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Anthropogenic radionuclides contaminate a range of environments as a result of nuclear activities,
for example, leakage from waste storage tanks/ponds (e.g. Hanford, USA or Sellafield sites, UK) or

as aresult of large scale nuclear accidents (e.g. Chernobyl, Ukraine or Fukushima, Japan). One of the
most widely applied remediation techniques for contaminated waters is the use of sorbent materials
(e.g. zeolites and apatites). However, a key problem at nuclear contaminated sites is the remediation
of radionuclides from complex chemical environments. In this study, biogenic hydroxyapatite (BHAP)
produced by Serratia sp. bacteria was investigated for its potential to remediate surrogate radionuclides
(Sr** and Co?*) from environmentally relevant waters by varying pH, salinity and the type and
concentration of cations present. The sorption capacity of the BHAP for both Sr** and Co?* was higher
than for a synthetically produced hydroxyapatite (HAP) in the solutions tested. BHAP also compared
favorably against a natural zeolite (as used in industrial decontamination) for Sr>+ and Co?* uptake
from saline waters. Results confirm that hydroxyapatite minerals of high surface area and amorphous
calcium phosphate content, typical for biogenic sources, are suitable restoration or reactive barrier
materials for the remediation of complex contaminated environments or wastewaters.

At the Fukushima Daiichi nuclear power plant (FDNPP) the removal of Sr and Cs radioisotopes is required
from surface, ground and sea-water environments. For example, highly contaminated seawater from the FDNPP
harbor is seeping through the harbor wall and contaminating groundwater. Activity estimates of radionuclides
released from FDNPP to stagnant surface waters were around 288 PBq for 1*+1*’Cs and 8.56 PBq for ?°Sr, while
direct releases to ocean were estimated to be 3.5 PBq for 1**!*’Cs and 52 GBq for *°Sr!. Other radionuclides
released from the FDNPP were of less concern because they either have much shorter half-lives or were released
in much lower quantities, although activity releases of ®Co (10.1 GBq) directly to seawater were in the same order
of magnitude as *°Sr releases'. Cobalt-60 has also been identified as a significant environmental contaminant,
alongside '¥Cs and *°Sr, at nuclear sites, such as the Mayak Production Association (MPA) in Russia? and recent
research has shown that ionic strength and salinity is a major factor at mobilizing sediment bound Co and Sr at
nuclear contaminated sites?™*.

One of the most widely applied remediation techniques for contaminated waters at both nuclear and
non-nuclear sites is the use of sorbent mineral materials (e.g. zeolites and apatites). A wide range of zeolites are
available with sorption properties dependent on their chemical composition and structures. Synthetic zeolites
were originally used to clean up contaminated water after the Three Mile Island nuclear accident in the USA?,
while large amounts of natural zeolites have recently been used at the FDNPP to immobilize contaminants in
surface, subsurface and saline waters®. A natural zeolite, clinoptilolite, with a high Cs™ and Sr?* sorption capac-
ity, is currently used at the Site Ion Exchange Effluent Treatment Plant (SIXEP) at Sellafield Ltd, UK to clean up
wastewaters” and is used in this study as a comparison material.
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Apatites, such as hydroxyapatite (HAP; Ca,,(PO,)s(OH),), have suitable properties for the immobilization
of radionuclides, toxic metals, actinides and lanthanides®®. The Ca*" ions are located in two distinct crystallo-
graphic sites (Cal and Ca2) which provide exchange sites for a wide range of divalent (as well as some mono- and
tri-valent) cations'. Additionally, amorphous grain boundaries within the polycrystalline HAP structure provide
further sorption sites'!.

Different cations display different site preferences: Sr>* can substitute at the Cal and Ca2 sites'® but may also
adsorb to the amorphous grain boundaries; while Co*" is mainly incorporated into the amorphous phase!!. In
general, cations show a higher affinity towards HAP if they have the same charge and a similar ionic radius to the
parent Ca?* cation'2 Cesium is a problematic radionuclide at the FDNPP but its sorption onto HAP is very low
which can be attributed to its single charge and much larger ionic radius (0.17 nm in solution) when compared to
Ca?t (0.10nm)'®. Apatite permeable reactive barriers have been successfully trialed at the Hanford nuclear site,
USA, to limit the flow of contaminants, primarily *°Sr, in groundwater moving towards the Columbia River'*.
More recently, apatites are being tested as a potential remediation material at the FDNPP site!®.

Reduced capacity for the removal of targeted ions in the presence of competing ions has been identified as one
of the major weaknesses of sorption/ion exchange materials”. Na*, Mg and Ca*" are common ions in natural
waters and have high to moderate affinities towards HAP and zeolite materials!®!®. Commercially available HAP
is generally prepared via chemical synthesis and there has been widespread interest in developing low cost alter-
natives from bone or eggshell wastes!”!8, as well as via bacterial synthesis' , which can be achieved at the expense
of inorganic phosphate sourced from wastewater?” giving a potentially low cost and environmentally friendly
alternative. Alternatively, microbial mineral precipitation technologies could be utilized in the subsurface to cap-
ture radionuclide contaminants?'-2%. Recent research has shown that bacterially produced hydroxyapatite (BHAP)
has superior sorption properties to synthetic HAP for removal of Sr*" and Co?" due to its amorphous content,
small crystallite size and high surface area but its potential has only been evaluated in simple aqueous solutions
and groundwater'>-2%, Hence, this study compares the potential suitability of HAP and BHAP to clean up com-
plex waters (under varying concentrations of competing cations, salinity and pH conditions) by investigating the
sorption of radionuclide surrogate metals (Sr*" and Co?"). These materials were also compared against a natural
zeolite (clinoptilolite, similar to that used at the SIXEP plant UK, since 1985%) to determine the suitability of
materials for cleaning up saline contaminated environments, such as those found at the FDNPP.

Results and Discussion

Material characterization. Powder XRD analysis confirmed that the samples of BHAP and HAP were
characterized as amorphous and crystalline hydroxyapatite materials, respectively (Supplementary Fig. S1 and
S2). Powder XRD analysis also confirmed the identity of the clinoptilolite (general formula: KNa,Ca,(SiyoAl,)
0,,.24H,0; Supplementary Fig. S3) and the minor metal impurities were determined by XRF (Supplementary
Table S1). BHAP had a >4-fold larger specific surface area (SSA: 94 & 4.8 m?*/g) and smaller crystallite size
(54nm) as compared to HAP (21 4 0.17 m%*/g and 97 nm); these properties were previously shown to improve
the sorption capacity of materials for radionuclides (i.e. Sr and Co)!!, as well as lanthanides (Eu)®"!!, transuranic
elements (Cm)®? and cationic dyes®. The materials used in this study were not heat treated and contained ~30%
wt dried organic content. This quantity of organic material has been previously shown to sorb Co*" and Sr** by
26% and 17% of the total dissolved metals, respectively.

Effect of competing cations. Although groundwater contains many other constituents (inorganic anions
and organics), since the isoelectric point of apatite is pH 6* and apatites are known to buffer water to more neu-
tral conditions®, it follows that under conditions in most natural waters, apatites have a net negative charge and
will attract cations and repel anions. For example, apatite has the ability to load high levels (20-30 wt %) of U in
the presence of high background nitrate anion concentrations®. The concentrations of Sr*™ and Co*" used in this
study are higher than those at most radioactive contaminated sites and are more comparable with metal concen-
trations released from mining contamination, such as acid mine drainage®. However, apatites have proven ability
to remediate at contaminants at environmentally relevant radionuclide concentrations'*!*. The influences of com-
peting cations on the sorption efficiencies of BHAP and HAP were investigated (Fig. 1). Between Ca®" concen-
trations of 0.2 and 20 mmol/L Sr** sorption was reduced substantially from 10 to 0.98 mg/g for BHAP and from
3.6 t0 0.021 mg/g for HAP (Fig. 1a). However, with further increases of Ca*" (from 20 to 2000 mmol/L) there was
no additional impact on sorption, remaining between 0.76 and 0.98 mg/g for BHAP and <0.020 mg/g for HAP.
There was a much steadier decline in Sr>* sorption with Mg?" as the competing ion (Fig. 1b); at concentrations
of 0.2 and 2000 mmol/L uptake values were reduced from 9.4 to 0.60 mg/g for BHAP and from 2.3 to 0.14 mg/g
for HAP. Strontium uptake was much less influenced by Na™ as a competing cation. Between Na* concentrations
of 0.2 and 200 mmol/L, Sr** sorption onto BHAP was between 8.7 and 9.8 mg/g, while sorption onto HAP was
between 2.1 and 2.6 mg/g (Fig. 1¢). Higher concentrations of Na* (2000 mmol/L) reduced uptake to 5.9 mg/g and
1.3 mg/g for BHAP and HAP, respectively.

Cobalt uptake values remained fairly stable between Ca®* concentrations of 0.2 and 2 mmol/L (between 9.4
and 9.5 mg/g for BHAP) but decreased slightly from 5.8 to 5.1 mg/g for HAP (Fig. 1d). Further increases of Ca?*
up to 2000 mmol/L reduced sorption capacities of BHAP and HAP to 1.4 mg/g and 0.61 mg/g, respectively. Mg?*
concentrations of between 0.2 and 2 mmol/L had no discernable impact on Co?" sorption, remaining between
9.6 and 9.7 mg/g for BHAP and at 6.1 mg/g for HAP (Fig. 1e). At 20 mmol/L and above, Mg?" did provide com-
petition for Co** sorption sites, with sorption values reducing to 3.2 mg/g and 1.1 mg/g for BHAP and HAP,
respectively. With Na™ as the competing ion, Co*" sorption was fairly stable between concentrations of 0.2 and
20mmol/L at between 9.4 and 9.7 mg/g for BHAP and between 5. 9 and 6.2 mg/g for HAP (Fig. 1f). Increasing
the concentration of Na* up to 2000 mmol/L caused a reduction in sorption, down to 5.0 mg/g for BHAP and
2.6 mg/g for HAP.
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Figure 1. Influence of competing ion concentrations on Sr** (a-c) and Co?* (d-f) sorption for BHAP (dark
grey) and HAP (light grey). Error bars represent + one standard deviation of three replicates. Dashed lines
indicate approximate average concentration of competing ions in seawater; filled lines represent approximate
concentrations of ions in Fukushima groundwater and Sellafield waste water (Table 1).

Concentration (mmol/L)
River Fukushima Sellafield
Ton Seawater water groundwater tank liquor
Na* 450 0.31 2.1 6.6
Mg** 52 0.15 0.86 0.39
Ca?* 9.4 0.37 0.70 0.27

Table 1. The concentration of cations (Na*, Mg?+ and Ca?") in different environmental samples (average
global river water; seawater from Imari Bay, Japan'é; FDNPP groundwater'®; and Magnox waste storage
tank liquor from Sellafield, UK?).

In all cases the nanocrystalline BHAP was a more efficient sorbent than HAP, in accordance with other studies
comparing the uptake of metals by commercial HAP and BHAP'">-%6, Ca** (the parent ion of HAP) had the larg-
est influence over the sorption capacity followed by Mg?" and then Na*. Much higher concentrations of Mg?*+ are
required to reduce Sr?" sorption onto apatites which can be attributed to Sr?* (0.13 nm) having a closer hydrated
ionic radius to Ca*" (0.10 nm) than Mg?* (0.070 nm)**. The lower affinity of Na™ can be explained by its single
charge, however, excess Na* ions are likely to block the sorption sites for Sr** and Co?" ions.

Examples of Ca?*, Mg?", and Na™ concentrations from different environments are shown in Table 1. All three
ions investigated are present at sufficient concentrations in seawater to significantly reduce the sorption capacity
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of materials. For Fukushima groundwater and Sellafield wastewater (Table 1) the Ca*" and Mg?" concentrations
may have a slight impact on Sr?* sorption but any effect on Co?* sorption would be minimal (Fig. 1).

pH. Theinfluence of pH on the sorption efficiencies of the materials was also tested. Apatite is known to buffer
against large pH changes by the presence of PO;*~, OH™ and CO,*>" groups and has been used to remediate con-
tamination from acid mine drainage®'. Additionally, the organics content of the materials would aid buffering via
component phosphate and carboxyl groups. The sorption of Sr** onto BHAP and HAP is shown in Fig. 2a. When
mixed with solutions at pH 3 to 11 the sorption onto BHAP was fairly stable, between 8.4 and 9.2 mg/g whereas,
for HAP the sorption was between 1.2 and 2.3 mg/g. Sorption of Co?" (Fig. 2b) was stable from pH 3 to 7, remain-
ing between 9.5 and 9.7 mg/g for BHAP and between 5.8 and 6.2 mg/g for HAP. At pH 8 and above dissolved Co
began to hydrolyze and precipitate as the insoluble Co(OH),.

The pH-dependent stability of materials, as indicated by Ca*" and PO,*~ leaching into the solution phase, is
shown in Fig. 2c. At most pH values, BHAP was observed to leach slightly less Ca?* than HAP but more PO,*~ in
accordance with it being a more calcium deficient material'"*. However, across the pH range investigated both
sorbents displayed very low amounts of leaching (< 2.0 mmol/L each of Ca** and PO,’~) confirming their stabil-
ity and ability to buffer the pH of polluted and natural waters®!.

Salinity of Waters. The influence of water salinity (0 to 90% seawater sampled from Japan) on the sorption
capacities of BHAP, HAP, and clinoptilolite was assessed (Fig. 3). Saline waters are a problem at many nuclear
contaminated sites, such as the MPA and FDNPP. In deionized water clinoptilolite was the most efficient sorbent
of Sr?*, removing 10.3 £ 0.51 mg/g from solution compared to 7.5+ 0.37 mg/g and 1.6 + 0.081 mg/g for BHAP
and HAP, respectively. However, increasing salinity promoted a decrease in sorption capacity for clinoptilolite,
with no uptake of Sr** at 70% seawater and above. In comparison, even at 90% seawater BHAP and HAP retained
some Sr** sorption capacity at 2.3+ 0.11 mg/g and 0.21 & 0.015 mg/g respectively. The capacity of BHAP at 90%
seawater was ten-fold higher for Sr** than that of the commercial material which may be due to its calcium defi-
cient properties.

BHAP removed the largest amount of Co?" from solution in deionized water (8.1 & 0.40 mg/g) with uptake
onto HAP (6.4 £ 0.32mg/g) and clinoptilolite (7.0 £ 0.35 mg/g) slightly lower. The sorption efficiency of clinop-
tilolite fell substantially at 5% seawater to 1.7 + 0.082 mg/g and then from 10 to 90% seawater remained fairly sta-
ble at between 0.84 and 1.3 mg/g. Cobalt sorption onto BHAP and HAP decreased more gradually with increasing
salinity, reducing to 5.8 + 0.29 mg/g and 2.6 == 0.13 mg/g, respectively at 90% seawater. Hence, in 90% seawater,
the capacity of BHAP was ~ twice that of HAP.

For all three sorbents, water salinity impacted more on Sr?* sorption than for Co?" sorption. The results can
be partly explained by the concentration of competing ions present in seawater. Of the three competing ions
investigated in this study, Ca>" showed the largest influence over sorption onto hydroxyapatite, but is present in
the lowest concentrations in seawater (9.4 mmol/L), while Na™ had the lowest impact but is present in the largest
concentration (450 mmol/L)*¢. Under these concentrations, HAP and BHAP are able to retain some sorption
capacity for Sr>* and Co*" but of the three materials BHAP is the most resilient against the effect of a more con-
centrated saline solution.

Sorption isotherms. The mechanisms of metal cations retention by HAP include ion exchange, adsorption,
dissolution-precipitation and substitution of Ca>" ions in mineral structure®. Isotherms in this study were used
as empirical equations rather than mechanistic models as the site of Sr** and Co*" incorporation into BHAP has
been well defined using extended X-ray absorption fine structure, with Sr** and Co?* confirmed to mainly incor-
porate into the amorphous calcium phosphate phase!!. Additionally from a previous study? it is estimated that
the organic content would be responsible for <30% of Co®* or Sr* uptake with sorption to organic sites (such as
carboxyl, phosphate and hydroxyl groups®®). Sorption of Sr>* and Co** onto BHAP and HAP was assessed across
a range of initial concentrations with the results used to construct linear, Langmuir, and Freundlich isotherms
(Supplementary Fig. 4a—f). The linear isotherms (supplementary Fig. S4a and S4d) was only able to fit sorption
data for Sr** onto HAP (R?=0.99) and BHAP (R?>= 0.86) but was unsuitable for Co** sorption (R? < 0.7).

The Langmuir model assumes a monolayer coverage of adsorbate on homogeneous sites but it is well known
that the sorption of Sr** and Co?" occurs via several sites including those at the surface and also within the HAP
crystal. The Langmuir isotherm (supplementary Fig. S4b and S4e) did not describe the sorption of Sr* onto
HAP well (R*=0.73), however, it fitted the sorption of Sr>* onto BHAP and the sorption of Co*" (R? > 0.95)
onto HAP and BHAP. The calculated maximum monolayer capacity of the sorbent (Q,,,,; Table 2) showed that
BHAP (47 mg/g for Sr**, 62 mg/g for Co**) has a larger maximum sorption capacity than HAP (33 mg/g for Sr*™,
14mg/g for Co*"). The Q,,, for Sr** sorption onto HAP is overestimated due to poor model fit. The separation
factor (R;) was between zero and one (Table 2) for Sr** and Co?" sorption onto both BHAP and HAP, indicat-
ing the favourable nature of the sorption process®, R also tended towards zero at higher initial concentrations
(Table 2) showing a low degree of reversibility for Sr>* and Co*' sorption onto BHAP and HAP, as also shown
experimentally'’.

In contrast the Freundlich isotherm assumes adsorption to heterogeneous sites of different affinities. The
Freundlich isotherm was the only model for which R? > 0.95 for each sorbent. Values of 1/n (Table 3) for Sr**
sorption were smaller for BHAP (0.390) than for HAP (0.566) indicating a more heterogeneous surface for BHAP,
corresponding to its more amorphous nature. However, for Co>", 1/n values suggested that HAP (0.130) had a
more heterogeneous surface than BHAP (0.383). This may indicate that the Freundlich isotherm is not actually
appropriate for describing Co*" sorption in this study (the linearized Freundlich is known for its insensitivity,
and so a good fit to experimental data does not necessarily mean the model is suitable)*”. The KF values are only
comparable for equal values of 1/n and, therefore, did not provide any further useful information®.
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Figure 2. Influence of pH on the efficacy of materials (Square = HAP, Triangle = BHAP) for (a) Sr*" sorption,
(b) Co*" sorption (pH restricted to 8 as limited by solubility of Co at higher pH values), error bars below =+ 5%.
The stability of materials as indicated by the input of Ca®* (white) and PO,*~ (grey) to the solution phase (c),
error bars + 1 stdev.

Conclusion
In summary, the sorption of Sr** and Co*" onto BHAP was higher than HAP under all solutions tested. BHAP

sorption was least influenced by the salinity of seawater and the concentration of competing cations. Sorption was
pH-independent due to buffering and materials were resistant to leaching within the pH range of most natural
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Figure 3. Influence of seawater concentrations on the sorption of (a) Sr>* and (b) Co** onto BHAP (dark grey),
HAP (light grey), and clinoptilolite (white). Error bars & 5%.

ot HAP 9.4 0.030 0.73 33 0.99 0.23
T
BHAP 1.3 0.021 0.96 47 0.96 0.058
HAP 15 0.074 1.0 14 0.78 0.019
Co?t
BHAP 0.42 0.016 0.99 62 0.82 0.024

Table 2. Langmuir isotherm parameters.

st HAP —0.276 0.566 0.970 0.530
T
BHAP 0.566 0.390 0.998 3.68
HAP 0.745 0.130 0.987 5.56
Co+
BHAP 0.804 0.383 0.959 6.37

Table 3. Freundlich isotherm parameters.

and contaminated waters. BHAP compared favorably against a natural zeolite (clinoptilolite - SIXEP material
which is known for its high Sr**" radionuclide sorption capacity) which confirms its suitability for aiding the clean
up saline contaminated environments, such as those found at the FDNPP or MPA.

The advantageous sorption behavior of BHAP outlined in this study confirms the idealized properties (high
SSA, small crystallite size, amorphous structure, calcium deficiency) of this material for the immobilization and
removal of divalent radionuclides from complex waters. Therefore, BHAP has the potential both to be used in
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a permeable reactive barrier, but also as a model material by which alternative sources of HAP (e.g. from waste
products such as bone meal and prepared from egg shells) could be modified to optimize their performance, for
example via biomimetics based on incorporation of bacterial polymers. Additionally, Serratia sp. (BHAP produc-
ing bacteria) could be pumped into contaminated subsurface environments or the natural subsurface bacteria
could be stimulated to precipitate metal phosphates which can immobilize aqueous radionuclides®.

Methods
Materials. Biogenic hydroxyapatite (BHAP) was manufactured using a Serratia sp. (NCIMB 40259). Four
flasks containing 1L of 0.1 mol/L AMPSO buffer (pH 9.2) and frozen biomass Serratia sp. (OD4y = 1.0 mg dry
biomass/mL) were inoculated daily with 2 mmol/L calcium chloride, 2 mmol/L trisodium citrate and 5mmol/L
glycerol 2-phosphate. Flasks were incubated (30 °C) and shaken (100 rpm). After 8 days the BHAP was harvested
(approximately 10 g) by centrifugation, oven dried (50 °C), then manually ground and sieved to <105 um.

The performance of the BHAP was assessed by comparing it with a previously characterized reference sam-
ple of commercially available nano-sized hydroxyapatite (HAP; Sigma-Aldrich; Part number: 677418). Sorption
capacity of BHAP and HAP in saline waters was also compared with to a natural SIXEP clinoptilolite.

Characterization. Materials were characterized as per Handley-Sidhu et al.!'?*. Samples of the mate-
rials were analyzed by X-ray diffraction (XRD; Bruker D8 Advanced X-ray diffractometer; Cu Ko radiation).
Crystallite sizes for BHAP and HAP were calculated from the characteristic peak at 260 = 26° using the Scherrer
equation®. Specific surface area (SSA) of the BHAP and HAP was determined using a BET surface area analyzer
(Beckman Couter, SA 3100). The clinoptilolite was also characterized by XRD and X-ray fluorescence (XRF).

Sorption experiments. Solutions of Sr and Co (stable isotopes) were prepared using SrCl, and CoCl, salts
and deionised water (MQ water, <18.2 MQ/cm). The sorption of Sr?* and Co?" onto BHAP and HAP was meas-
ured in deionized water using a range of initial solution concentrations from 0.034 to 12mmol/L Sr** or from
0.084 to 18 mmol/L Co**.

Investigating the influence of competing ions on the sorption capacity of BHAP and HAP. Individual stock solu-
tions (5 mol/L) of CaCl,, MgCl, and NaCl were prepared. Solutions were then diluted to give cation concentra-
tions of 0.2, 2, 20, 200, 2000 mmol/L Ca?*, Mg2+ and Na' and spiked to give a final concentration of 1 mmol/L
Sr** or Co*™.

Investigating the influence of pH on the sorption properties of BHAP and HAP.  Solutions were adjusted (1 mol/L
solutions of NaOH and HCI) to give a pH range of 3-11 and a final concentration of 1 mmol/L of Sr** or Co**.
The stability of the materials were assessed through measuring the amount of Ca?* and PO,*~ released into solu-
tion by ion chromatography (Dionex, ICS-1100).

Investigating the influence of seawater salinity on sorption capacity of BHAP, HAP and clinoptilolite. ~Seawater
was sampled from Ibaraki, Japan (36°30.04'N, 142°00.09'E; 31/10/2011) at a sampling depth of 10 m, filtered
(0.45 um), and stored at room temperature in a polypropylene container. The seawater was diluted to give concen-
trations of between 5 to 90% seawater and spiked to give a final concentration of 1 mmol/L Sr** or Co*™.

All sorption experiments were carried out in triplicate. Accurately weighed masses (~0.01 g) of materials
were placed in polypropylene vials and an aliquot (1.5 mL) of the appropriate solution was added. The vials were
immediately positioned vertically on an orbital shaker (150 rpm) at room temperature for 24 hrs. Samples were
harvested by centrifugation (16,000 g; 30 min; Sigma 1-14) and the supernatant analyzed by ion chromatography,
inductively coupled plasma mass spectroscopy (ICP-MS; Agilent 7500ceor) or atomic absorption spectroscopy
(AAS; Perkin Elmer, AAnalyst 300) using solution matched standards and internal reference standard.
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