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Abstract: Tofu and tempeh, derived from soybeans, are widely consumed for their nutritional value and 
high protein content. However, the production of these foods generates nutrient-rich wastewater that 
poses environmental challenges while offering opportunities for valorization. This study investigates 
the production of volatile fatty acids (VFAs) and acetic acid from tofu and tempeh wastewater via batch 
anaerobic digestion, utilizing various pretreatment methods. The pretreatments included adjustment of 
the pH to 6 and inoculum treatments with and without heat shock under mesophilic and thermophilic 
conditions. Results demonstrated that the highest average total VFA concentrations of 10.08 and 
9.79 g L−1 were achieved for tempeh at T3 (tempeh wastewater + pH 6 + thermophilic + heat shock) and 
tofu wastewater at TF3 (tofu wastewater + pH 6 + thermophilic + heat shock), respectively. The highest 
acetic acid concentrations were observed under mesophilic conditions, reaching 77.32% for tempeh 
wastewater at T7 (tempeh wastewater + unadjusted pH + mesophilic + heat shock) and 92.40% 
for tofu wastewater at TF10 (tempeh wastewater + pH 6 + mesophilic + non-heat shock). Notably, 
increased VFA production was associated with reduced cumulative methane yields, such as  
3.65 mL g−1 volatle solid (VS) for tempeh at T3 and 25.23 mL g−1-VS for tofu wastewater at TF3. 
These findings indicate the effectiveness of the pretreatment strategies in enhancing VFA and acetic 
acid production, suggesting significant potential for industrial applications. Further research is 
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recommended to optimize production processes and explore the broader utilization of VFAs and acetic 
acid in the bioeconomy, promoting sustainability. © 2026 The Author(s). Biofuels, Bioproducts and 
Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.

Key words: volatile fatty acid; wastewater; sustainability; methane; anaerobic digestion; resource 
recovery

Introduction

S
oy products are the most prevalent protein sources in 
the human diet. However, they produce substantial 
amounts of wastewater, approximately 10 L per liter 

of raw material. The treatment costs associated with soy 
and dairy are also high, amounting to 130 US$ per cubic 
meter of effluent-treated water.1 The by-products of tofu 
and tempeh production are solid waste and wastewater. The 
solid wastes from the tofu and tempeh industries are distinct 
owing to the varying production methods. Solid waste from 
the tofu industry is commonly referred to as ‘tofu dregs 
or okara’, which is more abundant than solid waste from 
the tempeh industry (banana leaves, plastic, and soybean 
skins). For every kilogram of soybeans processed into tofu, 
approximately 1.2 kg of soybean residue is produced.2 Solid 
waste from tamari and tofu does not pose environmental 
harm, as most of it is sold to other industries or farmers for 
direct use in human food production and animal feed.3

Tofu wastewater is formed from the production process 
(soaking, washing soybeans, washing the equipment used 
for the production process, filtering, and pressing tofu in 
the molding process).4 However, tempeh wastewater in the 
process of production is from washing, boiling, soaking, 
and mixing.5 The quantity of wastewater from tofu process 
production is tremendous; in the case of the small-scale 
industry, with a production capacity of 150 kg of soybeans 
per day producing 147 kg of tofu, the by-product generated 
is 71.6 kg of solid waste consisting of 60 kg pulp, 11.6 kg 
soybeans skin, and 637.3 L wastewater.6 Tofu and tempeh 
wastewater still have high protein and nutrition that can be 
utilized, such as for bioenergy and as an acid solution source 
owing to the effect of acid solution used in the coagulation 
process, such as acetic acid (CH3OOH) and calcium sulfate 
(CaSO4).7 The types of acid solutions used for coagulation 
and the method used in the production process of tofu 
impact the characteristics and quality of wastewater like 
biological oxygen demand, chemical oxygen demand 
(COD), total suspended solids (TSS), and pH value.8 The 
characteristic of tofu and tempeh wastewater is provided 
in Table 1.

Wastewater from tofu and tempeh processing is 
characterized by a high organic loading with high 
biodegradable compounds, which promotes intensive 
microbial metabolism, leading to acidification and the 
production of malodorous byproducts.16 Moreover, the 
physicochemical characteristics of the liquid effluent 
from the tempeh production process indicate that nitrate 
concentration remains within regulatory limits, whereas 
free ammonia originating from soybean soaking wastewater 
exceeds the permissible threshold, thereby posing a potential 
risk to the aquatic ecosystem. In addition, proteins present 
in tofu wastewater are largely transformed into ammonium 
and phosphate ions, which function as key nutrients 
supporting microbial energy metabolism, cell membrane 
integrity, carbohydrate and amino acid biosynthesis, and cell 
proliferation.17–19

However, there are some obstacles for industry owners, 
especially in micro, small, and medium enterprises in 
managing wastewater, namely a lack of knowledge in waste 
management, the narrow space to manage their wastewater, 
financial and technical issues, including a lack of training and 
campaigns from stakeholders linked to industrial activities. 
Moreover, the production of tofu and tempeh in Indonesia 
is often scattered throughout urban areas, making it difficult 
to implement efficient whey utilization practices.20,21 Hence, 
to prevent the risk of harm to the environment and social 
aspects, it is vital for the soy processing industry to manage 
and recycle the wastewater by considering environmental, 
social, and economic factors, even though it will impact 
the production cost.22,23 Those challenges can be achieved 
by implementing alternative waste management strategies 
that address the chemical and physical characteristics and 
pollution load in each step of the wastewater generation 
process.5

A highly promising solution is to utilize soy wastewater 
to produce volatile fatty acids (VFAs) as the acetic acid 
source through anaerobic digestion. Usually, micro- and 
small-scale tofu industries in Indonesia use tofu whey for 
coagulation owing to its economically friendly and easy-
to-use properties.24 Whey can serve as a coagulant in the 
food industry, similar to the tofu production process, 
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offering an alternative to conventional coagulants.25 Soy 
wastewater, especially tofu wastewater, is extensively used 
in the recovery of compounds or nutrients for microbial or 
enzymatic treatment to produce new beverages like nata de 
soya.26,27 The addition of 30% Acetobacter xylinum bacteria 
to tofu wastewater in producing nata de soya resulted in 
the highest organoleptic tests (color, flavor, and elasticity), 
thickness (2.76 cm), yield (51.4%), fiber (54.025), and water 
content (85.8%).28 Soy whey has been extensively studied 
for its potential applications in the production of soy protein 
isolates, soy cheese, and other soy-based products.

Volatile fatty acid production through an anaerobic 
digestion process is a traditional alternative that promises 
benefits from both economic and environmental aspects.29 
Volatile fatty acids are produced from the intermediate phase 
of the newly developed anaerobic digestion process.30,31 The 
product of anaerobic digestion is biogas with H2 and VFAs 
as intermediate products. Despite the challenges associated 
with VFA production, it has garnered significant attention 
owing to the superior value-added compared with biogas. 
The biogas market in 2024 is valued at $82.9 billion, with a 
compound annual growth rate (CAGR) of 9%. The global 
market for VFAs is $98.2 billion, also growing at a CAGR of 
9.5%.32 Volatile fatty acid production through an anaerobic 
digestion process is achieved at a shorter hydraulic retention 
time (HRT) than for biogas. Although VFAs are composed 
of two to six carbon organic acids, the primary acids are 
typically acetic acid and butyric acid. These acids can be 
converted into high-value chemicals such as bioplastics and 
biofuels, which confer a higher economic value compared 
with biomethane.33

To optimize VFA production during anaerobic digestion, 
pretreatment is of paramount importance. The key 
pretreatment techniques employed to achieve this include pH 
adjustment, temperature control, heat shock treatment for 
microorganisms, and methane inhibition.34–36 The pH value 

is a very essential factor that impacts VFA yield and affects to 
the competition between acidogenesis and methanogenesis 
in the process of anaerobic digestion. At pH 5.5, the highest 
concentration of VFA composition is acetic acid, around 50%, 
however, at pH 7 obtaining a VFA yield of 36.6% g COD-VFA 
g−1 COD substrate is obtained with 20% of propionic and 30% 
butyric acid.34 Additionally, heat shock or thermal treatment 
ranges from 140 to 170 °C, and the addition of 0.5–3% HCl 
and H2SO4 increases the solubilization of organic matter 
and can inhibit methanogens.35 The effect of pretreatment 
influences microbial diversity; thermal treatment will reduce 
it and be more selective. The combination of thermal and acid 
pretreatments significantly affects the shift of the dominant 
microbial communities from non-dominant into more 
prominent such as Cloacimonadota and Spirochaetota.37

It is noteworthy that the low molecular weight proteins and 
carbohydrates, which serve as substrates for VFA production, 
accumulated as the pH increased.38 Furthermore, bacteria 
compete with environmental microbes for nutrients and 
organic substrates, which can impact the growth and activity 
of VFA-producing bacteria, ultimately altering VFA yield 
and composition.39 Pretreatment may have promoted 
metabolic pathways for butyrate formation, yet substrate 
availability and microbial rates probably limited overall VFA 
production.40 The pretreatment used in this study was heat 
shock for the inoculum, and the temperature in the batch 
reactor in this study is thermophilic and mesophilic. Heat 
shock pretreatment of the inoculum was used to inhibit 
methanogenic activity during anaerobic digestion and 
systematically examine the combined effects of heat shock 
pretreatment, pH control, and temperature (mesophilic 
and thermophilic conditions) on VFA production from 
substrates. Optimizing heat shock pretreatment effectively 
suppressed methanogenic activity while enhancing VFA 
accumulation. The highest total VFA production was 
14 883 mg L−1, and the VFA yield was 496.1 mg g−1 VS, 
which was 26.98% higher than that for the untreated heat 
shock.41 Furthermore, the impact of heat shock inoculum 
reduced the relative abundance of some microbial groups, 
including Porphyromonadaceae, the abundance of which 
dropped from 13 to 1% at pH 10 on day 1, but increased 
up to 12% by day 20. Then, at alkaline pH, Marinilabiacaea 
were completely inhibited, and Bacteroidaceae were strongly 
reduced, and with acidic heat treatment the abundance 
of Prevotellaceae was decreased.42 Moreover, heat shock 
negatively affected bacterial diversity and archaeal richness; 
however, archaeal diversity remained largely unaffected as 
methanogenic activity during HA2 (mesopihlic temperature) 
was maintained.43 Temperature influences biochemical 
processes and microbial growth, directly affecting hydrolytic 

Table 1. Characteristics of tempeh and tofu 
wastewater.
Parameter Tofu 

wastewater
Tempeh 

wastewater
Unit

COD 2290* 32 297.71** mg L−1

TSS 64* 0.75** mg L−1

pH 2.65* 4.8***

Protein 1.11**** 0.47 g L−1

Total fat 8.2 0.04 g L−1

Sources: *(Amalia et al. 2022)9; **(Pakpahan et al. 2021)10;  
***(Nurhayati et al. 2011)11; ****(Shidik, 2025)12; *****(Nurandani 
et al. 2023)13; (Sari & Rahmawati, 2020)14; (Siska et al. 2025).15

COD, Chemical oxygen demand; TSS, total suspended solids.
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bacteria and shaping the microbial community structure, 
which in turn impacts fermentation. Although mesophilic 
conditions are optimal for VFA production, the process 
remains energy intensive.44 In addition, VFA accumulation 
can be caused by an imbalance between acid-producing 
and acid-consuming or by inhibition of the consumers.45 
The combination of pretreatment and pH was also reported 
by Logan et al.,42 where the highest VFA yield of 0.516 g 
COD g−1 VS was achieved at alkaline pH, which was 
45% higher than at acidic pH. The sequencing showed 
increased abundances of Clostridiaceae, Bacteroidaceae, and 
Prevotellaceae, which are involved in VFA production and 
selenium reduction.

This study aimed to obtain optimum total VFA production 
from tofu and tempeh wastewater through batch anaerobic 
digestion with adjusted substrate pH, heat shock inoculum 
pretreatment, and temperature treatment in the water bath.

Materials and methods

Sample preparation (tempeh and tofu 
wastewater)

The wastewater was generated through the simulated 
production of tofu and tempeh in a laboratory setting. The 
preparation of tempeh and tofu wastewater differed owing to 
the distinct production processes involved. In brief, soaking 
soybeans overnight increased the size of the soybeans and 
made them soft and thus easy to peel. Then, the soybeans 
were washed to remove all the dirt after peeling, and the 
soybeans were boiled until a white foam appeared. To obtain 
tempeh wastewater, the boiled soybeans were filtered and 
the boiled water was collected. The tempeh wastewater used 
in this study was collected from the soaking, washing, and 
boiling steps. The flowchart of tempeh and tofu production is 
provided in the Appendix, Fig. A1.

The preparation methods for tofu and tempeh wastewater 
were identical, but the subsequent steps differed after the 
soybeans had been boiled. Following boiling, the soybeans 
were milled into soy porridge. Subsequently, the porridge 
was filtered to obtain soy milk. The soy milk was boiled 
until a white foam appeared. Furthermore, the soy milk was 
poured into a tofu mold and cooled to approximately 50°C. 
Subsequently, an acid solution was poured into the mold for 
the coagulation process. The acid solution utilized in this 
study was lemon juice. The top of the mold was pressed with 
a heavy weight to compact and separate the water. The tofu 
wastewater collected from soaking, washing, boiling, and tofu 
molding was used in this study. The wastewater resulting from 
boiling and molding is known as ‘whey’, which can generally 

be used as an acid solution for subsequent process production 
in small-scale industries.

Preparation of inoculum

The inoculum used in this study was granular sludge 
collected from an up-flow anaerobic sludge blanket reactor 
treating municipal sewage wastewater (Hammarby Sjöstad, 
Stockholm, Sweden). The inoculum was incubated for 
one week at 37°C (mesophilic temperature) and 57°C 
(thermophilic temperature) for thermophilic incubator. 
Before use, the inoculum was treated for heat shock (thermal 
pretreatment) to maximize the production as a result of the 
inhibited activity and growth of methanogens. The inoculum 
was added to a 100 mL experimental serum glass bottle, then 
put in the water bath, and heated at 80 °C for 15 min for heat 
shock treatment.46 Furthermore, the mixture immediately 
cooled down in an ice chamber. The heat shock was applied 
for both inoculums, namely mesophilic and thermophilic. 
There are four types of inocula used in this study, namely 
mesophilic + heat shock, mesophilic + non-heat shock, 
thermophilic + heat shock, and thermophilic + non-heat 
shock. Initial measurements of substrate and inoculum 
were carried out as initial data for characterization before 
experiments on anaerobic digestion batches (Table 2).

Methods

Experimental setup for batch anaerobic 
digestion

The study was conducted in an anaerobic digestion batch 
experiment in the water bath. The assay was conducted in a 
120 mL serum glass bottle, with an 80 mL working volume. 
The substrate and inoculum were mixed at a 1:1 ratio (40 mL 
each) to maintain balanced conditions. The serum glass bottle 
was tightly sealed, and immediately flushed with nitrogen gas 
for 2 min to replace the oxygen inside the reactor to obtain 

Table 2. Characterization of substrate and 
inoculum before the experiment.
Parameter Wastewater Inoculum

Tempeh Tofu
COD (mg L−1) 10 200 26 400 —

TS (%) 6.25 2.1 4.2

TSS (mg L−1) 9.6 10.8 3.01

VS (mg L−1) 5.0 2.0 3.33

VSS (mg L−1) 0.00065 0.0023 0.0033

pH 5.82 5.61 7.38

COD, Chemical oxygen demand; TS, total solid; TSS, total 
suspended solids; VS, volatile solid; VSS, volatile solid suspended.
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an anaerobic condition. Then, the reactor was incubated in a 
water bath shaker at 37 and 57 °C at 100 rpm (Fig. 1).

Three times a week, 250 μL of biogas was taken using a gas-
tight syringe (VICI, Precision Sampling Inc., USA) to analyze 
biogas composition, and 1 mL of liquid was taken from the 
reactor using a syringe for VFA analysis. The experiment was 
carried out for 33 days with three replicates (Table 3).

Analytical method

The total solid (TS), volatile solid (VS), TSS, and volatile solid 
suspended (VSS) were measured using an oven and muffle 

furnace at 105 °C and 550 °C with the standard method 
American Public Health Association (APHA-AWWA-
WEF-2005). pH value was analyzed by the pH meter (Mettler 
Toledo F20 FiveEasy, OH, USA). The COD was measured 
using a CSB 15000 test kit and the concentration of COD was 
analyzed with a Nanocolor 500D Photometer (MACHEREY-
NAGEL GmbH & Co. KG, Germany).

The analysis of biogas composition was using gas 
chromatography (Clarus 550; Perkin-Elmer, Norwalk, CT, 
USA) with a column (Carboxen™ 1000, 6 × 1.8 OD, 60/80 
mesh, Supelco, Shelton, CT, USA). Furthermore, the VFA was 
analyzed by gas chromatography (Clarus 550; Perkin-Elmer, 

Figure 1. The experimental setup of the anaerobic digestion batch.

Table 3. Variable samples of anaerobic digestion batch.
Type of wastewater

Tofu wastewater Tempeh wastewater

Name of sample Details of sample Name of 
sample

Details of sample

TF1 Tofu wastewater + unadjusted 
pH + thermophilic + heat shock

T1 Tempeh wastewater + unadjusted pH + thermophilic + 
heat shock

TF2 Tofu wastewater + unadjusted 
pH + thermophilic + non- heat shock

T2 Tempeh wastewater + unadjusted pH + thermophilic + 
non- heat shock

TF3 Tofu wastewater + 
pH 6 + thermophilic + heat shock

T3 Tempeh wastewater + pH 6 + thermophilic + heat 
shock

TF4 Tofu wastewater + 
pH 6 + thermophilic + non-heat shock

T4 Tempeh wastewater + pH 6 + thermophilic + non-heat 
shock

TF5 Blank + thermophilic + heat shock T5 Blank + thermophilic + heat shock

TF6 Blank + thermophilic + non-heat 
shock

T6 Blank + thermophilic + non-heat shock

TF7 Tofu wastewater + unadjusted 
pH + mesophilic + heat shock

T7 Tempeh wastewater + unadjusted pH + mesophilic + 
heat shock

TF8 Tofu wastewater + unadjusted 
pH + mesophilic + non-heat shock

T8 Tempeh wastewater + unadjusted pH + mesophilic + 
non-heat shock

TF9 Tofu wastewater + pH 6 + mesophilic 
+ heat shock

T9 Tempeh wastewater + pH 6 + mesophilic + heat shock

TF10 Tofu wastewater + pH 6 + mesophilic 
+ non-heat shock

T10 Tempeh wastewater + pH 6 + mesophilic + non-heat 
shock

TF11 Blank + mesophilic + heat shock T11 Blank + mesophilic + heat shock

TF12 Blank + mesophilic + non- heat 
shock

T12 Blank + mesophilic + non- heat shock

T, Tempeh wastewater; TF, tofu wastewater.
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Norwalk, CT, USA) with a capillary column (Elite-WAX 
ETR, 30 m × 0.32 mm × 1.00 μm, Perkin-Elmer, Shelton, 
CT, USA) and a flame ionization detector. Prior to VFA 
analysis, the wastewater was mixed with an acid mix [25% 
(v/v) formic acid and 25% (v/v) ortho-phosphoric acid at a 
ratio of 1:3] and centrifuged at 10 000 rpm for 5 min. Then 
the supernatant was filtered through 0.2 μm of syringe 
filter to remove undissolved particles, and Butanol was 
added at a concentration of 1 g L−1 as an internal standard. 
It was put into the vial and milliQ water added to a total 
volume of 1 mL. The total production of VFA and the biogas 
composition from batch tests were compared to evaluate the 
effects of inoculum pretreatment, adjusted pH, and thermal 
pretreatment using statistical analysis. An analysis of variance 
(ANOVA) test followed by Duncan’s multiple range test was 
used at the significance level of P-value < 0.05.

Results and discussion

Tofu and tempeh wastewater has a high potential to be used 
as a source of acetic acid. The research results in this study 
confirm this fact through an anaerobic digestion process. 
The result shows the dominant VFA compound to be acetic 
acid in both wastewaters (tofu and tempeh wastewater). In 
addition, the effect of heat shock treatment on the inoculum, 
pH value of the substrate, and temperature in the water bath 
resulted in variations in methane and VFA concentrations in 
each treatment which are discussed in detail in this section.

The effect of pH and heat-shock 
treatment on total VFA and VFA 
distribution of tempeh wastewater

The effect of pH and heat shock treatment on VFA 
production is crucial to the anaerobic digestion process. 
The results of the study show that unadjusted pH and heat 
shock treatment can improve VFA yield. Based on the 
results provided in Tables 4 and 5, the production of total 
VFA in the blank samples for both heat shock and non-heat 
shock treatment at fermentation day 14 was not high, and 
it only lasted for a few days. The total VFA for T5 and T6 
at fermentation days 14, respectively, is 4.08 and 2.02 g L−1 
(Table 4).

The high VFA production is influenced by several factors 
such as the types and dosage of substrates, the concentration 
of organic loading rate, temperature treatment, and reactor 
performance. A higher organic loading rate at 9  L−1 per 
day at a temperature of 40 °C results in the highest VFA.30 
Moreover, the total VFA production in mesophilic conditions 
at T11 and T12, respectively, is 3.73 and 2.36 g L−1 (Table 5). 

In addition, the highest concentration of acetic acid in the 
blank sample is reached in non-heat shock treatment for both 
temperature conditions, namely 100% at T6 and T12.

However, the blank sample with heat shock treatment at 
both temperatures produced low concentrations of acetic 
acid, namely 60.31% at T6 and 56.56% at T11. Although it 
produces high levels of acetic acid in the non-heat shock 
treatment, the total VFA in the heat shock treatment is higher. 
Hence, it can be concluded that the combination of heat 
shock and thermophilic treatment significantly affects in VFA 
production. The production of total VFA in thermophilic 
conditions is higher than in mesophilic conditions, however, 
the concentration of acetic acid is not much different and is 
still in the same range for all treatments in blank samples. 
Pretreatment of the inoculum is one of the effective methods 
to improve acidification in anaerobic digestion, reaching 
the optimum pretreatment method depends on the type of 
feedstock and inoculum.47

Table 4. The results of blank samples T5 and T6 
on fermentation day 14.
VFA composition Blank samples

T5 T6
Acetic acid (%) 60.31 100

Propionic acid (%) 11.53 0

Isobutyric acid (%) 7.76 0

Butyric acid (%) 6.65 0

Isovaleric acid (%) 13.74 0

Valeric acid (%) 0 0

Caproic acid (%) 0 0

Total VFA (g L−1) 4.08 2.02

STDEV (±) 20.96 37.80

STDEV, standard deviation; VFA, Volatile fatty acid.

Table 5. The results of blank samples T11 and T6 
on fermentation day 12.
VFA composition Blank samples

T11 T12
Acetic acid (%) 56.56 100

Propionic acid (%) 11.52 0

Isobutyric acid (%) 8.31 0

Butyric acid (%) 7.77 0

Isovaleric acid (%) 15.81 0

Valeric acid (%) 0 0

Caproic acid (%) 0 0

Total VFA (g L−1) 3.73 2.36

Standard deviation (±) 19.51 37.80

VFA, Volatile fatty acid.
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Furthermore, the highest total VFA production in 
thermophilic conditions was 10.08 g L−1, achieved at T3, 
followed by 2.45 g L−1 at T7 for mesophilic conditions 
(Fig. 2). However, the acetic acid concentration from 
tempeh wastewater was the highest compared with butyric 
acid, propionic acid, and isobutyric acid for all treatments. 
Based on Fig. 2, the anaerobic digestion process on tempeh 
wastewater resulted in a concentration of acetic acid 
exceeding 50% compared with the other VFA compositions, 
such as propionic acid, isobutyric acid, butyric acid, isovaleric 
acid, valeric acid, and caproic acid. The concentration of 
acetic acid for all treatments of tempeh wastewater was 
high. The high acetic acid content in anaerobic digestion 
inhibited the process of methanogens producing biogas. 
However, the acetic acid concentration decreased greatly at 
fermentation day 32 for all the treatments, with the lowest 
acetic acid concentration of 5.32% achieved in T1, followed 
by T4 (19.53%). Furthermore, the highest acetic acid 
concentration was attained at T7, T8, and T10 (Fig. 2) on 
day 1 of fermentation. The average acetic acid concentration 
in thermophilic conditions (T1, T2, T3, and T4) was 66.95, 
53.79, 69.39, and 56.19%. Additionally, the average acetic 
acid concentrations in mesophilic conditions (T7, T8, and 
T9) were 75.84%, 77.32%, and 75.53%, which were within the 
same range. Consequently, a low acetic acid concentration at 
T9 (69.71%) was observed. The high acetic acid concentration 
on the first day of fermentation was probably due to the 
metabolic regulation of the microorganisms. The results from 
the addition of initial sugar from 320 to 450 g L−1 increased 
acetic acid rapidly by 1.06–1.62 g L−1 in the process of the 
final wine, which is due to the regulation of yeast metabolism 
which is driven by hyperosmotic stress.48

However, decreasing the concentration of acetic acid 
causes an increase in the number of carbons in the 
VFA molecular structure, particularly butyric acid, 
propionic acid, isobutyric acid, and isovaleric acid. 
The highest butyric acid content was 80.58% at T7 
treatment, followed by 76.55% at T2 (Fig. 2). This high 
VFA content is based on the accumulation of acetate 
that produces high ammonia concentrations, which can 
inhibit acetogenesis and methanogenesis reactions.49 The 
situation during the anaerobic digestion process can lead 
to high results of acetic acid and glycerol, as byproducts of 
fermentation. In general, the concentration of acetic acid 
in mesophilic conditions was higher than in thermophilic 
conditions (Fig. 2). However, this is not related to the 
total VFA produced. Overall, the total VFA was higher 
in thermophilic conditions and lower in mesophilic. The 
relation between temperature and VFA accumulation 
in anaerobic digestion is complex and influenced by 

several factors. Some studies suggested that thermophilic 
conditions can lead to increased VFA accumulation, 
while others indicate that mesophilic conditions may 
result in higher VFA yield. A study by David Fernández-
Domínguez et al.50 reported that the highest VFA yield was 
0.49–0.59 gCODVFA g−1 VS achieved at a temperature of 
35°C (mesophilic conditions), but the VFA composition 
was not influenced by the fermentation temperature. On 
the other hand, the thermophilic temperature can increase 
the rate of hydrolysis and acidogenesis, resulting in high 
concentrations of acetic acid and isovaleric acid, and VFA 
accumulation. Thermophilic conditions can improve the 
activities and growth of bacteria, which can release the 
α-glucosidase and protease. Furthermore, thermophilic 
anaerobic digestion can enhance enzyme activities and 
metabolic pathways, enrich Methanosarcina and dominant 
bacteria such as thermodynamics, accelerating biological 
and chemical conversion, and providing advantages over 
mesophilic.51–53

The decrease in acetic acid content at the end of retention 
time (fermentation) owing to certain microorganisms like 
Acetobacter which oxidize ethanol to acetic acid during the 
advanced stage of fermentation.54 However, it is not always 
the acetic acid that will decrease at the end of retention time 
several factors can decrease acetic acid during the anaerobic 
digestion process, such as strain yeast and the type of 
substrate with low acetic production are used.55 Additionally, 
the environmental factors that slow down the anaerobic 
digestion process, such as low temperatures, can also lead 
to lower acetic acid production at a temperature of 20 °C, 
acetic acid decreases, moving slightly to the middle of the 
exponential growth phase.56 The higher the concentration 
of acetic acid, the higher the inhibition of methanogens to 
produce methane, which affects the quantity and quality of 
biogas as the final result of the anaerobic digestion process, 
the increase of acetic acid up to 45 g L−1 can inhibit cell 
growth and ethanol oxidation.57

The types of substrates used in the anaerobic digestion 
process also affect the production of VFA. The premier 
sewage sludge is particularly effective in generating a 
substantial quantity of VFA and acetic acid, owing to its high 
content of readily biodegradable and soluble monomeric 
organic matter, including glucose, fructose, and amino 
acids.58 The substrate utilized in this research was tempeh 
and tofu wastewater, which is high in protein content. 
Consequently, during the fermentation process associated 
with their production, a high concentration of acetic acid is 
produced. This occurs as microorganisms break down the 
organic compounds present in soybeans, resulting in acetic 
acid as a byproduct.26,59 However, the fermentation process 
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also leads to the production of other acidic compounds, such 
as propionic acid, which can further contribute to the acidity 
of the wastewater.60

Moreover, based on the result in Fig. 3. the lowest 
cumulative methane is 0.22 mL g−1 VS achieved at T9, and 
the highest is 44.98 mL g−1 VS at T2. The relation between 

Figure 2. Volatile fatty acid concentration and distribution in tempeh wastewater of T1,T2, T3, T4, T7, T8, T9, and T10.

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.70163 by U

niversity O
f B

oras, W
iley O

nline L
ibrary on [13/05/2026]. 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.70163

LM Ningsih et al.Original Article: The effect of pretreatment on VFA production

9

VFA production and the quality of biogas composition 
in this study is influenced by pretreatment heat shock in 
the inoculum. Heat shock treatment serves to select the 
microbial communities that can thrive under pressure 
conditions, including halt methanogenesis, thus the selected 
microbial communities can produce high VFA.61 The heat 
shock treatment had a significantly positive impact on VFA 
production, contrary to the non-heat shock treatment. 
This study also employed adjustment pH as a parameter 
of observation (pH 6 and acidity pH) that influences the 
performance of reactors and the activities of microorganisms. 
This is because methanogenesis is highly sensitive to acidic 
conditions (pH changes) and is active within the range of 
pH 6.8–7.24.62

According to Fig. 3 in terms of methane production both 
treatments show a lazy S- profile with a slow rate until the 
first day, then increases in period retention time 14–21 days, 
that point the rate begins to decrease. The cumulative 
methane at T2 (44.98 mL g−1 VS) is higher than at T10 
(24.78 mL g−1 VS). This is because the pH substrate has a 
substantial impact on biogas production. The pH range of 
6.4–7.6 is considered ideal for the growth of bacteria and 
optimal for biogas production.63 Both pH and temperature 
critically influence biogas production. The highest specific 
biogas yield reaches 161.09 mg L−1 of COD removal at 50 
°C, demonstrating that thermophilic conditions (50–60 °C) 
optimize bacterial activity and enhance production 
efficiency.64

The kinetics of biogas production in mesophilic and 
thermophilic conditions are similar; however, the energy in 
thermophilic conditions is considerably higher compared 
with mesophilic conditions, thus, considerably required in 
optimizing the biogas production.65

The effect of pH and heat-shock 
treatment in total VFA and VFA 
distribution of tofu wastewater

The effect of pH and HS treatment on tofu wastewater 
differs slightly from tempeh wastewater. The total VFA 
of tofu wastewater is not significantly different from 
tempeh wastewater, because both wastewaters form a 
similar composition of organic matter and contain a high 
level of protein, carbohydrate, and other compounds that 
can contribute to VFA production during anaerobic.13,66 
Moreover, the high concentration of acetic acid in tofu 
wastewater is related to its fermentation process which 
contains eight types of amino acids, i.e. aspartic acid, glutamic 
acid, arginine, serine, glycine, leucine, lysine, and histidine 
that can be converted to produce VFA.22

The relationship between VFA and amino acid serves as the 
starting material for producing VFA. However, the acetic acid 
of tofu wastewater tends to stabilize or not much decrease 
at the end of fermentation unlike in tempeh wastewater. It is 
because tofu production involves coagulating soy milk with 
agents like acidic whey, acetic acid, gypsum (calcium sulfate 
dihydrate), and tofu seed solution (tofu wastewater that is 
left over one night), which could contribute acetic acid to the 
higher acetic acid in tofu wastewater.8,67

Moreover, tempeh production involves fermenting 
cooked soybeans with microorganisms, which might result 
in a different acid profile. Based on the results provided in 
Tables 6 and 7, the total VFA in the blank samples of tofu 
wastewater in thermophilic and mesophilic conditions with 
heat and non-heat shock treatment were in the same range. 
Total VFA in thermophilic conditions with heat shock 
treatment (TF5) is 7.92 g L−1 which is not different from non-
heat shock treatment (TF6) 7.95 g L−1 (Table 6).

Similarly, total VFA values under mesophilic conditions 
with heat and non-heat treatment were significantly not 
different: 7.2 g L−1 at TF11 and 7.44 g L−1 at TF12 (Table 7). 
The highest acetic acid content in blank samples of tofu 
wastewater was 62.44% reached at TF6 (Table 6). However, 
the acetic acid contents in blank samples of tofu wastewater 
at TF5 (58.77%), TF11 (59.90%), and TF12 (55.62%) were not 
much different.

The main composition of VFA in tofu wastewater consists 
of acetic acid, butyric acid, propionic acid, isobutyric acid, 
and isovaleric acid. The highest average content of acetic acid 
from all treatments is achieved at TF10 and TF7, respectively, 
92.40% and 91.68% (Fig. 4). The fermentation anaerobic 
digestion process of tofu wastewater was the same as that of 
tempeh wastewater. The highest acetic acid content based 
on the fermentation period is 100% achieved at TF7 (at day 
1 HRT) (Fig. 4). However, the highest total VFA is 9.79 g 
L−1 achieved by TF4 at fermentation day 2 HRT. Hence, 
fermentation significantly affects the composition and total 
VFA production as a parameter on an anaerobic digester for 
performance and stability.68

The short retention time of 1.5 days produces a high VFA 
accumulation of 0.48 ± 0.01 g CODVFA g−1 TCODfed because 
the short retention time is inappropriate for methanogens 
and slow-growing in consumed VFA to biogas production.69 
The short fermentation at 8 h results in the highest main 
component of VFA, including acetic acid 1.1845 ± 0.0165 mM 
L−1, propanoic acid 0.5160 ± 0.0141 mML−1, and butyric acid 
0.0148 ± 0.0009 mM L−1 with VFA yield 48.20 ± 1.21%.70 This 
indicates that the short fermentation increases the production 
of the main VFA component which is more beneficial in 
the acidogenesis phase because it allows for a more efficient 
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Figure 3. Methane content measured in tempeh wastewater across 12 experimental treatments (T1 - T12).
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conversion of simple monomers into VFA.71,72 In general, 
the total VFA production in both wastewater (tempeh and 
tofu synthetic wastewater) with heat shock pretreatment 
in thermophilic conditions is higher than non-heat shock 
pretreatment in mesophilic conditions.

The pretreatment heat shock in the inoculum is significantly 
effective in enhancing VFA production which is linked to 
the dynamics of the bacterial community.73 Heat shock, also 
known as thermal treatment, as a pretreatment for inoculum, 
has a positive impact on inoculum to enhance the VFA 
production. The heat shock inoculum treatment is effective 
in increasing VFA yield 9315 ± 652 mg COD L−1 at alkaline 
pH and inhibits non-sporulating bacteria and methanogenic 
archaea (Methanobacteriaceae).42 However, another study 
reports that a low pH value can improve the VFA and 
its composition. The highest VFA production yield from 
fermentation dairy milk was 0.92 gCOD g−1 VS, including 
the acid profile of VFA reached at pH 5.74 This is because the 
adaptation of the microbial community in acidic pH increases 
VFA production, which also impacts in biogas composition.

Based on Fig. 5 the highest cumulative methane from 
synthetic tofu wastewater through an anaerobic digestion 
process was 33.42 mL g−1 VS reached at TF1, followed by TF3 
(29.88 mL g−1 VS), and TF4 (25.23 mL g−1 VS). Furthermore, 
the lowest cumulative methane was 0.25 mL g−1 at TF7 and 
TF9. Hence, it can be indicated that the cumulative methane 
in thermophilic is higher than in mesophilic conditions, which 
is the same as the result from tempeh wastewater. According 
to Fig. 5 the cumulative methane in tofu wastewater also 
has a lazy S-profile, the same as in tempeh wastewater. The 
lazy S-profile refers to a slow rate of biogas production at the 
beginning, followed by a rapid increase and then a gradual 
decrease. The slow rate of biogas production indicated unstable 
operational performance and lower biogas production.1 

Based on the results of this study, high cumulative methane 
in tempeh and tofu wastewater was found at thermophilic 
temperatures with heat shock pretreatment.

The same applies to the total VFA production in both 
wastewaters: the total VFA in the thermophilic temperature 
treatment was higher than that in the mesophilic. Acetic acid 
serves as an essential substrate for methanogenesis, directly 
influencing microbial metabolism, particularly in methane-
producing bacteria. When fermentation temperatures 
decrease, both total VFA and acetic acid concentration 
progressively decline, negatively impacting methane 
production.

There is a relationship between total VFA and cumulative 
methane: if total VFA is high, then methane content is low.

The results show that the highest total VFA in tempeh 
wastewater was 10.08 g L−1 at T3 (Fig. 2), but the cumulative 
methane was low at 3.65 mL g−1 VS (Fig. 3). This indicates that 
methane production is related to VFA production, which is a 
decreasing methane content along with an increasing VFA.75 
However, in tofu wastewater, the highest total VFA was 9.79 g 
L−1 reached at TF3 (Fig. 4) with a high cumulative methane 
of 25.23 mL g−1 VS (Fig. 5). This is probably because tofu 
wastewater had a higher carbohydrate content than tempeh 
wastewater, thus achieving high total VFA and cumulative 
methane. The type of substrate with high carbohydrate content 
and biodegradability reached a high methane yield and VFA 
yield.76 Therefore, further study is needed to optimize the 
production of VFA from tofu wastewater. There is a relation 
in VFA production that can decrease methane concentration. 
Increasing acidogenesis speeds up substrate breakdown, 
but excessive acid accumulation lowers pH, harming 
methanogenic bacteria. Propionic acid and its ions may also 
directly inhibit methanogenesis.77 When VFA accumulation 
exceeds the tolerance of acidogenic bacteria, their activity is 

Table 6. The results of blank samples at TF5 and 
TF6 on fermentation day 2.
VFA composition Blank samples

TF5 TF6
Acetic acid (%) 58.77 62.44

Propionic acid (%) 12.72 13.18

Isobutyric acid (%) 8.78 9.25

Butyric acid (%) 8.1 8.79

Isovaleric acid (%) 15.1 16.67

Valeric acid (%) 0 0

Caproic acid (%) 0 0

Total VFA (g L−1) 7.92 7.95

Standard deviation (±) 20.24 21.50

VFA, Volatile fatty acid.

Table 7. The results of blank samples at TF11 and 
TF12 on fermentation days 22.
VFA composition Blank samples

TF11 TF12
Acetic acid (%) 59.90 55.62

Propionic acid (%) 11.52 27.5

Isobutyric acid (%) 7.83 0

Butyric acid (%) 6.91 0

Isovaleric acid (%) 13.82 16.8

Valeric acid (%) 0 0

Caproic acid (%) 0 0

Total VFA (g L−1) 7.2 7.44

Standard deviation (±) 20.79 21.24

VFA, Volatile fatty acid.
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Figure 4. Volatile fatty acid concentration and distribution in tofu wastewater of T1, T2, T3, T4, TT7, T8, T9, and T10.
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Figure 5. Methane content measured in tofu wastewater across 12 experimental treatments (T1 - T12).
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further suppressed, causing a rapid decline in reactor pH and 
creating unfavorable conditions for methanogenic bacteria. 
Consequently, methanogenic activity and methane production 
decreased, leading to continued acetic acid accumulation and 
ultimately to the cessation of methane production.78

Mesophilic digestion is commonly applied but produces 
limited VFAs owing to slow hydrolysis of complex, cell-
bound organics. However, thermophilic digestion enhances 
metabolic and hydrolytic rates and biomethane yields, yet 
requires more energy and is prone to VFA and ammonia 
inhibition. Thermophilic anaerobic digestion, which combines 
a short thermophilic phase to accelerate hydrolysis with a 
longer mesophilic phase for stable downstream digestion, 
addresses these limitations, although data on VFA yield and 
composition for waste-activated sludge remain limited.79,80 
Based on the results of this study, it can be concluded that 
total VFA production from tofu and tempeh wastewater 
was higher under thermophilic conditions than under 
mesophilic conditions, primarily owing to the influence of 
pH and oxidation–reduction potential. This is relevant to the 
study result by Sanjaya et al.81 that anaerobic digestion under 
thermophilic conditions yielded almost threefold higher VFA 
than the mesophilic process, with maximum accumulation in 
both reactors observed on day seven (3311.57 ± 89 mg L−1 at 
−163 ± 16 mV oxidation–reduction potential in thermophilic 
reactor). Moreover, VFA production during anaerobic 
digestion is affected by both temperature and pH. In this study, 
tofu and tempeh wastewater produced the highest total VFA 
at pH 6, aligning with Chen et al.,38 who observed that total 
VFA production increased from pH 7 to 8.9 (38.67–69.18% of 
total VFA) and declined at pH 9.9, indicating that hydrolysis 
continued at higher pH while acidogenesis slowed. Total 
VFA production increased at pH 8 and under uncontrolled 
conditions, probably owing to the higher soluble organic 
matter. Strong alkaline conditions (pH 12) further enhanced 
hydrolysis and VFA production; however, acidogenic bacteria 
were inhibited in thermophilic and extreme thermophilic 
fermentations, resulting in the lowest VFA accumulation 
under extreme thermophilic conditions.82 Furthermore, heat-
shock pretreatment enhances VFA production in both tofu 
and tempeh wastewater, probably owing to substrate changes 
that release substantial readily biodegradable organics during 
hydrothermal pretreatment, which accelerates fermentation, 
increases productivity, reduces fermenter heating energy, 
and enriches thermophilic microbial communities, resulting 
in higher amplicon sequence variant values compared with 
raw samples.83 Heat shock pretreatment affect to inoculum 
shifted from being dominated by Proteobacteria, hydrogen-
producing CO-oxidizers, to Firmicutes, which include 
hydrogen-producing bacteria like Clostridium spp. Heat 

shock inhibits methanogenesis as effectively as the chemical 
inhibitor, offering a safer alternative without harmful 
residues.84 Moreover, acid, alkali, and heat shock effectively 
enhanced VFA production, the highest acidogenesis efficiency 
(29.8 ± 3.2%), followed by acid pretreatment (18.2 ± 1.5%), and 
the control (11.7 ± 0.4%).47

Overall, the findings of this study demonstrate the significant 
potential of producing high acetic acid content from two 
distinct types of wastewater for various industrial applications. 
Acetic acid holds immense value owing to its multifaceted 
utilization in industry, which is driven by its substantial 
economic worth and substantial global demand. The market 
size of acetic acid in 2023 is projected to reach US$23.23 billion. 
The period 2024–2032 is forecast to see the acetic acid market 
grow at a 5.10% CAGR, and the value will reach US$36.36 
billion by 2032.85 Further research is needed to utilize tofu and 
tempeh wastewater as a source of acetic acid, which is applied in 
the food manufacturing process or as other materials.

Conclusion

Anaerobic digestion of tofu and tempeh wastewater resulted 
in efficient production of high concentrations of VFA 
and acetic acids. The highest average total VFA in tempeh 
and tofu wastewater, respectively, was 10.08 and 9.79 g 
L−1, achieved in T3 and TF3. Additionally, the highest 
concentration of VFA composition is acetic acid from both 
wastewaters. The highest average acetic acid concentration 
in tempeh wastewater is 77.32% in T7 and 92.40% in TF10 
for tofu wastewater. High VFA production has an impact on 
the methane concentration. The highest total VFA in tempeh 
wastewater at T3 has a low cumulative methane of 3.65 mL 
g−1 VS. However, tofu wastewater has a high content of 
carbohydrates, thus resulting in a high VFA and a cumulative 
methane of 25.23 mL g−1 VS at TF3. This study concluded 
that tempeh and tofu wastewater has a high potential to 
produce VFA as a source of acetic acid. The combination of 
pretreatment heat shock, pH 6, and thermophilic conditions 
results in the highest total VFA and low cumulative 
methane. However, further research is needed to optimize 
the production of VFA and acetic acid, including their 
application as additives in the food industry.

Acknowledgements

This research was supported by the Swedish Centre for 
Resource Recovery at the University of Borås, Sweden, 
with additional mobility funding provided through the 
Erasmus+ program by the Czech University of Life Sciences 

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.70163 by U

niversity O
f B

oras, W
iley O

nline L
ibrary on [13/05/2026]. 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.70163

LM Ningsih et al.Original Article: The effect of pretreatment on VFA production

15

Prague. This research was funded by the Faculty of Tropical 
AgriSciences, Czech University of Life Sciences Prague, 
grant number IGA [2026]. This work was supported by the 
Technology Agency of the Czech Republic (TA CR) (Grant 
Number: TQ17000003) under the coordination of the 
M-ERA.NET 3 action. Open access publishing facilitated by 
Ceska zemedelska univerzita v Praze, as part of the Wiley - 
CzechELib agreement.

Conflict of interest

The authors declare no conflict of interest.

Data availability statement

The datasets used and/or analyzed during the current study 
are available from the corresponding author upon reasonable 
request.

Ethics approval

Not applicable.

REFERENCES
	 1.	 Wang S, Ma F, Ma W, Wang P, Zhao G and Lu X, Influence of 

temperature on biogas production efficiency and microbial 
community in a two-phase anaerobic digestion system. J 
Water (Switzerland) 11(1):1–13 (2019). https://​doi.​org/​10.​3390/​
w1101​0133.

	 2.	 Szulc, J, Błaszak, B, Wenda-Piesik, A, Gozdecka, G, Żary-
Sikorska, E, Bąk, M et al. Zero waste technology of soybeans 
processing. Journal of Sustainability 15(20):1–14 (2023). 
https://​doi.​org/​10.​3390/​su152​014873

	3.	 Azhari M, Processing tofu and tempeh waste using 
appropriate technological methods using sand filters as a 
study in Environmental Science courses. Scientific Media of 
Environmental Engineering 1(2):1–8 (2016). https://​doi.​org/​10.​
33084/​​mitl.​v1i2.​140.

	 4.	 Hajar I, Mustain F and Selastia Z, Tofu industrial wastewater 
treatment by electrocoagulation method. Proceedings of the 
4th Forum in Research, Science, and Technology (FIRST-T1-
T2-2020) 7:41–46 (2021).

	 5.	 Pramaningsih V, Hansen H, Praveena SM and Styana UIF, 
Wastewater quality and pollution load of each stage in tempeh 
production. Ind J Urban Environ Technol 5(3):209–222 (2022). 
https://​doi.​org/​10.​25105/​​urban​envir​otech.​v5i3.​12838​.

	6.	 Septifani R, Suhartini S and Perdana IJ, Cleaner production 
analysis of tofu small scale enterprise IOP Conf. Series: Earth 
Nd Environmental Science. (2021). https://​doi.​org/​10.​1088/​
1755-​1315/​733/1/​012055.

	 7.	 Musa M, Arsad S, Sari LA, Lusiana ED, Kasitowati RD, 
Yulinda EN et al., Does tofu wastewater conversions nutrient 
increase the content of the Chlorella pyrenoidosa? Journal of 
Ecological Engineering 22(2):70–76 (2021). https://​doi.​org/​10.​
12911/​​22998​993/​130886.

	8.	 Sayow F, Polii BVJ, Tilaar W and Augustine KD, Analysis 
of tofu and tempeh wastewater Rahayu in Uner Village, 
Kawangkoan District, Minahasa Regency. Agro-Socioecon 
16(2):245 (2020). https://​doi.​org/​10.​35791/​​agrso​sek.​16.2.​2020.​
28758​.

	 9.	 Amalia RN, Devy SD, Kurniawan AS, Hasanah N, Salsabila 
ED, Ratnawati DAA et al., Potential of tofu wastewater as 
liquid organic fertilizer in RT.31, lempake District, Samarinda 
city. Journal of Community Serivice Mulawarman University 
1(1):36–41 (2022). https://​doi.​org/​10.​32522/​​abdiku.​v1i1.​38.

	10.	Pakpahan MRRB, Ruhiyat R and Hendrawan DI, Characteristics 
of Tempe industrial wastewater (case study: Semanan Tempe 
industry, West Jakarta). Jurnal Bhuwana 1(2):164–172 (2021). 
https://​doi.​org/​10.​25105/​​bhuwa​na.​v1i2.​12535​.

	11.	 Nurhayati I, Asmoro P and Sugito S, Management of tempeh 
wastewater with biofilter. Journal of Egineering WAKTU 
9(2):1–5 (2011). https://​doi.​org/​10.​36456/​​waktu.​v9i2.​917.

	12.	Shidik AM, Protein Recovery from Thick Tofu Wastewater 
Using the Electrocoagulation Method (2025). Available: https://​
eprin​ts.​untir​ta.​ac.​id/​48759/​#:​~:​text=​Hasil​penel​itian​menun​
jukkan%​2Ckar​akter​istik​awall​imbah​cair,tahum​enunj​ukkan​
kadar​prote​indal​amlar​utanb​erkisar. Accessed May 10, 2025.

	13.	Nurandani H, Susanto H, Budihardjo MA, Purwono and 
Saputra AT, Characteristics of tofu wastewater from different 
soybeans and wastewater at each stage of tofu production. J 
Ecol Eng Environ Technol 24(8):54–63 (2023). https://​doi.​org/​
10.​12912/​​27197​050/​171493.

	14.	Sari D and Rahmawati A, The analysis of the liquid waste 
content of boiled tempe water and soybeand marinade water. 
Husada Health Sci J 9:36–41 (2020). Available: https://​ojs.​
widya​gamah​usada.​ac.​id.a/​.

	15.	Siska T, Darniwa AV, Suryani Y, Novianti D and Luthfi Akmalaji, 
The effect of nutrition on the number of bacteria in tofu waste. 
J Sumberdaya HAYATI 11(4):130–136 (2025). Available: https://​
journ​al.​ipb..​ac.​id/​index.​php/​sumbe​rdaya​hayati.

	16.	Ratnani RD, Absorption rate of organic substances 
in tofu industry liquid waste with activated sludge. J 
Momentum 7(2):18–24 (2011). Available: https://neliti.com/
publications/113917/kecepatan-penyerapan-zat-organik-
pada-limbah-cair-industri-tahu-dengan-lumpur-ak#id-
section-conten. Accessed May 10, 2025.

	17.	 Andayani DGS and Andini DGT, Utilization of tofu wastewater 
and sugar industry by-products As a medium for the 
production of antifungal metabolites by Paecylomyces 
Marquand StrainTP4. Earth Environ Sci 623:1–9 (2021). https://​
doi.​org/​10.​1088/​1755-​1315/​623/1/​012069.

	18.	Azteria V, Veronika E and Irfandi A, Study of physical and 
chemical content of tempeh factory liquid waste in Bekasi 
District. J Environ Ind Health 12(1):109–117 (2025). https://​doi.​
org/​10.​31289/​​bioli​nk.​v12i1.​15526​.

	19.	Wiryani E, The Characterization of Tempeh Wastewater. 
Eprints.Undip.Ac.Id, Semarang, Indonesia (1991). chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://eprints.
undip.ac.id/2121/1/ANALISIS_KANDUNGAN_LIMBAH_CAIR_
PABRIK_TEMPE.pdf

	20.	Mercy Corps, Scaling Sustainable Production and 
Consumption in the Tofu & Tempeh Industries (2016). chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.
mercycorps.org/sites/default/files/2020-01/Mercy_Corps_
SCOPE_study_summary.pdf

	21.	Ningsih LM, Mazancová J, Hasanudin U and Roubík H, 
Energy audits in the tofu industry; an evaluation of energy 
consumption towards a green and sustainable industry. J 
Environ Dev Sustain 28: (2024). https://​doi.​org/​10.​1007/​s1066​
8-​024-​05109​-​z.

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.70163 by U

niversity O
f B

oras, W
iley O

nline L
ibrary on [13/05/2026]. 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

https://doi.org/10.3390/w11010133
https://doi.org/10.3390/w11010133
https://doi.org/10.3390/su152014873
https://doi.org/10.33084/mitl.v1i2.140
https://doi.org/10.33084/mitl.v1i2.140
https://doi.org/10.25105/urbanenvirotech.v5i3.12838
https://doi.org/10.1088/1755-1315/733/1/012055
https://doi.org/10.1088/1755-1315/733/1/012055
https://doi.org/10.12911/22998993/130886
https://doi.org/10.12911/22998993/130886
https://doi.org/10.35791/agrsosek.16.2.2020.28758
https://doi.org/10.35791/agrsosek.16.2.2020.28758
https://doi.org/10.32522/abdiku.v1i1.38
https://doi.org/10.25105/bhuwana.v1i2.12535
https://doi.org/10.36456/waktu.v9i2.917
https://eprints.untirta.ac.id/48759/#:~:text=Hasilpenelitianmenunjukkan%2Ckarakteristikawallimbahcair,tahumenunjukkankadarproteindalamlarutanberkisar
https://eprints.untirta.ac.id/48759/#:~:text=Hasilpenelitianmenunjukkan%2Ckarakteristikawallimbahcair,tahumenunjukkankadarproteindalamlarutanberkisar
https://eprints.untirta.ac.id/48759/#:~:text=Hasilpenelitianmenunjukkan%2Ckarakteristikawallimbahcair,tahumenunjukkankadarproteindalamlarutanberkisar
https://eprints.untirta.ac.id/48759/#:~:text=Hasilpenelitianmenunjukkan%2Ckarakteristikawallimbahcair,tahumenunjukkankadarproteindalamlarutanberkisar
https://doi.org/10.12912/27197050/171493
https://doi.org/10.12912/27197050/171493
https://ojs.widyagamahusada.ac.id.a/
https://ojs.widyagamahusada.ac.id.a/
https://journal.ipb..ac.id/index.php/sumberdayahayati
https://journal.ipb..ac.id/index.php/sumberdayahayati
https://neliti.com/publications/113917/kecepatan-penyerapan-zat-organik-pada-limbah-cair-industri-tahu-dengan-lumpur-ak#id-section-conten
https://neliti.com/publications/113917/kecepatan-penyerapan-zat-organik-pada-limbah-cair-industri-tahu-dengan-lumpur-ak#id-section-conten
https://neliti.com/publications/113917/kecepatan-penyerapan-zat-organik-pada-limbah-cair-industri-tahu-dengan-lumpur-ak#id-section-conten
https://neliti.com/publications/113917/kecepatan-penyerapan-zat-organik-pada-limbah-cair-industri-tahu-dengan-lumpur-ak#id-section-conten
https://doi.org/10.1088/1755-1315/623/1/012069
https://doi.org/10.1088/1755-1315/623/1/012069
https://doi.org/10.31289/biolink.v12i1.15526
https://doi.org/10.31289/biolink.v12i1.15526
https://eprints.undip.ac.id/2121/1/ANALISIS_KANDUNGAN_LIMBAH_CAIR_PABRIK_TEMPE.pdf
https://eprints.undip.ac.id/2121/1/ANALISIS_KANDUNGAN_LIMBAH_CAIR_PABRIK_TEMPE.pdf
https://eprints.undip.ac.id/2121/1/ANALISIS_KANDUNGAN_LIMBAH_CAIR_PABRIK_TEMPE.pdf
https://www.mercycorps.org/sites/default/files/2020-01/Mercy_Corps_SCOPE_study_summary.pdf
https://www.mercycorps.org/sites/default/files/2020-01/Mercy_Corps_SCOPE_study_summary.pdf
https://www.mercycorps.org/sites/default/files/2020-01/Mercy_Corps_SCOPE_study_summary.pdf
https://doi.org/10.1007/s10668-024-05109-z
https://doi.org/10.1007/s10668-024-05109-z


       © 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.70163

LM Ningsih et al. Original Article: The effect of pretreatment on VFA production

16

	22.	Li T, Zhan C, Guo G, Liu Z, Hao N and Ouyang P, Tofu 
processing wastewater as a low-cost substrate for high 
activity nattokinase production using Bacillus subtilis. BMC 
Biotechnol 21(1):1–12 (2021). https://​doi.​org/​10.​1186/​s1289​6-​
021-​00719​-​1.

	23.	Puspawati SW and Soesilo TEB, Sustainable approach to 
tempeh industrial wastewater management in Karawang. E3S 
Web Conf 74:1–7 (2018). https://​doi.​org/​10.​1051/​e3sco​nf/​20187​
409003.

	24.	Yuwono SS and Waziiroh E, Tofu processing at tofu industry 
using fermented whey as coagulants. Curr Nutr Food Sci 
16(4):601–606 (2020). Available: https://​www.​resea​rchga​te.​
net/​publi​cation/​34546​6476_​Tofu_​Proce​ssing_​at_​Tofu_​Indus​
try_​Using_​Ferme​nted_​Whey_​as_​Coagu​lants​

	25.	Corzo-Martínez M, García-Campos G, Montilla A and Moreno 
FJ, Tofu whey permeate is an efficient source to enzymatically 
produce prebiotic fructooligosaccharides and novel 
fructosylated α-galactosides. J Agric Food Chem 64(21):1–28 
(2016). https://​doi.​org/​10.​1021/​acs.​jafc.​6b00779.

	26.	Chua JY and Liu SQ, Soy whey: more than just wastewater 
from tofu and soy protein isolate industry. Trends Food Sci 
Technol 91:24–32 (2019). https://​doi.​org/​10.​1016/j.​tifs.​2019.​06.​
016.

	27.	Puspawati SW, Soesilo TEB and Soemantojo RW, An overview 
of biogas utilization from tempeh wastewater. IOP Conf Ser: 
Earth Environ Sci 306(1):1–6 (2019). https://​doi.​org/​10.​1088/​
1755-​1315/​306/1/​012019.

	28.	Marlinda and Basuki M, Processing of liquid waste in the tofu 
industry to become high quality fibrous food. Int J Eng Invent 
12(4):140–144 (2023).

	29.	Pinto ASS, McDonald LJ, Jones RJ, Massanet-Nicolau J, 
Guwy A and McManus M, Production of volatile fatty acids 
by anaerobic digestion of biowastes: techno-economic and 
life cycle assessments. J Bioresour Technol 388:1–11 (2023). 
https://​doi.​org/​10.​1016/j.​biort​ech.​2023.​129726.

	30.	Owusu-Agyeman I, Plaza E and Cetecioglu Z, Production of 
volatile fatty acids through co-digestion of sewage sludge and 
external organic waste: effect of substrate proportions and 
long-term operation. Waste Manag 112:30–39 (2020). https://​
doi.​org/​10.​1016/j.​wasman.​2020.​05.​027.

	31.	Patel A, Mahboubi A, Horváth IS, Taherzadeh MJ, Rova U, 
Christakopoulos P et al., Volatile fatty acids (VFAs) generated 
by anaerobic digestion serve as feedstock for freshwater and 
marine oleaginous microorganisms to produce biodiesel and 
added-value compounds. Front Microbiol 12:1–17 (2021). 
https://​doi.​org/​10.​3389/​fmicb.​2021.​614612.

	32.	The Business Research Company, Biogas Global Market 
Report. The Business Research Company, London (2024). 
Available: https://​www.​thebu​sines​srese​archc​ompany.​com/​
report/​bioga​s-​globa​l-​marke​t-​report.

	33.	Sun Y, Sun Y, Ren X, Xuan Y, Liu M, Bai G et al., Enhancement 
of volatile fatty acids to extremely high content in 
fermentation of food waste: optimization of conditions, 
microbial functional genes, and mechanisms. J Bioresour 
Technol 416:1–12 (2025). https://​doi.​org/​10.​1016/j.​biort​ech.​
2024.​131735.

	34.	Castro-Fernandez A, Rodríguez-Hernández L, Castro-
Barros CM, Lema JM and Taboada-Santos A, Scale-up and 
economic assessment of volatile fatty acids production from 
food waste. J Biomass Bioenergy 182:1–9 (2024). https://​doi.​
org/​10.​1016/j.​biomb​ioe.​2024.​107112.

	35.	Strazzera G, Battista F, Garcia NH, Frison N and Bolzonella D, 
Volatile fatty acids production from food wastes for biorefinery 
platforms: a review. J Environ Manag 226:278–288 (2018). 
https://​doi.​org/​10.​1016/j.​jenvm​an.​2018.​08.​039.

	36.	Sun J, Zhang L and Loh KC, Review and perspectives of 
enhanced volatile fatty acids production from acidogenic 
fermentation of lignocellulosic biomass wastes. Bioresour 
Bioprocess 8(1):68 (2021). https://​doi.​org/​10.​1186/​s4064​3-​021-​
00420​-​3.

	37.	Hidalgo D, Pérez-Zapatero E and Martín-Marroquín JM, 
Comparative effect of acid and heat inoculum pretreatment 
on dark fermentative biohydrogen production. J Environ Res 
239:1–10 (2023). https://​doi.​org/​10.​1016/j.​envres.​2023.​117433.

	38.	Chen Y, Jiang X, Xiao K, Shen N, Zeng RJ and Zhou 
Y, Enhanced volatile fatty acids (VFAs) production in 
a thermophilic fermenter with stepwise pH increase e 
investigation on dissolved organic matter transformation and 
microbial community shift. Water Res 112:261–268 (2017). 
https://​doi.​org/​10.​1016/j.​watres.​2017.​01.​067.

	39.	Di Y, Claire FC, Gallo G, Cosenza A, Mineo A, Mannina G 
et al., Enhancing volatile fatty acid production in batch test 
reactors by modulating microbial communities with potassium 
permanganate. J Int Biodeterior Biodegrad 191:1–10 (2024). 
https://​doi.​org/​10.​1016/j.​ibiod.​2024.​105809.

	40.	Raza FA, Khalid H, Wang J, Li Y, Ma L, Chen W et al., Microbial 
community dynamics and volatile fatty acid production during 
anaerobic digestion of microaerated food waste under different 
organic loadings. J Bioresour Technol Rep 27:1–11 (2024). 
https://​doi.​org/​10.​1016/j.​biteb.​2024.​101949.

	41.	Fanfan Chai, Lin M, Wang L, Song C, Jin Y, Guangqing Liu 
et al., Enhancing acidification efficiency of vegetable wastes 
through heat shock pretreatment and initial pH regulation. J 
Environ Sci Pollut Res 31:1079–1093 (2024). https://​doi.​org/​10.​
1007/​s1135​6-​023-​31025​-​2.

	42.	Logan M, Zhu F, Lens PNL and Cetecioglu Z, Influence of 
pH, heat treatment of inoculum, and selenium oxyanions on 
concomitant selenium bioremediation and volatile fatty acid 
production from food waste. ACS Omega 8(38):34397–34409 
(2023). https://​doi.​org/​10.​1021/​acsom​ega.​2c06459.

	43.	Wu J, Zhang H, Zhao Y, Yuan X and Cui Z, Effect of 
temperature on the inocula preservation, mesophilic 
anaerobic digestion start-up, and microbial community 
dynamics. J Agron 14:1–16 (2024).

	44.	Kumar R, Bikash RT, Kaur G and Bar SK, Advancing 
psychrophilic fermentation: strategies for enhancing volatile 
fatty acid production. J Sustain Energy Fuels 9:6007–6026 
(2025). https://​doi.​org/​10.​1039/​d5se0​0643k​.

	45.	Mathai PP, Nicholes MS, Venkiteshwaran K, Brown CM, 
Morris RL, Zitomer DH et al., Dynamic shifts within volatile 
fatty acid – degrading microbial communities indicate process 
imbalance in anarobic digesters. J Environ Biotechnol 31:1–13 
(2020).

	46.	Jomnonkhaow U, Uwineza C, Mahboubi A, Wainaina S, 
Reungsang A and Taherzadeh MJ, Membrane bioreactor-
assisted volatile fatty acids production and in situ recovery 
from cow manure. J Bioresour Technol 321:1–10 (2021). 
https://​doi.​org/​10.​1016/j.​biort​ech.​2020.​124456.

	47.	 Tian L, Pan L and Wang L, Effect of inoculum pretreatment 
and substrate/inoculum ratio on acidogenic fermentation of 
chemically enhanced primary treatment sludge. J Sustain 
(Switzerland) 16(8):1–20 (2024). https://​doi.​org/​10.​3390/​su160​
83347​.

	48.	Deng H, Wang M and Li E, Continuous fed-batch strategy 
decreases acetic acid production and increases volatile Ester 
formation in wines under high-gravity fermentation. OENO 
One 57(1):363–374 (2023). https://​doi.​org/​10.​20870/​​oeno-​one.​
2023.​57.1.​7238.

	49.	Fernandes S, Ammonia and acetic acid inhibitions in 
anaerobic digestion (2020).

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.70163 by U

niversity O
f B

oras, W
iley O

nline L
ibrary on [13/05/2026]. 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

https://doi.org/10.1186/s12896-021-00719-1
https://doi.org/10.1186/s12896-021-00719-1
https://doi.org/10.1051/e3sconf/20187409003
https://doi.org/10.1051/e3sconf/20187409003
https://www.researchgate.net/publication/345466476_Tofu_Processing_at_Tofu_Industry_Using_Fermented_Whey_as_Coagulants
https://www.researchgate.net/publication/345466476_Tofu_Processing_at_Tofu_Industry_Using_Fermented_Whey_as_Coagulants
https://www.researchgate.net/publication/345466476_Tofu_Processing_at_Tofu_Industry_Using_Fermented_Whey_as_Coagulants
https://doi.org/10.1021/acs.jafc.6b00779
https://doi.org/10.1016/j.tifs.2019.06.016
https://doi.org/10.1016/j.tifs.2019.06.016
https://doi.org/10.1088/1755-1315/306/1/012019
https://doi.org/10.1088/1755-1315/306/1/012019
https://doi.org/10.1016/j.biortech.2023.129726
https://doi.org/10.1016/j.wasman.2020.05.027
https://doi.org/10.1016/j.wasman.2020.05.027
https://doi.org/10.3389/fmicb.2021.614612
https://www.thebusinessresearchcompany.com/report/biogas-global-market-report
https://www.thebusinessresearchcompany.com/report/biogas-global-market-report
https://doi.org/10.1016/j.biortech.2024.131735
https://doi.org/10.1016/j.biortech.2024.131735
https://doi.org/10.1016/j.biombioe.2024.107112
https://doi.org/10.1016/j.biombioe.2024.107112
https://doi.org/10.1016/j.jenvman.2018.08.039
https://doi.org/10.1186/s40643-021-00420-3
https://doi.org/10.1186/s40643-021-00420-3
https://doi.org/10.1016/j.envres.2023.117433
https://doi.org/10.1016/j.watres.2017.01.067
https://doi.org/10.1016/j.ibiod.2024.105809
https://doi.org/10.1016/j.biteb.2024.101949
https://doi.org/10.1007/s11356-023-31025-2
https://doi.org/10.1007/s11356-023-31025-2
https://doi.org/10.1021/acsomega.2c06459
https://doi.org/10.1039/d5se00643k
https://doi.org/10.1016/j.biortech.2020.124456
https://doi.org/10.3390/su16083347
https://doi.org/10.3390/su16083347
https://doi.org/10.20870/oeno-one.2023.57.1.7238
https://doi.org/10.20870/oeno-one.2023.57.1.7238


© 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.70163

LM Ningsih et al.Original Article: The effect of pretreatment on VFA production

17

	50.	Fernández-Domínguez D, Astals S, Peces M, Frison N, 
Bolzonella D, Mata-Alvarez J et al., Volatile fatty acids production 
from biowaste at mechanical-biological treatment plants: 
focusing on fermentation temperature. J Bioresour Technol 
314:1–9 (2020). https://​doi.​org/​10.​1016/j.​biort​ech.​2020.​123729.

	51.	 Hao J and Wang H, Volatile fatty acids productions by 
mesophilic and thermophilic sludge fermentation: biological 
responses to fermentation temperature. Bioresour Technol 
175:367–373 (2015). https://​doi.​org/​10.​1016/j.​biort​ech.​2014.​10.​
106.

	52.	Jariyaboon R, Hayeeyunu S, Usmanbaha N, Ismail SB, 
O-thong S, Mamimin C et al., Thermophilic dark fermentation 
for simultaneous mixed volatile fatty acids and biohydrogen 
production from food waste. J Ferment 9(636):1–14 (2023).

	53.	Li W, Zhu L, Wu B, Liu Y, Li J, Xu L et al., Improving 
mesophilic anaerobic digestion of food waste by side-
stream thermophilic reactor: activation of methanogenic, 
key enzymes and metabolism. J Water Res 241:1–12 (2023). 
https://​doi.​org/​10.​1016/j.​watres.​2023.​120167.

	54.	Hata NNY, Surek M, Sartori D, Serrato RV and Spinosa WA, 
Role of acetic acid bacteria in food and beverages. Food 
Technol Biotechnol 61(1):85–103 (2023). https://​doi.​org/​10.​
17113/​​ftb.​61.​01.​23.​7811.

	55.	Chidi BS, Organic acid metabolism: genetic and metabolic 
regulations. Biol Rev, Stellenbosch University, Stellenbosch 
1–164 (2016). Available: https://​schol​ar.​sun.​ac.​za/​items/​​70f69​
670-​eea3-​4863-​8f29-​893f8​91a30d8.

	56.	Shang Y-H, Zeng Y-J, Zhu P and Zhong Q-P, Acetate 
metabolism of saccharomyces cerevisiae at different 
temperatures during lychee wine fermentation. J Biotechnol 
Biotechnol Equip 30(3):512–520 (2016). https://​doi.​org/​10.​
1080/​13102​818.​2016.​1142831.

	57.	Song J, Wang J, Wang X, Zhao H, Hu T, Feng Z et al., 
Improving the acetic acid fermentation of Acetobacter 
pasteurianus by enhancing the energy metabolism. Front 
Bioeng Biotechnol 10:1–12 (2022). https://​doi.​org/​10.​3389/​
fbioe.​2022.​815614.

	58.	Al-Sulaimi IN, Nayak JK, Alhimali H, Sana A and Al-Mamun 
A, Effect of volatile fatty acids accumulation on biogas 
production by sludge-feeding thermophilic anaerobic digester 
and predicting process parameters. J Ferment 8(4):1–14 
(2022). https://​doi.​org/​10.​3390/​ferme​ntati​on804​0184.

	59.	Sakinah NE, Rahmatullah LT, Kuncoro EP and Oktavitri NI, 
Performance of sequencing batch reactor (SBR) of treated 
tofu wastewater: variation of contact time and activated 
sludge sources. IOP Conf Ser: Earth Environ Sci 259(1):012017 
(2019). https://​doi.​org/​10.​1088/​1755-​1315/​259/1/​012017.

	60.	Nieto-Veloza A, Zhong Q, Kim WS, D’Souza D, Krishnan HB 
and Dia VP, Utilization of tofu processing wastewater as a 
source of the bioactive peptide Lunasin. J Food Chem 362:1–
11 (2021). https://​doi.​org/​10.​1016/j.​foodc​hem.​2021.​130220.

	61.	de Almeida MPG, Mondini C, Bruant G, Tremblay J, 
Weissbrodt DG and Mockaitis G, Thermal and alkaline pre-
treatments of inoculum halt methanogenesis and enable 
cheese whey valorization by batch acidogenic fermentation. J 
Chem Technol Biotechnol 99(4):1–49 (2024). https://​doi.​org/​10.​
1002/​jctb.​7607.

	62.	Bahira BY, Baki AS and Bello A, Effect of varying pH on 
biogas generation using cow dung. J Res J Biol Biotechnol 
4(3):28–33 (2018). https://​doi.​org/​10.​26765/​​DRJAFS.​2018.​
7198.

	63.	ali HA, Faraj JJ and Hussien FM, Effect of pH on biogas 
production during anaerobic digestion. J Univ Shanghai Sci 
Technol 23(8):224–231 (2021). https://​doi.​org/​10.​51201/​​jusst/​​
21/​08369​.

	64.	Deepanraj B, Sivasubramanian V and Jayaraj S, Kinetic 
study on the effect of temperature on biogas production 
using a lab scale batch reactor. Ecotoxicol Environ Saf 
121:100–104 (2015). https://​doi.​org/​10.​1016/j.​ecoenv.​2015.​04.​
051.

	65.	Al-Zoubi AI, Alkhamis TM and Alzoubi HA, Optimized biogas 
production from poultry manure with respect to pH, C/N, and 
temperature. J Result Eng 22:1–12 (2024). https://​doi.​org/​10.​
1016/j.​rineng.​2024.​102040.

	66.	Widyarani VY, Sriwuryandari L, Priantoro EA, Sembiring T 
and Sintawardani N, Influence of pH on biogas production in 
a batch anaerobic process of tofu wastewater. IOP Conf Ser: 
Earth Environ Sci 160(1):1–8 (2018). https://​doi.​org/​10.​1088/​
1755-​1315/​160/1/​012014.

	67.	Qiao Z, Chen XD, Cheng Y, Liu H, Liu Y and Li L, 
Microbiological and chemical changes during the production 
of acidic whey, a traditional Chinese tofu-coagulant. Int J 
Food Prop 13(1):90–104 (2010). https://​doi.​org/​10.​1080/​10942​
91080​2180190.

	68.	Shi X-S, Dong J, Yu J-H, Yin H, Hu S-M, Huang S-X et al., 
Effect of hydraulic retention time on anaerobic digestion of 
wheat straw in the semicontinuous continuous stirred-tank 
reactors. Biomed Res Int 2017:1–6 (2017). https://​doi.​org/​10.​
1155/​2017/​2457805.

	69.	Law AWS, Rubio Rincón F, van de Vossenberg J, Al Saffar Z, 
Welles L, Rene ER et al., Volatile fatty acid production from 
food waste: the effect of retention time and lipid content. J 
Bioresour Technol 367:1–10 (2023). https://​doi.​org/​10.​1016/j.​
biort​ech.​2022.​128298.

	70.	Khan MA, Ngo HH, Guo W, Liu Y, Nghiem LD, Chang SW 
et al., Optimization of hydraulic retention time and organic 
loading rate for volatile fatty acid production from low 
strength wastewater in an anaerobic membrane bioreactor. 
Bioresour Technol 271:100–108 (2019). https://​doi.​org/​10.​
1016/j.​biort​ech.​2018.​09.​075.

	71.	Lago A, Greses S, Aboudi K, Moreno I and González-
Fernández C, Effect of decoupling hydraulic and solid 
retention times on carbohydrate-rich residue valorization into 
carboxylic acids. Sci Rep 13(1):1–9 (2023). https://​doi.​org/​10.​
1038/​s4159​8-​023-​48097​-​2.

	72.	Pramanik SK, Suja FB and Pramanik BK, Effects of hydraulic 
retention time on the process performance and microbial 
community structure of an anaerobic single-stage semi-pilot 
scale reactor for the treatment of food waste. J Int Biodeterior 
Biodegrad 152:1–11 (2020). https://​doi.​org/​10.​1016/j.​ibiod.​2020.​
104999.

	73.	Blasco L, Kahala M, Tampio E, Vainio M, Ervasti S and Rasi 
S, Effect of inoculum pretreatment on the composition of 
microbial communities in anaerobic digesters producing 
volatile fatty acids. J Microorg 8(4):1–21 (2020). https://​doi.​org/​
10.​3390/​micro​organ​isms8​040581.

	74.	Atasoy M and Cetecioglu Z, The effects of pH on the 
production of volatile fatty acids and microbial dynamics in 
long-term reactor operation. J Environ Manag 319:1–9 (2022). 
https://​doi.​org/​10.​1016/j.​jenvm​an.​2022.​115700.

	75.	Tampio EA, Blasco L, Vainio MM, Kahala MM and Rasi SE, 
Volatile fatty acids (VFAs) and methane from food waste 
and cow slurry: comparison of biogas and VFA fermentation 
processes. GCB Bioenergy 11(1):72–84 (2019). https://​doi.​org/​
10.​1111/​gcbb.​12556​.

	76.	Mahmoud A, Zaghloul MS, Hamza RA and Elbeshbishy E, 
Comparing VFA composition, biomethane potential, and 
methane production kinetics of different substrates for 
anaerobic fermentation and digestion. J Ferment 9(2):1–15 
(2023). https://​doi.​org/​10.​3390/​ferme​ntati​on902​0138.

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.70163 by U

niversity O
f B

oras, W
iley O

nline L
ibrary on [13/05/2026]. 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

https://doi.org/10.1016/j.biortech.2020.123729
https://doi.org/10.1016/j.biortech.2014.10.106
https://doi.org/10.1016/j.biortech.2014.10.106
https://doi.org/10.1016/j.watres.2023.120167
https://doi.org/10.17113/ftb.61.01.23.7811
https://doi.org/10.17113/ftb.61.01.23.7811
https://scholar.sun.ac.za/items/70f69670-eea3-4863-8f29-893f891a30d8
https://scholar.sun.ac.za/items/70f69670-eea3-4863-8f29-893f891a30d8
https://doi.org/10.1080/13102818.2016.1142831
https://doi.org/10.1080/13102818.2016.1142831
https://doi.org/10.3389/fbioe.2022.815614
https://doi.org/10.3389/fbioe.2022.815614
https://doi.org/10.3390/fermentation8040184
https://doi.org/10.1088/1755-1315/259/1/012017
https://doi.org/10.1016/j.foodchem.2021.130220
https://doi.org/10.1002/jctb.7607
https://doi.org/10.1002/jctb.7607
https://doi.org/10.26765/DRJAFS.2018.7198
https://doi.org/10.26765/DRJAFS.2018.7198
https://doi.org/10.51201/jusst/21/08369
https://doi.org/10.51201/jusst/21/08369
https://doi.org/10.1016/j.ecoenv.2015.04.051
https://doi.org/10.1016/j.ecoenv.2015.04.051
https://doi.org/10.1016/j.rineng.2024.102040
https://doi.org/10.1016/j.rineng.2024.102040
https://doi.org/10.1088/1755-1315/160/1/012014
https://doi.org/10.1088/1755-1315/160/1/012014
https://doi.org/10.1080/10942910802180190
https://doi.org/10.1080/10942910802180190
https://doi.org/10.1155/2017/2457805
https://doi.org/10.1155/2017/2457805
https://doi.org/10.1016/j.biortech.2022.128298
https://doi.org/10.1016/j.biortech.2022.128298
https://doi.org/10.1016/j.biortech.2018.09.075
https://doi.org/10.1016/j.biortech.2018.09.075
https://doi.org/10.1038/s41598-023-48097-2
https://doi.org/10.1038/s41598-023-48097-2
https://doi.org/10.1016/j.ibiod.2020.104999
https://doi.org/10.1016/j.ibiod.2020.104999
https://doi.org/10.3390/microorganisms8040581
https://doi.org/10.3390/microorganisms8040581
https://doi.org/10.1016/j.jenvman.2022.115700
https://doi.org/10.1111/gcbb.12556
https://doi.org/10.1111/gcbb.12556
https://doi.org/10.3390/fermentation9020138


       © 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.70163

LM Ningsih et al. Original Article: The effect of pretreatment on VFA production

18

	77.	Beschkov VN and Angelov IK, Volatile fatty acid production 
vs. methane and hydrogen in anaerobic digestion. J Ferment 
11(172):1–18 (2025).

	78.	Wang Y, Zhang Y, Wang J and Meng L, Effects of volatile fatty 
acid concentrations on methane yield and methanogenic 
bacteria. Biomass Bioenergy 33(5):848–853 (2009). https://​
doi.​org/​10.​1016/j.​biomb​ioe.​2009.​01.​007.

	79.	Hu Y and Shen C, Thermophilic-mesophilic temperature 
phase anaerobic co-digestion compared with single phase 
co-digestion of sewage sludge and food waste. Sci Rep 14:1–9 
(2024). https://​doi.​org/​10.​1038/​s4159​8-​024-​62998​-​w.

	80.	Xiong H, Liu L, Song B, Liu H, Shi H and Zhu Y, Mesophilic 
and thermophilic fermentation of activated sludge for volatile 
fatty acids production: focusing on anaerobic degradation 
of carbohydrate and protein. Journal of Environmental 
Technology 45(26):5745–5757 (2024). https://​doi.​org/​10.​1080/​
09593​330.​2024.​2306152.

	81.	Sanjaya A, Mondylaksita K, Millati R and Budhijanto W, 
Evaluation of volatile fatty acids (VFAs) production in 
thermophilic and mesophilic anaerobic digestion of oil palm 
empty fruit bunch (OPEFB). IOP Conf Ser Earth Environ 
Sci 96:1–9 (2021). https://​doi.​org/​10.​1088/​1755-​1315/​963/1/​
012049.

	82.	Liu X, Dong B and Dai X, Hydrolysis and acidification of 
dewatered sludge under mesophilic, thermophilic and extreme 
thermophilic conditions: effect of pH. Bioresour Technol 
148:461–466 (2013). https://​doi.​org/​10.​1016/j.​biort​ech.​2013.​08.​
118.

	83.	Kakar FL, Aqeel H, Okoye F, Elbeshbishy E and Liss SN, 
Bioresource technology microbial shifts and VFA production 
in the optimization of anaerobic digestion by thermal 
hydrolysis coupled with vacuum fermentation. J Bioresour 
Technol 429:1–14 (2025). https://​doi.​org/​10.​1016/j.​biort​ech.​
2025.​132481.

	84.	Neto AS, Wainaina S, Chandolias K, Piatek P and Taherzadeh 
MJ, Syngas fermentation for hydrogen and volatile fatty acids 
production: effect of inoculum source, pretreatment, and 
environmental parameters using natural microbial consortia. 
Bioresour Technol Rep 30:1–12 (2025). https://​doi.​org/​10.​
1016/j.​biteb.​2025.​102109.

	85.	Market ER, Global Acetic Acid Market Outlook. Expert Market 
Research Report (2023). Available: https://​www.​exper​tmark​
etres​earch.​com/​repor​ts/​aceti​c-​acid-​market.

	86.	Huang Z, He W, Zhao L, Liu H and Zhou X, Processing 
technology optimization for tofu curded by fermented yellow 
whey using response surface methodology. Food and 
Nutrition 9:3701–3711 (2021). https://​doi.​org/​10.​1002/​fsn3.​
2331.

	87.	Chaerun SK, Tempeh waste as a natural, economical carbon 
and nutrient source: ED-XRF and NCS study. Hayati Journal of 
Bioscience 16(3):120–122 (2009).

Lydia Mawar Ningsih

Lydia Mawar Ningsih is a postdoctoral 
researcher in the BioResources and 
Technology Division, Faculty of Tropical 

AgriSciences, Czech University of Life Science Praha.

Mohammad J. Taherzadeh

Mohammad J. Taherzadeh is full 
professor at Swedish Centre for 
Resource Recovery at University of 
Borås, and Chief Scientific Officer at 
Millow AB (Sweden). His work deals 
with biological conversion of residuals 

to value-added products using anaerobic digestion and 
filamentous fungi.

Steven Wainaina

Steven Wainaina is currently Head of 
Engineering at Millow AB. His research 
work focuses on bioprocessing/circular 
bioeconomy, including converting 
organic residues into valuable 
biochemicals and biomass (e.g. volatile 
fatty acids, edible fungal biomass).

Hynek Roubík

Associate Professor Dr Hynek Roubík 
is the BioResources & Technology 
Division director and the Dean in the 
Faculty of Tropical AgriSciences at 
the Czech University of Life Sciences 
Prague. His work deals with biogas, 
waste management, environmental 

engineering, and related issues.

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.70163 by U

niversity O
f B

oras, W
iley O

nline L
ibrary on [13/05/2026]. 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

https://doi.org/10.1016/j.biombioe.2009.01.007
https://doi.org/10.1016/j.biombioe.2009.01.007
https://doi.org/10.1038/s41598-024-62998-w
https://doi.org/10.1080/09593330.2024.2306152
https://doi.org/10.1080/09593330.2024.2306152
https://doi.org/10.1088/1755-1315/963/1/012049
https://doi.org/10.1088/1755-1315/963/1/012049
https://doi.org/10.1016/j.biortech.2013.08.118
https://doi.org/10.1016/j.biortech.2013.08.118
https://doi.org/10.1016/j.biortech.2025.132481
https://doi.org/10.1016/j.biortech.2025.132481
https://doi.org/10.1016/j.biteb.2025.102109
https://doi.org/10.1016/j.biteb.2025.102109
https://www.expertmarketresearch.com/reports/acetic-acid-market
https://www.expertmarketresearch.com/reports/acetic-acid-market
https://doi.org/10.1002/fsn3.2331
https://doi.org/10.1002/fsn3.2331


© 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.70163

LM Ningsih et al.Original Article: The effect of pretreatment on VFA production

19

Appendix A

Figure A1. (a) Flow chart of tofu process production (Huang et al., 2021).86 (b) Flow chart of tempeh process production. 
Sources: (Chaerun, 2009).87
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