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ARTICLE INFO ABSTRACT

Keywords: The indiscriminate use of fossil fuels has led to several challenges such as greenhouse gas emissions, environ-
Dark fermentation mental degradation, and energy security. Establishment of clean fuels is at the forefront of science and inno-
Biohydrogen

vation in today’s society to curb these problems. Dark fermentation (DF) is widely regarded as the most
promising clean energy technology of the 21st century due to its desirable properties such as high energy
content, its non-polluting features, its ability to use a broad spectrum of feedstocks and inoculum sources, as well
as its ability to use mild fermentation conditions. In developing nations, this technology could be instrumental in
establishing effective waste disposal systems while boosting the production of clean fuels. However, DF is still
hindered by the low yields which stagnate its commercialization. This paper reviews the recent and emerging
technologies that are gaining prominence in DF based on information that has been gathered from recent sci-
entific publications. Herein, novel enhancement methods such as cell immobilization, nanotechnology, mathe-
matical optimization tools, and technologies for biogas upgrading using renewable Hy are comprehensively
discussed. Furthermore, a section which discusses the potential of bioenergy in Sub-Saharan Africa including
South Africa is included. Finally, scientific areas that need further research and development in DF process are
also presented.

Clean energy
Enhancement methods
Organic wastes

1. Introduction fermentation), its carbon-sequestration abilities during downstream

processing, and its diverse industrial applications [6-10].

The growing concerns about the anthropogenic CO» emissions and
depletion of natural resources have resulted in an enormous search for
sustainable energy resources [1-3]. Therefore, a wide variety of clean
technologies are being investigated [4,5]. Hydrogen (H) is seen as one
of the most appealing energy resources as a result of its qualities such as
high energy content (120 kJ g™ 1), its production using various tech-
niques (e.g. steam reforming, gasification, water electrolysis and
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Hydrogen is expected to play a pivotal role in decarbonising the
energy and transport sector [11]. The potential of a Hy-driven economy
is already being recognized in several countries. For example, a total of
8000 fuel cell vehicles are now registered with the International Energy
Agency, of which 4500 vehicles are coming from the United States and
another 2500 vehicles from Japan [12]. It is estimated that more than
10 000 Hy fuel cell-powered forklifts are already in use in several
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warehouses in the United States [13]. Furthermore, 192 fuel cell vehi-
cles are currently running under demonstration projects in Europe and it
is anticipated that around 350 000 vehicles will be sold to the general
public by 2020 [14]. Technology roadmaps for Hy and fuel cells have
been established already in countries like Japan, China and the United
States, to accelerate the industrialization of Hj related technologies
[15]. According to recent reports, the global H, market was estimated at
129 billion US dollars in 2017 and is expected to increase to 183 billion
US dollars by 2023 [16].

Currently, steam reforming and gasification of fossil-derived fuels
are still considered the primary sources of Hy worldwide [11]. However,
these processes undermine the purpose of using H; as a clean technol-
ogy, as more CO; is emitted during the processing of fossil fuels [17,18].
It is therefore vital for a Hp driven-economy to make environmental and
economic sense [19]. Hydrogen from waste biomass represents an
economical and environmentally-friendly approach because this process
uses diverse feedstocks [20-23]. Amongst the Hy bioprocesses, DF is
considered as the most promising clean technology of the 21st century
because it can valorise diverse feedstocks including waste materials
under mild fermentation conditions [24-26]. However, the establish-
ment of a large-scale DF process has not yet been realized due to the
incomplete conversion of feedstocks that results in low yields [27].
Therefore, this calls for the implementation of robust technologies
which will fast-track the development of this process.

In recent years, there has been a surge in biofuel development
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initiatives in Sub-Saharan African countries with the aim of boosting
economic growth, energy security, and rural development within the
region [28]. The development of clean energy is fuelled by several fac-
tors such as high availability of non-arable land, abundance in biomass
resources, and warm climate [28]. Biofuels such as bioethanol and
biodiesel are being explored in many Sub-Saharan African nations, and
it is hoped that these initiatives will lead to their commercialization [4].
DF is also receiving significant attention due to its socio-economic
benefits, and the fact that this process can be incorporated into a bio-
refinery concept.

As the body of knowledge is constantly expanding in DF, it is
imperative to update the scientific community with novel and emerging
technologies that can fast-track the advancement of this technology.
This article examines the novel technologies that are gaining promi-
nence in DF based on recent scientific publications. Biogenic Hj
enhancement methods such as cell immobilization, nanotechnology,
mathematical optimization tools, and biogas upgrading, are reviewed in
this article. A section that highlights the potential of biofuels in Sub-
Saharan Africa including South Africa is included. Finally, conclusions
and suggestions for further research in DF, particularly from organic
wastes, are provided.

2. An overview of the process barriers facing the DF process

Despite the efforts that have been undertaken over the past decade,
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Fig. 1. An overview of the process barriers facing the DF process. Adapted and modified from Sekoai et al. [10]. Letters A, B, C and D represent the different process

barriers contributing to the low H, yields.
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DF is still hindered by low yields which delay its industrialization
(Fig. 1). The substrates are partially converted into Hy and remain in the
medium in the form of volatile fatty acids (acetic acid, butyric acid,
propionic acid, etc.) and alcohols (butanol, ethanol, propanol, etc.)
[29-31]. These by-products shift the reactions from acidogenesis to
solventogenesis, resulting in low Hj yields [32-35]. Theoretically, 4 mol
H, mol ! glucose is produced from the acetic acid pathway while 2 mol
H, mol ! glucose is synthesized from the butyric acid pathway as shown
in Equations (1) and (2), respectively. Currently, 1-3 mol Hy mol !
glucose is reported in the literature and 60-70% of substrate is not used
even under optimum bioprocess conditions [36,37].

DF studies use various microorganisms that are classified as pure-
cultures or mixed-cultures [38,39]. Clostridial strains are the main
Hy-producing species and can generate up to 3 mol Hy mol~! glucose
[40,41]. However, these microorganisms will not be suitable for
scale-up processes because they require stringent aseptic conditions and
this is impractical in industrial fermentation systems [42-46]. More-
over, some Clostridium sp. such as C. articum and C. barkeri are not
favoured in DF because they use H; to produce undesirable compounds
such as propionic acid i.e. Equation (3) and lactic acid i.e. Equation (4)
[47-49]. Other clostridial species co-produce Hy and ethanol, causing
low Hj yields i.e. Equation (5) [50,51].

CeH1206 + 2H,0 — 2CH3COOH + 2CO; + 4H, €))
CeH;,06 - CH3CH,CH,COOH + 2CO, + 2H, 2)
C¢H120¢ + 2H, — 2CH3CH,COOH + 2H,0 3)
CgH,06 = 2CH3CHOHCOOH + 2CO, @]

C¢H,0¢ + 2H,0 — CH3CH,0H + H,0 + CH3COOH + 2CO; + 2H, (5)

As a result, most DF studies use mixed-cultures due to the following
reasons: (i) no sterilization is required, (ii) they consist of various
biofilm-forming bacteria, (iii) there is a synergism between bacteria, and
(iv) they use diverse feedstocks [52-54]. However, the use of
mixed-cultures has been argued in DF as well. Mixed-culture consists of
non Hy-producers such as acetotrophic and hydrogenotrophic metha-
nogens, sulfate-reducing bacteria, nitrate-reducing bacteria, homoace-
togens, iron-reducing bacteria, lactic acid bacteria, etc. [55,56].
Although various pre-treatment methods are used to inhibit these mi-
croorganisms, they still thrive during the DF process and compete with
Ha-producers [57,58]. This implies that robust bioprocess technologies
are needed to address these issues.

3. Recent advances and emerging technologies in DF process
3.1. Cell immobilization

Studies are now using cell immobilization to improve the H; yields
and also minimize the accumulation of inhibitors during DF [59,60].
This approach favours the DF systems by: (i) maintaining high cell
concentrations; (ii) stabilizing the fermentation pH; (iii) resisting the
effect of Hy-consumers; (iv) enabling an easier downstream process; and
(v) allowing the reusability of cells [61,62]. Immobilization methods
involves adsorption, entrapment, encapsulation, cross-linking, and co-
valent binding [63,64]. Moreover, various support materials are used to
immobilize the acidogenic microorganisms [65,66], and these carriers
are selected based on their internal geometry, mechanical stability, pore
size, specific surface area, and thermal stability [67,68]. Matrices such
as inorganic materials, carbon-based materials, natural polymers, and
synthetic polymers are used to encapsulate the Hy-producers [69,70].
Amongst these, natural polymers such as agarose, alginate, cellulose,
collagen, and keratins are widely used due to their high accessibility,
biocompatibility, non-toxicity, cost-competitiveness, and
large-surface-area [71]. Nevertheless, natural carriers suffer from low
mechanical stability but this is circumvented by binding them to
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stabilizing materials such as polyvinyl chloride, polyvinyl alcohol,
inorganic mesoporous silica, activated carbon, ethylene glycol, metals,
etc. [72,73]. Immobilized biocatalysts are used in the enhancement of
Hj yields. Zhang et al. [74] obtained an optimum Hj yield of 1.203 mol
Hy/mol glucose using immobilized co-cultures of Enterobacter cancero-
geous and Enterobacter homaechei. Furthermore, a 259% increase in Hy
yield was achieved using immobilized biocatalysts [74]. Han et al. [75]
studied the effect of packing ratio (inoculum fraction of 10-20%) and
substrate loading rate (8-40 kg L™' d™!) on DF process using an
immobilized reactor. Herein, a maximum Hj production rate of 353.9
mL Hy L™ h™! was achieved at a packing ratio of 15% and substrate
loading rate of 40 kg L~ d L. In another study, a Clostridium sp. T2 strain
was immobilized with mycelial pellets in the bioaugmentation of Hy
yield using corn-stalk hydrolysate. The immobilized biocatalyst pro-
duced a maximum Hj yield of 0.0142 mol Hy L™ h™! at an optimized
hydraulic retention time (HRT) of 6 h and substrate concentration of 20
g L7! [76]. This yield was 2.6 times higher than that of suspended
mycelial pellets [76]. Recently, three porous particulate carriers such as
activated carbon, bagasse and brick were evaluated in the encapsulation
of Clostridium acetobutylicum for production of Hy [77]. The use of
entrapped biocatalysts increased the concentration of cells within the
medium, resulting in high glucose consumption [77]. In another recent
study, immobilized mutated (with ethidium bromide and ultraviolet)
co-cultures of Rhodobacter M19 and Enterobacter aerogenes were studied
in DF using brewery effluent [78]. An optimal Hj yield of 2877 mL Hy
was achieved using immobilized ethidium bromide-mutated co-cultures
[78]. The immobilized ethidium bromide-mutated co-cultures also
enhanced the COD removal by 85% [78]. Furthermore, it has been
shown that cell immobilization improves the activity of the predominant
Ha-producers such as Clostridium, Bacillus, and Enterobacter species
[79-82]. In addition to these studies, a wide variety of support materials
have been used in recent years for the immobilization of DF biocatalysts
as shown in Table 1.

3.2. Nanotechnology

The field of nanotechnology is receiving increasing prominence in DF
due to the intrinsic properties of nanoparticles [99-102] which enables
them to be used in diverse areas such as engineering, medicine, agri-
culture, food industry, electronics, material sciences, etc. [103-108].
These materials have outstanding properties such as large-surface-area,
high adsorption capacity, high catalytic efficiency, and high reactivity
[109-111]. The mechanisms surrounding the effect of nanoparticles on
DF are not well elucidated in the literature. But studies have suggested
that these nano-based additives provide a large-surface-area for bacteria
to attach to these materials, thereby catalysing the Hy-producing re-
actions [112-114]. They also stimulate the Hj-producing enzymes
([Fe-Fe]- and [Ni-Fe]-hydrogenase) and electron-transfer proteins
(ferredoxins) [114,115]. Therefore, different nanoparticles such as
metallic nanoparticles (Ni, Ag, Fe, Cu, Pd, and Au), metal oxide nano-
particles (MgO, TiO,, NiO, Fey0O3, CuO, ZnO, and NiCo304), nano-
composites (Si@CoFep04 and FesOg/alginate), and graphene-based
nanomaterials are used in the enrichment of Hy of yields [114,116,117].

Metallic nanoparticles are applied in numerous fields due to their
remarkable features such as high catalytic, electrical, optical and mag-
netic behaviour, chemical and mechanical stability, and large-surface-
area [118-123]. Examples of metallic nanoparticles include iron (Fe),
copper (Cu), gold (Au), silver (Ag), palladium (Pd), zinc (Zn), cobalt
(Co), and Nickel (Ni) [112,124-126]. Kodhaiyolii et al. [127] developed
bimetallic nanoparticles (Co-Ni) for co-production of Hy and bioethanol
using Citrobacter fruendii. These nanomaterials produced low Hy but
enhanced the production of ethanol [127]. This is because Citrobacter
fruendii is not a potent Hy-producer in comparison to Clostridium sp. [10,
128-130]. However, Zhang and Shen [114] enhanced H; yield by 46%
using Au nanoparticles. The pH of the fermentation medium was also
maintained within 6.0-7.0 [114]. In another study, Kalathil et al. [131]
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Table 1
Dark fermentative H, production using various immobilization materials.
Support material Inoculum Substrate Temp pH Evaluation of H, production process H, yield Reference
0
Activated carbon Enterobacter Molasses 37 - Cell immobilization enhanced the H, yield by 259%. 1.203% [74]
Enterobacter homaechei 83
Alginate + AC Mixed cultures Fruit waste 36 7.0 Co-immobilization improved the production of H,. 0.029% [83]
Alginate + AC Mixed cultures Synthetic 37.5 6.0 Complete substrate utilization was achieved in the - [84]
medium immobilized process.
PSSP + WM Mixed bacteria Wheat starch 37 7.0 H; increased by 2.1 times when the HRT was reduced 2,12 [85]
from 5 to 1 day.
Coconut coir + PVC Bacillus amyloliquefaciens Domestic waste 37 7.0 H, was increased by 4- to 10- folds and 3- to 5- folds, ~ 100-120°  [86]
tubes CD16 respectively.
Bacillus thuringiensis EGU45  Industrial
effluent
Coconut coir + PVC Bacillus amyloliquefaciens Industrial 37 7.0 The H yield was 1.18 times higher in the 165¢ [87]1
tubes CD16 effluent immobilized process.
Mutag BioChip™ Mixed bacteria Synthetic 37 5.5 There was low acetate-to-butyrate ratio during H, 1.80% [79]
medium production.
Brick Clostridium acetobutylicum Synthetic 37 6.5 There was a high of conc. of bacterial concentration 1.81% [77]
medium during the process.
PVDF membrane Rhodobacter M 19 Brewery effluent 37 6.9 The highest H, was produced using EtBr mutated 2877¢ [78]
immobilized co-cultures.
Enterobacter aerogenes The immobilized co-cultures achieved a high COD
removal of 85%.
Polyurethane foams Enterobacter aerogenes Synthetic 37 - Immobilized cells were repeatedly used in batch and ~ 0.6% [88]
medium continuous processes.
Corn stalk Bacillus cereus Al 37 6.5 A two-step continuous H, production process was 1.817 [89]
developed.
Brevundimonas Immobilized bacteria could hydrolyse starch directly.
naejangsanensis B1
Polyester fiber Mixed bacteria Wheat waste 39-55 5.5-6 Optimum H;, was produced at: PN = 240,SC=10g 2.59% [90]1
L}, and T = 44.9 °C.
RSM proved to be a helpful tool for predicting the - [91]
optimum variables.
Polyethylene Mixed bacteria Synthetic 37 5.5 Polyethylene and expanded clay favoured the Hs-
medium producing bacterial groups.
Polyurethane Polyethylene and expanded also stabilized the
process pH (5.0-4.5).
Activated carbon
Expanded clay
Activated carbon Mixed bacteria Synthetic 60 6.0 The presence of immobilized cells enriched the conc. 2.2 [92]
medium of biomass in FBR.
Clostridium was amongst the dominant H,-producing
bacteria in FBR.
Bamboo stems Mixed bacteria Cassava 36 6.0 The highest H, was obtained at OLR of 35 gL ' d~?.  1.1° [93]
wastewater
Butyric acid was the most prevalent metabolite.
Loofah sponge + AC Clostridium sporogenes Pineapple 33 7.0 Loofah sponge showed a better Hy-producing 0.0359° [94]
biomass performance.
Enterobacter aerogenes
Porous foam SiC Mixed bacteria Synthetic 33 8.0 Sic ceramic resulted in quick start-up period (~5 5.24° [95]
ceramic medium days) and high H, yield.
Alginate + PEI Mixed bacteria Brewery 37 7.0 The immobilized cells enhanced the H, production 100-600%  [96]
wastewater rate.
Carbon fiber Enterobacter aerogenes Synthetic 30 7.0 The H yield was higher than that of other support 2.56% [97]
medium materials (PAC and GAC).
Carbon cloth Enterobacter aerogenes Synthetic 37 6.0 H, production was enhanced by using the conductive ~ 228.5" [98]
medium carbon cloth.

-: Not available, AC: activated carbon, Conc.: concentration, COD: chemical oxygen demand, EtBr: ethidium bromide, FBR: fluidized bed reactor, GAC: granular
activated carbon, HRT: hydraulic retention time, OLR: organic loading rate, PAC: powdered activated carbon, PEIL: polyethyleneimine, PN: particle number, PSSP:
plastic scouring sponge pad, PVC: polyvinyl chloride, PVDF: polyvinylidene difluoride, SC: substrate concentration, Temp: temperature, WM: metal mesh, RSM:
response surface methodology, “mol Hy/mol glucose, °L H, L™ feed, °L Hy/L crude glycerol, 9mL Hy, L Hy L™ d %, fmol H, h ™' L%, 8mL H, d ", PmL H, g ! glucose.

reported that Au nanoparticles can be used in a microbial fuel cell
reactor for co-production of bioelectricity and Hy. Gold nanoparticles
stimulate the DF process by enhancing the enzymatic activities, reaction
rates, and conversion of substrates [114,131].

Silver nanoparticles are also used in DF due to their superior cata-
lytical, electrical, physical, biological, and chemical characteristics
[132-140]. Zhao et al. [112] used Ag nanoparticles at varying concen-
trations (0-2x10~7 mol L. 1) in Hs-producing reactors to boost the DF
process. A maximum Hj yield of 2.48 mol Hy/mol glucose was achieved
at Au nanoparticles of 20 nm L. This yield was 67% higher than that of
the control experiment. Elsewhere, it was shown that low concentrations

of Ag nanoparticles promote the growth of acidogenic bacteria [138].
Therefore, these results clearly show that Ag nanoparticles have stim-
ulatory effects on Hy-producers, but this is possible at low
concentrations.

Other types of metallic nanoparticles are also applied in DF. Beckers
et al. [139] studied the effects of Pd, Ag and Cu nanoparticles alongside
metal oxide (FeO) nanoparticles on DF using Clostridium butyricum.
These nanomaterials were attached to porous silica (SiO2) at low con-
centration (10’6 mol L’l). The cultures that were entrapped on FeO
maximized the Hy yield by 38% when compared to the control tests. This
increase was attributed to the enhanced enzymatic activity and electrons
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transfer [139]. Mohanraj et al. [115] synthesized Pd nanoparticles using
Coriandrum sativum leaf extract and studied their effects on Hy produc-
tion using Enterobacter cloacae and mixed-consortia. A maximum Hjp
yield of 1.48 and 2.48 mol Hy/mol glucose was obtained using E. cloacae
and mixed-consortia, respectively. These values were 0.6% and 6.4%
higher than that of the control tests. Mullai et al. [141] reported a Hy
increase of 22.71% using Ni nanoparticles in a DF process from ther-
mally pretreated anaerobic sludge.

Similarly, Sun et al. [142] studied the synergistic effects of Ni
nanoparticles and biochar on the DF process. A remarkable H increase
of 48% was achieved at the end of the DF process. These additives also
reduced the formation of inhibitory metabolites [142]. Biochar consists
of various organic and inorganic constituents which stimulate the ac-
tivity of Hp-producers, improves the buffering capacity of the medium,
and enhance the transfer of electrons [7,143]. Whereas Ni nanoparticles
stimulate the activity of Hp-producing enzymes because Ni along with Fe
ions forms part of the [Ni-Fe]-hydrogenases [130,144]. Iron nano-
particles have also been used in DF studies. These nano-additives enrich
the predominant Hy-producers such as Clostridium species [113], stim-
ulate the hydrogenase activity [145], reduce the formation of inhibitors
[126], improve the buffering capacity [146], increase the transfer of
electrons [113], and enhance the utilization of substrate [113]. The
metallic nanoparticles that have been used in the enrichment of DF
processes are summarized in Table 2.

Metal oxide nanoparticles are also used in many fields due to their
unique properties [147-152]. These nanomaterials improve the acido-
genic yields by stimulating the activity of Ho-producing enzymes as well
as by increasing the substrate conversion efficiency [153,154]. The ef-
fects of three metal oxides nanoparticles (a-FepO3, NiO, and ZnO) was
recently evaluated on DF using industrial wastewater [155]. These
nanoparticles promoted the activity of Ha-producing pathways such as
those of alcohol dehydrogenase, aldehyde dehydrogenase, and hydrog-
enase. The production of Hy was maximized by 8-14% when dual
(a-Feo03 + NiO, a-Fe;03 + ZnO, and NiO + ZnO) and
multi-nanoparticles (a-Fe;O3 + NiO + ZnO) were used in this process,
and this favoured the growth of Clostridium species [155].

The influence of TiO and Fe;O3 nanoparticles on DF using Clostridium
pasteurianum at various concentration (0-0.8 g L’l) was also evaluated
[156]. The use of hematite nanoparticles increased the Hy production by
24.9% and also maximized the COD removal by 15.4-22.8% [156].
Likewise, Engliman et al. [157] studied the effects of pH and metal
oxides (NiO and a-FeoO3) nanoparticle concentrations (0-0.5 g L Hon
thermophilic DF using mixed-consortia. These nano-carriers increased
the H, yield by 34.38% and 5.47%, respectively, at operational pH of
5.5, and favoured the acetate pathway [157].

Furthermore, mesoporous silica (SiO;) nanoparticles exhibit
outstanding features such as tunable pore size, high chemical and
thermal stability, high adsorption capacity, excellent biocompatibility,
and large- surface-area [158-162]. These nanomaterials have been used
in the enrichment of DF processes by Venkata Mohan et al. [163] and
Seifert et al. [164]. The authors reported a remarkable H; increase of
544% and 50%, respectively [163,164]. Interestingly, the SBA-15
nanomaterials generated a Hy yield that was 347% higher than that of
activated carbon [163]. Table 2 summarizes the metal oxide nano-
particles that have been used in the optimization of Hy yield in DF
process.

Novel methods are used to impregnate various nanoparticles to
produce multifunctional nanocomposites with high chemical and me-
chanical stability, excellent catalytic and optical properties, and high
permeability [165,166]. The synergistic effects of these nanoparticles
have been studied on DF, as shown in Table 2. In one of such studies, the
influence of Ni-graphene (Ni-Gr) nanocomposites on DF was examined
by Elreedy et al. [117] using industrial wastewater. The Ni-Gr nano-
particles (0.06 g L™1) produced a Hy, yield (41.28 mL Hy/g COD) that was
105% higher than that of the control experiments. These nanoparticles
also enhanced the H; yield by 67% in comparison to the Ni nanoparticles
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[117]. The interactive effects of iron oxide (Fe304) nanoparticles and
silica (SiO2) nanoparticles on DF was assessed as well [163]. The newly
synthesized Fe304@SiO, nanoparticles were able to function under a
broad pH range, possessed high thermal and chemical stability, and high
catalytic performance [163]. Furthermore, the co-addiction of hematite
(Fe304) and NiO nanoparticles improved the H; yield by 27% during DF
[167]. Meanwhile, a 24% increase in Hy was obtained using sole he-
matite as additives [167]. This increase was caused by enhanced sub-
strate recovery and ferredoxin-oxidoreductase activity [167].

In addition to metal ions and metal oxides, metal ion salts like FeSO4,
FeCly, NiSOy4, NiCly, and MgCl, are also used as catalytic agents in DF
(Table 2). These studies used a wide variety of inoculums and substrates
at different parameters (Table 2). The enhancement effects of these
additives are mainly derived from Ni, Fe, Mg, and Ca ions. Ni and Fe ions
are well known for their catalytic activity in hydrogenases because they
are the main components in these enzymes as mentioned earlier. On the
other hand, Mg plays a crucial role in the metabolic activities of Ho-
producers [168]. It forms chelates with important intracellular mole-
cules such as ATP and cytochromes [169,170]. Whereas Ca ions serve as
entrapment compounds for enhancing the digestibility of feedstocks
[171,172].

It is therefore evident from these studies that nanoparticles have
desirable effects on DF processes and these materials could play a crucial
role in the advancement of this technology. However, these studies are
carried out under laboratory-scale conditions and this may not be a true
representation of the process behaviour due to the complexities of in-
dustrial processes. Therefore, more studies should be conducted at large-
scale to gain deeper insights into the effects of these nano-additives on
the overall performance of the DF process.

3.3. Mathematical tools

Mathematical-based models are also used in DF due to their ability to
provide insights about the effects (individual and interactive) of oper-
ating variables on Hy yields. Application of mathematical tools to
develop empirical models to explain the parametric effects of the
operating variables could be instrumental in reducing the operational
costs in DF by focusing on the most important variables for further
optimization. It is noteworthy to mention that statistical approaches
employed to develop empirical models used in understanding the
parametric effect of operating variables include data-based modelling
approach such as response surface methodology (RSM), Artificial Neural
Network (ANN), etc. During the experimental collection of data
employed in model development, common design of experiments (DoE)
such as Box-Behnken Design (BBD), Central Composite Design (CCD),
Plackett-Burman Design (PBD), Full Factorial Design (FFD), and Mixture
Design (MD) are used. In addition, the use of computational fluid dy-
namics (CFD) has been shown to be helpful in gaining insights into the
prevailing hydrodynamics during DF. It is noteworthy to highlight that
there are other existing tools, but these are scantily reported in DF
studies.

Amongst these data-based modelling approaches, RSM is a promising
tool that is used to investigate the parametric effect of operating vari-
ables on Hj yield, and consequently optimize the Hj yields [207-210].
RSM is an empirical model-building approach that employs mathemat-
ical and statistical techniques [209,211]. The process response (output
variable) is influenced by several independent variables (input vari-
ables). Additionally, RSM models provide crucial information about the
linear and synergistic effects of process variables on the overall Hj
performance [211]. Previous studies relied mainly on the use of tradi-
tional techniques such as one-variable-at-a-time (OVAT), but these
methods not reliable because they overlook the interaction amongst
process variables, and are time-consuming as well [212]. Therefore,
RSM (through which second-order polynomial models are developed in
most cases) is applied in DF because it considers the effect of interaction
among the process variables alongside the main effect of each variable
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Table 2
The various types of nanoparticles that have been used in the enhancement of dark fermentative H, yields.
Category Substrate Nanoparticles  Inoculum source Operational parameters H, yield Reference
Concentration pH Temp
Q)

Metals Synthetic Ag Anaerobic cultures 2 x 1078 mol 8.0-9.4 35 2.48° [112]
medium L!
Sodium acetate Au Anaerobic sludge 5 x 10~% mol 4.0 30 105mLH, L1 d? [124]

m-3
Artificial Au Anaerobic cultures - 7.0 35 4.48° [[114]
wastewater
Synthetic Cu Clostridium acetobutylicum NCIM 2.5% 6.0 37 1.73° [125]
medium 2337
Synthetic Cu Enterobacter cloacae 811101 2.5% 7.0 37 1.43° [125]
medium
Synthetic Fe Anaerobic sludge 257 5.5 37 551 mL H, g7 VS [126]
medium
Synthetic Fe Enterobacter cloacae DH-89 100? 7.0 37 1.9° [173]
medium
Synthetic Fe Anaerobic consortia 400? 7.0 30 1.33° [174]
medium
Water hyacinth Fe Mixed cultures + Clostridium 250? 7.0 35 57¢ [175]
butyricum TISTR 1032
Dewatered Fe Anaerobic consortia 02¢g 7.82-8.35 37 30.51°¢ [176]
sludge
Malate Fe Rhodobacter sphaeroides NNBL-02 312° 5.6 32 3.1k [177]1
+ E. coli NMBL-04
Synthetic Fe Mixed cultures 50? 5.5 60 1.92° [157]
medium
Grass Fe Mixed consortia 400° 7.0 37 50.6 mL Hy g~ ' dry [178]
grass

Sugarcane Fe Mixed consortia 200% 5.0 30 0.874° [179]
bagasse
Synthetic Ni Anaerobic sludge 50% 5.5 37 680° [126]
medium
Synthetic Ni Anaerobic sludge 5.67% 5.6 33 2.54° [141]
medium
Industrial Ni Anaerobic consortia 60? 6.72 55 24734 [117]
wastewater
Synthetic Pd Enterobacter cloacae 811101 5.0% 7.0 37 1.39° [115]
medium
Synthetic pd Mixed cultures 5.0 7.0 37 2.11° [115]
medium

Metal oxides  Distillery NiO Anaerobic sludge 52 5.5 37 0.00673¢ [180]
wastewater
Dairy NiO Anaerobic sludge 10? 5.5 37 0.0157¢ [167]
wastewater
Palm oil mill NiO Bacillus anthracis 1.5% 5.5 37 0.5631 [181]
effluent
Palm oil mill CoO Bacillus anthracis 1.0° 5.5 37 0.487° [181]
effluent
Wastewater Si0, Mixed consortia 1202 5.5 28 7.29 mol H, kg’1 COD [163]
Synthetic SiOy Anaerobic sludge 200* 5.5 36 1360 LH, L ! [164]
medium
Peptone yeast TiOy Clostridium pasteurianum CH5 0.8gL! 7.0 35 2.18 [156]
broth
Synthetic Fe,03 Clostridium acetobutylicum NCIM 175% 6.0 37 2.33" [182]
medium 2337
Peptone yeast Fe,03 Clostridium pasteurianum CH5 08¢g L 7.0 35 0.0022¢ [156]
broth
Cassava starch Fe,03 Enterobacter aerogenes ATCC13408 200? 6.0 37 192.4 mL Hy g’1 starch [183]
Synthetic Fe,03 Enterobacter cloacae 811101 252 7.0 37 1.7° [184]
medium
Synthetic Fe,03 Mixed cultures 200? 6.0 35 3.57h [185]
medium
Synthetic Fe,03 Mixed cultures 400* 7.0 37 1.53° [116]
medium
Starch Fe,03 Anaerobic sludge 25 x 10 g 6.8 30 66.22¢ [186]
wastewater
Inorganic salts Fe,03 Mixed consortia 200? 6.0 35 3.57" [185]
Synthetic Fe304 Mixed cultures 200? 6.6 37 218.63° [187]
medium
Sucrose Fe304 Anaerobic consortia 2 x 104a 5.5 35 0.39 L Hy g’1 sucrose [188]
wastewater
Synthetic Fe304 Clostridium beijerinckii NCIMB 8052  300? 7.0 35 2.1b [189]
medium

Fe30,4 Clostridium butyricum CWBI1009 10 ®mol L! 7.6 30 2.1° [139]

(continued on next page)
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Category Substrate Nanoparticles  Inoculum source Operational parameters H, yield Reference
Concentration pH Temp
Q)
Synthetic
medium
Composites Industrial Ni + Gr Mixed cultures 60? 7.0 55 41.28° [117]
wastewater
Dairy Ni + Fe304 Mixed consortia 10% and 50° 5.5 37 17.24 [167]
wastewater
Glucose C + Fey03 Mixed consortia 200* 6.6 37 218.63 [187]
Metal ion Synthetic FeCl, Anaerobic consortia 4000* 6.0 37 122.7 mL H, g’1 [190]
salts medium sucrose
Synthetic FeCl, Anaerobic sludge 500? 6.8 37 200/ [191]
medium
Synthetic FeCl3 Enterobacter aerogenes MTCC 111 213 6.15 30 1.69° [192]
medium
Synthetic FeSO4 Anaerobic sludge 350% 7.0 35 311.2° [193]
medium
Palm oil mill FeSO4 Clostridium butyricum EB6 309° 5.6 37 2.2° [194]
effluent
Whey permeate FeSO4 Anaerobic consortia 1500? 7.0 25 4.13% [195]
Synthetic FeSO4 Anaerobic consortia 3000* 5.5 35 1.9° [196]
medium
Sweet potato FeSO4 Anaerobic sludge 63.17% 6.0 30 3501 mL Hy Lt [146]
Glucose FeSO4 Anaerobic sludge 200* 6.8 37 234.41 [197]
Synthetic FeSO4 Anaerobic sludge 100° 6.0 37 2.6° [198]
medium
Synthetic FeSO, Mixed consortia 1007 5.0 70 5729 mLHy L' h™! [199]
medium
Synthetic NiCl, Anaerobic sludge 0.1* 7.0 35 296.1 [200]
medium
Synthetic NiCl, Anaerobic sludge 16* 6.0 34 14.89 mol H, kg ™! [201]
wastewater CODg
Synthetic MgCl, Mixed consortia 200% 5.4 55 1.75° [202]
wastewater
Synthetic MgCl, Ethanoligenens harbinense 600% 7.0 35 2.14° [203]
medium
Sucrose CaCl, Mixed consortia 100? 5.5 60 700/ [171]
Sucrose CaCly Mixed consortia 5.4% 6.7 35 2.45" [204]
Sucrose Na,CO3 Anaerobic consortia 1000-2000? 6.5 37 28.04-28.97 mL Hy g’1 [205]
sucrose
Glucose NaCl Clostridium acetobutylicum NCIMB 5000? 7.0 30 - [206]

13357

Temp: Temperature, *mg LY, bmol H, mol ! glucose, “mL H, g’1 VS, dmL H, g’1 COD, °mol H, g’1 COD, 1 H, g’1 COD, 8mol Hy mol ! xylose, hmol H, mol ! sucrose,

imL H, g’1 glucose, mL, kmol H, mol~! malate.

[210]. Application of RSM involves these sequential steps: (i) experi-
mental design using standard statistical DoE and implementation of the
experimental design to collect data, (ii) development of empirical
models using the experimental data and validate the developed model,
(iii) use the developed and validated model to explain the parametric
effects of the operating variables (individual and interaction) using
response surface plots and contour plots (iv) predicts the optimal process
conditions using the constraints set by the lower and upper limits of the
independent variables of the validated model and with the validated
model as the objective function, and (v) experimentally confirm the
optimal conditions by comparing the experimental output with the
model output [213].

Since the economic and industrial success of DF mainly lies in the
optimization of operating conditions such as the nutritional composi-
tion, biomass concentration, hydraulic retention time, Hy partial pres-
sure, pH, and temperature [10,36,214,215], recent studies have been
modelling and optimizing these parameters to determine the optimal
operating variables that could be instrumental to the scalability of DF
process [146,207,216]. These studies are usually conducted using
renewable and inexpensive feedstocks such as industrial and municipal
wastewaters, lignocellulosic biomass, and food waste as shown in
Table 3.

Recently, Lopez-Hidalgo et al. [217] used the CCD to determine the
optimal conditions for DF using a mixture of agro-industrial wastes i.e.
wheat straw hydrolysate (WSH) and cheese whey (CW), alongside other

parameters such as pH, temperature. The optimal conditions of 7.25,
26.6°C,5¢g L1, and 25 g L1, were achieved for pH, temperature, WSH,
and CW, respectively, and this produced a H, yield of 5724.5 mL Hy L2
These optimal variables were then used in large-scale processes (1 L and
4 L) and produced a Hy production rate of 66.6-89.5 mL Hj L thl
Similarly, CCD was applied in the optimization of Hp-producing vari-
ables (pH, potato concentrate, temperature, and fermentation time)
[217]. Optimal Hy, yield of 68.54 mL Hy g~ TVS was obtained at opti-
mized conditions of 7.86, 39.56 g L~L, 37.87 °C and 82.58 h, for pH,
substrate concentration, temperature, and fermentation time, respec-
tively. Zainal et al. [218] studied the synergistic effects of reaction
temperature, inoculum size to substrate ratio, and reaction time on Hj
yield using palm oil effluent via the statistical software (Design Expert®
Software). A maximum H, yield of 28.47 mL H, g~} COD was obtained
at a reaction temperature of 50 °C, inoculum size to substrate ratio of
40:60, and reaction time of 8 h. Furthermore, these conditions achieved
a COD removal efficiency of 21.95% [218]. CCD models are suitable in
DF studies because the predicted (Rz) and adjusted (Adj. R2) coefficient
of determination values are usually high (>0.90) which implies that
these models are adequate to describe the process and to navigate the
optimization space [219].

BBD is another multivariate tool that has attracted a lot of attention
in DF due to its excellent prediction ability (high Adj. R? and R? values)
and its ability to use fewer experimental runs in comparison to the CCD
model [220-222]. Rafieenia et al. [223] recently reported an innovative
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Table 3
Summary of the predictive models that have been reported in H, production studies.
Substrate Inoculum DoE Optimum conditions for H, production H, yield Reference
Food waste Granular sludge Box-Behnken Initial pH of 5.5, pretreatment duration of 42.67 h, and waste frying oil 71.34° [223]
Design
conc. of 7.74 g L.
Growth medium  Enterococcus faecium Box-Behnken Initial pH 7.1, temperature 34.8 °C, glucose concentration 11.3 g L1, and 1.29° [224]
INET2 Design inoculation amount 10.4%.
Sugarcane Mixed anaerobic Central Composite Substrate concentration of 22.77 g L™ total sugar, substrate: buffer ratio of 6980 mL Hy [252]
bagasse cultures Design 4.31, and inoculum: substrate ratio of 0.31. L!
Sugarbeet Mixed consortia Box-Behnken Initial pH of 7.0, COD of 10 g L1, and volatile suspended solids of 2.3¢ [253]
molasses Design
4-20 g COD g~ VSS.
Potato starch Clostridium butyricum Box-Behnken Substrate concentration of 15 g L™?, buffer concentration of 5 x 10 2molm~3,  6.4° [254]
Design and inoculum ratio of 3.
Growth medium Psychrophilic strain Box-Behnken Temperature of 26.30 °C, initial pH of 6.2, and glucose conc. of 25.31 g L. 1.81° [255]
G089 Design
Potato waste Mixed anaerobic Central Composite Potato waste conc. of 39.56 g L1, initial pH of 7.1, temperature of 37.87 °C, and 79.434 [20]
cultures Design fermentation time of 82.58 h.
Jatropha waste Mixed anaerobic Central Composite Substrate conc. of 211 g L™}, temperature of 55.4 °C, and pH of 6.5. 296 mL H, [256]
cultures Design
Agricultural Mixed anaerobic Mixture Design Optimal proportion of food waste, cattle manure, potato pulp and pig 21°¢ [239]
wastes cultures
manure was 61.6%, 38.4%, 0%, and 0%, respectively.
[257]
Growth medium Chlorella sp. Taguchi Design Initial pH of 7.0, temperature of 35 °C, substrate conc. of 80 g VS L1, 22¢
Fruit peels Mixed anaerobic Plackett-Burman C/N ratio of 30, temperature of 37 °C, and GAS as the best inoculum. 2221 mL H, [258]
cultures Design L!
Glucose Mixed consortia Box-Behnken Initial pH of 7.92, temperature of 32.9 °C, and glucose conc. of 17.0 g L. 1.81° [259]

Design

C/N: carbon to nitrogen ratio, Conc.: concentration, COD: chemical oxygen demand, GAS: granular activated sludge, Conc.: Concentration, DoE: design of experiment,

VS: volatile solids.

VSS: volatile suspended solids, TS: total solids, *mL H, g’l VS, bmol H, mol? glucose, ‘mol H, mol~! sucrose, dmL H, g’1 TVS, °mL H, g’1 VS.

approach of increasing the Hy yield using mixed-consortia that was
pretreated with waste frying oil. In this work, the waste frying oil was
used to suppress the growth of Hs-scavenging microorganisms. The
model was used to determine the optimum pH, pre-treatment time, and
waste frying concentration. The model predicted complete inhibition of
H,-consumers at waste frying oil concentration of 7.74 g L™, fermen-
tation pH of 5.5, and pre-treatment time of 42.67 h, respectively. And
this led to a H yield of 71.34 mL Hy g~! VS, which was 400% higher
than the yield of the untreated inoculum [223]. Yin and Wang [224]
produced a maximum Hj yield of 1.29 mol Hy mol ! glucose and pro-
duction rate of 86.7 Hy L ™! h™! at optimal variables of 7.1, 11.3 g L},
10.4%, and 34.8 °C for initial pH, glucose concentration, inoculation
amount, and temperature, respectively, using a newly isolated strain of
Enterococcus faecium. Likewise, Sagir et al. [225] developed a sequential
dark and photo-fermentative process in which the BBD method was used
to optimize the process variables. A maximum Hj yield of 7.8 mol
Ha/mol glucose was achieved at a glucose concentration of 6 x 1073
mol m~3, inoculum fraction of 62.5%, and oxygen concentration of 4.5%
using Rhodobacter capsulatus JP91 [225]. Therefore, these findings may
provide new avenues for the development of integrated processes in DF.
In addition to DF studies, the BBD model is widely used in other bio-
processes such as citric acid production [226], biomethane production
[227], yoghurt production [228], bioethanol production [229], and
sugar recovery from lignocellulosic biomass [230].

Factorial Design is also used to evaluate the effects of parameters on
Hp output [231]. This approach usually involves several combinations of

different factor levels which allows it to predict the synergism between
variables and enables it to be more effective in working with a large
number of runs [232]. Factorial Design can be categorized into two
groups i.e. Full Factorial Design and Fractional Factorial Design [232].
In Full Factorial design, all possible combinations of the process vari-
ables on Hj yield are tested. The most commonly used Full Factorial
design is the two-level design, which is represented by 2", where n refers
to the number of process variables that are being evaluated by the model
[233]. A polynomial regression model can also be generated to study the
effects of the process conditions on Hy response [233]. In contrast, the
Fractional Factorial Design is employed when the number of experi-
mental runs for a Full Factorial design is too many to carry out experi-
mentally because of time and limited resources [234]. However, the
Fractional Factorial Design may increase the experimental error,
thereby compromising expected precision due to large experimental
runs when compared to using BBD and CCD [207].

Other empirical tools like the two-level Plackett-Burman Design
(PBD) have been used in the optimization of DF processes [235,236].
PBD is useful in screening the most influential parameters for bioprocess
optimization [237]. After the screening process, a three-level exper-
imental-design tool (e.g. BBD or CCD) is applied to evaluate the syner-
gistic effects of parameters on the overall Hy yield [238]. Meanwhile, the
Mixture Design (MD) is a special experiment tool that is used to deter-
mine the optimum proportions of feedstocks for enhanced Hy yields
[239,240]. Sekoai and Gueguim Kana [240] used the MD to assess the
optimum proportions of corn stalk (CS), bean husk (BH), and organic
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fraction of solid municipal waste (OFSMW) on H, yield using
mixed-consortia. Optimum Hj yield of 56.47 mL Hy g~ TVS was ob-
tained at a ratio of OFSMW: BH: CS = 30:0:0. Thereafter, the authors
used the BBD to optimize the setpoints conditions of pH, temperature,
substrate concentration, and hydraulic retention time (HRT), respec-
tively [240]. The BBD predicted the setpoint parameters of 7.9, 30.29
°C,40.45¢g L%, and 86.28 h for pH, temperature, substrate concentra-
tion, and HRT, with a Hy yield of 57.73 mL Hy g’1 TVS [240]. Similarly,
Shuang et al. [239] studied the optimal proportion of cattle manure
(CM), food waste (FW), pig manure (PM), and potato pulp (PP) for
augmentation of Hy yield using MD. An enhanced Hj yield of 21.0 mL Hy
g ! VS was achieved at optimal ratio of FW: CM: PP: PM =
61.6:38.4:0:0. Therefore, these results highlight the significance of MD
models in DF processes that use co-digested feedstocks.

Computational fluid dynamics (CFD) is a multi-dimensional tool that
employs numerical methods to provide useful information about the
hydrodynamics of processes [241-246]. CFD also provides in-depth in-
formation about the design of DF reactors and is used to evaluate the
scalability of DF systems [247]. This method is used to improve mixing,
heat transfer, mass transfer, and chemical reactions within a fermenter
[248,249]. These aspects of a reactor design can be fine-tuned with CFD,
rather than with one-dimensional equations i.e. although they are
simpler, they are less accurate. Wang et al. [250] conducted a hydro-
dynamics assessment using CFD for an industrial-scale DF process. The
results showed that several process barriers need to be overcome in
industrial-scale reactors, including velocity heterogeneity and stagna-
tion zones. The optimal operation was achieved using an impeller with a
rotation speed of 0.67 Hz and diameter of 1600 mm [250]. Ding et al.
[251] used CFD to obtain an optimum propeller speed of 0.83-1.17 Hz
for economic DF process. These results demonstrate the possibility of
using CFD for up-scaling the DF processes.

The non-linear nature of bioprocesses has limited the application of
RSM-based models in DF processes [260]. Hence, experts are now
shifting to models that can encapsulate this non-linearity to effectively
optimize the DF processes [261]. Artificial neural network (ANN) is the
most robust empirical approach for modelling and optimization of
multifaceted and non-linear systems [262]. ANNs emulates the neuro-
logical functioning of the human’s brain by arithmetically modelling the
network structure of interconnected nerves [262]. The interest in ANNs
stems from their exquisite properties such as self-learning, adaptability,
high-speed processing, fault and noise tolerance, and remarkable
information-processing ability [263]. ANNs are used in various disci-
plines such as engineering, forensic sciences, medicine, mining, clima-
tology, economics, agriculture, and business [264,265].

Currently, these tools are being used to elucidate the non-linear
behaviour of biogenic Hy processes [262]. Whiteman and Gueguim
Kana [266] conducted a comparative assessment of ANN and BBD for DF
process using sugarcane molasses. The ANN and BBD generated the
coefficient of determination (R?) values of 0.91 and 0.75, respectively,
at optimal conditions of 8.0, 35 °C, 150 g L™}, for initial pH, tempera-
ture, substrate concentration, and different inoculum concentrations
(15% and 10.11%) for ANN and RSM, respectively. Therefore, ANN
exhibited a higher level of accuracy compared to BBD and this confirms
the inability of RSM-based models to accurately capture the behaviour
of complex non-linear microbial systems as highlighted above [266].
Similarly, Jha et al. [267] assessed the accuracy of BBD and ANN models
in the optimization of Hy yield and COD removal efficiency in an up-flow
anaerobic sludge blanket reactor. ANN was the most reliable optimiza-
tion tool compared to BBD and generated a high R? value of 0.99,
whereas the BBD model produced an R? value of 0.90. Furthermore, an
optimum Hy, yield of 0.90 mol Hy mol~! glucose and a COD removal
efficiency of more than 80% was achieved using the ANN approach
[267].

In another study, ANN was used to regulate a continuous DF process
for 450 days [268]. The model optimized the non-linear relationships of
setpoint parameters of pH, temperature, sucrose concentration, recycle
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ratio, alkalinity, metabolites concentration, oxidation-reduction poten-
tial, and hydraulic retention time. There was a high correlation between
the predicted and experimental results [268]. Recently, ANN was also
used in the optimization of DF using organic fraction of solid municipal
waste as a substrate [269]. The optimal conditions for DF were 7.0, 35
°C, 8%, and 1:5, for initial pH, temperature, solid content, and mixing
ratio, respectively, with R? value of 0.96 [269]. High prediction accu-
racies with R? values ranging from 0.90 to 0.99 are also reported in other
DF studies [270-278]. Hence, these results highlight the suitability of
ANNs in the optimization of Hy yields and these tools will help re-
searchers understand the multifaceted and non-linear nature of DF
processes, which is crucial for future scale-up studies. However, the use
of ANN in biofuels is still in its infancy and requires further in-
vestigations. Table 4 summarizes the abovementioned studies and other
studies on the use of ANN in DF processes.

3.4. Consolidated bioprocessing for lignocellulosic Ha production

The “food vs fuel” debate has reinvigorated an interest in the
development of second generation biofuels owing to their socio-
economic benefits [279,280]. Lignocellulosic wastes are highly stud-
ied in DF processes because they are ubiquitous (have a global yield of
more than 1.3 billion tons per annum) and are rich in nutrients
[281-284]. Also, the lignocellulosic feedstocks make the process of DF
to be economically-viable [285,286].

The conversion of lignocellulosic biomass into Hy involves three
sequential steps: (i) the pre-treatment process which disrupts the crys-
talline structure of lignocellulosic biomass, (ii) the conversion of poly-
saccharides into monomeric sugars via the hydrolysis process, and (iii)
the utilization of monomeric sugars by Hy-producers [287,288]. How-
ever, the use of lignocellulosic feedstocks poses several challenges.
Firstly, the pre-treatment methods are energy-intensive and laborious
[289]. Secondly, fermentative inhibitors such as aliphatic compounds,
furan derivatives and phenolic compounds are released during the
pre-treatment [290-292]. Furthermore, techno-economic studies have
shown that more than 40% of the overall costs are derived from the
pre-treatment steps [293]. Therefore, the success of DF using cellulosic
biomass relies on the development of robust and cheap technologies
[294,295].

Consolidated bioprocessing (CBP) is receiving increasing popularity
for its cost-effectiveness and ability to generate high Hs yields
[296-298]. CBP is a single fermentation process that integrates the steps
of enzymatic pre-treatment, hydrolysis of polysaccharides, and conver-
sion of sugars into Hy using microorganisms [299,300]. This integrated
process is beneficial because it lowers the capital costs, reduces the
fermentation periods, minimizes the risks of contamination, and pro-
duces high H; yields [301-305]. This process is undertaken using the
native or recombinant method [305]. The native strategy uses cellulo-
lytic enzymes that are found in predominant Hy-producing microor-
ganisms such as Clostridium [306,307]. The recombinant strategy
employs genetically-engineered strains to enhance the hydrolysis of
biomass, resulting in high Hy yields [308]. However, in an industrial
setting, the recombinant strategy would not be ideal due to various
constraints such as the need to sustain high-level expression of recom-
binant cellulolytic genes and there are high risks of contamination
[308].

Several cellulolytic clostridial strains including C. cellulolyticum, C.
termitidis, C. cellulovorans, and C. thermocellum [42,307,309,310], Cal-
dicellulosiruptor sp. [311], Thermoanaerobacter sp. [312], Thermoanaer-
obacterium sp. [313], Ruminococcus sp., and mixed biofilm-forming
communities from anaerobic mixed sludge [314], compost manure
[315], and rumen gut [316] are used in CBP of lignocellulosic Hy pro-
duction. Amongst these, thermophiles are extensively studied in CBP of
lignocellulosic Hy production because they: (i) produce high H; yields
(ii) use various cellulosic biomass, (iii) improve the rate of hydrolysis,
(iv) enhance the metabolic rates due to improved mass transfer, (iv)
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Table 4
Summary of studies that reported the use of ANN for optimization of H, production.
Substrate Inoculum Input parameters for ANN training and modelling H, yield R? Reference
value
Sugarcane Anaerobic Initial pH (4-8), molasses conc. (50-150 g LY, temperature (35-40 °C), and 84.33 mL H, 0.91 [266]
molasses sludge
inoculum concentration (10-50%).
Growth medium Anaerobic Temperature (30-45 °C), HRT (4-48 h), and cell immobilized conc. (50-100%). 0.90? 0.99 [267]
sludge
Growth medium Mixed Initial pH (5.0-6.5), glucose: xylose ratio (0:5 to 5:0), inoculum size (0.04-0.1 g), and age of ~ 325-379" 0.99 [273]
consortia inoculum (0-24 h).
OFMSW Mixed Initial pH of 7.0, temperature of 35 °C, solid content of 8%, and mixing ratio of 1:5. 138.88 mL Hj 0.99 [269]
consortia gm~! VS
Growth medium Mixed Temperature (30-48.4 °C), initial pH (6.0-9.0), and glucose conc. (10-34.4 g L™ 1). 305.3° 0.99 [272]
consortia
Glucose Mixed cultures Initial pH (5.5-7.5), temperature (20-55 °C), substrate conc. (0.3-58.6 g L1), and biomass 382°¢ 0.97 [270]
conc. (0.9-17.6 g L™! COD).
Cheese whey E. coli Initial pH (6.5-7.5), ORP (—0.1 to —0.5 V), and DCO, (0-90%). 745¢ 0.95 [271]
Agricultural Mixed cultures Temperature (25-40 °C), initial pH (5-9), substrate types (xylose, glucose and sucrose), and ~ 305.3" 0.90 [274]
wastes substrate conc. (10-35 g L’l).
Growth medium Mixed Influent bicarbonate alkalinity (1-3.5 g L™1, HRT (3-30 h), and organic loading rate 1.40° 0.96 [275]
consortia (10-90 g COD L'dh
Distillery Mixed cultures ~ Temperature of 34 °C, pH of 6.5, HRT of 24 h, and OLR (1-10.2 kg COD L' d™ ) 1300 mL Hy d™* 0.98 [276]
wastewater
Kitchen waste Mixed Volumetric loading rate (0-4 kg COD L td™h, pH (5.0-6.0), temperature of 34 °C, 11.5H, L' d ! - [277]
consortia alkalinity (0.5-1.0 g L™1), and ORP.
Basal medium Mixed Biochar conc. (0-8x107° g L1, Nickel conc. (0-2x10~* g LY, pH (5.5-7.0), and dosage of 234.1° - [142]
consortia microbes (24 x 1073-33 x 1073 gL ™).
Growth medium Enterobacter sp. Initial pH (6.0-8.5), peptone conc. (2-7 g L’l), and xylose conc. (8-18 g L. 1.944 0.99 [278]

-: Not available; Conc.: concentration, COD: chemical oxygen demand, DCO,: dissolved carbon dioxide, HRT: hydraulic retention time, OLR: organic loading rate.
ORP: oxygen reduction potential, VS: volatile solids, *mol Hy mol~* glucose, ®mL Hy g~! substrate, “mL H,, “mol H, mol ! xylose.

reduce the formation of inhibitors, and (v) pave the way to reducing the
operating costs [317,318].

Mixed-cultures are also desirable in DF because these microorgan-
isms can: (i) utilize various lignocellulosic feedstocks, (ii) produce Hy
under mild fermentation conditions (ii) increase the conversion of sub-
strates and metabolic reactions, (iv) favour the production of continuous
H, fermentations, (v) participate in synergistic mechanisms, (vi) can be
used without sterilization, and (vii) allow simultaneous saccharification
and fermentation of biomass [319-321]. Clostridium species are the most
studied microorganisms for CBP of lignocellulosic Hy production
because they have complex cellulose degrading-enzymes known as cel-
lulosomes [322]. It has been shown that C. clariflavum consists of 160
carbohydrate-active enzymes whereas C. thermocellum encodes for over
70 carbohydrate-active enzymes [323,324]. Pérez-Rangel et al. [325]
evaluated the effect of wheat-straw for CBP of Hy production using four
inoculum sources (anaerobic sludge, cow ruminal fluid, forest soil, and
microbes found in wheat straw). The microflora found in wheat-straw
produced the highest Hy yield (7 mL Hy g~* VS) and this was attrib-
uted to the presence of cellulolytic fungi which improved the sacchari-
fication of wheat-straw while promoting synergism with H-producing
bacteria [325].

Wang et al. [326] used human waste simulants for thermophilic CBP
of biogenic Hy production using mixed-cultures obtained from various
sites (hot spring, wastewater treatment plant, and landfill compost). A
high H; yield of around 4 x 10~ mol Hy/g substrate was achieved using
the consortium in the landfill compost [326]. Further microbial analysis

10

showed that Caldanaerobius, Caloribacterium, and Thermoanaer-
obacterium sp. were the main Hy-producing species [326]. Carver et al.
[327] also used four cellulosic feedstocks (microcrystalline cellulose
Sigma Type 20, Type 50, Whatman filter paper, and cellulosic filter
paper) in CBP of Hj production at different temperatures (50 °C and 60
°C) from compost. Results showed that Clostridium and Thermoanaer-
obacter were the dominant cellulolytic species. CBP of lignocellulosic Hy
production could also be integrated with other bioprocesses as acetic
acid and ethanol were produced [327]. Table 5a highlights the various
studies that used mixed-cultures in CBP of lignocellulosic Hy production.

Others studies used pure-cultures in an attempt to overcome the
thermodynamic limitations in biological Hy production. These include
cultures from the genera Clostridium, Enterobacter, Bacillus, Thermoa-
naerobacterium and Caldicellulosiruptor, as shown in Table 5b [311,
328-331]. Optimal Hj yields of 2.53 mol Ha/mol hexose and 3.8 mol
Hy/mol hexose were reported using pure-cultures of C. saccharolyticus
[311], and T. thermosaccharolyticum [331], respectively. Other thermo-
philic studies reported high H; yields that ranged from 1.5 to 3.3 mol
Hy/mol hexose [307,332-336]. The elevated H» yields in pure-cultures
are caused by the high substrate conversion efficiency, suppression of
inhibitors, and enrichment of Ho-producers. Nevertheless, the scalability
of DF processes using pure-cultures is still uncertain due to the
complexity of these inoculum sources and high operational costs [305].
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3.5. Biological H; methanation

The production of clean Hs through the water electrolysis process is
also receiving a lot of consideration [365-372]. The cost of electricity to
produce Hj is regarded as the main barrier that restricts the industrial-
ization of H, technologies in the energy sector [373-377]. Biological Hy
methanation is a method that converts Hy and CO; into CH4 and it is
derived from the Sabatier reaction. This approach is advantageous
because there are already existing CHy gas infrastructures (e.g. natural
gas pipelines) that are used for various applications such as chemical
industry, mobility sector, power generation, and gas sector [378-382].
The biological process uses moderate temperatures (50-60 °C) and
biowastes and is considered as the most suitable biogas upgrading
method [383,384]. In this technology, biogas consisting of CH4
(50-70%), is converted into high CH4 content (>95%) through the
exogenous addition of Hp and CO; into the methanogenic reactor
[383-390]. Studies on this technology are quite recent and investigation
of the effects of various process variables such as reactor design, pH,
temperature, mixing, partial pressure, and inoculum sources on CHy4
concentration is reported (Table 6).

4. The potential of bioenergy in Sub-Saharan Africa

Several Sub-Saharan African countries are listed amongst the world’s
fastest-growing economies [411,412]. These nations need a thriving
energy sector to cater for this rapid industrialization and population
growth [411]. Biofuels will serve as a catalyst to strengthening the re-
gion’s energy sector, infrastructural development programmes, rural
development, and economic growth. In recent years, efforts have been
made to fast-track the development of biofuel-related technologies in
this region. But these initiatives are hindered by several issues such as
lack of technical expertise, low funding opportunities, political inter-
ference, and scepticism surrounding biofuels [412]. The existing biofuel
projects are under preliminary stages and few of these have reached
commercialization (Table 7). Nevertheless, these studies will play a
crucial role in the advancement of alternative fuels in this region due to
the high availability of biomass resources and non-arable land.

A recent review by Adewuyi [28] showed that the pressing human-
itarian issues such as food shortages, poor health care, and slow eco-
nomic growth delay the advancement of biofuels in Sub-Saharan Africa
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because a majority of the budget is earmarked for improving the live-
lihoods of people. It was proposed that these nations should establish
regulatory frameworks that allow various stakeholders (farmers, land-
owners, foreign investors, NGOs, and research institutions) to play an
active role in biofuel development initiatives [28]. Furthermore, the
environmental and social impacts of biofuels need to be thoroughly
assessed to ensure that they do not affect other valuable resources such
as water and biodiversity.

4.1. The South African scenario

South Africa does not have adequate waste management facilities
[413]. Therefore, a large fraction of the country’s waste is disposed on
landfills and this causes various environmental issues [414]. More than
60 million tons of waste is produced each year [415], and this value will
increase by more than 10 million tons over the next decade [416,417].
The conversion of waste into biofuels could help to address these issues.
It is noteworthy to mention that biofuel-related technologies are in their
early stages in South Africa and about 200 small-scale biofuel plants
have been built and run, but this number is likely to increase in the next
few years due to government policies aiming at strengthening the
development of alternative fuels [418]. Fundamental research afforts on
DF studies are also being expended in some South Africa institutions
such as Durban University of Technology, University of the Witwa-
tersrand, and the University of KwaZulu-Natal to contribute to the
development of this technology [419-426].

5. The way forward: a proposed roadmap for surpassing the
current process barriers

In spite of the enormous amount of research that has been conducted
over the past years, major hurdles still need to be overcome to realize the
potential of DF process as an alternative fuel. The proposed optimal
technologies are mostly conducted under laboratory-scale conditions
and have not been evaluated at large-scale. Secondly, scientists are
currently investigating the individualistic effects of these technologies
on DF pathways but are yet to examine the synergistic interactions of
these technologies on Hj yield from DF, and this stagnates the indus-
trialization of DF technology. To accelerate the commercialization of DF
process, the stakeholders (scientists, industries, and policymakers)

Table 5a
Consolidated bioprocessing of lignocellulosic Hy production process using mixed anaerobic cultures.

Substrate Inoculum Temp (°C) pH Operation mode H, yield Reference
Leaves Anaerobic cultures 37 7.0 Batch 37.8% [337]
Rice husk Anaerobic cultures 35 6.0 Batch 200 mL Hy L1 [338]
Rice straw Anaerobic cultures 35 5.01 Batch 14.54* [339]
Algal bloom Mixed cultures 35 6.0 Batch 24.96" [340]
Sweet sorghum Mixed cultures 35 4.7-5.5 Continuous 10.4 L Hy kg~! sweet sorghum [341]
Potato waste Mixed cultures 37.87 7.86 Batch 79.43P [20]
Cassava starch Mixed consortia 60 5.5 Continuous 249.3 mL H, g~! starch [342]
Napier grass Rumen consortia 38 7.0 Batch - [343]
Rice straw Anaerobic sludge 55 7.0 Batch 0.74 x 1073 mol H, g’1 VS [344]
Corn straw Anaerobic sludge 35 4-8 Batch 68 mL H, g~! corn straw [345]
Rice straw Mixed cultures 55 6.5 Batch 24.8mLH, g ' TS [315]
Corn stover Anaerobic consortia 35 5.5 Batch 2.84-3.0¢ [346]
Raw paper sludge Microflora from paper sludge 55 7.0 Batch 110.91% [347]
Molasses Mixed consortia 35 5.5 Continuous 1.47¢ [348]
Cornstalk Anaerobic cultures 55 6.0 Batch 48.78 [349]
Cornstalk Anaerobic consortia 60 7.0 Batch 155.4° [350]
Fodder maize Mixed microflora 35 5.2-5.3 Batch 62.4 mL Hy g’1 maize [351]
Perennial ryegrass Mixed microflora 35 5.2-5.3 Batch 75.6 mL Hy g~ ! grass [351]
Wheat straw Anaerobic cultures 37 5.5 Batch 5.18-10.52% [352]
Rice straw Mixed consortia 55 7.0 Batch 217 [353]
Grass Anaerobic consortia 35 6.0 Batch 1.25 x 1073 mol H, g ! grass [354]
Mushroom waste Mixed cultures 55 8.0 Batch 0.73 x 1073 mol Hy g’1 TVS [355]
Sugarcane bagasse Mixed cultures 37 6.0 Batch 6980 mL H, L™} [252]
Sugarcane bagasse Elephant dung 37 6.5 Batch 0.84 mol H, mol ! total sugar [356]
Corn starch Mixed consortia 35 5.3 Continuous 0.51¢ [357]
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Table 5b

Consolidated bioprocessing of lignocellulosic H2 production process using pure cultures.
Substrate Inoculum Temp (°C) pH Operation mode H, yield Reference
Wheat straw Caldicellulosiruptor saccharolyticus DSM8903 70 7.2 Batch 3.8° [311]
Sweet sorghum Caldicellulosiruptor saccharolyticus DSM8903 70 7.2 Batch 1.75¢ [311]
Maize leaves Caldicellulosiruptor saccharolyticus DSM8903 70 7.2 Batch 1.80° [311]
Bagasse Caldicellulosiruptor saccharolyticus DSM8903 70 7.2 Batch 2.30° [311]
Silphium leaves Caldicellulosiruptor saccharolyticus DSM8903 70 7.2 Batch 0.48° [311]
Switchgrass Caldicellulosiruptor saccharolyticus DSM 8903 65 7.2 Batch 0.0112¢ [302]
Microcrystalline cellulose Caldicellulosiruptor saccharolyticus DSM 8903 65 7.2 Batch 9.44 [302]
Cornstalk Thermoanaerobacterium thermosaccharolyticum 65 7.2 Batch 6.84 [294]
Cornstalk Thermoanaerobacterium thermosaccharolyticum 60 7.0 Batch 0.00347¢ [294]
Wheat straw Thermoanaerobacterium thermosaccharolyticum 60 7.0 Batch 0.00353¢ [294]
Avicel Clostridium thermocellum 27405 55 7.0 Batch 0.032f [304]
Filter paper Clostridium thermocellum 27405 55 7.0 Batch 0.02619° [304]
Sugarcane bagasse Clostridium thermocellum 27405 55 7.0 Batch 0.02352f [304]
Sugarcane bagasse Clostridium thermocellum ATCC 27405 55 6.99 Batch 0.09783f [306]
Delignified wood fibers Clostridium thermocellum 27405 60 6.8 Batch 1.6° [307]
Corn-stover Clostridium cellulolyticum DSM 5812 37 7.2 Batch 51.9 L Hy kg’1 TS [358]
Cornstalk Clostridium thermocellum 7072 55 7.2 Continuous 61.4% [359]
Mushroom Clostridium thermocellum DSM 1313 55 5-6 Batch 73.90° [360]
Sorghum bagasse Clostridium saccharolyticus DSM 8903 72 6.8 Batch 2.6 mol mol ! hexose [359]
Starch Enterobacter aerogenes NCIMB 10102 40 6.6 Batch 1.09 mol mol ! substrate [361]
Barley straw Caldicellulosiruptor saccharolyticus 70 7.0 Batch 0.0312° [362]
Bagasse hydrolysate Bacillus firmus NMBL-03 38 6.8 Batch 1.29 mol H, mol ! sugar [363]
Distillers grain Clostridium thermocellum ATCC 27405 60 7.2 Batch 0.00127¢ [364]

-: no data, *mL Hy g~! VS, PmL H, g~ TVS, “mol H, mol ™ glucose, “mol H, g~* substrate, *mol H, g~ substrate, ‘mol Hy L%, 8mL H, g~ corn stalk.

Table 6

An overview of the biogas upgrading processes from various substrates.
Reactor type Inoculum Substrate Gas mix Temp (°C) pH CH4 (%) Reference
CSTR Digested manure Raw cattle manure in-situ 55 7.2 65 [391]
CSTR Digested manure Manure and whey in-situ 55 7.5 90.2 [392]
CSTR Digested sewage sludge Sewage sludge in-situ 37 8.0 99 [393]
UASB Mesophilic granules Potato starch in-situ 55 8.3 82 [394]
Batch reactor Anaerobic digestate Maize leaf in-situ 52 7.0-8.0 89 [395]
CSTR Anaerobic digestate Straw in-situ 38 7.89-8.43 76.8-100 [396]
Batch reactor Anaerobic sludge Food waste in-situ 37 and 55 8.6 77.5-98.1 [397]1
Batch reactor Anaerobic sludge Corn-stover biochar in-situ 55 7.5-9.0 >90 [398]
CSTR Anaerobic sludge Wastewater ex-situ 35 5.5 92 [399]
Trickle-bed reactor Immobilized mixed cultures Trace elements ex-situ 37 7.2-7.4 98 [400]
Trickle-bed reactor Immobilized mixed cultures Trace elements ex-situ 37 7.4-7.7 >96 [401]
UASB Anaerobic digestate Digested slurry ex-situ 52 8.0 98 [402]
Batch reactor Anaerobic digestate Trace elements ex-situ 65 7.7-8.2 92 [403]
Biofilm reactor Anaerobic sludge Trace elements ex-situ 37 7.0-8.0 90 [404]
Up-flow reactor Mixed cultures Digestate ex-situ 55 8.48 96.8 [405]
Trickle-bed reactor Anaerobic sludge Trace elements ex-situ 55 7.0 98 [406]
Trickle-bed reactor Anaerobic sludge Trace elements ex-situ 40 7.31-7.40 97.19 [407]
CSTR Cattle manure Potato starch in-situ + ex-situ 53 8.3-8.5 95 [408]
Batch reactor Mixed cultures Basal medium in-situ 37 6.0 96 [409]
CSTR Anaerobic sludge Basal medium ex-situ 35 and 55 7.2 96 [410]

involved in alternative energies should have a precise roadmap for DF.
The roadmap should include research and development (R&D) stage (as
shown in this article), scale-up studies, which could pave the way for the
industrialization of this process (Fig. 2). In this manner, the process
barriers highlighted in Fig. 1 can then be overcome by implementing the
steps (1, 2, and 3) that are presented and described in this roadmap.
Some of the recommendations applicable here are also discussed in
section 6.

6. Conclusions and recommendations for future studies

This article provides a critical review of recent technological
methods that are used to enhance Hj yields in DF process. Herein, novel
biogenic H; optimization methods such as cell immobilization, nano-
technology, empirical optimization tools, and biogas upgrading from
renewable H, are suggested to be the most promising methods that can
be used to overcome the technical barriers facing DF process. However,
most of the studies discussed in this article are still at the infancy stage

12

and are far from commercialization. Since the industrialization of any
process relies on its scalability, it is therefore crucial to develop a
technology roadmap that will lead to the scalability of the DF process, as
explained in section 5. To achieve this, several strategies should be
adopted and some of these are suggested below:

o More DF studies should be conducted at pilot-scale using optimized
continuous reactors coupled with various online-monitoring and
regulating instruments such as pH sensors, temperature sensors, ac-
tuators, and oxidation-reduction potential probes. This will provide
reliable process data that can be used for its large-scale production.
Inoculum development remains a critical issue in the DF process.
Research relating to metabolic engineering and bacterial encapsu-
lation will help in the creation of oxygen-tolerant bacterial strains,
inhibition of Ha-scavenging pathways, reduction of microbial con-
taminants, reusability of bacterial cells, extending the fermentation
periods, maintaining anaerobic conditions, and increasing Hy pro-
duction yields in DF process.
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Table 7
Biofuel projects in Sub-Saharan African countries [411,412].

Country Feedstock Biodiesel (L) Bioethanol (L) Biogas (L)
Benin Cassava - 2 x 107 -
Burkina Faso Sugarcane - 2 x 107 -
Cote d’Ivoire Molasses - 2 x 107 1000
Ghana Jatropha 5 x 107 - -
Guinea Cashew - 1x 107 -
Mali Molasses - 2 x 107 -
Malawi Molasses - 1.46 x 10® 1000
Kenya Molasses - 413 x 10® -
Ethiopia Molasses - 8 x 107 1000
Niger Jatropha 1 x 107 - -
Nigeria Sugarcane - 7 x 107 -
Sudan Molasses - 4.08 x 108 -
Swaziland Molasses - 4.80 x 108 -
Senegal Molasses - 1.5 x 107 -
Tanzania Molasses - 2.54 x 108 1000
Togo Jatropha 1 x 107 - -
Uganda Molasses - 1.19 x 108 -

-: data not available.

e There is still a dearth of knowledge about the microbial community

structure and its impacts on acidogenic pathways during the DF
process. Although high-throughput characterization tools are now
used to unravel the microbial assemblages associated with DF pro-
cesses, the variations in inoculums, feedstocks and operational con-
ditions make our understanding of the microbiology impaired.
Therefore, in-depth microbial screening studies should be conducted
to understand the microbial communities involved during the course
of DF processes.

It has been shown that an integrated process involving dark- and
photo-fermentation can produce a theoretical yield of up to 12 mol
H, mol~! glucose. However, preliminary studies have not achieved
this yield. More studies should therefore be explored to evaluate the
possibility of attaining this yield as this could lead to the scalability
of microbial Hy processes.

R&D: emerging technologies

Key steps in scaling-up
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The pretreatment of lignocellulosic biomass remains a huge barrier
in DF process, therefore the establishment of inexpensive pre-
treatments methods will assist in the advancement of this bioprocess
as the majority of the operational costs are used in the initial pre-
treatment steps in DF process.

Techno-economic studies are still necessary to acquire deeper in-
sights into the technical and economic scenario of DF processes,
particularly when using different feedstocks and setpoint parame-
ters. This information will be useful in energy planning, system
design, and operation of DF facilities.

It is recommended that similar units (e.g. L Hy kg~! or mL Hy kg™!
substrate) should be used in DF processes, particularly when using
biomass feedstocks so that the performances of DF processes can be
easily compared and evaluated across studies.

The use of Hy purification methods will be necessary so that the Hj
from the DF process can be used in technologies such as fuel cells.
However, this will only be feasible at large-scale after surpassing the
current thermodynamic limitations.

The DF process should be integrated with other renewable technol-
ogies such as biogas upgrading methods because there are already
existing CH4 gas infrastructures (e.g. natural gas pipelines) that are
used for various applications such as chemical industry, mobility
sector, power generation, and gas sector.

Since there are already existing pilot-scale biorefinery demonstration
plants that are used to produce different compounds, DF processes
should also be integrated into biorefinery methods to enhance the
energetic gains and make this process more competitive as other
products can be produced from these integrated systems.

A multidisciplinary collaboration of experts from different fields
such as chemical engineering, electrochemical chemistry, biological
sciences, and material sciences will be instrumental in overcoming
the current thermodynamic limitations and this could ultimately
lead to the scalability of DF processes.

It is important to have a strong partnership between the academia
and industry. This will pave the way for new technological

Industrialization & applications

Industrial-scale

Bench-scale

Pilot-scale

Fig. 2. Proposed roadmap for overcoming the current barriers hindering the commercialization of DF process. Adapted and modified from Hong et al. [427].
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innovations which have a potential for commercialization. Further-
more, investments in scientific research, technological development,

and scientific meetings will help to advance this field.

References

[1]

[2]

[3]

[4

=

[5]

(6]

71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

K.O. Yoro, P.T. Sekoai, The potential of CO, capture and storage technology in
South Africa’s coal-fired thermal power plants, Environments 3 (2016) 1-20,
https://doi.org/10.3390/environments3030024.

K.O. Yoro, M.K. Amosa, P.T. Sekoai, M.O. Daramola, Modelling and experimental
investigation of effects of moisture and operating parameters during the
adsorption of CO2 onto polyaspartamide, Int. J. Coal Sci. Technol. 6 (2019)
225-234, https://doi.org/10.1007/s40789-018-0224-3.

G.N. Hlongwane, P.T. Sekoai, M. Meyyappan, K. Moothi, Simultaneous removal
of pollutants from water using nanoparticles: a shift from single pollutant control
to multiple pollutant control, Sci. Total Environ. 656 (2019) 808-833, https://
doi.org/10.1016/j.scitotenv.2018.11.257.

G. Giovannetti, E. Ticci, Determinants of biofuel-oriented land acquisitions: in
Sub-Saharan Africa, Renew. Energy 36 (2016) 678-687, https://doi.org/
10.1016/j.rser.2015.10.008.

P.A. Owusu, S. Asumadu-Sarkodie, A review of renewable energy sources,
sustainability issues and climate change mitigation, Cogent Eng. 3 (2016) 1-14,
https://doi.org/10.1080/23311916.2016.1167990.

S.K. Gupta, S. Kumari, K. Reddy, F. Bux, Trends in biohydrogen production: major
challenges and state-of-the-art developments, Environ. Technol. 34 (2013)
1653-1670, https://doi.org/10.1080/09593330.2013.822022.

F.C. Luz, S. Cordiner, A. Manni, V. Mulone, V. Rocco, Biochar characteristics and
early applications in anaerobic digestion-a review, J. Environ. Chem. Eng. 6
(2018) 2892-2909, https://doi.org/10.1016/].jece.2018.04.015.

S.S. Kumar, V. Himabindu, Hydrogen production by PEM water electrolysis — a
review, Mater. Sci. Energy Technol. 2 (2019) 442-454, https://doi.org/10.1016/
j-mset.2019.03.002.

P.T. Sekoai, A.A. Awosusi, K.O. Yoro, M. Singo, O. Oloye, A.O. Ayeni, M.

0. Bodunrin, M.O. Daramola, Microbial cell immobilization in biohydrogen
production: a short overview, Crit. Rev. Biotechnol. 38 (2018) 157-171, https://
doi.org/10.1080/07388551.2017.1312274.

P.T. Sekoai, K.O. Yoro, M.O. Bodunrin, A.O. Ayeni, M.O. Daramola, Integrated
system approach to dark fermentative biohydrogen production for enhanced
yield, energy efficiency and substrate recovery, Rev. Environ. Sci. Bio/Technol.
17 (2018) 501-529, https://doi.org/10.1007/s11157-018-9474-1.

C. Fernandez-Dacosta, L. Shen, W. Schakel, A. Ramirez, G.J. Kramer, Potential
and challenges of low-carbon energy options: comparative assessment of
alternative fuels for the transport sector, Appl. Energy 236 (2019) 590-606,
https://doi.org/10.1016/j.apenergy.2018.11.055.

IEA, in: Technology Roadmap: Hydrogen and Fuel Cells, 2015. Paris, http
s://www.iea.org/publications/freepublications/publication/TechnologyRoa
dmapHydrogenandFuelCells.pdf.

E4tech, in: Progress Evident, but Vision Helps: the Fuel Cell Industry in, 2016,
2016, http://www.fuelcellindustryreview.com/archive/TheFuelCellIndustr
yReview2016.pdf.

1. Staffell, D. Scamman, A.V. Abad, P. Balcombe, P.E. Dodds, P. Ekins, N. Shah, K.
R. Ward, The role of hydrogen and fuel cells in the global energy system, Energy
Environ. Sci. 12 (2019) 463-491, https://doi.org/10.1039/c8ee01157e.

Y. Dou, L. Sun, J. Ren, L. Dong, in: A. Scipioni, A. Manzardo, J. Ren (Eds.),
Opportunities and Future Challenges in Hydrogen Economy for Sustainable
Development, Hydrog. Econ., Academic Press, 2017, pp. 277-305.

Zion Market Research, Global hydrogen market will reach USD 183.34 billion by
2023: zion market research. https://www.globenewswire.com/news-release/2
018/03/27/1453296/0/en/Global-Hydrogen-Market-Will-Reach-USD-183-34-
Billion-by-2023-Zion-Market-Research.html, 2018. (Accessed 9 August 2019).

S. Chiuta, N. Engelbrecht, G. Human, D.G. Bessarabov, Techno-economic
assessment of power-to-methane and power-to-syngas business models for
sustainable carbon dioxide utilization in coal-to-liquid facilities, J. COy Util. 16
(2016) 399411, https://doi.org/10.1016/.jcou.2016.10.001.

K.O. Yoro, M.K. Amosa, P.T. Sekoai, J. Mulopo, M.O. Daramola, Diffusion
mechanism and effect of mass transfer limitation during the adsorption of CO4 by
polyaspartamide in a packed-bed unit, Int. J. Sustain. Eng. (2019) 1-14, https://
doi.org/10.1080/19397038.2019.1592261.

K.O. Yoro, P.T. Sekoai, A.J. Isafiade, M.O. Daramola, A review on heat and mass
integration techniques for energy and material minimization during CO; capture,
Int. J. Energy Environ. Eng. 10 (2019) 367-387, https://doi.org/10.1007/
540095-019-0304-1.

P.T. Sekoai, A.O. Ayeni, M.O. Daramola, Parametric optimization of biohydrogen
production from potato waste and scale-up study using immobilized anaerobic
mixed sludge, Water. Biomass Valorization 10 (2019) 1177-1189, https://doi.
org/10.1007/512649-017-0136-2.

P.T. Sekoai, M.O. Daramola, Effect of metal ions on dark fermentative
biohydrogen production using suspended and immobilized cells of mixed
bacteria, Chem. Eng. Commun. 205 (2018) 1011-1022, https://doi.org/10.1080/
00986445.2018.1428958.

P.T. Sekoai, K.O. Yoro, M.O. Daramola, Batch fermentative biohydrogen
production process using immobilized anaerobic sludge from organic solid waste,
Environments 3 (2016) 1-10, https://doi.org/10.3390/environments3040038.

14

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Biomass and Bioenergy 140 (2020) 105673

P.T. Sekoai, E.B.G. Kana, Fermentative biohydrogen modelling and optimization
research in light of miniaturized parallel bioreactors, Biotechnol. Biotechnol.
Equip. 27 (2014) 3901-3908, https://doi.org/10.5504/BBEQ.2013.0046.

P.T. Sekoai, Modelling and optimization of operational setpoint parameters for
maximum fermentative biohydrogen production using box-behnken design,
Fermentation 2 (2016) 1-11, https://doi.org/10.3390/fermentation2030015.
P.T. Sekoai, K.O. Yoro, M.O. Daramola, Effect of nitrogen gas sparging on dark
fermentative biohydrogen production using suspended and immobilized cells of
anaerobic mixed bacteria from potato waste potato waste, Biofuels 9 (2018)
595-604, https://doi.org/10.1080/17597269.2018.1432275.

A. Nasar, R. Perveen, Applications of enzymatic biofuel cells in bioelectronic
devices-A review, Int. J. Hydrogen Energy 44 (2019) 15287-15312, https://doi.
0rg/10.1016/j.ijhydene.2019.04.182.

A. Pugazhendhi, G. Kumar, P. Sivagurunathan, Microbiome involved in anaerobic
hydrogen producing granules: a mini review, Biotechnol. Rep. 20 (2018), https://
doi.org/10.1016/j.btre.2018.e00301 e00301.

A. Adewuyi, Challenges and prospects of renewable energy in Nigeria: acase of
bioethanol and biodiesel production, Energy Rep. 6 (2020) 77-88, https://doi.
0rg/10.1016/j.egyr.2019.10.005.

D.-J. Lee, K.-Y. Show, A. Su, Dark fermentation on biohydrogen production : pure
culture, Bioresour. Technol. 102 (2011) 8393-8402, https://doi.org/10.1016/j.
biortech.2011.03.041.

P.T. Sekoai, E.B.G. Kana, Semi-pilot scale production of hydrogen from Organic
Fraction of Solid Municipal Waste and electricity generation from process
effluents, Biomass Bioenergy 60 (2013) 156-163, https://doi.org/10.1016/j.
biombioe.2013.11.008.

G. Kumar, P. Bakonyi, T. Kobayashi, K.-Q. Xu, P. Sivagurunathan, S.-H. Kim,

G. Buitrén, N. Nemest6thy, K. Bélafi-Bako, Enhancement of biofuel production
via microbial augmentation: the case of dark fermentative hydrogen, Renew.
Sustain. Energy Rev. 57 (2016) 879-891, https://doi.org/10.1016/j.
rser.2015.12.107.

P. Sivagurunathan, B. Sen, C.-Y. Lin, Batch fermentative hydrogen production by
enriched mixed culture: combination strategy and their microbial composition,
J. Biosci. Bioeng. 117 (2014) 222-228, https://doi.org/10.1016/j.
jbiosc.2013.07.015.

P. Sivagurunathan, G. Kumar, P. Bakonyi, S.-H. Kim, T. Kobayashi, K.Q. Xu,

G. Lakner, G. Téth, N. Nemest6thy, K. Bélafi-Bako, A critical review on issues and
overcoming strategies for the enhancement of dark fermentative hydrogen
production in continuous systems, Int. J. Hydrogen Energy 41 (2016) 3820-3836,
https://doi.org/10.1016/j.ijhydene.2015.12.081.

W.-M. Chen, Z.-J. Tseng, K.-S. Lee, J.-S. Chang, Fermentative hydrogen
production with Clostridium butyricum CGS5 isolated from anaerobic sewage
sludge, Int. J. Hydrogen Energy 30 (2005) 1063-1070, https://doi.org/10.1016/
j-ijhydene.2004.09.008.

G. Buitrén, C. Carvajal, Biohydrogen production from Tequila vinasses in an
anaerobic sequencing batch reactor: effect of initial substrate concentration,
temperature and hydraulic retention time, Bioresour. Technol. 101 (2010)
9071-9077, https://doi.org/10.1016/j.biortech.2010.06.127.

P. Bakonyi, N. Nemest6thy, K. Bélafi-Bakd, Biohydrogen purification by
membranes: an overview on the operational conditions affecting the performance
of non-porous , polymeric and ionic liquid based gas separation membranes, Int.
J. Hydrogen Energy 38 (2013) 9673-9687, https://doi.org/10.1016/j.
ijhydene.2013.05.158.

P. Bakonyi, N. Nemestothy, V. Simon, Fermentative hydrogen production in
anaerobic membrane bioreactors: a review, Bioresour. Technol. 156 (2014)
357-363, https://doi.org/10.1016/j.biortech.2014.01.079.

S. Ozmihci, F. Kargi, Comparison of different mixed cultures for bio-hydrogen
production from ground wheat starch by combined dark and light fermentation,
J. Ind. Microbiol. Biotechnol. 37 (2010) 341-347, https://doi.org/10.1007/
$10295-009-0679-8.

S. Wang, Z. Ma, T. Zhang, M. Bao, H. Su, Optimization and modeling of
biohydrogen production by mixed bacterial cultures from raw cassava starch,
Front. Chem. Sci. Eng. 11 (2017) 100-106, https://doi.org/10.1007/s11705-017-
1617-3.

S.S. Veeravalli, S.R. Shanmugam, S. Ray, J.A. Lalman, N. Biswas, Biohydrogen
production from renewable resources, in: M. Hosseini (Ed.), Adv. Bioprocess.
Altern. Fuels, Biobased Chem. Bioprod., Woodhead Publishing, 2019,

pp. 289-312, https://doi.org/10.1016/B978-0-12-817941-3.00015-2.

Y. Wong, T. Wu, T. Ling, P. Show, S. Lee, J. Chang, S. Ibrahim, J. Juan, Evaluating
new bio-hydrogen producers: Clostridium perfringens strain JJC, Clostridium
bifermentans strain WYM and Clostridium sp. strain Ade.TY. J. Biosci. Bioeng. 125
(2018) 590-598, https://doi.org/10.1016/j.jbiosc.2017.12.012.

S. Rittmann, C. Herwig, A comprehensive and quantitative review of dark
fermentative biohydrogen production, Microb. Cell Factories 11 (2012) 1-18,
https://doi.org/10.1186/1475-2859-11-115.

Y.K. Oh, S. Mohan Raj, G.Y. Jung, S. Park, Current status of the metabolic
engineering of microorganisms for biohydrogen production, Bioresour. Technol.
102 (2011) 8357-8367, https://doi.org/10.1016/j.biortech.2011.04.054.

K. Chandrasekhar, Y. Lee, D. Lee, Biohydrogen production: strategies to improve
process efficiency through microbial routes, Int. J. Mol. Sci. 16 (2015)
8266-8293, https://doi.org/10.3390/ijms16048266.

A. Mudhoo, T. Forster-Carneiro, A. Sanchez, Biohydrogen production and
bioprocess enhancement: a review, Crit. Rev. Biotechnol. 31 (2011) 250-263,
https://doi.org/10.3109/07388551.2010.525497.

S.V. Mohan, K. Chandrasekhar, P. Chiranjeevi, P.S. Babu, Biohydrogen
production from wastewater, in: A. Pandey, J.-S. Chang, P.C. Hallenbeck,


https://doi.org/10.3390/environments3030024
https://doi.org/10.1007/s40789-018-0224-3
https://doi.org/10.1016/j.scitotenv.2018.11.257
https://doi.org/10.1016/j.scitotenv.2018.11.257
https://doi.org/10.1016/j.rser.2015.10.008
https://doi.org/10.1016/j.rser.2015.10.008
https://doi.org/10.1080/23311916.2016.1167990
https://doi.org/10.1080/09593330.2013.822022
https://doi.org/10.1016/j.jece.2018.04.015
https://doi.org/10.1016/j.mset.2019.03.002
https://doi.org/10.1016/j.mset.2019.03.002
https://doi.org/10.1080/07388551.2017.1312274
https://doi.org/10.1080/07388551.2017.1312274
https://doi.org/10.1007/s11157-018-9474-1
https://doi.org/10.1016/j.apenergy.2018.11.055
https://www.iea.org/publications/freepublications/publication/TechnologyRoadmapHydrogenandFuelCells.pdf
https://www.iea.org/publications/freepublications/publication/TechnologyRoadmapHydrogenandFuelCells.pdf
https://www.iea.org/publications/freepublications/publication/TechnologyRoadmapHydrogenandFuelCells.pdf
http://www.fuelcellindustryreview.com/archive/TheFuelCellIndustryReview2016.pdf
http://www.fuelcellindustryreview.com/archive/TheFuelCellIndustryReview2016.pdf
https://doi.org/10.1039/c8ee01157e
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref15
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref15
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref15
https://www.globenewswire.com/news-release/2018/03/27/1453296/0/en/Global-Hydrogen-Market-Will-Reach-USD-183-34-Billion-by-2023-Zion-Market-Research.html
https://www.globenewswire.com/news-release/2018/03/27/1453296/0/en/Global-Hydrogen-Market-Will-Reach-USD-183-34-Billion-by-2023-Zion-Market-Research.html
https://www.globenewswire.com/news-release/2018/03/27/1453296/0/en/Global-Hydrogen-Market-Will-Reach-USD-183-34-Billion-by-2023-Zion-Market-Research.html
https://doi.org/10.1016/j.jcou.2016.10.001
https://doi.org/10.1080/19397038.2019.1592261
https://doi.org/10.1080/19397038.2019.1592261
https://doi.org/10.1007/s40095-019-0304-1
https://doi.org/10.1007/s40095-019-0304-1
https://doi.org/10.1007/s12649-017-0136-2
https://doi.org/10.1007/s12649-017-0136-2
https://doi.org/10.1080/00986445.2018.1428958
https://doi.org/10.1080/00986445.2018.1428958
https://doi.org/10.3390/environments3040038
https://doi.org/10.5504/BBEQ.2013.0046
https://doi.org/10.3390/fermentation2030015
https://doi.org/10.1080/17597269.2018.1432275
https://doi.org/10.1016/j.ijhydene.2019.04.182
https://doi.org/10.1016/j.ijhydene.2019.04.182
https://doi.org/10.1016/j.btre.2018.e00301
https://doi.org/10.1016/j.btre.2018.e00301
https://doi.org/10.1016/j.egyr.2019.10.005
https://doi.org/10.1016/j.egyr.2019.10.005
https://doi.org/10.1016/j.biortech.2011.03.041
https://doi.org/10.1016/j.biortech.2011.03.041
https://doi.org/10.1016/j.biombioe.2013.11.008
https://doi.org/10.1016/j.biombioe.2013.11.008
https://doi.org/10.1016/j.rser.2015.12.107
https://doi.org/10.1016/j.rser.2015.12.107
https://doi.org/10.1016/j.jbiosc.2013.07.015
https://doi.org/10.1016/j.jbiosc.2013.07.015
https://doi.org/10.1016/j.ijhydene.2015.12.081
https://doi.org/10.1016/j.ijhydene.2004.09.008
https://doi.org/10.1016/j.ijhydene.2004.09.008
https://doi.org/10.1016/j.biortech.2010.06.127
https://doi.org/10.1016/j.ijhydene.2013.05.158
https://doi.org/10.1016/j.ijhydene.2013.05.158
https://doi.org/10.1016/j.biortech.2014.01.079
https://doi.org/10.1007/s10295-009-0679-8
https://doi.org/10.1007/s10295-009-0679-8
https://doi.org/10.1007/s11705-017-1617-3
https://doi.org/10.1007/s11705-017-1617-3
https://doi.org/10.1016/B978-0-12-817941-3.00015-2
https://doi.org/10.1016/j.jbiosc.2017.12.012
https://doi.org/10.1186/1475-2859-11-115
https://doi.org/10.1016/j.biortech.2011.04.054
https://doi.org/10.3390/ijms16048266
https://doi.org/10.3109/07388551.2010.525497

P.T. Sekodai et al.

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

C. Larroche (Eds.), Biohydrogen, Elsevier B.V, 2013, pp. 223-257, https://doi.
org/10.1016/B978-0-444-59555-3.00010-6.

S. Khanal, W. Chen, L. Li, S. Sung, Biohydrogen production in continuous-flow
reactor using mixed microbial culture, Water Environ. Res. 78 (2006) 110-117.
D.T. Jones, D.R. Woods, Solvent production, in: Biotechnol. Handbooks
Clostridia, third ed., Plenum Press, NY, 1989, pp. 105-144, https://doi.org/
10.1007/978-1-4757-9718-3 4.

E.R. Stadtman, T.C. Stadtman, I. Pastan, L.D.S. Smith, Clostridium barkeri sp. n,
J. Bacteriol. 110 (1972) 758-760.

C.-S. Soo, W.-S. Yap, W.-M. Hon, N. Ramli, U.K.M. Shah, L.-Y. Phang, Co-
production of hydrogen and ethanol by Escherichia coli SS1 and its recombinant,
Electron, J. Biotechnol. 30 (2017) 64-70, https://doi.org/10.1016/j.
€jbt.2017.09.002.

A. Reungsang, S. Sittijunda, I. Angelidaki, Simultaneous production of hydrogen
and ethanol from waste glycerol by Enterobacter aerogenes KKU-S1, Int. J.
Hydrogen Energy 38 (2012) 1813-1825, https://doi.org/10.1016/j.
ijhydene.2012.11.062.

L. Cabrol, A. Marone, E. Tapia-Venegas, J. Steyer, G. Ruiz-Filippi, E. Trably,
Microbial ecology of fermentative hydrogen producing bioprocesses: useful
insights for driving the ecosystem function, FEMS Microbiol. Rev. 41 (2017)
158-181, https://doi.org/10.1093/femsre/fuw043.

N. Chaitanya, B.S. Kumar, V. Himabindu, M. Lakshminarasu, M. Vishwanadham,
Strategies for enhancement of bio-hydrogen production using mixed cultures
from starch effluent as substrate, Biofuels 9 (2018) 341-352, https://doi.org/
10.1080/17597269.2016.1271626.

N.P. Mthethwa, M. Nasr, S.L. Kiambi, F. Bux, S. Kumari, Biohydrogen
fermentation from Pistia stratiotes (aquatic weed) using mixed and pure bacterial
cultures, Int. J. Hydrogen Energy 44 (2019) 17720-17731, https://doi.org/
10.1016/j.ijhydene.2019.05.152.

1. Bravo, G. Lovato, J. Rodrigues, S. Ratusznei, M. Zaiat, Biohydrogen production
in an AnSBBR treating glycerin-based wastewater: effects of organic loading,
influent concentration, and cycle time, Appl. Biochem. Biotechnol. 175 (2015)
1892-1914, https://doi.org/10.1007/s12010-014-1421-1.

T.M.M. Preethi, J.R. Usman, M. Banu, G. Kumar Gunasekaran, Biohydrogen
production from industrial wastewater : an overview, Bioresour. Technol. Rep. 7
(2019) 100287-100296, https://doi.org/10.1016/j.biteb.2019.100287.

V.L. Pachapur, P. Kutty, P. Pachapur, S.K. Brar, Y. Le Bihan, R. Galvez-Cloutier,
G. Buelna, Seed pretreatment for increased hydrogen production using mixed-
culture systems with advantages over pure-culture systems, Energies 12 (2019)
530-555, https://doi.org/10.3390/en12030530.

L. Singh, Z.A. Wahid, Methods for enhancing bio-hydrogen production from
biological process: a review, J. Ind. Eng. Chem. 21 (2015) 70-80, https://doi.org/
10.1016/j.jiec.2014.05.035.

G. Kumar, A. Mudhoo, P. Sivagurunathan, D. Nagarajan, A. Ghimire, C.-H. Lay,
C.-Y. Lin, D.-Y. Lin, J.-S. Chang, Recent insights into the cell immobilization
technology applied for dark fermentative hydrogen production, Bioresour.
Technol. 219 (2016) 725-737, https://doi.org/10.1016/j.biortech.2016.08.065.
S. Wy, C. Lin, J. Chang, K. Lee, P. Lin, Microbial hydrogen production with
immobilized sewage sludge, Biotechnol. Prog. 18 (2002) 921-926, https://doi.
org/10.1021/bp0200548.

S. Wu, C. Lin, J. Chang, Hydrogen production with immobilized sewage sludge in
three-phase fluidized-bed bioreactors, Biotechnol. Prog. 19 (2003) 828-832,
https://doi.org/10.1021/bp0201354.

N.S. Jamali, N.F.D. Rashidi, J.M. Jahim, S. O-Thong, A. Jehlee, N.S. Engliman,
Thermophilic biohydrogen production from palm oil mill effluent: effect of
immobilized cells on granular activated carbon in fluidized bed reactor, Food
Bioprod. Process. 117 (2019) 231-240, https://doi.org/10.1016/j.
fbp.2019.07.012.

M. Vemmer, A. V Patel, Review of encapsulation methods suitable for microbial
biological control agents, Biol. Contr. 67 (2013) 380-389, https://doi.org/
10.1016/j.biocontrol.2013.09.003.

S. Rathore, P.M. Desai, C.V. Liew, L.W. Chan, P. Wan, S. Heng,
Microencapsulation of microbial cells, J. Food Eng. 116 (2013) 369-381, https://
doi.org/10.1016/j.jfoodeng.2012.12.022.

T. Keskin, L. Giusti, N. Azbar, Continuous biohydrogen production in
immobilized biofilm system versus suspended cell culture, Int. J. Hydrogen
Energy 37 (2012) 1418-1424, https://doi.org/10.1016/j.ijhydene.2011.10.013.
F. Boshagh, K. Rostami, N. Moazami, Biohydrogen production by immobilized
Enterobacter aerogenes on functionalized multi-walled carbon nanotube, Int. J.
Hydrogen Energy 44 (2019) 14395-14405, https://doi.org/10.1016/j.
ijhydene.2018.11.199.

U. Sampath, Y. Ching, C. Chuah, J. Sabariah, P. Lin, Fabrication of porous
materials from natural/synthetic biopolymers and their composites, Materials 9
(2016), https://doi.org/10.3390/ma9120991. E991-E1022.

Y.H. Tan, J.A. Davis, K. Fujikawa, N.V. Ganesh, A. Demchenko, K.J. Stine, Surface
area and pore size characteristics of nanoporous gold subjected to thermal,
mechanical, or surface modification studied using gas adsorption electron
microscopy, J. Mater. Chem. 22 (2012) 6733-6745, https://doi.org/10.1039/
c2jm16633;j.

Y. Kourkoutas, A. Bekatorou, 1. Banat, R. Marchant, A. Koutinas, Immobilization
technologies and support materials suitable in alcohol beverages production: a
review, Food Microbiol. 21 (2004) 377-397, https://doi.org/10.1016/j.
fm.2003.10.005.

C.-N. Lin, S.-Y. Wu, J.-S. Chang, Fermentative hydrogen production with a draft
tube fluidized bed reactor containing silicone-gel-immobilized anaerobic sludge,

15

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

Biomass and Bioenergy 140 (2020) 105673

Int. J. Hydrogen Energy 31 (2006) 2200-2210, https://doi.org/10.1016/].
ijhydene.2006.05.012.

V. Ivanova, P. Petrova, J. Hristov, Application in the ethanol fermentation of
immobilized yeast cells in matrix of alginate/magnetic nanoparticles, on
chitosan-magnetite microparticles and cellulose-coated magnetic nanoparticles,
Int. Rev. Chem. Eng. 3 (2011) 289-299.

P.Y. Yang, T. Cai, M.-L. Wang, Immobilized mixed microbial cells for wastewater
treatment, Biol. Waste 23 (1988) 295-312, https://doi.org/10.1016/0269-7483
(88)90017-1.

M. Kosseva, Immobilization of microbial cells in food fermentation processes,
Food Bioprocess Technol. 4 (2011) 1089-1118, https://doi.org/10.1007/s11947-
010-0435-0.

C. Zhang, X. Kang, N. Liang, A. Abdullah, Improvement of biohydrogen
production from dark fermentation by cocultures and activated carbon
immobilization, Energy Fuel. 31 (2017) 12217-12222, https://doi.org/10.1021/
acs.energyfuels.7b02035.

W. Han, D.N. Liu, Y.W. Shi, J.H. Tang, Y.F. Li, N.Q. Ren, Biohydrogen production
from food waste hydrolysate using continuous mixed immobilized sludge
reactors, Bioresour. Technol. 180 (2015) 54-58, https://doi.org/10.1016/j.
biortech.2014.12.067.

L. Zhao, G.-L. Cao, T. Sheng, H.-Y. Ren, A.-J. Wang, J. Zhang, Y.-J. Zhong, Bio-
immobilization of dark fermentative bacteria for enhancing continuous hydrogen
production from cornstalk hydrolysate, Bioresour. Technol. 243 (2017) 548-555,
https://doi.org/10.1016/j.biortech.2017.06.161.

J. Liu, W. Zhou, S. Fan, B. Qiu, Y. Wang, Z. Xiao, X. Tang, W. Wang, S. Jian,

Y. Qin, Coproduction of hydrogen and butanol by Clostridium acetobutylicum with
the biofilm immobilized on porous particulate carriers, Int. J. Hydrogen Energy
44 (2019) 11617-11624, https://doi.org/10.1016/].ijhydene.2019.03.099.

J.B. Veeramalini, I.A.E. Selvakumari, S. Park, J. Jayamuthunagai, B. Bharathiraja,
Continuous production of biohydrogen from brewery e ffl uent using co-culture of
mutated Rhodobacter M 19 and Enterobacter aerogenes, Bioresour. Technol. 286
(2019) 121402-121407, https://doi.org/10.1016/j.biortech.2019.121402.

P. Muri, R. Marinsek-Logar, A.P. Petar Djinovica, Influence of support materials
on continuous hydrogen production in anaerobic packed-bed reactor with
immobilized hydrogen producing bacteria at acidic conditions, Enzym. Microb.
Technol. 111 (2018) 87-96, https://doi.org/10.1016/j.enzmictec.2017.10.008.
N.S. Jamali, J.M. Jahim, W.N.R.W. Isahak, Biofilm formation on granular
activated carbon in xylose and glucose mixture for thermophilic biohydrogen
production, Int. J. Hydrogen Energy 41 (2016) 21617-21627, https://doi.org/
10.1016/j.ijhydene.2016.05.092.

P. Dessi, E. Porca, N.R. Waters, A.-M. Lakaniemi, G. Collins, P.N.L. Lens,
Thermophilic versus mesophilic dark fermentation in xylose-fed fluidised bed
reactors: biohydrogen production and active microbial community, Int. J.
Hydrogen Energy 43 (2018) 5473-5485, https://doi.org/10.1016/j.
ijhydene.2018.01.158.

A. Pugazhendhi, G. Kumar, P. Sivagurunathan, Microbiome involved in anaerobic
hydrogen producing granules: a mini review, Biotechnol. Rep. 20 (2019), 00301,
https://doi.org/10.1016/j.btre.2018.e00301.

A. Damayanti, Sarto, W.B. Sediawan, S. Syamsiah, Performance analysis of
immobilized and co-immobilized enriched-mixed culture for hydrogen
production, J. Mech. Eng. Sci. 12 (2018) 3515-3528, https://doi.org/10.15282/

jmes.12.1.2018.18.0312.

J. Penniston, E.B.G. Kana, Impact of medium pH regulation on biohydrogen
production in dark fermentation process using suspended and immobilized
microbial cells, Biotechnol. Biotechnol. Equip. 32 (2018) 204-212, https://doi.
org/10.1080/13102818.2017.1408430.

B. Kirli, I.K. Kapdan, Selection of microorganism immobilization particle for dark
fermentative biohydrogen production by repeated batch operation, Renew.
Energy 87 (2016) 697-702, https://doi.org/10.1016/j.renene.2015.11.003.

J. Prakash, R. Sharma, S.K.S. Patel, I.-W. Kim, V.C. Kalia, Bio-hydrogen
production by co-digestion of domestic wastewater and biodiesel industry
effluent, PloS One 13 (2018) 1-11, https://doi.org/10.1371/journal.
pone.0199059.

J. Prakash, R.K. Gupta, P. XX, V.C. Kalia, Bioprocessing of biodiesel industry
effluent by immobilized bacteria to produce value-added products, Appl.
Biochem. Biotechnol. 185 (2018) 179-190, https://doi.org/10.1007/s12010-
017-2637-7.

H. Nakatani, N. Ding, Y. Ohara, K. Hori, Inmobilization of Enterobacter aerogenes
by a trimeric autotransporter adhesin, AtaA, and its application to biohydrogen
production, Catalysts 8 (2018) 1-11, https://doi.org/10.3390/catal8040159.

S. Wang, Z. Ma, H. Su, Two-step continuous hydrogen production by immobilized
mixed culture on corn stalk, Renew. Energy 121 (2018) 230-235, https://doi.
org/10.1016/j.renene.2018.01.015.

P. Gokfiliz-Yildiz, I. Karapinar, Optimization of particle number, substrate
concentration and temperature of batch immobilized reactor system for
biohydrogen production by dark fermentation, Int. J. Hydrogen Energy 43 (2018)
10655-10665, https://doi.org/10.1016/j.ijhydene.2018.01.036.

J. Kercmar, A. Pintar, Support material dictates the attached biomass
characteristics during the immobilization process in anaerobic continuous-flow
packed-bed bioreactor, Anaerobe 48 (2017) 194-202, https://doi.org/10.1016/j.
anaerobe.2017.06.007.

N.S. Jamali, J.M. Jahim, S. O-Thong, A. Jehlee, Hydrodynamic characteristics and
model of fluidized bed reactor with immobilised cells on activated carbon for
biohydrogen production, Int. J. Hydrogen Energy 44 (2019) 9256-9271, https://
doi.org/10.1016/j.ijhydene.2019.02.116.


https://doi.org/10.1016/B978-0-444-59555-3.00010-6
https://doi.org/10.1016/B978-0-444-59555-3.00010-6
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref47
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref47
https://doi.org/10.1007/978-1-4757-9718-3_4
https://doi.org/10.1007/978-1-4757-9718-3_4
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref49
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref49
https://doi.org/10.1016/j.ejbt.2017.09.002
https://doi.org/10.1016/j.ejbt.2017.09.002
https://doi.org/10.1016/j.ijhydene.2012.11.062
https://doi.org/10.1016/j.ijhydene.2012.11.062
https://doi.org/10.1093/femsre/fuw043
https://doi.org/10.1080/17597269.2016.1271626
https://doi.org/10.1080/17597269.2016.1271626
https://doi.org/10.1016/j.ijhydene.2019.05.152
https://doi.org/10.1016/j.ijhydene.2019.05.152
https://doi.org/10.1007/s12010-014-1421-1
https://doi.org/10.1016/j.biteb.2019.100287
https://doi.org/10.3390/en12030530
https://doi.org/10.1016/j.jiec.2014.05.035
https://doi.org/10.1016/j.jiec.2014.05.035
https://doi.org/10.1016/j.biortech.2016.08.065
https://doi.org/10.1021/bp0200548
https://doi.org/10.1021/bp0200548
https://doi.org/10.1021/bp0201354
https://doi.org/10.1016/j.fbp.2019.07.012
https://doi.org/10.1016/j.fbp.2019.07.012
https://doi.org/10.1016/j.biocontrol.2013.09.003
https://doi.org/10.1016/j.biocontrol.2013.09.003
https://doi.org/10.1016/j.jfoodeng.2012.12.022
https://doi.org/10.1016/j.jfoodeng.2012.12.022
https://doi.org/10.1016/j.ijhydene.2011.10.013
https://doi.org/10.1016/j.ijhydene.2018.11.199
https://doi.org/10.1016/j.ijhydene.2018.11.199
https://doi.org/10.3390/ma9120991
https://doi.org/10.1039/c2jm16633j
https://doi.org/10.1039/c2jm16633j
https://doi.org/10.1016/j.fm.2003.10.005
https://doi.org/10.1016/j.fm.2003.10.005
https://doi.org/10.1016/j.ijhydene.2006.05.012
https://doi.org/10.1016/j.ijhydene.2006.05.012
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref71
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref71
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref71
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref71
https://doi.org/10.1016/0269-7483(88)90017-1
https://doi.org/10.1016/0269-7483(88)90017-1
https://doi.org/10.1007/s11947-010-0435-0
https://doi.org/10.1007/s11947-010-0435-0
https://doi.org/10.1021/acs.energyfuels.7b02035
https://doi.org/10.1021/acs.energyfuels.7b02035
https://doi.org/10.1016/j.biortech.2014.12.067
https://doi.org/10.1016/j.biortech.2014.12.067
https://doi.org/10.1016/j.biortech.2017.06.161
https://doi.org/10.1016/j.ijhydene.2019.03.099
https://doi.org/10.1016/j.biortech.2019.121402
https://doi.org/10.1016/j.enzmictec.2017.10.008
https://doi.org/10.1016/j.ijhydene.2016.05.092
https://doi.org/10.1016/j.ijhydene.2016.05.092
https://doi.org/10.1016/j.ijhydene.2018.01.158
https://doi.org/10.1016/j.ijhydene.2018.01.158
https://doi.org/10.1016/j.btre.2018.e00301
https://doi.org/10.15282/jmes.12.1.2018.18.0312
https://doi.org/10.15282/jmes.12.1.2018.18.0312
https://doi.org/10.1080/13102818.2017.1408430
https://doi.org/10.1080/13102818.2017.1408430
https://doi.org/10.1016/j.renene.2015.11.003
https://doi.org/10.1371/journal.pone.0199059
https://doi.org/10.1371/journal.pone.0199059
https://doi.org/10.1007/s12010-017-2637-7
https://doi.org/10.1007/s12010-017-2637-7
https://doi.org/10.3390/catal8040159
https://doi.org/10.1016/j.renene.2018.01.015
https://doi.org/10.1016/j.renene.2018.01.015
https://doi.org/10.1016/j.ijhydene.2018.01.036
https://doi.org/10.1016/j.anaerobe.2017.06.007
https://doi.org/10.1016/j.anaerobe.2017.06.007
https://doi.org/10.1016/j.ijhydene.2019.02.116
https://doi.org/10.1016/j.ijhydene.2019.02.116

P.T. Sekodai et al.

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

C.L. Andreani, D.G.B. Torres, L. Schultz, K.Q. de Carvalho, S.D. Gomes, Hydrogen
production from cassava processing wastewater in an anaerobic fixed bed reactor
with bamboo as a support material, Eng. Agricola 35 (2015) 578-587, https://
doi.org/10.1590/1809-4430-Eng.Agric.v35n3p578-587,/2015.

N.K.A. Jalil, U.A. Asli, H. Hashim, A.A. Jalil, A. Ahmad, A.K. Khamis,
Biohydrogen production from pineapple biomass residue using immobilized Co-
culture of Clostridium sporogenes and Enterobacter aerogenes, J. Energy Saf.
Technol. 1 (2018) 51-57, https://doi.org/10.11113/jest.vinl.8.

H. Sui, J. Dong, M. Wu, X. Li, R. Zhang, G. Wu, Continuous hydrogen production
by dark fermentation in a foam SiC ceramic packed up-flow anaerobic sludge
blanket reactor, Can. J. Chem. Eng. 95 (2017) 62-68, https://doi.org/10.1002/
cjce.22653.

K. Zhu, W.A. Arnold, J. Sakkos, C.W. Davis, P.J. Novak, Achieving high-rate
hydrogen recovery from wastewater using customizable alginate polymer gel
matrices encapsulating biomass, Environ. Sci. Water Res. Technol. 4 (2018)
1867-1876, https://doi.org/10.1039/c8ew00351c.

F. Boshagh, K. Rostami, N. Moazami, Immobilization of Enterobacter aerogenes on
carbon fiber and activated carbon to study hydrogen production enhancement,
Biochem. Eng. J. 144 (2019) 64-72, https://doi.org/10.1016/j.bej.2019.01.014.
J. Cheng, H. Li, J. Zhang, L. Ding, Q. Ye, R. Lin, Enhanced dark hydrogen
fermentation of Enterobacter aerogenes/HoxEFUYH with carbon cloth, Int. J.
Hydrogen Energy 44 (2018) 3560-3568, https://doi.org/10.1016/].
ijhydene.2018.12.080.

A. Pugazhendhi, S. Shobana, D.D. Nguyen, J.R. Banu, P. Sivagurunathan, S.

W. Chang, V.K. Ponnusamy, G. Kumar, Application of nanotechnology
(nanoparticles) in dark fermentative hydrogen production, Int. J. Hydrogen
Energy 44 (2018) 1431-1440, https://doi.org/10.1016/].ijhydene.2018.11.114.
G. Kumar, T. Mathimani, E.R. Rene, A. Pugazhendhi, Application of
nanotechnology in dark fermentation for enhanced biohydrogen production using
inorganic nanoparticles, Int. J. Hydrogen Energy 44 (2019) 13106-13113,
https://doi.org/10.1016/j.ijhydene.2019.03.131.

S.K.S. Patel, J.-K. Lee, V.C. Kalia, Nanoparticles in biological hydrogen
production: an overview, Indian J. Microbiol. 58 (2018) 8-18, https://doi.org/
10.1007/s12088-017-0678-9.

N. Srivastava, M. Srivastava, B.D. Malhotra, V.K. Gupta, P.W. Ramteke, R.

N. Silva, P. Shukla, K.K. Dubey, P.K. Mishra, Nanoengineered cellulosic
biohydrogen production via dark fermentation : a novel approach, Biotechnol.
Adv. (2019) 107384, https://doi.org/10.1016/j.biotechadv.2019.04.006.

H. Mao, K. Roy, V. Troung-Le, K. Janes, K. Lin, Y. Wang, J. August, K. Leong,
Chitosan-DNA nanoparticles as gene carriers: synthesis, characterization and
transfection efficiency, J. Contr. Release 70 (2001) 399-421, https://doi.org/
10.1016/S0168-3659(00)00361-8.

J.B. Haun, T. Yoon, H. Lee, R. Weissleder, Magnetic nanoparticle biosensors,
Nanomed. Nanobiotechnol. 2 (2010) 291-304, https://doi.org/10.1002/
wnan.84.

E. Eroglu, P.K. Eggers, M. Winslade, S. Smith, C.L. Raston, Enhanced
accumulation of microalgal pigments using metal nanoparticle solutions as light
filtering devices, Green Chem. 15 (2013) 3155-3159, https://doi.org/10.1039/
c3gc41291a.

A K. Hussein, Applications of nanotechnology in renewable energies-A
comprehensive overview and understanding, Renew. Sustain. Energy Rev. 42
(2015) 460-476, https://doi.org/10.1016/j.rser.2014.10.027.

A.W. Skeffington, A. Scheffel, Exploiting algal mineralization for nanotechnology:
bringing coccoliths to the fore, Curr. Opin. Biotechnol. 49 (2018) 57-63, https://
doi.org/10.1016/j.copbio.2017.07.013.

M. Rai, S.S. da Silva (Eds.), Nanotechnology for Bioenergy and Biofuel
Production, Springer, 2017, https://doi.org/10.1007/978-3-319-45459-7.

F. von der Kammer, S. Legros, E.H. Larsen, K. Loeschner, T. Hofmann, Separation
and characterization of nanoparticles in complex food and environmental samples
by field-flow fractionation, Trends Anal. Chem. 30 (2011) 425-436, https://doi.
org/10.1016/j.trac.2010.11.012.

G. Sharma, A. Kumar, S. Sharma, M. Naushad, R. Prakash, Z.A. Alothman,

G. Tessema, Novel development of nanoparticles to bimetallic nanoparticles and
their composites: a review, J. King Saud Univ. Sci. 31 (2019) 257-269, https://
doi.org/10.1016/j.jksus.2017.06.012.

P. Khanna, A. Kaur, D. Goyal, Algae-based metallic nanoparticles: synthesis,
characterization and applications, J. Microbiol. Methods 163 (2019), 105656,
https://doi.org/10.1016/j.mimet.2019.105656.

W. Zhao, Y. Zhang, B. Du, D. Wei, Q. Wei, Y. Zhao, Enhancement effect of silver
nanoparticles on fermentative biohydrogen production using mixed bacteria,
Bioresour. Technol. 142 (2013) 240-245, https://doi.org/10.1016/j.
biortech.2013.05.042.

G. Yang, J. Wang, Improving mechanisms of biohydrogen production from grass
using zero-valent iron nanoparticles, Bioresour. Technol. 266 (2018) 413-420,
https://doi.org/10.1016/j.biortech.2018.07.004.

Y. Zhang, J. Shen, Enhancement effect of gold nanoparticles on biohydrogen
production from artificial wastewater, Int. J. Hydrogen Energy 32 (2007) 17-23,
https://doi.org/10.1016/j.ijhydene.2006.06.004.

S. Mohanraj, K. Anbalagan, S. Kodhaiyolii, 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. 192 (2014) 87-95, https://doi.org/10.1016/j.jbiotec.2014.10.012.
W. Zhao, J. Zhao, G.D. Chen, R. Feng, J. Yang, Y.F. Zhao, Q. Wei, B. Du, Y.

F. Zhang, Anaerobic biohydrogen production by the mixed culture with
mesoporous Fe3O4 nanoparticles activation, Adv. Mater. Res. 306-307 (2011)
1528-1531. https://doi.org/10.4028/www.scientific.net/AMR.306-307.1528.

16

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

Biomass and Bioenergy 140 (2020) 105673

A. Elreedy, E. Ibrahim, N. Hassan, A. El-Dissouky, M. Fujii, C. Yoshimura,

A. Tawfik, Nickel-graphene nanocomposite as a novel supplement for
enhancement of biohydrogen production from industrial wastewater containing
mono-ethylene glycol, Energy Convers. Manag. 140 (2017) 133-144, https://doi.
org/10.1016/j.enconman.2017.02.080.

B.F. da Silva, S. Perez, P. Gardinalli, R.K. Singhal, A.A. Mozeto, D. Barcelo,
Analytical chemistry of metallic nanoparticles in natural environments, Trends
Anal. Chem. 30 (2011) 528-540, https://doi.org/10.1016/j.trac.2011.01.008.
A. Schrofel, G. Kratosova, I. Safarik, M. Safarikova, I. Raska, L.M. Shor,
Applications of biosynthesized metallic nanoparticles — a review, Acta Biomater.
10 (2014) 4023-4042, https://doi.org/10.1016/j.actbio.2014.05.022.

V.V. Mody, R. Siwale, A. Singh, H.R. Mody, Introduction to metallic
nanoparticles, J. Pharm. BioAllied Sci. 2 (2010) 282-289, https://doi.org/
10.4103/0975-7406.72127.

S. Majedi, H.K. Lee, Recent advances in the separation and quantification of
metallic nanoparticles and ions in the environment, Trends Anal. Chem. 75
(2016) 183-196, https://doi.org/10.1016/].trac.2015.08.009.

R. Singla, A. Guliani, A. Kumari, S.K. Yadav, Metallic nanoparticles, toxicity issues
and applications in medicine, in: S.K. Yadav (Ed.), Nanoscale Mater. Target. Drug
Deliv. Theragnosis Tissue Regen., Springer Singapore, 2016, pp. 41-80, https://
doi.org/10.1007/978-981-10-0818-4_3.

K. Sapsford, W. Algar, L. Berti, K. Gemmill, B. Casey, E. Oh, M. Stewart,

1. Medintz, Functionalizing nanoparticles with biological molecules: developing
chemistries that facilitate nanotechnology, Chem. Rev. 113 (2013) 1904-2074,
https://doi.org/10.1021/cr300143v.

M.M. Khan, J. Lee, M.H. Cho, Electrochemically active biofilm mediated bio-
hydrogen production catalyzed by positively charged gold nanoparticles, Int. J.
Hydrogen Energy 38 (2013) 5243-5250, https://doi.org/10.1016/j.
ijhydene.2013.02.080.

S. Mohanraj, K. Anbalagan, P. Rajaguru, V. Pugalenthi, Effects of phytogenic
copper nanoparticles on fermentative hydrogen production by Enterobacter
cloacae and Clostridium acetobutylicum, Int. J. Hydrogen Energy 41 (2016)
10639-10645, https://doi.org/10.1016/j.ijhydene.2016.04.197.

M. Taherdanak, H. Zilouei, K. Karimi, The effects of Fe and Ni® nanoparticles
versus Fe?* and Ni%* ions on dark hydrogen fermentation, Int. J. Hydrogen
Energy 41 (2015) 167-173, https://doi.org/10.1016/j.ijhydene.2015.11.110.

S. Kodhaiyolii, S. Mohanraj, M. Rengasamy, V. Pugalenthi, Phytofabrication of
bimetallic Co-Ni nanoparticles using Boerhavia diffusa leaf extract: analysis of
phytocompounds and application for simultaneous production of biohydrogen
and bioethanol, Mater. Res. Express 6 (2019), 095051, https://doi.org/10.1088/
2053-1591/ab2ea8.

1. Pecorini, F. Baldi, R. Iannelli, Biochemical hydrogen potential tests using
different inocula, Sustainability 11 (2019) 622-638, https://doi.org/10.3390/
sul1030622.

R. Lukajtis, I. Hotowacz, K. Kucharska, Glinka, P. Rybarczyk, A. Przyjazny,

M. Kaminski, Hydrogen production from biomass using dark fermentation,
Renew. Sustain. Energy Rev. 91 (2018) 665-694, https://doi.org/10.1016/j.
rser.2018.04.043.

P.C. Hallenbeck, D. Ghosh, Advances in fermentative biohydrogen production:
the way forward? Trends Biotechnol. 27 (2009) 287-297, https://doi.org/
10.1016/j.tibtech.2009.02.004.

S. Kalathil, J. Lee, M.H. Cho, Gold nanoparticles produced in situ mediate
bioelectricity and hydrogen production in a microbial fuel cell by quantized
capacitance charging, ChemSusChem 6 (2013) 246-250, https://doi.org/
10.1002/cssc.201200747.

N. Beyth, Y. Houri-Haddad, A. Domb, W. Khan, R. Hazan, Alternative
antimicrobial approach: nano-antimicrobial materials, Evidence-Based
Complement, Alternative Med. (2015) 1-16, https://doi.org/10.1155/2015/
246012, 2015.

G. Qiu, K. Wirianto, Y. Sun, Y.-P. Ting, Effect of silver nanoparticles on system
performance and microbial community dynamics in a sequencing batch reactor,
J. Clean. Prod. 130 (2016) 137-142, https://doi.org/10.1016/j.
jclepro.2015.10.051.

S.H. Lee, B.-H. Jun, Silver nanoparticles: synthesis and application for
nanomedicine, Int. J. Mol. Sci. 20 (2019) 1-24, https://doi.org/10.3390/
ijms20040865.

P. Kuppusamy, M.M. Yusoff, G.P. Maniam, N. Govindan, Biosynthesis of metallic
nanoparticles using plant derivatives and their new avenues in pharmacological
applications — an updated report, Saudi Pharmaceut. J. 24 (2016) 473-484,
https://doi.org/10.1016/j.jsps.2014.11.013.

M.M.H. Khalil, E.H. Ismail, K.Z. El-Baghdady, D. Mohamed, Green synthesis of
silver nanoparticles using olive leaf extract and its antibacterial activity, Arab. J.
Chem. 7 (2014) 1131-1139, https://doi.org/10.1016/j.arabjc.2013.04.007.

P. Logeswari, S. Silambarasan, J. Abraham, Synthesis of silver nanoparticles using
plants extract and analysis of their antimicrobial property, J. Saudi Chem. Soc. 19
(2015) 311-317, https://doi.org/10.1016/j.jscs.2012.04.007.

T. Wang, D. Zhang, L. Dai, Y. Chen, X. Dai, Effects of metal nanoparticles on
methane production from waste-activated sludge and microorganism community
shift in anaerobic granular sludge, Nat. Sci. Rep. 6 (2016) 25857-25866, https://
doi.org/10.1038/srep25857.

L. Beckers, S. Hiligsmann, S.D. Lambert, B. Heinrichs, P. Thonart, Improving
effect of metal and oxide nanoparticles encapsulated in porous silica on
fermentative biohydrogen production by Clostridium butyricum, Bioresour.
Technol. 133 (2013) 109-117, https://doi.org/10.1016/j.biortech.2012.12.168.
M. Tiwari, P. Jain, R.C. Hariharapura, K. Narayanan, B. Udaya, N. Udapa, J. Rao,
Biosynthesis of copper nanoparticles using copper-resistant Bacillus cereus, a soil


https://doi.org/10.1590/1809-4430-Eng.Agric.v35n3p578-587/2015
https://doi.org/10.1590/1809-4430-Eng.Agric.v35n3p578-587/2015
https://doi.org/10.11113/jest.v1n1.8
https://doi.org/10.1002/cjce.22653
https://doi.org/10.1002/cjce.22653
https://doi.org/10.1039/c8ew00351c
https://doi.org/10.1016/j.bej.2019.01.014
https://doi.org/10.1016/j.ijhydene.2018.12.080
https://doi.org/10.1016/j.ijhydene.2018.12.080
https://doi.org/10.1016/j.ijhydene.2018.11.114
https://doi.org/10.1016/j.ijhydene.2019.03.131
https://doi.org/10.1007/s12088-017-0678-9
https://doi.org/10.1007/s12088-017-0678-9
https://doi.org/10.1016/j.biotechadv.2019.04.006
https://doi.org/10.1016/S0168-3659(00)00361-8
https://doi.org/10.1016/S0168-3659(00)00361-8
https://doi.org/10.1002/wnan.84
https://doi.org/10.1002/wnan.84
https://doi.org/10.1039/c3gc41291a
https://doi.org/10.1039/c3gc41291a
https://doi.org/10.1016/j.rser.2014.10.027
https://doi.org/10.1016/j.copbio.2017.07.013
https://doi.org/10.1016/j.copbio.2017.07.013
https://doi.org/10.1007/978-3-319-45459-7
https://doi.org/10.1016/j.trac.2010.11.012
https://doi.org/10.1016/j.trac.2010.11.012
https://doi.org/10.1016/j.jksus.2017.06.012
https://doi.org/10.1016/j.jksus.2017.06.012
https://doi.org/10.1016/j.mimet.2019.105656
https://doi.org/10.1016/j.biortech.2013.05.042
https://doi.org/10.1016/j.biortech.2013.05.042
https://doi.org/10.1016/j.biortech.2018.07.004
https://doi.org/10.1016/j.ijhydene.2006.06.004
https://doi.org/10.1016/j.jbiotec.2014.10.012
https://doi.org/10.4028/www.scientific.net/AMR.306-307.1528
https://doi.org/10.1016/j.enconman.2017.02.080
https://doi.org/10.1016/j.enconman.2017.02.080
https://doi.org/10.1016/j.trac.2011.01.008
https://doi.org/10.1016/j.actbio.2014.05.022
https://doi.org/10.4103/0975-7406.72127
https://doi.org/10.4103/0975-7406.72127
https://doi.org/10.1016/j.trac.2015.08.009
https://doi.org/10.1007/978-981-10-0818-4_3
https://doi.org/10.1007/978-981-10-0818-4_3
https://doi.org/10.1021/cr300143v
https://doi.org/10.1016/j.ijhydene.2013.02.080
https://doi.org/10.1016/j.ijhydene.2013.02.080
https://doi.org/10.1016/j.ijhydene.2016.04.197
https://doi.org/10.1016/j.ijhydene.2015.11.110
https://doi.org/10.1088/2053-1591/ab2ea8
https://doi.org/10.1088/2053-1591/ab2ea8
https://doi.org/10.3390/su11030622
https://doi.org/10.3390/su11030622
https://doi.org/10.1016/j.rser.2018.04.043
https://doi.org/10.1016/j.rser.2018.04.043
https://doi.org/10.1016/j.tibtech.2009.02.004
https://doi.org/10.1016/j.tibtech.2009.02.004
https://doi.org/10.1002/cssc.201200747
https://doi.org/10.1002/cssc.201200747
https://doi.org/10.1155/2015/246012
https://doi.org/10.1155/2015/246012
https://doi.org/10.1016/j.jclepro.2015.10.051
https://doi.org/10.1016/j.jclepro.2015.10.051
https://doi.org/10.3390/ijms20040865
https://doi.org/10.3390/ijms20040865
https://doi.org/10.1016/j.jsps.2014.11.013
https://doi.org/10.1016/j.arabjc.2013.04.007
https://doi.org/10.1016/j.jscs.2012.04.007
https://doi.org/10.1038/srep25857
https://doi.org/10.1038/srep25857
https://doi.org/10.1016/j.biortech.2012.12.168

P.T. Sekoai et al.

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]
[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

isolate, Process Biochem. 51 (2016) 1348-1356, https://doi.org/10.1016/j.
procbio.2016.08.008.

P. Mullai, M.K. Yogeswari, K. Sridevi, Optimisation and enhancement of
biohydrogen production using nickel nanoparticles — a novel approach, Bioresour.
Technol. 141 (2013) 212-219, https://doi.org/10.1016/].biortech.2013.03.082.
Y. Sun, G. Yang, J. Zhang, C. Wen, Z. Sun, Optimization and kinetic modeling of
an enhanced bio-hydrogen fermentation with the addition of synergistic biochar
and nickel nanoparticle, Int. J. Energy Res. 43 (2019) 983-999, https://doi.org/
10.1002/er.4342.

X. Gémez, W. Meredith, C. Fernandez, M. Sanchez-garcia, R. Diez-Antolinez,

J. Garzén-Santos, C.E. Snape, Evaluating the effect of biochar addition on the
anaerobic digestion of swine manure: application of Py-GC/MS, Environ. Sci.
Pollut. Res. 25 (2018) 25600-25611, https://doi.org/10.1007/s11356-018-2644-
4.

M. Taherdanak, H. Zilouei, K. Karimi, Investigating the effects of iron and nickel
nanoparticles on dark hydrogen fermentation from starch using central composite
design, Int. J. Hydrogen Energy 40 (2015) 12956-12963, https://doi.org/
10.1016/j.ijhydene.2015.08.004.

A. Ali, R.B. Mahar, R.A. Soomro, S.T.H. Sherazi, Fe304 nanoparticles facilitated
anaerobic digestion of organic fraction of municipal solid waste for enhancement
of methane production, Energy Sources, Part A Recover, Util. Environ. Eff. 39
(2017) 1815-1822, https://doi.org/10.1080/15567036.2017.1384866.

L. Vi, A. Salakkam, A. Reungsang, Optimization of key factors affecting bio-
hydrogen production from sweet potato starch, Energy Procedia 138 (2017)
973-978, https://doi.org/10.1016/j.egypro.2017.10.092.

J.M. George, A. Antony, B. Mathew, Metal oxide nanoparticles in electrochemical
sensing and biosensing: a review, Microchim. Acta. 185 (2018) 358-383, https://
doi.org/10.1007/500604-018-2894-3.

A. Rastogi, M. Zivcak, O. Sytar, H.M. Kalaji, X. He, S. Mbarki, M. Brestic, Impact
of metal and metal oxide nanoparticles on plant: a critical review, Front. Chem. 5
(2017) 1-16, https://doi.org/10.3389/fchem.2017.00078.

M. Fernandez-Garcia, J.A. Rodriguez, Metal oxide nanoparticles. https://www.bn
l.gov/isd/documents/41042.pdf, 2007.

Y. Yang, C. Zhang, Z. Hu, Impact of metallic and metal oxide nanoparticles on
wastewater treatment and anaerobic digestion, Environ. Sci. Process. Impacts. 15
(2013) 39-48, https://doi.org/10.1039/c2em30655g.

Z.L. Wang, Nanostructures of zinc oxide, Mater. Today 7 (2004) 26-33, https://
doi.org/10.1016/51369-7021(04)00286-X.

Z.L. Wang, J. Song, Piezoelectric nanogenerators based on zinc oxide nanowire
arrays, Science 312 (2006) 242-247, https://doi.org/10.1126/science.1124005.
B. Zada, T. Mahmood, S.A. Malik, Zaheer-ud-din, Effect of zinc oxide
nanoparticles on hyacinth’s fermentation, Int. J. Enhanc. Res. Sci. Technol. Eng. 3
(2014) 78-92.

Y. Zhao, Y. Chen, Nano-TiO; enhanced photofermentative hydrogen produced
from the dark fermentation liquid of waste activated sludge, Environ. Sci.
Technol. 45 (2011) 8589-8595, https://doi.org/10.1021/es2016186.

A. Elreedy, M. Fujii, M. Koyama, K. Nakasaki, A. Tawfik, Enhanced fermentative
hydrogen production from industrial wastewater using mixed culture bacteria
incorporated with iron, nickel, and zinc-based nanoparticles, Water Res. 151
(2019) 349-361, https://doi.org/10.1016/j.watres.2018.12.043.

P.H. Hsieh, Y.-C. Lai, K.-Y. Chen, C.-H. Hung, Explore the possible effect of TiO,
and magnetic hematite nanoparticle addition on biohydrogen production by
Clostridium pasteurianum based on gene expression measurements, Int. J.
Hydrogen Energy 41 (2016) 21685-21691, https://doi.org/10.1016/j.
ijhydene.2016.06.197.

N.S. Engliman, P.M. Abdul, S.-Y. Wu, J.M. Jahim, Influence of iron (II) oxide
nanoparticle on biohydrogen production in thermophilic mixed fermentation, Int.
J. Hydrogen Energy 42 (2017) 27482-27493, https://doi.org/10.1016/j.
ijhydene.2017.05.224.

M. Hussain, N. Abbas, D. Fino, N. Russo, Novel mesoporous silica supported ZnO
adsorbents for the desulphurization of biogas at low temperatures, Chem. Eng. J.
188 (2012) 222-232, https://doi.org/10.1016/j.cej.2012.02.034.

Y. Belmabkhout, G. De Weireld, A. Sayari, Amine-bearing mesoporous silica for
CO- and H,S removal from natural gas and biogas, Langmuir 25 (2009)
13275-13278, https://doi.org/10.1021/1a903238y.

H. Baniamerian, P.G. Isfahani, P. Tsapekos, M. Alvarado-Morales, M. Shahrokhi,
M. Vossoughi, I. Angelidaki, Application of nano-structured materials in
anaerobic digestion: current status and perspectives, Chemosphere 229 (2019)
188-199, https://doi.org/10.1016/j.chemosphere.2019.04.193.

R. Narayan, U.Y. Nayak, A.M. Raichur, S. Garg, Mesoporous silica nanoparticles: a
comprehensive review on synthesis and recent advances, Pharmaceutics 10
(2018) 118-166, https://doi.org/10.3390/pharmaceutics10030118.

1. V Yentekakis, G. Goula, Biogas management: advanced utilization for
production of renewable energy and added-value chemicals, Front. Environ. Sci. 5
(2017) 1-18, https://doi.org/10.3389/fenvs.2017.00007.

S. Venkata Mohan, G. Mohanakrishna, S. Sreevardhan Reddy, B. David Raju, K.
S. Rama Rao, P.N. Sarma, Self-immobilization of acidogenic mixed consortia on
mesoporous material (SBA-15) and activated carbon to enhance fermentative
hydrogen production, Int. J. Hydrogen Energy 33 (2008) 6133-6142, https://doi.
0rg/10.1016/j.ijhydene.2008.07.096.

K. Seifert, K. Dyba, K. Géra-Marek, M. Stodolny, R. Zagrodnik, M. Laniecki,
Fermentative production of hydrogen in presence of modified mesoporous silica
SBA-15, Int. J. Hydrogen Energy 41 (2016) 19367-19372, https://doi.org/
10.1016/j.ijhydene.2016.05.112.

17

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

Biomass and Bioenergy 140 (2020) 105673

R. Sahay, V.J. Reddy, S. Ramakrishna, Synthesis and applications of
multifunctional composite nanomaterials, Int. J. Mech. Mater. Eng. 9 (2014)
1-13, https://doi.org/10.1186/s40712-014-0025-4.

Y. Zhang, F. Lu, K.G. Yager, D. van der Lelie, O. Gang, A general strategy for the
DNA-mediated self-assembly of functional nanoparticles into heterogeneous
systems, Nat. Nanotechnol. 8 (2013) 865-872, doi:nnano.2013.209.

A. Gadhe, S.S. Sonawane, M.N. Varma, Enhancement effect of hematite and nickel
nanoparticles on biohydrogen production from dairy wastewater, Int. J.
Hydrogen Energy 40 (2015) 4502-4511, https://doi.org/10.1016/j.
ijhydene.2015.02.046.

Y. Feng, G.H. Li, H.Y. Mei, L.S. Zhang, The effect of magnesium ions on the
hydrogen-producing bacteria in the water during the ecological restoration
process, Prog. Environ. Sci. Eng. 610-613 (2013) 264-267. https://doi.org/10.
4028/www.scientific.net/AMR.610-613.264.

M.F. Ryan, The role of magnesium in clinical biochemistry: an overview, Ann.
Clin. Biochem. 28 (1991) 19-26, https://doi.org/10.1177/
000456329102800103.

W. Jahnen-Dechent, M. Ketteler, Magnesium basics, Clin. Kindey J. 5 (2012),
https://doi.org/10.1093/ndtplus/sfr163 i3-i14.

N.A. Lutpi, W.Y. Shian, T. Nuraiti, T. Izhar, N.A. Zainol, Y.W. Kiong, The influence
of calcium supplementation on immobilised mixed microflora for biohydrogen
production, AIP Conf. Proc. 1835 (2017) 1-5, https://doi.org/10.1063/
1.4981858.

F. Chang, C. Lin, Calcium effect on fermentative hydrogen production in
anaerobic up-flow sludge blanket system, Water Sci. Technol. 54 (2006) 105-112,
https://doi.org/10.2166/wst.2006.867.

D. Nath, A.K. Manhar, K. Gupta, D. Saikia, S.K. Das, M. Mandal, Phytosynthesized
iron nanoparticles: effects on fermentative hydrogen production by Enterobacter
cloacae DH-89, Bull. Mater. Sci. 38 (2015) 1533-1538, https://doi.org/10.1007/
512034-015-0974-0.

L. Zhang, L. Zhang, D. Li, Enhanced dark fermentative hydrogen production by
zero-valent iron activated carbon micro-electrolysis, Int. J. Hydrogen Energy 40
(2015) 12201-12208, https://doi.org/10.1016/j.ijhydene.2015.07.106.

B. Zada, T. Mahmood, S. Malik, Effect of iron nanoparticles on hyacinth’s
fermentation, Intermt. J. Sci. 2 (2013) 106-121.

L. Yu, W. Jiang, Y. Yu, C. Sun, Effects of dilution ratio and Fe dosing on
biohydrogen production from dewatered sludge by hydrothermal pretreatment,
Environ. Technol. 35 (2014) 3092-3104, https://doi.org/10.1080/
09593330.2014.931469.

S. Dolly, A. Pandey, B.K. Pandey, 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 40 (2015) 16010-16020, https://doi.org/10.1016/j.
ijhydene.2015.09.089.

G. Yang, J. Wang, Synergistic enhancement of biohydrogen production from grass
fermentation using biochar combined with zero-valent iron nanoparticles, Fuel
251 (2019) 420-427, https://doi.org/10.1016/j.fuel.2019.04.059.

K. Reddy, M. Nasr, S. Kumari, S. Kumar, S.K. Gupta, A.M. Enitan, F. Bux,
Biohydrogen production from sugarcane bagasse hydrolysate: effects of pH, S/X,
Fe?, and magnetite nanoparticles, Environ. Sci. Pollut. Res. 24 (2017) 8790-8804,
https://doi.org/10.1007/s11356-017-8560-1.

A. Gadhe, S.S. Sonawane, 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 40 (2015)
10734-10743, https://doi.org/10.1016/].ijhydene.2015.05.198.

P. Mishra, S. Thakur, D.M. Mahapatra, Z.A. Wahid, H. Liu, L. Singh, Impacts of
nano-metal oxides on hydrogen production in anaerobic digestion of palm oil mill
effluent - a novel approach, Int. J. Hydrogen Energy 43 (2017) 2666-2676,
https://doi.org/10.1016/j.ijhydene.2017.12.108.

S. Mohanraj, S. Kodhaiyolii, M. Rengasamy, V. Pugalenthi, Green synthesized iron
oxide nanoparticles effect on fermentative hydrogen production by Clostridium
acetobutylicum, Appl. Biochem. Biotechnol. 173 (2014) 318-331, https://doi.org/
10.1007/512010-014-0843-0.

R. Lin, J. Cheng, L. Ding, W. Song, M. Liu, J. Zhou, K. Cen, Enhanced dark
hydrogen fermentation by addition of ferric oxide nanoparticles using
Enterobacter aerogenes, Bioresour. Technol. 207 (2016) 213-219, https://doi.org/
10.1016/j.biortech.2016.02.009.

S. Mohanraj, S. Kodhaiyolii, M. Rengasamy, 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 39 (2014) 11920-11929, https://doi.org/10.1016/j.
ijhydene.2014.06.027.

H. Han, M. Cui, L. Wei, H. Yang, J. Shen, Enhancement effect of hematite
nanoparticles on fermentative hydrogen production, Bioresour. Technol. 102
(2011) 7903-7909, https://doi.org/10.1016/j.biortech.2011.05.089.

M. Nasr, A. Tawfik, S. Ookawara, M. Suzuki, S. Kumari, F. Bux, Continuous
biohydrogen production from starch wastewater via sequential dark-photo
fermentation with emphasize on maghemite nanoparticles, J. Ind. Eng. Chem. 21
(2015) 500-506, https://doi.org/10.1016/j.jiec.2014.03.011.

J. Zhang, C. Fan, H. Zhang, Z. Wang, J. Zhang, M. Song, Ferric oxide/carbon
nanoparticles enhanced bio-hydrogen production from glucose, Int. J. Hydrogen
Energy 43 (2018) 8729-8738, https://doi.org/10.1016/j.ijhydene.2018.03.143.
A.H. Salem, T. Mietzel, R. Brunstermann, R. Widmann, Effect of cell
immobilization, hematite nanoparticles and formation of hydrogen-producing
granules on biohydrogen production from sucrose wastewater, Int. J. Hydrogen


https://doi.org/10.1016/j.procbio.2016.08.008
https://doi.org/10.1016/j.procbio.2016.08.008
https://doi.org/10.1016/j.biortech.2013.03.082
https://doi.org/10.1002/er.4342
https://doi.org/10.1002/er.4342
https://doi.org/10.1007/s11356-018-2644-4
https://doi.org/10.1007/s11356-018-2644-4
https://doi.org/10.1016/j.ijhydene.2015.08.004
https://doi.org/10.1016/j.ijhydene.2015.08.004
https://doi.org/10.1080/15567036.2017.1384866
https://doi.org/10.1016/j.egypro.2017.10.092
https://doi.org/10.1007/s00604-018-2894-3
https://doi.org/10.1007/s00604-018-2894-3
https://doi.org/10.3389/fchem.2017.00078
https://www.bnl.gov/isd/documents/41042.pdf
https://www.bnl.gov/isd/documents/41042.pdf
https://doi.org/10.1039/c2em30655g
https://doi.org/10.1016/S1369-7021(04)00286-X
https://doi.org/10.1016/S1369-7021(04)00286-X
https://doi.org/10.1126/science.1124005
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref153
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref153
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref153
https://doi.org/10.1021/es2016186
https://doi.org/10.1016/j.watres.2018.12.043
https://doi.org/10.1016/j.ijhydene.2016.06.197
https://doi.org/10.1016/j.ijhydene.2016.06.197
https://doi.org/10.1016/j.ijhydene.2017.05.224
https://doi.org/10.1016/j.ijhydene.2017.05.224
https://doi.org/10.1016/j.cej.2012.02.034
https://doi.org/10.1021/la903238y
https://doi.org/10.1016/j.chemosphere.2019.04.193
https://doi.org/10.3390/pharmaceutics10030118
https://doi.org/10.3389/fenvs.2017.00007
https://doi.org/10.1016/j.ijhydene.2008.07.096
https://doi.org/10.1016/j.ijhydene.2008.07.096
https://doi.org/10.1016/j.ijhydene.2016.05.112
https://doi.org/10.1016/j.ijhydene.2016.05.112
https://doi.org/10.1186/s40712-014-0025-4
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref166
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref166
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref166
https://doi.org/10.1016/j.ijhydene.2015.02.046
https://doi.org/10.1016/j.ijhydene.2015.02.046
https://doi.org/10.4028/www.scientific.net/AMR.610-613.264
https://doi.org/10.4028/www.scientific.net/AMR.610-613.264
https://doi.org/10.1177/000456329102800103
https://doi.org/10.1177/000456329102800103
https://doi.org/10.1093/ndtplus/sfr163
https://doi.org/10.1063/1.4981858
https://doi.org/10.1063/1.4981858
https://doi.org/10.2166/wst.2006.867
https://doi.org/10.1007/s12034-015-0974-0
https://doi.org/10.1007/s12034-015-0974-0
https://doi.org/10.1016/j.ijhydene.2015.07.106
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref175
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref175
https://doi.org/10.1080/09593330.2014.931469
https://doi.org/10.1080/09593330.2014.931469
https://doi.org/10.1016/j.ijhydene.2015.09.089
https://doi.org/10.1016/j.ijhydene.2015.09.089
https://doi.org/10.1016/j.fuel.2019.04.059
https://doi.org/10.1007/s11356-017-8560-1
https://doi.org/10.1016/j.ijhydene.2015.05.198
https://doi.org/10.1016/j.ijhydene.2017.12.108
https://doi.org/10.1007/s12010-014-0843-0
https://doi.org/10.1007/s12010-014-0843-0
https://doi.org/10.1016/j.biortech.2016.02.009
https://doi.org/10.1016/j.biortech.2016.02.009
https://doi.org/10.1016/j.ijhydene.2014.06.027
https://doi.org/10.1016/j.ijhydene.2014.06.027
https://doi.org/10.1016/j.biortech.2011.05.089
https://doi.org/10.1016/j.jiec.2014.03.011
https://doi.org/10.1016/j.ijhydene.2018.03.143

P.T. Sekoai et al.

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]
[210]

[211]

[212]

Energy 42 (2017) 25225-25233, https://doi.org/10.1016/j.
ijhydene.2017.08.060.

T. Seelert, D. Ghosh, V. Yargeau, Improving biohydrogen production using
Clostridium beijerinckii immobilized with magnetite nanoparticles, Appl.
Microbiol. Biotechnol. 99 (2015) 4107-4116, https://doi.org/10.1007/s00253-
015-6484-6.

Y.J. Lee, T. Miyahara, T. Noike, Effect of iron concentration on hydrogen
fermentation, Bioresour. Technol. 80 (2001) 227-231, https://doi.org/10.1016/
50960-8524(01)00067-0.

B.R. Dhar, E. Elbeshbishy, G. Nakhla, Influence of iron on sulfide inhibition in
dark biohydrogen fermentation, Bioresour. Technol. 126 (2012) 123-130,
https://doi.org/10.1016/j.biortech.2012.09.043.

P. Karthic, S. Joseph, N. Arun, Optimization of process variables for biohydrogen
production from glucose by Enterobacter aerogenes, Sci. Rep. 1 (2012) 1-6,
https://doi.org/10.4172/scientificreports.1.

J. Wang, W. Wan, Effect of Fe?* concentration on fermentative hydrogen
production by mixed cultures, Int. J. Hydrogen Energy 33 (2008) 1215-1220,
https://doi.org/10.1016/j.ijhydene.2007.12.044.

M.-L. Chong, N.A. Rahman, P.L. Yee, S.A. Aziz, R.A. Rahim, Y. Shirai, M.

A. Hassan, Effects of pH, glucose and iron sulfate concentration on the yield of
biohydrogen by Clostridium butyricum EB6, Int. J. Hydrogen Energy 34 (2009)
8859-8865, https://doi.org/10.1016/].ijhydene.2009.08.061.

B. Romao, F.R.X. Batista, J.S. Ferreira, H.C.B. Costa, M.M. Resende, V.L. Cardoso,
Biohydrogen production through dark fermentation by a microbial consortium
using whey permeate as substrate, Appl. Microbiol. Biotechnol. 172 (2014)
3670-3685, https://doi.org/10.1007/s12010-014-0778-5.

J.-H. Hwang, J.-A. Choi, R.A.I. Abou-Shanab, A. Bhatnagar, B. Min, H. Song,

E. Kumar, J. Choi, E.S. Lee, Y.J. Kim, S. Umg, D.S. Lee, B.-H. Jeon, Effect of pH
and sulfate concentration on hydrogen production using anaerobic mixed
microflora, Int. J. Hydrogen Energy 34 (2009) 9702-9710, https://doi.org/
10.1016/j.ijhydene.2009.10.022.

J. Zhang, C. Fan, L. Zang, Improvement of hydrogen production from glucose by
ferrous iron and biochar, Bioresour, Technol. 245 (2017) 98-105, https://doi.
org/10.1016/j.biortech.2017.08.198.

P. Mullai, E.R. Rene, K. Sridevi, Biohydrogen production and kinetic modeling
using sediment microorganisms of pichavaram mangroves, India, BioMed Res.
Int. (2013) 1-9, https://doi.org/10.1155/2013/265618.

J.S. Paul, A. Quraishi, V. Thakur, S.K. Jadhav, Effect of ferrous and nitrate ions on
biological hydrogen production from dairy effluent with anaerobic waste water
treatment process, Asian J. Bio. Sci. 7 (2014) 165-171, https://doi.org/10.3923/
ajbs.2014.165.171.

J. Wang, W. Wan, Influence of Ni®* concentration on biohydrogen production,
Bioresour. Technol. 99 (2008) 8864-8868, https://doi.org/10.1016/j.
biortech.2008.04.052.

S. Srikanth, S. Venkata Mohan, Regulatory function of divalent cations in
controlling the acidogenic biohydrogen production process, RSC Adv. 2 (2012)
6576-6589, https://doi.org/10.1039/c2ra20383a.

B. Calli, W. Boénne, K. Vanbroekhoven, in: Bio-Hydrogen Potential of Easily
Biodegradable Substrate through Dark Fermentation, WHEC, Lyon, France, 2006,
pp. 3-8.

X. Zhao, D. Xing, N. Qi, Y. Zhao, X. Hu, N. Ren, Deeply mechanism analysis of
hydrogen production enhancement of Ethanoligenens harbinense by Fe* and Mg?
*: monitoring at growth and transcription levels, Int. J. Hydrogen Energy 42
(2017) 19695-19700, https://doi.org/10.1016/j.ijhydene.2017.06.038.

K.-S. Lee, Y.-S. Lo, Y.-C. Lo, P.-J. Lin, J. Chang, Operation strategies for
biohydrogen production with a high-rate anaerobic granular sludge bed
bioreactor, Enzym. Microb. Technol. 35 (2004) 605-612, https://doi.org/
10.1016/j.enzmictec.2004.08.013.

H. Xiaolong, Z. Minghua, Y. Hanging, S. Qinqin, L. Lecheng, Effect of sodium ion
concentration on hydrogen production from sucrose by anaerobic hydrogen-
producing granular sludge, Chin. J. Chem. Eng. 14 (2006) 511-517, https://doi.
org/10.1016/51004-9541(06)60106-7.

H. Alshiyab, M.S. Kalil, A.A. Hamid, W. Wan Yusoff, Effect of salts addition on
hydrogen production by C. acetobutylicum, Pakistan, J. Biol. Sci. 11 (2008)
2193-2200, https://doi.org/10.3923/pjbs.2008.2193.2200.

J. Wang, W. Wan, Experimental design methods for fermentative hydrogen
production: a review, Int. J. Hydrogen Energy 34 (2009) 235-244, https://doi.
org/10.1016/j.ijhydene.2008.10.008.

1.Z. Boboescu, V.D. Gherman, M. llie, I. Mirel, T. Vintila, G. Maréti, Exploitation
of experimental design methods and mathematical modeling for improving
fermentative biohydrogen production processes, Rom. Biotechnol. Lett. 19 (2014)
9097-9109. http://www.rombio.eu/vol19nr2/1_19_2 2014.reviewBoboescu-rec
23.09.pdf.

W.J. Hill, W.G. Hunter, A review of response surface methodology: a literature
survey, Technometrics 8 (1966) 571-590, https://doi.org/10.2307/1266632.
R.H. Myers, D.C. Montgomery, Response Surface Methodology, second ed., Wiley,
New York, 2002.

A. Nair, A. Makwana, M. Ahammed, The use of response surface methodology for
modelling and analysis of water and wastewater treatment processes: a review,
Water Sci. Technol. 69 (2014) 464-478, https://doi.org/10.2166/wst.2013.733.
T.U. Nwabueze, Basic steps in adapting response surface methodology as
mathematical modelling for bioprocess optimisation in the food systems, Int. J.
Food Sci. Technol. 45 (2010) 1768-1776, https://doi.org/10.1111/j.1365-
2621.2010.02256.x.

18

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

Biomass and Bioenergy 140 (2020) 105673

G.E.P. Box, D.W. Behnken, Some new three level designs for the study of
quantitative variables, Technometrics 2 (1960) 455-475, https://doi.org/
10.2307/1266454.

C.-Y. Lin, C.-H. Lay, B. Sen, C.-Y. Chu, G. Kumar, C.-C. Chen, J.-S. Chang,
Fermentative hydrogen production from wastewaters: a review and prognosis,
Int. J. Hydrogen Energy 37 (2012) 15632-15642, https://doi.org/10.1016/j.
ijhydene.2012.02.072.

A. Ghimire, L. Frunzo, F. Pirozzi, E. Trably, R. Escudie, P.N.L. Lens, G. Esposito,
A review on dark fermentative biohydrogen production from organic biomass:
process parameters and use of by-products, Appl. Energy 144 (2015) 73-95,
https://doi.org/10.1016/j.apenergy.2015.01.045.

B. Gopalakrishnan, N. Khanna, D. Das, in: A. Pandey, S. Venkata Mohan, J.-

S. Chang, P.C. Hallenbeck, C. Larroche (Eds.), Dark-Fermentative Biohydrogen
Production, second ed., Elsevier, Amsterdam, 2019, pp. 79-122, https://doi.org/
10.1016/B978-0-444-64203-5.00004-6.

A.M. Lopez-Hidalgo, Z.D. Alvarado-Cuevas, A. De Leon-Rodriguez, Biohydrogen
production from mixtures of agro-industrial wastes: chemometric analysis,
optimization and scaling up, Energy 159 (2018) 32-41, https://doi.org/10.1016/
j-energy.2018.06.124.

B.S. Zainal, A.A. Zinatizadeh, O.H. Chyuan, N.S. Mohd, S. Ibrahim, Effects of
process, operational and environmental variables on biohydrogen production
using palm oil mill effluent (POME), Int. J. Hydrogen Energy 43 (2017)
10637-10644, https://doi.org/10.1016/j.ijjhydene.2017.10.167.

T. Raki¢, 1. Kasagi¢-Vujanovi¢, M. Jovanovi¢, B. Jan¢i¢-Stojanovi¢, D. Ivanovi¢,
Comparison of full factorial design, central composite design, and box-behnken
design in chromatographic method development for the determination of
fluconazole and its impurities, Anal. Lett. 47 (2014) 1334-1347, https://doi.org/
10.1080/00032719.2013.867503.

S.L.C. Ferreira, R.E. Bruns, H.S. Ferreira, G.D. Matos, J.M. David, G.C. Brand, E.G.
P. Silva, P.S. Reis, A.S. Souza, W.N.L. Santos, Box-Behnken design: an alternative
for the optimization of analytical methods, Anal. Chim. Acta 597 (2007) 179-186,
https://doi.org/10.1016/j.aca.2007.07.011.

X. Yu, Y. He, Application of Box-Behnken designs in parameters optimization of
differential pulse anodic stripping voltammetry for lead (II) determination in two
electrolytes, Sci. Rep. 7 (2017) 1-8, https://doi.org/10.1038/541598-017-03030-
2.
W.-Q. Guo, N.-Q. Ren, X.-J. Wang, W.-S. Xiang, J. Ding, Y. You, B.-F. Liu,
Optimization of culture conditions for hydrogen production by Ethanoligenens
harbinense B49 using response surface methodology, Bioresour. Technol. 100
(2009) 1192-1196, https://doi.org/10.1016/j.biortech.2008.07.070.

R. Rafieenia, A. Pivato, M.C. Lavagnolo, Optimization of hydrogen production
from food waste using anaerobic mixed cultures pretreated with waste frying oil,
Renew. Energy 139 (2019) 1077-1085, https://doi.org/10.1016/j.
renene.2019.03.012.

Y. Yin, J. Wang, Optimization of fermentative hydrogen production by
Enterococcus faecium INET2 using response surface methodology, Int. J. Hydrogen
Energy 44 (2018) 1483-1491, https://doi.org/10.1016/j.ijhydene.2018.11.154.
E. Sagira, M. Yucelb, P.C. Hallenbeck, Demonstration and optimization of
sequential microaerobic dark- and photo-fermentation biohydrogen production
by immobilized Rhodobacter capsulatus JP91, Bioresour. Technol. 250 (2018)
43-52, https://doi.org/10.1016/j.biortech.2017.11.018.

P.T. Sekoai, A.O. Ayeni, M.O. Daramola, Parametric optimization of citric acid
production from apple pomace and corn steep liquor by a wild type strain of
Aspergillus niger: a response surface methodology approach, Int. J. Eng. Res. Afr.
36 (2018) 98-113. https://doi.org/10.4028/www.scientific.net/JERA.36.98.
M.M.A. Igbal, W.A.W.A. Bakar, S. Toemen, F.I.A. Razak, N.LW. Azelee,
Optimization study by Box-Behnken design (BBD) and mechanistic insight of CO2
methanation over Ru-Fe-Ce/y-Al;O3 catalyst by in-situ FTIR technique, Arab. J.
Chem. (2019) 4170-4179, https://doi.org/10.1016/j.arabjc.2019.06.010.

H. Chen, C. Bao, G. Shu, C. Wang, Response surface methodology for optimizing
fermentation conditions of goat yogurt with Bifidobacterium bifidum and
Lactobacillus casei, Emir. J. Food Agric. 28 (2016) 547-553, https://doi.org/
10.9755/ejfa.2015-09-777.

Y. Sewsynker-Sukai, E.B. Gueguim Kana, Simultaneous saccharification and
bioethanol production from corn cobs: process optimization and kinetic studies,
Bioresour. Technol. 262 (2018) 32-41, https://doi.org/10.1016/j.
biortech.2018.04.056.

Y. Sewsynker-Sukai, E.B. Gueguim Kana, Microwave-assisted alkalic salt
pretreatment of corn cob wastes: process optimization for improved sugar
recovery, Ind. Crop. Prod. 125 (2018) 284-292, https://doi.org/10.1016/j.
indcrop.2018.08.086.

M. Kennedy, D. Krouse, Strategies for improving fermentation medium
performance: a review, J. Ind. Microbiol. Biotechnol. 23 (1999) 456-475, https://
doi.org/10.1038/sj.jim.2900755.

R. Kuehl, Design of Experiments: Statistical Principles of Research Design and
Analysis, second ed., Duxbury Press, 1999.

L.M. Collins, J.J. Dziak, K.C. Kugler, J.B. Trail, factorial experiments: efficient
tools for evaluation of intervention components, Am. J. Prev. Med. 47 (2014)
498-504, https://doi.org/10.1016/j.amepre.2014.06.021.

V. Jordan, J.T. Luftig, Design of Experiments in Quality Engineering, McGraw-Hill
Professional, New York, 2008.

P. Bakonyi, N. Nemestéthy, E. Lovitusz, K. Bélafi-Baké, Application of Plackett-
Burman experimental design to optimize biohydrogen fermentation by E. coli
(XL1-BLUE), Int. J. Hydrogen Energy 36 (2011) 13949-13954, https://doi.org/
10.1016/j.ijhydene.2011.03.062.



https://doi.org/10.1016/j.ijhydene.2017.08.060
https://doi.org/10.1016/j.ijhydene.2017.08.060
https://doi.org/10.1007/s00253-015-6484-6
https://doi.org/10.1007/s00253-015-6484-6
https://doi.org/10.1016/S0960-8524(01)00067-0
https://doi.org/10.1016/S0960-8524(01)00067-0
https://doi.org/10.1016/j.biortech.2012.09.043
https://doi.org/10.4172/scientificreports.1
https://doi.org/10.1016/j.ijhydene.2007.12.044
https://doi.org/10.1016/j.ijhydene.2009.08.061
https://doi.org/10.1007/s12010-014-0778-5
https://doi.org/10.1016/j.ijhydene.2009.10.022
https://doi.org/10.1016/j.ijhydene.2009.10.022
https://doi.org/10.1016/j.biortech.2017.08.198
https://doi.org/10.1016/j.biortech.2017.08.198
https://doi.org/10.1155/2013/265618
https://doi.org/10.3923/ajbs.2014.165.171
https://doi.org/10.3923/ajbs.2014.165.171
https://doi.org/10.1016/j.biortech.2008.04.052
https://doi.org/10.1016/j.biortech.2008.04.052
https://doi.org/10.1039/c2ra20383a
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref202
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref202
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref202
https://doi.org/10.1016/j.ijhydene.2017.06.038
https://doi.org/10.1016/j.enzmictec.2004.08.013
https://doi.org/10.1016/j.enzmictec.2004.08.013
https://doi.org/10.1016/S1004-9541(06)60106-7
https://doi.org/10.1016/S1004-9541(06)60106-7
https://doi.org/10.3923/pjbs.2008.2193.2200
https://doi.org/10.1016/j.ijhydene.2008.10.008
https://doi.org/10.1016/j.ijhydene.2008.10.008
http://www.rombio.eu/vol19nr2/1_19_2_2014.reviewBoboescu-rec23.09.pdf
http://www.rombio.eu/vol19nr2/1_19_2_2014.reviewBoboescu-rec23.09.pdf
https://doi.org/10.2307/1266632
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref210
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref210
https://doi.org/10.2166/wst.2013.733
https://doi.org/10.1111/j.1365-2621.2010.02256.x
https://doi.org/10.1111/j.1365-2621.2010.02256.x
https://doi.org/10.2307/1266454
https://doi.org/10.2307/1266454
https://doi.org/10.1016/j.ijhydene.2012.02.072
https://doi.org/10.1016/j.ijhydene.2012.02.072
https://doi.org/10.1016/j.apenergy.2015.01.045
https://doi.org/10.1016/B978-0-444-64203-5.00004-6
https://doi.org/10.1016/B978-0-444-64203-5.00004-6
https://doi.org/10.1016/j.energy.2018.06.124
https://doi.org/10.1016/j.energy.2018.06.124
https://doi.org/10.1016/j.ijhydene.2017.10.167
https://doi.org/10.1080/00032719.2013.867503
https://doi.org/10.1080/00032719.2013.867503
https://doi.org/10.1016/j.aca.2007.07.011
https://doi.org/10.1038/s41598-017-03030-2
https://doi.org/10.1038/s41598-017-03030-2
https://doi.org/10.1016/j.biortech.2008.07.070
https://doi.org/10.1016/j.renene.2019.03.012
https://doi.org/10.1016/j.renene.2019.03.012
https://doi.org/10.1016/j.ijhydene.2018.11.154
https://doi.org/10.1016/j.biortech.2017.11.018
https://doi.org/10.4028/www.scientific.net/JERA.36.98
https://doi.org/10.1016/j.arabjc.2019.06.010
https://doi.org/10.9755/ejfa.2015-09-777
https://doi.org/10.9755/ejfa.2015-09-777
https://doi.org/10.1016/j.biortech.2018.04.056
https://doi.org/10.1016/j.biortech.2018.04.056
https://doi.org/10.1016/j.indcrop.2018.08.086
https://doi.org/10.1016/j.indcrop.2018.08.086
https://doi.org/10.1038/sj.jim.2900755
https://doi.org/10.1038/sj.jim.2900755
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref232
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref232
https://doi.org/10.1016/j.amepre.2014.06.021
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref234
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref234
https://doi.org/10.1016/j.ijhydene.2011.03.062
https://doi.org/10.1016/j.ijhydene.2011.03.062

P.T. Sekoai et al.

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

C.M. Pan, Y.T. Fan, Y. Xing, H.W. Hou, M.L. Zhang, Statistical optimization of
process parameters on biohydrogen production from glucose by Clostridium sp.
Fanp2, Bioresour. Technol. 99 (2008) 3146-3154, https://doi.org/10.1016/j.
biortech.2007.05.055.

V. Dange, S.A. Peshwe, Statistical assessment of media components by factorial
design for L-aspraginase production by Aspergillus niger in surface fermentation,
Eur. J. Exp. Biol. 5 (2015) 57-61.

K. Vanaja, R.H. Shobha Rani, Design of experiments: concept and applications of
Plackett burman design, Clin. Res. Regul. Aff. 24 (2007) 1-23, https://doi.org/
10.1080/10601330701220520.

L. Shuang, W. Chunying, Y. Lili, L. Wenzhe, W. Zhongjiang, L. Lina, Optimization
of hydrogen production from agricultural wastes using mixture design, Int. J.
Agric. Biol. Eng. 10 (2017) 246-254, https://doi.org/10.3965/j.
ijabe.20171003.2688.

P.T. Sekoai, E.B. Gueguim Kana, A two-stage modelling and optimization of
biohydrogen production from a mixture of agro-municipal waste, Int. J. Hydrogen
Energy 38 (2013) 8657-8663, https://doi.org/10.1016/].ijhydene.2013.04.130.
X. Li, K. Scott, W.J. Kelly, Z. Huang, Development of a computational fluid
dynamics model for scaling-up ambr bioreactors, Biotechnol. Bioproc. Eng. 23
(2018) 710-725, https://doi.org/10.1007/s12257-018-0063-5.

Y.-C. Yang, Y. Ouyang, N. Zhang, Q.-J. Yu, M. Arowo, A review on computational
fluid dynamic simulation for rotating packed beds, J. Chem. Technol. Biotechnol.
94 (2018) 1017-1031, https://doi.org/10.1002/jctb.5880.

T. Norton, D.-W. Sun, Computational fluid dynamics (CFD) - an effective and
efficient design and analysis tool for the food industry: a review, Trends Food Sci.
Technol. 17 (2006) 600-620, https://doi.org/10.1016/j.tifs.2006.05.004.

M.H. Zawawi, A. Saleha, A. Salwa, N.H. Hassan, N.M. Zahari, M.Z. Ramli, Z.

C. Muda, A review: fundamentals of computational fluid dynamics (CFD), AIP
Conf. Proc. (2018) 2030, https://doi.org/10.1063/1.5066893.

B. Sanderse, S. van der Pijl, B. Koren, Review of computational fluid dynamics for
wind turbine wake aerodynamics, Wind Energy 14 (2011) 799-819, https://doi.
org/10.1002/we.458.

T. Utomo, Z. Jin, Ms Rahman, H. Jeong, H. Chung, Investigation on
hydrodynamics and mass transfer characteristics of a gas-liquid ejector using
three-dimensional CFD modeling, J. Mech. Sci. Technol. 22 (2008) 1821-1829,
https://doi.org/10.1007/512206-008-0614-3.

B. Lee, S.-W. Yun, S. Kim, J. Heo, Y.-T. Kim, S. Lee, H. Lim, CO, reforming of
methane for Hy production in a membrane reactor as CO» utilization:
computational fluid dynamics studies with a reactor geometry, Int. J. Hydrogen
Energy 44 (2018) 2298-2311, https://doi.org/10.1016/j.ijhydene.2018.09.184.
X. Cheng, H.K. Ng, S. Gan, J.H. Ho, Advances in computational fluid dynamics
(CFD) modeling of in-cylinder biodiesel combustion, Energy Fuel. 27 (2013)
4489-4506, https://doi.org/10.1021/ef4005237.

F. Wang, C. Zhang, S. Huo, Influence of fluid dynamics on anaerobic digestion of
food waste for biogas production, Environ. Technol. 38 (2017) 1160-1168,
https://doi.org/10.1080/09593330.2016.1220429.

X. Wang, J. Ding, W.-Q. Guo, N.-Q. Ren, Scale-up and optimization of
biohydrogen production reactor from laboratory-scale to industrial-scale on the
basis of computational fluid dynamics simulation, Int. J. Hydrogen Energy 35
(2010) 1096010966, https://doi.org/10.1016/j.ijhydene.2010.07.060.

J. Ding, X. Wang, X.-F. Zhou, N.-Q. Ren, W.-Q. Guo, CFD optimization of
continuous stirred-tank (CSTR) reactor for biohydrogen production, Bioresour.
Technol. 101 (2010) 7005-7013, https://doi.org/10.1016/j.
biortech.2010.03.146.

S. Sangyoka, A. Reungsang, C.-Y. Lin, Optimization of biohydrogen production
from sugarcane bagasse by mixed cultures using a statistical method, Sustain.
Environ. Res. 26 (2016) 235-242, https://doi.org/10.1016/j.serj.2016.05.001.
E.G. Tuncay, T.H. Erguder, 1. Eroglu, U. Giindiiz, Dark fermentative hydrogen
production from sucrose and molasses, Int. J. Energy Res. 41 (2017) 1891-1902,
https://doi.org/10.1002/er.3751.

Z.Y. Hitit, C.Z. Lazaro, P.C. Hallenbeck, Hydrogen production by co-cultures of
Clostridium butyricum and Rhodospeudomonas palustris: optimization of yield using
response surface methodology, Int. J. Hydrogen Energy 42 (2016) 6578-6589,
https://doi.org/10.1016/j.ijhydene.2016.12.122.

C.L. Alvarez-Guzmana, V.E. Balderas-Hernandez, R. Gonzalez-Garcia, J.

T. Ornelas-Salas, A.M. Vidal-Limén, S. Cisneros-de la Cueva, A. De Leon-
Rodriguez, Optimization of hydrogen production by the psychrophilic strain
G088, Int. J. Hydrogen Energy 42 (2016) 3630-3640, https://doi.org/10.1016/j.
ijhydene.2016.08.098.

G. Kumar, P. Sivagurunathan, S.-H. Kim, P. Bakonyi, C.-Y. Lin, Modeling and
optimization of biohydrogen production from de-oiled jatropha using the
response surface method, Arabian J. Sci. Eng. 40 (2015) 15-22, https://doi.org/
10.1007/s13369-014-1502-z.

N. Usmanbaha, R. Jariyaboon, A. Reungsang, P. Kongjan, C.-Y. Chu, Optimization
of batch dark fermentation of chlorella sp. using mixed-cultures for simultaneous
hydrogen and butyric acid production, Energies 12 (2019) 2529-2542, https://
doi.org/10.3390/en12132529.

L.M. Reyna-Gémez, C.E. Molina-Guerrero, J.M. Alfaro, S.I.S. Vazquez,

A. Robledo-Olivo, A. Cruz-Lopez, Effect of carbon/nitrogen ratio, temperature,
and inoculum source on hydrogen production from dark codigestion of fruit peels
and sewage sludge, Sustainability 11 (2019) 2139-2151, https://doi.org/
10.3390/s5u11072139.

Y. Yin, J. Wang, Optimization of hydrogen production by response surface
methodology using y-irradiated sludge as inoculum, Energy Fuel. 30 (2016)
4096-4103, https://doi.org/10.1021/acs.energyfuels.6b00262.

19

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

Biomass and Bioenergy 140 (2020) 105673

M. Gevrey, I. Dimopoulos, S. Lek, Review and comparison of methods to study the
contribution of variables in artificial neural network models, Ecol. Model. 160
(2003) 249-264, https://doi.org/10.1016/50304-3800(02)00257-0.

D. Wang, H. He, D. Liu, Intelligent optimal control with critic learning for a
nonlinear overhead crane system, IEEE Trans. Ind. Informatics. 14 (2018)
2932-2940, https://doi.org/10.1109/TI1.2017.2771256.

Y. Sewsynker-Sukai, F. Faloye, E.B. Gueguim Kana, Artificial neural networks: an
efficient tool for modelling and optimization of biofuel production (a mini
review), Biotechnol. Biotechnol. Equip. 31 (2017) 221-235, https://doi.org/
10.1080/13102818.2016.1269616.

N. Izeboudjen, C. Larbes, A. Farah, A new classification approach for neural
networks hardware: from standards chips to embedded systems on chip, Artif.
Intell. Rev. 41 (2014) 491-534, https://doi.org/10.1007/5s10462-012-9321-7.
G.E. Hinton, R.R. Salakhutdinov, Reducing the dimensionality of data with neural
networks, Science 313 (2006) 504-507, https://doi.org/10.1126/
science.1127647.

W. Liu, Z. Wang, X. Liu, N. Zeng, Y. Liu, F.E. Alsaadi, A survey of deep neural
network architectures and their applications, Neurocomputing 234 (2017) 11-26,
https://doi.org/10.1016/j.neucom.2016.12.038.

J.K. Whiteman, E.B. Gueguim Kana, Comparative assessment of the artificial
neural network and response surface modelling efficiencies for biohydrogen
production on sugar cane molasses, Bioenergy Res. 7 (2014) 295-305, https://
doi.org/10.1007/s12155-013-9375-7.

P. Jha, E.B.G. Kana, S. Schmidt, Can artificial neural network and response
surface methodology reliably predict hydrogen production and COD removal in
an UASB bioreactor ? Int. J. Hydrogen Energy 42 (2017) 18875-18883, https://
doi.org/10.1016/j.ijhydene.2017.06.063.

B. Ozkaya Nikhil, A. Visa, C.-Y. Lin, J.A. Puhakka, O. Yli-Harja, An artificial
neural network based model for predicting Hy production rates in a sucrose-based
bioreactor system, Int. J. Chem. Mol. Eng. 2 (2008) 1-6.

AH. Ali, H.A. Al-Mussawy, M.T. Ghazal, N.J. Hamadi, Experimental and
Theoretical Study for Hydrogen Biogas Production from Municipal Solid Waste,
Pollution, vol. 5, 2019, pp. 147-159, https://doi.org/10.22059/
poll.2018.262786.483.

N. Nasr, H. Hafez, M.H. El Naggar, G. Nakhla, Application of artificial neural
networks for modeling of biohydrogen production, Int. J. Hydrogen Energy 38
(2013) 3189-3195, https://doi.org/10.1016/j.ijhydene.2012.12.109.

L.M. Rosales-Colunga, R.G. Garcia, A. De Leén Rodriguez, Estimation of hydrogen
production in genetically modified E. coli fermentations using an artificial neural
network, Int. J. Hydrogen Energy 35 (2010) 13186-13192, https://doi.org/
10.1016/j.ijhydene.2010.08.137.

J. Wang, W. Wan, Application of desirability function based on neural network for
optimizing biohydrogen production process, Int. J. Hydrogen Energy 34 (2009)
1253-1259, https://doi.org/10.1016/j.ijhydene.2008.11.055.

R.S. Prakasham, T. Sathish, P. Brahmaiah, Imperative role of neural networks
coupled genetic algorithm on optimization of biohydrogen yield, Int. J. Hydrogen
Energy 36 (2011) 4332-4339, https://doi.org/10.1016/j.ijhydene.2011.01.031.
Y. Sewsynker, E.B.G. Kana, Intelligent models to predict hydrogen yield in dark
microbial fermentations using existing knowledge, Int. J. Hydrogen Energy 41
(2016) 12929-12940, https://doi.org/10.1016/j.ijhydene.2016.05.250.

Y. Mu, H.-Q. Yu, Simulation of biological hydrogen production in a UASB reactor
using neural network and genetic algorithm, Int. J. Hydrogen Energy 32 (2007)
3308-3314, https://doi.org/10.1016/j.ijhydene.2007.05.021.

K. Sridevi, E. Sivaraman, P. Mullai, Back propagation neural network modelling
of biodegradation and fermentative biohydrogen production using distillery
wastewater in a hybrid upflow anaerobic sludge blanket reactor, Bioresour.
Technol. 165 (2014) 233-240, https://doi.org/10.1016/j.biortech.2014.03.074.
Y. Shi, G. Gai, X. Zhao, Y. Hu, Influence and simulation model of operational
parameters on hydrogen bio-production through anaerobic microorganism
fermentation using two kinds of wastes, in: Proc. World Congr. Eng, Comput. Sci.,
2009, pp. 1-5. http://www.iaeng.org/publication/WCECS2009/WCEC
$2009_pp938-942.pdf.

P. Karthic, S. Joseph, N. Arun, S. Kumaravel, Optimization of biohydrogen
production by Enterobacter species using artificial neural network and response
surface methodology, J. Renew. Sustain. Energy 5 (2013), 033104, https://doi.
org/10.1063/1.4803746.

S. Niju, M. Swathika, Delignification of sugarcane bagasse using pretreatment
strategies for bioethanol production, Biocatal. Agric. Biotechnol. 20 (2019),
101263, https://doi.org/10.1016/j.bcab.2019.101263.

M. Wang, J. Wang, J.X. Tan, Lignocellulosic bioethanol: status and prospects,
Energy Sources 33 (2011) 612-619, https://doi.org/10.1080/
15567030903226249.

J. Baruah, B.K. Nath, R. Sharma, S. Kumar, R.C. Deka, D.C. Baruah, E. Kalita,
Recent trends in the pretreatment of lignocellulosic biomass for value-added
products, Front. Energy Res. 6 (2018) 1-19, https://doi.org/10.3389/
fenrg.2018.00141.

A.O. Ayeni, M.O. Daramola, P.T. Sekoai, O. Adeeyo, M.J. Garba, A.A. Awosusi,
Statistical modelling and optimization of alkaline peroxide oxidation
pretreatment process on rice husk cellulosic biomass to enhance enzymatic
convertibility and fermentation to ethanol, Cellulose 25 (2018) 2487-2504,
https://doi.org/10.1007/510570-018-1714-6.

D. Chen, A. Gao, K. Cen, J. Zhang, X. Cao, Z. Ma, Investigation of biomass
torrefaction based on three major components: hemicellulose, cellulose, and
lignin, Energy Convers. Manag. 169 (2018) 228-237, https://doi.org/10.1016/].
enconman.2018.05.063.


https://doi.org/10.1016/j.biortech.2007.05.055
https://doi.org/10.1016/j.biortech.2007.05.055
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref237
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref237
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref237
https://doi.org/10.1080/10601330701220520
https://doi.org/10.1080/10601330701220520
https://doi.org/10.3965/j.ijabe.20171003.2688
https://doi.org/10.3965/j.ijabe.20171003.2688
https://doi.org/10.1016/j.ijhydene.2013.04.130
https://doi.org/10.1007/s12257-018-0063-5
https://doi.org/10.1002/jctb.5880
https://doi.org/10.1016/j.tifs.2006.05.004
https://doi.org/10.1063/1.5066893
https://doi.org/10.1002/we.458
https://doi.org/10.1002/we.458
https://doi.org/10.1007/s12206-008-0614-3
https://doi.org/10.1016/j.ijhydene.2018.09.184
https://doi.org/10.1021/ef4005237
https://doi.org/10.1080/09593330.2016.1220429
https://doi.org/10.1016/j.ijhydene.2010.07.060
https://doi.org/10.1016/j.biortech.2010.03.146
https://doi.org/10.1016/j.biortech.2010.03.146
https://doi.org/10.1016/j.serj.2016.05.001
https://doi.org/10.1002/er.3751
https://doi.org/10.1016/j.ijhydene.2016.12.122
https://doi.org/10.1016/j.ijhydene.2016.08.098
https://doi.org/10.1016/j.ijhydene.2016.08.098
https://doi.org/10.1007/s13369-014-1502-z
https://doi.org/10.1007/s13369-014-1502-z
https://doi.org/10.3390/en12132529
https://doi.org/10.3390/en12132529
https://doi.org/10.3390/su11072139
https://doi.org/10.3390/su11072139
https://doi.org/10.1021/acs.energyfuels.6b00262
https://doi.org/10.1016/S0304-3800(02)00257-0
https://doi.org/10.1109/TII.2017.2771256
https://doi.org/10.1080/13102818.2016.1269616
https://doi.org/10.1080/13102818.2016.1269616
https://doi.org/10.1007/s10462-012-9321-7
https://doi.org/10.1126/science.1127647
https://doi.org/10.1126/science.1127647
https://doi.org/10.1016/j.neucom.2016.12.038
https://doi.org/10.1007/s12155-013-9375-7
https://doi.org/10.1007/s12155-013-9375-7
https://doi.org/10.1016/j.ijhydene.2017.06.063
https://doi.org/10.1016/j.ijhydene.2017.06.063
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref268
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref268
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref268
https://doi.org/10.22059/poll.2018.262786.483
https://doi.org/10.22059/poll.2018.262786.483
https://doi.org/10.1016/j.ijhydene.2012.12.109
https://doi.org/10.1016/j.ijhydene.2010.08.137
https://doi.org/10.1016/j.ijhydene.2010.08.137
https://doi.org/10.1016/j.ijhydene.2008.11.055
https://doi.org/10.1016/j.ijhydene.2011.01.031
https://doi.org/10.1016/j.ijhydene.2016.05.250
https://doi.org/10.1016/j.ijhydene.2007.05.021
https://doi.org/10.1016/j.biortech.2014.03.074
http://www.iaeng.org/publication/WCECS2009/WCECS2009_pp938-942.pdf
http://www.iaeng.org/publication/WCECS2009/WCECS2009_pp938-942.pdf
https://doi.org/10.1063/1.4803746
https://doi.org/10.1063/1.4803746
https://doi.org/10.1016/j.bcab.2019.101263
https://doi.org/10.1080/15567030903226249
https://doi.org/10.1080/15567030903226249
https://doi.org/10.3389/fenrg.2018.00141
https://doi.org/10.3389/fenrg.2018.00141
https://doi.org/10.1007/s10570-018-1714-6
https://doi.org/10.1016/j.enconman.2018.05.063
https://doi.org/10.1016/j.enconman.2018.05.063

P.T. Sekoai et al.

[284]

[285]

[286]

[287]

[288]

[289]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

[298]

[299]

[300]

[301]

[302]

[303]

[304]

[305]

[306]

[307]

[308]

S. Wang, G. Dai, H. Yang, Z. Luo, Lignocellulosic biomass pyrolysis mechanism: a
state-of-the-art review, Prog. Energy Combust. Sci. 62 (2017) 33-86, https://doi.
org/10.1016/j.pecs.2017.05.004.

J.K. Saini, R. Saini, L. Tewari, Lignocellulosic Agriculture Wastes as Biomass
Feedstocks for Second-Generation Bioethanol Production: Concepts and Recent
Developments, 3 Biotech, vol. 5, 2015, pp. 337-353, https://doi.org/10.1007/
513205-014-0246-5.

G. Kumar, P. Bakonyi, S. Periyasamy, S.H. Kim, N. Nemestothy, K. Bélafi-Bako,
Lignocellulose biohydrogen: practical challenges and recent progress, Renew.
Sustain. Energy Rev. 44 (2015) 728-737, https://doi.org/10.1016/j.
rser.2015.01.042.

P.C. Hallenbeck, J.R. Benemann, Biological hydrogen production; fundamentals
and limiting processes, Int. J. Hydrogen Energy 27 (2002) 1185-1193, https://
doi.org/10.1016/S0360-3199(02)00131-3.

D. Das, N. Khanna, T. Nejat Veziroglu, Recent developments in biological
hydrogen production processes, Chem. Ind. Chem. Eng. Q. 14 (2008) 57-67.

M. Raud, M. Tutt, J. Olt, T. Kikas, Dependence of the hydrolysis efficiency on the
lignin content in lignocellulosic material, Int. J. Hydrogen Energy 41 (2016)
16338-16343, https://doi.org/10.1016/j.ijhydene.2016.03.190.

L.J. Jonsson, B. Alriksson, N.-O. Nilvebrant, Bioconversion of lignocellulose:
inhibitors and detoxification, Biotechnol. Biofuels 6 (2013) 1—10, https://doi.
org/10.1186/1754-6834-6-16.

F. Monlau, C. Sambusiti, A. Barakat, M. Quéméneur, E. Trably, J.-P. Steyer,

H. Carrere, Do furanic and phenolic compounds of lignocellulosic and algae
biomass hydrolyzate inhibit anaerobic mixed cultures? A comprehensive review,
Biotechnol. Adv. 32 (2014) 934-951, https://doi.org/10.1016/j.
biotechadv.2014.04.007.

P. Sivagurunathan, G. Kumar, A. Mudhoo, E.R. Rene, G.D. Saratale, T. Kobayashi,
K. Xu, S.-H. Kim, D.-H. Kim, Fermentative hydrogen production using
lignocellulose biomass: an overview of pre-treatment methods, inhibitor effects
and detoxification experiences, Renew. Sustain. Energy Rev. 77 (2017) 28-42,
https://doi.org/10.1016/j.rser.2017.03.091.

R. Wooley, M. Ruth, D. Glassner, J. Sheehan, Process design and costing of
bioethanol technology: a tool for determining the status and direction of research
and development, Biotechnol. Prog. 15 (1999) 794-803, https://doi.org/
10.1021/bp990107u.

L. Zhao, G.-L. Cao, A.-J. Wang, H.-Y. Ren, K. Zhang, N.-Q. Ren, Consolidated
bioprocessing performance of Thermoanaerobacterium thermosaccharolyticum M18
on fungal pretreated cornstalk for enhanced hydrogen production, Biotechnol.
Biofuels 7 (2014) 178-187, https://doi.org/10.1186/513068-014-0178-7.

X.M. Guo, E. Trably, E. Latrille, H. Carrere, J.-P. Steyer, Hydrogen production
from agricultural waste by dark fermentation: a review, Int. J. Hydrogen Energy
35 (2010) 10660-10673, https://doi.org/10.1016/].ijhydene.2010.03.008.

D. Nagarajan, D.-J. Lee, J.-S. Chang, Recent insights into consolidated
bioprocessing for lignocellulosic biohydrogen production, Int. J. Hydrogen
Energy 44 (2019) 14362-14379, https://doi.org/10.1016/j.
ijhydene.2019.03.066.

L.R. Lynd, W.H. van Zyl, J.E. Mcbride, M. Laser, Consolidated bioprocessing of
cellulosic biomass: an update, Curr. Opin. Biotechnol. 16 (2005) 577-583,
https://doi.org/10.1016/j.copbio.2005.08.009.

Q. Xu, A. Singh, M.E. Himmel, Perspectives and new directions for the production
of bioethanol using consolidated bioprocessing of lignocellulose, Curr. Opin.
Biotechnol. 20 (2009) 364-371, https://doi.org/10.1016/j.copbio.2009.05.006.
D.G. Olson, J.E. Mcbride, A. Joe Shaw, L.R. Lynd, Recent progress in consolidated
bioprocessing, Curr. Opin. Biotechnol. 23 (2012) 396-405, https://doi.org/
10.1016/j.copbio.2011.11.026.

T. Hasunuma, A. Kondo, Development of yeast cell factories for consolidated
bioprocessing of lignocellulose to bioethanol through cell surface engineering,
Biotechnol. Adv. 30 (2012) 1207-1218, https://doi.org/10.1016/].
biotechadv.2011.10.011.

M. Cha, D. Chung, J.G. Elkins, A.M. Guss, J. Westpheling, Metabolic engineering
of Caldicellulosiruptor bescii yields increased hydrogen production from
lignocellulosic biomass, Biotechnol. Biofuels 6 (2013) 1-9, https://doi.org/
10.1186/1754-6834-6-85.

S. Talluri, S.M. Raj, L.P. Christopher, Consolidated bioprocessing of untreated
switchgrass to hydrogen by the extreme thermophile Caldicellulosiruptor
saccharolyticus DSM 8903, Bioresour. Technol. 139 (2013) 272-279, https://doi.
org/10.1016/j.biortech.2013.04.005.

G.-L. Cao, L. Zhao, A.-J. Wang, Z.-Y. Wang, N.-Q. Ren, Single-step bioconversion
of lignocellulose to hydrogen using novel moderately thermophilic bacteria,
Biotechnol. Biofuels 7 (2014) 1-13, https://doi.org/10.1186/1754-6834-7-82.
J.-R. Cheng, M.-J. Zhu, Biohydrogen production from pretreated lignocellulose by
Clostridium thermocellum, Biotechnol. Bioproc. Eng. 21 (2016) 87-94, https://doi.
org/10.1007/512257-015-0642-7.

B.G. Schuster, M.S. Chinn, Consolidated bioprocessing of lignocellulosic
feedstocks for ethanol fuel production, Bioenergy Res. 6 (2013) 416-435, https://
doi.org/10.1007/5s12155-012-9278-z.

Q.Q. Tian, L. Liang, M.-J. Zhu, Enhanced biohydrogen production from sugarcane
bagasse by Clostridium thermocellum supplemented with CaCOs, Bioresour.
Technol. 197 (2015) 422428, https://doi.org/10.1016/j.biortech.2015.08.111.
D.B. Levin, R. Islam, N. Cicek, R. Sparling, Hydrogen production by Clostridium
thermocellum 27405 from cellulosic biomass substrates, Int. J. Hydrogen Energy
31 (2006) 1496-1503, https://doi.org/10.1016/j.ijhydene.2006.06.015.

G.S. Jouzani, M.J. Taherzadeh, Advances in consolidated bioprocessing systems
for bioethanol and butanol production from biomass: a comprehensive review,
Biofuel Res. J. 5 (2015) 152-195, https://doi.org/10.18331/BRJ2015.2.1.4.

20

[309]

[310]

[311]

[312]

[313]

[314]

[315]

[316]

[317]

[318]

[319]

[320]

[321]

[322]

[323]

[324]

[325]

[326]

[327]

[328]

[329]

[330]

[331]

[332]

Biomass and Bioenergy 140 (2020) 105673

M.R.A. Verhaart, A.A.M. Bielen, J. van der Oost, A.J.M. Strams, S.W.M. Kengen,
Hydrogen production by hyperthermophilic and extremely thermophilic bacteria
and archaea: mechanisms for reductant disposal, Environ. Technol. 31 (2010)
993-1003, https://doi.org/10.1080/09593331003710244.

N. Gupta, M. Pal, M. Sachdeva, M. Yadav, A. Tiwari, Thermophilic biohydrogen
production for commercial application: the whole picture, Int. J. Energy Res. 40
(2016) 127-145, https://doi.org/10.1002/er.3438.

G. Ivanova, G. Rékhely, K.L. Kovécs, Thermophilic biohydrogen production from
energy plants by Caldicellulosiruptor saccharolyticus and comparison with related
studies, Int. J. Hydrogen Energy 34 (2009) 3659-3670, https://doi.org/10.1016/
j.ijhydene.2009.02.082.

A.J. Shaw, D.A. Hogsett, L.R. Lynd, Natural competence in thermoanaerobacter
and Thermoanaerobacterium species, Appl. Environ. Microbiol. 76 (2010)
4713-4719, https://doi.org/10.1128/AEM.00402-10.

D. Karadag, A.E. Makinen, E. Efimova, J.A. Puhakka, Thermophilic biohydrogen
production by an anaerobic heat treated-hot spring culture, Bioresour. Technol.
100 (2009) 5790-5795, https://doi.org/10.1016/].biortech.2009.06.035.

Y. Chu, Y. Wei, X. Yuan, X. Shi, Bioconversion of wheat stalk to hydrogen by dark
fermentation: effect of different mixed microflora on hydrogen yield and cellulose
solubilisation, Bioresour. Technol. 102 (2011) 3805-3809, https://doi.org/
10.1016/j.biortech.2010.11.092.

C.C. Chen, Y.-S. Chuang, C.-Y. Lin, C.-H. Lay, B. Sen, Thermophilic dark
fermentation of untreated rice straw using mixed cultures for hydrogen
production, Int. J. Hydrogen Energy 37 (2012) 15540-15546, https://doi.org/
10.1016/j.ijhydene.2012.01.036.

A. Wang, L. Gao, N. Ren, J. Xu, C. Liu, D.-J. Lee, Enrichment strategy to select
functional consortium from mixed cultures: consortium from rumen liquor for
simultaneous cellulose degradation and hydrogen production, Int. J. Hydrogen
Energy 35 (2010) 13413-13418, https://doi.org/10.1016/j.
ijhydene.2009.11.117.

S.M. Raj, S. Talluri, L.P. Christopher, Thermophilic hydrogen production from
renewable resources: current status and future perspectives, Bioenergy Res. 5
(2012) 515-531, https://doi.org/10.1007/512155-012-9184-4.

X. Peng, W. Qiao, S. Mi, X. Jia, H. Su, Y. Han, Characterization of hemicellulase
and cellulase from the extremely thermophilic bacterium Caldicellulosiruptor
owensensis and their potential application for bioconversion of lignocellulosic
biomass without pretreatment, Biotechnol. Biofuels 28 (2015) 131, https://doi.
org/10.1186/513068-015-0313-0.

S.S. Pawar, E.W.J. van Niel, Thermophilic biohydrogen production: how far are
we? Appl. Microbiol. Biotechnol. 97 (2013) 7999-8009, https://doi.org/
10.1007/500253-013-5141-1.

R. Mazzoli, Development of microorganisms for cellulose-biofuel consolidated
bioprocessings: metabolic engineers’ tricks, Comput. Struct. Biotechnol. J. 3
(2012), €201210007, https://doi.org/10.5936/csbj.201210007.

J.G. Koendjbiharie, K. Wiersma, R. van Kranenburg, Investigating the central
metabolism of Clostridium thermosuccinogenes, Appl. Environ. Microbiol. 84
(2018) 1-12, https://doi.org/10.1128/AEM.00363-18.

L. Artzi, E.A. Bayer, S. Morais, Cellulosomes: bacterial nanomachines for
dismantling plant polysaccharides, Nat. Rev. Microbiol. 15 (2017) 83-85, https://
doi.org/10.1038/nrmicro.2016.164.

K. Hirano, M. Kurosaki, S. Nihei, H. Hasegawa, S. Shinoda, M. Haruki, N. Hirano,
Enzymatic diversity of the Clostridium thermocellum cellulosome is crucial for the
degradation of crystalline cellulose and plant biomass, Sci. Rep. 6 (2016), https://
doi.org/10.1038/srep35709.

D.T. Jones, D.R. Woods, Acetone-butanol fermentation revisited, Microbiol. Rev.
50 (1986) 484-524.

M. Pérez-Rangel, F.R. Quiroz-Figueroa, J. Gonzalez-Castaneda, I. Valdez-Vazquez,
Microscopic analysis of wheat straw cell wall degradation by microbial consortia
for hydrogen production, Int. J. Hydrogen Energy 40 (2014) 151-160, https://
doi.org/10.1016/j.ijhydene.2014.10.050.

J. Wang, M. Bibra, K. Venkateswaran, D.R. Salem, N.K. Rathinam,

V. Gadhamshetty, R.K. Sani, Biohydrogen production from space crew’s waste
simulants using thermophilic consolidated bioprocessing, Bioresour. Technol. 255
(2018) 349-353, https://doi.org/10.1016/j.biortech.2018.01.109.

S.M. Carver, M.C. Nelson, R. Lepist0, Z. Yu, O.H. Tuovinen, Hydrogen and volatile
fatty acid production during fermentation of cellulosic substrates by a
thermophilic consortium at 50 and 60 °C, Bioresour. Technol. 104 (2012)
424-431, https://doi.org/10.1016/j.biortech.2011.11.013.

J.-J. Chang, J.-H. Wu, F.-S. Wen, K.-Y. Hung, Y.-T. Chen, C.-L. Hsiao, C.-Y. Lin, C.-
C. Huang, Molecular monitoring of microbes in a continuous hydrogen-producing
system with different hydraulic retention time, Int. J. Hydrogen Energy 33 (2008)
1579-1585, https://doi.org/10.1016/j.ijhydene.2007.09.045.

F.R. Hawkes, R. Dinsdale, D.L. Hawkes, 1. Hussy, Sustainable fermentative
hydrogen production: challenges for process optimisation, Int. J. Hydrogen
Energy 27 (2002) 1339-1347, https://doi.org/10.1016/50360-3199(02)00090-3.
D. Karakashev, S.M. Kotay, E. Trably, I. Angelidaki, A strict anaerobic extreme
thermophilic hydrogen-producing culture enriched from digested household
waste, J. Appl. Microbiol. 106 (2009) 1041-1049, https://doi.org/10.1111/
j.1365-2672.2008.04071.x.

S. O-Thong, P. Prasertsan, D. Karakashev, I. Angelidaki, Thermophilic
fermentative hydrogen production by the newly isolated Thermoanaerobacterium
thermosaccharolyticum PSU-2, Int. J. Hydrogen Energy 33 (2008) 1204-1214,
https://doi.org/10.1016/j.ijhydene.2007.12.015.

T. de Vrije, G.G. de Haas, G.B. Tan, E.R.P. Keijsers, P.A.M. Claassen, Pretreatment
of Miscanthus for hydrogen production by Thermotoga elfii, Int. J. Hydrogen
Energy 27 (2002) 1381-1390, https://doi.org/10.1016/50360-3199(02)00124-6.


https://doi.org/10.1016/j.pecs.2017.05.004
https://doi.org/10.1016/j.pecs.2017.05.004
https://doi.org/10.1007/s13205-014-0246-5
https://doi.org/10.1007/s13205-014-0246-5
https://doi.org/10.1016/j.rser.2015.01.042
https://doi.org/10.1016/j.rser.2015.01.042
https://doi.org/10.1016/S0360-3199(02)00131-3
https://doi.org/10.1016/S0360-3199(02)00131-3
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref288
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref288
https://doi.org/10.1016/j.ijhydene.2016.03.190
https://doi.org/10.1186/1754-6834-6-16
https://doi.org/10.1186/1754-6834-6-16
https://doi.org/10.1016/j.biotechadv.2014.04.007
https://doi.org/10.1016/j.biotechadv.2014.04.007
https://doi.org/10.1016/j.rser.2017.03.091
https://doi.org/10.1021/bp990107u
https://doi.org/10.1021/bp990107u
https://doi.org/10.1186/s13068-014-0178-7
https://doi.org/10.1016/j.ijhydene.2010.03.008
https://doi.org/10.1016/j.ijhydene.2019.03.066
https://doi.org/10.1016/j.ijhydene.2019.03.066
https://doi.org/10.1016/j.copbio.2005.08.009
https://doi.org/10.1016/j.copbio.2009.05.006
https://doi.org/10.1016/j.copbio.2011.11.026
https://doi.org/10.1016/j.copbio.2011.11.026
https://doi.org/10.1016/j.biotechadv.2011.10.011
https://doi.org/10.1016/j.biotechadv.2011.10.011
https://doi.org/10.1186/1754-6834-6-85
https://doi.org/10.1186/1754-6834-6-85
https://doi.org/10.1016/j.biortech.2013.04.005
https://doi.org/10.1016/j.biortech.2013.04.005
https://doi.org/10.1186/1754-6834-7-82
https://doi.org/10.1007/s12257-015-0642-7
https://doi.org/10.1007/s12257-015-0642-7
https://doi.org/10.1007/s12155-012-9278-z
https://doi.org/10.1007/s12155-012-9278-z
https://doi.org/10.1016/j.biortech.2015.08.111
https://doi.org/10.1016/j.ijhydene.2006.06.015
https://doi.org/10.18331/BRJ2015.2.1.4
https://doi.org/10.1080/09593331003710244
https://doi.org/10.1002/er.3438
https://doi.org/10.1016/j.ijhydene.2009.02.082
https://doi.org/10.1016/j.ijhydene.2009.02.082
https://doi.org/10.1128/AEM.00402-10
https://doi.org/10.1016/j.biortech.2009.06.035
https://doi.org/10.1016/j.biortech.2010.11.092
https://doi.org/10.1016/j.biortech.2010.11.092
https://doi.org/10.1016/j.ijhydene.2012.01.036
https://doi.org/10.1016/j.ijhydene.2012.01.036
https://doi.org/10.1016/j.ijhydene.2009.11.117
https://doi.org/10.1016/j.ijhydene.2009.11.117
https://doi.org/10.1007/s12155-012-9184-4
https://doi.org/10.1186/s13068-015-0313-0
https://doi.org/10.1186/s13068-015-0313-0
https://doi.org/10.1007/s00253-013-5141-1
https://doi.org/10.1007/s00253-013-5141-1
https://doi.org/10.5936/csbj.201210007
https://doi.org/10.1128/AEM.00363-18
https://doi.org/10.1038/nrmicro.2016.164
https://doi.org/10.1038/nrmicro.2016.164
https://doi.org/10.1038/srep35709
https://doi.org/10.1038/srep35709
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref324
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref324
https://doi.org/10.1016/j.ijhydene.2014.10.050
https://doi.org/10.1016/j.ijhydene.2014.10.050
https://doi.org/10.1016/j.biortech.2018.01.109
https://doi.org/10.1016/j.biortech.2011.11.013
https://doi.org/10.1016/j.ijhydene.2007.09.045
https://doi.org/10.1016/S0360-3199(02)00090-3
https://doi.org/10.1111/j.1365-2672.2008.04071.x
https://doi.org/10.1111/j.1365-2672.2008.04071.x
https://doi.org/10.1016/j.ijhydene.2007.12.015
https://doi.org/10.1016/S0360-3199(02)00124-6

P.T. Sekodai et al.

[333]

[334]

[335]

[336]

[337]

[338]

[339]

[340]

[341]

[342]

[343]

[344]

[345]

[346]

[347]

[348]

[349]

[350]

[351]

[352]

[353]

[354]

[355]

E.W.J. van Niel, M.A.W. Budde, G.G. de Haas, F.J. van der Wal, P.A.M. Claassen,
A.J.M. Stams, Distinctive properties of high hydrogen producing extreme
thermophiles, Caldicellulosiruptor saccharolyticus and Thermotoga elfii, Int. J.
Hydrogen Energy 27 (2002) 1391-1398, https://doi.org/10.1016/50360-3199
(02)00115-5.

C. Collet, N. Adler, J.-P. Schwitzguébel, P. Péringer, Hydrogen production by
Clostridium thermolacticum during continuous fermentation of lactose, Int. J.
Hydrogen Energy 29 (2004) 1479-1485, https://doi.org/10.1016/j.
ijhydene.2004.02.009.

J. Wiegel, S.-U. Kuk, G.W. Kohring, Clostridium thermobutyricum sp. nov., a
moderate thermophile isolated from a cellulolytic culture, that produces butyrate
as the major product, Int. J. Syst. Evol. Microbiol. 39 (1989) 199-204, https://
doi.org/10.1099/00207713-39-2-199.

M. Vancanneyt, P. De Vos, L. Vennens, J. De Ley, Lactate and ethanol
dehydrogenase activities in continuous cultures of Clostrialium
thermosaccharolyticum LMG 6564, J. Gen. Microbiol. 136 (1990) 1945-1951,
https://doi.org/10.1099/00221287-136-10-1945.

G. Yang, Y. Hu, J. Wang, Biohydrogen production from co-fermentation of fallen
leaves and sewage sludge, Bioresour. Technol. 285 (2019), 121342, https://doi.
org/10.1016/j.biortech.2019.121342.

C.-H. Lay, Y. Hsu, C. Lin, C. Chen, Anaerobic Biohydrogen Production Using Rice
Husk-Based Biologics, Waste and Biomass Val, 2020, https://doi.org/10.1007/
$12649-018-00544-2.

N. Alemahdi, H.C. Man, N.A. Rahman, N. Nasirian, Y. Yang, Enhanced mesophilic
bio-hydrogen production of raw rice straw and activated sewage sludge by co-
digestion, Int. J. Hydrogen Energy 40 (2015) 16033-16044, https://doi.org/
10.1016/j.ijhydene.2015.08.106.

J. Cheng, L. Yue, L. Ding, Y.-Y. Li, Q. Ye, J. Zhou, K. Cen, R. Lin, Improving
fermentative hydrogen and methane production from an algal bloom through
hydrothermal/steam acid pretreatment, Int. J. Hydrogen Energy 44 (2019)
5812-5820, https://doi.org/10.1016/j.ijhydene.2019.01.046.

G. Antonopoulou, H.N. Gavala, I. V Skiadas, K. Angelopoulos, G. Lyberatos,
Biofuels generation from sweet sorghum: fermentative hydrogen production and
anaerobic digestion of the remaining biomass, Bioresour. Technol. 99 (2008)
110-119, https://doi.org/10.1016/j.biortech.2006.11.048.

S. O-Thong, A. Hniman, P. Prasertsan, T. Imai, Biohydrogen production from
cassava starch processing wastewater by thermophilic mixed cultures, Int. J.
Hydrogen Energy 36 (2010) 3409-3416, https://doi.org/10.1016/j.
ijhydene.2010.12.053.

J.-J. Chang, J.-J. Lin, C.-Y. Ho, W.-C. Chin, C.-C. Huang, Establishment of rumen-
mimic bacterial consortia: a functional union for bio-hydrogen production from
cellulosic bioresource, Int. J. Hydrogen Energy 35 (2010) 13399-13406, https://
doi.org/10.1016/j.ijhydene.2009.11.119.

M. Kim, Y. Yang, M.S. Morikawa-Sakura, Q. Wang, M. V Lee, D.-Y. Lee, C. Feng,
Y. Zhou, Z. Zhang, Hydrogen production by anaerobic co-digestion of rice straw
and sewage sludge, Int. J. Hydrogen Energy 37 (2011) 3142-3149, https://doi.
0rg/10.1016/j.ijhydene.2011.10.116.

D. Li, H. Chen, Biological hydrogen production from steam-exploded straw by
simultaneous saccharification and fermentation, Int. J. Hydrogen Energy 32
(2007) 1742-1748, https://doi.org/10.1016/j.ijhydene.2006.12.011.

R. Datar, J. Huang, P.-C. Maness, A. Mohagheghi, S. Czernik, E. Chornet,
Hydrogen production from the fermentation of corn stover biomass pretreated
with a steam-explosion process, Int. J. Hydrogen Energy 32 (2007) 932-939,
https://doi.org/10.1016/j.ijhydene.2006.09.027.

Q. An, J.-L. Wang, Y.-T. Wang, Z.-L. Lin, M.-J. Zhu, Investigation on hydrogen
production from paper sludge without inoculation and its enhancement by
Clostridium thermocellum, Bioresour. Technol. 263 (2018) 120-127, https://doi.
org/10.1016/j.biortech.2018.04.105.

C.-A. Aceves-Lara, E. Latrille, N. Bernet, P. Buffiere, J.-P. Steyer, A pseudo-
stoichiometric dynamic model of anaerobic hydrogen production from molasses,
Water Res. 42 (2008) 2539-2550, https://doi.org/10.1016/j.
watres.2008.02.018.

X.-Y. Cheng, C.-Z. Liu, Fungal pretreatment enhances hydrogen production via
thermophilic fermentation of cornstalk, Appl. Energy 91 (2012) 1-6, https://doi.
org/10.1016/j.apenergy.2011.09.014.

G.-L. Cao, W.-Q. Guo, A.-J. Wang, L. Zhao, C.-J. Xu, Q.-L. Zhao, N.-Q. Ren,
Enhanced cellulosic hydrogen production from lime-treated cornstalk wastes
using thermophilic anaerobic microflora, Int. J. Hydrogen Energy 37 (2012)
13161-13166, https://doi.org/10.1016/j.ijhydene.2012.03.137.

G. Kyazze, R. Dinsdale, F.R. Hawkes, A.J. Guwy, G.C. Premier, 1.S. Donnison,
Direct fermentation of fodder maize, chicory fructans and perennial ryegrass to
hydrogen using mixed microflora, Bioresour. Technol. 99 (2008) 8833-8839,
https://doi.org/10.1016/j.biortech.2008.04.047.

M. Quéméneur, M. Bittel, E. Trably, C. Dumas, L. Fourage, G. Ravot, J.-P. Steyer,
H. Carrerea, Effect of enzyme addition on fermentative hydrogen production from
wheat straw, Int. J. Hydrogen Energy 37 (2012) 10639-10647, https://doi.org/
10.1016/j.ijhydene.2012.04.083.

M. Kim, C. Liu, J.-W. Noh, Y. Yang, S. Oh, K. Shimizu, D.-Y. Lee, Z. Zhang,
Hydrogen and methane production from untreated rice straw and raw sewage
sludge under thermophilic anaerobic conditions, Int. J. Hydrogen Energy 38
(2013) 8648-8656, https://doi.org/10.1016/j.ijhydene.2013.04.079.

A.M. Lakaniemi, P.E.P. Koskinen, L.M. Nevatalo, A.H. Kaksonen, J.A. Puhakka,
Biogenic hydrogen and methane production from reed canary grass, Biomass
Bioenergy 35 (2010) 773-780, https://doi.org/10.1016/j.biombioe.2010.10.032.
C.-H. Lay, L.-Y. Sung, G. Kumar, C.-Y. Chu, C. Chen, C.-Y. Lin, Optimizing
biohydrogen production from mushroom cultivation waste using anaerobic mixed

21

[356]

[357]

[358]

[359]

[360]

[361]

[362]

[363]

[364]

[365]

[366]

[367]

[368]

[369]

[370]

[371]

[372]

[373]

[374]

[375]

[376]

[377]

[378]

[379]

[380]

Biomass and Bioenergy 140 (2020) 105673

cultures, Int. J. Hydrogen Energy 37 (2012) 16473-16478, https://doi.org/
10.1016/j.ijhydene.2012.02.135.

A. Fangkum, A. Reungsang, Biohydrogen production from sugarcane bagasse
hydrolysate by elephant dung: effects of initial pH and substrate concentration,
Int. J. Hydrogen Energy 36 (2010) 8687-8696, https://doi.org/10.1016/j.
ijhydene.2010.05.119.

M. Farhan, S.-K. Han, S.-H. Kim, D.-H. Kim, H.-S. Shin, Effect of HRT on ASBR
converting starch into biological hydrogen, Int. J. Hydrogen Energy 33 (2008)
6509-6514, https://doi.org/10.1016/j.ijhydene.2008.06.077.

S.-C. Zhang, Q.-H. Lai, Y. Lu, Z.-D. Liu, T.-M. Wang, C. Zhang, X.-H. Xing,
Enhanced biohydrogen production from corn stover by the combination of
Clostridium cellulolyticum and hydrogen fermentation bacteria, J. Biosci. Bioeng.
122 (2016) 482-487, https://doi.org/10.1016/j.jbiosc.2016.03.014.

1.A. Panagiotopoulos, R.R. Bakker, T. de Vrije, E.G. Koukios, P.A.M. Claassen,
Pretreatment of sweet sorghum bagasse for hydrogen production by
Caldicellulosiruptor saccharolyticus, Int. J. Hydrogen Energy 35 (2010) 7738-7747,
https://doi.org/10.1016/j.ijhydene.2010.05.075.

H.-N. Lin, Y.-T. Wang, M.-J. Zhu, Evaluation of spent mushroom compost as a
lignocellulosic substrate for hydrogen production by Clostridium thermocellum, Int.
J. Hydrogen Energy 42 (2017) 26687-26694, https://doi.org/10.1016/j.
ijhydene.2017.09.040.

B. Fabiano, P. Perego, Thermodynamic study and optimization of hydrogen
production by Enterobacter aerogenes, Int. J. Hydrogen Energy 27 (2002) 149-156,
https://doi.org/10.1016/50360-3199(01)00102-1.

1.A. Panagiotopoulos, R.R. Bakker, T. de Vrije, P.A.M. Claassen, E.G. Koukios,
Dilute-acid pretreatment of barley straw for biological hydrogen production using
Caldicellulosiruptor saccharolyticus, Int. J. Hydrogen Energy 37 (2012)
11727-11734, https://doi.org/10.1016/j.ijhydene.2012.05.124.

P. Sinha, A. Pandey, Biohydrogen production from various feedstocks by Bacillus
firmus NMBL-03, Int. J. Hydrogen Energy 39 (2013) 7518-7525, https://doi.org/
10.1016/j.ijhydene.2013.08.134.

L. Magnusson, R. Islam, R. Sparling, D. Levin, N. Cicek, Direct hydrogen
production from cellulosic waste materials with a single-step dark fermentation
process, Int. J. Hydrogen Energy 33 (2008) 5398-5403, https://doi.org/10.1016/
j.ijhydene.2008.06.018.

N. Kannan, D. Vakeesan, Solar energy for future world: - a review, Renew.
Sustain. Energy Rev. 62 (2016) 1092-1105, https://doi.org/10.1016/j.
rser.2016.05.022.

V. Khare, S. Nema, P. Baredar, Solar-wind hybrid renewable energy system: a
review, Renew. Sustain. Energy Rev. 58 (2016) 23-33, https://doi.org/10.1016/
j-rser.2015.12.223.

S. Sinha, S.S. Chandel, Review of recent trends in optimization techniques for
solar photovoltaic-wind based hybrid energy systems, Renew. Sustain. Energy
Rev. 50 (2015) 755-769, https://doi.org/10.1016/j.rser.2015.05.040.

K. Anoune, M. Bouya, A. Astito, A. Ben Abdellah, Sizing methods and
optimization techniques for PV-wind based hybrid renewable energy system: a
review, Renew. Sustain. Energy Rev. 93 (2018) 652-673, https://doi.org/
10.1016/j.rser.2018.05.032.

M. Carmo, D.L. Fritz, J. Mergel, D. Stolten, A comprehensive review on PEM
water electrolysis, Int. J. Hydrogen Energy 38 (2013) 4901-4934, https://doi.
org/10.1016/j.ijhydene.2013.01.151.

P.A. @stergaard, Comparing electricity , heat and biogas storages’ impacts on
renewable energy integration, Energy 37 (2012) 255-262, https://doi.org/
10.1016/j.energy.2011.11.039.

P. Chiesa, G. Lozza, L. Mazzocchi, Using hydrogen as gas turbine fuel, J. Eng. Gas
Turbines Power 127 (2005) 73-80, https://doi.org/10.1115/1.1787513.

B.G. Pollet, S.S. Kocha, 1. Staffell, Current status of automotive fuel cells for
sustainable transport, Curr. Opin. Electrochem. 16 (2019) 90-95, https://doi.org/
10.1016/j.coelec.2019.04.021.

0. Schmidt, A. Gambhir, L. Staffell, A. Hawkes, J. Nelson, S. Few, Future cost and
performance of water electrolysis: an expert elicitation study, Int. J. Hydrogen
Energy 42 (2017) 30470-30492, https://doi.org/10.1016/j.
ijhydene.2017.10.045.

A. Eftekhari, B. Fang, Electrochemical hydrogen storage: opportunities for fuel
storage, batteries, fuel cells, and supercapacitors, Int. J. Hydrogen Energy 42
(2017) 25143-25165, https://doi.org/10.1016/j.ijhydene.2017.08.103.

E. Rivard, M. Trudeau, K. Zaghib, Hydrogen storage for mobility: a review,
Materials 12 (2019), 1973-1992.

M. Thema, F. Bauer, M. Sterner, Power-to-Gas: electrolysis and methanation
status review, Renew. Sustain. Energy Rev. 112 (2019) 775-787, https://doi.org/
10.1016/j.rser.2019.06.030.

F.A. Elewuwa, Y.T. Makkawi, Hydrogen production by steam reforming of DME in
a large scale CFB reactor. Part I : computational model and predictions, Int. J.
Hydrogen Energy 40 (2016) 15865-15876, https://doi.org/10.1016/j.
ijhydene.2015.10.050.

B. Lecker, L. Illi, A. Lemmer, H. Oechsner, Biological hydrogen methanation — a
review, Bioresour. Technol. 245 (2017) 1220-1228, https://doi.org/10.1016/j.
biortech.2017.08.176.

H. Blanco, W. Nijs, J. Ruf, A. Faaij, Potential of Power-to-Methane in the EU
energy transition to a low carbon system using cost optimization, Appl. Energy
232 (2018) 323-340, https://doi.org/10.1016/j.apenergy.2018.08.027.

M. Gotz, J. Lefebvre, F. Mors, A.M. Koch, F. Graf, S. Bajohr, R. Reimert, T. Kolb,
Renewable Power-to-Gas: a technological and economic review, Renew. Energy
85 (2016) 1371-1390, https://doi.org/10.1016/j.renene.2015.07.066.


https://doi.org/10.1016/S0360-3199(02)00115-5
https://doi.org/10.1016/S0360-3199(02)00115-5
https://doi.org/10.1016/j.ijhydene.2004.02.009
https://doi.org/10.1016/j.ijhydene.2004.02.009
https://doi.org/10.1099/00207713-39-2-199
https://doi.org/10.1099/00207713-39-2-199
https://doi.org/10.1099/00221287-136-10-1945
https://doi.org/10.1016/j.biortech.2019.121342
https://doi.org/10.1016/j.biortech.2019.121342
https://doi.org/10.1007/s12649-018-00544-2
https://doi.org/10.1007/s12649-018-00544-2
https://doi.org/10.1016/j.ijhydene.2015.08.106
https://doi.org/10.1016/j.ijhydene.2015.08.106
https://doi.org/10.1016/j.ijhydene.2019.01.046
https://doi.org/10.1016/j.biortech.2006.11.048
https://doi.org/10.1016/j.ijhydene.2010.12.053
https://doi.org/10.1016/j.ijhydene.2010.12.053
https://doi.org/10.1016/j.ijhydene.2009.11.119
https://doi.org/10.1016/j.ijhydene.2009.11.119
https://doi.org/10.1016/j.ijhydene.2011.10.116
https://doi.org/10.1016/j.ijhydene.2011.10.116
https://doi.org/10.1016/j.ijhydene.2006.12.011
https://doi.org/10.1016/j.ijhydene.2006.09.027
https://doi.org/10.1016/j.biortech.2018.04.105
https://doi.org/10.1016/j.biortech.2018.04.105
https://doi.org/10.1016/j.watres.2008.02.018
https://doi.org/10.1016/j.watres.2008.02.018
https://doi.org/10.1016/j.apenergy.2011.09.014
https://doi.org/10.1016/j.apenergy.2011.09.014
https://doi.org/10.1016/j.ijhydene.2012.03.137
https://doi.org/10.1016/j.biortech.2008.04.047
https://doi.org/10.1016/j.ijhydene.2012.04.083
https://doi.org/10.1016/j.ijhydene.2012.04.083
https://doi.org/10.1016/j.ijhydene.2013.04.079
https://doi.org/10.1016/j.biombioe.2010.10.032
https://doi.org/10.1016/j.ijhydene.2012.02.135
https://doi.org/10.1016/j.ijhydene.2012.02.135
https://doi.org/10.1016/j.ijhydene.2010.05.119
https://doi.org/10.1016/j.ijhydene.2010.05.119
https://doi.org/10.1016/j.ijhydene.2008.06.077
https://doi.org/10.1016/j.jbiosc.2016.03.014
https://doi.org/10.1016/j.ijhydene.2010.05.075
https://doi.org/10.1016/j.ijhydene.2017.09.040
https://doi.org/10.1016/j.ijhydene.2017.09.040
https://doi.org/10.1016/S0360-3199(01)00102-1
https://doi.org/10.1016/j.ijhydene.2012.05.124
https://doi.org/10.1016/j.ijhydene.2013.08.134
https://doi.org/10.1016/j.ijhydene.2013.08.134
https://doi.org/10.1016/j.ijhydene.2008.06.018
https://doi.org/10.1016/j.ijhydene.2008.06.018
https://doi.org/10.1016/j.rser.2016.05.022
https://doi.org/10.1016/j.rser.2016.05.022
https://doi.org/10.1016/j.rser.2015.12.223
https://doi.org/10.1016/j.rser.2015.12.223
https://doi.org/10.1016/j.rser.2015.05.040
https://doi.org/10.1016/j.rser.2018.05.032
https://doi.org/10.1016/j.rser.2018.05.032
https://doi.org/10.1016/j.ijhydene.2013.01.151
https://doi.org/10.1016/j.ijhydene.2013.01.151
https://doi.org/10.1016/j.energy.2011.11.039
https://doi.org/10.1016/j.energy.2011.11.039
https://doi.org/10.1115/1.1787513
https://doi.org/10.1016/j.coelec.2019.04.021
https://doi.org/10.1016/j.coelec.2019.04.021
https://doi.org/10.1016/j.ijhydene.2017.10.045
https://doi.org/10.1016/j.ijhydene.2017.10.045
https://doi.org/10.1016/j.ijhydene.2017.08.103
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref375
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref375
https://doi.org/10.1016/j.rser.2019.06.030
https://doi.org/10.1016/j.rser.2019.06.030
https://doi.org/10.1016/j.ijhydene.2015.10.050
https://doi.org/10.1016/j.ijhydene.2015.10.050
https://doi.org/10.1016/j.biortech.2017.08.176
https://doi.org/10.1016/j.biortech.2017.08.176
https://doi.org/10.1016/j.apenergy.2018.08.027
https://doi.org/10.1016/j.renene.2015.07.066

P.T. Sekoai et al.

[381]

[382]

[383]

[384]

[385]

[386]

[387]

[388]

[389]

[390]

[391]

[392]

[393]

[394]

[395]

[396]

[397]

[398]

[399]

[400]

[401]

[402]

[403]

[404]

K. Ghaib, F.-Z. Ben-Fares, Power-to-Methane: a state-of-the-art review, Renew.
Sustain. Energy Rev. 81 (2018) 433-446, https://doi.org/10.1016/j.
rser.2017.08.004.

K. Stangeland, D. Kalai, H. Li, Z. Yu, CO2 methanation: the effect of catalysts and
reaction conditions, Energy Procedia 105 (2017) 2022-2027, https://doi.org/
10.1016/j.egypro.2017.03.577.

J. Zabranska, D. Pokorna, Bioconversion of carbon dioxide to methane using
hydrogen and hydrogenotrophic methanogens, Biotechnol. Adv. 36 (2018)
707-720, https://doi.org/10.1016/j.biotechadv.2017.12.003.

1. Angelidaki, L. Treu, P. Tsapekos, G. Luo, S. Campanaro, H. Wenzel, P.

G. Kougias, Biogas upgrading and utilization: current status and perspectives,
Biotechnol. Adv. 36 (2018) 452-466, https://doi.org/10.1016/j.
biotechadv.2018.01.011.

B. Demirel, P. Scherer, The roles of acetotrophic and hydrogenotrophic
methanogens during anaerobic conversion of biomass to methane: a review, Rev.
Environ. Sci. Bio/Technol. 7 (2008) 173-190, https://doi.org/10.1007/s11157-
008-9131-1.

L.T. Angenent, S. Sung, L. Raskin, Methanogenic population dynamics during
startup of a full-scale anaerobic sequencing batch reactor treating swine waste,
Water Res. 36 (2002) 4648-4654, https://doi.org/10.1016/50043-1354(02)
00199-9.

S. Ronsch, J. Schneider, S. Matthischke, M. Schliiter, M. Gotz, J. Lefebvre,

P. Prabhakaran, S. Bajohr, Review on methanation - from fundamentals to
current projects, Fuel 166 (2016) 276-296, https://doi.org/10.1016/j.
fuel.2015.10.111.

M. Burkhardt, G. Busch, Methanation of hydrogen and carbon dioxide, Appl.
Energy 111 (2013) 74-79, https://doi.org/10.1016/j.apenergy.2013.04.080.

F. Enzmann, F. Mayer, M. Rother, D. Holtmann, Methanogens: biochemical
background and biotechnological applications, Amb. Express 8 (2018) 1-22,
https://doi.org/10.1186/513568-017-0531-x.

M. Siegert, X.-F. Li, M.D. Yates, B.E. Logan, The presence of hydrogenotrophic
methanogens in the inoculum improves methane gas production in microbial
electrolysis cells, Front. Microbiol. 5 (2015) 1-12, https://doi.org/10.3389/
fmicb.2014.00778.

G. Luo, S. Johansson, K. Boe, L. Xie, Q. Zhou, I. Angelidaki, Simultaneous
hydrogen utilization and in situ biogas upgrading in an anaerobic reactor,
Biotechnol. Bioeng. 109 (n.d.) 1088-1094. doi:10.1002/bit.24360.

G. Luo, 1. Angelidaki, Hollow fiber membrane based Ha diffusion for efficient in
situ biogas upgrading in an anaerobic reactor, Appl. Microbiol. Biotechnol. 97
(2013) 3739-3744, https://doi.org/10.1007/s00253-013-4811-3.

W. Wang, L. Xie, G. Luo, Q. Zhou, I. Angelidaki, Performance and microbial
community analysis of the anaerobic reactor with coke oven gas biomethanation
and in situ biogas upgrading, Bioresour. Technol. 146 (2013) 234-239, https://
doi.org/10.1016/j.biortech.2013.07.049.

I. Bassani, P.G. Kougias, I. Angelidaki, In-situ biogas upgrading in thermophilic
granular UASB reactor : key factors affecting the hydrogen mass transfer rate,
Bioresour. Technol. 221 (2016) 485-491, https://doi.org/10.1016/j.
biortech.2016.09.083.

D.G. Mulat, F. Mosbak, A.J. Ward, D. Polag, M. Greule, F. Keppler, J.L. Nielsen,
A. Feilberg, Exogenous addition of Hy for an in situ biogas upgrading through
biological reduction of carbon dioxide into methane, Waste Manag. 68 (2017)
146-156, https://doi.org/10.1016/j.wasman.2017.05.054.

L.M. Agneessens, L.D.M. Ottosen, N.V. Voigt, J.L. Nielsen, N. de Jonge, C.

H. Fischer, M.V.W. Kofoed, In-situ biogas upgrading with pulse Hy additions: the
relevance of methanogen adaption and inorganic carbon level, Bioresour.
Technol. 233 (2017) 256-263, https://doi.org/10.1016/j.biortech.2017.02.016.
J.L. Linville, Y. Shen, P.A. Ignacio-de Leon, R.P. Schoene, M. Urgun-Demirtas, In-
situ biogas upgrading during anaerobic digestion of food waste amended with
walnut shell biochar at bench scale, Waste Manag. Res. 35 (2017) 669-679,
https://doi.org/10.1177/0734242X17704716.

Y. Shen, J.L. Linville, M. Urgun-Demirtas, R.P. Schoene, S.W. Snyder, Producing
pipeline-quality biomethane via anaerobic digestion of sludge amended with corn
stover biochar with in-situ CO5 removal, Appl. Energy 158 (2015) 300-309,
https://doi.org/10.1016/j.apenergy.2015.08.016.

S. Kim, K. Choi, J. Chung, Reduction in carbon dioxide and production of
methane by biological reaction in the electronics industry, Int. J. Hydrogen
Energy 38 (2012) 3488-3496, https://doi.org/10.1016/j.ijhydene.2012.12.007.
M. Burkhardt, T. Koschack, G. Busch, Biocatalytic methanation of hydrogen and
carbon dioxide in an anaerobic three-phase system, Bioresour. Technol. 178
(2015) 330-333, https://doi.org/10.1016/j.biortech.2014.08.023.

L. Rachbauer, G. Voitl, G. Bochmann, W. Fuchs, Biological biogas upgrading
capacity of a hydrogenotrophic community in a trickle-bed reactor, Appl. Energy
180 (2016) 483-490, https://doi.org/10.1016/j.apenergy.2016.07.109.

P.G. Kougias, L. Treu, D.P. Benavente, K. Boe, S. Campanaro, I. Angelidaki, Ex-situ
biogas upgrading and enhancement in different reactor systems, Bioresour,
Technol. 225 (2017) 429-437, https://doi.org/10.1016/j.biortech.2016.11.124.
A. Jacob, E. Ahern, J.A. Fitzgerald, S.A. Jackson, A. Xia, A.D.W. Dobson, J.

D. Murphy, Study of the performance of a thermophilic biological methanation
system, Bioresour. Technol. 225 (2017) 308-315, https://doi.org/10.1016/j.
biortech.2016.11.066.

S. Savvas, J. Donnelly, T. Patterson, Z.S. Chong, S.R. Esteves, Biological
methanation of CO; in a novel biofilm plug-flow reactor: a high rate and low

22

[405]

[406]

[407]

[408]

[409]

[410]

[411]

[412]

[413]

[414]
[415]

[416]

[417]

[418]

[419]

[420]

[421]

[422]

[423]

[424]

[425]

[426]

[427]

Biomass and Bioenergy 140 (2020) 105673

parasitic energy process, Appl. Energy 202 (2017) 238-247, https://doi.org/
10.1016/j.apenergy.2017.05.134.

1. Bassani, P.G. Kougias, L. Treu, H. Porté, S. Campanaro, Optimization of
hydrogen dispersion in thermophilic up-flow reactors for ex situ biogas
upgrading, Bioresour. Technol. 234 (2017) 310-319, https://doi.org/10.1016/j.
biortech.2017.03.055.

D. Striibing, B. Huber, M. Lebuhn, J.E. Drewes, K. Koch, High performance
biological methanation in a thermophilic anaerobic trickle bed reactor, Bioresour.
Technol. 245 (2017) 1176-1183, https://doi.org/10.1016/j.
biortech.2017.08.088.

T. Ullrich, A. Lemmer, Performance enhancement of biological methanation with
trickle bed reactors by liquid flow modulation, GCB Bioenergy 11 (2019) 63-71,
https://doi.org/10.1111/gcbb.12547.

V. Corbellini, P.G. Kougias, L. Treu, I. Bassani, F. Malpei, Hybrid biogas upgrading
in a two-stage thermophilic reactor, Energy Convers. Manag. 168 (2018) 1-10,
https://doi.org/10.1016/j.enconman.2018.04.074.

B. Omar, R. Abou-Shanab, M. El-Gammal, I.A. Fotidis, P.G. Kougias, Y. Zhang,
1. Angelidaki, Simultaneous biogas upgrading and biochemicals production using
anaerobic bacterial mixed cultures, Water Res. 142 (2018) 86-95, https://doi.
org/10.1016/j.watres.2018.05.049.

Y.-M. Yun, S. Sung, S. Kang, M.-S. Kim, D.-H. Kim, Enrichment of
hydrogenotrophic methanogens by means of gas recycle and its application in
biogas upgrading, Energy 135 (2017) 294-302, https://doi.org/10.1016/j.
energy.2017.06.133.

S. O, A. Dahunsi, Shoyombo, O. Fagbiele, Biofuel development in sub-saharan
Africa, in: J. Rajesh Banu (Ed.), Anaerobic Digestion, 2019, pp. 1-14, https://doi.
org/10.5772/intechopen.80564. IntechOpen.

P.T. Sekoai, K.O. Yoro, Biofuel development initiatives in sub-saharan Africa:
opportunities and challenges, Climate 4 (2016), https://doi.org/10.3390/
cli4020033, 1-1.

L. Godfrey, S. Oelofse, Historical review of waste management and recycling in
South Africa, Resources 6 (2017) 57-67, https://doi.org/10.3390/
resources6040057.

WWEF, The truth about our food waste problem. https://www.wwf.org.za/?21962
/The-truth-about-our-food-waste-problem, 2017. (Accessed 17 August 2019).

S. Stats, Only 10% of waste recycled in South Africa. http://www.statssa.gov.za/?
p=11527, 2018. (Accessed 17 August 2019).

R. Department of Environmental Affairs, National Waste Information Baseline
Report, (2012) vols. 1-28. http://sawic.environment.gov.za/documents/1880.
pdf.

Enviros Consulting, Review of environmental and health effects of waste
management: municipal solid waste and similar wastes. https://www.gov.uk/go
vernment/publications/review-of-environmental-and-health-effects-of-waste-ma
nagement-municipal-solid-waste-and-similar-wastes, 2004.

A. Pradhan, C. Mbohwa, Development of biofuels in South Africa: challenges and
opportunities, Renew. Sustain. Energy Rev. 39 (2014) 1089-1100, https://doi.
org/10.1016/j.rser.2014.07.131.

E.B. Gueguim Kana, S. Schmidt, R.H. Azanfack Kenfack, A web-enabled software
for real-time biogas fermentation monitoring-Assessment of dark fermentations
for correlations between medium conductivity and biohydrogen evolution, Int. J.
Hydrogen Energy 38 (2013) 10235-10244, https://doi.org/10.1016/j.
ijhydene.2013.06.019.

Y. Sewsynker, E.B. Gueguim Kana, A. Lateef, Modelling of biohydrogen
generation in microbial electrolysis cells (MECs) using a committee of artificial
neural networks (ANNs), Biotechnol. Biotechnol. Equip. 29 (2015) 1208-1215,
https://doi.org/10.1080/13102818.2015.1062732.

D. Rorke, E.B. Gueguim Kana, Biohydrogen process development on waste
sorghum (Sorghum bicolor) leaves: optimization of saccharification, hydrogen
production and preliminary scale up, Int. J. Hydrogen Energy 41 (2016)
12941-12952, https://doi.org/10.1016/j.ijhydene.2016.06.112.

M.B.H. Khan, E.B. Gueguim Kana, Design, implementation and assessment of a
novel bioreactor for fermentative biohydrogen process development, Int. J.
Hydrogen Energy 41 (2016) 10136-10144, https://doi.org/10.1016/j.
ijhydene.2016.04.208.

L. Ngoma, P. Masilela, F. Obazu, V.M. Gray, The effect of temperature and
effluent recycle rate on hydrogen production by undefined bacterial granules,
Bioresour. Technol. 102 (2011) 8986-8991, https://doi.org/10.1016/j.
biortech.2011.06.083.

F.O. Obazu, L. Ngoma, V.M. Gray, Interrelationships between bioreactor volume,
effluent recycle rate, temperature, pH, %H>, hydrogen productivity and hydrogen
yield with undefined bacterial cultures, Int. J. Hydrogen Energy 37 (2012)
5579-5590, https://doi.org/10.1016/j.ijhydene.2012.01.001.

F.O. Obazu, A.S. Afolabi, M.O. Daramola, V.M. Gray, Biohydrogen production by
bacterial granules adapted to grow at different thermophilic temperatures, in:
Proc. World Congr. Eng., 2015, pp. 1-5.

A. Tawfik, H. El-Bery, M. Elsamadony, S. Kumari, F. Bux, Upgrading continuous
H, gas recovery from rice straw hydrolysate via fermentation process amended
with magnetite nanoparticles, Int. J. Energy Res. 43 (2019) 3516-3527, https://
doi.org/10.1002/er.4495.

B.K. Hong, S.H. Kim, C.M. Kim, Powering the future through hydrogen and
polymer electrolyte membrane fuel cells, Johnson Matthey Technol. Rev. 64
(2020) 236-251, https://doi.org/10.1595/205651319x15744200036826.


https://doi.org/10.1016/j.rser.2017.08.004
https://doi.org/10.1016/j.rser.2017.08.004
https://doi.org/10.1016/j.egypro.2017.03.577
https://doi.org/10.1016/j.egypro.2017.03.577
https://doi.org/10.1016/j.biotechadv.2017.12.003
https://doi.org/10.1016/j.biotechadv.2018.01.011
https://doi.org/10.1016/j.biotechadv.2018.01.011
https://doi.org/10.1007/s11157-008-9131-1
https://doi.org/10.1007/s11157-008-9131-1
https://doi.org/10.1016/S0043-1354(02)00199-9
https://doi.org/10.1016/S0043-1354(02)00199-9
https://doi.org/10.1016/j.fuel.2015.10.111
https://doi.org/10.1016/j.fuel.2015.10.111
https://doi.org/10.1016/j.apenergy.2013.04.080
https://doi.org/10.1186/s13568-017-0531-x
https://doi.org/10.3389/fmicb.2014.00778
https://doi.org/10.3389/fmicb.2014.00778
https://doi.org/10.1007/s00253-013-4811-3
https://doi.org/10.1016/j.biortech.2013.07.049
https://doi.org/10.1016/j.biortech.2013.07.049
https://doi.org/10.1016/j.biortech.2016.09.083
https://doi.org/10.1016/j.biortech.2016.09.083
https://doi.org/10.1016/j.wasman.2017.05.054
https://doi.org/10.1016/j.biortech.2017.02.016
https://doi.org/10.1177/0734242X17704716
https://doi.org/10.1016/j.apenergy.2015.08.016
https://doi.org/10.1016/j.ijhydene.2012.12.007
https://doi.org/10.1016/j.biortech.2014.08.023
https://doi.org/10.1016/j.apenergy.2016.07.109
https://doi.org/10.1016/j.biortech.2016.11.124
https://doi.org/10.1016/j.biortech.2016.11.066
https://doi.org/10.1016/j.biortech.2016.11.066
https://doi.org/10.1016/j.apenergy.2017.05.134
https://doi.org/10.1016/j.apenergy.2017.05.134
https://doi.org/10.1016/j.biortech.2017.03.055
https://doi.org/10.1016/j.biortech.2017.03.055
https://doi.org/10.1016/j.biortech.2017.08.088
https://doi.org/10.1016/j.biortech.2017.08.088
https://doi.org/10.1111/gcbb.12547
https://doi.org/10.1016/j.enconman.2018.04.074
https://doi.org/10.1016/j.watres.2018.05.049
https://doi.org/10.1016/j.watres.2018.05.049
https://doi.org/10.1016/j.energy.2017.06.133
https://doi.org/10.1016/j.energy.2017.06.133
https://doi.org/10.5772/intechopen.80564
https://doi.org/10.5772/intechopen.80564
https://doi.org/10.3390/cli4020033
https://doi.org/10.3390/cli4020033
https://doi.org/10.3390/resources6040057
https://doi.org/10.3390/resources6040057
https://www.wwf.org.za/?21962/The-truth-about-our-food-waste-problem
https://www.wwf.org.za/?21962/The-truth-about-our-food-waste-problem
http://www.statssa.gov.za/?p=11527
http://www.statssa.gov.za/?p=11527
http://sawic.environment.gov.za/documents/1880.pdf
http://sawic.environment.gov.za/documents/1880.pdf
https://www.gov.uk/government/publications/review-of-environmental-and-health-effects-of-waste-management-municipal-solid-waste-and-similar-wastes
https://www.gov.uk/government/publications/review-of-environmental-and-health-effects-of-waste-management-municipal-solid-waste-and-similar-wastes
https://www.gov.uk/government/publications/review-of-environmental-and-health-effects-of-waste-management-municipal-solid-waste-and-similar-wastes
https://doi.org/10.1016/j.rser.2014.07.131
https://doi.org/10.1016/j.rser.2014.07.131
https://doi.org/10.1016/j.ijhydene.2013.06.019
https://doi.org/10.1016/j.ijhydene.2013.06.019
https://doi.org/10.1080/13102818.2015.1062732
https://doi.org/10.1016/j.ijhydene.2016.06.112
https://doi.org/10.1016/j.ijhydene.2016.04.208
https://doi.org/10.1016/j.ijhydene.2016.04.208
https://doi.org/10.1016/j.biortech.2011.06.083
https://doi.org/10.1016/j.biortech.2011.06.083
https://doi.org/10.1016/j.ijhydene.2012.01.001
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref425
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref425
http://refhub.elsevier.com/S0961-9534(20)30207-5/sref425
https://doi.org/10.1002/er.4495
https://doi.org/10.1002/er.4495
https://doi.org/10.1595/205651319x15744200036826

	Revising the dark fermentative H2 research and development scenario – An overview of the recent advances and emerging techn ...
	1 Introduction
	2 An overview of the process barriers facing the DF process
	3 Recent advances and emerging technologies in DF process
	3.1 Cell immobilization
	3.2 Nanotechnology
	3.3 Mathematical tools
	3.4 Consolidated bioprocessing for lignocellulosic H2 production
	3.5 Biological H2 methanation

	4 The potential of bioenergy in Sub-Saharan Africa
	4.1 The South African scenario

	5 The way forward: a proposed roadmap for surpassing the current process barriers
	6 Conclusions and recommendations for future studies
	References


