
Journal of Physical and Chemical Reference Data 9, 751 (1980); https://doi.org/10.1063/1.555628 9, 751

© 1980 American Institute of Physics for the National Institute of Standards and Technology.

The solubility of some sparingly soluble lead
salts: An evaluation of the solubility in water
and aqueous electrolyte solution
Cite as: Journal of Physical and Chemical Reference Data 9, 751 (1980); https://doi.org/10.1063/1.555628
Published Online: 15 October 2009

H. Lawrence Clever, and Francis J. Johnston

ARTICLES YOU MAY BE INTERESTED IN

The Solubility of Mercury and Some Sparingly Soluble Mercury Salts in Water and Aqueous
Electrolyte Solutions
Journal of Physical and Chemical Reference Data 14, 631 (1985); https://
doi.org/10.1063/1.555732

The Solubility of Some Sparingly Soluble Salts of Zinc and Cadmium in Water and in Aqueous
Electrolyte Solutions
Journal of Physical and Chemical Reference Data 21, 941 (1992); https://
doi.org/10.1063/1.555909

Unusual defect physics in CH3NH3PbI3 perovskite solar cell absorber

Applied Physics Letters 104, 063903 (2014); https://doi.org/10.1063/1.4864778

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/222900553/x01/AIP/HA_WhereisAIP_JPR_PDF_2019/HA_WhereisAIP_JPR_PDF_2019.jpg/4239516c6c4676687969774141667441?x
https://doi.org/10.1063/1.555628
https://doi.org/10.1063/1.555628
https://aip.scitation.org/author/Clever%2C+H+Lawrence
https://aip.scitation.org/author/Johnston%2C+Francis+J
https://doi.org/10.1063/1.555628
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.555628
https://aip.scitation.org/doi/10.1063/1.555732
https://aip.scitation.org/doi/10.1063/1.555732
https://doi.org/10.1063/1.555732
https://doi.org/10.1063/1.555732
https://aip.scitation.org/doi/10.1063/1.555909
https://aip.scitation.org/doi/10.1063/1.555909
https://doi.org/10.1063/1.555909
https://doi.org/10.1063/1.555909
https://aip.scitation.org/doi/10.1063/1.4864778
https://doi.org/10.1063/1.4864778


The Solubility of Some Sparingly Soluble Lead Salts: An Evaluation of the Solubility in 
Water and Aqueou's Electrolyte Solution 

H. Lawrence Clever 

Department of Chemistry, Emory University, Atlanta~ GA 30322 

and 

Francis J. Johnston 

Department of Chemistry, University of Georgia, Athens, GA 30602 

The literature on the solubility of sparingly soluble lead' salts in water and 
in aqueous electrolyte solution was reviewed. S~lubility data were c.ompDed 
and evaluated. Recommended and tentative values of the solubilities are 
presented. A partial compilation of solubility products and of complex ion 
formation constants are given. Where possible the solubility product values 
have been checked for consistency against thermodynamic data from sources 
other than solubility measurements. 

Key words: Aqueous solubility of leRd SQ1t.s; lpQ,n "'.Q.rbonQt,p'; lp.A.n hA.1irlP.!'l; lean. nitrate; lead 
phosphates; lead sulfate; lead sulfide; solubility; solubility product; sparingly soluble lead 
salts. 
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A 

Nomenclature 

Debye-Huckel limiting law con
stant 

AI, A 2, A 3, and A4 parameters of equation [10] and 
related equations 

A, B, 0, D, and E parameters of equation [21] 

B 

F 

I 

K snm , K~nm 

p 

R 

T 

z 

a, b, and c 

a 

Debye-Huckel constant 

specific ion interaction term, Scat
chard deviation parameters 

heat capacity, constant pressure 

electromotive force, potential, 
standard potential, junction po
tential 

the Faraday constant 

Gihhs energy 

enthalpy 

ionic strength 

equilibrium constant, Henry's 
constant 

equilibrium constant, ligand metal 
formation constant (MLn_ 1 + L= 
MLn) 

ey.uiliLrlulll (;Ullstant, solubility 
product (may be designat,ed either 
concentration scale or molality 
scale) ML(s)=M+L; the super
script indicates the thermodynamic 
constant 

equilibrium constant, solubility 
product when a complex MmLn is 
formed in solution. ,Vhen m= 1, 
the second subscript (m= 1) is 
omitted; the notation also ap
plies when a protonated ligand re
acts with elimination of proton [3, 
supplement, p. xvi]. The super
script indicates the thermody
namic constant 

equilibrium constant, weak acid 
dissociation 

pressure 

gas constant 

entropy 

absolute temperature 

molecules per unit cell 

unit cell dimensions 

activity 

f 

n 

z 

a 

p 

"Y 

amount-of-substance concentra
tion of substance B (amount of B 
divided by the volume of the 
solution) 

fugacity 

molality of solute substanceB 
(amount of B divided by the mass 
of solvent) 

number of equivalents 

ion charge 

Harned rule coefficient 

equilibrium constant, cumulative 
ligant metal formation constant 
(M+nL=MLn), 

fln= IT Ki (see Kn above) 
;==1 

density 

activity coefficient 

1. Introduction 

Equilibrium data of all kinds are required to model 
the transport and transformation of inorganic pol
lutants in natural, brackish, and sea, water. Among the 
20 or so metallic ions of concern in environmental 
studies is the lead ion. This report is a compilation and 
Avs.1uSl.tion of st.oichiometric soluhility da,ta of spar
ingly soluble lead salts in water and aqueous electrolyte 
solution. 

The solubility data were compiled in two stages. 
Solubility data from before about 1955 were traced 
through standard compilations of solubility data 
[1-4].1 Solubility data reported since 1955 were traced 
through a combined hand a,nd computer search of 
Chemical Abstracts from 1955 into early 1978. The 
solubility data found were compiled and evaluated. 
Solubility values were recommended when the solu
bility data on a given lead sa.1t over similar ranges of 
temperature from several laboratories agreed within 
estimates of experimental error. Information on the 
solid phase and on the speciation of complex ions in 
solution in equilibrium with the solid were included 
when available. Much of the information on the solid 
phase was taken from the Crystal Data Determinative 
Tables [5]. 

There is a listing of lead salt solubility products and 
a partial listing of lea,d complex ion formation con
stants. The evu.luat,ion of the stoichiometric solubility 
data is a preliminary step in the eventual evaluation 
of the solubility product constants. However, the 
evaluation of the solubility product constants will 
require compilation of other associated data and ex
tensive calculations which we hope will be carried out 
later. 

1 Figures in brackets indicate literature references at the end 
of this paper. 

J. Phys. Chem. Ref. Data, Vol. 9, No.3, 1980 
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2. Solubility Methods 

There \\T(', :-;\'.v~'rl\\ pnpl'T:-; thlll. :-;ull\JJmrize the factors 
important ill Llw ('xjlPrinwuLn! determination of solu
bj]jty (6-HJ. I 100V(w(~r, for specj{ic details of a method 
one llsllally hllS to consult t.he original research paper. 

The soJnbilit,y da.ta found in the literature were 
determined by n. variety of direct solubility methods, 
by emf methods for solubility products, and by 
stnnclard electrode potential measurements, which are 
often evalua,ted for purposes other than the calculation 
of solubility products. 

2.1. Direct Solubility Methods 

Conductivity. Many measurements of the specific 
conducta,nce of saturated aqueous solutions are re
ported in the early literature. The corrections for 
water conductivity and for hydrolysis· products and 
complex ion products were often either not applied or 
inaccurately applied. The effect of a small concentra
tion of a soluble electrolyte impurity is very large. In 
general, conductivity is not a good primary method of 
determining solubility. This is not to say that con
ductivity cannot be used to determine solubility. The 
work of Day and Gledhill (10] on Hg2Ch and of Little 
and Nancollas [11] on PbS04 illustrate successful 
application of conductivity techniques to the measure
ment of solubility. 

Direct Physical Methods. The evaporation of the 
solvent from a known weight or volume of a saturated 
Rolntion ~.nr1 thp. wPighing of thp. s;oliil rAsiilup is; \1, 

successful classica.! method of determining solubility. 
However, there may be problems both in making a 
complete separation of the saturated liquid from finely 
divided suspended solid, and in t.he control of tempera
ture during the separation process. In addition there 
can be loss of solid due to spattering during the c1rying 
process, and an incorrect weight of solid because of 
either incomplete drying or decomposition of the solid 
during the drying. 

Another direct physical method is the synthetic 
method. Known weights of solid and liquid are sealed 
in a, glass or silica tube. The tube and contents are 
agitated and the temperature is increased at such a 
rate as to maintain saturation. The temperature of the 
disappearance of the last solid is observed visually. 
The temperature at which the solid first reappears on 
cooling is also observed. The method can work well, 
e~pecially at higher temperatures where the rates of 
solution and dissolution are rapid, but the sealed tube 
is required to keep the solvent in the liquid state. 
Benrath, Gjedebo, Schiffers, and Wunderlich [12] ap
plied the technique to many salts over the 400-650 K 
temperature interval. Their solubility values for the 
lead halides, PbCI2, PbBr2, and PbI2 appea,r to be low. 
A tuu HIJJl<l heaLIng could lead to low solubility values. 
The method appears to have been successfully applied 
to silver sulfate solubilities in a series of papers by 
Lietzke and Stoughton [13]. 

Chemical Methods. The saturated liquid phase may 

J. Phys. Chem. Ref. Data, Vol. 9, No.3. 1980 

be analyzed by a variety of chemical methods. Precipi
tation, colorimetric methods, acid-base and redox 
titrations have been used. Before a chemical method 
can be applied, the saturated solution and the solid 
must be separated with the problems noted above of 
complete separation of liquid and solid and of tempera
ture control. In the hands of careful workers the proper 
chemical method can be reliable. Each paper must be 
carefully read to judge the reliability of the method and 
its o.,pplico.,tion. Unfortunately, even the best workers 
do not always include all of the information required 
for a reliable evaluation of their work. 

Other Methods. Ra,diochemical techniques, atomic 
a,bsorption and other analytical methods are available, 
but seldom used in solubility of electrolyte deter
minations. 

2.2. Electromotive Force Methods 

The design of a cell in which the cell reaction is the 
solubility process, and the measurement of the cell emf 
as a function of ionic strength at one or more' temper
atures can be a successful method for the determina
tion of the solubility product. A cell of the type, 

M/MB (aq,m)/salt bridge/NaA (aq,m) MA(s)/M 

wherA M A is; t.hfl. slightly soll1hl~ p.lp'("t.rolyt.fl. fl.nil ME is 
a soluble electrolyte, is required. The standard poten
tial of the cell, suitably corrected for liquid junction 
potential, is related to the solubility product. 

I K o nF(E RTI E ) nFEo n 50= RT cell + nF n a2- junction potentials = RT cell' 

(1) 

To apply the method successfully, care must be ta,ken 
to minimize or eliminate, either by experiment or 
extra.polation procedure, the liquid junction potential 
The standard potential is obtained after a choice of a 
suitable a,ctivity coefficient function to use in the 
extrapolation to zero ionic strength. Corrections for 
hydrolysis products and complex ions formed in the 
electrolyte may have to be taken into account. 

Cells of this type have not been used often in the 
study of lead salts, but they have been extensively 
used for other metal salts, for example, mercury (I) 
salts [14]. 

2.3. Standard Electrode Potentigis 

Standard electrode potentials are often evaluated 
for purposes other than the ca1culation of solubility 
products. When the necessary standa,rd electrode 
potentials are available, the calculation of the solu
bility'product is a straightforward procedure of good 
uccur9CY, by t.he e.quRt,jon 

In K~o=i~ [E~/Mn+-E~1/MA(S)J (2) 

,,,here E~1/Mn+ is the standard potential of the reaction 
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Mn+(aq)+ne--;.M and E~/MA(8) is the standard po
tential of the reaction MA (s)+ne--;.M+An- (aq). 

The standard potential for the reduction of the 
lead (II) ion in aqueous solution, Pb2+ (aq) + 2e--;. 
Pb(s), has apparently been measured at only 298.15 K. 
The four modern values are -0.1263 [15a, b], -0.1203 
(16, 17], -0.1274 [18, 19J and -0.1251 [20] volt. 
Earlier measured values are several millivolts higher 
[20]. A recent NBS compilation [21a] gives the thermo
dynamic functions of formation of lead (II) ion in 
aqueous solution as AG;=(-24.39±0.04) kJ mol- 1 

and AH;= (-1.7 ±O.4) kJ mol-I. These values give 
Epb/PbZ+ (298.15 K)=(-O.1264±O.0002) V and 
dEc/dT= (-3.94±0.08) X 10-4 V K-I. The calculated 
standard electrode potential value is about 0.1 mv 
higher than the average of the three highest measured 
values quoted above. 'Ve have found no emf data to 
check against the calculated dEc /dT value. 

The equation 

E~b/Pb2+ (T/K)/V=(-0.1264-3.94XI0-4 tlT) (3) 

where AT= T/K-298.15 was used to calculate tenta
tive values (table 1) of the electrode standard poten
tial at several temperatures near 298.15 K. deBethune, 
Licht and Slvendeman [22] calculate a value of dEc/dT 
of -4.51 X 10-4 V K-l which would give E~Dfl'"rP 

(273.15 K)= -0.1151 \vhich is \'vithin our error range. 
The values in table 1 are used later to calculate the 

solubilit,y products of PbF2 and PbS04 from the stand
ard electrode potentials E~b/PbF (8) and E;b/PbSO (8)' 

Further experimental \vork to co~firm the values
4 

of 
table 1 would result in a better evaluation of the 
PbF2 and PbS04 solubility products. 

r ABLE 1. Tentative values of the Pb/Pb2+ standard electrode 
potential 

TjK 

273.15 
278. 15 
288. 15 
298.15 
308. 15 
318. 15 
323. 15 

-0. 1166±0. 0022 
- O. 1185 ± O. 0018 
-0. 1225=0.0010 
-0. 1264±0. 0002 
-0. 1303±0. 0010 
-0. 1343±0. 0018 
- O. 1363 ± O. 0022 

3. Treatment of the Solubility Data 

There is no comprehensive literature source that 
describes in detail the treatment of electrolyte solu
bility data. The discussions of Bates [23], and of Leus
sing [24] are useful, but dated. A recent analytical 
chemistry textbook [25] and a monograph [26] on 
solid-liquid phase ell uilioritL tLre helpful. Rel,;enLly Lhe 
:International Union of Pure fmd Applied Chemistry 
(lUP AC) organized the Solubility Data Project 
(SDP). The SDP is a group of scientists who plan to 
IH'f')Hlre and to publish an extensive compilation and 
t,vllllJntion of the scientific literatures solubility data,. 

Their planned [14, 27] and future publications will 
outline in good detail the treatment of solubility data. 
including electrolyte solubility data. In addition, 
standard textbooks on thermodynamics and on electro
lyte theory should be consulted. 

3.1 Stoichiometric Solubility 

In the present work our principle objective is to 
r.ompllF~ R.nn p.vnhuti.e experimental solubility data. 
The mass of material dissolved at saturation is con
verted to an amount of substance, based on specified 
elementary entities, that describe the salt. Thus the 
solubility of lead fluoride, PbF27 is given as either 
molality mpbF/mol kg-I, or concentration cPbF/mo] 
dm-3

• The used measure of solubility depends on 
whether the data in the origina.l paper were based on a 
mass of solvent, or a volume of solution. For the 
systems for which reliable densities of the saturated 
solutions were reported, the solubility was calculated 
both as molality and concentration. 

The stoichiometric solubility, henceforth called 
solubility, defined above is related to a,n arbritrarily 
ehosen formula for the salt. It is u number which can 
be checked by the experiment of others. However, it 
tells the user nothing about the actual ionic and mo
lecular species present in the solution. 

In some cases solubility values are found at only one 
temperature, usually 298.15 K. In such cases, the 
values judged best, are weighted and averaged, the 
standard deviation computed, and the value labelled 
either recommended or tentative depending on our 
judgment of the quality of the experimental data. 

"iVhen solubility data from several laboratories agree 
within experimental error over the sa,me temperature 
interval, and the data appear to be relia.ble, the data 
a.re fitted to an equation by a linear regression and a 
t,Rhle of R.moothp.d dats. is gene.rated. For the solubility 
in molal units the equation is 

In mB=A1+A2/(T/I00 K) 

+A31n (T(lOO K)+A4 (T(100 K) (4) 

A similar equation is used when the solubility is in 
molar units.l\1ost of the solubility data are fitted within 
experimental error by a. three eonstant equation, and 
often a two constant equation is adequate. 1Vilhelm, 
Battino and 'Vilcock [28] reference and briefly d~scuss 
the advantages of an equa,tion of this form for repre
senting equilibrium data.. The particular form of the 
equation used here is due to "Veiss [29]. The use of 
T/IOO K has the advantage of making the Ai param
eters of similar ma.gnitude. 

3.2. Solubility Product 

III uJJiLiull LV Lhe solubility, we also present some 
solubility product, ion ligand formation, and acid 
dissociation constants. These constants cannot be 
derived from either solubilities, or other dat,a, without 
amodel for the solution and certain basic assumptions. 
The ionic and molecular species and their amount in a 

J. Phys. Chem. Ref. Data, Vol. 9, No.3, 1980 
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solution can be calculated from the constants. Hmv
ever, the calculated results are subject to the same 
model and assumptions that were used to derive the 
constants. Sections 3.2 and 3.3 contain descriptions of 
several of the commonly used models used to obtain 
solubility product and other constants. 

To obtain a value of the thermodynamic solubility 
product, K~o, either the activity coefficients or some 
representation of the activity coefficients that allows 
extrapolation to zero ionic strength must be known. 

To illustrate we assume the molal solubility, m2, of 
a slightly soluble 1-1 electrolyte (MA) is known in 
the presence of a soluble 1-1 electrolyte (NB), m3, at 
some temperature T. 

where 1'2 is the mean ionic molality activity coefficient 
of the slightly soluble salt. If the total molality, m, is 
0.1 or less the activity coefficient can be calculated 
from un exteuLleu Deuye-Huckel-Bronsted-Guggen
heim-type equation 

ml/2 
log 'Y2=-A 1+mlf2+m2BlVlA+1/2m3(B~A+B~.B) 

(6) 

where A is the Debye Huckel Limiting lav{ constant, 
m is the total molality (ionic strength for other electro
lyte types), and the BO's are specific ionic interaction 
terms. 

The specific interaction terms may not be known or 
the solubility may be measured in solutions of inter
mediate ionic strength. If that is the case, a Hl1rned's 
rule type equation may be used 

log 'Y2=log aKCJ+ (~B~1A -aJNB) m (7) 

where a is the Harned rule coefficien t, ~Bo = B~A - B~c I 
and the BO,s are Scatchard deviation parameters, and 

JNB is the fraction of the total molality due to the elec
trolyte NB. Since MA is slightly solub1e,fNB is approxi
mately unity, <Uill une can write 

log K~o=log (mM mA)+2Iog 'YKcJ+2(LlB~A-a) m 

(8) 
which rearranges to 

log (mMmA)+log 'YKcl=-log K~o+2(~B~1A-a) m 

(9) 

Even when ~B~IA and a are not known the function 
(~B~A -a) often remains nearly constant. Thus a plot 
of the left hand side of equation 9 against m (or ionic 
strength) will be linear ,vith intercept equal to 
-log K~o. Lewis, Rnndall, Pitzer ancl Brewer [30] con
tains a good summary of ~Bo values. Equations 5 
through 9 must be suitably modified for other electro
lyte types. 

""hen solubility product constants are known at 
several temperatures the values can be fitted to equa
tion 4. It is then possible to "'rite the thermodynamic 
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functions ~{j0, ~11°, ~so, and ~{j; for the solution 
process of dissolving one mole of solute crystal to 
form a solution of unit activity. The equations are 

~Go=-RAlT-100RA2-RA3Tln (T1100 K) 

-RA4T2/100 K (10) 

~So=RAl+RA3In (T/100 K)+RA3+2RA4T/100 K 
(11) 

~H·=-100RA2+RA3T+RA4T2/100 K (12) 

(13) 

In cases where the solubility product constants are 
known at only a. fev,r tempera.tures only the two con
stant equation 

can be jnstlfied, and then 

LlGO= -RA1T-I00RA2 (15) 

t1E? =RA1 (16) 

~Ho= -100RA2 (17) 

~C;=O (18) 

3.3.· Solubility Product and Complex Ion 
,Formation Constants 

The solubility of a slightly soluble electrolyte is 
often accompanied by the formation of: complex ions 
in solution. The stoichiometric solubility can be ex
pressed as a function of the varying concentration of a 
component ion of the complex ion in an equation that 
contains the solubility product constant and the com
plex ion formation constants. The constants can be 
evaluated when the stoichiometric solubility is fitted 
to the function of the complexing ion concentration 
under conditions at constant ionic strength. 

For example, Nriag-u and Anderson [;)1] suggest the 
system of interconnecting equilibria for PbC12 dis
solved in aqueous NaOl+NaCl04 of constant ionic 
st.nmgt.h is flS follows' 

PbC12 (s) +=±PbCl.2 (aq) 

PbC12 (aq) +=± PbH (aq) + 201- (aq) 

PbOlz (aq) +=±PbCl+ (aq) + 01- (aq) 

Pb012 (aq) +01- (aq) ~PbOI3 (aq) 

PbCh (aq) + 20] - (aq) ~PbOl;- (aq) 

The solubility, mPbCl) mol kg-I, is represented by the 
sum, S, which is 

S= mpb2++ mpbCC+ mpbC1
2 
+ mpbCl~ + mpbCl;~ (19) 

The cumulative formation constant for the complex 
ion PbCl!-n is 
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where 130= 1. 

The fJn constants can be solved for mpbC(n, substituted 
in the sum for S, and rearranged to give 

(20) 

The equation takes the form 

S=A/m~l-+B/mCl-+C+DmCl-+Em~l- (21) 

where 
A=C//32=mPbC12 (aq)//32=Kso = C/K1K 2 

B=C/3}//32=C/K2 

C=mpbC1
2 

(aq) 

D= C[3s//32=CKs 

E=C[34![32=CKaK4 

where Kn are the consecutive formation contants, 

(22) 

(23) 

(24) 

(25) 

(26) 

equation (21) is fitted to the stoichiometric solubility 
isotherm. The contants from the fitted equation an~ 
used to evaluate the /3n or Kn values. 

Most workers believe the stoichiometric solubility 
fitted to the data by the graphical method of Haight 
and Peterson [32] gives more satisfactory values of 
[3n and Kn than when the equation is fitted by com
puter methods. A comparison of the constants ob
tained by using several techniques of fitting the experi
mental data has been published [33]. 

A solubility experiment is not the method preferred 
to obtain consecutive (Kn) and cumulative ({3n) for
ma.tion constants. The use of polarography, conduc
tivity, spectrophotometry, ion selective electrodes 01' 

other methods [3] may be more reliable. In general 
the consecutive or stepwise constants, K n, are pre
ferred, however the cumulative or gross constants, [3nl 
are nsed if they are the only qna.ntities which were 
determined or if the sequence of consecutive constants 
is incomplete. 

The equations developed above give formation 
constants. In cases where only one or two complex ions 
dominate in solution, modified equations including 
activity coefficients can be derived, and thermody
namic constants obtained. 

3.4. The Solubility of Salts of Weak Acids 

. The solubility of sparingly soluble salts of weak 
acids depends on the hydrogen ion concentration. The 
stoichiometric solubility of compounds such as PbS 
and PbCOa may be calculated as fol1ows. 

Assume a sparingly soluble substance MA where the 
anion forms the acid H2A. If there is no other source 

of the ions M2+ and A 2-, and if there is no complexing 
of the cation, the following equilibria describe the 
solution. 

MA (s)pJV[2+ (aq)+A2- (aq) K..o=(aM 2+) (aA2-) 

= (mM2+) (mA2-)'YMs+'YA2-

H2A(aq)pHA - (aq)+H+ (aq) K 1=aH+aHA-!aH
2
A 

HA - (aq)pA2- (aq)+H+ (aq) K2=aH+aA2-/aHr 

The solubility, mMA/mol kg-I, is equal to mMH. The 
value of mM2+ is equal to the sum, S, of the concen
tration of the A -2 species in the solution. 

(27) 

(28) 

Substituting from the solubility product relation 

In the limit of infinite dilution the equation reduces to 

If the weak acid H2A is gaseous (e.g., H2S or CO2) the 
equilibrium 

H2A (g)pH2A (aq) K H = aH
2
A(RQ)/iHzA (g) 

allows the effect of gas pressure OIl the 801ulti1i~y ~o 

be taken into account. 
Substitution of 

into equation (28) gives 

S K HK 1K 2iHzA (1+ 'YAz-aH+ -L 'YA z-C a H+)2) 
CaH+)2'YA2- K 2 'YHA- I K 1K 2'YH

2
A 

In the limit of infinite dilution the equation becomes 

S=PH2AKHCKIK2!mn2++Kt/mH++1). 

The contribution of ea.ch term of the equa.tion 
depends on the pH. Only the first term may be im
portant in basic solutions, only the third term in 
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acidic solutions. At intermediate pH values probably 
only two terms contribute significantly to the overall 
solubility. 

The choice of the values of KHI Kb and K2 to use in 
the equations is important. Berg and Vanderzee [134] 
rcccntly selected values at 298.15 K for the carbonic 
acid system of K H = (0.03416±0.00015) mol kg-1 

atm-1, K 1=(4.457±0.050)XIO-7 and K 2=(4.688± 
0.075) X 10-11 which we recommend for use in carbon
ate solubility evaluation. 

For the sulfide systems the choice of values for the 
HzS dissolution and dissociation is more difficult. Ellis 
and Giggenbach [135, 136] present evidence that the 
second dissociation constant is smaller by a factor of 
103 or 104 than the presently accepted values. However 
Krynlov et al [137] have also redetermined K2 and 
found a value that agrees with older values. Our tenta
tive recommendation is to use the values at 298.15 K 
of KH=0.102, KI 1.02 X 10-7 and K 2= 1.25X 10-14• 

The KH value was used by Kivalo and Ringbom [138], 
the KI and K2 values aTe suggested by Helgeson [139]. 

For a sparingly soluble electrolyte of the type M3B2' 
such as Pba (P04)2, the equilibria are 

]\1i\B2 (s)p3 ]\12+ (aq)+2B3- (aq) 

Kso= (amH)3 (aB3-)2 

= (mMH)~ (mBs-Y' ('Ym2+)l! ('YB3-)~ 

HaB (aq)~H2B- (aq)+H+(aq) 

HB2- p Ba- (aq)+H+ (aq) 

Ka = aB3- aH+! aHB2-

If there is no complexing of the Ca,('iOll, Lhe ::;oluuili('y, 
mMaBJmol kg-I, is equal to the sum, S, in 

mM2+ 1 3 1 
S=--=- ~ mH B,,-3=- (mIl3-+mHB2-+mH B- +mH B) 32 0 n 2 2 a 

=- 1+--+ + . (31) S mB3- ( 'YBa- aH+ 'YB3
- aiI+ 'YB3-a~+ ) 

2 Ka'YHB2- K2Ka'YH2B KIK2Ka'YHaB 

From the solubility product, 

S K;b5 

33
/
5 22

/
5 'Y~~+ 

X _+_H_+ H + H • (32) 
( 

1 a + a2 + as + )2/5 
'YB3- . K a'YHB2- K 2 K 3'YHaB- K 1 K 2 K 3'YHaB 

In the limit of infinite dilution the equation becomes 

KI/5 ( m" m2 
+ m3 

+ )2/5 
S=33/5~2/5 1+ is + K2Ka+ K1iKg • (33) 

For phosphates, the last two terms predominate at 
pH 1, the middle t,vo at pH 7, and the first two at pH 
14. Suggested values for the orthophosphoric acid 
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dissociation constants at 298.15 K are pKJ =2.148, 
pK2=7.198, and pKa=12.32 [1401. The same authors 
give a table of selected values at 278.15,288.15,298.15 
and 310.65 K. 

The solubility of sparingly soluble salts of weak 
acids is further complicated by complcxing~- of thc 
cation. The natural waters containing the weak acid 
anions are often slightly basic, and metal ion-hydroxide 
ion complexes may form, as well as complexes of the 
weak acid anion, and other anions that may be present. 
Thus the total cation concentration may be at least 

where Z is the charge on the anion, AZ-. A good source 
uf UULtL 011 Lhe l11etal hyuruxiue cOIlljJlexe::; I::; FeiLkHelihL 

and Schindler [159]. Nriagu [141] has worked out ex
pressions for the solubilities of metal sulfides in hydro
thermal solutions that include complexing of the 
cation. General approaches to describing the species 
present in complex systems at equilibrium are an 
active area. For example see recent descriptions of the 
CaH PO:- system [140, 142]. The book of van Zeggeren 
and Storey [198] contains good general advice on the 
computation of chemical equilibria. 

4. Solubility Data 

This section contains data on lead salts dissolved 
in water and aqueous electrolyte solutions. Each lead 
compound is identified by its formula, Chemical Ab
stracts Registry Number, and formula weight. The 
1975 atomic weights [34] were used. Although the 
atomic weight of lead is given as 207.2 we have given 
the molecular weights to one more significant figure. 
Thus the uncertainty in the moleculaT weights is of the 
order of -1--0.10, mostly because of the known varia
tions in the isotopic composition of normal terrestrial 
lead. 

There is a brief description of the physical charac
teristics of each solid lead compound. This is followed 
by a table of recommended or tentative solubilities 
in water, an equation for the smoothed data, and a 
discussion of the sources of the solubility data used in 
the evaluation. There is a table of recommended or 
tentative solubility product values follmved by a list 
of the experimental values and a discussion of the 
:::;uluuilit,y product -values. There is usually a list of 
some typical formation constants of complex ions, but 
the list is not intended to be comprehensive and critical 
except in a few cases which are noted. 

The lead compounds in the following tables are 
arranged according to the Standard Order of Arrange
ment described in the NBS Technical Note Series [21]. 

4.1. Lead Fluoride 

PbF2, [7783-46-2]Formula Weight 245.20 

Physical characteristics. Lead fluoride exists in two 
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crystalline forms. The Imy t.emperature form, a-PbFz, 
is an orthorhombic PbC12 type crystal with Z=4, and 
a=6.441, b=7.648, and c=3.897X10-10 m. The 
calculated density is 8431. kg m-s. The high tempera
ture form, ,6-PbF2 , is a cubic crystal ,vith Z=4 and 
a=5.93935 X 10-10 m and a calculated density of 7772.1 
kg m -S. The transition temperature is 473 K. The high 
temperature crystal can exist in met.astable form at. 
room temperature. However, we assume that all of 
the solubility data belmv are for the low temperature 
a-PbF2 form. Dundon [34] reports his solid PbF2 was 
orthorhombic. There aTe no reports of hydrates of 
PbF2 in the solubility studies. The unstable double 
salt PbF2-2.5 HF has been reported [45] at 273.15 K 
in concentrated HF solution. There are solubility data 
on the mixed halide lead salts PbFCI [48] and PbFBr 
[49]. 

The recommended solubility of lead fluoride at 
298.15 K in table 2 is from an average of the solubility 
values of Jaeger [35], Dundon [34], Carter [36], 
Messaric and Hume [37], and Ta1ipov and Podogrnova 
[38]. The most recent determination of the solubility 
of PbF2 is 2.69X 10-s mol dm-s reported by Messaric 
a.nd Burne [37J. Carter's value agrees with Messaric 
and Burne's value, but it ha.s a.n uncertainty of at 
least ±0.05XI0-s. All of the other values at 298.15 
range between (2.73-2.78) X 10-3• Ta1ipov and Podo
grnova [38] report a density of 0.9964 g cm-3 for the 
saturated solution at 298.15 K. If the density is ac
cepted, the recommended solubility of 2.735 X 10-3 mol 
dm-s becomes, in terms of molality 2.747 X10-a mol 
kg-1 at 298.15 K. 

The tentative values of PbF2 solubility between 
278.15 and 303.15 K in tab]p, 2 werp, ca.lr.ll1a.t.p.n from 
the equation 

In cPbF/mol dm-3=-0.60284/(T/IOO K)-3.8772 

obtained from a linear regression of solubility data 
from the references mentioned above plus the data of 
Kohlrausch [391 with a standard deviation in In c of' 
4.38 X 10-2

• An equation linear in temperature fitted 
the dat,a equally well. The solubility data of Kohl
rausch from conductivity measurements are the 
cleterwIIllllg' duLa for the t,emperat.ure coefficient, of 
solubility. The dat,a of Jacek [40] "rere not used, the 
original paper wa.s not available, the data in a sec
onda.ry source [2] appears as if Jfl.cek'~ Ofl.t.fI. mfl.y hp. R 

restatement of Kohlracesch's earlier data. Solubility 
product values of PbFz are summarized in table a. 
The Ivett and DeVries [41] solubility product values 
were calculated by us from their standard potentIal 
values, E~b/PbF2(S)' and the tentative lead standard 
potentials in ta,hIe 1. Broene and DeVries [42J used the 
solubility nfl.t.R of 'Kohlrausch [39}, Dundon [34] and 
Carter [36] and activity coefficients calculated from 
the Dehye-Huckel limiting law to obtain solubility 
product values at three temperatures. Messaric and 
Hume [;)7] used theIr water solubility value, an experi
mental activity coefficient, and their value of the 

PbF+ formation constant at an ionic strength of 2.0 
to calcula.te the Keo value. They also recalculated the 
298.15 K value of Broene and DeVries to take into 
a.ccount the forma.tion of PbF+. The recommended 
va.]ues a.t 288.15 and 309.15 K are from an average of 
the Ivett. and DeVries and Broene and DeVries values 
''1,ith fl. weight of two to the first and a weight of one to 
the la.tter. The 298.15 K value is an average of the 
Ivett and DeVries, Broene and DeVries values as 
recalculated by :M essaric and Hume and the l\1essaric 
and Hume value. The value of Scott [44] was quoted 
"'ithout any reference. The value calcuIa.ted from da.ta 
in the NBS-Teehnical Note 270-:3 appears to be 
almost an order of magnitude too large. 

The concentration 501u bility products, Kso , of 
~1essaric and Burne [:37) and Gyunner and Federenko 
[43] in media of ionic strength 2.0, although of the 
same magnitude, differ by more than the experimental 
uncertainty claimed by t.he a.uthors. The difference 
may be due to the strong Pb2+ - NO; complexes 
formed in the mixed electrolyt.e medium used by 
Gyunner and Federenko. 

Table 4 summarizes the experimental values of the 
PhF~-n complex ions. ,Ve believe the summary is 
fairly complete. There are not enough results over 
identical temperature and ionic strength ranges to 
recommend values. 

In addition to the PbF!-n complex ions Gyunner 
and Federenko [43] have interpret.ed the solubility 
data of PbF2 in aqueous NaN02 + NaNOs and 
NaN02 +NaNOa+NaF at ionic strength 2.0 to obtain 
the following formation constants 

PbNOi (aq) 

Pb(N02); (aq) 

,61 =344 

/32 1480 

Pb(N02); (aq) /33 = 605 

The data treatment required formation constants of 
PbH-NO; complexes of 

PbNO: (aq) ,61 3.3 

Pb(NOa); (aq) ,62 :3.2 

Pb(NOa); (aq) {33 2.6 

from 11ironov (47J. 

TABLE 2. The solubility of lead fluoride in water 

T/K 

Recommended 
298. 15 

Tentative 
278. 15 
21:53.15 
288. 15 
293. 15 
298.15 
303. 15 

B01Ubllity 
cPbF2/rool dm-3 

(2. 73s±O. 035) X 10-a 

(2. 37±0. 11) X 10-3 

(2. 46± U. 11) X lO-a 

(2. 56± O. 11) X 10-3 

(2. 65 ± O. 12) X 10-3 

(2. 74±0. 12) X 10-3 

(2. 83±0. 12) X lo-a 
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T/K 

288. 15 
298. 15 
308. 15 

288. 15 

293. 15 
298. 15 

308. 15 

H. L. CLEVER AND F. J. JOHNSTON 

TABLE 3. The solubility product constant of lead fluoride in aqueour:: solution 

I/Electrolyte 

o 
o 
o 

o 
o 

2.0/NaN02+NaNOg 

o 
o 

o 
o 

2.0jNaCI04 

o 
o 

K~o 

Recommended values 

(2. 8± o. 7) X 10-8 

(3. 3±0. 5)X10-8 

(3. 6±1. 3)X10-8 

Literature values 

2. 42X10-B a 

3. 66X10-8 

2. 71X 10-8 a 

4. 37X 10-8 b 

7.1 XlO-B 

7.1 X 10-7 

3.6 X1O-8 

2. 86X 10-8 a 

5. 17X 10-8 

Kso Reference 

I Ivett, DeVries [41] I Broene, DeVries [421 
1. 47X 10-7 Gyunner, Fedorenko [43] 

! Ivett, DeVries [41] I Broene, DeVries [42] 
Scott [44] 
NBS-270-3 [21] I Messaric, Hume [37] 

2. 5X 10-7 Messaric, Hume [37] 
! Ivett, DeVries [41] 
! Broene, DeVries [42] 

a Values of K~o calculated from the emf data of Ivett and DeVries [41] for the cell Hg(Na)/NaF(aq) PbF2(s)/ 
Ph and the tentative E;b/Pb2+ values in table 1. 

b Messaric and Hume [37] corrected this value for PbF+ formation and obtained 3.74X 10-8 • 

TABLE 4. Stability constants of PbF!-n complex ions 

Cumulative \ Ionic I Complex T/K stability : strength Method a Reference 
formula constant I I/electrolyte. 

t 

{:In 

I I 
PbF+ 288. 15 54±5 I O.l/NaCIO, 

I 

ise Bond, Hefner [45] 
42d::3 J.OjN!lCIO .. ise 'Hann, H pfnpl' [4,11] 

34±5 I.OjNaCIO{ pol Bond, Hefner 145] 
298. 15 18 i 2.0jNaClO. pol 

I 

Messaric, Hume [37] 

PbF2 288.15 390±30 I 1.0/NaClO~ pol Bond. Hefner [45] 
298. 15 356 2.0/NaClO. pol Messaric, Hurne [37] 

188 var pol Talipov, 
Kutumova [46] 

PbFS- 298.15 2.63X lOB var po] Talipov, 
Kutumova [46] 

PbF!- 298. 15 1.19X lOB var pol Talipov, 
Kutumova [46J 

a Method: ise=ion selective electrode, pol=polarography. 

Several sources of PbF2 solubility data that were not 
used include the solubility of PbF2 in 0.1, 0.2, and 0.5 
mol KN03 dm-3 solution over the temperature range 
of 291-293 K [50J and the solubility of PbF2 in ~o to 
50 volume percent ethanol in the presence of NaN03 

[51]. 

Physical characteristics: Lead chloride crystallizes 
in an orthorhombic structure with Z=4, and a=7.605, 
b=9.027, and c=4.520XI0-1O m. The calculated 
density is 5988 kg m-3 at 293.15 K. There are no 
mentions of hydrated lead chloride crystals in either 
the solubility or ternary system studies with water and 
lea,d chloride as components. The double salts 
2PbCh·KCI, 2PbC12 ,KCl'lj3 H 20, and PbCh·KCI· 

4.2 Lead Chloride 

PbCh, [7758-95-4] Formula Weight 278.11 
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TABLE 5. The solubility of lead chloride in water 

T/K mpbCl2/mol kg-1 T/K mpbCl2/mol kg-1 

Recommended value 

298.15 (3. 907 ± O. 004) X 10-2 

Tl'mt.!l.t.ivf'V!l.lllf'l'; 

273. 15 (2. 39± o. 13) X 10-2 373.15 (0. 1272 ± O. 0036) 
278.15 2.65 383.15 O. 1455 
283. 15 2.93 393. 15 O. 1657 
288. 15 3.23 403. 15 0.188 
293. 15 3.55 413. 15 0.212 

298. 15 (3. 89±0. 18) X 10-2 423.15 ( O. 239 ± O. 005) 

303. 15 4.26 433. 15 0.268 
308. 15 4.65 443. 15 O. 300 
313. 15 5.08 453. 15 0.334 
318. 15 5.53 463.15 0.371 
323.15 (6. 01±0. 24) X 10-2 

328. 15 G.52 473. 15 (0.411 ± O. 005) 

333.15 7.07 498. 15 0.526 
338.15 7.64 523.15 0.662 
343. 15 8.25 548. 15 O. 823 
348.15 (8. 90±0. 30) X 10-2 573.15 1. 011 

353. 15 9.59 598.15 1. 23 
358. 15 10.31 
363. 15 11.07 623.15 ( 1. 48 ± O. 01) 
.368. 15 11.88 
372. 15 (12. 72 ± O. 36) 

TABLE 6. Experimental values of lead chloride solubility in water at 298.15 K 

Saturated 
solution 

density/kg m-3 

1006.9 

1007. 

1007.25 

1006. 

3.964XI0-2 

3.937 X 10-2 

3.911 X 10-2 

R.910'X 10-2 

3.908XI0-2 

3.905XI0-2 

(3.907 ± 0.004) X 10-2 

3.899XlO-2 

3.871 X 10-2 

3.896XlO-2 
3.895XlO-2 

(3.892 ± 0.005) X 10-2 

3.880XlO-2 

3.879XI0-2 

3.878XIO-2 
3.853XI0-2 

3.851 X 10-2 

3.46X 10-2 

Reference 

Armstrong, Eyre [55] 
Burrage [52] 
Flottman [56] 
Herz, Hellebrandt [57] 
Deacon [fi~] 
Goulden, Hill [59] . 
Carmody [60] 
Recommended 
von Ende [61] 
Lichty [62J 
Kendall, Sloan [63] 
Talipov, Podgornova [38] 
Dunning, Shutt [64] 
Bottger [65] 
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li:~ II:,() 152J and PbORCl, 3PbO·PbOlz·(2!3)H20, 
IIlld nPhO' PbOlz '2HzO [53, 54] are kno·wn. 

J\ recommended solubility of PbClz in water a.t 
298.15 K and tentative va.lues of the solubility over 
the temperature interval of 273.15 to 623 K are given 
in table 5. 

There are many more measurements of the solu
bility of lead chloride in water a.t 298.15 K than at any 
other temperature. Table 6 summarizes the values 
from the literat.ure. All of the molal solubility values 
were averaged. The values [38,52,55] which were one 
standard deviation or more from the average were 
eliminated and a second average taken of the remaining 
values, which is given as the recommended value. The 
value corresponds to a concentration of (3.892 ± 
0.005) X 10-2 mol PbOl z dm- 3 solution with a density 
of the saturated solution of 1007 kg m-s. The recom
mended molar value agrees well '\yith the measure
ments of Herz and Hellebrandt [57] and Flottman [56] 
and is within 0.10 percent. of t.hree ot,her measure
ments [61, 62, 63]. 

The tentative values bet'\yeen temperatures of 273 
and 623 K were calculated from the equa.tion 

In m.Pbcl/mol kg- 1= -6.40476- 5.43593/(TI100 K) 

+ 3;64509 In (T110a K) (35) 

and obtained by a linear regTession of the data of 
Deacon [58], Flottman [56], a.nd Goulden and Hill [59] 
'\vith a weight of two, and the data of Lichty [62], 
Burrage [52], Carmody [60], So,verby [60], and 1\1o..1inin 
[66] '\vith a weight of one, as a function of temperat.ure. 
The standard error around the regression line is 1.4 
percent of In m. at the middle of the temperature range. 
See the upper part of figure 1. 
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FIGURE 1. Lead chloride. Percent devia.tion of the stoichio
metric solubil1ty from the fitted equation. Bottom, 
all data; top, selected data and their deviation from 
eq 35. 
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The high temperature solubilit.y values of Benrath, 
Gjedebo, Schiffers a.nd '\V'underlich [12] appear t.o be 
20-25 percent low with a similar temperature coef
ficient. as the other. values. 'VVhen the Benrath et al. 
data, aTe included in the linear regression the standard 
error around the regression line is almost fivp, pp,rr.p,nt. 
of ]n m.. See the lower part of figure 1. 

The equation gives a solubility value at 298.15 K 
that is 0.28 percent lower than the recommended 
solubility of' 3.909 X 10-2 mol kg- 1• 

At the higher t.emperatures hydrolysis may be a 
problem. Goulden and Hill [59] made the specific 
comment that they had no problems with hydrolysis 
at. t.emperat.ures up to 308 I{. Goulden and Hill's 
solubility determination over a 20 degree range around 
room t.Bmperrrture appea.rs to have been c:u'ried out 

very carefully. 
Table 7 summarizes experimental solubility values 

in vflTious a.queous electrolyte solutions. There are 
many other values in the mixed electrolyte solutions 
of Li(Cl04,CI) [67] ancf Na(CI04,CI) [31]. It appears 
that. complexes of the type PbCl~-n aTe very important 
in concentrated chloride ion solution and that the 
effect is much greater in uqueous N aCI than in aqueous 
LiC], Nriagu [31] stat.es that. x-ray examination showed 
t,he only sohd to be PbU12• 

Other solubility data on lead chloride in aqueous 
electrolyte solution are given by Kendall und Sloan [63] 
.in all ueUWi HCI, NH4Cl, LiCl, N aCl, KCI, MgCI2, 

00.012 , BnCI2, and HgC12, Burrage [52] in nqueous 
K01, Deacon [58] in aqueous LiCI and aqueous NaCl 
and Kat.Iov [70] in aqueous ZnC12 and NaCl. 

The solubility data of Dit.te [71] and of Demas
siuex [72] are of poor quality and should not be ·used. 
The paper of Le,,,in. Vance and Nelson [73] quote the 
solubility of PbClz in water from others. Noble and 
Garrett [74] measure the solubility of PbC12 in water + 
fl·cetone mixtures, but accept the Oarmody vulue for 
the water solubility of PbClz. Noonan 175] reports the 
solubility of PbCl2 in 91.6 percent D20 at. 298.15 K 
from which he estimates n solubility of 0.0449 mol 
PbCb per .100 mol I>20 (2.24X10-2 mol PbC12 per 
kg D20). 

The solubility products of PbCl2 are given in table 8. 
The recommended solubility product, K~o, u,t 298.15 

is 1.70X 10-5• This is the value calculated from Gibbs 
energy of formation dat.a. given in NBS-Technical Note. 
270 3 [21a]. Thus the value is eonsist.ent with other 

thermodyna.mic information und it agrees "'ithin 
experimental error of several experimental values 
[60, 77]. The value of Lewis und Brighton [76] is from 
an early attempt to correct for activity effects. The 
t,reatment of data used by Nriagu and Anderson [31] 
was discussed in some detail in section 3.3. Vierling's 
[68} value appears to be high when compared to the 
others. 
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TABLE 7. Experimental solubility values of PbCb in aqueous electrolyte Eolution 

Ionic Molal Molar 
T/K Etrength solubility solubilitv Reference 

I/electrolyte m'Pbci2/mol kg- 1 cPbclz/mol c1m-s 

298. 15 3.0/LiClO4 19. 2X 10-3 Mironov et a1. {33] 
298. 15 3. O/LiCl 8. 28X10-3 Mironov et a1. [33] 
298. 15 3. O/NaCl 17.1XI0-3 Mironov eto a1. [33] 

288. 15 3. O/LiC] 5. 97X 10-3 Fedorov et a1. [67] 
298.15 3.0/LiCI 8. 59X 10-3 Fedorov et a1. [67] 
318. 15 3.0/LiCl 16. 4X 10-3 Fedorov et a1. [67] 

301. 15 3.0/NaCI04 Hi. X 10-3 Nriagu, Anderson [31] 
301. 15 3.0/NaC} 18 .. SX10-3 Nriagu, Anderson [31] 
313. 15 3.0/NaCI04 19. X1O-s Nriagu, Anderson [31] 
313. 15 3.0/NnCl 33. OX 10-3 Nriagu, Anderson [31] 
333. 15 3.0/NaClO4 22. X 10-3 Nriagu, Anderson [31] 
333. 15 3.0/NaCI G1. 9X 10-3 Nriagu: Anderson [31] 
363. 15 3. O/NaCI0.l 3G. >( 10-3 Nriagu, Anderson [311 
363. 15 3.0/NaCl 144. !}X ]0-3 Nriagu, Anderson [311 

2!)K 15 4. U/Nael ;:\)). UX lU-~ Vlerlmg (68] 

TABLE 8. The solubility product of lend ehloride 

TjK 

29S. 15 

298. 15 

298. 15 

298. 15 

288.15 
298. 15 
318. 15 

301. 15 
313. 15 
333. 15 
363. 15 

298. 15 

Ionic Strength 
I jelectrolyte 

0 

0 
0 
0 
0 

1. OjNa.(CI04,Cl) 

3.0jLi(CI04,Cl) 

3. OjLi(CI04,CI) 
3.0jLi(C104,Cl) 
3. OjLi(CI04,CI) 

3.0jNa(CI04,Cl) 
3. OjNa(C104,CI) 
3.0jNa(C104,CI) 
3.0jNa(CI04,Cl) 

4.0jNa(CI04,CI) 

Solubilit.v Prnduet 
]{BOd 

Recommended value 

1. 70X 10-0 

Literature values 

1. 63X 10-5 

1. 70X 10-5 

2. 12XI0-s 

2. 29X10-5 

(1. 73= O. 04) X 10-5 

(0.93-1.74) X 10-5 

(0. 75~1. 46)XI0-5 

(1. 06-1. 80)X10-5 

(1. 88 - 2. 04) X 10-5 

(0. 70± O. 10) X 10-5 

(0. 76 ± O. 10) X 1 0-5 

(0. 90± O. 15) X 10-5 

(1. 10 ± O. 20) X ] 0-5 

( 47- 97) X 10-5 

I 
Reference 

Carmody [(30J 
NBS-272-3 [21a] 
Vromhcrz [IS] 
IJcwis, Brighton [76] 

Pnpoff et a1. [771 

:;\1ironov et a1. [33]s. 

Fedorov et a1. [67]" 
Fedorov et a1. [671" 
Fedorov et a1. [671" 

Nriagu, Anderson [31]b 
Nriagu, Anderson [31]b 
Nriagu, Anderson [31]b 
Nriagu, Anderson [31]b 

Vierling [68Jc 

,. Molar scale, ]{BO = apb2+(Cl-)2 with apb2+ approximated by an emf method. 
b Molar scale. 
c 1\101ar scale. 
d ]{80 becomes ]{Oso at 1=0. 
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TABLE 9. Consecut.ive st.oichiometric formation const.ant.s, K n , 

for leadchloro complexes at ionic strength 3.0/N a 
(CI041 Cl) [31] 

T/K 

301. 15 
313. 15 
333. 15 
363. 15 

301. 15 
313. 15 
333. 15 
363. 15 

301. 15 
313. 15 
333.15 
363. 15 

801. 15 
313. 15 
333.15 
363. 15 

Complex 
PbCl~-" 

PbCI+ 

PbCl; 

PbCl~ 

Stoichiometric 
constant, K n 

15.7 ±3.9 
19.7 ·±3. 4 
25.5 ±3.8 
40.0 ±6.2 

8.3 ±O.9 
10.4 ± 1. 0 
13. 9 ± 1. 1 
17.7 ±2.2 

1. 6 ±O. 1 
2.3 ±O.2 
1. 2 ±0.1 
0.6 ±O. 1 

0.6 ±O. 1 

O. 96±0. 1 
1. 5 ±0.2 
3.2 ±0.4 

There are more than 75 papers on the lead-chloro 
complexes Pb,ol~- n [3]. Rat,her than try to evaluate 
the literature on lead-chloro complex ions, we present, 
in table 9, a set of representative consecutive stoichio
metric formation constants determined between 301 
and 363 K at ionic strength 3.0 by Nriagu and Ander
son in a. solubility study. Nriagu and Anderson also 
present a comparison of their values and the values 
obtained from other studies [32, 77, 78, 79, 80] which 
include the methods of solubility, spectrophotometry 
and polarography. Some workers report constants for a 
PbCl!- complex [31,77]. At room temperature free 
Pb+2 exists only at concent,rations <0.1 molal Cl-, 
and at 1.0 molal 01- the lead is nearly equally distrib
uted as PbC12 , PbCla; and PbOl;- [31]. 

4.3 Lead Bromide 

PbBr2, [10031-22-8] Formula Weight 367.01 
Physical characteristics: Lead bromide crystalizes in 

an orthorhombic structure with Z=4, and a=8.038, 
b=9.518 and c=4. 717 X 10-10 m. The calculated 
density of the solid is 6714 kg m-3

• Lead bromide 
forms a solid solution with lead chloride. Ditte [71] 
has made the only report of the trihydrate 2 
PbBr . 3H;lO, and x-ray par(Lmeters (Lre reported for 
it [5]. However, its existence in natural systems is 
questioned. There is no mention of a hydrated solid 
in the rest of the solubility literature. 

The recommended sol~bility of lead bromide at 
298.15 K and tentative va]ues over the 273-328 K 
temperature interval are given in table 10. The molal 
value at 298.15 K is the average of four experimental 
values shown in table 11. The recommended molal 
value ,vas converted to a molar value ,·dth a density of 
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1005.5 kg m-3 which agrees with the experimental 
molar solubility values of Lichty [62] and von Heveay 
and Wagner [81]. The value of Bottger [65] is much 
too low, the values of Herz and Hellebrandt[57] and 
von Ende [61] appear to be slightly low. 

The tentative lead bromide solubility values were 
calculated from the equation 

In mpbBrJmol kg- 1= -2.0264 -15.6393/(T/100 K) 

+3.3410 In (Tj100 K) (36) 

which resulted from a linear regression of nine solu
bility values from Burrage [52], Lichty [62], von 
Heveay and Wagner [81], and Randall and Veitti [82]. 
The 298.15 K values of Lichty and of von Heveay and 
Wi.ig;ll~r were counted double ",yeight, Lichty's values 

at 338, 353, and 368 K were not used. The standard 
deviation about the regression line was 1.35 percent 
a.t tho middle of the temperature interval. 

An attempt to use all of Lichty's data and the high 
temperature data of Beurath et a1. [12] gave a standard 
error about the regression line of over 7 percent. 
Figure 2 shows the deviation of the regression line 
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FIGURE 2. Lead bromide. Percent deviation of the stoichiu
metric solubility from the fitted equation. Bottom, 
all data, top, selected data and their percent devia

. tion from eq 36. 

fitted to all of the data (bottom) and the deviations of 
the data selected for the tentative equation (top). The 
only rcportEl of the solubility of ]p:fI.(I hromide in water 
at temperature other than 298.15 K are the data of 
Lichty [62] and of Benrath et a1. [12]. Lichty's data 
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sca.tter badly. The Benrath et a1. data, as did their 
lead chloride data, appear to be 25-35 percent low. 
The lower values could be explained by a phase change 
in the solid, however, there is no independent evidence 
of the occurance of .a phase change. 

TABLE 10,. Solubility of lead bromide in water 

T/K 

Table 12 summarizps p,xpp,rimRntal values of the 
solubility of lead bromide in aqueous electrolyte solu
tion at several ionic strengths. The papers referenced 
in the table contain a.dditional data on the solubility 
of PbBr2 in the mixed electrolytes N a(0104, N03), 

Li(CI04, Br) and Na(0104 , Br). 

Recommended 
298. 15 (2.659-1-0.014) X 10::-2 

(1.23 
1. 45 
1. 70 
1.99 
2.31 

(2.67 
3.08 
3.54 
4.05 
4.62 
5.25 

± O. 07) X 10-2 

n 

± O. 13) X 10-2 

" 

There are only a few values of. the lead bromide 
solubility product, K~o. The value calculated from 
data in NBS Technical Note 270-3 is recommended. 
The value of Le\yjs and Brighton [76] \vas obtained 
with only poor approximations of activity effects. The 
work of Cann and Summer [88] appears to have been 
carefully carried out, but their value is 4 to 5 times the 
other values of K~~. 

Tentative 
273. 15 
278. 15 
283.15 
288.15 
293. 15 
298. 15 
303.15 
308.15 
313. 15 
318. 15 
a~a. 15 
328..15 (5.95 ±0.22)XIO-2 

TABLE 11. Experimental solubilities of lead bromide in water at 298.15 K 

Density/ 
kg m-a 

mpbB r 2/mo1 kg-1 cPbBr2/mol dm-3 Reference 

2. 625X10-2 Herz, Hellebrandt [57] 
2. 628X 10-2 von Ende [611 

2. 640XlO-2 Burrage [52] 

1006.08 2. 655 X 10-2 2. 643 X 10-2 Lichty {621 
1005. 2. 659 X 10-2 2. 646X 10-2 von Heveay, Wagner [81] 
1005. 5 (2. 659 ± O. 014) X 10-2 (2. 648 ± O. 014) X 10-2 Recommended 

2. 680X 10-2 Randall, Veitti [82] 

TABLE 12. Solubility of lead bromide in aqueous electrolyte solutions 

T/K Ionic strength Molar solubility Reference 
l/electrolyte Cf'b:BTz/:rnol dm-3 

294 0.4jNaCl04 2. 83X 10-2 Cooper [83] 
0.4jNaNOa 3. 94X 10-2 Cooper [83] 

298. 15 1. O/KBI' 0.81 X 10-2 Kul'ba et al. [841 

3.0jLiCI04 1. 24X 10-2 Fedorov et aI. [851 
3.0jNaCI04 1. 99X 10-2 Fedorov et al. l85] 

4.0/NaCl04 (11. 6-11. 8) X 10-2 Kul'ba et al. [86] 
(graph) 

4.0/NaBr 55.9XIO-2 Vierling [87] 
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TABLE 13. The solubilit.y product of lead bromide at 298.15 K 

Ionic strength 
1/ electrolyte 

Solubility product Reference 
K c 

sO 

Recommended 

o 7. 78XIO-6 

Literature values 

o 
o 
o 
o 

7. 78XI0-6 

8. 46XI0-6 

9.18XlO-e 
38.9XI0-G 

NBS-270-3 [21a] 
Lewis, Brighton [76] 
Fromherz [18] 

3.0/Li(C104,Br) 
3.0/Na(CI04 ,Br) 
4.0jNa(C104 ,Br) 
4.0/Na(CI04,Br) 

3. 50XI0-6 a 

5. 3X 10-6 ,. 

Cann, Summer [88J 
Fedorov et al. [85J 
Fedorov et al. [85] 
Kul'ba et a1. [86] 
Vierling [87] 

(1. 7-2. 4) X 10-6 a 

(121-1080) X 10-6 b 

" Molar ;scale, /::QlulJilit..y lJlutluuL Utnw::u a::> KsO=UPba(Br )~ with Lhe apbH 

from an emf method. 
b Molar concentration scale. 
c K.o becomes K~o at 1=0. 

St.a.bility Const.ants (3] lists over 30 papers on the 
lead-bromo st.ability const.ants. Table 14 lists the 
cumulative stoichiometric stability constants obtained 
by 11ironov, Kul'ba, Fedorov, and Tikhomirov [89] in 
a potentiometric investigation of Pb2+ in 0.25 to 4.0 
m Na(CI04 ,Br), Na(NOa,Br) and Na(CI,Br) solutions 
as representative values of the lea.cl-bromo complex 
formation constants. In 1.0-6.0 m Na(CI04 ,Br) 
solutions, log {3n for the ions PbBr;-n is a linear 
function of the ionic strength. 

4.4. Lead Iodide 

PbI 21 [10101-63-0] Formula Weight 461.01 

Physical characteristics: Solid lead iodide is the 
hexagonal Cd (OH)2 type crystal with Z=4, and 
a=4.54 and c=6.86X 10-10 m. The calculated density 

is 6211 kg m -3. In the presence of \yater the solid is 
PbI2 • In ternary systems of PbI2+l\1I+H20 a double 
salt PbI2 ·l\1I often forms, where 1\1 is Li, Na, K and 
NH4 • 

Recommended and tentative solubilities of lead 
iodide in \vater are in table 15. The solubility at 
298.15 K appears to be ,,'ell established. Table 16 

lists the experimental solubility values a.t 298.15 K 
from nine workers. The values of Lichty [62L Burrage 
[52], and Lanford and Kiehl [90] appear most reliable. 
The average of the three values is (1.648 ± 
0.007) X 10-3 mol PbI2 per kg H 20 which is taken as 
the recommended value. The average of the six values 
bet,Yeen 1.63 and 1.67 X 10-3 is (1.649 ± 0.013) X 10-3 

mol kg-I. 

TABLE 14. Cumulative formation comtants, f3n, for PbBr!-n at 298.15 K [89} 

Ionic strength Constant f3n 
I 

Ionic strength I Constant {3n Ionic strength Constant f3n 
I jelectrolyte I/electrolytc I/electrolyte 

PbBr+ 
0.25/N aCI04 18± 1 
O.5/NaC104 l2±1 0.5/NaCl 3.0 ±0.6 
O.75/NaCI04 10.5+0.5 0.75/NaNO~ 5.2+0.5 0.75/NaCl 1.5 ±0.2 
1.0/NaCI04 11±2 1.0/NaNOg 4. O±O. 5 1.0/NaCl 1. 1 ±0.2 
2.0(NaCI04 19±2 2.0jNaNOs 4. O±O. 5 2.0/NaCl 1. 3 :::0.2 
3.0/NaCI04 20±2 3.0/NaNOs 5 .. 0±O.6 3.0/NaC} 1. 35± O. 10 
4.0jNaCI04 30±2 4.0/NaNOg 5. 2±0. 5 4.0/NaCl 1. 0 ±O.10 
6.0/Na(CI04,Cl) 50 

PbBr2 
0.25jNaCI04 40±4 
O.50/NaCI04 oO±4 U.5/NaCI 2.0 ±1. b 

O. 75(N aCI04 38±6 O.75(NaNOg 8. 0±2. 0 0.75/NaCl 2.0 ±O.4 
1.0/NaCI04 28±8 l.O/NaNOa 10. 0±2. 0 1.0/NaCl 2.2 ±0.2 
2.0/NaCI04 25±7 2.0/NaN03 5. 0±2. 0 2.0/NaCl O. 55±0. 2 
3.0/NaOI04 80±8 3.0/NaNOs 5. O±2. 0 3.0/NaCl 0.4: ..L0.2 

4.0/NaCI04 200±50 4.0/NaN03 7. O±2. 0 4.0/NaCI O. 65±O. 05 
6. O/Na(CI04,Cl) ! 1900 I 

J. Phys. Chem. Ref. Data, Vol. 9, No.3, 1980 



AQUEOUS SOLUBILITY OF LEAD SALTS 767 

TABLE 14: Cumulative formation constants, f3n, for PbBr;-:-n at 298.15 K [89l-'Continued 

Ionic strength Constant f3n Ionic strength 
1/ electrolyte I/electrolyte 

PbBri 

o.~25/NaCI04 380±20 
O~5/NaCI04 120±20 
O. 75/N aCI04 120±20 O.75/NaNOa 
1.OlNaCI04 170± 10. 1.0/NaNOa 
2.0/NaC]04 350±30 2.D/NaNOa 
3.0/NaCI04 750±50 3.D/NaNOa 
:4;D/NaCI04 18DO±2DD 4.D/NaNOg 

,6.0/Na (CIO., CI) 7950. 

PbB1'42-

LO/N9.CIO-l Rfi±4 

2.0/NaCI04 llD± 10. 2.DjNaNOg 

3.0/NaCI04 650±15D 3.0/NaNOa 
4.O/NaCI04 23DO±20D 4.0/NaNOg 

fi.DjNa(CIO,!,Cl) 45,0.0.0. 

PbBrb3-

··2.DjNaCI04 30±5 
3;D/NaCI04 2o.O±5D ; 

4.0/NaCI04 400± 150. 4.DjNaNOg 

PbBre4-
4.0/NaNOs 

PbBr-l 

4.U/Li( C1041 01) 35 

PbBr2 

4.o.jLi(CI04,Cl) 450. 

PbBra -

4.OjLi (CI04, Cl) 20.0.0. 

PbBr42-

4.D/Li(CIO~,Cl) 580.0. 

PbBrs3-

4.D/Li(CI04,Cl) 30.0. 

PbBre4-

4.0jLi(CI04,Cl) 160. 

The solubility of lead iodide appears to he less 
certain than the solubility of, the other lead ha1ic1es at 
Lempel'atures other than 298.15 K. At 273.15 K there 

~retwo values of O.93XI0-s and 0.959XIO-s mol 
PbI2 per kg H20. Above 298.15 K there are only the 

::fn,Jues of Lichty [62] up to 368~15 K,and the values 
ioLBenrath et aL [12J between 448.15 and 607.15 K. 
l1i1iearregressionsof three constant equations to each 
,tI9,tft~p.t, ~epnl'atp.ly S1nil (',omhinp.iI had standard devi-

.;i:: 

Consta~t (3n Ionic strength Constant f3,. 
I/electrolyte 

O.5/NaCl 14 ±4 
23 ±7 O.75/NaCl 
18 ±3 l.D/NaCl. 

9. O± 1. 0. ; 2.0/NaCl O.65±O.1 

I 

4. D±2. 0. 13.o/Nac1 D. 3±O.-15 
10. ±2 , 4.0/NaCl D. 02±O.OI 

7. D±l. 0. 
12. O±2. 0. 3.D/NaC} O.14±O.15 

8. 5± 1. 5 4.D/NaCl D. D7±D. 0.3 

1.3±D.3 

O. ti±O. 4 

1 

ations of 6 to 8 percent. The available solubiljtydata 
is just not very good. The tentative values of tablell!l 
betweon 273.15 and 353.15 K ,vere cRlculate.d from 
the equation 

-37.4645+ 32.5932j(T/IOO K) 

18.4290 In' (T/iOO K) (37) 

obtained by a linear regression of selected . data. of 
Lichty (values at 273. 318, and 368 K.not used). and 

J. Phys.Chem. Ref. Data, Vol. 9, No. 3,1980' 



768 H. L. CLEVER AND F. J. JOHNSTON 

the data of workers listed in table 16 except the 
values of von Ende, Bottger, and Menke. Data of 
Demassiux [72, 95] are unsatisfactory and were not 
used. The measurements of Duncan [96] appear low 
and were not used. The standard error about the 
regression line is 3.8 percent. Figure 3 shows the 
scatter of the data. The lower figure shows the scatter 
of Lichty and Benrath et a1. data, the upper part of 
the figure shows the distribution of the data used to 
obtain equation (30). There are indications the 
Benrath et a1. [12] data may be 20-25 percent low. 

TABLE 15. The solubility of lead iodide in water 

T/K 

Recommended 
298.15 

Tentative values 
273.15 
278.15 
283.15 
288.15 
293.15 
298.15 
303.15 
308.15 
313.15 
318.15 
323.15 
328.15 
333.15 
338.15 
343.15 
348.15 
353.15 

Solubility 
mpbI2/mol kg-1 

(1. 648±0. 007)X1O-a 

0.90 
1.Ol 
1. 14 
1.29 
1.46 
(1. 66 ± O. 36) X 10-a 
1.88 
2. 14 
2.43 
2. 76 

(3. 14 ± O. 62) X 10-3 

3.58 
4. 07 
4.64 
5.28 
6. 02 

(6. 86±1. 18)XI0-a 

T ABL:E 16. Experimental solubility of lend 'iodide in w:ater :at 
298.15 K 

Solubility 
m.Pb12/mnl kg-1 

1. 84X 10-3 b 

1. 67X 10-3 a 

1. 657X 10-3 

1. 65X 10-3 

1. 65X 10-3 b 

(1. 648 ± O. 007) X 10-3 

1. 646X 10-3 

1. 641 X 10-3 

1. 63X 10-3 

1. 58X 10-3 

1. 52XIO-3 

1. 31X 10-a 

a Value at 298.00 K. 
b cPbI2 /mol dm-a. 

Reference 

Menke [91] 
RaId, Gjaldbaek (92) 
Lichty [62] 
Fromherz [18] 
Lewis, Brighton (76) 
Recommended 
Burrage [52J 
Lanford, Kiehl, [90] 
van Klooster, Balon [931 
von Ende [61] 
Fomm et al. [!H] 
Bottger [65] 

J. Phys. Chem_ Ref_ Data, Vol. 9, No_ ~, 1980 

4 

o 

-4 

z 
Q 12 
f-
<X: 

~ 8 
o 

f-- 4 
z 
w 
u 0 
a:: 
w 
0..-4 

-8 

. 

. 
. 

-12 
273 

.. . . . 
! . . 

. 
.. 

. 
. 

. 

. 
. 

373 

. 
473 

T K 

. 

. 
.. 

573 

T 
0":38 
1-' 

-~ 

T 
0"-59 . I ' 

673 

FIGURE 3. Lead iodide. Percent deviation of the stoichio
metric solubility from the fitted equation. Bottom, 
all data; top, selected data and their percent devia
tion from eq 37. 

Table 17 lists solubilities of lead iodide at several 
ionic strengths. In addition RaId and Gjaldbaek 192] 
determined the solubility of lead iodide between 0.02 
and 0.12 and at 1.0 molar NaCI04 • Yatsimirskii and 
Shutov 197] determined lead iodide solubility in the 
presence of nitrates of Mg2+, Ca2+, Zn2+, and Ca2+ 
and PbH . 

Tentative values of the lead iodide solubility prod
uct at 1.0 and 2.0 ionic strength and experimental 
values ure given in table 18. 

Nasanen [100, 101] made extensive measurements 
of the solubility product as a function of both ionic 
strength and temperature. At. 298.15 the equation 

pK~o pKso + (3.04 ]1/2)/(1 + 1.80 ]1/2) -0.464 I (38) 

where the ionic stl~ength, ], varied from 0 to 1.54, 
:fitted his data 'well. In the equation K~o is the thermo
dynamic solubility product and Kso is the concentra
tion solubility product. We have used the equation 
with fl, pKeo valup- of R01 from the work of RaId and 
Gjaldbaek [92] to obtain the tentative values at 0, 1.0, 
and 2.0 ionic strength. 

Vu]ues of cumulative formation constants, f3n, are 
given in table 1\:J. Only two workers suggest the 
Pb2P+ ion is important. The values may be taken as 
representative values. There are not enough data under 
the same conditions of ionjc "t.rengt,h t,o mn,kp- intp-r
comparisons and recommend values. 
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TABLE 17. The solubility of lead iodide as a function of ionic strength at 298 K 

,-0 

Ionic strength 
I/electrolyte 

1.0/nitrates 
1.0/NaI 
2.0/NaCI04 

3.0/LiCIO .. 

Solubility 
1nPbI2/mol kg-1 

1. 648 >( 1O-~ 
1. 68X 10-3 

(7. 0 ± 0.2) X 10-4 a 

1. 78X 10-3 

O. 99X 10-3 a 

Reference 

Yatsimirskii, Shutov [971 
Kul'ba et al. [84] 
Hsu, Tan, Yen [98] 
Fedorov et 9.1. [85] 

TABLE 18. The solubility product of lead iodide in aqueous solution 

T/K Ionic strength Solubility product b pKso 
I/electrolyte Keo 

Tentative values 

298. 15 0 9.8 XlO-g 8.01 
1.0 4.1 X 10-8 7.38 
2.0 1.9 XlO-s 7.72 

Experimental values 

273. 15 
I 

0 6.8 XlO-IO 9. 17 
298. 15 0 6.3 XlO-g 

i 0 (6.3-6.6) X 10-9 

I 0 7.20X10-o 
0 8. 49XI0-0 

0 9.04XIO-9 

0 9. 83X10-9 

0 9.9 XlO-o 
0 11.9 X 10-9 

318. 15 

I 
0 3.0 XlO-8 

333. 15 0 8.3 XlO-8 
298. 15 

I 

1. O/nitrates 1. 05XIO-9 
1. O/Kl c 1. 07X 10-0 

I 1. 0/(1- & CIOi) 3.4 X10-8 a 

i 
1. OjNaCI04 6.1 XlO-8 

298. 15 I 2.0/NaCI04 2. 48X10- 8 

298.15 
r 

3.0/LiCI04 3. 17X 10-0 

a Calculated from literature data [90, 97, 105]. 

RofcJ'cnel' 

Nasan en [WI) 
Nasan en (101) 
Nasan en [101J 
Nasan en [100] 

270-3 [21a] NBS-
SouHa r, Gauthier [102] 

herz [18] From 
RaId, 
Lewis, 
Nasan 
Nasan 

Gjaldbaek [92] 
Brighton [76] 

en [lOll 
en [101] 

Yatsi 
Korsh 

mirskii, Shutov [97] 
unov, Budnov (103) 
an [104J Tur'y 

Rald, 
Hsu, 

Gjaldbaek [92] 
Tan, Yen [98] 

Fedor ov et al. [99] 

b The K.o and pK.o values are Ego and pK~o values when the ionic strength, 1=0. 
c The authors are not clear as to whether the value is for Kl only or for mixed electrolyte. 

769 
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TABLE 19. Cumulative formation constants for lead-iodo complex ions in aqueous solution at 298.15 K 
I 

I Complex Ionic strength Formation 
I 

Method Reference 
ion I/electrolyte constant, (3 n I 

I PbI+ 
I 

0 83 spec Briggs et aL [99J 
0 125 pot, sol 

I 

Nasanen [101] 
0 100 .. soly Tur'yan [104] 

O. 375-3. 86 37 b soly Tur'yan [104) 
1. 0/NaClO4 15 soly RaId, Gjaldbaek [92] 
1. 0/ 18 pot Kivalo, Ekman [105] 
1. 0/ 34 c Tur'yan [104] 
2.0/NaCI04 19.9 soIy Hsu, Tan, Yen [981 
3.0/ 49±5 soly Fedorov et al. [85J 

Pb2P+ 0.375-3.86 46 d soly Yatsimll'skii, Shutov [97] 
3.0/ 90±20 d soly Fedorov et al. [85] 

PbI2 0 1. 43X 103 .. soly Tur'yan [104] 
1.0/ 6. 20X 102 pot J{ival0, Ekman [105J 

I 1. 0/ 4. 75X 102 c Tur'yan [104] 
2.0/ 2. 38X102 

I soly Hsu, Tan, Yen [98] 

PbI; 0 8. 3X103 .. soly Tur'yan [104] 
1. 0/ 2. 6X 103 pot 

I 
KivaIo, Ekman [105] 

2.0/NaClO4 1. 38X 103 soly Hsu, Tan, Yen [98] 
I 

PbI~2 0 2. 9X104 a soly Tur'yan [104] 
1. 0/ O. 83X 104 I pot Kivalo, Ekman [105] 
2.0/NaCI04 2. 66X 104 

I 
soly Hsu, Tan, Yen [98] 

a Calculated from data of Lanford and Kiehl [90]. 
b Calculated from data of Kivalo and Ekman [105]. 
e Calculated from data of Yatsimirskii and Shu to v [97]. 
d The cumulative formation constant is for the formation in solution of the complex MmLn. The con

stant is (3nm with m=2 and n=1. 

4.5. Lead Sulfide 

PbS, [1314-87-0] Galena, PbS, [12179-39-4] For
mula 'V eight 239.26 

Physical eha,racteristics: Galena is a cu bie crystal 
with Z=4 and a= 5.936 X 10-10 m. Its density is 
7596 kg m -3. There is a high pressure orthorhombic 
form of PbS· known at 25 kbar. There are numerous 
erygtalg c.ontaining lead, sulfur, and another element. 

Neither tentative nor recommended values of the 
solubility of lead sulfide can be given at this time. 
lvleasured values of the solubility of lead sulfide in 
water by conduetivity and by emf methods appear to 
be high. Weigel [1431 reported values of 1.21 X 10-6 mol 
PbS per dmll solution at 291.15 K for erystalline PbS 
and 3~6 X 10-6 mol dm-a for freahly procipitatod 
PbS, which over 23 hours decreased to a value of 
1.18X 10-6

• Nims and Bonner [144] used a comparative 
emf method and reported a solubility of 0.94 X 10-6 

mol dm-3 at 298.15K. 
Calculation of the PbS solubility from 

(K~o (aH+ )2/'YPb2+'YH.sK1K2)1/2 = cPbs/mol dm- 3 

which assumes all the lead is present as PbH , with 
2.69XI0-29

, Kl 1.02 X 10-7, K 1=1.25XI0- 14 (Helge
son [139]), and 'Y's equal to unity gives 

pH 2 3 4 5 

109 CPbs/mol dm-a 1500 150 15 l.5 

J. Phys. Chem. Ref. Date. Vol. 9. No.3. 1980 

The calculated solubilities are lower by about a factor 
of 5 than results calculated by Kapustinskii [115], and 
quoted in Seidell and Linke [1]. 

Nriagu [146] measured the solubility of PbS in 3.(] 
molal NaCl+HCl+HzO at temperatures of 310.15, 
333.15, 363.15, 393.15 and 473.15 K at pH's betviTeell 
2.0 and 5.0. The results, when plotted as log (totaJ 
Pb molality) vs pH, were linear with slope of near 
-1.0. In these :solution:s most of the lea.d is iIi the form 
of a PBCl~-n complex. Nriagu (1461 showed that over 
the pH range of 2 to 5 the solubility of lead sulfide ill 
the 3.0 molal N aCl can be calculated from the equa
tion 

(K~o [ * {3n(mcc)n] (aH+)2)1/2 -3 

K K - cPb~/mol dm 
'YPb2+'YHz s 1 2 

,,,here K~o is the PbS solubility product, {3n the forma
tion constants of PbCl;.-n, and Kl and K2 the dissoci
ation eonstants of H 2S. Taking f3n values in 3.0 molal 
NaCl from Nriagu and Anderson [311 (see sections 
3.3 and 4.2) and K~oKl' and K2 values from Helgeson 
[139] the equat,ion reproduced the experimentol resulte 
belD'Y 423 K within less than a faetor of 2 and the 
results at 473 K within a factor of 4. Nriagu's experi
mental stoiehiometric solubility values ,vere given 
in a graph. He did state that the stoichiometric solu
bility at pH "-'4.5 increases from about 1.0 ppm at 
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333 K to over 100 ppm at 473 K (,.....,4XIO- 6 to 
,.....,4 X 10-4 mol dm- 3). 

Nriagu [146] cites other solubility studies at 353 and 
371 K which are not available. Hemley, 1.feyel', 
Hodgson and Thatcher [147] determined the solbulity 
of PbS at 573-773 K and 1000 bar in s, chemical en
vironment buffered by silicate mineral equilibria. 
Kaz'nin and Karpov [148] calcula,ted by Gibbs energy 
minimization the PbS-ZnS-N aCl-HCl-Si02-H20 sys
tem as represented by 30 species. Up to 423 K Pb 
(HS);-n complexes were important. Kuznetsov 
Efremova, and Kotelinikov [149] report results of their 
calculations on the Pb-S-H20 system at 298 and 57:3 
K. 

Table 20 summarizes some solubility product values 
for lead sulfide. The tentative value is a pK~() of 28.6 
(K~o of 2.5 X 10-29

) 'which is near the values calculated 
from thermodynamic data by Erdenbaeva (1501 and 
by Helgeson [139], and the corrected value of Kiva.lo 
fl..nil Ring-born [13g]. 

In a 195;3 report to the Analytical section of IUPAC 
Ringbom [151] surveyed the literature on lead sulfide 
solubility products and recommended for the reactions 
the values 

PbS (s) + 2H+ (aq) pPbH (aq) + H 2S (g) 

pK~o=5.6±0.5 

dpK~o/dT= -0.044 

pK~o= 26.6±O.7 

In his survey, Ring-born accepted as probable values 
of the H 2S dissociation at 298.15 K 

H2S (g)pH2S (aq) pKIl =0.99±0.0l 

H 2S (aq) pHS- (aq)+H+ (aq) pK1=7.05±0.05 

HS-(aq)+=S2- (aq) +H+ (aq) pK2= 12.9±O.1 

Ringbom's recommendation gives too large a value 
of K~o in part because the H2S K2 value he accepted 
was too large, and in part because of changes in the 
accepted Gibbs energy of formation of PbS. 

The problem of the H2S second dissociation is not 
settled yet. Recently Ellis and Giggenbach f135] and 
Giggenbach [la61 reported experiments that strongly 
suggest t.he second ionizat.ion of H 2S is much smaller, 
with an upper limit at 298.15 of pK2= 17.1 (K2= 
8X 10-18). However Krynknov, Starostina, Tarasenko 
and Primauchuk [1:37] have also redetermined the 
second ionization eonst,fl.nt and report a value of pK2 
equal to 13.37 (K2=4 Xl 0- 13

) which does not confirm 
the lower value. Helgeson [1;39] accepts the value of 
13.90 from NIs,ronllY 1152]. All of these values are 
lower K2 values than are calculated from thermody
nfl,mi~ nJ1.t.fl, in Aithm' NBS 1'(>,('.h. NotA 270 121 J or thA 
Geological Survey Bul1etin 1452 [153]. An evaluation 
of the H 2S dissociation equillhl'ia must be made before 
metal sulfide solubility products can be evaluated. 

In 1956 Kivalo and Rilll-!'bom [138] determined the 
thermodynamic solubility produet, of lead sulfide 
polarographically in a hydroehloric !1Cid medium at 
29R15 K. A eorre.c.t.ion WI1S ]Hilde 1'01' t.he effeet. of 

lead-chloro complex formation. The results of their 
study were 

PbS (8) I 2H+~Pb2+ I H2B (g) pl{~o=6.93 

and 
PbS(s)pPbH (aq)+S2- (nq) pK~o=27.9 

TABLE 20. Solubility product of lead sulfide 

T/K pK~o RefE'rfDcP 

298. 15 28.6 a 

j1~xnel"jmlpntl'l.1 value 

298. 15 

-_._-- ---- - _._---

298. 15 28. 05 8.9XI0-29 NBS-Tech Note 3 [21ft] 
298. 15 27. 5Q 2. 6X 10-28 Gool. Sur. Bull. 1152 [153] 
298. 15 28. 42 3. 8X 10-29 El'denhaeva [150] 
298.15 28.57. 2. 8X 10-29 He1geson l139] 
323. 15 26. 67 2.1 X 10-27 Helgeson [139] 
R3R ]f, 2ft 14 7~ 2XI0-27 T-T p\e;f'f':on [1 H!1] 
373. 15 23.96 1. 1 X 10-24 Helgeson l139] 
423. 15 21. 93 1. 2X 10-22 Helgeson [139] 
473. 15 20.36 4. 4X 10-21 Helgeson [139] 
523.15 19. 14 7. 2X 10-20 Helgeson [139] 
573. 15 18.31 4. 9X 10-19 Helgeson [139] 

a This is smaHer by two orders of magnibxJe than the tentative value of Ringbom's 
19[)S IUPAC reJ.!ul·", ::;ee smell ::LIlLI MarLell[3]. 

b I<ivalo and Ringbom reported pK~o=27.9, they used the H 2S dissolution and dis
sociation of KHKIKz= 10-20. 94, we have revised t,heir value by use of K H K 1K 2= 10-21.88. 

J. PhY5. Chem. Ref. Data, Vol. 9, No.3, 1980 
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The use of the H2S dissociation constants suggested 
by Helgeson [139] "{QuId change the pK~o value to 
28.8. This agrees well with the values of 28.42 (150) 
and 28. 57 (139) calculated from thermodynamic data. 

Helgeson [139], in an important paper, has cal
culated a data base that is currently in active use by 
many geologists. Helgeson has used currently accepted 
approximations to calculate Gibbs energy (as log K 
values) at temperatures between 298 and 573 K for 
many dissociation, complexing, and solubility reac
tions of interest to the geologist. He has included 
temperature dependent heat capacities, activity coef
ficients and ionic strength effects in his calculations. 
His values for the PbS activity solubility product are 
in table 20. At 298.15 K the value of pK~o of Helgtson 
and the value of Erdenhaeva (150], also based on a 
thermodynamic calculation, agree closely. Their 
values, along with the experimental value .of Kivalo 
and Ringbom, are the base of the tentative value of 
pK~o equal to 28.6. The K~o value is a smaller value 
of K~o than has been recommended in recent times. 

4.6. Lead Sulfate 

Pb804 , (7446-14-21 Formula Weight 303.26 (Chern. 
Abstr. Index. H20 4S. Pb, Sulfuric Acid, Lead (2+) 
Salt (1 :1).) 

Physical characteristics: There have been several 
determinations of the x-ray structure of the mineral 
anglesite (lead sulfate) (5). A representative set of 
parameters for the orthorhombic crystal is Z=4 and 
a=6.958, b=8.480, and c=5.398X 10-10 m. The 
density is 6323 kg m-3 at 298.15 K. Hydrates of lead 
sulfate are not mentioned. 

The recommended solubility of lead sulfate in water 
at 298.15 K is given in table 21. Tentative values are 
given at other temperatures. The recommended value 
is the average of the values in table 22 with Bottger's 
value excluded from the average. The single best 
experimental value at 298.15 K may be the value of 

TABLE 21. Recommended and tentative values of the 
solubility of lead sulfate in water 

1'(K 

Recommended value 
298.15 

Tentative values 
273.15 
27~.lfi 

283.15 
288.15 
293.15 
298.15 
303.15 
308.15 
313.15 
318.15 
323.15 

(1. 461 ± 0.035) X 10-< 

O. 09± O. 18) X 10-: 
1. 17 " 
1.24 
1. 32 
1. 395 

0.47 + 0.2,11) 
1. 55 
1. 64 
1. 73 
1. 81 

(1. 90± O. 32) 

J. Phy!;, Ch@m. Ref. Destes, Vol. 9, No.3, 1980 

TABLE 22. Experimental solubilities of lead sulfate in water at 
298.15 K 

(1. 52 ± O. 02) X 10-4 

1.481 " 
1. 47 

(1. 466 ± O. 014) X 10-4 

(1. 461 ± O. 035) X 10-4 

1. 45 
O. 42 ± O. 02) 
1. 42 
1.34 

Reference 

Kolthqff et al. [113] 
Koisumi [114] 
Crockford, Brawley [112] 
Little, N ancollas (l1J 
Recommended 
Beck, Stegmuller [106] 
Huybrechts, de Langeron [108] 
Jager [115] 
Bottger [65] 

Little and N ancollas [11]. In sodium perchlorate 
solution of ionic strength 0.2 Dyrssen et al. [1181 
report a solubility of 3.02 X 10-4 mol dm -3 at 298. 15K. 

The tentative values were calculated from the 
equation 

In cPbso/mol dm- 3= -5.5600-0.97244/ (T/100 K) 

(39) 

obtained from a linear regression of the solubility 
values of Crockford and Brawley [1121, Koizumi [1141 
and Little and Nancollas [119]. The standard devia
tion in In c is 0.1558. The data from references [65, 
106, 108, 110, 111, 113] were not used in the linear 
regression. 

The lead sulfate solubility product values are sum
marized in table 23. The value of Bottger [65] is a 
concentration value '\'ith no corrections for activity 
or complexing effects. Jager [115] measured the solu
bility in pure water and nitric acid solutions. Debye
Huckellimiting law was used to calculate mean ionic 
activity coefficients to obtain a thermodynamic con
stant. The value of Dyrssen, lvanova and Oren [118] 

is a .concentration value in solutions of ionic strength 
0.2 Na+ (80;-, OIOi). Little and Nancollas [119] cor
rected for activity effects ",rith an extended Debye
Huckel function to obtain a thermodynamic con
stant. 

Egorov and Titova [1161 developed a temperature 
dependent equat,ion for In K~o from thermodynamic 
data. Values .calculated from their equation appear to 
be 3 to 4 times higher than the experimental values of 
.TsgP.l' s.nn of Lit.tlp. A,nn Nsm~ol1s,~. KhonSl,kov!'Ikii, 
l\1ishin and Zhogina [1171 used tabulated solubility 
data to obtain the equation 

In KZo = 3.42-- 2000jT - 0.01402 T (10) 

for the temperature interval of 273 to 573 K. The 
equation appears to be consistent ,\rith other thermo
dynamic dat,a [21a] and to give values of K~.o of 
near correct magnitude in the room temperature 
region. Several values calculated from the equation 
are given in table 23. 

Helgeson [139) made calculations of log K~o from 
thermodynamic data for the temperature interval of 



T/K 

273. 15 
285.65 
298. 15 
310.65 
323. 15 

273. 15 
285.65 
298. 15 
310.65 
323. 15 
298. 15 
298. 15 
323. 15 
333. 15 
373. 15 
423. 15 
473.15 
523. 15 
573. 15 

293.15 
298. 15 

I 

298. 15 I 

I 
I 
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TABLE 23. The solubility product of lead sulfate 

Ionic strength 

o 
o 
o 
o 
o 

Solubility 
product, K~o 8 

Tentative values 

1. 61 XlO-s 
2.08XlO-s 
2. 53X 10-s 
2.88XlO-s 
2.99X10-s 

Other calcUlated values 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

o 
O. 2/Na(S04, CI04) 

o 
1. 0/NaCI04 

1. O/LiCI04 
1. O/HCI04 

O. 98X 10-8 

1. 33X 1O-s 

1. 69X 10-8 

2.08XlO-8 
2.41 X 10-S 

6.2 XlO-s 
1. 78XI0-s 
2.0 X10-s 

2.0 XlO-s 
1. 4 XlO-s 
5.5 X10-9 
1. 3 XlO-9 
2.5 XlO-lO 
3.6 XlO-ll 

Experimental values 

1.32XIO-B 
1. 79X 10-8 

1. 5~X 1O-~ 
9.3 XlO-s 
1. 72XIO-8 
0.63X10-B 

O.03X10- 6 

1.20XlO-s 

Reference 

Standard potential da.ta from 
Pitzer (120] and table 1. 

Khodakovskii et a1. [117] 

Egorov, Titova [1161 
Helgeson [39] 

Bottger [651 
Bottger [65] 

Dyrssen et al. [118] 
Little, Nancollas [11] 
Ramette, Stewart [199] 

e. Keo becomes K~o at 1=0. 

"3 

298.15 t.o 573.15 K. The K~o values for PbS04 go 
through a maximum at :323-333 K, then decrease 
several orders of mfl,gnitllde as the temperature in
creases to 573 K. Helgeson appears to have carefully 
selected his data base, and to have taken into account 
temperature dependent heat capacities, activity coef
ficients, and ionic strength effects. There apparently 
are no experimental data above 363 K. Thus his 
values bet.,,"een 289 and 373 K are probably much 
more reliable than his. extrapolated vRlues above 373 K. 

cent higher than the direct experimental values w, 
consider most reliable [115,11]. 

Pitzer [119] has published a careful evaluation of the 
standard potentia] values for 

PbS04 (s) +2e--l>Pb(s) + SO;-(aq) 

The recommended EO values have been combined 
with the lead/lead ion st.andard potential values of 
table 1 to obtain the tentative K~o values of table ZZ. 

At 298.15 K the tentative K~o value is 50 to 65 per-

Values of the formation constant 

PbH (aq) +SO~- (aq)pPbS04 (aq) 

have been reported by D}Tssen eti al. [118] at an ioni 
strength 0.2/N aCI04 as 118 and by Litt,le and Nan 
collas [11] as 530. The values show that ion pai 
formation plays a role in determining' solubility. 

4.7. Lead Nitrate 

Pb(NOg)2' [l0099-74-8} Fonnuln. '\Veight 331.2 
(Chern. Ahstr. Index, Nitric Acid, T ,enel (2+) SJ.1.11 
HNOg·1/2Pb.) 

Physical charaet.eristics: Lead nitrate crystallizes fl 

a colorless cubic crystal of a=7.8558X10-1o 
111 wiLli 

calculated density of 4535 kg Ill-a at 298.15 K. Th 

J. Phys. Chem. Ref. Data, Vol. 9, No.3, 198 
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solubility of lead nitrate in water gives no indication 
of a solid phase other than Pb (N 0 3):2' 

Although the primary objective of this report is 
the sparingly soluble lead salts the soluble lead nitrate 
is included. The recommended solubility values in 
units of mol Pb(N03)2 per kg water, g Pb(N03)2 per kg 
water, and mass percent are given at 5 degree intervals 
from 273.15 to 373.15 K in table 24. The molal values 
were calculated from the equation 

In mpb(N0
3
) Jmol kg- 1=11.70238 

-22.52308/ (T/100 K)-3.2579 In (T/100 K) (41) 

which was obtained from the linear regression of 26 
solubility vaIues starred (*) in table 25. The standard 
error about the regression line was 0.0241 in Inm 
'\yhich is 2.44 percent of the solubility value at the mid 
temperature va1ue of 323.15 K. 

Table 25 lists the experimental values of t.he lead 
nitrate solubility in water from 14 papers. Inspection 
of the data shows that above 303.15 K the values of 
Kremers [120] are always high and the values of 
:l\1ulder [121] are usually the lo·west. The values of 
F.i:sllllHLll tUHl Bulkuva [132] appearLu be luw. The 
values from these three pa.pers were not used in the 
linear regression. Several other values that were one 
standard devia.tion or more from the first linear 
regression were also eliminated. The values of IVIotor
naya., Ben'ya.sh and Kristoforov [133] were obtained 
too late to include in the linear regression. The 
remaining sta.rred (*) values were used. 

The nitrate ion complexes the lead ion. The values 
of the formation constants found by :l\1ironov [47] are 
given in the last paragraph of section 4.1. 

TABLE 24. The recommended values of t.he solubilit.y of lead 
nit.rate in wat.er between 273 and 373 K 

T;K 1nPb(N03)2 g Pb(NOah Mass 
mol kg-1 per kg: H 2O percent. 

273. Hi 1. 201 397.8 28.40 
278. 15 1. 313 434. 8 30. 30 
283. 15 1. 429 473. 3 32. 13 
288. 15 1. 550 513.4 33. 92 
293. 15 1. 674 554. 4 35.67 

298. 15 1. 802 596.8 37.37 

303 15 1.934 640. 5 39. 04 
308. 15 2.068 684.9 40.65 
313. 15 2. 206 730.6 42. 22 
318. 15 2.345 776. 7 43. 72 
323. 15 2.487 823.7 45.17 

328. 15 2.631 871. 4 46.56 
333. 15 2 776 919.4 47.90 
338. 15 2. 923 968.1 49.19 
343. 15 3. 070 1016. 8 50. 42 
348. 15 3. 218 1065. 8 51. 59 

353. 15 3. 367 1115. 2 52. 72 
358. 15 3.516 1164.5 53. 80 
363. 15 3.664 1213.5 54. 82 
368. 15 3. 813 1262.9 55.81 
373. 15 3.961 1311. 9 56. 75 

TABLE 25. Experimental values of lead nitrate folnbility in water at. temperature between 
273 and 373 1{ 

T/K g Pb(NOa)2 Mass 

I 
mol Pb(N03)z Data source 

per 100 g H2O percent per kg H2O 

273. 15 38. 8 1. 171 * Kremers [120] 
40.25 1. 215* Glasstone, Saunders [127] 

26. 9 1.111 1{azantsen [130] 

283. 15 48. 3 31. 6 1. 458* 1{remers [120] 
31. 6 1. 394 Kazantsen [130] 

288. 15 32.93 1. 482 Fishman1 Bulakhova [132) 

290. 15 54. 0 1. 630* Kremers [120] 
52. 76 1. 593* Euler [124] 

~~O. 15 56. 5 1. 7UIj l'\:remers [l~O] 
55.11 1. 664* Fedotieff [125] 
55.1 1. 685* LeBlanc & Noyes [122] 

35.7 1. 676* Kazantsen [131] 
34. 31 1.577 Fishman & Bulakhova [132] 

298. 15 60. 6 1. 830* Kremers [120] 
59.6 1. 799* Richards & Schumb [126] 
61. 2 1. 848'" Fock [123) 

59. 7 1. 802* Akerlof & Turck [129] 
58.9 1. 778* Malquori [1281 

37.4 1. 804* Kazantsen [130] 
36. 8 1. 758 Motornaya, Ben'yash, 1{ris-

toforov [133] 

J. Phys. Chem. Ref. Data, Vol. 9, No.3, 1980 



AQUEOUS SOLUBILITY OF LEAD SALTS 775 

TABLE 25. Experimental values of lead nitrate solubility in water at temperature between 273 
and 373 K-Continued 

TjK g Pb(NOah Mass 
per 100 g H 2O percent 

299.15 37. 41 

303. 15 66 
39.3 

313. 15 75 
69.4 

42. 3 
42. 16 
41. 8 

323. 15 85 
81. 1 
78. 7 

45. 0 

333. 15 95 
88 

47.8 
48.0 

353. 15 115 
107.6 

52. 8 
52.·45 

371. 95 56. 7 
372.95 56.8 
373.15 138.8 

125.5 
127 

4.8. Lead Phosphates 

Prima.ry Lead Orthophosphate, Pb(H2P04)2 [16180-
04-4] Formula V\Teight 401.17 [Chem. Abstr. Index: 
Phosphoric Acid, Lea,d (2+) Salt (2 :1) H 30 4P 'lj2Pb] 

Secondary Lead Orthophosphate, PbHP04 [15845-
52-0] Formula Weight 303.18 [Chem. Abstr. Index, 
Phosphoric Acid, Lead (2+) Salt (1 :1)H 30 4P' Pb) 

Tertiary Lead Orthophosphate, Pb3(P04)2 [7446-
27-7] Formula vVeight 811.54 [Chem. Abstr. Index, 
Phosphoric Acid, Lco.d (21 ) So.lt (2:3) H 30 4P' 3 /2Pb] 

Hydroxy Pyromorphite, Pb5(P04)aOH [66732-49-8] 
Formula '''eight 1337.92 [Chem. Abstr. Index: Pyro
morphite, Hydroxy H013P 3Pb5] 

Tetraplumbite Ortho Phosphate, Pb40(P04)2 

[37295-08-2] Formula '''eight 1034.74 [Chem. Abstr. 
Index: Lead Oxide Phosphate, OgP 2Pb4] 

Lea.d Hydroxylapatite, PblO (P04)6(OH)2, [12207-
55-5] Formu]a Weight 2675.84 [Chern. Abstr. Index: 
Lead Hydroxide Phosphate H01aPaPb5] 

The thermodynamically stable solids of the 

mol Pb(NOa)2 Data source 
per kg H 2O 

1. 805* Ferris [131] 

1. 993 Kremers [120] 
1. 955* Kazantsen [130] 

2. 264 Kremers [120] 
2.095 Mulder [121] 
2.213* Kazantsen [130] 
2.201* Ferris [131] 
2. 168 Motornaya, Ben'yash, Kristo-

foro v [133] 

2 56R Kl'f'mp.r~ [120] 
2.449* Glasstone & Saunders [127] 
2.376 Mulder (121] 
2.470* Kazantsen [130] 

2.868 Kremers (120] 
2. 657 Mulder [121] 
2. 764* Kazantsen [130] 
2. 787 Motornaya, Ben'yash, Kristo-

forov [133] 

3.472 Kremers [120] 
3.249 Mulder [121] 
3.377* Kazantsen [130] 
3. 330* Ferris [131] 

3.954* Kazantsen [130] 
3.970* Kazantsen [130] 
4.191 Kremers [120] 
3. 789 Glasstone & Saunders [127] 
3.834 Mulder [121] 

PbO-P20 b-H20 system depend upon pI-I. According to 
Nriagu [154] at 298.15 K the sta,ble phases and their 
range of pH are: 

pH very acic1-? ("-'3.8) 
pH ?-4 
pH 4-9.5 
pH >9.5 

Pb (HZP04h 
Pbs(P0 4)aOH 
Pb40(P04h 
Pb(OH)2 

Thus solid secondary lead orthophosphate, PbHP04 

and tertiary lead orthophosphate, Pba(P04)z are 
metastable in contact "'jth their solutions. However, 
the transItlOn of PbHP04 to a stable solid is slow 
enough that PbHP04 solubility can be determined. 
Transformations to stable solid phases require about 
100 hours in acid (pH ""4) solution and 200 hours in 
basic (pH "-'10) solutions [154]. 

Secondary Lead Orthophosphate, PbHP04 

Table 26 gives the solubility product values for 
secondary lead orthophosphate. The tentative recom_ 
mendation is the value of Nriagu [154]. The Jowett 
and Price [155] value at 310.65 K agrees well with the 
Nriagu value. Earlier values at 298.15 and 310.65 K 
of I\·iillet and Jowett [156] were declared erroneous 
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[155]. The value of Zharovskii [157] falls in the same 
range as the erroneous l\1illet and Jowett values. 
The value calculated from data in NBS-TN-270-3 
[21a] appears to be several orders of magnitude too 
small. Nriagu suggests a AG;298 value for PbHP04 (s) 
that is about 6 kcalless negative than the NBS-TN 
270-3 value. 

Nriagu [154] also reports values for the formation 
constants of PbHP04 and PbH2PO: which are 
103 .1 =0.8 and 101.5=0.5 respectively at 298.15 K. 

The following equilibria are required to describe 
the saturated PbHP04 +H20 system at 298.15 K. 

l. PbHP04 (s) +=zPbH +HPO~- K~o= 10-11
.
43 

2. PbH + HPO~- +=zPbHP04 K 2=103. 1 

3. PbH + H2PO; +=ZPbH2PO: K 3=101.5 

4. PbH +H20+=zPbOH+ +H+ K 4=10-6.18 

5. PbOH+ +H20~Pb(OH)2+H+ K5= 10-10. 94 

6. Pb(OHh +H20+=±Pb (OH); +H+ K6=10-10.94 

K8=10-7.198 

The sources of the constants are [154] for 1-3, [158,159] for 
4-6 and [140) fer 7-9. 

Assuming the activity coefficients are unity, the 
a.bove scheme has been uscd to cnIculf1tc fLpproximn,tc 
water solubilities of PbHP04 as a function of pH at 
298.15 K. See section 3.4. 

pH 
105 clmol dm-3 

56789 
2.5 1.0 0.85 1.7 5.0 

Tp.rtiarv Lp.nii Orth,npho.gpha,te, Pha(P04)2 

The crystal structure of Pba (P04) 2 is hexagonal 
with Z=3 aud a=9.66 and c=7.4XI0-10 m. The 
density is 6.99-7.03 X lOa kg m-3• 

Nriagu [154] carried out hydrolysis experiments in 
0.0032 M HSP04 a.nd found the conversion rea,ction 

equilibrated in about 100 hours and that the equilib
rium constant is 10-7. 50 at 298.15 K. From this he 
obtained AG;298 [Pbs(P04)2(s)] as -565.0 kcnl mol-I, 
and calculated the Pba(P04)2 K~o as 10-44.4, '\yhich is 
the recommended tentative value. It and other values 
are gi v en .ill LttLle 27. 

As with PbHP04 the values of l\1illet and JO'\'\Tett 
[156] were dec1aTed to be erroneous by Jowett and 
Price f155]. The report of a solubility proihwt hy B, 

polargraphic method a:ppears t,o result in much too 
high a value [160]. 
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TAPLE 26. Solubility product values for secondary lead ortho
phosphate, PbHP04 

T/K 

298. 15 

298. 15 
310. 65 
291-293 
310.65 
298. 15 

Reference 

Tentative value 

11. 43±0. 1 I N riagu [154] 

Other literature values 

9.90 
9.62 
9.85 

11.36 
15.6 

Millet, Jowett [155] 
Millet, Jowett [155] 
Zharovskii [157] 
Jowett, Price [156] 
NBS-270-3 [21] 

TABLE 27. Values of the solubility product of tertiary lead 
phosphate, Pb3 (PO 4) 2 

Tempera- I 
ture TjK 

298. 15 

298. 15 
310.65 
310. 65 
298 

Reference 

Tentative value 

44. 4 I Nriagu [154] 

Other values 

42. 10 
42. 00 
43.53 
28. 74 

Millet, Jowett [156] 
Millet, Jowett [156J 
Jowett, Price [155] 
Skobets et al. [160] 

We have used equn.tion (33) of' section 3.4 to calcu
la,te approximate Pba(P04)2 solubilities in water at 
298.15. 

pH 4 5 6 7 

216. 34. "5.5 1.0 

At higher pH values hydroxy lead complexes would 
need to be taken into account. 

Hydroxy Pyromorphite, Pb5(P04)sOH Nriagu's ex
periments on the alkaline hydrolysis of secondary lead 
orthophosphate gave a value of ~G~298 [Pb5(P04h 
OH(s)]= -902 kcal mol- 1 from which he calculated 
a K~0[Pb5 (P04)30H (8)]=10-76

.
8

• 

That and values of pK~o of several halo pyromor
phites aTe summarized in table 28. 

A recent study [163) shows the first precipitate from 
PbC12 + (K,N a) H 2P04 is Pb2CIP04 but no solubility 
inful'IlHtLiull .i::; gi v ell. 

Tetraplumbite Ort.ho Phosphate, Pb40(P04)2 Nriagu 
[154] reports the AG;29S[P04 0(P04)z(s)] is -617.3 kcal 
mol-I. 

Lead Hydroxylapatite, Pb10(P04)6(OH)2 Rao [164] 
measured the solu bility of lead hydroxylapatite, 
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])b lO (P04)S(OH)2 and its solid solutions with arsenate, 
Pb lO(P04)n(As04)n-s(OH)2 with n=0,1. .. 6 as a function 
of pH between 5.0 and 8.0 at 303 K. The solubility data 
n-re presented in graphs. The solubility of PblO (P04)s 
(OH)2 decreased from about 10 to 3 mg dm-3 as the 
pH of acetic acid + sodium acetate and sodium 
diethyl barbiturate + hydrochloric acid buffers in
creased from 5.0 to 8.0 at 303 K. Substitution of 
AsO:- for PO:- caused the solubility to increase at 
the same pH. 

TABLE 28. Solubility product values of lead hydroxy pyromor
phite and several lead halo pyromorphites 

Compound of lead TjK pKoeo Reference 

hydroxy pyromorphite 298.15 76. 8 Nriagu [154J 
chloro pyromorphite a 310.65 79. 12 Jowett, Price 

[155] 
chloro pyromorphite a 298. 15 84. 4 Nriagu [161] 
fluoro pyromorphite • 298.15 71. 6 Nriagu [162] 

bromo pyromorphite a 298.15 78.1 Nriagu [162] 

a The Chemical Abstracts Registry numbers are pyromor
phite (chloro pyromorphite) [12190-77-1], flu oro pyromorphite 
[39422-50-9], and bromo pyromorphite [39422-29-2J. 

4.9. Lead Carbonate 

PbCOa[598-63-0] Formula Weight 267.21 [Chern. 
Abstr. Index, Carbonic Acid, Lead (2+) Salt (1: 1), 
CH20 a 'Pb] 

Physical characteristics: The mineral cerussite (lead 
carbonate) has an orthorhombic crystal structure with 
Z=4 and a=6.1302, b=8.4800 and c=5.17726X10-1o 

m. The calculated density is 6559 kg m-a. Synthetic 
lead carbonate has slightly different parameters and a 
density of 6583 kg m-a. In addition to lead carbonate, 
crystals of lead calcium carbonate, lead bromide 
carbonate, lead chloride carbonate and lead hydroxy 
carbonate are known. There is no mention of hydrated 
lead carbonate. 

Tentative 'values of the solubility of lead carbonate 
in water, the solubility product, and the formation 
constants of PbCOa (aq) and Pb(COaH- at 298.15 K 
are given in table 29. 

Bottger [65] and Kohlrausch and Rose [165] used 
electrical conductivity to measure the solubility of 
lead carbonate in water. Their results do not appear 
to be as reliable as the measurements of Pleissner [166] 
at 291.15 K, who studied the effect of the presence 
of dissolved carbon dioxide on the solubility of lead 
carbonate. Haehnel [167] reports a solubility of lead 
carbonate in water saturated with CO2 at 1 atm 
pressure. The two sets of results are summarized in 
table 30. 

There are several studies of the solubility of lead 
carbonate in the presence of sodium carbonate and 
other alkali carbonates [168a,b,169], but two are 
not readily available [168a,b]. The other which is a 
study of carbanato lead complex ions, is discussed 
ater. 

TABLE 29. Tentative values of the solubility, the solubility 
product, and the complex ion formation constants 
of lead carbonate at 298.15 K 

Solubility 6.55X 10-5 cPbcoa/mol dm-3 

Solubility product K~o 7.4 X 10-14, pK~o 13.13 
Formation constants 
PbCOa(aq) I/KNOa=O.l, f3\=2X106 

Pb(COah2- IjKN03 =0.l, f32=6X 109 

TABLE 30. The solubility of lead carbonate in aqueous s.olution 
containing carbon dioxide at 291.15 K [166, '1671 

Carbon dioxide 

0 
O. 64X 10-4 

1. 23X 10-4 

3. 28X10-4 

5. 92XlO-4 
9. 88XlO-4 

24. OXlO-~ 

(341. 6X 10-4) 

Pressure CO2/mm 
Hga 

0 
1.4 
2.7 
7.3 

13 
22 
54 

760 

Lead carbonate b 

0.655X10-5 

2. 25X 10-5 

:l. ij:lXlU-b 

3. 07X 10-5 

3.70XlO-s 
4.08XlO-s 
D.70XlO-s 

52.3 X1O-5 

.. Calculated by us from Henry's law constant K H =0.03416. 
b Calculated from tabulated values of mg PbCOa per dm3 

solution. 

N asanen, Merilainen, and Lippanen [170] applied a 
potentiometric method to determine the equilibrium 
constant at 298.15 K as a function of ionic strength of 
the reaction . 

The equilibrium constantK=K~o/KIK2 whereK~o is the 
soh~bility product of PbCOa and KI and K2 are the 
first and second ionization constants of carbonic acid. 
They fitted their results to the equation 

log K=3.55+2.036 ]1/2/(1+]1/2) 

-1.018 ]1/2/(1 +2.20 JI /2) +0.33 I (42) 

where I is the ionic strength. When log K=3.55, 
and for the values pK1=6.35 and pK2=10.33 the 
value of pK~ois 13.13 (K~o =7.4XIO- 14

). The values of 
pKl and pKz agree well with the selected values of 
Berg and Vanderzee [134] discussed in section 3.4. 
The thermodynamic data in NBS Technical Note 
270-3 [21a] results in pK~o=12.83 (K~o=14.8X10-14). 

Egorov and Titova [116] analyzed thermodynamic 
data to derive the equation 

log K~o= -24.04-805/T+5.86 log T-·2.41X10-a T 

(43) 

for K~o between temperatures of 273 and 373 K. The 
magnitudes of the values of K~o from their equation 
increase with increasing temperature (table 31). 
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T,-\lH,I; ;H. Lend carbonate solubiJjty products 

'i'iF. Reference 

Tentative value 

298. 15 7.4 X 10-14 

Experimental value 

298. 15 13. 13 I 7. 41 X 10-10 I N asanen :t a1. [1~ 

Calculated from thermodynamic data 

298. 15 12.83 1. 48XlO-13 NBS-270-3 [21a] 

298.15 12.96 1.1 X 10-13 Egorov, Titova [116] 
323. 15 12. 60 2.5 X 10-13 

333. 15 12.48 3.3 XlO-13 

373. 15 12.03 9.3 X 10-13 

298.15 13.45 3. 55XIO-14 Helgeson [139] 
323. 15 13.19 6. 45X 10-14 
333. 15 13. 16 6. 9 X 10-14 

070.15 10.:l1 6.:l XIU-14 
423. 15 13. 54 2. 9 X 10-14 

473. 15 14.30 5.0 X 10-15 

523. 15 15. 31 4. 9 X 10-16 

573. 15 10.50 3.2 X101'l' 

Helgeson [139] made calculations of log K~o from 
thermodynamic data for the temperature interval of 
298.15 to 573.15 K. His calculations give K~o values 
that go through a maximum and then decrease in 
magnitude a~ the temperature inn-ease. Helgeson 
appears to have carefully selected his data base and 
to take into account temperature dependent heat 
capa,cities, activity coefficient and ionic strength 

effects. He does extrapolate to high temperatures but 
in the temperature interval of 298-373 K we have 
more confidence in his calculation than the calculatior 
of Egorov and Titova. 

Baranova (169, 1711 has determined formation 
constants for the complexes Pb (HOOa)2 aud Ph 
(HOOg);, by polarography, and PbOOa and Pb(OOaH
by solubility methods. There is some doubt about the 
existence of bicarbonato complexes. Bilinski, Huston 
and Stumm [172] show that the bica,rbanato complex 
ion data can be equally well explained by a Pb (COg)~
complex. Bilinski et al. have redetermined the PbOOa 
and Pb(C03)~- formation constants. Their values are 
the tentative values of table 29. Table 32 reproduces 
part of the summary table from Bilinski et, al. on 
formation constants of PbCOa and Pb (COaH- . 

Baranova, [169] approximates the formation con
stants at 298.15.K and 1=0 as /31r"'V1 X 1010 and /32~ 
1 X 1011. From her measurements at 298, 473, 523, and 
573 K she obtained the equation 

log /31 +2484.0jT-5.25+2.308X10-2 T. 

(44) 

Although the temperature coefficient may be reliable, 
the values of /31 appear to be high in view of the other 
values in table 32. 

5. The Solubility Products of Some Other 
Sparingly Soluble Lead Salts 

Table 33 summarizes solubility products and some 
other information found in a literature survey cover
ing primarily Chemical Abstracts from 1955 to early 
1978. Some earlier data are cited when they comple
ment the information. In general, these data should be 
considered no better than Lel1La.Live. The ul1ly values 
that may be considered recommended are the K~o 
value for Pb:r..1004 of Dellien, :r..1cCurdy and Hepler 
f1771. and of Pb2fFe(CN)61 of Rock and Powell [1781. 

TABLE 32. Summary of formation constants of the PbCOa and Pb(COa)~- complex ions at 298.15 K 

Cumulative formation 
constants 

Ionic strength Method a Reference 
] /electrolyto 

(31 (32 

O.l/KNOa 2.5 X106 6. 3 X109 a.s.v. Bilinski et al. [172] 
U.ljKNOa 1. 3 X 106 1.3 XI09 d.p.p. Bilinski et al. [1721 
O.l/KNOa 2 X106 d.p.p. Ernst et al. [174] 
0.3/NaCI04 0.56X106 1.4 X109 sol Bilinski et a1. [173] 
0.7iNaCI04 0.42X106 a.s.v. Sipos [175] 
1.0/NaCI04 10. XI06 1. 0 X109 sol Baranova [169] 
1.7/KNOa O. 16X 109 b pol Francherre [176] 

\ 

Ii. asv=anode stripping voltammetry, dpp=differential pulse polarography. pol=polarography. 
sol = solubility. 

b Value at 291 K. 
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TABLE 33. The solubility products of some sparingly soluble lead electrolytes. Annotated bibliography 1955-1977 

Substance 

Lead iodate 
Pb(IOa)2 
[25659-31-8] 

Lead thiosulfate 
PhS20 3 

[13478-50-7J 

Lead selenide 
PbSe 
[ 12069-00-0] 
[1314-9U-5J 

Clausthalite 

Lead selenite 
PbSe03 
[7488-51-9] 

Lead sele;nate 
PbSeOl 
[7446-15-3] 

Lead telluride 
PbTe 
[1314-91-6] 
[12037-86-4] 
Altaite 

Lead tellurite 
PbTeOa 
[15851-47-5] 

Lead tellurate 
PbTe04 
[13845-35-7] 

Lead arsenite 
PbAsOa 
(As02-, 

As(OH)4-?) 

T/K 

308. 15 

298. 15 

298. 15 

293. 15 

298. 15 

273. 15 
288. 15 
298. 15 
308.15 
323. 15 

298. 15 

298. 15 

298. 15 

298. 15 

293 

Solubility 
product 

]{so 

3.3 X 10-12 

1. 24XlO-7 

X]O-39 

3.4 X 10-12 

1. 61X 10-12 

O. 83X 10-7 

1. 13X 10-7 

1. 45X 10-7 

1. 76 X 10-7 

2. 30X 10-7 

1. 27X 10-7 

1. 49X 10-48 

2. 0.5 X 10-7 

2.2 X1O- 9 

Comments Reference 

0.31.11 (Na,H)CI04• The variation of solubility Misra, Pani [179J 
with pH is ascribed to Pb2+ hydrolysis, but 
it is in the direction expected for EIOg 

formation. See ref. [3J. 

Present. evidence of polynuclear PbH complex. Herak et aI. [180] 

Pb(IOa)2 the only soHd precipitated when Gyunner et al. [181) 
various concentrations of Pb(N0312 and 
KIOa mixed. 

Recalculation from the nata of Yatsimirskii 
fl96J which takes int.o aeeount three in
stead of two Pb2+ - 820 3

2- compkxes. 
(31 2.26X 103 

{32 4.35 XI05 
(33 7.19X lOG 

Calculat.ed from emf and t.hcrlllodynnmie 
data.. Cites other literature vnlue's :l:::; 

7.9X 10-43 and 1 X 10-38• 

Average of five vaiues from solubility in eli!. 
HCl and dil. HNOs which ranged (1.9-:).2) 
X 10-12• Used HzSOa dissociation const.ant.s 
]{1=4X10-s and ]{z=lXI0-s. 

Vol'dman [182] 

Erdenbaeva [150] 

eh nkhlan tsev 1 

Tomashevsky [183] 

Calculated from emf and thermodynamic d~lia_ Erdcnbaeva [150] 

Solubility measured at temperatlln~:-; hei"Y('f'll lSeJivanovn, et a1. [184] 
273 a.nd 373 1(, data. presented ill ::;m:1J] 

graph. Activity coefficients c::dcubted from 
Debye-Huckel theory up to 323 E. C:llclIb-
tions not made for data above 323 E. The 
ilH.o1n is 3.78 kcal mol -1 from t,PlI1jW),:ltun: 

dependence of K.o. PbSe04 fo)'nwd in t.Iw 
cold is microcrysta11ine a.nd abo \It. 3 t,inw::; 
more soluble than PbSeOl fnrnH'd :11, highf':), 
temperatures or heat. t)'c:lted t.o fprlll maero-
crystalline material. 

Calculated from emf and tllermodynamil: Erdenbaeva [150] 

Calculated from emf :md lIH;J'IIl()(lynnmie da.ta. Erdenbaeva [150) 
Cites other litcr:1t.\lI"<~ vallie::" of 1 X 10-43 

and oX 10-47 • 

Calculat.ed from I'mf and thermodynamic Erdenbaeva [150] 
data. 

The bnsie tellurite 5PbTeOs' Pb(OH)2 forms Ganelina [185] 
n,t, pH f).()--D.7. 

Calcu1ated from emf and thermodynamic Erdenbaeva [150] 
data. 

Solubility 1.5 X lO-s mol Pb2+dm-a at pH 5.8, Chukhlantaev [186] 
7X 1O-s at pH 5.0-5.4. 
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TABLE 33. The ~olubility products of some sparingly soluble lead electrolytes. Annotated bibliography 1955-1977-Continued 

Substance T/K 

Lead arsenate 291 
Pb3(As04h 
[3687-31-8J 294 

Lead oxalate 
PbCZ0 4 

[814-93-7] 

"Room" 

288 
291 
298 
308 
318 
328 

Lead cyanamide 298.15 
PbCNz 
[20837-86-9] 

Lead borate 295 
Pb(B02)2 
[14720-53-7] 
[10214-39-8] 

monohydrate 

Lead ferrocy· 298.15 
anide 

Pb2[Fe(CN)6] 

291 
298. 15 

Basic lead per-
manganate 

Pb(Mn04)O.5 

(OH)1.& 

Lead chromate 298 
PbCrO. 
r7758-97-61 

"Room" 

291 

Basic lead 298 
chromate 
Pn( Cr04)o.sOH 

Lead molybdate "Room" 
PbMo04 

[10190-55-3] 298. 15 

298. 15 

Solubility 
product 

K.o 
Comments Reference 

2. 1 X 10-36 Karnaukbov et al. [187]" 

(4. 1 ± 3.6) X 10-36 Chukhlantaev U88) 

3 X10-11 

1.4 X 10-11 

1.5 X 10-11 

2.1 X 10-11 

3.4 X 10-11 

8.1 X 10-11 

12.1 X10-11 

3.2 XlO-H 

2.5 XlO-16 

1. 37X 10-11 

3.00XlO-11 

1. 81 X 10-11 

3.5 XlO-1S 

4.0 XlO-IS 

9.6 XlO-a 

1. 35X10-19 

2.5 X 10-13 

6.4 X 10-13 

2.2 X 10-14 

1. 35X 10-IG 

3. 3 X 10-12 

0.97XI0-1e 

Stoichiometric solubility PbC20( in water+ Babkin et al. [197] 
acetic acid (graph). 

Polarographic method. Solubility of PbC20 4 SkQbets et al. [160] 
in NaNOs and KN03 solutions shown in 
small graph. 

Chronopotentiometric method. 

1 M KNOs, pH 5-7. 
1 M KNOSt pH 13-15. 

. At the higher pH lead mostly Pb(OHh-. 
Authors recommend their 3.2X 10-14 value. 

0-0.54 M KNOa• 
0-0.49 M Ba(NOa)2' 
0-1.81 M KCI. 
Use HBOz dissociation constant of 7.5X 10-10• 

Comparative method with PbS04 as reference. 
Used Kalthoff et a1. f193] value for PbSO. 
solubility. 

Chronopotiometric method. 
Emf and other thermodynamic data. 

This value recommended as K.o.o 

Karnaukhov et a1. [187] 

Kitaev, Sokolova [189} 

Schigol [190J 

Tananaev et al. [191] 

Karnaukhov et al. [187] 
Rock, Powell [178] 

Charreton {192] 

Dellien et al. [177] suggest the value may be Kolthoff et al. [1931 
uncertain. 

Polarographic method. Other literature value Skoberts et al. [160] 
of 1.8 X 10-14 is cited. 

Chromopotentiometric method Karnaukhov et al. [187] 

Kolthoff et al. [193] value for PbCr04 used in Charreton [192] 
calculation of K so. 

Polarographic method. Skoberts et a1. [160] 

Thermodynamics data. Other values cited Dellien e(, til. [177] 
which range from 4 XI 0-6 to 3.3 X 10-12 • 

Dellien et al. consider them high. This 
value recommended. 

NBS-270-3, 4 [21 ab] 
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TABLE 33. The solubility products of some sparingly solublE' lead electrolytes. Annotated bibliography 1955-1977-Continued 

Substance T/K 
Solubility 
product 

Keo 
Comments Reference 

293. II'> 0.08 g PbMo04 per dm~ solution. Zclikml1n, Proscnkova 
[194] 

No evidence found of formation of mono or tri Charreton [192] 
basic PbMo04• 

Lead tungstate 
PbW04 

[7759-01-5] 

293 (8.6 ± O. 8) X 10-17 1=0.1, pH 5, tetragonal form of PbW04• The Bulatova et al. [1951 
conc. solubility product is 6.1 X 10-16• 

Monoclinic Pb W04 is more soluble. Its 
solubility product is 4.5X 10-7• 

No evidence found of formation of mono or Charreton [192] 
tribasic Pb W04• 
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