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Abstract 

The microstructure of diatom frustules found in mud sediments along the coast of Boryeong- city, South Korea, was 
observed using a scanning electron microscopy (SEM), and the constituent elements of diatoms were analyzed using 
energy-dispersive X-ray spectroscopy (EDS). Diatom frustules and clay minerals were present in the SEM images of the 
mud powder. High-magnification SEM images revealed that the surface of the frustules contained identically shaped 
circular pores, measuring 1 μm in diameter, arranged at regular intervals. This study revealed that the diatom shell 
fragments in the mud powder ranged in size from 3 to 30 μm, with an average thickness of approximately 2.5 μm. The 
elements Si, Al, Fe, K, Na, Mg, and Ti were detected while analyzing the frustule constituents, with Si being the primary 
component with the highest content.
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Introduction
In South Korea, mud is a naturally occurring substance 
found along the coasts of Boryeong, Muan, Taean, and 
Pohang- cities. By developing products using mud and 
holding skin beauty-related events regularly, the local 
government remarkably contributes to the health care 
and healing of tourists.

Mud is a viscous, naturally occurring, fine-grained 
suspension commonly observed on tidal flats. It is 
made up of clay minerals, water, sand, silt, and small 
amounts of organic matter of different origins and 
compositions (Berlamont et  al. 1993; Schindler et  al. 
2015; Shakeel et al. 2019).

Recently, clay minerals have been the subject of numer-
ous studies in various fields, such as geology, cosmetol-
ogy, materials science, pharmacy, medicine, food science, 
and biotechnology. They have been used as traditional 

folk remedies over the last 2,000 years because of their 
health benefits. With the development of modern sci-
ence and technology, they are being utilized in traditional 
healing therapies and other natural skin care products 
(De Vos 2010; Kim et al. 2016; Kamitsou et al. 2018).

The mud obtained from nature is a semi-solid mix-
ture of various minerals, organic substances, including 
diatoms, and water. The three forms of mud application 
used to treat rheumatic and skin diseases are mud packs, 
mud wraps, and mud baths (Gomes et al. 2013).

Mud may cause swelling over large, specific surface 
areas because of its colloidal particle size, high cation 
exchange capacity, and semi-solid properties (Moraes 
et al. 2017; Khiari et al. 2019).

The rheological properties of mud are a combination 
of yield stress, thixotropy, and viscoelasticity, which are 
typically caused by the bonding of hard particles, such as 
clay minerals, with soft polymers, such as organic mate-
rials. Natural fine particle suspensions in mud typically 
exhibit complex rheological properties because of the 
presence of clay minerals and organic matter. Its rheo-
logical properties may vary from region to region due 
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to variations in the organic content of its composition 
(Shakeel et al. 2021).

Van Kessel and Blom (1998) compared the rheological 
properties of pure clay minerals, such as kaolinite, and 
mud samples and discovered that the mud samples pro-
duced higher yield stress values. This finding was attrib-
uted to the presence of organic substances in the mud 
sample.

The rheological properties of mud samples depend on 
their density, and even small amounts of organic matter 
can significantly affect the mud’s rheological behavior 
(Kranenburg 1994; Van Kessel and Blom 1998; Shakeel 
et  al. 2019). Diatoms are unicellular, eukaryotic, photo-
synthetic algae found in aquatic environments. They have 
significant ecological importance on this planet and exist 
as frustules in mud deposits. They are a type of microal-
gae with sizes ranging from 10 to 200 μm. They grow sus-
pended or attached in freshwater or seawater where there 
is light, nutrients, and moisture (Leonardo et al. 2017).

Bok et al. (2021) reported the fine structure of clay min-
erals present in the mud powder produced in Boryeong- 
city, South Korea, but no research on diatoms contained 
in these clays has been published. This study contributes 
to the development of mud-based cosmetics by validating 
the homogeneity and composition of mud particles used 
in various health care and beauty products.

In this study, the microstructural characteristics of dia-
toms present in the mud powder taken from the coast of 
Boryeong- city, South Korea, were observed using scan-
ning electron microscopy (SEM), and their constituent 
elements were analyzed using energy-dispersive X-ray 
spectroscopy (EDS).

Materials and methods
Sample processing
Dry, sterilized mud powder was purchased from Bore-
yung MUD+ (Cosmax Co., Korea). The raw mud was 
ball-milled to produce commercial mud, which was har-
vested from tidal flats along the coast of Boryeong-city, 
South Korea.

To observe the microstructural characteristics and ana-
lyze the constituent elements of the mud powder, 1 g of 
sterilized mud powder was placed in a 50-ml Falcon tube, 
and 30 ml of absolute alcohol (Merck Co., Germany) was 
added. Then, the sample was washed three times with 
alcohol for 1 h each to allow for precipitation.

Scanning electron microscopy observations
A sample of approximately 0.1  g of mud powder was 
deposited on a stub treated with carbon and copper tape 
and then dried in a vacuum dryer (60℃, DPF-31, Yamato, 
Japan) for 24 h. Then, the platinum was plated to a thick-
ness of 20  nm using an ion deposition machine (IB-5 

ion coater, Eiko, Japan), and the sample was observed at 
15 kV with SEM (S-4700, Hitachi, Japan).

Energy-dispersive X-ray spectroscopy analysis
To analyze the constituent elements of diatom frustules 
contained in the mud powder, the sample was treated 
similarly to the SEM experiment and then placed on a 
support with carbon tape and coated with platinum to a 
thickness of 20 nm using an ion coater (IB-5, Eiko, Japan). 
The coated sample was analyzed using EDS at an acceler-
ation voltage of 15 kV (INCA, Oxford Ins., Great Britain).

Results
In the SEM observation of the mud powder, substances 
presumed to be remnants of marine microorganisms, 
excluding clay minerals, were observed. These residues 
form fine circular holes arranged at regular intervals 
(Fig.  1). The mud powder was mostly composed of fine 
particles and crystalline minerals. The surface of the 
crystalline clay minerals was noted to be smooth.

In Fig. 1, the remnants of marine microorganism were 
split into fine fragments and surrounded by mud parti-
cles of varying sizes and shapes.

Relatively large mud particles appeared in the form of 
crystals. The plate-like or cubic crystalline clay minerals 
have a remarkably smooth and flat surface. Clay minerals 
of various sizes and shapes were scattered throughout the 
mud powder (Fig. 1).

The fragmented remains of marine microorganisms 
were identified as the frustules of diatoms from high-
magnification SEM images. The frustule fragments had a 
lateral thickness of approximately 2.5  μm and displayed 
uniform circular holes with sizes ranging from approxi-
mately 961 nm to 1.08 μm (Figs. 2 and 3). A plate-shaped 
clay mineral with a smooth surface was attached to the 
surface of the shell (Fig. 3).

In Fig.  4, depicts fragments of diatom frustules with 
evenly spaced holes up to 30 μm in length. These diatom 
frustules were mixed with clay minerals in the mud pow-
der. It included both large and small mineral particles in 
the vicinity of the diatom frustules, as well as crystalline 
minerals with a diameter of approximately 25 μm.

In Fig.  5, the diatom shell edge is fractured, and the 
edge interface is extended in a straight line. Clay crys-
tals with a diameter of approximately 38  μm were also 
observed, along with fine clay minerals.

According to high-magnification SEM images, the 
diatom frustule’s outer shell boundary surface was not 
smooth; continuous formation of minute irregularities 
occurred, and the thickness was approximately 2.5  μm. 
Additionally, the inner portion of the outer circumferen-
tial surface revealed traces of circular pores (Fig. 6).
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As depicted in Fig.  7, the edges of diatom shells are 
curved, and the pores on the frustule surface are arranged 
at regular intervals.

The constituent elements of the diatom frustule pre-
sent in the mud powder were analyzed using EDS. After 
verifying the analysis site using an SEM with high mag-
nification and precise focusing, the detection site was 
identified and analyzed using an EDS (Fig.  8). As a 

result of analyzing the components of the diatom frus-
tule, an analysis pattern with Si, Al, Fe, K, Na, Mg, and 
Ti element peaks was confirmed (Fig.  8). The content 
of each of these elements was detected in the follow-
ing order: Si element 72.99% > Al element 10.67% > Fe 
element 5.83% > Mg element 5.31% > K element 2.95% 
> Na element 1.78% > Ti element 0.45% (Table 1). The 
majority of the diatom shell’s constituent elements were 
Si elements.

Fig. 1 A scanning electron micrograph of mud precipitation depicting microorganism remnants (circle)

Fig. 2 Magnified scanning electron micrograph of Fig. 1 depicting the diatom frustule
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Discussion
In this study, fragments presumed to be marine microbial 
remnants, excluding clay minerals, were discovered in the 
mud powder. These microflakes were observed in vari-
ous sizes depending on the degree of fragmentation. The 
fragments possessed a plate-like structure with a thick-
ness of 2.5 μm and a length of up to 30 μm, with many 
circular pores formed at regular intervals. Circular pores 

with a diameter of approximately 1 μm were arranged in 
a regular pattern on the surface.

Baschini et al. (2010) reported that natural sulfur-rich 
mud has amorphous siliceous microbial, most of which 
are diatom frustules. The shell and cell wall of dia-
toms have a colorful shape and design and are made of 
amorphous hydrated silica (SiO2–(H2O)n) produced 
by cell biomineralization (Habchi et  al. 2006). Diatoms 

Fig. 3 High-magnification scanning electron micrograph of uniformly arranged circular pores of the frustule in diatom remnants. The areolae are 
arranged in regular patterns across the frustule surface. Arrow: Plate-shaped clay minerals

Fig. 4 Scanning electron micrograph of the complex hierarchical and well-maintained inherent porous structure of a diatom frustule
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belonging to the genus Coscinodiscus are single-celled 
algae that form a silica shell or frustule with pores of 
1 μm or less arranged at regular intervals (Jeffryes et al. 
2008; Zaman et al. 2020).

Diatoms are unicellular photosynthetic plants that 
live in both freshwater and seawater, and their shells 
are composed of amorphous biosilica components with 
pores that are systematically and uniformly arranged 
(Xing et al. 2017). As reported by Baschini et al. (2010), 

the remnants of marine microorganisms were identified 
as typical diatom shells in this study. The pores were uni-
formly and systematically arranged across the holes on 
the frustule surface.

Additionally, high-magnification SEM images revealed 
that the shell’s surface was composed of amorphous bio-
silica with some irregularities. The formation of surface 
irregularities is caused by the accumulation of silica in the 
form of fine granules as the mineralization progresses.

Fig. 5 Scanning electron micrograph of mud powder depicting a diatom frustule fragment (arrow) and clay mineral

Fig. 6 High-magnification scanning electron micrograph of a silica frustule with a thickness of to 2.5 μm
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Diatom frustules with such microstructural character-
istics and silica chemical composition have been used in 
various industrial applications. Additionally, the porous 
cytoskeleton’s, excellent physical filtration and transpor-
tation capabilities have been utilized in various studies, 
such as light harvesting through needle-like pores, pho-
ton and molecule separation, and drug delivery (Hale and 
Mitchell 2001; Jeffryes et  al. 2008; Gnanamoorthy et  al. 
2014; Kieu et al. 2014; Dong et al. 2016).

The organic compounds, ions, and inorganic soluble 
complexes in the mud powder serve as physicochemi-
cal factors that determine the efficacy of spa therapies 
(Fioravanti et al. 2011). Organic compounds accumulate 
in the mud following the formation of cyanobacteria, a 
type of blue-green algae. The organic molecules secreted 
by these microorganisms include glycolipids and sulfo-
glycolipids. Organic have anti-inflammatory properties 
and play a crucial role in mud aggregation (Sukenik et al. 

Fig. 7 Scanning electron micrograph of the diatom frustule. Note that the edge of the diatom frustule is circular and the pores are uniformly 
arranged on the surface

Fig. 8 Energy-dispersive X-ray spectroscopy (EDS) spectrum of the diatom frustule. EDS reveals that Si, Al, Fe, K, Na, Mg, and Ti elements are present 
on the diatom frustule. Inset: Scanning electron micrograph of the mud powder displaying the detection area of the EDS spot range
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1999; Tolomio et al. 1999; Carretero et al. 2010; Trabelsi 
et al. 2016). In the SEM observation of the mud powder 
employed in this study, cyanobacteria and photosynthetic 
prokaryotes were not observed; however, diatoms were 
detected as fine fragments with pulverized shells.

It is impossible to examine the microstructure of 
cyanobacteria and bacteria in the mud mixture samples 
because the mud collected from the shore has a high 
degree of purity and is heat sterilized, milled, and wet 
separated for convenience (Viseras et al. 2007). It is con-
sidered that their morphological characteristics cannot 
be validated due to the decomposition or separation of 
the organic components.

Analyzing the constituent elements in the diatom shell, 
this research detected traces of Si, Al, Fe, K, Na, Mg, and 
Ti but not Ca and S, which are common in clay minerals.

Si was the frustule’s primary constituent element, with 
a content of 72.99%. Al was detected with a content of 
10.67%, along with trace levels of Fe, K, Na, Mg, and Ti. 
The Si content in the diatom shell was higher than that in 
the entire mud powder. This result indicates that silica is 
the main component of the diatom frustule. It is consid-
ered that the detected elements, excluding Si, are caused 
by the influence of clay mineral particles present in trace 
amounts in the analysis sample.

There are three different types of silica sources for 
marine sediments. First, land-influent silica, which is pri-
marily produced by land-based materials entering rivers; 
second, bio-derived silica, primarily obtained from bio-
logical structures or skeletal remnants of microorganisms 
and secretions of siliceous organisms; and third, hydro-
thermal silica, typically associated with hydrothermal flu-
ids (Xu et al. 2021).

Conclusion
Diatom frustules were observed in mud sediments off the 
coast of Boryeong- city, South Korea. They have a plate-
like structure, with circular pores of approximately 1 μm 

in diameter distributed at regular intervals on the frus-
tule surface. The size of the frustule fragments observed 
in this study ranged from approximately 4–30 μm, with 
a thickness 2.5  μm. Si, Al, Fe, K, Na, Mg, and Ti were 
detected were detected in the diatom shell, and Si was 
confirmed to be the main component, accounting for 
approximately 73% of the shell’s composition.

Abbreviations
EDS: Energy-dispersive X-ray spectroscopy; SEM: Scanning electron 
microscope.

Acknowledgements
Not applicable.

Authors’ contributions
BSC, along with MKB conducted SEM & EDS experiments, analyzed the data, 
and wrote the manuscript. CHC and HJC contributed to successful sample 
preparation and performed the SEM work. JHH advised and reviewed the 
manuscript. All authors read and approved the final manuscript.

Funding
No funding was received for this work.

Availability of data and materials
Data and materials are available on request.

Declarations

Competing interests
No potential conflict of interest relevant to this article was reported.

Author details
1 Pango Korea Co., Ltd. Boryeong, 33443 Chungnam, South Korea. 2 Depart-
ment of Global Medical Beauty, Konyang University, 32992 Nonsan, Chung-
nam, South Korea. 3 Department of Public Health, Graduate School of Integra-
tive Medicine, CHA university, 13488 Seongnam, Gyeonggi-do, South Korea. 
4 Department of Health Consultation Welfare, Hanseo University, Chungnam 
31962 Seosan, South Korea. 5 Department of Cosmetology, Hanseo University, 
31962 Seosan, Chungnam, South Korea. 

Received: 5 September 2022   Accepted: 29 November 2022

References
M.T. Baschini, G.R. Pettinari, J.M. Vallés, C. Aguzzi, P. Cerezo, A. López-Galindo, 

M. Setti, C. Viseras, Suitability of natural sulphur-rich muds from Copahue 
(Argentina) for use as semisolid health care products. Appl. Clay Sci. 49, 
205–212 (2010)

J. Berlamont, M. Ockenden, E. Toorman, J. Winterwerp, The characterisation of 
cohesive sediment properties. Coast Eng. 21, 105–128 (1993)

M.K. Bok, J.H. Chin, H. Kim, B.S. Chang, Ultrastructural properties of clay miner-
als in Boryeong mud powder. J. Invest. Cosmetol. 17, 349–355 (2021). 
https:// doi. org/ 10. 15810/ jic. 2021. 17.4. 001

M.I. Carretero, M. Pozo, J.A. Martín-Rubí, E. Pozo, F. Maraver, Mobility of ele-
ments in interaction between artificial sweat and peloids used in spanish 
spas. Appl. Clay Sci. 48, 506–515 (2010)

L. Dong, C. Zhang, Y. Chen, L. Cao, J. Li, L. Luo, Acicular porous mullite from 
diatom frustules. Mater. Lett. 171, 108–111 (2016)

A. Fioravanti, L. Cantarini, G.M. Guidelli, M. Galeazzi, Mechanisms of action of 
spa therapies in rheumatic diseases: what scientific evidence is there? 
Rheumatol. Int. 31, 1–8 (2011)

Table 1 Energy-dispersive X-ray spectroscopy analysis of the 
elemental composition of the diatom frustule of mud powder

Element Weight% Atomic%

Na K 1.38 1.78

Mg K 4.35 5.31

Al K 9.69 10.67

Si K 69.00 72.99

K K 3.89 2.95

Ti K 0.73 0.45

Fe K 10.96 5.83

Total 100.00

https://doi.org/10.15810/jic.2021.17.4.001


Page 8 of 8Bok et al. Applied Microscopy           (2022) 52:12 

P. Gnanamoorthy, S. Anandhan, V.A. Prabu, Natural nanoporous silica frustules 
from marine diatom as a biocarrier for drug delivery. J. Porous Mater. 21, 
789–796 (2014)

C. Gomes, M.I. Carretero, M. Pozo, F. Maraver, P. Cantista, F. Armijo, J.L. Legido, 
F. Teixeira, M. Rautureau, R. Delgado, Peloids and pelotherapy: historical 
evolution, classification and glossary. Appl. Clay Sci. 75–76, 28–38 (2013)

C. Habchi, D.T. Nguyen, G. Deves, S. Incerti, L. Lernelle, P. Le Van Vang, P.H. 
Moretto, R. Ortega, H. Seznec, A. Sakellariou, C. Sergeant, A. Simionovici, 
M.D. Ynsa, E. Gontier, M. Heiss, T. Pouthier, A. Boudou, F. Rebillat, Three-
dimensional densitometry imaging of diatom cells using STIM tomogra-
phy. Ncl Instrum. Methods 249, 653–659 (2006)

M. Hale, J.G. Mitchell, Functional morphology of diatom frustule microstruc-
tures: hydrodynamic control of brownian particle diffusion and advec-
tion. Aquat. Microb. Ecol. 24, 287–295 (2001)

C. Jeffryes, T. Gutu, J. Jiao, G.L. Rorrer, Two-stage photobioreactor process for 
the metabolic insertion of nanostructured germanium into the silica 
microstructure of the diatom Pinnularia sp. Mater. Sci. Eng. C 28, 107–118 
(2008)

M.D. Kamitsou, V. Sygouni, D.G. Kanellopoulou, K. Gardikis, P.G. Koutsoukos, 
Physicochemical characterization of sterilized muds for pharmaceutics/
cosmetics applications. Environ. Geochem. Health 40, 1449–1464 (2018)

T. Van Kessel, C. Blom, Rheology of cohesive sediments: comparison between 
a natural and an artificial mud. J. Hydraul Res. 36, 591–612 (1998)

I. Khiari, R. Sánchez-Espejo, F. García-Villén, P. Cerezo, C. Aguzzi, A. López-
Galindo, F. Jamoussi, C. Viseras, Rheology and cation release of tunisian 
medina mud-packs intended for topical applications. Appl. Clay Sci. 171, 
110–117 (2019)

K. Kieu, C. Li, Y. Fang, G. Cohoon, O.D. Herrera, M. Hildebrand, K.H. Sandhage, 
R.A. Norwood, Document details - structure-based optical filtering by the 
silica microshell of the centric marine diatom Coscinodiscus wailesii. Opt. 
Express 22, 15992–15999 (2014)

M.H. Kim, G. Choi, A. Elzatahry, A. Vinu, Y.B. Choy, J.H. Choy, Review of clay-drug 
hybrid materials for biomedical applications: administration routes. Clays 
Clay Miner. 64, 115–130 (2016)

C. Kranenburg, The fractal structure of cohesive sediment aggregates. Estuar. 
Coast Shelf Sci. 39, 451–460 (1994)

S. Leonardo, D. Garibo, M. Fernández-Tejedor, C.K. O’Sullivan, M. Campàs, 
Addressed immobilization of biofunctionalized diatoms on electrodes by 
gold electrodeposition. Biofabrication 9, 015027 (2017)

J.D.D. Moraes, S.R.A. Bertolino, S.L. Cuffini, D.F. Ducart, P.E. Bretzke, G.R. Leonardi, 
Clay minerals: properties and applications to dermocosmetic products 
and perspectives of natural raw materials for therapeutic purposes–a 
review. Int. J. Pharm. 534, 213–219 (2017)

R.J. Schindler, D.R. Parsons, L. Ye, J.A. Hope, J.H. Baas, J. Peakall, A.J. Manning, 
R.J. Aspden, J. Malarkey, S. Simmons, D.M. Paterson, I.D. Lichtman, A.G. 
Davies, P.D. Thorne, S.J. Bass, Sticky stuff: redefining bedform prediction in 
modern and ancient environments. Geology 43, 399–402 (2015)

A. Shakeel, A. Kirichek, C. Chassagne, Is density enough to predict the rheology 
of natural sediments? Geo Mar. Lett. 39, 427–434 (2019)

A. Shakeel, M.R. MacIver, P.J.M. van Kan, A. Kirichek, C. Chassagne, A rheological 
and microstructural study of two-step yielding in mud samples from a 
port area. Colloids Surf. A Physicochem Eng. Asp 624, 126827 (2021)

S. Sukenik, D. Flusser, M. Abu-Shakra, The role of SPA therapy in various rheu-
matic diseases. Rheum. Dis. Clin. North. Am. 25, 883–897 (1999)

C. Tolomio, C. Ceschi-Berrini, E. Moschin, L. Galzigna, Colonization by diatoms 
and antirheumatic activity of thermal mud. Cell Biochem. Funct. 17, 
29–33 (1999)

L. Trabelsi, A. Mnari, M.M. Abdel-Daim, S. Abid-Essafi, L. Aleya, Therapeutic 
properties in tunisian hot springs: first evidence of phenolic compounds 
in the cyanobacterium Leptolyngbya sp. biomass, capsular polysaccha-
rides and releasing polysaccharides. BMC Complement. Altern. Med. 16, 
515 (2016)

C. Viseras, C. Aguzzi, P. Cerezo, A. Lopez-Galindo, Use of clay minerals in 
semisolid health care and therapeutic products. Appl. Clay Sci. 36, 37–50 
(2007)

P. De Vos, European materia medica in historical texts: longevity of a tradition 
and implications for future use, european Materia Medica in historical 
texts. J. Ethnopharmacol. 132, 28–47 (2010)

Y. Xing, L. Yu, X. Wang, J. Jia, Y. Liu, J. He, Z. Jia, Characterization and analysis of 
Coscinodiscus genus frustule based on FIB-SEM. Prog Nat. Sci: Mater. Int. 
27, 391–395 (2017). https:// doi. org/ 10. 1016/j. pnsc. 2017. 04. 019

H. Xu, W. Zhou, Q. Hu, T. Yi, J. Ke, A. Zhao, Z. Lei, Y. Yu, Quartz types, silica sources 
and their implications for porosity evolution and rock mechanics in the 
paleozoic Longmaxi formation shale, Sichuan Basin. Mar. Petrol. Geol. 
128, 105036 (2021)

S. Zaman, M.M. Hassan, M. Hasanuzzaman, M.Z. Baten, Coscinodiscus diatom 
inspired bi-layered photonic structures with near-perfect absorptance 
accompanied by tunable absorption characteristics. Opt. Express 28, 
25007–25021 (2020)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.pnsc.2017.04.019

	Analysis of composition and microstructure of diatom frustules in mud on the coast of Boryeong- city, South Korea
	Abstract 
	Introduction
	Materials and methods
	Sample processing
	Scanning electron microscopy observations
	Energy-dispersive X-ray spectroscopy analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


