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ABSTRACT

Global agricultural activities generate a substantial amount of organic waste, particularly from fruit and starch-
based residues. This study investigates the anaerobic acidification (AC) of these wastes using microbiota derived
from rumen fluid, aiming to produce value-added bioproducts such as lactic acid (LA) and volatile fatty acids
(VFAs) for sustainable waste management. The AC process was conducted over 48 hours at 35 + 0.5 °C without
pH control, utilizing six digesters with varying substrate-to-inoculum ratios. Results showed that starch-based
substrates led to higher lactic acid accumulation compared to fruit waste, while both substrate types produced
VFAs in comparable concentrations. LA and VFA accumulation ranged from 2—6 and 20—60 mmol/L, respectively.
These findings underscore the feasibility of converting organic waste into economically viable, value-added prod-
ucts through bioconversion, with implications for environmental sustainability and resource efficiency. Further
research is recommended to optimize the process and assess its scalability for industrial applications.
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INTRODUCTION

The global agricultural sector produces vast
amounts of organic waste annually, including
substantial fractions from fruit and starch-based
food processing. These residues not only repre-
sent a severe threat to the environment through
the release of greenhouse gases, leachate pollu-
tion, and resource inefficiency but also pose sig-
nificant economic and logistical burdens to waste
management systems (Cheung et al., 2021; FAO,
2013). The widespread consumption of fruit and
starch-based products globally has led to the con-
tinuous accumulation of waste materials such as
peels, pulp, seeds, and processed starch residues,
demanding urgent attention and sustainable miti-
gation strategies.
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Fruit and starch residues are particularly
rich in carbohydrates, especially glucose, which
is readily liberated during hydrolysis. Starch, a
polysaccharide comprising glucose units, is one
of the dominant constituents in agro-industrial
waste streams (Chisenga et al., 2019; Martins et
al., 2023). Likewise, fruit waste contains consid-
erable amounts of fermentable sugars originating
from the breakdown of complex carbohydrates
during ripening and processing (Zia et al., 2022).
Given their biochemical profile, these waste types
possess immense valorization potential, provided
that efficient bioconversion strategies are em-
ployed. Addressing the escalating burden of or-
ganic waste requires solutions aligned with the
principles of the circular economy, which empha-
size not only waste minimization but also resource
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regeneration and economic viability (Kacaribu et
al., 2025; Kacaribu and Darwin, 2024b).

Several organic waste management approach-
es have been explored in recent decades, includ-
ing landfilling (Kharola et al., 2022), composting
(Darwin et al., 2022), incineration, and biologi-
cal treatments such as anaerobic digestion (AD)
and co-digestion (Darwin et al., 2021a; 2021b).
Among these, AD stands out due to its dual func-
tionality: it reduces the organic load while si-
multaneously generating value-added products.
During AD, hydrolyzed organic materials are
converted into intermediate bio-products such
as lactic acid (LA), volatile fatty acids (VFA),
and alcohols—compounds with significant in-
dustrial and commercial applications (Darwin
et al., 2019b; 2019¢; Uddin and Wright, 2023).
The subsequent stages of the AD process yield
methane, further enhancing its attractiveness for
sustainable waste-to-energy schemes (Ali Shah et
al., 2014; Alkaya and Demirer, 2011).

The acidogenic phase of anaerobic digestion
is particularly critical in determining the profile
and yield of intermediate products. In this phase,
complex organics are converted into simpler
compounds, primarily LA and VFA, through the
enzymatic action of specific microbial consortia
(Kacaribu et al., 2025). Prior studies have dem-
onstrated that various microbial inocula, such
as activated sludge and anaerobic digestate, can
efficiently drive acidogenic fermentation to pro-
duce these bio-products from diverse organic
substrates (Darwin et al., 2019a; Zhang et al.,
2020). Moreover, recent advancements suggest
that rumen fluid—a microbiota-rich byproduct of
ruminant digestion—can serve as a potent inocu-
lum, offering superior hydrolytic and acidogenic
activity compared to conventional sludge. For
instance, Pourbayramian et al. (2021) reported
high VFA yields from potato waste using rumen
fluid, along with the production of nutrient-rich
digestate suitable for animal feed (Pourbayra-
mian et al., 2021).

Despite these promising developments, a sig-
nificant research gap remains concerning the use
of fruit and starch-based residues as substrates in
combination with rumen fluid inoculum, particu-
larly when sourced from slaughterhouse waste.
This finding is a critical oversight, considering
the high microbial diversity and enzymatic po-
tential of rumen consortia, as well as the abun-
dance and accessibility of slaughterhouse waste
in many regions.

The novelty of this study lies in its integrated
use of fruit and starch-based residues with ru-
men fluid derived from slaughterhouse waste for
anaerobic acidification—an approach that has
not been systematically explored in previous re-
search. This synergistic valorization pathway
combines underutilized organic waste streams
with a highly active microbial inoculum to lactic
acid and VFA production. By elucidating the met-
abolic behavior of rumen microbiota in mixed-
substrate environments, the study offers new
insights for optimizing process efficiency and
resource recovery in decentralized biorefineries.
Ultimately, this research addresses urgent issues
of organic waste accumulation while contributing
to sustainable waste management strategies and
bio-based circular economy development.

MATERIALS AND METHODS

The present study was conducted at the Post-
Harvest Engineering and Bioprocess Laboratory,
Department of Agricultural Engineering, Uni-
versitas Syiah Kuala. The study was conducted
Indonesia at July — October, 2024. The various
materials were employed, including Lactic Acid,
D-(+)-Glucose Anhydrous (VWR BDH Prolabo
Chemicals), nutrient Agar (Oxoid) Phenol, H,SO,,
NaOH, H,BO,, HCI, Indicator (PP, Methyl Red,
Methylene Blue), was procured from Merck, Co,
Ltd (Selangor, Malaysia), H,O, Fruit Waste, Cas-
sava Waste, and Rumen fluid.

Substrate and inoculum preparations

The study utilized feedstock comprised fruit
and cassava waste. Cassava waste served as the
starch waste. Fruit waste included randomly
fruit waste such as pears, melons, watermelons,
bananas, and papayas, both collected from the
Vegetable and Fruit Local Market in Rukoh Vil-
lage, Banda Aceh City, Indonesia. Wastes were
meticulously separated from impurities, finely
crushed, and blended to reduce size (+ 0.1 cm)
before experimentation.

Anaerobic acidification employed an un-
defined mixed inoculum, which is rumen fluid
waste obtained from the Banda Aceh City slaugh-
terhouse, Aceh, Indonesia. The rumen fluid used
in this study was obtained from 2.5-year-old lo-
cal Acehnese female cattle that were not subject-
ed to feed control. The collected fluid was then
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filtered, transferred into dark glass bottles, and
transported to the laboratory. The rumen fluid
was stored in a refrigerator at a temperature of
1-2 °C for subsequent analysis. Characteristics
of substrate and inoculum employed in this study
presented in Table 1.

The characteristics of the substrate and inocu-
lum utilized before initiating the anaerobic acidi-
fication process were meticulously examined, as
shown in Table 2. The rumen fluid, serving as
the key inoculum, displayed a pH of 7 + 0.10,
with MC 0f 90.4 + 0.10%, a TS content of 9.60 +
0.10%, and total viable cells of 4.85 x 10® CFU/
mL. Furthermore, its ORP value was recorded at
40.00, while ammonia content was absent. Con-
versely, both cassava waste and fruit waste ex-
hibited similar pH values of 7 = 0.10. Cassava
waste presented a lower MC of 12.12 = 0.10%
and higher TS content of 87.88 = 0.10%, and neg-
ligible ammonia content at 0 ppm. Similarly, fruit
waste demonstrated MC of 78.31 &+ 0.02% and a
TS content of 21.69 + 0.02%, with no measurable
ORP and negligible ammonia content at 0 ppm.
These comprehensive characterizations provide
crucial insights into the composition of the sub-
strates and inoculum, laying the foundation for
the subsequent anaerobic acidification process to
valorize fruit and starch waste for bio-based prod-
uct development. The initial characterization of
the substrates and inoculum provided a founda-
tion for understanding their composition and suit-
ability for anaerobic acidification. The absence of
ammonia and suitable pH levels indicated a con-
ducive environment for microbial activity.

Anaerobic acidification process

The anaerobic acidification process was con-
ducted without pH control (no acid or base was
added), allowing the process to occur naturally.
The process was carried out using covered di-
gesters with a working volume of 250 mL placed
on a thermostat-controlled water bath for 48 h,

Table 1. Characterization of inoculum and substrate

maintaining a constant temperature of 35 + 0.5°C
as depicted in Figure 1. The substrate was added
to the digesters, followed by rumen fluid inocu-
lum. A total of 6 digesters were prepared, each
containing substrate and inoculum with differ-
ent concentrations (50, 100, and 150 g) of sub-
strate per liter of inoculum as listed in Table 2.
Before sealing the digesters, a heating process
was conducted on the water bath to remove oxy-
gen. Once oxygen was removed from the digest-
ers, they were tightly sealed, and the anaerobic
acidification process commenced (Kacaribu and
Darwin, 2024a).

Analytical methods

The anaerobic acidification samples were
subjected to centrifugation at 2000 revolutions
per minute (rpm) for 10 min to separate the su-
pernatant, which was then meticulously trans-
ferred into analytical tubes and stored at 2 °C for
further analysis. The pH levels were determined
employing a high-precision Laboratory Benchtop
pH Meter equipped with a Multifunction Com-
plete Probe Milwaukee MW 101 PRO (Darwin et
al., 2023), ensuring accurate measurement of the
acidic or basic nature of the samples. Addition-
ally, assessments were also made for total solids
(TS). For the analyses of electrical conductivity
(EC), total dissolved solids (TDS), oxidation-
reduction potential (ORP), and ammonia concen-
tration (NH,"), a preparatory step involved dilut-
ing a 1 mL aliquot of the effluent tenfold with
deionized water (DH,0). All analysis parameters
were determined following established standard
methods (APHA, 2012). Analysis was performed
in duplicate to produce reproducible results.

The total carbohydrate content of the sam-
ples was determined using the Phenol-Sulfuric
method (Herbert et al., 1971), which is crucial
for assessing the availability of sugar in anaero-
bic acidification process. The quantification of
VFAs followed established procedures to assess

Inoculum/ Substrate pH MC (% wb) TS (%) ORP (mV) TVCm(ISFU’ A?;”;j’l_”)ia
Rumen fluid 7+0.10 90.4 £0.10 9.60 +0.10 40.00 4.85 x 10° 0
Cassava waste 7+0.10 12,12 +£0.10 87.88 +0.10 - - 0
Fruit waste 7+0.10 78.31 £0.02 21.69 £0.02 - - 0

Note: Data presented as mean value + standard deviation; MC — moisture content; TS — total solid; ORP — oxidation

reduction potential; TCC — total cell counts.
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Fermentation set-up

Figure 1. Laboratory installation set-up for anaerobic acidification processes

the volatile acid fraction present in the samples,
and was determined using titrimetric methods as
described previous study (Liitzheft et al., 2014).
The concentration of lactic acid, measured using
a Lactate Biosensor Accutrend Plus meter (Dar-
win, 2019). The microbial growth was quantified
by measuring the optical density (OD) at 600 nm
using a Spectrophotometer UV Shimadzu 1200,
offering direct insights into the microbial popula-
tion dynamics. All analysis was performed in du-
plicate to produce reproducible results.

Statistical analysis

All experimental data were obtained from du-
plicate runs. Mean values and standard deviations
were calculated and used to evaluate the repro-
ducibility of the measurements. Given the prelim-
inary nature of this investigation and the focus on
process trends rather than statistical inference, no
further statistical analyses were performed.

RESULTS AND DISCUSSIONS

pH profile during anaerobic acidification

The pH profile is a critical factor in the anaer-
obic acidification process of organic waste using
Ruminal fluid inoculum. The pH analysis results
from this study are presented in Figure 2, which
illustrates distinct dynamic changes between the
two types of substrates employed. Throughout
the process, the pH of the digester fluctuated,
initially decreasing from neutral (pH 7) to acidic
levels (approximately pH 5) and subsequently,
in some cases, returning to around neutral. This
trend is consistent with previous studies, which

Table 2. Experimental design

Substrates Su bs;‘;itsuﬁ?rgcg)lt_r)ation/ Codo
50 P1
S 100 P2
150 3
50 P4
F 100 P5
150 e

Note: S — starch waste; F — fruit waste.

have reported similar patterns of pH reduction
due to microbial adaptation and the hydrolysis of
substrates into acidic metabolites, including lac-
tic acid and volatile fatty acids (VFAs) (Franke-
Whittle et al., 2014; Grzelak et al., 2018; Tang
et al.,, 2017; Villanueva-Galindo et al., 2024).
The observed pH decline can be attributed to
lactic acid accumulation, which results in proton
release due to substrate oxidation during the in-
cubation period. Moreover, the low pKa value of
lactic acid (3.86) contributes significantly to the
acidification of the digester environment (Rob-
ergs et al., 2018).

The results presented in Figure 2 demon-
strate that digesters supplied with starch waste
substrates (P1-P3) experienced a continuous pH
decline throughout the 48-hour incubation period,
dropping from pH 7 to pH 5. This significant de-
crease in pH is corroborated by the accumulation
of lactic acid metabolites, as illustrated in Figure 4.
These findings are consistent with previous stud-
ies, which reported that a pronounced pH decline
during the incubation of rice and corn starch sub-
strates with rumen fluid inoculum was attributed
to the accumulation of lactic acid (Darwin et al.,
2018a). Similarly, a separate study reported that
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Figure 2. pH profile during anaerobic acidification

the anaerobic acidogenesis of food waste using
aerobic primary sludge from municipal wastewa-
ter exhibited a comparable trend, where the drop
in pH within the digester was also associated with
lactic acid accumulation (Pau et al., 2024).

A contrasting phenomenon was observed in
the other set of digesters (P4-P6), which were
supplied with fruit waste substrates. In these re-
actors, the pH declined only during the initial 24
hours of incubation, from pH 7 to 5.3. During
this period, lactic acid accumulation was evident;
however, beyond 24 hours, no further lactic acid
production was detected due to pH recovery. Pre-
vious research has indicated that the pH increase
(pH recovery) within anaerobic digesters occurs
once the acidogenic phase has passed and the
system transitions into the subsequent stage (Ad-
ekunle and Okolie, 2015). At this stage, the mi-
crobial community within the digester begins to
utilize lactic acid as a secondary substrate for the
biosynthesis of other metabolic products (Ayud-
thaya et al., 2018).

TDS profile

During the anaerobic acidification of organic
waste using rumen fluid inoculum, a significant
decrease in TDS was observed within the digest-
ers. This reduction is primarily attributed to mi-
crobial activity breaking down substrates such
as starches and sugars, which gradually reduces
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the concentration of dissolved solids. The decline
in TDS throughout the bioconversion process is
further supported by the concurrent production of
lactic acid and volatile fatty acids (VFAs), as de-
picted in Figures 5 and 6.

As shown in Figure 3, all digesters exhibited
a downward trend in TDS during the bioconver-
sion process. This trend indicates the hydrolysis
of dissolved solids into metabolites—lactic acid
and VFAs—facilitated by microbial activity dur-
ing anaerobic digestion (metabolism) and me-
tabolite synthesis (Litti et al., 2024). Digesters
P5 and P6 recorded the highest TDS concentra-
tions, reaching 110 mg/L, due to the higher sub-
strate concentrations of fruit waste (100 and 150
g/L, respectively). Fruit waste is predominantly
composed of soluble sugars such as glucose and
fructose, which account for approximately 75%
of its total organic content, as confirmed by previ-
ous research (Zia et al., 2022). The high carbohy-
drate content in these substrates is also consistent
with the data presented in Figure 3, which shows
a substantial level of total carbohydrates in these
digesters. Earlier studies have also reported el-
evated TDS levels associated with high organic
matter input in such systems (Butler and Ford,
2018). Conversely, digester P4, which also re-
ceived fruit waste as a substrate, exhibited a low-
er initial TDS of 70 mg/L due to a lower substrate
concentration of 50 g/L. This variation further
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Figure 3. TDS profile during anaerobic acidification

highlights the influence of substrate concentra-
tion on TDS levels and hydrolysis rates.

On the other hand, digesters P1-P3, which
were supplied with starch waste substrates, ex-
hibited an initial TDS value of approximately 90
mg/L. This relatively lower TDS may be because
starch is an insoluble carbohydrate. This finding
contrasts with previous reports, which noted that
starch in aqueous media exhibited a TDS of only
0.365 mg/L (Airlangga et al., 2021). However,
the relatively high initial TDS observed in digest-
ers P1-P3 could also be attributed to the contribu-
tion of rumen fluid used as the inoculum. Rumen
fluid is known to have high TDS levels, primarily
due to the presence of VFAs, minerals, and other
soluble compounds generated from microbial ac-
tivity during ruminant digestion (Beede, 2012).

Total carbohydrate content

Total carbohydrate analysis was conducted
using the standard phenol—sulfuric acid method
to determine the glucose concentration in carbo-
hydrate-containing samples (Herbert et al., 1971).
The initial glucose content varied depending on
the substrate used, with substrate F (fruit waste)
exhibiting the highest glucose concentration,
followed by substrate S (starch-based waste),
as shown in Figure 3. This study investigated
the capacity of microbial communities in ru-
men fluid to convert these substrates into lactic

acid metabolites by analyzing the glucose con-
sumption profile over the bioconversion period.
According to Figure 4, a consistent decrease in
glucose concentration was observed across all di-
gesters, indicating microbial utilization of organ-
ic matter as a primary carbon source (de Almeida
et al., 2018; Sanjorjo et al., 2023).

Digesters P4, P5, and P6, which were fed
with substrate F (fruit waste) at substrate/inocu-
lum ratios of 50, 100, and 150 g/L, exhibited
initial glucose concentrations of 21.8, 27.0, and
30.0 mmol/L, respectively. These can be attribut-
ed to the high content of simple sugars—primar-
ily fructose and glucose—in fruit waste, which
comprises approximately 75% of its total organic
content (Zia et al., 2022). These sugars are read-
ily assimilated by microorganisms as carbon and
energy sources (Ren et al., 2018). In contrast,
digesters P1, P2, and P3, which were supplied
with substrate S (cassava-based starch waste) at
equivalent concentrations, had lower initial glu-
cose levels of 17.12, 20.89, and 24.75 mmol/L,
respectively. This finding is consistent with the
composition of cassava waste, which contains ap-
proximately 70.66% starch, primarily composed
of the glucose polymers amylose and amylopec-
tin (Chisenga et al., 2019; Martins et al., 2023).

Interestingly, increasing the substrate concen-
tration did not correspond to increased lactic acid
production, as shown in Figure 5. This phenom-
enon is likely due to substrate inhibition at higher
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Figure 4. Total carbohydrate content profiles in the digesters during bioconversion

concentrations, which can impair microbial en-
zymatic activity and reduce the overall biocon-
version rate through osmotic stress mechanisms
(Ambha et al., 2018; Zabed et al., 2017). Previous
studies have proposed potential mitigation strat-
egies, including the development of microbial
strains tolerant to toxic or high-substrate condi-
tions (Li et al., 2024) or the application of fed-
batch bioconversion techniques to regulate sub-
strate loading (Son and Kwon, 2013). Notably,
starch-based substrates tended to yield higher
lactic acid production at lower substrate concen-
trations compared to fruit-based substrates. These
results emphasize the importance of optimizing
substrate concentrations to maximize lactic acid
yields while minimizing the risk of substrate inhi-
bition (Kacaribu and Darwin, 2024a).

Lactic acid accumulation

Utilizing rumen fluid microbiota as an in-
oculum for anaerobic acidification of starch and
fruit waste-based substrates holds great promise
for producing lactic acid, a valuable commodity
widely utilized in industries (Ojo and de Smidt,
2023). The rumen fluid microbiota is known to
contain various types of lactic acid bacteria, such
as Streptococcus spp. (Ayudthaya et al., 2018),
and Prevotella (Darwin et al., 2018a), which are
capable of converting organic waste into lactic
acid via anaerobic fermentation pathways.
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The findings of the present study (Figure 5)
indicate that all digesters produced lactic acid dur-
ing the anaerobic acidification process, although
production was limited to specific bioconversion
periods. This finding suggests the existence of
substrate-specific biotransformation mechanisms.
Digesters P1, P2, and P3, which utilized starch-
based substrates, began lactic acid accumulation
at 36 hours of incubation, with concentrations of
2.8, 3.3, and 3.9 mmol/L, respectively. As bio-
conversion time and substrate concentration in-
creased, lactic acid production also rose. Howev-
er, at 48 hours, digester P3—containing the high-
est substrate concentration (150 g/L) — showed a
slight decrease in lactic acid concentration from
3.9 to 3.8 mmol/L. This decline is likely due to
substrate inhibition, a condition in which high
substrate concentrations hinder microbial or en-
zymatic activity due to osmotic stress (Dumbre-
patil et al., 2008).

In contrast, digesters P4, P5, and P6, which
used fruit waste as a substrate, showed lactic acid
accumulation only during the 24-hour bioconver-
sion period, with respective concentrations of 2.3,
2.8, and 3.4 mmol/L. Beyond this period, no fur-
ther lactic acid accumulation occurred, likely due
to microbial conversion of the previously accu-
mulated lactic acid into VFAs. This phenomenon
is supported by pH analysis (Figure 2), which
showed a drop in pH to 5.2-5.4 during the first 24
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Figure 5. Lactic acid accumulation during anaerobic acidification

hours, a range considered optimal for lactic acid
production by undefined mixed inocula (Tang et
al., 2017). After 24 hours, the pH increased to be-
tween 6 and 6.7 (Figure 2), indicating a pH recov-
ery phase during which lactic acid was converted
into VFAs such as acetic, butyric, and valeric ac-
ids (Parchami et al., 2023; Wainaina et al., 2019).

The starch-to-lactic acid pathway likely in-
volves enzymatic hydrolysis of starch into glucose
by amylolytic enzymes (e.g., alpha-amylase), fol-
lowed by glucose fermentation by facultative an-
aerobes. Previous studies have shown that alpha-
amylase activity is enhanced in starch- or malt-
ose-based environments (Higuchi et al., 2005).
This explains the sustained lactic acid production
at 50-100 g/L substrate concentrations. However,
at 150 g/L (P3), osmotic inhibition may have re-
duced enzyme activity and microbial efficiency.
For fruit-based substrates, lactic acid production
depends on the presence of simple sugars like
glucose and fructose, which are rapidly consumed
during early fermentation. However, rapid sugar
depletion, coupled with rising pH and microbial
community shifts, may suppress continued lactic
acid accumulation. As such, substrate composi-
tion, sugar availability, and microbial resilience
to environmental stress are key determinants of
lactic acid productivity.

Recent literature provides additional insights
into these dynamics. For example, Jodhani et
al., (2024) demonstrated that inoculum type and

pre-treatment significantly affect fermentation
outcomes; untreated anaerobic digester sludge
yielded higher hydrolysis efficiency than waste-
activated sludge. This aligns with the present
study’s use of rumen fluid, which is naturally rich
in hydrolytic and fermentative microbes, support-
ing both starch hydrolysis and lactic acid fermen-
tation (Jodhani et al., 2024). Moreover, Blasco
et al. (2020) emphasized the importance of mi-
crobial community composition in acidogenic
fermentation. Orders like Lactobacillales and
Clostridiales play critical roles in VFA produc-
tion, and managing their activity — e.g., by inhib-
iting methanogens — can shift metabolic pathways
to favor acid accumulation (Blasco et al., 2020).
This concept is relevant in explaining the trans-
formation of lactic acid to other VFAs in fruit-
based digesters after 24 hours.

Innovative strategies such as the Community
and Single Microbe Optimisation System (COS-
MOS) (Raajaraam and Raman, 2024), a micro-
bial community optimization system, has shown
that mixed microbial cultures often outperform
monocultures, particularly under stress condi-
tions such as high organic loads or pH fluctua-
tions — conditions mirrored in the starch and fruit
waste digesters of this study. Furthermore, sub-
strate-inhibition effects, such as those observed
in digester P3, are also discussed by Radadiya
(2022), who highlighted the need for granular
activated carbon and microbial enrichment to
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counteract long fermentation times and low prod-
uct yields under high organic loading rates (Ra-
dadiya, 2022). In light of these findings, future
process improvements may focus on microbial
inoculum engineering, pH control, and substrate
optimization to sustain lactic acid production and
reduce conversion to secondary metabolites. For
instance, the application of free nitrous acid as
a pre-treatment (Akaniro et al., 2024) or co-di-
gestion strategies (Choudhury et al., 2024) may
further improve lactic acid yields and align with
circular bioeconomy goals.

Volatile fatty acid production

This study compared the accumulation of
VFAs during anaerobic acidification using starch-
based and fruit-based organic waste substrates.
The results (Figure 6) show that VFA accumulation
increased during the first 24 hours of incubation.
Thereafter, some digesters continued to exhibit in-
creasing concentrations, while others experienced
a decline. During the bioconversion process, the
accumulated VFA concentrations ranged from 20
to 60 mmol/L. Specifically, in digesters P2 and P3,
VFA levels continued to rise until 36 hours of in-
cubation. The VFA production rate varied across
treatments, with some digesters demonstrating
more rapid accumulation than others. These find-
ings indicate that substrate type significantly influ-
ences the rate and extent of VFA production.

——P1 --e- P2

-O--P3

The results depicted in Figure 6 illustrate
the dynamics of VFA production during anaer-
obic acidification with starch-based substrates
(P1-P3) and fruit-based substrates (P4-P6). In
general, all digesters showed a sharp increase
in VFA concentration within the first 24 hours.
Following this, distinct patterns emerged de-
pending on the substrate used. Digesters P1-P3,
which received starch-based waste, exhibited a
continuous increase in VFA concentration, peak-
ing at 36 hours with the highest concentrations
(60 mmol/L) recorded in P2 and P3. In contrast,
digesters P4-P6, fed with fruit-based waste,
reached peak VFA accumulation earlier, at 24
hours, with the same maximum concentration of
60 mmol/L. After reaching their peaks, VFA con-
centrations in most digesters began to decline,
indicating further conversion or changes in di-
gester environmental conditions.

As shown in Figure 2, pH levels during the
initial bioconversion phase dropped to an acidic
range of 5.2-5.4. This condition is conducive to
the accumulation of VFAs, particularly acetic
acid. This finding aligns with the anaerobic acidi-
fication process, where microorganisms break
down organic matter, producing VFAs and conse-
quently decreasing the pH (Darwin et al., 2018b).
Another study has reported that mixed microbial
cultures typically produce acetic, propionic, bu-
tyric, and valeric acids under such pH conditions
(Atasoy and Cetecioglu, 2022). Another study

-&-P4 —x—P5 —x%—P6

VFA (mmol/L)

0 12

24 36 48

Time (h)

Figure 6. VFA accumulation during the incubation period (0—48 hours)
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also noted that anaerobic fermentation of food
waste at pH 4—5 mainly results in acetic and bu-
tyric acid accumulation (Feng et al., 2018). How-
ever, after 24-36 hours, the pH began to rise to-
ward near-neutral levels, from 6.0 to 6.7, indicat-
ing a transition to the acetogenesis stage.

These findings are consistent with previous
research suggesting that starch-based substrates
tend to produce higher VFA concentrations under
low pH conditions due to the activity of amylo-
lytic enzymes that break down starch into simple
sugars, which are then fermented by facultative
anaerobic bacteria. For fruit waste substrates,
the higher content of readily available simple
sugars may explain the faster, but shorter, VFA
production window (Garcia-Aguirre et al., 2017;
Higuchi et al., 2005). This study highlights that
the specific characteristics of the substrate influ-
ence the timing and extent of peak VFA produc-
tion. Starch-based waste supports longer-duration
VFA production compared to fruit-based waste.
This difference may be attributed to the nutrition-
al composition of the substrates; fruit waste, rich
in simple sugars, decomposes more rapidly into
VFAs but accumulates over a shorter period.

Microbial growth profile

The microbial growth patterns observed in
each digester varied depending on the type of

——P1 --@- P2

2.70

-O--P3

substrate used, which also influenced the pro-
duction of metabolites. A prolonged growth
phase was observed in digesters fed with starch-
based substrates, supporting the production of
lactic acid and VFAs. In contrast, fruit waste
substrates exhibited different growth dynamics,
as shown in Figure 7.

Microbial growth followed distinct phase pat-
terns across the digesters, as presented in Figure
7. Digesters P1-P3 demonstrated an extended
growth phase lasting up to 48 hours. This pro-
longed activity was accompanied by lactic acid
production during the 36-48-hour incubation
period (Figure 4) and continued accumulation of
VFAs until 36 hours (Figure 5). Over the incu-
bation period, amylolytic enzymes present in the
rumen fluid converted the starch-based substrates
into glucose, which could be readily utilized
by microorganisms for sustained growth (Chen
and Hsu, 1998). These findings indicate that the
metabolite-producing microorganisms in these
digesters maintained their activity for a longer
period, delaying entry into the death phase. The
availability of carbon sources from starch-based
substrates likely provided more accessible fer-
mentable sugars, extending microbial activity.

In contrast, digester P4 exhibited a sharp
decline in metabolite production after 24 hours,
suggesting the early onset of the death phase
due to substrate depletion or the presence of
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Figure 7. Microbial growth during the incubation period (0—48 hours), measured by optical density
at 600 nm (OD600)
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inhibitory conditions within the system (Cheng
etal., 1991; Kamke et al., 2016). Previous studies
have reported that rapid substrate exhaustion or
the accumulation of inhibitory by-products, such
as low pH, can limit microbial activity (Sollinger
et al., 2018). Digesters P5 and P6 maintained mi-
crobial growth until around 36 hours; however, a
decline in VFA production was observed beyond
that point. These suggest that although microbial
populations continued to grow, the active metab-
olite-producing populations may have decreased
or been replaced by others with lower metabolic
accumulation (Gado, 2024). The variations in
microbial growth trends across digesters were
influenced by both the substrate type and envi-
ronmental conditions. Biotransformation using
rumen fluid with starch-based substrates (P1-P3)
appeared to better support sustained metabolite
production compared to fruit waste substrates
(P4-P6), likely because the microbial diversity
in rumen fluid is more suited for starch degra-
dation and consistent metabolite biosynthesis
(Ayudthaya et al., 2018; Darwin et al., 2025;
Darwin et al., 2018a).

ORP profile

Fluctuations in ORP values during anaero-
bic acidification are influenced by microbial
metabolism and the oxidation of organic matter
into metabolites. Variations in substrate type and

concentration significantly affect microbial activ-
ity and the redox conditions within the digest-
ers. The ORP profiles obtained in this study are
shown in Figure 8.

Based on Figure 8, initially, ORP values in
all digesters were low, indicating a reductive
environment. These values transitioned toward
more oxidative conditions as microbial activity
increased and lactic acid and VFA accumulation
occurred (Shin et al., 2022; Viet et al., 2008). In
general, ORP values increased within the first
24 hours due to ongoing oxidation processes.
However, digester P3 exhibited a more rapid de-
cline in ORP after 24 hours, possibly due to sub-
strate interactions or unique microbial responses
within that system (Shin et al., 2022). The type
and composition of substrates significantly in-
fluenced microbial metabolic pathways, thereby
altering ORP dynamics (Silva et al., 2013). Pre-
vious studies have reported that anaerobic mi-
croorganisms, such as Clostridium strains, adapt
their metabolic pathways according to substrate
availability, optimizing the conversion of organic
matter into metabolites and affecting ORP fluc-
tuations (Martinez-Ruano et al., 2024). While
ORP serves as a useful indicator for monitoring
microbial activity, it does not always accurately
predict VFA production, as other factors, such as
temperature and substrate characteristics, also
play important roles in the outcome of anaerobic
digestion (Lee, 2008).
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Figure 8. Redox potential during the incubation process
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EC profile

The electrical conductivity (EC) profile during
anaerobic acidification provides crucial insights
into ion uptake by microorganisms and the effect
of substrates on bioconversion efficiency. The ob-
served decline in EC during the first 24 hours re-
flects active ion consumption by microorganisms to
support metabolic activity. Variations in EC reduc-
tion across different substrates highlight the signifi-
cance of substrate composition in influencing ion
dynamics during this process. The EC analysis re-
sults from this study are presented in Figure 9.

The EC profile during anaerobic acidification
was influenced by substrate composition, which
governs the availability and dynamics of essen-
tial ions for microbial metabolism. The initial EC
decline reflects the uptake of ions such as ammo-
nium and volatile fatty acids, which are crucial for
microbial energy production (Martin et al., 2018).
Substrates P1, P2, and P3 exhibited significant EC
reductions followed by stabilization, indicating a
balance between ion consumption and ion release
due to microbial lysis or the breakdown of com-
plex compounds (Martin et al., 2018). Conversely,
substrates P4, P5, and P6 displayed more stable
EC trends, likely due to simpler or more easily me-
tabolized compositions (Choi et al., 2024). Addi-
tionally, the presence of conductive materials may
enhance interspecies electron transfer, thereby in-
fluencing ion dynamics and microbial efficiency

e P2

--0--P3

(Shekhurdina et al., 2023; Wang et al., 2023).
While substrate composition is a key factor, varia-
tions in microbial community structure and exter-
nal factors such as pH and electron transfer mecha-
nisms also play significant roles in determining the
outcomes of the anaerobic digestion process (Lu
et al., 2023; Zhou et al., 2021). These factors may
serve as focal points for future research.

CONCLUSIONS

This study demonstrated the effective use of ru-
men fluid microbiota, sourced from slaughterhouse
waste, as a potent inoculum for the anaerobic acidifi-
cation of fruit and starch-based residues, producing
LA and VFAs. Starch-based substrates, particularly
cassava waste, enabled more stable and higher LA
accumulation at moderate concentrations (50-100
g/L), likely due to the gradual enzymatic hydroly-
sis of complex carbohydrates. However, increasing
the substrate dose to 150 g/L led to substrate inhibi-
tion, reducing LA yield. In contrast, rich in simple
sugars, fruit waste substrates supported rapid initial
LA production, but were less effective in sustaining
yields due to fast sugar depletion and pH instability.
Notably, VFA production was consistent across all
substrate types and concentrations, suggesting that
VFA synthesis was less sensitive to substrate dose.
These findings emphasize the importance of sub-
strate type and loading in optimizing bioconversion

- A-P4 —x—P5 —x—P6

Electrical conductivity (us/m)

|
24 36 48

Time (h)

Figure 9. Electrical conductivity profile during anaerobic acidification

181



Journal of Ecological Engineering 2025, 26(9), 170-185

efficiency and support the integration of rumen-
based inocula into circular bioeconomy strategies
for organic waste valorization. Future research
should focus on process optimization and scale-
up for industrial applications.
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