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Neste trabalho foram analisadas amostras de matéria organica de solos (MOS) de drea de
floresta nativa (SFN) e de solos de uma drea vizinha, local de mineragdo de xisto, que vem sendo
reabilitada hd 30 anos (SFR). As espectroscopias de ressonancia paramagnética eletronica (RPE,
banda X) e ressonancia magnética nuclear (RMN) de '*C com as amostras no estado sélido foram
utilizadas para avaliar a recuperacio do solo reabilitado apds a mineracdo do xisto. Estudos de
correlagdo heteroespectral bidimensional dos resultados obtidos por RPE ¢ RMN "*C foram
utilizados para obter informacdes sobre a estrutura da matéria organica do solo e suas interagcdes com
o0 oxicétion paramagnético residual VO?**. As estruturas orgénicas hidrofilicas, que correlacionaram
positivamente com o oxicdtion metédlico VO*, sdo do tipo dcido urdnico, determinadas por
RMN 3C, e negativamente com o sinal do radical livre orgdnico (RLO) associado a dtomos de
oxigénio (g =2,0042). As estruturas hidrofébicas aromaticas se correlacionaram positivamente com
o sinal de RPE do RLO associado a 4tomos de carbono (g = 2,0022). Os dados das duas técnicas
espectroscopicas magnéticas aplicadas as amostras de ambos os solos (SFN e SFR) mostram que
o processo usado na recuperacdo dos solos de mineragdo vem sendo efetivo.

In this work, native forest soil (NFS) organic matter (SOM) sample and SOM samples from
a neighboring forest soil area of an oil shale mine which is being rehabilitated for thirty years
(RFS) were analyzed. X-band electron paramagnetic resonance (EPR) and solid-state '*C nuclear
magnetic resonance (NMR) spectroscopies were used to evaluate the soil reclamation of the
Brazilian oil shale mining process. Two-dimensional heterospectral correlation studies of the results
obtained from EPR and *C NMR were used to obtain information about SOM structures and their
interactions with residual paramagnetic metal ion. The signal of the residual metallic oxycation,
VO?* correlated positively with uronic acid-type hydrophilic organic structures, determined from the
3C NMR spectra, and correlated negatively with the organic free radical (OFR) signal associated
with oxygen atoms (g = 2.0042). The hydrophobic aromatic structures correlate positively with the
EPR OFR signal associated with carbon atoms (g = 2.0022). The data from the two spectroscopic
magnetic techniques show that the used recuperation process is effective.

Keywords: '*C NMR spectroscopy, EPR spectroscopy, soil organic matter, study of mining
soil recuperation, 2D hetero-spectral correlation spectroscopy

Introduction reserve is the Formacao Irati (Parand Bay) that is estimated
to contain extractable 700 million barrels of extractable oil,

Following the US, Brazil is the second most important 9 million Mg of light fuel, 25 billion m? of shale gas, and
country in oil shale reserves. The biggest Brazilian oil shale 18 million Mg of sulfur. In the 1960s, the Brazilian national

petrol company, Petrobras, through the Superintendéncia
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started to develop a process called Petrosix® to extract fuel
oil, gas and sulfur from the oil shale.

It is known that the degradation of soils in open sky
mining environments is high according to the excavation
of large areas, and the movement of huge volumes of solid
materials. Most of the activities of mineral extraction
involve a loss of soil layers, and consequently the loss of
natural organic matter (NOM) and of natural fertility. As the
mining area of the SIX lies in the Atlantic Forest, there is
also a loss of its typical biodiversity. For the recovery of the
mined area, SIX uses techniques that have been developed
in house with the support of research institutions including
universities. The techniques comprise a topographic
reposition using the soil layers from the next mining
front and the solid by-products of the SIX process, such
as shale powder, dolomitic limestone and, at the bottom of
the soil column, retorted shale. At the end, re-vegetation is
made with natural species of the region. In addition, fauna
re-introduction is systematically done.

The degraded area renovation is considered to be a
process of restoration of the ecosystem, so it is important
to determine the rate of reclamation of the suitable soil for
that. The recovery of degraded areas is called successful
when the physical, chemical, biological and mineralogical
soil properties present appropriate conditions for the
development of plants.!

In some studies of the soil organic matter (SOM)
structure, the metal ions present can affect the results
obtained with spectroscopic techniques, such as nuclear
magnetic resonance (NMR),”¢ fluorescence*’® and electron
paramagnetic resonance (EPR)**!! spectroscopy. In case
of high metal concentrations (especially paramagnetic
ions such as Fe*) in soil, the recording of good spectra
can be unfeasible or the interpretation is questionable.
On the other hand, fluorescence quenching of SOM
by paramagnetic metal ions can give valid information
on metal complexation reactions.'> More recently, the
pretreatment of soil samples with aqueous solution of 10%
HF has been used successfully to prepare SOM samples
for analysis by spectroscopic techniques such as EPR and
BC NMR."™*" The traditional HCI/HF mixture treatment
has to be avoided since HCI (a strong acid) can cause hard
hydrolysis reactions in the original SOM. Besides being
a weak acid, aqueous HF solution produces the F~anion,
which as a hard base ligand preferably breaks chemical
bounds of hard acid metal ions'® in oxides and hydroxides
such as Al-O, Fe—O and Si—0, leading to the formation of
the water soluble metal anions, [SiF]*", [Al(OH),F,]* and
[Fe(OH),F,]*". This treatment with HF solution improves
the resolution of EPR and C NMR spectra of SOM
samples by the withdrawal of inorganic matter, mainly
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clay minerals, oxide-hydroxide metal ions and other silicon
compounds.'**16 The remaining paramagnetic metal ions
can be used as spectroscopic (EPR) probes to study the
interactions of SOM with inorganic constituents.'”** In
general, the *C NMR spectra of the HF extracted SOM
even resemble the ones for water soluble NOM from humic
rich lakes.”

2D Hetero-spectral correlation is a method in which
two completely different types of spectra obtained from
the same set of samples are mathematically correlated. In
other words, the Pearson correlation coefficients (R) are
calculated for two spectral signals, e.g., *C NMR and EPR
signals. From the response pattern of the set of samples
monitored by two different probes, e.g., °C nucleus and
paramagnetic probes, under the same source of variation
(the variability among the studied samples), a correlation
between two spectral signals can be obtained.*

With the presented work, our group seeks to evaluate,
in terms of the (SOM) chemical structure, the efficiency of
the utilized reclamation process by studying comparatively
recovered soils of the mining area and native soils
of the neighboring area. For this, native forest soil
(NFS) samples and the corresponding, thirty year
rehabilitated forest soil (RFS) samples were analyzed,
using X-band EPR and "C NMR spectroscopies to
determine differences and similarities between them.
Also spectroscopic correlation studies among the results
obtained from EPR and *C NMR spectroscopy were used
to gain information about SOM structure interaction with
residual paramagnetic metal ion.*'!?

Experimental
Soil samples

Samples from NFS and RFS were taken at several
depths (Table 1), in Sdo Mateus do Sul, Parand State,
Brazil, (25°52°26” S, 50°22°58” W). Approximately 500 g
of sample were taken according to the depth.

Hydrofluoric acid treatment of the soil samples

After being strained with a 2 mm sieve, the soil samples
were treated with 10% (m/m) HF aqueous solutions
according to Dick er al.'. Briefly, 15 g of each soil sample
were weighted into polyethylene flasks, 40 mL of 10%
HF acid solution were added and the closed flasks were
manually shaken for about 30 s. After settling overnight,
the flasks were mechanically shaken for 2 h and centrifuged
at 1850 g RCF for 15 min. The supernatant was carefully
discarded. The above described procedure was repeated
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Table 1. Soil samples characterized by area and depth of collection

Area Depth / cm Sample
Native forest soil (NES) 0-5 NFS1
5-25 NFS2

25-50 NFS3

50-75 NFS4

75-100 NFS5

Rehabilitated forest soil (RFS) 0-5 RFS1
5-25 RFS2

25-50 RFS3

50-75 RFS4

75-100 RFS5

100-125 RFS6

eight times. The solid residue (concentrated SOM) was
washed three times with distilled and deionized water to
remove the residual solution, and dried in an oven at 50 °C.

Soil organic matter analyses

Electron paramagnetic resonance spectroscopy (EPR)
All the EPR spectra were acquired at room temperature
(ca. 300 K) in a Bruker EMX spectrometer operating in
X-band (9.5 GHz). For the full EPR spectra (AB =500 mT),
two scans were accumulated with the following experimental
parameters: sweep field of 500 mT, center field of about
330 mT, microwave power of 20 mW and modulation
amplitude of 0.5 mT. For the analyses of residual
paramagnetic metal ions, without zero-field splitting
interaction, five scans were accumulated in a 200 mT
sweep field, center field of 347 mT, microwave power of
5 mW and modulation amplitude of 0.2 mT. For the organic
free radical (OFR) analysis (OFR spectra), ten scans were
accumulated in the g ca. 2 region, with the OFR signal
centered in the 5 mT sweep field, the microwave power
was 0.2 mW, and the modulation amplitude was 0.1 mT.
The EPR data were submitted to treatment with the
aid of the Win-EPR® computer program, and “weak
pitch” reference of g = 2.0028, supplied by Bruker. SOM
free radicals were quantified using the approximation:
intensity x AB%!6 The area of the EPR peaks were calibrated
with that corresponding to the EPR signal of the “weak
pitch” (Bruker) reference of known free radical content.

3C Nuclear magnetic resonance (NMR)

A JACKOBSEN 7 mm magic-angle spinning (MAS)
double-resonance probe head was used for variable
amplitude cross-polarizations (VACP) experiments at
spinning frequencies of 5 kHz using a four pulse total
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suppression of spinning sidebands (TOSS). Typical
cross-polarization times of 1 ms, acquisition times of
13 ms and recycle delays of 500 ms were used. The cross-
polarization time was chosen after variable contact time
experiments, and the recycle delays in CP experiments
were chosen to be five times longer than the longest
'H spin-lattice relaxation time (T ;) as determined by
inversion-recovery experiments.?® High power 'H two-pulse
phase modulation (TPPM) decoupling? of 80 kHz was
applied in all experiments.

Principal component analysis (PCA)

The C NMR spectra of the eleven samples were
centered by subtracting the average value of the samples
for each data point. By this, the results can be interpreted
in terms of deviations from the average. PCA was carried
out using The Unscrambler (CAMO Software AS, Oslo,
Norway) software. The model validation was carried out
using full cross validation. The difference in the variance
between the calibration and validation models was less
than 5%.

Hetero-spectral correlation analysis

The EPR second derivative spectra of the OFR region
(gca.2,AB =5mT) and of the residual paramagnetic metal
ions without zero-field splitting were calculated. These
calculated second derivative EPR spectra and 3*C NMR
spectra of the eleven samples were auto-scaled (null
mean value and unit variance), by this mode, the scales
of the obtained 2D spectra were in Pearson correlation
coefficients. To perform this analysis, the freeware software
2DShiga (Shigeaki Morita, Kwansei-Gakuin University,
2004-2005) was used.

Results and Discussion
Electron paramagnetic resonance spectroscopy (EPR)

EPR spectra of the NFS and RFS OM samples, after
treatment with 10% aqueous HF solutions, at a sweep range
of 500 mT (AB =500 mT), are shown in Figures 1a and 1b.
All spectra show a sharp line at the g ca. 2.00 region,
typical for OFR absorption. Spectra for the NFS3 to
NFSS5 (Figure 1a) and RFS2 to RFS4 (Figure 1b) samples
show typical absorption lines of outer sphere Mn?** ion
complex, [Mn(OH,),]**-SOM, with hyperfine interaction,
A ca. 10 mT, and g ca. 2.

The magnitude of the EPR hyperfine A parameter is
inversely related to the degree of covalent bonds of Mn?*
ions in their complexes.?® This value of A ca. 10 mT
indicates a more ionic interaction of Mn?*" in the studied
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Figure 1. EPR spectra, at room temperature, in a field sweep of 500
mT, of (a) native forest soil (NFS) and (b) rehabilitated forest soil (RFS)

samples at different depths (assignment see Table 1), after treatment with
10% aqueous HF solution.

SOM samples. Practically all samples showed evidence of
high spin Fe** (S = 5/2) complexes in distorted octahedral
and/or tetrahedral, rhombic coordination structure (g = 4.3,
B = 150 mT). Those lines are said from Fe** absorption in
dilute domains. In general, the studied SOM samples showed
a broad line of absorption under the multiplet of Mn?* lines,
centered at g ca. 2.2, (Figures la and 1b). Those wide lines
occur due to the presence of paramagnetic metal ions, mainly
trivalent iron ion clusters, or in concentrated domains,'7-19-2%30
which absorb in that field region. For the NFS samples,
the broad EPR Fe* lines are even broader for the deeper
layer samples. For the RFS samples, exception is made to
the RFS5 and RFS6 samples that have no metal ions EPR
signal in the entire spectrum. These samples correspond to
the position of the retorted oil shale on the RFS soil column.

Considering this new methodology of complex soil
material analyses, special care was observed, for the first
time, according to our best knowledge, relative to the
type of organic free radicals (OFR) species. Samples with
higher concentration of OFR (spin g') are RFS5 and RFS6
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(Table 2), indicating that the organic matter of samples
richer in retorted oil shale shows low paramagnetic metal
ion concentration to quenching OFR and possibly a high
level of aromatic structures.

Table 2. The number of spin per g and g factor values of the NFS and
RFS samples, at different depths, treated with 10% aqueous HF solutions,
calculated from the EPR spectra at the 5 mT range sweep of the magnetic
field

Number of spin

Area Sample perg (x 107) ¢ factor
Native forest NES1 1.04 2.0033
soil (NES) NFS2 0.93 2.0032
NFS3 1.00 2.0031
NFS4 1.28 2.0031
NFS5 1.15 2.0032
Oil shale RFS1 2.25 2.0031
indusFr?alization RES2 255 2.0030
rehabilitated
forest soil (RFS) RFS3 1.96 2.0031
RFS4 1.85 2.0032
RFS5 6.45 2.0030
RFS6 8.05 2.0030

8C Nuclear magnetic resonance (NMR)

The 3C NMR spectra of the NFS and RFS samples are
shown in Figures 2a and 2b. The spectra show a trend of
increased levels of aromatic structures (110-150 ppm) and
a decrease of aliphatic structures (0-48 ppm) with soil
depth. Samples RFS5 and RFS6 are obvious exceptions,
indicating the recalcitrant character of their retorted oil
shale origin. These samples also show significantly lower
levels of groups associated with lignin (O-aromatic,
140 to 150 ppm and methoxyl, 55 ppm), carbohydrates
(O-alkyl and di-O-alkyl, 72 to 104 ppm) and carboxylic
(160 to 180 ppm).'® Similar to the EPR analyses, those
results indicate a greater contribution of fossil organic
matter to the recuperated area.

Principal component analysis (PCA) from *C NMR spectra

The first principal component (PC1) (Figure 3),
calculated by PCA, accounted for 68% of the total
variance and is characterized by positive loadings for the
signals of alkyl groups (25, 30 and 32 ppm), O-alkyl and
di-O-alkyl (72 to 103 ppm,), methoxyl (55 ppm), N-alkyl
(60 ppm), O-aryl (142-160 ppm) and carboxyl (172 ppm).
The loadings of the PCA are the correlations between the
original variables (spectra) and the principal components
generated (Figure 3).
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Figure 2. C NMR spectra of (a) native forest soil (NFS) and
(b) rehabilitated forest soil (RFS) samples at different depths (assignment
see Table 1), after treatment with 10% aqueous HF solution.
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Figure 3. Loadings of PCA from '*C NMR-TOSS spectra. PC1 and PC2:
principal components 1 and 2, respectively.

The PCI1 differentiated the samples RFS5 and RFS6
from the other ones (PC1 scores, Figure 4) mainly due to
their lower content of the cellulose structure associates
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(carbohydrates: 103 and 72 ppm - load PC1,) and to a lesser
extent to partially oxidized cellulose (glucuronic acid:
glucose partially oxidized to carboxylic acid: 172, 103 and
72 ppm) as well as other plant structures, such as lignin
(O-aryl around 155 ppm and methoxyl around 55 ppm);
protein (N-alkyl around 60 ppm); crystalline (32 ppm) and
amorphous (30 ppm) polymethylene and other alkyl groups.
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Figure 4. Scores of PCA from C NMR-TOSS spectra. PC1 and PC2:

principal components 1 and 2, respectively; NFS #: native forest soil;
RFS #: rehabilitated forest soil; # soil depths (see Table 1).

The PC2 scores, that accounted for 17% of the
total variance, separated mainly the more superficial
(0-25 cm) samples of the native (NFS 1 and 2) from the
other samples (Figure 4). These samples presented a
lower content of aromatic structures partially oxidized
(O-aryl around 160 ppm and carboxyl directly linked to
the aromatic structures around 166 ppm), and increased
content of organic structures associated to recent plant
material (cellulose/oxidized cellulose, lignin and long
chain alkyl, both crystalline and amorphous). The PC1 and
PC2 grouping of the deeper native forest samples with the
ones from the recovered area, (except the deeper recovered
samples RFS 5 and RFS6) indicates that the recovering was
prone to reproduce the original soil, at least concerning the
soil organic matter composition, except considering the
homogenization of the soil profile (Figure 4). The higher
content of oxidized aromatic structure can be a desired
aspect since it is attributed to this kind of structure an
important role to the high fertility and sustainability of this
fertility in the “Terra Preta de Indios™ soils, a very particular
soil found in the Amazon basin.*!

EPR and '*C NMR data correlations study

When correlating the results obtained by *C NMR
(Figure 5) with the second derivative EPR spectra, it
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is possible to observe a negative correlation between
perpendicular VO** signal and uronic acid structures. and
in this case, the OFR signal presents an inverse correlation
with the paramagnetic VO?*,>% indicating closer proximity
between VO** and the OFR.
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Figure 5. 2D Hetero-spectral *C NMR and EPR (AB = 80 mT, g ca. 2,
second derivative mode) correlation spectrum of the studied samples
(vertical and horizontal dashed lines) are from carboxyl/amide (COOR)
NMR region (172 ppm) and eight perpendicular EPR resonance lines of
VO* (MI = 7/2), respectively.

The OFR signal is composed of at least two different
paramagnetic species (Figure 6), one with g = 2.0042,
that presents a negative correlation with the hydrophilic
groups and the other with g = 2.0022, that presents a
positive correlation with the aryl groups. In the first one,
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spectrum of the studied samples. The slices (vertical and horizontal lines)
are from the correlated signal with OFR species with the unpaired electron
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the spin density is probably more localized on oxygen
atoms (half-filled p orbital, g = 2.0042), and in the other,
the spin density is probably localized on the carbon atoms
(g =2.0022).%> The negative correlation between the oxygen
delocalized OFR with hydrophilic groups reinforces the
hypothesis of paramagnetic suppression.=

Conclusions

Independent from the results of techniques applied in
this study, it is noted that most of the NFS and RFS samples
of the soils down to 75 cm deep showed great similarities.
However, the applied characterization techniques also
revealed that the sample RFS5 and in particular RFS6
showed significant differences in relation to the soil samples
from the NFS area and to the RFS samples of other depths
as well.

The sample RFS6, which is composed mainly by
retorted shale which is used for rebuilding the soil profile
in the depth, is the sample in which the largest differences
are observed compared to the other samples both of the
NFS and the RFS areas. The RFS5 sample suffers the
influence of the RFS6 sample being next to it (A =25 cm).

Through the investigation of soil samples from
RFSS5 and RFS6, treated with aqueous solution of 10% HF
followed by EPR and *C NMR analysis, the influence of the
presence of retorted shale in these samples became evident.
In the “C NMR spectra, peaks of aromatic and alkyl groups
were dominant, indicating a strong contribution of fossil
organic matter, present in the retorted shale. It is interesting
to note that EPR lines of the OFR associated with oxygen
were inversely correlated with the levels of VO** ions and
the hydrophilic organic structures, whereas the hydrophobic
aromatic structures correlate positively with OFR
associated with carbon atoms. This strongly suggests that
VO?* ions might bind to SOM through structures like that
of uronic acids and not only through functional groups like
chatecol or salicylic acid as normally accepted.
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