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Abstract: The revolutionary transformation from petrol-based production to bio-based production is
becoming urgent in line with the rapid industrialization, depleting resources, and deterioration of the
ecosystem. Bio-based production from waste-streams is offering a sustainable and environmentally
friendly solution. It offers several advantages, such as a longer operation period, less competition for
microorganisms, higher efficiency, and finally, lower process costs. In the current study, several bio-
based products (organic acids, biomethane, biohydrogen, and metal leachates) produced under acidic
conditions are reviewed regarding their microbial pathways, processes, and operational conditions.
Furthermore, the limitations both in the production process and in the scale-up are evaluated with
future recommendations.

Keywords: bio-based production; acidogenic conditions; fermentation; organic acids; biohydrogen;
biomethane; bioleaching

1. Introduction

The attention towards bio-based products is constantly increasing in recent years [1,2]
because of the rapid depletion of the resources and the adverse environmental effects of
conventional methods, either petrol-based production methods or methods used for critical
materials recovery. Traditional methods are very often energy-intensive, sensitive to initial
resources quality and environmentally unfriendly. The transformation from petrol-based
to bio-based production is not only resulting in green industrial production but also in re-
source recovery from waste-streams to reach a potentially sustainable and environmentally
friendly production. Acidity is one of the major factors that must be considered during
processing as it affects operational conditions, process efficiency, and finally the price of
the processes used on the pilot as well as laboratory scale. Bioprocesses that run under
acidic conditions can provide several advantages in comparison with processes that run
under neutral pH. In the field of organic acid production, lower process pH increases the
final yield of the product, provides a longer operation period in continual systems, and it
also reduces cost in the pH titrant and downstream processing. Low pH in the anaerobic
digestion results in direct crystallization of some acids and causes a significant increase in
soluble phosphorus concentration that affects product profile [3]. Protons are engaged in the
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hydrolysis of biopolymers, such as lignocellulose, starch, lignin, hemicellulose, proteins, as
well as fats. Most of these products, such as simple sugars, amino acids and fatty acids, are
used by microorganisms as substrates in their metabolism, producing required fatty acids,
hydrogen, or methane depending on adjusted biotechnology parameters. By controlling
pH, one may stimulate required bioprocesses, e.g., methanogens hardly work below pH 6,
thus other microorganisms work more efficiently when pH declines. Very low pH in metal
recovery by bioleaching is fundamental for bacterial life resulting in the high efficiency
of metal extractions from various resources [4]. Besides application in metal recovery,
bioleaching represents an interesting tool in the environmental clean-up technology aiming
to produce metal free materials (e.g., removal of metals from sewage sludge or pig manure
prior to their re-use) [5,6]. Metal bioleaching from waste is considered a significant research
area to secure critical metals for the European market and developing processes adopting
circular economy principles, especially in combination with other biological processes for
metal extraction from solutions such as bioaccumulation or biosorption [4,7].

Here, we focused on microbial processes which are biotechnologically explored at
low pH and are a focus of discussions in active working group, Biotechnological Appli-
cations of COST-action CA18113: Understanding and exploiting the impacts of low pH
on micro-organisms. We divided them into two main groups: processes running under
moderately low pH (4–6), such as organic acids, biomethane and biohydrogen production,
and processes running under very low pH (1–3), such as inorganic acid production for
bioleaching. In line with the United Nations 2030 Sustainable Development Goals (SDGs)—
particularly SDGs 9, 11, 12, and 13—climate objectives of the Paris Agreement and targets
of A European Green Deal [8], this review paper aims to bring a comprehensive perspective
for biobased production from waste streams highlighting the advantages of low pH.

Nevertheless, the effects of low pH vary on the product and process type. This re-
view aims to evaluate various bio-based products (organic and inorganic acids, minerals,
biomethane and biohydrogen) produced under acidic conditions taking into account pro-
duction processes and their mechanisms, operational conditions and the limitations both
for operation and scaling-up. These products are chosen based on high transferability
potential for biobased products, technology readiness level (TRL) of biobased production
processes, and market demand for the products. The production of several organic acids,
by both mixed culture and mono-culture fermentation and challenges set by lower pH, are
reviewed. Main obstacles originating from low pH at biomethane production by anaerobic
digestion and biohydrogen production within dark fermentation are described. Processes
running under extremely low pH, such as bioleaching resulting in metal dissolution from
various resources involving waste materials are also documented.

2. Moderate Acidic pH Bioprocesses (pH 4–6)

Organic acids production (specifically of short chain fatty acids), which is a typical
example of the first group, may be recovered by bio-based methods, which fully produce
some organic acids, such as lactic, itaconic, citric, and gluconic acids. However, more than
90% of other acids are still produced by petrol-based methods [8]. These processes cannot
run under pH 4.5 by mixed culture. The pH affects both acid composition and microbial
community profile during mixed culture fermentation. However, several organic acids,
such as acetic acid, can be produced with monoculture (certain species of Komagataeibacter
and Acetobacter) at very low pH [9]. The exploitation of heterotrophic organic acid produc-
ing microorganisms in metal recovery is a promising way, however, it is still only studied at
a laboratory scale [10]. Among processes related to moderately low pH is also the produc-
tion of biomethane or biohydrogen by anaerobic digestion. In this case, low pH represents
an unwanted and sometimes even limiting factor. However, acclimated methanogens can
withstand low pH levels and increase the system stability, in some cases even at higher
biomethane yield [11]. On the other hand, in the case of biohydrogen production, low pH
(4.5–6.4) during inoculum stressing as well as process operation stimulates biohydrogen
production. Inoculum stress under low pH conditions suppresses methanogens and later
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hydrogen consumption during the hydrogen production process. The low pH control
during process operation increases hydrogen yield even more than 350% if compared to
uncontrolled pH conditions [12,13].

2.1. Anaerobic Volatile Fatty Acids Production by Mixed Culture Fermentation

Volatile fatty acids (VFAs) are one of the ready-to-market bio-based products. These
are extensively used in several industries [14,15]. Nevertheless, their main production
route depends on chemical synthesis [16]. Only around 1–10% of VFA is produced by
fermentation [17].

Recent studies showed that pH is one of the most critical factors in fermentative VFA
production by mixed culture [18–21]. During VFA production, the formation of a great
amount of hydrogen causes a pH drop in the medium [22]. Despite that the hydrogen
is consumed by either formation of organic acids, the production of methane during the
anaerobic digestion, or both—the pH drop has several consequences in the system [23,24].
The pH has direct and indirect effects on VFA production by means of affecting the growth
rate of the biomass, microbial community dynamics, metabolic network, hydrogenase
activity and cell morphology and structure, etc. [25].

Although the neutral pH (around 6.5–7.5) is the most suitable pH for hydrolysis and
acidogenesis steps because it is the optimum pH environment for fermentative bacteria [26],
the main limitation is that VFA is converted into methane under neutral pH (product loss).
Therefore, inhibitor usage is required to prevent methanogenic activity. Furthermore, alkali
pH (up to pH 10) improved hydrolysis rate in the complex waste streams, accordingly
increasing VFA production efficiency [27]. Nevertheless, Feng et al. (2020) showed that the
positive effects of alkali pH on VFA production are not sustainable for long term reactor
operation because of alkalinity inhibition [28]. Moreover, Lee et al. (2014) reviewed the
different types of waste-streams and operational/environmental factors for VFA production
by acidogenic fermentation. According to their results, acidic pH was beneficial to increase
hydrolysis rate, therefore, improving the VFA production efficiency [16]. This statement
is supported by Van Aarle et al. (2015); they optimized the acidogenic fermentation by
different combinations of substrate and inoculum type for VFA production under pH 6.5.
Their results showed that in the highest retention time, the pH decreased to 4.6, which
resulted in the highest hydrolysis rate and high production of VFA [29]. On the other
hand, Liu et al. (2012) evaluated the effects of different pH (pH 3, 5, 7, 9, 11, and 12) on
VFA production from acidogenic fermentation of proteinaceous sewage sludge. Their
results showed that pH has not only a major impact on VFA production yield and acid
distribution, but also significantly influenced the biodiversity and bacterial community in
the system. The relative abundance of the bacterial community under alkaline or acidic pH
conditions was less than that under neutral pH conditions, suggesting that most anaerobic
fermentative microorganisms could not tolerate the hostile environment [30].

In other respects, several studies suggested that different methods/strategies enhance
VFA production by fermentation. Fang et al. (2020) reviewed several pretreatment methods
(physical, chemical, and biological) on VFA production from waste activated sludge fer-
mentation. According to their review, the highest VFA production efficiency was obtained
with alkaline and thermal pretreatments of waste activated sludge [31]. In addition, the
same study showed that co-fermentation is one of the most effective methods to improve
VFA production efficiency besides pretreatments. Furthermore, Owusu-Agyeman et al.
(2020) showed that co-fermentation of sewage sludge and organic waste produced a sig-
nificant amount of caproic acid (9334 mg COD/L) under acidic pH (pH 5) conditions [32].
Another promising waste stream for VFA production is lignocellulosic biomass wastes due
to their valuable composition and enormous production amount [33]. According to Sun
et al. (2021), pH is a critical operational parameter in VFA production from lignocellulosic
biomass wastes. They stated that depending on the fermentation pathway, pH directly
affects the acid profile [34].
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She et al. (2020) evaluated the effects of freezing/thawing (F/T) pretreatment on VFA
production from waste activated sludge. The F/T pretreatment improved VFA production
from 3603 to 4852 mg COD/L [35]. Atasoy and Cetecioglu (2020) aimed to produce a
butyric acid dominant VFA mixture via bioaugmented mixed culture with Clostridium
butyricum (butyric acid producer). According to their results, bioaugmentation changed
the dominant acid type from propionic acid to butyric acid by increasing butyric acid
production by 12-fold and total VFA production by 3.5 folds, compared with the control
reactor [36].

Although VFAs are one of the closest products for biobased production on an indus-
trial scale, some challenges limit large-scale production. In mixed culture fermentation, low
production efficiency (the self-inhibitory effects from end products), a slow growth rate of
microbial strains, degeneration of fermentative bacteria, limited hydrolysis rate with lower
conversion rate [37], and high substrate cost [38] are challenges for VFA production. Fur-
thermore, the unstable production process and the purification and separation of VFA from
the effluent mixture are significant challenges for scaling-up VFA production via fermenta-
tion from laboratory and pilot-scale to full-scale applications [15,16]. Despite that there are
several technologies and methods for VFA separation and purification (such as absorption,
adsorption, solvent extraction, distillation, membrane processes, e.g., nanofiltration, elec-
trodialysis, microfiltration, ultrafiltration, membrane contactor and reverse osmosis and
in-line recovery), the recovery of each acid type is required to commercialize biobased VFA
production. On the other hand, another point to reach efficient and cost-effective bio-based
VFA production is to increase production yield in the process. The process efficiency is
closely connected with operational conditions (pH, retention time, organic loading rate,
etc.), type of inoculum and substrate, and pretreatment/post-treatment methods.

2.2. Aerobic Volatile Fatty Acid Production by Pure Culture Fermentation

Besides mixed microbial culture, pure cultures can also be used for organic acids
production. Among the organic acids, acetic acid is one of the most largely commercially
available types of organic acid [39]. The global acetic acid market size was valued at USD
8.92 billion in 2019 and is expected to grow at a compound annual growth rate of 5.2%
from 2020 to 2027. Acetic acid is aerobically produced by acetic acid bacteria, especially of
the Acetobacter and Komagataeibacter genera [40]. In these processes, organic components
are transformed into acetic acid during two sequential biochemical steps: at the beginning,
the sugars are fermented into ethanol by native or commercially available yeasts, then the
ethanol is oxidized to acetic acid by acetic acid bacteria. Although the produced acetic acid
decreases pH-value very quickly, at 3% of acetic acid the pH value is already 3.5, these
conditions are not detrimental for acetic acid bacteria. In line with this are also the results
of Li et al. (2015) who reported an optimal pH for acetic acid production from food wastes
using yeast and acetic acid bacteria to be in the range of 3.0–3.5 [41]. It is also important
to note that certain strains of acetic acid bacteria exhibit a higher acetic acid production
rate at higher concentrations of acetic acid [41]. Utilization of pure starter cultures for
aerobic acetic acid production strongly relies on acid tolerant mechanisms that have acetic
acid bacteria evolved to withstand low pH caused by acetic acid accumulation during
fermentation. The tolerance is a result of the physical barrier surrounding the bacterial cells
in the form of capsular polysaccharides that hinder the diffusion of undissociated acetic
acid into the cells. Besides the physical barrier, the intracellular mechanisms are buffering
the acetate and hydrogen ions produced after acetic acid enters the cells and dissociates at
neutral intracellular pH [42]. Since the species of both genera possess different mechanisms
for acetic acid/acetate tolerance and thus also to low pH [43,44], the strains of Acetobacter
spp. are mainly used to produce maximal 6% of acetic acid and strains of Komagataeibacter
spp. for higher concentrations of acetic acid. Besides this acid-tolerant phenotype, acetic
acid bacteria have another, technologically very important characteristic: the enzymatic
reaction for the production of acetic acid is catalyzed by membrane-bounded alcohol- and
aldehyde dehydrogenase. Since both enzymes are attached to the outer surface of the
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cytoplasmic membrane, the acetic acid is directly released out of the cell, which results in
the high efficiency of the bioprocess [42,45]. Altogether this means that these acid tolerant
bacteria are very suitable for aerobic acetic acid production from various organic materials.

This kind of process became attractive during the last years to valorize different types
of agricultural and food wastes. Recently, acetic acid has been successfully produced from
food waste collected at a student cafeteria in China. Before the process initiation, the animal
bones were removed from the food waste and the rest of the material was crushed and
selected for particles smaller than 2 mm. The food waste mainly contained cooked rice,
vegetables, meat, and eggs. Saccharomyces cerevisiae and acetic acid bacteria Brand HuNiang
No. 1.01 were added to proceed with bench-scale fermentation experiments in bottles with
a working volume of 0.5 L without caps to prevent anaerobic conditions. At the beginning
of the process, the pH was 5.9 but decreased to below 2 by the end of fermentation. The
process yielded a maximal 25.9 g/L of acetic acid. Other volatile fatty acids were also
produced, such as isovaleric, propionic, and butyric acid, but acetic acid predominated
with almost 80% by the end of the process. The ratio of VFA varied during the process
since butyric and isovaleric acids were transformed into propionic acid [41].

Vashisht et al. (2019) used Acetobacter pasteurianus SKYAA25, which tolerates 42 ◦C,
for the acetic acid production from apple pomace. In this process, a moderately acidic
pH (pH 5.5) was necessary to achieve maximal acetic acid production with a final yield of
54.4 g/L per 100 g dry matter of apple pomace. pH-values above 5.5 rapidly decreased
acetic acid production. Besides, by using a thermotolerant strain of acetic acid bacterium,
the process contributes to energy savings otherwise necessary to cool down exothermic
acetic acid-producing bioprocess [46].

The food waste materials can be fermented directly by acetic acid bacteria to acetic
acid containing useful products, such as vinegar. Different agricultural waste materials,
such as banana peels, pineapple waste, apple waste, worthless onion, and coconut water
have been successfully used for acetic acid production [41,47,48]. The acids, with acetic
acid as the predominant one, are removed from the rest of the organic material by filtration.
For this purpose, microfiltration with a large pore size (50 nm–5 mm) and a low-pressure
pump with 1–4 bar is used. Furthermore, ultrafiltration proceeds with membrane pore size
between 2 and 50 nm and a pump able to reach 5–9 bar, which is required to separate cells,
proteins, and fats. The separation is based on size exclusion or sieving mechanism [49].

Since acetic acid bacteria are strictly aerobic microorganisms, the presence of oxygen
is mandatory for the successful growth of these bacteria. During acetic acid production
with acetic acid bacteria, oxygen is a terminal acceptor of electrons from enzymes oxidizing
ethanol to acetic acid. Additionally, oxygen is necessary for the formation of proton motive
force, which is directly connected to acetic acid-efflux [50]. Supplying enough oxygen for an
optimal metabolism of acetic acid bacteria might be a limiting factor in process scale-up. An
efficient aeration strategy is also necessary for not depriving the process of ethanol and acetic
acid due to evaporation. Recently, a novel two-stage oxygen supply has been proposed to
achieve efficient aeration in the aerobic acetic acid production process [51]. In this process,
the aeration rate 0.1 vvm was for 9 hours and then raised to 0.15 vvm. In this way, a 20.78%
higher production rate was achieved than at the 0.1 vvm one-stage aeration process.

Using pure culture of acetic acid bacteria for acetic acid production has an advantage
compared to mixed microbial culture since the acetic acid is the only or a predominant
product of the fermentation with ethanol to the acetic acid yield of about 98% [49]. How-
ever, the acetic acid still has to be separated from water which needs further processing
by methods such as fractional distillation, azeotropic dehydration, distillation, solvent
extraction, and adsorption [52,53].

2.3. Biomethane

Production of biomethane via anaerobic digestion can be regarded as a renewable
energy source by using a wide range of biomasses (e.g., waste sewage sludge, industrial
wastewaters, animal manure, agricultural residues, organic solid waste, microalgae). The
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anaerobic biochemical conversion of organic material proceeds in four main steps including
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Process pH is one of the most
important factors affecting system stability. For optimum growth of the methanogens, pH
control of the reactors is essential. The optimum pH range for methanogens and acidogens
are reported as between 6.4 and 7.6 [52] and as 5.5 and 6.5, respectively. The pH in the
anaerobic digester may drop to as low as 4.5–5.0 during instabilities and varies depending
on microbial species, substrate characteristics, organic loading, configuration of reactors,
temperature, etc. Although the optimum pH for growth of Methanosarcina sp. is near
neutrality, it was shown that some of its strains withstand pH as low as 4.5 [53]. Taconi et al.
(2008) observed that methane production at low pH is possible after adequate acclimation
of the methanogens [54]. Thus, the maintenance of the equilibrium between acetogenesis
and methanogenesis is a crucial factor for continuous methane production.

The system pH is often affected by various stress conditions related to change in
organic loading, environmental conditions, substrate characteristics, presence of toxic
compounds, etc. [55]. VFA accumulated during start-up resulting in system imbalances is
usually due to the insufficient methanogenic population to convert these acids into methane
at the same rate that they are produced. The main factors that may help to improve the
performance of the anaerobic digestion system and methane production are shown in
Figure 1.
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Bioaugmentation of the propionate degrading consortia with high resistance to low
pH can also help restore the reactor performance [56] and can accelerate the conversion
of propionate and acetate to methane under acidic conditions [56]. It has been shown
that hydrogenotrophic methanogens also dominate under a short hydraulic retention time
(HRT). In order to improve the performance of anaerobic digesters operated under the
short HRT and low pH, introducing hydrogenotrophic methanogens might help.

The substrate type also affects either the metabolism, metabolites, or both, of AD,
which results in the dominancy of specific methanogens [57]. Acclimatization of the mi-
croorganisms to the substrate, by enhancing the enzymatic activities, may increase methane
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production as well as system stability. Some of the substrates with high carbohydrate
contents acidify quickly and may result in VFA formation and accumulation, leading to
a decrease in pH and inhibition of methanogenesis. Kurade et al. (2019) investigated
the co-digestion of fats/oil/grease (FOG) and observed that the methane production was
mainly by acetoclastic pathway whereas syntrophic acetate oxidizers and hydrogenotrophic
methanogens were almost absent [58].

The lignocellulosic material, such as agricultural residues and microalgae, containing
polymers, such as cellulose, hemicellulose, and lignin, has great biogas production poten-
tial. Since the cellulose is strongly cross-linked and shielded by lignin, the accessibility of
enzymes and microorganisms to the cellulose is hindered [59]. This recalcitrant character-
istic of the lignocellulosic biomass makes it resistant to physical, chemical, or biological
degradation. Therefore, its breakdown is usually the major limiting factor for biogas yield
and requires an affective pretreatment to improve the performance of anaerobic digestion.
Application of physical, chemical, or biological pretreatment methods or their combinations
can help disruption of this rigid cell wall to improve biogas production. The high energy
cost and residence time and the production of inhibitory products during processing make
pretreatment a challenging task. Biological pretreatment methods are considered as a more
sustainable alternative to energy-intensive physicochemical pretreatments.

Wang et al. (2020) demonstrated that acetoclastic Methanothrix and hydrogenotrophic
Methanolinea were the dominant methanogens when a gradual stepwise decrease in pH
was evident. Whereas, a sharp decrease in pH resulted in inhibition of the acetoclas-
tic methanogens and a stop in methane production [60]. Therefore, hydrogenotrophic
methanogens demonstrated high acid tolerance and bioaugmentation by hydrogenotrophic
methanogens is beneficial for a more efficient reactor recovery.

In order to overcome the negative effects of pH drops on methanogens during acid
production, and to provide optimum growth conditions for the acidogens and methanogens,
two-phase anaerobic systems are proposed. However, it is difficult to separate acidogenesis
from methanogenesis completely, and some methanogenic activities in the acidogenic phase
are still present. The presences of hydrogenotrophic methanogens in the acidogenic phase
of a two-phase anaerobic digestion system have been identified [61,62]. The methanogens
in the acidogenic reactor could withstand pH level as low as 5.6 with high organic acid
concentrations and produced more than 15% of the total biogas yield [63]. Xiao et al.
(2013) observed that high acetic acid concentrations (565.29–2781.19 mg HAc/L) were not
inhibitory for the acidogenic phase methanogens at pH 5.5, 6.0, and 6.5, whereas it was
inhibitory at lower concentrations (at pH 6 and 1619.47 mg HAc/L) in the methanogenic
reactor [62].

2.4. Biohydrogen

Biohydrogen is produced during dark fermentation, a type of anaerobic digestion
process (Figure 2), which converts various substrates (including lignocellulosic, municipal
solid, agricultural and food industry waste, sewage sludge, etc.) into hydrogen, carbon
dioxide, and low organic acids, e.g., butyric, acetic, propionic, caproic, or lactic [13]. In the
case of lignocellulosic waste, a proper pretreatment method is needed, as discussed below.
In order to achieve significant amounts of hydrogen, the final stage of anaerobic digestion,
i.e., methanogenesis, must be inhibited by inoculum stressing and process operation under
low pH.

The anaerobic digestion and dark fermentation usually proceed under a stable mesophilic
temperature, in the range 38–42 ◦C, but recent reports on higher methane production and
possibly more valuable by-products (such as lactic acid) turned interests toward the ther-
mophilic temperature range (55–60 ◦C) [64]. The optimal pH for hydrogen production during
dark fermentation seems to be from 5 to 6 [65,66] while for methane production in anaerobic
digestion tends toward 7 to 9 [66,67]. However, quite surprisingly, high hydrogen yields are
also reported during dark fermentation of wheat straw at pH 2.4 [68] and 9 [69]. In contrast,
Giovannini et al. (2016) reported that during fermentation of substrates with higher content
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of lignin (above 10%), due to growing pH, methanogens are stimulated to higher methane
production (and net hydrogen production decreases) [70].

Fermentation 2022, 8, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 2. Summarization of anaerobic digestion processes with the emphasis on product type. 

The anaerobic digestion and dark fermentation usually proceed under a stable 
mesophilic temperature, in the range 38–42 °C, but recent reports on higher methane 
production and possibly more valuable by-products (such as lactic acid) turned interests 
toward the thermophilic temperature range (55–60 °C) [64]. The optimal pH for hydrogen 
production during dark fermentation seems to be from 5 to 6 [65,66] while for methane 
production in anaerobic digestion tends toward 7 to 9 [66,67]. However, quite 
surprisingly, high hydrogen yields are also reported during dark fermentation of wheat 
straw at pH 2.4 [68] and 9 [69]. In contrast, Giovannini et al. (2016) reported that during 
fermentation of substrates with higher content of lignin (above 10%), due to growing pH, 
methanogens are stimulated to higher methane production (and net hydrogen production 
decreases) [70]. 

The role of low pH control during dark fermentation of chosen biowastes is 
demonstrated in Supplementary Figure S1. It is clearly seen that control of acidic 
conditions may significantly increase hydrogen production—without pH control 
condition, pH value soon rises above 7, the favorite pH for methanogenesis. Moreover, 
methanogenic archaea adaptation to acidic conditions (pH value below 6—a favorite for 
dark fermentation) can be observed 13 or 17 days after dark fermentation process 
initiation (Supplementary Figure S2). Comparing the data, a time lag of 5–7 days separate 
initiation of hydrogen and methane generation (Supplementary Figures S1 and S2). 

The first limitation is the choice of inoculum and its pretreatment (stressing), 
although Lakaniemi et al. [71] and Li et al. [72] found that hydrogen production may 
proceed without pretreatment in the case of some substrates. A special case of hydrogen 
production that proceeds without bacteria stressing is gangrene infection (bacterial 
community including Clostridium perfringens), wherein very little methane was found in 
up to 40% of hydrogen [73]. Sometimes, to start hydrogen production from complex 
substrates, an addition of a simple sugar such as glucose might be required [74]. 

Another limiting factor is a choice of substrate and proper pretreatment methods, 
acidic, alkali, thermal, etc. There is a series of review papers published in the last decade 
[75–78] relating to lignocellulose pretreatment methods as a limiting step in biorefinery 
technologies. Nissilä et al. (2012) concentrate on the issue of dark fermentation hydrogen 

Figure 2. Summarization of anaerobic digestion processes with the emphasis on product type.

The role of low pH control during dark fermentation of chosen biowastes is demon-
strated in Supplementary Figure S1. It is clearly seen that control of acidic conditions
may significantly increase hydrogen production—without pH control condition, pH value
soon rises above 7, the favorite pH for methanogenesis. Moreover, methanogenic archaea
adaptation to acidic conditions (pH value below 6—a favorite for dark fermentation) can be
observed 13 or 17 days after dark fermentation process initiation (Supplementary Figure S2).
Comparing the data, a time lag of 5–7 days separate initiation of hydrogen and methane
generation (Supplementary Figures S1 and S2).

The first limitation is the choice of inoculum and its pretreatment (stressing), although
Lakaniemi et al. [71] and Li et al. [72] found that hydrogen production may proceed without
pretreatment in the case of some substrates. A special case of hydrogen production that
proceeds without bacteria stressing is gangrene infection (bacterial community including
Clostridium perfringens), wherein very little methane was found in up to 40% of hydro-
gen [73]. Sometimes, to start hydrogen production from complex substrates, an addition of
a simple sugar such as glucose might be required [74].

Another limiting factor is a choice of substrate and proper pretreatment methods,
acidic, alkali, thermal, etc. There is a series of review papers published in the last
decade [75–78] relating to lignocellulose pretreatment methods as a limiting step in biore-
finery technologies. Nissilä et al. (2012) concentrate on the issue of dark fermentation hy-
drogen production from lignocellulosic hydrolysates obtained from pretreatment processes.
The authors consider various lignocellulose pretreatment methods, including physical
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(using grinder or comminution, e.g., by waterjets, etc.), chemical, e.g., acid, alkaline or
ionic liquid, and physicochemical (hydrothermal and steam explosion). They have shown
that the highest hydrogen yield on hexose was 3 mol·mol−1 from corn stover pretreated
simultaneously with steam explosion and diluted sulfuric acid. The diluted acid or hy-
drothermal pretreatments of wheat straw also lead to high yields of 2.8 and 2.6 mol·mol−1,
respectively. The authors pointed to the need for continuous studies on H2 fermentation
from hydrolysates in order to utilize online pH control, optimize hydrolysate concentration,
and minimize inhibitory effects [79].

Chen et al. (2017) focused on lignocellulosic-biomass transformation to high-value
chemicals. They stated that there is a need for the development of an efficient, eco-friendly,
low cost, and operationally simple pretreatment process [76]. The existing methods should
be optimized by combining saccharification and respective fermentation processes. An
important objective should be not only the production of biogas but the extraction of
complex high-value chemicals through highly efficient separation and economically feasible
follow-up processes.

However, even an efficient preliminary pretreatment does not guarantee high dark fer-
mentation hydrogen production when trace elements, especially iron and nickel, essential
for hydrogenases (including (Fe), (NiFe)- and (NiFeSe)-hydrogenase) being built, are lack-
ing. The experiments by Cieciura-Włoch et al. (2020) revealed that Fe2O3 addition greatly
enhanced hydrogen production from sugar beet pulp, whereas iron salts (FeSO4, FeCl3)
are not effective [80]. However, it was later pointed out that microbial communities of low
diversity (typical for dark fermentation) are less stable [80] and have limited rebuilding ca-
pabilities [81], which influence hydrogen production stability. Although, it was confirmed
that some biogas plants (with acidic pretreatment) might be easily transformed [82] for
efficient production of cheap hydrogen [83].

Another limiting factor is hydrogen partial pressure; its higher value results in the re-
duction of oxidized ferredoxin, thus hindering hydrogen production [84]. Thus, continuous
release of H2 pressure is essential for high dark fermentation process efficiency.

Finally, it was confirmed that in order to stabilize the hydrogen production in industrial
installations, low pH control during process operation and an efficient hydrogen release
system are necessary. Further research on optimal fermentation conditions for various
available biowastes is also recommended.

2.5. Metal Solution Produced by Organic Acids

An emerging way of biologically produced organic acids exploitation is in metal recov-
ery. Many organic acids, such as citric, oxalic, and gluconic acids, have been proven very
good lixiviants transforming insoluble metallic forms into soluble ones resulting in metal
recovery from ores or waste materials [85]. Acidic pH in the range of 4–6 is the most favor-
able for a highly efficient process. However, the majority of these processes are still studied
at laboratory-scale and need more research to be applied widely in the industry. They
are very promising from the view of circular economy as they can be combined with the
degradation of organic waste since heterotrophic bacteria and microscopic fungi producing
organic acids require organic carbon sources for their growth, which could be derived from
municipal or agriculture waste combining several waste-treatment processes [86]. Low pH
is required for acidolysis as one of the main mechanisms responsible for metal dissolution.
The process is enhanced by the mechanical deterioration of solid material by biomechan-
ical action such as hyphae penetration or mucus production [87]. This great advantage
offers the recently understood possibility of metal bioaccumulation into the fungal biomass
immediately after its dissolution reducing the necessity of metal extraction from acidic
solutions [88,89]. Among the most exploited organic acid producers in biometallurgy are
microscopic fungi from genera Aspergillus and Penicillium, however, heterotrophic bacteria
(e.g., Gluconobacter oxydans, Sphingomonas sp., Streptomyces albidoflavus) have been studied,
as well. The application of these microorganisms in metal recovery from various waste
streams is very promising. For example, it was applied to recover metals from different
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spent catalysts [90], red mud [91], LCD monitors [92], Li-ion batteries [93], or spent printed
circuit boards from computers and mobile phones [94–96] with efficiency from 31 to 99%
depending on metal recovered and waste treated (Supplementary Table S1).

3. Extreme Acidic pH Bioprocess (pH 1–3)

Biological processes with industrial implications running under extreme pH (below
3) are very often related to metal recovery. They are gaining attraction as an alternative
to conventional metallurgical processes [97]. The global bioleaching market has reached
15 million in 2020 and is expected to grow to 23 million in the period 2021–2027 and reach
CAGR at 4.9% during this period. Its main advantages present low energy, labor and capital
requirements, environmentally friendly operations, and mild reaction conditions. Due to
its simplicity, flexibility, low sensitivity to changes in feedstock, and ability to process a
low amount of materials, bioleaching is increasingly being studied for the processing of
various metal-bearing solid wastes [98]. A great advantage in comparison with traditional
metallurgical processes is the possibility to develop a more selective process able to also
recover minor and inexpensive metals [99].

The term bioleaching is used for metal dissolution from metal-bearing ores or waste
materials by various microorganisms. Extremely low pH, usually in the range of 1–3,
sometimes even lower, is typical for metal bioleaching by chemolithotrophic bacteria.
In natural ecosystems, the process of Fe(II) to Fe(III) oxidation is the main step in their
energy gaining within aerobic respiration. Maintaining pH below 3 is crucial to keep
Fe3+ ions in soluble form. Ferric iron serves as a very strong oxidizing agent for sulfidic
minerals resulting in Fe2+ ions as well as H2SO4 production [4]. At higher pH (above 5) iron
oxidation can take place by both abiotic and microbial processes, however, below 4 bacterial
actions are dominant [100]. These processes are very typical in natural ecosystems rich
in metals, such as ore deposits, however, in the last decades, they serve as a basis of
biotechnological/biometallurgical technologies, as well.

Up to now, there have been two main known mechanisms responsible for bioleaching
by S- and Fe-oxidizing bacteria (Figure 3). The direct mechanism is carried out by direct
contact of bacteria and metal-bearing material using bacterial enzymes as bioleaching
agents [101]. This mechanism was demonstrated for sulfidic ores; however, it was not
recorded for waste material. The most common is the indirect mechanism where microor-
ganisms mobilize metals through the oxidation of ferrous to ferric iron and the oxidation
of elemental or sulfidic sulfur to sulfuric acid. Sulfuric acid production improves overall
process efficiency. For example, Dorado et al. (2012) pointed out the fact that the H+ ions
concentration decreased at the beginning of the chalcopyrite bioleaching process, due to
the acid consumption during the protonic attack enabling acidic dissolution of the chal-
copyrite [102]. They reported, e.g., 50% of total copper recovery under most acid conditions
(pH 1.5), 15% in the slightly acid conditions (pH 4), and practically negligible at close to
neutral conditions (pH 6). Ferric iron is a strong oxidizing agent oxidizing elemental or
sulfidic sulfur to sulfuric acid and forming water soluble metal sulfates—Equation (1)—or
in the case of waste, oxidizing metallic form into soluble metal ions—Equation (2):

Fe2(SO4)3 + 2 MS + 4 H2O + 2 O2 → 2 M2+ + 2 SO4
2− + 8 FeSO4 + 4 H2SO4 (1)

M (Cu, Ni, Zn, Co, Al) + Fe2(SO4)3 →M2+ + SO4
2− + FeSO4 (2)

where MS represents metal sulfide, M represents metal, and M2+ represents dissolved metal ion.
Bacteria in indirect mechanisms do not leach minerals directly but regenerate the

leaching agent, and thus, oxidize Fe2+ to Fe3+ ions:

2 FeSO4 + 0.5 O2 + H2SO4 → Fe2(SO4)3 + H2O (3)
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The most often used bacteria producing sulfuric acid as one of the leaching agents
belong to the genus Acidithiobacillus. Among them, mesophilic A. ferrooxidans and A. thioox-
idans as well as moderately thermophilic A. caldus is the most widely applied. From other
genera, members of the genus Leptospirillum, such as L. ferriphilum and L. ferrooxidans, are
often studied [103,104]. At the present time, thermophiles (such as Sulfobacillus thermosul-
fidooxidans, S. acidophilus, Ferroplasma thermophilum, Thermoplasma acidophilum) have also
attracted more attention [105,106]. The application of sulfuric acid producing bacteria
in metal recovery from low-grade ores is well-established biotechnology in the industry.
However, in recent years due to the growing market of consumer goods resulting in in-
creasing amounts of various wastes, metal bioleaching applied in metal-containing waste
materials spread into this area as well. The growing interest in Fe- and S-oxidizing bacteria
utilization in metal recovery from waste is also visible from an increasing amount of waste
materials successfully treated with acidophilic bacteria. Over 90% of Cu, Zn, and Ni was
recovered from spent printed circuit boards from computers [107–109], in some studies
reaching almost 100% efficiency [4,6]. The process was successfully applied to various
battery treatment, such as Ni-Cd batteries [110], spent coin cells, Zn-Mn batteries [111], or
Li-batteries [112]. Furthermore, other kinds of waste, such as electroplating sludge, sewage
sludge [5] or incineration sludge [113], LED and LCD [114,115], and waste magnets [103]
were treated with acid producing bacteria with high efficiency not only for non-ferrous
metals recovery but also for rare earth elements (Supplementary Table S2).

Despite various advantages mentioned above, bioleaching as an emerging technology
in waste treatment suffers from various limitations. Among them, the most challenging
is the slow leaching rate and metal ion toxicity for bacteria often leading to low effi-
ciency. Leaching times are often longer, with lower pulp densities and leach yields [116].
Adaptation of bacteria to waste material is the simplest way to increase the bioleaching
efficiency [101]. The exploitation of thermophilic bacteria seems to be another way how
to overcome time and efficiency limitations. Zhou et al. (2019) reached over 99% recovery
of Cu, Zn, Ni, and Cr from electroplating sludge within 5 hours after application of the
consortium of moderately thermophilic bacteria [105]. Total Mn dissolution was reached
after the application of a consortium of thermophilic S-oxidizing bacteria to bioleaching of
sewage sludge. A promising approach to reducing the toxicity of metals resulting in higher
yields in a shorter time is the application of indirect, non-contact bioleaching, also called
two-step bioleaching [117]. Bioleaching agents are generated by microbial cultures in a
separate reactor without the addition of waste. Then, the spent media containing ferric iron
and sulfuric acid or secondary metabolites (cyanide, organic acids) are used in a consequent
leaching step without direct contact of waste with bacteria. It allows increasing the pulp
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density by over 10% [118] which significantly affects the reactor design and operating cost.
The increase of the pulp density from 1 to 10% leads to a sharp decrease (by 90%) of the
liquid phase volume and the reactor size, significantly reducing the treatment costs [119].
Recently the application of a voltage in a bioleaching reactor demonstrated a significant
reduction of bioleaching time [120]. Metals, such as Cu, Zn, Cr, and Ni, have been extracted
from electroplating sludge with an efficiency ranging from 66 to 84% within 9 hours. The
voltage of 0.2 V has been shown to be the most effective for maximizing metal extraction.
The authors suggested using a bio-electrochemical reactor for the metabolic stimulation
of microbially-influenced processes [120]. Wei et al. (2020a) found that direct current
electric field application in bioleaching significantly enhanced bioactivity, facilitated Fe2+

ions oxidation, and shortened the time of total Cu bioleaching from 5 to 3 days [121].

4. Future Perspectives and Conclusions

Industrial scale bio-based chemical production is compulsory for a sustainable and
environmentally friendly chemical industry. Furthermore, waste streams offer a valu-
able feedstock for biobased chemical production to sustain circular economy objectives.
Nevertheless, the bioproduction process must be optimized for efficient and economical
production and acidic conditions have several advantages for biobased chemical produc-
tion depending on the product type: In biohydrogen production and bioleaching, acidic
conditions are the force majeure. In organic acid production, acidic pH provides easier
operation and less chemical consumption for pH regulations. This review paper aimed to
provide a comprehensive perspective for acidic conditions on the production of the most
promising bio-based chemicals.

Organic acids, specifically VFA, have gained worldwide attention as promising bio-
based products for resource recovery approaches from waste streams. It is expected to
increase considerably in the next decade due to the objectives of both the Horizon Europe
2030 and the EU Green Deal—as well as national programs and agreements. From the view
of VFA production from waste streams, acidogenic conditions have importance regarding
process efficiency and product profile. Despite that VFA cannot be produced under pH
4.5 by mixed culture, pH 5 enhances VFA production for long term reactor operation and
it provides chain elongation conditions. Nevertheless, further studies are required for
process optimization to increase production efficiency and to produce target products by
tailor-made process design.

Aerobic production of acetic acid by pure cultures is a promising alternative to mixed
cultures, due to acido-tolerant mechanisms present in certain bacterial species of the
genera Komagataeibacter and Acetobacter. Moreover, some strains even increase acetic acid
production rate at lower pH. However, further technological improvements are needed
for this microbial process, especially due to the necessity for constant oxygen supply to
bacteria producing acetic acid.

Inoculating certain microorganisms for bioaugmentation will improve the process
efficiency of anaerobic digestion by either increasing the resistance of microorganisms to
organic or hydraulic overloading conditions, improving methane production and decreas-
ing the start-up period of a bioreactor, or in combination. Application of pretreatment
and bioaugmentation in combination with lignocellulosic substrates can enhance methane
yields significantly. Besides, injecting hydrogen gas into the reactor for biogas upgrading
can also enrich hydrogenotrophic methanogens which also prevents reactor failure during
instabilities.

Biohydrogen could play important role in future green energetics as well as the basic
substrate for the chemical industry; first, one should solve the problem of stable operation
of the dark fermentation process. However, it was already confirmed that some biogas
plants (with acidic pretreatment) might be easily transformed for the efficient production
of cheap hydrogen. In order to stabilize the hydrogen production in industrial installations,
low pH control during process operation and an efficient hydrogen release system are
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necessary. Furthermore, further research on optimal fermentation conditions for various
available biowastes is recommended.

The exploitation of bacterial leaching is growing in the metal recycling sector owing to
its low energy and capital input, mild reaction conditions, and environmentally friendly
operations. It offers a competitive alternative for recycling complex and refractory metal-
bearing solid wastes. Based on the process advantages, metal bioleaching from secondary
resources is considered a significant area of research for securing critical metals for the Eu-
ropean market and developing processes adopting circular economy principles, especially
in combination with other biological processes for metal extraction from solutions, such as
bioaccumulation or biosorption. However, there are still several limitations that need to
be solved, such as the longer time necessary for the process compared to the conventional
processes, lower efficiency due to metal toxicity to bacteria, etc. Application of thermophilic
bacteria, indirect bioleaching using spent bioleaching media or application of voltage can
increase the efficiency considerably and shorten the time required for the process.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation8030115/s1, Figure S1: Cumulative hydrogen production
from: cotton with pH 6 � or without pH control � and from sour cabbage with pH 6 (OFR = 0) • and
(OFR = 2 mL/h) # and without pH control ×; VSS 40 g/L; Figure S2: Cumulative methane production
from sour cabbage under pH 6 control conditions (OFR = 0) • and (OFR = 2 mL/h) #; VSS 40 g/L;
Table S1: Bioleaching by organic acid producers; Table S2: Bioleaching by inorganic acid producers.
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