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rounding the solution field cannot represent chemical equilibrium, since the water is
supersaturated with respect to one or more solid phases. Note also that sepiolite must
always be metastable in contact with water at 25°C, because solutions in equilibrium
with sepiolite are always supersaturated with respect to one of the other solid phases.

Solubility of Gibbsite

The solubility of gibbsite [AI(OH);] is complicated by the fact that dissolved alu-
minum can exist in several forms in solution. In the absence of other ligands, the
most important are AI**, AI(OH)**, AI(OH)7, AI(OH)$, and AI(OH);. The activ-
ity of AP** in equilibrium with gibbsite is given by
Al(OH); + 3H* = AP* + 3H,0
aAP+ (6—6)

Kgib = 3 ~.
ayf+

At low pH, APP* is the dominant species in solution, and the solubility of gibbsite
decreases rapidly as pH increases. As PH increases, however, the relative impor-
tance of the hydroxy complexes increases, and their behavior controls the solubility
of gibbsite. Formation of the complexes can be described by the equations

AP’* + H,O = AI(OH)** + H*

AAIOH)?* ay+
Ky = —m—4— (6-7)
(lA]3+

AP* + 2H,0 = AI(OH)} + 2H*

2
AANOH)J A H*

K2Al = (6—8)
aAI3+
APt + 3H,0 = AKOH)S + 3H*
3+
Kipy = ZANOHSZH" (6-9)
aAAP+
AP* + 4H,0 = Al(OH)7 + 4H*
— 4+
Kia = EQAI(OHNQH (6—10)

aap+

The total dissolved aluminum concentration is the sum of the concentrations of the
individual species
Malow) = Map+ + Maonp+ + Maows + Mayony + MaioH) 3

Substituting Equations (6—6) through (6-10) and neglecting activity coefficients
gives

+ + 3 4
ay+ ag+ ayg+ ay+

K | K | K +_@] (6-11)

Malota) = mAl3:'[1 +
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Combining Egs. (6—11) and (6—6) gives the total concentration of dissolved alu-
minum in equilibrium with gibbsite:

K
Mal(tota) = Kgib[ll%{*‘ + Kinah+ + Kaur + Ksar + aMl] (6-12)
H+
The activities of each of the species for a solution in equilibrium with gibbsite are
shown in Fig. 6-3. Note the following:

1. The solubility of gibbsite is very low except at very low and high pH.

2. As the pH increases, the complexes containing progressively more hydroxide
groups become progressively more important.

3. When cationic species dominate, the solubility of gibbsite decreases with in-
creasing pH. When anionic species dominate, the solubility increases with in-
creasing pH. This observation can be generalized to the solubilities of all ox-
ides and hydroxides and of many other solids.

Solubility of Aluminosilicates

The behavior of aluminum makes it impossible to present the solubility of aluminum
silicates in as simple a way as was done for magnesium silicates. In principle, a
three-dimensional diagram is needed with aluminum concentration, silica activity,
and pH as axes. Three-dimensional diagrams can be represented by contours on a

|
|
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|

two-dimensional diagram. The solubilities of gibbsite, kaolinite [ALSi,Os(OH)d],

and pyrophyllite [Al,SisO10(OH).] at four different silica activities are shown in Fig.
6-4. The aluminum concentration in equilibrium with gibbsite is independent of sil-
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For this problem you need to set up a mass balance between the available cation
exchange capacities in the soil. Then compare this with the rate [H+] in the rain and

determine the time.
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or, from (4-19),

2
Aca2+aHCoy KK, Kcoz
= 4-25) !

Peo, K, ( )

Equation (4-25) is useful in understanding natural waters, since the controlling vari-
ables in many natural systems are CO, and HCO3. Carbonate concentration and pH
can often be thought of as consequences of Pco, and muco;. For example, photosynthe-
sis decreases dissolved CO,, which will increase the state of saturation. Respiration and
aerobic decay, on the other hand, increase dissolved CO; and decrease saturation.
Anaerobic decay with sulfate reduction (see Chapter 14) may be represented in a sim-
plified way by the equation

SO3™ + 2Coy + 2H,0 = H,S + 2HCO;

Where Coy represents carbon in organic matter. Thus anaerobic decay will increase sat-
uration with respect to carbonate minerals, the opposite of aerobic decay.

Example 2

How do the pH and calcium concentration of pure water in equilibrium with calcite
vary as a function of Pco,?

aAH,Cco3 = Kcozpcoz (4—26)
K, = ZHrancos (4-27)
aAH,COo,

Rearranging Eq. (4-27) and substituting (4-26) gives
K Kco, P,
anco; = ———2-C0 (4-28)

aH+

_ au+acof-

aHCoT

K, (4-29)

Rearranging (4-29) and substituting (4—28) gives

K:Kco, P
acoy = SiKaKoo, Peoy (4-30)

ag+
Ko = Aca2+Aco3- (4—31)
Substituting (4-30) in (4-31) gives

_ Qca2+ KleKcozpcoz
Kcal =

(4-32)

ah+
The charge balance equation is
M+ + 2mca = Mucos + 2mcoz- + moy- (4-33)

If we restrict our attention to the pH region below 9, my+, moy-, and 2meoz- will be
small compared to 2mcq:+ and muco; in the charge balance equation (small quantities
can be neglected when they are added to or subtracted from large quantities; they may
not be neglected when they multiply large quantities). Equation (4-33) then simplifies
to
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2meaa+ = Mucos (4-34)
or
2aco+ _ ancos
Yca2+ YHcos
or
ace+ = 3 Aucos Yoot (4-35)
Wcos
Substituting (4-28) in (4—35) and then substituting the result in (4-32) gives
Ko = % K, Kcoz Pcoz K K, Kcoz Pcoz YCa2+
o an+ af YHcos
which rearranges to
K1 K> K% a2+
a¥+ = Pio, A1 R Ao, Yea2t (4-36)

2Kca YHcos

which is the desired relationship.

The relationship is shown graphically in Fig. 4-4, assuming 25°C and a total
pressure of 1 atm. The calculation of the activity coefficients can be done by an itera-
tion procedure similar to that used in Example 5 of Chapter 2. For each value of Pco,,
a preliminary calculation is made assuming that yc.2+ = Yucos; the concentrations of
all species are calculated on this assumption, and these concentrations are used to cal-
culate yca2+ and Yucos by the Debye—Hiickel equation. These y values are then used in
Eq. (4-36) to give better values for pH and hence the concentrations of other dissolved
species, and the cycle is repeated until consistent results are achieved.

In most surface waters, the Pco, lies between 107 atm and the atmospheric

value of 107** atm. Waters with Pco, values in this range in equilibrium with calcite
would have pH values between 7.3 and 8.4. The majority of surface waters do have
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Figure 4-4 Relationship between pH and Pco, for pure water in equilibrium with
calcite at 25°C and 1 atm total pressure. Note the difference of form when Pco, is
plotted as a logarithm.
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pH values in this range; lower pH values occur in waters that are undersaturated with |

respect to calcite.

To derive a relationship between mc.2+ and Pco,, we can manipulate the same |

set of equations. Dividing Eq. (4-27) by (4-29) gives
& = alz-lCOS
K Aco} AH,COos

Substituting (4—26) and (4-31) in this yields

ﬁ = alz-lCO:TaCaz"' (4_37) ’

K2 Kcal KCOz P COz
From (4-34)
muco; = 2mea+
aHco3 = 2mca2+ YHcos
Substituting this in (4—37) and substituting ac.2+ = mca+ yca2+ gives

K1 _ 4mie+ yea Yhoos
K2 Kcal KCOz PCOz

or

m%a“ = PC02 Z Kl Kcﬂchoz (4—38)

2
K> Yca2* YHCO3

This relationship is plotted in Fig. 4-5. It is interesting to note that the relationship
between mc,2+ and Pco, is not linear. For example, if a water in equilibrium with cal-
cite at Pco, = 0.05 atm (A in Fig. 4-5) is mixed with a water in equilibrium with
calcite at Pco, = 0.005 atm (B in Fig. 4-5), the resulting water (C in Fig. 4-5) is not
in equilibrium with calcite. In fact, it is undersaturated and could cause dissolution
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Figure 4-5 Concentration of calcium in equilibrium with calcite as a function of
Pco, in the system CaCO3;—CO,-H;O at 25°C and 1 atm total pressure. For explana-
tion of points A, B, and C, see text.
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of calcite. In general, mixing of two waters of different compositions, both of which
are in equilibrium with calcite, is likely to result in a water that is not in equilibrium
with calcite. It may be supersaturated or undersaturated, depending on the particular
compositions or the waters involved (Runnells, 1969; Wigley and Plummer, 1976).
Supersaturation would occur if, for example, a water with high calcium concentra-
tion and low alkalinity mixed with a water of high alkalinity and low calcium con-
centration.

Example 3
How does the presence of dissolved sodium bicarbonate affect the concentration of dis-
solved calcium in equilibrium with calcite at different CO, pressures?
The equations for solving this problem are identical with those for Example 2 ex-
cept that the charge balance equation becomes (for pH values below 9)

M+ + 2Mce2+ = Mucos

Substituting this equation for Eq. (4—34) in Example 2 and following the same deriva-
tion, Eq. (4-38) becomes

Kl Kcal KCOZ

2
K> ycar+ Yhcos

mCaz*’(mNa"' + 2”'012'*)2 = PCOz (4_39)
This relationship is shown graphically in Fig. 4-6. The presence of excess NaHCO;
decreases the concentration of Ca** in equilibrium with calcite. This is the familiar
common-ion effect in solution chemistry. In alkaline brines where the Na* concentra-
tion is very high, the dissolved Ca®* concentration is often vanishingly small (see
Chapter 11).

Example 4

How does the presence of dissolved calcium chloride affect the concentration of dis-
solved calcium in equilibrium with calcite at different CO, pressures?
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Figure 4-6 Concentration of calcium in
0 equilibrium with calcite as a function of
1 1 [ H + 3 H
Pco, and Na* concentration in the sys-
0 002  0.04 X ) R 2
( 006 008 010 o CaCO,-Na,CO;—CO,—H,O at 25°C
Peo, (atm) and 1 atm total pressure.
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