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Abstract Clays and muds have been used for

centuries as cosmetics or pharmaceutical products

for various therapies. The suitability of muds and clays

for health- and beauty-related applications depends on

their physicochemical properties, mineralogical com-

position, particle characteristics and toxicity. In this

work, the physicochemical characterization of 12 mud

specimens from different natural spa resorts in Greece

and one from Israel (Dead Sea) is presented. All

specimens were sterilized at 121 �C for 20 min,

because of their intended use. The Greek mud

specimens were collected from various locations in

Macedonia, Western Greece and Northeast Aegean.

All muds were characterized concerning their miner-

alogical, chemical components as well as their mor-

phological characteristics using appropriate methods

[powder X-ray diffraction (XRD), thermogravimetric

analysis (TGA), nitrogen absorption specific surface

area measurements (BET), scanning electron micro-

scopy and energy dispersive X-ray spectroscopy]. The

concentrations of F-, Cl-, NO3
- and SO4

2- anions at

equilibrium with the mud specimens were measured

by ion chromatography. Total calcium concentration

was measured using atomic absorption spectroscopy,

and the concentration of total N, C, H and S in the

solids was measured using elemental analysis. More-

over, total phenolic concentration (TPC) in distilled

water equilibrated with the mud specimens was

measured as an index for their antioxidant properties.

Several muds were found to present high TPC. Several

of the examined mud specimens were found to have

the potential use as pharmaceuticals or cosmetics.

Based on the physicochemical characteristics of the

mud specimens examined, possible improvement in

their use and applicability has been suggested.
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Introduction

Clays have been used since antiquity for their thera-

peutic and healing properties. Clays from different old

Armenia and Cappadocia, Greece and Turkey were

famous for their properties when used as antiseptic or

skin cures (Carrretero et al. 2006). From generation to

generation, depending on the mineral composition of

lands, depending on traditional and religion practices,

clays passed from geophagy to medicine, to pelother-

apy and medical hydrology and humans take advan-

tage of their properties (Ferrell 2008; Rebelo et al.

2011) as the use of natural products becomes emergent

Harvey et al. 2015).

Clays are often used without prior tests of their

properties. Spanish clays such as sepiolite, paly-

gorskite and bentonite when compared to fibrous

clays and bentonite used as pharmaceuticals were

found suitable for pharmaceutical use (Viseras and

Lopez-Galindo 1999). Smectites from Tunisia exhibit

high specific surface area values and high Ca and Mg

cations exchange capacity (CEC). Their high abrasion

power however was considered a disadvantage

(Fakhfakh et al. 2005). For matured clays, the term

‘‘peloids’’ has been in use, defined as ‘‘maturated mud

or muddy dispersion with healing and/or cosmetic

properties, composed of a complex mixture of fine-

grained natural materials of geologic and/or biologic

origins, mineral water or seawater, and commonly

organic compounds from biological metabolic activ-

ity’’ (Gomes et al. 2013). Several clay samples found

at the Tunisian market were found to contain illite,

kaolinite and magnesium-smectite and were classified

as suitable for use. In several cases, the inorganic

components were predominant in mud specimens, and

they contained high concentrations of crystalline silica

(Khiari et al. 2014).

The wide use of peloids from Mongolian lakes in

balneology has been attributed to their content of

bioactive organic compounds, such as humic acids,

lipids, carbohydrates, proteins and hydrogen sulfide

which usually is product of the prokaryotic breakdown

of organic matters (Dolmaa et al. 2009; Tserenpil et al.

2010). Investigation of Turkish thermal muds showed

that they contained P, Si, Mg, F and Sr, metals found in

bones as well, besides Ca. The presence of Sr has been

suggested to play a stabilizing role of calcium

phosphate in bones. The high CEC of known thermal

muds has been attributed to the presence of Ca2?

found in smectites (Çelik Karakaya et al. 2010).

However, in cases in which the origin of Ca2? ions is

from calcite, CEC is lower and may not cross the skin

barrier. Nevertheless, even when thermal muds are not

suitable for therapeutic use, most of them may help in

health problems such as osteoporosis and arthritis

(Çelik Karakaya et al. 2010; Setnescu et al. 2013). The

exothermicity of therapeutic muds collected from

various sites in Romania has been correlated with their

treatment efficiency of various diseases. The high

therapeutic efficiency of muds has been attributed to

elevated organics concentration (Setnescu et al. 2013).

Peloid therapy is renowned for its organic constituents

which have attracted considerable research interest.

Another property of peat is its ‘‘power of sorption or of

ion exchange of the peloid’’ (Hattori 1963; Hill 1997).

The sorption of metals on humic acid (HA), of heavy

metals in particular, including Hg, Pb and Cd, has

clinical implications contributing to body detoxifica-

tion (Kerndorff and Schnitzer 1980). The organic

constituents of muds used for therapeutic and cosmetic

applications include humic compounds, carboxylic

acids, terpenoids, steroids, phenol antioxidants (fer-

ulic, vanillic and gallic acid) and fatty acids (Odabaşı
2014). Polyphenols have been known to be present in

natural products (fruits, wine, tea, etc.), and their

important antioxidant properties have been acknowl-

edged (Rice-Evans et al. 1997). A great number of

researches have focused on the positive effects of

phenolic compounds extracted from plants on skin

diseases (Działo et al. 2016). Chitosan and chitin are

two polysaccharides which differ chemically from

cellulose, because of the presence of nitrogen in their

molecular structure (Bautista-Banos et al. 2006).

Commercial chitosan is used in agriculture as biopes-

ticide, in food industry as preservative, or in medicine

to stop bleeding (Sarbon et al. 2015). Chitosan may be

extracted from shrimp shells, mud of crab or other

shellfish and has antioxidant properties (Sarbon et al.

2015). Since most of researchers ascribe the antiox-

idant, therapeutic and healing properties to the organic

compounds of clays (Sarbon et al. 2015, Centini et al.

2015), the investigation of the organic composition of

muds from natural spa resorts is important.

Even though Greek muds are famous and they are

used since antiquity, the work done concerning their

mineralogical and physicochemical properties is

extremely limited. The aim of this work was the

characterization of muds selected from natural spa
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resorts for potential use in cosmetics and pharmaceu-

tical products. In the present work, 12 samples,

collected from various natural spa resorts in Greece

and one from Israel (Dead Sea) were characterized by

physicochemical methods. Because of their intended

use, all muds were sterilized prior to their character-

ization, at 121 �C for 20 min. The Greek muds used in

this work, were investigated thoroughly in a previous

work for their anti-inflammatory, antioxidant and anti-

aging properties (Spilioti et al. 2016). In Spilioti et al.

(2016), most of the mud extracts were shown to have

anti-inflammatory properties, whereas the mean par-

ticle size of muds was correlated with cell adhesion

inhibition. The highest total phenolic content of mud

extracts was correlated with antimicrobial properties

and the most stable mud was found to present anti-

aging properties by favoring the increase of ker-

atinocytes. The most stable mud was also found to

exhibit moisturizing antioxidant properties by boost-

ing the conversion of hydrogen peroxidase to oxygen

and water. Clearly, the physicochemical characteris-

tics of the particles of the composite systems like muds

are very important in determining their properties

(cosmetic and therapeutic). In the present work, we

have attempted not only to focus on the detailed

characterization of a series of Greek muds but also to

classify them according to their physicochemical

characteristics. For comparison reasons, a sample of

mud from Israel was also characterized. More specif-

ically, XRD was used for the mineralogical charac-

terization of the specimens and TGA for the

assessment of their thermal behavior. The morphology

examination and a preliminary particle size distribu-

tion assessment were done by SEM, while EDX

microanalysis was used for the elemental analysis of

the solid specimens. A number of the most important

inorganic anions (F-, Cl-, NO3
- and SO4

2-) at

equilibrium of the solid phase with the aqueous

supernatant were measured with ion chromatography

using the appropriate standard solutions. The investi-

gated muds were classified in groups according to their

composition. Because of their documented antioxida-

tive effect, total phenolic content (TPC) of the mud

specimens was measured in liquid extracts using

different extraction methods.

Materials and methods

Preparation of muds

Twelve of the mud specimens, used in this work, were

selected from Greek natural spa resorts and one from

Israel (Dead Sea). Mud specimens #1, 2, 5, 6, 7 and 11

come from Messolonghi area, mud specimen #8 from

Kyllini (Peloponesse) and mud specimen #10 from

Corfu (Ionian Island). All three locations belong to

Western Greece region. Mud specimens #3, 4 and 9

were selected from Kilkis, Kavala and Pieria corre-

spondingly which belong to Macedonia (Northern

Greece). Mud specimen #12 was selected from the

island of Lemnos (Northeast Aegean) and mud

specimen #13 from Israel (Dead Sea). The sampling

domain from the specimens from Greece is shown in

the map of Fig. 1. The collected samples were in the

form of concentrated suspensions in water, except for

mud specimens #10, 11 and #12 which were obtained

as dried solids. It should be noted that mud specimens

showed an apparent stability as a uniformly distributed

solid suspended in the aqueous phase (Table 1).

Prerequisite for the use of mud specimens in cosmetics

or pharmaceutical products is lack of microbiological

activity. The mud specimens were thus sterilized, prior

to any characterization, in a steam sterilizer (Trayde

Raypa) for 20 min at 121 �C and under pressure of ca.

1.5 atm. Preliminary examination showed that this

treatment did not induce any mineralogical changes to

the specimens. Past the sterilization process, the

solvent was removed from the suspended solids by

lyophilization (LyoQuest, Telstar, Beijer Electronics).

The sterilization process was necessary because of the

intended use of the mud specimens examined in

pharmaceutical and cosmetic products, despite the fact

that in general it is possible to have alterations through

this treatment (Jager et al. 1969, Trevors 1996,

Lotrario et al. 1995).

XRD and TGA methods

The mineralogical composition of sterilized and

freeze-dried mud specimens was done using powder

X-ray diffraction (XRD, D5000, Siemens). The

positions of the XRD reflections obtained were used

for the identification of the mineral components with

reference to ICCD standard files. In the case of

XRD measurements, in order to increase the
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accuracy of measurements, the samples were

washed several times with deionized water and

dried, for the removal of halite (NaCl) which was a

product of the of seawater drying. TGA analysis was

done with a thermal analysis analyzer (Q50) in

nitrogen atmosphere, at a heating rate of 10 �C/min.

Fig. 1 Map of Greece

showing the origin of the

mud specimens

investigated. A

Messolonghi, specimens #1,

2, 5, 6, 7, 11; B Killini,

specimen #8; C Corfu,

specimen #10; D Kilkis and

Kavala, D2: Pieria,

specimens #3, 4, 9

correspondingly; E Island of

Limnos, specimen #12

Table 1 Location of origin of mud specimens, original state and specific surface area (SSA) values

Mud

#

Location of origin Original state SSA (m2g-1)

1 Mineral Mud Messolonghi, Finikia Great Salt Lake Mud (apparent liquid/solid phase

separation)

2.4

2 Mineral Mud Messolonghi Tourlida 1 Mud (apparent liquid/solid phase

separation)

4.2 (6.8 after halite

removal)

3 Black therapeutic clay body Pikrolimni Kilkis,

Xylokeratia

Mud (apparent liquid/solid phase

separation)

20.3 (33.5 after halite

removal)

4 Kavala, Krinides, Philipoi Mud (apparent liquid/solid phase

separation)

15.2

5 Messolonghi healing mud, Agia Triada Mud (apparent liquid/solid phase

separation)

1.4 (4.3 after halite

removal)

6 Messolonghi thermal mud Tourlida 2 Mud (apparent liquid/solid phase

separation)

5.5

7 Messolonghi thermal mud Tourlida 3 Mud (apparent liquid/solid phase

separation)

2.7 (5.8 after halite

removal)

8 Castle of Kyllini Mud (apparent liquid/solid phase

separation)

2.3 (3.0 after halite

removal)

9 Pieria, Pydna, Kolindros Mud (apparent liquid/solid phase

separation)

1.4 (7.2 after halite

removal)

10 Corfu, Sidari Solid state 1.8 (15 after halite

removal)

11 Healing mud Messolonghi Tourlida/Finikia Solid state 4.0

12 Lemnos, Kotsinas Solid state 3.6

13 Israel, Dead Sea Mud (insufficient liquid phase) 1.5
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The remaining percentage mass for the test speci-

mens was defined as:

M�
i ¼ Mi

Mo

100% ð1Þ

where Li, Mo are the mass values at time ti and before

specimen heating, respectively. The rate of mass loss

Mi
* was calculated from the first derivative of Mi

*-t

profiles:

dM�
i

dt
¼ lim

dt!0

M�
iþdt �M�

i

dt
min�1
� �

: ð2Þ

The first derivative identified the temperature interval

values (T1–T2) at which mass loss was completed and

the temperature at which the rate of mass loss was

maximized (inflection point) (Ti). The specific surface

area (SSA) of the specimens was estimated from

nitrogen absorption measurements (BET) for the muds

before and after the removal of NaCl.

Preparation of samples for ion chromatography

The measurement of suspensions of the test mud

specimens for the equilibrium concentration of F-,

Cl-, NO3
- and SO4

2- anions was done by ion

chromatography (Dionex D-120) equipped with a

IonPac analytical column AS16 with guard column

AG16, and the eluent used was NaOH solution

(5 mM). The fluid samples in which the concentration

of the anions was measured, depended on the physical

state of the specimens on collection. For the specimens

in which the volume of supernatant liquid was

insufficient (very dense suspensions), 6 g of lyophi-

lized mud were suspended in 200 mL of water for 48 h

under stirring, and past this period, the suspensions

were vacuum filtered. For specimens in which the

supernatant liquid of the collected samples was

sufficient for the measurements, the mud suspensions

were vacuum filtered, and analysis of the filtrate was

done following appropriate dilution. Elemental anal-

ysis of the freeze-dried mud specimens for carbon,

hydrogen, nitrogen and sulfur was done with an

elemental analyzer (Carlo Erba CHNS 1108).

Samples preparation for the measurement of acid-

soluble calcium

Calcite content was measured by two methods. In

method #1, AAS was used for the measurement of the

acid-soluble calcium concentration in four of the mud

specimens studied. It was assumed that acid-soluble

calcium corresponds to carbonate minerals (calcite).

More specifically, 1 g of sterilized and lyophilized

mud was suspended in 50 mL of 1 N nitric acid

solution for 24 h under stirring. Next, the suspensions

were vacuum filtered, and the total calcium concen-

tration was measured with AAS. In method #2, the

remainder of the solids of the suspensions of the

specimens equilibrated with 1 N HNO3 solution was

dried in an oven for 48 h at 37 �C. The weight

difference from the initial sample mass yielded an

estimate of the content of the solid in CaCO3 assuming

that it was the only acid-soluble mineral. The

assumption was supported from the mineralogical

analysis data.

TPC measurements

TPC measurements were done in the supernatant

aqueous phase of the as-received mud specimens, i.e.,

in the form of concentrated suspensions past the

sterilization of the specimens, which was done shortly

after samples delivery at the laboratory (within

3–4 days). The supernatant fluids from each specimen

were separated from the respective solids by filtration

(membrane filters, Sartorius 0.22 lm). The Folin–

Ciocalteu method was used for TPC measurements.

Briefly, in a glass test tube, 1 mL from the fluid was

mixed with 6 mL of distilled water, and 0.5 mL of the

Folin–Ciocalteu phenol’s reagent (Merck) were

added. Next, 1.5 mL of Na2CO3 solution (1.89 M)

and 1 mL of distilled water were added. The samples

were thoroughly mixed in a vortex apparatus, and they

were left to rest for 2 h in a dark place. Past this

waiting period, light absorbance was measured at

760 nm in a UV/VIS spectrophotometer (Rayleigh

UV 1601). Gallic acid standard solutions (Gallic acid

monohydrate, Sigma-Aldrich) were used for the

calibration in the concentration range between 7.5

and 250 mg/L (linear range) (Waterman and Mole

1994, Zagklis et al. 2015).

In order to investigate the effect of treatment of the

mud specimens on the measurement of TPC, TPC was

measured for three selected samples following the

following procedures:
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1. Measurement directly in the supernatant of the

sterilized specimens following separation of the

liquid from the solid phase by filtration.

2. Measurement in the filtrate of sterilized freeze-

dried muds suspended in distilled water and

equilibrated under stirring for 48 h.

3. Measurement in the filtrate of sterilized and

freeze-dried muds suspended in distilled water

and equilibrated under stirring for 124 h.

4. Measurement in the filtrate of sterilized freeze-

dried mud specimens suspended in distilled water,

sonicated for 10 min in an ultrasonic bath,

followed by equilibration in water for 124 h.

5. Measurement in the filtrate of sterilized muds

separated from the initial liquid phase by cen-

trifugation, followed by suspension in distilled

water, sonication for 10 min in ultrasonic bath and

equilibration for 48 h.

6. Treatment as in 5 but in non-sterilized mud

specimens.

Results and discussion

Mineralogical characterization

Mud specimens locations of origin, original physical

state and SSA values are summarized in Table 1.

Except for mud specimens #3 and #4, the rest of the

mud specimens showed low SSA values (lower than

6 m2/g); however, when halite was removed, the SSA

values were higher mainly in the case of specimens #3,

9 and 10. The measured SSA values are of the same

order of magnitude with mud specimens measured in

the area of Adriatic coast (Mihelcic et al. 2012) except

for specimens #3, 4, 9 originated from Northern

Greece and #10 originated from Corfu. The compo-

nents identified by XRD are summarized in Table 2.

Quartz, calcite and aluminosilicates were present in

most of the muds. Calcite presents several properties

and usually it is used as antacid, antidiarrheal, abrasive

or as supplement, in pharmaceutical products or in

cosmetics (Carretero and Pozo 2010). A possible use

of muds containing calcite could be in products for

skin peeling. TGA analysis profiles revealed several

identical characteristics for the mud specimens

(Figs. 2, 3 and Table 2), and the muds were classified

into four groups. Concerning the inorganic

component, XRD analysis showed that, mud speci-

mens of group#1 (muds #2, 5, 6, 7, 11, 13) consisted of

quartz, calcite, albite, muscovite, kaolinite (alumi-

nosilicates) (Földvári 2011). Kaolinite is known in

cosmetology for its anti-inflammatory properties,

whereas muscovite presents moisturizing properties

(Carretero and Pozo 2010). In Spilioti et al. (2016),

special attention was given to the most stable mud (#6)

which experimentally was found to present anti-

inflammatory and moisturizing properties which now

could be attributed to the presence of kaolinite and

muscovite. This finding is consistent with the fact that

TGA curves showed, among others, early mass losses

between 400 and 700 �C which corresponds to mass

loss due to the presence of organic compounds before

the inflection corresponding to calcite decomposition

to CaO ? CO2 at 700 �C. According to XRD analysis,

quartz, calcite, albite, muscovite, zeolite, nacrite, etc.

(Table 2), were detected in mud specimens of group

#2 (muds #3, 4, 12) again in agreement with respective

TGA analysis showing mass loss in the temperature

interval (300–700) �C. No further mass loss was found

past 700 �C, suggesting very low concentrations or

complete absence of calcite. Mud specimens of group

#3 (muds #8, 10) yielded rather large mass loss at

701 �C for mud specimen #8, and 689 �C for mud

specimen #10) which correspond to albite, muscovite

and anorthite. Calcite detected by XRD analysis for

the specimens of group #3 may be at low concentra-

tions. Group #4 (mud specimens #9 and 1) were found

to consist of gypsum, apart from quartz, calcite, albite,

muscovite, etc., and the TGA analysis showed mass

changes at 736 �C corresponding to the decomposition

of CaSO4 to CaO ? SO2.

Information for the relative concentration of

organic and inorganic components of the mud spec-

imens was obtained from TGA analysis of the

specimens. Mass loss due to adsorbed humidity was

neglected, DMa
* defines the mass loss after the removal

of crystalline water and before the inflection point of

the TGA curves corresponding to calcite, and DMb
*

defines the mass loss corresponding to calcite decom-

position. Mass changes during heating of the mud

specimens (DMa
* and DMb

*) are shown in Fig. 4.

Calcite (Fig. 4) was absent or at very low concentra-

tions in mud specimens of specimens groups #2, 3.

The fraction of mass loss due to organic content, DMo
*,

corresponding to the temperature range before calcite

decomposition, to the total mass loss (neglecting
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Table 2 Details obtained from thermogravimetric analysis for all mud specimens and correspondence to their components and

components revealed by XRD

T1 (�C) T2

(�C)

Ti

[oC]

DL*(-) Components revealed by XRD

Group #1

Mud #2

415 583 516 5.8 Quartz, calcite, albite (NaAlSi3O8), calcite magnesian (Ca, Mg)CO3, clinochlore

(Mg5Al)(Si,Al)4O10(OH)8, Muscovite (H2KAl3(SiO4)3), Nacrite

(Al2Si2O5(OH)4), Muscovite (KAl2Si3AlO10(OH)2)
583 673 631 4.7

673 721 697 3.1

721 893 824 5.6

Mud #5

2 56 17 3.7 Quartz, calcite, albite (NaAlSi3O8), orthoclase (KAlSi3O8), muscovite

(KAl2Si3AlO10(OH)2), kaolinite (Al2Si2O5(OH)4)423 613 518 5.4

613 713 647 2.5

713 890 841 5.0

Mud #6

415 584 523 6.0 Quartz, calcite, muscovite, albite, aragonite

584 726 635 4.0

726 921 842 9.8

Mud #7

2 50 14 1.4 Quartz, calcite, potassium magnesium aluminum silicate hydroxide

(K(Mg,Al)2.04(Si3.34Al0.66)O10(OH)2), albite, ordered (NaAlSi3O8), Muscovite

(H2KAl3(SiO4)3), Gismondine CaAl2Si2O8�4(H2O)
50 135 70 2.1

304 601 515 6.8

601 718 645 3.0

718 [900 904 17.1

Mud #11

426 604 551 6.5

604 705 653 5.1 Quartz, calcite, albite (Na(Si3Al)O8), Clinochlore (Mg, Fe)6(Si,Al)4O10(OH)8

705 912.5 853 7.8

Mud #13

1 44 20 0.4 Quartz, calcite, halite, clinozoisite (Ca2Al3Si3O12(OH)), nepheline hydrate

(NaAlSiO4xH2O)44 66 50 0.2

66 86 78 0.3

86 100 90 0.2

120 155 130 0.3

321 570 494 0.5

572 695 651.5 10.5

707 873 833.3 4.7

695 883 828 0.47

Group #2

Mud #3

8 78 30 2.8 Quartz, calcite, muscovite (KAl2Si3AlO10(OH)2), muscovite (K,Na)

(Al,Mg,Fe)2(Si3.1Al0.9)O10(OH)2), Anorthite, sodian ordered

((Ca,Na)(Al,Si)2Si2O8), zeolite Phillipsite ((Ca,Na2,K2)3Al6Si10O3212H2O),

Nacrite (Al2Si2O5(OH)4)

370 560 440 7.2
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humidity and crystalline water) was calculated accord-

ing to Eq. (3).

DM�
o ¼ DM�

a

DM�
a þ DM�

b

ð3Þ

The calculated results obtained from Eq. (3) are

depicted in Fig. 5, in which as may be seen the organic

content fraction was higher for specimen groups #2

and #3. Thus, for these groups (mud specimens #3, 4,

8, 10, 12) the organic content is attributed to other

components and not to the presence of CaCO3. In the

case of group #1, the organic fraction was higher for

specimens #2, 13, 5 and 11. It should be noted that the

high organic content fraction was related to the high

SiO2 fraction according to the mineralogical charac-

terization, which showed that the mineral component

of the mud specimens consisted of quartz and calcite.

Concerning the sterilization process, it has been

reported that it is possible that organics are released

(mainly humics), and therefore, the reported values

may be underestimated for the raw materials (Razavi

Darbar and Lakzian 2007).

SEM images obtained for the 13 muds are presented

in Fig. 6. In Spilioti et al. (2016), minimum, maximum

and mean particle sizes are summarized. Differences

in particles morphology are attributed to their origin

and components. According to EDX microanalysis

(Table 3), Si was found to be present in higher

concentrations in mud specimens #3, 4 and 12 as

already shown, whereas it was found in lower

concentrations in mud specimens #1 and 13. Calcium

concentration was higher for mud specimens #10, 5

and 1. High concentrations of F were found in mud

specimens #2, 5, 6, 13. Mg concentration was

significant in mud specimens #1 and 11. Al

Table 2 continued

T1 (�C) T2

(�C)

Ti

[oC]

DL*(-) Components revealed by XRD

Mud #4

2 141 25 4.0 Quartz, calcite, montmorillonite-18A (Na0.3(AlMg)2Si4O10(OH)2 6H2O), albite,

ordered (NaAlSi3O8), Sodium Aluminum Silicate (NaAl3Si3O11), Aluminum

Sodium Silicate (AlNa(SiO4))
250 536 443 3.8

560 692 632 1.1

Mud #12

2 157 26 5.4 Quartz, calcite, anorthite ((Ca,Na) (Al,Si)2Si2O8), albite (NaAlSi3O8), albite

disordered (Na(Si3Al)O8), kaolinite-1 (Al2Si2O5(OH)4), Microcline

(KAlSi3O8), Potassium Magnesium Aluminum Silicate Hydroxide

(K(Mg,Al)2.04(Si3.34Al0.66)O10(OH)2, Calcium carbonate Aragonite CaCO3

365 618 480 2.1

Group #3

Mud #8

609 741 701 7.8 Calcite, quartz, albite (Na(Si3Al)O8), muscovite (H2KAl3(SiO4)3)

Mud #10

427 563 516 3.5 calcite, quartz, albite (NaAlSi3O8), anorthite CaAl2Si2O8, muscovite ((K,Na)

(Al,Mg,Fe)2 (Si3.1Al0.9)O10(OH)2)563 743 689 15

Group #4

Mud #1

84 148 114 6.8 Quartz, calcite, gypsum, albite (NaAlSi3O8), muscovite (KAl2Si3AlO10(OH)2),

Akermanite (Ca2MgSi2O7)408 595 507 5.8

680 919 871 11.3

Mud #9

84 184 128 13.1 Calcite, quartz, gypsum, albite (NaAlSi3O8), muscovite

(K,Na)Al2(Si,Al)4O10(OH)2413 578 537 2.0

736 [ 900 920 8.6

T1 and T2 are the temperature values where a mass loss starts and is completed, correspondingly, and Ti is the temperature where the

mass loss rate is locally maximized (Inflection point). DM* is the height of the mass loss
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concentration was significant for mud specimens #3, 4,

8, 11 and 12. Fe was found in mud specimens #3, 4, 7,

8, 9, 10, 11 and 12. Ti was detected in mud specimen

#8 collected near the beach of Kyllini a frequented

bathing center. As a rule, when clays are present, the

concentrations of Fe and Al are relatively high (Singh

and Gilkes 1991, Healy and Wilson 1971).

Total calcium concentration

Since the main components of the test muds were SiO2

and CaCO3, in order to estimate CaCO3 concentration,

the total calcium concentration (Cat) was measured

using AAS in two samples from group #1 of mud

specimens, in one sample from group #3 and in sample

#13 (Israel). Specimens #2 and 6 contained low

calcium concentrations, whereas mud specimen #10

yielded the highest calcium concentration (Table 4).

The results obtained from the dissolution of the solids

and AAS analysis were consistent with the results

obtained from TGA, XRD and EDX analyses.

The estimate of the relative amount of CaCO3 using

method #2 (i.e., the weight difference of the initial

equilibrated with 1 N HNO3 solid phase and the dried

remainder of the solids of the suspensions), showed

that sample #13 contained the highest CaCO3 con-

centration (* 82.6 wt%), for sample #6 CaCO3

concentration was 69 wt%, and for samples #2 and 6

it was 40 wt%.

The difference in the trends of concentrations

between the two methods may be ascribed to the

different content of soluble calcium (originating from

the contact of the mud specimens with natural waters).

Fig. 2 Mass loss as a function of temperature for the four mud specimens groups
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Inorganic anions and organic components

of the mud specimens

Ion chromatographic analysis was done in the super-

natant liquid of the original mud specimens #1–9,

whereas the only treatment of the as-collected spec-

imens was sterilization. For mud specimens #10, 11,

12 and 13 because of the very limited quantity of the

supernatant fluid, suspensions of the sterilized and

freeze-dried muds in water were used following the

procedure discussed in 2.3. F- ions were found in

samples #6, 10 and 11 (Table 5). However, EDX

analysis showed that F was high in mud specimens #2,

5 and 6. For specimens #1–7 and #9–11, the high

concentrations of Cl- ions found were attributed to the

maturation fluid. Low concentration values of Cl-

ions were found for specimens #4, 8, 12, 13. The EDX

analysis (Table 3) gave medium to very low Cl

concentration values for samples #2, 3, 4, 5, 10, 11,

12, 13. Samples #10 and #11 showed high concentra-

tion values of NO3
- ions. In samples #9, 10 and 11,

high concentration values of SO4
2- were found

(Table 5). The differences between ion concentrations

obtained by EDX and by IC are due to the fact they

correspond to different material domains. EDX micro-

analysis is done in the solid and the concentrations of

the elements reported refer to the solid. With IC, ions

at equilibrium with the solid were measured. It is most

likely that the ions are bound to the surface either in

the form of minerals (at too low concentrations to be

Fig. 3 First derivative of mass loss as a function of temperature for the four groups of mud specimens
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detected by XRD) or they are bound by adsorption.

Since muds are used in suspensions, it is very

interesting to know the composition of the aqueous

fluid at equilibrium with mud. Several studies relate

balneotherapy with sulfur water with the improvement

in osteoarthritis (Errasfa and Harzy 2012, Bellometti

et al. 1997, Benedetti et al. 2007). SO4
2- ion

concentrations measured at equilibrium of water with

most of the muds examined are much higher than those

measured in thermal water samples from Saturnia spa

(Centini et al. 2015, Benedetti et al. 2007). The

increased SO4
2- content corresponded apparently to

higher sulfur content of the muds, which upon

equilibration in the presence of oxygen was oxidized.

SO4
2- ion concentration therefore in equilibrium with

the respective mud specimens should be considered as

an indicator of the corresponding beneficial effect of

the mud specimens. It should also be noted that PSD is

an important parameter of the test mud specimens as it

determines their rheological properties, applicability

on surfaces, absorbability of beneficial agents and the

stability of the respective suspensions.

The elemental analysis results for M, C, H and S are

summarized in Table 6. Organic carbon is present at

high concentrations in all mud specimens except for

samples #2, 9 and 12. The highest nitrogen concen-

tration values were found for samples #2, 11 and 13,

and the highest sulfur concentration values were found

for samples #2 and 9. Sulfur is often used in cosmetics

(creams, lotions, etc.) due to the antiseptic and

disinfectant properties it presents, whereas it is known

as a keratolytic reducer (Carretero and Pozo 2010).

TPC measurements

The antioxidant properties of phenols could be one

more criterion for the selection of the mud specimen

which could possibly be beneficial in potential use in

cosmetics or in pharmaceutical products (Rice-Evans

et al. 1997; Sarbon et al. 2015; Spilioti et al. 2016).

The results of TPC measurements in the supernatant

aqueous phase of the sterilized mud specimens are

summarized in Table 7 for samples #1–9. For samples

#10, 11 and 12, measurements of TPC were not

possible since the specimens were received in the form

of dry solids. In the supernatant fluid of samples #1 and

9, TPC was below detection limit. Samples #5, 6, 7

contained higher TPC amounts in comparison with

samples #2, 3, 4, 8. Worthy to note that in Spilioti et al.

(2016), TPC was measured in the muds extracts

obtained from the solid phase, and the highest value

was found for specimen #3 (40.5 mg/L), whereas

median TPC values were also found for specimens #1,

6, 9, 11, 13 (5.5–15 mg/L). Mud #6 presents the higher

TPC value in the supernatant fluid (98.4 mg/L) in

comparison with the other muds and low value

(5.5 mg/L) in the mud extract (Spilioti et al. 2016).

In Centini et al. (2015), the organic matter of thermal

muds was investigated in relation with maturation

time; however, to our knowledge, there are no TPC

measurements in natural spa muds in the literature.

The differences between the TPC concentration values

measured in the specimens were attributed to their

origin. The mud specimens were selected from

different regions, and consequently phenolic

Fig. 4 Total mass loss after the removal of crystalline water

and before the inflection point of calcite (DMa
*), total mass loss

from the inflection point of calcite until the end of TGA

measurement (DMb
*) for each specimen

Fig. 5 Mass loss due to organic content to the total mass loss

except the loss due to crystalline water, DLo
*, for each specimen
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compounds contained were of variable molecular

weight. The identification of phenolic compounds of

the most suitable muds with the higher TPC concen-

tration should be planned in future works.

The specimen pre-treatment methods, such as use

of high temperature or sonication, may affect the

measured TPC in different ways depending on the

molecular weight of the contained phenols (An-

negowda et al. 2012; Réblová 2012; Sharma et al.

2015). Thus, it was further attempted to investigate the

effect of the specimens pre-treatment on the measured

TPC. The TPC values obtained for the different

methods are summarized in Table 8. As may be seen

from the results for TPC analysis following pre-

treatment methods 5 and 6 (‘‘TPC measurements’’

section), sterilization at 121 �C resulted in TPC

reduction possibly because of thermal decomposition

of phenolic compounds at the temperatures employed

in the sterilization of the specimens. Comparison of

the results of TPC analysis for the specimens treated

according to methods 3 and 4, the sonication treatment

of the specimens did not contribute to any significant

extent to the desorption of phenols from the suspended

solids. The comparison of results from methods 2 and

Fig. 6 SEM photos obtained from the sterilized and lyophilized muds
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Table 3 Normalized component concentration (wt%) for mud specimens 1–13 obtained from EDX microanalysis

Mud specimen

component

M #1 M #2 M #3 M #4 M #5 M #6 M #7 M #8 M #9 M #10 M #11 M #12 M #13

F – 16.32 1.73 0.02 18.16 12.25 0.04 0.55 0.07 – – – 11.13

Na 15.04 8.80 3.86 1.42 5.93 25.81 8.44 0.81 20.59 2.31 3.92 2.19 2.96

Mg 5.57 2.80 4.66 1.97 3.04 1.79 3.86 1.90 3.40 2.62 5.89 2.41 2.17

Al 3.08 5.05 9.07 11.22 5.45 4.71 4.82 6.30 3.82 4.24 6.82 8.15 2.28

Si 7.81 14.01 21.11 25.88 12.91 10.59 16.46 17.61 10.49 15.42 18.02 26.16 6.39

S 3.47 1.58 1.44 – 0.94 1.26 1.47 0.94 1.68 – 2.37 0.69 –

Sc – – – 0.28 – – 1.78 – – – – –

Cl 10.31 5.41 0.49 – 4.62 21.20 6.96 21.47 0.35 1.39 0 4.14

K 0.72 0.93 2.01 1.30 1.68 1.28 1.30 1.78 1.32 0.84 1.37 1.16 0.42

Ca 7.84 3.97 3.45 0.76 9.22 0.98 4.23 5.65 2.80 11.95 3.55 1.45 5.43

Ti – – – – – – – 7.17 – – – – –

Fe – – 8.47 6.80 – – 5.41 6.77 4.48 5.38 4.88 4.51 –

O 46.17 41.14 43.71 50.31 38.05 20.12 47.00 50.53 29.87 56.89 51.80 53.27 –

In bold are shown the higher concentration values for each component

Table 5 Analytical data

measured in the fluids in

equilibrium with mud

specimens in equilibrium

with the solids

Sample # F- (ppm) Cl- (ppm) NO3
- (ppm) SO4

2- (ppm)

1 – 35,170 290 6200

2 – 33,340 97 1926

3 – 8528 107 2145

4 – 3795 51 –

5 2 22,800 101 1968

6 53 44,700 180 5635

7 – 38,667 145 4153

8 5 1264 – 504

9 – 108,380 1000 14,690

10 300 157,400 5900 35,100

11 400 875,100 5000 110,200

12 – 54.9 7.6 –

13 – 2027 36.5 174

Table 4 Total calcium concentration, CCat, measured by AAS (method #1) and CCaCO3 (wt%) calculated from the dried vacuum

filtered phase of mud specimens suspended in HMO3 solution (method #2)

Mud # CCat (% w/w) (method #1) CCaCO3 (% w/w) (method #2)

2 5.8 44.57

6 6.5 42.44

10 22.7 69.02

13 11.0 82.58
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5 showed that lyophilization affected TPC only in the

case of mud specimen #6.

Conclusions

Muds from Greek natural spa resorts and from Israel

(Dead Sea) were characterized in detail with respect to

their mineralogical and chemical composition. The

characterization aimed at their classification based on

their principal components. The mineralogical char-

acterization was done with XRD. TGA analysis

completed the information of the extent of inor-

ganic–organic components of the mud specimens.

EDX and elemental analyses were performed on the

solids and the concentration of F-, Cl-, NO3
- and

SO4
2- ions in equilibrium with water was measured.

This analysis helped in the classification of the mud

specimens. According to their mineral content, the

muds could be possibly used for the development of

novel cosmetics and/or pharmaceutical products.

Muds components (calcite, kaolinite, muscovite, sul-

fur) give them antacid, abrasive, anti-inflammatory,

antiseptic and disinfectant attributes. The antioxidant

properties of muds could be also related with high TPC

values. In this aspect, samples #5, 6 and 7 from

Messolonghi area are the most promising. According

to the TPC measurements on differently pre-treated

samples, steam sterilization of muds seems to reduce

significantly the TPC concentration. The use of

radiation as a sterilization method is recommended

Table 6 Elemental analysis for organic and inorganic

molecules

Element%

Mud #

Nitrogen Carbon Hydrogen Sulfur

1 0.113 2.707 0.567 0.243

2 0.312 4.605 2.316 8.194

3 0.128 2.466 0.268 0.304

4 0.060 1.052 0.664 0.000

5 0.197 3.451 0.222 0.695

6 0.144 2.827 0.327 0.579

7 0.118 2.973 0.291 0.500

8 0.097 3.803 0.172 0.320

9 0.051 0.961 1.957 6.683

10 0.007 4.987 0.275 0.000

11 0.297 4.769 0.827 1.176

12 0.057 0.674 0.637 0.000

13 0.455 6.006 0.673 0.000

In bold are shown the higher concentration values for each

component

Table 7 Total phenol

concentration (TPC)

measured in the supernatant

fluid of sterilized mud

specimens #2–8

Sample # TPC (mg/L)

2 14.3

3 14.3

4 3.7

5 94.7

6 98.4

7 56.5

8 20.4

Table 8 TPC (mg/L) for specimens #5, 6, 7 processed with different methods

Method #

Sample #

1 2 3 4 5 6

5 94.6 3.4 ± 0.14 16.1 5.9 3.6 ± 0.5 557.7 ± 35.3

6 98.2 6.35 ± 0.4 10.8 8.5 32.7 ± 4.3 219.0 ± 24.6

7 56.3 9.25 ± 0.81 0.0 7.9 9.4 ± 1.8 142.0 ± 23.5
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for the preservation of the high TPC of the mud

specimens. It should be noted that the highest TPC

levels were measured in the aqueous medium in

equilibrium with the mud specimens (not in the solid

phase), suggesting that phenolic compounds, do leach

out of the solid matrix, a parameter most important for

therapeutic/cosmetic application of muds.
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(2010). Some properties of thermal muds of some spas in

Turkey. Applied Clay Science, 48(3), 531–537.

Centini, M., Tredici, M. R., Biondi, N., Buonocore, A., Maffei

Facino, R., & Anselmi, C. (2015). Thermal mud matura-

tion: organic matter and biological activity. International

Journal of Cosmetic Science, 37, 339–347.

Dolmaa, G., Tserenpil, Sh, Ugtakhbayar, O., Shevchenko, S. G.,

Kliba, L. V., & Voronkov, M. G. (2009). Characterization

and organic compounds in peloids from Mongolia. Pro-

ceedings of the Mongolian Academy of Sciences, 4, 3–21.

Działo, M., Mierziak, J., Korzun, U., Preisner, M., Szopa, J., &

Kulma, A. (2016). The potential of plant phenolics in

prevention and therapy of skin disorders. International

Journal of Molecular Sciences, 17(2), 160–201.

Errasfa, M., & Harzy, T. (2012). Sulphur thermal water

improves blood lipids but not total anti-oxidant capacity in

knee osteoarthritis patients. Shiraz E-Medical J., 13(2),

54–58.

Fakhfakh, E., Chakroun, I., Chaari, I., Medhioub, M., Rocha, F.,

Gomes, C., et al. (2005). Chemical and physical charac-

terization of some Tunisian smectites for human healing

use. Acta Geodynamics et Geomaterialia, 2(2), 138.

Ferrell, R. E. (2008). Medicinal clay and spiritual healing. Clays

and Clay Minerals, 56(6), 751–760.
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