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Abstract: In recent years, interest in the biorefinery concept has emerged in the utilization of volatile
fatty acids (VFAs) produced by acidogenic fermentation as precursors for various biotechnological
processes. This has attracted substantial attention to VFA production from low-cost substrates
such as organic waste and membrane based VFA recovery techniques to achieve cost-effective and
environmentally friendly processes. However, there are few reviews which emphasize the acidogenic
fermentation of organic waste into VFAs, and VFA recovery. Therefore, this article comprehensively
summarizes VFA production, the factors affecting VFA production, and VFA recovery strategies
using membrane-based techniques. Additionally, the outlook for future research on VFA production
is discussed.

Keywords: biorefinery concept; value-added; membrane-based technology; volatile fatty acid recov-
ery

1. Introduction

The increase in global population size, economic growth, and urbanization devel-
opment has led to massive generation of organic waste, often including sewage sludge
(SS) from wastewater treatment plants, municipal solid waste, and animal manure (AM).
This causes unsanitary conditions that affect human health and exacerbates environmental
pollution worldwide. Disposal methods, such as landfill composting and combustion, are
limited by the availability of disposal sites, greenhouse gas emissions, and high energy
consumption [1]. Organic waste is rich in organic and inorganic nutrients, is highly accessi-
ble, cost-effective and has a high moisture content [2]. Thus, is it considered as a potential
substrate for bioenergy and biochemical production by anaerobic digestion. There are four
independent metabolic reactions conducted by a mixed microbial community in anaerobic
digestion process: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Mixed
microorganisms decompose organic matter into low-molecular-weight intermediates, such
as volatile fatty acids (VFAs) and hydrogen in the acidogenesis stage, and methane in
the methanogenesis stage [3]. Interest in these intermediate compounds, especially VFAs,
has recently increased because they have been recognized to have more applications than
methane [4]. Moreover, the market value of VFAs for 1 ton of biomass (USD 150) is
estimated to be much higher than that of methane (USD 31) [5,6].

VFAs are low-molecular-weight carboxylic acids containing two to six carbon atoms.
To date, VFAs are mostly produced from conventional chemical processes (such as methanol
carbonylation, oxidation of propane, and oxidation of butyraldehyde) using petrochemi-
cals as raw materials [7,8]. However, these processes are highly energy-intensive and use
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non-renewable sources, making them economically and environmentally less attractive. It
has been reported that greenhouse gas (GHG) emissions from the production of acetic acids
in the petrochemical industry released 3.3 t-CO; ¢q/t from the cradle to the grave [7]. There-
fore, VFA production by biological routes from organic waste is gaining attention because
of its economic and environmental advantages. VFAs, including acetic acid, propionic acid,
butyric acid, caproic acid, and valeric acid, are produced as the final products of acidogenic
fermentation in the anaerobic digestion process. These compounds are reported to be the
most critical precursors in the biorefinery concept. They can be directly or indirectly used
as carbon sources for biological nutrient removal from wastewater [5] or as precursors to
synthesize high-value-added products, such as bioplastics [9] and biodiesel [10].

Acidogenic fermentation employs an undefined mixed culture that is easy to handle
under non-sterile conditions and can use a broad spectrum of substrates. However, it is
necessary to be attentive to the process and operational parameters to maximize the VFA
production. For example, the optimal organic loading rate (OLR) for acidogenic fermenta-
tion of organic waste is reported to be in the range of 2-15 g-volatile solid (VS)/L-day [3,8].
Hydraulic retention time (HRT) should be maintained for a short period to inhibit slow-
growing methanogenic microorganisms [8]. In addition, the acidogenic fermentation of
carbohydrate-rich substrates (e.g., food waste (FW) and agricultural residues) must be
conducted under acidic and neutral pH ranges [11,12], whereas SS and AM prefer an
alkaline pH range [4,5].

Although several studies have investigated the process and operational parameters
of VFAs production, the process cannot be easily scaled up to the pilot-scale because of
limitations in the recovery of the produced VFAs [7]. The challenges in VFA recovery
include: (1) processing cost, which accounts for approximately 30-40% of the total pro-
duction cost, (2) the mixture complexity of fermentation broth, and (3) VFAs with low
concentration in the fermented stream [5,13]. Furthermore, the presence of suspended
solids including cells and inorganic precipitates in real fermentation broth might hinder
mass transfer coefficients of the VFA recovery step. Therefore, these fermented streams
require a solid removal step to improve the efficiency of the recovery process [14]. Various
techniques have been applied for VFA recovery, including liquid-liquid extraction [15],
adsorption [16,17], membrane contactors [18], membrane reactors [19,20], electrodialy-
sis [21,22] and membrane pervaporation [13]. Among them, membrane-based recovery
appears to be a more promising technology than other techniques because of its economic
and environmental potential [5,7,14].

This paper provides a comprehensive review of the production of VFAs from organic
waste, factors influencing acidogenic fermentation, with the emphasis on the use of mem-
brane based VFA recovery techniques to make acidogenic fermentation more economically
feasible and environmentally benign. In addition, the advantages and disadvantages of
membrane based VFA recovery techniques are summarized. Finally, potentially important
ideas regarding the ongoing development of this technology are highlighted.

2. Types of Organic Waste

The organic waste is typically defined as waste composed of biomass rich in organic
matter derived from renewable sources [23,24]. It includes mainly agricultural waste (e.g.,
AM, rice straw, wheat straw, corn stalk, fruit peels, and fallen leaves), industrial waste
(e.g., palm oil mill effluent, SS, cheese way wastewater, rapeseed oil cakes), and municipal
solid waste (e.g., FW, household waste, wastepaper). The biomass of the organic waste is
abundant, cheap, and does not compete with food production. Among them, FW, SS, and
AM are the three major organic waste products that have been studied for their potential as
substrates to produce VFAs by acidogenic fermentation (Table 1). Some of the organic waste
comprises a proportion of lignocellulosic materials that can hinder microbial degradation.
Thus, an initial pretreatment can lose the recalcitrant structure and accelerate solubilization
before acidogenic fermentation is required [25]. Additionally, the use of waste substrates
has major drawbacks. Organic waste containing mixed microflora may also consist of
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VFA consuming bacteria, such as methanogenic bacteria [3] or other microorganisms that
compete with VFA production in terms of nutrients and substrate uptake rate, such as
lactic acid bacteria [26]. Methanogenic bacteria should be inhibited as much as possible.
Several methods for inhibiting methanogenic activities have been developed, such as the
addition of chemicals, physicochemical treatment, and the application of heat [25,27].

FW is defined as fractions of food and inedible parts of food removed from the food
supply chain [28]. There are four main types of FW related to edibility categorized by food
type for bin digs. These include inedible parts of all types of food, edible foods of one
food type, edible foods comprised of multiple food types, and unidentifiable foods [29].
Generally, the amount of FW generated is proportional to the level of local social and
economic growth. The yield of FW is 0.26-0.32 kg/day per capita in Europe and North
America, but only 0.02-0.03 kg/day in Africa and Southeast Asia [1]. FW has various
characteristics because of the different food cultures in each region [30]. Normally, FW
contains a high amount of biodegradable organic content, moisture, and trace elements.
FW serves as a suitable substrate for acidogenic fermentation according to its chemical
compositions. The major organic compounds in FW are carbohydrates (41-62%), proteins
(15-25%), lipids (13-30%), and a considerable amount of nutrients. The carbon to nitrogen
(C/N) ratio varies between 9 and 32, depending on the protein content of the FW [1]. The
challenge of using FW as the feedstock for VFA production is to effectively separate FW
from municipal solid waste because it contains many inert materials, such as plastic bags,
eggshells, bones, aluminum cans, grit, and broken glass [8]. In this case, source separation
or establishing a material recovery center to isolate the organic fraction of municipal solid
waste may be a solution, but it would require a high level of public cooperation, which is
not easy to achieve [31].

SS is waste generated in the activated sludge process, commonly used for wastewater
treatment [32]. The disposal of SS has become a serious problem because of the large
amount of SS produced annually. It has been reported that 7.8 and 13 million tons of dry
sludge were generated in China in 2019 [33] and EU countries in 2020 [34], respectively.
Additionally, the disposal of such massive amounts of SS is costly, accounting for up to
60% of the overall operating costs of wastewater treatment plants [35]. SS contains high
levels of organic matter, making it an ideal renewable substrate for acidogenic fermentation.
SS components, including microorganisms and extracellular polymeric substances (EPS),
account for approximately 60% on a dry basis, followed by inorganic particles (e.g., silicates
and metals), pathogens, and water (63-99%) [32]. SS has a VS to total solid (TS) ratio of 0.75,
total chemical oxygen demand (tCOD) of 19.7 g-COD/L, total proteins of 8063 mg-COD/L,
and total carbohydrates of 1524 mg-COD/L [36,37]. However, the soluble COD (sCOD) of
SS is 10-100 times lower than its tCOD. Consequently, the rate of hydrolysis is impeded.
Thus, a pretreatment step such as ultrasonication, hydrothermal and acid-alkaline pre-
treatment is needed to improve the production of VFAs from SS [31,38]. For example,
hydrothermal pretreatment was found to significantly improve the biodegradability of SS
in which the highest biodegradability of 56% was attained when SS was hydrothermally
pretreated at 170 °C for 30 min. The biodegradability of hydrothermal pretreated SS was
36% higher than untreated SS [39].

AM is another organic waste that is widely used for VFA production. AM is typically
livestock waste generated in large quantities in two forms, i.e., liquid manure (animal ex-
crement mixed with water used for cleaning the concrete floor in an animal stall) and solid
manure (a mixture of manure and urine of animals) [40,41]. Variation in the physicochem-
ical properties of AM has revealed that the composition of manure is highly dependent
on animal feed [42]. AM typically has a low C/N ratio (9-19), high buffering capacity,
and high biodegradability [43,44]. It contains a VS/TS ratio ranging between 0.65 and
0.90 [40,43]. Compared to FW and SS, fewer studies have investigated the use of AM for
VFA production because of the high level of ammonia (9.5-28 g/L), which is toxic to most
microorganisms [19]. The remaining part of AM (mostly dietary fiber) is digested through
the animal digestive tract. As a result, it is highly recalcitrant to enzymatic hydrolysis
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in acidogenic fermentation, which means that the pretreatment of AM is required [42].
A suitable pretreatment method for AM is highly dependent on its compositions. AM
with high fiber contents and stone should be mechanically pretreated with, e.g., thermal
and ultrasonic pretreatment prior to any other pretreatment. Alkaline pretreatment is
appropriate for AM with high lignin contents [45]. For instance, Cristina et al., (2008) [46]
reported that sCOD of swine manure was increased by 57% and 32% after applying alkaline
(1 M NaOH) and thermal (170 °C for 30 min) pretreatment, respectively.

Production efficiency of VFAs is different and based on operational parameters (such
as pH, temperature, and OLR), type of substrate, and microbial population. FW usually
has a higher soluble organic content and digestibility than SS, resulting in higher VFA
production. Co-digestion with various organic wastes results in higher VFA production.
For instance, co-digestion of FW and SS produced the highest VFA yield of 0.87 g-COD/g-
VS without pH control [47]. Most studies have focused on short-term VFA production
operation with a maximum fermentation period of 30 days [47]. However, Agyeman
et al. (2020) [48] investigated the production of VFAs in long-term operation mode by
co-digestion of FW and SS and found that the operation time affected the type of dominant
VFA, and the VFA production yield and rate. Overall, it is still unclear which types of
waste biomass are the most suitable for VFA production because of different operational
conditions and evaluation criteria in each study. Apart from the characteristics of waste
biomass, the availability of waste should also be considered to ensure that waste is sufficient
for acidogenic fermentation [31].

Table 1. Various organic waste as the substrate for acidogenic fermentation.

. . o, VFA VFA Composition
Organic Waste Operational Condition Production Acetic Acid Propionic Acid  Butyric Acid Others Ref.
. Batch reactor, pH 6, 37.5 °C, Si1 0.793
Citrus waste ratio of 1:1 fermentation 14 days g-VFAs/g-VS 400 53 183 36.4 (4]
Potato peel Batch reactor, pH 7, 37 °C 0.632
waste fermentation time 5 days g-COD/g-VS 458 285 242 15 [50]
Semi-continuous immerged 054
Food waste membrane reactor, OLR VE A-s /o-VS 20-30 3-10 14-23 35-65 [51]
2 g-VS/L-day, pH uncontrolled & &
Leach bed reactor, pH 7, 22 °C, 065
Food waste S:I ratio of 25:1 fermentation ’ 279 12.9 33.7 25.5 [52]
. g-COD/g-VS
time 6 days
Semi-continuous anaerobic
membrane bioreactor, pH 041
Cow manure uncontrolled, OLR 4.7 VE A's /o-VS 53-89 4-15 1-12 - [19]
g-VS/L-day, fermentation time & &
114 days
. Batch reactor, pH uncontrolled,
Chicken 37 °C, Sil ratio 3:1, feremtnation 0-53 80-90 10-15 - - (53]
manure . g-VFAs/g-VS
time 35 days
Waste Semi-continuous reactor, S:I 0.327
activated ratio 2:1, 35 °C, fermentation _CO'D /o-VS 25-43 8-33 11-50 14-34 [54]
sludge time 12 days & &
ac‘:c\i]iii d Semi-continuous reactor, pH 11, 0.358 B } B ) [55]
fermentation time 120 days, g-VFAs/g-VS o
sludge
Waste Batch reactor, pH 9, S:I ratio 1:1, 052
activated 55 °C, fermentation time VE A's /-VS 53 10 10 27 [56]
sludge 10 days & &

3. Acidogenic Fermentation

During acidogenic fermentation of organic waste, organic matter, such as carbohy-
drates, proteins, and lipids, are first hydrolyzed to their soluble form, which leads to an
increase in the sCOD; this is the so-called hydrolysis step. Soluble organic matter (such
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as sugar amino acids and fatty acids) is rapidly fermented to pyruvate through glycolysis
and finally to VFAs with hydrogen, carbon dioxide amount of alcohol as by-products in
the acidogenic step [50]. The reactions take place in the digester, where the activity of
methanogens is suppressed to prevent the utilization of VFAs to produce biogas. There
are several methods for this, including changing the operational factors (e.g., shortening
the reaction time, adjusting pH and food to microorganisms (F/M) ratio) to increase the
activity of acid-fermentation bacteria [7,57], use of an inhibitor (e.g., carbon monoxide,
2-bromoethanesulfonate (BES), 2-mercaptoethanesulfonate (MES) to inhibit methanogen
activity [49,58] and use of substrate pretreatment to inhibit the methanogens present [59].

The most common VFAs produced during acidogenic fermentation are acetic acid,
propionic acid, butyric acid, and valeric acid. The properties of these acids are shown in
Table 2. They are potential renewable carbon sources in a variety of biological processes,
such as biopolymer formation, biological nutrient removal, and creation of bioenergy,
and have a wide range of applications, such as food additives, pharmaceutical products,
cosmetics, and chemical precursors [59,60]. In general, the distribution of fermentation
products reflects prevailing metabolic pathways [61]. This could be explained by different
metabolic pathways caused by the development of the microbial community when envi-
ronmental conditions, such as pH and temperature, are different, which leads to different
fermentation types [51,62]. Based on the main product produced during the fermentation
process, acidogenic fermentation is generally classified as the acetate-ethanol, propionate,
butyrate, mixed-acid, or lactate type. (Figure 1)

Table 2. VFAs properties [63].

Molecular Density
VFAs. Molecular Formula Weight (g/mol) (g/cm®) pKa
Acetic acid CH;3COOH 60.05 1.05 4.76
Propionic acid CH3CH,COOH 74.08 0.99 4.88
Butyric acid CH;3CH,CH,COOH 88.11 0.96 4.82
Valeric acid CHj3(CH,);COOH 102.13 0.93 4.84

Caproic acid CHj3(CH,),COOH 116.16 0.94 4.88
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Figure 1. Metabolic pathway of acidogenic fermentation, modified from [64].

Acetate can be produced from the acetyl-CoA pathway or the syntrophic oxidation
of ethanol or long-chain fatty acids. Ethanol can be produced by converting pyruvate
by pyruvate decarboxylation to acetaldehyde and its subsequent acetaldehyde reduction
to ethanol. During ethanol production, acetone and butanol can be produced by some
genera of Clostridia, such as Clostridium acetobutylicum, which is called acetone-butanol-
ethanol (ABE) fermentation [65,66]. Propionate is produced by two distinct pathways.
In pyruvate catalyzation, lactate is produced by lactate dehydrogenase, and lactate is
then reduced to propionate by the action of propionate dehydrogenase and propionate
production through the trans-carboxylate cycle. Butyrate is produced through the Embden-
Meyerhof-Parnas (EMP) pathway that converts glucose to pyruvate before conversion
to butyryl-CoA with acetoacetyl-CoA, 3-hydroxybutyryl-CoA, and crotonyl-CoA as in-
termediates, and then sequentially by the catalysis of thiolase, 3-hydroxybutyryl-CoA
dehydrogenase, and butyryl-CoA dehydrogenase. Then, butyryl-CoA is converted into
butyrate by phosphotransbutyrylase and butyrate-kinase enzymes [64,66]. For lactic acid
fermentation, pyruvate produced from glycolysis is converted into lactate by lactate de-
hydrogenase. Lactate production can be classified into two types based on the products:
homolactate fermentation (one mole of glucose is converted into two moles of lactate)
and heterolactate fermentation (acetate or ethanol are produced as co-products in the
system) through the phosphoketolase pathway and bifidus pathway [64,67]. Another type
of metabolic pathway that can occur in acidogenic fermentation is mixed-acid fermentation.
In mixed-acid fermentation, microbials use two or more different metabolic pathways to
convert pyruvate into several fermentation products. There are no dominant VFAs in the
fermentation products. Generally, acetic acid, propionic acid, and butyric acid are present
in relatively high concentrations, while other products, such as lactate and ethanol are
present in low concentrations [66].
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4. Factors Affecting Acidogenic Fermentation

Because VFA production through acidogenic fermentation uses mixed microbial
culture, various factors such as pH, temperature, inoculum, HRT, and OLR play a key
role in VFA production yield and soluble metabolite distribution. These factors must
be optimized to significantly improve the production efficiency and achieve selective
production of specific VFAs while reducing the cost and saving energy consumed in the
process.

41.pH

pH is one of the most important parameters affecting VFA production, yield and
composition because it regulates the activities of different microbes involved in acidogenic
fermentation. The pH level in the reactor affects the rate of hydrolysis, which is charac-
terized by changes in sCOD [68]. Hydrolysis is well known to be the rate-limiting step of
anaerobic digestion. Therefore, sCOD is very important because it shows the number of
soluble substances that can be converted into VFAs. Wang et al. (2014) [69] observed that
sCOD produced at pH 4 and uncontrolled pH was higher than that produced at pH 5 and
pH 6 during VFA production from FW. However, most microorganisms cannot survive in
extremely acidic (pH = 3) or alkaline (pH = 12) conditions; thus, it is necessary to maintain
an optimal pH for inducing acidification depending on the type of wet waste and acids of
interest [60]. Previous research reported that the highest VFA yield was achieved under
slightly acid-neutral conditions (pH 5.5-7.0). Yin et al. (2021) [53] found that the highest
VFA yield of 0.53 g-VFAs/g-VS was achieved at pH 7.7 and conditions with heat-shocked
inoculum, substrate pretreatment, and a substrate to inoculum (S:1) ratio of 6 using chicken
manure as the substrate. Similarly, Cavinato et al. (2017) [70] found that the production of
VFAs from co-digestion of cow manure and maize silage was highest at pH between 5.5
and 6.5. In contrast, few studies have suggested that alkaline pH (pH 9-11) is effective in
VFA production from waste biomass [53,71]. For example, the effect of pH on FW fermen-
tation for VFA production was investigated by Khatami et al. (2021) [71]. They found that
the highest VFA concentration from acidogenic fermentation of FW was obtained under
alkaline pH conditions (pH 10). Another study conducted by Dahiya et al. (2015) [72]
showed that the degradation efficiency of soluble proteins and fats under alkaline and
neutral conditions was higher than that under acidic conditions and suppressed the growth
of acid consumer bacteria. The highest VFAs production from anaerobic digestion of FW
was obtained at pH 10 (6.3 g/L) followed by pH 9 (5.1 g/L), pH 6 (4.5g/L), pH5 (4.2 g/L),
pH7 (4.1g/L), pH8(3.8g/L), and pH 11 (3.5 g/L). According to the literature, alkaline
pH conditions seem to be more favorable for improving VFA production from anaerobic
digestion of sludge [73,74] while a pH range between 5.5 and 6.5 was suggested for VFA
production using FW and other waste biomass.

pH not only plays a significant role in the synthesis of VFAs but also influences VFA
composition. Acidogenic fermentation of VFAs using FW as a substrate was conducted
by Jiang et al. (2013) [68]. The authors observed that the VFA composition in reactors
with uncontrolled pH and at pH 5 was dominated by acetic acid, followed by butyric acid
and propionic acid. When the pH was controlled at 6.0 or 7.0, butyric acid became the
main product, followed by acetic acid, propionic acid, and valeric acid. Ye et al. (2018) [75]
reported that a pH level of 6.0 was optimal for producing VFAs in which concentrations
of butyric acid and acetic acid were dominant, whereas pH 8.0 increased propionic acid
production. A previous study by Gameiro et al. (2016) [76] reported that the formation of
propionic acid was favored at a pH higher than 6.5. However, the accumulation of VFAs
will trigger a drop in pH. When the pH drops below the pKa value of the VFAs, most
of the VFAs will be changed into the undissociated form. These undissociated acids can
easily pass through the cell membrane and dissociate inside the microbial cell, causing
imbalanced energy production in the cell, inhibiting cell activity [49]. Lu et al. (2020) [50]
found that butyric acid was the main product under an acidic pH (pH 5.0 and uncontrolled
pH), whereas acetic acid was the dominant product under neutral-alkaline pH (pH 7.0 and
pH 11.0). The author further reported that the enzymatic activities of acetate kinase and
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butyrate kinase were slightly inhibited at pH 5.0 and 11.0, resulting in relatively low VFA
production. Furthermore, Agyeman et al. (2020) [48] demonstrated that the composition of
the VFAs obtained from the digestion of organic waste in a batch reactor with an initial
pH of 5 (acetic acid, propionic acid, and caproic acid) differed from that obtained from
a semi-continuous reactor with pH controlled at 5 (caproic acid, acetic acid, and butyric
acid). Therefore, controlling the operational pH must be considered to obtain a high VFA
production efficiency and selectively produce acid during long-term continuous operation.

4.1. Temperature

In addition to pH, temperature is a key parameter in the acidogenic fermentation
of waste biomass because of its role in microbial growth, metabolic pathways, enzyme
activity, and hydrolysis rate [74,77]. Additionally, the microbial population and rate
of hydrolysis are highly affected by changes in operational temperature [70,76]. Jiang
et al. (2013) [68] found that higher solubilization of FW was obtained at a thermophilic
temperature. Furthermore, acidification decreased as temperature increased, which was
in line with the results from He et al. (2012) [78], who found that the rate of hydrolysis
was proportional to the increase in temperature because of a physicochemical effect at
higher temperatures. However, an increase in VFA production is only possible when
the optimum temperature for bacterial growth is met because many acidogens cannot
survive at high temperatures. Additionally, VFA production from FW at psychrophilic
temperatures was investigated by Komemoto et al. (2009) [79], who observed that the
substrate consumption and sCOD released by the reactors at low temperatures (15 °C) were
the lowest, while the maximum substrate consumption and solubilization rate was attained
under mesophilic conditions (35 and 45 °C). From these findings, it can be concluded that
the optimum temperature for VFA production in the mesophilic range is appropriate for
substrate uptake by microorganisms. The rate of substrate solubilization can be accelerated
by increasing the fermentation temperatures. However, at temperatures above 55 °C,
microbial activity is inhibited.

The composition of VFAs is affected by temperature, although slightly lesser than
pH [31]. Jiang et al. (2013) [68] reported that acetic acid and propionic acid were the most
prevalent soluble products at 35 °C and 45 °C, accounting for approximately 70%. Butyric
acid was the main product at 55 °C, accounting for 81%. Similar results were reported
by Aguirre et al. (2017) [80], who found that a mixture of acetic acid and propionic acid
was favored at 35 °C. When the temperature was further increased to 55 °C, butyric acid
became the main product. Conversely, Hao and Wang (2015) [81] investigated the effect
of fermentation temperature on VFA production from sludge by anaerobic fermentation.
The authors reported that the percentages of acetic acid and valeric acid were higher
at thermophilic temperatures (55 °C) than at mesophilic temperatures (35 °C), whereas
propionic acid and butyric acid decreased, which is consistent with the results reported
by Zhang et al. (2009) [82]. These contradictory results might be attributable to the initial
inoculum seed and various physicochemical factors that influence microbial dynamics.

4.2. Inoculum

The type of inoculum can affect the VFA composition when a complex substrate is used.
Most studies have performed acidogenic fermentation using anaerobic digestate /sludge
as a seed inoculum because of the presence of acidogenic bacteria compared to other
inoculums, such as aerobic sludge [83]. Furthermore, some studies have reported that
the desired acid composition might be produced by selecting the inoculum type. Wang
et al. (2014) [69] studied the effect of different mixed microbial cultures between anaerobic
sludge and aerobic sludge on VFA production from FW at various pH values (4, 5, 6, and
uncontrolled pH) in batch fermentation mode. They found that anaerobically activated
sludge produced almost double the amount of VFAs (0.918 g-VFAs/g-VSS) compared to
aerobically activated sludge (0.482 g-VFAs/g-VSS). In addition to the type of inoculum, VFA
production is influenced by inoculum pretreatment, as illustrated by Blasco et al. (2020) [84].



Fermentation 2021, 7, 159

9 of 23

They concluded that two inoculum pretreatments (thermal and freeze-thaw pretreatment)
influenced the microbial community, resulting in a change in VFA composition and thermal
pretreatment was the most effective inoculum pretreatment.

Acclimation of inoculum was favorable for achieving a higher VFA yield. Lukitawesa
et al. (2020) [3] investigated the role of inoculum acclimatization by comparing the first
reactor that was inoculated with the inoculum that had been fed with a high substrate
loading for 14 days to the second reactor, which was inoculated with fresh inoculum. In
comparison with fresh inoculum, acclimatization inoculum increased VFA production
by approximately 35-fold. This implies that acclimatization of the inoculum can shift
the microbial community to VFA production. In another study, Zhang et al. (2017) [85]
reported that the acclimatization of inoculum could enrich Firmicutes (90%), followed
by Bacteroides (12%) and Cloacimonetes (11%). The abundance of these phyla and their
corresponding genera confirmed their preeminence in increasing the efficacy of acidogenic
fermentation.

AM has been used as an inoculum for acidogenic fermentation. For instance, Tampio
et al. (2019) [4] achieved a VFA production yield of 0.43 g-VFAs/g-VS added from acido-
genic fermentation of FW with cow manure as an inoculum. Similar results were obtained
by Jomnonkhaow et al. (2021) [19], who found that cow manure could be used as both
substrate and inoculum to provide the maximum VFA production yield of 0.4 g-VFAs/g-
VS.dded- Furthermore, they found that cow manure has a high buffering capacity, leading
to a very stable fermentation process, although the pH was not controlled throughout the
process.

4.3. HRT

HRT can be described as the average time organic matter remains inside the reac-
tor [56]. HRT is the inverse of the dilution rate (D), which is directly proportional to the
maximum microbial growth rate (itmax). Fast-growing microbes can be actively sustained
in bioreactors at high D or short HRTs [51]. In batch fermentation, the maximum VFA yield
is typically achieved in 4-10 days [86-88]. Previous studies that conducted acidogenic
fermentation in a continuous and semi-continuous mode showed that 3 days of HRT is
required to achieve the maximum VFA yield, indicating that a short HRT can enhance
acidogenic fermentation. Conversely, the highest VFA concentration (43.8 g-VFAs) was
obtained at an HRT of 41 days when brewer’s spent grain (without any pretreatment) was
used as substrate in long-term fed-batch acidogenic fermentation [89]. This suggests that a
high HRT is advantageous for acidogenic fermentation of recalcitrant substrates because it
allows sufficient contact time between microorganisms and the substrate. However, a very
high HRT promotes the activity of slow-growing methanogens. An HRT of approximately
8-20 days is typically needed as a minimum HRT for methanogens. Thus, keeping HRT for
a shorter period would drastically wash out methanogens [51,90]. Additionally, Strazzera
et al. (2018) [74] revealed that acetic acid was the main product under a short HRT, whereas
propionic acid was the predominant product under a higher HRT. This depended essen-
tially on the substrates; some studies demonstrated that high molecular VFAs, such as
valeric acid and caproic acid, were increased with an increase in the protein content of
the substrate [48,56,91]. Previous studies found that the HRT varied based on the type
of substrate and operating conditions. Moreover, it should be noted that a higher HRT
requires a larger reactor, which is linked to higher functional costs [90].

4.4. OLR

OLR is the amount of organic matter fed per working volume of the reactor per
day [8,77]. According to the literature, the recommended OLR for acidogenic fermentation
ranges from 2 to 8 g-VS/L-day [77]. Additionally, the TS content increased with an increase
in OLR, resulting in a higher organic content that could be converted into VFAs. However,
a higher TS content beyond a certain level inhibited further degradation of organic matter,
leading to a lower yield of VFAs [51,92]. It has been reported that increasing the OLR leads
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to a higher accumulation of VFAs and a subsequent decrease in pH, resulting in a low VFA
production rate and yield [93]. Lukitawesa et al. (2020) [20] studied the effect of OLR on
the acidogenic fermentation of pretreated citrus waste in a semi-continuous reactor. They
observed that a maximum yield of VFAs of 0.84 g-VFAs/g-VS was obtained at an OLR of 4
g-VS/L.day. A further increase in OLR of up to 8 g-VS/L-day caused a sharp decrease in
the yield of VFAs to 0.55 g-VFAs/g-VS. This indicates that an increase in OLR may cause
the medium viscosity to increase, reducing heat and mass transfers, and consequently, the
substrate conversion into VFAs [19,51]

Additionally, previous research has reported that the total ammonia nitrogen con-
centration gradually increases with an increase in OLR because of the biodegradation of
nitrogenous organic matter by Stickland fermentation [48]. As long as the concentration of
ammonia nitrogen does not exceed the inhibition limit according to the literature (above
3 g/L ammonia nitrogen), ammonia nitrogen can be neutralized with VFAs, allowing pH
to be stabilized during fermentation [94].

4.5. S:I Ratio

In batch fermentation systems, the conversion rate and efficiency of organic waste into
VFEAs largely depend on the OLR, which affects the S:I ratio. According to the literature,
an S:I ratio from 1:1 to 1:6 can lead to higher VFA yields for acidogenic fermentation of
protein-rich and less degradable substrates, such as SS and pig manure. Holliger et al.
(2016) [95] recommended that an S:I ratio of less than or equal to 1:1 should be applied to
a less biodegradable substrate. Furthermore, it has been reported that increasing the S:I
ratio can lead to the accumulation of VFAs and ammonium in the reactor [96]. However,
Yin et al. (2021) [53] investigated the effect of the S:I ratio on VFA production from chick
manure by acidogenic fermentation. They observed that the VFA yield increased with
an increasing S:I ratio. The maximum VFA yield of 0.53 g-VFAs/g-VS was achieved at
S ratio of 6:1. This might be attributed to an increase in organic matter and the fact
that AM contains the preferred inoculum for VFA production and provides alkalinity to
keep the system stable, which are all key factors of VFA production from chick manure.
Conversely, previous studies using different kinds of substrates showed that the highest
VFA production yield could be achieved by controlling the S:I ratio from 1:1 to 6:1 by using
easily biodegradable materials, such as FW as the substrate [20,49]. Li et al. (2018) [93]
observed that the maximum VFA production from the co-digestion of tomato residue, dairy
manure, and corn stover was obtained in the experiment using an S:I ratio of 6:1, and VFA
production decreased as the S:I ratio decreased from 6:1 to 4:1. Therefore, the appropriate
S:I ratio depends not only on the type of substrate but also on the type of inoculum and the
operational conditions.

4.6. Oxidation-Reduction Potential (ORP)

Several studies have reported the positive effects of low oxygen concentration (micro-
oxygenation) in the bioreactor’s headspace on hydrolysis of acidogenic fermentation
because of a significantly more diverse microbial community [20,79,97]. Compared to
anaerobic systems, micro-oxygenation acidogenic fermentation contained a higher pro-
portion of facultative acidogens, such as Firmicutes and Proteobacteria. According to the
present studies, micro oxygenation conditions allow acidogenic reactors to metabolize
various substrates, resulting in increased sCOD and VFA production [97,98]. In general,
the oxygen content can be accurately determined by the ORP. ORP is a measure of intra-
cellular metabolism regulated by electron transfer and redox balance [83]. The optimal
ORP for acidogenic fermentation should be between —100 mV and —250 mV, whereas the
completely anaerobic condition of ORP varied between —200 mV and —300 mV [99].

The effects of oxygen on acidogenic fermentation are evaluated. For example, the
interaction effect of the addition of BES, S:I ratio and initial oxygen concentration on VFA
production from FW was investigated by Lukitawesa et al. (2020) [3]. They found that
VFAs produced in the reactors with low substrate loading (5:I 1:1), the addition of BES,
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and the presence of initial oxygen did not affect the VFA production yield. However, the
presence of initial oxygen has affected VFA composition. The findings of Sawatdeenarunat
et al. (2017) [98] showed that an oxygen concentration of 15 g/L, using anaerobic granular
sludge as inoculum, yielded the highest VFA production yield of 107.25 mg/g-VS,4ded
from Napier grass. The authors further reported that micro-aeration influenced VFA
composition and inhibited methanogenesis, enhancing the VFA yield. Additionally, micro-
aeration should be applied at the early stage of acidogenic fermentation to prevent the
accumulation of lactic acid, which could lead to failure of the system [98]. The optimal
aeration intensity is different because of the application of intermittent oxygen. Xu et al.
(2014) [99] found that an optimal micro-aeration intensity of 258 L-air/kg-TS-dayina 3 L
leach bed reactor could promote hydrolysis of the substrate, resulting in a 3-fold increase
in VFAs produced. Similar findings were documented by Lim and Wang (2013) [100] and
Johansan and Bakke (2006) [101], who observed that the optimal aeration intensity was 57
and 33 L-air/kg-TS-day, respectively. Therefore, a low oxygen concentration can enhance
VFA production.

5. Membrane-Based VFA Recovery

Recovery of VFAs prevents the inhibition of microbes, leading to the stability and
high production of VFAs by continuously removing VFAs from the reactor [14,19,21]. How-
ever, VFA recovery from fermented effluent is a challenging process because of the low
concentration of VFAs, the complexity of the mixture, the physicochemical nature of the
fermented effluent, and processing cost, which accounts for approximately about 30-40% of
the total cost, all of which contribute to the VFA recovery processes [13]. VFA recovery can
be broadly classified into non-membrane-based and membrane-based recovery. Previous
studies have provided a complete explanation of the various strategies for recovery of
VFAs by conventional non-membrane-based methods, including solvent extraction, distil-
lation, chemical precipitation, adsorption, and ion exchange [7,14,102]. However, current
researchers have focused on applying membrane technology to achieve effective VFA
recovery strategies because it could reduce the number of recovery steps while shortening
the residence time, resulting in a more economical process [14,103]. Table 3 summarizes
the advantages and disadvantages of membrane-based techniques for VFA recovery from
acidogenic effluents.
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Table 3. Membrane-based VFA recovery techniques.

Processes Principle Advantages Disadvantages Ref.
The number of carbon
Hydrophobic membrane is used to separate two aqua phases. VEAs selectivity canbe atoms limits recovery
The volatile species (e.g., VFAs) from the feed side would improved by filling specific eff1c1epcy _
Membrane contactor transfer into the permeate side until the partial pressure or extractants. High ions anq solid [14,18]
concentration gradient between the two sides are in Can be directly connected to a content negatively affect
equilibrium under isothermal conditions. reactor recovery.
Extractant is needed
The positively charged ions (cations) in the solution move Not selective to VFAs
toward the cathode. Likewise, the negatively charged ions alone, leading to loss of
(anions) move toward the anode. The cations pass through the No need for high pressure nutrients, such as NO3-
cation-exchange membrane into the concentrate Directly connected to side and PO43-
Electrodialysis Compart‘ments, but the anion—'exchange membrane reta}ins stream or in situ process is High energy demand [7.22,102,103]
them. Simultaneously, the anions pass through the anion possible Back diffusion
membrane into the concentrate compartments, but the High VFA recovery rate The cost associated with
cation-exchange membrane retains them. The overall result in membrane maintenance
concentrating of VFAs in concentrate compartments while and replacement
ions in dilute compartments are depleted.
Can be operated under
Bioreactor combined with pressure-driven microfiltration high-solid loading and
system to separate the VFA solution from the mixture high-medium viscosity. Control of membrane
Anaerobic membrane (fermentation broth). VFA solution passes through a Cell retention with minimal f(?ul%ng ) [5,19,104]
bioreactor semipermeable membrane, whereas the solids, impurities, washout rate Biofilm fo%‘matlon e
microorganisms that are too large to pass through membrane In line VFA recovery Not selective for VFAs
pores are retained on the membrane surface. Easy to scale up
. . Intensive energy input
Non-porous membrane was used to separate between VFA High concentration of Control of membrane
feed solution and vapor-permeate phase. VFAs are transferred recovered VFAs fouling
Membrane pervaporation across the membrane into a vapor-permeate phase by the No adverse effects on Control of pH of the feed [14,104,105]
difference in chemical potential gradient established by the microbial growth Impurities hinder VFA

difference in the partial pressure.

Low capital cost

recovery
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5.1. Membrane Contactor

The membrane contactor uses a hydrophobic porous membrane to separate the two
aqueous phases on opposite sides of the membrane, avoiding mixing (Figure 2) [14,106].
The commonly used polymers in membrane contactors, selected based on their proper-
ties, such as mechanical stability, chemical resistance, and hydrophilic or hydrophobic
characteristics, are polypropylene (PP), polyvinylidene fluoride (PVDF), and polytetrafluo-
roethylene (PTFE) [107]. The transmembrane pressure is determined by the partial pressure
or concentration difference between the two sides of the membrane. In most membrane
contactor processes, the driving force is created by the pH gradient between the two sides
of the membrane. For example, Aydin et al. (2018) [18] recovered VFAs from three types
of fermented effluent, including fermentation broth of organic waste, landfill leachate,
and chicken manure digestate using a PTFE membrane contactor. Because of the partial
pressure gradient on the two sides of the PTFE membrane, uncharged VFA molecules
can migrate from the feed side to react with the base solution on the permeate side of the
membrane, resulting in the formation of dissociated VFAs with high solubility and non-
volatility. Furthermore, the incorporation of amine-based extractants, such as trioctylamine
(TOA) and tridodecylamine (TDDA) into the PTFE membrane pores resulted in higher flux
transfer and higher VFA recovery [18]. The results showed that the acetic acid recoveries
from the fermentation broth of organic waste and landfill leachate were higher than 45%,
regardless of the initial acetic acid concentration. However, 80-95% recovery of propionic,
butyric, valeric, and caproic acids from the fermentation broth of organic waste and landfill
leachate was achieved using the PTFE-TOA membrane. Although the highest caproic acid
concentration was observed in the chicken manure digestate, the lowest recovery of valeric
and caproic acids was achieved. This could be caused by the high solids and ion content of
the chicken manure digestate compared to the other two types of fermented effluent. These
results were corroborated by the results of Angenent et al. (2016) [108], in which the VFA
selectivity of the membrane contactor process could be improved by filling with a specific
extractant. They found that a TOA-filled membrane was highly selective for valeric and
caproic acids, moderately selective for butyric acid, and least selective for acetic acid.

Feed VFAs mixture ® Retentate
0 @]

- @ o @ a8 -
Interphase ---- yﬁ ,_\ ,_\ l_\ ,_l ,_’ l_\ Porous membrane
@

Two immiscible phases ® @ VEA ’
°® s permeate
&

Figure 2. Operating principle of VFA recovery by membrane contactor.

The main drawback of using extractants is their high cost. Thus, recent research has
focused on applying silicone membranes filled with water as an extractant for VFA and
alcohol recovery. The advantages of using water are its cost-effectiveness and recovery of
VFAs in an undissociated form, which does not require the counter ion removal process.
Additionally, fouling did not occur on the silicone surface, suggesting the feasibility of the
membrane contactor for VFA recovery from a real fermenter [109].

5.2. Electrodialysis

Electrodialysis is a mature process applied in the early stages of industrial develop-
ment on an industrial scale to produce drinking water. However, more recently, the use of
electrodialysis for the recovery of VFAs has gained increased interest [110]. Electrodialysis
is a membrane separation process used to transport ionic solutes from one solution to
another through anion and cation-exchange membranes separated by a spacer gasket in an
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alternating pattern forming individual cells between two electrodes [7], as illustrated in
Figure 3.
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Figure 3. Schematic representation of electrodialysis.

Because VFAs can exist in an ionized form in solutions with a pH greater than the pKa
of each acid, this process can also be used for VFA recovery. Jones et al. (2015) [111] stated
that conventional electrodialysis applied with 18 V of electrical potential could recover
up to 99% of VFAs from a model solution containing 1.2 g/L of each VFA within 60 min
electrodialysis operation. Jones et al. (2017) [112] used conventional electrodialysis under
the same operating conditions as Jones et al. (2015) [111] to alleviate inhibitory VFAs
from a continuously fed sucrose reactor to increase biohydrogen production yield. The
fermentation broth was pretreated by centrifugation and filtration through a microfiltration
membrane to separate the solid particles. The filtrate was pumped through the diluted
chamber of the electrodialysis stack to recover VFAs. The continually fed sucrose reactor
was operated for 6 days with VFA recovery every 24 h, and 23 g of acetic acid and 14 g of
butyric acid were recovered. The removal of VFAs increased the biohydrogen production
yield by 3.75-fold and increased the carbohydrate utilization rate from 12% to 15%. This is
consistent with the findings of Hassan et al. (2017) [21], who have combined the production
of dark hydrogen with electrodialysis. Tao et al. (2016) [113] used a microfiltration system
combined with electrodialysis to recover VFAs from a VFA production bioreactor. The VFA-
rich fermentation broth was transferred through the microfiltration system before feeding it
into the electrodialysis stack to prevent solid particles from interfering with electrodialysis
operation and to reducing the fouling tendency of the downstream process [102]. The
authors also observed that, even though electrodialysis concentrated approximately 90% of
the VFAs in the permeate, each acid behaved differently. The transport efficiency of small
molecular weight acids was greater than that of larger molecular weight acids [113].

In addition to the microfiltration system, the PTFE membrane integration and elec-
trodialysis were previously studied by Brown et al. (2020) [22] to overcome the challenge
wherein electrodialysis does not selectively recover VFAs alone, leading to loss of nutrients
from the fermentation broth and, therefore, a lower rate of microbial growth and VFA
production. The process shows that up to 98% of the total VFA recovery was achieved
with the PTFE and electrodialysis system, and the essential nutrients, such as ammonium
phosphate, and nitrate, remained in the reactor.

5.3. Anaerobic Membrane Bioreactor

Anaerobic membrane technology is a hybrid system in which membranes are com-
bined with an anaerobic bioreactor (Figure 4) [114]. Anaerobic membrane bioreactors have
emerged as a promising alternative to VFA recovery technologies because of their low
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sludge generation and energy requirements. Moreover, it has the benefit of reducing the
operating space and number of operational units [114]. Integrating a membrane recovery
system with an acidogenic fermentation bioreactor would decrease cell washout from the
bioreactor and the inhibition effect of the acids, thereby improving biodegradation [25].

Filtrate
(VFAs-rich stream)

Figure 4. Anaerobic membrane bioreactor.

In general, the efficiency and economics of membrane filtration are dependent on the
membrane module design (tubular, plate and frame, rotary disk, or hollow fiber), pore size
of the membrane (microfiltration, ultrafiltration, nanofiltration, or reverse osmosis), mem-
brane material (organic, inorganic, metallic, hydrophobicity, or hydrophilicity), filtration
mode (dead-end or cross-flow filtration), operating conditions (flux or hydraulic recircula-
tion), and characteristics of sludge (biomass concentration, pH, EPS, or soluble microbial
product) [115]. Based on published research, the most commonly used membranes for VFA
recovery from organic waste fermentation broth are polyethersulfone (PES) [10,19,25,116],
polyvinylidene fluoride (PVDF) [117-119]; however, chlorinated polyethylene (CPE) [120],
polypropylene (PP) [20,121], and ceramic [122] microfiltration membranes have seldom
been employed.

Long-term VFA production and recovery from acidogenic fermentation of cow ma-
nure were investigated by Jomnonkhaow et al. (2020) [19]. The authors observed that the
maximum VFA yield of 0.41 g-VFAs/g-VS was obtained from heat-treated cow manure
without pH control or inoculum addition. Furthermore, anaerobic membrane bioreactors
can be operated at very high amounts of TSS ranging from 15 to 55 g-total suspended solid
(TSS)/L by employing a routine reactor draining, backwashing, gas sparging, and chemical
membrane cleaning to control the amount of TSS in the reactor. Consistent with the study
by Parchami et al. (2020) [5], they observed that even though the anaerobic membrane
bioreactor was operated at a maximum suspended solid loading of 32 g /L, minimal filtra-
tion flux deterioration was observed. Other studies have shown that anaerobic membrane
bioreactors have the potential to operate at high organic loading with a complex medium
for a long period [25,118].

5.4. Membrane Pervaporation

The membrane pervaporation process relies on diffusing different components in
the feed mixture through a dense membrane [14,107]. The term pervaporation represents
the combination of the “permeation” and “evaporation” processes [105]. Pervaporation
membranes can also be broadly categorized into two groups based on the target molecule
to be recovered: hydrophilic pervaporation membranes ensure rapid water transport, al-
lowing for effective dehydration, whereas organophilic pervaporation membranes provide
better transport of organic compounds, making them suitable for VFA recovery [106]. The
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hydrophilic membrane is made of polyvinyl alcohol (PVA) [123] and sulfonated polybenz-
imidazole (SPBI) [124]. In contrast, the most commonly used materials for the organophilic
membrane are polydimethylsiloxane (PDMS) [125] polyether block amides (PEBA) [105],
and hydrophobic zeolites [126]. The pervaporation process is also more suitable for separat-
ing VFAs from water (azeotropic mixtures) compared with other separation methods [15].
Additionally, membrane pervaporation has no adverse effects on microorganisms in the
fermentation broth and can be directly integrated with an acidogenic bioreactor to continu-
ously remove inhibitory products [13]. The driving force in membrane pervaporation is
the chemical potential gradient across the membrane, which can be created by applying
a vacuum or gas purge on the permeate side to keep the permeate vapor pressure lower
than the partial pressure of the feed liquid [14,107]. The membrane controls the selective
transport of species from the feed-liquid mixture to the vapor-permeate (Figure 5). Mass
transport of volatile substances in the pervaporation process follows four consecutive steps:
(1) a volatile substance dissolves in the feed side, (2) sorption into a permeable-selective
membrane, (3) diffusion through the bulk membrane, and (4) evaporation of the vapor
phase on the permeate side [13,106].

) Retentate
Feed VFAs mixture

Permeable-selective membrane

Vapor-phase VFAs permeate

Figure 5. Schematic diagram of membrane pervaporation.

Recent studies have enhanced the selectivity of VFA separation by increasing the hy-
drophobicity of membranes by the filling of various materials on the surface or inside the
membrane. Choudhari et al. (2015) [105] attempted to recover butyric acid from anaerobic
digestion effluent using a PEBA-graphene membrane composite via the pervaporation
process. A comparison of the concentration of butyric acid in the feed (0.6%) with butyric
acid in the permeate (11.4%) indicated that the PEBA-graphene composite could be used
to concentrate butyric acid in anaerobic digestion effluent using the pervaporation tech-
nique. Furthermore, the authors reported that increasing graphene up to 0.75 wt% of the
membrane matrix increased overall performance. Additionally, an increase in the feed
pH decreased the recovery of butyric acid because of its higher solubility in water in its
dissociated form.

6. Future Perspective

Over the last decade, organic waste has been considered the most promising source
for anaerobic digestion processes. Previous research has focused on the production of
hydrogen and methane from organic waste substrates. However, current research indicates
that the highest profit from the anaerobic digestion process is VFAs produced during
the acidogenic step. Compared to methane, VFA storage and transportation are simpler
and safer. The market price of VFAs is tabulated in Table 4. The market size of VFAs was
predicted to increase to 18,500 kTons in 2020 because of the economic growth [127]. Bastidas
and Schmidt (2018) [128] confirmed this with a techno-economic analysis of acidogenic
fermentation VFA production compared with anaerobic digestion methane production
based on relevant data from the literature. They discovered that the production of VFAs
by acidogenic fermentation of FW yielded a profit of 296 USD/ton-VS, which was better
than the profit of 19 USD/ton-VS from anaerobic digestion, where the produced and
upgraded methane was sold to a power grid. Consequently, acidogenic fermentation is
more attractive than anaerobic digestion.
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Table 4. Market price of VFAs [129].

VFAs Market Price (USD/t) Major Manufacturers
Acetic acid 500-800 Celanese, BP
Propionic acid 1300-3500 BASF
Butyric acid 1600-5000 Eastman, OXEA
Valeric acid 4000-7200 OXEA
Caproic acid 3000-5200 P&G Chemicals

As a matter of fact that the concentration and distribution of VFAs are the result of aci-
dogenic metabolic pathways, a good understanding of the VFA production pathways will
provide guidelines for optimizing acidogenic product recovery and selective production of
specific products. The influencing factors must be optimized to improve VFA production
efficiency. Additionally, it is critical to consider the microbial community structure and its
interactions with VFA metabolic production pathways.

VFAs need to be recovered to the maximum extent possible, while caution should
be exercised to avoid incurring excessive costs that would make them economically un-
feasible. Among the recovery strategies of VFAs, membrane-based VFA recovery seems
to be the most promising strategy because it can alleviate the inhibition effects caused
by VFA accumulation, reduce the number of operational units, and make the acidogenic
fermentation process more stable, leading to higher VFA yields. However, some recovery
processes, such as pressure-driven anaerobic membrane bioreactors and electrical-potential-
driven electrodialysis, can be costly because of the high energy costs. The cost of the entire
VFA production chain must be carefully considered. There are several possible ways to
improve VFA recovery strategies, such as applying new methods, resolving membrane
fouling, optimizing the VFA recovery process, membrane modification by applying alter-
native membrane materials, and large-scale experiments suggested for future studies. The
overview of VFAs production and their recovery is illustrated in Figure 6.

[ Organic waste biomass ]

[ Anaerobic digestion ]

[ Inhibition of methanogens } >< Methane
*  Thermal pretreatment - 3
¢ Chemical addition Acidogenic fermentation
* Control of operating
condition Key factors ]
[ Acidogenic effluent ] Acidic-neutral pH
Mesophilic Temperature
Membrane-based VFA Heat-treated inoculum
recovery Short HRT high OLR
— _— High S:Iratio
*  Membrane contactor
: = ORP -200 mV
+  Electrodialysis [ Volatile fatty acids ]
*  Anaerobic membrane
bioreactor
* Membrane contactor .
T [ Applications ]
[ Future research ]
*  Techno-economic
feasibility analysis
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Figure 6. Overview diagram of VFA production process.

7. Conclusions

Organic waste is abundant and rich in organic substances, making it a great resource
for conversion into VFAs by acidogenic fermentation. The production of VFAs requires
optimal conditions aiming to enhance VFAs’ production rate and yield. Acidogenic fer-
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mentation of organic waste favors an acidic-neutral pH range which stimulates VFAs’
production pathway. Moreover, operating factors such as temperatures and ORP should
be maintained at a sufficient level for microbial growth. In addition, HRT and OLR are
considered microbial growth-related factors that also play important roles in acidogenic
fermentation. However, the characteristics of acidogenic effluent are complex making
VFA recovery difficult, expensive and challenging. Membrane-based technology may
progress the field of VFAs production and recovery. The economic point of view of VFA
recovery from organic waste should be conducted to meet at the halfway point between
economic benefits and environmental impacts. Moreover, the direct integration of mem-
branes with bioreactors to recover VFAs is recommended for a thorough understanding of
the limitations of the processes, which may promote industrial scale applicability.
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