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The platinum-catalyzed oxidation of 2-propanol was run over a series of single-turnover (STO)
characterized Pt/CPG (Controlled Pore Glass) catalysts. Comparison of reaction rates with STO
site densities showed that the oxidation was taking place on the more coordinatively unsaturated
corner atoms on the catalysts. Specific site TOFs were found to be 5.5, 7.9, and 5.0 moles O,
uptake/mole of site/min for the *M;, *Mg, and *MH sites, respectively. Initial rate data were obtained
for reactions run at several 2-propanocl concentrations at three separate oxygen pressures. These
data were analyzed using the double reciprocal Lineweaver—Burke method commonly employed
in enzyme kinetic determinations. The data obtained showed that oxygen was adsorbed about 200
times more strongly than 2-propanol in these reactions. A maximum rate value of 18 moles of O,
consumed/mole of active site/min was calculated. This value represents the maximum rate for the
reaction when it is run under zero-order conditions for both reactants without diffusion limitations.
The present data were obtained. however. under first order reaction conditions. Given the difference

in reaction conditions, the experimentally determined TOF of 6 min™'
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INTRODUCTION

The noble-metal-catalyzed oxidation of
alcohols has potential synthetic utility but,
at present, its use appears to be limited to
the oxidations of water-soluble substrates.
Over the years there have been a number of
reports published about this reaction (/-33).
Primary alcohols are oxidized to acids in
basic media but, to a lesser extent, to alde-
hydes in neutral or acidic solutions. Second-
ary alcohols are oxidized to ketones with
no apparent over oxidation (/). An aqueous
medium is most commonly used but there
are a few reports of the use of organic sol-
vents (3-6). This reaction is very selective,
oxidizing primary hydroxy groups in the
presence of secondary alcohols and axial
alcohols in preference to equatorial hydroxy
groups (I, 6—10). Platinum is the most com-
mon catalyst with palladium used less fre-
quently (I, /1, 12). The oxidation takes
place under ambient conditions usually at
slightly elevated oxygen pressures. One
problem is the catalyst deactivation arising
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is not an unreasonable

from the oxidation of the metal catalyst. The
order of resistance to this deactivation was
found to be Pt > Ir > Pd > Rh > Ru (/2).
Running the reaction under partial pressures
of oxygen minimizes metal oxidation but
also slows down the alcohol oxidation (71/).

Reported mechanistic data support the
hypothesis that this reaction proceeds by
way of an initial dehydrogenation followed
by the oxidation of the hydrogen by oxygen
(11, 28-33). The rate-determining step ap-
pears to be the cleavage of the C—H bond
on the carbinol carbon (//, 30, 33).

With all of the reports on this reaction
there are still a number of questions still
needing answers. In the first place the type
of surface site on which this reaction is tak-
ing place needs to be identified. The C-H
bond breaking in the aromatization of cyclo-
hexane has been shown to occur on corner
or kink atoms on the catalyst (34, 35) so,
by analogy, it would be expected that the
C-H bond cleavage in alcohol dehydrogena-
tion should also take place on corner atoms.
However, in the oxidation of 2-propanol,
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catalysts with low dispersions had higher
initial activities than those with high disper-
sions (/7). This indicates that the oxidation
may be taking place on the faces of the larger
metal crystallites present in low dispersion
catalysts.

Secondly, while some kinetic studies of
this reaction have been reported, much of
the data were acquired under diffusion con-
trol conditions so no mechanistic conclu-
sions could be drawn (/7). A more complete
kinetic examination of this reaction is
needed. Finally, there is the matter of the
commonly used aqueous reaction medium
and the reason for the catalyst deactivation
usually encountered. It must be determined
whether water is needed for this reaction
and, if so, why. The catalyst deactivation
should also be investigated to see if it is
brought about, at least in part, by a competi-
tive adsorption between product, reagent
and solvent.

The present manuscript is concerned with
the first two of these while the others will
be the subject of a future publication.

EXPERIMENTAL

The 3.35% Pt/CPG (Controlled Pore
Glass) catalysts and the 8% Pt/SiO, catalyst
were prepared by ion exchange using an
aqueous solution of H,PtCl, and following
the procedure described previously (36).
Samples of the 3.35% Pt/CPG catalyst pre-
cursor salt were reduced isothermally under
H, at 200, 250, 300, and 400°C, and under
H, with the temperature ramped from 50 to
400°C at 40°C/min following the procedures
described in the literature (37). The 8% Pt/
Si0, precursor salt was reduced under H,
with the temperature ramped from 50 to
200°C at 10°C/min. Analysis of the reduced
species showed that all of the chlorine had
been removed during the reduction proce-
dure. All water used in this study was dou-
bly distilled.

Chemisorption Measurements

All chemisorption studies were carried
out using an Omnisorp 100CX apparatus.

Samples (about 0.5~1.0 g) were placed in a
Pyrex cell and heated at a rate of 20°C/min
to 100°C then He was passed through the
sample for 10 min at a rate of 20 cc/min. The
temperature was further increased to 150°C
and the sample was exposed to a flow of
hydrogen for 30 min. Following this step,
the samples were evacuated to 107°-107¢
kPa with a simultaneous increase of the tem-
perature to 300°C. At that point the evacua-
tion was continued for 2 h followed by cool-
ing to 40°C under vacuum. Successive
calibrated pulses of H, were admitted into
the sample and the pressure was monitored
after each pulse until it reached equilibrium
which usually was about 10-15 min after
the admission of the pulse. A total of 20-25
pulses was commonly used to reach a pres-
sure of 30 kPa. Following the first chemi-
sorption, the samples were evacuated for 30
min at pressures of about 107*-107° kPa at
the same temperature and the second chemi-
sorption was measured. From these two sets
of data, the first isotherm gave the values
for both strongly and weakly adsorbed H,
whereas the second isotherm represents the
quantity of the ‘*weakly or reversibly’’ ad-
sorbed species.

Single-Turnover Measurements (STO)

The STO apparatus, reaction sequence
and pulse injection techniques have already
been described (38). A 5-mg sample of each
catalyst was placed in the STO reactor
(6-mm Pyrex tube). The reactor was purged
with oxygen-free He for 30 min and the STO
characterization sequence initiated. As
usual, several initial STO sequences were
required to remove the surface oxygen from
the catalyst and to obtain reproducible re-
sults from further sequential STO reactions.
The sequences consisted of an initial 20 ul
pulse of H, to saturate the metal surface,
followed after 2 min by a same pulse size
of I-butene to react with the adsorbed H.,,
producing butane from the direct, *M, hy-
drogenation sites and cis- and trans-2-bu-
tene from the “M isomerization sites. A sec-
ond H, pulse, performed 6 min after the
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TABLE |

STO Site Densities” and Chemisorption Data for the Pt/CPG and Pt/SiO, Catalysts Used
in the 2-Propanol Oxidations

2

Catalyst Red'n M, My ‘MH M ‘M Hagomed % Dispers.?
temp.”
3.35% Pt/CPG 200°C 0.220 0.058 0.105 0.078 0.176 0.895 62.7
3.35% PUCPG 250°C 0.201 0.046  0.086 0.088 0.181 0.849 60.2
3.35% Pt/CPG 300°C 0.204 0.050  0.111 0.081 0.219 0.919 66.5
3.35% Pt/CPG 400°C 0.295 0.053 0.140 0.076 0.000 0.901 56.4
3.35% Pt/CPG 50°-400°C 0.310 0.058 0.132 0.112 0.008 0.988 62.0
40°C/min
8.0% Pt/SiO, 50°-200°C 0.031 0.021 0.021 0.040
10°C/min

“ Site densities in (mole site)/(moles Pt total). Experimental error in determining site densities is +5%.
¢ Hydrogen reduction temperatures of Pt/CPG catalysts.

¢ Catalyst dispersion based on a 1:1 H: Pt atom stoichiometry.

d Dispersion values as (moles Pt surface sites)/(moles Pt total) x 100.

I-butene pulse, was passed over the catalyst
to react with the stable half-hydrogenated
metalalkyl species still present on the metal
surface, releasing the ‘‘second’ butane in
an amount equal to the number of the *MH,
two-step, hydrogenation sites. Increasing
the time between the first hydrogen and the
1-butene pulse to 60 min provides the num-
bers for *M, and My, site densities. All prod-
ucts were analyzed by on-stream gas chro-
matography. Catalyst characterization data
are found in Table 1 with site density data
determined with an experimental error of
+5% (38).

Kinetic Studies

The 2-propanol oxidation rates that were
used in the STO rate analysis and listed in
Table 2 were determined by monitoring the
oxygen uptake using a sloping manifold ap-
paratus (39). For a typical reaction, 2 ml of
2-propanol in 15 ml of water were oxidized
over 50 mg of 3.35% Pt/CPG at 20°C under
one atmosphere of oxygen. The reaction
flask was jacketed with thermostatted water
circulated through the jacket to maintain a
constant reaction temperature. The reaction
solutions were agitated using a shaker. To
verify that the reaction was being run in the

kinetic regime, the reaction rate was also
determined for each of the catalysts using
about 20-30% less catalyst. In all cases the
rate per unit quantity of catalyst remained
the same within an experimental error of
+5% so the reactions were not mass trans-
port limited. At the conclusion of the run
the catalyst was removed by filtration. GC
analysis of the reaction mixture showed that
acetone was the only oxidation product
formed.

The oxidation rate data used in the Ping-
Pong kinetic analyses were also obtained by
monitoring oxygen uptake but a computer
controlled automated gas uptake apparatus

TABLE 2

Observed and Calculated TOF Values (moles O,/
mole Pt/min) for 2-Propanol Oxidations Run over a
Series of Pt/CPG Catalysts

Catalyst Observed TOF  Calculated TOF
200°C 202 (=.10) 1.96 (=.10)
250°C 1.57 (£.08) 1.75 (£.09)
300°C 1.81 (£.09) 1.91 (.10}
400°C 2.50 (£.13) 2.51 (x.13)

50°-400°/40°C 2.69 (=.14) 2.54 (£.13)
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TABLE 3

Rates of 2-Propanol Oxidation Using a Pt/SiO, Catalyst at Various Partial Pressures of O,

[2-propanol] Rate (moles oxygen consumed/minute/mole Pt)
760 mm oxygen 300 mm oxygen 235 mm oxygen

0.0 M 0.0 0.0 0.0

0.044 M — — 0.49 (x.02)
0.058 M 0.78 (=.04) 0.70 (=.03) _
0.066 M 0.94 (£.05) 0.82 (£.04) 0.64 (£.03)
0.075 M — — 0.76 (£.04)
0.088 M 1.23 (+.06) 1.03 (£.05) 0.72 (£.04)
011 M — 1.07 (£.05) 0.84 (=.04)
0.13 M 1.45 (=.07) 1.21 (=.06) —
0.18 M 1.77 (x£.09) — —

(40) was used. Aqueous 2-propanol solu-
tions (15 ml) of varying molarities were oxi-
dized at 20°C using 10-mg portions of the 8%
(Pt/Si0, catalyst under one atom of oxygen
as well as under 300 and 235 Torr partial
pressure of oxygen. The results are listed in
Table 3. All runs were conducted under one
atm total pressure with He added to those
reactions using less than an atmosphere of
O,. The reaction vessel was jacketed with
thermostatted water and agitated using a
shaker. The catalyst quantity was decreased
by 509 in duplicate runs at each oxygen
pressure. The rate per unit of catalyst re-
mained within the experimental error of
+5% showing that the experimental data
were not being obtained under mass trans-
port conditions.

RESULTS AND DISCUSSION

Even though the surface of metal cata-
lysts are generally considered to be com-
posed of different types of sites having vary-
ing adsorption and reaction characteristics,
the catalyst surface is usually assumed to be
uniform to simplify the analysis of experi-
mental data. This can present a problem in
interpreting rate data, for instance, when
the catalyst surface is composed primarily
of unreactive sites with only a small number
of the surface sites promoting a specific re-
action. In such cases the areal TOF would

not provide any indication of the true activ-
ity of the active sites. In such a situation
the comparison of rate data obtained from
different catalysts would be rather tenuous.
In order to obtain specific site rate data, it
is first necessary to determine the number
of different kinds of active sites present on
a specific catalyst and then evaluate the ac-
tivity of each toward the desired reaction.

Identification of the Nature

of the Active Sites

The single turnover (STO) reaction se-
quence has been used to measure the
amounts of five different types of surface
sites present on a variety of dispersed metal
catalysts (38, 4/). There are two types of
sites which promote the direct saturation of
an alkene, one has strongly adsorbed hydro-
gen and the other has the hydrogen more
weakly held. These have beem termed ‘M,
and *My, respectively. There are also two-
step saturation sites, *MH, isomerization
sites, *M, and sites which adsorb hydrogen
but do not take part in a double-bond hydro-
genation, 'M. It has been shown that all
of the *M sites are the more coordinately
unsaturated corner atoms or adatoms on the
metal particles (35). It is presumed from
other considerations (42—45) that the *M
sites are edge atoms and 'M sites are on the
faces of the crystallites (35). To determine
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Fi1G. 1. The relationship between the *M site densities
and the rates of oxidation of 2-propanol over a series
of STO characterized Pt/CPG catalysts.

the nature of the active site promoting a
specific reaction all that is needed is to run
that reaction over a series of STO-character-
ized catalysts and to look for a relationship
between changes in reaction rate and/or se-
lectivity with changes in the densities of the
various types of sites.

The STO characterization data and hy-
drogen chemisorption results for the 3.35%
Pt/CPG (Controlled Pore Glass) catalysts
used here are listed in Table 1. Four of these
catalysts were prepared by the isothermal
reduction of the supported salt precusor in
flowing hydrogen at 200, 250, 300, and 400°C
and the other was reduced in hydrogen with
the temperature ramped between 50 and
400°C at 40°/min.

Each of these catalysts were used for the
oxidation of 1.6 M solutions of 2-propanol
in water at 20°C under one atmosphere of
oxygen. All reactions were run at least in
duplicate and tested for possible mass trans-
port limitation by using a smaller amount of
catalyst, usually one-half, in at least one
duplicate run. In all cases the rates normal-
ized to moles of O, uptake/mole of Pt were
within £5% for each catalyst showing that
the reactions were not mass transport lim-
ited but, instead, were being run in the ki-
netic regime.

Plots of the initial rates of oxygen con-
sumption (about 209% conversion) against
the various STO site densities for the differ-
ent catalysts as well as the catalyst disper-

sions are found in Figs. 1 and 2. These data
show that the only linear relationship is
found with the different saturation site, M,
densities. The best relationship is between
the rates and the total ‘M site densities
(3M, + *My + *MH). This line has a correla-
tion coefficient of 0.99. No relationship is
seen with the 2M site densities or the 'M site
densities. Comparison of the reaction rates
with the catalyst dispersions does give a
somewhat linear relationship, but the corre-
lation coefficient for this line is only 0.77.

These results establish that this reaction
is taking place on the corner or adatoms on
the platinum surface and indicate that the
smaller metal particles which have a higher
concentration of such atoms on their sur-
faces should be the more active oxidation
catalysts. This is the reverse of the previous
observation that the lower dispersed cata-
lysts were more active (//). Since this later
observation was made from reactions run
under higher oxygen pressures than used
here, it could have been the result of a more
facile oxidative deactivaiton of the smaller
particles in the catalysts. These data also
come from a study in which many of the
reactions were run under mass transport
limiting conditions (/7).

Specific Site Rate Factors

Since there are three different types of
sites which promote this oxidation, the
overall reaction rate must be the sum of the
rates of reactions taking place at each of
these sites as described in Eq. (1) (41, 46).
(Note: all equations are listed in the Appen-
dix.) Here Rate is the observed turnover
frequency (TOF) in moles of O, uptake/
mole of Pt/min, the terms in [ ] are the
STO site densities in moles site/mole Pt and
the A, B and C are the site TOFs in moles
of O, uptake/mole of site/min. Using the
observed TOF data listed in Table 2 and the
STO site data from Table 1 for each catalyst
and solving the simultaneous equations a
value of 5.5 moles of O,/mole of *M, site/
min is obtained for A,7.9 moles of O,/mole
of *My site/min for B and 5.0 moles of O,/
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tion dispersion values.

mole of *MH site/min for C. Putting these
values and the STO site densities back into
Eq. (1) calculated rates can be obtained.
These are also listed in Table 2 and show a
good correlation with the observed values.
The specific site TOFs for each of the
three catalytically active sites are almost the
same showing that the oxidation of
2-propanol proceeds with almost equal facil-
ity on each of the STO saturation sites. As
mentioned previously, published data sup-
port a mechanism for this reaction which
proceeds through the initial dehydration of
the alcohol followed by the reaction of the
adsorbed hydrogen with oxygen (/1,
28-33). The reaction is taking place on the
coordinately unsaturated *M sites as pro-
posed in Scheme 1. Each of the different
types of *M sites, which are corners or anal-
ogous atoms, are sufficiently unsaturated to
adsorb all of the reactants in this sequence.
Beyond that, there is no special step in
which one of these sites would be expected
to be more or less active than the others.

Kinetic Evaluation

While these data show which sites are
active and what their activities are, it does
not provide information that can be used to
calculate equilibrium values for the adsorp-

tion of 2-propanol and oxygen on the cata-
lyst or to determine the rate constant for the
rate determining the step of the reaction. To
obtain these parameters a detailed kinetic
analysis of the proceeds is needed. Com-
monly, this would involve the development
of a kinetic expression for the proposed
mechanism and then a comparison of this
with experimental results. With a proposed
mechanism as complex as that proposed in
Scheme 1, this is not a straightforward task.
With the various degrees of substrate ad-
sorption and different possible rate de-
termining steps a number of kinetic expres-
sions would have to be developed. It is
possible that some of these may have the
same mathematical form but the constants
would have different elementary meanings
depending on the assumptions made so cor-
relation with experimental results would be
extremely difficult (47). There is, however,
an alternate approach.

The development of classical Langmuir-
Hinshelwood kinetics is based on the simple
reaction shown in Eq. (2) with the adsorp-
tion coefficient, K, given by Eq. (4). If the
total number of surface sites is given by
[M,] then, with a unit catalyst surface, [M,]
becomes one and if [S-M] is replaced by
®, Eq. (7) becomes the classic Langmuir
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Isotherm, Eq. (8), with the rate of the for-
ward reaction given by Eq. (9).

If the desorption coefficient, K, de-
scribed in Eq. (10), is used instead of the
adsorption coefficient, K, , the reaction rate
can be described by Eq. (12). This is the
Michaelis—Menten equation (48), the basic
equation used for the kinetic investigations
of enzyme reactions. Reactions of this type
follow saturation kinetics with the rate of
reaction changing with variations in sub-
strate concentration as shown in Fig. 3.

Here V_,, is the maximum rate at which

[ I

Rate (motes/time/!iter)

FiG. 3. Relationship between the reaction rate and
the substrate concentration.
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the reaction can take place when running
under zero order reaction conditions with
no diffusion constraints. It represents the
maximum number of substrate mlecules
which can be converted to product per ac-
tive site per unit time; it is the maximum
TOF for the reaction. Under these condi-
tions it is related to k., by Eq. (13). Ky is
known as the Michaelis Constant. In simple
systems it is equal to K, the true dissocia-
tion constant of the M-S complex. For most
purposes, though, Ky, must be considered
as an apparent dissociation constant that
may be treated as the overall dissociation
constant of all adsorbed species. Ky is the
substrate concentration whenv = 112V, .
When there is only one M-S complex and
all adsorption steps are fast, k_, is the first
order rate constant for the conversion of
M-S into product. More commonly &, is a
first order rate constant which is associated
with the reactions of all M-S complexes in
the system.

At low values of [§] the concentration of
S is much smaller than Ky and the rate of
reaction is first order in S following Eq. (14).
When the concentration of S is large with
respect to Ky the reaction becomes zero
order in S and the rate expression is given

by Eq. (15).
The curve in Fig. 3 is a rectangular hyper-
bola with asymptotes at § = —Kyand v =

Vs - Since it is difficult to draw such curves
accurately and even more difficult to esti-
mate their asymptotes, various forms of
graphical representations of the reaction
data have been used to obtain values for
Vaax» Ky and other kinetic parameters of
enzyme reactions and others which follow
saturation kinetics.

The use of a kinetic approach based on an
enzyme kinetic model rather than Lang-
muir-Hinshelwood concepts is preferred
for the reaction depicted in Scheme I. [n the
first place this reaction is quite complex so
the graphical approach commonly used to
determine the mechanism of an enzyme re-
action is more practical. Secondly, the basic
assumptions of the Langmuir-Hinshelwood

model namely the uniformity of the catalyst
surface with each surface atom adsorbing
one and only one substrate molecule are not
valid. Enzyme reactions, on the other hand,
take place by the adsorption and reaction of
all substrates on single atom active sites as
is the case with the mechanism shown in
Scheme 1.

The two-step adsorption reaction se-
quence proposed for the oxidation of an al-
cohol (Scheme 1) is analogous to what is
called a Ping-Pong mechanism for enzyme
reactions. This can be illustrated by Egs.
(16) and (17). In this sequence the metal
site, M, adsorbs a substituent, A, to give the
M-A complex. This is changed to another
complex, M'—P, which dissociates to give
one of the products, P, and a modified site,
M’. M’ then reacts with the second sub-
strate, B, to give M'—B which converts to
M-Q then desorbing the second product. Q,
and regenerating the initial active site, M.

In the alcohol oxidation reaction (Scheme
1), the catalyst site, 1, is analogous to M,
the alcohol, 2, to A, the product P is the
ketone, 3, and M’ is the site, 4, on which
the hydrogen is adsorbed. B is oxygen, 5,
which adsorbs and reacts with the hydrogen
to give water, 6, (. In the classic case this
would regenerate the active site. In the pres-
ent reaction, however, a modified active
site, 7, which still has one adsorbed oxygen
atom, then interacts with a second alcohol
molecule. The reaction sequence then pro-
gresses through a second dehydrogenation
and ketone desorption. This is followed by
a reaction between the adsorbed hydrogen
and adsorbed oxygen atom to give water
and the regeneration of the original active
site, 1.

Typically, the kinetics of a bisubstrate re-
action such as this are studied by measuring
the reaction rates over a range of concentra-
tions of one substrate, A, while holding the
concentration of the second substrate, B,
constant and doing this for several fixed val-
ues of [B] (48). Appropriate graphical analy-
sis of these data, then, distinguishes be-
tween the different types of mechanistic
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pathways and provides numerical values for
the kinetic parameters. One approach to the
graphical presentation of enzyme kinetic
data is based on the double reciprocal or
Lineweaver—Burk plot (48).

The double reciprocal rate expression for
this reaction is given by Eq. (18), where
Kyaie and Ky, are, respectively, the dis-
sociation constants for the alcohol and oxy-
gen adsorbed on the catalyst.

The rates of 2-propanol oxidation were
measured for reactions run over an 8% Pt/
Si0O, catalyst in water at 20°C. The initial
rates of oxygen uptake (about 10% conver-
sion) were determined at three fixed partial
pressures of oxygen over a range of alcohol
concentrations. The resulting data are listed
in Table 3. The partial pressures of oxygen
were used to calculate the molarity of the
dissolved oxygen at 20°C in water (49). At
one atmosphere this was 1.34 mM, at 300
Torr it was 0.53 mM and at 235 Torr it was
0.41 mM. The rates are expressed in moles
of oxygen consumed/mole of Pt/min.

The plots of 1/v versus 1/[Alc] for the
three partial pressures of oxygen are shown
in Fig. 4. The three parallel lines are indica-

1.0
0.8 -
o
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FiG. 5. The replot of the y-axis intercepts of the
Lineweaver—-Burk graph of 2-propanol oxidation at
three partial pressures of O,.

tive of a Ping-Pong mechanism and this sup-
ports the mechanistic proposal shown in
Scheme 1. These lines have slopes of
Kyiaie Vinax » y-axis intercepts of 1/V o)
and x-axis intercepts of —1/Kyaiciapp -
Equations (19) and (20) give the linear forms
for these factors.

The replot of /V, . .pp Versus 1/[0,] is
shown in Fig. 5 and that for I/Kyaiciapp)
versus 1/]0,.] in Fig. 6. In Fig. 5 the y-axis

10
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Fi1G. 6. The replot of the x-axis intercepts of the
Lineweaver—Burk graph of 2-propanol oxidation at
three partial pressures of O,.
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intercept gives a value of 27 min~' (mole

site)”! for V., while the x-axis intercept
shows Ky, to be 0.0057 M. The y-axis
intercept in Fig. 6 gives a value for Ky,
of 1.0 M and from the x-axis intercept a
value of 0.0043 M for Ky, . One reason for
this discrepancy in the value of Ky, is that
only three partial pressures of oxygen were
used so the replots had rather poor correla-
tion coefficients,

Both the Ky 4, and Ky o., were also cal-
culated. The lines in the Lineweaver-Burk
plot (Fig. 4) have slopes of Ky Vinax -
From the average value of the three slopes,
0.060 minute-mole/liter, Ky, Was calcu-
lated to be 1.6 M. Ideally both derivations
of Ky ar, should give the same value but the
relative experimental error was = 5% for the
original rate data and the lines on the
Lineweaver-Burk plot were not exactly
parallel, their slopes ranged from 0.058 to
0.063 minute-mole/liter. Also, with only
three oxygen concentrations used for the
replots a rather poor correlation coefficient
of 0.94 was obtained. With these factors,
then, this discrepancy in Ky values is
somewhat understandable. As a first ap-
proximation an average value of 1.3 M was
applied to Ky ay,- The slope of the line in
Fig. 6 is equal to Kyo./Kyue- Using 1.3
M for Kyar, - Kuio,, was found to be 0.0043
M. Averaging this value with the 0.0057
maintained from Fig. 5 gave a value for
K., of 0.005 M.

Equation (18), which describes the rate of
a Ping-Pong reaction, can be rearranged to
give Eq. (21) which describes a rectangular
hyperbola, the characteristic shape of rate
curves showing substrate saturation kinet-
ics in the plot of rate vs |S] (48). When the
kinetic parameters for 2-propanol oxidation
estimated from the Lineweaver—Burk anal-
ysis were substituted into Eq. (21) a theoret-
ical rate curve was generated for the reac-
tion at a fixed oxygen concentration. Figure
7 shows both the theoretical and experimen-
tally determined rate curves for 2-propanol
oxidation under one atmosphere of oxygen.
The fit between theoretical and experimen-

« Theoretical rate ot 760mm 0,
o Rate ot 760mm O,

1 wo

0 s L L TR — L
©.00 0.05 0.10 0.5 020 0.2% 1.5 2.0

[2—Proponoi], M

Rate (moles O, consumed/mole Pt/minute)

F1G. 7. Comparison of the theoretical and experimen-
tal 2-propanol oxidation rates under one atmosphere
of O,.

tal is not good so the kinetic parameters
were adjusted. To accomplish this an exper-
imental rate curve was fit to Eq. (21) using
a curve fitting routine. Keeping the value of
Kuio., 28 0.005 M, new values for Ky 4., and
V... were calculated using an iterative pro-
cess. These values were 18 min~' for V.
and 1.0 M for Ky, 1., - With these constants a
second theoretical rate curve was calculated
and is shown in Fig. 8 along with the experi-
mental curve. An excellent fit is obtained.
Since the values for Ky, are all relatively
close to each other, and the empirically de-
rived 1.0 M value for Ky 5\, was the same as
that obtained from Fig. 5 these empirically

e Theoretical rote at 760mm 0,
| © Rate of 760mm O,

roe

0 L A s L A s
0.00 0.05 0.1C 0.15 0.20 0.25 1.5 2.0

[2-Propanol], M

Rote (moles 0, consumed/mole Pt/minute)
(#]
T

Fi1G. 8. Theoretical 2-propanol oxidation rates calcu-
lated using rate constants obtained from fitting the ex-
perimental curve to Eq. (22).
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Fi1G. 9. Comparison of the theoretically determined
oxidation rates of a 0.088 M aqueous solution of
2-propanol at three partial pressures of O, with the
experimentally determined values.

derived constants are considered to be rea-
sonably accurate for the present system.

The dissociation constant, Ky, for
2-propanol is about two hundred times
larger than that of oxygen, 1.0 vs 0.005 M,
respectively. This indicates that oxygen is
bound to platinum two hundred times more
strongly than is 2-propanol and that plati-
num is much more easily saturated with oxy-
gen than with alcohol during these oxida-
tions. This is one reason why the rate data
were obtained at only three oxygen concen-
trations. The rates obtained under one atmo-
sphere of oxygen were already approaching
the zero-order region for oxygen concentra-
tion dependence as shown in Fig. 9. Thus,
the span of oxygen concentrations over
which rate data could easily be obtained was
limited.

Both the small value of Ky, relative to
Ky, and the observation that platinum is
easily saturated with oxygen support the re-
ported conclusion that oxygen can deacti-
vate the catalyst during alcohol oxidations
(11). Complete deactivation of Pt/SiO, cata-
lysts was reported after 180 min of reaction
and 80-85% alcohol conversion in the oxi-
dation of 2-propanol in water. This deactiva-
tion was attributed in part to the oxidation
of the platinum. In light of the present data
this is not surprising. The oxygen pressures
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used were between 1.34 to 3 atm and these
pressures correspond to oxyen solubilities
of 0.0018 and 0.004 M, both of which are
either in the zero-order region or close to it
from the plot shown in Fig. 9. These reac-
tions were also reported as being zero order
in oxyen (//). Given that these experiments
were conducted under oxygen saturation
conditions and that the Ky, is two orders
of magnitude greater than Ky 4, the prob-
lem with oxygen poisoning of the catalyst
surface is not surprising.

As indicated above the V,,, for this reac-
tion has been found to be about 18 min'.
For simple rections which both adhere to the
Michaelis—Menten mechanism and involve
only one substrate, V. is the first-order
rate constant for the conversion of the ad-
sorbed complex into the product. In the
present case, however, V. is a function of
all first-order rate constants of the forward
reaction path and represents the maximum
number of molecules converted per active
site on the catalyst per unit time if the reac-
tion is zero order in both reactants and has
no diffusion limitations. Actually, this value
for V.. states that no more than 18 moles
of oxygen can be consumed per mole of
active site per minute. This corresponds to
the 36 moles of acetone produced or 36
moles of C—H bond cleavage. Since there is
generally only one active site per enzyme
the direct correspondence of V,,, to a turn-
over frequency per active site is straightfor-
ward. There are, however, three types of
sites which are active in this Pt catalyzed
oxidation. As the data in Table I show, the
M, sites represent about 44% of the active
sites present on the Pt/SiO, catalyst while
the *M, and *MH sites each comprise about
28% of the total. These values, combined
with the specific site TOF’s determined for
this reaction give an overall TOF for this
catalyst of about 6 min~!. Since the reaction
conditions needed for zero order oxygen de-
pendence also cause catalyst deactivation
(11) and potential diffusion limitations, the
present reaction was investigated under first
order reaction conditions in both reactants.
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Given this discrepancy, the correlation be-
tween the observed TOF and V_,, is not
unreasonable.

CONCLUSIONS

The platinum catalyzed oxidation of
2-propanol was run over a series of STO
characterized 3.35% Pt/CPG catalysts and
the observed rates plotted against the densi-
ties of the various types of STO sites. The
only linear relationships observed were with
the STO saturation sites, *M, , *My and *MH.
From the rate data and site densities of these
sites the turnover frequencies for these sites
were found to be 5.5, 7.9, and 5.0 moles of
oxygen consumed/mole of site/min, respec-
tively.

Initial rate data were obtained for reac-
tions run at several 2-propanol concentra-
tion at three separate oxygen pressures.
These data were analyzed using the double
reciprocal Lineweaver-Burk method com-
only employed in enzyme kinetic determina-
tions (48). The data obtained showed that
oxygen was adsorbed about 200 times more
strongly than 2-propanol in these reactions.
A maximum rate value of 18 moles of O,
consumed/mole of active site/min was cal-
culated. This value represents the maximum
rate for the reaction when it is run under
zero-order conditions for both reactants
without diffusion limitations. The present
data were obtained. however, under first-
order reaction conditions so the experimen-
tally determined TOF of 6 min~! is not un-
reasonable.

APPENDIX: EQUATIONS
Rate = A * [*M,] + B * [*'M,]
+ C*[’MH] (1)
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