
Sensitivity of Surface Complexation Modeling 
to the Surface Site Density Parameter 

SABINE G O L D B E R G  

United States Department of Agriculture, Agricultural Research Service, U.S. Salinity Laboratory, 4500 Glenwood 
Drive, Riverside, California 92501 

Received October 8, 1990; accepted January 23, 1991 

Previous research has shown that adsorption of many inorganic anions on soil mineral surfaces can 
be described equally well by chemical surface complexation models using either inner- or outer-sphere 
surface complexes. At the same time, goodness of fit of these models to adsorption data has been used 
to distinguish between inner- and outer-sphere adsorption mechanisms. In this study the ability of chemical 
surface complexation models to describe anion adsorption on goethite using both inner- and outer-sphere 
surface complexes was evaluated and found to be sensitively dependent on the value of the surface site 
density. Application of a goodness of fit criterion leads to the choice of an inner-sphere adsorption 
mechanism for small surface site densities and an outer-sphere adsorption mechanism for large values 
of this parameter. Experimentally determined values of surface site density vary by an order of magnitude 
depending upon the method used. It is suggested that uncertainty in the value of the surface site density 
parameter currently invalidates use of surface complexation models to predict anion adsorption mech- 
anisms on soil mineral surfaces. © 1991 Academic Press. Inc. 

INTRODUCTION 

Surface complexat ion models,  such as the 
triple-layer model  ( 1-3 ) and  the constant  ca- 
pacitance model  (4) ,  are chemical models that 
use an equilibrium approach to describe the 
format ion of  complexes at the oxide-solut ion 
interface. Unlike empirical models, such as the 
Langmui r  and Freundlich adsorption iso- 
therm equations, chemical  models  explicitly 
define surface species, chemical  reactions, 
equilibrium constant  expressions, and surface 
activity coefficient expressions. Addit ional  
advantages o f  surface complexat ion models  
are inclusion o f  mass and charge balance 
equations and  considerat ion o f  the charge on 
both the adsorbate and the adsorbent.  

To  provide a molecular  description o f  ad- 
sorption processes, surface complexat ion 
models  assume a detailed structure o f  the in- 
terfacial region (5).  Surface species are defined 
as outer-sphere complexes, containing at least 
one water molecule between the adsorbate ion 
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and the surface functional group, or as inner- 
sphere complexes, containing no water mol-  
ecules between the adsorbate ion and the sur- 
face functional  group. In the original triple- 
layer model ,  all adsorbate ions are assumed to 
form outer-sphere surface complexes (2, 3). 
The constant  capacitance model  assumes in- 
ner-sphere configurations for all surface com-  
plexes (4) .  The  modified triple-layer model  
allows the user to choose between inner- and 
outer-sphere surface complexes for all ad- 
sorbed surface complexes (6) .  

Al though surface complexat ion models  are 
very successful at describing experimental data 
over a wide range o f  conditions, they cannot ,  
at present, be used to describe uniquely the 
structure o f  surface complexes (7) .  G o o d  
quanti tat ive descriptions o f  calcium, magne- 
sium, cadmium,  copper, and lead adsorpt ion 
isotherm experimental  data can be obtained 
with either inner-sphere ( 8 - 1 0 )  or  outer- 
sphere (2, 1 1 ) surface complexes. For  describ- 
ing phosphate,  selenite, arsenate, salycilate, 
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and phthalate adsorption, use of either inner- 
sphere ( 12-16) or outer-sphere ( 17-19) com- 
plexes provides good fits to the experimental 
data. 

Currently, to provide a correct chemical 
representation, independent experimental ev- 
idence for a particular adsorption mechanism 
and surface structure must be used when 
choosing the appropriate chemical surface 
complexation model. Independent spectro- 
scopic evidence has been cited to validate use 
of inner-sphere surface complexes for phos- 
phate (12), arsenate (15), selenite, and sele- 
nate (20) adsorption. Pressure-jump kinetic 
experiments have been linked with surface 
complexation modeling to establish adsorp- 
tion mechanisms for phosphate (17), chro- 
mate ( 21 ), lead (6), molybdate (22), sulfate 
(23), selenite, and selenate (24). However, 
since results from surface complexation mod- 
eling of an equilibrium study are necessary to 
analyze the kinetic data, this approach is not 
independent. Mikami et al. (17), using pres- 
sure-jump kinetics with surface complexation 
modeling, concluded that phosphate ions ad- 
sorb on aluminum oxide as outer-sphere sur- 
face complexes. This conclusion directly 
contradicts much experimental evidence 
supporting an inner-sphere adsorption mech- 
anism for phosphate (25). 

The surface site density is an important pa- 
rameter in surface complexation models. Its 
value has been either determined experimen- 
tally by tritium exchange (2, 3), potentio- 
metric titration (10, 11, 16), or maximum 
anion adsorption ( 12, 14, 15 ) or optimized to 
fit the data (20). Experimental determinations 
of surface site density for goethite range from 
4 sites/nm 2 for potentiometric titration to 6- 
7 sites/nm 2 for fluoride adsorption to 17 sites/ 
nm 2 for tritium exchange (26). Crystallo- 
graphic calculations of reactive surface hy- 
droxyl groups on goethite yield approximately 
3 sites/nm 2 (5). Sensitivity analyses showed 
that surface complexation models were rela- 
tively insensitive to surface site density values 
for amorphous hydrous ferric oxide in the 

range of 3 to 12 sites/nm 2 (20) and for a soil 
in the range of 1.25 to 2.5 sites/nm 2 (27). 

In this study, surface complexation models 
will be evaluated for their ability to fit anion 
adsorption data on goethite using various ex- 
perimental values of surface site density. Goe- 
thite was chosen as the adsorbent because its 
surface site density and anion adsorption be- 
havior have been extensively characterized. 
Both inner-sphere and outer-sphere adsorption 
mechanisms will be tested and evaluated as to 
their sensitivity to the surface site density pa- 
rameter. 

D A T A  A N D  M E T H O D S  

The constant capacitance model (4) and the 
triple-layer model, modified to allow both in- 
ner- and outer-sphere adsorption mechanisms 
(6), were the surface complexation models 
used in the study. Chemical assumptions, 
chemical reactions, intrinsic conditional equi- 
librium constants for protonation-dissociation 
and background electrolyte complex forma- 
tion, mass balance and charge balance equa- 
tions for the constant capacitance, and the tri- 
ple-layer models are discussed in detail in 
Sposito (5). For both models a generalized 
reaction for the formation of inner-sphere an- 
ion surface complexes is 

=FeOHcs) + n y A ( a q )  = 

~---FeH(y_l x)A(s~ + H20 + xH~-aq). [1] 

For the modified triple-layer model a gener- 
alized reaction for the formation of outer- 
sphere anion surface complexes is 

~---FeOH(s) + HyA(aq) = ~-FeOH~- 

- -  ) H ( a q ) ,  [2] - H(y-z)A~-~ + (z 1 + 

where y is the number of protons present in 
the undissociated form of the acid, A is the 
completely dissociated form of the acid, - x  is 
the charge on the inner-sphere anion surface 
complex (x = 0, 1, or 2), - z  is the charge on 
the anion portion of the outer-sphere anion 
surface complex (z = 1, 2, or 3 ), and ~ F e O H  
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represents 1 mol of reactive surface hydroxyls 
bound to an Fe 3÷ ion in the goethite mineral. 

The above reactions are described by the 
following intrinsic conditional equilibrium 
constant expressions for inner-sphere anion 
surface complex formation, 

K~(int) = [~FeH(y-I-x)A-X][H+]X 
[ ~ F e O H  ] [ HyA ] 

× exp( -xF~o/RT) ,  [3] 

and outer-sphere anion surface complex for- 
mation, 

K~(int) = [FeOH~ - H(y_z)A-Z][H+] (~-l) 
[ ~-~FeOH ] [HyA ] 

× exp[F( f fo -  z~a)/RT]. [4] 

where i = x + I = z, F ( C  mol~ I) is the Far- 
aday constant, R is the molar gas constant, T 
is the absolute temperature, fro (V) is the po- 
tential at the o plane, ff~ (V) is the potential 
at the ~ plane, and square brackets represent 
concentrations (mol liter-l). Analogous to 
solution equilibria, the number of anion sur- 
face complexes included in the model is equal 
to the number of dissociations undergone by 
the acid. Therefore, the number of surface 
complexation reactions is three for phosphate 
and arsenate, two for selenite, selenate, sulfate, 
molybdate, and silicate, and one for borate. 

The computer program FITEQL (28) was 
used to obtain values of the intrinsic surface 
complexation constants, log K~(int). FI- 
TEQL contains both the constant capacitance 
model and the triple-layer model and uses a 
nonlinear least-squares optimization tech- 
nique to fit equilibrium constants to experi- 
mental adsorption data. Anion surface com- 
plexation constants that were present in insig- 
nificant amounts (< I0 -IS) were dropped from 
the FITEQL optimizations. This procedure 
was necessary because it is sometimes impos- 
sible to obtain convergence of the FITEQL 
program for species present at very small con- 
centrations. 

For the constant capacitance modeling, an- 
ion adsorption data were obtained from 

Hingston (29) for phosphate, selenite, silicate, 
and arsenate and from Goldberg and Glaubig 
(30) for borate. FITEQL optimizations of 
these adsorption data had been carried out 
previously using maximum anion adsorption 
values for the surface site density, [ SOH ] r ( 14, 
15, 30). Additional FITEQL optimizations 
were carded out in this study using the surface 
site density value of 7 sites/nm 2 optimized by 
Hayes et al. (20) for selenium adsorption and 
using [SOH]r obtained from the crystallo- 
graphic calculations of Sposito (5), 0.305 nm 2 
per A-type surface hydroxyl group. 

For the triple-layer modeling, anion ad- 
sorption data were obtained from Hayes et al. 
(20) and Zhang and Sparks (24) for selenite 
and selenate, from Zhang and Sparks (22) for 
molybdate, and from Zhang and Sparks (23) 
for sulfate. FITEQL optimizations of these 
adsorption data had been carried out by the 
authors. Hayes et al. (20) had used a surface 
site density value of 7 sites/nm 2 based on best 
fit. Zhang and Sparks (22-24) had used a sur- 
face site density value of 6.4 sites/nm 2 ob- 
tained from potentiometric titration data. Ad- 
ditional FITEQL optimizations were carded 
out in this study using the authors' values of 
intrinsic conditional equilibrium constants for 
protonation-dissociation and background 
electrolyte surface complex formation and ca- 
pacitance density parameters. Surface site 
density values used in this study were obtained 
from the authors, from crystallographic cal- 
culations by Sposito (5) ,  and from maximum 
anion adsorption by Hingston (31 ). 

RESULTS AND DISCUSSION 

Numerical values obtained for the intrinsic 
surface complexation constants using the 
constant capacitance model are provided in 
Table I. All anions investigated are considered 
to adsorb specifically, that is, to form inner- 
sphere surface complexes ( 15, 32), since such 
an anion surface configuration is assumed in 
the constant capacitance model. In Table I, 
surface site density, [SOH]T, increases from 
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TABLE I 

Numerical Values of Intrinsic Surface Complexation Constants Using the Constant Capacitance Model 

Solid 

[SOH]r  from max imum adsorption [SOH]r  = 0.305 nm 2 per A-type hydroxyl [SOH]r  = 7 sites/nm 2 

log K,I I log KA 2 log K,? SOS/DF log K, fl log KA 2 log K,? SOS/DF log K, fl log KA 2 log KA 3 SOS/DF 

Goethite A 
Arsenate 10.10 5.80 -0.63 
Phosphate 10.84 6.78 0.52 

Goethite B 
Phosphate 10.43 6.25 0.17 
Silicate 3.82 -4.27 

Goethite C 
Arsenate 10.87 6.52 0.29 
Phosphate 10.49 6.27 0.17 
Selenite 10.02 5.36 

Goethite E 
Phosphate ll.80 9.02 3.16 
Selenite I I. 10 5.80 
Silicate 4.48 -3.43 

Goethite 
Borate 5.12 

0.7 6.57 2.60 -2.53 1.9 -7,40 47 
0.6 6.73 3.08 -1.91 2.8 -7,12 102 

0.06 7.20 3.67 -0.66 1.3 Overflow 
O. 1 Overflow Singular 

2.0 8.18 4.50 -0.35 4.6 Overflow 
0.5 7.31 3.37 -1.29 3.5 -7.07 52 
0.8 7.74 3.75 3.4 -0,41 95 

0.03 7.63 5.24 0.32 0.2 -4.73 
27 7.61 3.41 155 Overflow 
0.4 2.18 -3.80 1.7 Overflow 

26 

3.2 1.85 8.9 1.47 I 1 

Note. Experimental data for goethites A, B, C, and E from Hingston (29). Experimental data for goethite from 
Goldberg and Glaubig (30). Maximum adsorption values, [SOH]r, are given in Goldberg (15) for goethite A; in 
Goldberg (14) for goethites B, C, and E; and in Goldberg and Glaubig (30) for goethite. The sum of squares over the 
degrees of freedom, SOS/DF, is an indicator of goodness of fit. 

left to right. It can be seen that for all anions, 
without exception, the values of log K~ (int) 
decrease and the values of SOS/DF, a good- 
ness-of-fit criterion, increase with increasing 
surface site density. Since the smallest values 
of  S O S / D F  indicate the best fits, the best fits 
of  the constant  capacitance model  are obtained 
for the smallest values of  [SOH]:r.  Addi t ion-  
ally, as [ SOH ] r  values increase, convergence 
of  the F I T E Q L  program becomes more  diffi- 
cult; overflow and  singularity problems are two 

types of  convergence problems. 
The fit of  the cons tant  capacitance model  

to borate adsorpt ion on goethite as a funct ion  
of  pH is shown in Fig. 1 for three different 
values of  surface site density. The borate sur- 
face complexa t ion  cons tant  log K s ( i n t )  was 
the only  parameter  opt imized by the F I T E Q L  
program. U n d e r  these condit ions,  only  the 
smallest value of [ S O H ] r ,  obta ined from 
m a x i m u m  adsorption,  provides a reasonable 
fit to the borate adsorpt ion data. 

Table II provides numerical values obtained 
for the intrinsic surface complexation con- 
stants using both the inner-sphere and the 

125 i I i I I i I 1 

0 

75 

0 
.o 50 

"o 

4 6 8 I0 12 

pH 

FIG. 1. Borate adsorption on goethite. Experimental 
data (0) from Goldberg and Glaubig (30). Constant ca- 
pacitance model results are represented by (--) for [SOH ]r 
= maximum adsorption, by (---) for [SOH]r = 0.305 
nm 2 per hydroxyl, and by ( . . . .  ) for [SOH]r = 7 sites/ 
nm 2. 
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TABLE II 

Numerical  Values of  Intrinsic Surface Complexation Constants Using the Triple-Layer Model 

Solid log K~ I log Ka 2 SOS/DF log K~ t log KA 2 SOS/DF log K~ ~ log Ka 2 SOS/DF 

Experimental data from Hayes et al. (20) 

[SOH]r = 0.91 n m  2 per [SOH]T = 0.305 n m  2 per 
SeO4 ion A-type hydroxyl [SOH]T = 7 si tes/nm 2 

Selenate 
1.O M 

Inner-sphere 
Outer-sphere 

0 . 1 M  
Inner-sphere 
Outer-sphere 

0.01 M 
Inner-sphere 
Outer-sphere 

0.001 M 
Inner-sphere 
Outer-sphere 

5.12 25 3.23 210 2,56 245 
13.90 8.19 11 No convergence 13.58 7,45 15 

6.52 299 5.35 517 4,66 591 
14.35 8.10 11 14.24 7.71 13 14.18 7.44 15 

7.42 327 6.46 460 5.83 537 
13.99 8.22 73 14.13 7.54 78 14.14 7.11 77 

7.67 481 6.79 489 6.19 523 
8.04 331 7.28 270 6.83 218 

[SOH]r = 0.537 n m  2 per [SOH]T = 0.305 n m  2 per 
SeO3 ion A-type hydroxyl [SOH]T = 7 si tes/nm 2 

Selenite 
1.0 M 

Inner-sphere 
Outer-sphere 12.03 

0 . 1 M  
Inner-sphere 
Outer-sphere I 1.99 

0.005 M 
Inner-sphere 
Outer-sphere 13.88 

5.74 1700 5.56 1752 5.24 176 
2.51 427 12.22 321 11.73 284 

5.13 998 4.97 1192 4.70 1435 
3.40 259 11.88 2.71 272 11.71 1.55 212 

5.53 8.4 5.39 22 5.17 58 
3.71 15 13.56 3.00 12 13.08 0.007 8.2 

Experimental data from Zhang and Sparks (24) 

[SOH]T = 0.91 n m  2 per 
SeO4 ion 

[SOH]T = 0.305 n m  2 per 
A-type hydroxyl [SOH]T = 6.4 si tes/nm 2 

Selenate 
Inner-sphere 
Outer-sphere 

9,92 6.53 15 3,56 129 2.51 237 
11,26 9.02 5.2 10.24 8,26 8.2 9.89 7.64 7.6 

[SOH]T = 0.537 nm 2 per [SOH]T = 0.305 n m  2 per 
SeO3 ion A-type hydroxyl [SOH]T = 6.4 si tes/nm 2 

Selenite 
Inner-sphere 
Outer-sphere 

11.01 7.96 6.6 8.23 6.15 20 3.33 528 
13.02 9.03 4.8 No convergence 10.90 8.52 18 

Experimental data from Zhang and Sparks (23) 

[SOH]T = 0.90 n m  2 per [SOH]r = 0.305 n m  2 per 
SeO4 ion A-type hydroxyl [SOH]T = 6.4 sites/rim 2 

Sulfate 
Inner-sphere 
Outer-sphere 

11.97 6.70 17 3.83 97 0.91 692 
14.44 12.69 12 11.00 10.92 2,9 10.43 10.10 2.4 

5 
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TABLE I I - - C o n t i n u e d  

Solid log K~ j log KA 2 SOS/DF log KA I log KA 2 SOS/DF log K.t I log K• 2 SOS/DF 

Experimental data from Zhang and Sparks (22) 

[SOH]r = 0.337 nm 2 per [SOH]r = 0.305 nm 2 per 
MoO4 ion A-type hydroxyl [SOH]r = 6.4 sites/nm 2 

Molybdate 
0 . 1 M  

Inner-sphere 4.77 -0 .04 15 4.32 -0.63 13 -2.69 12 
Outer-sphere 7.71 5.25 7.1 7.65 5.21 8.5 7.30 4.71 29 

0.05 M 
Inner-sphere 4.79 -0.09 20 4.26 -0.99 16 -2.60 9.7 
Outer-sphere 7.73 4.83 5.8 7.67 4.79 6.4 7.34 4.44 16 

0.01 M 
Inner-sphere 4.38 -0.006 11 3.95 -0.58 12 -2 .94 21 
Outer-sphere 7.35 4.38 2.5 7.29 4.35 2.6 6.98 4.05 3.1 

Note. The sum of squares over the degrees of freedom, SOS/DF, is an indicator of goodness of fit. 

outer-sphere surface complexes and the triple- 
layer model. As in Table I, surface site density, 
[SOH ]r, increases from left to right. For inner- 
sphere complex formation of most anions, the 
values of log K] (int) decrease and the values 
of SOS/DF increase with increasing surface 
site density. When describing inner-sphere 
complex formation, the triple-layer model, as 
well as the constant capacitance model, pro- 
vides the best fits for the smallest values of 
[SOH]T. For outer-sphere complex formation 
of most anions, values of log K~ (int) and 
SOS/DF exhibit a much smaller dependence 
on the magnitude of surface site density. 

Figure 2 shows the fit of the triple-layer 
model to selenite adsorption on goethite as a 
function of pH for three different values of 
surface site density using both inner-sphere 
(Fig. 2a) and outer-sphere (Fig. 2b) surface 
complex configurations. The fit for both types 
of surface complexes and all surface site den- 
sities is good. For the inner-sphere surface 
complex the best fit is obtained for the smallest 
value of surface site density, while for the 
outer-sphere surface complex the largest value 
of [SOH]r provides the best fit. Selenite ad- 
sorption on goethite has been reported to occur 
through the formation of inner-sphere com- 
plexes using direct spectroscopic measure- 
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ments (33). Application of goodness-of-fit 
criteria would have lead to the choice of an 
outer-sphere adsorption mechanism for the 
largest surface site density value, in direct 
contradiction with the direct spectroscopic 
evidence. Only for the smallest surface site 
density would goodness-of-fit criteria have 
chosen an adsorption mechanism that is in 
agreement with the spectroscopic results. 

The fit of the triple-layer model to selenate 
adsorption on goethite as a function of pH is 
indicated in Fig. 3 for various values of 
[ SOH ] T using both inner-sphere (Fig. 3a) and 
outer-sphere (Fig. 3b) surface complexes. For 
inner-sphere adsorption, an acceptable fit is 
obtained only for the smallest value of surface 
site density. For outer-sphere adsorption, the 
fit for all values of [SOH]r is uniformly good 
and almost independent of the value of 
[SOH]r. Selenate adsorption on goethite has 
been reported to occur via outer-sphere com- 
plex formation using direct spectroscopic 
measurements (33). In the case of selenate, 
application of goodness-of-fit criteria leads to 
the choice of an outer-sphere adsorption 
mechanism for all surface site densities, in 
agreement with the spectroscopic evidence. 

Figure 4 shows the fit of the triple-layer 
model to sulfate adsorption on goethite as a 
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FIG. 2. Selenite adsorption on goethite: (a) inner-sphere mechanism, (b) outer-sphere mechanism. Ex- 
perimental data (0 )  from Hayes et aL (20). Triple-layer model results are represented by ( - - )  for [SOH]T 
= maximum adsorption, from Hingston (31), by (---) for [SOH]r  = 0.305 nm 2 per hydroxyl, and by 
( . . . .  ) for [SOH]r  = 7 sites/nm 2. 

function of pH and surface site density using 
both inner-sphere (Fig. 4a) and outer-sphere 
(Fig. 4b) surface complexes. For the inner- 
sphere surface complex the fit is extremely 
poor except for the smallest value of surface 
site density. For the outer-sphere surface com- 
plex the fit, as for selenate (Fig. 3b), is good 
for all values of [SOH]T and shows little de- 
pendence on [ SOH ]r. Sulfate adsorption be- 
havior is "intermediate" in that it exhibits 

certain characteristics representative of inner- 
sphere and some representative of outer-sphere 
surface complexes (5). The exact adsorption 
mechanism for sulfate has not yet been iden- 
tified with spectroscopic methods. 

The fit of the triple-layer model to molyb- 
date adsorption on goethite as a function of 
pH and [SOH]ris shown in Fig. 5 using both 
inner-sphere (Fig. 5a) and outer-sphere (Fig. 
5b) surface complex configurations. For inner- 

4 

-6 

2 ! 
I 

¢ 
J~ 

0 

u i i i i 

\ 

, , " ~ , - ~ _ - . .  _ ,  

3 4 5 6 ? 

pH 

E 
E 

¢ 

"o 

8 2 

b 

:1 
21 

iO i i I I 
3 4 5 6 7 

pH 

FIG. 3. Selenate adsorption on goethite: (a) inner-sphere mechanism, (b) outer-sphere mechanism. Ex- 
perimental data ( • )  from Zhang and Sparks (24). Triple-layer model results are represented by ( - - )  for 
[SOH]r  = maximum adsorption, from Hingston (31 ), by (---) for [SOH]r = 0.305 nm 2 per hydroxyl, and 
by ( . . . .  ) for [SOH]T = 6.4 sites/nm 2. 

Journal of Colloid and Interface Science, Vol. 145, No. 1, August 199 ! 



8 SABINE GOLDBERG 

2.0 

1.5 

1.0 

0.5 

2.0 

a 

u i i i i u 

\ 

' \  \ 
\ ' \ ' \ . \  

\ ", • 

\ x 
• \ -,% 

3.0 3.5 4.0 4.5 5.0 5.5 

~o 1.5 
E 

I.O 
t,o 

"~0.5 
¢) 

b 

i 

o ° 31o ,io ,15 51o 515 2.5 6.0 2.5 

pH pH 

FIG. 4. Sulfate adsorption on goethite: (a) inner-sphere mechanism, (b) outer-sphere mechanism. Ex- 
perimental data (0)  from Zhang and Sparks (23). Triple-layer model results are represented by (--)  for 
[SOH]r = maximum adsorption, from Hingston (31), by (---) for [SOH]r = 0.305 nm 2 per hydroxyl, and 
by ( . . . .  ) for [SOH]r = 6.4 sites/nm 2. 

6.0 

sphere adsorption, the best fit is obtained for 
the smallest value of surface site density, al- 
though all fits are poor. For outer-sphere ad- 
sorption, as for selenate (Fig. 3b) and sulfate 
(Fig. 4b), the fit is good for all [SOH]r values 
and virtually independent of [ SOH ] r. Molyb- 
date adsorption on goethite and gibbsite occurs 
via a ligand exchange mechanism forming in- 
ner-sphere complexes (34). Application of 
goodness-of-fit criteria would have lead to the 

choice of an outer-sphere adsorption mecha- 
nism for all surface site densities, in direct 
contradiction with the indirect experimental 
results of Hingston et al. (34). 

CONCLUSIONS 

The ability of the constant capacitance 
model and the triple-layer model to describe 
anion adsorption on goethite using both inner- 
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FIG. 5. Molybdate adsorption on goethite: (a) inner-sphere mechanism, (b) outer-sphere mechanism. 
Experimental data (O) from Zhang and Sparks (22). Triple-layer model results are represented by (--)  for 
[SOH]r = maximum adsorption, from Hingston (31), by (---) for [SOH]r = 0.305 nm 2 per hydroxyl, and 
by ( . . . .  ) for [SOH]r = 6.4 sites/nm 2. 
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a n d  outer -sphere  surface complexes  was eval- 
ua ted  and  found  to be sensit ively dependen t  
on the value o f  the  surface site density.  Ap-  
p l ica t ion  o f  a goodness-of-f i t  c r i te r ion  leads to 
the  choice o f  an inner-sphere  adsorp t ion  
mechan i sm for small  surface site densit ies and  
an outer -sphere  adsorp t ion  m e c h a n i s m  for 
large values o f  [ S O H  ]r .  Exper imen ta l  deter-  
m i n a t i o n s  o f  [ S O H ] r  vary by  an order  o f  
magn i tude  depend ing  on the type  o f  m e t h o d  
used. Unce r t a in ty  in the  value o f  [ S O H ] r  cur-  
rent ly  inval ida tes  use o f  surface complexa t ion  
mode l s  to d is t inguish an ion  adsorp t ion  mech-  
an i sms  on  soil minera l  surfaces. I n d e p e n d e n t  
exper imen ta l  evidence is requi red  to  choose  
the  app rop r i a t e  adsorp t ion  m e c h a n i s m  for 
surface complexa t i on  model ing .  Fu r the r  re- 
search is needed  to de t e rmine  the mos t  ap-  
p ropr ia te  exper imen ta l  m e a s u r e m e n t  o f  sur- 
face site dens i ty  for descr ibing an ion  adsorp-  
t ion.  Because o f  the  sensi t ivi ty to this  
parameter ,  ag reement  a m o n g  researchers  on 
a prefer red  exper imen ta l  me thodo logy  would  
be mos t  useful for the  con t inued  d e v e l o p m e n t  
o f  surface complexa t ion  model ing .  
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