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Abstract Dark fermentation, also known as acido-
genesis, involves the transformation of a wide range of
organic substrates into a mixture of products, e.g.
acetic acid, butyric acid and hydrogen. This biopro-
cess occurs in the absence of oxygen and light. The
ability to synthesize hydrogen, by dark fermentation,
has raised its scientific attention. Hydrogen is a non-
polluting energy carrier molecule. However, for
energy generation, there is a variety of other sustain-
able alternatives to hydrogen energy, e.g. solar, wind,
tide, hydroelectric, biomass incineration, or nuclear
fission. Nevertheless, dark fermentation appears as an
important sustainable process in another area: the
synthesis of valuable chemicals, i.e. an alternative to
petrochemical refinery. Currently, acetic acid, butyric
acid and hydrogen are mostly produced by petro-
chemical reforming, and they serve as precursors of
ubiquitous petrochemical derived products. Hence, the
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future of dark fermentation relies as a core bioprocess
in the biorefinery concept. The present article aims to
present and discuss the current and future status of
dark fermentation in the biorefinery concept. The first
half of the article presents the metabolic pathways,
product yields and its technological importance,
microorganisms responsible for mixed dark fermen-
tation, and operational parameters, e.g. substrates, pH,
temperature and head-space composition, which affect
dark fermentation. The minimal selling price of dark
fermentation products is also presented in this sec-
tion. The second half discusses the perspectives and
future of dark fermentation as a core bioprocess. The
relationship of dark fermentation with other (bio)pro-
cesses, e.g. liquid fuels and fine chemicals, algae
cultivation, biomethane—biohythane-biosyngas pro-
duction, and syngas fermentation, is then explored.

Keywords Dark fermentation - Biorefinery -
Organic residues - Organic acids - Volatile acids -
Mixed culture fermentation - Acidogenesis -
Carboxylate platform

1 Introduction

The preservation and management of the diverse
natural resources is essential for a sustainable devel-
opment in the present and future. An economy based
on sustainable processes requires safe and sustainable
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resources for industrial production, investment and
finance system, ecological and health safety, and
sustainability (Reddy et al. 1997; Tanaka et al. 2010).
Fossil resources are not sustainable and their avail-
ability is more than questionable in the long-term.
Therefore, it is essential to establish solutions that will
reduce the rapid consumption of fossil resources, i.e.
petroleum, natural gas, coal, minerals. An approach is
the stepwise conversion of large parts of the global
economy into a sustainable biobased economy with
bioenergy, biofuels, and biobased products as its main
foundations (Kamm et al. 2006).

For energy generation, there is a variety of alter-
native renewable processes that can be established,
e.g. solar, wind, tide, hydroelectric, biomass inciner-
ation, nuclear fission, etc. However, products derived
from petrochemical processes are ubiquitous in our
present day society, e.g. transport fuels, adhesives,
plastics, among others. Research has to be addressed
towards new technologies capable of replacing both
petrochemical technology and products in order to
transform our society into a sustainable one (Kamm
et al. 2006). Therefore, the chemical-fuel industry and
the industrial biotechnology will depend on the
conversion of sustainable material, i.e. will be based
on biomass technologies.

Biomass technologies are a vast and interdisci-
plinary renewable concept in which the main role is
played by solar energy recovery and CO, transforma-
tion into biomass, i.e. photosynthesis. Under any
sustainable scenario of biomass based bioprocesses,
organic residues will be produced. In this context, dark
fermentation, also known as acidogenic mixed culture
fermentation, appears as an attractive solution that will
reduce those residues, and increase the global effi-
ciency of biomass based production of energy and
valuable chemicals, interlinked in a biorefinery
concept.

As stated above, the dark fermentation of those
organic residues yields energy carriers and fuels, such
as hydrogen and ethanol, and chemicals like acetic
acid, butyric acid, propionic acid, lactic acid, among
others. In present days, these compounds are mostly
produced by petrochemical reforming, except for
ethanol and lactic acid that are mainly produced by
bioprocesses. The production of those compounds by
dark fermentation makes it attractive as a petrochem-
ical refinery alternative.
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In recent years, dark fermentation has been exten-
sively studied and reviewed for its capacity of
producing hydrogen (Hawkes et al. 2002; Liu et al.
2002; Lin and Lay 2004; Karlsson et al. 2008;
Hallenbeck 2009; Guo et al. 2010; Rittmann and
Herwig 2012). Nevertheless, as is shown in Sect. 2.2,
in the best case scenario, i.e. assuming a maximum
hydrogen yield of 4 moly,/molgjycose, the produced
hydrogen represents only a 4 % of the total substrate
mass consumed, while 67 % corresponds to products
in the liquid phase, e.g. acetic acid. Hence this review
also explores other options besides hydrogen produc-
tion from dark fermentation. It aims to present and
discuss the current and future status of dark fermen-
tation in the biorefinery concept.

The first half of the review presents dark fermen-
tation metabolic pathways, product yields and the
technological importance in the present industry,
microorganisms present and responsible for mixed
dark fermentation, operational parameters affecting
dark fermentation, e.g. substrates, pH, temperature and
head-space composition. This section also presents the
process costs of conventional dark fermentation. The
second half presents and discusses the perspectives and
future of dark fermentation as a core bioprocess. Links
with other (bio)processes are also explored, e.g.
acetone—butanol—ethanol (ABE) fermentation, syngas
fermentation, biohythane, bioelectrochemical sys-
tems, and catalytic hydrocarbon synthesis.

2 Dark fermentation—current status

This section presents the dark fermentation biochem-
istry and metabolism, product consideration as pro-
duct yields, prices, and technological importance, and
the operational factors that affect dark fermentation,
e.g. microbial population structure, inocula sources,
substrates and nutrients, pH, temperature, gas compo-
sition, and bioreactor configuration.

2.1 The biochemistry of dark fermentation

Dark fermentation involves the transformation of
organic compounds to various inorganic and organic
products. During this process, a portion of an organic
compound may be oxidized while another portion is
reduced. It is from this oxidation—reduction of organic
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compounds that dark fermentative microorganisms
obtain their energy, producing numerous simplistic
and soluble organic compounds (Gerardi 2003).

The dark fermentation process begins with bacterial
hydrolysis of the fed organic materials in order to
break down insoluble polymers, making them avail-
able for microorganism consumption. Acidogenic
bacteria then convert the products of hydrolysis into
carbon dioxide, hydrogen, ammonia, alcohols and
organic acids. Hydrolysis and acidogenesis are
detailed here below.

2.1.1 Hydrolysis

Hydrolysis is the first step required for anaerobic
microbial utilization of complex polymers (Aceves-
Lara et al. 2008c). Hydrolytic fermentative bacteria
facilitate the extracellular enzymatic hydrolysis of the
initial complex organic matter formed by polymers
such as polysaccharides, proteins, and fats. The
hydrolases (enzymes) that catalyzes these reactions
are cellulase, amylase, protease, and lipase, among
others. Hydrolases may be secreted to the extracellular
environment or be bound to the cell surface (Pavlos-
tathis and Gossett 1988; Mitchell and Gu 2010).
Polysaccharides are generally converted into simple
monomeric or dimeric sugars. Hydrolysis of starch and
cellulose yields glucose as monomeric sugar, while
hemicellulose is degraded to galactose, arabinose,
xylose, mannose and glucose. Proteins are broken
down into amino acids, small peptide, ammonia, and
carbon dioxide by proteases. Lipids are hydrolyzed
into long and short chain fatty acids and glycerol by
lipases (Gerardi 2003; Insam et al. 2010; Mitchell and
Gu 2010). The hydrolysis products then become
substrates for the fermentation processes that follow.

2.1.2 Acidogenesis

Monosaccharides and amino acids, released after the
hydrolysis of their respective polymers, serve as
substrates to the acidogenic fermentation (Insam et al.
2010). Groups of facultative and anaerobic fermenta-
tive or anaerobic oxidizing organisms utilize these
substrates yielding compounds such as ethanol, acetate,
propionate, H, and CO, as intermediary products.
Acidogenesis is a process in which intracellular
reduced co-factors such as NADH are being oxidized.
The regeneration of co-factors is vital to the process as

a whole, as these co-factors serve as intermediary
electron acceptors in the catabolic reactions that
proceed continuously within the system. The regener-
ation of these co-factors is done by the production of
the alcohols and organic acids yielded in this process
(Gujer and Zehnder 1983; Zehnder and Svensson
1986; Gerardi 2003).

2.1.3 Acidogenesis fermentation metabolism

In a mixed culture acidogenic fermentation, where
many microbial species are present, most of the
fermentative conversions explained below are possi-
ble. Further detailed dark fermentation metabolic
models can be found in the literature (Bastidas-
Oyanedel et al. 2008; Gonzalez-Cabaleiro et al.
2015; Zhang et al. 2013c). The fermentation patterns
observed are the result of the combined effect and
interaction among the microbial consortium. Acido-
genic bacteria are capable of performing a variety of
oxidation—reduction reactions involving organic com-
pounds, carbon dioxide, and molecular hydrogen.
Acidogenic bacteria include facultative anaerobes,
aerotolerant anaerobes, and strict anaerobes. In such
an ecosystem, the microorganism consortia activity
depends on environmental condition changes, e.g. gas
phase composition or pH for instance. Environmental
changes will conduct changes on the consortia
metabolism and/or physiology, affecting the types
and quantities of compounds that are produced
through fermentation (Gerardi 2003).

Metabolism is the sum of all biochemical reactions
performed by a living organism. The reactions have
two main purposes, (1) to generate energy for the
organism, and (2) to build new cell material. Reactions
related to generating energy are called catabolism, and
all reactions leading to formation of cell material are
called anabolism. Metabolism 1is initiated by the
consumption of biodegradable substrates. The most
common substrate found in organic residues is
glucose. The acidogenic fermentation of glucose
extracts energy in the form of ATP by substrate-level
phosphorylation during oxidative substrate break-
down (Thauer et al. 1977).

The resulting reducing equivalents, in the form of
NADH and reduced ferredoxin are transferred into
metabolic intermediates (Angenent et al. 2004; Zhang
et al. 2013c), leading to the formation of a variety of
reduced products such as H,, ethanol, and organic

@ Springer



476

Rev Environ Sci Biotechnol (2015) 14:473-498

acids (lactic, propionic, formic, acetic, butyric acids),
depending on the fermentation pathways utilized
(Louis and Flint 2009). Acidogenic bacteria generally
possess alternative pathways leading to the formation
of these products. Hence the relative proportions of the
different products formed depend on the environmen-
tal conditions.

Figure 1 illustrates the main catabolic pathways in
acidogenic glucose fermentation. Glycolysis (or Emb-
den—Meyerhof-Parnas pathway) is thought to be the
archetype of a universal metabolic pathway (Kurzyn-
ski 2006). It occurs, with variations, in nearly all
organisms, both aerobic and anaerobic. The wide
occurrence of glycolysis indicates that it is one of the
most ancient metabolic pathways known (Romano and
Conway 1996). Glycolysis is a sequence of ten
reactions. In Fig. 1, reaction (1), it is lumped into

Fig. 1 Metabolic pathways
of dark fermentation
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one reaction starting from glucose giving pyruvate. In
this process, the consumption of 0.5 mol of glucose
produces 1 mol of ATP, which is then used as energy
source for biomass growth and maintenance
processes.

The NADH resulting from glycolysis should be
reconverted to NAD™ to allow glycolysis to continue.
In anaerobic conditions, organisms are able to oxidase
NADH back to NAD™ in several ways. One method is
lactic acid fermentation, where pyruvate is converted
into lactate, reaction (2). Propionic acid is formed also
as a reduced product of glucose fermentation. Propi-
onic acid can be produced through the so called
acrylate pathway (Tholozan et al. 1992) or via the
succinate pathway (Schink et al. 1987). The acrylate
pathway, reaction (3), reconverts and extra NADH to
NAD™. The succinate pathway, reactions (4) and (5),
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Q) lactate (3) Prop jonate

(10),,NaADH
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allows the reconversion of 2 NADH, this pathway also
consumes CO, for succinate synthesis. The production
of ATP in the acrylate pathway and/or succinate
pathway may not be possible (Seeliger et al. 2006;
Zhang et al. 2013c).

Production of acetyl-coenzyme-A through pyruvate
decarboxilation is a different way to regulate glucose
catabolism. Two different pathways exist in anaerobic
bacteria, the pyruvate formate lyase pathway and the
pyruvate dehydrogenase pathway (Sparling et al. 2006;
Gheshlaghi et al. 2009), reactions (6) and (7), respec-
tively. Facultative anaerobes, e.g. Enterobacter, E. coli,
Klebsiella, present the pyruvate formate lyase pathway
(Waligorska 2012). Simultaneous presence and expres-
sion of genes encoding pyruvate formate lyase and
pyruvate ferredoxin oxidoreductase can be found in
members of the genus Clostridium (Sparling et al. 2006).

Formic acid, produced by reaction (6), is converted
by the formate-hydrogen lyase, reaction (8) into H,
and CO, (Waligorska 2012). The reduced ferredoxin,
produced by reaction (7), transfers electrons to
hydrogenase catalyzing the generation of H,, reaction
(9) (Waligorska 2012). Reaction (10) consist on the
NADH:ferredoxin oxidoreductase, which transfers
electrons from reduced ferredoxine to NAD™ produc-
ing NADH (Hallenbeck 2009). This reaction does not
seem to exist in many facultative anaerobes (Cai et al.
2011).

The synthesis of acetic acid proceeds from acetyl-
CoA, reaction (11). This reaction produces ATP, via
the phosphotransacetylase and the acetate kinase
reactions. Both enzymes are present in all anaerobic
bacteria that form acetyl-CoA in their energy meta-
bolism and that use the acetyl-CoA to synthesise ATP
(Thauer et al. 1977). The detection of acetate kinase
activity in C. thermolacticum confirmed the presence
of the acetate branch from acetyl-CoA and the
supplementary ATP formation associated to this
pathway (Collet et al. 2006). Another pathway for
the generation of acetic acid is homoacetogenesis,
reaction (14), which consumes H, and CO, (Zhao et al.
2010).

Butyric acid synthesis, reaction (12), takes place in
a cycle starting with the condensation of molecules of
acetyl-CoA. This cycle goes on until the formation of
butyril-CoA, wich reacts with a molecule of acetic
acid to yield one molecule of butyric acid and one of
acetyl-CoA, which is the starting point for a new cycle.
The simplification of this cycle starts with the

condensation of acetyl-CoA and acetic acid to produce
butyric acid. Butyrate fermentation has been proposed
to not only regenerate NAD™ from NADH produced in
the glycolysis, but that it might also lead to further
energy gains. During the conversion of acetyl-CoA to
butyric acid, one of the enzymatic complex, the
butyryl-CoA dehydrogenase electron-transferring
flavoprotein, may generate a proton motive force with
a membrane-associated NADH:ferredoxin oxidore-
ductase (Louis and Flint 2009).

The formation of ethanol from acetyl-CoA, reac-
tion (13), involves two enzyme, aldehyde dehydroge-
nase and ethanol dehydrogenase. The former catalyzes
the reaction of acetyl-CoA to acetaldehyde (Thauer
etal. 1977). The later catalyzes the dehydrogenation of
acetaldehyde to ethanol (Collet et al. 2006). The
synthesis of caproic acid by dark fermentation,
reaction (15), is still under investigation. However, it
is clear that acetyl-CoA is the precursor of caproic acid
(Jeon et al. 2010).

2.2 Dark fermentation product considerations

This section analyzes the dark fermentation product
yields. The analysis clearly shows that dark fermen-
tation attention has not to focus only on hydrogen
production, but also on organic acid production. Also,
here the price and market size of organic acids and
ethanol are presented. Furthermore, it is described the
technological importance of dark fermentation prod-
ucts in the present industry.

2.2.1 Product yields and prices

Figure 2 shows the average dark fermentation product
yields of acetic acid, butyric acid, propionic acid,
caproic acid, lactic acid, ethanol, formic acid, H,, CO,
and biomass, expressed as mass percentage of sub-
strate consumed. Glucose and organic solid waste
were reviewed as substrates. For glucose, the data was
obtained from mixed culture dark fermentation under
continuous mode with suspended microorganisms, i.e.
not immobilized (Aceves-Lara et al. 2008a, b;
Temudo et al. 2008a, b, 2009; Bastidas-Oyanedel
et al. 2012; Zhang et al. 2012). In the case of organic
solid waste the data corresponds to the dark fermen-
tation of organic fraction of municipal solid waste
(Zahedi et al. 2013) and food waste (Jiang et al. 2013).
Mass and electron balances (Bastidas-Oyanedel et al.
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Fig. 2 Dark fermentation average product yields expressed as
mass percentage of substrate consumed, i.e. glucose and organic
solid waste. Glucose plot is based on experimental data of
continuous mixed culture fermentation (Aceves-Lara et al.

2008) have been applied to glucose and organic solid
waste data. This was useful for the organic solid waste
since it allowed estimating the CO, and biomass
average yield (data not available in the references).

Both sorts of substrates have different scientific
aims. Glucose has been used as a model substrate to
study the metabolic changes in dark fermentation,
while organic solid waste is a realistic substrate in
order to apply dark fermentation in the biorefinery
concept.

In both cases, organic acids and ethanol represent
around 65 % w/w of substrate consumed, H, does not
represent more than 3 %, CO, and biomass represents
around 35 %, i.e. a large amount of the substrates,
65 %, is converted to valuable products different than
H,. Also, the products conforming this 65 % are
already traded in the international market, while H, is
difficult to be priced since it is mainly produced in the
same industries that use it.

Table 1 shows the bulk prices for acetic acid,
butyric acid, propionic acid, caproic acid, lactic acid,
ethanol, and formic acid. As an end product, butyric
acid is by far the compound that presents the highest
price, 2500 USD/ton, followed by propionic acid,
1700 USD/ton. The lowest price is for acetic acid,
800 USD/ton. In this context mixed culture dark
fermentation can be controlled to maximize the
production of butyric acid over the other products.
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biomass
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acetic acid
17%
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2008a, 2008b; Temudo et al. 2008a, 2008b, 2009; Bastidas-
Oyanedel et al. 2012; Zhang et al. 2012). Organic solid waste
plot is based on Jiang et al. (2013) and Zahedi et al. (2013)

Table 1 Bulk prices and market size of butyric acids, propi-
onic acid, lactic acid, ethanol, formic acid and acetic acid

Compound Price Market size

(USD/tonne) (tonne/year)
Acetic acid 400-800™° 3,500,000*
Butyric acid 2000-2500™° 30,000?
Propionic acid 1500—1700™° 180,000*
Caproic acid 2000-2500*° 25,000*
Lactic acid 1000-2100*° 120,000*
Ethanol 800-2000° 51,000,000°
Formic acid 950-1200*" 30,000*

# Zacharof and Lovitt (2013)
> Alibaba (2014)
¢ Mussatto et al. (2010)

Average concentrations and productivities are pre-
sented in Table 2.

2.2.2 Technological importance of dark fermentation
products

This section reviews the technological importance of
acetic acid, butyric acid, propionic acid, caproic acid,
lactic acid, ethanol, formic acid, H,, and CO,, in the
current industry. Nowadays these compounds are
produced by petroleum-based chemical synthesis,
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Table 2 Concentration and productivities of acetic, butyric and propionic acid by dark fermentation
Product Concentration Calculated ~ Fermentation conditions References
(g/L) productivity
(g/L/h)
Acetic 16 0.08 Batch, 50 gCOD/L (Soluble COD) initial substrate concentration, Jiang et al.
acid 192 h HRT, pH 6, 45 °C, 250 rpm stirring velocity (2013)
3.8 0.08 Anaerobic baffle reactor, 73 gCOD/L (total COD) or 27 gCOD/L Tawfik and El-
(soluble COD) initial substrate concentration, 38 h HRT Qelish (2012)
0.12 0.0025 Batch, 1.9-2.5 gCOD/L (total COD) or 1-1.3 gCOD/L (soluble COD) Khardenavis
initial substrate concentration, 48 h HRT, initial pH 6, 35 °C, et al. (2013)
200 rpm stirring velocity
Butyric 21 0.11 Batch, 50 gCOD/L (soluble COD) initial substrate concentration, Jiang et al.
acid 192 h HRT, pH 6, 35 °C, 250 rpm stirring velocity (2013)
7 0.18 Anaerobic baffled reactor, 29 gCOD/L (total COD) or 10.6 gCOD/L  Tawfik and El-
(soluble COD), 38 h HRT Qelish (2012)
1.16 0.006 Batch, 50 gCOD/L (soluble COD) initial substrate concentration, Jiang et al.
192 h HRT, 35 °C, 200 rpm stirring velocity (2013)
Propionic  18.2 0.095 Batch, 50 gCOD/L (soluble COD) initial substrate concentration, Jiang et al.
acid 192 h HRT, pH 6, 45 °C, 250 rpm stirring velocity (2013)
0.6 0.0008 CSTR, 75 gCOD/L (total COD) or 23 gCOD/L (soluble COD), 240 h  Zahedi et al.
HRT, pH 5.7, 55 °C, 23 rpm stirring velocity (2013)
0 0 CSTR, 45 gCOD/L (total COD) or 15 gCOD/L (soluble COD), 12 h  Zahedi et al.

HRT, pH 4.8, 55 °C, 23 rpm stirring velocity (2013)

COD Chemical oxygen demand, HRT Hydraulic retention time, CSTR Continuous stirred tank reactor

except for ethanol and lactic acid which are mainly
produced by pure-culture bioprocess. As it was
mentioned before, in a biobased economy, dark
fermentation of organic residues supposed to increase
the global efficiency of biomass based production of
valuable chemicals. Hence dark fermentation appears
as an alternative to petroleum-based synthesis.
Industrial acetic acid is mainly produced by petro-
chemical synthesis (Agreda and Zoeller 1993). Acetic
acid is used in the synthesis of several derived
molecules, among them, vinyl acetate represents the
single largest use of acetic acid. Vinyl acetate derived
polymers are ubiquitous in modern society, which are
found as part of woodpanels, paper bags, cardboard
boxes, labels adhesives, white glue, latex paints,
highquality paper coating, textiles, and cement addi-
tive (Agreda and Zoeller 1993; Weissermel and Arpe
1997; Lindblad et al. 2002). Acetic acid also serves as
precursor of cellulose acetate, alcohol acetates, halo-
genated acetic acid, acetic anhydride, citrate esters,
diketene, methyl acetoacetate, acetoacetamides, ace-
toacetylated polymers, which serve as precursor
molecules with vast applications on the production of
pharmaceuticals (such as aspirin, vitamin E, beta-

lactam and oxacillin antibiotics, antiepilectic drugs),
agrochemicals (insecticides, fungicides), and dye,
colorant and polymers. Furthermore, acetic acid
chemistry still offers ample opportunity for providing
new discoveries in the future of material science
(Agreda and Zoeller 1993).

Butyric acid is produced at industrial scale via
mainly a petroleum-based chemical synthesis (Zhang
et al. 2009). The main industrial application of butyric
acid is in the manufacture of cellulose acetate-butyrate
plastics (Rogers et al. 2006; Dwidar et al. 2012).
Another well-known polymer, based on butyric acid, is
the poly-3-hydroxybutyrate (PHB). Butyric acid
esters, e.g. methyl, ethyl and amyl butyrate, are used
in beverages, foods and cosmetics industries as
fragrant and flavoring agents (Rogers et al. 2006;
Dwidar et al. 2012). Nowadays, butyric acid attention
is focused on the synthesis of fuels, since it can be
converted to butanol through biological or chemical
transformation (Dwidar et al. 2012).

Butyric acid also has many applications in medi-
cine, in the field of gastroenterology (Hamer et al.
2008; Vanhoutvin et al. 2009), treatment of haemato-
logical, metabolic and neurological pathologies
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(Sossai 2012). Various prodrugs (Rephaeli et al. 2000)
that are derivatives of butyric acid were tried for their
potential use in treatment of hypercholesterolemia
(Canani et al. 2011), cancers (Canani et al. 2012) and
hemoglobinopathies (Kim et al. 2009), including
leukemia and sickle cell anemia, and also to protect
hair follicles of radio- and chemotherapy-induced
alopecia (Dwidar et al. 2012).

Propionic acid is used as antifungicide in the food
industry to suppress mold growth in breads, meats,
fruits, and on the surfaces of cheese and also as
preservatives for grains, silage and tobacco during
storage and transport (Rogers et al. 2006). As in the
case of butyric acid, propionic acid is also used in the
production of cellulose-based plastics, such as cellu-
lose acetate propionate, which are used in textiles,
filters, reverse osmosis membranes, sheeting, film
products, lacquers, and molding plastics (Rogers et al.
2006). Propionic acid esters and other derivatives are
used as plasticizers, e.g. phenyl propionate and
glycerol tripropionate, and as specialized solvents.
Propionic acid esters are also used as perfumes and
flavours, e.g. citronellyl propionate and geranyl pro-
pionate (Rogers et al. 2006).

The commercial use of caproic acid, also known as
hexanoic acid, is primarily as precursor for the
synthesis of pharmaceuticals, flavors and other hexyl
ester (Kenealy et al. 1995). Caproic acid fungicide
properties have been reported as an alternative to
synthetic fungicides, reducing environmental-human
harm (Leyva et al. 2008). Caproic acid biosynthesis,
by chain elongation of ethanol or acetic acid, is
gaining interest since it can be separated with less
energy input than ethanol and/or acetic acid (Vasude-
van et al. 2014). In-situ extraction of caproic acid have
been reported from fermentation broth by water-
immiscible organic solvents (Choi et al. 2013; Jeon
et al. 2013).

Industrial production of lactic acid is mainly based
on bioprocesses. Lactic acid is used in the polymer
industry, as two of its polymers, the polyester syndio-
tactic polylactide, and polylactic acid, are currently
use in wide applications (www.purac.com). Other
applications include its use in the food, textile, leather,
dyeing, and the cosmetic industries (Kamm et al.
2006). Lactic acid is an example of a biobased mole-
cule that is widely used in our society.

Ethanol is produced in large volumes by industrial
fermentation. In the 2008 the total worldwide ethanol

@ Springer

production accounted to 51 Mega tonnes, of wich USA
and Brazil contributed 52 and 37 % respectively
(Mussatto et al. 2010). Most of the ethanol in the
United States is produced from corn while Brazilian
ethanol is derived from sugar cane (Freudenberger
2009). Ethanol is also produced by petrochemical
synthesis. In the chemical industry, ethanol is used as
solvent, antifreeze and as fuel supplement (Mussatto
et al. 2010). The major use of ethanol is as an
intermediate feedstock in the synthesis of innumerable
organic chemicals. Some of them include: (1) diethyl
ether, a solvent, extractant, and anesthetic, (2)
acetaldehyde, which is the raw material for production
of a large number of organic chemicals such as
butanol, acetic acid, acetic anhydride, chloral, croton-
aldehyde, and ethylhexanol. These and other ethanol-
derived chemicals are used in dyes, drugs, synthetic
rubber, solvents, detergents, plasticisers, surface coat-
ings, adhesives, mouldings, cosmetics, explosives,
pesticides, and synthetic fibre resins (Roehr 2001).

Formic acid is used in the textile industry, in
tanning, in rubber processing and in manufacturing of
pharmaceuticals, and is also used as food preservative
agent in livestock feed (Zacharof and Lovitt 2013).
Recently, it has received more attention to be used as
environmental storage and transportation medium for
hydrogen (Joo 2008). Hydrogen can be generated by
the catabolic decomposition of formic acid. Also some
researchers have demonstrated that formic acid has the
potential to direct power fuel cells for electricity
generation and transportation (Rice et al. 2002; Uhm
et al. 2008).

Hydrogen is industrially produced by steam
reforming, in which natural gas is reacts with steam,
releasing hydrogen. The production of hydrogen by
water electrolysis, by running an electrical current
through it, is used where electricity is cheap and where
high purity is required (Hoffmann 2001). Hydrogen
uses are in energy applications and the chemical
industry. Hydrogen, in combination with oxygen, is
used to fuel space shuttles (Boucher 2006). Hydrogen
is a non-polluting fuel since the combustion of
hydrogen with oxygen produces only water, unlike
hydrocarbon internal-combustion engines that pro-
duce carbon monoxide, carbon dioxide, unburned
hydrocarbons, stench, and smoke (Berry and Aceves
2005). Also, hydrogen can be used in fuel cells,
producing electricity, in a flameless process which is
2.5 times more efficient than internal-combustion
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engines (Peighambardoust et al. 2010). Hydrogen has
been thought to store renewable electricity when is
less needed, e.g. during low consumption hours,
through electrolysis of water (Boucher 2006). Hydro-
gen then can be converted back to electricity at peak
hours. Hydrogen can be stored at high-pressure, as an
integral component in certain alloys known as
hydrides, on microscopic carbon fibers. Hydrogen
can be converted to formic acid in order to be stored or
been directly used in fuel cells (Rice et al. 2002; Joo
2008; Uhm et al. 2008). In addition its energy
applications, hydrogen is widely used in chemical
industries as a raw material for hydrogenation in the
production of hydrocarbons, fertilizers, dyes, drugs,
and plastics. Also, it is used in the food industry for the
treatment of oils and fats (Hoffmann 2001).

The most common use of carbon dioxide in
industry is as supercritical CO, in materials manu-
facturing industry and in food industry. Carbon
dioxide appears as a non-hazardous and environmen-
tal friendly supercritical fluid. It is used as solvent in
microelectronic  applications (Weibel and Ober
2003), in polymer foam applications (Tomasko
et al. 2009), in the manufacture of fibres, micropar-
ticles and films (Davies et al. 2008). Supercritical
CO, applications in food industry include extraction,
fractionation, refinement and deodorization of lipids
or essential oils (Sahena et al. 2009). Another
application in food industry is on dealcoholization
process, i.e. reduction of ethanol content in alcoholic
beverages (Ruiz-Rodriguez et al. 2010). As expose
above, use of supercritical CO, reduce the use of
organic solvents, reducing health, environmental and
safety hazards.

2.3 Operation factors affecting dark fermentation

As outlined above, dark fermentation produces a
mixture of organic acids, solvents and gases. The
proportion of these products depends upon the
microorganisms, the substrates and operational con-
ditions (Cai et al. 2011). These parameters are very
important for the optimization and modeling of the
dark fermentation process. Dark fermentation litera-
ture has been focused on optimization of hydrogen
production, including extensive reviews on the topic.
Changes on dark fermentation occur in two levels: (1)
microbial population structure shifts, and (2) enzy-
matically/metabolic shifts. These two levels can be

modified independently or simultaneously (Ye et al.
2007; Guo et al. 2010).

2.3.1 Dark fermentation microbial population

Mixed culture dark fermentation is an autocatalytic
process mediated by specified microorganisms that are
able to thrive under anaerobically conditions. Mixed
culture dark fermentation has two advantages over
pure cultures fermentation technology, there is no
need for aseptic conditions and it can consume a vast
range of substrates, which decreases the overall cost of
the process (Ntaikou et al. 2010). On the other hand,
pure cultures are characterized by high selectivity,
yielding higher product efficiency, and well control by
environmental parameters (Waligorska 2012).

Identified bacteria in mixed culture dark fermenta-
tion are strict anaerobes, e.g. Clostridia sp. (Queme-
neur et al. 2011) and facultative anaerobes, e.g. E. coli,
Enterobactericeae sp. (Aceves-Lara et al. 2008c), and
Klebsiella sp. (Ntaikou et al. 2010). Other identified
bacteria in thermophilic dark fermentation are
Caldicellulosiruptor  saccharolyticus and  Ther-
moanaerobacter spp. (Zhang et al. 2014). One of the
phenomena related to the microbial population shift in
dark fermentation is sporulation. This phenomena
appears with the microbes belonging to Clostridium
sp. Sporulation is a protection system that is activated
when the environmental conditions are not favorable,
e.g. increase in temperature (over 90 °C), excess or
limitation of nutrients, dissolved oxygen, or a signif-
icant decrease on pH (below 3.0) (Sauer et al. 1995).
This produces both advantages and disadvantages for
the selection of dark fermentative microorganisms and
process stability, respectively, as presented in
Sect. 2.3.2. Regarding the process stability, sporula-
tion must be controlled and/or avoided. During
process, if sporulation occurs, this will decrease the
substrate consumption rates and the productivity of
dark fermentation, and produce a wash out of the
spores, then losing the autocatalytic capacity of the
microbes (Hawkes et al. 2002), hence increasing the
dominance of bacteria populations that do not have
sporulate.

2.3.2 Inocula sources

Several studies of mixed culture dark fermentation have
used inocula from sewage sludge (Chen and Lin 2001),
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organic waste treating sludges (Rajhi et al. 2013),
animal dung (Guo et al. 2010), fluvial (Rajhi et al. 2013)
and marine (Bastidas-Oyanedel et al. 2013) sediments.
In literature, three methods have been utilized in order to
select and/or enrich the dark fermentative bacteria,
avoiding the presence of organisms that consume
organic acids and H,, particularly methanogens
(Hawkes et al. 2002). These three methods are thermal
shock, pH shock, and short hydraulic retention time
(HRT).

Thermal shock, consists of heating the inocula to
90 °C for a short time (Li and Fang 2007). Usually for
reaction volumes ranging from 1 to 5 L, authors use a
thermal shock time range from 10 to 20 min (Mu et al.
2007; Im et al. 2012). This treatment allows the
selection of spore forming bacteria, e.g. Clostridium
(Hawkes et al. 2002).

The pH shock method uses pH below 5 or above 10
(Chen et al. 2002). This method uses the principle of
the wide pH range that acidogenic bacteria can stand
(Temudo et al. 2007), while methane producing archea
cannot tolerate these pH conditions, being inhibited
and washout of the reactors.

The third method, short hydraulic retention time
(HRT), uses HRT ranging from 6 to 20 h (Temudo
et al. 2007; Aceves-Lara et al. 2008b; Bastidas-
Oyanedel et al. 2012). This is based on the fact that
acidogenic bacteria exhibit higher growth kinetics
than methane producing archea. Methanogenic archea
is highly present in wastewater anaerobic sludge,
sewage sludge, cattle dung. These three methods can
be applied independently or in a combination (Liu
et al. 2002).

2.3.3 Substrates and nutrients

Mixed culture dark fermentation has a wide range of
substrate utilization (Nielsen et al. 2001), from
different biomasses and organic waste streams (Li
and Fang 2007; Chong et al. 2009). They are able to
consume the residues from biodiesel production
(Nishio and Nakashimada 2007), food waste (Han
and Shin 2004; Shin et al. 2004), biomass residues
from agroindustries (Hussy et al. 2003; Kaparaju et al.
2009; Guo et al. 2010; Chu et al. 2012), lignocellulosic
hydrolysates (Ueno et al. 1995; Ren et al. 2009),
paper/wastepaper/cardboard (Lay 2001), and pre-
treated biomass (Prakasham et al. 2010). It can convert
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anaerobic sludge (Mu et al. 2006) and organic fraction
of municipal solid waste (Lay et al. 1999; Tawfik and
El-Qelish 2012; Zahedi et al. 2013). This wide range
of non-sterile fermentable organic feedstock for mixed
culture dark fermentation highlights its viability and
flexibility as technology (Hawkes et al. 2002). Com-
pared to other bioprocesses, e.g. bioethanol produc-
tion, where yeasts use a narrow range of substrates and
sterile conditions are needed to avoid microbial
contamination.

As mention previously in Sect. 2.3, substrates have
a significant effect on productivities. Lin and Lay
(2004) have observed metabolic changes when
decreasing C/N ratio, leading to a shift from acetic
acid to ethanol production. Quemeneur et al. (2011)
have studied the influence of monosaccharide (glucose
and fructose), disaccharide (sucrose, maltose and
cellobiose) and trisaccharide (maltotriose) on genetic
diversity and product yields and in mixed culture dark
fermentation.

Quemeneur et al. (2011) studied the effect of
different types of carbohydrates on the microbial
population structures. Glucose, fructose, sucrose and
cellobiose cultures, displayed a dominant population
related to Clostridium sporogenes. Sucrose culture
showed a population related to C. acetobutylicum.
While cellobiose showed the most diverse culture
including populations of C. cellulolyticum, C. aceto-
butylicum, C. saccharobutylicum and C. kluyveri. In the
case of maltose and maltotriose cultures the dominant
population was related to C. acetobutylicum. They also
found that the H, yield decreased when increasing the
chain length of carbohydrates, from 1.82 & 0.1 to
1.38 £ 0.12 (moh-lz/m01hexosevequivalem)~ They also
observed changes in liquid product yields. While
Acetic and butyric acids were the main products in all
tested carbohydrates, yields were 290 %+ 60
(mOlacetic/mOIhexose_equivalent) and 380 + 90 (mOIbulyric/
MOlpexose_equivalend)s €aproic acid only appeared when
using di and trisaccharides, with yields ranging from 10
t0 40 (MOl aproic/MOlhexose_cquivatent)s and ethanol yield
increased dramatically when using maltotriose
(trisaccharide), from 40 4+ 10 (for mono and disac-
charides) to 117.5 (mOIethan0]/m0]hexose_equivalent)-

Minerals present on the fermentation media also
affect dark fermentation. As said before, most of the
literature on dark fermentation is focused on hydrogen
production. In this context the Fe*™ ions media
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composition has shown to be important. These ions are
essential constituents of the hydrogenase active site
(Aceves-Lara et al. 2008c), and the concentration of
Fe>" that maximizes H, production was found to be
around 200 mg/L, at 35 °C (Zhang and Shen 2006).
Other minerals that have been identified as important
for the H, production are magnesium, sodium and zinc
(Lin and Lay 2005). In the case of phosphate, its
limitation may favor solvent production over H, and
organic acids (Hawkes et al. 2002).

2.3.4 pH

Dark fermentation has a wide pH range, 3.0-11 (Chen
et al. 2002; Temudo et al. 2007). The pH modifies the
dark fermentation product yields. H, production
maximization occurs in the pH range of 5-7
(Aceves-Lara et al. 2008b; Bastidas-Oyanedel et al.
2012). Acetic acid production is favored at pH over
6.5, while butyric acid production is favored at pH
below 6.0 (Fang and Liu 2002). The pH range between
4.5 and 6.0 maximizes the ethanol production, while
pH between 5.0 and 6.0 the propionate production
(Hwang et al. 2004). Production of butanol is favored
at pH below 4.3 (Kim et al. 2004). The accumulation
of organic acids at pH below 5 favors the production of
solvents, e.g. ethanol, propanol or butanol (Sauer et al.
1995; Hawkes et al. 2002). Increase in the formic acid
at pH below 5.5 induces the enzyme formate-hydrogen
lyase, which catalyses its decomposition into H, and
CO, (Temudo et al. 2007; Bastidas-Oyanedel et al.
2012; Waligorska 2012).

2.3.5 Temperature

Dark fermentation is a biological/biochemical medi-
ated process. Increase on temperature reduces
enzymes activation energy. Dark fermentation can
take place in the presence of mesophilic bacteria
(Clostridium, Enterobacter) with their range of tem-
perature being around 35 °C, Thermophiles (Caldicel-
lulosiruptor, Thermoanaerobacterium) temperature
around 50 °C, or hyperthermophiles (Thermotoga)
temperature approximately 70 °C (Waligorska 2012).

In mixed culture dark fermentation, changes in
temperature may produce shifts in the dominant
bacteria culture. Some authors have observed shifts
from Clostridium at mesophilic conditions to Ther-

moanaerobacterium in thermophilic conditions

(Karadag and Puhakka 2010). In the case of H,
production, their productivities are similar for meso-
philic and thermophilic regions. Anyhow, H, yields
are lower for the mesophilic temperature range (Lin
and Chang 2004; Li and Fang 2007), as well as the H,
gas fraction. This could be due to the fact that
hyperthermophilic bacteria are less inhibited by the H,
partial pressure (Waligorska 2012). Temperatures
below 35 °C decrease the kinetics of dark fermenta-
tion (Lin and Chang 2004). Increasing the tempera-
ture, in the range of 33 to 41 °C has demonstrated an
increase in the substrate conversion, and a shift from
ethanol to butyrate (Mu et al. 2006).

2.3.6 Head space partial pressure and dissolved
gas concentration (gases composition)

H, and CO, produced during dark fermentation,
generates supersaturation in the liquid phase, allowing
them to be transferred to the gas phase (Pauss et al.
1990; Kraemer 2004). H, liquid saturation and gas
partial pressure affects negatively the reactions pro-
ducing H, and the conversion of NADH to H, by
hydrogenases (Tanisho et al. 1998; Mizuno et al. 2000;
Hallenbeck 2005), see Sect. 2.1.3. These metabolic
reactions are thermodynamically controlled (Bastidas-
Oyanedel et al. 2012). The production of hydrogen
using electrons from NADH is possible at very low
partial pressure of hydrogen. Some authors reported
H, partial pressures below 0.09 bar (Bastidas-Oyane-
del et al. 2012), while others propose the partial
pressure should be less than 10> bar (Hallenbeck
2009). Other authors suggested that reduced ferre-
doxin is the suitable electron donor to produce H,
instead of NADH (Zhang et al. 2013c).

2.3.7 Bioreactor configuration

Bioreactor configuration affects the hydrodynamics
influencing liquid—gas mass transfer phenomena,
hence producing changes on the dominant microor-
ganism population and enzymatically/metabolic shifts
(Waligorska 2012). On the other hand, since the cost
of the dark fermentation bioreactors must be low, their
construction has to be based on low-cost technology,
e.g. anaerobic digesters used in wastewater treatment
plant. The most common bioreactor used for dark
fermentation is the continuously stirred tank reactor
(CSTR). In this type of reactor the stirring must be
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effective in order to homogenate the biomass sus-
pended and the substrates. This provides a good
contact between the substrate and the microorganisms,
and enhances the mass transfer (Ntaikou et al. 2010;
Show et al. 2011).

In CSTR the solid retention time (SRT) is the same
as the hydraulic retention time (HRT). HRT of 6-12 h
is favorable for the production of acetic and butyric
acids, as well as hydrogen. Also it makes the SRT
short enough to promote a dominance of the microbial
population by dark fermentative bacteria, preventing
the mixed culture from methanogenic microorgan-
isms, which requires SRT in the order of days. The use
of HRT below 6 h is risky since it could produce
biomass concentration decay, followed by a biomass
wash out from the reactor (Ntaikou et al. 2010; Show
etal.2011). In this context decoupling SRT from HRT
prevents biomass wash out (Hafez et al. 2010). In the
case of CSTR mode several types of bioreactors have
been developed in this context, based on the capacity
of the microorganisms to produce biofilms, or aided by
membrane technologies. In both cases, the SRT is
increased independently from the HRT.

In the presence of divalent cations and an increase
in carbohydrate concentration in extracellular poly-
meric substances (EPS), bacteria can suddenly attach
to surfaces, and/or each other, creating floccules and/
or granules (Jung et al. 2011b). Zhang et al. (2007)
have increased the biomass concentration over 30-fold
compared to a CSTR without granulation. Hafez et al.
(2010) demonstrated that decoupling SRT from HRT,
by biofilm formation, increases H, yield, and also
allows to increasing the capacity of organic waste
treatment.

Membrane bioreactors (MBR) possess many
advantages that include higher biomass concentration
in the bioreactor, reactor volume can be reduced
according to a higher substrate consumption rate,
reduced production of excess sludge due to biomass
decay in the reactor, and a lack of microorganisms in
the effluent due to their total retention by the used
membrane (Oh et al. 2004; Jung et al. 2011b). The
main disadvantage limiting the use of MBR is the
membrane fouling produced by EPS accumulation
(Lee et al. 2008, 2010; Zheng et al. 2010). Regular
backpulsing is essential in order to remove membrane
fouling, hence maintaining the permeate flux through
the membrane (Oh et al. 2004). Anyhow, SRT can be
controlled in order to prevent, or retard fouling.
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Control of SRT also produces changes in the dark
fermentation productivities. This has been evidenced
by Lee et al. (2010), on a submerge membrane reactor,
using glucose as substrate, with a HRT of 9 h. When
the SRT increased from 2 to 12.5 days, the H,
productivity increased from 3.9 to 5.8 L/L/day. But
using a SRT of 90 days caused a drop in H, produc-
tivity. A similar trend was observed by (Oh et al. 2004),
working on an external cross-flow membrane bioreac-
tor, using glucose as substrate. When increasing the
SRT from 3.3 to 12 h, the biomass concentration
increased from 2.2 t0 5.8 g/L, the glucose consumption
increased from 90 to 98 % and the H, productivity
increased from 7.2 t0 9.2 L/L/day. When increasing the
SRT from 5 to 48 h, both biomass and glucose
conversion increased, from 2.4 to 8.8 g/l and 99 to
99.5 %, respectively. But H, productivity decreased
from 9.2 to 4.5 L/L/day. The authors suggest that the
decrease in hydrogen productivity must have been due
to changes in the physiology or composition of the
microbial community in the reactor, as the SRT was
increased (Oh et al. 2004).

An alternative to CSTR are upflow bioreactors. The
liquid influent containing the substrates enters the
reactor at the bottom, and the liquid outlet, with
minimum substrates, exits at the top. In the upflow
bioreactors, biomass is immobilized either in granules
or in biofilms or entrapped in packed support media.
The support media includes sponge, granular activated
carbon, expanded clay, polyethylene-octane elas-
tomer, ceramic ball, alginate gel. The immobilized
biomass can be packed or fluidized. Upflow packed
bioreactors have a higher mass transfer resistance,
compare to CSTR, resulting in a lower substrate
conversion (Waligorska 2012). In a fluidised-bed
reactor, gas or liquid passes through accumulated
solid matter, causing its fluidization, enhancing the
mixing and mass transfer.

Upflow anaerobic sludge blanket (UASB) reactors,
used commonly for methane production, consist of a
gas/liquid/solid separator on top, where microbial
granules are formed. The granules sediment easily
creating a thick biomass blanket zone at the bottom
(Hawkes et al. 2007). The main disadvantage is a long
start-up period of around 5 months (Wang et al. 2007).
According to (Jung et al. 201 1a), the granulation rate can
be increased by means of a two-stage process, consisting
on a CSTR which serves as seeding to the UASB. This
strategy shortened the start-up time to 20 days.
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In the case of solid substrates, the current develop-
ments liquefy the solids by different means. At
laboratory-scale, the dark fermentation of municipal
solid waste and slaughterhouse waste (Gomez et al.
2006), and household solid waste (Liu et al. 2006),
have been studied in a two-stage mode, with the
objective of produce biohythane (hydrogen and
methane). In both experiments the solid waste have
been grinded, and suspended in aqueous solution.

Full scale-technologies liquefy the solid substrates
by hydrolysis, trying to avoid the size reduction of the
solid waste. The Aikan® technology (Aikantechnol-
ogy 2015; Bonk et al. 2015; Magid 2006; Zeeshan and
Hinrich 2014), has been designed for biogas and
compost production from the organic fraction of
municipal solid waste and green waste. It uses the
hydrolytic capabilities of a preexisting biogas reactor.
It consists of percolation units and biogas reactors. In
the percolation units an aqueous solution, from the
biogas reactor, percolates through the waste, is
collected and send back to the biogas reactors. In this
technology, the waste is not suspended in the fermen-
tation broth of the biogas reactors, reducing the
necessary downstream purification cost to separate
or use the organic acids from the dark fermentation
effluent (Bonk et al. 2015). The use of Aikan® in dark
fermentation have been explored in Bonk et al. (2015).

Another full-scale technology that could be even-
tually adapted to dark fermentation is the REnescience
process (REnescience 2015). This process use
unsorted and non-shredded municipal solid waste,
which is wetted and mixed with hydrolytic enzymes.
The mix is heated up for optimal enzymatic hydrol-
ysis. The biodegradable mass is liquefied (bioliquid)
by the enzymatic action. The non-degradable solids
are then easily separated from the bioliquid. The
bioliquid can be further processed by dark fermenta-
tion (Munster 2009).

2.4 Minimal selling price of dark fermentation
products

There is scarce literature on the economic assessment
of dark fermentation systems. Granda et al. (2009)
analyze the economics of the MixAlco process for the
production of liquid fuels from biomass. In this
process biomass is converted via dark fermentation
to volatile fatty acids (VFAs), i.e. acetic acid, propi-
onic acids and butyric acid, forming carboxylate salts.

The effluent is dewatered by vapor-compression
evaporation and converted to short chain alcohols
via esterification and subsequent hydrogenolysis. The
MixAlco process minimum selling price of alcohols,
with a 15 % return on investment, was calculated to be
around $350/t_ethanol. At the time of the analysis,
2009, this was economically viable where the market
price of ethanol was $750/t_ethanol.

The organic compounds produced by dark fermen-
tation have the potential to be the intermediates to a
vast range of molecules different to alcohols, e.g.
ketones, aldehydes, olefins. They can be polymerized
to produce plastics, liquid fuels, and molecules with
biochemical activity. Anyhow, not all the chemical
conversions of these organic compounds are econom-
ically feasible (Eggeman and Verser 2005).

A different approach could be followed. The VFAs
do not need to be converted to alcohols but can be sold
directly on the market if purified from the dark
fermentation effluent. In a recent publication, Fasahati
and Liu (2014) assess the techno-economic produc-
tion and recovery of VFAs using membrane distilla-
tion followed by an methyl tert-butyl ether extraction
step, and a final rectification column achieving a VFA
stream free from water and extracting solvent. In their
assessment it was considered the brown algae Lam-
inaria japonica as the biomass converted to VFAs.
The main result was the estimated minimum VFA
selling price, $384/t_VFA, with a 10 % internal rate
of return after 10 years of plant operation. Still the
authors have not detailed the operation cost of the
VFA separation/purification steps. Bonk et al. (2015)
have estimated that the production of pure VFAs from
dark fermentation would be cost efficient if the VFAs
separation/purification costs do not exceed $15/m>_-
effluent. Yet, this estimation has to be validated. This
is a possibility, considering the advancements in
purification technologies.

In bioconversion of agricultural and food wastes to
valuable chemicals, separation and purification of the
products from the bulk liquid represents the highest
percentage of the manufacturing cost (Angenent et al.
2004). Therefore, the economic feasibility of reusing
wastes will strongly depend on the downstream
processing efficiency, developing superior separation
technologies (Agler et al. 2011).

In-situ (Online) product removal through diverse
techniques including dialysis, distillation, adsorption,
and extraction was tried for isolation of organic acids
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and other volatile products, and many of them can be
applied for dark fermentation (Dwidar et al. 2012). In-
situ removal of liquid dark fermentation products
enhances the productivity by decreasing the concen-
tration of these products in the culturing medium and
therefore reducing its toxic effect on the cells. In the
following section we detail the volatilisation of dark
fermentation products by gas stripping/flushing.

The volatilisation of fermentation products by gas
stripping is a known technology. In 1986, Ennis et al.
(1986) used this principle on Clostridium aceto-
butylicum fermentations for separation and recovery
of butanol. Further research, based on this principle,
has been performed for the separation (from the
fermentation broth) and recovery of acetone, butanol
and ethanol (Groot et al. 1989; Maddox et al. 1995;
Ezeji et al. 2003; Ezeji and Karcher 2005). This gas
stripping fermentation product recovery has been
reviewed by Vane (2005), and it was also applied to
separate ethanol from winery wastewater (Colin et al.
2005). Though, product volatilisation by gas stripping,
applied to acidogenic fermentation, is an attractive
technology with an obvious application on biorefinery.
This technology could be applied in both bioreactor
and liquid outlet stream. As stated before, gas stripping
directly applied in the bioreactor could increase the
product yield of ethanol and organic acids, while
stripping the outlet stream would allow recover the
remaining volatile products. Organic acids are volatile
in the undissociated form, thus their volatilisation
depends on pH. The undissociated form of an organic
acid increases with pH decrease, e.g. at pH 5.0 and 4.0,
the undissociated form of both formic and lactic acids
is 10 and 40 %, respectively, while for both acetic and
butyric acids is 40 and 80 %. Thus low pH will improve
the volatilisation and consequently, the product yield
on acidogenic fermentation. The pH of a liquid solution
decreases as a consequence of CO, sparging. Then CO,
sparging is also attractive since it will allow organic
acid volatilisation. However, literature shows that
suspended biomass acidogenic fermentation is hardly
accomplished at pH lowers than 4.5 (Temudo et al.
2007). Suspended biomass fermentation is a crucial
system that allows the metabolic study of either pure or
mixed cultures. Nevertheless, the acidogenic pH issue
could be bypassed by the development of acidogenic
biofilms in the reactor. Biofilms are aimed to be a
technological system rather than an analysis system as
suspended biomass fermentation.
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3 Perspectives of dark fermentation
in the biorefinery concept

Asreviewed in Sect. 2, the role of dark fermentation in
the bio-society is that of reduction of organic residues
and increase the global efficiency of biomass based
production of energy and valuable commodities.
Hence the future of dark fermentation relies as a core
bioprocess in the biorefinery concept. Here it is
discussed the perspectives and future of dark fermen-
tation. It is explored its role as a link with other
(bio)process for the production of liquid fuels,
biohythane (biosyngas), its role in photofermentative
systems and fine chemicals production, syngas fer-
mentation and bioelectrochemical systems.

Integration of dark fermentation with other
(bio)processes has the aim of reducing residues and
associated operational costs, and increasing revenues
coming from high value chemicals and/or bioenergy.
In this context, dark fermentation metabolic capabil-
ities and/or products can be associate to other
(bio)processes. Figure 3 depicts how dark fermenta-
tion can be used as the heart of the biorefinery concept.
Dark fermentation can use residues produced by
different biomass based activities, e.g. organic resi-
dues from agricultural and forestry activities (Ueno
et al. 1995; Hussy et al. 2003; Kaparaju et al. 2009;
Ren et al. 2009; Guo et al. 2010; Chu et al. 2012;
Chaturvedi 2013; Uratani 2013), algae and microalgae
activities (Sialve et al. 2009; Rashid 2013), food
industry (Han and Shin 2004; Shin et al. 2004),
municipal solid and liquid waste (Lay et al. 1999; Lay
2001; Li and Yu 2011; Mu et al. 2006; Nwobi 2013)
and residues from other bio-industries (Nishio and
Nakashimada 2007). These residues are transformed
by dark fermentation into valuable chemicals that can
be redirected for uses as bioenergy and biofuels,
chemical and biochemical synthesis, bioplastics and
new materials.

3.1 Liquid fuels production

The dark fermentation products contained in the liquid
phase can be used for the production of liquid fuels by
(bio)catalytic process. Ladygina et al. (2006) have
reviewed the biosynthesis of hydrocarbons by both
prokaryotes and eukaryote microorganisms. In this
way, organic acids, e.g. acetic or butyric acids, can be
converted into C;y—Cjss aliphatic hydrocarbons.
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Fig. 3 Dark fermentation as a core bioprocess in the bio-society

Another alternative is the catalytic conversion of the
organic acids into hydrocarbons. Leung et al. (1995)
have demonstrate that pure saturated carboxylic acids,
butyric acid among them, produces hydrocarbons
when pyrolyzed at 450 °C and atmospheric pressure
under the presence of activated alumina as catalyzer.
In this same context, Wang et al. (2012) have obtained
hydrocarbons and phenol derivatives from mixed and
pure acetic acid and propionic acid by catalytic
cracking using silicon/aluminum as catalyzers.
Ketonization of caproic acid was demonstrated by
Gaertner et al. (2009) using cerium/zirconium as
catalyzer at temperatures from 178 to 350 K. As
demonstrated by Leung et al. (1995), ketones can be
further converted into hydrocarbons, by pyrolysis.
Butyric acid, acetic acid and ethanol produced by
dark fermentation appear as carbon sources for the
production of biobutanol. Biobutanol offers several

industry  ~

advantages over ethanol as a transportation fuel, e.g.
butanol provides more energy when burned, is less
volatile, can replace gasoline in internal combustion
engines without any mechanical modifications, does
not attract water so it can be transported in existing
pipelines, is not miscible with water, and is less
sensitive to colder temperatures (Dwidar et al. 2012).
Despite these benefits, the main issue of fermentative
bioproduction of butanol is its toxicity to the microor-
ganisms that produce it, e.g. Clostridia. This toxicity
results in poor concentrations in the fermentation
broth, and higher recovery costs. One feasible strategy
to reduce the toxicity and improving the yield of
butanol is to first convert biomass into organic acids by
dark fermentation and then convert this downstream
into butanol.

Biohydrogen, which is present in the gas phase
product streams of dark fermentation, could be used in
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a biohydrogen based society, however this approach
presents several drawbacks, e.g. infrastructure (Berry
and Aceves 2005; Bossel 2006). In order to immedi-
ately decreasing human GHG emission, biohydrogen
could instead be used in the refining and/or upgrading
of liquid fuels. Hydrogen used for these purposes is
today mainly produced from mineral oil. Biohydrogen
produced via electrolysis is also possible but with the
current technologies is expensive and GHG unfriendly
if using fossil fuel energy (Tran et al. 2010).

3.2 Fine chemicals production

Fine chemicals, e.g. amino acids, polymers, and drugs,
are known to have a higher market price than bulk
chemicals, e.g. fuels, which are largely consumed
(Willke and Vorlop 2004). Table 3 presents some
organic molecules from both fine and bulk chemicals,
as an example for comparison. Arginine, polylactic
acid and salicylic acid are well known fine chemicals,
and their market prices are in the range of 2.5-40 times
higher than butanol, jet fuel or diesel. In the case of
petroleum-based bulk chemicals, this is explained
because the raw material is still inexpensive, com-
pared to biomass, and the technologies and infrastruc-
ture are optimized and scaled for their respectively
market size. As presented in Sect. 3.1, the production
of liquid fuels from dark fermentation products seems
economically feasible because of two factors, mixed
culture dark fermentation seems to be a low-cost
process, and the possibility of using organic residues.
Furthermore, fermentation revenues could be
increased if its products are directed to the production
of fine chemicals.

As expressed above, dark fermentation could be
used as an upstream process for the production of fine
chemicals derived from biomass residues through
(bio)catalytic processes. In the bioprocess area, dark
fermentation could be linked to microbial systems,
including pure cultures and engineered microbes, and/
or enzymatic systems. Mixed culture systems have
succeed in the production of biopolyesters, e.g.
polyhydroxyalkanoates (PHA), by using acetate and
propionate as carbon sources (Sudesh and Doi 2000;
Hu et al. 2005). The effect in the PHA production by
using the liquid effluent of dark fermentation must be
studied.

Pure culturing systems could also use the organic
compounds, in the liquid effluent of dark fermentation,
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as substrates for the production of valuable products
such as drugs, industrial chemicals and biopolymers
(Pirie et al. 2013). The case of engineered microbial
pure cultures offers an expansion in number of
products synthesized by microbial systems (Dhaman-
kar and Prather 2011). The current trend is the use of
biomass resources to be directly converted by engi-
neered microbes into valuable chemicals. Pure cul-
tures require sterile conditions and specific substrates.
A direct usage of organic residues by engineered
microbial systems is not advised. As exposed above,
this could be done through dark fermentation in order
to convert biomass residues into a mixture of organic
acids and ethanol that can be therefore used as
substrates for the engineered microbial systems.
Alternative a fractionation of the organic residues is
necessary before use as substrate for engineered
microbial systems.

Enzymatic catalysis for synthesis of fine chemicals
is already in used at industrial scale (Murzin and Leino
2008; Zhang 2014). Conventional enzymatic catalysis
is carried out in organic solvents. Hence, the use of
dark fermentation liquid effluent, as an upstream for
enzymatic catalysis, must be treated in order to purify
and extracts its organic compounds that are dissolved
in an aqueous solution. Also it is highly recommended
to develop new approaches to directly use organic
compounds from dark fermentation by enzymatic
catalysis.

Another option, the chemical catalysis, is being
used for the conversion of biomass as a part of the so
called green chemistry (Anastas et al. 2000, 2001;
Gallezot 2007; Murzin and Simakova 2011; Bui et al.
2013). The biomass compounds that have been studied
as platform molecules include carbohydrates, ligno-
cellulose, triglycerides, glycerol, and organic acids as
levulinic acid. Technically there are no limitations to
use dark fermentation products, e.g. acetic acid, in
chemical catalysis. Still is highly recommended to
develop chemical catalysis based on this type of
effluent. In this regard, as mention above, the direct
use of dark fermentation effluent will entails the use of
aqueous catalytic technologies (Cornils 1999; Ford
2001). These technologies have been reviewed for the
conversion of carbohydrates (Queneau et al. 2011).
Furthermore, conversion of glycerol into propylene
glycol (Marinoiu et al. 2013), or polymerization of
olefins (Mecking et al. 2002) have been achieved in
aqueous solutions.
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Table 3 Comparison of some fine and bulk chemicals price and market size

Compound Price (USD/kg)

Global market size and forecast

Fine chemicals

Arginine 15-20*

Polylactic acid 10-15*

Salicylic acid 2-4%
Bulk chemicals

Butanol 1-1.8*

Diesel 0.7-0.9°

Jet fuel 0.8-0.9°

1.2 kt in 2007° (in 2011 China capacity was 6.5 kt)
360.8 kt in 2013 (1205 kt by 2020)°
95 kt in 2012 (145 kt by 2019)"

3 Mt in 2011 (4 Mt by 2020)¢
1.2 Gt in 2009 (1.7 Gt by 2040)"
250 Mt in 2008 (350 Mt by 2025)’

2 Alibaba (2014), ® Indexmundi (2014), © Demain (2007), 4 ccminternational (2012),° Grand view research (2014), f PRnewswire
(2013), & Market publishers (2012), " OPEC (2014), ! Cheze et al. (2011)

3.3 Algae, cyanobacteria and phototrophic
bacteria cultivation

As it was detail in Sect. 3.1, residues from algae and
micro algae cultivation and/or processing could be
feed into dark fermentation. Also, products from dark
fermentation can be feed to Algae, cyanobacteria (blue
algae) and phototrophic bacteria, in order to optimize
the production of valuable chemicals, recycle nutri-
ents, and reduce CO, emissions (Markou and Geor-
gakakis 2011). Here it is explained how dark
fermentation produced CO,, organic acids, and H,
can be used by these three types of photosynthetic
systems.

The macroalgae world market size estimative in
2004 was USD $6 x 10°/year, with 7.5 x 10° t/year
biomass harvested, while microalgae world market
was USD $1.25 x 10%year, 5000 t/year of biomass
harvested (Pulz and Gross 2004). Valuable chemicals
derived from algal products are economically attrac-
tive. Carotenoids pigments 2005 estimated marked
was USD $935 x 106/year (Cardozo et al. 2007).
Astaxanthin, a carotenoid used as pigmentation source
and antioxidant, estimated 2006 market price was
2500 USD $/kg (Jeon et al. 2006), with a market
estimation of USD $150 x 10%year (Pulz and Gross
2004). Another group of algal valuable chemicals are
phycocolloids, where 2007 market for agar was valued
at USD $200 x 106/year, with 10,000 t/year of traded
agar. For the same year carrageenan market was
valued at USD $200 x 106, and a market size of
25,000 t/year (Cardozo et al. 2007).

Other economically attractive molecules extracta-
ble from algae are alginate, used as phycocolloid, and

biochemical active molecules with used in the cos-
metic industry, e.g. mycosporine-like aminoacids for
UV blocker sunscreen, or for pharmacological indus-
try, e.g. lectins, halogenated products, poliketide, fatty
acids, sterols, and harmful algal bloom (HAB) toxins
(Cardozo et al. 2007). HBA toxins have a promising
potential as antibacterial and antifungal molecules
(Najdenski et al. 2013). If we compare the prices of
astaxanthin with acetic acid, 2500 USD/kg and 800
USD/t respectively, see Table 1 for acetic acid details,
it is clear that finding ways to convert the dark
fermentation organic acids to algal valuable chemicals
is economically attractive. Also the market sizes of
astaxanthin and acetic acid, 60 and 3.5 x 10° t/year
respectively, hints information regarding the satura-
tion and/or expansion of their respectively markets.
Literature reports that organic acids can be used for
microalgae growth in mixotrophic mode, i.e. the
simultaneous use of light and organic compounds for
energy and carbon requirements (Markou and Geor-
gakakis 2011), and in aerobic heterotrophic condi-
tions, i.e. use of organic compounds in absence of
light. The algal acetate mixotrophic growth resulted in
56-91 % increase in chlorophyll content, relative to
photoautotrophy, for the green algae Chlamydomonas
globosa, Chlorella minutissima, and Scenedesmus
bijuga (Bhatnagar et al. 2001). Chlorophyll content
can be related to biomass production. The mixotrophic
culture of Chlorella vulgaris in acetate increased the
biomass productivity from 13 to 85 mg/L/day and the
lipid productivity from 4 mg/L/day, at photoau-
totrophic conditions, to 28 mg/L/day (Liang et al.
2009). Another example of successful algal acetate
mixotrophic growth was achieved by Kobayashi et al.
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(1993) and Jeon et al. (2006), where acetate enhanced
both the productivity of Haematococcus pluvialis cell
biomass, and its astaxanthin formation. Mixotrophy
can also support harmful algal species (HAS)
(Burkholder et al. 2008), from where valuable antimi-
crobial toxins can be extracted (Najdenski et al. 2013).
Under aerobic heterotrophic conditions Chlorella
sorokiniana, a single cell green algae, specific growth
rate is improved with concentrations of acetate up to
6 g/, while it does not consumes propionate
(Ogbonna et al. 2000).

Organic acids produced from dark fermentation can
also be used as substrates for the photofermentative H,
production. From the 4 groups of hydrogen producer
microorganisms, i.e. green algae, cyanobacteria, pho-
totrophic bacteria and dark acidogenic bacteria, only
the latter two can produce hydrogen from organic
compounds (Cai et al. 2012).

In literature is it reported that H, producing
phototrophic bacteria are capable of consuming the
liquid products from dark fermentation, e.g. acetic or
butyric, in presence of light (Shi and Yu 2005; Argun
et al. 2009; Redwood et al. 2009). The resultant dual
dark/light integrated system could reach a maximum
theoretical H, yield of 12 mol_H,/mol_hexose. Dark
fermentation maximum theoretical yield is
4 mol_H,/mol_hexose. Experimental results using
pure cultures or well-defined co-cultures of dark
fermentative bacteria are promising. The integrated
systems shows overall H, yields ranging from 7 to 8
mol_H,/mol_hexose (Yokoi et al. 2001; Kim et al.
2006). Experimental results for mixed culture dark
fermentation are still missing. Shi and Yu (2006) have
showed a hydrogen overall yield of 4.56 mol_H,/
mol_hexose using the effluent of an acidogenic
reactor, but it is not defined if the acidogenic reactor
consisted in mixed or pure culture.

Regarding the dark fermentation gas products,
hydrogen can be used in a hydrogenation reaction to
upgrade the algal oil/fat produced for biofuel purposes
(Jang et al. 2005; Tran et al. 2010; Borowitzka and
Moheimani 2013). Oil yields of microalgae, 58 to
137 m>/ha/year, are much higher than terrestrial crops
dedicated for oil, e.g. oil palm 6 m*/ha/year (Chisti
2007; Amin 2009). Oil from microalgae can be
transform into biodiesel by a conventional catalytic
methanol transesterification reaction (Demirbas
2002). The challenge is still to extract the oil from
the microalgae biomass due to the content of

@ Springer

chlorophyll. The purification of lipids from algae
requires additional treatments compared with veg-
etable oil (Petkov et al. 2012). Also, microalgal oils
are rich in polyunsaturated fatty acids, which are
susceptible to oxidation during storage and this
reduces their acceptability for use in biodiesel (Chisti
2007). This issue is solved with hydrogenation con-
verting the oils to the saturated form. Hydrogenation
of algal biofuels using dark fermentative hydrogen
appears as a sustainable process since hydrogenation
process currently used petrochemical-based hydrogen
(Tran et al. 2010).

The use of the CO, produced by dark fermentation
can be used for the phototrophic growth of macro and
micro algae (Chung et al. 2011; Kumar et al. 2011;
Singh and Ahluwalia 2013). The use of CO, from
alcoholic fermentation has been successfully attain by
Bezerra et al. (2013) for the growth of Arthrospira
platensis. In this context, the link of dark fermentation
CO, to algae cultivation would mitigate the CO,
emissions of this integrated bioprocess.

3.4 Biomethane, biohythane and biosyngas
production

Dark fermentation liquid effluent can be converted to
biomethane by anaerobic digestion. Anaerobic diges-
tion is a conventional process used for the treatment of
organic waste. This bioprocess requires a pH of around
7 in order to maintain the activity of the methanogenic
archea, which are responsible of methane production.
Fluctuations of pH could reduce, inhibit and/or
inactivate the methanogenic activity, which is why
dark ferementation is used as an upstream process for
methane production, i.e. conferring stability to the
global system (Cavinato et al. 2012; Willquist et al.
2012).

Furthermore, the hydrogen produced in the dark
fermentation step can be blended to the methane,
forming biohythane. Biohythane is a combustible gas,
consisting in 10 % H,, 30 % CO, and 60 % CH,
(Cavinato et al. 2011). The use of 10 % H, in the
biohythane blend, enhance combustion, thermal effi-
ciency and power output compared to biomethane,
together with reducing hydrocarbon emissions (Sie-
rens and Rosseel 2000; Porpatham et al. 2007).

Biohythane, can be also considered as biosyngas.
Syngas consist of a non-fixed mixture of CO, H,, CO,
and CHy, see Sect. 3.5. The conventional approach of
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production of biosyngas is the gasification of biomass
(McKendry 2002b). This approach is useful for dried
biomass stocks as lignocellulosic material. This
approach is not advised for organic residues where
the water content is above 30 %, e.g. food waste,
organic fraction of municipal solid waste, and algae
residues, since extra energy is needed to evaporate the
contained water (McKendry 2002b). The tandem
system dark fermentation-anaerobic digestion appears
as a biogasification process of biomass (McKendry
2002a). The biosyngas produced can be used as
chemical feedstock to produce liquid fuels (Wilhelm
et al. 2001; Chuang 2012) and/or fine chemicals
(Spivey et al. 2000; Hadipour and Sohrabi 2008).

3.5 Syngas dark-fermentation

Syngas fermentation by mixed culture dark-fermen-
tation consists in the production of organic acids and
solvents using synthesis gas (syngas). Homoacetoge-
nesis (Sect. 2.1.3) is one example of a metabolic
pathway involved in syngas dark-fermentation. Syn-
gas dark-fermentation through homoacetogenesis
(Zhao et al. 2010) consumes CO, and H,, contained
in the syngas, to produce acetic acid, whose techno-
logical importance was described in Sect. 2.2.2.
Sustainable syngas, i.e. avoiding crude-oil resources,
could be obtained, for example, from the gasification
of non-biodegradable organic solids, e.g. lignocellu-
losic biomass and plastics, present in municipal solid
waste (Arena 2012; Roddy 2013). Examples of
co-gasification of lignocellulosic biomass and plastic
waste are found in literature (Pinto et al. 2002; Ahmed
etal. 2011). Syngas composition is not fixed (Williams
et al. 2008). Pinto et al. (2002),working in co-
gasification of pine-wood and polyethylene, have
obtained syngas compositions in the following range,
in v/v %: CO 25-45, H, 20-50, CO, 2-15, CH,4 5-15,
and hydrocarbons (C,H,,) 0-15. The operational
condition used by them were temperatures ranging
the 720-900 °C, atmospheric pressure, and steam/
waste ratio (0.45-0.9 w/w), and the polyethylene/pine-
wood ratio (0-0.4 w/w).

Syngas fermentative microorganisms have been
identified and studied. Most of the work has been done
in pure culture fermentation (Heiskanen et al. 2007,
Henstra et al. 2007; Mohammadi et al. 2011). Mixed
culture syngas fermentation technology supposes low-
cost process compared to pure culture syngas

fermentation. Gas-liquid mass transfer presumes
another issue to be solved. The low solubility of H,
in water (1.6 mg/L) in equilibrium with 1 atm of H, at
298 K is the main challenge for hydrogen utilization
(Zhang et al. 2013a). Various methods such as
vigorous stirring and gas circulation were proposed
(Henstra et al. 2007). Hollow-fiber membrane biore-
actors, have been identified as a cheaper option to
tackle this mass transfer issue (Henstra et al. 2007;
Zhang et al. 2013a). In order to overcome these two
pure cultures and mass transfer issues, Zhang et al.
(2013a) have studied the syngas mixed culture dark-
fermentation in a hollow-fiber membrane bioreactor.
In this kind of bioreactor, syngas permeates through
the lumen of hollow-fibers membranes through the
liquid phase of the bioreactor, where is directly
consumed, without loss of gas through bubble gas
formation, by a naturally attached mixed culture dark-
fermentative biofilm (enriched from an anaerobic
digestion inoculum). In this work the authors have use
a synthetic syngas composed by 60 % H, and 40 %
CO, (% v/v). The bioreactor was operated at 35 °C
and pH 4.5 Acetic acid represented 99 % of the liquid
products, reaching concentrations of 12.7 g/L. (HRT:
25 days) and 3.7 g/L (HRT 9 days) in batch and
continuous modes respectively. For both bioreactor
modes, their acetic acid productivities were very
similar 0.02 g/L/h. Anyhow, the production of hex-
anoic acid and caprylic acid (medium chain fatty
acids) by syngas fermentation could represent a lower
operating cost and product separation when compared
to acetic acid production (Agler et al. 2012; Zhang
et al. 2013b).

Alternatives to syngas fermentation are the con-
ventional catalytic syngas conversions, e.g. Fischer—
Tropsch Tecnology (Mohammadi et al. 2011). This
technology uses high temperatures ranging from 200
to 350 °C (Dry 2002) and high pressures 18—40 bar
(Geerlings et al. 1999; Dry 2002), which is translated
into very energy consuming process. Also it requires
metallic catalysts, e.g. iron or cobalt based. Fast heat
exchange is required to avoid catalyst deactivation.
Catalysts are deactivated also by syngas impurities,
e.g. HpS present in municipal waste syngas (Dry
2002). Fischer-Tropsch, depending in operational
conditions, produces gasoline, olefins, and waxes
(Geerlings et al. 1999; Dry 2002). Deviations in the
syngas composition, mainly CO/H, ratio, produce
changes in the product selectivity. The process is fast,
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with retention times around 10 min (Geerlings et al.
1999).

In comparison, hollow-fiber membrane syngas
dark-fermentation uses temperatures around 35 °C,
and atmospheric pressure which results in substantial
energy savings. The moderate temperature causes
irreversibility of biological reactions, which results in
high conversion efficiencies. This process does not
require adding mineral catalysts since it is an autocat-
alytic process, using microorganism enzymatic sys-
tems. Hence high reaction specificity is achieved due
to the enzymatic specificity. It is less sensitive to CO/
H, ratio (Mohammadi et al. 2011). A major drawback
of syngas dark-fermentation is its high retention time,
9-25 days (Zhang et al. 2013a). Presently, syngas
dark-fermentation is still at the research level. Further
study is recommended with respect to the optimization
of productivities, and scale-up of the process. Also
long run experiments are required in hollow-fiber
membrane bioreactor syngas mixed culture dark-
fermentation.

4 Conclusions

This paper has reviewed both the present state and
future potential of dark fermentation in the (bio)-
chemical industry. Dark fermentation is a viable and
flexible technology since it consumes a vast range of
substrates, most of which can be complex in compo-
sition, as residues streams from other bioprocess, or
even municipal solid and liquid waste.

Dark fermentation contributes to the biobased-
society reducing organic residues and increasing the
global efficiency of biomass based production of
energy and valuable commodities. The products of
dark fermentation can be purified and/or use as
platform chemicals in subsequent (bio)process for
the production of fuels, fine chemicals, and biosyngas.
These features make dark fermentation a core biopro-
cess in the biorefinery concept.
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