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Abstract: The aquifer of “mineral” water, historically known for its curative properties, is an iden-
tifying characteristic of the Anticolana valley. This area hosted a coppice chestnut forest for a long
time. Under the forest, there is an important aquifer, historically renowned and widely recognized for
preventing renal stone formation and or facilitating their expulsion. This mineral water pre- vents the
formation of calcium oxalate and phosphate crystals in the kidney and promotes their dissolutions
through soluble calcium complexes. The forest environment soil is particularly rich in humification
products owing to the interaction of the rainwater–litter–soil system. The fulvic fraction is soluble in
water under all pH conditions and enriches the water basin. We aimed to test these hypotheses and
assess how the coppice chestnut forest is involved in fulvic acid production. Fulvic fractions isolated
and purified from soil samples and mineral water (550 µg L−1) were analyzed by GC-MS, FTIR, and
NMR. Data from different sources were compared, showing sufficient similarities to state that the
fulvic acids isolated from the water come from the processes that take place between the stems and
the chestnut litter. The chestnut forest provides enrichment to water quality, which is a distinctive
piece of information in defining water enhancement strategies, establishing soil management and
designating sustainable forest management.

Keywords: chestnut forest; mineral spring water; fulvic acid; water quality; ecosystem service

1. Introduction

At the beginning of the XXI Century, the United Nations published the Millennium
Ecosystem Assessment (UN, 2006). One of the objectives was—and still is—the conservation
and the achievement/management of a sustainable use of ecosystems. Natural capital and
ecosystem services are matrices in which preservation is a crucial objective to guarantee
the continuity, quality, and quantity of ecosystem services, which are the flow of benefits
that contribute to human wellbeing. The 6th Goal of the Sustainable Development Goals
2015–2030 focused on water. Water scarcity, poor water quality, and inadequate sanitation
affect food safety (UN 2015). Water is a vital resource for living organisms, as well as
for agriculture and other activities. A close relationship exists between water resources
and woodlands; therefore, their management is strictly connected. Moreover, the forest
ecosystem service for water purification and accumulation in underground aquifers is one
of the most frequent experiences of payment for ecosystem services [1,2].

Mountain and forest areas are not usually affected by soil and water pollution phe-
nomena, as the underground basins stand out for water purity and the richness of soluble
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minerals. Woodland soils differ from agricultural and urban/suburban soils for their
structure, functionality, and macro and micro biodiversity. Forests and woodlands develop
deep and extensive root systems, and trees shed their leaves, needles, and various matter
on the soil surface, resulting in a layer with relatively high levels of organic matter hosting
diversified micro and macrofauna [3]. Forests and tree litter, as well as the associated macro
and microfauna and flora, radically modify soils in ways crucial to watershed hydrology,
water quality, and stream habitats. The velocity rainwater is slowed down by the forest
canopy, reducing its power. From the leaves, the rainwater slowly falls to the ground,
percolating through the organic-matter-rich layer, the soil, and then reaches the aquifer.
Along the pathway from the forest canopy to the aquifer, the chemistry of natural waters
is affected by storage water and by the release of chemicals by the vegetation and soluble
minerals by the soil [4].

The “rainwater–forest–litter–soil” network is also responsible for providing uncon-
ventional water services of significant interest to humankind for socioeconomic and social
health systems thanks to its intrinsic therapeutic properties [4,5]. The natural capital com-
ponents of the Anticolana valley characterize the rainwater. The Fiuggi basin is located
within the calcareous ridge of the Ernici Mountains and represents an endoreic depres-
sion elongated in the NW–SE direction at an average elevation of 580 m above sea level4.
Agricultural areas and predominantly chestnut forests are present in this area [6].

The chestnut forest litter and volcanic soil (pyroclastic layers) improve the rainwa-
ter quality during underground flow [7]. Natural processes enrich the water in humic
substances and, in particular, fulvic acids, soluble in water at all pH values.

The Anticolana valley covers a surface of 212 hectares (ha), characterized by chestnut
coppice, and is part of the Municipality of Fiuggi (geographic coordinates: 41◦48′ N and
13◦13′ E) and Acuto (geographic coordinates: 41◦47′30.94 N and 13◦10′23.94 E). Fiuggi’s
chestnut forests grow on soils derived from volcanic tuff, confirming the edaphic conditions
typical of calciphobous and moderately acidophilic species4. The Fiuggi chestnut forest
grows in environmental conditions where rainfall is abundant and temperatures are within
the 12 ◦C isotherm, reflecting normal vegetation conditions [4,8].

The EU Network Natura 2000 includes this area for the relevant ecological values of
chestnut habitat and other minor flora and fauna species of interest [9]. The location is
also under special protection as an area of relevant public interest for its hydrogeological
properties. The local chestnuts coppice forest extends close to the Fiuggi urban area, and
thus is defined as an urban forest. According to this definition, it has been managed using a
dedicated forest plan to ensure indefinite survival of the ecosystem. Some late 1990s studies
recognized the Anticolana valley’s ecosystem as directly responsible for the enrichment of
natural spring waters with organic compounds of therapeutic significance [4,7,10–12]. A
direct linkage is postulated, as the extensive chestnut woodland that covers the Anticolana
valley also needs the hydromineral basins of the Fiuggi spring waters. Nevertheless, no
evidence thus far has been reported to back up this assumption.

The composition of spring water depends on chemical-physical processes character-
istic of a specific area [12]. Anticolana spring water shows extremely low salinity (low
contents of Ca, Mg, and K salts) and hardness, typical of fast-circulating waters with a short
underground cycle. The chemical composition is characterized by a low mineralization
level (142–200 mg dm−3) and the presence of silicon dioxide (12–48 mg dm−3) and humic
substances (HSs) [12].

HS is a class of natural organic compounds produced by soil humification pro-
cesses, thus originating from decomposition processes and biochemical transformations
of molecules derived from the residues and emissions of plants and animals [13]. Humic
acids are characterized by high MW. Humic acids are 1500–3000 Å in size and >3500 Da in
weight, and fulvic acids are smaller (800 A in size and MW < 3500 Da). HSs represents ap-
proximately 40%–60% of the soil organic matter. Chemically, HSs are molecular aggregates
composed of sugar, fatty acids, polypeptides, aliphatic chains, and aromatic rings [14–16].
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HSs can be classified into three different subtypes or fractions according to their
solubility. Humin (H) is the insoluble fraction of humic substances; humic acid (HA) is
the fraction soluble under alkaline conditions; and fulvic acid (FA) is the fraction soluble
under both alkaline and acidic conditions [17]. This classification, based only on elementary
criteria, provides no indications about their structure or chemical behavior.

Humic and fulvic acids have a wide chemical composition and are characterized by the
presence of various functional groups [17]. HA acids are poorer in hydrogen and oxygen
and richer in nitrogen than FA. Moreover, HA fractions are richer in phenolic groups,
and FA fractions are richer in carboxylic acids [18]. Several authors, through comparative
analysis of the molecular structures of HA and FA samples, have shown that FAs are
enriched in oxygen-containing fragments, which explains their higher solubility in water
and higher migration capacity [19,20]. HSs are formed downstream of a great variety of
chemical and biological reactions occurring in the soil. Therefore, HS is not a homogeneous
class of compounds and lacks unifying motifs that could help conceive a general structure.
HSs are very complex and multifaceted molecules whose structure is still the subject of
debate and study [21,22].

Piccolo et al. [23–26], discussing their hypotheses of macromolecular polymers, re-
ported HSs to be large superstructures self-assembling from a relatively small number of
heterogeneous molecules. Hydrophobic dispersive forces are the main interactions holding
these superstructures together.

FAs are smaller molecules forming molecular aggregates with intermolecular connec-
tions or associations in solutions. These molecular aggregates are multi-charged (negative
and positive) owing to phenolic, carboxylic, and amino groups [27]. The environment in
which the humification processes take place strongly influences the structural composi-
tion of the HS. HS might be present in the aquifer depending on the aquifer geology and
chemistry [28].

Other than the rare minerals from the soil, rainwater carries HS derived from humi-
fication processes. Owing to these qualities, spring waters in the Anticolana valley are
classified as “mineral” water and further qualify as “oligomineral” because of their low
TDSs (total dissolved solids). The specific composition, low salinity, and presence of natural
FAs give these waters therapeutic and healing properties, as they prevent the formation of
kidney stones and/or facilitate their expulsion [10,29].

This work aims to prove that chestnut soil humification processes affect the qualitative
and quantitative composition of FAs in water. To prove this hypothesis, FAs isolated from
spring waters and soil were studied by performing structural comparative analysis.

2. Materials and Methods
2.1. Area of Study, Water, and Soil Sampling

The area of this study is the Anticolana Valley, situated in the Lazio region of central
Italy (Figure 1), where the municipality of Fiuggi is the most important town. According
to the Lazio soil map, these are intermountain basins with areas of accumulation on pre-
dominantly reworked volcanic deposits and slopes with inconsistent pyroclastic deposits.
Soils in this area are classified as Eutric Cambisols (>75%) and Calcaric Endoskeletic Cambic
Phaeozems (<10%) [6].

The area between the Municipality of Fiuggi (41◦47′52.08′′ N and 13◦13′25.90′′ E)
and Acuto (geographical coordinates: 41◦47′30.94 N and 13◦10′23.94 E) is covered by
212 hectares (ha) of chestnut coppice (Figure 1).

This area has been included in the EU Natura 2000 Network for the relevant ecological
values of chestnut habitat and other minor species important for flora and fauna (Regional
Council Resolution 158/2016). The Anticolana Valley is characterised by extensive chestnut
woods that need the hydromineral basins of the Fiuggi waters; the presence of extensive
chestnut wooded areas has allowed the waters of the hydrothermal basin to be enriched in
organic substances.
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Figure 1. Geographical location of the area of study.

The forest areas in the municipality of Fiuggi, above the spring’s mineral water, that
are the object of this study are as follows (Figure 1):

Bosco d’Anagni (lat: 41◦47.2454; long: 13◦13.0799; mt altitude: 50.010266)
Bosco Le Prata (lat: 41◦47.1595; long: 13◦13.4982;mt altitude: 50.006155)
Bosco Le Cese (lat: 41◦46.5775; long: 13◦13.0414; mt altitude: 50.032194)
Three homogeneous plots (150 m × 150 m) were chosen to represent these areas. The

sampled woodland areas are located above the sources of Fiuggi’s oligomineral waters, as
shown in Figure 2.
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Soil samples were taken in spring 2018 with a 20 cm long sampler according to a
randomized block design, taking four soil samples per plot. Each soil sample was a
composite of three of these plots. All 12 samples were analyzed separately.

A total of 280 L of Fiuggi bottled mineral water supplied by the Fiuggi mineral water
plant (Acqua e Terme di Fiuggi spa, Fiuggi, Lazio, Italy) was received in June 2018 and
processed to extract the organic substance.

2.2. Soil Sample Preparation and Physical-Chemical Characterization

Soil samples were sieved (<2 mm) and oven-dried at a temperature below 40 ◦C. The
textural class of the surface horizon (0–20 cm depth) fell within the sandy-loam USDA
classification. Active and exchangeable acidity was measured on sieved soil suspended in a
solution of deionized water (active) and in 1 N KCl (exchangeable) in a 1:2.5 ratio (w/v) [30].
The pH was measured in the supernatant with a pH meter (pH 211, Hanna Instruments).
Soil organic carbon (SOC) and total nitrogen (TN) were determined by dry combustion
using an elemental analyzer (Thermo Soil NC–Flash EA1112, Waltham, MA, USA) [31].
The cation exchange capacity (CEC) was determined after extraction with 10% w/v BaCl2
solution under pH 8.1, according to Gillman [32]. The results were expressed as cmol kg−1

of soil. Electrical conductivity (EC; conductivity meter Orion, Germany) was measured in a
1:5 w/v suspension of soil and deionized water, and total lime (CaCO3) was quantified by
the volumetric method [33].

2.3. Isolation of Fulvic Acid from Soil

FAs were extracted from soil samples using the IHSS method [34,35]. Soil samples
were acidified by 0.1 M HCl to pH 1–2 (1:10 w/v soil to solution ratio), shaken for 1 h in
a shaker, and then centrifuged (10 min, 3000 rpm). The supernatant containing the first
extract, named FA1, was removed from the residue by decantation. The residue was rinsed
2–3 times with distilled water by shaking and centrifugation. The remaining soil sample
was neutralized with 0.1 M NaOH and extracted with 1 M NaOH (1:10 w/v) to pH > 12
to ensure high HA solubility. The suspension was equilibrated overnight by continuous
shaking, and the supernatant containing extracted FA2 + HA was decanted. The alkaline
solution was acidified with 6 M HCl to gravimetrically precipitate HA. The overall FA
solution, obtained by mixing FA1 and FA2, was purified by nonionic macroporous acrylic
ester resin—Supelite DAX-8. After the FA solution was added to DAX-8 resin in a glass
column, unabsorbed materials were discarded, while the adsorbed FAs were eluted with a
solution of 0.1 M NaOH. The collected eluate was acidified to pH 1.0 with 6 M HCl and,
after 5 h, the solution was re-eluted with 0.1 M NaOH. The purified FA samples were
collected and stored in a refrigerator before analysis.

2.4. Isolation of Aquatic Fulvic Acids

Water samples were isolated and purified according to the conventional isolation IHSS
method of aquatic humic and fulvic acids [36,37]. A total of 280 L of mineral water was
adjusted to pH 2 using HCl and passed through DAX-8 resin (Supelite DAX-8, Sigma-
Aldrich Co., St. Louis, MO, USA). The aquatic humic substance (AHS) was eluted from the
resin using 0.1 M aqueous NaOH, and HA and FA were then separated by adjusting the
solution to pH 1. The FA (supernatant) was converted to the acidic form by passing through
an H+type cation-exchanger (Amberlite IR120-B, Organo Co., Tokyo, Japan). Finally, a
powdered FA sample was obtained by freeze-drying.

The FA fractions from soil and water were both subjected to pyrolysis gas chromatog-
raphy mass spectrometry (Py-GCMS), nuclear magnetic resonance (NMR) and Fourier
transform infrared spectroscopy (FTIR) characterization, and elemental analysis.

2.5. Pyrolysis-GC-MS Analysis

Approximately 4 mg of freeze-dried fulvic acid was mixed with 10 µL tetramethy-
lammonium hydroxide (TMAH) dissolved in methanol (50% w/v) (Sigma Aldrich). They
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were then placed in a spiral plunger of a special solid injector, and the solvent was evap-
orated at 40 ◦C for 5 min; approximately 2 mg of solid sample was introduced into a
Pyrojector II (SGE) pyrolyzer placed at 600 ◦C and directly connected to the split/splitless
injector (280 ◦C) of the gas chromatograph. GC separations were performed on a Shimadzu
QP5050 gas chromatograph using a BPX capillary column (SGE) (30 m × 0.25 mm). The
temperature of the column was programmed from 60 to 300 ◦C at a rate of 5 ◦C min−1 and
held for 30 min at 300 ◦C. The main peaks of the eluted compounds were identified by
unequivocal matches with spectra of the National Institute of Standards and Technology
(Nist 107 and Nist 21) mass spectral library. The compounds were assigned only when
the spectral similarity was greater than 90%, and the fragmentation pattern was consistent
with their structure.

2.6. NMR Analysis
1H and 13C NMR spectra were recorded on Bruker AVANCE III HD 400 spectrometers

equipped with a 5 mm smart probe. TMS (tetramethylsilane) was used as an external
reference. Sample preparation as well as the acquisition and processing of NMR spectra
were performed as previously described [38]. Specifically, 1H NMR spectra were recorded
using the standard pulse sequence available on Bruker for selective saturation of the HDO
resonance. The pre-irradiation time was set to 10 s, the spectral width was set to 18 ppm
(7212 Hz), the FIDs were acquired using 32 K data points, the acquisition time was 2.3 s, a
45◦ flip pulse angle was used, and 64 scans were averaged for a total acquisition time of 15
min. A line broadening of 0.1 Hz and zero-filling to 64 K digital points were applied prior
to Fourier transformation. 13C{1H} NMR spectra were recorded using the inverse-gated
decoupling scheme to avoid nuclear Overhauser enhancement (NOE). The pre-scan delay
was set to 2 s, the spectral with was set to 282 ppm (28,410 Hz), the FIDs were acquired
using 128 K data points, the acquisition time was 2.3 s, a 45◦ flip pulse angle was used,
and 10 K scans were averaged for a total acquisition time of about 12 h. 1H NMR spectral
integration was performed by dividing the spectrum into six regions [38]: 0–1.7 ppm for
CH, CH2, and CH3 moieties, at least two carbon atoms away from polar functional groups
or aromatic rings; 1.7–3.0 ppm for CH, CH2, and CH3 moieties in the a position with respect
to carboxylic acids or aromatics; 3.0–5.0 ppm for CH, CH2, and CH3 moieties in the a
position with respect to oxygen groups (polysaccharides or carbohydrates); 5.0–6.5 ppm
for olefinic protons; 6.5–9.0 ppm for aromatic protons; and 9.0–12.0 ppm for protons of
aldehydes. 13C NMR spectral integration was performed by dividing the spectrum into
five regions [38]: 0–50 ppm for aliphatic carbons, 50–110 ppm for carbon atoms directly
bonded to oxygen, 110–165 for aromatic carbons, 165–190 ppm for carboxylic carbons, and
190–210 ppm for carbonylic carbons.

2.7. FTIR Analysis

The FTIR spectra of fulvic acid isolated from soil and water were recorded on an
FTIR-4100 spectrometer (Jasco Corporation, Easton, MD, USA). Samples were prepared
by the KBr disc method. FA samples were mixed with KBr at 2% w/w, finely ground in
an agate mortar, and then pressed to a disc using a handheld laboratory hydraulic press,
Specac Mini-Pellets-Press (Specac Inc., Nanomaterials 2019, 9, 281, 4 of 18, Fort Washington,
MD, USA). The spectra were acquired in absorption mode in the range of 4000–400 cm−1

with a resolution of 4 cm−1 versus a pure KBr background.

3. Results

With a declared objective to highlight the importance of the contribution of the chestnut
woodland ecosystem, this research studies the humification products (fulvic acid, FA)
originating in the soils above the springs of Fiuggi mineral waters. With the aim of
identifying the origin of the fulvic acid present in the chestnut grove waters, this research
proceeds with a comparison of the fulvic components isolated from soil and water by
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means of instrumental characterizations obtained with the aid of pyrolysis-GC-MS, NMR,
and FT-IR.

3.1. Physico-Chemical Characteristics of Soils

The samples taken in the study areas were characterised to define their physical-
chemical characteristics. Table 1 shows the parameters for each area.

Table 1. Physical-chemical soil characteristics.

Parameters Quarto d’Anagni Quarto Le Prata Le Cese

Clay (%) 28 30 42
Silt (%) 40 38 36

Sand (%) 32 32 22
Texture class (USDA) Clay loam Clay loam Clay
Electrical conductivity

(µs Cm−1) 858.75 ± 5.047 995.00 ± 20.21 545.00 ± 55.15

Total limestone (%) <LD <LD <LD
pH (H2O) 5.8 ± 0.3 5.2 ± 0.1 4.9 ± 0.1
pH (KCl) 5.4 ± 0.3 4.6 ± 0.1 4.1 ± 0.1

TOC (g kg−1) 46.5 ± 0.87 39.2 ± 0.26 37.2± 0.39
TN (g kg−1) 3.61 ± 0.36 3.02 ± 0.18 3.13 ± 0.53
C/N ratio 12.80 ± 1.14 13.00 ± 0.10 11.96 ± 0.76

C.E.C. (Cmol(+)kg−1) 44.69 ± 0.57 34.22 ± 0.78 39.38 ± 1.31

Table 2 shows the amounts of fulvic acid, expressed in mg kg−1, obtained from the soils
under study according to the IHSS method. A total of 280 L of Fiuggi water processed as
described in the previous section led to the isolation of 154 mg of fulvic acid, corresponding
to an average concentration of 0.55 mg L−1.

Table 2. Quantities of FA, expressed in g kg−1, extracted from the soil samples taken at the study
sites (data are averages of four samples, analyzed in triplicate; n = 12).

Soil FA (g kg−1)

Quarto d’Anagni 5.2 ± 0.02
Quarto le Prata 6.2 ± 0.04

Le Cese 5.6 ± 0.04

3.2. FTIR

Figure 3 shows the FTIR spectra of fulvic acids extracted from soil samples of the
chestnut forests (A) and the mineral water (B).

The fulvic acid spectra showed a few main distinct peaks [39–41]. The broad band
from 3400 to 3300 cm−1 is associated with H-bonded oxhidryl groups. The band from
2940 to 2920 cm−1 and the peak at 2850 cm−1 are assigned to the antisymmetric and
symmetric aliphatic C-H stretching of methylene groups, respectively. An intense peak at
1725–1710 cm−1 is due to the carboxylic group. Furthermore, the bands between 1628 and
1650 cm−1 belong to the skeletal aromatic vibrations and the quinones’ carbonyl stretching.

The peak at 1450–1456 cm−1 is related to the aliphatic C-H stretching. Alcoholic hydrox-
yls’ deformation and phenolic C-O stretching are also assigned to a band at 1420–1411 cm−1.
The peak from 1384 to 1376 cm−1 can be attributed to the skeletal aliphatic deformations
and/or antisymmetric stretching of the carboxyl groups. The band at 1227–1224 cm−1 is
assigned to the stretching of the carboxyl groups and to the C-O stretching of aryl ethers
and phenols. A peak at 1130–1126 cm−1 is attributed to the C-O stretching of various
alcoholic and ether groups. The band at approximately 1040–1030 cm−1 is caused by the
C-O stretching of polysaccharides and polysaccharide-like substances and/or by the Si-O
stretching of silicate impurities.
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mineral water (B).

3.3. NMR

Figures 4 and 5 show the 1H and 13C{1H} NMR spectra of FA samples extracted from
soil (A) and water (B), respectively. The relative distribution (%) of hydrogen and carbon
atoms belonging to different functional groups is reported in Tables 3 and 4, respectively.

Aromatics appear somewhat more abundant in the water than in the soil sample,
whereas a larger quantity of carboxylic and aliphatic moieties appears to be present in
the soil sample. It may be worth noticing that, with respect to typical FA samples [42,43],
relatively sharp NMR resonances are observed in both water and soil samples, suggesting
that a substantial fraction of low to medium-low MW species is present in both samples. A
single soil spectrum representative of the areas under study is reported, as the different
samples were very similar to each other.
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Table 3. Proton distribution (%) estimated from the integration of 1H NMR spectra [38].

0–1.7 ppm 1.7–3.0 ppm 3.0–5.0 ppm 5.0–6.5 ppm 6.5–9.0 ppm 9.0–12.0 ppm

sample Alkyl-H Alkyl-H Carbohydrate-H Olefin-H Aromatic-H Aldehyde-H
water 8 10 8 1.5 72 0.5
soil 13.5 25 18.5 3 39.5 0.5

Table 4. Carbon distribution (%) estimated from the integration of 13C{1H} NMR spectra [38].

0–50 ppm 50–110 ppm 110–165 ppm 165–190 ppm 190–210 ppm

sample Aliphatic-C O-Alkyl-C Aromatic-C Carboxylic-C Ketonic-C
Aldehydic-C

water 8 3 84 2 3
soil 6 4 63 26 1

3.4. Pyrolysis-GC-MS

Figures 6 and 7 show the pyrograms obtained from soil (A) and Fiuggi water (B) after
samples pre-treated with TMHA were considered to be thermally assisted hydrolysis and
methylation reactions. Owing to the high similarity between the different samples, a single
soil pyrogram representative of the areas under study is shown.
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The analyzed samples were characterised (Table 5) by the presence of aliphatic
compounds, methyl esters of C7–C18 monocarboxylic acids (both saturated and unsat-
urated), C4–C9 dicarboxylic acids (a small amount of which were unsaturated), phenol
methyl ethers, sulphur, and nitrogen compounds of the same type as those found in the
aqueous fractions.

Table 5. Compounds identified by Py-GC-MS.

Retention Time (min) Name Class of Compound

3.367 Toluene aromatic
5.772 Ethylbenzene aromatic
6.559 Styrene aromatic
7.261 Benzene, methoxy- aromatic
8.917 Hexahydro-1,3,5-Trimethyl-s-triazine heterocycl
9.101 Phenol aromatic

10.111 2-Ethyl-4-methylpentanol alcohol
10.191 Butanedioic acid, dimethyl ester dicarboxylic acid
11.358 Benzene, (methylthio)- aromatic
11.608 Benzoic acid, methyl ester aromatic carboxylic acid
11.809 Methanethioamide Thioamide
14.096 Benzoic acid, 4-methyl-, methyl ester aromatic carboxylic acid
19.580 Dodecanoic acid, methyl ester carboxylic acid
20.690 Benzoic acid, 3,4-dimethoxy-, methyl ester aromatic carboxylic acid
22.333 10-Undecenoic acid, methyl ester monounsaturated carboxylic acid
22.628 Methyl tetradecanoate carboxylic acid
23.326 2-Propenoic acid carboxylic acid
23.644 Octadecanoic acid, methyl ester carboxylic acid
24.040 Pentadecanoic acid, methyl ester carboxylic acid
25.088 9-Hexadecenoic acid, methyl ester, carboxylic acid
25.391 Hexadecanoic acid, methyl ester carboxylic acid
26.018 13-Docosenoic acid, methyl ester carboxylic acid
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Table 5 shows some of the compounds detected in the pyrolysed samples.

4. Discussion

In this study, FA of humic substances was isolated and purified from Fiuggi mineral
water, the springs of which are located underneath chestnut forests. These FAs were then
compared with FAs isolated and characterized from the chestnut forest soils under study.
FAs isolated from soil samples and Fiuggi mineral water were subjected to pyrolysis, GCMS,
FTIR, and 1H and 13C-NMR.

The fractionated soils were subjected to quantitative determination of fulvic acid (FA).
The results showed a significantly different amount of FA between the three sites under
study: Quarto le Prata had the highest amount, followed by Le Cese and Quarto d’Anagni.

Fiuggi water, processed as described in the previous section, resulted in the isolation
of 154 mg of FA from 280 L of water, corresponding to a concentration of 0.55 mg L−1.

The FA concentration detected in Fiuggi mineral water is within the parameters set
by Italian legislation for water intended for human consumption; the Italian legislation in
force (D.lgs. 31/01), which transposes European legislation, states that, for surface water
and water intended for human consumption or domestic use, the concentration of TOC
should be in the order of 0.1–10 mg L−1.

The FTIR absorption spectra obtained from FA extracted from soil from the sites
examined showed spectral similarity between them and a similarity superimposed with
the spectrum obtained from FA extracted from water. The analysis of the FTIR spectral data
made it possible to assign peaks characteristic of the observed spectral zone to functional
groups, as reported by Wu et al. (2016) [44].

The absorbance distributions obtained from the FAs did not show significant differ-
ences from the literature data [14], with an intense band at 1720 cm−1 due to the presence
of a high amount of carboxyl groups. Peaks at 1720–1630–1120 cm−1 were clearly visible
in FAs extracted from both soil and mineral water. A very intense band was present in
the range of 1227–1224 cm−1 (C-O elongation and O-H deformation of COOH groups),
indicating the presence of an important acid component in the FA structure. The spectral
absorbances acquired for FA showed no significant differences from those reported in the
literature [14], with an intense band at 1720 cm−1 due to the presence of a high amount of
carboxyl groups. No main differences were found between the samples.

Polar hydrophilic groups (COOH and OH) and aromatic components constitute the
functional groups mostly present in the extracted FA. The main absorption bands found
were 3400 cm−1 (O-H bond stretching of phenols, H2O, OH), 2920 cm−1 (due to stretching
of the C-H bond of CH2 groups), 1720 and 1220 cm−1 (due to stretching of the -C=O bond
and stretching of the -C-O bond, as well as deformation of the O-H bond of COOH groups,
respectively), 1620 cm−1 (due to stretching of the C=C bond of aromatic rings as well as
primary amides and secondary amides, and again due to stretching of the C=C bond of
aromatic rings), 1400 cm−1 (due to phenolic OH and/or OH of COOH), and 1050 cm−1

(due to stretching of the C-O bond of polysaccharides and/or vibration of the Si-O bond of
mineral compounds (ashes)).

Much more intense absorption peaks at the same wavelengths were observed in
the spectra of FA samples extracted from water. This result attested to the presence of a
much richer functional component in this structure than in that extracted from the soil. In
particular, an intense broad band at 3400 cm−1 due to H2O O-H bond stretching, a very
intense band in the range of 1227–1224 cm−1 due to C-O stretching and O-H deformation
of COOH groups, and an intense peak related to C-O bond stretching of polysaccharides at
1040 cm−1 were identified. The trend toward the similarity of the structures of FA extracted
from soils and water was also evident from the results of py-GC-MS analysis.

While FTIR analysis made it possible to identify which functional groups were char-
acteristic of the FA molecule, the use of py-GC-MS proved useful in obtaining detailed
structural information on the components of organic molecules. Pyrolysis with in situ
methylation in the presence of TMAH enabled structural analysis of macromolecules. The



Minerals 2022, 12, 1019 13 of 17

method was based on the simultaneous thermal decomposition and methylation of humic
macromolecules into a variety of fragments, which were then separated by gas chromatog-
raphy and identified by MS according to their characteristic fragmentations. In this process,
methyl esters and methyl ethers were produced. The presence of tetramethylammonium
hydroxide also prevented the decarboxylation of aromatic acids and the dehydration of
alcohol products, thus preventing the loss of important structural information: polar com-
pounds such as phenols and carboxylic acids in HS are difficult to detect; therefore, using
tetramethylammonium hydroxide (TMAH), methyl derivatives of acids and phenols were
separated and identified.

The FA extracted from soil samples of the different chestnut groves presented a
pyrolytic profile similar to the corresponding fraction extracted from Fiuggi water; that is,
they were characterised by the presence of aliphatic compounds, methyl esters of C7–C18
(both saturated and unsaturated) and dicarboxylic acids (C4–C9, a small proportion of
which are unsaturated), aromatic, sulfur, and nitrogen compounds of the same type as
those found in the aqueous fractions.

The pyrolysis products identified included several classes of compounds, in good
agreement with previous reports [45–51].

The TMAH-GC-MS chromatograms of fulvic acids (FAs) isolated from different soils
are shown in Figure 6 in the previous section. In general, the distribution of the products
was found to be similar to that obtained by Hatcher and Clifford [52]; the first portion
of the chromatogram contained mainly peaks of aromatic compounds. The second por-
tion consisted of peaks corresponding to aliphatic compounds, mostly fatty acid methyl
esters [52,53].

The four samples considered were typically found to contain a high fraction of aliphatic
compounds; that is, methyl esters of monocarboxylic acids (C7–C18, both saturated and
unsaturated) and dicarboxylic acids (C4–C9, of which a small proportion are unsatu-
rated), alkene and alkane pairs (C12–C23), and short-chain alkenes. Some of the pyrolysis
products were identified as aromatic compounds, such as alkylbenzenes, phenols and
alkylphenols, benzoic acids, mono- and di-methoxybenzoic acids, polyaromatic hydro-
carbons, nitrogen-containing compounds, amino acids, heterocyclic amines (imidazoles,
pyrroles, pyrimidines, pyridines, and pyrrolidines), and other nitrogen-containing aromatic
compounds (indoles, benzonitriles, benzendiamines, and quinolines) and their derivatives.

The results showed that various aromatic compounds were thermally released from
FA and were mainly composed of methyl esters of mono-, di-, and tri-methoxy (alkyl)-
bezencarboxylic acids. The aromatic compounds identified in the pyrograms of the ana-
lyzed fractions showed the contribution of all lignin block constituents, and these entities
appeared to present oxidative degradation products derived from lignin [54].

It is precisely the oxidative degradation of lignin that suggested the possibility of
an explanation for the presence of compounds derived from this relatively insoluble
polymer in dissolved humic substances [55]; in this case, in FA extracted from water, even
if modified, these humic substances retained an incorporated lignin signature sufficient
to qualitatively indicate the vascular plant material of origin. Another group of products
identified in the pyrograms of the analyzed fractions are nitrogen-containing compounds.
Pyrroles, pyridines, indoles, benzonitriles, and other N-heterocyclic compounds, rather
than pyrolytic degradation products of other molecules, have been regarded as constituent
components of soil organic matter [56]. These compounds were assumed to be derived
from amino acids, proteins, and other polypeptides [56,57]. Benzenes and phenols, the
dominant groups in the samples tested, were rather nonspecific pyrolysis products that
might have had multiple sources, including lignin and proteins. The distribution of the
aliphatic products identified in the various humic samples examined here reflected the
contribution from higher plants. The aliphatic products of pyrolysis (n-alkanes, n-alkenes,
n-methyl ketones, and n-fatty acids) might originate from leaf waxes; that is, biopolymers
such as cutin/cutans, suberin/suberanes, and algeanan. Cutin is associated with most
tissues in the aerial parts (leaves, flowers, and fruits) of higher plants and is found in both
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the outer and inner layers of plant cuticles and in the lamellae that support the epicuticular
protective layer made of wax [58,59]. Suberin, on the other hand, is a complex polymer
network that forms the protective layer of bark, woody trunks, and underground parts
of plants such as roots [59,60]. Although these biopolyesters were minor components of
the original biomass, their contribution was so high because they are more refractory to
biodegradation than other major plant components, including lignin [45].

Information from the NMR data of FA samples extracted from the soils and water of
Fiuggi appear consistent with the results of the other analytical techniques. In agreement
with the literature and with the other data from FTIR and py-GCMS, phenolic, carboxyl,
and aliphatic groups were detected. Although rather similar, a detectable difference can be
observed between the two samples. Aromatics seem slightly more abundant in FA from
the water sample, whereas aliphatics and carboxylic derivatives appear to predominate in
FA extracted from the soil sample.

From the results obtained, it is possible to make generic structural assignments be-
tween the spectra obtained and the components of the SOM from which the FAs originated.
In general, it is possible to associate the presence of aromatic and carboxylic Cs in the
structure of FAs in 13C-NMR spectra with SOM components such as lignin, suberin, amino
acids/proteins, fatty acids, and esterified lipids [61].

5. Conclusions

The analytical results obtained showed that fulvic acids in the Fiuggi mineral water
presented spectral similarities and qualitative similarities in terms of pyrolitic profiles to
fulvic acid isolated from the soil above the aquifer, which is covered by a chestnut forest.

The enrichment that the topsoils confer to the waters, passing through the volcanic
soil that hosts the chestnut forest, is extremely valuable for the purposes of defining
strategies aimed at the valorisation of the waters, the correct management of the soil, and
the sustainable management of the natural forest capital involved, ultimately ensuring
the continuous availability over time of this important resource for human survival. The
maintenance and promotion of soil quality, the adoption of silvicultural modules and
schemes, and forest management aimed at achieving greater biological efficiency of the
stands are thus fundamental requirements to guarantee the sustainability of the ecosystem
and allow the promotion of multiple ecosystem functions, particularly with regard to water.
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