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A comparative review of biohydrogen and
biomethane production from biowaste through
photo-fermentation

*35 and Yuanpeng Wang (2 *°

Dandan Xie,? Lingfen Kong,? Jiehua Hu,? Heng Li
Given the depletion of fossil fuels and the environmental issues they cause, the search for alternative,
clean, and renewable energy sources has made significant progress. Among them, the photo-fermenta-
tive production of bioenergy stands out as an attractive and environmentally friendly approach. This
review comprehensively examines the key biological and technological characteristics and mechanisms
involved in the production of biohydrogen and biomethane through photo-fermentation. Specifically, it
discusses the use of wastewater or biowaste as feedstocks for photobiological hydrogen production, key
factors influencing biohydrogen yields, and various enhancement methods. Building on the insights
gained from biohydrogen production, we further explore the processes, methods, and mechanisms for
enhancing photo-fermentative biomethane production areas that have not been thoroughly reviewed
elsewhere. By linking biohydrogen and biomethane production, this study underscores the complemen-
tary roles of these bioenergy sources within a unified photo-fermentative framework. Additionally, it
offers a comparative analysis of biohydrogen and biomethane in terms of mechanisms, feedstock utiliz-
ation, environmental impact, economic viability and efficiency. The aim is to highlight recent advance-
ments in this field, identify challenges and future perspectives, and discuss the potential of photobiologi-
cal biohydrogen and biomethane as sustainable bioenergy sources.

1. This review discusses advancements in the photo-fermentative production of biohydrogen and biomethane, emphasiz-
ing the use of biowaste and wastewater as feedstocks. It highlights improvements in microbial processes, bioreactor
design, and energy efficiency, offering a cleaner, more sustainable alternative to traditional energy production methods, in
line with green chemistry principles of waste reduction, resource efficiency, and environmental sustainability.

2. This review compares biohydrogen and biomethane production via photo-fermentation, highlighting key mechanisms,
feedstock utilization, and their environmental and economic impacts. It emphasizes their complementary roles as sustain-

able bioenergy sources.

3. Future research will focus on optimizing processes for greater efficiency and scalability. This review provides essential
insights that can guide the development of more sustainable bioenergy systems, advancing green chemistry and renewable

energy solutions.

1. Introduction

The ever-growing energy demand and the resulting environ-
mental challenges underscore the urgent need for sustainable
and renewable energy sources."” Bioenergy, produced from
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organic materials like wastewater and biowaste, has emerged
as a promising alternative.® Utilizing these waste materials not
only mitigates environmental pollution but also provides a
cost-effective energy production solution, aligning well with
global efforts to combat climate change. Recognizing its poten-
tial to significantly enhance energy security, environmental
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sustainability, and economic growth, governments, industries,
and research institutions are heavily investing in the develop-
ment of efficient technologies for bioenergy production from
various wastes. This shift towards bioenergy is crucial for creat-
ing a sustainable future and reducing dependence on conven-
tional energy sources.

Bioenergy production from wastewater and biowaste
involves two primary approaches: thermochemical and bio-
chemical conversion.® Traditional thermal catalysis, despite
being effective in accelerating bioenergy production, has draw-
backs such as high energy demands. Therefore, the elevated
temperature and pressure requirements in traditional thermal
catalysis increase operational costs, while producing massive
harmful by-products.” One of the key alternative techniques
for converting wastewater or biowaste into bioenergy is adopt-
ing biochemical conversion, which includes anaerobic diges-
tion, microbial fuel cells, and photo-fermentation.® Among
them, photo-fermentation is particularly promising for con-
verting organic substrates into hydrogen gas by using photo-
synthetic bacteria and light.” This process enables clean bioe-
nergy production under mild conditions, with a wide range of
wastewater and biowaste sources available, offering a more sus-
tainable approach compared to traditional thermal methods.*
Operating under ambient conditions, photo-fermentation
reduces energy consumption and costs and minimizes the
generation of harmful by-products, making it a more environ-
mentally friendly and efficient alternative.

Despite its promise, the practical application of photo-fer-
mentation is currently constrained by technical and economic
challenges, necessitating ongoing research and technological
advancements to enhance efficiency, reduce costs, and
improve scalability. Several reviews have discussed biohydrogen
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production through photo-fermentation, focusing on reviewing
the use of different photo-nanocatalysts® and nanomaterials,”*°
and the challenges and advancements of algae based
biofuels’'* and food waste."®> However, such reported reviews
largely concentrate on biohydrogen, with another important
bioenergy source of biomethane being frequently ignored. In
contrast, our review uniquely comments on the photo-fermenta-
tion production of both biohydrogen and biomethane from
wastewater as well as biowaste. Unlike biohydrogen production,
which is a direct process where light energy directly drives the
production of hydrogen through photobiological reactions, bio-
methane production via photo-fermentation occurs through an
indirect mechanism. Specifically, light energy stimulates the
anaerobic degradation of organic matter, releasing electrons in
the process. These electrons are then transferred through
various biochemical pathways in an anaerobic environment.'* A
critical step in this process involves methanogenic archaea,
which play a key role in converting intermediate compounds,
such as acetate and hydrogen, into biomethane. This indirect
mechanism involves a complex network of microbial inter-
actions, distinguishing biomethane production from the direct,
light-driven hydrogen production process.

This review, to the best of our knowledge, is the first one to
systematically summarize recent advancements regarding
photo-fermentative production of biomethane from wastewater
and biowaste. The general structure of this review is illustrated
in Fig. 1. In detail, we present a comparative analysis of biohy-
drogen and biomethane production in terms of mechanisms,
feedstock utilization, environmental impact, economic assess-
ment and waste-to-energy conversion efficiency, offering a
comprehensive perspective on the potential of these bioenergy
sources. As a result, this review offers valuable insights into
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Fig. 1 The general information and structure of bioenergy production from wastewater and biowaste through photo-fermentation.
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the potential of exploring the photo-fermentative approach for
producing biohydrogen and biomethane as sustainable bioe-
nergy sources, aligning well with the principles of green chem-
istry, namely promoting efficient waste utilization, minimizing
environmental impact, and advancing renewable energy
research and waste management practices.

2. Hydrogen production through
photo-fermentation
2.1 Description of the process

Photo-fermentation is a biological process in which photosyn-
thetic bacteria, particularly purple non-sulfur bacteria (PNSB),
convert organic substrates from wastewater or biowaste into
hydrogen gas (Fig. 2). These bacteria are adept at utilizing
light energy to drive hydrogen production, a process that inte-
grates metabolic and photosynthetic pathways.

The process begins with the introduction of organic sub-
strates—such as carbohydrates, proteins, and fats—into a bio-
reactor where PNSB are cultured. These organic compounds
serve as electron donors, which are metabolized by the bac-
teria to release electrons and protons, fundamental com-
ponents in hydrogen production. A key feature of PNSB is their
photosynthetic apparatus, which captures light energy, typi-
cally from sunlight or artificial light sources. Upon absorption,
light energy excites electrons within the photosynthetic reac-
tion center. These high-energy electrons are transferred
through a membrane-bound electron transport chain, a
sequence of proteins embedded within the bacterial mem-
brane. During the electron transport process, protons are
pumped across the membrane, establishing a proton gradient
(proton motive force). This gradient is harnessed by ATP
synthase, a membrane enzyme complex, to synthesize adeno-
sine triphosphate (ATP). ATP provides the energy necessary for
various cellular functions, including the reduction of protons
to molecular hydrogen via the activity of hydrogenase
enzymes.
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The overall process can be summarized as the conversion of
organic substrates into hydrogen gas, carbon dioxide, and
other metabolic byproducts. Table 1 illustrates commonly
used photosynthetic bacteria in photo-fermentation, including
PNSB  species like  Rhodobacter  sphaeroides  and
Rhodopseudomonas  palustris.> Additionally, studies have
explored the synergistic effects of combining multiple photo-
synthetic bacteria species to enhance hydrogen production. In
this process, photosynthetic bacteria effectively harness solar
energy to power the metabolic pathways that break down
complex organic compounds. By converting waste-derived
organic substrates into clean hydrogen fuel, this technology
provides a sustainable approach for bioenergy production
while promoting efficient degradation of waste materials.

2.2 Different wastewater and biowaste sources

The photo-fermentation production of hydrogen utilizes
various wastewater and biowaste sources, each offering unique
advantages due to their discrepant organic contents.
Industrial wastewater, particularly from the food and
beverage,'®>° dairy,”" and oil industries,”” is rich in organic
compounds such as sugars, fats, and proteins. These nutrients
provide an excellent substrate for photosynthetic bacteria, ren-
dering industrial wastewater a valuable source for hydrogen
production.

The data presented in Table 1 highlight the variability of
hydrogen bio-produced using different feedstocks and under
varied operational conditions, emphasizing the importance of
tailoring fermentation conditions according to the specific
characteristics of each wastewater. Tofu wastewater, for
instance, achieved a relatively high yield of biohydrogen up to
4.32 L L7, likely due to its rich nutrient content, including
organic compounds such as amino acids, which support the
growth and metabolic activity of the glutamine auxotrophic
mutant of Rhodobacter sphaeroides in biohydrogen pro-
duction.?® Similarly, dairy wastewater demonstrated a high bio-
hydrogen yield of 3.62 L L™, showcasing its potential as a rich
substrate source.”! This high yield may be due to its balanced
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Fig. 2 Mechanism diagram of photo-fermentative biohydrogen production.
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Table 1 Overview of studies related to biohydrogen production from wastewater and biowaste through photo-fermentation

Light

intensity Temp. H, production
Feedstock Inoculum Reactor source (°C) pH H, yields rates Ref.
Sugar refinery effluent R. sphaeroides O.U. 001 Batch 200Wm™> 30 7 463LL" 27.74mLL" h™! 16

and malic acid

Sugar wastewater Rhodobacter CSTR 7500 Lux  25.6 7 2.61LL" 524mLL " h™! 17
sphaeroides
Brewery wastewater Rhodobacter Batch 116Wm™ 28+2 7-7.2 224LL7" 61mLL ' h™ 18
sphaeroides
Soy sauce wastewater Rhodobium marinum  Batch 60Wm™> 30 7 2.67LL" 38.14mLL ' h™ 19
Tofu wastewater Rhodobacter Batch 6000-7000 30 7 4.32LL7" — 20
sphaeroides Lux
Dairy wastewater Rhodobacter Batch 9000 Lux  28+2 7-7.2 3.62LL7" 56 mLL ' h™* 21
sphaeroides O.U. 001 per
(Hgw
lamp)
Olive mill wastewater PNSB Batch 74Wm™> 30%0.2 6.8-7.2 1.03LL™" 587mLL ™' h™ 22
Mixture of restaurant/ Rhodobacter Batch 126 Wm™> 30+2 7 0.95LL™" — 23
brewery effluents sphaeroides DSM 158
Dark fermented effluent Indigenous bacteria Batch 4500 Lux 30 7 1.64LL7" 18.65mLL ' h™" 24
and palm oil mill
effluent
Brewery wastewater and ~ PNSB Batch 7000 Lux 30 7 1546 LL™! 71757 mLL™'h™" 25
pulp and paper mill
effluent
Wastewater of palm oil ~ Rhodobacter Batch 7000 Lux 30 7 8.72LL™! 763 mLL " h™ 26
and effluents from the sphaeroides
paper and pulp NCIMBS8253
industries
Bread waste Rhodobacter CSTR 40Wm™ 25-28 6.8 — 1.96+1.6 mLL'h™' 27
sphaeroides
Vegetable waste Rhodopseudomonas Batch 35 pmol 30 6.8 — 9.6+2.6mLL"h™" 28
palustris photons
m?s™!
Potato residue Rhodobacter Custom- LED bulb 30 7 6.31 mol — 29
sphaeroides 0.U. 001  designed (20 W each) (mol carbohydrate) ™
bioreactor
Corncob HAU-M1 Batch 3000 Lux 30 7 51.96 mL (g TS) ™ — 30
Agricultural waste Mixed bacterial strains Batch 7000 Lux 30 7 84.7 mL (g TS)™" 23.97 mLh™! 31
HAU-M1
Corn stover HAU-M1 Batch 3500 Lux 30 6.5 141.42 mL (g TS)™'  — 32
Corn stalk Rhodospirillum rubrum Batch 3000 Lux 30 6.5 119.3 mL g™ ! 23.96 mLh™* 33

composition of carbohydrates and proteins, which are readily
metabolized by Rhodobacter sphaeroides. On the other hand,
olive mill wastewater exhibited a significantly lower biohydro-
gen yield of 1.03 L L™, likely due to its relatively high polyphe-
nol content, which inhibits microbial activity.>* Such findings
underscore the critical roles of substrate composition in influ-
encing the metabolic activity of photosynthetic bacteria. In
another case, a low biohydrogen yield of 0.95 L L™" is primarily
due to the absence of a specialized growth medium, although
not using a medium can reduce cost and simplify the process
by utilizing natural effluents as a nutrient source.”?
Additionally, the role of indigenous bacteria in the dark fer-
mented effluent and the palm oil mill effluent is noteworthy,
enabling a hydrogen yield of 1.64 L L™" to be achieved, even
without the use of specific inoculum strains.>* This highlights
the importance of leveraging naturally existing microbial com-
munities in certain types of wastewater to reduce operational
costs associated with inoculum preparation.

The comparison regarding hydrogen production between
batch and continuous stirred-tank reactor (CSTR) systems in
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Table 1 also reveals the significance of process optimization.
For instance, sugar wastewater treated in a CSTR achieved a
biohydrogen yield of 2.61 L L™"."7 Although the biohydrogen
production value is modest, this result implies the capacity of
a continuous system to sustain stable hydrogen production
over extended periods. The aforementioned analyses suggest
that the optimization of reactor design and operational para-
meters (e.g., light intensity and retention time) could enhance
the yield of biohydrogen.

Co-fermentation of mixed wastewater in the photo-fermenta-
tion process can enhance hydrogen production yields. For
instance, Hay et al. demonstrated that combining brewery waste-
water with the pulp and paper mill effluent significantly
boosted biohydrogen production.”> The unique characteristics
of brewery wastewater, such as its rich organic content and
favorable C/N ratio, contribute to a higher hydrogen yield when
used as a co-substrate in the photo-fermentation process. This
synergistic effect not only optimizes the substrate utilization but
also improves the overall efficiency and sustainability of biohy-
drogen production from industrial wastewater mixtures.

This journal is © The Royal Society of Chemistry 2025
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Biowaste, including agricultural residues and food waste, is
another promising feedstock for bioenergy production
through photo-fermentation. Biowaste derived from food pro-
cessing and kitchen waste (Table 1) demonstrates significant
potential for hydrogen production, due to its high organic
content and biodegradability. An example of processing bread
waste in a CSTR in the presence of Rhodobacter sphaeroides
attained a hydrogen yield of 1.96 mL L™" h™*,*” while vegetable
waste treated with Rhodopseudomonas palustris yielded a
higher hydrogen production performance of 9.6 mL L™ h™"
under batch conditions.”® This suggests that vegetable waste,
with its complex organic composition, supports higher hydro-
gen production compared to bread waste. In addition, research
on custom-designed bioreactors for photo-fermentation hydro-
gen production shows that optimizing key process parameters
can significantly enhance hydrogen yield, paving the way for
scaling up from laboratory to commercial production.?® These
examples signify that food waste can serve as an effective sub-
strate for photosynthetic bacteria, which enable the conversion
of organic materials into hydrogen and concurrently address
the dual challenges with regard to managing food waste and
producing renewable energy. By optimizing fermentation con-
ditions and reactor designs, the valorization of food waste can
be further expedited to provide more solutions to obtaining
sustainable energy.

Agricultural residues, such as straw, corn stover, and wood
chips, contain lignocellulose, which can be pretreated and
hydrolyzed to release fermentable sugars.” These sugars serve
as substrates for photosynthetic bacteria to produce hydrogen.
In addition, the summarized hydrogen production values
(51.96-141.42 mL (g TS)™") listed in Table 1 also indicate that
different agricultural residues exhibit diverse hydrogen yields,
due to the differences in their compositions, pretreatment
methods, and operational parameters. In the presence of
HAU-M1, for instance, agricultural waste enabled the pro-
duction of a notable hydrogen yield of 84.7 mL (g TS) ™" under
batch conditions, showcasing its suitability as a substrate
stemming from its rich fermentable carbohydrates.!
Similarly, corn stover demonstrated a remarkable hydrogen
yield of 141.42 mL (g TS)™", attributed to its lignocellulosic
structure, which provides ample fermentable sugars upon
hydrolysis.**

In consideration of wastewater and biowaste, both are
promising feedstocks for bioenergy production through photo-
induced fermentation; however, differences exist. Notably,
wastewater is abundant and cost-effective for large-scale appli-
cations, although its complex compositions and potential toxi-
cities require careful management. Biowaste, renowned for its
rich organic content, supports efficient nutrient recycling but
may face challenges such as variability and microbial compe-
tition. Consequently, the selection of feedstock for hydrogen
production depends on factors like availability, cost, and
environmental impact, with such factors being examined
beforehand to make wastewater treatment facilities and agri-
cultural areas ideal for long-term and profitable bioenergy
manufacturing. By utilizing these waste resources, photo-fer-

This journal is © The Royal Society of Chemistry 2025
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mentation not only enables the production of renewable
hydrogen but also helps reduce waste as well as support
environmental sustainability.

2.3 Important process parameters

The efficiency of hydrogen production through photo-fermen-
tation is influenced by several critical process parameters.
Understanding and optimizing these parameters are essential
for maximizing hydrogen yield.

Light intensity and wavelength are crucial to the activity of
photosynthetic bacteria, primarily PNSB. Specifically, light
intensity significantly influences the growth and biomass pro-
duction of photosynthetic bacteria in wastewater treatment
processes.** Optimal light intensity ensures maximum absorp-
tion and utilization of light energy, thereby enhancing the
hydrogen production rate. Uyar et al. highlighted that the
efficiency of hydrogen production in photobioreactors was sig-
nificantly influenced by light conditions.”® This study also
emphasized that the illumination protocol, including continu-
ous versus intermittent light exposure, played a key role in opti-
mizing energy efficiency and enhancing hydrogen production
rates. Noteworthily, different wavelengths can selectively stimu-
late or inhibit specific metabolic pathways, thereby influencing
overall hydrogen output. However, excessive high light intensi-
ties can cause photoinhibition, giving rise to reduced bacterial
activity.>*

Beyond the light source, temperature also affects the meta-
bolic activities of photosynthetic bacteria considerably. For
example, the bioconversion process can occur under various
temperature conditions: psychrophilic (0-25 °C), mesophilic
(25-45 °C), thermophilic (45-65 °C), and hyperthermophilic
(above 80 °C). It is important to note that temperature will
interfere with metabolic pathways; therefore, optimizing
enzyme activity within its specific temperature range is of
crucial importance to biohydrogen production.*® Within this
temperature range, enzymatic activities and bacterial growth
rates reach their maxima. As expected, temperatures outside
this range can slow down metabolic processes or denature
essential enzymes, in turn reducing hydrogen production
efficiency. As is well known, anaerobic processes are highly
temperature-dependent; as a consequence, the optimal pH
required for different bacterial species can vary. For instance,
the optimal temperature range for PNSB is 25-35 °C,*” while
some cyanobacterial strains can even thrive at thermophilic
temperatures, such as 55 °C.*®

Additionally, the pH level of the culture medium impacts
bacterial growth, determining the performance of hydrogen
production. The optimal pH for photo-fermentation is usually
around neutral (pH 7.0); hence, deviations from this optimal
pH can disrupt the stability and functionality of enzymes
involved in hydrogen production. Maintaining a stable pH
value is crucial for ensuring consistent bacterial activity and
hydrogen output. However, controlling the pH value in these
processes is highly challenging due to the presence of organic
acids, such as the byproducts of volatile fatty acids.
Acidification caused by such byproducts engenders a decrease

Green Chem., 2025, 27,1331-1347 | 1335
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in the pH within the reactor over time, leading to a loss of
buffering capacity in the system.*® In a study, Guo et al
focused on using phosphate buffer to stabilize pH levels,
leading to biohydrogen production improvement during
photo-fermentation.?® This finding confirms that the use of
phosphate buffer can effectively maintain stable pH values
throughout the entire fermentation process, which is crucial
for ensuring that the photo-fermentation systems show excel-
lent performance. By adopting phosphate buffer to inhibit sig-
nificant pH fluctuations, the microbial activity in the photo-
fermentation system is well preserved, in turn demonstrating a
higher biohydrogen yield.

The availability of nutrients such as carbon, nitrogen, and
trace elements is vital to bacterial metabolism. Organic sub-
strates in wastewater provide the key carbon sources, while the
existence of nitrogen is essential for protein synthesis and cell
growth. Clearly, an appropriate balance between these nutri-
ents imparts optimal bacterial activity, and excessive or
deficient nutrient levels can result in suboptimal hydrogen
production rates. As a consequence, the C/N ratio is a critical
factor to be considered when using photo-fermentation
systems for hydrogen production, which should be addition-
ally optimized to maximize the hydrogen yields. One effective
method to determine the optimal C/N ratio is through the use
of mathematical models. A relevant study was reported by
Zhang et al; they found that an optimal C/N ratio indeed
enhanced the growth of photosynthetic microorganisms and
improved their ability to produce biohydrogen. Subsequently,
they adopted the response surface methodology and artificial
neural networks integrated with genetic algorithms, revealing
that the optimal C/N ratio reaching maximized hydrogen
yields was contributed by the co-substrates. Thus, this C/N
ratio optimization helped achieve more effective and efficient
biohydrogen production processes.*! In addition, supplemen-
tation of chemical nutrients can boost the fermentation
efficiency by supporting bacterial growth and enzymatic
activity. Vitamins, such as nicotinic acid and biotin, are crucial
for maintaining bacterial health and enhancing hydrogen pro-
ductivity in the fermentation system.*> Phosphorus plays indis-
pensable roles in synthesizing energy in the form of ATP,
which fuels various metabolic processes in cells. Additionally,
phosphorus also functions as a buffer, helping maintain pH
balance in biochemical systems.**

By carefully monitoring and optimizing these process para-
meters, the hydrogen production efficiency through photo-fer-
mentation can be significantly enhanced. Evidently, this
improvement makes the process more viable as a method for
renewable energy generation. In addition to energy production,
photo-fermentation shows the distinct feature of sustainability,
broadening the solutions to produce cleaner energy for the
future.

2.4 Enhanced hydrogen production and mechanism

In the photo-fermentation process, PNSB absorb light energy
to convert waste organics into CO, and H, via nitrogenase
enzymes. However, challenges like low light conversion

1336 | Green Chem., 2025, 27,1331-1347
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efficiency, compromised hydrogen production rates, and inhi-
bition caused by toxic compounds can hinder the process.**™*®
For example, residual substrates and dark-colored wastewater
reduce light penetration, while high ammonium concen-
trations suppress nitrogenase activity."” Despite facing such
challenges, advanced technologies have been developed to
improve the photo-fermentative efficiency towards biohydro-
gen production. Commonly adopted technologies to improve
biohydrogen production are therefore comprehensively sum-
marized and reviewed in the following sections.

2.4.1 Substrate pretreatment. Substrate pretreatment is
essential to break down complex organic materials into
simpler compounds that can be more readily utilized by micro-
organisms, and common pretreatment techniques include
physical, chemical, and biological methods.'® Specifically,
physical pretreatments, such as milling or grinding, increase
the surface area of the substrate, making it more accessible for
microbial behaviors.”®*° Chemical pretreatments, including
acid or alkali treatments, help to solubilize complex polymers
like cellulose and hemicellulose, leading to the release of fer-
mentable sugars.’>® Biological pretreatments employ enzymes
or microbial consortia to degrade lignocellulosic materials,
converting them into simpler sugars without the need for
harsh chemicals.’® These pretreatment methods are designed
to enhance the accessibility to more fermentable substrates, in
turn improving the efficiency and hydrogen production per-
formance. Notably, optimizing pretreatment conditions to deal
with diverse biomass sources can largely increase the pro-
ductivity and sustainability for biohydrogen generation,
making it a crucial step in establishing effective photo-fermen-
tation processes.

2.4.2 Genetic engineering. Biohydrogen production relies
heavily on microbial metabolism; therefore, the development
of highly performant strains is of crucial importance to
improve hydrogen yield. Genetic engineering has become a key
approach for enhancing bacterial performance under various
environmental conditions, with strategies including the
reduction of self-shading effects,>® overexpression of nitrogen-
ase genes,”? enhancement of ATP content,” and improved
ammonium tolerance.”® When using photo-fermentative
systems, however, most studies focus on using pure substrates
(such as acetate, butyrate, or glucose) to boost the production
of hydrogen,>>**” with limited applications regarding the
use of complex substrates like wastewater or biowaste. These
pure substrates provide easily controlled environments but do
not fully replicate the complex conditions of wastewater or bio-
waste. In a study, Wei et al. explored photo-assisted biological
hydrogen production using a temperature-tolerant mutant of
Rhodobacter capsulatus obtained through transposon mutagen-
esis.’” They characterized and finally identified that the
mutant strain exhibited improved hydrogen production capa-
bilities at elevated temperatures, attributed to the mutant pos-
sessing the abilities to maintain photosynthetic activity and
efficient electron transport under thermal stress. Therefore,
this microbial metabolism adaptation methodology led to
improved nitrogenase enzyme efficiency—a key factor in boost-

This journal is © The Royal Society of Chemistry 2025
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ing hydrogen production—highlighting that this strategy has
promising potential for sustainable biohydrogen production
under diverse and challenging environmental conditions.
Inspired by this study, it is important to underscore that there
is an urgent need to extend genetic engineering approaches to
more complex and realistic substrates, such as those found in
wastewater or biowaste, to maximize their practical
applicability.

2.4.3 Immobilization technology. Immobilization techno-
logy represents an effective strategy to enhance the hydrogen
production efficiency and productivity from biowaste, offering
a pathway towards more sustainable and cost-effective biohy-
drogen production processes. This approach involves anchor-
ing microbial cells onto support materials, which directly
impacts the key mechanisms regarding hydrogen production.
By immobilizing cells, the stability and concentration of the
microbial community are significantly increased, creating a
densely packed and metabolically active environment that opti-
mizes substrate utilization and electron transfer for hydrogen
generation.®® A key advantage of immobilization lies in the
enhanced resistance of microbial cells to environmental stres-
ses, such as temperature fluctuations, pH variations, or the
presence of inhibitory substances.®* This increased resilience
is essential for maintaining consistent hydrogen production
under varying and potentially challenging industrial con-
ditions. In addition, these stress-tolerant properties also play
central roles in yielding consistent hydrogen in industrial
applications where conditions may vary. Furthermore, immo-
bilization reduces the risk of cell washout, a common issue in
continuous fermentation processes, thereby ensuring a stable
and prolonged production cycle.

Among the various immobilization techniques, biofilm-
based systems are particularly noteworthy. Specifically, these
systems enable microorganisms to form a biofilm—a thin, pro-
tective layer of cells—on the surface of the support material.
The biofilm acts as a natural defense against cell washout, a
common issue in continuous fermentation processes where
cells may be lost to the effluent.® In these immobilized-cell
systems, activated carbon fibers are especially effective carriers
due to their large surface area.®>®> Other materials with rough-
ened surfaces, such as optical fibers,*® porous glass plates,®”
and biomaterials using nanoparticles,®® are also commonly
utilized as carriers. These materials provide additional benefits
such as enhanced light penetration or catalytic activity, which
further intensify the metabolic processes to drive hydrogen
production. Beyond the choice of carrier materials, operational
parameters such as substrate concentration, light intensity,
and flow rate also significantly influence the overall perform-
ance and long-term stability of immobilized-cell systems. For
instance, an optimized light distribution within the bioreactor
ensures the maximum activation of photosynthetic pathways,
while the well-controlled flow rates prevent shear stress that
might damage the biofilm.

Despite these advancements, the application of immobiliz-
ation technology in large-scale reactors remains underex-
plored. Challenges such as maintaining biofilm integrity and

This journal is © The Royal Society of Chemistry 2025
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balancing mass transfer in industrial settings require further
investigations. Expanding research on large-scale immobilized
reactors is essential to bridge the gaps between laboratory-
scale studies and industrial applications, paving the way for
efficient and sustainable biohydrogen production at scale.

2.4.4 Supplementary additives. In contrast to the afore-
mentioned intensification tactics, the adoption of supplemen-
tary additives offers a simpler operational approach. This
method primarily aims to enhance the hydrogen production
process by introducing specific materials into the fermentation
broth based on the metabolic requirements of the bacteria.
The process can be optimized by adding: metal elements
essential for bacterial growth or enzyme synthesis; photo-
catalytic nanomaterials that improve light absorption; and
buffer solutions to mitigate acid inhibition. These additives
effectively contribute to improving photo-fermentative hydro-
gen production.

Metal ions play pivotal roles in photo-fermentation systems,
due to their functionality in bacterial metabolism and enzyme
activation. Metal ions enhance photo-fermentative hydrogen
production through multiple mechanisms (Fig. 3). As reported
previously, Al-Mohammedawi et al. systemically investigated
the impact of metal ions (specifically Fe and Mo) on photofer-
mentative hydrogen production by using a mixture of pre-
treated brewery and restaurant effluents, where Rhodobacter
sphaeroides was adopted.®® Fe significantly boosted hydrogen
yield (by 100%) by enhancing hydrogenase and ferredoxin
activities in the electron transport chain. Mo, as a key com-
ponent of nitrogenase, improved its efficiency in proton
reduction under nitrogen-limited conditions. By optimizing Fe
and Mo concentrations, the hydrogen production rate was
notably enhanced, demonstrating their critical roles in the
metabolic pathways of photo-fermentation. In addition to Fe
and Mo, Eroglu et al. investigated the effects of Zn ions on the
photo-fermentative hydrogen production performance, kine-
tics, and electronic distribution upon the use of HAU-M1.”°
The study achieved a 137% increase in hydrogen production,
emphasizing the critical role of Zn ions. Zn significantly
enhanced the hydrogen yield and rate by improving microbial
activity and optimizing metabolic pathways. Kinetic analysis
and electronic distribution studies revealed that Zn ions facili-
tated efficient electron transfer, strengthening the hydrogen
evolution reaction. Subsequently, Xie et al. proved that Ca ions
can enhance hydrogen production by promoting biofloccula-
tion of photo-fermentative bacteria.”" In detail, Ca ions facili-
tate the aggregation of bacterial cells, resulting in increased
cell density and improved light absorption efficiency. This bio-
flocculation process optimized the metabolic activities of the
bacteria, leading to a significant improvement in hydrogen
production.

Beyond metal ions, nanomaterials have emerged as
effective enhancers towards photo-fermentative hydrogen pro-
duction, primarily attributed to the improved light absorption
and electron transfer mechanisms (Fig. 3). For example, the
integration of nanosized TiO,, ZnO, SiC, and Fe;O, with
phototrophic bacteria such as Rhodobacter sphaeroides and
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Fig. 3 The enhancing effects and mechanisms of supplementary additives on photo-fermentative hydrogen production from wastewater and

biowaste.

Rhodopseudomonas has yielded promising results.””””> These
nanoparticles act as photocatalysts, heightening light absorp-
tion and electron transfer processes, thereby increasing the
hydrogen production efficiency under visible light irradiation,
as supported by an enhancement of photo-fermentative pro-
duction of hydrogen ranging from 24% to 88% (Fig. 3).
Specifically, TiO, and ZnO nanoparticles enhance photo-fer-
mentative activity by reducing the recombination rate of elec-
tron-hole pairs, allowing more electrons to participate in
hydrogen production.””’*”> SiC and Fe;O, nanoparticles
further facilitate this process by providing additional active
sites and increasing overall electron density.”? The use of
mixed bacterial cultures with Fe, Ni, and Zn-based nano-
particles has also demonstrated increased hydrogen pro-
duction from industrial wastewater, indicating that these
nanomaterials can serve as electron donors, thereby promoting
microbial metabolism and hydrogenase activity. Additionally,
Mostafa et al. showed that incorporating a magnetite/graphene
oxide nanocomposite significantly enhanced hydrogen pro-
duction from gelatinous wastewater.”® This nanocomposite
not only enabled the improvement of microbial growth and
biofilm formation but also increased hydrogen production
efficiency. Apart from the enhanced performance, the magne-
tite component provides magnetic properties that facilitate the
separation and reuse of the catalyst, while graphene oxide
enhances electron transfer processes and offers additional
active sites for microbial interaction, leading to improved
hydrogenase activity and overall hydrogen yield. These studies
underscore the significant potential of nanomaterials in boost-
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ing the efficiency and scalability of biohydrogen production
through photo-fermentation.

Beyond metal ions and nanomaterials, specific organic
additives are also found to be effective in contributing to
photo-fermentative hydrogen production. In the presence of
Rhodobium marinum, Anam et al. demonstrated that the
addition of yeast extract significantly enhances the photo-fer-
mentative hydrogen production from bagasse and soy sauce
wastewater.”” Here, the yeast extract serves as a rich source of
essential nutrients, vitamins, and growth factors, which stimu-
late the growth and metabolic activity of Rhodobium marinum.
This, in turn, increases the efficiency of the hydrogenase
enzyme and overall hydrogen production. Moreover, the yeast
extract provides amino acids and peptides that can be utilized
by the bacteria, further promoting biohydrogen production.
However, Bu et al. found that biochar significantly enhances
fermentative hydrogen production from sugarcane bagasse in
a dark environment, boosting biohydrogen production by
371% and the maximum rate by 575%.”® Biochar displays the
features of selectively enriching and promoting the coloniza-
tion of functional bacteria that are essential for realizing
efficient hydrogen production. Additionally, biochar facilitates
extracellular electron transfer, improving metabolic activity
and electron flow within microbial communities. These com-
bined effects lead to a notable increase in hydrogen yield,
highlighting biochar’s potential as a valuable additive in pro-
moting biohydrogen production processes.

In light of the aforementioned discussion and understand-
ings, each additive influences the metabolic and enzymatic
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pathways of photo-fermentative bacteria. Metal ions act as
essential cofactors, enhancing enzymatic reactions crucial for
hydrogen production. Nanomaterials optimize light absorp-
tion and electron transfer, directly impacting hydrogen evol-
ution efficiency. Organic additives enrich the microbial
environment, promoting robust bacterial growth and meta-
bolic activity. Collectively, these enhancements improve both
the hydrogen production rate and yield, demonstrating their
promising potential for scaled biohydrogen production
systems.

2.4.5 Reactor design and optimization.
Optimization of the reactor plays a pivotal role in enhancing
photo-fermentative biohydrogen production by addressing
critical factors such as light distribution, substrate availability,
and microbial culture mixing.”® An essential challenge in
photo-fermentation is to ensure uniform light distribution, as
uneven illumination impedes the photosynthetic efficiency of
microorganisms. To address such issues, innovative designs
such as flat-plate reactors,”® tubular reactors,®® and photobior-
eactors with internal light sources®' have been developed, due
to these designs being capable of improving light penetration,
reducing shadowing effects, and optimizing photon capture,
thereby increasing the overall hydrogen production rate.
Furthermore, maximizing the surface area-to-volume ratio of
reactors augments both light utilization and gas exchange,
contributing to a higher hydrogen production efficiency.®* The
use of immobilized cell systems and biofilm reactors intro-
duces additional advantages such as stabilized microbial com-
munities and maintained high cell densities.®® By providing a
stable environment for microbial growth and maintaining
high cell densities, these systems can enhance the overall pro-
ductivity towards biohydrogen production.

In addition to reactor designing, integrating dark fermenta-
tion with photo-fermentation offers a synergistic approach for
maximizing hydrogen production from biowaste.®*** This is
because dark fermentation can produce hydrogen along with
organic acids and alcohols, which can serve as substrates for
subsequent photo-fermentation. This integration allows
almost complete utilization of organic matter, enhancing both
resource efficiency and hydrogen yield. There exist two com-
monly explored integration strategies: sequential and simul-
taneous systems. In sequential setups, the effluent from dark
fermentation is fed into the photo-fermentation reactor, ensur-
ing the continuous supply of substrates.®®> In contrast, simul-
taneous systems combine all relevant processes within a single
reactor, enabling efficient substrate conversion in a co-culture
environment. Therefore, the optimization of operational para-
meters of these integrated systems (such as pH, temperature,
and substrate concentration) can align the metabolic require-
ments from both dark- and photo-fermentative microorgan-
isms. Sophisticatedly designed reactors that support the co-
culture of diverse microbial communities are synergic, leading
to higher hydrogen yields and improved process stability.

Overall, the integrated approach of innovative reactor
design and process integration represents a powerful strategy
to enhance the efficiency, scalability, and sustainability of bio-

condition
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hydrogen produced from photo-fermentative systems. It is
important to address these complex processes occurring in
photo-fermentative systems from physical and biological
aspects, which can pave the way for more effective utilization
of renewable resources to generate hydrogen.

3. Biomethane production through
photo-fermentation

3.1 The process of photo-fermentative biomethane
production and mechanisms

Methane production from photo-fermentation systems
involves the indirect utilization of light energy to facilitate the
anaerobic degradation of organic matter, leading to methane
generation. Unlike direct hydrogen production, methane pro-
duction from photo-fermentation relies on a multi-step
process where light conditions enhance the activity of
microbial communities under anaerobic conditions.*® The
process begins with the introduction of wastewater containing
organic substrates into a bioreactor. Photosynthetic bacteria,
primarily PNSB, absorb light energy to catalytically trigger the
breakdown of complex organic molecules into simpler com-
pounds. These bacteria, along with other anaerobic microor-
ganisms, create a synergistic environment where organic
matter is progressively degraded through multiple stages of
hydrolysis, acidogenesis, acetogenesis, and finally methano-
genesis. In methanogenesis, methanogenic archaea convert
intermediate products such as acetate, hydrogen, and carbon
dioxide into methane.?” The methane production efficiency is
significantly influenced by light conditions, which enhance
the metabolic activity of photosynthetic bacteria and, in turn,
improve the overall anaerobic degradation process.® In
summary, photo-fermentation produced methane is an indir-
ect, multi-step process that can be enhanced through targeted
optimization of microbial activity and environmental con-
ditions, leveraging light energy to improve the efficiency of
anaerobic degradation and methane generation (Fig. 4).

When processing wastewater or biowaste for producing
photo-fermentative methane, the optimization of light inten-
sity and duration is crucial, as improper lighting can signifi-
cantly reduce methane yield. As previously evidenced, Toya
et al. conducted a study to examine the effects of photo-
irradiation on the anaerobic digestion of waste sewage sludge,
with a focus on methane and hydrogen sulfide production.®®
The results revealed that photo-irradiation reduced methane
production, likely due to the inhibition of methanogenic
activity. Yang et al. investigated the optimization of illumina-
tion time in a carbon felt fluidized bed bioreactor to enhance
methane production during thermophilic anaerobic diges-
tion.?® Their findings demonstrated that the proper adjust-
ment of illumination time plays a pivotal role in enhancing
methane production by directly impacting microbial activity
and overall process efficiency. These studies underscore the
critical importance of precise light management in maximiz-
ing biogas production, particularly under thermophilic con-
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ditions, where microbial dynamics is more sensitive to
environmental factors. By alternating conditions such as light
intensity, pH, and temperature, the efficiency of methane pro-
duction through photo-fermentation can be significantly
boosted, making it a promising technology for sustainable
bioenergy generation.

The integration of photo-fermentation and methanogenesis
can occur within a single reactor or through sequential reac-
tors. In a single-reactor setup, phototrophic bacteria and
methanogens coexist and interact directly, facilitating efficient
substrate conversion and methane production. In a sequential
system, the effluent from the photo-fermentation stage, rich in
organic acids and alcohols, is transferred to a methanogenic
reactor, where methane production is completed. This inte-
grated approach not only boosts the overall energy yield from
organic waste but also reduces greenhouse gas emissions by
converting carbon-rich substrates into valuable biofuels. For
example, Xia et al. explored the sequential production of
hydrogen and methane from glutamic acid using a combined
photo-fermentation process that involved methanogenesis.
Initially, photosynthetic bacteria convert glutamic acid into
hydrogen, while the remaining organic residues are sub-
sequently utilized by methanogenic archaea to produce
methane. This method benefits energy recovery from a single
substrate, highlighting the potential for efficient bioenergy
production.’® Furthermore, the advantages of a three-stage fer-

1340 | Green Chem., 2025, 27,1331-1347

mentation process, combining dark hydrogen, photo-hydro-
gen, and methane fermentation, have been emphasized for
enhanced energy recovery from various waste streams.’™*?
This approach leverages different microbial consortia at each
stage, efficiently converting complex organic materials into
biohydrogen and biomethane. Additionally, integrating
ammonium removal or utilizing specific conditions, such as
high CO, and sodium stress, further enhances the process
efficiency, making it a highly effective strategy to maximize
bioenergy output while treating wastewater and biowaste.
Relevant studies related to biomethane production from
wastewater and biowaste through photo-fermentation are
shown in Table 2. These studies verify the great potential of
photo-fermentation in enhancing methane yields compared to
conventional dark fermentation. As supported by the detailed
values in Table 2, methane production through photo-fermen-
tation has increased by 75.2%, 470%, 70.4%, and 189.7% com-
pared to dark fermentation under various conditions, reflect-
ing the transformative impact of light on the anaerobic diges-
tion process.” °° Neshat et al. observed that optimized illumi-
nation intensity significantly improved the methane content in
biogas when fermenting cattle manure leachate, with the
methane concentration increasing from 20% under dark con-
ditions to 80% in hybrid bioreactors under illuminated con-
ditions.”” This increase can be attributed to the stimulation of
photosynthetic bacteria (such as PNSB), which thrive under

This journal is © The Royal Society of Chemistry 2025
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Table 2 Overview of studies related to biomethane production from wastewater and biowaste through photo-fermentation

CH, yield
Feedstock Inoculum CH, yield (dark) CH, yield (photo) (enhanced) Ref.
Sodium acetate + glucose Anaerobically digested sludge 113 mL g~" DOCremoval 198 mL g~' DOCremoval — 93
Cattle manure leachate PNSB About 0.01 L CH, 0.057 L CH,4 per g CODremoved — 94
per g CODremoved
Cattle manure leachate Anaerobically digested sludge 20% CH, content 80% — 97
Municipal sludge Anaerobically digested sludge 179.2 mL CH, per g COD 305.4 mL CH, per g COD — 95
Sodium acetate + glucose Anaerobically digested sludge 9.7 mL CH, per d reactor 28.1 mL CH, per d reactor — 96

Terephthalic acid wastewater Anaerobically digested sludge 1.814 mmol L™ d™*
Anaerobically digested sludge About 100 mL g™* VS

Glucose + humic acid

light conditions. Therefore, these illumination-stimulated
microorganisms will strengthen the metabolic pathways in the
system, enabling more efficient substrate utilization and
methanogenesis.

The studies exemplified in Table 2 also demonstrate that
the effect of light extends beyond methane yield to influence
the overall efficiency of anaerobic digestion. For instance, light
conditions facilitate photosynthetic bacteria to degrade
complex organic substrates, which convert these substrates
into simpler compounds that are more readily available for the
following methanogenic archaea. This cooperative interaction
between photosynthetic and methanogenic microorganisms
ensures a higher conversion efficiency of organic matter to
methane. Additionally, light exposure has been shown to
impact microbial community compositions and electron trans-
port mechanisms within anaerobic systems. For example, Qian
et al. have provided evidence that illumination promotes a
shift in microbial populations toward more efficient methano-
gens, such as Methanosarcina species, and enhances electron
transfer processes critical for methanogenesis.”> This dual
effect contributed by microbial selection and improved elec-
tron transport considerably boosts methane production.
Notably, the integration of light into anaerobic digestion pro-
cesses can also lead to operational benefits, as demonstrated
by Tada et al., who have confirmed that light-assisted anaero-
bic digestion not only enhances biogas yield but also acceler-
ates the degradation of refractory organic compounds, such as
humic acids that are challenging to be degraded.’® This discov-
ery indicates that photo-fermentation is also particularly
effective to cope with complex biowaste streams. In addition,
our previous study found that light conditions can accelerate
substrate degradation because photosynthetic bacteria are able
to use light energy to convert organic matter into simpler com-
pounds.'® Moreover, light energy has an auxiliary effect on
substrate degradation, as the involvement of photosynthetic
microorganisms diversifies the metabolic pathways within the
system, further promoting substrate degradation.

Collectively, the findings presented in Table 2 and specifi-
cally discussed studies underscore the critical roles of light in
modulating microbial activities, accelerating substrate degra-
dation rates, and promoting electron transport processes
(Fig. 4). By leveraging such instrumental synergistic effects in
photo-fermentation systems, anaerobic digestion systems can

This journal is © The Royal Society of Chemistry 2025

2.968 mmol L' d™" 14
293.7mLg ' VS 98

2.218 mmol L' d™*
223.0 mL g™ " VS

achieve enhanced methane production, reduced residual
organic matter, and greater process efficiency. Based on the
insightful understandings of these exemplified advancements,
the great potential of adopting photo-fermentation technology
as a sustainable and innovative approach for optimizing bio-
methane production from widely available wastewater and bio-
waste is recognized.

The impact of feedstock type, inoculum composition, and
enhanced technologies on biomethane production efficiency
through photo-fermentation is evident across various studies.
For instance, substrates such as sodium acetate, glucose, cattle
manure leachate, municipal sludge, and humic acid demon-
strate varying degrees of methane production capacity under
light-assisted conditions. Advanced photocatalysts, including
g-C3N, and NCQDs, have been shown to significantly enhance
light utilization efficiency and microbial activity, driving
higher methane production performance. These photocatalysts
improve light absorption, facilitate electron transfer, and
promote microbial interactions critical for methanogenesis.
When compared with different studies, it is concluded that the
complexity of feedstocks and the characteristics of microbial
communities are key determinants in dictating the eventual
methane yield. Enhanced technologies such as the proper util-
ization of light intensity, microbial population shift, and elec-
tron transfer mechanism enable the amplification of photo-
fermentation effects, in turn determining biofuel production
efficiency. By linking these findings, this review provides a hol-
istic framework to understand how different parameters co-
influence biomethane production, elaborating on the recent
progress and still existing challenges in exploring photo-fer-
mentative bioenergy systems.

3.2 Enhanced photo-methanogenesis and mechanisms

The process of photo-methanogenesis can be further
enhanced through certain methods; however, this area is cur-
rently underexplored. Our reported study found that the incor-
poration of g-C;N, significantly increased methane production
during the photo-fermentation process.'* In the system,
g-C3N, acts as an efficient photocatalyst, providing a unique
mechanism that boosts the overall photo-fermentation
process. Firstly, g-C;N, possesses excellent light absorption
properties and a suitable bandgap, which allows it to harness
visible light effectively. Upon illumination, g-C;N, generates
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electron-hole pairs, where the photogenerated electrons play a
crucial role in reducing protons to produce hydrogen. This
hydrogen subsequently serves as an electron donor for metha-
nogenic archaea, thereby enhancing methane production.
Moreover, its high surface area provides more active sites for
microbial attachment and interaction, promoting microbial
activity and stability. Additionally, the presence of g-C;N,
helps mitigate electron recombination, thus improving the
efficiency of electron transfer processes.

Liu et al. investigated the role of N-doped carbon quantum
dots (NCQDs) in enhancing the photo-anaerobic digestion
efficiency for methane production, specifically focusing on the
breakdown of humic acid.”® NCQDs, with their unique electronic
properties that generate reactive oxygen species (ROS) under
visible light, act as effective photocatalysts in anaerobic digestion
systems, significantly boosting the degradation of complex
humic substances and increasing the availability of simpler sub-
strates for methanogenic archaea. Firstly, NCQDs improve light
absorption and utilization efficiency, extending the absorption
spectrum into the visible range and thereby maximizing the
photonic energy harnessed for catalytic reactions. Secondly, the
high surface area and abundant active sites of NCQDs facilitate
the adsorption and interaction of humic acid molecules, promot-
ing their oxidative breakdown. The ROS generated by NCQDs
under light exposure attack the aromatic structures of humic
acids, leading to their fragmentation into smaller, more bio-
degradable molecules. Furthermore, NCQDs exhibit excellent
electron-donating properties, which help in maintaining a favor-
able redox environment for methanogenesis. By efficiently trans-
ferring photogenerated electrons to methanogenic microbes,
NCQDs reduce the potential energy barriers for bioconversion
processes. This electron transfer capability not only accelerates
the reduction reactions essential for methane production but
also mitigates the inhibitory effects of intermediate compounds
such as volatile fatty acids.

Currently, as aforementioned, there are only two studies on
enhancing photo-methanogenesis; however, photo-methano-
genesis can be further improved in various ways. These
include optimizing light intensity and wavelength to match
the absorption spectrum of photosynthetic bacteria, maintain-
ing optimal environmental conditions (such as pH and temp-
erature), genetic engineering of microbial strains, and using
co-cultured bacteria and archaea for metabolic interaction
enhancements. These enhancement strategies need to be com-
prehensively explored by scientists to advance photo-fermenta-
tion systems for clean energy generation.

4. Comparison of hydrogen and
methane production through photo-
fermentation

Photo-fermentation for biohydrogen production and photo-fer-

mentation for biomethane production are two distinct bioe-
nergy conversion processes, each showing unique principles,
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feedstock utilization, environmental impacts, efficiencies, and
yields.

Firstly, the fundamental principles of these processes differ
significantly. Photo-fermentation for hydrogen production
leverages the capabilities of photosynthetic bacteria, such as
PNSB, which utilize light energy to drive the photolysis of
organic substrates, generating hydrogen gas as a byproduct.
This process is inherently anaerobic and relies on the photo-
synthetic electron transport chain to split water molecules or
organic acids, leading to the production of hydrogen.® In con-
trast, photo-fermentation for methane production involves the
use of light to enhance the activities of anaerobic microorgan-
isms, including photosynthetic bacteria and archaea, within
the anaerobic digestion process. Here, light primarily serves to
stimulate the growth and metabolic activities of these microor-
ganisms, indirectly enhancing methane production through
the fermentation and subsequent methanogenesis of organic
substrates.'* The role of light in methane production is more
about optimizing microbial ecosystems and electron transfer
processes rather than directly generating methane.

To gain a better understanding regarding the production of
biohydrogen and biomethane, distinct differences in pro-
ductivity, efficiency, and operational conditions are introduced
in the following contexts. Photo-fermentation processes typi-
cally achieve higher hydrogen yields under optimal light con-
ditions, leveraging substrates like organic acids with efficien-
cies ranging between 20 and 30% under controlled environ-
ments. As for CH, production, it benefits from microbial con-
sortia that allow near-complete substrate utilization under
mesophilic (35-40 °C) or thermophilic (50-55 °C) conditions.
Integrating these two distinct processes, such as using VFAs
generated during methanogenesis to feed photo-fermentation,
may offer a solution to maximize resource recovery and
improve overall bioenergy yields, also underscoring the comp-
lementary nature of these bioenergy systems. These differences
highlight the need for process optimization tailored to the
feedstock and energy demand scenarios.

Beyond detailed summary and mechanism elucidation, this
review also compares and evaluates biohydrogen and bio-
methane production based on the reported study by Liu et al.*®
and experimental data, focusing on yield, efficiency, and econ-
omic and environmental impacts (Fig. 5). The experimental data
analyzed in this study were obtained using corn straw as the sub-
strate with a solid content of 15%. Compared to anaerobic diges-
tion, the photo-fermentation process demonstrated a 9.2%
increase in methane yield, a 30.5% reduction in the production
cycle, and a 20.6% enhancement in methane content.
Production yield is a key indicator of the substrate conversion
efficiency, representing the amount of substrate converted into
the target product per unit mass.'® The hydrogen production
yield is significantly lower, possibly due to the limited substrate
utilization efficiency during photo-fermentation and dark-fer-
mentation or the constraints of microbial metabolism in hydro-
gen generation. In contrast, methane demonstrates a largely
improved production capacity, making it the preferred choice for
energy development focused on high yields (Fig. 5).

This journal is © The Royal Society of Chemistry 2025
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The economic assessment of target products generated
from photo-fermentation processes serves as a vital metric to
evaluate its progress towards industrial-scale production.'®
Due to advantages such as higher hydrogen yield, excellent
utilization of light energy, and reduced substrate require-
ments, photo-fermentation hydrogen production has lower
economic costs compared to dark fermentation (Fig. 5)'°” The
economic evaluation of hydrogen and methane produced from
photo-fermentation systems reveals distinct differences accord-
ing to their technical characteristics and market potential.
Hydrogen produced from photo-fermentation offers higher
economic value due to its role as a clean energy source with
extensive applications in industries, transportation and chemi-
cals. Biohydrogen has a higher market price, approximately
0.02 RMB per L H,, compared to 2.25 RMB per m®> of CH,.”
However, this process demands high-quality feedstocks such
as sugars and volatile fatty acids, alongside advanced photo-
bioreactor designs, which increase the initial investment costs.
Despite these challenges, the shorter production cycle and the
accessibility to utilize by-products like acetic acid enhance the
overall economic feasibility of hydrogen production.

In contrast, photo-fermentation for methane production is
less efficient and economically attractive due to its lower
market value and the slower growth rate of methanogenic bac-
teria, which require longer processing times and lower redox
potential for metabolism. The cost-effectiveness of bio-
methane production lies in its ability to process diverse
organic waste streams with fewer stringent requirements,
leading to lower operational expenses. Additionally, methane’s
higher energy density and storage efficiency provide long-term

This journal is © The Royal Society of Chemistry 2025

cost advantages, making it suitable for waste management
applications. Government carbon credits aiming for renewable
energy projects may also improve the economic feasibility of
methane production in certain regions. Overall, hydrogen pro-
duction offers faster returns on investment and higher market
potential, especially in regions prioritizing renewable energy.
However, methane production is better suited for large-scale,
stable operation utilizing organic waste, providing environ-
mental and economic benefits in waste management.

The target hydrogen produced from photo-fermentation
does not result in greenhouse gas emissions, whereas bio-
methane production is associated with higher greenhouse gas
emissions.”® The higher CO, emissions in biomethane pro-
duction can be attributed to the more complex metabolic path-
ways involved in methane generation. Optimizing photo-fer-
mentative methane production with carbon capture techno-
logies could mitigate its environmental impact while maintain-
ing its high yield. Therefore, finding effective ways to utilize
CO, generated during biomethane production is crucial for
reducing greenhouse gas emissions. Notably, as profiled in
Fig. 5, biomethane demonstrated higher energy yield and
greater thermal energy than biohydrogen. Once biomethane is
produced, it is capable of accumulating massive amounts of
high energy density gas over long-term operation. On top of
that, methane production processes typically result in lower
environmental impacts, attributed to their ability of effectively
handling diverse and high-load organic waste streams.

Photo-fermentation systems for producing hydrogen and
methane leverage the synergy of light and microorganisms to
convert organic substrates into valuable biofuels, although
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they operate on distinct principles with unique advantages
and challenges. Hydrogen produced via photo-fermentation
stands out because of its potential to reduce CO, emissions
and its economic benefits, although it requires specific sub-
strates and harsh conditions. Conversely, methane generated
from photo-fermentation offers greater versatility and
efficiency in substrate utilization and energy recovery, making
it more practical for large-scale waste management and renew-
able energy generation. Together, these photo-fermentative
processes align well with the principles of green chemistry,
including resource recovery, waste valorization, and renewable
energy production, demonstrating significant prospects for
attaining environmental sustainability while consuming and
purifying low-value waste. By integrating these principles,
photo-fermentation will represent a promising technology to
produce cleaner and more sustainable energy from waste and
minimize the environmental impacts during bioenergy pro-
duction processes.

5. Conclusions and outlook

This review highlights the potential of exploring photo-fermen-
tation technology to produce biohydrogen and biomethane
from wastewater and biowaste, emphasizing their processes,
mechanisms and sustainability benefits. Biohydrogen pro-
duction offers marked light-utilization efficiency and rapid
substrate conversion by virtue of photosynthetic bacteria,
while biomethane production relies on synergistic interactions
between photosynthetic bacteria and methanogenic archaea,
providing stable and continuous energy output. The bioenergy
production processes combine renewable energy generation
with waste treatment, aligning with global sustainability goals.
Despite their advantages and progress, the practical adoption
of such technologies faces challenges related to scalability,
cost, and operational stability. To bridge the gap between
research and industrial application, we propose the following
strategies:

(i) Future research should focus on improving light distri-
bution systems tailored to the absorption spectra of photosyn-
thetic bacteria, optimizing photobioreactor design to enhance
light penetration, and developing new materials or techno-
logies to achieve more uniform light distribution across the
entire culture. Additionally, efforts should be directed towards
engineering microbial strains with enhanced productivity and
environmental resilience. Integrating photo-fermentation with
other biotechnologies, such as nutrient recovery systems,
could further improve overall efficiency. The realization of
these measures can optimize the resource utilization efficiency
and make bioenergy production more sustainable.

(if) The improvement of methane production requires fine-
tuned operation parameters such as light intensity, pH, and
temperature, as these operation parameters enable the
enhancement of microbial activity. Co-culturing photosyn-
thetic bacteria with methanogenic archaea, applying genetic
engineering, and exploring photocatalytic materials can
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further boost substrate degradation as well as bioenergy for-
mation yield.

(iii) Retrofitting existing mature anaerobic digesters with
energy-efficient LED lighting systems is a low-carbon strategy
to conduct photo-fermentation, which does not require signifi-
cant infrastructure changes, costs and land use. Additionally,
hybrid photobioreactors with advanced light-capturing
materials and modular designs can enhance scalability and
allow the treatment of diverse waste streams efficiently.

(iv) The selective production of biohydrogen or biomethane
depends on wastewater compositions and energy demands.
Hydrogen is ideal for clean energy-associated applications and
requires easily degradable substrates. While the production of
methane can use complex substrates, the produced methane
can be used in existing biogas infrastructure for heating and
power generation.

Photo-fermentation technology holds transformative poten-
tial for the realization of dual benefits: renewable energy gene-
ration and sustainable waste treatment. By addressing current
challenges through innovative microbial engineering, reactor
designing and process integration, photo-fermentation techno-
logy will contribute significantly to the challenging areas of
resource recovery and clean energy transition. As expected, the
wide adoption of photo-fermentation technology will pave the
way for achieving a sustainable and circular bioeconomy.
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