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Abstract:

A wide range of methods are used to estimate ldr@-pvailability of soil phosphorus
(P). Published research has shown that the di#ugradients in thin films (DGT) technique
has a superior correlation to plant-available Psails compared to standard chemical
extraction tests. In order to identify the plantiable soil P species, we combined DGT with
infrared and P K- andJgedge X-ray adsorption near-edge structure (XAN§)ctroscopy.
This was achieved by spectroscopically investigative dried binding layer of DGT devices
after soil deployment. All three spectroscopic roeth were able to distinguish between
different kinds of phosphates (poly-, trimeta-, g@yand orthophosphate) on the DGT binding
layer. However, infrared spectroscopy was mostiseago distinguish between different
types of adsorbed inorganic and organic phosphktethermore, intermediates of the time-

resolved hydrolysis of trimetaphosphate in soillddae analyzed.

1. Introduction

Phosphorus (P) is an essential element for ath$oof life. It is necessary for the
metabolic process (ADP/ATP) and it is an integraitpf the DNA molecule and the cell
membrane. Therefore, P is termed a macronutrieshisaapplied in the form of P-fertilizers
in agriculture for crop production.

The plant-availability of soil P can strongly inflace the yield of agricultural crops.
Hence, several simple chemical extraction methoesised to estimate the plant-available P
of soils [1,2]. More recently, several researchugo [3-8] have shown that the Diffusive
Gradients in Thin films (DGT) technique have a mbeltter correlation to plant-available P
in soils than standard chemical extraction tests. @lcium-acetate-lactate (CAL), Colwell,
Olsen, water) when soils with different charactesss are considered. The DGT device

consists of a binding layer, a diffusion gel andilter (to protect the gel) assembled in a
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plastic holder [8,9]. The dissolved and labile Bcfiron of the soil from moist soil samples
diffuses through the filter and diffusion gel asdsubsequently adsorbed to the binding layer
during deployment. The amount of adsorbed P orbithéing layer, which is the quantity that
accounts for the resupply from the solid phase tive, is then used as indicator for P plant-
availability of the soil.

Six et al.[6] and Mason et a[10] discovered by ¥/P*? labelled P sources that the
DGT method accessed the same pool of labile sasPmaize and wheat plants, while
conventional P extraction tests also include naaitalle P pools in their measured quantity.
Thus, the soil P compounds which are responsiblbifih yields of maize and wheat diffused
and bound to the DGT binding layer.

The aim of our work was to identify the plant-ashle P compounds of soils by a
novel combination of DGT and spectroscopic techesquOur approach was to analyze the
binding layers of DGT deployed in soils by Foufleansform infrared (FTIR) spectroscopy,
and by K-edge andJls-edge X-ray adsorption near-edge structure (XAN§&ctroscopies.
Previously, other groups have shown that X-ray gusm spectroscopy was able to
distinguish between As(lll) and As(V) compourid4] and different mercury compounds
[12], respectively, on the DGT binding layer. Howewhis combination has not been applied
to examine highly plant-available P as detecte®®. Here, we demonstrate the strengths
of this approach by i) spectroscopically analyzid@T deployed in various P solutions (as
references), and ii) applying this to a time-resdlinvestigation of trimetaphosphate (TMP)
hydrolysis, a polyphosphate with a high plant-afality [13,14], in incubated P-

fertilizer/soil mixtures.

2. Materialsand M ethods

2.1 DGT experiments
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DGT deviceg8] (window size: 2.54 cf 0.8 mm APA (polyacrylamide) diffusion
layer) with ferrihydrite (Fh; thickness 0.6 mm) azicconium oxide (ZrO; thickness 0.4 mm)
binding layer (DGT Research, Lancaster, UK), respely, were loaded with 200 mL
solutions (50 mg P/L) of various inorganic and oigeP compounds (KHPQ,, D-glucose-6-
phosphate disodium-salboth Carl Roth, Karlsruhe, Germany), Ca@dy),-H,O (ABCR,
Karlsruhe, Germany), (NBbHPO, (Merck, Darmstadt, Germany), Na&O;-10HO,
NasP;010, (NaPQ)s, adenosine-5"-monophosphate Na-salt (AMP), adeadsi-diphosphate
Na-salt (ADP), adenosine-5"-triphosphate Na-salt TRA adenosine-3",5"-cyclic
monophosphate Na-salt (CAMP), d-phosphatidylchinoline, aminomethylphosphonic acid,
B-glycerophosphate Na-salt and creatine phosphttal{a Aesar, Karlsruhe, Germany) and
phytic acid Na-salt (Sigma-Aldrich, Steinheim, Gamy). The DGT devices were deployed
for 24 h at 22°C in constantly agitated solutiohfer deployment, the binding layers of the
DGT devices were dried at room temperature andtsyseopically investigated as described
below. Finally, P from the binding layer was eluteith 1 M HNG; (for Fh binding layers) or
1 M NaOH (ZrO binding layers) and the P concertratvas analyzed by inductively coupled
plasma - mass spectroscopy (ICP-MS; Thermo iCAP@ieich, Germany) to calculate the
P mass accumulated to the binding layer.

Furthermore, time-resolveDGT measurements (Fh binding layer) were performed
with trimetaphosphate (as sodium salt, (Na@B)Capplied to a soil. Therefore, subsoil from a
loess-derived brown soil was mixed with quartz sandl:1 mass ratio to decrease the P mass
fraction (Prow= 180 mg ki, Pcar = 10 mg k@', pH in 0.01 M CaGl= 6.7 of mixture). Sixty
grams of soil/sand-mixture was mixed with 6 mg A'BP (= 100 mg P per kg of soil, as in a
previous pot experiment [7,15]) in 100 ml plastimtainers. The soil was maintained daily at
60% of the water holding capacity (WHC) at 22°C. D®as deployed for 24 h at four-time
points: at the start of the incubation experiménh) and after 6 hours, 2 and 7 days. Before

DGT deployment the water content was increase®®4WHC.
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Additionally, soil samples from a pot experim¢bb] with P-fertilizers with novel
focus on recycled materials compared to triple sygt®sphate (TSP) were analyzed. The
recycled P materials included sewage sludge frowaate water treatment plant with
enhanced biological phosphorus removaliJjBand sewage sludge precipitated with ReCl
and post-treated with sodium sulfate under reduangditions (BhemtNa). These soil
samples were taken after the growth experimenti®us research of these soils showed P
DGT results with a superior correlation to the Rakp by maize in the pot experiment [15].
After a 24 h conditioning period of the soils a®6@f the WHC, they were brought to 100%
WHC, transferred onto the DGT devices (Fh and Zi@libg layer) and deployed for 24, 48
and 72 h, respectively, at 22°C.

The binding layers from the DGT experiments with #oils from the pot experiment
and with the TMP/soil mixture were dried at roommperature and spectroscopically
investigated, followed by P extraction with 1 M HjG@Fh) and 1 M NaOH (ZrO),

respectively (see above).

2.2 Infrared spectroscopy

Fourier-transform infrared (FT-IR) spectra of theed DGT binding layers were
collected with a Bruker Alpha FT-IR spectrometelttliggen, Germany) with a DTGS
detector. The Fh binding layers were measuredansmission mode (spectral resolution 8
cm™; 32 scans were coadded per spectrum) in a compmessll with diamond windows
(Micro Compression Cell Il, Thermo Fisher SciemtifMadison, USA). The ZrO binding
layers were measured with the eco-attenuated tefl@ction (ATR) module. The infrared
spectra were normalized (Min-Max to 1495-1382'cregion) and the peak positions and

second derivative analyzed with the softw@rRUS(Bruker, version 7.0).

2.3 P K-edge XANES spectroscopy
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P K-edge XANES measurements of dried DGT Fh bindérygrs were carried out in
the High Kinetic Energy Photoelectron Spectrom@tlKE) endstation [16] located at the
BESSY Il KMC-1 beamline [17] at Helmholtz-Zentrune®in (HZB). The ring was operated
in top-up mode at a current of 280 mA. The beamlises a Si (111) double-crystal
monochromator. P K-edge XANES spectra were measurdtluorescence mode using a
silicon drift detector XFlash4010 (Bruker, Berlin, Germany) from 2130 eV to @28V in
steps of 0.25 eV at room temperature. The dataamad/zed using the freewaBemeter
Athena(version 0.9.24) [18]. The spectra were backgratordected using a linear regression
fit through the pre-edge region [-18 to —8 eV lgkato &) and a polynomial regression fit

through the post-edge regionyE30 to +47 eV].

2.4 P L, 3-edge XANES spectroscopy

P L, sedge XANES analysis of dried DGT Fh binding layesse carried out at the
Variable Line Spacing Plane Grating Monochromatét§-PGM) beamline [19] at the
Canadian Light Source. The electron storage ring eygerated in decay mode with a current
range of 220-170 mA. All spectra were recordedoainr temperature in the energy range
from 130 to 155 eV, with a step size of 0.1 eV amdivell time of 4 s or 16 s. The entrance
and exit slits were set to 200 um. The spectra wellected in total fluorescence yield mode
(FLY), using a microchannel plate detector [20] amelre normalized with respect to the
incident photon flux @). lp was simultaneously recorded with the FLY by maomitgp the
drain current emitted from a Nickel mesh (90% traission) located in front of the samples.

The data were also analyzed using the freeDaraeter Athenéversion 0.9.24) [18].

3. Results and discussion

3.1 DGT (Fh) of P-solutions
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Table 1 shows the P mass accumulated to the Flinginayer of DGT deployed in
solutions containing various P compounds (alsdiveldo KH,PO, (=100%)). The inorganic
ortho-, pyro- and polyphosphates show relativelghhiP adsorption values, best for
Ca(H.POy), and NaP,0;. In contrast, the values of most organic P comgdsyexcept ADP,
ATP and aminomethylphosphonic acid) are much lowspecially for phytic acid and d-
phosphatidylcholine. This agrees with results oh\Moorleghem et al. [21] and illustrates
that the diffusion coefficient for the high moleaulweight organic P compounds is lower
than for inorganic species. Mohr et al. [22] expemtally determined the diffusion
coefficient for AMP (2.9 x 18 cnf s* 20°C) and phytic acid (1.0 x Pocn? s, 20°C),
which is significantly lower than for orthophospadb.27 x 18 cnf s*; 20°C). Afterwards,

these binding layers were used as referencesd@pbctroscopic measurements.

3.2 Spectroscopy of DGT (Fh) binding layers exposed to various P species

Figure 1 shows the normalized FT-IR spectra ofghee Fh binding layer and from
the DGT deployed with different P species. In casitrto the blank, the P loaded binding
layers show additional absorption bands betweef 80" and 850 cnl. After subtraction of
the pure Fh binding layer spectrum, the absorpbands of the different P compounds
adsorbed to the Fh binding layer become clearlyblis(Fig. 2 — spectra and second
derivative). The orthophosphates show two absargiends of the P-O stretching vibrations
ca. 1100 cnt and 1000 cm. This is in agreement to previous studies on gmipbf
phosphates onto ferrihydrite [23-25]. The pyrophlp (NaP.O;) shows two additional
bands ata. 1160 cni and 910 cn, the tripolyphosphate (NB:O10) at around 1220 cih
1160 cnt and 910 cnf and TMP ((NaPg)s) at around 1270 cth 1160 crit and a small
bandca. 910 cni'. The band at around 910 ¢nis the P-O-P stretching vibration of the
condensed phosphates, the band at around 118Melongs to the stretching vibration of the

POs-group and the bands at 1220 trand 1270 ci are the stretching vibrations of the

-7-
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bridging PQ [26,27]. The bridging P@stretching vibrations occur for polyphosphateB;
only and the frequency of the band is chain lemigihendent [26].

Additionally, the P K-edge XANES spectra of the lihding layers from the DGT
experiments with different P solutions were measuféne XANES spectra of the analyzed P
standards are very similar (see Fig. 3 top left) simow adsorbed P. A limitation of the P K-
edge XANES technique is the inability to reliablistthguish among different phosphate
adsorption complexes which result in identical XABIEpectra [28]. Furthermore, most iron-
P compounds show a minor pre-peak [29], which isdabectable for the Fh binding layers
from the DGT experiment. This is probably becauséhe adsorption complex with Fe,
which has only a slight pre-edge feature [28]. Hesvethe zoomed-in edge region and the
first derivate of these spectra (Fig. 3 top, midalhel right, respectively) show a little shift of
the K-edge inflection point ((NaRR: 2152.5 eV; NgP,O;: 2152.75 eV; and KHPO;:
2153.0 eV). It should be noted that this specthaft ©f 0.25 eV is almost similar to the
spectral resolution of the beamline (0.2 eV). Thb3;IR spectroscopy is much more
sensitive to distinguish among different kinds bbgphates absorbed to the Fh binding layer
than P K-edge XANES spectroscopy.

In contrast, P kzedge XANES spectroscopy provides better resolveectsal
features than P K-edge XANES spectroscopy [30]. fEa¢ures of the PJsedge XANES
spectra of the Fh binding layers from the DGT ekpents with different P solutions come
close to the applied poly- and pyrophosphate bth lgss intensity and are more blur(ede
spectra in Fig. 4). The polyphosphate TMP (DGT-(@gB shows two shoulders at around
136.1 eV and 137.1 eV and the pyrophosphate (DG/PRN®g) two shoulders ata. 136.5 eV
and 137.5 eV. In contrast, the orthophosphate (BGEPO,) absorbed on the DGT Fh
binding layer shows no obvious shoulders in thg-édge possibly due to more disordered
structure compared to standards. Only a slightpere at 136-137 eV was detectable which

Is characteristic for orthophosphate adsorbed iohfelrite [31]. All these phosphates show

-8-
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characteristic features which could be clearlyidggtished from each other. However, it is
worth to mention that the sensitivity (fluorescengelds) is much lower for P Jsedge
XANES spectroscopy than for P K-edge XANES specwopy, thereby, only Fh binding
layers with >43 pg of accumulated P could be aralyaith this technique.

Finally, various organic P compounds on the Fh inmdayers were also analyzed by
FT-IR spectroscopy (see Fig. S1 and Table 2). Tgaroc orthophosphate monoesters show
the P-O stretching vibrations bands around 1083 amd 980 crit and the P@stretching
vibration at 1160 cf in the FT-IR spectra. In comparison to the inoigamthophosphates
the P-O stretching vibrations are shifted (app&ikxcm®) to lower wavenumbers. However, it
is not possible to differentiate between the défgrorganic orthophosphate monoesters due
to the very similar bonding of the phosphate gréRgO-PQ). In contrast, the organic pyro-
and polyphosphate monoesters ADP and ATP show,laslynito the inorganic pyro-
Ipolyphosphates, the P-O-P stretching vibrations(@d 915 cm, respectively) and the
stretching vibrations of the bridging P@L216 and 1234 cif respectively) (see Fig. S1;
Table 2). ADP shows the bridging P®and, in contrast to the inorganic pyrophosphate,
because of the ester bond to the carbon (R-@®®G;). Furthermore, this bridging BO
band is also detectable for the orthophosphate tedgescAMP (cyclic) and la-
phosphatidylcholine (linear), respectively, (R-O-FR®R bond; 1238 cih and 1265 cnl).
Additionally, these orthophosphate diesters shae al band ata. 850 cm'. Moreover, the
phosphonates aminomethylphosphonic acid and cesgttosphate show three absorption
bands very similar to the orthophosphate monoedigzdo the P-O and B@roup stretching

vibrations of the R-Pggroup.

3.3 Incubated TMP/soil-mixtures
Figure 5 shows the FT-IR spectra and second derévat the Fh binding layers from

DGT experiments with the incubated TMP/soil-mixairét the start of the experiment

-9-
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absorption bands of ortho-, pyro- and polyphosphatere detected (O min). Surprisingly, the
absorption band of added TMP at 1270"cis not visible. After 6 h of incubation an almost
similar spectrum was observed, but after 2 daysadibation the polyphosphate band at
around 1220 crhis no longer detectable, while the pyrophosphatelb ata. 1160 cn* and
910 cm' are still observed. Finally, seven days of incidmated to an almost complete
hydrolysis of TMP in the soil to orthophosphated/an orthophosphate monoesters.

Additionally, P K-edge XANES spectra of the Fh byl layers from the DGT
experiments with incubated TMP/soil-mixture wereaswwed (see Fig. 3 bottom). Similar to
the XANES spectra of the P standards (Fig. 3 tbp) XANES spectra from the incubated
TMP/soil-mixture are also very similar. The zoomeddge (Fig. 3 bottom middle) and first
derivate of these XANES spectra (Fig. 3 bottom t)ighsplays a shift of the edge to higher
energy from the beginning of the experiment (0 naind 6 h) to two and seven days of
incubation. These results support the FT-IR datd,tagether they indicate that TMP is first
hydrolyzed in the soil over time to a linear polggphate and then to pyro- and
orthophosphates, which is in agreement with prevldarature [32-34].

The P mass accumulated on the binding layer fomitigbation experiment with TMP
(see Fig. 5) is very high (40-35 ug P; maximum appb8 ug) at the beginning (first day)
and rapidly decreased after two days of incubafonug P). However, these amounts of
accumulated P on the binding layer were still beline detection limit for P 1zedge
XANES spectroscopy. Based on the FT-IR resultshef TMP incubation time series, it is
likely that the plant-available P in the incubat&é¥P/soil-mixture is also decreasing.
Previously, Torres-Dorrante et al. [35] showed ttet polyphosphate concentration in the
soil solution of incubated TMP/soil-mixtures droppepidly in the first few days, which is
consistent with our findings. Blanchar and HosgB&t found that TMP, in contrast to other
phosphates has a lower sorption rate in soil. ThR stays in the soil solution and can be

easily accessed by DGT. After hydrolysis of the TN orthophosphates can be absorbed to

-10 -
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the soil. This, together with the ageing procesthefphosphate, might be an explanation for
the high value of accumulated P on the bindingraehe beginning and the decrease after
two days of incubation. These experiments were dtste with a reduced deployment time
for the DGT devices of 3 h (see Fig. S2 in suppgrinformation). However, the results

obtained were similar to the 24 h deployment.

3.4 Useof different DGT binding layers

The DGT Fh binding layer can adsorb only up to epjpnately 58 ug of P and larger
amounts of P in fertilizer/soil-mixtures could pitdg saturate the binding layer. Therefore,
binding layers with higher capacities may be usegh as titanium oxide (Tip [36] or
zirconium oxide (ZrO) [37]. DGT experiments showtat the dried Ti@ binding layers
were impossible to analyze by FT-IR spectroscomabse after drying they became stiff and
fragile and could not be pressed in the diamondpression cell. The ZrO binding layers
were also a bit fragile after drying, but remairsedficiently intact to allow for their analysis
by ATR/FT-IR spectroscopy.

Figure 6 shows a comparison of the normalized RBpectra of DGT experiments
with ZrO and Fh binding layers, respectively, wilifferent P solutions. In contrast to the Fh
binding layer much stronger adsorption bands weteated due to the higher capacity of the
ZrO binding layer. Small, adsorbent-dependent shiftthe IR absorption frequencies can be
expected since the adsorption process would &léebond strengths of adsorbing groups (e.g.

P-0), similar to the differences observed betwage ps Fh-adsorbed phosphates.

3.5 DGT of soilsfrom pot experiment
Soil from a pot experiment with triple superphogph@l5] was analyzed with
different deployment times of the DGT devices (&i@ding layer). The ATR/FT-IR spectra

showed that for all deployment times (24, 48 anchy®rthophosphates were adsorbed onto

-11 -



284 the ZrO binding layer (see Fig. S3 in the Suppgrtimformation). It is also clear that longer
285 deployment times lead to stronger orthophosphaserpbion bands as the adsorbed amount
286 increases.

287 Analysis of this and other soils from a pot expemmnby DGT showed bands from
288  orthophosphates (around 1100 and 1000%cmespectively) and organic orthophosphate
289 monoester (additional band at approx. 1160"conly on the DGT binding layers (ZrO and
290 Fh; see Fig. S4 and S5, respectively). Notably,absorption band at 1160 ¢nwas also
291 detected for the untreated soil (see Fig. S3 tdpgrefore, the orthophosphates appear to
292 originate only from the applied fertilizers. Howeyethe presence of the organic
293 orthophosphate monoester on the binding layer shthed the use of the single
294  orthophosphate diffusion coefficient, as is coni@rlly used, may not be strictly correct in
295 analyzing DGT P. In this case, (semi-)quantitatf®/epeciation information on the binding
296 layer as demonstrated in this study has the paletdi improve the P plant-availability
297 investigations of DGT by allowing the use of mukigliffusion coefficients from the multiple
298 detectable P species.

299

300

301 4. Conclusions

302 In this paper, we showed the potential for the lomation of the DGT technique with
303 spectroscopic methods. Different kinds of phosphaite solutions and soils can be
304 distinguished on the DGT binding layer by infraradd P K- and kzedge XANES
305 spectroscopy, respectively (see a summary of a@lyaad samples in table S1). However,
306 various orthophosphates adsorbed to the bindirgy Islyow very similar FT-IR and XANES
307 spectra, respectively. The organic orthophosphairomsters also show very similar FT-IR
308 adsorption bands. For the here investigated samspléees, the infrared spectra show

309 comparatively more features and thus more informnatibout the adsorbed inorganic and
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organic P-species. Additionally, infrared microgpescopy [38] make it also possible to
analyze P compounds on the binding layer with erd&tresolution down to 5 [mTherefore,

P species of a spatial soil segment (e.g. rhizaspH89] can be mapped and analyzed.
Analysis of P hotspots from soil segments couldsjidg also be done by P, k-edge XANES
microspectroscopy [40] which will be available frantumn of 2019 at the Canadian Light
Source. Furthermore, the hydrolysis of TMP in ssilows a further benefit of this
combination. Intermediates of the time-resolved rolygis were absorbed on the DGT

binding layer and could be analyzed afterwards.
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Table and Figure Caption:

Table1;

Table 2;

Figure 1:

Figure 2:

Figure 3:

Figure4:

Figureb5:

Figure6:

DGT-measurable P over 24 h to the Fh binding layddGT devices from P-
solutions (50 mg P/L) of various P compounds

Detected IR absorption bands (&mof various inorganic and organic P
compounds adsorbed to the Fh binding layer= §treching vibration

FT-IR spectra of Fh binding layers from DGT epipeents with solutions of
different phosphates

Blank subtracted FT-IR spectra (left) and secaledivative (right) of Fh
binding layers from DGT experiments with solutioof different inorganic
phosphates

P K-edge XANES spectra of Fh binding layers fro@Dexperiments with
solutions of different phosphates (top left) amdetiresolved incubated TMP in
soil (below left), zoomed in edge-region (middledatheir first derivative of
the related edge region (right); the vertical lirdsw the edge and first
derivative of the edge for the polyphosphate (hlpgjophosphate (green) and
orthophosphate (red).

P Ly sedge XANES spectra of Fh binding layers from DGperiments with
solutions of different phosphates in comparisonspectra of the applied
phosphates

Blank subtracted FT-IR spectra (left) and secaladivative (right) of Fh
binding layers from DGT experiments of time-resadlwecubated TMP in soil
Comparison between FT-IR spectra of ZrO (black] Fh (red) binding layers

from DGT experiments with solutions of differgttosphates
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480 Table 1;

P mass accumulated Accumulated P relative

phosphate type molecular weight Sibindinglizyer to KH,PO,
KH,PO, orthophosphate 136 g/mol 58.5 + 0.4 g 100% + 1%
Ca(H:PO,). orthophosphate 252 g/mol 58.5+ 4.7 g 100% + 8%
Na,P,O; pyrophosphate 266 g/mol 49.7 +5.3 ug 85% + 9%
NasP3010 polyphosphate 368 g/mol 34.5 +0.6 ug 59% + 1%
(NaPOg); polyphosphate 306 g/mol 43.3+4.7 ug 74% + 8%
B-Glycero phosphate orthophosphate monoester 216 g/mol 29.8+2.9 ug 51% £ 5%
Phytic acid orthophosphate monoester 660 g/mol 6.4+ 0.6 ug 11% £ 1%
Glucose-6-phosphate orthophosphate monoester 308 g/mol 29.3+4.7 g 50% + 8%
AMP orthophosphate monoester 391 g/mol 31.6 +0.6 ug 54% £ 1%
ADP pyrophosphate monoester 471 g/mol 48.6 +1.2 ug 83% * 2%
ATP polyphosphate monoester 533 g/mol 69.6 + 0.8 ug 119% + 2%
cAMP cyclic phosphate diester 351 g/mol 10.5+4.1 ug 18% £ 7%
L-a-Phosphatidylcholine phosphate diester 644 g/mol 2.9+0.5 ug 5% + 1%
Aminomethylphosphonic acid  phosphonate 111 g/mol 47.4 +1.2 pg 81% + 2%
Creatine phosphate phosphonate 263 g/mol 23.4+2.3 g 40% + 4%
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481

482

483

484

Table 2:

b:i'::i:‘ g| VPO vP-0 v,P-0 | v(P-0-P) "g;‘spt;or)

Inorg. orthophosphate 1087 1000

Inorg. pyrophosphate 1159 1088 1019 910

Inorg. tripolyphosphate 1220 1161 1084 978 906

Inorg. trimetaphosphate 1270 1158 1087 988 903

AMP 1153 1079 981

cAMP 1238 1159 1068 1010 909 849
ADP 1216 1161 1088 1001 926

ATP 1234 1164 1087 989 915

B-Glycero phosphate 1155 1070 976

Phytic acid 1166 1070 984

Glucose-6-phosphate 1153 1082 981
L-a-Phosphatidylcholine 1267 1160 1003 854
:;:nomethylphosphomc 1132 1053 985

Creatine phosphate 1158 1095 979
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Highlights:

» Combination of DGT and spectroscopic technigques determines plant-avail able
phosphorus speciesin soils

* Intermediates of time-resolved soil phosphorus reactions can be analyzed

»  Spectroscopic mapping techniques can detect phosphorus species of a spatial soil
segment
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