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ARTICLE INFO ABSTRACT

Handling Editor: Claudia Knief Anion-exchange membrane (AEM) extraction is widely used to assess labile (a)biotic soil phosphorus (P) pools,
but the potential of AEM extraction to quantify water-extractable organic P (H20-P,) remains unclear. We (1)
quantified the recovery efficiency of P, species during AEM extraction and subsequent elution by HySO4 and
NaHCOg, (2) evaluated the extent of P, hydrolysis when (a) dissolved in HoO, H2SO4, or NaHCO3 solutions and
(b) eluted from AEM, and (3) evaluated an approach to measure HyO-P, fraction in AEM extractions that (a)
minimizes P, hydrolysis and (b) accounts for P, retention on AEM. The AEM extracted 29-99 % of water-soluble
P, species, meaning that total P remaining after AEM removal (H2O,e-Py) cannot be assumed to represent the
H,0-P, fraction. In 24 soils spanning 12 USDA orders, combining HzOye-P, and AEM extractable P, (AEM-P,)
provided a more representative estimate of HyO-P,. Hydrolysis of P, species immediately following extraction
(16 h) and elution (3 h) was negligible, but increased by up to 40 % after 18 mo at 24 °C for glucose-6 phosphate
(G6P), adenosine-5-monophosphate (AMP), and phosphocholine. Elution efficiency of AEM-P, was greater for
NaHCOg than for HySO4 for model P, species and or soils of varying total P, concentration. These findings clarify
the limitations of using H2Ore-P; alone to estimate HyO-P,, illustrate how eluent choice affects P, quantification
via hydrolysis, and demonstrate that same-day analysis, along with combining HoOre-P, and AEM-P,, fractions, is
needed when quantifying soil labile P; and P, by AEM-based methods.
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1984) or 1-hexanol (Kouno et al., 1995). The AEM extraction is also the
first step of soil P fractionation by sequential extractions, in which AEM

1. Introduction

Anion-exchange membrane (AEM) extraction is widely used in soil
phosphorus (P) analyses, including labile P and microbial biomass P by
liquid fumigation. Initially developed by Amer et al. (1955) using resin
beads, and later refined for use as more readily isolatable resin mem-
branes (Saunders, 1964; Skogley and Dobermann, 1996), the AEM
functions as a passive sink, which is thought to better simulate nutrient
uptake by roots or microbial biomass (Qian and Schoenau, 2002). The
AEM strip is used in simultaneous fumigation-extraction of P; from mi-
crobial biomass using chloroform (Brookes et al., 1982; Brookes et al.,

(Zoysa et al., 1997) is used to extract water-soluble soil labile inorganic
P (P;), and the remaining P in the water extract is typically designated as
water-extractable organic P (P,) (Hedley et al., 1982). However, this P,
fraction is not consistently included in all variations of sequential
fractionation.

However, P, compounds can also bind to the AEM by the same
mechanism as phosphate through two processes: electrostatic attraction
between the negatively charged phosphate groups and the positively
charged quaternary ammonium groups (—NR}) of AEM, and anion-

Abbreviations: P, phosphorus; P,, organic phosphorus; P;, inorganic phosphorus; Py, total phosphorus; AEM, anion-exchange membrane; H,O-P;, water extractable
inorganic phosphorus; H>O-P,,, water extractable organic phosphorus; AEM-P;, AEM-extractable phosphate; AEM-P,, AEM-extractable organic phosphorus; HCO3,
bicarbonate; SO2~, sulfate; NaHCOs3, sodium bicarbonate; HySO,, sulfuric acid; AEM-MRP, AEM-extractable molybdate reactive phosphorus; HyO,e-P;, remaining
phosphate in soil-water extract after AEM removal; HoO,.-P,, remaining organic phosphorus in soil-water extract after AEM removal; HyO,.-P;, remaining total
phosphorus in soil-water extract after AEM removal; THP, inositol hexakisphosphate; AMP, adenosine 5 monophosphate; a-GP, a-glycerophosphate; p-GP, f-glyc-
erophosphate; Pchol, phosphocholine; G6P, glucose-6 phosphate; MRP, molybdate reactive P.
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exchange, whereby P; or P, species replace counterions originally
associated with the AEM. The adsorption of both P; and P, compounds
on AEM (Guppy et al., 2000; Rubaek and Sibbesen, 1993) can explain
the nearly full recovery of condensed P; (e.g., pyrophosphate) and P, (e.
g., glucose-6 phosphate, adenosine 5' monophosphate) (Cheesman et al.,
2010). This suggests that water-extractable P, (H20-P,) is being incor-
rectly measured and interpreted as AEM-extractable P; (AEM-P;), lead-
ing to two inaccuracies: (1) the potential hydrolysis of AEM-extractable
P, (AEM-P,) compounds can result in an overestimation of AEM-P;, and
(2) by binding P, compounds to the AEM, the actual amount of H,O-P,
in the water extract is underestimated. These potential inaccuracies
could compromise assessment of soil P fractions, from labile P to P, to
microbial biomass P.

Compared to Hy0-P, via extraction of soil in water only, the
remaining P in the water extract after AEM removal (HyOre-P) may be
lower due to P, binding to AEM, potentially making it an inaccurate
representation of this critical fraction in soil P dynamics assessment. The
H,0-P,, fraction can constitute 56-100 % of water-extractable total P
(H20-Py) in soils (Turner and Haygarth, 2001; Xu et al., 2022), and is
often elevated in soils where soluble, low molecular weight P, com-
pounds are more prevalent (McDowell et al., 2005; Pizzeghello et al.,
2016; Simard et al., 1995). The dominance of H,O-P, in HyO-P; un-
derscores the critical role of HyO-P, in labile P pools, which are often
readily available for plant uptake. However, in the first step of soil P
fractionation by sequential extractions, the P, measured in the remain-
ing water extract is the HoOre-Py, without considering P, adsorbed by the
resin or AEM (Hedley et al., 1982). To avoid underestimating H2O-P,,
AEM-P, would need to be quantified and both fractions summed as total
water-extractable P,

Independent of AEM absorption of HyO-P,, quantifying the potential
hydrolysis of AEM-absorbed P, during elution has received limited
attention (Cheesman et al., 2010), despite directly impacting the accu-
racy of P fractionation. Different P, compounds exhibit varying degrees
of hydrolysis in acid eluents (Cheesman et al., 2010), suggesting that
soils with diverse P, speciation may experience different impacts of P,
hydrolysis on AEM-P; quantification. Additionally, the AEM extraction
method in its first use (Saunders, 1964; Skogley and Dobermann, 1996),
and as the first step of P fractionation (Hedley et al., 1982; Zoysa et al.,
1997) or in fumigation-extraction of the microbial biomass P measure-
ment, did not emphasize the immediate measurement of AEM-P; in the
eluents after extraction. The potential delay in P measurement in eluents
can introduce uncertainty in the measured P concentrations, as the
extent to which different P, species hydrolyze over time remains un-
known. As a first step, there is a need to quantify the amount of P,
extracted by AEM across different types with diverse P, speciation to (i)
screen for potential susceptibility of AEM-P, to hydrolysis at varying
timescales by distinct P, species, and (ii) refine elution to more accu-
rately quantify HpO-P, in the AEM extraction solution by minimizing P,
hydrolysis.

Elution of resins uses strong acids (e.g., hydrochloric acid, sulfuric
acid) because the triprotic form of orthophosphate (H3PO4) at low pH is
unable to bind with the positively charged resin sites, thus enhancing
phosphate recovery (Sibbesen, 1978). The use of acids during elution
can facilitate the hydrolysis of HyO-P, (Cheesman et al., 2010; Condron
and Newman, 2011; Mckelvie et al., 1995), leading to overestimated
AEM-P;. To mitigate this issue, replacing acids with an alternative eluent
may help reduce the risk of P, hydrolysis and improve the accuracy of
AEM-P; measurements. Sodium bicarbonate (NaHCOs3) is a promising
alternative, as it is used for reloading the bicarbonate counterion on
AEM (Cheesman et al., 2010; Sibbesen, 1978) and shows a higher af-
finity for AEM compared to sulfate (S05) (Skogley and Dobermann,
1996). In alkaline solutions such as NaHCO3 (pH = 8), the rate of P,
hydrolysis is reduced because proton activity ({H'}) is low, limiting
acid-catalyzed bond cleavage, whereas under HoSO4 (0.25 M, pH < 1),
high {H"} promotes protonation of the phosphate group of P, com-
pounds, which enhances its electrophilicity and susceptibility to
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nucleophilic attack (Bertini and Luchinat, 1994; Parekh et al., 2011).
Additionally, the weakly alkaline nature of NaHCOj3 ensures that it does
not interfere strongly with the color development during molybdate
colorimetry. In contrast, acidic eluents such as the commonly used sul-
furic acid (e.g., 0.25 M H3SO4) can lower the pH beyond the stability
threshold for the molybdenum blue complex, which is crucial for ac-
curate AEM-P; determination. Adjusting the pH of the acid eluent by
adding an alkaline solution can also potentially dilute the P; concen-
trations to levels below the detection limit. By using NaHCOs3 as an
eluent, potential errors in both HyO-P, and AEM-P; measurements may
be minimized (Nuernberg et al., 1998).

This study sought to improve the accuracy of H,O-P, co-measured
with AEM extraction of P;. Specifically, our objectives were to 1)
quantify the recovery efficiency of various P, species during AEM
extraction and subsequent elution by HoSO4 and NaHCOg3; 2) quantify
hydrolysis of P, species that are dissolved in or eluted from different
solutions of Hy0, H5SO4, and NaHCO3 and to investigate P, hydrolysis
over time, assessing how hydrolysis affects P, measurement; and, 3)
develop a measurement approach to the Hy0-P, fraction in AEM
extraction. We hypothesized 1) a portion of P, would adsorb to AEM; 2)
to the extent that P, absorption occurs, P, recovery would be higher
when eluted with NaHCO3 compared to HySO4 elution; 3) NaHCOs so-
lution would reduce P, hydrolysis compared to HSOj4; 4) the extent of
hydrolysis of P, species would increase with time; and 5) combining
AEM-P,, with H0.¢-P, would more fully account for the operationally
defined Hy0-P, fraction without AEM than considering only HyOye-P; in
the original sequential fractionation.

2. Material and methods
2.1. Soil sampling and pretreatment

To evaluate the performance of the proposed procedure to quantify
H50-P, robust to soil diversity, we selected 24 soils from 12 USDA soil
orders and under different land uses of cropland, grassland, forest,
wetland, and tundra. Soils were collected at 0-5 cm depth of surface
horizon (Table 1). Soil samples were air-dried and ground to pass a 2
mm sieve for AEM extraction. Soil total P, was measured by extraction
with sodium hydroxide and ethylenediaminetetraacetic acid (NaOH-
EDTA) (Bowman and Moir, 1993; Turner, 2008). Concentration of P; in
NaOH-EDTA extract was determined by molybdate colorimetry
(Murphy and Riley, 1962), and total P (Py) in the extract was quantified
as P; after acid-persulfate digestion (86 °C, 16 h) (Rowland and Hay-
garth, 1997). Concentration of total P, in NaOH-EDTA extract was
calculated as P, = P - P;. Soil total P was assessed by lithium metaborate
fusion (Gu et al., 2019). Finely ground (<0.5 mm) 0.25 g soil was
sandwiched between two 0.2 g layers of lithium metaborate (LiBO3) in
graphite crucibles. The crucibles were then loaded into a pre-heated
muffle furnace for fusion at 1000 °C for 60 min. The resulting fused
beads were allowed to cool before shaking in 45 mL of 1 M HC1 (120 rev/
min) to dissolve. The solution P concentration was determined by
molybdate colorimetry method (Murphy and Riley, 1962). For soil
properties characterization, soil pH was measured in deionized water
(1:1 w/v) after equilibration for 30 min. Total soil organic C (TOC) and
total soil nitrogen (TN) were measured by dry combustion following HCI
fumigation to remove carbonates (Harris et al., 2001) using a Vario MAX
cube analyzer ® (Elementar, Langenselbold, Germany). Mehlich-3
extractable macronutrients and micronutrients (Mehlich, 1984) were
measured by inductively coupled plasma optical emission spectroscopy
(ICP-OES, Perkin Elmer Optima, Shelton, Connecticut). Soil pH and the
sum of Mehlich-3 extractable Ca, Mg, K, and Na were used to estimate
soil cation exchange capacity (CEC) (Mattila and Rajala, 2022).

2.2. Exchange capacity of the AEM strips

The AEM (#551642S, VWR International, Lutterworth, UK) strips
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Table 1
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Physiochemical characterization of 24 soils (0-5 cm depth of A or O surface horizon) from all 12 USDA orders under diverse vegetation cover of grass, forest, crop,
wetland, and tundra. SOC, soil organic carbon; C:N, soil carbon to nitrogen ratio; CEC, soil cation exchange capacity; AEM, anion exchange membrane; AEM-P;, AEM
extractable total inorganic P by a) 0.5 M NaHCO3 and b) 0.25 M H,SO4; total P,, total soil organic P; total P, total soil phosphorus analyzed by lithium metaborate

fusion; n.d., not detectable.

Soil ID USDA Order SOC C:N pH CEC AEM-P{ AEM-P? Total P, Total P Location Land Use
(%) (cmol/kg) (mg P/kg soil)
1 Oxisol 0.6 9.7 8.0 12.5 2.8+0.1 3.3+0.1 42 +2 441 + 23 CA, USA grassland
2 Oxisol 1.4 11.7 5.6 11.6 22+0.1 25+0.1 64+1 658 + 10 Vihiga, Kenya cropland
3 Vertisol 1.6 11.2 6.1 25.3 25+0.1 12.6 + 0.0 155+ 4 483 + 14 CA, USA cropland
4 Vertisol 1.0 12.4 7.0 31.1 21.4 £ 0.1 20.3 £0.1 243 + 3 586 + 10 CA, USA rangeland
5 Histosol 37.7 25.3 5.3 2.0 26.5 + 0.1 24.0 £0.1 411 +1 619 + 2 MN, USA wetland
6 Histosol 29.7 16.0 7.7 55.8 162.5 + 0.5 141.8 £ 0.5 2201 + 4 3625+ 6 FL, USA cropland
7 Inceptisol 1.2 15.5 4.5 7.0 149 + 0.3 12.0 + 0.0 63+1 179 £ 4 CA, USA pasture
8 Inceptisol 1.5 11.4 6.6 21.4 33.0+0.1 423 +£0.2 564 + 5 1747 + 15 CA, USA grassland
9 Mollisol 1.1 10.4 8.1 15.3 11.3+ 0.1 12.2 + 0.0 211 £ 10 710 + 33 MO, USA cropland
10 Mollisol 3.1 12.4 6.1 14.7 7.4 +0.1 6.1 +£0.1 357 + 4 889 +9 CA, USA grassland
11 Alfisol 1.1 10.1 8.0 17.4 35.4 +0.2 38.0 £ 0.2 143 + 4 781 + 22 IL, USA cropland
12 Alfisol 2.4 10.2 5.7 26.6 17.7 £ 0.1 26.7 £ 0.3 152 +£ 2 623+ 9 IL, USA cropland
13 Ultisol 0.8 n.d. 6.1 3.0 18.5 4+ 0.1 20.8 +£ 0.3 58 + 3 370 + 18 FL, USA cropland
14 Ultisol 4.1 21.7 5.8 8.0 9.8 +0.1 12.4 + 0.2 372+ 2 1454 £ 6 CA, USA forest
15 Entisol 0.9 8.9 7.3 21.1 6.7 £ 0.1 6.5+ 0.1 171 £ 2 913+9 CA, USA cropland
16 Entisol 1.5 13.9 6.4 11.2 32.0 +£ 0.2 15.7 £ 0.2 43+0 240 + 3 CA, USA grassland
17 Andisol 8.0 19.6 6.0 9.4 49+ 1.1 7.2 + 0.0 1094 + 12 1890 + 20 CA, USA grassland
18 Andisol 7.4 19.6 5.8 11.7 16.1 + 1.0 22.0 £0.0 798 + 6 1746 + 17 CA, USA forest
19 Spodosol 6.2 13.2 4.7 10.0 73.2+1.2 58.3+0.3 120+ 1 257 £ 2 FL, USA pasture
20 Spodosol 2.3 25.0 4.4 3.7 7.7 £ 0.1 10.3 +£ 0.2 44 + 2 118+ 5 FL, USA pasture
21 Aridisol 0.7 12.2 7.1 18.9 18.3 £ 0.1 19.0 £ 0.1 146 + 1 878+ 6 NV, USA grassland
22 Aridisol 0.2 n.d. 8.1 7.4 16.4 £ 0.1 159+ 0.1 77 £1 640 + 6 NV, USA grassland
23 Gelisol 17.5 19.9 6.9 25.0 7.8+ 0.2 8.1 + 0.0 774 + 15 1184 + 21 AK, USA tundra
24 Gelisol 32.8 29.8 5.2 31.7 1459 + 0.5 140.0 + 0.6 620 + 3 721+ 3 AK, USA tundra

(1.0 cm x 4.0 cm, reactive area of 8.0 cm?) were preloaded with HCO3
as counterions using NaHCOg3, as HCO3 can maintain pH more consis-
tently during extraction and provide a higher P recovery compared to
other counterions (e.g., C17) (Sibbesen, 1978; Sibbesen and Rubaek,
1994). Prior to extraction, the AEM strips were rinsed thrice in 18.2
MQecm water. The response of AEM strips to a series of orthophosphate
(PO4-P) concentrations was tested to determine the exchange capacity of
the AEM strips. One AEM strip was placed in 20 mL of potassium
dihydrogen phosphate (KH;PO4, No. 5839.1, RICCA Chemical Com-
pany, Arlington, TX) at 1, 2, 5, 10, 20, 30, 50, 75, 100, 150, 200 mg P/L
and shaken for 16 h. After exposure to PO4-P solutions, AEM strips were
removed, and concentration of the remaining PO4-P in extracts was
determined by molybdate colorimetry (Murphy and Riley, 1962) using a
BioTek Epoch Microplate Spectrophotometer (Winooski, Vermont). To
calculate the maximum exchange capacity, the data were fitted using the
Langmuir equation (Eq. (1)).

_ kceq Qmax

T 1+kCeq )

q

Where q is the amount of adsorption in g P/m?, Ceq is the equilibrium
concentration in mg P/L, k is the adsorption affinity constant in L/mg,
and Quay is the maximum exchange capacity in g P/m?.

2.3. Recovery of P, species by AEM strips

To assess the AEM recovery of P,, diverse P, species were selected as
model compounds: glucose-6 phosphate (G6P), myo-inositol hexaki-
sphosphate (IHP), adenosine 5 monophosphate (AMP), a-glycer-
ophosphate (a-GP), f-glycerophosphate (B-GP), and phosphocholine
(Pchol) were evaluated, due to the previous studies identifying these P,

(InitialP,conc. — remainingP,conc.) x extractvolume

species as common in soils (e.g., Cade-Menun and Liu, 2014; Liu et al.,
2014; Turner et al., 2003b) and due to the dominance of phosphomo-
noester in previous albeit limited reports of the AEM-P, fraction
(McDowell et al., 2008). Pre-treated AEM strips were placed in 20 mL of
G6P (10127647001, Roche, Basel, Switzerland) at 4, 10, 20, 30 mg P/L
and 20 mg P/L of a series of other P, species, including IHP (68388,
Sigma-Aldrich, St. Louis, MO), AMP (118110, MilliporeSigma, Burling-
ton, MA), a-GP (61668, Sigma-Aldrich, St. Louis, MO), p-GP (G9422,
Sigma-Aldrich, St. Louis, MO), and Pchol (P0378, Sigma-Aldrich, St.
Louis, MO) with solution pH varying from 6.5 to 9.5, and shaken for 16
h, the duration used in the Hedley extraction method (Hedley et al.,
1982), labile P estimated by AEM extraction (Saunders, 1964; Skogley
and Dobermann, 1996), and microbial biomass P measured as the dif-
ference in fumigant-labile AEM-P; (Kouno et al., 1995; Myers et al.,
1999). Although ionization of P, species can vary with solution pH, AEM
is designed to exchange anions across pH 0-14, so in vitro recovery is
expected to remain comparable to soil solution conditions (Hosseini
et al., 2012; Nziko et al., 2018; Zhang et al., 2021). Extreme pH condi-
tions could indirectly influence recovery through changes in P, specia-
tion or solubility, but such conditions are unlikely to occur in soils, nor
for the solutions of the model P, compounds evaluated. After exposure
to P, solutions, AEM strips were rinsed in 18.2 MQecm water, immersed
in 12 mL of 0.25 M H5SO4 or 0.5 M NaHCOj3 and shaken for 3 h. The
concentration of molybdate reactive P (MRP) in eluents and extracts
after AEM removal was determined by molybdate colorimetry (Murphy
and Riley, 1962), and P; concentration in the initial P, solutions, eluents
and extracts was determined by ICP-OES (Perkin Elmer Optima, Shelton,
Connecticut). Experimental treatments were performed in quadrupli-
cate. The AEM extraction efficiency (Eq. (2)) and P, (Eq. (3)) recovery in
elution were calculated as:

P,extractionefficiency(%) = —
° ffi (%) InitialP,conc. x extractvolume

(2
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ElutedP,conc. x eluentvolume
(InitialP,conc. — remainingP,conc.) x extractvolume

3

P, elutionrecovery(%) =

2.4. Hydrolysis of P, species in different solutions and over time

To evaluate the extent of hydrolysis of P, species in different back-
ground solutions during AEM extraction, a series of P, species was dis-
solved in 18.2 MQecm water, 0.25 M HsSO4, and 0.5 M NaHCOs
solutions. Specifically, G6P at 4, 10, 20, 30 mg P/L and 20 mg P/L of
IHP, AMP, o-GP, B-GP, and Pchol were dissolved in 18.2 MQecm water,
0.25 M H3SOy4, and 0.5 M NaHCOg3 background solutions, respectively,
and shaken for 19 h to be consistent with the combined duration of AEM
extraction (16 h) and elution (3 h). The concentration of MRP in P,
dissolved solutions was determined by molybdate colorimetry (Murphy
and Riley, 1962) to quantify hydrolysis of P, species. The hydrolysis of
AEM-P, during elution by 0.25 M H2SO4 or 0.5 M NaHCO3; was also
quantified by measuring MRP concentration in solutions. The extent of
hydrolysis of different P, species in water over time was also evaluated:
organic P species were dissolved in 18.2 MQecm water at 50 mg P/L, and
MRP concentrations were determined after 19 h, and 1, 3, 6, 9, 12, 15,
18 mo. Concentration of P; in the P, dissolved solutions and eluents was
determined by ICP-OES. The extent of P, hydrolysis was calculated by
the following equation (Eq. (4))

MRPconc. x solutionoreluentvolume

L (0p) —
Pohydrolysis(%) TotalPconc. x solutionoreluentvolume Q)

2.5. Water and AEM extractable P; and P, in soil samples

Twenty mL of 18.2 MQecm water and an AEM strip preloaded with
HCOj3 as the counterion were combined with 0.5 g of air-dried soil (< 2
mm) and shaken for 16 h (Fig. 1). After shaking, the AEM strips were
removed, rinsed, and eluted with 12 mL of either 0.25 M H,SO4 or 0.5 M
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NaHCOs solution. Additionally, the same batch experiment without an
AEM strip was conducted to quantify HoO-P,, fraction, and interpreted as
the reference value. 0.5 g air-dried soil was combined with 20 mL of 18.2
MQecm water and shaken for 16 h. The soil-water extract after AEM
removal and without AEM was centrifuged (8000 RCF, 15 min), and an
aliquot was pipetted from the supernatant for analysis. Concentrations
of P; in the water extract remaining after AEM removal (H2O,e-P;) and in
water extract without AEM (HO-P;) were determined by Dick and
Tabatabai (1977) to avoid hydrolysis of labile P, during measurement,
and MRP in eluents (AEM-MRP) were measured by molybdate color-
imetry (Murphy and Riley, 1962) after pH adjustment. The Dick and
Tabatabai (1977) method is not necessary for measuring AEM-P; in acid
eluents because the acid used in the elution process would already hy-
drolyze any P, and condensed P; present. To ensure consistency when
comparing NaHCO3 and HySO4 as eluents, we used the Murphy and
Riley (1962) method for both. Total P in the water extracts and eluents
was quantified as P; following acid-persulfate digestion (86 °C, 16 h)
(Rowland and Haygarth, 1997), and P, was calculated as P, = P; - P; or
P, = P, — MRP. Each sample was analyzed in duplicate.

2.6. Statistical analyses

Statistical analyses were performed using the software R, version
4.2.0 (R Core Team, 2024). One-way analysis of variance (ANOVA) was
conducted to test for potential differences in P, elution by NaHCO3 and
by H2SO4. The normality of the residuals and homoscedasticity of var-
iances were assessed by the Kolmogorov-Smirnov test and Levene’s test,
respectively, prior to ANOVA. Mean differences were tested using
Tukey’s honestly significant difference (HSD) test (p < 0.05). Pearson
correlation was used to test the relationship among H20-P,, HoOre-Py,
and HyOe-P, and between NaHCO3 eluted and H,SO4 eluted AEM-P,
from soil samples, and Pearson correlation coefficients of R-square and
p-value were calculated.

Soil-water
Extraction
I 1
Extraction Without AEM With AEM
I I
[ 1
Remaining .
Water Extract Water Extract Elution
. AEM-P; by AEM-P, by
Colorimetry H,0-P; H,0,.-P; NaHC'Os HZSO'4
Digest & AEM-P. b
i -P, by AEM-P, by
Colorimetry H0-Py H0w-P NaHC‘O3 H2864
Calculation t t t t
AEM-P, by AEM-P, by
P, =P, -P; H,0-P, H;0ePs NaHCO, H,SC,

Fig. 1. Overview of the soil-water extraction process with and without anion exchange membrane (AEM) strips and the resulting different phosphorus (P) fractions:
H,0-P;, water extractable inorganic phosphorus; H,O-P,, water extractable total phosphorus; H,O-P,, water extractable organic phosphorus; HyO,e-P;, remaining
phosphate in soil-water extract after AEM removal; HyO,e-Py, remaining total phosphorus in soil-water extract after AEM removal; HyO,e-P,, remaining organic
phosphorus in soil-water extract after AEM removal; AEM-P;, AEM-extractable phosphate; AEM-P,;, AEM-extractable total phosphorus; AEM-P,, AEM-extractable

organic phosphorus.
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Fig. 2. A) phosphate (po4-P) adsorption isotherm in anion-exchange membrane (AEM) strips, showing the relationship between the adsorbed PO4-P on AEM strip
and the concentration of PO4-P at adsorption equilibrium; b) Langmuir model fit of the PO4-P adsorption isotherm data. quayx, calculated adsorption maxima of AEM
strips from Langmuir model; [PO4-P]leq/[PO4-Plad, the ratio between the concentrations of PO,4-P at equilibrium and the PO4-P adsorbed per unit area of AEM strips.

3. Results
3.1. Anion-exchange resin membrane capacity

Phosphate showed a strong adsorption affinity to AEM strips (Fig. 2).
The maximum adsorption density of phosphate in AEM was 0.87 g P/m?
(Fig. 2a), and the adsorption affinity was 0.98 L/mg based on the
Langmuir model (Fig. 2b). With an AEM surface area-to-soil ratio of
0.0016 m?/g, as in our case, this maximum adsorption density corre-
sponded to a phosphate adsorption capacity of 1392 mg P/kg soil, which
exceeds the potential maximum labile P of most soils by orders of

magnitude.
3.2. Organic P species recovery by AEM strips

The extraction efficiency of G6P by AEM exceeded 98 % across all
initial concentrations ranging from 4 to 30 mg P/L, and the elution with
0.5 M NaHCOs consistently achieved higher recovery rates of G6P
compared to 0.25 M HySO4 (Fig. 3a and 3b). The extraction efficiency of
G6P by AEM was nearly completed (~100 %) at initial G6P concentra-
tions < 20 mg P/L, which decreased to 98.3 % at an initial G6P con-
centration of 30 mg P/L (Fig. 3a). The elution recovery of G6P using
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Fig. 3. Organic phosphorus (P,) elution in a batch experiment. a) Percent of anion exchange membrane (AEM)-extracted glucose-6 phosphate (G6P) in total dis-
solved G6P at initial G6P concentration of 4-30 mg P/L; b) elution of G6P from AEM at initial G6P concentration of 4-30 mg P/L in 0.25 M H,SO4 and 0.5 M
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background solutions. Based on Tukey’s HSD, lowercase letters indicate significant differences (p < 0.05) among different solutions (i.e., H>O, 0.25 M H,SO4, 0.5 M
NaHCOs). IHP, inositol hexakisphosphate; AMP, adenosine 5 monophosphate; a-GP, a-glycerophosphate; B-GP, B-glycerophosphate; Pchol, phosphocholine.
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0.25 M H,SO4 ranged between 82.2 % and 86.6 %, which was approx-
imately 18 % lower than the recovery achieved with 0.5 M NaHCO3
(~100 % across all concentrations) (Fig. 3b).

Similar to G6P, most of the other P, species also exhibited high
extraction efficiency by AEM (> 99 %) and higher elution recovery using
0.5 M NaHCOj3 than 0.25 M H3SO4 (Fig. 3e and 3f). The AEM extraction
efficiency for Pchol was significantly lower, with a recovery rate of only
29.3 %, whereas all other P, species, including IHP, AMP, o-GP, and
B-GP, demonstrated high extraction efficiencies, exceeding 99 %
(Fig. 3e). For AEM elution recovery, elution with 0.5 M NaHCO3 ach-
ieved higher recovery percentages for IHP (76 %) and AMP (97 %) than
with 0.25 M H3SO4 (IHP: 28 %, AMP:81 %), whereas the elution re-
covery for a-GP, p-GP, and Pchol were comparable (70-98 %) between
the two eluents (Fig. 3f).

3.3. Hydrolysis of P, species in different background solutions

The extent of G6P hydrolysis was substantially higher after elution
(0.5-4.2 %) compared to being in solution (0-0.6 %), with hydrolysis
generally more pronounced for 0.25 M H3SO4 than 0.5 M NaHCO3
(Fig. 3c and 3d). The proportion of G6P hydrolyzed after elution was
13-223 % higher in 0.25 M H3SO4 eluent than in 0.5 M NaHCOj3 at
initial G6P concentrations < 20 mg P/L and was 33 % lower at G6P
concentration of 30 mg P/L (Fig. 3c). The G6P hydrolysis in the 0.25 M
H,S04 eluent decreased by 88 % as G6P concentrations increased from 4
to 30 mg P/L. In contrast, G6P hydrolysis in 0.5 M NaHCO3 decreased by
40 % as G6P concentrations increased from 4 to 10 mg P/L and then
stabilized at higher concentrations. For G6P dissolved in different so-
lutions, 0.25 M H3SO4 yielded the highest G6P hydrolysis (0.52-0.64 %)
across all initial concentrations, followed by H20 (0.09-0.51 %), and
0.5 M NaHCOj; led to the lowest G6P hydrolysis (0-0.42 %) (Fig. 3d).
The hydrolysis of G6P increased with its concentration in background
solutions of HoO and 0.5 M NaHCO3 but remained relatively stable in
0.25 M H2SO4.

Similar to G6P, the hydrolysis of other P, species was also higher
after elution (0-1.9 %) than being dissolved in solution (0-0.2 %), but
the extent of P, hydrolysis was specific to P, species (Fig. 3g and 3 h).
Post-elution P, hydrolysis was greater in the 0.25 M H2SO4 eluent for
IHP and Pchol, while AMP, a-GP, and p-GP exhibited higher hydrolysis
in the 0.5 M NaHCOs; eluent (Fig. 3g). When dissolved in different so-
lutions, however, the P, hydrolysis was undetectable for all five P,
species in 0.5 M NaHCOj; and for IHP and AMP in 0.25 M HySO4
(Fig. 3h). Dissolved P, hydrolysis was higher in 0.25 M H,SO4 for a-GP
and B-GP compared to H2O, while IHP and Pchol exhibited greater
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Fig. 4. Dissolved and hydrolyzed organic phosphorus (P,) species in water (50
mg P/L) as a proportion (%) of total dissolved P, at 19 h, 1 month (mo), 3 mo, 6
mo, 9 mo, 12 mo, 15 mo, and 18 mo. IHP, inositol hexakisphosphate; AMP,
adenosine 5 monophosphate; o-GP, a-glycerophosphate; B-GP, pB-glycer-
ophosphate; Pchol, phosphocholine; G6P, glucose-6 phosphate.
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hydrolysis in HoO than in 0.25 M HySO4.
3.4. Extent of P, hydrolysis in water over time

The hydrolysis of P, species in HyO increased progressively over 18
mo, the extent of which varied by P, species (Fig. 4). The percent of P,
hydrolysis in HoO after 19 h was generally low or undetectable (0-0.5
%). After 18 mo, AMP, G6P, and Pchol demonstrated relatively high
hydrolysis rates (~37-41 %), whereas a-GP, p-GP, and IHP exhibited
significantly lower hydrolysis that remained below 10 %. In particular,
the hydrolysis of IHP was less than 0.4 % after 18 mo. For most P,
species (i.e., AMP, a-GP, p-GP), hydrolysis rates increased rapidly from
0 to 12 mo before stabilizing. In contrast, Pchol exhibited low hydrolysis
rates from 0 to 3 mo, followed by a steady increase from 3 to 15 mo until
reaching a plateau. G6P showed a distinct pattern, with rapid hydrolysis
from O to 3 mo, a gradual increase from 3 to 15 mo, and continued
hydrolysis beyond 15 mo.

3.5. Water and AEM extractable P, in soils

The concentration of HoO-P,, measured without AEM as a reference,
was 7.3 % higher than HyO,e-P; and 50.4 % higher than HO,¢-P, in the
remaining water extract after AEM removal across 24 soil samples from
12 orders (USDA Soil Taxonomy) (Fig. 5a and 5b). The Hy0-P, con-
centration exceeded HyOre-P; in approximately half of the soils, whereas
Ho0:-P; was consistently higher than HyOe-P, due to the inclusion of
0-88 % of Hy0,e-P;j in the Hy0,¢-P; fraction (Fig. 5c). Notably, six soils
under cropland or grassland land uses that encompassed a range of
properties (i.e., pH 4.5-7.7; soil organic carbon (SOC) 0.7-29.7 %; clay
0-69.4 %; total P, 58-2201 mg/kg; total P 179-3625 mg/kg) (Table 1)
exhibited higher HyO..-P; concentrations compared to Hy0O-P,, with
H20,-P; contributing 20-88 % to the HyOye-P; fraction.

Elution with 0.5 M NaHCOg across 24 soil samples resulted in 73 %
higher AEM-P,, recovery compared to elution with 0.25 M H3SO4, and
the combined concentration of AEM-P, and HyOye-P, closely matched
the HyO-P,, concentration (Fig. 6). Although AEM-P,, eluted with 0.5 M
NaHCO3 was generally higher than that eluted with 0.25 M HySOy4, the
relatively weak correlation (R? = 0.47) between the two eluents yielded
AEM-P, suggests considerable variability in AEM-P, recovery across
soils (Fig. 6a). For instance, a Gelisol under native tundra vegetation
exhibited substantially higher AEM-P, when eluted with HySO4 (8-11
mg/kg) compared to NaHCO3 (0.2-1.0 mg/kg). In contrast, an Oxisol
and a Mollisol under grassland showed higher AEM-P, recovery with
NaHCO3 (4.5-5.0 mg/kg) than with H,SO4 (0.2-2.0 mg/kg). The com-
bined concentration of HyOe-P, and AEM-P,, eluted with either eluent
was comparable to the reference HyO-P, concentration (slope ~ 1.0, R?
> 0.8) (Fig. 6b and 6c). The reference Hy,O-P, concentration exceeded
the combined concentration of HyO-P, and AEM-P,, from both eluents
in only three soils: a wetland Histosol with high SOC (37.7 %) and an
Alfisol and a Mollisol under cropland, both with relatively high pH
(8.0-8.1) (Fig. 6d).

4. Discussion
4.1. AEM extractable P, recovery by elution

The high AEM extraction efficiency for most P, species (>98 %)
suggests that these P, species shared the same adsorption sites on AEM
as phosphate, confirming that AEM cannot selectively extract phosphate
P;. This supports our first hypothesis that some of the P, species would
adsorb to AEM. However, Pchol exhibited a distinctly lower AEM
extraction efficiency (29 %), likely due to its distinct charge properties
and adsorption behavior. Unlike other P, species or phosphate, which
are predominantly anionic at neutral pH (Guan et al., 2005; Xu et al.,
2017; Xu et al., 2021) and can readily bind to the positively charged
quaternary ammonium groups (—NR4) on AEM via anion exchange,
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Fig. 5. Soil water-extractable organic phosphorus (H;0-P,) and the remaining total phosphorus (H2O,e-P) and P, (H2O,.-P,) in water extract following anion ex-
change membrane (AEM) removal, for 24 soils across all 12 USDA soil orders. a) Pearson correlation between concentrations of H,O-P, and H3O,e-Py; b) Pearson
correlation between concentrations of HyO-P, and H3O,.-P,; c) concentrations of HyO-P,, H3Ore-Py, and Hy0,e-P, and the percent of water-extractable inorganic

phosphate (HyOye-P;) in HyOye-Py.

Pchol is a zwitterion, containing both a negatively charged phosphate
group and a positively charged choline group (—N"(CHz)3) (Scherer and
Seelig, 1989). This dual charge may reduce the effective negative charge
density of Pchol, weakening its electrostatic attraction to AEM. Addi-
tionally, intramolecular charge interactions between the phosphate and
choline groups could limit Pchol ability to adsorb onto the AEM surface
(Girault and Schiffrin, 1984). These factors likely explain the lower
extraction efficiency of Pchol compared to other P, species, highlighting
that charge properties influence the extent to which P, species are
extracted by AEM.

The higher P, recovery for most P, species when eluted with NaHCO3
compared to HoSO4 supported our hypothesis. That NaHCO3 generally
provided a higher P, recovery, particularly for IHP (76 % recovery by
NaHCOs3 vs 28 % by H3SO4), indicates that NaHCOj3 is a more effective
eluent for desorbing P, from AEM. The higher elution efficiency by
NaHCOs can be attributed to its greater affinity for AEM adsorption sites
compared to SOF, as well as the ion pairing between SO3~ and cations
at high ionic strength (Chen et al., 2020; Skogley and Dobermann, 1996;
Xu and Margenot, 2025). This ion pairing, influenced by the high
valence state of P, species and their relatively high concentration at 20
mg P/L, reduces SO?{ adsorption on AEM (Chen et al., 2020), thereby
limiting its effectiveness as an eluent. Additionally, except for IHP eluted
by H3SOg4, the elution efficiency of P, species from AEM generally
exceeded 70 %, demonstrating that P, can be effectively recovered from

AEM. This suggests that when AEM is used for extraction of soils, in
which P, and P; coexist, eluents can also contain P,, particularly in soils
with high soluble P, concentrations (Rubaek and Sibbesen, 1993).
However, if P, hydrolysis is substantial under acidic conditions, as
observed for certain P, species such as G6P (Cheesman et al., 2010),
there is a risk of P, degradation in the eluents, potentially altering
measured AEM-P; concentrations. These results highlight the impor-
tance of selecting an appropriate eluent to optimize P, recovery while
minimizing hydrolysis artifacts that lead to overestimation of AEM-P;.

4.2. Hydrolysis of P, in water, H,SO4, and NaHCO3

Our findings suggested that the hydrolysis of P, can be negligible in
the short term (19 h) regardless of eluents, but the extent of P, hydro-
lysis can increase over the course of months. The extent of hydrolysis of
all tested P, species remained relatively low (<5%) when dissolved in
water, HySO4, or NaHCO3 for 19 h, as well as when post-eluted in HySO4
and NaHCOg for 3 h following 16 h of AEM extraction. This finding
indicates that P, hydrolysis remains minimal right after 19 h and un-
likely to significantly impacts AEM extraction, even in acid eluents like
H5SO4. Consequently, if AEM-P; concentrations are measured immedi-
ately following the experiment for soil samples, the potential for over-
estimation due to AEM-P, hydrolysis is negligible. However, the
possibility of P, hydrolysis may warrant consideration when extraction
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Fig. 6. Anion exchange membrane (AEM)-extractable organic phosphorus (AEM-P,) eluted by 0.5 M NaHCO3 and 0.25 M H,SO, and water-extractable organic
phosphorus (H20-P,) of 24 soils across all 12 USDA soil orders. a) Pearson correlation between concentrations of AEM-P,, eluted by H,SO4 and AEM-P,, eluted by
NaHCOg; b) Pearson correlation between sum of concentrations of remaining P, in water extract after AEM removal (H3O,.-P,) and AEM-P,, eluted by H,SO4 and
H,0-P,; c) Pearson correlation between sum of concentrations of HyOy-P, and AEM-P,, eluted by NaHCO3; and H,0-P,; d) concentrations of HO-P,, sum of HyO,.-P,

and AEM-P, eluted by H,SO4, and sum of H5O,.-P, and AEM-P,, eluted by NaHCOs3.

or elution times exceed 19 h or when AEM-P; concentrations are
measured beyond 19 h, as the hydrolysis of tested P, species increased
over time from 19 h to 18 mo. The minimal P, hydrolysis after 19 h in
our study contrasts with findings from previous studies, which reported
relatively high hydrolysis rates (30-70 %) in acid eluent of 0.25 M
H,S04 for certain P, or condensed P; species such as G6P and pyro-
phosphate (Cheesman et al., 2010). Our results suggest that these dis-
crepancies may reflect differences in hydrolysis duration. For instance,
when P, species were dissolved in water for 18 mo, approximately
35-40 % of AMP, G6P, and Pchol were hydrolyzed, highlighting the
importance of immediate analysis to prevent overestimation of AEM-P;.
These results underscore the need for standardized extraction protocols
and timely measurements to ensure consistent and reliable assessments
of soil labile P, and P; fractions.

The observed increase in hydrolysis of all tested P, species post-
elution compared to being dissolved in solution suggests that the
adsorption and desorption processes on the AEM surface can facilitate P,
hydrolysis, which could occur via three mechanisms. First, the
complexation of P, species on AEM strips is primarily driven by elec-
trostatic attraction, and the charge neutralization of the phosphate
functional groups during complexation can make P, species more sus-
ceptible to hydrolysis (Baldwin et al., 2005; Butcher and Westheimer,
1955). Second, changes in solution pH from the extraction to the elution
process may alter intramolecular hydrogen bonding, potentially
inducing structural changes that increase vulnerability to hydrolysis
(Olsson et al., 2010). Third, our AEM strips were previously exposed to
metal oxide-rich soils (e.g., Oxisols), raising the possibility that metal
oxides may have accumulated on the AEM surface over time. If P, spe-
cies are subsequently adsorbed onto retained metal oxides, electrophilic
metal ions such as Fe(III) could draw electron density away from the P

atom, destabilizing the ester bond and promoting P, hydrolysis (Fang
et al., 2018; Li et al., 2020; Torrents and Stone, 1994). However, since
the observed increase in relative P, hydrolysis remained <5 % when P,
concentrations were measured immediately (<24 h) following elution,
the magnitude of P, hydrolysis artifacts during AEM extraction or
elution are minimal. Although same-week (<7 d) analysis may yield
reasonably accurate results for many P, compounds, a longer lag be-
tween extraction and measurement might introduce greater hydrolysis
artifacts, which based on our findings may be more pronounced for
labile soil P, species after AEM elution. We therefore suggest same-day
(<24 h) analysis as a best practice to minimize hydrolysis artifacts (Text
S1 and Fig. S1). However, there is a trade-off between analytical accu-
racy and logistical flexibility when extending storage to one week.
Although hydrolysis rates of pure P, species in solution are generally
low (<5%), the presence of soil introduces additional complexity. In
addition to abiotic hydrolysis, extracellular phosphatases already pre-
sent in the soil from plant and microbial sources, or actively secreted by
microorganisms during the 16 h extraction, may also contribute to the
breakdown of P, species in soil-water extracts (Tabatabai, 1994;
Tabatabai and Bremner, 1969; Turner et al., 2003a). Although sup-
pression of bacterial activity could in principle reduce this effect
(Browman and Tabatabai, 1978; Spohn and Kuzyakov, 2013), such
bacteriostatic treatments are not typically incorporated into routine
soil-water extraction with AEM methods, and would not impact extra-
cellular phosphatases already present in the soil sample. As a result,
distinguishing between enzymatic, microbial, and chemical hydrolysis
remains challenging, and extracellular phosphatase contributions to P,
hydrolysis during extraction cannot be entirely excluded. Soil steriliza-
tion or microbial inhibition could help to more clearly separate abiotic
hydrolysis from biotic and abiontic hydrolysis in AEM extractions.
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4.3. Water-extractable P, in soils

The comparison of HyO-P, measured without AEM (reference HyO-
P,) to HpOre-P; and HyOre-P,, across 12 soil orders and varying land uses
highlights the potential underestimation of H;0-P, when only the
remaining water extracts are considered. Although HyO.-P; was only
6.8 % lower than the reference HyO-P,, HoO-P, was 33.5 % lower,
suggesting that HyO..-P; cannot be used to quantify HO-P,. This
discrepancy arises from the inclusion of HyOy.-P; (0-88 % of HyOre-Py),
which can misrepresent HyO-P,,. Since labile P concentrations in all soil
samples were well below the maximum phosphate adsorption capacity
of AEM strips (1392 mg/kg), the presence of HyOr.-P; after AEM removal
is unlikely due to insufficient extraction by AEM (Xu and Margenot,
2025). Instead, it may result from interference by other ligands and
dissolved organic matter in soil-water extracts, which can compete with
phosphate for adsorption on AEM surfaces (Mason et al., 2008). As
HOye-P; cannot be used to accurately quantify H,O-P,, an alternative
approach that accounts for both HyOy-P, and AEM-P, should be used to
provide a more reliable estimate of HyO-P,. The sum of HyO-P, and
AEM-P, eluted by either NaHCO3 or HySO4 showed a strong agreement
with the reference HyO-P, concentration, as indicated by a linear
regression slope =1. This finding suggests that combining HyOy-P, and
AEM-P,, provides a more representative measure of the HoO-P, fraction
during AEM extraction, rather than relying solely on HyOre-P; or HoOre-
Po.

The consistently higher AEM-P, eluted by NaHCO3; compared to
H5S04 across 12 soil orders and various land uses indicates that NaHCO3
is generally a more effective eluent for P, species than H,SO4, consistent
with our batch experiment results using commercially available P,
compounds. This observation aligns with most soil P, compounds being
more readily extractable by alkaline solutions than by acidic solutions
(Bowman and Moir, 1993). In alkaline conditions, the deprotonation of
functional groups in P, species increases their solubility (Celi et al.,
2003; Celi et al., 2001), while the dissolution of organic matter releases
additional soluble P, (Audette et al., 2021; Maclean, 1965). However, an
exception was observed in the Gelisol, for which HySO4 eluted more
AEM-P, than NaHCO3, possibly due to unique P, speciation. This finding
suggests that while NaHCOj3 is generally effective, the choice of eluent
should consider soil characteristics and P, speciation. Soil P, species
with potentially higher elution recovery by HoSO4 than NaHCO3; were
not included in our batch experiment. Previous studies have shown that
certain P, or condensed P; species may be less soluble or labile in
NaHCOs solution than in water or acidic solution. For example, Ouim-
ette and Coffey (1988) reported higher recovery of organic phospho-
nates from soil using water extraction compared to 0.5 M NaHCOs, and
Barth et al. (2017) demonstrated that acid-promoted hydrolysis
enhanced the solubility of condensed P; species relative to alkaline
conditions. Thus, using NaHCO3 as the eluent may result in lower re-
covery for P, and condensed P; species not evaluated here.

Reference HyO-P, concentrations were higher than the sum of HyO-
P, and AEM-P,, in three soils with high SOC content or high pH, sug-
gesting that specific water-extractable P, species may be retained on the
AEM surface and not eluted by either H;SO4 or NaHCO3. Our batch
experiment showed relatively low elution recovery (20-80 %) for IHP,
despite the high extraction efficiency of IHP by AEM (>99 %), indicating
the potential retention of IHP on AEM after elution. In soils with high
PH, negatively charged soil mineral surfaces exhibit lower affinity for
IHP adsorption due to electrostatic repulsion from the highly charged
IHP molecules (Celi et al., 2001; Shang et al., 1992). Consequently, IHP
can be more readily released into solution (Celi et al., 2003) and/or
extracted by AEM strips. Therefore, for soils rich in IHP and IHP-like
substances (e.g., inositol phosphates) and with high pH, the sum of
H0re-P, and AEM-P, may still underestimate the HoO-P,, fraction, likely
due to the strong binding affinity of these P, species to AEM and their
relatively low elution recovery from AEM. These results underscore the
importance of understanding soil-specific P, speciation and selecting
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appropriate eluents to reliably assess labile P, fractions.
5. Conclusion

This study evaluated the performance and limitations of using AEM
for quantifying HoO-P, across a variety of P, species and a wide range of
soils. Results demonstrate that 29-99 % of the water-soluble P, species
can be extracted by AEM, indicating potential underestimation of H,O-
P, if only the total remaining P after AEM removal (HOpe-Py) is
considered. Among 24 soil samples representing 12 USDA soil orders
and various land uses, inorganic P remaining in solution after AEM
removal (HyOpe-Pj, 0-88 % of HyO.e-Py) contributed to the misrepre-
sentation of HyO-P, when H,0,.-P; was used as a proxy to represent the
H,0-P, fraction. Instead, the combined sum of HyO-P, and AEM-P,
provided a more representative estimate of the HyO-P,, fraction during
AEM extraction across the 24 soils, rather than relying solely on HyOre-P¢
or HyOre-P,. Minimal P, hydrolysis after 19 h under both dissolved and
post-elution conditions in NaHCO3 and HySO4 indicated negligible im-
pacts on short-term measurements of P,. However, extended storage (up
to 18 mo) led to increased hydrolysis (up to 35-40 %) for specific P,
species such as AMP, G6P, and Pchol, emphasizing the need for imme-
diate analysis after elution. Elution efficiency varied between eluents,
with NaHCO3 yielding 16-48 % higher recovery of AEM-P, for G6P, IHP,
and AMP and approximately 73 % greater AEM-P,, recovery across all
soil samples compared to HySO4, indicating that NaHCOs is generally
more effective for P, elution. Nonetheless, the reduced recovery (<80
%) of certain P, species, along with the sum of HyO-P, and AEM-P,
being lower than the reference HoO-P, in soils with high pH and/or OM,
underscores that eluent performance is influenced by both soil charac-
teristics and P, speciation. These findings clarify the limitations of using
H50r-P; alone, and underscore the importance of accounting for both P,
retention and elution by combining H30.e-P, and AEM-P, fractions,
eluting AEM with NaHCOs3, and same-day analysis of AEM-P;, when
using AEM-based extractions to assess labile P, and P; pools in soils.

CRediT authorship contribution statement

Suwei Xu: Writing — review & editing, Writing — original draft,
Visualization, Investigation, Formal analysis, Conceptualization.
Andrew J. Margenot: Writing — review & editing, Supervision, Re-
sources, Funding acquisition, Data curation.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Andrew Margenot is an Editor-in-Chief for Geoderma and was not
involved in the editorial review of this article.

Acknowledgements

This work was supported in part by Illinois Nutrient Research and
Education Council award #2021-4-360731-469 (A.J.M.).and by Na-
tional Science Foundation award #2125626 (A.J.M.).

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geoderma.2025.117505.

Data availability
Data will be made available on request.

The data that support the findings of this study are available from the
corresponding authors upon reasonable request.


https://doi.org/10.1016/j.geoderma.2025.117505
https://doi.org/10.1016/j.geoderma.2025.117505

S. Xu and A.J. Margenot
References

Amer, F., Bouldin, D.R., Black, C.A., Duke, F.R., 1955. Characterization of soil
phosphorus by anion exchange resin adsorption and P 32-equilibration. Plant and
Soil 6, 391-408.

Audette, Y., Longstaffe, J.G., Gillespie, A.W., Smith, D.S., Voroney, R.P., 2021. Validation
and comparisons of NaOH and Na4P207 extraction methods for the characterization
of organic amendments. Soil Sci. Soc. Am. J. 85 (2), 273-285.

Baldwin, D.S., Howitt, J.A., Beattie, J.K., 2005. Abiotic Degradation of Organic
Phosphorus Compounds in the Environment. In: Turner, B.L., Frossard, E.,
Baldwin, D.S. (Eds.), Organic Phosphorus in the Environment. CABI Publishing,
Cambridge, MA, pp. 75-88.

Barth, A.P., Tormena, C.F., Viotto, W.H., 2017. pH influences hydrolysis of sodium
polyphosphate in dairy matrices and the structure of processed cheese. J. Dairy Sci.
100 (11), 8735-8743.

Bertini, I., Luchinat, C., 1994. The Reaction Pathways of Zinc Enzymes and Related
Biological Catalysts. In: Bertini, 1., Gray, H.B., Lippard, S.J., Valentine, J.S. (Eds.),
Bioinorganic Chemistry. University Science Books, Mill Valley, CA.

Bowman, R.A., Moir, J.O., 1993. Basic Edta as an extractant for soil organic phosphorus.
Soil Sci. Soc. Am. J. 57 (6), 1516-1518.

Brookes, P.C., Powlson, D.S., Jenkinson, D.S., 1982. Measurement of microbial biomass
phosphorus in soil. Soil Biol. Biochem. 14 (4), 319-329.

Brookes, P.C., Powlson, D.S., Jenkinson, D.S., 1984. Phosphorus in the soil microbial
biomass. Soil Biol. Biochem. 16 (2), 169-175.

Browman, M.G., Tabatabai, M.A., 1978. Phosphodiesterase activity of soils. Soil Sci. Soc.
Am. J. 42 (2), 284-290.

Butcher, W.W., Westheimer, F.H., 1955. The lanthanum hydroxide gel promoted
hydrolysis of phosphate esters. J. Am. Chem. Soc. 77 (9), 2420-2424.

Cade-Menun, B., Liu, C.W., 2014. Solution phosphorus-31 nuclear magnetic resonance
spectroscopy of soils from 2005 to 2013: a review of sample preparation and
experimental parameters. Soil Sci. Soc. Am. J. 78 (1), 19-37.

Celi, L., De Luca, G., Barberis, E., 2003. Effects of interaction of organic and inorganic P
with ferrihydrite and kaolinite-iron oxide systems on iron release. Soil Sci. 168 (7),
479-488.

Celi, L., Presta, M., Ajmore-Marsan, F., Barberis, E., 2001. Effects of pH and electrolytes
on inositol hexaphosphate interaction with goethite. Soil Sci. Soc. Am. J. 65 (3),
753-760.

Cheesman, A.W., Turner, B.L., Reddy, K.R., 2010. Interaction of phosphorus compounds
with anion-exchange membranes: implications for soil analysis. Soil Sci. Soc. Am. J.
74 (5), 1607-1612.

Chen, G.Q., Wei, K., Hassanvand, A., Freeman, B.D., Kentish, S.E., 2020. Single and
binary ion sorption equilibria of monovalent and divalent ions in commercial ion
exchange membranes. Water Res. 175.

Condron, L.M., Newman, S., 2011. Revisiting the fundamentals of phosphorus
fractionation of sediments and soils. J. Soil. Sediment. 11 (5), 830-840.

Dick, W.A., Tabatabai, M.A., 1977. Determination of orthophosphate in aqueous
solutions containing labile organic and inorganic phosphorus compounds.

J. Environ. Qual. 6 (1), 82-85.

Fang, Y.D., Kim, E., Strathmann, T.J., 2018. Mineral- and base-catalyzed hydrolysis of
organophosphate flame retardants: potential major fate-controlling sink in soil and
aquatic environments. Environ. Sci. Technol. 52 (4), 1997-2006.

Girault, H.H.J., Schiffrin, D.J., 1984. Adsorption of phosphatidylcholine and
phosphatidylethanolamine at the polarized water 1,2-dichloroethane interface.

J. Electroanal. Chem. 179 (1-2), 277-284.

Gu, C., Hart, S.C., Turner, B.L., Hu, Y., Meng, Y., Zhu, M., 2019. Aeolian dust deposition
and the perturbation of phosphorus transformations during long-term ecosystem
development in a cool, semi-arid environment. Geochim. Cosmochim. Acta 246,
498-514.

Guan, X.H., Chen, G.H., Shan, C., 2005. Competitive adsorption between orthophosphate
and other phosphates on aluminum hydroxide. Soil Sci. 170 (5), 340-349.

Guppy, C.N., Menzies, N.W., Moody, P.W., Compton, B.L., Blamey, F.P.C., 2000.
Analytical methods and quality assurance: a simplified, sequential, phosphorus
fractionation method. Commun. Soil Sci. Plant Anal. 31 (11-14), 1981-1991.

Harris, D., Horwath, W.R., van Kessel, C., 2001. Acid fumigation of soils to remove
carbonates prior to total organic carbon or carbon-13 isotopic analysis. Soil Sci. Soc.
Am. J. 65 (6), 1853-1856.

Hedley, M.J., White, R.E., Nye, P.H., 1982. Plant-Induced Changes in the Rhizosphere of
Rape (Brassica-Napus Var - Emerald) Seedlings .3. Changes in L Value, Soil
Phosphate Fractions and Phosphatase-Activity. New Phytol 91(1), 45-56.

Hosseini, S.M., Madaeni, S.S., Khodabakhshi, A.R., 2012. The electrochemical
characterization of ion exchange membranes in different electrolytic environments:
investigation of concentration and pH effects. Sep. Sci. Technol. 47 (3), 455-462.

Kouno, K., Tuchiya, Y., Ando, T., 1995. Measurement of soil microbial biomass
phosphorus by an anion-exchange membrane method. Soil Biol. Biochem. 27 (10),
1353-1357.

Li, T., Zhong, W., Jing, C.Y., Li, X.G., Zhang, T., Jiang, C.J., Chen, W., 2020. Enhanced
hydrolysis of p-nitrophenyl phosphate by iron (Hydr)oxide nanoparticles: roles of
exposed facets. Environ. Sci. Technol. 54 (14), 8658-8667.

Liu, J., Yang, J.J., Liang, X.Q., Zhao, Y., Cade-Menun, B.J., Hu, Y.F., 2014. Molecular
speciation of phosphorus present in readily dispersible colloids from agricultural
soils. Soil Sci. Soc. Am. J. 78 (1), 47-53.

Maclean, A.A., 1965. Extraction of organic phosphorus from soils with sodium
bicarbonate. Can. J. Soil Sci. 45 (2), 165-+.

Mason, S., Harnon, R., Zhang, H., Anderson, J., 2008. Investigating chemical constraints
to the measurement of phosphorus in soils using diffusive gradients in thin films
(DGT) and resin methods. Talanta 74 (4), 779-787.

10

Geoderma 462 (2025) 117505

Mattila, T.J., Rajala, J., 2022. Estimating cation exchange capacity from agronomic soil
tests: comparing Mehlich-3 and ammonium acetate sum of cations. Soil Sci. Soc. Am.
J. 86 (1), 47-50.

McDowell, R.W., Condron, L.M., Stewart, 1., 2008. An examination of potential
extraction methods to assess plant-available organic phosphorus in soil. Biol. Fertil.
Soils 44 (5), 707-715.

McDowell, R.W., Monaghan, R.M., Smith, L.C., Koopmans, G.F., Stewart, L., 2005.
Enhanced losses of phosphorus in mole-tile drainage water following short-term
applications of dairy effluent to pasture. In: Burke, A. (Ed.), Water Pollution: New
Research. Nova Science Publishers, New York, pp. 55-76.

Mckelvie, 1.D., Peat, D.M.W., Worsfold, P.J., 1995. Techniques for the quantification and
speciation of phosphorus in natural-waters. Anal. Proc. 32 (10), 437-445.

Mehlich, A., 1984. Mehlich 3 soil test extractant: a modification of Mehlich 2 extractant.
Commun. Soil Sci. Plant Anal. 15 (12), 1409-1416.

Murphy, J., Riley, J.P., 1962. A modified single solution method for the determination of
phosphate in natural waters. Anal. Chim. Acta 27, 31-36.

Myers, R.G., Thien, S.J., Pierzynski, G.M., 1999. Using an ion sink to extract microbial
phosphorus from soil. Soil Sci. Soc. Am. J. 63 (5), 1229-1237.

Nuernberg, N.J., Leal, J.E., Sumner, M.E., 1998. Evaluation of an anion-exchange
membrane for extracting plant available phosphorus in soils. Commun. Soil Sci.
Plant Anal. 29 (3-4), 467-479.

Nziko, V.D.N., Shih, J.L., Jansone-Popova, S., Bryantsev, V.S., 2018. Quantum chemical
prediction of pKa values of cationic ion-exchange groups in polymer electrolyte
membranes. J. Phys. Chem. C 122 (5), 2490-2501.

Olsson, R., Giesler, R., Loring, J.S., Persson, P., 2010. Adsorption, desorption, and
surface-promoted hydrolysis of glucose-1-phosphate in aqueous goethite (a-FeOOH)
suspensions. Langmuir 26 (24), 18760-18770.

Ouimette, D.G., Coffey, M.D., 1988. Quantitative-analysis of organic phosphonates,
phosphonate, and other inorganic anions in plants and soil by using high-
performance ion chromatography. Phytopathology 78 (9), 1150-1155.

Parekh, V.J., Rathod, V.K., Pandit, A.B., 2011. Substrate Hydrolysis: Methods,
Mechanism, and Industrial applications of Substrate Hydrolysis. In: Moo-Young, M.
(Ed.), Comprehensive Biotechnology, Vol 2: Engineering Fundamentals of
Biotechnology, 2nd Edition. Elsevier, Amsterdam, The Netherlands, pp. 103-118.

Pizzeghello, D., Berti, A., Nardi, S., Morari, F., 2016. Relationship between soil test
phosphorus and phosphorus release to solution in three soils after long-term mineral
and manure application. Agr Ecosyst Environ 233, 214-223.

Qian, P., Schoenau, J.J., 2002. Practical applications of ion exchange resins in
agricultural and environmental soil research. Can. J. Soil Sci. 82 (1), 9-21.

R Core Team, 2024. R: A language and environment for statistical computing, R
Foundation for Statistical Computing. R Foundation for Statistical Computing,
Vienna, Austria.

Rowland, A.P., Haygarth, P.M., 1997. Determination of total dissolved phosphorus in soil
solutions. J. Environ. Qual. 26 (2), 410-415.

Rubaek, G.H., Sibbesen, E., 1993. Resin extraction of labile, soil organic phosphorus.
J. Soil Sci. 44 (3), 467-478.

Saunders, W.M.H., 1964. Extraction of soil phosphate by anion-exchange membrane.
New Zeal J Agr Res 7 (3), 427-431.

Scherer, P.G., Seelig, J., 1989. Electric charge effects on phospholipid headgroups -
phosphatidylcholine in mixtures with cationic and anionic amphiphiles.
Biochemistry-Us 28 (19), 7720-7728.

Shang, C., Stewart, J.W.B., Huang, P.M., 1992. pH effect on kinetics of adsorption of
organic and inorganic phosphates by short-range ordered aluminum and iron
precipitates. Geoderma 53 (1-2), 1-14.

Sibbesen, E., 1978. An investigation of the anion-exchange resin method for soil
phosphate extraction. Plant and Soil 50, 305-321.

Sibbesen, E., Rubaek, G.H., 1994. Labile, organic phosphorus in incubated soils
estimated by macroporous anion-exchange resin. Commun. Soil Sci. Plant Anal. 25
(9-10), 1671-1683.

Simard, R.R., Cluis, D., Gangbazo, G., Beauchemin, S., 1995. Phosphorus status of forest
and agricultural soils from a watershed of high animal density. J. Environ. Qual. 24
(5), 1010-1017.

Skogley, E.O., Dobermann, A., 1996. Synthetic ion-exchange resins: soil and
environmental studies. J. Environ. Qual. 25 (1), 13-24.

Spohn, M., Kuzyakov, Y., 2013. Phosphorus mineralization can be driven by microbial
need for carbon. Soil Biol. Biochem. 61, 69-75.

Tabatabai, M.A., 1994. Soil Enzymes. In: Weaver, R.W., Angle, S., Bottomley, P.,
Bezdicek, D., Smith, S., Tabatabai, A., Wollum, A. (Eds.), Methods of Soil Analysis.
Soil Science Society of America Inc, Madison, WI, pp. 775-833.

Tabatabai, M.A., Bremner, J.M., 1969. Use of p-nitrophenyl phosphate for assay of soil
phosphatase activity. Soil Biol. Biochem. 1 (4), 301-307.

Torrents, A., Stone, A.T., 1994. Oxide surface-catalyzed hydrolysis of carboxylate esters
and phosphorothioate esters. Soil Sci. Soc. Am. J. 58 (3), 738-745.

Turner, B.L., 2008. Soil organic phosphorus in tropical forests: an assessment of the
NaOH-EDTA extraction procedure for quantitative analysis by solution 31P NMR
spectroscopy. Eur. J. Soil Sci. 59 (3), 453-466.

Turner, B.L., Haygarth, P.M., 2001. Biogeochemistry - phosphorus solubilization in
rewetted soils. Nature 411 (6835), 258.

Turner, B.L., Mahieu, N., Condron, L.M., 2003a. Phosphorus-31 nuclear magnetic
resonance spectral assignments of phosphorus compounds in soil NaOH-EDTA
extracts. Soil Sci. Soc. Am. J. 67 (2), 497-510.

Turner, B.L., Mahieu, N., Condron, L.M., 2003b. The phosphorus composition of
temperate pasture soils determined by NaOH-EDTA extraction and solution P-31
NMR spectroscopy. Org Geochem. 34 (8), 1199-1210.


http://refhub.elsevier.com/S0016-7061(25)00346-5/h0005
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0005
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0005
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0010
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0010
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0010
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0015
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0015
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0015
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0015
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0020
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0020
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0020
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0025
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0025
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0025
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0030
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0030
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0035
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0035
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0040
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0040
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0045
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0045
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0050
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0050
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0055
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0055
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0055
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0060
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0060
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0060
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0065
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0065
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0065
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0070
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0070
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0070
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0075
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0075
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0075
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0080
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0080
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0085
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0085
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0085
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0090
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0090
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0090
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0095
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0095
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0095
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0100
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0100
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0100
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0100
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0105
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0105
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0110
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0110
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0110
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0115
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0115
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0115
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0125
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0125
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0125
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0130
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0130
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0130
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0135
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0135
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0135
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0140
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0140
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0140
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0145
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0145
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0150
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0150
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0150
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0155
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0155
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0155
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0160
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0160
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0160
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0165
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0165
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0165
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0165
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0170
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0170
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0175
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0175
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0180
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0180
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0185
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0185
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0190
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0190
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0190
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0195
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0195
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0195
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0200
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0200
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0200
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0205
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0205
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0205
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0210
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0210
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0210
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0210
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0215
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0215
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0215
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0220
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0220
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0230
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0230
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0235
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0235
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0240
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0240
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0245
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0245
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0245
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0250
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0250
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0250
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0255
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0255
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0260
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0260
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0260
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0265
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0265
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0265
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0270
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0270
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0275
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0275
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0280
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0280
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0280
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0285
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0285
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0290
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0290
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0295
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0295
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0295
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0300
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0300
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0305
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0305
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0305
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0310
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0310
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0310

S. Xu and A.J. Margenot

Xu, C.Y., Li, J.Y., Xu, R.K., Hong, Z.N., 2017. Sorption of organic phosphates and its
effects on aggregation of hematite nanoparticles in monovalent and bivalent
solutions. Environ. Sci. Pollut. R. 24 (8), 7197-7207.

Xu, S.W., Chen, A., Arai, Y., 2021. Solution 31P NMR investigation of inositol
hexakisphosphate surface complexes at the amorphous aluminum oxyhydroxide-
water interface. Environ. Sci. Technol. 55 (21), 14628-14638.

Xu, S.W., Margenot, A.J., 2025. Phosphate elution from anion-exchange membranes in
soil analysis. Agr Env Lett 10 (1).

11

Geoderma 462 (2025) 117505

Xu, S.W., Martin, N.F., Matthews, J.W., Arai, Y., 2022. Accumulation and release of
organic phosphorus (P) from legacy P-affected soils to adjacent drainage water.
Environ. Sci. Pollut. R. 29 (22), 33885-33899.

Zhang, W.J., Cheng, W., Tufa, R.A., Liu, C.H., Aili, D., Chanda, D., Chang, J., Wang, S.P.,
Zhang, Y.F., Ma, J., 2021. Studies on anion exchange membrane and interface
properties by electrochemical impedance spectroscopy: the role of pH. Membranes-
Basel 11 (10).

Zoysa, A.K.N., Loganathan, P., Hedley, M.J., 1997. A technique for studying rhizosphere
processes in tree crops: soil phosphorus depletion around camellia (Camellia
japonica L) roots. Plant and Soil 190 (2), 253-265.


http://refhub.elsevier.com/S0016-7061(25)00346-5/h0315
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0315
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0315
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0320
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0320
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0320
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0325
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0325
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0330
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0330
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0330
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0335
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0335
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0335
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0335
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0340
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0340
http://refhub.elsevier.com/S0016-7061(25)00346-5/h0340

	Accounting for water-extractable organic phosphorus in the anion-exchange resin membrane extractions of soils
	1 Introduction
	2 Material and methods
	2.1 Soil sampling and pretreatment
	2.2 Exchange capacity of the AEM strips
	2.3 Recovery of Po species by AEM strips
	2.4 Hydrolysis of Po species in different solutions and over time
	2.5 Water and AEM extractable Pi and Po in soil samples
	2.6 Statistical analyses

	3 Results
	3.1 Anion-exchange resin membrane capacity
	3.2 Organic P species recovery by AEM strips
	3.3 Hydrolysis of Po species in different background solutions
	3.4 Extent of Po hydrolysis in water over time
	3.5 Water and AEM extractable Po in soils

	4 Discussion
	4.1 AEM extractable Po recovery by elution
	4.2 Hydrolysis of Po in water, H2SO4, and NaHCO3
	4.3 Water-extractable Po in soils

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary material
	Data availability
	References


