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Abstract: Hydrogen production from waste activated sludge (WAS) was widely considered and intensively

investigated as a promising technology to recover energy from wastewater treatment plants. To date, no efforts
have been made on either systematic summarization or critical thinking of the application niche of hydrogen
production from WAS treatment. It is therefore time to evaluate whether and how to recover hydrogen in a future
paradigm of WAS treatment. In this critical review, the principles and potentials, microorganisms, possible
technologies, and process parameters of hydrogen generation were analyzed. Microbial electrolysis cell shows
high theoretical hydrogen yield and could utilize a variety of organic compounds as substrates, which is regarded
as a prospective technology for hydrogen production. However, the poor organics utilization and rapid
consumptions of produced hydrogen hindered hydrogen recovery from WAS. Based on the analysis of the
current state of the literatures, the opportunities and challenges of hydrogen production from WAS are
rethought, the detailed knowledge gaps and perspective of hydrogen production from WAS were discussed, and
the probable solutions of hydrogen recovery from WAS treatment are figured out. To guide the application and
development of hydrogen recovery, a more promising avenue through rational integration of the available
technologies to form a hybrid process is finally proposed. The integrated operational paradigm of WWTPs could
achieve substantial technical, environmental and economic benefits. In addition, how this hybrid process works

is illustrated, the challenges of this hybrid process and future efforts to be made in the future are put forward.
Keywords: Hydrogen; waste activated sludge; anaerobic fermentation; hybrid process

1. Introduction

With the development of society, people need more and more energy, which inevitably leads to the

shortage offossil fuels. In addition, the combustion of fossil fuels makes large amounts of greenhouse gas

(i.e., carbon dioxide) release in the atmosphere, causing the climate change and global warming. The issues
of energy shortage and global warming drive the efforts to seek clean, recyclable, and renewable energy.
Compared with methane, hydrogen possesses higher energy yield (i.e., 142.35 kJ/g which is 2.75 folds than
that of other hydrocarbons) and generates water rather than greenhouse gases while it is combusted [1].
Therefore, hydrogen is considered as the green energy and widely accepted to be the most promising

alternative to fossil fuels
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Hydrogen can be produced from valuable resources such as water and fossil fuels, and also from wastes
such as sewage and food waste via a series of chemical-physical andbiological methods. There are many
publications that reported hydrogen production by utilising the chemical-physical methods and biological
methods [2].  Currently, most of the hydrogen (>85%) is produced through the pyrolysis of fossil fuels, and
the gasification of biomass [3]. Although these chemical-physical methods could obtain high hydrogen yield,
they are not sustainable due to high energy consumption [4, 5]. By contrast, biological hydrogen production is
a more cost-effective and environmental friendly method to produce hydrogen from varieties of organic wastes
(e.g., waste activated sludge) due to the simple operational conditions, steady H» yield and low energy
consumption [6, 7]. As for different substrates, using wastes to produce hydrogen is an environmentally
favorable and economically sustainable way. With the growing energy crisis worldwide, this aspect is becoming
more important and pushing forward new attempts employing more wastes.

Waste activated sludge (WAS), which is the main byproduct of municipal wastewater treatment plants
(WWTPs), is generated with large amounts annually [8]. For instance, it was documented that 11.2 million
metric tons of dry sludge were generated in China while 10 million tons were produced in EU countries [9]. On
one hand, treatment and disposal of such massive amount of WAS are costly, accounting for up to 60% of the
total operation cost of a WWTP [10]. On the other hand, WAS contains high levels (50~70%) of organic
compounds such as protein, carbohydrate, and lipid [11, 12], which makes it an ideal renewable resource. For
example, Jiang et al. investigate the physicochemical characteristics of WAS and found that when the volatile
suspended solid (VSS) of WAS was 10.81 g/L, WAS contained 14.88 g/L total chemical oxygen demand
(TCOD), 9.94 g COD/L total protein, 0.86 g COD/L total carbohydrate, and 0.17 g COD/L lipid and oil [13].
Similar WAS characteristics were also reported in other papers [14, 15]. In addition, it was reported that ~35%
of carbon element, ~3.8% of nitrogen element, ~1.6% of phosphorus element, and other trace elements
contained in WAS [16].

Many publications showed that various wastes containing high organic substrates could be utilized to
produce hydrogen by anaerobic fermentation process [17, 18], indicating that WAS is a potential substrate for
hydrogen production. Although WAS is generally treated by the anaerobic digestion to produce methane,
several hydrogen producers are found to be present in the digester such as Clostridium pasteurianum [19] and
Thermoanaerobacterium [20,21].  In fact, hydrogen is observed as an important intermediate in the
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anaerobic digestion process [22]. Thus, hydrogen production from WAS attracted much attention in the past
decades, by which fossil fuels are saved, greenhouse gas (e.g., CO) emission is reduced, WAS is reused and
reduced, and sustainable clean energy H» and volatile fatty acids (VFAs) are also obtained. However, practical
application of hydrogen production from WAS has not yet been achieved. On the contrary, some doubts and
debates have been arisen recently about its technical and economic feasible in full-scale situations due to the
low hydrogen yield. There are many challenges in reactor control, system development, and energy recovery.

For example, hydrogen is an intermediate product in the anaerobic digestion, thus the produced hydrogen

would be quickly consumed by hydrogen-utilizing methanogens to produce methane, homoacetogens to produce
acetic acid, or sulfate-reducing bacteria to produce hydrogen sulfide. The highest hydrogen yield from WAS
reported so far has been only 20.30 mg per gram volatile suspended solids [23].

Several review papers were published on hydrogen production using the various wastes such as
biodegradable municipal wastes [24], food waste [25], agriculture waste, wastewater [26], and lignocellulosic
materials [27, 28]. These works were mainly to review the progress of hydrogen production in one aspect or
several aspects. For example, Yang et al. provided a review on fermentative hydrogen production from sewage
sludge but only focus on pretreatment methods and co-fermentation with other substrates [5]. Systematic
summarization and critical thinking of the application niche of hydrogen production from WAS is still lacking.
In addition, many endeavors were dedicated recently to improve hydrogen yield from WAS through enhanced
the disintegration of WAS and suppressed or killed the competitive microorganisms (e.g., methanogens), which
have made great progress [7, 29]. Hence, this review article aimed to comprehensively sum up the knowledge
obtained in this field and critically think the prospect of biohydrogen production from WAS. To

find out whether and how to recover hydrogen in a future paradigm of WAS treatment, the principles and

advances of hydrogen production from WAS were needed to systematically review, its opportunities and
challenges were required to critically re-examine, and the possible solutions were essential to carefully think
about.

Based on reviewing more than 200 publications and critically analyzing the opportunities and challenges
of hydrogen production from WAS, this review aims to offer useful information to remove key barriers that
hinder hydrogen production from WAS to be applied in full-scale situations, and to stimulate more thinking
and discussion of a probable application niche for hydrogen production from WAS. To guide the application

4
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and development of hydrogen recovery, a more promising hybrid process through rational integration of the
available technologies is proposed as an example, and how this hybrid process works is illustrate d and future
efforts to be made in the future is discussed.
2. The pathways of hydrogen production from waste activated sludge

Several methods such as direct-biophotolysis, indirect-biophotolysis, photo-fermentation,
dark-fermentation, and microbial electrolysis cell can be theoretically used for hydrogen production [30]. To

date, however, only three approaches, i.e., dark-fermentation, photo-fermentation, and microbial eletrolysis

cell, have been documented to produce hydrogen from WAS (Figure 1). Dark-fermentative hydrogen production
is a process that uses organic matters in either soluble or solid state as electron donors and protons as electron
acceptors to produce hydrogen by strict or facultative anaerobic bacteria. Photo-fermentative hydrogen
production is a process that photo-fermentative bacteria (mainly purple nonsulfur bacteria) use light as energy
and soluble organic matters (mainly small molecule organic acids) as electron donors to produce hydrogen. As
for microbial electrolysis cell, exoelectrogenic microbes at the anode first oxidize organic matters into electrons
and protons. The electrons produced are gathered at the anode and then transferred to the cathode, in which the

electrons transferred are utilized to reduce protons for hydrogen production.

Figure. 1. Schematic diagram of hydrogen production from dark-fermentation (a) [31, 32],
photo-fermentation (b) [33, 34] and microbial electrolysis cells (c) [35, 36].
2.1. Mechanism of hydrogen production from WAS dark fermentation

The main compositions of WAS are protein, carbohydrate, and lipids, and they usually locate in either

extracellular polymeric substances or intracellular cells. Due to this characteristic, WAS must undergo

disintegration and hydrolysis processes before the organics in WAS can be further degraded for hydrogen
production. Dark-fermentation is the most intensively studied and widely used technique for hydrogen
production from raw WAS. It is generally thought that the anaerobic digestion of WAS goes through five
successive steps: disintegration, hydrolysis, acidogenesis, acetogenesis and methanogenesis (Figure 1a). As
biosolids, sludge cells need to be disrupted in the disintegration step before the organics in sludge cells are
utilized, and sludge disintegration is ordinarily considered the major rate-limiting step in anaerobic digestion

[11, 22]. The released organics with large molecule weight such as protein and carbohydrate will be subjected
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to hydrolysis process, in which soluble organics with large molecule weight are degraded to small molecule
weight organics such as amino acids and glucose [37, 38]. Several enzymes including protease and
a-glucosidase are involved in this step [39, 40]. After disintegration and hydrolysis, there are several
pathways involved in acidogenesis and acetogenesis steps that can directly or indirectly produce hydrogen by
a series of hydrogen producers such as Enterobacter sp. and Clostridium sp. The detailed pathways are

summarized in Figure 2.

Figure. 2. The pathways of hydrogen production from sludge dark fermentation [41-46].

It can be seen that all the major compositions of WAS (i.e., protein, carbohydrate, and lipids) could be used
as substrates for hydrogen production from dark-fermentation. Hydrogen could be directly produced via
deamination of amino acids and B-oxidation of long-chain organic acids [47]. Hydrogen could be also generated
via two different pathways from the degradation of pyruvate, an important intermediate produced from
glycolysis of carbohydrate and deamination of amino acids. Pyruvate is easily degraded to acetyl-CoA via
decarboxylate with reduced ferredoxin produced, which gives electrons to protons to generate hydrogen. This
is the dominant pathway for hydrogen production by Clostridium sp. [48]. The other pathway is formate
cleavage, which is generally dominated by facultative anaerobes, such as Enterobacter and Klebsiella [49, 50].
In the process of glucose glycolysis, a large number of NADH would be produced due to the shortage of electron
transport chain in fermentative bacteria. NADH and H" are usually oxidized into NAD" in the stage of
acidogenesis to maintain the proper ratio of NADH/NAD*. However, when the oxidation of NADH is lower
than the production of NADH, excess NADH and H" would inevitably existed. To maintain
the normal metabolic activity, fermentative bacteria in this case would produce hydrogen from the oxidation
of excess NADH [51]. Besides, in the stage of H»-producing acetogenesis, some Hs-producing acidogens
such as Syntrophomonas wolfei, and Sytrophbacter wolinii could convert propionic acid, butyric acid, ethanol
and other organics into acetic acid and hydrogen [52-55].

2.2. Mechanism of hydrogen production from photo fermentation system

After dark fermentation, there are a large number of organic compounds such as fatty acids and alcohols

left in the dark fermentation liquid, which has been demonstrated to be further bio-converted to hydrogen by

photosynthetic bacteria [56]. Torecover more hydrogen from WAS, combining dark fermentation with

6
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photo fermentation is therefore recommended by researchers [S6]. The purple nonsulfur bacteria, which can
acquire electrons from volatile fatty acids to produce hydrogen, are the most extensively studied
photosynthetic bacteria in photo fermentation systems [33]. Organics in such systems are first oxidized and
the electrons generated are transported to the photosystem by ubiquinone. Then electrons are energized by
light and cycled in the photosynthetic electron transport chain, which would produce a proton gradient. The
energized electrons are further transferred to ferredoxin via oxidoreductase and utilized to produce hydrogen by
nitrogenase, with energy and ATP being derived from the proton gradient (Figure 1b) [33, 57].
2.3. Mechanism of hydrogen production from microbial electrolysis cell

Microbial electrolysis cells, which directly utilizes electrons generated from substrate degradations by
exoelectrogens to reduce proton for hydrogen production, has also received much attention recently. In such
systems, exoelectrogens at the anode first oxidize substrates to produce electrons, protons (H"), and carbon
dioxide. The electrons produced are gathered at the anode and then transferred to the cathode through an external
circuit with an applied potential, while the protons move to cathode by diffusing directly through the electrolyte
(single chamber) or membrane (double chamber). The electrons are finally used to reduce protons to produce
hydrogen at cathode [35, 58] (Figure 1c).

There are lots of organic matters that could be used as substrates to produce hydrogen by exoelectrogens,
such as raw sludge [59], protein, organic acids [60], and cellulose [61, 62]. Like dark fermentation, raw sludge
also requires to be disintegrated in the disintegration step before organic matters in sludge cells could be used
by exoelectrogens. Generally, hydrolytic microbes, fermentative acidogenic bacteria, and exoelectrogens are
co-existed in microbial electrolysis cells. On one hand, exoelectrogens
could utilize the products of hydrolytic microbes and fermentative acidogenic bacteria at anode to generate
electrons, thereby prompting the cascade utilization of organics in WAS efficiently through syntrophic
interactions [63]. On the other hand, exoelectrogens would also compete with hydrolytic microbes and
fermentative acidogenic bacteria for the available substrates such as soluble carbohydrate. It is noted that the
electrons from oxidation of organics in dark-fermentation are given to the intermediate products. However,
the electrons produced from exoelectrogens are gathered at the anode and transferred to the cathode, which
would make the oxidation of organics completely to electrons, CO; and protons. Ifall the electrons

transferred to the cathode are used to reduce protons, the hydrogen yield from microbial electrolysis cells

7
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would be greater than that from dark fermentation. The high theoretical hydrogen yield and the ability to
utilize a variety of organic compounds (e.g., volatile fatty acids, sludge fermented liquid and WAS) make
microbial electrolysis cell a prospective technology for hydrogen production.

Sludge disintegration is also considered as the rate-limiting step in microbial electrolysis cells, thus some
pretreatment methods of sludge were used to prompt the disruption of extracellular polymeric substances and
cell envelops before the sludge entering into the microbial electrolysis cells. It was found that pretreatment
methods could increase largely the yield and rate of hydrogen production from microbial electrolysis cells.
Besides, adding fermentative bacteria into microbial electrolysis cells was also demonstrated to be an effective
strategy to enhance hydrogen production. Wang et al. reported that combined sodium dodecyl sulfate

pretreatment and microbial electrolysis cell could get the higher hydrogen yield of 8.5 mg H»/g VSS, which was

~3.4-fold higher than using microbial electrolysis alone [60].
3. The bottlenecks of hydrogen production from WAS
3.1. The potential of hydrogen production from WAS

WAS shows huge theoretical potential in hydrogen production. The theoretical methane yield of 354 mg-
CH4 can be produced from WAS anaerobic digestion if 1 gram sludge cells (expressed as CsH7NO») are
completely digested [64]. It is reported that 28% methane is produced from the hydrogenotrophic
methonogenesis pathway [65], this indicates ~50 mg-H, would be consumed theoretically in this process.
Besides, two other processes, i.e., homoacetogenesis and sulfate-reducing processes, are known to consume Hz
largely. The theoretical hydrogen yield, therefore, is much greater than 50 mg-H, if 1 gram of sludge cells is

completely degraded in dark-fermentation process. When 1 gram acetate is used to produce

As mentioned above, however, hydrogen yield reported is always at very low levels even at bench-scale, and
this is considered the bottleneck that hinders hydrogen recovery being implemented in field situations. It is
documented that the highest hydrogen yields produced from WAS by the anaerobic fermentation or microbial

electrolysis cells are only 20.3 mg-H,/g-VSS[23]. Thus, why is hydrogen yield often at low levels?

3.2. Key factors affecting hydrogen production from WAS
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would be greater than that from dark fermentation. The high theoretical hydrogen yield and the ability to
utilize a variety of organic compounds (e.g., volatile fatty acids, sludge fermented liquid and WAS) make
microbial electrolysis cell a prospective technology for hydrogen production.

Sludge disintegration is also considered as the rate-limiting step in microbial electrolysis cells, thus some

As mentioned above, however, hydrogen yield reported is always at very low levels even at bench-scale, and
this is considered the bottleneck that hinders hydrogen recovery being implemented in field situations. It is
documented that the highest hydrogen yields produced from WAS by the anaerobic fermentation or microbial

electrolysis cells are only 20.3 mg-H,/g-VSS[23]. Thus, why is hydrogen yield often at low levels?

3.2. Key factors affecting hydrogen production from WAS
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There are several factors restricting the production of hydrogen from dark fermentation. First of all,
organic matters (e.g., protein, carbohydrate, and lipids) contained in sludge are much underutilized due to the
rigid structure of microbial walls.[37, 67] According to previous report [9], less than 40% of VSS reduction
could be achieved in sludge anaerobic fermentation systems. The released organics are not completely
utilized to produce hydrogen. Apart from a small amount of soluble substrates being used for the growth and
maintenance of anaerobes[68], a large number of soluble organics such as protein, humic substances, volatile
fatty acids, and alcohol are still remained in fermentation liquid. Secondly, as an intermediate product in the
anaerobic digestion, the hydrogen produced is readily consumed by (1) hydrogen-utilizing methanogens to
produce methane [69], (2) acetobacteria to produce acetic acid [70], and (3) sulfate-reducing bacteria to produce

hydrogen sulfide [71], which reduce the final hydrogen yield directly.

Although photo fermentation can in principle degrade soluble organics with small molecule weight (e.g.
volatile fatty acids and alcohols) completely, there still exist some restrictions in practice. To ensure reaction
efficiency, continuous illumination is required due to the low light conversion of purple nonsurful bacteria.
However, solar illumination is easily influenced by outdoor conditions while artificial illumination is expensive
[72, 73]. The design and construction of photo-bioreactors are difficult and costly due to several limitations such
as big surface-volume ratio and highly transparent [74]. Furthermore, the effluent directly from dark-
fermentation is opaque and contains several toxic matters which would hinder light penetration and inhibit the

activity of nitrogenase [75, 76].

Microbial electrolysis cell is not mature enough to be applied in real world. When WAS is directly used as
substrate, the microbial communities of anodophilic biofilms have not yet been known clearly. Since
exoelectrogens and fermentative microbes such as homoacetogens and methanogens co-existed in microbial
electrolysis cells[77-79], most of the organics released from WAS are metabolized by fermentative microbes
rather than exoelectrogens, which could achieve degradation of complex organics but then lead to the low
coulombic efficiency at the same time [59]. Carbon-based materials (e.g., carbon felt, graphite fibres, and
graphite plates) are usually used as anode but they are conductivity-poor[80]. Noble metals such as platinum
and palladium were also tried to use as cathode due to their outstanding catalytic activity but they are also

costly. It remains a challenge to find proper materials to make anode and cathode [81, 82]. There are two



245
25
%96
27

28
247
30
248
32
239

34
33
36
37
231
39
262

41
42

£33
44
254
46
235
48
4%6
50
257
53
248
55
269
57
2%0
59
60
ol
62
63

64
65

kinds of reactor configurations (i.e., single chamber and double chambers) usually used in microbial
electrolysis cells [83, 84]. The double chambers use membrane to separate cathode and anode, leading to the
high internal resistance. Although single chamber is without membrane, it makes hydrogen produced at

cathode easily consumed by anodophilic microbial communities [85, 86].
4. Recent efforts to improve hydrogen production from waste activated sludge
4.1. Recent progress in hydrogen production from WAS dark fermentation

In the past years, many endeavors were dedicated to improving hydrogen yield from WAS (Table 1). In
order to enhance the disintegration of WAS and to suppress or kill the competitive microorganisms (e.g.,
methanogens) in dark fermentative systems, many WAS pretreatment methods such as heating [87], acid [88],
alkaline, and ultrasonic [89, 90] pretreatments were tested. Xiao et al.[91] found that compared with the control,
thermal pretreatment at 121°C for 30 min enhanced soluble chemical oxygen demand from 113.7 to 2442.1 mg/L
and reduced the dry solid from 8.96 to 7.55 g/L due to the acceleration of disruption of floc structure and
microbial cells. As a result, hydrogen yield was improved from 1.46 mL H,/g VSS to 8.62 mL H,/g VSS. Cai
et al. [6] found that alkaline pretreatment not only facilitated the disruption of WAS but also suppressed the
activities of hydrogen-consuming microorganisms, which improved hydrogen yield from 9.1 mL Ha/g DS to
16.6 mLHy/g DS. The summarization of these pretreatments was detailed in a recent review [92]. Hydrogen
yields from anaerobic fermentation of WAS were expressed by a variety of indexes and units such asmL/g VSS,

mL/g-total solids (TS), and mL H,/g DS, which was reviewed in a recent paper[5].

Manipulating the fermenters was also documented to be effective. Zhao et al.[93] found that compared

with alkaline pretreatment (i.e., initial pH 10) alone, controlling pH in the fermenter at constant pH 10 caused

47.8% higher in hydrogen yield (18.2 versus 26.9 mL Ho/g VSS). It was reported that shortening hydraulic
retention time from 8 h to 6 h benefited to wash out H,-consuming bacteria (e.g., propionic acid bacteria), as
their growth rate is slower than H; producers’[94]. A relative high fermentative temperature facilitated the
hydrolysis of substrates and simplified microbial diversity, which thereby profited for hydrogen accumulation.
Yokoyama et al. observed the activity of =~ Hz-consuming microbes was completely suppressed when the

fermenter was controlled at 75 °Cfor the treatment of cow waste slurry[95].

10
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The characteristics of fermented WAS (e.g., the ratio of carbon to nitrogen and the level of
polyhydroxyalkanoates) affected hydrogen yield as well. It was documented that pertinent increases of
carbon/nitrogen ratios benefited the conversion of protein while an increase of sludge polyhydroxyalkanoates
enhanced the cell solubilization, the hydrolysis process of solubilized substrates, and the soluble protein
conversion of non-polyhydroxyalkanoates biomass, thereby promoting the production of hydrogen [96].
Based on these findings, optimizing the composition of the fermented WAS via either promoting the content

of intracellular polyhydroxyalkanoates in WAS or co-fermenting WAS with other carbon-rich substrates such

as food waste and molasses was therefore recommended [97-99]. Wang et al.[22] found that when the content
of sludge polyhydroxyalkanoates increased from 25 to 178 mg/g VSS, hydrogen yield from alkaline
fermentation (i.e., pH 10) enhanced from 26.5 to 58.7 mL/g VSS. In addition, when co-digestion of food waste
and WAS was at a C/N ratio of 33.14, hydrogen yield reached 102.63 mL H,/g VSS, which was much more than

hydrogen production from WAS alone[100].

Manipulating hydrogen-producers was also helpful to improve hydrogen yields, such as inoculating some
specific microbes and using metabolic engineering to modify hydrogen-producers in fermenters. Kotay et
al.[101] constructed a microbial consortium by inoculating with three established bacteria (i.e., Enterobacter
cloacae IIT-BT 08, Citrobacter freundii IIT-BT L139 and Bacillus coagulans IIT-BT S1) and found that
hydrogen yield could be improved 1.5-4 times with different ratio of these bacteria. Among these, 1:1:1 v/v ratio
of these three bacteria was found to achieve the maximal hydrogen yield of 41.23 ml H»/g CODyequced- Kim et
al. engineered the pentose phosphate pathway to enhance hydrogen production in recombinant Escherichia coli
and found that hydrogen yield increased by 3.5-fold, i.e., 21.665 mmol H»/mol glucose

[102-105].

WAS, as the byproduct of wastewater biological treatment, adsorbs and concentrates lots of exogenous
pollutants such as heavy metal, nanoparticles and micropollutants [106, 107]. Recently, some studies have
investigated the effects of exogenous pollutants on hydrogen production from WAS anaerobic fermentation.
Wu et al. found that 20 mg/g TSS poly aluminum chloride (a widely used inorganic coagulant) increased
hydrogen accumulation from 20.9 mL to 27.4 mL/VSS. Mechanism analysis shows poly aluminum chloride

inhibits the activities of all the microbes related to anaerobic fermentation, and its inhibition to

11
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hydrogen-consuming microorganism was much severer than that to hydrogen producer [108]. Wang et al.
reported that 1403 + 150 mg/kg TSS triclocarban (an antimicrobial agent) enhanced the activities of acetate
kinase and [FeFe] hydrogenase and restrained the activities of carbon monoxide dehydrogenase and
Coenzyme Faio, thus improved hydrogen production from 10.1 to 14.2 mL/g VSS during WAS anaerobic
fermentation [109]. Wei et al. found that polyethylene terephthalate microplastics inhibited hydrolysis,
acidogenesis and acetogenesis processes, thus reducing hydrogen production from WAS anaerobic

fermentation [14]. Many exogenous pollutants show dose-dependent impacts on WAS anaerobic fermentation

[110]. The results exhibit that most of the pollutants at low dose could improve the hydrolysis, acidification and
methanogenesis processes while high dose show negative influence due to their toxicity [111, 112]. Ordinarily,
the activities of methanogens are more easily inhibited than those of hydrolytic and acidogenic bacteria due to
the less tolerance of methanogens [113, 114]. However, there are still few studies to investigate the effect of
exogenous pollutants on hydrogen production. More efforts are required to unveil and regulate their influences

on hydrogen production from WAS anaerobic fermentation.

Additionally, to further utilize the organics left in the dark fermentation liquid such as fatty acids and
alcohols, two-stage systems (e.g., dark fermentation-photo fermentation or dark fermentation-microbial
electrolysis cells) were also proposed to improve hydrogen yield [63, 115-117]. For example, it was reported
that a combined process (i.e., dark fermentation-microbial electrolysis cell) was used to recover bioenergy from
WAS and acquired 20.30 mg Ha/g VSS of hydrogen yield while only 1.39 mg Hx/g VSS of hydrogen production
from WAS anaerobic fermentation alone [7, 23]. The combined of dark fermentation and microbial electrolysis

cell obtained the better performances of sludge reduction and hydrogen recovery.

4.2. Recent progress in hydrogen production from photo fermentation

Previous investigations made on photo-fermentative hydrogen production mainly focused on
optimization of the fermenter construction and operation, metabolic engineering of hydrogen producers, or
wavelength and intensity of light. Glass and polymethyl methacrylate are considered  the most suitable
materials for constructing photobioreactor[74]. Nitai et al.[118] reported that the suitable pH and
temperature ranges for photo-fermentative hydrogen production were 6.8-7.5 and 31-36 °C, respectively.

Several metabolic engineering methods were used to manipulate Ho-producer, such as strain improvement by
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modifying light-harvesting antenna complexes and replacement of nitrogenase with hydrogenase[119].

Kondo et al.[120] found that strains with a 41%-49% decrease in LH2 (LH: light-harvesting) content by UV
irradiation produced 50% more hydrogen than untreated strains. Different light wavelengths and intensities
also affected hydrogen yield. It was reported[121] that the suitable light wavelength and intensity were in
the range of 400-1000 nm and 6-10 klux, respectively. The details about the impact of light wavelength and

intensity on hydrogen production could be found in a recent review[118].

In the dark—photo fermentation combination system, however, some pretreatments of the effluent from
dark fermentation (e.g., dilution, ammonium stripping, and centrifugation) are necessary before the effluent is
used for hydrogen production through photo-fermentation [122, 123]. Yetis and coworkers[124] reported that
when the concentration of fermentation medium was at 30% dilution of pretreated sugar refinery wastewater,
hydrogen production would be stopped, but a small amounts of hydrogen would be produced (i.e., 130 mL Hy/L)

at 20% dilution.
4.3. Recent progress in hydrogen production from microbial electrolysis cell

Efforts made on microbial electrolysis cell mainly focused on optimizations of the three aspects:
improvement of electrode materials, reactor configuration, and manipulation of microbial community. Electrode
is one of the most significant part of microbial electrolysis cell. While bacterial activities mainly occur at anode,
hydrogen is produced at cathode, so in microbial electrolysis cell, it is important to find the highly efficient and
low cost electrode materials (included anode and cathode) to achieve microbial electrolysis cell practical
implication. Based on these principles, there are many new, cheap and effective anode materials (e.g., carbon
nanotubes and graphene[125, 126]) and cathode materials (e.g., carbon nanotube
and biocathode [127, 128]) developed, which are helpful to reduce the cost and improve hydrogen yields. Xie
et al.[129] claimed that graphene-sponge was cheap and easy to fabricate which 1 m? 2 mm-thick
graphene-sponge would only cost $4 compared to 1 m cdrbon cloth cost $1000[130]. Rozendal et al.[131]
reported that 0.63 m’-H, per 1 m® cathode liquid volume would be produced from the microbial biocathode
compared to 0.08 m*-H; produced from the control electrode. In addition, anode surface characteristic is one
of the most important factors to affect microbial attachment and electron transfer, so many treatments such as

heat treatment and acid treatment[132] on anode materials surface have been used to improve the properties of
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anode surface. It was reported that carbon mesh heated at 450 °C for 30 min could produce the maximal
power density of 46 W/m?, which produce 3% more power than that using cleaned carbon mesh treated with

acetone in microbial fuel cell[133].

Moreover, microbial electrolysis cell reactor configuration, which is closely relevant to hydrogen
production rate, has made great progress in both the traditional type (i.e., incorporated membranes) and
membrane-free designs. More details about reactor configuration were reviewed elsewhere[134]. In microbial
electrolysis cell, except exoelectrogens, there also exits methanogens which would consume hydrogen, so
inhibiting the growth and activity of methanogens such as adding methanogen inhibitors [135], using low pH
[136] and temperature [137] are helpful to improve hydrogen yields. Chae et al. [135] reported that adding 2-
bromoethanesulfonate (286 uM) in microbial electrolysis cell could decrease methanogenic electron losses from

36.4+4.4 t02.5+0.3%, i.e., CHsyield reduced from 145.8 17.4 pmol to 10.2+ 1.2 umol, at the same time,
hydrogen efficiency would be improved from 56.1£5.7 to 80.1£6.5%. In addition, harvesting hydrogen

rapidly (e.g., use more efficient materials) is also helpful to enhance hydrogen yields.

Table.1. Endeavors that have been done to improve hydrogen yields from WAS.

Similarly to dark-photo fermentation combination system, the dark fermentation- microbial electrolysis
cell two stages system is also constructed to improve hydrogen yields. In this system, scientist have found that
acetate has the best conversion performance in microbial electrolysis cell compared to other dark fermentation
products, such as propionic and butyric, so the ethanol type fermentation could be a more proper pathway in

dark fermentation if this two-stages system is taken[138].
5. Research gap and perspective

Although numerous efforts have been performed, hydrogen production from WAS is still far from
achieving at practical scales due to low hydrogen yield, high energy (chemical) input in WAS pretreatment
and fermenter control, or cost-prohibitive materials in photo-bioreactors (or anodes). In view of the state of the
art relate to hydrogen bioproduction from WAS, further research on the following perspectives is urgently

needed:
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(1) Many pretreatments were developed to promote sludge disintegration, but the utilization of sludge
organics was still low due to WAS contains lots of refractory organics. Thus, more efforts are required to

improve the biodegradability of WAS.

(2) In addition, the low activities and growth rate of hydrogen-production microorganism limited hydrogen
generate rate and yield. More endeavors are essential to comprehensively study hydrogen-production

microorganisms and improve their activities.

(3) Moreover, although all methods were used to improve hydrogen production, the hydrogen yield from WAS
dark fermentation was still low due to the low energy conversion efficiency. Hence, more efforts are need

to develop two-stage process (e.g., dark fermentation and MECs) to improve hydrogenrecovery.

While continuing improvements in those aspects can be expected with the ongoing researches, it seems some
of the challenges such as unstable performances and relatively high ratio of energy (or capital) input to energy
output might also remain, making hydrogen production from WAS competitively unfavorable. According to the
analyses, one major reason for the current situation is that previous studies mainly focus on the advancement of
hydrogen production technology alone and lack rational integration of some available technologies. For
example, Guo et al.[139] compared different pretreatment methods (e.g., multi-enzyme, heat and microwave
pretreatments) and tried to find the best pretreatment method (heating pretreatment achieved the maximum
hydrogen yield of 15.3 ml H/g VSS) but ignored other factors, such as fermenter control and WAS
characteristic. Zhao et al.[93] investigated the effect of fermentation pH on hydrogen production and found the
optimal constant pH of 10 (In this scenario, the maximal H; yield of 26.9 mL Hy g VSS could be achieved).
However, other potential strategies were not considered as well. To further enhance hydrogen
yield in a sustainable way, more appropriate strategies other than advancing hydrogen production technology
alone should be therefore sought. Rational integration of the technologies available in both wastewater

treatment and WAS treatment might be a more feasible avenue.
6. A future paradigm to improve hydrogen production
6.1. The hybrid process for the operation of WWTPs

It is widely acceptable that WWTPs are not only the places to purify sewage but also the facilities to

15



17
1Y)
19
20
203
22
494
24
25
205

27
2496
29
X7
31
32
408
34
%99

36
#10

38
1
40
41
M2
43

443
45

444
47

50
#16
52
437
54
438
56
57
449
59
@20
61
62
63
64
65

recovery energy and resource. The yield of each useful product (e.g., hydrogen) from WWTPs should be
maximized, and meanwhile the operation input should be minimized as far as possible. In addition, the
investment of WWTPs to recovery resource should be controlled at a reasonable level. Based on these
principles, the combining dark fermentation technology with other available technologies including high-rate
activated sludge process, mainstream deammonification, phosphate recovery, free ammonia (FA)-based sludge
pretreatment and microbial electrolysis cells partially or completely might be a solution to accomplish

desirable hydrogen production in sustainable ways. The schematic process of such combined strategy

proposed is shown in Figure 3.

Figure.3. The conceptual operation of WWTPs with hybrid technologies for hydrogen and other energy

recovery [140, 141].

In such WWTPs, wastewater is proposed to be cleaned by the adsorption-biodegradation (A/B) process,
which is widely accepted as the most promising process that could achieve desirable nutrient removal and
maximum energy recovery concurrently. Generally, most organic carbon is first adsorbed in the A-stage while
the effluent with a low C/N ratio is further biodegraded in B-stage. In this hybrid system, wastewater is first fed
to by a high-rate activated sludge reactor (called A-stage), where most organics are captured through various
mechanisms such as bio-sorption and storage. Up to now, many methods including chemical, biological, or their
combinations, have been explored for capturing organics at A-stage as much as possible [142, 143]. It is
documented that >80% of organic carbons and >90% of phosphorus would be removed from a high-rate reactor

through controlling solids retention times at 2.0-2.5 days and hydraulic retention times at

0.5-1 day [142]. Then, the effluent from the A-stage, containing low organic matters (i.e., low COD) but high
ammonium, is further treated by mainstream deammonification (called B-stage) [ 144], while the captured
organics are separated and passed onto hydrogen production units such as anaerobic fermenter for energy
recovery. Compared with the conventional WAS, A-stage sludge is easier to be disrupted [142], which is

beneficial to the subsequent hydrogen production.

To provide more soluble substrates for hydrogen production, pertinent pretreatment of sludge prior to
hydrogen production is usually performed in the sludge treatment line. Although many pretreatment
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methods were tested, most of them require considerable input of either energy or chemicals, as mentioned
above. This is unsustainable in long-term operation and largely limits the applications in field situations.
Here, FA-based sludge pretreatment may be a solution for sustainable operation. FA, which could be
obtained from anaerobic fermenter effluent directly, is a waste-generated, renewable chemical that can be
produced in situ in WWTPs as a byproduct of sludge treatment (Figure 3). Recent investigations
demonstrated that FA not only facilitated the lysis of sludge cells but also promoted the biodegradability of

organics released[145, 146]. Although FA is reported to cause a strong biocidal impact or inhibition on

broad microbes, its inhibitions to hydrogen consumers were much severer than those to hydrolytic

microorganisms and hydrogen producers, which benefited hydrogen accumulation [147].

After FA pretreatment, the pretreated sludge is suggested to be fed to anaerobic fermenter for the production
of hydrogen and volatile fatty acids. Wang et al. reported that with an increase of FA from 34 to 254 mg/L, the
maximum hydrogen yield from dark fermentation increased from 7.3 to 15.6 mL/g VSS without any addition
of inoculum [147]. Zhang et al. demonstrated that when WAS was pretreated with
237.8 mg/L FA for 3 d, the organics released were largely enhanced, with the soluble COD of 3400 = 120 mg/L
and volatile fatty acids of 226.9 mg COD/g VSS being 4.5-fold and 2.7-fold that without FA pretreatment,
respectively[148]. Then the fermented WAS is further fed to microbial electrolysis cell unit for secondary
hydrogen production. In such processes, the accumulation stage of soluble organic matters and hydrogen
production stage is separated, which is beneficial for microbial electrolysis cell to generate hydrogen. Although
many components in WAS could use as substrates for hydrogen production in microbial electrolysis cells,
volatile fatty acids are the preferred substrates that could achieve higher efficiency and

hydrogen recovery [141]. In addition, the combination of dark fermentation with microbial electrolysis cell

could also achieve cascade utilization of complex organics from WAS through the syntrophic interactions
between fermentative bacteria and exoelectrogens. He et al. confirmed that the positive effects of such

combination could enhance hydrogen production, as compared to microbial electrolysis cell alone[23].

And last, the effluent of dark fermentation-microbial electrolysis cell usually contains 200-600 mg/L
ammonium and 100-300 mg/L phosphorus, which are mainly released from the disintegration of sludge cells

[149, 150]. The phosphorus released can be recovered via either crystallization or precipitant as valuable
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products. Phosphorus recovery from WAS, an alternative and renewable resource, is very significant, because
the word’s main P resource, i.e., phosphate rock, is non-renewable and may exhaust in next 100-250 years
[149, 151]. Thus, this could not only fulfill world demand for phosphorus but also compensate for a part of
WWTPs costs. In addition, phosphorus recovery from the fermentation liquid could further reduce its loading
in mainstream wastewater treatment, which thereby benefits to acquire the cleaner effluent. The effluent of P
recovery basin, which contains high levels of ammonium, is partially sent to the sludge pretreatment unit for

free ammonia production. By adjusting proper pH and temperature, the desirable free ammonia concentration

can be attained easily.

6.2. Benefits of the hybrid process

With a reasonable integration of various available technologies in WWTPs, it could achieve substantial
technical, environmental and economic benefits. The hybrid technologies could use a minimal energy input to
address some key questions occurred in current WWTPs, in particular, some key challenges faced by hydrogen
production from WAS. Firstly, the A-stage could capture much organic matters to improve WAS characteristics.
Generally, the destruction of WAS in anaerobic digester is around 35% whereas the corresponding value of A-
stage sludge could achieve at 70% [152]. Secondly, FA pretreatment could efficiently break the rigid structure
of WAS microbial cell to release more extracellular and intracellular organics for hydrogen production, which
is usually thought to the rate-limiting step. In addition, FA pretreatment could efficiently inhibit hydrogen
consumption, i.e., homoacetogenesis, methanogenesis and sulfate-reducing processes. Microbial electrolysis
cell could further utilize most of the organics (e.g., volatile fatty acids, proteins and carbohydrates) left in the
liquor of anaerobic fermenter to produce hydrogen. All

these aspects may enable hydrogen yield from WAS at desirable levels.

This hybrid technologies could also achieve considerable environmental benefits. WAS adsorbs and
concentrates substantial exogenous pollutants such as heavy metal and micro-pollutants [153]. The improper
disposal of sludge would make these toxic and harmful contaminants reenter natural environments, posing
the serious threat to the ecological environment. Substantial reduction and reuse of WAS through this hybrid
technologies is conducive to the final disposal of sludge and avoids the secondary pollution of the

environment. In addition, the extensively use of hydrogen rather than methane as energy reduces carbon
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dioxide production, thereby slowing down the greenhouse effect. Moreover, the recovery of P-based fertilizers

from WAS reduces the exploitation of phosphate deposits, avoiding environmental damage [15].

In addition, such operational paradigm also has enormous economic benefits. For example, mainstream
deammonification could save the extra addition of carbon source which are usually applied in conventional
WWTPs to enhance nutrient removal [140]. Free ammonia is renewable and waste-produced, which could be
produced in situ from sludge fermenter effluent. In comparison, other pretreatments require high chemicals or

energy input [147]. Combination of dark fermentation with microbial electrolysis cell could improve hydrogen
yields largely from WAS, i.e., recover more energy from sludge and create more values for WWTPs [147].

Moreover, the P-based fertilizers from the effluent of dark fermentation-microbial electrolysis cell through
either crystallization or precipitant could enhance the income of WWTPs and offset part of the cost of
wastewater treatment [15]. And last, such operation could also enhance sludge reduction, thus decreasing the

cost of sludge transport and disposal [154].

Here, the economic benefit of this hybrid strategy with taking a 500 000 population equivalent (i.e., 100
000 cubic meters per day) WWTP was estimated as an example (please see Table S1 for details, Supporting
information). In China, a conventional WWTP is often operated without the process of sludge anaerobic
digestion, which account for >80% of total WWTPs. In such a WWTP, wastewater treatment would consume
$15000~$20000 per day (i.e., $5475000~$7300000 per year), depending on the organic carbon, nitrogen, and
phosphorus available in the wastewater. In addition the disposal of excess sludge would consume about
$10000 per day (i.e., $3650000 per year). By incorporating these hybrid technologies into the conventional

WWTPs, a same size WWTP could save the expense of using extra organic carbon (i.e., about $547500),

3

$2254000), and also produce more ~2.64 X 10°kg of hydrogen per year. It is estimated that this combined
strategy would save ~$3.83 million in a WWTP with a capacity of 10 n?/d per year, as compared with the
traditional operation paradigm (without anaerobic digestion process). Considering thousands of the
conventional WWTPs existing in the world, this hybrid strategy should have huge economic benefits.

However, it should be noted that the technical and economic merits presented here are only indicative, which

need to be further clarified at real-world situations in the future.
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recover about 2.26 X 10 tons of P-based fertilizers, reduce the portion cost of sludge disposal (i.e., about

dioxide production, thereby slowing down the greenhouse effect. Moreover, the recovery of P-based fertilizers

from WAS reduces the exploitation of phosphate deposits, avoiding environmental damage [15].

In addition, such operational paradigm also has enormous economic benefits. For example, mainstream
deammonification could save the extra addition of carbon source which are usually applied in conventional
WWTPs to enhance nutrient removal [140]. Free ammonia is renewable and waste-produced, which could be
produced in situ from sludge fermenter effluent. In comparison, other pretreatments require high chemicals or

energy input [147]. Combination of dark fermentation with microbial electrolysis cell could improve hydrogen

$2254000), and also produce more ~2.64 X 10°kg of hydrogen per year. It is estimated that this combined
strategy would save ~$3.83 million in a WWTP with a capacity of 10 n?/d per year, as compared with the
traditional operation paradigm (without anaerobic digestion process). Considering thousands of the
conventional WWTPs existing in the world, this hybrid strategy should have huge economic benefits.

However, it should be noted that the technical and economic merits presented here are only indicative, which

need to be further clarified at real-world situations in the future.
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6.3. Challenges of the hybrid process and future directions

Although many endeavors have been done, microbial electrolysis cell has not yet achieved practical
application, which is mainly tested at lab-scale. Moreover, some other individual technologies of this hybrid
system (e.g., phosphate removal based-high rate activated sludge process) are also not applied in real-world.
Hence, scaling up this hybrid system would be therefore inevitable. This requires not only enhancing the size
and treatment capacity of this hybrid system to a full-scale level, but also enabling desirable energy recovery.
Thus, the biggest challenge for a practical situation is how to scale up the system size and guarantee the

performances of each individual simultaneously.

Microbial electrolysis cells, which play important roles in this hybrid system, face some specific limitations
in full-scale application. First, in a full-scale reactor, long distance between electrodes and pH gradient would
lead to high internal resistances. Second, high capital costs of expense electrodes and membrane materials also
limit its application. Third, there are still lacking comprehensive understanding of microbiology involved in
microbial electrolysis cells including fermentative bacteria, exoelectrogens and biocathode microorganisms. By
further designing microbial electrolysis cell reactors, developing new materials, deeply understanding and

taking control over microbiology are expected to address these challenges.

Apart from improving the performance of individual units, rational integration of individual technologies
is also important for achieving full-scale application of such hybrid systems. Mathematical modeling could be
useful to understand, design, and operate such complex hybrid system. In addition, on-line monitoring and real-
time process control is indispensable in practice. These monitoring parameters such as ammonium and

nitrite concentrations in the nitritation reactor, FA concentration in pretreatment unit, and electrode potential in

microbial electrolysis cells could use as valuable indicators to manipulate the whole system, ensuring the

stability and robustness of such hybrid system.

Finally, it’s crucial to acquire government support to develop such emerging technologies. The ignored
environmental costs and emerging technologies, which have not yet benefited from application scale, lead to
the expensive cost of recover energy and resource from WWTPs, as compared with the use of fossil-fuel
energy. More investment in WAS treatment and disposal is required, particularly in the developing world. For
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example, in China, the investment in WAS treatment and disposal (5.6 billion USD/year) was much less than
that in wastewater treatment (68.8 billion USD/year) [155]. Government must try to put the emerging
technologies, which could save energy even produce energy, into priority position through improvement of
existing regulatory frameworks to contain or enhance the costs of greenhouse gas (e.g., carbon dioxide)
emission and waste treatment and disposal. Government and relevant enterprises should also offer enough

funds and suitable infrastructure to develop these emerging technologies available in real-world situations.

7. Conclusions

In this paper, the principles and potentials, microorganisms, possible technologies, and process parameters of
hydrogen production were reviewed. Besides, both the opportunities and challenges of hydrogen production were
analyzed. Microbial electrolysis cells were regarded as the prospective technology for hydrogen production due to
high theoretical hydrogen yield and the ability of using varieties of organics as substrate. Nonetheless, the low
organics utilization from WAS and the quick depletion of generated H; limited hydrogen accumulation. Based on
systematic summarization and critical analysis, a possible paradigm for hydrogen production and wastewater
treatment by rationally integrating dark fermentation with several other treatment technologies, including MEC, high-
rate activated sludge process, mainstream deammonification, phosphate recovery, are presented. This hybrid process
could achieve substantial technical, environmental and economic benefits. In addition, the limitations and future
directions for application of such hybrid processes were discussed. More efforts are required to achieve the
application of this hybrid process in real-world.

Acknowledgements
This study was financially supported by the project of NSFC (51779089), the Natural Science Funds of

Hunan Province for Distinguished Young Scholar (2018JJ1002), and Huxiang High Level Talent Gathering

Project (2019RS1029).

References

[1] Bahadar A, Khan MB. Progress in energy from microalgae: A review. Renewable & Sustainable Energy Reviews.
2013;27:128-48.

[2] Mun T-Y, Kim J-S. Air gasification of dried sewage sludge in a two-stage gasifier. Part 2: Calcined dolomite as a bed
material and effect of moisture content of dried sewage sludge for the hydrogen production and tar removal. International
Journal of Hydrogen Energy. 2013;38:5235-42.

[3] Nath K, Das D. Hydrogen from biomass. Curr Sci India. 2003;85:265-71.

[4] Guo XM, Trably E, Latrille E, Carrere H, Steyer JP. Hydrogen production from agricultural waste by dark fermentation:
A review. International Journal of Hydrogen Energy. 2010;35:10660-73.

[5] Yang G, Wang JL. Fermentative hydrogen production from sewage sludge. Critical Reviews in Environmental Science

21



561
562
563
564
565
566
567
568
569
590
501
B72
523
534
BF5
596
547
578
599
530

%]

DN W — OO0

2
SN

2o
S O oo

o Oy O O O
g W N

and Technology. 2017;47:1219-81.

[6] Cai ML, Liu JX, Wei YS. Enhanced biohydrogen production from sewage sludge with alkaline pretreatment.
Environmental Science & Technology. 2004;38:3195-202.

[7] Wang Y, Zhao J, Wang D, Liu Y, Wang Q, Ni BJ, et al. Free nitrous acid promotes hydrogen production from dark
fermentation of waste activated sludge. Water Res. 2018;145:113-24.

[8] Chen H, Liu Y, Ni BJ, Wang Q, Wang D, Zhang C, et al. Full-scale evaluation of aerobic/extended-idle regime inducing
biological phosphorus removal and its integration with intermittent sand filter to treat domestic sewage discharged from
highway rest area. Biochemical Engineering Journal. 2016;113:114-22.

[9] Yang J, Liu X, Wang D, Xu Q, Yang Q, Zeng G, et al. Mechanisms of peroxymonosulfate pretreatment enhancing
production of short-chain fatty acids from waste activated sludge. Water Res. 2019;148:239-49.

[10] Wang Y, Wang D, Yang Q, Zeng G, Li X. Wastewater Opportunities for Denitrifying Anaerobic Methane Oxidation.
Trends in Biotechnology. 2017.

[11] Zhao J, Wang D, Li X, Yang Q, Chen H, Zhong Y, et al. Free nitrous acid serving as a pretreatment method for alkaline
fermentation to enhance short-chain fatty acid production from waste activated sludge. Water Research.

2015;78:111-20.

[12] Zhao J, Yang Q, Li X, Wang D, An H, Xie T, et al. Effect of initial pH on short chain fatty acid production during the
anaerobic fermentation of membrane bioreactor sludge enhanced by alkyl polyglcoside. International Biodeterioration &
Biodegradation. 2015;104:283-9.

[13] Jiang S, Chen Y, Zhou Q, Gu G. Biological short-chain fatty acids (SCF As) production from waste-activated sludge
affected by surfactant. Water Res. 2007;41:3112-20.

[14] Wei W, Zhang YT, Huang QS, Ni BJ. Polyethylene terephthalate microplastics affect hydrogen production from
alkaline anaerobic fermentation of waste activated sludge through altering viability and activity of anaerobic
microorganisms. Water Research. 2019;163.

[15] Xu Q, Liu X, Wang D, Wu Y, Wang Q, Liu Y, et al. Free ammonia-based pretreatment enhances phosphorus release
and recovery from waste activated sludge. Chemosphere. 2018;213:276-84.

[16] Andreadakis AJWR. Physical and chemical properties of activated sludge floc. 1993;27:1707-14.

[17] Lin CY, Lay CH, Sen B, Chu CY, Kumar G, Chen CC, et al. Fermentative hydrogen production from wastewaters: A
review and prognosis. International Journal of Hydrogen Energy. 2012;37:15632-42.

[18] Wang X, Zhao YC. A bench scale study of fermentative hydrogen and methane production from food waste in
integrated two-stage process. International Journal of Hydrogen Energy. 2009;34:245-54.

[19] Lin CY, Lay CH. A nutrient formulation for fermentative hydrogen production using anaerobic sewage sludge
microflora. International Journal of Hydrogen Energy. 2005;30:285-92.

[20] Zheng HS, Guo WQ, Yang SS, Feng XC, Du JS, Zhou XJ, et al. Thermophilic hydrogen production from sludge
pretreated by thermophilic bacteria: analysis of the advantages of microbial community and metabolism. Bioresource
technology. 2014;172:433-7.

[21] Kotay SM, Das D. Microbial hydrogen production from sewage sludge bioaugmented with a constructed microbial
consortium. International Journal of Hydrogen Energy. 2010;35:10653-9.

[22] Wang D, Zeng G, Chen Y, Li X. Effect of polyhydroxyalkanoates on dark fermentative hydrogen production from
waste activated sludge. Water Research. 2015;73:311-22.

[23] He ZW, Zhou AJ, Yang CX, Guo ZC, Wang AJ, Liu WZ, et al. Toward bioenergy recovery from waste activated
sludge: improving bio-hydrogen production and sludge reduction by pretreatment coupled with anaerobic digestion-
microbial electrolysis cells. Rsc Advances. 2015;5:48413-20.

[24] De Gioannis G, Muntoni A, Polettini A, Pomi R. A review of dark fermentative hydrogen production from
biodegradable municipal waste fractions. Waste Manage. 2013;33:1345-61.

[25] Yasin NHM, Mumtaz T, Hassan MA, Rahman NA. Food waste and food processing waste for biohydrogen
production: A review. Journal of Environmental Management.2013;130:375-85.

[26] Escapa A, Mateos R, Martinez EJ, Blanes J. Microbial electrolysis cells: An emerging technology for wastewater
treatment and energy recovery. From laboratory to pilot plant and beyond. Renewable & Sustainable Energy Reviews.
2016;55:942-56.

[27] Guo L, Li X-M, Zeng G-M, Zhu X, Yang Q, She Z. Enhanced Hydrogen Production from Sewage Sludge Pretreated
by Thermophilic Bacteria. Energy & Fuels. 2010;24:6081-5.

[28] Lu L, Ren ZJ. Microbial electrolysis cells for waste biorefinery: A state of the art review. Bioresour Technol.
2016;215:254-64.

[29] Liu X, He D, Wu Y, Xu Q, Wang D, Yang Q, et al. Freezing in the presence of nitrite pretreatment enhances
hydrogen production from dark fermentation of waste activated sludge. Journal of Cleaner Production. 2020;248:119305.
[30] Mudhoo A, Forster-Carneiro T, Sanchez A. Biohydrogen production and bioprocess enhancement: a review. Critical
reviews in biotechnology. 2011;31:250-63.

[31] Wang D, Chen Y, Zheng X, Li X, Feng L. Short-chain fatty acid production from different biological phosphorus
removal sludges: the influences of PHA and Gram-staining bacteria. Environ Sci Technol. 2013;47:2688-95.

[32] Li X, Zhao J, Wang D, Yang Q, Xu Q, Deng Y, et al. An efficient and green pretreatment to stimulate short-chain

22



621
622

624
625
626
627
628
629
630
181
132
133
134
35
536
37
538
539
520
541

243
a4
45
%46
47
H48
%&9

0
351

34

NN A WD, OOVIN W

AR

fatty acids production from waste activated sludge anaerobic fermentation using free nitrous acid. Chemosphere.
2016;144:160-7.

[33] McKinlay JB, Harwood CS. Photobiological production of hydrogen gas as a biofuel. Curr Opin Biotech.
2010;21:244-51.

[34] Cheng J, Su HB, Zhou JH, Song WL, Cen KF. Hydrogen production by mixed bacteria through dark and photo
fermentation. International Journal of Hydrogen Energy. 2011;36:450-7.

[35] Liu H, Grot S, Logan BE. Electrochemically assisted microbial production of hydrogen from acetate. Environmental
Science & Technology. 2005;39:4317-20.

[36] Rozendal RA, Hamelers HVM, Euverink GJW, Metz SJ, Buisman CJN. Principle and perspectives of hydrogen
production through biocatalyzed electrolysis. International Journal of Hydrogen Energy. 2006;31:1632-40.

[37] Hu Y, Hao X, Wang J, Cao Y. Enhancing anaerobic digestion of lignocellulosic materials in excess sludge by
bioaugmentation and pre-treatment. Waste Manag. 2016;49:55-63.

[38] Wang D, Zhao J, Zeng G, Chen Y, Bond PL, Li X. How Does Poly(hydroxyalkanoate) Affect Methane Production
from the Anaerobic Digestion of Waste-Activated Sludge? Environmental science & technology. 2015;49:12253-62.

[39] Zhao J, Liu Y, Ni B, Wang Q, Wang D, Yang Q, et al. Combined effect of free nitrous acid pretreatment and sodium
dodecylbenzene sulfonate on short-chain fatty acid production from waste activated sludge. Scientific reports.
2016;6:21622.

[40] Zhao J, Liu Y, Wang D, Chen F, Li X, Zeng G, et al. Potential impact of salinity on methane production from food
waste anaerobic digestion. Waste management. 2017.

[41] Appels L, Baeyens J, Degréve J, Dewil R. Principles and potential of the anaerobic digestion of waste-activated
sludge. Progress in Energy & Combustion Science. 2008;34:755-81.

[42] Li C, Fang HHP. Fermentative Hydrogen Production From Wastewater and Solid Wastes by Mixed Cultures. Critical
Reviews in Environmental Science and Technology. 2007;37:1-39.

[43] Xing, Rittmann, Zhao, Zhao. Microbial community structure of ethanol type fermentation in biohydrogen
production. Environmental Microbiology. 2007;9:1112-25.

[44] Hwang MH, Jang NJ, Hyun SH, Kim IS. Anaerobic bio-hydrogen production from ethanol fermentation: the role of
pH. Journal of Biotechnology. 2004;111:297.

[45] Nandi R, Sengupta S. Microbial production of hydrogen: an overview. Critical Reviews in Microbiology.
1998;24:61.

[46] Ren N, Wang B, Huang JC. Ethanol - type fermentation from carbohydrate in high rate acidogenic reactor.
Biotechnology & Bioengineering. 1997;54:428-33.

[47] Ramsay IR, Pullammanappallil PC. Protein degradation during anaerobic wastewater treatment: derivation of
stoichiometry. Biodegradation. 2001;12:247-56.

[48] Thauer RK, Jungermann K, Decker K. Energy conservation in chemotrophic anaerobic bacteria. Bacteriological
Reviews. 1977;41:100.

[49] Nakashimada Y, Rachman MA, Kakizono T, Nishio N. Hydrogen production of Enterobacter acrogenes altered by
extracellular and intracellular redox states. International Journal of Hydrogen Energy. 2002;27:1399-405.

[50] Lee HS, Salerno MB, Rittmann BE. Thermodynamic evaluation on H2 production in glucose fermentation.
Environmental science & technology. 2008;42:2401-7.

[51] Tanisho S, Kamiya N, Wakao N. Hydrogen evolution of Enterobacter aerogenes depending on culture pH: mechanism
of hydrogen evolution from NADH by means of membrane-bound hydrogenase. 1989;973:1-6.

[52] Hutiian M, Mrafkova L, Drtil M, Derco J. Methanogenic and nonmethanogenic activity of granulated sludge in
anaerobic baffled reactor. Chemical Papers- Slovak Academy of Sciences. 1999;53:374-8.

[53] Lier JBV, Grolle KC, Frijters CT, Stams AJ, Lettinga G. Effects of acetate, propionate, and butyrate on the
thermophilic anaerobic degradation of propionate by methanogenic sludge and defined cultures. Applied & Environmental
Microbiology. 1993;59:1003-11.

[54] Fox P, Pohland FG. Anaerobic Treatment Applications and Fundamentals: Substrate Specificity during Phase
Separation. Water Environment Research. 1994;66:716-24.

[55] Wang Q, Kuninobu M, Ogawa HI, Kato Y. Degradation of volatile fatty acids in highly efficient anaerobic digestion.
Biomass & Bioenergy. 1999;16:407-16.

[56] Tao Y,Chen Y, Wu Y, He Y,Zhou Z. High hydrogen yield from a two-step process of dark- and photo-fermentation
of sucrose. International Journal of Hydrogen Energy. 2007;32:200-6.

[57] Barbosa MJ, Jms R, Tramper JWijffels RH. Acetate as a carbon source for hydrogen production by
photosyntheticbacteria. Journal of Biotechnology. 2001;85:25-33.

[58] Rozendal RA. Hydrogen production through biocatalyzed electrolysis. International Journal of Hydrogen Energy.
2007;31:1632-40.

[59] Lu L, Xing DF, Liu BF, Ren NQ. Enhanced hydrogen production from waste activated sludge by cascade utilization
of organic matter in microbial electrolysis cells. Water Research. 2012;46:1015-26.

[60] Wang L, Liu WZ, Kang LL, Yang CX, Zhou AJ, Wang AJ. Enhanced biohydrogen production from waste activated
sludge in combined strategy of chemical pretreatment and microbial electrolysis. International Journal of Hydrogen

23



681
682

684
685
686
687
688
689
690
191
192
193
194
95
596
97
598

790

Energy. 2014;39:11913-9.

[61] Xing D, Zuo Y, Cheng S, Regan JM, Logan BE. Electricity Generation by Rhodopseudomonas palustris DX-1.
Environmental science & technology. 2008;42:4146-51.

[62] F Caccavo J, Lonergan DJ, Lovley DR, Davis M, Stolz JF, Mcinerney MJ. Geobacter sulfurreducens sp. nov., a
hydrogen- and acetate-oxidizing dissimilatory metal-reducing microorganism. Applied & Environmental Microbiology.
1994;60:3752.

[63] Lu L, Xing D, Ren N. Pyrosequencing reveals highly diverse microbial communities in microbial electrolysis cells
involved in enhanced H2 production from waste activated sludge. Water Research. 2012;46:2425-34.

[64] Chen Y, Wang D, Zhu X, Zheng X, Feng L. Long-term effects of copper nanoparticles on wastewater biological
nutrient removal and N2O generation in the activated sludge process. Environmental science & technology.
2012;46:12452-8.

[65] Zhou Q, Wang S. Microbiology of Environmental Engineering [ in Chinese ]: Higher Education Press; 2008.

[66] Manish S, Banerjee R. Comparison of biohydrogen production processes. International Journal of Hydrogen Energy.
2008;33:279-86.

[67] Wei S, Xiao B, Liu J. Impact of alkali and heat pretreatment on the pathway of hydrogen production from sewage
sludge. Chinese Science Bulletin. 2010;55:777-86.

[68] Argun H, Kargi F, Kapdan IK. Hydrogen production by combined dark and light fermentation of ground wheat
solution. International Journal of Hydrogen Energy. 2009;34:4305-43112.

[69] Valdez-Vazquez 1, Poggi-Varaldo HM. Hydrogen production by fermentative consortia. Renewable & Sustainable
Energy Reviews. 2009;13:1000-13.

[70] Saady NMC. Homoacetogenesis during hydrogen production by mixed cultures dark fermentation: Unresolved
challenge. International Journal of Hydrogen Energy. 2013;38:13172-91.

[71] Ray S, Reaume SJ, Lalman JA. Developing a statistical model to predict hydrogen production by a mixed anaerobic
mesophilic culture. International Journal of Hydrogen Energy. 2010;35:5332-42.

[72] Chen CY, Liu CH, Lo YC, Chang JS. Perspectives on cultivation strategies and photobioreactor designs for
photo-fermentative hydrogen production. Bioresour Technol. 2011;102:8484-92.

[73] Uyar B, Eroglu I, Yiicel M, Giindiiz U, Tiirker L. Effect of light intensity, wavelength and illumination protocol on
hydrogen production in photobioreactors. International Journal of Hydrogen Energy. 2007;32:4670-7.

[74] Uyar B. Bioreactor design for photofermentative hydrogen production. Bioprocess & Biosystems Engineering.
2016;39:1-10.

[75] Li X, Liu T, Wu Y, Zhao G, Zhou Z. Derepressive effect of NH_4~+ on hydrogen production by deleting the glnA1
gene in Rhodobacter sphaeroides. Biotechnology & Bioengineering. 2010;106:564-72.

[76] Sasikala C, Ramana CV. Biotechnological Potentials of Anoxygenic Phototrophic Bacteria. I. Production of
Single-Cell Protein, Vitamins, Ubiquinones, Hormones, and Enzymes and Use in Waste Treatment. Advances in Applied
Microbiology. 1995;41:173-226.

[77] Parameswaran P, Zhang H, Torres CI, Rittmann BE, Krajmalnikbrown R. Microbial community structure in a biofilm
anode fed with a fermentable substrate: the significance of hydrogen scavengers. Biotechnology & Bioengineering.
2010;105:69-78.

[78] Cai W, Liu W, Cui D, Wang A. Hydrogen production from buffer-free anaerobic fermentation liquid of waste activated
sludge using microbial electrolysis system. RSC Advances. 2016;6:38769-73.

[79] Lee HS, Rittmann BE. Significance of biological hydrogen oxidation in a continuous single-chamber microbial
electrolysis cell. Environmental science & technology. 2010;44:948.

[80] Logan BE, Douglas C, Shaoan C, Hamelers HVM, Sleutels THJA, Jeremiasse AW, et al. Microbial electrolysis cells
for high yield hydrogen gas production from organic matter. Environmental Science & Technology.2008;42:8630-40.
[81] Gil-Carrera L, Escapa A, Carracedo B, Moran A, Gémez X. Performance of a semi-pilot tubular microbial electrolysis
cell (MEC) under several hydraulic retention times and applied voltages. Bioresour Technol.2013;146:63-9.

[82] Batlle-Vilanova P, Puig S, Gonzalez-Olmos R, Vilajeliu-Pons A, Baneras L, Balaguer MD, et al. Assessment of biotic
and abiotic graphite cathodes for hydrogen production in microbial electrolysis cells. International Journal of Hydrogen
Energy. 2014;39:1297-305.

[83] Hyung-Sool L, Torres CI, Prathap P, Rittmann BE. Fate of H2 in an upflow single-chamber microbial electrolysis
cell using a metal-catalyst-free cathode. Environmental Science & Technology. 2009;43:7971-6.

[84] Call D, Logan BE. Hydrogen production in a single chamber microbial electrolysis cell lacking a membrane.
Environmental Science & Technology. 2008;42:3401.

[85] Sleutels THJA, Heijne AT, Buisman CJN, Hamelers HVM. Steady-state performance and chemical efficiency of
Microbial Electrolysis Cells. International Journal of Hydrogen Energy. 2013;38:7201-8.

[86] Peter C, Willy V. Methanogenesis in membraneless microbial electrolysis cells. Applied Microbiology &
Biotechnology. 2009;82:829.

[87] Wang DB, Wang YF, Liu XR, Xu QX, Yang Q, Li XM, et al. Heat pretreatment assists free ammonia to enhance
hydrogen production from waste activated sludge. Bioresource Technol. 2019;283:316-25.

[88] Massanetnicolau J, Dinsdale R, Guwy A. Hydrogen production from sewage sludge using mixed microflora

24



741
42
743
744
745
746
747
48
749
780
761
752
733
7354
755
56
67
738
89
%0

inoculum: effect of pH and enzymatic pretreatment. Bioresource technology. 2008;99:6325-31.

[89] Wang D, Huang Y, Xu Q, Liu X, Yang Q, Li X. Free ammonia aids ultrasound pretreatment to enhance short-chain
fatty acids production from waste activated sludge. Bioresour Technol. 2019;275:163-71.

[90] Niu Q, Xu Q, Wang Y, Wang D, Liu X, Liu Y, et al. Enhanced hydrogen accumulation from waste activated sludge by
combining ultrasonic and free nitrous acid pretreatment: Performance, mechanism, and implication. Bioresour Technol.
2019;285:121363.

[91] Xiao BY, Liu JX. Effects of various pretreatments on biohydrogen production from sewage sludge. Chinese Science
Bulletin. 2009;54:2038-44.

[92] Bundhoo MAZ, Mohee R, Hassan MA. Effects of pre-treatment technologies on dark fermentative biohydrogen
production: a review. Journal of environmental management. 2015;157:20.

[93] Zhao Y, Chen Y, Zhang D, Zhu X. Waste activated sludge fermentation for hydrogen production enhanced by
anaerobic process improvement and acetobacteria inhibition: the role of fermentation pH. Environmental science &
technology. 2010;44:3317-23.

[94] Jung KW, Kim DH, Kim SH, Shin HS. Bioreactor design for continuous dark fermentative hydrogen production.
Bioresource Technology. 2011;102:8612.

[95] Yokoyama H, Waki M, Moriya N, Yasuda T, Tanaka Y, Haga K. Effect of fermentation temperature on hydrogen
production from cow waste slurry by using anaerobic microflora within the slurry. Applied Microbiology &
Biotechnology. 2007;74:474-83.

[96] Page WIJ, Cornish A. Growth of Azotobacter vinelandii UWD in Fish Peptone Medium and Simplified Extraction of
Poly-beta-Hydroxybutyrate. Applied & Environmental Microbiology. 1993;59:4236.

[97] Kim M, Yang Y, Morikawa-Sakura MS, Wang Q, Lee MV, Lee DY, et al. Hydrogen production by anaerobic
co-digestion of rice straw and sewage sludge. International Journal of Hydrogen Energy. 2012;37:3142-9.

[98] Budwill K, Fedorak PM, Page WJJA, Microbiology E. Methanogenic degradation of poly(3-hydroxyalkanoates).
1992;58:1398-401.

[99] Tao ZLT, Yang Q, Yao FB, Huang XD, Wu Y, Du MT, et al. The inhibitory effect of thiosulfinate on volatile fatty
acid and hydrogen production from anaerobic co-fermentation of food waste and waste activated sludge. Bioresource
Technol. 2020;297.

[100] Sreela-Or C, Plangklang P, Imai T, Reungsang A. Co-digestion of food waste and sludge for hydrogen production
by anaerobic mixed cultures: Statistical key factors optimization. International Journal of Hydrogen Energy.
2011;36:14227-37.

[101] Kotay SM, Das D. Novel dark fermentation involving bioaugmentation with constructed bacterial consortium for
enhanced biohydrogen production from pretreated sewage sludge. International Journal of Hydrogen Energy.
2009;34:7489-96.

[102] Kim YM, Cho HS, Jung GY, Park JM. Engineering the pentose phosphate pathway to improve hydrogen yield in
recombinant Escherichia coli. Biotechnol Bioeng. 2011;108:2941-6.

[103] Hallenbeck PC. Microbial paths to renewable hydrogen production. Biofuels. 2011;2:285-302.

[104] Hallenbeck PC, Abo-Hashesh M, Ghosh D. Strategies for improving biological hydrogen production. Bioresource
technology. 2012;110:1-9.

[105] Jones PR. Improving fermentative biomass-derived H 2 -production by engineering microbial metabolism.
International Journal of Hydrogen Energy. 2008;33:5122-30.

[106] Xu Q, Li X, Ding R, Wang D, Liu Y, Wang Q, et al. Understanding and mitigating the toxicity of cadmium to the
anaerobic fermentation of waste activated sludge. Water Res. 2017;124:269-79.

[107] Wei W, Huang QS, Sun J, Wang JY, Wu SL, Ni BJ. Polyvinyl Chloride Microplastics Affect Methane Production
from the Anaerobic Digestion of Waste Activated Sludge through Leaching Toxic Bisphenol-A. Environmental Science &
Technology. 2019;53:2509-17.

[108] Wu Y,WangD, Liu X, Xu Q, Chen Y, Yang Q, et al. Effect of poly aluminum chloride on dark fermentative
hydrogen accumulation from waste activated sludge. Water Res. 2019;153:217-28.

[109] Wang Y, Wang D, Chen F, Yang Q, Li Y, Li X, et al. Effect of triclocarban on hydrogen production from dark
fermentation of waste activated sludge. Bioresour Technol. 2019;279:307-16.

[110] Wang D, Liu X, Zeng G, Zhao J, Liu Y, Wang Q, et al. Understanding the impact of cationic polyacrylamide on
anaerobic digestion of waste activated sludge. Water Res. 2018;130:281-90.

[111] Wang Y, Wang D, Liu Y, Wang Q, Chen F, Yang Q, et al. Triclocarban enhances short-chain fatty acids production
from anaerobic fermentation of waste activated sludge. Water Res. 2017;127:150-61.

[112] Chen Y,Wu Y,WangD, Li H, Wang Q, Liu Y, et al. Understanding the mechanisms of how poly aluminium chloride
inhibits short-chain fatty acids production from anaerobic fermentation of waste activated sludge. Chemical Engineering
Journal. 2018;334:1351-60.

[113] Luo J, Zhang Q, Zhao J, Wu Y, Wu L, Li H, et al. Potential influences of exogenous pollutants occurred in waste
activated sludge on anaerobic digestion: A review. Journal of hazardous materials. 2019:121176.

[114] Chen Y, Cheng JJ, Creamer KS. Inhibition of anaerobic digestion process: A review. Bioresource Technol.
2008;99:4044-64.

25



801
802
893
804
805
806
807
308
899
830
81
812
813
814
®45
Bi6
Bd7
B18
849
B20

[115] Zhao Y, Liang X, Mu H, Zhang X. Biohydrogen Production from Sewage Sludge by Sequential Dark and Photo
Fermentation. Journal of Biobased Materials & Bioenergy. 2015;9.

[116] Liu ZH, Zhou AJ, Liu HY, Wang SF, Liu WZ, Wang AJ, et al. Extracellular polymeric substance decomposition
linked to hydrogen recovery from waste activated sludge: Role of peracetic acid and free nitrous acid co-pretreatment in a
prefermentation-bioelectrolysis cascading system. Water Research. 2020;176.

[117] Liu Z, Zhou A, Zhang J, Wang S, Luan Y, Liu W, et al. Hydrogen Recovery from Waste Activated Sludge: Role of
Free Nitrous Acid in a Prefermentation—Microbial Electrolysis Cells System. Acs Sustainable Chemistry & Engineering.
2018:acssuschemeng.7b04201.

[118] Nitai B, Debabrata D. The Prospect of Purple Non-Sulfur (PNS) Photosynthetic Bacteria for Hydrogen Production:
The Present State of the Art. World Journal of Microbiology & Biotechnology. 2007;23:31-42.

[119] Dasgupta CN, Gilbert JJ, Lindblad P, Heidorn T, Borgvang SA, Skjanes K, et al. Recent trends on the development
of photobiological processes and photobioreactors for the improvement of hydrogen production. International Journal of
Hydrogen Energy. 2010;35:10218-38.

[120] Kondo T, Arakawa M, Hirai T, Wakayama T, Hara M, Miyake J. Enhancement of hydrogen production by a
photosynthetic bacterium mutant with reduced pigment. Journal of Bioscience & Bioengineering. 2002;93:145-50.

[121] Koku H, Eroglu 1, Giindiiz U, Yiicel M, Tiirker L. Aspects of the metabolism of hydrogen production by
Rhodobacter sphaeroides. International Journal of Hydrogen Energy. 2002;27:1315-29.

[122] Argun H, Kargi F. Photo-fermentative hydrogen gas production from dark fermentation effluent of ground wheat
solution: Effects of light source and light intensity. International Journal of Hydrogen Energy. 2010;35:1595-603.

[123] Argun H, Kargi F, Kapdan IK. Light fermentation of dark fermentation effluent for bio-hydrogen production by
different Rhodobacter species at different initial volatile fatty acid (VF A) concentrations. International Journal of
Hydrogen Energy. 2008;33:7405-12.

[124] Yetis M, Giindiiz U, Eroglu I, Yiicel M, Tiirker L. Photoproduction of hydrogen from sugar refinery wastewater by
Rhodobacter sphaeroides O.U. 001. International Journal of Hydrogen Energy. 2000;25:1035-41.

[125] Kundu A, Sahu JN, Redzwan G, Hashim MA. An overview of cathode material and catalysts suitable for generating
hydrogen in microbial electrolysis cell. International Journal of Hydrogen Energy. 2013;38:1745-57.

[126] Ghasemi M, Wan RWD, Hassan SHA, Oh SE, Ismail M, Rahimnejad M, et al. Nano-structured carbon as electrode
material in microbial fuel cells: A comprehensive review. Journal of Alloys & Compounds. 2013;580:245-55.

[127] Muiioz LDS, Bergel A, Féron D, Basséguy R. Hydrogen production by electrolysis of a phosphate solution on a
stainless steel cathode. International Journal of Hydrogen Energy. 2010;35:8561-8.

[128] Ribot-Llobet E, Nam JY, Tokash JC, Guisasola A, Logan BE. Assessment of four different cathode materials at
different initial pHs using unbuffered catholytes in microbial electrolysis cells. International Journal of Hydrogen Energy.
2013;38:2951-6.

[129] Xing X, Yu GH, Liu N, Bao ZN, Criddle CS, Yi C. Graphene-sponges as high-performance low-cost anodes for
microbial fuel cells. Energy & Environmental Science. 2012;5:6862-6.

[130] Logan BE. Scaling up microbial fuel cells and other bioelectrochemical systems. Applied Microbiology &
Biotechnology. 2010;85:1665-71.

[131] Rozendal RA, Jeremiasse AW, Hamelers HV, Buisman CJ. Hydrogen production with a microbial biocathode.
Environmental Science & Technology. 2008;42:629.

[132] Feng Y, Yang Q, Wang X, Logan BE. Treatment of carbon fiber brush anodes for improving power generation in air—
cathode microbial fuel cells. Journal of Power Sources. 2010;195:1841-4.

[133] Wang X, Cheng SA, Feng YJ, Merrill MD, Saito T, Logan BE. Use of Carbon Mesh Anodes and the Effect of
Different Pretreatment Methods on Power Production in Microbial Fuel Cells. Environmental Science & Technology.
2009;43:6870-4.

[134] Kadier A, Simayi Y, Abdeshahian P, Azman NF, Chandrasekhar K, Kalil MS. A comprehensive review of microbial
electrolysis cells (MEC) reactor designs and configurations for sustainable hydrogen gas production. Alexandria
Engineering Journal. 2015;55:427-43.

[135] Chae KJ, Choi MJ, Kim KY, Ajayi FF, Chang IS, Kim IS. Selective inhibition of methanogens for the improvement
of biohydrogen production in microbial electrolysis cells. International Journal of Hydrogen Energy. 2010;35:13379-86.
[136] Hu H, Fan Y, Liu H. Hydrogen production using single-chamber membrane-free microbial electrolysis cells. Water
research. 2008;42:4172-8.

[137] Lu L, Ren N, Zhao X, Wang H, Wu D, Xing D. Hydrogen production, methanogen inhibition and microbial
community structures in psychrophilic single-chamber microbial electrolysis cells. Energy & Environmental Science.
2011;4:1329-36.

[138] Lu L, Ren N, Xing D, Logan BE. Hydrogen production with effluent from an ethanol-H2-coproducing fermentation
reactor using a single-chamber microbial electrolysis cell. Biosensors & Bioelectronics. 2009;24:3055-60.

[139] Guo L, Lu M, Li Q, Zhang J, She Z. A comparison of different pretreatments on hydrogen fermentation from waste
sludge by fluorescence excitation-emission matrix with regional integration analysis. International Journal of Hydrogen
Energy. 2015;40:197-208.

[140] Wang D, Wang Q, Laloo A, Xu 'Y, Bond PL, Yuan Z. Achieving Stable Nitritation for Mainstream

26



861
862
863
864
865
866
867
868
869
890
801
B72
873
B34
BES
BF6
BG7
B78
B899
B30

Deammonification by Combining Free Nitrous Acid-Based Sludge Treatment and Oxygen Limitation. Sci Rep.
2016;6:25547.

[141] Liu WZ, Huang SC, Zhou AJ, Zhou GY, Ren NQ, Wang AJ, et al. Hydrogen generation in microbial electrolysis
cell feeding with fermentation liquid of waste activated sludge. International Journal of Hydrogen Energy. 2012;37:13859-
64.

[142] Ge H, Batstone DJ, Keller J. Operating aerobic wastewater treatment at very short sludge ages enables treatment and
energy recovery through anaerobic sludge digestion. Water Research. 2013;47:6546-57.

[143] Xu G, Zhou Y, Yang Q, Lee ZM, Gu J, Lay W, et al. The challenges of mainstream deammonification process for
municipal used water treatment. Applied Microbiology & Biotechnology. 2015;99:2485.

[144] Wang D, Wang Q, Laloo A, Xu Y, Bond PL, Yuan Z. Achieving Stable Nitritation for Mainstream Deammonification
by Combining Free Nitrous Acid-Based Sludge Treatment and Oxygen Limitation. Scientific reports. 2016;6:25547.
[145] Wang D, Shuai K, Xu Q, Liu X, Li Y, Liu Y, et al. Enhanced short-chain fatty acids production from waste activated
sludge by combining calcium peroxide with free ammonia pretreatment. Bioresource Technology.2018:114-23.

[146] Wei W, Zhou X, Wang D, Sun J, Wang Q. Free ammonia pre-treatment of secondary sludge significantly increases
anaerobic methane production. Water Research. 2017;118:12-9.

[147] Wang D, Duan Y, Yang Q, Liu Y, Ni BJ, Wang Q, et al. Free ammonia enhances dark fermentative hydrogen
production from waste activated sludge. Water Res. 2018;133:272-81.

[148] Zhang C, Qin Y, Xu Q, Liu X, Liu Y, Ni B-J, et al. Free ammonia-based pretreatment promotes short-chain fatty
acid production from waste activated sludge. ACS Sustainable Chemistry & Engineering. 2018.

[149] Wang D, Wang Y, Liu Y, Ngo HH, Yu L, Zhao J, et al. Is Denitrifying Anaerobic Methane Oxidation-Centered
Technologies a Solution for the Sustainable Operation of Wastewater Treatment Plants? Bioresour Technol.
2017;234:456.

[150] He ZW, Liu WZ, Wang L, Yang CX, Guo ZC, Zhou AlJ, et al. Role of extracellular polymeric substances in
enhancement of phosphorus release from waste activated sludge by rhamnolipid addition. Bioresource Technology.
2016;202:59-66.

[151] He ZW, Liu WZ, Wang L, Tang CC, Guo ZC, Yang CX, et al. Clarification of phosphorus fractions and phosphorus
release enhancement mechanism related to pH during waste activated sludge treatment. Bioresource Technol.
2016;222:217-25.

[152] Law Y, Ye L, Wang Q, Hu S, Pijuan M, Yuan Z. Producing free nitrous acid - A green and renewable biocidal agent
- From anaerobic digester liquor. Chemical Engineering Journal. 2015;259:62-9.

[153] Li YF,Pan LY, Zhu YQ, Yu YY, Wang DB, Yang GJ, et al. How does zero valent iron activating peroxydisulfate
improve the dewatering of anaerobically digested sludge? Water Research. 2019;163.

[154] Wang QL, Jiang GM, Ye L, Yuan ZG. Enhancing methane production from waste activated sludge using combined
free nitrous acid and heat pre-treatment. Water Research. 2014;63:71-80.

[155] Feng LY, Luo JY, Chen YG. Dilemma of Sewage Sludge Treatment and Disposal in China. Environmental Science
& Technology. 2015;49:4781-2.

27



graphical abstract

Wasterwater Se”ﬂmg Effluent
Tank

Return Sludge

)% Hydrogen

To the head of the WWTPs

FA
production

‘P . p ‘ o J
N,P-enrich
recovery. NN D .
: ‘basin Liquor ;

Transport

And Disposal h D



Figure

Baffle

Influent

Biogas (CH,H,)
A

Volatile fatty
acids and alcohol
A

Small molecule weight
organics

C02<\\

. R Yadke

CHsCOO' +4H,0 — 2HCO5 +9H" + 8¢’ I 2H +2e — Hy
E=-0.279V E=0414v

Protein

N

r \
/

Sludge

@
o
@

£
°
1

=1
o
S
k=4
X
o

Figure. 1. Schematic diagram of hydrogen production from dark-fermentation (a), photo-
fermentation (b) and microbial electrolysis cells (c).
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Figure. 2. The pathways of hydrogen production from sludge dark fermentation
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Table 1. Endeavors that have been done to improve hydrogen yields from WAS

Type of H» production Regulating strategy Brief description of operation ~ Result Reference
Dark fermentation Fermenter operation Alkaline fermentation Facilitated the disruption of WAS and suppressed the [11, 93]
activities of hydrogen consuming microorganisms
Dark fermentation Fermenter operation High fermentative temperature  Facilitated the hydrolysis of substrates and simplified [95]
microbial diversity
Dark fermentation Fermenter operation Shorter hydraulic retention Wash out Ha-consuming bacteria (e.g., propionic acid [94]
time bacteria)
Dark fermentation WAS characteristics Increased PHA content Enhanced the cell disintegration, the hydrolysis of organics, [22, 96, 98]
and the soluble protein conversion of non-PHA biomass
Dark fermentation WAS characteristics Co-fermenting WAS with other  Pertinent increases of carbon/nitrogen ratios was helpful to  [97, 99, 100]
carbon-rich organics the conversion of protein
Dark fermentation Pretreatment methods Thermal pretreatment Accelerated the disruption of floc structure and microbial [87,91]
cells.
Dark fermentation Pretreatment methods Ultrasonic pretreatments Accelerated sludge solubilization, and enhanced the release [89, 91]
of biodegradable organics,
Dark fermentation Pretreatment methods Alkaline pretreatment Enhanced sludge disintegration and inhibited the activity of  [6]
methaogens
Dark fermentation Pretreatment methods Free nitrite acid pretreatment Promoted the biodegradability of organics released and [7,90]
inhibited activities of hydrogen consumers
Dark fermentation Hs-producer Metabolic engineering Modify hydrogen-producers in fermenters and enhanced [102, 103]
hydrogen production by 3.5 fold
Dark fermentation Hj-producer Constructed a  microbial inoculating with three established bacteria and improved [101]
consortium hydrogen production by 1.5-4 times
Photo fermentation Fermenter operation Temperature optimization The suitable temperature ranges of photo-fermentative [118]

hydrogen generation were 31-36 °C




Photo fermentation

Photo fermentation

Photo fermentation

Photo fermentation

Microbial
cell
Microbial
cell
Microbial
cell

Microbial
cell

Microbial
cell

Microbial
cell

electrolysis

electrolysis

electrolysis

electrolysis

electrolysis

electrolysis

Fermenter operation

Fermenter operation

Light

Hs-producer

Electrode improvement

Electrode improvement

Electrode improvement

Reactor configurations

Reactor configurations

Microbial manipulation

High transparent materials

pH optimization

Light wavelengths and
intensities

Strain  improvement  and
replacement of nitrogenase
with hydrogenase

Anodic material selection

Cathode material selection

Anode modification

Incorporated membranes

Membrane-free designs

Adding methanogen inhibitors

Glass and polymethyl methacrylate are considered the
suitable materials for constructing photo-bioreactor
The suitable pH ranges of photo-fermentative hydrogen
generation were 6.8-7.5

The suitable light wavelength and intensity were in the range
0f 400-1000 nm and 6-10 klux, respectively.

Strains with a 41%-49% decrease in LH2 (LH: light-
harvesting) content by UV irradiation produced 50% more
hydrogen than untreated strains.

Many new, cheap and effective anode materials (e.g., carbon
nanotubes and graphene) were found

many new, cheap and effective cathode materials (e.g.,
carbon nanotube and bio-cathode) were developed

Many treatments such as heat treatment and acid treatment
on anode materials surface have been used to improve the
properties of anode surface (e.g., electron transfer).
Reduced the possibility of hydrogen diffusing to the anode
to be used by electrogenic or methanogenic bacteria, and
made the collected hydrogen more pure

Lead to both high hydrogen recoveries and production rates

Added 2-bromoethanesulfonate in MEC enhancing H»
production efficiency from 56.1+ 5.7 to 80.1% 6.5%.

[74]

[118]

[121]

[119, 120]

[125, 126]

[127, 128]

[132, 133]

[134]

[134]

[135]
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