Received: 22 December 2021

Accepted: 21 February 2022

DOI: 10.1002/ae12.20068

RESEARCH LETTER

Agricultural & Environmental Letters 5. @

Combining diffusive gradients in thin-films (DGT) and 31p NMR
spectroscopy to determine phosphorus species in soil

Christian Vogel' |

Bundesanstalt fiir Materialforschung und
-priifung (BAM), Unter den Eichen 87,
Berlin 12205, Germany

2School of Agriculture, Food and Wine,
Univ. of Adelaide, Adelaide, South
Australia 5005, Australia

3UniSA STEM, Univ. of South Australia,
Mawson Lakes, South Australia 5095,
Australia

Correspondence

Christian Vogel, Bundesanstalt fiir
Materialforschung und -priifung (BAM),
Unter den Eichen 87, Berlin, Germany,
12205.

Email: christian.vogel @bam.de

Assigned to Associate Editor Zhongqi He.

Funding information

Deutsche Forschungsgemeinschaft,
Grant/Award Number: VO 1794/4-1; South
Australian State Government; Bioplatforms
Australia Pty Ltd; Deutscher Akademischer
Austauschdienst

1 | INTRODUCTION

Ashlea Doolette> |

Jianyin Huang®

Abstract

The diffusive gradients in thin-films (DGT) technique shows in many publications
a superior correlation to the amount of plant-available phosphorus (P) in soil. How-
ever, this technique cannot give information on the plant-available P species in soil.
Therefore, we combined DGT with solution 3! P nuclear magnetic resonance (NMR)
spectroscopy. This was achieved by using a modified DGT device in which the diffu-
sive layer had a larger pore size, the binding layer incorporated an adsorption material
with a higher capacity, and the device had a larger exposure area. The spectroscopic
investigation was undertaken after elution of the deployed DGT binding layer in a
NaOH solution. Adsorption tests using solutions of known organic P compounds
showed that a sufficient amount of these compounds could be adsorbed on the bind-
ing layer in order for them to be analyzed by solution *'P NMR spectroscopy. Fur-
thermore, various intermediates of the hydrolysis of trimetaphosphate in soil could
be also analyzed over time.

lactate [CAL], Colwell, Olsen, water) when soils with differ-
ent characteristics are considered (Arias et al., 2021; Mason

The amount of plant-available phosphorus (P) in soil strongly
influences the yield of plants in agriculture. Therefore, vari-
ous simple chemical extraction methods have been developed
to estimate the plant-available P pools in soil (Kratz et al.,
2019). More recently, several experiments using the diffusive
gradients in thin-films (DGT) technique showed that it has
a much better correlation to plant-available P in soils than
standard chemical extraction methods (e.g., calcium—acetate—

Abbreviations: DGT, diffusive gradients in thin-films; NMR, nuclear
magnetic resonance; TMP, trimetaphosphate.

etal.,2010; Mason et al., 2013; Menzies et al., 2005; Six et al.,
2012; Vogel et al., 2017). Furthermore, various researchers
discovered through the use of P33/P*2—labeled P sources that
maize (Zea mays L.) and wheat (Triticum aestivum L.) plants
accessed the same pool of labile soil P as the DGT method
(Mason et al., 2013; Six et al., 2012). Therefore, the soil P
species that were responsible for high yields of maize and
wheat diffused and bound to the DGT binding layer.
Previously, we showed that the spectroscopical investiga-
tion of DGT binding layers with P K- and L, ;-edge X-
ray adsorption near-edge structure (XANES) and infrared

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited.

© 2022 The Authors. Agricultural & Environmental Letters published by Wiley Periodicals LLC on behalf of American Society of Agronomy, Crop Science Society of America, and

Soil Science Society of America

Agric Environ Lett. 2022;e20068.
https://doi.org/10.1002/ael2.20068

wileyonlinelibrary.com/journal/ael2 1of5


https://orcid.org/0000-0003-1357-695X
mailto:christian.vogel@bam.de
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/ael2
https://doi.org/10.1002/ael2.20068

20f5 Agricultural & Environmental Letters 55

VOGEL ET AL.

spectroscopy could determine the identification of single P
compounds (Vogel et al., 2019). However, this approach
was limited to only a few P species on the DGT binding
layer and the analysis of a mixture (i.e., various inorganic
poly-P species) was very challenging. In particular, various
organic P could not be analyzed in parallel with these method
combinations.

Therefore, the objective of this paper was to identify the
plant-available P species of soil by combining the DGT
method with solution 3! P nuclear magnetic resonance (NMR)
spectroscopy, a spectroscopic technique that is also sensitive
for the analysis of organic P compounds (Doolette & Smernik,
2011; McLaren et al., 2020; Turner et al., 2005). However, due
to the very low concentration of P on the DGT binding layer,
the direct application of solid-state >'P NMR spectroscopy is
challenging (Doolette & Smernik, 2011; He et al., 2007). But
solution 3'P NMR spectroscopy can be used after the extrac-
tion of the DGT binding layers with NaOH solution and a sub-
sequent concentration step.

To obtain a sufficient amount of P species on the DGT bind-
ing layer to be subsequently analyzed with solution 3'P NMR
spectroscopy, the DGT device has to be modified. Therefore,
we used a DGT device that has a diffusive layer with a larger
pore size, a binding layer incorporated an adsorption material
with a higher capacity for P, and a device with a larger expo-
sure area (see comparison to a conventional P DGT device in
Table 1).

This device was used to test the adsorption capacity of
organic P species on the DGT binding layer and the hydroly-
sis of trimetaphosphate (TMP) in soil over time, where the
absorbed P on the DGT binding layer was analyzed after
extraction by solution >'P NMR spectroscopy.

2 | MATERIALS AND METHODS

For the experiments, agarose-based DGT diffusive gels were
prepared as previously described in Huang et al. (2016). The
agarose diffusive gels were washed at least three times with
deionized water and afterward stored in 0.01 mol/L. NaNO;
solution before use. The zirconium (Zr) oxide DGT binding
layers were prepared according to Guan et al. (2015) with
some modifications. The prepared agarose-based diffusive

TABLE 1

DGT Diffusion layer

Conventional Polyacrylamide cross-linked with an

agarose derivative (APA)
Modified Agarose (larger pore size)

4Santner et al., 2010.
YArias et al., 2021.

capacity: 18.2 pg/cm

Core Ideas

* We show a promising combination of DGT tech-
nique and solution 3'P NMR spectroscopy.

e This technique combination can identify organic
phosphorus species in solutions.

* Modified DGT device can analyze the hydrolysis
of trimetaphosphate in soil.

gel layers were first immersed in a solution of 32.2 g/L of
ZrOCl,8H,0 for 2 h. Afterward, immersion in MES mono-
hydrate (10.66 g/L) for 40 min at pH 6.7 (pH adjusted using
0.1 mol/L NaOH) was applied. Finally, we received precipi-
tated Zr oxide binding gel layers with 0.2-mm thickness. The
Zr oxide binding gel layers were washed several times with
deionized water and finally stored in deionized water before
use. Commercially available DGT devices with a rectangu-
lar sampling window (1.8 cm X 15 cm = 27 cm?) were used
(DGT Research Ltd.; see comparison to conventional DGT in
Figure 1a).

For the organic P adsorption tests, the DGT devices were
deployed in 4 L of 50 mg P/L solutions (see Figure 1b) of
adenosine-5’-monophosphate (AMP) Na-salt and a glycerol
3-phosphate/glycerol 2-phosphate isomer mixture, respec-
tively (both Sigma-Aldrich). The DGT devices were deployed
for 24 h at 22 °C in constantly agitated solutions. Finally, the
DGT binding layers were removed from the DGT devices and
eluted in 0.5 mol/L NaOH for 24 h.

Time-resolved DGT measurements were performed in
soil with TMP applied as sodium salt, (NaPOs); (Alfa
Aesar). The used subsoil was from a loess-derived brown
soil, which was mixed with quartz sand at 1:1 mass
ratio to decrease the P amount (Pp,, = 180 mg/kg,
Pcalcium-Acetate-Lactae = 10 mg/kg, pH in 0.01 mol/L
CaCl, = 6.7 of mixture). Two hundred grams of this soil—-
sand mixture was subsequently mixed with 20 mg P of TMP
(= 100 mg P/kg of soil, as in previous pot experiments [ Vogel
et al., 2017; Vogel et al., 2019]) in 500-ml plastic containers.
The s0il-TMP mixtures were maintained daily at 60% of the
water-holding capacity at 22 °C. Afterward, DGT devices
were deployed for 24 h (see Figure 2a) at three time points:

Type of conventional and modified diffusive gradients in thin-films (DGT) devices used for phosphorus

Binding layer Exposure area Elution

Ferrihydrite (max. binding 2.54 cm? Acid
capacity: 7 pg/cm?)?

Zirconium oxide (max. binding 27 cm? NaOH

Z)h
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FIGURE 1
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(a) Conventional and modified large diffusive gradients in thin-films (DGT) device; (b) adsorption test with organic P compounds

in solution; (c) Solution 3!P nuclear magnetic resonance spectra of the organic P compounds adenosine monophosphate (AMP) and glycerol

phosphate isomer mixture after extraction from the DGT binding layer

at the start of the incubation experiment (DGT-1), after 2 d
(DGT-2), and after 7 d (DGT-3) of incubation. The water
content of the soil-TMP mixtures was increased to 100%
water-holding capacity before DGT deployment. The binding
layers from these DGT experiments with the soil-TMP mix-
ture were eluted in 0.5 mol/L. NaOH for 24 h for P analysis.

For solution 3'P NMR analysis, replicate NaOH extracts,
following the rinsing of each DGT sample, were combined
and freeze-dried. A 800-mg subsample of each freeze-dried
extract was ground and redissolved in 2 ml of deionized
water. The supernatant solution (0.5 ml) and D,O (0.1 ml)
were placed in a 5-mm NMR tube. For quantification,
methylenediphosphonic acid (MDP; 3 g/L) was added as an
internal reference standard to the D,O. The resultant pH of
the samples was >13. Solution *'P NMR spectra were col-
lected using a Bruker Avance NEO 400 MHz spectrome-
ter equipped with a BBO Broad Band Probe operating at a
31P frequency of 161.9 MHz. Spectra were acquired with the
Bruker pulse sequence zgpg30 using a 30° pulse and power-
gated 'H decoupling over the 3'P range of 30 to —20 ppm.
Acquisition parameters were as follows: recycle delay (d1) of
60 s, time domain points (td) 64 K, and acquisition time (aq) of
4.0 s. A total of 352 scans and 4 dummy scans were acquired
for each sample, representing acquisition times of 6 h 20 mins.
The chemical shift is reported in parts per million (ppm)
relative to an external standard of 85% (w/w) phosphoric
acid.

3 | RESULTS AND DISCUSSION

Figure lc shows the solution 3'P NMR spectra from the
adsorption test with the organic P compounds AMP and
glycerol phosphate isomer mixture on the DGT binding layer.
Both spectra show a clear >'P NMR signal of the respec-

tive compound (Doolette et al., 2011). Thus, the modified
DGT device setup is able to adsorb a sufficient amount of
organic P compounds to analyze them by solution 3'P NMR
spectroscopy.

Furthermore, Figure 2b shows the solution 3P NMR spec-
tra of the eluted DGT binding layers of the untreated soil
(DGT-4) and the experiment that included the incubated
soil-TMP mixtures (DGT-1 to DGT-3). At the start of the
incubation experiment, peaks of orthophosphate (5.6 ppm)
and pyrophosphates (approximately —4 ppm) were detected
(DGT-1). Surprisingly, in contrast to previous analysis by
Fourier transform infrared spectroscopy (Vogel et al., 2019)
where polyphosphates were determined, in the spectral range
of approximately —6 to —20 ppm polyphosphates (He et al.,
2007) were not detected in this study using solution >'P NMR
spectroscopy. After 2 d of incubation, the pyrophosphate peak
at approximately —4 ppm is no longer detectable (DGT-2).
Finally, only orthophosphate was shown in the 3! P NMR spec-
tra (DGT-3) after 7 d of incubation. Thus, the time-resolved
hydrolysis of inorganic TMP in soil could also be analyzed
with the combination of DGT and solution 3'P NMR spec-
troscopy. However, a faster degradation of polyphosphates to
orthophosphate could be detected. Unlike the previous study
with Fourier transform infrared spectroscopy, where the DGT
binding layers were directly investigated, for solution 3'P
NMR spectroscopy, the P compounds must be eluted from the
DGT binding layer using NaOH solution. The alkaline treat-
ment with the NaOH solution might increase the hydrolysis
of the polyphosphates. Previous work showed an increased
polyphosphate hydrolysis rate with higher concentrations of
NaOH in solutions (Shen, 1966). Furthermore, the effects of
alkaline hydrolysis for a wide range of organic phosphorus
species in soils have been reported (Doolette et al., 2009;
Turner et al., 2005) and cannot be excluded for polyphos-
phates because Dick and Tabatabai (1987) showed that the
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FIGURE 2

(a) Application of large diffusive gradients in thin-films (DGT) devices to soil samples; (b) Solution *'P nuclear magnetic

resonance spectra of the eluted DGT binding layers from the incubated experiment with the soil-trimetaphosphate mixtures (DGT-1: start; DGT-2:

after 2 d; DGT-3: after 7 d) and the untreated soil (DGT-4); for ease of comparison each spectrum is off set from the lowest trace (DGT-1) by

increasing the chemical shift in 1 ppm increments; peak at ~17 ppm is the internal standard methylenediphosphonic acid (MDP), 5.6 ppm is ortho-P,

and approximately —4 ppm is pyro-P

hydrolysis of polyphosphates was higher in soils with a higher
pH-value.

Additionally, the untreated soil was analyzed by solution
3P NMR spectroscopy (see DGT-4 in Figure 2b). However,
because it is a very P-poor soil, no organic and inorganic P
compounds could be detected in this soil.

4 | CONCLUSION

Our experiments showed that the combination of the DGT
technique with solution 3'P NMR spectroscopy has great
potential to analyze P species in soil. The modified DGT
device setup, where the diffusive layer had a larger pore size,
the binding layer incorporated an adsorption material with a
higher capacity for P, and the device had a larger exposure
area, was able to adsorb the necessary amount of organic and
inorganic P compounds to analyze them by solution >' P NMR
spectroscopy. Therefore, the organic P compounds from the
adsorption test and the inorganic P compounds from the TMP
hydrolysis could be identified. In the untreated soil, no P com-
pounds could be detected; however, this was a sandy P poor
soil and other soils with a higher amount of plant-available P
have the potential to be analyzed using these combined meth-
ods.
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