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Time-resolved fluorescence spectroscopy (TRFS) is a new tool that can be used to investigate processes of
interaction between metal ions and organic matter (OM) in soils, providing a specific analysis of the structure
and dynamics of macromolecules. To the best of our knowledge, there are no studies in the literature reporting the
use of this technique applied to whole/non-fractionated soil samples, making it a potential method for use in
future studies. This work describes the use of TRFS to evaluate the fluorescence lifetimes of OM of whole soils
from the Amazon region. Analysis was made of pellets of soils from an oxisol-spodosol system, collected in
Sao Gabriel da Cachoeira (Amazonas, Brazil). The fluorescence lifetimes in the oxisol-spodosol system were
attributed to two different fluorophores. One was related to complexation of an OM fraction with metals,
resulting in a shorter fluorophore lifetime. A short fluorescence lifetime (2-12 ns) could be associated with sim-
pler structures of the OM, while a long lifetime (19-66 ns) was associated with more complex OM structures. This
new TRES technique for analysis of the fluorescence lifetime in whole soil samples complies with the principles of
green chemistry.  © 2017 Optical Society of America

OCIS codes: (300.2530) Fluorescence, laser-induced; (300.6280) Spectroscopy, fluorescence and luminescence; (300.6500)
Spectroscopy, time-resolved.
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1. INTRODUCTION

Numerous studies of the fluorescence of soil organic matter
(SOM) have been made in recent years in different regions
around the world [1-7]. The fluorescence techniques that
have been successfully employed for this purpose include
conventional fluorescence [1,2,5], laser-induced fluorescence
spectroscopy (LIES) [8-10], and three-dimensional emission-

oxisol-spodosol systems [17], characterized by the juxtaposi-
tion of spodosols and oxisols in the same landscape units
[18,19]. Oxisols are soils of equatorial regions where high rates
of erosion and long-term evolution have resulted in leaching of
all the main elements, except Al, Fe, and Ti [20]. Spodosols
appear and develop where the dissolved organic matter
(DOM) can percolate through the soil horizons, reaching

excitation matrix (EEM) fluorescence spectroscopy [11,12].
Fluorescence methods are suitable for the investigation of
SOM in its natural condition or after extraction of the different
fractions [1,12-15].

Knowledge of the composition and global distribution of
SOM provides a valuable storehouse of information on vegeta-
tion, parent materials, climate, and disturbance [16]. An inter-
esting region for the study of SOM is the Amazon forest, the
largest rainforest in the world, with about 60% of its area in
Brazil. More than 18% of the Amazon region is covered by
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the rivers, allowing the leaching of Al and Fe, and favoring
the dissolution of clay and iron oxides [21-23]. These soil sys-
tems make a significant contribution to the global CO, cycle,
in which the dynamics and accumulation of organic matter are
still poorly understood.

The current methods of humic substance analysis require
lengthy and complex sample preparation procedures (such
as chemical fractionation of the soil), making them time-
consuming and expensive [10]. Spectroscopic techniques
such as time-resolved fluorescence spectroscopy (TRES) offer
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promising alternatives for application in soil analyses, since they
are fast and require minimal sample preparation.

Time-correlated single photon counting (TCSPC) is a
highly sensitive TRES technique. After excitation of the sub-
strate, low intensity light signals can be detected, enabling de-
termination of the emission dynamics of fluorescent molecules
with picosecond resolution and with extremely high precision
[24]. The fluorescence lifetime, 7 (commonly called the decay
time), can be understood as the mean length of time that the
fluorophore remains in an excited state, following excitation
[25]. The fluorescence lifetime measurement does not provide
the number of excited molecules in the sample, but reflects the
fluorescence efficiency of these molecules [25]. Measurements
of this lifetime can be used as indicators of these parameters and
can yield information about the molecular microenvironment
of the fluorophore [26].

There are many studies in the literature concerning the use
of TRES to characterize the structures, dynamics, and inter-
actions of biological molecules [27-29]. In the case of soil,
the TRFS method is suitable for investigating the dynamic
processes of interaction between metal ions and natural organic
matter (NOM) [29,30]. The high complexity of the fluores-
cence decay of NOM can be due to various intra- and inter-
molecular processes and structural characteristics of the matrix,
such as many different fluorophores or a small number of fluo-
rophores in many molecular environments [29]. TRES is a new
tool in the field of spectroscopy, allowing specific analysis of the
structure and dynamics of macromolecules [28]. However, this
is the first time, to the best of our knowledge, that TRES has
been applied in analysis of the OM of whole soil, making this
present paper of high scientific interest. The soils studied were
from the Amazon region, which is considered one of the world’s
largest carbon reservoirs [31]. Thus, the aim of this study was to
evaluate the OM fluorescence lifetime in whole soils of the
Amazon region, using the TRES technique.

2. EXPERIMENTAL PART

A. Study Area and Soil Samples

The samples were collected in the municipality of Sao
Gabriel da Cachoeira, Amazonas State, Brazil (0°6'24.5"S,
66°54'19.3" W). A total of 18 samples of two soil profiles,
a humiluvic spodosol (HS) at the top of a hill and a yellow
oxisol (YO) on the hillside, were collected for subsequent analy-
ses. This small number of samples was due to access difficulties
in the collection areas. The humiluvic spodosol had a typical
vertical succession of horizons: An (organic-mineral surface);
E (albic); Bh (spodic); Tr (transition between albic horizons);
and K (the underlying kaolin). The yellow oxisol presented the
following sequence of horizons: An (organic-mineral surface);
BA (transition); Bw (intermediate set of oxic horizons, sandy
clay loam to silty clay loam); and Kn (lower set of layers of
kaolin with gibbsitic nodules).

The soil samples were dried at 35°C in an oven with
renewed air circulation, sieved to remove roots, crushed, and
then sieved again to 2.0 mm to obtain similar samples. The
soil samples were then ground and passed through a 100-mesh
sieve, and pellets were prepared from the homogenized samples
using a pressure of 10 toncm™ for 30 s.
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B. Time-Resolved Fluorescence and Laser-Induced
Fluorescence Measurements

The time-resolved measurements were performed using the
TCSPC technique. Two diode lasers were used as excitation
sources, one emitting at 378 nm and the other at 445 nm
(BDL-375-SMC and BDL-445-SMC, Becker and Hickl,
Berlin, Germany), in pulsed mode, with a repetition rate of
20 MHz. The average powers of the lasers were 80 pW for
the 378 nm laser and 20 pW for the 445 nm laser. These
two wavelengths were chosen to match the absorptions of
fluorophores “1” and “2” found in a previous study [11].
The pulsewidth of the lasers was around 80 ps. Delivery
and collection of the light employed a bifurcated optical fiber
(Y-fiber) with a 600 pm core (Ocean Optics). A long pass filter
was used to remove the backreflected excitation light (405 nm
long pass for 378 nm excitation and 475 nm long pass for
445 nm excitation). The collected light was transferred to a
high-speed hybrid photomultiplier tube detector (HPM-100-
50, Becker and Hickl, Berlin, Germany). The experimental
setup is shown in Fig. 1. The sample was placed on a flat sur-
face, and the probe was positioned perpendicularly 2 mm above
the surface of the sample. The data were processed using SPCM
software (Becker and Hickl, Berlin, Germany) and were
analyzed with a home-made script in MATLAB v. R2012a
(Mathworks, Natick, MA, USA). Five measurements were per-
formed for each sample, and an average characteristic decay
time was obtained for each decay curve.

A spectrometer (USB 2000, Ocean Optics, USA) was used
to measure the steady state laser-induced fluorescence spectra
transmitted by the optical fiber.

The collected fluorescence decay curve was best fitted using
a bi-exponential function (Fig. 2):

F(t) = ﬂ] fﬁt/‘rl + ﬂzfit/rz, (1)

where 7, and 7, are the fluorescence lifetimes of the short and
long lifetime components, respectively, and «; and a, are the
coefficients associated with these components. To compare the
decays, the average fluorescence lifetime, (z) ¢, was calculated as

follows [26]:
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Fig. 1. Experimental setup for fluorescence lifetime determination.
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Fig. 2. [Illustrative fluorescence decay curves obtained for lifetimes
7, and 7, highlighted in red and blue, respectively, for the YO excited
at 445 nm.
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C. Inductively Coupled Plasma Optical Emission

Spectrometry

The decomposition of the soil samples was performed as de-

scribed in EPA Method 3052 (1996), followed by determina-

tion of the aluminum (Al) concentrations using ICP-OES.

3. RESULTS AND DISCUSSION

The fluorescence spectra for the HS (horizon Tr), obtained
using laser excitation at 378 and 445 nm, showed that the fluo-
rescence profiles differed for the two excitations (Fig. 3). For
excitation at 378 nm, the emission spectrum presented two
peaks at around 440 and 520 nm, while the excitation at
445 nm resulted in a single peak at around 530 nm.

Santos et al. [11] obtained EEM fluorescence spectra of
samples of humic substances extracted from these same soils.
Application of parallel factor analysis (CP/PARAFAC) revealed
that two fluorophores (“1” and “2”) were responsible for the
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Fig. 3. Fluorescence emission spectra of the HS soil (horizon Tr)
using laser excitation at 378 nm (black line) and 445 nm (red line).
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fluorescence. Hence, the fluorescence data obtained with exci-
tation at 378 nm (emission at around 420 nm) corresponded
to fluorophore “2,” equivalent to the peak at Ay, /Ao =
420 nm/375 nm found for humic acids [11,12,32,33],
which is usually associated with terrestrial humic substances
containing simpler fluorophores. The fluorescence peak at
Aem/Aexe = 530 nm/445 nm, corresponding to fluorophore

17 [11], showed a dominant contribution for these samples,
reflecting typical terrestrial humic acids derived from lignin,
whose structures are more complex [32,33].

Since the importance of these excitation wavelengths for
characterization of the SOM was demonstrated previously,
the lifetime measurements for the oxisol-spodosol system were
performed using these two excitations. The results are shown in
Figs. 4 and 5.

Figure 4 shows the average fluorescence lifetimes for the HS
and YO soils, with excitation at 445 nm. The humiluvic spo-
dosol presented different fluorescence lifetimes as a function of
depth [Fig. 4(a)]. Horizons A, E, and Bh showed the highest
average lifetime values, in the range 47-66 ns, and smaller
amounts of aluminum were present in these horizons. The
shortest average lifetimes and the highest aluminum contents
were found for horizons Tr and K of this soil, which could be
attributed to complexation of the organic matter with the
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Fig. 4. Average fluorescence lifetimes with excitation at 445 nm,

and Al concentrations, for (a) HS and (b) YO.
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Fig. 5. Average fluorescence lifetimes with excitation at 378 nm,
and Al concentrations, for (a) humiluvic spodosol and (b) yellow
oxisol.

metal, resulting in a shorter fluorophore lifetime. The Al atoms
are strongly bound to —OH groups at the surfaces of the octa-
hedral sheets of kaolinite. According to depth, the octahedral
sheets undergo rearrangements and fracturing along the layers,
hence increasing the quantity of exposed functional groups, the
ion exchange capacity, and the complexation of organic matter
[34-36]. Margenot ez al. [37] found that the A, E, and Bh hori-
zons presented smaller amounts of kaolinite mineral and higher
concentrations of functional groups on the mineral surface.
However, in the case of kaolinite-rich horizons, such as Tr
and K, penetration of water and cations between the horizons
is difficult, so the cation exchange capacities are lower. This can
be associated with low concentrations of functional groups
[38,39]. The interaction of the fluorophore with the environ-
ment can either increase or decrease the efficiency of energy
transfer, which can affect the fluorescence decay time of the
fluorophore, as shown in Figs. 4 and 5. The dominant minerals
in YO are kaolinite and gibbsite, which have low cation ex-
change capacities, compared to HS horizons A, E, and Bh, with
much smaller values for horizons Bw and Kn. The differences

Vol. 56, No. 24 / August 20 2017 / Applied Optics 6939

in cation exchange capacity can be mainly ascribed to pH varia-
tion, as suggested by Oliveira ez al. [40]. As shown in Fig. 4(b),
lifetime values of around 11 ns were obtained for horizons A,
BA, and Tr. The highest average lifetime values were found for
the Bw and Kn horizons, with values of around 20 ns for the
YO samples excited at 445 nm. The highest lifetime value
obtained for the Kn horizon could be explained by the low
amount of metal present, as indicated by the aluminum content
of this horizon, since a longer fluorophore lifetime is associated
with the presence of the metal ions, which act as fluorescence
suppressors. However, different behavior was observed for the
Bw horizon, which presented higher values for both fluoro-
phore lifetime and aluminum content.

Figure 5 shows the average fluorescence decay lifetimes for
soils HS and YO with excitation at 378 nm. The HS soil pre-
sented different lifetimes as a function of depth [Fig. 5(a)].
Horizons A, E, Bh, and Tr displayed similar behaviors, with
average lifetimes around 2 ns. There were no significant
differences among the average lifetimes for these horizons.
However, horizon K showed a small increase in the lifetime,
which could be attributed to the degree of humification [11].
For laser excitation at 378 nm, the main fluorophore
contribution was related to the humic fraction with simpler
structures (such as fulvic acids).

In the case of the YO soil [Fig. 5(b)], there were no signifi-
cant differences among the average lifetimes from the surface to
deeper horizons (A to Kn), with values in the range from 2.30
t0 2.89 ns. As for the HS soil [Fig. 5(a)], this suggested that the
main fluorophore contribution was associated with the humic
fraction containing simpler structures.

The average fluorescence lifetimes (212 ns) related to
simpler structures of the SOM support the identification of
fluorophore “2” proposed by Santos ez al. [11], while the aver-
age lifetimes of 47-66 ns (HS) and 19-20 ns (YO) could be
attributed to greater contributions of fluorophore “1,” associ-
ated with more complex organic structures. It can be seen from
Figs. 4 and 5 that laser excitation at 445 nm revealed greater
structural differentiation according to depth, compared to ex-
citation at 378 nm, because structures of greater complexity
were excited. Power er al. [41] associated a 2 ns lifetime com-
ponent to a fulvic acid with phenolcarboxylate constituents,
while a longer lifetime was attributed to other unspecified
chromophores. Single aromatic rings with oxygen, amine, and
methyl substituents have fluorescence decay lifetimes of 2 to
4 ns, with characteristic emission spectra [42].

Fluorescence lifetimes are highly sensitive to the micro-
environment of the molecules, and the same fluorophore mol-
ecule can exhibit different lifetimes in different microdomains
(such as hydrophobic and hydrophilic environments). For ex-
ample, phenol is a potential model for DOM fluorophores and
has fluorescence lifetimes of 2.1 and 7.4 ns in cyclohexane and
methanol, respectively [42,43]. Alcala e al. [27] reported that
fluorescence decay rates are strongly dependent on the structure
and conformation of the sample. For example, in the case of a
protein, its conformation is influenced by its environment, and
inhibitory mechanisms that affect the protein will also affect the
excited state of the molecule, hence altering its fluorescence life-
time. Therefore, in order to apply fluorescence analysis to soil
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samples, a fundamental understanding of the fluorophores/soil
interaction is essential [44]. As pointed out by Kumke ez /.
[29], the high complexity of the fluorescence decay of NOM
can be caused by various intra- and intermolecular processes,
together with structural characteristics of the matrix, such as
the presence of many different fluorophores, or a small number
of fluorophores in many molecular environments. In the
present case, the OM from the oxisol-spodosol system showed
different lifetimes that could be attributed to two dominant
fluorophores (“2” and “1,” respectively), when two laser exci-
tations were used.

4. CONCLUSIONS

The fluorescence lifetimes in whole soils are reported here for
the first time, to the best of our knowledge. TRES was shown to
be a viable new technique for the analysis of fluorescence life-
times in whole soil samples in the solid state. No previous ar-
ticles on this theme were found in the literature. Fluorescence
lifetimes in an oxisol—spodosol system from the Amazon region
were associated with two different fluorophores, one of which
was related to the fraction of OM complexed with Al metal
(which caused a decrease in the fluorophore lifetime), while
the other was attributed to terrestrial humic substances,
consisting of groups with simpler fluorophores. The results
presented in this study show the promising potential of the
TRES technique for 77 sizu analysis of humic substances using
an apparatus capable of portability. Additional advantages of
this technique are that the analyses are fast and inexpensive
and comply with the principles of green chemistry.

Funding. Sao Paulo Research Foundation (FAPESP) (2011/
03250-2, 2012/24349-0, 2013/07276-1, 2013/13013-3).
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