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ABSTRACT

'Ccmpetitive chelation method may be used to determine or examine the
solubility product of a mineral. This method has the advantage of being
independent of :::‘halpical conditions of the system. Direct and competitive
chelation method-'s .;j's well as XRD analysis were employed to examine the
solubility product, and mineralogical identity and purity of two PbCO;
samples.: One of these samiples has been used as the pure cerussite mineral for
controlling activity. ef Pb®' in several studies. Both direct and competitive
chelation method indicated that log Ksp value of -13.5 previously chosen for
cerussite is smaller than its actual value. A mean value of :13.33 from direct
method and an average value of -12.75 from chelation studies were obtained for
log Ks; ;’f. two PbCO; samples. The XRD results indicated that one of the

samples contains hydrocerussite as an impurity.

1. Associate Professor, Associate Seoil Scientist and Professor, respectively.
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INTRODUCTION

The competitive chelation method described by Workman and Lindsay
(15) has .been used to determine the activity of Cd>* .(2, 8, 15), Zn** (7, 8,
10), Fe™ (8, 13) and Ni*" (8) both in contaminated and uncontaminated
soils. This method normally requires use of a well-defined pure mineral
containing the counter metal ion to maintain the activity of thision in
solution as a function of an easily measurable parameter such as pH(15).

Commercially available analytical grade PbCO; has been used as the
pure mineral controlling the solution activity of Pb** (12) (counter ion) in
studies aimed at determination of Cd** and Ni** activities (2, 8, 15). The
solubility product of PbCO; wused in these studies was not determined
experimentally but was calculated from thermodynamic constants compiled
by Sadiq and Lindsay (11) or Lindsay (5).

In the course of a study using competitive chelation to measure Pb*"
activity in lead-arsenate contaminated soils of central Washington, we
observed that Pb solubility from an analytical grade PbCO; sample obtained
from Aldrich Chemical Company was substantially higher than that
calculated from the solubility product pKsp -13.5 used by the above-
mentioned authors. It was, therefore, the purpose of this work to use both
direct and competitive chelation methods and X-ray diffraction analysis to

examine the solubility and mineralogical purity of two PbCO; samples.

Theory
Competitive Chelation Method. The appropriate equilibrium reactions

involving a chelating agent, PbCO; and CdCO; are:

log K
Pb** + L* =PbL> K, 1
cdL* =cd* + L* X [2]

PbCO, = Pb** + CO> K, [3]
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CO.* + Cd** = CdCO, -K4 [4]

CdL* + PbCO; = PbL* + CdCO; (K1-K2)+(K3-Ka) [5]

where L is the chelation ligand, K, and K, are log of formation constants for
PbL? , CdL® and K; and K, are log of dissociation constants of PbCO; and
CdCO; , respectively. Combining reactions [1] to [4] gives reaction [5] with
iog of equilibrium constant (Ks) equal to (K-K»)+(K3-Ky4).

At equilibrium [5] is:

(PbL?>" ¥ (CdCO3)

JE — 10(5’-1' K2)+(K3- Kd} EG]

(CdL* ) (PbCO3)

Assuming that the activities of CdCO; and PbCO; as finite solids are
unity, and that the activity coefficients of (PbL*> ) and (CdL*" ) are equal,
Eq.[6] reduces to:

[PbL? ]

= 10%," K2)+(K3— l(.4) [7]

[CdL* ]
where the brackets indicate concentration.

Equation [7] indicates that the concentration ratio of PbL*" to CdL* is a
constant independent of pH, ionic strength and partial pressure of CO; .The
exponential term on the right hand side of Eq. [7] is composed of a chelate-
dependent constant, K,-K, (difference between formation constants of the
chelating ligand with Pb and Cd ) and a chelate-independent component, Ks-
K4 ( the difference between solubility products of PbCO; and CdCO; ).

The advantage of this method is that the concentration ratio of PbL* to

CdL* for a system containing PbCO; + CdCO; and a chelating agent is
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independent of pH, ionic strength and CO; partial pressure. As it will be
explained in the materials and methods the above ratio could be measured

experimentally.

Direct Method. Effect of equilibrium pH and partial pressure of CO, on
Pb?* activity from PbCOs;, according to Lindsay (5), may be written as

follows:
PbCO; +.2H" = Pb** + CO, + H,0 log K = K (8]

where K; is the log of equilibrium constant of reaction [8]. Assuming unit

activity for H,O :

(Pb*™) (€O, )
= 10%s ' 9]
(H")

If Ky is combined with K,y, log K of reaction [10], K,; or log Kyp of
PbCO; will be obtained from reaction [11]. Equilibfium Pb?* activity is
determined and CO;* is assumed in equilibrium with CO, partial pressure at
normal atmospheric pressure and Kgp is taken as the product of Pb®" and

COs™ activities.

log K
PbCO; + 2H ' =Pv** + CO, + H,0  K; [8])
CO, + H,0=2H"+ CO* K [10]
PbCO; = Pb™ + COs™ Kn [11]
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MATERIALS AND METHODS

Two samples of analytical grade PbCO; and one sample of analytical
grade CdCO; were used in this study. The CdCO; sample and one of the
PbCO; sample (sample No.l1) were purchased from Aldrich Chemical
Co.(Lot. KZ05026MX and AZ06615AY, respectively) for our iaboratory.The
other PbCO3 sample (No.2) was a Baker Chemical Co.(Lot. 37147)
production and was used by Workman and Lindsay (15) in the competitive
chelation studies.

Solubility of CdCO; sample and PbCO; samples was examined by both a
direct method and a competitive chelation methed. X-ray diffraction analysis
was also used to identify the kind of mineral and the existence of possible

impurities.

Direct Method. A small amount of each sample was separately equilibrated
with 20 ml_ aliquots of dilute HCIl or NaOH (10 t010°* M HCI or NaCH ).
Equilibration was obtained by shaking 40 mg of sample with 20 mi of
solution in 125 ml Erlenmeyer flasks cover with parafilm that was perforated
to allow gas exchange with the atmospnere. The pH was measured in the
suspension immediately at the end of the 5d shaking p_ériod, and the
suspensions - were filtered under vaccum through 0.45 um nylon membrane
filters. The filtrates were then analyzed for Pb and/or Cd by direct-coupled
plasma speﬁtroscopy (DCP). Electrical conductivity (EC) was also measured

in the filtrates to calculate ionic strength (I) from equation I=0.013 EC (3).

Competitive Chelation Method. The method depends on reacting batches of
PbCO; and CdCO; with a series of chelate solutions having different mole

fractions of Pb and Cd. Upon reacting, solutions with low Pb mole fraction
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gain Pb and lose Cd as PbCO; dissolves. From these results and by graphical
methed (Figs. 4 and 5), it is possible to determine the unique mole fraction
of Pb or Cd on the chelate that neither gains nor loses Pb or Cd. This unique
mole fraction reflects equilibrium conditions and provides the required
information to calculate the ratio [PbL}/[CdL] necessary for the Eq. [7].
Twenty-ml aliquots of 10™* M ethylenedinitrilotetraacetic acid (EDTA)
or N-(2-hydroxyethyl) ethylenedinitrilotetraacetic acid (HEDTA) solution
containing various [PbL]/[PbL+CdL] mole fractions (PbMF) were shaken
with 20 mg CdCO; and 20 mg of each of the PbCO; samples. The solutions
were prepared by adding 8.0 ml of 250 UM of a series of chelate stock

solution containing different [PbL]/([PbL]+[CdL]) plus 12 mlof 1.0 uM
NaOH + 4 ml H;O for HEDTA to PbCO; + CdCO; in 125 ml Erlenmeyer

flasks covered with parafilm that was perforated to allow gas exchange with
the atmosphere. Reagent-grade Na,EDTA and Na;HEDTA, supplied by the
Baker Co. (Phillipsburg, NJ), and CdCl, and Pb(NOs); , supplied by the
Aldrich Co. (Milwaukee, WI) were used.

The NaOH was added to maintain the pH in alkaline range and prevent
dissolution of PbCO; and/or CdCO; more than total chelate in solution
(100 uM). For each series, a control solution containing both PbCO, and

CdCOs, but no chelate and adjusted to the final pH of chelate containing
solutions by 1.0 pM NaOH was run. The final pH was measured in the

suspension immediately after shaking period. The initial PbMF were 0.0,
0.4, 0.6 and 1.0 for EDTA and 0.0, 0.3, 0.6 and 1.0 for HEDTA.

Data Anmalysis and Calculations. The concentration of Pb or Cd in the
control solutions were very low compared to the chelated solutions in the
alkaline final pH range (7.62-7.89) obtained. Concentration of the chelated
Pb or Cd ([PbL] eor [CdL}) was calculated by subtracting the Pb or Cd

concentration of the comtrol solutions from the chelated solutions. The
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equilibrium PbMF was obtained by plotting the initial POMF of the chelated
solutions against their final PbMF and solving the linear equation obtained
with 1:1 line fo.r the crossing point (Fig. 4 and 5).

The measured total concentration of Pb and/or Cd in the chelation _
method were also speciated by MINTEQAZ2 (1) using the modified database
by Lindsay and Ajwa (6). The concentration of PbL and CdL were obtained
from MINTEQA?2 output files. The equilibrium PbMF calculated graphically
and those obtained from MINTEQA2 output files were almost identical,
therefore only the experimentally determined equilibrium PbMF’s were
reported in Table 1. These values were used to calculate the equilibrium
[PbL]/[CdL] ratios as follows:

PoMF = [PoL]/([PoL]+[CdL])
1-PbMF = 1-[PbL]/([PbL]+[CdL]) = [CAL]/([PbL]+[CdL])
PbMF /(1-PbMF) = [PL] / [CdL]

The equilibrium [PbL]/[CdL] was also calculated theoretically by
MINTEQA2 using PbCO; and CdCO; as infinite solids and 100 uM EDTA

or HEDTA as chelate in 0.6 pM NaOH for EDTA or 0.4 pM NaOH for
HEDTA. The equilibrium pH obtained from MINTEQAZ2 were 7.64 for EDTA

and 7.65 for HEDTA, respectively. The results of these calculations were
also included in Fig. 4 and 5 and reported in Table 1. The independency of
the equilibrium [PbL]/[CdL] ratio from pH, ionic strength and partial
pressure of CO, in the above system (chelation method) was also tested by
putting various pH’s, ionic strength and CO, partial pressure into the input
files of MINTEQA2. The results always gave identical value for
[PbL]/[CdL] ratio confirming the Eq. [7].

The measured total concentration of Pb or Cd in the direct method were
also speciated by MINTEQA?2 using measured pH, calculated ionic strength

and the concentration of Na* or C1” added as NaOH or HCI to each solution.
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The activity of Pb®* or Cd’* obtained from MINTEQAZ2 output files was
plotted against pH (Fig. 1 and 3) and mean solubility product for each
sample was calculated using CO,> activities obtained from MINTEQA2

output files.

RESULTS AND DISCUSSION

Direct Method

The experimentally. determined total dissolved Cd concentration
conformed closely with those predicted by MINTEQAZ2 for the equilibrium
total Cd concentration for octavite (Fig. 1). The log Kgp value of -11.99 used
by MINTEQAZ2 data base, therefore, is a correct value.

X-ray diffraction analysis (XRD) of the CdCO; sample shows close
agreement with the d-values for octavite (Fig. 2a). All peaks were accounted
for by XRD and ASTM powder diffraction data indicated that the sample,
indeed, is an octavite with no detectable impurity.

Solubility data for two PbCO; samples (No. 1 and 2) determined by the
direct method are plotted against pH in Fig. 3. Equilibrium lines for
cerussite (PbCO;) were constructed the same way as described for octavite.

The values for experimentally determined total dissolved Pb
concentration for both PbCO; samples fall on a single line (Fig. 3).This line
lies above that by predicted MINTEQAZ2 for cerussite, suggesting that the
log Ksp value used by MINTEQAZ2 to construct the equilibrium concentration
line is iﬁcorrect or the PbCO; samples are not pure cerussite. The log Kgp
value in MINTEQA2 data base for cerussite is -13.50, taken from Sadiq and
Lindsay (11). The average log Kgp value calculated from our data is -13.33.
The maximum and minimum log Ksp calculated from A G’ values reported
in literature [Woods and Garrels (16),Wagman et al.(14), Karapet’yant and
Karapet’yant (4)] are -12.83 and -13.44, respectively.
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Fig. 2. XRD diagrams and “d” values for: (a) the CdCO; sample, (b) PbCO,;
sample No.l, and (¢) PbCO; sample No. 2,
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Results of XRD analysis of the PbCO; sample No.1 is shown in Fig.2b.
The d values measured by XRD for this sample match with ASTM diffraction
data for cerussite. The XRD results of sample No.2 (Fig. 2¢),
howev'er, show, in addition to the peaks for cerussite, a few peaks that match
the hydrocerussite [Pb; (CO;); (OH), ] ASTM diffraction data. According to
MINTEQA2 (6) hydrocerussite has a higher solubility as compared to
cerussite, therefore its existence in the cerussite sample may increase the

overall solubility of the mixture.

Competitive Chelation Method
Changes in Pb mole fraction ([PbL]/[PbL+CdL]) after reacting solutions

of EDTA or HEDTA with one of PbCO; samples and CdCO; sample are
shown in Fig. 4 and 5, respectively. The equilibrium PbMF values predicted
by MINTEQAZ2 are also included.

The final equilibrium PbMF for PbCO; sample No.1 is 0.89 for EDTA
and 0.72 for HEDTA. The equilibrium PbMF for PbCO; sample No.2 is 0.91
for EDTA and 0.75 for HEDTA. The equilibrium PbMF obtained from
MINTEQA2 output files are 0.51 and 0.44 for EDTA and HEDTA,
respectively.

‘Table 1 summarizes the results of the competitive chelation study with
three chelates (EDTA, HEDTA and DTPA). The studies with EDTA and
HEDTA are from our lab and the results for DTPA
(diethylenetrinitrilopentaacetic acid) were calculated from the data obtained
by Workman and Lindsay (15). Table 1 also contains K;, K,, K; and K4
values for calculation of log Ksp of PbCO; samples as explained in theory.

The large difference between equilibrium [PbL]/[CdL] ratio predicted by
MINTEQA2 and experimentally determined values is consistent for all three
chelates. This difference is greater for EDTA No.2 as compared to PbCO,
sample No.1. The reason for this apparent discrepancy is not quite clear. The

following possibilities will be, however, considered:
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Changes in PbMF after reacting HEDTA sclutions with CdCO; and two PbCO; samples.
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(Table 1., continued)

* K, and K, stability constants at zero ionic strength for Pb and Cd with chelating ligand,
Martell and Smith (9)

1 KsandK,, Log K of cerussite and octavite, Sadiq and Lindsay (11)

§ [PbL)[CdL] = lﬁm'n)“'(ﬂ*x‘i}

PoMF
@ [PoLCdl= ——
1-PbMF
[PbL]
§ logKe=log — K +Ka+ Ky
[CdL]

t} From data by Workman and Lindsay (15)

1) The log Ksp value for CdCO; (octavite) in MINTEQA2 data base may
be inaccurate. This is unlikely since the results of the direct measurement of
log Kgp for CdCO; indicates a very close agr'eement between the measured

and predicted Cd total concentration.

2) The stability constants of Cd and/or Pb with EDTA, HEDTA or DTPA
(K, and K, values) in the MINTEQA2 data base may be off. The
chelate-metal formation constants in MINTEQA2 data base are taken from
Martell and Smith (9). The possibility of the formation constants being off
can not be ruled out, however, it is unlikely that the stability constants of all
three chelating agents with both metals are off in the same direction.
Workman and Lindsay (15) found similar discrepancy when they equilibrated
DTPA with the PbCO; samples from their lab. They attributed this difference
to the inaccuracy of the published stability constants (K; and K;) of DTPA
with Pb and Cd. Our results, however, show that the discrepancy is more

likely due to an inaccurate iog Ksr for added PbCO,.
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3) The log Ksp wvalue for PbCO; (cerussite) in MINTEQA2 data

base,chosen from Sadiq and Lindsay (11) compilation may be too low. This

possibility is very likely because the log Ksp of PbCO; calculated from A an
values reported in literature (4, 14, 16) ranges from -13.46 to -12.79, the log
Ksp measured in the direct method was -13.33 and the log Kgp values
calculated from the results of the competetive chelation expfiment (Table 1)
range from -12.98 to-12.51. All these values are consistently larger than -
13.51 used in several publications (2, 8, 15) and in the MINTEQAZ2 data
base.

4}  The PbCO; samples used in this study were not pure cerussite. This
possibility is true for sample No.2, The XRD results of this sample (Fig. 2¢)
shew some additional peaks, as compared to Fig. 2b and as compared to the
ASTM XRD data, which couid be attributed to hydrocerussite. The results of
competitive chelation method (Fig. 4 and 5) consistently show a slightly
higher solubility for PbCO; sample No.2 as compared to sample No.1. It is,
therefore, possible that the solubility of Pb in the sampie No.1 was governed
by cerussite and in sample No.2 by hydrocerussite. The difference between
the solubility of these twe mineral is too small to be picked up in the direct
method.

The consistent and higher experimentally determined [PbL]/[CdL] ratio
for all three chelates indicates that PbCO; samples are more scluble than
predicted from its log Kgp of -13.50. An average value of -13.33 from the
direct method and a mean value of -12.75 from the chelation method was
obtained for Kgp of cerussite in this study.

The chelation method is independent of pH, ionic strength and partial
pressure of CO, (Eq.7) while the direct method is very sensitive to ail these
factors specially pH (Eq.9) which makes it less reliable as compared to the
chelation method. The average Ksp value obtained from the chelation method
is, therefore a more accurate value and agrees better with -12.83 reported by
Wagman et al. (14).
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CONCLUSION

Competitive chelation method may be used to determine or examine Kgp -

of some minerals and has the advantage of being independent of pH, ionic

-strength and other chemical conditions of the system. The log Ksp of

cerussite used in several research works and in MINTEQAZ2 data base is not

accurate, the accurate value is probably higher up to one unit. Based on the

results of this study we suggest a value of -12.75 for the log Ksp of cerussite.
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