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Platinum supported on silica, carbon, and alumina catalyzes the oxidation in water of 2-propanol to acetone by dioxygen.
The kinetics of the oxidations fit two different patterns, depending on conditions: one in which the reaction rate is determined
by the rate of transport of dioxygen to the catalyst surface, and one in which the rate is set by a reaction occurring on the
catalyst surface (probably cleavage of the secondary C-H bond of 2-propanol). The most effective catalysts for this oxidation
are those having intermediate values of dispersion D (the fraction of platinum atoms present on the platinum surface): D
= l0%. Platinum on silica is a more active catalyst than platinum on carbon or alumina, for the same values of-dispersion
of platinum. The lifetime of the catalyst is relatively short. and conversion of 2-propanol to acetone incomplete. The lifetime
and activi ty are l imited by at least three processes: irreversible oxidation of plat inum to plat inum oxide by dioxygen; weak
adsorption of acetone on the catalyst surface in competit ion uith adsorption of 2-propanol: strong adsorption on the catalvst
sur face of  minor  impur i ty 'products  o f  unknown s t ructure (poss ib l l  carbox l l ic  ac ids) .  The ox idat ion o f  cata ly t ica l ly  act ive
plat inum(O) to catalyt ical ly inactive plat inum oxides by dioxygen is more rapid for small  plat inum part icles than for large
ones and more rapid in water than in air. The activity of deactivated catalyst can be partially regenerated by washing and
t rea t i ngw i thHra t  I  a tm  and27  oCandcomp le te l y regene ra tedbywash ingand t rea t i ngw i thH2a t  I  a tmand230oC.
Quinones and olefins do not substitute for dioxygen as hydrogen acceptors in this oxidation; oxidized methylene blue does
substitute, but rates are slow; hydrogen peroxide is an effective oxidant, but the interpretation of results using it are complicated
by its rapid disproportionation to 02 and H2O catalyzed by platinum. The Arrhenius activation energy for oxidation of 2-propanol
over the Pt/C catalyst is E" = 9.1 * 0.2 kcal/mol. in the non-mass-transport l imited kinetic regime.

Introduction
A variety of techniques are available for the selective oxidation

of hydroxyl groups in carbohydrates and alcohois.?-i0 Among
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these.  cata l r t ic  or idat ion b l '  d ioxygen cata lyzed by p la t inum or
pal ladium is one of the most attract ive.a-12 If  the hydroxyl group
is  pr imar l .  the react ion produces a idehy 'des in  neut ra l  or  ac id ic
solut ions and carboxyl ic acids in basic solut ions. Secondary al-
cohols yield ketones (eq I and 2). The reaction proceeds under

RCH2OH : :o '=  RcHo + RCO2H + H2o ( l )
h o r P d  

o .
R2CHOH;;i l  R2C:O +H2O (2)

mi fd  condi t ions:  aqueous so lu t ions.  low (> l -2  a tm)  pressures o f
d ioxrgen.  and moderate (2-5-80 oC)  temperatures.6-e Water  is
the most common solvent, but organic solvents can be used.8'e For
hydrophobic solvents, the reaction must be run at low (<lOVo)
concentrations of alcohol to avoid clumping of the catalyst by the
water produced.

The most attractive feature of this system is that it is capable
of oxidizing a single hydroxyl group selectively in many poly-
hydroxylic molecules, as illustrated by oxidations of pentaerytritol
to the corresponding monocarboxylic acid,4 zyo-inositol to
myo-inosose,T methyl a-D-glucopyranoside to d-D-gluco-
pyranosiduronic acid,8 L-sorbose to 2-keto-t--gulonic acid,ll and
D-glucose to o-gluconic acid.3l
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The pr imar \  reason that  th is  react ion is  not  more wide l l ,  used
i s  t h l t .  es  common l r  r un .  i t  r equ i res  a  h i gh  ra t i o  o f  ca ta l ys t  t o
\ub\ t ra ie  For  laboratory , -sca le  preparat ions,  the amount  o f
p la t rnum tsuppor ted or  unsuppor ted)  commonly  used is  10-20%,
br *crght of the compound to be oxidized.6-e This large amount
oi '  catair st is necessary because i t  deactivates during the reaction.
Ca ta l l s t  l i i e t imes  a re  much  l onge r  i n  i ndus t r i a l  app l i ca t i on .30

.{ major objective of this study is to establish the process leading
to cata l rs t  deact ivat ion and to  exp lore react ion condi t ions that
ertend the catalyst l i fet ime or permit regeneration of the catal."-st.
I t  invo lves h igh l r  d ispersed.  suppor ted meta l  cara lvs ts  o f  the tvpe
used in s\nthetic appl icat ions. An accompan), ing. complementar! '
mechanist ic paper uses electrochemical and stereochemical probes
to prov ide a l ternat ive v iews of  the processes occurr ing a t  the
ca ta l ys t  su r f ace .22

Plat inum in  the form of  reduced p la t inum ox ide (Adam's
cataly'st) or platinum on carbon (Pt/C) is the most commonly used
metal for these catalyt ic oxidations. Pal ladium has also been
used8'e'32 but is less stable to oxidation.20 Many other metals
oxidize alcohols catalyt ical ly at high temperature in the vapor
phase.12{ Relevant studies have also examined the mechanism
of the follorving: alcohol dehydrogenation in the absence of oxvgcn
using nickel.'n'o' *pp"r,a2 platinum,4I.43,44 ruthenium.al pa I I adi u m.r I

i ron,ar  and rhodiumas cata lys ts t  the gas-phase adsorpt ion o f  a l -
cohols, aldehydes, ketones. and carbox-r- l ic acids on , ieve ral mct-
s [q '3s '36 '46-s? the adsorpt ion f rom so lu t ion and e lect roorrd . r t l ( ]n  ( ) l
a lcohols ,  a ldehydes,  ketones.  and carborr  l i c  acrds ar  meta i  e lec-
t  rodes.5t -68
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Nico le t t i  and Whi tes ides

Prcv ious s tud ies o f  the p la t inum- and pa l lad ium-cata lyzed
ox idat ion o f  a lcohols  havc generated two major  mechanis t ic  hy-
potheses:  that  the react ion is  a  dehvdrogenat ion o f  the a lcohol
at the surfacc of the ntetal catalyst, and that the reaction requires
reaction of the alcohol with dioxvgen or some derived species on
the cata lys t  sur face.  The observat ion that  ox id ized methy lene
blue or quinone can be used as oxidant in place of dioxygen,22.6e
plus electrochemical.22'70 stereochemical.r3 and isotopic label ing
studies argue for dehvdrogenation of the alcohol, and more spe-
c i f ica l ly  c leavage of  thc  r r -C-H bond.  as the cr i t ica l  s tep.

Ja f f e  and  P leven  s tud ied  t hc  ox ida t i on  o f  d i -O - i so -
propy' l idene-L-sorbose to the corresponding 2-keto-r--gulonic acid
in  some deta i l .20 '10 They repor ted thc fo l lou ing:  pa l lad ium was
less reactive and more easi ly poisoned than plat inum: the reaction
in i t ia l ly  showed zero-order  k inc t ics  in  subst ra te :  the cata lys t
l i fe t ime was extended b-v"  running thc rc lc r ions ar  low oxygen
par t ia l  pressures;  l imi ted quanr i r tc \  o f  the product  cou ld  be
generated bl ' treatment of the sub:rrrrrc uith Pd/C in the absence
of  d ioxy 'gen.  Schu ur l /  c t  . r l  :n  cr . rnr incd the gas-phase ox idat ion
of  a  var ie ty  o f  organrc  cr ) i l tp i rurd :  r tn  p l . r t inunr  and pa l lad ium and
conc luded that  the or idat i t rn  r r l ' l -pr t rp . rn t r l  pr t recded through an
in i t i a l  c l ea r ' ; r  gc  o f  t hc  , r - ( ' -H  bond .  Thesc  r c \u l r \  r r c  c r )ns i s ten t
r i i t h . r  de i : i r t " , ) ! ' c i r , t l t \ ) i r  r ncchan i :m  l t nd  con f l i c t  u i t h  t hc  p roposa l s
l l l . , l  t u . , , - i . t . r l  \ , J . . . : \ l ' e e L . \ \ . , : \ : . ' f f e . : r , l i , ) n ' \ , \ ) e C U f  A l t e f -

n . l l t ' ,  L '  I t r e e  l t . i ' l r l r -  l t , r 1 r ' . . : , .  i r ' . \ \ , i \  l n g  : c t e  I l t ) t  t r i  . r ] c r t h o l  r v i t h

r , \ \ - ! c r . - t , r r l l . r , r l l r l !  r U t - I . : r ' C  r p C e l C :  t e d s t - i f b C d  d i O r r g C n  r ) f  ( ) X \ g e n :

f ' l l a t r n u i n  o r  p . r i i l i d r u r l  r ) \ l d c \ ) a :  t h e  c n t i c a l  s t e p  h a r e  a i s o  b e e n

s e r i o u s l l '  p u r s u c d . i :  1 r ' l ' \ ' l e

Results

We chose to  s tudy the ox idat ion o f  2-propanol  to  acetone for
severa l  reasons.  Both 2-propanol  and acet t tnc  are complete ly
so lub le  in  water  and organic  so lvents .  s tab lc  under  the react ion
cond i t i ons ,  and  eas i l r  una l r zed  b r  gas  l i qu id  pe rmea t i on  ch ro -
matography (g l f rc )  \ \ ' r thrn  thc  l imi ts  o f  our  anal r t ica l  techniques,
ox idat ion o f  2-propant t l  gcnerated on l r  acetone as product  (a l -
though minor  products  r rcrc  a lmost  cer ta in ly ' formed in  quant i t ies
su f f i c i en t  t t r  i n f ' l ue  ncc  r r c t i r .  i r r  o f  t he  ca ta l ys t  ( see  be lo *  ) ) .

The cata l rs ts  used r rcrc  p la t inum suppor ted on carbon,  s i l i ca ,
or  a lumina.  Most  re l rc t ions uerc  var iants  on a s tandard set  o f
concentrat ions and condit ions: 100-400 mg of catalyst containing
I  l 0 ' ;  u :u  p l a t i num:  a  0 .20  M  so lu t i on  o f  2 -p ropano l  i n  un -
bu l ' lc rcd \ \ i r tc r :  Pu,  1 .34 atm (5  ps ig) .  The ox idat ions were
conducted rn a 100-mL round-bottomed flask with rapid magnetic
stirring. In the determination of the behavior of the catalyst, water
and 2-propanol were normally mixed f irst,  and the dioxygen was
thcn in t roduced.

Preparation and Characterization of Catalysls. We prepared
cata lys ts  b1 reduct ion o f  (COD)PI(CH3)2 (COD = 1,5-cyc lo-
octadiene), KtPtClo, or H2PtCl6 with dihydrogen. The catalysts
wcre not pyrophoric and could be stored in contact with air without
loss in  r rc t iv in  The d ispers ion (VoD.  eq 3;  the ra t io  o f  sur face

pr.
' 1  D =  l 0 0 p r _  ( 3 )

plat inum at()nrs (Pt.) to total plat inum in the sample space (Ptr))
o f  thc  cata lys t  was measured by t i t ra t ion wi th  d ihydrogen and
dioxygen using standard procedures.TL

(62 )  F rumk in .  A .  N .  Dok .  Phys .  Chem.  1963 ,  150 ,349 .
(63) Gorbachev.  S.  V :  Rychkova,  Z.  A.  Rass.  " / .  Phys.  Chem.1972,46,

446-44'7 .
(64) Kazarinov. V. E. Sot'. Electrochem. 1971,7, 1502. Kazarinov, V. E.:

Dolidye. S. V . Ihid. 1973. 9. I I l9-l 122. Minakshisundaram, N. Ibid. t967,
3,  245.  Nikolov,  I . ;  Yanchuk,  B. ;  Beskorovainaya,  S.  S. ;  Vasi lev,  Y.  B. ;
Bagotski i ,  V.  S.  Ib id.  1970, 6,585-589.

(65) Loucka,T.  Electroanal .  Chem. 1969, 21,329.
(66) Sokolova.  E.  I .  Electrochima. Acta 1975, 20.323.
(67 )  Sundho lm.  G .  Ac to  Chem.  Scand .1971 ,25 ,3188-3189 .
(68) Wieckowski ,  V.  M. J.  Electroanal .  Chem.1975.63.365.
(69) Wieland. H. Chem. Ber. 1912, 45, 484: 1913, 46, 332'7: 1921, 54.

23  -5 l .
(70) Miil ler, E.l Schwabe, K. Z..Elecktrochem.1928. 34. 170: Kolloid Z.

1928 .  5 - ' .  163 .



Liquid-Phase Oxidation of 2-Propanol

v 2 0 4 0 6 0

%DtSpERStON (pfs /prT x  tO0)

Figure l .  PROD, (180 min) vs percenr dispersion: 1.34 atm of 02, IP]o
= 0.20 M, Complexes used to prepare caralysrs: O (COD)PIMe, (dry);
O (COD)PtMe,  (ca lc ined) :  a  l { ,PtClu  (dry) ;  r  }J rPtClo (wet ) :  t r  Kz-
P t C l o  ( d r )  ) :  r  K , P t C l o  l u e t ) .

The turnover  number  (T\  )  is  a  measure o f  the cata l r t ic  acr r \  r r \
o f  t he  su r face  p la t i num in  t he  samp le  The  T \  i s  ca l cu la ted  a :
the number of substrate molecules that react per surface plalrnunt
atom per  minute:

TN, =
mol of alcohol reacred

rn"I 
"f  

Pt, x t tr".  ( . tr ,)

The subscript "s" indicates that the TN is calculated on the basis
of surface plat inum atoms. During al l  of these oxidations of
2-propanol, the catalyst deactivated during the reaction and the
instantaneous TN decreased with t ime. To designate the total
quantity of product formed by the catalyst during these reactions
(usually 180 min), we use the productivi ty (PROD, or PRODI):

mol of alcohol reacted ( in t ime l)
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Figure 2.  In i t ia l  act iv i t ies for
d i spe rs ions :  1 .34  a tm o f  ( ) r .

5 0  1 0 0

or; 
D

several  Pt /Al2O3 catalysts wi th d i f ferent

[2 -p ropano l ]o  =  0 .20  M.

mol of Pt,

mol  o f  a lcohol  reacted in  t ime I
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"/o DISPERSION ( Pts/ PtT x IOO )

F igure 3 .  PRODr (180 min)  vs  percent  d ispers ion:  1 .34 atm o i  02,  IP]
= 0.20 M. Complexes used to preparc cataly'sts: O (COD)PtMe2 (dry);
O  (COD)P tMe .  ( ca l c i ned ) :  a  I - l ,P tC lo  (d r l ' ) :  r  H rP rC lu  lwe t ) ;  t r  K r -
PtCl {  (dr r  ) :  I  K .Pt ( '1 . ,  {  r r  c t  )

o f  d ispers ions but  gave cata lys ts  wi th  lower  act iv i ty .  The car-
bon-supported catalysts generally showed low dispersion and low
activity. Platinum supported on silica gel was the most active class
of catalyst. Without more detailed knowledge of the morphologies
of  the p la t inum crysta l l i tes  in  these systems i t  is  not  prof i tab le
to try to rat ional ize these dif ferences in act ivi tv.

A similar dependence of the activi ty of catal l 'sts on dispersion
has been observed in the oxidation of ethanol and in the decom-
position of hvdrogen peroride to dioxygen and water.2a'2e Boudart
estab l ished that  whi lc  the act iv i ty  o f  p la t inum in  hydrogenat ion
of  cyc lopropane was independent  o f  c rys ta l l i te  s ize,  smal ler
crystal l i tes were much more readi ly poisoned by Oz than were
larger ones.72 The decrease in activi ty seen in Figure I might
thus be due to an intr insic decrease in activi ty of the plat inum
surface atoms (Pt,) with a decrease in crystal l i te size caused by
changes in  e lect ron ic  s t ructure or  par t ic le  sur face morphology,
to an increase in their susceptibility to poisoning by dioxygen with
a decrease in crystal l i te size, or to a combination of both fac-
tors.73,74

(72) Boudart ,  M.;  Aldag,  A. ;  Benson, J.  E. ;  Dougharty,  N.  A. ;  Harkins,
C. G. J.  Catal .  1966, 6,92-99.

(73) Stonehart ,  P. ;  Ross,  P.  N.  Caral .  Reu.1975. t2.  l -35.
(74) I i the highly d ispersed catalysts are more easi ly  poisoned by 02,  they

might deactivate upon prolonged storage by reaction with atmospheric <.rxygen.
Extensive deact ivat ion by ai r  seems unl ikely,  however,  s ince the act iv i t ies of
these catalysts did not change after storage in air for up to I year. It rs more
l ikely that  the deact ivat ion is  occurr ing only under t tLe react ion condi t ions.

( 4 )

PROD, (t ime t) =

PRODr ( t ime t )  =

( - s )

( 6 )
mol  o f  Pt1

In almost every experiment, the catalyst was completely deacti-
vated by the end of this reaction period, and the productivity ( 180
min) was a measure of the integrated conversion over the entire
active catalyst l i fet ime. Figure I shows plots of the PROD, as
a function of platinum dispersion for different catalysts. These
catalysts display a wide range of act ivi t ies, and although there
is a general trend in increasing PROD, with decreasing dispersion,
even catalysts with the same dispersion could show dif ferent
activi t ies i f  prepared under dif ferent condit ions.

Figure I indicates that dif ferent methods of preparation in-
fluence catalyst activity. The use of (COD)ftMe2 as the platinum
source gave the greatest range ofdispersions and highest activities.
For this reason and because (COD)PtMe, introduces no hal ide
ion contamination into the system, (COD)PtMe2 was the precursor
for most of our catalyst preparations. The support also influenced
the propert ies of the catalysts. Alumina produced a wide range

o

o

o

o
O
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TABLE I: Reproducibil ity of Catalyst Properties

Nicolett i  and Whitesides

su pport Pt  complexo no. of  pointsD m e a n

PRODT

S. '  mean meand S.d mean method"

crD

C'
A l203
A l20 l
Al2c.)r
sio2
s i02

HrPtClu
HrPtClu
COD
COD
COD
COD

l ' t l
I  . : a

0 .20
0.08
0 .45
0.66
0 .22

l . l  I
0 . 1 7
0 . t 2
0.30
0 .32
0.06

3 '7 .6

5  1 8
8  5 2
5  3 . 3
3 2 3
7  9 .6

5 l
20
90

1 6 8
290
3 3 5

wet
d ry  (H2)
dry (Ar)
calcined
dry (Ar)
dry (H2)

' (a) t )=(COD)PiMe:. 'Numberofvaluesusediodeterminethemean. 
"^Sn = s(andard error  (95? conf idence level)  corrected fo.  the smal l

. ,Lrnj ' le  i r le 'PRODrl lS0min).  S- = standard error  (95% conf idence level)  corrected for  rhe smal l  samplesize. .SeeExper imentalSect ion:  dry
r ' \ r r  = Af  used as heat ing gas,  dry (Hr)  = H2 used as heat ing gas.

To see i f  catalysts with dif ferent dispersions showed dif ferent
activit\ independent of poisoning, we examined the initial catalytic
activi t ies of Pt/Al2O3 catalysts, covering a wide range of dis-
persions (Figure 2). The catalysts with lower dispersion had
signif icantly higher init ial  act ivi t ies than those with higher dis-
pers ion.

Because plat inum is expensive, i t  is practical ly important to
know how efficiently it is used. Figure I gives catalytic activities
based only on the surface platinum atoms. These data do not show
the activity of the catalyst per unit of total platinum in the catalvst.
F igure 3  shows p lo ts  o f  PRODr (180 min)  vs  d ispers ion.  The
catalysts prepared from (COD)PIMe2 with silica gel as the supporr
showed the best  combinat ion o f  d ispers ion and producr i r  i r r .

Reproduc ih i l i t t , .  W'e used severa l  exper imenta l  pro toco ls  to
prepare three or  more batches of  cata l rs ts  under  ident ica l  con-
ditions. For each method. the values were averaged, and the results
are shown in Table |  *.95% confidence l imits (corrected for the
small  number of samples).7s Catalyst preparation by reduction
r.rf  aqueous HrPtClus'e gave the least reproducible results. The
dispersions for 9Vo Pt/C prepared by this method ranged from
5.\Vo to 12% and the PRODr ( I 80 min) varied from 28 to 73 mol
of alcoholimol of Pt1. The standard errors for these values were
120 '7  anc i  l i0 '7  o f  the mean.  respect ive ly .  The wide var ia t ions
rn thcsc act iv i t ies  caused us to  examine d i f ferent  cata lys t  prepa-
ra t ions.  The method requi r ing h igh- temperature ca lc in ing of
(COD)P tMer /A l2O3  a l so  gave  a  w ide  range  o i  d i spe rs i ons .  a l -
though the va lues of  PRODI (180 min)  on lv  var icd br  *30r7 o i
the mean.  Th is  technique invo lved heat ing the sample in  a i r  r t r
red heat fol lowed by reduction at 500 oC in H2, and the extreme
condit ions used were dif f icult  to reproduce exactly. A milder
reduction oi (COD)PtMe2 on alumina or si l ica gel gave a re-
producible standard error of t8-66%o. The activi ty of Pt/SiO2
was reproducible to *.22% of the mean, and the activity (expressed
as PRODI) was consistent to within *.6Vo. These errors are large
compared to those found in homogeneous systems but still allow
the dif ferences in dispersion and activi ty to be compared. The
Pt/SiO2 catalysts prepared by low-temperature reduction of
(COD)PtMe2 impregnated on SiO, with H2are clearly the most
active on the basis of the total plat inum content.

Kinetics. Samples were withdrawn during the oxidations and
analyzed by glpc using dioxane as the internal standard (Figure
4). Initially the reaction showed a linear change of concentration
with t ime (that is, the kinetics were approximately zero order in
the concentration of alcohol). The slope of this line was the initial
reaction rate (re, mmol of alcohol reacted/min). For Pt/SiO2
(Figure 4) the reaction rate began to decrease (as the catalyst
deactivated) after ca. 30 min. By the t ime the reaction was
stopped, after 180 min, the rate was near zero. The total amount
of alcohol that reacted in 180 min was (for Pt/SiO2) 80-85%
(CrsolCo = 0.20-0.15 for 2-propanol).  During the entire course
of the reaction, the disappearance of 2-propanol (P) could be
completely accounted for by the appearance of acetone (A) (i.e.,
[A], = [P]o - [P],). No other products were observed, and within
the l imits of glpc accuracy (ca. *5Vo) al l  of the original amount
of alcohol was either converted to acetone or unreacted.

(75) Gordon, A. J.; Ford, R. A. The Chemist's Companion; Wiley: New
York,  1972; pp 484-485.
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Figure 4. Typical oxidations of 2-propanol (P) to acetone (A). Relative
concentration vs time: squares = lAl,l[P]s, circles = [P],/[P]0, 1.34 atm
of  O. .  [P]o  = 0 .20 M:  lEa Pt lS iO2,  D = l1Vo,Pt ,  =  2 .2  pmol ;  l%o
Pr ^ \1 .O, .  [ )  =  21 ' ; .  Pt .  =  l2  pmol ;  97oPt lC,  D = l2%o,  Pt ,  =  l7  pcmol .
For eaeh catrr lr . t .  lhc various points represent repl icate runs.

The init ial .  zer+order. reaction rate (16) was fair ly reproducible.
For  Pt /S iO,  thc  resu l ts  o f  s ix  dupl icate  runs were averaged to
g i ve  16  =  0 .16  +  0 .04  mmo l /m in  (+ l  a )  and  C ,36 /C6  =  0 .19  *
0.03 (+l o). During the reaction the mixture was stirred as rapidly
as possible to disperse the catalyst part icles. The variat ions in
re for Pt/SiO2 were partially caused by differences in the stirring
rate (see below). In each case shown in Figure 4 i t  is clear that
the reaction stopped before all of the alcohol had reacted. When
carbon and alumina were used as supports, the init ial  rates were
more reproduc ib le .  For  Pt /C, , 'o  =  0 .10 + 0 .01 mmol /min ( * l
o.,  average of four runs) while Pt/AltO, gave f0 = 0.13 + 0.01
mmol /min ( * l  o ,  average of  four  runs) .

The data in Figure 4 suggest that the rates of reaction ate zero
order in 2-propanol, but the deactivation of the catalyst during
reaction makes it difficult to carry out detailed kinetics over several
half- l ives. Instead, we examined the kinetics expl ici t ly as a
function of the starting concentration of alcohol, using only data
taken in the f irst 2 half- l ives of reaction. In this interval,  the
disappearance of 2-propanol was reliably linear with time (Figure
5), which is expected for a zero-order reaction. The slope yields
the ra te  constant  k  =  2 .5  X l0-3  mol  L- l  min- I .  Th is  va lue of
k appl ies only to this catalyst, but the zero-order kinetic depen-
dence on 2-propanol describes al l  the catalysts examined.

Figure 6 shows data relevant to the dependence of the init ial
rate of reaction 16 on the quantity of catalyst present. The behavior
of the less active Pt/C catalyst is straightforward. The rate of
oxidation of 2-propanol increases l inearly with the quanti ty of
catalyst present. The data for the more active Pt/SiO2 system
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Figure 5. Reaction half-l ife (2172) vs initial concentrarion of 2-propanol
( [ P ] o ) :  9 V o P t l C ,  l 2 V o D , l 7 . 3 p m o l  o f  P t , ,  l . 3 4 a t m o f  0 2 .
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F igu re  7 .  P rcs :u rc  dcpcndence  o f  thc  rn i t i a l  r cuc t i t ' r n  i " . i l c
P t ,  S i O . .  1 , - ' 1  I ) .  P t ,  =  1 1  r r m o l .  [ P ] o  =  0 . 1 0  \ I :  O  =  9 ' 7  [ ) l
D .  P t ,  =  8 .3  i imo l .  [ROH] .  =  0  20  \ ' l

mixture on the in i t ia l  ra tes.  As expected,  the ra te  o f  the more
active Pt/SiOt-catalyzed reaction increases with increasing ag-
itat ion and rate of dioxygen mass transport to the catalyst; the
rate of the less active Ptf C-catalyzed reaction was independent
of agitat ion and was plausibly l imited by some step occurring at
thc  cata lys t  sur face,  ra ther  than by d ioxygen mass t ranspor t .

Thcse data prov ide zr  s imple exp lanat ion o f  the d i f fc re  nce in
the scattcr o1-thc cst imatcs of rp for the PtlC and Pt/SiO. catalvsts
rn  F igu re  6 .  . \ l l  o f  t hese  reac t i ons  r re r c  s t i r r ed  * i t h  a  magne t i c
s t i r r i ng  b r i r .  and  t hc  e r t cn t  o f  ag i t a t i on  r ras  no t  cn t i r e l r  cons tan t
or  rcproduc ib lc .  Thc s lo*cr .  RRL or idat ions cata l lzed br  Pt . i  C
are insens i t ive  to  ag i ta t ion and thus to  var ia t ion and i r reprodu-
cibi l i ty in st irr ing rate. The faster, MTL oxidation catalyzed by'
Pt/SiOr are sensit ive to agitat ion, and the scatter in the data of
Figure 6 ref lects this sensit ivi ty.

The data in this section define two patterns of kinetic behavior.
Reactions catalyzed by the Pt/C catalyst used hcrc follorv the rate
law summar ized in  eq 7.  Those cata lvzed by Pt ;S iO.  cata lys ts

-d [P l  /  d r  =  4p , , 1 . . . . , 0P t . r [P lo [po , ] o  (7 )

-d IP l  / d t  =  A* i s ,o , / ( r )  g (P t , ) [P ]0 [Po , ] '  ( 8 )

are described by eq 8. In both equations, co refers to the agitation
of the system; c,.,0 indicates that the rate is independent of stirring;
/(c,r) indicates that there is a signif icant dependence. The ex-
pression g(Pt,) in eq 8 implies only that the rate depends on the
exposed plat inum surface area.

Equation 7 is that expected for a process whosc rate-l imit ing
step involves a reaction of 2-propanol or acetone and the catalyst
surface and in which the catalyst surface is ful ly saturated with
adsorbed 2-propanol over the ful l  range of concentrat ions exam-
ined. Other work suggests cleavage of the secondary C-H bond
of 2-propanol as rate l imit ing.22'23 Equation 8 is compatible with
a mechanism in which mass transport of dioxygen to the catalyst
surface is overal l  rate l imit ing.

Dependence of Rate on pH. A study of the dependence of the
init ial  rate of oxidation of 2-propanol for two Pt/C catalysts on
pH establ ished that the rate was effect ively independent of pH.
Use of bromide-, chloride-, or iodide-containing acids or salts
strongly suppressed the oxidation, presumably by coordinating
with and poisoning the catalyst surface. Fluoride ion has no effect
on the rate of oxidation.

Temperature Dependence of the Rate. We determined initial
zero-order rates for temperatures between 8.9 and 54.0 oC using
5Vo Pt lC (F igure 8) .  The react ion ra te  increased wr th  tem-
perature;  the react ion had an act ivat ion energ) , 'o f  9 .1  + 0 . : l
kcal/mol (*standard error at 95% confidence level determined
from the standard deviat ion of the slope). The preexponenti ir l
f ac to r  was  (4 .7  +  0 .1 )  x  l 0 r0  mo l / (mo l  o f  P t ,  s ) .
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Figure 6. Initial reaction rate as a function of the amount of catalyst:
l7o PtlSiOr,2l7c D, 1.34 atm of 02, [2-propanol]o = 0.20 M; lVo PtlC,
29Vo D,  1 .34 atm of  02,  [P]o  = 0 .20 M.

show signif icantly greater scatter than do those for the Pt/C
system (an observation that we rat ional ize below as ref lect ing a
high sensitivity' of the Pt/SiO2-catalyzed oxidations to the extent
of  ag i ta t ion o f  the react ion mix ture,  and an insens i t iv i ty  o f  the
Pt/C-catalyzed oxidation to agitat ion). Even with the uncertainrv
introduced by the scatter in the data for the Pt/SiO, catalyst. i t
is clear that the form of the plots of 16 vs Pt, for the Pt/SiO, and
Pt /C cata lys t  are  qual i ta t ive ly  d i f ferent .  More s ign i f icant  k i -
net ica l ly  is  the observat ion that  the ra te  o f  react ion us ing the
Pt/SiOt catalyst increases (approximately linearly) for small ((5
pmol of Ptr) quanti t ies of catalyst and then abruptly becomes
roughly independent of the quanti ty of catalyst. One rat ional i-
zation of this observation is that, for high catalyst quantities and
fast rates of reaction, the rate of reaction of the Pt/SiO, catalyst
system is limited by the transport of dioxygen to the catalyst
surface. We have inferred dioxygen mass transport limitation to
rate independently in a kinetically better defined system based
on a bulk plat inum catalyst.22

Figure 7 summarizes the dependence of initial rate of oxidation
of 2-propanol on the partial pressure of dioxygen for constant
quantities of the Pt/C and Pt/SiO, catalysts. These two catalysts
again showed markedly different behavior. The rate of the faster
Pt/SiO2 catalyst varied approximately linearly with P6,; the rate
of reaction with the slower Ptf C catalyst was approximately
independent of P6,.

The plausible inference from the data in Figure 7 is that these
oxidations straddle the line between dioxygen mass-transport
l imited (MTL) and reaction-rate l imited (RRL) processes and
are in qualitative accord with the inference from the data in Figure
6. The faster reaction in Figure 7 (Pt/SiO2) is MTL; the slower
(Pt/C) is RRL. To test the inference of dioxygen mass transport,
we examined the influence of the extent of aeitation of the reaction
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Figure 8. Arrhenius plot for the oxidation of 2-propanol to acetone with
5VoPt lC ' .  l }Vo D,7.8  pmolof  Pt . ,  1 .34 atm of  02,  [2-propanol ]o  = 010
M; temperature range 54.0-8.9 "C (32'7-282 K). The rare equarron \\ 'as
-d [P ] / d r  =  k [P t , J ' .  E^=  9 .1  *  0 .2  kca l /mo l .  . 4  =  (4 . ' 7  +  0  l )  x  10 r0
mol / (mol  o f  Pt ,  s ) ;  va lues are *s tandard cr ror  (95 '7  conf idcnec le  rc l r
dc tcrmined f rom the s tandard dev ia t ion o l  the s lope and r  in rercepr

Naga i  and  Gonza lezT6  repo r ted  ac t i va t i on  ene rg ies  o f  l 0 -13
and 7.4-10 kcal/mol for the oxidation of EIOH and acetaldehyde,
respect ive ly ,  w i th  02 on Pt /S iOr .  Schwar tz  e t  a I .26 found that
the gas-phase oxidation of 2-propanol to acetone with plat inum
had an activation energy of 12.8 kcal/mol. Wieckowski6s reported
the E. for electrooxidation of methanol with plat inum in water
to be 8.4 kcal/mol. Constantinescu and Brinzoi60 reported that
the adsorption of methanol and ethanol from water onto platinum
had E.  =  9  and 7 kca l /mol .  respect ive ly ,  N, lcKeea3 gave an
act ivat ion energ)  o f  14.3  kca l /mol  for  the dehy,drogenat ion o f
methanol  on p ia t inum b lack.  These prevrous l l  repor ted va lues
are cons is tent  wi th  ours .?7

H1'drogen Acceptors Other Than Diorl'gen. \!'ieland6e reported
that  qu inone or  methy lene b lue could  be used in  p lacc o f  O,  as
hydrogen acceptors for platinum-catalyzed oxidation of alcohols.
irnd Alam and Umar78 have described the oxidation of several
alcohols with Raney nickel using benzaldehyde, ethylacetoa€tate,
and trans-4-phenyl-3-buten-2-one as hydrogen acceptors. We have
verified that methylene blue can act as a hydrogen acceptor. After
6 days under  argon,  a  0 .10 M so lu t ion o f  2-propanol  in  0 .2  M
aqueous methylene blue in the presence of l1VoPtlC produced
3.7 mmol (35Vo) of acetone. When the amount of catalyst was
reduced by 60Vo, the amount of acetone produced dropped by 60Vo.
Mechanisms that require chemisorbed oxygen for reaction to occur
are incompatible with these results.

We evaluated a number of substances-water-soluble p-
quinones, olef ins, dyes, Fremey's salt-as oxidants to replace
dioxygen. None was effect ive. The only active oxidant was
hydrogen peroxide, and since plat inum catalyzes the rapid de-
composition of this compound to dioxygen and water, we cannot
dist inguish hydrogen peroxide from dioxygen as an oxidant.

Nico le t t i  and Whi tes ides

i uooo  s  B  ?  I
l .

[ t z ,  I

0 .8
A

A

60  r20

T I M E  (  m l n )

0n aqueous suspensions of
t rme :  1  34  a tm o f  Or ,  [P ]s
Pt, :  O = 02 pretreatment,
15  pmo l  o f  P t , .  a  =  Or

( 'utul, t ' .st l )eutt iLutiorr.  T'he kinetic data in Figure 4 show that
deactivation seemed unimportant in the f irst 2 half- l ives. but al l
three catalysts became inactive by the t ime that 80-90% of the
2-propanol had been converted to acetone. Using larger quantities
of catalyst did not result in higher conversion.

A number of factors might contr ibute to the deactivation of
the cata lys t :  ox idat ion o f  the sur face of  thc  smal l  p la t inum
par t ic les  to  an inact ive r t r  lcss  act ivc  p la t inum ox ide;  compet i t ive
adsorpt ion o f  acet ( )nc ( ) r  \onte  s t rongl )  adsorb ing but  minor  by-
product  on the er r tu l rs t  sur l 'ace:  leech ing of  s t rongly  adsorb ing
ha l i de -  u r  su l f u r - con tu in i np  spec ies  f r om the  suppo r t .  We  have
f 'ound no ev idcncc i t r r  thc  las t .  but  the f i rs t  two may both be
in rp ( ) r t l t n t

Scr c-rrr l  pr* irru.,  r tud jcr l  r '110' '1( l  have suggested that oxidation
t r i  t hc  p l . r t r nun t  \ L l r l ' l e c  i . . t  f ac to r  i n  t he  ca ta l ys t  deac t i va t i on .
. la f fc  r in t l  P lcr  cn: "  

'  
r ,  r r f  c lurc .d  thc .  par t ia l  pressure o f  d ioxygen

w i th  t he  nun rbc r  \ ) l  t t n t c \ . r  ca ta l r \ t  samp le  cou ld  be  reused  and
repor ted that  the l i l 'e t rnrc  o i  rhe cara l rs t  c t tu ld  be extended by
running the react ion under  ox\ge n s tar ra t ion condi t ions.  Mi i l le r
and Schwabe a lso suggested a connect ion betueen adsorpt ion o f
dioxygen on the platinum surface and deactivation of the catalyst.T0

As a test of the inf luence of dioxygen on the activi ty of the
catalyst, samples of Pt/SiO, and Pt/C (not previously treated with
H2) were suspended in water under a positive pressure (1.34 atm)
of dioxvgen for 3 h (the normal reaction t ime) before addit ion
of 2-propanol. Addit ional samples of each catalyst were used as
controls under standard condit ions, in which the 2-propanol was
added to the suspension of catalyst before the f lask was purged
wi th  02 (F igure 9) .  Both Pt /C and Pt /S iO2 were c lear ly
deactivated by the pretreatment with dioxygen. This deactivation
is probably due to formation of an unreactive platinum oxide layer
on the surface of the catalyst and has been clari f ied by electro-
chemical studies in related systems.22 Water is important in this
deactivation. The catalysts were stored in air and had ample time
(up to I  year) to react with 02 before they were used. Despite
this fact and with no activating pretreatment (other than exposure
to 2-propanol), they were effective catalysts. In contrast, the same
catalysts were deactivated after only 3 h under 02 when suspended
in water. Water may allow the metal surface to become hydrated
and to form a thicker oxide coating than that formed on the dry
catalyst. This view is supported by our electrochemical studies.22

Qualitative observation of the appearance of the catalyst under
various condit ions supports the hypothesis that plat inum oxides
are important. When the Pt/SiO2 catalyst, after storage in air,
was suspended in deoxygenated water without any pretreatment
it  formed a brown suspension, with color similar to that of PtO2;

l . O
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I

o
O

()

176) Nagai ,  M.;Gonzalez,  R.  D.  Ind.  Eng. Chem. Prod.  Res.  Deu.1985,
) 4 . 5 2 5 - 5 3 1 .

(77) This activation energy is much lower than the value reported for the
oxidation of methanol on copper. Wachs and Madix3a reported that this
gas-phase reaction hq4 E. = 22.1 kcallmol for the formation of formaldehyde.
Benziger and Madixas reported the oxidation of methanol and ethanol on iron
had activation energies of 25.1 and26.6 kcal/mol, respectively. These authors
also reported that isopropyl alcohol did not readily oxidize on these metals.
Kvashniva and Yukelsona2 reported the gas-phase dehydrogenation of ethanol
and isopropyl alcohol with Raney copper had activation energies of 19.4 and
I 1.0 kcal/mol, respectively. Mears and Boudart{ dehydrogenated 2-propanol
to acetone with nickel boride in the liquid phase and found the reaction had
an activation energy of 20.5 kcal/mol. All of these reactins were performed
with catalysts and reaction conditions different from those used in the oresent
s l u d l .

(78) Alam, M.;  Umar,  M. Pak.  " r .  Sci .  Ind.  Res.  1980. 2J.  140-143.
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IN IT IAL  ACETONE CONC.  (M)

Figure 10. Inhibit ion of the oxidation of 2-propanol by acerone pROD,
(180 min) as a function of ini t ial  acetone concentrarion, l% PtlSiO.r,
lTVo D,2.2  pmol  o f  Pt , ,  1 .34 atm of  02,  [P]o  = 0 .20 M.

we assumed the color to be due to an oxide coating on the plat-
inum. When 2-propanol was added. the color turned from brown
to b lack wi th in  30 s .  I f  the dr r  cata l ; -s r  were t reated wi th  tJ2 in
the f lask pr ior  to  addi t ion o f  r ia ter .  the suspens ion was b lack.  not
brown,  even before a lcohol  u ,as addcd.  The cata l rs ts  pret rcated
with H2 showed the same activi t \  as those used rr i thout treatmcnt
wi th  H2.  Thus,  addi t ion o f  2-propanol  r . r 'as  apparenr l \  ab le  ro
reduce at  least  cer ta in  p la t inum ox ides to  p la t inunt (0) .  and
treatment of catalyst oxidized dry in air with H2 or with 2-propanol
had the same effect.

These quali tat ive studies thus indicate that deep oxidation of
the platinum catalysts with dioxygen in water leads to deactivation
that cannot be reversed by reduction with 2-propanol but that the
more superficial oxidation resulting from exposure of the catalysts
to air at ambient relat ive humidity is as readi ly reversed by re-
duction with 2-propanol as with dihydrogen. These studies, in
agreement with other work, identify irreversible (by 2-propanol)
oxidation of the plat inum as one plausible mechanism of deac-
t ivat ion of the catalyst during operation. Other factors are.
however, probably at least as important.

Several reports have indicated that the dehydrogenation of
2-propanol  on n icke l le '40 was inh ib i ted by acetone.  Di rkxr2- r1
reported that the oxidations of o-glucose and o-gluconic acrd w,ere
inh ib i ted by s ide products  o f  the react ion.  Druzrs  c la imed that
the oxidation of ethanol to acetic acid with platinum was inhibited
by traces of polymers formed from the intermediate acetaldehyde.
Wood et al.aa reported that the gas-phase dehydrogenation of
2-propanol to acetone on plat inum was inhibited by carbon
monoxide that was formed if traces of oxygen were present in the
system. To determine if compounds that acted as catalyst poisons
were being formed during the reaction, we tested the effect on
fresh catalyst of a reaction solut ion obtained after 180 min of
oxidation of 2-propanol using the standard protocol. The oxidation
(|Vo PtlSiOz, D = lTVo) was conducted for 180 min, at which
time ca. 25Vo of the 2-propanol remained. The used catalyst was
separated, and fresh catalyst added: no further reaction occurred.

Figure l0 establ ishes that acetone inhibits the oxidation of
2-propanol catalyzed by Pt/SiO2 but that high concentrations of
acetone are required before the inhibition becomes serious. These
data, we presume, reflect competitive adsorption of 2-propanol
and acetone on the platinum surface. They suggest that acetone
is only slightly less strongly adsorbed than 2-propanol: the PROD,
(180) for oxidation of 0.2 M 2-propanol is reduced by a factor
of 2 in the presence of 0.3-0.4 M acetone (acetone:2-propanol
ry 1.5-2.0) and by a factor of 7 for 0.8 M acetone (acetone:2-
propanol = 4). The rat io of acetone to 2-propanol at the con-
clusion of an oxidation under our standard conditions is ca. 6. and
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l ' igure l l .  Treatment of deactivatcd catalyst with H2 ( l  atm, l  h) is
par t ia l ly  successfu l  in  regcnerat ing act iv i t l  ( r ight ) ;  t reatment  a t  I  a tm,
l l0  "C ' is  more successfu l  The curves are k inet ic  runs for  ox idat ion o f
l - p ropano l  unde  r  s tanda rd  cond i t i ons .  1 .34  a tm  o f  02 ,  IP ]o  =  0 .20  M ;
l '7  Pr , /  A,1 .O. .  39 ' ' i ,  1 ) .  89 smol  o f  Pt , :  17.  Pt . lS iO: .21q,  D.  - i .6  pnto l  o f
Pt . :  O = t ' i r : t  u :c .  O = second use.  A = th i rd  use.  A = four th  use.

compe t i t r ve  i nh ib i t i on  cou ld  t hus .  i n  p r i nc i p l e .  be  seve re .
A l though our  g lpc anal ls is  show,ed no products  o ther  than

acetone from the oxidation of 2-propanol, other compounds are
certainly formed in trace quantities. Such compounds might also
be catalyst poisons. Qualitative tests established that oxalic acid
(0.01 M) and mesityl  oxide (0.01 M) completely inactivated lTo
Pt/SiO, and that acetic acid (0.01 M) and 1,3-dihydroxyacetone
(0.0I M ) were almost as effect ive. Brief purging of a reaction
m\ turc  wi th  carbon monoxide had no in f luence on the act iv i ty
t r f '  t h r r  c a t a l r  s 1

(  a tu l t  r t  Rt 'L t ,  t tL  t t t to t t  The cata l ls ts  deact ivate  wi th  use.  and
\\e \ \erc rDtcrcsled rn cstablrshing protocols that would permit their
r eac t i \ a t r ( ) n  S in tp l e  * r i sh ing  o l ' deac t i va ted  ca ta l ys t  w i t h  wa te r
regenerated on l r  ca.  l0 '7  o f  the or ig ina l  ac t iv i ty .  Treatment  o f
the isolated. washed catalyst with H2 under mild condit ions was
more effect ive (Figure I l ) .  Samples of Pt/SiO, and Pt/AlrO3
were subjected to repeated use in the oxidation of 2-propanol.
After each cycle of use, they were isolated by f i l t rat ion, washed
wi th  d is t i l led water ,  t reated wi th  H,  ( l  h ,  I  a tm) ,  and reused.
Al though some act iv i tv  was regenerated on th is  t reatment ,  the
recovered activi tv progressivelr,  decreased. Nonetheless, this
procedure is  substant ia l l r  more e f fec t ive than s imple washing in
rcgenerat ing cata l r t ic  ac t iv i tv  and conf i rms that  some por t ion o f
the loss in act ivin can be attr ibuted to oxidation of the plat inum.

Because mild reductive treatment was only part ial ly successful
in restoring catalyt ic act ivi ty, we tr ied more severe condit ions
capable both of reducing kinetical ly stable plat inum oxides and
of removing strongly adsorbed organic catalyst poisons. The
samples of catalyst were reisolated after use, dried, heated in a
hydrogen atmosphere to 230 "C. cooled, and reused (Figure l1).
These more extreme condit ions largely restored the catalyst ac-
t ivi ty. For Pt/AlrO,. the regeneration returned the catalyst to
its original act ivi t ! , :  the dispersion of the plat inum did not change
in this procedure. When Pt/SiO, was treated under these con-
ditions, the specific activity, based on Pt' actually increased above
that of the original run, but a change in dispersion accompanied
the high-temperature treatment with Hr. The original catalyst
had a 26Vo dispersion. After the first cycle of regeneration it
decreased to 6.6Vo; after the second, to 2. lVo. Further cycles of
reaction and regeneration were not run since the catalyst was not
stable under these condit ions. We conclude that treatment with
H2 at 230 oC is an effect ive method of regenerating Pt/AlrO,
but not suitable for PtlSiO,.

Discussion

The work in this paper had two objectives. First,  we wished
to examine the characterist ics of oxidations carr ied out using
practically useful catalysts-platinum dispersed on supports-to
see i f  the inferences we could draw concerning the mechanism
of the reaction under these condit ions agreed with those from
mechanist ical ly better defined studies u'sing bulk plat inum and

s i02
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c i c c t r o c a t a l r t r c  t e c h n r q u e t . : : , : r  T h e s e  c o m p l r m e n t a r r  s t u d i e s
rnd i c r t e  rha r .  a r  a  p l a r i n i zed  p la r i num u i re  ca ta l r s t .  t he  reac r i on
. : nu  I c  r c -  cons rde red  as  a  ca ta l r  t i c  dehy .d rogena t i on  o f  a l coho l
' . ,  x c i , i rC  S r  r eac t t on  w i t h  P t (0 ) .  * i t h  a  sepa ra te .  coup l cd  s tep
. i ' . , - ' i r  ing or rdarr re  regenerat ion o f  Pt (0)  bv react ion o f  p la t inum
.u r i . i c c ' h rd r rde  r r i r h  d i ox lgen ,  e i t he r  d i r ec t l y  o r  by  a  l oca l  ce i l
ncchanrrm.  Second.  we wished to  be ab le  to  suggest  and/or
r:tronalrze protocols for extending the catalyst l i fet ime in operation
. rnd for  regenerat ing i ts  act iv i t ) '  once deact ivated.

The most useful method for preparing the supported catalysts
.cc f f i€d to  be reduct ion wi th  H2 of  (1 ,5-cyc looctad iene)d i -
:neth\ lplat inum( I I  )  impregnated on the support.  This procedure
had rhe advantage that i t  did not introduce chloride ion (a poison)
rrto the s\stem. as would KrPtClu or related plat inum precursors.
Oi these catallsts, the most useful was Pt/SiO2 having a relatively
rou d ispers ion (D = l }Vo) .  The Pt /S iO,  cata lys ts  were s ign i f i -
cantl)  more active than Pt/C and Pt/AlrO, catalysts. We have
not carr ied out the detai led studies of the morphologies of the
platinum particles on these supports that would be the necessary
f irst step in rat ional izing these dif ferences.

Although al l  these catalysts deactivated during oxidations of
2-propanol to acetone, i t  was possible to get adequate kinetic
information on al l  three by using init ial  rates: in the f irst r  or
2 half-lives of reaction, catalyst deactivation was not serious. The
reactions were suff iciently rapid to be on the border berrrggpl
mass- t ranspor t  l imi ted (MTL)  in  d ioxygen.  and reacr ion- r i . i rc
l im i t ed  (RRL)  by  a  s rep  t ak ing  p lace  on  rhe  ca ta l r s r  su r f acc .
Cata lys ts  wi th  h igh acr iv i rv  (Pt /S iO2)  uere normal l r  \ lTL:  rhose
wi th  low act iv i ty  (Pt /c )  were normal l i  RRL,  bur  rhe reacrrons
could be moved from one regime to another bv changing con-
ditions. For example, decreasing the quanriry of pt/SiO, catalyst
present in a reaction mixture sufficiently moved the reaction from
MTL to RRL (Figure 6). RRL reactions were zero order in both
2-propanol and dioxygen (eq 7). This rate law indicates that the
surface of the catalyst is saturated with adsorbed 2-propanol (over
the l imi ted concent ra t ion range s tud ies:  0 .2  + O. f  

' fn l )  
and is

compatible with the inference from our studie.22,23 and those of
others that cleavage of a C-H bond is overal l  rate l imit ing.35,36,76
The observation that acetone is inhibitory at high concentrat ions
indicates that i t  adsorbs competit ively with 2-propanol at the
catalyst surface. The reaction is not influenced by the pH of the
solution over a wide range of values. The only oxidant other than
dioxygen^that seems to have any practical value is hydrogen
peroxide,22 but results obtained with this substance ute iifficutt
to interpret since plat inum is an eff icient catalyst for the dis-
proport ionation of hydrogen peroxide to dioxygen and water.

The quali tat ive agreement between the kinetic/mechanist ic
features of the oxidations of 2-propanol at the supported catalysts
and those at a plat inized plat inum wire catalyst/electrode lead
us to infer that these reactions, under dif ferent condit ions, are
sharing a common mechanist ic manifold. Labeling and regio-
chemical studies using Adams catalyst23 are, we bel ieve, also
comparable, although we have not examined the kinetics of these
reactions.

The most important practical conclusions from this work
concern catalyst l i fet ime. we conclude that plat inum catalysts
having relat ively low dispersion (D - l \Vo) represent the best
compromise between use of platinum and catalyst lifetime.
Catalysts having higher dispersion seem to deactivate rapidly by
irreversible oxidation ( i t  might be possible to minimize this ox-
idative deactivation by using low concentrat ions of dioxygen30);
catalysts with lower dispersion are more stable but are required
in larger quantity to provide a useful surface area of platinum.
Deactivation of the catalyst in operation seems to have at least
three components: irreversible oxidation of the platinum surface
in small  plat inum part icles; reversible inhibit ion in situ by com-
petitive weak adsorption of acetone; perhaps irreversible (or slowly
reversible) inhibit ion by strong adsorption of other, minor by-
products of reaction (in our limited studies, carboxylic acids seem
to be strongly inhibitory).

Oxidation of small platinum particles by dioxygen seems to be
much more extensive for part icles in water than in ambient air.

\  rc t r lc t t r  . rnd \ \ 'h i tes ides

and i t  scems more in tpor tant  for  smal l  than lergc pr i : r rc lcs .  Both
in l ' e r cnces  a rc  qua l i t a t i ve l v  r easonab le .  bu t  a  de te r i cd  unde r -
s tand ing  o f  t hc  t hc rmodvnamics  and  k i ne t i cs  o f  o r rd r r r i t r n  o f
p la t inum bv d ioxvgcn and hydrogen perox ide as a  funcr ion t ) f
p la t inum c luster  s ize and shape and of  so lvat ion would be rcr r
usefu l  in  ra t iona l iz ing the behav ior  o f  these cata lys ts .

I t  seems practical to regenerate deactivated catalysts by using
straightforward protocols, although we have not optimized the
regeneration procedures. Simple washing of deactivated catalyst
to remove weakly adsorbed inhibitors (e.g., acetone in the oxidation
of 2-propanol) is not effect ive. Treatment of the deactivated,
washed cata lys t  under  mi ld  reduc ing condi t ions (H2,  1  a tm,27
oC) has a signif icant effect in regenerating activi ty. Rigorous
reducing condit ions ( l  atm. 230 'C) regenerates activi ty com-
pletely; some part of the recovery of activity under these conditions
is probably due to pyrolysis and volatilization of adsorbed organic
inhibitors. High-temperature reduction must be used careful ly,
however, since the dispersion may change under these conditions.

Experimental Section

Genera l .  Chlorop la t in ic  ac id .Te KrPtClo.Te and (COD)ptVe"80
werc preparcd according to pr(rcedures in the l i terature. .{cetone
and  l - p rop r rno l  u  c r r .  r c i l gcn t  g radc  and  u : cd  u  i t hou t  f u r t he r
f \ u r i t ' i c i l t t ( ) n  [ ) i , ' 1 . ,  r ] u  \ \ . 1 .  . t . i s cn t  l r . r dc  . r nd  $  e .  d i s t i l l ed  f r om
\ . r l l l l . ,  bc t ,  j re  t - \L '  \ \  r l r ' :  \ r .1 .  j , , ib , ' .  d r . : r , lcd  . rnd deoxvgenated
b r  p u r g l n g  u t l h . , : ! , -  i , , -  a r , p ' l n ' r * 1 , ) r r .  u \ c  R c a c t i o n - s l a m p l e s
r r c r c . rna l r zcd  b r  L r \ r ns . r  Pc rk rn -E ln rc ' r  \ 1 . r i c . l  - 19108  gas  ch ro -
matograph cqurppcd r r  i rh  . r  Prccr : r t rn  S. inrp) rng \ lode l  4900 au-
toma t i c  san tp le r .

Cata lys t  Suppor t .s .  i - . ' \ lumina and large-pore s i l i ca  ge l  were
pu rchased  f r om S t rem Chemica l s .  \ eubu r rpo r r .  \ 1A .  These
supports were f ine powders with surface are;. ls of l l - i  and 340
^ ' lg ,  respect ive ly ,  repor ted by the manufacturer .  Darco G-60
activated carbon was purchased from Fisher Scienti f ic Co.,
Medford, MA. The surface area was not reported. The supports
were used as received from the manufacturers. Activated carbon
purchased from Strem Chemicals was unsuitable due to i ts high
sulfur content (determined by sodium fusion).

Typical Catalyst Preparation (Wet Method). To a solution
of  2 .61 g (5 .04 mmol)  o f  HrPtCl6.6H2O in  lg0 mL of  d is t i l led
water was added 9.9,5 g of act ivated carbon. Hydrogen was
bubbled through the st irred mixture at ambient temperature for
I h. The catalyst was isolated by suction f i l t rat ion, washed with
500 mL of  d is t i l led water ,  and dr ied in  vacuo to  g ive 10.9 g  o f
9VoPtlC. The catalyst was not pyrophoric: metal dispersion =
12%, PROD, ( I  80 min) - 612 mol of alcohol/mol of Pt*. The
activi ty did not change after 1 year of storage in air.

Typical Catalyst Preparation (Dry Method\. To a solution
of  0 .854 g (2 ,56 mmol)  o f  (COD)PtMe2 in  400 mL of  pentane
was added 49.5 g of silica gel. The solvent was removed under
reduced pressure. and the sol ids were dried in vacuo. A l0-g
sample of this impregnated support was placed in a 25-mm o.d.
Pvrex tube. The tube was purged with argon and placed in a tube
furnace preheated to 240 oC. The material was reduced with a
stream of H2 for 3 h and then cooled to room temperature in a
stream of argon. During the heating period either H2 or argon
was continuously passed through the tube. The catalyst ( l%o
Pt/SiOr) was a gray powder that was not pyrophoric: metal
dispersion = lJVo: PROD, ( 180 min) = 3420 mol of alcohol/mol
of Ptr.  The catalyt ic act ivi ty did not change after storage for 7
months in air.  When HrPtClu or KrPtCla was reduced with this
procedure, water was the solvent and reduction was performed
at  500 oC.

Typical Catalyst Preparation (Calcining Method). The pro-
cedure described above (dry method) was used to impregnate 14.9
g of 7-Al2O, with 0.251 e (0.77 mmol) of (COD)ptMe2. A 2.0-g

(79) Griedt, D. C.; Nyman, C. J. Inorg. Synth. 1966, 8,239-240.
Kauffman, G. B.; Couan, D. O. Inorg. Synth. 1963, 7,240-241.

(80 )  K is tnev ,  C .R . ;  Hu tch inson ,  J .  H . ;Dory l ,  J .  R . ;S to r l i e , J .C . Ino rg .
Chem.1963, 2,1255-\261. Clark. H. C.; Manzer, L. E. J. Organomet. Chem.
1973. 59.411-428.
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sample of this impregnated support was placed in a l0-mL crucible
and heated in air with a Fisher burner to dul l  red heat for l5 min.
After cooling, it was reduced with H2 at 500 oC for 3 h in a Pyrex
tube placed in a tube furnace. The catalyst ( lVo Ptl  Al2O3) was
a gray powder :  meta l  d ispers ion = 1 .37c, ,  PROD, (180 min)  =
5760 mol  o f  a lcohol lmol  o f  Pr , .

Typical Oxidation of )-Propanol. The catalyst sample (0.2-1.0
g) was placed in a 100-mL f lask equipped with a Teflon-coated
magnetic stirring bar. The flask was capped with a rubber septum
and purged with argon. Deorrgenated doubly dist i l led *ater 145
mL) and a s tock so lu t ion (5  mL)  that  was 2.0  M in  both 2-
propanol and 1.. l-dioxane (an internal glpc standard) were added
by syringe. The reaction was started by purging the solution with
02 for 2 min. .{  posit ive pressure of 5 psi was then maintained
for the duration of the experiment. The mixture was st irred
vigorously to keep the catalyst completely suspended in the so-
lu t ion.  Samples o f  the react ion mix ture (ca.  0 .5  mL)  were
withdrawn by cannula directly into l-mL autosampler vials capped
with rubber septa. When the samples were taken, both solut ion
and catalyst were withdrawn. The catalyst-to-solut ion rar. io re-
mained constant. The samples were di luted with I  M NaCl to
quench the reaction and f i l l  the vial.  The sol ids were compacted
by centr i fugation, the vials were sealed, and the solut ions were
analyzed by glpc: a 9-m x I/r- in. stainless steel column of 2Vo
Carbowax 20M on 80-100 Chromsorb S, 65 oC.

As a test of the effect of H2 pretreatment, the reactions were
run in the same fashion except the f lask with dry catalyst was
flushed with H2 for 15 min before water and stock solut ion were
added.

pH-Rate E. tper imenls .  These react ions were donc in  a lmost
the same way as descr ibed above.  An aqueous so lu t ion o f  ac id
or  base was made,  and i ts  pH uas measured r r i th  a  Radiontc ter
Model  PHM62 pH meter .  The so lu t ion \ , ras  deoxrgenated br
purging with argon for 20 min and then used as rhe solvent. The
reactions were run using the standard procedure.

Inhibition by Halide. The reaction was run in the standard
fashion using 0.1 M potassium hal ide aqueous solut ion as the
solvent.

Inhibition by Side Products. The oxidation was run using the
standard method except the al iquots were di luted with doubly
distilled water instead of I M NaCl. The amount of catalyst was
chosen to give ca.50Vo reaction. After the aliquots were analyzed
by glpc, they were combined with the solut ion remaining in the
flask. The catalyst was compacted by centrifugation, and the
supernatant liquid was decanted back into the reaction flask. A
fresh catalyst sample was added and the reaction was continued.

As a test of the effect of possible catalyst poisons, the reaction
was run using the standard procedure. An aliquot was withdrawn
after l0 min of reaction to veri fy that the catalyst was active. A
0.5 M so lu t ion (1 .0  mL.0.5  mmol)  o f  the compound to  be tested
(such as oxalic acid) was then injected into the flask. The reaction
was fol lowed for another 50 min by glpc.

Catalyst Reuse, The reaction was run using the standard
procedure to see if the catalyst could be reused without any further
treatment. The catalyst was then collected by centrifugation and
washed with two 20-mL port ions of doubly dist i l led water. The
catalyst was returned to the reaction flask, fresh doubly distilled
water and stock solut ion were added, and the reaction was run
again using the standard procedure.
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Mild C-atal-t,st Regeneration. The reaction was run as above
for catalyst reuse to see i f  the catalyst could be regenerated by
H2 under mild condit ions. The catalyst sample was returned to
the flask, fresh water was added, and the system was purged with
argon.  Hydrogen ( l  a tm)  was bubbled through the suspens ion
for l5-20 min, and the system was again purged with argon. The
stock so lu t ion was added,  and the react ion was run us ing the
standard procedure.

High-Temperature Catalyst Regeneration. The procedure of
cata lys t  use and iso la t ion was s imi lar  to  that  descr ibed above.
Af ter  iso la t ion,  the sample was dr ied in  an oven at  130 oC.  The
catalyst was then placed in a 25-mm o.d. Pyrex tube and purged
with argon. The gas was changed to H2, and the tube was heated
in a tube furnace at 230 "C for 3 h. The catalyst was then cooled
in a stream of argon and reused.

Quinones as O2Substi tutes. In a typical reaction,5 mmol of
the quinone was placed in a 50-ml- flask equipped with a magnetic
s t i r r ing bar .  Doubly  d is t i l led watcr  (25 mL)  and 0.09 g o f  9Vc
Pt iC werc added.  The f lask was capped wi th  a  rubber  septum
and l lushcd with argon. To this solut ion rvas added -5.0 mmol each
o f '  l - p rop i rno l  and  d io rane .  The  suspens ion  u  as  s t i r r ed  unde  r  a
pos i t i ve  p r cssu rc  o l ' a r s t )n  f o r  I  da rs  and  ana l r zed  b r  g l pc .  \ o
acetone l i r rnra t ion \ r i i s  scen r i i th  an1 qu inone tested.

Reaction u' i th Hydrogen Peroxide. The catalyst (0.27 g, l l%
PtlC) was placed in a 100-mL three-necked f lask equipped with
a magnetic st irr ing bar and addit ion funnel. The system was
capped with rubber septa and purged with argon. The flask was
charged with 50 mL of doubly dist i l led water and l0 mmol each
of 2-propanol and dioxane. The funnel was charged with 6 mL
(-50 mmol) of -10%, H:Oz. The f lask was cooled to 0 "C, and the
H .O .  uas  added  d ropw ise  i n  l 5  m in .  By  t he  t ime  the  add i t i on
\\e\ e()nrplctc 9' i  of thc alcohol had been oxidized to acetone. The
t l . t .k  r i  r i \  \ \  i i r t t tcd t , t  r ( ) ( )n t  tcmper l t ture .  and the react ion was
c o n t i n u c d  l r r ;  i  5  l r r  g j 1 .  u n  x 6 ' 7  r i e l d  o f  p r o d u c t .

Tentpertturt '  I) t 'pt 'ndti l t '€ t . t . f  the Reuctictn Rate. A 100-mL
three-necked l lask uas equipped wi th  a  magnet ic  s t i r r ing bar ,
ref lux condenser. and thermometer. A sample of catalyst (0.300
g,5VoPtlC,7.8 pmol Pt., l }Vo dispersion) was placed in the f lask,
and it was capped with rubber septa. The system was purged with
argon, and 45 mL of doubly dist i l led water was added by syringe.
The f lask was placed in an oi l  or water bath at the reaction
temperature. A stock solut ion (5.0 mL) containing 9.5 mmol of
2-propanol and l0 mmol of dioxane was added, and the solut ion
was al lowed to equi l ibrate for 0.5 h. The temperature of the
solut ion was noted, and the reaction was run using the standard
procedure. r\ t  the end of I  h the reaction was stopped and the
solut ion temperature was noted. An average of the two readings
was used. The init ial  zero-order rate was determined and used
to construct the Arrhenius plot.

Registry No. Pt, 7440-06-4; 2-propanol. 67-63-0; hydrogen peroxide,
1722-84-1.

Supplementarv Material At'ailable.' Dependence of the initial
reaction rate on the st irr ing rate (Figure Sl),  reaction rate vs pH
(Figure S2). the effect of hydrogen pretreatment on the catalyst
activi ty (Figure 53), and the experimental method for determi-
nation of the metal surface area of supported plat inum catalysts
by t i trat ion with dihydrogen and dioxygen (6 pages). Ordering
information is given on any current masthead page.
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