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Abstract
Volatile fatty acids (VFAs) are proposed platform molecules for the production of basic
chemicals and polymers from organic waste streams. A simple bio-reactor was fabricated
with locally available materials to conduct this study. A lab-scale anaerobic batch reactor
was fed with potato waste and banana waste as substrate to find out the potential organic
waste that has maximum VFAs production capacity. Between these two wastes, banana
waste was found better for VFAs production. The product spectrum remained similar at the
pH range 4.0-4.5 but higher pH reduced the VFAs production. The operation of anaerobic
digestion with uncontrolled pH reduced the pH 4.0 to 4.5. Therefore, it is better to run the
anaerobic digestion without controlling the pH while aiming to VFAs production. A small
amount nutrient (ammonium nitrogen) significantly increases the VFAs production but
higher amount nutrient has an inhibition effect. However commercial surfactant has a
strong inhibition effect on VFAs producing organism and hence reduced the VFAs
production. The efficient production of VFA at uncontrolled pH with a small amount of
ammonium nitrogen increases the economic feasibility of organic waste-based VFAs
production.
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1. Introduction
One of the biggest challenges in human development in the 21st century is ensuring the
effective food waste management. The impact of food waste on the environment is
unavoidable [1-3]. The amount of food waste is increasing extremely in every year around
the world [4,5]. Therefore, it becoming the major source of environmental decay, odor,
toxic gas production, and groundwater contamination, which severely threatens
environmental health and security [6]. Some existing methods for disposal of food waste
such as landfill, ocean dumping, incineration, animal feed and fertilizers have been
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forbidden somewhere or some other places it become less desirable [7,8]. As a result, an
efficient, sustainable and eco-friendly treatment and/or management of food waste is
required to overcome this problem. Resource recovery from waste could be considered
one of the best alternatives by to generate the clean energy and valuable chemicals. This
type of bio-based process is rapidly gaining importance in our society, veering towards oil
replacement with renewable and sustainable sources of carbon and energy. Now-a-days
the demand for renewable chemicals and fuels are pushing the industry towards higher
sustainability, to improve cost effectiveness and meet customers' demands with
sustainability [9,10].
Compared to other wastes, food waste contains higher levels of organic materials, such
as starches, proteins and lipids [11]. It could be a plentiful source of inexpensive organic
substrate to generate energy and other products due to its highly organic composition, well
balanced carbon and nutrient content and easy biodegradation [12]. Anaerobic digestion is
preferred as an efficient pathway for their cycling and reduction of food waste and involve
the conversion of complex organic through a multistep process involving the production
of soluble compounds, short-chain fatty acids and hydrogen [13]. The process of
anaerobic digestion consists of four steps: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis [14]. Volatile fatty acids are produced in the first three steps by
eliminating the methane-forming phase [15,16]. Acidogenesis of food waste can also
produce valuable products such as H2, which is a clean fuel [17-19].
VFAs are important bulk chemicals that are used as building blocks to produce
polymers, as acidulants, preservatives and favoring agents, or as precursors for the
synthesis of chemicals. Based on previous studies, VFAs have been successfully used for
nutrient removal enhancement [20], biodegradable plastic production [21] biogas and
biodiesel bioconversion [22], polyhydroxyalkanoate biosynthesis [23] and electricity
generation [24]. Additionally, Srikanth et al. [25] demonstrated that VFAs are a potential
substrate for hydrogen production via photo fermentation by mixed microbial cultures.
Nowadays VFAs are usually derived from fossil fuels through chemical synthesis [26].
The production of VFAs from municipal waste will become one of the most attractive,
economic and sustainable way to meet the future demand of renewable chemicals and
fuels. These can be possible to achieve through finding an efficient and cheap substrate
and/or an effective design and optimization of the fermentation process, for which it is
necessary to have insight into the micro- and macro-mechanisms of the process. Short
chain carboxylic (volatile fatty) acids (VFAs) production in mixed microbiomes is
majorly limited by the prevalence of methanogenic bacteria and the availability of
substrate from waste to the biocatalyst during the fermentation process. To enhance the
VFAs production from waste, the present study evaluates a strategy for selective
enrichment of the biocatalyst by selecting specific waste and exposing it to controlled pH,
temperature etc. The enhancing VFAs production will help to sustainable chemical and
bio-fuel production in one way and the other way it will helpful for waste management as
well as reduce the greenhouse gas emission.
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The aim of this study is to increase VFAs production through anaerobic digestion
using potato and/or banana waste as substrate. Dilution has a significant effect on this
process but still mechanism is unknown, would be investigated here. Moreover, the effect
of nutrient such as (NH4)2SO4, and inhibitor (detergent) were evaluated in view of VFAs
production.
2. Materials and Methods
2.1. Source of food waste
The food wastes used in this study were collected from the cafeteria, tea stall and the
student dormitory of Shahjalal University of Science & Technology (SUST), Sylhet. The
food waste contains mainly potato, banana, gourd etc.
2.2. Waste processing
In order to optimize the VFAs production or to get high performance of VFA production
process, food waste processing is important. At first the bones, metals, chopsticks, plastic
bags and inorganic residuals were removed from the collected waste materials and the
desired organic wastes were stored. Among various food wastes, potato waste and banana
waste were separated from the stored mixed organ waste. Then both potato and banana
wastes cut into small size to increase the production potential.
2.3. Anaerobic digester
The anaerobic digester was made using a 2 L plastic bottle. The reactor was facilitated
with sample collection system. To collect and measure the gas sample 250 mL measuring
cylinder was connected with the reactor. There was water in measuring cylinder and it
was measured through the metering system under normal temperature and pressure
conditions. The temperature was maintained in mesophilic condition. Before any
operation with the digester, a leakage test of the reactor was carried out to ensure that no
oxygen could get into the reactor.
2.4. Experimental procedure
The potentiality of two food wastes; potato waste and banana waste were evaluated to find
out the potential waste substrate aiming to produce maximum VFAs production. 400 g
waste was added with 5 g of digested sludge in 250 mL solution in a 2 L anaerobic
digestor. The sludge was produced in laboratory in an already existing anaerobic digester.
Digested sludge used to stimulate microbial growth as well the digestion. The details
condition to evaluate the potentiality of potato and banana waste on VFAs production are
listed in Table 1.
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Table 1. Details condition to evaluate the effect of dilution.
Types of waste

Added volume of water
(mL)

Amount of waste
(g)

Amount of digested sludge
(g)

250

400

5

Potato
Banana

pH played a vital role for the production of VFAs with simultaneous suppression of
methane formation. The pH was varied from 4.0 to 5.5 to find out the optimal pH for
maximum VFAs production. In this study banana waste was used as substrate and other
condition was as like as the Table 1.
Ammonium-nitrogen (NH4+) played a significant role in microbial growth as it is an
essential nutrient for growth. Moreover, Huang et al. [27] found significant increase of
VFAs production but for the commercial surfactant (detergent), it was not clear. The
commercial detergent was collected from the local market. To investigate the effect of
(NH4)2SO4 and detergent on VFAs production, banana waste was used with 5 g sludge in
250 mL of water. The detailed experimental conditions are summarized in Table 2.
Table 2. The detailed experimental conditions for investigating the effect of (NH4)2SO4 and
detergent.
Types of Added volume
waste
of water, (mL)

Amount of
waste, (g)

Amount of digested
sludge, (g)

Banana
Banana

400
400

5
5

250
250

Amount of chemical dosages
Detergent, (g)

(NH4)2SO4, (g)

0.2
0.4
0.5
1.0
without addition of chemical

2.5. Volatile Fatty Acid (VFA) determination methods
Volatile fatty acids are the acids with carbon chain of six carbons or fewer. In this study, it
was measured as acetic acid equivalent based on the measurement of pH and dissociated
acetic acid (CDA). The concentration of dissociated acetic acid (CDA) can be determined
from the pH and pKa. pH was determine using pH electrode. The basic principle of VFA
determination are as follow:


CH 3 COOH  CH 3 COO  H
C A  C DA

 10

pH  pKa

1

/

10



pH  pKa

Here, CA is the concentration of VFA as acetic acid (mmol/L); CDA is dissociated acetic
acid H+ concentration (mmol/L). pKa values are 4.75 for acetic acid; 4.88 for propionate
and 4.82 for butyrate respectively.
Moreover, all the VFAs measurement except ‘the evaluation of effect of pH on VFAs
production was evaluated through the 5 pH point titration VFAs measurement method
developed by Vannecke et al. [28]. All the measurements were within ±5%.
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3. Results and Discussion
3.1. Comparison of substrate
Two food waste; potato waste and banana waste were evaluated to find out its potentiality
for the VFAs production. The experiment was carried out with 400 g waste within 250 mL
solution in a 2 L anaerobic digestor. In this case no nutrients were added and pH was not
controlled. The overall results are shown in Fig. 1(a, b). The higher VFAs production 156
mmol/L (9.12 g/L) acetic acid equavalant was found from banana waste compare to potato
which produced amount 82.5 mmol/L (4.95 g/L) acetic acid equivalent VFAs. A
comparison study on VFAs production from different feedstock have summarized in
Table 3. Micolucci et al. [29], and Giuliano et al. [30], found higher VFAs production
compare to this study using food waste as feedstock and this was due to applying higher
temperature. They used 55 C temperature while in this study the temperature was
uncontrolled and never was higher than 42 C.
The pH of the uncontrolled reactor dropped to 4.4 for the potato waste and to 4.0 for
the banana waste (Fig. 1b). Jiang et al. [12] also found a quick drop of pH to about 3.0
due to the production and accumulation of VFAs and similar trend was also reported
previously by Kim et al. [31] and Dogan et al. [15].
Several studies have already conducted to apply the banana and potato waste as
substrate for the production of production of VFAs and methane through anaerobic
digestion. Banana starches which are relatively low in amylase content, have high
resistance to heating and amylase attack, low swelling properties, low solubility in water
and low retrogradation, been proved slightly superior to other starch [32]. Emaga et al.
[33] have successfully isolated and characterized pectins (87–248 kDa) from the banana
peels bearing variable compositions of neutral sugars (galactose, arabinose and
rhamnose), galacturonic acid and different degrees of esterification. It contains
considerable amount of starch, sugars, and higher minerals specially potassium compares
[34]. One of the main reasons for higher production of VFAs as well as higher rate of
VFAs production with banana waste was the high content of minerals. It gave the
advantages to acetogenasis better activities through ATP production.
Table 3. VFAs production capacity from different feedstock.
Feedstock
Organic fraction of municipal solid waste
Food Waste
Food Waste and Rice Straw
Fruit/Vegetable waste
Waste activated sludge
Corn straw
Caw Manure-maize silage
Banana waste
Potato waste

Yield
gVFA/kgCOD
31-263
221-234
33-279
383
62-183
-

Concentration
VFAs, g/L
2.5-19.6
12.3-13.7
5.5-25.0
7.6-28.5
11.4
6.77
6.7-14.6
9.12
4.95

References
[35,36]
[29,30]
[37]
[38]
[39]
[40]
[41]
In this study
In this study
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(a)

(b)

Fig. 1. Comparison of the potentiality of banana waste and potato waste for VFAs production (a)
VFAs concentration and (b) uncontrolled pH response.

3.2. Effect of pH
Four reactors were operated for 16 days with controlled pH 4.0, 4.5, 5.0, and 5.5
respectively and were maintained throughout the experiment through online pH control. In
the first step of anaerobic digestion, insoluble organic polymers such as carbohydrates,
proteins, and fats are broken into simple sugars, fatty acids, and amino acids. The
solubilization of the solid organic fraction of food waste can cause increase in soluble
COD in the reactor [12]. In this study, the conversion of insoluble organic substrate to
soluble COD increased gradually with decreasing pH (Fig. 2). The maximum VFAs
concentrations were observed at pH 4.5 which was in agreement with the reports of Tamis
et al. [42].

VFAs concentration
(mmol acetic acid/L)

210
pH 4.0
pH 4.5
pH 5.0
pH 5.5

140

70

0
0

5

10
Time (days)

15

20

Fig. 2. Effect of pH for the VFAs production from banana waste.

VFAs were produced in the acidogenesis and acetogenesis steps. Fig. 2 shows the
variation in VFAs concentration in the reactor at different pH conditions. Under all pH
conditions, the concentration increased rapidly at first 10 days and then was relatively
slow and then decreased due to enhance the bio-gas production from VFAs. The
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maximum VFAs concentrations at pH 4.0, 4.5, 5.0 and 5.5 were 147, 154, 123 and 103
mmol/L, respectively at the days around 14-15. The highest VFAs production was
occurred at pH 4.5. The VFAs concentration was very close to the maximum value when
pH was uncontrolled. This is because pH dectreased to 4.5 to 4.0 while it was
uncontrolled shown in Fig. 1(b) and also supported by literatures [15,31].
3.3. Effect of (NH4)2SO4 addition
The effect of ammonium-N concentration was evaluated using 2 g/L and 4 g/L initial
(NH4)2SO4 concentration with 400 g banana waste in 250 mL solution. The process was
run at an uncontrolled pH. The overall results comparing with no addition of (NH 4)2SO4
are summarized in Fig. 3(a, b). Increasing the ammonium-N concentration stimulate the
VFAs production and a maximum 205.5 mmol/L acetic acid equivalent VFAs were
produced while initial 2 g/L (NH4)2SO4 was used. Further increasing the ammonium-N
concentration decreased the VFAs concentration (Fig. 3a).
Ammonium-N is known as an essential nutrient for biomass growth, therefore
presence of ammonium-N enhanced the growth and productivity of VFAs production.
However, VFAs production became low at 4 g/L (NH4)2SO4 and this was due to its
inhibition effect to VFAs producing organism.
The gas production was comparatively higher while no (NH4)2SO4 was used (Fig. 3b).
Adding ammonium-N decreased the gas production but changing the ammonium-N
concentration do not have the significant effect on gas production. It indicates that the
ammonium-N have the significant effect on acetogenesis but not on methanogenesis
bacteria.
In anaerobic fermentation where food waste or municipal solid waste were used as
substrate, ammonia was produced by the biological degradation of nitrogenous
compounds, mostly in the form of protein, which was hydrolyzed into amino acids and
further degraded into ammonia [43]. In a study with food waste, the ammonia
concentration was found relatively stable, and was maintained at between 600 and 700
mg/L which is equivalent to 2.2 to 2.5 g/L (NH4)2SO4 with an uncontrolled pH system
[12]. Therefore, while the mixed food waste was used, the ammonium-N concentration
level was almost at its optimal level about to 2 g/L (NH4)2SO4 and the optimal
ammonium-N concentration also confirmed in this study as about 600 mg/L.
3.4. Effect of commercial detergent on VFAs production
Variations of VFAs production from banana waste in presence of commercial surfactant
are shown in Fig. 4(a). The blank test approached (without commercial surfactant) its
maximum VFAs concentration of 154 mmol/L acetic acid equivalent at day 15. Addition
of commercial surfactants sharply reduced the VFAs production and it’s approached to
zero while surfactant concentration was 1.6 g/L.
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b

a

Fig. 3. Effect of ammonium-N concentration on an anaerobic digester; (a) VFAs production and (b)
gas production.

Huang et al. [27] found significant increase of VFAs accumulation using biosurfactants during anaerobic fermentation with uncontrolled pH. High surface activity of
the bio-surfactant was the fundamental reason to the enhancement of organic matters
solubilization hydrolysis, which was beneficial to VFAs production. Bio-surfactants can
inhibit the methanogenesis during anaerobic digestion which also help to increase the
VFAs production and reduce the bio-gas production [27]. But for the commercial
surfactants the opposite phenomenon was observed in this study. The bio-gas production
increased with increasing commercial surfactant concentration in the anaerobic digester.
Without addition of commercial surfactant, the maximum bio-gas production was 536 mL
after 17 days. However, the gas production was increased to 1081 mL by adding 0.8 g/L
surfactant and to 1476 mL by adding 1.6 g/L surfactant (Fig. 4b).
a

b

Fig. 4. Effect of commercial detergent on an anaerobic digester; (a) VFAs production and (b) gas
production.

Most commercially available surfactants, synthesized from petroleum by-products may
has strong inhibition effect on acidogenic bacteria but do not inhibit methanogenic
bacteria. High VFAs concentration has an inhibition effect on methanogenic bacteria [44].
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The presence of commercial detergent limited the VFAs production; VFAs production
was the rate limiting step and reduced the VFAs accumulation and increased the bio-gas
production.
4. Conclusions
Between two most abundant food waste; potato waste and banana waste, the letter one
was found better in view of VFAs production. pH has a significant effect on VFAs
production, increased with decreasing pH. However, the product remained almost same at
the pH range 4.0-4.5. The operation of anaerobic digestion with uncontrolled pH reduced
the pH to between 4.0 and 4.5. Therefore, it is better to run the anaerobic digestion
without controlling the pH while aiming to VFAs production. A small amount ammonium
nitrogen (nutrient) significantly increased the VFAs production while high amount
nutrient significantly decreased the VFAs production due to its inhibition effect. The
commercial surfactant showed an inhibition on VFAs producing organism and hence
reduced the VFAs accumulation. The efficient production of VFAs at uncontrolled pH
with a small amount of ammonium nitrogen increases the economic feasibility of wastebased VFAs production.
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