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ABSTRACT

In this study, the solubility product constant (log Kp) for lead oxalate
(PbC;04(cr)) pertaining to Reaction (I), and the formation constant of PbC,04(aq)

(log B1) pertaining to Reaction (II)
_ pi2t 2
PbC,04(cr) =Pb"" + C,04 1))
Pb*" + C,04% = PbC,04(aq) (IT)

at infinite dilution, 25 °C and 1 bar, are determined as —11.13 + 0.10 (26) and
5.85 £ 0.10 (20) in logarithmic units, respectively, based on solubility data for
PbC,04(cr) in NaCl solutions up to 5.0 m evaluated using the Pitzer model. The above
solubility product constant determined in this study is significantly lower than the value
of -10.50 £ 0.29 (20) for log Kp, based on the evaluation of literature solubility data
using the Brensted-Guggenheim-Scatchard specific interaction theory (SIT) model (also
derived in this study). The above log ; determined in this study agrees within the
quoted uncertainties with the value of 5.39 + 0.38 (25) derived in this study from the
literature data using the SIT model.

In addition, based on solubility data for PbC,04(cr) in a K,C,04 medium up to
0.5 M at 25 + 2°C from the literature, this study also derives log f3; for the following

reaction by using the Pitzer model,
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Pb?* +2C,04 = Pb(C,04),> (1ID)

as 8.05 + 0.07 (20). In combination with the above log K, =—11.13 £ 0.10 (20) and
log B; = 5.85 £ 0.10 (20), the model with log £, = 8.05 + 0.07 (26) well reproduces

solubilities of PbC;04(cr) in a K;C,04 medium up to 0.5 M.

INTRODUCTION

Recent studies have indicated that pyromorphite (Pbs(PO4)3Cl), believed to be the
most stable lead mineral under the Earth’s surface conditions, can be transformed to lead
oxalate by saprotrophic and mycorrhizal fungi (e.g., Sayer et al., 1999; Fomina et al.,
2004; 2005; 2007). It was noted that Aspergillus niger, a fungus, and one of the most
common species of the genus Aspergillus, first transformed pyromorphite into lead
oxalate dihydrate, which then becomes anhydrous lead oxalate. In this process,
Aspergillus niger extracts the phosphate and precipitates almost all of the lead as lead
oxalate. In addition, the formation of lead oxalate on the surface of galena via the fungi
weathering of galena is also observed (Adeyemi and Gadd, 2005). The formation of lead
oxalate could be an important mechanism in immobilization of lead in environments near
the Earth’s surface (Gadd, 2000), making lead oxalate (PbC,04(cr)) an important lead
phase in soils, and possibly a source-term phase for lead in low temperature
environments.

In the field of nuclear waste isolation, crystalline lead oxalate and aqueous lead
complexes are important. Crystalline lead oxalate could be a potentially important

solubility-limiting phase for lead, oxalate, or both. Aqueous lead complexes can compete
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with actinides for dissolved oxalate in complexation, lowering the total soluble fraction
of actinides. When oxalate is present in actinide waste-streams without competitor(s) for
soluble oxalate, complexation of actinides with oxalate would increase solubilities of
actinides, making them more transportable. However, if lead is used as a radiation-
shielding material for wastes with significant y-radiation, the dissolved lead ion (Pb2+)
can form strong complex(es) with oxalate, making Pb** a strong competitor for soluble
oxalate. This lessens the impact that complexation of actinides with oxalate has on the
transportable concentrations of actinides in a waste stream. In the Waste Isolation Pilot
Plant (WIPP), a U.S. Department of Energy geological repository for the permanent
disposal of defense-related transuranic (TRU) waste, there are significant inventories of
oxalate in the waste-stream. For example, the oxalate concentration for the 2009
Compliance Re-certification Application Performance Assessment Baseline Calculations
(CRA-2009 PABC) for the WIPP, is 1.7 x 1072 M (Brush and Xiong, 2009).

There are a few earlier solubility studies on PbC,04 (cr). Kolthoff et al. (1942)
investigated the solubility of PbC,04 (cr) in K»C>04 solutions up to 0.5 M. In the study
of Klatt (1970), the author measured solubilities of PbC,04 (cr) in KNO; solutions up to
1.5 M. In the study of Hedstrom et al. (1977), these authors determined the solubility of
PbC;04 (cr) in a 1 M NaClO, solution. While these studies provide valuable information
regarding solubilities of PbC,04 (cr) in various media relevant to laboratory conditions,
they are not of much relevance to natural environments, as natural environments are
usually dominated by NaCl media and lead will form aqueous complexes with chloride in
such media. At the WIPP, there are brines that are important to the Performance

Assessment (PA), i.e., ERDA-6, a Na-Cl dominated brine, and GWB, a Na-Mg-Cl
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dominated brine (Popielak et al., 1983; U.S. DOE, 2004, Appendix BARRIERS; Xiong
and Lord, 2008). In the WIPP brines, the concentrations of Na and Cl are 4.04 m and
6.40 m for GWB, and 5.35 m and 5.27 m for ERDA-6, respectively (Xiong and Lord,
2008, and references therein). Therefore, investigation of the solubility of PbC;04 (cr) in

a NaCl media is important for many applications.

EXPERIMENTAL METHODS

In our solubility experiments, about 0.5 grams of the solubility controlling
material, lead oxalate (purity 99.999%) from Alfa Aesar, were weighed out and placed
into 150 mL plastic bottles. 100 mL of various supporting solutions were added to the
bottles. Once filled, the lids of the bottles were sealed with parafilm. The supporting
electrolytes are a series of NaCl solutions ranging from 0.010 m to 5.0 m. The NaCl
solutions except the one at 5.0 m were originally prepared on molar scale, and they were
converted to molal scale by using the densities for NaCl solutions from S6éhnel and
Novotny (1985). Undersaturation experiments were conducted at the laboratory room
temperature (22.5 + 1.5°C).

The pH was measured with an Orion-Ross combination pH glass electrode, using
a pH meter that was calibrated with three pH buffers (pH 4, pH 7, and pH 10). In
solutions with an ionic strength higher than 0.10 m, hydrogen-ion concentrations (pcH)
were determined from observed pH values measured with the pH glass electrode by
applying correction factors, as detailed in Xiong (2008) and Xiong and Lord (2008). In

Xiong et al. (2010a), a detailed procedure to obtain similar correction factors is provided.
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Lead concentrations of solutions were analyzed with a Perkin Elmer dual-view
inductively coupled plasma-atomic emission spectrometer (ICP-AES) (Perkin Elmer DV
3300). Calibration blanks and standards were precisely matched with experimental
matrices. The linear correlation coefficients for the calibration curves in all
measurements were better than 0.9995. The analytical precision for ICP-AES is better
than 1.00% in terms of the relative standard deviation (RSD) based on replicate analyses.
Oxalate concentrations of solutions were analyzed with a DIONEX ion chromatograph
(IC) (DIONEX IC 3000). The linear correlation coefficients for the calibration curves in
all measurements using the IC were better than 0.9994. The analytical precision for IC is
usually better than 3.00% in terms of RSD for samples with low concentration of NaCl
matrixes based on replicate analyses. Because the IC columns have issues with high
concentrations of matrix solutions over loading the column, oxalate concentrations in
experiments with high concentrations of NaCl have high experimental errors and are not

used. Total lead concentrations (myy,) are reported as solubilities of PbCyO4(cr).

Solid phase was analyzed using a Bruker D8 Advance X-ray diffractometer with a

Sol-X detector. There was no phase change during the experiments.

EXPERIMENTAL RESULTS, INTERPRETATIONS AND DISCUSSIONS

As mentioned in Experimental Methods, oxalate concentrations in experiments
with 0.010 m and 0.10 m NaCl solutions are usually below the detection limit of the IC
and oxalate concentrations in experiments with high matrix NaCl have large experimental
errors. In contrast, ICP-AES data for lead are more precise, and are detectable in all

experiments. Therefore, solubilities of PbC,0; (cr) are represented by total lead
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concentrations (Table 1), and they are employed in computer modeling (see below). In
Table 1 and Figure 1, solubilities of PbC,04 (cr) as a function of molality of NaCl are
presented. It is clear from Table 1 and Figure 1 that solubilities of PbC,;0O4 (cr) have a
strong dependence on molalities of NaCl; i.e., solubilities of PbC,04 (cr) increase with
increasing molalities of NaCl.

In the following, experimental results are employed to determine the solubility
product constant (K,) of PbC,0; (cr) and the stability constant (5;) of PbC,0; (aq) by
using the Pitzer model to fit experimental data. In addition, literature values are also
reviewed.

In this study, the standard state for a solid phase is defined as its pure end-member
at 298.15 K and 1 bar. The standard state of an aqueous solute is defined as a
hypothetical 1 molal solution at 298.15 K and 1 bar. The reference state of an aqueous
solute is at infinite dilution whereby the activity approaches the molal concentration
(Nordstrom and Munoz, 1986).

As our experiments are in NaCl media, complexation of Pb?* with CI” needs to be
considered in modeling our experimental results. It is well known that Pb** forms several
aqueous complexes with C1™ (Millero and Byrne, 1984; Luo and Millero, 2007; Powell et
al., 2009) (Table 2). The work of Millero and Byrne (1984) used the Pitzer model to
extrapolate formation constants of lead-chloride complexes to infinite dilution. In the
review performed by Powell et al. (2009), the authors employed the Brensted-
Guggenheim-Scatchard specific interaction theory (SIT) model for extrapolation to
infinite dilution. From Table 2, it is obvious that the recommended values from these

two studies are in good agreement. For sake of consistency with the Pitzer model used in
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this study, the values from Millero and Byrne (1984) are adopted in this study for
modeling. In the above two studies, PbCly*” was not present. Felmy et al. (2000)
suggested a value of 0.14 for log B4 of PbCLi>". In the valuation of Powell et al. (2009),
the authors concluded that the results at present are conflicting regarding the presence of
PbCls%. Therefore, PbCly> is not included in the present model.

In Table 2, Pitzer parameters adopted in the geochemical model are also
tabulated. The computer modeling is performed by using EQ3/6 version 8.0a (Wolery et
al., 2010; Xiong, 2011). The essence of the modeling is to minimize the difference
between experimental and model predicted values, as detailed in our previous publication
(Nemer et al., 2011). Unless otherwise noted, uncertainties presented in this study are

two standard deviations (2c).

Solubility Product Constant for PbC,0(cr)

In the solubility study of Hedstrom et al. (1977), the authors determined the
solubility product constant (log Q,,) of lead oxalate in 1.0 M NaClO4 at 25°C as
-9.02 + 0.14 for the following reaction,

PbC,04(cr) = Pb?* + C,04% 1)

In this study, the above solubility product constant at 1.0 M ionic strength is extrapolated

to infinite dilution by using the SIT model,

log K, =1log Oy — 8D — Ag (Eq. 1) I, 2

|nformation Only




10

11

12

13

14

15

16

17

18

19

20

21

Ae (Eq. 1) =g(Pb*", C104) + e(Na', C,04%) 3)

In Eq. (2), K, is the solubility product constant at infinite dilution given by,

anh X aC2042h ( 4)

Appc,0,(cr)

Ky =

where app2+, ac,0,2- and apbC,0,(cr) denote activities of Pb2+, C2042‘, and PbC,04(cr). The

activity of PbCy04(cr) is taken as unity. Q, is the solubility product constant at certain

ionic strengths, given by the following equation,
QSp = me2+ X mC2042' (5)

where mpy2+ and mc,o,2- are molalities of Pb** and C,047, respectively.

In Eq. (2), I, is ionic strength on molal scale; D is the Debye-Hiickel term, given

by the following equation,

o ©)
1+1.5x[I,

where A, is the Debye-Hiickel slope for the activity coefficient at the temperature of

interest, and is from Helgeson and Kirkham (1974). In Eq. (3), e(Pb**, C10y) and e(Na",

| nfor mation Only




10

11

12

13

14

15

16

17

18

19

20

21

22

23

C2042_) are the SIT interaction coefficients, which are 0.15 £ 0.02 from Ciavatta (1980)
and -0.02 + 0.05 from Xiong (2009), respectively. The concentration of 1.0 M NaClO4
on the molar scale is converted to molal scale based on the density equation for NaClO4
(S6hnel and Novotny, 1985). Therefore, according to Eq. (2), the log K, is computed as
-10.53 £0.15.

In the study of Klatt et al. (1970), the authors determined solubility product
constants in KNOj solutions ranging from 0.15 M to 1.5 M. Based on the SIT model, the

solubility product constants are extrapolated to infinite dilution (Figure 2) with,
Ae (Eq. 1) = &(Pb*, NO3y) + &(K*, C,04%) Q)

In the extrapolation, the concentrations of KNOj; on the molar scale are converted to the
molal scale based on the density equation for KNO3 (S6hnel and Novotny, 1985). In the
plot, the y-intercept is log Ky, and the slope is Ae. Detailed descriptions about using the
SIT model to extrapolate to infinite dilution are provided in Grenthe et al. (2000). The
log K, obtained is —10.38 + 0.14. This value is in good agreement with the above value
obtained by this study in NaClO4 media. In addition, based on Ae (Eq. 1) = —0.45 £ 0.15,
g(K*, C,047) is computed as —0.25 + 0.19 in accordance with e(Pb>*, NO;) =—-0.20 +
0.12 (Table 2).

The study of Kubacky-Beard et al. (1996) used an electrochemical cell method in
which the solids react with relatively high concentrations of dissolved oxalate. In this
method, they relied on the well known Gibbs free energy of formation for

CaC,04°H0(s) to determine the Gibbs free energy of formation for PbC,04(cr). In
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combination with the Gibbs free energies of formation for Pb** and C,0,> from Wagman
et al. (1982), the log K, calculated from the Gibbs free energy of formation for
PbC,04(cr) determined in their study is —-10.58 + 0.20.

In summary, log K, evaluated from literature data ranges from —10.58 to -10.38.
The average value of log K, evaluated from literature data would be -10.50 + 0.29 (Table
2).

In Figure 1, the dashed line represents predicted solubilities of PbC,04 (cr) using
log Ky =-10.50 + 0.29 with log £; = 5.39 + 0.38 evaluated from literature data (see
below for details) as a function of molality in NaCl media. It is clear from Figure 1 that
the geochemical model with the above log K, and log f; evaluated from the literature
data works reasonably well in the ionic strength range from 0.01 m to 0.1 m, but it
systematically over-predicts solubilities of PbC,04 (cr) above ionic strength of 0.1 m.
Although the above model over-predicts in the high ionic strength range, it does provide
valuable guidance in the modeling of our experimental data to high ionic strengths. In
Figure 1, the solid heavy line represents the model with log K, =—11.13 + 0.10 and
log B; = 5.85 £ 0.10 evaluated from solubility data in NaCl media produced in this study.
From Figure 1, it is obvious that this model works well over the entire ionic strength
range from 0.01 m to 5.0 m in NaCl media.

In addition, Kolthoff et al. (1942) performed solubility experiments on
PbC,04 (cr) in K2C>04 media up to 0.5 M. Their solubility data are also plotted in
Figure 1. As their experiments were extended to high concentrations of C,04%, log B> is

required. In this study, their experimental data are used to evaluate log £, (see below for

details).
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Formation Constants for PbC,0,(aq) and Pb(C,04),"

In the literature, it has been suggested that Pb>* could form two oxalate
complexes, i.e., PbC,04(aq) and Pb(C204),> (e.g., Krishnamurty and Harris, 1961;
Hedstrom et al., 1977). However, Hedstrom et al. (1977) indicated that Pb*" is
overwhelmingly chelated by C,04> as PbC,04(aq), and Pb(C,04),> does not contribute
to the solubility of PbC,04(cr) in solutions with low oxalate concentration. In addition,
in the study of Borkowski et al. (2000) on Co>* complexation with oxalate, the authors
found that Co?" is also predominantly complexed as CoC,04(aq) at oxalate
concentrations lower than 4.0x107 m. As solubilities of PbC2O4(cr) in this study are less
than 4.0x107> m, based on the findings in the above mentioned studies, Pb(C204),>
would be insignificant, and therefore is not included in modeling solubilities of
PbC,04(cr) in NaCl media presented in this study.

The formation reaction for PbC,04(aq) can be expressed as:
Pb>" + C,04% = PbCy04(aq) (8)

The corresponding formation constant at infinite dilution would be,

a
ﬂl — PbCy0,(aq) (9)

Apar X G o
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1 where appc,0,(aq), arb2+, and ac,0,2- are activities for PbC,04(aq), Pb**, and G047,

2 respectively. Similarly, an apparent formation constant at a given ionic strength would

3 beexpressed as,

4
m
5 ﬂll = Pbc204 (aq) (1 O)
me“ X mc,of“
6

7 where mpyc,0,(ag), Mpy2+, and mc,o,2- are molalities for PbC,04(aq), Pb*, and C,047,
8 respectively.
9 As there are apparent formation constants of PbC;04(aq) as a function of
10 concentrations of KNOs in the literature (Table 3), these literature values are evaluated by

11  using the SIT model. Regarding Reaction (8), we have,

12
13 log B =log B +8D—Ac (Eq. 8) I, 11)
14

15  where Ae (Eq. 8) is given by the following equation for a KNO3; medium,

16

17 At (Eq. 8) = £(PbC,04(aq), K*, NOy") — e(Pb>", NO;) — &(K*, C,04) (12)
18

19 In Figure 3, log B/ + 8D is plotted as a function of ionic strength in KNO;

20 medium. The log 5; obtained in this plot is 5.40 £+ 0.22. In addition, based on Ae (Eq. 8)
21  =0.18+0.20, ¢(Pb*>", NO3 ) =-0.20 + 0.12 and e(K’, C,042)=-0.25+0.19,

22 g(PbC04(aq), K', NOy) is derived as -0.27 + 0.30 (Table 2).
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Hedstrém et al. (1977) determined log B/ as 4.16 +0.02 ina 1 M NaClO4

medium. In a NaClO4 medium, A (Eq. 8) has the following form,

Ae (Eq. 8) = (PbC,04(aq), Na*, Cl0,7) — g(Pb**, C1047) — e(Na*, C,047)(13)

Using &(PbC,04(aq), K*, NO3") =—0.27 + 0.30 obtained above as an analog to
£(PbC,04(aq), Na', ClO,"), and using e(Pb*", C1047) = 0.15 + 0.02 from Ciavatta (1980)
and e(Na*, C,04%) =—0.02 + 0.05 from Xiong (2009), log f; is computed as 5.38 + 0.31
according to Eq. (11). In the computation, the concentration of 1.0 M NaClO4 on a molar
scale is converted to a molal scale based on the density equation for NaClO4 (S6hnel and
Novotny, 1985).

Based on the above values for log 5; obtained from both KNO; and NaClO4
media, the average log £ is calculated as 5.39 + 0.38 (Table 2).

The formation reaction for Pb(C,04),>” can be expressed as:

Pb>" + 2C,04> = Pb(C204),% (14

The corresponding formation constant at infinite dilution would be,

B, = Den(c,00% (15)

2
Apper X (aczof")
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where api(Cy0,),2" apb2+, and ac,0,2- are activities for Pb(C204)22’, Pb2+, and C2042_,

respectively. Similarly, an apparent formation constant of Pb(C,0,),>" at a certain ionic

strength would be expressed as,

gl = o)t (16)

m, ., x(m

)2
Py 0%

where Mpp(Cy0,),2-> Mpp2+, and mc,0,2- are molalities for Pb(C204)22_, Pb**, and C,047,
respectively.

As there are apparent formation constants of Pb(C204),> as a function of
concentration of KNO; available in literature (Table 3), literature values are evaluated by

using the SIT model. Regarding Reaction (14), the following equation applies,
log f;=log B! +8D — Ae (Eq. 14) ,, a7
where Ae (Eq. 14) is given by the following equation for a KNO; medium,
Ae (Eq. 14) = (K", Pb(C204),”) — &(Pb?*, NO3) — 2 x ¢(K*, C,04%)  (18)

In Figure 4, log B, + 8D is plotted as a function of ionic strength in KNO3 media.

The log S, obtained from this plot is 7.35 £ 0.21. In addition, based on Ae (Eq. 14) =
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0.18 + 0.20, &(Pb**, NO37) =-0.20 £ 0.12 and (K", C,04%) =-0.25 £ 0.19, e(K",
Pb(C,04),”) is derived as -0.52 + 0.30 (Table 2).

Hedstrom et al. (1977) determined log S, as 6.33 + 0.02 in 1.0 M NaClO, media.

In NaClO, media, Ae (Eq. 14) has the following form,
Ae (Eq. 14) = g(Na*, Pb(C,04),”) — e(Pb?*, ClO5) — 2 x g(Na*, C,04>) (19)

Using &(K", Pb(C204),>") = —0.52 + 0.30 obtained above as an analog to

e(Na", Pb(C204)22'), and using s(Pb2+, ClO4) =0.15 + 0.02 from Ciavatta (1980) and
e(Na’, C;047) =-0.02 £ 0.05 from Xiong (2009), log /3, is computed as 7.31 + 0.31
according to Eq. (17). In the computation, the concentration of 1.0 M NaClO,4 on a molar

scale is converted to a molal scale based on the density equation for NaClO,4 (S6hnel and
Novotny, 1985).

Based on the above values for log /3, obtained from both KNO3 and NaClO4
media, the average log f; is calculated as 7.33 + 0.37 (Table 2).

In comparison, the above log f; and log £, evaluated by using the SIT model are
significantly, and systematically, higher than respective values calculated by Klatt (1970)
using the Davies equation (Table 3). The difference is about 0.5 logarithmic units. The
log f; evaluated from solubility of PbC,04 (cr) in NaCl presented in this study is slightly
higher than that evaluated from the literature data by using the SIT model, but is within
the quoted uncertainties. The log 3> (8.05 + 0.07) evaluated from solubilities of

PbC,04(cr) in K»C,04 media from Kolthoff et al. (1942) by this study is close to the
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value of 7.80 + 0.36 computed from a single value of log A, in NaClO; using the SIT
model, but is significantly higher than the value of 7.35 + 0.36 evaluated from log f, ’s

in a KNO3; medium by using the SIT model. From Figure 1, we can see that the log £, of
8.05 + 0.07 along with log £; = 5.85 £ 0.10 and log K, =-—11.13 £ 0.10 reproduces

solubility data of Kolthoff et al. (1942) well.

The Importance of PbC;0y (cr) and Soluble Lead Oxalate Complexes in Low
Temperature Environments

As detailed in the above sections, lead oxalate has low solubility, and soluble lead
oxalate complexes are relatively strong. These will have important implications to
solubility of lead and other soluble oxalate complexes in low temperature environments.
For instance, in environments of geological repositories, Pb** will strongly compete with
actinide ions for soluble oxalate, lowering total solubilities of actinides. This is because
the log f;’s for AmC,0," and NpOC,0,™ are 6.16 and 4.24, respectively (Xiong, 2005;
Xiong et al., 2010b; also see data0.fmt in Wolery et al., 2010). In comparison, log 5; and
log B3 for PbC,04(aq) and Pb(C,04),>" are 5.85 and 8.05, respectively, as described
above.

In addition, in the INTRODUCTION section, it is summarized that pyromorphite
would be converted to PbC,04 (cr) in environments where there are microbial activities.
Therefore, PbC,04 (cr) or other Pb-containing phase(s) would become the source-term, or
solubility-controlling phase for lead instead of pyromorphite. To quantitatively
demonstrate this scenario, we perform solubility calculations in a model soil solution.

The model soil solution we employed is the one used in Xiong (2009), which was
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modified from the original recipe developed by Wood (2000). In our solubility
calculations, it is assumed that oxalate concentrations are controlled by the solubility of
whewellite (CaC,04°H,0), which along with weddellite (CaC,04°2H,0) is commonly
observed in soils (e.g., Murmut and Pape, 1971; Graustein and Cromack, 1977). As the
model soil solution has a low ionic strength, we use the data0.suv database (Wolery,
1992) for solubility calculations. Another consideration of using the data0.suv database
is that this database contains all elements in the model soil solution. For our solubility
calculations, the data0.suv database incorporates above constants determined in this
study, and the log K,,’s of PbCIOH (cr) and litharge (PbO) from Powell et al. (2009), and
of whewellite from the data0.fmt database (Wolery et al., 2010; Xiong, 2011). In
addition, the log K, for the pure-end member of pyromorphite from Flis et al. (2011) is
also incorporated into the data0.suv database.

In Figure 5, solubilities of anglesite, cerussite, litharge, PbCIOH (cr), lead oxalate,
and pyromorphite, as a function of pH in the model soil solution, are displayed. The
solubilities of pyromorphite are presented as a reference. From Figure 5, it is obvious
that litharge and PbCIOH (cr) are unstable in the pH range lower than pH 7.5. In the pH
range where they are stable, they have relatively higher solubilities. Therefore, litharge
or PbCIOH (cr) would not be the solubility-controlling phase for lead in soil
environments. Although anglesite is stable over the entire pH range in Figure 5, it would
not be the solubility-controlling phase for lead because of its relatively higher solubilities.
Regarding cerussite, it is unstable below pH 5, and it has higher solubilities than lead
oxalate in the pH range from 5 to ~7.5. Cerussite has lower solubilities than lead oxalate

in alkaline pH. Regarding lead oxalate, it is stable over the entire pH range, and it even
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has lower solubilities than pyromorphite in the pH range below 6. Therefore, we can
conclude that when pyromorphite is converted to lead oxalate by microbial activities,
lead oxalate is expected to be a solubility-controlling phase for lead in the pH range from
acidic to mildly basic. If crystallization of cerussite is kinetically favored in soil
environments, cerussite would be a solubility-controlling phase for lead in alkaline pH
range.

It is of interest to note that in the study of Debela et al. (2010) on solubility of
pyromorphite in oxalic acid mimicking its concentrations in soil solutions in a 0.01 M
NaNOj3 background solution, the authors found out that lead concentrations range from
8.9 x 10° M (~5.05 in logarithmic units) to 1.8 x 10~ M (—4.74 in logarithmic units) in
the acidic pH range. In comparison with the lead concentrations controlled by lead
oxalate (Figure 5), the above lead concentrations in oxalic acid characteristic of soil
solutions are higher. Therefore, lead oxalate evidently should be a solubility-controlling

phase for lead in the acidic pH range even in the presence of pyromorphite.

SUMMARY

In this study, log K, for lead oxalate, log ; for PbC>04(aq), and log S for
Pb(C,04),> are evaluated from experimental data to high ionic strengths. Relevant Pitzer
interaction parameters and the Brensted-Guggenheim-Scatchard SIT coefficients
consistent with the above log Ky, log S, and log 3 are also obtained. These constants
and parameters would enable us to model the solubility of PbC,04(cr), and the
interactions of PbC,04(aq) and Pb(C204)22" with the media including NaCl, KNO; and

K>C,04 to high ionic strengths.
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Table 1. Experimental results concerning solubility of PbC;04(cr) in NaCl medium

Experimental | Supporting | Experimental | pHop" | Solubility Concentration
Number Medium, Time, day Expressed As of Oxalate on
NaCl, molal Total Pb On Molal Scale
Molal Scale
(mszpp)
PbOx-0.01-1 [ 0.010 109 640 |2.52x107 BDL ©
551 6.30 1.37x10™ BDL
780 6.01 2.02x10™ BDL
831 6.30 [2.23x10™ BDL
1062 646 |3.45x10™ BDL
PbOx-0.01-2 | 0.010 109 6.51 |2.38x10™ BDL
551 6.30 1.61x10™ BDL
780 6.00 |[2.22x107 BDL
831 6.54 |2.66x10™ BDL
1062 6.37 |2.81x107 BDL
PbOx-0.1-1 [0.10 109 6.03 | 3.84x107 BDL
551 6.06 |2.69x107 BDL
780 5.77 |3.04x107 BDL
831 622 |3.19x10™ 1.43x10™
1062 624 |3.41x107 BDL
PbOx-0.1-2 [0.10 109 5.88 | 3.84x10™ BDL
551 549 |2.80x10 BDL
780 5.21 3.17x107 BDL
831 543 |3.36x107 1.40x10™
1062 531 [3.53x107 BDL
PbOx-1.0-1 | 1.0 109 6.55 1.37+0.02x107*% | 1.08x10™*
551 6.80 | 1.14x10™ 3.30x10™"
780 6.88 |9.96x10™ 3.29x10™
831 6.88 | 1.08x10™" 3.18x10°
1062 6.77 | 1.48x10™" 2.55x10™
PbOx-1.0-2 | 1.0 109 6.53 1.40+0.01x107*F | 1.34x10™"
551 6.81 1.14x10™ 3.74x10"
780 6.93 1.04x10™ 5.43x107
831 6.73 1.11x107° 3.27x107°
1062 6.81 1.39x107™° 2.44x107*
PbOx-2.0-1 |2.1 109 6.11 3.05+£0.01x107* 7 | commemmeee o
551 586 |[2.01x10° | e
780 RO XU ——
831 A PRI U —
1062 5.63 RV
PbOx-2.0-2 |2.1 109 6.19 |3.72£0.04x107°" | cemremeeeem
551 6.10 S U ——
780 638 |2.73x10° | e

- Information Only




OO0V bW~

831 6.00 2.72x107% | e
1062 6.19 319%107% | e
PbOx-3.0-1 |3.2 109 6.14 | 7.2320.17x10°% | oo
551 5.85 6.22x10°% | o
780 5.98 6.78x107% | o
831 5.63 6.73x107% | oo
1062 5.71 7.69x10% |
PbOx-3.0-2 |32 109 623 | 734£010x10°® | s
551 6.07 6.06x10°% | oo
780 6.30 6.97x107% | oo
831 5.85 6.73x10% | e
1062 6.13 776x10°%F | coeeeeeee
PbOx-4.0-1 | 4.4 109 6.56 1.65£0.00x107F | oo
551 6.38 157107 | ceeeeee
780 6.58 1.62x107° |
831 6.12 1.62x10° | e
1062 6.37 1.78x10° | e
PbOx-4.0-2 |44 109 6.62 |1.6740.01x10°F | ool
551 6.37 1.58%10° | cemmeemeeeee
780 6.46 1.68x10° | cememeeee
831 6.44 1.64x10° | cememmeeemeee
1062 6.38 1.84x10° | oo
PbOx-5.0-1 |5.0 109 7.12 3.07+£0.04x107°8 | oo
551 6.88 3.03x107° [ e
780 7.05 3.17x107° | e
831 6.72 3.06X10° | cecemeemeeeee
1062 6.87 3.52x107° | ceeceemeeeee
PbOx-5.0-2 | 5.0 109 715 13.03£0.02x10°% | s
551 6.95 3.05%10° | cememeeeeee
780 7.27 3.18%10° | cememeeeee
831 7.09 3.10x107° | e
1062 6.95 320%x10° | oo

A pH readings obtained by using a pH electrode, and they can be converted to hydrogen
ion concentrations by applying correction factors (see text for detail).
B Replicate analyses, and uncertainty represents two standard deviations (20).

€ Below detection limit.

Experimental data contained in this table are from the scientific notebooks WIPP-
SOLUBILITY-3 and WIPP- SOLUBILITY-12, and associated binders.
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Table 2. Equilibrium constants at infinite dilution, 25°C and 1 bar, Pitzer interaction
parameters, and Brensted-Guggenheim-Scatchard SIT interaction coefficients in Na'—
K'—Pb* —CI—NO;—Cl0, —C,04% system

Reactions log K, or log £, Reference and Remarks
PbC04(cr) = Pb™ + C,04” [ -10.50 + 0.29 (20)" This study, evaluated from
literature data, the SIT
model
-11.13 £ 0.10 (20) This study, based on

solubility of PbC;O4(cr) in
NaCl medium presented in
the present work, Pitzer
model

Pb*" + C,04” = PbC,04(aq)

5.39 + 0.38 20)?

This study, evaluated from
literature data, the SIT
model

5.85+0.10 (20)

This study, based on
solubility of PbC,O4(cr) in
NaCl medium presented in
the present work, Pitzer
model

Pb*" +2C,0 =
Pb(C,04),>

7.33 £ 0.37 (20)*!

This study, evaluated from
literature data, the SIT
model

8.05 + 0.07 (20)

This study, evaluated from
solubilities of PbC,04(cr) in
K,C,04 medium from
Kolthoff et al. (1942), Pitzer
model

Pb*" + CI" = PbCI"

1.48

Millero and Byrne (1984),
evaluated by using Pitzer
model; uncertainty not given

1.50 £ 0.03 (20)

Powell et al. (2009),
evaluated by using the SIT
model

Pb™" + 2CI" = PbCly(aq)

2.03

Millero and Byrne (1984),
evaluated by using Pitzer
model; uncertainty not given

2.10 + 0.05 (20)

Powell et al. (2009),
evaluated by using the SIT
model

Pb~* + 3CI" = PbCl;~

1.86

Millero and Byrne (1984),
evaluated by using Pitzer
model; uncertainty not given

2.00 + 0.10 (26)

Powell et al. (2009),
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evaluated by using the SIT

model
Pitzer Binary Interaction Parameters

Species i Species j p@ gy c?

Pb™" ClI’ 0.26 1.64 | 0.088 | Millero and Byrne (1984)

PbCI" CI 0.15 0 0 Millero and Byrne (1984)

Na' PbCl; —0.0605 |0 0.091 | This study

K Pb(C204)," |0 —1.86 |0.198 | This study

Na' Pb(C,04),” |0 —1.86 | 0.198 | This study, in analog to
K+—Pb(C2O4)22—

Pitzer Mixing Interaction Parameters and Interaction Parameters Involving Neutral

Species
Species i Species j Species k | Ajjor 05 | Giik
CI PbCly(aq) —0.14 This study
Na" PbCly(aq) -0.11 Felmy et al. (2000)
Na* Pb~" 0.10 Felmy et al. (2000)
Na' PbCl(aq) ClI’ 0 This study
Na" PbC,04(aq) | CI” 0 0 This study
Brensted-Guggenheim-Scatchard SIT interaction Coefficients
Species i | Species j Species k €ij gijk (for
neutral
species)
Pb”" ClO,~ 0.15 +0.02 Ciavatta (1980)
Pb™" NO;~ -0.20+0.12 Ciavatta (1980)
Na' C04~ -0.02 + 0.05 Xiong (2009)
K" C04~ -0.25+0.19 This study
K NO;3~ PbC,04(aq) -0.27+0.30 [ This study
K" Pb(C204)," -0.52 £0.30 This study

[1] Average value of the solubility product constant (log Kyp) evaluated from KNO; and
NaClO,4 media, and the log K, determined by using the electrochemical cell method. See
text for details.

[2] Average value of log f; evaluated from KNO; and NaClO,4 media. See text for

details.

[3] Average value of log £, evaluated from KNOj; and NaClO4 media. See text for

details.
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Table 3. Literature values for formation constants of aqueous lead oxalate complexes

Ionic
strength

T°C

log £

log >

Experimental
Method

Reference

1.5 M KNO;

30

33

5.0

Polarographic

Jain et al., 1968

OA

25

4.91

6.76

Solubility

Klatt, 1970

0.15 KNO;

25

4.39

6.21

Solubility

Recalculated by
Hedstrom et al. (1977)
based on the original
data of Klatt (1970).

0.30 KNO;

25

4.16

6.04

Solubility

Recalculated by
Hedstrom et al. (1977)

based on the original
data of Klatt (1970).

0.50 KNO3

25

4.02

5.83

Solubility

Recalculated by
Hedstrom et al. (1977)
based on the original
data of Klatt (1970).

1.0 KNO;

25

3.53

5.73

Solubility

Recalculated by
Hedstrom et al. (1977)
based on the original
data of Klatt (1970).

1.5 KNOs

25

3.58

5.34

Solubility

Recalculated by
Hedstrom et al. (1977)
based on the original
data of Klatt (1970).

1.0 NaClO4

25

4.16

6.33

Solubility

Hedstrom et al. (1977)

1 M KNO;

25

3.33

5.53

Polarographic

Perrin, 1979

1 M KNO;

25

3.6

5.56

Polarographic

Diez-Caballero et al.,
1985

1 MKNO;

25

34

5.60

Polarographic

Nyholm and Wikmark,
1989

A extrapolated to infinite dilution by using the Davies equation by the original author.
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Figure Captions

Figure 1. A plot showing solubilities of PbC,04(cr) as a function of ionic strength.
Solubility data in NaCl medium are from this study, and solubility data in K»C;04
medium are from Kolthoff et al. (1942).

Figure 2. A plot showing [log Oy, — 8D] as a function of ionic strength in KNO3; medium,
where log Oy, ’s are solubility products at certain ionic strengths. Data are from Klatt
(1970).

Figure 3. A plot showing [log £’ + 8D] as a function of ionic strength in KNO;
medium. For data references, please see Table 3.

Figure 4. A plot showing [log £, + 8D] as a function of ionic strength in KNO;
medium. For data references, please see Table 3.

Figure 5. Calculated solubilities of anglesite, cerussite, litharge, PbCIOH(cr), lead

oxalate, and pyromorphite, as a function of pH in a model soil solution. For details about
the model soil solution, please see text.
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