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A Novel Technique for the Pre-Concentration and Extraction of Inositol
Hexakisphosphate from Soil Extracts with Determination

by Phosphorus-31 Nuclear Magnetic Resonance

Benjamin L. Turner* and Ian D. McKelvie

ABSTRACT and Cosgrove, 1981). Furthermore, the concentrations
Inositol hexakisphosphate (IP,) is often the dominant form of soil of IP6.in enviro~mental samples are too low for m.ost

organic phosphorus (P), but is rarely investigated because of the analytical technIques, although new pre-concentration
analytical difficulties encountered in its extraction, separation, and procedures have recently been developed that can ad-
detection in environmental samples. In particular, recent advances in dress this (Nanny et al., 1995; Espinosa et al., 1999).
the study of soil organic P with 'Ip nuclear magnetic resonance (NMR) These problems must be overcome before significant
have been of limited use for the study of IP" because the technique advances can be made in understanding IP6 dynamics
does not discriminat~ between IP, an~ other forms o~ P. This was (Turner et al., 2002).
addressed b! developIng a ?ovel analytical pr?cedure usIng the re.ten- This work describes a new approach to the use of 31p

tivepropertleso~gel.tiltratlon~elsforI~"whlchaliowsthe~ombIDed NMR for the determination of IP6 in soil extracts andselective extraction and pre-concentration of IP, from soil extracts "
.th d t . t . b 'I p NM R While the techni q ue is still in the water samples. Nuclear magnetic resonance IS a power-

WI e ermma Ion y . I ... f P f . .
1developmental stage, the results demonstrate that the gel does not ful too for the mvestlgatlo~ ~ . ?rms m SOl extracts

interfere with 'Ip NMR analysis and retains IP, to concentrations well (Condron et al., 1997), but It IS limited for IP6, because
above those required to give clear spectral signals. The technique has of an inability to separate IP6 from orthophosphate and
considerable potential for application to the study oflP, in soil extracts other phosphomonoester compounds. This is because
and water samples and, with development, could help to answer fund a- phosphomonoester signals (including IP 6) appear as a
mental questions regarding the dynamics of organic P in the envi- single envelope and frequently overlap with the ortho-
ronment. phosphate signal, making quantification difficult (e.g.,

Hawkes et al., 1984; Condron et al., 1990). Further prob-
lems are encountered with interfering paramagnetics

T HE MOST ABUNDANT CLASS of organic phosphorus (such as Fe3+ and Mw+), which cause line broadening
(P) compounds in the environment is the inositol and can require removal from the sample by chelating

phosphates, a family of six congeners of hexahydroxy resins. Other problems are the low concentrations of
cyclohexane (inositol) that exist as inositol in various organic P in soil extracts (relative to those required for
states of phosphorylation (bound to between 1 and 6 31p NMR), which means some form of pre-concentration
phosphate ions) (Fig. 1). Nine stereoisomers of inositol is necessary. However, 31PNMR provides a simple method
phosphates exist; the myo stereoisomer is by far the of determination compared to the time-consuming and
most common in nature, although neo-, scy![o-, and complex separation and detection procedures used in
chiro-inositol phosphates have been reported m terres- previous studies of IP6 (e.g., Anderson, 1964; Martin,
trial and aquatic environments (Cosgrove, 1980). The 1970; Irving and Cosgrove, 1981).
dominant form of inositol phosphate in the environment Inositol hexakisphosphate can be retained by gels
is myo-inositol hexakisphosphate (IP6), which consti- used for molecular size separations such as Sephadex
tutes the major organic P compound in soils and aquatic (Martin, 1970; McKelvie et al., 1993), although adsorp-
sediments (Harrison, 1987; Suzumura and Kamatani, tion varies depending on solution parameters. For exam-
1995). Despite its abundance, it remains poorly under- pIe, McKelvie et al. (1993) showed that optimum (but
stood and little reliable. informat~on exists. on the not complete) adsorption of IP6 to Sephadex G-25 gel
sources, pools, and dynamics of IP6 m the environment occurred at ionic strengths >0.05 M and pH between
(Turner et al., 2002). The role of IP6 in supplying P to 7.5 and 10, although Condron and Goh (1989) showed
plants and algae is largely unknown and even its origins that there was negligible retention of soil organic P in
remain unclear in many cases (L' Annunziata, 1975). NaOH extracts onto Sephadex G-100 gel columns. The
Research into IP6 has been limited by the lack of suitable adsorptive properties of these gels has presented a major
analytical techniques f~r its determin?tion in environ- problem for investigation of organic P in soil extracts
mental samples, the maIn problems beIng poor recover- and water samples (Martin, 1970; McKelvie et al., 1993),
ies of IP6 from soils by conventio~al extractants and but provides a potential means of separation. We inves-
from anion exchange columns durIng sample cleanup tigated the potential use of the retentive property of
and separation (Anderson, 1964; Martin, 1970; Irving Sephadex G-25 gel for the selective extraction of IP6

from a solution, followed by analysis with 31p NMR.
Water Studies Centre and Chemistry Oep., Monash Univ., Clayton The proposed technique overcomes several of the major
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Table 1. Recoveries of model phosphorus (P) compounds (%)
from solutions containing 1 mg P after mixing with 1 mL Sepha-
dex gel overnight at 20.C. Values are means of triplicate sam-

p 2 pIes :t standard error.

P compound Recovery

%
/l-glycerophosphate (disodium salt) 97 :!: 0.9
DNA (degraded free acid from herring sperm) 96 :!: 0.8
Glucose-I-phosphate (dipotassium salt) 95 :!: 0.8

P 1 P Potassium dihydrogen orthophosphate 96 :!: 1.6
5 Tetrasodium pyrophosphate 97 :!: lA

;; ( )c a,

the phytic acid stock solution (100 mg P L -I). These samples
were run for approximately 100 scans.

To test the selectivity of Sephadex gel for IP 6, the procedure
was repeated for a range of other organic and inorganic P
compounds (Table 1). Samples were prepared as described
above and the supernatant solutions were analyzed for total
P. Recoveries are expressed as the percent recovery from
solutions containing 1 mg P and are reported as means plus
or minus the standard error of triplicate samples.

To test whether Sephadex would retain IP6 to concentra-
5 tions at which acceptable signal to noise ratios could be

achieved, samples were prepared with 1 mL of gel (0.143 g
powder) in 50mL centrifuge tubes. For this experiment, Seph-
adex-IP6 mixtures were prepared according to the conditions
for optimal retention of phytic acid by the gel (McKelvie et

(b ) al., 1993). Forty milliliters of IP6 solutions containing 40 and
20 mg P as IP6 were mixed with Sephadex powder and 1 mL

Fig. 1. (0) Axial form of phytic acid (pH 5-12) and (b) equatorial of 1.0 M Tris-HCI buffer, pH 8, containing 2 M NaCI (24 mM
form of phytic acid !P!l < 5 and pH > 12) (Martin and Evans, Tris, 49 mM NaCI final concentrations) and shaken overnight
1986). P, = -OPO5 " = 1,2...6. as described previously. These samples were run for approxi-

mately 700 scans.

tration, and preclusion of interference by other P com-
pounds. Soil Extract

A soil extract was prepared for analysis by the Sephadex
METHODS gel method. Two grams of soil (fine sandy clay loam, USDA

. . Haplustult; total carbon 4.7%, pH in water 5.0, sand 38%, silt
Principle of the Method 49%, clay 13%, total P 685 mg kg-I) was shaken for 15 h

Sephadex is manufactured by cross-linking dextran with ov~rnight. in 40 mL of. 1 M NaOH, at a 1 to 20 soil to s~lution
epichlorohindrin; varying the degree of cross-linkage creates ratio. This was centrifuged for. 1 h at 10 000 X g, filtered
gels with different porosities. Sephadex gel has been shown thr?ugh an Advantec No.2 filter pap.er (Advantec Toyo
to retain IP6, while excluding other organic P forms and ortho- Kalsha Ltd., !okyo), and 10 mL of solution. was prep'ared for
phosphate (McKelvie et al., 1993). By using this property, IP6 NMR analysIs as for the IPfi samples descrIbed previously.

can be removed from soil extracts in the presence of the
gel, while impurities and other P compounds are removed by Phosphorus-31 Nuclear Magnetic Resonance Analysis
centrifugation, decantation, and washing prior to analysis with Th " I I " I I d .th 31p NMR31p NMR e ge -s urry samp es were ana yze WI , us-

. ing a Bruker Advance DRX400 spectrometer (Broker, Ger-

many) (which uses a 31p operating frequency of 162 MHz),
Sample Preparation and data were collected with broadband (waltz) proton decou-

One-gram Sephadex G-25 (fine) gel powder (giving approx- piing. T~e relaxation. delay was 2.5 s, acquis~tion time was
imately 7 mL of gel) was mixed and, therefore, hydrated in 0.8.4 s, with an a.pp~oxlmate 40 OOO-Hz sweep. width, 64 K data
10 mL of ultrapure water containing 1 mg P as phytic acid pomts for acquIsItion and 131 K for processmg. The sample.s
(magnesium-potassium myo-IPfi). A blank sample (no P) was ~ere run unlo.cked (no Dz.O). The. number of scans was s.u!fl-
included. The gel was allowed to swell and equilibrate by clent to obtam a recognizable slgn~l. The 0 ppm p<;,sltl~n
shaking end-over-end in 25-mL centrifuge tubes overnight at corresponded to the resonance of .8? Yo ortho.phosp~onc acid
approximately 20.C. The mixtures were centrifuged for 5 min as the exter~al refe~ence and I?osl~lve chemical shifts corre-
at low speed «500 x g) to settle the gel and the supernatant sponded to mcreasmg magnetic field strength (Costello et

was decanted and retained for total P analysis by sulfuric al., 1976).

acid-persulfate digestion (Rowland and Haygarth, 1997). The
remaining gels were then washed in ultrapure water and re- RESULTS
centrifuged. The washed gels were resuspended in 5 mL ultra-
pure water to form a slurry, which was poured carefully into No 31p NMR signal was present for the blank sample
10-mL NMR tubes. Aliquots of the initial supernatant solu- (ultrapure water + Sephadex gel), indicating that the
tions were also poured into NMR tubes, as was a sample of presence of Sephadex would not interfere in the 31p



!

468 J. ENVIRON. QUAL.. VOL. 31. MARCH-APRIL 2002

..J,.jJLk,..i..I1Ju~Jlk,~..il~~li.IJ~.I.~I~JI..w~~,..Mi~"J~"l"l".~1II. peak heights of these two samples were not in propor-
.~=-~';~~1_~-;-~~.~ tion, indicating that the limit for IP6 retention by the

gel lies somewhere between the two concentrations
(based on 1 mL Sephadex gel).

1.06 The soil extract sample showed a small signal at"" 0.54 +5.063 ppm (Fig. 2), consistent with the position of IP6
~ / in alkaline soil extracts (Newman and Tate, 1980), but

even after more than 32 000 scans this peak was not
clearly distinguishable from the background noise, indi-
cating that the IP6 concentration was too low for effec-

1.58 tive analysis. Clearly, some form of pre-concentration~ would be required for application to real samples.
-0.06 The results, therefore, showed that (i) the Sepahadex

/"' gel did not interfere with P determination by 31p NMR,
despite the 'solid' nature of the matrix; (ii) phytic acid
was completely retained by the Sephadex gel to concen-
trations above those required to give clear spectral sig-
nals; (iii) orthophosphate and other P compounds were
not retained by the Sepahadex gel; and (iv) soil extracts
would need pre-concentration prior to analysis with
31p NMR.

DISCUSSION AND FUTURE
DEVELOPMENT OF THE METHOD

These preliminary results are promising, although
substantial development is required. The study demon-

5.06 strated that the basic principles of the method are sound,
because Sephadex gel did not interfere with 31p NMR

~ ~ ~ ~ ~~~~~ analysis and successfully retained IP 6 from solution,

while excluding other P compounds.

The quadruplet signal obtained for phytic acid has
J .~ .,..., mn also been reported by other workers, although the chem-

40 20 0 -20 -40 ical shift and number of peaks varies depending on the
Fig. 2. Phosphorus-31 n~~lear magnetic resonance (NMR) spectra of pH and the ionic strength of the sample, particularly

a blank sample contalmng S.eI?hadex G-25 (fine) gel and ultrapure the concentration of sodium (Costello et al., 1976). For
water (top), a sample contalmng 1 mL of Sephadex gel and 40 mg exam ple at PH .n the range of 4 t '10 h t' . d .
P as phytic acid (center), and a sample of Sephadex gel that had ' I . . ~, P Y IC acI gI~es
been mixed with 10 mL of 0.5 M NaOH soil extract (bottom). four resonance sIgnals In the ratIOs of 1:2:2:1, whIch

correspond to the positions of the orthophosphate ions
on the inositol molecule.

NMR analysis (Fig. 2). The total P concentration in Pre-concentration appears to be a fundamental pre-
triplicate blank samples was 3.1 /Jog L -I (SE = 1.76 /Jog requisite for this technique, but could be achieved rela-
L -I) and was, therefore, below the limit of detection tively simply by preparing a small column containing
for total P in water (Rowland and Haygarth, 1997). The 1 mL of Sephadex gel, through which a buffered stream
Sephadex + IP6 sample showed a quadruplet signal in of sample could be passed with a peristaltic pump. The
the range of +0.098 to + 1.428 ppm, identical to the gel would retain IP6, with the remaining sample con-
spectra of the IP6 standard solution (spectra not shown). taining other P compounds passing to waste. Presum-
The supernatant of the Sephadex + IP6 mixture showed ably, measurable concentrations of IP6 from soil extracts
no signal, indicating that the gel had completely retained could be obtained by passing sufficient volumes of ex-
IP6 from solution, which was confirmed by analysis of tract through the gel column. The use of the common
the supernatant for total P by sulfuric acid-persulphate extracts for soil organic P, such as NaOH-EDT A (Cade-
digestion. Furthermore, other model P compounds were Menun and Preston, 1996), would require strong buffers
not retained by the Sephadex gel, as indicated by less to achieve the required pH for optimal retention of IP6
than 95% recoveries of orthophosphate, pyrophosphate, by the gel. However, this pre-concentration procedure
DNA, [3-glycerophosphate, and glucose-I-phosphate would allow the determination of IP6 in waters given
(Table 1). sufficient sample volume.

The 20- and 40-mg phytic acid-P samples gave quadru- Quantification could be achieved by running a suit-
plet peaks in similar areas between -0.06 and + 1.58 able range of IP6 standards, or more simply by including
ppm, respectively (see 40 mg sample, Fig. 2). This indi- an internal reference standard containing a known con-
cated that the gel could retain IP6 to concentrations well centration of P in a form that would not interfere with
above those required to give clear spectral signals. The the peak of IP6 in a capillary tube inside the NMR tube.

.
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Flow and Diffusion Measurements in Natural Porous Media Using
Magnetic Resonance Imaging

Thomas Baumann,* Rainer Petsch, Gunther Fesl, and Reinhard Niessner

ABSTRACT holes, fractures, or sediments with a higher flow veloc-

Flow and diffusion of water in natural porous media, quartz sand, ity) contr.ibute to the transpo:t behavior of dissolved
and calcareous gravel were measured using a 1.5-T clinical magnetic and colloIdally b~und cont~m.lnants.
resonance tomograph. The spatial resolution of the dynamic measure- From the physical descrIption of the transport pro-
ments was 1.32 x 1.32 x 5 mm3, and the time between two cross- cesses it becomes quite clear that the average linear
sectional measurements was approximately 10 s. The measured coeffi- velocities, as obtained from, for example, tracer experi-
cients of molecular diffusion for water were in good agreement with ments, are an approximation. The linear distance be-
theoretical data. Flow was measured without any trac~r at:elo~iti~s tween the injection and monitoring locations is always
between 0.15 and 6.67 mm/s. The results, based on a calibration wIthIn the shortest possible distance and does not account for
one part of the col~mn, were in good agre~ment with data obtai~ed the actual flow path, nor for the different flow velocities
from a tracer expenment and from a numerical model, It was possIble . I d II f th b I . fl. . . In ar g er an sma er Pores or or e P ara 0 IC ow

to measure the now velocIty In larger pores and preferentIal now .. ' .
th d . tl y The results of the now measurements in smaller P ores profile In a pore. These factors are SUmmarIzed as me-pa s Irec . . . . S . 11 h . I d . ..

Irenected the mean velocity within that volume element. In that case chamcal dISperSion. tl ,mec amca Ispersion IS ca cu-
the obtained values were close to the average linear velocity. Since lated without knowledge of the length of the actual flow
the time resolution is high a monitoring of now processes is possible. path. Thus, the flow velocities calculated from tracer
The pore space was imaged with a spatial resolution of 0.5 x 0.5 x experiments are always slower than the actual flow ve-
0.5 mm3. Here, the porosity of pores that are larger than 0.2 mm can locities at the pore scale. The differences become rele-
be measured directly; for smaller pores a calibration is necessary. vant, if a numerical model includes the sorption kinetic

measured in laboratory experiments or derived from

thermodynamic databases, or if filtration theory is ap-
T HE FLOW VELOCITY in ~atural porous ~edia is of high plied for colloid transport phenomena. In those cases

relevance to contaminant and colloIdal transport the knowledge of the flow velocity at the pore scale

in subsurface environments. The transport of dissolved would be useful to scale laboratory experiments to real-

contaminants is subject to sorption and desorption pro- world problems. There is also need for (near-) real-

cesses with a defined sorption kinetic (Wu and Gsch- time measurements of flow and diffusion and the spatial

wend, 1986; Song et al., 1994), and the flow velocity at evolution of the pore space to investigate, for example,

the pore scale determines the extent of dynamic sorption the obstruction of pore spaces by colloids (Veerapaneni

processes. The spatial distribution of dissolved contami- and Wiesner, 1997) or the development of preferential

nants is again a function of the flow velocity on a pore flow paths in the time domain.

scale (Corapcioglu et al., 1997). The different flow ~eloc- Among the techniques for a spatial description of the

ities and different flow paths are the reason for disper- pore space, thin sectioning and light microscopy are

sion. In a three-phase system, consisting of fluid, col- quite common (Vogel, 1997; Vogel and Roth, 1998).

loids, and stationary matrix, the colloids may facilitate The use of X-ray computer tomography (CT) is reported

contaminant transport (McCarthy and Zachara, 1989). for the characterization of the pore space of soils (Rein-

Apart from surface interactions, the transport of the ken et al., 1995) and glass beads (Jasti et al., 1993). In

colloids is depending on the pore space itself (pore- the context of oil exploration, CT was used to determine

size distribution, connectivity) and on t~e flow velocity the pore space (Akin et al., 1996) or to characterize

within the pores (Harvey and GarabedIan, 1991; Reh- the swelling behavior of shales (Onaisi et al., 1993).

mann et al., 1999). Preferential flow paths (e.g., worm- Computer tomography has a good spatial resolution,

down to 5 ~m in high-resolution mode (Reinken et al.,

T. Baumann and R. Niessner, Institute for Hydrochemistry, Technical 1995). However, CT measurements of flow processes
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