
332 F . H aber and J. W eiss

n 2 -5  . 1017 +  1017’ 

o r
n =  3 . 101*,

i.e., the  a to m  co n cen tra tio n  fa lls to  10~3 o f  its  value, w hich  is ra th e r smaller 

th an  th e  effect p ro d u ced  by w all reco m b in a tio n .

These experim ents w ere  carried  o u t in  th e  Sir W illiam  R am say  L abora

tories, U n iversity  College, L o n d o n , in  1932, a n d  we a re  glad to  acknow

ledge o u r indeb tedness to  P ro fesso r F . G . D o n n a n , F .R .S ., fo r the 

facilities ex tended  to  us. O u r th a n k s  a re  a lso  du e  to  M a jo r F . A . Freeth, 

F .R .S ., M r. W . R in to u l, a n d  D r. E . H . R o d d  fo r th e ir in te rest in the 

w ork , a n d  to  D r. O . L . B rady  fo r h is  adv ice in  th e  m any  analytical 

p rob lem s encoun tered .

The C ata ly tic  D ecom p o s it io n  o f  H yd rogen  Peroxide

by  Iron  Salts*

By F r i t z  H a b e r  a n d  J o s e p h  W e is s , T h e  C hem ical L ab o ra to ries , The

U niversity , C am bridge

(i Communicated by Sir William Pope, F.R.S.— Receive

[Note by Dr. O. H. Wansbrough-Jones— S h o rtly  before  Professor 

H a b e r died, he gave th e  m an u sc rip t o f  th is p a p e r to  P ro fesso r Sir W illiam 

P ope. T he  final rev ision  fo r th e  p ress h a d  n o t been  m ade  an d  in its 

o rig inal fo rm  the  p a p e r w as n o t su itab le  fo r  p u b lica tio n  in  an  English 

jo u rn a l. C onsiderab le  a lte ra tio n s  in  th e  w ord ing  have accordingly 

been  m ade  ; b u t, since P ro fesso r H a b e r  h a d  considered  carefully how 

he w ished to  p re sen t the  resu lts  em b o d ied  in  it, the  fo rm  an d  sequence of 

th e  p a p e r re m a in  unm odified .

T he p a p e r is, fu rth e r, a  sequel to  som e com m unications in  German 

period icals  w hich  m ay  n o t be fam ilia r to  its readers. In  an  a ttem pt to 

m ake  i t  m ore  quickly  u n d ers tan d ab le , w hile  keep ing  it  as fa r as possible 

as it  w as left by  P ro fesso r H a b e r, th e  fo llow ing sum m ary  has been added.

* T he m an u scrip t o f  th is p ap e r was h an d ed  to  m e fo r com m unication  by Professor 

H a b e r a  few days before his dea th  ; I have to  th an k  D r. O. H . Wansbrough-Jones 

fo r  ed iting  it.— W . J. P .
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Catalytic Decomposition of Hydrogen Peroxide 333

The cata ly tic  d e co m p o sitio n  o f  h y d ro g e n  p ero x id e  by b o th  fe rro u s an d  

ferric salts is show n by  th e  a u th o rs  to  be b o th  a  c h a in  a n d  a ra d ica l 

reaction, invo lv ing  in  its  stages th e  rad ica ls  O H  a n d  H 0 2 a n d  th e  a n io n  

H 0 '2. V arying c o n ce n tra tio n s  o f  th e  re a c ta n ts  a lte r  th e  len g th  o f  th e  

chains, an d  fa v o u r a lte rn a tiv e  m ean s  o f  te rm in a tin g  th em , giv ing rise  

to various reac tio n  p ro d u c ts . T o  o b ta in  q u a n tita tiv e  resu lts  i t  is 

assum ed th a t, to  a  first a p p ro x im a tio n , th e  c o n c e n tra tio n  o f  the  rad ica ls  

rem ains s ta tio n ary , a n d  o n  th is  basis e q u a tio n s  a re  derived  fro m  w h ich  

the ra tios o f  th e  v a rio u s  re a c tio n  p ro d u c ts  u n d e r  d ifferen t c o n d itio n s  m ay  

be arrived  a t.

The m ain  stages o f  th e  reac tio n s  a re  set o u t in  fo u r  eq u a tio n s  ((1 )-

and inserting  th e  a p p ro p ria te  re a c tio n  velocity  co n sta n ts , a n  eq u a tio n  (9 ') 

is ob ta ined  fro m  w h ich  th e  ra tio  o f  th e  c o n su m p tio n s  o f  hyd ro g en  p e r

oxide to  fe rro u s ions m ay  be  expressed  m a th em atica lly  a n d  to  w hich  

experim ental resu lts ad eq u a te ly  co n fo rm . M o re  d e ta iled  co n sid e ra tio n  

is then given to  th e  effect o f  vary ing  th e  ac id ity  o f  th e  m ed ium , a n d  a tte n 

tion is called to  th e  ro le  p layed  by  th e  H O '2 an io n  w h ich  en ters  in to  th e  

reaction.

A large n u m b er o f  experim en ts  a re  described  a n d  co n sid e ra tio n  o f  

them  shows th a t the  m ain  course  o f  th e  re a c tio n  betw een  H 20 2 a n d  F e ” 

salts is described  by  th e  o rig inal eq u a tio n s  ( ( l ) - ( 4 ) ), a n d  th a t  ad d itio n a l 

com plications only  com e in to  being  a t  th e  ex trem e ranges o f  th e  co n 

cen tration  ra tio s . T o  express th e ir  resu lts  th e  a u th o rs  consisten tly  use 

the value o f  the  m ean  c o n su m p tio n  ra tio  A H 20 2/A F e ” w hich  they  

identify w ith  th e  ch a in  leng th , an d  s tudy  th e  v a ria tio n  o f  th is  ra tio  in 

different experim en tal cond itions .

The effects o f  ferric  salts a re  a lso  described  a n d  largely  e lucidated . 

The effect o f acid ity  is show n to  be m uch  m o re  m ark ed , a n d  th is is fo u n d  

to be due to  the  hyd rogen  p erox ide  n o  longer reacting  as th e  uncharged  

molecule, as w ith  fe rrous salts, b u t ra th e r  as th e  io n  H O '2. T he  in te r

play betw een th e  reaction  w ith  fe rrous an d  fe rric  salts is studied , an d  a  

rem arkable resu lt follow s fro m  a n  ex am in a tio n  o f  the  k inetic  equations. 

By p roper selection o f the  ra tio s  o f  th e  concen tra tions  o f  H 20 2, Fe*” 

and Fe*’ a  sudden g reat increase in  the  ra te  o f  p ro d u c tio n  o f  oxygen

(4) )  :—

Fe** +  H 20 2 -  Fe*** +  O H ' -j- O H  

O H  +  H 20 2 =  H aO  +  H O a 

H O a -f- H 20 2 =  0 2 +  H 20  -f- O H  

O H  +  F e ” =  Fe*” +  O H ',

( 1)

(2)

(3)

(4)
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334 F. H aber and J. W eiss

m ay be pred ic ted  an d  has been  fo u n d  experim entally . The chain 

m echanism  p roposed  gives a  sim ple  ra tio n a le  fo r  th is  cu rious effect.

Finally , the  a u th o rs  consider th e  im plica tions o f th e ir w ork  in more 

general term s. T hey  have had  to  assum e th a t e ither chain  o r radical 

reactions are  possib le  w ith in  the  system  w ith  w hich they  deal and  more

over th a t one type m ay  be changed  easily  to  the  o th e r by  a  sm all alteration 

in  the  conditions. T h is suggestion  gives an  a d eq u a te  exp lana tion  o f the 

facts, and  m ay, in  th e ir view, be a m u ch  m o re  general phenom enon.]

In  a  p re lim inary  p ap er*  w e d iscussed  shortly  th e  cata ly tic  decom

position  o f  neu tra l so lu tions o f  h y d ro g en  p erox ide  in  the  presence of 

fe rro u s salts, an d  we show ed th a t  o u r resu lts w ere  n o t explicable by 

the  earlier th eo ry  th a t  th e  reac tio n  to o k  p lace  th ro u g h  th e  in teraction  of 

six -valent iron-oxygen  co m p o u n d s w ith  th e  h yd rogen  perox ide, b u t could 

be easily u n d e rs to o d  i f  the  d eco m p o sitio n  w as ac tually  a  chain  reaction 

w hose course depended  on  th e  ra tio  o f  th e  co n cen tra tio n s  o f  the  reactants. 

F u r th e r  experim ents w hich  we now  describe  have confirm ed th is latter 

view, an d  w e also  show  th a t th is  th e o ry  serves to  explain  the  catalytic 

d ecom position  o f  hyd ro g en  perox ide , b o th  by  fe rrous an d  ferric salts, 

in  all im p o rta n t respects. T o  describe th e  decom position  by ferrous 

salts  in  acid  an d  n e u tra l so lu tio n  a  system  o f  fo u r eq u a tio n s  is required, 

o f  w hich tw o ( (2 )  an d  (3 ) )  a re  th e  o rig inal H ab er-W ills ta tte r equations, 

the  first (1) describes the  p rocess by  m eans o f  w hich  the  chains are 

in itia ted , an d  the  la s t (4) th a t  by  m eans o f  w hich  they  a re  b roken . For 

the  catalysis by ferric  salts on ly  one  a d d itio n a l eq u a tio n  is required. 

T he  first fo u r e q u a tio n s  a re  :—

F e "  +  H 20 2 =  F e -  +  O H ' +  O H k i (1)

O H  +  H 20 2 =  H 20  +  0 2H k  2 (2)

0 2H  +  H 20 2 =  0 2 +  H 20  +  O H k z (3)

O H  +  F e "  =  F e -  +  O H ' k i (4)

By a n eu tra l so lu tion  we m ean  one in  w hich  all the  ferrous iro n  remains 

in  so lu tion  w hile all ferric  co m p o u n d s have been p rec ip ita ted . In  the 

eq u a tio n s  above Fe** rep resen ts  th e  to ta l a m o u n t o f  d isso lved bivalent 

iron , an d  if  it  be  assum ed th a t a ll the  fo u r processes are  irreversible the 

ra tes  o f  change o f  co n cen tra tio n  o f  F e ‘‘, H 20 2, an d  the  tw o radicals 

H 0 2 an d  O H  m ay be defined. F o llow ing  the  m ethod  o f  Bodenstein 

a n d  H erzfeld d(OH)/dt an d  < i(H 02) A/r a re  set equal to  zero ; th a t is to

* H ab er an d  W eiss, ‘ N a tu rw iss .,’ vol. 20, p. 948 (1932).
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Catalytic Decomposition of Hydrogen Peroxide 335

say, the  co n cen tra tio n s  o f  H 0 2 a n d  O H  b eco m e s ta tio n a ry , a n d  th e  re la tio n  

between the  ra d ic a l c o n c e n tra tio n s  a n d  th e  h y d ro g e n  p e ro x id e  c o n 

cen tration  w hen  on ly  th e  fe rro u s  iro n  is  co n sid e red  is  expressed  b y  th e  

equations :—

(O H ) =  ( H 20 2) a n d  (H O ,)  =  ( H aO „ ) .
/ C 4  / C 3 / C 4

Thus the  c o n cen tra tio n s  o f  th e  ra d ic a ls  a p p e a r  to  b e  d irec tly  p ro p o r tio n a l 

to  the c o n ce n tra tio n  o f  th e  h y d ro g e n  p e ro x id e  w h ich  n a tu ra lly  decreases 

th ro u g h o u t th e  re a c tio n , a n d  th is  re su lt is  c learly  a t  v a ria n ce  w ith  th e  

assum ption  o f  s ta tio n a ry  c o n c e n tra tio n s  fo r  th ese  ra d ic a ls ; m o reo v e r, 

they m u st in itia lly  be  ze ro  a n d  b eco m e ze ro  a g a in  a t  th e  en d  o f  th e  reac tio n , 

bu t their ex trem ely  sm all v a lu e  m ak es  th e  a ssu m p tio n  o f  in v ariab ility  

a  sufficiently g o o d  a p p ro x im a tio n  to  a c c o u n t fo r  a ll th e  chem ical fac ts.

T he k ine tic  eq u a tio n s  fo r  th o se  substances  w h o se  c o n ce n tra tio n s  a lte r  

during  th e  re a c tio n  b y  a m o u n ts  th a t  c a n  b e  d e tec ted  b y  chem ica l m ean s  

are given by

_  r f (H ,0 ,)  =  (Fe. . ) ( h 20 2) +  2 f e » ( H 2O z)2 (5)

d ( P J  =  A A  (h 2o 2)2 (6)
uT /C4

-  =  2k, (F e " )  ( H j O j  (7)

The fac t is em phasized  th a t  th e  ch an g e  in  c o n c e n tra tio n  o f  H 20 2 

canno t be rep resen ted  b y  a  sim ple e q u a tio n  o f  th e  firs t o rd e r.

In  the  sim plest case it  c an  be  a ssum ed  th a t  th e  c o n c e n tra tio n  o f  h y d ro g en  

peroxide rem ains p rac tica lly  c o n s ta n t, so e q u a tio n  (7) m a y  be  in teg ra ted  

and the  value o f  k x o b ta in ed , o r  its  v a lu e  m ay  a lso  b e  fo u n d  fro m  certa in  

experim ents in  w hich  th e  p e ro x id e  w as d eco m p o sed  w ith o u t th e  lib e ra 

tion o f  oxygen. T h e  la tte r  re a c tio n  can  b e  described  sim ply  by  th e  

sto ichiom etric re la tio n

H 20 2 +  2Fe** =  2Fe*** +  2 0 H '.  (8)

The s itua tion  is m o re  co m p lica ted  w hen , w ith  vary ing  co n cen tra tio n s  o f  

hydrogen perox ide , its  c o n su m p tio n  fo r  each  fe rro u s  io n  becom es 

greater th a n  0 -5  ; (5) th e n  m u s t a lso  b e  ta k e n  in to  acco u n t in  ad d itio n  

to  (7). T rea tin g  th em  as s im u ltaneous d ifferen tia l equations, a n d  

dividing (5) by  (7) we o b ta in  th e  co n su m p tio n  ra tio s  o f  th e  substances 
as

_  d(H 20 2) _  

n ~  d ( F e “ ) “
0 -5  + &2

k x '

( H 20 2) 

(Fe**) *
(9)

 D
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336 F . H aber and J. W eiss

T his expression  c an n o t generally  be  tested  in  its  d ifferentia l form , since 

o n ly  th e  m ean  co n su m p tio n  ra tio  n c an  be  m easu red  experim entally. 

T h u s  •

a n d  th is c an n o t be  in teg ra ted  in  th e  g enera l case, b u t  th is  difficulty should 

be overcom e in  o rd e r th a t  th e  q u a n tity  k 2jki w hich , to g e th er w ith  klt 

determ ines th e  cou rse  o f  th e  reac tio n , m ay  be  evalua ted . T h e  quotient 

d (H 20 2)ld  (F e “) in  (9) is c learly  a  m easu re  o f  th e  leng th  o f  th e  reaction 

ch a in  in  th e  in te rv a l o f  tim e  u n d e r  co n sid e ra tio n , since th is  chain  length 

is m easu red  by  th e  n u m b e r o f  m olecu les o f  oxygen ap p ea rin g  fo r each 

fe rrous io n  lost. I ts  va lue  w ill ch an g e  w ith  tim e, a n d  w ill evidently 

have a  low er lim it a t  0 -5 , w h ich  v a lu e  is  a tta in e d  w ith  re la tively  small 

( H 20 2)/(Fe**) ra tio s , so th a t  (8) is  ap p licab le  ; b u t n o  u p p e r lim it is 

given by  th e  ab o v e  system  o f  e q u a tio n s  th o u g h  th e re  is a  very  low  con

c en tra tio n  o f  fe rro u s salts a t  w h ich  th e  system  becom es incom ple te  owing 

to  th e  in ad eq u acy  o f  th e  single ch a in -b reak in g  m echan ism  (4) in 

describ ing  a ll th e  p h en o m en a  w hich  th e n  occur.

T h e  fo u r irreversib le  velocity  expressions c o n ta in  n o  term s in  H* or 

O H ', so th a t  th e  re a c tio n  velocity  is in d ep en d en t o f  th e  acid ity  o f  the 

so lu tion , a n d  fu r th e r  since n e ith e r (3) n o r  (4) co n ta in s  these  term s the 

ch a in  leng th  is sim ilarly  in d ep en d en t. T h is  fac t th a t  does n o t vary 

w ith  th e  acid ity  has  been  con firm ed  experim en tally , a n d  fo rm s th e  feature 

d iscrim inating  betw een  cata lysis  b y  fe rro u s  a n d  ferric  salts, b u t experi

m ents a lso  show  th a t  th e  cha in  leng th  is n o t com pletely  in dependen t o f  the 

acid ity , as s tric tly  acco rd in g  to  th e  eq u a tio n s  (1) to  (4) i t  shou ld  be. It 

w as a t  first th o u g h t th a t  th is  m ig h t b e  d u e  to  th e  h y d rogen  peroxide 

in  eq u a tio n  (2) a p p ea rin g  ac tu a lly  as  th e  a n io n  H O '2, b u t  th is  supposition  

p ro v ed  to  be  incorrec t, fo r  i t  w as fo u n d  th a t  th e  eq u a tio n

d id  n o t give th e  c o rre c t v a ria tio n  o f  ch a in  leng th  w ith  acidity , giving 

ac tu a lly  fo r  th e  fe rro u s ca ta lysts  a  m u ch  m o re  m ark ed  v a ria tio n  o f  chain 

leng th  w ith  ac id ity  th a n  w as observed . T h u s (2) as o rig inally  w ritten 

m u st be  ta k en  as co rrect, a n d  to  a cc o u n t fo r  th is  d iscrepancy  we m ust 

a ssum e th a t (4) is n o t  sufficient as i t  s tands, b u t m u st be m odified to 

include th e  fac t th a t  th e  b reak in g  o f  th e  chains is favoured  b y  an  increase 

in  acid ity , an d  does n o t  itse lf  give all th e  fo rm s o f  ch a in  b reak ing . W ith 

Sufficiently sm all con cen tra tio n s  o f  fe rro u s iro n , o th e r processes whose

A ( H 2Q 2) 

A (F e“)
(9')

t

H O 'a +  O H  =  H 0 2 +  O H ' (2')

 D
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efficiencies d ep en d  o n  th e  pH b eco m e im p o r ta n t, a n d  a m o n g  th e  p o ssib le  

ones the fo llow ing m ay  first be  co n sid ered
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Fe*’ +  H 0 2 Fe"* +  H O '2, (10)

in  w hich th e  a n io n  H O '2 is a lw ays p re sen t in  th e  c o n c e n tra tio n  g iven by  

the eq u a tio n
H O '2 +  H* ^  H 20 2, (11)

w ith the  eq u ilib riu m  c o n s ta n t*

, _ (H ‘) ( H O '2)

(h 2o 2)
1-2  x 10- 12 .

I t w ould  a t  firs t sigh t even  seem  possib le  to  su b s titu te  th is  e q u a tio n  (10) 

for eq uation  (4), b u t  o n  c loser e x am in a tio n  i t  is  fo u n d  th a t  th e  c o n s ta n t 

quan tity  0*5 d isap p ears  fro m  (9) a n d  th e  im p o r ta n t re a c tio n  (8) is n o  

longer expla ined. T h u s  th e  p ro cess  d esig n a ted  b y  (10) m u s t b e  ta k in g  

place as w ell as th a t  o f  (4), a n d  ca lc u la tio n  o n  th is  basis  show s th a t  th e  

constan t 0 -5  is re ta in ed  a n d  th e  e x p lan a tio n  g iven a b o v e  ho ld s . C onse

quent o n  th e  in tro d u c tio n  o f  th e  a d d itio n a l p rocess (10) th e  co n su m p tio n  

ratio  n is n o  lo n g er rep re sen ted  as a  rig id ly  lin e a r fu n c tio n  o f  ( H 20 2)/(Fe*‘) 

b u t increases ra th e r  m o re  slow ly, especia lly  in  th e  reg io n  o f  sm all iro n  

concen tra tions. W h e th e r th is  ac tu a lly  occu rs rem ain s  u n c e rta in , fo r  

where th e  effect is expected  to  b e  m a rk e d  th e  c o n c e n tra tio n  o f  Fe** is 

so sm all th a t  exac t m easu rem en ts  c an  n o  lo n g e r b e  m ad e . O n  th e  o th e r  

hand, the  in tro d u c tio n  o f  (10) does n o t  exp la in  th e  v a ria tio n  o f  ch a in  leng th  

w ith acid ity , since o n  th is  fo rm u la tio n  th e  c h a in  len g th  sh o u ld  rem ain  

com pletely  in d ep en d en t ; acco rd ing ly  th e  in tro d u c tio n  o f  (10) is p resen tly  

to  be avo ided  as a n  unnecessary  com plication , th o u g h  it w ill be  reconsidered  

in  the second  p a r t  o f  th is  p ap er.

T h a t a n o th e r ch a in  b re ak in g  m echan ism  to  su pp lem en t (4) is req u ired  

is also clear f ro m  a  co n sid e ra tio n  o f  th e  p h o to ch em ica l ch a in s  s ta rted  

by the  fo rm a tio n  o f  O H  ra d ic a ls !

H 20 2 +  hv-> 2 0 H .

These chains com e to  a n  en d  (in  th e  absence o f  dissolved iro n ) a fte r 

form ing chains o f  m ed ium  leng th , a n d  th e re  can  be n o  d o u b t th a t  the ir 

term ination  th en  arises fro m  th e  rec ip rocal destru c tio n  o f  tw o  rad icals. 

T he sam e process w ou ld  occur in  fe rro u s io n  cata lysis  w hen  th e  fe rro u s

* Joyner, 4 Z. anorg. Chem .,’ vol. 77, p. 103 (1912).

t  Urey, Dawson, and Rice, ‘ J. Amer. Chem. Soc.,’ vol. 51, p, 1371 (1929).
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338 F* Haber and J. Weiss

io n  co n cen tra tio n  w as so sm all th a t  ch a in  b reak in g  by  (4) w as relatively 

in frequen t.

T h e  experim en ta l re su lt th a t  th e  p h o to ch em ica l decom position  of 

H 20 2 proceeds m o re  slow ly as th e  ac id ity  in  th e  so lu tio n  is increased* 

proves th a t th is ch a in  b re a k in g  p rocess th ro u g h  th e  in te rac tio n  o f two 

rad icals  is fav o u red  b y  th e  p resence o f  H  io n , a n d  indeed  the  greater 

stab ility  o f  acid  so lu tions o f  h y d ro g en  p e ro x id e  in  th e  d a rk  m igh t well be 

a ttr ib u te d  to  th e  rec ip ro ca l rem o v a l o f  th e  tw o  rad icals  u n d e r th e  influence 

o f  th e  low  pH. W e th in k  th a t  th e  c learest exam ple  o f  such  reciprocal 

ac tio n  is to  be  fo u n d  in  th e  w ell-know n fo rm a tio n  o f  traces o f  ozone, 

w hose p resence is obv ious fro m  its  sm ell, in  th e  cata ly tic  decom position 

o f  H 20 2. In  th is  case th e  ra d ic a l H O a m ay  be  responsib le , by  under

go ing th e  re a c tio n

H O a +  H O a +  H* =  O3 +  H aO +  H \

A  q u a n tita tiv e  p ro o f  o f  th e  b reak in g  o f  th e  chains in itia ted  by  light 

th ro u g h  th e  in te ra c tio n  o f  tw o  rad ica ls  is g iven b y  th e  fac t th a t  the 

velocity  depends on  th e  sq u are  ro o t  o f  th e  lig h t in te n s ity .!  T he un

m istakab le  c h a in j  c h arac te r o f  th e  fo rm a tio n  o f  oxygen fro m  ozone and 

h yd rogen  perox ide  fa lls in to  th e  sam e class,§ a n d  th e  process

0 3 +  H aO  -*■ H 20 4 ^  2 H O a,

m ay  s ta r t th e  chain . T h e  effect o f  ac id  in  decreasing  th e  sp e e d ! o f  this 

re a c tio n  as well as o f  th e  d eco m p o sitio n  o f  ozone  in  aqueous so lu tion  is 

p ro b a b ly  a  sim ilar p h en o m en o n . ||

R e tu rn in g  no w  to  o u r  s tu d y  o f  th e  cata lysis  b y  fe rro u s salts, i t  seems that 

th e  sim plest a p p lica tio n  o f  eq u a tio n s  (1) to  (4) lies in  th e  exp lanation  of 

th e  fa c t th a t  very  d ifferen t m ean  c o n su m p tio n  ra tio s  can  be ob ta ined  by 

su itab le  m ix ing o f  d ilu te  fe rro u s  so lu tio n s  w ith  d ilu te  so lu tions o f  hydrogen 

perox ide. F o r  th is  p u rp o se  fe rro u s  su lp h a te  so lu tio n  is a llow ed to  run 

slow ly fro m  th e  h o riz o n ta l o u tle t o f  a  b u re tte  w hich  is being  rapidly 

ro ta te d  a b o u t a  vertica l axis, in to  a  la rge  q u a n tity  o f  hyd rogen  peroxide 

so lu tio n  o f  k n o w n  co n cen tra tio n . T h u s  50 cc o f  fe rrous so lu tion  are 

rap id ly  d riven  th ro u g h  th e  o u tle t in to  2 litres o f  hydrogen  peroxide 

so lu tio n  a n d  qu ick ly  d is trib u ted  th ro u g h o u t th e  w hole  bu lk . Sufficient 

tim e is th en  a llow ed to  elapse be fo re  titra tin g  th e  so lu tion , so th a t no

* Kornfeld, ‘ Z. w iss. Photogr.,’ vol. 21, p. 66 (1921).

t  A llmand and Style, ‘ J. Chem. Soc.,’ p. 596 (1930).

X W eiss {in preparation).

§ Rothmund and Burgstaller, * Monatsh. Chem .,’ vol. 34, p. 665 (1913).

.|| Sennewald, ‘ Z . phys. Chem .,’ A , vol. 164, p. 305 (1933).
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fu rther increase  in  th is  tim e  p ro d u c e s  a n y  c h an g e  in  th e  o b serv ed  c o m 

position, a n d  th e  c o n c e n tra tio n  o f  fe rro u s  sa lt h a s  been  re d u ced  to  th e  

lim it o f  m easu rem en t. I t  is th e n  s tro n g ly  acid ified  to  re ta rd  th e  d eco m 

position  o f  th e  u n c h an g e d  h y d ro g e n  p e ro x id e  b y  th e  fe rric  iro n  n o w  

present a n d  th e  re s id u a l h y d ro g e n  p e ro x id e  is finally  e s tim ated  b y  t i t r a 

tion  w ith  p o ta ss iu m  p e rm a n g a n a te , f ro m  w h ich  th e  average  ra tio  n o f  

H 20 2 decom posed  b y  each  F e "  c a n  b e  ev a lu a ted . By th is  m e th o d  w e 

found  th a t, c o n tra ry  to  th e  re su lts  o f  p re v io u s  w o rk e rs , a  m u c h  h ig h e r 

value resu lts fo r  th is  ra tio  th a n  th a t  o b ta in e d  w h en  th e  so lu tio n s  a re  

mixed in  a c ru d e r m a n n e r , a n d  fu r th e r  th a t  th e  c o n su m p tio n  ra tio  

is far fro m  a tta in in g  a  v a lu e  in d e p e n d e n t o f  th e  c o n c e n tra tio n s  o f  e ith e r 

reactant.
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T a b l e  I— C e n t r i f u g a l  E x p e r im e n t s  (i n  n e u t r a l  s o l u t io n )

No.
[H 2O a] 0 .1 0 3

mols/ltr .

[Fe*']0 . 10* 

mol/ltr .

(entering solution)

_ a h 2o 2

n =  ~A F e~

1 5-25 2 -4 2 29 -9

2 1 0 6 1 *01 15*6

3 M O 2-40 9 -4

4 0 -786 2 -0 0 6 -4

5 0-318 2 00 3 -8

6 0-125 2 00 2 -5

A  different p ro ced u re , w h ich  h a d  th e  ad v an ta g e  th a t  th e  in itia l c o n 

cen tration  ra tio  w as b e tte r  defined  a n d  th a t  th e  ra te  o f  chan g e  co u ld  b e  

determ ined fo r  defin ite  in itia l c o n ce n tra tio n s , gave im p o r ta n t resu lts. 

The second m e th o d  w as essen tially  th is  : on e  o f  th e  reac tin g  so lu tio n s , 

norm ally  th e  H 20 2, w as p ro p e lled  in  k n o w n  q u a n tity  p e r  u n it tim e, in  th e  

form  o f  a  rap id ly  flow ing tu rb u le n t s tream , fro m  a n  open ing  th ro u g h  a n  

air space o f  vary ing  len g th  in to  a  receiver. B efore reach in g  th e  ex it, 

the flowing s tream  to o k  u p  th e  second  re a c ta n t, a lso  in  k n o w n  q u a n tity  

per u n it tim e, fro m  a  second  co -ax ial tu b e , a n d  w ith  sufficient tu rb u len ce  

m ixing by  th is  a rran g em en t w as p rac tica lly  in s tan tan eo u s  so th a t  th e  

initial con cen tra tio n s  (t =  0) co u ld  be deduced  accu ra te ly  fro m  

experim ental d a ta . T h e  liqu id  w as left in  th e  receiver u n til in creasing  th e  

time h a d  again  n o  effect o n  th e  resu lts, a n d  th e  m ean  co n su m p tio n  ra tio  

was again  o b ta in ed  as in  th e  fo rm er cen trifugal experim ents, b u t now  fo r  

well-defined in itia l co n cen tra tio n s  o f  th e  reac tan ts . T w o m ethods o f  

titra tion  w ere  requ ired  to  o b ta in  th e  a m o u n t o f  th e  cha in  reac tio n  w hich 

had  taken  p lace fro m  th e  m o m en t o f  m ix ing to  th e  final tim e ; firstly 

the stream ing liqu id  was allow ed to  flow  directly  in to  a  know n  excess o f

2 AVOL . C X LV II .— A .

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

9
 A

u
g
u
st

 2
0
2
2
 



acid  p e rm an g an a te  in  th e  receiver so th a t  th e  ti tra tio n  gave the  sum  o f the 

H 20 2 an d  Fe*’ in  th e  liqu id , a n d  secondly  th e  p e rm an g an a te  w as replaced 

by  a  s trongly  acid  so lu tio n  o f  th e  fe rro u s salt, by  w hich  m eans the  unused 

H 20 2 w as rap id ly  destroyed  acco rd in g  to  (8). By th is  m e th o d  th e  am ount 

o f  reaction , acco rd ing  to  th e  c h a in  eq u a tio n s , w h ich  tak es  p lace in  a  time 

less th a n  1 second, m ay  be  fo u n d , b u t  th e  tim e c a n n o t be fo u n d  with 

accuracy, th o u g h  th is  difficulty can  be  overcom e by  vary ing  the  cross- 

sections o f  th e  tu rb u le n t s tream . W e h ave  accord ing ly  m ad e  tw o other 

series o f  experim ents, “  je t  ”  experim en ts  in  w hich  th e  liq u id  was forced 

fro m  a  glass je t  o f  one  sq u are  m illim etre  cross-section , a n d  “  pouring ” 

experim ents in  w hich  th e  liq u id  w as p o u re d  a ll a t  once in to  a  large funnel, 

a n d  em erged fro m  th e  op en in g  in to  a  w ide vessel ; in  b o th  series of 

experim ents the  second  re a c ta n t w as ag a in  a d d ed  th ro u g h  a  narrow  

coaxial tube.

In  the  “  p o u rin g  ”  experim en ts, 1 litre  o f  th e  liq u id  w as collected in 

the  receiver in , a t  m ost, 2 seconds, a n d  th e  re a c tio n  w as stopped  after a 

m easu red  tim e t by  ad d in g  1 litre  o f  th e  in h ib itin g  liqu id , e ither acid 

p e rm an g an a te  o r  fe rro u s su lp h a te , a n d  en su rin g  ra p id  m ix ing by m echani

cal stirring . I f  th e  c o n cen tra tio n s  a re  such  th a t  th e  reac tio n  is slow, the 

u n certa in ty  in  th e  m easu rem en t o f  th e  tim e o f  th e  re a c tio n  is ±  1 second, 

an d  is negligible, as m ay  b e  seen fro m  th e  values o f  t show n in  Table II.

F ro m  th e  “  p o u rin g  ”  experim en ts, th e  velocity  co n sta n t k x m ay be 

deduced  im m ediate ly  ; fro m  th e  “  je t  ”  experim en ts  the  reac tio n  time 

m ay  now  be  fo u n d , fo r  th e  p ro d u c t k xt is given accurate ly . T he  value 

o f  t fo u n d  is o f  th e  o rd e r  o f  \  second. F ro m  th is  we can  ob ta in  the 

in itia l va lue  o f  th e  ch a in  len g th  in  th e  je t  experim en ts  ; th a t  is, fo r con

cen tra tio n  ra tio s  n o t  fa r  rem o v ed  fro m  th e  in itia l c o n cen tra tio n  ra tios at 

t  =  0, an d  we th u s  o b ta in  th e  th ree  q u an titie s , th e  velocity  constan t kh 

th e  in itia l ch a in  leng th , a n d  finally  th e  m ean  ch a in  leng th  th ro u g h o u t the 

com plete  reaction . T h e  influence o f  tem p e ra tu re  a n d  acid ity  on  these 

th ree  quan tities  m ay  a lso  be  d e te rm in ed  separa te ly .

E xam in ing  th e  resu lts in  m o re  de tail, we find in  th e  “  p o u rin g  ”  experi

m en ts  th a t  th e  co n su m p tio n  ra tio  is 0 • 5 as given by  (8). T he  expression 

fo r th e  reac tio n  velocity  is th en

-  d(Hdf ‘] =  ~ i  =  k t (F e") (H aO „ ) , j
w hich m ay be in teg ra ted  using  th e  sto ich iom etrica l re la tion  (8) to  give

k  ■= 2 ’3 Ina [Fe“lo [(H 20 2)„ -  x/2]
1 (H 2O 2)0 tS [H 2O 2] 0 [(Fe**)c — ■*] ’

340 F . H aber and J. W eiss
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where x  is the  a m o u n t o f  iro n  used  u p  in  th e  tim e t. T a b le  I I  sum m arizes 

these “  p o u rin g  ” e x p e r im e n ts ; average  values fo r  th e  th ree  tem p e ra tu re s  

em ployed are  given a t  th e  fo o t o f  th e  tab le , a n d  fro m  these  the  energy  o f  

activation  has  been  fo u n d  to  be 8500 ±  500 cals. In  ag reem en t w ith  

the theory , the  resu lts  in  th e  ta b le  show  th a t  th e  velocity  c o n s ta n t does 

no t vary  ap p rec iab ly  w ith  th e  acid ity .
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T a b l e  I I —P o u r i n g  E x p e r im e n t s

C o n su m p -

[H 2O 2] 0 10* [F e " ]  . 10* [FT] . 102 T em p . t tio n k r

No. m o l/ltr . m o l/ltr . e q u iv ./ltr . ° C sec. ra tio

1 5-21 34 -2 0 -186 19-7 14 0 -5 25

2 5 00 32-5 4 -4 6 2 0 -2 13 0 -5 25-3

3 6-95 3 5 0 0 -1 8 6 19-7 13-5 0 -5 2 4 -2

4 6-83 34-3 1-86 19 7 13-7 0 -5 24 -2

5 5-35 33 -4 0 -186 19-7 15 0 -5 21 3

6 5-25 23 -0 1-84 20 15 0 -5 21 6

7 7-08 52-8 0 -1 8 6 20 9 0 -5 25 1

8 11 07 8 -8 2 9 -3 4 21 15-5 0 -5 23-3

9 0-97 10-7 18-7 21 16 0 -5 -20-5

10 5 00 20-5 4 -4 6 46 -5 13 0 -5 63 -7

11 5-11 21-5 4-45 44 -5 13 0 -5 64-5

12 5 1 1 21-5 0 -187 44 13 0 -5 60 -0

13 3-60 12-4 0 -465 46 13 0 -5 65-1

14 6 0 2 57-7 0 -186 6 29 0 -5 12-1

15 6 0 2 57-7 4-45 6 29 0 -5 12-3

16 6 0 7 24 -6 1-86 6 27 0 -5 9 -4

17 6 0 7 24-6 8-5 6 34 0 -5 10-5

k x (6° C) = 11 ; k x(20° C) =  23 ;; k x (45° C) =  63.

Table  I I I  gives the  resu lts o f  the  “  je t ”  experim en ts. O nly  the  p ro d u c t 

k xt can be o b ta in ed  fro m  th is series, b u t its constancy  is also  a  p ro o f  o f  

the constancy  o f  k x, since the  m e th o d  o f  experim en t involves no  c o n 

siderable change in  the  tim e t in  th e  d ifferen t experim en ts. T he  reac tion  

times are  calcu la ted  fro m  the  values o f  k x w hich  h a d  been de term ined  

previously, an d  the  m ean  co n su m p tio n  ra tio s  n w hich a re  a lso  show n are  

seen to  be definitely g rea te r th a n  the  in itia l co n su m p tio n  ra tio s  nv found  

from  the  m uch  sm aller tim es o f  flow  in  th e  “ je t  ”  experim ents.

E quation  (9) shows th a t w hen  the  consu m p tio n  ra tio  differs a t all 

from  0-5  the  value o f k^\kx m ay  be determ ined  ; an d  th is  can  be d one  

from b o th  series o f  experim ents. W e have n o t used  the  in teg ra ted  fo rm  

of the expression (9 '), since we are  considering  those  reactions in  w hich 

the ratio  is n o t m uch rem oved from  0 -5  w hen an  average value can  be

2 a  2
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342 F . H aber and J. W eiss

used w ith o u t serious e rro r. T ab le  IV  show s th a t  n an d  hence fc2/fc4 is 

sm aller, fo r sh o rt in itia l chain  leng ths only, as th e  acid ity  increases, but 

the  influence o f  th e  ac id ity  is re la tively  sm all, certa in ly  fa r rem oved from 

sim ple p ro p o rtio n a lity . A s has  been  s ta ted  above, w e believe this result 

to  b e  the  consequence o f  th e  re a c tio n  betw een  tw o rad icals, an  additional 

process th a t  becom es th e  m o re  im p o r ta n t th e  g rea te r th e  chain  length 

an d  the  acidity.

T a b l e  I I I — J e t  E x p e r im e n t s

In itia l M ean 

con- con-

[H 2O 2] 0 . 104 [F e " 0] .1 0 4 

m o ls/ltr . m o ls /ltr .

H* . 102 

eq u iv ./ltr .

T em p .

° C

t
sec

k x x t su m p 

tio n

ra tio

«0

sum p

tion

ra tio

n

1 130-0 15-90 1-51 20 0 -4 4 10-2 0 -5 2-02

2 126-0 23-43 0 -9 4 20 0 -5 2 1 1 9 0-5 2-23

3 80-70 20-15 56 -0 20 0 -5 6 12-9 0 -5 0-63

4 83-85 19-80 15-5 20 0-5 4 12-4 0 -5 0-75

5 87-00 21-30 15-1 20 0 -5 0 11-3 0-5 0-77

6 98-15 26-38 6-24 7 0-45 5 -0 0-5 0-87

7 101-75 2 5-64 3 -1 4 41 0-43 28-7 0-5 1-57

8 92-70 21-57 3-07 17 0 -5 0 10-7 0-5 1-26

T a b l e  IV

N o.

3
 

*
 

2
. 

O [F e -]  . 104 

m o ls /ltr .

[ H ] . 102 

eq u iv ./ltr .

T em p.

° C

t
sec

f  a h 2o 2\

V A F e- Jt
^  102 
V

1 67-5 16-9 0 -4 7 20 4 0-68 2-8
2 65-6 15-2 0 -4 7 20 4 -8 0-66 2-3

3 20-65 13-6 0 -4 7 20 12 0-6 0 2-7

4 11-20 8-82 0 -4 7 21 14 0-5 6 3-7

5 10-97 10-7 0 -1 9 21 15 0-5 6 3-7

6 55-0 17-2 4 -4 6 20 4 -8 0-555 1-2

7 21-2 10-0 4 -4 6 20 12-2 0-565 1-7

8 82-85 21-7 0 -15 20 0 -5 0-625 3-0

9 98-75 16-2 ~io-« 20 0 -5 0 -8 2 4 -7

10 93-82 19-93

(n eu tra l)

0 -43 20 0-5 0-645 2-8

11 101-30 22-43 0-43 17 0-5 0-63 2-7

N os. 1-7 , je t  experim ents ; N os. 8 -11 , p o u rin g  experim ents.

T able  V  sum m arizes th e  results o f  experim ents in  w hich the  tim e of 

observation  has been  ex tended  so fa r th a t  fu r th e r increase had  no  effect. 

P airs o f  co m parab le  experim ents w ith  d ifferent acid ities are  shown
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Catalytic Decomposition of Hydrogen Peroxide 343

together, an d  w hile  n o  ex ac t q u a n tita tiv e  e v a lu a tio n  o f  th e  p a r t  p lay ed  

by the rec ip rocal a c tio n  o f  th e  rad ica ls  in  sh o rten in g  th e  chain s can  be 

m ade, the  effect o f  inc reasin g  th e  ac id ity  in  sh o rte n in g  th e  c h a in  is c learly

seen.

T a b l e  V
R a tio

N o. [H 2O 2] 0 .1 0 3 [F eS O 4] 0 . 10* [H ‘] . 102 a h 2o 2 A cid ity o f  m ean

m o ls /ltr . m o ls /ltr . e q u iv /ltr . A F e” ra tio ch a in

leng ths

1 9 1 1 4 -9 0 11-8 0 -8 6 7 -2 1-7

8 -9 0 5 00 8 5 -0 0 -5 0

2 6-18 3-78 0-118 6 -8 10 3-1

6 -3 2 3-65 1-18 2 -2

3 2 -4 9 5 04 0-117 2 -5 10 1-7

2 -4 7 5 -05 1-17 1-5

4 5-98 3 -5 7 0 -117 4 -4 10 1-9

6-82 3 -39 1-18 2 -3

5 1 *62 0-2 38 0-115 7 -4 20 7 -4

1 *61 0 -243 2 31 1-0

6 3 -2 0 0 -998 0 -117 7 -0 100 7 -7

3-15 0 -9 9 0 11-7 0 -9

7 1-74 0-383 “  n e u tra l ” 15-7 ~10* 4 -5

1-72 0-268 0 -5 7 3-5

In  T ab le  V I a re  su m m arized  a  n u m b e r o f  experim en ta l resu lts  o b ta in ed  

a t nearly  c o n s ta n t p H—a n e u tra l so lu tion . F ro m  these  resu lts it  is possib le  

to  o b ta in  an  idea  o f  th e  ran g e  o f  fe rro u s iro n  co n ce n tra tio n s  over w hich  

the m ean  ch a in  leng th  can  be sa tisfac to rily  in te rp re te d  on  the  basis  o f  

equations (1) to  (4), w ith o u t tak in g  th e  ad d itio n a l cha in  b reak in g  m echan-

Ta b l e  V I

N o.
[H 2O 2] 0 .1 0 3 [FeSO4]0 . 10* [H2O2i 0 _  a h 2o 2

/
m o ls/ltr . m o ls /ltr . 0 [Fe"]0 AFe”

1 10-1 0 -384 262 23-5 ~  10~2

2 2-75 0-132 208 17-0 ~  10-2

3 2-81 0-138 203 16 3 ~  10~2

4 1-74 0-383 45 15-7 ~  10-2

5 3-00 1-08 28 14-7 ~ to-2
6 0-98 0-3 82 25 11-1 ~  10-2

7 0-72 0 -340 21 6-8 ~  10-2

8 1-49 1 -16 13 6 -2 ~  10-2

9 0-48 0-333 15 5-7 ~ 10-2
10 2-83 2-64 11 4 -9 ~  10-2

11 4-68 4-81 10 4-3 ~ 10 2

12 2-62 3-00 9 3-5 ~ 10~2
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344 F . H aber and J. W eiss

ism s in to  accoun t. T he  ra tio  o f  th e  iro n  c o n cen tra tio n  a fter time t 

to  the  in itia l co n cen tra tio n  m ay  be d en o ted  by f ,  so th a t

and  from  (7) it  follow s th a t

f =
J  F e e ’

/ =  e~2kl(H*0i)

w here (H 20 2)TO represen ts  a  m ean  value  w hich  does n o t differ seriously 

e ither fro m  the  in itia l va lue  ( H 2O 2) 0 o r th e  final value  ( H 20 2)f, and is 

tak en  as co n sta n t fro m  t =  0 to  

can  then  be in teg ra ted  fo r c o n s ta n t values o f  H 20 2 betw een the  limits 

F e 0 an d  F e <? an d  th e  in teg ra l ev a lu a ted  w ith  th e  a id  o f  th e  values for 

k 2!ki w hich we h ad  p rev iously  de term ined . F o r  th e  m ean  consum ption  

ra tio  we th en  o b ta in

, 5 I_ k* ____ 1
A:4 ’ 2kFe 0’* t

,-2*! (H202) t _
I]*

F ro m  th is  expression  th e  frac tio n  /  m ay  be de term ined , an d  we find that 

in  all experim ents in  T ab le  V I it  is n early  1%. T h u s u n til th is region is 

reached  equations (1) to  (4) a re  ad eq u a te , an d  it  is on ly  d u ring  the  final 

1% o f  the  iro n  co n su m p tio n  th a t  th e  a d d itio n a l chain  b reak in g  m echanism s 

p lay  any  appreciab le  p a rt.

C a t a l y s is  b y  F e r r ic  Sa l t s

In  the  preced ing  p a r t  o f  th is p ap er, a  descrip tion  o f  the  cataly tic  decom 

position  o f  hydrogen  p erox ide  by  fe rro u s salts has been given, and  we 

now  wish to  discuss the  re la tio n  o f  th is reac tio n  to  the  cata ly tic  decom 

position  by the  a id  o f  ferric  salts. T here  a re  tw o possibilities to  be 

considered . I f  som e fe rrous sa lt is fo rm ed  as an  in te rm ed ia te  during 

the  ferric iro n  catalysis, th e  eq u a tio n s  developed above m ust find their 

p lace in  the  full descrip tion  o f  th e  ferric  iro n  catalysis ; since, in  acid 

so lu tion  the  only  difference betw een th e  tw o cases will lie in  the  relative 

concen tra tions  o f  the  th ree  reacting  substances H 20 2, F e ” an d  Fe**\ If, 

how ever, the  ferric catalysis does n o t involve fe rrous iro n  as an  in ter

m ediary  b u t ra th e r p roceeds th ro u g h  the  iro n  being oxidized to  a  higher 

stage o f  valency, a  new  set o f  eq u a tio n s  w ould  have to  be developed. The 

w ork  o f  B ohnson  an d  R o b ertso n *  m igh t be in te rp re ted  as lending some 

su p p o rt to  th is la tte r view, fo r th e ir spectroscopic  investigations of 

w eakly acid  so lu tions o f  ferric salts w ith  hydrogen  peroxide, in  which 

som e co lo u r change is visible to  th e  eye, w ere in te rp re ted  by them  as

* ‘ J . A m er. C hem . S oc.,’ vol. 45, p. 2493 (1923).
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Catalytic Decomposition of Hydrogen Peroxide 345

showing the  sp ec tru m  o f  fe rric  acid . W e d o  n o t, how ever, reg ard  th is 

result as conv incing  fo r  th e  ex p erim en ta l m a te ria l seem s insuffic ient to  

prove conclusively  th a t  th e  sp ec tru m  w as rea lly  fe rric  acid , a n d  desp ite  

num erous experim en ts o f  o u r  ow n  w e have  been  u n ab le  to  satisfy  o u r

selves on  th is  p o in t. W e d o  n o t p ro p o se  to  describe  these  spectroscop ic  

investigations in  d e ta il fo r  th e  p resence  o f  fe rro u s  salts  in  th e  ferric  iro n  

catalysis o f  h y d ro g en  p e ro x id e  in  ac id  so lu tio n  h as  been  estab lished  by  

K uhn an d  W asserm an n ,*  a n d  we have  been  ab le  to  ex tend  a n d  confirm  

their m ost im p o rta n t r e s u l ts ; an d  th u s  in  o u r  c o n s id e ra tio n  o f  the  ferric  

catalysis we s ta r t w ith  the  a ssu m p tio n  th a t  th e  iro n  is p re sen t a lte rn a te ly  

in the ferric  an d  fe rro u s  fo rm s. T h e  view  som etim es expressed  in  th e  

lite ratu re  th a t th e  ra te  o f  d eco m p o s itio n  is th e  sam e b o th  fo r fe rro u s an d  

ferric salts is false fo r  th e  ex perim en ts  o n  w h ich  it is based  have been  m ad e  

in acid so lu tion  w ith  th e  a d d itio n  o f  sm all a m o u n ts  o f  fe rric  o r  fe rro u s 

salts, and  w hen  fe rro u s sa lt is u sed  it  is tra n sfo rm e d  a lm o s t en tire ly  in to  

ferric a t the  very  beg inn ing  o f  th e  re ac tio n , a n d  th e  re su ltin g  slow  cata lysis 

by the  ferric sa lt is n a tu ra lly  th e  sam e as i f  fe rric  sa lt h a d  been ad d ed  a t 

the beg inn ing  in  p lace  o f  th e  fe rro u s.

M ost o f  th e  resu lts  o f  p rev ious w o rk ers  gave th e  velocities o f  d eco m 

position  o f  h y d ro g en  p e ro x id e  in  so lu tio n s  in  w h ich  its  c o n cen tra tio n  

ranged from  lO-1 to  10~3 m o l/litre , in  th e  p resence o f  10-2 to  10~3 m o l/ 

litre o f  iro n  a n d  w ith  acid  c o n cen tra tio n s  co rre sp o n d in g  to  10-1 to  10~3 

equivalents p e r litre  o f  free  su lp h u ric  acid . T h e  use o f  w eaker acid  

solutions is inadv isab le  since specia l co m p lica tio n s  due  to  the  ferric  iron  

no longer being  p resen t m ain ly  in  the  fo rm  o f  ferric  ions w ill th en  arise. 

Instead, m o st o f  the  iro n  is p resen t in  the  fo rm  o f  im perfectly  kno w n  iro n  

complexes as in d ica ted  by  th e  difference in  th e  c o lo u r o f  the  so lu tion  

from  the  p la in  yellow  ch arac te ris tic  o f  ferric  so lu tions  in  th e  reg ion  o f  

acidity m en tioned  above.

I t has been fo u n d  th a t th e  ra te  o f  c o n su m p tio n  o f  H 2O a is m ono- 

m olecular w ith  respect to  itself, d irectly  p ro p o r tio n a l to  th e  to ta l am o u n t 

of iron in  so lu tion , a n d  inversely  p ro p o r tio n a l to  the  equ ivalen t co n 

centration  o f  th e  ad d ed  acid . T ab le  Y II gives a  n u m b er o f  o u r own 

results, toge ther w ith  those  o f  p rev ious w o rk e rs ,!  fo r th e  velocity  co n 

stants o f decom position  o f  H 2O a calcu la ted  fro m  the  eq u a tio n

=  K  [ H ,O J .  (12)

* ‘ Liebigs A n n .,’ vol. 503, p. 203 (1933).

t  v. B ertalan , ‘ Z . phys. C h em .,’ vol. 95, p. 338 (1920) ; Spitalsky an d  Petin , ibid., 

vol. 113, p . 161 (1924) ; B ohnson  an d  R o b e rtso n , loc. cit.
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346 F . Haber and J. W eiss

Fe*“ represents  the  to ta l a m o u n t o f  iro n  in  so lu tio n  expressed  as mols/ 

litre, an d  H ' is the  equ ivalen ts p e r litre  o f  ad d ed  acid , in  these experiments 

su lphuric .

T a b l e  V II

N o.
[ F e - ]  . 103 

m o ls /ltr .

[H-] . 103 

eq u iv ./ltr .

[H-J

[ F e - ]
2* i o K ~ r ] 103 2k10 K . 105

LH  J

1 4 0 0 1 50 0-375 33-5  12-5

2 4 0 0 4 -5 0 1-125 13-216 14-86

3 4 0 0 22-5 5-625 1-873 10-35

4 4 00 8 8 0 2 2-00 0-576  12-68

5 4 -5 0 3 00 0 -666 14-25 9-48

6 1 2 0 30 0 2 -5 0 3-946  9-86

7 1 2 0 1 5 0 1-25 9-840  12-3

8 73-0 1 5 0 0-205 3-59  7 .37

9 73-0 30 0 0-4105 26-5  10-88

10 73 0 150 2-055 7-48  15-35

2A:*.«K ("mean from our own experiments") ...... .............  1 * 1 6 .1 0 *
------ JL U-- \------------------- ------- ------------  --- ---------

2k 10K  (v. B erta lan ) ................ ....................  1 -1 7 . 10-4

2k10K (S pitalsky  a n d  P e t in ) . . . ....................  1 -1 9 . 10-4

T he ra te  o f  reac tio n  is inversely  p ro p o r tio n a l to  the  acid ity , an d  this is 

du e  to  th e  fac t th a t  in  c o n tra s t to  th e  fe rro u s reac tio n  th e  reactive state 

o f  the  h yd rogen  p erox ide  is n o  lo n g er H 20 2 b u t is now  the  an io n  H 0 '2, 

th e  c o n cen tra tio n  o f  w hich  is re la ted  to  th a t  o f  th e  perox ide  by (11). 

T h e  v a ria tio n  w ith  th e  to ta l iro n  show s th a t in  the  s ta tio n ary  state  only 

a  sm all frac tio n  o f  th e  iro n  is th e re  as F e ‘* ; a n d  th is m u st be so since the 

velocity  o f  reac tio n  o f  th e  ferric  io n  w ith  the  perox ide  an io n  is very 

sm all co m p ared  w ith  th e  co rre sp o n d in g  reac tio n  o f  F e ” w ith  H 20 2. 

T h e  p rim ary  process fo r  th e  ferric  io n  is

F e -  +  H O '2 -> Fe** +  H 0 2, (13)

an d  the  velocity  c o n s ta n t in  (13) is re la ted  to  in  (12) by  the  relation 

k  =  2&13K . T h e  fa c to r 2 com es in  fro m  the  fac t th a t  in  the  stationary 

St3,tc
_  < /(H 2Q 2) _  2 d (P 2)

dt dt

F ro m  o u r ow n an d  o th e r w o rk e rs ’ resu lts we find th a t &13 =  6 -0  X 107 

(secs. m ol. /litre) a t  20° C .

T h e  tem p era tu re  coefficient determ ined  by different observers gives a 

h ea t o f  ac tiv a tio n  o f  a b o u t 21000 cals, o f  w hich  8600 cals, is due to  the 

h e a t o f  d issoc ia tion  o f  H 20 2, a n d  th e  rem ain ing  p a r t to  the  reaction  (13), 

includ ing  the  h ea t o f  d issocia tion  o f  th e  ferric salt.
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Catalytic Decomposition of Hydrogen Peroxide 347

The co m b in a tio n  o f  e q u a tio n  (13) w ith  th e  fo u r  e q u a tio n s  used  to  

describe the  fe rro u s  io n  cata lysis  leads to  a  su rp ris in g  resu lt. T h e  p ro 

duction  o f oxygen th ro u g h  th e  in te ra c tio n  o f  th e  ra d ic a l H O a w ith  H 20 2 

necessitated the  in tro d u c tio n  o f  a  te rm  c o n ta in in g  th e  sq u are  o f  th e  c o n 

cen tration  o f  the  p e ro x id e  in  th e  exp ression  fo r d ( H 20 2) \d t ; b u t (12) show s 

tha t in  the  fe rric  cata lysis o n ly  a  te rm  in  th e  first p o w er o f  th e  p e ro x id e  

is required. T h u s  in  th e  la tte r  case th e  p ro d u c tio n  o f  oxygen c a n n o t 

proceed  as a  ch a in  re a c tio n  i f  th e  ch a in s  a re  to  be  o f  ap p rec iab le  leng th , 

and  the rad ica l H O a w h ich  w e h av e  reco g n ized  as th e  c h arac te ris tic  

chain  ca rrie r in  th e  fe rro u s  ca ta ly sis  m u s t be  ab le  to  d isa p p e a r in  th e  

ferric ion  cata lysis  w ith o u t in itia tin g  o r  co n tin u in g  an y  re a c tio n  chains. 

This process is th e  fo llow ing

W hen the  speed o f  th is  re a c tio n  (14) is g re a te r  th a n  th a t  o f  re a c tio n  (3) 

the chain  re a c tio n  sim ply  changes over to  a  re a c tio n  o f  rad ica ls  n o t 

involving chains. T h is  m ay  be im p o r ta n t in  view  o f  th e  sim ple  illu s tra 

tion it affords o f  th e  ease w ith  w h ich  a  ra d ic a l re a c tio n  m ay  change  to  a  

chain  reac tio n  a n d  vice versa ; a  very  sm all v a ria tio n  o f  th e  co n d itio n s  

o f  the reac tio n  being  sufficient to  effect th is . In  th is  re a c tio n  th e  ra te  o f  

fo rm ation  o f  oxygen, as given by  th e  tw o  eq u a tio n s  (3) a n d  (14), is 

evidently de te rm in ed  by  tw o  velocity  c o n stan ts , w hose  values lie sufficiently 

close toge ther fo r  e ith e r o f  th e  tw o  reac tio n s  to  p re d o m in a te , th e  re la tive  

concen tra tions o f  H 20 2 a n d  Fe"* be ing  th e  d e te rm in in g  fa c to r. G en era lly  

(14) is the  d o m in a n t rea c tio n , b u t  a lte ra tio n s  a re  possib le  w hich  fav o u r 

(3) to  such  an  ex ten t th a t  chain s a p p e a r ;  increase  o f  H 2O a a n d  decrease  

o f  Fe*“ w ill cause th is to  h ap p en , th o u g h  th e re  is a  n a tu ra l  lim it to  th e  

perm issible decrease o f  Fe"* d e te rm in ed  by a  m in im al am o u n t being 

necessary to  in itia te  th e  chains.

There is yet a n o th e r  w ay in  w hich  th e  H O a m ay  d isap p ea r w hile  th e  

ferric reaction  proceeds, nam ely , th e  reac tio n  (10) w hich  w as o m itted  in  

the previous d iscussion  as p ro b a b ly  being  unnecessary  b u t n o t false. I t  now  

becomes im p o rtan t, a n d  we see a t  once th a t since it is th e  inverse o f  (13)

so long as reaction  (10) p roceeds w ith  an  app reciab le  velocity  there  w ill 

always be a  certa in  a m o u n t o f  H O a w hich  does n o t reac t accord ing  to  

(3) though  it need  n o t d isap p ea r acco rd ing  to  the  m echanism  o f  (14). 

Exam ining th is  in  fu r th e r de ta il we see th a t if  we w ish to  m ake reaction

F e ~  +  H O a -> F e "  +  0 2 +  H*. (14)

| (13)

1  ( 10)
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348 F . H aber and J. W eiss

(3) m uch  th e  m o st im p o r ta n t w e m u s t sim u ltaneously  keep  the  ferric ion 

co n cen tra tio n  sm all in  o rd e r to  re ta rd  (14), a n d  th e  H 2O a concentration 

la rg e  in  o rd e r to  fa v o u r (3), a n d  also  p rev en t th e  H 0 2 fro m  disappearing 

by  m eans o f  reac tio n  (10) w ith  Fe** w ith o u t th e  p ro d u c tio n  o f  oxygen. 

These th ree  co n d itio n s  o ccu rrin g  to g e th e r sh o u ld  give th e  m o st favour

ab le  cond itions  fo r  th e  p ro d u c tio n  o f  oxygen fro m  a  ch a in  reaction  in 

th e  ferric  cata lysis . T h e  c o n ce n tra tio n  o f  H 2O a sh o u ld  be  1 m ol /litre 

o r  m ore , th a t  o f  th e  ferric  io n  sm all, as m ig h t be  given by  a  very  slightly 

d issocia ted  com plex sa lt such  as th e  ace ta te  o r  su cc in a te ; an d  there 

shou ld  a lso  be  a  substance  p re sen t in  so lu tio n  th a t  w ill com bine w ith  the 

fe rrous io n  a n d  keep  its  c o n ce n tra tio n  lo w ; these  th ree  conditions will 

rep ro d u ce  th e  experim en ts o f  K u h n  a n d  W asserm an n  (loc. cit.) and  will 

give rise to  a  g reatly  acce lera ted  p ro d u c tio n  o f  oxygen. T h e  reaction 

chains w ill be very  long , a n d  th e ir  te rm in a tio n  du e  n o t  to  reaction  (4) 

b u t to  the  in te ra c tio n  o f  tw o  rad icals . In  these  c ircum stances the rate 

o f  p ro d u c tio n  o f  oxygen increases by  a b o u t 100 tim es, a  phenom enon 

te rm ed  by  its  d iscoverers th e  “  K a ta la ses to ss  ”  a n d  believed by  them  to 

be fundam en ta lly  a  new  k ine tic  effect, b u t  i t  seem s th a t  th e  explanation 

given above is sa tisfac to ry  a n d  th e ir  view  less p ro b ab le . I t  m ay be 

m en tioned  th a t th e ir m e th o d  o f  m in im izing  th e  a m o u n t o f  ferrous ion 

is n o t a  new  o n e ; i t  consists in  th e  a d d itio n  o f  y y '-d ip y rid y l, the  action 

o f  w hich  on  m ix tu res o f  fe rro u s  a n d  fe rric  salts has  been  stud ied  also by 

e lectrochem ical m eth o d s by  F ried h e im  a n d  M ichaelis.*  T his substance 

has been  fo u n d  to  sh ift th e  p o te n tia l so fa r  to  th e  side o f  th e  strong 

oxid iz ing  m ateria ls  th a t  th e  d ev e lo p m en t o f  th e  gaseous oxygen is a 

serious h in d ran ce  to  th e  exac t m easu rem en t o f  th e  e lec trode poten tia l.

W e have n a tu ra lly  tried  to  m ak e  a  de ta iled  analysis  o f  th e  system 

o b ta in ed  by  com bin ing  a ll th e  re lev an t eq u a tio n s  (1), (2), (3), (4), (10), 

(13), a n d  (14), b u t the  com plica ted  expressions w hich  resu lt have proved 

to  be o f  little  value. T h e  success a tta in e d  p rev iously  in  using  the  simple 

re la tionsh ip s (1) to  (4) en cou raged  us to  search  fo r  a  sim pler m ethod  of 

p rocedu re , even a t  th e  risk  o f  losing  som e o f  th e  com pleteness o f  the 

fo rm u la tio n . W e have  fo u n d  th a t  th e  (2), (3), (10), a n d  (13) a re  adequate 

to  expla in  th e  results, o r, in  o th e r  w ords, we m ak e  the  assum ption  that 

the  equ ilib rium  expressed by  (10) a n d  (13) is read ily  established. Then 

th e  co n cen tra tio n  o f  H 0 2 can  be  derived  w ith  sufficient accuracy  from  the 

expression

* ‘ J . B iol. C hem .,’ vol. 91, p . 343 (1931).
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Catalytic Decomposition of Hydrogen Peroxide 349

tnd the k inetic  eq u a tio n  co rresp o n d in g  to  (3) m ay  th e n  be  tran sfo rm ed

0
d{ Ot) k
~~w  3

k u  K  [ F e - ]  

*io [H*] [F e-]
[H 20 2]2. (15)

ftuhn  and  W asserm ann  fo u n d  th a t  th e  ra te  o f  p ro d u c tio n  o f  oxygen 

is p ro p o rtio n a l to  th e  sq u are  o f  th e  co n ce n tra tio n  o f  th e  H 20 2 a n d  w as 

retarded by  increasing  h yd rogen  io n  co n ce n tra tio n  ; b o th  these  resu lts 

are explained a t  once b y  th e  ab o v e  expression  (15), a n d  in  a d d itio n  th e  

action o f  d im in ish ing  F e ‘* c o n cen tra tio n  is c lear. O f th e  co n stan ts  in  

this expression, k 13lk10 =  K A deserves c loser a t te n t io n ; k 13 is kn o w n  

from ou r m easurem ents  to  b e  6 . 107, a n d  it  is p ro b a b le  th a t  th e  reverse 

process w hich is in  th e  exo therm ic  d irec tio n  w ill have  n o  h e a t o f  ac tiva 

tion and  since a lso  i t  is a  sim ple  tran sfe r o f  ch arg e  i t  is likely  th a t  ki© 

will be ab o u t 1011, th e  n o rm a l value  fo r  reac tio n s  ta k in g  p lace  a t  every 

collision; thus K A w ill b e  a b o u t 1 O '3. T h is  re su lt is o f  fu r th e r in terest, 

for we m ay express th e  reac tio n  rep resen ted  by  (15) in  th e  fo rm

F e -  +  i H 2 ^  F e ” +  H*

H 0 2 +  £ H 2 ^  H O '2 +  H \

The first step w ill give th e  e lectro ly tic  p o te n tia l o f  Fe*” /F e ”  (know n  to  

be + 0 - 7 5  vo lt) ; th e  second  th e  e lectro ly tic  p o ten tia l H 0 2/ H 0 '2 fo r 

which no  value has so fa r  been  availab le  b u t w hich  fro m  th e  value  o f  K A 

is now seen to  be  a b o u t 0 • 58 vo lt. T h is  value  is certa in ly  n o t very  exact, 

but it suffices to  fu rn ish  a n  estim ate  o f  th e  fo u r red u c tio n  po ten tia ls  

which govern  th e  electro ly tic red u c tio n  o f  0 2 to  H aO.

0 2 “l- H  -|- s O aH  E i

0 2H  4" H  0 2H 2 E 2

0 2H 2 +  H* -f- e ^  OH2 +  O H  E 3 

OH +  H* +  e ^  OH2 E 4

The sum  o f  E x +  E 2 +  E 3 +  E 4 w ill give the  free energy o f  th e  reaction

O a +  4H* +  4 e ^  2 H aO,

and so is num erically  fou r tim es 1-23 volts. N o w  accord ing  to  Lewis 

and R andall the  sum  E x +  E 2 is equal to  1*36 volts, an d  from  the  value 

established above fo r the  H 0 2/ H 0 '2 po ten tia l an d  the  know n  value o f  

the dissociation constan t o f  H 20 2, the  po ten tia l H 0 2/H 20 2 m ay be 

calculated. This sum  E x +  E 2 can  be div ided in to  the  tw o p a rts

E i ^ O - 0 8  vo lt 

E 2 ^  1 *28 volts.

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

9
 A

u
g
u
st

 2
0
2
2
 



350 F . H aber and  J. W eiss

E 3 +  E 4 can  also  be  d iv ided  in to  its  tw o  p a rts , fo r  th e  equ ilib rium  constant 

o f  th e  reac tio n
h 2o  ^  o h  +  h

is  fu lly kno w n  therm odynam ically . T h u s  E 4 =  2 • 1 v o lts  an d  E 3 ~  1 -46 

volts, a ll values being  m easu red  ag a in s t th e  h y d ro g en  electrode. The 

to ta l energy o f  H  +  ^ H 2 == H 2 +  50 k . cals, is a lm o st th e  sam e as for 

th e  reac tio n  H  +  0 2 =  H O a. T h e  g rea t difference betw een  th is  value 

a n d  th e  m u ch  la rg e r value  fo r  H  +  H 0 2 =  H 20 2 is du e  to  th e  fact that 

th e  doub le  b o n d  in  th e  oxygen m olecu le  m u st be  opened  to  p roduce the 

first p ro d u c t H O a b u t is a lread y  o p en  fo r th e  second  step  to  proceed.

T here  a re  m an y  o th e r a llied  p rocesses w ith  a  d irec t bearing  on the 

ex p lan a tio n s  given above. T h u s  in  o u r  p re lim in ary  p a p e r  we have 

a lread y  discussed th e  cata lysis b y  io d in e  ions, a  sub ject o n  w hich  we have 

m ad e  m an y  experim en ts, a n d  in  th is  p a p e r  w e have  refe rred  bo th  to 

th e  p h o to ch em ica l cata lysis a n d  to  th e  ca ta ly tic  d ecom position  o f  H 20 2 

by ozone, b u t we d o  n o t  w ish  to  e n te r h e re  u p o n  a  detailed  con

s id e ra tio n  o f  these  m u ch  m o re  co m p lica ted  processes. T h e  points 

w h ich  we w ish to  stress a re  th e  ex istence a n d  th e  im p o rtan ce  o f  the 

rad icals  H 0 2 a n d  O H  in  th e  d eco m p o sitio n  o f  hyd ro g en  peroxide, 

a n d  th e  easy change  fro m  th e  ra d ic a l to  th e  ch a in  o r  fro m  th e  chain to 

th e  rad ica l reac tio n .

T h e  p ro m o tin g  ac tio n  o f  co p p er salts in  th e  hom ogeneous decom

p o sitio n  o f  h yd rogen  p ero x id e  in  th e  p resence o f  ferric  salts has been 

s tud ied  by  B o hnson  a n d  R o b e rtso n ,*  a n d  we believe th a t  th e ir results 

a re  fu lly  explicable  in  te rm s o f  th e  th e o ry  given above. W e h o ld  th a t the 

a c tio n  o f  th e  cupric  io n  is an a lo g o u s  to  th a t  o f  th e  ferric. T h e  prom oting  

a c tio n  th e n  com es a b o u t th ro u g h  th e  re ac tio n

Cu* +  Fe*“  ^  O T  +  F e ”

T h e  he terogeneous d eco m p o sitio n  o f  h yd rogen  p erox ide  is closely 

con n ec ted  to  th e  h om ogeneous cata lysis . W e have fo u n d  th a t according 

to  th e  experim en tal cond itions , p o la riz a tio n  o f  a  ca th o d e  o f  am algam ated 

p la tin u m  in  su lphu ric  acid  a n d  h y d ro g en  perox ide  so lu tions m ay lead 

to  th e  d irec t red u c tio n  o f  H 2O a w ith o u t th e  p ro d u c tio n  o f  an y  gas, the 

p ro d u c tio n  o f  h yd rogen  a lone, o f  oxygen a n d  h yd rogen  sim ultaneously 

o r  o f  oxygen a lone. In  su itab le  cond itions  th e  la st p rocess m ay  occur 

a s  a  ch a in  reac tio n , six teen tim es as m uch  oxygen being  p ro d u ced  as the 

F a ra d a y  equ ivalen t. W e p ro p o se  to  discuss th is  in  a  la te r paper.

* 4 J . A m er. C hem . S oc.,’ vol. 45, p . 2512 (1923).
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The single basic  idea  in h e re n t in  th e  fo reg o in g  th e o ry  is th a t  th e  h y d ro g en  

peroxide m olecule  is n ever s im u ltan eo u sly  a tta c k e d  by tw o  m o n o v a le n t 

reagents, n o r by  a  b iv a len t reag en t, w h e th e r th e  m a te r ia l is ox id ized  to  

oxygen o r reduced  to  w a te r ; in s te a d  th e re  is m o n o v a le n t chan g e  tra n s 

form ing the p e ro x id e  in to  on e  o f  th e  ra d ica ls  H 0 2 o r  O H . T h is  is tru e  

of the chem ical, p h o to c h em ica l, a n d  e lec tro ch em ica l p rocesses. T hese  

radicals m ay th e n  p ro d u c e  oxygen o r w a te r  in  a  second  step , o r  th ey  m ay  

take p a rt in  the  ch a in  re a c tio n  by  fu r th e r  re a c tio n  w ith  h y d ro g en  p e r

oxide to  w ater a n d  oxygen a n d  re p ro d u c e  them selves acco rd in g  to  th e  

equations
O H  +  H 20 2 =  H aO  +  0 2H  (2 )

0 2H  +  H 20 2 =  0 2 +  H 20  +  O H . (3)

I t m ay be th a t th e  easy chan g e  fro m  ra d ic a l to  c h a in  reac tio n s , exem pli

fied by th is  de ta iled  s tu d y  o f  th e  a c tio n  o f  fe rro u s  a n d  fe rric  salts, w ill 

prove to  be a  re su lt o f  m o re  g en era l value. T h e  co n ce p tio n  o f  chain  

reactions has in fluenced  th e  g enera l s ta n d p o in t o f  chem ists , a n d  th e re  

now exists th e  d an g er o f  o v erlo o k in g  th e  m a in  p o in t th a t  th e  p ro g ress  o f  

the reaction  th ro u g h  th e  rad ica ls  is th e  p r im a ry  p rocess, a n d  the  fo rm a tio n  

o f chains by  these  rad ica ls  an  in te restin g  b u t seco n d ary  p h en o m en o n . 

The idea o f  the  re a c tio n  p rog ressing  th ro u g h  rad ica ls  is less new  th a n  th a t  

o f chain reactions, b u t it o ften  seem s th a t a ll its  im p lica tio n s  a re  n o t fu lly  

accepted. I t  m ay  be  w o rth  em phasiz ing  th a t th e  difficulties en co u n te red  

in the in te rp re ta tio n  o f  single steps in  a  reac tio n , w h e th er a  c h a in  reac tio n  

or a  rad ical reac tio n , becom e th e  less th e  m o re  n u m ero u s  th e  experi

m entally m easu rab le  re la tio n sh ip s  betw een  th e  v a riab le  fac to rs  a n d  th e  

products o f  the  reaction . T h e  m o re  v a rio u s  a n d  co m p lica ted  a re  the  

experim ental changes w hich  m ay  be p ro d u ced  a n d  s tud ied  in  a  reac tion  

system the  m ore  certa in  is it  th a t  an  ex p lan a tio n  covering  all o f  th em  will 

be actually  co rrect. T h u s  in o u r  w o rk , th e  p h e n o m en o n  o f  “  K a ta la se- 

stoss ” a t first sight incom patib le  w ith  o u r  general know ledge o f  

reactions, becom es finally  th e  best p iece o f  evidence in  fav o u r o f  th e  

system o f in te rac tions  w hich  we have developed.
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