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Total phosphorus (TP) in sediments is an important chemical variable in the study of the extent of
eutrophication in water bodies. Two methods, based on single pulse (SP) and double pulse (DP) laser-
induced breakdown spectroscopy (LIBS), were developed for determining TP in the sediment cores of
Brazilian rivers upstream from the Barra Bonita reservoir. TP concentration in the sediments was
determined by inductively coupled plasma optical emission spectrometry (ICP OES) on digested samples.
Besides, a LIBS system operating in SP and DP modes was used to develop methods for TP
quantification in sediment pellets. In LIBS, the most appropriate wavelength to measure P was
21491 nm. The calibration curves showed correlation coefficients of 0.93 and 0.92 and limits of
detection of 709 mg kg~ and 349 mg kg~ for SP and DP LIBS, respectively. The two proposed methods
were validated and the average percentage errors were 14% and 10% for SP and DP LIBS, respectively.
The ICP OES and SP and DP LIBS data showed that the most superficial layers of the Piracicaba River, all
the sedimentary layers of the Tieté River, and the confluence region present a high concentration of TP,

according to the Brazilian sediment quality criterion. In conclusion, SP and DP LIBS were confirmed as
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Accepted 13th November 2020 promising alternative tools to traditional analytical methods for monitoring the TP content in the

sediments that come from different hydrographic units. The proposed method using DP LIBS proved
more sensitive than SP LIBS, but the SP LIBS method demonstrated enough precision for determining TP
in eutrophic river sediments.
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of water bodies. Chemical analysis of sediment cores is used to
evaluate the distribution of the elements in depth and correlate

1. Introduction

The origin of P in sediments can be natural, coming from
outside the aquatic system (allochthonous) or from within the
system (autochthonous), and anthropogenic.' Depending on
the concentration, P can be harmful to the aquatic system,
accelerating the eutrophication process of rivers.>® The most
severe environmental consequence is the decrease in dissolved
oxygen in the water, causing the death of plant and animal
species. Also, it changes the taste and smell of water.*

Total phosphorus (TP) is an important chemical variable in
the study of sediment quality, as it enables the assessment of
the nutrient load and the extent of the degree of eutrophication
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the profile obtained with the history of land use and occupation
and, consequently, with potential anthropic contributions.
These conditions are not always detectable using water vari-
ables. The official method for determining TP in sediments is
the USEPA 6010C method.” This method uses inductively
coupled plasma optical emission spectrometry (ICP OES) for
determination and requires treatment of samples, such as wet
decomposition using high volumes of oxidizing mixtures.**”
Thus, it generates considerable amounts of chemical residues,
disagreeing with the principles of green chemistry.®
Laser-induced breakdown spectroscopy (LIBS) is an alterna-
tive method to overcome the disadvantages associated with
sample preparation, as it provides direct analysis, thus elimi-
nating or reducing the use of chemical reagents. Besides, the
LIBS technique has other advantages, such as relatively low
analysis cost when compared to conventional analytical
methods and fast real-time analysis. LIBS is an optical emission
spectroscopy technique that uses laser-generated plasma to
vaporize, atomize and excite analytes. When the excited species
return to a lower energy state, they emit discrete emission lines
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that are characteristic of each element.® This emission spec-
trum contains qualitative and quantitative information on the
sample composition.’® Due to the matrix effect, quantitative
analysis and increased sensitivity are still analytical challenges
to be overcome.” The double pulse (DP) LIBS approach has
demonstrated a significant increase in sensitivity when
compared with the single pulse (SP) LIBS.*>™**

Although the LIBS technique has shown potential for
elementary analysis in marine*>'® and river sediments,"” there is
no study on the application of SP and DP LIBS techniques
combined with ICP OES to assess the quality of river sediments
concerning the TP concentration. This lack of LIBS study in the
literature is due to the challenge of constructing calibration
models for samples with significant variation in their physical-
chemical characteristics, as can be seen in sediments that
receive sewage runoff and industrial activities.*® This work aims
to develop methods using SP and DP LIBS techniques to assess
the quality of river sediments from different hydrographic
units, which receive different effluent loads, concerning the TP
distribution in different sediment core depths.

2. Experimental
2.1 Collection and preparation of samples

Sediment samples were collected in the Tieté and Piracicaba
rivers, from their input compartments in the Barra Bonita
reservoir, Sao Paulo state, Brazil (Fig. 1), on the 25th of July of
2017, from three points on the Tieté River, three points on the
Piracicaba River, and one point in the confluence region.

The average water depth upstream of the reservoir is 10.2 m.
The sediment cores were taken at different depths using core
sampling. The collection points were georeferenced using the
Trimble Navigator GPS (Table S17). Each river belongs to a water
resource management unit, with different types of land use and
occupation. The Tieté River is the most polluted in Brazil and
practically crosses the entire state of Sao Paulo passing through

" Barra Bonita reservoir
e A

Station2  gation 1

Station 3
2

Station 4

Station 5

Fig.1 Map with the location of the collection stations of the sediment
samples (red dots) and the Barra Bonita reservoir (white dot).
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the metropolitan region of Sdo Paulo City. The Piracicaba River
is the largest tributary in terms of the water volume of the Tieté
River.*

The transversal slicing was done in different sizes (Table S2+)
along the seven cores without removing interstitial water-
sediment, totaling 69 sample layers. All samples collected
were placed in plastic containers and stored in a thermal box
during transport to the laboratory. The samples were freeze-
dried (L101, Liotop), ground using a mortar grinder (RM 200,
Retsch), and sieved through a 100-mesh sieve. For SP and DP
LIBS analyses, an aliquot of 500 mg of each sample was con-
verted into pellets by applying 5 tons of pressure for 1 min in
a hydraulic press.

2.2 Emission spectrometry analyses

ICP OES was the reference technique for determining the P
concentration for all the samples. It used an iCAP 6000 ICP OES
(Thermo Fisher Scientific) with an axial view, radio frequency
(RF) generator of 1.55 kW, an echelle polychromator with
continuous wavelength coverage in the range of 166.4 nm to
847.0 nm, and a high-performance solid-state detector with
a CID86 chip. Argon gas (99.996%, White Martins-Praxair) was
used in all the measurements. The P line at 178.2 nm was
monitored under optimized plasma operating conditions
(Table 1).

The ICP OES analyses were conducted on digested samples.
The decomposition procedure is described below: 200 mg of
each homogenized sample was accurately weighed and trans-
ferred to perfluoro alkoxy (PFA) decomposition flasks with
10.0 mL of HNO; (Synth) purified in a sub-boiling distillation
system Distillacid™ BSB-939-IR (Berghof, Eningen). Then, this
solution was digested using a microwave oven (Speedwave four,
Berghof, Eningen) in triplicate. The microwave oven heating
program used consisted of (i) 5 min to reach 120 °C, (ii)
remained at that temperature for 5 min, (iii) 5 min to reach
175 °C, and (iv) remained at that temperature for 10 min. The
maximum temperature of the flasks was approximately 175 °C,
and the time for complete digestion was 25 minutes. The tubes
were cooled to room temperature in a fume hood. An analytical
blank accompanied all procedures. After digesting and cooling,
the samples and analytical blanks were transferred to 50.0 mL
volumetric flasks, and the volume was completed with deion-
ized water. Subsequently, the digests were diluted 2.5 times

Table 1 Operating conditions for ICP OES determination

Operating
Instrument parameter condition
Integration time (s) 15.0
Sample introduction flow rate (mL min~") 1.00
Pump stabilization time (s) 5
RF applied power (kW) 1.25
Auxiliary gas flow rate (L min™") 0.50
Carrier gas flow rate (L min ") 0.50
Plasma gas flow rate (L min™ ") 12
Nebulizer V-Goove
Spray chamber Cyclonic
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with deionized water so that the acid concentration would
remain in the equipment's standards. The accuracy of the
reference method was evaluated using certified reference
materials (CRMs) Montana II Soil (SRM 2711a) and San Joaquin
Soil (SRM 2709a).

2.3 LIBS setup

A cross beam double pulse LIBS system was developed to
analyze sediments. It was composed of two Nd:YAG pulsed
lasers operating at different wavelengths, 1064 nm and 532 nm
(Fig. 2). A delay generator pulse was used for the temporal
control between the two lasers and the data acquisition system.
An echelle spectrometer equipped with an intensified coupled
charge device (ICCD) with 1024 x 1024 pixels was used to
obtain the spectra. The spectrometer operated in two spectral
bands, 175-330 nm and 275-750 nm, with a resolution of 13-24
pm and 29-80 pm, respectively.

The laser that emits in 1064 nm (Q-switched Ultra, Quantel)
operates at a maximum pulse energy of 50 m]J, a pulse duration
of 8 ns, and a repetition rate of 20 Hz. The other one (Brilliant,
Quantel) operates at a maximum pulse energy of 180 mJ, a pulse
duration of 4 ns, and a repetition rate of 10 Hz. The laser beams
were directed to the sample surface using a minimum number
of optical components to avoid the loss of power from the
lasers. The plasma emission was collected using a telescope
system composed of two Si plano-convex spherical lenses. An
optical fiber was placed just before the focal point of the tele-
scope to ensure the maximum efficiency of collected light. For
optical alignment, the optical fiber was put in XYZ positioning
stages, allowing adjustment with a precision of 1 um.

Sediment samples were analyzed in triplicate using two
different LIBS setups. The first setup was the SP LIBS system
using the laser at 1064 nm. The laser energy was fixed as 34 m],
the delay time was at 200 ns, and the acquisition gate width was
20 ps. The second setup was the DP LIBS with a crossed beam
configuration. The first pulse was at 532 nm and the second was
at 1064 nm. The energy of the infrared laser (1064 nm) was 34
m]J, and the other laser (532 nm) was 35 m]. The delay time
between pulses was 200 ns, the delay time between the last
pulse and acquisition was 200 ns, and the acquisition gate
width was 5 ps. In both setups, for each sample, 45 spectra were

>l- _ Delay
Generator

Straight prism |

ICCD

Focused lenses

Collecting lenses

I— Computer
I
I
I
L Spectrometer _4—’-

Sample

Fig. 2 Scheme of the LIBS setup.
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acquired from different regions of the pellet with the accumu-
lation of 10 pulses.

2.4 Data analysis

A simple linear regression was performed between the TP
concentration determined by ICP OES and the depth of the
sediment core at each collection station to evaluate the P
distribution along the sediment core. The spectra obtained with
SP and DP LIBS were processed with software developed using
the Python programming language. Outliers were excluded
using a scalar product between the average and each measured
spectrum. The correlation coefficient between the intensity at
each wavelength of the spectra and the P concentration deter-
mined by ICP OES was calculated. This evaluation helps to
identify the best lines for modeling. The analytical calibration
was constructed with 70% of the samples and validation with
the 30% remaining. The samples from the calibration and
validation sets were chosen at random. For the chosen P lines,
a baseline correction was done.* The area under the best
wavelength emission line, obtained using the correlation graph,
was integrated using the Lorentz function. The average area was
calculated for each sample (n = 3). The limit of detection (LOD)
was calculated according to Currie.”

3. Results and discussion
3.1 LIBS

Fig. 3 shows two typical plasma emission spectra from 175 to
341 nm for a sediment sample obtained with the SP (Fig. 3a)
and DP (Fig. 3b) LIBS systems.
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Fig. 3 Emission spectrum of a sediment sample, from 175 to 341 nm,
obtained with the SP (a) and DP (b) LIBS systems.
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Fig. 4 Correlation graphs for P using (a) SP and (b) DP LIBS from
214.4 nm to 215.16 nm.

The P atomic emission line at 214.91 nm presented the most

significant correlation with the reference values for both
configurations, 0.75 and 0.76, for non-treated data of SP and DP
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LIBS, respectively (Fig. 4). The average signal-to-noise (S/N) ratio
for PI 214.91 nm was 15.1 and 27.9 for SP and DP LIBS,
respectively, so DP LIBS increased the S/N ratio 1.8 times. Thus,
the 214.91 nm line was chosen for the construction of the
calibration models. Calibration models were constructed for
the direct correlation between the peak area fitted by the Lor-
entz function and reference values obtained with ICP OES
(Fig. 5a and b) for SP and DP LIBS. The P analytical calibration
curves showed the existence of a strong linear correlation, in
which Pearson's correlation coefficients of 0.93 and 0.92 were
obtained for SP and DP LIBS, respectively, and a linear working
range of 802-5770 mg kg™ P for both curves. The LOD values of
709 mg kg~ ' and 349 mg kg~ ' for SP and DP LIBS, respectively,
were calculated according to Currie.”® The two proposed
methods were validated using the validation set (Fig. 5¢ and d).
In this kind of validation, graphs were constructed using
correlation of the P concentration predicted by the calibration
models with the P concentration determined by ICP OES.

To better interpret the RMSEC (root mean square error of
calibration) and RMSEV (root mean square error of validation)
values, the average percentage error was calculated for the
calibration and validation sets in both methods. The percentage
of average error for the calibration curves was 12% and 11% for
SP and DP LIBS, respectively. For the validation curves, it was
14% and 10% for SP and DP LIBS, respectively. The mean errors
in the quantification of TP by SP and DP LIBS are acceptable for
measurements of samples without preparation,® and although
the matrix effect is common in the LIBS technique,* the models

*
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Fig. 5 Analytical calibration curves for P determination in sediment samples by (a) SP and (b) DP LIBS and validation curves by (c) SP and (d) DP

LIBS.
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developed using the PI 214.91 nm line proved to be indepen-
dent of the matrix and did not present non-linear effects.
Additionally, in the chosen emission line, there is no interfer-
ence from other elements present in the matrix, thus allowing
the construction of univariate calibration models for different
types of samples.”* The two methods developed for P quantifi-
cation in river sediments have LODs below the maximum
natural level value (750 mg kg™ ') defined by Brazilian laws® and
can be used to determine TP replacing ICP OES. The method
developed using DP LIBS is more sensitive and present an LOD
two times smaller than that of the method using SP LIBS.
However, to analyze the trophic level of eutrophic rivers, SP LIBS
is sufficient and preferable, because it uses only one laser,
therefore, being a cheaper system.

3.2 Phosphorus distribution inside the sediment cores

The P concentrations determined by ICP OES and SP and DP
LIBS were correlated with the depth of the sediment cores
(Fig. 6). The P distribution in the sediment cores according to
the developed LIBS methods showed the same behavior in all
stations when compared with that of ICP OES. Therefore, both
methods are very efficient to assess the degree of eutrophication
and to obtain information about the anthropic contributions
with regard to the P content in sediment cores.

The average concentrations of TP in the sediments of Tieté
and Piracicaba rivers are high when compared with those re-
ported in similar studies for eutrophic aquatic ecosystems.>*>*
The highest P concentration is at the top of the sediment core
of station 4 (5770 mg kg™ '), and this result is because the
region of confluence between the rivers causes the immobili-
zation of P in the surface sediments.?® The collection points on
the Piracicaba River (stations 1, 2, and 3) and the confluence
region (station 4) showed a significant decreasing linear trend
of P content with depth, with levels in the surface layers being
1846, 2174, 3506, and 5770 mg kg~ P, respectively. The values
for the decrease rates of the P content per centimeter were
—14.9, —53.6, —66.4, and —66.7 mg kg™' cm™! with the 7*
values being 0.87, 0.98, 0.99, and 0.91 for stations 1, 2, 3, and
4, respectively. The increase in the TP content from the bottom
to the top of the sediment core indicates that the deposition of
P is increasing, and this is due to the intensification of
anthropogenic activities in the region.*” Stations 5, 6, and 7, in
the Tieté River, do not show a significant linear trend, and
their average levels and corresponding standard deviations of
P content were 4072 + 643, 3629 + 1293, and 5178 + 498 mg
kg™ P, respectively. The difference in the behavior of the TP
distribution along the profile in the Tieté (stations 5, 6, and 7)
and Piracicaba rivers (stations 1, 2, and 3) may be linked to the
supply and resuspension of P in the sediments. The main
sources of P at the sampled points are discharges from
domestic sewage, with a large amount of fecal organic matter
and detergents, water drained in agricultural areas, and some
industrial effluents.*

According to the Brazilian sediment quality criterion con-
cerning the TP content, the deepest sediment layers of the
Piracicaba River (stations 1, 2, and 3) have TP levels that impact

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 TP distribution inside the sediment cores at the collection
stations.

the water body (TP concentration between 750 and 1500 mg
kg™"), and the most superficial layers of the Piracicaba, all the
sedimentary layers of the Tieté River (stations 5, 6, and 7), and
the confluence region have TP levels that cause a high impact
on the water body (TP concentration above 1500 mg kg ').>*
These results indicate that the variability of TP in the vertical
distribution is high for the Piracicaba River, while low in the
Tieté River. The results presented for the Tieté River corroborate
with those observed by Baran et al. in the Dunajec River, where
there was no high P variability in the vertical distribution, and
this means that the intensely suspended matter transported by
these rivers is homogeneous.*?
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4. Conclusions

SP and DP LIBS techniques proved to be potential tools to
determine TP in river sediments. The developed methods show
a strong correlation (>0.91) with the reference values, using
univariate linear calibration. The method developed using DP
LIBS is more sensitive, but the method using SP LIBS also
demonstrated enough sensitivity for TP determination in
eutrophic river sediments. The methods developed have the
potential to be used by agencies responsible for preserving and
restoring the quality of aquatic ecosystems by monitoring the
TP content in sediments in these environments. Considering
a high number of sampled points, the LIBS technique can be
implemented, because it eliminates the use of reagents for
sample preparation, reduces the time and cost of the analysis,
and there is no generation of chemical residues. Therefore, we
propose the use of LIBS techniques for monitoring large areas
of rivers, in order to help the development of technologies and
to avoid the entrance of P in water bodies, for remediation of
these ecosystems.

In ICP OES and SP and DP LIBS analyses a significant
difference can be observed in the TP content of the sediment
cores of the Piracicaba and Tieté rivers. The variability of TP in
vertical distribution is greater in the Piracicaba River. These
results suggest that the intensely suspended matter transported
by the Piracicaba River was heterogeneous, while for the Tieté
River it was homogeneous.
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