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Spe c t r um 1.— H elium  a t  30 m m . pressure. Carbon electrodes. M ild condensed  discharge. 

Show s th e  new lin e  spectrum  of Carbon, H eliu m  lin es and  bands. T he strongest lin es 

are m arked.

Spe c t r um 2.— Sam e conditions a s  ab ove. Show s th e  n eg a tiv e  band-spectrum  of Carbon 

strongly  developed . T h e stron gest heads an d  a lso  th e  new  lin es in  th is  region are 

m arked.

Spe c t r um 3.— H elium  a t  30 m m . pressure. Carbon electrodes. U n con d en sed  discharge. 

Show s C om et-T ail bands an d  th e  new  associated  bands. A ll th e  bands are som ew hat 

ab b reviated  b y  th e  process of reproduction.

The M e c h a n ism  o f  C a ta ly t ic  D e c o m p o s itio n .

B y  F . H . Co n s t a b l e , Strathcona Research Student of St. Joh n ’s College,

Cambridge.

(Communicated by Sir W illiam Pope, F .R .S .— Received March 18, 1925.)

♦ In  recent years a large am ount of evidence has accum ulated showing th a t the 

range of m olecular attraction is very  sm all* ; hence the specific catalytic action  

of each substance m ust decrease very fast as th e distance of th e reacting 

m olecules from  th e surface increases. The cata lytic action  m ust therefore be 

confined to  th e surface layer of adsorbed m olecules alone. W hen alcoholic 

substances react a t copper surfaces below  280° C., only the — CH2OH group is 

changed.'!' The only  m olecules which react, therefore, are those which have the 

— CH2OH group in  contact w ith  th e copper.

* Langm uir, ‘ J . Amer. Cbem. S oc.,’ vol. 38, p. 2221 (1916).

f  See  series of papers on  “ C ataly tic  A ction  of Copper on A lcohols,” * R oy. Soc. P roc.,’ A , 

vol. 98, p. 13 ; vol. 99, p. 412 ; vol. 101, p. 178 ; vol. 1C6, p. 251 ; vol. 107, pp. 2 5 5 ,2 7 0 , 279.
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3 5 6 F . H . C o n s ta b le .

The behaviour of ce ty l alcohol on w ater,*  and on  glass and s te e l,f  shows 

th a t th e  h yd roxy l group is th e  a ctiv e  agent in  orientating  th e  film  structure. 

I t  is  know n also th a t  alcohol w ill d isp lace hydrocarbons from  copper foil.t 

T he polar h ydroxyl group is  a ttracted  to  th e  copper surface m ore strongly 

th an  is  th e  hydrocarbon  chain. T he evidence, therefore, show s that not 

on ly  are th e  m olecules th a t  react adsorbed  w ith  th e  h yd roxy l group in  contact 

w ith  th e  surface, b u t th a t th e  w hole layer in  co n ta ct w ith  th e  ca ta lyst is orien­

ta ted  in  th is  m anner. I t  m ay  be th a t  th e  m olecules in  th e  successive layers 

are also arranged sim ilarly, b u t th e  ev idence is  scanty . In  th e  case of the fatty 

acids, X -ray  analysis g ives confirm ation of th is  arrangem ent^

T he M ech a n ism  o f  the D ehydrogen ation .

The ca ta lyst surface is  th e  sam e for a ll th e  alcohols, and th e hydrocarbon 

chains have nearly all th e  sam e cross-section; hence th e  packing of th e  —CH 2OH 

groups w ill be th e  sam e for all th e  prim ary alcohols. A t th e  sam e tem perature 

th e energy relations a t th e  alcohol-copper interface w ill be th e  sam e for all 

prim ary alcohols. I t  w ould  be therefore exp ected  th a t th e  prim ary alcohols 

w ould all react w ith  th e  sam e v e lo c ity  a t th e  sam e tem perature.|| This pre­

d iction  has been  verified for eth y l, propyl, b u ty l, iso-butyl, and iso-am yl 

alcohols. On account of th is  close agreem ent w ith  experim ent it  is interesting  

to  a ttem p t a q u antita tive  trea tm en t of th e  subject from  th e poin t of view  of 

sta tistica l m echanics, tak in g  in to  account th e  energy changes a t th e catalyst 

surface.

The general chem ical change th a t occurs is  described b y  the equation

O

? ■
R . CH 2O H ---- R . C . +  H 2. J

\
H

Thus tw o hydrogen atom s leave th e  alcohol m olecule for the copper surface, j 

In  order th a t th is decom position should  occur, it  is necessary th a t an alcohol * * * §

* L angm uir , see also A dam , ib id ., vol. 99, p. 3 3 6 ; v o l. 101, pp . 452 and 516 (1922), et seq. |

t  H ardy, ib id ., vol. 100, p. 550 ; vol. 101, p. 487.

% P ockels, ‘ W ied. A n n .,’ vo l. 67, p. 660 (1899).

§ P iper and G rindly, * J . Chem. S o c .,’ vol. 123, p. 2043 (1923). Muller and Shearer, |  

ib id .,  p. 3156. “  T hese long-chain  com pounds form  real crystals  w hich are all built •

up after th e  sam e fash ion, th e  len gth  of th e  m olecule  ly in g  perpendicular to  th e  cleavage J  
flakes. T hese la tter  lie  perpendicular to  th e  surface on  w hich th ey  crystallise o u t.”

(| Palm er an d  C onstable, ‘ R o y . Soc. P roc.,’ A , vol. 107, p. 255.
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M e c h a n ism  o f  C a ta ly t ic  D e c o m p o sitio n . 3 57

molecule should possess energy above the average q uantity  characteristic 

of the tem perature of th e  film. O nly the — CH 2O H  group is changed. I t  is 

therefore probable th a t th is excess of energy, called  th e energy of “ activation ,” 

must be present in  th is group, and it  m ust becom e th e energy of oscillation  

of atoms, since a stud y  of the specific heats of solids has show n th a t the energy 

content of th e electrons is negligible a t th e tem perature of reaction.* Thus the  

hydrogen atom s are lost because their energy is sufficient to  enable them  to  

oscillate from  the alcohol m olecule on to  the copper surface.

From  th e ex ten t of th e therm al d issociation a t various tem peratures L a n g m u ir  

deduced th a t th e reaction H 2 =  2H  (neutral atom s) occurs w ith  the absorption  

of 85,000 cals. H orton  and Miss D avies from th e ionisation potentials of 

hydrogen obtained th e value 81,300 cals., a value in  fair agreem ent w ith  Lang­

muir ; but in  th e production of tw o com pletely  ionised atom s— th e m ost 

violent change which th e m olecule can undergo— 731,000 cals, are absorbed.

The “ heat of activation  ” in  th e dehydrogenation is about 22,000 c a ls .; 

hence it  is  h ighly  probable th a t tw o  neutral hydrogen atom s are lost from the  

alcohol m olecule, th e energy of activation  being insufficient to  separate the  

proton from  the oxygen-electron system  w ithout an accom panying electron.

The cata lyst reduces th e energy content of th e hydrogen atom s necessary 

to  cause them  to  oscillate from th e alcohol m olecule on to  th e  copper surface. 

D irect proof can be given  of this. In  the absence of catalysts, decom position  

only occurs above 500° C., tw o reactions taking place :—

*C 2H 4 -h H 2O f
C2H 5OH—

x CH3CHO +  H2.

The tem perature m ust rise to  500° C. before a sufficient number of hydrogen  

atoms have sufficient energy to  fly off th e m olecule.

In  th e — CH 2OH group the hydrogen atom  of the hydroxyl group is more 

reactive chem ically than  th e others, m eaning th at less energy is necessary to  

displace it  by other atom s. Proof th at the work done to  rem ove th is hydrogen 

atom  from com bination is less than is the case for the hydrogen atom s attached  

to  carbon atom s, is obtained b y  the com parison of processes in  which the  

hydrogen atom  is lost directly from the carbon atom  w ith  dehydrogenation 

processes.

* E in stein , ‘ Ann. der P h ysik ,’ vol. 22, p. 180 (1907); K oenigsberger, 4 Zeitsch. Electro- 

chem .,’ vol. 17, p. 289 (1911); D ebye, 4 Ann. P h ysik ,’ p. 789 (1912).

t  “ B u t owing to  th e  high  tem perature th e  resu ltants react am ong them selves to  g ive  

a com plex system .” B erthelot 4 T raits de Chimie O rganique,’ p. 164.
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3 5 8 F . H . C o n s ta b le .

T he reaction  C2H 6 ——>  C2H 4 - f  H 2 occurs w ith  th e  absorption of 30,000 

cals. T he values of th e  equilibrium  con stant

XT _ C2H 4 X H 2

c 2h 6

observed b y  R ittm an *  are tab u lated  below —

Temperature. K .

° C.
500 0 027
750 0 074
900 1-28

H e concludes th a t  “ th e  form ation  of a double bond is an endothermic 

reaction, th e  first stage of th e  cracking process requiring th e  continuous supply 

of a considerable am ount of energy in  a paraffinoid hydrocarbon, am ounting 

to  approxim ately 30 ,000  cals, per gram -m ol.”

The h eat of d issociation  of e th y l alcohol is  on ly  about 10 ,000  cals, per gram- 

m ol. The values observed b y  R id e a lf  for th e  q u antity

k _ C H 3CHO X H 2 

C2H 5O H

are also tabulated  for com parison—

Temperature. K .

°C .
200 0  012
225 0 045
250 0-232
275 0-910

The effect of th e  in troduction  of th e oxygen  atom  is very  m arked, ca u sin g ; 

com plete decom position a t  m uch lower tem peratures. Since th e  linking of one 

hydrogen atom  only  has changed, it  is  very  probable th a t  th e  energy of activa- J 

tion  is all contained  in  th e  hydrogen  atom  of th e  hydroxyl group, which atom  

oscillates on to  th e  copper surface.

W hen th e first hydrogen atom  has been lost, th e  oxygen  atom  is attached by > 

tw o electrons only  to  the carbon atom , being only  univalent. The readjust- i 

m ent of th e  electrons in  th e carbon atom  to  m ake it  quadrivalent necessitates 

th e expulsion of th e other hydrogen atom  from  th e m olecule. The release j 

of th e  second valency thus probably occurs from  w ithin  th e carbon atom, _ 

no large am ount of “ energy of activation  ” being necessary, the hydrogen 

atom  escaping w ith  th e  average energy characteristic of the temperature.

* ‘ J . Ind. Eng. Chem.,’ vol. 6, p. 1029 (1 9 1 5 ); vol. 7, p. 945, vol. 8, p. 20 (1916). 

t  * Roy. Soc. P roc.,’ A , vol. 99, p. 153.
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M e c h a n ism  o f  C a ta ly t ic  D e c o m p o sitio n . 3 5 9

Additional support for th is v iew  is obtained from  the study of iso-propyl 

alcohol containing the secondary alcohol group =  CHOH .* I f  energy of activa­

tion were required for th e rem oval of th e hydrogen atom  attached to  the carbon 

atom , the probability th a t one of th e tw o H  atom s in  th e — CH2OH group 

would have the requisite energy is greater than  in  th e =  CH(OH) group. Thus 

the primary alcohols w ould react faster than th e secondary, which is untrue. 

H ence th e in itia l assum ption is incorrect, and th is evidence also supports the  

suggestion th a t the “ heat of activation  ” or the critical increment* is located  

in the hydrogen atom  of th e hydroxyl group.

The heat of activation  thus becom es related to  th e energy of oscillation of one 

hydrogen atom . The function of th e cata lyst is to  reduce th e energy of activa­

tion necessary to  rem ove th is H  atom  from  the alcohol m olecule on to  th e copper 

surface, and part of th is energy is supplied b y  th e cata lyst itself, as work done 

at the in stant of adsorption in to th e unim olecular layer on th e surface. This 

work consists in  increasing the distance betw een th e H  and 0  atom s in  the 

hydroxyl group, rendering less th e energy of oscillation required in  order th at 

the H  atom  m ay becom e free.

Thus th e heat of activation  w ould be expected to  vary from catalyst to  

ca ta ly st,f and, m oreover, to  vary w ith  th e arrangement of atom s in  each 

individual catalyst. A  sim ple explanation is thus given of the results in  the  

papers, “ The Catalytic A ction of Copper,” Parts 2 and 4 (loc. cit.), various 

crystal planes being exposed on the surface of the grains a t various tem pera­

tures of reduction. J

The Source o f  the E nergy o f  A c tiva tion .

The evidence is m uch in  favour of activation  taking place by collision in  th e  

case of therm al reactions.§ Sir J. J . Thomson|| states th at “ m onomolecular 

reactions are regarded as due to  th e accum ulation of therm al energy in  par­

ticular molecules until these have sufficient energy to  dissociate or evaporate, 

as the case m ay be. M axwell’s law of the distribution of energy among the  

i molecules of a gas expresses the fact that, owing to  collisions, the energy

* Sabatier and Senderens, * Compt. R en d .,’ vol. 136, pp. 738, 921, and 983; also * R oy. 

fc Soc. Proc.,’ A , vol. 107, p. 255.

t  H inshelw ood and Tingey, ‘ J . Chem. Soc.,’ vol. 121, p. 1668 (1922); H inshelw ood and 

i Topley, ‘ J . Chem. Soc.,’ vol. 124, p. 1014 (1923).

|  J See ‘R oy. Soc. Proc.,’ A , vol. 107, p. 270.

§ See discussion ‘ Trans. Faraday S oc.,’ vol. 17, Part I. (1922); Lewis,* ‘ J . Chem.

> Soc.,’ vol. 113, p. 471 (1918); Taylor, * N ature,’ vol. 108, p. 210 (1921); Christiansen and 

i  Kramers, ‘ Z. Physikal. Chem .,’ vol. 104 (1923).

|  || ‘ Phil. M ag.,’ N o. 287 (ii), p. 337 (1924).

2 BV O L . C V III .— A .
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3 6 0 F . H . C o n s ta b le .

accum ulates in  som e m olecules u n til i t  rea d ies  a va lu e far ab ove th e  norm al, 

though  naturally  th e num ber of m olecules w hich  h ave energy m uch in  excess 

of th e  norm al dim in ishes rap id ly  as th e  excess increases. In  gases th e  accum u­

la tio n  of energy is  due to  collision  am ong th e  m olecules of th e  gas.

In  solids, w here th e  m olecules form  connected  space la ttices, th e  transference 

and accum ulation  of energy is  due to  pulses of d isp lacem ent of m olecules 

travelling  in  great num ber through th e  solid , and producing superposition  effects 

w hose m agn itudes are governed  b y  th e  sam e principles as th ose  w hich deter­

m ine th e  resu ltan t am plitude of a large num ber of v ib rations of an  arbitrary 

phase.”

T he adsorption film s are in  a class in term ediate b etw een  gases and  solids. 

T h ey  are bom barded from  th e  vapour phase. T h ey  receive w ave im pulses 

from  th e  solid. T he energy of a ctiv a tio n  m a y  com e from  both  sources.

A ttem p ted  Q u a n tita tiv e  T rea tm en t.

T he previous considerations, ta k en  togeth er w ith  th e  experim ental evidence, 

show  th a t th e  alcohol is first adsorbed  from  th e  vapour phase, form ing a film  

of orientated  m olecules on  th e  copper surface. T he — C H 2O H  groups are in  

con tact w ith  th e  surface, w hile  th e  hydrocarbon chains are in  contact per­

pendicular to  th e  surface. E nergy  pulses from  th e  a tom s of copper, and colli­

sion from  th e  vapour, com bine to  produce an  excess of energy in  various degrees 

of freedom  of th e  adsorbed m olecule. W hen th is  excess exceeds th e  q u antity  s 

and is present in  th e  H  atom  of th e  h yd roxy l group, reaction  occurs, th e second  

H  atom  being au tom atica lly  released. N ow  th e  fraction  of th e  alcohol m ole­

cules w hich  h ave energy in  th e  H  a tom  of th e  h yd roxyl group equal to  or greater 

th a n  s is  g iven  b y  e-ey,RT.*

If S =  th e  area of th e  copper surface,

n  =  th e  num ber of alcohol m olecules adsorbed per u n it area of th e surface, 

e =  m in im um  energy necessary, for th e  hydrogen atom  to  oscillate from  

th e alcohol m olecule on  to  th e  copper surface, 

a  —  th e  m ean life of a m olecule in  th e  layer n ex t to  th e cata lyst surface,f

th e n  \n fa  new  m olecules w ill be present in  th e surface layer every second. 

Of these th e  fraction e _e/KT have th e energy necessary to  react, where T

* L ew is, ‘‘S ystem  of P h ysica l C hem .,’ vol. 3, p. 171, show s th a t for one in ternal degree 

of freedom  th e  exp ression  assum es th e  form  stated .

•j- N o t th e  average life  in  th e  w hole  film , since th e  film  m ay be m ore than  one m olecule 

th ick .
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M e c h a n is m  o f  C a ta ly t i c  D e c o m p o s it io n .  3 6 1

represents th e  m ean  tem perature of t lie  reacting film . Therefore, on  th e  w hole  

surface, %

”  • n  • c -e/RT

a

m olecules react per second. B u t  N  m olecules occu p y  22*3 litres a t  S .T .P ., 

where N  is  A vogadro’s num ber. H ence th e  reaction  v e lo c ity  in  litres of hydrogen  

per second

v  =
22*3 n . S .

"n 7 7  '
(a)

This is  th e  ty p e  of rela tion  b etw een  v  and T found b y  experim ent, b u t th e

constant
2 2 •3wS

N o
, th ou gh  agreeing w ith  previous work in  h avin g  th e  d im ensions

T -1 , does n o t agree w ith  th e  results of experim ent.

The series of experim ents on  dehydrogenation  b y  supported  copper film s pro­

duced b y  reduction  from  copper ox id e a t th e  tem peratures tab u lated  below  

{ s e e 4 B o y . Soc. P roc .,’ A ., vo l. 106, p. 262) show  th a t th e  q u an tity  A  ( =  observed  

valu e of 22 *3wS/N<t ) varies very  considerably  w ith  e. T he data  obtained  

are tab u lated  below .
I

Table I . (Series I.)

Temperature of 
Reduction. A -s- 1010. €• V 250*

°C . cals. c.cs. per min.
225 1 3 0 25,610 2-18
235 7-5 25,030 2-58
257 2 1 23,890 2-06
266 0-38 22,070 2 -20
275 0*38 21,610 2-96
280 0-51 22,250 2-36
319 2-8 25,190 0-764
368 0-44 22,320 1-95
386 0-70 22,950 1-73
406 0-87 22,750 0-259
420 0-38 20,490 0-978
350 0-19 21,590 1-608

2 b  2
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3 6 2 F . H .  C o n s ta b le .

(Series II .)

Temperature of 
Reduction.

A -s- 109. €. 2̂50*

°C . cals. c.cs. per min.
225 5 -1 22,020 2-96
240 1*9 20,720 3 -70
275 4 -0 21,700 3 1 1
300 3 0 21,130 4 0 0
320 3*7 21,750 2*88
346 1*3 20,840 2-44
378 2 -3 21,370 2-52
385 1*0 20,720 1-78
400 4 -5 22,610 1-48

R ea ctio n  C entres.

I t  w as assum ed in  th e  argum ent leading to  equation  (a) th a t all th e  alcohol 

m olecules on  th e  surface w ere capable of reacting provided a critical increm ent 

e w as supplied to  th em . Som e other cond ition  is  necessary, and there is no 

alternative b u t th a t  i t  ex ists  in  th e  surface itself. A ll th e  adsorbed m olecules 

are orientated  in  th e  sam e m anner. T he atom s in  th e  surface beneath  m ust, 

therefore, be arranged in  som e specia l w a y  in  order to  cause th e  necessary 

increase in  d istance betw een  th e  H  a tom  and th e  0  atom  of th e  hyd roxyl group. 

This favoured arrangem ent can  on ly  occur a t  iso lated  p o in ts on  th e  surface, 

and consequently  reaction  o n ly  occurs a t  a few  poin ts on th e  cata lyst. A ll 

adsorbed alcohol m olecules, w ith  h ea t of activa tion  e, have n o t th e sam e chance 

of reaction. Som e are m ore favoured th a n  others. I t  is  proposed to  call the  

arrangem ent of an  adsorbed alcohol m olecule over a  favoured arrangem ent of 

copper atom s* a “  reaction  centre.” W ith  th e  aid  of th is conception it  is 

possible to  g ive  a  sim ple exp lanation  of m an y puzzling observations in  cata­

lysis described in  recent years.

E x per im en ta l E vidence that a  C a ta lyst Su rface is  not U n ifo rm ly  A c tiv e .f

(A) From  th e fa ct th a t th e  am ount of “ poison ” necessary to  reduce the

catalytic  a ctiv ity  to  zero is sufficient to  cover only  a very  sm all fraction of the 

surface, Arm strong and H ild itchJ suggest “ . . . an  active  cata lyst is merely

* L indem ann, * P h il. M ag.,’ voL 29, p. 127 (1915), su ggests th a t a  m etal consists of 

tw o  in terleaved  space la ttices, one consistin g of m eta llic  a tom s, th e  other of electrons. 

See  a lso  H aber, * Sitzungsber. Preuss. A kad. W iss. B erlin ,’ pp. 506, 990, A ., i i . ,4 2 4  (1919).

f  See  “ Third R ep ort of th e  C om m ittee on  C ontact C ata lysis,” H . S. T aylor * J . Pbys. 

Chem .,’ vo l. 28, p. 911 (1924).

t  * F araday Soc. D iscussion ,’ vo l. 17, p. 670 (1922).
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an average term , expressing a surface on w hich  a num ber of patches of m axim um  

activ ity  occur . . . se lective adsorption a t  few  poin ts causing th e disappearance 

of practically all th e  ca ta ly tic  effect.”

(B) From  a stu d y  of th e  adsorption and ca ta ly tic  a c tiv ity  of copper, the  

poisoning of th e  ca ta ly st b y  m ercury, and d e-activation  b y  heat treatm ent, 

Pease* suggests “  it  is  probable th a t active  adsorbing centres of all degrees of 

activ ity  are scattered  over th e surface. I t  w ould seem  th a t th e  de-activation  

of the active centres could  proceed in  steps, so th a t w hile a g iven  active  centre 

is com pletely  prevented  from  adsorbing hydrogen, it  can  still adsorb ethylene 

strongly.” To define further th e  active  centres Pease sta tes  :—

“ One w ould  look for atom s of th is character in  surfaces of h igh  degree of 

curvaturef— in  peaks in  th e  surface— rather th a n  in  th e  va lleys or capillaries.”

“ The a ctiv ity  is . . . due n o t to  iso lated  active  atom s scattered  over th e  

surface, bu t to  groups of these a tom s.”

(C) Gauger and Taylor, J from  a stud y  of adsorption on nickel, sta te  th a t th e  

results “ w ould  poin t to  different adsorptive activ ities of ind iv idual atom s in  

the surface.”

The idea th a t som e group of atom s can  be m ore a ctiv e  th an  another has thus 

already been propounded. In  the present work th e characteristic arrangem ent 

of copper atom s necessary to  cause reaction has been called a ** centre of a c tiv ity ,” 

and th e arrangem ent of an adsorbed alcohol m olecule over th is arrangem ent of 

copper atom s has been nam ed a “  reaction centre.”

The S ea t o f  the A c tiv i ty  in  R educed C opper.

I t  has been show n b y  m any experim ents from  th e  w hole field of catalysis, 

th at chem ical reaction probably occurs a t iso lated  poin ts on  th e ca ta lyst  

surface, and th a t th e action  a t these poin ts (really very  sm all areas) is caused  

by th e electrostatic and electrom agnetic fields consequent on th e orientation  

of the adsorbed m olecule on a characteristic group of atom s on th e cata lyst, 

lowering th e critical increm ent to  such an ex ten t th at reaction occurs in  m easur­

able quantity. I t  w ould be expected  th a t th e lowering of th e critical increm ent 

would be different on various parts of th e surface, since th e atom s are n ot all 

arranged in  exactly  the sam e w ay.

In  th e case of copper (the argum ent is, however, quite general), an y  type of

* ‘ J . Amer. Chem. Soc.,’ vol. 45, pp. 1196, 2235, 2297 (1923).

t  T his cannot be true in  general, as liqu id  surfaces also a ct as ca ta lysts , e.g. H g  on H aOa, 

and m olten Sn and Cd on  alcohol.

t  ‘ J . Amer. Chem. Soc.,’ vol. 45, p. 920 (1923).
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3 6 4 F . H .  C o n s ta b le .

change th a t  alters th e  d en sity  of copper a tom s in  th e  surface affects th e  reaction  

centre d en sity  on  th e  surface. Thus there are three factors w hich  m a y  influence 

th e  ca ta ly tic  a c tiv ity  :—

(1) T he ex isten ce of am orphous m eta l in  th e  granules.

(2) A llotrop ic m odifications.

(3) A lterations in  th e  orien tation  of th e  grains.

T he effect of th ese  three factors h as already b een  d iscussed.*

To exp la in  th e  periodic variation  of th e  a ctiv ity ^  and th e  reproducibility  of 

th e  ca ta ly st, h yp oth esis  (3) w as used . I t  th u s appeared probable th a t  a few  

of th e  crysta l p lanes w ere activ e , and  th e  rest in active . T he sea t of th e  cata­

ly tic  a c tiv ity , therefore, lies probably  on  particu lar faces of th e  crysta l, b u t even  

th en  th e  w hole face is  n o t activ e . The size of th e  hydrocarbon chain  also controls 

th e  packing of th e  reacting  m olecules on  th e  surface, since a t a “ reaction  

centre ”  b o th  th e  adsorbed  m olecule and th e  surface atom s m u st h a v e  a defin ite 

orientation .

A  Q ua n tita tive  E x p re ss io n  f o r  the V elo c ity  o f  D eco m p o sitio n  based  o n  the Id e a  o f

R ea c tio n  C en tres.

W hether th e  cause of th e  a c tiv ity  of copper lies in  th e  ex isten ce of allotropes, 

or of am orphous m eta l, or w hether i t  m erely  ex ists  in  defin ite crysta l p lanes, 

i t  is  possib le to  g e t  a general expression  for th e  reaction  v e lo c ity  show ing th e  

variation  of th e  A  factor. E q u ation  (a) (p. 361) neglected  th e  nature of th e  

surface. I t  has been  show n th a t reaction  tak es p lace on defin ite centres on  th e  

surface. M oreover, since th e  “ h eat of a c tiva tion  ” s varies for th e  sam e 

cata lyst, th e  va lu e of s on  in d iv idu al centres also varies.

L et and s 2 be th e  low er and upper lim its  of s  on  th e  surface. L et th e  num ­

ber of reaction  centres on  1 sq. cm . of surface h avin g  a va lu e of e ly in g  betw een  

s and £ -J- Se be classified according to  th e  va lu e of £ show n on them . L et 

F  (s)be a function  defined so th a t  th e  num ber of reaction  centres hav ing  a “ heat 

of activation  ” ly ing  betw een  £ and £ +  is  g iven  b y

8n*=  

H ence th e  to ta l num ber of reaction  centres on 1 sq . cm .

=  H P  (£)«£ ,
#<=1

* “ T he C ata lytic  A ction  of Copper, P art V I 55 (loc. c it . ). 

t  “ T he C ata lytic  A ction  of Copper, P art IV  55 (loc. c it.).
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M e c h a n is m  o f  C a ta ly t ic  D e c o m p o s it io n .  3 6 5

and th e m ean va lu e of e for th e  reaction  centres on th e  surface

p c F (s )  8e .

=  ---------- --  ( 2 )
F (e) 8s

JC]

The value of s  required is , how ever, th e  m ean  va lu e for one reacting  gram - 

m olecule. Consider th e  centres ly in g  betw een  e and e +  There are F  (s) 8 s  

of these. L et a e be th e  m ean life  of a  m olecule on th ese  centres. Then  

F(e) 8s Jaefresh m olecules arrive on  th ese  centres every  second. Of these a  

fraction e_c/RT h a v e  sufficient energy to  react. Therefore

F  (s) e~ e/RT 8 s  

o e
m olecules react per second. (3)

Therefore th e  m ean value of s  for th e  reactin g m olecules is  g iv en  b y

p> eF  (s) e~ g/RT 8s

J gi ^  —  g

F  (s) e ~ </BT 8s

Je, CF*

T he E q u a tio n  f o r  the R ea ctio n  V elocity .

L et S =  th e  area of th e  ca ta ly st surface. T hen from  (3) ^ (s) e---- ——
o*

m olecules react per second on centres having values of s  betw een  s and s -f- 8s. 

H ence th e reaction ve lo c ity

_ f** S . F  (s) e-̂ 8s

This equation  g ives th e  reaction v e lo c ity  in  term s of sx and s 2 and also th e  

function F  (s). I t  is to  be observed th a t th e  equation  com bines tw o  independent 

factors. T he portion S . F  (s) w hich represents th e  d istribution of th e  character­

istic  groupings of copper atom s over th e  surface, and which is  th u s independent

of th e  tem perature for a stable c a ta ly s t ; and th e  portion — e~*^RT which
Ot

represents th e rate of reaction on one of these centres. T he equation  is th e  

lim it of progress in  general term s. The n ex t step  m u st be an a ttem p t to  

evaluate th e  form  of th e  unknow n function.

The D is tr ib u tio n  o f  Centres o f  A c tiv ity .

A m orphous Substances .— In  liquids th e m olecules are capable of independent 

m otion , and by v irtue of their kinetic  energy, th ey  are distributed in  random

 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

8
 A

u
g
u
st

 2
0
2
2
 



3 6 6 F . H . C o n s ta b le .

fashion  a t distances approxim ating to  their m ean d istance . T he dev iations 

from  th e  m ean distance are occasioned b y  so m any independent causes, which  

“ m ust necessarily be general and alike in  all cases, since th e  causes of error are 

alike bu t unknow n.” The norm al law  of errors thus applies to  the deviations 

of individual pairs of atom s from  th e m ean d istance.*

If  z  =  th e proportional frequency of observations m easuring x, 

a  =  th e  arithm etic m ean of th e  group,

C =  a constant called  th e m odulus,

then

a/  tcC

This is the norm al law  of errors.

L et d v  d 2, . . .  d n be th e  distances of th e  atom s from  each other in  a centre of 

activ ity , n  being necessary and sufficient to  define th e arrangem ent. Then the  

probability th a t a pair of atom s shall be separated b y  is

where (32, . ..  (3m are th e  distances of th e  atom s from  one another in  the  

equilibrium  arrangement. The probability th a t a th ird atom  shall be near the  

first a t a distance d 2 is the product

- L -  e ' c ' e ^ c .

Thus th e proportional frequency of centres of a c tiv ity  defined by d x

da, . . . dm. is

(  1_ . „

^ \ /  TcC/

. e < ¥ ) '

f  =  (6)
J V-v/itC'

This relation represents th e distribution due to  purely random causes.

Am orphous solids are supercooled liquids the atom s of which are incapable of 

independent m o tio n ; in  fact, the chaotic arrangement of the liquid state has been 

fixed. Thus equation (6) also applies to  an  am orphous solid. Each centre of 

activ ity  is  in  a state of strain. The arrangem ent p1? (32, ...  is in  equilibrium,

* T he fo llow in g reasoning is m ore particu larly  concerned w ith  sim ple  structures in  

w hich  there is  no associa tion  or com bin ation  of a tom s to  form  m olecules. A  similar 

ty p e  of reasoning w ould  be applicable  to  a structure of com plex m olecules.
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M e c h a n is m  o f  C a ta ly t ic  D e c o m p o s itio n . 3 6 7

and therefore is  u n stra in ed ; thus th e  strain  varies w ith  (d  — (J), etc. I t  is  

easy to  find th e  relation  betw een  th e tw o b y  th e  m ethod  of dim ensions.

L et y  be th e  strain  energy present betw een  tw o atom s.

Then

y = \ x  ( p)n,

where p is  a constant, and n  is  to  be evaluated . e represents energy. Thus 

j i  (d  — (3) has dim ensions ML2T -3 , and therefore 2.

H ence

y = [ l ( d —  P ) 2. (C)

The strain  energy in  th e  w hole structure is  th e  sum  of th e  energies in  th e  

separate parts. H ence th e  to ta l strain in  a centre o f a c tiv ity

E =  | i  S  { d — (3)2, and hence E/p, =  S  ( d — (5)2.

Therefore, from  (b)

=  I —:=— I e
s/ t cC

-I E
1 '

This equation  is  general for am orphous substances, p and C, and th e lim its  

of E  being variables for each. T he strain E  also m easures th e  m agnitude of th e  

external field, w hich  in  turn  causes th e  low ering of th e critical increm ent from  

the m axim um  value a  to  th e  value on  th e  reaction centre.*

Thus (a — e) is  also a m easure of E . L et

Then from  (6)
(a — e) =  y  E , where y  is a constant, f

H ence A . ekt where A  and Jc are positive constants, depending on ly  on

the nature of th e substance and not a t all on th e tem perature, and th e  relation  

is restricted betw een th e  lim its sx and s 2.

L et n  be th e  to ta l num ber of reaction centres present, then  J =  thus j* is

proportional to  th e num ber of centres present w ith  heat of activation  s. 

H ence

8n =  A . e*« 8s. (7)

* See  Norrish, « J . Chem. S o c .,’ vo l. 123, p. 3007 (1923).

t  T he con stan t y  m ore p a rticu la r^  th an  a n y  other is  characteristic of an in d iv id ual 

catalyst. I t  is  a m easure of th e  efficiency of th e  field E  in  w eakening th e  in tram olecular 

forces in  a m olecule.
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3 6 8 F . H . C o n s ta b le .

There is  th u s an exponentia l d istribution  of reaction  centres on an  am orphous 

surface, stretching from  th e  va lu e of th e  h eat of activa tion  e1 to  e2, both  of which 

are variables for various substances, as are th e  constants A  and Jc. A ll these 

quantities are independent of th e  tem perature of th e  surface, provided sintering 

does n o t occur.

T he G ra in  S u rfa ce in  a  C rys ta llin e  S o lid .

I t  is know n th a t th e  fields of force a t th e  surface of a th in  film  m ay  be modified 

by th e  nature of th e  underlying m aterial.*  T he effect is, in  fact, due to  th e  

transm ission of th e  underlying fields of force through th e  surface film. This 

w ill occur w ith  an  am orphous film  supported on  a  crystalline substance. Thus 

th e  energy of each reaction  centre w ill be changed to  (E  ±  &i), and e w ill be 

changed to  (s T  S2). This change is  v ir tu a lly  a sh ift of th e  lim its of s on the  

surface. I t  is, therefore, probably  im possib le to  predict th e  a c tiv ity  in  the  

crystalline sta te  from  th a t  of th e  am orphous solid .

The m ethods of producing ca ta ly tica lly  a ctiv e  copper, b y  reduction  from  

oxide, or b y  heating  copper fo rm a te ,f are directed tow ards suddenly  producing 

these m eta-stable arrangem ents of atom s, under such conditions of tem perature 

th a t th e  arrangem ent cannot subsequently  be changed b y  th e mere therm al 

agitation  of th e  atom s of th e  structure. S tudy  of th e  grow th of crystals sup­

ports th e  v iew  th a t th e  ** new  condensed m olecules are a t first in  a m obile sta te  

on th e  surface of th e  cry sta l___

L et r  —  th e  short tim e  during w hich  th e  atom s on th e copper surfac

m obile a t th e in stan t th ey  are produced b y  reduction from  oxide. D uring th e  

tim e r  th e  centres of a c tiv ity  can sinter. § W e have seen th a t (a — s) m easures

th e  strain in  th e  centres w ith  heat of activation  e. The q uantity  J , as before,

g ives th e  density of th e  centres w ith  heat of activation  s. The rate of decay

of I is  proportional to  th e num ber of centres present, since each decays

* See B redig  and W ein m ayr, * B o ltzm an n  fe s ts c h r if t ,’ p . 839 (1904), “  On th e  C atalytic  

A ctiv ity  of M ercury F ilm s ” ; P rin g , * Z eit. E lek troch em ie,’ v o l. 19, p , 255 (1913), “  O ver­

v o lta g e  a t  F ilm s ” ; Oberbeck, * W ied. Ann.,’ vo l. 31, p . 337 (1887), “ E .M .F . a t  F ilm s ” ; 

W iener, ib id .,  vo l. 31, p . 629 (1887), “ R eflection  a t  F ilm s ” ; W ald, ' Zeit. P h ys. C hem .,’ 

vol. 7, p. 514 (1891), ‘ V apour Pressure of F ilm s ” ; H ardy, * R o y . Soc. P roc.,’ A , vol. 100, 

p. 550 ; v o l. 101, p. 487, “ L ubrication .”

t  Copper form ate g iv es m etallic  copper on  b eating  a t  200° C. E lectro lytic  copper is 

in a ctiv e  (P art I.).

J See  ‘ Zeit. P h ys. Chem .,’ vol. 102, pp. 267—75, “ On th e  G rowth of Crystals of Tin and

Cadm ium .”

§ See  P art 6. The structure is  fixed  a t  th e  in sta n t of reduction.
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M e c h a n is m  o f  C a ta ly t ic  D e c o m p o s itio n .  3 6 9

independently  of th e  others, and it  is also greater th e  greater th e  strain in  

the centre .

H ence | o c ( a - e ) |  or | = - M a - e ) J
d \  _

where X is  a con stan t depending on th e  conditions a t th e  in sta n t of reduction . 

Therefore

/J =  — X (a 
or

c

=  — X (a — s) t +  const.
i o g j

B u t w hen t  =  0 , I represents th e  frequency of centres of a c tiv ity  in  th e
j  o

liquid sta te . H ence

=  A
Jo

W hen t — r,  sintering is a t an  end ; th u s I defines th e  d istribution  in  th e
Jr

reduced copper, and w e h ave

log J  =  log;(A efce) — X (a — s) r,

i.e .

j* =  Aekee~xr(a_€) =  A e—aAr

Cx . e** Se,8n  =  . en* Se, (8)

w here CT == A . e ~ aMr and is con stan t a t con stan t tem perature of reduction , 

and h =  k  +  Xr.

T he equation  is again restricted  betw een th e  lim its  Sj and e2.

T he C on stancy o f  the D is tr ib u tio n  C o n sta n t h.

A ny  change in  th e  distribution  constant h  due to  th e  increasing tem perature  

of reduction, w ill be caused b y  an increase in  th e  product Xr, since Jc is  constant. 

In vestiga tion  show s th a t th e  consequent change in  Cx is of such m agnitude as 

to  m ake any but a slight change in  h  im possib le in  an a ctiv e  cata lyst. For

> 7  =  — a . S (Xr) and —  =  ,
C h h

therefore
SC/C , QA *
_  =  -ocft =  SO a p p ro x *

* I .e .,  a 1 per cent, increase in  Xr causes a 30 per cent, fa ll in  th e  ca ta ly tic  a c t iv ity  w ith ­

ou t a n y  change in  th e  tem perature coefficient. T hus sintering a t  th e  in sta n t o f reduction

does n o t alter th e  tem perature coefficient.
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3 7 0 F . H . C o n s ta b le .

T he values of a  and h  deduced a t th e  end of th e  paper 

num erical resu lt.

I t  is  now  ev ident th a t  th e  periodic relation* ob ta ined  b etw een  th e  cata ly tic  

a c tiv ity  and th e  tem perature a t  w hich  th e  copper is  produced b y  reduction  

from  oxide is  caused b y  th e  superposition  of tw o  factors. There is  a  general 

falling off of a c tiv ity  above 300° C., due to  a very  sligh t increase in  th e  product 

Xr ; and superposed on th is  relation  is a periodic relation  due to  a  predom ination  

of various a ctiv e  crysta l p lanes in  th e  surface. T his periodic change is accom ­

panied b y  change in  th e  observed tem perature coefficient of th e  reaction , caused  

b y  th e  alteration  of th e  lim its  of e on th e  surface in  accord w ith  th e  nature of 

th e  tran sm itted  field of force. T his change can  be used  to  evaluate for th e  

surfaces used  in  th e  experim ents.

H av in g  also found  th e  first approxim ation  to  th e  reaction  centre distribu­

tio n  equation, w e are now  in  a p osition  to  so lve th e  general equations for th e  rate 

of reaction a t th e  surface.

T h e E v a lu a tio n  o f  the G eneral E q u a tio n s.

The function  F  (e) m u st be replaced b y  C . e ê restricted  b etw een  th e  lim its  ei 

and £2. T he m ean va lu e of s for th e  centres on th e  surface, equation  (2) becom es

r* 2
: ( f * e h' / h{  s i)]
eheS£

J ex

£2 ‘ eft<1
1\

e i ~ h ,

eht*— ehtl

"""""

B u t since ehe* is  m uch greater th an  eh*1, th e  result lies very  near ^ £ 2  ^

w hich is  determ ined chiefly b y  th e  upper lim it of on th e surface. The m ean  

value of £ for th e  reacting m olecules (4) becom es

J .
zehee e/,ET §£ ,<*«-«/KT) § s

s  =  4ii

eft‘e 8s
( h ' - ' / R T )  8 s

T he C atalytic  A ction  of Copper, P art IV .’

 D
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M e c h a n is m  o f  C a ta ly t ic  D e c o m p o s itio n . 3 7 1

E xperim ent show s th a t h  — is negative , =  — X say .
Jtv 1

Then

' ( ' i h l
- a«,—

X£2'/ £2 - f ~
( 1 0 )

w hich function , since — X is  negative , lies very  close to  el5 th e  low er lim it of e 

on th e  surface. Thus m ost of th e  decom position , as w ould  he expected  on  

general grounds, ta k es p lace on  th ose  reaction  centres w ith  th e  low est e. This 

is therefore th e  criterion  of an a ctiv e  ca ta ly st .— I t  m u st possess a great surface 

d en sity  of reaction  centres h av in g  a low  va lu e of e. E xp ecta tio n s are held  

th a t th is  is  th e  cause of prom oter action  ; th e  prom oter m a y  increase th e  num ber 

or decrease e on  th e  reaction  centres. So far insufficient experim ental data  

are available to  te s t  th e  th eory  in  th is  case . B u t i t  m ay  be rem arked th a t  

H u rst and R ideal*  h ave suggested  th a t th e  prom oter action  of palladium  

on  copper is  due to  th e  effects a t th e  in terface.

T he E q u a tio n  f o r  the R ea ctio n  V e lo city . 

E quation  (5) becom es

_  p C p S 8 c  _  p  C r S .e ^ * " ™ )  ge 

J O’* J «1 0r«

A ssum ing a e varies on ly  slow ly w ith  e, w e obtain

v  =

h —
BTv

and substitu tion  of num erical results show s th a t th e  second term  is negligible. 

T he final expression for th e  reaction  v elocity  in  m olecules decom posed per un it 

tim e is

v  —
CTS . ^

(11)

and in  cubic centim etres H 2 per sec. becom es

22 • 3 X 1 0 3 CTS .
v  ==

1

R T
oN

* H urst and R id eal, * J . Chem. Soc.,’ vol. 125, p. 685 (1924).
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3 7 2 F . H . C o n s ta b le .

In  th is equation th e  factor A  varies slow ly  w ith  T , and Richardson* has shown  

th a t in  these cases th e  experim ental evidence is qu ite insufficient to  distinguish  

such a relation from  th e  sim ple exponentia l law . This equation is com pletely  

in  accord w ith  experience, in  so far as it  can be tested . The A  factor shows 

th e  required variation  w ith  s, and th e  relation betw een v  and T is also satisfied. 

Further experim ent shows th a t th e  v e lo c ity  changes only  sligh tly  w ith  the  

pressure, as w ould be expected, since a  on ly  varies slow ly w ith  pressure 

(Part 7).

A  __ CT . Se»*

To evaluate h w e m ust first correct th e  observed values of A  for the sintering 

of th e centres of a c tiv ity  occurring a t th e higher tem peratures of reduction, 

since sintering occurs w ithout change in  th e  tem perature coefficient of the  

reaction. The discussion  in  Part 6 f  attrib uted  th e  periodic variation of the  

a ctiv ity  to  change in  orientation  in  th e  surface planes exposed, but no single 

cause could be found for th e  change. The position  of the m axim a of activ ity  

also changes, as also do th e valu es of these m a x im a ; hence it  is probable th at 

th e variation is  random . H ence, if a sm ooth  curve be drawn sym m etrically  

through th e periods, th is curve w ill g ive th e falling-off of the a ctiv ity  due to  the  

increased tem perature a t w hich  copper is  produced b y  reduction from oxide.

The values of th e  reaction v elocity  a t 250° C. obtained  b y  th is m eans are 

tabulated  against th e corresponding reduction tem peratures in  Table II. L et 

C0 be the constant value of C over the range of reduction tem peratures 200 to  

300° C., and C4 the value a t T° C. Then the ratio

volvt =  Co/C, =  10"

from the formula (11), since it  has been shown th a t e is unaltered by sintering 

at the instant of form ation. The values of logio C0/C4 =  so calculated are 

also shown in  Table II .

* - The Em ission of E lectric ity  from  H o t B odies.’ 

t  Loc. t i t .
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M e c h a n is m  o f  C a t a l y t i c  D e c o m p o s i t io n . 3 7 3

T able I I .

Temp, at
Series I . Series II .

which CuO 
was reduced.

2̂50* a?.
1

V250* X.

°C .
220

c .c . per.|m in . 
2 -5 0 0 0

c.c. per m in. 
3 -5 0 -0 0

300 2 -3 0 0 4 3*4 0 0 2

320 2 1 0 -0 8 3*2 0*04

340 1*9 0 1 2 3*0 0 -0 7

360 1*7 0 -1 7 2 -8 0 1 0

380 1*4 0 -2 5 2 -2 0 -2 0

400 1*0 0-4 1 1-8 0 -2 8

420 0 -7 0 -5 6

1

1-2 0 -4 7

B u t

therefore,

therefore,

A =  Ct  ' §  ' —  from  (11),

( *  i f r  ) ' ,

logio A  =  logio j — ( t  ‘ p  -— +  *4:34
(h  —  J - ) a
\  R T /

logio A  +  x  =  logio — —  ■ ---- h *4:34 he.

(i1 "  mi*

T hus th e  corrected va lu es of logio A  and s ’g iv e  a stra igh t-line curve, w hose slope 

is 0 -4 3 4 3  h .The d ata  of P art 4, ta b u la ted  on  pp. 3 6 1 -3 6 2  ab ove, show  th a t

th is  is  th e  case {see figs. 1 and 2). T he error to  be ex p ected  is  considerable* ; 

th u s th e  agreem ent is  Satisfactory.

* S m a y  v a ry  to  som e e x te n t , a n d  th ere  is  consid erab le  error in  th e  d ed u ctio n  of A  from  

€ b y  th e  eq u ation

lo g  v —  lo g  A  — e /R T .

For

b u t  c /R T  =  20  a p p ro x .
A  R T

i.e .
8A

A

208c
, or a  1 per cen t, error in  e m ak es 20 per cen t, error in  A.
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3 7 4 F . H . C o n s ta b le .

A  » 61 x  10

21 22 25

H e a t  o f  A ctivation  x 10 

F i g . 2 .— Series II .

The deduced values of h  are :—

Series I. 

h =  7*2 X  I 0 ~ 4

Series I I . 

6 * 1 X 1 0 -4 6 -

1/R .T =  9 - 6 6 X 1 0 ~ 4 a t 250° C., hence 1 /R T  =  3

Mean.

6 X  10“ 4 

1 X  10“ 4
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3 7 5

and is n egative  throughout th e  range of tem perature em ployed  in  th e  experi­

m ents, as is  required b y  th e  th eory . A  is  therefore defined b y  th e  relation

. _  CTS . e0*00066'

(h - 1 /R T ) a  ’

and th e  d istribution  of centres of a c tiv ity  b y  th e  equation

M e c h a n is m  o f  C a ta ly t i c  D e c o m p o s it io n .

%n =  Ore0*000666 Ss,

where CT denotes th e  va lu e of th e  con stan t for th e  tem perature of reduction  

used in  th e  production  of th e  copper. I t  has been  show n th a t  CT is  independent 

of th e  tem perature of th e  ca ta ly st surface a t  th e  tem peratures a t w hich  th e  

dehydrogenation  occurred.

The frequency of reaction  on  centres w ith  h ea t of a c tiva tion  e is  g iven  b y  th e  

relation
CTS . e -o-ooo8i« 8s 

a
a t  250° C.

Thus w hile  th e  num ber of reaction  centres increases rapid ly  as th e  critica l 

increm ent increases, th e  num ber of m o lecules th a t  react on th e  increasing num ber 

of centres d im in ishes rap id ly .

D ed u ctio ns  concerning  the N a tu re  o f  the S u rface f r o m  these M ea su rem en ts .

I t  is  n o t possible to  estim ate s 2 ; b u t i t  is  easy  to  assign a m inor lim it to  th is  

q u antity  in  order th a t  th e  second  term  of th e  equation

(i =  : L l -  (e»-i _

f  ,

should be negligib le com pared w ith  th e  first. The ratio  of th e  second term  

to  th e  first is

e-A«2/e-A.«x _  g-AUs-.i) where X =  — ---- — V
\ X>rn/*

L et ex be taken  as 20 ,000  calories per gram -m olecule.

Value of e2.
|

30,000. 40,000. 50,000. Calories.

Ratio of second to first term  
at 250° C. per cent. per cent. per cent.

A =  3* 1 X 10~4 2 -9 0 1 0 0

2  cVOL. CVIII.— A.
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3 7 6 F. H .  C o n s ta b le .

T he m inim um  range of s is  from  20 ,0 0 0  to  40 ,000  calories. This resu lt was 

used to  calculate th e m ean valu es of e on  th e  surface ; th e  results obtained  m ust 

be considered an  approxim ation  on ly  in  so far as th ey  depend on s 2. r̂ L̂e 

values of ex and X can be found d irectly  from  th e  observations. Assum ing  

s  _  20 ,000  cals, and s 2 =  40 ,000  cals., t h e  m e a n  v a l u e  o e  e o n  t h e  s u r f a c e  

(9) =  38,400 calories.

Th e  m e a n  v a l u e  o f  s  f o r  t h e  r e a c t i n g  m o l e c u l e s  (10) =  23 ,300 cals., 

and th is va lu e is independent of th e  valu e of e2.* Th e  v a l u e  o f  s  f r o m  t h e  

t e m p , c o e f f i c i e n t  =  20 ,000 calories. T he m ean va lu e of s  on the surface 

can on ly  be regarded as th e  low er lim it of th e  true v a lu e ; whereas th e other 

valu es rest entirely  on m easured quantities. This rem arkable difference 

betw een e m easured from  th e tem perature coefficient and s  for th e  reacting  

m olecules m ay  expla in  w hy , in  som e cases of true photochem ical change, th e  

Tnairimiim acce leration of th e  v e lo c ity  of reaction occurs w ith  a w ave-length  

different from  th a t calculated  from  th e  tem perature coefficient of th e  therm al 

reaction. I t  show s clearly th a t considerable change m ay take place in  th e value 

of s  on th e  centres on  th e  surface, and y e t  from  tem perature coefficient m easure­

m ents only  th e  distribution could  n ot be detected.

The varia tion  in  th e m easured tem perature coefficient thus takes a new  aspect. 

The va lue of s  ranges upwards on  th e reaction centres from  varying values of sx ; 

th e  distribution constant rem ains fixed. I t  has also been shown th at the  

va lu e of s 2 is unim portant in  deciding th e velocity  of the dehydrogenation.

Calculation can also be m ade showing w hat fraction of th e surface is  active. 

TTa.lf of th e reaction occurs in  th e range sx to  ex -f- 1/X calories,■}■ th e rest in  the  

range sx +  1/X to  s 2 cals. Therefore th e fraction of th e surface causing half 

.decom position

To obtain  a lower lim it to  th e value of th is quantity  w e m ay assume e2 — 

30,000 cals. I t  is certainly not possible to  reduce the heat of activation further, 

as curves for the reaction velocity  which were not exponential in  character

* H ow ever m uch greater th an  40,000 cals, it  m ay becom e.

f  Since +  r  i® a close approxim ation to  th e  m ean va lue of e for th e  reacting  

m olecules (E quation  10).

e—h <«„— — i /a) approxim ately.
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M e c h a n ism  o f  C a ta ly t ic  D e c o m p o sitio n . 3 7 7

would be obtained as th e tem perature was raised.* The lower lim it to  th e frac­

tion of th e surface causing half decom position is  thus 1*7 per cent. W ith  

e2 =  40 ,000 th e fraction becom es of th e  order 10- 5 . Thus th e va lues obtained  

for the active fraction  of th e surface are of th e  sam e order of m agnitude as those  

found by B ideal for nickel (10-3 ). They em phasise again th a t only a very  

small portion of th e surface is active.

I t  has thus been shown, from considerations of probability , th a t  th e distribu­

tion of centres of a ctiv ity  over a ca ta lyst surface is, to  th e first approxim ation , 

exponential. Such surfaces cause decom position as if th ey  contained centres 

of activ ity  w ith  heat of activation  equal to  th e low est valu e in  th e exponentia l 

distribution. The constan ts for th e distribution have been worked out for th e  

case of copper. The resu lts are in  agreem ent w ith  experim ent.

S u m m a ry.

Chemical reaction takes place in  a unim olecular layer, in  w hich  th e  alcohol 

m olecules are orientated  w ith  th e — CH 2O H  group in  contact w ith  th e copper 

surface. I t  is predicted th a t th e  velocity  of dehydrogenation of all primary 

alcohols should be equal. This has been verified experim entally.

The m echanism  of th e change is  th e  loss of neutral hydrogen atom s, th e  

energy of activation  becom ing th e energy of oscillation of th e hydrogen atom  

of th e  h ydroxyl group. The second hydrogen atom  is autom atically released 

with the m ean kinetic  energy characteristic of th e tem perature.

A ctivation  of th e alcohol m olecule by  the cata lyst consists in  increasing th e  

distance betw een th e hydrogen atom  and th e oxygen atom  in  th e hydroxyl 

group. Q uantitative treatm ent on th is basis leads to  an equation w hich is not 

in  agreem ent w ith  experim ent.

The source of th is discrepancy lies in  assum ing th at th e whole of th e surface 

is active. The conception of activation  increasing th e distance betw een th e  

H  and the O atom  in  the hydroxyl group leads to  th e idea of a “ reaction  

centre.” A t these areas th e adsorbed alcohol m olecule is situated over som e 

characteristic group of copper atom s.

The work of Taylor, Pease, and Arm strong and H ilditch, is summarised.

Application of the theory of probability to  the problem of th e centre of activ ity  

shows th at the proportional frequency of centred w ith  heat of activation e is 

connected w ith  s by  an exponential relation.

The periodic relation between the catalytic activ ity  of copper and the tem -

* See  ‘ R oy. Soc. P roc.,’ A , vol. 106, p. 261, fig. 6 (1924).
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3 7 8 G . A . E l l i o t t  a n d  I . M a sso n .

perature a t w hich  th e  copper w as produced b y  reduction  from  oxide , has been  

sp lit up  in to  a general falling-off of a c tiv ity , due to  sin tering of th e  cen tres a t  th e  

in sta n t of reduction, and a random  periodic variation  accom panied b y  change 

in  th e  tem perature coefficient of th e  reaction.

S tu d y  of th is  la tter change enables th e  con stants in  th e  d istrib ution  form ula  

to  be evaluated . T he reac tio n -v e lo c ity  expression  fin ally  deduced takes th e  

form

— CT . S . 1

( h ~  R f ) a

T his equa tion  is in  accord w ith  experience in  so far as it  can  be tested .

M y thanks are due to  Mr. W . G. Palm er for his in terest in  th is work.

T h e r m a l S e p a r a t io n  i G a se o u s  M ix tu r e s .

B y  G. A . E l l i o t t , B .Sc ., U n iv ersity  College, London, and  I r v i n e  

Ma s s o n , D.Sc ., U n iv ersity  of D urham .

(Communicated by Prof. F . G. Donnan, F .R .S .— R eceived 17th April, 1925.)

I t  w as poin ted  o u t b y  Chapm an (‘ Phil. T rans.,’ A , vo l. 216, p. 279 (1915) ; 

* R oy . Soc. P ro c .,’ A , vo l. 93, p. 1 (1917) ) th a t , according to  h is d eve lopm ent 

of th e  k in etic  th eory  of gases , th e  com position  of a gaseous m ix ture shou ld  vary  

w hen th e  tem perature is m ade to  v ary  from  p o in t to  poin t w ith in  it , th e  

e x te n t o f separability  depending upon  th e  character o f th e  interm olecular  

force-fields and  upon  th e  rela tive m olecular w eights , sizes and num er ical 

concentrations. The pred iction  w as verified, qua lita tive ly , w ith  m ix tures of 

hydrogen w ith  carbon d ioxide (Chapman and D ootson , * Ph il. Mag. (v i), vo l. 

33, p. 248 (1917) ), in  w hich a difference in  com position  of about 3 per cent, 

w as found w hen an equ im olecu lar m ixture was kept in  tw o com m unicating  

vessels a t  10° and 230° respectively .

The present experim en ts were a t  first subordinate to  certa in  other work in  

w hich therm al diffusion w ould h ave affected the results , but th ey  h ave y ie lded  

d ata  w hich  are of more general in terest. M eanwhile, Ibbs (‘ R oy . Soc. Proc., 

A, vol. 99, p. 385 (1921) ) had further confirmed Chapm an’s theory when he
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