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Abstract
Sake lees and rice bran are major by-products of the Japanese 

food industry. As these by-products are discarded in large quantities, 
sustainable approaches to utilize these feedstocks are needed. We therefore 
investigated the production of vinegar through static fermentation using 
a mixture of subcritical water–treated sake lees and rice bran. Subcritical 
water treatment was previously shown to promote the liquefaction of 
these by-products to generate solutions rich in amino acids and minerals. 
In this study, we prepared subcritical water–treated sake lees and rice 
bran solutions at various mixing ratios and examined the effect on 
vinegar production. The amino acid and mineral content of the vinegar 
varied depending on the mixing ratio, and the higher the mixing ratio of 
subcritical sake lees solution, the higher the amino acid concentration, 
and the higher the mixing ratio of subcritical rice bran solution, the higher 
the carbohydrate and mineral content. This study proposes a method for 
producing vinegar with high nutritional value comparable to conventional 
products by reusing by-products from the Japanese food industry.
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Introduction
The Japanese food industry generates approximately 13 million tons of 

food waste annually. Although the amount of food wasted annually by the 
restaurant industry has decreased since the COVID-19 pandemic, the total 
amount of waste generated by food manufacturers has remained constant. 
Waste from the food industry accounts for approximately 86% of the total 
amount of food waste [1], indicating significant challenges in reducing this 
waste.

The Food Recycling Law of Japan promotes the utilization of food waste 
and has prompted efforts to develop a more circular and decarbonized society. 
Recycling and related measures throughout the Japanese food industry 
amounted to 87% in 2021 [2]. The authors of the present study have focused 
on brewing vinegar using food waste. Vinegar production generates large 
amounts of sake lees and rice bran, which are rather expensive to dispose 
of. In a previous study, we used subcritical water treatment to liquefy sake 
lees and rice bran. Analysis of the treated liquids revealed abundant amino 
acids and minerals [3]. Fermentation of these subcritical treatment liquids 
generated vinegar similarly rich in amino acids and minerals, suggesting the 
possibility of producing a new type of vinegar with higher nutritional value 
than conventional products [4,5].
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Two notable characteristics make subcritical water useful 
for a wide range of applications, such as hydrolysis and sample 
extraction [6,7]. First, the dielectric constant of subcritical 
water decreases with increasing temperature. For example, 
at 200–300°C, the dielectric constant of water is similar to 
that of various polar solvents. Second, the large ion product 
of subcritical water suggests that it exhibits properties of both 
acid and base catalysts.

A number of previous studies have examined the use of 
subcritical water for extracting valuable materials from food 
waste. For example, Gaecia (2006) examined the recovery 
of catechins and proanthocyanidins from grape seeds [8], 
whereas Yoshida (2006) studied the recovery of various 
amino acids and oils, such as DHA, by decomposing waste 
from the fish industry [9]. Furthermore, Domoto et al. applied 
subcritical water treatment to carbohydrate-rich breads and 
cakes and protein-rich lunchbox residues and showed that 
the resulting solids were rich in amino acids and organic 
acids. The solid material was then applied as compost for 
strawberries [10]. Miyashita et al. used subcritical water to 
extract the bitter components of green tea, thereby reducing 
the unpleasant aspects of taste compared with ordinary green 
tea. They also reported that tea prepared using subcritical 
water treatment contained more useful components than tea 
prepared using ordinary hot water extraction [11]. Finally, 
Hazwani et al. applied subcritical water treatment to oil 
palm trunk (OPT) biomass to produce solid biochar. They 
suggested that disposed OPT biomass could be utilized as an 
alternative fuel or soil improvement material [12].

Several prior studies have focused on sake lees and rice 
bran, which are also the targets of our research. Wakita 
(2005) reported that treating sake lees with subcritical 
water or supercritical carbon dioxide increased the soluble 
components to approximately 70% [13]. Adachi (2009) 
attempted the subcritical extraction of defatted rice bran and 
reported that the concentrations of sugars and proteins in the 
extract increased with extraction temperature up to 200°C [6]. 
The use of subcritical water thus holds promise as a greener 
alternative to traditional organic solvent extraction methods 
[14,15].

We previously conducted acetic acid fermentation using a 
1:1 mixture of liquefied sake lees and rice bran after treatment 
with subcritical water and found that both feedstocks retained 
high concentrations of nutrients and did not interfere with 
each other when mixed and extracted. This indicated the 
possibility of producing vinegar with a nutritional value 
equivalent to that of current commercial products [5]. Here, 
we describe a detailed analysis of vinegar production using 
subcritical water treatment of sake lees and rice bran and of 
the amino acids and minerals in the resulting vinegar. We 
varied the mixing ratio of sake lees and rice bran with water 
prior to acetic acid fermentation. Our aim was to determine 

whether vinegar can be efficiently produced by selectively 
utilizing the characteristic valuable components of sake lees 
and rice bran, thereby contributing to the development of 
a sustainable and value-added approach for recycling food 
industry by-products.

Experimental
Raw materials and standard reagents
Raw materials

The raw materials used in this study (rice bran and sake 
lees) were supplied by Maruboshi Vinegar Co. (Fukuoka, 
Japan). The appearance and chemical composition of rice 
bran and sake lees are presented in figure 1 and table 1, 
respectively.

 
Figure 1: Appearance of the raw materials: (a) rice bran, (b) sake 
lees.

Compliance with regulations for by-product (sake lees 
and rice bran) use

The sake lees and rice bran used in this study were both 
by-products generated during our food manufacturing process 
(Maruboshi Vinegar Co), and the transfer and use of these 
by-products complied with all relevant laws, regulations, 
and guidelines, including the Waste Disposal and Public 
Cleansing Law (Japanese Law No. 137 of 1970) and the 
Nagoya Protocol (effective October 12, 2014).

Standard reagents
Type H amino acid mixture standard solution was used in 

this study, with calibration certified through measurement of 

Constituent Rice bran Sake lees

Water content [%] 9.69 56.2

Total nitrogen [ppm] 1900 2510

Water solubility amino acids [ppm] 43.6 127.1

Total organic carbon [ppm] 8.4 8.8

Ammoniac nitrogen [ppm] 4.2 21.3

Minerals [ppm] 23.9 96.5

Citation for sake lees: reference [4]

Table 1: Overview of the major chemical constituents of rice bran 
and sake lees.
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primary standards, in accordance with Japan’s Measurement 
Law. Type H amino acid mixture standard solution was 
obtained from FUJIFILM Wako Pure Chemical Corporation 
(Osaka, Japan) 

Standard reagents containing ammonium nitrogen, 
calcium, magnesium, potassium, and sodium were obtained 
from FUJIFILM Wako Pure Chemical Corporation. All 
calibrations conformed to Japan’s Measurement Law and 
were traceable to national reference standards.

Subcritical water treatment
Sake lees and rice bran obtained from Maruboshi Vinegar 

Co., Ltd. (Fukuoka, Japan) were employed for subcritical 
water processing. Details regarding the equipment setup are 
available in prior studies [3-5].

A 500-mL, SS316 stainless steel reactor (OM Labotec, 
MM500, Tochigi, Japan) was used for subcritical water 
treatment. Each run involved loading 45 g of sample and 300 
mL of distilled water into the vessel, followed by agitation 
and sealing of the reactor.

A band heater was used to heat the samples to the 
appropriate target temperature: 120°C for 240 min (sake 
lees) or 180°C for 30 min (rice bran) [5]. These parameters 
were selected because they yielded the highest liquefaction 
efficiency in prior analyses.

During subcritical water treatment, the internal reactor 
pressure ranged from 1.3 MPa to 2.6 MPa, primarily due 
to water vaporization and gas evolution. Upon treatment 
completion, the heating unit was detached, and the reactor 
contents were promptly cooled using a fan. The resulting 
mixture was subjected to suction filtration to separate the 
soluble filtrate from the solid residue. Key filtrate constituents 
were then quantitatively analyzed, including amino acids, 
nitrogen species, phosphorus, and essential minerals.

3-mercaptopropionic acid and O-phthalaldehyde, followed 
by separation using a 2.6-µm Kintex EVO C18 column  
(100 × 3 mm). Quantification was performed via high-speed 
liquid chromatography with fluorescence detection using a 
Nexera X2 column and SHIMADZU GLC system (Kyoto, 
Japan) [16].

Total nitrogen concentration

Total nitrogen was measured according to the Kjeldahl 
digestion method [17].

Ammonia nitrogen concentration

Ammonia nitrogen levels were determined using the 
indophenol blue colorimetric method [18].

Phosphorus concentration 

Phosphorus content was determined using the 
molybdenum-blue reaction method [19].

Mineral concentration

Minerals such as potassium, calcium, and magnesium 
were quantified using atomic absorption spectrophotometry 
on a model AA-7000 [20].

Liquefaction rate (%)

The liquefaction percentage was determined using the 
following equation, which accounts for the removal of 
moisture and residue from the raw material weight:

Liquefaction rate (%) = (Initial dry matter – Residue) × 
100/Initial dry matter

The liquefaction rate was calculated by dividing the change 
in dry weight of the raw material before and after treatment 
by the dry weight of the raw material before treatment. This 
is the standard method for handling solid mixtures. Yamato 
et al. (2021) and also calculated the liquefaction rate using 
a similar method; thus, this calculation method was deemed 
appropriate for the present study [4].

Total organic carbon (TOC)
TOC was measured using a TOC analyzer (TOC-V SCH, 

Shimadzu, Kyoto, Japan). A 1-mL aliquot of  liquefied sample 
was diluted to 50 mL with distilled water for analysis. TOC in 
the aqueous solution was calculated by subtracting the total 
amount of inorganic carbon (CO and CO2) dissolved in the 
aqueous solution (inorganic carbon: IC) from the total carbon 
(TC) obtained by catalytic combustion. This calculation 
method is described on the website of Shimadzu Corporation 
[21].

Protein concentration (g/100 mL)
Protein content was estimated based on total nitrogen as 

quantified using the Kjeldahl technique, applying a nitrogen-
to-protein conversion factor of 6.25.

  Sample 
[g-wet]

Residue 
[g-dry]

Vol. 
recovered 

[mL]

Liquefaction 
rate [%]

Standard 
deviation 

[%]
Sake 
lees 45.2 26.4 332.5 77.1 1.53

Rice 
bran 45.2 10.9 330 74 3.15

Table 2: Analysis of the liquefaction of sake lees and rice bran (n=6)

Analysis
This section provides an overview of the analytical 

procedures following subcritical water treatment, with a 
particular focus on the determination of the concentrations of 
amino acids, nitrogen compounds, phosphorus, and various 
minerals using established analytical techniques.

Amino acids
Amino acid analysis involved derivatization using 



Hirayama S, et al., J Food Sci Nutr Res 2025
DOI:10.26502/jfsnr.2642-110000180

Citation:	Shoji Hirayama, Sae Namba, Takachika Hoshino, Yuriko Hoshino, Kazuharu Yamato, Munehiro Hoshino, Mitsuru Sasaki. Vinegar 
Production by the Static Fermentation of Subcritical Water - Treated Mixtures of Sake Lees and Rice Bran. Journal of Food Science and 
Nutrition Research. 8 (2025): 98-106.

Volume 8 • Issue 4 101 

Lipid concentration (g/100 mL)
Lipid concentrations were determined using the liquid-

liquid method [22].

Carbohydrate concentration (g/100 mL)

The carbohydrate concentration was estimated by 
subtracting the measured values of moisture, protein, lipid, 
and ash from the total mass.

Ash concentration (g/100 mL)

Ash content was assessed by incinerating the sample at 
high temperature, according to the direct ashing procedure 
outlined elsewhere [23].

Acidity (g/100 mL)

The acidity level was quantified via titration, as described 
elsewhere [24].

Caloric value (kcal/100 mL)
Energy content was calculated via the modified Atwater 

method, referencing standard coefficients for protein, lipid, 
and carbohydrate contributions [25].

Acetic acid fermentation of subcritical water–treated 
filtrate by static fermentation

As done previously, the filtrate was subjected to static 
fermentation to produce vinegar. Static fermentation is an 
ancient method still used by Japanese vinegar producers 
that requires no expensive equipment and allows small-scale 
production [26].

Subcritical water–treated sake lees and rice bran filtrates 
were mixed. The sake lees filtrate was treated at 120°C for 
240 min, and the rice bran filtrate was treated at 180°C for 
30 min. The sake lees filtrate to rice bran filtrate mixing 
ratios were 1:4 and 4:1 (each with a total volume of 600 mL), 
respectively. These mixtures were inoculated with acetic 
acid bacteria (Acetobactor pasteurianus, analysis by Techno 
Suruga Lab), and the initial ethanol concentration and acidity 
were adjusted to 4% and 1.5% by the addition of appropriate 
amounts of 95% alcohol and 15% vinegar, respectively 
(Maruboshi Vinegar; Fukuoka, Japan). The mixtures were 
fermented statically at room temperature for 3 days, and 
fermentation was terminated when the ethanol concentration 
decreased to 0%. The samples were sterilized by heating 
to 85°C before analysis of the various components. Figure 
2 shows the progress of static fermentation of four types of 
subcritical water–treated filtrate combinations. The far left 
portion of the figure shows the start of fermentation (day 
0), and the far right portion of the figure shows the end of 
fermentation (day 3). The mixed vinegars indicate the sake 
lees to rice bran filtrate ratios. The white film visible in the 
figure is composed of acetic acid bacteria.

Results and Discussion
Static fermentation using each subcritical treatment 
mixture

Acetic acid fermentation was conducted by varying the 
mixing ratios of each subcritical treatment filtrate. The results 
are shown in figure 2. Panel (a) depicts the process of acetic 
acid fermentation of subcritical water–treated sake lees, panel 
(b) shows the fermentation of subcritical water–treated rice 
bran, panel (c) shows the fermentation process of a mixture 
of subcritical water–treated sake lees and rice bran filtrates 
at a ratio of 4:1, and panel (d) shows the fermentation of a 
mixture at a 1:4 subcritical water–treated sake lees to rice 
bran filtrate ratio.

All subcritical water–treated liquids became completely 
covered with a film of acetic acid bacteria as the fermentation 
progressed. On the third day of fermentation, the 
concentration of the added ethanol decreased to 0%, indicting 
the completion of fermentation.

The results shown in figure 2 suggest that both the 
activity of the acetic acid bacteria and the rate of bacterial 
membrane growth increase with increasing concentration of 
the subcritical water–treated sake lees filtrate. A high amino 
acid concentration, such as that in the subcritical water–
treated sake lees filtrate, apparently enhances the activity of 
acetic acid bacteria. This is thought to result in more rapid 
completion of acetic acid fermentation, which would reduce 
costs when production is scaled up.

Table 3 shows the results of an analysis of general 
nutrients in vinegar produced by acetic acid fermentation 
of each subcritical water–treated sample. Each vinegar 
contained ≥4.2% acetic acid, meeting the Japanese standard 
for grain vinegar [27]. Acetic acid fermentation of subcritical 
water–treated filtrate thus conforms to the standards for 
vinegar, and the flavor and aroma of the products were 
similar to commercial vinegar. The results of our previous 
study suggested that changing the mixing ratio of subcritical 
water–treated sake lees and rice bran could alter the nutritional 
components of the resulting vinegar, as we here demonstrate.

Subcritical water–treated sake lees and rice bran were 
fermented at mixing ratios of 4:1 and 1:4. We observed that 
the higher the concentration of rice bran filtrate, the higher 
the amount of carbohydrate and ash (mineral components). 
The mixing ratio had little effect on the protein content, but 
the free amino acid concentration was higher for the 4:1 ratio 
sample.

The acidity standard for commonly sold grain vinegar 
(≥4.2%) was met, and this is not difficult in making vinegar. 
The more subcritical water–treated liquid is present in the 
rice bran, the more carbohydrates will be produced, and 
accordingly, the higher the energy value. This could be 
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attributed to the high content of carbohydrate originally 
present in rice bran, but it was thought that the amount of 
carbohydrate, a nutritional component, could be altered by 
changing the sake lees to rice bran mixing ratio.

Analysis of minerals and amino acids
Comparison of mineral content

The results of an analysis of minerals in each vinegar 
(Figure 3) show that all of the vinegars contained high levels 
of potassium and magnesium. This is most likely because 
potassium and magnesium are relatively highly soluble 
minerals that readily dissolve in water in the subcritical water 
treatment solution. These minerals play an important role in 
physiological activity and are thus expected to be beneficial.
Comparison of essential amino acids

Figure 4 shows the results of a comparison of the content 
of essential amino acids in each vinegar. The amount of 
free essential amino acids increased as the proportion of 
subcritical water–treated sake lees filtrate or the mixing 

ratio of subcritical water–treated sake lees filtrate increased, 
suggesting that fermentation of subcritical water–treated sake 
lees filtrate produces vinegar with a larger amount of free 
amino acids.

Figure 5 shows the results of a comparison of the content 
of non-essential amino acids and GABA in each vinegar. 
Again, the amounts tended to increase as the concentration 
of subcritical water–treated sake lees filtrate increased. The 
subcritical water–treated solution derived from sake lees had 
a higher free amino acid content than the subcritical water–
treated solution derived from rice bran. This is thought to be 
due to differences in the composition and structure of proteins 
and peptides contained in sake lees and rice bran, which in 
turn affected the hydrolysis efficiency and amount of free 
amino acids produced through subcritical water treatment. 
Peptides and other substances may have accumulated in 
sake cake during the early stages of the fermentation process 
due to the activity of koji mold and yeast [28]. By contrast, 
rice bran contains a variety of functional components but 

Figure 2: Progress of acetic acid fermentation using static fermentation
(a) Sake lees to, (b) Sake lees, (c) Mixed vinegar (sake lees 4: rice bran 1) (d) Mixed vinegar (sake lees 1: rice bran 4).

Energy (kcal) Protein (g) Lipid (g) Carbohydrate (g) Ash (g) Acidity (g)

Sake lees: Rice bran (4:1) 30±0.8 0.6±0.05 0.0±0 7.9±0.1 0.1±0.04 4.3±0.05

Sake lees: Rice bran (1:4) 42±0.9 0.6±0.05 0.0±0 11.0±0.12 0.3±0.05 4.6±0.05

Sake lees 28±0.8 0.6±0.05 0.0±0 7.6±0.1 0.1±0.04 4.9±0.05

Rice bran 45±0.8 0.6±0.05 0.0±0 11.9±0.12 0.4±0.05 4.66±0.05

Grain vinegar (product) 21±0.7 0.2±0.05 0.0±0 6.2±0.1 0.7±0.04 4.26±0.05

Brack vinegar (product) 18±0.9 0.8±0.05 0.0±0 4.8±0.1 0.1±0.05 4.35±0.05

Values are expressed as the mean ± SD

Table 3: Nutritional analysis of prepared vinegars (per 100 mL; n=3)
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is unfermented, so the amount of free amino acids newly 
generated by subcritical water treatment is considered to be 
relatively low [29]. These data thus suggest that subcritical 
water treatment using sake lees as a raw material is useful as 
an efficient method for generating free amino acids.

Table 4 shows the concentrations of aspartic acid and 
glutamic acid, which tended to decrease at the end of each 
fermentation. Aspartic acid decreased from 392.9 mg/L 
in the sake lees filtrate to 22.1 mg/L in the corresponding 
vinegar and from 127.3 mg/L to 60.4 mg/L in the subcritical 
water–treated rice bran vinegar. Glutamic acid decreased 
from 192.8 mg/L in the sake lees filtrate to 129.8 mg/L in 
the corresponding vinegar. These findings are consistent with 
those of a study by Nanba et al. (1985) [30], which showed 

that acetic acid bacteria utilize free amino acids during growth 
and fermentation. Both aspartic acid and glutamic acid are 
readily utilized as a nitrogen source for microbial growth and 
energy acquisition.

In the future, it will be necessary to examine the effects 
of the decrease in amino acid concentrations on flavor and 
taste components [31]. Future correlation analyses involving 
other amino acid and organic acid compositions, as well as 
changes in the microbial community structure, such as acetic 
acid machines, should help elucidate the mechanism in more 
detail.

Conclusions
This study demonstrated the production of nutritionally 

rich vinegar through the static fermentation of subcritical 

 

Figure 3: Comparison of mineral concentrations in the same vinegars (n=3)

 

Figure 4: Composition of essential amino acids in the same vinegars (n=3)
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water–treated sake lees and rice bran. Adjusting the mixing 
ratio of the treated lees and bran filtrates allowed for control 
of the nutritional profile of the product vinegar to increase 
the amino acid and mineral levels as desired. The proposed 
approach will facilitate better management of industrial food 
wastes and provide a high-value-added product.

The research described in this paper is still at the laboratory 
level. In recent years, interest in healthy eating in Japan has 
increased, especially with regard to functional ingredients. 
The vinegar produced as described in this paper contained the 
same or more useful components as commercially available 
vinegar. Therefore, in order to industrialize the process, 
further experiments to ensure reproducibility are required. In 
this study, batch-type subcritical water treatment was adopted 
as the treatment method, but in the future, in addition to this 
method, experiments will focus on the use of continuous-type 
subcritical water treatment, which can more efficiently reduce 
the volume of biomass. The primary goal of these process 
development studies is to expand the scale of production 
beyond what is now possible 
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