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Abstract: With the introduction of the rheological and surface tensiometry approaches,
peloids started to be viewed as a geological complex system that needed to be characterized in
an integrated way. The development of the Rossi factor revealed variations in the surface free
energy of Euganean thermal muds as a function of their quality, conformity, and matura-tion
degree. The Rossi factor consents to measuring the contact angle of Fomblin HC/250PFPE
Polyperfluoromethylisopropyl Ether by static sessile drop method. The de-velopment of the
Kinetic Contact Angle sessile drop methodology, applied to the meas-urement of Fomblin
HC/25e PFPE contact angles over time, led to the determination of an integrated surface
tensiometry parameter for the evaluation of the maturation process of Euganean thermal
peloids, here called the Maturation Mud Index. The Mud Maturation Index is based on the
contact angle measurements performed onto peloids surfaces col-lected by Osservatorio
Termale Permanente of University of Padova from 2005 to 2010. The Mud Maturation Index
has shown a connection to the activity of thermal spas during their pelotherapy season. As a
result, this index can serve as a valuable tool for surface tensiometry in assessing the
maturation process quality of a peloid based on its level of maturation within the thermal
activity of the Euganean Thermal Area in Padova, Italy.

Keywords: Polyperfluoromethylisopropyl Ether; peloid; contact angle, Maturation Mud In-
dex, Euganean Thermal Area, surface tensiometry, Rossi factor

1. Introduction

The contact angle (CA; deg) that a liquid drop forms with a solid surface is an
important measure of the wettability of a substrate. Measurements of the CAs in
many research and industrial laboratories are among the most used ways to charac-
terize the surfaces. The most often used technique for the CAs measurements is the
sessile drop technique [1, 2]. Their widespread use is due to their simplicity and the
small amount of liquid and surfaces needed [3]. The static contact angle methodology
(SCA) isanimportant system parameter for many industrial and scientific processes
in that it is a macroscopic manifestation of microscopic effects [4]. The primary moti-
vation for measuring a CA is to assess the relative surface free energies (SFE; mJ/m?)
of a complex system through the employment of many widely used conversion math-
ematical models [5-10, 1, 2].

The CAs and their measurements span every engineering field, from fluid dy-
namics to steel making and casting, microbial adhesion, mathematics, biomaterials,
surface chemistry, pharmaceuticals, and geology [10, 11-17]. The method of Kinetic
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Contact Angle (KCA) was recently defined to distinguish the terms of advancing and
receding contact angle method (dynamic contact angle) from the measurements of
CAs of a drop of a liquid left on a solid surface [18].

Recently, was introduced Polyperfluoromethylisopropyl Ether (PFPE) as a new
kind of liquid test for the evaluation of solid and semi-solid complex systems surface
tensiometry properties using SCA and KCA methodologies [17]. PFPE is a kind of
liquid and polyfluoroalkyl substance (PFAS) [19].

The chemical family of per- and polyfluoroalkyl substances (PFAS) consists of
three main groups: (a) Perfluoroalkyl acids (PFAAs) [19, 20], (b) Other PFAS, which
include perfluoroalkanes, fluorinated aromatics, perfluoroalkyl ethers, and per-
fluoroalkylamines [21, 22], and (c) Polymeric PFAS. The polymeric PFAS can be fur-
ther categorized into two types: perfluoropolyether (PFPE), such as Polyperfluoro-
methylisopropyl Ether, and fluoropolymers like polytetrafluoroethylene (PTFE) and
polyvinylidene fluoride (PVDEF) [23]. All PFAS are toxic except the PFPE, the only
biocompatible PFAS [24] in commerce. The PFPE is biocompatible because of its hy-
drophobicity, lipophilicity and self-repellent properties due to the presence of a high
amount of fluorine (~68%) that gives at the C-F bonds strong resistance, high stability
and no chemical-physical reactivity [25]. The PFPE cannot induce acute toxicity,
acute dermal toxicity, oral toxicity (no blood residues after 28 days), irritations at der-
mal/ocular level (as reported by CTFA safe testing guidelines), contact hypersensi-
tivity, and it is not a comedogenic and mutagenic substance (Fomblin HC Classic:
Dossier of toxicity test. Kalis Internal Report, Cornuda (Italy) September 2003).

Thanks to its biocompatibility, the PFPE (PFPEd) was considered a real liquid
test for surface tensiometry evaluation of the quality of Euganean Thermal Muds
(ETM) [16]. The PFPEd CAs measurement has been performed using the Rossi fac-
tor, a surface tensiometry parameter developed for the determination of the Surface
Free Energy (SFE; mJ/m?) of natural and artificial peloids avoiding friction forces and
roughness factor at the liquid/peloid interface [13-16]. In the peloid sector, the
PFPEd CA value is known as the TVS mud index® [13,15], and can be measured over
time to evaluate the biological maturation process of a peloid.

The PFPEd CAs are related to the chemical and mineralogical properties of
peloids [13, 15] and the hydrophobic, lipophobic, and self-repellent characteristics
of Polyperfluoromethylisopropyl Ethers (ST; 18.1 mN/m, DC; 18.0 mN/m, PC; 0.1
mN/m). [25]. For this reason, the PFPEd CA was considered a surface tensiometry
parameter that assesses the quality, conformity, maturation, and bioadhesive prop-
erties of the peloids. Thus, it also evaluates the mud's functional and therapeutic ef-
ficacy.

The aim of our work is the development of the Mud Maturation Index (MMI),
a parameter capable of extrapolating qualitative information on the biological matu-
ration process of Euganean thermal mud (ETM) from CAs of PFPEd [26, 27]. The
objective of MMI is to provide a qualitative assessment of the maturation degree
(MD) achieved by an ETM and to evaluate the management of the maturation pro-
cess operated by a typical spa of the Euganean Thermal Area - ETA (Abano Terme
and Montegrotto Terme — Italy). We propose the MMI as a quality parameter for the
behaviour evaluation of the typical Spas Thermal Activity (STA) in use near the in-
terested area. Figure 1 shows the typical seasonal behaviour of the N3 spa in May,
June, and September.
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Figure 1

Based on the very widely used sessile drop method (1, 2, 28-39], the premise for
the achievement of our objective was the application of KCA method at the measure-
ments of PFPEd’s CAs over the time. This method focuses on the use of PFPEd as a
liquid test for static and over time CAs measurements (KCA) on surfaces of peloids.

This study was performed by the Department of Pharmacological and Pharma-
ceutical Sciences of the University of Padova (Italy) on surface tensiometry data of
Euganean peloids collected in the period 2005-2010 by Osservatorio Termale Perma-
nente - OTP (1996-2014) and sampled from the spas of Abano Terme and Montegrotto
Terme (Padova) in collaboration with the Department of Geosciences of the same
university.

2. Results

Generally, from a maturation process viewpoint, the months of June and July
represent the period of maximum affluence of customs in this spa, while in Septem-
ber, the season is closing. In accord with the typical N3 thermal season shown in
Figure 1, the month of May is viewed as the first phase of the maturation process,
June the phase having the highest mud treatment activity of the season, and Septem-
ber the final phase of the maturation process.

Figure 2 shows the PFPEd CAs measured on the peloids sampled after three
steps of maturation process (May, June and September).

Virgin

September
June
May

Reference mud

45 50 55 60 65 70 75
PFPE Contact Angle (deg)

Figure 2

Figure 2 shows the high variability of the peloids' SFE over time. In particular,
the virgin peloid (V) demonstrated an anomalously low level of PFPEd CAs, proba-
bly due to contamination of DC not derived from the maturation process.

By the pelotherapy season, the levels of PFPEd CAs decrease as DC increases
and their link with the contact angles of PFPEd.

Figure 3 reports the Surface Tensiometry Profile (STP) of peloids sampled from
the N3 spa in May, June, and September.
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Figure 3 shows the variations in DC and PC during the maturation process of
peloids used for pelotherapy from May to September.

2.1. Surface Tensiometry Maturation Parameter (STMP)

The DC present in a mature peloid originates from the organic compounds pre-
sent in V (DCP) and the organic compounds derived from the maturation process
(DCM) (Equation 2).

[2] DCT (m]/m?2) = DCB (m]J/m?) + DCM (m]/m?2)

Where DCTis the total dispersion component present in a mature peloid, DCP
is the basal dispersion component due to the organic compounds present in V. be-
fore the maturation process, and DCMis the dispersion component derived from the
biologic maturation process of peloid. Consequently, the SFE of a peloids derived
from the contribution of DC? and DCM (Equations 3 and 4).

[3] SFET (m]/m?) = (DCB + DCM) + PC (m]/m?)

[4] DCM (m]/m?) = DCT — DC?

Where SFETis the total surface free energy of a peloid, DCPis the basal dispersion
component due to the organic compounds present in the virgin peloid before the
maturation process, and DCM is the dispersion component derived from the biologic
maturation process of peloid.

On these basis, we characterized the DCM of a peloid using the variation of its
DC over the time respect to PC (Equation 5).

[5] STMP = d(DC/PC) /dt.

Where STMP is Surface Tensiometry Maturation Process (STMP) parameter and
d(DC/PC)/dt is the variation of DC/PC ratio over the time.

Figure 4 illustrates the variation of the DC/PC ratio in relation to the maturation
process within a number of pelotherapies performed during the seasonal operations
of the N3 thermal spa. Based on these observations, a second parameter based on
KCA methodology was developed to validate these findings.
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Figure 4

2.2. Surface Tensiometry Thermal Mud (STTM) parameter
To evaluate only the presence of DCM, the PFPEd CAs were measured by
KCA methodology to provide CAs over time. The behaviour of PFPEd CAs on the
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surface of thermal muds was described mathematically by applying the power func-
tion y = mx*b. The power function allows us to avoid the logarithmic compression of
the CAs data and increase the resolution between the single trend lines. In figure 5
are shown the behaviours of the line trends deriving from the measurements of CAs
detected by the digital camera of the tensiometer for 10” (225 cts).

— Virgin mud — May
— June — September
70
g 60
el
2 50 k\
[=)]
G 40
g g
§ 30 - 3
O 20
w
a 10
o
0 b -
1 16 31 46 61 76 91 106121136 151166 181196211
Counts (c)
Figure 5

Figure 5 highlights that the PFPE CAs initially decrease and achieve over time a
plateau for all the samples.

Furthermore, Figure 5 shows two different behaviours for each line trend corre-
sponding to the interface area formed between PFPEd and the peloid surfaces. In
particular, it is possible to recognize an initial and a final section. To extract more
information about the dynamics of the maturation process, the behaviours of these
two sections were identified and studied. Alternatively, at the measurement of the
velocity of the droplet in mm/s [40], we associated the decrease of the PFPEd CAs
with the increase of the peloid surface occupied (s) by the drop over the time (t). In
this way, it was possible to calculate the speed (s/t) of the contact angle variations in
function of the time (counts) in the two sections (1,31 and 31,61) of the trend lines
(Equation 6 and 7).

[6] dv =ds/dc=dCA/dc

[7] dv = ds/dt=dCA/dt

Where dv is the variation of the PFPEd drop speed, ds is the variation of peloid
surface occupied by PFPEd after the generation of peloid/PFPEd interface, dc is the
increase of the counts, dCA is the variation of PFPEd CAs, dt is the variation of the
time. It is possible to express the CA variations in area unit terms integrating the
function [6] in the time (t) [8].

[8] A (c)= [oh1 CA(c) dc=CA (cs1) — CA (c1)

[9] A (t) =61 CA(t) dt = CA (te1) — CA (t1)

Where A is the area calculated between the power trend line and the x-axis in
the range 1,61 counts, CA is the contact angle correspondent at the count ¢, dc is the
count range 1,61 inside which the PFPEd drop spreads over the time t, and dt is the
time range correspondent at count range 1,61.

According to these considerations, the difference between the V power trend
line and the trend lines of the peloids with a higher degree of DCM was called the
STTM (Surface Tensiometry Thermal Mud) parameter.

The STTM can be calculated considering V as reference mud and the power
trend lines corresponding at the CAs variations of other peloids samples collected in
May, June and September (Equation 10).

[10] STTM = et yV (t) dt - [oryn (t) dt

Where STTM is Surface Tensiometry Thermal Mud index expressed as the Area
calculated between V and other peloid power trend lines, y is the y-axis value of each
power trend line point corresponding at the PFPEd CAs measured in the range 1,61
counts, V is the virgin peloid, and n represents the other peloids samples (May, June,
September).
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Additionally, we considered the corresponding range of the correlation coeffi-
cient (R?) presented in Table 1.

Table 1

Low b values correspond to low R? values into the range 0.60,0.70 and show
that V and peloids collected in May have “low” levels of MD, while peloids collected
in June (b=-0.196) and September (b=-0.169) show "high" MD. Figure 6 compares
the b intercept from KCA and the CD/CP ratio calculated from SCA.

1

038 I—I/.\I

0,6
0,4
0,2
0
-0,2 x
-0,4
Vv May June September
—b -0,038 -0,052 -0,196 -0,169
-=CD/CP 0,7179 0,7177 0,8377 0,7129
Figure 6

Figure 6 shows an inverse proportionality between SCA and KCA data that con-
firms the increase of DCM in peloids collected from May to June. These data represent
the natural increase of DCM due to the development of biological activity over time.

However, STTM doesn’t fully demonstrate its correlation with the difference in
the number of pelotherapies performed in June and September. For this reason, we
developed a third parameter derived from STTM called maturation process intensity
(MPI).

2.3. Maturation Process Intensity (MPI) parameter

The MPI parameter can be obtained from the average PFPE spreading drop
speed (SDS) measurements where the count (c) parameter was assumed as second
(s) (Equations 10 and 11).

[11] SDS=5(c)%5

[12] SDS=CA(t)£d

Where SDS is the average Spreading Drop Speed, § is the average peloid sur-
face occupied by PFPEd over the time after the generation of peloid/PFPEd interface,
tis the PFPEd spreading drop time, is the average contact angle measured over time,
c is count, and d is the standard deviations of s and CAs averages. We calculated the
standard deviations (3) of the data population next to the values points determined
in the first (1,31) and second (31, 61) range for all the samples. Figure 7 puts the
association of the 8 values at the PFPEd SDS (CA*c-1) over time.

10.00
"/\ o

Log &

1.00
Vergine May June September  -=31-61

0.10
Months

Figure 7

Figure 7 highlights the differential values between the CA variations speeds in
the first (1,31) and in the second (31,61) section of the four power functions trend
lines. Comparing the MPI levels of counts in ranges 1,31 and 31,61 for the standard
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deviations d of both of them, Figure 7 shows that the highest differences in MPI val-
ues correspond at the month of June in accord with the number of pelotherapies per-
formed during the N3 spa season, although the speeds registered in the final section
(31,61) are lower than the others near the first section (1,31).

The MPI parameter corresponds at the different d of the PFPE drop speed var-
iations observed between 0,30 and 30,60 counts (Figure 8).

c Counts 0-30 oCounts 30-60

1.8 v 1.8

1.6 =3 16
i: 1; Miy June 1: :'u
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208 08 3
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0.2 0.2

— 0

1.68(1-31) 170 (1-31) 6.68 (1-31) 4.70 (1-31)
0.37 (31-61) 0.36 (31-61) 1.08 (31-61) 0.80 (31-61)
5

Figure 8

Figure 8 demonstrates that the highest differences in MPI values correspond to
the month of June in accord with the number of pelotherapy performed during the
N3 spa season.

To evaluate the MPI in peloids sampled from silos, we applied the SCA at the
measurements of PFPEd CAs on samples collected from silos maturation plant S3,
S5, 57, and ready-to-use thermal mud from pool maturation plant (BM) (Figure 9).

mSeptember ®June mMay

BM
83 —
85— ———
S ——

Reference mud === —mim e e e d e e

45 50 55 60 65 70 75
PFPE Contact Angle (deg)

Figure 9

Figure 9 reveals a high variability of the surface free energy characteristics of the
peloids found in the silos tested. In particular, the peloids sampled from silos 3 (S3)
show a gradual decrease in the PFPEd CAs levels. By contrast, the peloid contain in
silos 7 (S7) shows an increase of PFPEd CAs, and the peloid from silos 5 (S5) shows a
break from June to September. The PFPEd CAs of sample BM decrease from May to
June and increase from June to September as shown in Figures 8, 7, 2, and 1.

To define the real influence of the seasonal activity on the maturation process
into N3 silos plants, we determined the MPI for peloids sampled in June (figure 10).

00-30 @30-60
18 1.8
16 1.6
514 14 3
512 125

z 1 1%
3 3]
3 0.8 08
] 0.6 0.6 g
® 04 s3 s7 S5 BM 04 @
0.2 0.2
0 . Lo
2.2 4.4 2.7 6.7

5 (1-31)

Figure 10
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Figure 10 demonstrates less MPI values for silos 3 and 5 and more high values
for silos N3 and BM. MPI monitors the variation of MD over time, and consequently,
the peloid achieves its MD at the moment of the sampling from the maturation plant
(June). In particular, Figure 10 shows that the better level of MP1 is attributable to the
peloid collected from the BM pool in June because of the higher presence of products
from the biological maturation process. This appears in Figure 4 because the PFPEd
drop speed variability decreases from May to June. The major MPI of the BM peloid
corresponds to the increase of the DCM present in the ready-to-use peloid in June
because of the high maturation activity operated by the algal flora shown in Figures
8,7,6,2,and 1.

Figure 11 shows a comparison between the standard deviations of PFPEd drop

speed measured on peloids collected from the N3 spa.
10

01
Figure 11

Figure 11 reveals that it was possible to determine the MPI parameter of peloids

collected from different maturation plants in the spa in June.
In the end, Figure 12 reports the comparison between the d of average PFPE CAs

in the range 1,61 counts and the STMP represented by the ratio DC/PC.

—=Counts 1-31 -o-Counts 31-61
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0.83 - ’?June June
081 |

079 /

Eor7r-

2075 /|

€071 May Sept,  May Sept.

0.0 15 3.0 45 6.0 75
5 (1-61)

Figure 12

Figure 12 demonstrates the relationship between the DCM and the intensity of
the maturation process expressed by the MPI parameter.

2.4. Mud Maturation Index (MMI)
On the basis of this evidence, correlation analyses between STMP, STTM, and

MPI parameters have been performed to develop the Mud Maturation Index (MMI).

The correlation study focused on samples collected from silos and manual plants
operating in the N3 spa during the month of June in accordance with Figures 12,8, 7,
6, 4, 2, and 1. Figure 13 reports respectively the correlation degree between
(a) DC/PC (STMP) and the variation (%) of PFPEd SDS measured over time and (b)
DC/PC (STMP) and d of average PFPEd CAs (MPI) measured on peloids sampled
from S3, S5, S7 and BM.
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Figure 13a shows that BM performs an intense peloid biological maturation ac-
tivity while the STMP parameter indicates that a higher level of DCM is in the peloids
collected from silos plants. This is explainable by Figure 13b, which demonstrates
that high MPI values correspond to peloids that don’t reach the optimal maturation
process step in June and vice versa by Figures 9 and 11. The exponential function
shown in Figures 14a and 13b demonstrates the link between the increase of the DCM
deriving from the algal microflora resident and the decrease of PFPEd SDS variations.
The high level of DCM reached by the peloid corresponds to a decrease in MPI during
the period considered (June). It thus becomes clear to see also the order in which the
maturation process is performed in a typical S plant of a Euganean thermal spa.

In Figure 14, the analyses of the correlation between DCM, linked at STMP index
obtained from SCA methodology, and the parameter R?, directly linked at STTM pa-
rameter obtained from KCA methodology, were extended at peloids sampled from
different maturation process plants of N3 spa (BM and S3 plants) and those operating
in other spas of Euganean Thermal Area such as N1 (plant BM2), N2 (plant BM5), HG
(plant BM15), and AR (plant 52).
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094 | ° S . B 09
. -
0.92 | — . 0.8
e . r 07
5 0.80 1 yMay = 0.0379 + 0.0266 10635
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2 0.86 F 0.4 =
o yJune = 0.1006x - 1.5701 039
¥ 084 R? = 0.9421 o fid
. ySeptember = -0.0053x + 0.9882 .
0.82 R?=0.004 r o1
0.80 T T T 0
2156 220 225 23.0 235 240 245 250 255
DCM (mJim?)
Figure 14

Figure 14 demonstrates that the MD of peloids inside an S plant can also be well
represented by the degree of link between the DCM product and the STTM parameter
achieved over time. In accord with how discussed, it thus became to develop a new
integrated surface tensiometry peloid index composed of STMP, obtained using the



Balneo and PRM Research Journal 2024, 15, 4 10 of 15

SCA methodology, and MP]I, obtained from STTM parameter calculated using KCA
methodology, called here Mud Maturation Index (MMI) (Figure 15).

I
= B

s )

Figure 15

In the end, to allow us to assess the Spas Thermal Activity of N3 spa (STAN?3), we
assumed as a dimensionless number the coefficient of correlation (R?) of the linear
functions used for the evaluation of the link degree between DCM and the parameter
R?, directly linked at STTM parameter (Figure 14).

Table 3 lists a comparison between thermal muds MD and STAN? assessments
for the silos plant of the N3 spa.

Table 3

Table 3 evidences the difference between the MD of each peloid sample and the
STA achieved in each period considered by the plant. In the N3 case, the assessment
associate at the MPI of the peloids becomes useful to give merit findings for the man-
agement of the maturation process operated by the spa personnel.

Accordingly with Tables 1, Table 3 show how the MD achieved by the peloids
ready to use in June and September was “excellent”, while the STA in September
result was “very low”. This fact is consistent with the low STA generally found at
the end of the typical thermal season in use near the Euganean Thermal Area (see
Figure 1).

3. Discussion

The levels of PFPEd CAs may be influenced by different factors, such as anom-
alous variations in the production of DC deriving from the maturation process,
anomalies in the management of the regeneration process, or other variations due
generally to chemical-mineralogical modifies of the mud system. As a consequence,
the PFPEd CAs levels cannot so discriminate specifically the DC already present in V
or from other external sources. The DC/PC ratio increased in June, primarily due to
the increase in DCM associated with biological maturation. This increase is particu-
larly significant during June when the pelotherapies number is higher compared to
May and September.

The introduction of PFPEd in the set of test liquids dim and gly, the measure-
ment of PFPEd CAs using the Rossi factor (STMP parameter), the application of the
KCA methodology and the application of the power function at the PFPEd CAs meas-
ured over time made up a new method for DCM characterization. This method can be
applied to any natural and artificial complex systems. In accordance with Figures 1,
3 and 4, Figure 5 highlights the differences in the amount of DCTbetween V and the
DCM present in the peloids sampled in May, June and September.

The increase in the DCM is due to the maturation process over the time reached
in June, while in September, the maturation process ends one month. The trend line
of V was assumed as a reference for the increase's evaluation of DCM in the peloids.

In accordance with above observations, the STTM parameter was identified as a
qualitative marker for surface tensiometry, specifically used for the evaluation of a
peloid in the context of MD. Using the STTM parameter, we developed an assess-
ment method for peloids, which is based on the intercept (b) value derived from the
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trend lines generated by applying a power equation to the contact angle (CA) meas-
urements over time (see Figure 5).

This assessment method revealed a link between the SDS differences shown in
Figure 7 and the typical decrease of the first traits of the trend lines shown in Figure
5. In particular, V and the peloid sampled in May demonstrate the same initial de-
crease and SDS differences, while in the month of June, the result was higher than in
other samples.

As regards the second partameter, the highest differences in MPI values meas-
ured in June, together with the intense activity of the thermal spa in June (Figure 1),
induced us to hypothesize a strong role of the intensity of the maturation process in
the behaviours of the trend lines reported in Figure 3.

Although the thermal mud collected in September present a “very good” assess-
ment of MD (b=-0.169, R? = 0,95) (Table 3), the month of June reveals the highest de-
crease ratio in drop speed variations (-24%) correspondent at an increase of MPI in
accord with how reported in Figures 7, 2 and 1. This data highlighted the highest b
intercept value (b=-0.196) of the power trend line extrapolated by the measurement
of PFPEd CAs on the surface of the peloid over the time in June. The highest MPI
values in June are linked to the improvement of the maturation process because the
DCM increased over time.

In June, MPI is due to the high removal activity of the BM peloid for pelotherapy
which has a great volume of unmatured peloid and is available for further biological
activity. Proper automatic mixing of the peloids in silos promotes an increase of MPI
and MD, with a reduction in PFPEd SDS.

The highest MPI in June was observed in BM because the manual management
of the maturation process did not lead to a satisfactory MD (Figure 9) respect that
observed in silos plants 3, 5, 7 in which the maturation process performs automati-
cally. For this reason, the MPI reached by BM is higher than other plants.

As regards the third parameter, the month of June is characterized by high var-
iability in the maturation process with respect to May and September due to the in-
crease of the DC/PC ratio expressed by the STMP index in accordance with Figures
8,7,6,4,2,and 1.

In the end, we considered the STAN? a reflex of MMI about the DCM product
during the maturation process.

4. Materials and Methods

Sampling was conducted by OTP on “ready to use” ETM from maturation pro-
cess pool plants during the biological maturation process [26]. Samples were col-
lected from silos (S) and manual (BM) maturation plants operating in N3 test spa
near the ETA and carried out in triplicate. Specimens of thermal mud were placed
inside 100 ml PE-HD containers equipped with double stopper and under stopper
and stored in controlled conditions (4 °C) before analysis.

ETM’s surface tensiometry measurements were performed by SCA  sessile drop and
KCA methodologies over the time [18].

In Table 4 are list the comparison between the instrumental parameters for SCA and
KCA sessile drop methods.

Table 4

All measurements were carried out by OTP directly on untreated peloids on a static
tensiometer [13-16]. For the SFE determination of the thermal muds, Fomblin
HC/25PFPEa (Solvay Solexis, Milan, Italy), diiodomethane (Dim) (Merck, San Louis,
USA) and glycerine (Gly) (A.C.R.A.F., Roma, Italy) reference standard liquids test
were used.

Polyperfluoromethylisopropyl Ether is produced by Fuzhou Topda New Material
Co., Ltd. in Fuzhou, China, under the commercial name PFPE C-250 (2021). Figure 16
shows the Fourier-transform infrared spectroscopy (FI/IR) results for PFPE C-250
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and Fomblin HC/25 PFPE. This comparison demonstrates that both products contain
the same PFPE molecule.
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Figure 16

The CAs measurements performed by SCA (sessile drop method) lead to the evalu-
ation of the SFE, dispersion component (DC; mJ/m?), and Polar component (PC;
m]J/m?) by the Owens &Wendt model (Table 2) using DSA10 (Kruss, Hamburg, Ger-
many) tensiometer software.

In particular, the PFPEd CA is measured using the Rossi factor [16, 17], a parameter
based on a methodology capable of measuring the CA of hydrophobic, lipo-phobic
and self-repellent liquids tests.

Table 2

The Rossi factor consents to the determination of the PFPEd CAs of different
peloids in accordance with their chemical-mineralogical, texture, biological composi-
tions, and spring water presence.

The peloid's maturation degree (MD) can be measured by determining its SFE, DC
and PC. The SFE is the sum of its DC and PC (Equation 1).

[1] SFE (m]/m?)=DC (m]J/m?) + PC (m]/m?)

Where SFE is surface-free energy, DC is the Dispersion Component, and PC is the
Polar Component. We analysed the changes in the SFE of “ready-to-use” peloids to
verify the discriminating capability of this parameter during the maturation process.

5. Conclusions

Until today, the PFPEd CAs explained the link between the modification of surface
free energy of peloid components during the maturation process over time and the
variations of the PFPEd CAs measured by the SCA sessile drop method. The meas-
urement of the PFPEd CAs variations shows for the first time the discriminating abil-
ity of surface tensiometry to distinguish the dispersion component (DCM; mJ/m?) de-
rived from the biological activity from the dispersion component due to the presence
of other compounds (DCB; mJ/m?). That allows us to determine the maturation degree
(MD) and, consequently, the intensity of the maturation process achieved by a
peloid at the sampling moment (MPI). Knowledge of the MD of a “mature” peloid
than a virgin peloid (V) allows us to develop the Surface Tensiometry Thermal Mud
(STTM), a new surface tensiometry parameter directly deriving from PFPEd CAs
measured over time and, in particular, able to evaluate the maturation variations of
a peloid. Given the typical structure-surface correlations that characterize every com-
plex system [41], STTM and the Rheological Thermal Mud index (RTM) of a peloid
are linked to each other [42]. The knowledge of the MD also allowed us to measure
the entity of the STTM index of a peloid and consequently give a first surface tensi-
ometry assessment of the maturation process quality reached by the peloid over time.
The decrease in PFPEd SDS variations corresponds to improvements in the matura-
tion process intensity (MPI) that is associated with the maturation degree (MD). MPI
is essential for assessing the quality of spa thermal activity (STA) in relation to the
dispersion component (DCM), measured by the STMP parameter, during the biologi-
cal maturation process. The set of STMP and MPI parameters constituted the Mud
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10.

11.

12.

13.

14.

15.

Maturation Index (MMI), a composite parameter derived from the PFPEd CAs,
linked to the RTM index, and specially developed for the evaluation of the matura-
tion process quality of a peloid. Generally, the MMI opens possible perspectives for
the quality of Spas Thermal Activity (STA) evaluation. The knowledge of the value
of the activities of thermal spas could give the peloids a new qualification protocol
directly linked to the customs index rating [13, 14, 17].
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