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Abstract: With the increase in the world population and the ensuing surge in organic waste, effective management 
strategies are crucial to prevent environmental pollution. This study aims to address this challenge by utilising organic 
waste (OW) as the substrate for the production of lactic acid (LA) and volatile fatty acids (VFAs) through anaerobic 
bioprocessing. The substrates used, included grass, starch, and fruit wastes inoculated with non-sterile inoculum land-
fill soil (LS). The anaerobic bioconversion was performed by varying the substrate to the inoculum. The results unveil 
that a digester loaded with 150 g·L–1 of fruit waste, exhibits the highest concentration of LA, reaching a significance 
of 25 mmol·L–1. A digester fed with 100 g·L–1 starch, also manifests significant LA production (18.50 mmol·L–1). A di-
gester, supplied with 150 g·L–1 starch waste, showcases the highest VFA (92.5 mmol·L–1). Intriguingly, the anaerobic 
bioprocessing of the grass substrate did not produce LA at all, yet al. the substrates showcased VFA production, albeit 
with fluctuating and lower concentrations. This study highlights the potential of  incorporating simple sugar for en-
hanced LA production and starch-based substrates for increased VFA production when utilising LS as the inoculum. 
The anaerobic bioprocessing shows promising outcomes for the future development in sustainable waste utilisation.
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The rapid growth of the global population has led 
to an increase in the amount of organic waste (OW) 
generated. This OW is derived from various sectors, 
including agriculture, industry, and urban areas, 
making it one of the important global environmental 

issues today. It is estimated that as much as 6 million 
tonnes of  OW will be  generated worldwide every 
day by 2025 (WEC 2016). While OW is rich in or-
ganic matter and nutrients, inadequate management 
practices may generate some problems, such as pol-
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lution, greenhouse gas emissions, and adverse envi-
ronmental impacts. Hence, the efficient and sustain-
able utilisation of OW is crucial to minimising the 
environmental effects and boost its economic value 
(Darwin et al. 2021a). Utilising OW as a raw mate-
rial for producing value-added products, including 
bioplastics, biofuels, biopolymers, and chemicals, 
through suitable and sustainable methods is an ef-
fective approach to OW management (Sharma et al. 
2019; Singh et al. 2021; Vinci et al. 2021).

Organic waste management can be  carried out 
through various methods such as  direct disposal 
in  landfills, composting, and anaerobic digestion 
(AD). Currently, AD is widely accepted as the most 
efficient, flexible, and environmentally friendly 
method (Uddin and Wright 2023). This process un-
dergoes decomposition without the presence of ox-
ygen and, synergistically, in  four distinct stages in-
cluding hydrolysis, acidogenesis, acetogenesis, and 
methanogenesis. AD presents opportunities to pro-
duce various types of  bioproducts and alternative 
energy sources. Each stage in AD produces different 
and diverse products (Darwin et al. 2019a,b; Uddin 
and Wright 2023). The outcome of  final anaerobic 
digestion (methanogenesis) is methane biogas; how-
ever, the intermediate by-products of  the AD pro-
cess, such as  volatile fatty acids (VFAs) and lactic 
acid (LA), possess a higher value compared to meth-
ane alone (Kleerebezem et al. 2015).

Lactic acid is an organic acid extensively utilised 
in various sectors, including the chemical industry 
(Satyanarayana et al. 2012) and packaging industry 
(Li et al. 2021). LA can be produced through chemical 
synthesis or  anaerobic fermentation with microor-
ganisms (Wee et al. 2006). The production of chemi-
cals has environmental drawbacks, such as  the use 
of  petroleum-derived chemicals, low productivity, 
and high costs. In contrast, microbial fermentation 
enables cost-effective, high-yield production us-
ing eco-friendly substrates (Alves de Oliveira et al. 
2018; Tarraran and Mazzoli 2018). Raw materials, 
derived from carbohydrate-rich agricultural waste 
like lignocellulose, starch, and simple sugars (e.g., 
glucose and fructose), serve as carbon sources (Krull 
et al. 2020; Martins et al. 2023). Conversely, VFAs, 
short-chain carboxylic acids, are formed during aci-
dogenesis in the AD of OW. Traditionally produced 
from petroleum derivatives, this method is deemed 
unsustainable and non-renewable (Pham et al. 2021; 
Feng et al. 2022). VFAs serve as precursors for the 
production of various products such as biodegrad-

able plastics (Perez-Zabaleta et  al. 2021), and bio-
chemicals (Ramos-Suarez et al. 2021).

The production of lactic acid and volatile fatty acids 
from OW depends on the sugar composition, where 
the applied substrate concentration significantly in-
fluences the production rates and yields. (Atasoy 
et al. 2018). The AD of OW using landfill soil (LS) has 
emerged as  an effective treatment strategy. LS  acts 
as an undefined mixed inoculum serving as the source 
of microorganisms in the AD process, which provides 
a multitude of  living microorganisms capable of an-
aerobically degrading organic matter into valuable 
bioproducts (Meyer-Dombard et al. 2020; Rasi et al. 
2022). The situation is  similar to  rumen fluid, con-
taining diverse microorganisms (archaea, bacteria, 
protozoa, fungi, and viruses) interacting within the 
ruminant digestive system (Lobo and Faciola 2021). 
In  healthy ruminants, this process can generate LA 
and VFAs (valeric acid, propionate, butyrate) (Berg-
man 1990; Jaramillo-López et al. 2017).

Previous studies utilising rumen fluid as  inocu-
lum in  the AD process have described that, after 
a  48-hour incubation period, the fermented sub-
strate may generate lactic acid and acetic acid as end 
products (Darwin et al. 2018b). Other studies have 
revealed that lactic acid may be generated as a pri-
mary product in  rumen fermentation, but it  also 
could be in relatively low amounts depending on the 
operational conditions and the types of  substrates 
that are fed into the process (Darwin et  al. 2018b, 
2019b). Previous studies have overlooked anaerobic 
bioprocessing for LA and VFA production utilising 
LS as a microbial source. Additionally, there is a gap 
in  understanding how the types and compositions 
of carbohydrates in OW impact the efficiency of the 
LA and VFA production when LS serves as an un-
defined mixed inoculum. This study aims to  ad-
dress these gaps by investigating the anaerobic bio-
processing of OW using LS for the production of LA 
and VFA.

MATERIAL AND METHODS

The experiments were conducted at  the Post-
Harvest Engineering and Bioprocess Laboratory, 
Department of  Agricultural Engineering, Syiah 
Kuala University. Various materials were employed, 
including H3BO3, NaOH, HCl, H2SO4, phenol (Mer-
ck), H2O, lactic acid, indicators (PP, Methyl Red, 
Methylene Blue), D-(+)-glucose anhydrous (VWR 
BDH Prolabo Chemicals).
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Substrate preparation. The study utilised feed-
stock comprised grass (Pennisetum purpureum), 
starch waste, fruit waste, and landfill soil as the in-
oculum. Grass was collected from the Lieue Plan-
tation, Aceh Besar Regency, Indonesia. It was finely 
ground before use. In this study, cassava waste was 
collected and represented the starch waste. The fruit 
waste used in  this study included pears, melons, 
watermelons, bananas, and papayas, which were 
collected from the vegetable and fruit local market 
in Rukoh Village, Banda Aceh City, Indonesia. These 
wastes were meticulously separated from impuri-
ties, finely crushed, and blended to  a  reduced size 
(± 0.1 cm) before experimentation.

Inoculum preparation. The anaerobic biopro-
cessing employed an undefined mixed culture using 
landfill soil as  the inoculum. The LS was obtained 
from the Banda Aceh Landfill Site, Aceh, Indone-
sia. The collection involved gathering LS from areas 
with waste accumulation. Any undesired materials, 
such as  plastics, stones, and wood, were removed 
from the LS. The collected LS was filtered to remove 
any particles and/or contaminants and then placed 
in sterile tubes. The LS was then spun at 3 000 rpm 
for 10 min. The LS was then stored in the contain-
ers and kept in a fridge at 3.5 ± 0.5 °C for the sub-
sequent analysis and application. Before the start 
of  the experiments, the LS was acclimated under 
the anaerobic condition to  activate the anaerobic 
microbial community for the subsequent anaerobic 
bioprocesses. 

Anaerobic bioprocessing. The anaerobic biopro-
cess was conducted without any pH control or add-
ing acids or  bases, allowing natural bioconversion. 
The experiments were performed in sealed digesters 
with a 250 mL working volume and placed in a ther-

mostatic water bath at 35 ± 0.5 °C for 48 h. Before 
starting the anaerobic bioconversion process, each 
digester was purged with nitrogen gas (N2) to  re-
move the oxygen contamination. Eighteen digesters 
were prepared, each receiving different substrate 
and inoculum combinations (50, 100, and 150 g·L–1), 
as detailed in Table 1. Each treatment was applied 
in duplicate, and the sampling occurred every 12 h. 
All the samples were centrifuged for further analysis 
(Darwin et al. 2018a, b, 2019b, c).

Analysis methods. The bioprocess samples un-
derwent centrifugation for 10 min at 2 000 rpm, the 
supernatant was carefully transferred into tubes and 
stored at  2  °C in  a  refrigerator for the subsequent 
analyses. The analytical procedures encompassed 
a pH analysis using a laboratory benchtop pH meter 
equipped with an MW 101 PRO multifunction com-
plete probe, Probe Milwaukee (Darwin et al. 2023). 
Additionally, assessments were made for the total 
solids (TSs), and VFAs. For the analysis of the elec-
trical conductivity (EC), examined using the labora-
tory benchtop pH meter with a multifunction com-
plete probe, oxidation-reduction potential (ORP) 
(using an  ORP sensor) and total ammonia (NH4

+), 
a 1 mL sample of the effluent was diluted tenfold with 
deionised water (DI H2O) following standard meth-
ods (APHA 2012). The lactic acid concentration was 
measured employing an Accutrend Plus lactate bio-
sensor meter (Darwin 2019). The microbial growth 
analysis involved determining the optical density 
(OD) at  600 nm using a  Shimadzu 1200  UV spec-
trophotometer (Shimadzu Corporation, Japan). Fur-
thermore, the carbohydrate content in the samples 
was quantified using the standard phenol-sulfuric 
method (Herbert et al. 1971). 

Statistical analysis. The experiment was con-
ducted in duplicate (replication), and the data were 
presented as  the mean ± standard deviation (SD). 
The data analysis was performed using an  analysis 
of variance (ANOVA) with a 95% confidence inter-
val (α: 0.05) using the statistical software Statistical 
Product and Service Solutions (IBM© SPSS 25).

RESULTS AND DISCUSSION

To examine the characteristics of  the substrates 
and inoculum utilised in the bioprocessing process, 
a  series of  tests were conducted and are presented 
in Table 2. Each substrate exhibited a different total 
solid content. The substrate starch (S), in  particu-
lar, had the highest total solid content at  67.88%, 

Table 1. Experimental design

Substrate Substrate concentration (g·L–1) Code

G
50 P1

100 P2
150 P3

S
50 P4

100 P5
150 P6

F
50 P7

100 P8
150 P9

G–grass; S– starch waste; F–fruit waste
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surpassing the other two substrates including fruit 
waste (F,  21.695%) and grass (G, 16.81%). The pH 
values of  the substrates S and F used were neutral 
(7 ± 0.1), while the employed LS inoculum had a ba-
sic pH of  8.6 ± 0.1. This agrees with the study re-
porting that pH values of the studied leachates, from 
active as well as in active landfills, were in the range 
of 7.4–8.7, which is representative of leachates from 
older and/or mature landfills (Jorstad et  al. 2004). 
A pH altering from acid to alkaline would be associ-
ated with landfills that age over time (Słomczyńska 
and Słomczyński 2004; Wdowczyk and Szymańska-
Pulikowska 2021). The high pH level in the landfill soil 
inoculum used in this study may be attributed to the 
significant accumulation of ammonia present in  the 
landfill soil (Darwin et al. 2019b, c). Additionally, the 
LS exhibited a high electrical conductivity (EC) value 
of 13 µs/m due to the abundance of mineral ions/salts 
within the LS (Haarstad and Mæhlum 2007).

The pH profile is crucial for understanding the di-
gester’s environmental dynamics during anaerobic 
bioprocessing. The pH significantly influences the 
microorganism activity and can dictate the end-
product outcomes. Figure 1 shows that during the 
0–48  h bioprocessing period, digesters P4–P9 ex-
perienced a shift from alkaline to acidic conditions. 
This change resulted from the microorganisms 
in the LS converting the substrate into metabolites, 
such as  VFA and LA. VFAs typically accumulate 
under acidic to neutral conditions (Garcia-Aguirre 
et  al. 2017), while LA tends to  accumulate under 
acidic pH conditions (Pau et  al. 2024). However, 
a  different trend was observed in  digesters P1–P3, 
where the pH gradually decreased, reaching only 7.5. 
The microorganisms in  LS require a  longer time 
to convert the substrate grass as a complex carbo-
hydrate rather than the other substrates. Despite 
the relatively minor pH decrease, VFA produc-

Table 2. Substrate and inoculum characteristics

Parameters LS G S F
Total solid (%) 64.65 ± 0.65 16.81 ± 0.1 67.88 ± 0.1 21.695 ± 0.02
Moisture content (%) 35.35 ± 0.65 83.19 ± 0.1 32.12 ± 0.1 78.305 ± 0.02
Ammonia (mg·L–1) 6 ± 0 – – –
EC (µs·L–1) 13 ± 0 – – –
pH 8.6 ± 0.1 – 7 ± 0.1 7 ± 0.1

LS – landfill soil; G – grass; S – starch waste; F – fruit waste; EC – electrical conductivity; mean ± standard deviation

Table 3. Volatile fatty acid (VFA) production of the different substrates and concentrations during the anaerobic 
processes

Digester
VFA production of various substrates and concentrations (mmol·L–1)

0 h 12 h 24 h 36 h 48 h
Substrate G
P1 0 ± 0a 35 ± 0.07a 40 ± 0a 45 ± 0.07a 25 ± 0.07a

P2 0 ± 0a 25 ± 7.07a 35 ± 0.07a 40 ± 0a 15 ± 0.07a

P3 0 ± 0a 30 ± 0a 25 ± 0.07a 45 ± 0.07a 25 ± 0.07a

Substrate S
P4 0 ± 0a 30 ± 0a 60 ± 0a 30 ± 0a 27.5 ± 3.54a

P5 0 ± 0a 25 ± 7.07a 57.5 ± 3.54a 65 ± 3.54a 35 ± 7.07a

P6 0 ± 0a 15 ± 7.07a 65 ± 7.07a 80 ± 0a 92.5 ± 3.54a

Substrate F
P7 0 ± 0a 20 ± 0a 27.5 ± 0a 45 ± 7,07a 30 ± 0a

P8 0 ± 0a 55 ± 7.07a 32.5 ± 0a 42.5 ± 3.54a 35 ± 7.07a

P9 0 ± 0a 30 ± 0a 30 ± 0a 47.5 ± 3.54a 25 ± 7.07a

G–grass; S– starch waste; F–fruit waste; mean ± standard deviation; ano significant difference in each measurement 
within the respective row
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tion still occurred. This study demonstrates that 
higher concentrations of VFAs accumulate under 
acidic conditions (pH 5–6), particularly in digest-
ers P4, P5, and P6 during the 24–36 h bioprocess-
ing period (Table  3). Even in  alkaline conditions 
(pH 7.5–8.5), VFAs still accumulate, albeit at lower 
concentrations, influenced by  the complex meta-
bolic pathways of  the microorganism community 
in the LS (Pham et al. 2021).

Based on  Figure 1, digesters P8 and P9 exhib-
it an  extreme pH decrease (8.5–4.5) during the 
0–24  h bioprocessing period, representing more 
acidic conditions among all the digesters. This 
is due to the accumulation of LA, as depicted in Fig-
ure 3. The build-up of LA can lower the digester pH 
as  the substrate undergoes oxidation, increasing 
the proton concentration. This observation is sup-
ported by the ORP data in Figure 6. The significant 
pH decrease is  further influenced by  the low pKa 
value of the LA, approximately 3.86 (Robergs et al. 
2018). The substrate  F (fruit wastes), comprising 
simple sugars (fructose and glucose), is more read-
ily utilised by microorganisms as a carbon source. 

After 24 h of bioprocessing, the pH in this digester 
rebounds to a range of 5.6–6.6. This phenomenon, 
known as pH recovery, commonly occurs in the AD 
process, indicating the completion of acidogenesis 
and the progression to  subsequent stages (Moos-
brugger et  al. 1993; Adekunle and Okolie 2015; 
Cioabla et al. 2012).

As shown in Figure 2, it becomes apparent that, with 
a  prolonged bioprocessing time, the concentration 
of  total carbohydrates diminishes. This phenomenon 
arises from the microbial community utilising the sub-
strate as a carbon source, thereby transforming it into 
bioproducts, such as lactic acid and volatile fatty acids. 
Figure 2 shows that digesters supplied with substrate F 
(fruit waste), namely P7, P8, and P9, with substrate/
inoculum compositions of 50, 100, and 150 g·L–1, re-
spectively, exhibit the highest initial total carbohydrate 
concentrations compared to others: 17.49, 22.75, and 
32.64  mmol·L–1, respectively This is  due to  the sim-
ple sugar composition of  the fruit waste, containing 
around 75% simple sugars including fructose and glu-
cose (Zia et al. 2022). Notably, in these digesters, the 
LA is more dominantly produced than VFA.
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The total carbohydrate analysis in  the sub-
strate  S (starch wastes) digesters P4, P5, and P6 
(with substrate/inoculum compositions of  50, 100, 
and 150  g·L–1, respectively), shows initial content 
of 17.11, 19.91, and 21.23 mmol·L–1, respectively. In-
creasing the substrate concentration leads to a high-
er total carbohydrate content. The cassava waste 
contains about 70.66% starch, composed of amylose 
and amylopectin, resulting in  an elevated content 
in these digesters (Chisenga et al. 2019). As the bio-
processing progresses, the total carbohydrate con-
tent decreases. However, a unique occurrence is ob-
served in P5, where, after 12 h, the total carbohydrate 
content increases. This phenomenon may occur due 
to  the low rate of  acidogenesis caused by  the lim-
ited population of acidogenic bacteria in the digester 
(Tang et al. 2016). 

Digesters supplied with the substrate G (grass), 
(P1, P2, and P3) show the lowest total carbohydrate 
concentrations, around 7  mmol·L–1. This is  due 
to  substrate G’s lignocellulosic nature, compris-
ing cellulose, lignin, and hemicellulose. The robust 
structure of  lignocellulose necessitates pre-treat-
ment for enzymatic hydrolysis, involving a deligni-
fication process to break down the structure for the 
subsequent fermentation into simple sugars (Cu-
bas-Cano et al. 2018). The total carbohydrate analy-
sis, employing the phenol-sulfuric acid method, re-
veals substrate G has the lowest content, followed 
by  substrate S and substrate F having the highest 
initial content.

The research findings indicate fluctuating VFA 
production, with concentrations experiencing both 
increases and decreases during the bioprocessing 
period (Table 3). The VFA production shows no sig-
nificant influence from varying substrate concentra-
tions (50 to 150 g·L–1). After 36 h, the average VFA 
concentrations decrease, attributed to  the onset 
of the methanogenesis phase, where methanogenic 
microbes utilise VFAs to produce methane gas (Mir 
et  al. 2016; Zhang et  al. 2015). This is  supported 
by  some digesters reaching pH values within the 
methane formation range of 6 to 7.8 (Lay et al. 1997). 
Contrastingly, digester P6 exhibited the highest VFA 
production among all the digesters, generating up 
to 92.5 mmol·L–1 during the 48-hour bioprocessing. 
Notably, its VFA production concentration did not 
decrease, suggesting the efficient utilisation of  the 
supplied substrate S by the microorganisms. The sus-
tained low pH value in digester P6 (Figure 1), within 
the pH 5 range, indicates that the methanogenesis 

stage did not commence (Qiu et al. 2023). The AD 
process with starch as a substrate yields more VFA 
compared to the other substrates, as observed in the 
digesters with VFA concentrations ranging from 15 
to 65 mmol·L–1.

The current study reveals that from 24 to  36  h 
of  incubation period, VFA accumulated in  digest-
ers P5 and P6 (Table 3). In  this state, the culture 
was somewhat too acidic with a  pH of  5.0 (Fig-
ure  1). The VFA build-up in  the fermentation cul-
ture could be influenced by the complex metabolic 
pathways of the microorganism community present 
in the LS (Pham et al. 2021). During anaerobic bio-
process, VFA accumulation frequently occurs when 
the digester receives a substrate overload, and a drop 
in  pH typically corresponds to  the VFA build-up 
(Basak et al. 2021; Nikita et al. 2022). Some studies 
mentioned that a high concentration of biodegrad-
able substrates loaded into the anaerobic digester 
may generate VFA accumulation and lower the pH 
of  the culture (Nguyen et  al. 2019; Darwin et  al. 
2021a). Xu and He (2021) found that the VFA ac-
cumulation occurred when a high dosage of glucose 
as a substrate was loaded to the anaerobic digester. 
This agrees with the current study that found that 
high concentration of the soluble as well as insoluble 
carbohydrates (100–150 g·L–1) represented in  the 
starch and fruit wastes introduced to the anaerobic 
digester may potentially enhance the production 
of volatile fatty acids. 

The results of the current study reveal that not all 
the digesters performing anaerobic bioconversion 
produced lactic acid (LA) as  the main metabolite 
(Figure 3). The results showed that digester P1–P3 
loaded with the grass substrate did not produce any 
LA even though their concentration increased from 
50 to 150 g·L–1. This is because the grass is lignocel-
lulosic biomass which is not easily hydrolysed dur-
ing the anaerobic bioconversion (Yankov 2022). This 
agrees with the study reporting that the conversion 
of  lignocellulosic biomass into sugars is one of  the 
main problems in biochemical and biofuel produc-
tion, as inherent biomass recalcitrance may prevent 
efficient conversion. To enhance the conversion ef-
ficiency, pre-treatments should be introduced to the 
lignocellulosic biomass before using it  as the sub-
strate in  anaerobic bio-processing (Darwin et  al. 
2016; Qin et al. 2017).

In addition, digester P4 (50  g·L–1 of  the substrate 
concentration) and P6 (150 g·L–1 of the substrate con-
centration) fed with starch waste, did not produce LA 



16

Original Paper	 Research in Agricultural Engineering, 71, 2025 (1): 10–21

https://doi.org/10.17221/52/2024-RAE

also while digester P5 (100 g·L–1 of the substrate con-
centration) produced lactic acid of  18.50  mmol·L–1 
at  48-h of  incubation. This agrees with previous 
studies finding that digesters supplied with starch-
containing substrates can produce lactic acid (Dar-
win et al. 2019a; Kacaribu and Darwin 2024). In  the 
present study, the statistical analysis (95% confidence 
interval) revealed no  significant influence between 
the varying concentrations of the substrate S and the 
LA production. Increasing the substrate concentra-
tion of starch waste from 100 to 150 g·L–1 generated 
no lactic acid production, potentially due to the excess 
substrate or an abundance of the carbon source sup-
ply. When the substrate is overloaded, this may hinder 
lactic acid production, possibly due to substrate inhi-
bition (Dumbrepatil et al. 2008). This is because high 
substrate concentrations may prolong the lag phase, 
induce osmotic stress, cause cellular lysis, and reduce 
the microbial activity (González-Leos et al. 2019).

An interesting result was found in  the digesters 
supplied with fruit waste in  which lactic acid was 

produced where statistical differences were found. 
The study showed that a  significant influence was 
observed between the varying concentrations of the 
fruit waste substrate and the lactic acid production. 
The higher the supplied substrate concentration, 
the higher the LA concentration within the digester 
(Figure 3). Within 12 h of incubation, the digester P9 
supplied with fruit waste significantly produced lac-
tic acid at around 20.9 mmol·L–1, and the production 
reached a peak at 24 h of incubation with 25 mmol·L–1 
of lactic acid. After 24 h of incubation, the produc-
tion of lactic acid decreased followed by an increase 
in the pH level from 4.4 to 6.0. At this pH level, the 
lactic acid production was normally shifted to VFA 
formation. This agrees with the study reporting that 
lactic acid production would be optimal at a pH low-
er than 5.0 while the VFA production tended to be 
produced at a pH level between 5.5 and 6.0 ( Begum 
et al. 2018; Darwin et al. 2018a, b, 2022).

During bioprocessing, the total NH4
+ analysis was 

conducted within the digester, as  depicted in  Fig-
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ure 4. Figure 4 shows a  consistent decrease in  the 
total ammonia throughout the bioprocessing peri-
od. This result aligns with the pH conditions in the 
digester, where pH continued to decrease with the 
post-substrate bioprocessing. The phenomenon 
is likely attributed to the LS microorganisms utilis-
ing nitrogen-containing organic materials (amino 
acids, proteins, and urea) as  nutrient sources dur-
ing bioprocessing. No  additional nutrients were 
introduced into the digester before bioprocessing. 
Lower pH values, typically within the range of 5–6, 
are associated with reduced ammonia production, 
as low pH inhibits ammonia production. This find-
ing corresponds with prior research where methane 
production was notably slower or absent when the 
digester pH was below 6 during extended digestion 
times (Gonde et al. 2023).

The EC profile during bioprocessing is  shown 
in Figure 5. The results show that a decline in the EC 
values across all the digesters. This decrease is attrib-
uted to the utilisation of the ions available from the 

LS by  the microorganisms, leading to  the reduced 
electron transport activity among the microorgan-
isms involved in the metabolite formation (Caizán-
Juanarena et al. 2020). This finding also aligns with 
the fact that VFA and LA are produced at low con-
centrations. This typically leads to an increase in the 
EC, when these compounds accumulate significant-
ly within the digester, causing an  elevation in  the 
proton accumulation due to the oxidation of organic 
compounds in the digester.

As depicted in Figure 6, digesters P1, P2, and P3 
exhibit no  significant changes in  the ORP values. 
This is attributed to the absence of substrates oxidis-
ing into LA, and the resulting VFAs are also pro-
duced in  low concentrations (Table 3). Conversely, 
digesters P5 and P6 follow a  different trend. After 
a  12-h bioprocessing period, the ORP values con-
tinue to increase, reaching 150 mV at the 48-h bio-
processing period. This trend corresponds with the 
LA production in digester P5 and the high VFA pro-
duction in digester P6. Notably, there is no observed 
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Figure 6. Oxidation-reduction 
potential (ORP) profile of  the 
different substrates and concen-
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processing
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decrease in  the ORP values in  both digesters after 
a 48-hour bioprocessing period. Similar phenomena 
occur in  digesters P8 and P9, where both digesters 
produce LA at the 12- and 24-h bioprocessing peri-
ods, respectively. In the case of digester P8, when the 
LA is produced (at the 12-h bioprocessing), the ORP 
value increases, followed by  a  decrease after 12  h, 
and thereafter, no more LA is produced from that di-
gester. Meanwhile, digester P9, fed with 150 g·L–1 F, 
shows a  high ORP value at  the 24-h bioprocessing 
period, reaching 167 mV, and the produced LA is the 
highest among all the digesters (25 mmol·L–1). After 
24 h of bioprocessing, the ORP value in that digester 
continues to decrease until the 48-hour bioprocess-
ing period (Liu et al. 2013).

The microbial growth analysis reveals variations 
in  the growth phases among the microorganisms. 
Some, like P4, P5, and P6, display a  continuous 
growth phase up to the 48-h bioprocessing period. 
In contrast, P1, P2, and P7 experience a rapid death 
phase, with microorganisms dying after 12 hours 
(Figure 7). P8 and P9 undergo a  microbial death 
phase after 24  h, supported by  the LA metabolite 
formation (Figure 3). The differences in the growth 
and death phases align with the fluctuating concen-
trations of  produced metabolites, especially VFA 
(Table 3). This is  attributed to  the lack of  nutrient 
supply in  the digesters, as  microorganisms require 
appropriate nutrient supplements for maximum 
growth, as  explained by  many researchers based 
on the phenotypic characteristics and genomic anal-
yses (Blaiotta et al. 2017; Hayek et al. 2019).

CONCLUSION

The anaerobic bioprocessing process presents a vi-
able avenue for converting OW into LA and VFAs, 

thereby offering potential solutions for mitigating 
the adverse environmental impacts associated with 
organic waste disposal. The employment of a non-
sterile LS as an inoculum in the OW bioprocessing 
enhances the production of the LA and VFAs. The 
intricate interplay between the sugar composition 
in the substrate and the substrate concentration sig-
nificantly influences the production rate and yield 
of the LA and VFAs. The fruit waste substrates dem-
onstrated superior LA production, reaching a con-
centration of 25 mmol·L–1, while the cassava waste 
substrates exhibited the highest VFA concentration 
at 92.5 mmol·L–1. Throughout the bioprocessing, the 
fruit waste emerged as the most effective substrate 
for the LA production, whereas cassava waste show-
cased its promise for VFA production compared 
to the other substrates.

REFERENCES

Adekunle K.F., Okolie J.A. (2015): A review of biochemical 
process of anaerobic digestion. Advances in Bioscience and 
Biotechnology, 6: 205–212.

Alves de Oliveira R., Komesu A., Vaz Rossell C.E., Maciel 
Filho R. (2018): Challenges and opportunities in lactic acid 
bioprocess design – From economic to production aspects. 
Biochemical Engineering Journal, 133: 219–239.

APHA (2012): Standard Methods for the Examination of Wa-
ter and Wastewater. 22nd Ed., American Public Health 
Association, American Water Works Association, Water 
Environment Federation.

Atasoy M., Owusu-Agyeman I., Plaza E., Cetecioglu Z. (2018): 
Bio-based volatile fatty acid production and recovery from 
waste streams: Current status and future challenges. Bi-
oresource Technology, 268: 773–786.

Basak B., Patil S.M., Saha S., Kurade M.B., Ha G.S., Govindwar 
S.P., Lee S.A., Chang S.W., Chung W.J., Jeon B.H. (2021): 

Figure 7. Microbial growth of the 
different substrates and concen-
trations during anaerobic biopro-
cessing
For P1–P9 explanation see Table 1

1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80
3.00

0 12 24 36 48

A
bs

or
ba

nc
e 

(O
D

60
0)

Time (h)

P1

P2

P3

P4

P5

P6

P7

P8

P9



19

Research in Agricultural Engineering, 71, 2025 (1): 10–21	 Original Paper

https://doi.org/10.17221/52/2024-RAE

Rapid recovery of methane yield in organic overloaded-
failed anaerobic digesters through bioaugmentation with 
acclimatized microbial consortium. Science of  the Total 
Environment, 764: 144219.

Begum S., Anupoju G.R., Sridhar S., Bhargava S.K., Jegath-
eesan V., Eshtiaghi N. (2018): Evaluation of  single and 
two stage anaerobic digestion of  landfill leachate: Effect 
of pH and initial organic loading rate on volatile fatty acid 
(VFA) and biogas production. Bioresource Technology, 
251: 364–373.

Bergman E.N. (1990): Energy contributions of volatile fatty 
acids from the gastrointestinal tract in  various species. 
Physiological Reviews, 70: 567–590. 

Blaiotta G., Aponte M., Poltronieri P. (2017): Growth needs 
and culture media for LAB and dairy-associated species. 
In: Poltronieri P. (ed.): Microbiology in Dairy Processing: 
Challenges and Opportunities. John Wiley & Sons Ltd., 
Institute of Food Technologists: 123–137.

Caizán-Juanarena L., ter Heijne A., Weijma J., Yntema D., 
Suárez-Zuluaga D.A., Buisman C.J.N. (2020): Screening 
for electrical conductivity in  anaerobic granular sludge 
from full-scale wastewater treatment reactors. Biochemical 
Engineering Journal, 159: 107575. 

Chisenga S.M., Workneh T.S., Bultosa G., Alimi B.A. (2019): 
Progress in research and applications of cassava flour and 
starch: a review. Journal of Food Science and Technology, 
56: 2799–2813. 

Cioabla A.E., Ionel I., Dumitrel G.A., Popescu F. (2012): 
Comparative study on  factors affecting anaerobic diges-
tion of  agricultural vegetal residues. Biotechnology for 
Biofuels, 5: 1–9.

Cubas-Cano E., González-Fernández C., Ballesteros M., 
Tomás-Pejó E. (2018): Biotechnological advances in lactic 
acid production by  lactic acid bacteria: Lignocellulose 
as novel substrate. Biofuels, Bioproducts and Biorefining, 
12: 290–303.

Darwin D. (2019): Rapid determination of lactic acid in an-
aerobic biological treatment process using a  portable 
sensitive lactate biosensor. BioTechnologia, 100: 115–120.

Darwin, Cheng J.J., Gontupil J., Liu Z. (2016): Influence of total 
solid concentration for methane production of cocoa husk 
co-digested with digested swine manure. International 
Journal of Environment and Waste Management, 17: 71–90.

Darwin, Barnes A., Cord-Ruwisch R. (2018a): In  vitro ru-
men fermentation of soluble and non-soluble polymeric 
carbohydrates in  relation to  ruminal acidosis. Annals 
of Microbiology, 68: 1–8.

Darwin, Cord-Ruwisch R., Charles W. (2018b): Ethanol 
and lactic acid production from sugar and starch wastes 
by anaerobic acidification. Engineering in Life Sciences, 
18: 635–642.

Darwin, Charles W., Cord-Ruwisch R. (2019a): Anaerobic 
acidification of sugar-containing wastewater for biotech-
nological production of organic acids and ethanol. Envi-
ronmental Technology, 40: 3276–3286.

Darwin, Triovanta U., Rinaldi R., Pratama A. (2019b): Anaer-
obic acidification of coconut water waste by Lactobacillus 
acidophilus culture for biotechnological production of lac-
tic acid. Acta Universitatis Agriculturae et Silviculturae 
Mendelianae Brunensis, 67: 1433–1440.

Darwin, Triovanta U., Rinaldi R. (2019c): Two-stage anaero-
bic co-digestion of landfill leachate and starch wastes using 
anaerobic biofilm reactor for methane production. Progress 
in Agricultural Engineering Sciences, 15: 53–70.

Darwin, Pratama A., Mardhotillah (2021a): Organic waste 
conversion via continuous anaerobic co-digestion of  oil 
palm empty fruit bunches and cow manure: Evaluation 
of feeding regime on methane production. Acta Techno-
logica Agriculturae, 24: 8–13.

Darwin, Mardhotillah, Pratama A. (2021b): Anaerobic co-
digestion of  oil palm frond waste with cow manure for 
biogas production: Influence of a stepwise organic loading 
on the methane productivity. Bulletin of the Transilvania 
University of Brasov. Series II: Forestry, Wood Industry, 
Agricultural Food Engineering, 14: 99–112.

Darwin D., Humaira T.H., Muliawati A. (2022): Identification 
and characterization of acidosis on in vitro rumen fermen-
tation with feeds based on grass, rice bran, concentrate, 
and tofu pulp. Journal of Applied Biology & Biotechnology, 
10: 53–58.

Darwin, Thifal M., Alwi M., Murizal Z., Pratama A., Rizal M. 
(2023). The synthesis of biodiesel from palm oil and waste 
cooking oil via electrolysis by  various electrodes. Case 
Studies in  Chemical and Environmental Engineering, 8: 
100512.

Dumbrepatil A., Adsul M., Chaudhari S., Khire J., Gokhale D. 
(2008): Utilization of molasses sugar for lactic acid produc-
tion by Lactobacillus delbrueckii subsp. delbrueckii mutant 
Uc-3 in batch fermentation. Applied and Environmental 
Microbiology, 74: 333–335.

Feng S., Ngo H.H., Guo W., Chang S.W., Nguyen D.D., Liu Y., 
Zhang S., Phong Vo H.N., Bui X.T., Ngoc Hoang B. (2022): 
Volatile fatty acids production from waste streams by an-
aerobic digestion: A critical review of the roles and appli-
cation of enzymes. Bioresource Technology, 359: 127420.

Garcia-Aguirre J., Aymerich E., González-Mtnez de Goñi J., 
Esteban-Gutiérrez M. (2017): Selective VFA production po-
tential from organic waste streams: Assessing temperature 
and pH influence. Bioresource Technology, 244: 1081–1088.

Gonde L., Wickham T., Brink H.G., Nicol W. (2023): pH-based 
control of  anaerobic digestion to  maximise ammonium 
production in liquid digestate. Water (Switzerland), 15: 417.



20

Original Paper	 Research in Agricultural Engineering, 71, 2025 (1): 10–21

https://doi.org/10.17221/52/2024-RAE

González-Leos A., Bustos-Vázquez M.G., Rodríguez-Castille-
jos G.C., Rodríguez-Durán L.V., Del Ángel-Del Ángel A. 
(2019): Kinetics of lactic acid fermentation from sugarcane 
bagasse by Lactobacillus pentosus. Revista Mexicana de 
Ingeniería Química, 19: 377–386. 

Haarstad K., Mæhlum T. (2007): Electrical conductivity and 
chloride reduction in leachate treatment systems. Journal 
of Environmental Engineering, 133: 659–664.

Hayek S.A., Gyawali R., Aljaloud S.O., Krastanov A., Ibrahim 
S.A. (2019): Cultivation media for lactic acid bacteria used 
in dairy products. Journal of Dairy Research, 86: 490–502.

Herbert D., Phipps P.J., Strange R.E. (1971): Chapter III 
Chemical analysis of microbial cells. Methods in Micro-
biology, 5: 209–344.

Jaramillo-López E., Itza-Ortiz M.F., Peraza-Mercado G., 
Carrera-Chávez J.M. (2017): Ruminal acidosis: strategies 
for its control. Austral Journal of  Veterinary Sciences, 
49: 139–148.

Jorstad L.B., Jankowski J., Acworth R.I. (2004): Analysis of the 
distribution of inorganic constituents in a landfill leachate-
contaminated aquifer: Astrolabe Park, Sydney, Australia. 
Environmental Geology, 46: 263–272.

Kacaribu A.A., Darwin (2024): Sustainable bioproduct pro-
duction via anaerobic bioconversion by landfill soil inocu-
lum in  various carbohydrate wastes. Acta Technologica 
Agriculturae, 27: 61–68.

Kleerebezem R., Joosse B., Rozendal R., Van Loosdrecht 
M.C.M. (2015): Anaerobic digestion without biogas? 
Reviews in  Environmental Science and Biotechnology, 
14: 787–801. 

Krull S., Brock S., Prüße U., Kuenz A. (2020): Hydrolyzed 
agricultural residues – low-cost nutrient sources for l-lactic 
acid production. Fermentation, 6: 97.

Lay J.-J., Li Y.-Y., Noike T. (1997): Influences of pH and mois-
ture content on  the methane production in  high-solids 
sludge digestion. Water Research, 31: 1518–1524.

Li Y., Bhagwat S.S., Cortés-Penã Y.R., Ki D., Rao C.V., Jin Y.S., 
Guest J.S. (2021): Sustainable lactic acid production from 
lignocellulosic biomass. ACS Sustainable Chemistry and 
Engineering, 9: 1341–1351.

Liu C.-G., Xue C., Lin Y.-H., Bai F.-W. (2013): Redox potential 
control and applications in  microaerobic and anaerobic 
fermentations. Biotechnology Advances, 31: 257–265. 

Lobo R.R., Faciola A.P. (2021): Ruminal phages – A review. 
Frontiers in Microbiology, 12: 1–10.

Martins F., Abreu M.C.C., Diniz P.A.F., Marques G.N., Ol-
iveira M.M., de Jesus Silva Mendonça C., de Figueredo G.P., 
Cavalcante K.S.B. (2023): Hydrolysis of cassava’s (Manihot 
esculenta Crantz) waste polysaccharides using the natural 
zeolite Stilbite-Ca as  catalyst. Bioresource Technology 
Reports, 21: 101384.

Meyer-Dombard D.R., Bogner J.E., Malas J. (2020): A review 
of landfill microbiology and ecology: A call for moderniza-
tion with ‘next generation’ technology. Frontiers in Micro-
biology, 11: 1–22. 

Mir M.A., Hussain A., Verma C. (2016): Design considera-
tions and operational performance of anaerobic digester: 
A review. Cogent Engineering, 3: 1–20. 

Moosbrugger R.E., Wentzel M.C., Ekama G.A., Marais G.V. 
(1993): Weak acid bases and pH control in anaerobic sys-
tems – A review. Water SA, 19: 1–10.

Nguyen D., Wu Z., Shrestha S., Lee P.H., Raskin L., Khanal 
S.K. (2019): Intermittent micro-aeration: New strategy 
to control volatile fatty acid accumulation in high organic 
loading anaerobic digestion. Water Research, 166: 115080.

Nikitina A.A., Kallistova A.Y., Grouzdev D.S., Kolganova 
T.Y.V., Kovalev A.A., Kovalev D.A., Panchenko V., Zek-
ker I., Nozhevnikova A.N., Litti Y.V. (2022): Syntrophic 
butyrate-oxidizing consortium mitigates acetate inhibition 
through a  shift from acetoclastic to  hydrogenotrophic 
methanogenesis and alleviates VFA stress in thermophilic 
anaerobic digestion. Applied Sciences, 13: 173.

Pau S., Tan L.C., Arriaga S., Lens P.N.L. (2024): Lactic acid 
fermentation of food waste at acidic conditions in a semi-
continuous system: Effect of  HRT and OLR changes. 
Biomass Conversion and Biorefinery, 14: 10979–10994.

Perez-Zabaleta M., Atasoy M., Khatami K., Eriksson E., 
Cetecioglu Z. (2021): Bio-based conversion of  volatile 
fatty acids from waste streams to polyhydroxyalkanoates 
using mixed microbial cultures. Bioresource Technology, 
323: 124604. 

Pham V.H.T., Ahn J., Kim J., Lee S., Lee I., Kim S., Chang S., 
Chung W. (2021): Volatile fatty acid production from 
food waste leachate using enriched bacterial culture and 
soil bacteria as  co-digester. Sustainability (Switzerland), 
13: 1–14.

Qin L., Li W.C., Zhu J.Q., Li B.Z., Yuan Y.J. (2017): Hydroly-
sis of  lignocellulosic biomass to  sugars. In: In: Fang Z., 
Smith R., Jr., Qi X. (eds.): Production of Platform Chemicals 
from Sustainable Resources. Biofuels and Biorefineries. 
Singapore, Springer: 3–41. 

Qiu S., Zhang X., Xia W., Li Z., Wang L., Chen Z., Ge S. 
(2023): Effect of extreme pH conditions on methanogen-
esis: Methanogen metabolism and community structure. 
Science of The Total Environment, 877: 162702. 

Ramos-Suarez M., Zhang Y., Outram V. (2021): Current per-
spectives on acidogenic fermentation to produce volatile 
fatty acids from waste. Reviews in Environmental Science 
and Bio/Technology, 20: 439–478.

Rasi S., Vainio M., Blasco L., Kahala M., Leskinen H., Tam-
pio E. (2022): Changes in  volatile fatty acid production 
and microbiome during fermentation of food waste from 



21

Research in Agricultural Engineering, 71, 2025 (1): 10–21	 Original Paper

https://doi.org/10.17221/52/2024-RAE

hospitality sector. Journal of Environmental Management, 
308: 114640. 

Robergs R.A., McNulty C.R., Minett G.M., Holland J., Tra-
jano G. (2018): Lactate, not lactic acid, is produced by cel-
lular cytosolic energy catabolism. Physiology, 33: 10–12. 

Satyanarayana T., Prakash A., Johri B.N. (2012): Microor-
ganisms in  sustainable agriculture and biotechnology. 
In: Satyanarayana T., Johri B.N. (eds.): Microorganisms 
in  Sustainable Agriculture and Biotechnology, Springer 
Netherlands. 

Sharma B., Vaish B., Monika, Singh U.K., Singh P., Singh 
R.P. (2019): Recycling of  organic wastes in  agriculture: 
An  environmental perspective. International Journal 
of Environmental Research, 13: 409–429. 

Singh R., Das R., Sangwan S., Rohatgi B., Khanam R., Peera 
S.K.P.G., Das S., Lyngdoh Y.A., Langyan S., Shukla A., 
Shrivastava M., Misra S. (2021): Utilisation of  agro-in-
dustrial waste for sustainable green production: A review. 
Environmental Sustainability, 4: 619–636. 

Słomczyńska B., Słomczyński T. (2004): Physico-chemical and 
toxicological characteristics of leachates from MSW land-
fills. Polish Journal of Environmental Studies, 13: 627–637.

Tang J., Wang X., Hu Y., Zhang Y., Li Y. (2016): Lactic acid 
fermentation from food waste with indigenous microbiota: 
Effects of pH, temperature and high OLR. Waste Manage-
ment, 52: 278–285. 

Tarraran L., Mazzoli R. (2018): Alternative strategies for 
lignocellulose fermentation through lactic acid bacteria: 
The state of the art and perspectives. FEMS Microbiology 
Letters, 365.

Uddin M.M., Wright M.M. (2023): Anaerobic digestion 
fundamentals, challenges, and technological advances. 
Physical Sciences Reviews, 8: 2819–2837. 

Vinci G., Ruggieri R., Billi A., Pagnozzi C., Di Loreto M.V., 
Ruggeri M. (2021): Sustainable management of  organic 
waste and recycling for bioplastics: A LCA approach for the 
Italian case study. Sustainability (Switzerland), 13: 1–19.

Wdowczyk A., Szymańska-Pulikowska A. (2021). Comparison 
of  landfill leachate properties by  LPI and phytotoxicity-
a case study. Frontiers in Environmental Science, 9: 693112.

WEC (2016): World Energy Resources. London, World En-
ergy Council (WEC).

Wee Y.J., Kim J.N., Ryu H.W. (2006): Biotechnological pro-
duction of  lactic acid and its recent applications. Food 
Technology and Biotechnology, 44: 163–172.

Xu Y., He Z. (2021). Enhanced volatile fatty acids accumula-
tion in  anaerobic digestion through arresting methano-
genesis by using hydrogen peroxide. Water Environment 
Research, 93: 2051–2059.

Yankov D. (2022): Fermentative lactic acid production from 
lignocellulosic feedstocks: From source to purified product. 
Frontiers in Chemistry, 10: 1–34. 

Zhang W., Wu S., Guo J., Zhou J., Dong R. (2015): Perfor-
mance and kinetic evaluation of  semi-continuously fed 
anaerobic digesters treating food waste: Role of trace ele-
ments. Bioresource Technology, 178: 297–305.

Zia M., Ahmed S., Kumar A. (2022): Anaerobic digestion 
(AD) of  fruit and vegetable market waste (FVMW): Po-
tential of FVMW, bioreactor performance, co-substrates, 
and pre-treatment techniques. Biomass Conversion and 
Biorefinery, 12: 3573–3592.

Received: June 28, 2024
Accepted: December 3, 2024

Published online: March 12, 2025


