Available online at www.sciencedirect.com

screnor (@omeor: Talanta

ELSE\/IER Talanta 66 (2005) 359-371

www.elsevier.com/locate/talanta

Characterizing phosphorus in environmental and agricultural samples
by %P nuclear magnetic resonance spectroscopy

Barbara J. Cade-Mentin

Geological and Environmental Sciences Department, Building 320, Room 118, Stanford University, Stanford, CA 94305-2115, USA

Received 1 December 2004; accepted 3 December 2004
Available online 8 January 2005

Abstract

Phosphorus nuclear magnetic resonarié@-NMR) spectroscopy has advanced our knowledge of organic phosphorus (P) in soils and
environmental samples more than any other technique. This paper reviews the ¥BeNdfIR spectroscopy for soil, water and other
environmental samples. The requirements for a successful solid-state or s&iRtNMR experiment are described, including experimental
set-up, sample preparation, extractants, experimental conditions, and post-experimental processing. Next, the literature on solid-state and
solution®*P-NMR spectroscopy in environmental samples is reviewed, including papers on: methods; P transformations; agricultural, forest
and natural ecosystem soil studies; humic acid and particle size separations; manure, compost and sludge studies; and water research, includin
freshwater, estuary and marine studies. Future research needs are also discussed as well as suggestions to improve results, such as increa:
standardization among research groups.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The3!P-NMR signals of P compounds (both organic and
inorganic) of interest in environmental studies generally fall
From its first use on soil extracts by Newman and Tate petween 25 and-25ppm (Fig. 1). These includes: phos-
(1980) [1], *'P-NMR spectroscopy has substantially ad- phonates, with a €P bond, at 20 ppm; orthophosphate at
vanced our knowledge of organic phosphorus (P) in envi- 57 ppm; orthophosphate monoesters, with one C moiety
ronmental samples. per P, at 3—6 ppm; orthophosphate diesters (two C moieties
The objective of this paper s to review the us&'#f-NMR per P), including phospholipids and deoxyribonucleic acid
spectroscopy for soil, water and other environmental samples.(DNA), at 2.5 to—1 ppm; pyrophosphate at4 to —5 ppm;
The requirements for successfiP-NMR experiments with  and polyphosphate at20 ppm. Although rarely reported for
environmental samples will be discussed, followed by a re- environmental samples, a peak for the terminal P group in the
view of the knowledge of P forms and cycling gained by the polyphosphate chain should also be presertato —5 ppm
use of*’P-NMR spectroscopy. It is assumed that the reader (Fig. 1). More information about these P forms can be found
understands the basic principles of NMR spectroscopy. More elsewhere in this issue, including the paper by Turner et al.
detailed descriptions are available in textbooks (E2g]) [12]. BecauséP is the only naturally occurring P isotope
and review article$4—10]. For a recent review of P forms  (100% natural abundance), all P species within a sample
and cycling, please see the book by Turner e{] and can potentially be detected by NMR spectroscopy. Thus, if

papers, therein. the appropriate acquisition parameters are chosen, the area
under each peak is proportional to the number of that par-
* Tel.: +1 650 725 0927; fax: +1 650 725 2199. ticular type of P nucleus, allowing NMR spectroscopy to
E-mail addresshjcm@pangea.stanford.edu. guantitatively identify different P forms in a sampleg. 2

0039-9140/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. A solution3'P-nuclear magnetic resonance (NMR) spectrum of a forest floor sample extracted with NaOH{ZRF&oduced on a Varian Unity

INOVA 500 MHz spectrometer equipped with a 10 mm broadband probe, usirfgmuB@, 0.68 s acquisition, 4.32 s pulse delay,@%emperature, and 7 Hz
line-broadening. This spectrum shows the diversity of P species in natural samples, including phosphonates, orthophosphate, orthophosphate monoesters,
thophosphate diesters such as phospholipids (PL) and deoxyribonucleic acids (DNA), pyrophosphate and polyphosphate, with the terminal P in the polyphospha
chain indicated by PPE. The inset shows the expanded orthophosphate monoesters region, indicating the peaks and siguetnosiml hexakisphosphate

(phytic acid).

shows solutior’P-NMR spectra for several extracted en- 2.1. Experimental set-up

vironmental samples. These include: forest floor material

from grass in an oak-grass savannah in California; an al-  The first choice is whether to use a solid sample (solid-

kaline agricultural soil from Idaho; marine sediment trap State®P-NMR) or an extract (solution or liquid-staféP-

material from Monterey Bay, California; a sewage sludge NMR). Solid-state’!P-NMR allows samples to be examined

sample from England; and a humic acid extracted from an directly with minimal preparation or alteration and requires

Australian soil. This gives a good idea of the variation in P only small sample sizes. However, the technique is limited by

forms, and their relative proportions, in environmental sam- the low natural concentrations of P. For example, Kolowith

ples. and Bernef[13] could only obtain spectra from shale sam-
ples with P concentrations of 28nol g~ or higher. Spectral
resolution is also poor in solid-statéP-NMR spectra com-

2. Requirements for a successful'P-nuclear
magnetic resonance spectroscopy experiment

To maximize the information obtained from?& NMR

pared with solutiod?P-NMR. One reason for this is chemical
shift anisotropy, which is the orientation-dependent chemi-
cal shift. Nuclei in solutions are in rapid motion, which av-
erages the shielding factor to a single value. In solids, nuclei

experiment, it is important to obtain spectra with good res- are fixed in all possible orientations. Shielding is therefore
olution and a high signal-to-noise ratio, where spectral res- not uniform, and will depend on the positions of the nuclei
olution describes the sharpness and separation of the peaki the sample and within the magnet. This produces small
and the signal-to-noise ratio (S/N) is the peak height rela- changes in chemical shifts for nuclei with the same chem-
tive to baseline noise. Although these are important concernsical structure, resulting in broad peaks in solid-state spec-
for all NMR experiments, they are especially important dur- tra relative to solution spectra. This difference in resolution
ing 3IP-NMR analysis of environmental samples, which are can be seen ifrig. 3, which shows'IP-NMR spectra of a
more complicated than studies of purified compounds due culture-grown algal specieghalassiosira weissflogii. The

to the relatively low concentration of P in natural sam- sample was first analyzed by solid-st&te-NMR (Fig. 3A,
ples, the range of P species that are usually present, andop spectrum), and then was extracted with sodium hydroxide
the natural association of P with paramagnetic ions such (NaOH) plus ethylenediaminetetraacetic acid (EDTA) and
as iron (Fe) and manganese (Mn). Analytical conditions analyzed by solutiof'P-NMR (Fig. 3A, lower spectrum).
must be carefully selected to obtain reliable, quantitative re- The spectra are plotted on the same scale; the spinning side
sults. bands of the solid-state spectrum are outside this spectral
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Fig. 2. 31P-NMR spectra of a range of environmental samples. These include: forest floor material from under grass in an oak-grass savannah in California
(sample from B. Cade-Menun); an alkaline agricultural soil from Idaho (D. Strawn, University of ldaho); a marine particulate sample from Monterey Bay,
California (A. Paytan, Stanford University); a sewage sludge sample from England (M. Smith, Bournemouth University); and a humic acid extracted from
Australian soil (N. Mathers, Griffith University). The humic acid was treated with Chelex, while the other samples were extracted with NaOR24EDTA
Spectra were generated by B. Cade-Menun on a Varian IN3¥} 500 MHz spectrometer equipped with a 10 mm broadband probe, usirigmig@, 0.68 s
acquisition, 4.32 s pulse delay and 20225temperature.

window. The peaks of the solid-state spectrum are broad,ganic P can be found elsewhere in this isfl@. As with
each of which overlaps the chemical shifts of several P nu- any extraction procedure for soil organic P, there is always the
clei. In contrast, peaks in the solution spectra are narrow, al-risk of hydrolysiq18]. Thus, extraction times should be min-
lowing P nuclei to be more easily identified. However, peak imized where possible. There is little agreement on the most
identification and quantification in solid-state spectra can be suitable extractant, but those in use include: Naj@H9],
improved with processing tools such as spectral deconvolu-the cation exchange resin Chelex in wai20,21], NaOH
tion (Fig. 3B), which is discussed in more detail in Section plus Chelex[22], NaOH plus sodium fluoride (NaH3],
3.3. and NaOH plus EDTA18,24]. These extractants solubilize
Sample preparation for solid-statP-NMR can be as  different concentrations and forms of P from sdis25].
simple as drying and grindinflL3]. Solid-state soil stud- Chelex and EDTA are both used to release P from paramag-
ies have also used dried extracts of soils, in an attempt tonetic ions, thereby reducing line broadening and improving
remove paramagnetic ions with reagents such as dithionitespectral quality. Chelex is removed after extraction, which
[14,15], diethylenetriamine pentaacetate (DTP¥)], or ox- removes paramagnetic ions from solution, but may also re-
alate[17]. move polyphosphat@2—24]. Sodium hydroxide plus EDTA
For solution®P-NMR, solid samples must first be ex- extracts more P than Chelex in water or NaOH, but Fe and
tracted. A discussion of the effects of extraction on soil or- Mn remain in solution complexed with EDTR4,26]. This
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be 2-3 ml. The amount of dried material that can be redis-
solved will vary with sample. Sufficient sample should be

added to optimize the P concentration in the NMR tube. How-

ever, care should be taken to keep the sample from becoming

viscous, which will increase line-broadening as molecular
A Orthophosphate tumbling slows. Samples may be redissolved in water, sodium

deuteroxide (NaODOR3], deuterium oxide (RO) plus NaOH
(e.g[25]), or deuterated dimethylsulphoxif9]. Deuterium

Solid-state MAS ¥1P-N A . . .
spectrum ,)W oxide is used for a signal lock in the spectrometer, and can
it P be added to th le solution duri | t
< Orthophosphete Nonassters e added to the sample solution during sample preparation,
U ¥ Orthophosphate diesters or in a capillary tube in the NMR tube with the sampé].
Solution *'P-NWIR spectrum J “j_ | Pyrophosphate Sodium hydroxide and NaOD are used to adjust the pH to >10
(A) 20 10 0 -10 -20 30 PPM for optimal spectral resolutiof30,48,51]. Redissolved sam-

ples may be filtered or centrifuged prior to decanting into
NMR tube. To prevent hydrolysis, samples should be ana-
lyzed as soon as possible after dissolufibi.

Solid-state MAS 3P-MMR
spectrum

2.2. Experimental considerations

Spectral Deconvolution

2.2.1. Solutior?'P nuclear magnetic resonance
spectroscopy
\ High field super-conducting magnets are used for solution
/ P-NMR of environmental samples. The field strengt) @&
a magnet is usually designated in terms of the frequency of
1H resonance. Thus, a 300 MHz spectrometer has a 7.05T
magnet, a resonance frequency of 300 MHZférand a res-
onance frequency of 121.4 MHz f8tP. AsBg increases, the
Fig. 3. A comparison of solid-state and solutit#P-NMR spectra for the S|gnal-to-n0|s§ (S/N) I’a_tIO will .|ncrea_se Bﬁglz' Therefore,
same samples. (A) Solid-state MAS and solutfdR-NMR spectra (after an NMR experiment using a higher field magnet should pro-
extraction with NaOH-EDTA24]) of cultures of the alga&. weissflogii. duce better S/N than a lower field magnet for the same sam-
A. Paytan (Stanford University) provided the algal samples. J. Stebbins p|e and experimenta| parameters. However, chemical shift
(Stanford University) produced the solid-state spectra on a 400MHz Var- 5 i5otropy will also increase with increasing magnetic field
ian VRX/Unity spectrometer with a CPMAS probe and a spinning speed of . .
6.8kHz. B. Cade-Menun produced the solution spectra on a Varian Unity strength. Thus, the increased Sen5|t|V|_ty of a s_pectrometer
INOVA 500 MHz spectrometer equipped with a 10 mm broadband probe, us- greater than 600 MHz fot'P-NMR experiments will be off-
ing a 90 pulse, 0.68 s acquisition, 4.32 s pulse delay ant2emperature. set by a loss of resolutidi3].
(B) The same solid-state spectrum, but with peaks delineated with spectral A probe that can be tuned to the resonance frequency for
deconvolution. 31p is also required. This may be a broadband probe, that can
be tuned to a range of frequencies, or a quadruple nucleus
hastens relaxation (explained in Secti®®), but may in-  probe, where the frequencies of four nucl&( 13C, 31p
crease line broadenirg5s]. and1°F) are preset. For the same sample and experimental
Pre-treatments prior to extraction have been used to lowerparameters, there should be no difference in the results from
the paramagnetic ion concentration or to increase the P conthese two probe types. Of greater importance is the diame-
centration. Such pre-treatments include g2i226—28]and ter of the probe, which will determine sample volume. Most
dithionite [29,30]. Post-extraction treatments include dialy- broadband or quadruple nucleus probes are 5mm or 10 mm
sis[31,32]or exchange resins such as Chelex and Sephadexn diameter. The increased volume by using a 10 mm probe

w% M A

(B) 20 10 0 10 20 30 PPM

[33-38]. rather than a 5 mm probe will increase the sample P concen-
Solutions are concentrated after extraction by either tration by a factor of 4, requiring 4 times fewer scans for the
lyophilization (e.g[25,39,40]), a stream of nitrogen at 40 same sample in the larger tube, and thus reducing the length

[41-43], or rotary evaporatid0,37,42,43]. However, given  of the NMR experiment. Most environmentP-NMR ex-

the risk of hydrolysis with higher temperatur¢ks,25], periments have used a 500 MHz magnet with a 10 mm broad-

lyophilization may be the safest method. Water samples haveband probe, although some studies (EL.8]) have used 5 mm

been concentrated by tangential-flow ultrafiltratjd6-50]. probes in 600 MHz magnets. However, the higher number
Samples need to be re-dissolved for solutiéR-NMR, of scans needed with smaller diameter probes increases the

with the final volume determined by the active volume of length of the experiment and thus the risk of hydrolysis.
the NMR probe. For a 10 mm probe (the most common size  The range of peaks seen in the spectrum depends on
used for environmentaflP-NMR), the final volume should  the spectral window. The peak shifts of P forms of interest
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in environmental studies generally fall between 25 and Low spinning speeds (10-15Hz) should be used to avoid
—25ppm (Fig. 1), so the spectral window is set to 50 ppm, spinning side bands.
centered at 0 ppm. Acquisition times used for environmen-  The number of scans that have been collected during en-
tal 31P-NMR experiments range from 0.17 s for 8000 data vironmental®lP-NMR experiments range from 5(Q87] to
points[52] to 1.31s and 32,000 data poirj&3]. Pulse an- 110,00022]. The number of scans is determined to some ex-
gles between 30 and 9Gave been used for environmental tent by the desired S/N, the time required for each scan, the
31P.NMR, with 90 the most common. concentration of P in the probe (and therefore, the diameter
The delay between pulses must be long enough to allow of the NMR tube used), and the cost and availability of NMR
complete relaxation of P species if quantitative results are spectrometer time. Signal-to-noise increases as the square
desired. Cade-Menun et §25] determinedr; values for P root of the number of acquisitions, so four times the num-
species in several extractants, using soil and forest floor sam-ber of acquisitions are needed to double the S/N. However,
ples that were high in Fe and Mn. When the extractant was collecting high numbers of scans is not always practical, and
NaOH-EDTA,Tyvaluesranged from0.137t00.918 s. Incon- brings an increased risk of hydrolysis; using a higher field
trast, when Chelex plus NaOH was the extractant, removing spectrometer or a wider diameter probe are better ways to
Fe and Mn from solutioril; values increased to 0.311-3.1s. improve S/N.
The general rule is that a delay time of5r; will allow Due to the risk of hydrolysis of some organic P
a return to 99.3% of equilibriurf2]. Thus, Cade-Menun et  compounds, temperature should be controlled at 20€25
al. [25] suggest that delay times of 1-2 s are adequate for especially for long?!P-NMR experiment§18,25,51]. Tem-
most samples, with longer delay times required for samples perature will also change the relaxation of nuclei, affecting
from which all paramagnetic ions have been removed (e.g. chemical shift and relative signal intensf8,51].
Chelex-treated samples), or for samples naturally low in para-
magnetics, such as calcareous soils and maifiodésDelay 2.2.2. Solid-staté!P nuclear magnetic resonance
times used for environmentdP-NMR have ranged from  spectroscopy
20 s[1] to 0.2 §[55]. However, there have been no published Most solid-statéP-NMR studies of environmental sam-
papers demonstrating that delay times of less than 1 s are adples have used cross polarization magic angle spinning
equate for complete relaxation of all P species. Therefore, (CPMAS) NMR technigues. Magic angle spinning involves
the results from studies using short delay times may not be spinning the sample rapidly at the magic angle of%70
quantitative. Bo. This is called ‘magic’ because at this angle chemical
To shorten delay times, lanthanide shift reagents have beershift anisotropy and dipole—dipole interactions are averaged
added to water sampl@$6]. There has been no reported use to zero[6]. Cross-polarization uses a pulse sequence to trans-
of lanthanide shift reagents for sétP-NMR experiments.  fer magnetization from protons to P nuclei, to improve S/N
Delay times may also be shortened by using pulse angles ofand shorteif; relaxation, which can be long in solid samples.
less than 99, so that the system remains closer to equilibrium A few solid-state>'P-NMR studies of environmental sam-
at all timeg3,6]. However, this will produce a smaller signal ples have been conducted using Bloch decay experiments and
per pulse, requiring more scans to achieve the same S/N thamagic angle spinning (MAS), with and without high power
would be obtained with a 9(lus and longer delajs]. decoupling[16,56,57]. Bloch decay uses a single pulse se-
About half of the environmental!P-NMR experiments ~ quence to excite all nuclei in the sample uniformly. There
reported in the literature use proton decoupling to remove have been no detailed comparisons of cross polarization and
scalar coupling of protons to P. This is done with an ad- Bloch decay experiments fé*P-NMR studies of environ-
ditional radio-frequency pulse at the frequency of protons, mental samples. However, tests with marine sediment trap
which is inverse-gated, or switched off, during the delay be- samples by Benitez-Nelson et fi8] suggest that Bloch de-
tween pulses in order to suppress the nuclear Overhausecay is a better choice due to the loss of CP efficiency at the
enhancements that can distort relative signal area. A detailechigh spinning speeds necessary to position the spinning side-
comparison of peak intensities with and without proton de- bands outside the chemical shift window of interest. Due to
coupling has not been done for environmedt&-NMR, al- this loss of efficiency, the CP spectrum required the acquisi-
though Turner et a[18] showed splitting of a phosphonate tion of four times the number of scans to achieve the same
peak without decoupling, and a single peak with decoupling. S/N as the Bloch decay experiment.
As P is not directly bonded to protons, differences in quan-  In contrast to solutiod’P-NMR, high field magnets are
tification from the use of proton decoupling are likely to be not advantageous for solid-sta&fé-NMR spectroscopy, be-
minor. cause increasing the magnetic field increases the strength of
The use of spinning during sample acquisition is seldom spinning sidebands, possibly obscuring features of the spec-
reported for solution environment&P-NMR experiments.  trum [10]. Solid-state3'P-NMR studies of environmental
However, because spinning helps to optimize the magneticsamples predominantly use 300 or 400 MHz spectrometers
field by averaging field inhomogeneities along the radial (x (121 or 162 MHz foP'P), spinrates of 5-10 kHz, and spectral
andy) axes, it can be a simple way to decrease the line broadwidths as wide as 400 ppm (2004200 ppm). Experiments
ening observed in many environmengP-NMR spectra. have collected as many as 170,000 scans, and have lasted as
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long as 48 h. An external standard of 85%Rd)y is used, troscopy, because both biological and mineral P forms may

and hydrolysis from high temperatures is only a concern if be present. To further confirm peak shifts, standards such as

the sample is not thoroughly dried prior to analysis. methylene diphosphonic acid may be added directly to the
sample or included as capillary tube inserts in solufir

2.3. Post-experimental processing NMR (e.g.[66]). Nuclei that are equivalent magnetically,

such as the two P nuclei in pyrophosphatgdp), will show

The end result of an NMR experiment is the emission only a single peak.
signal, which is detected and recorded as a free-induction de-  If the 31P-NMR experiment was run carefully, with suit-
cay (FID). A free-induction decay is a time-domain signal, able acquisition parameters, then the area under each peak
because it is recorded as a function of intensity over time. is proportional to the amount of the total sample P found
It is converted to a frequency-domain spectrum, with signal in each P species. Using an integration routine in the pro-
intensity plotted as a function of frequency, by Fourier trans- cessing software, the entire spectrum is integrated, and the
formation using processing software. Frequency is expressedntegral is then divided into regions representing each peak.
as chemical shift, in parts per million (ppm), relative to an After printing the spectrum and integral, the height of the in-
external standard, with the external standard set at 0 ppm. Fottegral for each peak is measured manually with a ruler, and
solution31P-NMR, 85% HPQy is used as an external stan- the proportion as a percent of the total height of the integral
dard. For many P compounds, particularly orthophosphate,is determined, which is the percent of total sample P in each
the degree of protonation will vary with pH. The observed P specie$4]. Processing software may also be used to de-
chemical shift will be the average of contributions from dif- termine the value of the integral for each peak, but this only
ferently protonated forms of the same P compound. Thus, works well for spectra with high S/N and high spectral res-
the chemical shift of these P compounds will change with olution. For most environmentatP-NMR spectra, manual
pH, as is clearly demonstrated by Crouse ef{%l]. Thus determination of areas is necessary.
chemical shift of orthophosphate in an alkaline soil extract It can be difficult to determine peak intensities if peaks
will be downfield from that of orthophosphate in the refer- overlap, but spectral deconvolution, also known as line-
ence (6 ppm versus 0 ppm). Because chemical shift is relativefitting, (Fig. 3B) can be used to separate broad peaks into their
to a standard and is pH-dependent, it is important to know components, such as in the orthophosphate monoester region
the pH and standard used when comparing chemical shiftsof solution[67], or solid-state’*P-NMR spectrg14,57,62].
from different studies. The solvent may also be important, The deconvolution procedure is part of the processing soft-
for Carman et al[30] observed chemical shift differences ware, and requires inputs from the operator with respect to
when using deuterated dimethylsulphoxide instead f®D  the number, shape and chemical shift of deconvoluted peaks.
for the signal lock. After deconvolution, the calculated spectrum should be care-

Other important processing tools are phasing, baselinefully compared with the original spectrum. For solutit®-
correction and line-broadening. Phasing removes artifactsNMR spectrum, spectral deconvolution works best for very
from Fourier transformation, and should produce symmet- small regions of the spectrum, such as separating orthophos-
ric peaks flanked by flat baselines. Line-broadening uses anphate monoester peaks to identifyo-inositol hexakisphos-
exponential multiplication factor, in hertz, to reduce noise and phate[67]. For solid-staté!P-NMR spectra, as indicated by
improve S/N. As demonstrated jid], if the line-broadening Fig. 3B, deconvolution may indicate the presence of a num-
is too low, noise reduction is inefficient and S/N will be ber of peaks under one very broad peak. Care should be taken
low; if too high, useful data may be lost. Line-broadening whenidentifying and quantifying these peaks, and in the sub-
of 10—20 Hz is common for solutio®-P-NMR of environ- sequent interpretation of results. Peak identification may be
mental samples (e.§4]), although very clear spectra may more reliable when solid-staféP-NMR and deconvolution
use line-broadening of as little as 0.5 fB9]. Solid-state is paired with another technique such as sequential extraction
samples may require 50—200 Hz line-broadening. (e.q.[68]).

Both an automatic peak-picking routine in the process-
ing software and visual inspection are used to identify peaks.
It can be difficult to separate some smaller peaks from back- 3. 31P-NMR studies of environmental samples
ground noise for many spectra. Chemical shifts are compared
with literature reports to identify P species and compounds.  This section summarizes the literature $4P-NMR spec-
However, when identifying peaks from literature reports, troscopy in environmental samples. Due to space constraints,
comparisons should only be made with experiments using studies of compounds with chemical shifts outside the spec-
the same pHTable 1shows some of the P compounds iden- tral width of biological P compounds, such as pesticiéd$
tified in solutionr®'P-NMR studies of environmental samples, or biological 3'P-NMR studies such as in vivo NMR (e.g.
while Table 2shows peak shifts for P minerals determined [69]) or mycorrhizal studies (e.§j70]) are not included. Pa-
by solid-state spectroscopy. The overlap of peak shifts for bi- pers are grouped based on the nature of the research; some pa-
ological and mineral P compounds must be noted. This may pers will fall into more than one group. Care should be taken
complicate the identification of P species in solid-state spec-when comparing the results among studies using different



B.J. Cade-Menun / Talanta 66 (2005) 359-371 365

Table 1
Chemical shift references for alkaline extracts (pH 12) of biological P compounds. Bold type indicates general peak shift ranges; regular type indicates specific
chemical shift assignments

Chemical shift (ppm) Compound Reference
20 Phosphonates e.g.[1,19,24]
20 Aminoethyl phosphonates [18]

18 Phosphonolipids [25]

12-14 Aromatic phosphonic acid esters [18]

7.4 Aromatic diesters [18]

5.7-6.1 Orthophosphate e.0.[1,19,24]
6-3 Orthophosphate monoesters e.g.[1,19,24]
5.85,4.92,4.55,4.43 Myo-inositol hex&isphosphate (phytic acid) [18]

5.4 Glucose-6-phosphate [18,37]
4.78-4.32 Mononucleotides [18]

4.85 3-glycerophosphate [18]

4.71 Ethanolamine phosphate [18]

4.14 Scyllo-inositol hexakisphosphate [60]

4.05 Choline phosphate [17]

3.2 Glucose-1-phosphate [17]
2.5t0-1.0 Orthophosphate diesters e.0.[1,19,24]
25t01.2 Teichoic acids [26,61]

1.75 Phosphatidyl ethanolamine [18]

1.57 Phosphatidyl serine [18]

0.78 Phosphatidyl choline [18]

0.54 RNA [18]

0 DNA [26,61]
—0.37 DNA [18]

4 Polyphosphate terminal P group [18]

—41t0 -5 Pyrophosphate e.0.[1,19,24]
-10 ATP or ADP a-phosphate [18]
—19to-21 Polyphosphates e.0.[1,19,24]
—19.68 ATP B-phosphate [18]

analytical procedures, including pre-treatments, extractants,BusNOH [71], Chelex in watef20,72], NaOH plus Chelex

or delay times, as these can all affect spef@d25]. [22,24,25], KOH plus CheleXx33] and NaOH plus EDTA
[24,25,59]. Pre-concentratiofv3], sequential extractants
3.1. Methodological papers [53,74] and fractionation by gel filtratio37] have also

been tested. Peak assignments have been tested by ana-
Methodological studies have investigated a number of as- lyzing known compoundd,,18,20,24,27,37,56,57,6—65,75].
pects of environmenta’P-NMR As noted above, a num-  Other studies have examined relaxation tinjg®5] and
ber of extractant have been tested, including: NaQH the effects of pH|[51], temperature[18,25,51], stor-

Table 2
Chemical shift references for P compounds from solid-stseNMR spectroscopic studies
Chemical shift (ppm) Compound Reference

9 Dicalcium phosphate dihydrate (&4P0Oy-2H,0) [57,62]

3 Hydroxyapatite [Cg(POs)30OH] [63]

3 Octacalcium phosphate [gidy(POy)s-5H20] [63]
-0.4 NayP,O7 [64]
-2 Monetite (CaHPQ) [63]
-5 Crandallite [(CaA$(OH)s(POu)2] [56]
-8 NagHP,07 (64]
-9.9 NapHoP,O7 [64]

-10.2 Brazilianite [NaAk(OH)4(POy)2] [56]
-11 Wavellite [Alz(OH)3(PO4)2-5H20] [56]
—-13.2 Metavariscite (AIPQ-2H,0) [65]
-16 Senegalite [AJ(OH)3(POy)-H20] [56]
-19 Variscite (AIPGQ;-2H,0) [56]
-20 Lazulite [MgAl2(OH)2(POs)2] [56]
—-21.7 Metaphosphate (N&5013) [64]
—-25 Berlinite (AIPQy) [56]

-30 Augelite [Al;(OH)3sPOy] [56]
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age [1,18] and spectral deconvolution during processing Moisture and precipitation will also increase soil organic P.
[67]. Organic P forms are predominant in wetland sfdi37,86].
Concentrations of orthophosphate diesters and phosphonates
increased along moisture gradients in New Zealf2],
Spain[4] and Canad{B5,87], and organic P forms were cor-
Laboratory incubations have been used to examine Ptrans_related with precipitation in soils from semi-arid regions in

. ) . : the U.S.A[54]. However, no differences with moisture were
formations. When sewage sludge was incubated with acid and : . i

. ) . observed in a tropical rainforest catdB&].

alkaline soil§27], orthophosphate diesters decreased and or- Increases in oraanic P forms such as orthophosphate di-
thophosphate monoesters increased. However, the opposite ) 1 org . . phosp
was observed when beech leaf litter was incubated with min- esters with acidic pH or lnc_rgased moisture are thought to
erals, including Fe-oxide, Al-hydroxide, birnessite and quartz b_e due to I_ower decomposition rates or a_reduced micro-
sand76]. In this case, orthophosphate monoesters decreasecaIaI populgtlon. However, ort_hophpsphgte d.|esters have also
and orthophosphate diesters increased, suggesting microbial een positively correlated with microbial biomass, such as

immobilization of P, which was also observed by Makarov et Itg ?ﬁ:tﬁgesrgllse:?et:ec:]JcI{fr?%'oT?gsa%r;?;egiterﬁéﬁs :1);':1 dl:su :
al. [28] during soil incubations. The organic P composition g y phosp group-

) o . . Makarov et al[28] demonstrated that phospholipids and tei-
of soil extracts was more similar to that of microorganisms

than plantd77]. However, the ratio of orthophosphate mo- choic acid acc_umul_ate N mlcroblglly a_ct|ve S.O'.l’ Wh"? DNA
. . ; o accumulates in soils with low microbial activity. This em-
noesters to orthophosphate diesters is not a reliable indicator

of the origins of soil organic 77]. 3P-NMR spectroscopy phasizes the importance of optimal parametersf8rNMR

: . . of soils, so that all P species can be clearly identified and
has also been used to monitor P transformations after soils Lantified
were incubated with alkaline phosphatase, acid phosphatasec,] Lo .
Soil disturbance, whether natural or anthropogenic, has a

g:?;astri):r??r:essc:ﬁsrzsﬁ:r:]c;je%hxffﬂéL?I?rd ﬁﬁtgg?g%zg,ge; strong effect on soil P speciation. Anthills in deciduous forest
P y 9 of Denmark preferentially accumulated organic P fof@t3,

3.2. Phosphorus transformation

sludgef27]. while no significant differences in P forms were observed be-
tween conventional and no till systems in subtropical Brazil

3.3. Studies of agricultural, forest and natural [36]. In forests, harvesting increased orthophosphate in sur-

ecosystems face soils, and increased orthophosphate monoesters with

depth[22]. Fire, as a strong mineralizing agent, converts the

Next grouped are the studies using whole-soil extractions predominantly organic P forms in forest floor material to or-
or solid-state’*P-NMR spectroscopy to survey P forms of thophosphat§21,72,91]. This orthophosphate is converted
agricultural, forest and natural ecosystems. Solufiti- back to organic P forms with time, by uptake by trees and
NMR is generally used to look at the relative proportions conversion to organic forms in foliage, which is returned to
of P forms, especially organic P, with respect to soil proper- the forest floor.
ties, climate, or disturbance. Soil depth has a strong influence  Fertilization often increases orthophosphate and decreases
on soil P, due to changes in physical and chemical properties.the diversity of P forms for both inorganic fertilizers
Concentrations of organic P forms are generally higher at the[19,92,93Jand animal manuri&6,94], but no differences in P
surface of soils in forests and undisturbed ecosystems, andorms were observed in fertilization trials Bfnus radiatain
decrease with dept[y9,80]. In forests, the greatest diver- New Zealand95]. Fertilization may also increase organic P
sity of P forms is in the forest floor, while orthophosphate forms, especially orthophosphate monoeste4$, although
predominates in mineral horizofi22,35,75,81]. In agricul-  this can depend on soil textui®s3]. For manures, orthophos-
tural soils, a decrease in orthophosphate diesters with depthphate concentrations were higher in subsurface soils when
was observed under coffee plantations in Brfg4l], and no dairy manures were applied to high-pH ldaho soils in liquid
change with depth was seen for Brazili@b] and Chilean form from lagoons than in solid fori§85]. Phosphorus pol-
soils[83]. lution from a factory increased orthophosphate at depth, but

Soil pH can affect soil P speciation by its influence on soil increased orthophosphate monoesters in surface soils, due to
chemistry, the soil microbial population, organic matter de- increased incorporation of P into plant litf6], while at-
composition, and the extractability of P compounds. Lower mospheric N deposition increased organic P forms in soils
pH favors a wider variety of P formd9], especially phos-  from northern Englangd7].
phonateg41]. Orthophosphate monoesters were negatively  In New Zealand, application of manure increased or-
correlated to pH and free Fe in acidic to neutral forest soils ganic P forms in soil leacha{®8]. Although P in the ap-
in Spain[42,84] and in acidic soils after sewage sludge ap- plied manure was predominantly orthophosphate, P in the
plication [27], suggesting stabilization of these P forms by leachate was almost all in organic forms. This P was reactive,
sesquioxides. In high-pH soils, P is very tightly bound, and and could be hydrolyzed with enzymf&8]. Phosphorus in
extraction recovery rates are often lower than in acid soils leachates under natural forest floor was also predominantly
[54,85]. in organic form[99], with some seasonal variation. These
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studies clearly demonstrate that organic P forms in soil canin the clay fractions of agricultural soils from Germaa]
be quite mobile. and Denmarkl08], grassland soils from North Amerif23],

Land use change usually alters the relative proportions sub-humid Ethiopian highland soil$5] and volcanic soils
of orthophosphate monoesters, diesters and orthophosphatdrom Chile[109]. In steppe soils from Russia, orthophosphate
When forests and woodlands were converted to croplands,diester enrichment in clays increased as the ratio of mean an-
organic P forms were reduced and orthophosphate increasedhual precipitation to potential evaporation decred82dl In
in soils in DenmarK31], Ethiopia[55], Canadd87], Mex- contrast, Turidn et al.[44] observed lower relative percent-
ico [100] and Tanzani§@4], but no changes in P forms were ages of orthophosphate diesters than monoesters in the clay
observed in Khyrgyzig44] or Brazil [101]. When conifers  fraction of forest soils from Khyrgyzia, and no differences
were planted into grasslands in New Zealand, organic P formsin size fractions in pasture soils, with orthophosphate mo-
decreased and orthophosphate incre§aed 02]. However, noesters the major P form in all soils. Caution should be used
conversion of cropland in tropical Cameroon soils to peren- in the interpretation of any particle size separation results be-
nial stands of Eucalyptus and tea (Camellia sinensis) resultedcause the protocols used to separate size fractions may alter
in only minor differences in P forms, which were predomi- the subsequent P forms. Wet sieving can remove soluble in-
nantly orthophosphate monoesters in all sfi33]. Higher organic and organic P fornfi§2,98,99], while chemical floc-
mineralization rates in pasture soils relative to forests were culation of clays may alter the extractability of P compounds.
reported in oxisols in Brazill01], but the reverse was ob- When Makarov eta[110]pre-treated a flocculated clay frac-
served in Australia, with lower mineralization of added RNA tion with acid to remove Ca, the concentration of both diesters
in pasture than forests soi[404]. Brazilian soils planted = and monoesters increased, but the monoester:diester ratio in-
with legumes had increased ratios of orthophosphate diestersreased from 1.4 to 2.9.
to orthophosphate monoesters relative to grass-covered soils Humic substances are high molecular weight, brown-to-
[105]. black substances formed by secondary synthesis reactions in

Solid-state>'P-NMR spectroscopy of excessively fertil-  soil, and are distinct from the biopolymers of microbes and
ized sandy soils in Belgium identified Ca—P and Al-P forms, higher plantd111]. They are fractionated based on solubil-
which were partially removed by extraction with either water ity: fulvic acid (FA) is soluble in acid and alkali; humic acid
or dithionite, and fully removed by oxalate extract[@4,17]. (HA) is insoluble in acid and soluble in alkali; and humin
The predominant P form in calcareous agricultural and marshis insoluble in acid and alkali. Most of the extraction pro-
soils was identified as hydroxyapatite, a Ca—P compound tocols for solutior?P-NMR spectroscopy are analogous to
[15]. Hydroxyapatite was also identified in sludge-amended humic substance fractionation, and employ the same alkali
soils in California, as well as pyrophosph§t®6]. In agri- extractants, such as 0.1-0.5 M NaOH (¢1g19]). However,
cultural soils from England, acid soils contained more Al-P  humic acids are subsequently precipitated with acid to sep-
forms, while higher pH soils (>5.8) contained more Ca—P arate HA, which is precipitated, from FA, which remains
forms [67]. Water was shown to preferentially extract mo- in solution. Because humic substances differ from whole
bile Ca—P forms, while 0.01 M Cagéxtracted mobile AI-P  soils with respect to chemical properties, some studies have
forms[57]. No attempt was made to characterize organic P examined P forms in humic substances; these are grouped
formsinany of these studies. In contrast, Kolowith and Berner here.
[13] characterized only organic P forms in black shales using  In general, the range of P compounds in HA and FA is
31P-NMR spectroscopy. They demonstrated that orthophos-similar to that of whole soils (e.112-114]). The relative
phate esters were the dominant P forms in all weathering proportion of orthophosphate is usually low in HA (Fig. 2),
stages, which suggests that organic P forms any be resistanand varies with the pH at which HA is precipitatEbl5].

to weathering. Inorganic P forms, including orthophosphate and pyrophos-
phate, are more common in fA0,113], although polyphos-
3.4. Particle size separations and humic substances phates were observed in HA of Siberian sdil46]. Or-

thophosphate monoesters are the dominant organic P form
Soil samples can be separated into different frac- in both HA and FA[40,112], and HA usually contains more
tions based on particle size: sands (0.05-2mm), silt phosphonates and orthophosphate diefté-114]. The di-
(0.002—-0.05 mm) and clay (<0.002 mm). Smaller soil par- versity of P forms in HA will vary with raw humus type
ticles are more reactive, due to increased surface area. Wef117]. There were more organic P forms in HA under inten-
or dry sieving may be used for particle size separations, or sive cropping of rice relative to aerated croplafiss], and
clays can be flocculated with CaQir MgCl,. few organic P forms in HA and FA from earthworm casts
The relationship of particle size to P form is varied. Or- [40].
ganic P forms in general increased with decreasing particle
size in forest and cropland soils in Denmark and Germany 3.5. Manure, compost, sewage sludge and fertilizers
[31], Tanzanid94] and Caucas|&07]. More specifically, or-
thophosphate diesters, including phospholipids and teichoic  Phosphorus forms have been characterized in various
acid, were enriched relative to orthophosphate monoesterstypes of manure, to improve their use as fertilizers and to
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prevent eutrophication from excess P. Many of these stud-cially available, heat-treated, waste-activated sludg®].
ies were designed to optimize analytical parameters, suchHydrophilic fractions of an anaerobically digested sludge
as characterization of phytic acid in pig feces and dietary from Italy contained orthophosphate, orthophosphate mo-
sample$119], pH and temperature requirements to optimize noesters and pyrophosphate; hydrophobic fractions of the
spectral resolution in turkey manure extrafig], and ex- same sludge contained orthophosphate monoesters, phospho-
tractants for dairy and swine manure and poultry lif&]. lipids and DNA[121]. The easy extraction of plant-available
Solid-state>P-NMR spectroscopy of poultry litter showed P forms such as orthophosphate into water indicates that
a complex mixture of organic and inorganic P forms, most this sludge will be an effective fertilizer. In contrast, sewage
of which could not be identified, and a shift from Ca—P sludge from a Chilean wastewater treatment plant was pre-
forms to Al-P forms after alum amendmeii20]. When dominantly orthophosphafé&31].
pig slurry from lagoons was separated into hydrophobic and ~ Solid-state 31P-NMR  spectroscopy detected Ca-
hydrophilic fractions, only orthophosphate was detected by phosphates, Al-phosphates and pyrophosphates in anaer-
solution31P-NMR spectroscopy in the hydrophilic fraction, obically digested sludge from California, but only Ca-
and no P forms were detected in the hydrophobic fraction phosphates in an anaerobically digested and windrow
[121]. Manure storage conditions can also affect P specia-composted sludg§l32]. In contrast, only Ca-phosphates
tion: Hansen et a[85] observed a greater relative proportion could be detected in activated sludge and two anaerobically
of phytic acid in solid dairy manure, and a more DNA in digested and dewatered sludges from Frd68¢
lagoon-stored dairy manure. Frossard et al[133] investigated the effectiveness as a
When urban waste compost was separated into hydropho-fertilizer of chitosan-polyphosphate, which is formed when
bic and hydrophilic fractions, no P forms were detected with chitosan is used to remove polyphosphates from wastewater.
solution3P-NMR spectroscopy in the hydrophilic fraction, Solid-state>'P-NMR spectroscopy revealed peaks for py-
while poorly resolved peaks for organic and inorganic P rophosphate and polyphosphate, which were subsequently
forms were detected in the hydrophilic fraction, reflecting biodegraded when incubated in soil. Solid-st3e-NMR
the low solubility of this material121]. Solution31P-NMR spectroscopy was also used to assess the incorporation of the
spectroscopy showed that composed fish and crab scrap wamicronutrients Fe, Mn and Cu into synthetic hydroxyapatite
predominantly orthophosphate, with traces of monoesters,to produce a slow-release fertilizEt6]. The lower signal
diesters and pyrophosphdf??]. Solid-state spectra of the intensity of the P spectra and reduced relaxation times result-
same material showed only one broad peak, in the orthophos-4ing from the paramagnetic effects of Fe, Mn and Cu show
phate region. Orthophosphate was also the major P form inthat the micronutrients were incorporated into the hydroxya-
mature composts from across Can§itiz8] and Switzerland patite.
[124]. Regardless of the input material, solutithP-NMR
spectra of the Canadian composts looked remarkably similar3.6. Freshwater, estuary and marine studies
to one anothef123], as did the solid-state spectra from the
Swiss study124]. This suggests that the P forms in compost Relative to terrestrial ecosystems, studies of aquatic P
reflect the products of decomposition and microbial synthesis using 3!P-NMR spectroscopy are scarce. Solid-state and
more than the P forms of the starting material. solution 31P-NMR spectroscopy have been used to char-
Both solution and solid-staféP-NMR spectroscopy have  acterize P forms in sediments from oceans, estuaries and
been used to speciate P in sewage sludge samples. Botlireshwater systems, and to speciate dissolved and particu-
the digestion process and subsequent treatment of sludgdate P in the water column. Phosphorus forms have been
will influence P forms. Alternating aerobic and anaerobic characterized in lake sediments from Austrdli®4,135]
conditions in enhanced activated sludge systems affected Pand Europe[30,136-138]. In general, a range of P com-
storage, with polyphosphates converted to orthophosphatepounds was detected, including orthophosphate, pyrophos-
and organic P (including orthophosphate monoesters and di-phate, polyphosphate, and orthophosphate monoesters and
esters) under anaerobic conditions, and back to polyphos-diesters[30,137,138]. Phosphonates were not detected in
phates under aerobic conditigd®5-127]. These polyphos-  any of these samples. Polyphosphates were detected in most
phates were located outside the cytoplasmic membrane, ancdamples, with variations due to seasdh36] and redox
were complexed with metal catiofi$28,129]. The carbon  conditions[30]. The same range of P compounds, includ-
source added to the reactor is also important: microbes in re-ing polyphosphates, were also observed in planktonic seston
actors receiving glucose stored P as polyphosphates and nusampleg138].
cleic acids while those in reactors receiving starch stored Pas  When river sediments from Canada were extracted with
low-molecular weight polyphosphatfi29]. The Pinanaer-  chloroform and methano]139], a number of phospho-
obically digested sludge was almost entirely orthophosphate, lipids were identified, including phosphatidyl ethanolamine,
while half of the P in aerobically digested sludge was or- phosphatidyl choline and lysophosphatidyl choline. Other,
ganic, including orthophosphate monoesters, DNA and phos-unidentified, phospholipids were also present. Spatial and
pholipids[130]. The greatest diversity of P forms, including temporal variability in phospholipid forms and abundance
phosphonates and pyrophosphate, was detected in a commewwas observed, as well as an inverse relationship between total
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dissolved P in the water column and phospholipid concentra- 4. Future research needs
tion in sediment$139].

Dissolved P in lake and river water was characterized  Although the technique SfP-NMR spectroscopy for en-
after ultrafiltration and reverse osmosis of 250-5001 sam- vironmental samples has been considerably improved and
ples [46—-49]. Orthophosphate, phosphonates, orthophos-refined after more than 20 years of use, we have only tapped
phate monoesters and orthophosphate diesters were detected. fraction of the potential9]. It is an underutilized tool
Differences in P forms were observed between river and lakein some fields, especially limnology and oceanography. Al-
samples, as well as seasonal variations. though spectroscopy can be used for more detailed studies,

Very high concentrations of pyrophosphate have been de-such as of P transformations or reaction kinetics, the major-
tected in some estuarine sedimg®0]. This appears to be ity of environmentafP-NMR papers are surveys of P forms
related to human impact, because pyrophosphate concentrain samples3!P-NMR can also be linked to NMR studies
tion increased with an increasing degree of urbanization. In of other nuclei, such a5°C or 'H (e.g.[22,79,118]), with
another study, no relationship between orthophosphate conthe potential for two-dimensional NMR spectroscopy (e.qg.
centration and the percentage of developed land was detecte{tL46]). Despite improvements in extraction techniques in re-
[141]. cent years, we still need to determine if extraction is altering

Marine sediment samples contain an abundance ofthe P forms in samples in any way, such as by hydrolysis
P species, including orthophosphate, pyrophosphate, or-[12,18], or if we are preferentially extracting P forms in sam-
thophosphate monoesters, teichoic acid, phospholipids andples for which recovery rates are low, such as calcareous soils
DNA [29,30]. Polyphosphates have not been reported. The[54]. We should also explore the use of different extractants:
presence of phosphonates in some samples but not others maghose currently in use are designed to extract all of the biolog-
be due to differences in redox conditiof89,58]. The per- ical P forms in a sample, but additional information could be
sistence of orthophosphate esters and phosphonates at deptiained by also using specific extractants for P forms, such as
in sediment cores indicates that these P forms are resistant tanethanol and chloroform for phospholipiéd.,139]. Finally,
diagenesis. there is a real need to standardize results among laboratories.

Dissolved, high molecular weight P in seawater has been The use of different extractants and parameters make it diffi-
characterized with solid stat'P-NMR spectroscopy af-  cult to compare the results of different studies. One option is
ter tangential flow ultrafiltration, using 1000-18001 sam- to select a standard method for extraction, then compare the
ples[50,142,143]collected at various depths world-wide. results from other extractants to this standard with organic P
A prominent peak for orthophosphate esters was observedcompounds and commercially available reference soils and
as well as a smaller peak for phosphonates, representingsediments. Laboratories that regularly conddBtNMR ex-
about 25% of the P. The relative proportion of these two periments using unusually short parameters such as delay
compound classes was invariant with respect to depth andtimes, pulse angles and pulse widths, should also include ex-
sampling location. To determine a source for the phospho- periments with longer parameters, to demonstrate that their
nates, cultures of algg&42] and marine bacterigp0] were results are quantitative. Statements such as ‘no differences
examined, as well as commercially available cultures of ter- were observed’ are insufficient; the results from these trials
restrial bacterig143]. Phosphonates were detected only in need to be published. Practices such as resin extraction, dial-
Gram-positive terrestrial bacteria. Although this may in part ysis and particle size separations also need to be examined,
be due to the culture conditions of the marine organisms, because they appear to alter or remove P forms, potentially
it suggests that orthophosphate esters in dissolved organidiasing the resultg25,90,107].
matter from oceans are preferentially mineralized relative to  Although the number of environment3iP-NMR papers
phosphonates. The-® bond is highly resistant to chemi- grows each year, we need to increase our access to spectrom-
cal hydrolysis, thermal decomposition and photoly&#4], eters; the majority of experiments are run on a handful of
allowing phosphonates to persist relative to other P forms. instruments, which contributes to the biases in extractants
However, it may be mineralized under anoxic conditions and analytical parameters. We also must convince our fellow
[58]. P researchers th&tP-NMR is not an exotic tool for use only

Marine dissolved organic P appears to be chemically under special circumstances, but instead is a powerful tool
distinct from particulate organic P, which also suggests pref- that can be incorporated into many studies to advance our
erential mineralization. In a study of settling particulate mat- knowledge of organic P in soils and environmental samples.
ter collected by sediment traj$45], solution3P-NMR
spectroscopy revealed a range of P compounds, including
phosphonates, orthophosphate, pyrophosphate, polyphos-
phate, orthophosphate monoesters and orthophosphate diRéferences
esters. This research also showed spatial, temporal and depth o
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