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! Shifting pH from 5 to 10, substan-
tially increased the VFA production.

! Inoculum acclimated to food waste
resulted in the highest VFA
production.

! Acetic acid was the dominant prod-
uct of alkaline condition.

! Acetic acid and propionic acid were
the dominant products of acidic
condition.

! Clostridiaceae highly correlated with
acetic acid production in both pH
conditions.
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a b s t r a c t

Bio-based production of materials from waste streams is a pivotal aspect in a circular economy. This
study aimed to investigate the influence of inoculum (three different sludge taken from anaerobic
digestors), pH (5 & 10) and retention time on production of total volatile fatty acids (VFAs), VFA
composition as well as the microbial community during anaerobic digestion of food waste. The highest
VFA production was ~22000 ± 1036 mg COD/L and 12927 ± 1029 mg COD/L on day 15 using the inoculum
acclimated to food waste at pH 10 and pH 5, respectively. Acetic acid was the dominant VFA in the batch
reactors with initial alkaline conditions, whereas both propionic and acetic acids were the dominant
products in the acidic condition. Firmicutes, Chloroflexi and Bacteroidetes had the highest relative
abundance in the reactors. VFA generation was positively correlated to the relative abundance of
Firmicutes.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Resource recovery from waste streams is one of the pillars of
transitioning into a circular economy and meeting the environ-
mental sustainability agendas set by United Nations. The escalating
global trend of waste generation is of major concern in the 21st
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century. Food waste (FW) is deemed as one of the main constitu-
ents of the municipal solid waste (Ren et al., 2018). Approximately,
one third of the food generated globally is discarded as waste every
year (Xu et al., 2018). Current prognosis for the EU indicates that
88 ± 14 Million tonnes (Mt) of food waste is produced along the
supply chain, which is equivalent to 173 kg ± 27 kg per capita/year
(Scherhaufer et al., 2018). These numbers are projected to increase
due to rapid global urbanization and change of lifestyles.

The report of the European Market for bio-based chemicals
stated that only 3% of the total chemical production in Europe is
supplied by bio-based production methods (Spekreijse et al., 2019).
Particularly, 0.3% of the platform chemicals such as volatile fatty
acids (VFAs), ethanol, lactic acid etc. are produced through bio-
based techniques (Spekreijse et al., 2019). Nevertheless, the de-
mand for bio-based chemicals are increasing day by day (European
Commission, 2019). It is estimated that the bio-based chemical
need will reach 6134 kt/a with 2% CAGR in 2025 (Spekreijse et al.,
2019). In other respects, an assessment by the European Commis-
sion (Commision Expert Group on Bio-based Products, 2017) indi-
cated that bio-based products represent approximately EUR 57
billion in annual revenue and involve 300,000 jobs. According to
forecasts, the bio-based share of all chemical sales will rise to 12.3%
by 2015 and to 22% by 2020, with a compounded annual growth
rate of close to 20%. The so called “Greening of society” reflected in a
growing consumer preference for green products. For many com-
panies, bio-based products are therefore seen as an investment for
the future replacing e.g. chemicals of fossil origin.

Conventional waste treatment techniques such as landfilling
impose detrimental environmental effects such as greenhouse gas
and malodourous emissions. Another method is incinerationwhich
is not only expensive, but also energy intensive (Hobbs et al., 2018;
Ren et al., 2018).

Anerobic digestion (AD) on the other hand, is a cost-effective
alternative to traditional waste treatment methods. Particularly,
as realization of next generation wastewater treatment plants
opens new avenues in proper waste management as well as energy
production and recovery of value-added materials from waste
streams. Biogas generation has been the focus of AD processes until
the recent years. However, increasing demand for high added value
bioproducts is the driving force for shifting AD processes towards
volatile fatty acids (VFAs) production (Kleerebezem et al., 2015).
VFAs contain six or less carbon atoms and are the intermediary
products of AD. They can be exploited as renewable carbon sources
and building blocks in different industries (Atasoy et al., 2018) such
as in bioplastics production (Khatami et al., 2020), biodiesel (Lee
et al., 2014), biological nutrient removal processes (Strazzera
et al., 2018) as well as electricity generation (Xu et al., 2018).

To date, VFAs are mostly obtained through chemical processes
using petrochemicals as the raw material (Zacharof and Lovitt,
2013). Bio-based production of VFAs through anaerobic fermenta-
tion is more appealing as it is not only cost-effective, but also
environmentally friendly (Capson-Tojo et al., 2016). Food waste is a
suitable feedstock for AD processes due to its abundance, facile
biodegradability, nutrient-rich nature as well as high energy and
moisture content (Hobbs et al., 2018; Ye et al., 2018; Zhang et al.,
2014). In spite of the advantages presented by biobased produc-
tion of VFAs, their commercial production is yet limited (Kim et al.,
2018). Separation of the products from the fermentation broth is
considered as one of the main bottlenecks (Rebecchi et al., 2016).
Although high recovery efficiencies have been reported from
liquid-liquid extraction, adsorption and ion exchange techniques,
their high costs and environmental impacts are still burdens
(Atasoy et al., 2018; Strazzera et al., 2018). Meanwhile, application
of membrane separation techniques are promising as they realize
the concurrent recovery of the VFAs during their formation in the

bioreactors (Trad et al., 2015).
Several studies have focused on optimizing the operational

parameters to enhance VFA production through AD. For instance,
temperature impacts the growth of microorganisms and excretion
of the enzymes as well as the hydrolysis of the organic materials
(Kim et al., 2003). Garcia-Aguirre et al. (2017) evaluated the influ-
ence of temperature on AD of seven different organic waste streams
and obtained the highest VFA concentration of ~8000 mgCOD/L
from fermentation of the organic fraction of municipal solid waste
under mesophilic conditions at alkaline pH. Furthermore,
Komemoto et al. (2009) discovered that under mesophilic tem-
peratures (35 "C and 45 "C), anaerobic digestion of FW has higher
solubilization rates compared to thermophilic (55 "C and 65 "C)
conditions. Another critical parameter is pH as it regulates the ac-
tivities of different microbes involved in AD (Ye et al., 2018). It is
known that neutral pH, between 6.8 and 7.2 is the optimal range for
the growth of methanogens (Liu et al., 2011). The influence of pH on
acidogenic fermentation of FW was investigated by (Dahiya et al.,
2015). Adjusting the initial pH at different values the highest VFA
productivity was acquired under pH 10 (Dahiya et al., 2015). Inoc-
ulum also plays a crucial role in the performance of the AD pro-
cesses due to their influence on fermentative pathways (De
Gioannis et al., 2013) as well as product formation (Zhou et al.,
2018). In another study, Li et al. (2018) demonstrated the signifi-
cance of the genera Clostridium, Ruminococcus and Prevotella in VFA
and hydrogen production from FW. Despite these studies, the
impact of the microbial structure on the fermentative production of
VFAs is still a grey area and further research is needed to increase
the efficiency of VFA production from waste and to commercialize
the bio-based VFA production.

In this view, the aim of the current study is to investigate the
role and impact of bacterial community in conjunction with oper-
ational parameters as pH and retention time on VFA production.
Three different sludge obtained from anaerobic digestors were used
as inocula in batch acidogenic fermentation of FW. Structural
changes of the microbial community under both acidic and alkaline
conditions in short term lab scale reactors and their influence on
the VFA production and composition with respect to time was
studied in detail.

2. Materials and methods

2.1. Food waste and inoculum

The food waste was collected from Syvab wastewater treatment
plant in south of Stockholm, Sweden. It contained household food
waste and the faulty batches of breweries (when the end-product
of the breweries does not pass the quality control and cannot be
sent for sale) hygienized at 71 "C for 61 min in accordance with the
Swedish law. No further pre-treatment was applied to the food
waste after arrival to our laboratory as the hygenization can be
considered as a thermal pre-treatment. The first inoculum origi-
nated from the full-scale mesophilic anaerobic digestion tanks of
Henriksdal wastewater treatment plant, Stockholm, Sweden,
treating a mixture of primary sludge (PS), waste activated sludge
(WAS) and restaurant food waste (RFW). The second inoculumwas
obtained from full-scale mesophilic anaerobic digesters of Hen-
riksdal wastewater treatment plant which treats PS, WAS and
glycerol (G). The third inoculumwas collected from the food waste
digesters of the Scandinavian biogas facilities in south of Stock-
holm. Table 1 summarizes the characteristics of the substrate and
the inocula with their respective acclimated waste streams. Prior to
the experiments, all the inocula and food waste were stored at 4 "C.
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2.2. Experimental design

Batch fermentation experiments were conducted in serum
bottles with a total volume of 150 ml and working volume of
100 ml. The ratio of substrate to microorganism (F/M) was adjusted
to z 2 g COD/g VS in all reactors (Silva et al., 2013). Prior to the
experiments, the initial pH values were adjusted to 5 and 10 by
addition of 2 M solutions of HCl and Mg(OH)2, respectively. These
two initial pH values were chosen as representative of acidic and
alkaline conditions with high VFA production efficiency based on
literature (Atasoy et al., 2019; Dahiya et al., 2015).

Bottles were sparged with nitrogen gas for 10 min to ensure
anaerobic conditions. Afterwards, the bottles were capped with
rubber stoppers, sealed with paraffin film and incubated at 35 "C
with orbital shaking of 125 rpm. In total, 126 bottles (21 for each
experiment) were set up. Each experiment prolonged for 30 days
and samples were analyzed with 5-day intervals. Each experiment
was carried out in triplicates. Therefore, on each respective reten-
tion time, 3 bottles were opened for analysis.

2.3. Analytical methods

Total solids (TS) and volatile solids (VS) were measured ac-
cording to Standard Methods (APHA, AWWA, WEF., 2012). Aliquots
of the fermentation broth of each reactor was taken and centri-
fuged at 11000 rpm for 3 min. The supernatant was filtered with
0.45 and 0.2 mm polypropylene filters in order to determine the
soluble chemical oxygen demand (sCOD) and VFA composition,
respectively. The sCOD was measured using COD cuvette tests (LCK
514 Hach Lange, Germany). The pH was measured by the pH-meter
(Mettler Toledo FiveEasyTM pH bench meter, FE20).

The composition of the VFAs were determined using a 9000
Intuvo gas chromatography (Agilent, USA) equipped with CP-Sil 5
CB column (25mx0,32mmx5mm, Agilent) filled with GDX-103 as
the stationary phase and a flame ionization detector. Helium was
used as the carrier gas. Volatile Free Acid Mix (SupelCo, USA) was
used as a VFA standard. VFA concentrations are expressed as the
COD equivalent. The COD conversion factor for acetic acid, propi-
onic acid, butyric acid, valeric acid, isovaleric acid and caproic acid
was calculated as 1.066, 1.512, 1.816, 2.037, 2.037 and 2.2, respec-
tively (Supplementary documents 1), which can be also found in
the literature (Atasoy et al., 2020).

2.4. Microbial community analysis

The structure of the microbial community in the batch reactors
were characterized by high-throughput sequencing.

Total genomic DNA was extracted from the samples using
NuceloSpin Soil DNA kit (Macherey-Nagel, Germany) according to
the manufacturer’s instructions.

PCR amplifications of the bacterial and archaeal 16S rRNA genes
were performed using MyTaq Red DNA Polymerase (Bioline

Reagents Ltd., London, UK) with primers 515F (GTGY-
CAGCMGCCGCGGTAA)- 806R (GGACTACNVGGGTWTCTAAT)
(Caporaso et al., 2011) and Mastercycler Pro thermal cycler
(Eppendorf UK Ltd., Stevenage, UK). The amplification conditions
were as follows: initial denaturation at 95 "C for 5 min, 35 cycles at
95 "C for 1min, 55 "C for 1 min, 72 "C for 1.5 min, and a final
elongation step at 72 "C for 5 min. The PCR products were cleaned
using Charge Switch PCR Clean-up kit (Invitrogen, CA, USA), pre-
pared for sequencing according to Caporaso et al. (2012) and
sequenced on IlluminaMiSeq (300 bp paired-end, Illumina, Inc, San
Diego, CA, USA) at the SciLifeLab at KTH-Royal Institute of Tech-
nology (Sweden).

2.4.1. Sequence analysis
Merging, quality filtering of the raw sequences and taxonomy

assignment were carried out using QIIME2 (Bolyen et al., 2018).
Greengenes database was used for the taxonomy assignments for
bacteria and archaea at 97% similarly cut-off value. (DeSantis et al.,
2006). Sequences are available at the National Center for Biotech-
nology Read Archive under the project number of PRJNA645049.

2.5. Statistical analysis

The Principal Component Analysis (PCA) was applied to the
bacterial diversity data to discriminate the samples according to the
operational conditions. Pearson’s correlation analysis was con-
ducted to identify the relationship between the bacterial diversity
(relative abundance on family level) and VFA composition (acetic,
butyric, propionic acids, total VFAs). All analysis was conducted by
using IBM SPSS Statistics, Version 26 and PAST 3.

3. Results and discussion

The influence of inoculum, pH and retention time on the VFA
productivity and distribution from anaerobic digestion of food
waste was investigated. The anaerobic batch reactors were inocu-
lated with three different anaerobic digester sludge operated under
acidic (pH 5) and initial alkaline (pH 10) conditions for a period of
30 days.

3.1. Total VFA production

Our results showed that pH, type of inoculum and retention
time affected the VFA production efficiency. Fig. 1 shows the total
VFAs and their composition obtained from the reactors with the
three inocula tested. The highest VFA concentration was
21981 ± 1036 mgCOD/L at day 15 using the inoculum acclimated
only to FW (inoculum 3) under initial pH 10. This was followed by
16415 ± 930 mgCOD/L and 11413 ± 408 mgCOD/L by inoculum 2
and 1 at day 10, respectively, under initial pH 10. Initial alkaline pH
was more beneficial to the overall performance of the process
resulting in higher solubilization of the materials and subsequently
higher VFA production compared to initial acidic pH, regardless of
the origin of the inoculum.

Under acidic pH, the highest VFAs concentrations was obtained
at day 15, which were 12927 ± 1029 mgCOD/L, 12362 ± 860
mgCOD/L and 7036 ± 87 mgCOD/L for inoculum 3, inoculum 2 and
inoculum 1, respectively. Using inoculum 3, VFA concentration was
more than 1.7 times higher with initial pH 10, compared to the
reactors with the same inoculum operated under initial pH 5. The
initial alkaline condition can be considered as a pre-treatment step
boosting the hydrolysis rate (Garcia-Aguirre et al., 2017). The
extracellular polymeric substances (EPS) of sludge contain charged
functional groups such as carboxylic groups (Maddela et al., 2018).
Under alkaline conditions, these charged groups get ionized and by

Table 1
Substrate and inoculum characteristics.

FW Inoculum 1 Inoculum 2 Inoculum 3

PS/WAS/RFW PS/WAS/G DFW

TS [mg/L] 146233 23166 23666 41800
VS [mg/L] 13266 15700 15800 30766
VFA [mg/L] 5739 _ _ _
pH 5.53 7.37 7.1 7.58
TCOD [mg/L] 215050 53200 54600 73700

PS, primary sludge; WAS, waste activated sludge; RFW, restaurant food waste; G,
glycerol; DFW, digested food waste.
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promoting the accessibility of the soluble compounds, hydrolysis of
the carbohydrates and proteins are improved (Dahiya et al., 2015).
This can be the explanation for acquiring higher VFA concentrations
in all the reactors with initial pH 10. Similar to us (Zhang et al.,
2020), concluded higher solubilization of food waste by
increasing the initial pH in AD under mesophilic conditions.
Stronger alkaline conditions (pH 10 and higher) circumvents and
decreases the growth of methanogens, hence less VFAs are con-
verted into biogas, resulting in higher VFAs accumulations
(Jankowska et al., 2017). Higher VFA accumulations under initial
alkaline conditions can also be attributed to the higher enrichment
of the hydrolytic bacterial species in the reactors such as families
Ruminococcaceae, Lachnospirellaceae and etc, (Section 3.4), which
promote decomposition of organic materials by secretion of
extracellular hydrolyzing enzymes and subsequent VFA production
from organic compounds (Blasco et al., 2020).

In both acidic and alkaline set-ups, the VFA concentrations
showed an increasing trend up to day 15 and decreased afterwards.

After day 15 the pH values stabilized around neutral conditions
(explained in section 3.3) which is the optimal pH range for
methanogenesis step (Ren et al., 2018). Moreover, methanogens
were found in the microbial community (Supplementary docu-
ments 2), which can be the explanation for the decrease in VFA
concentrations.

In addition, the VFA yields were also calculated for the retention
times with the highest total VFA concentrations. Under initial pH
10, the highest VFA yields were 0,486, 0,393 and 0,378 g COD/gVS
for inoculum 2, inoculum 3 and inoculum 1, respectively. In the
reactors with initial pH 5, the VFA yields were 0,359, 0,222 and
0,221 for inoculum 2, inoculum 1 and inoculum 3, respectively.

Comparing total VFA production and yields between different
studies can be complicated due to the differences in operational
parameters, inocula and bacterial structure as well as substrate
compositions (Bazyar Lakeh et al., 2019; Shewa et al., 2020). The
highest VFA accumulation in our study under pH 5 was
12927 ± 1029 mg COD/L. However, Wang et al. (2014) obtained VFA

Fig. 1. Total VFA production (a) and their composition respective to each inoculum under pH 5 (b) and pH 10 (c).
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accumulations up to 34600 mg COD/L from FW fermentation using
anerobic activated sludge as inoculum under similar initial pH. The
reason for higher VFA concentration can be the difference in the
characteristics of the FW as well as the initial COD value in the
reactors. Wang et al. (2014) collected the FW from a canteen and it
was mostly comprised of meat, vegetables and rice. After removing
the bones and other similar particles, their FW slurry was passed
through sieves. However, no sorting or sieving of the FW was car-
ried out prior to our experiments, as explained in section 2.1 that
the food waste in this study was hygienized in the WWTP and this
hygenization can be considered as a pre-treatment. As a result, big
plastic particles were observed in some of the reactors. The reason
was to eliminate as many operational steps as possible, in order to
decrease the operational costs. In line with our results, Dahiya et al.
(2015) also obtained the highest VFA productivity (6.3 g/L) from
canteen based composite FW at pH 10 compared to 4.2 g/L of VFAs
obtained at pH 5. Bermúdez-Penabad et al. (2017) studied the in-
fluence of pH on batch anaerobic fermentation of tuna waste.
Investigating different initial pH values from 5 to 10, the highest
VFA concentration was 28177 mg COD/L at pH 9. Chen et al. (2013)
evaluated the co-fermentation of food waste (88%) and dewatered
sludge (12%) under different initial pH conditions. The highest
sCOD was obtained at pH 11. However, the highest VFA accumula-
tion was at pH 9 (more than 23000 mg COD/L). Authors concluded
that stronger alkaline conditions culminate in higher hydrolysis
and subsequent VFA production.

We obtained the highest VFA yield of 0,486 g COD/gVS under
initial alkaline pH. This is similar to the VFA yields acquired by
(Shewa et al., 2020) in the FW fermentation under controlled pH in
neutral conditions which acquired yields of 0,429 g COD/gVS. In our
results the VFA yields under initial pH 5 were 0,221 and 0,222 g
COD/gVS for inoculum 1 and 3, respectively. These are consistent
with the yield of 0,255 g COD/gVS obtained by Bazyar Lakeh et al.
(2019), from fermentation of source separated FW under initial
pH 5. However, using inoculum 2 with initial pH 5, the highest VFA
yield was increased to 0,359 g COD/gVS in our study.

3.2. VFA composition

Composition of the VFAs during the fermentation process is of
great importance as it stipulates the end-use of the products and
their market value. Our results showed that the initial pH changed
the composition and distribution of the produced acids. Acetic acid
was the main product (38e57% of the total VFAs) in the pH 10 re-
actors regardless of the inoculum in the first 15 days. In the reactors
with pH 5, propionic acid was dominant with the average of 28%
and 31% of the total produced VFAs in the first 15 days when
inoculum 1 and 2 were used, respectively. However, acetic acid
dominated the products in inoculum 3 reactors constituting on
average, up to 38% of the total VFAs (Fig. 1). When the ratio of the
propionic and acetic acid concentration exceeds 1.4, this is
considered as an imbalance and failure of the AD process (Hill et al.,
1987; Pullammanappallil et al., 2001). Regardless of the used
inocula or initial pH, this threshold was not surpassed in any of the
set-ups, until retention time of 20 days.

Higher concentrations of Isovaleric acid was produced in alka-
line reactors compared to acidic ones. Under pH 5, the isovaleric
concentrations at day 15 were 363 ± 3, 653 ± 87 and 230 mg COD/L
for inoculum 1, inoculum 2 and inoculum 3, respectively. Whereas,
those obtained from pH 10 reactors were 484 ± 37, 1016 ± 87 and
1077 ± 57 mg COD/L for inoculum 1, inoculum 2 and inoculum 3,
respectively. Furthermore, higher percentages of valeric and cap-
roic acids were produced under initial pH 5 reactors. In the reactors
with initial acidic pH, the decrease in acetic acid concentrations
resulted in an increasing trend of caproic acid. From day 1e15, the

caproic acid increased from 7 to 10%, 0.78e10% and 0.8e18.89% for
inoculum for inoculum 1, inoculum 2 and inoculum 3, respectively.
Under pH 5 reactors, the valeric acid production increased from 0 to
20.95%, 3.36e22.2% and 0e18.17% for inoculum 1, inoculum 2 and
inoculum 3, respectively.

In general, acetic acid, propionic acid and butyric acid were the
three major products accounting for 71e77% and 86e89% of the
total produced VFAs until day 15 for reactors with initial pH 5 and
initial pH 10, respectively. Thus, mixed-acid fermentation pathway
was the dominant metabolic pathway in our experiments. As
explained above, the distribution of the acquired metabolites var-
ied among different set-ups, which is a consequence of different pH
and inocula (Zhou et al., 2018). The dissociation of the generated
organic acids are affected by the operational pH (Hoelzle et al.,
2014), hence different products distribution. Acetic acid has a
lower market value (400e800 V/ton) compared to butyric acid
(1500e1650 V/ton) and propionic acid (2000e2500 V/ton) (Bhatia
and Yang, 2017; Cheryan, 2009; Zigov"a and #Sturdík, 2000). How-
ever, its current market size (kton/year) is approximately 155 and
37 times higher compared to butyric and propionic acid, respec-
tively (Atasoy et al., 2018). Therefore, these results indicate that
initial pH adjustment can be a strategy for aiming higher concen-
trations of a particular acid; depending on the end use of the
products.

Acetic acid was the major product of AD of organic wastes
(mixture of the same food waste used in our study with primary
sludge) under pH 5, followed by propionic acid in a study by
(Owusu-Agyeman et al., 2020). Shifting the pH from 5 to 10, Garcia-
Aguirre et al. (2017) obtained higher concentrations of acetic acid.
Improved acetic acid production can be attributed to the domi-
nancy of phosphoroclastic pathway under alkaline conditions
(Dahiya et al., 2015). Similar to us (Garcia-Aguirre et al., 2017), also
attained lower concentrations of isovaleric from different organic
wastes under pH 5. The reason can be that isovaleric is mostly the
product of protein degradation (Wang et al., 2014). Alkaline con-
ditions enhance the solubilization and degradation of proteins
since OH# ions streamline the breaking of peptide bonds and the
formation of free amino acids (Dahiya et al., 2015).

Two-way Anova tests were performed in order to ascertain the
significant difference of the VFA production among the three
different inocula under each pH. The results indicated a statistically
significant difference in the VFA production (p < 0.005) under pH 5
and 10, respectively.

3.3. The pH alterations during fermentation

The value of pH plays a prominent role in the bio-production of
VFAs as it regulates the activities of different microbes involved in
anaerobic digestion (Hobbs et al., 2018). Fig. 2 shows the pH vari-
ations over time under both acidic and alkaline conditions. In acidic
experiments, the pH was initially adjusted to 5. In the reactors with
inoculum 1 and 2, pH values remainedwithin the range of 5 ± 0.4 in
the first 15 days due to acids production. After day 15, a gradual
increase in the pHwas observed until it reached 5.9 ± 0.1 at the end
of the experimental period, while the inoculum 3 experiments
exhibited a different trend and had lower pH fluctuations. The pH of
5 ± 0.1 was sustained throughout the experimental period.

In the alkaline experiments, the initial pH was adjusted to 10
and decreased to 6.5 after one day in the reactors seeded with
inoculum 1 and inoculum 2. The declining trend continued until
day 10 where it reached the value of 5.9. Afterwards, pH started to
increase until the values of 7.3 ± 0.05 in day 30. In the experiments
seededwith inoculum 3 under alkaline conditions, the pH dropwas
smaller compared to the other inocula. pH dropped to 7.3 in the first
day and continued a decreasing trend until day 10 where it reached
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the value of 6.7 and remained constant in the next five days. Af-
terwards pH started to increment until it reached the value of 7.6 at
the end of the experimental period.

pH not only plays a significant role in the synthesis of VFAs, but
also is a crucial factor affecting the composition of the end-
products. Similar to our results, Jankowska et al. (2017) concluded
that while initial alkaline pH enhances the hydrolysis of organic
materials, acidogenesis is higher under neutral conditions. Addi-
tionally, Atasoy et al. (2019) illustrated that the dominant VFA can
be varied based on the initial pH. In their experiments, while acetic
and butyric acids were the dominant products under initial pH 5
fermentations, butyric acid was the major product of the initial
alkaline mixed culture fermentation. In another study using cheese
processing wastewater under pH 10, the effects of shifting from
batch to sequencing batch reactors were examined. While the ob-
tained VFA production yields were similar, the type of dominant
acids were altered based on the reactor type (Atasoy et al., 2020).
Furthermore, Owusu-Agyeman et al. (2020) demonstrated that the
composition of the VFAs obtained from digestion of organic waste
in a batch reactor with initial pH 5 differ from that obtained from
semi-continuous reactor with pH controlled at 5. Therefore, regu-
lating the operational pH can be deemed as a way of maintaining a
high VFA production efficiency as well as aiming for a specific acid
type, particularly; in long term and continuous operations. How-
ever, it must be noted that the optimum pH for generation of a
specific acid, relies highly on thewaste stream used as the substrate
(Lee et al., 2014).

3.4. Bacterial community analysis

The bacterial community structure was analyzed in order to
evaluate its effect on the VFA production efficiency as well as the
VFA composition. In our experiments, the dominant taxa at the
phylum level were Firmicutes, Chloroflexi and Bacteroidetes. At the
family level (Figs. 3 and 4), the dominant taxa differed under acidic
and alkaline pH conditions, which was also supported by PCA. The
PCA results demonstrated robust clustering of the family members
in the reactors under both pH conditions, particularly until day 15
(Fig. 5). As mentioned before, the VFA concentration also decreased
after day 15.

The bacterial composition at pH 5 was comprised of Anaeroli-
neaceae 32 ± 12%, Veillonellaceae 22 ± 7%, Clostridiaceae 9 ± 3%,
Lactobacillaceae (16 ± 11), unidentified Bacteroidales 14 ± 6% and
Ruminococcaceae 5 ± 4% as the dominant family members., while in
reactors at pH 10, Anaerolineaceae 29 ± 5%, Clostridiaceae 26 ± 11%,
Ruminococcaceae 15 ± 9%, Tissierellaceae 11 ± 8% and Lachnospir-
ellaceae 4 ± 1% were the dominant family members. One of the
differences in the bacterial communities was the relative abun-
dances of Clostridiaceae and Ruminococcaceae, which increased
more than three times by shifting from initial pH 5 to initial pH 10.
Similar to our results, the growth of Clostridiaceae was increased
with initial alkaline conditions in mixed microbial fermentations
using different inocula in a study by (Atasoy et al., 2019). Clos-
tridiaceae are a proteolytic bacteria (Ramsay and
Pullammanappallil, 2001), which belong to the Firmicutes phylum

Fig. 2. Variation of pH with respect to retention time under pH 5 (a) and pH 10 (b) reactors.
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and have been associated with the production of butyric acid from
hydrolysis of polysaccharides (Fu et al., 2015) as well as production
of acetic acid, butanol, acetone, and ethanol (Rosenberg et al., 2014;
Wiegel et al., 2006). Clostridiaceae area one of the most prevalent
family members of anaerobic digestion (Liliana Pampill"on-
Gonz"alez et al., 2016). A positive correlation (0.488) between
Clostridiaceae and acetic acid production was shown in all sets. The
results of the correlation analysis verify the family Clostridiaceae is
responsible for acetic acid production in both pH conditions of this
study.

Shifting the initial pH from 5 to initial pH of 10, in the retention
times with the highest VFA production, the relative abundance of
Ruminococcaceae increased from 10.7 to 17.3%, 10.3e24% and
2.3e7% for inoculum 1, inoculum 2 and inoculum 3, respectively.
Ruminococcaceae, another member of the Firmicutes phylum, are
reported to generate propionic and acetic acid under the pH

ranging between 6 and 8 (Feng et al., 2009). However, the results of
the correlation analysis indicated a negative relation between
Ruminococcaceae and acetic acid production in pH 5 reactors. On
the other hand, butyric acid concentrations were positively corre-
lated (0.645) with Ruminococcaceae (P value < 0.01) in the alkaline
reactors (Fig. 7). A syntrophic relationship was observed between
the family Ruminococcaceae and Veillonellaceae (0.876) under pH 10
(p < 0.01). Furthermore, both families positively correlated with
butyric and caproic acid production. Veillonellaceae which also
belong to the Firmicutes phylum, are responsible for lactate
fermentation, hydrolysis and acidification (Slezak et al., 2017). On
another note, the relative abundance of the family Veillonellaceae
was higher in the reactors with initial pH 5. Acetic acid production
was positively correlated (0.669) with Veillonellaceae in our acidic
reactors (P value < 0.01) (Fig. 6).

Anaerolineaceae, from the Chloroflexi phylum, accounted for

Fig. 3. Relative abundance of the bacterial community in family level a) pH 5 reactors b) pH 10 reactors.

Fig. 4. Changes of bacterial community on family level. Column (a) on day 1 and column (b) on the day with highest VFA accumulation.
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Fig. 5. PCA analysis of the bacterial community on family level: a) pH 5 1 b) pH 10. The inoculum 1, 2 and 3 reactors are shown in blue, orange and yellow, respectively. Each
retention time is depicted as: (-) day 1 (A) day 5 (:) day 10 (✕) day 15 (#) day 20 (C) day 25 (þ) day 30. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 6. Correlation analysis between relative abundance of bacterial family level with each acid type in reactors with initial pH 5.
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32 ± 12% and 29 ± 5% of the dominant families in acidic and alkaline
reactors, respectively. They are known as a non-hydrolytic acid-
ogens which generate low molecular weights products such as
acetate and H2 from carbohydrates (Liang et al., 2015; McIlroy et al.,
2017). Members of the Anaerolineaceae family are associated with
the formation and maintenance of granular structure of sludge
hence increasing the settleability in upflowanerobic sludge blanket
reactors (Yamada and Sekiguchi, 2009; Zhu et al., 2017).

Lactobacillaceae,which are themain contributors of lactic, acetic
and propionic acid generation (Oliveira et al., 2014; Tannock, 2004;
Yun and Cho, 2016), were only present in the pH 5 reactors. The
reason can be that members of the Lactobacillaceae family are
known to have a high tolerance to acidic environments (Str€auber
et al., 2012). In our study, while acetic acid was positively corre-
lated (0.564) with Lactobacillaceae (p < 0.01), this family demon-
strated a negative correlation (#0.509) with propionic acid
concentrations (P value < 0.05) (Fig. 6).

3.5. Future perspectives of VFA production from waste streams

Bio-based production of VFAs has been recognized as a sus-
tainable approach for recovery of value-added products fromwaste
streams, in the recent years. Yet, 1) enhancing the production ef-
ficiency and 2) separation and recovery of the end-products from
the fermentation broth are deemed as the main hurdles of large
scale applications (Atasoy et al., 2018; Strazzera et al., 2018). Bio-
augmentation of the microbial community has been proposed as a
solution to not only improve the total VFA production; but also to
aim for a specific acid type. Atasoy and Cetecioglu (2020), bio-
augmented Clostridium butyricum in dairy wastewater. They ac-
quired 11 times and 3.5 times higher butyric acid and total VFA
production, respectively. These promising results propel the
manipulation of the functional bacterial community in conjunction
with other operational parameters for future large-scale
applications.

The second challenge of commercial VFA production is associ-
ated with the downstream processing and its economical burdens.
Woo and Kim (2019), have recently proposed a combination of
extraction and distillation strategy for 99% VFA recovery with 99.5%
purity. Their operational cost for separation is estimated as 0.53
$/kg VFA, making the process profitable for up-scaling applications

with 2.70 $ as the price of 1 kg of mixture of produced acids.
Additionally, in-situ separation of VFAs in the reactors is another
solution for facilitating the downstream processing. Using a side
stream membrane bioreactors (MBR), Lukitawesa et al. (2020) was
able to maintain high reactor production yields with high organic
loading rates (4 g vs/L.d). In semi-continuous operation, their MBRs
did not encounter clogging, nor fouling which suggest promising
overviews for long term applications of this technology.

Moreover, integration of VFA production in WWTPs and their
further conversion into other value-added products have gained
considerable attention in pilot scale applications. One example is
the Carbonera WWTP in Italy, which has evaluated the biological
nutrient removal and polyhydroxyalkanoates production from
waste-derived VFAs (Conca et al., 2020). Their results of 80%
ammonia removal as well as high PHA yield of 0.58e0.61 gCODPHA/
gCODVFA, is promising for potential success of future large scale VFA
production and their utilization as renewable carbon sources.

4. Conclusions

Food waste is a suitable raw material for VFA production
through anaerobic digestion. Inoculum, pH and retention time are
three of the parameters influencing the VFA production process.
Initial alkaline conditions resulted in substantially higher VFA ac-
cumulations compared to acidic conditions. Furthermore, initial pH
value altered the composition of the obtained VFAs. The inoculum
acclimated to food waste resulted in highest VFA accumulation
with initial alkaline conditions. For the long-term operations, pH
regulation and bioaugmentation of particular species can be plau-
sible approaches for increasing the VFA production as well as
generation of a specific acid type.
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