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[ T O N

Abstract: This work aimed to investigate, in detail, the elemental and molecular composition of soil
samples collected from the various horizons of an Amazon spodosol profile by combining the atomic
technique laser-induced breakdown spectroscopy (LIBS) with two molecular techniques, i.e., Raman
and fluorescence spectroscopies. The emission lines of the elements Fe, C, Si, Mg, Al, Ti, Ca, and K
with various relative intensities were detected by using LIBS. In particular, C appeared to accumulate
in the transition horizon and was proven to be mostly humified by fluorescence analysis. The Raman
peaks detected at 465 cm ! and 800 cm ! corresponded with the symmetric stretching and bending
modes of O-5i-O and Si-OH, respectively. Small shifts toward higher frequencies and slight increases
in the width and full width at half maximum (FWHM) of the quartz band at 465 cm ™! appeared in
the Tr to K2 horizons, which could be ascribed to a local distortion caused by the high contents of
Al of kaolinite mineral phases, as also shown by the LIBS data. Thus, a small amount of kaolinite
mineral phase and K measured by LIBS would be present also in the Al to E2 horizons. The lifetime
fluorescence was almost constant in the surface and middle horizons, whereas it increased sharply
in the transition horizon and then decreased slightly in the kaolin horizons, which confirmed the
presence of more humified recalcitrant organic matter in deeper soil horizons. In conclusion, the
combined use of the three spectroscopic techniques appeared to be a very promising approach for
studying Amazon soils.

Keywords: Amazon soils; laser-induced breakdown spectroscopy; Raman spectroscopy;

fluorescence spectroscopy

1. Introduction

The Amazon rainforest features a very rich and complex biome of relevant global
importance and is considered to be one of the most important and highly susceptible to
climate change carbon sinks on Earth [1,2]. The spodosols below the Amazon rainforest
are typically accumulating a great quantity of soil organic matter (SOM) on their surface
and along their profile [3-5]; thus, a more extended study of them is extremely important.
Laser-induced breakdown spectroscopy (LIBS) is a very versatile technique widely applied
in several research areas, including the environmental sector, and offers the possibility
of on-site measurements [6-10]. In particular, this technology can rapidly and accurately
detect and identify the constituent chemical elements, i.e., provide a “chemical fingerprint”
of the analyzed material, thus allowing the characterization of diverse organic and inor-
ganic materials in real-time, requiring no sample preparation and offering high sensitivity
and specificity [11]. Additionally, Raman spectroscopy is a powerful, non-destructive
consolidated technique for molecular analysis [12] and is widely applied to various types
of agro-environmental samples [13-15], also featuring a possible use for in situ analysis.
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Finally, fluorescence spectroscopy is a very sensitive technique widely applied for the
selective study of “fluorophores” and to investigate the processes of interaction between
metal ions and organic matter in soils, providing specific analysis of the structure and
dynamics of macromolecules [5,6,16-19].

The objective of this work was to combine the three complementary spectroscopy tech-
niques mentioned above as a very attractive approach for an Amazon soil profile characterization.

2. Materials and Methods
2.1. Soil Samples

Soil samples were collected from a humiluvic spodosol profile located on the north-
ern shore of the Rio Negro River near the city of Sdo Gabriel da Cachoeira (0°6'24.5" S;
66°54'19.3" W), Amazonas State, Brazil. In particular, soils were sampled from nine hori-
zons, i.e., superficial (A1, A2), albic (E1, E2), spodic (Bh, Bhs), transition (Tr), and kaolin (K1,
K2). Soil samples were oven-dried at 35 °C, and after, they were sieved at 2 mm to remove
the roots, then they were crushed and sieved to <0.250 mm (60 mesh). For the analyses, the
soil samples were pelletized (1 cm X 2 mm at approximately 0.5 g) with a hydraulic press.
Detailed descriptions of these horizons and their mineralogical and chemical data can be
found in [4,19,20].

2.2. Laser-Induced Breakdown Spectroscopy

The LIBS system consisted of an Nd: YAG laser operating at 1064 nm and an ARYELLE
400-Butterfly spectrometer as a detection system. The spectrometer operated in two spectral
bands of 175-340 nm and 275-770 nm, with spectral resolutions of 13-24 pm and 29-80 pm,
respectively, equipped with an intensified charge-coupled device (ICCD) camera with
1024 x 1024 pixels. Two lenses (telescope assembly) were placed between the sample and
the input of the fiber to increase the light collected from the plasma. A xy scanning stage
was used to control the target positions on the sample. An eight-channel pulse generator
(Model 9618, Quantum Composers, Bozeman, MT, USA) was used to synchronize the delay
time between the laser pulse and acquisition during the measurements. The LIBS spectra
were acquired using 5-pulse accumulation at each target position, with each pulse having
an energy of 75 mJ and a width of 6 ns in a 5 mm diameter beam focused by a 100 mm lens.
An optimal distance lens to sample was fixed at about 100 mm, which assured the lowest
standard deviation in measurements between successive sampling spots. The delay time
of detection and the ICCD gate width were set at 1 us and 10 ps, respectively. A total of
10 spectra were acquired for each sample.

2.3. Raman Spectroscopy

The Raman spectra were measured on pellets of whole soil samples at room temper-
ature using a Raman spectrometer (RAM II Bruker) provided with an excitation source
of 1064 nm that operates up to a power of 500 mW and features a spectral resolution of
2 cm~!. The spectra were acquired from a scan number of 32 and a power of 100 mW.
Twelve spectra were acquired from each sample at 80 to 1300 cm ™. Then, the experimental
spectra were fitted to a Lorentzian peak profile and a second-order polynomial for the
background correction. The average Raman spectrum of each sample was compared with
the RRUFF database to identify each horizon’s mineral phase.

2.4. Fluorescence Spectroscopy and Fluorescence Lifetime

The steady-state fluorescence emission spectra at the excitation of 485 nm were
recorded by a FluoTime 300 Instrument (PicoQuant, Berlin, Germany) equipped with
a pico sec-pulsed laser diode LDH-P-C-405 and a detector H01033-45 (Hamamatsu, Japan).
The fluorescence lifetime was recorded using the time-correlated single photon counting
(TCSPC) method at the emission and excitation wavelengths of 548 nm and 405 nm, re-
spectively. The lifetime was then analyzed by the PicoQuant FluoFit4 program that uses a
multi-exponential fitting model: I(t) = Y_; a;e /%, where «; is the fractional amplitude of
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the intensity decay of the ith component at time ¢, and 7; is the lifetime of the ith component.
The amplitude ((7),,,,) and the intensity-weighed ((7),,;) average lifetime were calculated

using the following expressions: (7),,,, = % and (7);,; = Y fiTi, where f; represents

the fractional intensities of each fluorescence lifetime component.

amp

3. Results and Discussion
3.1. LIBS Spectra

The emission lines of the elements C (247.86 nm), Fe (259.940 nm), Mg (279.55, 280.27,
and 285.213 nm), Si (288.16 nm), Al (308 and 394.40 nm), Ti (375.93 nm), Ca (393.36 and
422.67 nm), and K (766.49 and 769.90 nm) were identified in the LIBS spectra of soils from
the various horizons (Figure 1 and Figure S1—Supplementary Materials) and are reported
in Table 1, and their relative emission intensities (in arbitrary units, a.u.) are shown Figure 2.
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Figure 1. Average LIBS spectra in the UV region of soil samples from all horizons. Additionally, an
enlarged region of three emission peaks was analyzed.

Table 1. Main emission lines of the elements identified in the LIBS spectra of soils from the

various horizons.

Emission Lines Wavelength (nm)

CI 247.86

Mg I 279.55; 280.27
Mgl 285.21

Fell 238.20; 239.56; 259.94; 274.91; 275.57
Sil 288.16

All 308.21; 394.40
Till 375.93

Cal 393.36

Call 422.67
KI 766.49; 769.90

The relative emission intensity of the Fe line varied along the profile with evidence
of accumulation in the Bh and Bhs horizons, which confirms that the accumulation of this
element may be associated with the formation process of these types of spodosols [6]. As
expected, the C emission line showed the highest relative intensity in soils from the surface
horizon (Al and A2), with a tendency to decrease and then accumulate again in the Bh
and Tr horizons [4,21,22]. Differently, the Si emission line intensity was the highest in the E
horizons, whereas the intensity of the Mg and Al emission lines appeared to follow a similar
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trend along the profile with the highest values for soils from deeper horizons where clay
predominates [4]. The Ti emission line intensity was the highest in the Bh and E horizons,
which suggests the large presence of titanium oxide in these horizons [4]. Additionally,
the emission line intensity of Ca was the highest in the Bh horizons, whereas the highest
intensity of the K lines was featured in the Bh and Bhs horizons and the K horizons, which
may be attributed to the presence of large amounts of quartz, kaolinite, and anatase [4].
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Figure 2. Relative emission line intensities (in arbitrary units, a.u.) of the elements Fe, C, Mg, Si, Al,
Ti, Ca, and K in LIBS spectra of soil samples from different horizons.

3.2. Raman Spectra

The Raman spectra measured for soils from the various horizons are shown in
Figure 3a, whereas the Raman shift and full width at half maximum (FWHM) of some
relevant bands are reported in Figure 3b,c. In particular, the characteristic Raman bands
of quartz were observed at about 207, 465, and 800 cm ™. The position and peak intensity
of the weak band around 207 cm ™!, likely due to the O-Si-O bond influenced by Al sub-
stitution in the various horizons, varied depending on the clay mineral type, whereas the
peaks at 465 cm~! and 800 cm ™! correspond to the symmetric stretching bending modes
of O-Si-O and Si-OH. The two peaks of various intensities at ~128 cm~! and ~147 cm™!
could be assigned to the O-Al-O and O-Si-O symmetric bends of kaolinite, respectively.
Thus, besides the Bh and Bhs horizons, a small amount of kaolinite mineral phase could
also be measured by Raman spectroscopy in the Al to E2 horizons, where it could not
be detected by X-ray diffraction because it was below the detection limit. However, as
previously reported, weak sharp peaks at about 3696, 3668, 3653, and 3620 cm ! corre-
sponding to the O-H group that coordinates with AI** in the octahedral sites (Al (OH)3) of
the kaolinite structure were confirmed by FTIR [22,23]. Moreover, small planar particles on
the particle surface of the A1l horizon are attributed to a kaolinite phase identified by the
SAED pattern [4].



Minerals 2023, 13, 553

50f9

£ (a) —A1 —E2 —Tr
2 ——A2 —Bh —K1
3o —E1 —Bhs —K2
g" :‘ E —.g —.E 'TE '.'E ’E 'E E 'g §
YA ~
c [
2 e
£
% |4 A SR S N S S
&
* A A
Ai_—’l'b T T A|¥ T - T
200 400 600 800 1000 1200
- Raman shift (cm™)
s o E2
s| (b) —Fit
Q —— Lor. peak
»
c
[}
L~
£
c
©
£
©
(14

200 400 600 ., 800 200 400 600 . 800

Wavenumber (cm™) Wavenumber (cm™)
Figure 3. (a) Raman spectra of the humiluvic spodosol profile. Deconvoluted spectra resolved from
curve fitting and fitted spectrum to the layers in (b) E2 and (c) Bhs.

Noteworthily, the shoulder at 143 cm~! of the intense band at ~147 cm~! and the
peak at 637 cm ™! identified in the spectra of samples from the Bh and Bhs horizons could
be attributed to the presence of anatase. In particular, the overlapping of adjacent peaks
around 147 cm~! might be ascribed to the presence of quartz, kaolinite, and anatase mineral
phases in the Bh and Bhs horizons. Furthermore, the weak peaks at ~264, ~379, ~402, and
~506 cm~! due to Al-O-Al deformation and Al-O stretching vibrations, which are, in some
cases, overlapped by kaolinite peaks, could be attributed to the gibbsite mineral phase.

To gain more information on the observed spectral modifications, i.e., the Raman shift
and FWHM, a deconvoluted spectrum resolved from curve fitting and fitted spectrum
to the layers E2 (Figure 3b) and Bhs (Figure 3c) was performed using the Lorentzian
function. The deconvoluted spectra resolved from curve fitting and fitted spectrum to
the layers and the detected peaks identified are shown in the Supplementary Materials
(Figure S2 and Table S1). In particular, the peak position and FWHM at 128 and 147 cm !
appeared displaced significantly in the transition from the E2 to Bh profile (Figure 3b),
which might be due to significant chemical variations in quartz, kaolinite, and other
minerals, such as anatase, and/or to different organic matter content (as revealed by the
LIBS spectra) [24,25]. Differently from FWHM, no significant change was apparent for the
peak of anatase at 637 cm ™!, as can be observed in Table S1A (see Supplementary Materials),
which might be related to the crystalline size of anatase particles and the presence of defects
or impurities in the anatase lattice that may cause lattice strain and, thus, broaden the
peaks [26]. No pronounced changes were apparent for the position and FWHM of the
quartz band at 465 cm ™! passing from the A1 to Bhs horizon, as can be seen in Table S1A
(see Supplementary Materials). Although the entire profile is rich in quartz mineral phase,
as shown by the LIBS intense peak of Si (Figure 2), small shifts toward higher frequencies
and slight increases in the width and FWHM of the quartz band at 465 cm~! were apparent
passing from the Tr to the K2 horizon (see Supporting Information). These shifts might be
correlated with a local distortion caused by the high Al content of the kaolinite mineral
phase [27,28], as confirmed by the LIBS data (Figure 2) and XRD measurements in the
Supplementary Materials (Figure S3) [4].
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3.3. Fluorescence Spectra and Lifetime Analysis

The fluorescence spectra (Aexc = 485 nm) (Figure 4a) of soils from various horizons
featured a typical wide band with a maximum intensity at about 540-560 nm [5,29]. The
shift from shorter to longer wavelengths that occurred passing from the K1 to Tr horizons
suggests the increasing presence of more extensively humified SOM [5]. The deconvolution
of the spectra (Figure 4b) yielded four peaks, all at a wavelength higher than 530 nm, which
could be associated with the presence of four fluorophores that would suggest an extended
humification level of SOM [30], especially in the deeper Tr and K horizons.

A1
—A2
E1
—E2
Bh
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Tr
—K1
— K2

Intensity (u.a.)

T T T -
500 550 600 650 700

Wavelength(nm)
(a)
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Figure 4. Fluorescence emission spectra were measured at an excitation of 485 nm on soils from the
various horizons (a) and the corresponding deconvoluted spectra of soils from Al, Bhs, Tr, and K2
horizons (b).

The fluorescence lifetime, measured as fluorescence intensity in a.u. (Figure 5), was
almost constant for soils from the A, E, and Bhs horizons, then it showed a sharp increase in
the Tr soil and decreased slightly in K soils. This trend confirms the emission fluorescence
data in suggesting the presence in the deeper horizons of more reactive and structurally
complex, i.e., more extensively humified, SOM, which could influence, markedly, metal
mobility and availability [5]. These data, besides confirming previous findings, i.e., that the
humification index of SOM increased especially in the Tr, K1, and K2 horizons [19], also
suggest that SOM rich in aromatic condensed rings, i.e., the most extensively humified
SOM, was transferred from the Bh horizons and accumulated in the Tr and K horizons.
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Figure 5. Fluorescence lifetime at an excitation of 410 nm of soils from the various horizons.

4. Conclusions

This study showed, for the first time, that the combination of LIBS, Raman, and
fluorescence spectroscopies can be used successfully to investigate the elemental and
molecular composition of the various soil horizons along an Amazon spodosol profile. In
particular, the three techniques were shown to complement each other, as LIBS can provide
detailed information on the multi-elemental composition of the sample, while Raman and
fluorescence spectroscopies can yield information on the molecular aspects. This approach
allowed us to evaluate the composition of soils of the various horizons and correlate
qualitatively this information with soil mineralogy along the various horizons. Furthermore,
fluorescence data revealed the presence of a more reactive, extensively humified SOM in
the Tr and K horizons, which may influence, markedly, the mobility and availability of
metals in the soil profile. In conclusion, the three spectroscopic techniques used display
several characteristics that, when combined, provide a very attractive approach to the
characterization of soils.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min13040553/s1, Figure S1: Average LIBS spectra in the VIS
region of soil samples from all horizons, Figure S2: Deconvoluted spectra resolved from curve-fitting
and fitted spectrum from different layers, Figure S3: Rietveld refinement of their XRPD patterns.
SO quartz, KO kaolinite, Gb gibbsite, TO titanium oxide (anatase), MO muscovite. (Adapted from
Huaman [4]). Copyright 2021, with permission from Springer, Table S1. Raman wavenumbers (em™1)
were observed for quartz (SO), kaolinite (KO), gibbsite (Gb), anatase (TO), and muscovite (MO) from
different layers.
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