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Abstract The identification of raw materials and an 
effective maturation process for the development of 
peloids is essential to ensure consistent comparisons 
between commonly used peloids in ‘thermal cent-
ers’ (places that offer a variety of health and wellness 
treatments, also known as spas) and their therapeutic 
and well-being effects. The present study supports 
the need for scientific research which examines the 
variations in physicochemical, technological, and bio-
logical properties of peloids resulting from varying 
maturation conditions. These studies are necessary for 
establishing quality and safety standards and expand-
ing our understanding of the therapeutic significance 
of peloids. The objective of the present study was to 
characterize an experimental maturation procedure 
using a specific Portuguese clay (bentonite) sourced 
from Benavila—Avis, which has particular physico-
chemical characteristics, in conjunction with two 

distinct Portuguese mineral-medicinal waters (Hotel 
Cró and Thermal Spa, and Caldas da Rainha Thermal 
Hospital) as raw materials. The main aim of the study 
was to assess and characterize the resulting peloids by 
evaluating their physicochemical, technological, and 
biological properties. The experiment was conducted 
over a period of 90  days under carefully controlled 
lighting and agitation conditions.  The rheological, 
mineralogical, and chemical properties relevant to a 
peloid intended for topical application and its poten-
tial transdermal delivery of elements were character-
ized. Additionally, the study investigated the biologi-
cal activity within the maturation habitat, including 
chlorophyll, microalgae, and microorganisms. Eight 
samples, representing the four maturation conditions 
(stirring with light; stirring without light; no stirring 
with light, and no stirring and no light), were exam-
ined for 30, 60, and 90  days.  The study showcased 
the influence of different mineral-medicinal waters on 
maturation conditions and on the final bentonite char-
acteristics. Furthermore, it reinforced the importance 
of establishing quality-control procedures throughout 
the maturation cycle for bentonitic peloids, as well as 
the importance of monitoring their usage, reutiliza-
tion, and disposal.
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Introduction

The use of various mineral-medicinal waters and 
clays as therapeutic agents has a longstanding tra-
dition in Portugal and other countries influenced 
by the Roman culture. The Romans utilized local 
waters for both recreational and curative purposes. 
The historical use of mineral-medicinal waters and 
pelotherapy has been documented extensively. The 
practice of using minerals mixed with mineral-
medicinal waters or seawater for therapeutic or cos-
metic purposes dates to ancient Egyptian cultures 
and was prominent in Europe during the periods of 
Roman and Greek rule (Carretero, 2020a, 2020b; 
Gomes, 2018).

Although the therapeutic effects of water and clay 
are considered to be part of empirical medicine, with 
traditions passed down orally through generations, 
therapeutic effects are reported even if the treat-
ments are based on non-pharmacological modalities. 
Instances of such practices encompass consumption 
of specific water to solve digestive problems, inhaling 
nebulized water for respiratory conditions, applying 
mud poultices for dermatological or osteomuscular 
disorders, or immersing in mud baths for a range of 
therapeutic purposes.

Several studies in the literature have focused on 
formulating peloids using different mineral waters 
and geomaterials. Each customized formulation 
exhibits different responses during the maturation 
process (Carretero et  al., 2007; Pozo et  al., 2019; 
Veniale et al., 2004). The primary objective of these 
customized peloids was to be suitable for pelotherapy 
and provide a pleasant sensation when applied to 
the skin. In addition, certain technological proper-
ties, such as good skin adhesion, easy handling, large 
cation exchange capacity, and low cooling rate, have 
been emphasized (Pozo et al., 2019). The presence of 
microorganisms in peloids has also been reported in 
several studies as playing an essential role in thera-
peutic action (indicated by mineral heat capacity) 
owing to their ability to modify mineral reactions, 
and their ability to prevent the toxicity of pathogenic 
microorganisms (Carretero, 2020a). For example, in 
veterinary medical practice, pelotherapy is gaining 
popularity for horse muscle and tendon rehabilitation, 
with empirical methods showing rapid and effective 
results in reducing the inflammation and edema for-
mation in horses’ limbs (Bastos et al., 2020).

According to Gomes (2018), the main difference 
between mud (primary peloid) and peloid is the matu-
ration environment. Mud undergoes natural matu-
ration, whereas peloids are matured in a controlled 
environment. However, both are classified as peloids 
and can be used for therapeutic purposes in pelother-
apy. These primary peloids are sourced directly from 
nature and possess specific biological characteristics 
that make them suitable for therapeutic use (Centini 
et al., 2015; Moro et al., 2007; Quintela et al., 2015a, 
2015b).

In Portugal, only a limited number of clays are 
very suitable for pelotherapy. Benavila bentonite was 
chosen here, based on previous studies that identi-
fied clays with significant suitability for peloid devel-
opment (Rebelo et  al., 2011). Mining studies have 
also indicated significant reserves of these bentonite 
deposits (Pereira, 1993).

Bentonites are valued industrially for their charac-
teristics, such as their absorbency, bulkiness, emul-
sion stabilization, and viscosity control. They are also 
abundant in nature and cheap. Rebelo et  al. (2011) 
conducted a study that characterized the mineralogi-
cal, textural, and technical proprieties of Portuguese 
clays from formations ranging from the upper Juras-
sic to the Miocene. Some of the selected clays are 
used as primary peloids on beaches for therapeutic 
purposes. Benavila bentonite is one of the clay types 
suitable for pelotherapy.

However, the in  situ maturation of peloids using 
mineral-medicinal water does not adhere to specific 
health or safety control guidelines. Many ‘thermal 
centers’ still rely on traditional methods for peloid 
formulation or solely utilize primary peloids sourced 
from natural hot springs following the practice of 
centuries. The importance of monitoring the qual-
ity of primary peloids arises from both endogenous 
environmental factors and anthropogenic actions. 
There are growing concerns related to the presence 
of heavy metals, trace elements, and toxicological 
microorganisms.

The action of microalgae and microorganisms 
in the maturation habitat is an important aspect that 
should not be overlooked. The vulnerability of soils 
and water sources, along with the impact of high 
concentrations of heavy metals and other trace ele-
ments, as well as the presence of toxicological micro-
organism, are all concerns that need to be addressed 
(Miko et  al., 2008; Ncube et  al., 2020). Monitoring 
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the quality of primary peloids is of utmost impor-
tance, not only for evaluating the resulting metabolic 
products that may be associated with therapeutic 
efficacy (Caflisch et  al., 2018; Cervini-Silva et  al., 
2015; Galzigna et  al., 1996; Giorgio et  al., 2018; 
Mourelle et al., 2021; Nones, et al., 2015; Ulivi, et al., 
2011; Zampieri, et  al., 2020) but also for assessing 
the microorganism–skin interactions (Antonelli & 
Donelli, 2018).

Numerous clinical trials have been conducted to 
identify the clinical effects and mechanisms of action 
of peloids in various conditions such as fibromyal-
gia syndrome (Füsun et al., 2007; Tenti et al., 2013), 
osteoarthritis (Bellometi et  al., 1997; Espejo et  al., 
2012; Forestier et al., 2016), spondylitis (Cozzi et al., 
2007), and psoriatic arthritis (Cozzi et al., 2015), and 
to improve the quality of life of patients (Antúnez 
et al., 2013). However, most of these clinical trials do 
not consider the correlation between the therapeutic 
efficacy and the physical or chemical changes induced 
by the active ingredients of the clays, as well as the 
interaction with the specific type of mineral-medici-
nal water used in maturation processes.

Casás et  al. (2013) noted that mixing a benton-
itic clay with waters of different ionic compositions 
(solutions of seawater with different salinity), leads 
to muds with distinct properties. Other studies have 
focused on the maturation of clays under specific con-
ditions, resulting in the development of new peloid 
formulations with unique therapeutic properties (Car-
retero et al., 2010; Fernández-González et al., 2017). 
The raw material used plays a significant role in this 
process (Mihelčić et  al., 2012; Pozo et  al., 2013; 
Quintela et al., 2015, 2015a; Summa & Tateo, 1998; 
Tateo et al., 2010), as well as the toxicity associated 
with the transdermal delivery of elements (Gerencsér 
et al., 2015; Tateo et al., 2009).

The chemical and mineralogical characteristics 
of the clays (Rebelo et  al., 2011), the geochemistry 
of the water used (Khalil et  al., 2018; Rebelo et  al., 
2015), biochemical changes in the mud (Centini 
et  al., 2015; Galzigna et  al., 1996; Quintela et  al., 
2015, 2015a), and the maturation protocol employed 
(Gámiz et al., 2009a, 2009b; Sanchez et al., 2002) are 
major factors that differentiate the formulations or 
characterize the therapeutic potential of peloids.

Because these raw materials are natural, it is nec-
essary to ensure the safety of the peloids (López-
Galindo et  al., 2007; Rebelo et  al., 2011). The 

maturation procedures used in thermal centers are 
typically empirical and may lack the control found in 
established quality parameters (Quintela et al., 2012). 
While some standards are available as guidance for 
quality control of thermal muds (e.g. French Standard 
AFNOR, NF X50-914) (AFNOR, 2000), these stand-
ards may be insufficient to comply with the regula-
tory framework for cosmetics and pharmaceuticals. 
Aspects such as dosage and exposure time are manda-
tory for safety compliance in these industries. The two 
pathways are: (1) self-administered muds for cosmetic 
purposes; and (2) medical treatments requiring per-
sonalized dosing. Health and wellbeing are the main 
concerns. A comprehensive approach considers safety, 
user-friendliness for cosmetics, and efficacy for medi-
cal use. A robust regulatory framework is essential for 
ensuring safe and effective usage in both industries.

In addition, it is important to determine the 
intended use of the peloids in relation to their tech-
nical properties as natural products, such as specific 
surface area or ion exchange capacity. These proper-
ties are associated with their processing, handling, 
administration, and expected effects (Carretero, 2002; 
Viseras et  al., 2007). The interaction between the 
solid and liquid phases during the maturation process 
determines the reactivity behavior of the clay. When 
in contact with the skin, peloids must interact with 
the skin area. The thermal behavior (a function of the 
mineral heat capacity), mineral composition, solubil-
ity, and specific surface area are the main properties 
that govern these interactions (Carretero et al., 2010).

In the realm of peloid formulation, a significant 
challenge lies in the identification of suitable raw 
materials and the development of an effective matura-
tion protocol. The key to overcoming this challenge 
lies in optimizing the maturation conditions, which 
have the potential to bring about remarkable changes 
in the physicochemical, technological, and biological 
properties of peloids. These changes play a crucial 
role in enhancing the therapeutic significance of ben-
tonitic peloids and ensuring their safe utilization in 
a wide range of human applications. To address this 
challenge, it is imperative to understand the impact 
of various maturation conditions on bentonitic peloid 
properties, establish a solid basis for comparison with 
commonly employed peloids in thermal centers, and 
emphasize the necessity for further scientific explo-
ration in this domain. By comprehensively examin-
ing these factors, it becomes possible to advance the 
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scientific understanding and practical utilization of 
peloids for therapeutic and cosmetic purposes.

Materials and Methods

Materials

The bentonite clay used in the present study was 
obtained from the Hercynian Massif of the Avis-
Alentejo region, which is considered to be the most 
important bentonite deposit in Portugal. The deposit 
resulted from the alteration of quartz diorites (Rebelo 
et al., 2011) and is located in the central-eastern part 
of Portugal, near the town of Benavila, in the dis-
trict of Portalegre. The coordinates of the deposit 
are 7.8522 W and 39.1275 N, with an altitude of 
158  m.a.s.l. Previous studies have characterized the 
mineralogy, geochemistry, and physical and physico-
chemical properties of this bentonite, supporting its 
potential use in pelotherapy and as an active agent in 
the release kinetics in a drug formulation, a desired 
feature in drug delivery systems (Dziadkowiec et al., 
2017; Rebelo et  al., 2011). The bentonite was not 
sterilized prior to the maturation process.

The bentonite samples were wet sieved (< 63  µm 
mesh size) and dried in a drying oven at 50℃. Two 
different medicinal mineral waters were used: they 
were collected from the watershed that supplies the 
Cró Hotel & Thermal Spa (Sabugal, Guarda district) 
and the Caldas da Rainha Thermal Hospital (Caldas 
da Rainha, Leiria district).

The Caldas da Rainha Thermal Hospital is among 
the world’s oldest ‘thermal centers’, established by 
Queen D. Leonor in 1485, and the Cró Thermal Spa’s 
first historical record dates back to 1726, with pos-
sible indications of a Roman presence in the region. 
The mineral water of Cró is sulfurous, bicarbonate, 
sodium water while Caldas da Rainha has sulfurous, 
chlorinated sodium water (Table 1). The therapeutic 
indications for the mineral-medicinal water of Cal-
das da Rainha and Cró are rheumatic and respiratory 
pathologies, and Cró water is also recommended for 
dermatological conditions. These thermal waters are 
periodically checked for compliance with European 
regulations and Portuguese legislation for mineral-
ogical, physicochemical, and microbiological quality 
parameters.

Sulfurous mineral waters are commonly used in 
medical hydrology for the treatment of dermatologi-
cal, musculoskeletal, and respiratory pathologies, and 
recent research efforts have contributed to their grow-
ing importance worldwide. Sulfurous waters, muds, 
or peloids matured in sulfurous waters offer thera-
peutic benefit based on their bactericidal properties, 
antifungal properties, and anti-inflammatory effects 
(Carbajo & Maraver, 2017), as demonstrated by some 
clinical and experimental studies. The temperature of 
the water and the peloid in contact with the skin may 
also play important roles in the therapeutic outcome 
due to the physiological impact on the skin, promot-
ing vasodilation and perspiration, which makes possi-
ble the transdermal passage of the chemical elements 
present in the mud (Bastos et al., 2022).

Bentonite Maturation process

Eight small tanks (400 mm × 270 mm × 80 mm) were 
prepared using a 1:2 (w/w) clay/water ratio, with 
a 2  cm water column. All the tanks were labeled 
according to the maturation conditions for each min-
eral-medicinal water, and whether or not the condi-
tions included the presence of light and the use of 
stirring (Fig. 1). The maturation tanks were placed in 
a laboratory with natural lighting. Tanks undergoing 
maturation under light were positioned on a coun-
tertop, while those that needed protection from light 
were placed inside a closed cabinet.

Tank preparation and mud measurements were 
conducted at room temperature, 22 ± 3°C. Agitation 
was conducted every 2  weeks. The stirring action, 
including ten repetitions in multiple directions, was 
implemented to ensure a consistent and homogeneous 
mixture.

Periodically, additional medicinal-mineral water 
was added to the tanks to maintain the previously 
established water column level, using a syringe to 
prevent any surface disturbance.

Characterization of the peloid

The mud and supernatant samples were collected 
after 30, 60 and 90  days of maturation for mineral-
ogical, chemical, rheological, and biological char-
acterization. Initially, the samples were analyzed to 
identify the presence of toxic microorganisms and 
chlorophyll. Then, microscopic methodologies were 
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employed to determine the morphology of microalgae 
in the samples.

Mineralogical and chemical composition

The possible physical changes in the mineral matrix 
of the peloid and its mineral composition under 

different maturation conditions were conducted using 
an ultra-high resolution analytical scanning elec-
tron microscope (SEM), specifically the HR-FESEM 
Hitachi SU-70 (Tokyo, Japan).

The average clay-mineral compositions were 
calculated based on analyses by X-ray diffraction 
(XRD) using a Philips Panalytical X’Pert-Pro MPD 

Table 1  Chemical composition and properties of medicinal mineral water

1  Analysis Report No 30680–17 (LAIST/ISQ). 2 Analysis Report No 17138–18 (LAIST/ISQ)

Cró Hotel & Thermal  Spa1 Caldas da Rainha Thermal  Hospital2

Degree of mineralization
Predominant ions

Weak mineralization
Sulfurous, bicarbonate, sodium

Hypermarine mineralization
Sulfurous, chloride, sodium

Organoleptic properties Appearance Clear Clear
Odor Slightly sulfuric Strongly sulfuric
Color Colorless Colorless
Dissolved solids Null Null

Physicochemical
properties

pH 7.78 (@22°C) 6.93 (@18°C)
Conductivity (@20°C) 420 µS/cm 3970 µS/cm
Resistivity 2.38 × 103 Ω.cm 2.52 × 102 Ω.cm
Total sulfur 0.22 mmol/L 5.7 mmol/L
Sulfydric acid  < 0.5 mg(H2S)/L 4.1 mg(H2S)/L
Total alkalinity 129 mg  (CaCO3)/L 268 mg  (CaCO3)/L
Hardness 9.6 mg  (CaCO3)/L 873 mg  (CaCO3)/L
Silica 48 mg  (SiO2)/L 17 mg  (SiO2)/L
Total silicon 48 mg  (SiO2)/L 17 mg  (SiO2)/L
Dry residue (@180°C) 298 mg/L 2600 mg/L
Total mineralization 372 mg/L 2742 mg/L

8Anions Bicarbonate 153 mg  (HCO3)/L 319 mg  (HCO3)/L
Carbonate  < 2 mg  (CO3)/L  < 2 mg  (CO3)/L
Chloride 31 mg/L 930 mg/L
Fluoride 15 mg/L 1.2 mg/L
Hydrogensulfide 2.8 mg (HS)/L 3.7 mg (HS)/L
Nitrate  < 0.3 mg  (NO3)  < 0.3 mg  (NO3)
Nitrite  < 0.010 mg  (NO2)/L  < 0.0010 mg  (NO2)/L
Silicate  < 1 mg  (H3SiO4)/L  < 1 mg  (H3SiO4)/L
Sulfate 20 mg  (SO4)/L 530 mg  (SO4)/L
Total Anions 221.8 mg/L (4.66 mEq/L) 1783.9 mg/L (42.67 mEq/L)

Cations Ammoniacal Nitrogen 0.05 mg  (NH4)/L 0.38 mg  (NH4)/L
Calcium 3.5 mg/L 261 mg/L
Lithium 0.6 mg/L  < 0.10 mg/L
Magnesium 0.21 mg/L 54 mg/L
Potassium 2.5 mg/L 4.7 mg/L
Sodium 95 mg/L 621 mg/L
Iron  < 0.010 mg/L 0.034 mg/L
Total Cations 101.9 mg/L (4.47 mEq/L) 941.1 mg/L (44.61 mEq/L)

Metals Arsenic 12 µg/L -
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diffractometer (Malvern Panalytical, Almelo, Neth-
erlands). The instrument used CuKα (λ = 1.5405 Å) 
radiation and a goniometer speed of 0.02°2θ  s–1. Pref-
erentially oriented samples were prepared by placing 
a suspension on a glass slide, then air drying it (Quin-
tela et  al., 2015a). Subsequently, the samples were 
analyzed after glycerol saturation, followed by a final 
submission to heat treatment at 500°C (Oliveira et al., 
2002).

The chemical composition with respect to major, 
minor, and trace elements in the samples was deter-
mined by X-ray fluorescence (XRF), using a Panalyti-
cal AXIOS PW 4400/40 fluorescence spectrometer 
(Malvern Panalytical, Almelo, Netherlands). The loss 
on ignition (LOI) values were determined by heating 
1 g of each sample at 1000°C for 1 h in an oven.

The percent weight loss of all samples taken from 
the maturation tanks was measured after drying with-
out any washing or removal of the maturation water.

Supernatant, pH, electrical conductivity, 
and Zeta‑potential (or ζ‑potential)

The concentrations of major and trace elements in the 
supernatant were measured using an Agilent Technol-
ogies 7700 Series Inductively Coupled Plasma-Mass 
Spectrometry (ICP-MS) instrument (Agilent, Santa 
Clara, California, USA). Precision was estimated by 
calculating the relative standard deviation of three 
replicate samples and was ≤10%. The detection lim-
its (d.l.) were calculated as three times the standard 
deviations of the blanks.

The pH and electrical conductivity of the sam-
ples were measured before and after interactions 
with minerals, using a pH-conductivity meter, spe-
cifically the model EC 500, EXTech ExStik II (FLIR 

Commercial Systems, Inc., Nashua, New Hampshire, 
USA). Buffer solutions with pH values of 4, 7, and 10 
were used for calibration.

The ζ-potential of the maturation samples was 
measured using a ZetaSizer Nano ZS instrument with 
software (nano, µV, APS) version 7.13, manufac-
tured by Malvern Panalytical (Almelo, Netherlands). 
The measurements were performed in triplicate, and 
for each replicate, 20 data points were collected. The 
results are expressed in mV.

Cation exchange Capacity and Exchangeable Cations

The cation exchange capacity (CEC) was estimated 
using the ammonium acetate method. Exchangeable 
cations  (Na+,  K+,  Mg2+, and  Ca2+) were measured via 
ICP-MS using the method of Quintela et al. (2015a).

Specific surface area (SSA)

The specific surface area (SSA) was estimated using 
the Brunauer-Emmet-Teller (BET) analysis of data 
acquired using the Gemini II 2370 analyser instru-
ment manufactured by Micromeritics Instruments 
(Norcross, Georgia, USA) following the method of 
Rebelo et al. (2010). The SSA of the peloids was per-
formed using nine data points with  N2 as the adsorb-
ate. The coefficient of determination  (R2) for the lin-
ear BET for all samples was 0.999.

Cooling Kinetics

The cooling kinetics of the clay pastes were studied by 
mimicking the temperature changes during pelother-
apy. Clay pastes that were matured for 90  days were 
used in the study. The samples were placed in a closed 

Fig. 1  Maturation schematics
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cylindrical Teflon container, with a volume of 50 mL, 
and heated until they reached and stabilized at 50°C. 
The container was then immersed in a 5 L thermostatic 
bath using a PRECISTERM model 6000138 (Selecta, 
Barcelona, Spain) at 32°C, which is the average tem-
perature of the human epidermis (OECD, 2004). The 
temperature of the clay and the bath was measured 
using a digital thermometer Hanna HI 9043 (Hanna, 
Italy) until they reached the same temperature. Accord-
ing to Cara et al. (2000) and Legido et al. (2007), the 
sample temperature (T) curves follow the function 
T = A + Be−Kt, where A is the bath temperature, B is the 
difference between the starting temperature of the clay 
and the bath temperature (A), t is the cooling time, and 
K is the parameter that describe the thermal behavior 
of clay pastes based on temperature, calculated by the 
ratio between the instrumental constant of the appara-
tus and the heat capacity of the paste.

Capacity for absorbing jojoba pil

The oil obtained from seeds of the Jojoba plant (Sim-
mondsia chinensis) finds applications in various phar-
maceutical and cosmetic products. Due to its similar-
ity to the natural sebum produced by the human body, 
it is highly regarded in these industries (Gad et  al., 
2021; Meier et al., 2012). Furthermore, this substance 
is registered under the European Regulation on the 
Registration, Evaluation, Authorization and Restric-
tion of Chemicals (REACH), ensuring its safe use in 
consumer cosmetics and personal care products (EC 
No. 1907/2006). To evaluate the sebum absorption 
capacity of the peloids, pure jojoba seed oil was uti-
lized. 15  g of dry clay was placed on a glass plate, 
then jojoba oil was added dropwise to the clay from 
a known initial volume of oil until the desired con-
sistency was achieved, resulting in a solid roll of clay. 
The amount of jojoba oil remaining was then weighed 
to determine the amount absorbed by the clay, allow-
ing for the calculation of the oil absorption capacity.

Atterberg limits of peloids

The Atterberg limits were determined using the Casa-
grande Shell to obtain the liquid limit, and mold-
ing rolls on a glass plate were used to determine the 
plastic limit. The plasticity index was calculated fol-
lowing the guidelines of the Portuguese Standard, 
NP 143–1969. For analysis after 30 and 60  days of 

maturation, dried peloid samples were mixed with 
demineralized water for 24  h to allow absorption 
and to form a clay paste. Following this absorption 
period, the Atterberg limits were determined based on 
clay-paste samples.

Culturable microorganisms, coliform bacteria, 
and Escherichia coli

The concentration of culturable microorganisms was 
determined by immersion bath, using Plate Count 
Agar (PCA) (Liofilchem, Italy) and complying with 
the standard water quality – enumeration of cultur-
able micro-organisms – colony count by inoculation 
in a nutrient agar culture medium (ISO 6222: 1999). 
The plates were incubated at 37°C for 48 h. Results 
were expressed as colony forming units per mL (CFU 
 mL–1). Three independent samples were analyzed on 
each sampling date and for each sample two repli-
cated analyses were performed.

Coliform bacteria (total coliform and fecal coli-
form) and E.  coli were enumerated by the filter 
membrane method (adapted ISO 9308–1: 2014 and 
ISO16649-2: 2001) using Chromocult selective cul-
ture medium M-FC (Merck, Germany) and Triptone 
Bile X-glucuronide (Merck, Germany), respectively. 
The plates were incubated at 37°C for total coliforms 
and at 44.5°C for fecal coliforms and E. coli for 24 h. 
The number of colony forming units per mL (CFU 
 mL–1) was determined. Three independent samples 
were analyzed on each sampling date and for each 
sample two replicate analyses were performed.

Yeasts and molds

Yeasts and molds were quantified using the spread-
plate technique with Rose Bengal Chloride Agar from 
Lyophilchem, Italy. This method involves spreading a 
small volume of the sample onto the surface of a solid 
growth medium, the Rose Bengal chloride Agar (ISO 
21527:2008). After incubation at 25 ± 1°C for 5 days, 
yeasts and molds present in the sample that have 
grown into visible colonies on the agar were sub-
jected to morphology examination for identity con-
firmation. The number of colonies was then counted 
and reported as CFU  mL–1. Each sampling involved 
the analysis of three independent samples, and for 
each sample, two replicate analyses were performed, 
resulting in a total of six measurements per sample.
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Chlorophyll a, b, and c

Chlorophyll a, b, and c concentrations were deter-
mined following the method described previously by 
Jeffrey and Humprey (1975). Water samples (50 mL) 
were filtered through 0.45 µm Whatman GF/F 47 mm 
Whatman filters (Giles, UK). To each filter, 10 mL of 
90% acetone was added. The mixture was incubated 
at 4°C for 12-16  h. After incubation, the mixture 
was centrifuged at 2500 rpm for 10 min at 4°C. The 
absorbance of the supernatant was measured at 750, 
664, 647, and 630 nm against a 90% acetone blank.

Chlorophyll a, b, and c (mg/m3) were estimated 
using the following equations:

where: A630 = absorbance at 630 nm; A647 = absorb-
ance at 647  nm; A664 = absorbance at 664  nm; 
A750 = absorbance at 750  nm; V1 = acetone volume 
at 90% used for extraction;

V2 = filtered sample volume; and I = spectropho-
tometer cell optical path (cm).

Microalgae

Microscopic analyses for the presence of green 
algae, cyanobacteria, and diatoms were performed 
using an optical microscope (Biomed Instruments, 
Guayaquil, Ecuador). The samples with the great-
est chlorophyll contents, CR2 and CRO3, were 
subjected to analysis.

Results

Mineralogical and chemical composition

The mineralogical composition of the bulk sample 
of Benavila bentonite confirmed that phyllosilicates, 

(1)chlorophyll a = [11.85 (A664 − A750) − 1.54 (A647 − A750) − 0.08 (A630 − A750)] × V1∕(V2 × I)

(2)chlorophyll b = [−5.43(A664 − A750) + 21.03 (A647 − A750) − 2.66 (A630 − A750)] × V1∕(V2 × I)

(3)chlorophyll c = [−1.67 (A664 − A750) − 7.60 (A647 − A750) + 24.52 (A630 − A750)] × V1∕(V2 × I)

specifically smectite, are the predominant minerals, 
followed by calcite. The clay fraction of the sample 
exhibits an almost monomineralic (smectitic) compo-
sition (Fig. 2).

The amounts of major elements during the matu-
ration demonstrated a direct relationship between 
the chemical composition and the medicinal water 
(Table  S1, Supplementary Material). Caldas da 
Rainha medicinal water exhibited large values of 
chloride (930 mg/L) and sodium (621 mg/L), and CR 
peloids demonstrated larger values compared to CRO 
peloids.

The morphological changes in the peloids after 
90  days of maturation are shown in Fig.  3. CRO 

peloids had larger aggregates and fewer small parti-
cles compared to CR peloids, which displayed a more 
homogeneous appearance with less flocculation.

The smectites present in the sample are of diocta-
hedral type, with d060 values ranging from 1.493 to 
1.502  Å. SEM/EDS (energy-dispersive X-ray spec-
troscopy) results indicated the presence of beidellites 
and low-charge montmorillonites, with calcium (Ca) 
as the main exchangeable cation. After 90  days of 
maturation, an enrichment in octahedral Fe and Mn 
was observed: CRO 1 and 2 samples showed an evo-
lution toward a more montmorillonitic composition, 
whereas all others (CRO 3 and 4 and all CR samples) 
exhibited montmorillonite–nontronite compositions. 
This enrichment in Fe and Mg can result from non-
crystalline/amorphous Fe/Mg rich phases (commonly 
hydroxides), usual on residual clays but not detectable 
by XRD, destabilized by maturation processes (essen-
tially an ageing process) under alkaline pH values. 
The variety of exchangeable cations became more 
diverse (Ca, Na, Mg, K), but Ca remained as the pre-
dominant one.

The toxicological effects of hazardous compo-
nents in peloids that exceed the recommended levels 
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stipulated by international regulations can pose sub-
stantial difficulties in terms of management during 
the raw material selection and maturation process. 
Heavy metals such arsenic (As), cadmium (Cd), 
lead (Pb), nickel (Ni), chromium (Cr), and man-
ganese (Mn), among others with endogenous or 
anthropogenic sources, are a concern in peloid for-
mulations (Bastos & Rocha, 2022). The trace ele-
ment composition of Benavila bentonite (BV3) is 
noteworthy for its significant Ni content at 250 ppm 
(Table  S2). The trace elements arsenic (As), silver 
(Ag), bismuth (Bi), cadmium (Cd), fluorine (F), ger-
manium (Ge), iodine (I), lanthanum (La), antimony 
(Sb), tantalum (Ta), thallium (Tl), and thorium (Th) 

were not detected in the bentonite or in the result-
ing peloids (Table  S3). Comparing BV3 with the 
resulting peloids, both peloids exhibited an increase 
in the trace element contents of gallium (Ga), lead 
(Pb), scandium (Sc), tin (Sn), and strontium (Sr), 
as shown in Fig.  4. In contrast, there was a reduc-
tion in the amount of cerium (Ce), cobalt (Co), cop-
per (Cu), nickel (Ni), and zinc (Zn) in both peloids. 
While several elements exhibited alterations in their 
contents, Cu and Zn experienced more pronounced 
variations during the maturation process, suggesting 
their potential significance in the transformation of 
the bentonite into peloids.

Fig. 2  XRD patterns of Benavila bentonite: a bulk sample (Phy: phyllosilicates; Cal: calcite); b clay fraction (Sme: smectite)
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Fig. 3  SEM images of the 90-day matured samples: a CR1, bCR2, c CR3, d CR4, e CRO1, f CRO2, g CRO3, and h CRO4
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Supernatant, pH, electrical conductivity, and 
zeta-potential (ζ-potential)

Supernatant

The supernatant, which represents the liquid phase 
of maturation, retained the characteristic properties 
of the mineral-medicinal waters used (Table 1). The 
supernatant from Caldas da Rainha exhibited higher 
concentrations of Ca, Co, Cr, K, Mg, Mn, Na, Ni, 
and Sr in comparison to the supernatant from Cró 
(Table S4). In contrast, the Cró supernatant displayed 
greater concentrations of As, B, Ba, Cu, Cu, Li, Mo, 
V, and W (Fig. 5).

pH and electrical conductivity

The maturation pH remained constant at 6 through-
out the entire maturation period for all tanks, and 
the maturation temperature was dependent on the 
room temperature. The peloids consistently exhib-
ited greater conductivity levels throughout the mat-
uration process (Fig. 6), considering the initial con-
ductivity of mineral-medicinal water from Caldas da 

Rainha and Cró, which were 3970 and 420 µScm–1, 
respectively. In the presence or absence of light 
without stirring, both liquid phases demonstrated 
high conductivity levels: CR: 5444.0  µS   cm–1; 
CRO: 1245.0  µS   cm–1, and CR: 4797.0  µS   cm–1; 
CRO: 1091.0 µS  cm–1.

The stirring effect was significant for the CR liq-
uid phase. The omission of stirring in the two matu-
ration stages resulted in greater conductivity values: 
CRO 1205.0 µS  cm–1 and CR 5078.0 µS  cm–1.

The maturation process conducted with light and 
without stirring showed higher levels of conductiv-
ity compared to the process without light and stir-
ring (CRO 1131.0 µ   Scm–1; CR 3027.0 µS   cm–1). 
However, the maturation of BV3 with CRO min-
eral-medicinal water remained stable throughout the 
maturation period.

Zeta-potential (ζ-potential)

The ζ-potential, a physical property that character-
izes the attraction or repulsion of colloidal particles 
in suspension, plays a critical role in determining the 
kinetic stability of the colloidal system. It reflects the 

Fig. 4  Trace element variation in Benavila bentonite after 90-day maturation conditions: a light and stirring, b light and no stirring; 
c stirring and no light; d no light and no stirring
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particle interactions at the solid–liquid interface in 
the maturation tanks.

In addition to pH, the ζ-potential is influenced by 
factors such as ionic strength, additive concentration, 
and temperature. To evaluate the repulsive forces dur-
ing maturation, ζ-potential measurements were car-
ried out at both 25 and 45°C.

The ζ-potential measurements provide informa-
tion about the repulsive forces between particles in a 

colloidal system. When the ζ-potential is highly nega-
tive or highly positive, it indicates that the particles 
have a tendency to repel each other. Conversely, low 
ζ-potential values suggest a lack of force to prevent 
flocculation and aggregation. According to Kadu 
et  al. (2011), particles with a ζ-potential of >30 mV 
or > 30 mV are considered kinetically stable.

During the 90  day maturation period, repulsive 
forces were observed, and the samples exhibited similar 

Fig. 5  Concentrations of the main trace elements in the supernatants from the maturation tanks
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values of ζ-potential (Table S5). Except for CRO3_30d 
(at both 25 and 45°C) and CR1_60d (at 25°C), all sam-
ples displayed negative ζ-potential values. At 25°C, the 
values ranged between –13 and –16 mV, while at 45°C, 
they ranged between –10 and –14 mV (Fig. 7).

The repulsive phenomena observed at 30 and 
60  days were almost neutral, indicating small 
ζ-potential values that could lead to particle aggrega-
tion or flocculation due to Van der Waals attractive 
forces. However, samples CR2 and CR4 at 30 days of 
maturation, which were not stirred, showed contra-
dictory results compared to the trend observed dur-
ing 60 days of maturation. They exhibited ζ-potential 
values similar to those observed after 90  days of 
maturation (as shown in Fig. 7). No correlation was 

found between the maturation conditions, such as 
light and stirring, and the observed results.

Cation exchange capacity and exchangeable cations

After 30 days of maturation, significant changes in 
the behavior of the exchange cations were observed 
(Table  S6). The high concentration of sodium in 
the supernatant may have facilitated ion exchange 
of Mg and K. Calcium, being the main exchange-
able cation, remained largely unchanged during the 
90  days of maturation. The CEC of the maturated 
samples was >43  meq/100  g (CRO2_60d had the 
highest value). No significant correlation was found 
with the influence of light and stirring.

Fig. 6  Peloid electrical conductivity (µS  cm−1) according to the maturation conditions

Fig. 7  ζ-potential according to the maturation conditions for: a 25°C and b 45°C
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Specific surface area

A large specific surface area (SSA) is a particularly 
important parameter for peloids, as it plays a role 
in enhancing the adhesion of the peloid to the skin. 
The CRO peloid exhibited larger SSA values than the 
CR peloid (Table S7). However, no correlation was 
found between the four maturation conditions and 
SSA values (Fig.  S1). The observed fluctuations in 
SSA every 30 days could be attributed to the influ-
ence of the mineral-medicinal water on the bentonite.

Thermal properties and cooling kinetics

Cooling kinetics characterization was conducted for 
both peloids (Cró and Caldas da Rainha) under the 
four maturation conditions after 90  days (Fig.  S2). 
The cooling kinetics of samples matured with light for 
90  days showed faster cooling kinetics than samples 
matured without light. In the temperature range com-
monly used in pelotherapy, the samples had optimal 
cooling kinetics of >16  min (Table  S8). Notably, the 
peloids without light exhibited longer cooling times.

Jojoba oil absorption capacity

Benavila bentonite (BV3) absorption capacity was 
26% of the initial weight of the jojoba oil used in the 
experiment (Table S9). All samples showed improve-
ment in the jojoba oil absorption capacity of BV3 
during the maturation period. Notably, the Cró sam-
ples exhibited a greater improvement, which could be 
beneficial for dermatological treatments.

Atterberg limits of peloids

When analyzing the average values of the Liquid Lim-
its and Plastic Index during the 30, 60, and 90 days of 
maturation, all peloids exhibited enhanced plasticity 
levels compared to Benavila bentonite (Table  S10). 
Among the peloids, the CRO tanks with stirring 
(CRO1 and CRO3) demonstrated the most significant 
improvement in the plasticity index of the bentonite, 
surpassing the other tanks. Following closely behind 
were the CRO samples without stirring (CRO2 and 
CRO4), (Fig. 8). The Caldas da Rainha peloid tanks, 
on the other hand, exhibited similar plasticity levels.

Culturable microorganisms

Quantification of culturable microorganisms, total 
coliforms, fecal coliforms, and E. coli

The concentration of culturable microorganisms 
in the water samples is depicted in Fig.  9. CRO 
peloids, specifically CRO1 and CRO2, exhibited 
larger numbers of colony-forming units per mL 
(CFU  mL–1) (Table  S11). The stirring in CRO1 
may have contributed to the larger mean value, 
277,000  CFU   mL–1, while CRO2 showed a mean 
value of 62,500  CFUmL–1. The Caldas da Rainha 
peloids showed average values ranging from 8150 
to 8900 CFU/mL, with the exception of CR1, which 
was exposed to both light and stirring and had a 
lower value of 2800 CFU   mL–1. Notably, the Cró 
peloid exhibited greater mean values for total coli-
forms, fecal coliforms, and E. coli compared to the 
Caldas da Rainha peloids.

Enumeration of molds and yeasts

Molds were detected only in samples CR3 and 
CR4, which were not exposed to light. The mold 
counts in these samples were 2.5  CFU   mL–1 and 
12.5 CFU  mL–1, respectively. No yeast was detected 
in any of the samples.

Chlorophyll a, b, and c

Chlorophyll a is present in all photosynthetic eukary-
otes and cyanobacteria. In contrast, chlorophyll b is 
considered an accessory pigment and plays a less 
essential role in photosynthesis with the function to 
extend the range of light used by photosynthesis.

Chlorophyll b absorbs light and transfers the 
energy to a molecule of chlorophyll a, which then 
uses it to carry out photosynthesis. Chlorophyll  b is 
found in green algae and euglenophytes, along with 
Chlorophyll a. However, in certain algae such as dia-
toms and brown algae, chlorophyll b is replaced by a 
third type of pigment called chlorophyll c, which is 
also considered an accessory pigment.

The concentrations of chlorophyll a, b, and c in 
the water samples are shown in Fig.  10. The small-
est mean values of chlorophyll a were found in CR3 
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Fig. 8  Projection of the plasticity indices and liquid limits in the Casagrande chart. Ip – Plasticity Index, WL – Liquid Limit, U Line 
– represents the frontier between low plasticity and high plasticity, A Line – differentiation between the inorganic clays (above the 
line) and inorganic silts or organic soil (below the line)

Fig. 9  Microbiological activity in water after 90 maturation days: a culturable microorganisms, b total coliforms, c fecal coliforms, 
and d E. coli 
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(0.003mgL–1), CR4 (0.004  mgL–1), and CRO4 (0.005 
 mgL–1), while mean values of 0.02   mgL–1 were 
observed for CRO1 and CR1, and 0.01 and 0.03 
 mgL–1 for CRO2 and CR2, respectively (Table S12). 
A low concentration of chlorophyll a results from the 
absence of light, but tank CRO3 (no light and stir-
ring) showed similar values to samples exposed to 
light. The stirring may have influenced the attainment 
of this concentration.

The samples CRO1 (0.05  mgL–1), CRO2 (0.05 
 mgL–1), CRO3 (0.11  mgL–1), and CRO4 (0.07 
 mgL–1) exhibited greater mean values of chlorophyll 
b. In addition, noteworthy average values of chloro-
phyll c were observed in CRO2 (0.08 mg   L–1), CR2 
(0.15 mg  L–1), and CRO3 (0.10 mg  L–1).

Morphologic analysis

In the sediment samples, discerning organic compo-
nents was not simple, and only the cleaner samples, 

CRO3 and CR2, provided enhanced clarity in terms 
of those components. Green algae were identified 
in CRO3, but they could not be classified precisely, 
leaving some possibilities open when compared to 
microalgae images of Characium sp. and Trebouxia.

Trebouxia is a common unicellular, spherical green 
alga found in various habitats, which forms a sym-
biotic relationship with fungi and has been found to 
thrive in stressful environments with high concen-
trations of metals. Trebouxia is also known to play 
the role of a bioremediation microorganism (Bačkor 
et al., 2007; Vingiani et al., 2021).

Characium sp. is a type of mixotrophic microalga 
that has been found to have potential in bioremedia-
tion, which is the process of using microorganisms 
to remove pollutants naturally from the environment 
(Khalid et al., 2016; Pleissner et al., 2020).

In CR2, locating any microalgae was not possible 
due to their potential bonding to sediment particles. In 
addition, the presence of larger mineral components 

Fig. 10  The average concentration of chlorophyll in the CRO1, CRO2, CRO3, CRO4, CR1, CR2, CR3, and CR4 water samples after 
90 maturation days: a chlorophyll a, b chlorophyll b, c chlorophyll c
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made it difficult to visualize any attached bacteria. 
As a result, no specific contribution from a particular 
species or group of green algae could be determined 
in the Caldas da Rainha peloid. Additionally, a dead 
diatom was observed in CR2 (Fig. 11).

Discussion

The lack of specific regulation applied to establish the 
quality of raw materials used in peloid formulation, 
as well as the declaration of compliance with good 
manufacturing practices, should be considered in 
accordance with the requirements stated for cosmetic 
or pharmaceutical products. The quality of mineral 
waters for human consumption, in accordance with 
Council Directive 98/83/EC of 3 November 1998, 
revised by Directive (EU) 2020/2184 of the Euro-
pean Parliament and of the Council of 16 December 

2020, requires thermal centers to analyze frequently 
the essential and preventative quality parameters 
to ensure consumer safety. The current demand for 
ancient natural therapies, such as pelotherapy, may 
become problematic if no regulatory intervention is 
applied regarding these borderline products (Bastos 
et  al., 2022), which could be considered as drugs to 
be consumed under medical control.

The skin microbiome is a complex environment 
consisting of various microorganisms that play an 
important role in maintaining skin health by protect-
ing against pathogenic bacteria and activating cuta-
neous immunity. Although data are in short supply, 
some studies suggest that peloids may have a thera-
peutic effect on the skin microbiome (Antonelli & 
Donelli, 2018, and references therein). The matura-
tion process of peloids has been found to be associ-
ated with the development of microalgae, which can 
produce substances with anti-inflammatory properties 

Fig. 11  Photomicrographs of CRO3 and CR2 samples: a CRO3, probably representing Trebouxia algae; b CRO3, probably repre-
senting Characium sp; and c CR2, probably representing a dead diatom
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(Galzigna et al., 1998). More advanced studies, such 
as genome sequencing, have identified compounds 
with known antioxidant or anti-inflammatory prop-
erties and have conducted cytotoxicity screening 
(Demay et al., 2020).

Microscopic analysis was used to detect the possi-
ble presence of microflora in the peloids, even though 
identification relied on comparing images with algae. 
While further validation is necessary, this approach 
offers preliminary insights into the potential pres-
ence of microalgae during the maturation process. 
By using biological quality indicators, small-scale 
changes in the chosen maturation conditions can be 
interpreted. The maturation process generates active 
substances that need to be checked for their benefi-
cial or harmful effects on human health, especially 
when intended for therapeutic purposes. These active 
substances can have negative effects, as they can be 
toxic, allergenic, or potentially pathogenic to humans 
(Antonelli & Donelli, 2018). The presence of tre‑
bouxia algae in the present maturation study is a con-
cern as it is known to have potential health implica-
tions, including allergies, dermatitis, rhinitis, and 
asthma (Hofbauer et  al., 2021). Despite the analysis 
of microorganisms in water offering the advantage of 
being expeditious, it cannot replace the necessity for 
accurate microbiological analysis of the mud (Bal-
dovin et al., 2020; Gris et al., 2020).

Quintela et al. (2015a, 2015b) identified species capa-
ble of growing in a 120-day maturation process with vol-
canic mud and found that the development of the diatom 
community was closely related to the chemical character-
istics of the raw materials, and the influence of maturation 
conditions was not evident (Quintela et al., 2015a, 2015b).

Lauritano et  al. (2016) tested various species of 
diatoms, dinoflagellates, and flagellates under various 
conditions to evaluate their potential antioxidant, anti-
inflammatory, anticancer, anti-diabetes, antibacterial, 
and anti-biofilm activities. The results indicated that 
the diatoms exhibited anti-inflammatory and antican-
cer activities by blocking human melanoma cell pro-
liferation and antibiofilm activities against Staphylo-
coccus epidermis bacteria (Lauritano et al., 2016).

The characteristics of Benavila bentonite were modi-
fied during the maturation process. As a result, its inter-
action with various mineral-medicinal waters used led to 
significant changes. This included enrichment in octa-
hedral Fe and Mg, diversity of exchangeable cations, 
and an improvement in its capacity to absorb jojoba oil. 

This suggests that the properties of the resulting peloids 
are influenced not only by the initial composition of the 
clay but also by the characteristics of the water used for 
maturation. The changes in these properties over time 
indicate the essential role of the maturation process in 
the development of peloid properties.

The amounts of trace elements As, Cd, Cr, Cu, 
Mn, Mo, Ni, Pb, Sb, V, and Zn were measured and 
analyzed according to the safety limits established for 
cosmetic usage (García-Villén et  al., 2020; Rebelo 
et al., 2011). Benavila bentonite exhibited no detect-
able amounts of As, Cd, Cr, Mn, Sb, or V. The safety 
limits of these elements are 3 ppm (As), 3 ppm (Cd), 
25 ppm (Cr), 250 ppm (Mn), 5 ppm (Sb), and 25 ppm 
(V), respectively. The concentration of Pb (2.7 ppm), 
Cu (93.7  ppm), Mo (1.1  ppm), and Zn (46.7  ppm) 
were below the limit values of 10 ppm (Pb), 250 ppm 
(Cu), 25 ppm (Mo), and 1300 ppm (Zn), respectively. 
However, the concentration of Ni (250 ppm) was of 
concern as it exceeded the safe limit value of 25 ppm, 
despite decreasing in the eight maturation tanks. 
Evaluation of skin sensitization to nickel should be 
considered as a safety quality requirement.

The plasticity index improved during the matura-
tion process, namely on those maturated with Cró 
water, highlighting the importance of the physico-
chemical characteristics of the water. The more devel-
oped technical properties of peloids can be found in 
bentonite muds, which have a high swelling index 
(>25 mL/2 g), significant plasticity and specific heat 
capacity  (Cara et al., 2000), as well as strong cation 
exchange and adsorption characteristics.

Rebelo et  al. (2015) emphasized the need for 
careful attention to the maturation process when 
using Caldas da Rainha mineral water, which con-
tains chlorine. This recommendation is supported 
by studies that suggest that a high concentration 
of chlorine can negatively impact the properties of 
the peloid formulation (Gámiz et al., 2009a, 2009b; 
Veniale et al., 2004). In addition, when using bicar-
bonate waters, consideration of the concentration 
of dissolved species  HCO3,  SO4, Mg, Ca, and espe-
cially Fe is important, as these can influence the 
maturation process and the final properties of the 
peloid (Tateo et al., 2009).

In the present study, the Cró peloid revealed greater 
technological properties than the Caldas da Rainha 
peloid in terms of handling, oil-absorption capacity, 
and cooling rate, suggesting that Cró may be a more 
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favorable option for pelotherapy applications that 
depend more on these specific technological properties.

The maturation of Benavila in both medici-
nal sulfur waters improved over time their cooling 
rates and adhesion properties. The larger surface 
area facilitates a uniform distribution and efficient 
physical interaction with the skin, promoting better 
adherence and heat retention, and maximizing the 
potential benefits of the peloid.

The ζ-potential of both peloids was highly negative 
at 25°C. Although the negative charge remained domi-
nant for pH values between 7 and 8 in the samples 
heated above 25°C, drawing conclusions about the sta-
bility and bioavailability of the peloids based solely on 
the electrophoretic mobility after 90  days is difficult. 
To improve the ζ-potential and prevent flocculation of 
the mineral clays during the maturation process, future 
research should explore the addition of electrolytes to 
the suspension and evaluate the possible increase in 
the electrostatic charge of the peloids. The electrolytes 
used should match the composition of the supernatant 
in the peloid-medicinal water mixture.

It is noteworthy that while the two peloids show 
potential for medical applications, their elemental 
mineral impurities and microbiological signature 
must comply with European regulations to ensure 
patient safety. Nonetheless, the recognized medical 
hydrology treatments in Cró-Thermal Hotel and Spa 
and Caldas da Rainha Thermal Hospital suggest that 
these peloids can be used for medical purposes. Worth 
mentioning is that the lack of regulation in this prod-
uct category could potentially lead to the use of these 
peloids for therapeutic or aesthetic purposes in ther-
mal centers worldwide. Therefore, further research 
and regulation are necessary to ensure their safe and 
effective use, tailored to various specific applications 
(self-administered or medically supervised).

Conclusions

Results from the present study demonstrated that the 
maturation process over 90  days showed that une-
quivocal rheological, chemical, physicochemical, and 
biological changes are produced by the interactions 
of bentonite and mineral-medicinal water. The differ-
ences in the maturation processes were an important 
factor in the formulation of the peloid, as well as the 
influence of the duration of the maturation time.

The two matured peloids presented suitable prop-
erties after 90  days, according to the suitability cri-
teria of Rebelo et  al. (2011). The properties of the 
bentonite were improved and gradually assumed an 
identity resulting from the mixed mineral-medicinal 
waters, conferring the status of the peloid. The result-
ing peloids exhibited good water retention, cooling 
rate, adhesiveness, cation exchange capacity, and 
handling (Carretero, 2020a, 2020b). Results further 
revealed that the ecosystem generated in the matura-
tion environment is related to the characteristics of 
the water.

Considering European legal regulations, the pres-
ence of potentially toxic chemical elements during 
the maturation process should be evaluated, consider-
ing risk-based use and safe disposal, as most such ele-
ments are strictly forbidden for cosmetics purposes. 
In addition, quality protocols for monitoring micro-
biological activity of peloids should be adopted.

The therapeutic effectiveness of the peloid, struc-
tured by a specific mineral-medicinal water with rec-
ognized therapeutic action, should not be established 
as a causal relationship. The possibility of conferring 
therapeutic properties onto the resulting peloid may 
require separate validation studies, including dosing 
or testing of different formulation types that clearly 
indicate the acceptability of the peloid and the per-
ceived beneficial effect in clinical settings.
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