
ADSORPTION AND REACTION ON PROMOTED ZINC

O X ID E  C A T A L Y ST S IN R E L A T IO N  TO 

HIGHER ALCOHOL SYNTHESIS

by

Peter John Robert O'Malley, B.E. (Hons)

January,  1987

A thesis submitted for the degree of Doctor of 
Philosophy of the  University of London and for 

the Diploma of Membership of the Imperial College.

Department of Chemical Engineering and Chemical Technology 
Imperia l  Col lege 
London, S.W.7.



2

ABSTRACT

This s tudy has in v e s t ig a te d  the  e f f e c t  of alkali  promotion on the  

r e a c t i v i t y  of ZnO in r e l a t i o n  to  h igher a lcohol decomposit ion and 

synthes is .  The te chn iques  o f  t e m p e r a t u r e  programmed desorp t ion  and 

decomposit ion  (TPD) have been  used  to c h a r a c t e r i s e  the  p roduc ts  and 

surface intermediates involved. A well characterised low surface area 

ZnO was used as a catalyst  and K2CO3 as promoter.

The in v e s t ig a t io n  of h igher  a lcohol  synthes is  was of i n t e r e s t  in 

view of th e  p re d ic t e d  in c re a s e  in th e  use of oxygenates  as gasoline  

o c ta n e  b o o s te r s .  Although a lka l i  promotion of methanol synthes is  

c a t a l y s t s  is an e s ta b l i sh e d  m e thod  for inc reas ing  higher a lcohol 

yie lds,  r e l a t iv e ly  l i t t l e  is u nde rs tood  regard ing  th e  q u a n t i t a t i v e  

a sp e c t s  of a lkal i  p romotion  and of the  mechanism of higher alcohol 

synthes is  on ZnO con ta in in g  c a t a l y s t s .  Of p a r t i c u la r  i n t e r e s t  in this 

thes is  w ere  th e  adso rp t io n  c h a r a c t e r i s t i c s  of the  r e a c t a n t s  and 

p roduc ts  of  th e  higher a lcoho l  syn thes is .

The adsorption and TPD of CO2, H2 and water were investigated for 

ZnO and promoted ZnO. The Zn (0001) polar surface of unpromoted ZnO 

was found to  s trongly  adsorb  hydroxyl spec ies  with  a hea t  o f  a d so r p 

tion of 151 + 10 kj/mol. Consequently, dehydroxylation was very impor

t a n t  in de te rm in ing  th e  behav iour  of the  c a t a ly s t ,  and t e m p e ra tu re s  of 

up to 750 K were required. Potassium promotion was found to preferen

t ia l ly  suppress  hydroxyl a d so rp t io n  on th is  s u r face .  Promotion also 

suppressed the formation of surface formate afte r coadsorption of CO2 

and H2*

The decompos i t ion  of  1-p ropano l ,  2 -p ropanol  and a c e to n e  was 

i n v e s t i g a t e d  in d e t a i l .  The a l c o h o l  d e s o r p t i o n  p r o d u c t s  f rom
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unpromoted  ZnO c o r re sp o n d e d  to  reve rs ib le  desorp tion  of the  parent 

a lcohol a t  low t e m p e r a t u r e  (400 K), and to  dehydrogenat ion ,  dehy

dra t ion  and ox ida t ion  s u r f a c e  decomposi t ion  r e a c t io n s  a t  progressively 

higher t e m p e r a t u r e s .  2 -P ro p a n o l  decomposit ion was s e lec t iv e  toward 

dehydra t ion  while 1-p ro p an o l  was se l e c t iv e  to oxidation via a su r face  

c a r b o x y la te  sp ec ie s .  A m echan ism  has been proposed based on these  

r e s u l t s .

Se lec t iv e  s i t e  poisoning,  th rough  coadsorp t ion  of w a te r  with  the  

a lcohol ,  and by ch lo r ine  t r e a t m e n t  of ZnO, was used to  e s tab l i sh  th e  

c ry s t a l  f a ce  dependency  o f  th e  a lcohol decomposit ion r e a c t io n s .  In 

p a r t i c u l a r ,  a s i te  eq u iv a l en c e  was  e s tab l i shed  b e tw een  the  2 -p ropano l  

dehydra t ion  and hydroxyl ad so rp t io n  s i te s  proposed to  be a s so c ia ted  

with  the  Zn (0001) polar s u r f a c e .

Potass ium promotion  was found to suppress r e a c t io n  on both  polar 

su r face s  and,  to  a s ig n i f ic a n t  e x t e n t ,  dehydra t ion  and oxida t ion  on 

the non-polar (1010) surface. The dehydrogenation yield was enhanced 

by a lkal i  p romot ion .  Promotion e f f e c t s  of potass ium with r e s p e c t  to 

higher a lcohol  syn thes is  a r e  a lso  cons idered .
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C H A P T E R  1 

INTRODUCTION

( 1 - 1 )  The Use o f  O xygenates in Relation to Transport Fuels

Until  r e c e n t ly ,  deve lopm en ts  in the  fuel  alcohol industry  were 

la rge ly  co n ce rn ed  with  th e  u t i l i s a t io n  of a lcohols  as blending s tocks  

or s u b s t i t u t e s  for p e t r o l e u m  d e r i v e d  t r a n s p o r t a t i o n  f u e l s '  * * 

Alcohols were  seen  as a t t r a c t i v e  a l t e r n a t i v e s  to  th e  pe t ro leum  based 

fuels in th e  face  of r is ing c ru d e  oil p r ices  and the  p rospec t  of 

diminishing oil s u p p l i e s ^ .  In p a r t i c u l a r ,  th e  use of C2~C^ higher 

alcohol/methanol or ethanol blends offered a number of advantages over 

s t r a i g h t - r u n  m ethano l  or e th a n o l  as gaso line  blending s tock  th a t  

inc luded improved v o la t i l i t y  and  d r iv eab i l i ty ,  improved hydrocarbon 

so lubi l i ty ,  improved w a te r  t o l e r a n c e  and higher  volumetr ic  h e a t  of 

c o m b u s t i o n ^ ) .  However ,  t h e se  goals  have la rge ly  been put as ide  in 

view of th e  c u r r e n t  world surp lus  and fall ing  pr ice  of c rude  oil. 

R ecen t  deve lopm ents ,  such as t h e  in t roduc t ion  of regu la t ions  phasing 

out th e  use  of lead compounds as o c tan e  boos te rs  in gaso line ,  are  

l ikely to  have  s ign i f ic an t  e f f e c t s  on the  use p roduc t ion  of oxygenates  

in th e  near  fu tu re .

C er ta in  lead  compounds,  such as t e t r a e t h y l  lead and t e t r a m e th y l  

lead ,  a r e  employed for ra is ing  th e  o c tan e  number of g a s o l i n e ^ ) .  

These  lead compounds a r e  ideal  fo r  use as add i t ives  to  gaso line ,  since 

they  e s se n t i a l ly  e f f e c t  only t h e  oc tane  number for a ll  p r a c t i c a l  

purposes  while o the r  phys ica l  p r o p e r t i e s  remain p ra c t ica l ly  unchanged.  

Their  dec is ive  d raw back ,  h o w e v e r ,  is the i r  d e t r im e n ta l  e f f e c t  on the  

env i ronm ent  and on human h e a l t h ^ ) .  As a consequence ,  th e  lead
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c o n t e n t  in gasol ine  is be ing p rogress ive ly  reduced  in both  Europe and 

th e  United S t a t e s ,  while l e a d - f r e e  gasoline  is a lso  ava i lab le  in the  

United  S ta te s  and J a p a n ^ .  F u r th e r  impetus  for the  removal of lead 

has come from th e  in c re a se d  use  of exhaus t  c a t a l y s t  units  in motor  

veh ic les ,  b ecause  lead a c t s  as a  c a t a l y s t  i n h i b i t o r ^ .

The United  S ta t e s  is e x p e c t e d  to  e ssen t ia l ly  e l im ina te  a llowable  

lead usage by th e  e a r ly  1990's,  whi le  increas ing  th e  p e rc en t  of u n le a 

ded p r e m i u m ^ ) .  Weste rn  Europe a lso plans to e l im ina te  the  use of 

lead ,  a l though  th e  t iming is u n c e r t a i n ^ .  An e s t im a te d  55% of  the  

worlds gasoline market will be lead free by 1 9 9 0 ^ .  In the US demand 

for premium unleaded gasoline is projected to grow from the 15% of the 

t o t a l  gasoline  pool in 1984 to  an e s t i m a te d  figure of 20% for 1986 and 

to 30% by 1990(7).

The sharp  r ise  in demand is also r e l a t e d  to  t h e  way cos ts  of 

gasoline production have changed and to an increased demand for prem

ium g rade  gasol ine ,  in s t e ad  of r e g u la r  g rade ,  as p r ices  have d ropp 

ed^ In c reased  eng ine  p e r f o r m a n c e  requ i rem ents  a r e  also p red ic ted  

to  re su l t  in an i n c re a se  in the  p oo l  average  oc tane  number from 86.8 

to  88.3 (R+M/2) in th e  US and 92.2/82.1  to  94.6 /84.7  (RON/MON) in 

Europe. Japan, which uses no lead a t  present, is expected to increase 

pool o c ta n e  from 91 to  92 R O N ^ ^ .  Although in the  shor t  te rm ,  the  

sl ide in c ru d e  p r ice  will a lso  e n c o u r a g e  th e  convers ion  of h y d ro c a rb 

ons for o c t a n e ,  in th e  long t e r m ,  inc reased  gaso line  demand due to 

lower c rude  oil p r ices  will c a u s e  re f in e r s  to  back  off  on process  

severity and produce maximum product a t  lower octane quality to meet 

th is  d e m a n d ^  K

A number o f  poss ib i l i t ie s  a r e  ava i lab le  for providing add i t iona l  

o c ta n e  to  th e  gaso line  pool in view of the  developm ents  descr ibed
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a b o v e ^ .  A f i r s t  option is for th e  r e s t r u c tu r in g  of r e f in e r ie s  for 

the  convers ion  of com ponents  w i th  a low o c tan e  number to components  

with a high o c ta n e  n u m b e r ^ .  A l te rna t ives  he re  include the  ra ised  

sev e r i ty  upgrading o f  r e f o r m a t e ,  FCC gasol ine and a lk y la te  gasoline  to 

increase octane.  While significant octane improvements can be gained 

by t h e s e  s t e p s ,  h i g h e r  o p e r a t i n g  c o s t s  c a n  m ake  t h e s e  o p t i o n s  

u n a t t r a c t i v e ^ ) .  However ,  e v e n  a t  p re sen t ,  the  p roduc t ion  c o s t  of 

th e  in c reased  o c t a n e  has no t  b e e n  found to  be o f f s e t  by th e  fa l l  in 

oil p r i c e s ^ ) .  L im ita t ions  can  a l so  re su l t  because  of the  way r e f i 

nery  f lex ib i l i ty  is d i r e c t ly  r e l a t e d  to  th e  opera t ion  of seve ra l  

i n t e r a c t i n g  un i ts .  For ex am p le ,  to  in c rease  r e fo rm a te  o c tan e  may 

cause  a pena l ty  on volume and in c re a s e d  Reid vapour p ressure  of the  

fina l  end  p ro d u c t ,  while r e f i n e r y  o pe ra t ion  to  maximise gasoline  

p roduc t ion  to  m ee t  r is ing volume demands would leave  less f lex ib il i ty  

for p rocess  g e n e r a t e d  o c t a n e s ^ ) .

The use  of  ad d i t iv e s ,  and in p a r t i c u la r  oxygenates ,  as gasoline  

o c ta n e  e n h an ce rs  is an a t t r a c t i v e  o p t i o n ^ , ^ , ^»^). An in c reased  dem 

and for such additives to augment the octane number as the lead cont

e n t  of p e t ro l  is lowered  is p r o j e c t e d .  Table 1.1 outl ines  one p r o j e c 

t ion  made in 1985, a l though  th i s  is cons idered  to  be out of d a t e  due 

to  u n c e r t a in t y  in p re d ic t in g  f u tu r e  US lead phasedown regu la t ions  and 

c rude  oil p r i c e s ^ ) .  O x y g e n a te d  o c tan e  enhancem ent  is f o r e c a s t  to 

acc o u n t  for 3.0 to  3.7% of  th e  US gasoline  pool by 1990, while  in 

Europe  th e  o x y g en a te  c o n te n t  o f  gasol ine is e s t im a ted  to g row to



2 6

Table  1.1: A p ro je c t io n  of U.S. 
(MM g a l / y r ),

fu e l -o x y g e n a te  
from reference

use (1985 
( 1).

p ro jec t ion )

year ethanol methanol TBA(a) MTBE(b) total

1980 80 20 40 70 210

1985 590 130 90 370 1190

1990 1000 420 250 550 2220

1995 1250 750 300 650 2980

( a )  = t e r t i a r y  bu tano l

( b )  = methyl t e r t i a r y  bu ty l  e t h e r

Methyl t e r t i a r y  buty l e t h e r  (MTBE) is one of the  most a t t r a c t i v e  

oxygena te  o c t a n e  boos te r s  c u r r e n t l y  employed in th e  US and Europe.  

Although MTBE syn thes is  from r e f i n e r y  isobutene  is cos t  a t t r a c t i v e ,  

i t s  p roduc t ion  p o t e n t i a l  is e x t r e m e ly  l imited by the  ava i lab i l i ty ,  of 

such s t r e a m s ^ .  The present to ta l  US capacity for MTBE from isobut

ene  is only 70,000 b p s d ^ ^ .  B u tane  o f fe rs  a l t e r n a t i v e  source  for 

i sobu tene  syn thes is ,  but  MTBE p ro d u ced  in th is  way is unlikely to  be 

economica l ly  v i a b l e ^ .

Alcohols a r e  e x c e l l e n t  p o t e n t i a l  oc tan e  improvers  as shown by 

the i r  individual mixed o c t a n e  r a t i n g s  given in t a b le  1.2. If only the  

octane number is considered, methanol appears to be an ideal additive, 

e spec ia l ly  s ince  i t  is c u r r e n t ly  ava i l ab le  in su f f ic ien t  quan t i ty  and 

a t  a low p r i c e ^ ^ .  U n f o r t u n a t e ly  methanol is unfavourab le  as an 

add i t ive  with  r e s p e c t  to  both  t h e  Reid vapour pressure  and phase 

s ep a ra t io n  in p re s en c e  of w a t e r ^ ’^’^  and must be blended with 

higher a lcohols  such as 2-p r o p a n o l  and t e r t i a r y  butano l  ( T B A ) ^  to
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Table  1.2: The mixed octane number of alcohols measured as an 
engine octane number (MON) in a mixture with petrol 

(MON= 83, aromatics= 25 vol%), from reference (4).

alcohol engine octane number 

5%

at given vol % 

10%

methanol 98 100

ethanol 100 104

2-propanol 96 96

1-propanol 92 90

tert-butanol 94 93

n-butanol 80 78

n-hexanol 41 46

n-octanol 21 27

overcome th e se  problems. E thano l  requ i res  no higher a lcohol c o so lv e 

nts, but production costs a t  present make it u n a t t r a c t i v e ^ ,  and when 

added  to gasoline ,  a lso  a g g r e v a t e s  vo la t i l i ty  p r o b le m s ^  A mixture  

of 50% methanol and 50% TBA, distributed under the trade name Oxinol, 

has been  found to  be an ideal  a d d i t iv e  for g a s o l i n e ^  and gasoline  

con ta in ing  6% Oxinol is p r e s e n t ly  sold a t  many serv ice  s t a t i o n s  in 

West Germany.

TBA is ob ta ined  as a b y - p r o d u c t  of propylene  oxide s y n t h e s i s ^  

or can be syn thes ised  from i so b u te n e .  Severe  l imi ta t ions  also ex is t  

in th e  supply of p ropylene  o x i d e ^ \  The c u r r e n t  p roduc t ion  of TBA 

in Europe  of abou t  450,000 tp a  is not su f f ic ien t  even to p rovide  the  

24x10** tpa of petrol consumed in West Germany with an admixture of 6% 

O x i n o l ^ .  Production  of TBA from isobutene  also su f fe rs  from supply
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l im i ta t ions  as desc r ibed  for MTBE.

To meet th e  in c reas in g  demand for the  supply of alcohol oc tan e  

improvers, new processes tha t  produce methanol/higher alcohol mixtures 

(known as fuel  m e thano l ) ,  su i t a b le  for use as gasoline  oc tan e  e n h a n c 

e rs ,  a re  being deve loped .  Table  1.3 descr ibes  seve ra l  of th e se  th a t  

a r e  p o t e n t i a l  com m erc ia l  p o s s ib i l i t ie s .  The ta b le  serves  to  i l l u s t 

r a t e  the  v a r ie ty  of the  ty p e s  of c a t a l y s t  t h a t  can be used to produce  

fuel  methanol ,  and a lso t h e  d e g re e  of f lexib il i ty  of p roduc t  composi

t ion  th a t  can be o b ta ined .

( 1 . 2 )  The Synthesis o f  Higher Alcohols by Alkali Promoted 
Methanol C a t a ly s t s

The syn thes is  of h igher  a lco h o l  mix tu res  by CO hydrogenat ion ,  

using processes based on methanol catalysts modified by alkali promot

ion has been known for t h e  pas t  60 y e a r s ^ ^ .  The addi t ion  of small 

amounts  of a lkal i  p ro m o te rs  to m e th an o l  synthes is  c a t a ly s t s  inc reases  

the  yield of h igher a lcohols  in t h e  range  of C2 to  Cg. C h a r a c t e r i s t 

ica l ly  t h e r e  is a high r a t i o  of b ranched  to l inear a lcohols  formed. 

Within the  C2+ f r a c t io n  th e  main p roduc ts  a r e  genera l ly  i -b u tan o l ,  1- 

propanol and e th an o l .  The yield of  2-p ropanol  is low, while l i t t l e  or 

no t e r t i a r y  a lcohols  a r e  p ro d u ced .  The synthes is  a lso produces  a 

complex range  of o the r  minor o x y g en a te s  including e s t e r s ,  ke tones  and 

a ldehydes .  The high b ranched  to  l inear r a t io  c o n t r a s t s  with the  

la rge ly  s t r a ig h t  cha ined  o x y g e n a te  and hydrocarbon produc ts  obta ined

from the Fischer-Tropsch synthesis, showing a different reaction mech-
( \

anism to  be o p e r a t i v e '  ' .  The p ro d u c t  composi t ion is also found not 

to  depend c r i t i c a l l y  on th e  ty p e  of c a t a ly s t  used; similar resu l ts  

have been recently obtained for modern high activity Cu/ZnO methanol



Table  1.3: Recent process developments for the synthesis of fuel methanol

process  desc r ip t ion c a t a l y s t  type product description references

I.F.P Higher Alcohol 
Process
-developed by the Institut 

Fran^ais du Petrole 
-operated under low press
ure methanol synthesis 
conditions (60-100 bar, 
270-320°C)

Alkalised Co-Cu based mixed 
oxides, including other 
metallic elements such as 
Cr, A1 and Zn

mainly linear alcohols: 
methanol= 50-70 wt% 
ethanol= 16-23 wt% 
l-propanol= 8-14 wt% 
n-butanol= 4-7 wt% 
n-pentanol= 2-3 wt% 
C6+= 1.5-3 wt%

8,10

Lu rg i Fuel Methanol Process 
-developed by Lurgi GmbH 
-operated under low press

ure methanol synthesis 
conditions (290°C,50-100 
bar)

modified Lu rg i low pressure  
Cu-based methanol synthesis 
catalyst

methanol= 53.5 wt%  
ethanol= 3.9 wt% 
propanol= 3.1 wt% 
butanol= 6.2 wt% 
pentanol= 3.8 wt% 
hexanol+= 14.8 wt% 

other oxygenates= 10.1 wt% 
hydrocarb.= 4.3 wt% 

water = 0.3 wt%

4

. .con t inued  on following page

N)UD



Table  1.3 continued:

process description catalyst  type produc t  desc r ip t ion re f e r e n c e s

Texaco Alcohol-Ester 
Process
-developed by Texaco 
Chemical Company 
-uses patented Ru 
"mel t"  c a t a ly s t s  
- o p e ra t in g  condit ions  
220°C, 430 bar

Ru oxide dispersed in a 
molten, quarternary 
phosphonium or ammonium 

salt

methanol= 12.9 wt% 
ethanol= 59.5 wt% 
propanol= 3.7 wt % 

ace ta te  esters= 10.3 wt%

6

Dow Higher Alcohol Process 
-developed by Dow Chemical 
Company

agglomerated molybdenum 
sulphides (alkali 

promoted)

methanol= 0-90% (variable) 
mixed alcohol octane= 120

11



31

c a t a l y s t s ^  ^  as were  found in ear ly  s tudies  ( 1 9 2 0 - 1930's)  based on 

ZnO or low activity Zn-Cr-Mn oxide methanol catalysts '  ' . The selec

t iv i ty  tow ard  higher a lcoho l  fo rm at ion  inc reases  accord ing  t o ^ ^ ^ j

Li < Na < K < Rb < Cs

i.e .  in o rder  of inc reas ing  p ro m o te r  bas ic i ty .  T he re fo re ,  it would 

appear  t h a t  i t  is the  base  c a t a l y s e d  r e a c t io n s  t h a t  a re  promoted  by 

the  a l k a l i ^ * ^ .

The synthesis of higher alcohols from CO can be summarised by the

( 12)r e a c t i o n s '  ' :

2n H2 + n CO + CnH2n+1OH + (n-1) H20  

(n+1) H2 + (2n- l )  CO + c nH2n+1OH + (n-1) C 0 2

The fo rm at ion  of higher a lcohols  via the  hydrogenat ion  of CO p re sen ts  

a thermodynamically favourable pathway '  ' , so a t  a given temperature 

the  s t a b i l i ty  of the  a lcohols  in c r e a s e s  with carbon  number.  Although 

the synthesis of the higher alcohols would appear then to be a favour

able  m e ch a n is t i c  ro u te  for th e  CO hydrogenat ion  re a c t io n ,  in a c tu a l  

p r a c t i c e  th e  p roduc t  d i s t r ib u t io n  ob ta ined  is de te rm ined  by k in e t ic ,  

r a th e r  th an  th e se  thermodynamic  f a c t o r s ^ * ^ .  As a consequence ,  the  

r e a c t io n  pa thw ay  is l im ited  and th e  lowest  a lcohol ,  methanol,  is the  

p redominan t  p ro d u c t .  I t  is g e n e r a l ly  found th a t  the  higher  a lcohol  

yield is maximised a t  o p e ra t in g  t e m p e r a t u r e s  and r e a c to r  c o n t a c t  

times higher than  normally  used for methanol  s y n t h e s i s ^ 2,14)^ w hile 

the required H2:CO ratio is lower.

Early s tud ies  in to  h igher  a lco h o l  synthes is  were  based on low 

a c t i v i t y  c a t a l y s t s  t h a t  c o n t a i n e d  n o n - red u c ib le  oxides such as ZnO,

Cr203  and M nO^^, ^ ” ^ V  The extreme operating conditions required by

(13)the se  c a t a l y s t s  makes th e i r  use  u n a t t r a c t i v e  to d a y '  '  and r e c e n t
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r e s e a rc h  has gene ra l ly  c o n c e n t r a t e d  on studying the  e f f e c t  of p ro m o t 

ion on the  behaviour  of  h igher a c t i v i t y  low pressure  Cu/ZnO based 

m ethanol  synthes is  c a t a l y s t s '  The ear ly  r e sea rch  into  the

higher a lcohol syn thes is  was la rge ly  q u a l i t a t iv e  in i t s  t r e a t m e n t  of 

re su l t s ,  and as such, provided  l i t t l e  ins ight  into  the  more q u a n t i t a 

t ive  a sp e c t s  of r e a c t io n  k in e t i c s  and se le c t iv i ty .  The r e l a t i v e  

complexity  of the  syn thes is  p ro d u c t  d is t r ibu t ion  hampered  e f f o r t s  in 

th is  d i rec t ion  and work to  p ro d u c e  more s e lec t iv e  alcohol c a t a ly s t s  

was c o n c e n t r a t e d  on m e thano l  syn thes i s .  The development of high 

in t r in s ic  a c t i v i t y  low p re s su re  m e th an o l  synthes is  c a t a ly s t s  based  on 

Cu/ZnO has a l lowed the  higher  a lcohol  synthes is  to be c a r r i e d  out 

under milder o p e ra t in g  c o n d i t i o n s ^ 2,13).  However,  the  m echan is t ic  

d e ta i l s  of the  h igher  a lcoho l  sy n th es i s  a re  s t i l l  not well  unders tood ,  

and in p a r t i c u l a r ,  t h e  n a tu re  of th e  in f luence  of alkali  p romotion  on 

the synthesis has not been determined.

The use of a lkal i  p r o m o te r s  in ca ta ly s i s  is not conf ined  to  

h igher a lcohol  syn thes is  and th e y  a r e  also used in a number of o the r

c a t a l y t i c  p rocesses .  The p ro m o te r  ac t ion  can be m anifes t  in s eve ra l  

(19)ways' 7:

- a n  in c re a se  in r e a c t i o n  s e l e c t i v i t y  or sp ec i f ic i ty  

- a n  in c re a se  in c a t a l y t i c  a c t i v i t y  

-p ro longed  e f f e c t  on c a t a l y s t  l ife

The e f f e c t  of po tass ium prom ot ion  on the  F i sche r -T ropsch  synthes is  

has,  for example ,  been  more  e x ten s iv e ly  s tudied th an  the  e f f e c t  of 

promotion on th e  h igher a lcoho l  syn thes is ,  and a lthough a d i f f e r e n t  

composition product is produced, there  are several elements in common 

with  the  a lkal i  p romoted  higher a lcohol  synthes is  t h a t  a re  w or thy  of 

no te .  Potass ium is one of the  key  promoters  of the  F ischer -T ropsch



33

r e a c t io n  t h a t  is used to  ch an g e  th e  se l e c t iv i ty  and a c t i v i t y  of the  

sy n th es i s^® ) . -  Potass ium prom ot ion  causes  a sh i f t  in th e  p roduct  

spectrum toward longer chain molecules, and increases both the se lec t 

ivity toward oxygenates and the olefinity of the hydrocarbon products. 

E l ec t ro n ic  i n t e r p r e t a t i o n s  of t h e  p rom oter  a c t io n  have been p r e s e n t 

e d ^ ^ ,  a l though  the  ro le  o f  th e  p rom oter  has also been a t t r i b u t e d  to 

be one o f  a s e l e c t iv e  p o i s o n ^ *  th a t  suppresses  th e  hydrocarbon ,

but not the  oxy g en a te  forming, r e a c t i o n  s teps .

( 1 . 3 )  Scope o f  the T hesis

Sect ion  1.1 has p r e s e n t e d  a s p e c t s  of t r en d s  in the  p r e d i c t e d  use 

of  m e th a n o l /h ig h e r  a lcohol  m ix tu re s ,  while s ec t ion  1.2 has in t roduced  

the  a lka l i  p romoted  higher a lco h o l  synthes is  as a c a t a l y t i c  process  

for th e  p roduc t ion  of such fue l  m ethanol  mixtures .  Although the  

e f f e c t  of a lkal i  promotion in h ighe r  a lcohol synthes is  has been known 

for some some years ,  i t s  m e c h a n i s t i c  d e ta i l s  a r e  not fully unders tood .  

The aim of th e  p re sen t  s tudy has  been to  e lu c id a te  de ta i l s  o f  the  

e f f e c t  of a lkal i  p romot ion ,  and  to  r e l a t e  th is  to  a higher a lcohol  

syn thes is  mechanism.

The mechanism of a lcoho l  syn thes is  on th e  Cu/ZnO low p re s su re  

type  of  m ethano l  c a t a l y s t  is a complex  p rocess .  R a ther  than  a t t e m p t  

to  e s tab l i sh  th e  in f luence  of a lk a l i  promotion using such a c a t a l y s t ,  

th is  s tudy has c o n c e n t r a t e d  on t h e  behaviour of a single component  

(ZnO). As p a r t  of a f u tu r e  more  wide ranging study,  it  is im por tan t  

to  e s tab l i sh  th e  e f f e c t  of a lka l i  promotion on the  individual c a t a l y s t  

components  in th is  manner b e f o r e  th e  behaviour of the  c a t a l y s t  as a  

whole can  be q u an t i f i ed .  ZnO i t s e l f ,  however ,  is a poor in d u s t r i a l



a lcohol  c a t a l y s t  s ince  it has  poor  s tab i l i ty  and low a c t i v i t y ^ * 2 .̂

Potass ium promot ion  has b een  in v es t ig a ted  s ince ,  a l though the  

o rder  of a c t i v i t y  for h igher  a lcoho l  synthes is  dec rea se s  in the  order  

of Cs, Rb and k 0 2 - 1 4 ) ^  t h e  high cos t  of Rb and Cs make them less 

a t t r a c t i v e  on an indus t r ia l .  s c a l e ^ 2’ 1^ ,  and K is genera l ly  c o n s id 

ered to be the most practical  promoter.

The study has been primarily concerned with the effects of potas

sium promotion of  an AnalaR g r a d e  ZnO on the  decomposit ion of  1- 

propanol and 2-propanol, determined using the technique of temperature 

programmed d e so rp t io n ^ 2**). The two C3 a lcohols  a r e  of p a r t i c u la r  

i n t e r e s t  with  r e s p e c t  to  th e  a lka l i  p romoted  higher  a lcohol synthes is  

s ince ty p ica l ly  only 1-p ropano l  is p roduced  in any s ign i f ican t  amount 

(12,14)^ By in jec t io n  of each  a lcohol  in to  a synthes is  gas  feed 

stream it has been demonstrated tha t  1-propanol and 2-propanol appear 

to  be de r ived  from d i f f e r e n t  s u r f a c e  r e a c t io n  i n t e r m e d i a t e s ^ ***). 

The ad so rp t ion  and  decom pos i t ion  of  r e a c t a n t s  (CO, CO2 and H2 ) and 

o the r  p roduc ts  ( a c e to n e ,  p ro p en e  and  w a te r )  have also been in v e s t ig 

a t e d  in o rder  to  fully c h a r a c t e r i s e  the  adsorp t ion  and decomposit ion  

behaviour of ZnO and potassium promoted ZnO.

By this method, temperature programmed desorption provides infor

mation  abou t  th e  n a tu r e  o f  the  s u r fa ce  in te rm ed ia te s  p re sen t  in the  

decomposition process, and hence, on the decomposition reaction mecha

nism. However ,  t h e  "pr inc ip le  o f  microscopic  r e v e r s ib i l i ty " ,  which 

assumes th e  c h a r a c t e r  of th e  s u r f a c e  in te rm e d ia te s  will be s imilar in 

th e  fo rward  a lcoho l  syn thes is  d i r e c t i o n ,  al lows th is  in format ion  to  be 

used in fo rm ula t ing  possible  sy n th es i s  mechanisms. As an i l lu s t ra t ion  

of this technique,  studies using temperature programmed decomposition 

and infra-red spectroscopy, have shown that  methanol decomposes on ZnO



3 5

through a formate in t e rm e d ia te ^ ^ ’^ ’^ .  The same formate intermed

ia te  has  been  id en t i f i ed  a f t e r  CC>2 and hydrogen coadso rp t ion  on 

Z n a s  well  as dur ing  m e thano l  synthes is  i t s e l f ^ ^ ^  by i n f r a 

red  s p ec t ro sc o p y .  Although th e  synthes is  o f  higher a lcohols  is more 

complex and involves  r e a c t i o n s  gene ra l ly  cons idered  to  be c o n secu t iv e  

to t h a t  of methanol  s y n t h e s i s ^  2,14)^ t ^ e stucjy Qf t h e decomposit ion 

of th e  r e a c t io n  p roduc ts ,  in a manner  similar to  methanol,  can provide 

im por tan t  in form at ion  re g a rd in g  possible  su r f a c e  in te rm ed ia te s  p re sen t  

during th e  synthes is  of h igher  a lcohols .  This techn ique  then  has 

provided  th e  basis for t h e  ex p e r im en ta l  programme and for the  

conclus ions  of th is  th e s i s .
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C HAP TER 2

SURVEY OF THE RELEVANT LITERATURE

( 2 . 1 )  I n t r o du c t i o n

The survey of th e  r e l e v a n t  l i t e r a t u r e  has been divided in to  four 

main sec t ions .  Sec t ion  2.2 p re s e n t s  a summary of r e s ea rc h  in to  the  

syn thes is  of h igher a lcoho ls  using modif ied  methanol c a t a ly s t s .  This 

cons is t s  of two p a r t s ;  s ec t io n  2 . 2.1 reviews the  period from around 

th e  l a t e  1920's to  th e  d a t e  of t h e  ex ten s iv e  rev iew  on the  sub jec t  by 

N a t t a ^  (1957) ,  while s ec t io n  2 .2 .2  covers  th e  period from this  da te  

up to  the  p r e s e n t .  Each p a r t  p r e s e n t s  a genera l  desc r ip t ion  of the  

c a t a l y s t s  used,  th e  a lcoho l  p ro d u c t  d is t r ibu t ions  ob ta ined ,  the  e f f e c t  

of o p e ra t in g  cond i t ions  and m e c h a n i s t i c  proposa ls.  Section 2.3 

d e sc r ibes  a sp e c t s  of th e  s t r u c t u r e  of zinc oxide in re la t io n  to  its 

p ro p e r t i e s  as an adso rp t io n  and r e a c t i o n  su r face ,  while s ec t ion  2.4 

rev iew s  th e  l i t e r a t u r e  c o n c e rn e d  with  th e  behaviour of z inc  oxide 

toward the adsorption of hydrogen, CO, CO2 and water and as a surface 

for th e  adsorp t ion  and c a t a l y t i c  decomposi t ion  of Cj to  C3 alcohols 

and related compounds. Although the experimental work for the present 

s tudy was co n ce rn e d  s p ec i f i c a l ly  with  an inves t iga t ion  of th e  C3 

a lcohols ,  de ta i l s  have  a lso  been p r e s e n te d  for methanol and e th an o l  as 

t h e  b e h a v i o u r  o f  t h e s e  a l c o h o l s  is o f  d i r e c t  r e l e v a n c e  to  t h e  

co n s id e ra t io n  of th e  C3 a lcohols  decomposit ion c h a r a c t e r i s t i c s .
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( 2 . 2 . 1 )  Early R esearch

The f i r s t  highly s e l e c t iv e  c a t a l y s t s  for methanol synthes is  were  

developed in th e  ea r ly  19 2 0 ' s ^  Most p ra c t i c a l  indus t r ia l  forms

of catalyst  were based on mixtures of two or more oxides, with ZnO as 

th e  most  widely used oxide as a c a t a l y s t  base  in combination w i th  a 

promoter in the form of a another irrreducible oxide. A commonly used 

promoter was O 2O3, although a wide variety and large number of other 

c a t a l y s t  composi t ions  were  a lso  f o r m u la t e d ^ ® ) .  These c a ta ly s t s  had a 

low in t r in s ic  a c t i v i t y ,  so as a genera l  ru le ,  the  requ ired  m e thano l  

and h igher a lcohol  syn thes is  r e a c t i o n  condi t ions  were  qu i te  s e v e r e  

(approximately 300-450°C and 200-250 atm pressure).

Early s tud ies  d e m o n s t r a t e d  t h a t  CO hydrogena t ion  over a lka l i sed  

iron ( syn tho l)  c a t a l y s t s ^ *  > ^ )  cou ld  produce  a va r ie ty  of ox y g en a te s ,  

although the catalysts also had a marked tendency to form methane. In 

c o n t r a s t ,  m e ta l  oxide c a t a l y s t s  w e re  found to  produce  l i t t l e  m e th an e  

and to  give a liquid p roduc t  t h a t  cons is ted  mainly of a l ipha t ic  a l c o -  

h o l s ^ ^ ) .  I t  was o b s e r v e d ^ ^ » t h a t  m e ta l  oxide methanol c a t a l y s t s  

p roduced  under basic  cond i t ions  (e .g .  p r e c ip i t a t io n  from basic s o l u t 

ion) gave  an in c reased  y ie ld  of higher a lcohols  compared  to  similar 

c a t a l y s t s  p re p a re d  under n o n -b a s ic  condi t ions  (e .g .  by the  ign i t ion  of 

m e ta l  n i t r a t e s ) .  This was a t t r i b u t e d ^ ^  to  the  promoting a c t i o n  of 

t r a c e s  of a lkal i  ions adsorbed  on th e  c a t a l y s t  su r face  not removed 

during th e  f i l t r a t io n  and washing  s tages  of c a t a ly s t  p r e p a ra t io n .  

These  o bserva t ions  led to  q u a n t i t a t i v e  inves t iga t ions  of th e  in f luence  

of the  add i t ion  of various  a lkal i  p rom oters  (Li, Na, K, Rb, Cs) t o  Cr-  

Mn mixed o x id e ^ '* * '^ )  and Z n O ^ ^ )  c a ta ly s t s  on the  higher a lcoho l

( 2 . 2 )  Higher  A lc o h o l  Synthesis
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yield.  The fo rm at ion  of  h igher  a lcohols  was found to  in c rease  with 

increasing basic strength of the added promoter according to:

Cs > Rb > K > Na > Li

Impregnation with Li, Na or K reduced the ra te  of catalyst activity by 

an amount proportional to the  amount of added alkali, while Rb and Cs 

were  found to  have  l i t t l e  in f lu e n c e  on the  ou tpu t  of liquid p roduc t  

Although Rb and Cs were the  most favourable promoters in terms
( i 2 3 3)

of a lcohol  y ie ld '  * c o s t  was fe l t  to  prohib i t  th e i r  use on an 

( 12 )indus t r ia l  s c a l e '  The a v e r a g e  composi t ion of th e  r e a c t io n  p roduc t

was found not to  su b s ta n t i a l ly  dep en d  on th e  kind of anion used with 

th e  a lkal i  during  im pregna t ion ,  whi le  the  r e l a t iv e  promoting a c t io n  of 

the added alkalis (and the product compositions obtained) was also not 

dependen t  of th e  e x a c t  n a tu r e  o f  the  c a t a l y s t ^ T h e  promotion 

e f f e c t s  were  a t t r i b u t e d ^  to  t h e  a lkal i  basic  s t r e n g th  and indepen 

den t  to  a l a rge  e x t e n t  of i n t e r a c t i o n  with  the  base  c a t a ly s t .

The p roduc t  d i s t r ib u t io n  f rom  th e  higher a lcohol synthes is  was 

c h a r a c t e r i s e d  by high b ran ch ed  to l inear  a lcohol r a t io s .  Table 2.1 

p re sen ts  a r e p r e s e n t a t i v e  a lcoho l  p roduc t  d is t r ibu t ion  ob ta ined  from a 

Rb im pregna ted  Cr-Mn oxide c a t a l y s t ^ ^ .  In p a r t i c u la r ,  within the  

C2+ h igher a lcoho l  f r a c t i o n ,  th e  main a lcohol was i -b u tan o l ,  followed 

in smal ler amounts  by 1-p r o p an o l  and e thano l .  For th is  c a t a ly s t  

approx im ate ly  85% of the  h igher  a lcohol f r ac t io n  cons is ted  of  i- 

butanol and 1-p ropano l .

A more complete analysis of the products obtained from potassium 

im pregna ted  ZnO was published by  N a t t a  e t  a l ^ ^ ,  with  the  following 

a lcohols  id e n t i f i e d ,  d e m o n s t r a t in g  th e  complexity  of th e  product d i s t 

r i b u t i o n :
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Table  2.1:  Q u a n t i t a t i v e  ana lys i s  of alcohols  from the  higher alcohol 
synthesis over a Rb promoted Cr-Mn oxide catalyst.

(9.8% Rb/Cr-Mn, 200 atm, 400°C, SV= 53000 hr- *), from reference (33)

alcohol t o t a l  a lcoho l  
f r a c t io n  

(wt%)

higher a lcohol 
fraction 
(wt%)

methanol 76 -

ethanol 2 8.3

1-propanol 8 33.3

i-butanol 12.5 52

n-butanol - -

3 -methylbutanol 1.5 6.3

normal a lcoho ls :  methanol, ethanol, 1-propanol, 1-amyl alcohol,

branched a lcoho ls :  i s o -b u ta n o l ,  2 -m e thy lbu tano l ,  2 -methylpentanol,

3-methylpentanol ,  iso-amyl a lcohol ,

2 -3 -d im e th y lb u tan o l ,

secondary  a lco h o l s : i so -p ro p an o l ,  e th y l - i so -p ro p y lm e th a n o l ,

d i - i s o - p r o p y l - b u t a n o l ,  p ro p y l - i so -p ropy lca rb ino l ,  

t e r t i a r y  a lcohols :  t e r t i a r y  b u ty r i c  and amyl a lcohols .

A breakdown of the  main a lcoho l  p roduc ts  in the  C2+ f r ac t io n  is p r e 

s en ted  in t a b le  2.2. Again, the  major h igher alcohol was i - b u t a n o l  a t  

nea r ly  b7% of  the  C2 + f r a c t i o n ,  followed in lesser amounts  by 1- 

p ropanol ,  e th an o l  and 2 - m e t h y l - b u ta n o l .  I so -bu tano l  and 1-p ropanol 

together accounted for nearly 60% of the C2+ alcohols. The similarity 

of th is  p roduc t  d i s t r ib u t io n  w i th  t h a t  given in the  previous  tab le
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Table  2.2:  Q u a n t i t a t i v e  ana lys is  of a lcohols in the  C2+ f rac t ion  
from the  higher alcohol synthesis over K promotecf ZnO.

(9.3% K20/Zn.O, C O :H 2 = 4, 40 0 -4 2 0 °C ,  400 atm,  SV= 1700 h r - 1 ), from
r e f e r e n c e  ( 12).

alcohol fraction of C2+
(wt%)

e th an o l 4.2

1-propanol 11.6

2-propanol 3.7

n-butanol 2 .0

i -b u tan o l 46.7

2-methylbutanol 4.8

higher alcohols BP > 107°C 4.3

higher alcohols 107°C < BP > 180°C 15.1

higher alcohols BP > 180°C 7.8

further demonstrates the independence of the distribution to the exact  

n a tu r e  of th e  c a t a l y s t  or p ro m o te r  as no ted  previously .

Temperature was noted to be the most important operating param

e t e r  in h igher  a lcohol  syn thes is  over a lkali  promoted oxide c a t a l y 

s t s ^ ^ ,  with  higher a lcoho l  fo rm a t io n  occur r ing  to  an app rec iab le  

e x t e n t  only when th e  r e a c t i o n  was  o p e ra ted  a t  t e m p e ra tu re s  of 4 00°C 

and h i g h e r ^ ^ * ^ ^ .  There  a p p e a r e d  to  be c r i t i c a l  t e m p e ra tu re  below 

which the  reaction led primarily to  methanol and above which there  was

found to  be a sharp in c re a se  in th e  s e l e c t iv i ty  to  higher  a lcohols  

(12,32)

High space  ve lo c i t i e s  w e re  employed for methanol  syn thes is  to



in c re a se  the  p u r i ty  o f  the  final  p ro d u c t  through decreas ing  the  r e a c t 

ion t ime for possib le  unw anted  r e a c t io n s  producing side p r o d u c t s ^ ^ .  

Since higher a lcohols  ap p ea r  to be p roduced by reac t ions  consecu t iv e  

to  t h a t  of t h e  m e thano l  syn thes i s ,  lower r e a c to r  space  v e loc i t ie s  

were found to be needed than for the corresponding methanol synthesis 

r e a c t i o n '  ' .  The e f f e c t  of c o n t a c t  t ime on the  higher  a lcohol yield 

from K prom oted  Zn-Mn-Cr oxide c a t a l y s t  is shown in figure  2 . 1 ^ * ^ .  

Considerab le  m e thano l  in th e  f ina l  p roduc t  can  be seen to be produced 

even  a t  low sp ace  v e lo c i t i e s  w h e re  thermodynamically  th e  amount of 

m ethanol  (a t  t h e  ^00°C r e a c t io n  t e m p e r a t u r e )  in equil ib rium with the  

h igher a lcohols  should have  been  be n e g l i b l e ^ ^ .  This ind ica ted  th e  

r e a c t io n  p ro d u c t  d i s t r ib u t io n  to  be k ine t ica l ly ,  r a th e r  than  eq u i l ib r 

ium, l imited .

The bes t  yie lds  of  higher a lcoho ls  were  o b t a i n e d ^ * ^  when the  

C O :H 2 r a t i o  was higher than  t h e  s to ich io m et r ic  r a t io  of 0.5 requ i red  

by th e  r e a c t i o n :

n CO + 2n H2 + c nH2n+lOH + (n+1) H2 °

Water vapour a p p e a r e d  to  a c t  a s  an inhib i tor  for th e  fo rm at ion  of 

higher a l c o h o l s ^ ^  by being s e l e c t iv e ly  adsorbed  on th e  c a t a l y s t  

s u r f a c e  and  b locking a c t i v e  s i t e s  for a lcohol synthes is  and i t  was 

s u g g e s t e d ^ ^  t h a t  excess  CO p ro m o ted  th e  higher a lcohol syn thes is  by 

removal from the cata lys t  of any water formed by alcohol condensation 

through the reverse water gas shift reaction.  A reactant  feed comp

osed of only C 0 2 and H2 yielded only methanol and no higher alcohols, 

a l though  N a t t a '  '  has no ted  t h a t  higher a lcohols  can  be formed from 

C 0 2/ H 2 feeds  in c o n t r a d i c t i o n  t o  th is ,  c i t ing  Russian pub l ica t ions  as 

ev id en ce  for th is .
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F i g u r e  2 .1 s  Plot  of th e  e f f e c t  o f  c o n t a c t  t ime on the  a lcohol yie ld  
over a potassium promoted Zn-Mn-Cr catalyst . (a)= methanol;

(b)= a lcohols  higher  th a n  b u ta n o l ;  (c)= propanol;  (d)= butanol;  
(e)= e th an o l ;  (f)= ac ids ;  (g)= a ldehydes .  From re fe re n ce s  (16) .
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It was noted that  the high branched content of the product alcoh

ols showed the mechanism of the higher alcohol synthesis to be dras ti

ca lly  d i f f e r e n t  to t h a t  of th e  F i s c h e r -T ro p sc h  synthes is  where  only 

l inea r  a lcohols  were  o b t a i n e d ^  Severa l  ear ly  higher a lcohol s y n t 

hesis mechanisms were proposed to  explain this. In a scheme proposed 

by F i s c h e r h i g h e r  alcohols were produced by the direct addition of 

CO to  m e thano l  to  form ac id s ,  which were  reduced  to a ldehydes  and 

a lcohols  or decomposed  to  k e to n e s .  Morgan e t  a l ^ ^  proposed an 

a l t e r n a t i v e  mechanism based  on t h e  a ldolic  condensa t ion  of fo rm aldeh

yde ,  while Fro l ich  e t  a l ^ * ^  and  G r a v e s ^ ^  sugges ted  th a t  higher 

alcohols were produced by the successive condensation of lower alcoh

ols a cco rd ing  to  simple add i t io n  ru les .

N a t t a ^ ^  proposed a mechanism that  accounted for the promoting 

e f f e c t  of th e  a lkal i  by inc luding  th e  fo rmation of a lkal i  s a l t s  of 

f a t t y  ac ids  in to  th e  r e a c t io n  schem e .  According to  this hypothesis  

th e  h igher a lcoho l  syn thes is  to o k  p lace  with the  following consecu t ive  

s t e p s :

(i) syn thes is  of m e thano l ,  c a t a l y s e d  by ZnO:

CO + 2 H2 CH3OH

(ii) formation of potassium methyla te  by reaction of the methanol with 

th e  a lkal i  or with a lkal i  z i n c a t e :

CH3OH + KOH *> CH3OK + H20  or 

CH3OH + K2Zn02 -*• CH3OK + Zn(OH)OK

(the  fo rm at ion  of a lkal i  z i n c a t e  acco rd ing  to  N a t t a  could t a k e  place 

in the  t e m p e r a t u r e  range  of th e  a lcoho l  synthes is  by the  r e a c t io n :

ZnO + 2KOH -*■ K2Zn02 + H20 )

(ii i) r e a c t i o n  of  a lkal i  m e t h y l a t e  and CO to  form alkal i  a c e t a t e :  

CH3OK + CD + CH3GOOK



(iv) hydrogena t ion  of a lka l i  a c e t a t e  to a lkal i  e th y l a t e :

CH3COOK + 2H2 + H20  + C^HyOK

The water formed in the above reactions provoked the hydrolysis of the 

alcoholates thus regenerating the KOH and forming ethanol:

C ^ O K  + H 20 + C ^ O H  + KOH
The por t ion  of C^H^OK not  hydrolysed  could  r e a c t  with CO to  form 

a l k a l i  p r o p i o n a t e  w h ic h  in t u r n  was  e a s i l y  r e d u c e d  to  a l k a l i  

p r o p y la te :  '
h2

Ĉ Ĥ OK + CO + C^COOK + C3H70K + H20

The C3H7OK was hydrolysed as before to give the corresponding alcohol 

plus KOH. The fo rmat ion  of  2 -p ro p an o l  was expla ined  by inc lusion of 

th e  poss ib i l i ty  of th e rm a l  decom pos i t ion  of CH3COOK to a c e to n e  and 

re d u c t io n  to  th e  a lcohol .  Pr imary  l inea r  higher a lcohols could  be 

formed by th e  d i r e c t  h y d ro g e n a t io n  of th e  sa l t s  of th e  corresponding  

f a t t y  ac id s  or by th e  th e rm a l  decomposit ion  of mix tures  o f  a lkali  

fo rm a te  and a lkal i  s a l t s  on f a t t y  ac id s :

HCOOK + CH3CO + CH3CHO + K2C03

c h 3c h o + h 2 + c h 3c h 2o h

N a t t a  po in ted  out  t h a t  th e  m echanism of format ion  of higher a lcohols 

th rough  th e  d i r e c t  r e d u c t io n  of f a t t y  ac id  sa l t s  was unable  to  explain  

th e  f a c t  t h a t  in th e  h igher  a lcoho l  synthes is  only a small amount of 

ethanol was produced. The high yields of i-butanol and 1-propanol were 

sugges ted  by N a t t a  to  be due t o  t h e  ac ids  from which these  a lcohols 

were  formed being adso rbed  more  read i ly  than  those  for th e  format ion 

of o th e r  b ranched  or p r imary  a lcoho l s .  He also proposed th e  possib il 

i ty  t h a t  2-p ropano l ,  formed by th e  red u c t io n  of a c e to n e ,  r e a c t e d  

promptly  with  CO to  give  i - b u t y r i c  ac id ,  which in tu rn  underwent  

r e a c t io n  wi th  a lkal i  fo rm a te  to  yie ld  i -b u tan o l .
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( 2 . 2 . 2 )  R e c e n t  R ese a rch

R ecen t  s tud ie s  of th e  a lkal i  promoted higher a lcohol synthes is  

have  genera l ly  been  based on high a c t i v i t y  Cu/ZnO methanol c a ta ly s t  

fo rmula t ions .  These  c a t a l y s t s  a l low the  use of much less s evere  

o p e ra t in g  condi t ions  than  those  r e p o r t e d  by the  ea r ly  higher alcohol 

syn thes is  s tud ies  ( s ec t ion  2 . 2 . 1), a s ign i f ican t  improvement s ince a 

lower t e m p e r a t u r e  favours  th e  equil ib rium yield of higher alcohols  

Alkali promot ion  o f  th e se  c a t a l y s t s  re su l ts  in a similar change 

of p roduc t  s e l e c t iv i t y  as found by th e  ear ly  c a t a l y s t  studies  (sec t ion

2.2 .1).  Smith and A n d e r so n ^ * ^  inv es t ig a t in g  the  e f f e c t s  of ad d in g .a  

K2CO3 promoter to a commercial Cu/ZnO/A^C^ based methanol catalyst in 

a l a b o ra to ry  d i f f e r e n t i a l  f low r e a c t o r  found a lkal i  promotion led to  

an in c rease  in th e  s e l e c t iv i t y  fo r  higher a lcohols ,  giving a p roduc t  

d is t r ib u t io n  s imilar to  t h a t  r e p o r t e d  by the  ea r ly  s tudies  descr ibed  

in th e  previous  s ec t io n  ( ta b le  2 .3 ) .  Methanol was found to  be the  

predominant product, with the higher alcohols 2-methy l-1-butanol (iso

bu tano l ) ,  e th an o l ,  1-p ro p an o l  an d  pen tano l  occur r ing  in s ign i f ican t  

q u an t i ty  in th e  C2+ f r a c t io n .  A maximum in bu tano l  ( i-  plus n - b u ta n -  

ol) selectivity was obtained for a  0.5% K2CO3 promoted catalyst.

Klier e t  a ]( 13,18) c o n d u c te d  a s tudy based on a similar Cu/ZnO 

methanol synthesis cata lys t  (30/70 composition) and found alkali prom

otion to  cau se  t h r e e  e f f e c t s :  ( i)  an in c rease  in a c t i v i t y  of the

Cu/ZnO c a t a l y s t  tow ard  m e th an o l  syn thes is ,  ( i i) a change  of the  CO2 

d ep endence  of the  m e thano l  co n v e r s io n ,  and (ii i) a change  in s e l e c t 

iv ity  in favour  of C2-C^ a lcoho ls  and e s t e r s .  The main e f f e c t  of the  

a lkal i  promotion  was the  in c r e a s e  in the  methanol synthes is  r a t e  a t  

lower t e m p e r a t u r e s  and higher feed gas r a t io s .  The most



significant enhancement was given by the strongest base studied, CsOH, 

indicating that  it was the base catalysed reactions that were promoted 

by the  system. The prom ot iona l  e f f e c t s  of the  a lkal is  with r e sp ec t  to 

the methanol synthesis ra te  were found to be in the order:

Cs > Rb > K > Ba = undoped > Na >Li

The main mechanistic function of the Cs in relation to these promotion 

effects  was proposed by Klier et  a l ^ ^  to be the activation of the CO 

by the formation of a surface formate according to:

Cs+OH" + CO *  HGOO“Cs+

which was further reduced by hydrogen to Cj surface precursor interme

d ia te s  of m ethano l .  The h y d ro g en a t io n  was accompanied  by a p a ra l le l  

decomposit ion  to  ca rbon  d iox ide  and  hydrogen, thus  comple t ing  the  

sh i f t  r e a c t io n  and rap id ly  removing  th e  su r face  hydroxyls  which r e t a r d  

the  a c t i v a t i o n  of  hydrogen in w a t e r  r ich  syn-gas .  The promoting ro le  

of th e  Cs ions was proposed  to  b e  due to  th e i r  removal of th is  w a te r ,  

thus  enhanc ing  th e  m e th an o l  syn th es i s  r a t e ^ ^ \  At higher  t e m p e r a 

tu re s  and lower H^iCO r a t i o s ,  t h e  b a s e - c a t a ly s e d  c a r b o n -ca rb o n  bond 

forming r e a c t io n s  w e re  found t o  be promoted,  inc reas ing  the  higher 

a lcohol  y i e l d ^ * ^ .  Within the  h igher a lcohol f r ac t io n  (f rom a Ba 

promoted  c a t a l y s t )  t h e  main a lcoho ls  produced were  r e p o r t e d  by Klier 

e t  a l ^ ^  to be 1-propanol, ethanol and 2-methyl-1-propanol.

A study of a K promoted Zn-Cr mixed oxide catalyst  by Di Conca e t  

a l ^ ^ ,  with r e s p e c t  to h igher  a lco h o l  synthes is ,  found the  potass ium 

to  be p re sen t  e s s e n t ia l ly  only on th e  su r face  of th e  c a t a l y s t  in a  

free form rather  than form any special compounds. An increase in the 

s e l e c t iv i ty  for h igher a lcohols  was found for t e m p e ra tu re s  g r e a t e r  

than 653 K, with i-butanol the main alcohol obtained. It was conclud

ed t h a t  th e  po tass ium  did not ap p ea r  to modify the  na tu re  of  the
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Table  2.3:  Q u a n t i t a t i v e  an a ly s i s  of a lcohols from the  higher a lcohol 
synthesis over potassium promoted Cu/ZnO/A^O^. From reference (14)

a lcohol
alcohol

t o t a l
alcohols

s e l e c t i v i t y ^

higher
alcohols

methanol 61.4 -

ethanol 4.8 12.4

2-propanol 1.8 4.7

1-propanol 9.2 23.8

1-butanol 2.5 6.5

2-butanol 1.7 4.4

2-methyl- 1 -propanol 13.8 35.8

pen tano ls 4.8 12.4

(a)= (C a toms in a l c o h o l ) / (C  in t o t a l  a lcohols)  xl00%

hydrogena t ing  c e n t r e s  on th e  c a t a l y s t  su r face  and i ts  role  as a p r o 

mote r  for h igher a lcohol sy n th es i s  was a t t r i b u t e d  to  i t s  basic c h a r a c 

ter.  This conclusion favoured th e  condensation of formaldehyde and/or 

formiate in agreement with the mechanism proposed earlier by N a t t a^ ^ ^  

(see  sec t io n  2 . 2 . 1).

The add i t ion  of a lkal i  p ro m o te r s  has been found to cause  a d e 

c re a s e  in c a t a l y s t  su r f a c e  a r e a ^  *8,35)^ K l i e r ^ ^  r e p o r t e d  the  

add i t ion  of a lka l ine  e a r th  and Li hydroxides  to the  Cu/ZnO c a t a l y s t  

desc r ibed  above r e s u l t ed  in a 10-23% dec rea se  in a r e a ,  while o th e r  

alkaline compounds caused a more dramatic 40-50% reduction; Cs concen

t r a t io n s  as small  as 0. 1% w ere  found to  cause  a s ign i f ican t  a r e a  

l o s s ^ * ^ .  This was a t t r i b u t e d  t o  a lowering of th e  su r face  energy  of



the  c a t a l y s t  p a r t i c l e s  t h a t  rem oved  the  driving fo rce  for p a r t i c l e

g r o w t h ^ ^ ,  r e su l t in g  in t h e  fo rm at ion  of l a rger  c a ta ly s t  p a r t i c l e s
M3  IX 3 5)during the  c a t a l y s t  p r e c i p i t a t i o n  s t a g e '  or to the  fo rmat ion

of K2Cr20 7(35).

Smith and A n d e r s o n ^ ^  found a strong temperature dependence for 

the  h igher a lcoho l  p roduc t  d i s t r ib u t io n  over th e  range  533 to  558 K, 

based on a 0.5% ^ C O ^  promoted Cu/ZnO catalyst  (table 2A). At 533 K 

th e re  was neg l ib le  s e l e c t iv i t y  t o w a rd  butanol ,  while a t  558 K up to 

7.2% butanols (mainly 2 -m ethy l -1-propanol) were obtained.

Butanol s e l e c t iv i ty  is a lso  favoured  by high CO:H2 feed  gas 

r a t i o s ^ 3’ * ^ .  At a r a t i o  of  0 .5 ,  Smith e t  a l ^ ^  found the  bu tano l  

s e l e c t iv i t y  to  be a lmost i n d e p en d e n t  of the  convers ion ,  while a t  a 

r a t i o  of 2 s e l e c t iv i t y  was found to  be a s t rong  func t ion  of r e a c t a n t  

convers ion .  These re s u l t s  s u g g es te d  th a t  d ecreas ing  th e  CO to  H2 

c o n c e n t r a t i o n  d e c r e a se d  th e  r e l a t i v e  r a t e  of hydrogenat ion  o f  the  

methanol precursor and inhibited methanol formation. Decreased CO:H2 

ra t io s  w ere  a lso found by K l ie r  e t  a l ^ 3  ̂ to  suppress  the  fo rmation  

r a t e  of b ranched  primary a lco h o l s  in favour of l inear  a lcohols .

C o r re la t io n  of th e  e f f e c t s  o f  CO and H2 p a r t i a l  pressures  on the  

a lcohol  p roduc t ion  r a t e  to  an e m p er ica l  r a t e  law by Smith e t  a l ^ * ^  

has shown the production ra te  of 2-m e thy l -1-propanol to vary approxim

a te ly  wi th  th e  square  of t h e  CO p a r t i a l  p ressu re ,  while being a lmost 

independen t  of th e  H2 p a r t i a l  p r e s su re .  The s e le c t iv i ty  for 2 - m e th y l -

1-p ropano l  r e l a t i v e  to  m e th a n o l  a lso  showed th a t  CO rich  syn -gas  

inh ib i ted  methano l  p roduc t ion .

For methanol synthesis normally a small amount of C 0 2 in the syn

gas feed enhances the methanol production r a t e ^ 3 .̂ However, Klier et 

a l ^ 3  ̂ found alkal i  p rom oted  Cu/ZnO showed a reve rsa l  of this



4 9

Table  2.4 :  The e ffect  of operating temperature on the higher alcohol 
selectivity over potassium promoted Cu/ZnO catalyst.

(inlet space velocity= 2100 hr"*, H2tCO=0.89,
catalyst= 0.5% f^CO^/Cu/ZnO). From reference (14).

a lcohol
reactor

533

temperature (K) 

548 558

methanol 96.5(a) 83.6 73.7

ethanol 2.2 7.1 6.9

2-propanol 0.1 0.9 0.5

1-propanol 1.0 4.4 5.4

1-butanol 0.1 1.0 2.3

2-butanol 0.0 1.0 0.9

2-methyl- 1 -propanol 0.1 1.6 4.0

pentanols - 0.3 0.4

(a)= (C a toms in a l co h o l ) / ( C  in t o t a l  a lcohols)  xl00%

behaviour  with  t h e  add i t ion  of C O 2 to  the  feed syn-gas  inhibit ing  the  

m ethanol  p roduc t ion  r a t e ^ * ^ .  This was a t t r i b u t e d  to the  possible  

format ion  of a s u r f a c e  c a r b o n a t e  spec ies  ob ta ined  by the  r e a c t i o n  of 

the  CO2 with  a lka l i  hydroxide .  This c a r b o n a te  was proposed to  be 

in e r t  in t h e  a lcoho l  syn thes is ,  caus ing  blockage of the  a c t i v e  s i te s  

and re su l t in g  in the  observed  inhib it ion  of th e  a lcohol syn thes is  

rate^*^.

A modified condensation chain growth scheme for the higher alco

hol syn thes is ,  similar to  th e  e a r l i e r  mechanism of G r a v e s ^ ^ ,  was 

proposed by Smith e t  a l ^ ^ .  The model extended Graves' simple chain
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growth scheme according to the following rules:

(i) h igher a lcoho l  fo rm at ion  re su l t s  from the  r e a c t io n  of 

two in te rm e d ia te s  of lower ca rbon  number,  with a t  leas t  one of these  

having a carbon  number o f  one or two,  so t h a t  chain growth  is by one 

or two carbon  add i t ion  only.

(ii) add i t ion  o ccu r s  a t  t h e  a  or B carbon (with r e s p e c t  to 

th e  h yd roxy la ted  carbon  a to m )  o f  th e  r e a c t io n  in te rm e d ia te  (with the  

l a t t e r  being the  fa s t  s t e p ) .  Two carbon  add i t ion  does not occur  a t  an 

a  carbon.

(ii i)  i t  is assumed t h a t  al l of the  r e a c t io n  r a t e s  a re  f ir s t  

o rder  with  r e s p e c t  to th e  c o n c e n t r a t i o n  of the  growing su r face  i n t e r 

m e d ia te  ( including de so rp t ion  o f  th is  in t e rm e d ia te ) ,  the  r a t e  co n 

s t a n t s  a r e  independen t  of the  ca rb o n  number and th a t  al l  s teps  are  

r e v e r s i b l e .

Es t im a tes  of th e  d i s t r ib u t io n  p a ra m e te r s  were  ob ta ined  by Smith 

e t  a l ^ ^ ,  from e x p e r im e n ta l  r e s u l t s ,  by non - l in ea r  square  e s t im at ion ,  

with  ca rbon  add i t ion  to  an a dso rbed  species  assumed to  stop  following 

B add i t ion  to  an a  s u b s t i t u t e d  in te rm e d ia te  or a  addi t ion  to  a B 

s u b s t i t u t e d  in t e r m e d ia te  ( the  l a t t e r  c a se  a llowing for the  r e la t iv e ly  

l a rge  amounts  of 2 - m e t h y l - 1-p ro p an o l  f o r m e d ^ * ^ ) .  For a g en e ra l  a d 

sorbed intermediate the  possible reactions predicted by this mechanism

a r e :
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* - RCCOH
a
------- ► * - RCCCI01

H
b
------- ^ * - RCCOHi

C
c
-------» * - RCCOH

C
d

d
------->- RCCOH

where * - RCCOH is the adsorbed surface species, a and b the first order 

ra te  constants for one carbon addition a t  the a  and $ positions respe

c t iv e ly ,  c th e  f i r s t  o rder  r a t e  c o n s t a n t  for two carbon  3 add i t ion  and 

d th e  deso rp t ion  r a t e  c o n s t a n t .

Smith e t  a l  used th is  model  to  successfu lly  p re d ic t  e x p e r im e n t a l 

ly o b s e r v e d ^ * ^  p roduc t  d i s t r ib u t io n s .  For th e  major a lcohol com pon

en ts  e th an o l ,  1-p ropano l ,  2 - m e t h y l - 1-propanol  and pen tano l ,  the  p r e 

d ic ted  values  w ere  found to  a g r e e  to  with in  10% of th e  exper im en ta l ly  

m easured  va lues .  The high m e th an o l  s e le c t iv i ty  was shown to  be a 

re su l t  of a slow in i t i a l  g row th  s tep ,  while the  la rge  2- m e t h y l - 1- 

propanol s e l e c t iv i t y  was due to  a  add i t ion  being the  only growth  s tep  

of th e  2 - m e t h y l - 1-p ropano l  i n t e r m e d ia t e .  The p robab i l i ty  of the  i n i t 

ial  growth  s tep  was found to  h a v e  the  most s ign i f ic an t  e f f e c t  on the  

a lcohol  s e l e c t iv i ty ;  for g r e a t e r  higher a lcohol s e l e c t iv i t i e s  th is  

p robab i l i ty  must be l a rge  ( i .e .  t h e  r a t e  of one carbon  a  add i t ion  

r e l a t i v e  to  desorp t ion  must be h igh)  to  allow th e  methanol  p recu rso r  

to react  and not to desorb as methanol.

Klier e t  a l ^ ^  have  p roposed  a mechanism for th e  higher a lcoho l  

synthes is  based on th e  s tepw ise  add i t ion  of  a genera l  Cj i n t e rm e d ia te  

to  a r e a c t in g  a lcohol  cha in :
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R - C - C - C - O - Ht t t c
^C a C *0-0

where a^ ,  $q , and Yq  are defined as attachment of the intermediate by

its  C end onto  th e  a ,  $ and y  c a rbons  of the  r e a c t in g  chain ,  Uq  

at tachment of the intermediate by its oxygen a t  the a  carbon, and i^ .Q  

and io_H inser ti°ns ° f  the Cj intermediate a t  the a  carbon into the C- 

O and O-H bonds of the growing alcohol chain.

The possible  r e a c t io n s  and  types  of products  al lowed by this 

scheme a re : -

C
olq giving: RCCC-OH

C
$ £  giving: RCCC-OH

C
Yq  giving: RCCC-OH 

olq giving: RCC^-OH

(secondary  a lcohols)  

(b ran c h ed  primary alcohols) 

(b ran c h ed  primary alcohols) 

(m e thy l  e s t e r s )

*0-0  RCCC-C-OH ( l in ea r  a lcohols)

9
io -H  RCCC-O-CH ( f o r m a te  e s t e r s )

The ex p e r im en ta l  r e s u l t s  o f  Klier e t  a l ^ * ^  showed th e  r a t e s  of 

the  a.Qf Yc  an<  ̂ ^o -H  add i t ions  t o  be neglib le ,  (Xq  to be more e f f e c t i v e  

than  io _ H  *or e s t e r  fo rmat ion  and th a t  addi t ion  domina ted  the  

syn thes is  of th e  C3+ p ro d u c ts .  At high C O :H 2 ra t io s ,  and in the

presence of alkali promoters, the efficiency of $ £  addition was domin

a n t ,  while a t  low ra t io s ,  and on unpromoted Cu/ZnO c a t a l y s t ,  the  

add i t ion  was suppressed  in favour  of  the  i ^ Q  linear growth  inser t ion .
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An aldol syn thes is  involving a ldehyde  p recurso rs  or products  of a l c o 

hol d e hydrogena t ion  was p roposed  to  accoun t  for th e  influence of the  

a lkal i  and feed  gas  com posi t ion :

r c h 2c h 2c h 2o h  + r c h 2c h 2c h o  + h 2 

RCH2CH2CHO + CsOH £  r c h 2c h c h o  + h 2o

Ho + CO H Q H
<-
-y

H + O H

r c h 2c h c h o

Cs +

h ;Nc'O' r c h 9c h c h o

2 I
CHO Cs +

RCH9CHCH9OH
2 I 2
c h 3

+ CsOH

Since only p r im ary  or s eco n d a ry ,  but not t e r t i a r y ,  3 carbons  are  

a t t a c k e d  in th is  scheme, t h e  p rom ot iona l  e f f e c t  for branched higher 

a lcohols  would be g r e a t e s t  in t h e  p re sence  of s t ronger  bases (found 

exper imental ly .

The fo rm at ion  of s u r f a c e  a lkox ide  and a c e t a t e  species  was p ro 

posed as a l ikely ro u te  for th e  i^ Q  process ,  similar t h a t  the  e a r l i e r  

mechanism of N a t ta^ * ^  (see section 2.2. 1): 

r c h 2o " + CO + RCH2GOO"

RCH2COO" + 2H2 + RCH2CH2OH + HO"

Since th is  r e a c t i o n  req u i re s  hydrogen ,  i t  would be favoured by a low

CO:H2 ratio as was observed experimentally.

(37)Manazecv r has presented a  further mechanism for higher alcohol 

synthes is  in o rder  to  exp la in  t h e  high branched to  l inear  ra t io  of the  

a lcohol p ro d u c ts .  In th is  s chem e,  th e  chain in i t ia t ion  s tep  is p ro 

posed to  be th e  fo rmat ion  o f  a bound formyl species ,  produced e i th e r



by th e  i n t e r a c t io n  of hydrogen and CO on the  m eta l  oxide su r face ,  or 

by the reduction of surface formate species by hydrogen. The primary 

mechanism for chain  g row th  is a  CO inser t ion  in to  the  m e ta l -c a rb o n  

bond of the formyl to make a cyclic acyl. Through an isomer interme

d ia te  th e  acyl  r e a r r a n g e s  to  form an e n ed io la te ,  via a 1,2 hydrogen 

s h i f t :

c h 9- o

\ /
M

t CO Chl2* o=c 'O ‘C-CHo

° \  >hr

,CH=CH
o

M
H ydrogena t ion  of th e  e n e d i o l a t e  is rapid  in the  p re sence  of excess  

hydrogen forming a coordinated diol, which dehydrates to form a coord

in a te d  enol :

CH=CH CH9-CH9 CH9=CH CH9-CH
o '  + H2 *  O ' *  HO. -  HO ^ > 0

Pro to n a t io n  of th e  enol th e n  leads  to  th e  formation of a bound a l d e 

hyde containing one more carbon atom, thus completing the chain growth 

c y c le :

CH9-CH
HO " - " > 0  + H+ + 

X M+

CH-
'CH— OV

Chain g rowth  co n t inues  by subsequen t  CO inser t ions  t h a t  follow the  

same s tep s .  For growth  involv ing 3 carbon  atoms the  co o rd in a ted  1,2 

p ro p a n e d io la t e  i n t e r m e d ia t e  can  d e h y d ra te  to give two possible  enol 

s t r u c t u r e s :

CH*

CH-CH 
HO. ' - V O

^ M +

or

CH-

o ^ 2
+M //

.OH

Manazec  proposes  fo rm at ion  of t h e  enol with the  c e n t r a l  methyl group 

to  be favou red  s ince  i t  is le ss  s t e r i c a l l y  h indered and because  of 

e l e c t r o n i c  f a c to r s  which would favour  th e  e l e c t ro n  donating methyl
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group to  be s i t u a t e d  on th e  less  e l e c t ro n  rich c e n t r a l  carbon  atom. 

As a r e su l t ,  th e  r e s e rv o i r  of s u r f a c e  enol spec ies  would favour the  

b ranched ,  r a t h e r  th a n  the  l in ea r ,  enol.  The enols a re  p ro to n a te d  to 

the i r  r e s p e c t iv e  a ldehyde  s t r u c t u r e s  acco rd ing  to the  mechanism given 

above,  and th e  cy c le  is c o n t in u e d  via a th i rd  CO inser t ion  s t ep  to 

form th e  acyl  spec ie s .  The acy ls  a r e  then avai lab le  to undergo a 1,2 

hydrogen sh i f t .  In the  ca se  o f  th e  b ranched  enol,  t h e re  a r e  only 

methyl  spec ies  a v a i l ab le  for p a r t i c ip a t io n  in the  sh i f t ,  and s ince  the  

migra to ry  a p t i t u d e  of methy l  is much lower than t h a t  of hydrogen, the 

branched acyl would undergo competing reactions such as hydrogenation 

to th e  a lcohol  ( i - b u t a n o l )  which can  be desorbed from th e  s u r face .  

The desorp t ion  of th is  a lcohol  s e rv es  as a k ine t ic  drain of a lcohols  

from the system. In comparison, the acyl derived from the linear enol 

has hydrogen a v a i l ab le  for the  1,2 sh i f t  so can be t rans fo rm ed  into 

the  ened io l  and undergo  f u r th e r  chain  g rowth .  Hydrogenat ion  is st i l l  

a com pet ing  r e a c t i o n  but,  b e c a u s e  th e  1,2 shif t  is rapid ,  chain  growth  

is favoured  over a lcoho l  fo rm at ion .

M a n a z e c ^ ^  proposes  the  d i f f e r e n c e s  in s tab i l i t i e s  of  the  two 

e n o la t e s ,  and th e  d i f f e r e n t  r e a c t i v i t i e s  of the  acyls  formed by CO 

in se r t ion  in to  th e  e n o la t e s ,  to  expla in  the  tendency  for branched 

a lcohol  format ion  in th e  h igher a lcoho l  synthes is .

( 2 . 3 )  Zinc Oxide C rystal Structure

Since the cata lytic  activity o f  ZnO has been shown not only to be 

a f f e c t e d  by th e  chem ica l  composi t ion ,  but also by the  de ta i l ed  a tomic  

a r ra n g em en t  of th e  s u r f a c e ^ ^ ,  i t  is f i r s t  necessary  to consider  in 

d e ta i l  the  s t r u c t u r a l  n a tu re  of ZnO be fo re  i ts  p ro p e r t i e s  as an ad so r 

b a t e  a r e  desc r ibed .
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ZnO has a hexagonal wurtz ite  crystall ite structure where the zinc 

and oxygen ions a re  in t e t r a h e d r a l  coord ina t ion  within the  l a t t i c e  

The bonding in the  l a t t i c e  is in te rm ed ia te  be tw een  com ple te ly  

ionic and com ple te ly  c o v a le n t ,  w i th  both  ions being more po la r izab le  

than  in a p e r f e c t  c r y s t a l  and c a r ry in g  an e f f e c t i v e  charge  of only +

0 . 5 e ^ ^ .  C leavage  of th e  i d e a l i s e d  c ry s ta l  s t r u c t u r e  along th e  plane  

normals  forms th e  t h r e e  low index su r face s  as shown in figure  2. 2 ; the  

polar Zn (0001) and O (0001 ) and  the  non-polar  (1010)  c ry s ta l  f a ces .  

The s t r u c t u r a l  env i ronm ents  of t h e  Zn and oxide ions in each  of the  

t h r e e  s u r f a c e  types  a r e  d i f f e r e n t  hence  each  plane can  be e x p e c t e d  to  

possess  d i f f e r e n t  ad so rb en t  and c a t a l y t i c  p ro p e r t i e s .

(i) Zn (0001) Polar Sur face

The Zn (0001) polar s u r f a c e  c a r r i e s  an outwardly  s i tu a ted  layer  

of z inc  ions. Each c a t io n  is c o o r d in a t e d  to  t h r e e  underlying l a t t i c e  

oxygens with  a four th  c o o rd in a t iv e ly  u n s a tu r a te d  ("dangl ing")  bond 

normal  to th e  s u r f a c e ^ ^ .  It has been  p r e d i c t e d ^ ® )  th a t  s u r f a c e  

r e c o n s t r u c t io n  will occur  so t h a t  th e  Zn ions will s e t t l e  to w ard  the  

t r ig o n a l  holes of th e  under ly ing  oxide layer .  The Zn (0001) s u r f a c e  

is p i c tu re d  as be ing a layer  of Zn ions, s t i l l  uppermost,  but c lo se r  

to  th e  under ly ing  oxide layer  t h a n  they  a re  in th e  ideal ised  s t r u c 

t u re .  Some re la x a t io n  of Zn ions  in to  the  oxide layer  has been  

measured by LEED s t u d i e s ^ ^ .

In o rder  to  sa t i s fy  t h e  c h a r g e  compensation  c r i t e r i o n ^ * » ^ ) ,  i t  

is p re d ic t e d  t h a t  every  fou r th  Zn c a t io n  will be los t  from the  f r esh ly  

p re p a red  su r f a c e ,  thus  c r e a t i n g  a su r face  with  Zn vacanc ies  e a c h  

surrounded by t h r e e  s a tu r a t i v e ly  uncoord ina ted  oxide ions.
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F igu re  2.2 :  The c r y s t a l l i n e  s t r u c tu r e  of z inc  oxide.  
•  = zinc; O  =oxygen.
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(i i) O (0001 ) Polar S u r face

The O (0001 ) surface has a structure complementary to that of the 

Zn (0001 ) p lane,  con s i s t in g  of a  layer  of oxide ions with underlying 

l a t t i c e  Zn ions^3^ ,Z* ^ .  A th e r to n  e t  a l ^ 3  ̂ and M o r i m o t o ^ ^  have also 

p re d ic t ed  a s u r f a c e  r e c o n s t r u c t i o n  where  th e  Zn ca t ions  occupy the  

t r igona l  s i te s  formed by s u r f a c e  oxygens to  give a th re e  fold oxygen 

co o rd ina t ion .  This r e c o n s t r u c t i o n  however  in i t ia l ly  leads  to  each  of  

the  su r f a ce  oxygens having a d i s t o r t e d  o c tah e d ra l  coordina t ion  and to  

th e  ca t io n s  being a t  a s h o r t e r  d i s t a n c e  from the  second layer  Zn than 

the  d i s ta n ce s  p re sen t  in t h e  c r y s t a l  bulk. By "expanding" the  su r f a c e  

layers  so to  leave  the  s u r f a c e  oxygens in a regu la r  o c tah e d ra l  c o 

o rd ina t ion ,  th e  f i r s t - t o - s e c o n d  laye r  Zn-Zn d is tan ces  a re  re la x ed  so 

they  become v i r tua l ly  th e  same as  those  ex is t ing  in th e  c ry s ta l  

b u lk (^3 ) .

An al ternative cleavage line to produce the (0001 ) plane has also 

been considered by Atherton e t  a l ^ 3  ̂ and Morimoto et a l ^ ^  where the 

O (0001 ) fa c e  was de f ined  as con s i s t in g  of an ou termost  layer  of Zn 

ions singly c o o rd in a te d  to  l a t t i c e  oxygens.  Sur face  r e c o n s t r u c t io n  

was proposed  to  occur  by m ig ra t io n  of the  Zn ions toward  th e  l a t t i c e  

to  occupy the  t r ig o n a l  s i t e s  formed by the  l a t t i c e  oxygens.

More  r e c e n t  LEED s t u d i e s ^ 3 ^»^3  ̂ h a v e  provided c o n f l ic t ing  

evidence for any (0001 ) surface reconstruction where it has been shown 

t h a t  for fr esh ly  c lea v e d  c r y s t a l s  in vacuo, s u r face  r e c o n s t r u c t io n  did 

not occur  but the  ch a rg e  com pensa t ion  c r i t e r io n  was s a t i s f i ed  by the  

loss of every  fou r th  oxygen ion (per  Zn ion).  Bocuzzi a t  a l ^ ^  and 

Gri f f in  and Y a t e s ^ ^  have  a lso  favoured  such an in t e r p r e t a t i o n  in 

which th e  c h a rg e  com pensa t ion  c r i t e r i o n  was sa t i s f i ed  by the  removal 

of every fourth oxide ion. In correspondence with each oxygen vacancy
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t h e r e  is formed a t r i p l e t  of  unco o rd in a ted  Zn ions surrounded by a 

tw o-d im ens iona l  hexagona l  s t r u c t u r e  of oxide ions.

(i i i)  (1010)  Non-Polar  Sur face

The (1010)  prism s u r f a c e  p lane ,  unlike the  polar su r face s ,  is 

c h a rg e  ba lanced  and t h e r e f o r e  e l e c t r i c a l l y  n e u t ra l  s ince  it con ta ins  

equal numbers of oxygen and Zn ions. The centres of the Zn and oxygen 

a tom s a re  cop lana r  and eac h  of them coo rd ina te s  t h r e e  c o u n te r  

i o n s ^ ^ .  No s u r f a c e  r e c o n s t r u c t i o n  is p re d ic t ed  to o c c u r ^ ® \  a

re su l t  a lso conf i rmed  by LEED s t u d i e s ^ ^ ’^ ^ .  The r e l a t iv e  e l e c t r i c a l  

n e u t r a l i t y  o f  the  ( 1 0 1 0 ) f a c e  has  been r e f l e c t e d  in the  re su l t s  of 

Gopel and L a m p e ^ ^  who found the  ZnO prism surface to be an almost 

ideal semi-conductor compound surface for systematic studies of rever

sible  so l id /gas  i n t e r a c t i o n s ,  ex h ib i t ing  well defined and s tab le  s u r 

face geometry.

In general ZnO catalysts a re  subjected to high temperature (appr

ox imate ly  673 K) c a l c in a t io n  t r e a t m e n t  in order to  be c a t a ly t i c a l l y  

a c t i v a t e d ^ * ^ .  This a c t i v a t i o n  is l ikely to  be r e l a t e d  to th e  f o r m a t 

ion of a d e f e c t iv e  c r y s t a l  s t r u c t u r e  t h a t  d ev ia tes  considerably  from 

th e  ideal  low index c l e a v a g e  s u r f a c e s  descr ibed  above.  The formation 

of d e f e c t s  has  been  shown to  be a s t ro n g  func t ion  of both  the  method  

of ZnO sample  p re p a r a t io n  and p r e t r e a t m e n t  condit ions  e m p l o y e d ^ ^ .  

Esser e t  a l ^ ^  f e l t  t h a t  a co n se q u e n ce  of th is  was a possible  reason  

for th e  i r r ep ro d u c ib le  and somet imes  c o n t ra d ic to ry  re su l t s  t h a t  have  

been obtained for ZnO in the past .

Gopel and c o - w o r k e r s ^ ’^ ’^ ^  have shown surface oxygen vacanc

ies are  readily formed and become experimentally measurable a t  temper

a t u r e s  above 700 K, and  a t  th e s e  t e m p e ra tu re s  ex is t  in thermodynamic
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equil ib rium with th e  ZnO l a t t i c e .  The equi l ibrium c o n ce n t r a t io n  of 

d e f e c t s  can be modif ied by t h e  p re sen c e  of oxygen gas during the 

sample h e a t in g .  F u r th e r  exposu re  of a ZnO single c ry s ta l  s u r fa ce  to 

oxygen a t  room t e m p e r a t u r e  was found to  remove su r face  vacanc ies .  

Such oxygen vacan c ie s  have  been  found to  a c t  as spec i f ic  s i te s  for 

s t rong  CO2 c h e m i s o r p t i o n ^ * ^ ,  r e f l e c t i n g  the  im por tan t  role  t h a t  such 

d e f e c t s  play in d e te r m in a t io n  of th e  c a t a l y t i c  c h a r a c t e r i s t i c s  of  ZnO.

H eat ing  a Zn (0001) s ingle  c r y s t a l  su r face  to 570-670 K in vacuo 

has been sh o w n ^ ® )  to  r e s u l t  in a  LEED p a t t e r n  th a t  ind ica ted  regu la r  

s tep  fo rm at ion  of one un i t  c e l l  he ight,  corresponding  to s teps  of 

(1010)  su r f a c e  s e p a r a t e d  by t e r r a c e s  of (0001) s t r u c tu r e .  In a d d i t 

ion,  " r e a l "  ZnO may c o n ta in  h igh index planes .  These high index 

planes  will c o n ta in  a high d e n s i ty  of s teps  and kinks,  a l though it has 

been proposed that  they can be regarded as being analogous to a highly 

d e f e c t iv e  low index s u r f a c e s ^ ^ ) .  The e x i s t an c e  of point  and line 

d e f e c t s  a s s o c ia t e d  with  r e a l  s u r f a c e  has been shown by a number of 

s tud ies  to  cons iderab ly  modify t h e  su r f a ce  p ro p e r t i e s  of ZnO (see  also 

sec t ion  2 .4).  The higher r e a c t i v i t y  o f  anion vacancy  s i tes  is due to 

th e  exposure  of t h r e e  Zn c a t i o n s  around the  d e f e c t  s i te  with ' d a n 

gling '  b o n d s ^ ® ) ,  while th e  a to m s  ex is t ing  along th e  edges  o f  the  

s teps  have  im media te  surroundings  which a r e  d i f f e r e n t  in number and 

c o n f ig u ra t io n  of n e a r e s t  ne ighbours  and in the  number and ty p e  of 

dangl ing bonds compared  to  th o s e  of s u r face  atoms in the  ' f l a t '  p o r t 

i o n s ^ ) .  It has been no ted  t h a t  adsorp t ion  and r eac t io n  on s tep p e d  

su r face s  can  be enhanced  b e c a u s e  of the  spec ia l  s i te s  provided by th e  

s tep  edges .  Work has s h o w n ^ ® )  t h a t  su r face  s tep  s i te s  a re  analogous  

to anion vacancy sites since they expose two Zn cations with a similar 

bonding env i ronm ent  i .e .  can  be cons idered  as a line of point  d e f e c t s .
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Thermal desorp t ion  s t u d i e s ^ ® )  have found s tep  s i te s  to possess  

similar  adso rben t  c h a r a c t e r i s t i c s  as anion vacancy  point d e f e c t s ,  

ind ica t ing  th e  local  env i ronm en t  of a s tep  s i te  to  be c lose r  to  th a t  

of an anion vacancy  th a n  a s i te  on a t e r r a c e  s t ru c tu r e .

( 2 . 4 )  Adsorption and D ecom position on Zinc Oxide

( 2 . 4 . 1 )  Hydrogen Adsorption on Zinc Oxide

Although the  chem isorp t ion  of hydrogen onto the  su r face  of z inc  

oxide has been th e  sub jec t  of many inves t iga t ions ,  the  e x a c t  n a tu r e  of 

the  adsorp t ion  p rocess  is s t i l l  be ing  d eba ted  among the  workers in the  

field. At room temperature two main forms of adsorbed hydrogen on ZnO 

have  been i d e n t i f i e d ^ ^ ,  d e s ig n a t e d  Types I and II. Type I a d s o r p 

t ion  is c h a r a c t e r i s e d  as  being f a s t  and reve rs ib le ,  occur r ing  only on 

s i te s  t h a t  c o n s t i t u t e  a p p ro x im a te ly  5-10% of th e  t o t a l  ZnO s u r f a c e  

(40,55) .  The equi l ibr ium for Type I adsorp t ion  has been found to  be 

90% com ple te  in 30 m inu tes ,  w i th  full equil ib rium reached  in 1 hour.  

It is genera l ly  a g r e e d  t h a t  Type  I adsorp t ion  is in the  form of 

hydr ide /hydroxy l  pa i rs  on th e  ZnO s u r f a c e ^ * ,55,56,46,57) on t he basis 

of spec t ro scopy  s tud ie s .  Type II adsorp t ion  is s t rong and i r r e v e r s i 

ble ,  and a l though  in i t ia l ly  f a s t ,  con t inues  a t  a very slow r a t e  for 

several d a y s^ ® \  More r e c e n t l y ^ ^  Type II adsorption has been shown 

to consist of two stages; adsorption onto the non-polar (1010) face to 

form a stable bridged hydrogen complex, followed by a very slow diffu

sion in to  the  c r y s t a l  bulk.  The Type I and II adsorp t ion  species  have 

been found to be independent of each other indicating separate adsorp- 

t ion  s i te s  a r e  invo lvedv ' .

T e m p e ra tu re  programmed deso rp t io n  s tudies  have fu r th e r  revea led
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up to  7 d i f f e r e n t  adso rp t io n  forms for h y d r o g e n ^ ^ ® * ^  \  a l though  

some correspond  to  low t e m p e r a t u r e  s t a t e s  th a t  a re  not popu la ted  a t  

room te m p e ra tu re^ * ’* ^ .  High temperature adsorption states have also 

been  iden t i f i ed  whose p re s en c e  is  a function of the  non -s to ich iom e t ry  

of the ZnO sample invest igated^*^.

Types I and  II adso rp t ion  have  been shown to  have d i f f e r e n t  

c a t a l y t i c  a c t i v i t i e s .  Type I hydrogen  has been iden t i f ied  as r e s p o n 

sible for c a t a l y t i c  hydrogen a c t i v a t i o n ^ ^  and with th e  a c t i v e  s i tes  

for hydrogenation and exchange r e a c t i o n s ^ ’^ .  However, a recently 

publ ished s tudy by Rober ts  and G r i f f e n ^ ^  has shown Type I s i te s  are  

not e s s e n t i a l  for m e thano l  sy n th es i s .  Although Type II hydrogen has 

been  found to  be u n r e a c t iv e  in t h e  e th y len e  hydrogena t ion  r e a c t io n ,  it 

was noticed that  the presence of Type II hydrogen was found to exhibit 

a promoting e f f e c t  on th e  r e a c t i o n  r a t e ^ * ^ .

The e ffec t  of oxygen t rea tment  both a t  room and high temperatures 

was neglig ib le  for Type I and only sl ight for Type II adsorp t ion  

(40,63)^ in d ica t ing  th e  a d so r p t io n  s i te s  to  be independen t  of the  

e l e c t r o n i c  s t a t e  of th e  ZnO s u r f a c e  i .e.  degree  of su r face  red u c t io n .  

An a p p a r e n t  oxygen poisoning e f f e c t  for hydrogen adsorp t ion  appea red  

to be caused by hydrogen remaining on the surface during oxygen t r e a t 

ment reacting to form adsorbed surface hydroxyls that  inhibit hydrogen 

ad so rp t io n ^ ^ ’* ^ .

E a r ly  p r o p o s a l s ^ * ^ ^  f o r  t h e  a c t i v e  s i t e s  responsib le  for 

hydrogen Type I chem isorp t ion  w e r e  based on the  Zn ions s i t u a t e d  in 

th e  t r igona l  holes  of a c l o s e - p a c k e d  layer of oxide ions formed by the  

r e c o n s t r u c t io n  of th e  (0001 ) p o la r  face .  These s i tes  would only 

occupy a f r a c t i o n  of th e  s u r f a c e .  Corresponding to  each  oxygen 

vacancy  is formed a t r i p l e t  of u n c o o rd in a ted  Zn ions surrounded by a
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hexagon of oxide ions in the  ou te rm o s t  layer .  Hydrogen adsorp t ion  

occurs through heterogeneous dissociation to form hydride and hydroxyl 

pa ir s  on one of th e  Zn ions in th e  t r i p l e t  and on an a d jac e n t  oxide 

ion in th e  surrounding  h e x a g o n ^ * ^ .  A similar a c t i v e  s i te  geom etry  

has a lso  been proposed  involv ing the  r e c o n s t r u c t e d  Zn (0001) pola r  

surface(27,^1)^ j h e 2n polar face was favoured over the O polar since

the adsorption of hydrogen was found to not produce surface OH bands 

c o n s i s t e n t  with ad so rp t io n  on t h e  oxygen rich  O polar s u r face  

R ec o n s t ru c t io n  of th is  s u r f a c e  (by the  loss of every  four th  c a t i o n )  

forms a hexagonal array of Zn cations surrounding oxygen anions. The 

c lu s t e r s  o f  a d j a c e n t  exposed  Zn ca t ions ,  ad jac e n t  to the  ca t io n ,  were  

proposed  to be th e  Zn-O  pa ir  s i t e s  of Type I adsorp t ion ,  sub jec t  to 

the constraint  that  not more than one hydrogen adsorption site existed 

for each  missing c a t i o n ^ ^ .  The Type I s i te s  have been fu r th e r  

a s s o c i a t e d  with s i t e s  on s t e p p e d  or pyramidal low index s u r f a c e s ^ ^  

t h a t  p r e s e n t  two rows of f a c e - t o - f a c e  uncoord ina ted  Zn ca t ions  with 

d i f f e r e n t  o r i e n ta t io n  dangling bonds  with  r e s p e c t  to  th e  s u r fa ce .  The 

hydrogen molecule  is s t rong ly  p o la r i sed  by the se  ca t ions  and, as  a 

r e s u l t ,  undergoes  d is soc ia t ion .

The n a tu re  of t h e  a c t i v e  s i t e s  for Type II adsorp t ion  has been 

less well  de f ined .  Dent and K okes^® ^ fe l t  this form of adsorp t ion  

involved p a r t i a l  p e n e t r a t i o n  in to  th e  ZnO bulk s t r u c tu r e  along o c t a h e 

dra l  channe ls  b e tw e e n  th e  Zn a n d  O l a t t i c e  a toms,  while Boccuzzi  e t  

a i (^6 )  proposed Type II a d so r p t io n  involved th e  following hydrogen 

bonded and bridged structures:

0 - H . . 0  and Zri/
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Such an a c t i v e  c e n t r e  was more  complex than proposed for Type I 

adso rp t ion ,  implying the  e x t e n d e d  in te r a c t io n  of a hydrogen a tom with 

g r e a t e r  t h a t  one oxygen and z inc  a tom  and th a t  th is  type of adsorbed 

hydrogen is lo c a t e d  in s u b su r f ac e  c av i t i e s  of the  ZnO l a t t i c e ^ * ’).

( 2 . 4 . 2 )  Carbon Monoxide Adsorption on Zinc Oxide

The adso rp t ion  of CO is s en s i t iv e  to the  su r face  condit ion  of  the  

ZnO employed^**)  and as a conseq u en ce ,  some inconsis tanc ies  in its 

behav iour  have  been  r e p o r t e d  in th e  l i t e r a t u r e .  Early r e sea rc h  has 

identified two CO adsorption forms on Z n O ^ ’^ ’^ ^ ;  one non-activated 

r ev e r s ib le  form predom inan t  a t  room t e m p e ra tu re s ,  and an a c t i v a t e d  

s t rongly  bonded form occu r r ing  a t  high t e m p e r a t u r e s ^ ^ .  The high 

t e m p e r a t u r e  form was found to  b e  removed as CO2 on h e a t i n g ^ '* )  by 

s u r fa ce  re d u c t io n  of l a t t i c e  oxygen ,  leaving  an oxygen vacancy  in the  

ZnO surface that  appeared to be stable a t  room temperatures^*^. The 

a c t i v a t i o n  energy  for the  CO d e r iv e d  CO2 desorp t ion  was found to  be 

i d e n t i c a l ,  with in  e x p e r im e n ta l  e r r o r ,  to  t h a t  ob ta ined  for CO2 deso rp -  

t i o n v in fu r th e r  c o n f i rm a t io n  t h a t  i t s  fo rmation  was through

chem ica l  red u c t io n  of th e  s u r f a c e ^ * ^  by CO r e a c t in g  with  l a t t i c e  

oxygen to  yield chemisorbed  CO2 and oxygen v acanc ies  V(Og). This 

i r r eve rs ib ly  bound form of  CO is found to  cover  only a f r ac t io n  (5-  

10%) of the to ta l  ZnO surface^®^®).

Temperature programmed investigations^®^ of the behaviour of the 

(10T0) single crystal  ZnO surface have shown that  while CO desorbed as 

CO2 from a stoichiometric surface (little CO desorption was observed), 

only CO desorption was detec ted  a f t e r  adsorption onto a reduced (1010) 

s u r face  t h a t  c o n ta in ed  anion v a ca n c ie s .  This sugges ted  th a t  s u r fa ce  

r e d u c t io n  of th e  ZnO o c c u r r e d  to  form the  CO2, r a th e r  th a n  a
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disproportionation of CO to CO2 and

Esser e t ' a l ^ ^  p roposed  tw o  mechanisms for the  c a t a ly t i c  o x id a 

tion of CO; a high temperature  one (T> 600 K) characterised by e x t r e 

mely short mean residence times of adsorbing or interacting molecules, 

and a low temperature one (T< 450 K), where the chemisorbed complexes 

w ere  thermodynamical ly  s t a b l e  on th e  ZnO sur face .  Both mechanisms 

involved the adsorption of CO as a CO2 surface complex associated with 

l a t t i c e  oxygen forming a s u r f a c e  oxygen vacancy.  The r a t e  of  CO 

ox ida t ion  had the  same t e m p e r a t u r e  dependence  for both  the  poly-, 

crystalline powder and single crysta l  ZnO samples and it was concluded 

the CO oxidation reaction was face specific to the (1010) surface.

Various proposals  have  b e en  made as to  the  n a tu re  of th e  CO 

adso rp t io n  s i t e s .  Studies  of t h e  room te m p e r a t u r e  i n t e r a c t io n  o f  H2 

and CO on ZnO found that  CO appeared to be adsorbed onto exposed Zn 

c a t io n s  a s so c ia t e d  mainly w i th  a r e c o n s t r u c t e d  O polar s u r f a c e ^ ^ * ? ^ .  

The a c t i v e  s i te s  for CO a d so r p t io n  were  proposed to  be the  " t r i p l e t "  

of Zn ca t io n s  formed by t h e  loss o f  one in every  four oxide ions from 

th is  s u r fa ce  (due to  s u r f a c e  c h a r g e  s tab i l i sa t ion ) ,  with  one Zn ca t io n  

the  s i t e  for d is so c ia t iv e  a d so r p t io n  of hydrogen (in a ssoc ia t ion  with 

an adjacent oxide- see previous section),  and the remaining two unco

o rd in a te d  Zn ca t io n s ,  t h e  CO ad so rp t io n  s i t e s ^ ^ .  The a c t i v e  s i tes  

have  a lso  been proposed  to  be a s s o c ia t e d  with a r e c o n s t r u c t e d  Zn 

(0001) pola r s u r f a c e ^ ^  w here  every  four th  c a t io n  is removed to 

expose an hexagonal array of Zn cations surrounding oxygen anions (see 

previous  sec t io n ) .

Cheng and K u n g ^ ^  felt the  CO adsorption mode would be stronger 

a t  surface anion vacancies (where three  cations around a vacancy each
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could have  one c o o rd in a t iv e ly  u n s a t u r a t e d  bond poin ting a t  the  anion 

vacancy ) ,  or a t  s teps  (w here  t h e  two Zn ca t ions  a ssoc ia ted  with the  

s tep  have  similar dangling bonds).  At both types  of s i te ,  the  e l e c 

t ron  dens i ty  ava i l ab le  for i n t e r a c t i o n  with the  CO would be higher 

than  on a s to ic h io m e t r i c  (1010)  su r face  re su l t ing  in a s t ronger  i n t e r 

action tha t  would lead to only CO desorption. CO interaction with the 

stoichiometric (1010) surface was found by Cheng and Kung to be very 

weak (in c o n t r a d i c t i o n  wi th  Esser  e t  a l ^ ^ ) .

Bowker et  a l ^ ^ ^  found no detectable  amounts of CO to be desorbed 

from a terminally reduced polycrystalline ZnO sample, but for CO dosed 

onto a less defected surface, coincident CO and CO2 desorption occurr

ed a t  temperatures the same as found af ter CO2 dosage onto a reduced 

ZnO sample .  This was a lso  i n t e r p r e t e d  as ind ica t ing  th a t  CO a d so r p 

t ion  was a s s o c i a t e d  with  s u r f a c e  anions and formed c a r b o x y l - ty p e  

su r f a ce  spec ie s ,  which,  d e p e n d e n t  on the  degree  of n o n -s to ich iom etry  

of the ZnO, desorbed or decomposed to CO2 and CO. The absence of this 

s u r fa ce  anion,  as in th e  case  of a reduced  s u r face ,  re su l ted  in no CO

adso rp t ion  occur r ing .

(72)Lavalley e t  al v ’ have proposed a further site model correspon

ding to  th e  edges  formed by th e  in t e r s e c t io n  of th e  (0001) and (1010)  

su r fa ce s  t h a t  exposed  c o o rd in a t iv e ly  u n s a tu r a te d  su r face  ca t ions .  

These ad so rp t ion  s i te s  a r e  s imi la r  to  anion vacanc ie s  in t h a t  they 

expose two coordinatively unsaturated Zn cations in association with a 

l a t t i c e  oxygen.

C o n t r a d ic to ry  re su l t s  by Gay e t  a l ^ ^  have shown CO adsorp t ion  

to  be a s s o c i a t e d  with well  d e f in e d  (1010)  s t r u c t u r a l  t e r r a c e s ,  r a th e r  

than  wi th  any s teps  or po in t  d e f e c t  s i te s  p re s en t ,  and th e  re su l t s  

have  su ppor ted  the  hypothes is  t h a t  adsorp t ion  involves a dominant
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i n t e r a c t io n  of CO with  c o o rd in a t iv e ly  u n sa tu ra ted  Zn su r face  ca t io n s  

p re sen t  in idea l ised  face  s t r u c t u r e s  r a th e r  than with r e c o n s t r u c t e d  or 

defected surface sites (as proposed above). H e i n r i c h ^ ^  proposed the 

adsorp t ion  s i te s  on th e  Zn pola r  su r face s  were  a s so c ia te d  with the  

p re sen c e  of l a rge  numbers  of s t e p s  t h a t  exposed edges of non-po la r  

s t r u c t u r e .  Henrich  f e l t  t h e  am ount  of CO adsorp t ion  on the  po lar  

su r face s  could  then  be used  as a  measure  of th e  s tep  densi ty  on th e se  

f a c e s .

McClellan e t  a l ^ ^  and Sayers  e t  a l ^ ^  found th a t  CO adsorbed  

onto the (1010) and (0001) crystal  surfaces formed a nearly linear Zn- 

C-O complex. On the polar face this complex was oriented approximate

ly normal to th e  s u r f a c e ,  while on the  non-po lar  face  i t  was o r ie n te d  

a t  app rox im a te ly  30° from the  s u r f a c e  normal.  The (0001) face  was 

found to  be roughly  as e f f i c i e n t  as  the  non-po lar  face  in adsorbing 

CO; the fractional coverage of the  (0001) to (1010) face was found to 

be approximately 0.7 a t  equivalent temperature and pressure.

( 2 . 4 . 3 )  Carbon D ioxide Adsorption on Zinc Oxide

CO2 adsorbs rapidly onto ZnO a t  room t e m p e r a t u r e ^ ^ .  The forma

tion of  su r f a ce  c a r b o n a t e  s p e c i e s ^ ^ ^ ^ ,  and possibly c a r b o x y la te  

species^*^, have been identified by IR spectroscopy. Pretreatment of 

ZnO in oxygen a t  723 K was found to have little ef fect  on the adsorp

tion behaviour of C 0 2 ^ ^  and it has been inferred tha t  CO2 adsorption 

is independen t  of th e  de g re e  of n o n -s to ic h io m e t ry  of the  ZnO su r face .  

O the r  r e s u l t s ,  however ,  have  s h o w n ^ ^  ev idence  for the  com pet i t ive  

adso rp t ion  of CO2 and oxygen, in d ica t ing  th e  s i te s  to be a ssoc ia ted  

with Zn+ cations or Zn atoms and precluding the adsorption of the CO2 

onto  l a t t i c e  O ions to  form c a r b o n a te  spec ies .  The s imilari ty
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between the temperature programmed desorption characterist ics of CC>2 

and s t rong ly  sugges ted  an in te ra c t io n  with su r face  oxygen

vacancy s i t e s .

The p re sen c e  of small  am ounts  of adsorbed hydroxyl spec ies  does 

not appea r  to inhibit  CC>2 a d s o r p t i o n ^ ^ ,  but l i t t l e  adsorp t ion  and 

a s so c ia t e d  c a r b o n a t e  fo rm at ion  was found on a fully hydroxy la ted  

s u r f a c e ^ ^ ’^ ’^ ^ .  The exposu re  of a p a r t ia l ly  hydroxyla ted  ZnO s u r 

face  to  CC>2 was found to  r e s u l t  in the  rapid  format ion  of c a r b o n a te  

i o n s ^ ^ ,  adding weight to  th e  involvement of s u r face  oxygen spec ies  

(either in the ZnO latt ice or remaining on the surface after dehydrox- 

ylation) in the chemisorption process. The amount of adsorbed CO2 was 

found to  d e c r e a s e  l inear ly  wi th  increas ing  hydroxyl c o v e r a g e ^ ^ ’^ ^  

sugges t ing  t h a t  CO2 chem isorbed  on only v acan t  s i te s  th a t  were  f r ee  

from OH groups  and also d i scoun t ing  the  possib il i ty  of CO2 r e a c t in g  

with  the  hydroxyls  to  form s u r f a c e  b ica rb o n a te  spec ies .

A comparison of the temperature  programmed desorption behaviour 

of ZnO no n -p o la r  single c r y s t a l  (1010)  and po lyc rys ta l l ine  ZnO sur-  

f a c e s ^ ^ » ^ ^ ^ ^ ^  showed th e  CO2 adsorp t ion  p ro p e r t i e s  on ZnO were  

basica l ly  d e te rm ined  by th e  p r o p e r t i e s  of the  non-po la r  su r face  only.  

CO2 chemisorption equilibrium was readily established a t  room tempera

ture on clean (1010) surfaces forming a carbonate species with surface 

oxygens.  Oxygen vacancy  d e f e c t  s i te s  were  found to  a c t  as spec i f ic  

s i te s  for s t rong  CO2 chem iso rp t ion  and i t  was sugges ted  CO2 adsorbed 

on these sites to form a ZnC02~ surface complex. The same complex has 

been shown to  be formed by t h e  adsorp t ion  and r e a c t io n  of CO with 

l a t t i c e  o x y g e n ^ * ^  (see  p rev ious  sec t ion ) .

However ,  c o n t r a d i c t o r y  r e s u l t s  were  ob ta ined  by the  t e m p e ra tu re
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programmed studies of Bowker e t  a j(2.5,83) wjnere adsorption of CC>2 onto 

po lyc rys ta l l ine  ZnO was p roposed  to  be la rgely  confined to  de fec t  

s i t e s  p re s en t  on the  Zn (0001) po la r  su r fa ce .  No CC>2 a d so rp t io n /d e -  

sorp t ion  was ob ta ined  from single  c ry s ta l  (1010)  su r faces  by these  

workers .

The single c r y s t a l  t e m p e r a t u r e  programmed s tudies  of Cheng and 

Kung and c o -w o rk e rs^ ^ ,^ ,^ ,^ ^  have shown a structural  dependency to 

th e  adsorp t ion  of CC>2* On s t e p p e d  and prism single c ry s ta l  su r faces ,  

two types  of adso rp t ion  w e re  id e n t i f i e d ;  one requir ing  a s u r face  Zn-O 

pair, and in the form of a surface carbonate (as suggested by Gopel et 

a j (6 9 ,8 1 , 8 2 ) ^  while th e  o th e r  was  proposed to  be a s so c ia ted  w i th  the  

s u r fa ce  s teps  s i te s  ( i .e .  d e f e c t  s i t e s )  s ince  i t  was found to be more 

predominant on stepped prism surfaces. The carbonate form was found 

to be displaced by the adsorption of background water, while the  other 

adsorption form appeared to be enhanced by the presence of the water. 

This could  not be a d eq u a te ly  exp la ined  a l though i t  was thought  to  be 

due to  possib le  c h a r g e  t r a n s f e r  e f f e c t s .  Stronger  adsorp t ion  was 

observed  a s s o c ia t e d  with  th e  Zn polar (0001) c ry s ta l  su r face s  but 

Cheng et  al were unable to conclude whether this was due to the strong 

dipole moment of the polar surface, to atomic reconstruction or to the 

p re sen c e  of d e f e c t  s i t e s .

Well de f ined  CO2 adso rp t io n  s i t e s  on the  ZnO su r face  have been 

found by Saussey e t  a l ^ ^ ,  with  t h r e e  forms of  adsorbed  CO2 i d e n t i 

fied by IR s p ec t ro sc o p y .  I t  was proposed t h a t  CO2 adsorp t ion  was 

a s s o c ia t e d  wi th  th e  tw o - f o ld  c o o rd in a te d  Zn ca t ions  p re sen t  on the  

s tep  and edge  pos it ions  of th e  ZnO c ry s ta l s  where  the  (1010)  and 

(0001) surfaces met. The Zn^+ ions in these positions would carry two 

unshared coordinate vacancies in combination with a reactive oxygen in
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an a d ja c e n t  l a t t i c e  pos i t ion .  Although such ca t io n s  could a lso  be 

p re sen t  a s s o c i a t e d  with  an ion v a can cy  s i te s ,  Saussey e t  al fe l t  t h a t  

the experimental oxygen trea tment used precluded the presence of such 

defects.  In powdered ZnO the number of such edge and step sites could 

be ex t rem e ly  high. The d i f f e r e n t  forms of adsorbed  CO2 were  a s s o c 

i a t e d  with  th e  following success ive ly  formed sp ec ie s :  a b id e n ta t e  

carbonate (with one oxygen bonded to a Zn^+ cation and the carbon to 

an a d ja c e n t  l a t t i c e  oxygen on t h e  (1010)  s u r f a c e ) ,  a l inear spec ies  

(with  the  oxygen bonded to  the  Znz+ ca t ion  of th e  s tep  edge) ,  and a 

second type  of b id e n ta t e  c a r b o n a t e  spec ies  proposed to form on the  

(1010)  s u r f a c e  away from th e  ed g e  or s tep  adsorp t ion  s i tes  a s so c ia te d  

with a Zn-O pa ir  (s imilar to  t h a t  proposed by o th e r  workers  as d e s 

c r ibed  above) .

( 2 . 4 . 4 )  Water Adsorption on Zinc Oxide

IR sp ec t ro sc o p y  has i d e n t i f i e d  seve ra l  types  of adsorbed hydrox

yls to  be formed by w a te r  a d so r p t io n  on ZnO s u r f a c e s ^ ^ ,Ẑ .  It has 

been sugges ted  th a t  th e se  can  b e  a t t r i b u t e d  to hydroxyl  oxygen atoms 

bound to  d i f f e r e n t  numbers of l a t t i c e  meta l  a tom s^8^ .  On an ideal 

surface the surface hydroxyl oxygen atoms could be expected to occupy 

the  pos i t ions  of oxygen a toms in the  in f in i te  oxide c ry s ta l  l a t t i c e  

thus  r e s to r in g  th e  n a tu r a l  c o o rd in a t io n  of the  oxide m e ta l  a toms.  In 

th is  manner ,  for ZnO, singly,  doubly  and t r ip ly  co o rd in a ted  hydroxyls 

can be fo rmed.  On th e  Zn p o la r  su r face  t r ip le  coord ina t ion  would 

p redom ina te ,  while both  single an d  double coord ina t ion  a re  possible on 

th e  prism s u r f a c e ^ 8^ .  On the  O polar su r face ,  t r i p l e  coord ina t ion  

would a lso  be e x p e c t e d  to  o c c u r  in assoc ia t ion  with  l a t t i c e  oxygen 

vacancy  s i t e s  p re s en t .
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Water read i ly  adsorbs  on to  the  su r face  of zinc oxide to  form 

hydroxyl species and saturation water surface coverages of approximat

ely 8.5 OH per nm^ have been m e a s u r e d ^ ) ,  close to a coverage of one 

hydroxyl  per Zn s u r f a c e  c a t i o n  p r e s e n t ^ ^ .  It has been no ted  th a t  

unusually high dehydroxylation t e m p e r a t u r e s  a re  requ i red  to com ple te ly  

remove th e  adsorbed  hydroxyl s p e c i e s ^ ^ ^  (up to  770 K for th e  Zn 

pola r s u r f a c e ^ ^ -  see  be low ) .  Both w a te r  (and CO2) adsorb  on to  the  

surface of ZnO during sample storage in the atmosphere, and have been 

noted to evolve from the heating of fresh s a m p l e s ^ ’^ ^ .  The format

ion of a h y d r o x y - c a r b o n a te  complex has been ident i f ied^**)  with  s t o i 

chiometry Zn(0H)^(C03)2 due to slow reaction of the adsorbed atmosphe

ric water and CO2.

Water is well known as a su r f a c e  poison for a number of ZnO 

c a t a ly s e d  r e a c t io n s ,  for exam ple  hydrogena t ion  and i som er isa t ion  of 

ethylene and H2-D2 exchange r e a c t i o n s ^ ^  and for alcohol decomposit

i o n ^ ^ .  The adso rp t ion  o f  Type I hydrogen is p a r t i c u la r ly  sens i t ive  

to the presence of water on the catalyst s u r f a c e ^ )  since they occupy 

th e  same s u r fa ce  s i t e s ^ ^  (also see  previous  s ec t io n ) .  The a d so r p 

tion of  CO2 and CO have a lso  b een  shown to  similarly be r e t a r d e d  by 

th e  p re sen c e  of w a te r  on th e  c a t a l y s t ^ ^ * * ® ’^ )  (a lso see  previous  

s e c t i o n s ) .

The (1010) non-polar face (which consists of equal numbers of Zn 

and O ions with co p lan a r  c e n t r e s )  hyd ra te s  with hydroxyl groups 

b o n d in g  t o  Zn ions  a n d  h y d r o g e n s  to  o x y g e n .  This  l e a d s  to  a 

com ple t ion  of th e  t e t r a h e d r a l  co o rd in a t io n  for both s u r fa ce  Zn and 

oxygen ions.  The c o p lan a r  l a t t i c e  s t r u c t u r e  r e su l t s  in the  adsorbed 

hydroxyl groups forming prominent "rows" separated from one another by 

nar row  "channels*1̂ ^ .  This a r r a n g e m e n t ,  in combination with  the
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c lose  in te r io n ic  d i s t a n ce s ,  has b een  sugges ted  to allow the  format ion  

of hydrogen bonding b e tw ee n  all t h e  hydrogens in t h e  su r face  hydroxyl 

groups,  producing  an e s se n t ia l ly  c losed  su r face  s t r u c t u r e ^ ^ ^ .

Adsorption s i te s  on t h e  Zn pola r su r face  a r e  a s so c ia ted  with the  

Zn ions of th e  ou te rm os t  l a y e r ^ ^ ’^ ^ .  Adsorption of hydroxyls on to  

th is  su r f a c e  p roduces  an a r r a y  in which every  Zn ion is four c o o rd in 

a t e ,  t h r e e f o ld  to  l a t t i c e  oxygens ,  with the  remaining t e t r a h e d r a l  

pos i t ion  occup ied  by th e  oxygen a to m  of the  hydroxyl (^3,86)^ The 

adsorption of hydroxyls onto the reconstructed (0001 ) surface has been 

proposed to  occur  by hydroxyls  bonding onto Zn ions p re sen t  in th e  

t r ig o n a l  oxygen s i te s  o f  th e  r e c o n s t r u c t e d  l a t t i c e ^ ^ .  On th e  Zn 

(0001) (and to  a lesser  e x t e n t  th e  O polar)  s u r fa ce  th e  adsorbed  

hydroxyls will be coplanar,  each OH group being oriented normal to the 

su r f a c e  p l a n e ^ ^ ,Z* ^ .  On th e  (0001) su r face  each  hydroxyl has 6
o

e q u id i s t an t  ne ighbours  a t  3.25 A. A combination o f  th is  d is tance  and 

of the  co p lan a r  hydroxyl s t r u c t u r e  p rec ludes  the  formation of i n t e r 

hydroxyl hydrogen b o n d s ^ ^ ^ .

It has been  p r o p o s e d ^ ^  t h a t  the  hydroxyla ted  polar (0001) and 

(0001 ) faces will be more active for water physisorption than the non

pola r faces  because  th e y  c o n t a i n  only i so la ted  hydroxyl groups ,  

w hereas  th e  hydroxy la ted  n o n - p o la r  faces  p re sen t  a closed s t r u c t u r e  

(due to the high degree of hydroxyl hydrogen bonding) to any oncoming 

w a te r  m olecu les .  Only weak ad so rp t io n  fo rces  will be p re sen t ,  t h e r e 

fore  re su l t in g  in th e  no n -p o la r  f a c e s  being the  le a s t  a c t i v e  for w a te r  

p h y s i so r p t io n .

Thermal desorption s t u d i e s ^ ’^  on ZnO have further shown water 

to be readily adsorbed and strongly held on ZnO. The hydroxyl species
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p re sen t  on O po la r ,  no n -p o la r  and s tepped  non-polar  single c ry s ta l  

su r fa ce s  have been  found to  be less  s tab le  than  those  adsorbed on th e  

Zn polar su r fa ce s  w here  d e so rp t io n  te m p e ra tu re s  of near ly  770 K a re  

required to remove adsorbed h y d ro x y l s ^ ^ .  These strongly bound hydr

oxyls have been shown in a r e c e n t ly  published paper to  be a sso c ia ted  

with the Type I hydrogen s i t e s ^ ^  (see section 2.4.1). Lower temper

a t u r e  deso rp t ion  peaks  a r e  o b ta in ed  from the  prism s u r face  ind ica t ive  

of w eaker  su r f a c e  i n t e r a c t io n s ,  w i th  the  lowest  t e m p e ra tu re  s t a t e s  

(approx im ate ly  400 K) possibly due to  molecular ly  adsorbed w a t e r ^ ^ .  

Both the non-polar and stepped non-polar surfaces have been shown to 

behave  in a s imilar manner in d ic a t in g  th a t  s tep  s i te s  a r e  not requ i red  

for hydroxyl a d s o r p t i o n ^ ^ .  Desorp t ion  of w a te r  gave only a single 

low t e m p e r a t u r e  peak  a t  about  400 K for both  types  of c ry s t a l  face .  

However, contradictory conclusions have been drawn from a temperature 

programmed study by Morishige e t  a l ^ ^  where the most stable hydrox

yls were  a t t r i b u t e d  to  a d so rp t io n  on th e  prism, r a th e r  than  th e  Zn 

po la r ,  s u r f a c e .  It was fe l t  t h a t  th e  formation of in te r -h y d ro x y l  

hydrogen bonds on th i s  s u r f a c e  (descr ibed  above)  would re su l t  in 

add i t iona l  a d s o r p t i o n ^ ^ ’^ ^  s t a b i l i t y  compared  to  the  polar su r faces ,  

where  such hydrogen bonding is a b s e n t ,  and lead to th e  high observed 

desorp t ion  tem p e ra tu res .

( 2 . 4 . 5 )  M ethanol D ecom position on Zinc Oxide

Methanol  adsorbs  and decomposes  on ZnO to  produce  CO, H2 and 

CO2. Formaldehyde can also be formed depending on the reaction condi

t ions .  The decompos i t ion  p ro ceed s  by a sequen t ia l  pa thw ay  involving

adsorbed methoxy ( C H j O ^ p  and formate (CHOO(a p  intermediates ^ 5 -  

?7 9? 93}, , . C onf i rm at ion  of the  e x i s t e n c e  of the  fo rm ate  in te rm e d ia te
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sp ec t ro sco p y  s t u d i e s ^ ^ “ ^ , ^ “^ ^ .

Temperature programmed studies have shown hydrogen to be evolved 

in the  t e m p e r a t u r e  range  450 to  550 K in a process  corresponding  to  

th e  decompos i t ion  of th e  m e thoxy  to  fo rmate  s p e c i e s ^ ^ ^ ^ ,  while the  

s im ul taneous  desorp t ion  of  H2, CO and CO2 in th e  t e m p e ra tu re  range  

580-635 K has been ass igned  to  th e  r e a c t io n  l imited  decomposit ion of 

th e  f o r m a t e ^ ^ , ^ , ^ , ^ » ^ ^ .  The main pa th  for fo rmation  of CO has 

been shown to be via the decomposition of formate rather than methox- 

i d e ^ ^ .  The fo rm at ion  o f  f o r m a te  requ i res  th e  incorpora t ion  o f  a 

s u r f a c e  oxide  ion thus  r e s u l t i n g  in the  ne t  r educ t ion  of the  ZnO 

s u r f a c e ^ ’^ ^ .  The subsequent desorption of CO2 removes this oxygen 

from the surface; calculations have shown that  approximately 8% of the 

surface la t t ice  oxygen can be removed in this m a n n e r ^ ) .  It has been 

sugges ted  t h a t  th e  removal  of l a t t i c e  oxygen re su l t s  in a formal 

reduction of Zn cations to Zn m e t a l ^ ^ .

It has also been suggested the  formation of CO2 and D2. may possi

bly be the result of reaction between methanol and an adsorbed formate 

ion acco rd in g  t o ^ ^ :

CD^OD^gj + DCOO(a) D2 + CO2 + CD^O^aj Cl]

CD3 °(a )  + ° ( s )  + DCO° ( a ) + D2(g) [2]

Tarawah and H a n s e n ^ ^  have found in the temperature range 453- 

513 K, methanol decomposed to H2 and CH2O, while a t  higher temperature 

(563-613 K) CH2O, CO, C02> and H2 were formed. Temperature programmed 

d e s o r p t i o n  s t u d i e s  o f  m e t h a n o l  d e c o m p o s i t i o n  on po lyc rys ta l l ine  

Z n O ^ ^ ^  have  a lso reso lved  tw o  similar desorp t ion  regimes.  At low 

temperature (340 K) coincident desorption of methanol, CH2O, CO, H2,
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CC>2 and H2O was found, with the  methanol and CH2O desorption peaks 

a sc r ib ed  to  format ion  and decompos i t ion  of a su r face  methoxy species

acco rd ing  to :

CH3°(a )  + H(a) *  CH3OH(g) ™

CH3°(a )  + O(s) *  H2c o o (a) + H (a) I*]

H2COO(a) *  H2CO(a) + 0 (s) [5]

H2c o (a) *  H2CO(g ) [6]

The coincident CO, CO2 and H2O desorption peaks are proposed to

re su l t  from decom pos i t ion  o f  a formyl type  su r face  spec ies :

H2CO(a ) *  HCO(a) + H(a) [7]

HCO(a) *  H(a) + c o (a) W

H(a) + H(a) *  H2(g) [9]

A second deso rp t ion  reg ime a t  high t e m p e r a t u r e  re su l t s  in th e  c o in c i 

dent desorption of CO, H2 and H2O a t  580 K and CO2 and H2O a t  550 K, 

due to the decomposition of a formate intermediate:

HCOO(a) -  H(a) + CO(a) ♦ 0 (s) [10]

HCOO(a) H(a) 4 C 0 2(a) + C 0 2(g) [11]

c o (a) ^  CO(a) U 2]

C° 2 ( a )  •” C° 2 ( g )  [ *3]

2H(a) -  H2(g) [ 1 «

2H(a) + O(s) + H2°(g )  1*5]

On th e  basis  of t e m p e r a t u r e  programmed desorp t ion  from single 

crystals,  separate mechanisms have been proposed by Cheng e t  

for m e thano l  decom pos i t ion  on t h e  polar and non-po la r  ZnO s u r fa ce s .  

On the non-polar and stepped surfaces methanol decomposes in two path 

ways; e i t h e r  to  form m e th a n e  and  adsorbed  oxygen a t  423 K or via 

oxidation of the methoxide to a formate-like species which decomposes

a t  653 K:
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CH3 ° D(g) —

+ H2°(g)  + H2(g)

On the Zn polar surface two competitive decomposition pathways (dehy

d rogena t ion  and o x ida t ion ) ,  via a common formaldehyde in te rm e d ia te ,  

are  proposed:

CHjCD^)

CH3OD(a ) - 503 K .  CH3OD(g)

503 K

D(a) + 20 (a)°<2iHxC00(a)

683 K

743 K

D2(g) CH2° ( g )
+ CO(g) + H2(g)

CO(g) + C° 2(g) 

H2° ( g )  + H2(g)

The formate species is labelled HxCOO(a ) to reflect  the unknown stoi

ch iom etry  of th is  spec ie s  and to  a l low for a d i f f e r e n t  hydrogen co n 

t e n t  a t  d i f f e r e n t  c o v e rag es  ( fo r  formic acid adsorp t ion  x= l ,  for 

m e thano l  and fo rmaldehyde  a d so r p t io n  x> l ) .  The se le c t iv i ty  for the  

tw o  ro u te s  was c o v e rag e  d e p e n d e n t ,  with  the  dehydrogenat ion  ro u te  

favoured a t  h igher  c o v e r a g e s ^ ^ .

Two methanol decomposition channels have been resolved by Griffin 

e t  a l ^ ^  co rrespond ing  to  th e  decom pos i t ion  re a c t io n s  of methoxy and
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fo rm a te  i n t e rm e d ia te s .  The k in e t i c  process  for the  convers ion  of 

surface methoxy into formate was evidenced by a hydrogen peak at  585 

K, with simultaneous evolution of CH2O (but not CO or CO2). A mechan

ism was p roposed ,  th e  f i r s t  s t e p  being d issoc ia t ive  adsorp t ion  of 

methanol a t  Zn-O pair sites:

CH3OH + Zn(s) + 0 (s) *  Zn(s)-OCH3 + HO(s) [16]

Not a ll  th e  methano l  d i s so c ia t iv e ly  adsorbs,  as was shown by the  

fo rm at ion  of a low t e m p e r a t u r e  desorp t ion  peak a t  400 K due to  co -  

o rd ina t ive ly  adsorbed  m e thano l .  Decomposit ion of the  methoxy i n t e r 

m e d ia te  was p roposed  to  occu r  be fo re  any recom bina t ive  CH^OH 

d e so rp t io n :

Zn( s ) - ° CH3 + Zn(s) *  Zn( s f OCH2 + Zn(s)H [17]

H 2 deso rp t io n  observed  im m edia te ly  a f t e r  th is  s tep  in fe r r ed  t h a t  the
o o

pro ton  t r a n s f e r  was to  a ne ighbour ing  Znz+ ca t io n ,  and not to an Oz “ 

anion,  s ince  th is  would have  r e s u l t e d  in w a te r  desorp t ion :

Zn(s)H + HO(s) -*■ Zn(s) + 0 (s) + H2(g) [IS]

The adso rbed  CH2O i n t e r m e d ia t e  p roduced by [17]  is r e la t ive ly  s h o r t 

lived, desorbing either as gas-phase CH2O or reacting to form a stable 

adsorbed formaldehyde or formate by interaction with an O anion. If 

such an an ion is not p r e s e n t  t h e n  desorp t ion  occurs :

Zn^s j***OCH2 Zn(s) + [19]

but if  such an anion is a v a i l a b l e ,  the  in te rm e d ia te  is s tab i l i sed :

Zn(s)*"OCH2 + ° ( s )  *  Zn(s)‘ OCH2" ° ( s )  [20]

The subsequent desorption products (H2, CO, CO2) are observed a t  the

same temperature  (635 K) due to  decomposition of the formate species. 

Conversion o f  adsorbed  fo rm aldehyde  in to  a fo rm ate  spec ies  read i ly  

occurs  b e tw e e n  585 K and 635 K re su l t ing  in th e  formal red u c t io n  of

the carbon atom oxidation s ta te :
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Zn(s)‘ OCH2‘ ° ( s )  + Zn(s) Zn(s)OCHO(s) + Zn(s)H [21]

with hydride t r a n s f e r  aga in  onto  an a d jac e n t  Zn ca t ion .  It was
2

suggested that  removal of O anions from the latt ice was accompanied 

by the reduction of Zn cations to Zn metal.

A number of d i f f e r e n t  proposa ls  have been made as to which s tep  

of m e thano l  decompos i t ion  is r a t e  de termin ing .  These have included 

the  decompos i t ion  of m o lecu la r ly  adsorbed  methanol to  methoxy and 

adsorbed  hydrogen i .e  O -H  bond c l e a v a g e ^ * ^ ,  c leav ag e  of a C-H 

b o n d ^ ^ , ^ > ^ ^  and C-O  bond c l e a v a g e  during the  decomposit ion of  

surface f o r m a t e ^ ^ .

Severa l  proposa ls  have  also been made as to  the  n a tu re  and lo c a 

t ion  of the  a c t i v e  s i t e s  on th e  ZnO su r fa ce .  A c e r t a in  deg ree  of  

s u r fa ce  re d u c t io n  has been  found requ i red  for optimal decomposit ion 

a c t i v i t y ,  i d en t i f i ed  as a r e q u i r e m e n t  for u n s a tu r a te d  O s u r f a c e  

anions  to  s tab i l i s e  th e  fo rm a te  and formaldehyde i n t e r m e d i a t e s ^ ^ .  

The a c t i v e  s i te s  have  been  su g g es ted  to  be s i tu a ted  a t  edge s i t e s  or 

as i so la ted  p a tc h e s  of d e f e c t e d  su r f a c e  t h a t  exposed such i o n s ^ ^ .  

Bowker e t  a i (25,83) a iso fe jt  t ^ a t  a d e fe c t iv e  su r face  (i .e.  one t h a t  

co n ta in ed  oxygen vacancy  s i t e s )  was a requ i rem ent  for good decompo

s i t ion  a c t i v i t y .

The decomposition reactivity has been found to depend markedly on 

the  d e ta i l e d  a tom ic  s t r u c t u r e  of th e  s u r f a c e ^ ^ ^ ^ .  The polar (0001) 

s u r fa ce  was found to  exh ib i t  a com ple te ly  d i f f e r e n t  product d i s t r i b 

ution  com pared  to  the  n o n -p o la r  s u r f a ce s ,  with dehydrogenat ion  th e  

predominan t  r e a c t i o n ^ ^ ^  (possibly  re su l t ing  from the  f a c t  t h a t  

th is  su r f a c e  is more  m e ta l - l i k e  than  the  non-po la r  or s tepped  s u r 

fa c e s ) .  The d i f f e r e n c e  in th e  n a t u r e  of decomposit ion on th is  su r f a c e  

has been a tt r ibuted to the strong dipole moment present which enhanced
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i n t e r a c t i o n  b e tw ee n  th e  s u r f a c e  and polar molecules (such as m e th an -  

ol )(84,85)^ The decompos i t ion  a c t i v i t y  order pa ra l le led  su r f a ce  

d e fe c t  dens i t i e s ,  f u r t h e r  s u g g e s t i n g ^ ^ ^  the  a c t iv e  s i te s  are  

d i r e c t ly  a s s o c ia t e d  with  an ion  vacan c ie s  or s tep  d e fe c t s ,  and also 

t h a t  s t ep  d e f e c t s  must behave  l ike anion v acanc ies  i .e .  the  local  

bonding env ironm ent  of a s tep  s i te  is c loser  to th a t  of an anion 

vacancy  th an  a s i t e  on th e  t e r r a c e  su r face .

It has been proposed tha t  the active sites for methanol decompos

it ion  and syn thes is  ( i . e .  t h e  s i t e s  for fo rm ate  fo rmation)  a r e  c o n f in 

ed to  th e  polar s u r f a ce s  o n l y H o w e v e r ,  more r e c e n t ly  it 

has been  shown t h a t  th e  Zn pola r su r face  does not appear  to  play  an 

im por tan t  ro le  in m e th an o l  decomposit ion  or s y n t h e s i s ^ ' 7) and the  

fo rm ate  in t e r m e d ia t e  is a s s o c i a t e d  mainly with  the  prism surfaces^**) .

( 2 . 4 . 6 )  Ethanol D ecom position on Zinc Oxide

The decomposition of ethanol on ZnO proceeds in two main reaction 

p a t h w a y s ^ ) .  Firstly, by dehydrogenation to acetaldehyde and hydro

gen :

c 2h 5o h  -► H(CH3)CO + h 2 [1]

and secondly, by dehydration to ethylene and water:

C2H5OH C2H^ + H20  [2]

Oxidation  can  a lso  occur  (see  be low) to  form s u r fa ce  a c e t a t e  species  

(CH3COO(a )), analogous  to  fo r m a te  formed from methoxy in methanol 

decompos i t ion .  The a c e t a t e  decomposes  to  give products  t h a t  inc lude 

CO, C 0 2, H2 and w a t e r ^ ’^ .

An in v e s t ig a t io n  by Mokwa e t  a l ^ ^  of t e m p e ra tu re  programmed 

decomposi t ion  of e th an o l  on th e  no n -p o la r  s u r fa ce  found adsorp t ion  of 

e t h a n o l  p r o d u c e d  t h e  d e s o r p t i o n  p e a k s :  e t h a n o l  ( a t  400 K),
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acetaldehyde (400 K), molecular hydrogen (500 K), water (410 K), and 

e th y le n e  (550 K). From th e  oxygen polar s u r f a c e ^ ^  a similar range  

of deso rp t ion  p roduc ts  was observed  but with desorp t ion  t e m p e r a t u r e s  

20-40 K higher than from the  non-polar surface. Adsorption of ace ta l 

dehyde on both surfaces produced only an acetaldehyde peak a t  380-390 

K, and conf i rmed  th e  p ro d u c t io n  of a ce ta ld eh y d e  from e thano l  to  be 

activated.  Ethanol adsorption a t  300 K onto a sintered ZnO s a m p l e ^ )  

p roduced  similar d e so rp t io n  p r o d u c t s :  e thano l  (430 K), hydrogen and 

a c e t a ld e h y d e  (485 K). Methane and w a te r  were  also evolved in this  

temperature range, while at  above 600 K CO, water and CO2 were d e tec t 

ed .  An in c re a s e  in th e  m easu red  s u r fa ce  conduc t iv i ty  a t  higher t e m 

p e r a t u r e s  a lso  po in ted  to  a r e a c t i o n  of adsorbed  a c e ta ld eh y d e  and 

surface oxygen to produce acetic  acid and an oxygen vacancy: 

H(CHj)CO(a) ♦ 0 (s) -  V(Q) + CH3COOH(a) [3]

Two routes were proposed for ace t ic  acid decomposition to account for 

this compound not being detec ted  in the desorption spectra:

CH3COOH -> CH2=CO + H20  [4]

CH3COOH CH^ + C 0 2 [5]

Although k e te n e  ( r e a c t io n  [ 4 ] )  was  not observed  d i rec t ly ,  th e  d e t e c 

tion of CO (mass 28) by mass spectrometer pointed to an occurrence of 

th is  spec ie s .  The following o v e ra l l  r e a c t io n  scheme was proposed for 

ethanol decomposition on sintered Z n O ^ ^ :
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430 K

polycrystalline ZnO by Bowker e t  a l ^ ^  found the decomposition to be 

s e l e c t iv e  to w a rd  d eh y d ra t io n  to  e th y le n e  (10:1 e th en e  to ace ta ld eh y d e  

r a t i o ) .  Two t e m p e r a t u r e  r eg im es  o f  d i f f e r e n t  r e a c t iv i t y  were  o b se rv 

ed.  The f i r s t ,  a t  380-420  K, was c h a r a c t e r i s e d  by desorp tion  of the  

parent alcohol, while the second, a t  510 K, corresponded to the forma

tion of decompos i t ion  p ro d u c ts .  The in i t ia l  s tep  for e thano l  a d so r p 

tion was proposed to be formation of a surface ethoxide species: 

C2H5OH(g) ♦ 0 (s) *  C2H50 {a) + OH(a) [6]

Approximately 40% of the total  amount of adsorbed ethanol was desorbed 

as th e  p a r e n t  molecule  a t  360 -410  K in a r ev e r se  of th is  r e a c t io n .  

The a c t i v a t i o n  energy  for th e  recom bina t ion  process  was sugges ted  to 

be t h a t  for migra t ion  of hydrogen  back to  the'  s u r face  alkoxide sp ec 

ies.  At 510 K the  remain ing  adso rbed  e thoxy  species  decomposed and 

desorbed  as hydrogen, e th y le n e  and  C2H4O (most l ikely ace ta ld eh y d e  

a l though  e th y le n e  oxide was a lso fe l t  a possib i l i ty) .  The t e m p e ra tu re  

co inc idence  o f  th e  evolved  e th y le n e ,  a ce ta ld eh y d e  and hydrogen peaks 

showed they were derived from a common intermediate, with 0 C-H bond
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scission proposed to  be th e  r a t e  de termin ing  s tep  (on the  basis of the  

observed  hydrogen evo lu t ion  and the  high e th y len e  s e le c t iv i ty ) .  The 

dominance o f  3 i n t e r a c t io n  over t h a t  of the  a  hydrogen (which would 

have p roduced  a c e t a l d e h y d e )  f u r t h e r  sugges ted  t h a t  r e a c t io n  was c o n 

fined to  the  Zn (0001) f a c e ,  in ag reem en t  with th e se  workers  e a r l i e r  

conclusions for methanol decomposition (see previous section). On the 

n on -po la r  s u r f a c e  i t  was fe l t  t h a t  a  hydrogen in te r a c t io n  would have 

been an equally preferred route th a t  would have resulted in the forma

tion of a c e t a ld e h y d e .  The re q u i re m e n t  for acce ss ib le  O" s i te s  also 

sugges ted  th e  a c t i v e  s u r f a c e  to  be the  highly d e f e c t e d  ( reduced)  Zn 

polar face. At 510 K 3 hydrogen atom abstraction and hydrogen desorp

tion was proposed  to  leave  an u n s tab l e  C2H4O spec ies  on the  s u r f a c e  

that  had two possible decomposition channels; either C-O bond scission 

re su l t ing  in e th y le n e  d e so rp t ion ,  or Zn-O scission re su l t ing  in C2H^O 

desorpt i o n ^ ^ :

CH3CH20 (a) + O(s) ^  CH2CH20 (a) + OH(a) [7]

CH2CH2(g) + 0 ( s) [8a]
CH2CH20( a ) _ _

C2H<>°(g) [8b]

No water desorption was detec ted  and it was proposed^*^ that  oxygen

atoms remaining  on th e  s u r f a c e  a f t e r  r e a c t io n  [8 a ]  were  r e d i s t r ib u te d  

by su r f a c e  m ig ra t ion  over t h e  e n t i r e  ZnO to resu l t  in su r face  r e o x id i 

sa t ion .  Bowker e t  a l ^ ^  a lso  found ace ta ld eh y d e  adsorpt ion  re su l ted  

in the  fo rmat ion  of su r f a c e  a c e t a t e  spec ies :

CH3CHO(a) + 0 (s) + CH3CHOO(a) [9]

CH3CHOO(a) + CH3COO(a) + H (a) [10]

Ethene desorption at  530 K also pointed toward the formation of ethox- 

ide in a r e v e r s e  of r e a c t io n  [ 8 b ] ,  followed by subsequent 3 hydrogen
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a b s t r a c t  ion.

Similar e thano l  decom pos i t ion  behaviour has been  observed  on 

o the r  oxide c a t a l y s t  s u r f a c e s .  Ethoxide and a c e t a t e  s u r face  spec ies  

have  been  d e t e c t e d  a f t e r  ad so rp t io n  on both basic  oxides,  such as 

M g O ^ ^ ' * ® ^ ,  and acidic oxides, such as alumina^®3). Acetate forma

tion has been shown to be an act ivated process since it does not occur 

below te m p e r a t u r e s  of a p p ro x im a te ly  425 Kagel e t

a | (100 ,103)  have  proposed  t h e  ox ida t ion  to a c e t a t e  to occur by i n t e r 

a c t io n  of th e  e thox ide  w i th  s u r f a c e  oxygen (e i th e r  l a t t i c e  oxygen or 

adsorbed hydroxyl oxygen):

CH3CH2OH + 0 ( s) CH3CH20 ( a)  + OH(a) [11]

CH3CH2° ( a )  + [ 0 (s) or OH( a ) ] -  CH3COO(a) + H2(g) [12]

Mass-spectrometry has confirmed the  presence of hydrogen^

MgO has been  found to  a c t  as a dehydra t ion  c a t a ly s t  a t  very  low 

e th an o l  p a r t i a l  p r e s s u r e s ^  » 102) decomposing e thano l  to  e i th e r  

e t h e n e ^ ^ ^  or to  b u t a d i e n e ^ H o w e v e r ,  under r e la t iv e ly  high 

e th an o l  p a r t i a l  p re s su re  MgO becom es  dehydrogenat ing  and a ldehyde  is 

p roduced O01>102)^ The p r e s e n c e  of gas phase  (or phys isorbed) a l c o 

hol molecules ,  a c t i n g  as Br^ns ted  acids  and re a c t in g  with  adsorbed 

e th o x id e  was proposed by P a r r o t t  e t  a l^*® ^ to  expla in  th is  dehydro

gena t ion  s e le c t iv i t y  a t  high e th a n o l  p re s su res :

CHo 
1 ^

CHv 
| 3

CHo 
| J

1
H^OCoHc + H-C +

II
O

h 2 + c h 2
1

O 'i
1
O '1

Mg2+ Mg2+
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( 2 . 4 . 7 )  P ropanol  D ecom pos i t ion  on Zinc Oxide

The decomposi t ion  of 2 -p ropano l  is used as a model r e a c t io n  for 

studying the principles of cata lyst  s e l e c t i o n ^ O n  ZnO the decom

posit ion  has two main r e a c t i o n  pa thw ays  th a t  a re  essen t ia l ly  f r ee  of 

side r e a c t i o n ^ ® ^ :

(c h 3 )2c h - oh
(c h 3)2c =o  + h 2 

c h 3c h 2=c h 2 + h 2o

[ l a ]

[lb]

i.e. dehydrogenation to acetone and hydrogen and dehydration to prop- 

ene and water.  ZnO is highly selective, under normal operating condi

t ions  to deh y d ro g en a t io n ,  and has  been chosen as a base line  s tanda rd  

dehydrogena t ion  c a t a l y s t  by K r y l o v ^ ® ^ .  The decomposit ion s e l e c 

t iv i ty  can ,  how ever ,  depend on t h e  condit ions  of the  a lcohol  a d s o r p 

tion or decom pos i t ion .  Wheeler e t  a l ^ ® ^  adsorbed  2-p ropano l  onto 

dehy d ro x y la ted  ZnO a t  low t e m p e r a t u r e ,  and on thermal  desorp t ion ,  

found the main decomposition product to be propene, with acetone only 

p roduced  in a minor am ount .  The amount of  w a te r  produced was less 

than the propene formed, while the  quantity of hydrogen was in excess 

of th e  a c e to n e .  Carbon dioxide was also observed  to  form from the  

decomposition of an unidentified adsorbed complex. The high dehydra

tion selectivity was proposed to be due to the ZnO surface behaving as 

a r e a c t a n t  r a t h e r  th an  as a c a t a l y s t ,  and a consequence  of th e  st rong 

a f f in i t y  shown by th e  ZnO s u r f a c e  for w a te r  (ev idenced  by high dehy 

dration temperatures required to recover adsorbed water).  In compari

son, under  th e  b a tc h  r e a c t o r  cond i t ions  of a c losed  c i rcu la t in g  r e a c 

to r  sys tem a t  363 K, Tamaru  e t  a i ( ^ 06,107) f ouncj a m0re " typ ica l"  

p roduc t  d i s t r ib u t io n  with  a c e t o n e  and hydrogen produced as the  main 

decomposi t ion  p ro d u c ts  (90% s e l e c t i v i t y ) ,  while only minor amounts  of
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propene and water were formed.

In the equivalent decomposition over ZnO, 1-propanol also under

goes dehydration to propene, while the dehydrogenation reaction forms 

p r o p i o n a l d e h y d e ^ ® ^ .

Using IR spectroscopy, Tamaru e t  a i ^ ® ^  identified 2-propanol to 

adsorb  d is soc ia t ive ly  a t  363 K t o  form zinc a l co h o la te  and a hydroxyl 

group on th e  su r f a ce  of ZnO. H eat ing  the  a lcoho la te  was found to 

produce hydrogen and to form the  IR bands of an adsorbed enol species 

of th e  ty p e :

c h 3 HC> H
N __ /

or c=c✓  N

:o h H3C j H
'Zn Zn

The enol st ructure was confirmed by acetone adsorption which was also 

found to  produce  th e  enol s u r f a c e  spec ie s^*® ^ (see  below).  As 

desorption of 2-propanol derived ace tone was found not to occur at  363 

K in th e  absence  of gas phase  2 - p r o p a n o l ^ i t  was proposed the  

r e a c t io n  req u i red  th e  p re sen c e  o f  2 -propanol  to d isp lace  th e  su r face  

enol. A cer tain amount of enol adsorbate also appeared to be convert

ed in to  a n o n -v o la t i l e  su r f a c e  spec ies  t h a t  inhib ited  the  r e a c t io n  

r a t e .  This was sugges ted  to  be a  polymerised species  of a c e to n e  such 

as acetylacetone.  Isotope labelling revealed that  the hydrogen molec

ule was produced by the recombination between dissociatively adsorbed 

hydrogen and th e  a  ca rbon  of t h e  a l co h o la te .  The overa ll  r e a c t io n  

scheme for 2-propanol decomposition was proposed to b e ^ ^ ^ :

2-propanol
V

h 3C \4 /CH3 
C 6

H- 2-propanol acetone

H

H3Cv . CH3

6
^  9 13  ^

AH2C' p H
[2]

( I ) (II) (III)
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The d i s so c ia t iv e  adso rp t ion  of t h e  2-propanol ,  the  desorp tion  of th e  

enol and th e  k e to - e n o l  c o n f ig u r a t io n  change  (s teps  ( I I)  to ( I I I ) ) ,  

were  a ll  cons ide red  to  be f a s t e r  than  the  su r face  dehydrogenat ion  of 

the  a l c o h o la te  (s teps  (I)  to  ( I I ) )  i .e .  the  format ion  of the  hydrogen 

molecule was ra te  determining.

Manazec has p r o p o s e d ^ ^  a mechanism for secondary alcohol dehy

dra t ion  over m e ta l  oxide c a t a l y s t s ,  also through an in te rm e d ia te  enol 

species. In this mechanism the  alcoholate is dehydrogenated by t rans 

fer of a hydr ide  from th e  a  c a r b o n  a tom to  a nearby  meta l  ion or 

hydroxyl group to generate a bound ketone. The ketone is then deprot-  

ona ted  from th e  3 carbon  to  g iv e  th e  e n o la te ,  which can  th e n  be 

r e p r o to n a t e d  a t  th e  a  c a rb o n  to  l i b e ra t e  the  ole fin .

The enol s u r f a c e  spec ie s  has  a lso  been iden t i f ied  by Miyata e t

al (109) as an in t e rm e d ia t e  in ox id a t io n  of 2 -p ropano l  over ZnO. Ads

orbed isopropoxide  spec ies  w e re  observed  to  dehydrogena te  to  form 

a c e to n e ,  and  to  oxidise to  form su r face  a c e t a t e  and fo rm ate  species  

via  th e  e n o la t e  complex a t  app rox im a te ly  433 K. Similar a c e t a t e  

spec ies  have  a lso  been o b s e r v e d  a f t e r  2 -p ropano l  adsorp t ion  on 

M g O ^ * ^ .  The following reaction scheme was proposed:

H3C H CH3
L/6

HqC CHo
3 'c' 36

CH: H
H

?

+ C + C
cf'b c/'*o

i
CO2 and H2O

[3]

Acetate and carboxylate surface species have also been identified on a 

range  of o th e r  m e ta l  oxide c a t a l y s t  su r faces  a f t e r  1-propanol  and 2- 

propanol a d s o r p t i o n ^  ^ ^   ̂\  Carboxyla te  fo rmation  a f t e r  2- 

p r o p a n o l  a d s o r p t i o n  on a l u m i n a ^  and  c e r i a  has  b e e n
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proposed^ ^  to occur by the reaction:

Ch 3 H3c  Ch 3 c h 3
9 * 9 / A \
O H Q H ->- O 'O
\ \ 1 1 1 1

> -o A1 O 1 > >

1
A1 A1

CH, W

The form at ion  of  gaseous m e th a n e  produced by th is  r e a c t io n  was con-
( 1 1 2  1 13 )firmed by mass s p e c t r o m e t r y '  , An a c e to n e  re a c t io n  i n t e r 

mediate was proposed (for adsorption on alumina) since the carboxylate 

was a lso observed  a f t e r  a c e t o n e  adsorp t ion  by Deo e t  a l ^ * ^ .  An 

aldol c o n d e n s a t io n - ty p e  m echan ism  be tw een  a s u r fa ce  a lkoxide  and 

a c e to n e  has a lso  been su g g e s te d  as an a l t e r n a t i v e  rou te  for a c e t a t e  

f o r m a t i o n  on c e r i a  t h a t  a l s o  g iv e s  i - b u t e n e  as  a r e a c t i o n  

product

C arb o x y la te  fo rm at ion  a f t e r  1-propanol  adsorp t ion  on alumina has 

been proposed  to  occur  in an e q u iv a l e n t  r e a c t io n  to  t h a t  given for 2- 

p r o p a n o l ^ ^  above:

R R
c h 2 ¥ P
0  +
1

o  + 
|

0
1

0
11

A1
1

A1
1

A1
1

A1

Gaseous hydrogen evolved by

H- [5 ]

course  of t h e  o x i d a t i o n ^ ® ^ *

T e m p e ra tu re  programmed d eso rp t io n  has shown 1-propanol and 2- 

propanol decompos i t ion  on ZnO t o  be s t r u c tu r e  s e n s i t i v e ^  * ^ ’ ** ^ .  

A single  c r y s t a l  s tudy of 2 -p r o p a n o l  decomposit ion by Kung e t  a l ^ * ^  

found th e  Zn and O pola r and p r ism  su r face s  to  evolve  five desorp t ion  

and decomposition products: undecomposed 2-propanol, hydrogen, a ce t 

one,  w a te r  and p ropene .  D ehydrogena t ion  was th e  dominant r e a c t io n ,  

with the peak temperatures highest for the Zn polar surface and lowest
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for th e  O polar su r fa ce .  A c e to n e  and propene  always appeared  a t  th e  

same temperature suggesting that  they were formed from a common sur

fa c e  i n t e rm e d ia te .  Hydrogen was evolved co inc iden t  with a c e to n e  on 

the Zn and O polar surfaces but a t  a lower temperature .on the nonpolar 

su r f a c e .  Water desorp t ion  p eaks  w ere  found to be desorp t ion ,  r a th e r  

than  r e a c t io n ,  l imited .  Al though th e  low peak t e m p e ra tu re s  sugges ted  

th e  O pola r  su r f a c e  should be t h e  most a c t i v e  in 2-p ropanol  decom po

s i t ion ,  t h e  high t e m p e r a t u r e  fo r  w a te r  desorp t ion  from this  s u r f a c e  

(598 K) in d ica ted  t h a t  under  s t e a d y - s t a t e  r e a c t o r  condit ions  th e  

surface would effectively become poisoned by adsorbed hydroxyls.

In a temperature programmed desorption study by Bowker e t  al^®*^ 

using a p o ly c ry s ta l l in e  ZnO, 1-p r o p an o l  was found to  revers ib ly  desorb  

a t  low t e m p e r a t u r e  (300-500  K),  with the  decomposit ion p ro d u c ts  

propionaldehyde, propene and hydrogen produced a t  higher temperature 

(approximately 540 K). The propionaldehyde peaked slightly before the 

o th e r  tw o  p roduc ts  (by a p p ro x im a te ly  13 K). Similar re su l t s  w e re  

ob ta in ed  by the  same workers  for 2 - p r o p a n o l ^  where  a ce to n e  a lso  

peaked  s l ight ly  be fo re  p ro p en e  an d  hydrogen. For both  a lcohols,  th e  

p ropene  peak  width  was n a r r o w e r  than  th a t  of the  dehydrogenat ion  

p ro d u c t ,  with  th e  hydrogen peak  wid th  in te rm e d ia te  be tw een  th e  tw o .  

Although 2-propanol was found to decompose around 60 K lower in tem

p e r a t u r e  th an  1-p ropano l ,  i t  g a v e  a similar decomposit ion p ro d u c t  

r a t io s .  Bowker e t  a l^ * ® ^  p roposed  a g en e ra l  mechanism for C2+

alcohol decomposition on ZnO consistent with the temperature programm

ed desorp t ion  r e s u l t s :

Adsorption a t  310 K:

HR
^ C H O H (g)

HR
CHOH(a) [6]

R' R'
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Reaction with the surface a t  310 K:

HR.
CHOH(a )

K
->

HR.
CHO(a)  ♦ H(a) 

K
[7a]

HRx
R1/ CHOH(a) + ° ( s )

HR
* J CHO(a) + OH(a) K

[7b]

2H(a) + H2(g) [8a]

H(a) + OH(a) -V H2°(g )  + V2- [8b]

Desorption (300-500 K):

HR HR
R, / CHOH(a) ^  R1- CHOH(g) [9]

Decomposition a t  500-550 K:

HR

RI> H° ( a )

HR
R, . C =°(g)  + H(a) [10a]

HR
R )> H ° (a) + H(a) ♦ V2- R = t - R '(a) + ° ( s )  + H2(g) [10b]

H H
R=<~- R '(a) R=C-R '(g) [11]

2H(a) H2(g) [12]

The in i t ia l  adso rp t ion  s t ep  was t h o u g h t  to be a c t i v a t e d  s ince  it was 

found to  p roceed  slowly,  fo l lowed  by d is socia tion  of th e  a lcohol upon 

adsorption to form the corresponding surface alkoxide. Steps [7b] and 

[8 b ]  were  in f e r r e d  from the  r ep ro d u c ib i l i ty  of th e  decomposit ion 

p a t t e r n  w i thou t  any p r e r e d u c t io n  t r e a t m e n t ,  while s tep  [10b]  was 

assumed in o rder  to  a c c o u n t  for t h e  f ac t  th a t  no w a te r  desorp t ion  was 

detected.  Similarly, because no low temperature evolution of hydrogen 

was observed, it was thought steps [7a] and [8a] also occurred at  the 

adsorp t ion  s t a g e .  Two types  of a lkox ide  were  pos tu la ted ;  one nex t  to  

an anion vacancy  and one a t  an unpe r tu rbed  s i t e .  The former
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re su l t ing  in th e  p rod u c t io n  of a lk en e  through "healing"  of the  d e f e c t  

(s teps  [10b]  and [ 1 1 ] ) ,  while  th e  l a t t e r  produced the  a ld eh y d e /k e to n e  

(s tep  [ 1 0 a ] ) .

The d e hydrogena t ion  s u r f a c e  s i te s  were  proposed by Bowker e t  

a j (108,115) to bg a s s o c i a t e d  wi th  the  Zn (0001) polar s u r face ,  while 

th e  o th e r  r e a c t io n  s i t e s  w ere  t h o u g h t  to be lo ca ted  e i th e r  on t h e  O 

polar or non -p o la r  s u r f a c e s .  The  a  C-H bond scission y ie ld ing the  

d e hydrogena t ion  p roduc t  ( s te p  [ 1 0 a ] )  formed a highly mobile hydride 

spec ie s .  A t t a ck  by th is  hydr ide  spec ies  (from an a d jac e n t  c a t io n  

s i t e )  on th e  a lkoxide  a s s o c i a t e d  wi th  th e  d e fe c t s  produced the  a lkene  

through an induced 8 hydrogen elimination/abstraction. The transition 

s t a t e  for th is  r e a c t i o n  was v isua l i sed  a s ^ * ^ :

The two s tep  mechanism of hydr ide  p roduc t ion  followed by 8 hydrogen 

a b s t r a c t i o n  was s u g g e s t e d ^  t o  expla in  the  s imilar i ty  in decompo-  

s i t iona l  t e m p e r a t u r e s  for th e  tw o  d i f f e r en t  alkoxy spec ies .  The 

alkoxy associated with the anion vacancy was considered to be the more 

strongly bound and the hydride react ion caused C-O bond scission. The 

small d i f f e r e n c e  in th e  decom pos i t ion  te m p e ra tu re s  of the  two types  

of alkoxyls  was proposed  to  be due to  an add i t iona l  small  a c t i v a t io n  

energy  for th e  hydr ide  induced  8 e l im in a t io n /a b s t r ac t io n .

Since they  a r e  p roduced  as decomposit ion  p roduc ts  from 2 - p r o -  

panol,  the  adso rp t ion  behav iour  of a c e to n e  and propene is also r e l e 

van t .  As no ted  p revious ly ,  a c e t o n e  adsorp t ion  on ZnO has been shown 

to re su l t  in th e  fo rm at ion  of IR bands corresponding  to  th e  p re sence
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of adsorbed  enol  sp ec ie s^ * ® ^  ( th e  s t ru c tu ra l  form of the  enol has 

been given above). Temperature programmed desorption studies^  

have  not,  however ,  conf i rm ed  th e  formation of the  enol,  a l though the  

non-po la r  single  c ry s t a l  s u r f a c e  was noted  by Kung e t  a l ^ * * ^  to 

produce a more stable form of acetone  attr ibuted as being possibly due 

to th e  enol.  I so top ic  hydrogen re d i s t r ib u t io n  by adsorbed  a c e to n e  has 

sugges ted  Zn-O pa ir  s i te s  to  be requ i red  for th is  d is soc ia t ive  a d s o r p 

t i o n ^ * ^ .  Deo e t  a l ^ * * ^  found adsorp t ion  of a c e to n e  on a lumina a t  

493 K to  p roduce  the  same IR c h a r a c t e r i s t i c s  as 2-propanol  de r ived  

c a r b o x y la te ,  and a mechanism was proposed with a ce to n e  as an i n t e r 

m ed ia te  in th e  fo rmat ion  of  th e  c a r b o x y la t e  (see  above) .  The d e t e c 

t ion of m e th an e  produced  by t h e  ox ida t ion  of a c e to n e  supported  this 

mechanism. The adsorption of ace tone  a t  423 K on ceria has also been 

fo u n d ^ * * ^  to  form th e  c a r b o x y l a t e  species .  Con t ra ry  to th e se  f in d 

ings,  t e m p e r a t u r e  programmed d eso rp t io n  has found no ev idence  for 

c a r b o x y la te  fo rm at ion  a f t e r  a c e t o n e  adsorp t ion  on ZnO single c ry s t a l  

and p o ly c ry s ta l l in e  s am p le s^ **

Propene is both  weakly  an d  s t rongly  adsorbed  on Z n O ^ * * ^ ,  a l 

though the weakly bound propene is rapidly desorbed a t  room tempera

t u re .  The p re s en c e  of propene  was  found by Dent e t  a l ^ * * ^  to  block 

out the  hydrogen chem isorp t ion  on Zn-O pair  s i t e s .  Isotopic  label l ing 

suppor ted  th e  view th a t  p ro p e n e  was adsorbed d issoc ia t ive ly  as  a tt-  

al ly l  spec ies .  The adso rp t ion  o f  p ropene  was proposed^* to  occur  

a s :

H
XL H

h 2c :'' ' ':c h 2 I
CH3-CH=CH2 + -O-Zn-O- -> -Zn- + -O- [13]
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Davydov e t  found th e  th e rm a l  desorption of propene from an

oxidised ZnO produced a high temperature  peak (673 K) corresponding to 

th e  desorp t ion  of  th e  p roduc ts  o f  com ple te  oxidation (CO2 and w a te r )  

and an oxidised surface species in the form of a carbonate-carboxylate 

was p roposed .  Nakaj ima e t  a l ^ * * ^  has more r e c en t ly  conf irmed the  

formation of carboxylates,  such as ace ta te  and formate, in the propene 

oxidation reaction.  The precursor of the carboxylate species appeared 

to be formed by addition of two oxygen atoms to each adsorbed propene 

molecu le  and it was t e n t a t i v e l y  p r o p o s e d ^  t h a t  the  p recurso r  had 

an  o l e f i n i c  as  w e l l  a s  a l c o h o l i c  c h a r a c t e r .  I s o t o p i c  l a b e l l i n g  

sugges ted ,  in th e  r e a c t io n  of t h e  tt- ally 1 spec ies  with adsorbed  m o le 

cular oxygen, one adsorbed oxygen was incorporated into thfe TT-allyl to 

form a su r f a c e  complex, while  s imultaneously  one s u r face  l a t t i c e  

oxygen was transferred to the complex. The remaining adsorbed oxygen 

then  reox id ised  th e  s u r f a c e .  P ropene  ap p ea red  not to  i n t e r a c t  with  

la t t ice  oxygen of ZnO in the absence of gaseous oxygen.
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C H A P T E R  3

TEM P ER A TU R E PROGRAMMED D ES O R P TIO N

( 3 . 1 )  I n t r o d u c t i o n

Temperature Programmed Desorption (TPD) provides information on 

how an a d s o r b a t e  i n t e r a c t s ,  for example  chemisorbs or decomposes,  on 

the  su r f a c e  o f  a porous solid c a t a l y s t .  The techn ique  was f i r s t  

rev iew ed  in d e ta i l  by C v e tan o v ic  and A m e n D i 'n iy a ^ ^ ’ ^ ^  and more 

r e c e n t ly  by F a lconer  and  S c h w a r z ^ ^ .  TPD is an ex tens ion  of the  

flash desorp t ion  te ch n iq u es  used  to  s tudy adsorp t ion  onto m e ta l  f i l a 

ments  and  single  c r y s t a l  s u r f a c e s  under u l t r a -h ig h  vacuum cond i t ions ,  

appl ied  to  powdered  porous  c a t a l y s t  su r faces  in an ine r t  gas flow, 

usually a t  a tm o sp h er i c  p re s su re .

In a ty p ica l  TPD e x p e r im e n t  a small amount of the  c a t a l y s t  is 

co n ta in ed  with in  a r e a c t o r  and through which an ine r t  c a r r i e r  gas 

flows, for example  helium, a t  a tm o sp h er i c  p re ssu re .  The r e a c t o r  in 

tu rn  is surrounded  by a h e a t in g  f u r n ac e .  A gas is adsorbed onto  th e  

c a t a l y s t  s u r f a c e ,  ty p ica l ly  by pu lse  in jec tions  of th e  ad so rb a te  in to  

the  c a r r i e r  gas s t r e am  above  th e  r e a c t o r .  Afte r  any e x t r a  a d s o r b a te  

gas is f lushed from th e  sys tem ,  t h e  c a ta ly s t  is h e a te d  by th e  fu rn ac e  

a t  a s teady  l inea r  r a t e .  A d e t e c t o r  downst ream of the  r e a c to r  m e as 

ures  changes  in a d s o r b a te  c o n c e n t r a t i o n  in th e  c a r r i e r  gas as i t  

desorbs  from th e  c a t a l y s t  s u r f a c e  as th e  t e m p e r a t u r e  is in c reased .  

The de so rp t ion  r a t e  i n c re a s e s ,  e v en tu a l ly  passes  th rough a maximum, 

and fa lls  back  to th e  z e r o  lev e l  as th e  c a t a ly s t  su r face  becomes 

d e p le ted  in th e  a d so r b a te  ( f ig u re  3.1). F u r th e r  de ta i ls  of th e  TPD 

experimental method and equipment are  presented in chapter 4.



Figure  3.1 :  The time dependence of the surface coverage, desorption 
ra te  and temperature during temperature programmed desorption.
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A reco rd  of the  c o n c e n t r a t i o n  of desorbed m a te r ia l  in the  c a r r i e r  

flow as a func t ion  of c a t a l y s t  bed te m p e ra tu re  is known as a TPD 

spec t rum .  In g en e ra l ,  a s p e c t ru m  will consis t  of one or more peaks .  

The shapes and positions of the peak maxima are  related in a fundamen

t a l  way to the  deso rp t io n  p ro c e ss  and give in format ion  about  the  

adsorp t ion  s i te s  on th e  c a t a l y s t  s u r fa ce  and the  desorption k in e t ic s  

r e l a t e d  to  th e se  s i t e s ^ ^ ® * ^ ^ .  Provided mass t r a n s fe r  l im i ta t ions  

(both i n t r a p a r t i c u l a r  and  w i th in  th e  c a ta ly s t  bed) a r e  not s ig n i f i c 

a n t ,  th e  d e t e c t o r  response  is p ro p o r t io n a l  to  the  r a t e  of desorp t ion  

( these  a sp e c t s  a r e  co ns ide red  m o re  fully in sec t ion  3.2).

The following information can  be obtained from analysis of a TPD 

(24)spectrum'

(i) sp ec i f ic  a c t i v i t i e s  a r e  ob ta ined  d i rec t ly  for each  p roduc t  

independen t  of su r f a c e  a r e a  m e asu re m e n ts .  The number and a c t i v i t i e s  

of d i f f e r e n t  adso rp t ion  s i t e s  c a n  be de te rm ined  s ince TPD can d e t e c t  

d i f f e r e n c e s  b e tw ee n  th e  s p e c i f i c  a c t i v i t i e s  of d i f f e r e n t  s i tes  which 

steady s ta te  experiments on the same catalyst would not reveal.

( ii)  th e  amount of an a d s o r b a t e  desorbed  is simply ob ta in ed  by 

the area under the desorption curve.

(ii i) th e  r e l a t i v e  t e m p e r a t u r e s  a t  which each  of the  desorp t ion  

p roduc ts  le ave  th e  s u r fa ce  p ro v id e  de ta i led  in format ion  about r e a c t io n  

mechanisms.

(iv) r e a c t io n  s teps  a r e  s e p a r a t e d  in t ime by the i r  r e l a t i v e  

r a t e s .

(v) th e  s u r f a c e  c o v e r ag e s  o f  r e a c t a n t s  and the  s u r face  com po

s it ion  of adsorbed  spec ies  a t  t h e  t ime t h a t  the  p roduc ts  a r e  being 

formed a re  de te rm ined  directly.
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(vi) th e  order  of r e a c t i o n  or desorp tion  can be eva lu a ted  from 

analys is  of cu rve  shapes  or from va r ia t ion  in in i t ia l  coverages .

(vii) a c t i v a t io n  e n e r g ie s  o f  r e a c t io n  or desorp t ion ,  from a n a l y 

sis of peak t e m p e r a t u r e s  and  c u rv e  shapes or from var ia t ions  in the  

hea t in g  r a t e s ,  can  be c a l c u l a t e d .

(vii i)  TPD can be used to  make " f i n g e r p r i n f ' - t y p e  c h a r a c t e r i s a 

t ions ,  for example ,  to  com pare  one  c a ta ly s t  aga ins t  ano ther .

Q u a n t i t a t i v e  analys is  of a TPD spec t rum  allows the  k in e t ic s  of 

th e  deso rp t ion  p rocesses  to  be d e te rm in e d  exp l ic i t ly .  However,  such 

interpretations and analyses can be obscured by experimental consider

a t io n s  t h a t  can  s ig n i f ic an t ly  d i s to r t  th e  shapes of  the  s p e c t r a  

o b ta ined .  R ecen t  s tud ie s  with  both  rea l  and model c a ta ly s t  systems 

(122-128)  have  shown th e  d e so rp t io n  peak shape to  be very s t rong ly  

in f luenced  by the  e f f e c t s  of gas  readso rp t ion  and dif fusional mass 

t r a n s f e r ,  as well  as by th e  in t r i n s i c  desorp t ion  k ine t ics  (see  s ec t io n

3.2).  However ,  a l though  th e se  e f f e c t s  canno t  be e l imina ted ,  th e y  can

M 22 123)be minimised by c a r e fu l  e x p e r im e n t a l  des ign '  *

When the  inert carrier gas is replaced by a reactive gas, or when 

two r e a c t i v e  gases  a r e  c o - a d s o r b e d ,  the  t echn ique  is r e f e r r e d  to  as 

temperature programmed reaction (TPR). The desortion spectra obtained 

from TPR exper im en ts  can  be e x t r e m e ly  complex s ince they  involve a 

com bina t ion  of the  de sorp t ion  of r e a c t a n t s ,  r e a c t io n  p roduc ts  and 

decompos i t ion  p roduc ts  from e i t h e r  th e  r e a c t a n t s  or products  or both .  

A TPR spectra gives information on rates of reaction as well as desor

ption a c t i v i t i e s .  Fa lconer  and S c h w a r t z ^ ^ ^  th ink  it  unlikely t h a t  a 

com ple te  t h e o r e t i c a l  d e sc r ip t io n  to  explain  TPR of single and mult ip le  

reactants  will be developed in th e  same manner that  the TPD of re la t i 

vely simple unreacting adsorbate systems have been characterised. TPR
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s p e c t r a  can  s t i l l  provide  d i r e c t  informat ion on su r face  r e a c t io n  

mechanisms and k ine t ic s  th rough  analys is  of the  desorp t ion  s p e c t r a  of 

both  r e a c t io n  p roduc ts  and u n r e a c t e d  r e a c t a n t s .  For example,  the  

temperatures of the  peak maxima, the  peak shapes and their multiplici

ty ,  al l c o n ta in  in fo rm at ion  a b o u t  the  mechanism and k ine t ics  of the  

s u r face  c a t a ly s e d  r e a c t io n .

( 3 .2 )  T h e o r e t ic a l  C o n s id e r a t io n s

( 3 .2 .1 )  O verall System  Equations

The e v a lu a t io n  o f  k in e t i c  p a r a m e t e r s  for adsorp t ion  and d e s o r p t 

ion from th e  r e s u l t s  of a TPD ex per im en t  requ i re s  cons ide ra t ion  of 

m a te r i a l  b a lan c e s  for th e  s u r f a c e  and gas phase c o n ce n t r a t io n s  of the  

a d so r b a te .  By assuming t h a t  in t e r p h a s e ,  i n t r a p a r t i c l e  and c a t a l y s t  

bed c o n c e n t r a t i o n  g ra d ie n t s  ( i . e .  mass t r a n s fe r  or d if fusional l im i t a 

t ions )  te rm s  a r e  neglig ib le  and t h a t  no a d so rb a te  accum ula t ion  occurs  

within the  c a t a l y s t  bed,  th e  m a s t e r  equat ions  descr ib ing  the  sys tem  

a re  as f o l l o w s ^ ^ .  Mass b a l a n c e s  on the  c a t a ly s t  su r face  co v e rag e  

a r e  given by:

= ( l - e ) .-V m ^  [1]
dz dt

and

= Rd - Ra [2]
dt

where z= ax ia l  d i s ta n ce  (m) 

t= t im e  (s)
-2

Cg= gas phase adsorbate concentration (moi.m" )O
0 = f r a c t io n a l  coverage

u= i n t e r s t i t i a l  f luid v e lo c i ty  (m.s~*)
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Vm= number of surface sites per unit volume (mol.m"^)

c= bed void f r a c t i o n

adsorbate desorption ra te  (s~*)

Ra = adsorbate adsorption ra te  (s“ *)

To a good approximation the  bed void fraction, e, can be taken as 

be ing 0 . 5 ^ ^ ^  thus  simpli fy ing e q u a t io n  [ 1] to :

[3]l idCg = 
dz

-v m de
dt

Equations  [2 ]  and [3 ]  de sc r ib e  th e  overa l l  conse rva t ion  of a single,  

n o n - r e a c t i n g  spec ie s  ins ide th e  c a t a l y s t  bed and form the  basis  for 

further analysis of the TPD spectrum.

( 3 .2 .2 )  A d so rp tio n

The amount of u p ta k e  of an ad so rb a te  pulse in jec ted  in to  the  

c a r r i e r  gas flow by th e  c a t a l y s t  bed depends  on s ev e ra l  f a c t o r s ^  

such as th e  t ime d e p en d en t  p a r t i a l  p ressu re  d is t r ibu t ion  within  the  

pulse,  th e  c o n t a c t  t ime  with in  th e  c a t a ly s t  bed and the  adsorp t ion  

t e m p e r a t u r e .  The f i r s t  tw o  f a c t o r s  a re  de te rm ined  by the  c a r r i e r  gas 

flowrate, the amount of adsorbate injected by each pulse and the shape 

of the adsorbate pulse. Provided the amount of adsorbate injected per 

pulse remains  c o n s t a n t ,  th e n  t h e  u p ta k e  should be de te rm ined  by the  

c a r r i e r  gas f lo w r a te  a l o n e ^ ^ ’ * ^ ^ .

Ideally ,  t h e  a d s o r b a t e  in j e c t io n  pulse will be a square  wave 

shape,  but in th e  d i s t a n c e  b e t w e e n  the  in jec t ion  por t  and th e  c a t a l y s t  

bed,  th is  shape  will be d i s t o r t e d  by in te rd i f fus ion  of the  a d so r b a te  

in to  th e  c a r r i e r  gas.  Over a wide range  of c a r r i e r  gas f lo w ra te s  the  

adsorbate pulse can be approximated by a triangular wave of amplitude, 

I, and width ,  Provid ing  th e  c o n c e n t r a t io n  of a d so r b a te  is
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uniform th roughou t  the  c a t a l y s t  bed (i .e.  d i f f e r e n t i a l  bed condi t ions  

e x i s t ) ,  and th e r e  is no a x ia l  dependence  on C , then the  t ime depend-O
ence of the adsorbate concentra tion can be described b y ^ ^ :

t < 0

0 < t  < W/2u
m

W/2u < t  < W/u 

t > W/u

Cg( t )  o

21 ut  
W

_ 21 (W-ut) 
W

= 0

The adso rp t ion  process  can  be de sc r ibed  by equa t ions  [2 ]  and [ 3 ] .  If 

th e  c a t a l y s t  t e m p e r a t u r e  is low enough such t h a t  the  desorp t ion  r a t e  

becomes negligible, equation [ 2] can be reduced to:

d0

dt
Ra [5]

The simplest theoretical  adsorption model is described by the Langmuir 

adso rp t ion  i s o t h e r m ^ ^  which is based  on the  hypothesis  t h a t  a f ixed 

number of  s i t e s  a r e  p r e s e n t  on the  solid s u r f a ce ,  and th a t  the  

en tha lpy  of adso rp t ion  is in d e p en d e n t  of the  f r ac t io n  of unoccupied  

adsorp t ion  s i t e s ^ ^ .  This can  only be an approx imat ion  to  the  r ea l  

s i tu a t io n .  For a g e n e r a l  Langmuir model of adsorp t ion  o rder  p, 

equation [5] can be w r i t t e n ^ ^ :

ka .Cg.( l -0 )P  [ 6]

k&= adsorp t ion  r a t e  c o n s t a n t  (m .mol .s” 1) 

p= r e a c t io n  o rde r  of adso rp t ion  

Equation [ 6 ] has been w r i t t e n  assuming th a t  0 r e p re se n t s  an a v e r ag e  

c o v e rag e  with in  th e  bed; F a lc o n e r  and S c h a r t z ^ ^  quest ion the  l ik e l i 

hood of th is ,  e spec ia l ly  when s t rong ly  adsorbing r e a c t a n t s  a re  being 

cons ide red .  In th is  s i tu a t io n  p r e f e r e n t i a l  adsorp t ion  will occu r  on

d0

dt

where
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t h e  leading edge of the  c a t a l y s t  bed and resu l t  in a higher co v e rag e  

on th is  edge  with r e s p e c t  to  th e  c a t a l y s t  su r face  fu r the r  down in the  

bed. The e x i s t e n c e  of sp a t i a l  un ifo rm ity  within the  c a ta ly s t  bed is 

not a p a ra m e te r  t h a t  can  be eas i ly  ve r i f ied  e x p e r i m e n t a l l y H o w 

ev e r ,  t h e o r e t i c a l  c a lc u la t io n s  by Rieck  and B e l l ^ ^ ^  have shown for 

both  f i r s t  and second order  deso rp t io n  processes ,  any in i t ia l  non

un iformity  in a d s o r b a t e  d i s t r ib u t io n  is smoothed out as hea t ing  is 

commenced and b e fo re  an a p p r e c i a b l e  amount o f  a d so rb a te  is desorbed  

from the  su r f a c e .  Only s l ight d i f f e r e n c e s  in the  peak t e m p e r a t u r e s  

r e s u l t .  To a good app ro x im a t io n  th e n ,  spa t ia l  uniformity  of 0 can  be 

assumed, allowing equation [ 6] to  be writ ten:
9 oo

/ ( l - 0 )-P.d0 = k_ /  C_.dt [7]o a o g
From equation [3] the right hand side can be evaluated as:

RHS = va .exp(-Ea /RT).(WI/2u) [ 8 ]

where the adsortion ra te  constant,  ka , has been expressed in Arrhenius 

form with Ea = adso rp t io n  a c t i v a t i o n  energy (J.mol“ *) 

va = ad so rp t io n  p r e - e x p o n e n t i a l  f a c to r  (s ‘ *)

For f i r s t  o rder  (p = l ) ,  n o n -d i s s o c i a t i v e  Langmuir adsorp t ion ,  th e  le f t  

hand side of equation [7] becomes:

LHS = 1 /(In (1-0)) [9]

Similarly ,  for second o rder  d i s so c ia t iv e  adsor t ion  (p= 2) the  le f t  

hand side can be evaluated as:

LHS = 0 / ( l - 0 )  [10]

The deg ree  of "convers ion"  of co v e rag e  as the  a d so r b a te  i n j e c t i 

ons a r e  made can  be m easured  exper im en ta l ly  as a func t ion  o f  the  

c a r r i e r  gas f lo w r a te  for a f ixed in jec t ion  volume and c o n s ta n t  c a t a 

lys t  t e m p e r a t u r e .  The o rde r  of th e  adsorp t ion  r e a c t io n  can be then
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determined by fitting the data to  equations [ 8], [9] and [10]^**’^*^ .

Once th e  ad so rp t ion  k in e t i c s  have  been de termined in th is  manner ,  

equ a t io n  [ 8 ] can  be f u r t h e r  used  to  find the  ac t iv a t io n  energy for th e  

adso rp t ion  by co n d u c t in g  e x p e r im en t s  a t  f ixed c a r r i e r  f lo w ra te  and 

a d so r b a te  in jec t io n  but vary ing  t h e  adsorp t ion  tem pera ture^**^ .  Such 

in - s i t u  d e te r m in a t io n  of th e  ad so rp t io n  k ine t ics  can in d ica te  the  

possib le  im por tance  of r e a d s o r p t io n  e f f e c t s  t h a t  a r e  l iab le  to  occur 

d u r i n g  s u b s e q u e n t  t e m p e r a t u r e  p r o g r a m m e d  d e s o r p t i o n  o f  t h e  

adsorbate^** ^.

( 3 .2 .3 )  D eso rp tio n

In th e  analys is  of th e  d a t a  ob ta ined  from th e  TPD, both  mass 

balances given by equations [1] and [2] must be considered. By assum

ing th a t  t h e r e  a r e  no ax ia l  c o n c e n t r a t i o n  g rad ien ts  within the  c a t a l 

yst  bed (i .e .  d i f f e r e n t i a l  bed b e h av io u r ) ,  the  gas phase  c o n ce n t ra t io n  

C g( t )  is, to  a good approximat ion^**^ ,  uniform th roughou t  th e  c a ta iy s t  

bed.  By n eg lec t in g  any  d i f fus ion  in the  pores  of the  c a t a l y s t ,  a mass 

ba lan ce  over th e  c a t a l y s t  s u r f a c e  g ives:

' ^ = k d( 0 ) 0 n - k,  CL (1-0)P [11]
dt B

i .e  (ne t  de so rp t ion  r a t e )  = (d e so rp t io n )  - ( r eadsorp t ion)  

where k(j (0 )= desorption ra te  constant (may be coverage dependent) 

n= r e a c t io n  o rder  for t h e  desorp t ion  

Similarly a mass balance on the adsorbate concentration in the flowing 

c a r r i e r  gas g ives:

F C g = vc Vm kd<®> 0n - Vc Vm ka c g (1_0)P [12]
O 1

where F= volumetric carrier gas flowrate (m . s "1)

Vc = total  solid volume in reactor (m^)
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Vm= mol of surface sites per solid volume (mol.rrf^)

For a l inear  h e a t in g  schedule  t h e  t e m p e ra tu re  as a function  of t ime is 

desc r ibed  by:

T = T0 + 3 t  [13]

where T= temperature (K)

TQ= in i t i a l  t e m p e r a t u r e  (K)

3 = linear  h e a t in g  r a t e  (K .s - *)

It  then  follows t h a t :

dt = (1 /3 )  dT [14]

Subs t i tu t ion  for dt  in e q u a t io n  [1 1 ]  and equa t ing  with equa t ion  [12] 

gives th e  r e s u l t :

-B VC Vm #
F dT

[15]

i .e  the  gas c o n c e n t r a t i o n  is d i r e c t ly  p ropor t iona l  to  the  desorp t ion  

r a t e .

Rewriting equation [12]:

c  = Vc Yn l<d (9) 6°

8 ’  F + Vc Vm ka ( 1-S)P

and fu r th e r  s u b s t i t u t in g  for Cg

[16]

gives  the  re su l t :

-d0  = _F__________kd (9) 6n [17]

dT 6 ’ F + Vc Vm ka (1-0)P

Two im por tan t  l imit ing case s  of th is  equat ion  a r e  possible;  f i r s t ly  if 

r e ad so rp t io n  does not  o ccu r ,  and  secondly ,  i f  r e adso rp t ion  free ly  

o c c u r s '  * , The no r e a d so rp t io n  l imiting case  corresponds  to

th e  s i tu a t io n  w h e re :

F »  Vc Vm (l-0)P  ka [18]
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i .e .  the  flow r a t e  of t h e  c a r r i e r  gas is su f f ic ien t ly  high so t h a t  

r e ad so rp t io n  only occurs  to a negl ig ible  e x t e n t .  This s implif l ies  

equation [17] to:

-d0 = kd(0) 6n [19]

dT 6

In the  second l imit ing s i tu a t io n  w here  f r ee  readso rp t ion  occu r s :

F «  Vc Vm ka ( 1- 0 )P [ 20]

i .e .  r e ad so rp t io n  of th e  sample  occu rs  free ly  so t h a t  i ts  r a t e  is only 

l im ited  by th e  a v a i l a b i l i ty  of unoccupied  adsorp t ion  s i te s  ( 1- 0 ). 

This allows equation [17] to  be writ ten:

-d£  _ _F . kd (0) 6n [ 2 l ]

dT 6 ' Vc Vm ka (1-0)P

The coverage dependent desorption ra te  constant can also be writ ten in 

Arrhenius f o r m ^ ^ :

kd (0 ) = vd(0) exp(-Ed(0)/RT) [22]

where vd (0 ) = d e so rp t io n  p re e x p o n en t i a l  fa c to r  ( s - *)

Ed (0) = a c t i v a t i o n  en e rg y  for desorp tion  (J.mol- *)

Both vd (0) and Ed (0) may be c o v e r a g e  dependent .  Rew r i t ing  equa t ion  

[1 7 ]  (no re a d so rp t io n  c a s e )  in Arrhenius  form gives:

d0 _ Vd(£) , eXp(-Ed (0) /RT) .0n [23]
dT 3

Similarly r ew r i t in g  eq u a t io n  [1 9 ]  ( f r ee  readsorp t ion  case )  in th e  same 

manner:

-d0

dT
— -----  . . exp(-AH(0)/RT) . ^  [2H]
Vc .Vm.B va (1-0)P

AH(0) = Ed (0) - Ea (0) ,  t h e  h e a t  of adsorp t ion  (J .mol- *) i .e .  

the negative of the  enthalpy change on adsorption.

where
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Equations  [23]  and [24]  express  exp l ic i t ly  the  t e m p e r a t u r e  

dependen t  gas c o n c e n t r a t i o n  dependence  in te rms  of the  k in e t i c  

parameters, E^O) and vc|(0 ) and the  mass action law for adsorption and 

d e s o r p t i o n ^ ^ .  These  re q u i r e  a knowledge of the  order of ad so rp t io n ,  

p, and the  o rder  of de so rp t ion ,  n. Generally  n, the  desorp t ion  o rd e r ,  

is known from simple c o n s id e ra t io n  of the  m olecu la r i ty  of the  d e s o r p 

tion r e a c t io n ^ * * ) ,  while p,  the  adsorp t ion  o rder ,  can  be c a l c u l a t e d  

expe r im en ta l ly  using the  method  desc r ibed  in the  previous  sec t ion .

The equ a t io n s  can  be so lved  for simple cases  by making th e  

assumption t h a t  th e  adso rp t io n  su r fa ce  is homogeneous^*^®) so t h e  

kinetic parameters are not a function of coverage. The maximum con

c e n t r a t i o n  of  the  sample in the  c a r r i e r  gas s t r e am  will be a t t a i n e d  a t  

a t e m p e r a t u r e  Tm when dCg/dT = 0. By d i f f e r e n t i a t in g  equat ion  [16]  

and su b s t i t u t in g  for d0 /dT  from equat ion  [17]  gives the  following 

express ions .  For th e  no r e a d so rp t io n  l imiting c a s e :

In
t 2 n0 (n-1) xm num

3
*JL + in 
RT.m

Ed
vdR

[25]

and for th e  f r ee  r e a d so rp t io n  l imit ing case :

In t£  ^ (n' l)
(i-em)(n+1)B

AH , Vc Vm AH —  + In — — —-----
RT„

[ 26]

m F q V’R
where v ’= th e  e f f e c t i v e  p reexponen t ia l=  th e  r a t io  of the  d e so r p 

t ion  to  ad so rp t io n  p re e x p o n en t i a l  f a c to r s  

q = (n + ( p - n ) 0 ) which reduces  to n i f  th e  adsorp t ion  and 

deso rp t ion  s teps  a r e  of the  same order .
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( 3 . 3 )  P r a c t i c a l  C o n s i d e r a t i o n s

The sys tem  e qua t ions  p r e s e n te d  in the  previous sec t ion  have been 

based on desorp t ion  from an idea l  homogeneous su r face ,  with l imit ing 

s i tu a t io n s  of no re a d so rp t io n  and  f ree  readso rp t ion  occurr ing  during 

t e m p e r a t u r e  programmed d e so r p t io n .  In TPD from a " r e a l "  c a ta ly s t  

s u r f a ce ,  o th e r  f a c to r s  c an  s t rong ly  in f luence  the  na tu re  of th e  d e 

sorp t ion  s p e c t r a  ob ta in ed  and  c a n  lead to  fundamenta l  changes  in the  

in fo rm at ion  c o n te n t  of th e  TPD s p e c t r u m ^ A  number of r ecen t  

papers  have  modelled TPD sys tems  in order to  de te rm ine  the  r e l a t iv e  

e f f e c t s  of th e se  various  f a c t o r s .  For example,  G or te  e t  a j 0 2 2 , 1 2 3 )  

have  p re s e n te d  c r i t e r i a  for e x p e r im e n ta l  design based on dimensional 

ana lyses  of t e m p e r a t u r e  programmed desorp t ion  in s t i r r e d  tank  and 

packed bed c o n f ig u ra t io n s .

With f r ee  r e a d so rp t io n ,  th e  e f f e c t  is to  "hold" th e  a d so r b a te  in

th e  bed for a longer t i m e ^ ^ ^  so  t h a t  peaks t e m p e ra tu re s  a re  ra ised

and peak p ro f i les  a r e  b ro ad en ed .  Calcu la t ions  on rea l  and model TPD 
( 177 1 95 | 97}systems'  » ' have shown readsorption cannot be eliminated and,

for any rea sonab le  se t  of e x p e r im e n ta l  condit ions ,  readso rp t ion  equ i l 

ibrium usually  e x i s t s .  V a r i a t io n  of  th e  c a r r i e r  flow r a t e  has  been 

sugges ted  as a method for d e te rm in ing  the  e x te n t  of r eadso rp t ion  

(120,121,124,127)^ a l though  G o r t e ^ ^ ^  has noted  th a t  such a t e s t

would not in f a c t  be in fo rm a t iv e .

The earlier work of Cventanovic and . A m e n o m i y a ^ ^ ^ ^  suggested 

r e ad so rp t io n  e f f e c t s  could  be minimised by the  use  of high c a r r i e r  

f lo w ra te s .  However ,  G o r te  e t  a i 0 2 2 , 1 2 3 )  and Rieck e t  a i(125) have 

more r e c e n t ly  shown t h a t  i f  high flow r a t e  condit ions  a re  used,  then 

th e  deso rp t ion  can  become r a t e  l imited  by mass t r a n s fe r  dif fusion
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within  the  c a t a l y s t  p a r t i c l e s .  G or te  e t  a l ^ ^ ^  no tes  th a t  such 

ex p e r im en ta l  condi t ions  should be  avoided  since they  make d a ta  a n a ly 

sis complex, with the measured activation energy effectively being the 

sum of the  t r u e  deso rp t io n  e n e r g y ,  the  p a r t i c l e  dif fusion c o e f f ic ien t  

and the  inverse  s t ick ing  c o e f f i c i e n t .  If, in add i t ion ,  the  a c t iv a t io n  

energy  is c o v e r ag e  d e p en d e n t ,  t h e n  the  p resence  of in t r a p a r t i c u la r  

c o n c e n t r a t i o n  g ra d ie n ts  c an  make  th e  desorp t ion  spec t rum  too complex 

to a n a l y s e ^ ^ ^ .

Lowering th e  c a r r i e r  f l o w r a t e  reduces  mass t r a n s f e r  l imita tions  

but in c re a se s  re a d so rp t io n  e f f e c t s .  G o r t e ^ ^ ^  has no ted  th a t  i n t e r 

mediate flow regimes, where both factors remain significant, should be 

avo ided .  By o p e ra t in g  a t  low c a r r i e r  f low ra te s ,  p a r t i c l e  c o n c e n t r a 

t ion  g ra d ie n t s  can  be minimised so t h a t  f r ee  readso rp t ion  condit ions  

e x i s t ^ ^ ^ .  D i f f icu l t i e s  c an  a r i s e  in th is  s i tu a t io n  if  desorp t ion  

does not occur  evenly  a long t h e  length  of th e  c a t a ly s t  bed due to 

changing  c o n c e n t r a t i o n  with  pos i t ion  with in  the  b e d ^ ^ ^ .  Rieck e t  

a I(125) f,ave  shown t h a t  a l th o u g h  a non-un iform in i t ia l  a d so rb a te  

d is t r ib u t io n  can  sh i f t  th e  peak  t e m p e r a t u r e ,  any in i t ia l  n o n -un i fo rm 

ity  is smoothed  out  as th e  t e m p e r a t u r e  is ra ised  and befo re  a p p r e c 

iab le  deso rp t ion  has o c cu r red .

The model  c a lc u la t io n s  of Rieck  e t  a l ^ ^ ^ ^  have fu r the r  shown 

t h a t ,  in th e  a b sen ce  of s ig n i f i c a n t  mass t r a n s fe r  e f f e c t s ,  and assum

ing equi l ibr ium ad so rp t ion ,  rea so n ab ly  a c c u r a t e  e s t im a te s  of the  

en tha lpy  of adso rp t io n  can be o b ta in e d .  However,  cons iderab le  i n a c 

c u ra c ie s  occur  in e s t im a t io n  of t h e  p reexponen t ia l  f a c to r  for d e so rp 

tion when any s ign i f ican t  r e a d s o r p t io n  e f f e c t s  a re  p re sen t .

Although o the r  e x p e r im e n ta l  cons ide ra t ions ,  such as d e t e c t o r  lag 

t i m e s  an d  a x i a l  m ix in g  e f f e c t s ,  c a n  a l so  c a u s e  d i s t o r t i o n  o f
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desorp t ion  peaks ,  th e  d imens ional  analyses  of G or te  e t  a iU 22 ,123 )  

have shown that these e ffects  can be minimised by careful experimen

ta l  design.

( 3 . 4 )  A n a ly s i s  T e c h n iq u e s

A number of  t e ch n iq u es  a r e  ava i lab le  for e x t r a c t i o n  of k ine t ic  

p a ra m e te r s  from deso rp t io n  s p e c t r a ^ ^ .  The p a ra m e te r s  most o f ten  

d e te rm ined  in th is  r e s p e c t  a r e  t h e  order of desorp t ion  (or r e a c t io n ) ,  

a c t i v a t io n  energy  for d e so rp t io n  and the  p reex p o n en t ia l  f a c t o r ^ ^ .  

When app l ied  to  deso rp t io n ,  if  t h e  adsorp t ion  is not a c t i v a t e d ,  the  

a c t i v a t io n  energy  for d e so rp t io n  will also be equal  to  the  h e a t  of 

adsorp t ion  of th e  adsorbed  m o lecu le .  This sec t ion  will be r e s t r i c t e d  

to  de ta i l ing  only those  methods  used for d a ta  analys is  in th is  thes i s ,

(i) Redhead's Method

The Redhead e q u a t i o n ^ ^ ^ ^  determines the energy of adsorption 

from the  t e m p e r a t u r e  o f  a s ing le  desorp t ion  peak .  It makes the  

assumption t h a t  no re a d so rp t io n  t a k e s  p lace ,  and, in addit ion ,  a value 

for th e  p re e x p o n en t i a l  f a c t o r ,  v^ ,  must be assumed.  The equa t ion  is 

ob ta ined  by eq u a t in g  the  dCg /dT  = 0 a t  the  peak maximum in the  sameO
manner used in th e  d e r iv a t io n  o f  equa t ion  [25] given previously and 

gives th e  ex p ress ion :

<kd>m = vd exp(-Ed/RTm) = B Ed/ R T *  [27]

Typically  a p re e x p o n en t i a l  o f  10 s is assumed '  , 7 / . In s ec t io n

3.3 i t  has been  shown t h a t  r e a d so rp t io n  e f f e c t s  c anno t  be e l im ina ted  

for TPD from a powder c a t a l y s t  and can resu l t  in a s ign if ican t  in 

crease in the  desorption peak temperature.  Since the Redhead equation 

relies on an accura te  measurement of the peak temperature,  and assumes
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t h a t  th is  value is u n d i s to r t e d  by readsorp t ion  e f f e c t s ,  a t  bes t ,  i t s  

a c c u r a c y  is l i m i t e d  to  p r o v i d i n g  an e s t i m a t e  o f  t h e  h e a t  o f  

a d so rp t io n .

(ii) Heating Rate Variation Method

The hea t in g  r a t e  v a r i a t i o n  techn ique^**’ * u ti l i ses  th e

fa c t  t h a t  with  in c reas in g  h e a t in g  r a t e ,  desorp t ion  peaks sh i f t  to  

higher temperatures and have larger amplitudes, but reach a maxima in 

a s h o r te r  t ime .  By vary ing  t h e  exper im en ta l  h e a t in g  r a t e  in th is  

manner, two separate  measures of the activation energy can be obtain

ed. A plot  of th e  In ( 3 / T ^ )  a g a in s t  1 / Tm will give a l ine of  slope 

equal to -E^/R  or -AH/R, depending whether or not readsorption effects 

a re  s ign i f ic an t  (see  eq ua t ions  [ 2 5 ]  and [26] given previously) .

A second plo t  of In (peak am pl i tude )  aga ins t  1/Tm provides an 

independent method for determining or AH from the same experimental 

re su l t s .  Again th is  p lo t  will have  slope -E ^ /R  for th e  no r e a d s o r p 

t ion  l imit ing case ,  or -A H /R  when f r ee  readso rp t ion  condit ions  ex is t .

This method has been shown to be very sensitive to minor experi

m en ta l  e r r o r s ^  p a r t i c u la r ly  in th e  measurement of the  peak t e m 

p e r a t u r e ,  and so i t  may be d i f f i c u l t  to  obta in  r e l i ab le  k ine t ic  p a ra m 

eters.  However, by using the two plots described above, an indication 

of the accuracy of the result obtained can be made^^^.

(ii i) C a ta ly s t  Mass V ar ia t ion  Method

This t e ch n iq u e  is only ap p l ic ab le  for f ree  readso rp t ion  s i t u a t i -  

o n s ^ ^ * ^ .  The r ig h t  hand t e r m  o f  equa t ion  [2 6 ] ,  Vc Vm, expresses  th e  

number of s u r f a c e  s i t e s  and is p ropo r t iona l  to th e  mass of c a t a ly s t  

used.  The s a t u r a t i o n  c o v e rag e  and th e  hea t  of adsorp t ion  will be 

e ssen t ia l ly  in d ep en d en t  of c a t a l y s t  m a s s ^ ^ \  so for two s e p a ra te  

experiments where only the cata lyst  weight has been changed, the ratio
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of equation [26] applied to each weight will be:

in
Tm2

= ^  + U /T ml -  1/Tm2) [28] 
W2 R

For AH > 10 k j /m ol  and Tm < 600 k ( 128)^ the  je ft hand side of the  

eq ua t ion  becomes  neglib le  so a llowing equa t ion  [28]  to  be simplif ied

to:

in W* =
w2

AH
• (1/Tml * 1/Tm2 ) t 29]

A p lo t  o f  In ( c a t a l y s t  w e igh t )  a g a in s t  1/Tm has a slope of - A H /R ,  and 

al lows th e  h e a t  of adso rp t io n  to  be de te rm ined .  Since this  method 

re l ie s  on a c c u r a t e  m easu rem en t  o f  th e  desorp tion  peak t e m p e ra tu re ,  it 

will a lso be sens i t ive  to  ex p e r im en ta l  e r ro r  as desc r ibed  above for 

th e  h ea t ing  r a t e  v a r ia t io n  method .
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C H APTER 4 

EXPERIMENTAL

( 4 . 1 )  A pparatus

( 4 . 1 . 1 )  G eneral D escription  o f  the Temperature Programmed 
R eactor System

The TPD experimental apparatus and associated experimental meth

ods and com pute r  o p e ra t in g  s o f tw a r e  were  developed spec i f ica l ly  for 

th is  s tudy.  This involved design  and c o n s t ru c t io n  of the  r e a c t o r ,  

hea t in g  fu rn ace ,  valve c o n n e c t io n s  and gas flow lines following a p p a r 

a tu s  designs  p re s e n te d  in rev iew s  by Falconer  and S c h w a r z ^ ^ ^  and 

Cvetanovic and A m e n o m iy a ^ ^ ’^ ^ .  A schematic flow diagram of the 

TPD ex p e r im en ta l  a p p a r a tu s  is g iven  in figure 4.1, with  de ta i ls  of the  

equipment components presented in table 4.1.

The system was operated a t  atmospheric pressure using helium as a 

c a r r i e r  gas .  A com bina t ion  of high pe r fo rm ance  molecular s ieve  and 

oxygen traps were used to remove the main impurities from the helium. 

The gas flow was c o n t ro l l e d  by a c o n s ta n t  p ressu re  flow c o n t ro l l e r  

pos i t ioned  a f t e r  the  s ieve  t r a p s  and  measured on th e  vent side of  th e  

r e a c t o r  ( i .e .  a f t e r  pass ing th ro u g h  the  r e a c to r  and c a ta ly s t  bed) by 

r o t a m e t e r .  Ca l ib ra t ion  of  th e  r o t a m e te r  was made by bubb le - f lo w  

m e t e r .

All th e  gas flow lines un t i l  a f t e r  the  m a ss - sp e c t r o m e te r  sampling 

in le t  w ere  c o n s t r u c t e d  e i t h e r  o f  1 /4” s ta in less  s t e e l ,  1/8" s ta in le s s  

s t e e l  or of  1/16"  g la s s - l in ed  s ta in less  s te e l ,  with te f lon  tub ing  

(1 /8 " )  used for the  ven t  gas l ines .  Sta inless  s te e l  tube  co n n ec t io n  

f i t t ings  and valves  were  used  th ro u g h o u t .  To avoid any a d so r b a te  or
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F i g u r e  4 -1 :  A sch e m a t ic  d iag ram  of th e  t e m p e r a t u r e  programmed 
desorp t ion  a p p a r a tu s .  The n o ta t i o n  used is as follows:  CG= c a r r i e r  
gas; AG= adsorbate gas; GP= gas purification; FCV= flow control valve; 
IV= injection valve; LS= liquid saturator;  TP= temperature programmer; 
MSV= micro-sampling valves; RV= restrictor valve; VC= vacuum chamber; 

MS= quadrupole mass spectrometer;  VP= vacuum pumping;
CM= computer; V= vent.
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desorp t ion  p roduc t  co n d en sa t io n  the  lines both  a f t e r  the  in jec t ion  

valve to the  r e a c t o r  and d o w n s t re am  of the  r e a c t o r  to  the  mass s p e c 

trometer sampling inlet were t race  heated to approximately 335-345 K.

( 4 . 1 . 2 )  Design o f the R eactor and H eating Furnace

A c r o s s - s e c t i o n a l  d iagram  o f  th e  r e a c to r  and th e  hea t ing  fu rnace  

is given in f igure  4.2. The r e a c t o r  tube  was c o n s t r u c te d  from 1/4" 

and 10mm OD q u a r t z  g lass  tub ing  with a q u a r tz  glass s in te red  fr i t  

welded in as a c a t a l y s t  s u p p o r t .  Measurement of  the  c a ta ly s t  bed 

temperature was made by a 1/16" diameter stainless steel sheathed Type 

K thermocouple probe inserted vertically into the reactor.  The output 

from th e  the rm ocoup le  passed  th rough  an e l e c t ro n ic  i c e - ju n c t io n  and 

s ignal am pl i f ie r  b e fo re  be ing logged by com pute r .  The r e a c t o r  tube 

was pos i t ioned  ins ide a 20mm d ia m e te r  q u a r tz  glass tube  around which 

nichrome h e a t in g  wire  was wound. The annular a ir  space be tw een  the  

r e a c t o r  tube  and hea t ing  e l em en t s  served  two purposes.  F i r s t ly ,  it  

eliminated temperature fluctuations in the temperature heating ramp by 

providing a thermal buffer zone between the reactor and heating wires 

and secondly ,  i t  a l lowed low p re s su re  a ir  to  be blown down to  rapid ly  

cool  the  r e a c t o r  a f t e r  each  e x p e r im en t .  The r e a c t o r  could be cooled  

from 800 K to  330 K in 2 -3  m inu tes  by this method. Into the  annu lar  

space  a n o th e r  Type K th e rm o co u p le  probe was pos it ioned  for r e a c t o r  

t e m p e r a t u r e  c o n t ro l  and re g u la t io n  of the  l inear hea t ing  ramp. The 

h ea t ing  wires  were  in su la ted  by approx im ate ly  25mm of kaowool high 

t e m p e r a t u r e  insu la t ion ,  in tu rn  enc losed  by 64mm d iam eter  brass  tube .  

The com ple te  fu rnace  and r e a c t o r  a r rangem en t  were  suppor ted  by a 

lab o ra to ry  c lamp and s tand .  Connec t ions  a t  the  r e a c to r  in le t  and 

o u t l e t  were  s ta in le s s  s t e e l  with -teflon and g rap h i te  fe r ru les .



F igu re  4 .2 :  Cross s ec t io n a l  d iag ram  of th e  r e a c to r  and hea t ing
fu rn ace .  (Not  to  sca le )
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( 4 . 1 . 3 )  A d s o r b a t e  I n j e c t i o n  Equipment

In jec t ion  of a d so r b a te s  in to  th e  c a r r i e r  gas flow were  made with 

an in jec t ion  valve  u p s t r e a m  of th e  r e a c t o r .  Various volume in jec tion  

loops could  be f i t t e d  to to  a llow con t ro l  over the  amount of ad so rb a te  

injected and hence control of the  adsorbate catalyst  surface coverage. 

The valve  was c o n n ec te d  to  an e l e c t r i c  a c t u a t o r  t h a t  could e i t h e r  be 

o p e ra te d  manual ly  or under c o m p u te r  con t ro l  for mul tiple  in jec t ion  

sequences. Adsorbates in gaseous form were injected by direct connec

tion of the  a p p r o p r i a t e  gas  cy l in d e r  or aeroso l  can to the  valve.

Liquid a d so r b a te s  were  c o n ta i n e d  in a s a tu r a to r  th rough which helium 

gas was passed  which then  f lowed through the  in jec t ion  valve.  Con

stant temperature control of the  saturator temperature was achieved by 

p lacing  th e  s a t u r a t o r  in a co ld  w a te r  f lask.  The lines from the  

s a t u r a t o r  to  th e  valve and th e  valve i t s e l f  were  t r a c e  h e a te d  to

approximately 335-345 K to avoid adsorbate condensation.

( 4 . 1 . 4 )  R e a c t o r  T e m p e ra tu re  Contro l

The reactor  temperature  and ra te  of linear heating were controll

ed by a PID c o n t r o l l e r  c o n s t r u c t e d  by the  D epar tm en ta l  E lec t ron ic s  

Workshop. A 0-10 v voltage ramp generator was connected to the contr 

oller  uni t  to  provide  a l inea r  ramp signal,  with a programmable  power

supply wired to the reactor furnace.  Temperature ramping was commenc

ed by a c t i v a t i o n  of th e  v o l ta g e  g e n e r a to r  ramp and ach ieved  by the  

c o n t ro l le r  m a tch ing  the  th e rm o c o u p le  input vo l tage  (from the  t h e r m o 

couple  pos i t ioned  in the  annular  space  outs ide  of th e  r e a c to r )  ag a in s t  

th e  input from th e  ramp g e n e r a t o r .  As the  ramp g e n e r a to r  ou tpu t  

in c reased  l inea r ly  with t im e ,  th e  fu rnace  t e m p e ra tu re  was also
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increased a t  a linear ra te  as the power from the power supply progres

sively in c reased .  V a r ia t io n  of the  hea t ing  r a t e  could  be made  by 

ad ju s tm en t  of e i t h e r  th e  r a t e  of the  g e n e ra te d  vo l tage  r a t e  or of the  

t e m p e r a t u r e  span of the  ramp on the  main c o n t ro l le r .  The co n t ro l l e r  

could  a lso be used to m a in ta in  a c o n s ta n t  r e a c t o r  t e m p e r a t u r e  by 

r e s e t t i n g  th e  v o l tage  g e n e r a t o r  and  ad jus tm ent  of the  t e m p e r a t u r e  set  

p o in t .

( 4 . 1 . 5 )  D esorption Product Sampling and D etection

A kathrometer (thermal conductivity detector)  and sampling valves 

for th e  mass s p e c t r o m e te r  d e t e c t o r  were  pos it ioned downst ream of the  

r e a c t o r  and fu rnace  for d e t e c t i o n  of the  desorp t ion  p roduc ts  in the  

c a r r i e r  gas s t r eam .  The p r in c ip a l  ad v an ta g e  of th e  mass s p e c t ro m e te r  

was that  it could discriminate between simultaneously desorbing masses 

w hereas  th e  k a t h ro m e te r  d e t e c t e d  only the  overa ll  desorp t ion  p roduc t  

enve lope .  O pera t ion  o f  t h e  k a th r o m e te r  was a lso severe ly  l im ited  due 

to  i t s  low sen s i t iv i ty .  As a r e s u l t  no s ign i f ican t  use was made of 

th e  k a th ro m e te r  in th is  s tudy  and  i t  will not be discussed fu r th e r .

Two m icro -sam pl ing  valves  co n t ro l led  the  helium flow in to  the  

mass-spectrometer detector chamber.  The first valve was connected to 

a low volume roughing vacuum cham ber  and th e  second with the  main 

vacuum cham ber .  A quadrupole  mass  s p ec t ro m e te r  with a F a ra d a y -c u p  

detector was used, and enabled high helium partial pressures to be used 

within  th e  chamber  re su l t in g  in  high d e te c t io n  sens i t iv i t i e s .  The 

t o t a l  he lium flow to  th e  m a s s - s p e c t r o m e t e r  however  remained low and 

did no t  cause  a d i sce rn ab le  d e c r e a s e  in th e  t o t a l  helium c a r r i e r  

flowrate. The mass spectrometer head was connected to a remote cont

rol uni t  in tu rn  i n t e r f a c e d  with  a n  Apple l i e  computer .



1 1 6

T a b le  4 .1 :  The main experim ental items used in the TPD apparatus.

apparatus item model/grade spec i f ic a t io n s

O7/H7O trap Messer Greisheim < 0. lppm Oo,
Oxisorb  c a r t r i d g e < 0.5ppm H2O

gas flow c o n t ro l l e r P o r t e r  Instruments A - 110 flow element, 
max flow llOml/minModel 1000 VCD

1/4",  1/8" tubing SS-304 seamless  tubing
1/16"  g la ss - l in ed SGE Eng (UK) Ltd

tubing
a d so r b a te  in jec t ion Valeo 2-position GC v a r i a b l e  loop

valve sample valve volumes,  e lec-

r e a c to r  tube c o n s t r u c t e d  in
- t r i e  a c t u a t o r  

q ua r tz  g la ss  wi th
depar tment q u a r t z  s in te red

r e a c t o r  hea t in g it ii it
c a t a l y s t  support  

quartz glass wound
re a c to r with nichrome wire,

type K thermocouple TC Ltd
kaowool in su la ted  

1/16" SS sheathed
probes probes

ice junction thermo- E l e c t r o p la n  Ltd e lec t ron ic  compen-
couple compensators - s a t io n  unit s

PID ramp controller c o n s t r u c t e d  in var iab le  tempera ture
depar tment s t a r t  and span

programmable power Philips PE 1644 40V, 10A max output
supply

voltage ramp Wenking Model 0-1 Ov ramp generator
genera to r VSG 72

kathrometer Servomex Model 2. 6 pl in te rna l
DK 458 volume

kathrometer  c o n t ro l Servomex Ltd. 0- 8v bridge
u n i t

mass-spectrometer SGE BMCV Micro- PTFE seals
sample flow C o n tro l  va lves
c o n t ro l  va lves

dif fusion pump Edwards Diffstak
mass spectromete r VG Ltd Masstorr MX Faraday cup detector

computer Apple H e
A/D in terface U-Mi c r ocompu t e r s 12 b i t ,  8 channe l
D/A interface Applab 0-6 .5v  output
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( 4 . 2 . 1 )  Tem perature Programmed Desorption  
Experim ental Method

( 4 . 2 . 1 . 1 )  A d so rb a te  In je c t io n _______________________________________

A fte r  c a t a l y s t  p r e t r e a t m e n t  (descr ibed  in c h a p te r  5) a d so r b a te  

dosage would be carried out a t  the  required adsorption temperature set 

by th e  fu rnace  t e m p e r a t u r e  c o n t r o l l e r .  Dosing of  th e  c a t a ly s t  could  

be accomplished in two ways:

(i) by use of t h e  in je c t io n  valve e i th e r  with manual o p e r a 

t ion of th e  valve a c t u a t o r  or by computer  c on t ro l  for mul tiple  i n j e c 

t ions .  V ar ia t ion  in the  i n j e c t io n  loop volume (approxim ate ly  25pl to  

lml) c o n t ro l l e d  th e  q u a n t i ty  i n j e c t e d .  The same e f f e c t  could a lso  be 

achieved by changing the concentration of the injected gas.

(i i) a p p ro p r i a t e  r e c o n n e c t io n  of the  valve in le t  tub ing  

a llowed th e  valve  to  be used  in a swi tching r a t h e r  than  a pulse 

injection mode enabling the car rier gas to be changed from pure helium 

to  an a l t e r n a t i v e  gas m ix tu re ,  for example ,  the  gas flow from the  

s a t u r a t o r .  The a l t e r n a t i v e  gas flow could be m ain ta ined  for as long 

as th e  valve  remained  in th e  ' i n j e c t 1 posit ion thus  sub jec t ing  the  

c a t a l y s t  to  a s teady  flow of  a d s o r b a t e  over i t s  s u r fa ce  for an i n d e f i 

n i te  t ime  leng th .

Af te r  a d so r b a te  dosage  the  c a t a ly s t  would be l e f t  for a minimum 

of 2-3 minutes to allow the background gas concentrations to re turn to 

their baseline levels before temperature  programming was commenced.

( 4 .2 )  Experimental Methods



( 4 . 2 . 1 . 2 )  E xp erim en ta l Technique

After  dosage  of th e  c a t a l y s t  and before  commencement of the  

t e m p e r a t u r e  programming,  the  helium p a r t i a l  p re ssu re  in the  mass- 

spectrometer was set  by adjustment of the helium flow with the micro

valves .  A c o n s t a n t  helium p a r t i a l  p re ssu re  (and hence  co n s ta n t  flow
O

to  th e  mass s p e c t r o m e t e r )  of 8x 10 mbar was used for v i r tua l ly  all 

th e  TPD ex p e r im en t s  c a r r i e d  o u t .  Because  of the  proximity  of the  

hydrogen peak  a t  mass 2 to  th e  l a rg e  helium signal a t  mass 4, e x p e r i 

ments  requ ir ing  an a c c u r a t e  r e c o r d  of hydrogen desorp t ion  used a
o

reduced partial pressure of 1.4x10 mbar and data was obtained with

out com pute r  scanning  i .e .  a d i r e c t  read ing  of the  mass 2 signal was 

made.

Temperature programmed heating of the catalyst bed was begun by 

a c t i v a t in g  th e  l inea r  ramp g e n e r a t o r .  While the  major i ty  of e x p e r i 

ments  used a ramping r a t e  of 39+1 K/min, r a t e s  as high as 108 K/min 

and as low as 7.9 K/min w ere  a c h ie v e d  by the  c o n t ro l le r .  Figure  4.3 

i l l u s t r a t e s  th e  e x c e l l e n t  l inea r  c h a r a c t e r i s t i c s  of th e  hea t ing  ramp 

as measured by the change in temperature  within the catalyst bed.

Computer c o n t ro l  of th e  m a s s - s p e c t r o m e te r  and logging o f  the  

desorp t ion  d a t a  would a lso  com m ence  a t  th is  point  (see  sec t ion  4.2.2) .  

Table 4.2 d e ta i l s  th e  a tom ic  m asses  used to  iden t i fy  th e  various  

desorp t ion  p ro d u c ts .  F u r th e r  in fo rm a t ion  on the  c rack ing  p a t t e r n s  of 

some of these compounds is given in Appendix 1.

The maximum experimental temperature  generally used was 800 K. 

Once this temperature had been reached the ramp generator was switched 

o f f  which tu rn e d  o f f  the  power to  th e  r e a c to r  fu rnace  and the  low 

pressu re  a ir  f low tu rn e d  on to  coo l  the  c a ta ly s t  t e m p e r a t u r e  to  the
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F ig u re  4.3 :  C h a r a c t e r i s t i c s  of  t h e  exp e r im en ta l  l inear hea t ing  r a t e  as 
measured by the ca ta lys t  bed temperature.
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adsorption temperature again. The experimental data would be saved to 

disk a t  th is  s t a g e .

A summary of the typical experimental parameters used is given in 

tab le  4.3.

Tab le  4 .2 :  The characte ri s t ic  atomic masses used for mass 
spectrometer d e so rp t io n  produc t  d e tec t io n .

desorption product c h a r a c t e r i s t i c  mass(es )  (amu)

hydrogen 2

water 18

carbon monoxide 28

carbon dioxide 44,28

methane _1_5,16

propene 4JL,39

acetone 43,58

2-propanol 45,43

1-propanol 31,29

propiona ldehyde 2 9 ^

(a)= a f t e r  r e f e r e n c e  (108)
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Table  4.3:  Typical Experimental Operating Parameters

parameter value

helium c a r r i e r  f lo w r a te 58+2 ml/min

l inear  hea t in g  r a t e 39+1 K/min

catalyst  sample weight 450-500 mg

adsorption t e m p e r a t u r e 315-345 K typically

maximum experimental temperature 800 K

in jec t ion  loop volume 25 pi - 1 ml

( 4 . 2 . 2 )  Computer Softw are for the Control o f the Mass 
Spectrom eter and for Data A cquisition

All the computer programs for the control of the mass spectrome

t e r  and for th e  acqu is i t ion  o f  e x p e r im en ta l  d a ta  were  w r i t t en  s p e c i f i 

cally for this study. Assembly language programming was used extensi

vely becau se  of th e  p re c i s e  t iming r e s t r a i n t s  for mass s p e c t r o m e te r  

c o n t ro l  and d a ta  logging.

( 4 . 2 . 2 . 1 )  Control o f th e  Mass Spectrom eter Peak Scanning

For the complex desorption spectrum exhibited by adsorbates, such 

as 1- and 2 -propanol ,  t h e  a b i l i ty  to  simultaneously  monitor s ev e ra l  

de so rp t ion  masses  is e s s e n t i a l .  To accomplish th is  compute r s o f tw a re  

was w r i t t e n  t h a t  enab led  up to  5 peaks to  be scanned by th e  mass 

spectrometer each experiment.

Normal operation of the  mass spectrometer control unit to scan a 

mass range used an internally generated voltage ramp to alter  the mass
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number continuously with time. Modifications were made to the unit to 

allow the input of a computer generated voltage ramp. Precise control 

could then  be made of th e  masses  scanned by g e n e ra t io n  of only th e  

requ i red  por t ion  of the  ramp t h a t  def ined  each mass .  A c a l ib ra t io n  of  

the  vo l tage  ag a in s t  a tom ic  mass  number showed an exce l len t  l inea r  

r e la t ionsh ip  t h a t  a l lowed th e  r e q u i r e d  D/A ou tpu t  vo l tage  from th e  

computer for a given mass to be accurately determined. These voltages 

were  g e n e r a t e d  using an 'Applab '  D/A in t e r f a c e  t h a t  a l lowed mass 

scanning in the range 0 to 65 amu.

The maximum ra te  a t  which different masses could be scanned was 

determined by the time constant on the preamplifier in the mass spec t

rom e te r  c o n t ro l  un i t .  A t ime  c o n s t a n t  s e t t in g  of 200mS was s e l e c t e d  

as a compromise between good signal magnitude and low noise level and 

th e  maximum scanning r a t e  was s e t  a t  one mass per  second so t h a t  

s u f f i c i e n t  t im e  was l e f t  for t h e  mass s p e c t ro m e te r  signal to  s e t t l e  

from a v o l tage  ' jump' b e fo re  ' s cann ing '  th rough a mass peak. For a 

given mass th e  in i t ia l  v o l tag e  used  was s l ightly  below th a t  of the  

true peak value and the peak maximum determined by making 15 stepwise 

increments in the voltage (one every 30mS) so that  the mass spectrom

e t e r  ou tpu t  signal 'passed '  th ro u g h  the  peak as shown in figure  4.4. 

To red u ce  th e  s ignal noise,  a t  e a c h  voltage  s tep  continuous  read ings  

of the  m a s s - s p e c t r o m e te r  s ignal  were  made with th e  final  e ight  r e a d 

ings a v e r ag e d  a t  the  end of t h e  30mS period.  This resu l t  was then  

compared to the previous highest signal value to determine if the peak 

maximum had been reached and th e  maximum updated accordingly. After 

the 15 steps thermocouple and kathrometer channel readings were made, 

a l l  t h r e e  r e s u l t s  were  s to re d  in computer  memory and p lo t ted  on the  

compute r  s c r e e n  both  g rap h ica l ly  and numerical ly  to  provide  a visual
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Figure  4 .4 :  Plot of the D/A output from the computer and the mass 
s p e c t r o m e te r  ion s ignal a g a in s t  t ime  during compute r  c on t ro l  of the  

mass spectrometer peak scanning.
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reco rd  of the  p rogress  of th e  exper im en t .  After the  se t  masses were  

scanned a selected number of one second delay periods could be imple

mented if a lower data acquisition ra te  was required. Since each mass 

peak value had an associated thermocouple reading the accuracy of the 

r e su l t s  was independen t  o f  the  r a t e  of da ta  acqu is i t ion .  A flow 

diagram of  the  main s teps  o f  c o n t r o l / d a t a  acqu is i t ion  program is given 

in f igure  4.5. The p rogram  was w r i t t e n  in assembly language using 

Applesof t  Basic to  s e le c t  and  de f in e  the  D/A vo l tages .  At th e  end of 

an exper im en t  the  d a ta  could  be saved to  disk as a block of binary 

along with  p e r t i n e n t  e x p e r im e n ta l  de ta i ls  such as the  exper im en t  

number, date,  catalyst  type and weight and the masses scanned.

( 4 . 2 . 2 . 2 )  D a ta  A nalysis

The binary data for a given experiment was recalled from disk and 

an analys is  of th e  re su l t s  for e ac h  of the  scanned masses c a r r i e d  out.  

The re su l t s  for each  mass w e re  loaded into  the  Applesoft  a r ray  v a r i a 

ble space  and analys is  of  t h e  desorp t ion  spec t rum  c a r r i e d  out by 

p lo t t in g  on th e  g raph ics  s c r e e n  th e  mass sp e c t ro m e te r  signal aga ins t  

either sampling time or cata lyst  temperature.  The raw data thermocou

ple read ings  were  c o n v e r t e d  to  t e m p e r a t u r e  values  by a two s t ep  p ro 

cess ,  th e  f i r s t  s tep  c o n v e r t in g  t h e  ampli fied  A/D signal to  a mvolt  

value (by a l inear  reg re ss io n  e qua t ion )  and th e  second, conver t ing  

this mvolt value to an actual temperature using a machine code routine 

that  'looked' up a data table within the computer memory (this method 

being more a c c u r a t e  than  making use of a second l inear  ca l ib ra t io n  

eq u a t io n ) .  A fu r th e r  c o r r e c t i o n  was then  appl ied  to th is  t e m p e ra tu re  

to account for the reactor temperature and heating ra te  dependent time 

lag between the thermocouple reading and the mass spectrometer signal



125

start scan

Figure  £.5:  Flow diagram of the main steps of the mass spectrometer 
c o n t ro l  and d a t a  acqu is i t ion  program.
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(2 K a t  low t e m p e r a t u r e  d ec rea s in g  to 1 K a t  high t e m p e ra tu re  for a 

c a r r i e r  f lo w ra te  of 58 ml/min).  Both the  mass s p ec t ro m e te r  signal 

d a ta  and t e m p e r a t u r e  read ings  could  be f i l t e r ed  to  reduce  signal noise 

levels.  A 7-po in t  l e a s t  squares  f i l te r ing  a l g o r i t h m ^  was

w r i t t e n  in assembly language  to  accomplish  th is .  Once p lo t ted  on the  

com pute r  s c r ee n  the  indiv idual d a t a  point  values  (mass s p ec t ro m e te r  

s ignal and t e m p e r a t u r e )  could  th en  be read  by use of a keyboard c o n 

t ro l led  cu rso r .

Peak a r e a s  were  d e te rm in e d  using Simpsons R u le ^ * ^ ^  with e i th e r  

with a ho r izo n ta l  or sloping l in ea r  base l ine ,  al lowing su r face  c o v e r 

ages  to  be c a l c u l a t e d  by m u l t ip l ica t io n  by the  a p p ro p r i a t e  c a l ib ra t io n  

f a c to r .  C or rec t io n s  to  t h e  p eak  a r e a s  for c rack ing  f rac t ion  over lap  

were made according to the method outlined in Appendix 3. The deconv

o l v e d  d a t a  for each  mass could  be s to red  on disk by using the  space  

in each data file provided by the unused kathrometer channel.

( 4 . 2 . 3 )  Mass S p e c tr o m e te r  Calibration

The mass spectrometer was calibrated by the injection of a known 

amount  of  a d s o r b a t e  in to  t h e  helium c a r r i e r  s t ream ,  and a f t e r  pass ing 

the flow through an empty reacto r ,  measuring the response of the mass 

s p e c t r o m e te r .  The method and r a t e  of ca l ib ra t io n  peak scanning were  

i d e n t i c a l  th o se  used for c o l l e c t io n  of exper im en ta l  d a ta  during a TPD 

ex per im en t  ( i .e .  peak scanning  a t  a r a t e  of one reading  per second) ,  

as were the conditions of helium flowrate and mass spectrometer p a r t 

ial  p re s su re .  Ca l ib ra t ion  f a c t o r s  expressed  in te rms of peak a r e a  per

quan t i ty  of in j e c ted  a d s o r b a t e  a r e  summarised in t a b le  4.4. Peak a r e a
■2

units  were  2.44x10 v o l t . s e c ,  with  overa ll  accu racy  of the  given 

c a l ib ra t io n  f a c to r s  e s t i m a te d  to  be in the  order of +20%.
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Liquids were  c a l i b r a t e d  by th e  in jec t ion  of an adso rb a te  s a t u 

r a t e d  helium flow. The amount of a d so rb a te  in jec ted  was c a lc u la t e d  

from vapour p re s su re  d a t a  of th e  ad so rb a te  l iquid a t  the  s a tu r a to r  

t e m p e r a t u r e  i .e .  s a tu r a t i o n  of th e  helium gas flow was assumed. Con

densa t ion  of th e  a d s o r b a te  in t h e  valve was minimised by main ta in ing 

the  s a t u r a t o r  a t  below th e  am bien t  room te m p e ra tu re  and by the  t r a c e  

hea t ing  of t h e  valve,  in jec t ion  loop and flow lines leading from the 

in jec t ion  va lve .  The w a te r  c a l i b ra t io n  f ac to r  was also de te rm ined  

separately by measurement of the s teady-s ta te  uptake of water from a 

s a t u r a t e d  helium flow. C ro s s -c h e ck s  of the  rep roduc ib i l i ty  of the  

c a l i b ra t io n  f a c to r s  for gaseous  a d so rb a te s  (e .g .  CO2 and propene)  

could  be made by in jec t ing  d i f f e r e n t  composi t ion of a d s o r b a te /  helium 

gas mix tures .

Tab le  4 .4 :  Mass s p e c t r o m e te r  ca l ib ra t io n  f a c to r s .

a d so r b a te calibration factor ^

water 16

co2 30

2-propanol 36

acetone , 22

propene 42

1-propanol 23

propionaldehyde 22 ( e s t . )

hydrogen 2 6 , l l (b)

( a )  = un i t s :  1 0 ^  m o lecu le s /  (2 .44x10“ ^ v o l t . s e c ) ,  helium
partial pressure of 8x 10“® mbar

(b )  = helium p a r t i a l  p re s su re  of 1.4x10"® mbar
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( 4 . 3 )  M a te r ia ls

( 4 . 3 . 1 )  Zinc Oxide C ata lysts

Three  types  of z inc  oxide c a t a ly s t  were  used in this  s t u d y : -  

AnalaR grade ZnO supplied by BDH Chemicals Ltd, Poole, England (refe r

red  to  as ZnO), an older sam ple  of AnalaR grade  ZnO from the  same 

manufacturer and supplied by ICI New Science Group (referred to as ICI 

low s u r f a c e  a r e a  ZnO) and  a high su r face  a r e a  ZnO supplied by ICI 

A gr icu l tu ra l  Division ( r e f e r r e d  to as ICI high s u r face  a r e a  ZnO). 

Both AnalaR g rade  c a t a l y s t s  w e re  p rep a red  by igni t ion of Zn m e ta l  in 

oxygen, while the high surface a r e a  ZnO was prepared by precipitation 

from zinc  n i t r a t e  so lu tion  fo l lowed  by ca lc in a t io n .  The behaviour  of 

the ICI low surface area  ZnO as an adsorption and decomposition c a t a 

lyst  had a l r e ad y  been p a r t  of an ex tens ive  TPD study by th e  ICI New 

Science  G r o u p ^ ^ , ^ , ^ , ^ > ^  Other  s tudies  have  also r e p o r t e d  

on the behaviour of a similar high surface area Z n O ^ ^ ^ * ^ ^ .

The manufacturers purity specifications for both AnalaR catalysts 

were  th e  same as given in t a b l e  4.5. The sp ec i f ic a t io n s  for t h e  ICI 

high su r f a c e  a r e a  ZnO a r e  d e t a i l e d  in t a b le  4.6 using in form at ion  

supplied from ICI Ltd.

Puriss grade K2CO3 supplied by Fluka was used as the promoter for 

the ZnO catalysts.

( 4 . 3 . 2 )  A d sorb ates

Gaseous  a d so r b a te s  w e re  e i t h e r  supplied in high pressure  cy l inder  

(hydrogen  and CO2 ), low p r e s s u r e  l e c t u r e  s ize  gas b o t t l e  (p ropene)  or 

in a e r o s o l - t y p e  cans  (hydrogen an d  C0 2 )- Both th e  high p ressu re  gas 

cy l inde rs  w ere  of BOC CP g ra d e  puri ty  and th e  l e c tu re  b o t t l e  of
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Table  4.5:  Manufacturers purity specifications for AnalaR grade ZnO.

sp ec i f i c a t io n level (%)

minimum assay a f te r  ignition 99.6

acid-insoluble matter 0.01

loss a t  600°C 0.5

carbonate (CO3) 0.25

ch lo r ide  (Cl) 0.001

nitrogen compounds (N) 0.0005

sulphur compounds (SO^) 0.01

arsenic (As) 0.0001

cadmium (Cd) 0.002

calcium (Ca) 0.001

copper (Cu) 0.0002

iron (Fe) 0.0003

lead (Pb) 0.005

manganese (Mn) 0.0005

n icke l  (Ni) 0.0005

sodium (Na) 0.001

reducing substances (O) 0.0016
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Table  4.6:  Elemental analysis for the high surface area ZnO.
(S ource :  ICI Ltd .)

specification level  (%)

zinc oxide (ZnO) 96.5

sulphur (S) <0.02

chlorine (Cl) <0.02

sodium (Na2 0 ) 0.12

% loss a t  900°C 3.5

r e s e a r c h  g rade  pu r i ty .  The ae ro so l  can  adso rba te s  were  made up as 

m ix tures  in helium or n i t ro g en .

Dis t i l led  and de ion ised  w a te r  was used d i rec t ly  in the  l iquid 

s a t u r a t o r  w i thou t  any f u r th e r  pu r i f i ca t io n  or t r e a t m e n t .  The 1-

propanol, 2-propanol and acetone were supplied by Fluka Chemicals and 

were  of puriss grade  s p e c i f i c a t i o n .  No fu r th e r  p u r i f i ca t ion  was also 

carried out before use of these chemicals. The manufacturers specifi

ca t io n s  for th e  w a te r  leve ls  w e re  0 . 1% and 0. 2% for the  a lcohols  and 

a c e t o n e  re sp ec t iv e ly ;  how ever ,  an in c rease  in the  amount of w a te r  

desorbed  with  th e  a lcohols  in p a r t i c u l a r  showed t h a t  a l though w a te r  

levels  rem ained  low, t h e r e  was an  inc rease  in the  w a te r  c o n te n t  with 

t ime a f t e r  th e  opening of th e  s to ra g e  b o t t l e s .  A t tempts  a t  dry ing of  

the  a lcohols  with molecu lar  s ieves  proved unsuccess fu l .
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CH APTER 5

CATALYST P R E P A R A T IO N  AND C H AR A C TERISA TIO N

( 5 . 1 )  C a ta ly s t  P r e p a r a t io n

( 5 . 1 . 1 )  P a r t i c u la t e  S iz e  D is tr ib u t io n

Studies have  shown t h a t  i n t r a p a r t i c u l a r  mass t r a n s f e r  e f f e c t s  can

cause  s ig n i f ic an t  d i s to r t io n  of a  c a t a ly s t s  desorp t ion  b ehav iou r '

12 51 . A re l i ab le  t e s t  for th e  p re sen c e  of mass t r a n s fe r  l im i ta t ions  

is to  d e te rm in e  if  t h e r e  is any p a r t i c l e  s ize  dependence  to  th e  TPD 

s p e c t r a ^ * ^ .

To determine any particle size dependency in the TPD spectra,  the 

ZnO c a t a l y s t s  were  s ieved  in to  d i s c r e te  p a r t i c l e  s ize  ranges .  The 

same method of preparation used for all three catalyst types:-  the  as- 

received fine ZnO powder was pressed into a friable disc using a 13mm 

d iam e te r  d i e - p r e s s .  P res su res  in th e  range  2000 to  5000kg were  used 

for the two AnalaR grade cata lyst  samples, with the TPD behaviours of 

t h e se  c a t a l y s t s  found to  be independent  of pe l le t i s ing  p re s su re  

employed. A lower pressure (approximately 500kg) was used for the  ICI 

high surface area  ZnO as the  desorption behaviour of this catalyst  was 

found to  be dep en d en t  on th e  pe l le t i s ing  p ressu re .  However,  s ince  

th is  c a t a l y s t  was not involved in th e  major p a r t  of th e  ex p e r im en ta l  

programme,  th is  dependency  was not in v es t ig a ted  fu r th e r .  For  a ll  

c a t a ly s t s ,  th e  p ressed  discs  w e re  then  c rushed and s ieved in to  d i s c r 

e t e  p a r t i c l e  s ev e ra l  s ize  f r a c t io n s  ranging from 150 to 1250pm in

d ia m e te r .
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( 5 . 1 . 2 )  Method o f  Alkali Promotion

The impreganation method used for the potassium promotion of the 

ZnO fol lowed t h a t  o u t l ined  by Smith and A nde rson^ *^  and by e a r l i e r  

work on higher a lcohol s y n t h e s i s ^ O n l y  the  p a r t i c u l a t e  ZnO was 

used for promotion and no t  the  a s - r e c i e v e d  powder.  Alkali promotion 

was achieved by the addition of the required amount of K2CO3 in solut

ion with  d is t i l led  and de ion ised  w a te r .  A minimum volume of  so lu tion  

was added so as to form a wet slurry. The catalyst  was then air dried 

to  remove excess  m o is tu re ,  with final  drying and decomposit ion of the  

c a r b o n a te  tak ing  p lace  dur ing  th e  c a t a l y s t  p r e t r e a t m e n t  s tag e  (see 

s ec t io n  5.1.3).

The e f f e c t i v e  po ta ss ium  loadings for th e  t h r e e  a lkal i  p romoted  

c a t a l y s t s  made a r e  given in t a b le  5.1. The 0.085 wt% and 0.20 wt% K 

loadings were confirmed by atomic emission measurements made on used 

samples of th e se  c a t a l y s t s .

Tab le  5.1:  The effect ive  potassium loadings for the promoted zinc
oxide c a t a ly s t s .

K2CO3 added (wt%) effective K loading (wt%)

0.075 0.042

0.15 0.085

0.35 0.20
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( 5 . 1 . 3 )  C a ta ly s t  P retreatm en t

( 5 . 1 . 3 . 1 )  Unpromoted Zinc Oxide

An in - s i tu  p r e t r e a t m e n t  was c a r r i e d  out to  desorb and decompose 

any su r f a ce  impur i t ies  on th e  f resh  c a t a ly s t  samples .  The weighed 

catalyst sample would be heated to 800 K under normal TPD experimental 

condi t ions  (i .e .  of helium f lo w r a te ,  hea t ing  r a t e ,  e t c )  and then  

cooled to  th e  req u i red  adso rp t io n  t e m p e ra tu re  for subsequent ex p e r im 

entation. The main desorption products observed from all three unpro

moted c a t a l y s t s  during p r e t r e a t m e n t  were  w a te r  and CC>2 plus smal ler 

amounts of CO and traces of O2. The desorption spectra obtained from 

the  hea t in g  of fr esh  AnalaR c a t a l y s t  samples a r e  shown by f igures  5.1 

and 5.2.  F igure  5.2 for th e  ICI low su r fa ce  a r e a  ZnO sample was 

similar to  t h a t  previous ly  found by Bowker e t  a l ^ ^  for t h e  same 

catalyst . The coincident water and CO2 peaks in each spectrum indica

ted  th e  r e a c t io n  l imited  decompos i t ion  of a common su r face  in te rm ed -  

i a t e .  Nagao e t  a l v '  have  shown th a t  a tm ospher ic  w a te r  and CO2 

combine to  form a h y d r o x y - c a r b o n a te  species  on the  su r fa ce  of ZnO 

during s to ra g e  which decomposes  to  w a te r  and CO2 on hea t ing .  The 

coincident water and CO2 peaks were then assigned to the decomposition 

of such an in te rm e d ia te ,  w i th  th e  la rger  peaks  from ICI low s u r f a c e  

a r e a  ZnO sample  being a co n se q u e n ce  of i ts  g r e a t e r  age .  The d i f f e 

rences  in th e  w a te r  d e so rp t io n  p rof i les  be tw een  c a t a ly s t s  is c o n s id e r 

ed in c h a p te r s  6 and 8 and  so will not be d iscussed a t  th is  poin t .  

Subsequent hea t in g  of a sample  a f t e r  the  in i t ia l  t r e a t m e n t  did not 

evolve  any f u r th e r  c a r b o n a t e  de r ived  CO2 or w a te r  peaks ,  a l though a 

small high t e m p e r a t u r e  w a te r  peak  was genera l ly  found due to the  

adsorption of background water onto the ZnO surface.
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Figure  5-1: The desorption spectrum obtained from the pretreatment
of a f resh  z inc  oxide sample.

F igure  5.2:  The desorption spectrum obtained from the pretreatment 
of a f resh  ICI low s u r f a c e  a r e a  z inc  oxide sample.
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( 5 . 1 . 3 . 2 )  Potass ium Promoted  Zinc Oxide

The pretreatment of the  potassium promoted ZnO followed an inden- 

t i c a l  p rocedu re  to t h a t  used for th e  unpromoted c a t a ly s t .  For the se  

c a t a l y s t s  the  p r e t r e a t m e n t  deso rp t ion  s p e c t r a  were  dominated by a 

large CO2 peak at  approximately 553-573 K due to K2CO3 decomposition. 

A typical pretreatment desorption spectrum for the  0.20 wt% K promoted 

c a t a l y s t  is shown in f igure  5.3. There  did not appear  to  be any 

s ign i f ic an t  loss of po ta ss ium  (39 amu) during th e  c a r b o n a te  decompo

sition process, which was confirmed by atomic emission measurements on 

p r e t r e a t e d  c a t a l y s t  samples .  XPS measurem ents  showed the  potass ium 

underw en t  r e d i s t r ib u t io n  over t h e  c a t a ly s t  su r fa ce  during th e  p r e 

t r e a t m e n t  s t a g e  (see  Appendix 4).  Subsequent  hea t ing  of a promoted  

c a t a l y s t  a f t e r  th is  p r e t r e a t m e n t  did not evolve any fu r th e r  CC>2*

Figure  5.3:  The desorption spectrum obtained from the pretreatment 
of a fresh 0.20 wt% K promoted zinc oxide sample.
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( 5 . 2 )  C a t a l y s t  C h a r a c t e r i s a t i o n

( 5 . 2 . 1 )  S u r face  Area M easurem ent

C a ta ly s t  s u r f a c e  a r e a s  were  de te rm ined  by a continuous  flow

m e t h o d ^ * ^ )  and c a l c u l a t e d  acc o rd in g  to  the  BET E q u a t i o n ^ - ^  (see

Appendix 2). The r e a c t o r  and fu r n a c e  were  rep laced  with a glass U-

tube  con ta in ing  th e  c a t a l y s t  sample and the  helium c a r r i e r  gas by a

9.7*1% N2 in He gas mixture. The equilibrium quantity of N2 physisorb-

ed onto the sample was measured when the tube was immersed in a flask

of liquid N2 by m oni to r ing  of th e  28 amu mass sp e c t ro m e te r  signal .

Table 5.2 summarises  th e  r e s u l t s  ob ta ined  for the  s u r fa ce  a r e a s  of  a

se r ies  of  f resh  and  used c a t a l y s t  samples.  The a r e a  de te rm ined  for

ICI low surface area  ZnO was in good agreement with that  reported by 

(25)Bowker e t  a l '  Both the ZnO and ICI low surface area ZnO surface

a re a s  were  found to  be s t a b l e  e v en  a f t e r  r e p e a t e d  exper im en ta l  use. 

In add i t ion ,  t h e  loss of su r f a c e  a r e a  a f t e r  a lkal i  promotion was not 

s ign i f ican t  to  with in  th e  a c c u r a c y  of the  m easurements  made. In 

c o n t r a s t  how ever ,  th e  s u r f a c e  a r e a  of the  high su r face  a r e a  c a t a ly s t  

appeared sensitive to experimental usage and its surface area decreas

ed s ign i f ican t ly  due to  s in te r in g  e f f e c t s .  This made e s t im a t io n  of 

re l i ab le  su r f a c e  c o v e r ag e s  for th i s  c a t a l y s t  d i f f icu l t .

( 5 . 2 . 2 )  T ran sm iss ion  E le c tr o n  Microscopy

The c a t a l y s t s  w ere  ana lysed  by TEM in order  to  c h a r a c t e r i s e  the  

crystal morphology of the catalysts  studied. Both the AnalaR ZnO and 

ICI low surface area  ZnO were found to have a well defined structure, 

with  " ty p ic a l "  c r y s t a l l i t e  dimensions for th e  former e s t im a ted  to  be 

in the  order  of  250 nm ac ro ss  t h e  pola r  su r faces  by 300 nm along the
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Table  5.2:  C a ta ly s t  spec i f ic  su r face  a reas .

catalyst  description sp ec i f ic  su r face  a re a

(m^/g,+ 0. 2 )

fresh ZnO 4.6

used ZnO 4.2

fresh 0.20 wt% K promoted ZnO 4.3

fresh ICI low surface area  ZnO 3.3

fresh ICI high surface a rea  ZnO 43+2

used ICI high surface area  ZnO ~20

prism edges. The ICI low surface area  ZnO crystals appeared to be of 

similar dimensions t h a t  w e re  c o n s i s t e n t  with those  previously r e p o r t e d  

by Bowker e t  a l ^ ^ .  However ,  as would be e x p e c t e d  with a " re a l"  

c ry s ta l l in e  solid,  a s ig n i f ic a n t  f r ac t io n  of th e  c rys ta l s  observed  

under th e  mic roscope  were  more i r r eg u la r ,  ranging from near  spher ica l  

to  long need le  c r y s t a l l i t e  shapes .

The p re sen c e  of th is  s ig n i f ic an t  amount of i r r egu la r  c r y s t a l l i t e  

shapes  made e s t im a t io n  of  th e  r e l a t i v e  f r ac t io n  of th e  c ry s ta l  s u r 

faces  d i f f i cu l t .  For an id ea l  ZnO c ry s ta l  shape,  f igure  5.4 shows the  

f r ac t io n  of t o t a l  pola r s u r f a c e s ,  for the  4 .6 -4 .2+0 .2  m /g spec i f ic  

su r face  a r e a s  m easured ,  to  be in th e  region of 30-40% of the  s u r fa ce  

a r e a .  This is s imilar to  t h e  20% es t im a te  of th e  f r ac t io n  of  t o t a l  

polar s u r f a c e  for ICI low s u r f a c e  a r e a  ZhO made by Bowker e t  a l ^ ^ ,  

with th e  s l igh t ly  h igher f igu re  being in line with h igher ZnO s u r f a c e  

area (4.6 mz/g compared to 3 m^/g).
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Figu re  5 A z  Plot  of th e  r e l a t io n s h ip  be tw een  the  spec i f ic  s u r face  a rea  
and th e  f r a c t i o n  o f  polar s u r f a c e  a r e a  for an ideal zinc oxide c ry s ta l  

as a func t ion  of c r y s t a l  d imensions .  (F .P . -  f r ac t io n  polar su r f a ce )
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The ICI high surface area  catalyst  crystal dimensions were obser

ved to  be much smal ler th a n  the  AnalaR samples,  cons is ten t  with the  

h igher sp ec i f ic  s u r fa ce  a r e a .  Bowker e t  e t ^ ^  has previously r e p o r t 

ed a similar high su r f a ce  a r e a  ZnO as having c r y s ta l l i t e  dimensions in 

the  o rder  of 15 nm ac ro ss ,  with an a sp e c t  r a t i o  of one and e s t i m a te d  

the  f r a c t io n  of polar su r f a c e s  to  be in the  order of 33% for th is  

c a t a l y s t .



C H A P T E R  6

A D S O R P T I O N  S T U D I E S  ON Z I N C  O X I D E

( 6 . 1 )  Adsorption on Unpromoted  Zinc Oxide

( 6 . 1 . 1 )  Wate r Adsorption  on Zinc Oxide

( 6 . 1 . 1 . 1 )  Thermal D esorp t ion  Spec trum

The desorption spectrum obtained after a saturation dose of water 

on to  ZnO a t  340 K is given in f igu re  6.1. The seve ra l  peaks o b se rv a 

ble in the spectrum are  designated a, 3 , Y, S and e with peak tempera

tu re s  as given in t a b l e  6.1.  Although molecular ly  adsorbed forms of 

w a te r  a r e  possible ,  th e  d e so rp t io n  spec t rum  ob ta ined  is most l ikely 

de r ived  from adsorbed  hydroxyl spec ie s  s ince  A ther ton  e t  a l ^ ^  has 

shown only adsorbed  hydroxyl spec ie s  to  be p re sen t  on ZnO a t  320 K. 

Monitoring of th e  mass 2 and  mass 32 signals during the  desorp t ion  of 

w a te r  a f t e r  s a tu r a t i o n  c o v e r a g e  did not d e t e c t  any desorp t ion  of  

e i t h e r  hydrogen or oxygen in fe r r in g  t h a t  the  hydroxyl condensa t ion  

r e a c t io n s  leading to  w a te r  de so rp t ion  did not re su l t  in s ign i f ican t  

amounts  of e i th e r  re s idua l  hydrogen  or oxygen being le f t  on the  c a t a 

lyst  s u r face .

Sa tu ra t io n  of th e  c a t a l y s t  by pulse in jec t ion  of wa ter  r e su l ted  

in desorp t ion  t h a t  co r re sponded  to an  e f f e c t iv e  s u r face  cove rage  of 

4.9+0.4xl01^ H2O molecules/cm^ in good agreement with the measurements 

of Morimoto e t  a l v ' .  The same coverage  was also obta ined  a f t e r  

water was adsorbed from a continuous water/helium flow over the c a t a 

ly s t .  Since th e  e f f e c t i v e  c o n t a c t  t imes  of th e  w a te r  vapour with the  

c a t a l y s t  bed of th e  two m ethods  (in jec t ion  and s t e a d y - s t a t e  f low)
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Figure  6 .1 :  The water desorption spectrum af te r  adsorption a t  340 K to
s a t u r a t i o n  c o v e r ag e  on z inc  oxide.

d i f f e r ed  by near ly  two o rde rs  of magni tude ,  th e  observed s im i la r i ty  in 

the  r e s p e c t iv e  s a tu r a t i o n  c o v e r a g e s  showed th e  adsorp t ion  of w a te r  

onto  ZnO to  be very rap id  i .e  l i t t l e  or no a c t i v a t io n  energy b a r r i e r  

e x i s t ed  a t  340 K. F u r th e r  ev id en c e  to  support  th is  conclus ion was 

provided by experiments where water was dosed a t  elevated temperatures 

(up to 530 K). No change  in th e  form of th e  w a te r  desorp t ion  TPD 

s p e c t r a  was found (o the r  th a n  th e  removal of the  desorp t ion  s t a t e s  

below or a t  the  adso rp t ion  t e m p e r a t u r e )  in fe r r ing  th e  absence  o f  any 

a c t i v a t e d  hydroxyl ad so rp t io n  s i t e s .

No s ign i f ic an t  changes  in th e  desorp t ion  peak prof iles  were  

observed  with  e x p e r im en ta l  use  of a c a t a l y s t  sample ex cep t  for a 

s l ight d e c r e a se  in th e  c o v e r a g e  in th e  a  s t a t e  a f t e r  a la rge  number of 

expe r im en t s  (>15).  This showed th e  c a t a ly s t  s t r u c tu r e  to be s t a b l e  to 

r e p e a t e d  w a t e r  a d s o r p t i o n  a n d  h e a t i n g  c y c l e s  as was  a l so



Table  6.1:  The water desorption peaks after adsorption at 340 K to 
s a t u r a t i o n  co v e rag e  on zinc oxide.

peak peak temperature
designa t ion (K)

a 743+2

3 668+5

y 627+5

6 521+10

e 383+10

ind ica ted  by th e  s ta b i l i ty  of i t s  spec i f ic  su r face  a r e a  (see  C hapter

5 ) .

( 6 . 1 . 1 . 2 )  C overage  D ependence

Exper iments  were  c o n d u c te d  where  the  dose o f  w a te r  was varied  

from approx im ate ly  8% of s a tu r a t i o n  to full s a tu ra t i o n  coverage .  The 

changes  in the  r e s u l t a n t  deso rp t ion  s p e c t r a  a re  summarised in figure

6.2. At th e  lowest  c o v e rag e  th e  desorp t ion  spec t rum  cons is ted  of a 

r i se  in the  base l ine  signal beginning a t  approx imate ly  655 K which 

did not form into a peak. Adsorption of D2O confirmed this rise to be 

due to desorp t ion  from s u r f a c e  adsorbed  species  r a th e r  than diffusion 

of water from the catalyst  bulk. As the water dose was increased, the 

a  adsorp t ion  s i te s  ( i .e .  those  with  the  h ighest  peak t e m p e r a t u r e )  were  

se lec t iv e ly  popu la ted  w i th  the  t e m p e r a t u r e  of the  a  peak increas ing  

from 708+2 K a t  low c o v e r a g e  to  743 + 2 K a t  full popula tion .  Full 

s a tu r a t i o n  of th e se  s i t e s  (as de te rm ined  by the  point a t  which lower 

t e m p e r a t u r e  peaks  began  to p o pu la te )  cor responded  to a su r face
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Figu re  6 .2 :  The coverage dependence of the water thermal desorption 
spectrum after adsorption at  340 K on zinc oxide.

c o v e rag e  of 1.5 + 0.2 x l O ^  h ^ O /c m ^ .  Af te r  this point  as the  dose was 

in c re a se d  fu r th e r ,  lower t e m p e r a t u r e  adsorp t ion  s t a t e s  were  popula ted  

as shown by the development of peaks a t  668+5, 627+5 and 521 + 10 K plus 

a poorly resolved shoulder a t  383+10 K. A further peak a t  approxima

te ly  365 K could  also be popu la ted  but was not observed a t  the  340 K 

adsorp t ion  t e m p e r a t u r e  used .  Compared to  the  high t e m p e r a t u r e  peak, 

the se  new desorp t ion  peaks  w ere  broad ,  i l l -de f ined  and d i s to r t e d  by 

over lapping .  For th e  $ peak ,  th is  is i l l u s t r a t e d  in f igure  6.3 where 

the  a  de sorp t ion  peak has been  s u b t r a c t e d  from the  s a tu r a t i o n  w ater  

spec t rum .  The broadness  of  th e se  lower t e m p e ra tu re  peaks  showed a 

wider sp read  of deso rp t ion  ene rg ie s  ex is ted  for the i r  corresponding 

s u r fa ce  s i te s  compared  to  th e  sharp  peak produced from the  a  si tes

i .e .  t h e  s i te s  were  e n e r g e t i c a l l y  less well  defined.



Figu re  6.3:  The saturation coverage water desorption spectrum with 
the  a  d e so rp t io n  peak su b t rac ted .

( 6 . 1 . 1 . 3 )  Determ ination o f  the Heats o f  Adsorption

( 6 . 1 . 1 . 3 . 1 )  Extent o f  Readsorption Within the  
C atalyst Bed

Before  th e  e n e r g e t i c s  of th e  hydroxyl desorp t ions  could be quan

t i f i ed ,  the  e x t e n t  of r e a d so rp t io n  th a t  o ccu r red  with in  the  c a t a l y s t  

bed during  a TPD ex p e r im en t  had to  be de te rm ined .  Readsorpt ion  e f 

f e c t s  produce  la rge  d i s to r t io n s  in TPD peaks  by broadening  and ra is ing 

the  peak t e m p e r a t u r e s  and, unless  a cc o u n te d  for in th e  TPD re su l t s  

analys is ,  la rge  in a c c u r a c i e s  in th e  de te rm ined  desorp t ion  e n e r g e t i c s  

can be i n t r o d u c e d ^ 127) (see c h ap te r  3). The e x t e n t  of 

r ead so rp t io n  can  be q u a l i t a t iv e ly  de te rm ined  by th e  dependence  of the  

desorption peak temperature  on carrier gas f lowrate^  Experiments

w ere  conduc ted  w here  th e  helium c a r r i e r  f low ra te  was varied in the
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range  26 to 164 ml/min wi th  the  o the r  exper im en ta l  condit ions  o t h e r 

wise s tan d a rd .  The lo g - l in ea r  plot  of f low ra te  aga ins t  peak t e m p e r a 

tu re  for the  a  s t a t e  ( f igu re  6.4) was l inear  and i n d i c a t e d ^ ^  th a t  

condi t ions  of f r ee  r e a d so rp t io n  e x i s t ed  within the  c a t a ly s t  bed over 

the complete range of experimental flowrates tested.  Similar tempera

tu re  sh i f t s  were  a lso  observed  for th e  o ther  w a te r  desorp t ion  s t a t e s  

in the same flowrate range.

The re su l t s  e s t a b l i s h e d  t h a t  q u a n t i t a t i v e  analys is  of the  w a te r  

desorp t ion  s p e c t r a  m easu red  th e  h e a t  of adsorp t ion  r a th e r  than  th e  

a c t i v a t io n  energy  of de sorp t ion ,  wi th  the  d i f f e r en c e  being the  a c t i v a 

tion energy  of adsorp t ion^**) .

( 6 . 1 . 1 . 3 . 2 )  I n t r a p a r t i c u l a r  Mass  T r a n s f e r  E f f e c t s

A re l iab le  t e s t  for i n t r a p a r t i c u l a r  mass t r a n s f e r  g rad ien ts  can  

be made through vary ing  the  c a t a l y s t  p a r t i c l e  s ize^^**) .  C a ta ly s t  

p a r t i c l e  s izes  ranging  from 215 to  925 pm were  in v e s t ig a te d .  Table

6.2 shows the a  water desorption peak temperature to be independent of 

th e  c a t a ly s t  p a r t i c l e  s ize .  T h e re fo re ,  to  within exper im en ta l  e r ro r  

l imits,  i n t r a p a r t i c u l a r  mass t r a n s f e r  e f f e c t s  were  not s ign i f ican t .

Table  6.2:  The in f luence  of c a t a ly s t  p a r t i c l e  s ize  on 
the a  water desorption peak temperature

mean catalyst  part icle size 
(pm)

peak t e m p e r a t u r e ^  
(K, +2)

925 474
925 472
510 473
510 473
215 473
215 471

(a)=peak temperature corrected  for sample mass (see section 6. 1. 1.3.4)
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Figure  6.4:  Plot  of  the  e x t e n t  of readsorp t ion  within  the  c a t a l y s t  
bed as shown by variation in the a  water desorption peak temperature 

from zinc  oxide wi th  helium c a r r i e r  gas f low ra te .



( 6 . 1 . 1 . 3 . 3 )  Heat o f  Adsorption by H eating-R ate  Variation 
Method

The previous sections showed the water desorption spectrum to be 

readso rp t ion  l imi ted ,  but no t  to  be d i s to r ted  by mass t r a n s fe r  e f f 

e c t s .  These re su l t s  e s t a b l i s h e d  the  valid ity  of using the  va r ia t ion  

in peak t e m p e r a t u r e  with h e a t in g  r a t e  to measure  the  hea t  of a d so r p 

tion ,  acco rd ing  to the  method  desc r ibed  in sec t ion  However,

s ince  th is  method of ana lys is  is s en s i t iv e  to e r ro r  in the  measurem ent  

of the  desorp t ion  peak  t e m p e r a t u r e ^ m e a n i n g f u l  re su l t s  were only 

able  to be ob ta ined  for th e  sharp  a  desorp tion  s t a t e  where  the  peak 

position could be accurately measured. The peaks of the lower temper

a t u r e  desorp t ion  s t a t e s  could  not be de te rm ined  with su f f ic ien t  a c c u r -  

acy. From the plot of 3 / T ^  against 1/Tm (figure 6.5) for the a  peak, 

a value for the heat of adsorption of 151 + 10 k3/mol was obtained.

( 6 . 1 . 1 . 3 . 4 )  Heat o f  Adsorption by Catalyst Mass Variation 
Method

As desc r ibed  above,  th e  w a te r  desorption sp ec t ru m  was r e a d so rp 

tion ,  but not  d i f fus ion ,  l im i ted .  In an analogous manner to the  

method desc r ibed  above,  t h e  v a r i a t io n  in the  peak t e m p e ra tu re  with 

c a t a l y s t  sample mass was ab le  to  be used to de te rm ine  the  h e a t  of 

adsorp t ion  a cco rd ing  to  t h e  method descr ibed  in sec t ion  3 .^ 0  28)^ 

Again th is  analys is  could  only be appl ied to  th e  a  desorp t ion  peak 

s ince the  pos it ion  of the  lower t e m p e r a t u r e  s t a t e s  could  not be d e t e r 

mined with s u f f i c i e n t  a c c u r a c y .  For the  a  s t a t e  a p lo t  of th e  d epen 

dence  of peak  t e m p e r a t u r e  on c a t a l y s t  weight (f igure  6.6 ) yie lded a 

heat of adsorption value of 166+10 kj/mol, in good agreement with the 

re su l t  ob ta ined  by the  h e a t in g  r a t e  va r ia t ion  method.



-I
n 

Cf
l/
 T

148

Figure  6.5 :  Characterist ic plot of In (3 /T ^ )  against 1/Tm for a  water
deso rp t ion  from zinc  oxide.
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Figure 6. 6 : C h a r a c t e r i s t i c  p lo t  o f  In ( c a ta ly s t  mass) aga ins t  1 /Tm for 
a water desorption from zinc oxide.
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( 6 . 1 . 1 . 3 . 5 )  H ea ts  o f  Adsorption by Redheads  Method

Es t im ates  of the  h e a t s  of adsorp t ion  for the  lower t e m p e ra tu re  

desorp t ion  s t a t e s  w ere  made by th e  Redhead Equation^**’ 129)  wj t h a 

'pseudo '  p re e x p o n en t ia l  va lue  c a l c u l a t e d  from th e  exper im en ta l ly  

d e te rm ined  h e a t  of adso rp t ion  for the  a  peak i .e.  th e  p reexponen t ia l  

was e f f e c t iv e ly  sca led  to  t a k e  in to  a cco u n t  readso rp t ion  e f f e c t s .  The
g

p re e x p o n en t ia l  f a c to r  c a l c u l a t e d  in this manner was found to be 5x10 

s ' 1. The heats of adsorption for the water desorption peaks de te r 

mined by th is  method a re  given in tab le  6.3; because  of the  assump

tions  involved in a p p l i c a t io n  of the  Redhead Equation (see  sec t ion  

3 A ) ,  t h e se  r e su l t s  should only be in t e r p r e t e d  as order of magnitude  

e s t im a t ions  of the  t r u e  va lues .

Tab le  6.3:  E s t im a tes  of t h e  h e a t s  of adsorp t ion  for w a te r  desorp t ion
from zinc oxide using Redheads Method.

desorption peak heat of a d s o r p t i o n ^  
(k j /m o l )

a 161

B m

Y 135

6 111

£ 81

Q
(a)= determined using a preexponential of 5xl07 s
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( 6 . 1 . 2 )  Carbon Dioxide  Adsorpt ion on Zinc Oxide

( 6 . 1 . 2 . 1 )  Thermal D esorp t ion  Spec trum

The desorp t ion  s p ec t ru m  o b ta ined  a f t e r  a s a tu ra t io n  dose of CO2 

a t  325 K is given in f igu re  6.7. The severa l  peaks  in th e  sp ec t ru m  

were  d es igna ted  a,  3,  Y, 6 and e r e sp ec t iv e ly .  Their cor responding  

t e m p e r a t u r e s  a r e  given in t a b le  6.4,  along with  e s t im a te s  of the  h e a t s  

of adsorption calculated using the  Redhead E q u a t i o n ^ ’ ( these are 

based on a p re e x p o n e n t i a l  f a c to r  of 10^  s " * ^ ^  t h a t  a s s u m e s ' n o  

readso rp t ion ;  a l though  not q u a n t i f i e d ,  as for w a te r  desorp t ion ,  the  

CO2 peaks  were  a lso  in d ic a ted  to  be readso rp t ion  l imited ,  so the  

values  for th e  h e a t s  of ad so rp t io n  will be o v e re s t im a te s  of th e  t ru e  

h e a t s ) .  The poorly d e f in ed  s t a t e  a t  approx imate ly  720 K shown in 

figure 6.7 was only observed from some ZnO samples, while the a peak 

was also not found on all ZnO samples tested.  This ef fect  appeared to 

be possibly r e l a t e d  to  th e  q u a n t i ty  of background w a te r  adsorbed  on 

the  c a t a l y s t  s u r fa ce .  Monitoring of th e  mass 28 signal during the  

desorp t ion  of CO2 showed only th e  CO con t r ibu t ion  from the  CO2 mass 

spectrometer cracking pa tte rn  to be present i.e. no CO itself appeared 

to be desorbed .  A small  amount of w a te r  a lso  evolved due to a d so r p 

tion of background  w a te r  p r e s e n t  in the  CO2 and helium c a r r i e r  gases .

The s a t u r a t e d  s u r f a c e  c o v e r a g e  corresponded  to  approxim ate ly  

4 0 0 x l 0 Â  m o lecu les /cm  , a l though  the  coverage  a s so c ia te d  with th e  e 

peak was found to  be s en s i t iv e  t o  th e  adsorp t ion  t e m p e ra tu re  used and 

on the  t ime period b e tw e e n  adso rp t ion  and hea t ing ,  as shown in figure 

6. 8. A fu r th e r  t ime d e p en d e n t  e f f e c t  was observed, also shown in 

f igure  6. 8; if a c a t a l y s t  s a t u r a t e d  with CO2 was l e f t  for a longer 

t ime per iod ,  a pos i t ive  shif t  in the  a  and 3 peak tem p e ra tu res
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Figure  6.7:  The carbon dioxide desorption spectrum afte r adsorption a t  
325 K to saturation coverage on zinc oxide.

F igure  6. 8 : Time dependence of the C 0 2 desorption spectrum afte r 
adsorption a t  325 K to saturation coverage on zinc oxide. Time 
between adsorption and heating: (a)= 3 minutes; (b)= 30 minutes.
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Table  6 .4:  The carbon dioxide desorption peaks and heats of adsorption 
a f t e r  adsorp t ion  a t  340 K to s a tu r a t i o n  coverage  on zinc oxide.

peak
des ig n a t io n

desorp t ion
tempera ture

(K,+5)

a d s o r p t i o n ^
energy

(kj/mol)

a 655 182

8 617 171

Y 535 147

6 451 124

e 375 102

13(a)= based on a preexponential= 1x 10 s

o c cu r r e d  accom pan ied  by an a p p a r e n t  in c rease  in th e  coverage  a s s o c 

iated with each peak.

Adsorption of  CC>2 a t  an e l e v a t e d  t e m p e ra tu re  (approximate ly  530 

K) did not r e v e a l  th e  fo rm at ion  of any add i t iona l  adsorp t ion  s t a t e s ,  

with  th e  only e f f e c t  being to remove  th e  low te m p e ra tu re  peaks from 

the desorption sp ec t ru m .

( 6 . 1 . 2 . 2 )  Coverage  D ep en d en ce

The changes  in th e  deso rp t io n  s p e c t r a  as su r face  coverage  was 

var ied  from 10% of s a tu r a t i o n  to  full s u r fa ce  s a tu r a t i o n  a re  summari

sed in f igure  6.9. The p a r t i c u l a r  c a t a l y s t  sample used in th is  se r ies  

of exper im en ts  was found not to  form a d is t inc t  a  peak as descr ibed  

above .  At the  low es t  dose adso rp t ion  was confined to the  most s tab le  

$ s i te s .  S a tu ra t io n  of the  $ s i te s  occur red  a t  a coverage  of
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Figu re  6.9:  The coverage dependence of the carbon dioxide desorption 
spectrum afte r adsorption a t  340 K on zinc oxide.

approx im ate ly  10% of th e  full  s a t u r a t i o n  coverage .  As th e  dose was 

in c re a se d  th e  remain ing  s u r f a c e  s i t e s  were  progress ively  popu la ted  in 

reverse order to their desorption temperature,  analogous to the cover

age  dependen t  behav iour  for w a te r  adsorp t ion  (sec t ion  6.1.1).  No 

b re ak th rough  of CO2 was d e t e c t e d  during adsorp t ion  unt i l  su r face  

s a tu r a t i o n  was a t t a i n e d  in d ic a t in g  a rapid  adsorp t ion  with a low 

activation energy barrier.  No coverage dependence was observed with 

any of the  CO2 peak temperatures.

( 6 . 1 . 3 )  Propene  Adsorpt ion  on Zinc Oxide

( 6 . 1 . 3 . 1 )  Thermal  D eso rp t ion  Spec trum

After  propene  ad so rp t io n  a t  330 K to  s a tu r a t i o n  coverage  the  

desorption spectrum of figure 6.10 was obtained. Propene desorbed in 

a single  peak a t  403 K with  an e s t im a te d  h e a t  of adsorp t ion  of 110
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Figu re  6.10: The propene desorption spectrum after adsorption a t  
330 K to saturation coverage on zinc oxide.

kJ /mol (by Redheads  m e t h o d ^ ^ ’ * ^ ^  again  based on a p reeexponen t ia l  

f a c to r  of 1 0 ^  s " * ^ ^ ) .  Although no o the r  s ign if ican t  desorp t ion  or 

decomposit ion  p ro d u c ts  w e re  observed ,  th e  d e tec t io n  of small quan

t i t i e s  of mass 15 ( in d i c a t iv e  of th e  CH3 f ragm ent)  and w a te r  (propene 

to  w a te r  molecular r a t i o  of approx im ate ly  10: 1) co inc iden t  with the  

p ropene ,  ind ica ted  th e  possib i l i ty  of a minor side r e a c t io n  a cc o m 

panied  by a su r f a ce  r e d u c t io n .  The p resence  of a fu r th e r  high tern- 

perature water peak a t  716 K (coverage 40x10* I-^O/cith) suggested the 

p re sen c e  of w a te r  im pur i t ie s  in th e  in jec ted  propene.  The almost 

complete absence of a high temperature CO2 desorption peak showed that 

surface oxidation did not take place as reported by Davydov et  a l ^  ^

(see  c h a p te r  7). The s a t u r a t e d  p ropene  coverage  of 90x10 molec-
7 17ules /cm ^  was in r e a s o n a b le  a g re em e n t  with the  figure  of 60x10 ^

species/cm^ reported by Davydov e t  a l ^ * ^ .
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( 6 . 1 . 3 . 2 )  Propene and Water Coadsorption

The effect  of propene coadsorption with water was investigated by 

the  s eq u en t ia l  adsorp t ion  of p ropene  and w a te r .  Various p redosed  

hydroxyl surface coverages were used ranging from approximately 10-15% 

of hydroxyl s u r fa ce  s a t u r a t i o n  to  full su r face  s a tu ra t i o n .  Adsorpt ion 

of water to a low hydroxyl coverage such that  only adsorbed hydroxyls 

in to  the  a  s t a t e  (see  s ec t io n  6. 1. 1) did not e f f e c t  the  propene d e s o r 

ption  spec t rum ,  which in d ic a ted  no s i te  com pet i t ion  i .e.  adsorp t ion  

s i te s  were  independen t .  Predos ing  to  a higher hydroxyl coverage  such 

t h a t  adsorp t ion  in to  th e  $ and y  adsorp t ion  s i te s  a lso occur red  r e d u c 

ed the  amount of p ropene  desorbed ,  while p readsorp t ion  of w a te r  to 

full s a tu r a t i o n  c o v e rag e  b e fo re  p ropene  adsorp t ion  re su l ted  in only a 

small  amount o f  p ropene  d e so rp t io n  (approximate ly  5x10 molecules  

/cm2).

( 6 . 1 . 3 . 3 )  Propene and Oxygen Coadsorption

Sequential injections of propene and oxygen were made a t  330 K to 

t e s t  for any ev idence  of ox ida t ion ,  for example ,  as r e p o r t e d  by D avy

dov et  a l ^ * ^  and Nakajima et  a l ^ * ^ .  The resulting propene desorp

tion spectra were found to be the  same as after adsorption of propene- 

only ind ica t ing  t h a t  the  p re s en c e  of  adsorbed oxygen did not r e su l t  in 

any propene  ox ida t ion  to  fo rm t h e  c a r b o n a te / c a r b o x y la t e  complex (as 

would be shown by CC>2 evolution a t  high temperature- see chapter 7). 

Extended oxidation t rea tment of the  catalyst (2 hours a t  458 K follow

ed by 2 hours a t  623 K in 10% C ^ /H e  gas flow) followed by propene  

adsorp t ion  a t  323 K also  fa i led  to  show any evidence  of ox ida t ion ,  as 

did coadsorption of oxygen and propene a t  high temperature (443 K).
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( 6 . 1 . 4 )  Hydrogen Adsorption on Zinc Oxide

( 6 . 1 . 4 . 1 )  Thermal Desorp t ion  Spec t rum

Unlike water and CO2 (sections 6.1.1 and 6.1.2), hydrogen did not 

eas ily  adsorb  onto  th e  s u r f a c e  of ZnO ind ica t ive  of the  e f f e c t i v e  

s t ick ing  c o e f f i c i e n t  for d i s so c ia t iv e  hydrogen adsorp t ion  being low. 

Since the  hydrogen adso rp t ion  s i t e s  on ZnO are  known to  be eas ily  

poisoned by adsorbed  h y d r o x y l s ^ ^ * ^ ^ ,  the  p re sence  of any w a te r  

impur ity  in e i th e r  the  hydrogen or in the  c a r r i e r  flow would have 

r e su l ted  in hydroxyl adso rp t ion ,  and,  th e re f o r e ,  co n t r ib u te d  to the  

e f f e c t i v e  dep le t ion  of s i t e s  a v a i l a b le  for hydrogen adsorp t ion .  The 

r a t e  of adso rp t ion  was so low t h a t  exper im ents ,  where  pulse in jec t ions  

of pure hydrogen were made into the carrier flow, could not detect  any 

subsequent  hydrogen deso rp t ion  dur ing  c a ta ly s t  hea t in g .  However,  by 

use of the  valve  as a f low sw i tch ing  device  it was possible to pass a 

pure  hydrogen flow over  th e  c a t a l y s t  su r face  for s ev e ra l  minutes ,  and 

thereby increase the contact  time of the hydrogen with the ZnO surface 

so that  a detectable quantity of desorption was found during TPD.

The s t e a d y - s t a t e  adsorp t ion  of hydrogen in th is  manner over a 10 

minute period a t  a temperature of 340 K resulted in the formation of a 

single hydrogen desorp t ion  peak  a t  400+8 K (f igure  6.11),  with  an 

effective coverage of approximately 20x 1 0 ^  ^ / c r n ^ .  Based on a pre- 

ex p onen t ia l  f a c to r  of  10 s -1 v ' ,  the  hea t  of adsorp t ion  of this

peak was estimated to be 109 kJ/mol by Redheads me t h o d ^ ’ No 

o ther  hydrogen desorp t ion  peaks  were  d e t e c t e d .  Monitoring of the  

w a te r  s ignal showed t h a t  some w a t e r  desorption from the  a  s i tes  (see  

sec t ion  6.1.1) a lso o c cu r r ed  a t  723 K with an e f f e c t i v e  hydroxyl 

coverage corresponding to approximately 15% population of the a  sites.
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Figure  6 .11: The hydrogen desorption spectrum af ter adsorption a t

340 K on zinc oxide.

A blank experiment showed that  this was not significantly greater than 

the small amount of water desorption due to the water impurity present 

in th e  helium c a r r i e r  gas.  Adsorption of hydrogen in th e  same manner 

but over a 225 minute period resulted in a reduced amount of hydrogen 

a t  397 K and a s ig n i f ic an t ly  l a rg e r  amount of w a te r  desorption such 

th a t  s a tu r a t i o n  of th e  a  s i t e s  was achieved .

Because  of th e  d i f f i c u l ty  in achieving hydrogen adsorp t ion ,  no 

inves t iga t ion  was made of  th e  co v e rag e  dependence  of the  hydrogen 

desorption spec trum .

( 6 . 1 . 4 . 2 )  E f f e c t  o f  an I n c re a s e d  Adsorption Tem pera tu re

Increas ing  the  ad so rp t io n  t e m p e r a t u r e  to  375 K re su l ted  in the  

fo rmation  of a desorp t ion  peak  a t  the  s l ight ly  higher t e m p e r a t u r e  of 

433 K. However,  t h e r e  was no change  in th e  quan t i ty  of e i th e r  the  

hydrogen a s so c ia t e d  with  th is  peak ,  or in th e  amount of high t e m p e r a -



159

tu re  w a te r  de sorp t ion .  A f u r th e r  in c rease  in the  hydrogen adsorp t ion  

t e m p e ra tu re  to  520 K gave no hydrogen desorp t ion  and only the  w a ter  

desorp t ion  peak was formed. The quan t i ty  of w a te r  desorbed  was, 

however ,  s ign i f ican t ly  g r e a t e r  than  a f t e r  a low t e m p e ra tu re  hydrogen 

dose (by a f a c to r  of app rox im a te ly  2.5) sugges t ing  th a t  a t  e lev a te d  

t e m p e r a t u r e ,  hydrogen adsorbed  and r e a c t e d  with the  ZnO su r f a ce  to 

form strongly bound hydroxyl species with lat t ice oxygen that  desorbed 

as w a te r  a t  high t e m p e r a t u r e ,  in a manner previously n o ted  by 

Marshneva e t  a l ^ - ^  i .e .  s u r f a c e  reduc t ion  o ccu r red .  Af te r  this 

r educ t ion  t r e a t m e n t ,  no c h an g e  was observed e i th e r  in the  desorp t ipn  

spectrum for hydrogen a f te r  low temperature adsorption, or in the TPD 

behaviour of both water and CC^.

( 6 . 2 )  Adsorption on Potassium  Promoted Zinc Oxide

( 6 . 2 . 1 )  Water Adsorption on Promoted Zinc Oxide

( 6 . 2 . 1 . 1 )  Thermal D esorption Spectrum

The p re sen ce  of th e  po tass ium  promoters  a t  al l  t h r e e  loadings 

in v e s t ig a te d  was found to  have  a s ign if ican t  e f f e c t  on th e  w a te r  

desorp t ion  s p e c t r a .  The d e so rp t io n  s p e c t r a  ob ta ined  from the  th re e  

promoted catalysts (0.042 wt%, 0.085 wt% and 0.20 wt% K loading respe

c t iv e ly )  a f t e r  a s a tu r a t i o n  dose o f  w a te r  a t  340 K a r e  shown in figure 

6.12.
In th e  high t e m p e r a t u r e  reg ion ,  a  hydroxyl desorp t ion  in th e  750 

K peak was selectively reduced as potassium loading increased. At the

0.042 wt% K loading,  where  t h e r e  appea red  to  be  s t i l l  a s ign if ican t  

number of a  sites remaining, the a  peak was reduced in temperature to
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Figure  6-12: The e ffec t  of potassium loading on the water desorption 
spectrum after adsorption at  340 K on promoted zinc oxide.

(a)= 0.20 wt% K; (b)= 0.085 wt% K; (c)= 0.042 wt% K; (d)= unpromoted.

725 K ind ica t iv e  of a de s tab i l i s in g  e f f e c t  caused by th e  p re sen ce  of 

the alkali. For the higher 0.085 wt% K loading the a  peak was comple

te ly  absen t  from th e  sp ec t ru m ,  and as the  loading was inc reased  fu r 

th e r  to  0.20 wt% K, th e  3 peak normally underly ing the  a  desorp tion  

peak  was also diminished in s ize .

In th e  low t e m p e r a t u r e  reg ion  the  potass ium promotion caused  an 

increase in the amount of water desorption with peaks formed at  388 K 

and 533-541 K. The low desorp t ion  t e m p e ra t u re  of th e  f i r s t  peak 

in d ic a ted  th a t  i t  was p robab ly  due to  molecular ly  r a th e r  than  d is soc-  

ia t ive ly  adsorbed  w a te r ,  p a r t i c u l a r ly  s ince  adsorp t ion  of a tmospher ic  

w a te r  in to  th is  s t a t e  a p p e a re d  to  con t inue  during s to rag e  of p r e t r e a t 

ed c a t a l y s t s  as shown by a s ig n i f ic an t  in c rease  in the  size  o f  the 

peak  a t  388 K. This r e s u l t  a lso  ind ica ted  th a t  s a tu r a t i o n  of this
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sta te  was not achieved in the  TPD experiments. The coverage associat

ed with both  peaks  in c re a s e d  with  potass ium loading with the  l a r g e s t  

peaks produced for the 0.20 wt% K loading.

The total  amount of water desorbed, after a fixed exposure at  340 

K (by in jec t ion  of w a t e r / H e )  was found to reduce  with inc reas ing  

potass ium loading  as shown in f igure  6.13. This ap p ea red  to be a 

consequence  of th e  r e d u c t io n  a s s o c ia t e d  with the  a  and underly ing 3 

hydroxyl desorp t ion  peaks ,  w i th  th is  dec rea se  not being m atched  by an 

increased amount of desorption in the lower temperature region.

( 6 . 2 . 1 . 2 )  Coverage Dependence

The coverage dependence for the water desorption spectra from the

0. 085 wt% and 0.20 wt% K promoted catalysts are shown by figures 6.14 

to  6.15. Coverages  were  va r ied  from approx imate ly  10% of s a tu r a t i o n  

up to  full s u r fa ce  s a t u r a t i o n .  Both c a t a ly s t s  were  found to behave  in 

a manner that  was analogous to the behaviour shown by unpromoted ZnO

1. e a t  low co v e rag e  only t h e  most s tab le  su r face  s i te s  were  popu la ted .  

As desc r ibed  above,  th e  e f f e c t  o f  potass ium promotion was to remove 

the  a  s i te s  from both  deso rp t io n  s p e c t r a .  As th e  potass ium level was 

fu r th e r  inc reased  to  0.20 wt% K, a reduc t ion  was a lso a p p a r en t  in the  

3 peak. The 3 peak t e m p e r a t u r e  for both c a t a ly s t s  appea red  to d e 

c re a s e  with  inc reas ing  w a te r  c o v e r a g e ,  ind ica t ive  of  a dec rea se  in the  

h e a t  of adsorp t ion .
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Figure  6 .13: Plot  of th e  e f f e c t  o f  potass ium loading on the  s a tu r a t i o n  
water surface coverage after adsorption a t  3^0 K 

on promoted zinc oxide.
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Figure  6.14: The coverage dependence of the water desorption spectrum 
after adsorption a t  340 K on 0.085 wt% potassium promoted zinc oxide.

F igure  6.15: The coverage dependence of the water desorption 
spectrum after adsorption a t  340 K on 0.20 wt% potassium

promoted zinc oxide.
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( 6 . 2 . 2 )  Carbon D ioxide Adsorption on Promoted Zinc Oxide

( 6 . 2 . 2 . 1 )  Thermal D esorption Spectrum

The influence of potassium loading on the CO2 thermal desorption 

sp ec t rum  is shown in f igure  6.16.  The potass ium promotion was found 

to  cause  two main e f f e c t s : -  in c re a se d  desorp t ion  a t  high te m p e ra tu re ,  

and decreased desorption in the low temperature region. The coverages 

a s so c ia t e d  with  a ll  t h r e e  low t e m p e r a t u r e  peaks (y, <S and e) were 

p rogress ive ly  red u ced  as a lka l i  loading was in c reased .  At the  0.042 

wt% K loading the larger reductions were in the y and e states,  with a 

smal ler d e c r e a se  in the  6 peak .  The overa ll  co v e rag e  in the  low 

temperature region was in the order of 300x10 molecules/cm , al tho

ugh an a c c u r a t e  d e te rm in a t io n  was not possible due to desorp tion  

co n t r ib u t io n s  from th e  h igher  t e m p e r a t u r e  s t a t e s  and a ris ing base line  

(see  be low).  To ta l  c o v e rag e  a t  th is  loading was approximate ly  

500x10 molecules/cm . Increasing the potassium levels to 0.085 wt% 

and 0.20 wt% further reduced the coverage in the y and e peaks but the 

main change occurred with the 6 peak which, a t  the higher loading, was 

no longer p re s e n t  in the  d e so rp t io n  spec trum.  At 0.20 wt% K the 

cove rage  a s s o c i a t e d  with t h e  low te m p e ra tu re  peaks  had red u ced  to 

1 6 0 x 1 0 ^  m olecu les /cm ^ ,  with the  t o t a l  cove rage  being 3 0 0 x 1 0 ^  

CC^/cm . At this loading the e peak temperature had increased to 415 

K, and th e  y peak  d e c r e a s e d  to 520 K. Although t h e  3 peak was st il l 

a p p a r e n t  a t  t h e  0.042 wt% K p rom ote r  level ,  it  was removed from the 

spectra of the  two higher potassium loadings. The a  state was enhanc

ed by the alkali promotion although the peak temperature decreased to 

644 K a t  the 0.20 wt% loading.
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Figure  6.16: The effec t  of potassium loading on the carbon dioxide 
desorption spectrum afte r adsorption a t  340 K on promoted zinc oxide. 

(a)=unpromoted; (b)=0.042 wt% K; (c)=0.085 wt% K; (d)=0.20 wt% K.

The poorly resolved s ta te  a t  720 K on the unpromoted ZnO became 

very  prominant on th e  0.042 wt% and 0.085 wt% K c a ta ly s t s ,  wi th  an 

approximate coverage of 22x10 molecules/cm . Its peak temperature,  

initially a t  726 K on the 0.042 wt% K catalyst,  increased to 763 K for 

th e  0.085 wt% loading . In c reas ing  th e  a lkali  loading to 0.20 wt% K 

re s u l t ed  in a s ign i f ic an t  r e d u c t io n  in th is  peak and a s l ight r e d u c 

tion in peak t e m p e r a t u r e  to  755 K. At all  potass ium loadings th e  CC>2 

base l ine  signal was found to  in c re a s e  a t  higher  t e m p e ra tu re  which 

ind ica ted  th a t  more s tab l e  ad so rp t io n  s t a t e s  may have remained  on the  

catalyst  surface a t  the experimental maximum of 800 K. On unpromoted 

ZnO a similar r i se  was not found with  the  base line  remaining level .
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( 6 . 2 . 2 . 2 )  C overage D ependence

The coverage  d ep endence  of th e  CO2 desorp t ion  sp ec t ra  o b ta ined  

from the  p romoted  c a t a l y s t s  a re  shown in figures  6.17 to 6.19. A l th 

ough th e  peaks  of the  d e so rp t io n  s p ec t r a  ob ta ined  were  s ign i f ican t ly  

d i f f e r e n t  to those  o b ta in e d  for th e  unpromoted  ZnO, similar t r e n d s  

were observed in the coverage dependent behaviour. In common with the 

unpromoted  ZnO, the  h ighes t  t e m p e r a t u r e  s i te s  were  popula ted  f i r s t ,  

with  popula t ion  of th e  lower t e m p e r a t u r e  peaks  only occur r ing  a t  high 

coverage.

( 6 . 3 )  Carbon D ioxide and Hydrogen Coadsorption  
on Unpromoted and Promoted Zinc Oxide

( 6 . 3 . 1 )  Unpromoted Zinc O xide

The coadsorption of CO2 and hydrogen on ZnO has been reported by 

Bowker e t  a l ^ ^  to  lead  to  t h e  fo rmation of an  adsorbed fo rm a te  

spec ies ,  which decomposes  on h e a t in g  to  evolve CO2, CO and hydrogen 

(25-27)^ Exper im ents  w e re  c a r r i e d  out where  CO2 and hydrogen were  

sequen t ia l ly  adsorbed  on to  unprom oted  and potass ium promoted zinc  

oxide a t  temperatures ranging from 325 K to 475 K to determine if  the 

presence of the potassium promoter affected the formation of formate.

Af te r  low t e m p e r a t u r e  (325 K) s eq uen t ia l  adsorp tion  of  CO 2, 

followed by hydrogen onto unpromoted ZnO, the resulting CO2 desorption 

peak pro f i le  was found to  be t h e  same as previously  ob ta ined  a f t e r  

CC^-only  adsorp t ion  ( s ec t io n  6 .1 .2 ) .  No hydrogen desorption was ob

served .  Inc reas ing  th e  a d so r p t io n  t e m p e ra tu re  to  427 K and 475 K 

re su l ted  in th e  fo rm at ion  of a progress ively  la rger  CO2 desorp t ion  

peak a t  602 K, a t  a similar t e m p e r a t u r e  to  CO2 evolution previous ly



5
167

<0
1a

--------------------------------1-------------------------------- 1-------------------------------- 1--------------------------------1------------------------------ ,—
300 400 500 600 700 600

TEMPERATURE GO

Figure  6.17: The coverage dependence of the carbon dioxide desorption 
spectrum af te r  adsorption a t  340 K on 0.042 wt% potassium promoted

z inc  oxide.

F igure  6.18: The coverage dependence of the carbon dioxide desorption 
spectrum af te r  adsorption a t  340 K on 0.085 wt% potassium promoted

z inc  oxide.
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Figure  6.19: The coverage dependence of the carbon dioxide thermal 
desorption spectrum after adsorption at  340 K on 0.20 wt% potassium

promoted zinc oxide.

a t t r i b u t e d  to  fo rm ate  decom pos i t ion  on This peak  would

t h e r e f o r e  a lso  appea r  to  be due to  decomposit ion of a fo rm ate  s u r face  

spec ies .  Hydrogen was a lso  evo lved  co inc iden t  with this  CO2 peak, 

along with a small quantity of water.  No CO desorption (not account

able in the CO2 cracking pattern)  was detected a t  this temperature.

A strong temperature dependence to the formate synthesis reaction 

was in d ic a ted  by the  v a r i a t io n  in th e  coverage  of th e  602 K CO2 and 

hydrogen peaks (see  figure  6 .20) .  The coverages ,  given in t a b le  6.5, 

showed the C0 2 :hydrogen to be approximately 3:1, compared to the  2:1 

ratio predicted by the formate stoichiometry (HCOO(a )). The presence 

of a small  q u a n t i ty  of  w a te r  a f t e r  adsorp t ion  a t  475 K, co inc iden t  

with  CC>2» and a f u r th e r  c o v e r a g e  of approx imate ly  55x10 ^ O / c m  

a s s o c i a t e d  w i t h  d e s o r p t i o n  a t  h igh  t e m p e r a t u r e ,  i n d i c a t e d  t h e
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Table  6.5:  Surface coverages associated with formate decomposition 
at 602 K af te r  CO2 and hydrogen coadsorption on zinc oxide.

coadsorption
temperature

(K )

surface

c o 2

19coverage (10 

hydrogen

molecules/crrr)

water

325 0 0 0

430 37 11 0

475 63 21 2

possib il i ty  of hydrogen desorb ing  as w a te r  a f t e r  recombina t ion  with

adsorbed  hydroxyls  p re sen t  on t h e  s u r face  due to  impurit ies  in jec ted

with  the  a d s o r b a t e  gases .  This t e m p e r a t u r e  dependence  in fo rm ate

synthesis was consistent with previous observations reported by Bowker

e t  a lv ' . The maximum formate coverage of 63x10 cm was greater 

1 7than  th e  30x10 found by Bowker e t  al  a f t e r  coadsorp t ion  on ICI low 

surface area ZnO.

( 6 . 3 . 2 )  P rom oted  Zinc Oxide

Corresponding CO2 and hydrogen  coadsorp t ion  exper im en ts  were 

carried out on potassium promoted ZnO (0.085 wt% K loading) to invest

ig a te  the  e f f e c t  o f  po tass ium promot ion  on fo rm ate  synthes is .  The 

adsorp t ions  were  c a r r i e d  out a t  t e m p e r a t u r e s  of 326 K, 423 K and 475

K. The CO2 deso rp t ion  p ro f i les  o b ta ined ,  shown in figure  6.21, ind ic 

ated no evidence of formate decomposition, since the profiles were the 

same as previous ly  o b ta ined  a f t e r  C C^-on ly  adsorp t ion  on th e  same

0.085 wt% K promoted catalyst  (section 6.2.2).
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Figure  6 .20: The carbon dioxide and hydrogen desorption spectra 
obtained af te r  carbon dioxide and hydrogen coadsorption on zinc oxide 

a t  various temperatures.  (a)= 325 K; (b)= 430 K; (c)= 475 K.

Figure  6 .21: The carbon dioxide desorption spectra obtained after 
carbon dioxide and hydrogen coadsorption on 0.085 wt% K promoted zinc 

oxide a t  various temperatures.  (a)= 325 K; (b)= 430 K; (c)= 475 K.
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( 6 . 4 )  D i s c u s s i o n  o f  R e s u l t s

( 6 . 4 . 1 )  Unpromoted Zinc Oxide

The presence of several peaks in the water desorption showed that 

t h e re  were  a number of adsorp t ion  s i te s ,  with d i f f e r e n t  h e a t s  of 

adsorp t ion ,  p re sen t  on th e  ZnO su r face .  This resu l t  was co n s i s ten t  

with  the  r e su l t s  r e p o r t e d  by previous  IR spec t ro scop ic  s t u d i e s ^ ^  

° ’ '  t h a t  have  id e n t i f i e d  sev e ra l  d i f f e r e n t  forms of adsorbed

hydroxyls,  and with proposed  adso rp t ion  models t h a t  p re d ic t  g r e a t e r  

than  one possible  form of  hydroxyl su r face  coo rd ina t ion  on Z n O ^ ^ .  

Of p a r t i c u l a r  i n t e r e s t  in t h e  de sorp t ion  spec t rum  was the  the rm al ly  

s tab le  a  peak a t  743 K. A r e c e n t  TPD study by Rober ts  and Grif f in

has r e p o r t e d  the  fo rm at ion  o f  a similar high t e m p e ra tu re  w a te r  

desorp t ion  peak  from ZnO, and ass igned  th is  to  hydroxyl adsorp t ion  on 

Type I hydrogen a d so rp t io n  s i t e s  a s so c ia ted  with the  polar su r face s  

(40,41) (this  is d iscussed  fu r th e r  below).  A similar w a te r  d e so r p 

tion peak a t  753-803 K has also been observed by Ahkter et  a l ^ ^  from 

the  Zn polar single  c r y s t a l  s u r f a c e .  Using IR spec t roscopy ,  A ther ton  

e t  a l ^ ^  have a lso p laced  the  most s tab le  adsorbed  hydroxyls on the  

Zn polar su r fa ce ,  while t h e  adso rp t ion  model of Tsyganenko e t  a l ^ ^  

p re d ic t s  a t r i p l e  c o o rd in a t io n  o f  the  hydroxyl oxygen to  Zn pola r  

su r fa ce  ca t ions  t h a t  r e s u l t s  in a s t ronger  bonding mode than is a s s o 

c i a t e d  with th e  n o n -po la r  s u r f a c e  (see  figure  6.22 and below).

The c o v e rag e  d ep en d en ce  of  th e  w a te r  sp ec t rum  es tab l i shed  th a t  

s a tu r a t i o n  of th e  a  s i te s  o c c u r r e d  a t  an e f f e c t i v e  coverage  of 1.5+

0 . 2 x 1 0 ^  w a te r  m olecu le s /cm ^ .  If a 10.5 hydroxyl c ro s s - s e c t io n a l  

a r e a  is a s s u m e d ^ ^ ,  th is  co r re sponds  to a su r face  coverage  eq u iva len t  

to  16% of th e  t o t a l  av a i l ab le  c a t a l y s t  su r face  a r e a .  This is in good
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Figu re  6.22: Hydroxyl bonding modes on the surface of zinc oxide.
From reference (139).

a g re em e n t  with th e  f r a c t i o n  of Zn polar su r face  e s t im a te d  a t  15-20% 

(see  sec t ion  5 .2 .2) .  Accord ingly ,  th e  a  hydroxyls s i te s  a r e  ass igned 

to  be lo c a ted  on th e  Zn (0001) pola r c ry s ta l  su r face .  The propene 

desorp t ion  re su l t s  a lso  support  th is  ass ignment since  an independence  

was found b e tw ee n  th e  a  hydroxyl adsorp t ion  s i tes  and th e  su r face  

s i te s  for p ropene  ad so rp t io n  on th e  non-po la r  su r face  (see below).

The heat of adsorption of 155+10 kj/mol determined for the a  peak 

was in good agreement with Roberts and G r i f f i n ^ ^ .  The similarity of 

th is  value to  e s t i m a te s  of  th e  energy  requ ired  for red u c t io n  of the  

ZnO l a t t i c e ^ * ^  f u r th e r  shows th e  hydroxyl oxygen to  gain a s tab i l i ty  

approach ing  th a t  o f  l a t t i c e  oxygen. This is cons i s ten t  with the  

bonding model of Tsyganenko e t  a l ^ ^  which p red ic t s  t e t r a h e d r a l  

coo rd ina t ion  of th e  hydroxyl oxygen to  the  Zn polar su r face  a toms so 

to be positioned in the space between surface Zn atoms and to form an
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e f f e c t i v e  ex tens ion  of  th e  bulk s t r u c t u r e  (f igure  6.22).  The sl ight 

in c rease  in the  peak  t e m p e r a t u r e  as the  a  s i tes  were  popula ted  in d i 

c a t e s  an in c rease  in ad so rp t io n  energy ,  possibly a s so c ia ted  with  a 

s tab i l i s a t io n  of th e  Zn pola r s u r f a c e  s t r u c tu r e  as it  became more 

com ple te ly  co vered  by hydroxyls .  It also showed th a t  repuls ive  i n t e r 

actions between adsorbed hydroxyls were not significant.

The remain ing  hydroxyl a d so rp t io n  s i tes ,  corresponding  to  the  

observed  $,  y, 6 and e d e so rp t io n  peaks ,  a re  a s so c ia ted  with  the 

remain ing  c r y s t a l  su r fa ce s  i .e .  th e  non-po la r  and O polar su r faces  

since the to ta l  coverage in these peaks (3.4+0.6x10*^ l-^O/cm^) was too 

high for them  to  also be l o c a t e d  on the  Zn polar su r fa ce .  However ,  

adso rp t ion  onto  t h e  O -p o la r  f a c e  would have been l imited due to  the 

strong steric hindrance e ffects  of the  outward layer of surface oxygen 

a toms shie ld ing th e  s u b - s u r f a c e  Zn atoms, and to  the  repuls ive  e f f e c t s  

of the  su r f a ce  oxygen and hydroxyl  dipole moments^**** \  Hydroxyl 

adsorp t ion  on th is  plane is l ike ly  to  be conf ined  to  d e f e c t  si tes 

only,  such as those  p roduced  by s u r fa ce  oxygen vacanc ies  formed to 

m a in ta in  su r f a c e  c h a r g e  n e u t r a l i t y .  Since d e fe c t s  produced in this 

manner  will occupy 25% of  the  O pola r su r face  (or the  order of 5% of 

the  t o t a l  c a t a l y s t  su r f a c e  a r e a ) ,  as a f i r s t  approximat ion  i t  c an  be 

assumed t h a t  th e  remain ing  hydroxyls  a r e  adsorbed  on the  non-polar  

s u r fa ce ,  with  neglig ib le  c o n t r ib u t io n  to  the  desorp t ion  spec t rum  from 

th e  O polar s u r f a ce .

On th is  su r f a c e ,  each  adsorb ing  w a te r  molecule  will p roduce  the 

equivalent of two surface hydroxyl species (due to the coplanar s truc

tu re  of th e  Zn-O p a i r s ^ ^ ,Ẑ ) ,  so the  re su l t ing  coverage  of 6. 8+

1.2x10*^ hydroxyls /cm ^ will occupy  74+13% of the  t o t a l  avail ab le



c a t a l y s t  s u r face  a r e a .  This r e su l t  is in good ag reem en t  with th e  60- 

70% f r ac t io n  of a c t u a l  a v a i l ab le  non-po la r  su r face  and shows th a t  full 

saturation of non-polar surface was reached.

The desorption spectrum did not resolve the apparent contribution 

from any hydroxyls  adso rbed  on d e f e c t  s i tes  on the  O polar su r face .  

However,  if l imited  adso rp t io n  did occur a s so c ia ted  with  th e se  s i te s ,  

then  i t  is l ikely t h a t  the  s t r e n g th  of adsorp t ion  would be similar to 

t h a t  of hydroxyls  on th e  Zn pola r  s u r face  (as sugges ted  by th e  re su l t s  

of Atherton e t  a l ^ ^ ) ,  so the resulting desorption peak may have been 

' l o s t '  in the  l a rg e r  a  peak .

The p re sen c e  of th e  t h r e e  broad  peaks,  ass igned to  desorption 

from the  n on -po la r  s u r f a c e ,  is c o n s i s t e n t  with the  Tsyganenko model 

where  more th an  one hydroxyl bonding mode (and hence  adsorpt ion  

s t r e n g th )  is p r e d i c t e d  to  form on this su r face  ( f igure  6.22).  In 

add i t ion ,  the  b ro ad e r  n a t u r e  of t h e s e  desorp tion  peaks c o r r e l a t e d  with 

th e  o c c u r r e n c e  of more  e x te n s iv e  in te rhydroxyl  hydrogen bonding, as 

p re d ic t e d  by Morishige e t  a l ^ ^  and  A ther ton  e t  a l ^ ^ .  These  i n t e r 

ac t io n s  could be e x p e c t e d  to  i n c re a s e  the  range  of desorp t ion  e n e r 

gies,  hence  inc reas ing  th e  deso rp t io n  peak width.

Roberts and G r i f f in ^ ' 7̂  have recently assigned the a  peak to be 

due to  hydroxyl adso rp t ion  on Type I hydrogen s i te s ,  while the  Type I 

s i te s  have  e a r l i e r  been  a s s o c i a t e d  with ion vacanc ies  formed by polar 

s u r fa ce  r e c o n s t r u c t i o n ^ ® , ^ , ^ ^ .  Such a s i te  com pet i t ion  e f f e c t  

b e tw ee n  adsorbed  hydroxyls  and Type I hydrogen was ev idenced  in the 

p re sen t  re su l t s  by th e  lack  of f a s t  hydrogen adsorp t ion ,  c h a r a c t e r i s 

t i c  of the  Type I m o d e ^ ^ .  However ,  the  high hydroxyl coverage  

ob ta ined  for th e  a  peak d e m o n s t r a t e s  c lea r ly  t h a t  adsorp t ion  is not
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l imi ted  to  su r f a c e  d e f e c t  s i te s  only,  but th a t  it involves the  e x t e n 

sive bonding of  hydroxyls  onto  th e  c a t io n  layer o f  the  Zn polar s u r 

f a c e  un t i l  an ove ra l l  o n e - t o - o n e  re la t ionsh ip  is ach ieved  a t  s a t u r a t 

ion.  Since it has been  r e p o r t e d  t h a t  adsorp t ion  of w a te r  on p e r f e c t  

single  c ry s ta l  ZnO su r f a c e s ,  in t h e  absence  of vacancy d e fe c t s ,  gives 

only nond issoc ia t ive  m olecu lar  a d s o r p t i o n ^  ^ ) ,  the  possib i l i ty  is 

r a i sed  of t h e  v acancy  d e f e c t s  a c t in g  as spec i f ic  s i te s  for w a te r  

d i s soc ia t ion ,  and from which, s u r face  migra t ion  of hydroxyls onto  

ne ighbouring  c a t io n s  t a k e s  p la ce .

The CC>2 desorption spectra also demonstrate the existence of well 

de f ined  s i te s  for CC>2 ad so rp t io n  on th e  s u r face  of ZnO. The re su l t s  

show th e se  s i te s  to  be i n d e p en d e n t  of th e  a  hydroxyl adsorp t ion  s i te s  

on th e  Zn polar s u r f a c e  s ince  t h e  CO2 desorp t ion  spec t rum  was not 

a f f e c t e d  (with  th e  possible  e x c e p t io n  of th e  a  CO2 peak)  by th e  p r e s 

ence of adsorbed a  hydroxyls. Therefore the main CO2 adsorption sites 

a r e  ass igned  to  th e  n o n -p o la r  (1 0 1 0 )  s u r fa ce  of the  ZnO. This a s s ig n 

ment  is c o n s i s te n t  with  th e  r e s u l t s  of o the r  CO2 adsorpt ion  and TPD 

studies in the l i te ra tu re : -  Runge and G o p e l ^ ^  in a comparison of the 

p r o p e r t i e s  of (1010)  s ingle  c r y s t a l  and po lycrys ta l l ine  ZnO su r f a c e s  

concluded the properties of CO2 adsorption are  determined by the non

pola r  s u r f a ce ,  while a n o th e r  TPD study by Cheng and K u n g ^ ^  also 

o b ta in ed  similar CO2 peaks  from th e  non-po la r  su r face .  Saussey e t  

a l ^ ^  id en t i f i ed  th e  invo lvem en t  of Zn^+0 ^ “ ion pairs  by IR s p e c 

t ro sco p y  and, using th e  same t e c h n iq u e ,  A the r ton  e t  a l ^ ^  found th e  

CO2 IR spectroscopic bands to be unperturbed by the presence of stable 

hydroxyl  spec ies  ( i .e .  th o se  on the  po la r  adsorp t ion  s i t e s ) ;  bo th  

th e se  r e su l t s  a re  c o n s i s t e n t  w i th  adsorp t ion  onto the  non -po la r  s u r 
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face .  The CO2 d eso rp t ion  s p e c t r a  obta ined  in the  p re sen t  study a r e  

similar to those reported by Runge et  al, with the 3, Y and 6 peaks of 

the  p re sen t  s tudy id e n t i f i a b le  in th e  spec t rum from Runge 's  po ly 

c ry s ta l l in e  ZnO (a l though b e c a u s e  the  spec t rum  of Runge e t  al was 

ob ta ined  dur ing con t inuous  CO2 flow, th e  y  peak was more p rom inen t) .  

The peaks  t e m p e r a t u r e s  a lso  c o r re sp o n d  to  the  CO2 desorp t ion  peaks  

observed  by Cheng and Kung^®^ from non-po la r  ZnO c ry s t a l  su r fa ce s .  

These workers also identified a further high temperature peak from the 

Zn polar s u r f a c e  t h a t  appea rs  to  correspond  with th e  a  peak  observed .  

The a  s i te s  found in th e  p r e s e n t  s tudy could then  correspond  to  a 

l imited  adso rp t ion  on th e  Zn po la r  su r face ;  th is  will be d iscussed  

fu r th e r  in s ec t io n  6.4.2.

The CO2 saturation coverage of 400x10 molecules/cm , equivalent 

to  1 8 .5 x l 0 10 m o lecu le s /g ram  of c a t a l y s t ,  which when compared  to  th e  

approximate 17-20x10 available non-polar ion pair sites/gram (assum

ing 60-70% f r a c t io n  n o n -p o la r )  shows, to  a f i r s t  approx imat ion  (and 

including th e  l imi ted  q u a n t i ty  o f  a  s i t e s ) ,  t h a t  s u f f i c i e n t  pair  s i tes  

a re  ava i l ab le ,  with in  th e  e x p e r im e n t a l  e r ro r  l imits ,  for th e  non-po la r  

su r fa ce  to  adsorb  th e  d e t e c t e d  q u a n t i t y  of CO2 with  full s a tu r a t i o n  of

the  (1010)  s u r f a c e  being a c h ie v e d .  Although i t  has been sugges ted  by 

(52)Saussey e t  a l v '  t h a t  the  CO2 adsorp t ion  s i te s  might be a sso c ia ted  

with edges ,  s tep s  and  v acan c ie s  t h a t  exposed more r e a c t i v e  Zn ions, 

th is  c o v e rag e  is too  high for t h e  adsorp t ion  s i te s  to  be l imited  to 

defect  features and implies, as with water adsorption, tha t  CO2 adsor

ption is a s s o c i a t e d  with  th e  e x t e n s iv e  nonde fec t ive  su r f a c e  s t r u c tu r e .

The form of  th e  adsorbed  CO2 is not ap p a ren t  d i re c t ly  from th e  

desorption results themselves. The adsorption dependence on the non

polar surface implies a dependence on Zn-O pair sites for CO2 adsorp-
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tion. Carbonates have been identified by IR measurements on adsorbed

CC>2V * and imply the involvement of latt ice oxygen as proposed in the 

bonding models o f  Gopel e t  a l ^ ^ .  Runge and Gopel found the  peak 

he igh t  ra t io s  of th e  3 and  y p eaks  to  be st rongly  dependent  on the  

surface oxygen vacancy concentration and proposed the 3 peak to be due 

to strong adsorption of CO2 molecules on surface vacancy sites to form 

"ZnCO^" surface complexes, and the  y state  to be due to "C o l""  complex 

formation. In the  present study, saturation of the 3 peak occurred at  

a coverage of approximately 10% of saturation,  equivalent to 8% of the 

(1010)  s u r fa ce  a r e a .  This f igu re  is in good ag reem en t  with the  10% 

n o n-po la r  s u r f a c e  d e f e c t  c o n c e n t r a t i o n  de te rm ined  by Runge and 

Gopel<82>.

It  is i n t e r e s t i n g  to  no te  t h a t  Cheng and K u n g ^ ^  also observed 

e f f e c t s  on th e  CO2 s p e c t r a  t h a t  w e re  r e l a t e d  to  the  t ime b e tw ee n  the  

last high temperature heating and CO2 exposure, in a manner similar to 

t h a t  found for ZnO in th e  p r e s e n t  study. Cheng and Kung sugges ted  

this to be due to the presence of background water on the ZnO surface, 

a l though  th is  seems unlikely ,  s in ce  th e  e f f e c t  was observed to occur 

a t  r e l a t iv e ly  low hydroxyl c o v e r a g e s .  The re su l t s  found th a t  this 

e ffec t  appeared not to be dependent on the time between when the CO2 

was adsorbed  on th e  s u r f a c e  and th e  c a t a ly s t  h e a te d ,  but on th e  t ime 

period only, independent of a t  what stage the CO2 adsorption occurred. 

It would then  seem t h a t  i t  may be  r e l a t e d  to  a t ime dependen t  change  

of th e  a c tu a l  ZnO s u r f a c e  r a t h e r  th an  a s tab i l i sa t ion  of th e  adsorbed 

CO2 i t s e l f .

The results of water and propene coadsorption also clearly estab

lish an independence  b e tw ee n  t h e  propene  adsorp t ion  s i te s ,  and th e  a
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w a te r  s i te s  lo c a t ed  on th e  Zn polar su r fa ce .  On th is  basis  it 

appears that  propene is adsorbed only on the non-polar surface of ZnO. 

This ass ignment  is c o n s i s t e n t  wi th  th e  work of Dent e t  a l ^ * ^  th a t  

showed Zn-O ion pair  s i t e s  to  be  requ i red  for the  d issoc ia t ive  a d so r p 

tion of propene  to  form t h e  tt—ally 1 spec ies  and a sso c ia ted  su r face  

hydroxyl. The saturation coverage of 90x10^  molecules/cm^ correspon

ded to  app rox im a te ly  25% s a t u r a t i o n  of th e  ion pair  s i tes  a v a i l ab le  on 

th e  n o n -po la r  s u r f a ce ,  a l th o u g h  s ince  some desorp t ion  of propene 

o c cu r r ed  a t  th e  340 K a d so r p t io n  t e m p e ra tu re s ,  a higher popula tion  

closer to surface saturation may have been obtained if a lower adsorp

tion t e m p e r a t u r e  was used. The figure  of 25% s a tu ra t io n  is, however ,  

in good agreement with the 30% coverage reported by Dent e t  a l ^ ^ \  

These  workers  conc luded  t h a t  t h e  s i te s  for tt- ally 1 format ion may be 

a s s o c ia t e d  with c r y s ta l  ed g es  or edge  type  su r fa ce  d e fe c t s .

The lack of ev idence  for any  s ign if ican t  oxidation of the  a d s o r 

bed propene  in t e r m e d ia te  is c o n t r a r y  to th e  findings of Davydov e t  

aiO 18). However, since Nakajima e t  a l ^ ^ ^  have shown that  adsorbed 

propene  does not appear  to  i n t e r a c t  with  the  l a t t i c e  oxygen of ZnO in 

the  a b sen ce  of gaseous oxygen,  th is  resu l t  may have been due to  an 

absence of gaseous oxygen in the  helium carrier gas.

The slow adsorp t ion  p ro c e ss  observed for hydrogen on ZnO is 

c o n s i s t e n t  with  adso rp t io n  in to  th e  Type II s i tes  d e s igna ted  by 

various  w o r k e r s ^ ® , ^ , ^ , ^ ) .  The  Type I hydrogen adsorp t ion  s i te s ,  

c h a r a c t e r i s e d  by rap id  hydrogen a d so r p t io n ^ ® ) ,  were  absen t  from the  

hydrogen desorp t ion  s p e c t r a ,  sugges t ing  the  small  coverage  of s u r fa ce  

hydroxyls ,  due to  background  w a t e r  adsorp t ion  onto  the  ZnO su r fa ce ,  

was s u f f i c i e n t  to  poison th e  Type I s i te s  for hydrogen adsorp t ion  (as
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noted above). The observed hydrogen desorption from the Type II sites 

must  then  be due to  adso rp t ion  on th e  non-po la r  su r face ,  c o n s i s ten t  

with  the  models of Fubini e t  a l ^ ^  and Ghio tt i  e t  a l ^ * ^  t h a t  have 

p laced  the  Type II s i t e s  on th is  s u r face .

( 6 . 4 . 2 )  Potassium  Promoted Zinc Oxide

Single c r y s t a l  s tud ie s  have  shown potass ium ions to  be more 

s t rong ly  held on th e  polar s u r f a c e s  of ZnO than  th e  n o n - p o l a r ^

In p a r t i c u l a r ,  th e  ions a re  very s t rong ly  bound to  the  O polar s u r f a c e  

where  impurity  s t ab i l i s a t io n  e f f e c t s  lead  to  a one th i rd  monolayer  

c o v e rag e  req u i red  for c h a r g e  s t a b i l i s a t i o n ^ * ^  (see  a lso Appendix 4 

and c h a p te r  8 ). On th e  basis o f  th e se  re su l t s  from single c ry s t a l  

surfaces, the potassium promoter might be expected to be preferential 

ly,  and  more s t rong ly ,  a d so rb ed  on th e  polar su r faces  of the  p o ly 

c ry s ta l l in e  ZnO s tud ied .

If the  dens i ty  o f  a v a i l ab le  ion s i te s  on the  Zn polar s u r f a c e  is 

assumed to  be 1. 1x 10^  i o n s / c m ^ ^ ^ ,  and the  e f f e c t i v e  densi ty  of the  

co rrespond ing  adso rp t io n  s i t e s  on th e  O polar face  is one th i rd  this 

f igure  (s ince only a 1/3 m onolayer  is requ i red  for charge  s t a b i l 

i sa t ion  on th is  surface^****)), t h e n  approx imate ly  ( 1 0 - 1 4 ) x l 0 ^  polar 

adsorption sites would have been present per gram of ZnO (assuming the 

f r a c t io n  of polar s u r fa ce  is 30-40%).  S a tu ra t ion  of th e se  s i te s  will 

r eq u i re  th e  add i t ion  of  0 .12-0 .16  wt% K2CO3, if  i t  is assumed t h a t  all 

t h e  po tass ium is l o c a t ed  on the  po la r  s i tes .  The a c tu a l  w a te r  d e so r p 

tion s p e c t r a  o b ta ined  from the  0.15 wt% K2CO3 loading (0.085 wt% K) 

c a t a l y s t  has shown th e  a  w a te r  peak  from the  Zri polar su r face  to  be 

selectively removed from the  desorption spectra in a manner consistent 

wi th  th e  a lkal i  d i s t r ib u t io n  w e ig h ted  tow ard  the  polar su r fa ce s  as
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assumed by th is  c a lc u l a t i o n .

As a co ro l la ry  to  th is  c a l c u la t io n ,  assuming an ion densi ty  of 

1.4x10 J ions /cm^ on th e  n o n -p o la r  su r fa ce ,  and th a t  s a tu r a t i o n  by 

po tass ium  of th e  pola r s i t e s  (O and Zn) is a t t a in e d ,  then  the  h ighest  

loading of 0.35 wt% K2CO3 (0.20 wt% K) will give only approx imate ly  

50% s a tu r a t i o n  o f  t h e  no n -p o la r  s u r f a c e  s i te s  i.e 3 0 -3 5% of  th e  t o t a l  

c a t a l y s t  su r f a c e  a r e a  will s t i l l  cons is t  of  unpromoted su r f a ce  s i tes  

l o c a t e d  on the  non -p o la r  s u r f a c e .

T h e re fo re ,  th e  e x p e r im e n t a l  r e s u l t s  p re sen t  a cons i s ten t  p i c tu re  

of th e  d is t r ib u t io n  of th e  p o ta ss ium  promoter ,  showing t h a t  a t  low 

potassium loadings (0.042 wt% and 0.085 wt% K) the alkali is concent

r a t e d  tow ard  th e  po la r  s u r f a c e s .  The p resence  of potass ium ions on 

th e  O polar face  will r e s u l t  in impurity  stabi l i sa tion^***^ and a 

re d u c t io n  in th e  number o f  oxygen v acanc ies .  Since the  Znz + ions 

exposed  a t  th e se  oxygen v a c a n c i e s  a r e  probably  the  s i te s  for hydroxyl 

adso rp t io n ,  th e  ad d i t ion  of  po ta ss iu m  will dec rea se  the  ava i lab i l i ty  

of s i t e s  for w a te r  a d so rp t io n .  On th e  Zn polar su r face ,  th e  p re sence  

of OK" groups will a lso  e f f e c t i v e l y  p rev en t  the  d is soc ia t ive  a d s o r p 

tion of w a te r .  O vera l l ,  t h e  a d d i t io n  of potass ium appea rs  to d e a c t i 

v a t e  th e  polar s u r f a ce s  by t h e  b lockage  or removal  of adsorp t ion  

s i t e s .  As th e  a lkal i  loading in c re a s e s  a la rger  p ropor t ion  of  non

pola r s u r fa ce  s i t e s  a r e  occupied  by K+ or OK" species .  The e f f e c t  of 

po tass ium on th is  su r f a c e ,  how ever ,  is not as c lea r ly  re so lved .  The 

higher a lkal i  loading of 0.20 wt% potass ium, as well as dem ons t ra t ing  

a co m ple te  absence  of a  s i t e s ,  also appea rs  to  show some loss of 3 

s i te s  a s s o c ia t e d  with  th e  n o n -p o la r  s u r f a c e ,  cons i s ten t  with a b lock

age  e f f e c t  where  a dso rbed  po ta ss ium  reduces  th e  ava i lab le  hydroxyl
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ad so rp t ion  s i t e s .  It is no t  possib le  to c lea r ly  a sso c ia te  the  la rge r  

amount of low temperature water desorption solely with desorption from 

the  n on -po la r  su r fa ce ;  indeed ,  t h e  single c ry s ta l  re su l t s  of Akhter e t  

a l ^ ^  show a w a te r  deso rp t io n  peak a t  503 K produced from t h e  Zn 

polar surface similar to the 533-541 K peak of the present study. The 

r e su l t s  of Akhte r  e t  al  su g g es t  t h a t  th e  533-541 K peak  could  be 

evolved  from th e  Zn po lar  s u r f a c e .  This ra ises  the  possib il i ty  of a 

form of w a te r  adso rp t io n ,  e i t h e r  molecula r  or d is soc ia t ive ,  where  

bonding occurs  onto  OK" sp ec ie s  lo c a t ed  on the  Zn polar su r face .  

Similarly ,  th e  388 K peak  cou ld  a lso be due to adsorp t ion ,  possibly 

m o lecu la r ,  on po tass ium ions l o c a t e d  on th e  non-polar  s u r f a c e .  A 

m olecu lar  type  of ad so rp t io n ,  in p a r t i c u l a r ,  could be su r fa ce  indepen 

d en t ,  so th e  388 K peak  could  co n ta in  con t r ibu t ions  from all  ZnO 

c r y s t a l  su r f a c e s  p re s en t .

On unpromoted ZnO, CO2 appeared to adsorb mainly on the non-polar 

s u r f a c e ,  with  only a small  c o v e r a g e  possibly a sso c ia ted  with  th e  Zn 

pola r s u r f a c e .  Adsorption of  C O 2 on the  lowest a lkali  loaded c a ta ly s t  

(0.042 wt% K) gave  a d e so rp t io n  s p ec t ru m  t h a t  was not dissimilar to 

t h a t  ob ta in ed  from t h e  u n p rom oted  c a t a l y s t  (with  th e  excep t ion  of the  

ad d i t io n a l  peaks  evolved  a t  h igher  t e m p e r a t u r e  discussed be low) .  The 

re d u c t io n  in su r f a ce  c o v e rag e  a s s o c i a t e d  with the  non-po la r  su r face  

sites (approximately 25% lower than from unpromoted ZnO) suggests that 

only a r e l a t iv e ly  small  amount o f  a lkal i  is p re sen t  on this s u r fa ce  a t  

th is  loading. This is c o n s i s t e n t  with  th e  a lkal i  d is t r ibu t ion  w e ig h t 

ed to w a rd  th e  pola r su r f a c e s ,  and in l ine with  resu l t s  for w a te r  

adso rp t ion  on th e  p romoted  c a t a l y s t s .  As the  a lkal i  loading is i n c r e a 

sed,  CO2 ad so rp t ion  on th e  n o n -p o la r  s i te s  can  be seen to  p ro g res s 

ively re d u c e ,  in d ic a t iv e  of  th e  higher a lkal i  coverage  r e su l t in g  in
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CC>2 ad so rp t ion  s i t e  b lockage .  At the  h ighest  0.20 wt% K loading the  

red u c t io n  in CO2 co v e rag e  on t h e  non-po la r  s i te s  is cons is ten t  with 

the  c a l c u l a t e d  50% loss o f  s u r f a c e  Zn-O pair  s i te s  due to adsorbed 

potassium.

Both th e  $ and y  d e so rp t io n  peaks were  suppressed  by the  alkali  

promotion.  The 3 s i te s  on th e  unpromoted  ZnO have been previously 

associated with surface anion vacancy defects on the unpromoted ZnO. 

The po ta ss ium  would be e x p e c t e d  to  adsorb  on the se  more r e a c t iv e  

d e f e c t s  s i te s  f i r s t ,  as found on single c ry s ta l  s u r f a c e s ^ ^3,144).

The a  s t a t e  was e nhanced  by th e  alkal i  promotion.  This peak  is 

ass igned  to  adso rp t ion  on th e  Zn polar su r face  by compar ison to  the  

single c r y s t a l  TPD re su l t s  of Cheng and K u n g ^ ® \  It is i n te re s t in g  

that  Cheng and Kung note the  presence of potassium contaminants on the 

su r fa ce  of th e i r  single  c r y s t a l  s u r f a ce s  as not a f f e c t in g  th e  d e so r 

p tion s p e c t r a .  However,  t h e  p rom inence  of the  CO2 peak from t h e  Zn 

polar s u r f a c e  sugges ts  th e i r  r e s u l t s  a re ,  in f a c t ,  in f luenced  by the  

a lka l i ,  as is a lso in d ica ted  in t h e  w a te r  desorp t ion  spec t rum  from the 

same s u r f a c e  (no ted  p revious ly) .

The s u r f a c e  fo rm a te  has b e en  previously r e p o r t e d  as an i n t e r 

mediate in the synthesis of methanol on ZnO^^^. Although the results 

showed the formate to be produced on unpromoted ZnO through coadso'rp- 

t ion  of CO2 and hydrogen,  on po ta ss ium  promoted ZnO no ev idence  for 

the  syn thes is  of th e  fo rm a te  was  found. This sugges ts  t h a t  it  is 

unl ikely for t h e  fo rm ate  to  be a n  im por tan t  in t e rm e d ia te  in the  syn

thes is  of h igher a lcohols  with  po ta ss ium  promoted ZnO since the  alkali  

c lea r ly  suppressed  i t s  fo rm at ion .
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CHA PT ER  7

PROPANOL DECOM POSITION ON ZINC OXIDE

( 7 . 1 )  2 -P rop an o1

( 7 . 1 . 1 )  Thermal D esorption and D ecom position Spectrum

A typ ica l  deso rp t io n  s p e c t ru m  ob ta ined  a f t e r  a s a tu r a t i o n  dose  o f

2 -p ropano l  (2 -P rO H ) onto  unp rom oted  ZnO c a t a ly s t  is shown in figure  

7.1.  The main deso rp t io n  and decomposit ion  p roducts ,  th e i r  peak  

t e m p e r a t u r e s  and s u r f a c e  c o v e r a g e s  a re  summarised in t a b le  7.1. The 

main desorption products (2-propanol, acetone, propene and CO2) can be 

c la s s i f i ed  acco rd in g  to  th e  s u r f a c e  r e a c t io n s  they r e p r e s e n t :

( i )  r e v e r s ib le  deso rp t ion  (2 -p ropano l ) ,

( i i )  deh y d ro g en a t io n  (acetone) ,

( i i i )  dehydration (propene) and

( i v)  ox ida t ive  decomposit ion (CC^).

In add i t ion  to  t h e se  major  p ro d u c t s ,  minor amounts  of a number of 

o th e r  hydrocarbons  w e re  a lso  d e t e c t e d  (possibly propane,  e th a n e  and 

e t h e n e )  a l though  p re c i se  i d e n t i f i c a t i o n  and q u an t i f i c a t io n  of these  

p ro d u c ts  could not  be c a r r i e d  out because  of the  small q u an t i t i e s  

involved and th e  co n s id e rab le  ove r lap  of the i r  mass sp e c t ro m e te r  

c r ack in g  f r ac t io n s .  However ,  c om pared  to  the  main decomposit ion 

routes they represented minor react ion pathways only.

The sp ec t ru m  in f igure  7.1 d i f f e r ed  s ign if ican t ly  to  t h a t  o b t a in 

ed a f t e r  2-PrOH ad so rp t ion  on b o th  th e  o ther  ZnO c a t a ly s t s  used  in 

th is  study (ICI low and high s u r f a c e  a r e a  ZnO) in t h a t  add i t iona l  

propene, water and CO2 desorption peaks were observed. These differ

ences  a re  d iscussed fu r th e r  in c h a p t e r s  8 and 10.
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Figure  7.1 :  The desorption spectrum afte r adsorption of 2-propanol a t  
330 K to saturation coverage on zinc oxide. The acetone and propene 

peaks have been corrected  for cracking fraction overlap with 
2-propanol. No correction has been made for differences in 

the  mass s p e c t r o m e t e r  sens i t iv i t i e s .
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Table  7.1. The desorption products, peak temperatures and 
su r f a c e  c o v e rag es  following 2 -propanol adsorption to 

saturation coverage a t  320 K on zinc oxide.

desorption
product

peak
temperature

(K ,+ 2 )

su r face
coverage

( 10^molec/cm^)

2-propanol 3 376 21
a 421 20

acetone 441 37

propene Y 412 27
3 487 160
a 589 150

c o 2 750 150

water 412,446,480 55
592 5

711,748 125

hydrogen 419 7
447 150
478 11
750 55

methane 757 -

Two overlapping but distinct 2-PrOH desorption peaks (designated 

a  and 3) were observed with peak temperatures at  421 and 376 K. The 

amount o f  r e v e r s ib le  de sorp t ion  r e l a t i v e  to the  q u an t i ty  of decomposi

t ion  p roduc ts  formed was less than  10% of th e  t o t a l  desorption 

p roduc ts .

A complex deso rp t ion  p a t t e r n  was found for p ropene  with th re e  

s e p a r a t e  peaks  being formed, d e s ig n a te d  a,  3 and y  a t  589 K , 487 K 

and 412 K respectively.  Water was found to desorb in varying amounts 

wi th  each  o f  th e  t h r e e  propene  peaks .  Es t im ates ,  for the  two main 

peaks ,  of the  r a t io s  of propene  to  co inc iden t ly  desorbed w a te r  gave



values of 1:20 for a  propene and 1:4 for 3 propene respectively. The 

major pa r t  of th e  w a te r  fo rmed (approxim ate ly  60%) by these  d e h y d 

ra t io n  r e a c t io n s  was deso rbed  a t  higher  t e m p e ra tu re s  a t  approx im ate ly  

711 K due to re a d so rp t io n  w i th in  the  c a t a l y s t  bed,  since any w a te r  

evolved with the propene was below the normal water desorption temper

a t u r e  (see  sec t ion  6 .1 .1 ) .  Hydrogen also appea red  to be desorbed  a t  

temperatures similar to the 3 and y propene peaks (419 K and 478 K), 

and also  ap p ea red  just  d e t e c t a b l e  with th e  a  propene.  Es t im a te s  of 

th e  p ropene  to  hydrogen m olecu la r  ra t io s  were  > 100:1 for a  p ropene ,  

15:1 for 3 propene  and 4:1 for y  propene .  Like the  ra t io s  given for 

w a te r ,  t h e se  values  should only be  t r e a t e d  as being very  app rox im a te ,  

particularly for y propene where the  hydrogen was evolved at  a temper

a t u r e  c lose  to  the  peak  p ro d u ced  a f t e r  hydrogen adsorption  and may 

have been  due to hydr ide  recom bina t ion  r e a c t io n s  u n re la ted  to  the  

d ehydra t ion  p rocess .

At similar temperatures to th a t  of propene formation, small quan

t i t i e s  of hydrocarbon  mass f r agm en ts  not acco u n tab le  in the  propene  

cracking fraction were also found to desorb. These were identified as 

possibly propane plus traces of e thene and methane. More propane than 

e th e n e  a p p ea re d  to  be desorbed  with th e  a  than  the  3 peak, while 

methane was only detec ted  with the  a  peak. No hydrocarbons desorbed 

with the y state.  No peaks a t  30 amu were found showing that  ethane 

was not formed. Trace quanti ties of 54 amu (possibly butadiene) were 

also detected with the 3 peak, plus similar amounts of 56 amu (possib

ly isobutene) with the a  and 3 peaks.

Acetone  desorbed  in a s ingle  peak a t  441 K although,  in add i t ion ,  

there appeared to be a small amount of acetone evolved coincident with 

the a propene a t  589 K. Hydrogen was found to desorb coincident with
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acetone a t  447 K. The estimated amount of hydrogen a t  this temperat

ure  was s ign i f ic an t ly  g r e a t e r  th a n  a ce to n e  evolved by a fac to r  of 

approx im ate ly  4. A small amount  of w a ter  was formed a t  a similar 

t e m p e r a t u r e  to  a c e to n e .  Although th e  quan t i ty  of w a te r  was variable  

(for example  com pare  f igu res  7.4 and 7.17), t h e  a c e to n e  to w a te r  

molecular  r a t i o  was in the  o rder  of 4:1 .  Small q u a n t i t i e s  of possibly 

e th e n e  and propane  were  a lso  evolved  co inc iden t  with the  a c e -  

tone /hyd rogen  peaks.

The fo rm at ion  of CC>2> m e th a n e ,  hydrogen, and o ther  products  a t  

high t e m p e r a t u r e  (approx im ate ly  750 K) was ind ica t ive  of an oxida t ive  

decomposi t ion  s u r f a c e  r e a c t io n .  In addit ion to  th e  main desorp tion  

peaks of th e  CC>2> H2 and CH^ e vo lu t ion  a t  750-757  K, also observed 

were  minor q u a n t i t i e s  of w a te r ,  27 and 26 amu (possibly e th en e )  plus 

small amounts  o f  43, 41 and 39 amu (possibly a c e to n e  and propene) .  

Since all  t h e se  p roduc ts  w e re  evolved  a t  the  same te m p e ra tu re  it 

showed that  they were derived from the reaction limited decomposition 

of a common surface intermediate. The number of detected desorption 

p roduc ts  r e f l e c t e d  a r e l a t iv e ly  complex s to ich iom et ry  for the  ox ida

tion p roduc t  p recu rso r  on th e  c a t a l y s t  su r face .

Mokwa e t  a l ^ ^  a lso o bse rved  th e  fo rmation of CO2 a t  high t e m 

p e r a t u r e  a f t e r  e th an o l  ad so rp t io n  on s in te red  ZnO and proposed the  

format ion  of a su r f a c e  a c e t a t e ,  while previous  s tud ie s  of oxidation 

p rocesses  on a v a r i e ty  of oxide  c a t a ly s t s  have also iden t i f ied  the  

format ion  of c a r b o x y la te  ty p e  c o m p l e x e s ^ ^ ’ * ^  ^  ^  a f t e r  a lcohol 

adsorp t ion .  Thus th e  evo lu t ion  of CO2 and r e l a t e d  products  would 

appear to be due to the decomposition of an adsorbed carboxylate type 

spec ies .  Table  7.1 shows th e  t o t a l  amount of p ropene  formed to  be in
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excess  of the  t o t a l  w a te r  in d ica t in g  th a t  an overa ll  net  consumption  

of hydroxyl oxygens may have taken place in formation of the carboxy- 

late. The spectra were found to be reproducible over a number of exp

eriments without any intermediate reduction treatment of the catalyst , 

a l though  long t e rm  use (>15 a lcoho l  desorp t ion  exper im ents)  did resu l t  

in a gradua l  r e d u c t io n  of the  a  propene  and CO2 desorption  peaks.  

This long te rm  s ta b i l i ty  o f  th e  c a t a l y s t  ind ica ted  th e  net  su r f a c e  

r e d u c t io n  r a t e  to  be low, p rov id ing  fu r th e r  ev idence  to th e re  being a 

direct involvement of hydroxyl oxygen in the oxidation process. These 

poin ts  a r e  d iscussed  fu r th e r  in s e c t io n  7.4.

The t o t a l  su r f a ce  s a t u r a t i o n  coverage  excluding the  w a te r  was 

determined to be approximately 570x10 molecules/cm compared to the 

figure of 220x10^  molecules/cm^ obtained by Bowker et  a l ^ * ^ .  This 

d isc repancy  a r i se s  from th e  c o n t r ib u t io n s  of the  add i t iona l  propene  

and CO2 desorp t ion  peaks t h a t  co r re sp o n d ed  to  an add i t iona l  coverage  

of 330x10*^ m o lecu les /cm  . These  poin ts  a re  cons idered  fu r th e r  in 

c h a p te r  8.

( 7 . 1 . 2 )  C overage  Dependence

The s e le c t iv i t y  of th e  a lcoho l  decomposit ion was found to  be 

strongly dependent on the initial 2-PrOH dose; for 2-PrOH coverages in 

the range 6% to 50% of surface saturation only propene, water,  hydro

gen and CC>2 desorption peaks were observed. Acetone evolution did not 

occur  unt i l  t h e  in i t i a l  2-PrOH c o v e r a g e  exceeded  50% o f  full s a t u r a t 

ion, with  r ev e r s ib le  2-PrOH deso rp t io n  peaks only appear ing  as the  

coverage exceeded 63% of full surface saturation.

The c o v e rag e  d ep endence  of propene  formation is shown in figure

7.2.  The th r e e  propene  s t a t e s  were  popula ted  in r ev e r se  o rde r  to
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Figure 7.2 :  The coverage dependence of the 
as a func t ion  of  2 -p ro p an o l  dose

propene desorption 
on z inc oxide.

spectrum

F ig u r e  7 .3 :  The coverage dependence o f  the acetone  desorption spectrum
as a fu n c t io n  o f  2 -p r o p a n o l  d ose  on z in c  o x id e .
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their desorption temperatures,  with only the a  peak present for cover

ages below approximately 10% of saturation.

Acetone was observed to desorb as a single main peak for 2-PrOH 

doses g r e a t e r  th an  50% of s a t u r a t i o n  (f igure  7.3), with  a d e c r ea se  in 

the acetone peak temperature  from 459 K at  50% saturation to 446 K at 

full saturation occurring. A fur ther minor acetone peak at  approxima

tely the same temperature as the a  propene was also apparent.  Assoc

iated with the main acetone peak was a coincident hydrogen desorption 

peak ,  with ad d i t io n a l  hydrogen peaks  a t  t e m p e ra tu re s  sl ightly  above 

(478 K) and below (419 K) this main peak. Although acetone desorption 

did not occur  a t  low s u r f a c e  c o v e r a g e s ,  hydrogen desorp t ion  in these  

t h r e e  peaks  was in f a c t  o b se r v ed .  This point  is d iscussed  fu r th e r  

below.

At low 2-PrOH dose (<10-15% of saturation) water desorbed only at 

high t e m p e r a t u r e  forming two ove r lapp ing  peaks;  one co inc iden t  with 

CO2 at  753 K and the  other a t  approximately 713 K. Figure 7.5 shows 

th a t  th is  high t e m p e r a t u r e  w a t e r  desorp t ion  inc reased  with 2-PrOH 

dose,  with  f u r th e r  w a te r  d e so r p t io n  occurr ing  co inc iden t  with th e  a  

p ropene  and in smal le r peaks  a s s o c i a t e d  with the  3 and y  propene  and 

acetone states.  The temperature of the small high temperature shoul

der a t  753 K s ta te  remained independent of 2-PrOH coverage while that 

of  th e  main high t e m p e r a t u r e  p e ak  d ec rea sed  from an in i t ia l  719 K at  

low 2-PrOH coverage to 700 K a t  full saturation.

The oxidative decomposition react ion as evidenced by CO2 desorp

tion also occurred from the lowest 2-PrOH dose used, the amount of CO2 

p rogress ive ly  inc reas ing  un t i l  s u r f a c e  sa tu ra t i o n  ( f igure  7.5).  At 

low co v e rag e  tw o  CO2 peaks cou ld  be resolved; a sharp  peak  a t  752 K 

superimposed over an underlying broader peak at  approximately 698-708K
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Figu re  7 A m. The coverage dependence of the water desorption spectrum 
as a func t ion  of 2 -p ro p an o l  dose on zinc oxide.

F ig u r e  7 .5 :  The coverage dependence o f the carbon dioxide desorption
spectrum  as a function o f  2-propanol dose on zinc oxide.
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S a tu ra t io n  of th e  under ly ing  s t a t e  appea red  to be rea ch e d  a t  low 

c o v e rag e  while deso rp t ion  from th e  sharp peak con t inued  increasing 

un t i l  s u r face  s a t u r a t i o n  was r e a c h e d .  No change  in the  CC>2 peak 

temperature with coverage was found.

For doses above  63% of  s u r f a c e  s a tu ra t io n ,  popula tion  of  the  two 

r ev e r s ib le  2 -PrOH s t a t e s  o c c u r r e d  in r e v e r se  order  to th e i r  desorption 

temperature (figure 7.6). The peak temperatures of both states remai

ned invariant with coverage.

Hydrogen desorption was observed at  all 2-PrOH doses as shown in 

figure  7.7. In th e  high t e m p e r a t u r e  region, a peak  a t  751 K was 

evolved coincident with CO2 formed from carboxylate decomposition. In 

the  low t e m p e r a t u r e  reg ion ,  p opu la t ion  of the  th re e  peaks  appea red  to 

occur simultaneously. In particular,  the peak at  446 K was present at 

low co v e rag e  b e f o r e  a c e to n e  e v o lu t io n  was observed.  However,  the  

r e s u l t s  for low c o v e r a g e  a c e t o n e  adsorp t ion  on th e  same c a ta ly s t  

(section 7.3) would suggest that  any acetone formed af te r  low coverage

2-PrOH adsorption would be dehydrated to propene on vacant dehydration 

s i t e s .  Comparison of f igures  7.1 and 7.4 shows the  w a te r  peak a ssoc -  

. iated with acetone  formation a f te r  a saturation 2-PrOH dose also to be 

p re sen t  a t  low 2-PrOH c o v e r a g e ,  f u r th e r  suggesting t h a t  a c e to n e  may 

have been formed but readsorbed on dehydration sites.

F igure  7.8 summarises the  dependence  of the  p roduc t  s u r fa ce  

co v e rag es  as a func t ion  of th e  i n i t i a l  2-PrOH dose.  Dominant on the 

graph is the  la rg e  amount of  p ro p e n e  produced r e l a t i v e  to  the  o ther  

desorp t ion  p ro d u c ts .  In sec t ion  7.1 i t  was noted th a t  hydroxyl oxygen 

a p p ea re d  to be consumed in the  s u r f a c e  oxidation process  to  l eave  an 

a p p a r e n t  excess  of p ropene ;  c l e a r ly  accord ing  to the  f igure  th is  t rend  

was followed a t  a l l  s u r fa ce  c o v e r a g e s .
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Figure  7.6 :  The coverage dependence of the 2-propanol desorption 
spectrum as a function of 2-propanol dose on zinc oxide.

F ig u r e  7 .7 :  The coverage dependence o f the hydrogen desorption
spectrum  as a function o f 2-propanol dose on zinc oxide.



1 9 4

A

FRACTION OF SURFACE SATURATION DOSE

Figure  7 .8 :  Plot  of th e  d e so r p t io n  product s u r fa ce  coverages  
as a function of 2-propanol surface  saturation dose a t  340 K on 

zinc oxide. O total  coverage (excluding water); ■  propene; □  water;
V CC>2; •  2-PrOH; O  acetone.
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( 7 . 1 . 3 )  2 -p ro p an o l  and  W ater  Coadsorption

Water was used as a p robe  molecule  in " se lec t ive  poisoning"  

e x p e r i m e n t s ^ 2 - P r O H  and w a te r  coadsorp t ion  exper im en ts  were  

c o n d u c ted  to  i n v e s t i g a t e  s i t e  c o m p e t i t io n  e f f e c t s  b e tw ee n  adsorbed  

hydroxyls  and th e  a lcoho l  d e r iv ed  su r f a c e  species  and the  re su l t s  used 

to de te rm in e  th e  c r y s t a l  fa ce  d e p en d e n c e  of the  su r fa ce  re a c t io n s .  

Water proved to be a useful coadsorbant since its adsorption charac te 

ristics were found to be well defined on ZnO (see section 6.1.1). One 

ml volumes of water were progressively added to approximately 25-30 ml 

of 2 -PrOH in the  l iquid s a t u r a t o r  and a s a tu r a t i o n  dose of the  d i lu ted  

alcohol made. Although a maximum dilution of 40% water was used, no 

f u r th e r  changes  to  th e  TPD s p e c t r a  were  found for a dilu tion f a c to r  

greater than 15%.

The changes  in th e  w a te r  d e so rp t io n  s p e c t r a  with inc reased  a l c o 

hol d ilu t ion  a re  shown in f igure  7.9,  where  a comparison to  th e  d e s o r 

p tion sp ec t ru m  a f t e r  th e  a d so r p t io n  of w a te r -o n ly  is also made. As 

d i lu t ion  was in c re a se d  th e  p ro f i l e  o f  the  high t e m p e ra tu re  desorp t ion  

peak  can be seen  to  ap p ro a ch  t h a t  of the  peak ob ta ined  a f t e r  w a t e r -  

only adsorp t ion  on th e  same c a t a l y s t ,  with  the  p resence  of  coadsorbed  

w a te r  s ign i f ic an t ly  in c reas in g  t h e  quan t i ty  of w a te r  desorbed  a t  

approximately 713 K. This confirmed the high temperature water peak 

found a f t e r  a lcohol  ad so rp t ion  to  be due to  hydroxyl recom bina t ion  

r a th e r  th an  to be a d ecom pos i t ion  p roduct  of an alcohol de r ived  s u r 

face  complex. In th e  low t e m p e r a t u r e  region the  amount  of w a te r  

p roduced  did not a l t e r  as s ig n i f i c a n t ly ,  a l though inc reases  can  be 

seen in the  w a te r  peak  p ro d u c e d  a t  a t e m p e r a t u r e  similar to  a c e to n e  

and in the desorption a t  approximately 373 K.



Figure  7.9:  The water desorption spectrum afte r 2-propanol and water 
co ad so rp t io n  on z inc  oxide .  (a)=  no added w a te r ;  (b)= 5% dilu tion; 

(c)= 10% d i lu t ion ;  (d)=  w a te r  only adsorbed.

F igu re  7.10: The propene desorption spectrum af ter 2-propanol and 
water coadsorption on zinc oxide. (a)= no added water; (b)= 5% 

di lu t ion  ; (c)= 10% d i lu t ion ;  (d)= 15% dilu tion.
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The presence of coadsorbed water was found to significantly a lter  

th e  s e l e c t iv i t y  of  th e  2 -PrOH decompos i t ion  r e a c t io n s .  The a  and v 

p ropene  peaks  w ere  p ro g res s iv e ly  r e d u ced  as the  a lcohol  d ilu tion was 

in c reased ,  while th e  3 propene  peak  remained  u n a f f e c t e d  a t  al l  d i l u t 

ion f a c to r s  as shown in f igure  7.10. Both the  2-PrOH and a c e t o n e  

desorp t ion  peak p ro f i le s  and t h e i r  corresponding  s u r face  co v e rag e s  

remained  e s se n t ia l ly  u n a f f e c t e d  by the  addit ion  of th e  d i lu tan t  w a te r  

( f igures  7.11 and 7.12) a l th o u g h  th e  a ce to n e  peak t e m p e r a t u r e  did 

in c re a s e  to  458 K in d ic a t iv e  of a s tab i l i sa t ion  e f f e c t .  The q u a n t i ty  

of CC>2 desorbed  was s ig n i f i c a n t ly  reduced  with  inc reas ing  a lcoho l

d i lu t ion  as shown in f igure  7.13,  a l though ,  even a t  th e  h ighest  d i l u t -
1 2ion co m p le te  suppress ion  o f  C O 2 desorp t ion  did not occur (49x10

m olecu le s /cm ^  d eso rbed ) .  The p re s en c e  of the  w a te r  was found to

suppress hydrogen desorption in the  419 K and 478 K peaks, but to only

slightly reduce desorption in the main 447 K peak. The temperature of

th is  peak  a lso  in c re a se d  similar  to  th e  inc rease  shown by the  a c e t o n e
1 7desorption peak. The estimated quanti ty of hydrogen evolved (115x10 

molecules/cm^) remained in excess of the acetone formed.

( 7 . 1 . 4 )  E ffe c t o f a Lower Maximum H eating Tem perature

A previous TPD study of 2-PrOH decomposition on ZnO by Bowker et  

a i( l  15) jiacj usecj a maximum temperature  of only 600 K. On the basis of 

the  r e s u l t s  p r e s e n te d  in s ec t io n  7.1.1,  th is  t e m p e r a t u r e  was too  low 

to  desorb  th e  s t rong ly  adsorbed  hydroxyl and c a rb o x y la te  spec ies  and 

may have  been  c o n t r ib u to r y  in producing th e  d i f f e r e n t  2 -p ropano l  

deso rp t ion  sp ec t ru m  o b ta in ed  by th e se  workers .  To in v e s t ig a te  th is  

aspect and to complement the  results  of the water/2-PrOH coadsorption, 

fu r th e r  ex p e r im en t s  were  c o n d u c te d  based on a lower maximum



Figure 7.11s The 2-propanol desorption spectrum after 2-propanol and 
water coadsorption on zinc oxide. (a)= no added water; (b)= 5% 

di lu t ion  ; (c)= 10% d i lu t ion ;  (d)= 15% dilution.

Figure 7 .12: The acetone desorption spectrum afte r 2-propanol and 
water coadsorption on zinc oxide. (a)= no added water; (b)= 5% 

dilu t ion;  (c)= 10% d i lu t io n ;  (d)= 15% dilution .
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Figure  7.13: The carbon dioxide desorption spectrum after 2-propanol 
and water coadsorption on zinc oxide. (a)= no added water; (b)= 5% 

dilu tion; (c)= 10% d i lu t ion ;  (d)= 15% dilu tion.

temperature (approximately 673 K compared to the normal experimental 

maximum of 800 K) so tha t  the high temperature alcohol decomposition 

p roduc t  s u r f a c e  p recu rso r s  were  no t  desorbed from the  c a t a l y s t  s u r f 

a c e .  The c a t a l y s t  was th e n  co o led  and with th e se  species  s t i l l  p r e s 

e n t  on th e  s u r f a c e ,  a f u r th e r  2 -P rO H  adsorp t ion  dose made. Severa l  

consecutive experiments were conducted so the cumulative effect  of the 

bu i ld -up  in c o v e r ag e  of the  high t e m p e r a t u r e  s u r face  spec ies  could  be 

s tu d ie d .

The p re sen c e  of th e  u ndeso rbed  s tab le  high t e m p e ra tu re  spec ies  

was found to  s ign i f ic an t ly  modify  t h e  2-PrOH decomposit ion r e a c t io n .  

F igures  7.14 to  7.17 show t h e  c h an g e s  in th e  corresponding  desorp t ion  

peak  p ro f i le s .
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Figu re  7 .14: The effec t  of a low maximum temperature on the propene 
desorption spectrum a f t e r  c o n s e c u t iv e  2 -propano l  ad so rp t io n /d eso rp t io n  

cy c le s  on zinc  oxide .  ( a )* (c )=  order of exper im ents .

F igure  7.15: The e ffec t  of a low maximum temperature on the acetone 
desorp t ion  sp ec t ru m  a f t e r  c o n se c u t iv e  2 -propanol  adsorption/desorption 

cyc le s  on z inc  oxide.  ( a )* (c )=  order of exper im ents .
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Desorption in both a  and y  propene desorption peaks was signific

an t ly  reduced  with  each  su cc e ss iv e  exper im en t  (f igure  7.14),  while a 

smal ler but s t i l l  s ig n i f ic a n t  re d u c t io n  in desorp t ion  from the  8 

p ropene  s t a t e  a lso o c c u r r e d .  The s im ila r i ty  of th e  reduc t ion  in the  a  

and y  peaks to the result obtained af te r  water and 2-PrOH coadsorption 

(see  previous  s ec t io n )  sugges ted  t h a t  the  dec rea se  in the se  peaks was 

also due to the presence of the higher hydroxyl coverage. The reduct

ion in the 8 peak (not found for the coadsorption experiments) may be 

r e l a t e d  to  the  a d d i t io n a l  p r e s e n c e  of th e  higher c a rb o x y la te  coverage .

The q u a n t i ty  o f  a c e t o n e  deso rbed  remained u n a f f e c t e d  over the  

same three experiments. Figure 7.15 shows that  while no distortion in 

the desorption peak profile was found, an increase in the acetone peak 

temperature from 446 to 476 K occurred.

The coverage of reversibly adsorbed 2-PrOH increased by approxi

mately 70% over the  same three  experiments. Accompanying this increa

se was a d i s to r t io n  of th e  2 -P rO H  desorpt ion  peak prof i les  (f igure  

7.16),  with th e  deso rp t ion  a s s o c i a t e d  with the  a  peak  being sl ightly  

reduced and that  with the 8 peak increased. The temperature of the a

2-PrOH peak increased from 435 to  463 K, while the 8 state  decreased 

from 392 to 371 K.

The low temperature water desorption peak profiles also underwent 

s ig n i f ic an t  change  ( f igure  7.17).  A peak developed co inc iden t  with 

th e  a  2-PrOH s t a t e  plus a f u r th e r  broad peak co inc iden t  with the 

a c e to n e  and p ropene  s t a t e s .  The t o t a l  q u an t i ty  of w a te r  desorbed  in 

th e  low t e m p e r a t u r e  reg ion  (up to  630 K) dec rea sed  by approximate ly  

40% over the three experiments.
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F igure  7.16: The e ffec t  of a low maximum temperature on the 2-propanol 
desorption spectrum a f t e r  c o n s e c u t iv e  2 -propano l  ad so rp t io n /d eso rp t io n  

cyc le s  on z inc  oxide .  (a)*«(c)= order of exper im en ts .

F igure  7.17: The e ffec t  of a low maximum temperature on the water 
deso rp t ion  sp ec t ru m  a f t e r  c o n s e c u t iv e  2 -p ropanol  adsorption/desorption 

cyc le s  on z inc  oxide.  ( a )» (c )=  order of exper im ents .
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( 7 . 1 . 5 )  E ffe c t o f  an Increased  Adsorption Temperature

The adsorption temperature dependence of 2-PrOH decomposition was 

investigated by experiments where alcohol was adsorbed onto the c a ta l 

yst  a t  high t e m p e r a t u r e  (ap p ro x im a te ly  658 K) and e i th e r  t e m p e r a t u r e  

programmed from th is  t e m p e r a t u r e  (to  800 K), or cooled  to  330-340 K 

and a further dose of 2-PrOH made, before temperature programming in 

the normal manner.

After 2-PrOH adsorption a t  658 K and subsequent heating to 800 K, 

only water and CC>2 (plus also hydrogen and methane) were observed as 

the  major deso rp t ion  p ro d u c ts .  F ig u re  7.18 shows the  desorp t ion  peak 

pro f i les  to  be similar  to  t h a t  o b t a in e d  a f t e r  low t e m p e ra tu re  2-P rOH 

adsorp t ion ,  a l though  th e  w a te r  peak  was sl ightly  b roader .  A small 

amount of mass 41 (p ropene )  d e so rb ed  b e tw ee n  704 and 745 K bu t  no 

acetone or 2-PrOH were observed (since the alcohol adsorption was made 

a t  a t e m p e r a t u r e  above th e i r  norm al  desorp t ion  t e m p e r a t u r e s ) .  The 

a p p e a r a n c e  of  t h e  minor p ropene  peak  appea red  to be a s so c ia te d  with 

th e  ox ida t ive  decompos i t ion  r e a c t i o n  similar to the  small mass amount 

of p ropene  normally  observed  c o in c id e n t  with the  CO2 peak a f t e r  low 

temperature 2-PrOH adsorption. The high temperature adsorption resul

t e d  in an i n c re a se  of roughly  50% in th e  amount of CO2 desorbed 

compared to the  CO2 obtained a f te r  low temperature 2-PrOH adsorption. 

This was in d ica t iv e  of a t e m p e r a t u r e  dependence  to  the  oxidation 

r e a c t io n  c o n s i s t e n t  with  an a c t i v a t e d  re a c t io n  p rocess .  A d e c r e a s e  in 

the amount of high temperature water  desorbed was found compared to 

t h a t  o b ta ined  a f t e r  a low t e m p e r a t u r e  adsorp t ion  (in sp i te  of the  

in c re a se d  peak  width)  possibly a s s o c ia t e d  with  inc reased  hydroxyl 

consumption in c a r b o x y la te  fo rm a t io n .
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The desorption spectrum obtained af ter a high temperature 2-PrOH 

adsorption a t  658 K, followed by cooling to 336 K and a further 2-PrOH 

dose is shown in figure 7.19. The combination of high and low temper

a t u r e  adso rp t ion  r e s u l t ed  in a s ign i f ican t ly  la rge r  amount of CC>2 

compared  to t h a t  evolved  a f t e r  a normal  low t e m p e ra tu re  adsorp t ion ,  

similar to the amount obtained a f te r  the high temperature only adsorp

tion .  This in d ica ted  t h a t  the  oxida t ion  o ccu r red  during th e  high 

temperature adsorption stage, with no apparent further oxidation asso

ciated with the low temperature alcohol dose. The quantity of propene 

desorbed  was s ign i f ican t ly  re d u c ed  with only the  single 6 desorption 

peak a t  505 K formed, c o n s i s t e n t  w i th  th e  e f f e c t  of a higher s u r face  

hydroxyl  c o v e r ag e  as de sc r ib ed  in sec t ions  7.1.3 and 7.1.4. The 

q u an t i ty  o f  w a te r  desorbed  a f t e r  th e  high and low adsorpt ion  sequence  

was found to be greater than a f te r  a low temperature 2-PrOH adsorption 

by approximately 40x10 molecules/cm . A further minor propene peak 

evolved  a t  709 K would aga in  a p p e a r  to  be r e l a t e d  to the  oxida t ive  

decompos i t ion  r e a c t io n  (a l though  th e  peak t e m p e r a t u r e  was sl ightly  

lower than normally observed).

Both acetone and 2-PrOH surface coverages were relatively unaffe- - 

c t e d  by th e  p re sen c e  o f  th e  i n c re a s e d  c o v e rag e  o f  w a te r / c a r b o x y la t e  

su r f a c e  spec ie s  re su l t in g  from th e  in i t ia l  high t e m p e ra tu re  dose.  

Although th e  a c e to n e  did no t  unde rgo  any s ign i f ican t  d i s to r t io n  in 

peak profile, its peak temperature increased by 37 K from 443 to 480 K 

in a similar manner to that  observed after the low maximum temperature 

exper iments .

In t h e  low t e m p e r a t u r e  r eg ion ,  w a te r  desorp t ion  occu r red  in a 

peak a t  493 K and a smal le r  shoulder  a t  391 K. The overa ll  quan t i ty  

of low temperature water desorption was reduced.
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Figu re  7.18: The desorption spectrum afte r adsorption of 2-propanol at
660 K on zinc oxide.

F igure  7 .19:  The desorption spectrum afte r adsorption of 2-propanol at
660 K and 340 K on zinc oxide.
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A low t e m p e r a t u r e  only 2-P rOH adsorp t ion  following the  e x p e r i 

m ents  desc r ibed  above  was found to  give a desorp t ion  sp ec t rum  similar 

to  figure  7.1, with the  e x c e p t i o n  of  a d e c rea se  in the  t e m p e r a t u r e  of  

the high temperature water peak to 688 K.

( 7 . 1 . 6 )  E ffe c t o f  an Increased  C atalyst Sample Mass

The e f f e c t  of v a r i a t io n  in th e  mass of c a t a ly s t  sample on the  

d e so rp t ion  t e m p e r a t u r e  is a  m e th o d  used for de te rm ina t ion  of th e  heat  

of  a d s o r p t i o n ^ r e l y i n g  on r e a d so rp t io n  e f f e c t s  to  cause  a shif t  

in the peak temperature as the cata lyst  mass is changed. For a kineti- 

ca l ly  l imi ted  desorp t ion  p r o d u c t ,  read so rp t io n  e f f e c t s  a re  not s ig 

n i f i c a n t  s ince  th e  deso rp t io n  p ro c e ss  co rresponds  to  an essen t ia l ly  

i r r e v e r s ib le  r e a c t io n  s t e p .  A s h i f t  in peak t e m p e ra t u re  should not 

th en  be observed  as t h e  c a t a l y s t  mass is changed.  This analysis  

method  was appl ied  to  i n v e s t i g a t e  2-P rOH decomposit ion as a q u a l i t a 

tive means of determining which desorption products were readsorption, 

r a t h e r  th a n  k in e t ic a l ly ,  l im i t ed .

2 -PrOH was adsorbed  onto  sev e ra l  c a t a ly s t  samples with  weights  

rang ing  from 0.166 g to  0.989 g,  with f igure  7.20 summarising the  

sh i f t s  in desorp t ion  peak t e m p e r a t u r e s  t h a t  o ccu r red  with change  in 

c a t a l y s t  mass .  The peak  t e m p e r a t u r e s  for a l l  t h r e e  propene s t a t e s  and 

for th e  a c e t o n e  peak can  be s een  to  be inva r ian t  with changing c a t a l 

ys t  mass ,  which in d ica ted  th e  e vo lu t ion  of th e se  p roduc ts  to  be under  

kinetic control. The high temperature  water desorption peak, however, 

showed a strong dependence on cata lys t  mass (as was found afte r water-  

only a d so r p t io n -  see  s e c t io n  6 . 1. 1) conf irming i ts  evolu tion  to  be 

dominated by readsorption. Since the  CO2 peak was formed at  a similar 

t e m p e r a t u r e  to  t h a t  of  th e  w a t e r ,  if  i t  were  also readso rp t ion
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F igure  7 .20 :  Plot  of  the  e f f e c t  of  c a t a l y s t  mass on th e  2 -p ropano l  
desorption product peak temperatures from zinc oxide.

♦  = a  water;  JT= C0 2; ■ =  a  propene; #=  3 propene;
O  = y propene; y =  ace tone; □  = a  2-PrOH; 0 =  B 2-PrOH
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dom ina ted ,  then  i t  a lso  would have exh ib i ted  a similar magnitude  

temperature change. However, since the CC>2 peak showed only a small 

t e m p e r a t u r e  sh i f t  with  c a t a l y s t  mass, it  was shown to be e ssen t ia l ly  

k in e t i c a l l y  l imited  (a l though  t h e  s l ight sh i f t  observed would in d ica te  

some minor r e a d so rp t io n  e f f e c t s  o ccu r red ,  possibly due to l imited  

formation of adsorbed carbonate s p e c i e s ^ ^ ) .  Both 2-PrOH peaks exhi

b i ted  small  pos i t ive  sh i f t s  in p e ak  t e m p e r a t u r e  with c a t a ly s t  mass due 

to  r e ad so rp t io n  e f f e c t s  ( t h e  sm al le r  sh i f t s  were  c o n s i s te n t  with  the i r  

lower peak  t e m p e r a t u r e s  s ince  t h e  shif t  is p ropor t iona l  to the  h e a t  of 

a d s o r p t i o n ) .

( 7 - 2 )  1-Propanol

( 7 . 2 . 1 )  Thermal D esorption and Decom position Spectrum

A ty p ic a l  deso rp t ion  s p e c t r u m  ob ta ined  a f t e r  a s a tu r a t i o n  dose of

1-p ro p an o l  (1 -PrOH) a t  340 K o n to  unpromoted ZnO is shown in figure 

7.21. The main deso rp t io n  p ro d u c t s  were  1-PrOH, propionaldehyde, 

propene, CO2, hydrogen and water ,  plus a further unidentified mass 29 

deso rp t io n  peak  a t  640 K. E th en e  ( iden t i f ied  by 28, 27 and 26 amu) 

was a lso  d e t e c t e d  a t  high t e m p e r a t u r e  in the  region of  740 to  730 K. 

The desorption spectrum was dominated by reversible adsorption of the 

a lcoho l  and by th e  ox id a t iv e  decompos i t ion  su r face  r e a c t io n  producing 

CC>2. Only a very  small  q u a n t i t y  of propionaldehyde desorp t ion  was 

d e t e c t e d ,  while the  e x t e n t  o f  d eh y d ra t io n  to  propene  was also l imited 

in comparison to 2-PrOH. No methane desorption was detected.

The peak t e m p e r a t u r e s  and su r face  coverages  a r e  summarised in 

t a b le  7.2. The t o t a l  s u r f a c e  c o v e r a g e ,  excluding the  w a te r  desorbed,  

was e s t im a te d  to  be  686x10 1* m o lecu les /cm  . Although th is  was
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Figure 7.21: The desorption spectrum afte r adsorption of 1-propanol at 
340 K to saturation coverage on zinc oxide. The propionaldehyde and 
propene peaks have been corrected  for cracking fraction overlap with
1-propanol. No correction has been made for differences in the mass

s p e c t r o m e t e r  s e n s i t i v i t i e s .
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Table  7.2:  The desorption products, peak temperatures and 
s a tu r a t i o n  su r f a c e  c o v e r a g e s  following 1-propanol adsorption

a t  340 K on zinc oxide.

desorption
product

peak
temperature

(K,+2)

su r face
coverage

( 10^molec/cm^)

1-propanol (380 ,405,(427) 162

propionaldehyde 475 4

propene 481 16
573 79

co2 713 425

water 386,407,438 50
576 ~10

703,743 56

hydrogen 473 350
588 45
713 490

mass 29 640 -

ethene 716 -

s ign i f ic an t ly  h igher than  t h e  c o r re spond ing  2-PrOH s a tu r a t i o n  c o v e r 

age ,  a c lose r  co r re sp o n d e n c e  b e t w e e n  the  two alcohol coverages  was

ob ta in ed  if t h e  c o n t r ib u t io n  of revers ib ly  adsorbed  alcohol was also
17 17 7excluded to give coverages of 524x10 and 529x10 molecules/cm for

1-PrOH and 2-PrOH respectively.

Revers ib le  1-PrOH d e so r p t io n  o ccu r red  in t h r e e  closely o v e r l a p 

ping s t a t e s  t h a t  p roduced a s ing le  l a rge  and broad desorp t ion  peak  at  

approx im ate ly  405 K, along with  poorly def ined  minor peaks a t  3S1 K 

and 427 K. The reversible adsorption represented approximately 24% of 

th e  t o t a l  deso rp t ion  p roduc ts .



Propene formed in two main peaks a t  573 K and 481 K, with a 

fu r th e r  mass 41 peak  (possibly  p ro p en e )  a t  706 K a s so c ia te d  with the 

carboxylate decomposition (described below). Minor quantities of mass 

41 desorption also occurred a t  662 K and 694 K. The broad 573 K peak 

(compared to propene formed a f te r  2-PrOH adsorption- see figure 7.1) 

sugges ted  t h a t  it was possibly m ade  up of more th an  one desorption 

state.  Approximately 80% of the total  propene formed was desorbed in 

th is  peak .  Hydrogen and w a te r  were  a lso desorbed  a t  t e m p e ra tu re s  

similar  to  th e  573 K p ropene .  The e s t im a te d  molecular  r a t io s  of 

propene to hydrogen and propene to  water were 2:1 and 10:1 respective

ly. A la rge r  r e l a t i v e  amount of  w a te r  appea red  to  be desorbed  with 

the 481 K propene peak, with propene to water ratio estimated to be in 

the  o rder  of uni ty .

In common with the behaviour of 2-PrOH, only approximately half 

the to ta l  quantity of water was desorbed in the low temperature region 

(mainly 400-440 K), with the majority of the water desorbed at higher 

temperatures.  The temperature  o f  the high temperature water peak at  

703 K was s ign i f ic an t ly  lower th a n  observed for the  corresponding  2- 

PrOH derived water peak, although the water / l -PrOH coadsorption exper

iments  ( s ec t ion  7.2.3) e s t a b l i s h e d  it was s t i l l  derived from adsorbed 

hydroxyls  i .e .  r e a d so rp t io n  l im i ted .

A bare ly  d e t e c t a b l e  q u a n t i t y  of propionaldehyde was observed  a t  

475 K, 34 K higher than the acetone  formed from 2-PrOH dehydrogena

tion .  Although only l im ited  dehydrogena t ion  appea red  to  o ccu r ,  a 

la rge  amount of hydrogen was s t i l l  desorbed a t  473 K. Two fu r th e r  

hydrogen deso rp t ion  peaks  were  formed; a t  713 K a s so c ia ted  with  c a r 

boxy la te  decompos i t ion  (see  b e lo w ) ,  and in a small peak  a t  588 K as 

desc r ibed  above .  The a d d i t io n a l  mass 29 peak a t  640 K would not
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ap p ea r  to have  been  due to  p rop iona ldehyde  desorption; id en t i f i c a t io n  

of th is  peak is c o n s id e red  in t h e  discussion sec t ion .

As described in section 7.1, the formation of CC>2 and hydrogen at 

high t e m p e r a t u r e  (713 K) was in d ic a t iv e  of an oxida t ive  decomposit ion  

s u r f a c e  r e a c t io n  t h a t  involved t h e  format ion  of a su r face  ca rb o x y la te  

species. The 1-PrOH carboxylate decomposition temperature was approx

imately 40 K lower than found for both 2-PrOH and acetone, indicative 

of a s l ightly  lower s t ab i l i t y  s u r f a c e  in t e rm e d ia te .  The q u a n t i ty  of 

CC>2 evolved a f t e r  1-PrOH ad so rp t io n  was s ign if ican t ly  g r e a t e r  than 

that  produced from either 2-PrOH or acetone (section 7.3), accounting 

for app rox im a te ly  55% of  the  o bse rved  desorp t ion  p roduc ts .  Also

produced on carboxylate decomposition was a quantity of mass 41 (pos

sibly p ropene)  similar to  t h a t  found with 2-PrOH and a c e to n e  der ived  

c a r b o x y la t e  decompos i t ion .  Q u a n t i t i e s  of mass 28, along with  27 and 

26 amu ( ind ica t ive  of e t h e n e  fo rm a t io n )  were  also d e t e c t e d  in a 

s imilar t e m p e r a t u r e  range  as the  CC>2 peak . However ,  the  poor signal 

re sponse  of  the  mass s p e c t r o m e t e r  F a ra d a y -c u p  d e t e c to r  for mass 28 

made it impossible to  quan t i fy  t h e  amount of e th en e  desorbed . No 

m e th a n e  desorp t ion  was d e t e c t e d  in the  t e m p e r a t u r e  range  of  th e  c a r 

b o x y la te  decomposit ion.

( 7 . 2 . 2 )  Coverage  D ependence

A se r ies  of ex p e r im en t s  w e re  c o n d u c ted  where  the  in i t ia l  1-PrOH 

dose was var ied  from 20% of  s a t u r a t i o n  to full s a tu r a t i o n  su r face  

c o v e r ag e .  The desorp t ion  s p e c t r a  from exper im en ts  a t  t h r e e  of these  

c o v e r ag e s  (20%, 50% and 80% of s a t u r a t i o n )  a r e  given in f igures  7.22 

to  7.24.  The r e su l t s  showed the  s e l e c t iv i t y  of 1-PrOH decomposit ion
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Figure  7 .22 :  The desorption spectrum af ter 1-propanol adsorption 
to 20% coverage a t  340 K on zinc oxide.

F igu re  7 .23: The desorption spectrum after 1-propanol adsorption 
to 50% coverage on zinc oxide



Figure  7 .24:  The desorption spectrum af ter 1-propanol adsorption 
to 80% coverage on zinc oxide

to be dependent on the initial surface coverage; figure 7.25 summaris

ing th e  changes  in c o v e r a g e  of t h e  main desorp t ion  p roduc ts  wi th  1- 

PrOH dose shows c lea r ly  th e  h igh s e le c t iv i ty  of th e  decomposit ion 

tow ard  c a r b o x y la t e  fo rm at ion  an d  r ev e r s ib le  desorp t ion  of th e  p a re n t  

a l c o h o l .

At low co v e rag e  ( f igu re  7.22) the  main desorp t ion  p roduc ts  were  

C0 2 > water and hydrogen, showing oxidation to the carboxylate/acetate 

spec ies  to  be th e  dominant r e a c t i o n .  This re su l t  should be compared  

to the behaviour of 2-PrOH where a t  low coverage dehydration was also 

a significant decomposition pathway (section 7.1). For 1-PrOH, only a 

trace  of propene a t  705 K was detec ted  associated with the carboxylate 

decompos i t ion  r e a c t io n .  In s p i t e  of  th is  low s e lec t iv i ty  for d e h y d ra 

tion ,  w a te r  was s t i l l  p r e s e n t  in a r e la t iv e ly  la rge  amount ind ica t ing  

th a t  e i t h e r  th is  w a te r  was p ro d u ced  on ca rb o x y la te  format ion or was
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Figu re  7 .25 :  Plot  of th e  d e so r p t io n  p roduct  s u r face  coverages  
as a function of 1-propanol surface saturation dose a t  340 K on zinc 

oxide. o  to ta l  coverage (excluding water); ■  propene; □  water; 
\ / C 0 2; • 1 - P r O H ;  O  propionaldehyde.
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p re s e n t  as an impurity  in the  i n j e c te d  a lcohol .  As the  quan t i ty  of 

water desorbed did not increase a t  the same ra te  as CO2 evolution with 

inc reas ing  1-PrOH dose,  th e  l a t t e r  exp lana t ion  would appear  to have 

been  the  more l ike ly .  Hydrogen desorp t ion  was also d e t e c t a b l e  a t  

lower t e m p e r a t u r e s  s imilar to  t h a t  found a f t e r  a s a tu r a t i o n  1-PrOH 

dose (467 K and 558 K). As t h e  c o v e rag e  was fu r the r  inc reased  the  

high ox ida t ion  s e l e c t iv i t y  was m a in ta in ed ,  a l though dehydra t ion  p ro 

duc ts  were  a lso  d e t e c t a b l e  in s ig n i f ic a n t  q uan t i ty .  Figure  7.23 a t  

50% coverage shows the presence of a further propene peak at  557 K in 

add i t ion  to  the  p ropene  de r ived  from c a r b o x y la te  decomposit ion.  No 

s ig n i f ic an t  q u an t i ty  of p rop iona ldehyde  was d e t e c t e d  for this dose.

Alcohol or p rop iona ldehyde  deso rp t io n  was not observed un t i l  the  

surface coverage reached 70-80% of saturation as shown in figure 7.24. 

At th is  dose an add i t io n a l  minor p ropene  peak  a t  484 K was also 

ap p a ren t .

( 7 . 2 . 3 )  1-Propanol and Water Coadsorption

Water and 1-PrOH were coadsorbed using the same method as pre 

viously desc r ibed  for 2 -P rO H  i .e .  by add i t ion  of d is t i l led  w a te r  to 

th e  a lcohol in the  liquid s a t u r a t o r ,  with a maximum dilution f a c to r  of 

app rox im a te ly  15% w a te r  in th e  a lcoho l  used .  The presence  of c o a d 

sorbed  w a te r  was found to  r e d u c e  th e  q u a n t i t i e s  of propene,  CO2 and 

mass 29 produced  but not to  e f f e c t  e i th e r  the  amount of revers ib ly  

adsorbed  a lcohol  or to  change  i t s  deso rp t ion  peak prof ile .

As th e  amount of c o adso rbed  w a te r  was inc reased  the  q u an t i ty  of 

water produced a t  high temperature  rose, while the amount of desorp

t ion  in th e  low t e m p e r a t u r e  r eg ion  inc reased  in the  region of 480 K 

(f igure  7.26).  This e f f e c t  was s imilar to  t h a t  previously noted  for
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F igu re  7 .26 :  The water desorption spectrum after 1-propanol and water 
c o ad so rp t io n  on z inc  oxide .  (a)= no added w a te r ;  (b)= 5% dilu tion; 

( c ) = 10% d i lu t ion ;  (d)= 15% dilu tion.

F igu re  7 .27: The mass 29 desorption spectrum af ter 1-propanol and 
water coadsorption on zinc oxide. (a)= no added water; (b)= 5% 

d i lu t ion ;  (c)= 10% d i lu t ion ;  (d)= 15% dilu tion.



218

2-PrOH and water coadsorption (section 7.1.3), although for 1-PrOH the 

high t e m p e r a t u r e  w a te r  deso rp t io n  peak te m p e ra tu re  was a t  a lower 

t e m p e r a t u r e  and was found to d e c r e a s e  from 703 K to  663 K as the  

alcohol dilution was increased. (For 2-PrOH the peak temperature was 

found to  in c re a se  with  a lcohol  d i lu t io n -  see  figure  7.9).

Figure 7.27 shows the presence of coadsorbed water almost entire

ly suppressed the formation of the  mass 29 desorption at  high tempera

t u r e ,  which a lso s h i f t e d  to  a h igher  t e m p e ra tu re  (approximate ly  673 

K). The red u c t io n  in th is  peak ,  no t  m a tched  by a r educ t ion  in the  

carboxylate derived CO2, suggested its formation may have been in fact 

independent to the oxidative decomposition process. A small amount of 

mass 29 desorp t ion  a lso a p p e a r e d  a t  approx im ate ly  550 K a l though  it 

was not possib le  to d e te rm in e  if  th i s  was propiona ldehyde.  The 475 K 

propionaldehyde s ta te  appeared to be suppressed by the water coadsorp

t i o n .

Similarly,  p ropene  d e so rp t io n  was suppressed  by the  coadsorbed  

w a te r  ( f igure  7.28).  The mass 41 (possibly propene)  a s so c ia t e d  with 

carboxylate decomposition was not suppressed to the same extent since 

even  th e  h ighes t  d i lu t ion  fa i l e d  to  to ta l ly  suppress c a rb o x y la te  

fo rm at ion  (see  below).

The p re sen c e  of coadso rbed  w a te r  was found only to  r e d u c e  the  

amount of CO2 desorbed by approximately 20% compared to the quantity 

ob ta ined  a f t e r  und i lu ted  1 -P rOH adsorp t ion  (giving a c o v e r a g e  of 

324xI012 molecules/cm^). This was accompanied by an 8 K decrease in 

th e  CO2 peak t e m p e r a t u r e  to  705 K and a d e c rea se  in the  desorp tion  

peak  width  ( f igure  7.29).
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Figure
water

7.28: The propene desorption spectrum afte r 1-propanol and 
coadsorption on zinc oxide. (a)= no added water; (b)= 5% 

d i lu tion ,  (c)= 10% d i lu t ion ,  (d)= 15% dilution

F igu re  7.29: The carbon dioxide desorption spectrum after 1-propanol 
and water coadsorption on zinc oxide. (a)= no added water; (b)= 5% 

d i lu t ion;  (c)= 10% d i lu t ion ;  (d)= 15% dilu tion.
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( 7 . 2 . 4 )  E f f e c t  o f  an In c re a s e d  C a ta ly s t  Sample Mass

Following a similar m e thod  to  t h a t  used for 2-PrOH (sec t ion  

7.1.6), 1-PrOH was adsorbed onto ZnO samples of different mass and the 

re su l t ing  va r ia t io n s  in t h e  d e so rp t io n  p roduct  peak t e m p e ra tu re s  used 

to de te rm in e  which deso rp t io n  peaks  were dominated by readso rp t ion  

e f f e c t s .  C a t a ly s t  sample masses  in th e  range  0.142 g to  0.913 g were  

t e s t e d ,  with  th e  r e su l t in g  peak  t e m p e r a t u r e s  of the  main desorp t ion  

and decomposition products summarised in figure 7.30.

As for 2-PrOH, the  high t e m p e r a t u r e  w a te r  desorp t ion  peak  was 

shown to  be r e a d so rp t io n  l im i ted  s ince  a la rge  pos it ive  sh i f t  in peak 

temperature occurred with cata lyst  mass. The reversible 1-PrOH peak 

a t  low t e m p e r a t u r e  showed a smal ler  sh i f t  as would be e x p e c te d  from 

such a r eve rs ib ly  adso rbed  s t a t e ,  a l though  the  a cc u ra cy  of d e t e c t in g  

such changes in this temperature  region was limited (since the temper

a t u r e  sh i f t  is p ro p o r t io n a l  to  t h e  h e a t  of adsorp t ion) .  Both th e  mass 

29 and propene  peaks  showed a s l ight nega t ive  shif t  in t e m p e r a t u r e  

with  inc reas ing  c a t a l y s t  w e igh t .  The reason  for th is  e f f e c t  was not 

c l e a r ,  a l though  th e  r e su l t  did, however ,  i n d ica te  t h a t  fo rm at ion  of 

th e se  p roduc ts  a p p ea re d  to  be unde r  k ine t ic ,  r a t h e r  than  re a d so rp t io n ,  

c o n t ro l .  The CC>2 peak  showed a  s l ight in c rease  in t e m p e r a t u r e  with 

c a t a l y s t  weigh t  (as a lso found for 2 -PrOH).  The magni tude  of  the  

sh i f t  would,  how ever ,  aga in  in d i c a t e  t h a t  readso rp t ion  was no t  s ign i f 

i c an t  i .e .  the  CO2 evo lu t ion  was  under  k ine t ic  con t ro l .  Any shif t  

a s s o c ia t e d  with the  p rop iona ldehyde  peak  t e m p e r a t u r e  could  no t  be 

de te rm ined  s ince  th e  very  low amount  of propiona ldehyde  formation 

m e a n t  t h a t  t h e  p e a k  fo r  t h i s  p r o d u c t  c o u ld  n o t  be  a c c u r a t e l y

e s t a b l i  shed.
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CATALYST HASS <g>

Figu re  7 .30: Plot  of th e  e f f e c t  of  c a t a l y s t  mass on the  1-p ropano l  
desorption product peak temperatures from zinc oxide.

0 =  1-PrOH; □= propene; y =  CO2; 0 =  water
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( 7 . 3 )  A ce to n e

( 7 . 3 . 1 )  Thermal D eso rp t ion  and  Decomposit ion  Spec trum

A typ ica l  deso rp t ion  s p ec t ru m  ob ta ined  a f t e r  adsorp t ion  of a c e t 

one to s a tu r a t i o n  c o v e r ag e  a t  340 K is shown in figure 7.31 with  the  

co rrespond ing  main p roduc t  s u r f a c e  coverages  and peak t e m p e r a t u r e s  

d e ta i l ed  in t a b le  7.3.  The main desorp t ion  products  o b ta ined  were  

acetone, propene, CC>2, hydrogen, methane and water.

Acetone desorbed in a single broad peak at  approximately 428+7 K, 

with a further minor desorption peak at  higher temperature (approxima

tely 553 K) indicated in the  trailing edge of the main peak. The main 

peak was 10-20 K lower th an  th e  a c e to n e  peak observed a f t e r  2-PrOH 

adsorp t ion  on the  same c a t a l y s t  ( sec t ion  7.1),  the  la rger e r ro r  l imits 

be ing a r e f l e c t i o n  of v a r iab i l i ty  in the  posit ion  of this  peak b e tw ee n  

different experiments under the same conditions. The surface coverage 

was similar to that  obtained for acetone af te r  2-PrOH adsorption.

Propene was evolved in two overlapping desorption peaks at  tempe

ratures of 473 K and 555 K, that  appeared to correspond to the a  and 3 

p ropene  peaks  formed from 2-PrOH.  Compared to the  2-PrOH der ived  

propene, these peaks were 15 K and 35 K lower in temperature respect i

vely.  The t o t a l  propene  s u r f a c e  co v e rag e  as given in tab le  7.3 was 

lower th an  for p ropene  evo lved  a f t e r  2-PrOH adsorp t ion .  Water was 

evolved with  th e  propene  (app rox im a te  r a t io  of 6 :1) ,  while hydrogen 

was also produced in a broad and rather unstructured peak in the same 

temperature region. Further water desorption occurred at  high temper

a tu r e ,  while th e  t o t a l  q u a n t i ty  o f  w a te r  was in excess  of th e  propene 

formed ind ica t in g  th e  possible  p re s e n c e  of w a te r  impur it ie s  in the  

in je c ted  a c e to n e .
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F igu re  7.31:  The desorption spectrum afte r acetone adsorption to 
saturation coverage a t  340 K on zinc oxide.
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Table  7.3 :  The desorption products, peak temperatures and 
s a tu r a t i o n  su r f a c e  c o v e r a g e s  following acetone adsorption 

a t  340 K on zinc oxide.

desorption
product

peak
temperature

(K,+2)

su r face
coverage

( 1012 molec/cm2)

acetone 428+7 41

propene 483 65
555 100

c o 2 751 250

water 475 40
554 ~5
709 250

hydrogen 742 158

methane 573,751 -

Water, hydrogen, methane and CC>2 were evolved at high tempera

tu re ,  i n d ica t iv e  of th e  decom pos i t ion  of a s u r face  ca rb o x y la te .  The 

decompos i t ion  t e m p e r a t u r e  and com posi t ion  of the  desorp t ion  p roduc ts  

were similar to those observed a f t e r  2-PrOH adsorption.

A further methane peak was formed a t  lower temperature a t  573 K 

in a manner not previously observed with 2-PrOH.

( 7 . 3 . 2 )  C overage D ependence

In common with  th e  b ehav iou r  of both  1-PrOH and 2-PrOH, the 

decomposition selectivity of ace tone  was found to be coverage depend

en t .  Adsorption of a c e to n e  to  a low in i t ia l  su r face  coverage  (approx

im ate ly  40% of full s u r f a c e  s a t u r a t i o n )  gave th e  desorp t ion  spec t rum  

of figure 7.32. As for 2-PrOH a t  low coverage, the decomposition was



F igu re  7-32: The desorption spectrum af ter acetone adsorption to low
coverage a t  340 K on zinc oxide.

s e l e c t iv e  to w ard  d e h y d ra t io n  and  ox ida t ion ,  with  only propene,  CO2, 

methane and water produced. No acetone evolution was detected.  Both 

p ropene  peak  t e m p e r a t u r e s  were  approx im ate ly  25 K and 35 K higher 

r e s p e c t iv e ly  than  those  ob ta in ed  a f t e r  s a tu r a t i o n  coverage  (see t a b le

7.3) and were close to the peak temperatures obtained for the a and 3 

propene s ta tes  after 2-PrOH adsorption. The CO2 and water desorbed at  

t e m p e r a t u r e s  similar to  t h a t  o b ta in e d  a f t e r  a s a tu r a t i o n  a c e to n e  dose 

(756 K and 731 K respectively).  A small amount of methane desorbed at 

a pp rox im a te ly  531 K, with  a f u r t h e r  la rger  peak a t  765 K a s so c ia te d  

with carboxyla te  decom pos i t ion .

( 7 . 3 . 3 )  Low Maximum H e a t in g  T e m p e ra tu re

Two consecu tive  experim ents were conducted where, after  ace ton e

a d s o r p t io n  a t  340 K, t h e  c a t a l y s t  w as h e a te d  to  a low er  maximum
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t e m p e r a t u r e  (633 K) so t h e  c a r b o x y l a t e  and hydroxyl su r face  spec ies  

were  not desorbed .  The su b seq u en t  adsorp t ion  of a c e to n e  with th e se  

surface species present was found to give a desorption spectrum where 

n e i th e r  the  t e m p e r a t u r e  nor  th e  s u r f a c e  coverage  of th e  main a c e to n e  

de sorp t ion  peak  was changed  c o m p ared  to  a spec t rum  ob ta ined  from a 

' c l e a n '  s u r f a ce .  However ,  a  propene  desorp t ion  was suppressed  

c o n s i s t e n t  with  th e  r e s u l t s  o b ta in e d  for 2-PrOH (sec t ion  7.1.4),  while 

the 3 propene peak was also absent.

Following these two experiments,  a further low temperature a c e t 

one adso rp t ion ,  followed by h e a t i n g  to the  full 800 K, r e su l ted  in 

evo lu t ion  of a c e t o n e  and CO2 d eso rp t io n  peaks with  su r face  coverages  

similar to those obtained a f te r  a normal low temperature adsorption of 

a c e t o n e  on th e  ' c l e a n '  c a t a l y s t  s u r f a c e .  A sl ightly  g r e a t e r  w a te r  

coverage was obtained, while no propene desorption was observed. The 

peak temperatures for acetone,  CC^, and in particular, for water, were 

lower than  normal  (393 K, 744 K and 678 K re s p e c t iv e ly ) .  Similar 

effects  have also been noted for the water desorption peak temperature 

af te r  the equivalent experiments conducted with 2-PrOH.

( 7 . 4 )  D i s c u s s i o n  o f  R e s u l t s

( 7 . 4 . 1 )  I n t r o du c t i o n

This c h a p t e r  has p r e s e n t e d ,  in some d e ta i l ,  re su l t s  concerned  

with the decomposition behaviour o f  2-PrOH and 1-PrOH on ZnO. Two 

im por tan t  a s p e c t s  r e q u i re  f u r t h e r  cons ide ra t ion .  F i r s t ly ,  i t  is 

im por tan t  to  e s t a b l i s h  as far  as possib le  the  re la t ionsh ip  b e tw ee n  the  

TPD spectra and the catalyst  s tructure ,  and secondly, to determine the 

significance of the  TPD results in terms of a decomposition mechanism.
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The ZnO c a t a l y s t  used in th is  study possessed a well  def ined 

crystal st ructure that  exposed both polar and non-polar surfaces. The 

observed TPD spectra from the decomposition of 1-PrOH and 2-PrOH would 

be e x p e c t e d  to c o n ta in  c o n t r ib u t io n s  from these  various  su r faces  in a 

similar manner to that  shown for water desorption (chapter 6). Incon- 

sistancies between published schemes for alcohol decomposition on ZnO 

also make i t  a lso  w or thw hi le  t o  discuss th e  r e su l t s  in te rms of a 

decomposit ion mechanism.

( 7 . 4 . 2 )  2-P rop anol

( 7 . 4 . 2 . 1 )  C rystal F ace D ependence o f  the D ecom position  
P rod u cts

Assignments for the crystal  face  dependence of the 2-PrOH decom

posit ion  p ro d u c ts  have  been  m ade  by co ns ide ra t ion  of  the  s u r face  

co v e rag e s ,  th e  i n t e r a c t io n  o b se rv ed  be tw een  coadsorbed  2-PrOH and 

w a te r ,  and th e  e f f e c t s  of p o ta s s iu m  promotion and chlorine  t r e a tm e n t  

of ZnO on th e  TPD s p e c t r a  ( t h e s e  resu l t s  a re  p re sen te d  in c h a p te r s  8 

and 9).

2 -PrOH and w a te r  c o a d s o rp t io n  was found to  give a la rge r  high 

t e m p e r a t u r e  w a te r  desorp t ion  p e a k  which confirms th is  peak in t h e  2- 

PrOH decompos i t ion  s p ec t ru m  to  be due to desorp t ion  l imited s u r face  

hydroxyl recombination from the a  and $ hydroxyl sites (and not to be 

r e l a t e d  to  a su r f a ce  decom pos i t ion  r e a c t io n ) .  Fur the rm ore ,  these  

experiments showed the a  and y  propene states to be selectively displ

aced by adsorbed a  hydroxyl species, while $ propene, acetone and 2- 

PrOH peaks remained unaffected.

The in t e r a c t io n s  in d ic a t e  c l e a r l y  a  p ropene  to  be produced  from

th e  sam e s i t e s  a s  th e  a  h y d r o x y ls  i . e  th e  Zn polar (0 0 0 1 )  s u r fa c e .
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Consis ten t  with th is  a ss ignm ent ,  the  s a tu r a t i o n  su r face  coverage  of a  

propene was in good agreement with the coverage of a hydroxyls prod

uced after water adsorption, and with the estimated number of exposed 

Zn ca t ions  on th e  Zn po lar  s u r f a c e  (see  ch ap te r  6 ). Less w a te r  was 

produced with a  propene than 8 or y propene, also consistent with the 

s t ro n g e r  w a te r  r e a d so rp t io n  e f f e c t s  a s so c ia te d  with th is  su r face .  

F u r th e r  ev id en ce  in c o n f i rm a t io n  o f  th is  ass ignment was given by the  

e f f e c t s  of po tass ium  promotion  and  of ch lor ine  t r e a t m e n t ,  which both 

caused  a suppress ion  of  a  p ro p en e  format ion .  Described fully in 

c h a p te r  8, ch lo r ine  will be  shown to  be a s e l e c t iv e  poison for the  

polar surfaces of ZnO .

The 8 propene peak is a t t r ibuted  to the non-polar (1010) surface, 

s ince  it  rem ained  u n a f f e c t e d  by th e  p re sence  of hydroxyls on th e  Zn 

pola r  s u r fa ce  during  2 -PrOH and w a te r  coadsorp t ion ,  sugges ting a s i te  

independence to both the hydroxyls and to the a  propene. Confirmation 

of th e  ass ignment  was a lso  given by the  e f f e c t  of ch lor ine  t r e a t m e n t  

which was found not to e ffec t  8 propene formation.

The a s s i g n m e n t  o f  t h e  y p r o p e n e  s t a t e  is m o re  u n c e r t a i n .  

Although suppressed  in a similar  way to  th e  a  s t a t e  by an inc reased  

hydroxyl c o v e r a g e ,  i t  seems un l ike ly  t h a t  two such d i f f e r e n t  propene 

s t a t e s  could ex is t  on th e  one s u r f a c e .  A compar ison of the  propene 

desorption spectrum to the temperatures obtained by Lui e t  a l ^ ^ ^  for 

p ropene  de so rp t ion  from th e  (0001) ,  (5051)  and (0001 ) single c ry s ta l  

s u r f a ce s  a f t e r  2 -PrOH a d so r p t io n  is given in f igure  7.33. Although 

appearing to confirm the above assignments for a  and 8 propene and to 

sugges t  t h a t  t h e  y s t a t e  may hav e  been  produced on the  (OOOT) face ,  

th is  comparison must be t r e a t e d  wi th  cau t ion .  In the  single c ry s ta l
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Figure  7 .33: A comparison of the  propene desorption spectrum af ter 
2-propanol adsorption on zinc oxide to the propene peak temperatures 

found by Lui e t  a l ^ ^ ) _ on s ing le_c rys ta l  z inc  oxide s u r fa ce s .  
(a)= 0001; (b)= 1010; (c)= 0001

s t u d y ^ * ^  acetone  was observed to desorb a t  the same temperature as 

propene  for a ll  t h r e e  s u r f a ce s  w h e rea s  in the  p re sen t  s tudy only a 

trace  of acetone was observed with the a  propene. Nevertheless, since 

a small amount of acetone produced with y  propene would be impossible 

to  d e t e c t ,  t h e  s ingle  c r y s t a l  work  t e n d ed  to support  th e  view th a t  the  

Y  propene was produced a t  a defect  site on the O polar surface.

The acetone and 2-PrOH peaks are  both attr ibuted to the non-polar 

(1010)  s u r f a c e ,  s ince  th e se  p eak s  also remained u n a f f e c t e d  by the 

p re sen ce  of th e  inc reased  hydroxyl coverage  on th e  Zn polar su r face .  

The a c e to n e  peak ,  ob ta ined  a f t e r  a c e to n e  adsorp t ion ,  a lso exh ib i ted  

behaviour  t h a t  was c h a r a c t e r i s t i c  o f  adsorp t ion  on the  same su r face ;  

such an a ss ignm ent  for th e  a c e t o n e  su r face  p recurso r  is cons i s ten t  

with Nagai e t  a l ^ * ^  who have shown acetone adsorption to require Zn-
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O pair  su r face  s i te s  (as found on th e  non-po la r  su r face ) .  On the  Zn 

pola r surface ,  such Zn-O  ion pair  s i te s  can only form in a ssoc ia t ion  

with  s u r face  d e f e c t s  (such as s tep s  or Zn vacanc ies )  t h a t  expose  t h e  

subsu r face  l a t t i c e  oxygen.  The d e t e c t io n  of the  small amount of  

a c e t o n e  a t  a similar t e m p e r a t u r e  with  a  propene is then  c o n s i s te n t  

with  a c e to n e  being formed a t  d e f e c t  s i te s  on this  face .

C arboxy la te  fo rm at ion ,  a l th o u g h  also s ign if ican t ly  reduced  by an 

in c re a se d  hydroxyl p re s e n c e ,  could  no t  be e n t i r e ly  suppressed ,  making 

th e  c r y s t a l  p lane  d ep en d en ce  of t h e  oxidation su r face  s i te s  less 

obvious .  The re d u c t io n  in th e  o b se rv ed  CC>2 evolu tion (approxim ate ly  

50%) when 2-PrOH was c o ad so rb ed  with  w a te r  is c o n s i s ten t  with a 

possib le  a sso c ia t io n  wi th  t h e  Zn pola r s u r face .  However ,  th is  may 

equal ly  well be due to  t h e  e f f e c t  of hydroxyl adsorp t ion  onto  th e  $ 

s i t e s  of th e  no n -p o la r  s u r f a c e .  In add i t ion ,  the  coverages  a r e  too 

high for both  c a r b o x y la t e  and a  p ropene  precurso rs  to  be p re sen t  on 

th is  single  s u r f a c e .  Assuming a 65% f r ac t io n  of non-po lar  s u r face  and
i 5 o

tak ing  the  dens i ty  of Zn-O  pa i r s  on th is  su r face  to  be 1.4x10 cm

then the carboxylate would occupy only approximately 33% of the 

a v a i l a b l e  c a t i o n  s i t e s  i f  i t  i s  f o r m e d  so le ly  on t h e  n o n - p o l a r  

su r f a c e .  Similarly,  3 p ropene ,  a c e to n e  and 2-PrOH would occupy a 

further 35%, 8% and 9% of the surface respectively, to make a total  of 

85% of the  c a t io n  s i t e s  o c cu p ie d .  This shows su f f ic ien t  s u r fa ce  a rea  

to  be av a i lab le  for c a r b o x y la t e  fo rm at ion ,  as well as for th e  o ther  

p ro d u c t  p recu rso r s ,  to  be adsorbed  to  th is  s u r face .  Accordingly,  the  

c a r b o x y la t e  fo rm at ion  s i t e s  a re  ass igned  to  be a sso c ia ted  with the  

no n -p o la r  su r face .

The next section, discussing the mechanism of 2-PrOH decomposit
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ion, will fu r th e r  d e m o n s t r a t e  th e  oxida tion  mechanism of c a rb o x y la te  

formation to be closely associated with the dehydrogenation mechanism 

in a manner t h a t  requ i re s  th e  tw o  products  to be formed on the  same 

sites. Although the similarity in coverage of 3 propene and carboxyl

a t e  might a lso  sugges t  a f u r t h e r  possible r e a c t io n  link, as ch lor ine  

treatment was found to suppress carboxylate but not 3 propene format

ion, the  similar  c o v e rag es  must  just  be co inc iden ta l .

Evidence  in the  l i t e r a t u r e  for th is  ass ignment for the  c a r b o x y l 

a t e  s i te s  is given by s e v e ra l  inves t ig a t io n s  of methanol  decomposi t ion 

on ZnO. Form at ion  of th e  c a r b o x y la t e  can be cons idered  analogous to 

th e  fo rm a te  ob ta in ed  in m e th a n o l  decom pos i t ion /syn thes is  on ZnO.

Although th e  work of Bowker e t  a l ^ ^  ass igned th e  fo rmate  to th e  Zn

(?&) ( 2 7 Ipolar s u r f a c e ,  Edwards  and S c h r a d e r '  ' and Rober ts  and G r i f f in '  '

have more recently shown that  oxidation of methoxy to formate occurs

in s ign i f ic an t  amount only on t h e  non-polar  s u r fa ce  (or Type II H2

adsorp t ion  s i t e s ,  see  sec t io n  6 .3 .1 ) ,  cons is ten t  with the  ass ignment

made for the carboxylate in the  present study.

( 7 . 4 . 2 . 2 )  D ecom position M echanism on Zinc Oxide

Several mechanisms have been proposed for 2-PrOH decomposition on 

ZnO. Tamaru e t  a iU 0 6 ,107) ancj M a n a z e c ^ ^  have both proposed schemes 

th a t  involve  th e  r e a c t io n  o f  a s u r face  e n o la te  spec ies ,  while th e  

mechanism of Bowker et  a iU08,115) ls 5asecj 0n -j-̂ e sequential reaction 

of an adsorbed  alkoxy spec ie s .

Bowker e t  a l  propose  th e  in i t i a l  re a c t io n  s tep  to  be the  non-  

d is soc ia t ive  adsorp t ion  of th e  a lcoho l  molecule  through in te r a c t io n  of 

the lone pair electrons of the alcoholic oxygen with the ZnO surface:

(CH3)2CHOH(g) + (CH3)2CHOH(a) [1]
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The adsorbed  a lcohol  then  undergoes  d issocia tion  to form the  s u r f a c e  

alkoxy spec ies  a cco rd ing  to :

(CH3)2CHOH(a) + 0 (s) -  (CH3)2CHO(a) ♦ OH(a) [2]

(CH3)2CHOH(a) + OH(a) + (CH3)2CHO(a) + H20 (g) + V0 [3]

Bowker e t  al  i n f e r r e d  s t e p  [3 ]  from the  lack  of w a te r  desorp t ion  

detected during temperature programming and by the reproducibility of 

th e i r  deso rp t ion  sp ec t ru m .  The w a te r  loss was in fe r red  from this 

ex p e r im en ta l  r e p ro d u c ib i l i ty ,  a l though  the  dosing method used could 

not conf i rm th is .  This mechanism,  producing a su r face  anion vacancy ,  

VQ, applies to the fraction of the  surface which subsequently produces 

propene. The acetone formation proceeds through a mechanism that  does 

not evolve water from the surface, but produces hydrogen by recombina

t ion  of d is soc ia ted  hydrogen a tom s :

<CH3)2CHOH(a) -  (CH3)2CHO(a) + H(a) [*]

2H(a) ■” H2(g) [5]

Steps [ l ] - [ 4 ]  p roduce  a s u r f a c e  popu la ted  by adsorbed a lcohol and

alkoxy spec ies .  Low t e m p e r a t u r e  a lcohol desorp t ion  occurs  through

recom bina t ion  in th e  r e v e r s e  of [4 ]  or by the  desorp t ion  of in ta c t

a lcohol  molecules  in th e  r e v e r s e  of [ 1 ] .  The su r face  is then  left

c o v e red  with  two types  of adso rbed  alkoxy spec ies ,  depending whether

they  a r e  p roduced  by s t ep  [3 ]  or by s t ep  [ 4 ] .  Acetone is produced

by th e  r a t e  l im ited  dehy d ro g en a t io n  a t  th e  a  carbon a tom  of the

alkoxys a s s o c ia t e d  with  th e  u n p e r tu rb e d  s i te s  ( i .e produced by [4 ] )

leaving a r e a c t i v e  hydr ide  on th e  s u r f a c e :

(CH3)2CHO(a) -  (CH3)2CO(g) + H(a) [6]

By su r f a c e  d i f fusion  th e  hydr ides  then  a t t a c k  the  remaining alkoxy

groups a t  th e  $ hydrogen pos i t ion  to  yield propene and hydrogen into
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the gas phase:

(CH3)2CHO(a) + VQ -  C3H6(g) + H(a) + 0 (s) [7]

2H(a) -  H2(g) ™

The s imila r i ty  b e tw ee n  a c e to n e  and  propene desorp t ion  te m p e ra tu re s ,

and th e  o rder  of th e i r  deso rp t io n  in the  TPD resu l t s  of Bowker e t  al 

was consistent with this two step mechanism.

Using IR spectroscopy, Tamaru et  a iO06,107) identified the form

a t ion  of a lkoxy spec ies  a f t e r  ad so rp t io n  of 2-PrOH on ZnO a t  room 

temperature.  When the adsorbed alkoxy was heated to 363 K, IR bands 

co rrespond ing  to  adsorbed  enol spec ies  were  also iden t i f ied ,  with 

s imul taneous  hydrogen l ib e ra t io n  in to  the  gas phase .  Isotopic  l a b e l 

ling c lea r ly  showed th e  hydrogen  to  be produced by recombina t ion  of 

d is soc ia t ive ly  adsorbed  hydrogen  and the  a  hydrogen of the  alkoxy. 

Desorption o f  acetone was also found but only when 2-PrOH was present 

in th e  gas phase ,  sugges t ing  t h a t  the  adsorbed enol spec ies ,  formed by 

decomposition of the alkoxy, were  replaced by gaseous 2-PrOH to form 

a c e to n e .  On th e  basis of th e s e  observa t ions ,  Tamaru e t  a iU 06 ,107)  

propose the following mechanism for 2-PrOH decomposition on ZnO:

(CH3)2CHOH( ) ->• (c h 3)2c h o (a) + H(a) [9]

h 3c  c h 3 _ CH3
<CH3)2CHO(a) -  C t  c [ 1 0 ]

°(a ) H2C' -OH(a)

CHo _
t .  + (CH3)2CHOH<?) 

H 2c '  OH(a)
-► CH3CHO(g ) + [ u ]

<CH3)2CHO(a) + H(a)

As propene  was only o b ta ined  as  a minor decomposit ion product  (10% 

s e l e c t iv i t y ) ,  i t s  format ion  has no t  been  included in th is  re a c t io n  

scheme.  The buildup of an i n a c t i v e  s u r fa ce  species  during the  course  

of r e a c t io n  was found to  cause  a  d e c r e a se  in a c t i v i ty .  Although not 

id en t i f i ed  th is  was sugges ted  to  be a polymerised  species  of a ce to n e ,
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such as a c e t y l a c e t o n e .

A similar  i n t e r a c t io n  o f  gas phase  a lcohol molecules with a d s o r b 

ed s u r f a c e  spec ies  is a lso  p roposed  by P a r r o t t  et  a l ^ ® ^  as a m e c h a n 

ism for acetaldehyde formation a f te r  ethanol adsorption on MgO. How

ever ,  in th is  scheme,  it is the  adsorbed  e thoxy,  r a th e r  than  the  enol ,  

tha t  reacts with the gas molecules to form the dehydrogenation product 

(see  s ec t io n  2.4.6 for f u r t h e r  d e ta i l s ) .

P a r r o t t  e t  al  a lso p ropose  t h e  dehydra t ion  of e thanol  to  e th y le n e

to occur by £ hydrogen e l im in a t io n  from the  adsorbed  e thoxy spec ies .  
/ 37 \

Manazec'  '  has, however, postulated a mechanism for secondary alcohol 

d ehydra t ion  over basic  m e ta l  oxide  c a t a ly s t s ,  such as ZnO, where  an 

adsorbed enol is the intermediate species. In the Manazec mechanism, 

the  alkoxy, formed by d i s so c ia t iv e  adsorp t ion  of  2-PrOH, is dehy

d ro g e n a ted  by a t r a n s f e r  o f  a hydr ide  from th e  a carbon to  a nearby  

cation or hydroxyl group to generate  a bound ketone:

H 3C n P*3
Zn Zn + (CHo)9CHOH/a x -> CH [12]

nO /  3 2  cT OtH
Zn Zn

No '

v  ' CH3 - h 2o h 3c n ,c h 3
CH <- C.
6  9H  
Zn Zn i XZn Zn

[13]

\O/

" o ^

The re su l t in g  bound k e tone  is d e p r o to n a t e d  from the  3 carbon to  give 

the  e n o la t e  spec ie s ,  which is r e p r o t o n a t e d  a t  the  a  carbon  to  l ib e ra te  

propene:

h 3Cv

Zn

' CH3 c h 3
- H +

HoO' - ' O
^Zn Zn+

o /
Zn

+H+
-> h 2c =c n

,CH3

H
[14 ]
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The format ion  of alkoxy spec ie s  a f t e r  adsorp t ion  of a lcohols  on 

th e  s u r fa ce  of m e ta l  oxide c a t a l y s t s  is well documented  in th e  l i t e r a -  

t u r e ^ ^ ’ ^ ^ ’ * ^ ’ * including 2-PrOH adsorp t ion  on ZnO, for e x am 

ple ,  as found by Tamaru  e t  a |O 0 6 ,1 0 7 )  (descr ibed  above) .  It seems 

c l e a r ,  then ,  fo rm at ion  of a lkoxy spec ies  occu r red  as the  in i t ia l  s t ep  

in th e  d is soc ia t ive  adso rp t io n  of 2-P rOH on ZnO in th e  p re sen t  s tudy .  

However ,  the  weak s u r f a c e  coo rd in a t io n  o f  the  lone pair  e l ec t ro n s  o f  

th e  a lcoho l ic  oxygen, such as proposed by Bowker e t  a iU08,115)^  

forming the  m olecu lar ly  a d so rb ed  a lcohol ,  is l ikely to  have been th e  

f i r s t  s tep  of th e  a d so rp t io n  p ro cess :

(CH3)2CHOH(g) + (CH3)2CHOH(a) [15]

The 376 K and 421 K t e m p e r a t u r e s  found for the  reve rs ib le  desorp t ion  

peaks  a re  similar  to  th o se  r e p o r t e d  for m e t h a n o l ^ ^ ’^ ^  and e th an o l  

(97 ,99) de so r p t ion  from ZnO s u r f a c e s  suggesting a similar mode (and 

s t r e n g t h )  of s u r f a c e  i n t e r a c t i o n  th a t  is cons is ten t  with a common 

m olecu lar ly  adsorbed  form as given in [ 1 5 ] .  Recombination of alkoxy 

and adsorbed  hydrogen ( the  r e v e r s e  of [16]  below) leading to 2-PrOH 

deso rp t ion ,  how ever ,  is a lso  a poss ib i l i ty  t h a t  c anno t  be ru led  out,  

especially for the  higher temperature  a  2-PrOH peak.

Alkoxy fo rmat ion  is p roposed  as fo llows:

(CH3)2CHOH(a) + 0 (s) -  (CH3)2CHO(a) + OH(a) [16]

The s imul taneous  deso rp t ion  of w a t e r  (accompanied by formation of an 

an ion vacancy )  as sugges ted  by Bowker e t  a iO 08 ,115 )  (g jven in r e a c t 

ion [3 ]  above)  was no t  s p ec i f ic a l ly  inves t ig a ted .  However,  it  seems 

unlike ly  to  occur  s ince  the  r e s u l t s  from th is  study found w a te r  to  be 

evolved  during TPD (Bowker e t  a l  did no t ) .  Although less w a te r  than  

p ropene  was in f a c t  evolved ,  hydroxyl consumption as a resu l t  of 

c a r b o x y la te  fo rm at ion  can  a c c o u n t  for th e  d e f ic i t  (see below).
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Repetition of 2-PrOH adsorption on the ICI low surface area ZnO (the 

same as used by Bowker e t  a iO08,115)^ see chapter 8) found an excess 

of  w a te r  compared  to p ro p en e  to be evolved in subsequent th e rm a l  

deso rp t ion ,  sugges t ing  th e  a p p a r e n t  absence  of w a te r  de so rp t ion  

r e p o r t e d  by the se  w orke rs  may have simply been due to a lack o f  

equ ipm ent  s en s i t iv i ty .

An im por tan t  t e s t  for th e  formation of the  eno la te  spec ies  (as 

found by Tamaru e t  a iO 0 6 ,1 0 7 ) )  was t0 compare  th e  t e m p e ra tu re s  of  

a c e t o n e  fo rm at ion  in th e  d e so rp t io n  s p e c t r a  a f t e r  both a ce to n e  and 2- 

PrOH adsorption. The temperature  of the acetone desorption peak af ter 

a c e t o n e  ad so rp t ion  was 10-20  K lower than  for a c e to n e  formed a f t e r  

a lcoho l  adsorp t ion  showing th e  2-PrOH der ived  a ce to n e  peak to  be 

r e a c t i o n  l imited .  In add i t io n ,  t h e  desorp t ion  of hydrogen co inc iden t  

with  a c e to n e ,  and the  c o n s t a n t  a c e t o n e  peak  t e m p e ra tu re  with  vary ing 

c a t a l y s t  sample mass,  were  both  ind ica t ive  of i ts  format ion being due 

to  the  k in e t ic a l ly  l imi ted ,  r a t h e r  than  th e  desorp t ion  l imited ,  e v o lu 

tion of a surface species. However, the presence of a common interme

diate reaction structure,  tha t  may have been the enol, in the decompo

s i t ion  pa thw ays  of both  a c e t o n e  and of 2-P rOH was sugges ted  by the  

s im i la r i t ie s  in th e i r  r e s p e c t i v e  de so rp t ion  s p e c t r a .  This is d i s cu s s 

ed fu r th e r  below.

Acetone is proposed to be formed by the reaction limited decompo

s it ion  of the  isopropoxy spec ies  th rough a b s t r a c t io n  of the  a  h y d ro 

gen, as in the mechanism of Bowker et  a l^**^ :

(CH3)2CHO(a) ♦ (c H3)2CO(a) ♦ H(a) [17]

(CH3)2CO(a) - (CH3)2CO(g) [18]

2H(a) ^  H2(g) [19]
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Reaction [17] was the limiting step since hydrogen appeared coincident 

with acetone. The possibility tha t  the small amount of hydrogen which 

a p p ea re d  just  be fo re  a c e t o n e  a ro se  from recombinat ion  of hydrides  

p roduced  by r e a c t io n  [1 6 ]  can n o t  be ru led  out.  The source  of the  

th i rd  hydrogen peak a t  478 K, a t  a similar t e m p e ra tu re  to  3 p ropene ,  

is d iscussed  below. The sho r t  l ived in te rm e d ia te  species  formed by 

r e a c t io n  [1 7 ]  is possibly of th e  e n o l - ty p e  s t r u c tu r e ,  a l though wi thou t  

a d i r e c t  method of i d e n t i f i c a t i o n  of th e  s t r u c tu r e  of the  adsorbed  

in t e rm e d ia te s  (for example ,  th rough  the  use of IR sp ec t ro scopy) ,  this 

can  only be a sp ec u la t iv e  conclus ion .  The involvement  of the  enol 

st ructure was further suggested by the similar decomposition behaviour 

of acetone and 2-PrOH.

The formation of water a t  the  same temperature as acetone sugg

e s t s  t h a t  l imited  side r e a c t i o n  o f  the  adsorbed  hydrogen also occurs  

wi th  s u r f a c e  hydroxyl spec ie s .  An in c rease  in w a te r  desorp t ion  c o in 

cident with acetone after 2-PrOH and water coadsorption suggests that 

the  hydroxyls  in [20 ]  be low may be der ived  from the  w a te r  impurity 

p re s e n t  in the  in j e c ted  a lcoho l .

H(a) + OH(a) *  H2°(g )  [2°]

The q u a n t i ty  of hydrogen l i b e r a t e d  with  a ce to n e  was too  la rge  to

be a c c o u n te d  for simply by th e  dehydrogenat ion  r e a c t io n  only.  This 

showed th a t  an ad d i t iona l  s u r f a c e  r e a c t io n ,  t h a t  a lso evolved h y d ro 

gen,  must have  also o ccu r red  a t  th is  t e m p e ra tu re .  IR s tudies  in the  

l i t e r a t u r e  have id e n t i f i e d  th e  fo rmat ion  of su r face  ca rb o x y la te  bands 

in th e  t e m p e r a t u r e  region of  440-470  K a f t e r  a lcohol adsorp t ion  on 

m e ta l  o x i d e s ^ ^ ’ * **” * * and in p a r t i c u l a r ,  a f t e r  2-PrOH a d so r p 

t ion  on ZnO^*®^.  This is c lose  to  th e  t e m p e ra tu re  a t  which the  

hydrogen and acetone were evolved in the present study. The evolution
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of hydrogen in c a r b o x y la t e  fo rm at ion  has been rep o r ted  by Kagel et  

a l (103) fQr 1 -PrOH on a lumina,  a l though K a g e l ^ * ^  has also found 

m e thane  to be evolved  from 2-PrOH in an equ iva len t  oxidation process  

(this  is cons ide red  fu r th e r  be low).

It seems l ikely th en  t h a t  fo rmat ion  of c a rboxy la te  o c cu r red  a t  

the  similar t e m p e r a t u r e  as a c e t o n e  format ion ,  and was responsib le  for 

the large evolution of hydrogen observed. The coincidence of acetone 

and carboxylate formation further suggests a common reaction pathway 

ex is ted  for the  tw o  p ro d u c ts .  This ’l ink'  was more firmly es tab l i shed  

by the  e f f e c t s  of  po ta ss ium  promotion ( c h a p te r  9) and of ch lor ine  

treatment (chapter 8) of ZnO, and by the behaviour of 1-PrOH (see the 

following s ec t io n ) ,  t h a t  d e m o n s t r a t e d  th a t  a r educ t ion  in th e  e x te n t  

of ox ida t ion ,  th rough  an e f f e c t i v e  lowering in the  ava i l ab i l i ty  of 

s u r face  oxygen to  form th e  c a r b o x y la t e ,  r e su l ted  in an inc rease  in the  

q u an t i ty  of a c e to n e  formed (see  c h a p te r s  8 and 9). Such a common 

reaction pathway for dehydrogenation and oxidation has been shown by 

Miyata et  a l ^ ® ^ ,  where IR spectroscopy identified the carboxylate to 

be formed via th e  enol  a f t e r  bo th  a c e to n e  and 2-PrOH adsorp t ion  on 

ZnO.

In th e  l i t e r a t u r e  s e v e ra l  proposals  have been made for the  r e a c t 

ive oxygen source  in ox ida t ion  p rocesses  on ZnO. Recen t  papers  by 

Tarawah et  a l ^ ^ ,  Roberts e t  a l ^ ^  and Akhter e t  a l ^ ^  propose CO2, 

p roduced a f t e r  m e thano l  adso rp t io n /d eco m p o s i t io n  on ZnO, involves 

s u r fa ce  re d u c t io n  of l a t t i c e  oxygen, while the  work of R a g e l ^ ^ ® ’ ^ ^  

proposes the carboxylate to form by reaction of alkoxy with the assoc

i a t e d  s u r f a c e  hydroxyl fo rmed in the  in i t ia l  d issocia tion of the  

a lcohol .  Nakajima e t  a l ^ * ^  have  proposed a similar mechanism for
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propene oxidation over ZnO, where adsorbed oxygen anneals the surface 

v acan c ie s  c r e a t e d  by c a r b o x y la t e  fo rmat ion .  Although the  long te rm 

s t ab i l i ty  of the  ZnO to w ard  2-PrOH decomposit ion ind ica ted  the  net  

s u r fa ce  r e d u c t io n  to  be low, t h e  r e s u l t s  also found the  overa l l  water  

to  p ropene  r a t i o  to be less than  p r e d ic t e d  by the  r e a c t io n  s to ich iom 

e t r y .  This p o in ted  to w a rd  a consumption of hydroxyl spec ies  in 

annealing oxygen vacancies produced through carboxylate formation.

The mechanism for formation of the carboxylate is proposed to be

as follows:

(CH3)2CHO(a) -  (CH3)2CO(a) + H(a) [21]

(CH3)2CO(a) ♦ 0 (s) -  C2H6COO(a) + VQ [22]

<CH3)2CO(a) + OH(a) -  C2H6COO(a) + H(a) ♦ VQ [23] 

2H(a) H2(g) [24]

The stoichiometry of the carboxylate could not be determined from the 

re s u l t s  so i t s  s t r u c t u r e  has b een  l e f t  inde te rm inan t .  The desorption 

of higher m olecu lar  w e igh t  compounds (for example ,  mass 41) points 

to w a rd  a possib le  s t r u c t u r a l  r e a r r a n g e m e n t  of th e  methyl groups.  

Although formation of the  ace ta te  (as proposed by Deo et  a l ^ * ^  from

2-PrOH) was possible, since no methane was evolved in the temperature 

reg ion  of  c a r b o x y la t e  fo rm at ion ,  i t  shows th a t  only a  hydrogen 

a b s t r a c t i o n  took p lace  ( c o n s i s t e n t  with  the  common re a c t io n  ' l ink'  

with  the  dehydrogenat ion  process).

Reaction [21] is common to both acetone and carboxylate format

ion. The s e l e c t iv i t y  for th e  subsequen t  r e a c t io n s  is proposed to  be 

d ependen t  on th e  av a i l ab i l i ty  of an oxygen source;  if OH(a ) or 0 ( s ) is 

p re sen t  then  th e  ox ida t ion  is f av o u red ,  and if no t ,  then  d e h y d ro g e n a t 

ion is th e  p r e f e r r e d  pa thw ay .  In both  cases  the  oxygen is der ived 

from th e  l a t t i c e  s ince  an in c re a s e d  w a t e r - d e r i v e d  hydroxyl coverage
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was found to d e c r e a se  c a r b o x y l a t e  format ion .  This will be cons idered  

fu r th e r  in sec t ion  7.4.3 and c h a p t e r s  8 and 9.

The anion vacancy is shown to be produced at  the stage of carbo

xy la te  fo rmat ion  s ince  t h e  v aca n c y  annea l ing  process  a s so c ia ted  with 

p ropene  fo rmat ion  as given below,  requ i res  th e  anion vacanc ies  to  be 

formed a t  low temperature,  rather than on C 0 2 evolution at  high tempe

rature.  Previously Gopel e t  a l ^ ^  have shown vacancies to be formed 

both a t  low temperature in CO oxidation on ZnO.

A f te r  a c e t o n e  ad so rp t io n ,  no equ iva len t  a  hydrogen is ava i lab le  

for c a r b o x y la t e  fo rmat ion  as d e sc r ib e d  above. A more d i rec t  r e a c t io n  

with  s u r f a c e  hydroxyls  may have  o ccu r red  to  form the  c a r b o x y la te  in 

this case (as proposed by Deo e t  a l ^ ^  and Sheppard e t  a l ^ * ^ )  : 

(CH3)2CO(a) + OH(a) -  CH3COO(a) + CHMg) [25]

The higher temperature found for methane release (575 K), compared to 

t h a t  o f  h y d r o g e n  in 2 - P r O H  c a r b o x y l a t e  f o r m a t i o n  (447  K ) ,  is 

c o n s i s t e n t  with  th e  g r e a t e r  en e rg y  requ i red  for C-C bond c lea v a g e  

compared to C-H cleavage in acetone  derived carboxylate formation. As 

no ted  above,  s ince  an in c re a s e  in th e  w a te r  de r ived  hydroxyl cove rage  

did not a lso  in c re a s e  c a r b o x y l a t e  format ion ,  the  possibil i ty  ex is t s  

tha t  oxidation occurs via a dif ferent pathway. The similarity between

th e  t e m p e r a t u r e s  o f  m e th an e  and  propene  evo lu t ion  a f t e r  a c e to n e  

adso rp t io n  a lso sugges ts  a po lym er isa t ion  process  as an a l t e r n a t i v e  

ox ida t ion  r o u te :

2(CH3)2CO(a) + CH3COO( a ) + CH2=CHCH3 ( g ) + CH^(g) [26]

The formation of polymerised ace tone species on ZnO has been reported 

by Tamaru e t  a i( 106,107)^

The s im ila r i ty  b e tw ee n  t h e  c a rb o x y la te  decomposit ion p roduc ts
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(CC>2, hydrogen and methane) and their evolution temperatures from both 

2-PrOH and a c e to n e  sugges ts  a similari ty  in s to ich iometry  of the  

carboxylate species. However, since no methane was evolved during the 

oxidation of the alkoxy species, the carboxylate produced from 2-PrOH 

must have been more ’saturated '  with methyl groups than the equivalent 

acetone derived carboxylate. Athough no calibration factor was avai l

able for methane desorption, a comparison of the CO2 to methane peak 

area ratios shows almost twice as much methane to be evolved from 2- 

PrOH carboxylate decomposition as from the acetone carboxylate cons

i s t e n t  with  th is  proposal.

A g e n e r a l i s e d  mechanism for th e  c a rb o x y la te  decomposit ion r e a c 

tion is given as follows ( a f t e r  Davydov e t  a l ^ * * ^  and Miyata et  

a i ( 1 0 9 ) ) :

R-COO(a) -*• C 0 2 + H2 + CH^ [27]

where R= (CH^)^ x=l for ace tone  and x>l for 2-PrOH.

The dehydra t ion  r e a c t i o n  is proposed to  occur by 3 hydrogen 

e l im ina t ion  from th e  alkoxy spec ies ,  re leas ing  propene  into  th e  gas 

phase  and forming an adso rbed  hydroxyl group:

(CH3)2CHOH(a) + 0 (s) -  (CH3)2CHO(a) + OH(a) [28] 

(CH3)2CHO(a) ->• CH2=CHCH3( ) + OH(a) [29]

There  a r e  two possib le  f a t e s  for th e  hydroxyl spec ies  formed. I t can 

either undergo a recombination to produce water:

20H (a) -  H20 (g) + 0 (s) [30]

or it can react  with an la tt ice  oxygen vacancy to produce hydrogen and

anneal the  d e f e c t :

OH(a) + v o + H2(g) + ° ( s )  [31]

For a  propene, shown in the previous section to be associated with the
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Zn polar surface,  dehydration yielded propene and water almost exclu

sively,  with s t ep  [30]  not occu r r ing  unti l  high t e m p e r a t u r e  due to  the 

s t rong  deh y d ra t in g  p r o p e r t i e s  o f  th is  su r face .  For $ propene ,  a s so c 

i a t e d  with  the  non -p o la r  s u r f a c e ,  both  w a te r  and hydrogen were  p ro 

duced a t  a similar  t e m p e r a t u r e  to  the  propene (although hydrogen 

format ion  was th e  minor r o u t e ) .  The p resence  of the  la rger  r e l a t iv e  

quantity of water is consistent with the weaker adsorption of water on 

th is  s u r f a c e ,  while  the  p r e s e n c e  of hydrogen is c o n s i s te n t  with  a 

s ign i f ican t  dens i ty  of d e f e c t  s i t e s  formed by the  oxidation re a c t io n .  

The small hydrogen to  p ropene  r a t i o  is a consequence  of the  p re sence  

of s u r f a c e  hydroxyls ,  de r ived  from th e  w a te r  impuri ty in th e  in jec ted  

a lcohol ,  an nea l ing  most o f  th e  d e f e c t s  a t  the  t e m p e r a t u r e  of c a r -  

b o xy la te  fo rm at ion  a cco rd in g  to r e a c t io n  [3 1 ] .  The p re sence  of this 

water was shown by the large low temperature water peak produced from 

chlorine t rea ted  and potassium promoted ZnO (see chapters 8 and 9).

Although th e  r e su l t  t h a t  p ro p en e  was also produced following 

acetone adsorption lended support to a mechanism of the type proposed 

by Manazec  for a lcohol  d e h y d ra t io n  over meta l  o x i d e s ^ ^  i .e .  invol

ving th e  enol  spec ie s  as a r e a c t i o n  in te rm e d ia te ,  th is  mechanism is 

unlikely s ince  th e  in i t ia l  s t ep  of Manazec 's  scheme (a  hydrogen 

a b s t r a c t i o n )  would have  r e s u l t e d  in the  immedia te  fo rmation  of 

acetone,  since the  enol formed is unstable at  the temperature observed 

for propene fo rm at ion .

The r e q u i re m e n t  of p ropene  format ion  needing an anion vacancy 

a d j a c e n t  t o  t h e  a d s o r b e d  a l k o x y ,  as  s u g g e s t e d  by B ow ker  e t  

a |( 108,115)^ cannot be correct  since suppression of carboxylate forma

t ion ,  and hence  anion vacancy  fo rm at ion ,  by potass ium promotion and 

ch lor ine  t r e a t m e n t  (see  c h a p t e r s  8 and 9), did not correspondingly
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suppress  3 propene  ev o lu t ion .  (Although both a and y  p ropene were 

suppressed ,  th is  e f f e c t  can  be a sc r ib ed  to s i te  b lockage-  see chap te rs  

8 and 9).

( 7 . 4 . 3 )  1-P rop anol

( 7 . 4 . 3 . 1 )  C rystal Face D ependence o f the Decom position  
P rod u cts

The crystal  face dependence of the 1-PrOH decomposition products 

is e s tab l i sh ed  in a manner  t h e  same as used  for 2-PrOH (descr ibed  in 

th e  previous  s ec t io n )  i .e  on th e  basis of the  informat ion provided  by 

1-PrOH and water coadsorption, saturation surfaces coverages, and the 

effects of potassium promotion and chlorine treatment (to be described 

in c h a p te r s  8 and 9).

Compared to 2-PrOH, the face dependence of 1-PrOH decomposition 

a p p ea re d  less well  d e f in ed .  An inc reased  hydroxyl coverage  a f t e r  

coadsorption of 1-PrOH and water was found to suppress the 481 K and 

373 K propene  peaks .  Although, a f t e r  th e  behaviour of 2-PrOH, this 

sugges ts  both  peaks  to  be a s s o c i a t e d  with th e  polar c ry s ta l  su r face s ,  

th e  e f f e c t  of ch lo r ine  t r e a t m e n t  (see  c h ap te r  8) was to suppress only 

the 481 K peak, while only narrowing the 573 K peak width. In view of 

th e  very  s e l e c t iv e  pola r s i t e  poisoning e f f e c t s  of ch lor ine ,  this 

shows the main 573 K peak to be associated with the non-polar surface. 

F u r th e r ,  th e  narrowing  e f f e c t  shows this peak is comprised of a t  l e a s t  

two c lose ly  over lapp ing  d e so rp t io n  s t a t e s .  The narrowing a p p ea re d  to 

be due to  a r e d u c t io n  in th e  de sorp t ion  in the  high t e m p e r a t u r e  half  

of th is  peak,  sugges t ing  t h a t  th i s  was a c on t r ibu t ion  from th e  Zn 

pola r s u r f a ce .



This re su l t  i n d ic a te s  only l im i ted  dehydra t ion  occur red  on th e  Zn 

polar surface compared to 2-PrOH. However, since the high temperature 

w a te r  desorp t ion  a s s o c i a t e d  w i th  th is  su r face  remained l imited a f t e r  

1-PrOH only adsorption (to approximately 50-60 ^ O / c m  ), and did not 

in c re a se  to  the  maximum number of avai lab le  ca t ion  s i tes  (approxim- 

a t e ly  150x10 cm ), i t  po in ts  to  the  o ther  ca t ion  s i te s  being 

occupied by another adsorbed surface species. At low 1-PrOH coverage 

e ssen t ia l ly  the  only decom pos i t ion  p roduc t  produced was CO2 derived 

from th e  c a r b o x y la te .  Since t h e  Zn polar s u r face  has been shown by 

water and 2-PrOH to be the most act ive in decomposition and adsorption 

a t  low c o v e r a g e ,  th is  implies t h a t  some oxidation to the  c a r b o x y la te  

o c cu r r ed  on th is  s u r f a ce ,  in p r e f e r e n c e  to  dehydra t ion  as shown by 2- 

PrOH. The fo rm at ion  of m u l t ip le  hydrogen desorp t ion  peaks under 

conditions of low 1-PrOH coverage also shows possibly greater than one 

su r f a c e  s i te  may have been  a s s o c i a t e d  with c a r b o x y la te  formation.  

This poin t  is d iscussed  f u r th e r  be low.

The peak temperature of the 573 K propene was 86 K higher than 

the equivalent $ propene produced from the non-polar surface afte r 2- 

PrOH adso rp t ion .  Such a t e m p e r a t u r e  inc rease  is co n s i s ten t  with  the  

TPD re s u l t s  of Bowker e t  a i ( ^08,115) ancj Roller e t  a j ( H 6 )  wj1Q f ouncj 

the 1-PrOH decomposition products to be evolved a t  higher temperatures 

than the equivalent 2-PrOH products.

By analogy to  2-PrOH, and  in l ine with the  r e l a t iv e  desorption 

t e m p e r a t u r e s  of ZnO single c r y s t a l  su r faces  r e p o r t e d  by Lui et 

a i ( l  1*0, t he p ropene  peak  a t  481 K is ass igned to the  O polar su r face .  

The c o v e rag e  in th is  peak was s im ila r  to t h a t  of th e  y propene formed 

a f t e r  2-PrOH adso rp t ion  and a lso  ass igned  to th is  su r face .
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1-PrOH decomposition was characterised by a very high selectivity 

toward oxidation to form the carboxylate. As noted above, although it 

a p p ea re d  t h a t  oxida t ion  o c c u r r e d  on the  Zn polar su r face ,  th e  t o t a l  

q u a n t i ty  of CO2 desorbed  was simply too g re a t  to be accoun ted  for by 

th e  format ion  of c a r b o x y la t e  on th is  su r face  only.  Although only a 

single CC>2 peak was ob ta in ed ,  com pared  to  th e  peak evolved a f t e r  2- 

PrOH c a r b o x y la t e  decompos i t ion ,  i t s  width  was s ignif icant ly  b roade r ,  

i n d ica t iv e  of a wider sp read  in su r fa ce  adsorp t ion  s t r e n g th s ,  and 

possibly th e  involvement of g r e a t e r  than  one type  of su r face  ox ida t ion  

s i t e .  The w a te r  coad so rp t io n  r e s u l t s  show a reduc t ion  in CO2 deso rp -  

tion of approximately 80x10 molecules/crrr accompanied by a decrease 

in the peak width on the high temperature  edge. Both effects would be 

c o n s i s t e n t  with  a loss of Zn p o la r  s i te s  to  hydroxyl spec ies .  The 

remaining CO2 coverage (345x10 ^ molecules/cm^), associated with carb

o x y la te  fo rmat ion  on th e  n o n -p o la r  s u r face ,  gives an approx im ate  75% 

c o v e rag e  of th e  av a i l ab le  c a t i o n  s i tes  on th is  su r face .  Possible 

reasons  for th e  high ox ida t ion  s e l e c t iv i t y  exh ib i ted  by 1-PrOH a re  

fu r th e r  cons ide red  in th e  following sec t ion  describ ing the  decom pos i t 

ion mechanism.

Assignment of the very low coverage propionaldehyde peak is more 

u n c e r t a in  s ince  th is  peak  was a lm os t  comple te ly  suppressed by the  

c o adso rp t ion  of w a te r .  In th e  p rev ious  sec t ion  it  has been shown for 

2-P rOH t h a t  the  d e h y d ro g e n a t io n  re a c t io n  is close ly  l inked to  the  

su r f a ce  ox ida t ion  p rocess  and t h a t  common s u r face  p recurso r s ,  and 

t h e r e f o r e  s i t e s ,  ex i s t  for bo th .  It seems l ikely then  th a t  p rop iona l 

dehyde is a lso p roduced  on the  same s u r face  as a c e to n e  from 2-PrOH, 

and as c a r b o x y la t e  from 1-PrOH. Chlorine t r e a tm e n t  was found to 

i n c r e a s e  p r o p i o n a l d e h y d e  f o r m a t i o n  an d  to  dec rea se  c a r b o x y la te



fo rmation  c o n s i s t e n t  with th is .  Although some c a r b o x y la te  appea rs  to 

be formed on th e  Zn polar s u r f a c e ,  the  e f f e c t  of ch lo r ine  t r e a t e m e n t  

d em o n s t ra t ed  th e  p rop iona ldehyde  p recursor  to  be a s so c ia ted  e s s e n 

t ia l ly  with  only the  no n -p o la r  s u r f a c e .

Coadsorbed water was found not to cause a reduction in the quan

t i t y  of r e v e r s ib le  1-PrOH d eso rp t io n  which also sugges ts  an a s s o c i a t 

ion with  th e  non -p o la r  s u r f a c e .  The re la t iv e ly  high coverage  of 1- 

PrOH would then give a 35% coverage of this plane, which when combined 

with  the  75% c a r b o x y la t e  c o v e r a g e  a l ready  ass igned to th is  su r face ,  

yie lds a f igure  of g r e a t e r  th a n  100% ca t ion  s i te  s a tu r a t i o n .  This 10% 

e r ro r  in c o v e rag e  is well with in  any e r ro rs  a s so c ia te d  with the  e s t i m 

a t ion  of th e  r e l a t i v e  c r y s t a l  s u r fa ce  d is t r ibu t ion  and with th e  

c a l ib ra t io n  f a c to r s  of t h e  d e so rp t io n  p roduc ts ,  showing th a t  full 

s a tu r a t i o n  of th is  s u r f a c e  was a ch ie v e d .

(7 .U .  3 . 2 )  Decompos i t ion  Mechanism on Zinc Oxide

Bowker et  a l^ ^ ^ ^  have proposed a decomposition mechanism for 1- 

PrOH on ZnO that is analogous to  the  mechanism described in the prev

ious section for 2-PrOH on ZnO and consists of the same adsorption and 

r e a c t io n  s teps .  R a th e r  th a n  r e p e a t  the  comments  made in descr ib ing  

th e  2-PrOH mechanism,  th e  p rev ious  sec t ion  should be consu l ted  for 

d e ta i l s .  The r e a c t i o n  s tep s  a r e  a lso p re sen ted  in sec t ion  2.4.7.

The previous section has presented a decomposition mechanism for 

2-PrOH c o n s i s t e n t  with  t h e  TPD re su l t s  ob ta ined  in this study.  This 

section will present an equivalent mechanism for 1-PrOH decomposition 

con ta in ing  th e  same r e a c t io n  s t e p s ,  with the  a p p a ren t  d i f f e r en c es  in 

th e  n a tu re  of th e  desorp t ion  s p e c t r a  b e tw een  the  two alcohols 

exp la ined  on th e  basis  of a d i f f e r e n t  r e l a t i v e  s e le c t iv i ty  for a  and 3
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hydrogen a b s t r a c t i o n  from th e  adsorbed  alkoxy su r f a ce  in t e rm e d ia te  

(see  be low).  .

A molecular ly  a dso rbed  form of the  a lcohol ,  through s u r face  

co o rd ina t ion  the  lone e l e c t r o n s  of the  a lcohol ic  oxygen, is again  

proposed  to  be th e  i n i t i a t in g  s t e p :

CH3CH2CH2OH(g) + CH3CH2CH2OH(a) [32]

The r e v e r s e  of th is  s t ep  is l ikely  to  have produced the a lcohol d e so r 

ption peak observed at  405 K. Again the similarity of the peak tempe

ra ture  with tha t  2-PrOH, and with the desorption temperatures of other

( 2 5  9 5 97 99)alcohols  from ZnO v * ’ ’ is ev idence  for th is  peak being the 

reverse of [32],  ra ther than due to alkoxy recombination.

Alkoxy fo rm at ion  su bsequen t ly  occurs  a t  the  adsorp t ion  t e m p e r a 

tu r e  acco rd in g  to :

CH3CH2CH2OH(a) ♦ 0 (s) -  CH3CH2CH20 (a) + OH(a) [33]

No evidence was again found for the  desorption of water and the forma

t ion  of vacancy  s i t e s  a t  th is  s t a g e  as proposed by Bowker e t  a iO 0 8 ) .  

Given th e  high 1-PrOH s e l e c t i v i t y  tow ard  c a r b o x y la te  formation,  and 

hence  s u r f a c e  oxygen consum pt ion ,  it  seems improbable t h a t  l a t t i c e  

oxygen would also be lost  a t  th is  s t ag e  wi thout  causing a rapid  r e d u c 

tion of the ZnO surface. The reproducibility of the 1-PrOH desorption 

s p e c t r a  a lso  shows th is  not to  be  th e  case .

Although Miyata e t  a l ^ * ^  have demonstrated the formation of an 

enol  spec ies  a f t e r  p rop iona ldehyde  adsorp t ion  on ZnO, on the  basis of 

the  behaviour  shown by a c e to n e  and  2-PrOH descr ibed  in the  previous  ‘ 

s ec t io n ,  such an enol  spec ies  would also not be e x p ec te d  to be a 

s tab le  s u r fa ce  i n t e r m e d ia t e  in 1-P rOH decompos it ion.  Although the  

adso rp t ion  of p rop iona ldehyde  was  not inves t ig a ted  in th is  s tudy,  the
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coincident desorption of hydrogen with the propionaldehyde peak at  475 

K points to a surface decomposition, rather than a simple enol desorp

tion  p rocess .  P rop iona ldehyde  is proposed to form by the  re a c t io n  

l im ited  decomposi t ion  of th e  a lkoxy  spec ies  th rough a b s t r a c t io n  of a  

hydrogen:

CH3CH2CH20 (a) + C3H60 (a) + H (a) [34]

C3H6 ° (a )  *  CH3CH2CHO(g) [35]

2H(a) + H2(g) [36]

As for acetone formation, the  intermediate structure may be

of an enol  s t r u c t u r e ^ H o w e v e r ,  th is  is again  only s p ecu la t iv e  

s ince  th e  TPD re su l t s  give no d i r e c t  s t r u c tu r a l  informat ion of th is  

n a tu re .  The fo rm at ion  of a smal l  amount of w a te r  a t  475 K poin ts  to 

the  o c c u r r e n c e  of  l imi ted  r e a c t i o n  of adsorbed  hydrogen with s u r f a c e  

hydroxyls :

H(a) + OH(a) + H2°(g )  [37]

Similar to  2 -PrOH,  th e  q u a n t i t y  of hydrogen evolved with  th e  

dehydrogena t ion  p roduc t  was fa r  in excess  of t h a t  p re d ic ted  by the  

r e a c t io n  [34 ]  to  [36]  s to i c h io m e t ry .  This was pa r t i cu la r ly  ev iden t  

for 1-PrOH w here  th e  q u a n t i ty  o f  propionaldehyde produced was very 

low. As for 2-PrOH, the hydrogen desorption is proposed to be due to 

th e  ox ida t ion  r e a c t i o n  forming t h e  c a rb o x y la te  spec ies :

CH3CH2CH20(a) - C3H60(a) ♦ H(a) [38]
C3H6°(a) + °(s) + C2H6COO(a) + VQ [39]
C3H6°(a) + OH(a) ♦ c2H6coo(a) + H(a) + Vo ■ l>°] 
2H(a) + H2(g) t«]
Again, as for carboxylate formed from 2-PrOH, the stoichiometry of the 

c a r b o x y la t e  could not be d e te r m in e d  from th e  TPD resu l t s .  However,  

since only hydrogen desorption was detected at  475 K, only a  hydrogen
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abstraction can have taken place, consistent with the mechanism of Deo 

e t  a l ^ ^ \  R eac t ion  [3 8 ]  is common to both  propionaldehyde and 

c a r b o x y la te  fo rm at ion ,  w i th  th e  high oxidation s e le c t iv i ty  exh ib i ted  

by 1-PrOH showing reactions [39] and [40] to be the preferred reaction 

pa thw ay  over [ 3 5 ] ;  possib le  r ea so n s  for this a r e  cons idered  below.

Decomposit ion of th e  c a r b o x y la t e  o ccu r red  a t  high t e m p e r a t u r e  

releasing CC>2, hydrogen and water .  Although no methane was evolved, 

some ethene desorption was detec ted ,  possibly due to the decomposition 

r e a c t i o n :

CH3CH2COO(a) -  C 0 2(g) ♦ H 2(g) ♦ CH2=CH2(g) [02]

The fo rm at ion  of th e  mass 29 d e so rp t ion  peak a t  640 K appears  to  be 

r e l a t e d  to  a p a r t i a l  c a r b o x y la t e  decomposit ion p rocess .  This would 

expla in  th e  a p p a r e n t  lack  of d e so rp t io n  of a l a rge r  hydrocarbon f r a g 

ment coincident with CO2 from carboxylate decomposition (methane was 

o b ta ined  for 2-P rOH c a r b o x y l a t e  decompos i t ion) .  The mass 29 mass 

s p e c t r o m e te r  signal is c h a r a c t e r i s t i c  of the  a ldehyde  CHO mass f r a g -  

ment^*^ .  The detection of a small quantity of mass 44 with the mass 

29 shows it l ikely t h a t  a c e t a l d e h y d e  was produced a t  this  t e m p e r a t u r e  

in a r e a c t i o n  leav ing  a f o r m a t e - l i k e  c a rb o x y la te  s t r u c tu r e  t h a t  sub 

sequen t ly  decomposes  to  yie ld  hydrogen and CO2 a t  the  sl ightly h igher  

temperature of 713 K.

R eac t io n s  [28]  to  [31 ]  p revious ly  given for 2-PrOH d ehydra t ion  

a r e  a lso  presumably  valid for 1-P rOH, with the  formation of p ropene  

p roceed ing  according to:

CH3CH2CH2OH(a) + 0 (s) + CH3CH2CH20 (a) ♦ OH(a) [03]

CH3CH2CH20 (a) CH2=CHCH3( j + OH(a) [00]

Again there  are  two reactions possible for the hydroxyl produced:
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20H(a ) -  H2G(g) + 0 (s) [ « ]

OH(a) + V *  H2(g) + ° ( s )  t«6]

The r e l e a s e  of hydrogen w i th  propene  a t  573 K accord ing  to  r e a c t io n

[4 6 ]  a p p ea re d  th e  more  s ig n i f i c a n t  ro u te ,  co n s i s ten t  with the  la rger  

consumption of 0 ( s ) in c a r b o x y la t e  fo rmation  th a t  would produce  a 

greater number of surface oxygen vacancies.

The different decomposition selectivity shown by the two alcohols 

can  be r e l a t e d  to  d i f f e r e n c e s  in the  r e l a t i v e  r a t e s  of $ hydrogen 

e l im ina t ion ,  p roducing  p ropene ,  compared  to a  hydrogen a b s t r a c t io n ,  

producing the dehydrogenation and oxidation products. The high dehy

d ra t io n  s e l e c t iv i t y  shown by 2 -P rOH,  p a r t i c u la r ly  on the  Zn polar 

su r f a c e ,  is proposed  to  be a co n seq u en ce  of th e  b ranched  s t r u c t u r e  of 

th is  a lcohol  inc reas ing  t h e  t e n d en c y  for $ hydrogen su r face  i n t e r 

a c t io n ,  th e re b y  inc reas ing  th e  a c t i v i t y  for a b s t r a c t io n  of th is  h y d ro 

gen. For the linear 1-PrOH structure ,  the ra te  of 3 abstraction would 

be lower since there  are  fewer equivalent 3 hydrogen atoms which may 

be fu r th e r  from th e  c a t a l y s t  s u r f a c e ,  favouring a  hydrogen a b s t r a c t io n  

as th e  decompos i t ion  r o u te .  In add i t ion ,  the  1-PrOH s t r u c tu r e  also 

p re sen t s  two a  hydrogens ,  co m pared  to  the  single hydrogen avai lab le  

with  2-PrOH, f u r th e r  inc reas ing  th e  l ikel ihood of a  hydrogen a b s t r a c 

t ion.
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CHAPTER 8

EFFECT OF CHLORINE TREATMENT

( 8 . 1 )  D ecom position on Zinc Oxide Treated with Chlorine

The desorp t ion  s p e c t r a  for 2-PrOH and 1-PrOH p re sen ted  in th e  

previous  c h a p te r  d i f f e r e d  s ig n i f ic an t ly  to  those  previously r e p o r t e d  

by Bowker e t  a iO08,115)B Repetition of 2-PrOH and 1-PrOH adsorption 

using th e  same ZnO as s tu d ied  by Bowker e t  al (ICI low su r face  a rea  

ZnO) found th e se  d i f f e r e n c e s  to be reproduc ib le  on the  ap p a ra tu s  used 

in th is  s tudy,  with the  d e so rp t io n  s p e c t r a  ob ta ined  for both a lcohols  

( to  be fully desc r ibed  in s e c t io n  8.2) almost id en t ica l  to  those  of 

Bowker e t  al. Although in the case of 2-PrOH, the presence of surface 

hydroxyls could p a r t i a l ly  a c c o u n t  for some of the  sp ec t ra l  d i f f e r en c es  

(see  sec t ions  7.1.3 and 7 .1 .4) ,  t h e  TPD behaviour of ICI low s u r fa ce  

a r e a  ZnO was not changed  by full  dehydroxyla t ion  before  a lcohol 

adsorp t ion  (see  s ec t io n  8.2).

XPS measurements were made to determine if the spectral differen

ces  were  th e  re su l t  to s u r f a c e  c o n tam inan ts  p re sen t  on the  ICI low 

s u r face  a r e a  ZnO (d esc r ib ed  in Appendix 4). These measurements  r e 

vealed  a high level  of ch lo r ine  p re s en t  on the  su r face  of ICI low 

s u r face  a r e a  ZnO. This p rom pted  the  inves t iga t ion  of the  e f f e c t  of 

chlorine pretreatment of ZnO on the  adsorption and decomposition of 1- 

PrOH and 2-PrOH, the results of which are described in this chapter.

Chlorine treatment was carried out by dosing a dehydroxylated ZnO 

sample a t  room t e m p e r a t u r e ,  pos i t ioned  in - s i tu  in the  r e a c t o r ,  with 

approx im ate ly  1 ml of ch lo r ine  ga s  by in jec t ion  in to  the  c a r r i e r  gas 

flow through a septum. The t r ea ted  catalyst was then heated to 800 K
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F igu re  8.1 :  The water desorption spectrum after adsorption at  340 K to 
s a t u r a t i o n  c o v e r a g e  on c h lo r in e  t r e a t e d  z inc oxide.

a t  39 K/min before alcohol adsorption was carried out.

(8.1.1) Water

The desorption spectrum of water  obtained afte r adsorption a t  320 

K to  s a tu r a t i o n  c o v e rag e  on t h e  ch lor ine  t r e a t e d  ZnO is given in 

f igure  8.1 above .  Comparison t o  th e  spec t rum  from u n t r e a t e d  ZnO 

( f igu re  6.1) showed th e  p re s e n c e  of ch lor ine  to  have  caused  a r e d u c 

tion water desorption in the high temperature region from the a  and 3 

s i t e s  previous ly  ass igned  to  a d so r p t io n  s i te s  on the  Zn (0001) and 

prism surfaces of ZnO (section 6.4). The main water desorption occur

red  a t  lower t e m p e r a t u r e  to  form a broad desorp t ion  peak a t  450 K, 

w i th  a minor p eak  a t  641 K a lso  p re s en t .  The sa tu ra t i o n  su r fa ce  

coverage of water was determined to  be 41 lx lO1 I-^O/cm .
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( 8 . 1 . 2 )  2 - P r o p a n o l

The desorp t ion  sp e c t ru m  o b ta ined  a f t e r  the  sa tu ra t i o n  dose of 2- 

PrOH a t  320 K onto  ch lo r ine  t r e a t e d  ZnO c a ta ly s t  is shown in figure

8.2. The main desorp t ion  p roduc t  peak t e m p e ra tu re s  and the  s u r face  

cove rages  a re  summarised in t a b l e  8.1. The main e f f e c t  of the  c h l o r 

ine t r e a t m e n t  was to remove  th e  a  and y propene s t a t e s  and to  co m 

p le te ly  suppress  any CC>2 deso rp t io n .  The reduc t ion  in desorp t ion  of 

w a te r  in the  high t e m p e r a t u r e  reg ion  was co n s i s ten t  with the  re su l t  

for w a te r  adso rp t ion  on t h e  same c a t a l y s t .  This desorp t ion  spec t rum  

was c lose  to t h a t  found by Bowker e t  a l ^ * ^  a f t e r  2-PrOH adsorp t ion  

on ICI low su r f a ce  a r e a  ZnO (see  sec t ion  8.2),  with th e  ex cep t io n  of 

the water desorption profile which these workers did not detect .

A comparison of the  peak temperatures and surface coverages given 

in t a b le  7.1, for u n t r e a t e d  ZnO, to  those  of t a b l e  8.1, for ch lor ine  

trea ted  catalyst  showed the following points. Both 2-PrOH and acetone 

coverages were increased by chlorine adsorption, as were their desorp

tion peak temperatures,  with the acetone peak showing a 77 K increase 

compared to the untreated ZnO peak temperature. Hydrogen desorbed in 

a peak  sl ightly  above  th e  a c e t o n e  peak  t e m p e ra tu re  and in an u n d e r 

lying broad  deso rp t ion  s t r u c t u r e .  The quan t i ty  of hydrogen in the  

peak  was e s t im a te d  to  be s l ight ly  less than  the  amount  of a c e to n e  

formed,  while the  c o n t r ib u t io n  in th e  u n s t ru c tu re d  desorp t ion  was 

estimated to be a further 120x10 ^ / c m  .

The surface coverage of the remaining 3 propene sta te  was reduced 

from 160 to 122xl0lz  molecules/cnV1 and its peak temperature increased 

from 487 K to 525 K. A water peak a t  a similar temperature to propene 

had an estimated propene to water ratio of 10:1.
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F ig u r e  8 .2 :  The desorption spectrum after  adsorption of 2-propanol
a t  340  K to  s a tu r a t io n  c o v e r a g e  on c h lo r in e  t r e a t e d  z in c  o x id e .
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Table  8.1 :  The desorption products, peak temperatures and 
s a tu r a t i o n  s u r face  c o v e rag es  following 2-propanol  adsorp t ion  at  

320 K onto  ch lo r ine  t r e a t e d  z inc  oxide.

desorp t ion
product

peak
temperature

(K,+2)

surface
coverage

( 10^molec/cm^)

2-propanol 8 385 85a 437

acetone 518 62

propene Y - 0
8 525 122
a - 0

c o 2 - 0

water 396 71
461 11
521 69

hydrogen 522 36

The co m ple te  removal of t h e  CC>2 peak from the  spec t rum  showed 

th a t  ox ida t ion  to  th e  c a r b o x y la t e  species  was en t i re ly  suppressed  by 

th e  p re sen ce  of ch lo r ine .

The t o t a l  s u r f a c e  c o v e r a g e ,  excluding the  w a te r  desorbed,  was 

found to be 269x10*21 molecules/cmz compared to 570x10*L in the absence 

of ch lo r ine .

( 8 . 1 . 3 )  1-Propanol

The desorp t ion  sp ec t ru m  o b ta in ed  a f t e r  th e  sa tu ra t io n  dose o f  1- 

PrOH a t  320 K onto chlorine tr ea ted  ZnO is shown in figure 8.3. Table

8.2 de ta i l s  th e  main de sorp t ion  peak t e m p e ra tu re s  and corresponding
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F ig u r e  8 .3 :  The desorption spectrum  after  adsorption of 1-propanol
a t  340  K to  s a tu r a t io n  c o v e r a g e  on c h lo r in e  tr e a te d  z in c  o x id e .
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Table  8.2 :  The desorption products, peak temperatures and 
s a tu r a t i o n  su r f a ce  c o v e r ag e s  following 1-propanol  adsorp t ion  a t  

320 K onto  ch lor ine  t r e a t e d  zinc oxide.

desorption
product

peak
temperature

(K,+2)

su r face
coverage

( 10^molec/cm^)

1-propanol 428 283

propionaldehyde 566 59

propene 583 52

mass 29 697 -

co2 722 42

water 427 174
570 10
718 29

hydrogen 579 75
708 26

surface coverages. The chlorine treatment caused a large reduction in 

the  C0 2, ev id en ce  of a lower c a r b o x y la te  c ove rage ,  a l though the  sup

pression was not as complete as found for 2-PrOH.

Propene desorption a t  583 K was also reduced, with the peak width 

na r row ed  com pared  to  p ropene  formed a f t e r  1-PrOH adsorp t ion  on un

t r e a t e d  ZnO. P rop iona ldehyde  fo rmat ion  a t  566 K was d ram a t ica l ly  

enhanced by the chlorine treatment.  The treatment also resulted in an 

in c re a se  in r e v e r s ib le  1-PrOH deso rp t ion  a t  428 K. The q u an t i ty  of 

the  mass 29 desorp t ion  p ro d u c t  ( iden t i f ied  in c h a p te r  7 as being 

possibly a c e t a ld e h y d e )  was s ign i f ic an t ly  reduced .

Hydrogen was evolved in a broad peak structure roughly coincident 

with 1-PrOH, while an over ly ing  peak a t  570 K similar in t e m p e ra tu re
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to the propionaldehyde and propene peaks was detected.  The hydrogen 

cove rage  a s s o c ia t e d  th is  peak  was e s t im a ted  to be sl ightly in excess  

of the propionaldehyde formed.

Water desorbed  in a l a rge  peak  coincident  with 1-PrOH and in a 

fu r th e r  small peak a t  579 K in th e  region of propionaldehyde and 

propene formation. The estimated propene to water ratio in this small 

peak was 5:1 .  F u r th e r  w a te r  desorp t ion  o ccu r red  a t  high t e m p e ra tu re  

with a small peak a t  70S K.

1 7The to tal  surface coverage was approximately 415x10 molecules 

/cm compared to the coverage of 686x 10 ^ molecules/cm obtained after 

1-PrOH adsorption on untreated ZnO.

( 8 . 2 )  ICI Low Surface Area Zinc Oxide

( 8 . 2 . 1 )  Water

( 8 . 2 . 1 . 1 )  Thermal D esorption Spectrum

The th e rm a l  deso rp t io n  s p ec t ru m  ob ta ined  a f t e r  w a te r  adsorp t ion  

to  s a tu r a t i o n  c o v e r ag e  a t  340 K on the  ICI low su r face  a r e a  ZnO is 

given in figure  8.4.  Two main w a te r  desorp t ion  peaks  were  obta ined  

from a ’fresh* c a t a l y s t  sample;  a  la rge ,  broad peak a t  approximate ly  

468 K and a smaller peak a t  688 K. The presence of this high tempera

tu re  peak was d ependen t  on th e  e x t e n t  of use of the  c a t a ly s t  since 

af te r  several desorption experiments it was found to reduce and event

ually disappear from the spectrum (as shown in figure 8.4). The lower 

temperature peak coverage did not appear to change, although the peak 

temperature was found to decrease slightly with use. The water desor

p tion sp ec t ru m  from a used c a t a l y s t  cor responded  closely to  th a t  

ob ta ined  from th e  ch lo r ine  t r e a t e d  ZnO descr ibed  in sec t ion  8.1.1.



2.5
25$

<o

_ j 
<  2 CD •—< 
U)

llit”
LU20  QL (~ U01 Q_ CO
0)CO<

300 400

USED
— i----------------- 1------------------ 1---------------- 1—
500 600 700 600
TEMPERATURE (K)

Figure  8.4 :  The water desorption spectrum af ter adsorption a t  340 K to 
saturation coverage on ICI low surface area zinc oxide.

F igure  8.5:  The coverage dependence of the water desorption spectrum 
afte r adsorption a t  340 K on ICI low surface area zinc oxide.
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The saturation water coverage (obtained by water pulse injection) 

on a f resh  c a t a l y s t  sample  was d e te rm ined  to be 3 8 2 x 1 0 ^  l-^O/cm^ in 

good ag reem en t  with  the  r e su l t  ob ta ined  for ch lorine  t r e a t e d  ZnO 

(sec t ion  6.1 .1 ).  If s a t u r a t i o n  was made by subjec t ing  the  c a t a l y s t  to  

a w a te r  s a t u r a t e d  He flow for s eve ra l  minutes ,  a sl ightly  higher 

coverage of 473xlOÂ  ^ O / c n r r  was obtained due to increased coverage in 

the  lower t e m p e r a t u r e  peak .  A f u r th e r  slow up tak e  of w a te r  was also 

n o t i c e ab le  in th is  s t a t e  over  a longer t ime period.  For example,  a 

p r e t r e a t e d  c a t a l y s t  sample l e f t  exposed  to  the  a ir  for two weeks was 

found to give approximately 3x the coverage in the 468 K peak compared 

to  t h a t  ob ta ined  a f t e r  w a te r  in j e c t io n .

Bowker e t  a l v * s tudying  t h e  same ZnO c a t a ly s t  were  unable  to  

d e t e c t  any w a te r  deso rp t ion  a f t e r  exposure  of the  c a t a ly s t  to  w a te r  

vapour. This may have been a consequence of poor detection sensitiv

i ty  in th e i r  TPD system.

The c o v e r ag e  dependency  of th e  w a te r  desorp t ion  is given in 

figure  8.3. A c o n s i s t e n t  c o v e r ag e  v a r ia t ion  plot  was d i f f i cu l t  to 

obtain due to the catalyst  aging e ffec t  described above which made the 

s p e c t r a  less r ep roduc ib le .  The s p e c t r a  show similar t rends  to those 

desc r ibed  e a r l i e r  for th e  u n t r e a t e d  ZnO (sec t ion  6.1.1) i .e .  p o p u la t 

ion of th e  high t e m p e r a t u r e  de so rp t ion  s t a t e s  occu r red  f i r s t .

( 8 . 2 . 1 . 2 )  D eterm ination o f  th e  H eat o f Adsorption

The heat of adsorption for the  main desorption peak at  468 K was 

determined in two ways;

(i) th e  h e a t in g  r a t e  v a r ia t io n  m e t h o d ^ ^

(ii)  the  am pl i tude  va r ia t io n  m e t h o d ^ ^ .
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D if f icu l t ie s  were  e n c o u n te re d  due to the  sl ight peak  t e m p e ra tu re  shi ft  

th a t  o c cu r r ed  with ’ag ing '  of th e  c a t a ly s t  as desc r ibed  above.  This 

problem was overcome by not heating the catalyst to temperatures above 

573 K, with reproducible peak temperatures then obtained for the lower 

t e m p e r a t u r e  desorp t ion  peak ,  a l though  th is  p rec luded  de te rm ina t ion  of 

the  adso rp t ion  energy  for th e  high t e m p e ra tu re  s t a t e .  H ea t ing  r a t e s  

in the range 14 to 86 K/min were used, with figure 8.6 summarising the 

re su l t ing  sh i f t s  in peak t e m p e r a t u r e s .  The l inear best  f i t  l ine to 

the plot gave a heat of adsorption of 72+10 kJ/mol.

An independen t  check  of th is  re su l t  was made using th e  peak 

a m p l i t u d e  i n f o r m a t i o n  a l s o  a v a i l a b l e  a t  t h e  d i f f e r e n t  h e a t i n g  

r a t e s ^ ^ .  A plo t  of peak  am pl i tude  agains t  inverse  peak t e m p e ra tu re  

( f igu re  8.7) de te rm ined  t h e  h e a t  of adsorp t ion  to  be 88+10 k3/mol. 

Within experimental error bounds this result was in agreement with the 

f igure  ob ta ined  by the  h e a t in g  r a t e  va r ia t ion  method.

( 8 . 2 . 2 )  2 -P rop anol

( 8 . 2 . 2 . 1 )  Thermal D esorption and Decom position Spectrum

The desorp t ion  sp ec t ru m  o b ta in ed  a f t e r  a s a tu r a t i o n  dose of 2- 

PrOH a t  340 K onto  ICI low s u r f a c e  a r e a  ZnO is shown by figure  8 .8. 

The corresponding peak temperatures and surface coverages are given 

in t a b le  8.3. This sp ec t ru m  was similar to t h a t  previously ob ta ined  

by Bowker e t  a l ^ * ^  a f t e r  2 -P rO H  adsorp t ion  on the  same ZnO (but  

again  with  th e  ex cep t io n  o f  th e  w a te r  desorp t ion  p rof i le) .  It was 

also similar to  th e  sp ec t ru m  from chlor ine  t r e a t e d  ZnO desc r ibed  in 

sec t ion  8.1.2 ( f igure  8.3),  w i th  only sl ight d i f f e r en ces  in peak 

temperatures and surface coverages between the two ZnO samples.
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Figure 8. 6 : Characterist ic plot of In ((3/T^) against 1/Tjp for 
desorption from ICI low surface area zinc oxide.
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Figure  8.7 :  C h a r a c t e r i s t i c  plot  o f  In (peak ampl i tude)  aga ins t  1 /T m 
for water desorption from ICI low surface area zinc oxide.
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Table  8.3:  The desorption products, peak temperatures and 
s a tu r a t i o n  su r face  c o v e r a g e s  following 2 -propanol adsorption 

at  340 K on ICI low surface area zinc oxide.

desorption
product

peak
temperature

(K,+2)

surface
coverage

( 10^molec/cm^)

2-propanol 401 28

acetone 487 60

propene 513 89

water 390 38
512 18
728 71

co2 751 18

hydrogen 509 78

Both a  and y  p ropene  peaks  w ere  absen t  from th e  spec t rum  with 

only the  3 propene  s t a t e  p r e s e n t .  Only small high t e m p e ra tu re  w a te r  

and CO2 desorption peaks were formed.

Hydrogen desorption occurred in a single broad peak coincident in 

t e m p e r a t u r e  to  propene  (as prev ious ly  found by Bowker e t  a l ^ * ^ ) .  

Although only th e  single  hydrogen  peak maximum could be c lea r ly  

reso lved ,  th e  peak shape (s loping leading edge with a s teep  t ra i l in g  

edge)  showed th a t  it  may have  co n s i s te d  of an envelope  of two very 

closely overlapping hydrogen s ta tes .  The quantity of hydrogen desorb

ed was estimated slightly in excess of the acetone formed.

Water desorption a t  low temperature consisted of a broad peak at 

app rox im a te ly  390 K with a smal ler  overly ing peak co inc iden t  with  the 

p ropene .  Although th e  t o t a l  q u a n t i t y  of w a te r  desorbed  was in excess
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Figu re  8. 8 : The desorption spectrum after adsorption of 2-propanol 
a t  340 K to saturation coverage on ICI low surface area zinc oxide.
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of the propene formed, good agreement was obtained between the amount 

of propene desorbed and sum of the  water desorbed at  512 K and at  high 

t e m p e r a t u r e .  The high t o t a l  w a t e r  ind ica ted  the  p resence  of w a te r  

impur i t ies  in the  in j e c ted  a lcoho l  co n t r ibu t ing  to  the  hydroxyl s u r 

face  co v e rag e .  The t o t a l  c o v e r a g e  ob ta ined ,  excluding w a te r ,  was

195x10. molecules/cm in reasonable agreement with Bowker et  a lv '

1 2who reported a figure of 220x 10 .

( 8 . 2 . 2 . 2 )  C overage D ependence

The coverage dependence of the selectivity of 2-PrOH decomposit

ion on ICI low surface area  ZnO was found to follow the same trends as 

shown by th e  ZnO c a t a l y s t  ( s e c t io n  7.1.2).  The desorp t ion  s p e c t r a  

obtained a t  low coverage (30% of saturation) and medium coverage (60% 

of s a t u r a t i o n )  a r e  given in f igu res  8.9 and 8.10. The changes  in the  

p roduc t  s u r f a c e  co v e rag e s  wi th  2-P rOH dose a r e  summarised by f igure  

8.11.
At low 2-PrOH dosage (<30% of s a tu r a t i o n )  no a c e to n e  peak was 

formed, th e  only deso rp t io n  p ro d u c t s  being propene ,  w a te r  and CC>2 

(figure 8.9). (Note that  hydrogen was not scanned during this desorp

tion  e x p e r im en t  but was a lmost c e r t a in l y  a lso desorbed . )  A single  3 

propene  deso rp t ion  peak  was o b ta in e d  a t  al l  cove rages  with a c o n s ta n t  

peak temperature of 513 K. Although a small shoulder was observed on 

th e  t r a i l in g  edge of th is  peak  a t  some of the  lower 2-PrOH doses ,  no 

other evidence for either the a. or y  propene states was detected. The 

acetone peak temperature was found to decrease with coverage from an 

in i t ia l  504 K to  488 K a t  s u r f a c e  s a tu r a t i o n .

CC>2 formed a poorly defined  peak at approxim ately 753 K. A lack

o f  a sharp  p eak  m axim um  a t  a l l  c o v e r a g e s  sh ow ed  th a t on ly  lim ite d
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Figure  8.9 :  The desorption spectrum after adsorption of 2-propanol 
a t  340 K to low coverage on ICI low surface area zinc oxide.

F igure  8-10: The desorption spectrum after adsorption of 2-propanol 
a t  340 K to medium coverage on ICI low surface area zinc oxide.
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Figure  8 .11 :  Plot  of t h e  deso rp t io n  product  s u r fa ce  coverages  
as a function of 2-propanol surface saturation dose at  340 K on ICI 

low surface area  zinc oxide. O total  coverage (excluding water); 
■ propene; □ water;  V C 0 2; •  2-PrOH; o  acetone.



269

ox ida t ion  forming th e  s u r f a c e  c a r b o x y la te  took p lace .  Full popula tion 

of the CC>2 peak occurred a f te r  a 2-PrOH dose corresponding to 70% of 

su r f a c e  s a tu r a t i o n .  A d e c r e a s e  in the  amount of CC>2 desorbed a f t e r  

six exper im en ts  a p p e a re d  r e l a t e d  to  th e  aging e f f e c t  previously  d e s 

c r ib ed  for w a te r  deso rp t ion  on t h e  same c a ta ly s t  (sec tion  8 .2 .1).  A 

s imilar d e c r e a se  was a lso  found for th e  propene and t o t a l  w a te r  

desorbed.

R evers ib le  2 -PrOH d eso rp t io n  was found to  begin a f t e r  a dose 

co rrespond ing  to  70% of  s u r f a c e  s a tu r a t i o n  ( f igure  8.11).  Only a

single de sorp t ion  peak  could  be  reso lved ,  in it ia l ly  a t  420 K but 

decreasing to 401 K by saturation coverage.

( 8 . 2 . 3 )  1-P rop anol

( 8 . 2 . 3 . 1 )  Thermal D esorption and D ecom position Spectrum

The deso rp t ion  sp ec t ru m  o b ta in e d  a f t e r  a s a tu r a t i o n  dose of 1- 

PrOH a t  320 K onto  th e  ICI low s u r face  a r e a  c a t a l y s t  is shown in 

f igure  8.12. The main p roduc t  peak  te m p e ra tu re s  and the i r  s u r fa ce  

co v e rag es  a r e  given in t a b le  8.4.  The spec t rum  is similar to t h a t  

previous ly  r e p o r t e d  by Bowker e t  a l ^ ® ^ .  It is also similar to  the  

desorp t ion  s p ec t ru m  ob ta ined  from ch lor ine  t r e a t e d  ZnO desc r ibed  in 

the previous section, except for the  amounts of mass 29 and CO2 desor

p tion  th a t  in d ic a te d  t h a t  g r e a t e r  su r fa ce  oxidation  had occur red .

Revers ib le  1-PrOH d eso rp t io n  occu r red  in a broad peak a t  392 K 

and a small  shoulder a t  448 K, wi th  a p rof i le  similar to th e  1-PrOH 

peak evolved from chlorine t rea ted  ZnO. A propionaldehyde desorption 

peak  formed a t  533 K, a l th o u g h  th e  hydrogen did not peak un t i l  a 

higher temperature (562 K). Propene desorption occurred a t  571 K a t  a
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Figure 8.12: The desorption spectrum after adsorption of 1-propanol 
a t  340 K to saturation coverage on ICI low surface area zinc oxide.
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Table  8.4:  The desorption products, peak temperatures and 
saturation surface co v e rag e s  following 1-propanol  adsorp t ion  

a t  340 K on ICI low surface area zinc oxide.

desorp t ion
product

peak
temperature

(K,+2)

surface
coverage

( 10^molec/cm^)

1-propanol 392,448 370

propionaldehyde 533 30

mass 29 675 -

propene 571 55

water 392 118
562 7
711 66

co2 712 195

hydrogen 562 203
711 160

similar temperature to the propene evolved af ter 1-PrOH adsorption on 

untreated ZnO. A small amount of water was also evolved at  562 K with 

the  propene  (p ropene  to  w a te r  r a t i o  of 8 :1) .  A C 0 2 peak a t  712 K, 

along with  co in c id en t  hydrogen,  was ind ica t ive  of the  c a rb o x y la te  

decomposition reaction. A small mass 27 peak at  the same temperature 

sugges ted  t h a t  a small  amount  o f  e th e n e  may have a lso been  formed. 

The mass 29 peak formed a t  675 K, also possibly associated with partial 

c a r b o x y la te  decomposit ion.

The t o t a l  s a tu r a t i o n  s u r f a c e  cove rage ,  excluding w a te r ,  was 

650x10*^ molecules/cm^. This was greater than the 450x10*^ reported 

by Bowker e t  a l ^ ® ^ ,  a l though  if  th e  coverage  con t r ib u t io n  of the  

c a r b o x y la te  (not found by Bowker e t  a l )  was neg lec ted  then  a c loser 

match was obtained.
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( 8 . 3 )  D i s c u s s i o n  o f  R e s u l t s

LEED and spectroscopic studies previously carried out by Hopkins 

e t  a i 0 ^ 3 , 1 4 4 )  jiave  in v e s t ig a te d  the  in t e r a c t io n  of chlorine  with  th e  

Zn (0001) pola r ,  O (0001 ) polar and (1010)  non-po lar  single c r y s ta l  

su r face s  of ZnO (see  a lso  Appendix 4 for a fu r th e r  d e sc r ip t ion ) .  

Rapid s a tu r a t i o n  of the  Zn polar su r face  is found to occur  to a 

c o v e rag e  of 25% o f  a m onolayer ,  su f f ic ien t  to  sa t i s fy  the  ch a rg e  

s tab i l i sa t io n  c r i t e r i o n  for th is  s u r face .  The O polar and prism 

su r faces  a r e  found to  exh ib i t  a much lower r e a c t iv i t y  for ch lor ine .  

The amount of  ad so rp t ion  on th e  O polar su r face  is dependent on the  

in i t ia l  s u r fa ce  annea l ing  t r e a t m e n t ,  and because  hea t  t r e a t m e n t  is 

known to  re su l t  in th e  fo rm at ion  of oxygen vacanc ies  on th is  su r face ,  

it  is sugges ted  th a t  ch lo r in e  occupies  oxygen vacancy s i te s  on this 

surface. On the prism surface an approximate 8% chlorine coverage is 

achieved, suggested to be due to random adsorption into oxygen vacancy 

s i te s .  (This up tak e  is a lso  similar  to  the  d e fec t  s i te  dens i t ies  

measured by Gopel e t  a l ^ ^ . )

A s imilar pola r s u r f a c e  s e l e c t iv e  d is t r ibu t ion  of ch lor ine  is 

a lso  shown in th e  e a r l i e r  IR re su l t s  of A ther ton  e t  a l ^ ^  where 

exposure  of ZnO to  HC1 vapour r e su l ted  in th e  removal of th e  IR 

adsorp t ion  bands a s s o c ia t e d  with  hydroxyl groups ass igned to  th e  polar 

s u r f a ce s .

The s e le c t iv e  removal of th e  a  and y propene  ( a t t r i b u t e d  to the  

Zn and O polar s u r f a c e s -  see  s ec t io n  7 A ) ,  but not the  a c e to n e ,  3 

p ropene  or 2-PrOH deso rp t ion  peaks  ( a t t r i b u t e d  to the  prism su r fa ce ) ,  

in th e  2-PrOH desorp t ion  s p ec t ru m  from ch lor ine  t r e a t e d  ZnO is con

s i s te n t  with th e  ch lo r ine  s u r f a c e  d is t r ibu t ion  de te rm ined  by Hopkins
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e t a ]0^3»144)  a nd desc r ib ed  above  i.e s e lec t iv e  adsorp t ion  on to  the  

polar surfaces.  On the O polar surface the oxygen vacancies, proposed 

as dehydra t ion  s i te s  in s ec t io n  7.4, a re  also blocked by ch lor ine  for 

d is soc ia t ive  a lcohol  ad so rp t io n  and subsequent dehydra t ion .  S imilar

ly, th e  exposed c a t io n s  on th e  Zn polar su r face ,  the  s i tes  for the  

s t rong  adso rp t ion  of ch lo r ine  a re  d e a c t iv a t e d  for 2-PrOH d e h y 

d r a t i o n .

Chlorine t r e a t m e n t  was very  e f f e c t i v e  for d e ac t iv a t io n  of t h e  2- 

PrOH oxida t ion  r e a c t io n .  In c h a p t e r  7, the  ca rb o x y la te  r e a c t io n  s i tes  

were  a t t r i b u t e d  to  the  prism s u r f a c e ,  and to  be also a sso c ia ted  c l o s e 

ly with th e  dehy d ro g en a t io n  s i t e s .  However,  the  e f f e c t  of ch lorine  

treatment was to enhance,  ra ther than deactivate,  the dehydrogenation 

r e a c t io n .  From th e  mechanism p re s e n te d  in sec t ion  7.4, th is  shows 

t h a t  th e  ch lo r ine  c anno t  have  re d u c ed  the  su r face  coverage  o f  the 

common oxidation/dehydrogenation p recu rso r  s ince this  would have also 

r e s u l t e d  in a s imilar suppress ion of the  dehydrogenat ion  r e a c t io n .

Although th e  mode of ch lo r in e  adsorp t ion  on the  Zn polar s u r face  

involves  s u r f a c e  c a t io n s ,  th is  c a n n o t  be th e  case  for the  non-po la r  

su r fa ce ,  s ince  b lockage  of c a t i o n  s i te s  on th is  su r face  would have 

r e s u l t e d  in a suppress ion  of b o th  th e  dehydrogenat ion  and th e  d eh y 

dra t ion  r e a c t io n s ,  in ad d i t ion  to  the  oxida t ion .  As noted above,  the  

dehydrogena t ion  was a c tu a l ly  en h an ced ,  while the  dehydra t ion ,  as 

evidenced by the formation of 3 propene from 2-PrOH, was not signif

ic an t ly  a f f e c t e d .  However ,  s ince  the  in c rease  in dehydrogenat ion  

product did not match the decrease in CC>2 evolved, some cation deac t 

iva t ion  of th e  d e hydrogena t ion  s i t e s  is possibly ind ica ted .

Hopkins e t  have  proposed chlo r ine  to adsorb on the

n o n - p o l a r  s u r f a c e  in a s s o c i a t i o n  w i t h  t h e  a n io n  v a c a n c y  s i t e s .
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Although th is  a lso  probab ly  o c cu r r e d  in the  ch lor ine  t r e a tm e n t  of the  

ZnO of th is  study,  the  c a r b o x y la t e  coverage  (pa r t icu la r ly  for 1-PrOH) 

on the  n on -po la r  s u r f a c e ,  and th e  e x t e n t  of i ts  reduc t ion  a f t e r  

ch lor ine  t r e a t m e n t ,  were  simply too high for the  chlorine  su r f a c e  

i n t e r a c t io n  to  be l im ited  to  d e f e c t  s i te s  only.

The mechanism of chapter 7 has proposed carboxylate formation to 

occur  by r e a c t io n  of an adso rbed  a c e to n e  species  (possibly of the  enol 

s t r u c t u r e )  with  l a t t i c e  oxygen to  p roduce  anion vacancy s i t e s .  The 

e f f e c t  of ch lo r ine  t r e a t m e n t  would appear  to be to  s e lec t ive ly  sup

press  th is  r e a c t io n  s tep  in e f f e c t  by making 'unava i lab le '  th e  n e c e s 

sary  r e a c t i v e  oxygen. I t  is no t  c lea r  from the  re su l t s  how th is  

mechanism may o p e r a t e  p a r t i c u l a r ly  s ince  ch lor ine  is unlikely  to  

i n t e r a c t  d i r e c t ly  with  l a t t i c e  oxygen.  This sugges ts  t h a t  the  e f f e c t  

may be a t  a more  fundam en ta l  lev e l  and involve a number of poss ib i l 

i t i e s  including  occupancy  o f  s t e p  s i te s ,  inco rpo ra t ion  in to  the  l a t 

t i c e  or a change  in th e  e l e c t r o n i c  p ro p e r t i e s  of the  ZnO su r fa ce .  

Without f u r th e r  d e ta i l ed  i n v e s t ig a t io n  of ch lor ine  adsorp t ion  th e se  

can  only be re g a rd e d  as sp ec u la t io n .

The s im i la r i t ie s  in t h e  deso rp t ion  s p e c t r a  ob ta ined  a f t e r  w a te r ,  

2-PrOH and 1-PrOH adsorption on chlorine treated  ZnO, and the spectra 

from the ICI low surface area  ZnO, strongly suggest the differences' in 

th e  behaviour  b e tw e e n  th e  ZnO used in th is  s tudy and the  ICI low 

surface area  ZnO were due to the  presence of chlorine, as detected by 

th e  XPS m easu rem en ts  i .e .  the  ICI low su r face  a r e a  ZnO was chlor ine  

c o n ta m in a te d .  Consequen t ly ,  t h e  r e su l t s  of previous  the rmal  d e so r p 

t ion  and decompos i t ion  s tud ie s  by Bowker e t  a j(25 ,83 ,98 ,99 , l  08,115)^

based on the ICI low surface a rea  ZnO, should be reinterpreted on the
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basis  of desorp t ion  and  decompos i t ion  on a ch lo r ine  con tam ina ted ,  

rather than a pure, ZnO surface.

The re su l t s  p r e s e n te d  in th is  c h ap te r  have implications  in two 

a re a s .  F i r s t ly ,  they  have  shown ch lor ine  to be an ex ce l len t  s e l e c t iv e  

probe for th e  polar s u r f a c e s  of ZnO t h a t  can be used to d e a c t iv a t e  

th e se  su r face s  very  e f f e c t i v e l y ,  while s t i l l  main ta in ing the  a c t iv i ty  

of the  prism s u r fa ce  c a t io n s .  Secondly ,  the  re su l t s  have shown th a t  

in th e  s tudy of m e ta l  oxide  su r f a c e s  it is im por tan t  to remove any 

su r f a c e  impur i t ie s  as th e i r  p r e s en c e  can  s ignif icant ly  modify the  

c a t a l y t i c  p ro p e r t i e s  of th e  s u r f a c e .  P a r t i cu la r  a t t e n t io n  should be 

paid to  single  c r y s t a l  oxide  su r f a c e s  in l ight of the  work of Hopkins 

e t  a i 0 ^ 3 , 1 4 4 )  who have shown t h a t  th e  removal of con tam inan ts  from 

c r y s t a l  su r fa ce s  can  be e x t r e m e ly  d i f f i cu l t .
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C H A P T E R  9

PR O PA N O L D E C O M P O S IT IO N  ON POTASSIUM 
PR O M OTED  Z IN C  O X ID E

( 9 . 1 )  2 - P r o p a n o l

( 9 . 1 . 1 )  Therm al  D esorp t ion  and  Decomposit ion Spec trum

The presence of even small amounts of alkali added to the ZnO had 

a s ign i f ican t  e f f e c t  on 2 -P rOH desorp t ion  and decomposit ion.  The 

desorp t ion  s p e c t r a  ob ta in ed  a t  th e  th r e e  a lkal i  loadings s tudied 

(0.042, 0.085 and 0.20 wt% K) a f t e r  a s a tu r a t i o n  dose of 2-PrOH are  

shown in f igures  9.1 to  9.3.  The desorp t ion  peak te m p e ra tu re s  a re  

summarised in t a b le  9.1.

Desorption in the a  2-PrOH peak was reduced considerably a t  the 

0.042 wt% K loading so t h a t  only a  shoulder  in th e  2-PrOH peak was 

d e t e c t e d .  At t h e  h igher a lka l i  loadings  no desorp t ion  from th is  s t a t e  

was observed .  The c o v e r a g e  in th e  3 2-PrOH s t a t e  was enhanced  by 

a lkal i  add i t ion  re a ch in g  a p p ro x im a te ly  100x 10 m olecu les /cm ^ for the  

0.20 wt% K loaded  c a t a l y s t .  Tab le  9.1 shows th e  corresponding  peak 

temperature increased from 376 K for the ZnO catalyst  to 399 K a t  the 

h ighest  a lkal i  loading .

The a lkal i  p romotion  a lso r e s u l t e d  in inc reased  a c e to n e  p ro d u c 

tion with 9 0 x 1 0 ^  m o lecu les /cm ^  desorbed  from th e  0.20 wt% K loaded 

c a t a l y s t .  The peak  t e m p e r a t u r e  a lso  inc reased  from 441 K on the  

unpromoted  c a t a l y s t  to  470 K for the  0.20 wt% loaded c a t a l y s t .  

Although the acetone peak appeared to be broader for the alkali loaded 

catalysts compared to unpromoted ZnO, experiments at  low 2-PrOH sur

f a c e  c o v e r a g e  d e t e c t e d  on ly  a s i n g l e  d e s o r p t i o n  p e a k  a t  t h i s
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F ig u re  9 .1 :  The desorption spectrum  a fter  adsorption o f  2-propanol at
340 K to  saturation coverage on 0.042 wt% potassium  promoted

z in c  o x id e .
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F ig u r e  9 .2 :  The desorption spectrum  a fter  adsorption o f  2-propanol at
340 K to  saturation coverage  on 0.085 wt% potassium  promoted

z in c  o x id e .
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TEMPERATURE GO

F ig u re  9 .3 :  The desorption spectrum  after  adsorption o f 2-propanol at
340 K to  saturation coverage on 0.20 wt% potassium promoted

z in c  o x id e .
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Table  9.1 :  The e f f e c t  of potass ium promotion on the  main p roduc t
desorp t ion  peak t e m p e r a t u r e s  a f t e r  adsorp t ion  of 2-PrOH to s a tu r a t i o n  

coverage at  340 K. The temperatures given in brackets indicate 
• i l l - d e f in e d  or minor desorp t ion  s t a t e s .

desorption
product

potassium loading (wt% K) 

0.042 0.085 0.20

2-PrOH 395 492 399

water (372),408,433 396 401
(484) (if 89) (If 73)

583 - -

703 709 692

co2 478 (4 85) -

propene a 409 - -

3 494 512 518
Y 578 - -

acetone 441 449 470

hydrogen (a ) 473 472
753 (753)

(a)= not scanned

t e m p e r a t u r e  (see  s ec t io n  7.1 .2).  As for unpromoted ZnO, t h e re  was

also  a small  amount of a c e to n e  p roduced  in th e  range 550-600 K. At

th e  0 .20 wt% K loading, hydrogen desorbed in a single broad peak  a t
19 9approximately 472 K with an estimated coverage of 125x10 H^/cm .

The amount of p ropene  desorbed  d ec rea se d  with inc reased  a lkal i  

loading.  The a  and y s t a t e s  w e re  progress ively  and finally c o m p le 

te ly  removed from th e  d e so rp t io n  sp ec t ru m  as the  alkal i  loading i n c r 

eased .  A s ign i f ican t  bu t  less d ra m a t i c  reduc t ion  of the  3 s t a t e  also 

occurred particularly when the alkali loading was increased from 0.085 

to 0.20 wt% K. The corresponding 3 peak temperature followed the same 

trend shown by the 2-PrOH and acetone  peaks by increasing from 4S7 K 

on the  unpromoted  ZnO to  517 K on th e  0.20 wt% K loaded c a t a l y s t .
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Figure  9.4:  The effect  of potassium loading on the propene desorption 
spectrum af te r  adsorption of 2-propanol at  330 K on promoted zinc 

oxide. (a)= unpromoted ZnO; (b)= 0.042 wt% K; (c)= 0.085 wt% K;
(d)= 0.20 wt% K.

These e f f e c t s  a r e  shown more c lea r ly  in figure 9.4 given above in 

which the propene spectra have been extracted from figures 9.1 to 9.3.

The w a te r  deso rp t ion  a t  high t e m p e r a t u r e  was modif ied by the  

p re sen ce  of th e  a lkali  in th e  same way as t h a t  observed a f t e r  w a te r  

adsorp t ion  onto  the  same c a t a l y s t s  (see  sec t ion  6. 2. 1), i .e .  the  

amount of desorp t ion  was p rog ress ive ly  reduced  with in c reased  alkali  

loading. In th e  low t e m p e r a t u r e  region,  the  w a te r  desorp tion  a s s o c 

iated with the 3 propene a t  484 K for the unpromoted ZnO was reduced 

in l ine with th e  3 p ropene  peak un t i l  it was bare ly  observed for the  

highest loaded catalyst  (0.20 wt% K). For the 0.085 wt% and 0.20 wt% 

K c a t a l y s t s  where  only a small  amount  of w a te r  was produced a t  a 

similar t e m p e r a t u r e  to  th e  p ropene ,  the  q u an t i ty  of w a te r  desorbed  at  

high t e m p e r a t u r e  was in r ea so n ab le  ag reem en t  with the  propene
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co v e rag e .  As th e  a lkali  loading was inc reased ,  a w a te r  desorp t ion  

peak a t  approx im ate ly  393 K was a lso  formed. The s imilari ty  in t e m 

p e r a tu r e  b e tw ee n  th is  and the  low te m p e r a t u r e  desorp tion  peak found 

a f t e r  w a te r  adso rp t ion  on to  the  same c a ta ly s t s  ( sec t ion  6. 2. 1) would 

sugges t  t h a t  it  was due to  m olecu lar ly  adsorbed w a te r  r a th e r  than  

being a s so c ia t e d  with  the  2 -P rOH desorp t ion  peak which occur red  a t  a 

similar t e m p e r a t u r e .  The t o t a l  q u a n t i ty  of w a te r  desorbed from the  

a lkal i  p romoted  c a t a l y s t s  was too  high to be a cc o u n te d  for by the  

dehydration reactions alone (for unpromoted ZnO, the amount of water 

desorbed  has been  shown to  be le ss  than  e x p ec te d  from the  propene 

produced). Since the high temperature  water desorption was in approx

imate agreement with the propene formed (noted above) it would appear 

t h a t  deso rp t ion  from th e  weakly adsorbed  s t a t e  a t  393 K was due to 

water present as an impurity in the  2-PrOH.

The ox ida t ion  r e a c t io n  forming th e  c a r b o x y la te  was also s trongly 

affected  by the presence of the alkali, as shown by the large reduction 

in the  amount of CC>2 p roduced  as th e  alkali  loading was inc reased .  

However,  th e  ris ing CC>2 b ase l ine  signal obta ined  a t  high t e m p e ra tu re  

even for th e  0.20 wt% K c a t a l y s t  ra i ses  th e  possib il i ty  of a more 

s t rongly  bound spec ies  remain ing  on th e  su r face .  A similar r i se  in 

the  base l ine  was observed  a f t e r  C ©2 adsorpt ion  on th e  same c a t a ly s t s  

( sec t ion  6 .2 .2).  For th e  0.20 wt% K loading a small  quan t i ty  of
1 9hydrogen coincident with CO2 was evolved at high temperature (15x10 

^ / c m ^ ) .

The v a r ia t io n s  in s u r fa ce  c o v e r a g e  of the  desorp t ion /decom po-  

s i t ion  p roduc ts  as a func t ion  o f  a lkal i  loading a re  summarised in 

figure  9.5. The t o t a l  s u r fa ce  c o v e r a g e  (excluding w a te r )  fell  from
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Figure  9-5: The effect  of potassium loading on the desorption product 
surface coverages after adsorption of 2-propanol a t  330 K to 

saturation coverage on promoted zinc oxide. O total  coverage 
(excluding water);  ■ propene; □ water; y  CC>2’ •  2-PrOH;

O  ace tone .
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570 molecules/cm^ for ZnO to approximately 350 molecules/cm^ a t  0.20 

wt% K. The fall  in th e  amount of  propene and CC>2 produced and the  

in c re a se d  evo lu t ion  of a c e t o n e  as a lkal i  loading increased  a re  c lea r ly  

shown in the  figure .

( 9 . 1 . 2 )  Coverage  D ependence

As found for unpromoted ZnO, the selectivity of the 2-PrOH decom

pos i t ion  on promoted  ZnO was shown to  be coverage  dependen t .  This 

coverage dependence was investigated for the 0.20 wt% and 0.085 wt% K 

po tass ium  promoted  c a t a l y s t s .  The desorp t ion  sp ec t ra  ob ta ined  a t  low 

(30% of s u r fa ce  s a t u r a t i o n )  and medium (70%) su r face  co v e rag es  for 

th e se  two a lkal i  loadings  a r e  shown in f igures  9.6 to 9.9, with the  

changes in surface coverages of the main desorption and decomposition 

p ro d u c ts  as a func t ion  of a lcoho l  dose summarised in figures  9.10 and 

9 .11 .

On both catalysts only the 3 propene peak was populated, with the 

a  and y s t a t e s  suppressed  by t h e  p re sen c e  of the  a lkal i .  Although 

popula t ion  of t h e  3 p ropene  s i t e s  con t inued  unti l  full s u r fa ce  s a t u r a 

t ion for the  0.085 wt% K c a t a l y s t ,  a t  th e  higher loading o f  0.20 wt% 

K, s a tu r a t i o n  of th e  3 s i t e s  was quickly reached  and. no in c re a se  in 

th is  peak  was observed  above  a 25% of s a tu r a t i o n  dose.  No sh i f t  in 

p ropene  peak t e m p e r a t u r e  with  c o v e r a g e  was found for e i t h e r  c a ta ly s t  

a l though  th e  a c t u a l  peak  pos i t ion  i t s e l f  was loading dependen t  (see 

a lso t a b le  9.1).

Above a 25% dose for the  0 .20 wt% K loading and a 50% dose for 

th e  0.085 wt% K loading ( i .e .  when th e  major i ty  of the  remaining 

d ehydra t ion  s i te s  had been  po p u la ted )  a c e to n e  evolu tion was observed.  

Only a single d e so rp t ion  peak  was formed with i ts  peak t e m p e ra tu re
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Figure  9.6:  The desorption spectrum after adsorption of 2-propanol at 
340 K to low coverage on 0.085 wt% potassium promoted zinc oxide.

F igure  9.7:  The desorption spectrum after adsorption of 2-propanol at  
340 K to low coverage on 0.20 wt% potassium promoted zinc oxide.
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Figure  9.8 :  The desorption spectrum af ter adsorption of 2-propanol at  
340 K to medium coverage on 0.085 wt% potassium promoted zinc oxide.

F igure  9.9:  The desorption spectrum af ter adsorption of 2-propanol at 
340 K to medium coverage on 0.20 wt% potassium promoted zinc oxide.
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FRACTION OF SURFACE SATURATION DOSE

Figure  9.10: Plot  o f  th e  deso rp t io n  p roduc t  su r face  coverages  as a 
function of 2-propanol surface saturation dose a t  340 K on 0.085 wt% 
potassium promoted zinc oxide. O to tal  coverage (excluding water);  

■ propene; □  water;  V C 0 2; •  2-PrOH; O acetone.
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FRACTION OF SURFACE SATURATION DOSE

Figure  9.11s Plot  of th e  d e so rp t io n  produc t  su r face  coverages  as a 
function of 2-propanol surface saturation dose a t  340 K on 0.20 wt% 
potassium promoted zinc oxide. o  total  coverage (excluding water);  

■ propene; □  water; ^  CC^; •  2-PrOH; o  acetone.
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decreasing as coverage increased (470 K to 449 K for 0.085 wt% K and 

510 K to 470 K for 0.020 wt% K).

Reversible 2-PrOH desorption occurred for coverages exceeding 60- 

70% of surface saturation on both catalysts.  A coverage dependency in

the 2-PrOH peak temperature  was found, with a decrease from 420 K to

406 K for the 0.085 wt% K and 433 K to 399 K for the 0.20 wt% K.

At low coverage water desorption occurred only in the high tempe

r a t u r e  region for both  c a t a l y s t s .  As th e  2-PrOH dose was in c reased ,  

lower t e m p e r a t u r e  de so rp t ion  s t a t e s  were  popula ted  unti l  the  s p e c t r a  

were dominated by a large peak a t  approximately 398 K for both alkali 

loadings. Both catalysts also formed a small water peak at  approxima

tely 513 K that  decreased in temperature as the coverage increased.

Only a small amount of carboxylate derived CO2 was evolved from

either catalyst . No CO2 peak was formed with the 0.20 wt% K catalyst  

and only a r i se  in th e  CO2 base l ine  s ignal was ob ta ined  th a t  did not 

s ign i f ican t ly  a l t e r  with  c o v e rag e  (s imilar to  t h a t  observed a f t e r  CO2 

adsorption on the promoted ZnO, see section 6.2.2). The same baseline 

r ise  was also observed  for the  0.085 wt% K loaded c a t a l y s t ,  a l though 

some further desorption in a small peak a t  763 K was also present from 

th is  c a t a l y s t .

( 9 . 2 )  1-Propanol

( 9 . 2 . 1 )  Thermal D esorption and D ecom position Spectrum

The 1-PrOH d eso rp t io n  s p e c t r a  ob ta ined  a t  th e  t h r e e  potass ium 

promotor loadings (0.042, 0.085 and 0.20 wt% K) a f t e r  a s a tu ra t io n  

dose a t  340 K a r e  shown in f igures  9.12 to  9.14, with the  changes  in 

s u r face  co v e rag es  of th e  main desorp t ion  p roduc ts  with 1-PrOH dose
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summarised in figure 9.15. The desorption peak temperatures are given 

in t a b le  9.2.

As found for 2-PrOH, the  p re sen c e  of the  a lkal i  promoter had a 

s ign i f ic an t  e f f e c t  on the  s e l e c t iv i t y  of 1-PrOH decomposit ion.  Figure  

9.15 shows th e  a lkal i  in c re a s e d  the  amount of revers ib le  1-PrOH 

desorp t ion ,  and reduced  th e  e x t e n t  of a lcohol decomposit ion.  The 

overa l l  su r f a ce  c o v e rag e  (exc lud ing  the  w a te r  formed) was in i t ia l ly  

r educed  as a r e su l t  of th e  r e d u c t io n  in the  quan t i ty  of CO2 desorp t ion  

(i .e .  c a r b o x y la t e  fo rm at ion )  but rapidly  inc reased  again as the  a lkal i  

loading  was ra ised ,  due to  th e  l a rg e  in c rease  in revers ib ly  adsorbed  

a lcohol .  The co v e rag e  of decompos i t ion  p roduc ts ,  however ,  con t inued  

d ec rea s in g  as the  a lkal i  loading was in c reased .  Revers ib le  desorp t ion  

accounted for 74% of the desorption products from the 0.020 wt% K ZnO 

compared to the 23% obtained from unpromoted ZnO. No change in the 

main 1-PrOH desorp t ion  p eak  t e m p e r a t u r e  (404 K) was found to occur  

with  inc reas ing  a lkal i  loading.

In common with the behaviour exhibited by 2-PrOH, 1-PrOH dehydra

t ion  was a lso suppressed  by the  a lkal i  promotion.  The 481 K propene  

peak  was removed from th e  s p e c t r a  a t  a l l  t h r e e  potass ium loadings ,  

while th e  573 K peak was cons iderab ly  reduced  a t  the  0.042 wt% K 

level and only ba re ly  d e t e c t a b l e  a t  the  higher 0.085 wt% loading. At 

the 0.20 wt% loading no 573 K propene was observed.

The q u an t i ty  of mass 29 desorp t ion  (most probably  a c e t a ld e h y d e -  

see  c h a p te r  7) d e c r e a se d  with  the  level  of potass ium promotion,  

m atch ing  the  d e c r e a se  in c a r b o x y la te  fo rmation  (see below).  An 

in c re a se  in th e  desorp t ion  peak  t e m p e r a t u r e  a lso  occu r red  with p o t a s 

sium loading ( t a b le  9.2).
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F ig u r e  9 .1 2 :  The desorption spectrum  after  adsorption o f 1-propanol at
340 K to  saturation coverage on 0.042 wt% potassium promoted

z in c  o x id e .
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F ig u re  9 .1 3 :  The desorption spectrum  after  adsorption o f 1-propanol a t
340 K to  saturation coverage on 0.085 wt% potassium  promoted

z in c  o x id e .
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F ig u r e  9 .1 4 :  The desorption spectrum  after  adsorption o f 1-propanol at
340 K to  saturation coverage  on 0.20 wt% potassium promoted

z in c  o x id e .



SU
RF
AC

E 
CO
VE
RA
GE
 
(1
0 

mo
le
cu
le
s 
/ 
cm

2 9 1

Figure 9 .15: The effec t  of potassium loading on the desorption product 
surface coverages a f te r  adsorption of 1-propanol a t  340 K to 

saturation coverage on promoted zinc oxide. o total  coverage 
(excluding water);  ■  propene; □  water; CC>2; •1 -P rO H ;

O p ro p iona ldehyde .
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Table  9.2:  The effect  of potassium promotion on the main product
desorption peak temperatures after adsorption of 1-propanol to 

saturation coverage a t  340 K. The temperatures given in 
b ra c k e t s  in d ic a te  i l l - d e f in e d  or minor desorp tion  s t a t e s .

desorption potassium loading (wt % K)
product

0.042 0.085 0.20

1-PrOH (357),404,(426) 402 404

water 406,443,(570),695 403,701 404,705

co2 710 692 (704)

propene 574 562 -

propionaldehyde 471 481 502

mass 29 637 648 666

hydrogen 475 499 504
568 (540) (525)
693 694 695

Alkali promotion was found to enhance the propionaldehyde format

ion in an eq u iv a l en t  manner  to t h a t  found for a c e to n e  a f t e r  2-PrOH 

adsorption on potassium promoted ZnO. The propionaldehyde peak tem

p e r a t u r e  was a lso  found to  i n c re a s e  with  potass ium loading ( tab le

9.2).  The q u a n t i ty  of hydrogen desorbed  co inc iden t  with  p ro p io n a ld e 

hyde d e c r ea se d  wi th  a lka l i  loading c o n s i s te n t  with the  r e d u c t io n  in 

c a r b o x y la te  fo rm at ion .  For th e  0.20 wt% K c a t a ly s t  the  amount of 

hydrogen desorbed a t  504 K was approximately 180x10 P^/cm .

The amount of water desorbed in the high temperature region was 

found to decrease, while an increase was observed in the low tempera

tu r e  peak  a t  404 K as th e  a lkal i  loading was inc reased .  This was 

similar to  th e  behav iour  prev ious ly  desc r ibed  for both 2-PrOH where
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the low temperature peak was a tt r ibuted to the molecular adsorption of 

the  w a te r  impurity  in j e c t e d  w i th  th e  a lcohol.  Also as found for 2- 

PrOH, the  overa l l  q u a n t i ty  of w a te r  was too high to be acco u n ted  for 

by the propene formation. However, for the 0.085 wt% amd 0.20 wt% K 

c a t a ly s t s ,  the  q u a n t i ty  of w a te r  desorbed a t  high te m p e ra tu re  was in 

excess  of the  p ropene  formed (a l though a c c u r a t e  es t im at ion  of the  

quan t i ty  of p ropene  evo lved  was made d i f f icu l t  by the  overlap  in mass 

s p e c t r o m e te r  c rack in g  p a t t e r n  w i th  the  l a rge  1 -PrOH peak) .  This 

sugges ted  t h a t  some w a te r  may have  been evolved through the  c a r b o x -  

y la te  decomposi t ion  r e a c t io n .

S e lec t iv i ty  for ox ida t ion  was reduced  by a lkal i  promotion a l 

though the  e f f e c t  was no t  as p ronounced as for 2-PrOH. This was 

c o n s i s t e n t  with  th e  h igher ox ida t ion  s e le c t iv i ty  shown by 1-PrOH on 

unpromoted  ZnO. At th e  h ig h es t  loading of 0.20 wt% K, c a r b o x y la te  

fo rmation  s t i l l  o c cu r r e d  as shown by the  p roduc t ion  of CC>2 and by the  

evo lu t ion  of hydrogen in tw o  peaks  a t  504 K and a t  695 K (co inc iden t  

wi th  CO2 ) respectively.

( 9 . 2 . 2 )  C overage D ependence

The coverage dependency of 1-PrOH decomposition selectivity after 

adsorp t ion  onto  th e  p rom oted  c a t a l y s t s  was found to  follow th e  same 

t rends  as 2-PrOH ad so rp t io n  o n to  th e  same c a t a ly s t s  i .e popula t ion  of 

the  remain ing d ehydra t ion  and oxidation s i te s  occu r red  b e fo re  the  

dehydrogena t ion  and re v e r s ib le  adso rp t io n  s i te s .  The degree  to  which 

th e  d ehydra t ion ,  d e hydrogena t ion  and oxidation r e a c t io n s  o ccu r red  and 

the extent of enhancement in reversible 1-PrOH desorption was depend

en t  on the  a lkal i  loading  (in a manner  shown by the  sa tu ra t i o n  c o v e r 

age s p e c t r a  de sc r ibed  in th e  p rev ious  sec t ion ) .
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The desorp t ion  s p e c t r a  ob ta ined  a f t e r  1-PrOH adsorp t ion  on the  

0.042 wt% K • c a t a l y s t  a t  low co v e rag e  (20% of s a tu r a t i o n ) ,  and a t  

medium cove rage  (60%), a r e  given in figures  9.16 and 9.17, with the  

dependence  of th e  s u r fa ce  c o v e rag es  of the  main desorp t ion  p roduc ts  

with 1-PrOH dose shown in figure 9.18. At low coverage (approximately 

up to  20% of s u r fa ce  s a t u r a t i o n )  e ssen t ia l ly  only oxidation  p roduc ts  

were obtained, along with water present as an impurity in the  injected 

alcohol. From approximately 30% coverage mass 29 desorption occurred 

with  a peak  in i t ia l ly  a t  657 K bu t  decreas ing  to 637 K by su r face  

saturation. The water and CC>2 peak temperatures also showed a slight 

dependence on coverage each decreasing by 10-15 K from low coverage to 

s a tu r a t i o n ,  while th e  p ropene  peak  formed a t  576 K remained a t  c o n 

s t a n t  t e m p e r a t u r e  with  c o v e r a g e .  Propionaldehyde desorp tion  did not 

occur until a dose of approximately 60-70% of surface saturation.

The corresponding low and medium coverage desorption spectra and 

the coverage dependency of the main desorption products for the 0.085 

wt% K promoted  c a t a l y s t  a r e  shown by figures  9.19 to 9.21.  This 

c a t a l y s t  behaved  in an analogous  manner  to the  0.042 wt% K c a ta ly s t  

desc r ibed  above, but wi th  d e c r e a s e d  s e le c t iv i t i e s  for both  oxidation 

and d ehydra t ion ,  and with  en h an ced  propionaldehyde formation .  The 

lower overa l l  decompos i t ion  s e l e c t i v i t y  was r e f l e c t e d  in the  a p p e a r 

an ce  of both  p rop iona ldehyde  and  1-PrOH a t  a lower f r ac t ion  su r face  

coverage than found for the 0.042 wt% K loading.

Similarly,  the  co rrespond ing  s p e c t r a  for the  0.20 wt% K c a t a ly s t ,  

along with th e  dose dependency  o f  th e  p roduct  su r face  co v e rag es ,  are 

given in figures  9.22 to  9.24. Only minor amounts  of oxidation and 

dehydra t ion  o ccu r red  a t  a l l  s u r f a c e  coverages  on th is  c a t a ly s t ,  and as
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Figu re  9.16: The desorption spectrum after adsorption of 1-propanol at 
340 K to low coverage on 0.042 wt% potassium promoted zinc oxide.

F ig u r e  9 .1 7 :  The desorption spectrum  after  adsorption of 1-propanol at
340 K to  medium coverage  on 0 .042  wt% potassium  promoted zinc oxide.
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FRACTION OF SURFACE SATURATION DOSE

Figu re  9 .18: Plot  of  the  deso rp t ion  product su r fa ce  coverages  as a 
function of 1-propanol surface saturation dose a t  340 K on 0.042 wt% 
potassium promoted zinc oxide. O to ta l  coverage (excluding water); 

■ propene; □  water;  y  CC^; •1-PrOH; o  propionaldehyde.
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Figu re  9.19: The desorption spectrum after adsorption of 1-propanol at  
340 K to low coverage on 0.085 wt% potassium promoted zinc oxide.

F ig u r e  9 .2 0 :  The desorption spectrum  after  adsorption o f 1-propanol at
340 K to  medium coverage on 0 .085  wt% potassium  promoted zinc oxide.
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FRACTION OF SURFACE SATURATION DOSE

Figu re  9.21s Plot  o f  the  deso rp t io n  p roduc t  su r face  coverages  as a 
function of 1-propanol surface saturation dose a t  340 K on 0.085 wt% 
potassium promoted zinc oxide. O total  coverage (excluding water); 

Bpropene; □  water; V c o 2» •  1-PrOH; o  propionaldehyde.



Figure  9 .22: The desorption spectrum af ter adsorption of 1-propanol a t  
340 K to low coverage on 0.20 wt% potassium promoted zinc oxide.

F ig u r e  9 .2 3 :  The desorption spectrum  after  adsorption o f 1-propanol at
340 K to  medium coverage on 0 .20  wt% potassium  promoted zin c oxide.
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FRACTION OF SURFACE SATURATION DOSE

Figu re  9.24: Plot  of th e  de so rp t ion  p roduc t  su r face  coverages  as a 
function of 1-propanol surface saturation dose a t  340 K on 0.20 wt% 
potassium promoted zinc oxide. O to ta l  coverage (excluding water); 

■  propene; Q water;  V CO2; •  1-PrOH; O  propionaldehyde.
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a result, both propionaldehyde and 1-PrOH desorption peaks were evolv

ed from low 1-PrOH dose.  Only l imited mass 29 desorp t ion  o c cu r red ,  

with the peak temperature not showing a coverage dependency (constant 

a t  app rox im a te ly  663-668 K).  P ropionaldehyde  fo rmation  was f u r th e r  

enhanced, while the 1-PrOH peak, which dominated the desorption spec

t r a  for th is  c a t a l y s t ,  d e c r e a s e d  in t e m p e r a t u r e  with inc reas ing  dose 

from 472 K a t  low coverage to 404 K a t  saturation.

( 9 . 3 )  A ceton e

( 9 . 3 . 1 )  Thermal D esorption and Decom position Spectrum

The desorption spectra obtained af te r  saturation doses of acetone 

a t  330 K on the 0.042 wt% and 0.20 wt% K promoted catalysts are given 

in f igures  9.25 and 9.26 r e s p e c t iv e ly .  From the  0.042 wt% K c a t a l y s t  

( f igure  9.25) a la rge  q u a n t i ty  o f  a c e to n e  was found to be desorbed
I o o

(c o v e rag e  app rox im a te ly  1 7 0 x 1 0 m o lecu le s /cm z ) in two over lapping  

s t a t e s  a t  392 K and 510 K, w i th  a fu r th e r  minor peak a t  610 K. The 

CO2 peak  a t  752 K c o r r e sp o n d e d  to  a c a r b o x y la te  s u r face  co v e rag e  

s imilar to  t h a t  ob ta in ed  a f t e r  a c e t o n e  adsorp t ion  on unpromoted ZnO 

(approximately 220x10^  molecules/cm^). A methane peak a t  570 K was 

a lso  evolved  as a r e s u l t  of  the  s u r f a c e  ox ida t ion  re a c t io n  forming the  

carboxylate (see chapter 7) and a t  770 K due to carboxylate decompo

s i t ion .  A single  main p ropene  peak  was formed a t  490 K (co v e rag e  

5 2 x 1 0 ^  molecules/cm^) and also in an additional minor propene peak a t  

620 K. Water was produced in small peaks a t  approximately 408 K and 

489 K, and in a larger peak a t  712 K.

The deso rp t ion  s p ec t ru m  from th e  0.20 wt% K c a t a l y s t  ( f igu re  

9.26) gave  a single a c e t o n e  p eak  a t  th e  lower t e m p e ra tu re  of 367 K,
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Figu re  9.25: The desorption spectrum afte r adsorption’ of acetone at  
340 K to saturation coverage on 0.042 wt% potassium promoted

zinc  oxide.

F ig u r e  9 .2 6 :  The desorption spectrum  a fter  adsorption o f a ce to n e  a t
340 K to  saturation coverage on 0 .20 wt% potassium  promoted

z in c  o x id e .
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app rox im a te ly  61 K lower in t e m p e r a t u r e  than th e  peak ob ta ined  a f t e r  

adso rp t ion  on ZnO, with  a fu r th e r  minor peak a t  565 K. Coverage  in 

the main peak was approximately 70x10 molecules/cm . A large reduc

tion in the CO2 peak at  752 K indicated a lower amount of carboxylate 

was formed, conf i rm ed  a lso by a smal ler m ethane  peak a t  588 K. No 

s ign i f ic an t  p ropene  was evo lved ,  while w a te r  was produced in a small  

peak  c o in c id e n t  with  a c e t o n e  and in a la rge  broad  peak maximising a t  

approximately 593 K.

( 9 . 4 )  D isc u ss io n  o f  R e su lts

( 9 . 4 . 1 )  In tr o d u c tio n

The r e s u l t s  p r e s e n te d  in th i s  c h a p te r  have  c lea r ly  e s ta b l i sh e d  

th e  e f f e c t  of po tass ium  prom ot ion  of ZnO with  re s p ec t  to th e  d eco m 

posi t ion  of 2-P rOH and 1-PrOH. The add i t ion  of potass ium has been 

shown to  lead to  a suppress ion  of  the  dehydra t ion  and oxida t ion  s u r 

face  r e a c t io n s ,  and a r e d u c t io n  in th e  ab i l i ty  of the  ZnO s u r f a c e  to 

adsorb  w a te r .  The yie lds of dehydrogena t ion  product  and reve rs ib ly  

adsorbed  a lcoho l  were  e n h an c e d  by potass ium promotion.  Poin ts  for 

d iscussion inc lude  the  n a t u r e  and loca t ion  of the  potass ium prom oter  

and i t s  e f f e c t ,  if  any,  on th e  r e a c t i o n  mechanism.

( 9 . 4 . 2 )  2 -P rop anol

The p r inc ipa l  e f f e c t  of th e  potass ium prom oter  is presumably  to  

co n t ro l  t h e  a c i d - b a s e  s u r f a c e  chem is t ry  of th e  ZnO. The r e d u c t io n  in 

propene formation is consistent with the addition of potassium produc

ing a more  bas ic  s u r f a c e  t h a t  suppresses  th e  ac id  c a ta ly s ed  d e h y 

d ra t ion  r e a c t i o n .  In 2 -PrOH and a c e to n e  decomposit ion,  only p ropene
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was observed  from th e  pola r  su r f a c e s  of unpromoted ZnO (see c h a p te r

7) . On the Zn (0001) surface the amount of propene produced from 2- 

PrOH is approximately one propene for each Zn^+ site, while for the O 

polar su r f a c e  i t  is only 20% o f  th is  f igure.  These observa t ions  

sugges t  a s i te  s p ec i f ic  e f f e c t  by th e  potass ium promoter .

As no ted  in c h a p te r  6 , single  c ry s ta l  s tud ies  have shown th a t  

potassium ions are  much more strongly held on the O polar surface than 

the  prism face  because  of  th e  impurity  s tab i l i sa t ion  of the  former 

(143).  F u r th e rm o re ,  the  po tass ium ions would not be e x p e c te d  to 

d i f fuse  in to  th e  l a t t i c e  b ecause  of  the i r  la rge  e f f e c t i v e  ionic radius  

compared  to  Zn^+^ * ^ .  Krupay e t  a l ^ * ^  in ves t iga t ing  alumina p ro 

moted with K2CO3 followed the work of Stork and P o t t ^ * ^  in suggest

ing t h a t  K+ ions r e p la c e d  th e  p ro tons  of su r face  hydroxyls to form OK 

species. The equivalence between the effects of adsorbed Cl" (chapter

8 ) and th a t  of adso rbed  po tass ium  can  also be in t e r p r e t e d  as ev idence  

for the  p re sen c e  of th e  n eg a t iv e ly  charged  OK" spec ies .  These would 

be e x p ec te d  to  be s t rong ly  held on th e  Zn polar s u r fa ce  of ZnO. In 

add i t ion ,  XPS s tu d ie s  on th e  a lka l i  p romoted c a t a ly s t s  (descr ibed  in 

Appendix 4) in d ic a ted  t h a t  r e d i s t r ib u t io n  o f . the  potass ium occur red  

during decomposition of the K2CO3.

It seems l ikely then  t h a t  t h e  final  a lkal i  d is t r ibu t ion ,  p a r 

t i c u la r ly  for the  lower loadings,  may have been weigh ted  tow ards  the  

pola r su r fa ce s .  The TPD re s u l t s  ob ta ined  a f t e r  w a te r  adsorp t ion  on 

the  promoted c a t a l y s t s  ( c h a p te r  6 ) confi rmed this  s ince a lkal i  p romo

tion was found to preferentially suppress the high temperature desorp

tion  peak a t t r i b u t e d  to  hydroxyls  on th e  Zn polar s u r face .  It was 

fu r th e r  shown t h a t  the  0.085 wt% K c a ta ly s t  loading corresponded  

c lose ly  to  th e  po tass ium  loading req u i red  for s a tu r a t i o n  of the  polar
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s u r f a ce s  and t h a t  the  w a te r  TPD spec t rum  ob ta ined  from this c a t a l y s t  

in f ac t  showed the  high t e m p e r a t u r e  desorp t ion  peak a t t r i b u t e d  to  the  

Zn polar su r f a c e  to be a b se n t .  At the  same alkali  loading the  a  and y  

p ropene  which have  been  ass igned  to th e  Zn and O polar su r f a c e s  

r e s p e c t iv e ly  were  a lso  suppressed .

Increased hydroxyl coverage produced by the coadsorption of water 

and 2 -PrOH had an a lmos t  id e n t i c a l  e f f e c t  on the  a  and y  p ropene .  

Indeed, t h e r e  ap p ea rs  to  be  a near  equ iva lence  be tw een  the  e f f e c t  of 

adsorbed  hydroxyls and t h e  po tass ium  prom oter  a t  the  lower loadings  

with  r e s p e c t  to  th e  deh y d ra t io n  to  p ropene .  These observa t ions  for 

the 2-PrOH behaviour present a consistent picture of the effect  of the 

po tass ium  p rom ote r .  The p r e s e n c e  of potass ium ions on th e  O pola r 

f ace  r e s u l t s  in impurity  s t a b i l i s a t i o n  and a r educ t ion  in the  number 

of d e f e c t  s i t e s ,  assumed to  be oxygen v a c a n c i e s ^ S i n c e  th e  Zn^+ 

ions exposed  a t  th e se  oxygen v acanc ies  a r e  probably  the  s i t e s  for 

hydroxyl adsorption and at  which the y  propene is produced, the addit

ion of po tass ium  will d e c r e a s e  t h e  av a i lab i l i ty  of s i tes  for bo th  2- 

PrOH d ehydra t ion  and w a te r  adso rp t io n .  On th e  Zn polar su r f a c e ,  the  

p re sen c e  o f  OK groups will e f f e c t i v e l y  p reven t  the  d is soc ia t ive  

ad so rp t ion  o f  w a te r  or 2 -PrOH which will again  lead to  suppress ion of 

th e  deh y d ra t io n  r e a c t io n  forming propene .  Overal l ,  the  ad d i t ion  of 

po tass ium  d e a c t i v a t e s  th e  polar su r faces  by blocking or rem ova l  of 

adso rp t io n  s i t e s .

Assuming that  saturation of the polar surfaces with potassium was 

a ch iev ed  for th e  0.085 wt% K c a t a l y s t ,  then  th e  inc reased  loading of 

0.20 wt% K would have given a coverage of approximately 0.5 monolayers 

on th e  non -p o la r  su r fa ce s ,  a l though  the  d is t r ibu t ion  was not l ikely  to
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be as sharply de f ined .  The in c re a se  in a c e to n e  formation a t t r i b u t e d  

to th is  s u r f a c e  with  a lkal i  loading is cons is ten t  with the  observed  

d e c r e a s e  in c a r b o x y la t e  fo rm at ion .  In the  previous  c h ap te r ,  it was 

shown t h a t  a re d u c t io n  in the  te n d en c y  for su r face  oxida t ion ,  as a 

r e su l t  of ch lor ine  t r e a t m e n t ,  caused  an inc rease  in the  d e h y d ro g e n a 

tion p roduc t  yie ld.  This was proposed  to  be due to the  ' rem ova l '  of 

th e  a v a i l ab i l i ty  of r e a c t i v e  s u r f a c e  oxygen requ i red  in c a r b o x y la te  

fo rmat ion  th a t  led to an e n h an c e m en t  in the  dehydrogenat ion  r e a c t io n  

p a thw ay  th rough  a common r e a c t i o n  p recu rso r .  A similar e f f e c t  was 

observed  a f t e r  po tass ium  promot ion  where  ca rb o x y la te  fo rmation  was 

a lso  suppressed  but th e  a c e t o n e  yield inc reased .  This sugges ts  th a t  

po tass ium  promotion  also d e c r e a s e s  th e  ava i lab i l i ty  of r e a c t i v e  s u r 

f ace  oxygen. Presumably th is  is due to  a poisoning of su r face  anion 

s i t e s  through adso rp t ion  of K+. However ,  compared  to  the  e f f e c t  of 

ch lo r ine  t r e a t m e n t ,  the  i n c re a se  in a c e to n e  yield was not as marked .  

Since potassium appears to be able to adsorb as OK" s p e c i e s ^ ( a n d  

as ev idenced  by th e  d e a c t i v a t i o n  o f  the  Zn polar su r f a ce ) ,  it is also 

l ikely  t h a t  th e  adso rp t ion  of OK" onto  ca t ions  o f  th e  non-po la r  s u r 

f ace  took p lace .  As th is  will a l so  red u ce  the  c a t io n  s i te s  ava i lab le  

for adsorp t ion  of th e  a c e t o n e  p re c u r so r ,  the  e f f e c t i v e  a c e to n e  yield 

will be red u ced ,  com pared  to  t h a t  ob ta ined  a f t e r  ch lor ine  t r e a t m e n t ,  

where  th e  c a t io n  s i te s  on th e  n o n -p o la r  su r face  appea r  u n a f f e c t e d .  

Evidence  for th is  loss of c a t i o n  s i t e s  is shown by the  r e d u c t io n  in 

the $ propene formation (not found after chlorine treatment).

Although the results for 2-PrOH adsorption on promoted ZnO indi

c a t e  a change  in th e  s e l e c t iv i t y  of the  resu l t ing  decomposit ion r e a c 

tions, there did not appear to be a change in the fundamental mechan

ism of th e  decompos i t ion .  Consequen t ly ,  the  main e f f e c t  of the
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po tass ium  appea rs  to be t h a t  of a s e l e c t iv e  s i te  poison, r a th e r  th an  a 

t r u e  p rom oter  of the  s u r f a c e  c o v e rag e  of any 2-PrOH decomposit ion 

p roduc t  p recu rso r .

The in c rease  in a c t i v a t i o n  energy  for 2-PrOH dehydrogenat ion  as 

a lka l i  loading in c re a se s  could  be a t t r i b u t e d  to  an e l ec t ro n ic  e f f e c t .  

At f i r s t  s ight th is  re su l t  a p p ea rs  incons i s ten t  with a previous  study 

of potassium promoted ZnO catalyst  by Sinha e t  a l ^ ^  who observed a 

decrease in the activation energy for 2-PrOH dehydrogenation. Howev

e r ,  a l though  th e  po ta ss ium  loadings  used in the  p re sen t  s tudy are  

lower than  those  s tud ied  by Sinha e t  a l ,  th e  e f f e c t i v e  su r face  c o n c e n 

t r a t i o n  o f  po tass ium is probably  much higher  in the  p re sen t  c a t a ly s t s .  

Consequen t ly ,  th e  a c t i v a t i o n  energy  is observed  to  in c rease  as d e s c r 

ibed previous ly  for l i th ium doped

A d e c r e a s e  in th e  a c e to n e  desorp t ion  t e m p e ra t u re  was observed 

a f te r  acetone adsorption on the promoted catalysts compared to acetone 

de so rp t ion  from unprom oted  ZnO. This may be possibly r e l a t e d  to a 

r e d u c t io n  in a c e to n e  adso rp t io n  as  th e  enol species  (due to  a loss of 

Zn-O  pair  s i t e s  on t h e  n o n -p o la r  s u r f a ce ,  s ince  such s i tes  a r e  r e q u i r 

ed for enol f o r m a t i o n ^ a n d  an enhanced coverage of a more weakly 

bound form of adsorbed  a c e t o n e .  This is sugges ted  in the  resu l t  

obtained from the 0.042 wt% K cata lyst  where two overlapping acetone 

peaks were obtained. The reduced acetone desorption temperature from 

prom oted  ZnO fu r th e r  conf i rms  t h e  enol not to  be a s tab le  su r f a ce  

species in the 2-PrOH dehydrogenation reaction (since acetone from 2- 

PrOH was increased on the promoted ZnO).

Lui e t  a l ^ * ^  conc luded  in th e i r  single c ry s ta l  s tudy t h a t  the  

p re s en c e  of small ,  bu t  d e t e c t a b l e ,  amounts  of su r face  impurit ie s
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inc luding potass ium,  did no t  a p p ea r  to a f f e c t  the  behaviour of th e i r  

single c r y s t a l  su r f a c e s  to w a rd  2-PrOH decomposit ion .  However,  the  

lack of any observed  CC>2 d eso rp t io n  and the  low propene to a c e to n e  

r a t io s  found, combined wi th  th e  e a r l i e r  w a te r  desorp t ion  re su l t s  of 

th e se  workers  c o r r e l a t e  with  the  r e su l t s  ob ta ined  for the  a lkal i

p rom oted  c a t a l y s t s  r a t h e r  t h a n  t h e  pure ZnO used in the  p re sen t  s tudy 

and sugges t  th e  c r y s t a l  s u r f a c e s  used by Lui e t  al  to be a lkal i  

contaminated.

( 9 . 4 . 3 )  1 - P ro p a n o l

A s i t e  sp ec i f i c  i n t e r p r e t a t i o n  of the  e f f e c t  of potass ium p rom o

tion on 1-PrOH decom pos i t ion  is less obvious from the  1-PrOH re su l t s  

a lone ,  la rge ly  due to  th e  high s e l e c t iv i t y  tow ard  oxidation shown by 

1-PrOH compared to 2-PrOH. Where propene formation from 2-PrOH c lea r 

ly showed the crystal  face dependent effect  of the promotion, this was 

obscured for 1-PrOH where the tendency was for oxidation to occur on 

both  Zn pola r and n o n -p o la r  s u r f a c e s .  However,  a l though such a s i te  

d ependen t  i n t e r p r e t a t i o n  o f  po ta ss ium  promotion is not as c l ea r ,  th e  

overall e ffects  of promotion on 1-PrOH decomposition can still be seen 

to  be e q u iv a len t  to  th e  behav iou r  of 2-PrOH. In p a r t i c u l a r ,  t h e  main 

e f f e c t s  of po ta ss ium  promotion  w e re  to  suppress  th e  dehydra t ion  and 

ox ida t ion  r e a c t io n s  and to  e n h a n c e  the  dehydrogenat ion  yield.  The 

amount of reversibly adsorbed I-PrOH was also greatly enhanced. These 

results then allow the e f fec t  of alkali promotion toward 1-PrOH decom

posit ion  to  be  i n t e r p r e t e d  on an equ iva len t  basis to  2-PrOH.

The r e d u c t io n  in ov e ra l l  s u r f a c e  ac id i ty  caused  by the  a lkal i  

add i t ion  is aga in  seen  to  lead  to  a suppress ion of the  ac id  s i te  

c a t a ly s e d  d e h y d ra t io n  r e a c t io n s  through s i t e  s i te  blockage on th e
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pola r  s u r f a c e s ,  and to  a lesser e x t e n t ,  of ca t ion  s i te s  on th e  n o n 

po lar  s u r f a c e - in  the  manner  proposed for 2-PrOH. Also on the  non

pola r  s u r f a ce ,  po tass ium  adso rp t io n  (as K + ) onto  su r face  anion s i tes  

r e d u c es  the  a v a i l ab i l i ty  o f  su r f a ce  oxygen for p a r t i c ip a t io n  in c a r -  

b o x y la te  fo rm at ion .  This has th e  e f f e c t  of suppressing the  oxida t ion  

reaction in favour of the dehydrogenation reaction pathway through the 

common reaction precursor. The increase in dehydrogenation product is 

not as marked  as found a f t e r  ch lo r ine  t r e a t m e n t ,  due to the  add i t iona l  

loss of c a t i o n  s i te s  to  adso rbed  OK" reduc ing  the  a v a i l ab i l i ty  of 

dehyd ro g en a t io n  p recu rso r  s i te s .
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CH A PT ER  10

D E S O R P T I O N  A N D  D E C O M P O S I T I O N ON ICI  
H I GH S U R F A C E  AREA ZINC O X I D E

( 1 0 . 1 )  I n t r o du c t i o n

The ICI high surface area  ZnO provided a catalyst sample that  was 

more  r e p r e s e n t a t i v e  of th e  type  o f  ZnO c u r r e n t ly  used as a component 

of m ethano l  syn thes is  c a t a l y s t s .  The TPD behaviour  of th is  ZnO was 

in v e s t ig a t e d  w i th  r e s p e c t  t o  w a te r  adsorp t ion  and 2-PrOH decom pos i

t ion ,  in o rder  to  see  if  t h e  r e s u l t s  could be i n t e r p r e t e d  in te rm s  of  

those obtained from the AnalaR grade ZnO studied. The purity specif

ic a t io n s  of th e  ICI high s u r f a c e  a r e a  ZnO, given previously in t a b le  

4.6, showed th is  c a t a l y s t  to  c o n ta in  a s ign i f ican t  level  of sodium 

(0.12 % Na2 0 ). As chapters 8 and 9 have demonstrated the TPD behav

iour of th e  lower s u r f a c e  a r e a  (AnalaR) ZnO to be very  sens i t ive  to  

th e  p re s en c e  o f  su r f a ce  c o n tam in an t s ,  i t  was a n t i c i p a t e d  t h a t  the  

desorption spectra from ICI high surface area ZnO would be influenced 

by th e  p re s e n c e  of th e  a lka l i .  The c a ta ly s t  was not,  however ,  r i g o r 

ously in v e s t ig a t e d  with  r e s p e c t  to  i t s  desorp t ion  and decompos i t iona l  

behaviour .

( 1 0 . 2 )  Water

( 1 0 . 2 . 1 )  Thermal D esorption Spectrum

The th e r m a l  de so rp t ion  s p ec t ru m  ob ta ined  a f t e r  a s a tu r a t i o n  dose 

of water (by injection) a t  340 K onto the ICI high surface area ZnO is 

shown in f igure  10.1. The sp ec t ru m  was similar to  the  w a te r  d e so r p 

t ion  sp ec t ru m  ob ta in ed  from ZnO (given in s ec t io n  6.1) in t h a t  it was
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dominated by desorption a t  high temperature.  The coverage dependence 

of the spectrum (described below) revealed the high temperature desor

p t ion  to  cons is t  of a sharp  peak a t  716 K over lapped with a broad 

under ly ing  peak a t  ap p rox im a te ly  670 K. The coverage  in the  high
I Q

temperature peak at  716 K was determined to be 23x10 ^ O / g  (with a 

to ta l  saturation coverage of 7 8 x 1 0 ^  h^O/g).  This coverage is expres

sed  on a weight basis  s ince  th e  su r f a c e  a r e a  o f  th is  c a t a l y s t  was 

found to d e c r e a se  s ig n i f ic a n t ly  with  use (see sec t ion  3 .2 .1).  This 

was revealed by a reduction in the high temperature peak, and appeared 

to  be more  rap id  a f t e r  exp e r im en t s  where  la rger  doses of w a te r  had 

been made.

The spectrum contained three main desorption states a t  716 K, 603

K and approx im a te ly  402 K. E s t im a tes  of the  adsorp t ion  ene rg ie s  for

th e s e  s t a t e s  a r e  given in tab le  10. 1, based on the  p reexponen t ia l  

9 Ifactor of 5x10 s determined for water desorption from ZnO in sec t 

ion 6 . 1.

If a pre treated  ICI high surface area ZnO sample was left exposed 

to  a ir  o ve rn igh t ,  ad so rp t io n  of a tm o sp h er i c  w a te r  was found to  give 

t h e  sp ec t ru m  of f igure  10. 1, but with  th e  addit ion of a small  desorp-  : 

t ion  peak  a t  476 K. This in d ic a ted  th a t  t h e re  was some slow water  

adso rp t io n  onto  th e  c a t a l y s t  su r f a c e .

( 1 0 . 1 . 2 )  C overage  D ependence

The co v e rag e  d ep endence  o f  th e  w a te r  desorp t ion  spec t rum  was 

in v e s t ig a te d  for doses in th e  range  10% to  50% of  su r face  s a tu ra t io n .  

Higher doses were found to cause sintering which resulted in a reduced 

high temperature desorption peak as noted above. The coverage depen

den t  c h a r a c t e r i s t i c s  of th e  w a te r  s p e c t r a  were  similar to  those  found
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Table  10.1:  The water desorption peak temperatures and estimated 
adso rp t io n  e n e rg ie s  a f t e r  w a te r  adsorp t ion  to sa tu ra t i o n  c o v e rag e  

at  340 K on ICI high surface area zinc oxide.

peak a d s o r p t i o n ^
temperature energy

(K, + 2) (k3/mol)

716 155

670 145

402 85

(a)= estimated using the Redhead Equation, based on a preexponential 
f a c to r  of 5x10°  s .

for ZnO ( s e c t io n  6 .1 .1);  a t  low cove rage  th e  most s tab le  desorp t ion  

s t a t e s  w ere  s e l e c t iv e ly  p o p u la te d ,  and as the  su r f a c e  coverage  was 

in c re a se d ,  t h e r e  was g radua l  popula t ion  of the  lower t e m p e r a t u r e  

states.  Where previously the a  peak temperature from ZnO was found to 

in c re a s e  with  dose,  th e  s imilar peak  from ICI high su r f a c e  a r e a  ZnO 

was found to decrease in temperature  from approximately 748 K at  low 

coverage to 716 K a t  saturation.

( 1 0 . 3 )  2 -P rop anol

( 1 0 . 3 . 1 )  Thermal D esorption and Decom position Spectrum

The deso rp t ion  sp ec t ru m  o b ta in ed  a f t e r  a s a tu r a t i o n  dose of  2- 

PrOH a t  340 K on to  ICI high s u r f a c e  a r e a  ZnO is given in figure  10.3, 

with  peak  t e m p e r a t u r e s  and q u a n t i t i e s  desorbed given in t a b le  10. 2 .

2-P rOH was found to  desorb  in a single peak a t  414 K, a similar 

t e m p e r a t u r e  to  th e  r e v e r s ib le  deso rp t ion  peak previously  found from
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Figu re  10.1:  The water desorption spectrum after adsorption at  340 K 
to  s a tu r a t i o n  c o v e rag e  on ICI high su r face  a r e a  zinc oxide.

F igure  10.2:  The coverage dependence of the water desorption spectrum 
a f t e r  ad so rp t ion  a t  340 K on ICI high su r face  a r e a  zinc oxide.



317

Table  10.2:  The desorption products, peak temperatures and 
saturation surface co v e rag e s  following 2-propanol  adsorp t ion  

a t  340 K on ICI high surface area zinc oxide.

desorp t ion
product

peak
temperature

(K,±2)

quantity
desorbed

(10 ̂ molecules /g )

2-propanol 414 6.2

acetone 449 6.2

propene 490 19
554 9.3

co2 765 16

water 421 12
487 1.2
723 27

ZnO and po tass ium  prom oted  ZnO. Acetone  also desorbed  in a single 

peak a t  449 K.

Propene desorbed  in tw o  peaks ;  a main desorp t ion  s t a t e  a t  490 K 

and an over lapp ing  shoulder  a t  554 K. The e f f e c t  of a low maximum 

heating temperature (so tha t  the high temperature water was not desor

bed) was to suppress the desorption in the 554 K peak, but not the  490 

K peak ,  c o n s i s t e n t  with  an independence  be tw een  th e  propene s i te s .  

The s i t e  d ependence  of th e s e  peaks  is cons idered  fu r th e r  in th e  d is 

cuss ion .

A broad water peak was formed a t  a similar temperature to 2-PrOH, 

with  a f u r th e r  minor w a t e r  peak  co inc iden t  with propene a t  490 K 

(propene  to  w a te r  r a t i o  app rox im a te ly  15:1).  The bulk of th e  w a te r ,  

however ,  did not desorb  un t i l  high t e m p e r a t u r e .  The t o t a l  amount  of 

propene desorbed was in agreement with the sum of the water produced
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F igu re  10.3:  The desorption spectrum afte r adsorption of 2-propanol at 
340 K to saturation coverage on ICI high surface area zinc oxide.
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in the small peak coincident with the propene and in the high tempera

tu re  peak .

CC>2, derived from surface carboxylate decomposition, desorbed in 

a single  peak a t  765 K, co in c id en t  with a small amount of mass 41 

desorp t ion  (possibly p ro p e n e ) .  Methane  and hydrogen desorp t ion  were 

not monitored during th e se  desorp t ion  exper im en ts .

( 1 0 .3 .2 )  C overage D ependence

The 2-PrOH desorption spectrum obtained afte r a low 2-PrOH dose 

(approx im ate ly  15% of  s a t u r a t i o n )  a t  340 K is shown by f igure  10.4. 

This shows the  decom pos i t ion  a t  low co v e rag e  to be s e l e c t iv e  tow ard  

dehydration to propene and oxidation to the carboxylate. Both propene 

peaks were clearly formed, as was the high temperature water peak and 

an ill-defined high temperature  CC>2 peak. No acetone or 2-PrOH desor

ption peaks were evolved.

( 1 0 .4 )  D isc u ss io n  o f  R e su lts

As no ted  in th e  i n t r o d u c t io n  to  th is  c h a p te r ,  the  main purpose of 

th is  s tudy of  th e  ICI high su r f a c e  a r e a  ZnO was to de te rm ine  if  the  

a p p a r e n t  high sodium c o n t e n t  ev id en t  in the  c a ta ly s t  pur i ty  s p e c i f i c 

a t ions  had any in f luence  on the  TPD behaviour of th is  c a t a l y s t  and, i f  

so, w h e th e r  th is  e f f e c t  could  be i n t e r p r e t e d  on the  basis of the  

results obtained for potassium promotion. The assumption is made that 

sodium will behave  in a similar  manner  to  potass ium tow ard  modifying 

the catalyst  TPD behaviour. Although sodium promotion was not specif

ical ly  i n v e s t ig a te d  to  ver i fy  th i s ,  s ince  the  e f f e c t  o f  po tass ium  

promotion has been  shown in c h a p t e r  7 to  be able  to  be i n t e r p r e t e d  

la rge ly  on th e  basis  of s e l e c t iv e  s i te  poisoning, it is r e asonab le  to
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F igure  10.4:  The desorption spectrum afte r adsorption of 2-propanol to 
low coverage a t  340 K on ICI high surface area  zinc oxide

assume t h a t  s ince  sodium is a lso  an  a lkal i  m e ta l ,  i t  will a c t  as a 

site poison which would modify the  desorption and decomposition behav

iour of th e  c a t a l y s t  in a s imilar way. The e f f e c t s  of sodium p ro 

motion of a lumina to w ard  a lcoho l  decomposit ion r e p o r t e d  by Deo e t  

a l( 111, 112) f u r th e r  sugges t  t h a t  th is  would be the  case .

The water desorption spectrum showed the quantity of water desor-

1 &bed in the  sharp  high t e m p e r a t u r e  s t a t e  to be approx imate ly  23x10 

f-^O/g. On the basis of the  behaviour of ZnO described in the  previous 

c h a p te r s ,  th is  must  be a s s o c i a t e d  with  the  Zn pola r su r fa ce .  Assum

ing a 10.5 A2 cross  s ec t io n a l  a r e a  for the  adsorbed  h y d r o x y l s ^ * ) ,
■y

th is  c o r re sponds  to  an a r e a  of 2.4 m . R e la t ing  this  to  the  t o t a l  

s u r fa ce  a r e a  in o rder  to  e s t i m a t e  th e  f r ac t io n  o f  th e  t o t a l  s u r f a c e  

a r e a  gives,  for a f resh  c a t a l y s t  a t  43 m /g, a f r ac t io n  of 6%, while 

fo r  a 'u sed* c a t a l y s t  a t  20 m / g ,  t h e  f r a c t i o n  is 12%. T h e s e
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r e p r e s e n t  e x t r e m e  s u r f a c e  a r e a  values ,  so the  t ru e  resu l t  will lie 

between the two figures.

The f r a c t io n  of t o t a l  pola r  su r f a ce  for th is  c a t a ly s t  has been 

previous ly  e s t i m a te d  to  be  3 3 % ^ ^  (see sec t ion  5.2.2),  giving a 

fraction of Zn polar surface of around 17%. However, since the f r ac 

t ion of a c t i v e  Zn polar s u r f a c e  d e te rm in ed  from th e  hydroxyl cove rage  

is s ig n i f ic an t ly  lower than  th is ,  it shows a s ign i f ican t  number of the  

c a t io n  s i t e s  a p p ea r  to  be  in a c t iv e .  After the  behaviour of potass ium 

on ZnO, th is  r e s u l t  is c o n s i s t e n t  with  the  p re sen ce  of adsorbed  sodium 

on th is  s u r f a c e .

If the  m easured  23x10 ° H2 0 /g corresponds  to  adsorp t ion  on u n 

blocked c a t io n  s i t e s ,  th en  th e  number of ‘b lo c k ed 1 Zn polar s u r f a c e
I O  I

s i te s  is in t h e  r a n g e  25-79x10  °  g (for th e  measured  s u r face  a r e a  

range  and assuming a s u r f a c e  ion dens i ty  of 1 . 4 x 1 0 ^  c m '^  If

only sodium is assumed to  be c aus ing  the  s i te  b lockage ,  then  th is  

corresponds to the presence of (240-750)xl0- ^ g Na/g or a Na20  content 

of 0 .03 -0 .10  wt% (for th e  25% Na coverage  requ i red  to  give impuri ty 

s t ab i l i s a t io n  of th e s e  c a t i o n s ^ ^ * ^ ^ ) .  A value for the  Na leve l  of 

0.12 wt% N a2 0  has  been given in t a b l e  4.6. Taking in to  accoun t  the  

approx im at ions  used in th i s  c a l c u l a t i o n ,  for example,  in assuming the  

f r a c t io n  of Zn pola r s u r f a c e  p r e s e n t ,  the  c a lc u la t e d  Na2 0  c o n t e n t  

cannot be anything more than a very approximate estimation. However, 

what th is  r e su l t  does i n d ic a te  is t h a t  a s ign i f ican t  f r ac t ion  o f  the  

sodium may be p r e s e n t  on th e  c a t a l y s t  su r fa ce ,  and th a t  i ts  p r e s en c e  

on th e  Zn pola r  s u r f a c e  red u ces  t h e  number of c a t io n  s i te s .

The 2-PrOH TPD spectrum also appears similar to those previously 

o b t a i n e d  fo r  p o t a s s i u m  p r o m o t e d  ZnO g iv e n  in c h a p t e r  9. In
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p a r t i c u l a r ,  p ropene  fo rm at ion  in th e  peak a t  554 K, equ iva len t  to a 

p ropene  produced  from ZnO (sec t ion  7.1) and ass igned to  th e  Zn polar 

surface,  has a low coverage showing a reduced number of 2-PrOH dehy

d ra t ion  s i te s  to  be a v a i l ab le  compared  to  the  to t a l  in th e  e s t im a te d  

17% f r ac t io n  of Zn pola r s u r f a c e .  This again is c o n s i s te n t  with  the 

p re sen c e  of adsorbed  sodium. The q u an t i ty  of propene in th is  peak  is 

lower than  in th e  w a te r  peak  a lso  a s so c ia te d  with the  polar su r face  

(desc r ibed  a bove ) ,  a l though  given th e  possib il i ty  of d i f f e r e n t  degrees  

of s in te r in g  b e tw e e n  th e  e x p e r im e n ta l  samples ,  it  is not c lea r  whe ther  

t h i s  d i f f e r e n c e  is s i g n i f i c a n t .  The  l a c k  o f  an y  p r o p e n e  p e a k  

equivalent to y propene from ZnO, also shows the O polar surface sites 

to  possibly d e a c t i v a t e d  in a similar manner ,  as e x p e c te d  from the 

behaviour  shown by po ta ss ium  on ZnO. The to t a l  quan t i ty  of w a te r  

desorbed (excluding the  low temperature peak a t  414 K associated with 

2-P rOH deso rp t io n )  is in good a g re em e n t  t o t a l  amount of propene 

desorbed .  As most  of th is  w a te r  is produced a t  high t e m p e r a t u r e ,  it 

also shows that  readsorption of water produced by propene formation at 

490 K (equivalent to 3 propene from ZnO) was significant. The format

ion of a small high t e m p e r a t u r e  CO2 peak ind ica tes  t h a t  only a small 

amount of ox ida t ion  to  t h e  c a r b o x y la t e  took  p lace ,  a r e su l t  a lso in 

l ine with  the  p re s e n c e  o f  th e  a lk a l i .

Although a more  q u a n t i t a t i v e  analys is  of t h e  behaviour of this 

c a t a l y s t  would r e q u i r e  f u r th e r  e x p e r im e n ta l  work,  the  r e su l t s  demon

s t r a t e  t h a t  th e  main f e a tu r e s  of th e  desorp t ion  s p e c t r a  ob ta ined  from 

th e  AnalaR g rade  ZnO, and  by t h e  same c a t a ly s t  promoted with  p o t a s 

sium, can  be used to  i n t e r p r e t  t h e  TPD behaviour of ICI high sur face

area ZnO.
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C H A P T E R  1 1

• D IS C U S S IO N  AND C ONCLUSIONS

( 1 1 . 1 )  Propanol  Decompos i t ion  on Zinc Oxide

A mechanism has been  proposed  for the  t e m p e ra tu re  programmed 

decomposition of 1-PrOH and 2-PrOH on ZnO based on an interpretation 

of  the  ex p e r im en ta l  r e s u l t s  of th is  s tudy. In th is  scheme both 

a lcohols  adsorb  d is so c ia t iv e ly  to  form a s u r face  alkoxy species  which 

undergoes  f u r th e r  su r f a c e  r e a c t i o n  during c a t a ly s t  hea t ing ,  leading  to 

th e  fo rm at ion  of d eh y d ra t io n ,  dehydrogena t ion  and oxida tion  p roduc ts .  

A common alkoxy in t e r m e d ia t e  is proposed as a p recurso r  for both  the  

d e h ydrogena t ion  and ox ida t ion  r e a c t io n s ,  with s e l e c t iv i ty  for th e  two 

r e a c t i o n  channe ls  d e te rm in e d  by th e  ava i lab i l i ty  of r e a c t i v e  oxygen 

a d j a c e n t  to  th e  alkoxy;  i f  th i s  oxygen is p re sen t  then  oxidation  

forming a c a r b o x y la t e  occu rs ,  and  if no t,  then  th e  alkoxy desorbs  as 

th e  d e hydrogena t ion  p ro d u c t .  Although an enol type  in te rm e d ia te  was 

found not to  a s tab l e  s u r f a c e  spec ie s ,  i ts  p re sen ce  in the  r e a c t i o n  as 

a shor t  l ived i n t e r m e d ia t e  was ev idenced  by common decomposit ion 

pathways for 2-PrOH and acetone.

This reaction mechanism is in agreement with the scheme recently 

r e p o r t e d  by Chan and G r i f f i n ^ ^  for methanol  decomposit ion on ZnO. 

Chan and Griffin propose a short lived Q-^O surface intermediate as a 

common precursor in the formation of both the formaldehyde dehydrogen

a t ion  p roduc t ,  and  th e  s u r f a c e  fo rm a te .  The r e a c t io n  s e l e c t iv i t y  is 

d e te rm in ed  by th e  av a i l ab i l i ty  o f  O anions  in an equ iva len t  manner  

as in the common dehydrogenation/oxidation step proposed for propanol 

decompos i t ion  from this  p re sen t  s tudy .  Although Bowker e t  a l ^ * ® ^
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have  found methano l  decompos i t ion  on ZnO to behave in an a p p a ren t ly  

anomolous way with respect to higher alcohol decomposition, the above 

conclusion suggests that  a single general alcohol decomposition scheme 

for ZnO can be written.

The overa l l  decompos i t ion  s e l e c t iv i ty  is d i f f e r en t  for 1-PrOH and 

2-PrOH; th e  dominant decompos i t ion  re a c t io n s  for 2-PrOH a re  dehy

dration and oxidation via a surface carboxylate,  while for 1-PrOH, the 

decompos i t ion  is highly s e l e c t i v e  tow ard  oxidation .  This d i f f e r en c e  

in s e l e c t iv i t y  can  be i n t e r p r e t e d  as a measure  of the  r e l a t i v e  r a t e s  

of a  and 3 hydrogen e l im ina t ion  b e tw ee n  the  two alcohols  and is p ro 

posed to  be r e l a t e d  d i r e c t ly  to  s t r u c t u r a l  d i f f e r en ces .

The c r y s t a l  f ace  d e p en d en ce  of th e  decomposit ion r e a c t io n s  has 

a lso  been  d e te rm in ed .  For 2-PrOH,  a ll  t h r e e  decomposit ion reac t ions  

t a k e  p lace  on th e  non -p o la r  s u r f a c e ,  but only dehydra t ion  occurs  on 

the Zn polar surface. On the O polar surface limited dehydration also 

occu rs  in a s so c ia t io n  with  oxygen vacan cy  d e fe c t  s i te s .  In c o n t r a s t ,  

for 1-PrOH th e  main r e a c t io n  on th e  Zn polar su r fa ce  appea rs  to  be 

o x i d a t i o n ,  a l t h o u g h  in co m m o n  w i th  2 - P r O H ,  a l l  t h r e e  1 -P rO H  

decompos i t ion  r e a c t io n s  a lso  a p p e a r  to  t ak e  p lace  on the  non-pola r  

s u r f a ce .

ZnO is normally regarded as a highly selective 2-PrOH dehydrogen

a t io n  c a t a l y s t ^ T h e  p r e s e n t  TPD re su l t s ,  however ,  dem ons t ra te  

th e  dehy d ro x y la ted  ZnO s u r f a c e  to  behave  primari ly as a dehydra t ion  

c a t a l y s t  to w ard  2-PrOH.  This is shown to  be a d i r e c t  consequence  of 

th e  t e n d en c y  of th e  Zn polar s u r f a c e  to  s t rongly  adsorb  hydroxyl 

groups ,  so t h a t  under normal s t e a d y  s t a t e  r e a c t io n  condi t ions  (with 

t e m p e r a t u r e s  less th an  a pp rox im a te ly  700 K), the  a lcohol dehydra tion  

sites are  effectively blocked. Under TPD experimental conditions, the
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presence of adsorbed hydroxyls was shown to shift the overall reaction 

s e l e c t iv i ty  tow ard  d e hydrogena t ion  as the  dehydra t ion  s i tes ,  and to a 

l e s s e r  e x t e n t  t h e  o x i d a t i o n  s i t e s ,  b e c a m e  p o i s o n e d  by s t r o n g l y  

adsorbed  hydroxyl spec ies .  This re su l t  possibly explains  the  a p p a r e n t  

selectivity toward dehydrogenation observed  under  s t e a d y - s t a t e  a lcohol  

decompos i t ion  c o n d i t i o n s ^  107)^ Under s t e a d y - s t a t e  operating con

di t ions ,  r e a c t io n  of gas phase  a lcoho l  with th e  su r face  spec ies  could 

a lso occur ,  as proposed  by Tamaru  e t  a ] (106,107) ancj pa r r o t t  e t  

a | ( 102\  and may be an a d d i t io n a l  f a c to r  increas ing  the  d eh y d ro g e n a 

tion r e a c t i o n  a c t i v i t y .  The a p p a r e n t  s t r u c t u r a l  insens i t iv i ty  for 2- 

PrOH decomposition on ZnO observed by Djega-Mariadassou et  is

likely to be a consequence of only the prism surfaces of ZnO appearing 

to  be a c t i v e  in th e  decom pos i t ion  due to  the  d e a c t iv a t io n  o f  th e  polar 

su r fa ce s .  In add i t ion ,  t h e  p r e s e n c e  of s u r face  impur it ie s  (descr ibed  

below) was a lso  found to  poison th e  dehydra t ion  and oxidation 

r e a c t io n s ,  but to  lead  to  in c re a se d  dehydrogenat ion  product  yie ld .

( 1 1 .2 )  C h lo r in e  and W ater a s  S e le c t iv e  S ite  P robes for  
R eaction  on Zinc Oxide

In t h i s  s t u d y  w a t e r  and  c h l o r i n e  w e r e  u s e d  as " s e l e c t i v e  

p o i s o n s " ^ t o w a r d  th e  a lcohol  decomposit ion .  The re su l t s  ob ta ined  

have established an unambiguous equivalence between the a  propene from 

2-PrOH and a  water surface sites, independent of the interpretation as 

to  th e  loca t ion  of th e se  s i t e s .

Treatment of the ZnO with chlorine was found to cause a selective 

poisoning of th e  polar s u r f a c e  s i t e s  and to red u ce  the  a v a i l ab i l i ty  of  

r e a c t i v e  oxygen on th e  n o n -p o la r  s u r face .  The ca t ion  s i te s  on the  

non -po la r  s u r f a c e  a p p e a r e d  to  be e ssen t ia l ly  u n a f f e c t e d .  This led to
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a s e l e c t iv e  suppress ion o f  the  a lcohol dehydra t ion  and oxidation 

decompos i t ion  r e a c t io n s  on th e  polar su r faces ,  and of the  oxida t ion  on 

th e  non -p o la r  s u r f a c e .  On th e  n on -po la r  su r face  the  dehydra t ion  

r e a c t io n  was e ssen t ia l ly  u n a f f e c t e d ,  while dehydrogenat ion  was s ig 

n i f i c a n t ly  e nhanced  due to  the  e f f e c t  of r e a c t i v e  s u r fa ce  oxygen 

removal ,  th e reb y  suppress ing  the  oxida t ion  r e a c t io n  channel  and c a u s 

ing an enhancement in the  dehydrogenation route.

The e f f e c t  on th e  Zn pola r su r f a c e  is a t t r i b u t e d  to th e  poisoning 

of  c a t i o n  s i te s  by ch lo r ine  which is known to  s t rongly  adsorb  on this 

s u r f a c e  to  re su l t  in c h a r g e  s t a b i l i s a t i o n ^ * ^ ’ On the  non-po la r  

su r f a c e ,  the  a lmost co m p le te  lack of c a rb o x y la te  fo rmat ion ,  p a r t i c 

ula rly  for 2-PrOH, shows th e  p re s en c e  of ch lor ine  only to  a f f e c t  the

r e a c t i v i t y  of su r f a c e  an ions  and not to  poison the  ca t io n  s i te s .

However ,  it  is not c l e a r  from th e  r e su l t s  how this  i n t e r a c t io n  takes  

p la c e .

The use of w a te r  as a s i t e  p robe  a lso causes  a suppress ion  of 

r e a c t io n  on the  polar f a c e s  and to  a lesser  e x t e n t  on the  non-po la r  

s u r f a c e s .  In th is  r e s p e c t  i t  is eq u iva len t  to  ch lor ine  a l though  the

e f f e c t s  of adsorbed  hydroxyls  a r e  not as s i t e  spec i f ic  on th e  non

pola r  su r f a ce  com pared  to  ch lo r ine .  However,  t h e  use o f  w a te r  as a 

r e a c t i o n  s i t e  probe for ZnO has th e  ad v an ta g e  of being ' n o n - d e s t r u c 

t i v e '  in t h a t  is eas ily  desorbed  from th e  c a t a l y s t  su r face  to  r e s to r e  

th e  or ig inal  su r f a ce  co nd i t ion .  Chlo r ine ,  however ,  c anno t  be removed 

in a similar manner .
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( 1 1 . 3 )  The E f f e c t  o f  Potass ium Promotion on Alcohol 
Decomposit ion  on Zinc Oxide

Potass ium promotion o f  ZnO was found to cause  a suppress ion of 

d ehydra t ion  and an en h an c e m en t  in th e  e x t e n t  of dehydrogenat ion  and 

rev e rs ib le  a lcohol  deso rp t ion .  These findings a re  similar to e a r l i e r  

r e su l t s  r e p o r t e d  by Deo e t  a i O H > H 2 )  wh0 , inves t iga t ing  sodium 

promotion of alumina toward 1-PrOH and 2-PrOH decomposition, observed 

a suppress ion in d eh y d ra t io n  a c t i v i t y  but an enhancem ent  in d e h y d ro g 

en a t io n .

At low po tass ium  loading th e  a lkal i  p romoter  d i s t r ib u t io n  is 

proposed to  be weigh ted  to w a rd  th e  polar su r fa ce s .  On th e  O pola r 

su r fa ce ,  the  p re sen c e  of  th e  a lkal i  r e su l t s  in e l e c t r o s t a t i c  s t a b i 

l i s a t ion ,  while on the  Zn polar su r f a c e  s t rongly  bound OK species  

poison hydroxyl adsorp t ion  and deh y d ra t io n  s u r f a c e  s i t e s .  At i n c r e a s 

ed po tass ium loading, a s ig n i f i c a n t  f r ac t io n  of the  non-po la r  su r f a c e  

is a lso  co vered  by e i t h e r  adso rbed  K+ ions or OK“ spec ies .  The main 

e f f e c t  of th e  a lkal i  on th is  su r f a ce  is proposed to the  e f f e c t i v e  

removal of  s u r f a c e  oxygen o th e rw ise  ava i lab le  for p a r t i c ip a t io n  in the 

ox ida t ion  r e a c t io n ,  t h e re b y  caus ing  a suppress ion in the  fo rm at ion  of 

the surface carboxylate (as evidenced by the lack of CO2 formed).

Apparent promotion e f f e c t s  w ere  observed  with  an in c re a s e  in 

a lcohol  dehydrogena t ion  p ro d u c t  yie ld  and in th e  quan t i ty  of r e v e r s i b 

ly adsorbed  a lcohol .  However ,  as  previously desc r ibed ,  th e  inc rease  

in dehydrogena t ion  is r e l a t e d  to  th e  suppress ion of th e  oxidation 

r e a c t io n ,  r a th e r  than  to  be  a r e s u l t  of an in c rease  in s u r fa ce  c o v e r 

age of the dehydrogenation product precursor.

In the Fisher-Tropsch synthesis, where potassium is used as a key 

c a t a l y s t  p r o m o t e r ^ ^ ,  a s t r e n g th e n in g  in the  C -m e ta l  bond r e l a t i v e  to
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the  C-O bond is observed  for m e ta l  c a t a ly s t s ,  and has been shown to 

re su l t  in in c re a se d  CO deso rp t io n  t e m p e r a t u r e s ^ * ^  In the  e x 

t r e m e ,  however ,  i t  can lead  to  com ple te  d issoc ia t ion  of the  C-O 

b o n d ^ ^  r e su l t in g  in a d e c r e a s e  in oxygenate  format ion  in favour of 

hydrocarbon  s y n t h e s i s ^ ^ ^ ^ .  However,  any e l e c t ro n ic  e f f e c t s  a s s o c 

iated with the presence of adsorbed potassium on ZnO did not appear to 

be as s ig n i f ic an t  as the  s e l e c t iv e  s i te  blocking e f f e c t s .  This is 

possibly a conseq u en ce  of t h e  r e l a t iv e ly  high potass ium su r face  c o v e r 

ages  used ,  combined with  th e  inab i l i ty  for potass ium to d i f fuse  in to  

the  ZnO l a t t i c e ^ T h i s  sugges ts  t h a t  e l e c t r o n i c  e f f e c t s  may not 

be th e  major f a c to r  respons ib le  for th e  promotion of higher a lcohol 

syn thes is  by a lkal i  m e ta ls .

( 1 1 . 4 )  The Influence o f  Surface Impurities on the  
C a ta ly tic  Behaviour o f  Zinc Oxide

The re s u l t s  have  h igh l igh ted  th e  im por tan t  in f luence  t h a t  even 

small  c o v e rag es  of s u r f a c e  im pur i t ie s ,  such as a lkal i  meta ls  or c h lo r 

ine, can have on the react ive  behaviour of ZnO. There was a surpris

ing cons i s ten cy  in th e  way t h a t  b o th  e l e c t r o n e g a t iv e  adsorbed  species  

(C r, OK" and OH") and electroposit ive species (K+ and Na+) influenced 

th e  decompos i t ion  behav iour  of th e  a lcohols  s tud ied .  This is proposed 

to be related to the manner in which these adsorbed species all behave 

pr im ari ly  as s e l e c t iv e  s u r f a c e  s i t e  poisons,  p a r t i c u la r ly  on th e  polar 

ZnO surfaces.

This f inding emphas ises  the  need for c a r e fu l  con t ro l  of impuri ty 

levels  in such s tud ie s .  The r e s u l t s  of seve ra l  published ZnO studies  

appea r  to  be in f luenced  by th e  p re s e n c e  of s u r fa ce  co n tam in an ts .  In 

p a r t i c u l a r ,  i t  was shown t h a t  th e  ICI low s u r fa ce  a r e a  ZnO was
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ch lor ine  c o n ta m in a te d  and th a t  th is  has a f f e c t e d  the  re su l t s  of p r e 

viously pub li shed s tud ies  based  on th is  c a t a l y s t ^ ^ , ^ , ^ , ^ »  ^

The e f f e c t  of the  p re sen c e  of su r f a ce  con tam inan ts  a lso has 

impor tan t  im pl ica t ions  with  r e s p e c t  to  the  study of c a t a l y t i c  p r o c e s s 

es with single crystal  surfaces under high vacuum conditions. Kung et 

a j(85,114) ^as notecj ^ e  p re s e n c e  of small qu an t i t i e s  of a lkal i  c o n 

tam inan ts  to  have  no a p p a r e n t  e f f e c t  on the  t e m p e ra tu re  programmed 

desorp t ion  and  decompos i t ion  behaviour  of ZnO single c ry s t a l s  s u r 

faces .  This s t a t e m e n t  i t s e l f  is an ind ica t ion  th a t  the  r e s u l t s  of 

th e se  workers  a r e  l ikely to  have  been in f luenced  by su r fa ce  c o n ta m in 

an ts  s ince ,  on the  basis  o f  th e  p re s e n t  TPD re su l t s  for potass ium 

promotion, a coverage dependent effect  should have been found. Fur

th e r  ev idence  for the  TPD re s u l t s  of Kung e t  al  showing th e  in f luence  

of th e se  c o n tam in an ts  is t h a t  they  can  be i n t e r p r e t e d  on th e  basis  of 

the  r e su l t s  for po tass ium prom oted  ZnO from th e  p resen t  s tudy .  For 

example,  the  lack  of CO2 deso rp t ion  observed  from 2-PrOH decom pos

i t ion ,  and the  w a te r  d e so rp t io n  s p e c t r a  from the  Zn pola r  c ry s ta l  

su r fa ce ,  c o r r e l a t e  well  w i th  t h e  behaviour of potass ium promoted ,  

r a th e r  than  unpromoted ,  ZnO. The re su l t s  and conclusions  of the se  

workers  should then be t r e a t e d  c a re fu l ly  and perhaps  be r e i n t e r p r e t e d  

on th e  basis  t h a t  they  a r e  r e p r e s e n t a t i v e  of alkal i  c o n ta m in a te d  

single c r y s t a l  su r fa ce s .

( 1 1 . 5 )  The R elevan ce o f th e R esults to  the Higher 
A lco h o l S y n th e s is

The r e su l t s  of th is  s tudy have  a number of implications  t h a t  a r e  

r e l e v a n t  to  th e  h igher a lcohol  syn thes is  with r e s p e c t  to  th e  s i t e  

dependency of the reaction mechanism on ZnO, and to the promotion or
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poisoning e f f e c t s  of po tass ium  tow ard  alcohol synthes is .

For both unpromoted and potassium promoted ZnO, the active sur

face  for a lcohol syn thes is  a p p e a r s  to  be the  non-po lar  su r face  , s ince  

fo r  b o t h  fo rm s  o f  ZnO, t h e  p o l a r  s u r f a c e s  w i l l  be  e f f e c t i v e l y  

deactivated under reaction conditions. On unpromoted ZnO this is due 

to s trongly  adsorbed  hydroxyl spec ies ,  and on promoted ZnO, to  the  

presence of adsorbed K+ and OK“ species.

The main e f f e c t  of a lka l i  promotion in propanol  decomposit ion 

ap p ea rs  to  be t h a t  of a s e l e c t i v e  s i te  poison, r a th e r  than  a r e a c t io n

p rom ote r .  Although a p p ea r in g  a t  f i r s t  sight  to  behave  as a p rom oter

tow ard  the  d e hydrogena t ion  r e a c t io n ,  the  inc reased  dehydrogenat ion  

p roduc t  yie ld is r e l a t e d  to  a suppress ion of th e  oxidation r e a c t io n  

p a thw ay ,  r a th e r  than  due to  any t ru e  enhancem ent  in the  c o v e r ag e  of 

any p recu rso r  s u r f a c e  i n t e r m e d i a t e .  Although not ve r i f ied  e x p e r i 

m en ta l ly ,  th is  sugges ts  t h a t  th e  a lka l i  may behave  in a similar manner 

with  r e s p e c t  to  a lcohol  syn thes i s .  In high a lcohol synthes is  from CO 

and hydrogen,  a similar poisoning e f f e c t  of alkal i  promotion has  in

f a c t  been  r e p o r t e d  by N a t t a  e t  a l ^ * ^  as a reduc t ion  of overa l l

c a t a l y s t  a c t i v i t y ,  and more  r e c e n t ly  as a r educ t ion  in hydrocarbon  

format ion (153).

This leads  to  an i n t e r p r e t a t i o n  of  th e  ro le  of the  a lkal i  p romo

t e r  as being one of a s e l e c t iv e  s i t e  poison th a t  causes  suppress ion of 

both hydrocarbon formation and any dehydration of oxygenate products 

to  a g r e a t e r  e x t e n t  than  th e  r e a c t io n s  t h a t  form the  o xygena te  co m 

pounds.  Similar conclus ions  have  been  reached  by Chuang e t  

in a s tudy of the  e f f e c t  on a lkal i  promotion  on CO hydrogenat ion  on a 

Rh/Ti0 2  catalyst  and by McClory e t  a l ^ ^  who have further suggested 

th e  e l e c t r o n i c  e f f e c t  of a lkal i  promotion  with r e s p ec t  to CO hydrog
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en a t io n  is secondary  to g e o m e t r i c  s i te  blocking e f f e c t s .

Manazec^?^ has proposed the difference between 1-PrOH and 2-PrOH 

a lcoho l  yie lds  in higher a lcoho l  syn thes is  to be due to d i f f e r en c es  in 

s tab i l i ty  of th e  l inea r ,  com pared  to b ranched ,  su r face  enol i n t e r 

m ed ia te s ,  t h a t  favour  b ran ch ed  a lcoho l  fo rmation (see sec t ion  2 . 2 . 2 ). 

This cannot be correct  since both Vedage e t  a l ^ ^  and Smith e t  a l ^ ^  

have previously reported the addition of only 1-PrOH (and not 2-PrOH) 

to  a sy n -g as  feed  s t r e a m  re s u l t s  in an in c rease  in 1-m e th y l -p ro p an o l  

fo rm at ion ,  in c o n t r a d i c t i o n  to M anazec 's  mechanism.  The TPD re su l t s  

for 1-PrOH and 2 -PrOH decom pos i t ion  also show the  1-PrOH de r ived  

s u r f a c e  i n t e rm e d ia te s  to  have  h igher  peak t e m p e ra tu re s  and t h e r e f o r e  

to be more stable than t h e . corresponding 2-PrOH intermediates. If the 

enol is an in t e r m e d ia t e  in th e  fo rmation  of dehydrogenat ion  and 

ox ida t ion  p roduc ts  (as proposed  in the  mechanism of c h a p te r  7), then  

for the Manazec mechanism to be correct ,  2-PrOH decomposition should 

favour  th e  ox ida t ion  p a thw ay  while  1-PrOH will be se l e c t iv e  to w a rd  

d eh ydrogena t ion  (s ince  th e  1-PrOH in te rm e d ia te  will be less s t a b l e  so 

will desorb  r a t h e r  th an  r e a c t  w i th  s u r face  oxygen).  Exper im en ta l ly  

th e  r e v e r se  of th is  was o b ta in e d ,  showing t h a t  a l though  th e  enol may 

be an in te r m e d ia t e  in th e  mechanism of  higher a lcohol syn thes is ,  t h e  

r e l a t i v e  s t a b i l i t i e s  o f  th e  b ran ch ed  versus l inear  enol s t r u c t u r e  

a p p ea rs  not  to  , t h e  f a c to r  de te rm in ing  th e  high yield o f  b ra n c h ed  

alcohols as proposed by Manazec.
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A P P E N D IC E S

Appendix Is D e te r m in a t io n  of  t h e  Mass Sp ec t ro m e te r  
C ra ck in g  P a t t e r n s

The mass spectrometer cracking patterns for CO2 and the C3 hydro

carbon  and ox y g en a te  compounds w e re  de termined  by pass ing a s teady  

s t r e a m  of helium c a r r i e r  gas,  con ta in ing  the  ap p ro p r ia te  compound, 

th rough  th e  empty  r e a c t o r  sys tem  and monitor ing a range  of d i f f e r e n t  

mass ion signals on th e  mass s p e c t r o m e te r .  The c rack ing  f r ac t io n s  

w ere  expressed  r e l a t i v e  to  th e  l a r g e s t  mass signal for each  compound. 

Table  A. 1 d e ta i l s  th e  c rack in g  p a t t e r n s  de te rm ined  for the  compounds 

in v e s t ig a te d  in th is  s tudy.  In add i t ion ,  th e  t e m p e r a t u r e  s tab i l i t i e s  

of the pat terns  were checked by linearly ramping the reactor tempera

tu r e  un t i l  th e rm a l  c r ack in g  p ro d u c t s  (hydrogen and m e thane)  were  

d e t e c t e d .  Table  A.2 gives  th e  maximum te m p e r a t u r e s  found befo re  

d e t e c t io n  of th e rm a l  c rack in g .

Table  A.Is  Mass spectrometer cracking patterns.

compound mass number 
(amu)

relative ion signal 
(Amp)

44
28
16

1000
274
199

45
43
15
39
41
42 
31
2

1000
997
581
287
290
230
147
154

2-propanol
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Table  A.l  con t inued . .

1-propanol 31 1000
29 343
27 272
28 242
42 83
39 70

2 75
43 60

acetone  43 1000
15 518
58 159
42 89
27 82
39 60
29 60

2 59

propene 41 1000
39 790
42 637
27 468
40 266
38 180
37 119

2 27

Tab le  A.2: Maximum reactor 
detectable thermal cracking

operating temperatures before the onset of 
in the  mass spectrometer cracking pattern.

compound maximum temperature (K)

1-propanol 593

2-propanol 553

acetone >800

propene >800
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Appendix 2: S u r face  A rea  C a lcu la t ion  Method

C a t a l y s t ' s u r f a c e  a r e a s  were  de te rm ined  by measurement  of the  

phys isorp t ion  of n i t rogen  from a 9.74% ^ / H e  flow a t  liquid n i t rogen  

temperature and calculated according to the BET equation. The neces

sary cooling of  the  c a t a l y s t  sample was accomplished by rep lac ing  the  

reactor  tube with a 6mm OD glass U-tube that  could be positioned into 

a f lask of liquid n i t rogen .

The BET equation rela tes  the to ta l  volume of gas adsorbed onto a 

s u r fa ce  to  the  volume adso rbed  as a monolayer,  accord ing  to  the  

following e q u a t i o n ^

vm c P [ 1 ]
(P0- P ) [ M c - l ) P / P 0 ] 

where P= adsorbate pressure

PQ= vapour pressure a t  the adsorption temperature

v= volume of gas adsorbed

vm= monolayer volume of adsorbed gas

c= c o n s t a n t  c h a r a c t e r i s t i c  o f  th e  gas - so l id  in t e r a c t io n .  

S u b s t i t u t i n g  x, fo r  t h e  a d s o r b a t e  p a r t i a l  p r e s s u r e  ( P / P Q) 

rew r i t in g  equ a t io n  [ 1] g ives:

and

(c - l )x [2]
c vm c vm(l-x)v

This equ a t io n  is valid for x in th e  range  0 . 0 5 - 0 . 3 5 ^ The c h a r a c 

t e r i s t i c  BET plo t  of x / ( l - x ) v  a g a in s t  x is l inear  of slope= ( c - l ) / c v m 

and in te r c e p t=  l / ( c v m ). N i t rogen  typ ica l ly  has a high c value so tha t  

for ( c - l ) / c  -  1 and l / ( c  vm ) -  0. T he r fo re  for high C the  BET plot 

passes  th rough  th e  orig in  and  has  slope l / v m . Only one exper im en ta l  

poin t  is th en  re q u i re d  for d e te rm in a t io n  of th e  monolayer  volume
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acco rd in g  to :

vm = v (1 - x ) [3]

A more a c c u r a t e  m od if ica t ion  o f  th is  single point  method uses a 

c o r r e c t i o n  f a c to r  t h a t  ' c o n v e r t s '  th e  single poin t  vm to a t ru e  BET

vm:

vm = v ( 1-x) [1 + ( l -x ) /c x ]  [4]

The sp ec i f ic  su r f a c e  a r e a  is c a l c u l a t e d  from th e  monolayer volume 

ex p re ssed  as th e  number o f  molecules  adsorbed  and using a molecula r  

c ross  s ec t io n a l  a r e a  for N2 of 16.2 X^.

A c o m p le te  ad so rp t io n  i so th e rm  was measured  for the  ICI high 

s u r f a c e  a r e a  ZnO c a t a l y s t  so t h a t  th e  c h a r a c t e r i s t i c  c o n s ta n t  c could 

be d e te rm in e d .  The c h a r a c t e r i s t i c  BET plot  for th is  c a t a ly s t  is given 

in f igure  A. 1. From th e  p lo t  a va lue  for c was de te rm ined  to  be 125 +

60. Although th is  r e su l t  was r a t h e r  imprecise ,  subs t i tu t ion  o f  the  

e x t r e m e  values  in to  t h e  [1 + ( l - x ) / c x ]  c o r r e c t io n  fac to r  gave re su l t s  

of 1.05 and 1.14 r e s p e c t iv e ly .  Accordingly  a va lue  of 1.1 was used  in 

s u r f a c e  a r e a  ca lc u la t io n s  by e q u a t io n  [ 4 ] .

Appendix 4: Method for Mass Spectrom eter Data
D eco n v o lu tio n

Because of common mass fragments in the desorption product mass 

s p e c t r o m e te r  c ra ck in g  p a t t e r n s ,  i t  was necessa ry  to acco u n t  for any 

ove r lap  co n t r ib u t io n s  in t h e  d e so rp t ion  peaks be fo re  analyses  o f  the  

r e s u l t s  in te rm s  of c o v e r ag e s  and  peak te m p e ra tu re s  could be made.  

This was c a r r i e d  out by c o r r e c t i n g  the  expe r im en ta l  peak d a t a  by 

s u b t r a c t io n  of th e  c o n t r ib u t io n  from any o the r  desorp t ion  p roduc ts  

with  common c rack in g  p a t t e r n s ,  sca led  accord ing  to the  c rack in g  

p a t t e r n s  given in Appendix 1. For example,  the  mass 43 a c e to n e



deso rp t ion  peak was c o r r e c t e d  for the  co n t r ibu t ion  from 2-p ropano l  

de sorp t ion  by s u b t r a c t io n  of the  a p p ro p r ia te ly  sca led  2-propano l  mass 

45 signal (factor= 99.7) from the acetone data.  Computer software was 

w r i t t e n  to accomplish  th is  and th e  c o r r e c t e d  desorption re su l ts  s to red  

with  the  orig inal  ex p e r im en ta l  r e su l t s  as binary da ta  in the  unused 

k a th r o m e te r  d a t a  channe l  space .  In th is  manner the  or ig inal  raw 

ex p e r im en ta l  d a t a  was a lways  r e t a in e d  r a th e r  than  being re p la c e d  by 

the deconvoluted data.  All data from the alcohol and acetone desorp

tion experiments was t rea ted  in this manner.

Appendix  XPS M easurem ents

XPS m easu rem en ts  were  co n d u c ted  on samples of fresh  and p r e 

t rea ted  potassium promoted ZnO and on the ICI low surface area ZnO in 

o rder  to  provide in fo rm at ion  on th e  n a tu re  of the  potass ium d i s t r i b 

u tion  and iden t i fy  any possible  s u r fa ce  con tam inan ts .

For the potassium promoted ZnO the K to Zn XPS peak area ratios 

de te rm in ed  by XPS a r e  p lo t t e d  in figure  A.2. The l inear r e la t ionsh ip  

shown for the  f resh  c a t a l y s t  samples ind ica tes  a reasonab ly  even 

d i s t r ibu t ion  of undecomposed K2CO3 over the  c a ta ly s t  su r face  or an 

invariant K2CO3 crystall i te size. The thermal pretreatment is seen to 

re su l t  in an in c re a se  in th e  K to  Zn r a t i o  showing t h a t  s ign i f ican t  

changes  in th e  a lkal i  d is t r ib u t io n  occu r red  during c a r b o n a te  s u r f a c e  

decomposi t ion .  The in c re a s e  in th e  K to  Zn ra t io  ind ica tes  a b r e a k 

down in th e  c a r b o n a t e  c r y s t a l l i t e s ,  and th a t  the  d i s t r ib u t io n  of 

po tass ium became more  even  in t h e  c a t a l y s t .  Surface  d if fusion  o f  a 

po tass ium  prom oter  has been  previously  observed during th e  a c t i v a t io n  

o f  an  ammonia syn thes is  c a t a l y s t ^ ^ ^  so i t  appea red  l ikely t h a t  

similar  d if fus iona l  e f f e c t s  may have been also responsib le  for the
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F igure  A-ls Characterist ic BET plot for ICI high surface area ZnO. 
x = n i t rogen  p a r t i a l  p re s su re ;  v= volume o f  n i t rogen  adsorbed (ml)
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observed  alkali  d i s t r ib u t io n  changes  during p r e t r e a tm e n t  of promoted  

ZnO. Single c r y s t a l  s tud ie s  have shown th a t  potass ium ions a r e  more 

s t rong ly  held on th e  pola r su r fa ce s  of ZnO than  the  n o n - p o l a r ^

In p a r t i c u l a r  the  ions a r e  very s trongly  bound to the  O polar s u r fa ce  

w here  impurity  s t a b i l i s a t io n  e f f e c t s  lead to  a one th i rd  monolayer 

co v e rag e  as r e q u i re d  for charge  s t a b i l i s a t i o n ^ T h i s  sugges ts  

t h a t  th e  a lkal i  s u r f a c e  re d i s t r ib u t io n  observed  during c a t a ly s t  p r e t r 

e a tm e n t  would lead  to  a po tass ium  d is t r ibu t ion  weigh ted  to w a rd  the  

pola r  s u r fa ce s ,  p a r t i c u l a r ly  for th e  lower alkali  loadings .  The 

re su l t s  of c h a p te r s  6 and 9 p re s e n t  r e su l t s  t h a t  a re  c o n s i s te n t  with 

this assumption. Furthermore, potassium ions would not be expected to 

d i f fuse  in to  th e  l a t t i c e  b ecause  of th e i r  la rge  e f f e c t i v e  ionic radius  

compared to Zn^+^ ^ .  This is also supported by the XPS results.

The form of th e  adsorbed  po tass ium  was not spec i f ica l ly  in v es 

t i g a t e d .  The p re s e n c e  of t r a c e s  of  w a te r  in th e  c a r r i e r  gas,  a l though 

in very  low c o n c e n t r a t i o n ,  make i t  unlikely  t h a t  the  potass ium would 

be present as K2O since, a t  water concentrations greater than 10“^ppm, 

K2O reacts  to form

XPS scanning fu r th e r  r e v e a le d  a high level  of ch lor ine  t o  be 

present on ICI low surface area  ZnO compared to the AnalaR grade ZnO. 

Figures A.3 and A.4 give the XPS data for each of the catalysts. From 

the  r e l a t i v e  Zn to  Cl peak  in te n s i t i e s  th e  coverage  of ch lor ine  on the  

surface of ICI low surface was estimated to be approximately 30% of a 

monolayer  (assuming a ll  t h e  Cl" is a t  the  su r f a ce ) .  A t r a c e  of 

ch lo r ine  also ap p ea rs  to  be p re s e n t  on the  su r face  of AnalaR g rade  

ZnO, but r e p r e s e n t s  only a f r a c t i o n  (approxim ate ly  0.1) of  the  

c o v e rag e  a s s o c ia t e d  wi th  th e  ICI low s u r face  a r e a  ZnO. No o the r  

s ign i f ican t  su r f a c e  c o n tam in an ts  were  re v e a le d  by fu r th e r  scanning .



3H

Figu re  A.2: Plot  of th e  po ta ss iu m  2p^ /2  t0  z inc ^?3/2  ^PS in tens i ty  
r a t i o  as a func t ion  of po ta ss iu m  loading for f resh  and p r e t r e a t e d  

unpromoted and promoted zinc oxide. Q=fresh ;  #  = p re t re a ted
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Figu re  A.3: Zn 3p and Cl 2p XPS peaks from AnalaR grade
z inc  oxide.
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Zn 3p and Cl 2p XPS peaks from ICI low surface 
a r e a  z inc  oxide.


