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A COMPARISON OF SOIL EXTRACTION
PROCEDURES FOR *'P NMR SPECTROSCOPY

B. J. Cade-Menun' and C. M. Preston®

The effect of extractants on phosphorus determination by *'P NMR
spectroscopy was examined using five forest floor samples. The extrac-
tants used were: 0.25 M NaOH, 1:6 soil to Chelex in water, 1:6 soil to
Chelex in 0.25 M NaOH, and a 1:1 mix of 0.5 M NaOH and O.1 M
EDTA. The broadest peaks were produced by the NaOH + EDTA ex-
traction. However, NaOH + EDTA extracts contained the highest per-
centage of total phosphorus and the greatest diversity of P forms. These
extracts were the only ones to show peaks for polyphosphates. Metals
analysis indicated that NaOH + EDTA maintained Mn in solution, which
seemed to be responsible for the line broadening. The sharpest peaks,
with the best separation, were produced with Chelex + NaOH, and these
were improved further by increasing the pH with NaOH prior to NMR
analysis. Chelex + NaOH extracted 23 to 35% of the total soil P, Chelex
in water extracted 10 to 13%, NaOH alone extracted 22 to 34%, and
NaOH + EDTA extracted 71 to 90%.

This work suggests that, because the extractant used will affect the P
forms, care must be taken when interpreting studies of P cycling in soils
using *'P NMR spectroscopy and when comparing studies using differ-

ent extractants.

HOSPHORUS-31 nuclear magnetic reso-

nance (NMR) spectroscopy can be used to
obtain both qualitative and quantitative esti-
mates of the various forms of P in soils, includ-
ing inorganic orthophosphate, polyphosphate,
phosphonate, pyrophosphate, orthophosphate
monoesters such as inositol phosphate, and or-
thophosphate diesters such as phospholipids.
Additionally, it is analytically less complex than
the detailed partition chromotography tech-
niques otherwise required to identify specific
organic P compounds. However, the natural P
levels in soils are usually low. As *'P NMR is
relatively insensitive, requiring more than 100 pg
P mL™' for quantitative analysis (Adams and
Byrne 1989), solution NMR is used for P, and
extraction and concentration of this extract are
required to produce clear spectra. An ideal ex-
tractant should remove virtually all of the P
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from a soil sample without altering in any way
the forms of P found in the soil.

Most *'P NMR studies have employed a
rapid extraction technique involving ultrasonic
dispersion in 0.5 M NaOH, which usually ex-
tracts less than 50% of the total phosphorus
(Newman and Tate 1980; Tate and Newman
1982; Ogner 1983; Hawkes et al. 1984; Zech
et al. 1985; Zech et al. 1987; Gil-Sotres et al.
1990; Forster and Zech 1993; Bedrock et al.
1994; Makarov et al. 1995). Others have used 0.5
M NaOH without sonication (Preston et al.
1986) or with a citrate-dithionite-bicarbonate
pretreatment (Ingall et al. 1990). These treatments
also removed less than 50% of the total P. Hinedi
et al. (1989) used water, ice-cold HCIO; and a
combination of HCI/HF/TiCl,, which showed
only orthophosphate peaks on the NMR spectra.
Condron et al. (1985) used a sequential extrac-
tion procedure of 0.1 M NaOH, 0.2 M aqueous
acetylacetone, and 0.5 M NaOH, washing be-
tween with 0.5 M HCIL. Up to 80% of the total
organic P, as determined by ignition (Saunders
and Williams 1955), was removed, mainly by the
initial 0.1 M NaOH step of the extraction. Con-
dron et al. (1990) also used a sequential extraction
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procedure, with 0.5 M NaOH, 1 NHCl and 0.5
M NaOH, washing with water. This too removed
about 80% of the total organic P. Emsley and
Niazi (1983) tried tetra-n-butyl ammonium hy-
droxide (Bu,;NOH), hoping to utilize the salting-
in effect of the large organic cation. However, this
salting-in effect did not occur, and they con-
cluded that Bu,NOH was as effective, but no
more so, as NaOH or KOH. Hinedi et al. (1989)
tried a sequential treatment of trichloroacetic
acid (TCA) and KOH and found that it extracted
86 to 99% of the total P from sewage sludge.

One drawback to these methods is that, in
addition to P, they extract other paramagnetic
ions, such as Mn and Fe, which cause line broad-
ening and distortion of *'P NMR spectra
(Hawkes et al. 1984; Hutson et al. 1992). Adams
and Byrne (1989),Adams (1990) and Condron et
al. (1996) utilized Chelex™ (Bio-Rad Laborato-
ries), a cation exchange resin, as an extractant in
an attempt to remove these interfering ions.
Chelex is a chelating cation exchange resin that
shows a high preference for Fe and other polyva-
lent metal ions over cations such as Na or K. (The
order of preference is: Fe > Al >> Ca >>>
Na: Adams and Byrne (1989)). In the Na form,
Chelex is alkaline (pH 11-12) and so can also sol-
ubilize organic P from the soil sample. This
method extracted approximately the same
amount of total P as the NaOH method (Adams
and Byrne 1989).

Recently, Bowman and Moir (1993) pro-
posed the use of a mixture of NaOH and EDTA
as a one-step extractant to determine total soil
organic P. The NaOH can solubilize the organic
P, while EDTA chelates metal cations to increase
the efficiency of P extraction. This method ex-
tracted as much as twice the amount of organic P
as NaOH alone (Bowman and Moir 1993), but it
has not yet been tested as an extractant for *'P
NMR spectroscopy.

With any soil extraction procedure, soil P
compounds can be chemically altered during or
after extraction. Hydrolysis, especially of or-
thophosphate diester to monoester, is thought to
be a problem with NaOH (Tate and Newman
1982; Hawkes et al., 1984) and with Chelex
(Adams and Byrne 1989), although there has
been no systematic study of the recovery of
added P compounds.

A detailed comparison of extraction methods
has never been conducted on forest floor sam-
ples, which contain low levels of P in mainly or-
ganic form and relatively high levels of other
paramagnetic ions. Therefore, one objective of
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this research was to compare several soil extrac-
tion procedures to determine the one most suit-
able for *'P NMR analysis of forest floor samples
from northern Vancouver Island. The second ob-
jective was to examine the method of Bowman
and Moir (1993) to determine its effectiveness as
an extractant for *'P NMR spectroscopy.

MATERIALS AND METHODS

Five forest floor samples, collected in 1992 as
part of a more general survey of soil P (Cade-
Menun 1995), were used for this extraction study.
These soils have been the subject of extensive in-
vestigation because of problems with growth
stagnation and nutrient limitation in plantations
established after clear-cutting and burning
(Prescott and Weetman 1994). One sample (HA-
OG) was from under an old-growth stand of
western hemlock (Tsuga heterophylla (Raf.) Sarg.)
~ amabilis fir (Abies amabilis Dougl.), and one
(CH-OG) was from under an old-growth stand
of western red cedar (Thuja plicata Don.) - west-
ern hemlock. The other three were from cedar-
hemlock sites 0 (CH-0), 5 (CH-5) and 10 (CH-
10) years after logging and slash burning. These
samples were all relatively high in total P, and had
a range of other soil chemical properties (Table
1). These forest floor samples were air-dried and
ground to pass through a 2-mm sieve.

Four different extractants were used. These
were:

1) 0.5 M NaOH + 0.1 M EDTA (1:1) (Bowman
and Moir 1993)

2) 0.25 M NaOH

3) 1:6 soil:Chelex (weight basis) in deionized
water (Adams and Byrne 1989)

4) 1:6 soil:Chelex (wt. basis) in 0.25 M NaOH

For each extractant, 5 g of air-dried soil and
100 mL of liquid were used. The NaOH-EDTA
and NaOH samples were extracted in 125-mL
Erlenmeyer flasks at room temperature overnight
with occasional stirring. For both of the Chelex
procedures, samples were extracted in 250-mL
plastic bottles overnight at room temperature on
a reciprocal shaker. All samples were then filtered
with Buchner funnels and Whatman 41 filter
paper. A subsample of each was digested with
persulphate (Bowman 1989) and was read using
the Watanabe and Olsen (1965) method to deter-
mine the total amount of phosphorus that had
been extracted. The remainder of each sample
was freeze-dried.

To prepare the samples for NMR, approxi-
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TABLE 1
Chemistry of the soils used for the extraction trials

Sample HA-OG CH-0G CH-0 CH-5 CH-10
pH* 3.1 35 5.0 34 4.2
C (%" 499 37.2 23.2 46.7 49.6
LOI 3500 695 213 1742 1006
Total N* 1.159 0.851 0.879 0.807 0.995
(%)

C/N 43.1 43.7 26.4 57.9 49.8
Avail Ca 1906 3300 7395 3639 7188
(mg/kg)"

Avail Mg 393.4 255.6 640.0 498.0 673.5
(mg/kg)"

Avail Fe 139.6 182.6 220.0 118.3 112.2
(mg/kg)"

Avail Al 380.7 649.1 720.0 364.9 193.9
(mg/kg)"

Avail P* 40.04 51.5 68.4 23.47 2116
(mg/kg)

Total Pf 613.4 595.8 721.9 575.5 710.0
(mg/kg)

no .0 0 . 40.0 24.0
Inorg P* 129.( 162.0 396.0 140.( 124
(mg/kg)

rg 545.0 20.0 ). 0 589.0

Org P 545.(0 420.( 400.0 513.( 589
(mg/kg)

* pH measured in CaCl,.
b C measured with Leco.
“Total N measured via modified Kjeldahl digest.

4 Available Ca, Mg, Fe, and Al measured with Mehlich 3 (1984) extraction.

“ Available P measured with Bray P1.
"Total P measured with Parkinson and Allen (1975) digest.

% Inorganic P and organic P measured with Saunders and Williams (1955) ashing.

mately 1 g of the freeze-dried extract was
weighed into a 50-mL plastic centrifuge tube,
with 2.5 mL of D,O. Samples were vortexed for
2 min. A few of the Chelex + NaOH samples
were prepared in duplicate, and to one of each
pair, 1 pellet (approx. 0.5 g) of NaOH was added
before vortexing. All of the samples were left to
stand for 2 h and were then centrifuged. The su-
pernatants were transferred into 10-mL NMR
tubes and were refrigerated until used for NMR
spectroscopy.

Phosphorus-31 NMR spectra were obtained
at 101.27 MHz on a Bruker WM 250 high reso-
lution NMR spectrometer using a 45° pulse with
a 1.5-s delay and an acquisition time of 0.508 s.
The *'P spectra were proton decoupled using an
inverse-gated pulse sequence to overcome the
nuclear Overhauser enhancement in order to
achieve quantitative results (Newman and Tate
1980; Preston et al. 1986). Accumulation times
ranged from 24 to 48 h and were dependent on
the length of time necessary to achieve a strong
signal-to-noise ratio. The assignment of peaks was

based on Newman and Tate (1980) and Adams
and Byrne (1989). Peak areas were determined by
integration.

To assess the effect of the chelators (EDTA
and Chelex) on interfering paramagnetic ions,
the concentrations of Fe and Mn in the solutions
following extraction were measured by atomic
absorption spectroscopy before freeze-drying. In
addition, an adsorption trial was conducted using
the CH-OG sample. Solutions containing Fe at
concentrations of 0, 20, 30, 40, 60, and 100 mg/L
or Mn at 0, 15, 20, 30, 40 and 80 mg/L were pre-
pared in either 30 mL of 0.05 M EDTA or water,
and a 30-mL aliquot of each solution was placed
in a stoppered 100-mL centrifuge tube, with or
without 1 g of air-dry CH-OG soil. To each
water solution was added 5 g of Chelex. A blank
containing 30 mL of water was used as a control.
NaOH was not used in this trial because it caused
the metals to precipitate. After shaking on a rec-
iprocal shaker for 1 h, the samples were filtered
through Whatman 42 filter paper, and metal con-
centrations of the supernatants were then deter-
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mined using atomic absorption spectroscopy.

To determine the effect of the extractants on
various P compounds, 5-g samples (air-dry basis)
of CH-OG had 0.05 g of the following com-
pounds added before extraction by 0.25 M
NaOH + 0.05 M EDTA or by 1:6 soil:Chelex
(wt. basis) in 0.25 M NaOH: ATP (adenosine 5~
triphosphate, disodium salt, Grade II, Sigma A-
3377); glycerophosphate (disodium pentahydrate,
Sigma G6504); or K-polyphosphate (formed by
fusion of KH,PO, as per Kulaev (1979)). These
were then prepared for NMR analysis as de-
scribed previously.

RESULTS

NMR. Spectra
Figure 1,A-E, displays the NMR spectra gen-
erated from these extractant trials, and Table 2
shows a guide for the interpretation of the peaks.
It should be noted that the lower pH in the
Chelex + water extraction causes a peak shift, re-

HA OLD GROWTH

CHELEX + NaOH

CHELEX + WATER

NaOH + EDTA
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versing the orthophosphate and the monoester
peak positions relative to the other extraction
procedures. This was also observed by O’Neill
et al. (1980) and Adams and Byrne (1989). In
some of the spectra for the extractant NaOH +
EDTA, the peaks for orthophosphate and mo-
noester P overlap. When there was clear peak sep-
aration with this extractant, there was a valley be-
tween the peaks at 6 ppm, and this, therefore, was
used as the dividing line where overlapping oc-
curred.

The sharpest peaks, with the best separation,
were produced by the Chelex + NaOH extrac-
tion. These were further improved when extra
NaOH was added to adjust the pH before NMR.
analysis. The broadest peaks were produced by the
NaOH + EDTA extraction. These spectra also
had the poorest separation of the orthophosphate
and monoester peaks. The trends from sample to
sample were quite consistent for each extraction
method, but the results from each extractant were
very different within each forest floor sample.

A

0
PFM
oth maono dies

poly

Fig. 1A Phosphorus-31 NMR spectra for HA old growth forest floor extracted with: Chelex + NaOH; Chelex + Water;

NaOH + EDTA; and NaOH.
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Fig. 1B Phosphorus-31 NMR spectra for CH old growth forest floor extracted with: Chelex + NaOH; Chelex + Water;

NaOH + EDTA; and NaOH.

NaOH + EDTA was the only method to show
polyphosphate peaks for three of the samples,
whereas diester peaks in the NaOH extracts were
seen only with the HA-OG samples (Fig. 1A).
Phosphonate was only detected unambiguously
in sample CH-5 (Fig. 1D) using the three extrac-
tions involving Chelex. Table 3 shows the per-
centage of P found within each class of com-
pounds, calculated from the spectra by
integration. The NaOH + EDTA extraction
seems to have produced the greatest range of
compounds. It also extracted the most P of all the
extractants: 71.3-90.6% of Pr, compared with

22.1-34.5% extracted by NaOH, 9.6-12.6% by
Chelex + water, and 23.1-35.3% by Chelex +
NaOH (Table 4). The NaOH + EDTA also ex-
tracted more diester P than monoester P (Table
3), producing higher diester/monoester ratios
than any other method except the Chelex +
water extraction. The NaOH extraction method
extracted the fewest types of P compounds,
showing peaks for orthophosphate and mon-
oesters in all samples but peaks for diesters and
pyrophosphate in only a few samples. There were
no peaks for phosphonates or polyphosphates
with this extraction procedure.
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Fig. 1C Phosphorus-31 NMR spectra for CH O-year forest floor extracted with: Chelex + NaOH; Chelex + Water; NaOH

+ EDTA; and NaOH.

Metals Analysis

Table 5 displays the analysis of Fe and Mn
within each solution after extraction. The Fe con-
centrations extracted by NaOH alone and by
H,O + Chelex were comparable (8-36 vs. 4-29
mg/L). The Fe levels in the NaOH + EDTA so-
lutions were intermediate, except for CH-0, the
recent burn. NaOH + Chelex solutions con-
tained the lowest levels of Fe. NaOH + EDTA
extracted the greatest concentration of Mn, espe-
cially in the three postburn samples. The lowest

Mn levels were found in the two Chelex extracts.

Figure 2 displays the results from the adsorp-
tion trial, using soil. For the samples without soil,
the EDTA and water extracts contained the same
levels of Fe or Mn that had been added to the
samples, whereas the Chelex removed all of the
Fe and Mn, leaving 0 mg/L in solution at all lev-
els of addition. In Figure 2(A), the EDTA main-
tained all of the added Fe in solution, and also ex-
tracted additional Fe from the soil. The Chelex
removed almost all of the added Fe from solution.
With water alone, much of the Fe was adsorbed
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Fig. 1D Phosphorus-31 NMR spectra for CH 5-year forest floor extracted with: Chelex + NaOH; Chelex + Water; NaOH

+ EDTA; and NaOH.

onto the soil surfaces as the Fe in solution at all
levels was lower than that that had been added to
the sample. For Mn (Fig. 2(B)), the Chelex re-
moved all of the added Mn from solution. The
EDTA kept what had been added to the sample
in solution, but it did not appear to extract any
additional Mn from the soil. At the highest level
of Mn addition (80 mg/L), there appeared to be
some adsorption onto the soil. In water alone, all
of the added Mn appeared to stay in solution.

P Addition

The results from the addition of P com-
pounds to the NMR extracts are shown in Fig. 3,
A and B. The P concentrations in each extract
and the proportion of P in each compound class
are found in Table 6.

The Chelex + NaOH extraction produced
much sharper peaks than those produced by
NaOH + EDTA, but peaks are seen at the same
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Fig. 1. E Phosphorus-31 NMR spectra for CH 10-year forest floor extracted with: Chelex + NaOH; Chelex + Water;

NaOH + EDTA; and NaOH.

positions in the spectra regardless of extractant
(Fig. 3,A and B).The added P compounds dom-
inate each spectrum, changing the spectra from
those of the original extract. When added
polyphosphate was extracted with NaOH +
EDTA (Fig. 3A), there was a large, broad peak at
-20 ppm, the polyphosphate position. Pyrophos-
phate, diester, monoester, and orthophosphate
peaks also appeared, but they were small and
broad relative to the polyphosphate peak. In the
Chelex + NaOH extract (Fig. 3B), there was a

sharp polyphosphate peak, as well as sharp mon-
oester and pyrophosphate peaks. The main differ-
ence between these two methods when
polyphosphate was added was the amount of P
extracted: 6500 mg/kg for NaOH + EDTA ver-
sus 3800 mg/kg by Chelex + NaOH (Table 6).
NaOH + EDTA extracted more of the total P as
orthophosphate and less as monoester.

When ATP was added to the sample, or-
thophosphate, monoester, and diester peaks ap-
peared (Fig. 3, A and B). There were also three
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TABLE 2
Interpretation of *'P NMR spectra

Compounds

phosphonates
orthophosphate
phosphate
monoesters
—inositol
phosphates
—sugar
phosphates
—mononucleotides
phosphate
diesters
—phospholipids
—RINA, DNA
pyrophosphate
polyphosphate
(ATP)

PPM
15-20

Abbrevation

phos
orth
mono

1-(-1) dies

(=3)-(-6)

(-20) poly

approximately equal peaks at -5, -10 and -20
ppm. These represent the alpha, beta, and gamma
phosphates in the ATP molecule. Both extraction
methods yielded the same concentration of P in
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solution (Table 6) and approximately the same
percentages of total P in the various compound
classes, although NaOH + EDTA had slightly
more orthophosphate and less monoester P than
did Chelex + NaOH.

Glycerophosphate, a monoester formed in
soil after hydrolysis of glycerophosphatides
(Hance and Anderson 1963), appeared at the mon-
oester position with both extraction methods
(Fig. 3, A and B).The NaOH + EDTA solution
(Fig. 3A) contained nearly twice as much P as the
Chelex + NaOH solution (Table 6) and had
more P as orthophosphate and less as monoester.

DISCUSSION

Of the reagents used in this study, NaOH +
EDTA extracted the most P from each forest
floor sample, with results comparable to those
from sewage sludge extracted with TCA and
KOH (Hinedi et al. 1989) or from sequential ex-
traction of soil (Condron et al. 1990). This agrees
with the findings of Bowman and Moir (1993)
that it is a good extractant of organic P. The
amount of P extracted by NaOH (22-34%) is

TABLE 3
Percentage of solution P found in various P forms
Sample Extractant Phos Orth Mono Dies Pyro Poly D:M?
HA-OG Chelex + NaOH 0 26 44 15 15 0 0.34
Chelex + H,O 0 62 16 22 0 0 1.38
NaOH + EDTA 0 21 49 15 7 7 0.31
NaOH 0 36 51 4 9 0 0.08
CH-0OG Chelex + 2 NaOH 0 58 30 5 7 0 0.30
Chelex + NaOH 0 36 40 14 10 0 0.35
Chelex + H,O 0 54 18 23 5 0 1.27
NaOH + EDTA 0 17 33 39 0 11 1.18
NaOH 0 51 43 0 6 0 0
CH-0 Chelex + NaOH 0 74 18 6 2 0 0.33
Chelex + H,O 0 73 13 1 0 1.00
NaOH + EDTA 0 51 33 11 6 0 0.33
NaOH 0 55 45 0 0 0
CH-5 Chelex + 2 NaOH 3 34 38 8 17 0 0.21
Chelex + NaOH 2 31 39 9 19 0 0.17
Chelex + H,O 3 49 22 18 8 0 0.82
NaOH + EDTA 0 23 40 18 7 12 0.45
MNaOH 0 49 33 0 18 0 0
CH-10 Chelex + 2 NaOH 0 34 42 8 16 0 0.19
Chelex + NaOH 1 15 57 9 19 0 0.16
Chelex + H,O 0 68 14 10 4 4 0.71
NaOH + EDTA 0 17 27 32 10 14 1.18
NaOH 0 49 4 0 10 0 0

*The diester:monoester ratio.
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TABLE 4
Phosphorus extracted by various methods

Extractant HA-OG CH-0G CH-0 CH-5 CH-10
NaOH + Chelex (mg/kg) 210.1 2105 166.8 182.6 183.7
%Total P* 343 35.3 23.1 31.7 259

H,O + Chelex (mg/kg) 77.4 66.2 82.8 55.0 71.6
%Total P 12.6 11.1 11.5 9.6 10.1

NaOH + EDTA (mg/kg) 526.4 424.8 643.5 451.6 643.1
% Total P 85.8 71.3 89.1 78.4 90.6

NaOH (mg/kg) 205.0 198.8 159.6 198.8 207.6
% Total P 334 334 221 345 29.2

* Calculated from Table 1.

comparable to, or slightly lower than, that re-
ported in the literature (Newman and Tate 1980;
Tate and Newman 1980; Hawkes et al. 1984; In-
gall et al. 1990; Gil-Sotres et al. 1990; Forster and
Zech 1993; Bedrock et al. 1994). Sonicating dur-
ing extraction might have increased these con-
centrations. The levels of P extracted by Chelex
with both water and NaOH are lower than those
obtained by Adams and Byrne (1989), Adams
(1990), and Condron et al. (1996), which were
comparable with NaOH levels, as was the
amount extracted by BuyNOH (Emsley and
Niazi 1983).There were also lower P levels in the
Chelex + NaOH samples after P compounds
such as polyphosphate and glycerophosphate
were added before extraction.

The quality of the spectra produced by
NaOH + EDTA was poor, however, relative to
the other extractants used in this trial, with poor
separation of the orthophosphate and monoester
P peaks. This seems to be caused by the com-
plexing by EDTA of paramagnetic ions other
than P, particularly Fe and Mn.The one sample in
which the peaks were clearly separated (HA-OG)

contained the lowest concentrations of Fe and
Mn. High concentrations of Mn seem to cause
most of the peak overlap: spectra containing less
than 200 pg/g of Mn have good separation be-
tween the orthophosphate and monoester P
peaks. Other researchers have reported peak
broadening in *'P NMR spectra, by Mn (Hutson
et al. 1992) and by Fe (Bedrock et al. 1994). This
is one drawback to the NaOH-EDTA method
— it removed cations from P compounds to
allow more P to be extracted, but it did not re-
move the metals from solution as Chelex did.
EDTA alone did not extract much Fe from the
soil; however, more Fe was released when EDTA
was combined with NaOH, probably because of
the solubilization of organic matter (Stevenson
1994). The best spectra, in terms of peak separa-
tion and signal-to-noise ratio, were produced by
the Chelex + NaOH extractions. These were im-
proved further by adjusting the pH before analy-
sis. However, overlapping of the orthophosphate
and monoester P peaks was seen in all of the
Chelex + H;O spectra and in the spectra for the
CH-10 sample extracted with Chelex + NaOH.

TABLE 5
Metal concentration (mg/L) in solution after extraction

Sample Metal NAOH NaOH + EDTA H;O + Chelex NaOH + Chelex
HA-OG Fe 13 7 10 3

Mn 2 8 o 0
CH-0OG Fe 36 29 29 15

Mn 5 24 2 0
CH-0 Fe 30 63 26 15

Mn 5 32 3 2
CH-5 Fe 8 4 4 0

Mn 4 30 2 0
CH-10 Fe 10 6 10 4

Mn 7 51 0

* Readings below the instrumental detection limit are shown as (.
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Fig. 2. Fe (A) and Mn (B) in solution following the adsorption trial,

The quality of spectra reported in the litera-
ture are quite variable. NaOH often produces
poorly resolved resonances in the orthophosphate
monoester region, with monoesters appearing as
shoulders on the orthophosphate peak (Newman
and Tate 1980; Zech et al. 1987; Hinedi et al.
1989; Condron et al. 1990; Gil-Sotres et al. 1990;
Bedrock et al. 1994; Makarov et al. 1995).This has

also been reported in Chelex extracts (Adams and
Byrne 1989; Condron et al. 1996). The TCA and
KOH extractions (Hinedi et al. 1989) produced
clear, sharp spectra, as did the sequential extrac-
tion procedure of Condron et al, (1985). How-
ever, Hinedi etal. (1989) examined sewage
sludge, which may not be comparable to forest
floor. It is difficult to Judge the quality of
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TABLE 6
Total P content and percent P in various P forms after adding P compounds
Pin . -10
Sample Soil* (}‘;h M:::nc Dl;ts Pg:“ peak p;h’
ljjg/-kg 0 1] i} %b ¢l

NaOH + EDTA 6500 11.7 6.3 4.3 12.8 n/a 64.9
+ polyphos®
NaOH + Chelex 3800 0 40.3 4.9 16.1 n/a 387
+ polyphos
NaOH + EDTA 3600 14.5 10.2 7.2 247 21.7 21.7
+ ATP alph beta gam.
NaOH + Chelex 3500 2.8 17.8 4.7 28.0 271 19.6
+ ATP alph beta gam.
NaOH + EDTA 5900 26.4 63.9 9.7 0 n/a 0
+ glycero®
NaOH + Chelex 3000 38 89.7 6.5 0 n/a 0
+ glycero
NaOH + EDTA 424.8 333 16.7 38.9 ] n/a 11.1
orig.
extract
NaOH + Chelex 210.5 36.1 40.3 13.9 9.7 n/a 0

orig.
extract

* Calculated from the amount of P in each extract.

" For ATP, the peaks at —5, —10 and —20 are the alpha, beta, and gamma phosphates.

 Polyphos is polyphosphate.
4 Glycero is glycerophosphate.

BuyNOH as an extractant because spectra were
not published, and results for orthophosphate and
monoesters were reported as one peak (Emsley
and Niazi 1983).

There were considerable differences in the
diversity of compounds extracted by the different
reagents in this study. NaOH + EDTA extracted
the most, whereas NaOH extracted the least. This
may in part be caused by the amount of P ex-
tracted by each reagent, but it may also be attrib-
utable to the nature of the reagent. The di-
ester/monoester ratios suggest that NaOH caused
hydrolysis of orthophosphate diesters, which did
not occur with NaOH + EDTA. Hydrolysis has
been reported by other NMR researchers (Ogner
1983; Adams and Byrne 1989; Ingall et al. 1990),
and Hance and Anderson (1963) reported that
phospholipids were readily hydrolyzed in alkaline
solution. The diester/monoester ratios for NaOH
are also comparable to reported values of
0.18-0.46 (Zech et al. 1985; Gil-Sotres et al.
1990; Forster and Zech 1993; Makarov et al.
1995). The lack of diesters in NaOH samples in
this particular study is probably the result of the
length of extraction, overnight in this case, com-

pared with only a few minutes with sonication
used by other researchers. It should be noted that
the lack of clear separation of the orthophosphate
and monoester P peaks using NaOH + EDTA
probably underestimates the proportion of P in
either or both of these compound classes and,
thus, may widen the diester/monoester ratio.

The lower compound diversity in the Chelex
extracts compared with NaOH + EDTA may be
caused by a loss of P compounds when the
Chelex 1s removed from the extracting solution.
Chelex has been used to extract glyphosate, a
phosphonate compound, from water, fruits, and
vegetables (Cowell et al. 1985). When P com-
pounds such as polyphosphate and glycerophos-
phate were added to the soil before extraction,
the NaOH + EDTA extracted more P than
Chelex + NaOH. This would suggest that P is
removed along with the Chelex during filtration,
possibly via cation linkages. The K* from the
added K-polyphosphate may be exchanged with
divalent cations such as Mn** or Fe*", which
could then link the polyphosphate to the Chelex
(Lévesque and Schnitzer 1967).

Polyphosphates are rarely seen in reported
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Fig. 3A Phosphorus-31 NMR spectra in soil and after the addition of polyphosphate, ATF, and glycerophosphate, ex-

tracted with NaOH + EDTA.

NMR spectra (Tate and Newman 1980; Emsley
and Niazi 1983; Zech et al. 1987; Adams and
Byrne 1989; Bedrock et al. 1994) and are usually
at very low levels. This is surprising as they are
widely distributed in nature, especially in forest
soils (Kulaev 1979; Martin et al. 1985). Bedrock
et al. (1994) report polyphosphate peaks in spec-
tra from humic acid extracts but not from alkali
extracts of peat and soil samples. They suggest that
greater resolution of P compounds in the humic
acids may be the result of their increased organic
content and decreased Fe content relative to the
peat and soil alkali extracts. The high amounts of

polyphosphates extracted by NaOH + EDTA in
this study may be attributable to the greater
amount of total P extracted by this method as
they are not seen in the spectra of the other ex-
tractants. They may be hydrolyzed by other
reagents (Subbarao et al. 1977), they may be part
of the more than 50% of the total P that was not
extracted, or they may be lost during the extrac-
tion procedure.

This research suggests that we must be cau-
tious when using *'P NMR spectroscopy to ex-
amine P cycling in soils. The extractant used will
influence both the concentration of P extracted
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Fig. 3B Phosphorus-31 NMR spectra in soil and after the addition of polyphosphate, ATP, and glycerophosphate, ex-

tracted with Chelex + NaOH.

and the forms of P seen in NMR spectra, and,
thus, may obscure important changes in some P
forms. Care must also be taken when comparing
studies using different extractants.

CONCLUSIONS

Phosphorus-31 NMR spectroscopy is a valu-
able tool for the direct identification of P com-
pounds in soil extracts. Its major advantage is that
it is less complex analytically than the detailed
partition chromatography techniques otherwise
required for identifying specific organic P com-
pounds.

Extraction of P compounds from soil for *'P

NMR analysis is possible with a variety of
reagents. The forms of P that dissolve depend on
the reagent; the complex nature of soil organic P
may make it impossible for a single extractant to
dissolve all P compounds. It also may not be pos-
sible to produce high quality spectra without
some alteration of P compounds by hydrolysis.
It appears from this study that the NaOH-
EDTA extraction procedure for organic P (Bow-
man and Moir 1993) could be used as an extrac-
tant for *'P NMR_ analysis. It extracted a higher
concentration of P and a greater diversity of P
compounds that any other extractant tested, with
less apparent hydrolysis of compounds. However,
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it also maintained other paramagnetic ions in so-
lution, causing line broadening and overlapping
peaks, thus reducing the quality of spectra. Con-
sequently, it would be most suitable for samples
with high P levels and low levels of interfering
ions unless some way could be found to remove
the EDTA-metal complexes after extraction
without altering the P compounds in solution.

This study also demonstrated that the extrac-
tant used will greatly affect the results of *'P
NMR analysis of soil samples, making it difficult
to compare results from studies using different
extractants.
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