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Abstract

The adsorption of Pt(NH3)4
+2 onto five different amorphoussilicas (fumed and precipitated) was studied as a function of pH and conce

tration of platinum in solution. The ability of silica to protonate and deprotonate as a function of pH leads to an electrostatic attract
+2 platinum cation in the basic pH range, where the silica surface is negatively charged. Adjusting for the differences in surface a
various silicas, and since all have about the same point of zero charge (PZC), the adsorption behavior is similar for all materials
uptake as functions of pH and metal concentration is reasonably simulated by the revised physical adsorption (RPA) model using th
of independently measured parameters for all five silicas. This is the same model that has been previously employed to describe the ad
tion of anionic Pt chloride complexes over alumina in the acidic pH range [Chem. Eng. Sci. 56 (2002) 3491]. The proton balance
in the model also accounts for shifts in pH, which are virtually the same with and without metal in solution. Because of this, and be
maximum extent of Pt adsorption appears to have a steric limit and is much less than that predicted by an “ion-exchange” mech
believe that “electrostatic adsorption” is a more precise description of the adsorption mechanism. In a second paper among othe
show that platinum complexes adsorbed onto silica at theoptimal pH of about 10 remain 100%dispersed after reduction.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Among the simplest, least expensive, and most preva
preparation methods in the manufacture of heterogen
catalysts is the process of impregnation, whereby high
face area porous supports such as silica and alumina
contacted with aqueous solutions containing dissolved m
complexes. After impregnation, wet slurries are dried to
move water and heated in various oxidizing and reduc
steps to remove the metal ligands and to reduce the me
its catalytically active state.

Much recent progress in the “transformation of the ar
catalyst preparation into a science” has been made in cataly
impregnation through fundamental studies of the adsorp
process. A landmark work is the postulation of Brunelle t
the adsorption of noble metal complexes onto common
ides supports was essentially coulombic in nature[2]. The
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hydroxyl groups which populate oxide surfaces become
tonated and so positively charged or deprotonated and
atively charged below a characteristic pH value[2,3]. This
pH, at which the surface is neutral, is termed the point of z
charge (PZC). This surface hydroxyl chemistry is depicte
Fig. 1. Brunelle cited many instances in which oxides pla
in solutions at pH values below their PZC would adsorb
ions such as hexachloroplatinate [PtCl6]−2, while at pH val-
ues above their PZC would adsorb cations such as plat
tetraammine (PTA), [(NH3)4Pt]+2. This electrostatic mecha
nism was semiquantitatively developed by another landm
work, that of Contescu and Vass[4], who studied the adsorp
tion of [PdCl4]−2 and [(NH3)4Pd]+2 over alumina at low and
high pH, respectively, and was soon followed by the com
hensive series of Heise and Schwarz for anionic Pt chlo
adsorption over positively charged alumina at low pH[5–8].

Even while the electrostaticaspects of metal complex a
sorption have been recognized in Brunelle’s and other w
on Pt ammine adsorption onto silica[2,9–13], the actual in-
teraction of the Pt ammine complex with the silica surfac

http://www.elsevier.com/locate/jcat
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Fig. 1. Three regimes of the PTA/silica adsorption system.

most often described as “ion exchange,” written in gen
[13] as

2(Si–O−,H+) + [
Pt(NH4)3

]+2
, (OH−)2

←→ (Si–O−)2,
[
Pt(NH4)3

]+2 + 2(H+,OH−).

Our own work has dealt with the experimental verific
tion and quantification of an electrostatic adsorption mec
nism, building on the quantitative model first proposed
Healy and James[14]. Major components of the revise
physical adsorption (RPA) model are a non-Nernstian tr
ment of the surface charge and potential, and a proton
ance between the bulk liquid andthe surface so that dramat
pH shifts occurring when aqueous solutions are brought
contact with oxides surfaces can be predicted[15]. This pro-
ton transfer is depicted inFig. 1. Our first work with adsorp-
tion dealt mainly with simulations of cation adsorption ov
silica using a more rigorously derived (and much smal
solvation energy term together with the non-Nernstian
tential [16]. In later works we discovered that the solvati
energy term can be omitted altogether[1,17]. The adsorp-
tion equilibrium constant (Fig. 1) can be calculated simpl
from the coulombic energy of interaction. With the RP
model, all known sets of chloroplatinic acid (H2PtCl6 or
CPA)/alumina adsorption data can be satisfactorily sim
lated with no adjustable parameters[1,18].

In this paper, we wish to present a complementary sys
to CPA/alumina. That is, instead of analyzing the adsorptio
of an anionic complex, [PtCl6]−2, over a positively charge
surface (alumina at low pH), we have measured and s
ulated the uptake of cationic Pt complexes ([(NH3)4Pt]+2)
over a negatively charged surface (silica at high pH). B
the reasonable agreement of the RPA model to the
and a number of experiments directed toward discrimi
ing between the various mechanisms, namely ion exchang
suggest that the adsorption mechanism is again purely
trostatic in nature. A correlation between strong electrost
adsorption and high metal dispersion in the reduced sta
demonstrated in the following paper.
-

Table 1
Properties of silicas employed

Supplier Name Type Surface area

(m2/gm)

PZC

Cabosil L90 Fumed 90 4.3
Cabosil M-7d Fumed 200 4.2
Cabosil EH-5 Fumed 380 4.2
Degussa Vn-3s Precipitated 175 4.1
Degussa Fk-300 Precipitated 300 4.1

2. Experimental

The types of silica employed and their pertinent char
teristics are shown inTable 1. Both fumed and precipitate
silicas with varying surface areas were chosen. For eas
handling, the silicas were densified by wetting with deio
ized water and then drying at 373 K. The precipitated sili
contained significant sodium sulfate impurities, which w
manifested by as-received PZC values near 6. These sam
were washed with a solution of 0.001 M HNO3, shaken for
approximately 1 h, filtered, rinsed copiously with deioniz
water, dried overnight at 373 K, and calcined at 773 K
3 h. The PZCs of the washed precipitated and the fumed
terials were all found to be in the range 4.1–4.3. Illustra
data are shown later in the results.

Tetraammonium platinum chloride (99.9%) (or platinu
tetraammine) was obtained from Aldrich and dissolved
solutions of various pH at concentrations of 78–2420 p
Platinum concentrations were measured by ICP (Pe
Elmer Optima 2000) before and after contact with silica
determine the Pt uptake. Control experiments in the abs
of silica showed that the PTA complex was soluble over
pH range 2–13.5. Readings at the highest pH were slig
affected by the presence of Na+ in solution. Typical repro-
ducibility of Pt concentrations was±5% at pHs below 11
and±10% from 11 to 13.5. The ICP instrument was a
used to estimate the Na concentration, which was compli-
cated due to a complex matrix effect and a wide range o
levels at the higher pH experiments. The accuracy of
measurements was improved by using a multiwavelen
calibration, yttrium as an internal standard, multiple re
cate data, and radial analysis mode. Dilutions of the orig
solutions were also run to confirm accuracy. The typical re
producibility was∼ 95% in the pH range 1–10.5, and∼ 90%
at higher pH values. For Na, the reproducibility was∼ 95%
in the pH range 9–11.5, and∼ 85% at higher pH.

Experiments were conducted in 60 ml polypropylene b
tles containing 50 ml of solution and various amounts
silica. The mass of the silica was adjusted to account
the different surface areas, to give identical “surface lo
ings” or m2 oxide per liter of solution. Surface loadings
2000 m2/L (great excess of solution, wet impregnation) a
30,000 m2/L (near pore filling) were employed. The surfa
density,ΓPt, is calculated at the concentration of Pt adsor
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divided by the surface loading, that is,

ΓPt = (CPt,init − CPt,final) (mole/L)

SL (m2/L)
= uptake(mole/m2).

Two main types of adsorption experiments were p
formed: uptake versus pH at constant metal concentra
and uptake versus metal concentration at constant pH. S
free control experiments were conducted in parallel w
each adsorption run. After the solutions were pipetted
bottles containing the silica, the suspensions were pl
on an orbital shaker and 5-mL portions were withdrawn
various time intervals and filtered (Biohit 22 µm) for IC
analysis. Measurements of pH were also made at this t
Kinetic runs were made to determine that 90% of Pt
take over the well-mixed powders occurred within seve
minutes; contact times of 1 h were chosen for adsorp
Uptakes showed little difference (less than 5%) betwee
and 24 h; the 1 h contact time was assumed sufficient fo
equilibrium.

Select samples from adsorption experiments were filt
off, calcined at different temperatures, and further reduc
in H2. The final catalysts were characterized and disper
data was obtained.

3. Theory

The simplified RPA model used to simulate the data
been published previously[1,17]; a summary of the mode
has been appended. Model parameters are given inTable 2.
A hydroxyl density of 5 OH/nm2 has been taken from th
literature[3,19,20]. The PZC and surface charging param
tersK1 andK2 are measured independently of adsorpt
by obtaining best fits of pH shifts to Pt-free control e
periments[19]. This fitting procedure will be shown und
Results. The model employs a Langmuir isotherm in wh
the adsorption constant is calculated from the coulom
interaction between the charged complex and the pote
at the plane of adsorption. Representative plots of sur
charge and Pt uptake for PTA cation adsorption over s
are given inFig. 2a. At the PZC the surface is not charg
and no adsorption occurs. As the pH is raised above the P
,
-

.

l

,

(a)

(b)

Fig. 2. RPA model for PTA/silica using the parameters ofTable 2. (a) PTA
uptake and surface charge versus pH, (b) ionic strength and adsorption
librium constant versus pH.

the surface charge (σ0, C/m2) increases and the uptake i
creases. The maximum extent of adsorption,Γmax, for the
cationic Pt ammine complex has been suggested by pre
data[20] to be a close-packed layer of Pt complexes wh
retain two hydration sheaths. Based on the radius of
of 2.41 Å, and two diameters of water 2.76 Å, this ma
mum density is calculated to be 0.86 µmol/m2, or about 1
complex per 2 nm2. The anionic chloro complexes appear
retain only one hydration sheath[1,18,20], so maximum ex-
tent of adsorption is inherently higher by a factor of two
the anionic complexes. At high pH, adsorption is retar
es
Table 2
Parameters used for RPA model of PTA/silica

Parameter Symbols Units Range of valu

Initial Pt concentration CPt,Initial M (mol/L) 0.0004–0.012
Surface loading SL m2/L 1000–30,000
Temperature T K 298.15
Initial pH pHint – 1.0–13.5
Radius of complex ri Å 2.41
Valence z – +2
No. of hydration sheaths nhs – 2
Point of zero charge PZC – 4.25
Surface acidity constant pK2 − pK1 = �pK – 7.25
Hydroxyl density Ns OH/nm2 5.0
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not by competition from Na+, as many “chemical” mod
els presume, but by the effect of high ionic strength, wh
effectively diminishes the value of the adsorption equi
rium constant[1,18]. The ionic strength and the adsorpti
equilibrium constant are plotted inFig. 2b to illustrate this
effect.

4. Results

4.1. Control experiments

In Fig. 3a, pH final is plotted versus pH initial for meta
free acid and base solutions contacted with silica at 30
m2/L. The data appear similar for 2000 m2/L, except that
the pH plateau is narrower owing to the lesser amount of
ide in solution. The low surfaceloading data appear in a lat
figure in comparison with the pH shifts from Pt-containi
solutions. The pH shift model, with PZC and�pK opti-
mized for a best fit of both sets of data[19], is the solid black
line; all five silicas were reasonably simulated with a�pK

of 7.25 and a PZC of 4.25. From these control experim
it is seen that even at low surface loadings, the protonat
deprotonation chemistry of the hydroxyl groups at the si
surface causes significant shifts in solution pH.

Silica dissolution is plotted as a function of the final p
in Fig. 3b. Significant dissolution of the silica occurs abo
a pH of 10, in line with other works[2,3,21].
g

(a)

(b)

Fig. 3. Control experiments in Pt-free solutions, (a) pH shift data for Pt-free solutions contacted with silica at 30,000 m2/L (best model fit obtained usin
PZC= 4.25,�pK = 7.25), (b) silicon dissolution from various silicas versus pH, at 2000 m2/L.
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(a)

(b)

Fig. 4. PTA uptake versus pH at high surface loading (30,000 m2/L). Modeled using PZC= 4.25,�pK = 7.25.
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4.2. Adsorption surveys

Adsorption surveys were performed at initial pH valu
in the range of 2–13.5. The results of contacting 2420
600 ppm Pt with 30,000 m2/L silica are shown inFig. 4;
the shifts in pH are given inFig. 4a (for the 2420 ppm
Pt solutions), and the uptake of Pt is shown inFig. 4a.
In both figures the RPA model, using the parameters
tained from the control runs, is represented as a solid b
line and fits the data well. Significant uptake begins o
past an equilibrium pH of 6, and then reaches a w
or narrower plateau, at the low and higher concentra
respectively, as both concentrations are below the m
layer adsorption capacity (they correspond to 1/8 and 1/2
of a monolayer). The decrease in uptake as pH beco
very high is consistent with the RPA model effect of hi
ionic strength, which diminishes the adsorption equilibri
constant.

In Fig. 5, various results are shown from an uptake exp
iment at 2000 m2/L. The pH shifts are similar toFig. 4a and
are not shown. Platinum uptake vs final pH is given inFig. 5a
for two concentrations, 312 and 78 ppm, which corresp
to a full and1

4 monolayer. At the lower concentration a pr
nounced plateau is once again observed. The uptake
shows the sharpest maximum at a pH of about 10.5–11
the higher concentration experiment, since this is the h
est concentration relative to the surface loading. The R
model, using the same set of parameters as for all othe
ures, gives a reasonable fit to the adsorption data as w
the pH shift data (not shown).

Additional data for silica dissolution, Na uptake, and 2
h adsorption were collected for the 2000 m2/L experiment.
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s pH,
(a)

(b)

Fig. 5. PTA adsorption experiment at low surface loading (2000 m2/L). (a) PTA uptake versus pH, (b) dissolved silicon versus pH, (c) Na uptake versu
and (d) uptake after 24 h (312 ppm). Modeled using PZC= 4.25,�pK = 7.25.
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Silica dissolution vs pH final data is shown inFig. 5b; signif-
icant dissolution of silica occurs above a final pH of 10.5
Fig. 5c, Na uptake is plotted vs pH final data in the region
significant Pt adsorption. These data indicate that gene
little or no Na is adsorbed in the high pH range. Vn-3s (p
cipitated silica) may exhibit some uptake of Na at pH val
of 11.7 and 12.6; yet there is still close to a monolaye
Pt adsorbed. This conflicting set of data may simply a
from ICP scatter in the Na data.Fig. 5d shows Pt adsorp
tion vs pH final (24 h) data with the RPA model represen
as a solid black line. The uptake curve is almost identica
to the uptake curve after 1 h (Fig. 5a, 312 ppm). The de
crease in Pt uptake at long contact time at the high pH
thought to be due to a loss of silica surface due to exten
dissolution.

Other adsorption experiments were performed keep
the final pH constant (∼ 10.5, maximum uptake) and vary
ing the initial concentration of Pt in solution.Figs. 6a
and 6bshow Pt adsorption (ΓPt) vs initial Pt (ppm) in so-
lution data for 1000 and 5000 m2/L with the RPA model
represented by a solid black line. As the initial concen
tion of Pt in solution increases the uptake of Pt plate
around 0.7–0.9 µmol/m2 and then decreases slowly
the initial concentration of Pt is increased. The slow
crease in surface density at higher Pt concentrations is
again consistent with the RPA model effect of high io
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Fig. 5. (Continued.)
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strength (Fig. 2); once the silica surface is saturated,
additional PTA remains in solution, increasing the io
strength.

4.3. Washing experiments

To test the effect of washing on the reversibility of adso
tion, an additional adsorption experiment was performe
2000 m2/L, employing an initial amount of Pt in solutio
equal to one monolayer of coverage. The initial pH of 1
was chosen for optimal adsorption (∼ 100%) at a final pH
of 10.5. The slurry was shaken for 1 h. The ICP anal
confirmed that∼ 100% of the Pt was adsorbed. The solut
was filtered off and 3 g of the solid was added to 50 mL of
water (a great excess of solution) at pH 5.8. The final pH
the mixture, however, was approximately 10.11. ICP an
sis of the mixture showed negligible Pt loss. This is to
that washing of the sample did not cause a loss of Pt, bec
the pH was still very high and so the Pt complexes were
strongly adsorbed. Next, 0.1 M HCl was added dropwise
pH of 4.0. This solution was shaken for approximately a h
hour. The pH of the final solution was 4.37 and ICP anal
confirmed 211 ppm (∼ 95–100% originally adsorbed) of P
in solution.

5. Discussion

5.1. Ion exchange vs electrostatic adsorption

As a first topic of discussion we would like to distingui
between the adsorption mechanisms of “ion exchange”
“electrostatic adsorption.” Theion-exchange reaction note
in the Introduction has been used from the earliest thro
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(a)

(b)

Fig. 6. Platinum uptake at final pH 10.5 versus PTA concentration for (a) 1000 m2/L and (b) 5000 m2/L. Modeled using PZC= 4.25,�pK = 7.25.
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the latest[2,9–13]works to represent the deposition of
ammines onto silica. When the chloride and not the hyd
ide salt is used (as in the present study) the ion-excha
reaction becomes

2(Si–O−,H+) + [
Pt(NH4)3

]+2
, (Cl−)2

←→ (Si–O−)2,
[
Pt(NH4)3

]+2 + 2(H+,Cl−).

Written as such, several mechanistic aspects are imp
First, Pt complexes can interact over a neutrally char
surface and produce protons, and second, Pt ammine
posit over the hydroxyl groups at the silica surface in a
stoichiometry. Careful inspection of the literature and
present data call these mechanistic features into question.
.

-

Considering the first issue, the independence of Pt
sorption and proton release is clouded by the proton tran
that occurs to and from the surface OH groups in respo
to the bulk pH, in the absenceof an adsorbing metal. Th
dramatic buffering effect oxides have on acid and base
lutions has been thoroughly demonstrated[22] and quantita-
tively modeled[15]. When placed into solutions at pH valu
above its PZC of about 4, hydroxyl groups at the silica s
face deprotonate and the solution becomes more acidic
changes in pH in the presence and the absence of ad
ing Pt complexes can be made by comparing the pH s
data from the control experiment (such as inFig. 3) and the
adsorption experiment (such as inFigs. 4 and 5). This com-
parison is shown inFig. 7 for representative samples at t



198 M. Schreier, J.R. Regalbuto / Journal of Catalysis 225 (2004) 190–202

,

(a)

(b)

Fig. 7. Comparison of pH shifts for Pt-free and Pt-containing solutions over representative silicas at (a) 2000 m2/L (with 312 ppm Pt solutions)
(b) 30,000 m2/L (with 2420 ppm Pt solutions). Modeled using PZC= 4.25,�pK = 7.25.
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lower surface loading (Fig. 7a) and the higher surface loa
ing (Fig. 7b). Shifts of the higher Pt concentrations we
used, but pH shifts for the lower Pt concentrations were
sentially the same. The data in both plots very nearly ove
over the whole pH range. The greatest discrepancy is
at the control run final pH of 9 (both plots), where the
nal pH of the Pt-containing sample is a little less than
This corresponds to a difference in the OH− concentration
of about 10−5 M. From Fig. 4b it is seen that at a fina
pH of 9, approximately 2400 ppm of Pt has been adsor
This corresponds to a Pt concentration of over 10−2 M, or
at least 1000 times in excess of the discrepancy in fina
values. Considered another way, if the proton released/P
sorbed ratio is taken as 2, the protons released by adsor
-
,

beyond the normal proton exchange in Pt-free conditi
would bring the final pH down to around 2.9. This does
occur; we interpret the similarity of pH changes in Pt-f
and Pt-containing solutions to mean that proton transfer
Pt adsorption are independent phenomenon. The simu
uptake and pH shifts were calculated on this basis, and s
good agreement to the pH shift data of both the control
the adsorption runs (Figs. 3 and 4), and the uptake data o
the latter (Figs. 4 and 5).

A second argument against an ion-exchange mecha
can be made by comparing the amount of Pt adso
to the OH site density. Cited hydroxyl densities of am
phous silica surfaces in liquid solutions are typically aroun
5 OH/nm2 [3,21,23]. The maximum uptake we observ
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over five different sets of silicas at a wide range of surf
loading (Fig. 6) is near 0.86 µmol/m2, or 0.5 complex/nm2,
which is an order of magnitude less than the OH den
The highest Pt loading reported by Benesi et al.[9] over
a 370 m2/g silica was 0.30 mmol, corresponding to abo
0.56 complex/nm2. The surface density of the highest
loading reported by Brunelle[2], 5.5 wt% over a 260 m2/g
silica, is also about 0.6 complex/nm2. In Goguet et al.[13],
about 0.4 mmol of Pt are adsorbed over a 194 m2/g sil-
ica, giving about 1.1 complex/nm2. While this loading is
about twice that of the others, it is still far below the OH s
density.

Thus it appears that the Pt-adsorbed/OH site densi
much less that 1:2. In the RPA model the maximum surf
density of Pt ammines corresponds to a steric monolaye
Pt ammine complexes (radius= 2.41 Å) which retain 2 hy-
dration sheaths (2.78 Å). Thus the area per complex is a
π∗[2.41 + (2)(2.78)]2 Å2 = 2.0 nm2. In earlier work we
have noted that chloride complexes of Pt appear to adso
with one hydration sheath intact, leading to a maximum d
sity of about 1 complex/nm2 [1,18]. The maximum Pt load
ing which can be obtained by strong electrostatic adsorp
is then directly proportional to the silica surface area, an
inherently a factor of two lower than can be achieved us
the chloride complex over an appropriate support (i.e.,
with a neutral to basic PZC such as alumina that can ac
a strong positive charge).

A final indication that ion exchange is not occurring
the absence of a correlation in the dissolved Na concentr
tion, seen inFig. 5c, with Pt uptake,Fig. 5a. Assuming one
Na can adsorb for each deprotonated OH, and a density
OH/nm2, silica with 200 m2/g at 2000 m2/L has the capac
ity to adsorb 400 ppm of Na. The uptake of Na is gener
much lower than this. Furthermore, above pH 11 where
uptake falls off, there is no concomitant increase in Na c
centration.

In sum, we believe that the mechanism of adsorption
PTA over silica at high pH is much more accurately d
scribed as electrostatic adsorption than it is ion exchange
stead of Pt ammines exchanging in precise ratios at spe
OH groups on the silica surface, we envision the indep
dent processes of the accrual of a negative surface cha
high pH, followed by the coulombic attraction of the cation
complexes, which at the optimal pH, reach a monolaye
close-packed complexes retaining two hydration sheath
the highest pH values, uptake decreases due to high
strength and an effective decrease of the adsorption equ
rium constant. We would suggest that ion exchange is m
appropriately applied to systems such as cationic exch
in zeolites in which the exchange reaction occurs at a
ticular site (the Brönsted acid site) and in a stoichiome
amount determined by the aluminum content. We have fo
cationic exchange of Pt ammines to be pH independent ov
a variety of zeolites[24].
t

t

Sermon and Sivalingam[25] have taken a more comple
chemical approach to the PTA/silica system. In addition
ion exchange they suggest that silica dissolution acts li
“chemical glue.” It has been well documented that silica d
solves in the basic region[2,3,21]. FollowingFig. 5b, silica
dissolution indeed increases in the high pH range. How
in Fig. 5a, platinum adsorption decreases in the same ra
(10.5–13) as silica dissolution increases. This is opposit
the behavior to be expected were silica a chemical glue.
thermore, inFigs. 8a and 8b, silica dissolution vs pH fina
data for both adsorption and control experiments is c
pared. The amount of dissolved silica is the same in b
the presence and the absence of Pt. We take this to mea
silica dissolution is independent of adsorption. At long c
tact times (Fig. 5d), silica can dissolve to such an extent th
a significant fraction of the surface is lost and the uptak
PTA decreases. Since silica dissolution is a kinetic phen
enon, it is not taken into account by the RPA model. T
retardation of PTA adsorption over silica at high pH, even
short contact times (Fig. 5a) is analogous to the retardatio
of CPA at low pH over alumina[1,18], and is explained (se
Fig. 2b) by the diminishment of the adsorption equilibriu
constant at high ionic strength.

5.2. Practical implications: a strong electrostatic
adsorption—high final dispersion correlation

Brunelle expressed the hope that the initial high disp
sion of adsorbed Pt complexes could be retained throug
reduction step, and indeed he reported particles sizes o
to 20 Å produced from Pt ammine precursors adsorbed
silica at high pH[2]. Likewise, Benesi et al. prepared ca
lysts at or near 100% dispersion using a combination o
ammine salts (by a relatively complex “ion-exchange” f
mulation) which resulted in the deposition of Pt ammine
high pH[9]. Adsorbing Pt ammines at pH 9 with and wit
out ammonia, Goguet et al. produced particle sizes in
15–20 Å range (about 65–50% dispersed, respectively)[13].
From our adsorption results, it can be surmised that the
timal pH range for strong electrostatic adsorption is ab
10.5 (Fig. 5), at which point Si dissolution is minimal. Th
is also the point at which essentially all Pt is adsorbed fr
solution; that is, even though an excess of solution m
be utilized for the preparation, no Pt would be wasted w
the supernatant solution to be decanted. As reported u
Results, there appears to be little concern that Pt amm
will desorb during washing once they are strongly adsorb
In the following paper we present a comprehensive stud
the effect of preparation method and pretreatment cond
on Pt dispersion[26]. We demonstrate that a simple wet im
pregnation in which Pt ammines (from any salt) are adsor
at the optimal pH can yield small reduced particles which
100% dispersed.



200 M. Schreier, J.R. Regalbuto / Journal of Catalysis 225 (2004) 190–202
(a)

(b)

Fig. 8. Comparison of silica dissolution in Pt-free and Pt-containing solutions (xx ppm), at 2000 m2/L, (a) fumed silicas, and (b) precipitated silicas.
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6. Conclusions

At least for short contact times, it appears that PTA
sorption over silica at high pH obeys essentially the sa
electrostatic mechanism as anionic chloroplatinate ads
tion over alumina at low pH. The systems show analog
pH dependence; increasing uptake as the pH moves
from the PZC, and then retardation at the pH extreme du
high ionic strength. In both systems, support dissolution
proton transfer appears to be independent of adsorption
cause adsorption appears to occur only after the surface ha
charged, and because the maximum extent of adsorptio
pears to be governed by a steric limit and not by stoichio
try, we believe the process to be more accurately considere
as electrostatic adsorption than ion exchange. On a pr
cal note, Pt complexes deposited onto the silica surfac
the optimal pH, that is, in the regime of “strong electros
-

y

-

-

-
t

tic adsorption” can yield reduced metal particles with 10
dispersion.
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Appendix A

A.1. Surface model: pH shift[15] with CO2 adsorption

The surface site balance [Eq. (A.1)] describing the sur
face charge (σ0) by the difference of positively charged pr
tonated sites (MOH2+) and negatively charged deprotona
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sites (MO−) divided by the total number of sites is

(A.1)
σ0

FΓt
= [MOH2

+] − [MO−]
[MOH2

+] + [MOH] + [MO−] ,
whereF is the Faraday constant andΓt is the density of
charged sites in moles/m2. The charging mechanism is d
scribed by the following two equations:

(A.2)[MOH2
+] K1= [MOH] + [Hs

+],
(A.3)[MOH] K2= [MO−] + [Hs

+].
Assuming the law of mass action, the intrinsic acidity co
stants can be written

(A.4)K1 = [MOH][Hs
+]

[MOH2
+] ,

(A.5)K2 = [MO−][Hs
+]

[MOH] ,

where [Hs
+] is the proton concentration at the oxide surfa

A Boltzman distribution relates the surface to the bulk pro
concentration

(A.6)[Hs
+] = [H+]exp(−y0).

RearrangingEqs. (A.4), (A.5), and (A.6)and substituting
into Eq. (A.1), the site balance equation becomes

(A.7)

σ0

FΓt
= {[H ]+ exp(−y0)/K1} − {K2 exp(y0)/[H ]+}

{[H ]+ exp(−y0)/K1} + 1+ {K2 exp(y0)/[H ]+} .

The intrinsic acidity constants are defined as

(A.8)K1 = 10(−PZC+0.5�pK),

(A.9)K2 = 10(−PZC−0.5�pK)

andy0 is defined as follows, wheree is the charge of an elec
tron,k is the Boltzman constant,T is temperature in Kelvin
andψ0 is the surface potential:

(A.10)y0 = eψ0

2kT
.

The Gouy–Chapman equation describing the relation
between the surface charge and the potential is

σ0 = (8εε0kT n0)
1/2[exp

(
(zeψ0)/(2kT )

)
(A.11)− exp

(−(
(zeψ0)/(2kT )

))]
.

The third equation is a proton balance of the liquid pha

σ0 = (F/SL)
[{[H+]0 − [OH−]0

}
(A.12)+ {

10−(14−pH) − 10−pH}]
(c0/γ ),

where the activity coefficient (γ ) is described using the ex
tended Debeye–Huckel equation andI is the ionic strength.

(A.13)γ = 10−0.510(
√

I/(1+√
I )),

I = 10−pH + 10(pH−14) + √
0.01xCO2Ctot,CO2KH2CO3,
(A.14)
where the mole fraction of CO2 is found from the vapor liq-
uid equilibrium and is a function of the ionic strength of t
solution.

(A.15)fvap,CO2 = xCO2Psatγ.

Equations (A.7), (A.11), (A.12), and (A.15)are solved using
a Newton–Raphson method for the surface charge, pote
mole fraction of CO2, and the equilibrium (final) pH at initia
pH values.

A.2. Adsorption equations; revised physical adsorption
(RPA) model[16,17]

The RPA model assumes a Langmuir isotherm to desc
the physical adsorption of anions or cations onto oxide
faces.

(A.16)Γt

(
mole

area

)
= ΓmaxKiCi

1+ KiCi

,

whereΓmax is the maximum adsorption density based o
steric close-packed layer of the adsorbates retaining on
two hydration sheaths.

(A.17)Γmax=
[

1

N0π(ri + 2nhsrw)2

]
.

N0 is Avogadro’s number,ri is the radius of speciesi, rw is
the radius of water, and nhs is the number of hydra
sheaths retained. Generally speaking cations tend to r
two hydration sheaths and anions tend to retain one. The
sorption equilibrium constants for speciesi are described by

(A.18)Ki = exp

(−�Gads,i

RT

)
,

where the Gibbs free energy of adsorption in the simpli
RPA model is simply set equal to a coulombic Gibbs f
energy term described as

(A.19)�Gads,i = �Gcoul,i = ziFΨx,i,

wherezi is the charge of speciesi, F is the Faraday constan
andΨx,i is the potential of speciesi at some distancex found
by a Laplace solution of Gouy and Chapman assumptin
simple electric double layer is

(A.20)Ψx,i =
[

2RT

ZF

]
ln

[
(Y + 1) + (Y − 1)e−κxi

(Y + 1) − (Y − 1)e−κxi

]
,

wherexi andY are

(A.21)xi = ri + 2nhsrw,

(A.22)Y = exp

(
ZFΨ0

2RT

)
.

κ is the Debey–Huckel reciprocal double layer length an
a function of the ionic strength.

(A.23)κ = 3.31× 109
√

I ,

(A.24)I = 0.5
∑

z2
i Ci.
i
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Fig. A1. Comparison of counterion effect in the simplified RPA model. Solidline with out counterion, dashed line with counterion. Modeled using PZC= 4.25,
�pK = 7.25, surface loading= 30,000 m2/L, [Pt] = 4500 ppm.
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Ψ0 is found at the equilibrium (final) pH value using the s
balance [pH shift modelEq. (A.22)] and the Gouy–Chapma
description of the diffuse layer [pH shift modelEq. (A.11)].

It should be noted that the counterion(Cl−) is not in-
cluded in the ionic strength term. It was found that qu
titative agreement of the model to the high surface lo
ing (30,000 m2/L) data was best achieved in this mann
Fig. A1 illustrates two adsorption curves for PTA with a
without the Cl− counterion, with the upper curve being t
better simulation of data. A possible physical justificat
for this usage is that at the high ionic strengths involve
the highest surface loadings, and given the large radiu
the doubly hydrated PTA complex, the electric double-la
thickness is less than the distance to the adsorption p
This aspect is being studied further.
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