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Abstract: Food waste has a great potential for resource recovery due to its huge yield and high
organic content. Oriented fermentation is a promising method with strong application prospects
due to high efficiency, strong robustness, and high-value products. Different fermentation types lead
to different products, which can be shifted by adjusting fermentation conditions such as inoculum,
pH, oxidation-reduction potential (ORP), organic loading rate (OLR), and nutrients. Compared with
other types, lactic acid fermentation has the lowest reliance on artificial intervention. Lactic acid and
volatile fatty acids are the common products, and high yield and high purity are the main targets
of food waste fermentation. In addition to operational parameters, reactors and processes should
be paid more attention to for industrial application. Currently, continuously stirred tank reactors
and one-stage processes are used principally for scale-up continuous fermentation of food waste.
Electro-fermentation and iron-based or carbon-based additives can improve food waste fermentation,
but their mechanisms and application need further investigation. After fermentation, the recovery
of target products is a key problem due to the lack of green and economic methods. Precipitation,
distillation, extraction, adsorption, and membrane separation can be considered, but the recovery
step is still the most expensive in the entire treatment chain. It is expected to develop more efficient
fermentation processes and recovery strategies based on food waste composition and market demand.

Keywords: food waste; fermentation; recovery; lactic acid; ethanol; fatty acids

1. Introduction

Food waste (FW) is produced from food processing in kitchens and factories, including waste raw
materials and residual cooked food. FW is the main component of municipal solid waste (MSW), and it
accounts for 37-62% of MSW in China and approximately 12-30% in some developed countries such
as USA, Singapore, and England [1]. Although 870 million people are chronically undernourished,
1.3 billion to 1.6 billion tons of FW is generated every year around the world, the equivalent to one-third
of total food production [2,3]. Generally, the quantity of FW is dependent on the level of local social
and economic development. In Europe and North America, the yield of FW is 0.26-0.32 kg/d per
capita, while in Africa and southeast Asia, the value is only 0.02-0.03 kg/d [4]. It is estimated that by
2025, FW in Asia will increase from 2.78 billion tons to 4.16 billion tons. Especially in China, the annual
growth rate of FW is estimated to be more than 10% in recent years due to the acceleration of industrial
development and urbanization [5].

The characteristics of FW from different sources vary largely because different regions and
nations have their own unique food cultures. Overall, it usually contains a high content of water,
biodegradable organic substances, and minerals. As shown in Table 1, FW has a total solids (TS)
content of 12-34%, and a volatile solids (VS) content of 85-96% in TS. The major organic compounds
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are carbohydrates, proteins, and lipids. The carbon to nitrogen (C/N) ratio of FW varies between 9.2
and 32.0, mainly depending on protein content in FW. On the whole, FW is an easily biodegradable
waste, and it has a high utilization value and the potential to pollute the environment and threaten
human health [6]. FW would produce leachate and other secondary pollutants during improper
collection, transportation, storage, and treatment. Hence, it is important to select a proper treatment
method based on FW characteristics, aiming to recover energy or materials from FW and avoid its
harmful effects.
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Table 1. Characteristics of food waste reported in literatures.

30f29

. o Volatile Solid . . . Carbon to
Food Waste Source Total Solid (TS, %) (VS) in TS (%) Carbohydrate Protein Lipid Nitrogen Ratio References
San Francisco, USA 30.9 85.3 14.5 [7]
Grand Narbonne, France 21.0 90.3 618 g/kg TS 187 g/kg TS 121 g/kg TS 16.1 [8]
Korea 124 89.3 9.2 [9]
A restaurant in Myongji
University, Korea 18.1 94.0 111.7 g/L 329 g/L 233 g/L 13.2 [10]
Japan 16.5 94.0 13.2 [11]
A dining hall of National o o
Institute for Environmental 33.8 92.0 66 g/.L (05-69% 45 g[L (37-44% [12]
. in VS) in VS)
Studies, Japan
Beijing University of o
Chemical Technology, China 18.5 92.0 22.8% in TS 21.1 [13]
A dining hall of Tongji
University, China 23.2 88.4 135.6 g/L 42.27 g/l 13.61 g/L 32.0 [14]
Residential I&OX‘GS in Davis, 19.2 92.7 34.7% in TS 17.1 [15]
A canteen in University 29.4 95.3 59% in TS 18.1%in TS 18% in TS 142 [16]

College Cork, Ireland




Energies 2020, 13, 5638 4 0of 29

Many methods can be used to treat FW. Source reduction should be firstly considered,
including avoiding generation and FW disposal units in kitchens [17]. The collected FW is sometimes
treated with other domestic wastes through landfill, incineration, and composting, and sometimes
treated individually through anaerobic digestion, feed processing, and composting. Landfilling is a
relatively simple treatment method, but the occupation of land and the release of greenhouse gases
made it unsustainable [18]. Incineration can remove organic matter in FW with power generation,
but its prepositive dewatering procedures and complex air pollution control devices are necessary
with high operational expenditure [19]. Composting is a biological method that uses microorganisms
to degrade organic matter in FW and produce fertilizers under artificially controlled conditions [20].
This method is suitable for the regions with the demand of organic fertilizers, but the quality and salt
content of FW-derived fertilizers should be considered. FW is rich in protein, fat, and various trace
elements, allowing it to become a high-quality feed ingredient. Considering the homologous risk,
the EU has the strictest feed requirements and completely bans the use of feed made from FW [21].
The United States, Japan, and China have also banned all forms of FW utilization as ruminant feed [22].
Anaerobic digestion (AD) is a biochemical process with biogas production, and it can be divided into
mesophilic AD at 33-37 °C and thermophilic AD at 50-55 °C [23]. Mesophilic AD is more widely used,
mainly because of its lower energy demands and higher stability [24], while thermophilic AD performs
better in sanitization, e.g., pathogens elimination [25]. According to its digester structure, AD can
be divided into single-phase AD (SPAD) and two-phase AD (TPAD). In SPAD, all the biochemical
reactions including hydrolysis, acidogenesis, and methanogenesis take place simultaneously in a
single reactor. In TPAD, fermentation (including hydrolysis and acidogenesis) and methanogenesis are
physically separated in two different reactors, thus providing optimal conditions for the two steps,
respectively. Accordingly, TPAD is generally considered more stable and efficient in spite of its high
constructive and operational expenditure [26]. AD is widely used for FW treatment, and 76% of FW
treatment plants in China adopted AD in 2011-2015 [27].

Although AD is mature and widely used, its long digestion cycle (especially methanogenesis)
and easily deteriorated microflorae (methanogens) are its two main shortcomings. Many excessively
accumulative substances can inhibit AD systems, including ammonia, volatile fatty acids (VFAs), sulfide,
light metal ions, heavy metals, and toxic organics [28]. In recent years, oriented fermentation (without
methanogenesis) has had more attention paid to it due to its high efficiency and strong robustness.
In addition, fermentation produces many high-value products such as VFAs and alcohols [29], and help
treatment plants gain more benefits. These products can be used for biological nitrogen removal,
biodiesel production, and further synthesis of valuable complex polymers [30]. All these advantages
make fermentation an emerging and promising technology in response to the rapidly increasing quantity
of FW in many cities. However, except for methane production, large-scale oriented fermentation of
FW has not been reported, and how to put it into practice should be the first target of technological
development. This review presents the recent scientific progresses on oriented fermentation of FW,
introduces some possible processes and reactors for technological commercialization, and looks forward
to the future direction of FW utilization.

2. Basic Principles and Impact Factors

2.1. Inoculation

Inoculant is a culture containing functional microbes for fermentation, and it can be divided into
mixed inoculum and pure inoculum.

It is feasible for simple substrates to use specific functional microorganisms as inoculum.
For example, yeast (mainly includes Saccharomyces cerevisiae, Pichia stipites, and Kluyveromyces fagilis)
and Zymomonas mobilis are often used for ethanol fermentation [31-33], while Lactobacillus are often used
to produce lactic acid. Yeast is a facultative single-celled fungus that can survive in both aerobic and
anaerobic environments. Yeast obtains energy by converting sugars into CO, and ethanol when there is
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alack of oxygen. In fermentation for ethanol production, S. cerevisiae had an optimal pH range of 4.0-5.0
and an optimal temperature of 30 °C [33]. Zymomonas mobilis is a Gram-negative facultative anaerobe,
and its optimal growth temperature is 25-31 °C. It has a high acid resistance and can grow between
pH 3.5-7.5 [34]. It can metabolize only glucose, fructose, and sucrose through the Entner-Doudoroff
(ED) pathway, producing ethanol and CO,, and it is unable to utilize the glycolytic pathways due to the
absence of 6-phosphofructokinase. In comparison to the Embden-Meyerhof-Parnas (EMP) pathway,
the ED pathway conducts fermentation with 50% less adenosine triphosphate (ATP) production and
12% (w/v) more ethanol yield at a faster rate [34,35]. Lactic acid bacteria (LAB) are often used to
produce lactic acid. LAB consist of approximately 20 bacterial genera within the phylum Firmicutes,
and Lactobacillus is the largest one, comprising around 80 recognized species [36]. Lactobacilli are
Gram-positive, anaerobic or facultative anaerobic, non-bacilli, and they have a high ability to break
down sugar but an extremely low ability to degrade protein. Most LAB favor the temperature 2045 °C
and pH 5-7 [37]. Clostridium species are used preferably for butyric acid or butanol production [38,39].
They are gram-positivity, chemoorganotrophy, and strictly anaerobic bacteria with optimal cultivation
temperatures of 35-37 °C and pH of 4.5-7.0 [40].

The FW collected from kitchens usually contains some indigenous microorganisms due to
unavoidable microbial contamination during collection, transportation, storage, and treatment.
In general, kitchen waste is naturally acidized to pH 4.5-5.5 before AD treatment. Complex FW contains
diverse ingredients, implying that the collaboration of different microbes is indispensable. Hence,
pure inoculation is difficult for the treatment of complex FW because the inactivation of indigenous
microorganisms and the maintenance of aseptic conditions are both expensive on the industrial scale.
Therefore, mixed inoculants are usually used in most FW treatment plants, including sludge, animal feces
(cow manure, chicken manure, and pig manure), some soil, and even FW itself (Table 2). The pH of sludge
and cow manure are around 7.0-8.0, while the value of FW is 4.3-5.0 due to the activity of indigenous
microorganisms including LAB, propionic acid bacteria, fungi, and coliform [41]. Kim, et al. [41] found
LAB took the most part in untreated FW. Tang, et al. [42] found that Lactobacillus accounted for 43.6% in
fresh FW, followed by Weissella with 19.2%, but the relative abundance of Lactobacillus was neglectable in
anaerobic sludge. Wang, et al. [30] reported the hydrolysis of FW with anaerobic sludge as inoculum was
higher than that using aerobic activated sludge. The solid matrix in dairy manure consists of a complex
array of lignocellulosic materials, simple carbohydrates, and proteins [43]. Digested manures had
better adaptability in lignocellulose digestion than other inocula [44], because rumen microorganisms
have a great ability to digest lignocellulose. Compared with pure culture, mixed culture has better
microbial diversity, is less demanding on environmental conditions, is more resistance to environmental
fluctuations, and can run continuously without causing strain degradation [45]. For mixed inoculation,
environmental adjustment and extra inoculant addition (like yeast) can be used to enrich specific
microorganisms and enhance the production of target chemicals.

Table 2. Characteristics of mixed inoculation reported in literatures.

Inoculum pH Total Solid (%) 2 \,?Olta: 11 lseo?io;iﬁ,/j;i References

Anaerobic sludge 6.8 12 70° 301

Aerobic sludge 6.9 6.3 720
Anaerobic sludge 7.6+0.2 1.8 +0.34 55.56 P [46]
Anaerobic sludge 7.3 21+£05 68.5+15.3 [42]

Fresh food waste from a cafeteria 43 43+0.3 96.4 +7.6

Food waste collected from a cafeteria 5 11.18 949 [41]
Digested dairy manure \ 2.8 59.1 [44]
Dairy manure 76+0.1 223 +0.3 68.6 +0.3 [47]
Cattle dung 6.8 5.37 53.26 [48]

a: wet basis; : volatile suspended solid/total suspended solid.
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2.2. Metabolism

Carbohydrates, proteins, and lipids are the main organic substances in FW. They are first
hydrolyzed to soluble micromolecular substances, such as glucose, polypeptides, long-chain fatty
acids, and glycerinum, and are then degraded to organic acids or alcohols [49], as shown in Figure 1.
Specifically, carbohydrate is first converted into disaccharide outside the cell, and disaccharide is
converted into monosaccharide outside or inside the cell. Within the cell, monosaccharide is converted
into pyruvate, which eventually generates various acids, alcohols, ketone, etc. [50]. Protein is gradually
decomposed into amino acids under the catalytic action of proteases at the extracellular hydrolysis
stage [51]. Some amino acids are used for the synthesis of cellular substances, while others are
oxidatively decomposed to VFAs through deamination and decarboxylation [52,53]. The process of
lipid degradation depends on lipase. Lipase, diglyceride lipase, and monoglyceride lipase gradually
hydrolyze lipid into glycerol and fatty acids. The glycerol can be catalyzed to form pyruvate [54].
Long-chain fatty acids continuously remove the acetic acid of two carbons from the long carbon chain
through p-oxidation; short-chain fatty acids undergo g-oxidation to form acetic acid (even-numbered
carbon chain), propionic acid (odd-numbered carbon chain), Hj, etc. [55-57]. In the fermentation
system with mixed inoculation, some microorganisms can secrete extracellular hydrolase to achieve
the hydrolysis of FW. However, in pure culture, extra hydrolase is required in the first step of
FW fermentation.

[ Carbohydrate ][ Protein ] [ Lipid ]
hydrolase proteases l_mie
A 4 y
Glucose Amino acid Glycerol Fatty acid
oxidatively
r decomposed
A 4 A 4
Pyruvate Cytoplasm Pyruvate | B-oxiglation

Figure 1. Fermentation pathways of major organic substances in food waste.

Carbohydrate is commonly the major component of FW, and glucose metabolism is essential for
fermentation. Microbial metabolism of glucose in fermentation mainly includes glycolysis pathway
(EMP), pentose phosphate (PP) pathway, Entner—-Doudoroff (ED) pathway, phosphoketolase (PK)
pathway, and Bifidus pathway (Figure 2). The EMP pathway is an essential stage of butyric acid
synthesis with glucose as a carbon source [58,59], and propionic acid fermentation and mixed acid
fermentation use pyruvates as the key intermediates through the EMP pathway [60]. Homolactic
acid fermentation uses pyruvates to produce lactic acid through the EMP pathway, while heterolactic
acid fermentation uses pyruvates to produce lactic acid and ethanol (or acetic acid) through the PK
pathway [37,61,62]. Clostridia produces acetone, butanol, and ethanol (ABE) through the EMP and
PP pathways [63,64]. Yeast and most bacteria produce ethanol though the EMP and PP pathways,
but some special bacteria do the same work though the ED pathway, such as Pseudomonas, Rhizobium,
and Agrobacterium [65,66]. In fact, the EMP and PP pathways always coexist in microbial metabolism,
and 6-Fructose Phosphate and pyruvic acid produced from the PP pathway can be coupled with the
EMP pathway [67].
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Figure 2. Metabolic pathways of glucose fermentation with mixed inoculation at different pH.

In pure culture, enzyme additives should be used to hydrolyze FW and produce substrates
that can be directly utilized by microorganisms, especially in lactic acid and alcohol fermentation.
Amylase, protease, and lipase are commonly used for FW fermentation. With the help of hydrolase,
ethanol production reached 19.27 g/L, which is much higher than the value 5.98 g/L without enzymatic
saccharification [68]. Kim, et al. [69] compared the hydrolysis efficiencies of FW using carbohydrase,
glucoamylase, cellulase, and protease, and got the highest glucose yield of 0.63 g/g TS using
carbohydrase. Similarly, VFA production increased more than three times, at 0.1% (V/V) of total enzyme
dosage [70]. The expensive price of enzyme additives is the key obstacle for its wide application to
FW fermentation.

2.3. pH

The pH is a critical factor controlling FW fermentation, because different microorganisms have
their optimal pH. For example, LAB grows preferentially at pH 5-7 [37], yeast likes pH 4.5-5.0,
and Clostridium favors 4.5-7.0 [40]. Low pH tends to form more undissociated acids as the pKa of acetic,
propionic, and butyric acid is around 4.8. Most non-ionic compounds penetrate cells more easily than
ionic compounds, and consequently low pH can cause damage to bacteria [46]. An excessive low or
high pH would reduce enzyme activity and even cause enzyme inactivation [71]. The a-amylase from
Bacillus amyloliquefaciens is a liquefying amylase with an optimal pH of 6 [72], the optimal pH range for
most bacterial alkaline proteases is 8-11 [73], neutral proteases show the best activity at pH 6.0-7.5 [74],
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fungal acid proteases have an optimal pH between 4 and 4.5 [75], bacterial lipases commonly possess
stability at pH 4-11, while fungal lipases have an optimal pH range of 4-8 [76].

At different pHs, different fermentation types and metabolites occurred due to the alternation
of microbes and enzymes. Feng, et al. [77] reported that homolactic fermentation through the EMP
pathway dominated at pH 3.2, heterolactic fermentation through the PK pathway and the Bifidus
pathway occurred when pH increased to 4.5, microorganisms produced butyric acid and acetic acid
through the EMP pathway at pH 4.7-5.0, and mixed acid fermentation through the EMP pathway
occurred at pH 6.0. Wu, et al. [78] found homofermentation and heterofermentation coexisted in the
start-up period at pH 4.0, heterofermentation dominated the stable period at pH 4.0, and the Bifidus
pathway played an important role in addition to heterofermentation at pH 5.0. The general relationship
between pH and metabolic pathway is shown in Figure 2.

2.4. Oxidoreduction Potential

Oxidoreduction potential (ORP) is the potential difference formed by a substance flowing from
the reduced state to the oxidized state. ORP is the tendency for a compound to acquire electrons.
The greater the affinity for electrons, the higher the ORP of a redox pair would be. Positive potential
indicates a certain degree of oxidation, and negative potential shows a reduction degree. In FW
fermentation, ORP indicates the net outcome of intracellular metabolisms dominated by electron
transfer and redox balance, and extracellular ORP can affect the intracellular ratio of the reduced and
the oxidized form of nicotinamide adenine dinucleotide (NADH/NAD") [79,80]. ORP is capable of
changing the direction of reactions by changing the ratio of NADH/NAD™ [81], which determines the
activities of NADH-dependent or NAD*-dependent enzymes [80].

The external adjustment can regulate the ORP of fermentation systems, while the biochemical
reactions can also determine the ORP. As shown in Figure 2, the conversion from glucose to
pyruvate through the EMP, PP, or ED pathways generates NADH and decreases environmental
ORP. The conversion from pyruvate to lactic acid, propionic acid, and ethanol re-oxidizes NADH to
NADY, but the conversion from pyruvate to acetic acid through the EMP pathway does not oxidize
NADH, resulting in the accumulation of NADH. Consequently, a high content of acetic acid is always
related to low ORP [77]. Generally, butyric acid and acetic acid are the main fermentation products
under strictly anaerobic conditions, while propionic acid and ethanol are often produced under
facultative anaerobic conditions.

2.5. Organic Loading Rate

Organic loading rate (OLR) refers to the quantity of feedstock per unit volume of reactors in unit
time. Sufficient organic feedstock is required to support the continuous and synergistic hydrolysis
and fermentation processes [43], but excessively high OLRs may affect the metabolic capacity of
functional microorganisms and the acid-base balance of fermentation systems [82]. Coats, et al. [43]
observed that the net VFA production was negative in dairy manure fermentation when OLR was
too low. Zuo, et al. [83] found acidogenic and methanogenic processes occurred simultaneously in a
acidogenic reactor when OLR was lower than 1.7 g VS/(L-d). Moretto, et al. [84] found VFAs yield was
0.74 + 0.05 g chemical oxygen demand of VFAs (CODyrpp) per g VSteq when OLR was 7.7 g VS/(L-d),
but the yield decreased to 0.60 + 0.06 g CODypa/g VSteq when OLR increased to 11.3 g VS/(L-d).
In general, the proportion of acetic acid in VFAs increased along with increasing OLRs, but butyric
acid decreases [6,85]. The effect of OLR on fermentation is also related to the composition of FW.
In general, easily biodegradable substances need a short fermentation time, corresponding to relatively
high OLRs, while some food waste contains high content of lignocellulose and needs low OLRs with
long treatment time.



Energies 2020, 13, 5638 9 of 29

2.6. Nutrients

Microorganisms need enough nutrients to grow. Essential macro-nutrients, such as carbon,
nitrogen, phosphorus, calcium, magnesium, potassium, sodium, and sulphur, are important for bacteria.
The conversion of organic carbon to carbon-based chemicals is the basic pathway of FW utilization,
and microbial activity needs sufficient nitrogen, phosphorus, and other elements. Calcium ion is an
extracellular polymeric constituent used as linking material in the biomass. Many electron carriers
contain magnesium ion as a central atom, such as cytochromes and protein complexes. Magnesium ion
is also a component of cell membranes and an activator of many enzymes. Sodium ion can build a
Na-K-ATP enzyme pump, which can stimulate the transfer of substrates (e.g., glucose) to intracellular
regions so as to accelerate fermentation reactions [86]. These essential macro-nutrients are generally
available in FW. However, trace elements, such as cobalt, iron, nickel, molybdenum, and selenium,
are commonly insufficient [87-89]. They are not only fundamental elements constituting microbial cells,
but also participate in the formation of ion channels for mass transport [90]. The active sites of hydrolases
generally consist of amino acids but may also contain one or two divalent metal ions. The metal elements
with hydrolytic potential include calcium, magnesium, zinc, nickel, cobalt, selenium, molybdenum,
and iron [91]. Iron, selenium, wolfram, nickel, and zinc are needed for formate dehydrogenase
and carbon monoxide dehydrogenase, which are important for acetogenesis [92]. Iron ion is an
essential component for the formation of hydrogenases and ferredoxin, and the iron-sulphur protein in
ferredoxin can act as an electron carrier in the oxidation of pyruvate into Acetyl CoA and CO; [86].
Kim, et al. [93] reported that micronutrients (Fe, Co, and Ni) increased solid dissolution and organic acid
production, and they were critical to optimize hydrolysis and acidogenesis. Ezebuiro and Korner [91]
found that high levels of Co and Se and low levels of Ni and Mo improved the rate of hydrolysis and
acidification by 81%.

3. Fermentation Types and Products

Many micromolecular substances are generated during fermentation, including acetate, propionate,
butyrate, lactate, alcohol, Hy, CO,, and other solvents, and their composition is substantially dependent
on biochemical reactions performed by microbial communities under different environmental
conditions. Thus, fermentation can be divided into different types according to the main products
related to microbial metabolic pathways.

3.1. Fermentation towards Mixed VFA Production

VEFAs, i.e., the fatty acids from C2 to C6 (acetic, propionic, butyric, valeric, and hexanoic acid)
are important intermediates during acidogenesis using mixed inoculation. They can be served as
potentially renewable carbon sources for biological nitrogen removal from wastewater, production
of biogas and biodiesel, generation of electricity, and synthesis of biosurfactants, bioflocculants,
and polyhydroxyalkanoate (PHAs). During mixed fermentation, a series of acidogenic bacteria are
active, and they produce a series of VFAs, lactic acid, and alcohols through a variety of metabolic
pathways. In general, three or more acids have relatively high yields, especially acetic acid and butyric
acid. The main conversion pathways of glucose to VFAs can be concluded as follows [94]:

C6Hl206 + 2H20 - 2CH3COOH + 2C02 + 4H2 (1)
1.5C¢H1,0¢ — 2CH3CH,COOH + CH3;COOH + CO, + H,O (2)
CeH1,0¢ —» CH3CH,CH,COOH + 2CO; + 2H,» 3)

During mixed fermentation, the composition of VFAs is affected by various parameters including
the characteristics and concentrations of substrates, solid retention time (SRT), OLR, temperature,
etc. [95] FW comes from different sources with different compositions, and accordingly has different
VFAs production. Wu, et al. [96] reported that carbohydrate acidification mainly forms propionic acid,
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while protein fermentation primarily produces acetic acid. Yin, et al. [97] found that the maximum
VFAs yields from glucose, peptone, glycerol, and their mixture were 38.2, 32.2, 31.1, and 38.5 g COD/L,
respectively, and butyric, acetic, and propionic acid were the main products of glucose, peptone,
and glycerol, respectively. Nevertheless, it is almost impossible for a certain project to adjust the
composition of the FW collected. Thus, technological parameters become the main factors controlling
FW fermentation. Wang, et al. [30] reported higher VFA production from FW when inoculating
anaerobic-activated sludge other than aerobic activated sludge. Most enzymes cannot tolerate a hostile
acidic or alkaline environment, and the optimal pH for VFA production should fall in the range of
5.25-11.0 [29]. The specific pH value depends on the type of substrates. For example, it was reported
that the greatest VFA production of 39.46 g/L (0.316 g/gVS¢q) occurred at pH 6.0, which was 2.3
fold higher than that at pH 5.0 and 9.8 fold higher than that without pH control [85]; another work
found that the fermentation at initial pH 10 had the highest VFAs yield of 6.3 g/L other than acidic
or neutral condition [29]. It is effective for VFA production to prolong SRT moderately as anaerobic
microorganisms have more time to utilize substrates [98]. Dahiya, et al. [29] found that VFA production
increased during the first 36 h, and then showed a downward trend in a 48 h batch experiment.
Lim, et al. [95] found that VFA yield increased from 0.26-0.32 g/g VS at SRT 4 d to 0.36-0.39 g/g VS at
12 d, but acetate fraction decreased from 35.7-37.5% to 23.5-25.0% in a semi-continuous fermentation
device. High OLRs could improve the treatment efficiency of FW, but may possibly result in an unstable
status, and the range of 5-11 g V5/(L-d) is commonly used for VFA production [85]. It was reported that
the highest yield of VFAs reached 1.01 g/g VSgeq at SRT 4 d, OLR 15 g VS/(L-d), and pH 5.5 + 0.5 [99],
and 0.411 g/g VSgeq at SRT 5d, OLR 11 g TS/(L-d), and pH 6 [85]. Fermentation temperature affects
microbial growth, enzyme activity, and organic hydrolysis. Moderate temperatures around 35 °C
were found to be more suitable for VFA production than 25 °C and 55 °C [85,95]. Some pretreatment
methods can also help the dissolution of organic matter from solid phase of FW, and enhance the
production of VFAs during subsequent fermentation. Yin, et al. [100] obtained the highest VFA yield
of 0.908 g/g VSiemoval through a hydrothermal pretreatment at an optimal temperature of 160 °C,
and butyrate and acetate were the prevalent VFAs followed by propionate and valerate. However,
it should be noted that high temperature pretreatment above 160 °C could stimulate the generation of
resistant organic substances through the Mailard reactions [94].

According to these reports, the SRT of 2-8 days, the OLR of 5-15 g VS/(L-d), weak acidic or alkaline
condition, and moderate temperatures should favor VFA production during FW fermentation.

3.2. Fermentation towards Butyric Acid Production

Butyric acid has a wide application in chemical, food and beverage, cosmetic, as well as plastic
and textile fiber industries, and its price ranges between 2000-2500 USA $/t [101]. The production
of butyric acid from organic waste through fermentation has become increasingly attractive [102].
When butyric acid and acetic acid are the major products, the fermentation process can be called butyric
acid fermentation. During this process, glucose is metabolized to pyruvate via the EMP pathway,
producing two moles of ATP and NADH, and then pyruvate is converted to butyric acid, as described
by Equations (4) and (5). The butyrate-producing clostridia produce butyrate concomitantly with
acetate, Hy, CO,, and trace lactate and other products.

C6H12O6 - CHgCHzCHzCOOH +2CO, + 2H, (4)

4C¢H1,0¢ — 3CH3CH,CH,COOH + 2CH3COOH + 8CO, + 8H; (5)

Feng, et al. [103] reported that butyric acid fermentation occurred at pH 4.7-5.0, and butyric acid
was the most (8.78 + 0.99 g/L). Wang, et al. [30] also found that butyric acid was the dominant product
in the batch fermentation of FW at pH 5.0 and 6.0. Typically, butyric acid fermentation occurred at the
ORP of =300 mV to —250 mV along with pH at nearly 5.2 [6]. High fermentation temperatures could
shift the main product from acetate to butyrate. Li, et al. [104] found the majority of VFAs to be acetic
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and propionic acid at 35 °C, which amounted to approximately 44.3% and 48.7% of the total VFAs,
while the percentage of butyric acid increased to 48.5% at 65 °C. Similarly, Hussain, et al. [105] found
that butyric acid accounted for 54% of the VFAs produced during the fermentation of FW at 50 °C
and pH 7. Jiang, et al. [85] found that the percent of butyrate in the total VFAs dropped from 33.26%
to 28.62% when OLR increased from 5 to 16 g TS/(L-d) at 35 °C, pH 6.0, and SRT 5 d. Chen, et al. [6]
reported that butyric acid fermentation changed to ethanol-type fermentation when OLR increased
from 4 to 12 g VS/(L-d).

According to these reports, more butyric acid can be harvested from the fermentation at pH 5.0-6.5,
ORP below —250 mV, and thermophilic condition. Low OLRs or long SRT should be helpful in butyric
acid production.

3.3. Fermentation towards Acetic Acid Production

Acetic acid is an important industrial material with a global production more than 14 million tons
per year, and its price is approximately 400-800 US $/t [101]. Acetic acid can not only be sourced from
pyruvate through acetyl-CoA pathway (Equations (1) and (2)) in butyric acid fermentation, but also
generated from the syntrophic oxidation of ethanol or longer chain fatty acids such as propionate
and butyrate (Equations (6)—(8) [106]. Acetogenic bacteria are well known for their ability to oxidize
sugars and alcohols, resulting in an accumulation of organic acids as final products. This sort of
bacteria are classified into twelve genera and are accommodated to the family Acetobacteraceae, the class
Alphaproteobacteria [107]. During FW fermentation, it is difficult to obtain a high purity of acetate
because acetate comes from many metabolic pathways and there are many associated reactions and
metabolites. In addition, the degradation of protein and other complex organic substances in FW need
the contribution of other microorganisms. Hence, purification is necessary to obtain pure acetic acid
when using complex FW as the raw material.

CH3CH,CH,COOH + 2H,0O — 2CH3COOH + 2H, 6)
CH3CH,COOH + 2H,0 — CH3COOH + CO, + 3H, )
CH;CH,OH + 2H,0 — CH;COOH + 2H, ®)

There are many factors affecting acetic acid production, including substrate characteristics,
inoculum, and environmental conditions. Protein fermentation primarily produces acetic acid,
carbohydrate acidification mainly forms propionic acid [96], while lipid easily produces acetic acid
and propionic acid. Li, et al. [108] added yeast and acetogenic bacteria strains to enhance ethanol-type
fermentation of FW and harvested acetic acid of 25.88 g/L at optimal pH 3.0-3.5 and ORP —500 mV.
For fermentation with mixed inoculation, pH is also an important parameter in acetic acid production.
Li, et al. [104] found that acetic acid was the major VFA with the proportion of 85.7% after 60 h
fermentation at pH 8.2 + 0.4 at 20 °C when using the mixture of sludge and FW (0.24 g sludge/g FW) as
substrates. In another work, acetic acid was detected at the highest concentration of 0.28 g/g CODjeq
when pH was 10 [29]. As for temperature, Arras, et al. [109] found that acetic acid accounted for
approximately 70% of the organic acids produced at 35 °C, while butyric acid reached 60% at 55 °C.
Strict anaerobic conditions benefit acetic acid production, and micro-aeration will shift the metabolism
from acetic acid production to butyric acid and propionic acid production [110]. Luo, et al. [111]
reported that the proportion of acetic acid increased from 40.6% at SRT 4 d to 59.5% at SRT 20 d when
the fermentation temperature was 20 °C and pH was 8.0. Jiang, et al. [85] found that the acetate
accounted for 27.46% of the total VFAs at 35 °C, pH 6.0, and SRT 5 d when OLR was 4.86 g VS/(L-d),
and the percent improved to 34.07% as OLR increased to 10.69 g VS/(L-d).

Above all, weak alkaline condition, moderate temperatures, and low ORPs are suitable for acetate
production. At long SRTs and low OLRs, the system tends towards acetic acid fermentation rather
than mixed acid fermentation because acetogenic bacteria have enough time to convert other organic
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acids to acetic acid. In addition, butyric acid usually takes the most part at pH 5.0-6.5, and acetic acid
becomes the most at pH 8-10.

3.4. Fermentation towards Ethanol Production

Ethanol is not only an important industrial material, but is also a promising fuel. It is estimated
that the global bioethanol demand could exceed 125-130 billion liters by 2020 [112]. Industrial ethanol
production from organic materials commonly contain three steps: (1) hydrolysis (saccharification),
converting raw materials to glucose; (2) ethanol fermentation, converting glucose to ethanol and CO»;
and (3) ethanol separation and purification by distillation. Yeast or Zymomonas Mobilis bacteria are
commonly used for ethanol fermentation [31]. During sugar metabolism, glucose is first broken down
into pyruvate, pyruvate is then converted to acetaldehyde and CO, under the action of hydrogenase,
and finally acetaldehyde is reduced to ethanol under the action of dehydrogenase (Equation (9)).
The theoretical yield is 0.511 g ethanol/g hexose, but the actual maximum yield is around 0.485 g
ethanol/g hexose due to the formation of by-products and cellular maintenance [113]. Ethanol-type
fermentation is another pathway for ethanol production. In this fermentation, the percentage of
ethanol reaches 30% (calculated as equivalent COD), and the sum of acetate and ethanol is more than
50% [114]. Glucose is degraded to pyruvate, then pyruvate forms acetyl-CoA under the action of
hydrogenase and ferredoxin, releasing Hy, and CO; at the same time, subsequently Acetyl-CoA is
converted to acetaldehyde by acetaldehyde hydrogenase, and finally ethanol is produced under the
action of alcohol dehydrogenase. Four NADHs are consumed in the conversion of glucose to ethanol,
and only 2 NADHs are produced in the process from glucose to pyruvate. Therefore, this process is
often coupled with acetic acid production that generates NADH to ensure the balance of NADH/NAD*
of this system, as described in Equation (10) [115]. Considering the yields, ethanol fermentation is
usually used for ethanol production other than ethanol-type fermentation.

CeH1,04 — 2CH3CH,OH + 2CO, 9)

C6H1206 + HzO - CH3CH20H + CHgCOOH +2H, + 2C02 (10)

In ethanol fermentation, the conversion efficiency depends on the extent of carbohydrate
saccharification [19]. Matsakas and Christakopoulos [68] found that ethanol production reached
19.27 g/L after adding hydrolase, while the value was only 5.98 g/L without enzymatic saccharification.
Kim, et al. [69] compared the hydrolysis efficiencies of FW using carbohydrase, glucoamylase,
cellulase, and protease, and got the highest glucose yield of 0.63 g glucose/g TS using carbohydrase.
Yan, et al. [116] found that the best glucoamylase load was 142.2 u/g substrates with the maximum
reducing sugar concentration of 164.3 g/L. During the fermentation of saccharified liquid from kitchen
waste using yeast as inoculum, Tang, et al. [117] found that ethanol concentration reached 29.9 g/L
at pH 4.5, 29.7 g/L at pH 4.0, and 25 g/L at pH 3.5 after 24 h at 30 °C. Most of the medium used for
bioethanol production has a pH in the range of 4.5-5.5 with various sugar concentrations [33]. The ideal
temperature range for fermentation is between 20 °C and 35 °C, and most of the fermentation processes
using S. cerevisine were carried out at 30 °C [33]. The incubation temperature of 35 °C was optimal
for Zymomonas Mobilis [118]. Adding appropriate hydrolase or strains can improve the efficiency of
ethanol fermentation, but the fermentation of FW without a strain addition and pH adjustment can
also produce ethanol based on indigenous microbes. Certainly, the yield is low, accounting for less than
10% of the total metabolites [77]. For ethanol fermentation, the major challenge is removing ethanol
and other by-products timely from bioreactors, as they can become inhibitors to fermentative bacteria
at certain concentrations [119-121].

3.5. Fermentation towards Lactic Acid Production

Lactic acid is the most widely used carboxylic acid and is an important raw material for food,
pharmaceuticals, textiles, leather, and many other chemical industries. Lactic acid demand is in excess
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of 1.2 million tons in 2016, with an expected annual growth rate of 16.2% till 2025 [122]. Lactic acid
fermentation is a preferable pathway for lactic acid production in comparison to chemical synthesis
because the biological method has a low cost of substrates, low reaction temperature, and low energy
consumption [123]. The pKa of lactic acid is 3.9, which is lower than the pKa of VFAs (acetic, propionic,
and butyric acid’s pKa is around 4.8). Thus, low pH is beneficial for lactic acid production [124].
LAB contained approximately 20 bacterial genera within the phylum Firmicutes, and Lactobacillus is
the largest genus, comprising of around 80 recognized species. Most LAB favor the environmental
temperature 2045 °C and pH 5-7 [37]. During lactic acid fermentation, the pyruvate produced by
glycolysis is converted to lactate by lactate dehydrogenase (L-lactate dehydrogenase or D-lactate
dehydrogenase) with the transformation from NADH to NAD*. There are three lactic acid fermentation
types with different products [36]. In homo lactic acid fermentation, 1 mol glucose is converted to
2 mol lactic acid, generating a net yield of 2 mol ATP, and lactic acid accounts for more than 85% of the
total products (Equation (11)). In hetero lactic acid fermentation, 1 mol glucose is converted to 1 mol
lactic acid, 1 mol ethanol, and 1 mol CO, with 1 mol ATP production, and lactic acid is 50% of the total
(Equation (12)). In Bifidus pathway (Equation (13)), Bifidobacteria can produce 1.5 mol acetate, 1 mol
lactic acid, and 2.5 mol ATP from 1 mol glucose [78].

CgH1p0g — 2CH;CHOHCOOH (11)
CgH1,04 — CH;CHOHCOOH + CH;CH,OH + CO, (12)
CgH1,04 — CH;CHOHCOOH + 1.5CH;COOH (13)

For the FW discharged from restaurants, canteens, and households, lactic acid fermentation
occurs naturally during its collection, transportation, and storage because it contains Lactobacillus
derived from the surroundings, which even accounted for 47.9% of the total population [125]. This sort
of bacteria grow rapidly at pH 5.5-6.5 and 30-40 °C [36,126], but they can survive at a lower pH.
During FW fermentation without a pH control, the pH would decrease to lower than 4.0 along with
the accumulation of acidic products. This exceeds the tolerance range of most acidogenic bacteria.
Thus, LAB would dominate the system, and lactic acid would become the major product. After that,
a suitable environment (pH 5.5-6.5 and 3040 °C) can be provided to enhance the activity of LAB.
Feng, et al. [77] reported that the pH dropped gradually to 3.2 during semi-continuous FW fermentation
without specific strain addition and pH control, and lactic acid became the main product with the
concentration of 5.68 g/L at SRT 4 d, 35 °C, and OLR 11.8 g VS/(L-d), accounting for 86.5% of the total
products by mass. In a batch fermentation experiment of FW with TS 7%, the pH decreased to 3.2 + 0.4
naturally at 37 °C, and lactic acid concentration reached 13.98 g/L, which was 46% of the total soluble
COD [82]. Kim, et al. [127] found that 50 °C was the best temperature between 35 °C-55 °C with the
highest lactic acid yield of 1.59 mol/mol hexose without the extra inoculum addition at pH 5.0 + 0.1
and SRT 2 d. Tang, et al. [82] got lactic acid concentration of 30.4 g/L through adjusting pH to 6 every
12 h during a 240 h fermentation at 25 + 2 °C, while the pH-uncontrolled group’s lactic acid yield was
only 6.3 g/L. They also found that lactic acid yield decreased from 0.44 to 0.31 g/g TS when the OLR
increased from 14 to 22 g TS/(L-d) at SRT 5 d and 37 °C, because the high OLR increased the viscosity
of the fermentation broth and restricted the mass transfer. Similar to ethanol, undissociated lactic
acid can inhibit the activity of bacteria, and it should be removed from fermentation systems timely.
Separation and purification of lactic acid from fermentation broth are the major part of operational
expenditure for the biosynthesis of lactic acid [128].

3.6. Fermentation towards Other Products

In addition to the above products, FW can be used to produce many other metabolites through
oriented fermentation under different conditions.
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Propionic acid fermentation is often used to harvest propionic acid with acetic acid as the
by-product. Propionate’s price is 1500-1700 US $/t [101], and it is mainly used as a preservative
in feed, food and pharmaceuticals, and is incorporated in herbicides and polymer industries [129].
It can be also used as the carbon source for both denitrification and phosphorus uptake [130].
During fermentation, propionate comes in two ways: reduction of pyruvate with lactate as the
intermediate and transcarboxylase cycle [106]. Theoretically, 1 mol glucose could generate 2 mol
propionate (Equation (14)), but lots of anaerobic microbes would produce acetate as the by-product
when fermenting glucose to propionate (Equation (15)).

C6H12O6 + 2H2 i 2CH3CH2COOH + ZHzo (14)

3C¢H;,04 — 4CH;CH,COOH + 2CH;COOH + 2H,0 + 2CO, (15)

Yin, et al. [97] found that glycerol produced more propionate than glucose and peptone, and the
yields of propionate and VFAs were 0.254 and 0.510 g COD/g COD, respectively, at pH 6,30 £ 2 °C,
and ORP from —100 to —200 mV. Ren, et al. [131] reported that propionic acid fermentation occurred at
ORP -278 mV and pH 5.5. The ORP of —240 mV should be a critical value, and lower ORP can switch
propionic acid fermentation to butyric acid fermentation at pH 5.0 [132].

FW can be also used to produce butanol through acetone-butanol-ethanol (ABE) fermentation
(Equation (16)). Butanol is an important chemical precursor for paints, polymers, and plastics.
Global consumption of butanol is in the order of 2.9 million t, a $5.7 billion market, with a predicted
annual growth of 4.7% [133]. The main bottleneck of fermenting FW to produce butanol is its low
efficiency. Commercial enzymes are often used to enhance butanol production, but the high cost is a
problem. Clostridium sp. strain BOH3 was an effective strain, and the highest butanol reached 14.9 g/L
from 210 g/L FW after 122 h [134]. Huang, et al. [135] added C. beijerinckii P260 into a batch fermenter
for ABE fermentation with initial FW concentration of 81 g/L, and produced 18.9 g/L. ABE and 12.3 g/L
butanol during 41 h fermentation at 35 °C. Jiang, et al. [136] got the maximum ABE concentration at
pH 5.5 using Clostridium beijerinckii IB4. Li, et al. [137] found that up to 94% of the produced solvent
was butanol in the chemostat at pH 4.5.

C6H1206 i CH3CH2CH2CH20H + H20 + 2C02 (16)

Besides, Wang, et al. [138] used A. niger UV-60 for glucoamylase production through FW
fermentation, and produced the maximum glucoamylase of 137 U/mL at 30 °C and natural pH
after 96 h. Succinic acid, a precursor for many chemical substances with a production capacity of
30,000 t/y, can be obtained from the fermentation of FW, and the commonly used microorganisms include
Actinobacillus succinogenes, Anaerobiospirillum succiniciproducens, and recombinant Escherichia coli [139,140].
Fumaric acid, which is a four-carbon unsaturated dicarboxylic acid that has many potential industrial
applications, can be generated from FW fermentation, and Rhizopus is often added as an excellent
fumaric acid producer [141].

Different fermentation products and the corresponding conditions are concluded in Table 3.
Most fermentative microorganisms can live actively at a moderate temperature around 35 °C (such as
yeast, Lactobacillus, Clostridium) and a relatively short SRT of 2-8 d. Lower temperatures (<20 °C) would
limit microbial activity [142], and thermophilic condition (50-60 °C) can improve the metabolic rate but
worsen the stability of a fermentation system [143]. In addition, adding appropriate hydrolase or strains
can improve the efficiency of ethanol fermentation, lactic acid fermentation, and butanol production
though ABE. When no strains or inocula are added, environmental microorganisms colonized in raw
FW would push the fermentation system towards lactic acid fermentation.
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Table 3. Optimal conditions for food waste fermentation towards different products.

Products Inoculum pH Temperature OLR g/(L-d) ORP

mixed VFAs Mixed inoculation 5.5-11.0 Mesophilic Moderate -

Acetic acid Mixed inoculation 8.0-10.0 Mesophilic Low or Moderate  strict anaerobic

butyric acid Mixed inoculation 5.0-6.5 Thermophilic Moderate <=250 mV
Ethanol Mixed inoculation 4.0-4.5 Mesophilic Moderate ~0mV
Ethanol Yeast 4.5-5.5 20-35°C Moderate or High >-150 mV
Ethanol Zymomonas mobilis 5.0-5.5 30-35°C - -

Lactic acid lactobacillus 5.0-7.0 20-45°C Moderate —400-100 mV

Propionicacid ~ Mixed inoculation 5.0-5.5 Mesophilic High >-240 mV

Butanol Clostridium 4.5-6.0 Mesophilic - strict anaerobic

4. Processes and Reactors

Reactors play a key role in FW fermentation, and their configuration affects bioreaction efficiency
and determines the feasibility from laboratories to industrial application. In the literature [110,144-146],
the commonly used fermentation reactors include continuously stirred tank reactors (CSTR) and Leach
bed reactors (LBR), and the possible processes include single-stage fermentation (SSF), two-stage
fermentation (TSF), and electro-fermentation (EF), as shown in Figure 3.

Stir
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Figure 3. Common reactors for food waste fermentation (a) CSTR: continuously stirred tank reactors;
(b) LBR: leach bed reactors; (c) SSF: single-stage fermentation; (d) TSF: two-stage fermentation; and (e)
EF: electro-fermentation.

4.1. Continuously Stirred Tank Reactors

A CSTR refers to a tank reactor with stirring slurry, and it is the common bioreactor for FW
fermentation in laboratories and industries. CSTRs are ideal for mixing waste and microbes thoroughly
in the presence of suspended solids [144]. CSTRs have many advantages such as effective mass and
heat transfer, simple structure, low cost, and good operational stability. Kim, et al. [127] got 1.6 mol
lactic acid/mol hexose,qdeq in @ CSTR at 50 °C and SRT 1.0 d. Tang, et al. [82] obtained the highest lactic
acid yield of 0.46 g/g TS in a CSTR at pH 6 and 37 °C. Jiang, et al. [85] achieved a VFA yield of 0.316 g/g
VSteq when operating a CSTR in a batch mode at 250 rpm. CSTRs also have some challenges. Solids and
hydraulic retention times are equal in CSTRs, and microorganisms and materials are mixed and then
discharged together, including some undigested FW [147]. It is difficult to maintain high levels of
biomass at a short hydraulic retention time [148]. CSTRs are operated at low solid concentrations,
typically 5-10% TS. High-solid-content FW has to be diluted first for homogenization before feeding
into CSTRs, requiring extra energy and larger volume [149].
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4.2. Solid—Liquid Separation Reactors

Separating solid FW and liquid products is thought to be an efficient method of FW fermentation
as it makes SRT longer than the hydraulic retention time (HRT).

LBRs can achieve solid and liquid separation. A common LBR is equipped with a screen to
divide the reactor into the upper and lower parts. The solid part of the FW is trapped on the screen,
and the liquid produced from hydrolysis and acidification leaks to the lower part due to gravity [149].
LBRs have less energy intension than CSTRs due to the absence of continuous stirring, and they have a
smaller volume with a high solid concentration. The effect of LBRs relies on leachate recirculation from
the bottom to the top, and it can redistribute the available nutrients, buffer the system, and improve
microbial activity [105,150]. Xu, et al. [151] reported that FW fermentation produced 16.7 g VFAs at a
recycling rate of 50% with an equal volume of tap water back into the LBR. Xiong, et al. [152] reported
VEFA yields to be 600.92, 761.81, 686.15 g COD/kg VS,qdeq in an LBR at pH 6.0, 7.0, 8.0, respectively.
Micro-aeration [110] and the addition of rumen microbes [153] improved hydrolysis and acidification
in LBRs. Less homogeneity, easy clogging, and operational complexity are the main disadvantages of
LBRs [152]. LBRs are particularly difficult to operate continuously.

In addition to LBRs, some reactors can also achieve solid-liquid separation. Karthikeyan, etal. [147]
placed a non-corrosive cylindrical screen with 0.5 mm mesh size inside a CSTR to divide the reactor
into two concentric cylinders. FW was placed in the inner layer, and the liquid products flowed to
the outer layer. The ratio of soluble COD (sCOD) and total COD (tCOD) reached 60-80% at OLR
2 g VS/(L-d), pH 6.0, and HRT 15 d, and VFA concentration was 14-23 g/L with 45-50% of acetic acid.
Walker, et al. [154] used a drum as the fermenter with agitation bars fixed to the inside wall, and the
drum surface was partially covered with nylon mesh supported on stainless steel mesh. The drum
rotated on its horizontal axis to permeate filtrate, and the collected filtrate was partly returned to the
drum through a pipe. The reactor run successfully in the laboratory at the OLRs of 7.5 and 15 g VS/(L-d),
but its scale-up for field application was found impractical.

4.3. Single-Stage and Two-Stage Fermentation

During FW fermentation, hydrolysis can be carried out in the same reactor with acidogenesis or
in an individual reactor. The former process is named as a single-stage fermentation (SSF), and the
latter one is named as a two-stage fermentation (TSF) due to separate hydrolysis and acidogenesis.
During a TSF process, enzymatic hydrolysis and acidogenesis can be conducted at their respective
optimal conditions, but glucose accumulation in the hydrolysis step inhibits the activity of enzymes.
During an SSF process, glucose released by the action of hydrolase is converted timely by acid or
alcohol-producing bacteria, minimizing the end-product inhibition of enzyme activity, and the presence
of products in culture broth helps to avoid undesired microbial contamination. Thus, the rate of
saccharification and the total productivity are higher than those in TSF [145]. Maslova, et al. [155]
also found higher productivity of organic acids via SSF than TSF using the same substrate. SSF is the
popular process due to its higher overall yields and shorter treatment times, but it must overcome the
mismatch between optimal temperatures and pH for hydrolysis and acidogenesis.

4.4. Electro-Fermentation

An EF system is composed of a fermenter and electrodes inserted into the fermenter. After applying
a current, the fermentation environment can be controlled and optimized to obtain target products
with a higher purity [156]. In this system, electrodes provide a supplementary electron source or
sink. An anode is used to dissipate the excess electrons, when the final product is more oxidized than
the substrate, and a cathode works to supply electrons for a reductive product. Electric current is
not the product of interest nor the main energy source, but it is instead a trigger allowing specific
fermentation processes to occur under unbalanced conditions [156,157]. It can modify ORP and
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affect intracellular reduced/oxidized NAD balance, making fermentation pathways towards specific
end-products [158,159].

Three configurations can be used for EF reactors, including two-chambers/separated reactors,
single chamber/non-separated reactors, and packed and fluidized bed reactors [146]. A single-chamber
configuration is ideal if counter reaction products are compatible with the purity of the target products.
Otherwise, two chambers should be used to separate anodic and cathodic reactions. Carbon and
graphene materials are widely serviced as electrodes due to their high conductivity, good chemical
stability, and relatively low cost [160]. Mathew, et al. [161] conducted EF in a single chamber reactor
with carbon cloth electrodes at 15 V, and the ethanol yield reached 12.3% (v/v) after 24 h, which was
much higher than the value of 4.8% in the control reactor. Paiano, et al. [158] used a two-chamber cell
separated by a proton exchange membrane to ferment glucose using anaerobic sludge as the inoculum,
and a 4-fold higher concentration of n-butyric acid was found when the cathode was controlled at
—700 mV. Xue, et al. [162] connected two separate reaction tanks using a saturated salt bridge that filled
with agar containing saturated KCl solution, and this EF system of FW was operated using a mixture
of inoculum at 50 °C and pH 7.0. They found that lactic acid yield was 14.62 g/L without a voltage
application after 6 days, while it was 32.70 g/L when applying a 100 mV cathode voltage.

4.5. Additive Materials

Some additives can be used to enhance FW fermentation (Figure 4). The most used additives
are iron-based materials and carbon-based materials. The former includes zero-valent iron (ZVI),
iron oxide, and magnetite (including their Nano forms), and the latter mainly includes activated carbon
and biochar.
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Figure 4. Main mechanisms of iron-based materials and carbon-based materials in FW fermentation.

ZVI creates plenty of micro-electrolysis systems in fermenters, and causes rapid dissolution and
hydrolysis of particulate protein and carbohydrate [163]. ZVI can decrease ORP and provide a favorable
environment for fermentative bacteria, which are facultative or obligate and prefer low ORP [86,163].
ZVI can also increase the pH of fermentation systems through reaction with H*, and consequently can
improve the activity of enzymes. The released iron ions can improve the activity of pyruvate-ferredoxin
oxidoreductase, which is an enzyme located in the center of the fermentation pathway and is closely
related to the oxidative decarboxylation of pyruvate to acetyl-CoA during the production of acetic
and butyric acids [163]. Cao, et al. [164] reported that the acidification efficiency of FW was enhanced
obviously due to ZVI addition (10 g/L), and the abundance of Bacteroidetes increased, which is typically
proteolytic bacteria. Luo, et al. [163] found the yield of VFAs with 5.0 g/L nano ZVI was nearly six
times higher than that in the control.
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Iron oxides (Fe;O3, Fe3O4) generally act as the terminal acceptor of electrons during the
dissimilatory reduction of anaerobic respiration driven by dissimilatory iron-reducing bacteria,
promoting the degradation of complex organics, and promoting related enzyme activities with released
iron ions [165-167]. The enrichment of Fe(IlI)-reducing genera like Clostridium species can also enhance
the hydrolysis of FW. Zhao, et al. [166] found that soluble protein and carbohydrates increased 26%
and 33%, respectively, after adding 10 g/L Fe3O4, and simultaneously, protease and «-glucosidase
activity increased 63% and 27%. Zhao, et al. [167] found the acidification efficiency increased 80% with
25 g/L magnetite addition at the OLR of 21.2 g COD/(L-d), and the abundance of Ruminococcaceae and
Clostridiaceae increased by 30%. Zhang, et al. [168] also got a high proportion of iron-reducing bacteria
HN54 in a 2-L batch reactor with 60 g Fe,O3 powder.

Activated carbon is a popular carrier for microbial immobilization owing to its high surface area,
good mechanical properties, low toxicity, and inertness [86]. Xie, et al. [169] found the activities of
protease, dextranase, and lipase were promoted by activated carbon at a dosage of 0.5 g/L, and the
abundance of Proteobacteria, which can degrade organic compounds to acetic acid and other products,
increased significantly. Biochar is a low-cost carbonaceous material and has a high specific surface area
and a high microporosity. Biochar can not only function as a support carrier for microbial attachment
and biomass growth, but can also release inside trace metals and volatile matter to support the growth
of fermentative bacteria [86,170]. Duan, et al. [171] found that 1.0 g/L biochar addition decreased
the diversity of the bacterial community, and anaerobic VFA-generating Firmicutes and Bacteroidetes
increased while Proteobacteria was suppressed.

5. Products Separation and Recovery

The final products of FW fermentation are mostly mixed, and separation and recovery are required
to obtain a single target product. These downstream processes contribute to more than 60% of the
overall cost [172], including precipitation, distillation, extraction, adsorption, membrane separation
and so on. In some cases, coupling fermentation with product separation, instead of recovering
the products after fermentation, can remove products continuously and decrease product inhibition,
enabling higher yields [124].

5.1. Precipitation

Precipitation is a classical method for recovering organic acids, especially lactic acid and citric acid,
from fermentation liquid [172]. Fermentation liquid is filtered to remove impurities firstly, and then
precipitant is added to react with acids to form precipitates. The precipitates are filtered off and treated
with a high concentration of sulfuric acid to free the desired acid. It is the key to this method to find
proper precipitants. This method is highly selective and has a high product purity, but it consumes a
lot of chemicals for pH adjustment as well as extensive post-treatments [173].

5.2. Distillation

Distillation separates substances based on their different volatilities [174]. Most organic acids have
higher boiling points than water [172]. Direct distillation of lactic acid from crude fermentation liquid
at a normal temperature and pressure is unfeasible because lactic acid forms high boiling internal
esters as dimers and polymers, resulting in poor yields of lactic acid. Crude lactic acid is usually
esterified with alcohols, and the volatile esters can be removed by distillation [175]. If the concentration
of fermentation liquid is low, extraction can be carried out before distillation to avoid energy waste.
Kraemer, et al. [176] proposed a hybrid extraction—distillation process with a novel solvent mesitylene,
and they recovered butanol from ABE fermentation with less energy. The energy demand of this new
method is 4.8 M]/kg butanol, while the traditional method with oleyl alcohol for extraction needs
13.3 MJ/kg butanol. Haelssig, et al. [177] used a hybrid of distillation and pervaporation to recover
ethanol from dilute fermentation liquid to replace the column enriching and dehydration.
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5.3. Extraction

Extraction is used to separate compounds by their relative solubility in two different immiscible
liquids. A proper solvent for extraction should have a high distribution coefficient, selectivity,
biocompatibility, and an ability to cause phase separation [178]. Long-chain aliphatic amines are most
widely used for the recovery of carboxylic acids because of their low solubility in water and high
distribution coefficients for carboxylic acids [178]. Oleyl alcohol is one of the extracts used for butanol
separation because it possesses a good extraction ability and a relatively low toxicity to bacteria [179].
Diethyl ether, decanol, octanol, chloroform, hexane, and tertiary amines are used as conventional
solvent extractions of lactic acid, and amine-based complex solvent systems should be the most efficient
with the highest extraction yield of 90% [180]. Woo and Kim [181] extracted high-carbon-number
VFAs using nonyl acetate and low-carbon-number VFAs using hexyl acetate from a low-concentration
fermentation liquid. The recovery rate of products was 99% and the energy used was only 34% of
distillation or combined extraction and distillation. Hu, et al. [180] mixed fermentation liquid with ethyl
acetate under sonication for 10-15 min at room temperature, then extracted lactic acid by distillation of
ethyl acetate in a rotary evaporator at 40 °C and 2.5 kPa for 30-60 min, and got a recovery yield of
83.89%.

5.4. Adsorption

Adsorption is an energy-efficient process for separating products from fermentation liquid.
A product is adsorbed onto the surface of a suitable adsorbent and subsequently desorbed by increasing
the temperature and/or using displacers to produce a concentrated solution. Activated carbon,
polymeric resins, polyvinylpyridine, and zeolites are commonly used as adsorbents. Activated carbon
has a large surface area, high porosity, and rapid adsorption capability. Undissociated acids are
adsorbed onto weak or strong base polymer resins containing tertiary or quaternary amine groups,
and the adsorbed acid molecules are later eluted or desorbed with methanol, ammonia, or sulfuric
acid [178]. The presence of other anions, such as S04% and CI~, can significantly reduce the adsorption
efficiency due to competition for active sites on ion exchange resin [178]. Silicalite has a zeolite structure
with high 5i0,/Al,Os3 ratios and hydrophobic properties, and it is suitable to selectively adsorb small
organic compounds (C1-C5) from dilute solutions [179]. Yousuf, et al. [182] found that activated carbon
showed more affinity for VFAs, while weak basic anion exchange resin (Amberlite IRA-67) showed
more affinity for lactic acid. The recovery rate of carboxylic acid reached 74% for Amberlite IRA-67
and 63% for activated carbon at pH 3.3. Xue, et al. [183] conducted butanol fermentation with in-situ
adsorption of active carbon, and the total butanol production increased from 11.7 g/L in the control
to 21.9 g/L with active carbon because continuous adsorption reduced product inhibition. Thermal
desorption by heating the activated carbon column at 200 °C resulted in a solution containing 167.1 g/L
butanol, 20.5 g/L acetone, and 2.8 g/L ethanol. It is a challenge for adsorbents to avoid the dissipation
of adsorption capacity in repetitive use, which is mainly caused by particulates and lipids blocking
adsorption sites [173].

5.5. Membrane Separation

The membrane is a thin artificial or natural barrier, and it permits selective mass transport of solutes
or solvents across the barrier to achieve the separation [172]. Membrane separation processes include
microfiltration, ultrafiltration, nanofiltration, reverse osmosis, membrane distillation, pervaporation,
and electrodialysis, and they allow or hinder the passage of a certain substance with specific size
or chemical features [184]. Membrane distillation utilizes a non-wetting microporous membrane
that prevents the liquid solution from entering its pores. The driving force is the partial pressure
difference between each side of membrane pores, whereas the selectivity varies according to the
material properties, membrane characteristics, and operational conditions. Lewandowicz, et al. [185]
found that ethanol productivity with membrane distillation was almost two times higher than it
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was without membrane distillation after 30 h. Pervaporation makes use of dense membranes made
of swollen homogeneous polymers that render the membranes permeable. The driving force is a
low vapor pressure on the permeate side of the membrane, generated by cooling and condensing
the permeate vapor, and the selectivity depends on the affinity of some specific components of a
mixture to the membrane material [185]. Zhang, et al. [186] used polydimethyl-siloxane membranes to
pervaporate FW fermentation liquid and the ethanol concentration increased from 3-5% to 17-25%.
Electrodialysis is a hybrid process of membrane separation and electrochemical interaction, and it
can separate ions from a solution forced by an electrical potential difference between cation- and
anion-exchange membranes [173]. Bak, et al. [173] separated 81.6% VFAs from FW fermentation using
electrodialysis at 10 V, and the purity of VFAs in the concentrate reached 95.8%. Kim, et al. [127]
recovered high-purity lactic acid from the fermented liquid through removing more than 90% of mineral
ions and 84% of glucose by the combined process of nanofiltration and water-splitting electrodialysis.
To prevent membrane fouling, membrane cleaning is necessary, and extensive pretreatments for the
removal of particulates are also helpful.

6. Conclusions

FW is rich in easily degradable organic matter and has a great potential for resource recovery.
Fermentation is a promising treatment method with a short cycle, stable operation, and diverse
products. According to the main fermentation products, fermentation can be divided into mixed acid
fermentation, butyric acid fermentation, acetic acid fermentation, ethanol fermentation, lactic acid
fermentation, and others. The metabolic pathways and fermentation products are determined by
inoculum, pH, ORP, OLR, nutrients, etc. Without artificial control, FW fermentation tends to lactic
acid fermentation because of natural microbial breeding during collection, transportation, and storage.
For mixed inoculation without pH control, FW fermentation also tends to lactic acid fermentation
because LAB survives from extremely low pH and most of other fermentative bacteria are suppressed.

CSTRs and LBRs are commonly used for oriented fermentation. CSTRs have good mass and
heat transfer, but need a relatively low solid concentration. LBRs can separate hydraulic retention
time and solid retention time, relying on leachate recirculation, but they must solve the problem of
easy clogging. CSTRs have been widely used on the industrial scale, while LBRs are difficult for
continuous operation. During fermentation, hydrolysis and acidogenesis can be carried out together
in a single-stage fermentation (SSF) process for simple operation and high productivity, or can be
physically separated in the two-stage fermentation process (TSF) for accurate control and high purity.
Electrodes can be introduced into fermenters to adjust ORP and provide an electron source or sink,
influencing the yield of the target products.

For industrialization of FW fermentation, downstream processes including product separation
and recovery are important due to their high cost. Precipitation, distillation, extraction, adsorption,
and membrane separation are the most common methods. Although these technologies are mature in
chemical engineering, they need further improvement when used in FW fermentation. They consume
a large amount of chemicals and energy and need extensive post-treatments. Future researchers should
focus on green strategies for product recovery.
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