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Abstract: As a response to the environmental and societal issues that emanate from the high re-
liance on fossil fuels, the world is now transitioning toward a circular bioeconomy. Acidogenic
biohydrogen production is envisaged as a clean fuel of the future due to its non-polluting features
and affordability. The major encumbrance for the industrialization of this process is due to the
accumulation of metabolic inhibitors (volatile fatty acids (VFAs)), which lower the H; yields. This
review discusses novel methods that can be adopted to valorize the acidogenic VFAs via a “cascade
microbial biorefinery-based” approach that enables this process to be economically feasible as it
leads to the concomitant production of diverse high-value-added products. The work also elucidates
the key setpoint parameters governing the recovery of VFAs during the acidogenic Hj process. It
further explores the recent advances in the use of VFAs in microbial biorefineries. Finally, the paper
provides some recommendations that might help develop acidogenic microbial biorefineries in the
future. Studies focusing on microbial biorefineries tailored towards the valorization/beneficiation
of acidogenic VFAs are very scarce in the literature. This work aims to provide new insights into
microbial biorefinery-based processes involving the use of acidogenic VFAs as substrates.
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1. Introduction

With the heightening risk of climate change, dwindling fossil reserves, and ecological
imbalances, the global community is now devoted to making a transition to a sustainable
circular bioeconomy to mitigate these issues [1]. Acidogenic biohydrogen fermentation is
a sustainable biochemical process that uses anaerobic microorganisms for the conversion
of organic substrates into biohydrogen and volatile fatty acids (VFAs) [2]. This bioprocess
has gained the interest of many researchers due to its role in renewable H; process de-
velopment. Nevertheless, the scalability of this process is hindered by the accumulation
of inhibitory metabolites (VFAs), which lowers its H; yield [3]. This has triggered the
development of robust biotechnological approaches that can valorize/beneficiate these
chemical precursors—which are considered inhibitors in the bio-H;, production process [4].

The use of these metabolites could provide many breakthroughs in biorefineries as
these technologies have reached pilot-scale, implying that they have a potential for indus-
trialization. The term biorefinery encompasses the production of biobased products, such
as fuels and chemicals, from biomass feedstocks through integrated processes [5]. This
technology was developed several years ago as an economical and sustainable approach
to synthesizing industrially-relevant products. It is envisaged that such biorefineries will
replace petroleum-based refineries, whose processes are energy-intensive and contribute
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to CO;, emissions [6]. It is worth noting that this field is broad as it encapsulates various
research domains such as chemistry, chemical engineering, and industrial microbiology,
and each research domain defines the term based on its biomass valorization/beneficiation
strategies. Several market-based products such as xylitol, furfural, sorbitol, and aspartic
acid are already being produced at large-scale using chemical-based biorefinery tech-
nologies [7]. From an economic standpoint, microbial biorefineries are desirable as these
technologies rely solely on the use of microbial cell factories that serve as biocatalytic
agents, resulting in low operational expenditure as opposed to chemical biorefineries that
use expensive chemicals to fractionate and/or produce the targeted compounds [7]. In
addition, microbial biorefineries offer many opportunities in the field of sustainable en-
gineering as they contribute and/or address several thematic issues that fall within the
United Nations’ Sustainable Development Goals, and these include (i) waste valorization,
(ii) environmental remediation, (iii) clean fuels, and (iv) circular bioeconomy.

However, most pilot-scale microbial biorefineries documented in the literature apply
edible crops such as sugarcane, wheat, rice, sorghum, and corn as raw materials. These
are typically used to produce first-generation biofuels. Microbial biorefineries focusing on
non-edible crops are now being explored in the production of clean fuels and chemicals [2].
These bioprocesses will be key in the development of a circular bioeconomy as they use
feedstocks that are considered wastes; thus, they do not pose a threat to food security.

Against this background, this review explores the utilization of acidogenic VFAs as
building blocks for the synthesis of market-based products (e.g., polymers, clean fuels,
and chemicals). This paper also discusses the key setpoint parameters that govern the
extraction of VFAs during acidogenesis. A short section is included to explain the scientific
milestones that have been accomplished in this research field. Finally, the work provides
suggestions that could help fast-track the development of acidogenic biorefineries.

Contribution of this Work to the Scientific Knowledge

The pursuit of scalable acidogenic fermentation has led to the development of novel
biorefinery concepts that enable the coupling of this technology with other biotechnological
processes. Research is now headed towards the valorization of acidogenic effluents into
different market-based products (e.g., fuels, polymeric compounds, and chemicals) to
make this technology scalable and industrially appealing. At the end of the acidogenic
fermentation, the effluents which primarily consist of VFAs, can be used as valuable
precursors (substrates) in other microbial biorefinery-based processes. The VFAs are
important chemical precursors because they consist of functional groups which allow
them to be used in diverse scientific fields, including chemicals, polymers, clean fuels,
wastewater treatment, biofertilizer /composting, etc.

While there are sufficient amounts of scientific articles focusing on the valorization of
VFAs obtained from different environments [3-5], none of these scholarly articles focused
on coupling the acidogenic biohydrogen fermentation with other microbial biorefinery-
based technologies in order to enhance the economic value of this biocatalytic process. Such
an approach could be industrially appealing as it will concomitantly produce renewable
H; and cheap precursors in the form of acidogenic VFAs. The approach may also pave the
way for the scalability of acidogenic biohydrogen fermentation.

Therefore, in a microbial biorefinery-based framework, we believe that acidogenic
biohydrogen fermentation could serve as a potent VFA-producing process followed by
the valorization of these chemical precursors in secondary bioprocesses leading to the
production of various products (discussed in Section 5). It is hoped that this review
article will reinvigorate research interest in bio-H; process development, serve as a founda-
tion upon which further studies can be undertaken in this scientific field, and ultimately,
achieve the goal of showcasing the attainability of a large-scale acidogenic biohydrogen
fermentation when this technology is integrated within a “cascade microbial biorefinery”
framework/approach.
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2. What Are Acidogenic-Derived VFAs?

Acidogenic VFAs are organic compounds consisting of C,—C4 atoms (e.g., acetic
acid, lactic acid, butyric acid, and propionic acid). They are primarily produced during
acidogenic fermentation—the main biohydrogen production process. These compounds
are also readily accessible; they are found in soils, water, and digestive tracts of mammals
and other habitats where microbes are the “key process drivers” [8].

From an economic standpoint, VFAs are important because they are applicable in
many areas, such as medicine, chemicals, polymers, biofuels, and wastewater treatment.
The industrial production of VFAs is expected to increase in the next few years due to their
diverse uses. Currently, more than 15 million tons of acetic acid are generated worldwide,
and this value is expected to reach 20 million tons in 2025 [9]. Similarly, the demand
for butyric acid is growing due to its use in pharmaceuticals, animal feed, and the food
industry. Its global market is currently projected at USD 450 million, and it has an annual
growth rate of 6.7% [10]. Lactic acid and propionic acid are other VFA types that are also
important in bioprocesses. The global demand for lactic acid and propionic acid currently
sits at 150,000 and 400,000 tons, respectively [11]. The global market for these compounds
is projected to grow from USD 13.7 billion in 2018 to USD 18.0 billion by 2023 [11]. The
issue is that these building blocks are mainly produced using fossil-based technologies like
the oxidation or carboxylation of compounds such as aldehyde and alkenes [12].

However, the high reliance on carbon-intensive VFA production processes contributes
to environmental pollution. Researchers are now exploring the valorization/beneficiation
of acidogenic-based VFAs to make this biocatalytic process economical, sustainable, and
environmentally-friendly.

3. Types of Feedstocks Used for VFA Production during Acidogenesis

A wide variety of organic wastes, including solid and liquid wastes, have been used
for acidogenic VFA production, as shown in Table 1. These include sludge, industrial waste,
agricultural residues, food waste, and organic fraction of municipal solid waste (OFMSW).
Amongst these, food waste, activated sludge, and OFMSW are the most utilized solid
wastes, whereas wastewaters from dairy industries [13], pulp and paper industries [14],
and brewing industries [15] are the most exploited effluents/liquids in VFA studies. Co-
digested feedstocks are used in VFA production studies to enhance the production of these
compounds, VFAs in this context [16].

4. The Key Parameters Governing the Recovery of VFAs during Acidogenesis

As mentioned earlier, VFAs are primarily produced through acidogenic fermentation,
and this involves the regulation of the key setpoint variables such as carbon-to-nitrogen
(C/N) ratio, pH, temperature, hydraulic retention time, and organic loading rate (see
Figure 1). It is imperative to acquire deeper insights into these variables as they impact the
dominant microbiota and VFA recovery [17]. They are usually evaluated one-at-the-time in
the literature in order to ascertain their individualist roles [18,19]. Hence, the individualist
impact of these variables on VFA recovery will be explained in this section. Temperature
is one of the most studied parameters as it impacts the overall process dynamics, i.e.,
the proliferation of dominant VFA-producing microbial assemblages, the hydrolysis of
feedstocks, accumulation of inhibitors, etc. [20]. Acidogenesis is mostly carried out under
mesophilic and thermophilic conditions [21], though some studies have reported the
production of these precursors under psychrophilic conditions [22]. From an economic
standpoint, mesophilic conditions are well-suited for VFA augmentation studies because
they require less energy inputs in comparison to thermophilic conditions [23]. Thermophilic
conditions are applied as they enhance the hydrolysis of substrates and inhibit unwanted
metabolites such as ammonia and hydrogen sulfide. It was also reported that thermophiles
increased the VFAs due to enhanced acidogenic activity, leading to high VFA recovery [21].
In one study, a VFA yield that was three times higher under thermophilic conditions
compared to under mesophilic conditions was recorded [24]. Thermophilic conditions also
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promoted the degradability of feedstock waste and microbial activity [24]. Contradicting
results have also been reported regarding the impact of thermophilic conditions on VFA
production. He et al. [25] observed that varying the temperature from 35-55 °C decreased
the VFA yield from 17-11 g/L. A plausible explanation for this phenomenon could be due
to the high solubilization of organics, but this reduced the rate of acidogenesis, resulting in
low VFA recovery [20].
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Figure 1. Showing the effects of the key parameters on the recovery of VFAs.

Elsewhere, it was shown that the type of feedstocks alongside the microbial cultures
also contributes to the process performance despite the temperature regimes that are chosen
during acidogenesis [25], as further corroborated by the studies outlined in Table 1. In
addition, temperature can be used to target specific types of VFAs [26]. It is, therefore,
evident from the aforementioned results that an in-depth assessment needs to be conducted
when choosing a particular temperature profile during acidogenic fermentation.

pH is another crucial setpoint parameter in biocatalytic VFA production, as it mainly
affects the acidogenic microbes and their enzymatic activities. Acidogens usually thrive
at a pH range of 5.5-6.5, while methanogens proliferate at pH 7.0-9.0 [27]. It is, therefore,
important to regulate the fermentation pH so that VFA-consuming pathways such as
acetogenesis and methanogenesis can be inhibited during the process [28]. It has also
been shown that pH can be used to obtain specific types of VFAs [29,30]. A neutral pH
range (pH 6.5 to 7.5) was reported to favor the production of acetic acid, butyric acid,
and propionic acid [31], whereas an acidic pH (pH 4.5 to 5.0) favored the production of
mainly ethanol and lactate [32]. In addition, it was revealed that the pH range of 5.5-7.0
favored the growth of the VFA-producing phyla such as Bacteroidetes, Proteobacteria, and
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Firmicutes during the digestion of cow manure, and this was helpful in the inhibition of
VFA-consumers such as methanogens [33].

The accumulation and composition of VFAs are significantly affected by the C/N
ratio of the chosen feedstocks during acidogenic fermentation [34]. Usually, a C/N ratio
of 20-30 is deemed favorable for acidogenic bioprocesses [35]; however, some researchers
have reported C/N ratios that fall outside this range, and this could be attributed to the
bioconvertability of the feedstocks that were used during VFA production [36]. Liu et al. [37]
reported that the C/N ratios of 20, 25, and 30 increased the VFA yields by 70%, 140%,
and 170%, respectively, during the microbial production of VFAs using sewage sludge. A
similar C/N ratio (20-30) was also observed by Paranjpe et al. [38] and Franceschi et al. [39].
On the contrary, a low C/N ratio has been shown to release excess ammonia, which inhibits
the formation of VFAs [40], while a high C/N ratio prolongs microbial activities leading
to ineffective substrate utilization [38]. It is noteworthy to highlight that the C/N ratio of
the chosen substrate is determined by its chemical composition. The substrate should be
thoroughly assessed before being used in acidogenic fermentations.

Hydraulic retention time (HRT) is a measure of the period it takes for the com-
pound/substrate to remain in the reactor during acidogenic fermentation [8]. HRT should
be strategically chosen so that the solubilization of substrates will be promoted while
preventing the growth of methanogens that consume the acidogenic metabolites, including
the VFAs [41]. Generally, short HRTs (<5 days) are used to promote acidogenic con-
sortia as these are fast-growing microorganisms compared to methanogens which are
slowing-growing microorganisms [17]. However, some researchers observed that prolong-
ing the HRTs was effective in the enrichment of VFAs [42]—this is highly attributed to the
biodegradability of the feedstock used [43]. Farouk et al. [44] reported an optimal HRT of
2 days for high production of VFAs 4019 mg/L, with acetic acid, butyric acid, and isobutyric
acid being the major VFA components. Tsegaye et al. [45] also reported the HRT of 3 days
as suitable for maximizing the production of VFAs during acidogenic fermentation.

The organic loading rate (OLR) determines the amount of feedstock that needs to
be fed daily into the reactor (per unit reactor volume) for acidogenic fermentation to
occur [43]. There are inconsistent results regarding the optimal ORL for VFA production.
Wijekoon et al. [46] reported a remarkable increase in VFA production when varying the
OLR from 5 to 12 kg chemical oxygen demand (COD) m 3 d~! during the two-stage
thermophilic digestion of molasses-based wastewater. Whereas Magdalena et al. [47]
demonstrated that increasing the OLR beyond 12g COD L~! d~! did not increase the
VFA production as this led to the proliferation of Euryarchaeota species which are not the
dominant VFA-producers compared to Firmicutes and Bacteroidetes. These contradicting
results occur because other operational variables, such as HRT, pH, and temperature,
synergistically contribute to the process’s overall performance.

The selection of an appropriate acidogenic reactor Is also critical—this is linked to
other factors such as the mode of fermentation that is going to be chosen (e.g., batch, fed-
batch, or continuous fermentation), the inoculum source alongside its growth requirements,
and the efficacy of that particular design. Hitherto, batch reactors are mostly used in
VFA studies due to their cost-effectiveness and their ease of operation [48]; however,
they produce low yields compared to other reactor designs [49]. Some researchers have
used fluidized-bed reactors as they have been shown to eliminate the clogging issues
caused by the accumulation of biomass within the reactor [50]. Continuously stirred tank
reactors are widely used in bioprocesses, including VFA studies, because they maximize
the hydrolysis of substrates, offer better mixing, and produce high process yields [51]. In
addition, other reactor configurations have recently been tested In acidogenic fermentations,
and these include the up-flow anaerobic sludge blanket reactor [52], anaerobic biofilm
reactor [53], anaerobic membrane reactors [54], packed-bed reactor [55], and anaerobic
plug-flow reactor [56]. Additives are essential in acidogenic fermentations because they
enhance the activity of microbial cultures, stimulate the hydrolysis of substrates, and
maximize the VFA yields [57]. Trace metals such as sodium (Na), iron (Fe), gold (Au),
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nickel (Ni), copper (Cu), silver (Ag), zinc (Zn), palladium (Pd), and cobalt (Co) are added in
acidogenic reactors as nutritional supplements [58,59]. Lin and Shei [59] observed that low
concentrations of trace metals (Zn, Cu, and Cr) were instrumental in the enhancement of
acidogenic reactions when using bacteria from sewage sludge. However, a further increase
in the concentration of these metals resulted in the inhibition of acidogenic pathways.
These chemical additives not only stimulated the acidogenic reactions but maximized the
key enzymatic activities, reduced lag-phase, and accumulated acidogenic metabolites [59].
Likewise, Liu et al. [60] reported that the use of trace metals promoted the abundance of
Firmicutes, which play an important role in the acidification process.

In recent years, nano-additives (nanoparticles) have been gaining increasing promi-
nence in acidogenic fermentation owing to their remarkable features, such as large surface
area, chemical and mechanical stability, high catalytic behavior, and high VFA recovery [61].
The biochemistry (mechanism) of nanoparticles in acidogenic consortia is still not clearly un-
derstood in the literature, but it has been postulated that these nano-based additives act as
catalytic agents which stimulate acidogenic pathways during the fermentation reaction [62].
Kim and Lee [63] evaluated the effect of dual-nanoparticles on acidogenic fermentation
using Clostridium ljungdahlii. The methyl-functionalized silica and methyl-functionalized
cobalt ferritesilica (CoFe,O4@SiO,-CHj3) nanoparticles led to the enhancement in syn-
gas fermentation, bioethanol production, biomass formation, and acetic acid production.
Moreover, the supplementation of CoFe,O4@SiO,-CHj increased the acetic acid, ethanol,
and biomass formation by 59.6%, 213.5%, and 227.6%, respectively, in comparison to the
control experiments [63]. Although these are promising results, it should be noted that
some nanoparticles have inhibitory effects on acidogenic fermentations. For example, a
recent study that examined the effect of copper nanoparticles (Cu NPs) on acidogenic
fermentation demonstrated that these nano-based additives inhibited the hydrolysis and
acidification processes [64]. Further investigation revealed that the Cu NPs enriched the
growth of VFA-consuming consortia. These findings show that these stimulatory additives
need to be cautiously used in acidogenic fermentations.

5. Microbial Biorefinery-Based Processes Involving the Use of Acidogenic VFAs

Acidogenic VFAs are seen as valuable building blocks for a wide spectrum of biobased
technologies such as polymers, alternative fuels, chemicals, and environmental remedia-
tion [23]. These compounds are desirable in the circular bioeconomy due to their chemical
structure, high abundance, recyclability, and non-hazardous nature. The use of these
metabolites in these microbial biorefinery-based processes is elucidated below.

5.1. Biobased Polymers

Biopolymers, such as polyhydroxyalkanoates (PHAs), are polymeric compounds that
are produced via the use of microbial cell factories, i.e., they accumulate inside the cells of
microorganisms under nutrient-limiting conditions of nitrogen, phosphorous, sulfur, or
oxygen during fermentation [65]. These biobased polymers are proposed as suitable substi-
tutes for petroleum-based plastics due to their biodegradability, environmental friendliness,
and affordability [66,67]. The application of acidogenic-derived VFAs is advantageous
in PHAs as this can reduce operational costs by more than 40%, thereby significantly
improving the competitiveness of this process [68,69].

However, preliminary methods need to be implemented before the acidogenic-derived
VFAs can be used in PHA studies. Firstly, it is important to regulate the concentration of
nutrients (e.g., carbon, nitrogen, phosphorous, and sulfur) during the microbial conversion
of VFAs into PHAs; this phenomenon is known as the feast/famine strategy [70]. Secondly,
it has been shown that the fermented effluents need some pretreatments (filtration) to
ensure that the inhibitory compounds, such as ammonia and excess growth factors, are
removed before being used in PHA production [71]. A broad range of microbes (as pure
cultures or mixed-microbial cultures) have been used for PHA production [72].
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Lee et al. [73] achieved a PHA content of more than 80% using pure strains of Alcaligens
latus. Whereas Silva et al. [74] achieved an optimum PHA content of 71.3% using VFAs
derived from fruit waste. Although pure cultures possess high PHA-producing yields, they
require stringent bioprocess conditions, and this escalates the overall operational costs [71].
To circumvent this issue, mixed-microbial cultures are receiving widespread acceptance
amongst scientists due to their ability to utilize a wide spectrum of carbon materials, their
high accessibility, and their reduced operational PHA production costs [75]. The use of
these inoculum sources could help in the advancement of PHA production, but a lot of
hurdles need to be tackled before this bioprocess can reach industrialization. For instance,
mixed-microbial cultures consist of other microbial populations which compete with PHA-
producing cultures [76]. The use of mixed-cultures also results in low PHA yields due to
the formation of undesirable by-products/reactions [76]. Consequently, innovative biotech-
nological strategies must be developed to inhibit the microbial populations/pathways that
produce undesirable pathways.

5.2. Alternative Fuels

The application of acidogenic VFAs in alternative fuels (e.g., electricity, biogas, hy-
drogen, and biodiesel) has been widely accepted in the literature due to their chemical
structure, high availability, and their significance in the field of circular bioeconomy. These
building blocks will play an important role in the advancement of alternative fuels. Studies
that have explored acidogenic-derived VFAs for the biosynthesis of biofuels are elaborated
on in this section.

e  Electricity—microbial fuel cells (MFCs) are bioelectrochemical reactors that use a
wide variety of biofilm-forming microorganisms to harness chemical energy stored
in organic wastes for electricity generation [77,78]. These reactor systems consist
of an anodic compartment and a cathodic compartment, which are divided by a
proton exchange membrane [79]. The anodic compartment is anaerobic so that biofilm-
forming communities can effectively convert organic wastes into electrons, protons,
and carbon dioxide [80]. These electrons and protons are then transferred into the
aerobic cathodic compartment through the means of an electric circuit and proton
exchange membrane. In the cathodic chamber, the protons and oxygen combine to
generate water. Figure 2 demonstrates the working principles of MFCs with VFA as a
model substrate [81]. Equations (1) and (2) show the reactions that occur in the anodic
and cathodic chambers, with acetate as a carbon source [82].

CH;COO™ + 2H,0 — 2CO, + 7H* + 8e~ )
0, + 4e + 4H" — 2H,0 @)

e Different MFC designs are used for electricity generation, and these include single-
chambered MFCs and two-chambered MFCs, the upflow MFC, and the stacked MFC.
These have been detailed by Udama et al. [83] and Ramya and Kumar [81]. The use
of acidogenic VFAs could provide many breakthroughs in MFC technology as these
compounds can be directly used for bio-electricity generation without the need for
pretreatments as opposed to other bioprocesses. Several authors have successfully
demonstrated the production of electricity using waste-derived VFAs. For example,
Mohanakrishna et al. [84] produced a power density of 111.76 mW/m? using VFAs
obtained from acidogenic fermentation. Asefi et al. [85] achieved an optimum power
density of 422mW /m? using VFAs from food waste. Microbial characterization
studies of the anodic chamber showed the prevalence of Geobacter species which are
the predominant bioelectricity-producing microorganisms [85].

e  The composition of VFAs in acidogenic effluents has been shown to have a considerable
effect on the performance of MFCs during electricity generation. It was reported that
the electrical current produced in an acetate fed-MFC was almost two times higher
than the electrical current obtained in MFCs fed with other VFA types, resulting in
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high coulombic efficiency of 93% [86]. Similarly, the acetate-fed-MFC outperformed
the butyrate- and propionate-fed MFCs [87]. The 16S ribosomal DNA sequencing
results of the anodic biofilms showed the prevalence of Geobacter sp. [87]. It has been
shown that acetate is an ideal substrate for electroactive microorganisms due to its
biodegradability and stimulatory effects compared to other VFA compounds [88].
Research is ongoing to acquire a deeper understanding of the prevailing bio-electricity
anodic biofilms, electron transfer mechanisms, MFC designs, and electrode types to
advance this technology.

Resistor
O,
e e l
. ,\' Y Oz
D ®
~ . . .
. ( ) H"b H*
N . - ’y HzO
(\/) (’_\
@ ) VFAs
A
Biofilms
Anodic compartment Cathodic compartment

Figure 2. An MFC bioreactor using VFA as a substrate [89].

Biogas—Dbiogas has received increasing attention over the past two decades due to
its high methane content (30-80%), cost-competitiveness, and contribution to the bio-
based economy [90]. Biogas occurs in the final step of the anaerobic process, where
various bacterial and archaeal species use metabolites (VFAs and CO;) from the acido-
genic and acetogenic stages as precursors for biogas formation [91]. Although various
microorganisms have been reported in the biosynthesis of biogas, methanogenic
species are the predominant species [90]. Biogas can be produced using a single-stage
anaerobic process or a two-stage anaerobic process. Single-stage fermentations are
not suitable because they generate low biogas content due to variations in the growth
requirements of fermentative microorganisms [92]. Two-stage processes produce opti-
mal biogas content because they cater to the growth conditions of different microbial
communities. Acidogens are fast-growing species and require acidic pH alongside
short HRTs, whereas methanogens are slow-growing species and proliferate under
neutral pH and long HRTs [93]. The acidogenic step is used to convert the substrates
into VFA-rich effluents, and these are later used by methane-producers in the second
step [93]. The co-digestion of food waste and activated sludge was investigated in
single-stage and two-stage anaerobic processes under mesophilic conditions. The
two-stage process had a remarkable effect on methane content: increased from 61.2%
to 70.1% [93]. Two-stage processes are appealing to scientific researchers because they
eliminate the pretreatment steps, which are energy-intensive and expensive [94]. More
studies are now focusing on biogas-upgrading technologies because these systems
can produce high-purity methane (CHy >90% v/v) that is applicable in natural gas
pipelines [95].

Hydrogen—VFAs from dark fermentation (DF) processes are also applicable in other
hydrogen-producing technologies such as photo-fermentation (PF) [96], microalgal
cultivation [97], electrohydrolysis [98], and microbial electrolysis cell (MEC) [99]. In
photo-fermentation, purple non-sulfur bacteria use acidogenic compounds as sub-
strates for hydrogen production [100]. Over the past few years, the coupling of DF and
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PF has been shown as an innovative approach that could augment the energetic gains
in hydrogen production studies [101]. However, precautionary measures need to be
applied because the main photosynthetic hydrogen producers, such as Rhodobacter
sphaeroides, are fastidious and sensitive to certain growth conditions. For example, the
acidogenic effluents consisting of VFAs must undergo vigorous pretreatments such
as the removal of colloids, pH adjustment, dilution, and nutrient addition [102]. The
types of VFAs found in the DF effluents also impact the growth of these photosynthetic
species, as it has been reported that acetate- and propionate-rich effluents have a posi-
tive effect on hydrogen production yields compared to other VFA compounds [103].
Two-stage sequential batch processes of DK and PF can produce an overall H; yield
of 12 mols, as shown in Equations (3) and (4) [96]. This hybrid system holds a huge
potential in the development of hydrogen-related technologies as some researchers
have reported an optimal Hj yield of 10.21 mol H;/mol glucose and a VFA recov-
ery of more than 90% [104,105]. Likewise, the use of microalgae is expanding and
gaining recognition in hydrogen process development because these microorganisms
are easily accessible and can be cultivated under various conditions [106]. Hybrid
processes involving a microalgal consortium are therefore seen as a novel approach
to harnessing clean hydrogen. Recent studies are focused on developing genetically
engineered strains alongside optimal reactor designs to provide insights that could
lead to the scalability of this process [107]. A coupled system of DF and the microalgal
process was investigated for biohydrogen using food waste [108]. This integrated
process generated a high biohydrogen yield of 133.66 mL/g substrate with almost
100% VFA consumption [108]. The energy conversion efficiency also increased from
10.14-24.06% [108].

DF: C6H1206 +2H,0 — 2CH3COOH +2CO, + 4H, (3)
PF: 2CH;COOH + 4H,0 — 8H, + 4CO, @)

Electrohydrolysis of VFA is another option for producing renewable hydrogen, and
this biotechnological route applies direct DC voltage into the VFA-rich effluents,
causing the release of electrons from the metal electrodes (e.g., copper electrode), and
these combine with protons to form hydrogen [109]. The mechanism of this technology
is explained using Equations (5)—(7). This technology is advantageous as it is directly
coupled in the anaerobic reactor to enable the endogenous (in-situ) production of
hydrogen without the need for the pretreatment of effluents. Hydrogen production
by electrohydrolysis of acidogenic VFAs was conducted by Tuna et al. [109]. It was
observed that increasing the applied voltage from 1-3 V had a significant effect on
H; production [109]. However, studies that focus on the production of hydrogen by
electrohydrolysis of waste-derived VFAs are still scarce in the literature. This implies
that there are a lot of knowledge gaps in this area.

Cu — Cu®* +2e~ (5)
CH;COOH — CH;COO ™~ + H* (6)
2H* + 2~ — CH3COO~ + H* (7)

Hydrogen is also produced through the means of a MEC. The MEC is derived from
the MFC but slightly differs as it requires an external electricity supply [110]. In the
anodic compartment, the electrochemically-active bacteria breakdown the VFAs and
release protons and electrons to generate hydrogen in the cathodic compartment [111].
It is only in recent years that the acidogenic VFAs were found to be valuable in MECs.
These reactor systems were discovered in the early 2000s by scientists from Wagenin-
gen University (The Netherlands) and Penn State University (United States) [112]
and have since gained considerable attention among researchers, with some studies
reaching pilot-scale [113,114]. A diagram summarizing the use of acidogenic VFAs in
other bioprocesses is shown in Figure 3.
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Figure 3. A schematic diagram illustrating the use of acidogenic VFAs in bioprocesses.

Table 1. The different types of feedstocks used in VFA production studies.

Feedstock Inoculum Setpoint Conditions VFA Production VFA Composition Reference
Temp = 35-55 °C, pH
Food waste Sludge 5.0-6.0, FM = batch, NA bAucte}z’t::tee, [20]
process time = 5 days,
Temp =30 °C, Acetat
Food waste Sludge pH = 6.0, FM = batch, 0.908 /8 VSremoval o [115]
. utyrate
process time = 15 days,
Temp =35 °C, Acetic acid, propionate,
Food waste Sewage sludge pH =10.0, FM = batch, NA butyrate, and valeric [116]
process time = 35 days acid
Temp =35 °C,
Waste activated sludge - pH =10.0, FM = batch, 4619.6 mg COD/L - [117]
process time = 8 days
Temp =35 °C, Acetic acid, butyric acid,
Waste activated sludge - pH = 6.8, FM = batch, 327.8 mg COD/g VS valeric acid, and [118]
process time = 12 days propionic acid
Acetic acid, butyric acid,
Temp =37 °C, propionic acid, caproic
OFMSW Digestate pH =7.0, FM = batch, 24.4 g CODypa /L acid, isobutyric acid, [119]
process time = 180 days isocaproic acid, and
isovaleric acid
Temp =39 °C, Acetic ac;ccl{ dpropionic
Potato waste Rumen fluid pH = 6.95, FM = batch, NA butyric acid, ié o-valeric [120]

process time = 2 days acid, and valeric acid
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Table 1. Cont.

Organic waste

Temp =55 °C,

Granular sludge pH =7.0, FM = batch, process NA Acetic acid, butyric acid [121]

time = 42 days

Cheese whey

Sludge pH =5.0-6.0, FM = batch, NA

Temp =30 °C, Butyric acid, propionic

acid, and valeric acid (8]

process time = 0.5 day

COD, chemical oxygen demand; FM, fermentation mode; HRT, hydraulic retention time; NA, not avail-
able/reported; OFMSW, organic fraction of municipal solid waste; OLR, organic loading rate; Temp, temperature;
VS, volatile solids.

e  Microbial lipids for biodiesel—biodiesel is an alternative fuel that has received enor-
mous growth over the past two decades, and this technology has reached a pilot
scale [122]. It is currently being used as a fuel blend in diesel engines [123]. The
majority of the world’s biodiesel is synthesized using lipids extracted from edible
crops such as rapeseed oil, sunflower oil, soybean oil, and palm oil [124]. However,
this technological route is still being scrutinized by scientists as it disregards the
concept of “circular bioeconomy through waste valorization”. The “food vs. fuel”
debate has also reinvigorated scientists to search for other sources of feedstocks. It
has been proposed that the waste-derived VFAs could play a crucial role in the ad-
vancement of biodiesel technologies as these compounds can be used by oleaginous
species to produce lipids that are applicable in the transesterification process [125].
Lipids synthesized from waste-derived VFAs have similar fatty acid composition to
other well-known biodiesel-producing feedstocks such as jatropha oil and soybean
oil [126], making them an attractive feedstock that could compete with the existing
carbon-based materials. It was recently reported that the two-stage batch process
is the best strategy to obtain the highest lipid content (37% w/w) in microbial lipid
synthesis using waste-derived VFAs [127]. Another study demonstrated the pro-
duction of microbial lipids using VFAs that were obtained from wastepaper [128].
The biomass content achieved from VFAs derived from waste-office paper and the
waste newspaper was 4.3 g/L and 2.9 g/L, respectively; the lipid content was 41.2%
and 27.7% dry cell weight, respectively [128]. These scientific reports showcase a
sustainable, ecologically-friendly, and economical approach to producing microbial
lipids using waste-derived VFAs. These findings could serve as a basis upon which
further development studies could be carried out in microbial lipid production using
waste-derived VFAs.

5.3. Biobased Chemicals

The recent progress in the field of industrial microbiology has allowed researchers
to obtain knowledge that is essential for the cultivation and engineering of microbial cell
factories that are applicable in the synthesis of a wide array of bio-based chemicals. Due to
their numerous applications in the food, chemical, and pharmaceutical industries, biobased
chemicals such as lactic acid, succinic acid, and citric acid have gained attention in the field
of bioeconomy as these compounds can be produced using microbial biorefineries [129].
Studies focusing on succinic acid and lactic acid revealed that these chemicals could be
synthesized using VFAs acquired from organic residues such as OFSMW [130], lignocel-
lulosic biomass [131], and industrial waste [99]. Bacterial strains such as Actinobacillus
succinogenes and Lactobacillus rhamnosus are mostly used in the aforementioned bioprocesses.
Likewise, the citric acid industry has been reliant on expensive sugars such as glucose and
sucrose and therefore has struggled to develop a sustainable and economical process [132].
There is a paradigm shift in the production of these chemical additives (biobased VFAs)
as scientists are now focusing on the exploitation of agro-industrial wastes such as apple
pomace, brewer’s spent grain, and citrus waste [133].
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5.4. Wastewater Treatment

Acidogenic VFAs have also been shown to play a role in environmental remediation
processes targeting the removal of biological pollutants such as nitrogen and phosphorous
in wastewater. Microbial processes such as aerobic nitrification and anoxic denitrification
are used in the removal of nitrogen, whereas phosphorous is removed through the en-
hanced biological phosphorus removal technology under varying aerobic and anaerobic
microenvironments [134]. Interestingly, studies have also shown the simultaneous removal
of nitrogen and phosphorus in wastewater using an integrated approach known as the
anaerobic-anoxic-aerobic process [135,136]. Due to the low availability of nutrients in
wastewater, VFAs are usually supplied in excess, and these serve as a carbon source during
the removal of biological pollutants. Ideally, the carbon to nitrogen requirements ranging
from 5-10 mg COD/mg N should be used for the combined nitrification/denitrification pro-
cess [137]. Although some studies are still dependent on the application of synthetic VFAs
for the removal of biological pollutants in wastewater—this approach is expensive and
also not sustainable [138]. The use of acidogenic VFAs is seen as an economical approach
to removing pollutants in wastewater. A study that examined the use of acidogenic VFAs
in nitrogen removal revealed a superior performance compared to synthetic VFAs [139].
This phenomenon could also be attributed to the synergistic interaction between these
precursors and other constituents in wastewater [139]. Furthermore, the authors recorded a
high phosphorus removal efficiency of up to 98% using waste-derived VFAs in comparison
to synthetic acetate (71%) [139]. Sun et al. [140] observed an enhanced nitrogen removal
efficiency of up to 57% upon the addition of VFAs obtained from the waste-activated
sludge, and these results coincided with the local standards of pollutant removal for rural
wastewater treatment plants in China [140]. Yang et al. [141] applied an innovative nitrogen
removal technique known as Feammox using VFAs derived from waste-activated sludge.
The technique focuses on the supplementation of Fe(Ill) compounds in anaerobic digesters.
The addition of Fe,O3 and Fe(OH)3; not only improved the removal of nitrogen but also
increased methane production and sludge solubilization [141]. Most importantly, these
Fe(IlI) compounds induced Feammox to occur throughout the fermentation process [141].
The biological removal of nitrogen and phosphorous has also reached the pilot-scale [142].
The removal efficiencies in these biochemical studies varied from 80% to 90% [143], and
these findings could provide breakthroughs in the use of VFAs as key nutrients in the
removal of pollutants in wastewater.

5.5. Soil Amelioration

Apart from the ability of acidogenic fermentation processes to be integrated into a
“microbial biorefinery framework” that leads to the production of other market-based
products, it possesses other benefits that are embedded in a circular bioeconomy. The
fermented liquid slurries/digestates are applicable in sustainable agricultural practices
as these acidogenic residues are characterized by diverse micro-nutrients (e.g., Na, Fe,
Ca, Mg, Zn, and Cu), macro-nutrients (e.g., N, P, and K), and other organic constituents
which are well-suited for soil amelioration/fertility approaches without altering the soil’s
indigenous microbiota, natural pH, salinization, and moisture content as opposed to
chemical fertilizers [144]. A study by Peng and Pivato [145] showed that these digestates
could serve as biofertilizers owing to their high composition of NPK, which have bio-
stimulatory effects on plants and soil properties. Interestingly, the authors conducted a
chemical characterization study and observed that the heavy metal content in the digestates
was below the EU’s regulatory standards, suggesting that they will not pose any harm
when used for agricultural purposes. Some studies have stressed the need to pretreat
the digestates prior to being used as soil ameliorants as they might contain some toxic
compounds and gases that will pollute the environment; pretreatment methods such as
dilution, aeration, and air drying are widely used as these regimes are affordable [146].
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5.6. Nutritional Compounds

In addition to all the abovementioned high-value added compounds, it has recently
been shown that the diverse microbial assemblages (in mixed consortia) present in anaero-
bically fermented slurries consist of industrially-relevant compounds such as single-cell
protein—this is protein-rich biomass that is produced by some acidogenic species and other
microorganisms that synergistically interacts with each other to improve the performance
of the anaerobic digestion process. The technology of SCP is advantageous as it does not
cause environmental pollution, does not require a lot of land and water as opposed to
animal- and plant-based protein, and is cheap. Zhang et al. [147] successfully produced
SCP using seven different yeast strains fed with anaerobically-digested slurry due to its
high concentration of NH4*-N. The authors also observed that acetic acid was an ideal
pH regulator than HCL, and this favored the growth of Nectaromyces rattus [147]. Xu
et al. [148] demonstrated a novel approach of simultaneously producing SCP and biogas
upgrading (CHy, Hy, and CO,) using a biobased electrosynthesis process. In the context
of acidogenesis, the VFA-rich effluents could be used as cheap substrates for biogas and
SCP. Although this technology is still in its infancy, it has the potential to provide new
solutions for sustainable protein production, alternative fuels, and waste valorization, as
these thematic topics are aligned with the UN’s Sustainable Development Goals. All the
valuable products that can be produced from the VFAs are outlined in Figure 4.

Biopolymer
Addogenic o
VFAs

Food additives

Alternative
fuels

Biofertilizer

Wastewater

treatment

Figure 4. Shows the possible applications of acidogenic VFAs.

6. Recent Progress, Technical Barriers, and Future Outlook in Microbial Biorefineries
The Case of Acidogenic-Based Microbial Systems

Studies that focus on acidogenic microbial biorefineries are still limited in the literature
as the majority of commercial microbial biorefineries (>188 out of 200 in the EU alone, in
2017) are considered “first-generation” biorefinery facilities because they solely rely on
edible crops such as sugarcane, corn, and oils to synthesize a wide variety of chemicals and
fuels [149]. Nonetheless, the skepticism surrounding the use of edible crops for commercial
products has reinvigorated scientists to search for suitable alternatives. Consequently, there
has been an upsurge of interest in the development of “second-generation” biorefineries to
avert this issue.
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It is only in recent years that researchers started paying attention to acidogenic-derived
VFAs due to their chemical structure and applicability, and it was proposed that these build-
ing blocks could be integrated into microbial biorefineries [150]. A pilot-scale anaerobic
baffled reactor was recently used for the treatment of wastewater [151]. The synthesized
acidogenic VFAs were later used as a carbon source for the organic removal of organic
pollutants in wastewater [151]. In another pilot study, these chemical precursors were
strategically produced so that they could also be used as a carbon source for the biological
removal of nitrogen and phosphorous in wastewater, as corroborated in Section 5.4 [152].
Acidogenic microbial biorefineries are also tailored toward the valorization/beneficiation
of organic waste, whereby multiple value-added products can be produced. For exam-
ple, a pilot-scale demonstration study was conducted to produce chemical precursors
(VFAs) using food waste [153]. In this work, the concentration of VFAs increased from
8419-15,048 mg COD/L upon elevating the pH from 4.5 to 6.5. The anaerobic reactor con-
sisted mainly of Clostridium, Proteiniphilum, and Sporanaerobacter species which maximized
the bioconversion of food waste into VFAs [153]. Furthermore, a techno-economic assess-
ment showed that the biosynthesis of VFAs using cellulosic primary sludge as a carbon
source contributed to a higher net benefit as compared to only biogas production [153].
Similarly, it was observed in a pilot-scale study that the primary sludge consisting of
cellulosic waste was suitable for the enrichment of acidogenic VFAs [154]. In this study,
a maximum VFA yield of 2.57 kg COD/m?> d was achieved at pH 9.0 under mesophilic
conditions [154]. Elsewhere, a two-stage pilot-scale process was used in the enrichment of
VFAs using OFSMW under mesophilic fermentation [119].

New research directions are also being explored in this field. For instance, pilot-
scale studies involving the simultaneous production of VFAs, hydrogen, and methane
(referred to as one-pot fermentation) are now being reported in the literature [155]. The
VFAs serve as carbon sources for microbial communities contained within the bioreactor
during biohythane production. This one-pot fermentation process has shown superior
performance, as some scientists have reported more than 80% of biogas content and 90%
of COD removal during the anaerobic process [155]. In addition, companies such as
DuPont have pioneered the biotechnology of cellulosic ethanol production from genetically
engineered strains via a fermentation approach known as consolidated bioprocessing
(CBP) [156]. CBP is similar to one-pot fermentation as it combines saccharification and
fermentation in a single-step process that is catalyzed by microorganisms [157]. In this way,
a microbial consortium capable of biomass deconstruction converts the cellulose into VFAs
and subsequently uses these for ethanol production [157]. This fermentation method offers
a cost-effective process as it eradicates the various substrate pretreatment steps and requires
low-energy inputs [157]. A pilot-scale facility that was developed by DuPont produced
more than 30 million gallons of ethanol from corn stover from an engineered strain of
Z. mobilis, and efforts are underway to improve the physiological and metabolic traits of
this bacterium [158]. Other existing pilot-scale demonstrations of the biorefinery-based
projects that can be integrated with acidogenic fermentations are shown in Table 2.

It is evident that microbial biorefineries will play a pivotal role in decarbonizing the
current energy systems, as shown by these pilot-scale investigations. Moreover, bio-based
technologies will serve as a key to fast-tracking the establishment of alternative fuels in
industrialized nations as such nations aim to diversity their energy mix to include at least
30% of renewable resources in the energy supply and around 10% of renewables in the
transport sector by 2030 as part of the UN’s Sustainable Development Energy Goals [159].

Table 2. Pilot-scale demonstrations of microbial biorefinery-based plants [160].

Company Country Feedstock Product(s) Capacity (Tons)
Borregaard Norway Woody plants Cellulose, biovanillin, ethanol 250,000
Alco Bio Fuel Belgium Corn and wheat Ethanol, protein-rich feed, NA

electricity, liquid CO,
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Table 2. Cont.

Company Country Feedstock Product(s) Capacity (Tons)
Tereos Czech Republic Molasses Ethanol 200,000 to 1,000,000
Novozymes Denmark Corn Ethanol 25,000
Pannonia Bio Hungary Corn Ethanol,cciifrt\igielrs’ grain, 85,000
Essentica Bulgaria Grain Ethanol NA
Enocell Mill Finland Wood Pulp 490,000
Lantminnen Sweden Grain Ethanol 200,000
Abengoa Bioenergy France Corn Ethanol, biodiesel NA
Abengoa Bioenergy France Corn Ethanol, biodiesel NA
Crop Energies Germany Sugarcane Ethanol 750,000

NA, not available.

7. Economic Aspects Relating to Biohydrogen and Its Associated Products

While there is a plethora of studies that prove that it is economically feasible to produce
bioH; from various feedstocks, including wastewaters [161-164], the economic studies
elucidating the synthesis of high-value-added products using bioH, effluents as a carbon
source are still scarce in the literature. Only a few studies have been undertaken in order to
ascertain the economic aspects relating to the use of acidogenic VFAs in other bioprocesses
via the biorefinery strategy. For instance, a techno-economic evaluation study by Ladakis
et al. [165] showed that it was economically viable to produce succinic acid, lipids, proteins,
and biopolymers using acidogenic effluents via a biorefinery approach. Kwan et al. [166]
showed that it was profitable to produce lactic acid, lactide, and poly-lactic acid from
acidogenic VFAs derived. All these biobased products were economically viable, with lactic
acid having a higher net profit of >USD 2 million per annum and the shortest payback
period of 5 years. Mahmod et al. [167] conducted an economic profitability assessment of a
two-stage anaerobic process involving bioH; and BioCHy4 using palm oil mill effluent. The
results showed a payback period of 8 years, a return-on-investment rate of 19%, and a net
profit of more than USD 400,000. Therefore, these preliminary studies show the importance
of integrating bioH, within the circular bioeconomy, as this can result in the production of
a wide spectrum of valuable products. These studies coincide with the literature, as 50% of
the overall costs are associated with the feedstock.

In addition, the circular bioeconomy is seen as a novel approach that could be used to
unlock new value chains for economic growth and industrial expansion while fulfilling the
United Nations’ Development Goals, which relate to climate change, food insecurity, energy
insecurity, resource depletion, and other anthropogenic issues [168-176]. This can also
promote a synergistic/beneficial phenomenon known as “industrial symbiosis”, whereby
the unwanted biowaste streams produced by biomass sectors are used as a valuable
feedstock by biomass valorization industries. This will, in turn, reduce the financial burden
incurred by industries regarding the management of their biowastes.

8. Conclusions and Suggestions for Future Research

Research that is tailored toward renewable and sustainable energy has experienced
significant growth over the last two decades as the global community aims to reduce
the high dependency on fossil-based technologies. Microbial biorefineries will play a
significant role in the advancement of a circular bioeconomy due to their ability to convert
different biomass feedstocks, particularly organic residues, into multiple value-added
compounds such as biofuels and biochemicals. The acidogenic-based microbial refineries
also hold a huge potential in this field, as confirmed by the pilot-scale demonstrations.
These things considered, VFAs from bio-H, will assist in alleviating the high production
costs in microbial-oriented biorefineries as these building blocks are seen as waste and can
be directly used as feedstocks in other microbial biorefineries. Studies that focus on the
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beneficiation of biohydrogen-spent effluents are scarce in the literature, especially in the
form of a review article. It is hoped that this work will serve as the solid foundation upon
which further research can be undertaken in the field of microbial biorefineries targeting the
synthesis of valuable compounds such as clean fuels, chemicals, and polymers, as shown
in this work.

This review demonstrates the use of biomass-derived/acidogenic VFAs as building
blocks or chemical precursors for the biosynthesis of industrially-relevant products (biofuels
and platforms chemicals), as shown in Section 5. It explicates the key setpoint parameters
that affect the recovery/extraction of these compounds in acidogenic fermentations. The
papers also explore the recent advances that have been accomplished using acidogenic
VEFAs, particularly the development of pilot-scale acidogenic-based microbial systems. As
mentioned earlier, the use of these precursors is new in microbial biorefineries as most of
these systems still rely on edible crops or solid wastes. Therefore, there are many knowledge
gaps in this research field, and some of the following recommendations are proposed for
future studies:

1.  Itis imperative to acquire deeper insights into the various microbial assemblages
when using mixed cultures during the acidogenic biohydrogen fermentations, as this
will help in the cultivation of the dominant VFA-producing biocatalysts.

2. Itiscrucial to understand the nutrient-rich substrates alongside the optimal bioprocess
conditions (especially the synergistic or antagonistic interactions of these setpoint
variables), as this will lead to the optimal VFA recovery.

3. Conducting pilot-scale studies using acidogenic VFAs as a sole carbon source will
also assist in ascertaining the most suitable process dynamics.

4. Acidogenic microbial-based biorefineries could be implemented with newly devel-
oped biochemical engineering tools, such as consolidated bioprocessing, in-vitro
synthetic biology, and novel enzymes, in order to create biosynthetic pathways that
will allow the biomanufacturing of multiple bio-based compounds.
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