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Abstract: The thermodynamics equilibrium principle was used to construct the diagrams for the concentration of complex ions (pc)
vs pH, the distribution ratio of lead hydroxyl complex ions (a,,) vs pH, and the conditional solubility product of Pb(OH), vs pH in the
Pb**-H,0 system. The relationship between the equilibrium concentration of each kind of lead hydroxyl complex ions in equilibrium
with Pb(OH),(s) and pH value was shown in the system. The minimum solubility of lead is at the pH value of 10.096—10.997. The
distribution ratio of each kind of the lead hydroxyl complex ions is determined as a function of the pH value and the total lead
concentration ([Pb]r). The diagram for the conditional solubility product, pKsp vs pH, shows that each kind of lead hydroxyl complex
ions existing in the system is dependent upon an optimized pH value at the established concentration of [Pb]r, and that pKsp reaches
the minimum at the pH value of 10.3—11.2. The results can provide a theoretical basis for removing lead ions from wastewater by the

neutralization and hydrolyzation technology.
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1 Introduction

Heavy metals are known to be detrimental to the
living beings. The toxic heavy metal ions in industrial
wastewaters have been considerably concerned in recent
years[1]. These important contaminants are discharged
from many industry fields such as electroplating, dyes
and dye intermediates, textiles, tanneries, oil refineries,
mining and smelters. It has been observed that increased
concentration of heavy metals in the aquatics
environments can cause phyto toxicity, bio-concentration
and bio-magnification by organisms. Lead is hazardous
and highly toxic to humans, plants and animals. Primary
health effects due to Pb(Il) poisoning are nervous and
renal breakdown, weakness, headache, brain damage,
convulsions, behavioral disorders and constipation. Lead
is a substitute for calcium in bony tissues and
accumulates there. The presence of lead in drinking
water is known to cause various types of serious health
problems, leading to death in extreme cases[2—4].

Removal of heavy metal-bearing industrial effluents

has become one of the primary challenges of wastewater
treatment. Filtration, adsorption, reverse osmosis, solvent
extraction, and membrane separation techniques are used
for removal and recovery of heavy metals from industrial
wastewater. The neutralization and metal hydroxide
precipitation are the conventional techniques[5—6]. In
order to offer theoretical foundation for neutralization,
thermodynamic analysis of lead ion hydrolyzation has
been carried out, but either all kinds of lead hydroxyl
complex ions are ignored[7—8] or only single kind of
complex ion is considered[9—12]. As a result, the
incomplete conclusion would lead to the incorrect
guidance for the technology[13—14]. It is necessary to
construct the complete equilibrium diagrams of
Pb**-H,0 system based on the equilibrium of various
kinds of complex ions.

In this study, thermodynamic equilibria of hydroxyl
complex ions in Pb**-H,O system were analyzed and
diagrams for the concentration of complex ions (pc) vs
pH, the distribution ratio of the lead hydroxyl complex
ions (a,) vs pH, and the conditional solubility product
of Pb(OH), (pKsp) vs pH in Pb**-H,0 system, were res-
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pectively drawn based on the simultaneous equilibria of
all complex ions[15—19]. The aim is at exploring the
various forms of the lead species existing in aqueous
solution and the rule of change in solubility of Pb(OH),
with the pH value, and determining the minimum
solubility of Pb(OH), and the optimum range of pH
value. These diagrams have more advantages over pEF—
pH diagram in the neutralization and metal hydroxide
precipitation process[20—21].

2 Effect of pH value on coordination
equilibrium of lead hydroxyl complex
ions

Assuming that there are only six kinds of lead
hydroxyl complex ions, that is, PbOH', Pb(OH),,
Pb(OH); ", Pb,OH*', Pby(OH),*" and Pbs(OH)s*" in lead-
containing wastewater, correspondingly the cumulative
formation constants for them at 298.15 K are as follows
[22—23]:
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It is known that
Pb(OH),(s)=Pb>+20H"
Ks=[Pb*'][OH ]=1.2%X 10" (7)

Multiplying Eqgs.(1)—(6) by Eq.(7), respectively, the
following equations can be obtained:
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Taking the logarithm of both sides of Eqgs.(7)—(13)
gives

lg Kso=lg[Pb* ]+21g[OH |=lg[Pb*|+2lg K,,+2pH
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1g[Pb,(OH)* " 1+31g K, +3pH
p[Pb,(OH)*"|=—19.749+3pH (18)

lg Kss=lg[ Pb, (OH) 3" J+41g[OH ]=
1g[ Pb, (OH) ;" 1+4lg K, +4pH
p[ Pb, (OH)3* 1=-32.405+4pH (19)

lgKss=1g[ Pb (OH)g" J+41g[OH ]=
Ig[ Pb (OH)g" J+4lg K, +4pH
p[ Pb, (OH)g™ ]=-35.763+4pH (20)

The concentration of OH is calculated at a given
pH based on the water ionization equation and the
concentration of Pb*" is determined by Eq.(14). The
latter is used in Eq.(15) to calculate [PbOH ], and in turn
continue until the concentration of each complex is
known. These values as functions of the pH value are
plotted in Fig.1, which constructs the pc—pH diagram of
Pb**-H,0 system.

The lines in Fig.1 represent the relationship between
the equilibrium concentration of the complex ions and
the pH value. The right-upper area surrounded by these
lines (e.g. the cross-hatching area) is the stable zone of
Pb(OH),(s). Boundaries constituting this stable zone can
illustrate approximately the relationship between the
total solubility of Pb”" and the pH value. Fig.1 illustrates
that Pb>" is the predominant soluble species at the low
pH, and Pbg(OH)s*" is the predominant species at the
high pH. Obviously, if complex formation were ignored
and lead solubility were calculated solely by use of
Eq.(7), an erroneous conclusion could be drawn. From
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Fig.1 Diagram of pc—pH of Pb?*-H,0 system at 298.15 K

Fig.1, it can be seen that the minimum solubility of lead
is 4.959 mg/L at the pH value of 10.096—10.997, beyond
which the solubility of lead will increase.

3 Effect of pH value on species of lead
hydroxyl complex ions

Complex formation also affects the solubility of
salts. Lead is removed from acidic
wastewaters by adding lime-milk to form the insoluble
Pb(OH),(s). However, if excess base is added, lead will
form soluble complexes with OH and will return to or
remain in solution. In aqueous solution, lead hydroxyl
complex ions of PbOH', Pb(OH), Pb(OH);,
Pb,(OH)™, Pb, (OH)}" and Pb (OH)g" may exist. From
Egs.(1)—(6), the following equations can be deduced:

commonly
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In addition, a mass balance for lead in solution is
[Pb]; = [Pb2+] +[PbOH* ]+ [Pb(OH), ]+ [Pb(OH);3 ] +
2[Pb,(OH)*" ]+ 4[Pb, (OH) 3" 1+ 6[Pbs(OH)g"] (27)

[Pb]r represents the total soluble concentration of lead,
i.e. the solubility of lead.
Definition of parameters, oo, is as follows:

e
-] (29)
= (0)
- [P]E;(;]Ii)a] an
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Substitution of Eqgs.(21)—(26) and Eq.(28) into
Eqs.(29)—(34) gives
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Inserting Eq.(28) and Eqs.(35)—(40) into Eq.(27)
gives
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ay=(01+K,-[OH 1+ K, -[OH ]* + K, -[OH ]’ +
200K ,[OH™]-[Pb]; +4a;Ks[OH ]* -[Pb]3 +
60 Kg[OH]* -[Pb]7)”! (41)

From the above equations, it can be concluded that
the concentration ratio of each ions depends greatly on
the pH value and total lead concentration. Supposing that
[Pbl; is 10 mol/L and 107 mol/L, respectively,
substituting the different pH values into Eq.(41) gives the
corresponding ao; similarly, a;, a,, a3, 04, as and o can
be calculated according to Egs.(35)—(40). Fig.2 shows
the diagram of the ratio of lead hydroxyl complex ions as
functions of the pH value.
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Fig.2 a,—pH diagrams illustrating ratio of lead hydroxyl
complex ions as function of pH value

The various kinds of species of the different lead
hydroxyl complex ions exist in the solution with the
different pH values. Lead ion exists mainly in free state
and a slight amount of PbOH" ([Pb];=0.000 1 mol/L) or
Pb, (OH);" ([Pb]r=0.01 mol/L) at the pH value below
7.0. Their concentrations increase gradually with pH
value declining. When the pH value is in the range of
8.0—11.0, Pb,(OH) g* is dominant, together with a small
quantity of PbOH" ([Pb];=0.000 1 mol/L) or Pb(OH),
([Pb]1=0.000 1 mol/L). The more the total concentration
of lead, the more the concentration of Pb,(OH)g".

Pb(OH); is the primary species with a small quantity of
Pb(OH), and Pb,(OH)g* at the pH value over 12.0.
There is an evident effect of total concentration of lead
on the concentration of the different lead hydroxyl
complex ions.

4 Effect of pH value on solubility of Pb(OH),

Lead can form polynuclear complexes containing
two or more lead atoms, which will make the solubility
of Pb(OH), increase. Effect of the pH value on solubility
of Pb(OH), can be expressed by the conditional
solubility product[9].

The conditional solubility product of Pb(OH),(s) is
defined as

Ksp=[Pb]r[OH ]r* (42)

where [Pb]r represents the total lead concentration, i.e.
the solubility of lead (Eq.(27)). [Pb*'], [PbOH'],
[Pb(OH),], [Pb(OH); ], [Pbo(OHY* ], [ Pb, (OH)* ] and
[Pb(,(OH)é”] can be calculated from Eqs.(7)—(13).
Inserting these values into Eq.(27) can determine the
total concentration of soluble lead.

The mass balance of OH  is:

[OH’]T=[OH’]+[Pb(OH)+]+2[Pb(OH)2]+3 [Pb(OH); ]+
[Pby(OH)*]+4[ Pb, (OH)3" T1+8[ Pbo (OH)§" 1 (43)

where [OH ]y represents the total concentration of OH .

The conditional solubility product of Pb(OH),(s) at
the different pH can be calculated by combination of
Eq.(27), Eq.(42) and Eq.(43), and the results are shown
in Fig.3. Simultaneously, the conditional solubility
product of Pb(OH), is also drawn.

=120
1 — pKgp
2 — pKgy(Pb(11))
-80F 3 — pKso(Pb(IV))
héé =401
o
% O 2
40}
3
%% % 10 12 14
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Fig.3 Relationship between conditional solubility product of
Pb(OH), and pH value

The area above the curve is the supersaturation
region of Pb(OH)y(s) dissolution, where Pb(OH),
precipitation occurs, while other regions are unsaturated
ones. Fig.3 indicates that the minimum solubility of
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Pb(OH), is in the pH range of 10.3—11.2, beyond which
the solubility product of Pb(OH), increases obviously. In
addition, pKgy locates at the unsaturated region, which
indicates that lead in wastewater cannot be removed to
the minimum concentration determined by the solubility
product of Pb(OH), using the neutralization and
hydrolyzation method.

5 Conclusions

1) In Pb*-H,0 system, the diagrams for the
concentration of the lead complex ions, the distribution
ratio of lead hydroxyl complex ions and the conditional
solubility product of Pb(OH), as a function of the pH
value are respectively constructed based on the
thermodynamics equilibrium principle.

2) The pc vs pH diagram represents the relationship
between the equilibrium concentration of the complex
ions in equilibrium with Pb(OH),(s) and the pH value.
The minimal solubility of lead is 4.959 mg/L at the pH
value of 10.096—10.997, beyond which the solubility of
lead will increase.

3) The a,—pH diagram shows the distribution ratio
of the lead hydroxyl complex ions as a function of the
pH value. For each kind of the lead hydroxyl complex
ions, there is an optimum pH value scope.

4) The pKsp—pH diagram shows the relationship
between the conditional solubility product of Pb(OH),
and the pH value. The minimum solubility of Pb(OH), is
in the pH range of 10.3—11.2, beyond which the
conditional solubility product of Pb(OH), increases
obviously.
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