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Abstract The mixed culture fermentation is an important en-
vironmental biotechnology that converts biodegradable or-
ganic wastes to valuable chemicals such as hydrogen, meth-
ane, acetate, ethanol, propionate, and so on. For the multistep
process of hydrolysis, acidogenesis, acetogenesis/
homoacetogensis, and methanogenesis, the typical metabolic
reactions are firstly summarized. And then, since the final
metabolites are always a mixture, the separation and purifica-
tion processes are necessary to couple with anaerobic fermen-
tation. Therefore, several typical coupling technologies in-
cluding biogas upgrading, two-stage fermentation, gas strip-
ping, membrane technology of pervaporation, membrane dis-
tillation, electrodialysis, bipolar membrane electrodialysis,
and microbial fuel cells are summarized to separate the me-
tabolites and recover energy. At last, the novel technologies
such as the controlled metabolite production, medium chain
carboxylic acid production, and high temperature ethanol re-
covery in thermophilic mixed culture fermentation are also
reviewed. However, the novel concepts are still needed to
meet the demands of better overall performances and lower
total costs.
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Introduction

With the aspirational theme to meet the needs of worldwide
sustainability, governments and researchers pay much more
attention to the green biofuels such as hydrogen and ethanol
instead of the traditional fossil fuels (Angenent et al. 2004;
Kleerebezem et al. 2015; Pawar and Niel 2013; Zhang et al.
2016a). Meanwhile, the sustainability goal also pushes human
society to use and reuse the waste recourses. And, mixed
culture fermentation (MCF) is well known to be the traditional
environmental biotechnology that converts biodegradable or-
ganic wastes including activated sludge and household solid
or cattle manure to biogas (Bastidas-Oyanedel et al. 2015;
Batstone and Virdis 2014; Chen et al. 2007; Kleerebezem
et al. 2015; Nielsen et al. 2007).

The processes of biodegradable organic wastes in MCF are
the cascade bioreactions consisting of four main steps of hy-
drolysis, acidogenesis, acetogenesis’homoacetogensis, and
methanogenesis, with distinct different groups of functional
microorganisms including fermentative bacteria, acetogens,
homoacetogens, and hydrogenotrophic and aceticlastic
methanogens involved (Agler et al. 2011; Kleerebezem and
van Loosdrecht 2007), as shown in Fig. 1. Once the
methanogens are inhibited, the intermediates such as hydro-
gen, acetate, cthanol, and butyrate accumulate notably in the
reactor, which are paid more and more attentions since the
usage of chemical commodity, clean fuels, and building
blocks (Bastidas-Oyanedel et al. 2015; Ghimire et al. 2015;
Kleerebezem et al. 2015; Temudo et al. 2007; Zhang et al.
2012). In the present work, two main fields are analyzed and
summarized. On one hand, the typical biochemical reactions
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are fundamental to understand the MCF; therefore, the main
metabolites are summarized.

On the other hand, the metabolites both in headspace and in
liquid solutions are always a mixture in MCF, which have to
be concentrated and purified before the utilization. For exam-
ple, the produced biogas generally consists of methane (40—
75%); carbon dioxide (25-60%); and other trace gases, such
as H,S, ammonia, siloxanes, and moisture (Chen et al. 2013;
Ryckebosch et al. 2011). For hydrogen production in MCEF,
the theoretical maximum yield (4 mol/mol-glucose) represents
only 25% conversion of substrate COD into BioH,
(Hallenbeck and Ghosh 2009). And, the practical yield is gen-
erally 2-3 mol/mol-glucose in MCF (Bastidas-Oyanedel et al.
2012; Temudo et al. 2007; Zhang et al. 2012). And, the me-
tabolites in liquid solutions are also a mixture of acetate, bu-
tyrate, and ethanol. Thereby, several processes such as biogas
upgrading, membrane-related technologies, microbial fuel
cells (MFCs) are recently proposed to couple with MCF and
are summarized below. At last, several novel technologies
such as the controlled metabolite production, medium chain
carboxylic acid production, and high temperature ethanol re-
covery in thermophilic mixed culture fermentation are also
reviewed.

The basic bioreactions in MCF
Hydrolysis

Normally, only simple substrates such as glucose, sucrose,
xylose, and glycerol can be directly utilized for volatile fatty
acid (VFA, such as acetate, propionate, and butyrate) produc-
tion. Recently, the worldwide interesting and promising sub-
strates for MCF cover industrial and agricultural wastewater,
biomass, household solids, algal, and even municipal sludge.
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But, these substrates could not be easily utilized and conse-
quently, the pretreatment and hydrolysis are necessary in
MCF. For example, the biomass is deemed to be the most
abundant renewable organic material on earth; however, most
of the degradable cellulose and hemicellulose in the biomass
are packed with lignin that are resistant to microbial degrada-
tion (Abubackar et al. 2011). And, several methods including
acid-based methods, hydrothermal processing, mild alkaline
methods, oxidative methods, steam explosion, and ionic liquid
solvents are proposed to remove lignin and hemicelluloses
(Jonsson and Martin 2016). Interestingly, Yang et al. (2009)
reported that one extreme thermophilic bacterium,
Caldicellulosiruptor bescii sp. nov., can efficiently degrade
the lignocellulosic biomass to hydrogen, acetate, and ethanol
without any pretreatment. And, the related bacteria were re-
cently also enriched in extreme thermophilic MCF, which
meant the possibility of biomass bioconversion without pre-
treatments (Zhang et al. 2014a, 2016b). Recently, Fang et al.
(2017) proposed to revive the effectiveness of cellulose di-
gestibility by coupling hydrothermal pretreatment with deep
eutectic solvent (DES) treatment and the results showed the
significant increase of both xylan (25%) and lignin (22%)
removals.

Acidogenesis

In the following acidogenesis step, the fermentative microor-
ganisms utilize the aforementioned sugars into VFAs (such as
acetate, propionate, and butyrate), alcohols such as ethanol
and butanol, H,, and CO,. The main catabolic reactions from
glucose in MCF are shown in Fig. 2 (Lengeler et al. 1999;
Temudo et al. 2007; Zhang et al. 2013c). The energy conser-
vation mechanism includes substrate level phosphorylation
(SLP), ion motive force coupling with mainly H" and Na™,
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Fig. 2 The typical anaerobic metabolic reactions in MCF from glucose

and energy conversation electron bifurcation reaction
(Lengeler et al. 1999; Thauer et al. 2008).

For example, once the extracellular glucose is
transported into the cytoplasm by phosphotransferase
system (PTS), glucose is mainly converted to pyruvate
in the Embden-Meyerhof (EM) pathway (Eq.1); the per-
centages of other pathways such as the Entner-
Doudoroff (ED) pathway and the pentose phosphate
(PP) pathway are relative low; for example, de Vrije
et al. found that in Caldicellulosiruptor saccharolyticus,
the percentage of glycolysis via EM pathway reached to
99% (de Vrije et al. 2007).

C¢H 1206 + 2NADT—2C3H303~ + 2NADH + 4H' + 2ATP

(1)

Acetate: Acetate is formed directly from acetyl-CoA via
phosphotransacetylase and acetate kinase with 1 ATP
generated (Lengeler et al. 1999), as shown in Eq. 2.
While, the formation of acetyl-CoA form pyruvate can
flow through two pathways. The first pathway is the py-
ruvate formate-lyase (PFL) pathway that commonly oc-
curs in facultative anaerobes and produces aceyl-CoA
and formate, such as Escherichia coli (Sawers 2005).
The second one is the pyruvate/ferredoxin oxidoreduc-
tase (PFOR) pathway that generates acetyl-CoA and re-
duced ferredoxin (Fdred) (Lengeler et al. 1999; Madigan
et al. 2002) and is the typical pathway in strict anaerobes
such as Clostridium sp. For the low redox potential and

commonly pre-treated methods in MCF, the PFOR path-
way is generally predominant (Lee et al. 2009).

C3H305 + HyO + Fdox—C,H30, + CO, + 2H" + Fdred + ATP

(2)

Butyrate and butanol: Two main enzyme groups control
the butyrate production: phosphotransbutyrylase and bu-
tyrate kinase and butyryl-CoA/acetate CoA-transferase.
Louis et al. (2004) found that for the bacteria in the hu-
man colon, the first enzyme group was the main pathway
for butyrate production (Eq. 3) under the low acetate con-
centration, while at the higher acetate concentration (30—
80 mM), the pathway switched to use the second enzyme
group (Eq. 4) to decrease the acetate toxicity.

2C3H505" + 3Fdox + 3ANADH—C4Hs0, + 2CO,

+ 3Fdred + 3NAD' + H,0 + ATP (3)
C3H303 + CoH30, + 2Fdox + 3NADH «—C4H 50,
+ CO; + 2Fdred + 3NAD" + H,0 (4)

Butanol can be produced from the reduction of butyryl-CoA
with NADH by the bacteria of genus Clostridium in a typical
biphasic process of the acetone-butanol-ethanol (ABE) fermen-
tation (Moon et al. 2016). Generally, butanol is not the main
metabolite in MCF and generally accumulated in pure culture
fermentation (PCF) of C. acetobutylicum (Moon et al. 2016).
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Ethanol: the formation of ethanol is reduced by NADH
via acetyl-CoA from pyruvate, with acetaldehyde as an
intermediate, as shown in Eq.5. Lactate
heterofermentation from xylulose 5-phoshpate can gen-
erate ethanol too, but this type of fermentation is not
common in glucose fermentation (Madigan et al. 2002).
Ethanol can also be produced by decarboxylation of py-
ruvate via acetaldehyde in yeast and Zymomonas
(Lengeler et al. 1999).

C3H305 + Fdox + 2NADH + H*—C>HgO + CO; + Fdred + 2NAD*  (5)

Lactate: the formation of lactate from glucose has mainly
two modes (Price et al. 2004). The first one is
homofermentation, that is, pyruvate produced from glu-
cose via EMP pathway is reduced by NADH directly to
lactate, as shown in Eq.6. The other one is
heterofermentation, in which lactate and acetate (or etha-
nol) are produced from xylulose 5-phoshpate pathway,
following with one CO, produced. Normally, the first
pathway is deemed to be the only pathway because of
its higher energy yield and the most genera involved
(Maris et al. 2004).

C3H305” + NADH + H*—C3HsO3” + NAD* (6)

Propionate: the two main pathways of propionate formed
from pyruvate are the methylmalonyl-CoA pathway and
acryloyl-CoA pathway (Stams et al. 1998). Fumarate and
succinate are the intermediates in the first pathway with
2/3 ATP generated (Lengeler et al. 1999) (Eq. 7), which is
also the common pathway. The second pathway is direct-
ly from lactate with no ATP yielded, which is beneficial
for the faster specific substrate turnover of
C. homopropionicum (Seeliger et al. 2002).

2
C3HsO0s™ + 2NADH +2H' —C3H,0y +2NAD® + HyO + T ATP (7)

Hydrogen formed form NADH and Fdred: generally, four
pathways control the hydrogen production by the redox
couple of NADH/NAD®, Fdred/Fdox, and formate
(Schut and Adams 2009). Firstly, most of the researchers
consider that NADH is the main electron donor for the
reduction of H* to H, (Eq. 8) (Rodriguez et al. 2006).
However, the potential of NADH/NAD™ is only
=320 mV, which is higher than the potential of H,/H*
(=414 mv); consequently, the formation of hydrogen
from NADH is not possible except under rather low hy-
drogen partial pressure (60 Pa) (Angenent et al. 2004).
Secondly, Fdred/Fdox, of which the potential is below
—400 mV (Thauer et al. 2008), is the more suitable elec-
tron donor for H* reduced (Eq. 9) (Temudo et al. 2007).
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And, the hydrogen production from Fdred/Fdox is veri-
fied in Thermoanaerobacter tengcongensis (Soboh et al.
2004). Moreover, with temperature increasing, the poten-
tial of Fdred/Fdox becomes much lower (Smith et al.
1995). Thirdly, hydrogen can be also produced from for-
mate (Eq. 10). Both Temudo et al. and our group found
that the ratio of hydrogen verse (hydrogen + formate) was
related to the thermodynamics of formate dehydrogena-
tion to H, both in mesophilic and thermophilic MCF
(Temudo et al. 2007; Zhang et al. 2015a).

Schut and Adams (2009) found the fourth pathway named
the electron bifurcation reaction that a new type of [FeFe]
hydrogenase in a hyderthermophilic bacterium Thermotoga
maritima could simultaneously utilize NADH and Fdred as
the electron donors to produce hydrogen in an approximately
1:1 ratio (Eq. 11); thus, the hydrogen yield could reach the
maximum 4 mol/mol-glucose even in normal hydrogen partial
pressure. They also announced that lots of known H, produc-
tion bacteria might have this potential mechanistic function
for hydrogen production (Schut and Adams 2009).

NADH + H"—NAD" + H, (8)
Fdred + 2H " —Fdox + H, 9)
CHO; + H*—H, + CO, (10)
Fdred + NADH + 3H" —Fdox + NAD™ + 2H, (11)

Acetogenesis and homoacetogenesis

In the third stage of anaerobic digestion, the produced VFAs
and alcohols are converted to acetate, H, and CO, by
acetogenic bacteria under rather low hydrogen partial pressure;
for example, the hydrogen partial pressure in the conversion of
propionate to acetate (Eq. 12) is lower than 10 Pa (Angenent
et al. 2004). Therefore, propionate is rather hard to be con-
sumed and easily accumulated in anaerobic digester when
the reactor encounters fluctuation or shock (Hori et al. 2006).

C3H5027 + 2H20—>C2H3027 + CO, + 3H, (12)

Conversely, high hydrogen partial pressure favors
homoacetogens such as C. [jungdahlii to produce acetate
(Eq. 13) (Zhang et al. 2013b). For example, Poehlein et al.
calculated that the minimal hydrogen concentration in the re-
actor should be above 250 Pa to allow homoacetogen growth
on hydrogen and CO, (Poehlein et al. 2012). Besides, other
factors, for example temperature and hydraulic retention time
(HRT), also affect the homoacetogen activities. For example,
the Gibbs-free energy of homoacetogenesis (Eq. 13) at 70 °C
(—83.2 kJ/mol) is higher than that of 25 °C (—=104.5 kJ/mol)
under standard conditions (Zhang et al. 2014b).
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Siriwongrungson et al. reported homoacetogenesis in a
thermophilic continuously stirred tank reactor (CSTR) with
6-day HRT, while recently, our group did not detect
homoacetogenesis in both thermophilic and extreme thermo-
philic CSTR with HRT below 1 day (Siriwongrungson et al.
2007; Zhang et al. 2016a, b).

4H2+2C02—>C2H305+H++2H20 (13)

Methanogenesis

Finally, methanogens utilize acetate or H,/CO, to CHy4, which
is named as aceticlastic methanogenesis (Eq. 14) or
hydrogenotrophic methanogenesis (Eq. 15), respectively
(Thauer et al. 2008). The former reaction is carried out by
Methanosarcinaceae and Methanosaetaceae, while the latter
one is performed by Methanomicrobiales and
Methanobacteriales (Karakashev et al. 2006). Normally,
methanogenesis is the rate-limiting step in anaerobic digesters
because methanogens grow slowly and are susceptible to
toxins and operational conditions (for example pH, NH,*
and temperature) (Karakashev et al. 2005). On the other hand,
hydrogenotrophic methanogens are considered to be more re-
sistant to toxicity or operational factors (Demirel and Scherer
2008). For example, Ho et al. (2013) reported that the percent-
age of hydrogenotrophic methanogens was above 20% at
55 °C, and recently, Zhang et al. found that its percentage even
approached to 100% of methanogens at 70 °C (Zhang et al.
2014b, 2015Db).

C2H3027 —|—H+—>CH4 + CO, (14)

Fig. 3 The several typical
processes coupling in MCF

4H, + CO,—>CHy + 2H,0 (15)

Process coupling and perspective

Because of the stepwise bioreactions in MCF, the metabolites
are always a mixture; coupling processes are necessary to
utilize of the products in MCF. As shown in Fig. 3, several
novel technologies such as biogas upgrading, two-stage fer-
mentation, gas striping, membrane technology, and microbial
fuel cells are reviewed and the details are discussed as follows.

Biogas upgrading

The produced H, and CH,4 in MCF have high calorific values.
For example, the calorific value of typical methane biogas
from 5.5 to 6.5 kWh m > is comparable to that of natural
gas (5.8-7.8 kWh m >); biogas can be used as a substitute
for natural gas to generate heat and electricity (Yu et al.
2010). Recently, Sowunmi et al. (2016) showed that the ener-
gy of methane production from biomasses in Abu Dhabi
Emirates were theoretically able to meet 6% of household
electricity consumption. However, the impurities such as
CO,, H,S, and siloxanes shall be removed firstly. Especially,
CO, are considered to be the main contributor for the green-
house effect and gas corrosion. As demonstrated by Deng and
Hégg (2010), upgrading the methane concentration to 90%
could increase the heating value efficiently; furthermore, the
upgraded biogas above 98% methane could be compressed
and liquefied as vehicle fuel (Chen et al. 2013). As summa-
rized by Petersson and Wellinger (2009), the number of

el Butyrate
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worldwide biogas upgrading plants increased notably in the
past 30 years and was around 100 in 2009.

Water washing, membrane separation, chemical absorption,
and pressure swing adsorption (PSA) are the common four CO,
removal techniques (Deng and Hégg 2010). For example, the
commercial membranes for CO,/CH, separation are generally
conventional polymeric dense membranes according to the
solution-diffusion mechanism (Deng and Higg 2010). CO, is
more readily absorbed in water than CHy; therefore, in the water
absorption column, more CO, is removed (Nock et al. 2014).
While in chemical absorption technology, the alkali adsorption
(such as NaOH) could reduce CO, and H,S simultaneously and
avoid the pre-cleaning of H,S, and the required operational pres-
sure is also low (Petersson and Wellinger 2009). Chen et al. pro-
posed a coupled system of bipolar membrane electrodialysis
(BMED) and microbial fuel cell (MFC) for alkali production
and CO, adsorption with low operation cost. The final CH,4 con-
tent increased notably in headspace and even reached 100%
(Chen et al. 2013).

Recently, several biotechnologies are proposed to improve the
biogas purity or convert the biogas (H, and CO,) to other valu-
able biochemicals (Luo et al. 2012; Nie et al. 2007; van der Ha
etal. 2012; Zhang et al. 2013a, b). For example, Luo et al. (2012)
proposed to convert hydrogen to methane by hydrogenotrophic
methanogenesis. While a second homoacetogenesis bioreactor
was proposed by Nie et al. (2007) to couple with a MCF biore-
actor and converted CO, and H, to improve the final acetate
yield around 53%. In a hollow-fiber membrane bioreactor under
acidic pH, the metabolite from CO, and H, was rather simple
and the acetate fraction was higher than 99% in both batch and
continuous modes (Zhang et al. 2013a). Recently, a methane
oxidizing bacteria Methylocystis parvus was used to convert bio-
gas to polyhydroxybutyrate (PHB) by van der Ha et al. (2012)
and the final concentration of 295 + 50 mg intracellular PHB g '
cell dry weight was achieved.

Alkali adsorption can remove H,S in biogas; however, this
method is not a selective process and the CO, content is also
decreased. Recently, activated carbon adsorption was sug-
gested to be more suitable for H,S pretreatment; the surface
acidity was found to be the key factor; however, the present of
CH, and CO, notably reduced the H,S removal capacity
(Yentekakis and Goula 2017). On the other hand, siloxanes
were also the main problems for biogas utilization, because
silica microparticulates formed at high temperatures can create
fouling and abrasion effects to natural gas-fueled vehicles
(Cabrera-Codony et al. 2014; Yentekakis and Goula 2017).
Recently, Cabrera-Codony et al. proposed activated carbon
for siloxane removal, but both the presence of CH, and CO,
and biogas humidity can reduce the adsorbing ability and si-
loxane polymerization cannot be avoided under long-term op-
eration. Therefore, developing suitable methods such as selec-
tive separating membrane technologies to remove H,S and/or
siloxanes are the prerequisite for biogas utilization.
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Two-stage fermentation for hydrogen and methane
production

Because of the notable different cultivating conditions, such
as pH and HRT, between fermentative bacteria and
methanogens, commonly, the anaerobic digester is operated
in a suboptimal condition that leads to low methanogen activ-
ity (Li and Yu 2011). Meanwhile, the fast-growing acidogens
result in the notable acidification of bulk solution and conse-
quently, it can inhibit the activities of methanogens. The two-
stage fermentation for hydrogen and methane production is
proposed by the separation of hydrolysis/acidogenesis and
methanogenesis steps (Li and Yu 2011; Ueno et al. 2007).
The separated hydrolysis/acidogenesis reactor can promote
the complex substrate hydrolysis, too. For example, Kraemer
et al. proposed that the first phase was operated at pH 5.5 for
hydrogen production, and the second phase was utilized for
methanogenesis at pH 6.8 (Kraemer and Bagley 2005).
Meanwhile, the effluent of second reactor was recycled to
the first one to reduce the required alkalinity for pH control
(Kraemer and Bagley 2005).

Moreover, operating a thermophilic reactor in the first stage
raises much more attention because high temperature benefits
for the high substrate degradation rate, efficient heat utiliza-
tion of some wastewater, and better pathogen destruction etc.
(Nielsen et al. 2007; Zhang et al. 2014b). For example, Ueno
et al. (2007) constructed a pilot-scale thermophilic two-stage
plant for the production of hydrogen (at 60 °C) and methane
(at 55 °C). Their results showed that this mode was rather
stable even using the organic waste at a pilot-scale that the
working volumes of hydrogen and methane production
reactors were 200 and 500 L, respectively. Bolzonella et al.
(2007) proposed an extreme-thermophilic MCF at 70 °C to
accelerate the hydrolysis and acidogenesis of waste-activated
sludge in the first hydrogen producing process. However, the
overall operating costs after integrating thermophilic reactors
still require further evaluation.

On the other hand, the extra alkali dosing increases the
operational cost. Recently, Wu et al. proposed an acidic reac-
tor at pH 4.0 to reduce the alkali addition in the two-phase
anaerobic digestion for fruit and vegetable waste treatment
and the system exhibited a low HRT (3.56 days) with a high
methane yield (348.5 ml/g VS removed) (Wu et al. 2016). But,
after long time operation, alkali will also need to be added
periodically according to the variation of pH. Therefore, novel
methods to reduce operational cost are still necessary.

Gas stripping

As the perspective substitutes for petroleum fuel, ethanol and
butanol are paid more attentions for their higher energy den-
sity, less corrosiveness, and better compatibility with gasoline
(Xue et al. 2013). However, the metabolites in MCF are
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always a mixture of ethanol, butanol, acetate, and butyrate.
Therefore, the following processes are necessary to recover
and concentrate ethanol and/or butanol from the fermentation
broth. For the high volatility under high temperature, ethanol
and butanol can be easily recovered by gas stripping technol-
ogy after coupling with MCF (Xue et al. 2012, 2013).
Moreover, reducing the accumulation of ethanol and butanol
in the bulk solution also could increase the bacteria activities
(Liu and Qureshi 2009). For example, Loser et al. (2005)
found more than 30% of produced ethanol could be stripped
off under practical conditions. Hashi et al. (2010) used CO, to
remove ethanol from the fermentation broth and reduced the
level of ethanol toxicity, and then the following adsorption
was used to recover residual ethanol from the CO, vapor
phase. Recently, butanol recovery is paid much more attention
(Xue et al. 2013); for example, Xue et al. (2016) developed a
two-stage gas stripping and pervaporation process integrated
with ABE fermentation for butanol recovery. The results
showed that much more ABE (27.5 g/L of acetone, 75.5 g/LL
of butanol, 7.0 g/L of ethanol) were produced in the fed-batch
fermentation (Xue et al. 2016).

On the other hand, gas striping is also used to reduce the
hydrogen content in reactor headspace and increase the
hydrogen yield. For example, Kim et al. (2006) reported that
the hydrogen yield increased from 0.9 to 1.2 mol/mol-glucose
by gas sparging in mesophilic MCF, and Zhang et al. (2013d)
also found that the hydrogen yield increased from 0.64 to
1.1 mol/mol-glucose in extreme-thermophilic MCF with N,
sparging. Excitingly, Bastidas-Oyanedel et al. (2012) reported
the maximum H, yield of 3.25 mol/mol-glucose at pH 4.5 and
the N, sparging rate of 58 L/day, which might be due to the
inhibition of homoacetogenesis and methanogensis in MCF.
However, using N, will dilute the produced hydrogen content,
and therefore, the following purifying process is also needed.
Bastidas-Oyanedel et al. (2012) proposed one CHy stripping
process and the produced gas named biohythane consisting
CH,4 and H,, which is beneficial for increasing both the H,
yield and the calorific value. But, high gas stripping rates can
bring some adverse effects, such as microbial activity inhibi-
tion and energy wasting, and coupling biomass immobiliza-
tion with gas stripping may be a sound method but it still
needs to be assessed in the future.

Membrane technologies

Membrane technologies have been proving their advance in
the fields of separation and purification processes (Moon and
Yun 2014). The applications of membrane separation technol-
ogies in MCF cover pervaporation, membrane distillation,
electrodialysis (ED), BMED, and so on (Jones et al. 2015;
Zacharof and Lovitt 2013). Pervaporation and membrane dis-
tillation could enable selective separation of volatile alcohols
from the fermentation broth or purify H, (Lewandowicz et al.

2011). For example, Lewandowicz et al. (2011) applied mem-
brane distillation of a capillary polypropylene microfiltration
unit for ethanol recovery. Bakonyi et al. (2013) proposed to
use a commercial polyimide membrane module to purify hy-
drogen, and the highest H,/CO, gas selectivity of 1.62 could
be achieved.

On the other hand, ED is a traditional technology and can
be used to separate and concentrate organic acids (Moresi and
Sappino 2000; Zhang et al. 2011). For example, Meynial-
Salles et al. (2008) proposed a novel three-stage continuous
fermentation process, which combined an integrated mem-
brane bioreactor-ED system to produce and concentrate
succinic acid, and the maximum concentration reached 83 g/
L. Redwood et al. (2012) proposed an integrated hydrogen
refinery of food wastes in a synergic combination of
photofermentation, extractive fermentation, and hydrothermal
hydrolysis, in which ED provided the key link in the concept
of ' waste to energy for the selective separation of organic acids.
BMED is a technique with integrated bipolar membrane with
traditional ED and can significantly reduce the cost of acid and
alkali in traditional organic separation and purification pro-
cesses (Zhang et al. 2009). Recently, Wang et al. constructed
an equipment coupled lactic acid fermentation with BMED
stack and achieved a lactic acid recovery ratio of 86% in the
batch mode (Wang et al. 2012) and 69.5% in the continuous
mode (Wang et al. 2013). Zhang et al. (2009) proposed a two-
phase BMED that a mixture of water and ethanol could be
used as the media to enhance the solubility of sebacic acid,
which can also benefit for the recovery of the medium long-
chain acids such as caproate and caprylate and needs the fol-
lowing research works.

Besides, other membrane technologies, such as
microfiltration (MF) and nanofiltration (NF), and membrane
extraction are also proposed to couple with MCF. For exam-
ple, Zacharof and Lovitt (2013) reported that the waste efflu-
ent from an anaerobic digester of agricultural waste was treat-
ed by MF and NF to concentrate VFA. The results showed that
MF produced the sterile, particle-free solution with a VFA
concentration of 21.08 mM acetic acid and 15.81 mM butyric
acid, while NF achieved retention ratios up to 75% and the
final concentrations up to 53.94 mM acetate and 28.38 mM
butyrate (Zacharof and Lovitt 2013). On the other hand, Bonk
et al. (2015) carried out the economical assessment for the
purification of VFAs and the results show that this process is
economically feasible given that the separation technologies
such as membrane technologies can be realized on a large
scale. However, the pilot-scale experiments for VFA separa-
tion from real effluent of MCF also need to be proven in the
future.

The membrane technologies are prevalent as reducing cost,
but the overall cost is still high and membrane fouling cannot
be avoided. For example, Zheng et al. (2010) reported that the
membrane failed even after 24 h of operation. The addition of
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powered activated carbon (PAC) was proposed to reduce the
membrane fouling, but methanogens may grow on the surface
of PAC and consume metabolites such as acetate. Forward
osmosis (FO), as a novel membrane technology, is notably
characterized as having both low energy cost and low organic
fouling (Mi and Elimelech 2010; Wang et al. 2016), which is
also a promising coupled technology for MCF.

As is known, except the bacteria metabolites of organic
acids and alcohols, the components of MCF broth normally
also include various kinds of inorganic salts that affect the real
separating factors. For example, Zhang et al. (2011) analyzed
the ion competition between organic acids (such as formate,
acetate, propionate, and butyrate) and inorganic salts (such as
HPO,> and CI") and found that membrane selectivity was
dependent on the size, charge, and functional groups of the
organic ions; consequently, the concentrations of acetate,
propionate, and butyrate decreased slower because there
were still inorganic ions present. So, the developments of
selective separating membranes for the specific metabolites
are urgently needed. On the other hand, Bonk et al. (2015)
reported that VFA concentrations were important factors to
analyze the purification cost. Recently, the final concentration
of acetate without any concentrated treatments reached
570 mM (Zhang et al. 2014b), which was higher than the
above reported results. Therefore, future works are still needed
to assess MF and NF for VFAs purification.

Microbial fuel cells

The produced metabolites in MCF also can be converted to
electricity. Microbial fuel cells (MFCs) are a fast growing envi-
ronmental biotechnology where the bio-convertible substrates
are consumed in the anodic chamber with simultaneous electron
generation (Logan and Regan 2006; Lovley 2008). This technol-
ogy offers the benefits of convenient electricity recovery in am-
bient condition and has been proposed for energy recovery,
wastewater treatment, bioremediation, and valuable chemical
production, and so on (Li et al. 2014; Sun et al. 2016).

The MFC cost is a notable obstacle for its application,
while coupling MFC with other biotechnologies can diminish
this drawback somehow. For example, MFC could be coupled
with MCF (Modin and Gustavsson 2014), and Koch et al.
(2015) proposed the combination of anaerobic digestion and
microbial electrochemical technology to efficiently produce
methane and electrical energy from complex biomass. Ren
et al. (2014) constructed a two-stage laboratory-scale com-
bined treatment process, consisting of microbial fuel cells
and an anaerobic fluidized bed membrane bioreactor, to pro-
duce high-quality effluent with energy recovery. Ki et al.
(2015) recently investigated the combination of primary
sludge pre-fermentation to produce volatile fatty acids
(VFAs) as the electron donor for microbial electrolysis cells
(MEC:s), and the results demonstrated successful performance
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including Coulombic efficiency (95%), Coulombic recovery
(80%), and COD-removal efficiency (85%). Till now, re-
searchers mainly focus on mesophilic MFC, while thermo-
philic microbial fuel cell (TMFC) is seldom reported
(Dopson et al. 2016; Ha et al. 2012). As shown above, MCF
under thermophilic conditions offers many advantages over
mesophilic MCF; therefore, the development of TMFC could
broaden its applications.

The voltage of MFC is too low (around 0.5-0.7 V) to be
used directly for many practical applications (Kim etal. 2011).
The development of energy collecting technologies such as
capacitors would realize real energy recovery. For example,
Kim et al. (2011) demonstrated that the parallel charging of
the capacitors can avoid voltage reversal, while discharging
the capacitors in series produced up to 2.5 V. Santoro et al.
recently proposed a coupled supercapacitive MFC that pro-
duced the highest power value of 19 mW (Santoro et al. 2016).
On the contrary, the feasibility of MFC as a biosensor with
low voltage output was proposed for monitoring VFAs in
anaerobic digestion and the results showed that the detection
range was much broader than that of other biosensors (Jin
et al. 2016). Moreover, the majority of present MFC works
are carried out in lab scale, while pilot- or full-scale experi-
ments are seldom reported; thus, the total costs are hard to
evaluate.

Perspectives

Several novel concepts are proposed recently in MCF. Firstly,
the production of sole metabolite in MCF can be separated
under the lower cost. For example, after selective enrichment
of hydrogenotrophic methanogens over aceticlastic
methanogens, our group could solely produce acetate (the
fraction in bulk solutions >90%) from glucose, glycerol, or
Tofu wastewater in extreme-thermophilic MCF (Chen et al.
2016b; Zhang et al. 2014b, 2015b). And at acidic pH 4.5, the
homoacetogens could produce acetate with fraction even
above 99% from H, and CO, in a hollow fiber membrane
bioreactor (Zhang et al. 2013a). The high-purity propionate
production from glycerol or glucose in MCF induced by am-
monium was recently investigated by Chen et al., and the final
purity of propionate was 91-100% (Chen et al. 2016a, 2017).
Recently, Bonk et al. (2017) proposed the selective lactic acid
production from food waste by in-situ product extraction
using activated carbon, and the results showed that the lactic
acid concentration reached 32 gCOD/L with the selectivity of
93% in a semi-continuous mode.

Secondly, an alternative process for anaerobic wastewater
treatment with methane or acetate recovery is to elongate the
carbon chain of VFAs to the medium chain carboxylic acids
such as n-caproic acid from ethanol, acetate, glycerol, and
syngas (Leng et al. 2017; Zhang et al. 2013b). For example,
Zhang et al. (2013b) realized in situ H, utilization in a hollow-
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fiber membrane bioreactor under neutral pH and the final met-
abolic concentrations of acetate, butyrate, caproate, and
caprylate were 7.4, 1.8, 0.98, and 0.42 g/L, respectively. For
a longer carbon chain and lower O/C ratio, the mixture of
produced medium chain fatty acids also could be upgraded
to biofuels by hydrogen reduction (Steinbusch et al. 2011;
Zhang et al. 2013b). For example, Xu et al. (2015) extracted
n-caproate from the bioreactor broth by hollow fiber mem-
brane and found the selective phase separation occurred due
to the low maximum solubility of this acid, which allowed
simple product separation into an oily liquid containing 90%
n-caproic and n-caprylic acids. However, the biomass toxic-
ities of medium chain carboxylic acids are still needed to be
considered (Zhang et al. 2013b).

Finally, the volatility of ethanol is known to increase nota-
bly under high temperature. Thus, Frock et al. proposed the
possibility that biofuels such as ethanol can be recovered di-
rectly through direct evaporation and distillation in high-
temperature MCF (Frock and Kelly 2012). And, Ferndndez-
Naveira et al. recently demonstrated the production of butanol
and ethanol from CO and found low pH was more favorable to
produce these solvents (Fernandez-Naveira et al. 2016). The
utilization of industrial waste hot water to heat thermophilic
MCEF could reduce the cost moreover.

Therefore, the typical metabolic pathways in acidogenesis,
acetogenesis/homoacetogensis, and methanogenesis of mixed
culture fermentation are summarized in this work. And then,
several coupling technologies including biogas upgrading,
two-stage fermentation, gas stripping, and membrane technol-
ogies are reviewed to recover and concentrate the metabolites.
However, the novel concepts are still needed to meet the high
demand including performances and total costs. Therefore, the
process coupling is necessary in MCF to promote its world-
wide application.
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