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19 ABSTRACT

20 Phosphorus (P) is an essential element for life on Earth, with an important and oftentimes

21 unaccounted organic biogeochemical component. Current methods for the quantification of

22 different organic P compounds in environmental samples (e.g. soils, sediments) are based on

23 extraction techniques and often associated with incomplete P recovery or sample changes. In this

24 study, we present a protocol for the quantification of different organic and inorganic P species in

25 soils using synchrotron-based XANES spectroscopy at the P L2,3-edge. Its accuracy and precision

26 was evaluated by analyzing 40 standard mixtures composed of seven different inorganic and

27 organic P compounds (mean R2 = 0.85). Additionally, we quantified the P species of two soils and

28 two agro-industrial byproducts using P L2,3-edge XANES spectroscopy and the results were

29 compared with those obtained by P K-edge XANES or 31P NMR spectroscopy. Using the P L2,3-

30 edge we identified different organic species, including those not identified by the common P K-

31 edge XANES. However, there is a consistent underestimation of organic polyphosphates. Overall

32 the application of P L2,3-edge XANES provides a higher level of information than by P K-edge

33 XANES, although the ubiquitous use of this novel methodology is still limited to samples with

34 phosphorus content above 3 mg g-1.
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40 1. Introduction
41 Life on earth would not be possible without phosphorus (P); as it is present in various

42 biomolecules, whose functions range from energy transport to serving as structural component in

43 cellular walls and nucleic acids.1 Primary productivity in many terrestrial and aquatic ecosystems

44 is maintained by the input of P derived from bedrock weathering, dust deposition, and recycling

45 of internal system P 2–4, with organic P forms comprising up to 90% of total soil P.5 Speciation of

46 organic P in soils and sediments most often relays on results of liquid 31P nuclear magnetic

47 resonance (NMR) spectroscopy 6–10 with phosphate monoesters, phosphate diesters, and organic

48 polyphosphates 11,12 as the most dominant P forms. However, liquid 31P NMR spectroscopy

49 requires a preceding extraction step using a mixture of ethylenediaminetetraacetate (EDTA) and

50 NaOH 13,14. This leads to two fundamental problems i) an often incomplete extraction 15 and ii)

51 extraction-induced changes in the sample composition – in the case of liquid 31P NMR the

52 hydrolysis of organic P compounds. 6 Thus, liquid 31P NMR spectroscopy results are influenced

53 by the sample pre-treatment, which all together can jeopardize ecological interpretation. This calls

54 for alternative analytical methods to characterise organic P forms in soils and sediments without

55 harsh sample pre-treatment.

56 X-ray absorption near-edge structure (XANES) spectroscopy may offer a possibility to

57 overcome these limitations as it requires no preceding extraction and only minimal sample

58 preparation.16 Due to the increased accessibility to high-brightness synchrotron beamlines,

59 application of XANES spectroscopy has become increasingly relevant in soil P research during

60 the last two decades.17–23 Thereby, most P XANES studies have been focused on the K-edge

61 (~2150  eV)  where  the  P  1s→3p  transition  is  probed.  However,  when  probing  the  K-edge,  the

62 speciation of organic P forms is difficult or even impossible due to the lack of distinguishable

63 spectral features among different organic reference compounds at the P K-edge.24,25 By contrast,

64 P XANES spectroscopy at the L2,3-edge seems to be more promising because the L2,3-edge spectra

65 of different organic and inorganic P forms are characterised by more potentially distinguishable

66 spectral features.26 Although investigations using P L2,3-edge XANES spectroscopy have been
67 carried out, it has been mainly in the field of field of material science27,28,37,38,29–36 and only a few

68 were dedicated to environmental related samples.19,32,39 The latter can be explained by the high P

69 concentration (>3 mg g-1) required to record of P L2,3-edge compared to the P K-edge (0.1 mg g-1)
70 spectra due to lower excitations probabilities at lower excitation energies.40 Furthermore, spectral

71 data evaluation was so far mainly restricted to visual comparisons with reference compounds

72 instead of quantitative data evaluation by e.g., linear combination fitting (LCF) as often used in P

73 K-edge XANES data evaluation.41–43 This is mostly due to difficulties in spectral data treatment,

74 namely regarding a correct deconvolution of an oftentimes non-linear background originating from

75 excitations of other matrix elements, low-energy electrons, and sample charging which

76 complicates the spectrum normalization and thus subsequent fitting of spectra. Adding to this, the

77 detection of secondary emissions (fluorescence and electron yield) which originate from the

78 relaxation processes upon x-ray absorption are prone to distortions (saturation and self-

79 absorption)44 yet unaccounted on past studies of the P L-edge. These problems are even more

80 challenging in spectra from soils or sediments characterised by high silicon (Si) contents usually

81 exceeding those of P. This Si - mostly present in quartz and/or clay minerals- can distort P L2,3-

82 edge XANES spectra, due to spectral overlap with Si L-edges at energies below (L3-edge: 99.2

83 eV; L2-edge: 99.8 eV) and above (L1-edge: 149 eV) the energy of the P L2,3-edge36,45–47 (see Figure

84 S1 Supplementary information), which has been shown in several studies on material

85 science.31,36,46 Yet, to the best of our knowledge, no study in environmental sciences so far has

86 addressed or even acknowledged this problem.

87 Therefore, the aim of this study was (i) to develop a spectral data workflow for a consistent data

88 treatment which enables a quantitative data evaluation via LCF, and subsequently (ii) to evaluate

89 the capabilities and uncertainties of synchrotron-based P L2,3-edge XANES spectroscopy for the

90 identification and quantification of different organic and inorganic P compounds in soils and other

91 environmental samples. For this, we used 40 artificial mixtures of P reference compounds with

92 known composition and two soils and two agro-industrial byproducts. For the latter, P speciation

93 results obtained by P L2,3-edge XANES spectroscopy were compared with those obtained for the

94 same samples by P K-edge XANES (soils) or 31P NMR spectroscopy (agro-industrial byproducts).

95 2.	Materials and Methods

96 2.1 P Standards and defined artificial mixtures

97 We used four standards representing major organic P species and three reference standards

98 representing different inorganic P species in soils which are summarized in Table 1. We diluted

99 each reference standard with fine-ground (mesh 230), high-purity quartz “purum” (Sigma-

100 Aldrich: CAS: 14808-60-7) to a final concentration of 40 mg P g-1 using an agate mortar and pestle.

101 Total P concentrations in all diluted reference standards were checked for correctness by digestion

102 of each diluted standard with hydrofluoric acid (HF) and perchloric acid (HClO4) and subsequent

103 element analysis using inductively coupled plasma optical emission spectrometry (ICP-OES;

104 Vista-PRO Simultaneous ICP-OES, Varian Inc., Palo Alto, CA, USA) (Data not shown).

105 We produced three sets of defined artificial ternary and quaternary mixtures by weighing

106 different amounts of the seven diluted reference standards in various combinations to 1 g of

107 sample, and homogenising them manually with agate mortar and pestle.

108 These quartz diluted artificial mixtures were prepared to both mimic typical soil matrices by

109 introducing a signal distortion caused by the excitation of the Si L-edges and represent a broad

110 concentration range of either (i) three organic P compounds and one inorganic P form (Set A:

111 inorganic P as hydroxyapatite, P monoesters as phytic acid, P diesters as deoxyribonucleic acid

112 sodium salt, and phosphonates as methylphosphonic acid), (ii) three inorganic P compounds and

113 one organic P form (Set B: hydroxyapatite, iron(III) phosphate, aluminium phosphate, and phytic

114 acid as an organic phosphate), or (iii) four organic P compounds (Set C: P monoesters as phytic

115 acid, P diesters as deoxyribonucleic acid sodium salt, phosphonates as methylphosphonic acid, and

116 adenosine 5’-triphosphate as polyphosphate). We proceeded in this way to validate the robustness

117 of the P L2,3-edge XANES spectrum deconvolution method for a broad range of P species

118 proportions. In total, 40 diluted ternary and quaternary mixtures of the standards were produced

119 (Tables S2, S3, and S4).

120 2.2	Exemplary soil samples

121 In order to test the feasibility of our approach for important environmental questions, we also

122 analysed two P-rich soils from a penguin colony site located on Deception Island (South Shetland

123 Islands, Maritime Antarctica). Soil samples were taken on a site with an active moss layer (P04)

124 and on another site with a dead moss layer (P16). The soil samples were finely ground using an

125 agate mortar and pestle. A chemical characterization of the two soil samples is given in Table S5.

126 2.3	P L2,3-edge XANES spectroscopy

127 Phosphorus L2,3-edge XANES spectra of diluted reference standards, standard mixtures, and

128 soil samples were acquired at the Brazilian Synchrotron Light Source (LNLS) at the Planar Grating

129 Monochromator (PGM) beamline. Finely ground sample powder (~230 mesh) was spread as a thin

130 film onto a double-sided P-free carbon tape “Spectro-tabs” (G3358, Plano GmbH, D-35578

131 Wetzlar, Germany). The PGM´s beam source is an elliptical polarization undulator with a 50 mm

132 period (EPU50). Its optics are based on a standard grating monochromator (PGM) equipped with

133 a 1500 l/mm variable line spacing (VLS) diffraction grating.48 Spectra acquisition was performed

134 by recording the X-ray absorption in total electron yield (TEY) between 130 eV and 160 eV, with

135 a step size of 0.1 eV and a dwell time of 1 s. TEY was measured with an amperemeter. Recorded

136 spectra were normalized to the incident beam intensity (I0), which was simultaneously recorded as

137 the absorption from a gold mesh upstream the beamline. A total of three to four scans were

138 averaged to yield a good signal-to-noise ratio for each sample spectrum. Additionally, to analyse

139 possible contributions of the Si L-edges on the P L2,3-edge XANES spectra, we recorded a

140 spectrum of the pure quartz and of the phytic acid diluted with quartz to 40 mg P g-1 in the energy

141 range from 90 to 160 eV.

142 2.4	Spectrum processing and fitting

143 The XANES data was initially pre-processed using the ATHENA program of the software

144 package DEMETER.49 Individual scans were examined for glitches, drifts, noise, and general

145 quality before merging them. Subsequently, the zero crossing of the second derivative of the

146 absorption were used to determine E0 values of the merged spectra. The calibrated data were

147 further processed using the LCF package of the R software (Version 3.3.2).50

148 To account for the nonlinear background, merged spectra were background corrected, using a

149 grade-two polynomial function between four points across the pre-edge and post-edge regions (E0-

150 relative values: -3 eV, -1.5 eV, +19.0 eV, +21.5 eV). Thereafter, each baseline-corrected spectrum

151 was normalized to the highest intensity point across the spectrum.51 Optimization of background

152 subtraction was performed by generating a matrix of different background values, similar to a

153 procedure developed earlier for the deconvolution of P K-edge XANES spectra of soil samples50

154 (pre-edge value 1 from -4 eV to -2.5 eV; pre-edge value 2 from -2 eV to -0.5 eV; post-edge value

155 1 from +16 eV to +17.5 eV; post-edge value 2 from 19.5 eV to 22 eV; all with a step of 0.1 eV).

156 The LC fitting was performed from -3eV to 16 eV (relative to E0) using the fit_float function of

157 the LCF package. Combination of all baseline-corrected spectra resulted in >100,000 spectra

158 variants and LC fits for each sample. The fittings were ranked by their R-factors (X2 divided by

159 the sum of the squared sample data), and the one presenting the lowest R factor was chosen as

160 final fitting result. This approach guarantees that all possible background subtraction possibilities,

161 within the range given, are tested for the LC fitting. Linear regression and Pearson’s correlation

162 coefficients between determined and expected proportions of different P species in the various

163 standard mixtures were calculated using R. The deviation from the true contribution was calculated

164 as the difference between the XANES LC fitting results and the true species contribution to the

165 total P.

166 2.5 Re-analysis of older P L2,3-edge XANES spectra obtained for agricultural by-products

167 Additionally, we applied the designed P L2,3-edge XANES spectra analysis workflow to an

168 additional P L2,3-edge XANES spectra dataset obtained for two agricultural by-product samples at

169 the VGM beamline of the Canadian Light Source (CLS; Saskatoon, Canada) by Negassa et al.52,

170 namely a sugar-cane filter cake (FIC) and a niger seed filter cake (NIC). Detailed information on

171 these samples is presented in ref. 36 and in Table S6. We performed the LC fitting according to

172 the protocol described above and compared the P speciation results obtained by P L2,3-edge

173 XANES with those obtained for the respective samples by 31P-NMR spectroscopy by Negassa et

174	al.52

175 3. Results and Discussion

176 3.1 Background subtraction function and quantification of P compounds in defined mixtures

177 Baseline correction was the most fundamental part of the analysis, and to the best of our

178 knowledge, the confounding effect of Si on the shape of P L2,3-edge XANES spectra has been

179 overlooked in previous studies where both elements are present.31,37 In this study, we confirm that

180 Si can cause distortion of P L2,3-edge XANES spectrum if significant proportions of Si a present

181 in the sample due to the proximity of both edges (Figure S1). Moreover, comparing the spectrum

182 of phytic acid and phytic acid diluted in quartz reveals that the non-linear background of the diluted

183 phytic acid P L2,3-edge XANES spectrum is at least partly caused by interference of the Si L-edges

184 (Figure S1). The presented approach, using a four-point background subtraction, allowes the

185 subtraction most of the background Si and charging effects from the sample spectra, and thus

186 minimize impacts of spectral distortions on the fitting results. Moreover, the use of the  LCF

187 package allows the calculation of concise results, as it allows the quick test of all possible

188 background combination possibilities.53

189 LC fitting results yielded R-factors <0.01 in all mixtures (Tables S2, S3, S4), indicating that the

190 models have good agreement with the sample spectra. Correlation analysis and linear regressions

191 of fitting results vs. expected proportions of different P standards in the 40 mixtures yielded

192 correlation coefficients >0.8, p-values <0.00001, intercept values close to 0 and slope values close

193 to 1, respectively (Figure 2). Overall, in the fits the contribution of organic P species to total P was

194 slightly underestimated by L2,3-edge XANES spectroscopy (mean absolute difference of

195 determined vs. true species contribution to total P for phosphate diesters: 11±7%; for phosphate

196 monoesters: 8±6%; for organic polyphosphates: 14±9%; for phosphonates: 7±7%). In contrast, the

197 contribution of inorganic P species was slightly overestimated (mean absolute ratio of determined

198 vs. true species contribution to total P for Al-P: 8±5%; Fe-P: 10±6%; Ca-P: 4±3%). These numbers

199 demonstrate a high accuracy and precision of the method when all P-bearing constituents of a

200 sample are known, but not their proportions. We are aware that this is a best-case scenario and

201 accuracy and precision can be lower when constituents are not exactly known and have to be

202 chosen based on e.g., ancillary data about the sample of unknown composition.

203 The potential advantages of using the P L2,3-edge for the identification of organic P or Ca-bound

204 P forms have been mentioned repeatedly in earlier studies;26,39,40,54 however, to the best of our

205 knowledge none of these studies used LC fitting to also obtain quantitative information.

206 Therefore, we are the first to show that diluted mixtures with known organic P species (i.e.,

207 phosphonates, phosphate monoesters/diesters, and organic polyphosphates) can be speciated using

208 P L2,3-edge XANES with good accuracy and precision after appropriate data processing.

209 Moreover, these results show that the speciation of inorganic phosphates (Fe-P, Al-P, Ca-P) is

210 possible with even higher accuracy than with P K-edge XANES spectroscopy.50 Although our

211 study shows that the speciation of organic P species has a higher variance than when studying

212 inorganic P species, it must be highlighted that this higher variance because the subtler feature

213 differences between the  different organic species. This is  very understandable since  the nearest

214 neighbouring atom of all is C, and thus provides similar electron affinity.

215 The presented approach using an empirical background subtraction procedure yielded similar

216 spectra to those presented in other studies measuring in transmission (no charging effects)55 and

217 without Si.56 We confirmed this by measuring spectra for diluted and undiluted standards of

218 hydroxyapatite (Figure S2), thus it effectively removes most Si artefacts introduced in a Si

219 dominated. However, other empirical approaches yet to be tested using more complex background

220 subtraction methods could provide even more flexible and smoother background subtraction.

221 3.2 Method validation using environmental samples: Comparison with K-edge XANES and 31P-

222 NMR spectroscopy

223 To compare our speciation procedure and its applicability to complex materials found in

224 natural environments, we compared the P speciation in soil samples and agro-industry by-products

225 using P L2,3-edge XANES spectroscopy with those obtained by P K-edge XANES at beamline 8

226 of the Synchrotron Light Research Institute (SLRI), Nakhon Ratchasima, Thailand57,58, using the

227 procedure and standards described previously20,59 (soil samples) or by 31P-NMR spectroscopy19,60

228 (agro-industrial by-products). For the two ornithogenic soil samples, P K-edge XANES

229 spectroscopy revealed a very similar P speciation with most P in inorganic forms such as Fe-bound

230 phosphate (P04: 50% of total P; P16: 44%) and as Al-bound phosphate (P04: 37% of total P, P16:

231 45%) (Table 1). This is in agreement with previous studies on P speciation of ornithogenic soils in

232 Antarctica, using other techniques such as XRD, which reported that much of the penguin guano

233 is mineralized to form phosphate minerals such as variscite and vivianite at low pH.61,62

234 Results obtained by P L2,3-edge XANES spectroscopy agree very well with those obtained by

235 P K-edge XANES spectroscopy (Table 1). However, by using P L2,3-edge XANES we were able

236 to differentiate even between diester phosphates and monoester phosphates which was not possible

237 at the P K-edge (after applying the same set of standards). We also contest to another study where

238 the molecular transformations of guano in soils were investigated using 31P-NMR spectroscopy.63

239 They describe guano-derived soils as particularly rich in orthophosphate, followed by monoester

240 and diester phosphates. However, results show a contrasting trend of higher diester phosphates,

241 followed by monoester phosphates. This might be explained by the partial hydrolyse of diester

242 phosphates   during  extraction   with   NaOH-EDTA   leading  to   a  underestimation   of diester

243 phosphates in these soils by 31P-NMR spectroscopy64. Moreover, phosphate diester accumulation

244 would be expected in soils undergoing mineralization.62. This again demonstrates the advantage

245 of the P L2,3-edge XANES spectroscopy, as it was able to discriminate between mono- and diester

246 phosphates, without a need of an extraction step and thus to specifically quantify a P compound

247 (diester phosphates) with high ecological relevance in organic P rich soils such as in e.g.,

248 ornithogenic soils.

249 The analysis of the agro-industrial by-products by 31P-NMR spectroscopy showed that both

250 samples differed strongly in their P speciation. The sugar-cane filter cake (FIC) has 94% of its

251 total P as orthophosphate, and 6% as phosphate monoesters; while for the niger seed filter cake

252 (NIC), only 6% of total P was orthophosphate, and 94% was phosphate monoesters (Table 1).

253 Thus, the two samples were excellent endmembers to test the P L2,3-edge XANES-based P

254 speciation method. Moreover, the high extraction efficiency of NaOH/EDTA for both samples

255 (FIC: 94% and NIC: 83% of total P) allowed us to directly compare the P speciation results

256 obtained for the agro-industrial by-products by P L2,3-edge spectroscopy in this study with the

257 respective P speciation results obtained earlier17 on their NaOH/EDTA extracts by 31P-NMR

258 spectroscopy.

259 The real power of using the P L2,3-edge XANES spectroscopy can only be acknowledged when

260 reviewing the distribution of the individual organic P species (Table 1). Whereas P K-edge

261 XANES spectroscopy and 31P NMR only identify one species (phosphate monoesters), the P L2,3-

262 edge XANES spectroscopy discriminates other organic species. This capability to distinguish

263 different organic P species without previous sample preparation coupled to the at sub-micron

264 spatial resolution when using STXM, is unique to the P L2,3-edge and could shed light to currently

265 unknown P and C association mechanisms to mineral phases. Moreover, considering that in the

266 soil samples the P concentration was lower than the in agro-industrial by-products, and spectral

267 interference of the Si L-edge was present for the soil samples, the results demonstrate the ability

268 of the proposed workflow to minimize the influence of Si and other artefacts by optimizing

269 background values and using other background functions.

270 3.3	Potential applications: Soils, biominerals, and rock surfaces

271 We evaluated the applicability of synchrotron-based P L2,3-edge XANES spectroscopy for the

272 quantification of organic and inorganic P in soils and environmental samples. The spectrum

273 processing workflow here presented permits an accurate and precise quantification of major

274 organic P species present in the environment. XANES LC fitting results at any edge of any

275 element, depend on the standards used and assume a linear relation between the proportion of each

276 component and its influence in the spectral features. Thus, complementary analyses that suggest

277 which standards can be used for the LC fitting exercise will benefit the analysis. Common analyses

278 could be EDX/XRF analyses23, Raman spectroscopy 65, among others, coupled to data reduction

279 procedures to the XANES spectrum(i.e. principal component analysis followed by target

280 transform)66. A lternative approaches for XANES speciation would be the use of predictive

281 regression models (random forests, partial-least squares, neural networks), which show great

282 predictive capabilities,67,68 and should be further studied. Yet, the need of a large number of

283 independent samples for them to be trained hampers their use.

284 Similar to other recent studies using P L2,3-edge XANES spectroscopy for the P speciation of

285 environmental samples54,69 or biominerals,32,55,70 the samples used in this study had P

286 concentrations of ~4 mg g-1, which is larger than those present in many soils and sediments. At

287 present, a reliable, accurate, and precise P speciation using L-edge XANES spectroscopy is

288 impossible for environmental samples with P concentrations <3 mg g-1 without prior either P-

289 enriching sample  pre-treatment  (e.g., isolation  of  clay fraction;  SOM  extraction, diffusive

290 gradients in thin films)69 or analysis of P hotspots (e.g., by µ-L-edge XANES).55 However, several

291 alternatives to probe the P L-edge arise with the ongoing rapid advance in synchrotron technology.

292 Under increased photon flux71–74, the use of resonant x-ray absorption (XANES) or emission (e.g.,

293 nonresonant raman x-ray scattering) techniques75 coupled to energy discriminant detectors,76 will

294 likely allow an accurate and precise P speciation on soil samples with low (< 3 mg g-1) P

295 concentration by L2,3-edge XANES spectroscopy in the near future.

296 Table 1: Reference compounds used for the ternary and quaternary mixtures.	
P form	Compound	Group

Inorganic	Iron (III) phosphate	Iron phosphate Hydroxyapatite	Calcium phosphate
Aluminium phosphate	Aluminium phosphate
Organic	Phytic acid sodium salt hydrate	Monoester phosphate Deoxyribonucleic acid sodium salt	Diester phosphate Methylphosphonic acid	Phosphonate



297 

Adenosine 5’-triphosphate disodium salt hydrate

Organic polyphosphate


298 Table 2: P speciation results obtained for two soils from a penguin rooker on Deception Island, Maritime Antarctica (P04, P16) and two
299 agro-industrial by-products (sugar cane filter cake [FIC], niger seed filter cake [NIC]) by P L2,3-edge XANES spectroscopy compared
300 to P speciation results obtained by P K-edge XANES (soils) or liquid 31P NMR spectroscopy (agro-industrial by-products). ND: Not
301 determined. IHP: Inositol phosphate.


Contribution to total P (%)
Organic P

Fe-bound P	Al-bound P	Orthophosphate P	IHP	P-diester

Soils

P04	L2,3-edge XANES	51±6	33±5	ND	7±6	9±6
K-edge XANES	50±7	37±4	ND	13±9	0


P16	L2,3-edge XANES	48±6	34±5	ND	6±6	10±6
K-edge XANES	44±7	45±4	ND	11±9
Agro-industrial by-products

FIC	L2,3-edge XANES	0	0	92±4	8±6	0
31P NMR spectroscopy	0	0	94	6	0

NIC	L2,3-edge XANES	0	0	5±4	95±6	?
31P NMR spectroscopy	0	0	6	94	0
302 
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304 
305 Figure 1. (A) Background subtraction performed on a P L2,3-edge XANES spectrum of adenosine

306 triphosphate diluted with quartz to a P concentration of 40 mg g-1 (red) by fitting a grade-two

307 polynomial function(blue) between two points in the pre-edge and two points in the post edge, and

308 (B) subsequent spectrum normalization using the highest intensity point of the resulting spectrum.

309 
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311 Figure 2. Comparison of the contribution of different inorganic and organic P compounds in

312 defined diluted (40 mg P g-1) ternary and quaternary standard mixtures as determined by P L2,3-

313 edge XANES spectroscopy with the true contribution of the respective compounds. Shown are

314 linear regressions, with the shadowed area representing the 95% confidence interval. Pearson’s

315 correlation coefficients (R), p-values and linear regression equations are printed in the upper left

316 corner of each panel, root-mean-square error (RMSE) is printed in the lower right corner of each

317 panel.
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[image: ]Figure 3. Contribution of different P species in two soils (empty symbols) and two agro-industrial


321 by-products (filled symbols) as determined by deconvolution of P L2,3-edge XANES spectra using

322 the protocol presented in the current paper with the contribution of the respective P species as

323 determined by deconvolution of P K-edge XANES spectra according to Werner & Prietzel33 (soils)

324 [bookmark: _GoBack]and by 31P-NMR spectroscopy (agro-industrial by-products) conducted by Negassa et al.18 325
326
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