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ABSTRACT
The Constant Capacitance model provided a quantitative descrip-

tion of o-phosphate adsorption by 44 noncalcareous soils whose pH
values ranged from 4.9 to 7.6. The intrinsic surface protonation-
dissociation constants, capacitance density, and phosphate packing
area parameters required by the model were adopted from model
calculations on reference hydrous oxide minerals. The intrinsic
phosphate surface complexation constants were calculated through
the application of a nonlinear least squares fitting program to the
soil o-phosphate adsorption data. Two of these intrinsic constants
were found to be independent of pH over the range investigated, as
required by the model. However, the intrinsic constant for the for-
mation of the neutral o-phosphate surface species exhibited a sta-
tistically significant dependence on pH. The Constant Capacitance
model was best able to describe o-phosphate adsorption by noncal-
careous soils, including pH effects, if a soil-specific set of intrinsic
phosphate surface complexation constants was employed.
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IN Part I of this study (Goldberg and Sposito, 1984),
the Constant Capacitance model (Stumm et al.,

1980) was applied successfully to describe o-phosphate
adsorption by aluminum and iron oxide minerals. This
model is based on a ligand exchange mechanism of
adsorption, which is considered to be appropriate for
o-phosphate on hydrous oxide surfaces (Mott, 1981).
Both the charge on the adsorbent surface and the charge
on the adsorptive anion are considered in the model,
which then is able to predict phosphate adsorption
under changing conditions of pH value and o-phos-
phate concentration. The model produced good fits to
experimental adsorption data (conventional iso-
therms and "adsorption envelopes") for both crystal-
line and amorphous aluminum and iron hydrous
oxides.

In this paper, the Constant Capacitance model is
extended for the first time to o-phosphate adsorption
by noncalcareous mineral soils. This application of
the model is predicated on four basic assumptions: (i)
The principal phosphate adsorption mechanism is li-
gand exchange with surface hydroxyl groups bound to
metal cations (Berkheiser et al., 1980; Mott, 1981); (ii)
The protonation-dissociation constants for the surface
hydroxyl groups reacting with o-phosphate do not de-
pend on the kind of metal (i.e., Al or Fe) to which the
hydroxyl groups are bound (Goldberg and Sposito,
1984); (iii) The surface area occupied by an adsorbed
o-phosphate ion may be represented by the average
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value of 0.6 nm2; (iv) The phosphate surface com-
plexation constants do not depend on the kind of metal
to which the reactive surface hydroxyl groups are
bound.

These four assumptions are essentially uniformity
hypotheses concerning the reactions of o-phosphate
with soils. Assumption (i) should be applicable to non-
calcareous soils that do not contain large amounts of
allophanic minerals. Soils containing allophane as a
significant component are excluded, since phosphate
sorption on these soils can involve a precipitation
mechanism (Veith and Sposito, 1977). Calcareous soils
are excluded because the mechanism of o-phosphate
adsorption may involve ligand exchange with surface
carbonate groups as well as surface hydroxyl groups.
Assumptions (ii) and (iv) are special cases of the hy-
pothesis that, to a first approximation, the protona-
tion-dissociation and o-phosphate exchange reactions
of surface hydroxyl groups in soils are independent of
the bulk solid phase to which the hydroxyl groups are
bound. In support of this assumption, Goldberg and
Sposito (1984) found that the common logarithms of
the intrinsic protonation-dissociation constants, K+
(int) and K- (int), and of the phosphate surface com-
plexation constants for aluminum and iron oxide min-
erals were not significantly different. Assumption (iii)
simplifies the model calculation and will be discussed
under Data and Methods.

DATA AND METHODS
Constant Capacitance Model

A description of the Constant Capacitance model (Stumm
et al., 1980) was given in Part I (Goldberg and Sposito, 1984).
The model parameters determined previously in Part I and
adopted in the present study are: K+ (int) = 10735, K- (int)
= 10~8-95, and C = 1.06 F m~2. The specific surface area,
S, of the adsorbent is a parameter required by the model
whose values in the hydrous oxide application had been de-
termined experimentally. In the model applications to pub-
lished studies on soils, however, experimental values of this
parameter were not available. A method was developed for
calculating the specific surface area of the phosphate-reactive
fraction in a soil based on information gained from the study
of reference oxide minerals in Part I. Since the assumption
has been made that phosphate-reactive surfaces in soil ex-
hibit phosphate adsorption behavior similar to reference
metal oxides, the average area occupied by an adsorbed
phosphate ion (the packing area) can be considered to be of
similar magnitude in both cases. The packing area can be
calculated from measurements of the specific surface area
and the maximum phosphate adsorption by reference ox-
ides. This calculation was performed with the oxide mineral
data compiled in Part I. The resulting packing areas are listed
in Table 1 along with other values reported independently
by Kingston (1981). The average value of the packing areas
in Table 1, 0.6 nm2, was used in modeling the soil data.
With the packing area and the maximum phosphate ad-
sorption (an available experimental parameter), the specific
surface area needed in the model can be calculated for any
soil. The specific surface area so calculated represents the
amount of soil surface area attributable to phosphate-reactive
compounds per unit mass of whole soil.
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Table 1—Packing areas of phosphate adsorbed by
hydrous oxide minerals.

100

Solid

Specific Maximum
surface adsorp- Packing

area tion area Source of data

10* m!

kg-
molP
kg"

nm2

Aluminum oxides
7-A1A
T-A1A
Hydrous

alumina
Gibbsite
Gibbsite
Gibbsite
Gibbsite
Gibbsite

9.8
11.7

19.72
4.5
4.7
0.83

0.28
0.397

0.918
0.0700
0.0798
0.0231

0.784
0.490

0.356
1.06
0.977
0.598
0.46
0.60

Anderson and Malotky (1979)
Huang(1975)

Rajanetal.(1974|
Parfittetal. (1977)
Kingston etal. (1974)
Helyaretal. (1976)
Kingston (1981)
Kingston (1981)

Iron oxides
Iron oxide

gel
Hematite
Goethite-C
Goethite-E
Goethite
Goethite
Goethite
Goethite

28.0
2.1
3.2
8.1
3.0

1.55
0.0742
0.0890
0.203
0.210

Average

0.30
0.471
0.598
0.662
0.237
0.61
0.63
0.68

= 0.6 ±

Ryden etal. (1977)
Breeuwsma and Lyklema (1973)
Kings ton etal. (1972)
Kingston etal. (1972)
Sigg(1979)
Kingston (1981)
Kingston (1981)
Kingston (1981)
0.2 nm2
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Fig. 1—Phosphate "adsorption envelope" calculated with experi-
mental data from Ballard and Fiskell (1974) and Yuan (1980).

Table 2—Average common logarithms of the intrinsic phosphate
surface complexation constants (44 soils).

Intrinsic constant Mean Standard deviation

log Kl (int)
log #2 (int)
logjf 3 (int)

8.71
2.41

-5.14

0.56
2.38
1.71

Phosphate Adsorption Data
Values for the three intrinsic phosphate surface complex-

ation constants (See Part I) were obtained using the com-
puter program FITEQL (Westall, 1982). This program fits
equilibrium constants to adsorption data using a least-squares
optimization technique. The experimental data used were
those of Magalhaes (1969), Holford et al. (1974), Ballard and
Fiskell (1974), Parfitt (1977), Yuan (1980), and Mead (1981).
Adsorption was assumed to be the only phenomenon rep-
resented by these data. The soils studied consisted of 38 soils
from eastern Australia, three from Florida, one from south-
ern England, one from California, and one from Papua, New
Guinea. The set of soils chosen for study ranged in pH value
from 4.9 to 7.6. Their selection was based on the following
criteria: (i) Allophanic soils and soils containing > 1.0%
CaCO3 were not considered, (ii) Phosphate adsorption data
determined in the absence of a background electrolyte to
maintain constant ionic strength were rejected. For the soils
studied, the ionic strength ranged from 10 mol m~3 to 100
mol m~3. (iii) Soil phosphate adsorption isotherms consist-
ing of fewer than five data points were not included.

The maximum phosphate adsorption for a soil was esti-
mated by plotting Kd, the distribution coefficient, vs. q, the
amount of phosphate adsorbed. (The distribution coefficient
is defined as the ratio of the amount adsorbed to the solution
concentration.) The maximum adsorption, b, is found by
extrapolating the graph to Kd = 0 where q = b. Sposito
(1982, Fig. 2) has illustrated this method for one of the phos-
phate adsorption data sets used in this study. Phosphate
adsorption by soils usually is at a maximum around pH 3
to 5 and decreases steadily with increasing pH value (see,
e.g., Obihara and Russell, 1972; Kingston et al., 1972). The
Constant Capacitance model predicts this effect of pH on
adsorption (Goldberg and Sposito, 1984, Fig. 4). However,
since the phosphate adsorption maximum in the model is
used to calculate the total quantity of reactive surface hy-
droxyl groups present in the soil, the value used in the FI-
TEQL program must be the largest phosphate adsorption
maximum possible at any pH value.

The "adsorption envelope" is a plot of the maximum ad-
sorption vs. pH. A plot of this type, showing the percent of

the absolute maximum adsorption as a function of pH, is
needed to estimate what should be the effective phosphate
adsorption maximum for a soil at a given pH value. With
the phosphate surface complexation constants obtained in
Part I for oxides, a phosphate "adsorption envelope" was
simulated with the Constant Capacitance model. The sim-
ulation was based on the phosphate adsorption data of Bal-
lard and Fiskell (1974) for a soil at pH 4.9 and of Yuan
(1980) for a soil at pH 5.05. The assumption was made that
the phosphate adsorption maxima determined at these two
pH values were equal to the largest maximum adsorption
values for the two soils (Chen et al., 1973; Huang, 1975;
Obihara and Russell, 1972). When expressed as percent of
maximum adsorption, the simulation results for the two soils
reduced to a single curve, validating the assumption of max-
imum adsorption at these pH values. From this graph, work-
ing values for the effective adsorption maxima were ob-
tained and used to estimate phosphate surface complexation
constants from the soil adsorption data. A new phosphate
"adsorption envelope" then was calculated using the three
average values of the common logarithms of the intrinsic
phosphate surface complexation constants obtained for the
44 soils studied. This "universal" phosphate adsorption en-
velope is shown in Fig. 1. For any pH value between 4 and
8, a value of the percent of the absolute maximum adsorp-
tion can be read off the graph and used to back-calculate
what should be the effective maximum adsorption for a soil.

RESULTS AND DISCUSSION
Table 2 lists average log Ki (int) (/ = 1, 2, 3) for

the intrinsic phosphate surface complexation con-
stants obtained from FITEQL computations applied
to adsorption data for 44 soils. For these soils, the
intrinsic equilibrium constants, K\ (int) and A3 (int),
exhibited smaller standard deviations in the loga-
rithms than were observed for hydrous oxide minerals
in Part I. The standard deviation of the logarithm of
KI (int) was large, however, and probably reflects the
fact that FITEQL convergence for this constant was
achieved for only nine soils. Indeed, good fits were
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Fig. 2—Effect of changes in the packing area, a, of phosphate by
±1 standard deviation on phosphate adsorption. Based on ex-
perimental data for the Anderson soil (pH = 6.2S) from Holford
et al. (1974): a = 0.6 nm1, open circles; a — 0.8 nm2, open tri-
angles; a = 0.4 nm2, filled triangles.

possible without the use of this constant (see Fig. 3
and 4).

The packing area, a, of adsorbed phosphate is a
model parameter whose value was not established pre-
cisely (Table 1). Figure 2, however, shows, for a rep-
resentative example, that model fits resulting from
variations in the packing area, by plus or minus one
standard deviation (0.2 nm2) are almost indistinguish-
able from the fit obtained by using the average packing
area (0.6 nm2). The insensitivity of the model to large
changes in the packing area is fortunate and probably
occurs because the packing area enters into the iso-
therm calculations only indirectly.

Theoretically, the intrinsic equilibrium constants in
the Constant Capacitance model should be independ-
ent of pH. To investigate this property, statistical anal-
yses were carried out to test for linear regression of
the common logarithms of the phosphate surface com-
plexation constants on pH. The logarithms of the in-
trinsic equilibrium constants for the formation of the
phosphate species, SHPO^" and SPO2.", did not show
a significant linear relation with pH at the 95% level
of confidence. However, for the neutral surface spe-
cies, SH2PO4, there was a significant linear relation
between the logarithm of the intrinsic formation con-
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Fig. 4—Model fit to experimental data (filled triangles) for Soil no.
15 (pH = 6.4) from Mead (1981). Model results are represented
by open triangles.
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Fig. 3—Model fit to experimental data (filled triangles) for Chipley
soil (pH = 4.9) from Ballard and Fiskell (1974). Model results
are represented by open triangles.

stant and the pH value at the 99% level of confidence:
log /sTl(int) = 4.38 + 0.712 pH r2 = 0.566** [1]

This relationship points to a failure of the Constant
Capacitance model to account for all pH effects on o-
phosphate adsorption by the soils in the present study
through surface charge and adsorptive ion charge
mechanisms alone.

Figures 3, 4, and 5 are representative examples of
model fits to soil o-phosphate adsorption data. The
points labeled "model" result from using the loga-
rithms of the intrinsic phosphate surface complexa-
tion constants calculated by FITEQL for the particular
soil. The soils were chosen to be representative of the
acid, neutral, and alkaline ranges of soil pH. For in-
dividual soils, the fit obtained using soil-specific phos-
phate surface complexation constants was good. How-
ever, the use of the three average phosphate surface
complexation constants (Table 2) resulted in an over-
estimation at lower pH values and an underestimation
at higher pH values (data not shown). This effect could
be caused by the pH-dependence of log .Kl(int).

Figure 6 shows a calculated distribution of phos-
phate surface complexes as a function of pH. The av-
erage phosphate surface complexation constants were
used to generate the curves, which are illustrative only.
The neutral phosphate surface species constitutes the
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Fig. 5—Model fit to experimental data (filled triangles) for Quast
soil (pH = 7.6) from Holford et al. (1974). Model results are
represented by open triangles.
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Fig. 6—Illustrative distribution of phosphate surface species as a
function of pH: SH2PO4, open triangles; SHPO4~, filled triangles;
SPOJ—, open circles.

dominant species at pH < 7. The singly-charged sur-
face species dominates at pH = 7 to 8.5, whereas the
doubly-charged surface species dominates above pH
8.5. In the pH range 5 to 8, the model predicts that
at least two phosphate surface species are present at
significant concentrations in non-calcareous, non-al-
lophanic soils.

CONCLUSIONS
Phosphate adsorption by noncalcareous soils can be

described with the Constant Capacitance model in-
corporating surface protonation-dissociation con-
stants and the packing area of phosphate calculated
from data on reference hydrous oxides. With phos-
phate surface complexation constants calculated by
FITEQL for a specific soil, the model was capable of
fitting experimental adsorption isotherm data well for
that soil.

Theoretically, the surface and adsorptive ion charg-
ing mechanisms in the model should account for all
pH effects on ophosphate adsorption, i.e., the intrin-
sic phosphate surface complexation constants should
be independent of pH. This pH independence was
found for the intrinsic formation constants for the
SHPO^ and SPO4~ surface species. However, the in-
trinsic equilibrium constant values for the formation
of the neutral SH2PO4 species exhibited a statistically
significant linear dependence on pH. This effect could
cause the model to overestimate experimental adsorp-
tion data at low pH and underestimate them at high
pH when average values of the intrinsic phosphate
surface complexation constants are used.

The Constant Capacitance model can predict the
well known decrease in the phosphate adsorption
maximum that occurs with increasing pH (see Fig. 3
to 5). For this reason, the model can be used to predict
changes in the phosphate adsorption behavior of a soil
resulting from changes in soil pH. However, a soil-
specific set of phosphate surface complexation con-
stants obtained with a program like FITEQL should
be used. Further research on a broader variety of soils
and ophosphate concentrations is needed to evaluate
the model fully.
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