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Role of earthenware in food processing applications
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Korean earthenware (also known as onggi) has been reported to play an active role in improving the fermentation quality of
foods such as fermented soy products, as well as simply serving as a storage container. In this study, we conduct a region-wise
analysis of the effects of the onggi shape, chemical composition, and gas-permeation characteristics on the total phenolic
content and antioxidant activity of the soy sauce stored in these containers during its fermentation. During the fermentation
process, the amount of antioxidant produced in the soy sauce increases with increase in the container diameter relative to the
height. The antioxidant amount also increases with decrease in the amounts of alkali and alkaline earth metal oxides in the
clay chemical composition and increase in the gas permeability of the onggi. Of all the onggi considered in our experiments,
the Gangjin onggi exhibits the widest diameter relative to its height, least amounts of alkali and alkaline earth metal oxide
components, and highest gas permeability. The antioxidant power is highest in the soy sauce fermented in the Gangjin onggi,
corresponding to a total phenolic content value of 16.6 mg GAE/ml and FRAP of 54.3 mg AAE/ml
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Introduction Onggi differs in the manufacturing method, shape,
and size depending on the geographical region of
Korean earthenware, called onggi, is often referred to origin, because the characteristics of the clay available,
as “breathing pottery” for its unique porosity characteristics food culture, and climatic conditions are also different
[1]. Unlike porcelain such as celadon or white porcelain, between each region [10-12]. Because onggi clay uses
earthenware retains its open porosity even after sintering, raw materials collected from the vicinity of the pottery
and gas and liquid can permeate through the pores. workshops in these regions, the composition and particle
Therefore, earthenware containers provide optimum size of the clay vary by region, which leads to region-
conditions for the fermentation aging of foods such as wise differences in the properties and characteristics of
soy sauce, soybean paste, and vinegar, which utilizes the onggi, such as the color and pore structure. In
the growth of aerobic bacteria in the early stage of the particular, the shape of onggi is known to have a
fermentation process [2-4]. correlation with the sunlight and temperature of the
Onggi is formed by removing impurities from sedi- region. In areas with low levels of sunlight and
mentary clay containing large-sized silica, preparing temperature, the opening or mouth of the container is
the clay body, and stacking it while uniformly controlling enlarged for sufficient exposure to UV rays during the
the clay thickness on a potter’s wheel. The resulting fermentation aging period of foods.
specimen is subjected to drying in the shade for a long Soy sauce is one of the traditional fermentation-
time, and a glaze prepared by mixing wood ash and based seasonings in Asian countries, with soy forming
clay is applied to it. Subsequently, the final onggi the main ingredient [13-15]. The container utilized for
container is produced by sintering the piece once at the fermentation process of soy sauce forms one of the
~ 1,200 °C [5, 6]. Onggi has a higher flux content than major factors that determine the quality of the soy
porcelain, and therefore, it has a relatively low sintering sauce along with the ingredients used and/or the recipe
temperature (1,180-1,200 °C). In addition, because it of the soy sauce. According to a recent study, soy sauce
uses materials with a wide particle size distribution and subjected to fermentation in onggi exhibits increased
many large particles (> 150 um), open pores are protease activity due to the active growth of fermentation-
formed during the densification process, which enables related microorganisms when compared with this activity
the permeation of gas or liquid [7-9]. for glass, plastic, and stainless containers. Consequently,

the amount of glutamic acid associated with the taste
also increases [16].
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we conducted fermentation-aging experiments using
soy sauce to examine the resulting total phenolic
content and ferric reducing antioxidant power (FRAP)
of the sauce according to the onggi characteristics. By
analyzing the correlation between the onggi properties
and the soy-sauce fermentation aging process, we aim
to demonstrate that onggi not only acts as a storage
container, but also plays an active role in the fermenta-
tion aging process of the sauce.

Experimental Procedures

In this study, finished onggi products were collected
from the Gangjin, Jeju, Ulsan, Yeoju, and Yesan regions
and used in experiments. These places are representative
of the main onggi workshops in Korea. The onggi used
in the experiment were selected based on the 451 volume,
and the various products and cross-section images are
shown in Fig. 1.

Table 1 lists the measurement results of the heights
and diameters of the various onggi containers. In the
study, each onggi specimen was partially cut and subjected
to chemical composition analysis with the use of
inductively coupled plasma spectroscopy (ACE, NTM
Co., USA). The apparent porosity of each onggi was
measured by means of the immersion method (KSL
4008). To analyze the gas-permeation characteristics of
the onggi specimens, we measured the pressure change
over time using a permeation analyzer fabricated at the
Korea Institute of Ceramic Engineering and Technology
[9]. The overall pore shape and distribution of the onggi
specimens were analyzed with a scanning electron
microscope (SEM, JSM-6701F, JEOL, Japan).

To analyze the changes in antioxidant properties of
the soy sauce during the fermentation process in the
onggi, we filled each onggi specimen with 38 kg of soy
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sauce, which was fermented for 120 days in the natural
state. Soy sauce prepared as per the traditional recipe
(Doorae Food Co., Sangju, Korea) was purchased for
use in the experiments. The average temperature during
the fermentation period was 20.0 °C (42.6 °C max, -4.4
°C min).

The total phenolic content was measured according
to the method of Ferreres et al. [17]. After adding 1 mL
of 50% Folin-Ciocalteu reagent to 100 pL of soy sauce
diluted 10 times with distilled water, the solution was
stirred. Subsequently, 300 pL of 1 N Na,CO; was added,
and the solution was left to react at room temperature
for 90 min. The absorbance of the reaction solution at
750 nm was measured with the use of an ultraviolet-
visible (UV-Vis) spectrophotometer (Ultrospec 2100
pro, GE Healthcare, UK). For the standard curve, gallic
acid was used, and the total phenolic content was
measured as milligrams of gallic acid in 1 mL of the
sample. The ferric reducing antioxidant power (FRAP)
value was measured following the method of Benzie
and Strain [18]. After adding 1.5 mL of a FRAP solution
to 50 pL of soy sauce diluted 50 times with distilled
water, the solution was left for reaction for 30 minutes
at 37 °C, and the absorbance of the reaction solution
was measured at 593 nm. A standard curve was created
using ascorbic acid, and the FRAP of the sample was
measured as milligrams of ascorbic acid in 1 mL of the
sample.

Results and Discussion

Regional onggi characteristics

Table 1 summarizes the dimensions of the onggi
specimens by region. We note from the table that the
heights of the onggi from Gangjin, Ulsan, and Yesan
regions are similar at 44-46 cm, and the Jeju onggi

Gangjin Jeju

Ulsan

Yesan

Yeoju

Fig. 1. Images of onggi (upper row) examined in our study and corresponding cross-sections (bottom row), classified as per geographical

regions of origin
g g
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Table 1. Height and diameter of onggi specimens by region
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Table 3. Physical properties of onggis under investigation

(cm) Gangjin Jeju  Ulsan Yeoju Yesan Properties Gangjin Jeju Ulsan Yeoju Yesan
Height (H) 4560 61.56 4420 5120 46.10 Apparent Porosity (%) 10.87 234 813 18.15 5.84
Diameter (D) 143.10 140.85 12490 128.15 135.70 AP @ 30 min (Torr) 19 770 392 187 556
D/H 3.14 2.29 2.83 2.50 2.94 AP @ 60 min (Torr) 19 743 312 17 522

exhibits the greatest height at 61.56 cm. The Gangjin
and Jeju onggis are over 140 cm in diameter, followed
by the Yesan, Yeoju, and Ulsan onggis. Here, we note
that the height and diameter of the onggi vary
depending on the region; this variation is known to be
due to regional differences in the food culture and
climate conditions [10, 11].

Upon examining the cut sections of the onggi (Fig.
1), we find that the cross-sectional thicknesses of the
upper, middle, and lower sections appear different
between the specimens, depending on the shape and
manufacturing technique. The Gangjin and Yeoju onggis,
which have a large diameter, exhibit similar thicknesses
of the upper and lower sections, but the thickness of
the middle section is relatively small. In particular, the
Gangjin onggi shows a large thickness difference of
~4-5 mm between the upper/lower and middle sections.
On the other hand, the Yesan onggi exhibits very little
difference in thickness between the upper, middle, and
lower sections, while the Jeju onggi exhibits a middle
section that is thicker by 1 mm than the upper and
lower sections. The Ulsan onggi exhibits similar upper-
and middle-section thicknesses, but the lower section is
thinner by ~1 mm.

Table 2 lists the chemical composition analysis
results of the onggi specimens of each region. In the
case of alkali (R,O = Na,O + K,0) and alkaline earth
(RO = MnO + CaO + MgO) metal oxides, which act as
fluxes in pottery, the Ulsan and Jeju onggis exhibit
slightly higher values than onggis from other regions.
For the Ulsan onggi, R,O=3.68 and RO =1.80%,
which are the highest values among the onggis. As
regards the Jeju onggi, we note that the amounts of the
MnO and MgO are higher than the corresponding ones
of the specimens from the other regions.

It can be observed that the Fe,O; content varies
widely depending on the region. The Jeju onggi exhibits
the highest Fe,O; content at 7.13%, followed by the
Yeoju, Ulsan, and Yesan onggis at 4.40%, and the
Gangjin onggi at 2.39%; this value is lower than the
Fe,O5 content of a typical onggi. Here, we remark that

Table 2. Chemical composition of onggi bodies (Wt. %)

Jeju is a region formed by volcanic activity, and its
geological structure and composition are very different
from other regions, and this variation is reflected in the
chemical composition of the onggi [19]. We note that
the TiO, content of the Jeju onggi is also higher than
those of the specimens from the other regions.

Table 3 summarizes the apparent porosity and gas-
permeation characteristics of the onggis. As regards
porosity, the Yeoju onggi exhibits the highest value at
18.15%, while this value for the Gangjin onggi is
10.87%. It can be observed that the Jeju onggi exhibits
the lowest porosity at 2.34%.

To analyze the gas-permeation characteristics of the
onggi, we applied a pressure of 1,000 Torr to one side
of the cut specimens, and after 30 and 60 min, we
measured the pressure difference between the two
sides. We note from Table 3 that the Gangjin and Yeoju
onggis afford complete permeation within 60 min and
the pressure difference disappears, and in terms of
time, the Gangjin onggi shows faster permeation. The
Yeoju onggi exhibits the highest porosity, but its
permeability is lower than that of the Gangjin onggi.
This is because the Yeoju onggi’s overall porosity is
high, but there is a difference in the pore structures
between the two specimens.

The Ulsan and Yesan onggis do not show complete
permeation; however, the results indicate the slow
progress of permeation. The Jeju onggi exhibits some
permeation, but also shows a large pressure difference
of 743 Torr even after the measurement at 60 min.
From these results, we find that the porosity and
permeation characteristics are not linearly proportional,
and it is conceivable that they are affected by another
factor, the pore structure.

Fig. 2 shows the results of the cross-sectional SEM
observations of the onggi for the comparison of the
pore shape and distribution of each onggi. Although a
uniform pore distribution and high porosity can be
observed on the whole, there is a difference in the
shape and size of the pores. The Gangjin and Yeoju
onggi exhibit fine pores in the range of 10-30 pum as

Sample SiO, Al,O3 Fe,O; TiO, MnO CaO MgO Na,O K,O P,Os Cr,03 71O,
Gangjin ~ 77.47 16.14 2.39 091 0.01 0.23 0.57 0.27 1.94 0.02 0.01 0.04
Jeju 70.11 16.35 7.13 1.26 0.09 0.52 1.14 1.17 2.10 0.09 0.02 0.02
Ulsan 69.62 19.64 4.40 0.77 0.05 0.98 0.77 1.12 2.56 0.05 0.01 0.02
Yeoju 74.44 16.77 4.40 0.88 0.01 0.33 0.74 0.13 2.07 0.07 0.13 0.03
Yesan 72.17 17.87 4.40 0.89 0.03 0.49 0.79 0.52 2.76 0.05 0.01 0.00
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Fig. 2. Scanning electron microscope (SEM) observations of pore structures in onggis.

well as large pores of >150 pm. On the other hand, in
the Jeju, Ulsan, and Yesan onggis, no large pores are
present, but fine pores of 20 um or smaller can be
observed.

Total phenolic content and antioxidant activities of
soy sauce aged in onggi

Fig. 3 shows the changes in the total phenolic content
of the soy sauce fermented for 120 days in each onggi
specimen. We note from the figure that as the soy-
sauce fermentation progresses, the total phenolic content
tends to increase overall. Over 120 days of fermentation,
the total phenolic content increases by 4.12 mg gallic
acid equivalent (GAE)/mL on average. As regards the
total phenolic content, the soy sauce fermented in the
Gangjin onggi exhibits the highest value with 16.6 mg
GAE/mL, and the sauce in the Yesan onggi exhibits the
lowest content at 13.5 mg GAE/mL. The oxygen entering
the onggi affects the growth of aerobic bacillus, which
form the main fermentation bacteria of the soy sauce,
and also affects the secretion of enzymes such as
protease, thereby increasing amounts of the various
decomposition products of the soy sauce.

S.K. Lee et al. measured the total phenolic content of
17 commercial soy sauces prepared by the traditional
Korean method using the same analysis technique as in
this study [20]. Although the container and period of
soy sauce are not specified in the literature, it can be
judged that the fermentation process is lasted for at
least 2-3 months using onggi from the phrase “soy
sauce manufactured by the traditional method”. Total
phenolic content was highest at 11.20 mg GAE/mL in
soy sauce from Jeolla Province (Muju), and the lowest
at 2.37 mg GAE/mL in soy sauce from Gangwon
Province (Pyeongchang). J.S. Kim et al. analyzed the
change in total phenolic content of soy sauce prepared
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Fig. 3. Change in total phenolic content of soy sauce according to
fermentation time in each onggi specimen.

with different types of soybeans during the 180 days
fermentation period [21]. The total phenolic content
was increased in all samples during the fermentation
period, and was influenced by the preparation method
of raw materials and the temperature during the
fermentation period. Compared with these two cases,
the total phenolic contents in this study were relatively
high, indicating that the fermentation product was
actively produced during the fermentation process.
However, considering the difference in raw materials
and fermentation conditions, the results are in a
reasonable range.

Phenolic compounds are metabolites that are widely
distributed in plant systems; such compounds include
flavonoids, catechins, phenolic acids, etc., and they
demonstrate high antioxidant and antibacterial activities
[17,22,23]. It has been reported that soy sauce and
soybean paste, which are traditional fermentation foods
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Fig. 4. Ferric reducing antioxidant power (FRAP) variation
according to fermentation time in each onggi.

based on soybeans, exhibit increased extraction of
phenolic compounds such as tocopherol, isoflavones,
and phenolic acids with antioxidant power as fermentation
progresses [24, 25].

Next, we focus on ferric reducing antioxidant power
(FRAP), which reflects the ability of phenolic compounds
to reduce Fe’" to Fe**. The FRAP value increases in
proportion with the antioxidants contained in plasma;
here, we note that FRAP measurement forms one of
the methods to directly measure antioxidant power
[18]. From Fig. 4, we note that the FRAP values are
significantly different according to the soy-sauce fer-
mentation period and by region.

We first note that all soy sauces exhibit an increase in
FRAP during the fermentation process. In the Gangjin
onggi soy sauce, FRAP increases at a faster rate than
other soy sauces for 80 days. On the 120" day, we
observe the highest FRAP value of 54.3 mg ascorbic
acid equivalent (AAE)/mL in the Gangjin onggi soy
sauce, followed by the Yeoju (48.9 mg AAE/mL),
Ulsan (45.7 mg AAE/mL), Yesan (44.2 mg AAE/mL),
and Jeju (41.6 mg AAE/mL) soy sauces. In this regard,
Park et al. have reported that the total amounts of
phenolic compounds and flavonoids in soybean fermen-
tation foods demonstrate a high correlation with anti-
oxidant activities that show ferric reducing power [25].

Correlation between onggi characteristics and anti-
oxidant properties of soy sauce

In the next phase of the study, we investigated the
effect of the onggi shape, chemical composition, and
gas permeation on the production of antioxidants
during the soy-sauce fermentation process. Fig. 5
shows the effect of the onggi shape on the antioxidant
characteristics of the soy sauce. From the figure, it can
be observed that as the onggi diameter increases relative
to the onggi height, the production of antioxidants
generally increases. We note here that larger onggi
diameters correspond to larger surface areas, which
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Fig. 6. Correlation between alkali and alkaline earth metal oxide
content of onggi clay components and antioxidant production.

will increase the amount of heat delivered to the soy
sauce under fixed sunlight and temperature conditions,
thus promoting the production of antioxidants [26].

It is expected that the leaching of ions will occur
because the onggi is in contact with the soy sauce. In
general, it is known that the leaching of alkali and
alkaline earth metal ions with a small ion radius occurs
in large quantities [27]. The glaze covering the onggi
clay body is a mixture of wood ash and clay, which is
similar in composition to the clay body. In addition, the
onggi clay body directly contacts the soy sauce owing
to its pore characteristics, thereby resulting in the
leaching of ions from the clay body. In this regard, the
effect of the amount of alkali and alkaline earth metal
oxides, which are the easiest to elute among the chemical
components of onggi clay body, on the production of
antioxidants is shown in Fig. 6. From the figure, it can
be observed that the amount of antioxidant production
decreases as the content of alkali and alkaline earth
metal oxides increases.

Based on our analysis of the collected data, we find
that the onggi porosity, absorption rate and bulk density
also affect the production of antioxidants, and we note
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that the gas-permeation characteristics exert the greatest
influence (Fig. 7). Here, we note that while several
variables were considered to quantitatively represent
the gas-permeation characteristics of the onggi, the
pressure difference in the specimen after 30 min of the
permeation test was the most effective in this regard.
As regards Fig. 7, we note that the increase in pressure
difference (x-axis) corresponds to deterioration of the
gas-permeation characteristics of the onggi. From the
results, it can be observed that as the gas permeability
of the onggi improves, the total phenolic content and
ferric reducing antioxidant power (FRAP) ability increase.
In particular, the FRAP ability shows both a large
change and tendency of change.

S. K. Jung et al. reported the effect of onggi with
different porosity on fermentation of soy sauce [3, 7].
As the porosity of onggi increased, the protease activity
and microbial changes of soy sauce tended to decrease.
When the porosity of onggi is increased, the salt
content becomes relatively high due to the water loss
of soy sauce during the fermentation period, which has
a negative effect on the growth of aerobic bacteria.
This led to a decrease in the number of bacteria and
yeasts that affect the flavor and antioxidant of the soy
sauce. These results are contrary to the positive effect
of porosity on the antioxidant properties of soy sauce in
this study. However, in both cases, I would like to point
out that the porosity was intentionally increased by
changing the clay body composition or the glaze
application method. In other words, unlike commercial
onggis used in this study, onggi with excessive porosity
seems to have a negative effect on the experimental
results. Comprehensively judged together with the results
of this study, there must be an optimal porosity of
onggi that positively affects the flavor and antioxidant
properties of soy sauce.

Conclusions

In this study, we compared the antioxidant activities
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observed during the fermentation aging process of soy
sauces in onggi specimens classified based on their
geographical region of origin. Onggi uses clay that is
collected in the origin region, and therefore, differences
in the chemical composition and particle size arise,
thereby resulting in differences in the porosity and gas-
permeation properties of various onggi containers. In
addition, differences in the local sunlight and climatic
conditions are reflected in the shape of onggi. We found
that the Ulsan, Yeoju, and Yesan onggis had similar
shapes and dimensions, but the Gangjin onggi exhibited
a bulging shape with a diameter of 143.10 cm, and the
Jeju onggi had an elongated shape with a height of
61.56 cm. In terms of chemical composition, the Ulsan
onggi had the highest amount of alkaline and alkaline
earth metal oxide components among all specimens,
the Gangjin onggi had the lowest Fe,O; content at
2.39%, and the Jeju onggi had the highest amounts of
Fe,03 and TiO,. In the case of the Gangjin and Yeoju
onggi with their high porosity, the gas permeability was
also high, but the porosity and gas-permeation charac-
teristics were not linearly proportional. The Gangjin
onggi, which showed the second highest porosity at
10.87%, exhibited the highest gas permeability. In the
Gangjin and Yeoju onggis, which have good gas per-
meation properties, we observed that micropores with
sizes of 10-30 um coexisted with large-sized pores of
>150 um.

The total phenolic content and antioxidant activities
increased with the fermentation progress of the fer-
mented soy sauces in all the onggi specimens. The
Gangjin onggi soy sauce exhibited the highest total
phenolic content (16.6 mg GAE/ml) and ferric reducing
antioxidant power (FRAP) (54.3 mg AAE/mL) among
all the onggis. On the other hand, the Yesan onggi
exhibited the lowest total phenolic content (13.5 mg
GAE/mL), and the Jeju onggi exhibited the lowest
FRAP value (41.6 mg AAE/mL).

In this study, we investigated the effect of the onggi
shape, chemical composition, and gas-permeation pro-
perties on antioxidant production during soy-sauce fer-
mentation. We found that during the fermentation process,
the amount of antioxidant generated by the soy sauce
increased with the onggi diameter increase relative to
the height, decrease in alkali and alkaline earth metal
oxides in the clay chemical composition, and increased
gas permeability of the onggi. In particular, there was a
clear correlation between the onggi gas-permeation
properties and the soy-sauce FRAP ability.
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