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Abstract

Resin-extractable phosphate (PO,4-P) is a widespread sink-based measure of soil
bioavailable phosphorus (P) used in biogeochemistry and soil fertility. However, acid
elution of P may hydrolyze organic P and thus compromise measurement of PO,-
P. We evaluated sodium bicarbonate (NaHCO;) as an alternative to sulfuric acid
(H,S0,) for PO,-P elution. We found 0.5 M NaHCO; achieved ~100% PO,-P recov-
ery at higher initial PO,-P concentrations (20 and 30 mg P/L), compared to 95%—98%
with 0.25 M H,SO,. For 24 soil samples representing all 12 USDA soil orders,
NaHCO; elution yielded 9.6% higher resin extractable PO4-P than H,SO,. Addi-
tionally, the PO,-P remaining in water extract after resin removal (H,O,.-PO,) was
consistently quantifiable, and constituted up to 46% of total extractable PO,-P. These
results demonstrate (i) NaHCO; is a more effective eluent for resin extractable P than
H,S0y,, and (ii) H,O,.-PO, should be quantified when measuring resin extractable
P.

Plain Language Summary

This study presents an improved way to measure resin-extractable phosphorus in soil.
Traditional methods use acids to elute phosphorus from resin, but this can cause
inaccuracies by degrading organic phosphorus into inorganic phosphorus. We tested
sodium bicarbonate as an alternative eluent and found it to be more effective than
sulfuric acid at recovering nearly 100% of phosphorus. Sodium bicarbonate also out-
performed the traditional acid method in soils from 12 USDA orders by extracting
more phosphorus. Additionally, a significant amount of phosphorus remained in the
soil-water extract after resin removal, which should also be measured for accurate

evaluations of extractable P considered to be labile.

Abbreviations: AEM, anion-exchange membrane; ANOVA, analysis of variance; resin-MRP, resin-extractable molybdate reactive phosphorus; SOC, soil

organic carbon.
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1 | INTRODUCTION

The anion-exchange resin extraction has been used for
decades in the analysis of soil phosphorus (P). First devel-
oped in 1955 (Amer et al., 1955), anion-exchange resin beads
or membranes are used to extract phosphate (PO,-P) as pas-
sive sink analogous to the sink-based uptake by plant roots or
microbial biomass (Qian & Schoenau, 2002). Initially, neu-
tral salt solutions (e.g., sodium chloride, sodium sulfate) were
used to elute P sorbed to the resin (Hislop & Cooke, 1968).
Today, strong acids (e.g., hydrochloric acid, sulfuric acid) are
used to elute PO4-P because under low pH conditions, the
triprotic form of orthophosphate (H;PO,) cannot react with
the positively charged sites of the resin (Sibbesen, 1978),
increasing recovery. Resin-P with acid elution was used as
the first step in the Hedley fractionation (Hedley et al., 1982)
and today is widely used to estimate the soil labile P fraction
(Condron & Newman, 2011; Turner & Condron, 2013). Over
time, researchers continued to refine and improve the method
to enhance its accuracy and reliability.

However, the resin extraction methodology currently used
may lead to errors in quantifying resin-extractable PO,-P. In
addition to PO,-P, organic P (P,) and condensed inorganic P
(P;; i.e., polyphosphates) can be adsorbed to anion-exchange
resin beads (McDowell et al., 2008; Rubaek & Sibbesen,
1993) and membranes (Cheesman et al., 2010). The use of
acid for PO,-P elution can hydrolyze certain forms of P,
and condensed P; (Cheesman et al., 2010), leading to over-
estimated resin-extractable PO,-P. Additionally, acid eluents
can interfere with molybdate colorimetry (Nuernberg et al.,
1998), which can be mitigated by pH adjustment but at the
risk of diluting PO,-P concentrations below the limit of quan-
tification. The choice of eluent solution has received limited
attention, and evaluations often utilize soils with relatively
low concentrations of PO,-P in elution solutions (equivalent
to <10 mg P/kg soil; Nuernberg et al., 1998).

Bicarbonate (HCO;™) as the sodium salt is a promising
alternative eluent, as it is already used for resin membrane
regeneration (Cheesman et al., 2010; Sibbesen, 1978) and
possesses higher affinity for anion exchange resins than sul-
fate (SO,>7) (Skogley & Dobermann, 1996). The weakly
alkaline solution of HCO5;~ (pH =~8) does not strongly inter-
fere with subsequent molybdate reactive P measurement,
whereas acid eluents (i.e., 0.25 M H,SO,) may depress
pH beyond the threshold of stability for the molybdenum
blue complex (Nuernberg et al., 1998). Meanwhile, although
resin showed a high PO,-P recovery (>97%) using a PO,-
P standard solution (Amer et al., 1955; Sibbesen, 1978), the
potential of PO,-P extracted by the water but not extracted by
resin is generally overlooked, likely because it is considered to
be negligible. Indeed, the P remaining total in the water extract
following resin removal has been regarded as water soluble
P, based on the assumption that PO,-P in the water would
have been sorbed to the resin (Hedley et al., 1982). How-

Core Ideas

* Acid elution can introduce errors to resin-
extractable phosphate (PO,-P) used to assess soil
bioavailable P.

* Sodium bicarbonate (0.5 M NaHCO;) achieved
~100% PO,-P recovery, outcompeting sulfuric
acid (0.25 M H,SO,) in elution.

* NaHCOj; elution yielded >9.6% PO,-P than
H,SO, across soils from 12 USDA soil order and
different vegetation covers.

* PO,-P remaining in soil-water extract after resin
removal (H,0,-PO,) was up to 46% of total
extractable PO,-P.

* NaHCO; is an effective eluent for resin extractable
P, and H,0,.-PO, should be quantified as part of
soil labile P.

ever, the presence of other ligands (i.e., NO5~, SO42_) and
organic matter in soil water extracts can potentially compete
with PO,-P for resin adsorption sites (Mason et al., 2008),
reducing the resin recovery of PO,-P from water extracts of
soil. Thus, we tested the hypothesized potential of HCO;~
as an eluent for PO,-P recovery from anion-exchange mem-
brane (AEM) strips used to measure resin-extractable PO,-P
(resin-POy,), and the potential of quantifiable PO,-P remain-
ing in soil-water extract after resin removal. We hypothesized
that (1) NaHCO; would effectively recover PO,-P (i.e., >95%
PO,-P recovery), thereby serving as a viable alternative to
acid in the elution process, and (2) the amount of unextracted
PO,-P by resin in soil-water extract should be quantified as
part of soil labile PO,-P.

2 | MATERIALS AND METHODS

The AEM (#551642S; VWR International) strips
(1.0 cmx4.0 c¢m, reactive area of 8.0 cm?) were preloaded
with HCO;~ as counterions, common practice because
HCO;™ can maintain pH more consistently during extraction
and provide a higher P recovery compared to other counte-
rions (e.g., C17; Sibbesen, 1978; Sibbesen & Rubaek, 1994).
Prior to extraction, the AEM strips were rinsed thrice in
18.2 MQ cm water. AEM strips were then placed in 20 mL
of potassium dihydrogen phosphate (KH,PO,, No. 5839.1;
RICCA Chemical Company) solutions of 4, 10, 20, and 30 mg
P/L, and shaken for 16 h to be consistent with the Hedley
extraction method for soil samples (Hedley et al., 1982).
After exposure to PO,-P solutions, AEM strips were rinsed
in 18.2 MQ cm water and immersed in 12 mL of 0.25 M
H,SO,4 or 0.5 M NaHCOj; and shaken for 3 h. To identify
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the concentration of NaHCO; that maximized P recovery,
multiple AEM strips previously shaken with 20 mg P/L
KH,PO, were immersed in 12 mL of NaHCO; at 0.1, 0.2,
0.5, and 1.0 M and shaken for 3 h. Concentration of PO,-P
in the eluents and the extracts after resin removal was deter-
mined by molybdate colorimetry (Murphy & Riley, 1962).
Over 98% of PO,-P was extracted by resin in all samples,
enabling direct comparisons between the evaluated eluents.
Experimental treatments were performed in quadruplicate.
The PO,-P recovery was calculated by Equation (1).

PO,-P recovery by elution (%)

PO,-P released during elution
= % 100%. (1

PO,-P extracted by resin

To compare the eluent performance between H,SO,
and NaHCO;, extraction of PO,4-P by resin (resin-PO,)
was performed on diverse soils. Twenty-four soils (0—5 cm
of surface horizon) from 12 USDA soil orders and under
different land uses of crop, grass, forest, wetland, and tundra
were characterized (Table 1). Soil total P was analyzed by the
lithium metaborate fusion method (Gu et al., 2019). Twenty
mL of 18.2 MQ cm water and an AEM strip preloaded with
HCO;~ counterion were combined with 0.5 g of air-dried
soil (<2 mm) and shaken for 16 h. After shaking, the AEM
strips were removed, rinsed, and eluted with 12 mL of either
0.25 M H,SO, or 0.5 M NaHCO; solution. Additionally, the
soil-water extract after resin removal was centrifuged (8000
RCF, 15 min), and an aliquot was pipetted from the super-
natant for analysis. Concentrations of PO,-P in water extracts
after resin removal (H,O,.-PO,) were determined by Dick
and Tabatabai (1977) to avoid potential hydrolysis of labile
P, and condensed P; during measurement, and PO,-P in
eluents (resin-PO,) was measured by molybdate colorimetry
(Murphy & Riley, 1962) after pH adjustment. However, using
the Dick and Tabatabai (1977) method to measure resin-PO,
in the acid eluent is not relevant because the use of acid in the
original elution would already hydrolyze P, and condensed P;
if present. To maintain consistency when comparing NaHCO;
and H,SO, as eluents, we used the Murphy and Riley (1962)
method for both eluents. We therefore refer to the measured
resin-PO, for soil samples as resin-extractable molybdate
reactive P (resin-MRP). Total P in the water extracts and
eluents was quantified as P; following acid—persulfate diges-
tion (86°C, 16 h; Rowland & Haygarth, 1997). Each sample
was obtained in duplicate. The percentage of H,O,.-PO,
in total released PO4-P from soil during resin extraction
(i.e., sum of resin-PO, and H,0,.,-PO,) was calculated by
Equation (2).

H20r67PO4

H,0,.-PO, (%) =
20r7PO4 (%) H,0,.-PO, + resin-PO,

x 100%. (2)

Statistical analyses were performed using the R software,
version 4.2.0 (R Core Team, 2024). One-way analysis of
variance (ANOVA) was conducted to compare the PO,-P
elution by NaHCO; and by H,SO,. The normality of the
residuals and homoscedasticity of variances were confirmed
by the Kolmogorov—Smirnov test and Levene’s test, respec-
tively, prior to ANOVA test. Mean differences in PO,-P
elution by different NaHCO; concentrations were tested using
Tukey’s honestly significant difference test (p < 0.05). Pear-
son correlation was used to test the relationship between
NaHCO; eluted and H,SO, eluted resin-PO, from soil sam-
ples, and Pearson correlation coefficients of R> and p-value
were calculated.

3 | RESULTS AND DISCUSSION

Elution with 0.5 M NaHCO; yielded consistently high recov-
ery of PO,-P standards (i.e., >95%; Figure 1a,b). The PO,-P
eluted across the concentration gradient of NaHCOj; increased
from 96% to a maximum of 100% with NaHCO; concentra-
tions from 0.1 to > 0.5 M (Figure 1a). The elution recovery
of PO,-P was nearly complete (~100%) for both eluents
at <20 mg P/L but was higher in 0.5 M NaHCO; (~100%)
than in 0.25 M H,SO, (95%—-98%) at >20 mg P/L (Figure 1b),
indicating that NaHCO; was more effective than H,SO, for
PO,-P elution. Use of NaHCO; also offers practical advan-
tages such as reduced safety risks and reagent costs relative to
H,S0O,. Greater elution efficiency by NaHCO; than H,SO,
may be explained by (1) the higher affinity of HCO;~ for
anion exchange resin than SO,>~ (Skogley & Dobermann,
1996) and (2) divalent SO,>~ ion pairing with cations at high
PO,-P concentration that reduces competitive adsorption of
SO,>~ on AEM surface (Chen et al., 2020).

Elution by NaHCO; across 24 soil samples from 12 soil
orders yielded 9.6% higher resin-MRP than elution by H,SO,
(Figure le), indicating that greater recovery of P by NaHCO;
elution was robust across a wide range of soil types and
properties (i.e., pH 4.4-8.1; soil organic carbon (SOC) 0.2%—
37.7%; clay 0%—69.4%; soil total P 118-3625 mg/kg). The
concentration of resin-MRP using NaHCO; as the eluent
(0.3-154 mg/kg) was strongly and positively correlated to
the concentration of resin-MRP by H,SO, (0.4-134 mg/kg;
slope = 091, R*> 0.98), indicating similar elution effi-
ciency with 8.8% lower PO,-P yielded by H,SO, elution.
Phosphate-P remaining in the water extract after resin removal
measured as H,O,.-PO, was appreciable for many soils both
in magnitude and as a proportion of total extractable PO,-P
(Figure 1c,d). Concentration of H,O,.-PO, generally ranged
from <0.12 to 2.3 mg/kg for most soil orders and vegeta-
tion covers but was substantially higher in two organic soils,
an agriculturally managed Histosol (6.4 mg/kg, 4.3%) and
a Gelisol under native tundra (5.3 mg/kg, 3.8%). Since soil
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TABLE 1
grassland, pasture, forest, cropland, wetland, or tundra.

Physiochemical characterization of 24 surface soils (0- to 5-cm depth) from all 12 USDA orders under diverse land uses of

USDA SOC CEC Soil-TP
order (%) C:N pH (cmol/kg) (mg P/kg soil) H,0,.-TP  Resin-TP, Resin-TP,,  Location Land use
Oxisol 0.6 9.7 80 12.5 441 + 23 22+03 72 +03 27 £ 0.1 CA,USA Grassland
Oxisol 1.4 11.7 5.6 11.6 658 + 10 1.8 + 0.1 59 + 0.0 1.7 + 0.6 Vihiga, Cropland
Kenya
Vertisol 1.6 112 6.1 25.3 483 + 14 52 +33 58 00 12.1 £ 0.1 CA,USA Cropland
Vertisol 1.0 124 7.0 31.1 586 + 10 44 + 0.0 23.1 £ 03 202 + 0.0 CA,USA Grassland
Histosol 377 253 53 2.0 619 + 22 +01 267 +03 233 +0.1 MN,USA Wetland
Histosol 29.7 16.0 7.7 55.8 3625 + 6 10.1 + 0.1 163.2 + 04 1433 + 0.7 FL,USA Cropland
Inceptisol 1.2 155 45 7.0 179 + 50+ 05 15.6 + 0.0 9.6 + 0.0 CA,USA Pasture
Inceptisol 1.5 11.4 6.6 21.4 1747 + 15 48 + 1.3 33.1 £ 03 389 + 0.1 CA,USA Grassland
Mollisol 1.1 104 8.1 153 710 + 33 04 + 0.1 143 + 0.1 11.3 = 04 MO, USA Cropland
Mollisol 3.1 124 6.1 14.7 889 + 9 51 +12 114 £ 0.0 69 + 0.7 CA, USA Grassland
Alfisol 1.1 10.1 8.0 17.4 781 + 22 1.8 +01 344 +£00 371 +0.1 IL , USA Cropland
Alfisol 24 102 5.7 26.6 623 + 9 44 + 18 204 £0.1 248 + 04 IL,USA Cropland
Ultisol 0.8 nd. 6.1 3.0 370 + 18 80+ 10 186 +03 18.0+ 0.1 FL,USA Cropland
Ultisol 4.1 217 538 8.0 1454 + 6 85 + 1.5 147 + 1.1 142 + 0.1 CA,USA Forest
Entisol 0.9 89 73 21.1 913 + 9 1.5 +03 10.1 + 0.1 73 £ 1.5 CA,USA Cropland
Entisol 1.5 139 64 11.2 240 + 3 6.8 +£26 297 +0.0 157 + 04 CA,USA Grassland
Andisol 8.0 19.6 6.0 9.4 1890 + 20 49 + 0.7 10.4 + 0.1 8.8 + 0.0 CA,USA Grassland
Andisol 7.4 19.6 5.8 11.7 1746 + 17 45 +03 21.0+01 276 + 03 CA,USA Forest
Spodosol 6.2 132 47 10.0 257 + 2 37+03 689 +08 592+ 0.1 FL,USA Pasture
Spodosol 2.3 250 44 3.7 118 + 5 0.1 + 0.1 115 + 04 11.6 + 0.1 FL,USA Pasture
Aridisol 0.7 122 7.1 18.9 878 + 6 51 +06 201 +£0.1 167 £ 0.0 NV,USA Grassland
Aridisol 0.2 nd. 8.1 7.4 640 + 6 22 + 0.3 17.8 £ 0.0 15.1 = 1.3 NV, USA Grassland
Gelisol 17.5 199 69 25.0 1184 + 21 47 +02 131 £ 04 108 + 0.0 AK,USA Tundra
Gelisol 32.8 298 52 31.66 721 + 3 249 + 0.7 1335 + 1.0 1419 + 0.7 AK, USA Tundra

Abbreviations: CEC, cation exchange capacity; C:N, carbon to nitrogen ratio; H,O,.-TP, TP in remaining water extract analyzed by acid-persulfate digestion; n.d., not
detectable; resin-TP, resin extractable TP by (a) 0.5 M NaHCO; elution and (b) 0.25 M H,SO, elution; SOC, soil organic carbon; soil-TP, total soil phosphorus analyzed

by lithium metaborate fusion.

resin-MRP concentrations were well below the adsorption
maxima of AEM (=0.7 mg P/AEM strip based on a pre-
liminary evaluation, equivalent to 1400 mg P/kg in soils),
the presence of PO,-P remaining in the water used to shake
the soil sample with the AEM strip is unlikely due to the
insufficient extraction by AEM. In the soil-water extract, the
presence of other ligands and dissolved organic matter can
potentially interfere with PO,-P adsorption by AEM (Mason
et al., 2008), thus reducing the amount of soil released PO4-P
extracted by AEM.

As molybdate colorimetry based on Murphy and Riley
(1962) is predominantly used in soil science to measure MRP
in diverse soil extracts, we additionally compared the H,O,,-
PO, concentration measured by the Murphy and Riley (1962)
and Dick and Tabatabai (1977) methods (Figure S1) in order
to assess the degree to which Murphy and Riley (1962) may
misestimate this fraction. The two methods yielded similar
H,0,,.-PO, concentrations for most samples, but for soils with

high SOC (>20%) and high H,0,.-PO, (>4 mg/kg), concen-
trations measured by the Dick and Tabatabai (1977) method
were 27%—29% lower than those measured by Murphy and
Riley (1962). This discrepancy likely arises from higher labile
P, concentrations in soils with higher organic matter for which
P, hydrolysis during the Murphy and Riley (1962) method
may lead to overestimation of H,O,.-PO,. This potential and
soil-specific artifact is expected to be common to the ubiq-
uitous use of Murphy and Riley (1962) colorimetry across
extract types, and merits further investigation.

The percent of H,O,-PO, indicates the proportion of
total PO,-P extracted by water with shaking resin. Though
H,0,.-PO, is not currently regarded as part of the resin-MRP
fraction, as it is released during water + resin extraction of
soil, it stands to reason to consider this fraction in inves-
tigations of soil P bioavailability. Additionally, in some
applications of resin extraction such as Hedley fractionation
(Hedley et al., 1982), the water extract after resin removal
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FIGURE 1 Phosphate (PO,-P) elution in a batch experiment with different eluents and in resin extraction of soils from 12 USDA soil orders
and under different land uses. (a) Elution of PO,-P from resin at initial PO,-P concentration of 20 mg P/L using 0.1-1.0 M NaHCOs; (b) elution of
PO,-P from resin at initial PO,-P concentration of 4-30 mg P/L in 0.5 M NaHCOj; and 0.25 M H,SO,; (c) concentrations of the remaining PO,-P in
soil-water extract after resin removal (H,0O,.-PO,) in soils measured by the modified molybdate colorimetric method to avoid potential hydrolysis of
labile P, and condensed P; during measurement; (d) proportion (%) of H,O,.-PO, in total released PO,-P during extraction (i.e., sum of H,O,.-PO,
and resin-extractable molybdate reactive P from soils [resin-MRP]) in soils; (e) Pearson correlation between concentrations of resin-MRP eluted by
NaHCO; and by H,SO,. Based on Tukey’s honestly significant difference (HSD), capital letters indicate significant differences (p < 0.05) among
different NaHCO; concentrations in (a). The p-values of one-way analysis of variance (ANOVA) results for comparing PO,-P elution by NaHCO,
and H,SO, are denoted in (b). *Significant at p < 0.05; n.s. not significant.

is digested, meaning that H,O,.-PO, is incorrectly measured
and thus interpreted as H, O-extractable P, (H,O-P,,), leading
to overestimation of H,O-P,. The percent of H,0,-PO, in
the sum of resin-MRP and H,O,.,-PO, was generally <15%
(Figure 1d), with the highest in two soils, an agriculturally
managed Oxisol (1.1 mg/kg, 46%) and an Inceptisol under
pasture (2.3 mg/kg, 18%). Although concentrations of H,O,-
PO, in these two soils were relatively low, the relatively low
resin-MRP concentrations led to H,O,.-PO, being an appre-
ciable proportion of total extractable P (i.e., resin-MRP +

H,0,.-PO,). We recommend that the PO,-P remaining in
water extract after resin removal should also be measured and
considered part of the labile PO,-P, especially for soils with
low labile PO,-P concentrations.

4 | CONCLUSION

This study demonstrates the advantage of using NaHCO;
instead of H,SO, for PO,-P elution in the determination of
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soil resin-P, with maximal recovery using 0.5 M NaHCO;
for the standard extraction ratio of 12 mL to 8.0 cm?> AEM.
Recovery of PO,-P was complete (100%) at PO,-P <20 mg
P/L for both eluents but was higher in 0.5 M NaHCO;
(=100%) than in 0.25 M H,SO, (95%—98%) at PO,-P >20 mg
P/L. Across all 24 soil samples from 12 USDA soil orders,
NaHCO; elution yielded 9.6% higher resin-MRP than H,SO,
elution. Finally, our findings establish that H,O,-PO, is
quantifiable for all soils and can be an appreciable proportion
of total PO,-P released in the soil water extract during resin
extraction (i.e., resin-MRP + H,O,.-PO,). However, current
methods do not distinguish H,O,.-PO, from H,O-P,, which
can lead to overestimated H,O-P, and underestimated soil
labile PO4-P. We therefore recommend that H,O,.-PO, be
measured by Dick and Tabatabai (1977) to avoid the poten-
tial inclusion of PO,-P from P, and condensed P; hydrolysis.
Future work should evaluate the origin and bioavailability of
the H,O,.-PO, fraction (e.g., radioisotope labeling).

AUTHOR CONTRIBUTIONS

Suwei Xu: Conceptualization; formal analysis; investiga-
tion; visualization; writing—original draft; writing—review
and editing. Andrew Margenot: Data curation; writing—
original draft; funding acquisition; resources; supervision;
writing—review and editing.

ACKNOWLEDGMENTS
This work was supported in part by Illinois Nutrient Research
and Education Council award #2021-4-360731-469 (Andrew
J. Margenot) and by National Science Foundation award
#2125626 (Andrew J. Margenot).

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

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

ORCID
Suwei Xu © https://orcid.org/0000-0002-9501-8902
Andrew J. Margenot ‘2 https://orcid.org/0000-0003-0185-

8650

REFERENCES

Amer, F.,, Bouldin, D. R., Black, C. A., & Duke, F. R. (1955). Character-
ization of soil phosphorus by anion exchange resin adsorption and P
32-equilibration. Plant and Soil, 6, 391-408. https://doi.org/10.1007/
BF01343648

Cheesman, A. W., Turner, B. L., & Reddy, K. R. (2010). Interaction
of phosphorus compounds with anion-exchange membranes: Implica-
tions for soil analysis. Soil Science Society of America Journal, 74(5),
1607-1612. https://doi.org/10.2136/sssaj2009.0295

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
Research, 175, 115681. https://doi.org/10.1016/j.watres.2020.115681

Condron, L. M., & Newman, S. (2011). Revisiting the fundamentals
of phosphorus fractionation of sediments and soils. Journal of Soils
and Sediments, 11(5), 830-840. https://doi.org/10.1007/s11368-011-
0363-2

Dick, W. A., & Tabatabai, M. A. (1977). Determination of orthophos-
phate in aqueous solutions containing labile organic and inorganic
phosphorus compounds. Journal of Environmental Quality, 6(1),
82-85. https://doi.org/10.2134/jeq1977.00472425000600010018x

Gu, C., Hart, S. C., Turner, B. L., Hu, Y., Meng, Y., & Zhu, M.
(2019). Aeolian dust deposition and the perturbation of phospho-
rus transformations during long-term ecosystem development in a
cool, semi-arid environment. Geochimica et Cosmochimica Acta, 246,
498-514. https://doi.org/10.1016/j.gca.2018.12.017

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 Phytologist, 91(1), 45-56. https://doi.org/10.1111/j.
1469-8137.1982.tb03291.x

Hislop, J., & Cooke, I. J. (1968). Anion exchange resin as a means of
assessing soil phosphate status—A laboratory technique. Soil Science,
105(1), 8-11. https://doi.org/10.1097/00010694-196801000-00003

Mason, S., Hamon, 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. https://doi.org/10.1016/j.talanta.2007.07.005

McDowell, R. W., Condron, L. M., & Stewart, 1. (2008). An examina-
tion of potential extraction methods to assess plant-available organic
phosphorus in soil. Biology and Fertility of Soils, 44(5), 707-715.
https://doi.org/10.1007/s00374-007-0253-3

Murphy, J., & Riley, J. P. (1962). A modified single solution method for
the determination of phosphate in natural waters. Analytica Chimica
Acta, 27, 31-36. https://doi.org/10.1016/S0003-2670(00)88444-5

Nuernberg, N. J., Leal, J. E., & Sumner, M. E. (1998). Evaluation of an
anion-exchange membrane for extracting plant available phosphorus
in soils. Communications in Soil Science and Plant Analysis, 29(3-4),
467-479. https://doi.org/10.1080/00103629809369959

Qian, P., & Schoenau, J. J. (2002). Practical applications of ion exchange
resins in agricultural and environmental soil research. Canadian
Journal of Soil Science, 82(1),9-21. https://doi.org/10.4141/S00-091

R Core Team. (2024). R: A language and environment for statistical
computing. R Foundation for Statistical Computing. https://posit.co/
download/rstudio-desktop/

Rowland, A. P., & Haygarth, P. M. (1997). Determination of
total dissolved phosphorus in soil solutions. Journal of Environ-
mental Quality, 26(2), 410-415. https://doi.org/10.2134/jeq1997.
0047242500260002001 1x

Rubaek, G. H., & Sibbesen, E. (1993). Resin extraction of labile, soil
organic phosphorus. Journal of Soil Science, 44(3), 467—478. https://
doi.org/10.1111/j.1365-2389.1993.tb00469.x

Sibbesen, E. (1978). An investigation of the anion-exchange resin
method for soil phosphate extraction. Plant and Soil, 50, 305-321.
https://doi.org/10.1007/BF02107180

Sibbesen, E., & Rubaek, G. H. (1994). Labile, organic phospho-
rus in incubated soils estimated by macroporous anion-exchange

85UB017 SUOLILLIOD) SIS0 8|qedlidde au Ag peusenob ae sojoie YO '8sN J0 S9N J0J Akeuq 18Ul UO 8|1 UO (SUONIPUOD-PUR-SLLBI D A8 | 1M Aleql 1 putjuo//:SAny) SUOTIPUOD pue SWLS | 8U1 89S *[5202/0T/L2] uo Ariqiauluo AB|im ‘ubreduwreyd eueqin 1y sioul]l| O AsAIIN AQ ZT00. 29e/200T OT/I0p/0d A8 |ImAReiq 1ol JUO'SSasde//:SAnY Wos pepeojumoq ‘T 'S20Z 'SZ96TLYZ


https://orcid.org/0000-0002-9501-8902
https://orcid.org/0000-0002-9501-8902
https://orcid.org/0000-0003-0185-8650
https://orcid.org/0000-0003-0185-8650
https://orcid.org/0000-0003-0185-8650
https://doi.org/10.1007/BF01343648
https://doi.org/10.1007/BF01343648
https://doi.org/10.2136/sssaj2009.0295
https://doi.org/10.1016/j.watres.2020.115681
https://doi.org/10.1007/s11368-011-0363-2
https://doi.org/10.1007/s11368-011-0363-2
https://doi.org/10.2134/jeq1977.00472425000600010018x
https://doi.org/10.1016/j.gca.2018.12.017
https://doi.org/10.1111/j.1469-8137.1982.tb03291.x
https://doi.org/10.1111/j.1469-8137.1982.tb03291.x
https://doi.org/10.1097/00010694-196801000-00003
https://doi.org/10.1016/j.talanta.2007.07.005
https://doi.org/10.1007/s00374-007-0253-3
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1080/00103629809369959
https://doi.org/10.4141/S00-091
https://posit.co/download/rstudio-desktop/
https://posit.co/download/rstudio-desktop/
https://doi.org/10.2134/jeq1997.00472425002600020011x
https://doi.org/10.2134/jeq1997.00472425002600020011x
https://doi.org/10.1111/j.1365-2389.1993.tb00469.x
https://doi.org/10.1111/j.1365-2389.1993.tb00469.x
https://doi.org/10.1007/BF02107180

XU AND MARGENOT

Agricultural & Environmental Letters 5

7 of 7

resin. Communications in Soil Science and Plant Analysis, 25(9-10),
1671-1683. https://doi.org/10.1080/00103629409369143

Skogley, E. O., & Dobermann, A. (1996). Synthetic ion-exchange
resins: Soil and environmental studies. Journal of Environ-
mental Quality, 25(1), 13-24. https://doi.org/10.2134/jeq1996.
00472425002500010004x

Turner, B. L., & Condron, L. M. (2013). Pedogenesis, nutrient dynamics,
and ecosystem development: The legacy of TW Walker and JK Syers.
Plant and Soil, 367(1-2), 1-10. https://doi.org/10.1007/s11104-013-
1750-9

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Xu, S., & Margenot, A. J.
(2025). Phosphate elution from anion-exchange
membranes in soil analysis. Agricultural &
Environmental Letters, 10, €70012.
https://doi.org/10.1002/ael2.70012

85UB017 SUOLILLIOD) SIS0 8|qedlidde au Ag peusenob ae sojoie YO '8sN J0 S9N J0J Akeuq 18Ul UO 8|1 UO (SUONIPUOD-PUR-SLLBI D A8 | 1M Aleql 1 putjuo//:SAny) SUOTIPUOD pue SWLS | 8U1 89S *[5202/0T/L2] uo Ariqiauluo AB|im ‘ubreduwreyd eueqin 1y sioul]l| O AsAIIN AQ ZT00. 29e/200T OT/I0p/0d A8 |ImAReiq 1ol JUO'SSasde//:SAnY Wos pepeojumoq ‘T 'S20Z 'SZ96TLYZ


https://doi.org/10.1080/00103629409369143
https://doi.org/10.2134/jeq1996.00472425002500010004x
https://doi.org/10.2134/jeq1996.00472425002500010004x
https://doi.org/10.1007/s11104-013-1750-9
https://doi.org/10.1007/s11104-013-1750-9
https://doi.org/10.1002/ael2.70012

	Phosphate elution from anion-exchange membranes in soil analysis
	Abstract
	Plain Language Summary
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	3 | RESULTS AND DISCUSSION
	4 | CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


