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took on the magnitude of027 KJ/mol. The chemical interac-
The electric double-layer model of physical adsorption originally tion term can be made so overwhelmingly large that adsorp-

proposed by James and Healy in the early seventies (1–3) has tion of cations over positively charged surfaces can be fitted
largely been abandoned in favor of more complex triple-layer with the James and Healy model (4–7).
chemical adsorption models. Two refinements have been made to

Various formulations of chemical adsorption models, inthe original simpler double-layer model and results for the simula-
particular ‘‘triple layer models’’ or TLMs (8–10), havetion of metal ion adsorption over silica, iron(III) oxide, chromi-
largely replaced the physical adsorption model. In theseum(III) oxide, and alumina are presented here. With a more accu-
models the ‘‘repulsion’’ is due to singly valent counterionsrate (non-Nernstian) description of surface potential (25, 26) , and
such as Cl0 or Na/ which bind to the protonated or deproto-the more accurate solvation free energy term of Levine (8) , good

fits to the data are obtained with smaller or no adjustable ‘‘chemi- nated hydroxyl groups, so diminishing the potential experi-
cal’’ interaction terms. The interpretation of the revised model is enced by other adsorbing ionic complexes. In the older
directly contrary to the original double-layer model in that TLMs the univalent counterions experience a higher poten-
multivalent, unhydrolyzed ions are now predicted to adsorb prefer- tial than do multivalent ionic complexes, which argues
entially to univalent hydrolysis products. This interpretation coin- against a predominantly electrostatic adsorption mechanism.
cides with the results of more recent triple-layer models, indicating Similarly, in James and Healy’s model univalent hydrolysis
preferential adsorption of multivalent complexes. However, the

products such as Co(OH)/1 and Fe(OH)/1
2 were postulatedrevised physical adsorption model suggests that these adsorption

to adsorb preferentially to the multivalent metal cations Co/2
phenomenon are usually physical (electrostatic) in nature and not

and Fe/3 (3) , due to the domination of the solvation overchemical. q 1997 Academic Press

the coulombic free energy term. Newer surface complexation
models (11–21), however, predict that multivalent ions can
be adsorbed in preference to univalent or lower charged ions.
These predictions are based on the best fit of the surface
complexation model to the experimental data.

INTRODUCTION
Revisions of the solvation energy component have re-

cently been made for physical surface complexation (22) asOne of the earliest models for adsorption of charged metal
well as ion exchange (23) models. In fact, a more rigorouscomplexes from aqueous solution onto oxide surfaces was
derivation for this term was provided by Levine (8) earlythat of James and Healy (1–3), which was based on a
on, as noted by Fuerstenau and Osseao-Asare (24), but topredominantly physical interaction. This model incorporated
the authors’ knowledge it has never been evaluated. In thean electric double layer in which the oxide surface potential
present work this term has been incorporated into Jameswas described by the Nernst equation. Adsorption free en-
and Healy’s original model. An additional refinement is thatergy terms accounted for coulombic interaction (usually an
surface potential has been calculated with a more realisticattractive term) and solvation energy (a repulsive term). A
non-Nernstian treatment of the oxide surface (25, 26). Goodmain drawback of this model is often the necessity of a
agreement to experimental data for adsorption over silicarelatively large adjustable ‘‘chemical’’ free energy term. For
above the pzc, Fe(III) and Cr(III) oxides, and alumina,example, in the original publication (3) to fit the adsorption
above and below the pzc, is achieved with smaller valuesof Co complexes over SiO2, coulombic and solvation free
of the ‘‘chemical interaction term,’’ and in some cases evenenergies were calculated at high pH to be 019 and 11 KJ/
without this term. A most notable result is that the revised

mol, respectively, while the ‘‘chemical’’ interaction term
model contradicts the original interpretation that univalent
hydrolysis products adsorb preferentially to multivalent un-

1 To whom correspondence should be addressed. hydrolyzed ions over silica above the pzc. According to the
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175REVISED PHYSICAL ADSORPTION MODEL

FIG. 1. Variation of potential from Nernstian as a function of (a) ionic strength at DpK Å 5.2 and Ns Å 5e14 sites/cm2, (b) ionic strength at DpK
Å 8.5 and Ns Å 5e14 sites/cm2, (c) surface site density (Ns sites/cm2) at constant DpK Å 5.2.

present calculations the coulombic term dominates all others. The total surface covered by adsorbing species is given as
a linear summation of the fraction of surface covered byThere may be a good number of systems in which the mecha-

nism of adsorption is chiefly physical and not chemical. individual adsorbing species,

THEORY

u(monolayers) Å ∑
i

ui Å ∑
i

Gi

Gmi

, [2]
A Langmuir adsorption isotherm is employed, and the

maximum adsorption density Gmi (mole/area) is based on
a steric close-packed layer of adsorbates retaining one hydra- where
tion sheath:

GTSmole
area D Å ∑

i

Gi Å
(i GmiKiCi

1 / (i KiCi

. [1] Gmi Å F 1
N0p(ri / 2rw)2G . [3]
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176 AGASHE AND REGALBUTO
TABLE 1

Speciation Mechanisms of Various Metal Complexes where zi is the charge of the species, F the Faraday constant,
in Undersaturated Solutions and Cx ,i , the potential, as found from the solution of La-

place’s equation. The solution of Gouy and Chapman assum-
Reaction number ing a simple electric double layer in which all species adsorb

i Mechanism pKa,i
in one plane is given by (3)

Cobalt speciation mechanism

1
Co/2 / H2O

9.6 Cx ,i Å F2RT

ZF G lnF (Y / 1) / (Y 0 1)e0kxi

(Y / 1) 0 (Y 0 1)e0kxi
G , [7]S

K
a1

Co(OH)/ / H/

2
Co(OH)/ / H2O

9.2
S

K
a2

Co(OH)0
2 / H/

3 12.7
Co(OH)0

2 / H2O whereS

K
a3

Co(OH)03 / H/

Calcium speciation mechanism xi Å ri / 2rw(m) [8]

1
Ca/2 / H2O

12.6
S

K
a1

Ca(OH)/ / H/
and

Chromium speciation mechanism

Y Å expSZ FC0

2RT D . [9]1
Cr/3 / H2O

4.1
S

K
a1

Cr(OH)/2 / H/

2
Cr(OH)/2 / H2O

5.9
S

K
a2

Cr(OH)/2 / H/

The surface potential C0 will be detailed below. The Debye–3 7.0
Cr(OH)/2 / H2O S

K
a3

Cr(OH)0
3 / H/

Huckel reciprocal double-layer length k is a function of
ionic strength I :

Iron speciation mechanism

1
Fe/3 / H2O

2.2
S

K
a1

Fe(OH)/2 / H/
k Å 3.31 1 109

√
I(m01) , I Å 1

2
∑

i

z 2
i Ci . [10]

2
Fe(OH)/2 / H2O

4.0
S

K
a2

Fe(OH)/2 / H/

3 5.1
Fe(OH)/2 / H2O S

K
a3

Fe(OH)0
3 / H/

Typical values of 1/k are less than the average pore radius
4 11.9

Fe(OH)0
3 / H2O S

K
a4

Fe(OH)04/H/ of high surface area oxide powders; for example, at an ionic
strength of 1003 M , 1/k Å 10.4 nm.

Nickel speciation mechanism The first of two revisions of James and Healy’s original
computation is the treatment of surface potential (C0) . The1

Ni/2 / H2O
9.86

S

K
a1

Ni(OH)/ / H/
Nernst equation is not in fact a good description for the

2
Ni/2 / 2H2O

19.00
charging behavior of nonelectrode materials such as claysS

K
a2

Ni(OH)0
2 / 2H/

3
Ni/2 / 3H2O

30.50 and inorganic oxides (25, 26, 28, 29). Healy and White
S

K
a3

Ni(OH)03 / 3H/

have presented a number of more realistic ‘‘non-Nernstian’’
representations for oxide surfaces; that which is most suit-

The steric basis for Gmi of metal cations was indicated by able for silica is a single site model owing to its low isoelec-
James and Healy (3) and has been more recently demon- tric point (near 2) and its relative inability to attain a positive
strated for the adsorption of noble metal chloride anions and surface charge. Thus a single surface ionization constant is
ammine cations over silica and alumina (27). used to describe surface charging:

Adsorption equilibrium constants for species i ,

[SiOH] K =2 [SiO0][H/
s ] or

Ki Å expS0DGads,i

RT D [4]
K *2 Å [SiO0][H/

s ] / [SiOH]. [11]

are calculated from an overall Gibbs free energy of adsorp- The non-Nernstian model requires the simultaneous solution
tion, DGads,i , comprised of three terms, an attractive cou- of three equations. First, it requires a statement of the electri-
lombic term, a repulsive solvation term, and what is in prac- cal neutrality of the double layer,
tice an adjustable or ‘‘chemical’’ free energy term (3):

so / sd Å 0, [12]DGads,i Å DGcoul,i / DGsolv,i / DGchem,i . [5]
where

The coulombic contribution of species i is given as

DGcoul,i Å zi FCx ,i , [6] sd Å 0(2e1003N0ckT /P)1/2sinh(eC0 /2kT ) [13]
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177REVISED PHYSICAL ADSORPTION MODEL

FIG. 2. (a) Variation of liquid bulk equilibrium speciation of cobalt as a function of pH of the impregnating solution. (b) Comparison of overall
adsorption density with individual complex densities as a function of pH of cobalt impregnating solution for initial metal concentration of 1.2e-5 and
ionic strength of 0.001 mol/ liter for DpK Å 5.2 and Ns Å 5e14 sites/cm2.

is the diffuse layer charge according to the Gouy–Chapman of the difficulty in measuring this value (30, 31) . The two
values for DpK chosen for this work, 5.2 and 8.5, withtheory. Finally, the surface charge for single-site oxides like

SiO2, in terms of surface potential, is Ns Å 5e14 site /cm2 , represent the typical range of values
reported in the literature.

The corresponding two-site surface charging mecha-
so Å 0eNs

(K *2 /H)eeC0/2kT

1 / (K *2 /H)eeC0/2kT
. [14] nism for amphoteric oxides like Al2O3 , which show posi-

tive charge below pzc and negative charge above the pzc,
is

Two parameters are adjustable, the total number of
charged sites Ns and the difference between pK *1 and [AlOH/

2 ] K =1 [AlOH][H/
s ] and [AlOH] K =2 [AlO0][H/

s ]
pK *2 (Å DpK ) , which equals pK *2 for the single-site

ormodel (p K *1 Å 0) . The DpK values for SiO2 fluctuate
widely depending on the source (28, 30–33) , which is
understandable not only in light of differing treatment K *1 Å

[AlOH][H/
s ]

[AlOH/
2 ]

and K*2 Å
[AlO0][H/

s ]
[AlOH]

, [15]
conditions and methods of manufacture, but also in light
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178 AGASHE AND REGALBUTO

FIG. 3. (a) Comparison of experimental and RPA model uptake of cobalt on 75 m2/liter of SiO2 at 257C with initial metal concentration of 1.2e-6
and ionic strength of 0.001 mol/ liter: (squares) experimental, (solid line) James and Healy’s DGchem, i Å 027.17 KJ/mol, (hatched line) RPA model
with DpK Å 5.2 and Ns Å 5e14 sites/cm2 DGchem, i Å 0 KJ/mol) . (b) Comparison of experimental and RPA model uptake of cobalt on 75 m2/liter of
SiO2 at 257C with initial metal concentration of 1.2e-5 and ionic strength of 0.001 mol/ liter: (squares) experimental, (solid line) James and Healy’s
DGchem, i Å 027.17 KJ/mol, (hatched line) RPA model with DpK Å 5.2 and Ns Å 5e14 sites/cm2 DGchem, i Å 0 KJ/mol) .

and the surface charge is shows the variation of surface potential as a function of
surface site density; lower site density produces lower poten-
tial and higher site density gives high potentials.

so Å eNs
(H /K *1 )e0eC0/2kT 0 (K *2 /H)eeC0/2kT

1 / (H /K *1 )e0eC0/2kT / (K *2 /H)eeC0/2kT
. [16] Oxide surfaces can dramatically affect bulk liquid pH due

to proton adsorption/desorption as the surface becomes pro-
tonated/deprotonated at pH values below/above its pzc
(31). The two-site or amphoteric model of surface chargingThe surface potentials calculated with the non-Nernstian
has been used recently in conjunction with a proton balancemodel using a single-site model for SiO2 are compared to
between the bulk liquid and surface to demonstrate that eventhe Nernstian equation (C0 Å [2.303RT /Z F][pHpzc 0 pH])
small amounts of oxide surface exert a strong influence onin Figs. 1a and 1b, at the two values of DpK and for different
liquid phase pH due to proton transfer to or from the surfaceionic strengths. Deviations from Nernstian behavior are al-
(34). Thus the non-Nernstian model, besides providing aways significant and are larger with the higher DpK value
more realistic description of the surface charge, can alsoof 8.5 (Fig. 1b). The surface potential is also seen to be a

moderately strong function of ionic strength. Figure 1c provide for the prediction of pH shifts due to ‘‘oxide buff-
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179REVISED PHYSICAL ADSORPTION MODEL

FIG. 4. (a, b) Variation of Gibbs free energy of adsorption and its components as a function of pH of cobalt impregnating solution of 1.2e-5 and
1.2e-6 and ionic strength 0.001 mol/ liter for /2 and /1 charged complexes (DpK Å 5.2 and Ns Å 5e14 sites/cm2). (c, d) Variation of Gibbs free
energy of adsorption and its components as a function of pH of cobalt impregnating solution of 1.2e-5 and 1.2e-6 and ionic strength 0.001 mol/ liter for
/2 and /1 charged complexes (James and Healy) .

ering.’’ In most references cited herein pH shifts induced where Fi is the potential at a point ri / 2rw in the aqueous
phase outside the hydration shell (8) , andby the addition of oxide appear to have been neglected. Thus

the reported pH values, presumed to be the final values, are
employed in the present calculations and the proton balance

Fi Å
zie

8Pe0e1xi
F f1 / f2√

f1 f2

tan01
Éf1 f2É

1/2
and calculation of pH shifts was not included.

The second alteration of the original theory is in the solva-
tion energy term. This term reflects the energy required to 0 ln(1 / Éf1 f2ÉG , [18]move a species from the liquid bulk to the interfacial region;
the energy required to establish an electric field around an

whereinterfacial ion differs from that of the bulk solution, which
is a consequence of the difference between the dielectric
constants of these two regions.

f1 Å
e1 0 ep

e1 / ep

[19]A correction given by Levine (8) to the admitted overesti-
mation of the original solvation energy term (3) is employed and
here. Of the three cases presented (8) , that which corre-
sponds to the double-layer model, that is, for a model in

f2 Å
e1 0 e

e1 / e
. [20]which the locus of all point charges zie lie in one plane, is

DGsolv,i Å
1
2

zieFi /
(zie)2

8Pe0xi
S 1
e1

0 1
eD , [17]

The interfacial dielectric constant is calculated per James and
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180 AGASHE AND REGALBUTO

FIG. 5. (a) Variation of liquid bulk equilibrium speciation of chromium as a function of pH of the impregnating solution. (b) Comparison of
experimental and RPA model uptake of chromium on 75 m2/liter of SiO2 at 257C with initial metal concentration of 2.0e-4 and ionic strength of 0.01
mol/ liter: (squares) experimental, (solid line) James and Healy’s DGchem, i Å 029.26 KJ/mol, (hatched line) RPA model with DpK Å 5.2 and Ns Å
5e14 sites/cm2 DGchem, i Å 017 KJ/mol, (dashed line) RPA model with DpK Å 8.5 and Ns Å 5e14 sites/cm2, DGchem, i Å 025.5 KJ/mol) . (c) Comparison
of overall adsorption density with individual complex densities as a function of pH of chromium impregnating solution for initial metal concentration
of 2.0e-4 and ionic strength of 0.01 mol/ liter for DpK Å 5.2 and Ns Å 5e14 sites/cm2.

Healy (3) and is a modified form of the equation proposed by and
Sacher and Laidler (35), which is similar to the expression
proposed by Anderson and Bockris (36), but in a much
simplified form:

dC

dx
Å 02k

RT

ZF
sinhSZ FDCrw

2RT D . [22]

e1 Å S ebulk 0 6
1 / (1.2 1 10017)(dC /dx)2

rw

D / 6 [21]
The distance at which the potential gradient is calculated
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181REVISED PHYSICAL ADSORPTION MODEL

FIG. 6. (a) Variation of liquid bulk equilibrium speciation of iron as a function of pH of the impregnating solution. (b) Comparison of experimental
and RPA model uptake of iron on 75 m2/liter of SiO2 at 257C with initial metal concentration of 1.2e-4 and ionic strength of 0.01 mol/ liter: (squares)
experimental, (solid line) James and Healy’s DGchem, i Å 035.53 KJ/mol, (hatched line) RPA model with DpK Å 5.2 and Ns Å 5e14 sites/cm2 DGchem, i

Å 024.5 KJ/mol, (dashed line) RPA model with DpK Å 8.5 and Ns Å 5e14 sites/cm2, DGchem, i Å 027 KJ/mol) . (c) Comparison of overall adsorption
density with individual complex densities as a function of pH of iron impregnating solution for initial metal concentration of 1.2e-4 and ionic strength
of 0.01 mol/ liter for DpK Å 5.2 and Ns Å 5e14 sites/cm2.

is a matter of some confusion in the literature. In James’ model, from Fig. 8 of (3 ) , reveals that indeed the distance
of rw was used in that work. This distinction is now vitalPh.D. dissertation (37) , the distance rw is employed. This
since Levine’s solvation term is a much stronger functionvalue is used by Crawford et al. (5, 6 ) . Fuerstenau and
of interfacial distance.Osseo-Assare (24) and Theis’ group (38) , however, em-

Levine showed that for the case of adsorption of Ba/2 ,ploy a value of x Å ri / 2rw , as is printed in the original
James and Healy’s original term overestimates the solva-James and Healy manuscript (3 ) . In fact, the James and
tion energy by a factor of about 2 when compared withHealy solvation term varies only by a few percentage
the value obtained from the above term (8) . As will bepoints when the two different values are used. A careful

reproduction of the DGsolv values generated by the original discussed later, the relatively small magnitude of Levine’s
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182 AGASHE AND REGALBUTO

TABLE 2 the alumina data of reference (39), the reported value of
Comparison of DGchem Terms DpK was used with no adjustment. However, for adsorption

results over SiO2 (1–3, 37), DpK was not available. The
RPA model approach was to attempt a good fit by adjusting only DpK

with DGchem Å 0. (At any value of DpK , a more realisticJames and Healy’s DGchem

description of the surface than the Nernst equation shouldSpecies DGchem (KJ/mol) DpK (KJ/mol)
result.) If good agreement was still not achieved, the DGchem

Fe/3, Fe/2, Fe/ 035.5 5.2 024.5 term was employed.
rFe Å 0.64 (Å) 8.5 027.0

Cr/3, CR/2, Cr/1 029.3 5.2 017.0 RESULTS AND DISCUSSION
rCr Å 0.69 (Å) 8.5 025.5

The liquid-phase speciation of cobalt and the adsorptionNi/2, Ni/1 027.4 5.2 010.0
rNi Å 0.79 (Å) 8.5 014.5 density of cobalt species are shown in Figs. 2a and 2b, while

comparisons of the revised double layer model to James andCa/2, Ca/1 029.3 5.2 05.0
Healy’s data and their model are made in Fig. 3 for therCa Å 0.99 (Å) 8.5 05.0
two undersaturated concentrations they reported (1) . The

Co/2, Co/1 027.2 5.2 0.0
agreement of the revised model is somewhat better in the1.2E-4M 8.5 015.0
pH range up to 8. The revised model predicts a dropoff inrCo Å 0.78 (Å)
adsorption past a pH of 8, due to the prevalence of the

Co/2, Co/1 027.2 5.2 0.0
zero-valent second hydrolysis product Co(OH)2 in solution.1.2E-5M, 1.2E-6M 8.5 015.0
James and Healy’s original model exhibits this dropoff past arCo Å 0.78 (Å)
pH of 9 due to the large magnitude of the DGchem parameter.
However, in their original manuscript, as here, calculations
were not extended beyond a pH of 9 due to another physicalterm is the source of the vastly different phenomenologi-
phenomenon. James and Healy unambiguously demon-cal interpretation of the revised model; the coulombic term
strated with zeta potentiometry that this phenomenon wasbecomes dominant.
associated with a negative-to-positive charge reversal (2) ,Experiments to be simulated are at constant ionic strength,
implying that Co was adsorbed in amounts beyond onein which case the adsorption equilibrium constants are truly
monolayer. They attributed this behavior to surface precipi-constant. The solutions considered are undersaturated so that
tation, which would occur at a pH somewhat lower than thatthe liquid-phase mole fractions are independent of total metal
in the bulk solution. Neither their original model nor theconcentration. The liquid-phase speciation of the metal cat-
present revised model include a consideration of surfaceions is found from known hydrolysis constants, listed in
precipitation.Table 1. The equilibrium liquid-phase concentration of each

The revised model incorporates more accurate surface po-species is found from a mole balance on each species,
tential and solvation free energy calculations and provides
a good fit to the data with a fitted value of the surface

Ci Å Ci ,initial 0 Ci ,adsorbed , [23]
potential within a commonly cited range. The interpretation
of adsorption phenomenon, however, is completely at odds

where the amount adsorbed Ci ,adsorbed is calculated as with the original model. Looking back to Fig. 2b, it is seen
that the divalent Co/2 cation is the preferentially adsorbed
species. In the original model, the first hydrolysis productCi ,ads Å

mOXSOX

VL

Gi Å
mOXSOX

VL
S Gmi KiCi

1 / (i KiCi
D . [24]

was thought to be the predominantly adsorbed species. The
difference in interpretation can be seen in the individual free
energies for the /2 and /1 species, shown in Fig. 4. TheIf one species is predominantly adsorbed, at constant ionic

strength, the mole balance becomes a quadratic function solvation, coulombic, and total free energies for the /2 and
/1 cobalt species, for Levine’s solvation free energy term,of Ci of the dominant species. The surface potential and

adsorption uptake can be calculated sequentially in the man- are shown in Figs. 4a and 4b, while the James and Healy
counterparts are shown in Figs. 4c and 4d. Of immediatener of Dzombak and Morel (11) using common equation

solver and spreadsheet packages. note is that the solvation free energies using Levine’s calcu-
lations are much smaller than those of James and Healy’sIn some instances the revised model actually possesses

two adjustable parameters, DpK and DGchem , instead of the term. In fact, in James and Healy’s original model, the solva-
tion energy dominated the total free energy of adsorptionone (DGchem) in the original model. The value of DpK is a

measurable quantity (although not accurately so (30–31)) and was so high for the /2 species that the overall free
energy for this species was positive. With the much smallerand in principle can be measured independently. To simulate
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183REVISED PHYSICAL ADSORPTION MODEL

FIG. 7. (a) Variation of liquid bulk equilibrium speciation of calcium as a function of pH of the impregnating solution. (b) Comparison of experimental
and RPA model uptake of calcium on 75 m2/liter of SiO2 at 257C with initial metal concentration of 1.4e-4 and ionic strength of 0.01 mol/ liter: (squares)
experimental, (solid line) James and Healy’s DGchem, i Å 029.26 KJ/mol; (upper hatched line) RPA model with DpK Å 5.2 and Ns Å 5e14 sites/cm2,
DGchem, i Å 05 KJ/mol; ( lower hatched line) RPA model with DpK Å 5.2 and Ns Å 5e14 sites/cm2, DGchem, i Å 0 KJ/mol; (upper dashed line) RPA
model with DpK Å 8.5 and Ns Å 5e14 sites/cm2, DGchem, i Å 05 KJ/mol; ( lower dashed line) RPA model with DpK Å 8.5 and Ns Å 5e14 sites/cm2,
DGchem, i Å 0 KJ/mol) . (c) Comparison of overall adsorption density with individual complex densities as a function of pH of calcium impregnating
solution for initial metal concentration of 1.4e-4 and ionic strength of 0.01 mol/ liter for DpK Å 8.5 and Ns Å 5e14 sites/cm2.

solvation energy of Levine, it is the coulombic term that model, the /1 species was predicted to be the predominant
adsorbing species even though its concentration was ordersdominates. Thus, the revised double-layer model offers a

principally ‘‘electrostatic’’ interpretation of the adsorption of magnitude less than that of the /2 species in the liquid
phase.phenomenon over silica.

With the revised model, the /2 adsorbed Co species (Fig. The liquid phase speciation, adsorption density, and com-
parison to experimental data for two trivalent cations, Cr2b) mirrors the predominance of the /2 species in the liquid

phase (Fig. 2a) , at least when surface potential has devel- and Fe, are shown in Figs. 5 and 6, respectively. Reasonable
fits of the data were obtained with the same DpK value asoped enough for adsorption to occur strongly. In the original
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184 AGASHE AND REGALBUTO

FIG. 8. (a) Variation of liquid bulk equilibrium speciation of nickel as a function of pH of the impregnating solution. (b) Comparison of experimental
and RPA model uptake of nickel on 50 m2/liter of SiO2 at 257C with initial metal concentration of 1.7e-5 and ionic strength of 0.01 mol/ liter: (squares)
experimental, (solid line) Thais and Richter’s DGchem, i Å 027.17 KJ/mol, (hatched line) RPA model with DpK Å 5.2 and Ns Å 5e14 sites/cm2 DGchem, i

Å 010 KJ/mol, (dashed line) RPA model with DpK Å 8.5 and Ns Å 5e14 sites/cm2, DGchem, i Å 014.5 KJ/mol) . (c) Comparison of overall adsorption
density with individual complex densities as a function of pH of nickel impregnating solution for initial metal concentration of 1.7e-5 and ionic strength
of 0.01 mol/ liter for DpK Å 8.5 and Ns Å 5e14 sites/cm2.

used previously, 5.2, but DGchem terms had to be added in scription of the oxide surface potential. The smaller DGchem

values of the revised model may well reflect a more realisticorder to match the high level of uptake. The values of DGchem

used in the revised model, as well as those originally em- description of the entire adsorption process.
According to the revised model, the coulombic free energyployed by James and Healy, are shown for all simulations

in Table 2. The values used in the present model for Cr and term also dominates for the trivalent species, and while the
triply valent cations possess the most negative free energiesFe, 017 and 024.5 KJ/mol, are considerably smaller in

magnitude than the corresponding terms of the original of adsorption, their adsorption densities are low (Figs. 5c
and 6c) due to their low concentrations. In both of thesemodel, 029 and 035.5 KJ/mol, respectively. Although the

revised model has an added adjustable parameter in DpK , cases, the adsorption density of the individual surface species
again mirrors that of the liquid-phase species.the non-Nernstian treatment provides a more realistic de-
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TABLE 3
Individual DG Values at pH 7.0

Original James and Healy model RPA model

DGcoul DGsolv DGchem DGads DGcoul DGsolv DGchem DGads

(KJ/mol) (KJ/mol) (KJ/mol) (KJ/mol) (KJ/mol) (KJ/mol) (KJ/mol) (KJ/mol)

Ni /2 23.1 22.6 044.0 1.71 DpK Å 5 19.7 4.22 035.0 011.1
DpK Å 7 13.6 4.19 030.0 012.2

Ni / 1 11.5 5.66 044.0 026.8 DpK Å 5 9.84 1.06 035.0 024.1
DpK Å 7 6.81 1.05 030.0 022.2

Zn /2 13.0 11.5 045.0 020.5 DpK Å 5 11.5 3.51 035.0 019.9
DpK Å 7 6.91 3.51 027.0 016.6

Zn /1 6.52 2.86 045.0 035.6 DpK Å 5 5.75 0.879 035.0 028.4
DpK Å 7 3.46 0.878 027.0 022.7

Cr /3 19.6 26.2 050.0 04.29 DpK Å 5 17.3 8.02 050.0 024.7
DpK Å 7 10.4 8.01 040.0 021.6

Cr /2 13.0 11.6 050.0 025.3 DpK Å 5 11.5 3.57 050.0 034.9
DpK Å 7 6.92 3.56 040.0 029.5

Cr /1 6.52 2.91 050.0 040.6 DpK Å 5 5.76 0.891 050.0 043.4
DpK Å 7 3.46 0.890 040.0 035.6

Pb /2 10.7 12.3 032.0 09.03 DpK Å 5 7.92 3.44 030.0 018.6
DpK Å 7 3.41 3.42 030.0 023.1

Pb /1 5.35 3.07 032.0 023.6 DpK Å 5 3.96 0.859 030.0 025.2
DpK Å 7 1.71 0.855 030.0 027.4

Finally, simulations for two other divalent cations, Ni and hydrolysis products. The first hydrolysis products may in-
deed be adsorbed predominantly in these latter two cases,Ca, are shown in Figs. 7 and 8. For both cations, the previous

DpK value of 5.2 resulted in too high a surface potential especially in the case of calcium. This interpretation can be
rendered in the revised model only by adding a repulsiveand predicted adsorption to occur much sooner than observed

experimentally (Figs. 7b and 8b). The sensitivity of the (positive) chemical interaction term to the /2 species, while
adding an attractive term to the /1 species. A possibility iscalculations to DpK and DGchem is seen in Fig. 7b. The two

leftmost hatched curves are for a DpK value of 5.2, while that the solvation free energy is a stronger function of radius
than in the term currently employed. The radius of calciumthe two right dashed curves are for DpK Å 8.5. In either

set, the lower curve corresponds to DGchem Å 0. Roughly (Table 3) is far larger than any other modeled in this set
over silica.speaking, the value of DpK controls the pH at which the

upturn in adsorption occurs, and DGchem controls the magni- The calcium results notwithstanding, the revised model
brings into question the prevalent interpretation of the originaltude of adsorption density.

The Ni adsorption data could be matched reasonably well double-layer theory and many triple-layer theories that univa-
lent species adsorb preferentially to multivalent species overusing a DpK value of 7, along with a chemical term of 7

KJ/mol. A different DpK value is perhaps justified for the oxide surfaces. The revised model presents a simple, predomi-
nantly electrostatic picture of the adsorption process in whichNi data since the results are from a different group (38) and

a different type of silica was used. However, the DpK value the surface species largely reflect the liquid-phase species.
The adsorption of Pd complexes onto alumina at pH val-of 8.5 needed to simulate the Ca data is not justified, since

this data is from the same reference as the Co, Cr, and Fe data ues both above and below the PZC of alumina has been
claimed to be predominantly electrostatic in nature (38). A(1–3) and employed the same silica support. A different

pretreatment, such as a high temperature calcination which comparison of the revised physical adsorption model to the
much-cited results of Contescu and Vass (39) is shown incan eliminate hydroxyl groups, was not mentioned in the

paper (1) and the possibility of an impurity which can alter Fig. 9. The non-Nernstian two-site amphoteric model is ap-
plied to calculate the interfacial potential. The values ofthe isoelectric point and charge is highly unlikely. In fact,

for both Ca and Ni the experimental adsorption data does alumina pzc (7.8) , DpK (4.62), and Ns (0.68e14 site/cm2)
were used as reported. The maximum uptakes of the chloridemore closely emulate the liquid-phase speciation of the first
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FIG. 9. Comparison of experimental (points) vs RPA model uptake of palladium on 3255 m2/liter of Al(III) oxide at 257C with DpK Å 4.62 at
initial metal concentration of (a) 0.5e-3 mol/ liter, (b) 1.0e-3 mol/ liter, (c) 1.5e-3 mol/ liter, and (d) 2.0e-3 mol/ liter at Ns Å 0.68e14 sites/cm2 (solid
line) and Ns Å 8e14 sites/cm2 (dotted line) .

and amine complexes were based on a close-packed mono- predominant adsorbed complexes. Thus the detailed simula-
tion of Contescu and Vass’ data with the current modellayer of PdCl02

4 retaining 1 hydration sheath (acidic pH),
supports the original claim of a primarily electrostatic ad-or on Pd(NH3)/2

4 retaining two hydration sheaths (basic
sorption mechanism.pH), as found previously (27). The percentage of uptake

James and Healy’s model can also be applied to conditionsversus pH is shown for four concentrations, 0.5, 1.0, 1.5,
where net electrostatic repulsion occurs, as in cation adsorp-and 2.0 mmol Pd/liter. The calculations using the reported
tion over positively charged goethite and chromia (5–7)(and not adjusted) parameters are represented by the solid
surfaces (at pH values below the oxide pzc). A comparisonlines in Fig. 9. The fit is quite good in the low pH range
of the original and revised models for representative resultsbut underestimates uptake in the high pH range, although
from Refs. (5–7) are shown in Fig. 10. Utilizing a DpK ofthe trend of the data is followed. If a more common value
7 and estimating hydroxyl site density to be Ns Å 17e14of NsÅ 8e14 sites/cm2 is used for the hydroxyl group density
sites/cm2 (9, 33), good fits to all data sets are obtained with(calculations shown by hashed lines) , the fit in the high
DGchem values substantially lower than those employed inpH region is excellent, while the low pH uptake is now
the original model. In these simulations, the DGchem mustoverestimated somewhat. The relatively weak dependence
be used to compensate the coulombic and solvation terms,of adsorption uptake on Ns can be seen from this figure; the
which are now both repulsive. Values are lower for the RPAtwo sets of results employ Ns values which differ by over
model since, first, the surface potentials and therefore thean order of magnitude. An optimized value for Ns would fall
coulombic terms are smaller (see Fig. 1) , and second, be-roughly inbetween the two values shown.
cause the solvation terms are smaller. When a DpK valueAt low pH, Pd exists primarily as palladium chloride,
of 5 is used, DGchem values are somewhat higher than thosePdCl02

4 , while at high pH, the main species is palladium
used for a DpK of 7 since the surface potential is nowtetraamine, (NH3)4Pd/2 (39). This change in speciation is
higher, but they are still below those of the original model.opposite to that of the surface charge, which is strong and
A comparison of individual DG values for the two modelspositive at low pH, and strong and negative at high pH. The

model predicts at either Ns value that these are in fact the is given in Table 3. From this table it is also seen that the
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FIG. 10. Comparison of experimental (points) vs RPA model ( line) uptake of (a) zinc (rZn Å 0.74 Å) on goethite (Ref. (6) , Fig. 5) , (b) lead (rPb

Å 0.74 Å) on goethite (Ref. (7) , Fig. 3) , (c) chromium on goethite (Ref. (6) , Fig. 3) , (d) nickel on Cr(III) oxide (Ref. (6) , Fig. 6) .

/1 species (first hydrolysis products) and not the /2 metal Current efforts are focused on utilizing the RPA model
to describe adsorption as occurs in catalyst impregnation,ions are predicted by both models to be preferentially ad-

sorbed since in both the sum of the coulombic and solvation that is, on a more scientific description of catalyst prepara-
tion. The model is being applied to noble metal complexfree energies is smaller for the univalent species. (This sum

is actually smallest for the zero-valent second hydrolysis adsorption onto oxides such as silica and alumina which are
commonly used as catalyst supports. Preliminary results suchproducts, but the concentrations of these species in the pH

range of import is negligible.) as those in Fig. 9 indicate that good agreement to experiment
can be attained without the use of the DGchem term; adsorp-In the simulations of Fig. 10 the chemical terms of

both double-layer models are greater than the sum of the tion in these cases may well be purely physical in nature.
coulombic and solvation energy terms (Table 3) , and
strictly speaking they should no longer be considered

APPENDIX: NOMENCLATUREmodels of ‘‘physical adsorption.’’ The applicability of the
RPA to other systems which exhibit predominantly

c concentration of background electro-‘‘chemical adsorption’’ like those in Fig. 10 will be inves-
tigated. The RPA model is much simpler and contains lyte in the solution (mole/ liter)

Ci concentration of species i with valencefewer adjustable parameters than current triple-layer mod-
els, as well as the simplified double-layer models of zi remaining in solution at equilib-

rium (mole/ liter)Dzomback and Morel (11 ) .
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Ci ,in initial concentration of species i 10012 J01 C2 m01)
ep dielectric constant of the metal oxide (4.3, Si; 14.2,( i.e., before adsorption calculations)

(mole/ liter) Al; 14.2, Fe; 8.0, Cr)
e1 dielectric constant of interfacial aqueous mediumCi ,ads concentration loss of species i due to

adsorption (mole/ liter) k inverse of the electric double layer length (m01)
Gi adsorption density of species i (mole/m2)e charge of electron (1.60219 1 10019

coul) Gmi maximum adsorption density of species i (mole/
m2)F Faraday constant (96501.2 coul/mole)

DGads,i change in total Gibbs free energy of GT total adsorption density (mole/m2)
s0 surface charge density (coul/cm2)adsorption of species i (J /mole)

DGcoul,i change in coulombic free energy of ad- sd diffuse layer charge density (coul/cm2)
cx ,i potential at the hydration radius away from the ox-sorption of species i (J /mole)

DGsolv,i change in solvation free energy of ad- ide surface imposed on adsorbate molecules
(volt)sorption of species i (J /mole)

DGchem,i change in chemical free energy of ad- c0 oxide surface potential (volt)
u total surface coverage of the oxide by the metalsorption of species i (J /mole)

H concentration of protons in the solution species
ui fractional surface coverage of the oxide by the metal(mole/ liter)

concentration of surface protons species iH/
s

DpK difference between pK *1 and pK*2I ionic strength (mole/ liter)
k Boltzmann’s Constant (1.38066 1
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