
Article

Optimization of Data Processing Minimizes Impact
of Self-Absorption on Phosphorus Speciation Results
by P K-Edge XANES

Luis Carlos Colocho Hurtarte 1,* , Luiz Francisco Souza-Filho 2 , Wedisson Oliveira Santos 3,
Leonardus Vergütz 4 , Jörg Prietzel 1 and Dean Hesterberg 5

1 Lehrstuhl für Bodenkunde, Research Department Ecology and Ecosystem Management,
Technische Universität München, Emil-Ramann-Straße 2, 85354 Freising, Germany

2 Centro Multidisciplinar do Campus de Barra, Universidade Federal do Oeste da Bahia, Barra,
BA 47100-000, Brazil

3 Institute of Agricultural Sciences, Universidade Federal de Uberlândia, Uberlândia, MG 38.400-902, Brazil
4 Department of Soil Science, Universidade Federal de Viçosa (UFV), Viçosa, MG 36570-000, Brazil
5 Department of Soil Science, North Carolina State University, P.O. Box 7619, Raleigh, NC 27695, USA
* Correspondence: luis.colocho@wzw.tum.de

Received: 30 June 2019; Accepted: 4 September 2019; Published: 6 September 2019
����������
�������

Abstract: Bulk soil phosphorus speciation by X-ray absorption spectroscopy (XAS) using fluorescence
yield-mode measurements is an important tool for phosphorus research because of the low soil
P contents. However, when measuring in fluorescence mode, increasing the concentration of the
absorbing atom can dampen the XAS spectral features because of self-absorption and affect the
linear combination (LC) fitting results. To reduce the self-absorption for samples of high P contents,
thick boron nitride diluted samples are produced, yet the effects of self-absorption on P speciation
results via LC fitting of P K-edge XANES spectroscopy, and the possible benefits of data processing
optimization are unknown. Toward this end, we produced a series of ternary standard mixtures
(calcium-iron-aluminum phosphates) and an example soil sample both diluted using boron nitride
over a range from 1 to ~900 mmol kg−1 for the soil sample and up to ~6000 mmol kg−1 for the
standard mixture. We show that by optimizing background subtraction and normalization values,
consistent results with less than 10% error can be obtained for samples with up to 300 mmol kg−1 P.
Our results highlight the applicability of optimized P K-edge XANES fitting across a wide range of
concentrations encountered in natural environments.
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1. Introduction

X-ray absorption fine structure (XAFS) spectroscopy refers to the oscillatory structure in the x-ray
absorption coefficient µ(E), just above an absorption edge of an element. From the oscillations present
in a spectrum, it is possible to extract information on the local atomic structure surrounding the X-ray
absorbing atom, enabling unique insights into important geochemical reactions or the determination
of specific mineral phases [1,2]. Over the past decades, a significant increase in the application of
XAFS in phosphorus (P) research has been seen [3–7]. Most of these investigations are based on
X-ray absorption near edge structure (XANES) spectroscopy, which provides speciation information
on the element of interest. It is often aimed in geosciences to study P within a soil, plant tissue,
fertilizers, or sediment matrix. Under these conditions, the concentration of P is commonly very low,
making transmission-mode XANES spectroscopy analysis very difficult, because of the low absorption
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coefficient [µx(E)] of P relative to the total absorption coefficient µtotal(E) for the sample. Therefore,
µ(E) of P is more commonly probed indirectly by measuring the fluorescence yield as:

µ(E) ∝ I f (E)/I0(E) (1)

where I f is the monitored intensity of a fluorescence line associated with the absorption process and I0

is the x-ray intensity incident on a sample [8]. However, the accuracy of P K-edge spectra obtained in
fluorescence mode is often limited by distortions because of self-absorption. Self-absorption is the
systematic, energy dependent reduction in the experimentally measured fluorescence amplitude [9].
Often the path of the fluoresced X-rays from the P atoms within the sample into the detector (escape
depth) is much longer than the penetration depth of the incoming X-rays. This phenomenon increases
the probability that interactions with the sample from the fluorescent photons in their way back
through the sample into the detector dampen its intensity. Thus, the fluorescence intensity can be
better defined as:

I f = I0
∈ ∆Ω

4π
µx(E) {1 − e− [

µtot(E)
sinθ +

µtot(E f )

sinφ ] t
}

µtot(E)
sinθ +

µtot(E f )
sinφ

. (2)

where ∈ is the fluorescence efficiency, ∆Ω is the solid angle of the detector, E f is the energy of the
fluorescent x-ray, θ is the incident angle (between incident x-ray and sample surface), ϕ is the exit
angle (between fluoresced x-ray and sample surface), µx(E) is the absorption from the element of
interest, and µtot(E) is the total absorption in the sample. The total absorption [µtot(E)] is the sum of
the absorption of the element of interest [µx(E)] and the absorption by other elements in the matrix
[µother(E)] [8,10].

Previous studies on self-absorption have developed mathematical algorithms and solutions aiming
to correct the fluorescence yield distortions based mostly on Equation (2). Yet, most of these approaches
rely on knowledge of sample stoichiometry, measurements of multiple angles, or exact knowledge of
the energy dependence of the absorption coefficients [10–13]. These conditions are hard to meet in
environmental samples, thus it is recommended to avoid self-absorption effects rather than attempting
to correct them [14]. Approaches used to reduce self-absorption aim to modify the components of the
term µtot(E). This can be done while preparing the sample by reducing the grain size of the sample
and then either approaching a thin or a diluted thick sample limit. The thickness to which we refer is
the optical path though one element. The maximum acceptable thickness of an undiluted sample is
known as the “thin limit,” while when a diluted sample’s optical path approaches infinity, it is said to
be at the “thick limit” [15]. Samples that approach the thin sample limit are prepared by applying a
non-diluted powdered sample to a thin carbon-based tape and removing the excess by manual shake
or tapping. On the other hand, the thick limit is approached by forming hydraulic pressed pellets of
the sample, that can be diluted with a matrix which has a low absorption coefficient µ(E) in the energy
range that will be used. Boron nitride (BN) is a standard diluent because of it is composed by of low-Z
elements (B and N) having low µ(E), and is both stable and inert [14,16].

Sample preparation approaching the thin sample limit is better for samples with low concentration,
as it is reproducible and yields very robust results [17–21]. However, often the P speciation of fertilizers,
agronomical fields trials, or lithogenic P rich soils is also necessary [22–24]. The common knowledge
is that for samples with high P concentration a dilution to 0.2 to 5% w/w in Boron nitride BN is
necessary [25,26]. In this concentration range the self-absorption is thought to be diminished and easily
done when preparing thick diluted samples. Nevertheless, at present, it is not clear what is the optimal
concentration of P to collect data in X-rays fluorescence mode at the thick diluted limit (i.e., pellets) at
which spectra and consequently LC fitting results are not significantly influenced by self-absorption.
Moreover, it is unknown if recent improvements in data processing optimization [18], may also improve
the LC fitting results even when self-absorption is present. In this paper, we aim to address these
questions by comparing the results of LC fitting in two matrices, where the P concentration was varied
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from 1 to ~6000 mmol kg−1. The two samples were a diluted soil matrix and a mixture of commonly
encountered P species standards (calcium phosphate, iron phosphate, and aluminum phosphate).
We analyzed the samples using both non-optimized and optimized background and normalization
values for each sample and compared consistency and accuracy of the results across the increasing
concentration range between the true composition and between the LC fitting approaches.

2. Materials and Methods

2.1. Ternary Standard Mixtures and Soil Sample

A simple matrix sample was produced by mixing and homogenizing three phosphate standard
compounds commonly used in LC fitting exercises of soil samples from agricultural fields [27,28].
The standards (Table S1 and Figure S3) were purchased from Sigma-Aldrich® and mixed as follow:
33% calcium hydrogen phosphate (CAS Number: 7757-93-9), 33% aluminum phosphate (CAS Number:
7784-30-7), and 33% iron(III) phosphate (CAS Number: 13463-10-0). The final phosphorus concentration
of the mixture was 6487.56 mmol kg−1. The standard mixture was finely ground and then diluted in
boron nitride (CAS Number: 10043-11-5) using a Wig-L-Bug® grinder/mixer to achieve the following
final concentrations: 1, 6.25, 12.5, 25, 50, 75, 100, 200, 300, 400 and 1000 mmol kg−1.

Additionally, we analyzed a soil sample diluted to the same P concentrations as the standard
mixtures up to 900 mmol kg−1, to achieve this a soil sample with high phosphorus content was chosen.
The sampled profile was located in the district of Lapão, State of Bahia, Northeast region of Brazil
(UTM 187881 and 8736316, zone 24S), inside the Irecê Plateau. The soil is an Inceptisol (Soil Taxonomy,
1999), classified as a Cambissolo Háplico Ta eutrófico latossólico according to the Brazilian System of
Soil Classification (SiBCS, 2006). From this soil we chose a subsurface layer (90–140 cm deep) with
947.92 mmol kg−1 of total phosphorus, by diluting the soil with BN. The natural high P content of this
soil is due to the calcareous rocks that were deposited during the Neoproterozoic (Precambrian) in
the Irecê Plateau. These rocks occur in association with phosphatic rocks and sulfide mineralization
of Fe, Zn, and Pb in many gossans formations, originating from hydrothermalism [29]. A general
characterization of the sample performed by Paiva [29] is shown in Table S2 and the results of a Headley
fractionation are shown in Table S3. All dilutions were analyzed for its total P content by digestion
with H2SO4. Briefly, 500 mg of the sample was dissolved with 10 mL of H2SO4 (1:1) in a 250 mL flask
and digested for 30 min under a reflux condenser. Thereafter, the volume was completed with water
and filtrated. The total P of the filtrated solution was measured using ICP-OES.

2.2. Phosphorus K-Edge XANES Data Collection and Analysis

All XANES spectra were collected at the Brazilian Synchrotron Light Laboratory (LNLS) using the
soft X-ray spectroscopy beamline (SXS) in fluorescence mode using an AMPTEK® X-ray Spectrometer
Detector (model X-123) to record the X-ray fluorescence. The storage ring had an energy of 1.37 GeV
with a maximum electron beam current of 250 mA. The photon energy was scanned by a Si (111)
double-crystal monochromator, which is best suited for high energy resolution measurements.
The state and energy resolution of the monochromator was previously checked by measuring a
rocking-curve from −35 to 5 arcsec (Figure S1). The size of the beam at the sample was 0.6 × 1.2 mm2

(FWHM). The beamline was calibrated with a freshly prepared elemental phosphorus standard (Red
phosphorus—CAS-No. 7723-14-0) at 2145.5 eV, and the calibration was checked periodically after every
beam injection by scanning across the edge of a freshly daily prepared elemental phosphorus standard
(Figure S2). No significant movement of the edge energy (E0) was observed though our experiment.

All samples were prepared in pellet form with 13 mm diameter using 120 mg of each sample and
800 kg pressure for the pellets production. Then, the samples were mounted on a stainless-steel sample
holder and covered with a 4-µm ultralene thin window film (Spex SamplePrep, Metuchen, NJ, USA).
The soil samples and the standards were mounted at the beamline, under vacuum to decrease X-ray
absorption by the environment around the sample. The detector was placed at a solid angle of 45◦
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from the incident monochromatic beam to increase the fluorescence signal. Data were collected across
an energy range of −35 to +210 eV relative to the calibration energy of elemental P (E0 = 2145.5 eV).
Scans were divided into three regions with the following relative energy ranges and energy-step sizes:
−35 to −15 eV (1 eV step); −15 to 55 eV (0.2 eV step), 55 to 210 eV (1 eV step). Dwell time for each step
across all energy regions was 2 s. Three to seven scans were collected from each sample.

Data processing was performed using both Athena for data preprocessing and the package LCF
for background subtraction, normalization, and LC fitting [18,30]. Data preprocessing consisted in
visual evaluation of the spectrum for inconsistency (e.g., glitches, drifts, and noise) between replicates
of the same spectra and merging of the scans. Thereafter, samples were all E0 calibrated to the zero
crossing of the second derivative of the absorption for each sample. To estimate the range where
self-absorption affects the linearity of white line increase, we tested the correlation of total P content
with the area of the XANES spectra from 2137 to 2186 eV, prior to normalization. This was done by
integrating the abovementioned range using the Simpson method for integration in R.

For the standard mixtures and the soil sample, two different approaches for baseline subtraction
and normalization were followed: First we applied a consistent baseline subtraction and normalization
range across all samples and standards (−36 to −15 eV and +37 to +58 eV from E0—values represent
the average value of the range used for optimization) and compared it to the fitting results from
applying an optimized background subtraction and normalization values from a variable range.
The parameters for the LC fitting optimization using the LCF package were based on the values
obtained by [18] as follows: pre-edge background subtraction: between −43 eV to −30 eV and −19 eV
to −9 eV and normalization values: between +34 eV to +40 eV and +50 eV to +65 eV, with respect to E0.
The standards used for LC fitting were composed of two different sets, and all diluted to 50 mmol kg−1

in BN. The first set was used to fit for the standard mixtures (Set A—Figure S3) and was composed of
calcium phosphate (Figure S3a), aluminum phosphate (Figure S3b), and iron phosphate (Figure S3c).
The second set (Set B—Figure S4) was used to fit the soil sample, the standards were chosen on the
basis of the chemical and mineralogical characterization of the sample by Paiva [29]. Based on his
results, the sample should be composed majorly of iron phosphates (either as minerals or as sorbed P
to goethite) and calcium phosphates (either as hydroxyapatite or as weathering products of apatite,
such as β-tricalcium phosphate [31,32]); thus we assembled a data set of standards (Table S1) comprising
of (Figure S4a) β-tricalcium phosphate, (Figure S4b), hydroxyapatite, (Figure S4c) orthophosphate
bounded to goethite, (Figure S4d) orthophosphate bounded to kaolinite, and (Figure S4e) strengite.
The orthophosphate bounded to kaolinite and to goethite were produced according to Khare et al. [33].
In summary, a stock solid suspension containing 1.50 g kg−1 was prepared by shaking a sample of each
mineral in a KCl 0.01 mol L−1 solution for two hours. While vigorously mixing with a magnetic stirrer,
1 g of the stock suspension was weighed into 50-mL centrifuge tubes, and an appropriate aliquot of
0.01 mol L−1 KH2PO4 was slowly added to each vigorously stirred sample in random chronological
order using a micropipette. The pH was adjusted to pH 6.0 using 0.01 mol L−1 HCl or 0.01 mol L−1

KOH. Samples were shaken for 42 h on a reciprocating water bath shaker at a rate of 0.5 s−1 and 22 ◦C.
At the end of the experiments, the suspensions were centrifuged at approximately 20000× g for 15 min
and filtered through 0.2-µm Millipore filters. The air-dried residues were scraped from the filters
with a spatula and homogenized for acquisition of XANES spectra. Deviations, means, regressions,
and graphs were also done using R [34].

3. Results

3.1. Analysis of P Content of the Standard Mixtures and Soil Sample

Samples analyzed for total P confirmed that the standard mixtures and diluted soil samples had
been diluted to the proposed P concentrations. We found also no P in the BN used for dilution, when
scanning a sample of pure BN through the P energy range at the synchrotron. We corrected the sample
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P concentrations according to the concentrations of the standard mixtures and soil sample as obtained
by ICP-OES presented in Tables 1 and 2.

3.2. Self-Absorption Effects on LC Fitting of Standard Mixtures and Soils

The analysis of standard mixtures by XANES spectroscopy is a very common approach when
testing the suitability of a fitting method [18,26]. We started our analysis by testing the correlation of
total P content with the area of the XANES spectra from 2137 to 2186 eV, prior to normalization in an
approach similar to [35,36]. Our results show a high correlation (R = 0.96; R2 = 0.9188, Figure 1) of the
total area with that of the total P concentration up to 75 mmol kg−1 of P. Above that concentration,
the damping because of self-absorption breaks the correlation between the signal and the P concentration
of the sample. This effect indicates that, in our samples, above 75 mmol kg−1 of P self-absorption
occurs in such a manner that the total area of the P K-edge spectrum of the given sample does not
reflect anymore the P concentration of that sample.
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Figure 1. Linear correlation between the total P concentration in the standard mixtures (from 1 to
75 mmol kg−1) and the absolute area of the spectrum until 2186 eV (colored area). After 75 mmol kg−1

the correlation between concentration and area is not linear anymore, indicating that the spectra were
damped by self-absorption.

Prior to LC fitting, we normalized all spectra to an absorption edge of 1, using both a fixed
and a variable range for background subtraction and normalization. Both methods show the effects
of self-absorption, as decrease of white line intensity at concentrations as low as 75 mmol kg−1 P
(Figure 2A,B). Moreover, P concentrations above 75 mmol kg−1 of P, showed distinctive features for
FePO4, AlPO4, and CaPO4 that were visibly dampened and distorted (Figure 2A). Our results show
that using a consistent background and normalization value for all concentrations yielded less precise
and consistent results than when using optimized values. This is confirmed by both the mean deviation
from the expected percentage across all concentrations (18% vs. 23% for FePO4, 53% vs. 44% for
AlPO4, and 29% vs. 33% for CaHPO4, Table 1) and the mean R-factor values (0.0171 vs. 0.0076).
The accuracy from the optimized preprocessing results was indicated by <4% deviation from the
expected result when only those concentrations lower than 300 mmol kg−1 are considered, whereas
the mean difference from non-optimized values is still above 10%. Moreover, using the conventional
approach to P K-edge XANES LC fitting the deviation increases heavily above 75 mmol kg−1, where
self-absorption already dampens the spectrum.
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Figure 2. Exemplary P K-edge XANES spectra, linear combination (LC) fits and residuals using (A)
non-optimized and (B) optimized background subtraction and normalization parameters of the standard
mixtures. Samples were diluted with BN to the following concentrations: 1, 50, 400, and 6480 mmol kg−1.
All fits were selected by the least R factor of a fitting procedure, according to Werner et al. [18]. Note the
lower residuals of the background subtraction and normalization optimized spectra.

Table 1. Comparison of results from linear combination fitting and its relative deviation from the
expected total P proportions using non-optimized and optimized values for background subtraction
and normalization on a 1:1:1 ternary mixture of aluminum phosphate (Al–P, 33%), iron phosphate (Fe–P,
33%), and calcium hydrogen phosphate (Ca–P, 33%) diluted in boron nitride from 1 to 6840 mmol kg−1.
Absolute means and standard deviation of each component are presented.

P Content
(mmol
kg−1)

Non-Optimized
Values

Relative Deviation
from Total P

R-
Factor

Optimized
Values

Relative Deviation
from Total P

R-
Factor

FeP * AlP * CaP * FeP AlP CaP FeP AlP CaP FeP AlP CaP

% %

1 0 83 17 −33 +50 −16 0.0283 42 29 30 +9 −4 −3 0.0067
6.25 19 53 27 −14 +20 −6 0.0044 42 24 34 +9 −9 +1 0.0030
12.5 57 0 43 +24 −33 +10 0.0196 29 31 39 −4 −2 +6 0.0041
25 53 0 47 +20 −33 +14 0.0048 34 24 42 +1 −9 +9 0.0031
50 31 31 38 −2 −2 +5 0.0016 31 31 38 −2 −2 +5 0.0016
75 32 34 34 −1 +1 +1 0.0012 33 33 34 0 0 +1 0.0012
100 6 69 25 −27 +36 −8 0.0020 25 44 31 −8 +11 −2 0.0009
300 0 74 26 −33 +41 −7 0.0036 18 48 34 −15 +15 +1 0.0011
400 0 85 15 −33 +52 −18 0.0357 0 81 19 −33 +48 −14 0.0132

1000 0 76 24 −33 +43 −9 0.0159 0 71 29 −33 +38 −4 0.0041
6840 0 75 25 −33 +42 −8 0.0703 0 71 29 −33 +38 −4 0.0435

Mean: 18 53 29 23 44 33
SD: 22 32 10 16 21 6

FeP *: iron(III) phosphate; AlP *: aluminum phosphate; CaP *: calcium hydrogen phosphate.

In Table 1, several results must be highlighted for instance, the LC fits for concentrations
<12.5 mmol kg−1, where the noise level heavily compromises the spectral features of the XANES data,
also showed fitting results that increasingly deviated from the known values in these mixtures. Using
our detector configuration, results below 10 mmol kg−1 had up to 9% deviation from the true species
percentages (FePO4), when using optimized preprocessing values. This problem became much more



Soil Syst. 2019, 3, 61 7 of 13

evident when using non-optimized baseline subtraction and normalization, where the deviation of
reported from true species percentage was up to 100% in some cases (e.g., FePO4 at 1 mmol kg−1).
Overall, aluminum and iron phosphates had a higher variance on its LC fitting results both when
considering the whole concentration range analyzed (22% vs. 16% for FePO4, 32% vs. 21% for AlPO4)
and also when considering only up to 300 mmol kg−1 (22% vs. 8% for FePO4, 32% vs. 9% for AlPO4).
Calcium phosphate LC fitting results were more resilient for both the overall concentration (10% vs.
6% for CaHPO4) and when considering up to 300 mmol kg−1 (10% vs. 4% for CaHPO4).

3.3. Soil Sample

The Irecê soil sample contains high concentrations of CaCO3(~110 g kg−1), crystalline iron oxides
(~6.17 dag kg−1), silicate clay minerals (~13.5 dag SiO2 kg−1) and phosphorus (~950 mmol kg−1)
(Table S2). The P-fractionation revealed a high percentage (94.5%) of P extractable with acid (Table S3).
The XRD patterns of the different size fractions of the sample revealed an enrichment of iron phosphate
minerals (phosphoferrite, plumbogummite, data not shown), these minerals were identified by
Paiva [29] using only one d-spacing for each of the minerals, which puts doubt into the real mineral
from which this peaks are coming. Nevertheless, with this information we were led to choose Ca
and Fe bearing P standards for LC fitting. We had no access to phosphoferrite or plumbogummite
pure minerals, thus we used strengite as iron phosphate mineral, hydroxyapatite, and β-tricalcium
phosphate as calcium phosphate proxies; moreover we tested other possible standards like phosphate
bonded to goethite, kaolinite with no avail. The use of strengite as an iron phosphate, was also not
the optimum choice, as the mineral identified by XRD is fosfoferrite which contains Fe(II) and not
Fe(III). The fact that fosfoferrite could be potentially identified in the XRD, leads us to believe that
Fe(II) phosphate could be responsible for a larger percent of the total P, of at least 10%.

Yet, our results using optimized preprocessing values were highly consistent across all
concentrations; an average of 83% of hydroxyapatite, 8% strengite, and 8% β-tricalcium phosphate
(Table 2). On the other hand, using consistent values on the soil sample yielded a similar trend,
that is a high portion of the sample was fit with calcium phosphate and a minimal part of iron
phosphate. Nevertheless, when using non-optimized values calcium phosphate was partitioned
between hydroxyapatite and β-tricalcium phosphate. Both fitting methods yielded, surprisingly
seemingly consistent results even at higher P concentrations. Yet, the optimized values had across all
concentrations a lower R-factor (Figure 3). We could also confirm that a concentration of 1 mmol kg−1,
because of a high noise level, also showed LC fitting results that were very different than those for
LC fitting results between 6.5 mmol kg−1 and 300 mmol kg−1. In essence, using optimized values
for background subtraction and normalization in the soil sample, yielded overall a lower R-factor
(0.0019 vs. 0.02) and more consistent LC fitting results with low variation across the concentration
range evaluated.

Table 2. Comparison of results from linear combination fitting using non-optimized and optimized
values for background subtraction and normalization on a BN diluted soil sample from Lapão, Bahia,
Brazil (initial P content 947.92 mmol kg−1). Concentrations ranging from 1 to 947.92 mmol kg−1 P.

P Content
(mmol kg−1)

Non-Optimized Values
R-Factor

Optimized Values
R-Factor

TCP * Apatite Strengite TCP * Apatite Strengite

% %

1 51 23 27 0.038283 24 61 14 0.004991
6.25 28 58 13 0.013889 0 94 6 0.001992
12.5 22 66 12 0.007424 0 100 0 0.000994
25 17 74 9 0.005962 0 100 0 0.000927
50 24 58 18 0.014383 0 89 11 0.001857
75 40 41 19 0.022008 17 73 9 0.001701

100 37 46 17 0.020679 18 74 8 0.002005
200 32 48 20 0.023714 0 89 11 0.001978
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Table 2. Cont.

P Content
(mmol kg−1)

Non-Optimized Values
R-Factor

Optimized Values
R-Factor

TCP * Apatite Strengite TCP * Apatite Strengite

% %

300 39 44 17 0.020381 19 73 8 0.001511
400 33 45 22 0.023067 0 89 11 0.001858
900 42 39 19 0.027448 14 78 8 0.001190

Mean: 33 49 17 8 83 8
SD: 10 14 5 10 11 4

* TCP: β-tricalcium phosphate.
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Figure 3. Exemplary P K-edge XANES spectra, LC fits and residuals using (A) non-optimized and (B)
optimized background subtraction and normalization parameters of the Irece soil sample. Samples were
diluted with BN to the following concentrations: 1, 50, 400, and 900 mmol kg−1. All fits were selected
by the least R factor of a fitting procedure, according to Werner et al. [18]. Note the lower residuals and
more consistent results of the background subtraction and normalization optimized spectra.

Combining our results, we have determined that the range which allows accurate LC fitting results
is from 1 to 300 mmol kg−1 P. Although self-absorption occurs within the determined range, with our
data optimization protocol we can reach accurate results with variation across different concentrations.
At this range, the data optimization protocol yields results with less than 10% deviation from the
expected result (Figure 4A). Furthermore, although in the soil sample the results have similar variance
across the different concentrations. The R-factor was constantly lower in the optimized results (Table 2),
when using the same standards, which indicates at the most a mathematically better answer.
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Figure 4. Comparison between the LC fit results across the concentrations between 1 to 300 mmol kg−1

P on the (A) standard mixtures and on the (B) Irecê soil sample. The selected range includes both a
region where self-absorption is neglectable (1 to 75 mmol kg−1 P) and above the optimum concentration.
Note that the results given by the optimized LC fitting are less variable across the different concentrations.

4. Discussion

4.1. Analysis of P Content of the Standard Mixtures and Soil Sample

Adequate sample preparation prior to XANES analysis is pivotal for a successful experiment [37].
Here we tested the use of thick diluted samples for fluorescence measurements and the effects of
self-absorption on the LC fitting results. Whereas thin diluted samples are also a possibility, the use
of pellets for XANES measurements to minimize self-absorption effects is widely recommended and
suitable when concentrations are deemed too high [5]. So far, no study has been carried out to determine
the concentration threshold above which self-absorption would seriously confound the LC fitting
results. Earlier studies have empirically established a concentration as 800 mmol kg−1 as a possible
threshold [3], and concentrations around 400 mmol kg−1 [5,38] or within 0.3 to 5% (w/w) have also been
recommended [25,26]. Our results (Figure 1) showed that above 75 mmol kg−1 self-absorption already
occurs and that above 300 mmol kg−1 it is impossible to avoid a large influence of self-absorption on
LC fitting results (Table 1). This result contrasts with most of the above-mentioned recommended
threshold values, but shows that samples with P concentrations below 0.3% (w/w) are on the safe end.
Moreover, we showed that by optimizing the background subtraction and normalization values it is
possible to not only obtain accurate results while varying the composition of the sample as shown
by Werner et al. [18], but we can also improve accuracy across different concentrations even when
self-absorption is seriously confounding the fluorescence signal of the sample.

Although the specific effects of self-absorption on the accuracy of the results differed among
analyzed samples and on various P species, a trend could be observed in the ternary standard mixtures:
In general, LC fitting quantification results for aluminum phosphate and iron phosphate were more
sensitive to the increasing self-absorption effect, than those for calcium-phosphates (Table 1). This could
be due to resilience of the shoulder feature at the high end of the white-line in calcium phosphates to be
dampened even at high P concentrations. On the other hand, small spectral features like the pre-edge
peak of iron phosphate disappeared at larger P concentrations. This conclusion seems to hold also for
the soil, as the reported proportion of apatite was relatively constant for all P concentrations while
the iron phosphate fraction varied more. A similar situation was encountered by Ajiboye et al. [26],
who concluded that when samples are composed of small pre-edge spectral features (iron phosphate)
mixed with strong post-edge spectral features (calcium phosphates), the detection of the former
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was damped. While Ajiboye et al. [26] used a concentration of 5% w/w, far above what we would
recommend based on our results, and thus their iron phosphate features could have been already
damped, our results show that spectral features above the edge seems to be less prone to distortion, and
strong features such as the shoulder of calcium phosphates seem to be unaffected by self-absorption.
This highlights the importance of avoiding distortions of the P K-edge spectra by self-absorption,
as spectra differ only by subtle pre-edge and post edge peaks rather than pronounced features [39].

Soils, contrary to standard mixtures, may contain a myriad of P forms within their matrices, yet
all forms are commonly fit by 3 to 5 standards as proxies used in the LC fitting. Using P K-edge
XANES spectroscopy to probe the inorganic P fraction is a recurrent strategy in P research, at best
combining it with 31P NMR spectroscopy and/or sequential fractionation for analysis of the organic P
fraction [4,40,41]. In our study, we analyzed a sample of the BC horizon (90–140 cm) lithogenically
enriched with phosphorus (95% of total P was extractable by H2SO4). This ensured a low contribution
of organic P in the spectra, which would have increased the uncertainty of the LC fitting. We expected
to find higher proportions of iron phosphates, as identified in the XRD by Paiva [29], yet they were
consistently lower than 10%. This was more in accordance to the chemical fractionation results.
We attribute the low percentage of identified iron phosphates to two possible sources of error: the XRD
and/or the model standards used. The XRD could be a source of bias because Paiva [29] identified the
iron phosphate minerals using only one d-spacing value for each mineral, which is highly unreliable.
The other option is that our choice of standards was incorrect, as phosphorite is composed of Fe(II)
and not Fe(III), the absence of the pre-edge feature in Fe (II) compounds [16,42] like phosphorite could
have masked its presence. This also exemplifies the potential weakness of LC fitting, as the fitting of
the model can be improved unknowingly by applying incorrect standards. Nevertheless, our results
showed consistent results even at high P concentrations (Figure 1), especially those from mineral
standards (hydroxyapatite and strengite). We attribute this to the strong spectral features of both
standards, which are less prone to dampening. Yet, this also indicates that when dominating, these
features could mask weaker or less significant components, as suggested by Seiter et al. [43].

4.2. Implications and Caveats for P Speciation

Recent advances in self-absorption correction theory claim that it is now possible to correct
self-absorption effects without extra measurements [10]. However, such algorithms have not yet been
implemented in common software packages for spectral processing like Athena, Larch, or LCF, and
thus we did not test them. However, as soils around the world have mean P contents of 16 mmol kg−1

(varying between 48.5 mmol kg−1 and 7.9 mmol kg−1 for tundra regions and tropical forests) [44],
our results clearly demonstrate that P speciation using XANES on soils under these boundaries yields
consistent results.

We recommend that in samples where P speciation using K-edge XANES is done, the P
concentration should not be above 300 mmol kg−1 P. Below this value, sample preparation should
follow the thin sample limit approach, and if P concentration is above 300 mmol kg−1 samples should
be diluted in BN and pelleted, while keeping the beam size large as to cover a wide area of the sample.
Our results, although with broad application for the XANES community, are not to be translated into
concentrations for EXAFS analysis, as the analysis range and modifiable variables affecting the results
of the EXAFS fitting considerably exceed those of XANES fitting. Moreover, we have shown that
under the appropriate conditions these limits can be surpassed when applying modern data processing
algorithms, yet care must be taken as to which standards are chosen and that strong spectral features are
present for the standards and samples. If so, diluting the sample to the recommended concentrations
is best. We have shown that by optimizing the baseline and normalization values prior LC fitting of
XANES P K-edge spectra, reliable models of possible inorganic P species present in soils are produced,
while the organic P speciation still remains a challenge. Yet, with the increasing modernization of
synchrotron facilities, solving the remaining challenges of P K-edge spectroscopy seems more at hand.
For instance, specialized beamlines using new detectors now are able to access P concentrations at
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the ppm range [45], while on others the coupling of complementary X-ray techniques (such as X-ray
emission spectroscopy) could open doors to a complete analysis of different P species in soils [46].

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-8789/3/3/61/s1,
Table S1: Chemical characteristics of the standards that compose the ternary known-mixtures. Table S2: Irecê P7
soil sample classification and physical-chemical characteristics. Table S3: Irecê soil sample phosphorus fractions
according to the sequential Hedley phosphorus fractionation and percentage of each fraction from the total
soil phosphorus. Figure S1: Rocking-curve from −35 to 35 arcsec at the SXS beamline at the LNLS. Figure
S2: P K-edge XANES spectrum of a daily prepared elemental P powder used for energy calibration. Figure S3:
P K-edge XANES spectra of the standards ((a) aluminum phosphate, (b) calcium hydrogen phosphate, and (c) iron
phosphate). Figure S4: P K-edge XANES spectra of the standards ((a) β-tricalcium phosphate, (b) hydroxyapatite,
(c) orthophosphate bounded to goethite, (d) orthophosphate bounded to kaolinite, and (e) strengite).
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