typically hydrogen producers) survive [145]. A study investigated the effect of thermal pretreatment and the pretreatment duration on dark fermentative hydrogen production from kitchen FW. In that study [133], the digested sludge inoculum was heated at 70 °C for 15 min and 30 min. The results showed that the thermal pretreatment increased hydrogen production by decreasing the amount of CO2 produced, while the main resulting VFAs consisted of acetic and butyric acids. This infers that the thermal pretreatment promoted the dominant hydrogen production pathways during DF. The treatment duration had no significant impact on the bioprocesses. These conclusions were further supported when heat shock treatment of sludge inoculum produced the best impact on hydrogen production at 80 °C temperature and treatment duration of 30 min [146]. Heat shock has been widely recognized as the most efficient inoculum pretreatment technique for eliminating hydrogen-inhibiting bacteria. However, heat-pretreated inoculum showed a lower hydrogen yield when investigated alongside alkali-pretreated inoculum [110]. The research potential and inherent challenge of heat shock pretreatment lie in determining the optimal combinations of treatment temperature and duration for enhanced hydrogen production via DF.



Acid- and alkali shocks have shown potential as inoculum pretreatment techniques to deactivate hydrogen-consuming microbes and enable the growth of hydrogen-producing bacteria. Acid/alkali shock is typically conducted by decreasing or increasing the pH to 3 (for acid shock) or 10 (for basic shock) by adding concentrated chemical solutions such as HCl or NaOH to the inoculum and maintaining it at low temperatures (commonly 4 °C) for 24 h [132]. This technique aligns with the report that methanogens are active only within a narrow pH range of 6–7 [147]. There is no agreement on whether acid or basic treatment of the inoculum is the best method for optimizing biohydrogen production. However, Wong et al. [68] suggest that acid pretreatment produces a better hydrogen yield than basic pretreatment because the HPBs are more susceptible to alkaline pretreatment. Initial acidification of the inoculum was found to be effective in boosting hydrogen production, while a combination of heat shock and acidification of the inoculum fostered a synergistic action that further improved the hydrogen yield [148]. Alkaline pretreatment of inoculum with NaOH at pH 8.0 for six hours delayed methanogenesis and produced VFAs, thereby releasing hydrogen [149]. Even though acid and alkaline pretreatments of inoculum show undeniable potential for selecting HPB, heat shock treatment remains the most effective method to date.



In addition to heat and acid/base pretreatment methods for optimizing inoculum for dark fermentative hydrogen production, physical pretreatment strategies have also shown a positive impact on the selection of HPB. One of the most common strategies is ultrasonication, which uses sound waves to destroy HCB. Ultrasonication of the inoculum can damage both HCB and HPB. This is one of the reasons for the infrequent application of this strategy in the literature. Methanogens are anaerobic bacteria; thus, they can be deactivated when exposed to air or oxygen in open environments. In line with this hypothesis, a strategy that involves applying oxidative stress to eliminate HCB in the inoculum has been investigated. This technique, known as aeration pretreatment, can not only deactivate the potential methanogens present in the medium but also affect obligate bacteria such as Clostridium spp. Clostridium spp. are not tolerant to oxygen and are highly effective in producing hydrogen. Given this, aeration pretreatment might lead to a significant loss of obligatory HPB, which is a major drawback that limits the implementation of this pretreatment method. Similar to heat shock pretreatment, sequential freezing and thawing at extreme temperatures contribute to the elimination of microorganisms vulnerable to extreme medium conditions. Notwithstanding, it is reported that the freezing and thawing strategy appears to be the least effective in selecting HPB as it lyses both HPB and HCB, resulting in a low hydrogen yield [68].



Upon investigation of the effect of certain chemicals on strains present in the inoculum, researchers discovered the possibility of selectively inhibiting specific strains within the bacterial community by applying chemical inhibitors. The most commonly used chemical inhibitors throughout the literature include chloroform, long-chain fatty acids (LCFAs), iodopropane, bromoethanesulfonate (BES), acetylene, etc. These chemicals are reported to specifically inhibit methanogens without significantly affecting other bacteria. The inhibition is achieved by either blocking the methyl-coenzyme M reductase enzyme or disrupting the cell membranes of methanogens [150]. Ghimire et al. [131] applied 2-bromoethanesulfonic acid (BESA) to pretreat anaerobic sludge and concluded that it produced the highest hydrogen yield as compared with aeration and heat shock pretreated samples. Chemical inhibitors boast a promising potential for optimizing dark fermentative hydrogen production. However, the economic and environmental aspects of their application in DF processes have not been reported in the literature.



One of the most effective strategies to pretreat inoculum for DF application is to combine two or more pretreatment methods since the single methods appear to be limited in completely eliminating HCB. Acid and heat shock, heat shock, and ultrasonication pretreatments are often combined to optimize the HPB community in the inoculum [151]. The nature and characteristics of the inoculum should be thoroughly considered prior to determining the optimal pretreatment combination. Several studies have reported potential limitations associated with combined pretreatments of the inoculum. Notably, the combined heat shock and chloroform pretreatment did not demonstrate enhanced efficiency of hydrogen production [144]. Heat shock was combined with ultrasonication without temperature control to pretreat anaerobic sludge, and the results showed that the combined treatment was deleterious to the hydrogen yield compared with heat shock pretreatment alone. The use of diverse inoculum sources and the various associated pretreatment strategies does not guarantee a standardized and optimized source for the inoculum and its pretreatment method for enhancing hydrogen production by DF of FW. Therefore, further research is necessary regarding inocula and their pretreatments to identify optimal strategies for enhancing biohydrogen production from organic waste.




7. Optimization of Biohydrogen Production Through Integrated Systems


DF, as a single process for hydrogen recovery from FW, is not sufficiently efficient in achieving economic viability due to its low hydrogen yield. Many studies investigated the integration of other technologies with DF to maximize hydrogen recovery from organic substrates [1,22]. DF can be optimized by integrating photofermentation into a sequential process to maximize the conversion of organic substrate. Sequential dark and photofermentation are emerging as options for scaling up biohydrogen production. For instance, Ghimire et al. [111] investigated hydrogen production from FW using sequential dark and photofermentation in a semi-continuous reactor coupled with anaerobic digestion. From the DF, the supernatant effluents were used for photofermentation to produce hydrogen, whereas the solid digestate with the photofermentation effluents was used for anaerobic digestion to produce biogas. The study reported that combining DF and photofermentation enhanced the hydrogen recovery from FW by 1.75-fold. Zgr et al. [152] investigated hydrogen production via photofermentation using thermophilic DF effluents from glucose, potato steam peels, and molasses in batch reactors. They concluded that DF effluents were more suitable for photofermentation when buffers and nutrients were supplemented.



Current research trends focus on the integration of high-temperature thermochemical processes, such as hydrothermal gasification (HTG), into DF schemes for hydrogen production [153,154]. Timofeeva et al. [154] investigated the steam gasification of digestates from anaerobic digestion and DF at 1000 °C to produce syngas with high hydrogen content. The produced syngas contained more than 62% H2 and 40% CO, highlighting the potential for hydrogen recovery through integrated biochemical and thermochemical conversion strategies. Organic waste fermentation residues were tested for catalytic gasification in supercritical water for H2-rich syngas production by Zöhrer et al. [155]. The mentioned study focused on salt separation and catalytic gasification over a Ruthenium (Ru) catalyst. Munetsuna et al. [156] investigated the HTG of fermentation residues of soybean fiber and restaurant FW using fine activated carbon as a catalyst at 600 °C and 25 Mpa. The study reported high carbon gasification efficiencies of 75% and 57% for soybean fiber and FW fermentation residues, respectively, without reactor plugging issues. Combining DF and HTG appears to be innovative and efficient, as the DF step is considered a pretreatment phase for efficient carbon conversion during HTG. Some studies highlighted the different possibilities of combining anaerobic digestion with gasification, pyrolysis, and HTG to maximize energy production from organic waste [157]. Despite extensive research efforts, there remains a paucity of comprehensive investigations into the sequential coupling of DF with HTG for optimizing hydrogen generation from biomass.




8. Conclusions and Future Perspectives


Hydrogen production from biomass is recognized as a sustainable route for developing a diversified hydrogen economy. Among the biological technologies for producing hydrogen from biomass resources, DF has emerged as the most promising for scaling up biohydrogen production. However, several factors, including substrate composition, type of inoculum, pretreatment methods, etc., influence the performance of DF, thus limiting its scale up to industrial scale. FW is widely available as a suitable feedstock for dark fermentative hydrogen production. This review covered the composition and sources of FW, methods for pretreating FW, different inoculum sources, and their pretreatment strategies for enhanced biohydrogen production.



From the analysis of several studies, FW is generated from diverse sources; hence, it has a highly variable composition. FW is rich in carbohydrates and nutrients, making it a suitable candidate for DF. It can also contain inhibiting components such as heavy metals and native H2-consuming bacteria, which require pretreatment prior to use in DF. Several pretreatment methods have been applied to pretreat FW for DF. These methods include thermal, hydrothermal, fungal and enzymatic, chemical, physical, and combined methods. The different methods were compared based on criteria such as energy efficiency, hydrogen yield, process stability, and economic outcomes. Researchers investigated diverse inoculum sources as potential mixed cultures for DF. The inoculum sources include anaerobic digestate, wastewater sludge, animal manure, river/lake/pond sludge, compost, and soil/peat. Strategies such as heat shock, acid/base shock, freezing and thawing, microwave irradiation, chemical inhibitors, and combined pretreatments have been leveraged throughout the literature to promote hydrogen-producing bacteria from mixed cultures. Though the different strategies had a positive impact on biohydrogen yield, heat shock has emerged as the most effective and promising pretreatment strategy to boost dark fermentative hydrogen production.



Optimization of DF necessitates further research and development of sustainable and specific pretreatment strategies, taking into consideration the properties of FW as well as the nature of the inoculum. An emerging approach for enhancing hydrogen recovery from biomass and waste is the sequential integration of biochemical and hydrothermal technologies. DF can be coupled with hydrothermal gasification to facilitate optimal conversion of the organic substrate into hydrogen. Further research is required to assess the techno-economic impact and scalability of such a system.
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Figure 3. Native H2 production inhibiting components in FW (Design from PresentationGo, https://www.presentationgo.com/). 
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Figure 4. Fungal pretreatment process (adapted from Vasco-Correa et al. [121]). 
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Figure 5. The common sources of inoculum for dark fermentation of biowaste and their pre-treatment strategies. 
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Table 1. Technical suitability of biohydrogen production technologies as a factor of feedstock type.
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Type of Biomass

	
1 = Most Suitable, 5 = Least Suitable




	
Biohydrogen Production Technologies




	
Anaerobic Digestion Coupled with Steam Methane Reforming

	
Dark Fermentation

	
Photofermentation

	
Pyrolysis

	
Gasification






	
Food waste

	
2

	
1

	
3

	
5

	
4




	
Organic fraction of municipal solid waste (OFMSW)

	
1

	
2

	
4

	
5

	
3




	
Animal manure

	
1

	
2

	
3

	
5

	
4




	
Aquatic weeds

	
1

	
2

	
3

	
5

	
4




	
Agricultural residues

	
2

	
4

	
5

	
3

	
1




	
Forestry by-products

	
3

	
4

	
5

	
2

	
1




	
Current scale of operation

	
Pilot to commercial scale

	
Semi-pilot to pilot scale

	
Lab scale

	
Lab scale

	
Pilot to commercial scale











 





Table 2. Dark fermentation pathways for hydrogen production.
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	Dark Fermentation Pathway
	Equation of Reaction
	Catalysing Bacteria
	Level of Dominance (Based on Authors’ Analysis)
	Source





	Acetate
	C6H12O6 + 2H2O → 2CH2COOH + 2CO2 + 4H2 (1)
	Enterobacter Aerogenes
	+++
	[53,54]



	Butyrate
	C6H12O6 → CH3CH2CH2COOH + 2CO2 + 2H2 (2)
	Clostridium Butyricum
	+++
	[55,56]



	Propionate
	C6H12O6 + 2H2 → 2CH3CH2COOH +2H2O (3)
	Clostridium articum
	+
	[53]



	Lactate
	C6H12O6 → 2CH3CHOHCOOH (4)
	Bifidobacterium, Lactobacillus, Clostridium barkeri
	++
	[57,58]



	Acetate-ethanol
	C6H12O6 + 2H2O → CH2COOH + CH3CH2OH + 2CO2 + 2H2 (5)
	Facultative bacteria
	++
	[59]



	Acetate-propionate
	C6H12O6 → CH3COOH + CH2CH2COOH + H2 (6)
	Mixed Enterobacter and Clostridium species
	++
	[54]



	Ethanol
	C6H12O6 → 2CH3CH2OH + 2CO2 (7)
	Clostridium barkeri, Escherichia coli
	+
	[60]







+ Less dominant, ++ Dominant, +++ Very dominant.













 





Table 4. Chemical analysis of different sources of FW.
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	Substrate
	Source
	TS
	VS
	MC
	COD
	pH
	Carbohydrates
	Reference





	Kitchen waste
	Restaurant
	18.5 ± 0.7% w/w
	94.1 ± 0.3% w/w
	81.5 ± 0.6% w/w
	-
	-
	55.0 ± 1% w/w
	[94]



	FW
	Household
	-
	99.43%
	96.06%
	-
	5.11
	-
	[95]



	FW
	Canteen
	22.2 ± 0.4%
	-
	-
	-
	-
	6.2 ± 1%
	[96]



	FW
	Market
	38.3%
	95%
	62.7%
	860 mgO2/gTS
	5.1
	230.9 mg/gTS
	[58]



	FW
	Canteen
	-
	91.99–95.66%
	74.43–78.18%
	233.3–332.5 g/L
	5.79–6.14
	-
	[97]



	FW
	Canteen
	22.73% wet basis
	20.89% wet basis
	-
	1.21 g/gTS
	6.63
	42.13%
	[98]



	FW
	Restaurant
	183,530 ± 6880 mg/L
	129,300 ± 8750 mg/L
	-
	164,670 ± 5530 mg/L
	4.6 ± 0.2
	-
	[80]



	FW
	Canteen
	29.1 ± 0.2%
	28.1 ± 0.2%
	-
	-
	5.4 ± 0.1
	41.9 ± 1.2%
	[82]



	FW
	Canteen
	26.8 ± 0.1%
	24.8 ±0.1%
	-
	-
	4.8 ± 0.1
	-
	[99]



	FW
	Canteen
	187.78 g/kg
	145.49 g/kg
	812 g/kg
	158 mg O2/L
	-
	-
	[100]



	FW
	Dining hall
	258.8 ± 3.2 g/L
	240.2 ± 1.5 g/L
	-
	325.1 ± 8.3 g/L
	4.98
	1.1 g/L
	[101]



	FW
	Disposal plant
	100.1 ± 2.3 g/L
	76.3 ± 2.1 g/L
	-
	187.8 ± 15.3 g/L
	-
	48.8 ± 2.4 g/L
	[102]



	FW
	Cafetaria
	(1.3 ± 0.1) × 102g/L
	(1.2 ± 0.1) × 102 g/L
	-
	(1.5 ± 0.1) × 102 gCOD/L
	4.9 ± 0.1
	(9.6 ± 0.3) × 101 gCOD/L
	[86]



	FW
	Cafetaria
	166 ± 13 g/L
	160 ± 13 g/L
	-
	195 ± 11 g COD/L
	4.8 ± 0.2
	125 ± 12 gCOD/L
	[87]










 





Table 5. The different FW pretreatment methods.
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	Pretreatment Methods
	Main Features and Future Perspectives
	Advantages
	Drawbacks





	Physical
	
	
Ex.: mechanical milling/chopping/screw pressing, ultrasonication, irradiation, ozonation, etc.



	
Future research: design tailored physical pretreatment methods based on the specific FW characteristics; assess and optimize energy efficiency in the processes; improve mass conservation and prevention of inhibitions; assess the suitability of combination with other methods





	
	✓

	
Increase in surface area




	✓

	
High yield of soluble carbohydrates




	✓

	
Increased digestibility




	✓

	
Fewer inhibitions




	✓

	
No chemical additives




	✓

	
Commercial scale application






	
	✓

	
High energy requirement




	✓

	
Less efficient to eliminate hydrogen-inhibiting bacteria




	✓

	
Equipment cost









	Chemical
	
	
Ex.: acid/alkali pretreatment, oxidative solvents, ionic liquids, etc.



	
Future research: comparatively investigate the impact of weak and strong acids/alkali pretreatments, and that of acid and alkali pretreatments; optimization of the chemical concentration and treatment time; impact on microbial community metabolisms; novel green solvents; scalability and economic aspects





	
	✓

	
Effective solubilization of FW




	✓

	
Elimination of native inhibiting microbes




	✓

	
Dissolution of recalcitrant components






	
	✓

	
Can affect the microbial community growth




	✓

	
Requires safe handling




	✓

	
Risk of reactor corrosion




	✓

	
Sustainability concerns




	✓

	
Non-recoverable reagents




	✓

	
Environmental harm









	Hydrothermal
	
	
Solubilizes wet substrates in high temperature (100–300 °C) and high pressure (1–7 MPa) reactor for a relatively short retention time (10–60 min)



	
Future research: focus on the reaction conditions, such as optimum temperature, optimum pressure, optimum retention time, heating rate, etc., for effective substrate pretreatment





	
	✓

	
Effective solubilization of FW




	✓

	
deactivation of native inhibiting microbes (non-spore-forming bacteria)




	✓

	
relatively less inhibitor formation




	✓

	
Dissolution of recalcitrant components






	
	✓

	
Higher energy consumption




	✓

	
Nutrients loss




	✓

	
Costly and scale-up challenges









	Fungal and Enzymatic
	
	
Fungi species and enzymes are utilized to break down complex compounds into simple ones.



	
Future research: explore the potential of merging white-rot and brown-rot fungi, as well as the specific strains possessing high hydrolysis capabilities for the pretreatment of biomass.





	
	✓

	
Environmentally friendly




	✓

	
Safe and easy to handle




	✓

	
Efficient breakdown of polysaccharides




	✓

	
Cost-effective and low energy requirement






	
	✓

	
Ineffective against inhibiting bacteria




	✓

	
Less yield of soluble sugars




	✓

	
Time-consuming




	✓

	
Enzyme deactivation









	Thermal
	
	
Includes simple drying, oven-drying, autoclave, and microwave heating. Effective in deactivating native microbes with adverse effects on hydrogen productivity during dark fermentation



	
Future research: situate the temperature and residence time ranges more appropriately for the pretreatment.





	
	✓

	
Elimination of pathogens and hydrogen inhibitors




	✓

	
High solubilization level of the substrate




	✓

	
Reduction in recalcitrant compounds




	✓

	
Enhanced substrate hydrolysis






	
	✓

	
Energy-intensive process




	✓

	
Formation of inhibitory elements




	✓

	
Loss of valuable compounds




	✓

	
High equipment and maintenance cost









	Combinations
	
	
Combination of two or more pretreatment methods,



	
Involves mostly mechanical, thermal, and chemical pretreatments



	
Future research: finding the most suitable pretreatment combinations and the enabling conditions





	
	✓

	
Complete solubilization of the substrate




	✓

	
Efficient neutralization of native inhibiting microorganisms




	✓

	
Contributes to bioprocess stability






	
	✓

	
Highly costly




	✓

	
Formation of inhibitory elements




	✓

	
Loss of valuable compounds




	✓

	
High energy consumption
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Mitigation strategies
- — Dilution of reactor content
- Co-fermentation with appropriate
substrates to balance nutrients
Application of pH buffers to balance pH
Hybrid or combined pretreatments
(e.g. hydrothermal and acid/alkali
pretreatment)

Sorting and mechanical pretreatment
- Two-stage fermentation
- Solid state fermentation

Microbial inhibitors

1. H,;consumers
- Homoacetogens
- Methanogens
- Sulfate-reducing bacteria

- Nitrate-reducing Bacteria

2. Lactate pathway promoters
- Bifidobacterium
Lactobacillus species
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Mitigation strategies

— Dilution of reactor content

- Co-fermentation with suitable substrates to
enable equilibrium

- Bi