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A spark discharge system was coupled to laser-induced breakdown spectroscopy (SD-LIBS) to improve sensitiv-
ity in the determination of P in fertilizers. A LIBS system consisting of a Q-switched Nd:YAG laser operating at
1064 nm and emitting pulses at 50 mJ with a fluence of 70 ] cm~2 at the focal point was used. Results of prelim-
inary experiments suggested that the most appropriate wavelength to measure P was the P (I) line at 214.9 nm,
which did not show interferences by Fe, Cu and Zn. The electrical discharge was provided by a homemade high-
Keywords: voltage electronic circuit consisting of two cylindrical tungsten electrodes at the optimized output voltage of
Spark discharge 4.5 kV, with tips arranged at the optimal distances of 4 mm between them and 2 mm above the sample surface.
LIBS To minimize the expected matrix effects calibration standards of P,0s in the range of 4.8 and 33.3% were pre-
Fertilizer analysis pared by mixing various amounts of a phosphate rock reference material (SRM-120c) with a mixture of CaCOs,
Phosphorus determination CaS0,, (NH,),CO and KCl ata 1:1:1:1 mass ratio. The calibration curves obtained at a 4.5 kV SD-LIBS output volt-
age showed correlation coefficients 20.993, RSD <8% and LOQ 5.3% (m/m) P,0s. Data obtained by analyzing com-
mercial samples by the proposed system were in good agreement, at 95% confidence level, with those obtained

by using high-resolution continuum-source flame atomic absorption spectroscopy.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Phosphorus (P) plays an important role in several plant processes
such as energy generation, photosynthesis, several enzymatic and
redox reactions, carbohydrate metabolism and nitrogen fixation [1,2].
Being native soil P supplies generally poor [3], fertilizers derived from
phosphate rocks are largely used in agriculture. About 40 billion tons
of phosphate fertilizers were consumed in the world in the year 2000,
and about 60 billion tons are expected to be used in 2040 [1,2,4]. Thus,
the development of simple, modern, rapid and rugged methods for P de-
termination in fertilizers is relevant in the context of the increasing food
demand by a growing global population and decreasing non-renewable
resources of phosphate rocks.

In the last years, laser-induced breakdown spectroscopy (LIBS) has
been employed for P determination in phosphate ores [5,6] mineral fer-
tilizers [7,8] and organic mineral fertilizers [9,10]. Although the low res-
olution of simple LIBS systems has limited initially their applications,
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various methods have been suggested to laser-induced breakdown
spectroscopy signal enhancement [11] such as dual-pulse LIBS
[9,12,13], multi-pulse LIBS [14,15], spatial [ 16] or magnetic [17] confine-
ment, spark discharge [18-31]. A detailed discussion on fundamentals
on each enhancement method described above can be found in the re-
view of Y. Li et al. [11]. Among other strategies to enhance sensitivity
are the use of CCD detector and high fluence [8], intensified CCD detec-
tor [5,6], resonance LIBS [29], laser-induced fluorescence LIBS [32].
However, most of these approaches require additional laser devices
and/or optical arrangements that often increase the system complexity
and costs.

Regarding SD, it is a simple and low-cost method to overcome the
low energies of lasers by reheating the plasma so increasing emission
intensities [11]. In the last decade many efforts have been conducted
to increase the performances of spark-assisted LIBS analysis. These in-
clude the development of fast discharge circuits [25,29], optimization
of the temperature and electronic density of reheated plasma [30] and
of the voltage and capacitance of the spark discharge [27], and use of
electric pulses for molecular and isotopic analysis [31]. In particular,
spark-assisted LIBS has been wused for analysis of soil
[18,19,23,25-27,30], silicon [24,29], Al [22,31], Cu [22], gypsum [21],
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metallurgical slag [21], lime, rock, CaF,, CaO [31]. But the determination
of P in fertilizers is scarce in the current literature.

Thus, the aim of this work was to test the best performance condi-
tions of a homemade spark discharge system to be associated to a low
energy LIBS system for the determination of P in commercial fertilizers.

2. Materials and methods
2.1. Instrumentation

A LIBS system consisting of a Q-switched Nd:YAG laser (Quantel, Big
Sky Ultra 50, Bozeman, USA) emitting at 1064 nm and operating at a
maximum power energy of 50 m] with a pulse duration of 20 ns, a
laser spot diameter of about 300 um and an ablation laser fluence of
~70 ] cm~2 was used in this work. The plasma emission was collected
at an angle of 45° with respect to the laser beam by using an optical
fiber bundle, and then addressed to four spectrometers Ocean Optics
(HR2000+, Dunedin, USA) featuring an optical resolution of 0.1 nm
(full width at half maximum) and a spectral range from 200 to
630 nm. The integration time and the Q-Switched delay used for spectra
acquisition were 1 ms and 1 s, respectively.

Individual samples were placed in an automatic sample holder able
to move in the ‘x-y’ directions under the control of the analyst. The sam-
pling chamber included an inner video camera able to monitor the en-
tire process. Experiments were performed in air and ambient
pressure. Thirty spectra were acquired at different positions of each cal-
ibration standard and sample. After spectral baseline correction per-
formed by a Whittaker filter on MATLAB® (R2010a) and PLS Toolbox,
a software Microsoft Excel® (2016) was used for data (peak intensities)
treatment.

The spark discharge was obtained using two cylindrical pure tung-
sten electrodes (100 x 2.6 mm) with tips arranged at a distance of
4 mm between them and 2 mm above the sample surface (Fig. 1). The
laser beam was focused on the sample surface in the middle of the
two electrode tips. The homemade high-voltage electronic circuit
consisted of simple components, i.e. a primary circuit of the transformer,
a secondary circuit and a voltage divider. The first circuit consisted of an
on/off switch, a signal lamp indicator, overcurrent protection and a po-
tentiometer allowing the operator to adjust the desired voltage output
from the source to the transformer. The voltage ratio of the transformer
was approximately 1:1.35, which increased the 60 Hz and 127 V of the
source to a maximum of approximately 171 V. The sinusoidal output
voltage of the transformer was then multiplied and rectified by a
Walton-Cockroft circuit consisting of twenty-eight 1 pF/250 V

Laser beam
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sample holder
X-Y Stage

Fig. 1. Scheme of the experimental set up of the SD-LIBS system employed for P
determination.

capacitors and 1N4007 diodes, which converted the 171 V/60 Hz sinu-
soidal signal to a DC signal of 4500 V. As the high currents due to the
high voltage might interfere in the circuit, a 1 Ohm-resistance was con-
nected to the high voltage terminal, which was, in turn, connected to a
resistive voltage divider that allowed to lower the DC voltage signal by a
factor of 100 to yield a value that could be measured safely and easily by
a multimeter.

As the comparative technique, an Analytik Jena ContrAA 300 high-
resolution continuum source flame atomic absorption spectrometer
(Jena, Germany) equipped with a xenon short-arc lamp XBO 301
(GLE, Berlin, Germany) operating at the nominal power of 300 W and
in the hot-spot mode as the continuum radiation source was used. The
instrument was equipped with a compact, high-resolution double-
Echelle grating monochromator featuring a spectral band width
<2 pm per pixel in the far ultraviolet range, and a charge-coupled device
(CCD) array detector. All measurements (n = 3) were done according to
instrumental conditions published elsewhere [33].

2.2. Reagents, samples and procedures

High-purity water (resistivity 18.2 QM-cm) obtained from a
Millipore Rios 5® reverse osmosis and a Millipore Milli-Q™ Academic®
deionizer system (Bedford, USA) and Merck Suprapur® nitric and hy-
drochloric acids (Darmstadt, Germany) were used to prepare all
solutions.

Matrix-matched solid standards containing 4.8, 11.9, 22.9, 27.8 and
33.34% (m/m) P,0s were prepared by mixing proper amounts of the
SRM-120c phosphate rock reference material (National Institute of
Standard and Technology, Gaithersburg, USA) and a combined reagent
containing (NH;),CO (Merck), CaCO5 (Synth, Diadema, Brazil), CaSOg4
(Merck, Darmstadt, Germany) and KCl (Mallinckrodt, Xalostoc,
Mexico) (mass ratio of 1:1:1:1). The combined reagent was employed
as the blank.

Six phosphate fertilizer samples containing phosphorus in the
6-17% (m/m) P,0s range (values declared on the label of samples,
Table 1) were acquired from local market in Araraquara-SP, Brazil. Sam-
ples, solid standards and blank were ground manually in an agate mor-
tar, homogenized and dried at 105 °C (up to a constant weight). A
portion of about 300 mg was compacted using the Solab SL - 10/15 hy-
draulic press (Piracicaba, Brazil) by applying a pressure of 7.5 t cm ™~ for
3 min to obtain disc-shaped pellets of approximately 13-mm diameter
for further analysis.

For comparison results, all samples were also analyzed (n = 3) by
HR-CS FAAS. Samples were pretreated by using a microwave-assisted
acid-digestion system. Masses of 200 mg of samples and the SRM-
120c were accurately weighted and transferred to microwave flasks
followed by 2.25 mL of 65% (m/m) HNOs, 0.75 mL of 32% (m/m) HCl,
1 mL of 30% (v/v) H,0, (Merck, Darmstadt, Germany) and 2 mL of de-
ionized water. The closed-vessels were inserted into the cavity of the
Multiwave Anton Paar microwave oven (Graz, Austria) and the heating
program was run: 15 min from 0 at 1000 W and 10 min at 1000 W

Table 1
Results (mean 4 SD) (n = 3) for P determination in the SRM standard and fertilizer sam-
ples (% m/m P,0s) by SD-LIBS and HR-CS-FAAS.

Sample ED-LIBS? HR-CS FAASP

04-14-08° 15.0 + 1.0 14.6 + 0.4
09-06-09° 6.8 + 0.6 6.5 + 0.2
08-12-10¢ 10.8 + 03 11.1 + 0.4
08-09-09° 9.7 + 0.6 9.2 + 0.1
00-17-00¢ 16.4 + 0.7 17.2 + 0.4
00-17-00° 16.6 + 0.3 17.3 + 0.5
SRM-120c 33.0 + 2.0 33.6 + 0.4
? L0Q = 5.3%.

b L0Q = 4.1%.

€ N, P, K%

d

Certified value: 33.34 + 0.06%.
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followed by 20 min of cooling. After digesting and cooling, the resulting
digests were transferred to polypropylene flasks, and the volume was
made up to 30 mL with deionized water.

All solutions were stored in high-density polypropylene bottles
(Nalgene, Rochester, NY, USA). Plastic bottles and glassware materials
were cleaned by soaking in 10% (v/v) HNOs at least 24 h, and then
rinsed abundantly in deionized water before use.

3. Results and discussion

The first experiments aimed to identify the most appropriate LIBS
emission line of P to be used for analysis. The SD-LIBS spectra measured
at a 4.5 kV output on the sample 04-14-08 showed a number of P
(I) lines at 213.6, 214.9 and 215.4, 253.4 and 253.6 nm, which were
much more intense than those of the corresponding LIBS spectra (an ex-
ample of sample spectra is shown in Fig. 2). Further, some emission lines
of Fe (II) at 253.4, 253.9 and 254.2 nm [34] were present due to Fe nat-
urally present in the samples. To confirm the presence of Fe lines, the
SD-LIBS spectrum of the San Joaquin Soil Standard SRM 2709a (certified
values: 3.36 4 0.07% Fe; 0.0688% P) was measured and compared to
that of sample 04-14-08 (Fig. 3). Intense Fe emissions at 253.4, 253.7,
253.9 and 254.2 nm were present in the standard, whereas no Fe lines
were observed in the 213-216 nm interval (Fig. 3). These results sug-
gested that P (I) lines at 253.4 and 253.6 nm should be avoided for P de-
termination in fertilizers when using a 0.1 nm resolution spectrometer.

Further, the concentrations of Fe previously determined by HR-CS
FAAS in all samples examined fell in the range from 0.14 to 1.08% (m/
m), i.e. they were about 2-3 times lower than that in the SRM 2709a
standard. This result confirmed that a negligible Fe interference would
be expected on P (I) lines located in the 213-216 nm spectral range.
However, the P (I) line at 213.6 nm might overlap with the Cu (I) line
at 213.5 nm and Zn (I) line at 213.9 nm. As Cu and Zn might be present
at low concentration in some phosphate fertilizer formulations [35], the
P (I) line at 213.6 nm might be interfered by these elements, thus this
line should also be excluded from the P analysis. In conclusion, although
both P (I) lines at 215.4 nm and 214.9 nm presented suitable selectivity,
the latter was chosen for further experiments due to its higher (about
3.4) relative sensitivity.

The possible effect of the components of the tungsten electrodes
used to obtain the spark was evaluated by comparing the SD-LIBS spec-
trum of sample 04-14-08 to that of the blank (Fig. 2). Apparently, the
emissions from these components were close to the background,
which confirmed the suitability of these electrodes to be used even at
the maximum voltage applied (4.5 kV).

The influence of SD voltage on the P (I) emission intensity at
214.9 nm was tested by varying it in the range 0-4.5 kV at a fixed
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Fig. 3. SD-LIBS spectra obtained at a 4.5 kV output of sample 04-14-08 (—) and SRM 2709a
standard (s).

distance of 4 mm between electrode tips. The emission intensity in-
creased linearly with increasing the voltage up to 4.5 kV (Fig. 4), with
a typical RSD <7%, which could be ascribed to the increase of plasma
temperature caused by the reheating electric pulse [11,23,27,29].
Thus, the voltage of 4.5 kV was chosen to analyze the samples.

The effect of the distance between electrode tips on the performance
of the SD circuit was evaluated by measuring the intensity of the P
(I) line at 214.9 nm at distances of 2, 3,4, 5 and 6 mm (Fig. 5). The emis-
sion intensity appeared to increase up to a tip distance of 4 mm and then
decrease. At the shortest distances, the ionic species produced in the
plasma favored the flowing of a fast current through the circuit, which
caused the electrical arc produced to enter only partially into the bulk
plasma, so that the plasma reheating contribution was low. At distances
greater than 4 mm more collisions were favored in the electron path be-
tween electrodes, which reduced the energy of electrons so that they
were less efficient in exciting/ionizing the species present in the plasma.
These findings were in agreement with the Paschen law, which states
that the breakdown voltage at a certain distance between electrode
tips is a function of the product of the gas pressure and the distance
[36]. Thus, all further experiments were performed at a distance of
4 mm between electrode tips.
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Fig. 4. Emission intensity of P (I) at line 214.9 nm as a function of output applied voltage.
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Fig. 5. Emission intensity of the P (I) line at 214.9 nm as a function of the electrode tips
distance at a 4.5 kV output.

After the optimization of SD operational parameters, calibration
curves were firstly constructed by using NaHPO, as solid standard. Al-
though this standard provided satisfactory linear correlation coeffi-
cients, the accuracy was poor, i.e. the P content measured by SD-LIBS
in some samples was almost twice than that measured by HR-CS-
FAAS, probably because the matrix-effects influenced markedly the in-
teraction laser-samples and processes of plasma formation [5,37].
Thus, considering that most commercial phosphate fertilizers contain
phosphate rocks, NaHPO, was replaced by the phosphate rock standard
SRM-120c to yield solid standards containing the same percentage of
P,0s5 as indicated above in Section 2.2.

The calibration curves constructed using the SAM-120c standard
featured correlation coefficients higher than 0.993 between the P
(I) emission at 214.9 nm and the P,05 concentration in % (m/m) mea-
sured by HR-CS-FAAS. The RSD values were <8% and the limit of quanti-
fication (LOQ) calculated by the 100/Slope, where o is the standard
deviation of 10 measurements of the blank, was 5.3% (m/m) P,0s,
which is equivalent to 2.3% (m/m) P. Although the LOQ value obtained
by SD-LIBS can be considered fully acceptable for P measurement in
commercial fertilizers [6,35], that LOQ can be improved by using the
procedure of summation of spectra to increase sensibility. In particular,
by employing ten cumulative spectra on each site of the sample surface,
the LOQ was reduced to 3% (m/m) P,0s. In particular, due to limitations
of the low energy LIBS system employed in this work, the data process-
ing associated to the spectral sum was performed using an external soft-
ware (Microsoft office excel 2016). However, this procedure was not
required to analyze the samples used in this work.

The level contents of P in fertilizer samples analyzed by the proposed
SD-LIBS method were in agreement at 95% confidence with those ob-
tained by HR-CS FAAS comparative technique (Table 1). For further ac-
curacy evaluation, the phosphate rock standard SRM-120c was also
analyzed by SD-LIBS, and the P concentration measured was in agree-
ment (at 95% confidence) with the certified value of the SRM (Table 1).

4. Conclusions

In conclusion, the SD-assisted LIBS system showed to be an efficient
tool to increase the sensitivity of P measurement in phosphate fertil-
izers. The coupling SD-LIBS did not require any synchronization tool be-
tween the laser pulse and the electrical discharge, i.e. the latter was the
result of charged conducting species in the laser-induced plasma. Fur-
ther, the SD circuit represents a simple, easily operated and low-cost

acquisition and maintenance system that can be coupled to any LIBS ap-
paratus showing promising for further applications to other analytes
and matrices.
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