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ABSTRACT

The relative contribution of phosphorus (P) from agricultural nonpoint sources to surface
water quality problems has increased in recent years as point sources of P have been
reduced significantly. Phosphorus contributes to eutrophication, a process characterized
by increased growth of undesirable algae and aquatic weeds, followed by oxygen
shortages as the biomass decomposes. Eutrophication restricts water use for fisheries,
recreation, industry, and human consumption. The focus of attention on P has increased
the demand for information on methods of analysis of soil, water, and residual materials
for environmentally relevant forms of P. The purpose of this publication is to present
these methods in a single document. Previously, the methods have appeared across a
wide variety of documents or only in the scientific literature. It is not the intent of this
publication to define a uniform set of recommended methods for agronomic soils tests or
for testing water and residual materials. The methods presented in this manual are
intended solely to provide a set of uniform testing methods for environmental scientists
working across an enormous range of soil and climatic conditions, with the hope that
comparable methods may lead to improved communication and understanding of this
complex issue.

il



Methods for P Analysis, J.L. Kovar and G.M. Pierzynski (eds)

FOREWORD

As scientists focus on the fate of phosphorus applied to agricultural lands, it has become
increasingly clear that a uniform set of testing methods is needed to enable comparison of
results across county, state, regional, and even national boundaries.

By contrast, soil testing developed with a high priority on meeting local needs. As a
result, many local variations in extractants and laboratory procedures have been
developed to achieve timely analysis and improved correlation of soil test results with
plant responses within well-defined regions. Over time, enormous amounts of
information on individual soils, crops, and extractants have been collected using these
localized modifications and laboratory methods. Soil testing labs cannot easily change
from one extractant to another. The cost of repeating the calibration experiments for
many soils and crops is prohibitively expensive, and the changes would initially preclude
users from comparing results across years. Even so, a set of standard reference methods
can be useful for laboratories wishing to consider a new analysis for a particular element,
and for comparing results across laboratories. In 1992, SERA-IEG-6 selected 15
reference procedures for soil testing laboratories in the southern region. Criteria for
selection included the accuracy of the method in predicting crop responses, and general
acceptability by workers in the soil testing field.

This publication in no way attempts to define a uniform set of recommended methods for
agronomic soil tests. The methods presented here are intended solely to provide a set of
uniform testing methods for environmental scientists working across an enormous range
of soil and climatic conditions, with the hope that comparable methods may lead to
improved communication and understanding of this complex issue.

For more information on agronomic soil testing methods, and the source of many of the
procedures described here, the reader should refer to recent bulletins compiled by the
various regional committees working on nutrient analysis of soils, plants, water, and
waste materials (SERA-IEG-6, NCERA-13 and NEC-67). More detailed information on
analysis of animal manures can be found in the publication “Recommended Methods for
Manure Analysis — A3769”

(www.seral 7.ext.vt.edu/Documents/Recommended Methods Manure Analysis.pdf).

FOREWORD FOR SECOND EDITION

During the eight years since the original publication became available, the authors of
many of the chapters in the manual learned that some editing, and in some cases
clarification, was needed. The development of this 2nd Edition presented that
opportunity. This publication now consists of 22 chapters, three of which are new.

v
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Methods of Phosphorus Analysis for Soils, Sediments, Residuals, and Waters:
Introduction

Gary M. Pierzynski, Kansas State University
Andrew N. Sharpley, University of Arkansas
John L. Kovar, USDA-ARS, Ames, 1A

Phosphorus (P) has long been recognized as an essential input for plant and animal
production. Dramatic improvements in the economic efficiency of grain and animal protein
production during the last 50 years have been coupled with an increasing incidence and severity
of freshwater eutrophication. Eutrophication is the process of increasing organic enrichment or
biological productivity of a water body and is generally accelerated by greater inputs of P. In
most cases, eutrophication restricts water use for fisheries, recreation, and industry due to the
increased growth of undesirable algae and aquatic weeds followed by oxygen shortages resulting
from their death and decomposition. Moreover, an increasing number of surface waters have
experienced periodic and massive harmful algal blooms (e.g., cyanobacteria and Pfiesteria),
which contribute to summer fish kills, unpalatability of drinking water, formation of carcinogens
during water chlorination, and links to neurological impairment in humans.

As freshwater eutrophication is usually accelerated by P, much political and research
attention has been directed to developing strategies to reduce the risk of P loss from agricultural
nonpoint sources. To a large extent, these strategies depend on the accurate measurement of
forms of P in soil, water, and residual materials, often seen as a source of surface water P. In
comparison with point sources of P, such as wastewater treatment plants and industrial facilities,
there has been less success in decreasing nonpoint sources of P, primarily because they are
difficult to identify and thus control. Also, recent advances in analytical equipment used in soil P
testing have improved recommendations for land application of P (as fertilizer and manure) and
contributed to increased cost-effective grain and forage production. In the last decade, there has
been increased use of soil test P as an indicator of potential environmental risk for P enrichment
of runoff and possible acceleration of eutrophication.

The purpose of this manual is to present in a single document methods for analysis of
soil, water, and residual materials for environmentally relevant P forms. This manual is a
revision of the original SERA-17 Methods of Phosphorus Analysis for Soils, Sediments,
Residuals, and Waters published in 2000 (Pierzynski, 2000). Most chapters have been revised to
include new information. New chapters on determining bioactive P fractions in soil and manures
and on P speciation by *'P Nuclear Magnetic Resonance (NMR) spectroscopy have been
included. A chapter addressing water-extractable P in animal manures and biosolids was re-
written.

Previously, the methods presented in this manual have appeared in separate publications
for soil or water, or have only appeared in individual technical papers. In particular, the reader is
referred to a series of position papers produced by the SERA-17 Information Exchange Group on
matters related to sampling and analysis of soil, water, and residuals available at
http://www.seral7.ext.vt.edu/SERA_17 Workgroups Policy Publications.htm). Commercial
and research laboratories now must deal with the analysis of a wider range of sample types for
more diverse agronomic and environmental uses. This has caused confusion over selection of the
most appropriate method for a specific need and can lead to inappropriate recommendations for
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P management. Thus, there is an urgent need for a comprehensive publication containing all of
the currently available procedures for P analysis in soil, water, and residual materials.

The mainstay of P analysis for all solution types has been use of colorimetric procedures,
most notably Murphy and Riley (1962). Colorimetric procedures are sensitive, reproducible, and
lend themselves to automated analysis. In addition, the methods can accommodate water
samples, digest solutions, and extracts. The basic Murphy and Riley procedure is presented by
Sharpley (2008) in this bulletin. Variations in the procedure are incorporated into other sections,
despite the appearance of redundancy. Modifications to the procedures are often method-
specific.

Inductively coupled plasma (ICP) spectrophotometry is also now commonly used for P
determination, particularly in routine soil P tests offered by public (Land Grant University) and
commercial laboratories. The use of ICP has increased as the use of multi-element soil
extractants becomes more popular. Results from colorimetric analyses are not always directly
comparable to those from ICP, because ICP estimates the total amount of P in a solution, while
the colorimetric procedures measure P that can react with the color developing reagent.
Moreover, there are certain limitations that must be considered when data generated by ICP are
compared (de Boer et al., 1998). For example, there are matrix effects, so that the type of extract
has to be taken into account. Other elements in the water or extract can also interfere with the
number generated. Even the type of instrument (axial versus radial view) and the wavelength
(178 nm versus 213 nm) used for determination can cause variation in the data generated.

The use of solution >'P NMR spectroscopy of P in soil and residual materials has allowed
identification of P forms in animal manures and confirmed P forms estimated by commonly used
chemical extractants, such as sequential fractionation schemes. As previously mentioned, the use
of solution *'P NMR is described by Turner and Leytem (2008) in one of the new chapters of this
manual. Use of the procedure has enabled more accurate determination of organic forms of P in
soil and residual materials. In addition, the use of synchrotron-based techniques has provided
insight into both organic and inorganic forms of P in soil and residual materials. Descriptions of
these approaches is beyond the scope of this bulletin and the reader is referred to Beauchemin et
al. (2003), Toor et al. (2005), and Shober et al. (2006) as examples. Clearly, synchrotron-based
techniques will play an increasing role in the study of P in natural systems. These analytical
advances have been critical in gaining a more detailed understanding of soil P transformations
and reaction products following land application of residual materials. This information has
helped assess the fate, reactivity, and behavior of specific forms of P and the implications of land
applying certain materials on environmental risk response.

Nomenclature for forms of P in soil, water, or residual materials varies in the literature,
particularly for operationally-defined forms of P in water samples. In a chapter on water sample
collection, handling, preparation and storage, Haygarth and Edwards (2008) have provided a
systematic classification scheme of operationally defined forms of P in water samples. In
addition, Table 1 at the end of this chapter presents an abbreviated description of forms of P in
runoff or drainage water that have been used in the literature and that we propose as a
standardized terminology. Phosphorus forms in soils are also difficult to standardize with any
reasonable consensus, due to the number of different disciplines involved (e.g., soil scientists,
agronomists, ecologists, biologists, limnologists, hydrologists). Thus, beyond using total soil P,
we strongly encourage the use of specific chemical terminology (e.g., water-extractable, CaCl,-
extractable, 0.1 M NaOH-extractable, Mehlich-extractable P, etc.), which has been clearly
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defined. Any other terminology, which may be used in conclusions and interpretations (e.g.,
desorbable, available, bioavailable, sorbed P etc.), must also be clearly defined.

Traditionally, extractable P has been used by soil testing laboratories to describe the
amount of P in soil available for crop uptake and to determine the probability of crop response to
added P, and thereby fertilizer P requirements. Bioavailable P is often used to describe P in soil
or sediment that is available for uptake by algae or macrophytes in surface waters. To some
extent, bioavailable P is also used to describe the availability of soil P to plants (Barber, 1995).
There are also a large number of soil P extraction methods that have been designed to account
for various soil types and mechanisms controlling the chemistry of soil P. For example,
numerous soil extractants are available for acid soils, where Al and Fe dominate P chemistry,
and basic or calcareous soils, where Ca dominates soil P reactions.

Clearly, there is a potential for confusion by the uninitiated. Hence, it is essential to
accurately define how P was measured in soil, water, or residual material samples to avoid
potential misinterpretations or inappropriate recommendations. This publication documents in
detail the analytical methods available, their recommended uses, and some information on
interpretation.
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Table 1. Proposed standardization of terminology for forms of P in runoff and drainage water.

Phosphorus Form Abbreviation Example Methodology’
Total Phosphorus TP Digestion of unfiltered water
Total amount in dissolved and sample
particulate phases -Kjeldahl procedure, or
-Acid ammonium persulfate
Total Dissolved Phosphorus TDP Acid persulfate digestion of
Dissolved inorganic (ortho P) and filtered sample
organic P
Orthophosphate Ortho P Ion chromatography
Dissolved Reactive Orthophosphate DRP Murphy and Riley
Immediately algal available and colorimetric or ICP analysis
may include some <0.45um readily of a filtered sample
labile organic and colloidal P
Bioavailable Phosphorus BAP Extraction of unfiltered
Dissolved ortho P and a portion of sample with
particulate P that is algal available -NaOH
-C1" -saturated anion
exchange resin
-Ammonium fluoride
-Iron-oxide filter paper strips
Molybdate Reactive Phosphorus MRP Murphy and Riley
Dissolved ortho P and acid colorimetric analysis of an
extractable particulate P (possibly unfiltered sample
algal available)
Particulate Phosphorus PP By difference = [TP - TDP]
Inorganic and organic P
associated with or bound to eroded
sediment
Dissolved Organic Phosphorus DOP By difference = [TDP - DRP]

Includes polyphosphates and
hydrolyzable phosphates

defined as that passing through a 0.45um filter.

and hydrolyzable phosphates may be necessary.

Not an inclusive list of appropriate methods that can be used. Filtered samples are

If dissolved organic P constitutes more than 25% of TDP, then measuring polyphosphates
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Soil Sample Collection, Handling, Preparation, and Storage

Frank J. Coale, University of Maryland

Sample Collection:

The collection of a representative and reliable soil sample for phosphorus (P) analysis
requires predetermination of sampling depth, position relative to nutrient application patterns,
and sampling intensity within the field. Greater detail on sample collection strategies and
methods can be found in publications by Carter and Gregorich (2007), Tan (2005), and Petersen
and Calvin (1996).

The appropriate soil sampling depth is dependent upon the planned interpretation of the
analytical data. If investigation of P distribution or concentration with depth is a specified
research objective, three factors must be considered when determining the appropriate sampling
depth: 1) influence of changes in soil morphology with depth (i.e., horizonation); 2) influence of
surface soil management (e.g., tillage); and 3) necessity to maintain sample collection depth
uniformity across numerous sites.

Sample collection depth based on observed morphological horizon depths is quite useful
when attempting to associate soil P measurements with soil physical properties. This technique
may generate very reliable data for a particular, well-defined location, but this laborious task is
not very practical when a research project focuses on more than a few soils or when the data will
be subjected to broader, perhaps watershed-scale, interpretation.

Depth of tillage will dramatically impact soil P distribution with depth. Tillage depth is
seldom constant across a given field. Sampling depths should include soil collected from a depth
confidently within the tillage zone and excluding soil from below the tillage zone. A second
transitional depth should be collected that is expected to be variably affected by tillage and
includes the lower tillage boundary. Deeper sampling depths should not be directly impacted by
physical tillage activity.

Relating soil physical and chemical properties to the potential for P transport with surface
runoff water requires a different approach to soil sample collection. Sharpley (1985) studied five
soils of varying physical and chemical properties and found that effective depth of interaction
between surface soil and runoff ranged from 2 to 40 mm. The effective depth of interaction
varied with soil type, surface slope, rainfall intensity, and crop residue. For most agricultural
soils, samples collected to a depth of 20 mm would accurately define the effective depth of
runoff interaction generated by moderate to high rainfall intensity (< 50 mm/h). For medium to
coarse textured soils on steeper slopes (>12 %) that are subjected to high intensity rainfall (> 100
mm /h), soils should be sampled to a depth of 40 mm in order to more accurately relate the
potential for P transport with surface runoff to soil physical and chemical properties.
Recommended soil sampling intensity is usually between 10 and 30 subsamples per composite
sample (Whitney et al., 1985; Kitchen et al., 1990; Coale, 1997). A single composite sample may
represent a single research plot or an entire production field, but generally not more than 10 ha.

Discrete nutrient application patterns in a field can increase the complexity of appropriate
soil sample collection procedures. In a review of positional P availability resulting from band
application of fertilizer P, Sharpley and Halvorson (1994) stated that collection of 15 random
samples (Ward and Leikam, 1986; Shapiro, 1988) to 30 random samples (Hooker, 1976) were
adequate to reflect crop P availability in conventionally tilled fields where previous P fertilizer
bands exist. For no-till or minimum-till soils containing residual P fertilizer bands in which the
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location of the P bands is known, sampling to include one “in-the-band” soil sample for every 20
“between-the-band” samples for 76 cm band spacing, and one “in-the-band” sample for every 8
“between-the-band” samples for 30 cm band spacing, will accurately reflect the mean soil P
status of the field (Kitchen et al., 1990). Twenty to 30 subsamples per composite are adequate.
When the location of the P bands is not known, collection of 20 to 30 subsamples per composite
is also adequate but paired subsamples should be collected where the location of the first
subsample of the pair is completely random and the second subsample of the pair is located 50%
of the band-spacing distance from the first, perpendicular to the band direction (Kitchen et al.,
1990).

Sample Handling, Preparation, and Storage:

Air-drying should be satisfactory for investigations into relative changes in soil P
concentrations in response to imposed treatments or for routine comparative P analyses. Soil
samples should be air-dried (25 to 30°C) and crushed to pass a 2 mm sieve. Air-dried and
crushed soil samples are stable at room temperature. Air-drying may not be suitable for
determination of the absolute quantity of the various P fractions in soils. Air-drying may
artificially elevate the quantity of soluble reactive P above in situ conditions. Bartlett and James
(1980) studied P solubility in the surface soil of a loamy fine sand and found water-soluble P
concentrations to be five times higher in air-dried samples (~30 mg P L") than in samples stored
at field moisture (~5 mg P/ L). The effect of air-drying was only partially reversed by rewetting
and incubating the air-dried soil for one month (~20 mg P L™"). Water-soluble P in rewetted soil
samples that had previously been air-dried was shown to decrease during three months of storage
at 20°C (Bartlett and James, 1980). For quantitative characterization studies, soil and sediment
samples should be stored at field moisture content under refrigeration, between 0 and 4°C. Soil
and sediment samples should not be stored frozen (<0°C), because the water-soluble proportion
of total P increases after freezing (Mack and Barber, 1960). Mixing moist soil samples to achieve
homogeneity is difficult, and careful attention should be paid to ensure thorough mixing prior to
subsampling. Moist soils are also difficult to sieve, but large particles (> 2mm) should be
removed from the sample prior to analysis.
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Soil Test Phosphorus: Principles and Methods

J. Thomas Sims, University of Delaware

Principles of Soil Testing for Phosphorus:

Soil testing for phosphorus (P) has been formally conducted in the United States since the
late 1940s and is now a well-established agronomic practice. The fundamental goal of soil P
testing has always been to identify the “optimum” soil test P concentration required for plant
growth. The need for additional fertilization or manuring, and the economic return on an
investment in fertilizer P, could then be predicted. Sims et al. (1998) stated that other objectives
of soil P testing have been to: (i) “index” the P supplying capacity of soils, thus estimating the
time before fertilization would again be required; (i1) group soils, in terms of the likelihood of an
economic response to P, based on their physical and chemical properties; and, (iii) most recently,
to identify when soils are sufficiently excessive in P to contribute to nonpoint source pollution of
surface waters. Bray (1948) proposed that an acceptable agronomic soil P test should have the
following characteristics:

e The soil test should extract all or a proportionate amount of the plant-available P from
soils with differing chemical and mineralogical properties.

e The soil test should be accurate and rapid.

e The P extracted by the soil test should be well correlated with plant P concentration,
plant growth, and the response of the plant to added P in fertilizers or manures.

e The soil test should accurately detect differences in soil P concentrations caused by
previous fertilization or manuring.

The major steps involved in a soil P testing program are outlined in Table 1 (from Sims et
al., 1998). From an agronomic perspective, if these steps are followed, soil P management will
be successful and economically beneficial. However, if the goal of soil P testing is to assess the
potential environmental impact of soil P, a thorough re-analysis of each step in the soil testing
process, from sample collection to interpretation of results should be conducted. Several recent
reviews address the principles and practices involved in environmental soil testing for P
(Sibbesen and Sharpley, 1997; Sims, 1993; Sims, 1997; Sims, 1998; Sims et al., 2000). Soil
sampling was discussed in the previous chapter (Coale, 2008).

The purpose of the following sections is to provide an overview of the four soil test P
methods most commonly used in the United States and Canada today (Bray and Kurtz P-1,
Mehlich 1, Mehlich 3, and Olsen P). Detailed descriptions of the laboratory methods and
analytical procedures used to determine P by these methods are provided in other references
(Carter and Gregorich, 2007; Frank, et al., 1998; Kuo, 1996; SERA-IEG-6, 1992; Sims and
Wolf, 1995; SPAC, 1992). Other soil test P methods now used domestically and in other
countriesare listed in Table 2. The table also provides references for each method.
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SOIL TEST PHOSPHORUS: BRAY AND KURTZ P-1

The Bray and Kurtz P-1 soil test P method was developed by Roger Bray and Touby
Kurtz of the Illinois Agricultural Experiment Station in 1945 and is now widely used in the
Midwestern and North Central United States (Bray and Kurtz, 1945; Frank et al., 1998).
Phosphorus extracted by the Bray and Kurtz P-1 method has been shown to be well-correlated
with crop yield response on most acid and neutral soils in these regions. For acid soils, the
fluoride in the Bray and Kurtz extractant enhances P release from aluminum phosphates by
decreasing Al activity in solution through the formation of various Al-F complexes. Fluoride is
also effective at suppressing the re-adsorption of solubilized P by soil colloids. The acidic nature
of the extractant (pH 2.6) also contributes to dissolution of available P from Al, Ca, and Fe-
bound forms in most soils. The Bray and Kurtz P-1 soil test is not suitable for:

e clay soils with a moderately high degree of base saturation,

e silty clay loam or finer-textured soils that are calcareous or have a high pH value (pH

> 6.8) or have a high degree of base saturation,
e soils with a calcium carbonate equivalent > 7% of the base saturation, or
e soils with large amounts of lime (> 2% CaCO3).

In soils such as these, the acidity of the extracting solution can be neutralized unless the
ratio of extractant:soil is increased considerably. Additionally, CaF,, formed from the reaction of
soluble Ca™ in the soil with F- added in the extractant, can react with and immobilize soil P.
Both types of reactions reduce the efficiency of P extraction and result in low soil test P values.
Finally, the Bray and Kurtz extractant can dissolve P from rock phosphates. Therefore, it should
not be used in soils recently amended with these materials, as it will overestimate available P. A
Bray and Kurtz P-1 value of 25 to 30 mg P/kg soil is often considered optimum for plant growth,
although Holford (1980) reported lower critical values for highly buffered soils.

Equipment:
1. No. 10 (2 mm opening) sieve
2. Standard 1 g and 2 g stainless steel soil scoops
3. Automatic extractant dispenser, 25 mL capacity
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4. Extraction vessels, such as 50 mL Erlenmeyer flasks, and filter funnels (9 and 11 cm) and

racks

Rotating or reciprocating shaker with a capability of 200 excursions per minute (epm)

6. Whatman No. 42 or No. 2 (or equivalent) filter paper, 9 to 11 cm. (Acid resistant filter
paper may be needed if using an automated method for determining P concentration by
intensity of color. Bits of filter paper may cause an obstruction in the injection valves.)

N

Reagents:

Bray and Kurtz P-1 Extracting Solution (0.025 M HCl in 0.03 M NHy4F): Dissolve 11.11 g of
reagent-grade ammonium fluoride (NH4F) in about 9 L of distilled water. Add 250 mL of
previously standardized 1M HCl and make to 10 L volume with distilled water. Mix thoroughly.
The pH of the resulting solution should be pH 2.6 £ 0.05. The adjustments to pH are made using
HCI or ammonium hydroxide (NH4OH). Store in polyethylene carboys until use.

Procedure:

1. Scoop or weigh 2 g of soil into a 50 mL Erlenmeyer flask, tapping the scoop on the
funnel or flask to remove all of the soil from the scoop.

2. Add 20 mL of extracting solution to each flask and shake at 200 or more epm for five
minutes at a room temperature at 24 to 27°C

3. Ifit is necessary to obtain a colorless filtrate, add 1 cm® (~200 mg) of charcoal (DARCO
G60, J. T. Baker, Phillipburg, NJ) to each flask.

4. Filter extracts through Whatman No. 42 filter paper or through a similar grade of paper.
Refilter if extracts are not clear.

5. Analyze for P by colorimetry or inductively coupled plasma emission spectroscopy using
a blank and standards prepared in the Bray P-1 extracting solution.

Calculations:
Bray and Kurtz P-1 Extractable phosphorus is calculated as

C; x[0.020 L extract]

Bray and Kurtz P - 1 Extractable P (mg P/kg soil ) = -
0.002 kg soil

where Cp = Concentration of P in Bray and Kurtz P-1 extract, in mg ' .
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SOIL TEST PHOSPHORUS: MEHLICH 1

The Mehlich 1 soil test for P, also known as the dilute double acid or North Carolina
extractant, was developed in the early 1950s by Mehlich and his co-workers (Mehlich, 1953;
Nelson et al. 1953). In the United States, the Mehlich 1 procedure is primarily used in the
southeastern and mid-Atlantic states as a multi-element extractant for P, K, Ca, Mg, Cu, Fe, Mn,
and Zn. The Mehlich 1 extracts P from aluminum, iron, and calcium phosphates and is best
suited to acid soils (pH < 6.5) with low cation exchange capacities (< 10 cmol/kg) and organic
matter contents (< 5%). Kuo (1996) reported that the Mehlich 1 soil test was unreliable for
calcareous or alkaline soils because it extracts large amounts of nonlabile P in soils with pH >
6.5, soils that have been recently amended with rock phosphate, and soils with high cation
exchange capacity (CEC) or high base saturation. In soils such as these, the acidity of the
Mehlich 1 solution is neutralized, reducing the capability of the dilute acid to extract P. Similar
reductions in P extraction efficiency have been attributed to clay and hydrous aluminum and iron
oxides (Nelson et al., 1953; Lins & Cox, 1989).

A value of 20 to 25 mg P/kg soil for the Mehlich-1 test is generally considered to be
optimum for plant growth, although this may vary slightly between soil types and cropping
systems. For instance, Kamprath and Watson (1980) stated that a Mehlich-1 P of 20 to 25 mg
P/kg soil is adequate for plants grown in sandy soils, but only 10 mg P/kg soil is required for
fine-textured soils, a point supported by the work of Lins and Cox (1989).

Equipment:
1. No. 10 (2 mm opening) sieve
2. Automatic extractant dispenser, 25 mL capacity (If preferred, pipettes are acceptable.)
3. Standard 5 cm’ and 1 cm’ stainless steel soil scoops
4. Extraction vessels, such as 50 mL Erlenmeyer flasks, and filter funnels (9 and 11 cm) and
racks
Reciprocating or rotary shaker, capable of at least 180 epm (excursions per minute)
6. Whatman No. 42 or No. 2 (or equivalent) filter paper, 9 to 11 cm. (Acid resistant filter
paper may be needed if using an automated method for determining P concentration by
intensity of color. Bits of filter paper may cause an obstruction in the injection valves.)

9]

Reagents:

Mehlich 1 Extracting Solution (0.0125 M H,SO4+ 0.05 M HCI). Also referred to as dilute
double acid or the North Carolina Extractant. Using a graduated cylinder, add 167 mL of
concentrated HCI (12M) and 28 mL of concentrated H,SO4 (18M) to ~35 L of deionized water in
a large polypropylene carboy. Make to a final volume of 40 L by adding deionized water. Mix
well by bubbling air through the solution for 3 hours.

Procedure:

1. Weigh 5.0 g (or scoop 4 cm’) of sieved (< 2 mm), air-dried soil into a 50 mL extraction
flask.

2. Ifitis necessary to obtain a colorless filtrate, add 1 cm® (~200 mg) of charcoal (DARCO
G60, J. T. Baker, Phillipburg, NJ) to each flask.

3. Add 20 mL of the Mehlich 1 extracting solution and shake for five minutes on a
reciprocating shaker set at a minimum of 180 epm at a room temperature at 24 to 27°C.

4. Filter through a medium-porosity filter paper (Whatman No. 2 or equivalent).
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5. Analyze for P by colorimetry or inductively coupled plasma emission spectroscopy using
a blank and standards prepared in the Mehlich 1 extracting solution.

Calculations:

Mehlich 1 Extractable P (mg P/kg soil) =
[Concentration of P in Mehlich 1 extract, mg ' ] x [ 0.020 L extract + 0.005 kg soil]

Section References:

Kamprath, E.J. and M.E. Watson. 1980. Conventional soil and tissue tests for assessing the
phosphorus status of soils. p. 433-469. In F. E. Khasawneh et al. (ed.) The role of phosphorus
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Chemical Methods. SSSA, Madison, WI.

Lins, I.LD.G. and F.R. Cox. 1989. Effects of extractant and selected soil properties on predicting
the optimum phosphorus fertilizer rate for growing soybeans under field conditions.
Commun. Soil Sci. Plant Anal. 20:310-333.

Mehlich, A. 1953. Determination of P, Ca, Mg, K, Na, and NH4. North Carolina Soil Test
Division (Mimeo). Raleigh, NC.

Nelson, W. L., A. Mehlich, and E. Winters. 1953. The development, evaluation, and use of soil
tests for phosphorus availability. Agronomy 4:153-158.

SOIL TEST PHOSPHORUS: MEHLICH 3

The Mehlich 3 soil test was developed by Mehlich in 1984 as an improved multi-element
extractant for P, K, Ca, Mn, Cu, Fe, Mn, and Zn (Mehlich, 1984). Today, the Mehlich 3 test is
used throughout the United States and Canada because it is well suited to a wide range of soils,
both acidic and basic in reaction. The Mehlich 3 extractant was selected by workers in the
southern region as the standard reference procedure for soil test P determination (Tucker, 1992).
The Mehlich 3 soil test is similar in principle to the Bray and Kurtz P-1 test because it is an
acidic solution that contains ammonium fluoride. Acetic acid in the extractant also contributes to
the release of available P in most soils. It is more effective than the Mehlich 1 soil test for
predicting crop response to P on neutral and alkaline soils because the acidity of the extractant is
neutralized less by soil carbonates (Tran and Simard, 1993). Several studies showed that the
Mehlich 3 soil test is highly correlated with P extracted from soils by the Bray and Kurtz P-1,
Mehlich 1, and Olsen P methods (Sims, 1989; Tran et al., 1990; Wolf and Baker, 1985).

A Mehlich 3 value of 45-50 mg P/kg soil is generally considered to be optimum for plant growth
and crop yields, and is higher than the critical values used for other standard soil P tests, such as
the Bray and Kurtz P-1, Mehlich 1, and Olsen P.

Equipment:
1. No. 10 (2 mm opening) sieve
2. Standard 1 cm’ , 2 cm’ (or 2.5 cm’) stainless steel soil scoops
3. Automatic extractant dispenser, 25 mL capacity
4. Extraction vessels, such as 50 mL Erlenmeyer flasks, and filter funnels (9 and 11 cm) and
racks
5. Rotating or reciprocating shaker with a capability of 200 excursions per minute (epm)
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6. Whatman No. 42 or No. 2 (or equivalent) filter paper, 9 to 11 cm. (Acid resistant filter
paper may be needed if using an automated method for determining P concentration by
intensity of color. Bits of filter paper may cause an obstruction in the injection valves.)

Reagents:

Mehlich 3 Extracting Solution: (0.2 M CH3COOH, 0.25 M NH4NO3, 0.015 M NH,4F, 0.013 M
HNO;, 0.001 M EDTA [(HOOCCH;),NCH,CH,;N (CH,COOH),]. Prepare as follows:

Ammonium fluoride (NH4F) and EDTA stock solution (3.75 M NH4F:0.25 M EDTA)
1. Add 1200 mL of distilled water to a 2 L volumetric flask.
2. Add 277.8 g of NH4F and mix well.
3. Add 146.1 g EDTA to the solution.
4. Make solution to 2 L, mix well and store in plastic (stock solution for 10,000 samples).

Mehlich 3 extractant
1. Add 8 L of distilled water to a 10 L carboy.

2. Dissolve 200 g of ammonium nitrate (NH4NO3) in the distilled water.
3. Add 40 mL NH4F-EDTA stock solution and mix well.
4. Add 115 mL glacial acetic acid (99.5%, 17.4 M).
5. Add 8.2 mL of concentrated nitric acid (HNOs, 68 to 70 %, 15.5 M).
6. Add distilled water to 10 L final volume and mix well (enough extractant for 400
samples), final pH should be 2.5 + 0.1.
Procedure:

1. Scoop or weigh 2.0 g of soil into a 50 mL Erlenmeyer flask, tapping the scoop on the
funnel or flask to remove all of the soil from the scoop. Where disturbed bulk density of
soil varies significantly from 1.0 g cm’, record both weight and volume of samples.
(Standard 2.5 cm’ scoops may also be used, but a 1:10 soil:extractant volumetric ratio
should be maintained)

2. Add 20 mL of extracting solution to each flask and shake at 200 or more epm for five
minutes at a room temperature at 24 to 27°C.

3. Ifit is necessary to obtain a colorless filtrate, add 1 cm’ (~200 mg) of charcoal (DARCO
G60, J. T. Baker, Phillipburg, NJ) to each flask.

4. Filter extracts through Whatman No. 42 filter paper or through a similar grade of paper.
Refilter if extracts are not clear.

5. Analyze for P by colorimetry or inductively coupled plasma emission spectroscopy using
a blank and standards prepared in the Mehlich 3 extracting solution.

Calculations:

Mehlich 3 Extractable P (mg P/kg) =
[Concentration of P in Mehlich 3 extract, mg P L7 x[0.020 L extract + 0.002 kg soil]

Section References:
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17



Methods for P Analysis, J.L. Kovar and G.M. Pierzynski (eds)

Tucker, M.R., 1992. Determination of phosphorus by Mehlich 3 extractant. /n Donohue, S.J.
(ed.) Reference Soil and Media Diagnostic procedure for the southern region of the United
States. So. Coop. Series Bulletin 374. Va. Agric. Exp. Station, Blacksburg, VA. p. 9-12.

Sims, J. T. 1989. Comparison of Mehlich 1 and Mehlich 3 extractants for P, K, Ca, Mg, Mn, Cu,
and Zn in Atlantic Coastal Plain soils. Commun. Soil Sci. Plant Anal. 20:1707-1726.

Tran, T. Sen and R.R. Simard. 1993. Mehlich 3 extractable elements. p. 43-49. In M.R. Carter
(ed.) Soil Sampling and Methods of Analysis. Can. Soc. Soil Sci., Ottawa, Ontario.

Tran, T. Sen, M. Giroux, J. Guilbeault, and P. Audesse. 1990. Evaluation of Mehlich 3 extractant
to estimate available P in Quebec soils. Commun. Soil Sci. Plant Anal. 21:1-28.

Wolf, A.M. and D.E. Baker. 1985. Comparison of soil test phosphorus by the Olsen, Bray P1,
Mehlich 1 and Mehlich 3 methods. Commun. Soil Sci. Plant Anal. 16:467-484.

SOIL TEST PHOSPHORUS: OLSEN P

The “Olsen P” or sodium bicarbonate soil test P method was developed by Sterling R.
Olsen and co-workers in 1954 (Olsen et al., 1954) to predict crop response to fertilizer P inputs
on calcareous soils. It is primarily used in the North Central and western United States. The
Olsen P method is best suited for calcareous soils, particularly those with > 2% calcium
carbonate, but has been shown in some research to be reasonably effective for acidic soils (Fixen
and Grove, 1990). The method is based on the use of the HCO5, CO;” and OH' in the pH 8.5,
0.5M NaHCOj solution to decrease the solution concentrations of soluble Ca’ by precipitation as
CaCOj; and soluble AI’* and Fe™ by formation of Al and Fe oxyhydroxides, thus increasing P
solubility. The increased surface negative charges and/or decreased number of sorption sites on
Fe and Al oxide surfaces at high pH levels also enhance desorption of available P into solution.

An Olsen P value of 10 mg P/kg is generally considered to be optimum for plant growth.
This is lower than the critical values used for the Bray and Kurtz P-1, Mehlich 1 and Mehlich 3
soil tests because the Olsen extractant removes less P from most soils than the acidic extractants.
Kuo (1996) stated that proper interpretation of Olsen P results for soils with diverse properties
requires some information on soil P sorption capacity. Similarly, Schoenau and Karamanos
(1993) cautioned against use of the Olsen test to compare P availability in soils with large
differences in P chemistry.

Equipment:
1. No. 10 (2 mm opening) sieve
2. Standard 1 g and 2 g stainless steel soil scoops
3. Automatic extractant dispenser, 25 mL capacity
4. Extraction vessels, such as 50 mL Erlenmeyer flasks, and filter funnels (9 and 11 cm) and
racks
Rotating or reciprocating shaker with a capability of 200 excursions per minute (epm)
6. Whatman No. 42 or No. 2 (or equivalent) filter paper, 9 to 11 cm. (Acid resistant filter
paper may be needed if using an automated method for determining P concentration by
intensity of color. Bits of filter paper may cause an obstruction in the injection valves.)

9]

Reagents:

Olsen P Extracting Solution (0.5M NaHCOs3, pH 8.5): Dissolve 420 g commercial-grade sodium
bicarbonate (NaHCOs) in distilled water and make to a final volume of 10 L. Note that a
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magnetic stirrer or electric mixer is needed to dissolve the NaHCO;. Adjust extracting solution
pH to 8.5 with 50% sodium hydroxide.

Procedure:

1. Scoop or weigh 1 g of soil into a 50 mL Erlenmeyer flask, tapping the scoop on the funnel
or flask to remove all of the soil from the scoop.

2. Add 20 mL of extracting solution to each flask and shake at 200 or more epm for 30
minutes at a room temperature at 24 to 27°C

3. Ifitis necessary to obtain a colorless filtrate, add 1 cm® (~200 mg) of charcoal (DARCO
G60, J. T. Baker, Phillipburg, NJ) to each flask.

4. Filter extracts through Whatman No. 42 filter paper or through a similar grade of paper.
Refilter if extracts are not clear.

5. Analyze for P by colorimetry or inductively coupled plasma emission spectroscopy using
a blank and standards prepared in the Olsen P extracting solution.

Calculations:

Olsen Extractable P (mg P/kg soil) =
[Concentration of P in Olsen extract, mg L™ ]x [ 0.020 L extract + 0.001 kg soil]

Section References:

Fixen, P.E. and J.H. Grove. 1990. Testing soils for phosphorus. p. 141-180. In R.L. Westerman
(ed.) Soil Testing and Plant Analysis. SSSA, Madison, WI.
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A Phosphorus Sorption Index

J. Thomas Sims, University of Delaware

Introduction:

The phosphorus (P) sorption capacity of soils is typically determined by the use of batch
equilibrium experiments that are used to generate sorption isotherms. These isotherms are plots
of the amount of P adsorbed from several solutions of known initial concentration vs. the P
concentration at equilibrium for each solution. For example, Nair et al.(1984) proposed, based on
an interlaboratory comparison study, a standard approach to construct P sorption isotherms,
using a soil:solution ratio of 1:25 (w:v), six initial P concentrations (as KH,PO4 in a 0.01M
CaCl; matrix), and a 24 h equilibration period Results from sorption isotherms can be used to
calculate P sorption maxima and P bonding energies for soils with different properties and/or as
influenced by cultural practices, such as crop rotation, tillage, and manure addition.

While useful for agronomic and environmental characterization of the P sorption capacity
of soils, P sorption isotherms are too time-consuming, complicated, and expensive for routine
use. To overcome these obstacles Bache and Williams (1971) developed a “P Sorption Index”
(PSI) that could rapidly determine soil P sorption capacity. They evaluated 12 approaches and
found that a PSI derived from a single-point isotherm (P sorbed from a single solution containing
50 umol P/g soil) was easy to use and well correlated with the P sorption capacity of 42 acid and
calcareous soils from Scotland (r=0.97 ). Other researchers have used the PSI, or modified
versions, and shown it to be well correlated with soil P sorption capacity determined from
complete sorption isotherms for soils of widely varying chemical and physical properties
(Mozaffari and Sims, 1994; Sharpley et al., 1984; Simard et al., 1994). In most cases these
researchers have maintained the original ratio of added P to soil (1.5 g/kg), but have slightly
changed the soil:solution ratio, background electrolyte, and/or shaking time. Most of these
modifications have not affected the correlations between P sorption capacity estimated from the
PSI and that determined by a full sorption isotherm. The procedure described below is based on
Bache and Williams (1971). Details on other approaches are available in the references cited
above.

Equipment:
1. Centrifuge and 50 mL polyethylene centrifuge tubes.
2. Shaker (end-over-end shaker preferred to ensure thorough mixing of soil and sorption
solution).
3. Millipore filtration apparatus (0.45-um pore size filters) and vacuum flasks.
4. 50 mL screw-top test tubes.

Reagents:

1. Phosphorus Sorption Solution (75 mg P L™): Dissolve 0.3295 g of monobasic potassium
phosphate (KH,PO,) in 1 L of deionized H,O. Store in refrigerator until use.
2. Toluene or chloroform.

Procedure:
1. Weigh 1.00 g of air-dried, sieved (2 mm) soil into a 50 mL centrifuge tube.
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2. Add 20 mL of the 75 mg P L™ sorption solution to the centrifuge tube. (Note: This

provides a ratio of 1.5 g P /kg soil). Add two drops of toluene or chloroform to inhibit

microbial activity.

Place the tubes in the end-over-end shaker and shake for 18 h at 25+2° C.

Centrifuge the samples at 2000 rpm for 30 minutes.

5. Using the Millipore filtration apparatus, 0.45-um filters, and large vacuum flasks, filter
the centrifugate into 50 mL screw-top test tubes within the flask.

6. Measure P concentration in the centrifugate colorimetrically or by inductively coupled
plasma emission spectroscopy.

P w

Calculations:

The PSI has usually been calculated as follows, although some studies have shown that
expressing PSI directly in mg/kg is acceptable.

PSI(Lkg") = X
log C
where:
P/L-P .020L
X = P sorbed (mgP/kg) = (75mgP/L-P,)x (_0 020L)
(0.001 kg soil)
C =P concentration at equilibrium (mg L™),
and

P¢ = Final P concentration after 18 h equilibration (in mg L.
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Water- or Dilute Salt-Extractable Phosphorus in Soil

M.L. Self-Davis, University of Arkansas
P.A. Moore, Jr., USDA-ARS, Fayetteville, AR
B.C. Joern, Purdue University

Introduction:

Many methods exist to determine the various forms of soil phosphorus (P). Early interests
in examining soil P were primarily based on determining the quantity of supplemental P needed
to adequately meet the needs of crops. The method for using distilled water as an extractant to
determine P needs of plants was examined in a paper by Luscombe et al. (1979). They found a
good correlation between the concentration of water-extractable P and dry matter yield responses
in ryegrass.

There is now a national focus on examining excessive P buildup in the soil and
consequent excessive P concentrations in runoff from agricultural land. Many studies have
examined methods that best correlate soil P levels to concentrations of P in runoff (Sharpley,
1995; Pote et al., 1996). The study conducted by Pote et al. (1996) found an excellent correlation
between water extractable soil test P and dissolved reactive P concentrations in runoff.

One criticism of other extractants is that they are either more acid or alkaline than the soil
solution. Therefore, a portion of P extracted is actually of low availability. For example,
extractants such as Mehlich 3, which contain strong acids, would be expected to dissolve calcium
phosphates. Also, due to the specific chemical nature of many extractants, their use is limited to
specific soil types. Use of distilled water or 0.01 M CaCl, overcomes these criticisms (Pote et al.,
1995).

The following methods are variations of the method described by Olsen and Sommers
(1982) for determination of water-soluble P in soils.

Equipment:
1. Shaker (reciprocating or end-over-end).

2. Centrifuge.

3. Centrifuge tubes (40 mL).

4. Filtration apparatus (0.45 um pore diameter membrane filter, or Whatman No. 42).

5. Spectrophotometer with infrared phototube for use at 880 nm.

6. Acid washed glassware and plastic bottles: graduated cylinders (5 mL to 100 mL),
volumetric flasks (100 mL, 500 mL, and 1000 mL), storage bottles, pipets, dropper
bottles, and test tubes or flasks for reading sample absorbance.

Reagents:

1. Concentrated hydrochloric acid (HCI).

2. Reagents used for ascorbic acid technique for P determination, Murphy and Riley (1962).
3. Calcium chloride (CaCl2).

4. Chloroform.
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Extraction Procedure - Deionized Water:

1. Weigh 2 g of soil (dried in a forced-draft oven at 60°C for 48 hours, sieved through a 2-
mm mesh sieve) into a 40 mL centrifuge tube.

Add 20 mL of distilled water and shake for one hour.

Centrifuge at 6,000 rpm for 10 minutes.

Filter the solution through a 0.45 pm membrane filter.

Acidify to pH 2.0 with HCI to prevent precipitation of phosphate compounds
(approximately 2 days of concentrated HC1).

6. Freeze the sample if it is not going to be analyzed that day.

bl

Previous articles have noted that hydrolysis of condensed phosphates can occur when the
solution is acidified (Lee et al., 1965). Also, at this pH level, there is the possibility of
flocculation of organics. However, it is vital to ensure that the P remains in solution; therefore,
we consider the negative effects of acidification minimal.

Extraction Procedure - 0.01M CaCl,:

1. Weigh 1 g of dry soil into a 40 mL centrifuge tube.

2. Add 25 mL of 0.01 M CaCl; (you can add 2 drops of chloroform to inhibit microbial
growth if desired) and shake for one hour on a reciprocating shaker.

3. Centrifuge at 4000 rpm for 10 minutes.

4. Filter solution through Whatman No. 42 filter paper.

Analysis:
For determining water or dilute salt extractable P in soil, any spectrophotometer with an infrared

phototube for use at 660 or 882 nm can be used. Also, samples can be analyzed by inductively
coupled plasma-atomic emission spectrometry (ICP-AES), which will measure total dissolved P.

Calculations:

Water- or Dilute salt-extractable P (mg P/kg soil) =
[Concentration of P in extract, mg L] x [Volume of extractant, L + mass of soil, kg]

Comments:

It should be mentioned that some studies have shown that concentrations of P in CaCl,
extracts can be one-third to one-half that of water extracts (Olsen and Watanabe, 1970;
Soltanpour et al., 1974). Concentrations of Ca were less in the water extracts, as compared with
the CaCl, extracts, which resulted in higher P concentrations in the water extracts. Higher
concentrations of Ca in the extracting solution may precipitate calcium phosphate, lowering the P
levels in solution.
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Phosphorus Extraction with Iron Oxide-Impregnated Filter Paper (P; test)

W. J. Chardon, Alterra, Wageningen UR. Wageningen, The Netherlands

Introduction:

The availability of phosphorus (P) in soil or surface water for biota (e.g. plants or algae)
has been studied extensively, and numerous tests for available P have been developed and used.
These tests can roughly be divided into four categories: (1) shaking with acid solutions which
dissolve P compounds or with (buffered) alkaline solutions which displace P from the soil; (2)
measuring exchangeable P, using **P; (3) shaking with dilute salt solutions or water, which
simulate the soil solution, and (4) as (3), with a sink added, acting more or less analogous to the
withdrawing behavior of a plant root.

The use of resin beads as a sink for P was introduced by Amer et al. (1955). Stronger
sinks for P were developed by Hsu and Rich (1960) and by Robarge and Corey (1979) who
affixed hydroxy-Al to a cation exchange resin. Since the use of these resins is laborious, it has
not developed into a practical method (T.C. Daniel, pers. commun.). Iron (hydr)oxide
impregnated filter paper (FeO paper, also known as P; paper or HFO paper) was initially
developed for soil chemical studies in the late 1970s. Later, it was introduced for plant
availability studies as a simpler alternative for resin beads. A water extraction procedure is used
for fertilizer recommendations in the Netherlands. In tropical soils this method often results in
very low amounts of extracted P, causing analytical problems. Therefore, FeO paper was added
as a sink during the extraction. However, since the use of water as an extractant allowed soil
dispersion with resulting contamination of the FeO paper with soil particles, 0.01 M CaCl, was
chosen as an alternative for water. Although the description of the preparation of the FeO paper
and its application was only published in an internal report (Sissingh, 1983), its use became
widespread. The application for plant availability studies was reviewed by Menon et al. (1990,
1997), and the use for water-quality studies was described by Sharpley et al. (1995). For long-
term desorption studies, an alternative method was developed using a FeO-suspension in a
dialysis bag (Lookman et al., 1995). The present paper is mainly based on Chardon et al. (1996),
in which studies on the various aspects of both preparation and use of the FeO paper are
reviewed in a historical perspective.

Principle of the method:

Filter paper is covered with a precipitate of amorphous iron (hydr)oxides (FeO). When a
soil is shaken in CaCl, to which a strip of this FeO paper is added, P will first desorb from the
soil, then adsorb onto the FeO-strip and new P will desorb from the soil. During shaking, the
desorbable fraction of soil P will thus be (partly) depleted. During shaking the strip is protected
against erosion by soil particles via a polyethylene screen. After shaking the strip is taken out
and adhering soil particles are removed by rinsing with distilled water using an air-brush. The
FeO on the paper with the P adsorbed onto it is dissolved in H,SO4 and P is determined in the
acidic solution.

Equipment:
1. 15-cm discs of ash-free, hard filter paper (e.g. Schleicher & Schuell 589 red ribon or

Whatman No. 50)
2. Tweezers
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3. Immersing baths
4. Polyethylene shaking bottles (100 mL)
5. Polyethylene screen (925 um openings)
6. Shaking apparatus, end-over-end
7. Air brush
Reagents:
1. Acidified FeCls solution: completely dissolve 100 g FeCl; in 110 mL concentrated HCI
and dilute with distilled water to 1 L.
2. 5% NH4OH: dilute 200 mL NH4OH (25%) to 1 L with distilled water.
3. 0.01 M CaCl,: stock solution 0.1 M: dissolve 14.7 g CaCl,-2H,O in distilled water and
dilute to 1 L; reagent 0.01 M: dilute the stock solution tenfold with distilled water.
4. 0.1 M H,SO4: stock solution 2.5 M: add 140 mL of concentrated H,SO4 to 750 mL
distilled water, cool and dilute with distilled water to 1 L; reagent 0.1 M, dilute 40 mL of
2.5 M H,SOq4 to 1 L with distilled water.
5. Distilled or deionized water.
Procedures:

Preparation of FeO paper:

1.
2.
3.

Immerse the filter paper in acidified FeCls, using tweezers, for at least 5 min.

Let the paper drip dry at room temperature for 1 h.

Pull the paper rapidly and uninterrupted through a bath containing 2.7 M NH4OH to
neutralize the FeCl; and produce amorphous iron (hydr)oxide (ferrihydrite, denoted as
FeO).

Rinse the paper with distilled water to remove adhering particles of FeO.

After air drying, cut the paper into strips with a (reactive) surface of 40 cm” (generally 2
by 10 cm).

Shaking soil suspension with FeO strip added

1.

2.

3.

Add 40 mL 0.01 M CaCl, to 1 g of soil in a 100 mL bottle; add one strip protected by
polyethylene screen, in a fixed position, at room temperature.

Shake on a reciprocating shaker at a speed of 130 excursions min™', or at 4 rpm end-over-
end, for 16 h.

Take out the strip, thoroughly rinse with distilled water to remove adhering soil particles
using an air brush, and remove adhering water.

Determination of P extracted by FeO paper

Dissolve the FeO with adsorbed P by shaking 1 h in 40 mL 0.1 M H,SO4 and determine P in the
acidic extract with colorimetry or by inductively coupled plasma spectrophotometry.
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Calculations:

The FeO-extractable P content of a soil, also called Pi-value, is expressed as mg P kg™ soil, and
can be calculated as:

CV
P, value =—2
where:
Cp = P concentration in H,SO4 mg L'l,
A\ = volume of H,SOy, L,
W = mass of soil used, kg.
Comments:

The method described above can be used as a standard method to estimate soil plant-
available P content. In case total desorbable P is studied one can use more FeO-strips during
shaking, increase the shaking time, or the amount of FeO on a strip by using a higher
concentration of FeCl; (Chardon et al., 1996). When long-term desorption kinetics is studied the
shaking time can be increased, the paper can be refreshed e.g. daily (Sharpley, 1996), or the
technique with an FeO-filled dialysis membrane can be used (Freese et al., 1995; Lookman et al.,
1995; Koopmans et al, 2001). Myers et al. (1997) described the use of 5.5 cm diameter filter
paper circles, which eliminates the need for cutting strips.

As discussed in detail in Chardon et al. (1996) soil particles adhering to the strip when
the FeO on the strip is dissolved in H,SO4 may give erroneous results, since P from the soil
particles can also dissolve in the acid as if it was desorbed. The use of a nylon screen around the
strip during shaking and an air-brush after shaking to clean the strip (Whelan et al., 1994) will
strongly reduce this risk. Since temperature influences P desorption it is recommended to
perform the procedure at a constant temperature in order to get reproducible results.
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Determination of the Degree of Phosphate Saturation in Noncalcareous Soils

O.F. Schoumans, Alterra, Wageningen UR. Wageningen, The Netherlands

Introduction:

The transport of phosphorus (P) by leaching, erosion and surface runoff from agricultural
soils can contribute to the eutrophication of surface waters. In flat areas with shallow
groundwater tables, like many areas in the Netherlands, leaching can be an important transport
pathway. In order to quantify the eutrophication risk of agricultural land in areas with intensive
livestock production in the Netherlands (noncalcareous sandy soils), the degree of P saturation of
soils has been introduced as a simple index (Breeuwsma and Schoumans, 1987; Breeuwsma et
al., 1995). In general, the degree of P saturation (DPS) is defined as the ratio between the amount
of phosphate accumulated in soils to a critical depth (P,.) and the maximum phosphate sorption
capacity (PSC) of the soil to that depth. The relationship is described by:

P
DPS =—*-*100 Eq. (1
PSC q. (1)
where
DPS = degree of phosphate saturation (%),
Pact = actual amount of sorbed phosphate to the critical depth (mmol m'z),
PSC = maximum phosphate sorption capacity to critical depth (mmol m™)

In the Netherlands the mean highest groundwater level (MHW) is used as a critical depth.
The phosphate sorption capacity of soils depends on soil characteristics (e.g. aluminum, iron,
clay, lime and organic matter). In acid to neutral soils fixation of P mainly takes place with
reactive forms of Fe and Al (as hydroxides and Al and Fe bound to the organic matter). These
reactive forms of Fe and Al can be extracted from soil samples (Beek, 1978; Schwertmann,
1964) by shaking at a 1:20 weight to volume ratio with a solution of oxalic acid and ammonium
oxalate having a nearly constant pH of 3. The maximum phosphate sorption capacity of
noncalcareous sandy soils, determined at a high concentration of P and with a long equilibration
time, can be assessed by (Schoumans et al., 1986; Van der Zee, 1988):

PSC =Y 0.5(Al, +Fe,),* p,,.-* L, Eq. (2)
i=1
where
Al = oxalate extractable aluminum of soil layer i (mmol kg™),
Feox = oxalate extractable iron of soil layer i (mmol kg'l),
pai = dry bulk density of soil layer i (kg m™),
L = thickness of soil layer i (m)
n = amount of observed layers.
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The amount of P which is bound to the reactive amount of Al and Fe comes into solution
with the oxalate extraction. Therefore, the actual amount of sorbed P can be calculated by means
of:

Z i F P L Eq. (3)

where
Pox = oxalate extractable P of soil layer i (mmol kg'l).

If the dry bulk densities of the observed layers (from the soil surface to the reference
depth) are identical, or a soil sample has been taken over the complete depth (on volume basis),
the degree of P saturation can be calculated by the mean contents of Py, Alyx and Feox (in mmol
kg™) over the observed depth:

P
DPS = or *100 Eq. (4)
0.5(Al, + Fe, )

Based on desorption characteristics of noncalcareous sandy soils, van der Zee et al.
(1990) have shown that at a degree of P saturation of 25% the P concentration in pore water will
become higher than 0.1 mg L™ ortho-P at the long term (after redistribution of the P front in the
soil). In the Netherlands this concentration is used as a target level at the mean highest water
table.

A disadvantage of the definition of the phosphate saturation degree is that this parameter
depends on the phosphate sorption capacity of the soil (Equation 1), which varies from layer to
layer and which is in most situations assessed (e.g., for noncalcareous sandy soils by means of
0.5 (Alox + Feox) ). In order to omit this assessment of the phosphate sorption capacity also an
independent P saturation index (PSI) can be used:

P
PS[=——% Eq. (5
Al +Fe, a0

Reagents:

1. Extraction solution (pH = 3). Dissolve 16.2 g of ammonium oxalate monohydrate.
(COONHy4),'H,0 and 10.8 g of oxalic acid dihydrate, (COOH;)-2H,0 in waterina 1 L
volumetric flask. The pH of this solution must be 3.0 = 0.1.

2. Hydrochloric acid. 1 M. Dilute 83 mL of concentrated hydrochloric acid, HCI (p=1.19 g

cm’), with water to volume of 1 L.

Hydrochloric acid. 0.01 M. Dilute 10 mL of 1 M HCI with water to volume of 1 L.

Standard Fe solution. 1000 mg L™

Standard Al solution. 1000 mg L™

Standard P solution. 500 mg L™ Dissolve 2.1950 g of potassium dihydrogen phosphate

(KH,POy) in water in a volumetric flask of 1 L and dilute to 1 L with water.

kW
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Procedure:
The method, which is described below, is a summary of the Dutch norm (NEN 5776, 2006).

1. Weigh 2.5 (£0.01) g of air-dry soil (<2 mm) in a dry, 100 mL polyethene bottle.
2. Add with a dispenser 50 mL of the oxalate extraction solution (1) and close the bottle.
3. Prepare two blanks and take three reference samples.
4. Shake at 180 excursions min™' on a reciprocating shaker for 2 h in a darkened conditioned
room at constant temperature (20 °C).
5. Filter the extracts through a fine filter paper (e.g., Whatman 42).
6. Discard the first three mL of the filtrate and collect the remainder in a 100 mL polyethene
bottle. Pipet 10 mL of the soil extracts in flasks. Add 40 mL of 0.01 M HCl (3) and mix.
7. Measure the concentration of P, Al and Fe within one week with ICP-AES.
Standards:
1. Pipette 0, 2.5, 10.0, 25.0, and 50.0 mL of each standard element solution ((4), (5) and (6))
into a volumetric flask of 1 L.
2. Add 10 mL of (1 M HCI) and 200 mL of (extraction solution) and mix.
3. Dilute to 1 L with water. This standard series contains 0, 1.25, 5.0, 12.5, and 25.0 mg L
P and 0, 2.5, 10.0, 25.0, and 50.0 mg L™ Al and Fe.
Comments:

The extraction should be performed in the dark because the extraction solution (1)

partially reduces the poorly soluble Fe’* ions to the much more soluble Fe** ions and light
influences the reducing action of oxalic acid.
The soil filtrates should be stored in a refrigerator if they are not used directly for analysis.

Calculation:

where:

p _(a=b)*0.05

m*30.97
_ %k
Feox=(a b) 0.05,anol
m*55.85
_ LS
Alox=(a b)*0.05
m*26.98

Pox, Feox, Alox =P, Fe, Al content of the air-dry soil sample, mmol kg'1

a =P, Fe, Al concentration in soil extraction solution, mg L!
b =P, Fe, Al concentration in blank extraction solution, mg L
m = air-dry soil sample weight, g.

1
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psr=—tu__
Al +Fe,
DPS= 200 PSI

Comments:

Since the results of soil analysis are generally expressed on an “oven-dry” basis, the moisture
content of “air-dry” soil should be determined shortly before soil analysis and the appropriate
correction should be made.
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Phosphorus Sorption Isotherm Determination

D.A. Graetz, University of Florida
V.D. Nair, University of Florida

Introduction:

Phosphorus (P) retention by soils is an important parameter for understanding soil
fertility problems, as well as for determining the environmental fate of P. The P sorption capacity
of a soil or sediment is generally determined by batch-type experiments in which soils or
sediments are equilibrated with solutions varying in initial concentrations of P. Equations such as
the Langmuir, Freundlich and Tempkin models have been used to describe the relationship
between the amount of P adsorbed and the P in solution at equilibrium (Berkheiser et al., 1980;
Nair et al., 1984).

Advantages of the batch technique include: the soil and solution are easily separated, a
large volume of solution is available for analysis, and the methodology can be easily adapted as a
routine laboratory procedure. Disadvantages include difficulties in measuring the kinetics of the
sorption reaction and optimizing the mixing of solution and soil without particle breakdown
(Burgoa et al. 1990). Despite the disadvantages, the batch technique has been, and still is, widely
used to describe P sorption in soils and sediments.

Nair et al. (1984) noted that P sorption varies with soil/solution ratio, ionic strength and
cation species of the supporting electrolyte, time of equilibration, range of initial P
concentrations, volume of soil suspension to head space volume in the equilibration tube, rate
and type of shaking, and type and extent of solid/solution separation after equilibration.
Although most researchers use a similar basic procedure for measuring P adsorption, there is
considerable variation observed among studies with regard to the above parameters. This
variation often makes comparisons of results among studies difficult. Thus, Nair et al. (1984)
proposed a standard P adsorption procedure that would produce consistent results over a wide
range of soils. This procedure was evaluated, revised, tested among laboratories and was
eventually proposed as a standardized P adsorption procedure. This procedure as described
below is proposed as the standard procedure recommended by the SERA-IEG 17 group.

Equipment:
1. Shaker: End-over-end type
2. Filter Apparatus: Vacuum filter system using 0.45 or 0.2 um filters

3. Equilibration tubes: 50 mL or other size to provide at least 50% head space
4. Spectrophotometer: Manual or automated system capable of measuring at 880 nm

Reagents:

1. Electrolyte: 0.01 M CaCl,, unbuffered

2. Microbial inhibitor: Chloroform

3. Inorganic P solutions: Selected concentrations as KH,PO4 or NaH,POy4 (in 0.01 M CaCl,,
containing 20 g L' chloroform)

Procedure:
1. Air-dry soil samples and screen through a 2 mm sieve to remove roots and other debris.
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2. Add 0.5 to 1.0 g air-dried soil to a 50 mL equilibration tube.

Add sufficient 0.01 M CaCl, solution containing 0, 0.2, 0.5, 1, 5, and 10 mg P L' as
KH,PO, or NaH,POy, to produce a soil:solution ratio of 1:25. The range of P values
could vary from 0 to 100 mg P L™ and the soil/solution ratio could be as low as 1:10
depending on the sorbing capacity and the P concentrations of the soils in the study.

4. Place equilibration tubes on a mechanical shaker for 24 h at 25 £ 1 °C.

Allow the soil suspension to settle for an hour and filter the supernatant through a 0.45
pm membrane filter.

6. Analyze the filtrate for soluble reactive P (SRP) on a spectrophotometer at a wavelength
of 880 nm.

[98)

9]

Calculations and Recommended Presentation of Results:

Two of the often used isotherms are the Langmuir and the Freundlich isotherms; the
Langmuir having an advantage over the Freundlich in that it provides valuable information on
the P sorption maximum, S;,x and a constant k, related to the P bonding energy.

The Langmuir equation
The linearized Langmuir adsorption equation is:

C 1 C

S kS, S,.
where:
S =S'+S,, the total amount of P retained, mg/kg
S' = P retained by the solid phase, mg/kg
S, = P originally sorbed on the solid phase (previously adsorbed P), mg/kg
C = concentration of P after 24 h equilibration, mg L™
Smax = P sorption maximum, mg/kg, and
k = a constant related to the bonding energy, L/mg P.

The linearized form of the Langmuir equation, as presented herein, is the most commonly
used procedure to determine the sorption parameters for P because of its ease of use. The
Langmuir equation in its nonlinear form may provide more accurate sorption parameters but
fitting this model to experimental data requires a “trial and error” approach which is relatively
difficult to accomplish. However, recent development of optimization programs to solve the
nonlinear equation provides an opportunity to more easily utilize the nonlinear equation in P
sorption studies (Bolster and Hornberger, 2007; Schulthess, 2007).

The Freundlich equation
The linear form is:

log S=1log K+nlogC
where:

K is the adsorption constant, expressed as mg P/kg,
n is a constant expressed as L/kg, and
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C and S are as defined previously.

A plot of log S against log C will give a straight line with log K as the intercept, and n as the
slope.

Previously adsorbed P (also referred to as native sorbed P)

Adsorption data should be corrected for previously adsorbed P (S,). For the calculation of
previously sorbed P, Nair et al. (1984) used isotopically exchangeable P (Holford et al., 1974)
prior to calculations by the Langmuir, Freundlich and Tempkin procedures. Other procedures
used to calculate the previously adsorbed P include oxalate-extractable P (Freese et al., 1992;
Yuan and Lavkulich, 1994), anion-impregnated membrane (AEM) technology (Cooperband and
Logan, 1994) and using the least squares fit method (Graetz and Nair, 1995; Nair et al., 1998;
Reddy et al., 1998). Sallade and Sims (1997) used Mehlich 1 extractable P and Brock et al.
(2007) have used Mehlich 3 extractable P as a measure of previously sorbed P.

Investigations by Villapando (1997) have indicated a good agreement among native
sorbed P values estimated by the least squares fit method, oxalate extractions, and the AEM
technology. At this point, it appears that selection of the method for determination of native
sorbed P would depend on the nature of the soils in the study and reproducibility of the results.
The procedure for calculation of S, using the least square fit method is based on the linear
relationship between S and C at low equilibrium P concentrations. The relationship can be
described by:

S=KC-S,
where

K = the linear adsorption coefficient, and

all other parameters are as defined earlier.

(Note: It is recommended that the linear portion of the isotherm has an r* value of 0.95 or better).

Equilibrium P Concentration

The “equilibrium P concentration at zero sorption” (EPCy) represents the P concentration
maintained in a solution by a solid phase (soil or sediment) when the rates of P adsorption and
desorption are the same (Pierzynski et al., 1994). Values for EPC, can be determined graphically
from isotherm plots of P sorbed vs. P in solution at equilibrium. From the calculations given
above, EPC is the value of C when S =0.

Comments:

The above procedure was developed to provide a standardized procedure with a fixed set
of conditions that could be followed rigorously by any laboratory. The procedure uses a low and
narrow range of dissolved inorganic P concentrations because these are the concentrations likely
to be encountered in natural systems and because higher concentrations may result in
precipitation of P solid phases. However, higher concentrations of P (up to 500 mg L") and/or
lower soil:solution ratios (1:10) have been used for isotherm determinations on soils and
sediments (Mozaffari and Sims, 1994; Sallade and Sims, 1997; Nair et al., 1998; Reddy et al.,
1998, Brock et al, 2007). A 0.01 M KC1 solution may be used as the background electrolyte to
avoid precipitation of Ca in neutral and alkaline soils.
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Toluene and chloroform have been shown to increase the dissolved P concentration in the
supernatant, apparently due to lysis of microbial cells, and thus, some researchers do not try to
inhibit microbial growth (Reddy et al., 1998).

Most adsorption studies are conducted under aerobic conditions; however, with certain
studies it is more appropriate to use anaerobic conditions, as they more closely represent the
natural environments of the soils or sediments. Reddy et al. (1998) preincubated sediment/soil
samples in the dark at 25°C under a N, atmosphere, to create anaerobic conditions. Adsorption
experiments were then conducted, performing all equilibrations and extractions in an O,-free
atmosphere.
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Bioavailable Phosphorus in Soil

Andrew N. Sharpley, University of Arkansas

Introduction:

Biologically available P (BAP) has been operationally defined as "..the amount of
inorganic P, a P-deficient algal population can utilize over a period of 24 h or longer" (Sonzogni
et al., 1982). The amount of P in soil, sediment, and water that is potentially available for algal
uptake (bioavailable P) can be quantified by algal assays, which require up to 100-d incubations
(Miller et al., 1978). Thus, more rapid chemical extractions, such as those using NaOH (Butkus,
et al., 1988; Dorich et al., 1980), NH4F (Porcella et al., 1970), ion exchange resin (Huettl et al.,
1979) and citrate-dithionite-bicarbonate (Logan et al., 1979), have been used routinely to
estimate bioavailable P. The weaker extractants (NH4F and NaOH) and short-term resin
extractions may represent P that could be utilized by algae in the photic zone of lakes under
aerobic conditions. In contrast, the more severe extractants (citrate-dithionite-bicarbonate)
represent P that may become bioavailable under the reducing conditions found in the anoxic
hypolimnion of stratified lakes.

Sharpley et al. (1991) showed that when using a wide solution:soil ratio (500:1), 0.1 M
NaOH extractable P (NaOH-P) was closely related to the growth of several algal species.
However, the complexity of algal assay and chemical extraction methods often limits their use
by soil testing laboratories. For example, long assay incubation (7 to 100 d) and chemical
extraction times (> 16 hr), as well as large solution volumes (> 500 mL) are particularly
inconvenient. As the amount of P extracted depends on ionic strength, cationic species, pH, and
volume of the extractant used (Hope and Syers, 1976; Sharpley et al., 1981), these limitations
will be difficult to overcome. Questions also have been raised as to the validity of relating the
form or availability of P extracted by chemical solutions to P bioavailability in the aquatic
environment. As a result, P sink approaches have been developed to estimate BAP in soil,
sediment, and water.

P-Sink Approaches:

The concept of exposing the soil to a P-sink has merit toward the goal of assessing soil,
sediment, and water BAP (i.e., available to plants and algae) for both agronomic and
environmental goals. Presumably, this would allow only P that was able to respond to such a sink
to be measured, which is analogous to a root acting as a sink in the soil or to the concentration
gradient that exists when a small quantity of sediment is placed in a large volume of water. The
analogy of a root is not entirely accurate because root exudates and mycorrhizae fungi can alter P
availability in the rhizosphere such that the root does not behave as a pure sink. Still, P-sinks are
likely the closest manifestation of the root environment that are available. Some authors assume
that the sink maintains extremely low P concentrations in the aqueous media employed and can
be considered an "infinite P-sink" in the sense that P release by the soil is clearly the rate-
limiting step (Sibbesen, 1978; van der Zee et al., 1987; Yli-Halla, 1990). For anion-exchange
resins used at low resin:soil ratios, this relationship cannot be assumed (Barrow and Shaw, 1977;
Pierzynski, 1991) and is not necessary for the assessment of bioavailable P.

38



Methods for P Analysis, J.L. Kovar and G.M. Pierzynski (eds)

Iron-oxide-Impregnated Paper

Another P sink that has received attention is Fe-oxide impregnated filter paper, which has
successfully estimated plant available P in a wide range of soils and management systems
(Menon et al., 1989; 1990, Sharpley, 1991). Also, Sharpley (1993) observed that the Fe-oxide
strip P content of runoff was closely related to the growth of several algal species incubated for
29-d with runoff as the sole source of P. As the resin membranes and Fe-oxide strips act as a P
sink, they simulate P removal from soil or sediment-water samples by plant roots and algae.
Thus, they have a stronger theoretical justification for use over chemical extractants to estimate
bioavailable P. These methods have potential use as environmental soil P tests to identify soils
liable to enrich runoff with sufficient P to accelerate eutrophication. The Fe-oxide impregnanted
filter paper procedure was described in the section by Chardon (2008) in this bulletin and will
not be described further here.

Anion-exchange Resins

The use of anion-exchange resins is the most common P-sink approach for assessing
available inorganic P in soils. The procedure typically involves the use of chloride-saturated
resin at a 1:1 resin-to-soil ratio in 10 to 100 mL of water or weak electrolyte for 16 to 24 h
(Amer et al., 1955; Olsen and Sommers, 1982). Correlations between plant response and resin-
extractable P are comparable or superior to correlations with chemical extraction methods (Fixen
and Grove, 1990).

Ion-exchange Resin-Impregnated Membranes

A similar approach using ion-exchange resin impregnated membranes has been
investigated by several researchers (Abrams and Jarrell, 1992; Qian et al., 1992: Saggar et al.,
1992). Impregnation of the resin onto a plastic membrane facilitates separation of the resin beads
from the soil and may eliminate the soil grinding step. Also, an extraction time as short as 15 min
can be used without reducing the accuracy of predicted P availability for a wide range of soils
(Qian et al., 1992). In pot studies, the resin membranes have provided a better index of P
availability than conventional chemical extraction methods for canola (Qian et al., 1992) and
ryegrass (Saggar et al., 1992). It is likely that the utility of the resin membranes will make the
use of loose resin obsolete.

Ion exchange membranes have the potential to estimate P availability in aquatic as well
as soil environments. Edwards et al. (1993) used ion exchange membranes to obtain in-situ
estimates of the chemical composition of river water for two Scottish watersheds. It was
suggested that direct multi-element analysis by X-ray fluorescence of ions retained on the
membranes removes the need for sample storage or filtration, both of which can be sources of
potential contamination and error. Thus, the membranes can provide useful information in
addition to that obtained by conventional sampling (Edwards et al., 1993).

Soil Sampling:

Soil sampling protocol for environmental concerns should be re-evaluated since the
primary mechanism for P transport from most agricultural soils is by surface runoff and erosion.
Although most samples submitted to soil testing laboratories are obtained from 0 to 20 cm, the
zone of interaction of runoff waters with most soils is normally less than 5 cm. Consequently,
environmental soil sampling should reflect this shallower depth of soil influencing runoff P.
Hence, environmental soil samples should, in general, be taken from no deeper than 5 cm. This
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protocol is compatible with sampling of no-till fields, currently recommended by extension
specialists in several states, where the traditional 0- to 20-cm depth is split into two or three
increments. Thus, on soils identified as vulnerable to P loss in runoff, the surface increment
could be analyzed for environmental interpretation and all increments integrated for agronomic
interpretations.

Equipment:

The following equipment is needed to conduct BAP extraction of soil and analysis for P:
Resin membrane, anion exchange.

End-over-end shaker - used to equilibrate sample and sink

Volumetric flasks - usually 25 or 50 mL volume

Pipets to aliquot samples and color reagents

Spectrophotometer to determine P concentration in the color developed reagent with
sample.

MRS

Reagents:

Resin membranes

1. Hydrochloric acid to extract P from the membranes - 1.0 M HCI (166 mL concentrated
HClin2 L)

Murphy and Riley Molybdenum Blue Color Reagent

1. Murphy and Riley Reagent A:

a. Mix 1500 mL H,O and 125 mL H,SO4 and allow to cool down before adding
molybdate and tartrate
Add 10.66 g ammonium molybdate
Add 50 mL antimony potassium tartrate
Make the solution up to 2 L
. Store in refrigerator
2. Murphy and Riley Reagent B:

a. Dissolve 42 g ascorbic acidin 1 L

b. Store in refrigerator
3. Murphy and Riley Reagent

The color development reagent is made up by mixing nine parts of reagent A and 1 part

of reagent B in a measuring cylinder. Each sample in a 25 mL volumetric flask requires 5

mL of this reagent. As it takes time to make up the Murphy and Riley reagent and some

of the reagents are expensive (e.g., ammonium molybdate), only make up what is needed

for the day. Also, solutions A and B, once mixed, will not keep for more than a day. For
example, if you have 20 samples to run this will require at least 100 mL of color reagent
plus standards and some for reruns. Thus, 250 mL of color reagent should be mixed, and

this will require 225 mL of reagent A and 25 mL of reagent B.

4. Neutralizing Reagents:

a. p-nitrophenol indicator (pnp - yellow): mix 1.5 g p-nitrophenol in 500 mL of
deionized distilled water on a magnetic stirrer until dissolved. Filter the solution to
remove any undissolved residue.

b. 4 M NaOH: 160 gNaOH in 1 L

°opo o
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c. 0.1 M H;SO4: 11.1 mL conc. H,SO4in 2 L
5. Solution Neutralizing
a. Add one drop of pnp indicator to an appropriate aliquot of the filtered solution on
which P is to be measured in a volumetric flask.
b. Add 4 M NaOH to solution drop-wise until solution just turns yellow.
c. Add 0.1 M H,SO4 drop-wise until solution just turns back to clear, the solution is now
neutral and the Murphy and Riley reagent can be added.

Resin Strip Procedure:

1. Anion exchange resin sheets are cut into 2 x 2 cm squares and are stored in propylene
glycol. Wash the resin squares in distilled water to remove all the propylene glycol. If not
already saturated with an anion, saturation with C1-, HCO™ or acetate may be necessary.
They are now ready for use.

2. Phosphorus is extracted from soil or sediment by shaking a 1-g sample and one resin
membrane square in 40 mL of deionized distilled water end-over-end for 16 hours at 25°
C.

3. Remove the resin membrane square and wash thoroughly with distilled water until all soil
particles are removed.

4. The BAP content of runoff can also determined by shaking 50 mL of an unfiltered runoff
sample with one resin membrane square for 16 hours. Smaller runoff sample volumes
should be used if P concentrations are expected to be high (>1 or 2 mg L) and made up
to 50 mL with distilled water.

5. Phosphorus retained on the resin membrane square is removed by shaking the square
end-over-end with 40 mL of 1 M HCI for 4 hours. Remove square and rinse with distilled
water. Retain the HCI desorption solution for analysis. Repeat this step. Do not mix the
first and second desorption solutions.

6. Measure the P concentration of the two solutions separately. The total amount of P
desorbed from the resin membrane square is the sum of the amounts in the two solutions.

Calculations:

Resin extractable P (mg P/kg) =
[Concentration of P in 1 MHCI, mg L']x[0.04 L +0.001 kg]

Resin BAP in runoff (mg P L) = [concentration of P in 1 M HC1, mg L™'] x [0.04L = volume of
runoff, L]
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Total Phosphorus in Soil

April Leytem, USDA-ARS, Northwest Irrigation and Soils Research Laboratory
Kokoasse Kpomblekou-A, Tuskegee University

Introduction:

As discussed by Bender and Wood (2000) in the first edition of this manual, there have
been many methods developed to extract and analyze total phosphorus (P) in soil (Bray and
Kurtz, 1945; Muir, 1952; Jackson, 1958; Syers et al., 1968; Sommers and Nelson, 1972; Dick
and Tabatabai, 1977; Olsen and Sommers, 1982; Bowman, 1988). Four methods have been more
commonly used: sodium carbonate (Na,COs3) fusion (Jackson, 1958), perchloric acid (HCIO4)
digestion (Jackson, 1958), sulfuric acid-hydrogen peroxide-hydrofluoric acid (H,SO4-H,0, -HF)
digestion (Bowman, 1988), and sodium hypobromite (NaOBr) oxidation followed by H,SO4
dissolution (Dick and Tabatabai, 1977). These four methods convert soil organic P to inorganic P
to allow total P determination (Kuo, 1996). Of these methods, Na,CO; fusion is thought to give
more reliable results (Syers et al., 1967; Syers et al., 1968; Sherrell and Saunders, 1966;
Sommers and Nelson, 1972). Underestimation of total P by acid digestion is thought to be due to
inability of these methods to extract P from apatite inclusions or imbedded in the matrix of
silicate minerals (Syers et al., 1967). The ability of an acid digestion to extract P from inclusions
depends upon the acid or combination of acids used. Syers et al. (1967) showed that the
effectiveness of extraction generally followed the order: Na,CO; fusion > HF digestion > HCIO4
digestion > H,SO4 digestion > ignition. Methods developed by Sommers and Nelson (1972) and
Bowman (1988) are variations of standard HCIO4 and HF digestion methods. These methods
were shown to give a similar degree of underestimation of total P as standard HCIO,4 digestion
methods. Dick and Tabatabai (1977) proposed an alkaline oxidation method using NaOBr. This
method was shown to give results 1% higher than those found by HC1O4 digestion. However, the
method still underestimated total P by 4% when compared to results from Na,COs fusion.

The methods presented here are similar to Na,COj; fusion and HCIO4 digestion as
described by Kuo (1996) in Methods of Soil Analysis - Part 3 Chemical Methods, and the
alkaline oxidation method developed by Dick and Tabatabai (1977). In addition, microwave-
assisted acid digestion (Kingston and Jassie, 1988) is also included for laboratories that have the
required equipment.

Sodium Carbonate Fusion (Kuo, 1996):

Reagents

1. Anhydrous sodium carbonate (Na,CO5)

2. 4.5 M H,S0s. Prepare by slowly adding 250 mL of concentrated H,SO4 to 500 mL of
deionized water in a 1-L volumetric flask. Cool the solution to room temperature and
dilute to 1 L.

3. 2.5 M H,S0,. Prepare by slowly adding 140 mL of concentrated H,SO4 to 800 mL of
deionized water in a 1-L volumetric flask. Cool the solution to room temperature and
dilute to 1 L.

4. 1 M H,SO,. Prepare by slowly adding 56 mL of concentrated H,SO4 to 800 mL of
deionized water in a 1-L volumetric flask. Cool the solution to room temperature and
dilute to 1 L.
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5. Sodium hydroxide, 5 M. Prepare by dissolving 200 g of NaOH in deionized water and
dilute to 1 L.

6. p-nitrophenol indicator, 0.25%. Prepare by dissolving 0.25 g of p-nitrophenol in 100 mL
of deionized water.

7. Ammonium paramolybdate [(NH4)sM070,4 -4H,0]. Prepare by dissolving 12 g of
(NH4)sM070,4 -4H,0 in 250 mL of deionized water. Store in a glass-stoppered bottle.

8. Potassium antimony tartrate (KSbO-C4H4O¢-1/2 H,0). Prepare by dissolving 0.2728 g of
KSbO-C4H406-1/2 H,0O in 100 mL of deionized water.

9. Mixed reagent. Mix the ammonium paramolybdate, the potassium antimony tartrate, and
the sulfuric acid (2.5 M) in a 2 L volumetric flask; mix well and make the volume with
deionized water. Call this reagent A. Store in a dark and cool place.

10. Ascorbic acid. Prepare by dissolving 1.056 g of ascorbic acid into 150 ml of reagent A
and dilute the volume to 200 mL. Call this reagent B. Prepare the solution the day it is
required.

Procedure

Place a mixture of 1.0 g of air-dried soil (<0.15 mm) and 4 g of Na,COs in a 30-mL
platinum (Pt) crucible. For soils high in Fe, use 0.5 g of soil. Place 1 g of Na,COj; on top of the
mixture. Drive off moisture from mixture by gently heating with a Meeker burner. Place a lid on
the crucible so that approximately one fifth of the crucible remains open. Apply heat with a low
flame for 10 min so the mass fuses gently. Adjust heat of Meeker burner to full, and heat mass
for 15 to 20 min. To provide an oxidizing environment for this step, lift the lid of the crucible
periodically. Do not allow the reduced portion of the flame to come in contact with the crucible.
Remove crucible from flame. Rotate crucible as it cools so to deposit the melt thinly onto the
walls of the crucible. After the crucible has cooled, gently roll it between your hands to facilitate
the removal of the melt. Remove the melt with 30 mL of 4.5 M H,SO4, using care to avoid loss
by effervescence. Place crucible and lid in a beaker containing 25 mL of 1 M H,SOj, and heat
contents to a boil. Transfer the solution from the beaker and the solution from the melt to a 250
mL volumetric flask. Dilute the solution to volume using deionized water. Allow sediment to
settle. Remove an aliquot of clear supernatant solution for total P analysis by the ascorbic acid
method.

To analyze for total P, transfer an aliquot (2 mL) into a 50-mL volumetric flask (for
samples containing <150 mg of P). With 5 M NaOH, adjust pH of the aliquot to 5 using five
drops of p-nitrophenol indicator (color changes from colorless to yellow). Add 4 mL of reagent
B, mix contents of the flask and bring to 50 mL volume with deionized water and mix
thoroughly. Measure the absorbance at 880 nm; maximum color intensity develops in 10 min,
and color is stable for 24 hours.

Comments

The method for color development was described as outlined by Murphy and Riley
(1962) and Watanabe and Olsen (1965). It has the advantages over the stannous chloride method
because of the longer stability of the heteropoly blue color and its tolerance of high salt and Fe®*
(up to 2.5 mg L) concentrations.

It should be noted that polyphosphates and organic P compounds which hydrolyze in acid
solution (Dick and Tabatabai, 1977a) and the presence of arsenic in the form of AsO” in soil
samples gives the same blue color as phosphate. To eliminate this problem, AsO> can be
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reduced to AsO’; using a NaHSOj solution. The ascorbic acid method has been used extensively
in determining P concentrations in soils, acid (HCIO4 or HF) digests and Na,COs fusion.

Calculations
Total P, mg/kg =
[Concentration of P in initial 250 mL dilution, mg L™'] x [0.25 L + mass of soil, kg]

Perchloric Acid Digestion (Kuo, 1996):

Reagents

1. 70% Perchloric acid (HC1Oy).

2. Nitric acid (HNO3), concentrated.

M H;SOy4. Prepare by slowly adding 140 mL of concentrated H,SO4 to 800 mL of
deionized water in a 1-L volumetric flask. Cool the solution to room temperature and
dilute to 1 L.

3. Potassium antimony tartrate (KSbO-C4H4O¢-1/2 H,0). Prepare by dissolving 0.2728 g of
KSbO-C4H406:1/2 H,O in 100 mL of deionized water.

4. Ammonium paramolybdate (NH4)¢sM07024 -4H,0]. Prepare by dissolving 12 g of
(NH4)sM070,4 -4H,0 in 250 mL of deionized water. Store in a glass-stoppered bottle.

5. Mixed reagent. Mix the ammonium paramolybdate, the potassium antimony tartrate, and
the sulfuric acid in a 2 L volumetric flask; mix well and make the volume with deionized
water. Call this reagent A. Store in a dark and cool place.

6. Ascorbic acid. Prepare by dissolving 1.056 g of ascorbic acid into 150 ml of reagent A
and dilute the volume to 200 mL. Call this reagent B. Prepare the solution the day it is
required.

7. p-nitrophenol indicator, 0.25%. Prepare by dissolving 0.25 g of p-nitrophenol in 100 mL
of deionized water.

8. Sodium hydroxide, 5 M. Prepare by dissolving 200 g of NaOH in deionized water and
dilute to 1 L.

Procedure

In a 250 mL volumetric or Erlenmeyer flask, mix 2.0 g of finely ground soil (<0.5 mm)
with 30 mL of 70% HCIOs. Place a pyrex funnel on the Erlenmeyer flask to ensure reflux of the
HCIOs. Digest contents of the fask on a preheated sand bath on a hot plate at 130°C in a well-
ventilated, perchloric acid hood until the dark color from organic matter disappears. Continue to
heat at 203°C for 20 min longer. Heavy white fumes will appear, and the insoluble material will
become like white sand. If any black particles stick to the side of the flask, add 1 or 2 mL of
HCIO4 to wash down the particles. If the sample is high in organic matter it may be necessary to
add 20 mL of HNOj; and heat to oxidize organic matter before adding HCIO4 (or alternatively
allow the oxidation of organic matter to continue overnight at room temperature prior to HClIO4
digestion). When digestion is complete, cool the mixture before bringing the volume to 250 mL
with deionized water. Mix contents of the flask, and then allow sediment to settle.

To analyze for total P, transfer an aliquot into a 50-mL volumetric flask (for samples
containing 2 to 40 pg P). Add five drops of p-nitrophenol indicator, mix flask contents, and
adjust the solution pH (color changes from colorless to yellow) by adding dropwise 5 M NaOH.
To develop the heteropoly blue color, add 4 mL of the reagent B, mix well the flask contents,
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bring volume to 50 mL with deionized water, and mix thoroughly. Measure the absorbance at
880 nm; maximum color intensity develops in 10 min, and color is stable for 24 hours.

Calculations
Total P, mg/kg =
[Concentration of P in initial 250 mL dilution, mg L™'] x [0.25 + mass of soil, kg]

Microwave Assisted Acid Digestion (EPA 3051A):

Reagents

1. Concentrated nitric acid (HNOs3)
2. Concentrated hydrochloric acid (HCI)

Procedure

Place a mixture of 0.25 g finely ground air dried soil into the microwave digestion vessel.
While under a fume hood, add 9 mL of concentrated HNO; and 3 mL of concentrated HCI. If a
vigorous reaction occurs, allow the reaction to stop before capping the vessel. Cap the vessel and
torque the cap according to the unit manufacturer’s directions. Place the vessels in the
microwave carousel.

The EPA method calls for a 10 minute digestion time (up to 175°C in less than 5.5
minutes and between 170-180°C for the balance of the 10 minutes). For example:

Stage 1. Ramp temperature to 165°C over 2 minutes.
Stage 2. Ramp temperature to 175°C over 3 minutes and then hold at 175° for 5 minutes.

You can extend the digestion time to 12-17 minutes if necessary for better digestion.

After vessels have cooled sufficiently in the microwave, remove the carousel and place
samples in fume hood. Remove caps and transfer all of the digests into 100 mL volumetric
flasks. Bring to volume and then filter (0.45 pum) into appropriate vessels for analysis using
colorimetry or ICP.

Calculations

Total P, mg/kg = [concentration of P in initial 100 mL dilution, mg L] x [0.1 L + mass of soil,
ke]

Alkaline Oxidation (Dick and Tabatabai, 1977):

Reagents

1. Sodium hypobromite solution (NaOBr-NaOH). Prepare by slowly adding 3 mL of
bromine (0.5 mL/min) to 100 mL of 2 M NaOH under constant stirring. Prepare reagent
immediately prior to use.

2. 90 % formic acid (HCOOH)

0.5 M H,S0s. Prepare by adding 27.8 mL H,SO4 to 800 mL of deionized water and

diluting to 1 L.

(98]
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4. Sodium hydroxide, 5 M. Prepare by dissolving 200 g of NaOH in deionized water and
dilute to 1 L.

5. p-nitrophenol indicator, 0.25%. Prepare by dissolving 0.25 g of p-nitrophenol in 100 mL
of deionized water.

6. Ammonium molybdate-Antimony potassium tartrate solution. Prepare by dissolving 12 g
of ammonium molybdate ((NH4)¢M070,4 -4H,0) in 250 mL of distilled water, and
dissolving 0.2908 g of antimony potassium tartrate (KSbO-C4H4O0¢1/2 H,0O) in 100 mL of
deionized water. Add both solutions to 1 L of 2.5 M sulfuric acid, and dilute volume to 2
L with deionized water. Store reagent in a cool place, in a dark Pyrex glass bottle.

7. Ascorbic acid reagent. Prepare by dissolving 1.056 g of ascorbic acid in 200 mL of
ammonium molybdate-antimony reagent. Prepare reagent daily.

Procedure

Place a 100 to 200 mg sample of finely ground (<100-mesh), air-dried soil in a 50 mL
boiling flask. Add 3 mL of sodium hypobromite solution to the flask, and swirl flask for a few
seconds to mix contents. Allow flask to stand for 5 min. Swirl flask again and place it in a sand
bath adjusted to a temperature between 260 and 280°C. The sand bath should be situated in a
hood. Heat flask until contents evaporate to dryness. Evaporation time is 10 to 15 min. After
evaporation, continue to heat for an additional 30 min. Remove flask from sand bath, and allow
it to cool for 5 min. Then add 4 mL of deionized water and 1 mL of formic acid. Mix contents
before adding 25 mL of 0.5 M H,SO4. Stopper flask and mix contents. Transfer mixture to a 50-
mL plastic centrifuge tube and centrifuge sample at 12,000 rpm for 1 min.

To analyze for total P, transfer an aliquot of 1 to 2 mL into a 25-mL volumetric flask.
Add five drops of p-nitrophenol indicator, mix flask contents, and adjust the solution pH (color
changes from colorless to yellow) by adding dropwise 5 M NaOH. To develop the heteropoly
blue color, add 4 mL of ascorbic acid reagent. Mix well the flask contents, bring volume to 25
mL with deionized water, and mix thoroughly. Measure the absorbance at 880 nm; maximum
color intensity develops in 10 min, and color is stable for 24 hours.

Comments

The sodium hypobromite (NaOBr-NaOH) reagent should be prepared just prior to use.
The reagent should be made in a fume hood. Formic acid added after the hypobromite treatment
will destroy any residual hypobromite remaining after oxidation of the sample. The method is
useful for routine analysis. Tests have shown that the amounts of P determined by this method
are similar to those determined by the HC1O4 method, but less than those determined by the
Na,COs3 or H,SO4-H,0,-HF method (Bowman, 1988) when silicate minerals containing
imbedded P minerals are present in samples.

Calculations
Total P, mg/kg =
[Concentration of P in initial formic acid/H,SO4 solution, mg L] x [0.03 L = mass of soil, kg]
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Fractionation of Soil Phosphorus

Hailin Zhang, Oklahoma State University
John L. Kovar, USDA-ARS National Soil Tilth Laboratory

Introduction:

The biogeochemistry of phosphorus (P) in soils is complicated. Inorganic P can react
with calcium (Ca), iron (Fe) and aluminum (Al) to form discrete phosphates. Organic P can be
found in forms with varying resistance to microbial degradation.

The fractionation procedure of Chang and Jackson (1957) has been widely used to
investigate the forms of inorganic P (P;) and transformations of applied P fertilizers. Subsequent
research indicated that the various extractants were not as specific as first envisioned. For
example, retention of P by calcium fluoride (CaF,), formed from calcium carbonate (CaCO3)
during ammonium fluoride (NH4F) extraction, affects results when the Chang and Jackson
(1957) method is used to fractionate P in calcareous soils and sediments. Since its development,
modifications made by Fife (1962), Peterson and Corey (1966), Williams et al. (1967), and
Smillie and Syers (1972) have improved extractability and allowed for use with calcareous soils.
The original fractionation procedures and the most important modifications were summarized by
Kuo (1996). The P; fractionation scheme in this chapter is primarily based on the procedures
described by Kuo (1996).

Soil organic P (P,) consists of inositol phosphates, phospholipids, nucleic acids,
phosphoproteins, and various sugar phosphates, as well as a significant number of compounds
that have yet to be identified. Organic P tied up in microbial biomass consists of nucleic acids,
inositol phosphates, and polyphosphates. Microbial biomass P usually represents a small fraction
of the total P in soil, and rapidly turns over to supply inorganic P to plant roots (Tate, 1984).
Quantification of the various known P, compounds in soil has been described in several studies
(Anderson, 1967; Halstead and Anderson, 1970; Stott and Tabatabai, 1985) and is advocated by
Kuo (1996) as a means of fractionating soil P,. An alternative method for characterizing soil P,
fractions involves the use of acid and alkaline extractants that separate the various fractions
based on the type and strength of P, physicochemical interactions with other soil components
(Bowman and Cole, 1978; Hedley et al., 1982; Cross and Schlesinger, 1995). The most common
extractants are 0.5 M sodium bicarbonate (NaHCO;) and various concentrations of hydrochloric
acid (HCI) and sodium hydroxide (NaOH). The fractionation scheme involves a sequence of
extractions that separates soil P, into labile, moderately labile, and nonlabile fractions. In recent
years, this scheme has been widely used to evaluate P, cycling in diverse soils under varying
management (Hedley et al., 1982; Sharpley and Smith, 1985; Ivanoff et al., 1998).

The qualitative and quantitative information provided by fractionation data is useful for
addressing both agronomic and water quality issues (Hountin et al., 2000; Schroeder and Kovar,
2006). Phosphorus fractionation data are also useful for understanding P biogeochemistry in
extreme environments (Cross and Schlesinger, 2001; Blecker et al., 2006).

Fractionation of Inorganic Phosphorus:

Principles

The fractionation procedures are based on the differential solubilities of the various inorganic P
forms in various extracts. Ammonium chloride (NH4Cl) is used first to remove soluble and
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loosely bound P. Al-P is separated from Fe-P with NH4F, then Fe-P is removed with NaOH.
Reductant-soluble P within the matrices of retaining aggregates/minerals (Evans and Syers,
1971) is removed with CDB (sodium citrate (Na;CsHsO7°2H,0)-sodium dithionite (NayS,04)-
sodium bicarbonate) extraction. The Ca-P is extracted with sulfuric acid (H,SO4) or HCI,
because Ca-P is insoluble in CDB. Since NH4F reacts with CaCQOs in calcareous soils to form
CaF,, which will precipitate soluble P and reduce the effectiveness of NH4F to extract P, the
NH4F extraction is omitted for calcareous soils. In calcareous soils, however, the initial
NaOH/NaCl extraction will remove soluble L™ oosely bound P as well as a fraction of both Al-P
and Fe-P.

Equipment
1. Balance
2. Shaker
3. Centrifuge and 100-mL centrifuge tubes
4. Hot water bath
5. Spectrophotometer

Reagents (N.B. Not all reagents are used in procedures for noncalcareous and calcareous
soils.)

1. 1 M NH4CI. Dissolve 53.3 g of NH4Cl in 1 L deionized water.

2. 0.5 M NH4F, pH 8.2. Dissolve 18.5 g of NH4F in 1 L deionized water and adjust pH to 8.2

with 4 M NH4OH.

3. 2Mand 0.1 M NaOH. Dissolve 80 g and 4.0 g, respectively, of NaOH in 1 L deionized
water.

4. 0.1 M NaOH + 1 M NacCl. Dissolve 4.0 g of NaOH and 58.5 g of NaCl in 1 L deionized
water.

5. Saturated NaCl. Add ~ 400 g of NaCl to 1 L deionized water.

6. 0.25 M H,SOq. Dilute 14 mL of concentrated HSO4 to 1 L with deionized water. (N.B.
Always add acid to water.)

7. 2 M HCI. Dilute 168 mL of concentrated HCl to 1 L with deionized water.

8. 0.5 M HCIL. Dilute 42 mL of concentrated HCI to 1 L with deionized water.

9. 0.3 M Na3C¢Hs07°2H,0. Dissolve 88.2 g of Na;CsHs0O7°2H,0 in 1 L deionized water.

10. 1 M NaHCO:;. Dissolve 84 g of NaHCOs3 in 1L deionized water.

11. 0.8 M H3BOs. Dissolve 50 g of H;BOs in 1 L deionized water.

12. NaS,04, reagent grade.

13. p-nitrophenol indicator. Dissolve 0.25 g of p-nitrophenol in 100 mL deionized water.

14. Phospho-molybdate reagents. Dissolve 12 g of ammonium paramolybdate
[(NH4)6M07024¢4H,0] in 250 mL of deionized water. Dissolve 0.2908 g of potassium
antimony tartrate (KSbO*C4H40g) in 100 mL of deionized water. Add these solutions to 1
L of 2.5 M H,SO4 (141 mL of concentrated H,SO4 diluted to 1 L), mix thoroughly, and
after cooling, dilute to 2 L with deionized water. Store solution (Reagent A) in a dark,
cool place. To prepare reagent B, dissolve 1.056 g of L-ascorbic acid (C¢HsOg) in 200 mL
of Reagent A, and mix. Reagent B should be prepared as needed, because it must be used
within 24 h.
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Procedures for Noncalcareous Soils (see flow chart, Fig. 1)

1.

Add 1.0 g (<2 mm) of soil and 50 mL of 1M NH4Cl to a 100 mL centrifuge tube and
shake for 30 min to extract the soluble and loosely bound P. Centrifuge and decant the
supernatant into a 50-mL volumetric flask and bring to volume with deionized water
(extract A).

Add 50 mL of 0.5 M NH4F (pH 8.2) to the residue and shake the suspension for 1 h to
extract aluminum phosphates. Centrifuge and decant the supernatant into a 100-mL
volumetric flask (extract B). Wash the soil sample twice with 25-mL portions of saturated
NacCl and centrifuge. Combine the washings with extract B and bring to volume.

Add 50 mL of 0.1 M NaOH to the soil residues and shake for 17 h to extract iron
phosphates. Centrifuge and decant the supernatant solution into a 100-mL volumetric
flask (extract C). Wash the soil twice with 25-mL portions of saturated NaCl and
centrifuge. Combine the washings with extract C and bring to volume.

Add 40 mL of 0.3 M Na3zCcHsO7°2H,0 and 5 mL of 1 M NaHCOj to the residue, and heat
the suspension for 15 min in a water bath at 85°C. Add 1.0 g of Na,;S,04 (sodium
dithionate) and stir rapidly to extract reductant-soluble P. Continue to heat for 15 min and
then centrifuge. Decant the supernatant solution into a 100-mL volumetric flask (extract
D). Wash the soil twice with 25-mL portions of saturated NaCl and centrifuge. Combine
the washings with extract D, and dilute to volume. Expose extract D to air to oxidize
Na28204.

Add 50 mL of 0.25 M H,S04 to the soil residue and shake for 1 h. Centrifuge the
suspension for 10 min and decant the supernatant into a 100-mL volumetric flask (extract
E). Wash the soil twice with 25-mL portions of saturated NaCl, and centrifuge. Combine
the washings with the extract E and dilute to volume.

Transfer an aliquot containing 2 to 40 ug P from each of extracts A, B, C, D, and E to
separate 50-mL volumetric flasks. Add five to 10 mL deionized water and five drops of p-
nitrophenol indicator to the volumetric flasks containing extracts C and E, and adjust the
pH with 2 M HCI or 2 M NaOH until the indicator color just changes. The indicator color
changes from yellow to colorless for extract C, and from colorless to yellow for extract E.
Add 15 mL 0.8 M H3;BOj; to the volumetric flask containing extract B. Phosphorus
concentrations in the various solutions can be determined using the phospho-molybdate
method (Murphy and Riley, 1962). Prepare P standards that contain the same volume of
extracting solution as in the extracts.

Calculations

The amount of P in each fraction is calculated with the following equation:

P concentration in given fraction (mg kg™') =
[Conc. of P (mg L) x Volume of extractant (L)] + mass of soil (kg)
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Figure 1. Sequential fractionation scheme for inorganic P.
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Procedures for Calcareous Soils (see flow chart, Fig. 1)

1. Add 1.0 g (<2 mm) of soil and 50 mL of 0.1 M NaOH + 1 M NaCl to a 100 mL
centrifuge tube and shake for 17 h. Centrifuge and decant the supernatant solution into a
100-mL volumetric flask (extract A). Wash the soil twice with 25-mL portions of
saturated NaCl and centrifuge. Combine the washings with extract A and bring to volume.

2. Add 40 mL of 0.3 M Na3;CgHs07°2H,0 and 5 mL of 1 M NaHCO; to the residue and heat
the suspension in a water bath at 85°C. Add 1.0 g of Na,S,04 and stir rapidly. Continue to
heat for 15 min and centrifuge. Decant the supernatant solution into a 100-mL volumetric
flask (extract B). Wash the soil twice with 25-mL portions of saturated NaCl and
centrifuge. Combine the washings with extract B, and dilute to volume. Expose extract B
to air to oxidize Na;S,04.

3. Add 50 mL of 0.5 M HCl to the soil residue and shake for 1 h. Centrifuge the suspension,
and decant the supernatant into a 100-mL volumetric flask (extract C). Wash the soil twice
with 25-mL portions of saturated NaCl, and centrifuge. Combine the washings with
extract C and dilute to volume.

4. Transfer an aliquot containing 2 to 40 ug P from each of extracts A, B, and C to separate
50-mL volumetric flasks. Add five to 10 mL deionized water and five drops of p-
nitrophenol indicator to each of the volumetric flasks containing extracts A and C, and
adjust the pH with 2 M HCI or 2 M NaOH. The indicator color changes from yellow to
colorless for Extract A, and from colorless to yellow for Extract C. Phosphorus
concentrations in the various solutions can be determined using the phospho-molybdate
method (Murphy and Riley, 1962). Prepare P standards that contain the same volume of
extracting solution as in the extracts.

Calculations
The amount of P in each fraction is calculated with the following equation:

P concentration in given fraction (mg kg™") =
[Conc. of P (mg L") x Volume of extractant (L)] + mass of soil (kg)

Comments:

If a supply of 100-mL centrifuge tubes is a problem, smaller tubes (e.g., 50-mL or 40-
mL) can be used. In this case, the sample size and volume of extracting solutions should be
decreased by half.

Dithionite, citrate, iron, and silicon are potential interferences for the determination of
reductant soluble P mobilized by the CDB extractant. Excess dithionite must be oxidized to
prevent precipitation of sulfur when the acid-molybdate reagent (Murphey and Riley, 1962) is
added to the extract. If exposure of the extracts to air for several hours does not solve the
problem with blue color development, it may be necessary to bubble air through the extracts, as
suggested by Weaver (1974). To correct the problem with excess citrate, add 3 mL of a 5%
ammonium molybdate solution to each sample before adding the acid-molybdate reagent
(Weaver, 1974). When citrate concentration in the extract is greater than that of molybdate, the
formation of the phospho-molybdate complex fails, so that the blue color does not develop.
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Fractionation of Organic Phosphorus:

Principles

In general, this fractionation scheme follows the procedures developed by Bowman and
Cole (1978), and modified by Sharpley and Smith (1985) and Ivanoff et al. (1998). Organic P in
both calcareous and noncalcareous soils is fractionated into a labile pool, a moderately labile
pool, and a nonlabile pool. The labile pool is extracted with 0.5M NaHCOj at pH 8.5. The
extracted P includes both P, and P; in soil solution and sorbed on soil colloids. If desired,
microbial biomass P in the soil can be determined at this point via a chloroform (CHCl3;)
fumigation technique (Hedley et al., 1982). The moderately labile pool is extracted with 1.0 M
HCI, followed by 0.5 M NaOH. The NaOH extract is acidified with concentrated HCI to separate
the nonlabile fraction (humic acid fraction) from the moderately labile fraction (fulvic acid
fraction). Finally, the highly resistant, nonlabile fraction is determined by ashing the residue
from the NaOH extraction at 550°C for 1 h, followed by dissolution in 1.0 A H,SO4. The
complete soil P, fractionation scheme is shown in Figure 2. In all cases, P concentration in the
extracts is determined colorimetrically by the phospho-molybdate method of Murphy and Riley
(1962). Acid or alkaline extracts are neutralized prior to P determinations. Organic P in the
extracts is calculated from the difference between total P and P;. Total P in the extracts is
measured after an aliquot is digested with 2.5 M H,SO,4 and potassium persulfate (K,S,0s),
according to the method of Bowman (1989), as modified by Thien and Myers (1992).

Equipment

1. Balance

2. Calibrated scoop

3. Reciprocating shaker

4. Centrifuge and 100 mL tubes

5. Hot plate

6. Muffle furnace

7. Spectrophotometer
Reagents

1. 0.5 M NaHCOs solution. Dissolve 42 g of NaHCOs in 1 L deionized water. Adjust the pH
of this solution to 8.5 with 1 M NaOH (40 g of NaOH in 1 L deionized water). Avoid
exposure of solution to air. Prepare fresh solution if solution has been stored more than 1
month in a glass container. Solution can be stored more than 1 month in polyethylene, but
pH should be checked each month.

2. p-nitrophenol indicator. Dissolve 0.25 g of p-nitrophenol in 100 mL of deionized water.

Concentrated HCL.

4. 2Mand 1 M HCI. Dilute 168 mL and 84 mL, respectively, of concentrated HCl to 1 L
with deionized water. (N.B. Add acid to water.)

5. 2.5Mand 1 M H;SOq. Dilute 141 mL and 56 mL, respectively, of concentrated H,SO4 to
1 L with deionized water.

6. 2 M and 0.5 M NaOH. Dissolve 80 g and 20 g, respectively, of NaOH in 1 L deionized
water.

7. K3S,05 — reagent grade

8. CHCI; — ethanol free, reagent grade

(98]
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9. Phospho-molybdate reagents. Dissolve 12 g of ammonium paramolybdate
[(NH4)6M07024°4H,0] in 250 mL of deionized water. Dissolve 0.2908 g of potassium
antimony tartrate (KSbO*C4H40g) in 100 mL of deionized water. Add these solutions to 1
L of 2.5 M H,SOy4 (141 mL of concentrated H,SO4 diluted to 1 L), mix thoroughly, and
after cooling, dilute to 2 L with deionized water. Store solution (Reagent A) in a dark,
cool place. To prepare reagent B, dissolve 1.056 g of L-ascorbic acid (CsHsOg) in 200 mL
of Reagent A, and mix. Reagent B should be prepared as needed, because it must be used
within 24 h.

Procedures (see flow chart, Fig.2)

Labile Organic P:

Weigh duplicate 1.0 g (oven-dry weight basis) samples of sieved (2 mm), field-moist soil
into two 100 mL centrifuge tubes. To one tube, add 50 mL of 0.5 M NaHCO; (pH 8.5) and place
sample horizontally on a reciprocating mechanical shaker for 16 h. At the end of the extraction
period, centrifuge sample at 7000 rpm for 15 min and filter supernatant through Whatman No. 41
quantitative paper into a 50-mL volumetric flask. Bring to volume with deionized water and mix
well.

To determine labile P;, transfer an aliquot containing 2 to 40 pg P to a 50-mL volumetric
flask, add five drops of p-nitrophenol indicator to the flask and adjust the pH with 2 M HCI until
the indicator color just changes from pale yellow to colorless. Add approximately 40 mL of
deionized water to the flask, followed by 8 mL of Reagent B. Bring to volume with deionized
water, and mix well. After 20 min., determine P concentration on a calibrated spectrophotometer
at 880 nm.

To determine total labile P in the extract, add 0.5 g of K,S,0g with a calibrated scoop to a
25-mL volumetric flask, transfer an appropriate aliquot (usually 1 to 5 mL, depending on P
concentration) of the extract into the flask, and add 3 mL of 2.5 M H,SO,. Digest sample on a
hot plate at >150°C for 20 to 30 min. Digestion is complete after vigorous boiling subsides. Cool
sample, add 5 mL of deionized water. After mixing, add five drops of p-nitrophenol indicator to
the flask and adjust the pH with 2 M NaOH. Add approximately 10 mL of deionized water to the
flask, followed by 4 mL of Reagent B. Bring to volume with deionized water, and mix well.
After 20 min., determine P concentration on a calibrated spectrophotometer at 880 nm.

The difference between total labile P following persulfate oxidation and labile P; gives an
estimate of labile P,. The P; analysis should be performed as soon as possible after the soil
extraction to minimize hydrolysis of P,

To estimate P associated with soil microbial biomass, treat the second duplicate weighed
sample with 2 mL of ethanol-free CHCI;. Cover the uncapped tubes loosely with paper towels
and place under a fume hood for 24 h. At the end of this period, extract samples with 0.5 M
NaHCO; as previously described for total labile P. The difference between the amounts of total
labile P in the CHCls-treated and untreated duplicate soil samples provides a measure of biomass
P that originated from lysed microbial cells.
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Figure 2. Sequential fractionation scheme for organic P.
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Moderately Labile Organic P:

A two-step process is required to determine moderately labile P,. Add 50 mL of 1 M HCl
to the residue from the labile P extraction and place sample on a reciprocating mechanical shaker
for 3 h. An aliquot of 1 M HCI should be used to rinse residue from filter paper used in the labile
P extraction. After 3 h, centrifuge sample at 7000 rpm for 15 min and filter supernatant through
Whatman No. 41 quantitative paper into a 50-mL volumetric flask. Bring to volume with
deionized water and mix well. Determine total P and P; in the extract as previously described.
Any P, extracted in the 1 M HCl is considered part of the moderately labile P fraction.

Rinse the residue from the HCI extraction with deionized water, shake for 5 min,
centrifuge, and discard the supernatant solution. Add 50 mL of 0.5 M NaOH to the residue and
shake sample for 3 h. At the end of the extraction time, centrifuge sample at 7000 rpm for 15
min. The supernatant contains both moderately labile P, (fulvic acid P) and nonlabile P, (humic
acid P). To separate these fractions, remove an aliquot of the NaOH extract and acidify to pH 1.0
to 1.5 with concentrated HCI. At this pH, humic acids precipitate, and fulvic acids remain in
solution. Centrifuge acidified sample at 7000 rpm for 15 min. Determine total P in both the
NaOH extract and the acidified sample as previously described. Total P in the acidified sample is
a measure of fulvic acid P. Estimate humic acid P by subtracting fulvic acid P from the total P
measured in the NaOH extract (Fig. 2).

Nonlabile Organic P:

To determine highly-resistant, nonlabile P,, rinse the residue from the NaOH extraction with
deionized water, shake for 5 min., centrifuge, and discard the supernatant solution. Place the
residue in a crucible and ash at 550°C for 1 h. Dissolve ash by shaking in 50 mL of 1 M H,SO4
for 24 h, and measure P in solution as previously described.

Calculations
The amount of P in each fraction is calculated with the following equation:

P concentration in given fraction (mg kg') =
[Conc. of P (mg L") x Volume of extractant (L)] + mass of soil (kg)

Comments:

Because this P fractionation scheme is operationally defined, it is difficult to identify
which discrete P, compounds are extracted with each step. Moreover, hydrolysis of some P,
compounds by 1 M HCl or 0.5 M NaOH, sorption of labile P, and heterogeneity of soil particles
within a sample may limit the accuracy of this fractionation procedure.

If a supply of 100-mL centrifuge tubes is a problem, smaller tubes (e.g., 50-mL or 40-mL) can be
used. In this case, the sample size and volume of extracting solutions should be decreased by
half.

Excess persulfate in the digests can interfere with color development in the determination
step. Persulfate oxidizes the ascorbic acid, so that no or less reductive agent is present to produce
the blue color of the phosphomolybdate complex. To solve this problem, the length of the
digestion time may be increased, or the digests can be diluted before the acid molybdate reagent
is added. As an alternative, the method described by Rowland and Haygarth (1997) requires less
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persulfate (0.15g K»S,0g) and utilizes an autoclave (1 h, 103.5 kPa, 120 °C) to complete sample
digestion.
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Phosphorus Fractionation in Flooded Soils and Sediments

Philip Moore, USDA-ARS, Fayetteville, AR
Frank Coale, University of Maryland

Introduction:

Phosphorus (P) chemistry in soils and sediments is greatly influenced by the oxidation-
reduction status (redox potential). Under oxidized conditions, ferric and manganic oxides and
hydroxides are important adsorption sites for P. In addition, ferric and manganic phosphate
minerals, such as strengite (FePO42H,0), and trivalent Mn phosphate (MnPO31.5H,0) can form
and persist under oxidized conditions. However, under reducing conditions these minerals are
unstable, resulting in dissolution and release of soluble P into the soil solution (Patrick et al.,
1973; Emerson, 1976; Emerson and Widmer, 1978; Boyle and Lindsay, 1986; Moore and Reddy,
1994).

Since Fe and Mn phosphate mineral formation is controlled by the redox potential of the
soil or sediment, it is important that soil and sediment samples that are collected under reduced
conditions are handled appropriately during P fractionation to get an accurate picture of the P
status. Allowing anaerobic sediments to become oxidized results in the rapid conversion of
ferrous iron (Fe*") to ferric iron (Fe’"). Within a very short time (seconds to minutes), solid
phase Fe(OH); precipitates out of solution. Fresh ferric hydroxide precipitates have tremendous
P sorption capacities, and they can cause the soluble P levels in the porewater to be reduced by
orders of magnitude in minutes. To avoid this, samples should be maintained under anerobic
conditions during the initial phases of P fractionation.

Sequential extraction schemes for P (phosphorus fractionation) have been employed by
various workers over the past 60 years, yet this is not an exacting science (Dean, 1938; Williams,
1950; Chang and Jackson, 1957; Williams et al., 1967; Chang et al., 1983). It must be kept in
mind that these are rather crude methods, with many extractants causing the dissolution of more
than one type of P solid phase. For example, sodium hydroxide is often used to extract Al and
Fe-bound P (van Eck, 1982; Hieltjes and Lijklema, 1980). However, this compound will also
extract organic P fractions, particularly in soils that have been heavily manured in the past.
Hence, authors must be aware of the pitfalls and fallibility of the methods we are outlining, and
use them only when they are the best procedure available.

Materials:

1. PVC or plexiglas cylinder for taking cores

2. Purified N2

3. Glove bag

4. Vacumn pump

5. Centrifuge and 250 mL centrifuge tubes with caps equipped with rubber septums
Reagents:

1. Deionized water

2. 1 MKCI

3. 0.1 M NaOH

4. 0.5MHCI

5. Concentrated HCI (trace metal grade)
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Method:

The P fractionation procedure described below is similar to that of van Eck (1982) as
modified by Moore and Reddy (1994).

Sampling:

Flooded soil or sediment samples can be taken with a PVC or plexiglas cylinder. The
coring device should be beveled from the outside so that it can be inserted into the sediment.
Under certain conditions, such as in salt marshes or rice fields, it may be necessary to pound on
the coring device with a hammer to reach the desired sampling depth.

The sample can be returned to the lab in the sampling cylinder or it can transferred to a
pre-weighed centrifuge tube. If it is to be transported in the cylinder, then a rubber stopper
should be placed on the bottom of the core to hold the sediment in place. It is a good idea to tape
the stopper in place. If the sample is taken under flooded conditions, leave some of the
floodwater on top of the sample. If samples have been taken from a lake bottom, then the entire
headspace should be filled with lake water and a stopper should be placed on the top of the
cylinder as well. This reduces the amount of shaking and minimizes disturbance of the
sediment/water interface.

If samples are taken in flooded or saturated agricultural fields, transfer them directly into
a 250 mL polycarbonate centrifuge tube. It is important that the sampling corer have an inside
diameter slightly smaller than the inside diameter of the centrifuge tube. To take the sample,
simply push the corer into the sediment to the desired depth (e.g., 10 cm). It may be difficult to
remove the core from the sediment without disturbing the sample. It may be necessary to hold
the sediment in place from underneath the core (usually by hand) when pulling the core out of
the ground to prevent the soil from falling out. If the soil is relatively fine textured the core can
be rocked side to side and removed. After the core has been removed from the sediment, pour the
water off and place the cylinder over the mouth of the centrifuge tube. If the sample is from a
coarse textured soil, it will fall into the tube. However, when clay contents are high, it will
adhere to the sampling core. In this case it is necessary to have a ramrod with a rubber stopper
(outside diameter slightly smaller than sampling cylinder’s inside diameter) to force the sample
into the centrifuge tube.

After the sample is in the centrifuge tube, tap the tube on a hard surface (palm of your
hand) to allow any entrained air bubbles to escape to the surface. If these air bubbles are not
removed, then the sample will become oxidized.

Next, screw the lid onto the centrifuge tube and insert a 12 gauge needle through the
rubber septum in the tube's top. Insert another 12 gauge needle that is connected via tygon tubing
to the N, gas cylinder and begin purging. Purge the headspace for 5-10 minutes with N, at a
pressure of about 69 kPa (10 psi). This pressure, coupled with the needle size, will result in a
loud hissing sound; absence of the sound may mean the needle is clogged with sediment. Extra
needles should be taken into the field in case this happens. After purging the sample, remove the
needle not connected to the N first, then the other needle. This allows a positive pressure of N,
on the sample, so if the container leaks, the leak will be outward.

If the samples are to be processed in less than two days, refrigeration is not required. For
longer periods, the samples should be put on ice to slow down biological activity. It should be
noted that many plastics, like polycarbonate, allow slow diffusion of oxygen. If samples are
stored for months in the refrigerator, the sediment along the walls of the tubes will change color
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to red and orange, as oxygen enters the tube and oxidizes iron. If this happens, the sample should
not be used.

Water-Soluble P:

The first fraction of P to be extracted from the sample is water-soluble P. If the sample
was taken in intact sediment cores and the researcher desires to obtain a depth distribution of P in
the core, then a glove bag is needed. Place the top of the core into the glove bag. Also place any
supplies (spatula, purged centrifuge tubes, syringes, etc.) into the bag. Fill the bag with N, gas,
and empty it two or three times to make sure it is oxygen-free. Use a ramrod with rubber stopper
(plunger) as described above to slowly push the sediment to the surface. Using the spatula, take
the first sample to the desired depth [it helps to have the depth increment (e.g., 5 cm) marked on
the plexiglas corer]. After the sediment has been placed in the tube, tap the tubes to get rid of
bubbles. Then push the plunger upward another 5 cm (or whatever depth is desired). Repeat this
process until all of the samples are in the tubes.

Open the glove bag and purge the headspace in the centrifuge tube as described earlier.
The headspace should be anaerobic, if the glove bag worked correctly. However, trace quantities
of O, can cause problems, so this extra step is warranted. If the samples were transferred to
centrifuge tubes in the field, purge them in the laboratory immediately prior to centrifugation to
make certain the headspace is oxygen-free.

First, record the weight of the tube plus sediment. Since the weight of the tube was
recorded earlier, the wet sediment weight will be known. Centrifuge the samples at 7500 rpm for
20 minutes. At this point the samples are most susceptible to oxidation, since the porewater is
separated from the soil. Hence, do not open the centrifuge tubes unless you are ready to filter
immediately.

It is preferable to filter the samples quickly, so vacuum filtration is strongly
recommended, using a 0.45 um membrane filter. Turn on the pump and quickly open and pour
the soil solution onto the filter. It should filter in a few seconds. Quickly pour the supernatant
into a plastic sample container and acidify with concentrated HCI to pH 2. It is mandatory that
the water-soluble sample be acidified. Otherwise, when the sample oxidizes, soluble iron will
precipitate soluble P, as discussed earlier.

If pH measurements are to be taken, do not filter all of the sample. Using a 60 mL
syringe, remove a suitable aliquot of the porewater for pH measurement. Hold the syringe
upright and get rid of any air bubbles. Keep the sample in the syringe until pH is measured.
Flooded soil/sediment samples have a high partial pressure of CO; (often greater than 5%). If
degassing occurs prior to pH measurement, the pH will often change by one to two units.

The acidified, filtered sample for water-soluble P can be analyzed by several methods. If
the Murphy-Riley method (Murphy and Riley, 1962) is used, then the anaylses can be referred to
as soluble reactive P. It is considered soluble since it passed through the 0.45 um membrane, and
reactive since it reacted with the reagents in the Murphy-Riley method.

The residual sediment from the water-soluble fraction will be used for the remaining
fractionation. Hence, after the porewater has been removed, screw the lid back on the tube and
purge with N, to maintain anaerobic conditions.

Loosely Sorbed P:

Various salts have been used in the past for loosely sorbed P. van Eck (1982) utilized
NH4CI for this purpose. However, in many studies focusing on P, it is also desirable to measure
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the amount of inorganic N present as ammonium. Hence, Moore and Reddy (1994) utilized KC1
for this fraction, so that exchangeable NH,4 (and exchangeable metals minus K) could be
determined on one sample.

After the porewater has been removed for water-soluble P, the tubes should be weighed
to determine how much water was removed from the sample. Next, the tubes are placed into a
glove bag and purged with N, gas as described above. The sediment in the tubes should then be
homogenized with a spatula, and a subsample (approximately 1 gram dry weight) should be
transferred into another pre-weighed centrifuge tube. Another subsample will be taken for
moisture content, so that the exact weight of the sample for P fractionation is known. While still
in the glove bag, add 20 mL of de-aerated 1 M KCl to the tubes. When the tubes are removed
from the glove bag, purge again with N, gas to ensure the headspace is oxygen-free.
Shake the tubes for 2 h on reciprocating shaker, then centrifuge at 7,500 rpm for 20 minutes, and
quickly filter through a 0.45 pm membrane as described above. The supernatant should be
acidified to pH 2 with concentrated HCI. The sample can then be analyzed by the Murphy-Riley
method. This fraction is loosely sorbed P.

After this fraction has been taken, precautions to maintain anaerobic conditions are no
longer needed. Decant excess KCl, then weigh again. Weights of each successive fraction are
needed to calculate the entrained liquid (containing soluble P) from the prior extraction.

Aluminum and Iron-bound P:

The residual sediment from the KCl extraction will be utilized ““as is” for the next
extraction (with NaOH). Add 20 mL of 0.1 M NaOH to the sample, and shake for 17 hours. Then
centrifuge at 7500 rpm and filter through 0.45 pm membrane filters. Analyze using the Murphy-
Riley method. This fraction is referred to as A/ and Fe-bound P.

It should be noted that some researchers will split this sample and digest half of the
sample prior to analysis with Murphy-Riley. The difference between the undigested NaOH
sample and the digested NaOH sample is referred to as "organic-bound P."

Calcium-bound or Apatite P:

After removing excess NaOH and weighing the previous sample, add 20 mL of 0.5 M
HCI and shake for 24 h. If the sediment contains free carbonates, open the samples during the
first 15 minutes or so to relieve the pressure from CO, buildup. After they have shaken for 24
hours, filter through 0.45 um membrane filters, and analyze using the Murphy-Riley method.
This aliquot is referred to as Ca-bound P, but may also contain some organic P.

Residual P:

The remaining sample can then be analyzed for total P following a nitric-perchloric acid
digestion or other suitable method. This is simply referred to as residual P, since it probably
contains some Al and Fe-bound P, as well as organic P. Residual P can also be calculated by
measuring total P on the original sample and subtracting the various fractions.
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Phosphorus Retention and Flux in Soil

Thanh H. Dao, USDA-ARS, Beltsville, MD

Introduction:

In soils and sediments, physicochemical and biological processes jointly act to control
phosphorus (P) in solution. The soluble reactive P fraction is taken up by plants, sequestered in
soil, or disperses in the surrounding environment. Although the primary mechanism for
environmental transport of P from agricultural soils is by erosion and surface runoff, specific
instances of subsurface movement have been reported (Heckrath et al., 1995; Eghball et al.,
1996; Gachter et al., 1998). Agricultural P inputs to nearby surface waters have been associated
with toxic algal blooms and the depletion of oxygen in aquatic systems. An improved
understanding of P retention and transport mechanisms is needed to develop management
practices to mitigate P transport and inputs to surface waters.

Typical methods used for assessing the environmental behavior of native and added P in
terrestrial and aquatic ecosystems include procedures for measuring the retention capacity of
soils and sediments and the associated kinetic parameters. Phosphorus retention has been
commonly determined by batch equilibrium methods in which soil or sediment samples are
agitated with P solutions of known concentrations (Graetz and Nair, 2008, this publication). The
suspension is equilibrated for a sufficient time to achieve apparent equilibrium in the system.
The advantages and disadvantages of the technique have been extensively reviewed (Green and
Karickoff, 1990; Sparks et al., 1996).

Flow methods have also been used to study water and dissolved solute movement, the
retention and desorption processes, for P in particular (Rao et al., 1979; van Riemsdijk and van
der Linden, 1984; Miller et al., 1989; Beauchemin et al., 1996). Flow methods are open systems
where solute and the reaction products with soil and sediment constituents are removed,
minimizing re-adsorption, secondary precipitation reactions, or inhibition of desorption.
Important parameters include water flux, chemical and hydrodynamic dispersion, sorption,
exchange and desorption characteristics, and transformation rates coefficients.

Applications:

A flow displacement approach facilitates the simulation of the dynamic sorption-
desorption, transformations, and transport of P in the soil and water system. Displacement
studies provide insights in the kinetics of P release and physical and chemical non-equilibrium
conditions that may influence nutrient mineralization and transport in soil. Columns experiments
have been conducted to study the miscible displacement of organic chemicals (Green and Corey,
1971; Rao et al., 1979; Dao et al., 1980; Wagenet and Rao, 1990) and for PO4-P in particular
(van Riemsdijk and van der Linden, 1984; Miller et al., 1989; Chen et al., 1996). Breakthrough
curves yield characteristics of the adsorption-desorption non-equilibrium and soil-solvent-solute
interactions (Green and Karickoff, 1990; Chen et al., 1996).

Materials and Equipment:

1. Columns made from PVC tubing of known inner diameter (ID) ranging from 5 to 100 mm
and length ranging from 100 to 300 mm.
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2. A Mariott bottle setup to achieve a constant hydraulic head above column intake for
steady-state flow.

A fraction collector, operating on a time- or volume-based mode.

A spectrophotometer for manual or automated P analysis.

5. Centrifuge, to attain 10,000 x g.

nalihe

Reagents:
1. P-free nutrient solution, i.e., deionized water or a 0.01M CaCl, solution. Dissolve 1.47 g
of CaCl,2H,0 in deionized water and dilute to 1 L.
2. Solution of known Br- concentration (10 mg Br L™"). Dissolve .0149 g of KBr per L.
3. Solution of known P concentration (10 mg P L™"). Dissolve 0.056 g of K,HPO, per L.
4. Microbial growth inhibitor, such as acetone or chloroform (20 g L™ of influent).

Procedures:
Soil/Sediment columns

Either obtain intact soil cores or pack a column with uniformly mixed soil/sediment
materials at overall density of 1.2-1.3 Mg m™. The lower end of the column is fitted with a fritted
glass porous plate and a drainage port.

P sorption

Deliver from a Mariott bottle maintaining a constant hydraulic head above the column
intake for steady-state flow. Collect effluent with a fraction collector. Acidify effluent fraction
and determine P concentrations.

P desorption

Upon achieving a steady-state outflow P concentration, substitute a P-free nutrient solution
as the influent to study P desorption from the soil/sediment column. It is important to be able to
switch rapidly from one solution to the other and minimize mixing of the two solutions at the
influent assembly. Collect fractions of the effluent as previously, and determine P
concentrations.

Analysis of P in effluent

Filter effluent through a 0.45- m membrane or centrifuge at 10, 000 x g for 15 min to
remove particulate matter, then acidify with HCI (<pH 2). Determine phosphorus concentrations
of effluent samples using spectrophotometric (Murphy and Riley, 1962; APHA, 1998a),
inductively-coupled plasma atomic-emission spectroscopic (APHA, 1998b), or ion
chromatographic (Nieto and Frankenberger, 1985; Dao, 2003) methods.

Calculations

Plot P concentrations against either time or volume of effluent to obtain an effluent or
breakthrough curve (BTC). The analysis of BTCs is greatly facilitated by expressing P
concentrations as relative or reduced concentration (C/C,) and the effluent volume as
dimensionless pore volumes. Calculate the number of pore volume (V/V,) by dividing the
amount of effluent by the liquid capacity of the column (V,). The latter can be calculated either
as:
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(i) Vo=ALq

where:
A = column cross-section area,
L = length, and
q = volumetric water content,

or,

(i1) from the difference in the initial dry weight of the column and the weight of the
saturated column at the end of the experiment.

The retardation of P (Rynos) relative to the movement of the water front is the measure of
interaction between soil and P. In simplest terms, the value of V/V, at C/C, = 0.5 is an
approximation of Rphos.

As pore geometry is unique for each soil column, a BTC for a non-reacting water tracer is also
obtained, providing a reference R and a measure of pore water velocity. A potassium bromide
(KBr) influent solution is used to obtain a Br- breakthrough curve.

The ratio of Ryhos to Ry will yield the retardation factor for P. As needed, the sorption coefficient
is determined from the following relationship between R and K when sorption is linearly related
to solute solution-phase concentrations (e.g. at low solute concentrations),

R=1+|Z |g
q

where:
r = soil bulk density, and
q = volumetric water content.

Comments:

The breakthrough of Br” is also determined in the effluent using potentiometric
(Frankenberger et al., 1996) or ion-chromatographic method (Dao, 1991; Tabatabai and
Frankenberger, 1996). Organic water tracers such as fluoro-benzoates have also been used in
many water movement studies (Bowman, 1984). Multiple tracers can be used simultaneously,
and relatively lower concentrations of tracers are needed as lower detection and quantification
limits are attainable with liquid-chromatographic techniques.

Graphical curve-fitting methods and numerical least-squares procedures are available to
obtain estimates of retardation factor and dispersion coefficient for constant concentration and
pulse-type effluent curves (van Genuchten, 1980; Parker and van Genuchten, 1984). Calculated
effluent curves are based on an equation that approximates closely the analytical solutions of the
advective-dispersive transport equation (Danckwerts, 1953),
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that, when x = L (column length), reduces to
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where
the Peclet number, P =vL/D,
R = retardation factor,
v = pore water velocity, and
erfc = the error function complement.

The sum of squares of the residuals between observed and calculated effluent relative
concentrations are minimized with iterative optimization of R and the Peclet number (or
indirectly the dispersion coefficient D).

Constant-volume solvent delivery pumps can be used for the metering of the influent
solutions. Maintaining constant flow conditions is essential in displacement studies of extended
duration. Programmable pumps can be used to study steady state or transient flow regimes.
Transport studies under unsaturated conditions are performed by the inclusion of a vacuum
chamber surrounding the column bottom and the fraction collector.
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Sampling Techniques for Nutrient Analysis of Animal Manures

R.O. Maguire and S.C. Hodges, Virginia Tech University
D.A. Crouse, North Carolina State University

Introduction:

Nutrient concentrations vary in most wastes and regular manure testing is now
recommended for developing nutrient management plans. For example, nitrogen ranged from 3
to 73 mg L™ in swine lagoon liquids, from 12 to 30,000 mg L™ in dairy slurry, and from 12 to
39,000 mg L' in lagoons for poultry operations with liquid waste management systems
(North Carolina Department of Agriculture and Consumer Services Agronomic Division,
unpublished data). These numbers should send a clear message to users of animal waste:
Average nutrient estimates may be suitable for the purposes of developing a waste management
plan, but these averages are not adequate for calculating proper application rates. Water
extractable P, which is often used in P Indices, has also been shown to be extremely variable
during manure storage and manure needs to be sampled as close to time of application as
possible (McGrath et al., 2005).

Proper sampling is the key to reliable waste analysis. No analytical method, statistical
calculation or laboratory quality control program can generate meaningful data from a poorly
representative sample. Since animal wastes are inherently heterogeneous, proper sampling
techniques are critically important (Chai, 1996). Reliable samples typically consist of material
collected from a number of locations around the lagoon or waste storage structure. The sampling
methodology described herein has been adapted from Zublena and Campbell (1993).

Obviously, sampling methods vary
according to the type of waste. This
publication will address liquid wastes and
solids. The liquid waste section will
address lagoon liquid (effluent) and
slurries. The solid waste section will
address waste products such as dairy dry
stacks and poultry litter.

Wooden pole (10 faet)

Plastic container (5
gallons)

Liquid Wastes: Plastic cup

Lagoon Liquid

Premixing the surface liquid in the
lagoon is not needed, provided it is the
only waste component that is being Figure 1. Liquid waste sampling device.
pumped for land application. Farms where
multistage lagoon systems exist should have the samples collected from the lagoon they intend to
pump for crop irrigation.

Samples should be collected using a clean, plastic container similar to the one shown in
Figure 1. Galvanized containers should never be used for collection, mixing, or storage due to
the risk of contamination from metals, such as Zn. A 500 mL sample of material should be taken
from at least eight sites around the lagoon and then mixed in the larger clean, plastic container.
Waste should be collected at least 2 m from the edge of the lagoon at a depth equivalent to that
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of the irrigation intake line in the lagoon, usually about 15 cm deep. Floating debris and scum
should be avoided. A 500-mL subsample of the mixed material should be sent to the laboratory.

Liquid Slurry

Waste materials applied as slurry
from a pit or storage pond should be mixed Clean-out dowsl
prior to sampling. If mixing occurs prior to ( 13310 dli;-pr:?ter
sampling, the liquid sampling device PVC pipe
pictured in Figure 1 can be used. If a storage (2 inches diameter,
structure without agitation is sampled, use a & feet long)
composite sampling device as shown in
Figure 2. Equal volumes of slurry should be
collected from approximately eight areas
around the pit or pond and mixed thoroughly
in a clean, plastic container. A 6-foot section _ Rubber bal
of 1- to 2-i1F1)ch plastic pipe can also be used: (@¥hoes clemetso
Extend the pipe into the pit; pull up the ball
plug (or press your thumb over the end to L

Plastic container
(5 gallons)

form an air lock); remove the pipe from the waste;  Figure 2. Composite sampling device.
and release the air lock to deposit the waste in the
plastic container.

Collect about a 500-mL subsample in a clean plastic container for transport to the
laboratory for analysis. The sample should not be rinsed into the container, since doing so skews
the measured nutrient analysis relative to the analysis of the actual collected sample. However, if
water is typically added to the waste prior to land application to aid in agitation and pumping, a
proportionate quantity of water should be added to the collected sample prior to analysis.

Whether sampling lagoon liquids or slurries, certain procedures are similar. All liquid
waste samples collected and submitted for analysis should be placed in a sealed, clean, plastic
container for storage and transport to the laboratory. Glass is not recommended due to potential
damage to the container during transport. Samples should be tightly sealed as soon as possible.
Some headspace should be left in the container to allow for some expansion of gases, lowering
the potential for the container to rapidly erupt when opened in the laboratory. However,
headspace should not exceed 2.5cm in order to minimize the potential for off-gassing of
ammonia from solution. Samples that cannot be transported to the lab on the day they are
collected should be refrigerated. The most frequent changes in waste samples, be it solid liquid
or sludge, are volatile losses, biodegradation, oxidation and reduction. Low temperatures reduce
biodegradation and sometimes volatile losses, but freezing liquid samples can cause degassing
(Bone, 1988). Anaerobic samples must not be exposed to air for significant periods of time.

Solid Wastes

Dry Stacks

Solid waste samples should represent the average moisture content of the manure. A 500
cm’ sample is recommended. Samples should be taken from approximately eight different areas
in the waste, placed in a clean, plastic container, and thoroughly mixed. Approximately 500 cm’
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of the mixed sample should be placed in a plastic bag, sealed, and analyzed as soon as possible.
Samples stored for more than two days should be refrigerated. Figure 3 shows a device for
sampling solid waste.

Dowel

Poultry Litter

If collecting poultry litter from
a stockpile or dry litter storage shed,
follow the procedure for Dry Stacks. In
most instances, the device shown in /
Figure 3 will not penetrate poultry
litter. A shovel must be used to dig to
the depth of sampling. Samples are Thin-walled metal
then remove by shpmg appropriately- p in;g::%mﬂ
sized vertical sections from exposed
wall of litter, keeping the sampling
volume as close as possible to about
500 cm’. If sampling directly from the
house, samples should be taken from approximately 20 to 30 different areas in the house. The
samples should be placed in a clean, plastic container and thoroughly mixed. When sampling, be
careful to get a representative sample. The number of samples taken from around the waterers,
feeders, and brooders should be proportionate to the area occupied by each. Sample only to the
depth the house will be cleaned, avoiding collecting soil from underneath the litter. Litter from
broiler breeder houses should be sampled after the slats are removed and the manure and litter
have been mixed. Approximately 500 cm’ of the mixed sample should be placed in a plastic bag,
sealed, and analyzed as soon as possible. Samples stored for more than two days should be
refrigerated.

Metal rod

Plastic comainer
{5 gallons)

Fioure 3. Solid-waste samnling device.
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Water-Extractable Phosphorus in Animal Manure and Biosolids

Ann M. Wolf, Pennsylvania State University

Philip A. Moore, Jr., USDA-ARS, Fayetteville, AR
Peter J.A. Kleinman, USDA-ARS, University Park, PA
Dan M. Sullivan, Oregon State University

Introduction:

The water extractable P content of land-applied manures and biosolids is a key water
quality indicator, and has been used in a variety of contexts to evaluate different materials on the
basis of their potential to release dissolved P to runoff water. Consistent and meaningful
measurement of water extractable P has been obtained by a variety of methods, each with its own
set of advantages and limitations (Self-Davis and Moore, 2000; Sharpley and Moyer, 2000,
Haggard et al., 2005; Baum et al., 2006; Vadas and Kleinman, 2006). Key differences in
methods include how materials are processed (drying, grinding), whether fresh materials are
extracted on a dry weight equivalent basis or on a wet basis, the amount of sample that is
extracted, extraction ratio (solution:solids), extraction time, solid separation technique, and
method of P determination (ICP vs. colorimetry). Recent efforts by SERA-17 culminated in the
selection of a universal water extraction protocol that addresses the concerns of testing
laboratories (reproducibility, ease of implementation, and adaptation to different manures and
biosolids) while providing a strong correlation between WEP and with dissolved P in runoff
(Kleinman et al., 2007).

Two water extraction methods are reported in this chapter. The first, adapted from
Kleinman et al. (2007) represents the consensus method of SERA-17 and, more importantly, has
been shown to work well with a broad array of manures and biosolids (dry and liquid). The
second method, derived from Self-Davis and Moore (2000), is also reported because it is
currently required by the Arkansas P Index for Pastures. That method has been used consistently
and reliably with poultry litter samples. However, because the Self-Davis and Moore (2000)
method does not fix the extraction ratio, it does not provide reliable comparisons of water
extractable P across manures with varying moisture content (see Kleinman et al., 2002).
Furthermore, due to the relatively low extraction ratio (approximately 10:1) of the Self-Davis
and Moore (2000) method, it presents practical difficulties and cannot be used with certain
manures and biosolids (see Kleinman et al., 2007).

UNIVERSAL WATER EXTRACTABLE P TEST FOR MANURE AND BIOSOLIDS
(adapted from Kleinman et al., 2007)

Summary of Method:

A representative sample containing 2.0 g of solids is extracted with water at a 100:1
solution:solids ratio for 1 hr, centrifuged and, if necessary, filtered. The filtrate is analyzed for
phosphorus (P) by inductively coupled argon plasma spectroscopy (ICP).

Apparatus and Materials:

1. Analytical balance, 300 g capacity, minimum accuracy of + 0.001 g
2. 250 mL centrifuge bottles
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3. Reciprocating shaker capable of 180-200 epm
4. Centrifuge capable of 3,000 or greater rpm
5. Whatman No. 40 filter paper and filter funnels
Reagents:
1. Reagent grade water, minimum resistance of 17 MQ cm
2. ICP Standards: P standards ranging from 0 (Reagent grade water blank) up to 100 mg L™

P.

Sample Preservation and Handling:

1. All sample containers should be pre-washed with phosphate-free detergents and rinsed
with deionized water. Plastic and glass containers are both suitable.

2. Samples shall be refrigerated (4°C) upon receipt and analyzed within three weeks.

Procedure

1. Determine the percent solids of the manure on a separate subsample (Peters, 2003).

2. Based on the percent solids determination, weigh or pipet a sample containing 2.0 g solids
(see calculations below) into a 250 mL centrifuge bottle.

3. Add reagent grade water to bring to a final weight of 202 g. If solids content of sample is
less than or equal to 1%, do not add additional water. Use 200 g of the as-received sample.

4. Shake samples on a reciprocating shaker (180-200 epm) for 60 minutes.

5. Remove bottles from shaker and centrifuge (3,000 rpm or greater) for 10 minutes. If
particulates are present, filter the centrifugate (No. 40 Whatman).

6. Analyze centrifugate for P on the ICP. If sample extract can not be analyzed immediately,
acidify to prevent precipitation of calcium phosphates by adding 5 drops of concentrated
HCI for each 20 mL of extract to lower pH to approximately 2.0. Acidified extracts can be
held for up to three weeks before P measurement. Samples may also be analyzed
colorimetrically but should be referenced to ICP analyses due to matrix interference
issues.

Calculations:
1. Sample size needed to provide 2.0 g solids is determined as follow:
Sample size to provide 2.0 g=2 x _100
% solids
2. The P concentration on an as-received (wet weight) basis in mg/kg is determined as
follows:
P (mg/kg) as-received basis = ICP P result (mg L") x 200
Sample size wet (g)
3. The P concentration on a dry weight basis is in mg/kg is determined as follows

P (mg/kg) as-received basis = ICP P result (mg L") x 200 x 100
Sample size wet (g) % solids
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ARKANSAS WATER-EXTRACTABLE P TEST FOR POULTRY LITTER
(adapted from Self-Davis and Moore, 2000)

Summary of Method:

A representative sample containing 20.0 g of fresh (as received) litter is extracted with
200 mL distilled water for 2 hrs, centrifuged and filtered. The filtrate is analyzed for P by
colorimetry.

Equipment:
1. Shaker (reciprocating or end-over-end)
2. Centrifuge
3. Centrifuge tubes (250 mL)
4. Filtration apparatus (0.45- m pore diameter)
5. Spectrophotometer with infrared phototube for use at 880 nm
6. Acid-washed glassware and plastic bottles: graduated cylinders (5 mL to 100 mL),

volumetric flasks (100 mL, 500 mL, and 1000 mL), storage bottles, pipets, dropper
bottles, and test tubes or flasks for reading sample absorbance.

Reagents:
1. Concentrated hydrochloric acid (HCI)
2. Reagents used for ascorbic acid technique, Murphy-Riley (1962)

Procedure:

Weigh 20 g of fresh litter into a 250 mL centrifuge tube. Add 200 mL of distilled water
and shake for two hrs. This ratio of 20 g manure to 200 mL distilled water leaves sufficient room
in the centrifuge tube for proper shaking. Centrifuge at 6,000 rpm for 20 minutes. Filter the
solution through a 0.45 pm membrane filter. Acidify to pH 2.0 with HCI to prevent precipitation
of phosphate compounds (normally add about 5 drops of concentrated HCI per 20 mL). Freeze
the sample if it is not going to be analyzed that day. Previous articles discussing the colorimetric
determination of P have noted that hydrolysis of condensed phosphates can occur when the
solution is acidified or in contact with acid for extended periods of time (Lee et al., 1965). Also,
at this pH level, there is the possibility of flocculation of organics. However, it is necessary to
make the sample solution as stable as possible, especially when there is a delay between the
extraction process and actual analysis. It is vital to ensure that P remains in solution. Therefore,
the negative effects of acid addition are often considered minimal.

In order to calculate the amount of water extractable P per kilogram of dry manure, the
water content of the manure should be measured. On the same day the manure is extracted,
weigh out another subsample (approximately 10 g) into a pre-weighed metal container and dry in
a forced draft oven at 60° C for 48 hrs.

Analysis:

To determine water extractable P in litter, analyze the samples by a colorimetric method,
such as that of Murphy and Riley (1962). Colorimetric determination yields an estimate of
reactive P in the filtrate and will result in somewhat lower values than those obtained by ICP,
which approximates total P in the filtrate (Kleinman et al., 2007).
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Calculations:
It is preferred to report P concentrations on a dry weight basis (mg P/kg dry manure)

Manure P conc. (mg/kg) =
[P conc. in extract (mg L™)] x [Extractant volume (L) + Mass of dry manure (kg)]

If presenting on an “as is” basis:

Manure P conc. (wet basis) (mg/kg) =
[P conc. in extract (mg L™")] x [Extractant volume (L) ~ Mass of wet manure (kg)]

Comments:

It can be difficult to filter manure extracts (particularly swine and dairy manure). To
improve the filter process first try increasing the centrifuge speed from 6,000 to 8,000 rpm or
higher (be sure to note the maximum rpm your centrifuge tubes can withstand). Also, samples
can be prefiltered though a glass-fiber filter to prepare them for 0.45 um membrane filtration. If
filtering is still difficult, manure-to-water ratios can be increased (from 1:10 to 1:15 or 1:20).
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Total Phosphorus in Residual Materials

M.R. Bender, St. Cloud State University
C.W. Wood, Auburn University

Introduction:

A review of literature pertaining to the analysis of total P in residual materials shows the
use of varied methods. Many methods employed are the same as those used in the determination
of total P in soil, such as NaHCOj fusion and alkali oxidation as described by Olsen and
Sommers (1982) and Dick and Tabatabai (1977), respectively (Wen et al., 1997; Harris et al.,
1994). In this case, it is important that the selected method effectively oxidizes the organic
matter of the residual material, since this component may contain P.

The methods discussed here are perchloric acid digestion, nitric acid-sulfuric acid
digestion, and persulfate oxidation used in conjunction with colormetric methods for
determination of total P as described by APHA (1989), and a rapid perchloric acid digestion for
analysis of total P by ion chromatography developed by Adler (1995). These methods have been
developed for the organic materials found in wastewater and other types of residual materials.

Perchloric Acid Digestion (APHA (1989))

Reagents
1. Concentrated HNO;

2. 70-72% HCIO,4 reagent grade

3. 6 M NaOH

4. Methyl orange indicator solution

5. Phenolphthalein indicator aqueous solution
Procedure

Add a known volume of a well-mixed sample to a 125 mL Erlenmeyer flask, and acidify
to a methyl orange endpoint (from orange to red) with concentrated HNO;. Add 5 mL more of
HNO:s. Evaporate solution to 15 to 20 mL on a steam bath or hot plate. Add 10 mL each of
concentrated HNO3; and HCIO, to the flask. Be sure to cool the flask before each addition. After
adding a few boiling chips, heat flask on a hot plate, and evaporate until dense, white fumes of
HCIOj appear. If the solution is not clear, cover the flask with a watch glass and keep solution
barely boiling until it clears. If necessary, 10 mL more of concentrated HNO; can be added to aid
oxidation. Cool the digested solution, and add 1 drop of phenolphthalein indicator solution. Then
add 6 M NaOH until solution turns pink in color. If necessary, filter the neutralized solution to
remove particulate material. Wash the filter liberally with distilled water. Bring the volume of
the solution to 100 mL with distilled water.

To determine total P, use one of the colormetric methods discussed in the colormetric
methods section of this chapter. Please note that choice of colormetric method depends on the
concentration range of orthophosphate in the sample. The vanadomolybdophosphoric acid
method can be used for samples that range between 1 to 20 mg P L. The ascorbic acid method
can be used for samples that range between 0.01 to 6 mg P L™
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Comments
The perchloric digestion method is recommended for samples that are difficult to digest.
Caution must be taken when mixing HCIO4 with organic materials. To avoid a violent reaction:
e Do not add HCIO; to a hot solution containing organic matter.
e Begin digestion of sample containing organic material with HNOs first, then complete
digestion with HNO; and HC104 mixture.
e Only use a fume hood designed for HCIO4 use.
e Do not allow solution to evaporate to dryness.

Nitric Acid and Sulfuric Acid Digestion (APHA (1989)):

Reagents
1. Concentrated H,SO4
2. Concentrated HNO;
3. Phenolphthalein indicator aqueous solution
4. 1 M NaOH
Procedure

Add a known volume of a well-mixed sample to a micro-kjeldahl flask. Add 1 mL of
concentrated H,SO4 and 5 mL of concentrated HNOs. Digest the solution to a volume of 1 mL,
and then continue digestion until solution becomes colorless to remove HNO;. Cool solution,
then add 20 mL of distilled water. Add 1 drop of phenolphthalein indicator solution and add 1 M
NaOH to the solution until a faint pink color is reached. If necessary, filter neutralized solution to
remove particulate material. Wash filter liberally with distilled water. Bring the volume of the
solution to 100 mL with distilled water.

To determine total P use one of the colormetric methods discussed in the colormetric
methods section of this chapter. Please note that choice of colormetric method depends on the
concentration range of orthophosphate in sample. The vanadomolybdophosphoric acid method
can be used for samples that range between 1 to 20 mg P L. The ascorbic acid method can be
used for samples that range between 0.01 to 6 mg P L™

Comments
Nitric acid and sulfuric acid digestion is recommended for most samples.

Persulfate Oxidation Method (APHA (1989)):

Reagents
1. Sulfuric acid solution (H,SO4). Prepare by adding 300 mL of concentrated H,SO4 to 600
mL of distilled water. Dilute solution to 1 L with distilled water.
2. Ammonium persulfate ((NHy4),S,0s) solid or potassium persulfate (K,S,0s) solid
3. 1 M (NaOH)
4. Phenolphthalein indicator aqueous solution
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Procedure

Add 50 mL of a well-mixed sample (or any other suitable volume) to a flask. Add 1 drop
of phenolphthalein indicator solution. If a red color develops, add H,SO4 solution dropwise until
color disappears. Then add 1 mL of H,SOy4 solution and either 0.4 g of (NH4)2S,0g or 0.5 g of
K,S,0s. Boil the solution gently on a preheated hot plate for 30 to 40 min or until a final volume
of 10 mL is reached. Those samples containing organophosphorous may take as much as 1.5 to 2
hr for complete digestion. Cool solution and dilute to 30 mL with distilled water. Add 1 drop of
phenolphthalein indicator solution. Then add 1 M NaOH until solution turns a faint pink color.
Heat the solution for 30 min in an autoclave or a pressure cooker at 98 to 137 kPa, then cool the
solution. Add 1 drop of phenolphthalein indicator solution. Then add 1 M NaOH until solution
turns a faint pink color. Bring the volume of the sample to 100 mL with distilled water. If a
precipitate forms, do not filter. The precipitate will redissolve during the colormetric method
used to determine total P. Mix solution well before further subdivision of the sample.

To determine total P use one of the colormetric methods discussed in the colormetric
methods section of this chapter. Please note that choice of colormetric method depends on the
concentration range of orthophosphate in sample. The vanadomolybdophosphoric acid method
can be used for samples that range between 1 to 20 mg P L. The ascorbic acid method can be
used for samples that range between 0.01 to 6 mg P L™.

Comments

Though the persulfate digestion method is a simple method, it may be prudent to check this
method against one of the other methods described in this chapter.

COLORIMETRIC METHODS
Vanadomolybdophosphoric Acid Method:

Reagents

1. Phenolphthalein indicator aqueous solution

2. 6 M HCI1 or similar strength solution of H,SO4 or HNOs.

3. Activated carbon (Darco G60 or equivalent). Rinse with distilled water to remove fine
particulate material.

4. Vanadate-molybdate reagent. Prepare solution A by dissolving 25 g ammonium
molybdate ((NH4)sM070,44H,0) in 300 mL of distilled water. Prepare solution B by
dissolving 2.5 g of ammonium metavanadate (NH4VO3) by heating to boil in 300 mL of
distilled water. Cool solution and then add 330 mL conc. HCI. Cool solution B to room
temperature. Pour solution A into solution B, mix, and then dilute to 1 L with distilled
water.

5. Standard P solution. Prepare by dissolving 219.5 mg of anhydrous KH,POj in distilled
water. Dilute solution to 1 L with distilled water. (1.00 mL = 50.00 png PO4-P).

Procedures

If sample pH is greater than 10, add 1 drop of phenolphthalein indicator solution to 50
mL sample and add 6 M HC1 drop until the indicator changes color. Dilute sample to 100 mL.
To remove excess color, shake sample with 200 mg of activated carbon for 5 min in an
Erlenmeyer flask. Place 35 mL or less of sample in a 50 mL volumetric flask. Add 10 mL of
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vanadate-molybdate solution to the flask and dilute the contents to 50 mL with distilled water.
To prepare a blank, add 35 mL of distilled water to a 50 mL volumetric flask in place of sample.
Prepare a standard curve by using suitable volumes of standard solution in place of sample. Add
standard solution to a 50 mL volumetric flask. Add 10 mL of vanadate-molybdate solution to the
flask and dilute the contents to 50 mL with distilled water. After 10 min or more read absorbance
of sample against blank. For solutions with 1-5mg P L", 2-10 mg P L", or 4-18 mg P L™
measure absorbence at 400, 420, or 470 nm, respectively.

Calculations
To calculate mg P L™

mg P L™ = [mg P (in 50 mL final volume) x 1000] + [sample volume (mL)]

Comments

Check activated carbon for P. Phosphorus in the activated carbon can result in high
reagent blanks.

Use acid-washed glassware for determining low concentrations of P. Wash glassware
with a P-free detergent, then clean all glassware with hot, diluted HCI and rinse well with
distilled water. For a P range of 1.0 to 5.0 mg P L' use a filter wavelength of 400 nm for the
spectrophotometer. For a range of 2.0 to 10 mg P L™ use a filter wavelength of 420 nm for the
spectrophotometer. For a P range of 4.0 to 18 mg P L™ use a filter wavelength of 470 nm for the
spectrophotometer.

Ascorbic Acid Method:

Reagents

1. 2.5 M sulfuric acid (H,SOy). Prepare by diluting 5 mL of concentrated H,SO4 into 500
mL of distilled water.

2. Potassium antimonyl tartrate solution (K(SbO)C4sH40¢ 1/2H,0). Prepare by dissolving
1.3715 g K(SbO)C4H4O6 1/2H,0 in 400 mL of distilled water in a 500 mL volumetric
flask, and dilute to volume with distilled water. Store reagent in a glass-stoppered bottle.

3. Ammonium molybdate solution ((NH4)sM070,44H,0). Prepare by dissolving 20 g
(NH4)6M070,244H,0 in 500 mL of distilled water. Store reagent in a glass-stoppered
bottle.

4. 0.01M ascorbic acid. Prepare by dissolving 1.76 g of ascorbic acid in 100 mL of distilled
water. Reagent is stable for approximately 1 week at 4°C.

5. Mixed reagent. Prepare by mixing 50 mL 5N H,SO4, 5 mL potassium antimonyl tartrate
solution, 15 mL ammonium molybdate solution, and 30 mL ascorbic acid solution. Mix
after addition of each reagent. Be sure that all reagents are at room temperature before
mixing, and be sure to mix in the order given. If turbidity forms during the combination
of reagents, shake and allow to stand until turbidity disappears before continuing.

6. Stock P solution. Prepare by dissolving 219.5 mg of anhydrous KH,POj in distilled
water. Dilute solution to 1 L with distilled water. (1.00 mL = 50.00 pug PO4-P).

7. Standard P solution. Prepare by diluting 50 mL of stock P solution to 1000 mL of
distilled. (1.00 mL = 2.50 pg PO4-P).
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Procedures

Pipet 50 mL of sample into a clean, dry test tube or a 125 mL Erlenmeyer flask. Add 1
drop of phenolphthalein indicator solution, if a pink color develops add 2.5M H,SO4 dropwise to
the solution. Add 8.0 mL of mixed reagent to the solution and mix thoroughly. Prepare a
standard curve by using suitable volumes of standard solution in place of sample. Use a series of
6 standard solutions within the approximate range of 0.01 to 2.0 mg P L. After 10 min, and
before 30 min, measure absorbance at 880 nm. Use a reagent blank as a reference solution.

Calculations
To calculate mg P L™

mg P L' = [mg P (in approximately 58 mL final volume) x 1000] + [sample volume (mL)]

Comments

For a P range of 0.30 to 2.0 mg P L™ use a light path of 0.5 cm for the spectro-photometer.
For a range of 0.15 to 1.3 mg P L™ use a light path of 1.0 cm for the spectrophotometer. For a
range of 0.01 to 0.25 mg P L™ use a light path of 5.0 cm for the spectrophotometer.

Rapid Perchloric Acid Digestion for Analysis by Ion Chromatography (Adler (1995)):

Reagents

1. 70 % HNO;
2. 70-72% HCIO,4 reagent grade
3. 30% H,O; solution

Procedures

Add 200 mg (dry wt.) of the sample to a graduated 50 mL digestion (N.P.N.) tube. Add
1.0 mL of each HNO; and HCIOj4 to the tube. Place tube into a 300°C preheated aluminum
digestion block and digest at boiling point until the HNO; has boiled off (10 min). This is
indicated by the subsidence of boiling. Then add 1.0 mL of H,O; to the solution and continue
digestion for another 20 min. Dilute the solution to 25 mL with double deionized water, vortex,
and filter solution through a 0.2 mm Gelman ion chromatography acrodisc. The sample can then
be further diluted for analysis by ion chromatography.

Dilution of sample for determining total P depends upon the column setup for ion
chromatography. Adler (1995) found that a 1:10 dilution of the sample is suitable when both
Dionex IonPac-AG4A and AS4A columns are used. A 1:50 dilution of the sample must be used
when only an Dionex IonPac-AG4A column is used. The eluent for either column setup should
be 1.80 mM Na,CO; and 1.70 mM NaHCO; at a flow rate of 2.0 mL/min. The regenerant for the
suppressor should be 12.5 mm H,SO, at a flow rate of 3 mL/min. The sample loop volume
should be 50 pL. Use standards containing equivalent concentrations of HClO4 as digested
samples to develop a 3 point standard curve.
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Comments

Adler (1995) found that the addition of an IonPac-AG4A guard column aided in better
separation of peaks of PO, and SO, in a HC1O4 matrix, and that all ions were eluted in less than
10 min. This also allows for up to 75% reduction in run time and the use of organic solvents can
be avoided.
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Bioactive Phosphorus Fractions in Animal Manure, Soil, and Extracts of Soils
and Manures

Thanh H. Dao, USDA-ARS, Beltsville, MD

Introduction

A wide variety of phosphatases or phosphohydrolases that cleave the ~C-OPO3 linkage
exist to release orthophosphate from phosphorus-containing organic compounds.
Phosphohydrolases include acid and an alkaline phosphatases (EC 3.1.3.2), wheat phytases (EC
3.1.3.26), fungal phytases (EC 3.1.3.8), nuclease P1 (EC 3.6.1.9), and nucleotide
pyrophosphatases (EC 3.1.30.1).

Enzymatic dephosphorylation of compounds such as inositol phosphates and other
orthophosphate monoesters, phosphorylated lipids, and phosphodiesters have been used in their
characterization in many biological media including organic residuals and soils. Substrate
specificity provide an analytical approach to determining these organic phosphorus forms in
animal manure (He and Honeycutt, 2001; Dao, 2003) Dao et al., 2006), and extracts of soils
(Hino, 1989; Shand and Smith, 1997; Turner et al., 2002; Toor et al., 2003; He et al., 2004) and
their in situ measurements in soils (Dao, 2004a, b; Dao et al., 2005; Green et al., 2005; 2006).

In an enzymatic assay, a manure sample, a soil sample, or an aqueous extract of these
matrices is incubated with a specific phosphohydrolase enzyme. The appearance and
accumulation of orthophosphate in the reaction medium indicates the presence of a form or class
of organic phosphorus-containing compound and concentration of the sample. However, current
enzymatic methods have been hampered by the low recovery of organic phosphorus substrates to
be a quantitative analytical tool. For instance, in sequential extractions of samples of swine and
cattle manures, less than 50% of the organic phosphorus extracted by water and NaOH were
enzymehydrolysable, and less than 15% of the organic phosphorus in the bicarbonate and NaOH
extracts were hydrolyzed (He and Honeycutt, 2001), in comparison to other analytical
methodology, i.e., Turner and Leytem (2004). Similarly, Hayes et al., (2000) reported less than
2% of soil total phosphorus (6.2 mg kg™') was desorbed and hydrolyzed in a 50-mM citric acid
extract and much less (0.3 mg kg™') in a water extract.

The intermediate and end product compounds of the dephosphorylation reaction are
reactive and many biogeochemical sinks for orthophosphate and inositol phosphates exist in
soils. For example, enzyme-hydrolysable P fraction in manure can be significantly
underestimated because inositol hexaphosphate complexed with polyvalent cations (i.e., Al
Fe™, Ca™, etc.) and was not susceptible to enzymatic dephosphorylation. The low recovery and
underestimation of organic P forms were not attributed to a lack of enzymes or the lack of the
organic phosphate substrates in the soil or manure samples. Dao (2004b; 2005) discussed the
probable causes of the overall inefficiency of enzymatic methods that include the biochemical
environment of organic phosphates.

A ligand-based mild fractionation assay was developed to differentiate in sifu bioactive
orthophosphate and orthophosphate monoesters, including inositol phosphates in manure (Dao,
2003; Dao et al., 2006) and soils (Dao, 2004b; Dao et al., 2005; Green et al., 2006) into pools
that reflect their potential for being desorbed and released to the liquid phase. The task is critical
to the accurate assessment of fate of environmental phosphorus and the protracted impairment of
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aquatic environments by time-dependent solubilization and dephosphorylation of organic
phosphates by ubiquitous phosphohydrolases in agricultural and natural ecosystems.

Applications

An assay of potentially bioactive forms and pools based on biological and biochemical
mechanisms may better reflect the biological stability of the phosphorus forms and their
availability to plants and microorganisms and the propensity of the bioactive species to trigger
eutrophic responses when discharged into an aquatic environment. The in situ enzymatic assay
has been applied to determine bioactive P fractions in dairy manures (Toor et al., 2005; Dao et
al., 2006). Dao et al. (2005) described the time dependent release of bioactive forms from
immobilized P in Ca, Fe-treated soils. Green et al. (2005; 2006) quantified P distribution in soil
aggregates and the potential loss of bioactive forms from conventional, no-till, and organic
cropping systems. A strong correlation was found between the release and movement of manure
bioactive P and manure-borne indicator pathogens in field transport studies (Dao et al.
unpublished data, 2006).

In- situ Bioactive Phosphorus Fractionation in Animal Manures.

Phosphorus is present in manures as inorganic and organic forms in proportions that
depend upon feed composition, mineral supplements added in the feed, feed intake and
absorption efficiency, and the external environmental conditions upon excretion.

Fractions of manure phosphorus that are measured in the in situ ligand-based enzyme-
hydrolysable phosphorus assay include:

e a water-extractable orthophosphate-phosphorus (WEP),

e aligand-exchangeable, in particular EDTA-extractable inorganic orthophosphate-P
(EEPi) pool that was not previously extracted by water alone,

e the total desorbed inorganic fraction,

e a water-extractable uncomplexed phosphohydrolase enzyme labile organic
phosphorus (UPHPo) pool,

e an EDTA-exchangeable and phosphohydrolase enzyme labile organic phosphorus
(EDTA-PHPo) pool that include phytate/inositol phosphates/phosphate diesters,
specific to the nature of the enzymes used,

e the total bioactive P fraction, and

e aresidual non-water extractable or ligand-exchangeable phosphorus (RESID-P)
pool.

Materials and Equipment
1. Sample cups and caps, plastic, 100mL-capacity
Test tubes, plastic, 14-mL capacity
Re-pipettes and disposable tips, plastic
Balance
Temperature-controlled water bath or shaker in controlled temperature chamber/room
Centrifuge, to attain 10,000 x g

SARNANE I el N
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Reagents

1. Ethylenediamine-N, N, N', N'-tetraacetate (EDTA), sodium salt: Make 0.1M stock
solution by dissolving 37.2 g and diluting to 1-L mark with DI water. Use 5.0 mL of this
stock solution and dilute to 1-L with DI water to the 0.5 mM EDTA working solution.

(NOTE: A working solution, of 0.5 mM and up to 5 mM EDTA can be used to determine
the exchangeable inorganic (EEPi1) and the organic ligand-exchangeable PHPo fractions
without interfering with the colorimetric measurements of phosphate-P by the
phosphomolybdateascorbic acid method).

2. Phytases/Phosphohydrolase enzyme preparation(s). Weigh appropriate amount to have
0.05 unit/mL of suspension, depending upon enzyme preparation specific activity.

For example, if measurements are made in a 100-mL sample of manure suspension and
the enzyme preparation has a specific activity 3.5 unit/mg, prepare an enzyme stock
solution containing

0.05 unit/mL * 100 mL = 5 units or
= 1.43 mg of enzyme preparation per mL of the enzyme stock
solution.

Procedures

Water-extractable inorganic P (WEP): Manure WEP is measured in duplicate
subsamples weighing between 0.5 to 0.7 g of dry manure (poultry or beef) or 0.1 to 0.2-g dry
weight equivalent for liquid manure (i.e., dairy feces, manure). Deionized water is added to
attain 1 to 100 (weight/volume) ratio of solid to liquid in a 100-ml plastic jar. The mixture is
shaken for 1 h on a gyratory shaker at 250 rpm. After centrifugation of a 5 mL aliquot at 10,000
x g for 15 min, subsamples of the supernatant (nominally, 2 mL) are acidified with 1 M HCl
before orthophosphate analysis.

Desorbable inorganic P: In another similar subsample of the manure, an aliquot of the
0.5 mM EDTA working solution is added (1 to 100 w/v) and the suspension shaken for 1 h (250
rpm). After centrifugation of a 5 mL aliquot at 10,000 x g for 15 min, subsamples of the
supernatant (similarly, 2 mL) are acidified with 1 M HCI before orthophosphate analysis.

Uncomplexed phosphohydrolase enzyme labile organic P (UPHPo): To the
remainder of the suspension used for the WEP measurement, add an aliquot of a stock of
fungal phytases EC 3.1.3.8 (0.05 unit/mL of suspension) and deionized water to replace that
volume removed for WEP measurements.

The manure-enzyme mixture is agitated at 250 rpm for 20 h at 24° C. Naturally, a
preliminary time course study can be conducted separately to determine the progress of the
dephosphorylation reaction over time to determine the optimal equilibration period for different
incubation conditions (See Dao, 2003). At the end of the equilibration period, the samples in test
tubes are immersed in boiling water for 10 min to denature the enzymes and stop the hydrolysis
reaction. The mixture is centrifuged at 10,000 x g, and aliquots of the supernatant are acidified
and used for P analysis.
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The total bioactive P fraction and complexed phosphohydrolase enzyme labile
organic P (EDTA-PHPo) are determined in the same samples used for the EEPi measurements.
Aliquots of a phosphohydrolase/phytases (e.g., EC 3.1.3.8) stock are added. The manure-enzyme

)
mixture is agitated for 20 h at 24 C, immersed in boiling water, centrifuged, and aliquots of the
supernatant is acidified prior to P analysis.
Residual P: The total P of the solid residues (RESID-P) is then be analyzed using a
persulfateconcentrated acid digestion. Residual P can also be calculated by determining the total
P of the original sample and subtracting the bioactive P fraction.

Calculations
The concentration of P in each fraction is calculated using the following equation:
P concentration of a given fraction (mg/kg) =
[Conc. of P (mg L™")] x [Volume of extractant (L) + mass of dry manure solids (kg)]

Water-extractable water: WEP concentration (mg/kg) =
[Conc. of WEP (mg L™)] x [Volume of extractant (L) + mass of dry manure solids (kg)]

Ligand-exchangeable inorganic P (EEPi) = Desorbable inorganic P - WEP
Uncomplexed phosphohydrolase enzyme labile organic P (PHPo) = UPHPo - WEP

EDTA-exchangeable phosphohydrolase enzyme labile organic P (EDTA-PHPo) = Total
bioactive P - Desorbable inorganic P

Note that the P concentration in the UPHPo and total bioactive P must be adjusted for the
volume removed in the preceding analysis for either WEP or EEPi.

In- situ Soil Bioactive Phosphorus Fractionation.
Fractions of soil phosphorus that are measured in the ligand-based enzyme-hydrolysable
phosphorus assay include:

e the water-extractable orthophosphate-phosphorus,

e an EDTA-extractable inorganic phosphate-P (EEP1) pool that was not previously
extracted by water alone,

o the total desorbed inorganic fraction,

e an EDTA-exchangeable and phosphohydrolase enzyme labile organic phosphorus
(EDTA-PHPo) pool that include phytate/inositol phosphates given the nature of the
enzymes used,

e the total bioactive fraction, and

e aresidual non-extractable by water or ligand-exchangeable phosphorus (RESID-P)
pool.

Materials and Equipment

1. Sample cups and caps, plastic, 100-mL capacity
2. Test tubes, plastic, 14-mL capacity

3. Re-pipettes and disposable tips

4. Balance
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5. Temperature-controlled water bath or shaker in controlled temperature chamber/room
6. Centrifuge, to attain 10,000 x g

Procedures

Water-extractable inorganic soil P (WEP) is measured in duplicate samples (0.5 g of
soil, dry weight basis). Fifty mL of deionized water is added to attain 1 to 100 (weight/volume)
ratio of solid to liquid in a 100-ml plastic jar. The mixture is shaken for 1 h on a gyratory shaker
at 250 rpm. After centrifugation at 10,000 x g for 15 min, subsamples of the supernatant
(nominally, 2 mL) are acidified with 1 M HCI before P analysis.

Desorbable inorganic P and ligand-exchangeable inorganic P (EEPi): In another soil
sample (0.5 g), a 0.5 mM EDTA is added (1 to 100 w/v) and the suspension agitated for 1 h on a
gyratory shaker (250 rpm) to measure complexed inorganic phosphates that are exchangeable
with the ligand, EDTA. Aliquots of the supernatant (similarly, 2 mL) are used for immediate P
analysis after centrifugation and acidification.

Total bioactive P and ligand-exchangeable phosphohydrolase enzyme labile organic
P (EDTA-PHPo): Aliquots of a stock of fungal phytases EC 3.1.3.8 (0.05 unit/mL) and
deionized water are added to replace that volume removed for EEPi measurements. The soil-
enzyme suspension is agitated for 20 h at 24° C, immersed in boiling water, centrifuged, and
aliquots of the supernatant is acidified prior to P analysis.

The RESID-P fraction is the difference between soil total P and the total bioactive P
fraction.

Calculations
The concentration of P in each fraction is calculated using the following equation:

P concentration of a given fraction (mg/kg) =
[Conc. of P (mg L™)] x [Volume of extractant (L) = mass of dry soil (kg)]

The P concentration in the total bioactive P fraction must be adjusted for the volume removed in
the analysis for EEPi.

Comments

Note that the UPHPo is not determined as hydrolyzed phosphate can be re-sorbed by soil
particles and thus underestimate this fraction.

Bioactive Phosphorus Fractions in Extracts of manure or soil samples and Runoff
samples.

Materials and Equipment:

1. Test tubes and caps, plastic, 14 mL-capacity
Re-pipettes and disposable tips

Balance

Temperature-controlled water bath or shaker
Centrifuge, to attain 10,000 x g

Nk
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Procedures:

Total bioactive P in aqueous extracts of dry solid manure or the liquid phase of dairy or
swine manures, and extracts of soil samples as well as in runoff samples can be separated into
WEP, LEPi, PHPo, and EDTA-PHPo, and RESID-P in accordance with the above procedures.
The extracted and hydrolyzed orthophosphate are subsequently determined to quantify each
fraction.

Water-extractable inorganic P (WEP) fraction is determined directly in the extracts.

Desorbed inorganic P and ligand-exchangeable inorganic P (EEPi): In another 9-mL
subsample of the extracts, aliquots of the 0.1 M EDTA stock solution are added to attain a
concentration of 0.5 mM EDTA and a final volume of 10 mL. The suspension is agitated for 1 h
(250 rpm) to measure complexed inorganic phosphates that are exchanged with the ligand,
EDTA. Aliquots of the supernatant (2 mL) are used for immediate P analysis after centrifugation
and acidification. The remaining 8 mL volume is used for determining EDTA-PHPo.

Uncomplexed phosphohydrolase enzyme labile organic P (UPHPo): To a 9-mL aliquot of
an extract, a 1-mL aliquot of a stock of fungal phytases EC 3.1.3.8 (0.05 unit of enzyme/mL of
suspension). The extract-enzyme suspension is agitated for 20 h at 24° C, immersed in boiling
water, centrifuged, and aliquots of the supernatant is acidified prior to P analysis.

Total bioactive P and ligand-exchangeable phosphohydrolase enzyme labile organic P
(EDTA-PHPo): Aliquots (1 mL) of a stock of fungal phosphohydrolase EC 3.1.3.8 and DI water
are added to replace that volume removed for EEPi measurements. The extract-enzyme
suspension is agitated for 20 h at 24° C, immersed in boiling water, centrifuged, and aliquots of
the supernatant is acidified prior to P analysis.

The RESID-P fraction is calculated as the difference between soil total P and the total
bioactive P fraction.

Calculations

The concentration of P in each fraction is calculated using the following equation:
P concentration of a given fraction (mg/kg) =
[Conc. of P (mg L™)] x [Volume of extractant (L) +~ mass of dry manure solids (kg)]

The P concentration in the UPHPo and EDTA-PHPo must be adjusted for the volume
removed in the preceding analyses for either WEP or EEPi.

Orthophosphate Determination

Although phosphorus concentrations of each fraction could be determined by inductively-
coupled plasma atomic-emission spectroscopy, colorimetric analysis (Murphy and Riley, 1962;
Amer. Public Health Assoc., 1998) or ion chromatography (Nieto and Frankenberger, 1985; Dao,
2003), methods should be used to measure orthophosphate that is exchanged or released upon
enzymatic dephosphorylation.
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Phosphorus Speciation in Soils and Manures by Solution *'P NMR
Spectroscopy

Benjamin L. Turner, Smithsonian Tropical Research Institute, Republic of Panama
April B. Leytem, USDA-ARS, Kimberly, ID

Introduction:

Phosphorus occurs in a diverse range of compounds that exhibit markedly different
behavior in the environment. Information on the chemical nature of phosphorus in soils and
manures is therefore of interest for studies that aim to understand phosphorus availability to
plants or its fate in the environment. The phosphorus composition of both soils and manures can
be conveniently determined by alkaline extraction and solution *'P nuclear magnetic resonance
(NMR) spectroscopy. The method is superior to conventional chromatographic separation
techniques because multiple phosphorus compounds can be quantified simultaneously with
minimal sample preparation and handling. The procedure outlined here involves extraction in a
solution containing sodium hydroxide and EDTA and can be applied to both soils and manures
with minor adjustments.

Chemicals:

1. Sodium hydroxide (NaOH), FW 40.00.

2. Ethylenediaminetetraacetic acid (EDTA), disodium salt dihydrate, C;oH;4N,OgNa,.2H,0,
FW 372.2

3. (Optional) Methylene diphosphonic acid (MDP), trisodium salt, CH;O¢P,Nas FW 241.95

4. Deuterium oxide (D,0), FW 20.03

Reagents:

1. NaOH-EDTA extraction solution: Dissolve 10.0 g of NaOH and 18.6 gof EDTA in 1 L
of deionized water. The solution contains 0.25 M NaOH and 50 mM EDTA. For poultry
and swine manures the NaOH concentration can be increased to 0.5 M to improve
spectral resolution (see discussion).

2. MDP solution: For soils, dissolve 39.05 mg of MDP in 100 mL deionized water to make
a solution containing 100 pg P mL™". For manures dissolve 390.5 mg of MDP in 100 mL
deionized water to make a solution containing 1 mg P mL™'. Note that MDP often
contains several moles of water per mole of solid, which must be accounted for when
preparing the standard solution. The solution is stable for several months in the
refrigerator.

3. NaOH-EDTA solution for NMR spectroscopy: Dissolve 4.00 g NaOH and 3.72 g EDTA
in 100 mL of deionized water. The solution contains 1.0 M NaOH and 100 mM EDTA.

Extraction procedure:
1. Weigh 5.00 = 0.01 g of air-dried soil or manure into a 250 mL centrifuge bottle and add
100 mL of NaOH-EDTA extraction solution (1:20 solid/solution ratio).
2. Cap the bottle and shake for 4 h (or 16 h overnight) at room temperature.
3. Centrifuge at approx. 10,000 g for 30 min and decant the supernatant.
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4.

5.

6.

Retain an aliquot of the supernatant for determination of total phosphorus by inductively
coupled-plasma optical-emission spectrometry (ICP—OES) or persulfate digestion
following an appropriate dilution (e.g., 10-fold for soil extracts or 100-fold for manure
extracts).

(Optional) To 50 mL of the remaining supernatant add 1 mL of MDP solution as an
internal standard.

Freeze the sample at —30°C or lower and lyophilize (freeze-dry). Homogenize the
lyophilized powder by gently crushing and mixing.

NMR spectroscopy:

1.

2.

Re-dissolve the lyophilized powder (50—100 mg) in 0.9 mL of 1.0 M NaOH-100 mM
EDTA solution and add 0.1 mL of D,O.

Transfer the sample to a 5-mm NMR tube and analyze by solution 3'P NMR
spectroscopy. Appropriate machine parameters for soil extracts are: a 45° pulse, 2.0 s
delay time, 0.8 s acquisition time, 20°C probe temperature. Broadband proton decoupling
should be used for all samples. Manure extracts may require a longer delay time of 5 s or
more (McDowell et al., 2006). The number of scans required to obtain a well-resolved
spectrum will vary depending on the phosphorus concentration in the sample, but most
soil extracts will require between 5000 and 30,000 scans. Typical experiment times using
the above parameters on a 500 MHz instrument are 12 h for soil extracts and 4 h for
manure extracts. Spectra are normally plotted with a line broadening of 5-10 Hz,
although values as low as 0.5 Hz can be used for well-resolved spectra of manures with
high phosphorus contents (e.g., Turner, 2004). A comprehensive description of the
procedure for solution *'P NMR spectroscopy of environmental samples can be found in
a recent review (Cade-Menun, 2005).

. Determine chemical shifts of signals in parts per million (ppm) relative to an external

standard of 85% H3PO4. Assign signals to individual phosphorus compounds or
functional groups (see Table 1). Signals areas are determined by integration and
phosphorus concentrations calculated either on the basis of the total phosphorus value
determined by digestion or using the MDP internal standard.

Example solution *'P NMR spectra of soil and manure extracts are shown in Fig. 1. Note
that when resolution allows, it is possible to identify and quantify individual signals in
the phosphate monoester region in detail (for detailed assignments see Turner et al.,
2003a). In particular, it is possible to quantify the four signals from myo-inositol
hexakisphosphate, which occur in a 1:2:2:1 ratio and are notably prominent in extracts of
swine manure and poultry litter (Fig. 1b). This compound can also be quantified in less
well-resolved spectra using spectral deconvolution software (Turner et al., 2003b) or by
using the signal from the C-2 phosphate at approx. 5.9 ppm.

Comments:

The NaOH-EDTA procedure described here is an adaptation of the original method,

which involved a 2-h extraction at 85°C (Bowman and Moir, 1993). This procedure is assumed
to quantitatively extract organic phosphorus from soil (Bowman and Moir, 1993; Turner et al.,
2005) and can extract > 90% of the total phosphorus from high organic matter soils (Cade-
Menun et al., 2000; Turner et al., 2004). Similar results have been reported for a range of
manures, notably swine manure and poultry litter (Leytem et al., 2004; Maguire et al., 2004;
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McGrath et al., 2005), although recovery from cattle manure appears more variable (Turner,
2004; Toor et al., 2005). Further details on the extraction of soil organic phosphorus can be
found elsewhere (Turner et al., 2005).

For analysis of swine manure and poultry litter, the concentration of NaOH can be
increased to 0.5 M; this does not alter phosphorus recovery but significantly improves spectral
resolution (Turner, 2004). A smaller amount of soil or manure can be extracted, provided that an
equivalent smaller volume of extraction solution is also used to maintain a 1:20 solid/solution
ratio. However, the practical limit to ensure sufficient phosphorus for NMR spectroscopy is
approximately 1.0 g of soil. Samples can be shaken for either 4 or 16 h with little influence on
phosphorus extraction or chemical composition. Although we recommend lyophilization as a
simple method of preconcentration it is also possible to use rotary evaporation to preconcentrate
the extract. In this case the sample should be analyzed soon after preparation (or frozen) to avoid
sample changes associated with prolonged storage in strong alkali.

Total phosphorus in the extract can be determined by either ICP—OES or persulfate
digestion, although it should be noted that persulfate digestion may underestimate the true value
in samples that contain phytate due to incomplete digestion of this compound (Denison et al.,
1998). The efficiency of the persulfate digestion procedure should therefore be assessed by
digestion of an authentic phytate standard.

Table 1. Assignments of signals in solution *'P NMR spectra of soil and manure extracts at pH > 13

(from Turner et al., 2003a).

Functional group or Signal(s) Compounds included

compound

Phosphonates 18 to 22 ppm 2-aminoethylphosphonic acid

Phosphate 6.1 ppm Inorganic orthophosphate

Phosphate monoesters 3.0 to 6.0 ppm myo-Inositol hexakisphosphate (4.6,

6.8 ppm 4.8, 5.0, 5.9 ppm), scyllo-inositol

hexakisphosphate (4.2 ppm), other
inositol phosphates, sugar phosphates,
mononucleotides

Phosphate diesters —1.0to 2.5 ppm DNA (0.5 ppm), phospholipids (0.5
to 2.0 ppm), RNA (0.5 ppm)

Pyrophosphate —4.4 ppm

Polyphosphate —4.0 ppm (end groups) Long-chain polyphosphate

Organic polyphosphates

—18 to —23 ppm (middle groups)

—4.3 ppm (y-phosphate)
—9.7 ppm (a-phosphate)
—19.7 ppm (B-phosphate)

Adenosine diphosphate, adenosine
triphosphate
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Fig. 1. Example solution *'P NMR spectra of NaOH-EDTA extracts of (a) a tundra soil from northern
Sweden containing a range of inorganic and organic phosphorus compounds (Turner et al., 2004); and (b)
a poultry litter from Delaware containing mainly phosphate and phytate, with other compounds present in
only trace amounts (Turner, 2004). The inset spectrum in 1(b) shows the four signals from phytate
corresponding to the positions of the phosphate groups on the inositol ring. Note the difference in the
chemical shift range of the two spectra.
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Nuclear Magnetic Resonance spectroscopy is performed on samples re-dissolved in a
strong alkaline solution to ensure well-resolved signals and consistent chemical shifts. A pH of <
13 in the redissolved extract should be avoided as it complicates signal identification and can
increase line broadening (Crouse et al., 2000). The D,0 is added for signal lock in NMR
spectroscopy, while the EDTA improves spectral resolution by chelating free iron (Turner and
Richardson, 2004). The use of a 10-mm probe allows spectra to be acquired more rapidly than
with a 5-mm probe, although the larger probes are less commonly available in university
chemistry laboratories.

A key limitation on the NMR procedure is that degradation of RNA and some
phospholipids occurs relatively rapidly in strong alkali (Makarov et al., 2002; Turner et al.,
2003a), so these compounds will be detected as phosphate monoesters in NMR spectra.
However, the monoester degradation products are stable, so the total organic phosphorus
concentration is unaffected. This is a lesser concern for manure analysis, especially swine and
poultry manures, because only a minor component of the organic phosphorus occurs as alkali-
labile compounds.

For manures, the NaOH-EDTA extraction procedure can form part of a simple two-step
fractionation scheme when combined with a preliminary extraction of soluble phosphorus in
sodium bicarbonate or water (Turner and Leytem, 2004). This allows manure phosphorus to be
conveniently separated into mobile/bioavailable and stable/refractory compounds.
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Water Sample Collection, Handling, Preparation and Storage

P.M. Haygarth, North Wyke, Okehampton, England
A.C. Edwards, Nether Backhill, Ardallie, By Peterhead, Scotland

Introduction:

Interfacing between the field, laboratory and chemical analysis is critical in determining
the forms of phosphorus (P) present in soil-water samples (Worsfold et al., 2005). Collection,
handling, preparation and storage procedures play a key role the operational definitions of P
forms (Rowland and Haygarth, 1997, Haygarth and Sharpley, 2000) and the lack of a standard
protocol can introduce serious bias into the precision and accuracy of the determination of the P
forms (Haygarth et al., 1995). It is therefore essential to adhere to sensible protocols.

Nomenclature:

To understand the problems of collection, handling, preparation, and storage it is first
necessary to consider the definitions and nomenclature of P forms commonly determined in a
water sample: Collection, handling, preparation, and storage can directly affect the analytical
endpoint. Forms of P in water attract differing and confusing nomenclature, and a systematic and
logical means of classification is required. Some fraction of the total P content of any water has
previously been classified by names which define the P in terms of filtration, and subsequently
chemical (i.e., Murphy and Riley (1962) molybdenum (Mo) blue reaction) methodologies
(Haygarth et al., 1998). Filtration is strictly a physically based definition of the carrier rather than
P form, but has been used to define the difference between ‘soluble’ or ‘dissolved’ and
‘particulate’ forms. However, any classification of nomenclature based on ‘dissolved,” ‘soluble,’
or ‘particulate’ is potentially flawed, because (a) the filter size and type has not been
standardized and (b) P can be associated with a continuum of <0.45 pum sized particles/colloids,
and samples vary widely in size distribution of particulate/colloidal material (De Haan et al.,
1984; Haygarth et al., 1997).

There are similar problems with chemically based definitions. Traditionally, the Murphy-
Riley method has been the standard, but this has been subject to many modifications, which alter
analytical conditions and introduce uncertainties about what forms of P are actually being
included in the determination. Ion chromatography and inductively coupled plasma (ICP)
techniques have increased in popularity, but these determine different forms of P than the
Murphy-Riley reaction. Users therefore need to be aware that P forms are very much
methodology defined, and the problem is identifying exactly what P forms are determined by
each method, and ultimately finding a system of nomenclature to incorporate these difficulties.
Because of this, methodologically driven definitions should be used in the nomenclature where
possible.

Reactive P is defined as that which is readily determined analytically by the Mo blue
reaction (Murphy and Riley, 1962). This is a very specific color reaction that determines
orthophosphate, but the analytical conditions (e.g., acidity) during color development stage can
change the chemical forms of P present within the sample. This means that Mo blue
methodology is prone to overestimating P, in comparison to chromatographic determinations
(Denison et al., 1998; Edwards and Withers, 1998), because the procedure may also determine
loosely bound inorganic/organic forms of P, by either acid-enhanced hydrolysis (Tarapchak,
1993) or hydrous ferric oxide-orthophosphate. Using P-31 NMR Turner et al. (2006)
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demonstrated the overestimation of organic-P in alkali extracts using molybdate colorimitry due
to the presence of inorganic-P associated with organic matter. The reaction is also vulnerable to
interferences with silica (Ciavatta et al., 1990). Conversely, the part of the P present in a sample
that requires digestion prior to detection should be called unreactive P. Unreactive P will contain
organic forms and some condensed forms of P, such as polyphosphates (Ron Vaz et al., 1993).
Therefore, any attempt to classify P as ‘orthophosphate,” ‘organic,’ or ‘inorganic’ in context with
Murphy-Riley chemistry is technically incorrect, as it relies on the Mo-reaction. Methodology
defined terms for describing the P chemistry with the Murphy-Riley reaction are therefore
‘reactive P’(RP), ‘unreactive P’(UP) and ‘total P’(TP) (i.e., reactive + unreactive, occurring after
an appropriate method of digestion, or measured directly by ICP). Thus RP, UP or TP are the
three prefixes of the suggested nomenclature.

Similarly, a systematic nomenclature for filtration is proposed, to be used as a suffix after
chemical form, which removes ambiguity associated with terms like ‘soluble,” ‘dissolved’ or
‘particulate,” all of which are non-exacting and subjective. Samples are defined specifically
according to filter size, with a suffix denoting the pore size (in microns) of the filter used in
parenthesis (e.g., <0.45 or >0.45). Therefore, the established system of classifying dissolved
reactive P (DRP) would be replaced by RP(<0.45). Where a sample has not been subjected to
filtration, the suffix (unf) is used. Figure 1 provides a visual summary of this nomenclature.
Ultimately, researchers can expand and adapt this methodology-defined nomenclature to include
other analytical methods such as ICP or ion chromatography.

Background:

An idealized and all-encompassing methodology for sample collection is impossible to
prescribe because it depends on circumstances and samples. Sampling designs must be
systematic, defensible and hypothesis-driven and therefore random and non-orthogonal sample
collection programs are not advisable. Typical soil/water environmental samples may vary from
laboratory soil extracts, (2) tension and zero-tension samples and, (3) flowing or standing waters.
Soil extractions are considered in other chapters, but it is necessary to be aware that storing and
sieving soil samples have been found to markedly affect the resulting extractable soil P
characteristics (Chapman et al., 1997). Tension (suction cup) samplers present uncertainties in
terms of their representativeness to ‘mobile’ soil water. Users of these techniques need to be
aware of these limitations. When sampling flowing waters from soils, there are three types of
procedures: grab samples, flow proportional samples and continuous (regular) samples
(Haygarth et al., 1998; Lennox et al., 1997). Flow proportional or continuous regular sampling
provides a truer estimate if determining export coefficients is the aim, whereas grab samples can
be used for comparative studies of spatial differences at one time. Harmel et al. (2006) suggest
the following recommendations as being generally applicable to field and small watershed
studies: (1) consider wet-weather access, travel time, equipment costs, and sample collection
method in the selection of sampling site numbers and locations; (2) commit adequate resources
for equipment maintenance and repair; (3) assemble a well-trained, on-call field staff able to
make frequent site visits; (4) establish reliable stage-discharge relationships for accurate
discharge measurement; (5) use periodic manual grab sample collection with adequate frequency
to characterize baseflow water quality; (6) use flow-interval or time-interval storm sampling with
adequate frequency to characterize storm water quality; and (7) use composite sampling to
manage sample numbers without substantial increases in uncertainty.
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Phosphorus is vulnerable to transformations during handling and storage, and there have
been many publications suggesting recommended handling strategies (Annett and D'Itri, 1973;
Bull et al., 1994; Gilmartin, 1967; Haygarth et al., 1995; Henriksen, 1969; Heron, 1962;
Krawczyk, 1975; Mackereth et al., 1989; Jarvie et al 2002). Changes can occur in the long term
(Bull et al., 1994) and short term (Haygarth et al., 1995) and can be classified into two types:
removal or transformation.

Removal (or ‘apparent’ removal) occurs by sorption to vessel wall (Latterell et al., 1974)
or precipitation. All forms of P can potentially suffer from removal by sorption/precipitation
reactions (indirectly affected by pH, redox, dissolved organic carbon (DOC), Ca, Al and Fe
content) with container walls. Colloid and particulate content of the water will also provide
surfaces for sinks and sources of P. Storage vessel size and material are critical at regulating the
extent of removal by sorption (Annett and D'Itri, 1973; Haygarth et al., 1995). Freezing of
samples is known to reduce losses by sorption, but is not recommended because it causes
physical transformations to occur (Johnson et al., 1975).

Transformation can occur through either chemical or biological mechanisms (Fitzgerald
and Faust, 1967; Heron, 1962). The sensitivity to transformations in storage brought about by
microbial mineralization/immobilization, hydrolysis and cell lysis generally increase with the
complexity of analysis and fractionation performed. For example, analysis for total P will only
be vulnerable to sorption/desorption interactions (see Figure 1) with vessel walls whereas
filtered, Mo reactive and unreactive forms of P are also vulnerable to transformations and
therefore may require a more stringent sample treatment. The presence/absence of chemical or
biological preservative has been shown to affect rates of transformation and Krawczyk (1975)
demonstrated that HgCl, at an equivalent concentration of 400 mg L™ suppressed microbial
transformations, but has the disadvantage of suppressing Mo-blue color reaction in flow-
injection systems (Haygarth et al., 1995). Other preservatives, such as chloroform, iodine and
dilute H,SO4 solutions have been described (Chakrabarti et al., 1978; Fishman et al., 1986;
Murphy and Riley, 1959), but these techniques can (1) kill microbial populations — releasing
reactive P, and (2) hydrolyse organic/polyphosphate P. Storage in darkness and temperature
regime has been shown to have a direct effect on transformations (Haygarth et al., 1995).
Freezing as a method of preventing transformation is not advisable because it can rupture
microbial cells and release P into solution upon thawing (Nelson and Romkens, 1972).

Sizes and types of filters affect the concentrations of P determined (Haygarth et al., 1997)
and, although threshold sizes used vary from 0.2 to 0.5 pm, 0.45 pm cellulose-nitrate-acetate
(CNA) filters are most common. The relationship between soluble and particulate P is not fixed,
but depends on the subsequent storage time and conditions. Samples with a high particulate
content may cause rapid blocking of filters and effectively reducing the filter pore size.

Recommended ‘Best Practice’:

Since the range and permutations of sample type, experimental conditions and requirements
are very high, we are reluctant to recommend a stringent ‘best procedure.” One of the key
conclusions of Haygarth et al. (1995) was that the range of conditions and recommendations by
researchers vary in response to different types of sample. For example, a suction cup sample
from a chalk soil with a high Ca content may require a different set of storage conditions than a
sample of drainage water from plots recently treated with cattle slurry: The former may be
vulnerable to removal by Ca-P precipitation, while the sample influenced by slurry may be more
vulnerable to microbial transformations. Further, since the kinetics of change during storage are
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extremely variable between water samples, uniform procedures may not help as a broad-brush
recommendation for all samples. Similar conclusions have been made by Jarvie et al. (2002) who
considered the potential sensitivity of rivers with different physical, chemical and biological
characteristics (trophic status: turbidity, flow regime, matrix chemistry) in terms of errors
associated with sampling, sample preparation, storage, contamination, interference and analytical
errors. Key issues identified by these authors include:

e The need to tailor analytical reagents and concentrations to take into account the
characteristics of the sample matrix;
The effects of matrix interference on the colorimetric analysis;
The influence of variable rates of phospho-molybdenum blue colour formation;
The differing responses of river waters to physical and chemical conditions of storage;
The higher sensitivities of samples with low P concentrations to storage and analytical
errors.

On this cautionary note, we therefore recommend a ‘best practice’ rather than a ‘best
procedure.” Researchers must be aware of the potential hazards and be ready to adapt the
procedures to suit their particular circumstances.

Equipment:

With field sampling, ceramic suction cups may have a tendency to sorb P, whereas PTFE
samplers may present less of a problem. Storage vessels made with PTFE may minimize
sorption, but the removal effects of using polyethylene are only slightly worse (Haygarth et al.,
1995). Sample bottles should be as large as is practicable because this reduces the surface area to
volume ratio, with volumes >100 mL most effective for minimizing changes. Researchers need
to consider whether bottles should be washed (e.g., 10% v/v H,SO4or in a P free detergent such
as Decon) and if so, how often and the appropriate rinsing procedure. If bottles are to be used
again perhaps it may be more appropriate to store them in clean water. Filtration usually should
be through 0.45-pm CNA membranes, according to the water industry standards.

Reagents:

No chemical preservatives should be used, as these change microbial populations, which
affect the forms of P determined. In extreme circumstances, with waters that are particularly
vulnerable to transformations, researchers may wish to consider the relative advantage of using a
0.22-pm CNA membrane to sterilize by filtration.
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PHOSPHORUS IN WATER SAMPLE

\ 4

v

Filtration thorugh 0.45 pm
CNA membrane filters

v

Appropriate method of digestion
(NB. Techniques such as ICP)

Molybdate-blue Reaction (after Murphy and Riley, 1962)

\ 4 v v v
) Reactive P Total P
Reeflvcltlve(ll) filtered filtered Tf(j‘;al Pd
unfiltere (<0.45 pm) (<0.45 m) unfiltere
RPunf RP 0.45 TP TPunf
<0.45pm <0.45pm

Calculation by difference

Reactive P (>0.45) = RP -RP

unf <0.45mm
Unreactive P (<0.45)=TP _, . -RP_, .
Total P (>0.45)=TP . -TP _, 5 .,

Unreactive P (>0.45) = Total P (>0.45) - Reactive P(>0.45)

Figure 1. Operationally defined forms of P in water samples.
CNA = cellulose-nitrate-acetate, ICP=inductively coupled

plasma.
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Procedure:

1. When sampling, three bottle fills should be discarded and the fourth sample retained, in
order to ‘condition’ the bottle. This may be difficult to achieve with an autosampler.

2. Samples must be rapidly transferred to the laboratory and stored in a refrigerator at 4°C.

3. The pressure of filtration should not ordinarily exceed 60 cm /Hg (80 kPa). All filtration
should be undertaken within 12 h. Filters should be pre-washed with deionized water,
conditioned with sample, and both these eluent solutions discarded.

4. For samples that are vulnerable to transformation (such as those for reactive/unreactive
P), the total time between sampling and analytical determination should not be greater
than 24 h. Researchers should be aware of the potential for transformations to occur when
samplers store storm samples at remote sites.

5. For samples only vulnerable to removal (such as those for total P determination), the total
time between sampling and analysis can be longer than 24 h, most ideally stored at 40C.
It is recommended that if samples must be stored for TP, where digestions are needed,
they should be readily pipetted into bottles for digestion prior to storage, to minimize
problems of sorption to bottle walls.

Comments:

The wide range of sample properties means that it is difficult to set a standard protocol
and the above recommendations must be interpreted in this context. For example, there may be a
need for setting different protocols for different extremes of particulate content or electrolyte
concentration. The main principle behind sampling is minimal disturbance and rapid transfer to
the analytical end point. There is a need to be aware of the varying methodological definitions of
P, controlled by the analytical methods. Recognize that storage starts in the field — perhaps in the
suction cup collection vessel or in an autosampler bottle, so this must be borne in mind in
adopting a best practice. Quality control and quality assurance schemes, which use real samples,
are to be encouraged and adopted.
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Dissolved Phosphorus in Water Samples

D.H. Pote, USDA-ARS, Booneville, AR
T.C. Daniel, University of Arkansas

Introduction:

Dissolved P (DP) in water samples refers to the P fraction that passes through a 0.45-pm-
pore-diameter membrane filter. Although the filtration process may not completely separate
dissolved and suspended forms of P, this method can be easily replicated. Therefore, it provides
a convenient technique for clearly defining the analytical separation of the dissolved and
suspended P fractions.

Filtered water samples have usually been analyzed for DP by the Murphy-Riley
colorimetric procedure (Murphy and Riley, 1962) to obtain the fraction known as dissolved
reactive P (DRP), as discussed in the following paragraphs. However, some laboratories now
find it more convenient to analyze filtered water samples by inductively-coupled plasma (ICP)
spectrometry to determine the DP concentration. A discussion of this fraction (ICP-DP) and its
comparison to DRP is provided in Chapter 1 of this publication.

DRP Analysis:

Dissolved reactive P, sometimes called soluble reactive P, refers to the P fraction that
passes through a 0.45-um-pore-diameter membrane filter and responds to the molybdate
colorimetric test without preliminary hydrolysis or oxidative digestion of the water sample. It is
largely a measure of dissolved orthophosphate, the form of P most readily available to aquatic
plants, and thus is often considered the most critical P fraction contributing to accelerated
eutrophication of surface waters.

Development of the molybdate colorimetric test for ortho-P in water samples was based
on the observation that ammonium molybdate and potassium antimony tartrate react with dilute
ortho-P solutions in an acid medium to form an antimony-phospho-molybdate complex.
Reduction of this complex by ascorbic acid gives it an intense blue color that is proportional to
the ortho-P concentration. Early prototypes of this colorimetric technique were being used more
than 70 years ago to determine P concentrations. Ammon and Hinsberg (1936) reported using
ascorbic acid to reduce phosphomolybdic acid to molybdenum blue as a method of analyzing for
P and As. Greenfield and Kalber (1954) suggested using the technique for analysis of sea water.
Murphy and Riley (1958) recommended altering the method to provide a single reagent for
phosphate determination in sea water, but their initial modified technique required 24 h at room
temperature or 30 min at 60°C for full color development. The higher temperature or long time
period required for color development raised concerns because either condition may allow
hydrolysis of some organic P compounds to orthophosphate. Therefore, Murphy and Riley
(1962) revised the method again when they found that adding antimony (as potassium antimonyl
tartrate) to the reagent caused full color development in 10 min at room temperature. The basic
procedure has changed little since 1962, but it has been modified for use on autoanalyzers.

For the procedure as described below, the minimum detectable P concentration is
approximately 10 pg L.

Equipment:
1. Filtration apparatus (0.45-pm pore diameter)
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2.

Photometer - Spectrophotometer with infrared phototube for use at 880 nm and providing
a light path of at least 2.5 cm or a filter photometer with a red color filter and a light path
of at least 0.5 cm. For light path lengths of 0.5, 1.0, and 5.0 cm, the P ranges are 0.3-2.0,
0.15-1.30, and 0.01-0.25 mg L™, respectively.

Acid-washed glassware and plastic bottles: graduated cylinders (5 mL to 100 mL
measurements), volumetric flasks (100 mL, 500 mL, and 1000 mL), storage bottles
(including dark glass-stoppered, and opaque plastic), pipettes, eye droppers, and test
tubes or flasks for reading sample absorbance.

Reagents:

1.

7.

8.

2.5 M H,S04. Slowly add 70 mL of concentrated H,SO4 to approximately 400 mL of
distilled water in a 500 mL volumetric flask. After the solution has cooled, dilute to 500
mL with distilled water, mix, and transfer to a plastic bottle for storage.

Ammonium molybdate solution. Dissolve 20 g of (NH4)sM07024-4H,0 in 500 mL of
distilled water. Store in a plastic bottle at 4°C.

. Ascorbic acid, 0.1 M. Dissolve 1.76 g of ascorbic acid in 100 mL of distilled water. The

solution is stable for about a week if stored in an opaque plastic bottle at 4°C.

Potassium antimonyl tartrate solution. Using a 500 mL volumetric flask, dissolve 1.3715
g of K(SbO)C4H4061/2 H,0 in approximately 400 mL of distilled water, and dilute to
volume. Store in a dark, glass-stoppered bottle.

Combined reagent. When making the combined reagent, all reagents must be allowed to
reach room temperature before they are mixed, and they must be mixed in the following
order. To make 100 mL of the combined reagent:

e Transfer 50 mL of 2.5 M H,SO4 to a plastic bottle.

e Add 15 mL of ammonium molybdate solution to the bottle and mix.

e Add 30 mL of ascorbic acid solution to the bottle and mix.

e Add 5 mL of potassium antimonyl tartrate solution to the bottle and mix. If
turbidity has formed in the combined reagent, shake and let stand for a few min
until turbidity disappears before proceeding. Store in an opaque plastic bottle.
The combined reagent is stable for less than 8 h, so it must be freshly
prepared for each run.

Stock phosphate solution. Using a 1000 mL volumetric flask, dissolve 219.5 mg
anhydrous KH,POy, in distilled water and dilute to 1000 mL volume; 1 mL contains 50 ug
of P.

Standard P solutions. Prepare a series of at least six standard P solutions within the
desired P range by diluting stock phosphate solution with distilled water.

Phenolphthalein indicator solution.

Procedure:

1.

2.

Filter sample through a membrane filter (0.45-pm pore diameter). Hard-to-filter samples
can be prefiltered through a glass fiber filter to prepare them for membrane filtration.
Pipet 50.0 mL of sample into a clean, dry test tube or flask. Add 1 drop (0.05 mL) of
phenolphthalein indicator and mix. If a red color develops, add just enough drops of 2.5
M H,S0O4 to remove the color. Add 8.0 mL of combined reagent and mix thoroughly.
Wait at least 10 min (but no more than 30 min) before measuring the absorbance of each
sample at 880 nm, using reagent blank as the reference solution.
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3. Natural color of water should not interfere at the high wavelength used in this procedure.
However, if the water samples are turbid or strongly colored, prepare a blank by adding
all reagents except potassium antimonyl tartrate and ascorbic acid to a water sample. To
obtain the actual absorbance of each sample, subtract absorbance of the blank from the
sample's measured absorbance.

4. Prepare a calibration curve from the series of at least six standard P solutions within the
desired P range. Use a distilled water blank with the combined reagent when making the
photometric readings for a calibration curve, and plot absorbance vs. P concentration to
obtain a straight line passing through the origin. Each set of samples should include at
least one P standard to assure accuracy of the results.

Comments:

Arsenate concentrations as low as 0.1 mg L™ can interfere with the P determination by
reacting with the molybdate reagent to produce a blue color. Hexavalent chromium and NO;" at 1
mg L™ can interfere to give results about 3% low, and at 10 mg L™ give results 10-15% low.

If an autoanalyzer is being used for this procedure, the following adjustment in reagent
preparation is recommended: When making potassium antimonyl tartrate solution, 1.5 g of
K(SbO)C4H404 1/2H,0 should be dissolved in distilled water to make 500 mL of solution.
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Total Phosphorus and Total Dissolved Phosphorus in Water Samples

D.H. Pote, USDA-ARS, Booneville, AR
T.C. Daniel and P.B. DeL.aune, University of Arkansas

Introduction:

Dissolved orthophosphate is the form of P most readily available to aquatic plants, but
numerous studies have shown that other forms of P can be hydrolyzed to the orthophosphate
form in wastewater-treatment facilities and in natural waters. Therefore, when assessing the
long-term potential for accelerated eutrophication of surface water due to P loading, many
researchers and watershed managers want to know the total P concentration (regardless of P
form) in water samples.

Polyphosphates and phosphates bound to organic substances do not react with the
molybdate reagent used for colorimetric P analysis, and particulate P can not be directly
measured by colorimetric analysis or by inductively-coupled plasma (ICP) spectrometry.
Therefore, analysis for total P content of water samples requires that all condensed and organic P
compounds, including particulate P, first be converted (hydrolyzed) to orthophosphate so they
can be determined colorimetrically or by ICP spectrometry. This is accomplished by digesting
the sample in strong acid at high temperature to oxidize the organic matter and release P as
orthophosphate. Published methods for the digestion process have been available for many
decades. Improved methods have been developed, but all of them use heat and/or various strong
acids, sometimes in combination with strong oxidizing reagents. For example, the wet ashing
digestion method (using concentrated HNO; and H,SO4) described by Peters and Van Slyke
(1932) was considered reliable, but was very time-consuming, so other researchers developed
faster digestion procedures. Perchloric acid digestion, described by Robinson (1941), is still
considered a standard method for total P analysis, but it is time-consuming and dangerous
because heated mixtures of HC1O4 and organic matter may explode violently. Therefore, other
digestion methods (listed below) are usually preferred.

To determine the total dissolved P fraction, the particulate P is separated by filtering the
water sample through a 0.45 um pore diameter membrane filter before beginning the digestion
procedure. To determine total P (dissolved + particulate), an unfiltered sample is shaken (to
suspend the particulate matter) just before measuring the subsample for digestion.

Sulfuric Acid - Nitric Acid Digestion Method:

Equipment

1. Digestion rack. Digestion racks designed for micro-Kjeldahl digestions can be used, but
need to include a provision for withdrawal of fumes. A digestion rack heated by either
gas or electricity is suitable.

2. Micro-Kjeldahl flasks.

3. Acid-washed graduated cylinders, pipettes, eye droppers, 100 mL volumetric flasks, and
glass boiling beads.

4. Any additional equipment required for colorimetric determination of P in the digested
sample solution (described in previous chapter on Dissolved P) or for analysis by ICP
spectrometry.
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Reagents
1. Concentrated H,SO4
2. Concentrated HNO;
3. Phenolphthalein indicator aqueous solution
4. 1 M NaOH
5. Any additional reagents required for colorimetric determination of P in the digested

sample solution (described in previous chapter on Dissolved P) or for analysis by ICP
spectrometry.

Procedure

1. Transfer a measured volume of sample into a micro-Kjeldahl flask. We recommend a
volume of at least 25 mL if adequate sample is available. Larger volumes can be used,
but they require a longer digestion time.

2. Add I mL of concentrated H,SO4

Add 5 mL of concentrated HNO;3

4. Add a few glass boiling beads. Start the digestion at 100°C, and gradually ramp the
solution temperature up to approximately 200°C.

5. Digest to a volume of 1 mL and then continue digesting until the solution becomes

colorless (to remove the HNO3). Note: Some dirty water samples may not become clear

enough for good spectrophotometer readings. These dirty samples can be clarified by
gradually adding drops of 30% sodium peroxide during the digestion process (when the

sample volume has been reduced to about 5 mL).

Cool the flask and add approximately 20 mL of distilled water.

Add 1 drop (0.05 mL) of phenolphthalein indicator and mix.

Add drops of 1 M NaOH until the sample solution acquires a faint pink tinge.

Transfer the neutralized solution (if necessary, filtering to remove turbidity or particles)

into a 100-mL volumetric flask. If a filter is used, be sure to add distilled-water filter

washings to the flask.

10. Adjust sample volume to 100 mL with distilled water.

11. Use the molybdate colorimetric test (described in previous chapter on Dissolved P) or
ICP spectrometry to determine the P content of the digested solution.

12. To prepare the calibration curve, carry a series of standards through the digestion process.
Do not use standards that have not been digested.

[98)
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Persulfate Digestion Method A (traditional):

Equipment

1. Hot plate with adequate heating surface. An autoclave or pressure cooker capable of
developing 98 - 137 kPa may be used instead of a hot plate.

2. Acid-washed graduated cylinders, pipettes, eye droppers, and volumetric flasks (100 mL
and 1000 mL).

3. Any additional equipment required for colorimetric determination of P in the digested
sample solution (described in previous chapter on Dissolved P) or for analysis by ICP
spectrometry.
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Reagents

1.
2.

nalihe

Phenolphthalein indicator solution

Sulfuric acid solution. Transfer approximately 600 mL of distilled water to a 1000 mL
volumetric flask. Slowly (and carefully) add 300 mL of concentrated H,SO4. After the
solution has cooled, dilute to 1000 mL with distilled water and mix.

Ammonium persulfate, (NH4),S,0Og solid or potassium persulfate, K,S,0Og solid.

IM NaOH

Any additional reagents required for colorimetric determination of P in the digested
sample solution (described in previous chapter on Dissolved P) or for analysis by ICP
spectrometry.

Procedure

1.

P w

—

10.

1.

Thoroughly mix the sample, and measure a suitable portion (50 mL is recommended) into
a flask.

Add 1 drop (0.05 mL) of phenolphthalein indicator and mix. If a red color develops, add
just enough drops of H,SO4 to remove the color.

Add 1 mL of H,SOy, solution.

Add either 0.4 g of solid (NH4),S,05 or 0.5 g of solid K,S,03 and mix.

Boil the sample solution gently on the preheated hot plate for at least 30-40 min or until
the volume is reduced to 10 mL. Some organophosphorus compounds may require 2 h for
complete digestion.

Cool the solution, and dilute to approximately 30 mL with distilled water.

Add 1 drop (0.05 mL) of phenolphthalein indicator.

Add drops of 1M NaOH until the sample solution is neutralized (acquires a faint pink
tinge).

Dilute to 100 mL volume with distilled water. If a precipitate forms, do not filter, but
shake well for any subdividing of the sample. The precipitate redissolves during the
colorimetric test due to increased acidity.

Use the molybdate colorimetric test (described in previous chapter on Dissolved P) or
ICP spectrometry to determine the P content of the digested solution.

To prepare the calibration curve, carry a series of standards through the digestion process.
Do not use standards that have not been digested.

Persulfate Digestion Method B (alternative):

This alternative persulfate digestion method was developed recently for determining total

P in relatively clean water samples. It has gained popularity because it is easier to use and
produces less toxic residues than other procedures, and does not require a vent hood apparatus.
Because this method works well for clear water samples, it is often preferred for measuring total
dissolved P (TDP). However, this alternative persulfate method is not recommended for
water samples that contain visible quantities of sediment or suspended solids, so it is not
always appropriate for determining TP.

Equipment

I.

Autoclave (120°C).
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2. Acid-washed graduated cylinders, pipettes, eye droppers, and volumetric flasks (100 mL
to 1000 mL).

3. Aluminum foil.

4. Any additional equipment required for colorimetric determination of P in the digested
sample solution (described in previous chapter on Dissolved P) or for analysis by ICP
spectrometry.

Reagents

1. Phenolphthalein indicator aqueous solution (1.2 g /250 mL).

2. Sulfuric acid solution (2 M). Transfer approximately 600 mL of distilled water to a 1000
mL volumetric flask. Slowly (and carefully) add 112 mL of concentrated H,SO4. Let the
solution cool, dilute to 1000 mL with distilled water, and mix.

3. Sodium hydroxide solution (3 M). Transfer approximately 600 mL of distilled water to a
1000 mL volumetric flask. Add 120 g of NaOH, dilute to 1000 mL with distilled water,
and mix.

4. Potassium persulfate (K,S,0g) oxidizing solution. Using a 1000-mL volumetric flask,
dissolve 64 g of K,S,0s solid in approximately 500 mL of distilled water (warm to
dissolve), add 80 mL of 3 M NaOH, and dilute to 1000 mL.

5. Any additional reagents required for colorimetric determination of P in the digested
sample solution (described in previous chapter on Dissolved P) or for analysis by ICP
spectrometry.

Procedure

1. Thoroughly mix the sample, and measure 50 mL into a flask.

2. Add 5 mL of potassium persulfate oxidizing solution.

3. Autoclave for 55 minutes at 120 degrees C. Cap the flask with aluminum foil, but do not
seal.

4. Allow to cool, then add 0.1 mL (2 drops) of phenolphthalein indicator. Neutralize the
sample to a faint pink color by gradually adding 3 M NaOH. If too much NaOH is added
and the solution turns basic, add drops of the 2 M H,SOy4 solution to reach neutrality.

5. Dilute to 100 mL volume with distilled water. If a precipitate forms, do not filter, but
shake well for any subdividing of the sample. The precipitate redissolves during the
colorimetric test due to increased acidity.

6. Use the molybdate colorimetric test (described in previous chapter on Dissolved P) or
ICP spectrometry to determine the P content of the digested solution.

7. To prepare the calibration curve, carry a series of standards through the digestion process.

Do not use standards that have not been digested.

Kjeldahl Digestion Method:

The Kjeldahl digestion procedure also converts condensed and organic P compounds,

including particulate P, to orthophosphate. Therefore, if the water samples are being digested by
the Kjeldahl method to determine their total Kjeldahl nitrogen content, then total P can also be
measured (without further digestion) by simply using the molybdate colorimetric test (described
in the previous chapter on Dissolved P) or ICP spectrometry to determine the P content of the
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digested solution. To prepare the calibration curve, carry a series of standards through the
Kjeldahl digestion process.

Calculations:

For any of the digestion methods listed above, always use the correct dilution ratio when
calculating the total P concentration in the original sample. For example, if a 50-mL sample is
used, and the sample is diluted to a final volume of 100 mL following the digestion procedure,
then the measured concentration should be multiplied by 2 to obtain the concentration in the
original water sample.

TotalDilutedVolume(mL)

Total P (mg /L) = P concentration in analyzed solution (mg /L) x ——
OriginalSampleVolume(mL)

Comments:

The sulfuric acid - nitric acid digestion method is recommended for most samples. The
persulfate digestion method is much simpler to use and usually gives excellent recovery rates,
but when digesting potentially difficult samples, it should probably be checked against the
sulfuric acid - nitric acid digestion and adopted if nearly-identical recoveries are obtained. As
noted above, the alternative persulfate digestion method is not recommended for water samples
that contain visible quantities of sediment.
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Using the Iron Oxide Method to Estimate Bioavailable Phosphorus in Runoff

R.G. Myers , Kansas State University
G.M. Pierzynski, Kansas State University

Introduction:

The use of iron-oxide (FeO) coated paper to test soil was first reported by Sissingh
(1983), who wanted to develop a soil phosphorus (P) test that would estimate plant-available P in
tropical soils without mobilizing other forms of phosphates. A strip of filter paper impregnated
with iron hydroxide functioned as a P sink and adsorbed mobile P from solution, so Sissingh
(1983) called the analyzed P, the Pi value (i referring to iron hydroxide). Interest in the method
was soon extended to a wider range of soils (Menon et al., 1989). The test has an advantage over
standard soil P tests because the FeO paper functions as an ion sink and doesn't react with soil as
do chemical extractants. A unique feature of the FeO method rests in its inherent preferential
selectivity of FeO for P ions over all other anions found in soil, except OH (Menon, 1993; van
der Zee et al., 1987).

The FeO test has been identified by quite a number of different terms in various papers
and publications, e.g., Pi test, Fe-oxide strip method, and P; test (Chardon et al., 1997; Perrot
and Wise, 1993; Sharpley, 1993a). To avoid confusion, P extraction by FeO-coated paper will be
called the FeO method, and the P extracted will be called FeO-P.

Interest in applying the FeO method to agricultural runoff has been developing recently
in an effort to assess the potential of P in runoff to stimulate freshwater eutrophication. The
bioavailable P content (BAP) of dilute runoff sediment assessed by the FeO method was related
(1 = 0.63-0.96) to the growth of P-starved algae (Selanastrum capricornutum) (Sharpley,
1993a). Additional work showed that FeO-P from runoff sediment was related (P > 0.001) to
algal growth in Anabaena, Ankistrodesmus, and Euglena (Sharpley, 1993b). The FeO method
has the unique capability of differentiating soluble inorganic P from FeO-P in sediment of
runoff. The sediment FeO-P is called bioavailable particulate P (BPP) and is calculated
according to

BPP = total BAP - SP [1]

where total BAP is total FeO-P from unfiltered runoff, and SP is soluble inorganic P in filtered
runoff (0.45-um filter).

The FeO method has a stronger theoretical justification for estimating P availability of
soil and runoff for plants and algae than do chemical methods (Sharpley, 1993a). The rationale
for this theoretical justification lies in the mechanism of P adsorption onto the FeO-coated paper.
Such adsorption closely simulates that of plants and algae and thereby gives an estimation of
BAP, whereas chemical methods may mobilize additional forms of P which are not available to
plants or algae. Therefore, the FeO method is an additional tool used to assess the potential for
runoff to increase fresh-water eutrophication.

.
Deceased
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In the past, filter paper with large pores up to 20 to 25 um sometimes was used to make
FeO paper, however, there is less tendency for soil particles to become lodged in papers with
small pores, e.g. < 5.0 um, so small-pore paper is now recommended (Chardon et al., 1997).
Traditionally, filter paper circles with a 15-cm diameter were coated with FeO by immersing
them first in a FeCls solution, then after drying, they were immersed in an NH4OH solution (van
der Zee, et al. 1987). After drying they were cut into strips, often 2 x 10 cm--from whence came
the term strip-P.

Recently, filter circles with a 5.5 cm diameter have been used to make the FeO papers
instead of cutting strips from the larger circles (Myers et al., 1995, 1997). The surface area of the
5.5-cm circles exceeds that of the traditional 2 x 10-cm strips by about 20%; however, the
primary reason for using circles instead of strips is to eliminate the need for cutting strips. Within
a 12 h shaking time, each 5.5-cm FeO circle has adequate adsorption capacity to remove 99% of
the P in a solution containing 16.1 um P (Myers et al., 1997). van der Zee et al. (1987) reported
similar results with adsorption of 18 umol P after shaking one 2 x 10-cm strip for 20 h.

Holding the FeO paper in a fixed orientation during shaking helps to prevent soil particles
from lodging in the pores of the paper and contaminating it (Myers et al., 1995; 1997). Although
runoff aliquots usually contain much less than 1.0 g of sediment, the amount of soil used in soil
extraction, stabilization of each FeO paper between polyethylene screens is still recommended
for analysis of runoff samples, some of which can contain substantial quantities of sediment.
Holding the screens in a fixed orientation during shaking also prevents the FeO papers from
sticking to the walls of the shaking vessel, as often occurs when the papers are allowed to shake
freely in solution. Such sticking could reduce adsorption effectiveness of the FeO paper.

A solution of 0.01 M CaCl, is used as the shaking matrix for the FeO paper and soil
because deionized water has the tendency to disperse soil, which may then lodge in the pores of
the filter paper (Sissingh, 1983). This may lead to errors in P analysis (Myers et al., 1995);
however, runoff has been extracted by the FeO method without addition of any CaCl, (Sharpley,
1993a). We have found that FeO-P from runoff made with 0.01 M CaCl, was the same as that
from duplicate runoff samples shaken without CaCl, (data unpublished), but similar results may
not always hold true for every type of runoff in every location. The potential for significant
contamination of FeO papers by not amending the runoff with CaCl, during shaking may depend
upon the clay content of the sediment and the P content of the clay as well as the amount of
sediment in the runoff.

Equipment:

1. End-over-end shakers have been used for the FeO method (Sissingh, 1983; Sharpley,
1993). Reciprocating shakers have also been used (Menon et al., 1989; Myers et al.,
1997).

2 L beaker

118-mL wide-mouthed glass bottles

125-mL Erlenmeyer flasks

50-mL Erlenmeyer flasks

Spectra/Mesh polyethylene screens (925 pm, Spectra/Mesh filters, Fisher Co., St. Louis;
Fisher cat. no. 08-670-175)

7. Parafilm

SARNANE IRl N
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Reagents:

1. 0.65M FeCls-6H,O + 0.6 M HC1

2. 2.7 M NH,OH

3. 0.2 M H,SOq4

4. Reagents used for the Murphy and Riley (1962) colorimetric procedure

Procedure:

We use hardened 5.5 cm circles of Whatman no. 50 filter paper for making the FeO paper
(Myers et al., 1997). Briefly, we immerse the papers, one by one, in 0.65 M FeCls -6H,0
containing 50 mL of concentrated HCI per liter of solution, and leave them in the container
overnight. Chardon et al. (1997) recommend acidification of the FeCls solution if the papers are
to be stored, thus we acidify with HCI. After air-drying the papers on a rack, they are immersed
in 2.7 M NH4OH for 30 s and then allowed to drain for 15 s before thoroughly rinsing in two
containers of clean distilled water. They are placed in a bucket of clean water for 1 h to permit
dissipation of any residual ammonia. The papers are then ready to use immediately or they can
be dried for later use. For further details on paper preparation, see Myers et al. (1997).

Polyethylene screens are cut approximately 9 cm in diameter from Spectra/Mesh filters.
These screens are used to enclose each FeO paper during shaking (Myers et al., 1997). One FeO
paper is placed between two of these screens held together by a plastic clamp, making a paper-
screen assembly to insert into the shaking bottle.

We have followed the traditional FeO method for determining BAP in runoff (Sharpley,
1993a), except that we use a total shaking volume of 80 mL. We add 50 mL of runoff plus 30
mL of deionized water. When 80 mL of solution is shaken in 118-mL bottles orientated
horizontally and end-to-end, the shaking action completely rinses the sides and top of the bottles
with each excursion of the reciprocating shaker. If shaking action is adequate in some other type
of shaking vessel, the total volume of solution is optional and discretionary. Also, for runoff with
low levels of FeO-P, 80 mL of runoff may be used without adding any water.

The FeO paper-screen assembly is inserted, clamp end first, into the bottle containing
runoff. Cover the bottles tightly with a layer of Parafilm, and then screw the closures on tightly
to seal. The bottles are shaken on a reciprocating shaker for 16 h at a speed of 125 to 135
excursions/min. Shaking speed can be increased, if needed, to increase mixing.

After a 16 h shaking period, we remove the papers from the screens and rinse each paper
under a stream of deionized water for a few seconds. The papers are coiled and placed in the
neck of a 125-mL Erlenmeyer flask where they may either be left to dry or pushed to the bottom
and extracted immediately. Extract the P from the papers by adding 50 mL of 0.2 MH,SO4 to
flasks and shaking them 1 h at 100 to 125 excursion/min. An aliquot of the H,SO4 solution is
analyzed for P using the Murphy and Riley (1962) after neutralization of acidity. For
neutralization, phenolphthalein color indicator gives a clear end point in the FeO solution.
Duplicate, or triplicate, control FeO papers, without any soil or runoff, are also shaken and
extracted to correct for any P contained in reagents and water. For further details on the FeO
procedure described above, see Myers et al. (1995, 1997).

Calculations:

The Murphy and Riley (1962) method of P analysis gives FeO-P in pg P/mL. If data for FeO-P
are presented in units of pg L™ then the appropriate calculations for BAP are:
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Total BAP (ug L") = [volume of H,SO4 (L) x P in HoSO4 (ugL™7")] =
[volume of runoff sample extracted with FeO (L)]

where total BAP is the total bioavailable P in the runoff, and H,SO4 1s 50 mL of 0.2 AMH,SO4
used to extract P from each FeO paper. Calculations for bioavailable particulate P (BPP), the
FeO-P associated with the sediment, are given in Eq. 1 above.

Comments:

Algae use only the orthophosphate form of P; however, organic forms of P can undergo
mineralization and also become available (Correll, 1998). Thus, organic P can be considered a
latent source of BAP. Some discussion has been focused on methods to limit hydrolysis of
organic P adsorbed onto FeO paper (Robinson and Sharpley, 1994); however, it appears that
such adsorption and hydrolysis of organic P is not a problem in using the FeO method to
estimate BAP because organic P may be justifiably classified as latent BAP which may be
mineralized at any time and thereby become immediately available for algal uptake.
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