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Abstract: The pc—pH diagrams of the CaSO,4-Ca(OH),-H,O system and its two subsystems at 298.15 K were constructed according
to the theory of thermodynamic equilibrium. The interaction characteristics between the solubility of CaSO,(s) and Ca(OH),(s) can be
found out from the diagrams. CaSOy(s), Ca(OH),(s) and solution coexist when the pH value of solution is about 13.2. CaSOy(s) with
the minimum solubility of 0.411 g/L is in equilibrium with solution when the pH value is lower than 13.2, and Ca(OH),(s) with the
minimum solubility of 2.749 g/L is in equilibrium with solution at the pH value over 13.2, which provides a theoretical basis for the
treatment and reuse of industrial wastewater, especially for the wastewater containing sulfate which can be treated by lime-milk

neutralization.
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1 Introduction

Large amounts of acidic sulfate wastewater
containing heavy metals are discharged every year from
the sulfate system in a number of industries such as
electroplating, steel pickling, mining, nonferrous
smelting and alkali making[1—4]. Now the lime-milk
neutralization process is a conventional technique
contributing to its advantages such as low investment,
mature technique, simple and convenient operation[5—6].
However, the purified water treated by such method
results in a series of problems which would influence the
purification and reutilization of industrial wastewater for
the high concentration of calcium ion and sulfate ion[7].
Some related research works have been done and it was
pointed out that it is feasible to separate CaSO,
precipitates from Na,SO4-H,O system in addition of
CaO[8-10], but the theoretical analysis concerned has
not been reported in the literature up to now.

In this study, aiming at promoting and realizing the
reuse and recycling of acidic sulfate wastewater treated
by the lime-milk neutralization, the pc—pH diagram of
the CaSO,-Ca(OH),-H,O system at 298.15 K, as a
theoretical guidance for the practical process, where the
interaction characteristics between the solubility of

CaSOy(s) and Ca(OH)y(s) could be found out, was
constructed according to the thermodynamic equilibrium
principle.

2 Drawing of thermodynamic equilibrium
diagram

2.1 Thermodynamic relationship between Ca(OH),(s)

solubility and pH value

There are two kinds of calcium hydroxyl complex
ions in Ca(OH),-H,O system such as CaOH' and
Ca(OH),. Correspondingly, their equilibrium equations
and cumulative formation constants at 298.15 K are
expressed as follows[11—-14]:
Ca”"+OH =CaOH"

[CaOH™ ]

ﬁl _ :101.4 (1)
[Ca*"][OH™]

Ca”*+20H ==Ca(OH),

- [Czi(OH)z_] -1 03 % 2)
[Ca®"][OH™]
Knowing that:
Ca(OH),(s)==Ca*'+20H"
Ky=[Ca>][OH ]*=5.5X 10" 3)
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The following equation and constant can be obtained
from Eq.(1) and Eq.(3)[15]:

Ca(OH),(s)==CaOH'+OH"
Ky =Kg x B =[CaOH" JJOH =107 (4)

Similarly, combination of Eq.(2) and Eq.(3) gives
the following equation and constant:

Ca(OH),(s)=Ca(OH),
Ko =Ky P, =[Ca(OH)2]:10‘1'43 )
Taking logarithm of both sides of Egs.(3)—(5) gives
p[Ca’']=2pH-22.74 ©
p[CaOH 'J=pH-10.14 -
p[Ca(OH),]=1.43 ®

The concentrations of [Ca’], [CaOH'] and
[Ca(OH),] can be calculated by Eqs.(6)—(8) at given pH
value, respectively. These values as functions of pH
values are plotted as shown in Fig.1{16—18], which is the
pc—pH diagram of the Ca(OH),-H,O system at 298.15 K.
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pH

Fig.1 Diagram of pc—pH of Ca(OH),-H,O system at 298.15 K

The lines in Fig.1 represent the concentrations of
different calcium-containing species related to the pH
values when the corresponding ions are in equilibrium
with Ca(OH),(s). The area surrounded by all lines is the
stable zone of Ca(OH),(s), in which Ca(OH),(s) could
exist stably. The others are the unsaturated zones of
Ca(OH),(s). Boundaries constituting this stable zone can
approximately illustrate the total solubility of Ca(OH),(s)
at the different pH values in the system. From Fig.1 it
can also be seen that the minimum solubility of
Ca(OH),(s) is 2.749 g/L as the pH value is located at
12.1-14.0, beyond this scope the solubility of Ca(OH),(s)
will increase gradually with the pH value declining.

2.2 Thermodynamic relationship between CaSQy(s)
solubility and pH value
There also exist two kinds of calcium hydroxyl
complex ions in CaSO4-H,O system such as CaOH" and
Ca(OH),. Correspondingly, their equilibrium equations
and cumulative formation constants at 298.15 K are
expressed as follows:

Ca**+H,0=CaOH+H"
I+
K| = [Ca[OCH 23[]H 1_ 0126 )
a

Ca*"+2H,0=Ca(OH),+2H"
[Ca(OH), IH' ) _, (2417

K,= (10)
T @)
The mass balance for calcium in solution is[16]
[Ca]=[Ca*']+[CaOH ]+[Ca(OH),] (11

It should be noted that the [Ca];, which represents
the total soluble concentration of calcium, is also termed
as the solubility of calcium.

From Eq.(9) and Eq.(10), the following equations
can be deduced:

K
CaOH*']=—L[Ca?* 12
[CaOH™] [H+][a] (12)

[Ca<0H)2]:[$+]2[Ca2+] (13)

Inserting Eq.(12) and Eq.(13) into Eq.(11) gives

[Ca**]=[Ca], (1+ [Kl +L - (14)

H+] [H+]2

Sulphuric acid is a diprotic acid, which may yield
two protons. Correspondingly, their ionization equations
and equilibrium constants are expressed as follows[11]:

H,S80,=HSO, +H"
- +
[H,80,]
HSO,=S0; +H"
_[SOLTH] _ i

(16)
® " [HSO;]
The mass balance for sulfate in solution is
[S], =[SO%™1+[HSO;]+[H,80,] (17)

Similarly, [S], represents the total concentration of
sulfate. Inserting Eq.(15) and Eq.(16) into Eq.(17) gives

+ +12
(7], H°T" (18)

[SO3 1=[S], (1 +
' Ka2 KalKaZ
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Calcium sulfate is considered to be insoluble
commonly. However, it does dissolve slightly in water.
The equilibrium equation and the solubility-product
constant are expressed as follows:

CaSO,=Ca>"+S03"
Ky =[Ca*"][SO; 1=9.1x107° (19)

Inserting Eq.(14) and Eq.(18) into Eq.(19) gives

)

Ky, =[Ca], (1+ Ki + K;z
[H'] [H']

(7], HT 20)

[S] A+
t Ka2 KalKaZ

The total concentration of calcium is equal to that of
sulfate in the system according to calcium sulfate
ionization equation, and the pc—pH diagram of the
CaS0,4-H,0 system can be obtained according to Eq.(20)
as shown in Fig.2[16].

CaSO4(s)
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Fig.2 Diagram of pc—pH of CaSO,-H,0 system at 298.15 K

The curve in Fig.2 represents the total concentration
of calcium-containing species related to the pH value
when the solution is in equilibrium with CaSO,(s). The
area above the curve is the stable zone of CaSQy(s),
where CaSOy(s) could exist stably, and below the curve
is the unsaturated zone. Boundary constituting this stable
zone can approximately illustrate the total solubility of
CaSOy,(s) at different pH values in the CaSO4H,0O
system. The minimum solubility of CaSOy(s) is 0.411 g/L
at the pH value of 3.5-11.0, beyond this scope the
solubility of CaSOy(s) increases.

2.3 Thermodynamic equilibrium diagram of CaSO,-
Ca(OH),-H,O system
The thermodynamic equilibrium diagram of the
CaS0,-Ca(OH),-H,O system (Fig.3) is constructed by
combination of Fig.2 and Fig.1[16—18]. From Fig.3 it
can be concluded that the stable zones of Ca(OH),(s) and
CaSOy(s) overlap partially. The point a represents the

4+ CaSOg(s)
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pH

Fig.3 Diagram of pc—pH of CaSO,-Ca(OH),-H,O system at

298.15K

triple equilibrium point where CaSO,(s) and Ca(OH),(s)
are in equilibrium with the solution simultaneously, and
the dash line vertical to the pH axis from point a
represents that both CaSO,(s) and Ca(OH),(s) coexist at
this pH value. The area on the left of the dash line is the
stable zone of CaSOy(s), where the solubility of
CaSO0y(s) is less than that of Ca(OH),(s), and Ca(OH)(s)
dissolves into the solution and CaSOj, precipitates. The
area on the right of the dash line is the stable zone of
Ca(OH),(s), and CaSOQy(s) dissolves and Ca(OH),
precipitation occurs. The area above the solid line is the
stable zone where the corresponding precipitates exist at
different pH values, while the area below the solid line is
the unsaturated zone where solution exists stably. And
the solid line represents the total equilibrium
concentration of calcium at different pH values. Fig.3
also shows that the minimum solubility of CaSOy(s) is
0.411 g/L at the pH wvalues of 3.5-11.0, and the
concentration of the sulfate retains its original
concentration as the solubility of Ca(OH),(s) keeps a
constant of 2.749 g/L at the pH value over that of the
triple point (13.2).

Fig.3 also indicates that Ca(OH),(s) dissolves into
the solution and CaSOy, precipitates in the ternary system
located on the equilibrium line at the pH value below the
triple equilibrium point. Reversely, Ca(OH), is
preponderance at the pH value over the triple equilibrium
point.

3 Conclusions

1) The pc—pH diagrams of CaSO,-Ca(OH),-H,O
system and its subsystem at 298.15 K are constructed
according to the theory of thermodynamic equilibrium.
The interaction characteristics between the solubility of
CaSOy(s) and Ca(OH),(s) can be found out from
diagrams.
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2) CaSOy(s), Ca(OH),(s) and solution coexist at the
pH value of about 13.2. In the solution equilibrated with
CaS0Oy(s), the minimum solubility is 0.411 g/L at the pH
value below 13.2, while the solution is in equilibrium
with Ca(OH),(s) and its minimum solubility is 2.749 g/L
at the pH value over 13.2.
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