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Abstract

The research was conducted in the Kirklareli stream, which flows south-
west through the city of the same name toward the village of Kavakli. The
aim of the study is to evaluate water analysis results and assess the potential
that the European Union drinking water standard for lead can be achieved
in the Kirklareli stream by reliance on the low solubility of lead phosphate
minerals. The present study used Visual MINTEQ 3.1 for all water chemistry
simulations. The European Union drinking water standard for lead, which
is 10 ug L™!, is exceeded at least once and as many as three times at seven
of the ten sites during the 2018 sampling season. Although the database
solubility of hydroxypyromorphite is exceeded in most samples, it appears
this may be the result of major ion substitutions in the hydroxypromorphite
that forms in the Kirklareli stream which increases the effective solubility of
lead in the stream.
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1 Introduction

Ma et al. [1, 2], Ruby et al. [3], and Xu and Schwartz ([4]) were among
the first to show lead phosphates could immobilize lead and other toxic trace
elements in soils or sediments. The proposed mechanisms involve the co-
precipitation of ions such as Pb*" with apatite group minerals and ion ad-
sorption at surfaces of these minerals. Ma et al. [1, 2] and Supova [5] docu-
ment a broad range of cations and anions that replace calcium and phosphate
in hydroxyapatite.

The E3/6, MINTEQA2, PHREEQC, Wateq4F and other databases in-
clude the solubility constant for tsumebite, a lead phosphate mineral not
mentioned by Lindsay [6], Ma et al. [1, 2], Ruby et al. [3]|, and others who
examined the chemistry of lead phosphate minerals. The tsumebite solubil-
ity constant appearing all major water chemistry databases was taken from
Nriagu [7] who computed the solubility using the oxide-mixing method of
Nriagu and Dell [8] for the composition PbyCu(PO,4)(OH)s -3 HoO(s). Crys-
tallographic studies of tsumebite |9, 10] suggest sulfate replaces two of the
hydroxyl ions yielding the composition PbyCu(PO4)(SO4)(OH) - 3Hy0(s).

This study evaluates water analysis results by Giilocak [11] to determine
whether reliance on the low solubility of these lead phosphate minerals is
sufficient to meet lead drinking water standards for the European Union EU
[12] and the Republic of Turkey [13] in Kirklareli stream.

2 Methods and Materials

2.1 Kuwklareli Stream Study Site

The thesis research by Giilocak [11] was conducted in the Kirklareli
stream, which flows through the city of the same name. The water analysis
data collected in this study was of a uniformly high quality and presented the
opportunity to evaluate the possibility the low solubility of lead phosphate in
a field setting could achieve the 10 pg L™! European Union drinking water
standard for lead ([12]).

2.2 Water Sample Collection

A full account of locations and dates when samples were collected can be
found in Giilocak [11]. Briefly, Giilocak [11] collected water samples from ten
sites (Figure 1) on Kirklareli stream from the southern outskirts of the city
of Kirklareli to the village of Kavakli, representing a distance of about 7.5
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km. Water samples were collected throughout 2018, in winter (February),
spring (March—April-May), summer (June-July) and autumn (October).

2.3 Sample Analysis

A full account of sample analysis can be found in the thesis by Giilocak
[11]. Briefly, water samples collected in one-liter bottles were analyzed for
pH, temperature and electrical conductivity (EC) in the field and the water
samples were stored in a refrigerator at 4°C until analysis.

Laboratory chemical analysis determined the dissolved concentration of
the following ions: sodium (Na), calcium (Ca), magnesium (Mg), potas-
sium (K), carbonate, bicarbonates, chloride (Cl), sulfate (SO4), orthophos-
phate (POy), and a selection of trace elements: cadmium (Cd), cobalt (Co),
copper (Cu), lead (Pb), zinc (Zn), floride (F), and nickel (Ni). Atatiirk Re-
search Institute of Soil, Water and Agricultural Meteorology in Kirklareli [14]
performed both Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) and ion chromatography analysis.

2.4  Water Chemistry Simulation

We used Visual MINTEQ 3.0 [15] for all water chemistry simulations,
basing all simulations on water chemistry analyses previously published in
the thesis of Giilocak [11]. The water analysis pH values were verified by plot-
ting water analysis calcium and alkalinity on calcite solubility diagrams and
selecting a single COs(aq) concentration representative of the 2018 sampling
season (February-July).

3 Results

3.1 Reliability of Water Analysis pH

Several water chemists (e.g., [6, 16]) and others promote a method for
water chemistry analysis that plots total solute concentrations on mineral
solubility diagrams. This approach is most successful when the free ion ac-
tivity are close to the total concentration measured by water analysis. In this
study, we use this technique to verify the reliability of water analysis pH.

The calcite solubility diagram for Kirklareli stream (Figure 2) plots the
base-10 logarithm of the total dissolved calcium to alkalinity moles-of-charge
ratio and the base-10 logarithm of the total dissolved calcium molar con-
centration. There is considerable scatter of the data points but there is a
clear alignment of the data with the linear relationship between the variables

3
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imposed by calcite solubility. The effective CO5(aq) concentration represen-
tative of the 2018 sampling season (Figure 2, dashed line) is 1.4- 1073 molar.

e Kirklareli —-—-calcite CO2(aq)= 1.4E-3 molar
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Figure 2: Calcite solubility in the Kirklareli stream (Turkey). The data points are based
on total dissolved calcium and alkalinity. The dashed line plots calcite solubility using
Ca’?" and HCO3~ activity, respectively, and a CO, (aq) concentration of 1.4- 10~ molar.

MINTEQA2 simulations using this representative COs(aq) concentration
agreed with the water analysis pH values reported by Giilocak ([11]) to within
0.2 of a pH unit. Subsequent MINTEQA?2 simulations used a CO(aq) con-
centration of 1.4 - 107 molar.

3.1.1 Saturation Indexr Assessment

Every MINTEQAZ2 simulation listed the ion activity products and sat-
uration indexes for all minerals in the database with solubility expressions
matching the basis ions and ion species from the water analyses. Review of
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this output revealed numerous instances of oversaturation of hydroxyapatite,
fluorapatite, hydroxypyromorphite, fluoropyromorphite, and tsumebite. These
results prompted us to evaluate more carefully the implications for EU lead
drinking water standards.

3.2 Solubility of Phosphate Minerals

Lindsay and Moreno [17] plotted fluorapatite solubility assuming F~ con-
centrations were controlled by fluorite solubility with a constant Ca®" activity
of 5-1073. Zhang et al. [18] plotted fluorapatite solubility diagrams “calcu-
lated according to the determination of the soil solution,” i.e., Ca®" activity
of 3.16-1073 and F~ of 2-1073. The solubility of fluorapatite (Figure 3 and
Figure 5) and fluoropyromorphite (Figure 4 and Figure 6) are plotted using
the same approach as Zhang et al. [18].

Fluorine concentrations in the Kirklareli stream during the 2018 sampling
season varied little: 5+ 5-107° molar. All fluorapatite and fluoropyromor-
phite solubility lines appearing in figures Figure 3 to Figure 6 were plotted
assuming a F~ activity of 5-107°.

Applying the same method as Nriagu 7], we computed the Standard Free
Energy of Formation for a (sulfato)tsumebite with the composition suggested
by Nichols [9] and Frost [10] PbeCu(PO,)(SO4)OH H20 (s). Complete details
of our estimate appear in the Appendix accompanying this paper.

Figure 4 and Figure 6 plot the solubility of three minerals: tsumebite,
hydroxypyromorphite and fluoropyromorphite. The predicted solubility of
(sulfato)tsumebite is much lower than phosphatotsumebite and was not plot-
ted in the lead phosphate solubility diagrams.

3.8 Calcium-Phosphate Solubility Diagram: Water Analysis Values

Figure 3 plots water analysis data from the Kirklareli stream (total dis-
solved calcium and orthophosphate) and the solubility lines for hydroxyap-
atite and fluorapatite. The mean dissolved fluoride concentration in Kirk-
lareli stream results in a fluorapatite solubility that is indistinguishable from
hydroxyapatite solubility.

The data points indicate a consistent over-saturation of hydroxyapatite-
fluorapatite in Kirklareli stream, consistent with the saturation index results
from our MINTEQA?2 simulations. Typically, results such as those appearing
in Figure 3 suggest persistent disequilibrium with a trend toward saturation
as hydroxyapatite-fluorapatite precipitate.
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Figure 3: Calcium phosphate solubility in the Kirklareli stream (Turkey). The data points
are based on total dissolved calcium, total dissolved phosphate and water analysis pH. The
fluorapatite solubility line is plotted based the mean total dissolved fluoride (5-1075 molar)
in the Kirklareli stream during the 2018 sampling season. Data from Zhu et al. [19] are
included (open circles) for reference.


https://doi.org/10.20944/preprints202111.0269.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 November 2021 d0i:10.20944/preprints202111.0269.v1

3.4 Lead-Phosphate Solubility Diagram: Water Analysis Values

Unlike the calcium phosphate minerals appearing in Figure 3, the solu-
bility of fluoropyromorphite plots higher than the solubility of hydroxypy-
romorphite (Figure 4). The water analysis data are vastly over saturated
relative to tsumebite PbyCu(PO4)(OH); HoO(s)(s) and (sulfato)tsumebite
PbyCu(PO4)(SO4)OH H20O (s) (not shown).

Regardless of the inclusion of (sulfato)tsumebite in the major water chem-
istry databases, the results in Figure 4 suggest conditions suitable for tsumebite
precipitation for aqueous solution do not exist in Kirklareli stream, its sedi-
ments, or the soils whose drainage water recharge the stream.

As in Figure 3, when data points representing total dissolved lead and
phosphate are plotted there is significant scatter. The distribution of data
points in Figure 4 suggests dissolved lead and phosphate range from under
saturation to somewhat over saturated relative to the less soluble hydroxypy-
romorphite and consistently under saturation relative to fluoropyromorphite.

3.5 Calcium-Phosphate Solubility Diagram: Ion Activity Values
Zhu et al. [19] used X-ray diffraction to confirm unit cell changes accom-

panying the complete Pb?" replacement of Ca>" in hydroxyapatite in a series
of mixed calcium-lead minerals with the composition

(Pb,Cay_,)5(PO4);OH(s)

where 0 < 2 < 1. Zhu et al. [19] also measured the solubility of these
substituted hydroxyapatite minerals and verified this substitution was an
ideal mixture of these two cations.

(PbICal,I)5(PO4)3 OH (S) —
5x Pb*" (aq) + (5-5x) Ca®" (aq) + 3PO; (aq) + OH (aq)

The solubility reaction appears above. The equilibrium solubility con-
stant K, is given by expressions (1) and the Standard Free Energy of Reac-
tion A,.G*° by expression (2).

5—b5x

K;) = (an2+(aq)>5x ’ (aCa2+(aq)> ’ (aP027 (aq))3 * AoH~ (aq) (1)

AG® = —R-T-InK%, 2)
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Figure 4: Lead phosphate solubility in the Kirklareli stream (Turkey). The data points
are based on total dissolved lead, total dissolved phosphate and water analysis pH. The
fluoropyromorphite solubility line is plotted based the mean total dissolved fluoride (5 -
1075 molar) in the Kirklareli stream during the 2018 sampling season. Data from Zhu et
al. [19] are included (open circles) for reference.
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Based on expression (1) we would expect a curved solubility line for a
series of substituted hydroxyapatite minerals, the curvature resulting from
combining the solubility constant K, = f(x) and the Pb*" (aq) ion activity
into a variable intercept when plotting using the axis parameters in Figure 4
and Figure 6.
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Figure 5: Calcium phosphate solubility in the Kirklareli stream (Turkey). The data points
are based on simulated Ca®"(aq) and HoPO4 (aq) ion activities and water analysis pH.
The fluorapatite solubility line is plotted based the mean activity of fluoride (5 - 107°)
in the Kirklareli stream during the 2018 sampling season. Data from Zhu et al. [19] are
included (open circles) for reference.

The calcium-phosphate solubility data from Zhu et al. [19] appear in
both figures Figure 3 and Figure 4. The Zhu et al. [19] data are slightly
under saturated relative to the hydroxyapatite solubility constant appearing
in MINTEQA2. The replacement of Ca?" in hydroxyapatite by Pb*" does
not lead to a significant change in the slope of the Zhu et al. [19] data.

The data points appearing in Figure 5 are based on simulated Ca®" (aq)

10
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and HoPO,  (aq) ion activities, not the total water analysis calcium and phos-
phate plotted in Figure 3. The data points in Figure 5 plot with little scatter
along a slightly curved solubility line. This curvature would be consistent
with a substituted hydroxyapatite which, given the dissolved lead concentra-
tions in Kirklareli stream, cannot not be the result of a reaction such as that
given by expression (1).

Data from Zhu et al. [19] represent the solubility effect of Ca®" replace-
ment by Pb?" in a series of substituted, laboratory-prepared hydroxyapatite
minerals. Our data from Kirklareli stream (Turkey) plots above the stoichio-
metric hydroxyapatite solubility line, trending to lower solubility, while the
data from Zhu et al. [19] plot on and below the solubility line.

We suggest the results appearing in Figure 5 arise from some combination
of major cations and anions substituting for both calcium and phosphate in
the apatite that forms Kirklareli stream, leading to the higher solubility and
the slight curvature of the ion activity data points. The emphasis here is on
major cations and anions, not trace cations and anions.

3.6 Lead-Phosphate Solubility Diagram: Ion Activity Values

The data points appearing in Figure 6 are based on simulated Ca*" (aq)
and HoPO,4 (aq) ion activities, not the total water analysis lead and phos-
phate plotted in Figure 4. The data points in Figure 6, as is the case in Figure
5, plot without scatter along a distinctly curved solubility line. This curva-
ture would be consistent with a substituted hydroxypyromorphite which,
given the dissolved lead concentrations in Kirklareli stream, could be the re-
sult of Pb*" replacement in hydroxypyromorphite by the major cation Ca*"
as in the reaction given by expression (1).

Data from Zhu et al. [19] represent the solubility effect of Pb*"(aq)
replacement by Ca”"(aq) in a series of substituted, laboratory-prepared hy-
droxypyromorphite minerals in the absence of alkalinity and calcite satura-
tion. Our data from Kirklareli stream crosses the stoichiometric hydroxypy-
romorphite solubility line, trending to lower solubility, while the data from
Zhu et al. [19], representing low alkalinity conditions, plot below the stoi-
chiometric hydroxypyromorphite solubility line.

We suggest the lead-phosphate activity points appearing in Figure 6 arises
from a similar non-stoichiometric effect as that described by Zhu et al. [19]
for synthetic hydroxypyromorphites. Some combination of major cations
replaces Pb®" in the pyromorphite that forms in Kirklareli stream leading to

11
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Figure 6: Lead phosphate solubility in the Kirklareli stream (Turkey). The data points
are based on simulated Pb*" (aq) and HyPO, ~ (aq) ion activities and water analysis pH.
The fluorapatite solubility line is plotted based the mean activity of fluoride (5 - 107°)
in the Kirklareli stream during the 2018 sampling season. Data from Zhu et al. [19] are
included (open circles) for reference.
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the higher solubility and slight curvature of the ion activity data points in
Figure 6.

4 Discussion

The results in Figure 4 and Figure 6 suggest hydroxyapatite-fluorapatite
and hydroxypyroporphite solubility in Kirklareli stream most likely results
from major ion substitutions rather than disequilibrium involving hydroxyapatite-
fluorapatite and hydroxypyroporphite minerals with ideal compositions. These
substitutions result in a modest increase in the solubility of non-stoichiometric
hydroxypyromorhite in Kirklareli stream.

We also propose the coupling of apatite mineral solubility to pyromorphite
mineral solubility. A key consequence of this coupling of apatite mineral to
pyromorphite mineral solubility, as noted above, is the substitution of the
minor cation Pb*" in hydroxypyromorphite by the major cation Ca®".

We find no evidence that the highly insoluble mineral tsumebite forms
either in the soils of the Kirklareli basin or the stream itself. While it is possi-
ble to imagine tsumebite precipitating from aqueous solution under surficial
conditions, this does not appear to be likely based on our results.

5 Conclusion

In conclusion, there is clear evidence for the solubility coupling of pyromorphite-
group mineral to apatite-group mineral in Kirklareli stream. This results
from the natural stream chemistry, not from amendments added to ground-
water or stream to alter lead solubility.

European Union and Republic of Turkey drinking water standards [12,
13] for lead (10 g L™') cannot be consistently achieved in Kirklareli stream
through the natural solubility of the non-stoichiometric pyromorphite-group
minerals that tend to form in this environment.

We recommend a survey of potable water sources, both wells and tribu-
tary streams, in the Kirklareli stream catchment for total dissolved lead. The
collection of water sample should cover an annual cycle to determine whether
water treatment to remove dissolved lead is needed to meet drinking water
standards.

13
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7 Appendix

7.1  Thermodynamic Data

MINTEQAZ2, and other water chemistry databases, include a solubility
constant for the mineral PbyCu(POy4)(OH)s3-3H5O(s) [20]. Using an oxide-
mixing model |7], Nriagu [8] estimate the standard Gibbs energy of formation
for this composition as: A;G® = —593.0 kcal - mol ™.

A later study of tsumebite by Nichols [9] proposed a different composition
PbyCu(PO4)(SO4)OH - 3H,0 (s) that was later confirmed in a chemical and
vibrational spectroscopy study by Frost [10].

We used the oxide-mixing method of Nriagu |7, 8] to estimate the stan-
dard Gibbs energy of formation of a sulfato-tsumebite with the more re-
cent composition PbyCu(PO4)(SO4)OH -3H50(s). Using the same thermo-
dynamic data as Nriagu [7, 8, 21|, the estimated standard Gibbs energy of
formation of sulfato-tsumebite is A;G® = —594.2 kcal - mol ™",

Table 1: Thermodynamic data and sources

Mineral Source
PbyCu(PO4)(OH)3 - 3H0 (s) 8]
PbyCu(PO4)(SO4)(OH) -3H0(s)  this work
CuO((s) [22]

7.2  Tsumebite and Tenorite

The reaction following gives the estimated solubility constant for tsumebite
PbyCu(PO4)(OH)s - 3Hs0 as listed in the first row of Table 1.

Ksel — 1079.79

PbgCu(PO4) (OH)3 -3 HQO (S) +3 H*(aq)
2Pb?" (aq) + Cu®' (aq) + PO} (aq) + 6 H,O(1)

14
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The next reaction gives the estimated solubility constant for sulfato-
tsumebite PboCu(POy4)(SO4)(OH) - 3H20 [21] as listed in the second row of
Table 1. The solubility constants for both forms of tsumebite are computed
using the same thermodynamic data as Nriagu [7, 8, 21].

Kg =107233
PbyCu(PO,)(SO4)(OH) -3H,0(s) + H' (aq) <=
2Pb*" (aq) + Cu*'(aq) + PO} (aq) + SOF (aq) + 4 HyO(1)

Finally, the solubility reaction and constant for tenorite CuO (s) follows.

e _ +7.644
1 =10

CuO(s) +2H" (aq) LAzl Cu*"(aq) + H,O(1)

Combine the solubility reactions for tsumebite with tenorite to replace
dissolved Cu*" (aq) with tenorite CuO (s), yields a modified solubility reaction
and constant for tsumebite.

Ke —10-1743
PbQCU(PO4>(OH)3 -3 HQO (S) + H+(aq) o
2Pb*" (aq) + CuO(s)) + PO; (aq) + 5 HaO (1)

Similarly, combine the solubility reactions for sulfato-tsumebite with tenorite
to replace dissolved Cu®"(aq) with tenorite CuO (s), yields a modified solu-
bility reaction and constant for sufato-tsumebite.

Ke —10-513
PbyCu(PO,4)(SO4)(OH) - 3H,0 (s)
2Pb*" (aq) + CuO(s)) + PO? (aq) + SO3 (aq) + H' (aq) 3 H,O (1)

The modified solubility reactions above effectively represent tsumebite
and sulfato-tsumebite solubility, respectively, under conditions where Cu®" (aq)
solubility is determined by tenorite CuO (s).

Modifying solubility reactions so that they includes only the predomi-
nant species allows one to prepare a solubility diagram that plots both valid
thermodynamic mineral solubility lines and empirical solution data based on
total ion-analysis values.

To make this transformation, we need the following phosphate hydrolysis
reaction.

KaeQ = 10—19:57

H,PO, (aq) ¢+ 2———— PO} (aq) +2H"(aq)

15
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When the phosphate hydrolysis reaction is combined with the tsumebite-
tenorite solubility reaction, the overall tsumebite reaction appears below.

e — 10—2-99

PhyCu(PO,)(OH)s - 3HyO(s) + 3H (aq) 210
2Pb*" (aq) + CuO(s) + HoPO, (aq) + 5 HyO (1)

The logarithm of the equilibrium constant and quotient for the tsumebite-
tenorite reaction is given by expressions (7.1) and (7.2).

2 -log;o Pb*" 4 log;, HoPOy — 3 - log,, HY = —2.99

2 -log,, Pb*" 4 log,, HoPO; + 3 - pH = —2.99

2+ (logyo Pb*" + 2 pH) + (log,, HoPOy — pH) = —2.99

(log,o HsPOy — pH) = —2- (log,o Pb*" +2-pH) —2.99  (7.1)

(pHoPO; + pH) = —2 - (pPb*" — 2 pH) + 2.99 (7.2)

Similarly, when the phosphate hydrolysis reaction is combined with the
sulfato-tsumebite-tenorite solubility reaction, the overall sulfato-tsumebite
reaction appears below.

N 9.13
PbyCu(PO,)(SO,)(OH) -3 H,0 (s) + H' (aq) 212"
2Pbh*" (aq) + CuO (s) + HyPO, (aq) + SO? (aq) + 3H,0(1)

The logarithm of the equilibrium constant and quotient for the sulfato-
tsumebute reaction is given by expressions (7.3) and (7.4).
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2 -log,, Pb*" + log,, HoPO, + log,, SO3™ — log,o HT = +9.13
2 - log,, Pb** 4 log,, HoPO; + log,, SO3™ + pH = +9.13
2 (logyo Pb*" + 2 - pH)+(log,y HoPO; — pH)+(log,, SO~ — 2 pH) = +9.13
(loglo H,PO, — pH) =

—2-(log,o Pb>* + 2 - pH) — <log10 SO% —2.pH — 9.13) (7.3)

(pH,PO; + pH) = —2 - (pPb>" — 2. pH) — <psoi— +o.pH+ 9.13) (7.4)

Expressions (7.3) and (7.4) use the mean SO} (aq) concentration and
mean pH value for the data set in exactly the same way as plots of fluorap-
atite and fluoropyromorphite solubility lines are plotted using the mean F~
concentration for the data set.
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