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Oxidation of 2-Propanol to Acetone by Dioxygen on a Platinized Electrode under
Open-Circuit Conditionsl
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Department of Chemistry, Massachusetts Institute of Technologl,, Cambridge, Massachusetts 02t39, and
Department of Chemistry, Haruard Lrniuersity, Cambridge, Massachusett.r 02 t 38 (Receiued; June 17, t 988)

This paper examines the catalyt ic  oxidat ion of  2-propanol  b1 dioxygen on a plat in ized plat inum gauze electrode.  Under
open-ci rcui t  condi t ions,  the rate of  react ion was l imi ted b1'  mass t ransport  of  d ioxygen to the catalyst  surface and obeyed
t h e r a t e l a w - d I R O H ] l d t = , t I R O H ] 0 [ P t , ] r P o , r .  T h e r a t e o f  r e a c t i o n d e p e n d e d o n t h e r a t e o f s t i r r i n g o f t h e s y s r e m .  N o
kinetic deuterium isotope effect was observed upon substitution of 2-propanol-d, for 2-propanol-d6. Under the reaction conditions
employed, the open-ci rcui t  potent ia l  of  the catalyst  dur ing the catah,r ic  oxidat ion of  2-propanol  indicated that  the plat inum
surface was covered predominately wi th p lat inum hydr ide and nor wi th p lat inum oxide.  No catalyst  deact ivat ion due to
react ion of  d ioxygen wi th surface plat inum atoms was observed.  and hrdrogen peroxide could be subst i tuted for  d ioxygen
as the oxidizing agent in the reaction. The reaction is proposed to procced br the formation of an intermediate surface alkoxide
that  dehydrogenates and produces acetone and surface hrdr ides.  Thcse sur l 'acc hvdr ides then react  wi th d ioxygen, hydrogen
perox ide ,  p la t i num ox ide ,  o r  some o the r  ox id i z ing :pec ie ' . rnd  r r c ld  (u l r i n r l r c l r  )  \ \ a te r .  r ross ib l v  b l ,an  e lec t rochemica l  l o ia l
cel l  mechanism.

Introduction

The catalyt ic oxidation of organic compounds with dioxygen
is widely used in synthesis.3 The heterogeneous plat inum- or
palladium-catalyzed oxidation of alcohols with dioxygen to al-
dehydes, ketones, and/or carboxyl ic acids in the l iquid phase is
a highly useful,  i f  nonrepresentative, example of this class of
reactions. This process has proved part icularly valuable in oxi-
dative transformations of carbohydrates as a result of i ts high
regioselectivi ty.a-8

Pr imary a lcohols  are readi lv  ox id ized to  carboxy l ic  ac ids in
aqueous bas ic  so lu t ion and in  lower  I ' ie ld  to  a ldehvdes in  neut ra l
or  ac id ic  aqueous so lu t ion or  in  organic  so lvents .  Secondarr
a lcohols  are ox id ized to  the cor responding ketones.  pr imarr
hydroxy l  groups are ox id ized preferent ia l ly  in  the presence of
secondary hydroxyl groups. Axial groups on cyclohexane r ings
oxidize more rapidly than equatorial hydroxyl groups. Carbon-
carbon double bonds do not oxidize or isomerize.

Various mechanisms have been proposed for the oxidation of
alcohols on platinum catalysts: dehydrogenation of the substrate
on the catalyst surface and reaction of the resulting surface hy-
drogen atoms with oxygen to produce water,e-l l  oxidation via a
radical chain mechanism in solut ion init iated by reaction of the

subs t ra te  u i t h  t hc  ca ta l r s t  su r f ace . r l  o r  r eac t i on  o f  t he  a l coho l
u ' i th  ox lgen adsorbed on the sur face of  the cata lys t . l3 ' la

Plat inum is either used in the form of plat inum black (Adam's
catalyst) or dispersed on supports such as carbon, alumina, or silica
gel.s-z Oxidations have been successful ly performed in water,
n-heptane, acetone, 2-butanone, and dioxane.6 The major dis-
advantage of the platinum-catalyzed oxidation of alcohols is the
short lifetime of the catalyst as it is ordinarily used. The amount
of platinum catalyst commonly used in oxidations of carbohydrates
is  l0-20 wt ' / r  o f  the quant i ty  o f  subst ra te  to  be ox id ized.5 Ox-
idat ions car r ied out  us ing low concent ra t ions o f  d ioxygen show
longer  cata l rs t  l i fe t rmc-s  r '  . . \ l though the nature o f  the processes
po i son ing  t hc  ea tu l r s t  have  no t  been  es tab l i shed  i n  de ta i l ,  t he
observat ion that  react ions conducted at  h igh par t ia l  pressures o f
dioxy'gen mar shou short catalvst lifetimes suggests some oxidative
process occurring at the catalyst surface. Other factors that might
contr ibute to the poisoning of the catalyst include overoxidation
of substrates to side-products that act as catalyst poisons and
inhibit ion of reaction due to adsorption of the reaction product
on the catalyst surface.

This paper describes a study of the platinum-catalyzed, oxidation
of 2-propanol to acetone in aqueous solution. Its objectives were
to clarify the mechanism of the reaction, to establish the processes
responsible for catalyst deactivation, and to suggest reaction
protocols that would make i t  possible to use this type of reaction
with greater practical i ty by extending the catalyst l i fet ime.

The work is based on an experimental strategy in which the
working catalyst could be interrogated while operating using
electrochemical techniques to infer the character of i ts surface.
We constructed an electrochemical cell with which it was possible
to monitor the open-circuit  potential of the catalyst (the catalyst
potential with no applied current or voltage relative to a standard
potential) under active reaction condit ions. The system was a
compromise between catalytic and electrochemical requirements.
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Figure l. Two-compartment electrochemical cell used to studv the or-
idation of 2-propanol by oxygen on a platinized platinum gauze electrode.

To achieve useful rates of catalJ' ' t ic production of products. we

used a catalyst having a relat ivel-v- high (for an electroanal,vt ical
system) sur face area.  Wi th  th is  s) 's tem,  mass t ranspor t  o f

reactants to and prducts from the surfae of the electrode/catalyst
was not u'el l-defined. and the distr ibution of electrochemical
potential across the catalyst surface was probably not uniform'

Both the surface area of the system and i ts dispersion (that is,

the fract ion of plat inum atoms present at the surface) were low

and not entirely representative of catalysts used in synthetic
practice. Despite these compromises, however, the system provided

information that made possible a clear definition of major features

of the reaction.

Results

Reactions were run in a two-compartment electrochemical cel l
(F igure l ) .  The p la t inum cata ly 's t /e lec t rode \ \ 'as  a  sect ton o i

8O-mesh p la t inum gauze that  was ro l led in to  a  cYl inder  and then

plat inized.16 This electrode had a geometric surface area of 160

im2 and a rea l  sur face area of  5 .7  x  lOa cm2 (1 .2  x  l0{  mol  o f

Pt),  determined from anodic galvanostat ic charging curves.l6'r7

A description of the electrochemical cell and procedures used for

electrode preparation and characterization are available as sup-

plementary material (see the paragraph at the end of the paper).

Oxidations of 1.20-mmol al iquots of 2-propanol were run in

6,0 mL of 0.20 N H2SO4 at 1.0 atm of O2 unless otherwise noted;

a total of 40 such oxidations were performed with no evidence

of poisoning or loss of act ivi ty of the catalyst. The solut ion in

the working electrode compartment was replaced on completion

of each reaction. The productivi ty (PROD' eq l)  for this cata-

lyst/electrode was 400 when the series of 40 reactions was ter-

minated,

mol of 2-propanol oxidized
PROD, =

mol of surface plat inum

Over the course of the first six of these oxidations, the reaction

rate at a constant stirring rate decreased slightly; for the remainder

of the oxidations, the reaction rates measured at constant stirring

rates were very reproducible. After the sequence of reactions had

been completed, the cel l  was disassembled and the surface area

of the working electrode remeasured. The measured value was
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4 .8  x  l 0a  cm2 .  a  dec rease  i n  su r face  l r ca  o f  ca  l ! ' 7  f r om tha t

o r i g i na l l y  measu red  a f t e r  p repa r3 t i r ) n  o l '  : hc  ' r l . i i r : t  e l ec t rode .

bependence oJ'Rare rt l 'Otidatt, ' tn L' t t1 lht '  R;tr " i  'St irr ing' The

rate  o I  ox idat ion o t '  ] -pr ( )p tno l  ine ree.cc ' ' r  r t :  : : , :c r \ ins  ra te  o f

s t i r r ing (o)  o f  the p la t in ized e lect rode c ' i t r . i r l  - l  I  o . l tm of  02,

suggesting that the reaction waS mass tran\Flt)rt- , :mrtc'd Stirr ing

ra ies above 1000 rpm could  be used on l r  io r  r ( r \  :hof l  per iods

of  t ime before damage to  the bear ing and s t t r r tng ror j  i -e :u l ted.

For  s t i r r ing ra tes up to  1000 rpm,  the sur face o i  the: t r iu t ton

appeared fair ly quiescent and no vortexing was obsened: et 1100

rpm, vortexing was pronounced and the rate of reaction increased

dramatical ly.
Plotting the log of reaction rate versus log o.r for oxidations run

at 220.440, and 850 rpm indicated that the dependence of the

reaction on the rate of st irr ing was

-dtROHl /dt * <^,0'64+008 Q)

For rotating disk electrodes. the rate of reaction varies as ,^r0 5 under

laminar f lou condit ions and aS (,08-oe5 under turbulent f low

conditions.lE It is not possible to calculate rates of mass transport

ro the geometrically complex catalyst/electrode employed in this

work, but the observed exponent is in a plausible range'

Dependence of Reaction Rate on the Pressure of Diot.t qen'

These data were obtained at a constant st irr ing rate of 900 rpm

and  a t  f ou r  pa r t i a l  p ressu res  o f  d i oxygen  (0 .23 .016 .0  
-5 '  

and

1.00 atm) .  The par t ia l  pressure o f  d ioxygen \ \as  adtu ' ted by

mixing dioxygen with argon. and the gas mixturc \ \r lS fJr ic '61 srer

the sur face of  the s t i r red so lu t ion a t  ca.  '15 mL mrn The gas

pressure over  the so lu t ion was a luars  I  0 . r tn l  T i :e  :c ;c l t . - rn  ra te

it  t*o dif fercnt part ial  pressures of drorrgen \\crc- chc-cked during

the or idat ion o i  onc l . l0 -mmol  a l tqu. . t  . . i  l -Fr l l :n . r i :  i le  react ion

\ \as  n lon i torcd br  g l r : - i rqurd ch: t l : t - i l ' . rg : - -1 : ' : . "  Gt  C r  io r  - l -5  h

3 l  L ) n e  p A r l l . l I  i l c ' . . L l c . : h C n  t f C  g . : r  i L : \ " L l f  i \ ; r  C i - ' l n S e d  a n d

: u L , : . c | . j  i h : ' , u t : : : c . ' . L : . , ' r : : ' :  t  : l : - : . .  - : 1 J  l l c : . c u  : c ' : c t l o n  r a t e

dc l r - ' l - : t - . . nc1 ]  T : l : . , : c  I  ' r . . i - : i . . , .  i  l - : : , 3 : : . . t ]  : nc :eJsd  l i nea r l y

\ \ l l l  i l l r r C . : ' l L $  J .  \ ' ' ! i :  l l 3 " - l i

c  | R O H ,  c ;  P ,  , :  
'  ?  '  ( 3 )

Dependence u. l  the Rale , , , .1 '  Rtdt ' ! t0n ' t1  i l r  (  ' t4 'en l ra l ion o f

2-Propanol '  The rate oi oridatron oi l-F:c' l ' r ' ' ' ' r i  ;"  lhe plat inum

cata lys t /e lec t rode *as independent  o i  t t :  concen ' . r f , l ron.  Zero '

order plots of the change in concentrat ion of l-propanol uith t ime

were obta ined for  the ox idat ion o f  1 .20 mmol  o i  l -propanol  on

a platinized platinum gauze electrode in 6'0 mL of 0.10 \ H:SO4
(1.0 atm of 02). For one part icular run, the init ial  concentrst lon

of 2-propanol was 0.20 M; after the concentrat ion of 2-propanol

decreased to 0.14 M (at t = 4.0 h), the concentration of 2-propanol

was increased to 0.34 M; no change in the rate of reaction uas

observed.
Dependence of Rate on the surface Area of Catalyst. Because

the surface area of the platinized catalyst/electrode used in most

of these studies could not be conveniently altered, these studies

were carr ied out using two dif ferent plat inized plat inum wires,

the f i rs t  hav ing a geometr ic  sur face area of  9 .96 cm2 and a rea l

sur face area (meaiured b l  ga lvanostat ic  charg ing)  o f  1700 cm2

and the second having a geometric surface area of 12.9 cm2 and

a real surface area of 3-500 cm2. The reactions were run in a

three-compartment electrochemical cell of standard design, using

as nearly identical stirring rates as could be attained with the same

stirr ing bar and magnetic st irrer. The physical configuration of

the two platinum wires was approximately the same, both wrapped

as wire coi ls with roughly the same dimensions. The rates of

oxidation obtained by using the electrodes having surface areas

of  1700 and 3500 cm2 were 0.22 + 0 .01 and 0.42 + 0 .02
pmol/min, respectivelY; that is, a 2-fold increase in the surface

area of the electrode resulted in a 2-fold increase in the rate of

reaction and indicated a f irst-order dependence of the reaction

on the surface area of the platinum catalyst. A similar result has

(18) Adams, R. N. f /eclrochemisty at Sol id Electrodes: Dekker: New

Y o r k .  1 9 6 9 :  C h a p t e r  4 .

( 1 )
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tential methd produced electrodes of greater real surface area: Feltham, A.
M.;  Spiro,  M. ehem. Reu. 1911,7I ,177-193. Fel tham, A.  M.;  Spiro,  M'  " / '
Electroanal. Chem. 1972, 3 5, I8 l -192.

(17) Anodic galvanostatic charging curves are used to measure the current

required to completely oxidize a monolayer ol lrV{roge1-atoms on-the electrode

ruifac., Ershlei, B. biscrzss. Faraday Soc.1947, 1,269-277. Woods, R' In

Electroanalytical Chemistry: A Series of Aduances;Bard, A. J'' Ed'; Dekker:

New York,  1976;Vol .9,  pp l -162.  Kinoshi ta,  K ' ,  Stonehart ,  P '  In Modern

Aspects of Elecyochemisiry: Bockris, J'O.'Y.,Conway, B' E ' Eds'; Plenum:

Niw yoit, 1977; No. 12., pp 227-235. Gilman, S.ln Electroanalytical

Chemistry; A Series of Aduanbes:Bard, A. J', Ed.; Dekker: New York, 1967;

Vo l .  2 ,  pp  I  I  l - 192 .
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Figure 3. Productron ol acetone (O) and open-circuit  potential (r) of the
cata lys t  dur ing the ox idat ion o i  1 .20 mmol  o f  2-propanol  in  6 .0  mL o l
0 .20 N H2504 on a p la t in ized p la t inum gauze e lect rode by addr t ion o f
20-pL (0.15 mmol) al iquots of 30Vo H2O2 under argon.

in the partial pressure of dioxygen and mass transport of dioxvgen
to the catalyst/electrode surface is the overall rate-limiting srep.
the generation of dioxygen in high concentrat ion at the catalyst
surface was studied in an attempt to change the rate-limiting step
of  the react ion.

Under  an argon atmosphere.  1 .20 mmol  o f  2-propanol  was
added  to  6 .0  m l  o f  0 l 0  N  F I .SO4  i n  t he  wo rk ing  e lec t rode
compar tment  o f  thc  c lcc t rochemica l  ce l l  conta in ing thc s tandard
ca ta l vs t , ; e l ec t rode  \ \  h r l c  t hc  ca ta l r s t , , ' e l ec t rode  wus  s t i r r e t l  a t
900  rpm.  a  lO -sL  a l i quo t  ( 0 .1 , i  mmo l )o f  30 '7  H .O ,  u ' as  added
to  t he  ce l l .  D iox lgen  was  f o rmed  a t  t he  ca ta l vs t  su r t ace  .  The
y ie ld  o f  acetone upon complete  react ion o f  the H:O,  (a f tc r  ca.
l0 min) was 0.13 mmol (867o based on added HzO:) The addit ion
of 20-pL al iquots of 30Vo HzOz was continued, and the progress
of the reaction fol lowed by GLC (Figure 3). The sixth al iqrrot
o f  30VoHrO,  that  was added was 150 pL (1 .13 mmol) ;  d ioxygen
was evolved vigorously at the catalyst surface, but the yield of
acetone produced was only 0.10 mmol (9Vobased on added HuOz).
It  appears that 2-propanol competes poorly with a comparable
concent ra t ion o f  HrO,  for  cata ly t ic  s i tes  on the p la t inunt  cata-
ivs t /e lec t rode sur face.

A constant  s lou addi t ion o f  hy 'drogen perox ide to  a  so lu t ion
of  1 .2  mmol  o f  2-propanol -d6 in  6 .0  mL of  0 .20 N H2SOa was
performed at a rate of ca. 8.0 pL (0.060 mmol) 307a H2O2lmin
using a syringe pump, to keep the concentrat ion of H2O2 small
relat ive to that of 2-propanol. During the f irst 6 min of the
reaction no dioxygen evolved, and the rate of addit ion of H2O2
exactly equalled the rate of production of acetone. After 6 min
of reaction, the rate of oxidation slowed to 20Vo of the rate of
addit ion of H2O2, and dioxygen evolut ion was observed at the
catalyst surface (Figure 4). The reaction was rep€ated using I .12
mmol of 2-propanol-d1, and almost identical results were obtained;
the rate of oxidation in the f irst 6 min was the same as for 2-
propanol-d6 &slko = l 0), and for the remainder of the reaction
kn l  ko  =  1 .2  +  0 .2 .

A comparison of the rates of reaction for both 2-propanol-d6
and -d1, obtained by using dioxygen at I  atm with the rates
obtained by using slow addition of 30Vo HzOz indicated that when
HzOr is used, the oxidation init ial ly proceeded at a rate (6i)

(20) Hoare, J. P. The Electrochemistry of Oxygen; Wiley: New York,
1968 ;  Chap te r  2 .
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Figure 2. Ratio of acetone-dg to acetone- do (O, first run; tr, second run)
and percent reaction (O, f irst run; I ,  second run) during the course of
an oxidation of an equimolar solution of 2-propanol-ds and 2-propanol-d7.

been reported for this same reaction using a l% PtlC catalyst.re
The rate equation for the reaction on platinum metal under these
reaction condit ions is then

-d[ROH] 
/  d t  - -  /c (c^ro 0 ;  

[ROH]0[Pt , ]  
'Po, '  (1)

Deuterium Isotope Effect. A comparison of rhe rare of oxi-
dat ion o f  2-propanol -d6 and 2-propanol -d ,  in  0 .10 \  H.SO. ,  es-
tabl ished that no rate-l imit ing carbon-hvdrogen bond formation
or cleavage occurred during oxidation to acetone; a ksl ks of 1.03
* 0.04 was obtained. This result is that expected for a reaction
that is mass-transport limited in dioxygen. For determination of
whether a non-rate-l imit ing deuterium isotope effect could be
observed, a competitive ksf ke was measured by performing an
oxidation with equal amounts of 2-propanol-d6 and 2-propanol-d7
present in the solution and monitoring the ratio of acetone-d6 to
acetone-d6 produced by GC/MS. The reaction rate determined
for the oxidation with both 2-propanol-d6 and 2-propanol-d.,
present was the same as observed for 2-propanol-d6 alone. Figure
2 i l lustrates the rat io of acetone-d6 to acetone-d6 over the course
of the reaction for two separate runs; the agreement between the
two runs was excel lent, and a competit ive ksf ke of 3.3 * 0.3 u,as
observed during the first 40Vo of the reaction. After the reaction
reached 40Vo completion, where the solut ion was 0.038 M in
2-propanol-ds and 0.082 M in 2-propanol-ds, the rat io of ace-
tone-dsf acetone-d6 slowly decreased until at the completion of
the reaction i t  was ca. l :1 .  A number of GC/MS analyses of an
authentic l:l mixture of acetone-d6 to acetone-d6 indicated that
the mixture was 0.9611.00 acetone-dsf acetone-d6, yielding an
experimental error of *,5Vo for this method.

Reuersibility of the Dehydrogenation Step. We carried out
an oxidation of 2-propanol (0.20 M) in the presence of 2-butanone
(0.20 M) and monitored the reaction mixrure by GLC throughout
the course of the reaction to determine whether any 2-butanol
was produced. The reaction rate in the presence of 0.20 M
2-butanone was I .02 + 0.04 pmol/min, ca. 40% slower than the
reaction rate measured in the absence of added 2-butanone. The
formation of 2-butanol was not observed (<0.5Vo by GLC) at any
time during the reaction. The oxidation of 2-butanol (0.20 M)
was also performed in the presence of added acetone (0.20 M),
and no 2-propanol (<0.5Vo by GLC) was detected during the
course of the reaction. The rate of reaction for oxidation of
2-butanol in the presence of 0.20 M acetone was l  l7 + 0.03
pmol/min and was comparable to the rate of oxidation of 2-
propanol in the presence of 2-butanone.

Oxidation of 2-Propanol Using Hydrogen Peroxide in Place
of Dioxygen. Hydrogen peroxide spontaneously decomposes to
dioxygen and water when it comes in contact with platinum metal
(eq 5).m Because the rate of oxidation of 2-propanol is first order

Pt
2H2Oz * Oz + 2H2O (5)

(19) Nicoletti, J. W.;Whitesides, G. M. "r. Phys. Chem., preceding paper
in th is issue.
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Figure 4. Relatrve rates of production of acetone-do (O) and acetone-du
(r )  f rom the ox idat ion o f  2-propanol -ds and 2-propanol -d ,  (0 .20 M).
respectivel l ,  by, oxidation with hydrogen peroxide ar a constant addit ion
rate  o f  60 grmol /min.

pmol/min) ca. 60 t imes faster than the rate observed when di-
oxygen ( I  atm) was used as the oxidant. After a short interval
(ca. 6 min, PROD, = 3-4), the initial reaction rate decreased to
a steady-state rate ca. l0 times faster than that observed by using
dioxygen at I  atm; no further decrease in activi ty or poisoning
of the catalyst was observed. Hydrogen peroxide thus appears
to be an effective oxidant for the catalytic oxidation of 2-propanol
on p la t inum.

Open-Circuit Catalyst f Electrode Potential during Oxidation
of 2-Propanol Using Dioxygen. We used the open-circuit potential
of the catalyst/electrode to infer the species present on the
platinum surface while the catalytic reaction was occurring. The
reference electrode was a Ag/AgCl (saturated), Na2SOo ( 1.0
M)/Na2SOa (1.0 M) double-junction (dj) system.2' Open-circuit
potentials measured against this (Ag/AgCl dj) reference electrode
are shif ted -0.370 V with respect to potentials measured versus
a standard hydrogen electrode (SHE).

Dihydrogen is produced on a plat inum electrode in 0.20 N
H2SO4 at -0.460 V (Ag/AgCl dj), and coverage of the electrode
surface with adsorbed hydrogen steadily decreases from that of
a monolayer as the potential is increased from -0.460 to -0.050
V (Ag/AgCl  d j ) .  In  the potenr ia l  range between -0 .050 and
+0.400 V (Ag/AgCl  d j ) ,  the p la t inum sur face is  occupied br
neither adsorbed hvdrogen nor oxygen; proceeding from +0.100
to ca.  +1,100 V,  the sur face becomes increas ing ly 'ox id ized br
the formation of plat inum oxide. Dioxygen evolut ion begins at
potent ia ls  more pos i t ive  than ca.  *1 .100 V.  Observat ion o f  an
open-circuit  potential for the electrode/catalyst, in the range of
-0.050 to -0.460 V (Ag/AgCl dj) indicates that hydrogen is
present on the surface of the platinum catalyst; catalyst potentials
more posit ive than +0.400 V indicate oxidation of the catalyst
surface, probably by the formation of plat inum oxide. We note
expl ici t ly that the observed open-cel l  potentials are not entirely
straightforward to interpret for the complex electrode geometry
used in these experiments. Local differences in surface potential
and in the composit ion of the plat inum-water interface may be
possible due to contributions to local cell potential from resistive
and capacitative terms and perhaps to differences in local solution
concentrat ions of reactants, products, and protons. We bel ieve
that the observed open-cel l  potentials ref lect a qual i tat ive but
accurate image of the average catalyst/electrode surface.

The open-circuit potential of the platinized platinum gauze
electrode during the course of the oxidation of 2-propanol with
dioxygen is shown in Figure 5. Before 2-propanol was added to
the working electrode compartment containing 0.20 N H2SO4
under 1.0 atm of 02, the potential of the platinum electrode was
ca. *0.520 V (Ag/AgCl dj).  This init ial  electrode potential
indicated that partial oxidation of the electrode surface had taken
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F igure 5 .  Product ion o f  acetone (O.  r  =  l . l4  mmol /min;  t ,  r  =  1 .13
pmol/min) and open-circuit catalyst potential (O. tr) for two consecurive
ox idat ions o f  1 .20 mmol  o f  2-propanol  by oxrgen (1 .0  a tm)  in  6 .0  mL
of 0.20 N H2SO4 (st irr ing rate = 440 rpm, Ag/AgCl dj reference elec-
trode).

place by reaction with dioxygen to form platinum oxides. Addition
of 2-propanol to the solution with stirring resulted in an immediate,
rapid drop in the electrode potential to 4.216 V, indicating that
the reaction of 2-propanol at the surface of the electrode reduced
the platinum oxide and produced a surface partially covered with
adsorbed hydrogen.

The potential of the electrode remained in the range of -0.275

to -0.050 V (Ag/AgCl dj) unti l  the concentrat ion of 2-propanol
had decreased from 0.20 to 0.01 M (-95Vo reaction). The po-
tential gradually increased to ca. +0.30 V during the completion
of the last 5'7 of the reaction. Removing the reaction mixture
f rom thc rvork ing c lect rode compar tment ,  r ins ing the cata lys t /
e lec t rodc.  and repcat ing the react ion under  the same condi t ions
p roduced  po ten t i a l - t ime  cu rves  i nd i s t i ngu i shab le  f r om the  f i r s t
(  F i gu re  5  ) .

The most  impor tant  conc lus ion f rom these data is  that  the
catalyst/electrode surface was part ial ly covered with adsorbed
hydrogen during the major part of the oxidation of 2-propanol.
It was not until the concentration of 2-propanol decreased from
200 to l0 mM that dioxygen (ca. 1.3 mM at equi l ibr ium under
reaction conditions)22 apparently was able to compete successfully
with 2-propanol for the catalyst act ive sites. This result implies
that the oxidation proceeds by reaction of 2-propanol with a
plat inum surface that is in a predominantly reduced state and not
with a surface that is covered with adsorbed oxygen or is otherwise
ox id i zed .

The dependence of the open-circuit  potential of the plat inum
catalyst on the concentration of 2-propanol, acetone, and dioxygen
was checked bv changing the concentrat ion of each individual ly,
under the condit ions used in the reaction, while holding al l  other
parameters constant. Changing the concentrat ion of 2-propanol
or the pressure of dioxygen resulted in much larger changes in
the catalyst potential than those result ing from changes in the
concentrat ion of acetone (Figure 6). This result demonstrates
that the catalyst/electrode potential was determined primari ly
by the relat ive concentrat ion of 2-propanol and dioxygen in so-
lution. Although acetone is known to adsorb on a clean platinum
surface,23'24 i t  apparently does not compete well  with dioxygen

(22) Linke, W. F. So/ubilities of Inorganic and Metal Organic Com-
pounds;  D.  Van Nostrand:  New York.  1965; Vol .  2,  p 1229.

(21) A saturated calomel reference electrode (scE) was initially used as
the reference electrode, but chloride ion from the electrolyte of the ScE *as
found to poison the reaction.
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Figure 6. Open-circuit catalrst potential dependence on the concentration
of acetone (O) and 2-propanol (f) ,  and on the part ial  pressure of di-
oxygen ( f )  dur ing a  cata l r t ic  ox idat ion o f  2-propanol  ro  acetone u i th
dioxygen on a plat inized plat inum gauze electrode.

or  2-propanol ;  th is  in ference is  cor roborated br  the obscrvar iun
that  the ra te  o f  the catah ' t ic  ox idat ion react ion d id  not  decrcase
as the acetone concent ra t ion increased over  the coursc o f  the
reaction.

Catalltst Potential during Open-Circuit Oxidation.r LI.sing
Hydrogen Peroxide. Prior to the addition of hydrogen peroxide,
the open-circuit potential of a platinized platinum gauze electrode
in 6.0 mL of 0.20 N H2SO4 that was also 0.20 M in 2-propanol
under  1  a tm of  argon was ca.  -0 ,315 V (Ag/AgCl  d j ) .  Th is
potential is 45 mV more negative than the lowest potential re-
corded for oxidation under I atm of dioxygen, an observation that
indicates that the str ipping of oxide from the plat inum surface
by the dehydrogenation of 2-propanol was never complete r,r,hen
the reaction was run under I  atm of dioxl 'gen. In ncither reaction
did the potential of the electrode reach -0.460 V (,Ag /. , \gCl d. j  ) .
the va lue corresponding to  a  p la t inum sur face covered u i th  a
monolayer  o f  adsorbed hvdrogen ( l  H/  lPt ,  a tom; .

When 20 pL (0.15 mmol) df 30% H2O2 was added with st irr ing
to the compartment containing the catalyst/electrode ( 1.20 mmol
of 2-propanol in 6 mL of 0.20 N H2SO4 under argon), the potential
o f  the cata lys t  immediate ly  increased f rom -0.315 to  *0 .417 V
(Ag/AgCl dj) and evolution of some dioxygen was observed. After
ca. 3 min, the potential of the catalyst at f i rst rapidly and then
more slowly decreased to 4.294 V (Figure 3). During the process.
0.13 mmol  o f  acetone was generated (86% y ie ld  based on added
HzOJ. Continued addition of 20-pL aliquots of hvdrogen peroxidc
produced results indist inguishable from that observed for the f irst
a l iquot .  When the react ion was run bv us ing a s lou constant
addi t ion o f  8  pL (0 .060 mmol)  o f  30% H2O2/min rarhe r  than the
addi t ion o f  a l iquots .  the open-c i rcu i t  porenr ia l  o f  the p la t in ized
pla t inum gauze e lect rode qu ick ly  increased f rom -0.315 V
(Ag/AgCl dj) at the start of the reaction to +0.420 V during the
first 2 min and remained at this potential throughout the reaction.
No poisoning of the catalyst was observed when hydrogen peroxide
was used as the ox id iz ing agent .

Discussion

The cathodic displacement of open-circuit  potential of a
plat inum catalyst during the oxidation of alcohols by dioxygen
has been interpreted previously to indicate that the surface of the
catalyst was partially covered with adsorbed hydrogen.l0'12'25 We
concur with this conclusion. Our observations established further
that addition of 2-propanol to the working electrode compartment
containing a partially oxidized platinized platinum gauze electrode
resulted in an immediate cathodic displacement of the catalyst

(23) Horanyi ,  G.;  Nagy,  F.  Acta Chim. Acad. Sci .  Hung.
26 t -268 .

(24) Gorbachev, S. V.; Rychkova, Z. A. Russ. J. Phys. Chem.
446-447.

(25) Druz,  Y.  A.  Kinet .  Catal .  1979, 20,729-732.
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SCHEME I: Proposed Nlechanism for the Oxidation of 2-Propanol
on Platinum with H,O'
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po tcn l i a l  1 , r  u  po t cn l i u l  i nd i ca t i ve  o f  a  su r face  p redominan t l y
cr l r ,c rcd r r  i th  r rc j rorbcd hrdrogcn Simi lar  resu l ts  have been re-
pxrrtcd f irr  thc ()f ' 'cn-circurt reduction of e lectrochemical ly produced
p lu t i nun r  o r rdc  rn  i . r quc ( )us  so lu t i on  b l  r eac t i on  w i t h  a l coho l s ,26
Iormic  ac id . : -  l 'und d ihvdrogen.3r l2  The open-c i rcu i t  reduct ion
of  p la t inum or ide la lers  by hydrogen in  aqueous so lu t ion is  be-
l ievcd to  ( )ccur  by 'an e lect rochemica l  loca l -ce l l  mechanism:  d i -
h; 'drogen dissociates on one part of the catalyst surface, and
reduction of plat inum oxide may occur at a second part that is
physical ly separated (although electrochemical ly connected).
Islands of oxide-free plat inum are thought to be produced as the
reduction occurs. Direct chemical reaction between surface
plat inum oxide and dihydrogen may also occur33 but is bel ieved
to be a minor  pathwav,

Reacti t-rn of f t i rnl ic acid also reduces chemisorbed oxygen on
a p la t inurn sr r r t 'ucc br  a  loca l  ce l l  rnechanism.2r-zs  The reduct ion
t ' f ' p l a t j nun r  r r r i t l c  b r  . t l c , r ho l :  r s  be l i eved  t o  p roceed  b1 'a  mech -
I rn r : n r  ' i r n i l ; r r  t o  t h r r t  n r ( )pos r -d  t i r r  r cduc t i on  b1  d ihvd rogen .3a
\ga in .  u  d i r c t ' t  chcn r i e l l  r cac t ron  n ra r  make  some  con t r i bu t i on

t t r  t h c  r r \ c f . r l l  r c : t t l i , t t t .
. f he  

open -c r r cu r t  po t cn t i a l  o f  t he  p la t i n i zed  p la t i num gauze
elect r tde reachcs un equi l ib r ium va lue of  ca.  -O.330 V (Ag/AgCl
d j )  w i th  s t i r r ing in  a  0 .20 N H2SO4 so lu t ion a lso 0 .20 M in
2-propanol under I  atm of argon, indicating signif icant coverage
of the electrode surface with hydrogen but not the formation of
the complete monolayer that would be indicated by an open-circuit
potential of ca. -0.460 V (Ag/AgCl dj).  This result may imply
that  not  everv  sur face p la t inum atom is  a  su i tab le  s i te  for  the
dehrdroge nut ion o f  2-propanol  to  z lcetone.  The open-c i rcu i t  po-
ten t i a l  o f  t hc  ( r a ta l \ s t  undc r  I  a tm  o f  d i oxvgen  rema ins  i n  t he
po tcn t i r r l  r ongc  r ) l  0 l r 5  t o  _ -0 .0 -50  V  (Ag /AgC l  d j )  f o r  a lmos t
t  hc  cn t i r e  r c r lC t i t r n .  r nd rca t i ng  t ha t  t he  su r face  rema ins  cove red
uith hrdrogcn and mass transfnrt of oxvgen to the catalyst surface
is  ra tc  l in r i t ing.  Th is  e lect rochemica l  in ference is  suppor ted by
the observed k inet ics .

Plat inum-catal l  zed oxidation of 2-propanol by hydrogen per-
oxide was explored in an effort to circumvent the mass-transport
l imited del ivery of dioxygen to the catalyst surface. Under
open-circuit  condit ions, such as those used in this study, the
catalytic decomposition of HrO2 on platinum is believed to proceed
via an electrochemical local cel l  (mixed potential) mechanism in

(26) Petr i i .  O.  A. :  Podlovchenko, B.  L;  Frumkin,  A.  N. ;  Hira,  L.  J.
Electroanal. Chem. 1965, 10.253-269. Podlochenko, B. I.; Petri, O. A.;
F rumk in .  A .  N . :  H i ra .  L .  I b id .1966 .  11 .12 -25 .

(27) Oxley, J. E.; Johnson, G. K.; Buzlski, B.T. Electrochim. Acta 1964,
9 ,  897-9 r0 .

(28) Hoifman. A.; Kuhn, A. T. Electrochim. Acta 1964, 9, 835-839.
(29) Vie lst ich.  N. ;  Vogel ,U.  Z.  Elektochem. 1964,68,688-692.
(30) Barz,  F. ;  Lungu, M. J.  Electoanal .  Chem. 1982, 133,  l0 l -114.
(31) Rader.  C.  G.:  T i lak.  B.  Y.  J.  Electrochem. Soc.  1976. 123.

1708-17 12.
(32) Hoare,  J.  P.  Electochim. Acta 1972, 17,593-595.
(33) Shibata,  S. ;  Sumino,  M. P.  Electrochim. Acta 1975, 20,739-746.
(34) Horanyi ,  G.;  Konig,  P. ;  Telcs,  L Acta Chim. Acad. Sci .  Hung.1972,

72,  165-178. Horanf  i .  G. :  Vertes,  G.;  Konig,  P.  Ib id.  1972,72,  179-187.
Horanyi. G.; Vertes. G.; Konig, P. Z. Phys. Chem. 1973, 254, 298-304.
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which adsorbed ox\gen la lc rs  or  sur face ox ides are prerent . ' l s  I '

A  sur face p la t inum ox ide ma1 be an in termediate  in  th is  react ion.
B ianch i  e t  a1 .38  have  p roposed  a  chemica l  pa thway  i o r  t hc  de -
compos i t i on  o f  H20 '  by  reac t i on  w i t h  su r face  p la t i num ox ide

\ \ 'hen hvdrogen perox ide was used as the ox id iz ing agent  for
the ox idat ion o f  2-propanol  to  acetone,  the open-c i rcu i t  potent ia l
o f  the e lect rode dur ing react ion was ca.0.87 V (normal  hydrogen
electrode), a value that corresponds to the open-circuit  potential
observed for the decomposition of hydrogen peroxide on platinum
metal in the absence of 2-propanol.38'3e The surface of the catalvst
was thus predominantly in an oxidized state, partially covered with
plat inum oxide when h1. 'drogen peroxide was used as the oridant.
ra ther  than be ing predominant l l ' covered r r i th  sur l 'aee hrdrogcn
as  i t  appea rs  t o  be  uhen  d iox rgen  was  uscd  a :  t hc  ox i i l an t
App rox ima te l v  I  equ i r  o i  1 -p ropano l  was  t r r i d i zcd  f ( ) r  cach
equiva lent  o f  H2O1 consunted for  most  o f  thc  re i rcr lon.  Se hcrnc
I  suggests  a  poss ib le  mechanism for  the ox idat ion o t '2-propant r l
by  hydrogen perox ide.

The rate of oxidation of 2-propanol observed b,v- using a consrant
s low addi t ion o f  HrO,  was in i t ia l ly  60 t imes faster  than that
observed under the same condit ions using oxygen as oxidant. I t
is not clear, however, that the reaction was no longer mass-
transport limited: the instantaneous concentration of HrO, in the
so lu t ion was probably  very  smal l  (<10-o M)  s ince the ra te  o f
production of acetone was init ial ly equal to the rate of addit ion
of H2O2, and no difference in the rate of oxidation of 2-propanol-d6
and -ds was observed. Although the reaction ran more rapidly
using hydrogen peroxide rather than dioxygen as an oxidant, the
transport of hydrogen peroxide or 2-propanol to the surface of
the catalyst may st i l l  have been rate l imit ing.

Catalyst Deactiuatio,n. One explanation that has been proposed
for catalyst deactivation during the oxidation of alcohols involves
irreversible or slowly reversible reactions of dioxygen with the
platinum surface. Adsorption of catalyst poisons and/or reaction
products have also been involved. Catalyst deactivation during
the oxidation of 2,3-4,6-diacetone-L-sorbose on supported platinum
catalysts was studied by Jaffe and Pleven,l5 who found that the
rate of catalyst deactivation was markedly reduced by controlling
the dioxygen concentrat ion at low part ial  pressures. For the
ox idat ion o f  g lucosela  and ethy ' lene g l1 ,co la0 when p la t rnurn on
carbon cata lys t  in  aqueous so lu t ion is  used.  cata lys t  deact i ru t i t rn
could  be par t ia l ly  reversed br  temporar i l r  s topping thc addi t ion
o f  oxygen  to  t he  reac t i on :  i n  t h i s  ox rgen -de  f i c i en t  s ta t c .  r hc
ox id ized (deact ivated)  cata lvs t  uas re- reduced to  an act i re  fornr
by react ion wi th  g lucose or  e thy ' lene g l rco l .  The deact iv 'ared
catalyst could also be part ial ly regenerated by treatment with an
aq formaldehyde solution under nitrogen. Complete regeneration
of catalyst activity for ethylene glycol oxidation was obtained by
treating the deactivated catalyst with oxygen and then hydrogen
at  300 oC.

These studies suggest that bare plat inum(0) is more active as
a catalyst than is platinum oxide and that alcohol oxidation should
be considered primari ly as a dehydrogenation catalyzed by
plat inum(0), fol lowed by an oxidation step to regenerate Pt(0)
from surface plat inum hydride. In the systems studied here, no
catalyst deactivation was observed after ca. 500 h of consecutive

(35) At  pH > 8.0,  a mechanism involv ing radical  intermediates has been
proposed: Ki ta j ima, N. ;  Fukuzumi,  S. ;  Ono, Y.  J.  Phys.  Chem. 1978,82,
1505-1509. Ono, Y. ;  Matsumura,  T. ;  Ki ta j imo, N. ;  Fukuzumi,  S.  Ib id.1977.
8 1 , 1 3 0 7 - 1 3 1 1 .

(36) Ger ischer,  R. ;  Ger ischer,  H.  Z.  Phys.  Chem.1956,6,178-200.
(37) Bagotskii, V. S.; Yablokova, l. E. Dokl. Akad. Nauk .S.SSR 1954,

95, l219-1221. Giner, J. Z. Elektrochem. 1960, 64, 491-5O0. Hoare. J. P.
J. Electrochem. Soc.l965, / 12,608-611. Vitvitskaya, G. V.; Zverevich, V.
V.  Sou. Electochem.1972,8,  l179- l182.  Tarasevich,  M. R.:  Zakharkin.
G. I . ;  Smirnova,  R.  M. Sou. Electrochem.1973,9,620-623. Dibrova.  G. Y. :
Semenkina, T. M.; Elfimova, G. I.; Bogdanovskii, G. A. Kinet. Catal.1978,
j,9,406-409.

(38) Bianchi, G.i Mazza, F.; Mussini, T. Electochim. Acta
457 -47 3.

(39) Bockris, J. O.'M.; Oldfield, L. F. Trans. Faraday Soc.
249-259.

(40) AliKhan, M. I.; Miwa, Y.; Morita, S.; Okada. J. Chem. Pharm. Bull.
1 9 8 3 ,  3 / ,  l  l 4 l - l  1 5 0 ,  1 8 2 7 - 1 8 3 2 .
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oxidations (PROD, = 400) under ox) 'gen-starvation condit ions.
This resistance to poisoning may not, however. be representative:
the rate of oxidation over this catalyst is very' slow compared to
reaction rates obtained under similar condit ions with highly
dispersed supg)rted catalysts. The absence of catalyst deactivation
due to reaction of dioxygen with the platinized platinum electrode
used in this study is consistent with reports relat ing the degree
of catalyst deactivation by reaction with dioxygen to catalyst
dispersion, where increasing catalyst deactivation is observed with
increasing dispersion. le'41-43

Mechanism of the Platinum-Catalyzed Oxidation of 2-
Propanol. The mechanism of reaction that is most compatible
u i th  the expcr imcnta l  resu l ts  descr ibed in  th is  paper  (obta ined
unde r open-circuit and O. mass-transport-limited conditions using
thc p le t inrzcd p l . r t inunr  sauze cata lys t /e lec t rode) ,  as  wel l  as  wi th
pre r  rou: l r  rcpt r r tcd rn lornrat ion regard ing the adsorpt ion and
or idat r r rn  o l 'a ieoh, r ls .  i :  out l ined in  Scheme I I .  The open-c i rcu i t
pntcnti l l  of ' the clcctrtxlc under acti !e cataly' t ic condit ions indicates
that thc surface of ' thc catalrst is predominantly but not completely
covered with adsorbed hydrogen, even though the reaction is run
under I  atm of oxygen. The f irst step of the reaction involves
chemisorption of 2-propanol at the catalyst surface. This reaction
might occur by insertion of a platinum atom into either the O-H
bond or the cr-C-H bond of 2-propanol. Although we cannot
distinguish between these alternatives, the former is more likely.

Although addit ion of the a-C-H bond of al iphatic alcohols to
p la t inum sur faces has of ten been c la imed in  s tud ies o f  the ad-
sorpt ion and e lcc t rochenr ica l  ox idat ion o f  a lcohols  on p la t inum
electrodes.l l  4'  l i t t le evidence supports these claims. In contrast,
nunrerous studics of the reactions of alcohols at plat inumas and
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other transition-metal surfacesae-54 have presented evidence for
the formation of surface alkoxides by insertion into the O-H bond.
A variety of homogeneous platinum(0) complexes have also been
observed to form stable platinum methoxide complexes by reaction
with meth"no1.s5's6

After adsorption of 2-propanol on the catalyst surface, the
chemisorbed species (presumably a surface alkoxide) dehydro-
genates by B-hydride elimination of a hydrogen atom to the surface
of the catalyst to form acetone (Scheme II). Competitive oxidation
of an equimolar mixture of 2-propanol-d6 and 2-propanol-d7 es-
tabl ished an isotope effect of kslksof 3.2 * 0.3 for the transfer
of hydrogen (deuterium) to the catalyst surface. A similar com-
peti t ion experiment using 2-propanol-2-d1 and 2-propanol with
Adam's catalyst (plat inum black) gave ksf kp of 1.9 + 0.4.57 A
kinetic deuterium isotope effect of 1.7 has been reported for the
decomposit ion of CH3OH and CD3OH on plat inum, a reaction
in which the rate-l imit ing step is bel ieved to be the cleavage of
a C-H bond of an intermediate surface alkoxide.58'se

Dehydrogenation was irreversible; oxidation of 2-propanol in
the presence of 2-butanone produced no (<0.5Vo) 2-butanol (via
trans-hydrogenation); the analogous result was obtained when
2-butanol was oxidized to 2-butanone in the presence of acetone.
The irreversibi l i ty of alcohol dehydrogenation on plat inum has
been demonstrated previously by oxidizing ethanol or 2-propanol
with dioxygen on plat inum catalysts in HrlsO and observing no
incorporation of l80 into the remaining alcohol. l l

The hydrogen remaining on the platinum catalyst surface after
the dehydrogenation of 2-propanol to acetone is oxidized to protons
(or water) by reaction with an oxidizing species derived from
dioxygen. It is not clear whether the active oxidant is a surface
platinum oxide, chemi- or physiadsorbed hydrogen peroxide, or
dioxygen under the reaction condit ion used in catalysis. Inde-
pendent experiments establ ish that plat inum surface oxides are
rapidly reduced by 2-propanol and that hydrogen peroxide is an
effect ive oxidant toward 2-propanol in the presence of plat inum.
An e lect rochemica l  loca l  ce l l  mechanism60'0 t  11. . . .  a  react ion in-
volving oxidation of Pt-H to Pt(0) and H* and reduction of some
oxygen containing species to H20 at separate sites on the surface .
wi thout  d i rect  t ransfer  o f  H to  PtO or  PtOr)  ma1 be operat i \e
in the important processes.

Implications for Synthesis. We suggest that the plat inum-
catalyzed oxidation of alcohols by dioxygen to ketones be con-
sidered a coupled, two-reaction system. One reaction is the
platinum(0)-catalyzed dehydrogenation of alcohol to ketone; the
second is the platinum-catalyzed oxidation of platinum surface
hydride to water by dioxygen. The high selectivity of the system
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DiCosimo and Whi tes ides

is well established and highly useful, especially for carbohydrates
and related water-soluble substances. I ts major practical draw-
backs are re la t ive ly  s low cata ly t ic  ra tes (wi th  an at tendant  re-
quirement for large quanti t ies of catalyst) and relat ively rapid
catalyst deactivation (also requir ing large quanti t ies of catalyst).
Major  quest ions in  svnthes is  are thus how can the ra te  be in-
creased ' l  l low can cat r t l l ' s t  deact iv l r t ion be s lowed?

I t  i s  c l ea r  t ha t .  w i t h  t he  expe r i n ren ta i  svs tem emp loyed  he re ,
mass t ranspor l  o f  d i , rx rgen f r r rm the vapor  phase to  the cata lys t
su r face  l im i t s  t hc  ovc r r l l  r a te  o { ' r eac t i on .  Thus .  t o  i nc rease  t he
ra te .  i t  w t i u l t i  bc  nccc rsu r - r  t t i  i nc rease  t he  ra te  o f  de l i ve r ) ' o f
ox id i z i ng  equ rv r r l cn t s  t o  t he  ca ta l ys t  su r f ace .  I nc reas ing  t he
pressure of diorvgen provides one approach to this problem; using
hydrogen pcroxide seems to provide a second. We bel ieve that
suhst i tu t ion o f '  h ldrogen perox ide for  d ioxygen in  th is  react ion
may provitlc un attractive method of carrying out rapid reoxidation
w'ithout thc nracticrtl problerns of handling and dispersing dioxygen
unde r  pres\ r r rc  or  r r  i th  v igorous ag i ta t ion.

The f i r rnr  o l ' thc  bu lk  p la t in ized cata lys t  used in  th is  work  was
dictated b1 thc erperimental requirement for both catalyt ic act ivi ty
and e lect rochemica l  t rac tab i l in .  Th is  cata lvs t  proved res is tant
to poisoning and thus provided little inlormation about mechanisms
of poisoning. I t  is also, of course. no1 a practical catalyst system
bccause i t  has a low dispersion and hence ineff icient use of
platinum. In related studiesre we have examined highly dispersed,
supported catalysts and establ ished that the rate of deactivation
of the catalyst correlated with i ts dispersion, One interpretat ion
of this result is that small ,  highly act ive catalyst part icles are
subject to relat ively rapid oxidative conversion to a catalyt ical ly
inactive plat inum oxide. The practical motivation in synthesis
to use highly dispersed catalysts t<l achieve efficient use of platinum
thus appears to be at rxids with the advantage in catalyst l i fet ime
achievcd wilh lou cl ispcrsit ln catalrsts. High pressures of dioxygen
(and  pe rhap \  r . r \ c , , 1 - f t 1 {1ogen  pe ro r i de )  a l so  seem to  has ten  t he
() \  e  r ( ) \ rd l l t i ( )n  ( ) l  \ i l r t l l  e  a ta l r  s t  par t lc le  s  to  an inact ive form.  The
bcst  er r r r r i r r l  l t r r  usc rn  \ \n thes is  wr l i  thus be one wi th  a  suf f ic ient ly
h igh  d rspc r \ r r ) n  t ( )  bc  r - c ( )non t i ca l  i n  i t s  use  o f  p l a t i num and  a
sut ' l l c rent l r  Ior r  d ispers ton (and cr tncent ra t ion o f  d ioxygen and/or
hrdrogcn peror rdc)  to  g ive long cata lys t  l i fe t imes.

From thc results obtained b1' using hydrogen peroxide in place
of oxygen in the catalyt ic oxidation of 2-propanol reported here,
i t  is possible that highly selective oxidations of alcohols on sup-
ported plat inum catalysts of high dispersion with l i t t le or no
catalyst deactivation might be attained by using hydrogen peroxide
as the oxidant, i f  H2O2 could be added at a rate suff icient to
produce reasonable rates of oxidation without irreversibly oxidizing
the surface of the plat inum catalysts as is bel ieved to occur with
d iox r  ge  n .

Experimental Section

General , l lethri l r .  S'ater used in al l  reactions was pretreated
by pass ing d is t i l led water  through a Barnstead ion-exchange
column. disr i l l ing through a Corning AG-l b dist i l lat ion apparatus,
and shak ing wi th  1-a lumina (St rem).  U l t rah igh-pur i ty  (UHP)
H2SO4 (Al fa) .  2-propanol  (Baker ,  HPLC grade) ,  2-butanone
(Baker, HPLC grade), 2-butanol (Aldrich, reagent grade),30Vo
HzOz (Baker), and 2-propanol-ds (Aldrich) were al l  used as re-
ceived. Argon (Matheson, UHP, 99.999Vo, deoxygenated by
Oxisorb) and dioxygen (Matheson, UHP, 99.999Vo\ were saturated
with water by passing through gas-washing bott les containing
dist i l led water prior to use. Cycl ic voltammetry was carr ied out
with a Princeton Applied Research Model 175 universal pro-
grammer and Model 174A polarographic analyzer, and galva-
nostat ic charging and control led potentiometry were performed
by using a Princeton Applied Research Model 371 potentios-
tat-galvanostat. Current-potential curves, potential-time curves,
and galvanostat ic charging curves were recorded on a Nicolet
Explorer I oscilloscope and an Omnigraphic 2000 X-Y recorder.
Mass spectra were obtained on a Hewlett-Packard 5990A GC/MS
by us ing an ion izat ion potent ia l  o f  70 eV.

Open-Circuit Oxidation of 2-Propanol by Dioxygen on a
Platinized Platinum Gouze Electrode. Before placing the working



Oxidation of 2-Propanol to Acetone

electrode in the cell, it was pretreated by soaking in concentrated
HNO3 for 2 h, r insed thoroughly with doubly dist i l led, deionized
water, then placed in 50 mL of 0.20 N H2SO4, and held at a
constant potential of + 1.200 V (Ag/AgCl single-junction reference
electrode) unti l  the open-circuit  potential was *1.000 V, then at
-0.320 V unti l  the open-circuit  potential was -0.300 V. The
electrode was then placed in the working electrode compartment
of the electrochemical cel l ,  and 6.0 mL of 0.20 N H2SO4 added.
With a Teflon needle, 02 was bubbled into the electrolyte for 5
min, and the cel l  placed under a stat ic head of oxygen. The
working electrode was stirred at a constant rate by using a Fisher
Dynamix overhead st irrer, and the st irr ing rate monitored with
a strobe l ight. To the working electrode compartment was then
added 92.0 pL (72.2 mg,l.20 mmol) of 2-propanol (Baker HPLC)
by microl i ter syringe with st irr ing. The potential of the working
electrode was monitored with both a Nicolet Explorer I  digital
osc i l loscope and a Beckman 3010 d ig i ta l  mul t imeter .

Wi th  a  l0-pL syr inge,  1 .0-pL a l iquots  o f  the so lu t ion in  thc
working electrode compartment were withdrawn through thc
sample port at predetermined intervals and analyz.ed by GI_C on
a 3Vo Carbowax 20 M on Chromosorb W column. \o internal
standard was used; the progress of the reaction was determined
from the relat ive rat io of 2-propanol to acetone. !{ass balance
remained constant  throughout  the react ion.  , { t  the complet ion
of  the react ion,  the so lu t ion was wi thdrau,n bv s l r inge u i th  a
Tef lon needle ,  and 6.0  mL of  f resh 0.20 \  H2SO4 added to  rhe
working compartment. The electrode was st irred in this solut ion
for 5 min, then the solut ion was withdrawn and replaced with 6.0
mL of fresh 0.20 N H2SO4 and the r inse cycle repeated. The
second wash was removed and replaced with 6.0 mL of 0.20
H2SO4, and 02 was bubbled through the solution for 5 min before
another 92-pL al iquot of 2-propanol was added to the cel l  for
oxidation.

Dependence of the Open-Circuit Potential of a Platinized
Platinum Gauze Electrode on the Concentration of 2-Propanol,
Acetone, and Oxygen. The potential dependence on isopropyl
alcohol concentrat ion was determined by al lowing the oxidation
of  1 .20 mmol  o f  2-propanol  in  6 .0  mL of  0 .20 N H2SO4 (  I  a tm
02, 900 rpm) to proceed to 20Vo completion, and then the con-
centrat ion of 2-propanol at this point (0.16 M) was increased br
consecut ive addi t ions o f  0 .30-mmol  a l iquots  o f  2-propanol  whi le
moni tor ing the open-c i rcu i t  potent ia l :  0 .16 M 2-propanol .  - { .189
V (Ag/AgCl  d j ) ;  0 .21 M,  -0 .200 V:  0 .26 \ { .  -0  208 \ ' :  0 . - r  I  \1 .
-O.213 V; 0.36 M. -O.217 V. The potential dependence on acerone
concentrat ion was determined after 20Vc reaction bl '  consecutive
addit ions of 0.30 mmol of acetone while monitoring the open-
circuit  potential:  0.04 M acetone, -0.200 V (Ag/AgCl dj);  0.06
M, - { .197 Y;0.14 M,  -O.195 V;  0 .19 M,  - { .193 V.  The potent ia l
dependence on the partial pressure of dioxygen was checked be-
tween l}Vo and 25Vo reaction at 0.23, 0.46,0.7 5, and 1.0 atm 02,
which yielded open-circuit  potentials of -0.228, -0.200, -0.178,
and -0 .149 V,  respect ive ly .

Oxidation of 2-Propanol with Hydrogen Peroxide. To the
working electrode compartment of the electrochemical cel l  was
added 6.0 mL of 0.20 N H2SO4, and then argon was bubbled
through the solution with a Teflon needle. The solution was placed
under  a  s ta t ic  head of  argon,  and 92.0 pL (1 .20 mmol)  o f  2-
propanol was added while the working electrode was st irred at
900 rpm. The potential of the working electrode dropped to -{.31 5
V (Ag/AgCl dj),  and from a check of the solut ion by GLC, the
oxidation had proceeded to 4.57o completion by reaction of the
2-propanol with the partially oxidized electrode. To the working
electrode compartment was then added 20 pL (0.15 mmol) of 30%

The Journal of Physical C'hemistrt ' .  Vit l .  93. No. 2, 1989 775

HzOz wi th  a  2O-pL Gi lsen autop ipet  (Model  P20)  under  argon.
Dioxygen evolut ion was observed at the plat inum electrode, and
the open-circuit  potential rapidly rose to +0 417 V. After 3 min,
the yield of acetone was 15.47a and the potential of the electrode
began to decrease. After 25 min, the yield of acetone remained
unchanged at 16.97o and the potential of the electrode was -O.294
V.  ind icat ing that  the f i rs t  a l iquot  had complete l l '  reacted and
the surface of the electrode was once again covered with adsorbed
hydrogen. A second 20-pL al iquot of 30%, HzOz was added, and
af ter  3  min,  the potent ia l  had once again  r isen to  +0.420 V and
the yield of acetone had increased to 27.7Vo. The potential then
decreased to -0.287 V as the second al iquot of 30Vc H2O2 was
completel i ;  reacted. This cycle of addit ion of 30Vo H2O2 was
cont inued unt i l  the react ion had gone Io  53.1Va complet ion,  a t
u 'h ich pornt  I  50 g l -  (  l . l - l  mmol)  o f  30Vo HrO,  had been added.
Vigorou '  L ' \ ( ) lu t ion o f  d iox ' ' 'gen was observed.  but  the y ie ld  o f
i icc tone incrcatcr l  ( )n l \  to  61.6 ' i  a t  5  min a f ter  the addi t ion.

. \  constun l  s lor r  r rdd i t i r tn  o f  30 ' / ,  hvdrogen perox ide was in-
\ c \ t i s i l t cd  i n : l c r r r l  o l  r r dd i t i on  < t f  ) 0 -pL ,  a l i quo t s .  The  ce l l  was
prcpurcd ur  t ic 'er ibc t l  r rhxc.  c \cept  that  7 . -5  gL of  0 .20 N H2SO4
and  I  15  u l  t  I  5  r r r r r r , r i )  r r l ' l - p ropano l  u ' e r c  used .  The  30%,H2O
*us  r i ddcd  r r r t h  r r  s \ nnsc  pump  (Suge  l ns t rumen ts .  Mode l  355 ) .
. \  I  0-nr [ -  d ispt rsab lc  tubercu l in  sr r inge \ \ 'as  connected to  a  2- f t
l eng th  o1  0 .0 - i - r n .  i . d .  x  0 .09 - i n .  o .d ,  Tvgon  m ic robo re  t ub ing
(V\ ! 'R Sc ient i i i c ) .  and the other  end of  the tub ing was at tached
to a I 5-pL glass disposable micropipet (Curt in Matheson), which
entered the cel l  through the rubber septum covering the sample
port and was submerged below the surface of the solut ion. The
tuberculin syringe was filled with the peroxide solution, which was
added to the cel l  at ca. 8.0 p,L of 30%, H2O2 (0.060 mmol)/min.
For the oxidation of 0.1 I 5 mL ( I  .50 mmol) of 2-propanol-dg in
7.5 mL of 0.20 N H2SO4, an init ial ly rapid rate of oxidation was
observed for the f irst 6 min of reaction, where the potential of
the electrode increased from -O.315 to *0.412 V and the reaction
ran to 35Vo completion (ca. 80 pmol/min for the f irst 6 min of
reaction). The reaction rate then slowed to 12.3 + 0.08 pmol/min
for the remainder of the reaction and the reaction was discontinued
after 66% completion. The above reaction was repeated with I l5
rr l-  (  1.48 mmol) of 2-propanol-ds. with very similar results (Figure
, l ) .  The react i ( )n  ran at  ca.  7 ,5  pmol /min for  the f i rs t  6  min and
then s loued to  l0  I  +  Lr l  gmol /min for  the remainder  o f  the
r c e c t i ( ) n  ( A r i  A ,  =  I  I  +  0 l ) .

.1t 'knov+ l t ,dqnt(nt. \ \  e thank our col leagues Harry Mandevi l le
and J im \ ico lc t t r  f 'o r  manr  he lp t 'u l  d iscuss ions.  Professor  Bob
Madix (Stant 'ord [-nivcrsrtr ) .  Dr. Jern Jaife. Dr. Don Valentine,
D r .  La r r l  T ruesda le .  and  D r .  Jan i s  Vas i l evsk i s  ( a l l  o f  Ho f f -
man-LaRoche at  some t ime)  a lso made va luable  cont r ibut ions
to  our  unders tanding of  th is  react ion.

Registry No. HrOr, 7722-84-1; Pt, 7440-06-4; 2-propanol. 67-63-0.

Supplementary Material Auailable.' Dependence of the rate
of  ox idat ion o f  2-propanol  us ing a p la t in ized p la t inum e lec-
trode/catalyst on st irr ing rate and part ial  pressure of dioxygen;
kinetic plots of the oxidation of 2-propanol-d6 and 2-propanol-d.
on a platinized platinum electrode/catalyst; experimental methods
for construction of the electrochemical cel l ,  plat inum gauze
working electrode preparation and characterization, st irr ing-rate
dependence, dioxygen part ial  pressure dependence, oxidation of
2-propanol in the presence of 2-butanone, and measurement of
deuterium isotope effects for the oxidation of 2-propanol-d6 and
2-propanol-d, (11 pages). Ordering information is given on any
current masthead page.
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