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ABSTRACT

Sustainable provision of chemicals and materials is undoubtedly a defining factor in guaranteeing
economic, environmental, and social stability of future societies. Among the most sought-after
chemical building blocks are volatile fatty acids (VFAs). VFAs such as acetic, propionic, and butyric
acids have numerous industrial applications supporting from food and pharmaceuticals industries
to wastewater treatment. The fact that VFAs can be produced synthetically from petrochemical
derivatives and also through biological routes, for example, anaerobic digestion of organic mixed
waste highlights their provision flexibility and sustainability. In this regard, this review presents
a detailed overview of the applications associated with petrochemically and biologically gener-
ated VFAs, individually or in mixture, in industrial and laboratory scale, conventional and novel

applications.

1 Introduction

One of the megatrend topics of nowadays, sustain-
able living, involves leading a life that has as little
impact as possible on the environment.
Sustainability, which can be divided into three
categories: economic, social, and environmental/
ecological, can be defined as developing and main-
taining the strategies taken for the development of
economic prosperity and welfare in a way that
does not harm people or the planet. To ensure
the sustainability of natural resources, using them
efficiently and taking necessary measures are
a matter of special importance for the world
today. In this context, considering environmental
sustainability as a goal for the 21% century, the
transition from a linear economy to a circular
economy including resource recovery, reuse, and
recycling is essential. Considering that the volume
of waste generated all around the world is expected
to increase continuously in the upcoming years
due to the increasing population, it is crucial to
find out feasible waste management routes not
only to handle but also to valorize waste. Thanks
to the adaptation capabilities of bioengineering,
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environmentally benign and sustainable produc-
tion approaches are now in hand that provide us
with the ability to convert large diversity of
organic residuals and waste streams to value-
added resources, returning nutrient to production
and application cycle in a circular manner [1].
Volatile fatty acids (VFAs) (eg acetic, propionic,
and butyric acids) are among the essential chemi-
cal building blocks used extensively from food and
pharmaceutical industries all the way to plastic
production and wastewater treatment. Although
VFAs can be generated from both processing pet-
rochemical derivatives and bioconversion of
organic matter, the sustainability in their produc-
tion and application should be maintained.
Therefore, in order to provide a better understand-
ing of the role of VFAs in the material and che-
mical market, organic waste management, and
economic and technical developments, this review
paper highlights the details of VFA production
and application.

There are different types of VFAs based on their
different properties. VFAs (also known as low
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molecular weight organic acids) include a group of
aliphatic monocarboxylic acids with two to six
carbon atoms (C, to Cg): acetic (C,/HAc), propio-
nic (C3/HPr), iso-butyric(iC,/iHBu), n-butyric (C,4
/HBu), iso-valeric (iCs/iHVa), n-valeric (Cs/HVa),
iso-caproic (iCs/HCa), and n-caproic (iCs/HCa)
acids. As carboxylic acids, VFAs are weak acids
(pKa = 4.75) [2] that do not donate protons very
well. In general, they partially dissociate into H*
cations and RCOO™ anions in neutral aqueous
solvents such as water. An acid dissociation con-
stant (Ka), which is expressed by using the loga-
rithmic measure of the constant (Ka), is then
called pKa and is more commonly used in prac-
tice. pKa is a quantitative measure of the strength
of an acid in solution. The smaller the pKa value,
the stronger the acid (pKa < 3). Usually during
VFA production through acidogenic fermentation,
VFA production decreases when pH drop below
the pKa value of VFAs since most microorganisms
can not survive the extremely acidic pH (< 3).
Previous studies suggested that slightly acidic to
neutral pH (5.5-7.0) facilitated the best VFA yield
during acidogenic fermentation [3-6]. VFAs are
polar molecules, which make them soluble in
water and form hydrogen bonds with water.
These acids tend to have a strong odor [7].
Conventionally, VFAs as a part of commercial
pure chemicals are mainly synthesized from fossil-
based (petroleum-based) resources through petro-
chemical pathways [8,9]. Although high yielding
and relatively fast, production of VFAs from non-
renewable petroleum-dependent sources and tech-
nologies will eventually be hindered by the
overexploitation and depletion of the planet’s lim-
ited fossil resources. Furthermore, these petro-
chemical production pathways such as oxidation
and carboxylation depend upon the chemical
synthesis processes, which may involve immode-
rate use of energy, labor force, and coproduction
of various derivatives/by-products that are an issue
of concern [10-13]. Since the application areas of
both individual and mixed VFAs have increased,
research works on alternative production pro-
cesses have been intensified. Due to constantly
rising environmental awareness and the scarcity
of global petroleum sources, economically feasible
new alternative production methods have
emerged, eg anaerobic digestion (AD) of organics

accompanied by VFA recovery [14]. VFAs are the
main intermediates generated in the fermentative
stages (acidogenesis and acetogenesis) of the AD
process. Although individual VFAs can be biolo-
gically produced using single microorganism
assimilation pure organic streams (different sugary
and starchy material), through the AD approach,
using a mixed microbial culture, the generated
mixed organic residuals and wastes can be evalu-
ated as feedstock for the sustainable production of
VFA at significantly lower in price compared to
pure substrates [15]. Therefore, the production
and recovery of VFAs, especially from renewable
biomass with mixed consortia of microbial fer-
mentation, have attracted more and more atten-
tion, recently. Various fermentation processes
have been developed for the bacterial/microbial
production of VFAs starting from commercially
available sugars to inexpensive raw materials or
waste streams such as primary sludge, waste acti-
vated sludge, food waste, animal manure, and
agricultural rejects [11,12,16,17]. In the past
years, many studies have been carried out consid-
ering different types of organic waste and operat-
ing conditions to maximize VFAs production
through AD [9]. Besides controlling the operating
conditions, different pretreatment methods (phy-
sical, ultrasonic, thermal, chemical, and thermo-
chemical) have been employed to enhance acidifi-
cation and suppress methane production
during AD [18-23]. However, it should be noted
that what is obtained from AD of mixed residual
streams is an effluent with a mixture of VFAs
(differing in VFA composition and content)
along with released or unutilized macro and
micronutrients. These effluents are quite complex
both in chemical composition and fluid properties,
which makes the necessary downstream processes
like recovery, purification, and separation of VFAs
for the individual VFA applications technically
and economically difficult [24]. Aside from the
applications that each individual VFA has, their
mixture and the outflowing nutrients can also be
marketed as presented in this review.

The aim of this article is to present an overview
of different approaches for the production of
VFAs, both petrochemical and biological
approaches, along with the many common appli-
cations for both individual and mixed VFAs to



emphasize on their role in defining the sustain-
ability of future societies. The range of applications
presented include from conventional industrial
scale utilization purposes for VFAs to novel usages
proposed and applied at laboratorial research
stage. In addition to the applications of the
mixed VFAs solution produced from waste and
residual streams, alternative applications of other
constituents in the anaerobic digestion effluent
have been highlighted.

2 The production and applications of the
individual volatile fatty acids

The individual VFAs are produced generally
through conventional thermochemical processes
as well as single (pure) culture bioconversion pro-
cesses. Synthetic production of VFAs has been
carried out from petrochemicals derivatives and
almost 90% of total market demand of VFAs is
met through these petroleum-based products. The
rest is met by alternative bio-based production
routes, including oxidative and anaerobic fermen-
tation. These methods are reported to have lower
productivities and to be much less viable econom-
ically compared to synthetic methods [10,25].
However, the rapidly depleting fossil resources,
requirement of the high amount of energy and
chemicals, associated greenhouse gas emissions
and carbon footprints, and generation of huge
amount of waste associated with conventional pro-
cess force the industry to shift focus to environ-
mentally benign bio-based methods [26,27]. As
presented in Figure 1, produced from either
approaches, the great industrial appeal for VFAs
is due to their diverse applications. In this section,
an overview of the production approaches and
applications affiliated with each of the VFAs is
thoroughly reviewed.

2.1 Acetic acid

Acetic acid (CH3;COOH), also known as ethanoic
acid, is the most used organic acid and one of the
most commercially significant VFAs [28]. According
to a new report by Expert Market Research, the
global acetic acid market reached a volume of
17.28 million tons in 2019 and is projected to reach
a volume of around 24.51 million tons by 2025.
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Acetic acid market attained a value of 8.6 billion
USD in 2019 which is expected to grow at
a compound annual growth rate (CAGR) of around
5.75% to reach 12 billion USD in the forecast period
of 2020-2025 [E. M. 29].

The production of acetic acid from oil and natural
gas use chemical catalysis of acetaldehyde, methanol,
butane, or ethylene [30,31]. Regarding the biological
production routes, a number of microbial strains
have been investigated for the production of acetic
acid, including Acetobacter, Thermoanaerobacter,
Acetomicrobium, Acetothermus, and Clostridium
[32-34]. The bacteria from genus Acetobacter can
utilize a variety of commercial sugars such as glu-
cose, ribose, mannose, melibiose, trehalose, arabi-
nose, galactose, and xylose for the industrial
production of acetic acid [35]. The free sugars are
converted into acetate through the glycolysis path-
way [36] and the optimization of the operating para-
meters is carried out to enhance the production of
acetic acid from sugars [35]. Since the cost of these
commercial sugars is quite high, researchers are
looking for the novel and readily available carbon
sources to make the process more economical.
Ravinder et al. (2000) [37]., used Clostridium lento-
cellum SG6 to produce 30.98 g/L of acetic acid utiliz-
ing paddy straw as the substrate while a very high
amount of acetic acid (96.9 g/L) was obtained after
the concentration using cheese whey as the carbon
source for Acetobacter aceti fermentation [38]. The
production of acetic acid has been improved by
applying various fermentation strategies, for exam-
ple, microaerobic fermentation, pH-controlled fed
batch fermentation, and a fibrous bed bioreactor
[39-41].

Acetic acid has a wide range of commercial
applications in polymer industry, chemical indus-
try, electronic industry, and the food industry [11].
For example, in food industry, it is used both as
a solvent and food product preparation [42,43]. It
is the main compound in vinegar, which is 5-20%
acetic acid. Additionally, it can be wused as
a preservative, acidity regulator, and a flavor com-
ponent in food and beverage industry [10].
Another major global use of acetic acid is the
production of terephthalic acid (TPA) which only
is followed by the primary application in the food
industry. The main uses of TPA can be counted as
the production of polyethylene terephthalate



1252 (& S. AGNIHOTRI ET AL.

Thermochemical

processes
Pure VFAs

Pure culture bioconversion
process

Organic waste

streams . .
Mixed culture fermentation/

anaerobic digestion

___________ supplement, food flavouring,

----------- preservative, esters and

Acetic acid
Textile, preservatives, solvent in

the food industry, laboratory
chemical, explosive, dyes,
polymers, perfumes, antibiotics

\

Butyric acid
Biofuels, animal feed

polymer, pharmaceuticals,
kcosmetic industry J
)

Propionic acid
Food and animal feed

herbicides, pharmaceuticals,
plastics

S 4

e \
Iso-butyric acid
Food flavouring agent, polar

solvent, herbicide, disinfecting
and tanning agent

L /
. A
Valeric acid
Food and daily flavours,
surfactant, polymers and
pharmaceuticals, lubricating
oils, viscous agent
/
e N

Iso-valeric acid

Sedative and hypnotic agent,
pharmaceuticals, perfumery,
medicines, spices, condiments

L /

Caproic acid

Biofuel precursor, artificial
flavours, pharmaceuticals, paint
and feed additive, antimicrobial
agent

Mixed VFAs (Acetic,
Butyric, Propionic acid)

l l

PHAs Biofuels (Microbial oil, Hydrogen,
Biobutanol, Methane)

l

BNR process

Figure 1. The chart presenting specific applications of individual and mixed VFAs produced from petrochemicals and bio-based

resources.

(PET) packaging fibers, clothing, plastic bottles,  acid in TPA production, the use of acetic acid to
and films. Similar to the usage volume of acetic ~ form acetate esters used as solvents for inks,



paints, and coatings reveals the necessity of acetic
acid and is a market to be considered to expand
and grow [11].

Acetic anhydride is produced from acetic acid
and can be utilized in the manufacturing of per-
fumes, antibiotics, explosives and dyes. In the
polymer industry, it is used to produce vinyl
acetate, which can further be polymerized into
polyvinyl acetate. Polyvinyl acetate is applied in
textile industry for textile finishing, paper coat-
ings (in the manufacturing of hydrophobic and
lipophobic  papers), latex paint, adhesives
[14,44,45], and latex fibers [33]. It can also be
used to produce polyester fibers, as an etching
agent [46] and in the production of lignin-
containing polyurethane [47] which is highly
resilient and have large elastic recovery (higher
than 93%). Lignin adds to the compression
strength of PU foams while maintaining the
excellent resilient performance [48]. The other
applications of acetic acid include being used as
a raw material in production of herbicides, bac-
teriostatic agents, and to obtain laboratory che-
micals such as ethylenediaminetetraacetic acid
(EDTA), glycine and carboxy methyl cellulose
[45], and animal feed supplementation [49,50].

2.2 Propionic acid

Propionic acid (CH3;CH,CO,H) is a colorless pun-
gent organic acid and can be manufactured
through both chemical and fermentation pro-
cesses. The market of propionic acid generated
a revenue of 1.2 billion USD in 2018 and is
expected to reach 1.6 billion USD by 2026. The
market is projected to grow at a CAGR of 3.5%
from 2019-2026 [51].

Chemically, propionic acid is synthesized using
petroleum resources with a yearly production of
995 million USD [52]. The synthesis is carried out
by the hydroxycarboxyllation of ethylene catalyzed
by rhodium or nickel carbonyl [30]. The eco-
friendly biosynthesis of propionic acid is carried
out mainly utilizing the bacteria from genus
Propionibacterium.  Several strains such as
P. acidipropionici, P. freudenreichii, P. shermanii,
and P. thoenii were used to produce propionate
from hexoses and pentoses [53]. Glycerol, which is
cheap and widely available, was found to be a good
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carbon source for propionic acid production com-
pared to commercial sugars. Propionic acid being
of much higher commercial value than glycerol,
using later as a precursor is economically favorable
process. Glycerol was consumed by mutant strain
of P. acidipropionici (ACK-Tet) as carbon source
with high acid productivity at 0.71 g/g compared
to that of glucose (0.35 g/g) [52]. A high yield of
68.5 g/L was obtained on Jerusalem artichoke
hydrolyzate in immobilized cell fibrous fed bior-
eactor using the same strain [54], while only 8.2 g/
L propionate was obtained in batch fermentation
using sugarcane molasses [53]. Beside sugarcane
molasses, cheese whey, and hemicellulose hydro-
lyzed corn meals were also used as cheap carbon
sources for propionate production with relatively
good yields [55,56]. Much like butyric acid, pro-
pionic acid fermentation is also sensitive to end
product inhibition even at the low concentration
of 10 g/L. Genetic engineering has been explored
to prepare more propionate tolerant strain of
P. acidipropionici resulting in improved produc-
tion of propionic acid (by 25%) compared to the
wild strain [57].

The applications of propionic acid range from
being directly used as building block chemicals for
several industries, preservative in food industry,
animal feed [58-65], and grain preservation
[66,67], as flavors, esters, and herbicides [68], in
plastics and petrochemicals manufacturing to
pharmaceutical industry [69,70].

2.3 Butyric acid

Butyric acid (CH;CH,CH,CO,H) is a oily-
colorless carboxylic acid that exhibits an unplea-
sant smell, has a pungent taste, and is usually
found in the milk of farm animals. The derivatives
of butyric acid are also called butanoic acid. The
global butyric acid derivative market is estimated
to grow at CAGR of above 6.8% over the forecast
time frame 2019-2026 and reach a market value of
around 170 million USD by 2026 [71].

The industrial scale production of butyric acid
is carried out via chemical synthesis. It involves
butyraldehyde oxidation which is obtained from
propylene (derived from crude oil) by a process
called oxo-synthesis [72]. Chemical synthesis using
propylene as a precursor remains a preferred
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method for its low production cost and easier
availability of propylene compared to other
chemicals.

H,°4+CO 4 CH3CH = CH,°
— CH3CH2CH2CHO — CH3CH2CH2C02H

This is a preferred production approach because of
the lower production cost and availability of pro-
pylene as the precursor. Butyric acid, known to be
found naturally in milk, contains 3 to 5 mmol in
100 g milk, while up to 30 mmol in 100 g cheese
[73]. Butyric acid can also be extracted from butter
where its concentration ranges from 2-4%, how-
ever, the process is not as cost effective as the
chemical approach [74]. Although currently
expensive, the biological production of butyric
acid is carried out through fermentation, which is
preferred for being eco-friendly with lower carbon
footprints [25]. Butyric acid has been produced
using a number of different microorganisms,
eg Butyrivibrio, Butyribacterium, Clostridium,
Eubacterium, Fusobacterium, Megasphera, and
Sarcina [36]. Of these, industrial scale production
of butyric acid has been carried out by the differ-
ent strains of bacteria Clostridium because of their
high productivities and capability of using differ-
ent carbon sources like hexoses and pentoses. The
most productive strains are C. butyricum [75,76],
C. tyrobutyricum [77,78], and C. thermobutyricum
[79]. C. tyrobutyricum can tolerate the high con-
centration of butyric acid that alleviates the end
product inhibition which is a common problem
with butyric acid production [74]. However, it can
only ferment specific carbohydrates such as glu-
cose, xylose, fructose, lactate, etc., while
C. butyricum can utilize a wider variety of addi-
tional carbon sources like molasses, lignocellu-
loses, glycerol, cheese whey permeate, etc. [75].
A very high concentration of butyric acid,
ie 60.4 g/L was achieved from Jerusalem artichoke
hydrolyzate using C. tyrobutyricum ZJU 8235 via
fed batch fermentation (immobilized cells) [80].
Comparable yield of butyric acid was obtained
using C. tyrobutyricum CIP 1-776 from glucose
in the same fermentation mode while batch
mode of fermentation experienced yield reduction
(45 g/L) [81]. C. butyricum S-21 produced 18.6 g/L
of butyric acid using lactose in batch mode [82]

while 10 g/L using sucrose in extractive batch [83].
The results show higher production of butyrate in
fed batch mode. The production was also affected
by the addition of acetate in continuous mode
[84], by the nutrient medium including nitrogen
source and trace elements especially iron and
phosphate [25].

The butyric acid and its derivatives have numer-
ous applications in food, pharmaceutical, perfume,
and polymer industry. Butyric acid is also used as
a precursor of biofuel like ethyl and butyl butyrate
[11,36]. The butyric acid derivatives are the salt and
esters of butyric acid. These salts include potassium
butyrate, calcium butyrate, and magnesium butyrate
with the main segment as sodium butyrate. Of these,
sodium and calcium butyrate are substantially in
high demand and predominantly used in animal
feed products. The controlled release of butyrate in
animal colon is achieved by offering butyric acid
derivative to animal in micro-encapsulated form.
Butyric acid salts are mainly used to boost animal
colon and gastrointestinal health and increase the
overall meat yield from the animal [85-93]. Other
butyric acid esters like methyl, ethyl, and amyl buty-
rate are usually aromatic and therefore applied as the
flavoring and fragrance agents in food, cosmetic, and
beverage industries [94,95]. In the polymer industry,
butyric acid is used for the synthesis of cellulose
acetate butyrate (CAB) which is a butyryl polymer
with many attractive properties [96]. Low-molecular
-weight esters of butyric acids, such as methyl buty-
rate, have mostly pleasant aromas or tastes [97],
while in the healthcare industry, butyric acid is
used as a component of anticancer prodrug [98].

2.4 Iso-butyric acid

Iso-butyric acid, also known as dimethyl acetic acid,
has a special smell. Iso-butyric acid is similar to
butyric acid, mainly used to produce the correspond-
ing esters, as raw materials for the synthesis of fla-
vors. The global market for iso-butyric acid is
expected to grow at a healthy CAGR during the
forecast period of 2018-2023 and the key players
are Eastman Chemical Company (US), OXEA
GmBH (Germany), Beijing Huamaoyuan Fragrance
Flavor Co., Itd., Inc. (China), etc. [99]. Iso-butyrate is
one important aliphatic ester used as a modifier or
fixative in flavor industry, which is used as



reminiscent of apple, banana, and pineapple flavor.
It is occasionally used as a fruity modifier in lipstick
perfumes, in flavor compositions for imitation of
apple, apricot, banana, butter, cherry, ginger, etc.
100, used iso-butyric acid with n-butanol to synth-
esis of butyl iso-butyrate by esterification. Novozym
SP 435 was found to be the most efficient catalyst
offering a conversion of 56% at 30°C in 6 h and
proved to be a more popular method because of its
higher efficiency, lower costs, and higher purity
product than the traditional chemical synthesis
and extraction methods [100]. There are also
reports showing that iso-butyric acid can be isomer-
ized to butyrate by syntrophic acid oxidizing bacter-
ium Syntrophothermus lipocalidus [101]. This means
that iso-butyric acid can be applied as carbon
source for pure culture of oxidizing bacterium
Syntrophothermus lipocalidus for bioenhancement.
Iso-butyric acid (0.2 M) was reported to be used for
the synthesis of isobutyl isobutyrate with a yield of
195 mM through direct esterification with isobutyl
alcohol [102]. Iso-butyric acid and isoamyl alcohol
were used to synthesize isoamyl iso-butyrate in
n-hexane, achieving the maximum ester yield of
2.2 M applying the following condition: enzyme/
substrate ratio, 19.6 g/mol; substrate concentration,
2.5 M; reaction time, 18 h; and temperature, 26.5°C
[103]. Isoamyl isobutyrate is valuable and highly-
demanded flavor compound of commercial impor-
tance and widely used in the food, beverage, cos-
metic and pharmaceutical industries. It is a natural
flavor ester extracted from plant sources. It was also
observed that fatty acid esters, synthesized by
enzymes such as lipase, often have better odor and
flavor characteristics compared to similar esters pro-
duced by conventional means that are often in short
supply or expensive. However, it should be consid-
ered that flavor quality and quantity vary from
region to region.

2.5 Valeric acid

Valeric acid, or pentanoic acid, is a straight-chain alkyl
carboxylic acid with the chemical formula CH3(CH,);
COOH. The global valeric acid market achieved
a value of USD 15.06 billion in 2020 driven by the
continuously growing demand from the food and
beverage and cosmetic industry. Supported by the
ongoing research activities, the cosmetics market is

BIOENGINEERED 1255

expected to grow at a CAGR of 5.3% in the forecast
period of 2021-2026. Dow Chemical Company, Otto
Chemie Pvt. Ltd. and Perstorp group are some of the
key industry players [E. M. 104]. Valeric acid is mainly
used as a chemical intermediate to manufacture fla-
vors and perfumes, synthetic lubricants, agricultural
chemicals, and pharmaceuticals. It is also used as
a flavoring aid in foods. Valeric acid is considered
safe as a food additive by the World Health
Organization. Valeric acid is considered to be
a rather suitable model for a qualitative and quantita-
tive examination of adsorption properties of porous
sorbents, because, on one hand, the solubility of valeric
acid in water is sufficiently high and, on the other
hand, it adsorbs readily on hydrophobic surfaces
owing to its C4-aliphatic chain. Besides, valeric acid
does not form micelles even in rather concentrated
aqueous solutions. Polyhydroxyalkanoates (PHA) can
be formed by 3-hydroxybutyrate (HB), 3-hydroxyva-
lerate (HV), 3-hydroxyhexanoate (HH), and 4-hydro-
xybutyrate (4HB) monomers [105]. As reported odd-
numbered VFAs (propionic and valeric acids) pro-
mote the synthesis of hydroxy valerate (HV) [106].
Beyond cosmetics, some of the applications of valeric
acid are in the production of the following:

e Synthetic valerate: Valeric acid can undergo
esterification reaction with alcohols to form
valerate, which is often used in food flavors
and daily flavors.

e Synthesis of 1,2-pentanediol: 1,2-pentanediol
is a key intermediate in the preparation of the
fungicide propiconazole. It is also an impor-
tant application in the pharmaceutical, sur-
factant, polyester fiber, and other industries.
It is a very versatile organic chemical raw
material and intermediate.

® Preparation of valeric anhydride: Valeric
anhydride is an intermediate in chemical
synthesis, pharmaceutical raw materials and
biopharmaceuticals.

® Preparation of lubricating oil: Using techni-
cal-grade pentaerythritol and monobasic
mixed carboxylic acid and dicarboxylic
acid as raw materials, through esterification
reaction, synthetic base oil can be prepared
with high viscosity index, viscosity, and low
pour point.
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2.6 Iso-valeric acid

Iso-valeric acid is a C5, short-branched-chain satu-
rated fatty acid exuding a strong pungent cheesy
or sweaty smell. When it is highly diluted, iso-
valeric acid has a sweet fruity aroma and
a lingonberry-like aroma. It has a role as a plant
metabolite and mammalian metabolite. Iso-valeric
acid is seen as the primary cause of the flavors
added to wine. Small amounts of iso-valeric acid in
wine adds a smokey, spicy, or medicinal smell
[107], but an excess of iso-valeric acid in wine is
generally seen as a defect, as it can smell sweaty,
leathery, or like a barnyard [108]. Iso-valeric acid
is a clear colorless liquid that is a natural volatile
fatty acid found in a wide variety of plants and
essential oils, which is an important raw material
for the production of fragrance iso-valerate
[109,110]. Iso-valeric acid is used not only in
cheese, baked foods, meat products, and cream/
fruit flavors but also in the preparation of medi-
cines, spices, condiments, etc. As early as 1997,
iso-valeric acid was used to synthesize f-
hydroxyisovaleric acid, which is a 3-hydroxy
monocarboxylic acid that can be used as indicator
of biotin deficiency [111]. In addition, iso-valeric
acid is used to produce bromo isovaleryl urea,
which is a sedative and hypnotic [112,113]. In
addition, iso-valeric acid can also be used as
a pharmaceutical synthesis intermediate [114],
such as for the synthesis of bromisovaler and the
preparation of meso diisopropyl succinic acid
[115]. Other studies have shown that adding 6 g/
d of iso-valeric acid can promote the growth per-
formance, growth axis hormone receptor mRNA,
and serum indicators of calves before weaning
[116]. It is worth noting that iso-valeric acid is
found to be associated with isovaleric acidemia,
which is an inborn error of metabolism [117].
Therefore, the applied dosage and concentration
of iso-valeric need to be strictly controlled.

2.7 Caproic acid

Caproic acid, also known as hexanoic acid, is the
carboxylic acid derived from hexane with the che-
mical formula CH;(CH,),COOH. It is a colorless
oily liquid with a pungent smell, found in oils and
animal fats [118]. Conventionally, caproic acid is

produced from food materials though recently it
has been produced by carrying out the fermenta-
tion by the reverse -oxidation of lactic acid. This
lactic acid was generated from low value lignocel-
lulosic biomass [119].

Application examples of this organic acid are as
follows: plasticizers [120,121], antimicrobials
[122,123], flavor additive [124,125], and additive
in animal feed [126]. It was predicted that the
global market of caproic acid will reach
1.25 billion USD in 2020. The primary use of
caproic acid is in manufacturing of its esters for
artificial flavors, and in manufacturing of hexyl
derivatives, such as hexylphenols [127,128]. In
addition, caproic acid is widely used for parenteral
nutrition in individuals requiring supplemental
nutrition and is being more widely used in foods,
drugs, and cosmetics (nontoxic) [123,124,126]. It
is safe for human dietary consumption up to levels
of 1 g/kg. Caproic acid is found to be associated
with medium chain acyl-CoA dehydrogenase defi-
ciency, which is an inborn error of metabolism. As
a volatile fatty acid, caproic acid has been identi-
fied as a fecal biomarker of Clostridium difficile
infection [122]. Furthermore, caproic acid was
reported to be applied to prevent the aerobic dete-
rioration of silages prepared from Italian ryegrass
or cocksfoot (dry matter 16.3-34.5%) after open-
ing, with dose of 50 mmol/kg grass at ensiling or
10 mmol at ensiling and 10 mmol at opening in
that order [129]. In recent years, there are a few
researches showed that caproic acid is possible
precursor applied in production of biofuels and
used as fuel precursors [130]. The global caproic
acid market is projected to reach $252.8 million by
2027 growing at a CAGR of 5.6% over the analysis
period 2020-2027 [131].

3 The production and applications of mixed
VFA solutions

The three most common mixed VFAs produced
from anaerobic digestion of waste streams are
acetic, propionic, and butyric acids. The individual
VFA production through thermochemical and
pure culture processes leads to higher productivity
with minimum generation of side products,
though the process is expensive because of the
high cost of raw materials and requirement for



sterile operating conditions [36,132]. VFAs are
also produced as a valuable intermediate products
of anaerobic digestion of organic-rich waste
streams for, eg municipal, agricultural, and indus-
trial residues using a consortium of microorgan-
isms [10]. Contrary to the pure culture processes,
the mixed culture fermentation is cost effective as
it has no requirement for individual pure micro-
bial strains and can be carried out in a non-sterile
environment with more flexibility in operating
parameters. The process is also flexible to consume
a variety of organic substrates and hence can be
fed with different waste streams as mentioned
above without a dependency on edible carbon
resources [133,134]. Anaerobic digestion in large
scale from a wide range of organic residues and
waste streams is a well established process that has
ubiquitously applied [135-138]. The whole process
is eco-friendly and sustainable as it offers better
organic waste management by decreasing the
amount of waste and further valorizing it into
a variety of value-added end products supporting
a circular economy. The process of anaerobic
digestion for the production of mixed VFA has
been explored in past and is well documented in
the previous studies [6,132,139-143] and therefore

Acidogenesis, Acetogenesis
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this section will focus mainly on the applications
of the mixed VFA. The overview of the process is
well represented in Figure 2.

As presented in Figure 2, mixed VFAs solutions
produced by mixed culture fermentation have
multiple novel applications like the production of
bioplastics (PHA), biofuels, eg hydrogen and bio-
butanol, microbial oil, methane, etc. and as an
important carbon source in biological nutrient
removal (BNR) processes which are discussed in
detail in the following sections.

3.1 Polyhydroxyalkanoates (PHA)

Polyhydroxyalkanoates are completely biodegrad-
able polyesters that can be biologically synthesized
using renewable resources [9] like waste derived
low cost VFA. These environmentally benign plas-
tics have long been considered as the best alter-
native for traditional petrochemical derived plastic
as they possess similar characteristics [144]. PHAs
are intracellular granules that are synthesized by
bacteria for energy storage and are thermoplastic
esters of 3-, 4-, 5-, and 6-hydroxyalknoic acids
[145]. Despite of having a broad range of applica-
tions in various industries as well as their

Methanogenesis

Hydrolysis

Organic waste
(macromolecules)

A 4 sioialefaly.Adts eBiogas (methane,
K (acetic, propionic, butyric Eos
eMonosaccharides H etc.) Product carbon dioxide)
OAmino acids eAlcohols extraction
¢Long chain fatty acids eHydrogen

Acidogenesis reactions:

Hydrolysis reaction:

(CgH100s), + N H,0 — n CgH;,05 + n H,

Acetogenesis reactions:

CH,CH,COO- + 3 H,0 = CH,COO" + H*HCO; + 3 H,

CeHi20s = 2 CH;CH,0H + 2 CO,

CoHi1205 + 2 H, = 2 CH;CH,COOH + 2 H,0
CoH1205 — 3 CH;COOH

Methanogenesis reactions:

CH,COOH — CH, + CO,
CO, + 4 H, — CH, + 2H,0
2 CH,CH,0H + CO, — CH, + 2 CH,COOH

CoH120s + 2 H,0 = 2 CH,COOH + 2 CO, + 4 H,
CH4CH,OH + 2 H,0 = CH,COO0" + 3 H, + H*

= | 4 Disintegration and solubilization of
8 organic wastes

(4 Accumulation and recovery of VFAs

4 Prevention of the consumption
of VFAs

Figure 2. An overview of mixed VFA production from organic waste, adapted from [132].
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mechanical, structural, and thermal properties,
PHA production costs are 5-10 times higher
than conventionally produced plastics [146], leav-
ing their commercialization limited to only high-
end applications. The industrial production of
PHAs is usually carried out using pure microbial
culture. The PHA content obtained in this process
is quite high but the requirement of sterilization,
need of refined sugar substrate, and downstream
processing increase the production cost [147].
Fifty percent of the overall production cost is
imparted by the cost of carbon source [148], there-
fore, waste derived VFAs are promising economic-
ally feasible option for this purpose. Previous
studies suggest that PHA can be produced by
more than 90 genera of gram-positive and gram-
negative bacteria both under aerobic and anaero-
bic conditions using several carbon sources, out of
which VFAs are favored as they are the direct
metabolic precursors of PHAs [149,150]. In recent
years the mixed microbial cultures (MMCs) have
been used to reduce the production cost of PHAs.
A number of microorganisms such as Alcaligenes
eutrophus, Bacillus megaterium, Pseudomonas oleo-
vorans, Azotobacter beijerincki, Rhizobium, and
Nocardia can consume VFAs as carbon sources
to produce PHAs [151]. Additionally, producing
PHA by MMCs have no sterility demands making
it way more cost-effective than pure microbial
culture, reducing the production cost by more
than 50% [152].

Here, PHAs are produced by a three-step process
in which the first step is the acidogenic fermentation
that transforms the organic waste in to VFAs fol-
lowed by the selection of PHA accumulating cul-
tures and finally PHA is accumulated in batch
conditions [153-156]. The operating efficiency and
complexity of the final step affect greatly on the
MMCs PHA production applications [157]. The
operational conditions of the cultivation reactor
can be optimized to increase the PHA content
obtained from mixed culture [158,159] like by feed-
ing the appropriate VFA type [160,161].

The VFAs produced by the acidogenic fermen-
tation are more suitable for the synthesis of PHA
than the pure acid mixtures where the ratio of
even numbered to odd numbered VFA can be
controlled [162]. The monomers 3-hydroxybuty-
rate (HB), 3-hydroxyvalerate (HV),

3-hydroxyhexanoate (HH), and 4-hydroxybutyrate
(4HB) can be used to synthesize the PHA [105].
The production of hydroxybutyrate (HB) is facili-
tated by even numbered VFA (acetic and butyric
acids), while the synthesis of hydroxyvalerate (HV)
is promoted by odd-numbered VFA (propionic
and valeric acids) [106]. As per reports, the uptake
of acetate and propionate in their mixtures is
related directly to the ratio of HB and HV [105]
and this is why the composition of VFAs needs to
be regulated in acidification process so that the
PHA with desired performance can be
obtained [162].

A number of studies have investigated the
PHA production and wastewater treatment at
the same time. Primary sludge (PS) and waste
activated sludge (WAS) can be utilized as carbon
source for PHA production [163-165] via acido-
genic fermentation during anaerobic fermenta-
tion. The PHA content of 51% was obtained
from WAS with a productivity rate of 2.19 g/L.
h) [166]. Additionally the mixed bacteria cul-
tures are a cost effective way to produce PHA
compared to traditional method, since the ster-
ilization step is not needed and hence integra-
tion of PHA production and wastewater
treatment may help address the problem of
high cost of PHA production by traditional
methods [167]. Study data from German
WWTP showed that theoretically possible pro-
duction of bioplastics in Germany amounts to
more than 19% of 2016 worldwide biopolymer
production [167].

3.2 Biofuel

The rising concern about the depleting fossil fuels
along with the environmental concerns associated
with their excessive application is pushing the
society to seek sustainable alternatives. Recently,
biofuels have become the best alternative to
address the current energy crisis as clean and
high energy fuel replacements. An inexpensive
raw material to meet the demands for biofuels
are waste derived VFAs which can be successfully
utilized to produce a variety of fuels like biobuta-
nol, microbial oils/biodiesel, hydrogen, and bio-

gas [9].



3.2.1 Microbial oil production

Microbial oils have gathered a lot of attention in
recent years as they are interesting precursors for
oleochemical industry and can be an eco-friendly
alternative to the nonrenewable fossil oils as their
cultivation period is shorter and have higher bio-
mass and lipid productivities [168]. A bottleneck
for the production of microbial oil is the high cost
of the substrate, ie sugar based feedstock, which
adds up hugely (up to 60%) in the overall produc-
tion cost [169] as well as the high contamination
risk [170]. A solution is to use cheaper renewable
substrates as the carbon source for microbial oil
production.

VFAs produced via anaerobic digestion (AD) of
various wastes like food waste [171], municipal
solid waste (MSW) [172], waste activated sludge
(WAS) [162], etc. can offer an inexpensive choice
for microbial lipid synthesis by oleaginous micro-
organisms (Figure 3) [173]. Moreover, the fatty
acid composition of lipids synthesized from
VFAs is similar to that of Jatropha and soybean
oil which makes it suitable for the production of
biodiesel [169]. Added advantage is their higher
theoretical conversion efficiencies as well as
shorter metabolic pathways for lipid synthesis
compared to sugar based substrates [174].

The oleaginous microorganisms can synthesize
and accumulate lipid more than 20% (w/w) dry

VFA production

Anaerobic Volatile fatty acids
[ digestion of waste }-’[ (VFASs) } P

VFA

N pretreatment

——
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weight and hence are considered suitable for
microbial oil production [175]. The cultural con-
ditions like pH, temperature, carbon-to-nitrogen
ratio/N, fermentation period, etc. can be optimized
to improve the lipid composition and accumula-
tion [176]. Both the cost of carbon source and
microorganism’s performance affect the economic
feasibility of microbial oil production. Some well-
known oleaginous strains that can synthesize lipids
by utilizing the VFA are Yarrowia lipolytica,
Cryptococcus curvatus, and Cryptococcus albidus
[177]. According to the literature, the high content
of VFAs (>10 g/L) inhibits the growth of oleagi-
nous yeasts and impedes the high lipid yields
[178]. Although slightly acidic conditions (pH
5.6-7) were adopted for best lipid production
from strains with low concentration of VFA (<
10 g/L) [169], alkaline conditions can ease the
inhibition of high VFAs content. On the other
hand, high acetic acid concentrations (70 g/L)
and alkaline conditions (pH 8) were shown to
favor the cell growth and lipid accumulation of
Yarrowia lipolytica, resulting in the highest bio-
mass (37.14 g/L) and lipid production of (10.11 g/
L) [179]. However, cultures with higher acetic acid
content showed decreased biomass and lipid yield
due to excessive anion accumulation. Of all other
VFAs, the acetic acid is the most suited for lipid
synthesis as its conversion pathway to produce

Oleaginous fermentation

VFA fermentation
using oleaginous
yeast

-)[ Microbial lipid ]

—>Microbial
lipid

VFAs as
carbon
source

R2

——

Figure 3. VFA production and lipid production process integration, adapted from [170,223].
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acetyl-CoA (an important precursor in lipid bio-
synthesis) is relatively shorter than others, fol-
lowed by Butyric and propionic acid. All in all,
mixed VFAs have been reported to be more pro-
mising for lipid synthesis than individual
VFAs [179].

3.2.2 Hydrogen
Hydrogen gas is a high value product of anaerobic
fermentation which may be used in fuel cells as
well as a precursor of several chemicals products
[180]. Unlike fossil fuels, H, is not available in
nature and is conventionally produced by steam
reforming of natural gas, water electrolysis and
auto thermal processes which are energy intensive
and hence not cost effective. The hydrogen pro-
duction via fermentation of renewable raw materi-
als has benefits over conventional methods as
operating conditions are milder than conventional
methods making the process more economical and
sustainable [181]. However, the bottlenecks of this
approach are lower yields and formation rates
since bacterial metabolism is slow [182,183].
Biohydrogen can be produced by carrying out
both dark and light anaerobic fermentation of
biomass and waste [182]. In the first step,
dark fermentation is used to convert the hydro-
lyzed biomass into VFAs, CO, and H, using
acidogenic anaerobes, therefore, H, yield is low
[48]. More H, can be produced utilizing these
VFAs via photo-fermentation by photohetero-
trophic bacteria (Rhodobacter sp.) [184]. In an
study the Rhodobacter sphaeroides was shown to
use five different carboxylic acids (malate, propio-
nate, acetate, lactate and butyrate) of which, max-
imum H, production rate (24 mlyyqgrogen/Lreactor )
was obtained using malate [185].

Another method utilized is electrodialysis which
is relatively simpler, faster, and yields more H,
compared to photofermentation [181]. A low vol-
tage DC current (1-3 V) was passed to the dark
fermentation effluents of wheat powder solution
containing VFAs to produce H, gas. Copper elec-
trode was used because of its high electrical con-
ductivity which facilitates the H, production.
Highest cumulative H, was obtained at pH 2.0,
DC voltage 3 and VFAs concentration of 5 g/L
[181]. One more effective method is to use micro-
bial electrolysis cell (MEC) also known as bio-

electrochemically assisted microbial reactor [186].
MEC generates the H, from organic substrate by
applying an electric current. In this regard, H, is
produced through cathodic reduction of proton
released from electrochemically active bacterial
(EAB) oxidation of VFAs at the anode [187].
Temperature plays a crucial role in changing the
performance of MEC as it affects the activity of
microorganisms. The generation of H, decreases at
the temperature below 25°C and above 40°C, and
the optimum temperature of a two chamber MEC
fed with acetate was found to be about 30°C [188].

3.2.3 Biobutanol

Biobased butanol offers several advantages over
bioethanol as a transportation fuel. Biobutanol is
less corrosive and less hydrophilic than ethanol
hence can be transported in existing pipelines as
well as being less sensitive to temperature. Butanol
has higher energy density as it contains four car-
bon atoms compared to two in ethanol, and those
extra chemical bonds release more energy while
burning [189,190]. Additionally, butanol has close
resemblance with gasoline in physico-chemical
properties and a low oxygen content [191], so it
can blend better with gasoline compared to
bioethanol [192]. Apart from being a gasoline
additive, biobutanol is also used as a solvent (for
paints, resin, etc.), plasticizer, and chemical inter-
mediate for butyl esters or ethers [173].

VFAs produced through fermentative biomass
acidification can be biologically reduced to bio-
alcohols. VFAs like acetic, propionic, and butyric
acids are produced together with CO, and H,
during the acidification step of anaerobic digestion
[193]. Steinbusch et al. [194] showed that acetic,
propionic, and butyric acid can be reduced to the
ethanol, propanol, and n-butanol, respectively, by
mixed anaerobic cultures with H, as electron
donor. Of these, n-butanol was produced from
butyric acid and its highest measure concentration
in batch experiments was 3.66 mM with an effi-
ciency of 47.6%. Maintaining a high hydrogen
pressure was crucial to avoid the oxidation of the
alcohols produced and to facilitate their produc-
tion rate [195]. Though a challenge in microbial
fermentation of butanol is the butanol toxicity to
the same bacteria which causes the lower yield and
higher recovery costs. Current research is



focussing on the better product separation, remov-
ing inhibitors and process integration to overcome
butanol toxicity [190].

A two-step process was suggested by [189], to
produce biobutanol from organic waste derived
VFA (butyric acid) via non biological pathways.
In the first step, VFAs (butyric, iso-butyric, valeric
and iso-valeric) are esterified into the VFAmethyl
esters (VFAMEs) which in the second step gets
hydrogenated into their corresponding bio-
alcohol. The process is less energy intensive as it
is purely a chemical process without the need of
growing bacteria. The final yield of 1-butanol from
butyric acid was 19 wt.% which is comparable to
the conventional biological process.

According to a report by Grand View Research,
the global bio-butanol market is projected to reach
USD 17.78 billion by 2022 [196].

3.2.4 Methane

VFAs are formed as important intermediate pro-
ducts in the anaerobic digestion where biogas, the
final product rich in methane (65-70 v/v%)
[Tchobanoglous, 197], can be used to generate
heat and power. The three main VFAs, ie acetate,
butyrate, and propionate that are formed as
a result of degradation of protein, carbohydrates,
and fats during acidogenesis process are said to
inhibit CH, production significantly, if accumulate
in surplus [162].0f these VFAs, acetic acid can be
directly into CH, during methanogenesis by acet-
oclastic methanogens [162] while butyric and pro-
pionic acid are first oxidized into acetic acid, H,,
and CO, by acetogens and then degraded into
methane by methanogenic microorganisms which
can only utilize acetate [198]. The interdependent
process between the acetogenic bacteria and the
methanogens, known as syntrophic interaction
[199], is considered to be the rate limiting process
step in the formation of biogas in anaerobic diges-
tion [198]. Studies show that the partial pressure of
H, in reactor determines the conversion of butyric
acid and propionic acid to acetate, H, and CO,
with maximum conversion occurring at low partial
pressure of H, [200]. The propionate oxidation
being thermodynamically unfavorable, its conver-
sion appeared to be strongly inhibited in anaerobic
digestion [201]. Acetate was found to be the least
toxic of all VFAs, followed by butyrate and
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propionate, effects their conversion rate to CH,
(Acetate>butyrate>propionate) in batch experi-
ments [202]. Since methanogens are most sensitive
to propionate during fermentation, it has been
shown to be a major cause of digestive failure
[203]. [204], observed no significant inhibition of
the activity of methanogenic bacteria even at the
highest concentration of acetate and butyrate,
ie 2400 and 1800 mg/L, respectively. However, in
the presented study the concentration of bacteria
decreased from 6 x 107 to 0.6-1 x 10” /mL as the
concentration of propionate increased to 900 mg/L
causing a very low CH, yield. In the optimization
analysis, the maximum accumulative CH, yield of
1620 mL was obtained at the concentration of
1600, 1800, and 300 mg/mL for acetate, butyrate,
and propionate, respectively [204]. The findings
suggest that a low propionate concentration
should be maintained in the VFAs solution pro-
duced during fermentation to accelerate the
methanogenesis if the goal perused is maximizing
methane production.

3.3 As a carbon source for biological nutrient
removal process

Nutrients, especially nitrogen and phosphorus in
the municipal wastewater treatment plant dis-
charge causes eutrophication in surface waters.
VFAs are used as easily degradable and cost effec-
tive carbon source for biological nutrient removal
processes (BNR) at wastewater treatment plants
(WWTPs) and can be utilized efficiently for deni-
trification and bio-P  Process (phosphorus
removal) [205]. Through proper use of microor-
ganisms, nitrogen and phosphorus can be removed
in BNR processes. Nitrogen removal is typically
carried out in two steps, ie aerobic nitrification
(conversion of ammonia to nitrates and nitrites)
followed by anoxic denitrification (conversion of
nitrate to nitrogen gas) [9]. It has been reported
that the denitrification process is enhanced with
the higher amount of VFAs [206]. The process of
removing phosphorus by accumulating it with bio-
mass is referred to as enhanced biological phos-
phorus removal (EBPR) process which consists of
consequent anaerobic and aerobic zones. The
organic matter is consumed and phosphorus is
released under anaerobic conditions which is
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followed by the phosphorus uptake in aerobic zone
[207]. It has been a common knowledge that effi-
ciency of biological phosphorus removal is directly
proportional to the number of phosphorus accu-
mulating organisms (PAO) in the system. In an
important study, Mao et al. established that local
environmental conditions affect EBPR more than
the specific engineered microbial
nities [208].

The most favored VFA carbon sources for
EBPR process were acetic and propionic acid
[209], while acetic acid, propionic acid, and
methanol were studied for denitrification
[210,211]. VFAs are only present in small amounts
in the wastewater which is insufficient for the
completion of both, the denitrification and phos-
phate removal [212]; hence, additional VFA is
needed for BNR system [162]. The requirement
of C/N was shown to be in the range of 5-10 mg
chemical oxygen demand (COD)/mg N for both
nitrification and denitrification process [197]. As
reported by Grady Jr et al. [213], the removal of
1 mg of phosphorus required an additional 7.5-
10.7 mg of COD. Synthetic VFAs can be used as
additional carbon source but are expensive so as
an economical solution, VFAs can be produced on
site through the AD of sludge at WWTPs and later
be introduced to the treatment steps in the BNR
process [214]. Some WWTPs use ethanol and
methanol as carbon source for the denitrification
process. If VFAs are added in denitrification step,
they will be consumed by denitrification bacteria
in place of methanol or ethanol making process
more economically favorable for the plant [215-
218]. VFAs with lower molecular weight were
preferred by denitrifying bacteria so the order of
consumption is acetate>propionate>butyrate>va-
lerate. The preferred order could be related to the
metabolic pathway in the assimilation of lower
molecular weight VFA [219].

The production of enough VFAs on site to
sustain the EBPR process is more cost effective
than chemical flocculation process for the phos-
phate removal as concluded by 205. Propionic acid
was shown to be more effective than other VFAs
for both phosphate and nitrogen removal
Regarding phosphate removal as acetate can some-
times favor the glycogen-accumulating organisms
over phosphate accumulating which may lead to

commu-

the failure of EBPR, propionic acid is preferred
over acetic acid [209,220]. It was shown that
EBPR operates at optimum with 50:50 or 50:75
mixture of acetic and propionic acid as the
removal of P [221]. 222 also found that increasing
the ratio of propionic acid to acetic acid signifi-
cantly increases the P removal efficiency.

4 Other constituent in the anaerobic
digestion effluent and their applications

Anaerobic digestion (AD) has rapidly developed in
recent years [223,224]. Besides renewable
energy, AD plants also produce large amount of
liquid anaerobic digestion effluents (ADEs) which
may lead to oversupply of ADEs in a short time.
The anaerobic effluent still has high COD and is
rich in macronutrients (N, P, K, Ca, S, and Mg)
and micronutrients (B, Cl, Mn, Fe, Zn, Cu, Mo,
and Ni) that exclude the possibility of direct dis-
charge to the environment. Apart from the VFAs
content that has its own various application, a lot
of studies have been carried out to treat ADE, for
example, directly reuse in field as fertilizer
[225,226]; cultivate constructed wetland plants
and algae, etc. [227,228]; and nutrients recovery
[229,230]. Some typical constituents of anaerobic
digestion effluent, except for VFAs, are summar-
ized in Table 1.

4.1 Filed application as fertilizer

Plants require 13 mineral nutrient elements for
growth, including macronutrients (N, P, K, Ca,
Mg, and S) and micronutrients (Fe, Cu, Mn, Zn,
B, Mo, and Ni), which are all critical nutrients for
plants to complete their life cycle. Conventionally,
the anaerobic digestion effluents was subjected to
mechanical solid-liquid separated and the solid
part could be easily transported to markets or
fields for reutilization as fertilizer, either directly
or after composting [231]. Many batch experi-
ments and reports show that anaerobic effluent
can be used as a fertilizer in fields all over the
world [232-234]. The liquid fraction, commonly
referred to as the liquid digestate, has also been
shown to be a good liquid bio-fertilizer or soil
conditioner for crop production due to its high
nutrient content [235]. The majority of the
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Table 1. Constituent except for VFAs and their applications of anaerobic digestion effluent.

Application Characteristics Substrates Pretreatment or rules Reference
Chlorella sp. pH 6.8-7.0 Dairy wastewater, Gravity sedimentation, 0.1-mm [257-259]
cultivation COD 920-7800 mg/L Municipal wastewater sludge, nylon mesh and diluted to
TAN 40-160 mg/L Maize silage, the desired ammonium
TP 29-74 mg/L Cattle manure, concentration
C/N 7.2-129 Food waste
Bio-fertilizer TAN 1.1-4.3 g/kg (DM) Dairy/pig/poultry slurry, Max 170 kgN/ha/year, storage [226,260,261]
(solid digestate) NH,*-N 0.7-2.7 g/kg (DM) Dairy wastes, for 3-20 months
TP 0.2-1.2 g/kg (DM) Maize silage,
TK 0.2-4.2 g/L Grass silage
Zn 35-423 mg/kg (DM)
Cu 4.5-364 mg/kg (DM)
Ni 2.1-7.8 mg/kg (DM)
Wetlands plants BODs ~ 240 mg/L Wastewater from membrane Lowered the concentrations of [228,245]

and algae
(liquid digestate)

TSS ~280 mg/L

reactors with low loading rates

COD (89%) and turbidity
(99%),

high removal rates of BOD
(96-100%), COD (69-73%),
PO4-P (48%), NH4"-N (99%)
and inorganic N (64%)

phosphorus is partitioned into the solid fraction
while it is estimated that liquid digestate con-
tains 70% to 80% of the total NH,"-N [236]. The
N composition in solid manure (eg poultry broi-
ler) can be as much as five times greater than
liquid manure (eg liquid dairy). When digester
effluent is field applied as fertilizer, and when
incorporated, microorganisms can convert the
ammonia to nitrite, which is then rapidly con-
verted to nitrate, the nitrogen form most readily
taken up by plants [237]. 226 suggested that the
reduction of heavy metal content (Mn, Cu, Sr, Sn,
and Ba) along with some of the potential patho-
genic bacteria from cow dung made the digestate
seems to have more potential than cow dung as
fertilizer for soil amendment. The availability of
these nutrients in the digestate are known to
improve the soil structure and a viable alternative
for soil amendment [238]. At the same time, it
contributes to the sustainability of anaerobic diges-
tion process. However, this progress has often
been limited due to the environmental impact
and the consideration of the carrying capacity of
nutrients to the surrounding land. Particularly in
China, most of the farm lands are not owned by
the biogas plant operators but are divided into
many small pieces and owned by individual farm-
ers. The land application of these liquid digested
slurries is very hard to negotiate between the indi-
vidual farmers. Furthermore, when compared to
traditional chemical fertilizers, transportation of

these liquid digestates is uneconomical due to
their low fertilizer efficiency and high-water con-
tent [239]. Therefore, much of the anaerobic liquid
digestate from intensive-scale anaerobic digesters
can only be partially used in Chinese farm fields.
Besides, the stored digestate will also have some
greenhouse gas emissions into the atmosphere
which would cause atmosphere pollution [240].

4.2 Constructed wetland plants and algae

Studies suggested that wetland plants can well
grow up in certain kinds of anaerobic digestion
effluent and reduced the pollutant levels. Several
genera of wetland plant species such as Scirpus,
Typha, Phragmites, Polygonum, Sagittariaare,
Cyperus, and Thalia are competitive and tolerant
to eutrophic habitats [235,241]. Cyperus involu-
crateus Rottb. and Thalia geniculate L. are fast-
growing ornamental plants with such capacity.
High growth rate and biomass production of
emergent plants reflects their potentially high
ability to absorb and accumulate nutrients.
Therefore, they have been used worldwide in
various types of constructed wetlands for treating
several types of wastewater [227,242]. Reports
showed that satisfactory pollutant removal perfor-
mance was found in systems planted with these
plants. In addition, previous studies have reported
that wetland plants provide many benefits for
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wastewater treatment including nutrient uptake,
microbial growth support, oxygen provision for
oxidation processes, and other physico-chemical
processes [243,244]. 228,investigated two tropical
wetland species growing up in anaerobic diges-
tion effluent, results showed that high removals of
biological oxygen demand (BOD) (96-100%),
COD (69-73%), PO,-P (48%), NH,"-N (99%),
and inorganic N (64%). The pollutant level in
the anaerobic digester effluent was significantly
reduced. A similar result was reported as con-
structed wetlands lowered the concentrations of
COD (89%) and turbidity (99%), but inhibition of
algal biomass growth was observed due to phy-
sico-chemical characteristics of the wastewater
[245]. High concentrations of certain nutrients
such as ammonium (5-11 mM) can be toxic to
the plants whose tolerance levels differ among
species [246,247]. Many species have reduced

growth rates and biomass, shortened root length,
and degraded photo synthetic pigments if ammo-
nium concentrations exceed their tolerance level.

4.3 Nutrients recovery and their applications

Nutrient recovery from digested biodegradable
waste as marketable products has become an
important task for anaerobic digestion plants to
meet both regulatory drivers and market
demands [248]. Several organic wastes such as
cow manure, pig manure, abattoir waste, muni-
cipal waste and agricultural waste can serve as
renewable energy sources during anaerobic
digestion. A high concentration of ammonia
can affect the methanogenesis process and
lower the quantity of methane produced during
anaerobic digestion. Many kinds of literature
have reported a very high ammonia
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concentration in wastewater ranging from
1,700 mg/L to 14,000 mg/L [249,250], which
excess the nitrogen capacity of the land.
Inhibitors in AD processes include organics
such as chlorophenols, halogenated aliphatics,
N-substituted aromatics, or inorganics such as
ammonia, sulfide and light metal ions in nature
or a combination thereof [149]. Numerous tech-
nologies for removing ammonia have been
developed and reported such as chemical preci-
pitation, air stripping, ion exchange and adsorp-
tion [251,252]. The flowchart depicted in
Figure 4 presents the general treatment technol-
ogy for high nitrogen digestates. Struvite recov-
ery is a mature technology, mostly involving the
addition of Mg (MgO/MgCl,) to a solution con-
taining soluble PO,-P (ortho-P) and ammonium,
thereby adjusting the pH to 8.3-10 and inducing
the precipitation of struvite, MgNH,PO, - 6H,
O [248]. Even though these processes have the
ability to remove and recover over 80-90% of
the soluble P in the wastewater or effluent flow,
yet only 10-40% of the NH,"-N can be captured
[253-255] and suit for specific N/P ratio.
Extensive literature reported that biochar, strip-
ping and struvite methods can be carried out for
ammonium recovery with efficiencies varying
between 50%-95% [122,256]. Recent literature
consider ammonia stripping process coupled
with absorption as an alternative method, in
which free ammonia (NH;3;) reacts with H,SO,
/H3PO, to form ammonia salt that can be used
as a fertilizer [256].

5 Conclusions and Future Prospects

As presented in this review, regardless of the
source of provision, the list of applications asso-
ciated with VFAs as precursor chemicals and
materials is extended. It is not beyond expecta-
tion that as the societies develop, industries grow
and new markets pop up, new applications for
VFAs will be defined. The boost in demands of
VFAs should be met by petrochemical or bio-
technological routes for VFAs (bio)synthesis.
Although rather cheap, available at this time in
history and main source of VFA production,
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fossil-resources with their finite amounts and
geographical-concentration, fluctuating prices
and environmental related issue are unlikely to
have a role in future sustainable development of
developed and developing countries. However,
there is promising prospective in sight as there
is a backup plan for production of VFAs that
concerns environmentally benign biotechnologi-
cal approaches using renewable resources for
production of VFAs. Production of these bio-
based VFAs from anaerobic digestion of
organic-rich waste, residual and by-product
streams have recently attracted great attention.
Although there is a long way for bio-based VFAs
to take over the main share of the VFAs market,
these green VFAs not only create value from
waste but also guarantees sustainable generation
and provision of these precious chemical build-
ing blocks for generations to come [141].

Nomenclature

AD Anaerobic Digestion

ADEs  Anaerobic Digestion Effluents

BOD  Biological Oxygen Demand

BNR  Biological Nutrient Removal Processes
CAB Cellulose Acetate Butyrate

CAGR Compound Annual Growth Rate

COD  Chemical Oxygen Demand

EAB Electrochemically Active Bacterial

EBPR  Enhanced Biological Phosphorous Removal
EDTA Ethylenediaminetetraacetic Acid

HB HydroxybutyrateHV 3-hydroxyvalerate
HH 3-hydroxyhexanoate4

HB 4-hydroxybutyrate

HAc Acetic AcidHBu Butyric Acid

HCa Caproic Acid

HPr Propionic AcidHVa Valeric Acid

iHBu  Iso-butyric Acid

iHVa Iso-valeric Acid

MEC Microbial Electrolysis Cell
MMCs Mixed Microbial Cultures
MSW  Municipal Solid Waste

PET Polyethylene Terephthalate

PHA  Polyhydroxyalkanoates
TPA Terephthalic Acid
VFAs  Volatile Fatty Acids

VFAME VFAmethyl Ester
WAS  Waste Activated Sludge
WWTP Wastewater Treatment Plant
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