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Biochar has gained agricultural importance as a soil amendment because of its important agricultural properties
such as water retention, plant nutrient supplier, promoter of microorganism growth, sequestration action of at-
mospheric CO2, etc. Further, it is a low cost material being produced by recycling. Due to its active sites, biochar
can adsorb nutrients so acting as a soil fertilizer. Thus the rapid assessment of nutrients in these materials is es-
sential to ensure quality control for agricultural purposes. Thiswork aimed to develop a simple analyticalmethod
based on Laser-Induced Breakdown Spectroscopy (LIBS) to determine Ca in biochar-based fertilizers. In particu-
lar, biochar samples enriched with Ca were prepared from peanut shells, residues of eucalyptus and banana fi-
bers. The calibration standards were prepared by matrix matching using a biochar from eucalyptus residues.
Different spectral preprocessing were evaluated to enhance the precision and accuracy of themethod. However,
the matrix effects demanded the use of internal standardization as the appropriate methodology to obtain the
best accuracy. A linear correlation coefficient of 0.989 and a linear work range of 1.51–11.23% Ca were obtained
using the proposed method, which yielded limits of detection and quantification of 0.45% e 1.51%, respectively.
Calcium contents determined by LIBS in biochar-based fertilizers were in good agreement (paired t-test at 95%
confidence level) with those determined by using High-Resolution Continuous Source Atomic Absorption Spec-
trometry (HR-CS FAAS) as the reference technique. Thus, the importance of internal standardizationwas demon-
strated to be successful for the quantitative analysis of Ca in complex matrices like biochar-based fertilizers.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The use of biochar in agriculture to improve soil quality is amillenar-
ian practice used by indigenous tribes of the central Amazonian basin,
which resulted in a kind of soil known as indian dark earth [1]. The
high fertility of Amazon Indians soils has been attracted the interest of
soil scientists due to the intrinsic low fertility of tropical Amazonian
soils are originally low fertility [2].

Currently this practice is known as pyrolytic conversion of agricul-
tural waste into biochar, which is considered a soil enhancer due to its
capacity to hold carbon, to assist water and nutrients retention and in-
crease soil biodiversity [3,4]. The interest in biochar is growing up, driv-
en by two major global issues, i.e. climate change and need for a more
sustainable soil management [1]. In this context, Dias et al. [5] have re-
cently proposed the use of biochar as potential fertilizer, possibly work-
ing by releasing nutrients in a controlled manner. In face of the
perspective of biochar use for agricultural purposes, the International
Biochar Initiative (IBI), started in 2006 during the World Soil Science
Congress (WSSC), has highlighted the importance of the analytical char-
acterization and producer's certification of biochar used as soil amend-
ment [6].

The consolidated analytical techniques commonly used for elemen-
tal determinations require the dissolution of the solid sample, which in-
volves the use of strong oxidants and high temperatures [7,8]. However,
biochar consists of a recalcitrant material that is hardly soluble under
normal conditions of wet decomposition, thus requiring more drastic
conditions, such as high pressures or decomposition in dry conditions
using fluxing agents [9]. As consequence, the use of the aforementioned
conditions increases the possibility of systematic errors besides produc-
ing large volumes of chemical residues [10].

Laser-Induced Breakdown Spectroscopy (LIBS) is an analytical tech-
nique able to perform direct simultaneous multielemental analysis of
solid samples by applying a highly energetic laser pulse on the sample
surface, so promoting the sample breakdown, plasma generation and
species excitation in a single step [11,12]. Then, the characteristic
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wavelengths of the radiation emitted by de-excitation of the species in
the plasma are recorded simultaneously, so yielding a sample emission
spectrum that provides a qualitative overview of sample composition.
The quantitative information is then extracted from the emission signal
magnitudes, which are related to standard concentrations through a
suitable calibration model [11,13–15]. Linear calibration models are
more adequate, considering the emission intensities of excited elements
are directly proportional to their concentration [16]. In particular, due to
the common fluctuations observed in LIBS measurements associated to
both, instrumentation and sample heterogeneity, various strategies are
experimented for the calibration of LIBSmethods, which include various
different spectral preprocessing and multivariate (linear and non-line-
ar) calibration models [17–20]. Among these, internal standardization,
which consists in normalizing the analyte signal by the signal of an in-
ternal standard (IS), is a well known methodology used to minimize
fluctuations in spectroscopic techniques including LIBS [21–24]. To per-
form internal standardization, the IS concentration must be known and
nearly constant [25,26]. However, in some cases it is difficult to select an
adequate IS in LIBS analysis because the IS may be subject to temporal
processes different from those experiencedby the analyte in the plasma.
The use as IS of an element naturally present in the samples analyzed
may also be inappropriate as the IS concentration may change from
sample to sample, thus not fitting the IS requirements [22,23,27].

In this work, different spectral preprocessing and internal standard-
ization methods were evaluated to find out the best methodology that
can allow minimizing fluctuations in LIBS measurements, so enabling
the adequate LIBS analysis of Ca in biochar-based fertilizers.

2. Materials and methods

2.1. Eucalyptus biochar production

The original eucalyptus biochar was produced by using leaves and
branches of eucalyptus. The materials were mixed and crushed using a
knife mill from Tecnal (Willey TE 340, Piracicaba, Brazil). Then 2.0 g of
this powdered biomass were transferred to a porcelain crucible capped
with aluminum paper to keep the atmosphere rare in oxygen, heated in
a muffle oven from EDG (EDGCON 5P, São Carlos, Brazil) from room
temperature to 260 °C at a heating rate of 10 °Cmin−1, andfinallymain-
tained at 260 °C for 60min. After cooling to room temperature, the bio-
char was stored in an amber flask inside a desiccator to be used in
standards calibration for matrix matching.

2.2. Fertilizer samples production

Fertilizer samples were produced from leaves and branches of euca-
lyptus, banana fibers and peanut shells. In particular, 3.0 g of each bio-
mass were placed in Erlenmeyer flasks containing 100 mL of
1.80 g L−1 Ca2+ water solution prepared from CaO (Alfa Aesar), and
then shaken at 25 °C for 24 h in a incubator with orbital agitation at
150 rpm. After filtration, the biomasses were dried at 40 °C for 24 h.
Then 3.0 g of each dried biomass were submitted to the same procedure
and heating program described above to produce the eucalyptus bio-
char. Each fertilizer was prepared in triplicate.

An aliquot of 200 mg of each fertilizer so produced was mixed with
80mg of cellulose (type 101 Sigmacell) for sample compaction, homog-
enized in an agatemortar, and finally converted into pellets by applying
a pressure of 10 tons in a hydraulic press from Specac (GS15011,
Swedesboro, USA).

2.3. LIBS analysis

The LIBS instrument usedwas a homemade system equipped with a
Q-switched Nd:YAG laser from Quantel (Big Sky Ultra 50, Bozeman,
USA) emitting at 1064 nm and operating at a maximum power energy
of 50 mJ and a repetition rate of up to 20 Hz, with a pulse duration of
20 ns, and a laser spot diameter of about 0.5 mm. The detection device
used was the spectrometer from Ocean Optics (HR2000+,
Dunedin,USA) that is composed of four spectrometers with optical res-
olution of 0.1–0.2 nm (FWHM) which measure the range between 199
and 631 nm at a fixed integration time of 1 μs. Individual samples were
placed in an electronically controlled sampling chamber with move-
ment in the x-y directions and equipped with a video camera for mon-
itoring the process. The Q-Switched delay time selected for spectra
acquisition was 2.0 μs. The system was controlled by the OOLIBS soft-
ware (Ocean Optics). Sixty LIBS spectra were acquired from each stan-
dard and sample pellet. The average spectra of individual studied
biomasses plus cellulose are shown in the Supplementary Material
(Fig. S1).

The application of a univariate linear calibrationmodel was evaluat-
ed by the Least-Squares Regression method for the Ca atomic emission
line at 612.22 nm. This low relative intensity emission line (13%)was se-
lected to avoid the self-absorption effects that were observed for more
sensitive lines. The intensity of the peak, the peak area fitted by the Lo-
rentz and Voigt functions and the maximum variation ratio of the first
derived spectrum were evaluated in spectral preprocessing.

The calibration standards were prepared by matrix matching by
mixing 156 mg of eucalyptus biochar, 80 mg of cellulose, CaO at differ-
ent amounts to produce Ca standards with the following concentra-
tions: 0, 1.02, 2.55, 5.10, 8.17 and 11.23% (w/w), and maize starch in
different amounts up to 280 mg. All components were homogenized
using an agate mortar and pistil, and then compacted in pellets using
a pressure of 10 tons. For calibration purposes internal standardization
was also evaluated byusing as IS theNa atomic line at 588.99 nm to nor-
malize the Ca atomic line after spectrum derivation.

2.4. Thermal and atomic absorption spectrometry analyses

Thermal analysis was performed on the original eucalyptus biochar,
the eucalyptus fertilizer sample and a calibration standard by simulta-
neous TGA-DTA using a TA Instruments apparatus (SDT 2960, New Cas-
tle, USA). Sampleswere heated from room temperature up to 800 °C at a
heating rate of 30 °C min−1 under compressed air atmosphere and a
flow rate of 100 mL min−1.

In order to check the accuracy of the LIBSmethod, the Ca contents in
fertilizer samples were determined by High Resolution Continuous
Source Flame Atomic Absorption Spectrometry (HR-CS FAAS) from
AnalytikJena (ContrAA 300 spectrometer, Jena, Germany). The instru-
mental conditions used for analysis were: flame of nitrous oxide and
acetylene at a flowing rate of 210 and 80 L min−1, respectively, burner
(50 mm) at a height of 6 mm, and aspiration rate of 5 mL min−1. The
Ca line monitored was at 239.8559 nm (secondary line, with 1.1% of
sensitivity).

TheHR-CS FAAS analysis was conducted on sample digests prepared
as follows. Fertilizers samples were mineralized in triplicate in a close-
vessels microwave-assisted acid-digestion system. Specifically, 100 mg
of each sample were accurately weighed and transferred to a micro-
wave flask, to which 3.0 mL of 70% (v/v) nitric acid solution, 2.0 mL of
deionizedwater and 1.0mLofH2O2 30% (v/v)were added. Themixtures
were heated in a microwave oven from Anton Paar (Multiwave, Graz,
Austria) using an optimized program involving power/ramp time/
hold time of 900 W/15 min/30 min, respectively. After digesting and
cooling, the resulting digests were transferred to 25 mL volumetric
flasks, and the volume completed with de-ionized water. The accuracy
of the referencemethodwas evaluated using the certified referencema-
terial Pine Needles (NIST - 1575a).

3. Results and discussions

Calibration models were calculated for the direct correlation be-
tween Ca concentration and parameters extracted from the LIBS emis-
sion signal of Ca I 612.22 nm in calibration standards. To this purpose,



Fig. 3. Calibration curve for Ca determination by LIBS using Na as internal standard.
Fig. 1. Evaluated calibration curves for Ca determination based on: peak intensity (■),
peak area fitted by Lorentz function (●), peak area fitted by Voigt function (▲) and
maximum variation rate of derived signal (▼).
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LIBS spectra were preprocessed in different ways, aiming to minimize
common fluctuations inmeasurements and obtain a suitable calibration
model. The four evaluated models considered (Fig. 1), based on the
spectral information of peak intensity, peak area fitted by Lorentz func-
tion, peak area fitted by Voigt function and maximum variation rate of
derived signal, showed correlation coefficients of 0.974, 0.963, 0.952
and 0.971, respectively. Additionally, the amount of Ca (g/100 g) pre-
dicted by these models were 1.20 ± 0.35%, 1.20 ± 0.08%, 1.68 ±
0.20%, 1.29±0.11%, respectively. These results indicated thatwell fitted
analytical curves with similar prediction capabilities were obtained.
Further, the application of peak areas or spectrumdifferentiation caused
a considerable reduction of the relative standard deviation that dropped
from 29% obtained by the peak intensity method to an average of 9%.
However, the prediction accuracy was not acceptable because the Ca
concentration determined in the sample by the reference method was
Fig. 2. TG (- - -), DTG (····) e a DTA (—) curves of (a) eucalyptus biochar, (b) eu
5.38 ± 0.27%. These results suggested that, although fluctuations were
minimized by spectral preprocessing, the matrix effect persisted caus-
ing an underestimation of the Ca content in the sample.

To evaluate the occurrence of matrix effects, thermal analysis was
performed on the original biochar, the biochar-based fertilizer and a cal-
ibration standard (Fig. 2). The DTA curves show that the sum of the
events is exothermic, and the TG and DTG curves indicate that the
three events imply a weight loss. The first event can be ascribed to sam-
ple dehydration, the second one to evaporation of volatile compounds,
and the third to the decomposition of CaCO3 in CaO (s) and CO2 (g)
[28]. The analysis of the third event, in which Ca is involved, shows
that: for the original biochar (Fig. 2a) the event started at 572.80 °C
andwas completed at 770.97 °Cwith 1.43% of weight loss; for the fertil-
izer (Fig. 2b) the event started at 597.57 °C and finished at 771.86 °C
with 8.20% of weight loss; and for the calibration standard (Fig. 2c)
the event started at 559.01 °C and finished at 773.82 °C with 5.83% of
calyptus fertilizer biochar, and (c) calibration standard containing 5.19 Ca%.

Image of Fig. 3
Image of Fig. 2
Image of Fig. 1
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weight loss. These results would suggest that the fertilizer and the cali-
bration standard are more similar compared to the original biochar,
thus suggesting that Ca incorporation changes the original biochar
properties. Thus, the use of matrix matching for Ca determination
seems to be a good choice.

Despite the similarity between the standard and fertilizer sample,
the different weight loss measured suggests that Ca was incorporated
in a different way in the two materials. The original biochar possesses
many active sites available for Ca incorporation by simple physical
mixing [29], whereas incorporation would occur differently during the
pyrolysis of Ca-added biochar. The different way in which elements
are bound to the matrix probably causes the standard and the samples
to experience differentiated breakdown and excitation processes during
LIBS analysis.

In the attempt to minimize the differences between the sample and
the calibration standard, the internal standardization method was also
applied. The LIBS spectrum of the original eucalyptus biochar shows
an unresolved line in the range of 585 to 595 nm that corresponds to
a doublet of Na atomic lines (588.99 and 589.59 nm). Considering that
Na is from the biochar and this matrix is similarly diluted in samples
and standards, a similar Na concentration is expected in bothmaterials.
Thus, Na was used as IS for Ca determination.

Tominimize fluctuations the spectrum derivation method was used
in spectral preprocessing. A well fitted linear correlation (R = 0.989)
was obtained by plotting the ratio of the maximum variation rate of
Ca I 612.22 nm to the maximum variation rate of Na I 588.99 nm as a
function of the Ca % in the calibration standard (Fig. 3). This calibration
model was applied for Ca concentration predictions by LIBS in the bio-
char-based fertilizers. The biochar fertilizers of eucalyptus, peanut shells
and banana fiber showed Ca% of 5.89 ± 0.70, 3.69 ± 0.56 and 8.71 ±
1.13, respectively. These values are in good agreement (paired t-test at
a 95% confidence level) with reference values, 5.38 ± 0.27, 3.71 ±
0.22, 9.17 ± 0.13, respectively. Further, the LIBS method featured a lin-
earwork range of 1.51–11.23%Ca, and limits of detection and quantifica-
tion of 0.45% and 1.51% respectively, as calculated according to Currie
[30].

4. Conclusions

The application of the LIBS technique to the determination of Ca in
biochars-based fertilizers showed the need of a preliminary spectral
processing in order to minimize the common fluctuations occurring in
LIBS measurements, which usually decrease their precision. Due to the
occurrence of matrix effects, as proven by thermal analysis, the predic-
tion accuracy of themethod could not be achieved by applying common
spectral preprocessing methods, but using the internal standardization
method based on Na naturally present in the samples, which permitted
the proper correction of the Ca signal.

The LIBSmethod developed appeared to respond to the IBI demands
as it shows promising analytical features, i.e. it is fast, does not require
drastic preparation conditions and is environmentally friend because
it does not generate chemical residues of analysis. Further, LIBS can be
adapted to other types of coals of difficult decomposition.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.microc.2017.07.005.
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