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ARTICLE INFO ABSTRACT

Keywords: The oxygen isotope ratio in phosphate (5!%0p) is an effective tool for tracing the sources of phosphorus (P) and
Method their biogeochemical cycles. The HCl-extractable inorganic phosphate (HCI-Pyy) is the primary component of P
Phosphate oxygen isotope and plays a key role in the dynamic transformation of P in sediment and soil. However, it has always been
I;fi';ge gel difficult to purity sample for analyzing the §'%0p composition of HCl-P; due to the significantly interference of
Sediments large amounts of Fe2*/3*, Ca?*, C1™~ and other impurities in the HCI-P; extracts. In this study, we developed a
Soils simple and promising purification method for 5'®0p analysis of HCI-Py; in sediments and soils based on the

superior selective enrichment and elution abilities of phosphate (PO4) and efficient synchronous removal of
impurities by Zr-Oxide gel in highly acidic HCI-Py; extract. The enrichment rate and elution rate of POy in the
HCI-Pq; extract by the Zr-Oxide gel could achieve 100% respectively, and the synchronous removal rates of most
anions, dissolved organic carbon (DOC), metals, and trace elements could be above 96% respectively, reducing
the tedious operation of conventional methods and the difficulties in removal of impurities, such as C1~ in HCI-
Py extract. It’s indicated that the purity of the AgsPOy solid for §'80p composition analysis of HCI-Py; could
reach 99.9%. The above results show that the new method is very simple, efficient and reliable for the 5'%0p
analysis of HCI-Py in sediments and soils. This study provides new methodological support for identifying the
sources of P and tracing their biogeochemical cycles in sediment or soil environment.

1. Introduction participate in the migration, transformation and biological recycling of

P in the soil (Walker and Syers, 1976; Bate et al., 2008; Tamburini et al.,

Phosphorus (P) is a basic nutrient element to constitute the life
material, such as the component of cell membrane structure, genetic
material (DNA) and energy material (ATP) of organisms, a key nutrient
that affects the growth and development of organisms, and an important
driving factor of water primary productivity. In nature, P is mainly
bound to oxygen (0) and widely as inorganic phosphate (PO, i.e., PO3 ™,
HPOZ~ and H,PO7) found in sediments and soils, and often has different
bioavailability under different sediment or soil background condition,
playing a key role in the dynamic transformation of P (Reina et al., 2006;
Zhang et al., 2020; Pu et al., 2020). For instance, rock weathering or
artificial fertilization first provide the soil with a large amount of POy,
which becomes the most important nutrient required by biology to

2012; Helfenstein et al., 2018; Koch et al., 2018; Ishida et al., 2019). One
another, with the leaching of soil and the discharge of P-containing
wastewater from human activities, sediments, as an important sink of P,
store large amounts of PO4 in water or from terrestrial sources and well
record their historical deposition process, and can also release POy to the
overlying water with the change of environmental conditions, which
becomes the key circulation part of water P and has an important in-
fluence on lake eutrophication (Jin et al., 2006; Kwak et al., 2018; Chen
et al., 2019; Ezzati et al., 2020; Guo et al., 2020).

P has only one stable isotope (®3'P) and cannot be used as a stable
isotopic tracer, while O has three stable isotopes (160, 170 and '80). P-0
bond in POy is highly resistant to inorganic hydrolysis and can be broken
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under the action of biology or enzyme to exchange O isotope with the
surrounding water molecules, so the O isotope ratio in PO4 (SISOP) can
be an effective tracer to identify the sources of P and their biogeo-
chemical cycles (Longinelli et al., 1973; Blake et al., 1997; Paytan et al.,
2002; McLaughlin et al., 2004, 2006, 2013; Liang and Blake, 2006,
2009; Goldhammer et al., 2011; Gooddy et al., 2015; Mingus et al.,
2019; Pfahler et al., 2020). Chang and Blake (2015) developed the
equilibrium equation1000 Ina (PO4 — H20) = 14.43*1000/
T(K) — 26.54, to evaluate the biogeochemical cycle of P. The §'80p has
been used to trace the sources of P and their biogeochemical cycle in
sediments and soils. Firstly, the 61801; can trace the historical sources of
P and their biogeochemical behavior in sediments, thus evaluating the
potential ecological effects on aquatic ecosystems (Jaisi et al., 2010,
2011; Paytan et al., 2017; Liu et al., 2019; Yuan et al., 2019). Secondly,
the 5!80p can trace the P sources and their transport and transformation
in the soils for analyzing the PO4 absorption and utilization capacity of
plants and plant rhizosphere micro-ecosystems activity (Tamburini
et al., 2012, 2014; Pistocchi et al., 2017; Joshi et al., 2018; Granger
etal., 2017; Bi et al., 2018; Tian et al., 2020). Besides, the 5'%0p can also
systematically reveal geochemistry and climatic change information,
such as sediment-soil rock weathering, transportation, etc (Blake et al.,
2010; Burmann et al., 2013; Ishida et al., 2019; Ide et al., 2020). Re-
searchers have used HCl solution to extract the HCl-extractable inor-
ganic phosphate (HCl-Prj) from sediment or soil samples (Tamburini
et al., 2010; Zohar et al., 2010; Amelung et al., 2015; Granger et al.,
2017; Liu et al., 2019). For calcareous sediments or soils, the HCI-Pry is
mainly the calcium-bound P (Ca-P;) dominated by hydroxyapatite with
low bioavailability, and thus the 5'80p composition retains the original
information of apatite diagenesis (Angert et al., 2012; Paytan et al.,
2017). For acidic sediments or soils with a light texture, the HCI-Py; is
mainly iron/aluminum-bound P (Fe/Al-P;) with high bioavailability,
and the 8'80p composition more reflects the dynamic transformation
behavior of P, such as the biological utilization of P as a nutrient in
sediments or soils (Tamburini et al., 2012; Pistocchi et al., 2017).

However, the purification method for 6180p analysis of HCI-Pry in
sediment or soil sample has always been complicated because the HCI-
P extract contains a large number of impurities, such as Fe?t/3F ca?t
and other metal impurities, mainly synchronously extracted from the
sediment or soil samples, as well as large amounts of Cl~, mainly from
the HCI extractant itself, which cause considerable interference for the
purification operations and the final purity of AgsPO4 solid for 5'80p
composition analysis (Zohar et al., 2010; Liu et al., 2019). Although the
5180p methodology has been developed rapidly and applied successfully
and widely, the conventional methods have several limitations. For
instance, Tamburini et al., (2010) extracted HCI-Pyj from 20 to 25 g dry
soil using 1 M HCI, removed the organic matters and cations by
multi-step chemical precipitation reactions, such as ammonium phos-
phomolybdate (APM) and magnesium ammonium phosphate (MAP),
and anion/cation exchange resin, respectively, and finally the AgsPO4
solid was formed for 8'80p composition analysis. However, a large soil
sample weight was utilized in the method, resulting in a high proportion
of total impurities and significantly increasing the difficulty of the 5'%0p
purification. Similarly, Weiner et al., (2011) used the anion exchange
resin to enrich and elute the dissolved phosphate (DIP) in the soil and
the DAX macroporous resin to remove organic matters to form CePO4
precipitation, and then the cation exchange resin to remove Ce>* and
finally to form the AgsPO, solid for §'0p composition analysis.
Although this method was employed to extract the DIP for direct utili-
zation by organisms, the total amount of PO4 obtained in the extract was
relatively small, and it is difficult to meet the 5'%0p purification for the
samples with low PO4 content. Zohar et al. (2010) and Liu et al. (2019)
established methods for the 8'80p purification of different P fraction-
ations in soils and sediments, respectively. However, it’s relatively
complicated for the principle of multi-step removal of various impurities
and passive continuous purification and concentration of PO4 from the
sediment or soil extracts.
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Zr-Oxide gel, used in the primary component of diffusive gradients in
thin films (DGT) technique, is a gel bond phase prepared by mixing semi-
dry amorphous zirconium hydroxide and acrylamide solution and is
widely adopted for in situ high resolution analysis of P concentration in
water (Ding et al., 2010, 2011). Accumulating studies have shown that
the Zr-Oxide gel has a highly selective enrichment of PO4 but is less
affected by coexisting anions and cations, especially its enrichment
ability can significantly enhance due to the lower solution pH in acidic
solution systems, and PO4 can be easily eluted from the Zr-Oxide gel in
alkaline conditions (Chitrakar et al., 2006; Ding et al., 2010, 2011). In
addition, as a kind of thin-layer gel phase material, compared with many
other POy-enriched chemicals, Zr-Oxide gel has advantages in the
operation of concentration and separation of PO4 from solution.
Considering the above characteristics, Zr-Oxide gel was used in the
5'%0p purification for HCI-Pyy of sediments and soils in this study and
developed a novel and simple method for 5'0p analysis. The estab-
lished method effectively overcame the limitations of complex chemical
components of the HCI-Pry extract as well as the tedious and complicated
operations of conventional methods. This study provides a reliable
methodology for identifying the sources of P and tracing their biogeo-
chemical cycles in sediment or soil environment, and also provides in-
sights into the use of different materials for the 5!%0p analysis methods
in environmental systems with complex chemical compositions.

2. Materials and methods
2.1. Main materials

The main reagents and materials used in this study were resourced as
follows: Zr-Oxide gel (Easy Sensor Ltd., Nanjing, China; www.easysens
or.net; diameter of 2.5 cm and total area of 4.90 cmz), cerium nitrate
hexahydrate (Ce(NO3)306H20, 99.5%, Sigma-Aldrich, America), silver
nitrate (AgNOs, 99.9+%, Alfa Aesar, America), 50-ml centrifuge tube
(light-colored from Corning, Germany; black-colored from Greiner,
Germany), cation exchange resin (Biorad AG 50W-X8, America), po-
tassium acetate (KAc, GR, Aladdin, China), and hydrochloric acid (HCI,
GR), nitric acid (HNOs, GR), acetic acid (HAc, GR), ammonium hy-
droxide (NH4OH, GR), hydrogen peroxide (H20», GR) and sodium hy-
droxide (NaOH, GR) from Sinopharm Chemical Reagent Company,
China.

2.2. Sample collection

From May to August in 2019, the surface sediments were collected
from the south (DCS), center (DCC), and Guanyin (DCG) sites of Dianchi
Lake in Yunnan province, China, the Jinzhong (AHJ) and Youyu (AHY)
sites of Aha Lake in Guizhou province, China. The surface soil samples
were collected at GHS, GHX, GBL and GLD sites in the agricultural non-
point source pollution area of Kelan Reservoir in Guangxi province,
China (Fig. 1). The sediment and soil samples were freeze-dried to
remove large particles and ground to below 200 mesh for chemical
analysis.

2.3. HCI-Pyy extraction and impurity removal experiments

Accurately 3.3 g of sediment or soil samples were mixed with 200 ml
of 1 M HCI and continuously shaken for 16 h. Then this mixture was
passed through a 0.45 pm filter membrane to obtain the HCI-Pqy extract.
The HCI-Py extract of sediment obtained from the AHJ site was taken as
an example: 5 ml of HCI-P; extract was taken to determine the con-
centration of common anions, DOC, heavy metals, and trace elements.
Five discs of Zr-Oxide gels were placed into the remaining 195 ml
extract, shaken continuously for 5 days, then the Zr-Oxide gels were
taken out and placed in 20 ml 1 M NaOH and shaken continuously for 24
h to elute POy, and finally passed through a 0.45 pm filter membrane to
obtain the PO4 eluent and analyze the concentrations of common anions,
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Fig. 1. Distribution of collection sites for the sediment and soil samples in
different lake regions.

cations, DOC, metals, and trace elements. The impurity removal was
quantified by comparing the difference between the concentration of
various ions before and after the Zr-Oxide gels treatment.

2.4. The purification protocol for §'80p analysis of HCI-Py;

The purification protocol for §'80p analysis of HCl-Pyy in sediment
and soil samples is shown in Fig. 2. The specific operation steps were as
follows:

1) Enrichment and elution of PO4 by Zr-Oxide gel

The Zr-Oxide gels were placed to continuously enrich PO4 of the HCI-
Py extract for a few days. The number of gels and standing times are
listed in Table 1. After enrichment of POy, the surface of Zr-Oxide gels
(containing PO4) was washed with pure water and placed in a 50 ml
centrifuge tube, 1 M NaOH (according to 4 ml of 1 M NaOH per gel) was
added, shaken continuously for 24 h, and then passed through a 0.45 pm
filter membrane to obtain PO4 eluent.

2) Formation of CePOy4 precipitation to remove Cl™
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The pH of the PO4 eluent was adjusted to 5.8 with 5 M HNOg3, then 2
ml of Ce®* solution (0.5 g of Ce(NO3)3e6H20 in 2 ml pure water) was
added, and the pH was adjusted back to 5.5 with 1 M KAc to obtain the
milky white CePO4 precipitate, which was then centrifuged at 4000 r/
min for 15 min and washed 3 times using 5 ml of prepared KAc-HAc
buffer solution (pH 5.6; added 2 drops of pure HAc to 1 L of pure
water, and then adjusted the pH to 5.6 with 1 M KAc) to completely
remove the residual C1~ on the surface of CePO4 precipitate (In fact, very
little C1I” remained, Table S2). The Cl” can be detected with dilute
AgNOg solution.

3) Removal of Ce®t, Zr*" and other cations using cation exchange resin

The CePOy4 precipitate was completely dissolved with 15 ml of 0.2 M
HNOg3. Then, 5 ml of Biorad AG 50W-X8 cation exchange resin was
added and continuously shaken overnight to remove cations, such as
Ce®" and Zr**. After passing through a 0.45 pm filter membrane, the
residual PO4 on the resin surface was rinsed with pure water and also
directly filtered into a 50 ml black centrifuge tube to obtain PO filtrate.

4) Formation of AgsPOy4 precipitation and its further purification

The pH of above filtrate was adjusted with 2.8% NH4OH solution to
8.0, then 2 ml of Ag" solution (0.5 g of AgNO3 in 2 ml of pure water) was
added to obtain a light yellow AgsPO4 precipitate, left overnight, and
the supernatant was discarded after centrifugation at 4000 r/min, 15
min. The AgsPOy4 precipitate was washed 3 times with pure water, 5 ml
of 15% H20; (adjusted the pH to 7.3 with a small amount of ammonia)
was added, left for 3 h to remove residual organic matters, and then the
supernatant was discarded after centrifugation. The AgsPO4 precipitate
was again washed with 10 ml of pure water for 3 times. It should be
cautious to carry out above operations to prevent the loss of AgsPOy
precipitate. Finally, it was freeze-dried or dried at 50 °C to obtain the
high-purity AgsPOy solid for 5'0p composition analysis.

2.5. Analysis and test

The soluble reactive P (SRP) concentration in HCI-Py; extract and
PO, eluent was measured using the molybdenum antimony colorimetric
method (Murphy and Riley, 1962). The concentration of anion and
cation were measured using ion chromatography (ICS-90, DIONEX,
America) and plasma atomic emission spectrometer (ICP-AES) (Vista
Mpx, VARIAN, America), respectively. Total organic carbon (TOC) was
measured using a total organic carbon/nitrogen analyzer (High TOCII,
Elementar, Germany). The chemical composition of the prepared

3.3 g sediment or] 200 ml 1 M HCI; HCI-Py; Zr-Oxide gels; _ =
- =7Zr-OH, -PO
soil samples 16 h extracts Enrichment of PO, r 2 4
i
:“7%
=
Dissolved PO,/ insed to remove CI; CePOy .5 g Ce(NO5);-6H,0; .
. et PO, of Elut
Ce"' Solution 0.2 M HNO; Precipitation pHS.5 S
>
&
ol
<AES
F
Dissolved PO, | 0-5 g AgNO;; pH8.0; Ag;PO, Pure water/15% H,0y: | High-purity
Solution Dark condition Precipitation Freeze-Dried Ag;PO, solid

Fig. 2. Purification protocol for §'%0p analysis of HCI-Py; in sediments and soils.
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Table 1
The enrichment and elution of PO4 in HCI-Pyy extract by Zr-Oxide gel.
Site Type PO, Gel Daysof  PO,4amounts PO, PO, PO, PO4 Enrichment Elution PO, n
amounts number  gel in supernatant amount amount amount amount rate of PO4%  rate of recovery
in extract placed after on gels in eluent per gel per unit PO4% %
ng enrichment pg ng ug ug area gel
pg/cm®
DCS Sediment 5310.7 + 5 5 740.1 + 30.3 4570.6 4397.6 879.5 + 179.3 + 86.1 + 0.2 96.3 + 96.9 + 3
184.6 + 155.7 + 106.4 21.3 4.3 5.6 4.8
DCC Sediment 2626.7 + 5 3 164.1 +10.5 2462.6 2353.0 470.6 + 95.9+24 93.8 +£0.3 95.6 + 95.9 + 4
51.5 +43.8 + 57.8 11.6 3.9 3.7
DCG Sediment 2946.7 + 5 5 176.2 + 8.0 2770.4 2539.3 507.9 + 103.5 + 94.0 £ 0.3 91.6 + 92.1 + 3
23.0 + 245 +185.1 37.0 7.5 6.0 5.6
AHJ Sediment 584.4 + 3 3 124+ 7.5 572.0 £ 552.3 + 184.1 + 37.5+8.0 979 +1.1 97.9 + 97.8 + 3
58.3 50.8 117.1 39.0 9.2 9.1
AHY Sediment 565.3 + 3 3 54.3 +£6.3 511.1 + 467.9 + 156.0 + 31.8+0.7 90.3 +1.9 95.2 + 95.6 + 3
41.7 47.8 10.5 3.5 8.1 7.4
GHS Soil 7189 + 3 3 40.4 +£ 3.2 678.5 + 662.5 + 220.8 + 45.0+1.8 94.4 +£ 0.6 98.1 + 98.1 + 3
43.2 43.3 27.0 9.0 10.0 9.5
GHX Soil 892.2 + 3 3 65.6 £ 14.8 826.6 + 824.6 + 2749 + 56.0+1.0 92.6 + 2.2 100.4 + 100.2 + 3
60.8 74.5 15.0 5.0 10.6 9.7
GBL Soil 758.3 + 3 3 40.8 +£15.3 717.5 + 710.6 + 236.9 + 48.3 +£0.9 94.6 + 2.0 99.1 + 99.1 + 3
16.5 18.4 13.7 4.6 1.9 1.8
GLD Soil 388.9 + 3 3 18.2 +10.6 370.7 £ 366.6 + 122.2 + 249+1.6 95.5 + 2.4 99.4 + 99.6 + 3
36.6 26.0 229 7.6 11.7 111
GHX2 Soil 824.8 + 5 5 / 824.8 + 801.1 + 160.2 + 32.7+0.4 100.0 + 0.0 97.1 + 97.1 + 3
3.1 3.1 10.2 2.0 0.9 0.9
GLD2 Soil 338.7 + 5 5 / 338.7 + 340.5 + 68.1 + 139+15 100.0 + 0.0 100.4 + 100.4 + 3
21.6 21.6 37.6 7.5 7.0 7.0

Note: PO4 amount on gels = PO4 amount in extract - PO4 amount in supernatant after enrichment; Enrichment rate of PO4% = PO4 amount on gels/PO4 amount in
extract *100%; Elution rate of PO4% = PO4 amount in eluent/PO4 amount on gels*100%; PO,4 recovery % = (PO4 amount in eluent + PO4 amount in supernatant after
enrichment)/PO4 amount in extract * 100%; “/” means below the detection limit; GHX2 and GHX, GLD2 and GLD are the same sample with HCI-Py; extracted in two

batches, respectively.

AgsPO4 solid sample was analyzed using X-Ray Diffraction (XRD)
(Empyrean, PANalytical BV, Holland) and scanning electron microscope
(SEM) (Institute of Geochemistry, Chinese Academy of Sciences). The
5'80p composition of the AgsPOy4 solid sample (reacted to form CO at
1380 °C) was determined using the gas isotope ratio mass spectrometer
(MAT253, Thermo Scientific, America) of the Third Institute of Ocean-
ography of the State Oceanic Administration. The 5'80p isotope value
was standardized using the Vienna standard average ocean water oxy-
gen 180/1%0. The analysis accuracy was better than 0.3%o, and inter-
national AgsPO4 standard (21.7%., B2207, EMA, UK) was used for
testing and calibration.

3. Results
3.1. HCI-Pyj contents in sediment and soil samples
The HCI-P; contents in the sediment and soil samples are depicted in

Fig. 3. The sediment HCI-P1; contents of DCS, DCC, and DCG sites in
Dianchi Lake were 1609.3 pg/g, 796.0 pg/g, and 892.9 ug/g,

1800

respectively. The sediment HCI-Py; contents of the AHJ and AHY sites in
Aha Lake were 177.1 pg/g and 171.3 pg/g, respectively. The soil HCI-Pry
contents of GHS, GHX, GBL, and GLD sites in the agricultural non-point
source pollution area of Kelan Reservoir were 217.9 pg/g, 270.4 pg/g,
229.8 pg/g, and 117.8 pg/g, respectively. The SRP concentration in the
HCl-Py extract is vital for the subsequent 5'80p purification of sample.
The SRP concentrations in the sediment HCI-Pyy extracts of Dianchi Lake
and Aha Lake were 13,133.6-26,553.5 pg/L and 2826.7-2922.0 pg/L,
respectively, while the SRP concentration range of HCI-Py; extracts in
the soils of the agricultural non-point source pollution area of Kelan
Reservoir was 1944.4-4460.9 pg/L. The above results confirmed that
the selected sediment and soil samples had a wide range of HCI-Py;
content, and thus these samples were considered as the objects to the
study on the purification protocol for 5'80p analysis.

3.2. Enrichment and elution of PO4 in HCI-Pry extracts by Zr-Oxide gel

With the increase of enrichment time by Zr-Oxide gels, the SRP
concentrations in HCI-Pyy extracts decreased sharply with the time of

Sediments
1600 41

1400

1200 4

1000

800 4

HCFP1y (ng/e)

600 4

400 o

200 4

DCS DCC DCG AHJ AHY

Fig. 3. HCI-Py contents of sediment and soil samples at different sitesNote

Soils

HCI-Py(ng/g)

GHS GHX GBL GLD GHX2 GLD2

GHX2 and GHX, GLD2 and GLD are the data of HCI-Pyy extracted in two batches in the same sample (n = 3).
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PO4 enrichment by Zr-Oxide gels (Fig. 4). Within 5 days, the SRP con-
centration in the sediment HCI-Pyy extract obtained from DCS and DCG
sites of Dianchi Lake decreased from 26,553.5 pg/L to 3700.5 pg/L, and
14,733.3 pg/L to 877.9 pg/L, respectively, and the PO4 enrichment rates
were 86.1% and 94.0%, respectively; Within 3 days, the SRP concen-
tration in the sediment HCI-P; extracts obtained from AHJ and AHY
sites of Aha Lake decreased from 2922.0 ug/L to 62.1 pg/L, and 2826.7
pg/L to 271.3 pg/L, respectively, and the PO4 enrichment rates were
97.9% and 90.3%, respectively. The SRP concentration in the soil HCI-
P11 extracts obtained from the GHS, GHX, GBL and GLD sites of the
agricultural non-point source pollution area of Kelan Reservoir
decreased from 3594.7 ug/L to 202.0 pg/L, 4460.9 pg/L to 328.1 pg/L,
3791.5 pg/L to 204.2 pg/L, and 1944.4 pg/L to 90.8 pg/L, and the PO,
enrichment rates were 94.4%, 92.6%, 94.6%, and 95.5%, respectively.
Significantly, within 4 days, the SRP concentration in the soil HCI-Pp;
extracts obtained from GHX2 and GLD2 sites dropped from 4124.0 pg/L
and 1693.7 pg/L to 0, and the PO4 enrichment rates were 100%,
respectively.

As summarized in Table 1, the total amount of PO4 eluted from the
Zr-Oxide gel of sediment HCI-Pq; extracts from DCS, DCC and DCG sites
of Dianchi Lake ranged from 2539.3 to 4397.6 pg P (calculated as P, the
same below), with the elution rate 91.6-96.3%, and the amount of PO4
per unit area gel was 95.9-179.3 pg P/cm?. In the HCI-Pyy extract of the
Aha Lake sediments, the total amount of PO4 eluted from the Zr-Oxide
gel was 467.9 pg P and 552.3 pg P, respectively, with the elution rate
of 95.2-97.9%, and the amount of PO4 per unit area gel was 31.8-37.5
ug P/cm?. In the soil HCl-Py; extract of GHS, GHX, GBL, GLD sites of
Kelan Reservoir, the total amount of PO4 eluted from the Zr-Oxide gel
was 340.5-824.6 pg P, with the elution rate 97.1-100.4%, and the
amount of POy eluted from per unit area gel was 13.9-56.0 pg P/cm?. In
the process of PO4 enrichment and elution by the Zr-Oxide gel, the re-
covery rate of POy4 in the sample was between 92.1% and 100.2%.

3.3. Simultaneous removal for impurities in HCI-Pyy extracts by Zr-Oxide
gel

The HCI-Py; extract contained a large number of common anions,
DOGC, different metals, trace elements, and other impurities (Table S1).
The concentrations of Cl~, SO%’, Na, Fe, and Ca were 35,500.0 mg/L,
157.8 mg/L, 165.2 mg/L, 409.6 mg/L, and 673.5 mg/L, respectively.
However, the concentrations of various impurities in the PO4 eluent
significantly reduced compared with the HCI-Prj extract, and the con-
centrations of many impurities were very low or below the detection
limit, thus, they were not included in the statistics (Table S2). The im-
purities with relatively larger amounts in the eluent were Cl~, SO%,
DOGC, Fe, and Ca, which were only 2.6 mg, 4.2 mg, 0.2 mg, 10 pg, and 10
ug, respectively. Apart from the lower removal rate of K (71.6%), Zr-
Oxide gel had a removal rate of more than 99.7% for most metals and
trace elements, up to 98.3% for DOC, and more than 96.2% for main
anions (for SO3~ was slightly lower, which was 85.9%). The total
amount of Zr in HCI-Pyy extract was very small (~1 pg), but slightly

30000 .
Sediments
100

)

= 25000

80
. DCS

DCG
 AH)
EEE AHY

20000

60
15000

—e— DCS
=0=— DCG
—v— AHJ
= AHY

40
10000

20

SRP in HCI-P; extracts (ug/l

5000

Days

Enrichment rates of PO4 (%)

Applied Geochemistry 130 (2021) 104978

higher (20 pg) in the PO4 eluent, which was probably introduced by the
Zr-Oxide gel itself during the PO4 elution.

3.4. The purity of AgsPOy solid sample analysis

The chemical composition of the AgsPO4 solid sample obtained by
the 8'%0p purification protocol of HCI-Pr; with Zr-Oxide gel was
analyzed using SEM and XRD (Fig. 5). SEM analysis demonstrated that
the AgsPOy4 solid had no other impurities except Ag, P and O. The At% of
P and Ag were 10.14 and 30.01, respectively, combined with the atomic
ratio of these two in pure AgsPOy4 to be 1:3, so the purity of the AgsPO4
solid sample could be estimated to reach 99.9%. The XRD analysis
confirmed that the obtained AgsPO4 solid sample was of high purity
with relatively small amount of Ag, which might have happened due to
the photolysis reaction of AgsPO4 or the reduction of Agt from AgNO;
solution (Liu et al., 2019). However, in the §'%0p composition test, the
presence of a small amount of Ag did not affect its test accuracy (Liu
et al., 2021).

3.5. The 5"%0p compositions of HCI-Pry in sediment and soil samples

As depicted in Fig. 6, the §'80p compositions of HCI-Py in sediment
and soil samples from the three different regions significantly differed,
indicating the differences in the sources and biogeochemical charac-
teristics of P in sediments or soils from different regions. The 5'%0p
compositions of HCI-Pyy in the sediments of Dianchi Lake were relatively
negative, ranging from 15.2%o to 16.7%o0, combined with the sampling
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Fig. 5. Purity of AgzPO, solid sample analysis obtained from HCI-Pr; (SEM and
XRD analysis).
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Fig. 6. 5'%0p compositions of HCI-Py; in sediment and soil samples from
different lake regions.

sites of these samples are surrounded by large-scale P deposits and the
Ca-P; in the sediments of Dianchi Lake is generally high (Zhu et al.,
2017), indicating the 81801: compositions of sediment HCI-Py; are more
representative of existence of inactive apatite, such as Ca-P;. At two
estuary sites of Aha Lake with high microbial activity (Wang et al.,
2003), the 5%0p compositions of sediment HCI-P1; was 19.1%o. and
19.3%o, indicating the existence of P with high biological activity, such
as Fe/Al-P;, which is also consistent with previous studies (Sun et al.,
2017). The §'0p compositions of soil HCI-Py; in the buffer zone of
agriculture (planting areas of sugarcane, rice, fruit, etc.) and lakeside
wetland remained positive between 19.5%o and 21.3%o. In agricultural
areas, the bioavailability of the HCI-P; component is higher, so higher
biological modification of 5'%0p composition is possible. In this area,
soil NaHCOs3-P and NaOH-P account for 55.1% of the total phosphorus
(TP), and inactive Ca-P; accounts for less than 2% (Wang et al., 2020).
Therefore, the §'80p compositions of soil HCI-Py; mainly indicated the
signal of the biogeochemical cycle of soil P, such as labile and weakly
adsorbed P.

According to the deviation of the 5'%0p composition of HCI-Pry from
the equilibrium value of SIBOEQ, it can be evaluated whether the 61801:
composition indication is based on P source or biological cycle of P
(Longinelli et al., 1973; Chang and Blake, 2015). Unfortunately, the
sediment and soil pore water samples were not collected and the 5'%0,,
composition of pore water wasn’t analyzed in this study, thus, the
theoretical equilibrium value of GISOEQ could not be calculated.

4. Discussion

4.1. Effect of Zr-Oxide gel on enrichment and elution of PO4 in HCI-Pp;
extracts

The content of HCI-Py; in sediments and soils selected in this study
was quite different, ranging from 117.8 to 1609.3 pg/g, and the SRP
concentration in the HCI-Pj extract ranged from 1944.4 to 26,553.5 pg/
L (Fig. 4). After PO4 was enriched by the Zr-Oxide gel, the average
enrichment rate of PO4 in HCI-Ptj extract in other sites reached 95.3%
except for the relatively lower enrichment rate of DCS site (86.1%). The
lower enrichment rate of 86.1% was due to the higher SRP concentration
and larger amounts of POy, in the sediment HCI-P; extract of the DCS
site. With the increased number of Zr-Oxide gel or the enrichment time,
a higher enrichment rate was achieved. In this study, the enrichment
rates in the HCI-P; extract obtained from GHX and GLD site sediments
were increased from 92.6% to 95.5%-100% because of the increasing
number of Zr-Oxide gel and the enrichment time, respectively (Table 1).
Within 1-3 days, the time required for the Zr-Oxide gel reached 90% of
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the PO4 enrichment rate in the HCI-Pp; extract, indicating the PO4
enrichment by Zr-Oxide gel to be a rapid process.

The amount of PO4 eluted from the Zr-Oxide gel per unit area was
between 13.9 and 179.3 pg P/cm?, and the elution rate of PO4 was be-
tween 91.6% and 100.4% (Table 1), suggesting that the PO4 could be
easily eluted from the Zr-Oxide gel. The SRP concentration in the HCIl-
P extract was significantly positively correlated with the amount of
POy eluted from the Zr-Oxide gel per unit area (R? = 0.9711, P < 0.01,
Figure S1). As the SRP concentration in HCI-Ppj extract increased, the Zr-
Oxide gel showed a greater enrichment potential to PO4. In summary,
the Zr-Oxide gel has great advantages in the purification protocol for
5'%0p analysis of HCI-Py; in sediment and soil due to its efficient
enrichment and elution of PO4. This very simple operation can greatly
simplify PO4 purification operation which is cumbersome in the con-
ventional methods for §'%0p analysis.

4.2. Effect of Zr-Oxide gel on simultaneous removal of various impurities
in HCI-Pqy extracts

The HCI-Ppy extract contained a large number of metal ions, such as
Fe?/3%, Ca?", trace elements, and a high concentration of C1~ (mainly
from HCI itself), significantly interfering the subsequent 5'80p purifi-
cation. For example, most metals can form the hydroxide precipitations,
which affect the PO4 enrichment and the removal of various impurities.
If the large amount of C1~ cannot be effectively removed, it will form the
AgCl precipitate with Ag" to mix with the final AgsPOy solid. In addition
to the lower simultaneous removal rates of SO%’ (85.9%) and K (71.6%),
the simultaneous removal rate of other impurities by the Zr-Oxide gel
was more than 96.2%, especially the removal rate of Cl~ was 99.9%.
This high-efficiency and synchronous removal of impurities of HCI-Py
extracts in a single step has significant advantages over the cumbersome
multi-step removal of impurities in the previous methods, especially
greatly simplifying the removal difficulty of CI~ and metal ions, such as
FeZt/3+ Ca?* (Liu et al., 2019). Although a small amount of Zr is
introduced when using the Zr-Oxide gel, the Zr can be removed by
subsequent cation exchange resin and the final AgsPOy4 solid sample is
not contaminated by Zr (Fig. 5).

4.3. The §'80p fractionation discussion in POy enrichment and elution by
Zr-Oxide gel

Previous studies have proved that the enrichment and elution of PO4
by Zr-Oxide gel is a reversible chemical equilibrium reaction process
(Chitrakar et al., 2006; Ding et al., 2010). PO4 can easily bind with the
metal ions of the Zr-Oxide gel through covalent bonds to achieve the
objective of enrichment. Under the alkaline condition, the chemical
reaction equilibrium shifts in the reverse direction, and the POy is easily
eluted (Ding et al., 2010). It can be observed that the P-O bond of PO4
doesn’t break during the enrichment and elution process, thus, it can be
inferred that the P-O bond would not cause 5'80p fractionation. More-
over, in this study, the Zr-Oxide gel exhibited a very high PO4 enrich-
ment and elution rate (close to 100%), also indicating that the PO4
enrichment and elution would not cause significant §'80p fractionation.
Besides, in our previous studies, the §'80p composition of water samples
in the phosphate mining area was compared with the enriching and
eluting PO4 using the Zr-Oxide gel and the improved McLaughlin (2004)
method, and the 5'80p compositions from these two methods had no
significant difference, indicating that the Zr-Oxide gel does not cause the
significant §'80p fractionation during the enrichment and elution of PO,
of HCI-Pry in sediment and soil (Liu et al., 2021).

4.4. Advantages of the novel method for 5'80p analysis of HCI-Py; in
sediments and soils

The newly developed method in this study took advantage of the
strong PO4 enrichment ability of Zr-Oxide gel in acidic solution and the
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significant advantage of simultaneous removal of most impurities. Zr-
Oxide gel was used for the purification protocol for 5'%0p analysis of
HCI-P7; in sediments and soils, which is not involved by previous
methods. In particular, only a very small number of Zr-Oxide gels were
required to selectively and efficiently enrich and elute the PO4 and
synchronously remove most of the various impurities in the HCI-Pp;
extract from sediment or soil samples, and after several simplified
further purification steps, the AgsPO4 solid with high purity could be
obtained for 5'%0p composition analysis. On one hand, the new method
greatly simplifies the cumbersome multi-step operations of enriching
PO4 and removing impurities, especially overcomes the difficulty of
removing Cl~ completely in conventional methods (McLaughlin et al.,
2004; Zohar et al., 2010), and also significantly reduces the economic
and time costs. On the other hand, the new purification protocol can
reduce the loss of PO4 and improve the P recovery because of simplifi-
cation of purification steps, and remarkably avoid the interference of
many metal ions (such as Fe2*/3%, Ca?*, Table S1) which are easy to
produce such as hydroxide precipitate and affect the purification of PO4
in conventional methods. Besides, only less sample weight is needed in
this new method, which is conducive to the §'%0p analysis for some
sediment or soil samples that are difficult to obtain from the field.

5. Conclusion and prospect

In this study, a simple and reliable purification method for 50
analysis of HCI-Py in sediment and soil was developed based on the
strong abilities of enrichment and elution of PO4 and simultaneous
removal of various impurities in acidic HCl-P; extract by Zr-Oxide gel. It
was concluded that the Zr-Oxide gel could enrich and elute the PO4 from
the HCI-Py; extract with complex chemical compositions, and the
enrichment and elution rates of PO4 could achieve 100%. Moreover, this
method could also efficiently and synchronously remove impurities,
such as anions, DOC, metals, and trace elements, and the removal rates
of most impurities could be more than 96%, overcoming the limitations
of tedious impurity removal in conventional methods, in particular, the
removal rate of Cl™ reached 99.9%, simply and effectively solving the
difficulty of Cl~ removal of HCI-Py; extract. The high-purity AgsPOy4
solid could be obtained for 5'0p composition analysis.

In the future, this method would be extended to the 5'80p purifica-
tion of the acid extract from different environmental samples, such as
rocks, fossils, bones, and plants. The study provides a potential research
direction for the purification protocol of §'80p in complex systems with
various chemical impurities.
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