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Abstract. The surface precipitation model has been developed to describe sorption data over a 
wide range of free sorbate concentration. It provides a smooth transition from adsorption to surface 
precipitation. The applicability of the model has been shown in several publications. In most of the 
previous applications of the surface precipitation model all sorbent present was supposed to take part 
in the formation of an ideal solid solution. We show that if only the sorbent present as surface sites 
contributes to the 'solid solution', the isotherm of the surface precipitation model reduces to the well- 
known BET isotherm. Between these limiting cases it is difficult to find a unique description of the 
macroscopic data. Some further problems involved in parameter estimation are discussed: especially 
for weakly adsorbing metal cations or those with low solubilities the choice of modelling parameters 
may be difficult. We describe how the observed difficulties may be used to estimate if adsorption 
constants, determined by modelling adsorption data, are reasonable and discuss the limitations of 
the proposed approach. Finally, it is concluded that apparent interfacial solubility products may be 
expected to change with pH and sorption density. 

Key words: sorption isotherms, sorption, surface complexation model, surface precipitation model, 
solid solution, parameter estimation 

1. Introduction 

Sorption of metal cations onto (hydr)oxide surfaces from aqueous solution and 
description of metal/solid partitioning have been focussed on in aqueous chemistry, 
aqueous geochemistry and are of interest in environmental studies and for industrial 
applications, e.g. catalysts. The term (hydr)oxide is used to describe all potential 
sorbents occurring as oxides, hydroxides, and oxyhydroxides. A global suvey of 
sorption mechanisms is given in Table I. Following the nomenclature by Sposito 
(1984), the term sorption means overall deposition of inorganics on (hydr)oxide 
surfaces. The different mechanisms comprise adsorption, which is generally fast 
and prevails at low sorption densities with the formation of no more than one sorp- 
tion layer, as well as surface precipitation and absorption. Distinguishing between 
the two latter may be difficult since both may result in the formation of a solid 
solution. The term surface precipitation is here used to describe the formation of a 
three-dimensional (hydr)oxide phase either consisting of several sorption layers of 
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Table I. General survey of sorption mechanisms. 

J. LOTZENKIRCHEN AND Ph. BEHRA 

Sorption Sorption Number of Dimension Sorption 
mechanism density sorption layers of sorbate kinetics 

Adsorption low < 1 2D fast 
Surface precipitation a high > 1 3D slow 
Absorption b high or low 1 or > 1 2D or 3D slow 

aVia heterogeneous nucleation or solid-solution formation. 
bPossibly resulting in solid-solution formation. 

the sorbing cation formed via heterogeneous nucleation or a mixture of the solid 
formed by the sorbing cation with the sorbent via solid solution formation, i.e. due 
to dissolution/precipitation processes. Both of these pathways are expected to be 
slow. Absorption describes the diffusion process, which allows the sorbing cation 
to sorb into the bulk of the sorbent. It will generally occur through mass transport 
in pores of different sizes (pore diffusion) or through defects (solid state diffu- 
sion). Absorption must in general be considered to be accompanied by adsorption 
onto the actual particle aqueous solution interface as well as onto pore walls (van 
Riemsdij~k and van der Zee, 1991). 

The surface precipitation model (SPM) developed by Farley et  al. (1985) is 
capable of describing sorption data over a wide range of metal concentration. It has 
proved to be a useful tool for interpretations which have to deal with both adsorption 
(at low free metal concentrations, adsorption densities) and precipitation (at high 
free metal concentrations, sorption densities). Sorbents to which this model has 
been successfully applied so far are hydroxides (Farley et al., 1985; Dzombak 
and Morel, 1986, 1990; Charlet and Manceau, 1992)and carbonates (Comans and 
Middelburg, 1987; Wersin et al., 1988). The model has been successfully applied 
to coprecipitation processes as well (Charlet and Manceau, 1992). 

In the surface precipitation model the transition from adsorption to precipitation 
is achieved by considering precipitation reactions of both the sorbate and the 
sorbent. The precipitating species are assumed to form an ideal solid solution. 
As a rule of thumb, Dzombak and Morel (1990, p. 274) recommand to consider 
surface precipitation, if (i) dissolved sorbate concentration exceeds one-tenth of 
its solubility or (ii) 50% of the total surface site concentration is occupied. Van 
Riemsdijk and van der Zee (1991) conclude that the framework developed by Farley 
et al. (1985) cannot be distinguished from ion exchange. 

The use of the model has so far been largely restricted to systems, where the 
respective investigators considered all the sorbent present to participate in the 
formation of the solid solution. Dzombak and Morel (1990, p. 243), however, also 
state that in applying the model to cristalline solids 'only a fraction of the mass of 
the sorbent may effectively participate in solid solution reactions'. More recently, 
Katz (1993 ) presented some calculations, for which she assumed a lower amount of 
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sorbent taking part in solid solution formation. Compared to the case, where all the 
sorbent takes part in solid solution formation, the resulting pH adsorption edge was 
less steep. From her results it is also apparent, that the formation of polynuclear 
surface complexes is at least equally successful in describing the difficult region 
close to site saturation. We will not consider polynuclear surface complexes. They 
may easily be incorporated using the general procedure in writing the required 
reaction stoichiometries (e.g. Gunneriusson, 1993). 

Katz (1993) argues that if only part of the sorbent participates in solid solution 
formation the solid solution is no longer homogeneous. Bohn and Bohn (1986) 
summarizing work by others conclude that total equilibrium is impossible, because 
'any dissolution or precipitation will change the composition of the surface from 
that of the bulk'. Only if all solid solution components are equally soluble and if 
kinetics is not a controlling factor for the dissolution or precipitation of any of the 
components, the composition of the surface will not be different from the bulk. From 
this point of view it may be concluded that in aqueous medium (i) all the components 
of the solid solution must be equally soluble, (ii) equal solubility is impossible, 
and (iii) thus total equilibrium is impossible, and completely homogeneous solid 
solutions do not exist (Bohn and Bohn, 1986). Considering that solid solution 
formation is extremely slow (van Riemsdijk and van der Zee, 1991), on the time 
scale of laboratory experiments we would not expect such an equilibrium, even 
if a total equilibrium could be reached. In view of these conclusions, it might be 
argued that in many cases only the superficial part of the sorbent mixes with the 
sorbate, corresponding to a pseudo-equilibrium state. Parameters determined for 
those cases do not correspond to true thermodynamic equilibrium, and it should be 
kept in mind that the parameters obtained from those cases correspond to pseudo- 
equilibrium. This is similar to an approach for transient surface complexation 
constants (Marmier et al., 1994). We would like to recall that the applied theories 
of solid solution and adsorptionare equilibrium theories, whereas most probably 
a large part of experimental observations used for the application of these theories 
do not correspond to thermodynamic equilibrium. The definition of equilibrium 
criteria is a major problem when coherent data bases for surface complexation 
reactions are to be established (Dzombak and Morel, 1990). The end of the true 
fast adsorption process is difficult to estimate due to the onset of the slow absorption 
and/or surface precipitation steps. For the case of amorphous hydrous ferric oxides 
(HFO), it seems that the aging time of the sorbent and the equilibration time 
are equally important. For HFO, aging times should be preferably at least four 
hours in order to obtain a stable sorbent (Dzombak and Morel, 1990). Short aging 
times may be supposed to result in smaller and/or more reactive particles, which 
by means of increased surface site concentration and/or increased affinity causes 
an underestimation of adsorption when the data base is used to predict sorption. 
Prolonged aging may result in partial formation of crystalline iron oxide. It should 
be kept in mind that a data base such as the one established by Dzombak and 
Morel (1990) must be expected to have a maximum of predictive capacity when 
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applied to data obtained in agreement with the data selection criteria used for the 
establishment of the data base. The present authors presume that for hydrous ferric 
oxide short aging times (less than four hours) along with short equilibration times 
(less than four hours) at low sorbate to sorbent ratios, the HFO data base is no 
longer predictive. The coherent use of the data base is also associated to solution 
complexation reactions, e.g. the MINTEQA2 code (Allison et al., 1991) contains 
a thermodynamic data base for surface complexation reactions with HFO, but the 
thermodynamic data base for solution reactions is far more elaborate than the one 
used by Dzombak and Morel (1990). 

In this paper we intend to show the place of the SPM within the framework of 
simple (one site/one species) sorption isotherms. The limited applicability of a one 
site/one species model is obvious, but the discussion is useful. We further attempt 
an analysis of the parameters of the SPM. We will show that the isotherm equation 
of the SPM as derived by Farley et al. (1985) may be considered to be one limiting 
case in a generalized surface precipitation model. The other limiting case is shown 
to be the well-known BET isotherm. We will then discuss some of the problems, 
which may be encountered in estimating adjustable parameters like intrinsic surface 
complexation constants or apparent solubility products. The proposed procedures 
can be applied to more often encountered situations (multiple site/one species 
models or one site/multiple species models). In practice a distinction of these 
two extreme situations will not be possible from macroscopic sorption data and 
the most probably realistic intermediate situation must be considered to have the 
disadvantage of having a too large number of adjustable parameters. 

2. Theory 

2.1. SURFACE CHEMICAL REACTIONS 

Adsorption of cations onto oxides may be described by surface complexation 
models (SCMs). The removal of the cation is assumed to be given by a surface 
coordination reaction such as Equation (1): 

- M a -  OH ° + Mes 2+ < > = M a - O -  Me + + H + *K~ rot, (1) 

where Ma denotes the cation constituting the sorbent (hydr)oxide and Me is a 
divalent sorbing metal; - M a  - OH ° is a surface site; aqueous species with subscript 
's' refer to their presence at the surface. Their concentrations are usually calculated 
from the bulk concentrations using an electrostatic term. *K.~ t is the so called 
intrinsic equilibrium constant, where the subscript 'i' denotes the type of site. 
There are several electrical double-layer (EDL) models available to calculate the 
contribution of electrostatics to the free energy of adsorption (Westall and Hohl, 
1980; Davis and Kent, 1990). Other reaction stoichiometries than the one used 
in Equation (1) might be thought of and are especially required for modelling 
experimental results obtained from potenfiometric titrations (e.g., Gunneriusson, 
1993). Since establishing simple isotherms for more than one adsorbate species is 
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more difficult and less instructive, and as we will later refer to parameters published 
by Dzombak and Morel (1990), we restrict ourselves to the diffuse layer model as 
EDL and use the reaction given by Equation (1) only. The surface chemical reaction 
described by Equation (1) and the corresponding intrinsic equilibrium constant 
*Kp t will be used as a reference in calculations presented later on. Since the use 
of more than one surface site will complicate the equations considerably, only one 
type of surface site is considered for the derivation of isotherm equations (i = 1). 
For calculations concerning the HFO data base two sites have to be considered for 
metal adsorption (Dzombak and Morel, 1990). 

Apart from reactions in bulk solution and surface acid/base reactions, the sur- 
face precipitation model (Farley et al., 1985; Dzombak and Morel, 1990) may be 
characterized by the following set of chemical reactions: 

Adsorption of Me 2+ on Ma(OH)3(s): 

_=Ma - OH ° + Mes a+ + 2H20 < 

Ma(OH)3(s) + =MeOH + + H + 

Precipitation of Me 2+: 

=MeOH + + Me 2+ + 2 H 2 0  ~ ) 

Me(OH)2(s) + =MeOH + + 2H + 

Precipitation of Ma3+: 

=MaOH ° + Ma 3+ + 31-120 ( 

Ma(OH)3(s) + =MaOH ° + 3H + 

* I( in t  (2a) 
-- i ,s  

1 
Ks~e (2b) 

1 
Kg" " (20) 

The reactions are schematically displayed in Figure 1. Equation (2a) is not bal- 
anced with respect to the conservation of oxygen and hydrogen, since the schematic 
notation of the metal surface species does not show the full coordination structure. 
The activity of water at the interface is generally considered as unity and thus no 
different from bulk solution. So in all mass action laws the activity of water is not 
considered. However, activity of water at interfaces may actually be different from 
that of bulk solution conditions. 

After having been adsorbed as described by Equation (2a), the adsorbed metal 
becomes a surface site itself, while the site on which it has been adsorbed is consid- 
ered to be 'buried' (precipitated) in the solid phase. The precipitation reactions (2b) 
and (2c) might be considered as the adsorption of species j on a previously existing 
surface site formed by j.  No electrostatic correction term is applied to these equa- 
tions, although this might be more correct in general, since, e.g., pure Co(OH)a(s) 
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surface complexation model 

~ .  a-O-H + Me2*+ H20 

t 

J. LOTZENKIRCHEN AND Ph. BEHRA 

+ + 

~ M a - O - M e O H  2 + H 

--1 
Ma-O-H + Me 2÷ + 2H20 --T 

surface precipitation model 

Ma(OH)z(s)=Me-OH2 + Me2++ 21-120 

t 

Ma(OHh(,)=ieOH ~ + H ÷ 

Ma(OH)a(s)  * + 2 H  * 
Me(OH)2ls)ie'OH2 

Figure 1. Scheme of surface complexation/precipitation reactions. Modified from Farley et al. 
(1985). 

colloids are known to be variably charged as a function of pH (James and Healy, 
1972). Adsorption of Ma 3+ onto Me(OH)2(s ) is possible and part of the model 
but only three of the four possible surface chemical reactions are independent 
(Dzombak and Morel, 1990). 

*14int is related to the The SPM intrinsic adsorption constant (Equation (2a)), --i,s, 
SCM intrinsic adsorption constant (Equation (1)), *K~ t by Equation (3): 

log t'*K int'i,s ) = l°g(*K~ t ) + log(KMa) • (3) 

2.2. MASS LAW EQUATIONS AND MATERIAL BALANCES 

A conditional adsorption constant, K*ds, which describes the assumed equilibrium 
given by Equation (2a), may be defined: 

, [=MeOH+] • [H +1 
Kads = [ ~ -  [M--'~]" {Ma(OH)3(s)}. (4) 

Here [j] and {j} denote concentration and activity of j ,  respectively. For an ideal 
solid solution the activity of Ma(OH)3(s) is calculated as the mole fraction of 
the sorbent in the solid solution. Activities of the solid species are defined by 
Equations (5) and (6): 

[Ma(OH)3(s)] [Ma(OH)3(s)] (5) 
{Ma(OH)3(s)} = [Ma(OH)3(s)] + [Me(OH)2(s)] = Ts ' 



SURFACE PRECIPITATION MODEL FOR CATION SORPTION 381 

[Me(OH)2(s)] [Me(OH) v_(s)] 
{Me(OH)2(s)} = [Ma(OH)3(s)] + [Me(OH)2(s)] - Ts ' 

(6) 

where Ts in molar concentrations is the total quantity of solid taking part in the 
formation of solid solution. 

As the sum of mole fractions must equal unity in all cases, it might be expected 
that as long as there is no precipitation of Me(OH)2(s) the activity of Ma(OH)3(s) 
can be considered unity. As soon as the precipitation reaction (2b) occurs, the 
activity of the sorbent is changed. If the formation of solid solution occurs via 
absorption of sorbate the activity of the sorbent is also changed. 

It is possible to construct a Langmuir-type isotherm from Equation (4): 

Kads . [Me2+] 
[H+]. {Ma(OH)3(s ) } (7) 

q = qmax " Kads 
1 + • [Me 2+] 

[H+] • {Ma(OH)3(s)} 

The conditional constant Ka~ is related to the constant in Equation (4) by 

Kads = Ka*ds "Oq ,  (8a) 

where al  is the degree of protolysis of surface sites as defined by Stumm and 
Morgan (1995) and q is defined as the amount of sorbate, whereas qmax corresponds 
to the total amount of surface sites (including neutral, protonated, deprotonated and 
complexed sites). A Langmuir-type adsorption constant, KL, may be defined as: 

Kads 
KL = [H+]. {Ma(OH)3(s )}" (8b) 

In the case of true adsorption the sorbent activity is expected to be unity. At 
constant values ofpH and constant ligand concentration, KL may be considered as 
a constant. However, the electrostatic interactions may cause slight changes in its 
value with changes in sorbate concentration. 

The solubility products of both hydroxides are in the case of solid solution 
defined as: 

[Ma3+] (9a) 
Ks Ma = [H+13. {Ma(OH)3(s)} ' 

Ks Me = [Me2+] (9b) 
[H+]2. {Me(OH)2(s)}" 

The value of free metal concentration in equilibrium with the pure precipitate 
at saturation is: 

= K [H+]3, (10a) 
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[Me2+lsat = Ksp Me • [H+] 2 , (lOb) 

where the subscript 'sat' means saturation with the respective pure solid phase. 
From Equations (9) and (10), and the constraint on mole fractions, we can derive 
the following relationship: 

[Ma 3+] 
{Ma(OH)3(s)} - Ks~_~--~] 3 = 1 - {Me(OH)2(s)} = 1 - z, (11) 

where z = [Me 2+] /[Me2+]sat is defined as the concentration of free sorbate related 
to the free sorbate concentration in equilibrium with the pure precipitate. It should 
be noted, that the solubility products used here are written in terms of concentra- 
tions, with respect to the solutes and in terms of activities with respect to the solids. 
It is of course possible to readjust the value of the solubility product by activity 
corrections. 

From Equation (11) we infer that we need the condition of vanishing free sorbate 
concentration in order to consider the pure sorbent, which is of course never the 
case. Moreover, within the framework of the SPM the sorbent activity will be 
affected even at very low sorbate concentration. Consequences of this problem will 
be discussed later on. 

For calculations of  chemical equilibria using the common speciation codes, it is 
necessary to use mole balances for the components. We only give those equations 
that will be important later. In the case of the surface precipitation model the reader 
is referred to Dzombak and Morel (1990, p. 30) for the full set of equations. 

The mole balance for Ma is: 

T O T M a -  [Ma3+] a----~0 + [Ma(OH)3(s)] + qmax - [ = M e O H + ] .  (12) 

Here TOTj means total analytical concentration of component j in molar concen- 
trations and a~ is defined as [Ma 3+]/TOTMaaq, where the subscript 'aq' denotes 
the aqueous solution species of  Ma. It is useful to define the parameter TOTMa~a x 
given by Equation (13): 

TOTMa~a x = TOTMa - qmax. (13) 

In using the tableau method (Table II), we may summarize the essential part of 
the equations for cation surface precipitation. By setting up a separate matrix for 
mass law action and mole balance, we solve the chemical equilibrium problem by 
computer codes, which allow a distinction between these matrices (see Table II). 

It can be shown that TOTMa~a x is the value to be entered as the result of the 
mole balance for Ma if all Ma is allowed to take part in solid solution formation. 
It is denoted TOTMa* in the table, since we will consider values smaller than 
TOTMa~a x. In such a case TOTMa* is a more general and in principle an adjustable 
parameter, the magnitude of  which indicates the amount of TOTMa participating 
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Table II. Tableau giving the essential equations for calculating chemical equilibria within the 
framework of the surface precipitation model, 

Component Ma3+ Me2+ H + pb _=MaOH o Ts 'yMa "yMe 1ogK 

Species 
~a(OH)~(s)] 1 0 -3 0 0 1, 0 1 0 -log(K~) 
(Ma(OH)3(s)} 1, 0 a 0 -3, 0 0 0 0, 1 1 0 -log(Ksp ~ )  
[Me(OH)2(0] 0 1 -2 0 0 1, 0 0 1 -log(Ks~ e) 
{Me(OH)R(s)} 0 I, 0 -2, 0 0 0 0, 1 0 1 -log(K~ e) 
=MeOH + -1 1 2 1 1 0 -1 0 • i~t log(Kl,s) 
Ma 3+ 1 0 0 0 0 0 0 0 0 
Me 2+ 0 1 0 0 0 0 0 0 0 
H + 0 0 t 0 0 0 0 0 0 
=MaOH °c 0 0 0 0 1 0 0 0 0 

TOTMa* TOTMe TOTH + qmax 1 

aWhere two numbers are given, the first one is valid for mass law equations and the second 
one for mole balance. 
bElectrostatic factor (see Dzombak and Morel (1990) for details). 
CSurface species arising from acid/base reactions have been omitted. 

in solid solution formation. The meaning of  the parameters "}'Ma and ")%le, which 
appear in Table II will be explained below. 

Restricting themselves to a fixed value of  pH and ionic strength, and assuming 
an ideal solid solution, Farley et al. (1985) derived from the above framework of  
chemical reactions, mass action and mole balance, a 'BET'-l ike equation hereafter 
referred to as FDM (Far ley-Dzombak-Morel )  isotherm. The relationship is given 
by the following equation: 

qmax" (1 -- z) + TOTMa.  (g~-i + z) [Ma3+]sat 
q = ( B - 1 ) . z .  ( l - z ) .  (1 + ( B -  1 ) . z )  - a~ • z, (14a) 

(B - l )  • z • TOTMa" (~_-T + z) TOTMa.  z 
- -  ( 1 4 b )  qTOTIVla = ( l - - z ) -  (t + ( B -  1 ) . z )  ( l - z )  

[Ma3+]sat 
qsp = -- a~ .z ,  (14C) 

where B is a conditional constant. The terms qTOTMa (Equation (14b)) and qsp 
(Equation (14c)) are contributions to q, the importance of  which will be discussed 
in some detail below. Equation (14) does not exactly correspond to Equation (18) 
given by Farley et  al. (1985), because we considered a more exact mass balance 
for the sorbent by incorporating the hydrolysis products. The relationship between 
B and Kads (Equation (15a) )  is different from what Farley et al. (1985) report. In 
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surface precipitation 
/ 

q max /TOTMa*, K sp Me 

Kd/surface site 
~ / /  saturation 

adsorption 

Iog([Md*]/M) 

Figure 2. Scheme of the isotherm regions within the framework of the surface precipitation 
model. Modified from Farley et al. (1985). 

the form as it is presented here, it can be rearranged to Equation (15b) by taking 
into account Equation (8): 

B = Kads" Ks Me" [H +] (15a) 

B = KL. K~ Me" [H+] 2. {Ma(OH)3(s)} 

= KL. [Me2+]sat • {Ma(OH)3(s )}. (15b) 

By allowing the adsorption of Me 2+ onto Ma(OH)3(s ) as well as the adsorption 
of Ma 3+ onto Me(OH)2(s), the available concentration of surface sites remains 
constant (Wersin et al., 1988; Charlet and Manceau, 1992). 

Figure 2 schematically displays the sorption isotherm given by Equation (14a) 
and gives the controlling parameters describing the respective concentration ranges. 
The symbol Ka represents the distribution coefficient, which is the product of the 
Langmuir constant and the site concentration. In our notation Ka is a parameter 
without dimension. It is a conditional parameter, which has a unique value for each 
value of pH at low metal concentrations. For multiple site/one species models or 
one site/multiple species models, the distribution coefficient is expected to vary 
even at constant pH and low metal concentrations. 

3. Methods 

Calculations were carded out using a slightly modified version of FITEQL (Westall, 
1982). For the quality test of the parameters of the FIFO data base, the generalized 
two-layer model (Dzombak and Morel, 1990) was applied. For the other examples 
only one site was involved (site density was estimated to be 0.2 TOTMa, specific 
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surface area and sorbent weight was used as specified for HFO by Dzombak and 
Morel (1990). 

Corrections for ionic strength, which was fixed at 0.1 M for all the calculations, 
were done using the activiy coefficients given by Dzombak and Morel (1990). The 
DLM was used as the electric double layer model. 

Stability constants for aqueous speciation and intrinsic surface complexation 
constants as well as the solubility product for HFO were taken from the data base 
for cation sorption on HFO (Dzombak and Morel, 1990). Values for the solubility 
products other than Ma(OH)3(s) have been taken from Smith and Martelt (1976) 
and Lindsay (1979). 

4. Results and Discussion 

4.1. EXTENSION OF THE SURFACE PRECIPITATION MODEL TO THE LIMITING CASE 

OF HETEROGENEOUS NUCLEATION 

Equation (14a) may be difficult to use in systems, where the amount of solid 
suspended in solution is considerable. This may be the case for instance with 
low surface area material. Essentially qTOTMa (Equation (14b)) becomes too large 
yielding unreasonably high values for q. Therefore, TOTMa (or TOTMa*) must be 
adjusted to account for the part of the solid effectively taking part in solid solution. 

For the following two conditions: 

(i) [Ma3+]sat : 0 and TOTMa* = 0 
o r  

(ii) [Ma3+]sat = [Ma3+]/(1 - z) and TOTMa* = [Ma3+]sat/a~ 

the FDM relationship reduces to the BET equation: 

qmax • K B E T '  Z 

q = (1 - z)- (1 + (KBET -- 1). Z) ' (16) 

where KBET equals B, which has been defined previously. 
In case (i) since the term qsp (Equation (14c)) is neglected in Equation (14a), 

a completely insoluble sorbent is assumed, which is a more or less hypothetical 
case, whereas in case (ii) qsp (Equation (14c)) is not neglected. Thus if only the 
original surface sites participate in the 'formation of an ideal solid solution' we 
obtain the well-known BET isotherm. The activity of the sorbent in this case should 
be considered to be unity, since there is no mixing between the precipitates and 
a phase boundary occurs at the location of the original surface sites. A coating 
is formed on the sorbent matrix. It seems more useful to think of heterogeneous 
nucleation as the mechanism involved than speaking of solid solution formation. 

The concept of the formation of an ideal solid solution, however, may be used 
to allow for the description of heterogeneous nucleation on a nonconditional base. 
The BET isotherm was supposed to describe heterogeneous nucleation by several 
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Figure 3. Effect of varying TOTMa* on the form of isotherms. 

authors (Stumm, 1992; Benjamin and Leckie, 1981). Stumm (1992) takes into 
account the possibility that a metastable phase may nucleate before the formation 
of the least soluble phase occurs (Ostwald step rule). 

Our results indicate that the form of the surface precipitation model that has 
been used so far, that is, all Ma is able to participate in solid solution, is only one 
limiting case. The assumption that only the part of Ma, which is present as surface 
sites, takes part in "solid solution' formation yields the other limiting case. 

Figure 3 gives an example of the effect of the variation of TOTMa* on sorption 
density with the two limiting cases. It is obvious that, in the concentration range 
where surface precipitation is the controlling mechanism, TOTMa* has a major 
importance. Usually, we have only access to few points which have to be described 
by the precipitation mechanism. Therefore, as shown in Figure 4, it is possible to 
find more than one description of the data by adjusting both TOTMa* and K Me. 
Using TOTMa~a x will yield the largest possible value for K Me. 
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Figure 4. Adjustment of Ks~ e and TOTMa* to model a generated isotherm. 

4.2. EXTENSION OF THE SURFACE PRECIPITATION MODEL TO NONIDEAL SOLID 

SOLUTIONS 

By incorporating activity coefficients for the solid species, it is possible to account 
for nonideality in the solid solution (Farley et al., 1985; see Equations (17) and 
(18)). 

[Ma(OH)3(s)] (17) 
{ M a ( O H ) 3 ( s )  }nonideat = ")'Ma " Ts , 

{Me(OH)2(s) }nonid~ = 3'Me - (1 - [Ma(OH)3(s)] ) (18) 

where 7Ma and ')~Ie are activity coefficients for the solid species Ma(OH)3(s) and 
Me(OH)z(s), respectively. Tiffreau et al. (1995) have used such an approach for the 
Hg(II)/HFO system, concluding that the solid solution formed between Hg(OH)2(s) 
and HFO is nonideal, which is in agreement with the findings of Dzombak and 
Morel (1990). The degree of ideality will depend on how well the sorbing metal 
ion can be incorporated in the sorbent matrix. In other words the better the sorbing 
cation fits in the sorbent network, the closer to unity will be the value of %'Me. 

If Equations (17) and (18) are to be incorporated in a chemical speciation 
calculation, the relation between "~Ma and ")'Me and the mole fraction of Ma(OH)3(s) 
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in the solid solution must be known. While this would be possible using existing 
empirical relationships, we will not focus on this any further, but show how to use 
the activity coefficients of the solids for parameter extration. We will assume an 
ideal solid solution and use the activity coefficients as 'dummy' components similar 
to the treatment proposed by Westall and Herbelin (1992) for total concentrations. 

When Dzombak and Morel (1990) evaluated the intrinsic adsorption constants 
for the HFO data base, they always fitted the data first for those concentration 
ranges, where no precipitation interferred. In the cases where precipitation was 
supposed to occur the values of the apparent solubility product were manually 
adjusted later. Indeed FITEQL (Westall, 1982) cannot handle fits for apparent 
solubility products as incorporated in the surface precipitation model, because 
the apparent solubility product appears for two species (see Table II). However, 
FITEQL is able to optimize values of free concentrations of components. Thus "~a 
and/or 7rvie may be defined as components for which free concentrations are known 
and then be used as parameters to be optimized. As there are seldom experimental 
values for aqueous sorbent concentrations, in a first step 7Ma may be omitted and 
7Me used as the only additional fitting parameter. For the Hg(II)/HFO case, the 
value of the solubility product estimated by numerical optimization is the same as 
the one obtained by Tiffreau et  al. (1995) manually. 

The activity coefficients will not be constant in a nonideal solid solution even for 
the conditional case. Indeed, close examination of literature sorption data concern- 
ing Cd sorption on three sorbents (Liitzenkirchen et  al., 1993) shows that apparent 
solubility products determined manually by best fits with Equation (14a) vary with 
pH. For low pH, low values of the apparent solubility product must be chosen, 
while with increasing pH the apparent solubility product appears to tend towards 
the thermodynamic value. The same trend may appear at constant pH when sorp- 
tion density varies. Our remarks concerning the first point are in agreement with 
the modelling results reported by Farley et  al. (1985), who used one isotherm fit 
to obtain the value for the sorbate solubility product and used this to model pH 
sorption edges. This procedure resulted in an exact model at the pH of isotherm fit 
only, whereas at lower pH the model underpredicts sorption and at higher pH the 
model overpredicts sorption. If Farley et  al. (1985 ) had used different values of pH 
for the isotherm fit, they would have obtained a different value for the solubility 
product. 

4.3. ANALYSIS OF PARAMETER EFFECTS ON THE SHAPE OF THE FDM ISOTHEtLM 

Effect of qmax: The value of surface site concentration alters the niveau of tran- 
sition between adsorption and precipitation. The effect of changing surface site 
concentration would essentially be the same as in the case of a surface complexa- 
tion model. It should be noted, however, that this parameter is a very critical one in 
systems in which surface precipitation is supposed to occur. Besides the problems 
already examined for surface complexation models (Goldberg, 1991) in the surface 
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Figure 5. Effect of  varying K~ ~ on the form of isotherms. 

precipitation model a fixed value for the surface site concentration means that all 
experimental data points above surface site concentration have to be accounted 
for by surface precipitation. This is valid for the case when we do not consider 
polynuclear surface complexes. 

Effect of K~a: Our calculations using the HFO case show, as has been reported 
by Farley et  al. (1985), that there is practically no effect of this parameter on the 
isotherm shape. This is due to the extremely low solubility of HFO. With sorbents 
other than HFO, we may however expect that Ks Ma causes a decrease in sorption 
with increasing sorbent solubility via qsp (Equation (14c)). 

Effect of Ks~e: Figure 5 shows that there may be critical effects of this parameter 
on the isotherm shape. For low values of the apparent solubility product of the 
sorbing metal, precipitation may affect the sorption isotherm over the whole range 
of free sorbent concentration. This is not intended by the surface precipitation 
model, since Langmuir type adsorption is to control the sorption isotherm at low 
sorbate concentrations (see Figure 2). The effect becomes more pronounced with 
increasing pH, since the pH dependence of the precipitation reaction is stronger than 
that of the adsorption reaction considered here. Therefore, parameters determined 
at low pH may fail to describe adsorption at higher pH and should be tested at high 
pH conditions. Note that there is no such effect for the BET limiting case. 
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The effect may be considered to be related to the activity of the sorbent. In 
cases, where this activity affects the apparent adsorption constant (Equation (8b)), 
the Langmuir constant increases as the sorbent activity will decrease. Following the 
arguments presented before that no mixing between sorbent and sorbate occurs and 
assuming consequently that in the BET limiting case the sorbent activity should 
be considered unity, it can be inferred that the Langmuir part of a BET isotherm 
like surface precipitation approach will always reduce to the surface complexation 
case. 

Effect of *Kilt: Similar to the effect of Ks Me, the intrinsic adsorption constant, 
*K~ at, may seriously affect the shape of the isotherm (see Figure 6). For reasonable 

Me values of Ksp, decreasing the intrinsic adsorption constant leads to the same 
deviation in the shape of the isotherm as in the preceding case. Therefore, the 
choice of the intrinsic adsorption constant is crucial. We recommend that the 
model should be tested at higher pH values using a surface precipitation approach 
with thermodynamic values of the solubility product to avoid too low values for 
*K~ nt . 
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Figure 7. LFERs between the first hydrolysis constant (Equation (19)) and (A) the intrinsic 
surface complexation constants for the strong and weak site on HFO, or (B) the solubility 
products for divalent cations. The drawn line in B corresponds to a linear regression yielding a 
regression coefficient of 0.98, a y-intercept of 19.71 and a slope of -1.66. The values for the 
solubility products are for crystalline hydroxides and have been taken from Lindsay (1979) 
except those for Co and Ni which are not available from Lindsay and are from Smith and 
Martell (1976). The values for the other metals which are listed in both sources agree with 
each other. For amorphous hydroxides the values for all metals of interest in this study could 
not be found in a restricted number of compilations. The alkaline earth metals were omitted, 
because they exhibit partially different adsorption behaviour. Inclusion of solubility behaviour 
of alkaline earth metals in (b) results in a significant decrease of the regression coefficient. 

4.4. A POSSIBILITY FOR QUALITY CONTROL OF INTRINSIC ADSORPTION 
CONSTANTS 

For quality control in parameter estimation procedures, the possible difference 
between surface complexation and precipitation at low flee metal concentrations 
can be used to estimate the goodness of  obtained values for intrinsic adsorption 
constants. When surface precipitation is favoured, the value of  the apparent solu- 
bility product should be tested in isotherms at high pH values in order to find out, 
i f  the choice is reasonable. This procedure would be a good test for the intrinsic 
adsorption constant, if  another possibility is not available. This other way would 
be to use linear flee energy relationships (LFERs) between stability constants of  
solution and surface complexes (see Figure 7A). In this respect it seems that there 
is more need for data bases such as the one for sorption on HFO. Implicitly, it is 
the same way of  testing model constants. As is shown in Figure 7B, the logarithm 
of  the solubility product is linearly related to the logarithm of  the respective first 
hydrolysis constant, which is given by Equation (19): 

Me 2+ + O H -  ~ ," MeOH + K1. (19) 

For the HFO data base we tested the reliability of  the cation adsorption constants 
using the above described procedure. Some typical results are given in Figures 8 
and 9. The Zn example (Figure 8) corresponds to the expected pattern of  the model. 
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Adsorption onto the strong site at low surface coverage, prevailing adsorption onto 
the weak site at intermediate surface coverage and solid solution formation at 
high surface coverage. In the Pb example (Figure 9) solid solution formation is 
more important than adsorption to the weak site, indicating that the adsorption 
constant for this site may be too low. For Pb(II), Dzornbak and Morel (1990) 
already state that the weak site adsorption constant calculated from a linear free 
energy relationship is most probably too low, because the strong site constant 



SURFACE PRECIPITATION MODEL FOR CATION SORPTION 393 

was considerably higher than the value expected from the corresponding LFER 
(Figure 7A). For the seven cations considered, only for Pb(II) and Hg(II) we 
found that the calculations using literature values for the solubility products do not 
correspond to the expected pattern. For Hg(II), the model by Dzombak and Morel 
may be shown to be inconsistent with respect to the fact that adsorption is always 
stronger on the weak site than on the strong site (Tiffreau et al., 1995). Tiffreau 
et al. (1995) have therefore used only one site to model Hg(II) sorption onto 
HFO. It seems that for a sufficiently high sum of aging and equilibration times, 
adsorption of cations onto HFO is more successfully described by considering 
only one surface site but more than one surface species and surface precipitation if 
necessary (Ltitzenkirchen and Behra, 1994). The amount of surface sites and along 
with this the heterogeneity of surface sites seems to decrease with increasing sum 
of aging time and equilibration time. If the Hg(II) model by Dzombak and Morel 
(1990) is considered to be wrong, the LFERs for cations, which are mainly based 
on the Hg(II) constants, must be considered with caution. In this context it is also 
noteworthy that the LFER for the third anion adsorption constant for HFO is based 
on no more than eight data points for selenite adsorption. 

In cases where nonideat solid solution occurs which increases sorbate solubility, 
the proposed approach is at a loss. It is clear that in such a case the literature value 
will overpredict sorption. This is one limitation of the test: literature values should 
only be taken as estimates and the proposed procedure only gives hints, where 
problems may occur. 

A further apparent lack of our approach of testing adsorption constants is the 
fact that it is mathematically necessary for much of the sorbent to take part in 
solid solution formation for the effect to occur. With sorbents other than HFO or 
certain carbonates, little is known about surface precipitation modelling. Even in 
the former cases, TOTMa* is a parameter the value of which has been arbitrarily 
fixed at the maximum rather than evaluated. Parameter estimation will be much 
more difficult for those sorbents that are situated between the two limiting cases as 
can be concluded from results shown in Figure 4. 

4.5. REMARKS ON INTERFACIAL SOLUBILITY PRODUCTS 

As has been shown in the previous section, with low apparent solubility of the 
sorbing metal, the surface precipitation model may predict that the precipitation 
mechanism controls overall sorption over the whole range of sorbate concentration. 
Both in one-site adsorption models and a pure precipitation approach, the slopes in 
constant pH isotherm plots are unity on a log-log scale. Thus if both mechanisms 
were physically possible it would not be possible to distinguish between them 
(Sposito, 1984). While the mechanism at low sorption density has been identi- 
fied as actual adsorption, the discussion of interfacial solubility products has been 
going on for some decades, with no general agreement being achieved. Though 
low interfacial solubility products might explain precipitation mechanisms at low 
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sorption densities, we will, in view of the recent achievements in in-situ surface 
spectroscopy (e.g. Brown, 1990; Charlet and Manceau, 1992), consider that the 
precipitation mechanism at very low sorption densities is no more than a math- 
ematical artifact, which may be used as described above to some degree to test 
the reliability of adsorption constants. However, some remarks should be made 
on low interfacial solubility products. The latter have frequently been reported 
(e.g. James and Healy, 1972; Fendorf et al., 1992) in the literature. Fendorf et 
al. (1992) conclude that there is an electrostatic effect on the value of interfacial 
solubility products. If this was the case, values of these apparent solubility products 
should vary with pH and sorption density. In fact this is what model calculations 
(Liitzenkirchen et al., 1993) show and what the rigorous application of the model 
by James and Healy (1972) predicts. It is not questionable, whether electrostatic 
effects and possible non-ideal mixing of precipitates might be distinguished. Both 
models may theoretically cause changes of apparent solubility products with pH 
and sorption density. 

5. Summary 

The surface precipitation model contains two limiting cases: 

- the FDM isotherm, where all solid sorbent present takes part in solid solution 
formation; 

- the BET isotherm, where only surface sites of the solid sorbent take part in the 
formation of an 'ideal solid solution'. 

Between these two limiting cases if the value of the solubility product is fixed, 
TOTMa* is an adjustable parameter. For only a few experimental points above 
surface site saturation, it is possible to obtain similar fits for the FDM limiting case 
by adjusting both TOTMa* and KspMe. 

It is possible to establish a framework of simple isotherm equations and relate 
the parameters of the well-known isotherm equations to those of the other more 
complicated ones. This has been done in Figure 10. For the reduction of the FDM 
isotherm to the BET isotherm, we may consider the two extreme cases noted above. 
In between the FDM and BET limiting cases, we may distinguish two basically 
different mechanisms for the mixture between sorbent and sorbate to form: 

- The sorbent is completely insoluble. This would correspond to a diffusion 
mechanism of the sorbate into the sorbent. At equilibrium this would require 
all the sorbent to take part in the solid solution formation. In general the equili- 
bration times used in laboratory experiments are too short for this equilibrium 
to be reached and the data collected should be considered as corresponding to 
a certain equilibration time (pseudo-equilibrium). 
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- The sorbent is easily soluble. Solid solution formation occurs by simultaneous 
adsorption and dissolution/(re)precipitation and/or co-precipitation reactions. 

Note that there is no simpleway to reduce the FDM isotherm to the Langmuir-type 
equation, since two conditions must be fulfilled: The sorbent activity must be unity 
and  sorbate concentrations must be low. Only if both conditions are met, the surface 
complexation approach yields the same isotherm at low sorbate concentrations as 
the surface precipitation model. 

Using as extreme cases weakly adsorbing and strongly precipitating cations, the 
SPM may show a considerable deviation from the respective SCM. Assuming that 
this deviation does not actually occur, which is reasonable in view of spectroscopic 
evidence (e.g. Charlet and Manceau, 1992), the mathematical artifact may be used 
as follows: By applying the surface precipitation model to adsorption data in the 
low concentration range, it is possible to verify if the fitted value of the intrinsic 
sorption constant is reasonable. If in an isotherm plot, sorption density vs. free metal 
concentration, a reasonable value for the solubility product of the sorbing metal 
hydroxide leads to a domination of the precipitate over the whole concentration 
range, it is probable that a too low value for the intrinsic adsorption constant has 
been chosen, assuming that site density does not interfere. If on the other hand a 
value of an apparent solubility product fitted at low pH causes the above mentioned 
deviation at higher pH values, the value should be critically analysed. Restrictions 
to this method of verifying adsorption constants have been discussed. 

Finally we conclude that, if interfacial solubility products depend on electrostat- 
ics, (Fendorf et  al., 1992), apparent interfacial solubility products may be supposed 
to change with pH and sorption density. 

Acknowledgements 

J.L. is supported by CEC Grant Ref. 910959 STEP. Support by the Ktrber Foun- 
dation is acknowledged. 

References 

Allison J.D., Brown D.S. and Novo-Gradac K.J. (1991) MINTEQA2/PRODEFA2, A Geochemical 
Assessment Model for Environmental Systems: Version 3.0. US EPA, Athens, Georgia, USA. 

Benjamin M.M. and Leckie J.O. (1978) Multiple-site adsorption of Cd, Cu, Zn, and Pb on amorphous 
iron oxyhydroxide. J. Colloid Interface Sci. 79, 209-221. 

Bohn H.L. and Bohn R.K. (1986) Solid activity coefficients of soil components. Geoderma 38, 3-I8. 
Brown G.E., Jr. (1990) Spectroscopic studies of chemisorption reaction mechanisms at oxide-water 

interfaces. In Reviews in Mineralogy. Mineral-Water Interface Geochemistry (ed. M.F. Hochella 
and A.E White), Vol. 23, Chap. 8, pp. 309-364. Mineralogical Society of America, Washington. 

Charlet L. and Manceau A. (1992) X-Ray absorption spectroscopic study of the sorption of Cr0II) 
at the oxide-water interface. II. Adsorption, eopreeipitation, and surface precipitation on hydrous 
ferric oxide. J. Colloid Interface Sci. 148, 443-458. 

Comans R.N.J. and Middelburg J.J. (1987) Sorption of trace metals on calcite: applicability of the 
surface precipitation model. Geochim. Comochim. Acta 51, 2587-2591. 



SURFACE PRECIPITATION MODEL FOR CATION SORPTION 397 

Davis J.A. and Kent D.B. (I990) Surface complexation modeling in aqueous geochemistry. In 
Reviews in Mineralogy. Mineral-Water Interface Geochemistry (ed. M.E Hochella and A.F. 
White), Vol. 23, Chap. 5, pp. 177-260. Mineralogical Society of America, Washington. 

Dzombak D.A. and Morel EM.M. (1990) Surface Complexation Modeling, Hydrous Ferric Oxides. 
Wiley, New York. 

Farley K.J., Dzombak D.A. and Morel EM.M. (1985) A surface precipitation model of the oxide/water 
interface. J. Colloid Interface Sci. 106, 226-242. 

Fendorf S.C., Sparks D.L., Fendorf M. and Gronsky R. (1992) Surface precipitation reactions on 
oxide surfaces. Z Colloid Interface Sci. 148, 295-299. 

Goldberg S. (t991) Sensitivity of surface complexation modeling to the surface site density parameter. 
J. Colloid lnterface Sci. 145, 1-9. 

Gunneriusson L. (1993). Aqueous speciation and surface complexation to goethite (a-FeOOH) of 
divalent mercury, lead and cadmium. Ph.D. Thesis, University of Umea, Umea, Sweden. 

James R.O. and Healy T.W. (1972) Adsorption of hydrolyzable metal ions at the oxide-water interface. 
J. Colloid Interface Sci. 40, 42-81. 

Katz L.E. (1993) Surface complexation modeling of cobalt ion sorption at the c~-A1203-water inter- 
face: monomer, polymer and precipitation reactions. Ph.D. Thesis, University of Michigan, Ann 
Arbor, Michigan, USA. 

Lindsay W.L. (1979) Chemical Equilibria in Soils. Wiley, New York. 
Ltitzenkirchen J., Bttrgisser Ch., Borkovee M. and Behra Ph. (1993) Surface precipitation of cadmium 

on different oxides. Proc. 205th ACS National Meeting, Denver, USA, p. GEOC 97. 
Ltitzenkirchen J. and Behra Ph. (1994) Comment on the Article 'On the nature of the energetic 

surface heterogeneity in ion adsorption at a water/oxide interface: theoretical studies of some 
special teatures of ion adsorption at low ion concentrations'. Langmuir 10, 3916-3917. 

Marmier N., Dumonceau J., Chupeau J. and Fromage F. (1994) Influence des contraintes 
61ectrostatiques sur la sorption de l'ytterbium trivalent sur l'alumine. C.R. Acad. Sci. Paris, 
S6rie II, 318, 177-183. 

Smith R.M. and Martell A.E. (1976) Critical Stability Constants, Vol. 4. Inorganic ligands. Plenum, 
New York. 

Sposito G. (1984) The Surface Chemistry of Soils. Oxford University Press, Oxford. 
Stumm W. (1992) Chemistry of the Solid-Water Interface. Wiley, New York. 
Stumm W. and Morgan J.J. (1995) Aquatic Chemistry. 3rd ed., Wiley, New York. 
Tiffreau Ch., Ltitzenkirchen J. and Ph. Behra (1995) Modeling the adsorption of mercury(II) on 

hydroxides: 1. Amorphous iron oxide and quartz. J. Colloid Interface Sci. 172, 82-93. 
Van Riemsdijk W.H. and van der Zee S.E.A.T.M. (1991) Comparison of models for adsorption, solid 

solution and surface precipitation. In Interactions at the Soil Colloid - Soil Solution Interface 
(ed. G.H. Bolt et al.), Chap. 8, pp. 241-256. Kluwer Academic Publishers, Dordrecht. 

Wersin P., Charlet L., Kathrein R. and Stumm W. (1988) From adsorption to precipitation: Sorption 
of Mn 2+ on FeCO3(s). Geochim. Comochim. Acta 53, 2787-2796. 

Westall J.C. (t 982) HTEQL: A computer program for the determination of equilibrium constants from 
experimental data, Rep. 82-01. Department of Chemistry, Oregon State University, Corvallis, 
Oregon, USA. 

Westall J.C. and Herbelin A. (1992) Addendum to FITEQL 2.0 Manual. Department of Chemistry, 
Oregon State University, Corvallis, Oregon, U.S.A. 




