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Abstract

We present a further simplification of the essentially parameter-free revised physical adsorption model (K. Agashe, J.R. Regalbuto, J. Col-
loid Interface Sci. 185 (1997) 174) in this paper. It has been discovered that a physical adsorption model describing the uptake of various
metal complexes from aqueous solutions onto oxide surfaces can most accurately simulate experimental data when the model contains onl
a coulombic energy term, and not a solvation energy term. The results of the simulation for cobalt/silica, chloroplatinic acid (CPA)/alumina,
and tetraamonium platinate (TAP)/alumina and silica are presented here. A reasonable justification for the omission of this term is that
solvation effects are negligible when adsorbing metal complexes retain one or more hydration sheaths.
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1. Introduction +11 kJmol, respectively, while the “chemical” term re-
quired was—27 kJmol. The chemical interaction term can

Various mechanisms and associated models have bee®€ Mmade so overwhelmingly large that adsorption of cations
employed in the past three decades to describe the adsorptioRVer positively charged surfaces can be fit with the James
of catalyst precursor metal complexes from aqueous solu-and Healy model [3]. . .
tions onto the surfaces of oxide support materials. In 1978 ~ Our fundamental studies of catalyst impregnation have
Brunelle presented the first evidence to the catalysis com-centered on the adsorption of n.oble metal coordination com-
munity that noble metal adsorption onto support oxides was Pl€xes such as hexachloroplatinate, [BIE1, or tetraamo-
electrostatic in nature [1]. Oxides adsorb anionic complexes NiUm platinate (TAP), [(NH)4Pt]2+z onto common catalyst
at pHs below the pH of their point of zero charge (PZC), supports such as alumina and silica. We tqok the original
where the surface is protonated and positively charged, andM0de! of James and Healy as a base. In a first work [3] we
cationic complexes above their PZC, where the surface is "€Vised this modelin two ways. First, we employed the more

deprotonated and negatively charged [1]. rigorously derived solvation free energy term of Levine [4].

Several years earlier, James and Healy had published OneTh|s resulted in solvation energy terms about one order of

of the earliest quantitative frameworks of a physical mecha- mallgmtude less tgar:/\tlhﬁ terlm ohf'Jarrr:es antheal)é, f;)r |den|t|—
nism in the colloid science literature [2]. They calculated a @ parameters [3]. With only this change the model greatly
free energy of adsorption from a priori coulombic and sol- overpredicted the amount of metal uptake, and the strength
vation terms. and due to an admitted overestimation of the of the coulombic interaction had to be reduced. To this end,
solvation enérgy an adjustable “chemical” energy term [2]. we substituted a more realistic [5] non-Nernstian description
The large relativ,e magnitude of the adjustable term in this of the surface charge for the simplistic calculation of surface
model may explain why the model was not widely adopted. potential by Fhe Nernst equation. This had the desired ef-
For example, in the original publication, to fit the adsorp- fect of lowering the surface potential, and many data sets

tion of Ca?+ complexes over Sig) coulombic and solvation of caﬂqns adsorb|-ng overa neganyely chaiged S|!|ca”surface
. : were simulated either with no adjustable “chemical” term,
free energies were calculated at high pH to -b&9 and

or with greatly diminished values of this term [3]. We named
this model the revised physical adsorption (RPA) model, to
* Corresponding author. contrast it with other mechanisms proposed for metal ad-

E-mail address: jrr@uic.edu (J.R. Regalbuto). sorption that are based on assumed chemical interactions.
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In the course of our modeling of anionic platinum com- and
plexes adsorbing over alumina [6-8], we have discovered ZF¥,
that the solvation free energy term can, and in some instances = exp( SRT )
must, be omitted altogether. We have retraced our steps and .
found that the simplified model also works best for our ear- WhereZ =1 (for 1:1 background electrolyte§y is the sur-
lier simulations. Thus it appears, for a wide range of systems face potential, andt is the universal gas constant (8.314
that qualitatively exhibit electrostatic behavior, a quantita- J/MOolK). The Debye—Hiickel reciprocal double-layer length

tive model that accounts only for a coulombic interaction is « i @ function of ionic strengtt,
sufficient to describe metal uptake. 1
P k=331x10VI (m™Y), 1=32>"7C,
2 i

2. Theory wheregz; is the charge of the ions arf is the concentration
of the species.

To this point, the RPA model has been employed fornoble  The surface potentialy here is treated differently from
metal systems with the assumption of a single, represen-James and Healy’s model, in which it was computed by the
tative adsorbing complex [6-9], even though parent com- Nernstequation [2]. This has been demonstrated to be inade-
plexes such as hexachloroplatinate, [RI€t, are known quate for nonelectrode materials such as clays and inorganic
to hydrolyze to chlorohydroxo species in solution such as oxides [11]. We have instead employed a one-site, t&o-p
[PtCls(OH)]?~ and [PtCL(OH),]?~. The adsorption behav-  non-Nernstian model of the surface, commonly invoked in
ior of these different species has been directly compared, ancthe colloid science literature for amphoteric oxides such as
this assumption has been justified [9]. Thus, the model will Al>Osz [5,11]. The protonation and deprotonation of surface
be derived below for a single species, but is easily extendedhydroxyl groups is formulated in terms of the surface proton
to multiple species adsorption. concentration at

To obtain the total adsorption density at any given pH,

. o . +1 K1 +
total metal concentration, and ionic strength, the adsorption [AlOHz] - [A|OH][Hs ]

densities are computed from a Langmuir isotherm, and
Fy__kc¢ 1) [AIOH] -2 (A0 ][H]
I'max 1+ KC

in which the maximum extent of adsorption (rpafea) is N
calculated as a steric close-packed layer of adsorbates reg _ [AIOHIIH/]

taining one hydration sheath, [AIOHZ]

P [ o } and
NOTF(”ion‘f‘zrw)2 o [A|O_][H;"]

The maximum adsorption density for [P&~, which has 2~ TAIOH]

aradius of 2.95 A, is 1.6 pmg? and is now supported by The surface charge is

a good deal of experimental evidence [7,8,10]. ([AIOH}] _[AI0)

The adsorption equilibrium constank], is calculated 44 (c/cn?) = eN, i 2)
from only the coulombic energy, (IAIOH] + [AIOH} ] + [AIO™])
—AGads —AG coul wheree is the charge of the electron ai¥j is oxide sur-
K ZEXP< ) = p(T) face site density (sifen?). In terms of the bulk proton

concentration [H] = [H{ ]lexp(—eWo/2kT), in which k is
the Boltzmann constant arifl is the absolute temperature.
Equation (2) becomes

which in turn is given as a function of the potential at the
plane of adsorption,

AGcoul=zFV,. ([H+]/Kl)e—el1’o/2kT _ (Kz/[H+])eel1/o/2kT

In this equationz is the charge of the adsorbed speciess 0=y (IHT1/K1)e%/&T 1 (Kp/[HF])e%o/ AT
the Faraday constant, add is the potential, calculated by 3)
assuming a simple electric double layer in which all species

adsorb in one plane,

If the pH is specified, there are two unknowns in Eq. 63),
and¥y, so an additional equation is needed; it is the Gouy—
2RT | Y4+ + ¥ —De** Chapman diffuse-layer charge—potential relationship,

= [ ZF } n((y+ D—(r- 1)e—“>’

00 = (8 x 10 seoRIT)Y 2 sinh(eWy/2kT), (4)

where ¢ is the dielectric constant of the bulk aqueous
x = (rion+ 2ry) medium (78.54) at room temperatueg, is the dielectric

where
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Fig. 1. Summary of the parameters and typical results from the simplified RPA model: 200 ppm Pt280¢ +alumina (PZC= 8.5, ApK =5, Ny =
8 OH/nm?).

constant of the free space.§84188x 1012 J-1C2m=1), is calculated as
and/ (mol/l) is the total ionic strength of the electrolytes in MoxSox
the solution. Cadsorbed= (SL)I" = —/—1TI"
If only an initial pH is available, an estimate of the final Mo, r KC
(equilibrium) pH can be made by adding to #he-[H] ™ and = XX Fmax<7>. (6)
oo—¥p equations above (Egs. (3) and (4)), a proton balance Vi 1+xC
between the surface and bulk liquid [12], A summary of the model parameters and a typical set
of results are shown in Fig. 1. The support is described
F B e N by its PZC, hydroxyl density, and surface ionization con-
00 = E[([HJF]O —[OH]o) + (10~ *+PY — 10 pH);} stants (which are centered on the PZC and are represented

as) ApK. The precursor is described by its radius, its va-
(5) : . .

o ' lence, and the number of hydration sheaths it retains upon
where [H"Jo, [OH"]o are the initial concentrations of pro-  adsorption. While anionic chloroplatinates retain one sheath,
tons and hydroxylsw is the mass concentration of oxide cationic amine complexes of Pt and Pd appear to retain

(9/1), s is the specific surface area of the oxide €¢01) two [10]. The extensive system parameters are metal con-
y is the activity coefficient from the extended Debye—Huickel centration, surface loading, temperature (almost always as-
equation, and? is the standard concentration (1 /i) sumed to be 25C), and equilibrium pH.

Equations (3)—(5) can be solved simultaneously andinde-  |n Fig. 1 the adsorption of a 200-ppm solution of
pendent of the adsorption equations, to arrive at equilibrium [PtClg]2~ is simulated as a function of pH over 50% th
values ofog, ¥, and [H]". An article devoted completelyto  of an alumina surface, characterized by a PZC of 8.5 and
this portion of the model, in which the dramatic pH buffering a Apk of 5, with Ny, = 8 OH/nm?. The mole fractions of
effect of oxides was demonstrated, has been published preprotonated, neutral, and deprotonated hydroxyl groups gen-
viously (12) and a simple accurate method to measure oxideerated from these parameters are shown in the upper plot. In
PZC was presented. the lower graph, the surface potential and surface coverage

Finally, the equilibrium liquid-phase concentration of are plotted versus pH. At the PZC, the surface potential and
each species is found from a mole balance on each speciessurface coverage are both zero, and no uptake is predicted
C = Cinit — Cadsorbed Where the amount adsorb&thgsorbed above the PZC, where the surface potential is negative. Be-
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low the PZC, adsorption of the anion increases in response

to increasing positive surface potential. At the lowest pH, = 16
however, high ionic strength causes both the potential and% 14
the adsorption equilibrium constant to fall, the latter quite g’ ;, |
dramatically. We have offered this physical “double layer & 4 |
compression” effect as an alternate to the common assump2 ¢ |
tion of chemical adsorption theories that the retardation is & ¢ |

caused by the strong and competition adsorption of chlo-5 41
ride, and we have supported it with direct measurement of 2 |

O Experiment data

Simplified RPA
model
------ Original RPA model

ptake [

chloride uptake [7]. 0 . . : ‘ ‘

It should be noted that the model parameters either are 0 5 10 15 20 25 30
physical constants or can be measured independent of ad- Total Initial Pt [umol]
sorption. The adsorption model contains essentially no ad- (@)

justable parameters. In this work the model has been “fit" to
data by the wholesale elimination of the solvation term, and
this has been done retroactively to all other data sets we ever 1
simulated using the RPA model.

Simplified RPA
model
...... Original RPA model

o
o

O Experimental data

3. Resultsand discussion

Pt Uptake I [umol/m?]
o o
n ()]

One of the Pt/alumina data sets that led us to investigate ~ 02
the RPA model’s sensitivity to the solvation energy term is

0

shown in Fig. 2. It is the data of Santacessaria et al. [13] 3 35 4 45 5 55
and was originally reported as uptake versus CPA concen- pH final
tration (Fig. 2a). The CPA concentration is coupled to the (b)

pH; as the CPA concentration increases, the initial pH de-
creases. We have estimated the equilibrium pH for each datdFig- 2. Simulations of uptakg of CPA versus (a) concentration and (b) final
point by computing the initial pH from the CPA concen- 5'_;:22?;?;;5:2?2?2?;:‘Se’tl\z"z[ls]ozﬁ/'z‘n;g miint, 33000 1A/,
tration and then applying the proton balance (Egs. (2)-(4))
[6,8]. In Fig. 2b, then, uptake is plotted as a function of equi-
librium pH. same in regard to CPA adsorption [7]. In this case a single,
The model parameters are the same as those used abovew Pt concentration was employed, 200 ppm or abouf10
(PZC =85, ApK = 5.0, N, = 8 OH/nmP). Simulations molar, with the same “surface loading” (area of oxide per
with and without the solvation energy term are shown in the volume of solution, /1) of each type of alumina. All ma-
figure as the solid and dashed lines, respectively. With the terials could be reasonably modeled with one curve, using
solvation energy term, predicted uptake falls far below the the average PZC of 8.5. Figure 3 shows these data together
observed uptake as the CPA concentration increases/pH dewith the abbreviated and unabbreviated adsorption energy
creases. Without this term, agreement is quite reasonable. calculation. At this low Pt concentration, the uptake displays
The omission of this term might be justified from the very little sensitivity to the solvation energy term.
aqueous-like local environment retained by the adsorbed In addition to studying the adsorption of anionic Pt over a
complexes. A common assumption in adsorption models, positively charged alumina surface (on the acidic side of alu-
dating back to that of James and Healy, is that metal com-mina’s PZC), we have investigated the complementary cases
plexes can adsorb with one or more of their hydration of cationic Pt adsorption on the basic side of alumina’s and
sheaths intact [2]. It was mentioned in the theory section amorphous silica’s PZC, the latter of which is in the range
that anionic Pt and Pd complexes adsorb with one hydra-3.5-4.5 [14]. Experimental details of these experiments are
tion sheath has been rather well established; with cationic Ptgiven in Ref. [14]. Shown in Fig. 4 is the uptake of 200 ppm
and Pd complexes, the number of retained hydration sheathof tetraamonium platinate over 1006 phof silica (Fig. 4a)
appears to be 2 [10]. It is reasonable to assume that water isand alumina (Fig. 4b) which have been simulated with and
bound only weakly to a metal beyond the first or second hy- without the solvation energy terms. The PZ&pK, andN;
dration layer (for anions and cations respectively) such that for alumina (8.5, 5, and 8 OHhm?) have been kept the same
the energy required for its removal can be neglected. as in the previous two figures, while for silica, the alumina
The impact of the abbreviated calculation on other sets of parameters have been substituted for those of silica (mea-
data is illustrated in the remaining figures. We earlier found sured independently as 4.2, 5.2, and 5, respectively [15]).
that a wide variety of phases and surface areas of aluminasUnder these conditions the solvation energy exhibits rela-
which possessed a common PZC, all behaved roughly thetively little effect on the predicted uptake over silica (Fig. 4a)
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Fig. 3. Anionic Pt (CPA) uptake by various aluminas versus pH (data taken from [7]): 200 ppm Pt2&0@lnmina (PZC= 8.5, ApK =5, Ny = 8 OH/nm?).

0.35 100
NE 03 90 A
° 80 -
£ 0.25 4 B 70|
i 0.2 1 § 60
3 LN VAN 3
$ 0.15 /N T 50
a v\ o 40 -
3 01 \ [3)
S \\ & o 304
5 0.05 f \ =
» 1
0 . Ada, o , / . 10 |
0 2 4 6 8 10 12 14 0 ; i
pH 0 2 12 14
@
«'E‘ 07 Fig. 5. Simulations of cobalt adsorption.21x 106 M C02+) onto amor-
3 0.6 A phous silica (75 /I, room temp); diamonds—experimental data, dot-
€ 05 ,/—\ ted line—James and Healy’s model WithGchem = —27.17 kJ/mol,
3 // \\ dashed line—original version of RPA model with PZ2.0, ApK = 5.2,
%‘ 04 4 / \ .A Ny =5 OH/nn12; solid line—simplified version of RPA model, PZE€3.8,
€03 / \ ApK =5.2.
o 0.2 v \\
o Uz X . . . .
§ o1 / \ ing a PZC of 2.0 and the Nernst equation, with coulombic,
a '0 (Y4 \ solvation, and chemical energy terms. The second (dashed
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oH and Levine’s solvation energy term. In this case and the next

no adjustable chemical term was needed. Third, the simpli-
fied RPA model (solid line) uses only the coulombic term,
with a PZC of 3.8 andApK of 5.2, which are the para-

Fig. 4. RPA simulations of cationic Pt (TAP) uptake by (ajalumina
(PZC =85, ApK =5, Ny =8 OH/nmz) and (b) amorphous silica

meters used in Fig. 4 above. The retardation of adsorption
(PZC=4.2, ApK =5.2, Ny =5 OH/nn?) versus pH. Data from Ref. [14].

due to high ionic strength at high pH, as seen in Fig. 4, is
again predicted here. The last data point, near pH 10, re-
and about a 30% difference at the Uptake maximum over alu-mains h|gh due to the precipitation of cobalt as Co(@&t)
mina (Fig. 4b) that more accurately fits the data. this pH [2,3]. The latter, simplest model actually produces
A final comparison is made for €6/SiO,, a simulation  the best simulation. James and Healy estimated that cobalt
for which was originally presented in the first RPA model complexes adsorbed with one or two hydration sheaths [2],

paper [3]. At that time the PZC of amorphous silica was which is again consistent with our reasoning for negligible
believed to equal that of quartz, about 2. Since then, by var- solvation effects.

ious simple and accurate methods such as mass titration and

the measurement of equilibrium pH at high oxide loading,

the PZC of amorphous silica has been determined to be in4. Conclusion

the neighborhood of 4 [14-16]. In Fig. 5, the adsorption of

Co?t onto silica is simulated with three models. The first It has been discovered that an electrostatic adsorption
(dotted line) is with James and Healy’s original model, us- mechanism describing the uptake of some metal complexes
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