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Abstract: Mixed-culture fermentation generally produces volatile fatty acids (VFAs) as a mixture of C2–C6 
acids. Among operational parameters, temperature has a distinct effect on the microorganisms’ metabolic 
activity, which can shift the composition of the metabolites. Performing food-waste fermentation at 
mesophilic or thermophilic temperatures results in a rich mixture of metabolites where further extraction of 
targeted VFAs can be challenging. Moreover, in colder countries, it is energy-intensive when the average 
temperatures remain under psychrophilic ranges for most of the year. This study evaluated the production 
of VFAs under the psychrophilic temperature of 17 °C in comparison to the mesophilic temperature of 
37 °C after thermal–alkaline pretreatment of the substrate to enhance hydrolysis. With pretreatment at 
120 °C and pH 9, total VFA production reached 1 g/L under psychrophilic temperature. This also resulted 
in a less complex VFA mixture with acetic acid as the major constituent. This enhanced acetic acid 
production was due to the increased abundance of Hafnia and Fonticella species, responsible for acetic 
acid production. The higher accumulation of acetic acid indicates a shift towards simpler VFA profiles 
under psychrophilic conditions. The estimated power consumption also highlighted the mesophilic 
operation to be more than twice as intensive as the psychrophilic operation. The use of psychrophilic 
temperature and substrate pretreatment selectively promotes the activity of microorganisms towards a 
more tailored generation of VFAs. © 2026 Society of Industrial Chemistry and John Wiley & Sons Ltd.
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Introduction

F
ood waste is an appealing source for producing value-
added products such as volatile fatty acids (VFAs) 
through fermentation.

VFAs are important building-block chemicals with 
increasing market demand at 5.5% each year, with a projected 
demand of around 581 Mt by the year 2050.1,2 VFAs have 
a wide range of potential applications, varying with their 
carbon chain length (C2–C6) for producing bioplastics, 
biofuels, textiles, and flavoring agents.3

In the acidogenic fermentation process, different 
operational parameters such as temperature, pH, and 
solid and liquid retention time regulate the complex 
metabolic reactions and conversion of substrates into target 
metabolites.4 Fermentation processes can be psychrophilic 
(10–30 °C), mesophilic (30–40 °C), and thermophilic 
(50–60 °C).5 Multiple studies have been undertaken to 
enhance VFA production under mesophilic and thermophilic 
temperatures. However, a relatively high amount of energy 
is needed to maintain the system at these temperatures.6 
At industrial scale, VFAs have been produced from sludge 
fermentation between 20 °C and 25 °C for downstream 
applications such as removing nitrogen from wastewater.7 
There is still limited research on acidogenic fermentation 
below 30 °C, or psychrophilic ranges, primarily due to slow 
microbial activity and resultant low VFA production, even 
though the capital and operational costs can be 20% to 40% 
lower than the processes run at thermophilic temperatures.8 
Moreover, the complexity of the metabolite mixture obtained 
in mesophilic and thermophilic temperatures is challenging 
for single VFA extraction. Concentrating and separating 
VFAs individually either suffers from low yield or high 
expenses in terms of chemical requirements.9 The prospect of 
obtaining a predominance of a single VFA by mixed-culture 
fermentation is therefore lucrative. Pressure-driven extraction 
techniques are also energy-intensive.10 A targeted approach 
towards producing all or specific VFAs using mixed-culture 
fermentation by optimizing parameters towards selective 
metabolic activity can thus reduce the complexity of the 
mixture.

Temperature significantly influences the efficiency of 
acidogenic fermentation by exerting a strong impact on 
the activity of acid-forming microorganisms. It affects the 

metabolism of these microorganisms at a biochemical 
level by altering the changeable shift between glycolysis 
and the pentose–phosphate pathway.11 Enterobacter and 
Bacillus species have been observed to show increased 
pentose–phosphate pathway activity at lower temperatures 
and increased glycolysis activity at higher temperatures.12 
To the knowledge of the authors, with respect to food 
waste, studies at psychrophilic temperatures are scarce and 
due to the difference in composition, the fermentation 
process is not directly comparable to other substrates like 
sludge and manure.13,14 The slower metabolic rate extends 
the time required for the complete breakdown of organic 
matter in the food waste. Moreover, the active microbial 
diversity is limited, which may require additional process 
optimization. Psychrophilic conditions can result in 
incomplete degradation, along with the accumulation of 
other metabolites such as alcohols and lactic acid, which can 
be inhibitory for eventual VFA generation. This happens 
because the syntrophy between hydrolytic and acidogenic 
bacteria gets affected when interspecies electron transfer 
gets affected.15 Pretreatment could be used to increase the 
rate of hydrolysis, since it is known to promote substrate 
hydrolysis by increasing the surface area of food-waste 
constituents for effective biodegradation and lowering 
the degree of polymerization.16,17 This, in turn, increases 
VFA production by increasing the availability of simpler 
or smaller-sized molecules in the aqueous phase in less 
process time. Among different pretreatment methods, a 
combination of thermal–alkaline pretreatment can offer an 
efficient method of enhancing the hydrolysis of the substrate. 
It is a simple method, which can easily be incorporated into 
the system industrially without significant infrastructural 
modifications.18,19

Despite the known limitations of psychrophilic 
fermentation, including reduced microbial activity and slower 
hydrolysis, limited studies have explored strategies to improve 
VFA production and selectively influence VFA composition 
under such conditions. In this study, food waste was subjected 
to fermentation under psychrophilic conditions after 
thermal–alkaline pretreatment to enhance VFA production 
and assess the effect on VFA composition in comparison to 
mesophilic temperature. Furthermore, the bacterial diversity 
changes were observed under psychrophilic temperature 
during the initial time period of 3 days.
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Materials and methods

Feedstock and inoculum

Collection of the anaerobically digested sludge was done from 
the Clarkson wastewater treatment plant in Ontario, Canada. 
This sludge was used as the inoculum. It was heated to 95 °C 
and kept for 1 h to arrest the methanogens.20 The collection 
of food waste was done from organic waste generated from 
different restaurants at York Lanes, York University in 
Toronto, Canada. It comprised mostly post-consumption, 
uncooked and cooked food including fruits, vegetables, meat, 
bones, bread, noodles, and rice. The food waste was ground 
using a blender to a homogenous slurry. Characterization 
for both food waste and sludge was performed for pH, 
total solids (TS), volatile solids (VS), total chemical oxygen 
demand (TCOD), soluble chemical oxygen demand (SCOD), 
total nitrogen (TN), and total Kjeldahl nitrogen (TKN). Initial 
VFAs were measured on day 0 of fermentation, after mixing 
the substrate and inoculum, and not individually during 
characterization as the VFA concentration changes after 
mixing the two (Table 1). Thermal–alkaline pretreatment 
was performed on the food waste according to Rajesh Banu 
et al.21 From a preliminary experiment comparing different 
thermal–alkaline pretreatment conditions (data not shown), 
two temperatures of 100 °C and 120 °C were selected at pH 9. 
These initial screening runs were utilized to establish basic 
operational boundaries for substrate solubilization and matrix 
stability prior to the main experimental setup. This selection 
was supported by the literature and preliminary results due 
to higher VFA production among a range of alkaline pH 
values.22 A higher temperature than 120 °C was not studied 
as it is reported that excessive temperature damages the 
physicochemical characteristics of food waste and negatively 
impacts the C/N ratio available for fermentation.23 In the 

pretreatment step, the homogenized food waste was set to 
pH 9 for alkaline condition. This was then heated at 100 °C 
and 120 °C, respectively, for a duration of 1 h. In the control 
set, there was no pretreatment performed, that is, untreated 
food waste was used.

Experimental setup

Batch experiments were set up in duplicate with a working 
volume of 200 mL in 500 mL serum bottles. Based on 
volatile solids, the inoculum-to-substrate ratio of 1:3 v/v was 
used for both untreated and treated conditions (Table 2). 
The initial organic load was 1.2 g VS/L. Before starting the 
fermentation process, all treatment media were brought 
to a common initial pH for a clear comparison of the 
pretreated and untreated food waste on VFA produced. 
The initial pH for each of the treatments was set to 9 with 
6 M NaOH, which was the closest alkaline pH that could be 
set for each condition without adding excess NaOH. The 
alkaline condition was set up to provide initial buffering as 
a preventive measure against acid inhibition in the batch 
system.24 The reactor bottles were closed with rubber septa. 
The reactors were then purged for 5 min with nitrogen gas, 
creating anaerobic conditions followed by incubation at 17 °C 
and 37 °C in a shaker incubator at 150 rpm.

Analytical methods

Across 11 days, liquid samples were collected routinely to 
be analyzed for the concentration of VFA, pH, and SCOD. 
Before liquid sample analysis, samples were centrifuged 
at 1956 × g and filtered using 0.45 μm syringe filters. This 
removed turbid materials present due to hydrolyzed food 
waste and biomass. SCOD was analyzed using the standard 
method of closed reflux by colorimetry.25 Samples were 
diluted as necessary to ensure measurements fell within the 
linear detection range of the method, and calibration was 
performed using standard solutions of potassium hydrogen 
phthalate. The COD detection limit of this method was 

Table 1. Characterization of food waste and 
anaerobically digested sludge.
Characteristics Food waste Anaerobically 

digested sludge
pH 5.8 ± 0.1 7.1 ± 0.1

TS (g/L) 205.5 ± 0.8 7.05 ± 0.06

VS (g/L) 198.1 ± 0.7 4.8 ± 0.1

TCOD (g/L) 88 ± 0.2 29 ± 0.09

SCOD (g/L) 71 ± 0.3 18 ± 0.06

TN (g/L) 7.9 ± 0.02 2.4 ± 0.01

TKN (g/L) 7.8 ± 0.01 2.3 ± 0.01

Abbreviations: SCOD, soluble chemical oxygen demand; TCOD, 
total chemical oxygen demand; TKN, total Kjeldahl nitrogen; TN, 
total nitrogen; TS, total solids; VS, volatile solids.

Table 2. Different treatment conditions used in 
the experiment.
Condition Pretreatment 

temperature
Pretreatment pH

C37 — —

P100-37 100 °C 9

P120-37 120 °C 9

C17 — —

P100-17 100 °C 9

P120-17 120 °C 9
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900 mg/L. To analyze VFA profiles, gas chromatography 
(GC) (Agilent 7890B) was used with a hydrogen flame 
ionization detector and capillary column (Nukol, 
15 m × 0.53 mm × 0.5 μm, Sigma Aldrich, St Louis, Missouri, 
USA). For internal reference, 1 g/L butanol was used. All 
chemical analyses were performed in duplicate, and the mean 
was calculated for all data points along with the standard 
deviation.

The degree of acidification (DA), representing the amount 
of total VFA produced from the SCOD, was calculated by the 
following equation:

Calculation of energy consumption by the shaker incubator 
(Infors HT Multitron Triple Incubator Shaker) at two 
operational temperatures of 37 °C and 17 °C was performed 
for two different ambient temperatures of 25 °C and 20 °C. 
According to the user manual of the incubator, shaking power 
consumption, and heat load for cabinet and top cooler, were 
noted. The thermal power coefficient k of the instrument was 
estimated based on a standard operating temperature of 37 °C 
using the following equation:

The heating or cooling power for a duration of 22 days was 
then calculated as per the following equation:

Bacterial community analysis

The bacterial community in the system on day 0, 2, and 3 was 
analyzed for diversity changes using 16S rRNA sequencing. 
Genomic DNA was extracted with the Soil DNA Kit 
(GenBio Systems, Inc., Canada) following the manufacturer’s 
instructions. The purity and concentration of the extracted 
DNA were measured using a Nanodrop spectrophotometer. 
Polymerase chain reaction (PCR) was then carried out 
to amplify the 16S rRNA gene using universal primers 
27 F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492 R 
(5′-GGTTACCTTGTTACGACTT-3′). Microbial profiling 
was conducted by targeting the V4 hypervariable region 
of the 16S rRNA gene. The 515F-806R primer set for 
library construction was used with subsequent sequencing 

performed on an Illumina MiSeq system (Metagenomics 
Facility, McMaster University). Initial data processing 
involved demultiplexing via Illumina Casava and primer 
excision using cutadapt. The DADA2 framework was utilized 
for stringent quality control, including read denoising, 
merging, and the elimination of chimeric sequences. For 
taxonomic assignment, high-quality reads were grouped 
into operational taxonomic units (OTUs) at a 97% identity 
threshold through AbundantOTU+ and mapped against the 
SILVA 132 database. Following this, the bacterial diversity 
was assessed with MicrobiomeAnalyst 2.0 (Quebec, Canada).

Statistical analysis

All batch experiment conditions were set in duplicate and 
the data was expressed as the average of two samples with 
standard deviation. To ensure the reliability of the results, the 
coefficient of variation (CV) was calculated across replicates. 
Across all treatments and sampling time points, the CV 
remained below 10%, indicating repeatability and technical 
consistency between replicate measurements throughout the 
fermentation process.

Results and discussion

Effect of substrate preparation on pH 
during fermentation

The initial pH set for this experiment was 9, which declined 
over time and only minor fluctuations were observed 
from day 5 to day 11. A steep drop in pH was observed 
under the mesophilic temperature of 37 °C (Fig. 1). This 
correlates with the increasing total VFA concentration 
(Fig. 2a). Meanwhile, the drop in pH for the control under 
the psychrophilic temperature of 17 °C may be attributed 
to the accumulation of intermediate organic acids such 
as lactic acid, particularly in dairy-based constituents of 
food waste.26 This observation was made in a preliminary 
experiment performed under similar conditions, where 
lactic acid accumulated more under low temperature, 
by about four times, at 4 g/L as opposed to mesophilic 
temperature at less than 0.5 g/L (Supplementary material), 
resulting in a more acidic pH. Other studies have also 
reported higher lactic acid as opposed to VFAs under 
psychrophilic temperature. For instance, Komemoto et al. 
observed the generation of lactic acid, VFAs, and biogas 
using 300 g wet weight of 94% VS comprising food waste 
under pH 7 and different temperature conditions. They 
observed that at 15 °C and 25 °C, lactic acid accumulated 
longer in the system, as opposed to mesophilic and 

(1)DA% =
[

VFA
(

g∕L
)

∕SCOD
(

g∕L
)]

× 100.

(2)

Thermal power coefficient k=Total heat load∕
(

Operating temperature−Outside ambient temperature
)

.

(3)

Heating∕cooling power= [k (Operating temperature

−Ambient temperature)]+Shaker power consumption.
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thermophilic temperatures.27 Furthermore, at low 
temperatures, lactic acid bacteria often become relatively 
more dominant, which can shift the fermentation pathway 
towards lactate formation and away from other metabolic 
routes, such as hydrogen production or short-chain VFA 
generation. These then compete with other microorganisms 
such as hydrogen-producing bacteria, as observed by 
Rodríguez-Valderrama et al.28

In comparison, a pH drop in mesophilic conditions 
corresponded to increasing VFA concentration. Under 
psychrophilic temperatures, when the microorganisms are 
in their adaptation phase, they accumulate more lactic acid 
and TCA cycle intermediates, which promote cell growth at 
low temperatures. This happens because of down-regulation 
of primary metabolic pathways such as glycolysis, the 
pentose–phosphate pathway, and the TCA cycle to reduce 

Figure 1. Trend of pH across 11 days for C37 (control at 37 °C), P100-37 (100 °C pretreatment, 37 °C fermentation), P120-37 
(120 °C pretreatment, 37 °C fermentation), C17 (control at 17 °C), P100-17 (100 °C pretreatment, 17 °C fermentation), and 
P120-17 (120 °C pretreatment, 17 °C fermentation).

Figure 2. (a) Concentration of total VFA (g/L) generated and (b) SCOD across 11 days for C37 (control at 37 °C), P100-37 
(100 °C pretreatment, 37 °C fermentation), P120-37 (120 °C pretreatment, 37 °C fermentation), C17 (control at 17 °C), P100-17 
(100 °C pretreatment, 17 °C fermentation), and P120-17 (120 °C pretreatment, 17 °C fermentation).
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the generation of reactive oxygen species as a stress response 
until they adapt.29 The pretreated substrate conditions 
under psychrophilic temperature showed a delayed drop in 
pH corresponding to the total VFA concentration. While 
lactic acid accumulates under control conditions at 17 °C, 
the thermal–alkaline pretreatment likely reduced lactic acid 
production by eliminating lactic acid-producing bacterial 
species under Lactobacillus and Clostridiceae. Li et al., in their 
study of lactic acid production from food waste, observed 
that a thermal pretreatment temperature around 110 °C 
resulted in reduced lactic acid compared to the untreated 
substrate.23 The microbial diversity in the mixed culture thus 
allowed for VFA production over lactic acid accumulation. 
The self-stabilization of pH occurring over time in all the 
conditions could be due to the buffer effect from ammoniacal 
nitrogen produced by protein degradation.30 Our preliminary 
experiments31 showed that the initial ammonia concentration 
decreased with time, and this correlated with a stable pH 
during the food-waste fermentation (data not shown). 
Moreover, the ammonia concentration is reported to be 
lower under psychrophilic temperatures, which also prevents 
its inhibitory activity against VFA generation. In contrast, 
Ortner et al. also reported that at 37 °C, higher free ammonia 
concentrations were inhibitory to the system, highlighting 
the temperature-dependent nature of ammonia toxicity. 
However, such inhibitory effects were not observed under 
the psychrophilic conditions in this study.32 Likewise, the 
decrease in ammonia concentration at 17 °C was favorable for 
both pH stabilization and subsequent VFA generation.

Changes in VFA concentration and 
composition

The TCOD and SCOD of the food waste increased after 
pretreatment from 85.7 ± 0.05 g/L and 63.4 ± 0.3 g/L to 
93 ± 0.1 g/L and 78 ± 0.2 g/L, respectively. This supported 
hydrolysis by increasing the availability of simpler 
compounds in the substrate for the microorganisms to 
assimilate. The increasing SCOD values (Fig. 2b) during 
fermentation corresponded to increasing VFAs and 
decreasing pH. The decline in SCOD observed in certain 
treatments over time can be attributed to the microbial 
uptake and conversion of solubilized organic compounds 
into metabolic products such as VFAs, biomass, and gases. 
While soluble organics are converted into VFAs during 
fermentation, this transformation does not reduce SCOD but 
instead changes its chemical composition. As hydrolysates 
become available, fermentative and acidogenic bacteria 
rapidly assimilate soluble organics, thereby reducing 
measurable SCOD. This trend was more pronounced under 

psychrophilic conditions and in pretreated sets with lower 
hydrolysis efficiency, where the initial solubilization rate 
was not sustained over time. Additionally, the onset of 
VFA accumulation and microbial growth can increase the 
incorporation of soluble organics into new biomass, further 
contributing to reduced SCOD values in later stages of 
fermentation. However, under a closed batch system, further 
VFA generation from SCOD conversion is inhibited due to 
nutrient limitation and the presence of long-chain fatty acids 
(LCFAs) in food waste. Xu et al. reported that the activity 
of certain enzymes in VFA generation (e.g., α-glucosidase, 
lipase, F420) is reduced by the presence of LCFAs in food 
waste, which adheres to the bacteria and restrains the 
enzyme–substrate interaction.33

Under both mesophilic and psychrophilic conditions, the 
DA was higher for the assays using substrate pretreated at 
120 °C (Table 3). This shows the enhanced acidogenesis in 
addition to hydrolysis. The observed DA was higher than 
the reported 6% to 48% in other studies using food waste as 
substrate.34–36 For psychrophilic operational temperature, 
an improved DA due to substrate pretreatment has not been 
reported earlier.

The highest concentration of total VFA (5 g/L) was obtained 
for the treatment using substrate pretreated at 120 °C 
fermented under mesophilic conditions, while the control 
also showed a comparable amount of VFA. These values 
correspond to the total VFA concentrations reported in the 
literature, ranging from 3 to 7 g/L under similar mesophilic 
temperatures and pH, as well as anaerobically digested sludge 
as an inoculum source.37–39 Interestingly, VFA production 
varied markedly with pretreatment severity. The 120 °C 
pretreatment (P120-37) yielded higher total VFAs than 

Table 3. Degree of acidification (DA) under 
various conditions tested in this study.
Temperature Pretreatment condition DA
37 °C Control – untreated FW 38% ± 0.1%

Pretreatment 1 – alkaline pH 
set to 9 followed by thermal 
treatment at 100 °C for 1 h

35% ± 1.3%

Pretreatment 2 – alkaline pH 
set to 9 followed by thermal 
treatment at 120 °C for 1 h

58% ± 0.5%

17 °C Control – untreated FW 1% ± 0.01%

Pretreatment 1 – alkaline pH 
set to 9 followed by thermal 
treatment at 100 °C for 1 h

14% ± 0.7%

Pretreatment 2 – alkaline pH 
set to 9 followed by thermal 
treatment at 120 °C for 1 h

17% ± 0.9%
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the control (C37), whereas the milder 100 °C pretreatment 
(P100-37) resulted in lower VFA accumulation. This pattern 
reflects the dual nature of thermal pretreatment, where the 
balance between enhanced hydrolysis and the formation 
of inhibitory or less-fermentable compounds depends on 
temperature and exposure time. At higher severity (120 °C), 
extensive cell disruption and depolymerization likely 
increased the release of soluble and readily fermentable 
substrates (e.g., simple sugars, soluble proteins, and low-
molecular-weight organics), which can stimulate acidogenesis 
and improve VFA yields.23,40 In contrast, moderate 
pretreatment conditions (100 °C) may generate soluble 
compounds that are less biodegradable or even inhibitory, 
such as Maillard reaction products, phenolics, or LCFAs, 
thereby suppressing fermentative pathways41,42. Moreover, 
pretreatment severity can differentially affect the inoculum: 
while intense heat disrupts substrates, intermediate heat may 
partially damage key acidogenic populations or delay their 
recovery.43 Consequently, P120-37 appears to have reached 
a threshold where hydrolysis benefits outweighed potential 
inhibitory effects, whereas P100-37 did not, resulting in 
lower VFA accumulation relative to the control. Although 
this interpretation remains speculative in the absence 
of direct chemical analysis. While the pretreatment was 
performed for both temperature conditions to compare its 
effect on the production of VFAs, it was targeted especially 
for psychrophilic temperature to increase hydrolysis. The 
control group under psychrophilic temperature showed a 
low amount of total VFAs and pretreated conditions showed 
an increased VFA amount. The extensive lag observed 
under psychrophilic temperature is often associated with the 
inactivity of the mesophilic microbes at low temperatures.44 
Moreover, with the accumulation of lactic acid and low pH, 
the conditions become unsuitable and inhibitory for further 
VFA production. However, the substrate pretreatment 

allowed increased VFA production with maximum values on 
day 7 at 1 g/L with both pretreatments under psychrophilic 
temperature.

Table 4 shows a few examples of studies undertaken at 
psychrophilic temperatures. The VFA value obtained in this 
study is comparable to the values found in the literature at low 
temperatures. However, the use of psychrophilic temperatures 
has been assessed for the anaerobic digestion process for 
biogas generation as the primary objective while monitoring 
VFAs as intermediates. With VFA production as the primary 
objective, the fermentation process can be optimized further 
to bring VFA production from the pretreated substrate up 
to the range of mesophilic temperature. Furthermore, since 
VFAs were observed to increase later, the initial lag phase 
can further be reduced by acclimatizing the inoculum in 
the future or understanding the microbial diversity to better 
adjust the operational parameters. With reduced lag phase, 
the adapted microorganisms can perform acidogenesis 
earlier.

Among the produced VFAs under all conditions, acetic acid 
was predominant, forming about 50% of total VFA (Fig. 3). 
With food waste as substrate, acetic acid has been previously 
reported to form 50% to 70% of the total VFAs produced 
due to the higher content of carbohydrates that serve as the 
carbon source during its breakdown.27,49,50,52,53 The remaining 
VFAs, including propionic acid, butyric acid, and valeric acid, 
were found to be very low in concentration. Normally, the 
concentration of propionic acid is observed to be higher with 
the digestion process under psychrophilic temperature; the 
results obtained with this fermentation process were found to 
be in contrast.49 As reviewed by Chen et al., most studies have 
shown propionic acid generation within an acidic pH range 
of 5–5.5,54 however, the initial pH for this study was alkaline. 
Furthermore, lactic acid is a key substrate for predominantly 
found Propionibacteria spp. to produce propionic acid. Thus, 

Table 4. VFA production reported in fermentation/digestion studies performed under psychrophilic 
temperature.
Feedstock and inoculum Operational conditions VFAs References
Food waste and digested sludge Batch reaction, 17 °C, initial pH 9 1.8 g/L after pretreatment This study

Food waste and digested sludge Batch reaction, 17 °C 2.7 g/L [31]

Food waste and digested sludge Batch reaction, 17 °C, pH 9, rhamnolipid addition 4.4 g/L [45]

Food waste Batch reactor, 15 °C, pH 7 <1 g/L acetic acid [27]

Wetland plant litter Batch reaction, 10 and 15 °C, pH 7 and 12 1.1 g/L at 15 °C and pH 12 [46]

Corn straw and cattle manure Batch bioreactor, 20 °C 3–4 g/L [47]

Dairy manure and biochar Batch reaction, 20 °C, initial pH 7.7 <1 g/L [48]

Paunch Leach bed dry digestion, 22 °C 7 g/L [49]

Food waste Batch reaction, 20 °C 6.6 g/L [50]

Food waste Continuous stirred-tank reactor, 25 °C 3 g/L [51]

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.70200 by U

niversity O
f B

oras, W
iley O

nline L
ibrary on [21/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



       © 2026 The Author(s). Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.  |  
Biofuels, Bioprod. Bioref. (2026); DOI: 10.1002/bbb.70200

R Kumar et al. Original Article: Acidogenic fermentation of pretreated food waste under psychrophilic conditions for volatile 

fatty acids production

8

reduced lactic acid due to pretreatment would eventually 
limit the substrate availability for Propionibacteria activity. 
The accumulated values obtained for propionic acid at 17 °C 
were approximately 0.01 g/L for pretreated substrates. Both 
pretreatment at 100 °C and 120 °C showed more acetic acid 
generation compared to control sets under psychrophilic and 
mesophilic conditions. This shows that the major metabolic 

pathway in play initially was acetate type, taking precedence 
over the mixed-type pathway due to low concentrations of 
other VFAs in the beginning and the nature of the substrate.55

The values under mesophilic temperature were two- to 
threefold higher than those of psychrophilic temperature, 
along with a 10% to 30% accumulation of caproic acid. 
However, the acetic acid values kept increasing till day 11 

Figure 3. Percentage of constituent VFAs and total VFA generation trend. (a) Untreated food waste (control) at 37 °C, 
(b) untreated food waste (control) at 17 °C, (c) 100 °C–pH 9 pretreatment and 37 °C fermentation, (d) 100 °C–pH 9 pretreatment 
and 17 °C fermentation, (e) 120 °C–pH 9 pretreatment and 37 °C fermentation, and (f) 120 °C–pH 9 pretreatment and 17 °C 
fermentation.
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under 17 °C, reaching the values obtained at 37 °C. Thus, 
psychrophilic temperature allowed for a less complex VFA 
mixture with acetic acid as the major constituent. This 
reduces the complexity of downstream extraction. The delay 
in acetic acid production can be correlated to the initial lag 
phase for the inoculum, where they adapt to psychrophilic 
conditions.56

An increase in the concentrations of caproic acid with 
fermentation time was observed at 37 °C, which may indicate 
the occurrence of chain elongation under mesophilic 
conditions. A maximum concentration of 1.5 g/L caproic 
acid was observed on day 11 with pretreatment 2, forming 
about 23% of the total VFAs accumulated. The control 
and pretreatment 1 resulted in comparable values of 
approximately 1.1 g/L. The increasing values of caproic 
acid corresponded to the decreasing values of acetic and 
butyric acids, inferring the process of chain elongation. 
Chain elongation with even-carbon VFAs commonly 
requires accumulation of electron donors such as ethanol 
and lactic acid. The electron donor provides acetyl-CoA 
for reverse β-oxidation of the shorter-chain VFAs like 
acetic and butyric acids. Each complete elongation cycle 
adds two carbon atoms to the acyl chain via condensation 
of an acetyl-CoA unit. Ethanol is known to be a preferred 
electron donor to lactic acid due to its involvement in other 
metabolic pathways.57 Although acetic and butyric acid are 
commonly used electron acceptors in reverse β-oxidation, 
odd-chain (e.g., propionate) and branched-chain short-chain 
carboxylates (e.g., isobutyrate, isovalerate) can also undergo 
elongation. Microbial chain-elongation communities have 
been shown to convert these substrates into corresponding 
odd-chain and branched medium-chain products. Previous 
studies have shown that food-waste-based fermentations 
often favor lactic acid production over ethanol during 
mixed-acid fermentation. Although these pathways may 
also occur in our system, lactic acid and ethanol were not 
directly quantified due to analytical constraints. Therefore, 
their roles are discussed here only as potential metabolic 
routes supported by the literature rather than measured 
outcomes. Operationally, this process takes place under a 
longer retention time, as is also observed in this study.58 
However, at lower pH values, the chain elongation is non-
optimal, exacerbated by psychrophilic temperatures. Caproic 
acid generation via reverse β-oxidation is majorly found 
to be optimum under neutral pH values and mesophilic 
temperatures due to specific enzyme activity. Moreover, 
another important factor is the concentration of acetic acid 
present in the system, which is a key electron acceptor.59 
Several reported studies have used mixed-microbial culture to 

produce 2–16 g/L of caproic acid from synthesized substrates 
and defined electron acceptors.52,60–63 However, recent 
advancements in lactate-driven chain elongation and in-situ 
product recovery have enabled comparable production levels 
using complex organic waste streams, including food-waste 
leachate and brewery by-products.64,65 While these high-titer 
waste-based systems are emerging, many batch-type mixed-
acid fermentations still struggle with low selectivity, often 
yielding caproic acid compositions below 20% of the total 
carboxylate profile.66

Under a psychrophilic temperature of 17 °C, butyric 
acid was detected at low concentrations around 500 mg/L 
from day 2 in pretreated sets. This also corresponds to the 
increased presence of acetic acid simultaneously. The rise in 
acetic acid may be attributed to acetogenic bacteria capable 
of converting CO2 and H2 into acetic acid via acetogenesis. 
Because the fermentation operated as a mixed-acid system, 
the concurrent production of ethanol and lactic acid by 
lactic acid bacteria, such as Lactobacillus and Lactococcus 
spp., could also supply additional electron donors that drive 
further acetic acid formation.67,68 The observed decline in 
butyric acid after day 2 suggested its subsequent utilization 
within the mixed microbial community, potentially through 
secondary fermentation pathways. Butyrate can act as an 
intermediate metabolite and may be further converted to 
acetate or other compounds via syntrophic or acetogenic 
processes, particularly under psychrophilic conditions where 
metabolic rates are slower and community interactions 
govern product distribution. This interpretation is supported 
by the concurrent increase in acetate concentration.69,70 
Compared to mesophilic temperature conditions, the acetic 
acid was produced more in a longer period. The increased 
electron donors and acetic acid would be optimal for chain 
elongation, subject to maintaining optimum environmental 
conditions as well. With further studies, different operational 
parameters can be tested in psychrophilic temperatures to 
enhance the chain-elongation process.

Bacterial diversity changes after 
pretreatment under psychrophilic 
temperature

The initial changes in bacterial diversity were analyzed under 
psychrophilic temperature to compare the difference between 
untreated and pretreated substrate. Microbial community 
analysis was conducted only during the first three days under 
psychrophilic conditions because this early phase represents 
the period of most rapid microbial restructuring in low-
temperature fermentation. Psychrophilic systems typically 
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exhibit slow hydrolysis and delayed metabolite accumulation, 
meaning that VFAs peak later; however, the key microbial 
shifts that determine the fermentation trajectory occur at the 
beginning of the process. At 17 °C, communities undergo 
rapid competition among lactic acid bacteria, psychrotolerant 
fermenters, and acetogens during the initial 48–72 h, after 
which the microbial structure commonly stabilizes even while 
VFAs continue to accumulate. The dominant taxon at the 
phylum level found under control conditions was Firmicutes. 
The lesser presence was from Chloroflexi, Bacteriodota, 
and Proteobacteria. While under pretreated conditions, 
Proteobacteria was found to be the dominant taxon along 
with Firmicutes. At the genus level, the abundance of 
Sporosarcina under control conditions was shifted to Hafnia_
obesumbacterium on day 0. On day 2 and 3, a further shift 
in abundance was observed towards Enterococcus, Fonticella, 

Carnobacterium, and Yersinia. Pretreatment 1 condition also 
showed more prevalence of Bacillus and Clostridium_sensu_
stricto_11 (Fig. 4). The overall bacterial diversity increased 
after pretreatment, changing the dynamics of colonization 
under psychrophilic temperature.

To assess the core bacterial species during fermentation, 
the heat map was generated (Fig. 5), showing relative 
abundance (%) and prevalence on a scale of 0.0 to 1.0. 
The highest relative abundance under control was not 
assigned to a specific species when checked against the 
SILVA database. However, it was followed by Solibacillus 
silvestris. These are closely related to fermentative bacteria 
of genus Bacillus and often found in clusters together. 
This fermentative bacteria shows high proteolytic 
enzymatic activity, often used for the enzyme production 
of alkaline protease.71 Similarly, following an unassigned 

Figure 4. Bar graph showing actual abundance of different genera under 17 °C.
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category, high relative abundance is observed for 
Hafnia_obesumbacterium_alvei alongside Solibacillus 
silvestris, followed by Carnobacterium_inhibens. Hafnia_
obesumbacterium spp., compete with lactic-acid-producing 
bacteria to promote production of other fermentative 
metabolites. As observed with plant-based substrates, these 
species promote protein breakdown. Their abundance 
shifts with respect to lactic acid producers and is sensitive 
to acidic pH.72 Under low temperatures, Hafnia alvei is 
known to produce volatile compounds by transforming 
methionine and cysteine amino acids via deamination and 
transamination.73 Thus, psychrophilic temperature of 17 °C 
promoted its increased abundance and the subsequent 
VFA production under pretreated conditions that reduced 
its competing lactic acid producers.

Furthermore, the fermentative bacteria from genus Fonticella 
showed increased abundance under pretreated sets. These 
bacteria enhance acetic acid production and show high 
resistance to harsh and unfavorable environmental conditions 
such as low temperature.74 In a metagenomic study by Zhang 
et al., genes associated with fatty acid biosynthesis and pyruvate 
metabolism, including the FASN gene attributed to Fonticella 
spp., were identified, indicating the metabolic potential of these 
microorganisms to participate in fatty-acid transformation 
during VFA production.75 Although metagenomic data 
do not provide evidence of gene upregulation or active 
expression, the presence of these functional genes suggests that 
Fonticella-related pathways may contribute to VFA formation 
when substrate availability is sufficient. This aligns with our 
observations that enhanced hydrolysis following pretreatment 

Figure 5. Heat map for relative abundance (%) of species under (a) control and (b) pretreatment 2 conditions at 17 °C.
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increased substrate availability, coinciding with higher acetic 
acid production in our system.

Power consumption during incubation at 
two temperatures

To evaluate the energy implications of operating fermentation 
at different temperatures, preliminary calculations were 
conducted to estimate power consumption during incubation 
under psychrophilic and mesophilic conditions (Table 5). 
This assessment was necessary to compare the operational 
feasibility and energy demand of the two temperatures used 
in this study, particularly in the context of colder climates 
where heating requirements can significantly impact 
process sustainability. The operation costs associated with 
temperature maintenance can be considerable when the 
outside ambient temperature is low, such as between 25 °C 
and 20 °C. The energy consumption by the shaker incubator 
was calculated for maintaining the two studied operational 
temperatures with the outside ambient temperature of 25 °C 
and 20 °C, respectively. The two temperatures were selected as 
the ambient laboratory temperature is set within this range. 
The heating power for maintaining 37 °C for 11 days in the 
shaker incubator as per the two ambient temperatures was 
293 kWh and 290 kWh, respectively. While the heating power 
for maintaining 17 °C for 11 days in the shaker incubator was 
129 kWh and 4 kWh, respectively. Thus, the power consumed 
at 37 °C as compared to 17 °C was more than twice as much 
at the outside temperature of 25 °C and considerably more 
at the outside temperature of 20 °C. The total costs for power 
consumption at the two temperatures are shown in Table 4, 
with the unit cost used from the Ontario region of Canada 
for the non-residential sector under the tiered category 
with charges based on overall usage.76 This emphasizes the 
reduction in associated costs for temperature maintenance, 
which can vary regionally as per their respective power 
price. To build on the findings of this study, a thorough 
techno-economic assessment of the fermentation process 
can be conducted to provide a comprehensive analysis of the 
associated costs, including the additional pretreatment.

Conclusions

Performing substrate pretreatment and operating the process 
at psychrophilic temperature enhanced the hydrolysis and 
acidogenesis compared to the untreated substrate. Once 
adaptation to the low temperature happened, enhanced 
production of acetic acid was observed twofold. Under 
mesophilic temperature, substrate pretreatment resulted 
in accumulation of caproic acid over time. The combined 
conditions of substrate pretreatment and psychrophilic 
temperature allowed for a less complex VFA mixture, 
with acetic acid as the predominant VFA due to increased 
abundance of Hafnia and Fonticella spp. The reduced 
production of other VFAs can also make downstream 
extraction easier. Moreover, a decreased presence of 
propionic acid is favorable for fermentation as it is known to 
be inhibitory to the process.
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