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Abstract

Equilibrium constants for modeling surface precipitation of divalent metals, M2+, onto hydrous ferric oxide and calcite were

estimated from linear correlations of standard state Gibbs free energy of formation, DGf
o, of the surface precipitates. The

experimental DGf
o of the surface precipitates was derived from the surface precipitation model of Farley et al. [J. Colloid

Interface Sci. 106 (1985) 226], which in turn was based on a surface complexation model coupled with solid solution

representation for precipitation on the surface. The DGf
o values are correlated through the relations

DGo
f ; MðOHÞ2ðsÞ � 77:210 rM2þ ¼ 1:03266DGo

n; M2þ � 305:368

and

DGo
f ; MCO3ðsÞ � 83:991 rM2þ ¼ 0:915DGo

n; M2þ � 343:331

where ‘s’ stands for the end-member component of the solid solution, DGf
o is in kcal/mol, r represents the Shannon–Prewitt

radius of M2+ in a given coordination state (Å), and DGn, M2+
o denotes the non-solvation contribution to the Gibbs free energy of

formation of the aqueous M2+ ion. The coefficients in the correlations were regressed from the aforementioned experimental

DGf
o. The statistically significant correlations (R2=0.99) allow approximate estimation of free energies and, hence, equilibrium

constants of the surface precipitation reactions for Be2+, Mg2+, Ca2+, Mn2+, Co2+, Ni2+, Sr2+, Sn2+, Ba2+, Eu2+, Ra2+, Pb2+,

Hg2+, Cu2+, and UO2
2+.
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1. Introduction

The surface precipitation model proposed by Far-

ley et al. (1985) provides a thermodynamics construct

for a continuum between surface complexation and

bulk solid precipitation. The model predicts that, at

low sorbate/sorbent ratios, surface complexation dom-

inates. As the surface is loaded with sorbed ion, for

example, divalent metal M2+ onto Hydrous Ferric

Oxide surfaces (HFO, with a nominal formula of

Fe(OH)3; Dzombak and Morel, 1990), a surface

precipitate is formed as a solid solution of Fe(OH)3–

M(OH)2 (Fig. 1). With the increase of sorbate/sorbent

ratios, both metal surface complexes and the mole
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fractions of M(OH)2 increase until all surface sites

become saturated. At this point, surface precipitation

becomes the dominant sorption mechanism. (The term

‘‘sorption’’ refers to all processes that transfer an ion

from the aqueous to the solid phase. That includes

surface adsorption or complexation, surface precipi-

tation, bulk precipitation, and ion-exchange; Sposito,

1984). However, because the solubility of the solid

solution component M(OH)2(s) is far lower than the

bulk M(OH)2(s) at low mole fractions (see, e.g.,

Stumm and Morgan, 1981, 1996; Zhu et al., 1993,

1996), surface precipitation starts at an aqueous con-

centration of M2+ and a pH much lower than that for

M(OH)2(s). With increasing aqueous M2+ and pH,

saturation with respect to bulk M(OH)2(s) is

approached.

The surface precipitation model has been used

successfully to interpret experimental data at high

sorbate/sorbent ratios for Zn2+, Pb2+, Cd2+, Hg2+,

Cr3+, and Cu2+ onto HFO (Farley et al., 1985;

Dzombak and Morel, 1986, 1990; Charlet and Man-

ceau, 1992; Karthikeyan and Elloitt, 1999), Cu2+

sorption onto hydrous aluminum oxide (Karthikeyan

and Elloitt, 1999), Zn2+, Mn2+, Cd2+, and Co2+

sorption onto calcite (Comans and Middelburg, 1987),

and Co2+ sorption onto a-Al2O3 (Katz and Hayes,

1995). However, applications of the surface precip-

itation model are hampered by the lack of experimen-

tally derived equilibrium constants.

On the other hand, tremendous progress has been

made in developing empirical linear free energy

correlations for crystalline solids (Sverjensky and

Molling, 1992). Sverjensky and Molling (1992) pro-

posed the following linear free energy relationship,

DGo
f ; MX � bMXrM2þ ¼ aMXDG

o
n; M2þ þ bMX ð1Þ

where DGf
o denotes the standard Gibbs free energy of

formation for the solid MX, r represents the Shan-

non–Prewitt radius (Shannon, 1976) of M2+ in a

given coordination state, and DGn, M2+
o denotes the

non-solvation contribution to the Gibbs free energy of

formation of the aqueous M2+ ion. The parameters

aMX, bMX, and bMX are regression parameters and are

specific for each isostructural family of crystalline

solids. This correlation formula is analogous to the

well-known Hammett relationship for functional

group substitution in organic compounds (Wells,

1968; Exner, 1988). The Sverjensky correlation has

since been successfully applied to various crystalline

structure families (Xu and Wang, 1999a,b,c; Xu et al.,

1999; Wang and Xu, 2000). Recently, Wang and Xu

(2001) applied this correlation formula to study the

metal partitioning between carbonate minerals and

aqueous solutions.

In this study, the Sverjensky linear free energy

relationship was found to be applicable to experimen-

tally derived standard state Gibbs free energy of

formation, DGf
o, of surface precipitates on HFO and

calcite. The DGf
o values were derived from equili-

brium constants of surface precipitation reactions,

Fig. 1. Schematic representation of the idealized isotherms at

constant pH. The total Fe concentration is fixed, as are the surface

site concentrations in the system. The vertical axis indicates the

surface concentration or sorption density (Stumm and Morgan,

1996), i.e., total metal sorbed on the surface per mol of HFO defined

as,

CM ¼ ½MMOHþ
2 � þ ½MðOHÞ2ðsÞ�
TOTFe

As sorbate/sorbent ratios increase, surface sites are saturated with

metal adsorbate and surface precipitate starts to form. Note that the

vertical line labeled as ‘‘M(OH)2(s) precipitate’’ should represent

the solubility of the ‘‘hypothetical pure M(OH)2 end member,’’ not

the ‘‘bulk solution precipitate’’ as indicated by Farley et al. (1985,

Fig. 3). This is because the standard states for M(OH)2(s) in the

surface precipitation model are different from those for bulk

precipitates; see text. A similar situation exists for surface

precipitation onto calcite. The standard states for MCO3 in the

surface metals are (hypothetical) pure MCO3 end-members with a

calcite crystal structure, while the bulk precipitate may have an

aragonite structure.
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which are formulated based on the surface precipita-

tion model that is linked to the surface complexation

model (Farley et al., 1985; Dzombak and Morel,

1990). The empirical correlations developed in this

study allow estimation of surface precipitation con-

stants for Be2+, Mg2+, Ca2+, Mn2+, Co2+, Ni2+,

Sr2+, Sn2+, Ba2+, Eu2+, Ra2+, Pb2+, Hg2+, Cu2+,

and UO2
2+, where experimental data are not avail-

able. Furthermore, the intrinsic equilibrium constants

of surface complexation reactions involving surface

precipitation are found to correlate linearly to the first

hydrolysis constants of respective metals, similar to

those found by Dzombak and Morel (1990) for sur-

face adsorption only reactions.

Spectroscopic evidence for the formation of surface

precipitates on HFO, as well as the precipitation

mechanisms, was recently reviewed by Katz and

Hayes (1995), Towle et al. (1997), and Ford et al.

(1999). A variation to the Farley et al. (1985) thermo-

dynamic model of surface precipitation was also

proposed by Katz and Hayes (1995), which included

intermediate multiple nuclear complexes and used the

triple layer model of surface complexation. The sub-

ject of surface precipitation is an area of active research

(see Katz and Hayes, 1995; Towle et al., 1997).

Although more plausible spectroscopic evidence sup-

ports the formation of a MCO3-calcite solid solution

on calcite surfaces (see Sturchio et al., 1997 for

review), metal sorption onto calcite surfaces appears

to be complex at different conditions, and the calcite

surface chemistry itself is a subject of active research

(Stipp, 1999; Fenter et al., 2002). Thus, this commu-

nication evaluates the surface precipitation model as a

theoretical construct. Whether the model is applicable

to an individual metal, e.g., as a result of the ionic

radius or ionic properties of the metal, thermodynam-

ics cannot tell. Each case has to be evaluated individ-

ually and tested against bulk chemistry data on

sorption as well as spectroscopic evidence.

2. Mathematical formulation and experimental

data

2.1. Surface precipitation onto HFO

The presentation below of the surface precipitation

model essentially follows Farley et al. (1985), Dzom-

bak and Morel (1990), and Stumm (1992), but the

model is described in a terminology and format more

common in the geochemistry literature. The discus-

sion focuses on calculating standard Gibbs free energy

of formation for surface precipitates from the equili-

brium constants of the surface precipitation reactions.

In the surface precipitation model of sorption of a

divalent metal, M2+, onto HFO, the surface adsorp-

tion reaction is rewritten as (Farley et al., 1985;

Dzombak and Morel, 1990)

QFeOHo þM2þ þ 2H2OVFeðOHÞ3ðsÞ

þMMOHþ
2 þ Hþ ð2Þ

where the subscript ‘s’ stands for a component of the

solid solution Fe(OH)3–M(OH)2, symbols ‘Q’ and

‘M’ denote the bonds of metal atoms at the solid

surface. QFeOHo represents [Fe(OH)3] surface sites

and MMOHo represents [M(OH)2] surface sites (Far-

ley et al., 1985). At high surface coverage, the

precipitation of M2+ and Fe3+ on the surface forms

a solid solution of Fe(OH)3–M(OH)2 (Farley et al.,

1985; Dzombak and Morel, 1990),

MMOHþ
2 þM2þ þ 2H2OVMðOHÞ2ðsÞ

þMMOHþ
2 þ 2Hþ ð3Þ

QFeOHo þ Fe3þ þ 3H2OVFeðOHÞ3ðsÞ

þQFeOHo þ 3Hþ ð4Þ

The components of the solid solution obey the

mass balance constraint

XFeðOHÞ3ðsÞ þ XMðOHÞ2ðsÞ ¼ 1 ð5Þ

where X stands for the mole fraction of a component

in the solid solution and are calculated from the

equations

XMðOHÞ2ðsÞ ¼
½MðOHÞ2ðsÞ�

½MðOHÞ2ðsÞ� þ ½FeðOHÞ3ðsÞ�
ð6Þ

XFeðOHÞ3ðsÞ ¼
½FeðOHÞ3ðsÞ�

½MðOHÞ2ðsÞ� þ ½FeðOHÞ3ðsÞ�
ð7Þ
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where the brackets, [ ], stand for the mole concen-

trations of components per liter of aqueous solution.

For an ideal solid solution, we have ai=Xi, where ai
is the activity of the component i in the solid solution.

Most bulk M(OH)2 solids have a different structure

from HFO. Additionally, the substitution is non-iso-

valent. The mixing in this type of solid solution is most

likely nonideal (Towle et al., 1997). However, because

M(OH)2(s) is in trace amounts for most applications,

the assumption of an ideal solid solution is probably

reasonable as long as a Henrian standard state for the

trace end-member is defined. The Henrian standard

state is defined as unit activity for hypothetical pure

M(OH)2 end-member of the solid solution with an

HFO structure, extrapolated along the Henry’s law

slope from the infinitely dilute solution regions. A

Raoultian standard state remains for the Fe(OH)3 end-

member, which is defined as unit activity for pure end-

member component. As a result of such definitions,

the activity coefficients for both Fe(OH)3 and trace

end-members are unity in the dilute solution regions

where Henry’s law is obeyed for the tracer (Ganguly

and Saxena, 1987; Zhu and Sverjensky, 1992).

The mole balance equations for modeling surface

adsorption now become (Farley et al., 1985; Dzombak

and Morel, 1990):

TOTM ¼
X

½M2þ�aq þ ½MMOHþ
2 � þ ½MðOHÞ2ðsÞ�

ð8Þ
TOTFe ¼

X
½Fe3þ�aq þ ð½QFeOHo�

� ½MMOHþ
2 �Þ þ ½FeðOHÞ3ðsÞ� ð9Þ

TOTðQFeOHÞ ¼ ½QFeOHo� þ ½QFeOHþ
2 �

þ ½QFeO�� þ ½MMOHþ
2 � ð10Þ

TOTH ¼ ½Hþ� � ½OH�� � ½MOHþ�

� 2½MðOHÞo2� þ ½QFeOHþ
2 �

� ½QFeO�� þ 2½MMOHþ
2 �

� 2½MðOHÞ2ðsÞ� � 3½FeðOHÞ3ðsÞ� ð11Þ

where the symbols TOTM, TOTFe, TOT(QFeOH),

and TOTH denote the total concentrations in a tableau

representation of the system with M2+, Fe3+,

QFeOH, and H+ as components in the system. The

summation sign stands for the sum of all aqueous

species and complexes of M2+ or Fe3+. QFeOH

stands for surface site. Note, implied here is that all

precipitated Fe is accounted for in the calculation of

mole fractions in Eqs. (6) and (7), an assumption used

by Farley et al. (1985) and Dzombak and Morel

(1990) because of the open structure of Hydrous

Ferric Oxides. A different formulation uses only the

fraction of precipitated Al that forms the solid solution

(Katz and Hayes, 1995).

Farley et al. (1985) used the above formulation to

fit Cu2+, Cd2+, Pb2+, and Zn2+ sorption experimental

data of Benjamin (1978), based on the constant

capacitance surface complexation model. They

obtained a set of log K for reaction (3) (see Table

1). It is worth pointing out that these log K are

different from those for the bulk M(OH)2 solids not

only in values, but also in concept. These are the

solubilities of the end-member components of the

solid solution. Pure or bulk divalent metal hydroxides,

M(OH)2(s), can have different structures (Wells,

1984). A Henrian standard state for M(OH)2(s) means

a hypothetical or ‘‘fictitious’’ pure M(OH)2 end-mem-

ber of the solid solution with an HFO structure.

From the log K of Farley et al. (1985) discussed

above, we can calculate the standard state Gibbs free

energy of formation for the end-members of the solid

solution, DGf, M(OH)2(s)
o . The standard state Gibbs free

energy of reaction (3) can be calculated from

DGo
R ¼ �2:303RT logK ð12Þ

where K is the equilibrium constant for reaction (3), R

is the gas constant, and T the temperature in Kelvin.

Table 1

Experimental and thermodynamic data for M(OH)2–Fe(OH)3
surface precipitates

M2+ Log K DGR
o DGf, M2+

o DGf, M(OH)2(S)
o DGn, M2+

o rM2+

(Å)

Zn2+ �10.2 13,916 �35,170 �134,630 108,230 0.745

Cd2+ �11.3 15,417 �18,570 �116,529 106,740 0.95

Hg2+ �3.88 5,294 �71,372 �179,454 48,338 1.02

Cu2+ �8.3 11,324 15,550, �86,502 160,380 0.73

Pb2+ �6.9 9,414 �5,710 �109,672 102,100 1.18

All free energy values are in cal/mol. Log K of reaction (3) from

Farley et al. (1985) and Dzombak and Morel (1990); DGf, M2+
o and

DGn, M2+
o Sverjensky and Molling (1992); and rM

2+ from Shannon

(1976).
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The standard Gibbs free energy of formation for the

end-members is calculated from

DGo
f ; MðOHÞ2ðsÞ ¼ DGo

R þ DGo
f ; M2þ

þ 2DGo
f ; H2O

� 2DGo
f ; Hþ ð13Þ

where DGf, M(OH)2(s)
o has a Henrian standard state as

discussed above. The standard state for water is unit

activity of pure water; for aqueous species other than

H2O, the standard state is unit activity of the species

in a hypothetical 1 molal ideal solution referenced to

infinite dilution at the temperature and pressure of

interest. Table 1 lists the calculated Gibbs free ener-

gies.

2.2. Surface precipitation onto calcite

Comans and Middelburg (1987) applied the sur-

face precipitation model of Farley et al. (1985) to

sorption of divalent metals onto calcite. The reaction

of M2+ adsorption onto calcite is written as

MCaCOo
3 þM2þ þ HCO�

3 V CaCO3ðsÞ

þMMCOo
3 þ Hþ ð14Þ

and the precipitation of M2+ and Ca2+ on sorbent

surface as

MMCOo
3 þM2þ þ HCO�

3 V MCO3ðsÞ

þMMCOo
3 þ Hþ ð15Þ

MCaCOo
3 þ Ca2þ þ HCO�

3 V CaCO3ðsÞ

þMCaCOo
3 þ Hþ ð16Þ

The mass balance constraints require

TOTM ¼
X

½M2þ�ðaqÞ þ ½MMCOo
3� þ ½MCO3ðsÞ�

ð17Þ

TOTCa¼
X

½Ca2þ�ðaqÞ þ ½MCaCOo
3� þ ½CaCO3ðsÞ�

ð18Þ

TOTðMCaCO3Þ ¼ ½MCaCOo
3� þ ½MMCOo

3� ð19Þ

Based on the above formulation, Comans and

Middelburg (1987) derived an isotherm equation for

sorption onto calcite following Farley et al. (1985).

From this isotherm equation, they retrieved log K of

reaction (15) for Mn2+, Cd2+, Co2+, and Zn2+, using

experimental data in the literature and based on the

surface complexation model.

Through a similar exercise, elaborated on in the

preceding section, the standard Gibbs free energies of

formation for the MCO3 components were derived

(Table 2). A Henrian standard state is also adopted for

MCO3(s), as a hypothetical pure MCO3 end-member

with a calcite structure extrapolated from the dilute

MCO3 solid solution region. This is necessary

because some divalent metal carbonates have the

aragonite structure. Comans and Middelburg (1987)

noted that their log K values are ‘‘apparent’’ solubility

products because (1) the pH probably drifted in the

experiments, compromising the use of the isotherm

equation at fixed pH; and (2) an ideal solid solution

for (Ca, M2+)CO3 is assumed, which is not consistent

with our knowledge of carbonate solid solutions (e.g.,

Lippmann, 1980).

3. Results and discussion

The DGf
o values for the surface precipitates derived

in the preceding section allow development of linear

free energy correlations. A multiple linear regression

analysis was performed based on Eq. (1) and using the

parameters listed in Tables 1 (excluding Hg) and 2.

Table 2

Experimental and thermodynamic data for MCO3–CaCO3 surface

precipitates

M2+ Log

K

DGR
o DGf, M2+

o DGf, MCO3 (S)
o DGn, M2+

o rM2+

(Å)

Zn2+ 2.9 �3957 �35,170 �179,409 108,230 0.745

Cd2+ 4.9 �6617 �18,570 �165,469 106,740 0.95

Mn2+ 4.3 �5867 �55,200 �201,349 81,260 0.82

Co2+ 7.0 �9551 �13,000 �162,832 131,350 0.735

All free energy values are in cal/mol. Log K of reaction (15) from

Comans and Middelburg (1987); DGf, M2+
o and DGn, M2+

o from

Sverjensky and Molling (1992); and rM
2+ from Shannon (1976).
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The following correlations are found for surface pre-

cipitates on HFO:

DGo
f ; MðOHÞ2ðsÞ � 77:210 rM2þ

¼ 1:03266DGo
n; M2þ � 305:368 ð20Þ

and on calcite:

DGo
f ; MCO3ðsÞ � 83:991 rM2þ

¼ 0:915DGo
n; M2þ � 343:331 ð21Þ

where DGf
o is in kcal/mol, r represents the Shannon–

Prewitt radius of M2+ in a given coordination state

(Shannon, 1976), and DGn, M2+
o denotes the non-

solvation contribution to the Gibbs free energy of

formation of the aqueous M2+ ion (Helgeson et al.,

1981). The coefficients in Eqs. (20) and (21) are

regression parameters obtained from the regression

of free energies listed in Tables 1 and 2. Figs. 2a and

3a show the regression results. Note that the correla-

tions are statistically significant (R2=0.99, see Table 3).

For the HFO components, the average absolute resid-

ual is 2.6 kcal/mol (see Fig. 2b). Considering the

metastable nature of HFO precipitates, this discrep-

ancy is not surprising. A better agreement of estimated

and experimental results is found for calcite surface

precipitates. The average residual is about 1.4 kcal/mol

(see Fig. 3b).

These correlations allow us to predict, to a first

approximation, the Gibbs free energies of formation

for end-members, for which there are no available

Fig. 3. (a) Multiple linear regression. The symbols represent

experimentally derived values of the standard Gibbs free energies of

formation for surface precipitates from Table 2. The vertical axis

shows the left side of Eq. (1). (b) Residuals between experimentally

derived Gf
o and values calculated from Eq. (21).

Fig. 2. (a) Multiple linear regression. The symbols represent

experimentally derived values of the standard Gibbs free energies of

formation for surface precipitates from Table 1. The vertical axis

shows the left side of Eq. (1). (b) Residuals between experimentally

derived Gf
o and values calculated from Eq. (20). The value for Hg is

from Dzombak and Morel (1990), who used a diffuse double layer

model and two types of surface sites to deduce the experimental

data. This value was not used in regression, but it is displayed on the

figure for comparison only.
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experimental data. Values of Gn, M2+
o and r for various

metal ions are from Sverjensky and Molling (1992)

and Shannon (1976), respectively. Table 4 shows the

results.

These free energy values, in turn, permit calcula-

tion of equilibrium constants for surface precipitation

reactions (3) and (15) for HFO and calcite, respec-

tively. The Gibbs free energies of reactions (3) and

(15) were calculated using the estimated free energies

of formation for surface precipitates in this study and

Gibbs free energy of formation for aqueous metal ions

and water from Shock and Helgeson (1988). Equili-

brium constants were then calculated from Eq. (12).

Table 4 lists the results.

It is not meaningful to compare the predicted free

energy for a ‘‘fictitious’’ M(OH)2 component to that

of its respective bulk solid because they represent

different thermodynamic entities. However, some

MCO3(s) have calcite-type structures. Nevertheless,

our predicted values for free energy are several kcal/

mol lower than either experimentally derived values

or values predicted for crystalline bulk carbonates.

Part of this discrepancy may be due to the de facto

Henrian standard state in the log K values from

Comans and Middelburg (1987), who assumed an

ideal solid solution and worked with experimental

data in presumably dilute MCO3(s) regions. However,

most of the discrepancy probably may be explained

by the definition of mole fraction for MCO3(s).

Comans and Middelburg (1987) used the total pre-

cipitated CaCO3(s) in calculating mole fractions in the

Table 3

Summary of regression analysis

Sorbent aMX

(kcal/mol)

bMX

(kcal/mol)

bMX

(kcal/mol)

R2

HFO 1.03266

(0.07548)

�305.368

(20.316)

77.210

(15.726)

0.99

Calcite 0.91500

(0.09124)

�343.331

(20.953)

83.991

(18.825)

0.99

The correlation takes the form of DGf, MX
o �bMXrM2+=aMXDGn, m2+

o

+bMX.

Standard errors are given in parentheses.

Table 4

Estimated equilibrium constants and free energies for modeling surface precipitation

Component Metal Be Mg Ca Mn Co Sr Ni

M(OH)2 DGf
oy �182,610 �211,599 �239,342 �158,142 �112,979 �241,012 �110,002

Log Kz �15.1 �7.8 �4.5 �7.6 �9.8 �4.5 �10.5

MCO3 DGf
oy �227,550 �249,031 �269,250 �268,238 �159,320

Log K§ �1.86 �0.06 �2.31 �4.23 5.95

Component Metal Sn Ba Eu Ra Pb Hg Cu UO2

M(OH)2 DGf
oy �109,914 �238,292 �236,202 �239,415 �335,083

Log Kz �7.4 �5.7 �4.6 �6.0 �4.4

MCO3 DGf
oy �152,856 �262,713 �263,820 �263,240 �150,801 �213,432 �135,271 �357,915

Log K§ 4.36 �7.55 �4.08 �8.24 3.53 �3.88 �8.30 �7.38

y At 25 jC and 1 bar, values in cal/mol.
z For reactions: M2++2H2O=M(OH)2(s)+2H

+.
§ For reactions: M2++HCO3�=M(CO)3(s)+H

+.

Fig. 4. Correlation of log K2 (for reaction (2)) with first hydrolysis

constants. The fitted line has a slope of 1.477 and intercept of 6.613.

R2=0.71. Solid symbols denote log K2 derived from experimental

data by Farley et al. (1985); open symbols are predicted values

using this linear relationship. Log KMOH values are from Dzombak

and Morel (1990).
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surface precipitate. If only the first a few layers on the

surfaces are involved in the surface precipitation

(Davis et al., 1987), much larger mole fractions of

MCO3(s) would be calculated. That would result in

much smaller experimentally derived log K values.

Comparison of log K values calculated using free

energy of formation for bulk carbonates from Sver-

jensky and Molling (1992) and values for Mn2+,

Cd2+, Co2+, and Zn2+ determined by Comans and

Middelburg (1987) show a discrepancy of 3 to 6 log

units. In other words, it could be that only from

1.5
10�5% (for Co) to 0.07% (for Zn) of total

CaCO3 participates in the surface precipitation.

Dzombak and Morel (1990) noted that, for crystalline

solids, a reduced amount of sorbent should be used in

mole fraction calculations. However, for amorphous

iron hydroxide, the surface area to mass ratio is high,

and the choice of mole fraction in the calculations

may be less critical. Deciding which fraction of a

total sorbent participates in surface precipitation can

prove to be difficult. Katz and Hayes (1995) treated it

as a fitting parameter and found 2% of total alumi-

num added best fit the Co2+ sorption onto a-Al2O3

data.

Fig. 5. Calculated isotherms for sorption of Co2+ and Ni2+ onto HFO with the surface precipitation model. The solution chemistry conditions are

pH 6.5, I=0. 1 M (1:1 electrolyte), and TOTFe of 1 mM. Site density is assumed to be 0.2 mol/mol Fe (labeled as ‘‘Cmax’’). The vertical axis

shows the concentrations of individual surface species as well as total metal adsorbed on surfaces (CM defined in Fig. 1). The horizontal axis

shows the ‘‘free’’ metal ion concentrations.
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4. Applications

To illustrate the utility of the results in this study,

the surface precipitation model is used to predict the

sorption of Co2+ and Ni2+ onto HFO, for which

there are no experimental data available at high

sorbate/sorbent ratios. The solution chemistry is pH

6.5 and a 0.1 M, 1:1 electrolyte (inert) solution. The

total Fe(III) concentration is 1.0
10�3 M. Values of

the specific surface area, surface density for the

‘‘weak’’ site, and surface acidity constants from

Dzombak and Morel (1990) are adopted in the calcu-

lation. First and second metal hydrolysis constants are

taken from the database of Geochemist’s Work-

benchn (Bethke, 1994). The hydrolysis constants

for Fe3+ are from Stumm and Morgan (1996). The

computer program FITEQL 4.0 (Herbelin and Westall,

1999) is used for the calculations of the complete

surface precipitation model.

To model surface precipitation, we also need the

log K for reaction (2). Farley et al. (1985) gave values

for Pb2+, Cd2+, Cu2+, and Zn2+. These log K values

appear to correlate linearly with the first hydrolysis

constants of the respective metals (Fig. 4), in a similar

fashion as for the surface complexation constants (cf.

Fig. 10.1 and 10.2 of Dzombak and Morel, 1990).

Using the relation in Fig. 4, log K2 for Co2+ and

Ni2+ are predicted to be �0.26 and �0.56, respec-

tively. These values are then input into FITEQL for

modeling.

Fig. 5 shows the calculated sorption isotherms for

the surface precipitation of Co2+ and Ni2+. Surface

complexation dominates sorption at low dissolved

metal concentrations. At higher dissolved metal con-

centrations, Co2+ and Ni2+ approach the maximum

site concentrations in the system (0.2 mol/mol HFO).

However, because the surface precipitation model is

included, the plateau of site saturation does not

occur. Rather, sorption increases as the solution

approaches the solubility of the end-member compo-

nent Co(OH)2(s) or Ni(OH)2(s). At high sorbate con-

centrations, where site saturation is approached,

surface precipitation is the dominant mechanism of

sorption. However, although model calculations con-

tinue to the saturation of end-member Co(OH)2(s) and

Ni(OH)2(s), it should be noted that the ideal solid

solution model is most likely only valid at low mole

fractions of Co(OH)2(s) and Ni(OH)2(s).

5. Concluding remarks

In summary, the statistically significant correla-

tions show that experimentally derived surface pre-

cipitation constants based on the surface complex-

ation model are coherent with each other, lending

support to the theoretical construct of the model (see

Dzombak and Morel, 1990). Surface precipitation is

important to model quantitatively metal uptake from

aqueous solutions at high metal concentrations. The

estimation of equilibrium constants for a large number

of divalent metals facilitates the application of the

surface precipitation model at high surface coverage.
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