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Abstract: The production of volatile fatty acids (VFAs) from waste stream has been recently getting
attention as a cost-effective and environmentally friendly approach in mechanical-biological treat-
ment plants. This is the first study to explore the use of a functional bacterium, AM5 isolated from
forest soil, which is capable of enhancing the production of VFAs in the presence of soil bacteria as a
co-digester in non-strict anaerobic fermentation processes of food waste leachates. Batch laboratory-
scale trials were conducted under thermophilic conditions at 55 °C and different pH values ranging
from approximately 5 to 11, as well as under uncontrolled pH for 15 days. Total solid content (TS) and
volatile solid content (VS) were observed with 58.42% and 65.17% removal, respectively. An effluent
with a VFA concentration of up to 33,849 mg/L (2365.57 mg/g VS; 2244.45 mg/g chemical oxygen
demand (COD)-VFA VS; 1249 mg/g VS, emoved) Was obtained at pH 10.5 on the second day of the
batch culture. The pH resulted in a significant effect on VFA concentration and composition at various
values. Additionally, all types of VFAs were produced under pH no-adjustment (approximately 5)
and at pH 10.5. This research might lead to interesting questions and ideas for further studies on the
complex metabolic pathways of microbial communities in the mixture of a soil solution and food
waste leachate.

Keywords: volatile fatty acid (VFA); anaerobic fermentation (AF); food waste leachate (FWL); food
waste (FW); soil microbes; microbiology in waste treatment

1. Introduction

Food waste (FW) generation has sharply increased each year and accounted for 32%
of all the food produced worldwide, including food waste and loss in the supply chain.
The notable environmental effects of FW include the contribution to global warming due
to the emission of greenhouse gases through transportation, storage, and other disposal
operations [1]. Due to its properties, such as high organic and moisture content, FW
is important not only because of waste treatment but also because of the commercial
applications using products generated during the treatment process, such as volatile fatty
acids (VFAs). Thus, FW exploitation for VFA production is a sustainable alternative
in the “biorefinery” concept that represents an innovative approach in environmental
management [2].

VFAs are line short-chain mono-carboxylate compounds produced mainly by micro-
bial fermentation, including acetic, propionic, butyric, caproic, valeric, and heptanoic acid.
Due to their renewability, degradability, and sustainability, VFAs are attractive carbon

Sustainability 2021, 13, 9606. https:/ /doi.org/10.3390/5u13179606

https:/ /www.mdpi.com/journal/sustainability


https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-1421-3093
https://orcid.org/0000-0002-1598-6541
https://orcid.org/0000-0002-9838-6428
https://orcid.org/0000-0003-2699-9361
https://doi.org/10.3390/su13179606
https://doi.org/10.3390/su13179606
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13179606
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su13179606?type=check_update&version=2

Sustainability 2021, 13, 9606

20f 14

sources for biological nutrient removal, the production of biodiesel and biogas, bioplastic
production, and electricity generation via microbial fuel cells [3,4].

Numerous studies have investigated various treatment methods to improve the hy-
drolysis and solubilization of complex organic compounds in order to enhance VFA pro-
duction [5-7]. Hydrolysis is considered the stage-limiting step for anaerobic digestion
because macromolecules are reduced and transformed into other soluble compounds, such
as amino acids, sugar, and long-chain fatty acids, in this step [1]. Moreover, the hydrolysis
and acidification stages are extremely influenced by environmental factors such as inocula,
substrate, pH, temperature, and hydraulic retention time (HRT) [8-11]. Some studies have
investigated numerous pretreatment methods, such as physical, chemical, and biological
approaches, separately or in combination, to enhance the hydrolysis step [12-16]. Biolog-
ical pretreatment and bioaugmentation have been recognized as promising approaches
to increase VFA yield since these methods are eco-friendly and affordable. Thus, the co-
digestion of multiple substrates and waste instead of mono-digestion has been used during
anaerobic fermentation (AF) via the addition of 2.5% w/w of mature compost to food
waste as a co-digester to increase hydrolysis, with VFA concentration observed to increase
up to 51.2% = 12.3% compared to the concentration with no compost addition [17,18].
Additionally, the investigation of each functional bacterial group that is responsible for
VFA production is of interest to many researchers via microbial routes. The main bacterial
groups involved in VFA production are the acid-forming bacteria, including acetogenic
and homoacetogenic bacteria [19,20].

The use of pure cultures of microorganisms that can metabolize organic substrates
as energy and carbon sources has been previously explored. In the fermentative path-
way, various microbes, such as Acetobacter, Acetomicrobium, Clostridium, Gluconobacter, and
Thermoanaerobacter, may be useful for acetic acid production, especially, Acetobacter and
Gluconobacter, which have been reported as having promising commercial potential [21].
Clostridium lentocellum can produce 17 g/L and 30.98 g/L of acetic acid using various
sources of biomass, such as lignocelluloses and cellulose, respectively [22]. Members of the
genus Propionibacterium have been investigated as propionic acid-producing bacteria that
are able to produce up to 34.93 g/L in the case of the engineered P. jensenii [23]. Clostrid-
ium tyrobutyricum is a representative of the genus Clostridium that produces 34.2 g/L of
butyric acid [24]. Moreover, in fed-batch fermentations using a fibrous bed bioreactor with
immobilized C. tyrobutyricum, a production of 86.9 g/L of butyric acid was achieved [25].
Isobutyric acid production was also investigated using Propionibacterium freudenreichii,
Escherichia coli, and Pseudomonas sp. strains [26-28]. Regarding isovaleric acid production,
Thierry et al. (2004) found that P. freudenreichii is an isovaleric acid-producing strain from
Swiss cheese [29]. Hou and co-workers demonstrated the usefulness of the application
of food waste fermentation to prepare soil conditioners [30]. Despite the abundance of
bacterial species in the soil, more than 99% of these species cannot be cultured using
traditional techniques. Thus, their functions are still unknown and potentially attractive
for microbiologists [31].

Additionally, some studies have demonstrated that acidogenesis is better under lim-
ited aeration than under strictly anaerobic conditions; the presence of a small amount of
oxygen improves VFA content due to the increase in facultative anaerobes and extracellular
hydrolytic enzymes [32,33]. A recent study found that the aerobic sludge containing less
strict anaerobic methanogenic archaea may be used to increase VFA accumulation, with an
organic conversion to VFAs of 36%, which is higher than that obtained using the anaerobic
sludge, due to the longer digestion time required for the anaerobic condition [34]. There-
fore, a microbial community including anaerobic and facultative microbes from the soil
has the potential to contribute to the anaerobic digestion (AD) process.

In other studies, the purpose of active sludge and manure addition has been to supply
the useful microorganisms in the waste treatment [7,18]. Since functional soil bacteria are
considered to be a valuable resource with a wide variety of applications, we herein used
them as an additive to improve the biodegradation and VFA production from food waste
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leachate. Such soil microorganisms have been recognized as the greatest contributors to
the diversity of terrestrial ecosystems and are the major controllers of almost all global
biogeochemical cycles. They maintain plant health through their nutrient cycling roles and
relationships with other organisms [35,36]. Therefore, the extreme complexity and high
diversity of microbial communities represent a huge source for research and applications
in other fields.

Among more than 99% of uncultured soil microorganisms, the bacterial functional
group is one of the targets of microbiologists; they are considered as decomposers of organic
residues in soil via the enzymes that they release [37,38]. In other words, various kinds of
organic wastes could be valuable sources for microbial metabolism. Carbon compounds
and simple sugars are easily digested by microbes, and they then tie up soluble nutrients
like nitrogen in their cell membranes [39].

On the other hand, one of the potential inhibitors in an anaerobic digester is the
imbalance between high nitrogen content and carbon source, which can cause toxicity by
generating ammonia. The presence of ammonia-oxidizing bacteria plays a significant role
in reducing ammonia stress on other bacteria. Additionally, recent studies have shown
that ammonia oxidizers are widely distributed in acidic soil and the soil surrounding
roots [36,40].

Numerous molecular biological approaches combined with dependent culture meth-
ods have been applied in recent years to explore the diversity of soil bacterial commu-
nities [41-46]. However, the network interactions among soil microorganisms in each
living condition are still an open question for researchers [47]. Significant undiscovered
microbes may introduce an incomplete figure of phylogenetic diversity and microbial
functions. Therefore, soil microorganisms are still waiting to be cultivated in the laboratory
by dependent culture methods and to have their functions explored in the future.

Thus, in considering a combination of promising factors that would be beneficial
in terms of VFA production from food waste, this study aims to explore the effective
bacterial strain from soil under non-strict anaerobic conditions when used as an additive in
conjunction with facultative soil bacteria from the same community. The complex metabolic
pathways of soil bacteria in the presence of a dominant potential bacterial strain used in
this study might play a crucial role in the whole biological process of food waste leachate
to enhance VFA production yield.

2. Materials and Methods
2.1. Substrates and Inocula

The soil used in this study was collected from forest soil at Kyonggi University, South
Korea, and bacterial strain was isolated following the method described in a previous
study [48]. From a previous study on VFA production and VFA degradation from food
waste, we determined that Bacillus sp. AM5 was one of the best VFA-producing bacteria,
and it was selected to optimize working conditions in order to increase VFA production.

Bacillus sp. AMS strain was obtained after 2-3 days of incubation at 35 °C in the
following medium (g/L): glucose 10, beef extract 2, peptone 4, yeast extract 1, NaCly,
Ky;HPO4 1.5, MgCl,-6H,0 0.6, FeSO4-7H,0O 0.2, L-cysteine 0.5, trace elements 10 mL, and
vitamin solution 10 mL. The trace element solution was composed of (g/L) MnSO,-7H,O
0.01, ZnSO4-7H,S0,4 0.05, H3BO;5 0.01, N(CH,COOH); 4.5, CaCl,-2H,0 0.01, NayMoOy
0.01, CoCl,-6H0 0.2, and AIK(SO4); 0.01. The vitamin solution contained riboflavin (g/L)
0.025, citric acid 0.02, folic acid 0.01, and para-aminobenzoic acid 0.01.

The food waste leachate (FWL) was collected from the Suwon Environment Affairs
Agency, South Korea, and was diluted in water in a proportion of approximately 1:2 (v/v).
This FW was stored in the refrigerator at 4 °C for further use.

2.2. Experimental Set-Up

Serum 150-mL bottles with 100-mL working volume were set up as anaerobic batch
reactors in triplicates. The pH was adjusted with 3M HCI or 3M NaOH and monitored
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using a pH meter (HI 2210, Hanna Instruments, Seoul, Korea). The soil solution was
prepared by adding 10 g of sieved soil to 100 mL of water. Next, 1 mL of the soil solution
and 1 mL of the pure culture of strain AMS5 were then added to 98 mL of food waste
leachate diluted two-fold. Reactors with either soil solution or the bacterial culture were
included as controls.

Three samples were set up for comparison: FWL with a soil solution only (control),
FWL with strain AM5, and FWL inoculated with both the soil solution and enriched culture
of strain AM5 (FWL + soil soln., FWL + AM5, and FWL + soil soln. + AM5). Each reactor
was flushed with enough N to generate non-strict anaerobic conditions. All the bottles
were incubated at 55 °C for 15 days, and the VFA concentrations were checked daily. There
was no pretreatment in this study.

2.3. Analytical Methods

Samples were centrifuged for 20 min and then filtered through a 0.45-um membrane
filter. The total chemical oxygen demand (TCOD) and soluble chemical oxygen demand
(SCOD) were determined using LCK 514 COD cuvette and Hach Lange DR 5000 spec-
trophotometer (HACH EUROPE, Hach Lange, Germany). Other samples were acidified
to pH 2.5 for VFA analysis. VFAs were extracted with ether and determined using a gas
chromatograph (GC-6890N, Agilent Inc., Wilmington, DE, USA) equipped with a flame ion-
ization detector and a 30 m x 0.25 mm x 0.25 um fused-silica capillary column (DB-FFAP,
Agilent Inc., Wilmington, DE, USA). The temperatures of the injector and detector were
250 °C and 300 °C, respectively. The oven temperature was initially set at 70 °C for 3 min,
followed by a ramp-up of 20 °C/min for 5.5 min, and maintained at a final temperature
of 180 °C for 3 min. Nitrogen was used as the carrier gas with a flow rate of 2.6 mL/min.
Hydrogen was the fuel gas and synthetic air was the oxidizing gas. Acetic, propionic,
isobutyric, butyric, isovaleric, valeric, isocaproic, and caproic acids were detected using a
gas chromatograph (GC-6890N, Agilent Inc., Wilmington, DE, USA).

The total solid content (TS) and volatile solid content (VS) of the food waste were mea-
sured according to the American Public Health Association (APHA) standard methods [49].

2.4. Phylogenetic Analysis

To determine partial 165 rRNA sequences, the genomic DNA from three VFA-producing
strains were extracted according to a previously published method [48] (Pham and Kim,
2014). The 165 rRNA was then amplified through PCR using the universal bacterial primer
set 27F and 1492R. A multiscreen filter plate (Millipore Corp, Bedford, MA, USA) was used
to purify the PCR product, which was then sequenced using primers 518F (5'-CCA GCA
GCC GCG GTA ATA CG-3') and 800R (5’-TAC CAG GGT ATC TAA TCC-3') with a PRISM
BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA, USA).
This process was conducted at 95 °C for 5 min, and then the product was cooled on ice
for 5 min and analyzed using an ABI Prism 3730XL DNA analyzer (Applied Biosystems,
Foster City, CA, USA). Finally, SeqMan software (DNASTAR Inc., Madison, WI, USA) was
used to assemble the nearly full-length 165 rRNA sequence. This sequence was compared
with that of other bacteria using the EZBioCloud server (http://ezbiocloud.net/, accessed
on 13 May 2020) [50].

3. Results
3.1. Phylogenetic Analysis

Strain AMS5 belongs to the genus Bacillus and its closest strain is Bacillus toyonensis BCT-
71127, This strain was isolated by a modified method used in a previous study conducted
at 35 °C under aerobic conditions [48]. Strain AM5 was tested under different temperatures
in an anaerobic jar; it was determined that it can grow adequately at 55 °C after a 2-day
incubation.
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3.2. Hydrolysis Performance

Four trials showed a decrease in TS and VS concentration after a 15-day fermentation
period compared to the initial values (Figure 1). In the fermentation system with the
contribution of the strain and soil microorganisms, TS and VS decreased to 19,512 mg/L
and 12,558 mg /L, with 58.42% and 65.17% removal, respectively.

ETS
LA

Control FWL+Soil bacteria FWL+AMS FWL+Soil bacteria +AMS

35000

30000

25000

20000

15000

TS and VS concentration (mg/L)

10000

500

o

Different type of samples

Figure 1. Total solid content (TS) and volatile solid content (VS) concentrations of different waste
samples at 15 days, pH 10.5, and 55 °C. The removal of TS and VS is illustrated as a percentage. FWL:
food waste leachate.

The SCOD increased to 60,151 mg/L and 80,131 mg/L in the trial with inocula of the
strain or the incorporation of soil bacteria to the strain, respectively. This represented an
increase of 70.93% and 127.8%, respectively, compared to the SCOD concentration of the
initial FWL, with a concentration of 35,175 mg/L (Table 1 and Figure 2). As a factor that
has a significant effect on VFA production, the increase in solubilization allowed a higher
VFA yield due to efficient hydrolytic activity in the batch bioreactors.

Table 1. Characteristics of the original food waste leachate. TCOD: total chemical oxygen demand;
SCOD: soluble chemical oxygen demand; VFAs: volatile fatty acids.

Parameters Original FWL
pH 4.65
TS (mg/L) 46,926
VS (mg/L) 35,951
TCOD (mg/L) 38,925
SCOD (mg/L) 35,175
VFAs (mg/L) 226

Acetic acid (%) 45.088
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Table 1. Cont.

Parameters Original FWL
Propionic acid (%) 20.30
Butyric acid (%) 34.42
Protein (%) 43
Carbohydrate (%) 9.5
Lipid (%) 3.2
90000
80000
S 70000
g
=
£ 60000
g
=
g
= 50000
=}
<
3
O 40000 = TCOD
@
= uSCOD
]
«
a
3 30000
O
=
20000
10000
0
Control FWL+Soil bacteria FWL+AMS FWL+Soil bacteria
+AMS
Different type of samples

Figure 2. TCOD and SCOD concentrations of different samples at 15 days, pH 10.5, and 55 °C. The change of TCOD and
SCOD concentration in each trial sample was observed as a percentage.

3.3. Effect of the Substrate, the Co-Digester, and the Additives

The total VFA concentrations in three settings (FWL + soil soln., FWL + AMS5, and
FWL + soil soln. + AM5) were 3760 mg/L, 9485 mg/L, and 33,849 mg/L, respectively.

All of the components of the VFAs were produced in the trial in the presence of
strain AM5 and soil bacteria; all compositions except heptanoic acid were observed in the
sample inoculated with strain AM5 only, whereas only three components (acetic, propionic,
and butyric acid) were observed in the control and samples with soil solution added at
thermophilic temperature 55 °C and pH 10.5 (Figure 3).
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Figure 3. The concentrations and proportion of each VFA component produced from different
samples at 55 °C on the second day of fermentation.

3.4. Reaction Time on VEA Production

Figure 4 shows the profile of the total VFA and components by day of trial FWL +
soil soln. + AM5 at 15 days of incubation. The highest VFA production yield peaked
at 33,849 mg/L on day 2 and then declined gradually afterwards. Butyric acid was the
dominant component of the total VFAs produced on day 2, while acetic acid was observed
as the most abundant from day 4 to day 14 and propionic acid was detected with the
highest concentration on day 15.

100% - - 40000
£ 90% - 35000 Heptanoic acid
§ 80% - § Caproic acid
g - 30000 > o
£ 70% - § s Iso-caproic acid
& &
03 60% - 25000 2 s Valeric acid
£< Z
'E g 50% - = 20000 5 S s [so-valeric acid
1
)
S Q
-*é 2 40% - L 15000 ‘:E_ mm [so-Butyric acid
& =
g 30% - £ o
s L 10000 2 s Propionic acid
0, 4
é 20% E’ mmm Acetic acid
> 0% - - 5000 =
05 N = s Butyric acid
0% - .A_ Bl Y B, I I, S o
> === Total VFA
660 ,Sﬁ b‘bﬁ I&tﬁ b‘lﬁ p‘zﬁ ,Sf’ :&zﬁ ,&ﬁ 'Sb* b@ b‘lﬁ ’gﬁ ,6‘54’ b‘bﬁ ,gﬁ
A A A A L A AN AN AR I RN

Digestion Time (days)

Figure 4. Total VFA concentration and proportion of VFA components produced at various pH values at 55 °C. Measure-
ments were recorded each day during 15 days of anaerobic fermentation (AF) process.

3.5. Effect of pH

A high VFA production was obtained in trials of enriched cultures of strain AM5 and
the presence of the soil microbial community from where this strain was isolated. Notably,
the VFA concentration in FWL + soil soln. + AMS trial was 13,162 g/L at an unadjusted pH
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compared to the control trial at the initial concentration of 226 mg/L. The second highest
value of VFA was observed at pH 10 (30,535 mg/L), with the VFA values decreasing at
other pH values (Figure 5).

100%

90%

80%

70%

60%

50%

40%

30%

VFA compositions at a variety of pH (%)

20%

10%

0%

_ _— - 40000
L 35000
, | 33,84
d
J/
o 30.53 L 30000
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20000

15000
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(7/8w) Hd Jo £)9L1EA B ) UONBIIUIIU0D VA

10000

/H\ N -

330 2352 T | 76
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> o % , Q 5 S 5 S
ST S $ & & & & SRS

pH values
&

mmmm Acetic acid mmmmm Propionic acid — msssss [so-Butyric acid s Butyric acid mmmmm [so0-valeric acid

mmmmm Valeric acid i Iso-caproic acid == Caproic acid Heptanoic acid == ==Total VFA

Figure 5. The total VFA and the proportion of each VFA component produced at different pH values.

Figure 6 shows the VFA production profile at different pH values. There was no
significance in the production of butyric acid at pH levels below 9.5 until it reached the
highest concentration at pH 10 with 26,368 mg/L and then decreased sharply at alkaline
conditions. The second most prominent component observed was acetic acid, which
reached its highest production of 9206 mg/L at an unadjusted pH, followed by 7062 mg/L
and 2164 mg/L at pH 10.5 and pH 10, respectively. Propionic acid was observed at all pH
values. It had a peak of 3937 mg/L at pH 10.5 and decreased to 1717 mg/L and 1027 mg/L
at an unadjusted pH and pH 10, respectively. Iso-butyric acid was detected with a low
concentration at pH below 9.5 before it increased to 233 mg/L at pH 10 and reached its
highest point of 242 mg/L at pH 10.5 before being undetectable at pH 11. Iso-caproic acid
reached its highest value of 726 mg/L at pH 10.5, while iso-valeric acid was observed
at an unadjusted pH and from pH 9 to 10.5. It peaked at pH 10, with 406 mg/L, and
slightly decreased at higher pH levels before becoming zero at pH 11. Valeric acid and
caproic reached peaks 192 mg/L and 75 mg/L, respectively, at pH 10 after appearing at
unadjusted pH and gradually reduced to 154 mg/L and 60 mg/L, respectively, at pH 10.5.
Heptanoic acid was only detected with 30 mg/L at pH no-adjustment and 52 mg/L at
pH 10.5. Overall, all VFA components in this study were detected at the unadjusted pH
and pH 10.5, and heptanoic acid was the only component that was not detected at pH 10.
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Concentration of VFA compositions (mg/L)
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Figure 6. The concentration of VFA components produced at various pH values.

4. Discussion

Water content is well known as one of the most important parameters that significantly
affect the whole AD process. As the initial values showed in Table 1, with TS 46,926 mg/L
and VS 35,951 mg/L, the non-strict anaerobic digestion in this study was considered a wet
digestion, following the definition established in previous studies, with TS < 15% [51,52]. In
another study, regarding VFA production, TS of 20.53 &+ 2.04 (%) and VS of 19.95 + 2.21 (%)
was defined as the dry digestion of a food waste disposer containing a mixture of the four
following components: 35% rice, 45% cabbage, 16% pork, and 4% tofu [53].

Moreover, previous studies have demonstrated that differences in the characteristics
of the original organic waste and various operating conditions lead to a different VFA
yields and compositions (Table 2).

As a result, acetate was always dominant in anaerobic fermentation regardless of
the substrate type, whereas butyrate and ethanol were increased by adding the carbon-
rich substrates. Protein-rich substrates significantly enhanced propionate and valerate
production [57]. However, the result of this study showed that the presence of all of the
components of VFA, the incorporation of the soil microbial community, and the enriched
culture of the AMS5 strain influenced changes in the original bacterial community from
food waste leachate even though the protein content in the food waste leachate was quite
low at 4.3%. The highest VFA yield was observed in the trial of food waste leachate in
the presence of an enriched culture of the AMS5 strain and soil bacteria as an additive,
which reached 33,849 mg/L compared to 9485 mg/L, 3760 mg/L, and 226 mg/L for the
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FWL + AMS5, FWL + soil soln. and FWL only trials, respectively. Therefore, the complicated
community introduced in this study may induce the different VFA synthesis pathways.

Table 2. VFA production in the current study compared to previous studies. HRT: hydraulic retention time.

Fermentation Condition

Substrate Maximum VFA Yield Reference
Pretreatment
i‘:‘iﬁ;ﬂ;ﬁg‘;ﬁ‘zﬁiﬁ Controlled pH 6.0, 45 °C, HRT 5 d 47.89 g/L [53]
Semi-continuous, pH controlled
at5.5,35 °C, HRT 6 d, and mix
Household FW microbial culture fermentation at 30.1g/L [54]
7d
Municipal solid waste and FW HRT 3.5d, pH 6.0, and 35 °C 11.5g/L [18]
Batch, 30 °C, 15 d and sample
FW from canteen pretreatment at 160 °C for 30 min 910 mg VSremoveas/ L (551
FW from restaurant, canteen, Batch, fermentation 35 °C, 48 h
and dinin h;ﬂl ” sample pretreatment at 160 °C for 450 mg VS g/L [56]
& 20 min
nggﬁ’;?g;’i:ﬁgﬁﬁﬁj;d Batch trials, 55 °C, no 33,849 g/L (236557 mg/gVS/224445mg
pretreatment, pH 10.5, day 2 COD-VFA/gVS5/1249 mg/gVSiemoved) y

added

The difference in the VFA composition suggests that there might be different metabolic
pathways taking place. According to another study, glucose, as the main component of
FWL, is degraded and then produces acetate and butyrate [57]. However, in the reactor
of this study using FWL containing 9.5% carbohydrate in which the soil solution was
inoculated, the amount of acetic acid was 45%, while butyric acid became predominant in
the presence of strain AMS5 in the reactors and accounted for 62.68% of the total volatile
fatty acids (TVFAs). Acetic acid was predominant each day of the 15-day period with
the exception of day 2 and 3 when butyric acid was present at higher concentrations.
Propionate may be produced from the fermentation of amino acids or Hy-consuming
propionate-producing bacteria [58,59].

Previous investigations have reported that pH is the most critical parameter that
influences the growth rate of microorganisms involved in both acidogenic and hydrolysis
processes [60,61]. In another study, the AD process was conducted at the same mesophilic
condition, pH 6, HRT (hydraulic retention time) of 5 days, and using a combination with
mature compost; the VFA yield from food waste obtained was lower than 20 g VFA-
COD/L [18]. In contrast, alkaline conditions were found to be optimal for more complex
organic materials [62,63]. Additionally, recent studies have speculated that pH affects the
metabolic pathways and influences the VFA compositions [64,65]. Jiang et al. indicated
that acidic conditions are more favorable for VFA production from more easily degradable
materials or sorted food waste. It was found that at an initial pH 6 with no control during
the fermentation process conducted at 45 °C and HRT of 5 days, the VFA concentration
reached 47.2 g/L due to the high protein content of the organic matter used, whereas
valerate component was not produced at an unadjusted pH and accounted for 0.15%,
9.52%, and 3.59% of the VFA content at pH 5, 6, and 7, respectively [53]. In another study,
PH 10 seemed to favor acetic acid production, while butyric acid was the main product
below pH 5 and valeric acid was detected at the highest concentration of 40 mg/L at pH 6.
Propionic acid production was observed to be stable compared to other VFA components
when subjected to a change in pH [66]. Herein, the butyric acid in this study reached the
highest concentration at pH 10, with 26,368 mg/L, while it was 21,218 mg/L at pH 10.5
and then decreased to 1921 mg/L, 1490 mg/L, and 1164 mg/L at an unadjusted pH, pH 9,
and pH 9.5, respectively. This value decreased sharply at acidic and alkaline conditions.
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The total VFA obtained the highest concentration on day 2, illustrating that a wet
fermentation might contribute significantly as a form of fast reaction for enhancing VFA
production. The various acquired metabolites among set-ups resulting from different pH
and inocula contribute to the diversity of the VFA compositions in this study.

Motte et al. noted that a butyric acid/acetic acid ratio of 0.4, 0.8, and 2.5 was observed
at 10%, 14%, and 33% TS, respectively [67]. However, in the present study, the ratio was
3.0 with 7.1% TS, and the butyric acid metabolism predominantly reached 21,218 mg/L of
butyric acid compared to the butyric concentration obtained under highly dry fermentation
in the study of Motte and co-workers [67] (Figure 3). Generally, butyric acid can be
produced by butyrate oxidation from pyruvate complexes. Given that it excludes major
NADH-dependent oxidation/reduction processes, it’s hypothesized to be the metabolic
pathway to transform butyric acid to butyryl-CoA and to result in the downregulation of
acetate-synthesis pathways.

To date, limited studies have been conducted investigating the effect of pure and
mixed bacterial cultures on VFA production and VFA composition [68]. Wang et al. used
a mixed bacterial culture from aerobic- and anaerobic activated sludge to evaluate VFA
production under acidic conditions [69]. Their results showed the same trend as ours,
with the VFA compositions in the order of butyric, acetic, and propionic acids from the
highest to the lowest concentration. Co-digestion of the enriched culture of strain AM5
and the microbial community in the soil played a crucial role in VFA production, with
all components produced on day 2 and decreasing thereafter (Figure 4). This may have
been caused by the competition for carbon and nitrogen sources of microbial community
leading to a decreasing abundance of AM5 and soil microbes due to a lack of feeding.
Additionally, pH decreased from alkaline to neutral levels during VFA production, which
is an optimal condition for the growth of methanogens and may be an important reason
for VFA reduction in this stage.

Further studies should analyze the effect of these factors on the overall process.
Additionally, the differences between microbial communities in all reactors should be
determined. The structure of the microbial community may provide new information
regarding the functional microbial groups involved in the fermentation process.

5. Conclusions

Microbes in soil represent an attractive subject for research due to their potential ap-
plication in many different areas. The contribution of an enriched bacterial culture of strain
AMS5 in the microbial community of the soil used in this study has opened a new avenue
in the current waste treatment methodologies due to the complex metabolic pathways
for enhancing VFA production. However, it is well known that the competition between
acetogens and methanogens is influenced by numerous factors involved in complex inter-
actions in the microbial community. Thus, in order to further understand the activities of
all of the microbes involved, high-throughput sequencing and identification of potentially
acid-producing bacteria should be performed; doing so will help in understanding the
relationships among microorganisms in this food waste leachate fermentation process.
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