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ABSTRACT

This work in v e s t ig a te s  the use o f  the p e ro vsk i te - type  compound 

La  ̂ ^Sr^CoOg (x = 0 . 3 ,  0 . 5 ,  0 . 6 ,  0 .7 )  as a c a t a l y s t  f o r  the reac t ion

i
SOg + 2C0 — > X + ZCOg

Adsorption o f  SOg and CO separa te ly  on the degassed c a ta ly s ts  

a t  several temperatures , was fol lowed by TPD ( temperature programmed 

d e s o r p t io n ) ,  with  mass spectroscopic de tec t io n  o f  the desorbed species.  

Trends in  the mass changes on adsorpt ion are exp lained in terms o f  the 

changes in r e d u c i b i l i t y  o f  La^.^Sr^CoOg on changing x.

Computation of  the SO2 TPD r e s u l t s ,  which showed two and 

sometimes three adsorbed spec ies,  y ie ld e d  desorpt ion energies o f  the 

range 30-200 kJ mol"^.

Several SOg and CO mixtures were al lowed to f low over La-j_^Sr^Co03  

a t  var ious temperatures and f low r a t e s .  The removal o f  SOg and 

product ion o f  COg were fol lowed using gas chromatography and sulphur  

was c o l le c t e d  in a cold t r a p .  La^ ySrg 3 C0 O3 a t  550°C removed SOg 

from a s to ic h io m e t r ic  mixture of  SOg and CO very e f f i c i e n t l y  w ithout  

producing COS. COS product ion,  i f  i t  occurs, may be problematical  

in  a commercial SO  ̂ removal a p p l i c a t i o n .

XRD (X - ray  d i f f r a c t i o n )  revea led  t h a t  the fresh  compounds a l l  

had the p e ro v s k i te - ty p e  s t r u c t u r e ,  those exposed to e i t h e r  SO2 or  

CO re ta in e d  t h is  s t r u c tu re  and those exposed to SOg and CO together  

were no longer La^_^Sr^Co0 3 . XRD o f  the used c a t a ly s ts  showed the 

presence o f  SrSO^ on those exposed to only SOg and the presence o f  

sulphides o f  La, Sr and Co, on those exposed to SOg and CO.

XPS (X - ray  photoelectron spectroscopy)  o f  c a ta ly s ts  exposed to SOg 

and CO in d ica ted  s u lp h id a t io n ,  w ith  some sulphate species also present .



The re s u l t s  may be explained in terms of  the r e l a t i v e  o x i d i z i b i l i t i e s  

of  the SOg, COi'SOg reduced c a t a l y s t ' ,  'CO reduced c a t a l y s t ' ,  ' r e a c t io n  

reduced c a t a l y s t '  and La  ̂ ^Sr^CoOg.

The con t in u a t io n  o f  the operat ion o f  the m ate r ia l  f o r  the removal 

of  SO2 suggests t h a t  in  t h is  instance the a c t iv e  c a t a l y s t  is  no 

longer a p e ro v s k i te - ty p e  ox ide,  but possib ly a metal sulphide.
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Chemical abbreviat ions
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Co^^^ low spin t r i v a l e n t  coba lt

Co^^ low spin t e t r a v a l e n t  coba lt

dpph 1 , 1 - d ip h en y lp ic ry lh yd raz y l

Technical  abbreviat ions

MS mass spectrometer

GC gas chromatograph

XRD X-ray d i f f r a c t i o n

XPS X-ray photoelectron spectroscopy

ESCA e lec t ro n  spectroscopy f o r  chemical analys is
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW
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Sulphur d iox ide  (SOg) emissions from coal and o i l  burning 

power s t a t io n s  are widely blamed f o r  co n t r ib u t in g  to a c i d i f i c a t i o n  

o f  r a i n f a l l  and the subsequent damage to f l o r a ,  fauna and a r c h i t e c t u r e .

I t  is  th e r e fo r e  imperat ive t h a t  research in to  methods o f  d e s u lp h u r i z a t io n ,  

o f  e i t h e r  f l u e  gases or f u e l ,  is  c a r r ie d  out .

In the present  work the p o te n t ia l  d e su lp hur iz a t io n  o f  f l u e  gases 

by the reduct ion o f  SOg to elemental  sulphur is in v e s t ig a t e d .  The 

reduct ion is  accomplished by re ac t io n  o f  the SOg with  carbonmonoxide 

(CO),  as shown in equation 1.

SOg + 2C0   ^  ^Sx + 2C0g 1

The aim o f  the present  work is  to c h a ra c te r iz e  the r o le  o f  the 

p e ro v s k i te - ty p e  compound La  ̂ ^Sr^CoOg (x = 0 . 3 ,  0 . 5 ,  0 . 6 ,  0 . 7 ) ,  as a 

c a t a l y s t  f o r  the above r e a c t io n .  By gaining an understanding o f  the 

mechanism o f  the rea c t io n  plus t h a t  an unwanted side r e a c t i o n ,  shown 

in equat ion 2 ,  which produces carbonyl sulphide (COS), i t  may be possible  

to modify the c a t a l y s t  to give  maximum SOg removal and minimize the side  

r e a c t i o n .

CO + [sj -------- >  COS 2

Before in t roducing  the experimental  procedure adopted in t h i s  

thes is  a very b r i e f  example o f  some of  the e f f e c t s  o f  acid  r a i n  w i l l  

be presented;  fo l lowed by an in t ro d u c t io n  to a l t e r n a t i v e  methods 

o f  f l u e  gas d esu lp h u r i z a t io n ;  a b r i e f  d e s c r ip t io n  o f  p e ro v s k i te - ty p e  

compounds and a review o f  e a r l i e r  work done in the research area.
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1.1 SOME EFFECTS OF ACID RAIN ON THE ENVIRONMENT

In a recent  rep o r t  ( 1 ) ,  the Royal Commission f o r  Environmental 

P o l l u t i o n  s ta te  t h a t  acid deposit ion  is one o f  the most important  

p o l l u t i o n  issues o f  the present t ime.  They recommend t h a t  high 

p r i o r i t y  be given to research on acid deposi t ion and t h a t  the CEGB 

(Centra l  E l e c t r i c i t y  Generating Board) should in t roduce ,  on a p i l o t  

b a s is ,  c e r t a i n  SOg abatement opt ions t h a t  are a l ready  a v a i l a b l e .

In the r e p o r t  they s ta te  t h a t  there is  evidence o f  increasing  

a c i d i t y  over the l a s t  few decades in par ts  o f  B r i t a i n ,  Scandanavia 

and the United S ta te s .  They quote pH readings from a survey between 

1978 and 1980 in B r i t a i n .  The mean a c i d i t y  var ie d  from pH 4 .7  in  

north west Scot land to about pH 4 .2  in north east  England and south 

east  Scot land.  The most acid  r a in  with  a pH o f  4.1 was detected  

in southern England. Taking volume in to  account i t  seems t h a t  the 

l a r g e s t  inputs o f  acid ra in  are in Cumbria, and par ts  o f  Scot land.

The a c i d i t y  is  comparable with the w o rs t  a f f e c t e d  areas in Scandanavia 

and North America, where f i s h  stocks have been severe ly  dep le ted .  They 

quote references to increasing  evidence o f  a c i d i t y  a f f e c t i n g  f re sh -w a te r  

f i s h  stocks in the United Kingdom. They s t a t e  t h a t  some e f f e c t s  on 

f o r e s t  t r e e  growth and performance have been re por ted ,  but t h a t  the 

t rends are e i t h e r  unclear  or  too small to be separated from c l i m a t i c  

i n f lu en ce s .  The Fo re s t ry  Commission are reported to have s ta ted t h a t  

acid  dep osit io n  is  u n l i k e l y  to pose an immediate t h r e a t  to f o r e s t r y

in the United Kingdom.

In a review of  a video made by the CEGB ( 2 ) ,  e n t i t l e d  Acid R a in , 

Fry e t  al (3)  describe the h i s t o r y  o f  the e f f e c t s  o f - a c i d  r a in  in Norway
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B r i t a i n  has been w ide ly  blamed f o r  acid ra in  in Norway. This is  because 

o f  the High Stack Po l icy  o f  the CEGB which prevents deposit ion o f  

p o l lu t a n t s  in the l o c a l i t y  o f  power s t a t i o n s ,  but d i r e c t s  i t  in to  

higher a i r  streams, where the p r e v a i l i n g  south w ester ly  winds car ry  

i t  towards Norway.

During the 1920s salmon and brown t r o u t  numbers dec l ined in lakes  

in southern Norway. By the 1970s major r i v e r s  had d e te r io r a te d  and 

many salmon, sea t r o u t  and brown t r o u t  were l o s t .  The f i r s t  losses 

were in in land  lakes which had low concentrat ions o f  dissolved s a l t s .

The presence o f  s a l t s  provides a b u f f e r  to n e u t r a l i z e  acids.  By 1983,  

1631 lakes had l o s t  t h e i r  brown t r o u t  populat ions and 141 had lo s t  

t h e i r  perch. Even the lakes with  r e l a t i v e l y  high s a l t  content  were 

s u f f e r i n g .  Fry e t  al  c la im t h a t  below pH 5 .5  the f i s h  can no longer  

r eg u la te  t h e i r  s a l t  balance.  The a c i d i t y  releases  aluminium (A l )  

which is  to x ic  to the f i s h .  In areas o f  Norway where the e f f e c t s  of  

acid r a i n  are not y e t  detected f i s h  surv ive in a c id ic  lakes .  This is  

because the a c i d i t y  is  due to humic acid from decaying v eg e ta t io n .

Al is  bound to the humus and is  not t o x ic  to the f i s h .

The CEGB suggest t h a t  l iming the lakes w i l l  cure the problem.

T h is ,  however, is  expensive,  p a r t i c u l a r l y  in remote areas and where 

i t  must be cont inuous,  such as in r i v e r s .  Liming acce le ra tes  the 

breakdown of  organic m at te r  and t h is  can cause secondary problems.

As a business e n t e r p r i z e  the CEGB n a t u r a l l y  want a cost  e f f e c t i v e  

s o lu t io n .  Fry e t  al p o in t  o u t ,  however, the d i f f i c u l t y  of  

q u a n t i fy in g  damage to m a t e r i a l s ,  b u i ld in g s ,  h e a l th ,  w i l d l i f e ,  crops,  

f o r e s ts  and f i s h .
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1.2 METHODS OF FLUE GAS DESULPHURIZATION (FGD)

Of the methods o f  FGD patented, the m a jo r i t y  appear to be based 

on the use o f  l ime (CaCO^) to remove the SOg in the form o f  calcium  

sulphate (CaSO^). This by-product ,  known as gypsum, has many uses 

and can be sold commercial ly and used, f o r  example, in b u i ld in g .

P la s t e r  o f  Par is  and paper f i l l e r .

Leimkuehler (4)  has patented FGD apparatus which includes several  

stages,  these a r e ,  a spray scrubbing tower wi th  scrubbing so lu t io n  sump, 

raw gas i n l e t  and clean gas o u t l e t ;  a scrubbing s o lu t ion  cycle with  a 

c i r c u l a t o r y  pump over the sump; a device f o r  adding the scrubbing 

so lu t io n  to the sump; a re g u la to r y  device f o r  a d d i t i o n ,  in which SOg 

concentra t ions are monitored to control  the ad d i t io n  device and a 

by-pass l i n e  which is  connected between the a d d i t io n  device and the 

scrubbing s o lu t ion  sump. When the SOg concent ra t ion in the f l u e  gas 

exceeds a given threshold  the a d d i t i v e  is  d i r e c t l y  added to the

scrubbing s o lu t io n  cycle over the by-pass l i n e  to ensure t h a t  the SOg

is  removed.

M itsubish i  Heavy In d u s t r ie s  L t d . ,  have patented several  methods.

One o f  these (5)  removes SOg, dust ,  hydrogen c h lo r id e  (HCl) and

hydrogen f l u o r i d e  (HF) .  The gases are passed over an absorber s l u r r y ,

conta in ing a calcium compound. Sulphates,  carbonates and su lp h i tes  o f  

calcium are produced. H igh ly  concentrated s l u r r y  is  then passed on to an 

o x id a t io n  r e a c t o r ,  conta in ing oxygen (Og) and sulphuric  acid (HgSO^),  

where gypsum is produced. Low concentrat ion s l u r r y  from the absorber  

is  re turned there to ad ju s t  the s lu r r y  concentra t ion .  The 

desu lp h u r iz a t io n  is  95% and the gypsum by-product  is  f ree  from unreacted  

CaCOg.
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Margraf  ( 6 ) has also  patented a method which removes HCl and

HF as wel l  as SOg. The gases can be removed from raw or f l u e  gases

by being passed t ra n s v e rs e ly  through a bed o f  g ran u la r  l imestone or  

o ther  basic m a t e r i a l s ,  which are moving downwards e i t h e r  cont inuously  

or p e r i o d i c a l l y .  Water is  in je c te d  through d i s t r i b u t i n g  tubes or  

nozzles e i t h e r  d i r e c t l y  upstream or w i t h in  the l imestone bed. I t  

is  claimed t h a t  SOg can be removed a t  temperatures less than 400^0.

In the method patented by Krigmont e t  al ( 6 ) the SOg conta in ing

gas is  s imultaneously sprayed and dr ied  and a dry powder is  produced.

Processes such as t h a t  of  Margraf  ( 6 ) ,  where the product appears 

as a s l u r r y  are known as wet scrubber processes and those l i k e  t h a t  

described by Krigmont e t  al (7)  are c a l le d  dry scrubber processes.

The s l u r r i e s  produced in the former are u su a l ly  d r ie d  in order to  

e x t r a c t  the gypsum.

Cross ( 8 ) describes a method in which the product  is  calcium 

s u lp h i te  (CaSOg). The f l u e  gas leaves the power p la n t  and a t  the 

top o f  a process tower i t  meets an atomized f low o f  l ime s l u r r y , t h e n  

CaSOg and water  are formed. The water  evaporates and the powder is  

conveyed pneumat ical ly  to a f i l t e r .

Unl ike  the method o f  SOg removal in the present  work a l l  o f  these 

invo lve  o x id a t ion  o f  the SOg.
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1 .3 PERQVSKITE-TYPE COMPOUNDS

Perovsk ite - type  compounds have a s t ruc tu re  which c lose ly  resembles 

th a t  o f  the mineral 'perovski te  (CaTiOg). The s t ruc ture  o f  the mineral  

is shown in Figure 1 .1 .

6q B

„ 2-

A

Fig .  1.1 The s t ru c tu re  o f  the

perovski te  mineral (11  )

The Ti ca t io n  is  a t  the cube corners ,  the Ca ca t ion  is  in the body 

centred p o s it io n  and the oxygen anions are a t  the midpoint  o f  the cube 

edges. The t r a n s i t i o n  metal ion is  o c ta h e d ra l ly  coordinated by 

oxygen and oxygen is  l i n e a r l y  coordinated by t r a n s i t i o n  metal ions (9)  

The general formula o f  a p e ro vsk i te - typ e  compound is  ABOg. A may be 

a d ip o s i t i v e  or t r i p o s i t i v e  a l k a l i n e  earth  or a l k a l i  ca t ion  and B is  

a t r a n s i t i o n  metal o f  o x id a t io n  s ta te  3 or 4.  The B ca t io n  must have 

+3 as one o f  i t s  o x id a t io n  s ta tes ( 1 0 ) .  A and B cat ions  can be 

present  as more than one element. Mixed A cat ion c r y s ta ls  may have 

oxygen vacancies which are present  in order to maintain  e l e c t r i c a l  

n e u t r a l i t y  when, f o r  example, a d i p o s i t i v e  ca t ion  is present  in the A 

s i t e  o f  a predominately t r i p o s i t i v e  c a t io n .  In t h i s  case a more
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accurate general  formula is  _^A Voorhoeve e t  al  ( 1 1 ) s ta te

t h a t  the oxygen vacancies in the perovsk ite s t ru c tu re  play  an 

important  r o le  in the c a t a l y t i c  a c t i v i t y .

Several  uses f o r  pe ro vsk i te - ty p e  compounds have been explored .

These include c a t a ly s t s  (12) oxygen elec t rodes  (13)  and l a s e r  

e lectrodes  ( 1 4 ) .  The former o f  these is  the basis f o r  the work 

presented in t h i s  thes is  but they w i l l  a l l  be introduced as the s t ru c tu re  

and p ro p er t ie s  r e le v a n t  to each are i n t e r r e l a t e d .

1.3 .1  C a t a l y t i c  p ro p er t ies  o f  p e ro vsk i te - ty p e  compounds

Several groups o f  workers have in v es t ig a ted  the research area  

of  the c a t a l y t i c  p ro pe r t ie s  o f  p e ro v sk i te - typ e  compounds. Some 

workers have c a r r i e d  out  reac t ions with  and on the surface ,  whi le  

others have provided e l e c t r o n i c  and magnetic in format ion which with  

the s t r u c t u r a l  in fo rm at ion  a v a i l a b l e  about perovsk ites have served 

to help to exp la in  the observed r e s u l t s .

Voorhoeve e t  al (15)  s t a t e  t h a t  because o f  the wide range o f  ions 

and va lenc ies  which the perovsk i te  s t ru c tu re  can accommodate they lend 

themselves to chemical t a i l o r i n g .  They are r e l a t i v e l y  simple to 

syn thes ize .  By a p p ro p r ia te  form ula t ion  many d e s i rab le  p rop e r t ies  

can be t a i l o r e d .  These include the valence s ta te  o f  the t r a n s i t i o n  

metal ions,  the binding energy and d i f f u s i o n  o f  oxygen in the l a t t i c e ,  

the d istance  between a c t i v e  s i t e s  and the magnetic and conduct ive  

pro p er t ie s  o f  the s o l i d .

For the purposes o f  t h is  review the pero vsk i tes have been d iv ided  

between La^ ^Sr^CoOg, which was studied in the present  work and o th er
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perovsk i t e - t y p e  compounds. Work invo lv ing  La  ̂ ^Sr^CoOg w i l l  be 

reviewed f i r s t  and because of  i t s  d i r e c t  re levance ,  in g re a te r  

d e t a i l  than the other  species which are included to show the scope 

of  the t o p ic .

1 . 3 . 1 . 1  La ^  ^ S r ^ C o O g

La^ ^Sr^CoOg compounds have been studied f o r  values of  

0 ( X < 1 . I t  has been observed by Askham e t  al ( 1 6 ) from X-ray  

d i f f r a c t i o n  (XRD) t h a t  a t  values o f  x = 0  to x = 0 . 5  the s t r u c tu r e  

shows a rhombohedral d i s t o r t i o n .  From about x = 0 . 5  onwards 

s p l i t t i n g  o f  the X-ray l in e s  was no longer v i s i b l e ,  i n d ic a t in g  the  

cubic pero vsk i te  s t ru c tu re  is  present .  At x = 1 the brown 

m i l l e r i t e  s t r u c tu re  e x is ts  and not t h a t  o f  perovsk i te  ( 1 6 ,  1 7 ) .

Jonker and van Santen (18)  found t h a t  on prepara t ion  o f  

Lai-xSrxCoOs» those compounds with  high values o f  x appeared to

contain  less oxygen, but maintained the perovsk ite  s t r u c t u r e .  By 

? +  3 +
s u b s t i t u t io n  o f  Sr f o r  La in the l a t t i c e  the charge change was 

compensated f o r  by both loss o f  oxygen and by the formation of  

t e t r a v a l e n t  Co instead  o f  t r i v a l e n t  Co. They observed t h a t  when 

X = 0 . 6  a maximum o f  4 5 % t e t r a v a l e n t  Co ex is te d .  Beyond x = 0 . 6  

charge compensation took place by an increased loss o f  oxygen 

from the l a t t i c e  and less t e t r a v a l e n t  Co was formed. The change 

in  t e t r a v a l e n t  Co with  x is  shown in F ig .  1 .2 .

Goodenough (19)  deduced from magnetic measurements t h a t  the 

in t r o d u c t io n  o f  low spin Co^^ in to  the LaCoO^ l a t t i c e  should increa:  

the c r y s t a l l i n e  f i e l d  s u f f i c i e n t l y  to induce neighbouring high spin
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FIGURE 1.2 PERCENTAGE OF TOTAL Co As Co^^ AGAINST PERCENTAGE OF 

(La,  Sr)  AS Sr (FROM JONKER AND VAN SANTEN ( 1 8 ) )  AND 

CALCULATED 6 IN La  ̂ ^Sr^CoO^ AGAINST (La ,  Sr)  AS Sr

e . g .  o f  c a l c u l a t i o n  o f  6
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ions to t h e i r  low spin Co^^^ e q u iv a le n ts .  This can have the  

e f f e c t  o f  c re a t in g  m a g n e t ica lly  is o la te d  c lu s te rs  in the l a t t i c e .

At low concentrations o f  Co^^ most o f  the t r i v a l e n t  Co is  high 

spin Co^^. As the concentra tion  o f  Co^^ increases then so does 

th a t  o f  low spin Co^^^. The Co ions in t e r a c t  across the  

in te rven in g  0  ̂ i o n . Co^^ -  Co^^ in te ra c t io n s  lead to a n t i  f e r r o 

magnetism and Co^^- Co^^ in te ra c t io n s  lead to  ferromagnetism, 

th e re fo re  across the 0<x$l range the magnetic p ro p ert ies  o f  the  

s tru c tu re  change. Co^^^ is  diamagnetic and th e re fo re  does not in t e r a c t  

m a g n etica lly  w ith  Co^^ or Co^^.

Goodenough introduces the idea o f  an ordering  parameter n- 

At low Sr^^ concentrations n = 0 because there  are no long range 

in te ra c t io n s  between ferrom agnetic  c lu s te rs  about the Co^^ ions. As 

the Co^^ co ncen tra tion  increases then long range order sets in ,  but 

there  are c lu s te rs  th a t  remain m a g n e t ic a l ly  is o la te d .  The ordering  

parameter is  shown in equation 3 c is  the f r a c t io n  o f  to ta l  Co th a t

n = 1 - ( 2y / ; )  3

is  Co^V and the l a t t i c e  is  given as 

L a ^ t x S r f  (Co^: . CoJ''.

The f a c t  th a t  there  is  a tendency fo r  Co^^ to be c o rre la te d  w ith  

Co^+ nearest neighbours, which in  turn  minimizes Co^^ -  Co^^ pa irs  

may l i m i t  the p roportion  o f  Co ions present as Co^^.
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Sis e t  al (9 )  in v e s t ig a te d  magnetic p ro p ert ies  o f  LaCoOg.

They found th a t  t r i v a l e n t  Co e x is ted  predominately in i t s  low spin  

form below 125°C. Above th is  the high spin s ta te  increased and 

a t  375°C a rap id  increase in  high spin Co^^ appeared, due to long 

range ordering  occurring  a t  th a t  temperature.

Yakel (20) looked a t  the way which s t ru c tu ra l  p ro p ert ies  o f

La  ̂ ^Sr^CoOg changed on Sr "̂*" s u b s t i tu t io n .  Yakel noted an increase

in  c e l l  volume when Sr̂ "*" was s u b s t i tu te d  fo r  La^*. L a t t ic e

2+ 3+expansion occurs on s u b s t i tu t io n  o f  the s im i la r ly  s ized Sr f o r  La 

and consequent change to the sm alle r  Co^^ from Co^^. A possible  

exp lan ation  given was th a t  the percentage charge decrease a t  A s i te s  

was g re a te r  than the increase a t  B s i t e s ;  th is  may, Yakel p o s tu la te s ,  

decrease the p a r t i a l  co va len t ch arac te r  o f  the bonds invo lv ing  

oxygen ions and cause l a t t i c e  expansion.

Gai and Rao (21) studied the s tru c tu re  o f  La  ̂ ^Sr^CoOg, using 

e le c tro n  d i f f r a c t i o n .  T h e ir  work shows evidence fo r  a doubling o f  

the cubic c e l l  when x = 0 .5  compared to x = 0 .3 .  They suggested th a t  

th is  could be a t t r ib u t e d  to  o rdering  o f  La^* and Sr^^ ions on 

a l te r n a te  s i te s  due to  s t r i c t  charge n e u t r a l i t y .

Temperature programmed desorption (TPD) experiments have been 

c a rr ie d  out on samples which have been p re tre a te d  by exposure to  Og.

Yamazoe e t  al (17) adsorbed Og on samples w ith  a range o f  x values  

a t  100 mm Hg and 800°C. The samples were then cooled and evacuated  

before TPD. Oxygen was detected  by a thermal c o n d u c t iv i ty  d e te c to r  

(TOO). Two peaks were observed, a broad one below 800°C and a sharp 

one above th is  tem perature . The s ize  o f  both peaks increased w ith  

increas ing  x va lu e . The surface s ta tes  were examined using XPS.
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Two oxygen species were id e n t i f i e d .  The peak observed w ith  the  

lowest binding energy was assigned to oxygen in  the c ry s ta l  l a t t i c e .

The o ther  peak was assigned to adsorbed oxygen and th is  increased  

in  s ize  w ith  increas ing  x v a lu e . The amount adsorbed and 

subsequently desorbed was shown th e re fo r e ,  by XPS and TPD, to increase  

with  increas ing  Sr^^ content. On looking a t  evacuated samples a t  

room tem perature , 300°C, 500°C and 800°C the XPS peak assigned to  

surface oxygen dim inished and became narrower. The narrowing o f  the  

peak was said to  be due to the hete ro gen ie ty  o f  adsorbed oxygen a t  

low temperatures and the removal o f  species w ith  lower binding  

energies as the temperature was increased. At 800°C the lower binding  

energy XPS peak was observed to broaden, i t  was speculated th a t  th is  

may be due to  the loss o f  l a t t i c e  oxygen a t  th is  temperature causing  

a new d e fe c t  l a t t i c e .

No change was observed in  the Co Zp^yg and La Sdgyg le v e ls  but a 

s l ig h t  increase in the binding energy o f  Sr Sp^yg a f t e r  evacuation  

a t  500°C suggested th a t  adsorbed oxygen may have been desorbed from 

s ite s  ad jacen t to Sr^^ ions .

Sieyama e t  al (22) continued in v e s t ig a t io n s  in to  the desorbed 

oxygen species discussed above. By p lo t t in g  the s p e c i f ic  r e a c t i v i t y  

o f oxygen, obtained by puls ing hydrogen over samples w ith  d i f f e r in g  

X values and tak ing  t h e i r  i n i t i a l  oxygen reduction  ra te  and p lo t t in g  

t h is  ag a in s t x; i t  was observed th a t  the r e a c t i v i t y  appears to 

decrease w ith  increas ing  x. The amount o f  oxygen reduced, however, 

was shown to increase w ith  x. The to t a l  r e a c t i v i t y  was taken as a 

product o f  the s p e c i f ic  r e a c t i v i t y  and the amount o f  oxygen, i t  

th e re fo re  peaked between x = 0 .2  and x = 0 .4 .
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George and Viswanathan (23) c a r r ie d  out a TPD o f  oxygen 

adsorbed a t  lOO^C on La^ gSr^ ^CoOg. They observed two peaks 

between 400°C and 500°C. They a t t r ib u te d  these to a re s o lu t io n  o f  

the TPD peak assigned by Yamazoe e t  al ( 1 7 ) ,  to adsorbed oxygen 

below 800°C. The f a c t  th a t  there  were two peaks observed they  

concluded was a co n firm ation  o f  the assumption th a t  the broadness 

o f  the XPS peaks presented by Yamazee e t  a l in d ica ted  more than one 

type o f  oxygen adsorp tion .

Nakamura e t  a l (24) a lso  c a r r ie d  out some TPD experiments on 

La^ ^Sr^CoOg which had been exposed to 100 mm Hg Og a t  300°C and 

cooled to 150°C and then evacuated. In agreement w ith  the work 

c i te d  above by Yamazoe e t  a l , the ra te  o f  0^ desorbed increased  

w ith  S r^* content in  the La^ ^Sr^CoO^, between x = 0 and x = 0 . 6 . 

Nakamura e t  a l , however, did not a t t r ib u t e  most o f  the oxygen to  

adsorbed oxygen. They observed th a t  some amount o f  the oxygen desorbed 

a t  high temperatures was c e r t a in ly  l a t t i c e  oxygen as i t s  amount was 

comparable to g re a te r  than a monolayer o f  oxygen. The c o n t in u i ty  

between the low and high temperature desorption made i t  seem impossible  

to d is t in g u is h  whether the desorption a t  low temperature was o f  weakly  

held l a t t i c e  oxygen or adsorbed oxygen. The high temperature  

desorption  was a t  temperatures lower than those which Yamazoe e t  al 

a t t r ib u t e d  to desorption  o f  l a t t i c e  oxygen.

Misono and N ita d o r i  (25) preadsorbed oxygen a t  300°C then cooled  

Lai ^Sr^CoOg to room temperature and s u b s t itu ted  a helium (He) stream. 

TPD experiments c a r r ie d  out were in agreement w ith  the o ther works 

c i te d  in t h is  rev iew . The ra te  o f  desorption increased w ith  

increas in g  x.
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A ll  o f  the work done on TPD o f oxygen from La  ̂ ^Sr^CoO^ may 

not be d i r e c t l y  comparable due to the d i f f e r e n t  conditions o f  oxygen 

adsorption before TPD. A conclusion, however, which is  common to  

a l l  o f  the workers was th a t  r e d u c ib i l i t y  o f  the La  ̂ ^Sr^CoOg increased  

w ith  increas ing  x.

Is o to p ic  exchange and e q u i l ib r a t io n  o f  oxygen experiments were 

c a r r ie d  out by Misono and N ita d o r i  ( 2 5 ) .  P r io r  to the re a c t io n  the 

samples were heated w ith  100 mm Hg pure c i r c u la t in g  0^ a t  300°C and 

then evacuated fo r  1 h a t  300°C. The samples were then exposed to a
1 O 1 C 1 Q

m ixture  o f  Og and 0^. A decrease in Og remaining in the gas

phase was observed w ith  increasing  x ,  from x = 0 to x = 0 .6 .  This

was presumed to represent the c a p a b i l i t y  o f  the c a ta ly s ts  to d is s o c ia te

Og in the gas phase and to represent the m o b i l i t y  o f  oxygen in  the

c ry s ta l  l a t t i c e .  Increasing m o b i l i ty  would ensure th a t  the 

18recombination o f  0 atoms would be less l i k e l y .

18
Tseung e t  al (26) a lso  looked a t  the d is s o c ia t io n  o f  0^ over 

La^ sSrQ gCoO^. They passed a 3 .75 /1  m ixture  o f  ^^Og and ^^0^ 

through a re a c to r  conta in ing  La^ gSr^ gCoOg w ith  a surface saturated  

w ith  oxygen a t  180°C. The d e te c t io n  o f  mass 34 confirmed th a t  

d is s o c ia t iv e  chemisorption had taken p lace .

The c a t a l y t i c  a c t i v i t y  o f  La  ̂ ^Sr^CoOg w ith  regard to CO o x id a tio n  

has been in v e s t ig a te d  by several groups o f  workers.

Nakamura e t  al (24) allowed s to ic h io m e tr ic  amounts o f  CO and Og 

over c a t a ly s ts ,  some o f  which had been p re tre a te d  w ith  Og and others  

which had not. I t  was observed th a t  c a t a l y t i c  a c t i v i t y  was always 

h igher fo r  those c a ta ly s ts  which had been pre-exposed to Og. This is
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in  agreement w ith  the work on CO o x id a tio n  done by George and

Viswanathan ( 2 3 ) ,  who looked a t  CO o x id a t io n  over La^ gSr^ -jCoOg

and Lag ySr^ gCoOg. They too allowed s to ic h io m e tr ic  amounts of

CO and 0^ over the c a ta ly s ts  w ith  and w ith ou t oxygen p re treatm ent.

Those w ith  oxygen pre treatm ent showed the h ighest c a t a ly t ic  a c t i v i t y .

Viswanathan and George (27) found th a t  except fo r  LaCoO^ the

c o n d u c t iv i ty  increased in an Og atmosphere and decreased in  a CO

atmosphere. From th is  and in f r a r e d  ( IR )  observations they postu lated

a mechanism in v o lv in g  CO reac t in g  w ith  a c t iv a te d  l a t t i c e  oxygen and

oxygen adsorbed in oxygen vacancies g iv ing  in te rm ed ia te  carbonate  
2

(COg ) species before these decomposed to produce COg.

Nakamura e t  al (24 ) observed th a t  c a t a ly t i c  a c t i v i t y  appeared  

to increase w ith  x u n t i l  x = 0 . 2  and then to decrease w ith  x .  

R e-ox id a tion  o f  the c a ta ly s t  by oxygen a f t e r  reduction  by CO was also  

in v e s t ig a te d .  The ra te  o f  r e -o x id a t io n  decreased w ith  increase in  x .  

When the r a te  o f  reduction  o f  the c a t a ly s t  by CO and ra te  o f  

re -o x id a t io n  by 0  ̂ were p lo t te d  aga ins t the degree o f  reduction  the 

crossover points  o f  the two ra tes  f o r  d i f f e r e n t  values o f  x showed a 

trend comparable to  th a t  o f  the c a t a ly t i c  a c t i v i t y .

The coincidence o f  these two trends suggested to Nakamura e t  al 

th a t  a redox mechanism ex is te d  where the CO reduced the surface and i t  

was re -o x id iz e d  by oxygen. At values o f  x g re a te r  than x = 0 .4  th is  

reduction  and r e -o x id a t io n  were both slow. For the re a c t io n  in  the 

presence and absence o f  oxygen l i t t l e  d i f fe re n c e  was noted between the  

ra tes  o f  CO o x id a t io n  a t  x = 0 .6 ,  but the ra te  increased when oxygen 

was present fo r  lower values o f  x . This in d ica ted  th a t  in a d d it io n
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the redox mechanism, adsorbed oxygen had to be accounted fo r  in  the 

CO o x id a t io n .  Iwamoto e t  al (28) suggest th a t  metal oxides which 

c a ta lyse  p a r t ia l  o x id a t io n  are poor adsorbents w h ile  those which are  

good adsorbents c a ta lyse  to ta l  o x id a t io n .

In a l a t e r  paper, Nakamura e t  al (29) d ec la re  th a t  the o x id a tio n  

s ta te  o f  c a ta ly s ts  during CO o x id a tio n  can be found from the d if fe re n c e  

between the t o t a l  amount o f  COg formed and the amount o f  COg accounted 

f o r  by the re a c t io n  o f  gaseous oxygen. The d i f fe re n c e  is  the amount 

o f COg formed by l a t t i c e  oxygen and is  th e re fo re  p ro po rt io na l to the 

degree o f  reduction  which they sta ted  was e q u iv a le n t  to the o x id a t io n  

s t a t e .  For experiments w ith  x = 0 ,  0 .2  and 0 .6  the re s u lts  in d ica ted  

th a t  the c a ta ly s t  was in  a lower o x id a t io n  s ta te  as x increased.

When the p a r t ia l  pressure o f  oxygen increased then the reduction  was 

less but s t i l l  increased w ith  x.

Nakamura e t  al (30 ) endeavoured to d iscover what was the ra te  

determ ining step (RDS) fo r  the redox cycle  o f  La  ̂ ^Sr^CoOg. They 

suggest two possib le  steps. The f i r s t  is  the surface re a c t io n  and 

the second is  d i f fu s io n  o f  oxygen in the b u lk . They decided th a t  i t  

could not be the f i r s t  because the ra tes  a t  2% and 5% reduction  were 

d i f f e r e n t  showing th a t  d i f fu s io n  could not be f a s t .  They a lso  

observed (31 ) th a t  e q u i l ib r a t io n  o f  oxygen in  the gas phase is  much 

qu icker  than the bulk oxygen which did not support the hypothesis o f  

rap id  d i f f u s io n .  The f a c t  th a t  re o x id a t io n  became slower w ith  

in creas ing  x cannot be expla ined by a d i f fu s io n  c o n tro l le d  RDS, since  

the ra te  o f  0 )^gen d i f fu s io n  in  the bulk should increase w ith  the
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concentra tion  o f  ion defects and th e re fo re  w ith  x. They noted (31)  

th a t  re lease  o f  oxygen from the bulk became more d i f f i c u l t  a t  h igher  

c a lc in a t io n  temperatures and th a t  th is  was in conform ity  w ith  the  

trend o f  c a t a l y t i c  a c t i v i t y .  I t  was concluded th a t  n e i th e r  o f  the  

two steps was ra te  de term in ing , they both co n tr ibu ted .

Viswanathan and George (27) p lo t te d  the a c t iv a t io n  energy fo r  

o x id a t io n  o f  CO over LaCoOg^ aga inst 6 fo r  6 = 0 to 0 .0 7 .  I t  was 

found th a t  the a c t iv a t io n  energy decreased w ith  increas ing  6 .

This was in te rp re te d  as meaning th a t  the ease o f  o x id a t io n  o f  CO was 

r e la te d  to  the ease o f  oxygen removal, whether adsorbed or from the  

l a t t i c e .

Misono and N ita d o r i  (25) found th a t  increasing  the c a lc in a t io n  

temperature o f  La^ ^Sr^CoOg led to  b e t te r  c a t a ly t i c  a c t i v i t y ,  except 

f o r  LaCoOj, where the e f f e c t  was m in im al. This agrees w ith  

Nakamura e t  al (29) who found th a t  a c t i v i t y  increased up to a 

c a lc in a t io n  temperature o f  850°C. Above th is  temperature the a c t i v i t y  

per u n i t  weight decreased ,apparently  due to surface area e f f e c t s .

Voorhoeve e t  al (32) found th a t  LaCoO^ was an a c t iv e  c a ta ly s t  

f o r  CO o x id a t io n .

Tascon and Gonzalez-Tejuca (33) looked a t  s tra ig h t fo rw a rd  

adsorption  o f  CO on LaCoOg (x = 0 ) .  They observed two adsorbed species ,  

one below 375°C and the o th er  above th is  tem perature. Above 375°C 

adsorption  is  slow and the amount adsorbed exceeds a monolayer and i t  

is  concluded th a t  the CO penetrates  the oxide surface . 375°C is  a lso  

a s ig n i f i c a n t  magnetic threshold  according to Sis e t  al ( 9 ) .  Heats 

of adsorption  were c a lc u la te d .  Low temperature adsorption was found
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to be p h ys iso rp tio n , w ith  adsorption heats c a lc u la te d  between 

15 -  5 kJ mol th a t  above 375°C was chem isorption, w ith  a heat o f  

adsorption o f  49 kJ mol \  Tascon and Gonzalez-Tejuca suggest th a t  

the high temperature species takes p a r t  in  surface reduction  which is  

c o n tro l le d  by the d i f fu s io n  o f  oxygen through the l a t t i c e .  IR
o_

spectroscopy revealed CÔ  ions on the surface as observed by 

Viswanathan and George ( 2 7 ) ,  which suggested th a t  the CO adsorbed 

on oxygen s i t e s .  CO and COg appeared to compete fo r  s i te s  but Og 

did not.

The simultaneous o x id a tio n  o f  CO and reduction  o f  SOg has also  

been in v e s t ig a te d ,  and is  o f  p a r t ic u la r  re levance to the present work. 

H ib b e rt  and Tseung (12) have shown th a t  Lag gSr^ gCoO  ̂ cata lyses the  

re a c t io n  which is  shown in  equation 1, page 20 . At temperatures  

g re a te r  than 550°C a m ixture  o f  1% SOg, 2% CO in  n itrogen  (Ng) was 

allowed to f low  over Lag ^Srg gCoOg. Total removal o f  gas phase sulphur  

was noted fo r  an i n i t i a l  period o f  30 min. Then the concentra tion  o f  

gas phase sulphur increased and steady s ta te  values were a t ta in e d  in  

about 1 h. The c a t a ly t i c  a c t i v i t y  remained s tab le  fo r  a t  le a s t  36 h.

XRD an a ly s is  o f  used c a ta ly s ts  showed no s u b s tan t ia l  d i f fe re n c e  in  

s tru c tu re  a f t e r  6 h or 36 h. I f  an excess o f  CO was present then  

carbonyl sulphide (COS) was produced. 3-4% Og added to the feed gas 

when there  was less than the s to ic h io m e tr ic  amount o f  CO present led  

to a drop in  SOg conversion e f f ic ie n c y  by up to 10%. Og a f fe c te d  

the conversion e f f ic ie n c y  only  i f  there  was in s u f f i c i e n t  CO to re a c t  

w ith  i t .  The e f f ic ie n c y  always recovered i f  the feed gas was adjusted  

to provide s u f f i c i e n t  CO to re a c t  w ith  any 0^ or SOg present. At no time 

was sulphur t r io x id e  (SO3 ) de tec ted . In the presence o f  water (H^O)
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hydrogen sulphide (HgS) was detected but always a t  a concentra tion  

o f an order o f  magnitude less than COS. Equations 4 and 5 show 

the probable reac tio n s  fo r  production o f  H^S.

CO + HgO —  Hg + CQ̂  4

Hg +  a Sg ----------- >  HgS 5

The most e f f i c i e n t  conversion observed was f o r  a f low  ra te  o f
o - 1

100 cm min" and a contact time o f  0 .2 5 s .  Contact times both above 

and below t h is  were less e f f i c i e n t .  Long contact times led  to  

increases in  COS and HgS fo rm ation . XRD and sulphide an a lys is  

suggested th a t  the c a ta ly s t  had a l te re d  during the re a c t io n .  A l l  

sulphur present appeared to be as sulphide and there  was evidence  

fo r  Co and Sr su lph ides. Metal su lph ides , however, are known to  

c a ta ly s e  the production o f  COS (3 4 ) .

Bazes e t  al (35 ) s tudied the o x id a t io n  o f  CO and reduction  o f  

SOg over LaCoOg. They found th a t  fo r  complete reduction  o f  SOg, 

g re a te r  than the s to ic h io m e tr ic  amount o f  CO was requ ired  otherwise  

COS was produced, th is  disagrees w ith  the observations by H ib b ert  

and Tseung f o r  Lag gSrg ^CoOg. The maximum temperature fo r  no 

production o f  COS in  the work o f  Bazes e t  al was found to  be 344°C, 

which is  close again to the 375°C temperature which appeared so 

im portant in the work o f  Sis e t  al (9 )  and Tascon and Gonzalez-Tejuca (33)

In v e s t ig a t io n s  in to  the re a c t io n  in vo lv in g  n itrogen ox ides ,  

e q u iv a le n t  to equation 1, have been done, bearing in  mind the a p p lic a t io n s
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in  the automobile in d u s try .  N itrogen oxides and CO are produced 

during fue l combustion and are then em itted  to the atmosphere.

They take p a r t  in photochemical reac tio ns  and th e re fo re  c o n tr ib u te  

to photochemical smog which is  possib ly  best known fo r  i t s  presence 

over Los Angeles.

The re a c t io n  between n itrogen  oxide (NO) and CO is  given in  

equation 6 .

CO + NO - - - - - - - - - - - - >  COg +  )N g  6

Voorhoeve e t  al (36) s ta te  th a t  in tro d u c t io n  o f  Sr^* f o r  La^^

in to  the LaCoOg l a t t i c e  leads to a decrease in  a c t i v i t y .  The 

3 +  2 +La :Sr r a t io s  were not given but o th er  workers quoted in  th is  

review in c lud in g  Nakamura e t  al (24) found th a t  c a t a ly t i c  a c t i v i t y  

f o r  CO o x id a t io n  reached a maximum between x = 0 .2  and x = 0 .4 .  

A f te r  in v e s t ig a t in g  several a c t iv e  p e ro v s k ite - ty p e  c a ta ly s ts  which 

a l l  had s im i la r  e le c t ro n ic  c o n f ig u ra t io n s ,  i t  was suggested th a t  

the CO o x id a t io n  took place by a su p ra fa c ia l  process in vo lv in g  the  

e le c t r o n ic  c o n f ig u ra t io n  o f  Co. The c a t a ly s t  surface appeared to  

provide o r b i t a ls  o f  the c o rre c t  energy and symmetry fo r  bond 

form ation w ith  reac tio n s  and in te rm ed ia tes .

In the same p u b l ic a t io n  (36) Voorhoeve e t  al suggest th a t  NO 

reduction  was i n t r a f a c i a l .  The reduction  was c a r r ie d  out over 

LaCoOg a t  temperatures where i t  was claimed by Sorenson e t  al (37 )  

th a t  reduction  o f  the LaCoOg surface occurred by loss o f  oxygen. 

Sorenson e t  al observed th a t  weight loss s ta r te d  a t  500°C and 

a t t r ib u te d  th is  to loss o f  oxygen. They found th a t  temperatures
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exceeding 600°C were required to  i n i t i a t e  reduction  o f  NO in the  

presence o f  exhaust gases contain ing NO, CO and hydrocarbons (H C ). 

Equations 7 and 8  have been suggested by Mars and van Krevelen ( 3 8 ) ,  

fo r  reduction  reac tio n s  on oxide c a ta ly s ts .

Aromatic compound + o x id ized  c a ta ly s t  — >  o x id a t io n  products+
 ̂ reduced c a ta ly s t

Reduced c a ta ly s t  + oxygen ----------> ox id ized  c a t a ly s t  8

These equations have been adapted by Voorhoeve e t  al to i l l u s t r a t e  

the in t r a f a c i a l  reduction  o f  NO, in  equations 9 and 10.

M -  0 -  M + CO — >M -  Vq -  M + COg 9

M -  Vq -  M + NO — y M -  0 -  M + |Ng 10

Lauder (39) a lso  found th a t  LaCoOg was an e f f i c i e n t  c a ta ly s t

fo r  NO reduction  and CO o x id a t io n .

Bauerle e t  al (40 )  studied CO o x id a t io n  and NO reduction  over  

LaCoOg and Lag ggSrg ^gCoOg. NO reduction  was g re a te r  a f t e r  CO 

pre trea tm en t.  This supports the mechanism suggested in  equations  

9 and 10. The Sr^* su b s t itu ted  compound was more e f f i c i e n t  than the  

LaCoOg. This agrees w ith  o th er  workers such as Nakamura e t  a l (24)  

who s ta ted  th a t  a t  low x values Sr^^ s u b s t i tu t io n  increased c a t a ly t i c  

a c t i v i t y .

Sorenson e t  al (37) suggested two reasons fo r  the c a t a l y t i c  

a c t i v i t y  o f  LaCoOg. One was the presence o f  oxygen defects  the  

o ther the presence o f  Co m eta l.  The increase in a c t i v i t y  caused 

by s u b s t i tu t io n  o f  Sr^* fo r  La^^ and subsequent increase in  oxygen 

d e fe c ts ,  but not the form ation o f  Co metal observed by Sis e t  a l (9 ),  

confirmed th a t  the oxygen d efects  enhanced c a t a ly t i c  a c t i v i t y .
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Sorenson e t  al (37) looked a t  HC o x id a t io n  as well as the 

removal o f  NO and CO. Removal o f  a l l  o f  these was dependent on 

the o v e ra l l  composition o f  the i n l e t  gas.

Sekido e t  al (41) studied the o x id a t io n  o f  CO and HC and 

reduction  o f  NOg in exhaust gases over La^.^Sr^CoOg a t  600°C.

For a m ixture o f  50 ppm HC, 50 ppm CO and 50 ppm NOg in  Ng i t  

was found th a t  maximum CO o x id a tio n  was favoured a t  low values o f  

X ,  th a t  i s ,  between x = 0 .15  to x = 0 .2 .  Removal o f  HC or NOg 

was favoured a t  high x values o f  x = 0 .8  to x = 0 .9 .  I t  was 

th e re fo re  suggested th a t  x in an La  ̂ ^Sr^CoOg c a t a ly s t  ought to be 

chosen, depending on the composition o f  the feed gas, fo r  example, 

fo r  a high percentage o f  CO a low x value should be used.

Nakamura e t  al (24) looked a t  the o x id a tio n  o f  propane 

(CgHg) and methanol (CHgOH) as w ell  as CO, which was discussed e a r l i e r  

on page 33 , w ith  re ference  to the c a ta ly s t  o x id a t io n  s ta te .  The 

c a t a ly t i c  o x id a t io n  o f  CgHg was found to increase as x increased  

up to  X = 0 . 2 , then to become constant or decrease s l ig h t l y  w ith  

f u r th e r  increase in  x. When, however, CgHg or CHgOH were in  a pulsed 

system, in the absence o f  oxygen, the e x te n t  o f  COg form ation which 

r e f le c t s  o x id a t io n  power o f  the c a t a ly s t  increased as x increased.

Only COg and H2O were formed. When CgHg was copulsed w ith  Og the 

amounts o f  COg formed increased w ith  x up u n t i l  x = 0 .2 ,  but 

decreased when x ^ 0 .4 .  This c lo s e ly  resembles the c a t a ly t i c  

a c t i v i t y  in a f low  system.
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Nakamura e t  al (24) suggest th a t  as s ta ted  e a r l i e r  fo r  CO 

o x id a t io n ,  the o x id a tio n  o f  C^Hg and CH3 OH occurs v ia  a redox mechanism 

They s ta te  th a t  a t  low values o f  x the supply o f  gaseous oxygen is  

probably fa s t e r  than th a t  from the b u lk . They suggest th a t  the  

surface is  on average in a h igher o x id a t io n  s ta te  and becomes more 

re a c t iv e  in the presence o f  gaseous oxygen than in i t s  absence.

The re s u lts  o f  Nakamura e t  al (2 4 ,  29) c o n tra d ic t  those o f  

Sekido e t  al (41) w ith  respect to removal o f  HC. Nakamura e t  al 

s ta te  th a t  low values o f  x are s u i ta b le  f o r  removal o f  HC and 

Sekido e t  al quote high x va lu es . I t  is  not c le a r  however, from the 

l a t t e r  work which HC are re fe r re d  to and in  what form they are  

removed. Between x = 0 and x = 0 .4  in c lu s iv e ,  CgHg a t  227°C, CH  ̂

a t  352°c and CO a t  100°C a l l  had a maximum o x id a tio n  ra te  a t  

X = 0 . 2 ,  although CgHg v i r t u a l l y  le v e l le d  o f f  a t  x = 0 .1 ,  a t  a ra te  

an order o f  magnitude g re a te r  than f o r  x = 0 ( 2 1 ) .

1 . 3 . 1 .2  C a t a ly t ic  p ro p e r t ie s  o f  p e ro v s k ite - ty p e  compounds excluding  

La^.^Sr^CoOs

A b r i e f  review o f  some o f  the e f fe c ts  on c a t a ly t i c  a c t i v i t y  

o f p e ro v s k ite - ty p e  compounds w ith  d i f f e r in g  A and B cations w i l l  be 

presented.

Several workers have attempted to show a r e la t io n s h ip  between 

the m o b i l i t y  o f  oxygen in p e ro v s k ite - ty p e  s tru c tu res  and c a t a ly t i c  

a c t i v i t y .  A re ference  to  work by Nakamura e t  al (20) has been made 

in  the previous s ec tio n .
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Chauvin e t  al (42) compared three compounds; LagBa^CugO^^^^^ 

which has a p e ro v s k ite - ty p e  s tru c tu re  and KgNiF^ and Sr^TigOy 

which have pero vsk ite  re la te d  s tru c tu re s .  The compounds were 

heated in flow ing  argon and the oxygen evolved was detected by 

a MS. The MS r e s u lts  were in  accord w ith  therm ogravim etric

an a lys is  (TGA) r e s u l ts .  The MS data provide a d i f f e r e n t i a l  o f

the oxygen loss and th e re fo re  in d ic a te  oxygen m o b i l i t y .  Oxygen

loss was g re a te s t  and most rap id  from La^BagCUgO^^^g- Oxygen

was recovered on cooling La^BagCugO^^^g- The c a t a ly t i c  a c t i v i t y  

o f the compounds w ith  respect to CO o x id a tio n  was a lso in v e s t ig a te d .

The p e ro v s k ite - ty p e  s tru c tu re  showed the best c a t a ly t i c  a c t i v i t y  

and th is  was a t t r ib u te d  to  the m o b i l i ty  o f  the bulk oxygen.

Teraoka e t  al (43) prepared s in te red  discs o f  La.j_^Sr^CoQ ^Fe^ gOg_  ̂

where x = 0 .0 ,  0 . 4 ,  0 .8  and 1 .0 .  They looked a t  the permeation o f  

oxygen through these over the temperature range 300 -  1150 K 

(7 -  877°C ). The temperature o f  onset o f  permeation decreased as 

X increased and the ra te  o f  oxygen permeation increased w ith  x f o r  a

given constant tem perature. They r e f e r  to works by Yamazoe e t  al (44)

and Is h ig a k i  e t  al (45) and thereby conclude th a t  the oxygen permeation  

is  due to the c re a t io n  o f  oxygen vacancies formed by s u b s t i tu t io n  o f  

La^^ fo r  Sr^^ and th a t  th is  allows d i f fu s io n  o f  oxygen. The d r iv in g  

fo rce  fo r  th is  d i f fu s io n  was only the oxygen p a r t ia l  pressure.

They also found th a t  a low proportion  o f  Fe compared to  Co led to

increased p e rm e a b i l i ty  and a t t r ib u te d  th is  to the sm aller  io n ic

radius o f  Co^^ compared to  Fe^^ and lower bonding energy o f  Co and

oxygen than Fe and oxygen. Teraoka e t  al (46) s ta te  th a t  a l i t t l e
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Fe a t  high Sr content helps to  m ainta in  the pe ro vsk ite -typ e  

s tru c tu re  so important to the oxygen permeation. SrCoOg g has 

poorer permeation p ro p e r t ie s  possib ly  because o f  i t s  brown m i l l e r i t e  

s tru c tu re  (4 1 ) .

Teraoka e t  a l (43) found th a t  a t  temperatures g re a te r  than 

1073 K (800°C) oxygen permeation fo llowed Ficks Law but below th is  

temperature deviations occurred. This was said to  show th a t  the 

processes o f  oxygen sorp tion  and desorption were a lso  im portant in  

the mechanism o f  oxygen permeation. I f  indeed as is  suggested by 

Chauvin e t  al ( 4 2 ) ,  oxygen m o b i l i ty  is  re la te d  to c a t a ly t ic  

a c t i v i t y ,  then the suggestion by Teraoka e t  al (43) agrees w ith  th a t

o f  Nakamura e t  al ( 3 1 ) ,  th a t  the RDS o f  the redox cycle o f

La^ ^Sr^CoOg is  a combination o f  surface reac tio ns  and oxygen 

d i f f u s io n .

Tascon and Gonzalez-Tejuca (47) studied the c a t a ly t i c  a c t i v i t y  

w ith  respect to CO o x id a t io n ,o f  LaMeO^ (Me^^ = Cr^^, Mn^^,

Fe^"**, Co^* and N i^ ^ ) .  They found th a t  a c t i v i t y  fo r  CO o x id a tio n  

decreased in the order Co^^> Ni^^> Mn^*> Fe^^> Cr^^> 

as a fu n c tio n  o f  tem perature. The log o f  the c a t a ly t i c  a c t i v i t i e s  

a t  500 K (237°C) were p lo t te d  ag a in s t the number o f  d e lec tro n s  o f  

the t r a n s i t io n  metal c a t io n .  The order o f  a c t i v i t y  was shown 

as above but maxima appeared a t  LaMnO^ (d^) and LaCoOg (d ^ ) .

Iwamoto e t  al (28) looked a t  the e q u iv a le n t  t r a n s i t io n  metal oxides

and found maxima f o r  oxygen chemisorption a t  the e q u iv a le n t  oxides 

to those pero vsk ites which showed high c a t a ly t i c  a c t i v i t y .  Iwamoto 

e t  a l .  (28) s ta te  th a t  less s tab le  oxides which th e re fo re  r e a d i ly
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form surface d efects  ( l i k e  p e ro v s k ite - ty p e  oxides) e xh ib ited  h igher  

c a t a ly t i c  a c t i v i t y .

F ie r ro  and Gonzalez-Tejuca (48) found th a t  LaCoOg was a b e t te r  

c a ta ly s t  f o r  o x id a t io n  o f  CO than LaCrOg. They sta ted  th a t  th is  

may be due to LaCrOg being more d i f f i c u l t  to reduce or to LaCrOg 

being a p -type semiconductor and LaCoOg being able  to e x is t  as 

suggested by Meadowcroft (49) as a p or n type semiconductor. This 

property  o f  LaCoOg, they p o s tu la te d ,  may account fo r  a high oxygen 

adsorption and ready r e d u c i b i l i t y .

Voorhoeve e t  al (36) r e la t e  th a t  p a r t ia l  s u b s t i tu t io n ,  in  the 

ABOg p e ro v s k ite - ty p e  s t ru c tu r e ,  o f  A atoms which cause B atoms to  

change t h e i r  o x id a tio n  s ta te  in  order to compensate fo r  charge changes 

have d i f f e r e n t  e f fe c ts  on d i f f e r e n t  B atoms. They summarized some 

data as fo l lo w s :  (a )  in tro d u c t io n  o f  Cr^^ and Cr^^ in LaCrOg has

la rg e  e f f e c t s  on the c a t a ly t i c  a c t i v i t y ,  (b) in tro d u c t io n  o f  Co^^ 

( formed, they s a id ,  by e le c tro n  t r a n s fe r  from Co^^^ to Co^^) and 

Co^^ in LaCoOg has sm alle r  more equivocal e f fe c ts  and (c ) in tro d u c t io n  

of Mn^^ in  LaMnOg or Fe^^ in  LaFeOg has e f fe c ts  con tra ry  to the 

in tro d u c t io n  o f  Cr^^ in LaCrOg, a f t e r  CO o x id a t io n .  The re s u lts  

cannot be exp la ined  in  terms o f  c o n d u c t iv i ty .  In keeping w ith  the  

hypothesis re fe r re d  to e a r l i e r  about s u p ra fac ia l  c a ta ly s is ,  Voorhoeve 

e t  al suggest th a t  in v e s t ig a t io n s  in to  energy le v e ls  and symmetry are  

c a rr ie d  ou t.

In the same p u b lic a t io n  as c i te d  above,Voorhoeve e t  al discuss  

pero vsk ite  oxides where A = La, S r ,  Ca, B i , K, Rb, Na and Nb.

They found th a t  the range o f  c a t a ly t i c  a c t i v i t i e s  f o r  CO o x id a tio n
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depend on the s to ich iom etry  o f  the feed gas. LaFeOg, fo r  example, 

was found to be in a c t iv e  w ith  high p a r t ia l  pressures o f  oxygen, but 

near the s to ic h io m e tr ic  r a t io  o f  CO and Og i t  had f a i r  a c t i v i t y .

P a r t ic u la r  A cations appear to have s p e c i f ic  q u a l i t ie s  in  the 

s tru c tu re  fo r  given reactions  in d i f f e r e n t  environments. In c lu s io n  

o f lead (Pb) in  c a ta ly s ts  intended fo r  use in  automobile engines 

has been found by Voorhoeve e t  al (32) to reduce c a ta ly s t  poisoning 

by lead . Lead is  present in  p e tro l as lead t e t r a e t h y l .  La^.^Pb^MnOg, 

Pr^_^Pb^MnOg and p a r t i c u la r l y  Nd^_^Pb^MnOg (0 .4 < x < 0 .6 )  showed less  

severe poisoning by lead than o th e r  c a ta ly s ts .

Doping p e ro v s k ite - ty p e  c a ta ly s ts  w ith  p latinum (P t )  has a lso  

led to  increased c a t a ly t i c  a c t i v i t y  (5 0 ,  51, 5 2 ) .  Gallagher e t  al (51)  

in v e s t ig a te d  the o x id a t io n  o f  CO in  the presence o f  SOg, using 

Lag yPbg gMnOg as a c a t a ly s t .  The c a t a ly t i c  a c t i v i t y  was found to

increase w ith  the amount o f  p latinum  in  the c a ta ly s t .  I t  v/as

concluded th a t  as l i t t l e  as 200  ppm o f  platinum in the c a ta ly s t

increased i t s  res is tan ce  to poisoning by SOg. I t  appeared th a t  a

Pt/Pb a l lo y  formed but th a t  lead sulphate (PbSO^) was produced in  the 

presence o f  SOg causing the Pt to be re leased .

Croat and T ibbets (53) a lso looked a t  Lag yPbg gMnOg w ith  

respect to CO o x id a t io n  and found th a t  only those samples prepared  

in  a Pt c ru c ib le  had high c a t a ly t i c  a c t i v i t y .  75 ppm Pt was found 

to increase c a t a ly t i c  a c t i v i t y  by an order o f  magnitude. The 

a c t i v i t y  was said to be h igher than f o r  f r e e  Pt c ry s ta ls  due to the 

segregation o f  Pt on the su rface . The p ero vsk ite  s tru c tu re  was 

confirmed by XRD.
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A ddition  o f  Pt to Lag ^CUg ^MnOg did not lead to increased  

c a t a ly t i c  e f f i c ie n c y .  Johnson e t  al (51) found th a t  Pt poisoned 

the c a t a ly s t  in  the absence o f SOg. I t  was suggested th a t  a Pt/Cu  

a l lo y  formed. In the presence o f  SOg the a c t i v i t y  did increase  

but i t  was less than , fo r  example. Lag ^Srg ^MnO^.

Happel e t  al (10) looked a t  the o x id a tio n  o f  CO and reduction  

o f SOg over Cag ^Lag gTiOg. As in  the case o f  La^_^Sr^CoOg 

excess CO reacted w ith  sulphur produced from the reduction o f  SOg 

to form COS.

LaMnOg was found to be a more a c t iv e  c a ta ly s t  fo r  NO 

reduction  than LaMnOg g.|. Voorhoeve e t  al (32) found however, th a t  

the oxygen r ic h  compound produces ammonia (NHg) as w ell as the Ng 

and NgO produced by the o ther c a ta ly s t .  In another p u b lic a t io n  (11)  

Voorhoeve and his co-workers found th a t  the e f f e c t iv e  reduction  

ra te  f o r  NO in  the ser ies  (AA')MnOg decreased in the order  

(B i,K )> L a> (L a ,R b )=  (L a ,K )=? (L a ,N a )> (L a ,P b )^ (L a ,S r) . They suggest th a t  

the c a t a l y t i c  a c t i v i t y  is  determined by molecular adsorption o f  NO on 

a t r a n s i t io n  metal ion o f  low va lence , combined w ith  d is s o c ia t iv e  

adsorption o f  NO on l a t t i c e  oxygen.

The Lai_^Sr^Co^_yFeyOg discussed on page43 has been tested  f o r  

i t s  c a t a ly t i c  e f f ic ie n c y  by Tachibana e t  al ( 5 4 ) .  40 mol %

Lag ggSrg ggCOg yFOg gOg and 60 mol % SrTiOg were mixed, baked fo r  

3 h a t  1300° in a i r  and p u lv e r ize d .  0 .3  g o f  th is  was deposited on 

0 .4  g AlgOg -  SiOg f i b r e ,  packed in  a quartz  glass tube and used to  

t r e a t  a gas conta in ing  a m ixture o f  42 ppm NOg and 15 ppm CO in  Ng. 

The gas was fed a t  a s u p e r f ic ia l  v e lo c i ty  o f  3000 h  ̂ a t  900° and 

removal o f  CO was 64.5% and Ng production was 69.0%.
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Madgavkar and Vogel (55) in ve s t ig a te d  the p o s s ib i l i t y  o f  using 

Lag gSrg ^Ptg .jCOg gOg as a c a ta ly s t  fo r  the combustion o f  hydrogen 

(Hg),CO and a l ip h a t ic  HC w ith  up to 7 carbons. They have patented  

a method which u t i l i z e s  the heat produced from the combustion, 

before the waste gases are vented to the atmosphere. By always 

provid ing  a constant substo ich iom etric  amount o f  Og they s ta te  th a t  

the heat produced w i l l  be constant. They c la im  th a t  th is  w i l l  

prevent damage to tu rb in es  caused by heating and cooling cyc les .

The pro v is ion  o f  in s u f f i c i e n t  Og fo r  complete 

combustion, they say, w i l l  a llow  the o ther gases to be 

p r e f e r e n t i a l l y  combusted before CH^. This they would emit as i t  is  

not regarded as a p o l lu ta n t  in  moderate amounts. They suggest th a t  

th is  would be usefu l in  a p la n t  where p re fe ra b ly  5 mol % and most 

p re fe ra b ly  10 mol % o f  the combustible component is  CH^. The main 

o b je c t  o f  the exerc is e  was to decrease the COg:CO r a t io  em it ted .

The p ero vsk ite  gave a r a t i o  o f  18 .8  -  47 .3 :1  COg:CO as compared to  

0 .5 6 -3 .6 4 :1  COg:CO fo r  Co-Pt c a ta ly s ts .

For the c a ta ly s t  Madgavkar and Vogel recommend th a t  the 

lan th an ide  se lec ted  is  La or cerium (Ce) because they are a v a i la b le  

r e l a t i v e l y  cheaply. They suggest th a t  the B ca tio n  is  80 -  99% 

and p re fe ra b ly  90 -  99% from a non Pt group. They s e le c t  Fe, Co or  

N i. They s tress  the importance o f  the p ro v s k ite - ty p e  s t ru c tu re .

1 .3 .2  Use o f  La  ̂ ^Sr^CoOg as an oxygen e lec tro d e

I t  is  o f  in t e r e s t  here to review work done to in v e s t ig a te  the 

way in which La.j_^Sr^CoOg works as an oxygen e lectrode,because the
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mechanisms suggested may bear some r e la t io n s h ip  to those reactions  

which occur when La^_^Sr^CoOg is  employed as a c a ta ly s t  in  gas 

phase re a c t io n s .

The e a r l i e s t  mention o f  such work appears to be th a t  o f  

Meadowcroft (49) in  1970 and the study by Tseung and Bevan (56) 

gives an adequate summary o f  the to p ic .  Meadowcroft perceived  

the development o f  high energy d en s ity  b a t te r ie s  which would be 

p a r t i c u la r l y  useful as an energy source. He v is u a l iz e d  th a t  these 

could be used in ,  fo r  example, urban t ra n s p o r t ;  they could be recharged 

overn igh t and thereby le v e l  out demand fo r  e l e c t r i c i t y .  He recognised  

the need f o r  a m a te r ia l  l i k e  Pt which could reduce oxygen from the a i r  

to hydroxide ion (OH") in  a concentrated a lk a l in e  so lu t io n  and to  

perform the reverse process fo r  recharg ing . Tseung and Bevan (56)  

in  a d d it io n  suggest th a t  the development o f  a re v e rs ib le  oxygen 

e le c tro d e  could cheapen the manufacture o f  oxygen.

The a c t i v i t y  o f  LaCoOg was discovered by Meadocroft (49)  

because he in v e s t ig a te d  semiconducting oxides w ith  high c o n d u c t iv i t ie s .  

He looked a t  NiO, CoO, SnOg, InOg, LaCrOg, LaCoOg, PrCoOg and SrMoO^, 

a l l  o f  which, except SrMoO^, he doped w ith  im p u r i t ie s .  Only LaCoOg 

and PrCoOg were promising and o f  these LaCoOg was cheaper. He found 

th a t  the c o n d u c t iv i ty  o f  LaCoOg could be increased by doping Sr and Ni 

f o r  La and Co r e s p e c t iv e ly .  The high a c t i v i t y  which these compounds 

e x h ib ite d  was a t t r ib u te d  to the Co because increasing  both Sr and Ni 

increased the a c t i v i t y  and PrCoOg was a c t iv e  whereas LaCrOg was not.

In an attem pt to exp la in  the a c t i v i t y  Meadowcroft c i te d  two d if fe re n c e s  

between LaCoOg and LaCrOg. The f i r s t  was th a t  LaCoOg could e x is t  as
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a p or n type semiconductor and th a t  LaCrO^ e x is ts  only as a p type 

The LaCoOg band gap was given by Meadowcroft as 0 .30  eV. He 

suggests th a t  the amphoteric behaviour and narrow band gap may a id  

the adsorption o f  oxygen and subsequent re lease  o f  ions. The 

second d i f fe re n c e  was th a t  LaCrO^ is  a n t i  ferrom agnetic  and has 

a Neél temperature o f  320 K (47 °C ).  LaCoOg was reported to have 

no long range magnetic o rd er . The a c t i v i t y  o f  LaCrOg was said to  

improve above i t s  Neel p o in t .

Tseung and Bevan (56) s ta te  th a t  the o v e ra l l  reduction o f  

oxygen is  w r i t te n  as in equation 11

ZHgO + Og + 4e-  -------  40 H" 11

For a re v e rs ib le  e lec tro d e  they s ta te  th a t  fo r  the anodic  

e v o lu t io n  o f  Og gas and cathodic reduction o f  Og to OH to occur, 

they must occur ju s t  above and below the re v e rs ib le  p o in t .  The 

re a c t io n  req u ires  d is s o c ia t iv e  adsorption o f  Og and th e re fo re  "side on"; 

as opposed to "end on" adsorption o f  the 0 ^  molecule.

W inter (57) found th a t  above i t s  Neel tem perature, n icke l oxide  

(NiO) d is s o c ia t iv e ly  adsorbed 0^, but below th is  temperature i t  only  

n o n -d is s o c ia t iv e ly  chemisorbed i t .  I t ,  th e re fo re ,  seemed l i k e l y  th a t  

above the Neel p o in t ,  side on ad sorp tio n , which requ ired  an e le c tro n  to  

be t ra n s fe r re d  to each end o f  the 0  ̂ molecule s im ultaneously , occurred. 

I t ,  th e r e fo r e ,  appears l i k e l y  th a t  Meadowcroft's hypothesis about the  

Neel temperature may be c o r re c t .
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Tseung e t  al (58) found th a t  the re v e rs ib le  oxygen e lec tro d e  

p o te n t ia l  could be achieved fo r  NiO doped w ith  l i th iu m  ( L i )  in  

75% potassium hydroxide (KOH), above the Neel p o in t .  This showed 

th a t  the e lectrochem ical reac tio n  was comparable w ith  th a t  done 

by W in ter ,  in the gas phase. I t  was th e re fo re  assumed th a t  th is  

is  t ru e  fo r  La^.^Sr^CoO].

Tseung and Bevan (56) re a l iz e d  th a t  the re a c t io n  given in  

equation 11 requ ired  th a t  there always be a continuous la y e r  o f  0H~ 

ions on the e le c t r o ly t e  and th a t  th is  would only be possible in  a 

s tro n g ly  a lk a l in e  s o lu t io n .  They th e re fo re  looked a t  a l k a l i  

r e s is t a n t  conducting oxides whose room temperature magnetic 

q u a l i t i e s  are l i k e  those o f  paramagnetic NiO. They looked a t  

(L a ,S r ) (N i ,C o )O g  as Meadowcroft had done. They too a t t r ib u t e d  the  

p ro p e r t ie s  s p e c i f i c a l l y  to the Co ion . Meadowcroft suggests th a t  

the a c t i v i t y  is  due to e i t h e r  the type o f  semiconductor or the 

magnetism o f  the compound. Tseung and Bevan propose th a t  the  

t r i v a l e n t  Co ion in an octahedral p erovsk ite  in t e r s t ic e  o f  0 an ions,  

e x h ib i ts  a c ry s ta l  f i e l d  s p l i t t i n g  approximately equal to the exchange 

energy. They b e l ie v e  th a t  the spin s ta te  o f  Co is  c ru c ia l  to Og 

ad so rp tio n . The ex is tence  o f  the ferrom agnetic  exchange between 

Co^^ and Co^^ discussed in  section 1 . 3 .1 ,  w ith  re ference  to work by 

Goodenough (19) s a t is f ie s  the important c r i t e r io n  f o r  "side on" 

chemisorption o f  0^. They acknowledge th a t  the s u b s t i tu t io n  o f  50% 

Sr^^ fo r  La^^ w i l l  produce more Co^^. They claim  th a t  the e le c tro n  

hopping between Co^^ and Co^^ by double exchange v ia  in te rm ed ia te  0 ^~ 

anions enhanced the c o n d u c t iv i ty  and magnetic ch a ra c te r .
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Tseung and Bevan prepared La  ̂ ^Sr^CoOg w ith  x = 0 , 0 .2  and 

0 .5 ;  by fre e ze  drying (5 5 ) .  The perovskite  s tru c tu re  was confirmed  

by XRD. The Sr^^ doped e lectrodes showed the th e o re t ic a l  c u r re n t -  

p o te n t ia l  r e la t io n s h ip  a t  25°C, fo r  the O2 reduction  and showed no 

change o f  slope o f  the c u r re n t -p o te n t ia l  curve on changing from the  

cathodic to the anodic mode or v ice  v e rs a . The l a t t e r  observation  

was deemed the proof th a t  the reac tio n  was t r u ly  r e v e rs ib le .  

Equ iva len t experiments w ith  LaCoOg and Pt black were not re v e r s ib le .  

The c u rre n t  dens ity  increased l in e a r ly  w ith  temperature fo r  the  

perovskites  but not fo r  the Pt b lack . The re la t io n s h ip  between 

the ra te  o f  oxygen chemisorption and the p a r t ia l  pressure o f  Og 

was as expected fo r  the system where fo r  every Og molecule adsorbed 

"side on" there  w i l l  be two e lec tro n  t ra n s fe r  c e n tre s ,  a t  p a r t ic u la r  

tem peratures , even though the e lec trodes  were porous. This  

r e la t io n s h ip  was not found fo r  t e f lo n  bonded Pt b lack e lec tro d es .

The performance o f  La^ ^SCq gCoO  ̂ was b e t te r  than th a t  o f  Pt black  

a t  the temperature o f  the experim ent, th a t  i s ,  170°C.

The magnetic s u s c e p t ib i l i t y  o f  Lag ^Srg gCoOg was r e l i a n t  on

3+ 2+the magnetic s ta te  o f  Co which in  turn  depended on the La :Sr  

r a t i o .  The magnetic s u s c e p t ib i l i t y  was shown to decrease w ith  

increas ing  tem perature , in d ic a t in g  th a t  La^ gSrg gCoO  ̂ behaves l i k e  

a normal paramagnetic m ate r ia l  above i t s  Neel tem perature.

I t  is  proposed by Tseung and Bevan th a t  the performance o f  the  

re v e rs ib le  e lec tro d e  is  c o n tro l le d  by the population o f  a c t iv e  s i te s  

a t  the in te r fa c e  and th a t  such s i te s  are few a t  25°C, but t h e i r  

number increases w ith  tem perature. T h is ,  they s t a t e ,  may be due 

to the re s u l ta n t  expansion o f  the l a t t i c e  causing the in te ra c t io n
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between cations in the bulk and the surface to decrease. This 

may lead to a decrease in the magnetic s u s c e p t ib i l i t y  and increase  

the a v a i l a b i l i t y  o f  surface s i te s  to associate  w ith  chemisorbed 

oxygen and to f a c i l i t a t e  e lec tro n  t ra n s fe r .

Meadowcroft (49) and Tseung and Bevan (56) do not r e fe r  to the  

p a r t ic ip a t io n  o f  l a t t i c e  oxygen in  the re v e rs ib le  re a c t io n  shown in  

equation 11. Nakamura e t  al ( 3 0 ) ,  page 3 6 ,  s ta te  th a t  the RDS 

of the gas phase reactions  on La  ̂ ^Sr^CoOg involves l a t t i c e  oxygen 

d i f fu s io n  and the surface re a c t io n .

Matsuki and Kamadu (59) looked a t  oxygen reduction on a m ixture  

o f the p e ro v s k ite - ty p e  La^ ^MnOg and CaMnO^_^ and carbon, used 

as the e le c t r o c a ta ly s t .  The a c t i v i t y  decreased by repeating  the  

cathodic and anodic cycles o f  the steady s ta te  p o la r iz a t io n .

XRD and XPS evidence suggested to them th a t  l a t t i c e  oxygen was 

c a th o d ic a l ly  reduced and th a t  th is  led to the form ation o f  oxygen 

defects  a t  the e lec tro d e  surface . Bearing in  mind the work o f  

Nakamura e t  al (30) and the f a c t  th a t  no such decrease in  a c t i v i t y  

was observed fo r  La  ̂ ^Sr^CoOg by Tseung and Bevan ( 5 6 ) ,  i t  appears 

th a t  the d i f fu s io n  ra te  o f  oxygen in the La^ gSrg ^Mn0g/CaMn0 2 _^ 

m ixture  may be in s u f f i c i e n t  to m ainta in  a prolonged use o f  such an 

e le c tro d e  fo r  the re a c t io n  under d iscussion.

Viswanathan and Charkey (60) looked a t  La^ gSr^ ^CoO  ̂ w ith  

respect to i t s  p ro p ert ies  as a cathode fo r  oxygen redu ction . Like  

Matsuki and Kamadu ( 5 9 ) ,  they mixed t h e i r  p ero vsk ite  w ith  carbon.

They said th a t  the g rap h ite  s ta b i l i z e s  e lec tro d e  p o te n t ia ls  during  

eye l in g .
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The type o f  e le c t r o ly t e  was shown to be im portant by 

Vondrak and Dolezal (1 3 ) .  They studied La  ̂ ^Sr^CoO^ fo r  x = 0 .0 2 ,  

0 .04  and 0 .5  a t  pH 5. They discovered th a t  some strong oxidants  

in c lu d in g , fo r  example, the peroxodisulphate ion (S^Og^’ ) were 

reduced on the perovsk ite  surface and th a t  th is  was accompanied by 

Og e v o lu t io n .  On provis ion  o f  a s u f f i c i e n t  v o lta g e ,  an anodic 

c u rre n t  was e v id e n t ly  f lo w in g . Strong oxidants are expected to be 

reduced and th e re fo re  to accept e le c tro n s ,  g iv ing  the reac t io n  shown

in equation 1 2 , where 0  ̂ is  consumed and not evolved.

2HgO + Og + 4e"  V 40H' 12

I t  th e re fo re  appeared to Vondrak and D o le ïa l  th a t  during the reduction  
2 _

o f  the SgOg ion , in term ed ia tes  which reacted in  such a way as to  

produce 0^ were formed. They suggest th a t  the reactions  shown in  

equations 13 and 14 occurred and th a t  the OH^g^ reacted w ith  the 0H~, 

in the a lk a l in e  so lu t io n  and fo llow ed the mechanism suggested by 

Kobussen and Broers (61) which led to 0^ e v o lu t io n .

S20g2- ^  s o / -  + SO^ad 13

S04ad + HgO + e ^  HSO  ̂ + 14

They represented the o v e ra l l  re a c t io n  by equation 15

SgOgZ- = 40H' — ^  2SO4 Z- + O2 + ZHgO + 2e '  15

Equation 15 exp la ins  why the cu rren t  produced was anodic.

P e r ra u lt  and Reby (62) found, con tra ry  to the work by Tseung and 

Bevan (56) th a t  oxygen was i r r e v e r s ib ly  reduced a t  La^_^Sr^CoOg,

X = 0 to X = 1, e le c tro d e s ,  in an a lk a l in e  s o lu t io n .  This i l l u s t r a t e s
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the importance o f  having the c o rre c t  concentration o f  a l k a l i  and 

the c o rre c t  vo ltage range fo r  r e v e r s i b i l i t y .  In t e r e s t in g ly ,  they  

found th a t  a t  x = 0 . 2  the c a t a ly t ic  a c t i v i t y  showed a maximum, 

th is  agrees w ith  much o f the gaseous work reviewed in section 1 . 3 . 1 . 1 .

Once a s u i ta b le  m ate r ia l  fo r  a re v e rs ib le  oxygen e lec tro d e  

has been e s ta b l is h e d , then the conditions under which i t  w i l l  work 

appear to be q u ite  s p e c i f ic .  The e le c t r o ly te  must have the a b i l i t y  

to support the cathodic and anodic reactions when necessary w itho u t  

the in te r fe re n c e  by in term ed iates  such as in  the work by Vondrak 

and D o le za l .  The l im i t in g  vo ltage fo r  the anodic and cathodic  

p o te n t ia ls  o f  the e lec tro d e  must have a sharp c le a r ly  defined  

crossover p o in t  in  a given e l e c t r o ly t e ,  as shown fo r  La  ̂ ^Sr^CoOg 

by Tseung and Bevan (5 6 ) .

1 .3 .3  Use o f  La^ ^Sr^CoOg as a la s e r  cathode

leh isha e t  al (14) have recognized the p o te n t ia l  o f  

Lai_^Sr^CoÜ3 as a cathode in a COg la s e r .  These lasers  are  

in c re a s in g ly  being used in  medical a p p l ic a t io n s  as well as in  sc ience.  

I t  is  th e re fo re  es s e n t ia l  th a t  they are developed to g ive maximum 

e f f ic ie n c y  and l i f e t i m e .

One o f  the main problems encountered w ith  CÔ  la s e rs ,  is  the  

d is s o c ia t io n  o f  CO^, as shown in equation 16. This d is s o c ia t io n

COo ------------- ^  CO + & Og 16z \ ^

can be up to 60 -  70% and causes a s ig n i f ic a n t  decrease in  output power
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An e lec tro d e  is  required which is  chem ically  i n e r t ,  p a r t i c u la r l y  

from o x id a t io n ,  as th is  depletes the 0  ̂ and the e q u il ib r iu m  o f  

equation 16 consequently moves to the r ig h t .  The e lec tro de  must 

possess a low sp u tte r in g  ra te  as Og w i l l  adsorb on to a sputtered  

f i lm .

leh isha e t  al l i s t e d  the advantages o f  using La-j_^Sr^MOg, 

where M = Co or Mn. They stated  th a t  the exchange o f  e lec trons  

between and enhanced the co n d u c t iv i ty  s u f f i c i e n t l y  fo r  use as 

an e le c t ro d e .  The c a t a ly t ic  a c t i v i t y  fo r  o x id a t io n  o f  CO and 

th e re fo re  suppression o f  CO  ̂ d is s o c ia t io n  weighs much in  t h e i r  favo ur.  

The f a c t  th a t  they do not consume oxygen by o x id a tio n  f u l f i l l e d  

another requirement and t h e i r  oxygen e m is s iv i ty ,  which is  discussed 

by Nakamura e t  al ( 3 1 ) ,  g ives them an added advantage. The low 

s p u tte r in g  ra te  which leh isha e t  al found, together w ith  the  

c a t a l y t i c  a c t i v i t y  fo r  CO o x id a tio n  ensured a long operating  l i f e  

f o r  the la s e r .

Lag ySrg gCoOg was found to be the best o f  the ser ies  due to  

the c a t a l y t i c  a c t i v i t y  fo r  the CO o x id a t io n  being highest a t  th is  

value o f  X .  The c o n d u c t iv ity  i t  was s ta te d ,  increased w ith  x u n t i l  

X = 0 .3  and then s a tu ra te d .  The oxygen e m is s iv i ty  to o , seemed to  

be s u i ta b le  a t  th is  x va lu e . They avoided high x values because, 

they s a id ,  enhanced adsorption and desorption occurred. This  

disagreed w ith  work on adsorption and desorption o f  oxygen done by 

Nakamura e t  al ( 3 0 ) ,  who found th a t  desorption increased w ith  

in creas ing  x but r e -o x id a t io n  decreased. lehisha e t  al found th a t  

s in te r in g  the Lag ySr^ gCoOg a t  1150°C optimized the p ero vsk ite  phase 

and the c a t a ly t i c  a c t i v i t y .
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1 4N i- l6C r-F e  a l lo y  which is  not c a t a l y t i c a l l y  a c t iv e  fo r  

prevention o f  COg d is s o c ia t io n ,  showed a lower output power than 

ySr^ gCoOg. The power enhancement appeared to be due to the

presence o f  Og. This forced equation 16 to the l e f t .  I t  was

shown th a t  La^ gSrg ^CoOg which is  not such a good e m it te r  o f  Og 

as La Q ySrg gCoOg, functioned well when 2 mm Hg o f  0^ was 

present in the la s e r  gas.

hg and HgO were known to suppress COg d is s o c ia t io n  but adding 

these did not increase the e f f ic ie n c y  o f  the p e ro v s k ite - ty p e  cathode 

as i t  in i t s e l f  was s u f f i c i e n t  to suppress the d isso ca t io n . The 

d is s o c ia t io n  was found to be as low as 1.3%.

The la s e r  cathode d isp lays  y e t  another use f o r  th is  v e r s a t i l e  

p e ro v s k ite - ty p e  compound.

1 .4  CATALYTIC REACTIONS OF CARBON MONOXIDE, SULPHUR DIOXIDE AND 

NITROGEN OXIDES WHICH DO NOT INVOLVE PEROVSKITE-TYPE COMPOUNDS 

Several p o te n t ia l  c a ta ly s ts  fo r  removal from exhaust gases and 

f lu e  gases o f  CO by o x id a t io n  and SOg and NO  ̂ by reduction  have been 

in v e s t ig a te d .  The compounds researched have tended to be metals on 

oxide supports or metal oxides. Much o f  the work pre -dates  th a t  done 

on p e ro v s k ite - ty p e  compounds.

Copper on alumina supports (Cu/AlgOg) appears to have been well  

in v e s t ig a te d .  A number o f  workers have published re s u lts  which 

r e f l e c t  i t s  e f f ic ie n c y  as a c a ta ly s t  under various cond it ions o f ,  fo r  

example, temperature or SOgiCO r a t i o .

Dautzenberg e t  al (63) found th a t  on passing SOg and oxygen (Og) 

over Cu then copper sulphate (CuSO^) was formed. The Cu c a t a ly s t  

was regenerated using hydrogen (Hg) or CO and an SOg r ic h  gas was
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produced. This was reduced to sulphur by HgS which was added to the 

process or produced from a reduction step. Up to 90% SOg removal was 

a t ta in e d .

Querido and Short (64) found th a t  by passing SOg and CO over 

Cu/AlgOg, production o f COS increased by increasing e i th e r  the CO 

r a t io  or the tem perature. At high CO r a t io s  80 -  100% SOg was 

converted to COS. This evidence fo r  excess CO causing COS production  

agrees w ith  re s u lts  quoted by H ib bert  and Tseung (12) fo r  a 

Lag gSrg gCoOg c a ta ly s t .

Okay and Short (65) looked a t  the reac t io n  between SOg and CO 

in  the presence o f  w ater. They found th a t  water had an adverse 

e f f e c t  on the c a t a ly t i c  re a c t io n .  They found th a t  the water gas 

s h i f t  re a c t io n  shown as equation 4 page 38 did not occur between 

426°C and 493°C. Water did not appear to a f f e c t  COS production.

Mohadi ( 6 6 ) a lso looked a t  the re a c t io n  in the presence o f  water  

over Cu/AlgOg and Cu on s i l i c a  (Cu/S iOg). When the experiment was 

c a rr ie d  out below the dew po in t o f  sulphur vapour, then COS production  

was v i r t u a l l y  zero and HgS diminished d ra m a t ic a l ly .  Working a t  th is  

temperature range may a l lo w  any elemental sulphur produced to be 

re ta in e d  in the c a ta ly s t .  Mohadi d id not exp la in  why the side  

reac tio n s  were not favoured.

Quinlan e t  a l (67) a lso  in v e s t ig a te d  the Cu/AlgOg system.

They attempted to re c re a te  the SOg content in a f lu e  gas. For a 

90% conversion o f SOg they found no con d it ion  where more than 

75-80% o f  the en ter in g  SOg could be removed as elemental sulphur.

As the SOg conversion approached 100% the amount o f  COS production



59

increased to 40 -  100%, dependent on the temperature, CO r a t io  and 

contact tim e.

H ib bert  and Tseung ( 6 8 ) found th a t  sulphur was taken up in to  

the Cu/AlgOg c a ta ly s t  during the re a c t io n  o f  SOg w ith  CO a t  

557-582°C. CuS was formed in the presence o f  w ater. In agreement

w ith  H ib bert  and Tseung (12) and Querido and Short (64) i t  was found

th a t  an excess o f  CO led to COS production , i t  also led to the 

form ation o f  HgS. H ib bert  and Tseung found th a t  Og poisoned the 

c a ta ly s t  y e t  Dautzenberg e t  al (63) a c tu a l ly  used Og in t h e i r  process.

Quinlan e t  al (69) looked a t  the reduction o f  both NO and SOg 

by CO over Cu/AlgO^. The c a t a ly s t  was found to be less a c t iv e  fo r  

the combined reduction  than the separate reductions . Sulphur 

produced was removed by e le c t r o s t a t ic  p r e c ip i ta t io n  and by an ice  

t r a p .  Complete conversion o f  NO to Ng occurred above 260°C.

I t  was suggested th a t  NO ox id ized  the Cu to a less a c t iv e  s t a t e ,  as the 

decrease in SOg reduction  was g re a te r  than th a t  expected fo r  

s tra ig h t fo rw a rd  com petition between SOg and NO fo r  CO. For 

reduction  o f  both o f  the ox ides , h igher tem peratures, higher contact

times and g re a te r  CO ra t io s  were necessary.

Goetz e t  al (70) compared the a c t i v i t i e s  o f  Cu/AlgOg and an 

i ro n /c h ro m ia (F e /C rg O j)c a ta ly s t .  There appeared to be more COS 

produced over the Fe/CrgOg c a ta ly s t .

Fe/CrgOg in v e s t ig a t io n s  in to  the removal o f  SOg and CO have 

tended to invo lve  a two stage process.

K h a la fa l la  and Haas (71) looked a t  a two stage system where 

the f i r s t  stage was a t  430°C and HgS was produced. This was removed
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in the second stage a t  temperatures below 250°C v ia  the Claus 

re a c t io n ,  shown in equation 17

2HgS + SOg  ------^ 2HgO + 3/x Ŝ  17

I t  was suggested th a t  sulphur produced in the f i r s t  reactor be 

condensed out o f  the system before the gases passed through the so

c a l le d  Claus re a c to r  to prevent i t  being plugged by elemental sulphur.

(The b o i l in g  po in t  o f  sulphur is  446°C so i t  is  in f a c t  l i k e l y  th a t  

i t  would be condensed in the f i r s t  r e a c t o r ) .

Sood and K i t t r e l  (72) experimented with a dual bed system.

CO and SOg f i r s t  passed through an Fe/CrgO^ c a ta ly s t  and COS was 

produced, as found by Goetz e t  al ( 7 0 ) .  The COS was then passed 

over a c t iv a te d  AlgO^ to y ie ld  sulphur. At 370°C g re a te r  than 90% 

reduction  o f  both SOg and NO to sulphur and Ng re s p e c t iv e ly ,  occurred.

George and Tower (73) dismissed another possib le  candidate fo r  

the c a t a ly s is ,  th a t  i s ,  c o b a lt  molybdate, as u n su itab le .  They suggest 

th a t  a more s e le c t iv e  c a ta ly s t  be used, to minimize COS production.

Bazes e t  al (35) found su b stan tia l  COS production a t  high 

temperatures and excess CO fo r  both cerium o x id e -c o b a lt  oxide  

(CeOg - COgO^) and copper c o b a lta le  (CuCOgO^). The y ie ld  was 

lessened by decreasing the CO to SOg r a t io .

COS production appears to be a major setback f o r  most o f  the

c a ta ly s ts  discussed. I t  seems to be less o f  a problem fo r  the

p e ro v s k ite - ty p e  c a ta ly s ts ,  although COS is  produced i f  excessive  

amounts o f CO are present.
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CHAPTER 2 

EXPERIMENTAL PROCEDURE
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The La-|_^Sr^CoOg compounds in v e s t ig a te d  were a l l  prepared in  

the la b o ra to ry  by f reeze  d ry ing . They were then ch arac te r ized  by 

surface area a n a ly s is ,  XRD, ESCA and t h e i r  co n d u c t iv i ty  was 

measured. The dens ity  o f  La^ ^Srg gCoOg was measured. The e . s . r .  

spectrum was run to see i f  Co^^ could be id e n t i f i e d  by th is  method.

Before the re a c t io n  between SOg and CO over the c a ta ly s ts  was 

s tu d ie d ,  the gases were in d iv id u a l ly  adsorbed on the c a ta ly s t  

surface . This was fo llowed by TPD from which the heats o f  

desorption o f  the various adsorbed species could be determined.

This d a ta ,  i t  was expected, would be h e lp fu l when attem pting to

deduce the mechanism o f the c a t a ly t i c  reduction o f  SOg and o x id a t io n  

o f CO. From reactions  between CO and c a ta ly s ts  pre-exposed to SOg

or SOg and CO i t  was expected th a t  the mechanism o f  COS production

could be understood.

F i n a l l y ,  the flow  r ig  experiments were c a r r ie d  ou t.  Several 

mixtures o f  SOg and CO were passed over the c a ta ly s ts  a t  d i f f e r e n t  

temperatures and contact t im es. The c a t a ly t ic  e f f ic ie n c y  was thereby  

in v e s t ig a te d  under various co n d it io n s .

The used c a ta ly s ts  were then re-examined.

2.1 PREPARATION OF La^_^Sr^Co03

The p e ro v s k ite - ty p e  c a ta ly s ts  were prepared by the fre e ze  drying  

method used by Tseung and Bevan (7 4 ) .

A s o lu t io n  o f  La(N0 3 ) 3 . 6 HgO (lanthanum n i t r a t e ) ,  Sr(NOg)g 

(s tro n tiu m  n i t r a t e )  and Co(N0 3 ) g . 6 Hg0 ( c o b a l t ( I I ) n i t r a t e )  was made
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up in d i s t i l l e d  w a te r ,  which f u l f i l l e d  the so lvent requirements s ta ted  

by H ib bert  and Tseung ( 7 ^ .  The s o lu t io n  was made to 0 .25  mol dm  ̂

in  Co and to the ra t io s  o f  La, Sr and Co required  which depended on 

the s p e c i f ic  being prepared. The n i t r a t e s  used were

BDH LafNOjjg.BHgO, BOH SrfNOgjg and BOH CofNO^ig.BHgO.

The deep red s o lu t io n  was sprayed in to  l iq u id  n itrogen  using 

an atomiser spray. The in s ta n t  f re e z in g  thus achieved, ensured th a t  

f r a c t io n a l  c r y s t a l l i z a t i o n  did not occur and th e re fo re  the in t im a te  

m ixture o f  the n i t r a t e s  present in  the l iq u id  was maintained in  the  

s o l id  phase.

The s o l id  s o lu t io n  was then f re e z e -d r ie d  under vacuum. At low 

pressures the water from the s o l id  s o lu t io n  sublimed le a v in g ,a s  b e fo re ,  

the atomic m ixture o f  the n i t r a t e s .  K e lly  e t  al (76) c a lc u la te d  th a t  

the heat app lied  to  the surface o f  the s o l id  s o lu t io n  was below th a t  

req u ired  f o r  maximum ra te  o f  sub lim ation . In compliance w ith  the  

suggestion made by K e lly  e t  al an IR lamp was shone on the s o l id  

s o lu t io n  to  speed up the ra te  o f  sub lim atio n . H ib bert  and Tseung (7 5 ) ,  

however, re p o rt  th a t  the IR lamp cannot be used to  i t s  f u l l  advantage 

when subliming aqueous so lu tions  co n ta in in g ,  f o r  example, co b a lt  

n i t r a t e ,  due to  the high r is k  o f  m e lt in g .  During the sub lim ation  the  

pale pink s o l id  s o lu t io n  changed to a purple powder.

The next step o f  the process was the decomposition o f  the m ixture  

o f n i t r a te s  to form the oxides. The n i t r a te s  were re ta in e d  under 

vacuum in  the f re e z e -d ry in g  apparatus and heated to 300°C, w ith  a 

heating m antle . As the decomposition proceeded the powder became 

black and the pressure w ith in  the system increased, due to the



64

ev o lu t io n  o f  the gaseous decomposition products. A b lue /green  ring  

formed on the in s ide  o f the l iq u id  n itrogen t ra p  which was used to  

c o l le c t  water during the sub lim ation . This may have been due to the 

presence o f  NO or Og. When the pressure f e l l  again the decomposition 

was shown to be complete. The black powder was allowed to cool and 

was then allowed up to  atmospheric pressure. At atmospheric 

pressure the b lue /green  r ing  disappeared and a brown gas was evolved. 

This suggests th a t  the ring  was in d ic a t iv e  o f  NO, which reacted w ith  

oxygen a t  atmospheric pressure to produce NOg (n itro g en  d io x id e ) ,  

which is  brown.

The s o l id  decomposition product was then t ra n s fe r re d  to a 

m u ff le  furnace and heated to 550°C in  a i r  fo r  16 h to g ive  the  

p e ro v s k ite - ty p e  s t ru c tu re .

2 .1 .1  Decomposition o f  Co(N0 3 ) g . 6 Hg0 , to id e n t i f y  the decomposition

products

In order to id e n t i f y  the decomposition products o f  one o f  

the n i t r a t e s  used f o r  the prepara tion  o f  La  ̂ ^Sr^CoOg, the decomposition 

o f Co(NÜ3 ) g . 6 H20 under vacuum was recorded g r a v im e t r ic a l ly  and mass 

s p e c tro m e tr ic a l ly .

Two samples were in v e s t ig a te d .  The f i r s t  sample o f  the orange/ 

brown Co(NÜ3 ) g . 6 H2Ü was weighed and then placed on the microbalance  

in  the  vacuum l in e .  The vacuum l in e  is  described in  section  2 . 3 . 1 . 1 .  

During evacuation the colour o f  the sample changed. I t  f i r s t  acquired  

a w h it is h  t in g e  and then changed to the pink colour observed during  

f re e z e -d ry in g  o f  the n i t r a t e  m ixture used to make the La^.^Sr^CoOg.
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When the evacuation o f  the system had been achieved the mass was 

allowed to  e q u i l ib r i a t e  and was noted. On a llow ing  the system up 

to atmospheric pressure no weight change was observed.

The system was re-evacuated and the needle value between the  

vacuum l in e  and the a lread y  evacuated MS was opened. The MS was

set in  the scanning mode in  the range 17 to 48 a .m .u . Each scan

took approxim ately  30s and covered the range o f  the a n t ic ip a te d  

possib le  gaseous products, th a t  i s ,  18 a.m .u. (HgO), 30 a .m .u . (NO),

32 a .m .u .(Og)and 46 a .m .u . (NO^). I t  was a lso  expected th a t  N2 

(28 a .m .u . )  and COg (44 a .m .u .)  might be detec ted . The sample was

heated w ith  a c y l in d r ic a l  furnace and the temperature was read from

a chromel-alumel thermocouple. The sample was heated to 186°C.

When constant mass was a t ta in e d  th is  was noted.

The procedure fo r  the second sample was s im i la r ,  a p a r t  from 

the omission o f  the step where the sample was allowed up to atmospheric  

pressure and then re-evacuated . The i n i t i a l ,  evacuated and f i n a l  

sample masses were noted.

2.2 CHARACTERIZATION OF La^^Sr^CoOg

The methods used to in v e s t ig a te  the fresh  and used c a ta ly s ts  

w i l l  be described then t h e i r  a p p l ic a t io n  to th is  work w i l l  be r e la t e d .

2 .2 .1  In tro d u c t io n  to the c a ta ly s t  c h a ra c te r iz a t io n  methods

2 .2 .1 .1  Surface area an a lys is

The s p e c i f ic  surface areas o f  the c a ta ly s ts  were measured 

so th a t  i t  could be ascerta ined  whether or not re s u lts  o f  experiments  

were surface area c o n tro l le d  or d ic ta te d  by, fo r  example, the value o f  

X in La^.^Sr^CoOg.



66

The surface area o f a given sample o f powder, o f  known mass 

is  measured by determining how much adsorbed Ng is required to form 

a monolayer on i t s  surface . Adsorption o f  Ng is  strong a t  l iq u id  

Ng temperatures so,such conditions are s u i ta b le .

Ng is  the most f re q u e n t ly  used adsorbate fo r  surface area  

an a lys is  (7 7 ) .  The surface coverage per Ng molecule is  known and 

i t  is  r e a d i ly  a v a i la b le  as a dry gas. High p u r i ty  l iq u id  Ng is  a lso  

r e a d i ly  obta ined .

The surface areas o f  each o f  the c a ta ly s ts  was measured 

a u to m a t ic a l ly  and th a t  o f  Lag gSrg 5C0 O3 was also measured using a 

vacuum l in e  and m icrobalance. This was to  show th a t  both methods 

gave a r e s u l t  o f  the same magnitude.

Both methods employ a form o f  the B .E .T . equation , which 

d erives  i t s  name from three  e a r ly  workers in  the f i e l d  o f  surface area  

a n a ly s is ,  they a r e ,  Brunauer, Emmett and T e l l e r .

2 . 2 .1 .1 .1  In tro d u c t io n  to  ana lys is  o f  surface area using the  

s in g le  po in t  automatic technique

The automatic surface area ana lyser consists e s s e n t ia l ly  

o f th ree  sample ho lders; three  two-stage va lves ; two pressure 

sensors, one o f  which is  set s l ig h t l y  above atmospheric pressure and 

one a t  the pressure o f  monolayer form ation; a v a r ia b le  volume c e l l ;  

th ree  sorp tion  pumps connected to the v a r ia b le  volume by a solenoid  

valve  and the associated piping and connectors (7 7 ) .
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The powder samples are  outgassed by heating and simultaneous 

purging w ith  n itrogen  gas to d r iv e  o f f  gases released by h eating .

When outgassing is  complete the sample is  cooled using an ic e  bath 

i n i t i a l l y  and then l iq u id  N2 . The analyser a u to m a t ic a l ly  measures 

the surface area from the change in  pressure due to  adsorption o f  

N2 . The sample tube contain ing the sample is  then removed, stoppered 

and weighed. The s p e c i f ic  surface  area may be c a lc u la te d  by d iv id in g  

the surface  area by the mass.

The form o f  the B .E .T . equation used by the Surface Area Analyser  

is  given in equation 18

P/P'S', 1 C-1 f -  18

Ps\

V is  the volume ( s . t . p . )  o f  gas adsorbed a t  pressure P, Ps is  the  

s a tu ra t io n  pressure ( th e  vapour pressure o f  l iq u e f ie d  gas a t  the  

adsorbing tem p era tu re ) ,  Vm is  the volume o f gas requ ired  to form an 

adsorbed monolayer and C is  a constant re la te d  to the energy o f  

ad so rp tion . The area covered by an adsorbed Ng molecule is  assumed 

to be 16.2 , from an eva lu a tio n  by Brunauer et a l ( 7 8 ) .

2 . 2 . 1 . 1 . 2  In tro d u c t io n  to  surface area an a lys is  using a vacuum l in e  

and microbalance

For th is  method o f  measuring surface area the vacuum l in e  

shown in P la te  2.1 in  section  2 .3 .1 .1  was used.

U n lik e  the automatic surface area an a ly s e r ,  where the c a lc u la t io n  

is  based on one pressure read in g , th is  method req u ires  several p o in ts .
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The surface area is ca lcu la ted  from the change o f mass due to  

absorption  o f Ng, w ith  pressure o f Ng.

The surface area is ca lcu la ted  using the form o f the B.E.T  

equation shown in  equation 19.

 E  =  J _  +  _ E _  19
Ma (Po-p) MmC VmC Po

Mm = mass o f  gas able  to cover the whole surface o f  adsorbent w ith  

a unimolecular la y e r  o f  gas (monolayer cap ac ity )  ( s . t . p . ) .

Ma" = mass o f  gas adsorbed ( s . t . p . ) .

Po = sa tura ted  pressure o f  adsorbate a t  the adsorbing tem perature, 

p = the e q u i l ib r iu m  pressure.

C = a constant = exp El -  Eg

RT

E-j -  Eg is  the d i f fe re n c e  between the heat o f  adsorption o f  the f i r s t  

la y e r  and th a t  o f  the second and subsequent la y e rs .

P/Ma (Po -  p) is  p lo t te d  against p/Po.

From the slope and in te rc e p t  the monolayer cap ac ity  was ob ta ined ,  

as shown in  equation 2 0 .

Mm =-------  ]------------------------- 20
C - 1  1

MmC MmC

From th is  the s p e c if ic  surface area ( s . s . a . )  was c a lc u la te d  using  

equation 2 1 .

aNMm -
s . s . a .  = ----------
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a -  cross sectiona l area o f an adsorbed molecule.

N = Avogadro number.

W = mass o f powder ( c a ta ly s t )  in  sample pan.

M = molecular weight o f  adsorbate gas.

2 .2 . 1 . 2  Density measurements

The dens ity  was measured in  order to work out the number o f  

u n i t  c e l ls  present in a given mass o f  c a ta ly s t .  The volume per u n i t  

c e l l  was obtained from unpublished X-ray measurements by H ib b e rt .

The dens ity  measurements are made by measuring the volume o f a 

b o t t le  f i l l e d  w ith  w ater ,  then weighing the b o t t le  plus c a ta ly s t  and 

b o t t le  plus c a ta ly s t  and w ater. From the mass (m) and volume (v )  

o f  c a t a ly s t ,  the dens ity  (p) is  c a lcu la ted  using equation 2 2 .

P = 7  22

2 . 2 . 1 . 3  X-ray d i f f r a c t io n

X.R.D. ana lys is  o f  the La  ̂ ^Sr^CoOg was done p r io r  to and 

a f t e r  the vacuum l in e  and flow l in e  in v e s t ig a t io n s .  The purpose o f  

the an a lys is  was f i r s t  o f  a l l  to confirm th a t  the s ta r t in g  m ate r ia l  

was indeed the p e ro vsk ite - typ e  s tru c tu re  which had been prepared  

s im i la r l y  by Tseung and Bevan (74) and H ibbert and Tseung (7 5 ) .  

A nalysis  o f  the compounds a f t e r  experim entation helped to  id e n t i f y  

what changes to the bulk s t ru c tu re ,  i f  any, had occurred.
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X-rays are produced by bombarding a metal w ith  high energy 

e le c t ro n s .  A broad continuum o f d i f f e r in g  wavelengths is  produced 

by the i n i t i a l  impact o f  the e lec trons  w ith  the c ry s ta l  and 

superimposed on th is  are some sharp peaks a r is in g  from in te ra c t io n s  

w ith  the e lec tron s  o f the m eta l,  these are c h a r a c te r is t ic  o f  the  

m e ta l .

X-rays have wavelengths s im i la r  to in te ra to m ic  distances in  

c ry s ta ls  and they can be d i f f r a c t e d  i f  passed through c ry s ta ls .

Von Laue passed a beam o f X-rays o f  a broad range o f  wavelengths  

in to  a s in g le  c ry s ta l  and recorded the d i f f r a c t i o n  p a tte rn  on a 

photographic p la te .  In th is  way the Bragg equation , shown in  

equation 23 was s a t is f ie d  by using d i f f e r in g  wavelengths.

nx = 2d s in  0  23

n is  an in te g e r  and denotes the order o f  d i f f r a c t i o n .

X is  the wavelength o f  X r a d ia t io n ,

d is  the spacing between the l a t t i c e  planes.

0  is  the angle between the in c id e n t  rays and l a t t i c e  planes.

The method used in  th is  work involved powder samples. These 

are in h e re n t ly  randomly o r ie n ta te d .  A monochromatic X-ray source 

is  used and the sample is  ro ta te d ,th e re b y  changing 0 . Every plane  

gives use to  a d i f f r a c t io n  peak o f  c h a r a c te r is t ic  d va lu e , which can 

be c a lc u la te d  from 20 fo r  a given X and has a c h a r a c te r is t ic  in t e n s i t y  

f o r  a given c r y s t a l .  The u n i t  c e l l ,  th a t  i s ,  the sm alles t repeating  

u n i t  which shows the f u l l  symmetry o f the c ry s ta l  s t ru c tu re ,  fo r  a
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p e ro v s k ite - ty p e  c ry s ta l  is  cubic. The p a r t ic u la r  plane which 

corresponds to a given peak on an in te n s i ty  versus d spacing, fo r  

a cubic s t ru c tu re ,  can be id e n t i f i e d  using equation 24.

a is  the length o f  a u n i t  c e l l ,  h, k and 1 are the M i l l e r  ind ices  

which are the rec ip ro ca ls  o f the f r a c t io n a l  in te rs e c t io n s  o f  a 

given plane in  the three dimensions a , b and c o f  the u n i t  c e l l .

For a cubic s tru c tu re  a = b = c.

Tables o f  d values and r e la t i v e  in te n s i t ie s  f o r  the most 

s ig n i f i c a n t  planes o f  c r y s ta ls ,  which have been ch arac ter ized  are  

a v a i la b le .  From these, unknown species may be id e n t i f i e d .

2 . 2 . 1 . 4  E lectron  spectroscopy fo r  chemical analys is

E .S .C .A . or X-ray  photoelectron spectroscopy (XPS) as 

i t  is  a lso  c a l le d  was c a rr ie d  out before and a f t e r  the f low  r ig  

experim ents .

This technique is an e x c e l le n t  tool fo r  id e n t i fy in g  surface  

elements and th e iro x id a t io n  s ta te s .  In the f i e l d  o f  surface  

chemistry and th e re fo re  in the present work, invo lv in g  heterogeneous 

c a t a ly s is ,  i t  is  p a r t ic u la r ly  u s e fu l .  Chemical changes in vo lv in g  

only the surface and not the b u lk ,  which might not be detected by 

X .R .D . , may be id e n t i f i e d  using E.S .C .A .

Photoelectron spectroscopy involves the measurement o f  the 

energy requ ired  to remove an e lec tro n  from an o r b i ta l  in  a given atom.
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t h a t  i s ,  the binding energy or io n iz a t io n  p o te n t ia l  o f  th a t  e le c tro n  

I f  u l t r a v i o l e t  r a d ia t io n  is used then a valence e le c tro n  is  removed; 

i f ,  as in  th is  work. X-rays are used then a core e le c t ro n  is  

e je c te d .  The binding energy ( b . e . )  is  c h a r a c te r is t ic  o f  the atom 

and is  c a lc u la te d  using equation 25.

b .e .  = hv -  k .e .  -  0 25

hv is  the in c id e n t  photoelectron  energy.

k .e .  is  the k in e t ic  energy o f  the e jec ted  e le c t ro n .

0 is  a c o rre c t io n  fa c to r  r e la te d  to the work fu n c t io n .

The b inding energy is  not on ly  c h a r a c t e r is t ic  o f  the element from 

which i t  is  e je c te d ,  but o f  the environment in  which the atom e x is t s .  

Small but s ig n i f i c a n t  s h i f t s  in  the energy, th e r e fo r e ,  enable the  

o x id a t io n  s ta te  to be i d e n t i f i e d .  The re s o lu t io n  is  about leV .

The technique is  confined to surface an a ly s is  due to  the p o te n t ia l  

escape depth o f  e lec tro n s  through the b u lk .  The escape depth depends 

on the nature  o f  the m a te r ia l  in  question and is  u s u a lly  o f  the order  

1 0 ”\ .

I t  is  e s s e n t ia l  th a t  the ra d ia t io n  source is  monochromatic, so 

t h a t  d e f i n i t i o n  o f  the in c id e n t  ra d ia t io n  is  s u f f i c i e n t  f o r  r e l i a b l e  

c a lc u la t io n  o f  the binding energy. The k in e t ic  energies o f  the  

e le c tro n s  e je c te d  are measured by passing them between the poles o f  

an e lec tro m ag n etic  or e le c t r o s t a t i c  a n a ly s e r ,  the masses being equal
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means t h a t  the e x te n t  o f  d e f le c t io n  depends on t h e i r  v e lo c i t y .

The e le c t ro n  f lu x  is  measured fo r  each f i e l d  s tre n g th .  The 

technique is  th e re fo re  quantitative as w ell as q u a l i t a t i v e .

A re s e rv a t io n  held about the use o f  E .S .C .A . is  th a t  a t  the  

high vacuums a t  which measurements are made,desorption from the  

su rface  may occur. I t  is  e s s e n t ia l ,  however, to have a good vacuum, 

to ensure th a t  the surface is  clean and to minimize s c a t te r in g  o f  the  

em itted  p h o to e le c tro n s .

I t  must be borne in  mind th a t  the e le c tro n  e jec ted  is  from a 

m o le c u la r ,a s  opposed to atomic o r b i t a l  and th a t  the energy is  an 

app ro x im atio n , th is  is  c a l le d  Koopmans' Theorem. A lso , id e a l l y  

s in g le  e le c tro n s  should not be considered, but instead the o v e ra l l  

s ta te s  o f  the given molecule or ion should be considered. In  s p i te  

o f  these l im i t a t io n s ,  the technique is  very s e n s i t iv e .

2 . 2 . 1 . 5  C o n d u c t iv ity  measurements

The La-j_^Sr^Co03  group o f  compounds have been reported  

to  be semiconductors (13 ) and i t  is  understood th a t  t h e i r  

c o n d u c t iv i ty  in f lu en ces  t h e i r  p ro p ert ies  as c a ta ly s ts  ( 1 2 ) ,  

e le c t r o c a ta ly s ts  (13 ) and e lectrodes  ( 1 4 ,6 2 ) .  I t  was th e re fo re  

in t e r e s t in g  to measure the c o n d u c t iv i t ie s  o f  the compounds and to  

see how they re la te d  to chemical trends across the s e r ie s .

The c o n d u c t iv i t ie s  o f  the powder samples were obtained by 

measuring t h e i r  res is tan ces  when compressed and c a lc u la t in g  the  

c o n d u c t iv i ty  (K) by using equation 26.
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K = -I 26
pa

1 is  the length  o f  c a ta ly s t  present,

a is  the cross sec tio na l area o f  c a ta ly s t ,

p is  the re s is ta n c e .

2 . 2 . 1 . 6  E lec tro n  spin resonance

La-|_^Sr^Co0 3 , where 0 < x < l , contains Co^^ ( 1 9 ) ,  which is  

uncommon. Jonker and van Santen (18 ) have c a lc u la te d  the amount 

o f  Co^V present in  a se r ies  o f  La^^Sr^CoOg compounds by measuring 

t h e i r  oxygen contents . In c e r ta in  environments, depending on the  

p o s i t io n  o f  the unpaired e le c tro n  the Co^^ ought to  be capable o f  

producing an e . s . r .  s ig n a l .  I t  was th e re fo re  decided to a ttem pt  

the f i r s t  c h a ra c te r iz a t io n  o f  Co^^ in  La^.^Sr^CoOg.

The presence o f  an unpaired e le c tro n  in  a molecule or ion allows  

energy le v e ls  to be produced from the in t e r a c t io n  o f  the magnetic 

moment o f  the e le c tro n  w ith  an app lied  magnetic f i e l d .  I f  a given  

sample is  bathed in  ra d ia t io n  o f  frequency v ,  the unpaired e le c t ro n  

spins o f  the sample have energy le v e ls ,  th a t  come in to  resonance w ith  

the r a d ia t io n ,  when the magnetic f i e l d  has been adjusted  so th a t  

equation  27 holds.

hv = 2 pgB 27

h is  P lanck 's  constan t,  

yg is  the Bohr magneton.

B is  the app lied  magnetic f i e l d .
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When t h is  co n d it io n  is  s a t is f ie d  the energy le v e ls  are in  resonance 

w ith  the surrounding ra d ia t io n  and the spins may absorb i t s  energy 

s t ro n g ly .  Hence, e . s . r .  is  the study o f the p ro p ert ies  o f  

molecules con ta in ing  unpaired e lec tro ns  by observing the magnetic 

f i e l d s  a t  which they resonate w ith  an app lied  ra d ia t io n  f i e l d  o f  

d e f i n i t e  frequency.

I t  is  found th a t  when a magnetic f i e l d  o f  30006 is  used, the  

spacing between le v e ls  w ith  d i f f e r e n t  spin o r ie n ta t io n  r e l a t i v e  to  

t h is  f i e l d  is  such th a t  t r a n s i t io n s  are  caused by ra d ia t io n  o f  

wavelength about 30 mm, which corresponds to  microwave r a d ia t io n .

A k lystron  generator produces microwaves which are  then passed 

through the sample to a d e te c to r .  The absorption o f  r a d ia t io n  by 

the  sample is  monitored as the f i e l d  is  swept. The f i r s t  

d e r iv a t iv e  o f  the s ignal is  p lo t te d  and th is  is  analysed to measure 

the g v a lu e s ,  which are c h a r a c t e r is t ic  o f  the sample. The va lue  

o f  g depends on the e le c t r o n ic  s tru c tu re  o f  the species because the  

a p p lie d  f i e l d  has to  be able  to move the e le c tro n  through the  

m olecu le , and so a knowledge o f  i t s  value gives some s t ru c tu r a l  

in fo rm a tio n  (7 9 ) .

The value o f  g is  c lose to  2 and equation 27 may be m odif ied  to  

g ive  equation  28.

hv = gugB 28

H yperf in e  s p l i t t i n g  o f  the spectrum is  caused by the in te r a c t io n  

o f  e le c t ro n  magnetic moments w ith  nuclear magnetic moments. L ike
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e le c t r o n s ,  protons have a spin o f I  and t h e i r  magnetic moment can 

add to  the app lied  f i e l d  or su b trac t from i t .  I f  'a '  is  the  

h y p e rf in e  coupling constant, then fo r  one proton instead o f  a 

s in g le  l i n e  the spectrum w i l l  show two l in e s  separated by a 

magnetic f i e l d  o f  magnitude ' a ' ,  eq u a lly  disposed about the  

o r ig in a l  cen tre  o f  the spectrum, each having h a l f  the to t a l  

i n t e n s i t y .  Hence, when an e le c tro n  is  located near a p a r t ic u la r  

nucleus o r  severa l n u c le i ,  the s p l i t t i n g  is  unique to th a t  species .

Since the magnitude o f  the s p l i t t i n g  depends on the d is t r ib u t io n  o f  

the unpaired e le c tro n  in to  the v i c i n i t i e s  o f  the magnetic nucle i  

p re s e n t ,  the  measured s p l i t t in g s  can be used to map the m olecular  

o r b i t a l  i t  occupies.

E . s . r .  is  an extrem ely s e n s it iv e  technique and can d e te c t  as 

few as 10" sp ins. I t  has important a p p l ic a t io n s  in  the d e te c t io n  o f  

in te rm e d ia te  re a c t io n  r a d ic a ls .

2 .2 .2  Procedure o f  La^ ^Sr^CoOg c h a ra c te r iz a t io n

Some o f  the c h a ra c te r iz a t io n  methods which have been in troduced  

in  s e c t io n  2 .2 .1  were used before and a f t e r  exp er im en ta t io n . F ig .  2.1  

shows in  the form o f  a f low  diagram what the procedure fo llow ed  was.

2 .2 .2 .1  B .E .T .  surface area analyses

2 . 2 . 2 . 1 . 1  A nalys is  o f  surface area using the s in g le  p o in t  automatic

technique

A M ic ro m erit ics  Surface Area Analyser was used f o r  the s in g le  

p o in t  autom atic  analyses. The surface areas o f  samples o f  each o f  the  

p e ro v s k i te - ty p e  compounds used were measured. Each sample was

outgassed in  a stream o f  N£ as described in  section  2 . 2 . 1 . 1 . 1 , a t
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200^C f o r  about 1 h. The adsorption o f N2 was then c a r r ie d  out a t  

l i q u id  Ng temperatures and the t o t a l  surface area was measured.

A f t e r  weighing the samples the s p e c i f ic  surface areas were c a lc u la te d .

2 . 2 . 2 . 1 . 2  Analysis  o f  the surface area o f  La-j ^Sr^CoOg using a vacuum 

l i n e  and microbalance

A sample o f  0 .0973 g o f  La^ ^Srg gCoO  ̂ was weighed out and 

suspended from the Cl Mark I I  microbalance in the vacuum l in e  and 

enclosed in  a s i l i c a  tube. The counterweight was adjusted and the  

balance reading was noted. The l in e  was then evacuated. The 

sample was outgassed by heating to  200°C under vacuum u n t i l  a constant  

mass was a t ta in e d .  The outgassing time was 4h. Meanwhile Ng was 

allow ed in to  the gas storage side o f  the vacuum l i n e .

The outgassed sample was allowed to coo l. The c y l in d r ic a l  

furnace was then removed from around the s i l i c a  tube and replaced  

by a Dewar f i l l e d  w ith  l iq u id  N^. A f te r  1 h 7 mm Hg o f  Ng was 

allowed in to  the microbalance side o f  the vacuum l i n e .  The pressure  

was noted and the mass was allowed to e q u i l ib r a t e .  This was 

repeated u n t i l  i t  appeared th a t  no fu r t h e r  change in  mass would occur. 

The sample was then allowed up to  atmospheric pressure and q u ic k ly  

reweighed.

p/Ma (Po-p) was p lo t te d  aga inst p/Po and the surface area was 

c a lc u la te d  as shown in  section  2 . 2 . 1 . 1 . 2 .
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2 . 2 . 2 . 2  Measurement o f  the d en s ity  o f  Lag ^Sr^ gCoO^

The d en s ity  o f  Lag ^Sr^ gCoOg was measured by the method 

described in section  2 . 2 . 1 . 2 .  The mass o f  the empty stoppered  

b o t t le  was measured. The b o t t le  was then reweighed w ith  a sample o f  

Lag ^Srg gCoOg. This was then topped up w ith  w a te r ,  stoppered and 

reweighed. The b o t t l e  was then emptied, r insed  out and the outs ide  

was d r ie d .  The b o t t le  was then f i l l e d  w ith  w a te r ,  stoppered and 

weighed. From the known mass and den s ity  o f  w a te r ,  the volume o f  

the b o t t le  was c a lc u la te d .  From the mass and d en s ity  o f  the w ater  

present w ith  the sample the volume o f water present then was 

c a lc u la te d .  The volume occupied by the known mass o f  c a t a ly s t  was 

th e re fo re  e a s i ly  worked out and from the mass and volume the d e n s ity  

was c a lc u la te d .

2 . 2 . 2 . 3  X -ray  d i f f r a c t i o n  measurements to determine the bulk  

p ro p e rt ie s  o f  La-j_^Sr^CoOg

The fresh  and used ca ta ly s ts  were examined using a P h i l ip s

PW 1010 X -ray  d i f f r a c to m e te r  and an Automated P h i l ip s  PW 1710 X -ray

d i f f r a c to m e te r .  The vo ltage  used was 40 kV and the c u rre n t  was 20 mA,
0

The X r a d ia t io n  was CuKa o f  wavelength 1 .542 A and c o l l im a t in g  s l i t s  

o f angles 1° ,  0 . 2°  and 1°  were used.

The 20 range scanned was 10 °  to  100°, in  o rder to  in c lu de  the  

p e ro v s k ite - ty p e  d spacings and to  ensure th a t  i f  any re a c t io n  w ith  SOg 

to produce sulphides or sulphates occurred the pa tte rns  belonging  

to these could be d e tec ted .
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For each sample the s c a t te r in g  in te n s i ty  was recorded as a 

fu n c t io n  o f  2o. The 2o values o f  the peaks were converted to d va lu e s ,  

using the Bragg eq uatio n , shown in equation 23. The peaks were then  

assigned by d value and r e l a t i v e  in t e n s i t y ,  using the Selected  Powder 

D i f f r a c t io n  Data fo r  M inera ls  (8 0 ) .  The d values o f  peaks which did  

not correspond to those o f La-j_^Sr^CoOg were compared to values f o r  

sulphur compounds o f  La, Sr and Co and were assigned a c c o rd in g ly .

Where evidence e x is te d  o f  compounds o ther than La-j ^Sr^CoOg, i t  was 

used to  support the suggested mechanisms of the reac tio n s  between the  

re a c ta n t  gases and between the gases and c a ta ly s ts .

2 . 2 . 2 . 4  Use o f  e le c tro n  spectroscopy fo r  chemical an a lys is  to  

determine the surface  c h a r a c te r is t ic s  o f  La^ ^Sr^CoOg

The fresh  c a ta ly s ts  and those exposed to SOg and CO in  the  

f lo w  r i g ,  plus Lag ^Srg gCoOg which had been exposed to  SO  ̂ and CO 

in the vacuum l i n e ,  were examined, using a Kratos ES300 photoe lectron  

s p ec tro m ete r . The o p era t in g  pressure was 2 x 10"^mm Hg and AlKa 

r a d ia t io n  o f  energy (hv) 1486.6 eV was used. The vo ltag e  was 14 kV 

and the c u rre n t  was 10 mA.

The k in e t ic  energy ( k . e . )  ranges scanned were chosen to  inc lu de  

the p r in c ip a l  peaks o f  a l l  o f  the elements which could be p re s e n t ,  

th a t  i s .  La, S r ,  Co, 0 and S. The binding energies ( b . e . )  were then

c a lc u la te d  using equation 25. 0 f o r  each sample was c a lc u la te d  by

id e n t i f y in g  the k .e .  o f  the Cls peak from the S e l lo ta p i® u s e d  to  

support the sample. The Cls b .e .  is  used as a s tandard.
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The binding energy values obtained were then compared to  

ta b le s  ( 81) o f  measured values f o r  each element f o r  known o x id a t io n  

s ta te s  o f  th a t  element. In th is  way i t  could be deduced whether 

or not the o x id a t io n  s ta te  o f  a given element had changed during an 

experim ent. By comparison between elements i t  was po ss ib le  to  work 

out i f  any products had been deposited on the c a t a ly s t  and to  

p o s tu la te  what they might be. C a ta lys ts  which had been exposed to  

SOg were examined f o r  the presence o f  the S2p peak. The 01s peaks 

were compared to those presented by Yamazoe e t  al (17 ) from t h e i r  

s tu d ies  on E .S .C .A . o f  adsorbed and l a t t i c e  oxygen.

2 . 2 . 2 . 5  Measurement o f  the c o n d u c it iv ie s  o f  fresh  and used

L a i - x S r / C o O s

The c o n d u c t iv i t ie s  o f  the powder samples were measured by 

compressing a small amount o f  each between two s te e l  rods, in  a 

S a l t e r  Pocket Balance, to  a 20 kg e q u iv a le n t  pressure. The re s is ta n c e  

was measured using a Fluke 8020A m u lt im e te r .  The re s is ta n c e  across 

the s te e l  rods and connecting w ires was measured f i r s t  and 

subsequently sub tracted  from the c a ta ly s t  re s is ta n c e .  The length  

o f  c a t a ly s t  plus s te e l  rods was measured by a micrometer and 1 , the  

length  o f  c a t a ly s t  was c a lc u la te d  from the d i f fe r e n c e  in  length  w ith  

no c a t a ly s t  p resen t. The cross sec tio n a l area o f  the s tee l rods and 

th e re fo re  the c a t a ly s t  sample was measured using the micrometer.

The c o n d u c t iv i t ie s  o f  the c a ta ly s ts  were measured before  

exposure to SOg, CO or both , to ensure th a t  they did  have semiconducting  

p ro p e r t ie s .  The conducting p ro p e r t ie s  o f  the used c a ta ly s ts  were
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measured to see i f  any change took place during in te r a c t io n s  w ith  

the gases. I f  any changes did take p la c e ,  they could be considered  

in  the w ider context o f  o ther  c h a ra c te r iz a t io n  experiments.

2 . 2 . 2 . 6  Elec tron  spin resonance o f  Lag ^Srg gCoOg

As s ta ted  in section  2 . 2 . 1 . 6  the purpose o f  th is  experiment  

was to c h a ra c te r iz e  Co^^.

The sample o f  Lag ^Srg gCoOg was in v e s t ig a te d  using a Varian  

E-4 e . p . r .  spectrom eter. The microwave frequency was 3260G.

To c h a ra c te r iz e  Co^^ Lag ^Srg gCoOg was chosen from the range o f  

^^l-x^*"x^°^3 compounds prepared. This was chosen, in  s p i te  o f  the  

f a c t  th a t  e . s . r .  is  extrem ely s e n s i t iv e ,  because according to  

Jonker and van Santen ( 1 8 ) ,  i t  has the h ighest Co^^ con ten t.

A small sample o f  the Lag ^Srg gCoOg was placed in  a glass  

e . s . r .  tube and the spectrum was run a t  19.6°C f o r  a lOOG scan.

A s igna l was o b ta in ed . The scan was then run w ith  Lag ySrg gCoOg a t  

20.0°C  to  check whether or not the s ignal was c h a r a c t e r is t ic  o f

L a ^ . x S r x C o O j .

The Lag ^Srg gCoOg was then replaced in  the e . s . r .  spectrometer  

f o r  in v e s t ig a t io n  a t  lower tem peratures. The s ignal was expected to  

sharpen on lowering the temperatures due to  the Boltzmann d is t r ib u t io n  

The spectrum was re -ru n  as the sample was cooled to - 1 4 3 . 5°C.

The sample was then heated to 180°C and scanned ag a in . The scan 

a t  room tem perature was then repeated to see i f  any i r r e v e r s ib le  

changes were observed due to the thermal changes. The Lag ^Srg gCoOg 

was then heated once again to 272°C and another spectrum was run.



83

A lOOOG scan was run a t  room tem perature, to make c e r ta in  

th a t  a l l  o f  the s igna ls  due to Lag ^Srg gCoOg had been d e tec ted .

A spectrum o f  LafNOgj^.GHgO was also run to check whether the  

signa l found f o r  Lag ^Srg gCoOg might be due to a lan than id e  

im p u r ity .

The re fe rence  standard used f o r  c a lc u la t io n  o f  g values was 

dpph ( 1 , 1 -d ip h e n y lp ic ry lh y d r a z y l ) ,  which is a common e . s . r .  s tandard ,  

th a t  has been c h a ra c te r ize d  by Adams e t  a l ( 8 2 ) .

g is  c a lc u la te d  using equation 29.

AB h

where is  = 2 .00358 .

B . is  the magnetic sweep between the re ference  peak and the unknown.

ABabBo is  the se t  f i e l d .  The ■ term is  added or subtracted  i f  the

unknown peak is  up or down f i e l d ,  r e s p e c t iv e ly ,  o f  the re fe re n c e .

For a g iven species the g value is  the average o f  the g values  

obta ined  f o r  each peak.

2 .3  ADSORPTION AND DESORPTION EXPERIMENTS

Adsorption o f  SOg and CO was c a r r ie d  out on La  ̂ ^Sr^CoOg 

(x = 0 . 3 ,  0 .5  and 0 .7 )  in  a vacuum a t  room tem perature , 100°C, 

300°C and 500°C. For Lag ^Srg 5 C0O3 the adsorption  experiments  

were done a t  500°C o n ly .
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Each adsorption  was fo llow ed by TPD to 650°C. The range 

o f tem perature s tud ied  was chosen because e a r l i e r  work on 

Lag gSrg gCoOg by H ibb ert  and Tseung (12) in d ic a te d  favou rab le  

r e s u l ts  f o r  the re a c t io n  between SOg and CO a t  around the  

550 -  650°C range. The lower temperatures were s tud ied  in  o rder  

to see whether the temperature a t  which adsorption  o f  SOg and, or  

CO would occur, was re la te d  to the temperature a t  which they  

reacted  in  the presence o f  La^ ^Sr^CoOg. I t  was o f  in t e r e s t  to know 

whether or not adsorption  was re v e rs ib le  in  the experimental 

c o n d it io n s .  I f  i r r e v e r s ib le  adsorption took place then subsequent 

in v e s t ig a t io n s  would show whether the gases had reacted  w ith  the  

surface  or i f  f u r t h e r  heating  would remove adsorbed SOg.

2 .3 .1  The vacuum l i n e  used f o r  the adsorption  and desorption  experiments

2 .3 .1 .1  D e s c r ip t io n  o f  the vacuum l in e  and associated  equipment

The vacuum l in e  used to in v e s t ig a te  the adsorption  and desorption  

experiments is  shown in  P la te  2 .1 .  The l i n e  is  made o f  g lass a p a r t  from 

the s i l i c a  tube which enclosed the La-j_^Sr^CoOg samples and is  heated to  

650°C. The j o i n t  above the s i l i c a  tube is  w ater coo led , to prevent the  

grease from m e lt in g  and to p ro te c t  the microbalance from the high  

temperatures o f  the furnace .

The l i n e  consists  o f  two se c t io n s . One sec tio n  can be used as a 

gas storage vessel and contains a mercury manometer to measure the  

pressure o f  gas th e r e in .  The o ther  contains the m icrobalance , i t  too

has a mercury manometer. Each sec tio n  can be evacuated independently

o f the o th e r .



PLATE 2.1 VACUUM LINE APPARATUS
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The l in e  is  pumped by an Edwards ro ta ry  pump and a w ater  

cooled Jencons mercury d i f fu s io n  pump. In order to bring the vacuum 

below the vapour pressure o f  mercury and to  p ro te c t  the l i n e ,  

p a r t i c u l a r l y  the microbalance and c a t a ly s t  sample from mercury, there  

was a l iq u id  Ng tra p  between the d i f fu s io n  pump and the l i n e .  The 

pressure during evacuation was monitored w ith  a Pi ran i Type Vacuum 

Gauge Model 8 /2 .

Accessories o f  the vacuum l in e  a lso  shown in  P la te  2.1 inc lude  

the Cl Mark I I  re s e t ta b le  microbalance which could measure w ith  an 

accuracy o f  -  0.01 mg. This was used to measure changes o f  mass 

during adsorption  and desorption experim ents. A Eurotherm 

M icroprocessor Based PID C o n t r o l le r ,  Type 810 temperature c o n t r o l le r  

was used to  re g u la te  a Lindberg C y l in d r ic a l  Heating fu rn ace .  

Temperatures f o r  adsorption  and ra tes  o f  heating f o r  desorption  

could th e re fo re  be s e t .

Also shown in  P la te  2.1 is  the VG Micromass Anavac -  2 

Quadrupole Mass A nalyser, which is  re fe r r e d  to  throughout th is  t e x t  

as the MS. The MS was connected to the vacuum l in e  v ia  an Edwards 

High Vacuum L td . Model LB2B needle v a lv e .  The mass spectrometer  

enabled species desorbed from the c a t a ly s t  surface to be i d e n t i f i e d  

and m onitored. This system was evacuated by an Edwards r o ta ry  pump 

and an a i r  cooled o i l  Edwards EOl Vapour D if fu s io n  Pump. As in  the  

vacuum l i n e  th ere  was a l iq u id  n itro gen  t ra p  between the d i f fu s io n  

pump and the l i n e .  The pressure was monitored by an Edwards Penning 

gauge.
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The m icrobalance, temperature c o n t r o l le r  and MS output were 

recorded using a BBC microcomputer v ia  a P h i l ip  H a rr is  4 channel 

A.D .A . u n i t .  This set-up  enabled the th ree  outputs to be recorded  

s im u ltan eo u s ly ,  fo r  a length o f  time d ic ta te d  by the time in te r v a l  

chosen between the 1024 datapoints  which could be recorded.

A program w r i t t e n  fo r  the BBC microcomputer enabled the recorded  

data o f  each o f  the channels to be p lo t te d  s im ultaneously  on the  

V .D .U . (v is u a l  d is p la y  u n i t ) .  I t  was also possib le  to look a t  the  

values o f  each o f  the p lo ts  on a scale  o f  0 -  255, fo r  each o f  the  

1024 data p o in ts .  From th is  in fo rm atio n  the temperature a t ,  f o r  

example, a maximum peak he ight could be c a lc u la te d .

T .P .D .  data recorded on the BBC were processed and a c t iv a t io n  

energ ies  o f  desorption  were c a lc u la te d  using the Fortran  computer 

program, MASSl, shown in  Appendix 1 , on the V A X ll /780  computer o f  

Royal Holloway and Bedford New C o lleg e .

2 . 3 . 1 . 2  C a l ib r a t io n  o f  the vacuum l in e  fo r  gas t r a n s f e r  between the  

gas handling side and the microbalance section

The volumes o f each side o f  the vacuum l in e  were measured 

so th a t  a g iven pressure o f  gas could be allowed in to  the gas handling  

s ide  and when the tap leading to  the microbalance s ide was opened the  

req u ired  pressure was obta ined .

The vacuum l in e  was opened to the atmosphere. The 1000cm 

bulb a t  the top o f  the gas handling side was is o la te d  from the  

remainder o f  the vacuum l i n e .  The vacuum l i n e ,  excluding the bulb



was then evacuated. The gas handling l in e  was then is o la te d ,  

the manometer was closed and the a i r  from the bulb was leaked in to  

the l i n e .  The pressure was noted from the manometer. The 

volume o f  the gas handling section  was then c a lc u la te d  using  

equation  30.

= P2V2 30

= pressure in  the bulb (760 mm Hg).

V-j = volume o f  bulb ( 1 0 0 0  cm^).

?2 = pressure in  gas handling side ( in c lu d in g  b u lb ) .

The sec t io n  con ta in in g  the microbalance was then is o la te d  from the  

pumps. The manometer was closed and the procedure was repeated .

The volume c a lc u la te d  was then the to ta l  volume o f  the l i n e .  From 

these volumes the requ ired  pressure in  the gas handling l in e  could  

e a s i ly  be c a lc u la te d .

2 . 3 . 1 . 3  C a l ib r a t io n  o f  the temperature in  the vacuum l in e  w ith  th a t  

o f  the furnace

The temperature o f  the La^.^Sr^CoOg samples in s id e  the vacuum 

l i n e  could not be measured during adsorption  or TPD. A temperature  

measuring d e v ice , such as a thermocouple, might adsorb and subsequently  

desorb SOg or CO, thereby g iv ing  spurious peaks on the MS. The 

gases might i n t e r f e r e  w ith  the c o n d u c t iv ity  o f  the thermocouple and 

g ive  in a c c u ra te  temperature readings. I t  was th e re fo re  decided th a t  

the tem perature in  the vacuum l in e  a t  the p o s it io n  the La  ̂ ^Sr^CoOg
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would occupy in  the furnace should be c a l ib ra te d  independently  

w ith  the furnace in  the absence o f  the gases.

A chromel-alumel thermocouple was lowered in to  the s i l i c a  tube 

in s id e  which the sample o f  La^.^Sr^CoOg being examined would be 

p laced . The thermocouple was passed through a side arm, which 

can be seen in  P la te  2 .1 ,  above the furnace and cooling  ja c k e t ,  

v ia  a g lass stopper which had been m odified  fo r  th is  purpose.

The thermocouple was placed in  a sample o f  La^ ^Sr^ 5C0 O3 .

The vacuum l in e  was evacuated so th a t  the pressure was lower 

than what could be read on the Pi ran i gauge. The furnace was se t  

a t  the maximum heating ra te  and the vo ltage  o f  the thermocouple  

was recorded as the temperature increased. This was repeated severa l  

times w ith  the temperature being set a t  300°C and 650°C. When 

r e p r o d u c ib i l i t y  o f  re s u lts  proved d i f f i c u l t  w ith  and w ithou t  

Lag gSrg 5C0O3 present a set-up  whereby the cold ju n c t io n  o f  the  

thermocouple was in s id e  the vacuum l in e  was attem pted. The 

tem perature o f  th is  was fo llowed w ith  a thermometer.

The c a l ib r a t io n  a t  lower tem peratures, th a t  i s ,  up to  300°C 

was a lso  a ttem pted , using a mercury thermometer suspended in  the  

s i l i c a  tube.

2 .3 .2  P rep ara t io n  o f  c a t a ly s t  samples fo r  adsorption  and TPD 

The procedure o f  p rep ara t ion  was s im i la r  f o r  a l l  o f  the  

ad so rp tio n  experim ents.
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Samples o f  the c a ta ly s ts  were weighed out in  s i l i c a  weighing  

pans which could be suspended from the microbalance in  the vacuum 

l i n e .  The samples were weighed on a Stantan Instruments 4 f ig u r e  

balance .

Once the samples were suspended from the m icrobalance, i t  was 

s e t on i t s  most s e n s it iv e  s c a le ,  th a t  i s ,  the Img sc a le .  The 

balance was set in  such a way th a t  i f  mass was lo s t  due to evacuation  

and h e a t in g ,  before ad sorp tio n , the system could be rebalanced on 

t h is  s c a le .

When the microbalance had s e t t le d  to a steady read ing , th is  was 

noted and the vacuum l in e  was evacuated. The mass was allowed to  

e q u i l ib r a t e  again . When the mass a t ta in e d  a constant v a lu e ,  i t  was 

noted , as i t  was a f t e r  each step o f  each experiment.

During evacuation o f  the vacuum l i n e ,  the MS was a lso  evacuated.

The needle va lve  between the vacuum l in e  and MS was opened.

The MS was switched on and set to d e te c t  a mass o f  32 a .m .u . ,  th a t  

i s ,  the m olecu lar mass o f  Og. When the f i la m e n t  had heated and a 

con stant reading o f  the background p a r t ia l  pressure o f  0  ̂ was 

a t t a in e d ,  then the c a ta ly s t  was heated to 650°C. During th is  

experim ent the maximum heating ra te  was set and the time in te r v a l  f o r  

record ing  on the BBC was 1 .5 s ,  which gave the temperature s u f f i c i e n t  

time to s e t t l e  a t  650°C.

The desorption  o f  0^ was monitored so th a t  i t  could be shown 

whether Og desorbed was preadsorbed from the atmosphere or i f  i t  was 

l a t t i c e  oxygen.
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When the temperature s e t t le d  a t  650°C the mass was allowed to  

e q u i l ib r a t e  before  being noted. When constant mass was reached the  

furnace was allowed to cool to room temperature. The mass was then  

noted again and the c a t a ly s t  was re-heated  to 650°C. This heating  

and co o lin g  cyc le  was repeated u n t i l  on cooling a constant mass was 

a t t a in e d .  This mass was then noted and defined  as the s t a r t in g  

mass f o r  the adsorption experiments.

2 .3 .3  Adsorption o f  SO  ̂ on La^.^Sr^CoOg

I t  was decided to expose the c a ta ly s ts  to 7 .6  mm Hg SO^.

This  f ig u r e  was chosen because the f lo w - r ig  experiments in v o lv in g  

SOg and CO would study several r a t io s  o f  SOg to CO w ith  a 1% inp u t  

o f  SO2 in  each. 7 .6  mm Hg is  1% o f  atmospheric pressure.

The mass was allowed to come to e q u i l ib r iu m  a t  room temperature  

a f t e r  the heating  and cooling cycles described in  section  2 . 3 . 2 .

The gas handling side o f  the vacuum l in e  was is o la te d  from the  

m icrobalance and the pumping system and the manometer tap was shut.  

A pproxim ately  the amount o f  SO2 , c a lc u la te d  to g ive  7 .6  mm Hg SO2 

in  the e n t i r e  system, th a t  i s ,  12.9 mm Hg was allowed in to  the gas

handling s e c t io n .  The source o f  SO2 was a c a n is te r  o f  l iq u e f ie d

SOg supplied  by BDH Chemicals Ltd . The c a ta ly s t  was then is o la te d  

from the pumping system and the manometer tap was shut. The SO2

was then s low ly  allowed in to  th is  section  o f  the l i n e .  The mass

reading  was kept on scale  by the re s e t t in g  co n tro ls  and range changes 

were made when necessary. The adsorption was considered to  be 

complete when the mass was shown to  be constant on a recording by the  

BBC microcomputer.
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The system was re-evacuated in p repara tion  fo r  the TPD. The 

weight change which occurred during re -evacua tion  was considered to  

be due to the desorption o f  physisorbed SO^.

TPD was then c a rr ie d  out using the procedure described l a t e r  

in  s ec t io n  2 .3 .6 .

A f t e r  TPD the adsorption and evacuation were repeated once and 

sometimes tw ic e ,  to see i f  the re s u lts  were re p e a ta b le ,  or i f  there  

was a change in  weight due to ,  fo r  example, some i r r e v e r s ib le  

adsorp tion  o f  SOg.

The same samples were used f o r  the adsorption experiments a t  

100°C, 300°C and 500°C. Before adsorption a t  a given temperature  

the c a t a ly s t  was allowed to cool from 650°C, a f t e r  the previous  

TPD. The mass was allowed to s e t t l e  and the adsorption process 

was repeated as above.

The above procedure was c a r r ie d  out f o r  x = 0 .3 ,  0 .5  and 0 .7 .  

Adsorption a t  x = 0 . 6  was only done a t  500°C.

2 .3 .3 .1  Scavenging experiments w ith  Og and CO over c a ta ly s ts  

pre-exposed to SOg a t  500°C

Whenever a c a t a ly s t  was not restored  to i t s  mass before  

a d so rp t io n ,b y  TPD to 650°C, then i t  was decided th a t  chemical methods 

o f  removing the adsorbed SOg or reac tio n  product would be in v e s t ig a te d

Adsorption o f  SOg a t  500°C on Lag gSrg 5C0 O3 , the f i r s t  c a ta ly s t  

examined by th is  method, led to a la rg e  mass increase which did not
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recover on heating to 650°C. I t  was decided to a l low  0^ in to  the  

system and when th is  had no e f f e c t  to introduce CO, to see i f  i t  

would re a c t  w ith  the surface. The other c a ta ly s ts  were then exposed 

to  CO, a f t e r  the same treatm ent.

2 . 3 . 3 . 1 . 1  Exposure to Og o f  La^ ^Sr^ 3C0 O3 pre-exposed to SOg a t  500°C

The Lag gSrg 5C0 O3 sample gained a s ig n i f i c a n t  weight on 

exposure to  SO  ̂ a t  500°C. This weight was not lo s t  on heating  to  

650°C, so i t  was postu lated th a t  i f ,  fo r  example, sulphur or sulphides  

had been formed th a t  they might re a c t  w ith  0 ^  to produce SOg which 

might then be desorbed.

I t  was a lso  considered th a t  a possib le  re a c t io n  which might cause 

a f u r t h e r  weight increase on exposure to Og,might be the fo rm ation  o f

su lphates  by o x id a t io n  o f  sulphides i f  these were p resent.

I n i t i a l l y  Og supplied to  the c a t a ly s t  surface was present in  

40 mm Hg d r ie d  a i r ,  th a t  is  about 8 .4  mm Hg 0 3 , from the la b o ra to ry  

atmosphere, w ith  the c a ta ly s t  temperature a t  500°C. This led  to  a 

s i g n i f i c a n t  increase in mass. Subsequent evacuation led to no mass 

change. TPD to 650°C gave a small mass decrease and the MS detected  

a species o f  m olecular mass 64, which was be lieved  to be SOg, a lthough  

th is  is  a lso  the m olecular mass o f  Sg, which would not have requ ired  

the presence o f  Og f o r  desorp tion , i f  i t  was p resen t,  but which 

would have been expected to desorb a f t e r  the i n i t i a l  TPD a f t e r  adsorption  

o f  SOg.

Due to  a f a u l t  w ith  the m icrobalance, the c a t a ly s t  was cooled and

allowed up to  atmospheric pressure fo r  36 h, then returned  to  the
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m icrobalance and re-evacuated . I t  was heated to 500°C. Exposure 

to a i r  a t  500°C and then to pure 0^ a t  500°C, 550°C and 650°C led  

to very  small in co n s is ten t  increases and decreases in  mass, which 

did  not lead to any s ig n i f ic a n t  change. There was c e r t a in ly  no 

recovery  to  the mass before exposure to SOg. This method o f  

r e t r i e v in g  the o r ig in a l  mass was abandoned.

2 . 3 . 3 . 1 . 2  Exposure to CO o f c a ta ly s ts  pre-exposed to  SOg a t  500°C

H ibb ert  and Tseung (12) found th a t  Lag gSrg gCoOg which 

had been used in  the SO2/CO reac tio n  was sulphided. They found 

t h a t  on passing CO in  N2 over the sulphided c a t a ly s t ,  th a t  sulphur  

was removed from the used c a ta ly s t  as COS, by re a c t io n  w ith  CO.

I t  was th e re fo re  decided to a llow  CO on to  samples o f  

La^ ^Sr^CoOg which had had i r r e v e r s ib le  mass increases on exposure 

to  SOg.

The f i r s t  a ttem pt a t  th is  experiment was f o r  the Lag gSrg 5C0 O3 

sample described in  section  2 . 3 . 3 . 1 . 1 .  A sample o f  71 mm Hg 8 %

CO in  N2 , th a t  i s ,  5 .7  mm Hg CO, was allowed in to  the system a t  room 

tem perature . This caused a s l ig h t  increase in  mass. The system 

was then re-evacuated  and heated to 650°C. This method o f  

scavenging sulphur was unsuccessful and was abandoned.

For the o ther  c a ta ly s ts  exposed to SC^, scavenging o f  sulphur  

was attempted by a llo w ing  about 2% o f atmospheric pressure o f  CO 

in to  the vacuum l i n e ,  th a t  i s ,  about 15.2 mm Hg. This was done a t  

e i t h e r  room temperature or 600°C or both , and was fo llow ed by heating  

to  650°C in  the presence o f  CO. The procedure f o r  each c a t a ly s t  is  

given in  Chapter 3. Changes in mass were noted.
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The needle valve to the MS was opened, only s l i g h t l y  due 

to the r e l a t i v e l y  high pressure o f  gas in the vacuum l i n e .  The 

MS was se t  a t  60 a .m .u . to  d e tec t any COS which may have been 

formed.

The f in a l  procedure described here was repeated f o r  a l l  o f  the  

c a ta ly s ts  exposed to SOg a t  500°C, although Lap gSrg 7C0 O3 and 

LSp ySrp 3C0 O3 had been exposed to SOg and CO to geth er a f t e r  the 

SOg experiments and before adsorption o f  CO alone.

2 .3 .4  Adsorption o f  CO on La  ̂ x^*"x^°^3

I t  was decided to expose the c a ta ly s ts  to 15.2 mm Hg CO, th a t  

i s ,  2% o f  atmospheric pressure and o f  the c o rre c t  s to ic h io m e tr ic  

r a t i o  which would t h e o r e t ic a l ly  re a c t  w ith  the 7 .6  mm Hg SOg used in  

the SOg adsorption  experiments described in  section  2 . 3 .3 .  This  

pressure o f  CO a lso  gives comparable exposure o f  the c a t a ly s t  to  th a t  

in  the f lo w - r ig  experim ent.

The adsorption  o f  CO was done by the same procedure as th a t  o f  

SOg w ith  2 5 .8  mm Hg o f  CO being allowed in to  the gas handling side  

o f  the vacuum l i n e .  TPD experiments were c a r r ie d  out between each 

d eso rp tio n .

The CO was supplied by BDH Chemicals L td .

No chemical methods were used to  attem pt to  id e n t i f y  products  

o f  any la rg e  mass changes which occurred during adsorp tion .
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2 .3 .5  Simultaneous adsorption o f  SOg and CO on La^.^Sr^CoOg

Simultaneous adsorption o f  the re a c ta n t  gases was c a r r ie d  out  

in  o rder  to  compare mass changes due to exposure to  both gases, 

w ith  the in d iv id u a l  adsorptions. From th is  such in fo rm ation  as 

whether th ere  appeared to be competition  f o r  adsorption s i t e s ,  

or whether the SO^/CO reac t io n  recorded in  a f low  experiment by 

H ib b e r t  and Tseung (1 2 ) ,  appeared to take p lace . I t  was expected  

th a t  i f  the gases adsorbed a t  d i f f e r e n t  s i te s  then an a d d i t iv e  

e f f e c t  o f  the mass changes caused by each would be observed. T h is ,  

however, may be an in v a l id  assumption, as adsorption o f  say SO  ̂ on 

a given s i t e  may block a neighbouring CO s i t e  o f  a d i f f e r e n t  n a tu re .

I f  the re a c t io n  producing sulphur and COg proceeded then evidence  

a p a r t  from change in  mass may be a v a i la b le .  Reduction o f  SOg to  

elem ental sulphur on the surface would be expected to be fo llow ed  

by d esorp tion  o f  the sulphur a t  the temperature o f  ad so rp t io n ,  

th a t  i s ,  600°C, p a r t i c u la r l y  a t  the low pressures o f  the experim ent.  

The sulphur i f  produced would be expected to  be deposited on the  

coo ling  ja c k e t  above the furnace .

Adsorption o f  SOg and CO on La^^Sr^CoOg was c a r r ie d  out on 

two o f  the c a ta ly s ts  which had a lread y  been exposed to  the f u l l  

range o f  SOg adsorp tio ns , th a t  i s .  Lag gSrg yCoOg and Lag ySrg 3 C0 O3 . 

A ll  o f  the La^^Sr^CoOg c a ta ly s ts  s tudied were also exposed to  SOg 

and CO a t  600°C a f t e r  only the p re l im in a ry  heating and cooling  c y c le s .

The SOg and CO gases were admitted to  the gas handling section  

o f  the vacuum l in e  in  the c o rre c t  amounts to g ive  approxim ately

7 .6  mm Hg SOg and 15.2 mm Hg CO exposure to the c a ta ly s t  when the tap
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between the two sections was opened. A f te r  the c a ta ly s t  was 

exposed to  the gases and the mass reached e q u i l ib r iu m  then the  

system was re-evacuated before cooling the c a t a ly s t  to  room 

tem perature . At room temperature approxim ately 15.2 mm Hg CO was 

adm itted  and the samples were heated to  650°C in  the presence o f  CO 

a t  50% o f  the maximum heating r a te .  As in  the experiments  

described in  section  2 . 3 . 3 . 1 . 2  the mass spectrometer was se t up 

a t  60 a .m .u . to d e te c t  any COS which may be produced.

2 .3 .6  Temperature programmed desorption experiments

The procedure f o r  the TPD experiments was the same a f t e r  the  

SOg adso rp tion  and CO adsorption experiments.

A f t e r  adsorption  o f  the gas and e q u i l ib r a t io n  o f  the mass a t  

the tem perature o f  adsorption then the system was re -evacua ted .

The MS was evacuated and set up a t  64 a .m .u . f o r  SO  ̂ desorption  or  

a t  44 a .m .u . f o r  desorption o f  COg from the c a ta ly s ts  on which CO 

was adsorbed. There were two reasons f o r  the d e te c t io n  o f  CO  ̂ and 

not CO. When CO is  adsorbed on an oxide when desorption is  attempted  

only COg can be obtained (8 3 ) .  Even i f  th ere  was desorption o f  some 

CO from the c a t a ly s t  surface the MS would not have detected  i t .

The Anavac-2 MS has a maximum re s o lu t io n  o f  1 a .m .u .,  th e re fo re  i t  could  

not d is t in g u is h  between CO and Ng which both have a m olecu lar mass o f  

28. The background pressure o f  Ng o f  less than 10  ̂ mm Hg is  two 

orders o f  magnitude h igher than the lowest d e te c ta b le  p a r t ia l  

pressure so pressures o f g re a te r  than 10  ̂ mm Hg CO would be req u ired  

f o r  d e te c t io n  by the MS.
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The needle valve between the MS and the vacuum l in e  was 

opened and the MS reading was allowed to reach e q u i l ib r iu m .  For 

d e te c t io n  o f  64 a .m .u . there  was no i n i t i a l  s ig n a l ,  however f o r  

COg a low background lev e l  was allowed to  s e t t l e .

When the mass and MS readings were constant the record ing  o f  

these and the temperature was s ta r te d .  A f t e r  one minute the TPD 

was s t a r te d .  The maximum heating ra te  was always used, th a t  i s ,  

about 30°C min"^.

During heating mass losses were compensated f o r  when necessary 

by a d ju s t in g  the balance accord ing ly  and the read ing  was kept on 

s c a le ,  w ith  each change being noted so th a t  the f in a l  temperature  

could be c a lc u la te d .

Changes in  MS scale were a lso  noted. The MS output was used 

to c a lc u la te  the desorption energies using the F o rtran  computer 

program, MASSl, shown in  Appendix 1.

The temperature was allowed to  s e t t l e  a t  650°C, then when the

mass was a t  e q u i l ib r iu m  i t  was recorded before a l lo w in g  the sample 

to  cool to  the temperature requ ired  f o r  the next ad so rp tio n .

2 .3 .7  Control experiment w ith  no c a t a ly s t  present

A co n tro l experiment was se t up to f in d  out whether th ere  was 

s ig n i f i c a n t  adsorption o f  e i t h e r  SO  ̂ or CO by the s i l i c a  balance pan 

in  which the c a ta ly s ts  were placed during adsorption  and TPD.

The vacuum l in e  was set up w ith  the microbalance balanced but

w ith  no c a t a ly s t  p resent. The l in e  was evacuated and then the furnace
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was se t to 650°C and the glassware was degassed. The furnace was 

allowed to cool to room tem perature.

When the mass was steady 7 .6  mm Hg SOg was allowed in to  the  

microbalance side o f  the vacuum l i n e .  When the mass had s e t t le d  

the l in e  was re -evacuated . The MS had been evacuated and se t a t  

64 a .m .u . The needle valve was opened and TPD was c a r r ie d  o u t.

The furnace was allowed to cool to  room tem perature. The 

balance pan returned to i t s  mass before SOg adsorption and 15 .2  mm Hg 

o f  CO was allowed in to  the microbalance side o f  the vacuum l i n e .

The vacuum l in e  was re-evacuated and heated to  650°C.

Mass changes were noted throughout the experiment.

2 .4  FLOW-RIG EXPERIMENTS

The re a c t io n  o f SOg and CO over ^Sr^CoOg (x = 0 .3 ,  0 . 5 ,  0 .7 )  

was s tud ied  a t  fo u r  temperatures w ith  th ree  ra t io s  o f  the gases and 

a t  two f lo w ra te s .  The re a c ta n t  and product gases were monitored by 

gas chromatography. Sulphur was c o l le c te d  in  a cold t ra p .

2 .4 .1  The f lo w - r ig

2 .4 .1 .1  D e s c r ip t io n  o f  the f lo w - r ig  and associated equipment

The f lo w - r ig  which was used to  in v e s t ig a te  the re a c t io n  o f  

SOg w ith  CO is  represented in  F ig .  2 .2 .  The r ig  was made o f  glass  

a p a r t  from those parts  which were exposed to high tem pera tu res , which 

were s i l i c a .  Three flowmeters led to a glass wool f i l l e d  compartment 

where the gases could be mixed. From the mixing compartment the gases 

could e i t h e r  be d ire c te d  through a s in te re d  s i l i c a  d isc  on which the
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c a t a ly s t  was supported or v ia  by-pass tu b in g , d i r e c t l y  to the  

GC and or to the MS. The tube through which gases flowed over 

the c a t a ly s t  f i t t e d  in to  a glass bulb which was submerged in  an 

ice  bath to  condense any sulphur which was produced.

The c a ta ly s t  was heated using the Lindberg C y l in d r ic a l  Heating  

furnace and Eurotherm Microprocessor Based PID C o n t ro l le r  Type 810 

tem perature c o n t r o l le r  which was used fo r  the vacuum l in e  

exp erim en ts .

The o u t le t  gases were monitored by a Pye Series 104 Gas
o

Chromatograph (GC). Samples were taken using a 10 cm gas sampling 

loop which e i t h e r  d iv e r te d  the gas through the GC column or to  the  

fume cupboard. The glass column was packed w ith  Porapak Q and was 

m aintained a t  a temperature o f  SO^C. The thermal c o n d u c i t iv i ty  

d e te c to r  was maintained a t  90°C. Helium flow ing  a t  a ra te  o f
o _ 1

60 cm min" was the c a r r i e r  gas. The bridge c u rre n t  was 140 mA.

The output from the GC was c o l le c te d  using a Perkin  Elmer 

Laboratory  Computing In te g r a to r .  The in te g r a to r  d i f f e r e n t i a t e d  

b a s e lin e  noise from peaks and c a lc u la te d  the area percentage o f  each 

peak. The GC and in te g ra to r  were c a l ib ra te d  fo r  Ng, Og, SOg,

COg, COS, CSg, HgO and HgS.

2 . 4 . 1 . 2  C a l ib ra t io n  o f  the flowmeters

The flowmeters used to  d e l iv e r  the requ ired  proportions  o f  

5% SOg in  Ng, 8 % CO in  Ng and a t  the requ ired  ra tes  were made 

by the la b o ra to ry  glass blower. They were Hg manometers w ith  i n le t s  

from the gas cy l in d e rs  and c a p i l l a r y  o u t le ts  to  the flow  r i g .
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Each flowm eter had to be c a l ib ra te d  fo r  the range o f f low  ra tes  

o f  the s p e c i f ic  gas fo r  which i t  was used.

The c a l ib r a t io n s  were c a r r ie d  out by measuring the length o f
o

time in  seconds f o r  5 cm o f gas to flow  between two points in a

bubble f low m eter, fo r  a range o f  Hg displacements in  the manometer.

The upper and lower f low  ra tes  requ ired  were c a lc u la te d  beforehand  

and the c a l ib r a t io n s  were done accord ing ly  to include these l i m i t s .

The SOg flowmeter was c a l ib ra te d  using 5% SOg in  Ng, which

was used in  the f low  r ig  experiments. The ra tes  obtained were

converted so th a t  /mm Hg could be p lo t te d  aga ins t time fo r
3 2 2

1 cm SOg to f lo w /s .  From th is  graph the P^g requ ired  f o r  the

two f low  ra tes  to g ive  1% SOg could e a s i ly  be seen.

The CO flowmeter was c a l ib r a te d  using Ng although the actua l m ix ture  

used in  the SOg and CO re a c t io n  experiments was 8 % CO in  Ng. The ra tes  

were converted so th a t  Pgg^^ /mm Hg could be p lo t te d  ag a in s t time fo r

2 cm  ̂ CO to f lo w /s .  From th is  graph the Pgg^^ f o r  1% CO, 2% CO and

4% CO could e a s i ly  be derived .

In order to  make up the volume o f  i n l e t  gas t o ,  fo r  example,

1% SOg and 2% CO a t h i r d  i n l e t  to  the f low  r ig  from an oxygen f r e e  Ng 

c y l in d e r  was employed. The amount o f  Ng requ ired  v a r ied  considerab ly
3

depending on whether, f o r  example, a t o t a l  f low  o f  100  cm f o r  a

1% SOg and 2 %  CO m ixture  or t o ta l  f low  of 50 cm  ̂ f o r  a 1% SOg 4% CO

m ix tu re  was re q u ire d .  The amount o f N2 was c a lc u la te d  from the

d i f fe r e n c e  in  the to ta l  flows of the 5% SO  ̂ in  and 8 % CO in  Ng.

3 ” 1
The f low  ra te  o f Ng was p lo t te d  as Pj^ /̂mm Hg ag a in s t flow/cm min" .
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2 .4 .2  In v e s t ig a t io n  o f  the re a c t io n  between SOg and CO using the  

f lo w - r iq  apparatus

2 . 4 .2 .1  Experimental conditions fo r  the SOg and CO re a c t io n  study

Several c a ta ly s ts ,  SOgiCO r a t i o s ,  temperatures and contact  

times were in v e s t ig a te d  to see which condit ions were most s u i ta b le  

f o r  the re a c t io n .

Three c a ta ly s ts  were s tud ied . Lag gSrg yCoO^, Lag gSrg 5C0 O3

and Lag ySrg gCoOg were chosen because th is  gave q u ite  a wide range o f  

La:Sr r a t io s .

Three r a t io s  o f  SOgiCO were chosen. The th e o r e t ic a l  

s to ic h io m e tr ic  r a t io  was given by 1% SOg and 2% CO. A m ix ture  w ith  

an excess o f  CO was made up w ith  1% SOg and 4% CO. A d e f ic ie n c y  o f  

CO was given by 1% SOg and 1% CO.

Four temperatures were chosen, these were 500°C, 550°C, 600°C 

and 650°C. H ib b ert  and Tseung (12 ) had found th a t  Lag gSrg gCoOg 

was q u i te  a good c a t a ly s t  a t  temperatures o f  th is  range. The

temperatures were a lso  chosen, bearing in  mind the r e s u lts  o f  the

ad sorp tion  and TPO experiments.

The e f f e c t  o f  contact time was looked a t  by changing the t o t a l

3 “ 1
f lo w  ra te  o f  the gases. For a f low  ra te  o f  100 cm min each o f  the

c a ta ly s ts  was in v e s t ig a te d  fo r  the th ree  SO^iCO ra t io s  and the complete

tem perature range. Only the 1% SO^/Z# CO and 1% SO^/A^ CO

experiments were done a t  the h igher contact time and hence lower

3 “ 1
flow  r a te  o f  50 cm min
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2 . 4 . 2 . 2  Experimental procedure fo r  the SO2 and CO re a c t io n  study

The procedure fo r  the in v e s t ig a t io n  o f  the SO2 and CO 

re a c t io n  was s im i la r  fo r  a l l  o f  the conditions o u t l in e d  in  

sec t io n  2 . 4 . 1 . 1 .

A sample o f  the c a ta ly s t  o f  known mass was placed on the  

s in te re d  d isc  in the f low  r ig .  The furnace was replaced and the  

c o ld t ra p  was r e f i t t e d  and placed in  an ice  bath.

The gases used were 5% SO2 in  N2 and 8 % CO in  N2 , both o f  which

were su pp lied  by BOC. The N2 which made up the to t a l  bulk o f  the

gas was 'w h ite  spot' N2 , a lso supplied by BOC.

The gas flows were set up a t  the requ ired  r a t io s  and r a te s .

The flowmeters took some time to  s e t t l e  so about 1 h was spent

re g u la t in g  and s t a b i l i z in g  the gas f lo w . The GC was always p reset a t

the c o n d it io n s  described in 2 . 4 . 1 . 1 .  and severa l samples o f  the o u t l e t  

gas were always analysed a t  room temperature before heating  the  

c a t a ly s t .

The c a t a ly s t  was heated a t  50% o f the maximum heating r a t e ,  th a t  

i s ,  about 15°C m in .” \  to 500°C. During heating the o u t le t  gases 

were analysed i n i t i a l l y  using the GC and MS and then using the GC only  

I t  was hoped th a t  fo l lo w in g  the i n i t i a l  stages o f  the experiment w ith  

the MS s e t  a t  64 a .m .u . ,  i t  would be possible to ob ta in  k in e t ic  data  

from the change in  SO2 output. T h is ,  however, proved impossible as 

the MS de tec ted  no change in  the p a r t ia l  pressure o f  SO2 . The MS 

was th e r e fo re  not used in  subsequent experiments. The tem perature  

o f the furnace was noted fo r  each in je c t io n  o f sample. The data
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c o l le c te d  from th is  range o f temperatures was then considered w ith  

re fe re n c e  to the changes noted on adsorption o f  the re a c ta n t  

gases throughout the temperature range from room temperature to  500°C

The temperature was allowed to  e q u i l ib r a t e  and the o u t le t  gases 

were continuously  monitored. When several readings gave constant  

re s u l ts  then the re a c t io n  was b e lieved  to have reached e q u i l ib r iu m .

The next step o f  the reac t io n  was to set the temperature  

c o n t r o l l e r  a t  550°C, and a llow  the temperature to r is e  to  th is  va lu e .  

Continuous m onitoring o f  the o u t le t  gases was c a r r ie d  on u n t i l  

e q u i l ib r a t io n  o f  temperature and then r e a c t io n ,  were achieved.

This process was repeated a t  GOÔ C and 650°C. A l l  o f  the  

GC output was recorded and p r in ted  by the in te g r a to r .

For some o f  the experiments the fo ur temperatures were not 

in v e s t ig a te d  during one day. In such a case the procedure was the  

same as th a t  when a se r ies  o f  fo u r  temperatures were s tud ied  in  

sequence. The gases were allowed to continue f lo w in g .  The 

tem perature c o n t r o l le r  was set a t  25°C and the furnace was allowed  

to  c o o l.  During cooling the m onitoring o f  the gases by the GC 

was continued u n t i l  COS production , i f  i t  was occurring  had ceased, 

the d e te c t io n  o f  SO2 was s te a d i ly  increas ing  and th a t  o f  CO2 was 

s t e a d i ly  decreas ing . As always the temperature was noted fo r  each 

sample taken . When the reac t io n  had e v id e n t ly  completely ceased 

the SO2 and CO sources were stopped and a slow flow  o f  N2 was l e f t  

passing through the c a ta ly s t  bed. The furnnace was switched o f f .
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The s e t t in g  up procedure fo r  a d i f f e r e n t  f low  ra te  or SO^rCO 

r a t i o  a h igher temperature was id e n t ic a l  to th a t  ju s t  described  

and the same sample o f c a ta ly s t  was used throughout the twenty  

combinations o f  conditions fo r  each c a ta ly s t .

2 . 4 . 2 . 3  Control experiment w ith  no c a ta ly s t  present

To a s c e r ta in  whether a t  the e leva ted  temperatures a t  which 

the re a c t io n  o f  SO  ̂ and CO, to g ive CO  ̂ and sulphur takes p la c e ,  any 

re a c t io n  occurs in the absence o f  a c a t a ly s t ,  a contro l was se t  up.

The f lo w r ig  was set up as i t  was f o r  the c a ta ly s t  experiments

but w ith  no c a ta ly s t  on the s in te re d  d is c .  A m ixture o f  1% SO^

3 - 1
and 2% CO in  Ng f low ing  a t  100 cm min" was allowed to  f low  through 

the r i g .  As in  the c a ta ly s t  experiments the o u t le t  gases were 

con tinuo us ly  monitored and the cold t ra p  was m ainta ined.

When the gas f low  was constant and c o rre c t  the area in  which 

the c a t a ly s t  would have been and through which the gases flowed  

was heated to 600°C. The gases were monitored throughout heating  

and tem perature e q u i l ib r a t io n .

At 600°C the m ixture was changed to 1% SOg and 4% CO f low ing  

a t  100 cm  ̂ min"T. The furnace was allowed to  cool to  room 

tem perature w ith  th is  m ixture  f low ing and constant m onitoring o f  

the ou tput by the GC was continued.

At about 250°C the SOg, CO and Ng flows were stopped.
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CHAPTER 3 

EXPERIMENTAL RESULTS
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In th is  chapter the observations made on the in te ra c t io n s  between 

SO2 , CO and La^.^Sr^CoOg are reported .

I n i t i a l l y  the decomposition o f one o f  the n i t r a t e s  used to make 

La.|_^Sr^Co02  s tud ied .

The p ro p e r t ie s  o f the fresh c a ta ly s ts  are then repo rted . These

in c lu de  t h e i r  surface areas , the dens ity  o f  Lag ^Srg gCoOg, t h e i r  XRD

and ESCA p a t te rn s ,  t h e i r  c o n d u c t iv i t ie s  and the e . s . r .  spectrum o f

N ext, the re s u lts  o f  the adsorption and desorption stud ies  are  

in c lu d ed . The s e t t in g  up o f  each c a ta ly s t  fo r  ad sorp tion , the  

adsorp tion  and desorption cycles and subsequent scavenging reac tio ns  

o f  those exposed to  SO2 are re la te d .

The f lo w r ig  re s u lts  are then examined. These are d iv ided

according to  the value o f  x in  La  ̂ ^Sr^CoOg and then described w ith

respect to  SO^iCO r a t io  temperature and to t a l  f low  ra te  o f  the re a c ta n t  

gases.

The p ro p e r t ie s  o f  the used c a ta ly s ts  are then rep orted .

3.1 IDENTIFICATION OF PRODUCTS OF DECOMPOSITION OF Co(N0g)2.6H20

During the decomposition o f  Co(N0 g )2 . 6 H20  by evacuation and heating  

the changes in  mass were noted and are shown in  Table 3 .1 .

During heating the gaseous decomposition products were recorded  

using the MS. The gases H^O, N2 , NO, O2 and CO2 were detec ted .
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Table 3.1

Mass changes during the decomposition o f  Co(N0 g ) 2 . 6 H20

Sample 1 

±0^0001  t o ta l  % change

Sample 2

% change

I n i t i a l  mass 0.1071 0.1098 _

Mass a f t e r  
evacuation

0.0737 31.2 0.0773 29 .6

Mass a f t e r  
heating

0.0310 71.1 0.0317 71.1

By using the scanning f a c i l i t y  on the MS the r e l a t i v e  concentrations  

o f  each o f  these gases and t h e i r  change w ith  time was fo l lo w ed .

The gases are  shown in  order o f  abundance fo r  the l a t t e r  p a r t  o f  the  

experim ent in  F ig . 3 .1 .  A peak a t  36 a .m .u . appears c o n s is te n t ly  

and has not been assigned. The o ther peaks were detected  on the  

10"^ mbar range o f  the M S,this allowed some o f  the la rg e r  peaks to  go 

o f f  sca le  but ensured th a t  low concentrations o f  gases were d e te c te d .

3 .2  PROPERTIES OF FRESH La^_^Sr^Co03

The p ro p e r t ie s  o f  the c a ta ly s ts ,  as prepared, are  reported as 

these may d ic t a t e  the e f f ic ie n c y  o f  the c a t a l y t i c  re a c t io n .

3 .2 .1  Surface areas o f  fresh La^_^Sr^Co03

The re s u l ts  o f  surface area measurements by both the automatic  

s in g le  p o in t  surface area analys is  and the vacuum l in e  and m icro

balance m u lt ip o in t  measurement are reported .
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FIGURE 3.1 ORDER OF ABUNDANCE OF GASES EVOLVED DURING
THE DECOMPOSITION OF CofNOgjg.GHgO AGAINST TIME
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3 . 2 . 1. 1  Surface areas measured by automatic an a lys is

The s p e c i f ic  surface areas o f  c a ta ly s ts  measured by the  

M ic ro m erit ics  Surface Area Analyser are shown in  Table 3 .2 .

Table 3 .2

S p e c i f ic  surface areas o f  La^.^Sr^CoOg

La^./Sr/CoOs
Total surface  

area/m^
to .  08

Mass o f  sample 

. /9
t o . 0001

S p e c if ic  surface
P _ 1

area/m g"

3 ^^0 . 7^003 11.3 0.6656 16.98 -  0 .12

4 ^^0 . 6 0 0 0 3 8 . 0 0.7124 11.23 -  0.11

Oao.S^ro.sOoO]

1

O^O.S^rQ.sCoO]

24.5 1.9343 12.67 -  0 .0 4

2 2 . 2 1.3776 16.12 -  0 .05

2
0 * 0 . 7^^0 . 3 0 0 0 3 29 .0 1.1206 25 .88  -  0 .07

3 . 2 . 1 . 2  The surface  area o f  Lag gSrg 5C0 O3 measured using the vacuum 

l in e  and microbalance

This method o f measuring the s p e c i f ic  surface area o f  a powder 

re q u ire s  severa l points to  be p lo t te d .  The data derived  from the  

adsorp tion  experiment is  shown in Table 3 .3 .  A graph o f  p /Ma(P^-p)  

a g a in s t  p/P^ is  shown in F ig .  3 .2 .
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FIGURE 3 .2  B .E .T . PLOT OF p /M a (% -p )  aga ins t P/P^ FOR ADSORPTION 

OF ON L a o _ s S r o _ s C o O j
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= 8 .39  i  0 .56  m^g"!
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Table 3 .3

Mass and pressure data c o l le c te d  fo r  the c a lc u la t io n  o f  the  

s p e c i f ic  surface area o f La^ ^Sr^ 5C0 O3 by the B .E .T . method

Ng t r a n s fe r  

No.
Ma/mg
+0.005

Pk, /mm 
^2

_Lp)._ ^

Hg Pq- p/  
mm Hg 

0 .7  ±0 .7

Ma(Po-p)

- 0 . 0 2

p/Ma(Po-p)

-0 .0 0 5
P/Pq

- 0 . 0 0 1

1 0 .2 4 7 563 135.12 0.052 0 . 0 1 2

2 0 .26 21 549 142.74 0.147 0.037

3 0 .26 32 538 139.88 0.229 0.056

4 0 .2 8 41 529 148.12 0.277 0.072

5 0 .275 55 515 141.62 0.388 0.096

6 0 .27 69 501 135.27 0.510 0 . 1 2 1

7 0 .2 8 98 472 132.16 0.742 0.172

Ma = mass o f  gas adsorbed

= sa tu ra ted  pressure o f  the adsorbed gas, th a t  i s ,  570 mm Hg 

f o r  Ng a t  75 K ( 77).

From F ig .  3 .2  the s p e c i f ic  surface  area o f  La^ ^Srg 5C0 O3 is  

2 1
c a lc u la te d  to  be 8 .39  m g "  which compares very favourab ly  w ith  the  

2 1value  o f  12.67 m g "  measured by the automatic method f o r  the same 

batch o f  c a t a ly s t .

3 .2 .2  Density  o f  Lag ^Sr^ 5 C0 O3

The c a lc u la t io n  o f  the d en s ity  o f  La^ ^Sr^ 5 C0 O3 is  presented

below.
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Density  o f  w ater (p^) = 1 .00 g cm"^

Mass o f  b o t t le  plus stopper (empty) (M^^) = 5.5679 g

Mass o f  b o t t l e ,  stopper and c a t a ly s t  (M^^) = 6 .5528 g

Mass o f  b o t t l e ,  stopper and c a t a ly s t  f i l l e d  = 8 .7648 g
w ith  w ater (M^^^ )̂

Mass o f  b o t t le  plus stopper, f i l l e d  w ith  water = 8.0245 g 
only (Mbw)

The volume o f  the b o t t le  (V^) is  c a lc u la te d

V. = " k ; .V  = 2.4566 i  1 .4  X 10-V
Pw Pw

Mass e r ro rs  = -  1 x lO '^g

The volume o f  water used to f i l l  the b o t t l e  when the c a t a ly s t  is  

present (V^^) is  c a lc u la te d

V = = = 2.2120 i  1 .4  X 1 0 ' V

The volume o f  c a t a ly s t  present (V^) is  c a lc u la te d  using 

Vc = Vfa -  = 0 .2446 i  2 X l O ' V

The mass o f  c a t a ly s t  present (M^) is  c a lc u la te d

Me = Mjje -  M(,g = 0 .9 8 4 9  i  1 .4  x 10"V  

The d e n s ity  o f  c a t a ly s t  p  ̂ is  c a lc u la te d

p = = 0 J 8 4 9   ̂ 4 .0 2 6 6  -  1 .5  x lO '^cm '^
Vg 0 .2 4 4 6

=  4 .0 3  gcm"^
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3 .2 .3  Bulk p ro p e r t ie s  o f  fresh  La-|_^Sr^Co03 determined by XRD

The XRD patterns  o f  the fresh  c a ta ly s ts  were examined before  

any exposure to SOg or CO,to ensure th a t  they had the p e ro vsk ite -  

type s t r u c tu r e .  The d i f f r a c t i o n  patterns were compared to  

unpublished r e s u l ts  obtained by H ibb ert  and Tseung (84) and some 

peaks were i d e n t i f i e d  using a powder d i f f r a c t i o n  data manual (8 0 ) .

The 2o values o f  the peaks are shown in  Table 3 .4 .

The major peaks compare w ell w ith  unpublished work by H ib bert

and Tseung (8 4 ) .  LaCoOg has peaks a t  20 values o f  33 .0 1 ,  33 .44  and 

47.61 (80 )  and is  c lo s e ly  r e la te d  to La^ ^Sr^CoOg. Peaks w ith  

approxim ate ly  these values are among the s tro ng est present.

The 20 values o f  the fresh  La^ ^Sr^CoOg are o f  g re a te s t  in t e r e s t  

when compared to  those o f  the used c a ta ly s ts .

3 .2 .4  Surface p ro p e r t ie s  o f  fresh  La^ ^Sr^CoOg, determined by ESCA

The main purpose o f  studying the ESCA spectra  o f  fresh  

La^ ^Sr^CoOg was to measure the binding energies o f  La, S r ,  Co and 0 

so th a t  these could be compared w ith  the values f o r  the used c a ta ly s ts .  

I f  the chemical environment o f  an atom changes then th is  may be

detected  by a change in  the b inding energy o f  an e le c tro n  in  a

p a r t i c u la r  energy le v e l .

The b inding energies may a lso  be used to confirm the o x id a tio n  

s ta te s  o f  the elements a t  the surface o f  La^.^Sr^CoO^.

The binding energies o f  the fresh  samples are shown in Table 3 .5  

The value o f  0 was c a lc u la te d  fo r  each sample from the Cls peak which 

has a b inding energy o f  1186 eV.
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XRD o f  f re s h  La^ ^Sr^CoO] ( X =  1 .542  A)

116

A B A A
L ao .sS r O .7C0 O3 ^ *0 .4 ^ '" 0 .6 C0 O3 L * o . 5 ^^0 . 5 ^ 0 0 3

^ ^ 0 .7 ^ ‘"0 . 3 C0 O3
M ajor
p erov -

2 3 I n t e n s i t y 2 0  I n t e n s i t y 2 0 In te n s i ty  2 0 I n t e n s i t y s k i t e
peaks

1 0 . 8 w

1 5 .7w w 15 .8 w

1 8 .4 w

2 0 .4 w

2 3 .2 w

2 3 .5 w

24+ bw

25 w 25 .2 vw

2 5 .4 m 2 5 .8 m 2 5 .7 w

2 7 .6 w 2 7 .6 vvw

2 8 .4 w 2 8 .9 s 2 8 .3 w 2 8 .2 w

2 9 .5 w

3 1 .8 w

33.1 m 3 3 .2 s 3 2 .9 s 33.1 s y

33. 9 m

3 6 .8 vw

37.1 vw 37.1 37 w 37 .3 w

39 .9 w

41
4 3 .8 w 4 3 .8 w

4 4 .3 vw 4 4 .2 w/m 4 4 .5 vvw 44 .5 vw

48 b 4 7 .6 s 4 7 .5 s y
5 8 .6 vb 59 m 59 w 59 m y

s = strong m = medium w = weak vs = very strong

vw = very weak.

A = P h i l ip s  PW 1010 X -ray d i f f ra c to m e te r used.

B = P h i l ip s  PW 1710 X -ray di f f ra c to m e te r used.

n/ in d ic a te s the peaks a t t r ib u t e d  to the perovsk i t e -type  s t r u c tu re .

2e e r r o r  = - 0 .0 5 °
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T a b l e  3 . 5

Binding energies o f  fresh  La-j ^^r^CoOg

Binding energy/eV

Energy
le v e l

L * o . 3 5 ^0 . 7^003 '3 L&o.5 5 ^0 . 5^003 L^o.75^0 . 3^003

La 3dgy2 836 .5 836.5 836.5 835.9

Sr 3dgy2 133.7 133.3 133.7 133.1

Co 2p]y2 780 .8 781.3 781.2 780.9

0 Is 532.4 531.8 532 531.6

5 3 1 .1 * 530 .2 * 5 3 0 .4 * 529.7

= shou lder. b .e .  e r r o r  = -  0.3eV

The o x id a t io n  s ta te s  o f  La and Sr are +3 and +2 as expected. 

Although t r iv a T e n t  and t e t r a v a le n t  Co are present only one peak is  

present f o r  the Co spectrum. According to  the Handbook o f

X -ra y  pho toe lectron  spectroscopy (81) the  binding energies o f  many 

Co compounds are  very c lo se . The d i f f i c u l t y  in  d is t in g u is h in g  the  

two o x id a t io n  s ta te s  and th ree  Co species , th a t  i s ,  Co^*, Co^^^ and 

Co^^ may a lso be r e la te d  to  the c o n d u c t iv ity  o f  La  ̂ ^Sr^CoOg. Two 

0 species are e v id e n t ,  these may be l a t t i c e  oxygen and adsorbed oxygen

3 .2 .5  C o n d u c t iv i t ie s  o f  fresh  La^ ^Sr^CoOg

The c o n d u c t iv i t ie s  o f  fresh  La^_^Sr^Co03  samples were measured, 

to check th a t  they were semiconductors, to see i f  there  was a trend
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th a t  changed w ith  the value o f  x and to compare w ith  used c a ta ly s ts .

The re s is tan ce  o f  the s te e l  bars and connecting wires w ith o u t any 

c a t a ly s t  was 0.1 fi. The length  o f  the bars under 20 kg e q u iv a le n t  

pressure was 86 .2  mm. The cross sec tio n a l area was 5 .7 3 -0 .0 0 5  mm .̂

The c o n d u c t iv i t ie s  o f  the fresh  c a ta ly s ts  are shown in  Table 3 .6 .  

C o n d u c i t iv i ty  (< )  is  c a lc u la te d  using equation 26 shown in  section  2 . 2 . 1 . 5  

th a t  i s ,

K = J —  26
pa

1 = length o f  c a ta ly s t  sample under 20 kg e q u iv a le n t  pressure,

p = re s is ta n c e  o f  c a t a ly s t ,  

a = cross se c t io n a l  area o f  c a t a ly s t .

Table 3 .6

C o n d u c t iv i t ie s  o f  fresh  La^_^Sr^Co02

p + p , / «
+0.007 +0.1

1+1^/mm 

+0.005
Sr- CoO p /  0

i k l i

0 .4 +  0 .02CoO 86.6 169.8 169.7

CoO 86 .35

1 7 . 8 -  0 .03CoO 86.8

1 7 . 4 -  0 .0386.8



119

The c o n d u c t iv i ty  l im i t s  which d e f in e  semiconductors are  

10  ̂ -  10^ ^m \  The La  ̂ ^Sr^CoO^ samples f a l l  well w ith in  these  

1 i m i t s .

The c o n d u c t iv i ty  increases s ig n i f i c a n t l y  from La^ gSrg yCoOg 

to LaQ ^Sr^ ^CoOg, th a t  i s ,  from x = 0 .7  to x = 0 .6 ,  in  comparison

to the changes observed from x = 0 .6  to x = 0 .3 .  The gradual

decrease in  c o n d u c t iv i ty  on decrease o f  x from x = 0 .6  to x = 0 .3

may be rea l but the closeness o f  the values suggests th a t  there  is

a l e v e l l i n g  o f f  o f  the c o n d u c t iv i ty  o f  La^ ^Sr^CoO^ a t  high 

con cen tra t io ns  o f  La.

3 .2 .6  E . s . r .  s tud ies  o f  Lag ^Sr^ 5C0 O3

The purpose o f  the e . s . r .  study was to attem pt a c h a ra c te r iz a t io n

IV

The e . s . r .  spectrum shown in  F ig .  3 .3  is  th a t  o f  La^ ^Srg gCoO^

o f  Co

n 5
a t  19 .6  C. The s igna l is  not ty p ic a l  o f  th a t  produced f o r  a d

system o f  the type to which Co^^ would be expected to  belong.

F ig .  3 .4  shows the  spectrum produced f o r  La^ ySrg gCoOg a t  20.0Pc.

The s igna l is  s im i la r  to  th a t  fo r  La^ ^SrQ gCoO^ but i t  is

con s id erab ly  weaker.

During cooling  o f  the La^ ^Sr^ gCoO^ sample to - 1 4 3 .5°C the  

spectrum became s t e a d i ly  weaker and d isappeared. On reheating  the  

s igna l re turned  and on fu r t h e r  heating  to 180^C a sharpening o f  th e  

signal was observed. In o rder to determine whether the e f fe c ts  o f  

cooling  and heating  were r e v e r s ib le  another spectrum was run a t  2 1 .< 

The r e s u l t  was the same as th a t  f o r  the previous room tem perature
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FIGURE 3 . 3  E . S . R .  SPECTRUM OF Lag ^ S tq  gCoOg 

T e m p e r a tu r e  = ♦ 1 9 . 6 ° C

FIGURE 3 .4  E .S .R . SPECTRUM OF Lag ,S rg  3 C0 O3 

Tem pera ture  * +20.0°C

FIGURE 3 .5  E .S .R . SPECTRUM OF Lag ,S rg  ^ 0 0 0 3  

Tem pera ture  « + 2 7 2 .2°C 

F ie ld  » 3253 .9  -  lOOG
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d e te rm in a t io n ,  th a t  i s ,  a t  19 .6°C . The sample was then reheated ,  

th is  time to 2 7 2 .2°C and another spectrum was run , th is  is shown 

in  F ig .  3 .5 .

The scan o f  lOOOG revealed  no fu r t h e r  peaks.

The s ignal obtained was e v id e n t ly  not due to Co^^. To see 

i f  perhaps i t  was due to a lan th an ide  im p u rity  from the

LafNOgjg.GHgO the  spectrum o f  th is  was run. No s ignal was obta ined .

In order to  determine what the  s ignal was due to the g va lue  

was c a lc u la te d .  This was done by repeatin g  the  scan a t  25.2°C w ith  

a standard o f  known g value p re s e n t ,  th a t  i s ,  dpph.

The c a lc u la t io n  o f  the g value is  shown below.

The c e n tra l  peak has two peaks e q u id is ta n t  on e i t h e r  s id e ,  

so these can be a t t r ib u t e d  to  the same species .

The dpph peak overlapped w ith  the c e n tra l  peak obtained from 

La^ ^SrQ gCoOg, so the o u te r  peaks were c a lc u la te d  from the dpph 

g value (g^pp^) and the c e n tra l  peak was c a lc u la te d  from one o f  these

9dpph = 2-00358 = Gref

Equation 29, which is  shown in  sec tion  2 . 2 . 2 . 6 ,  was used.

9 = S r e f  (1 -  ) 29

The u p f ie ld  peak was designated g , and was c a lc u la te d

g ,=  2 .00358 (1 -  i L § L )  = 1.9852
3260 .0

The downfie ld  peak was designated gg and was c a lc u la te d

g ,  = 2 .00358 (1 + — -  )=  2.0256
2 3260 .0
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The g value fo r  the c e n tra l  peak was then c a lc u la te d  from g-j

^ cen tra l  " 1-9852 =  2 .0050c e n tra l  3260.0

The g va lue  fo r  the species represented by the th ree  peaks was 

thereby c a lc u la te d  by tak ing  the average value o f  the th ree  g va lues.  

The f in a l  g value was th e re fo re  2 .0053 .

The s ignal was not assigned and is  almost c e r t a in ly  due to an 

im p u r ity  o f  some s o r t  (8 5 ) .  A part from lack ing  the h y p e rf in e  

s p l i t t i n g  expected fo r  Co^^ the s ignal is  too small fo r  the amount 

o f Co^^ expected (8 5 ) .

3 .3  ADSORPTION AND DESORPTION OF SOg AND CO ON La^_^Sr^Co03

In th is  sec tio n  the d e t a i l s  o f  the heating  and cooling procedure 

f o r  p rep ara t io n  o f  each c a t a ly s t  and the subsequent adsorption and 

desorption  cycles w i l l  be rep o r te d .  The consequences o f  exposing  

samples which were pre-exposed to  SOg, to CO w i l l  a lso  be given.

Before these experim ents, which were a l l  c a r r ie d  out in  the  

vacuum l in e  are re p o rte d ,  the dimensions o f  the vacuum l in e  w i l l  be 

inc luded .

3 .3 .1  C a lc u la t io n  o f  the vacuum l i n e  dimensions

The volume o f  the  gas handling s ide was measured by a llow ing
3

1000 cm a i r  a t  atmospheric pressure (760 mm Hg) in to  th is  p a rt  o f  

the l i n e  when i t  was evacuated. The pressure in  the l in e  rose to  

283 mm Hg. From these pressures and the i n i t i a l  volume the volume 

was c a lc u la te d
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PlV] = PgVz

= 760 mm Hg

\l■̂  = 1000 cm  ̂

Pg = 283 mm Hg

y  ^  760 X 1000  ̂ 2686 -  7  cm^
283

3
The volume o f  the gas handling s ide was th e re fo re  1686 cm (V g).

3
The next step o f  the measurement was to is o la t e  the 1000 cm bulb

3
and to  a l lo w  the 1686 cm o f  a i r  a t  283 mm Hg pressure in to  the 

remainder o f  the vacuum l i n e .  The to ta l  pressure o f  the vacuum 

l i n e  was then measured as 167 mm Hg. From these pressures and 

the volume the t o t a l  volume o f  the vacuum l i n e  was measured.

P2Vg = P3V3

= 283 mm Hg

Vg = 1686 cm^

P3 = 167 mm Hg

y  ^  283 X 1686  ̂ 2857 -  12 cra^
167

The volume o f  the sec tio n  o f  the vacuum l in e  which contains the

m icrobalance was then c a lc u la te d  from the d i f fe re n c e  between the

t o t a l  volume and th a t  o f  the gas handling s ide

2857 -  1686 = 1171 i  14 cm^
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From these volumes i t  was possib le  to c a lc u la te  the pressure  

o f  SOg and o f  CO which when allowed in to  the  gas handling side  

would g ive  a pressure o f  7 .6  mm Hg and 15.2 mm Hg r e s p e c t iv e ly  in  

the whole vacuum l in e .  The pressures were 12.9  mm Hg and 25 .8  mm Hg 

re s p e c t iv e ly .

3 .3 .2  C a l ib ra t io n  o f  the temperature in  the vacuum l in e  w ith  th a t

o f  the furnace

Obtain ing repro d u c ib le  r e s u l ts  o f  tem peratures , as c a lc u la te d  

from the chromel-alumel thermocouple, during heating proved to  be 

im possib le .

A l l  o f  the measurements were made when the vacuum was such 

th a t  i t  was o f f  sca le  on the P ira n i  gauge. The experiment was 

repeated several t im es , w ith  the  cold fu n c t io n  monitored by a 

thermometer in s id e  the  vacuum l i n e  but d is t a n t  from the furnace and 

o u ts id e  the vacuum l i n e .

On heating  the  furnace to  300°C or 650°C the thermocouple 

e v e n tu a l ly  gave agreement w i th in  5°C. The s t a t i c  temperatures were 

th e re fo re  taken as those given by th e  furnace. There may have been 

e rro rs  during TPO. This may have led  to  e rro rs  during c a lc u la t io n s  

o f  desorp tion  energies using.MASS 1. The desorption  energies were 

c a lc u la te d  in  o rder to  a s c e r ta in  whether adsorption was physisorption  

or chemsorption so the  e rro rs  d id  not a f f e c t  the re s u l ts  cons iderab ly

The c a l ib r a t io n  a t  temperatures below 300°C w ith  a mercury 

thermometer gave b e t t e r  agreement than w ith  the  thermocouple. The
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temperatures were up to 20°C lower in s id e  the vacuum l i n e ,  during  

h e a t in g . A lower temperature in s id e  the l i n e  during heating can 

be expla ined by the lag in h e a t in g ,  p a r t ic u la r ly  in a vacuum.

3 .3 .3  SOg adsorption  and desorption experiments

The adsorption  and desorption experiments w i l l  be reported  

in  the order in which they were c a r r ie d  out. This is  because the  

re s u l ts  o f  some o f  the  e a r l i e r  runs in fluenced th e  procedure during  

the l a t t e r  in v e s t ig a t io n s .

The r e s u l ts  o f  th e  fo u r  experiments w i l l  then be compared 

as t h is  g ives the  most in te r e s t in g  p ic tu re  o f  the  work.

3 .3 .3 .1  Adsorption o f  SOg on Lag gSr^ ^CoOg followed by TPD

The p repara t ion  o f  the  c a t a ly s t  by heating and c o o l in g ,  the  

a d s o rp t io n ,  desorp tion  and scavenging experiments were a l l  c a rr ie d  

out as described  in  sections 2 .3 .2  to  2 . 3 . 3 . 1 . 2 .  The mass changes 

due to each s tep  o f  th e  experiments a re  shown in  Tab le  3 .7  and 

g r a p h ic a l ly  in  F ig .  3 .6 .

I f  Table  3 .7  is  used as a guide to  th e  graph o f  the  mass 

changes then the  e f fe c ts  o f  each s te p  o f  the  experiment can e a s i ly  be 

fo l  lowed.

I t  is  ev id en t th a t  heating the c a ta ly s t  leads to  a loss o f  

mass, adsorption  causes an in c rease , evacuation causes a s l ig h t  

decrease and TPD causes a fu r th e r  decrease. This can be seen, fo r  

example, a t  points 27 to  30 on F ig .  3 .6 .
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T a b l e  3 . 7

SOg adsorption  on La^ ^Sr^ gCoO^

Step No. 
in

experiment

Mass o f  
c a t a ly s t /g

!  5 X 10-G

Procedure ju s t  followed

1 0.0902 I n i t i a l  mass

2 0.09022 Evacuation

3 0.08383 Heated to  650°C

4 0.08511 Cooled to room temperature

5 0 .08514 Before adsorption SO2

6 0.08612 Adsorption SOg ( r . t . )

7 0 .08592 Re-evacuation

8 0.08496 TPD to 650°C

9 0 .08502 Cooled to  room temperature

10 0.08594 Adsorption SO  ̂ ( r . t . )

11 0 .08585 Re-evacuation

12 0 .08552 TPD to  650°C

13 0.0859 Cooled to  room temperature

14 0 .0867 Adsorption SOg ( r . t . )

15 0.08652 Re-evacuation

16 0.08607 TPD to  65D°C

17 0.08603 Cooled to room temperature

18 0.08669 Adsorption SOg ( r . t . )

19 0.08669 Re-evacuation

20 0.08642 TPD to  650°C

21 0.08682 Cooled to  room temperature

22 0.0867 Heated to  100°C

23 0.08753 Adsorption SOg (100°C)

24 0.08723 Re-evacuation

25 0.08722 TPD to  650°C

26 0.08774 Cooled to room temperature

27 0.0877 Heated to  100°C

- ta b le  continued
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T a b l e  3 . 7  ( c o n t i n u e d )

Step No. 
in

experiment

Mass o f  
c a t a ly s t /g

-  5 X 10"^
Procedure ju s t  fo llowed

28 0 .08828 Adsorption SOg (100°C)

29 0 .08815 Re-evacuation

30 0.08787 TPD to 650°C

31 0.08815 Cooled to  room temperature

32 0.08758 Heated to  300°C

33 0.08816 Adsorption SOg (300°C)

34 0.08815 Re-evacuation

35 0.08802 TPD to  650°C

36 0.08831 Cooled to room temperature

37 0.08835 L e f t  fo r  1 day

38 0.08825 Heated to 300°C

39 0 .0885 Adsorption SOg (300°C)

40 0.08847 Re-evacuation

41 0.08827 TPD to 650°C

42 0.0886 Cooled to room temperature

43 0.08842 Heated to  500°C

44 0 .09305 Adsorption SOg (500°C)

45 0.09317 Cooled to room temperature

46 0.09326 Re-evacuation

47 0 .09568 Adsorption SOg ( r . t . )  and heated to  500°C

48 0.09573 Re- evacuation

49 0.09574 Before TPD

50 0.09554 ' TPD to 650°C

51 0 .09575 L e f t  a t  650°C

52 0.09576 Cooled to 500°C

53 0.09714 Adsorption Og ( a i r )

54 0.09714 Re-evacuation

55 0.09696 Heated to 650°C

56 0.0963 Allow a i r  in to  system, removed from 
balance, re -b a la n c e  and evacuate

ta b le  continued
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Step No. 
in

experiment

Mass o f  
c a ta ly s t /g

i  5  X 1 0 " G

Procedure ju s t  fo llow ed

57

58

59

60 

61 

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80 

81 

82

83

84

0.09579

0.09599

0 .0963

0.09638

0.09624

0.0962

0.09626

0 .0923

0 .0919

0.09206

0.09216

0.09201

0.09217

0.09217

0.09246

0.09248

0.09224

0.09257

0.09229

0 .09268

0.09266

0 .0927

0 .09237

0.09236

0 .09245

0.0926

0.09259

0.09272

0.0956

Heat to  500"C

Adsorption 0^ ( a i r ,  500°C)

Heated to 650°C 

Cooled to  500°C 

Adsorption Og (500°C)

Heated to  650°C 

L e f t  a t  650°C

Cooled, a llowed a i r  in to  system, 
removed from balance, re -b a lanced  and 
evacuated.

Adsorption SO^

Heated to 650°C 

Cooled to 500°C.

(500°C)

Re-evacuation  

Heated to 650°C 

Before adsorption Og

Adsorption Og (650°C)

Re-evacuation  

Before adsorption  

Adsorption Og (650°C)

Evacuation and cooled to  500°C 

Adsorption Og (500°C)

Re-evacuation  

Heated to  550°C 

L e f t  a t  550°C 

Before adsorption  Og 

Adsorption Og (550^C)

Cooled to  room temperature  

Adsorption CO (8% CO 92% Ng, r . t . )  

Re- evacuation  

TPD to 650°C

Cooled to room tem perature , allowed  
a i r  in to  system re-weighed in  4 f i g .  
balance
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FIGURE 3 .6  ADSORPTION OF SO  ̂ ON La^ ^CoO.
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The f i r s t  steps o f  the experiment a re  the evacuation and heating  

of the c a t a ly s t .  The mass spectrum due to oxygen desorption is  shown 

w ith  the temperature change, in F ig . 3 .7 .  The temperature of the 

f i r s t  Og peak was 592^0. The to ta l  loss o f  mass due to evacuation  

and heating  befo re  adsorption was e q u iv a le n t  to 5.61% o f  the i n i t i a l  

mass. This  mass loss was probably due to degassing of the  

Lag gSr^ gCoOg sample as w ell  as loss o f  oxygen. The loss o f  mass 

expected from degassing was c a lc u la te d .  The approximation th a t  a

monolayer o f  Ng was adsorbed was made. This approximation was made

in  order to  c a lc u la te  the maximum mass loss expected fo r  desorption o f  

a i r  adsorbed on the surface . The surface area o f  an Ng molecule was 

given as 16.2%, th a t  i s ,  16.2 x 10”^^m^. The i n i t i a l  mass o f

2 1
Lag gSrQ gCoO^ was 0 .0902 g , the s p e c i f ic  surface  area was 16.12 m g"

2
th e re fo r e  the to ta l  su rface  area was 1 .45 m .

No. Np molecules adsorbed =    = 8 .95  x 10^^

1 6 . 2  X lO 'ZO

Mass o f  6 . 0 2 2 5 2  x 10^^ m o le cu le  Ng = 28 g

Mass o f  8 . 9 5  x 10^® m o le cu le  = 4 . 1 6  x 10

_ o

The mass loss on heating  the La^ ^Srg gCoO  ̂ was 5 .06  x 10" g. Th is  

suggests th a t  oxygen was lo s t  from th e  bulk o f  the  sample, th a t  i s ,  

l a t t i c e  oxygen.

The adsorption  and desorption  experiments a t  room tem perature,  

100°C and 300°C a re  shown. The c y c l ic a l  nature  o f  the experiment is  

e v id e n t  and i t  is  obvious th a t  as the  temperature o f  adsorption  is  

increased, the mass is  increas ing  as TPD does not cause desorption
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of a l l  of the adsorption products. A steady increase in mass is  

th e re fo re  observed.

The f i r s t  major break in the graph is  a t  po in t  44 and is  due to 

adsorp tion  o f  SO  ̂ a t  500°C. I t  seems th a t  a t  a temperature between 

300°C and 500°C s u f f i c i e n t  energy is  supplied fo r  chemisorption, or  

re a c t io n  w ith  the surface  which is  im possible a t  300°C. The break 

in  the adsorption  o f  SO  ̂ a t  500°C was due to an unavoidable de lay  

but the adsorption  was continued as shown a t  po in t 47. The to ta l  

mass increase was e q u iv a le n t  to 12.38% o f  the  mass before adsorp tion .

The remainder o f  the experiment was spent unsuccessfu lly  a ttem pting  

to remove the excess weight by a ser ies  o f  a i r ,  Og and CO in  Ng 

exposures. The loss o f  mass a t  p o in t  64 was not a chemical loss but 

due to an in te r r u p t io n  o f  the experiment where the c a t a ly s t  was 

removed and then re -b a lan ced . During the d is turbance some o f  the  

sample was lo s t .

The re s u l ts  o f  the computation o f  the TPD experiments using the  

program MASS 1 a re  shown in  Table  3 .8 .

Some o f  the  d eso rp tio ns  d id  not produce w e ll defined  MS peaks and 

these  were too complicated f o r  MASS 1 to  c a lc u la t e  the desorp tion  energies
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T a b l e  3 . 8

Desorption energies o f  SO  ̂ from La^ ^Sr^ ^CoO^

Temperature o f  
ad so rp tio n  ^C

No. species  
desorbed

Desorption  
en erg ies /k J  mol"'

F*

25 2 6 1 .8 1 ,  78.17 O .l lE -0 1

42 2 4 2 .1 0 ,  53.29 0.26E-01

32 2 4 1 .8 8 ,  49.33 0.16E-01

41 2 3 7 .9 2 ,  49 .90 0.42E-01

100 2 3 4 .8 8 ,  62.57 0.13E-01

100 2 3 4 .9 ,  49 .8 -

300 1 73.49 0.14E-01

300 1 108.9 0 .13-01

500 - -

500 - -

*  see sec tio n  3 .6

Those c a lc u la te d  in d ic a te  m ostly chem isorption. Those below 

40 kJ mol”  ̂ were on the b o rd e r l in e  o f  r e l a t i v e l y  strong physisorp tion  

and weak chemisorption according to Bond ( 8 3 ) .  Bond s ta tes  th a t  

phys isorp tio n  has a heat o f  adsorption  o f  8 -20  kJ mol"^ and 

chem isorption is  40-800 kJ mol"^. The a c t iv a t io n  energies a re  not zero  

and t h is  suggests chemi sorp tion  has occurred. The mass spectrum o f  the  

TPD o f SOg a f t e r  adsorp tion  a t  42°C and the temperature change as 

c o l le c te d  by th e  BBC microcomputer a re  shown in  F ig .  3 .8a. The output  

from the c a lc u la t io n  o f  the desorption energies by MASS 1, o f  t h is  d a ta ,  

i s  shown in F ig . 3 .9 .
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From the desorption  energies i t  can be seen th a t on f i r s t  

exposing LaQ ^Sr^ gCoOg to SOg th e re  is  r e l a t i v e l y  strong 

chemi sorp tion . The subsequent exposures a t  the lower temperatures  

a re  le s s  strong and t h is  may in d ic a te  a m o d if ic a t io n  o f  the surface  

by the  i n i t i a l  SOg adsorp tion . The adsorptions a t  300°C a re  a lso  

strong. Those a t  500°C a re  so strong th a t  desorption is  very  

s l ig h t  and i t  is  not possib le  to c a lc u la te  th e  desorption  energies.

3 . 3 . 3 . 2  Adsorption o f  SOg on Lag ^SrQ yCoO^ followed by TPD

The p re p a ra t io n ,  fo r  ad s o rp t io n ,  o f  the  c a t a ly s t ,  the  

a d so rp t io n ,  desorption  and scavenging steps o f  the experiment a re  

shown in Table  3 .9 .  Each step is  represented g ra p h ic a l ly  in  F ig . 3 .10

Table  3 .9

SOg adsorp tion  on Lag gSr^ yCoOg

Step No. 
in

experiment

Mass o f  

c a ta ly s t /q  
i  5 X lO'G

Procedure ju s t  fo llowed

1 0 .0935 I n i t i a l  mass

2 0.09148 Evacuation

3 0.08243 Heated to 650°C (went o f f  sca le )

4 0.0859 Allowed up to atmospheric pressure

5 0.08586 Evacuation

6 0.08536 Heated to 650°C

7 0 .0858  • Cooled to room temperature

8 0.08592 L e f t  w ith  ju s t  r o ta r y  pump

9 0 .08605 Re-evacuation

10 0.08509 Heated to 6 50°C

11 0.08584 Cooled to room temperature

12 0.08619 Adsorption SOg ( r . t . )

13 0.0862 Re-evacuation

14 0.08579 TPD to 6 50°C
t a b l e  c o n t i n u e d
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T a b l e  3 . 9  ( c o n t i n u e d )

Step No. 
in

experiment

Mass o f  
c a ta ly s t /g  

i  5 X 10-6

Procedure ju s t  followed

15 0.08754 Cooled to room temperature and l e f t  w ith  
j u s t  r o ta r y  pump

16 0.08762 Re- evacuation

17 0.08763 Adsorption SO  ̂ ( r . t . )

18 0.0871 Re-evacuation

19 0.08633 TPD to 650°C

2 0 0.08656 Cooled to room temperature

21 0.08678 Adsorption SOg ( r . t . )

22 0.08672 Re-evacuation

23 0.08632 TPD to 650°C

24 0.08679 L e f t  a t  650°C

25 0.08709 Cooled to room temperature

26 0 .08738 Adsorption SOg ( r . t . )

27 0.08727 Re-evacuation

28 0.08691 TPD to 660°C

29 0 .0869  5 L e f t  a t  650°C

30 0 .08723 Cooled to  room temperature

31 0.08717 Heated to 100°C

32 0.08713 Before adsoprtion SOg

33 0.08734 Adsorption SOg (100°C)

34 0 .08729 Re-evacuation

35 0.08696 TPD to 650°C

36 0.08706 L e f t  a t  650°C

37 0 .08734 Cooled to 100°C

38 0 .08763 Adsorption SOg (100°C)

39 0 .08754 Re-evacuation

40 0.0872 TPD to 6 50°C

41 0.08752 Cooled to 100°C

42 0.08772 Adsorption SOg (100°C)

43 0 .08765 Re-evacuation

44 0.08725 TPD to 6 50°C

t a b l e  c o n t i n u e d



139

T a b l e  3 . 9  ( c o n t i n u e d

Step No. 
in

experiment

Mass o f  
c a ta ly s t /g

- 5 X 10"^
Procedure ju s t  followed

45 0.08802 Cooled to room temperature and l e f t  
r o t a r y  pumping, then d i f f .  pump 
led to no change

46 0.08759 Heated to 300°C

47 0.08827 Adsorption SOg (300°C)

48 0.08819 Re-evacuation

49 0.08805 TPD to 650°C

50 0.08812 Cooled to 300°C

51 0 .08825 Adsorption SOg (300°C)

52 0.08825 Re-evacuation

53 0.08813 TPD to 650°C

54 0.08824 Cooled to 500°C

55 0.08825 Before adsorption  SOg

56 0.09051 Adsorption SOg (500°C)

57 0.09051 Re-evacuation

58 0.09051 TPD to 650°C

59 0.09052 Cooled to 500°C

60 0.09072 Adsorption SO2  (500°C)

61 0.09072 Re-evacuation and TPD to 650°C

62 0.09116 Cooled to  room tem perature

63 0.09071 Heated to 600°C

64 0.09086 Before a l lo w  CO in to  system

65 0.09059 Allowed CO in to  system (600°C)

66 0.09066 Re-evacuation

67 0.09056 Heat to  650°C

68 0.09086 Cooled to room temperature and 
l e f t  r o ta r y  pumping

69 0.09096 Re-evacuation

70 0.09096 Allowed CO in to  system ( r . t . )

71 0.09126 Heated to 650°C in  presence o f  CO

72 0.09026 Re-evacuation

73 0.09026 Cooled to room temperature

t a b l e  c o n t i n u e d
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T a b l e  3 . 9  ( c o n t i n u e d

Step No. 
in

experim ent

Mass o f  
c a ta ly s t /g

-  5 X 10-G

Procedure ju s t  followed

74 0.09106 Allowed CO in to  system ( r . t . )  and 
heated to  650QC in presence o f  CO

75 0.09034 Re-evacuation

76 0.09036 Cooled to  room tem perature

77 0.09005 Heated to 600°C

78 0.10296 Adsorption SO2 and CO (600°C)

79 0.10316 Re-evacuation

80 0.10316 Cooled to room temperature

81 0.10306 Allowed CO in to  system ( r . t . )  
and heated to 650QC in  presence 
o f CO

82 0 .10276 Re-evacuation

83 0.10326 Cooled to 600°C

84 0.10316 Allowed CO in to  system (600°C)

85 0.10296 Re-evacuation ( r o ta r y  pump)

Cooled to room tem perature and 
allowed up to atmosphere pressure

The tren d  observed is  very s im i la r  to  th a t  described fo r  

Lao gSr^ gCoOg. There is  a con s id erab le  decrease in  mass due to  

evacuation and h e a t in g .  The loss is  e q u iv a le n t  to 8.19% o f the  

i n i t i a l  mass. The tem perature o f  the f i r s t  Og peak was 353^0.

The expected loss o f  mass due to desorption  o f  a monolayer o f  

Ng was c a lc u la te d  f o r  t h is  sample in  the same manner as i t  was fo r  

Lag gSr^ gCoOg in  sec tion  3 . 3 . 3 . 1 .  The expected mass loss was
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4 .57  X 10 and the observed loss o f  mass due to heating in a
_ 3

vacuum was 7 .66 x 10 g . A llowing f o r  an e r ro r  in the 

assumption th a t  a monolayer o f  may be desorbed i t  seems th a t  

l i k e  the La^ ^SrQ gCoOg sample th e re  was e vo lu t io n  o f  l a t t i c e  

oxygen.

The mass o f  the sample increased g ra d u a l ly  w ith  each adsorption  

and TPD cyc le  u n t i l  a t  500°C adsorption is  s i g n i f i c a n t l y  g re a te r  than 

a t  the  lower temperatures. The mass increase  was e q u iv a le n t  to  

5.44% o f  the mass b e fo re  ad so rp tio n .

In th is  experiment 100% CO was allowed in to  the  system to  

attem pt to  scavenge sulphur species from th e  c a ta ly s t  surface .

This was n o t  very success fu l,  y e t  a f t e r  f u r th e r  exposure to CO and 

evacu a tio n , a t  p o in t  72 o f  F ig .  3 .10  the mass did  f a l l  s l i g h t l y .

The observation  th a t  th e  desorption  energies o f  SOg from 

LaQ gSrg gCoOj increased w ith  adsorp tion  temperature is  repeated  

f o r  LaQ gSrQ yCoOg. This is  shown in  Table 3 .1 0 .

As w ith  the LaQ gSrQ gCoOg experim ent, i t  appears th a t  the  SOg 

is  chemisorbed. The lower desorp tion  energies a re  low fo r  

chem isorption but the f a c t  th a t  they have a c t iv a t io n  energ ies ,  

according to Bond ( 8 3 ) ,  suggests th a t  they in d ic a te  chem isorption.

There was no desorption  o f  SOg a f t e r  adsorption  a t  500°C.

At p o in t  78 th e  adsorp tion  o f  SOg and CO tog eth er  can be 

seen to have caused a remarkable increase  in  mass. This was not 

recovered by CO in the system. No COS was observed.
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T a b l e  3 . 1 0

Desorption energies o f  SOg from La^ ^Srg yCoOg

Temperature o f  
ad so rp t io n /o c

No. species  
desorbed

Desorption e n e rg ie s /  
kJ mol“ l F*

41 3 a a j O ,  5 2 .5 7 ,  53.23 0.28E-01

25 3 3 4 .8 1 , 5 5 .2 0 ,  55.62 0.18E-01

25 3 50 .00 , 60 .00 , 70.00 0.12E-01

25 3 3 4 .8 1 , 55 .2 0 ,  55.62

100 2 36 .2 2 , 61 .72 0.25E-01

100 2 3 5 .8 6 , 57.72 0.20E-01

100 2 3 4 .2 9 , 90.85 0.35E-01

300 1 148.7 0.14E-01

300 1 188.6 0.23E-01

500 - -

★
see sec tio n  3 .6

There was no v is u a l  evidence o f  sulphur d e p o s it io n ,  however, when 

the sample was allowed up to atmospheric pressure i t  d id  smell o f  

sulphur.

3 . 3 . 3 . 3  Adsorption o f  SOg on La^ ySr^ gCoOg fo llowed by TPD

The p re p a ra t io n ,  fo r  a d s o rp t io n ,  o f  the c a t a ly s t ,  the  

a d s o rp t io n ,  desorption  and scavenging steps o f  the experiment a re  

shown in Table  3 .1 1 .  Each step  is  represented g ra p h ic a l ly  in  F ig .  3.11
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T a b le  3.11

SOg adsorption  on La^ ySr^ ^CoO^

Step No. 
in

experiment

Mass o f  
c a ta ly s t /g

-  5 X 10-6

Procedure ju s t  fo llowed

1 0 .1615 I n i t i a l  mass

2 0.16143 Evacuation

3 0.1578 Heated to  650°C

4 0.16004 Cooled to room temperature and 
l e f t  w ith  ju s t  ro ta ry  pump

5 0.16005 Re-evacuation

6 0.15882 Heated to 650°C

7 0.1592 Appeared to  leak  -  re -evac ua tion

8 0.15936 Cooled to room temperature

9 0.15917 Heated to  650°C

10 0.15931 Cooled to  49°C

11 0.15915 Heated to 650°C

12 0.15982 Cooled to room temperature

13 0.15972 Before adsorption SOg

14 0.16055 Adsorption SOg ( r . t . )

15 0 .16033 Re-evacuation

16 0.16949 TPD to 650°C

17 0.15955 Cooled to  room temperature

18 0.15956 Before adsorp tion  SOg

19 0.16042 Adsorption SOg ( r . t . )

20 0.16027 Re-evacuation

21 0.15969 TPD to 650°C

22 0.16114 Cooled to  room temperature

23 0.16123 Adsorption SOg ( r . t . )

24 0.16094 Re-evacuation

25 0.15968 TPD to 650°C

26 0 .16008 Cooled to lO cP c
27 0.16011 Before adsorption  SOg

ta b le  continued
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T a b le  3 .11 ( c o n t i n u e d )

Step No. 
i n

experiment

Mass o f  
c a t a ly s t /g

t  5 X l O ' G

Procedure ju s t  fo llowed

28 0.16072 Adsorption SOg (100°C)

29 0.16055 Re-evacuation

30 0.15988 TPD to 650°C

31 0.15997 Cooled to  100°C

32 0.16000 Is o la te d  from pump to pump back to  
SOg c y l in d e r  and re-evacuated

33 0 .16078 Adsorption SOg (100°C)

34 0.16060 Re-evacuation

35 0.16009 TPD to 650°C

36 0.16016 Cooled to 300°C

37 0.16025 Is o la te d  from pump to pump back to  
SOg c y l in d e r  and re-evacuated

38 0 .1608 Adsorption SOg (300°C)

39 0.16072 Re-evacuation

40 0.16047 TPD to  650°C

41 0 .16048 Cooled to  room temperature

42 0 .16198 Allowed up to  atmospheric pressure 
f o r  2 days

43 0 .16169 Re-evacuation

44 0.16073 Heat to  650°C

45 0.16083 Cooled to  300°C

46 0.16077 Is o la te d  from pump to pump back to  
SOg c y l in d e r  and re-evacuated

47 0.16112 Adsorption SOg (300°C)

48 0 .16114 Re-evacuation

49 0.16099 TPD to  650°C

50 0.16112 Cooled to  500°C

51 0.16095 Is o la te d  from pump to pump back to  
SOg c y l in d e r  and re-evacuated

52 0 .1904 Adsorption SOg (500°C)

53 0.1914 Re-evacuation

54 0 .1904 Cooled to room temperature

55 0 .1904 Allowed up to atmospheric pressure

56 0.1909 At atmospheric pressure fo r  2 weeks

t a b l e  c o n t i n u e d
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Step No. 
i n

experiment

Mass o f  
c a ta ly s t /g

i  5 X 10-6

Procedure ju s t  fo llowed

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

0.1904

0.1804

0.1806

0.1808

0.1844

0.1747

0.1727

0.1727

0.15981

0.15984

0.16182

0 .16235

0.1699

0.16864

0.1787

0.1789

0.1771

0.1771

0.1771

0.1772

0.1771

0.1774

Re-evacuation  

TPD to 650°C 

Cooled to  500°C

Is o la te d  from pump to pump back to  
SOg and re-evacuated

Adsorption SOg (500°C)

Re-evacuation

TPD to 650°C

Cooled to 600°C

Allowed CO in to  system (600°C) and 
heated to 650^0 in  presence o f  CO

Re-evacuation

Cooled to 600°C

Iso la ted  from pump to  pump back to  
SOg and CO c y l in d e rs  and re-evacuated

Adsorption SOg and CO (600°C)  

Re-cvacuation

Cooled to room temperature

Is o la te d  from pump to pump back to  
CO c y l in d e r  and re-evacuated

Allowed CO in to  system ( r . t . )  and 
heated to 650°C in  presence o f  CO

Cooled to 600°C 

Cooled to 500°C 

Re-evacuation

Cooled to room temperature  

Allowed up to atmospheric pressure
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As observed previously  evacuation and heating o f  the c a t a ly s t  

led to mass loss and desorption o f  oxygen. The loss observed was 

1.10% and the temperature o f the f i r s t  Og peak was 621°C.

As w ith  the two previous samples studied the loss o f  mass which 

would be expected fo r  desorption o f  a monolayer o f  Ng was c a lc u la te d ,
_ o

th is  was 1 .20 x 10 g . The loss o f  mass due to heating the c a ta ly s t
_ o

under vacuum was 1 .78 x 10 g . I t  appeared th a t  l a t t i c e  oxygen 

was desorbed from th is  sample too.

The trend fo r  adsorption o f SO2 observed during th is  experiment 

is  very s im i la r  to th a t  f o r  La^ yCoOg and Lag ^Sr^ gCoOg.

A gradual increase in mass is  observed throughout the range o f  

adsorp tion  temperatures u n t i l  adsorption a t  500°C caused a very big  

in c rease , e q u iva len t  to 19.21% o f  the mass before exposure to  SOg.

The SOg adsorption  is  shown a t  po in t  52 on F ig .  3 .1 1 .

TPD, shown a t  p o in t  58, removed much o f  the  adsorbed SOg but 

heating  to  650°C in the presence o f  CO caused the  mass to re tu rn  to  

almost e x a c t ly  th a t  b e fo re  the i n i t i a l  exposure to SOg a t  room 

tem perature; compare points 13 and 65. The MS was se t a t  60 amu 

during th is  scavenging experiment but no COS was d e te c ta b le .

The desorption data o f  the Lag ySrg gCoOg SOg experiment was 

analysed and computation using MASS 1 to c a lc u la te  the desorption  

energies was attem pted. The mass spectra obtained from the TPD 

experiments showed th a t  u n l ik e  Lag gSrg yCoOg and Lag gSrg gCoO  ̂ th e re  

were several desorption peaks due to SOg. The changes in MS sca le
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were more frequent and the  d e f in i t io n  o f  the peaks was more 

complicated than MASS 1 could handle.

When the SOg adsorp tions , TPDs and scavenging reactions  were 

completed SOg and CO were adsorbed to gether  on the Lag ySrg gCoOg 

surface . This led to the mass increase shown a t  po in t 69 o f  

F ig . 3 .1 1 .  A small decrease in mass was obtained by heating the 

sample from room temperature to 650°C in CO. The mass decrease 

was very l i t t l e  but nevertheless COS was detected by the MS.

The f i r s t  t race  o f COS detected was a t  283°C.

3 . 3 .3 .4  Adsorption o f  SOg on Lag ^Srg gCoO^ followed by TPD

The Lag ^Srg gCoOg experiment was c a r r ie d  out in  order to  

in v e s t ig a te  whether a trend observed across the ser ies  o f  

La^ ^Sr^CoOg (x  = 0 .3 ,  0 . 5 ,  0 .7 )  was r e a l .  I t  appeared from the  

e a r l i e r  experiments th a t  the to ta l  mass increase a f t e r  adsorption  

o f  SOg a t  500°C increased as La increased. The increase in  mass 

on adsorption o f  SOg a t  500°C was markedly g re a te r  than th a t a t  room 

tem perature , 100°C or 300°C. The adsorption on Lag ^Srg gCoOg was 

th e re fo re  only c a r r ie d  out a t  500°C.

Each step  o f  the experiment is  d e ta i le d  in  Table 3 .1 2 .  The 

steps are  represented g r a p h ic a l ly  in  F ig .  3 .1 2 .

As w ith  the three La^ ^Sr^CoOg compounds studied p rev io u s ly ,  

i n i t i a l  heating under vacuum led to a mass decrease. I f  the to ta l  

mass decrease due to evacuation and h ea tin g , before adsorp tion , is  

c a lc u la te d ,  the percentage loss o f  mass is  5.61%. The temperature  

o f the f i r s t  Og peak observed by the mass spectrometer-on i n i t i a l
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T a b l e  3 .1 2

SOg adsorption on La^ ^STq gCoQ^

Step No. 
in

experiment

Mass o f  
c a ta ly s t /g

- 5 X 10"G

Procedure ju s t  followed

1 0.1023 I n i t i a l  mass

2 0.10281 Evacuation

3 0.09674 Heated to  650°C

4 0.09817 Cooled to  room temperature

5 0.09717 Heated to 650°C

6 0.09713 Cooled to room temperature

7 0.09712 Heated to  650°C

3 0 .098 Cooled to room temperature

9 0.09731 Heated to 500°C

10 0.1073 Adsorption SOg (500°C)

11 0.10685 Evacuation

12 0.10615 TPD to 650°C

13 0.10567 Cooled to room temperature

14 0.10671 Allowed up to atmospheric pressure

heating was 409 C. The mass losses and temperatures o f  oxygen 

desorption o f  the various La^ ^Sr^CoOg c a ta ly s ts  w i l l  be compared in  

section  3 . 3 . 3 . 5 .

The actual mass loss due to heating the La^ ^SrQ gCoO^ sample 

under vacuum was 4 .99  x 10"^ g. The desorption o f  a hypothetica l  

monolayer o f  Ng would have given a mass loss o f  3 .30  x 10 % .  As 

w ith  the o th er  samples, there  appeared to be evo lu tion  o f  l a t t i c e  

oxygen.
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FIGURE 3 .12  ADSORPTION OF SOg ON La^ ^S r^  g^oO^
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The change of mass on adsorption o f  SOg a t  500°C was e q u iv a le n t  

to 10.27% o f  the mass before adsorption . This mass change was 

compared to those o f the o ther th ree  c a ta ly s ts  in v e s t ig a te d .  The 

trend acorss the ser ies  was continued fo r  the La^ ^Sr^ gCoO^ example.

3 . 3 . 3 .5  Summary o f  oxygen desorption data from La-j ^Sr^CoOg

From the data recorded by the BBC microcomputer during  

h e a t in g ,  the temperatures a t  which Og was f i r s t  detected by the MS, 

was c a lc u la te d .  The mass changes due to heating o f  the c a ta ly s ts  

were a lso  recorded. Each o f  the c a ta ly s ts  in ves tig a ted  had a 

d i f f e r e n t  s ta r t in g  mass so the mass changes are recorded as 

percentages o f  the i n i t i a l  mass. The temperatures o f  i n i t i a l  oxygen 

desorption and the percentage mass losses are given in  Table 3 .13 .

Table 3 .13

Temperatures o f  i n i t i a l  oxygen desorption and mass changes on heating  

La,.^SrxCo03

La^.xSrxCoOj Temperature o f  ^ 
oxygen d eso rp t io n / C

Percentage mass loss  
on heating

353 8 .19

409 4 .88

592 5.61

* -® 0 .7 ^ 0 .3 ‘' ° ° 3 621 1 . 1 0
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The temperatures and percentage mass losses shown in  Table 3 .1 3  

are p lo t te d  ag a in s t proportion o f La in La  ̂ ^Sr^CoOg in F ig . 3 .13 .

I t  is c le a r  from F ig .  3 .13  th a t  there  is  a trend o f  g re a te r  mass 

loss and o f  oxygen desorption  a t  lower temperatures a t  the lower 

La proportions and lesser mass losses which occurred a t  h igher  

temperatures fo r  h igher La content.

3 .3 .3 .6  Summary o f  SOg adsorption data on La  ̂ ^Sr^CoOg

A trend o f  increas ing  SOg adsorption on La  ̂ ^Sr^CoOg w ith  

increas ing  La content was observed. F ig .  3 .14  shows how the 

percentage mass o f  each sample increased on adsorption o f  SOg a t  

room tem perature , lOO^C, 300°C and 500°C. Of p a r t ic u la r  in t e r e s t ,  

is  the increase in  masses a t  500°C and the apparent l i n e a r i t y  o f  

t o t a l  percentage mass increase a t  500°C w ith  La content.

3 . 3 . 3 . 7  Comparison o f  mass losses due to heating fresh  La  ̂ ^Sr^CoOg

and mass gains due to subsequent adsorption o f  SOg

The re la t io n s h ip s  between the mass losses due to heating  

fresh  La^ ^Sr^CoOg in a vacuum and the mass gains a f t e r  exposure 

to SOg are in te r e s t in g .  The mass changes are shown as t r u e  masses 

and as percentages, w ith  the ra t io s  o f  the mass gains and mass losses, 

in  Table 3 .1 4 .

A t  th is  stage i t  is  no t possib le  to o f f e r  an exp lanation  o f  mass 

changes, however, a t te n t io n  may be drawn to the mass gain/mass loss 

r a t i o .  The i n i t i a l  loss o f  mass is not recovered fo r  the 

La^ 3 $ro yCoOg sample. For both the La^ ^Sr^ gCoO^ and La^ ^Sr^ gCoO^

samples the gain in mass is  v i r t u a l l y  double the mass loss.
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FIGURE 3 .13  PERCENTAGE MASS CHANGE ON HEATING FRESH CATALYST TO 

650°C IN A VACUUM AND TEMPERATURE OF FIRST OXYGEN 

DESORPTION PEAK AGAINST La CONTENT
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FIGURE 3 .14  PERCENTAGE MASS INCREASE DUE TO ADSORPTION 

OF SOo
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T a b le  3 .1 4

Mass losses due to heating La  ̂ ^Sr^CoOg under vacuum and mass gains 

due to adsorption o f  SO^

Lai-xSryCoOs
I n i t i a l  Mass 

mass/g loss /g

% Mass 

loss

Mass

gain /g

% Mass 

gain ,

Mass gain  

Mass loss

0.0935 7.66x10"^ 8 .19 4.67x10"^ 5.44 0.61

0.1023 4 .99xlO "3 4 .88 9.99x10"^ 10.27 2 . 0 0

*-®0.5^'"0.5^°°3 0 .0902 5.06x10"^ 5.61 0.01054 12.38 2.08

'■®0.7^'"0.3^°°3 0 .1615 1.78x10"^ 1 . 1 0 0.03068 19.21 17.24

The increase in  mass observed a f t e r  SOg adsorption on La^ ySr^ gCoOg 

is  f a r  in excess o f  the mass loss.

3 .3 .4  CO adsorption  and desorption experiments

The CO adsorption  experiments a re  reported in order o f  

in creas ing  La co n ten t ,  a p a r t  from La^ ^Sr^ gCoO^ which was in ve s t ig a te d

la s t  in order to  check whether or not a trend e x is ted  across the

LSi-ySr^CoOg s e r ie s .

The p resen ta t io n  o f  the r e s u l ts  is  s im i la r  to th a t  in  section  

3 .3 .3  fo r  the SOg experim ents.

Most o f  the COg desorptions were too e r r a t i c  fo r  computation

by MASS 1, fo r  c a lc u la t io n  o f  the desorption energy. The fa c t  th a t

COg was formed in d ic a te s  chemisorption and reduction o f  the c a t a ly s t .

An example o f  a mass spectrum o f  the TPD of C O g ,a fter-ad sorp tion  o f  CO

is shown in  F ig . 3 ,8 b ,  fo r  comparison w ith  the SO  ̂ spectrum shown in F i g . 3 . 8 a

R.H.B.N.C.
LIBRARY
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3 .3 .4 .1  Adsorption o f  CO on La^ ^Sr^ yCoO^ followed by TPD

The mass changes due to each step in the experiment are  

shown in Table 3 .1 5 .  These steps are shown g ra p h ic a l ly  in  

F ig .  3 .1 5 .

Table 3 .15

CO adsorption  on Lag gSrQ yCoO^

Step No. 
in

experiment

Mass o f  
c a ta ly s t /g

-  5 X lO'G

Procedure ju s t  followed

1 0.0816 I n i t i a l  mass

2 0.08147 Evacuation

3 0.07356 Heated to  650°C

4 0.07481 Cooled to room temperature

5 0.07369 Heated to  650°C

6 0.07387 Cooled to  room temperature

7 0.07355 Heated to 650°C

8 0.07482 Cooled to  room temperature

9 0.07478 Before adsorption CO

10 0.07517 Adsorption CO ( r . t . )

11 0.0751 Re-evacuation

12 0.0737 TPD to 650°C

13 0.07465 CooTed to  room temperature

14 0.07455 Is o la te d  from pump,to pump back to  
CO c y l in d e r  and re-evacuated

15 0 .075 Adsorption CO ( r . t . )

16 0 .07509 Re-evacuation

17 0.0739 TPD to 650°C

18 0.0739 Cooled to  room temperature

19 0.08048 L e f t  w ith  ju s t  ro ta ry  pump

20 0.07999 Re-evacuation

21 0 .0733 Heated to  650°C

22 0.07336 Cooled to room temperature

23 0.07339 Iso la ted  from pump,to pump back to 
CO c y l in d e r  and re-evacuated.

t a b l e  c o n t i n u e d
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T a b le  3 . 1 5  ( c o n t i n u e d )

Step No. 
in

experiment

Mass o f  
c a ta ly s t /g  

- 5 X icrG

Procedure ju s t  fo llowed

24 0.07366 Adsorption CO ( r . t . )

25 0.07411 Re-evacuation

26 0.07341 TPD to 650°C

27 0.07392 Cooled to room temperature

28 0.07377 Heated to 100°C

29 0.07391 Adsorption CO (100°C)

30 0.07393 Re-evacuation

31 0.07345 TPD to 550°C

32 0.07337 Cooled to 100°C

33 0.07373 Adsorption CO (100°C)

34 0.07386 Re-evacuation

35 0.07335 TPD to 650°C

36 0.07351 Cooled to  100°C

37 0.0738 Adsorption CO (100°C)

38 0.0738 Re-evacuation

39 0.07347 TPD to 650°C

40 0.07365 Cooled to  300°C

41 0.07403 Adsorption CO (300°C)

42 0.07406 Re-evacuation

43 0.07359 TPD to 650°C

44 0.07407 Cooled to  room temperature

45 0.07407 L e f t  under vacuum 1 day

46 0.07475 . L e f t  w ith  ju s t  ro ta ry  pump 1 day

47 0.07469 Re-evacuation

48 0.07374 Heated to 650°C

49 0.07385 Cooled to 300°C

50 0.0741 Adsorption CO (300°C)

51 0.07444 Re-evacuation

52 0.07402 TPD to 650°C

t a b l e  c o n t i n u e d
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T a b le  3 . 1 5  ( c o n t i n u e d )

Step No. 
in

experiment

Mass o f  
c a ta ly s t /g

-  5 X lO'G

Procedure ju s t  fo llowed

53 0.07406 Cooled to 500°C

54 0.0807 Adsorption CO (500°C)

55 0.07956 Re-evacuation

56 0.07433 TPD to 650°C

57 0.07434 Cooled to 500°C

58 0.08295 Adsorption CO (500°C)

59 0.08181 Re-evacuation

60 0.07681 TPD to 650°C

61 0.07706 Cooled to 300°C

62 0.07802 Adsorption CO (300°C)

63 0.07792 Re-evacuation

64 0.07645 TPD to 650°C

65 0.07692 Cooled to room temperature

66 0.08158 Allowed up to atmospheric pressure

- 0.0815 Re-weighed in  4 f i g .  balance.

Examination o f  F ig .  3 .15  w ith  Table 3 .15  fo r  reference shows 

th a t  as w ith  the SO  ̂ experiments heating o f  the c a ta ly s t  led  to  loss 

o f mass, adsorption o f  CO led to an increase , re -evacuation  led to a 

decrease and th is  continued during TPD.

Adsorption o f CO a t  room tem perature, 100°C and 300°C a l l  led  

to  small increases in mass. Exposure o f the sample a t  500°C led to  

a much more marked mass change. The to ta l  increase in  mass a f t e r  

adsorption  a t  500°C was 5 .92  x lO '^ g . th a t  i s ,  7.92% o f  the mass before  

ad so rp tio n . Re-evacuation and TPD led to a re tu rn  to the mass before
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FIGURE 3 .15  ADSORPTION OF CO ON La^ ^Sr^ yCoO^
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exposure a f t e r  the f i r s t  500°C ad so rp tion , but recovery was not  

complete a f t e r  the second.

I t  is  in te r e s t in g  to note th a t  the adsorption experiments 

fo r  SOg a l l  ind ica ted  th a t  adsorption o f  SOg was s ig n i f i c a n t ly  

g re a te r  a t  500°C than a t  the lower tem peratures, s im i la r ly  to CO 

adsorption in  this experiment.

I t  was not only adsorption o f  CO a t  500°C th a t  caused the 

mass to increase . By switching o f f  the d i f fu s io n  pump and a llow ing  

the pressure in the vacuum l in e  to increase , adsorption from the a i r  

occurred. The r e s u l t  o f  th is  can be seen a t  p o in t  19 o f  F ig .  3 .1 5 .  

The mass f e l l  again when the sample was heated under vacuum.

When the experiment had been completed and the sample was allowed up

to atmospheric pressure the mass recovered to approximately the 

i n i t i a l  mass o f  fresh  La^ gSr^ yCoOg. This suggests th a t  oxygen 

removed by evacuation , heating and, or reduction by CO is re-adsorbed.

3 . 3 . 4 . 2  Adsorption o f  CO on Lag gSr^ gCoOg followed by TPD

The mass changes due to each step in the experiment are  shown

in  Table 3 .1 6 .  These steps are shown g ra p h ic a l ly  in F ig . 3 .1 6 .

This experim ent, l i k e  th a t fo r  La^ gSr^ y C o O ^  described in  

section  3 .3 .4 .1  was s e t  up to in v e s t ig a te  the adsorption o f  CO a t  

room tem perature , 100°C, 300°C and 500°C. U n fo rtu n a te ly ,  during the  

experim ent several in te r ru p t io n s  due to microbalance fa u l ts  and 

power cuts meant th a t  the La^ gSr^ yCoOg sample had to be allowed up 

to a i r  and removed from the vacuum l in e  a couple o f  times.
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CO adsorption on La^ ^SrQ gCoOg

162

Step No. 
in

experiment

Mass o f  
c a ta ly s t /g

- 5 X 1Q-G

Procedure ju s t  fo llowed

4

5

6

7

8 

9

10

11
12

13

14

15

16

17

18

19

20 

21 

22
23

24

25

26

0.1718

0.17141

0.1608

0.16058

0.15858

0.16132

0.16012

0.16073

0.16144

0.16018

0.16031

0.16102

0.16093

0.16025

0.16024

0.1609

0.16097

0.16026

0.16113

0.16137

0.16131

0.16027

0.16048

0.16019

0.16058

0.16102

I n i t i a l  mass 

Evacuation

Heated to 650°C (went o f f  s c a le ) ,  
cooled to room tem perature, allowed up 
to atmospheric pressure and re-weighed  
in  4 f i g .  balance.

Evacuation

Heated to 650°C

Cooled to room temperature and l e f t  
ju s t  ro ta ry  pump

D i f f  pumped and heated to 650 C

Cooled to room temperature

L e f t  under vacuum 16 hr.

Heated to 650°C

Cooled to room temperature

Adsorption CO ( r . t . )

Re-evacuation

TPD to 650°C

Cooled to room temperature (immed) 

Adsorption CO ( r .  t .  )

Re-evacuation  

TPD to 650°C

Cooled to room temperature  

Adsorption CO ( r . t . )

Re-evacuation  

TPD to 650°C

Cooled to 44°C (T furnace)

Heated to 650°C 

Cooled to lOO^C 

Adsorption CO (100°C)

t a b l e  c o n t i n u e d
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T a b le  3 . 1 6  ( c o n t i n u e d )

Step No. 
in

experiment

Mass o f  
c a ta ly s t /g

- 5 X 10-G

Procedure ju s t  fo llowed

27 0.16104 Re-evacuation

28 0.16033 TPD to 650°C

29 0.16127 Cooled to 100°C

30 0.1612 Adsorption CO (100°C)

31 0.16118 Re-evacuation

32 0.16039 TPD to 650°C

33 0.16022 L e f t  a t  650°C

34 0.16055 Cooled to 100°C

35 0.16095 Adsorption CO (lOO^C)

36 0.16029 TPD to 650°C

37 0.16122 Cooled to 100°C

38 0.1612 Before adsorption CO

39 0 .16118 Adsorption CO (100°C)

40 0.1612 Re-evacuation

41 0.16029 TPD to 650°C

42 0.16041 Cooled to 300°C

43 0.16065 Is o la te d  balance from pumps before  
adsorption CO.

44 0.16094 Adsorption CO (300°C)

45 0.16106 Re-evacuation

46 0.16031 TPD to 650°C

47 0.16226 L e f t  under vacuum 2 days, then ju s t  
ro ta ry  pump f o r  1 day

48 0.1578 F a u l t  w ith  m icrobalance, c a ta ly s t  
removed, some lo s t  then re-balanced

49 0.15742 Evacuation

50 0.15647 Heated to 650°C

51 0.1564 L e f t  a t  650°C

52 0.15668 Cooled to 40 °C (T furnace)

53 0.15651 Heated to 650°C

54 0.15646 Cooled to 44°C (T furnace)

55 0.15651 Heated to 650°C

t a b l e  c o n t i n u e d
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Step No. 
in

experiment

Mass o f  
c a ta ly s t /g  

i  5 X 10"G

Procedure ju s t  fo llowed

56

57

58

59

60 

61 

62

63

64

65

66
67

68

69

70

71

72

73

74

75

76

77

78

79

80

0.15725

0.15693

0.15671

0.15695

0.15672

0.15705

0.15658

0.15755

0.15724

0.15771

0.15709

0.15646

0.1576

0.15784

0.15786

0.15846

0.15766

0.1545

0.15462

0.15207

0.15281

0.15502

0.15444

0.14919

0.15054

L e f t  balance under vacuum but not  
pumped 16 hr.

Heated to 650°C

Cooled to 41°C (T furnace)

Heated to 650°C

Cooled to 44^C (T furnace)

Heated to 650°C

Cooled to 300°C

Before adsorption CO

Adsorption CO (300°C)

Re-evacuation

TPD to 650°C

L e f t  a t  650°C

Cooled to room temperature and l e f t  
ju s t  ro ta ry  pump

Heated to 300°C

Adsorption CO (300°C, 20 mmHg)

Re-evacuation

TPD to 650°C

Cooled to room tem perature , a llowed up 
to atmospheric pressure fo r  2 weeks -  
removed from balance

Evacuation

Heated to 500°C

Iso la ted  from pumps before adsorption CO 

Adsorption CO (500°C)

Re-evacuation  

TPD to 650° C

Cooled to room tem perature, l e f t  ju s t  
ro ta ry  pump 1 day and re-evacuated

t a b l e  c o n t i n u e d
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Step No . 
in

experiment

Mass of  
c a ta ly s t /g

i  5 X lO'G

Procedure ju s t  fo llowed

81

82

83

84

85

86

87

88
89

90

91

92

93

94

95

96

97

98

99 

100 

101 

102

103

104

105

0.14916

0.14913

0.15111

0.1496

0.14945

0.1468

0.14679

0.15007

0.14976

0.14768

0.14939

0.14929

0.15145

0.15109

0.14844

0.15711

0.15102

0.15102

0 .1539

0 .153

0.15173

0.14901

0.14899

0.16009

0.15989

Heated to 650 C

Before adsorption CO

Adsorption CO (500°C)

TPD to 650°C and went o f f  scale

th ere fo re  cooled to room temperature  
and re -ba lan ced .

Evacuation

Heated to 650°C

Cooled to 500°C

Adsorption CO (500°C)

Re-evacuation

TPD to 650°C

Cooled to 500°C

Iso la ted  from pump and re-evacuated  

Adsorption CO (500°C)

Re-evacuation  

TPD to 650°C

L e f t  ju s t  ro ta ry  pump 2 days then 
re -evacuated

Heated to 650°C

Cooled to 600°C

Adsorption CO (600°C)

L e f t  a t  600°C

Re-evacuation

TPD to 650°C

Cooled to 60CPC

Adsorption Og (60cPc)
Re-evacuation

o f f  scale
tab le  continued
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T a b le  3 . 1 6  ( c o n t i n u e d )

Step No. 
in

experiment

Mass o f  
c a ta ly s t /g  

-  5 X 10-G

Procedure ju s t  fo llowed

106 0.15939 fefore  adsorption CO

107 0.15689 Adsorption CO (600°C)

10« 0.15393 Re-evacuation

109 0.15085 TPD to 650°C

110 0.15094 Cooled to 600Pc

111 0.17769 Adsorption SOg (600°C)

112 0.17769 Re-evacuation

113 0.17769 TPD to 650° C

114 0.17519 Cooled to 600°C and adsorption CO

115 0.17219 Re-evacuation

116 0.17139 TPD to 650°C

117 0.17409 E l e c t r i c i t y  o f f  1| h cooled then 
re -evacuated , heated to 65Q0C and 
cooled to 600PC.

118 0.17759 Adsorption CO (600°C)

119 0.17799 Re-evacuation

120 0.1 7729 Cooled to room temperature

121 0.17709 Allowed up io atmospheric pressure

Any loss o f  m a te r ia l  which occurred due to these distrubances was 

accounted f o r .

A f te r  the i n i t i a l  loss o f  mass due to evacuation and heating  

the mass fo llow ed a c y c l ic a l  p a ttern  due to h ea tin g , co o lin g ,

adsorption  o f  CO a t  room tem perature, 100°C and 300°C and d esorp tion ,  

th is  continued a f t e r  the microbalance f a u l t  a t  p o in t  48.
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FIGURE 3 .16  ADSORPTION OF CO ON La^ gSr^ 5C0 O3
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Adsorption a t  500°C, shown a t  p o in t  77 was g re a te r  than a t  the 

lower temperatures and th is  coincides w ith  each of the previous 

experiments w ith  SOg and w ith  CO. I f  the masses due to TPD 

are examined throughout the experiment before CO adsorption a t  500°C, 

i t  can be seen th a t  the mass remains remarkably s ta b le .  The f i r s t  

adsorption o f  CO a t  500°C gives a percentage mass increase o f  1.45% 

which is  o f  the order o f  1% g re a te r  than the increase a t  the lower 

tem peratures. The mass loss on TPD is  also g re a te r  than that due 

to TPD a t  lower temperatures. The mass loss is  possibly almost 

e n t i r e ly  due to oxygen being scavenged from the l a t t i c e  by the 

adsorbed CO to form COg,which was then desorbed. The loss o f  mass 

due to re -evac ua t ion  and TPD was e q u iv a le n t  to 2.37% o f the mass 

before adsorp tion . A percentage loss o f  2.28% (from c a lc u la t io n  o f  

e q u iv a le n t  percentage o f  1.45% 28 a mu to 44 amu) minus 1.45%, th a t  i s ,  

0.83% would be expected i f  ju s t  COg was being desorbed. Each time  

m a te r ia l  is  heated under vacuum th ere  is  l i k e l y  to be desorption o f  

gases adsorbed a t  lower tem peratures.

F u rth e r  adsorptions o f  CO a t  500°C led to g re a te r  losses o f  mass 

on TPD, p a r t i c u l a r l y  a t  p o in t  84 where the mass went o f f  sca le .

The adsorption o f  CO a t  600°C, p o in t  99, is  very s im i la r  to that a t  

500°C.

Adsorption o f  0^ a t  600°C, p o in t  104, and o f  SOg a t  600°C, 

p o in t  111, led to very s ig n i f i c a n t  increases in mass. This adsorption  

o f SOg on the sample a f t e r  the CO experiments gave the r e s u l t  expected  

from a c a t a ly s t ,  no t pre-exposed to CO, according to the re s u lts  o f  

section  3 .3 .3 .  Adsorption o f  CO and subsequent re -evacuation  and TPD
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d id  lead to a decrease in mass, n o t a l l  o f  the mass increase due to 

SOg exposure was renoved and no COS was de tected .

3 .3 .4 .3  Adsorption o f  CO on Lag ySr^ 3 C0 O3 fo llowed by TPD

The mass changes due to each step in the ex périment ar e 

shown in Table  3 .1 7 .  These steps a r e  shown g ra p h ic a l ly  in F ig . 3 .1 7 .

Table 3 .17

CO adsorption  on La^ ySr^ 3C0 O3

Step No. 
in

experiment

Mass of  
c a ta ly s t /g  

-  5 X lO'G

Procedure ju s t  fo llowed

1 0.1072 I n i t i a l  mass

2 0.10728 Evacuation

3 0.10226 Heated to  650°C

4 0.10363 Cooled to room te n p e ra tu re

5 0.10454 L e f t  w ith  ju s t  ro ta ry  pump then 
re-evacuated

6 0.10389 Heated to  650°C

7 0.104 Cooled to room tenpa^ature

8 0.10385 Heated to 650°C

9 0.10374 Cooled to room temperature

10 0.10301 feated to 650°C

11 0.10314 Cooled to room temperature

12 0 .10298 Heated to 650°C

13 0.10343 Cooled to room tenperature

14 0.10366 Adsorption CO ( r . t . )

15 0.10368 Re-evacuation

16 0.10303 TPD to 650°C

17 1 .10336 Cooled to room tem perature

18 0.10337 Isolated from pump then re-evacuated

19 0.10357 Adsorption CO ( r . t . )

20 0.10363 Re-evacuation

21 0.10307 TPD to 650°C

22 0.10307 Cooled to room temperature

t a b l  e con t i n u e d
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Tabl  e 3 .17  ( c o n t i n u e d

Step No. 
in

experim en t

Mass of  
c a ta ly s t /g  
-  5 X 10-6

Procedure ju s t  follov;ed

23 0.10381 L e f t  under vacuum but the pressure  
increased, then re-evacuated

24 0.10321 Heated to 650°C
25 0.10322 Cooled to 100°C
26 0.10325 Isolated from pump, to pump back 

to CO c y l in d e r  and re-evacuated
27 0.10362 Adsorption CO ( r . t . )
28 0.10366 Re-evacuation

29 0.10325 TPD to 650°C

30 0.10318 Cooled to 100°C
31 0.10351 Adsorption CO (100°C)
32 0.10356 Re-evacuation

33 0.10314 TPD to 650°C

34 0.10318 Cooled to 300°C

35 0.10321 Iso lated  from pump, to pimp back 
to CO c y l in d e r  and re-evacuated

36 0.10339 Adsorption CO (300°C)

37 0.10324 Re-evacuation

38 0.10288 TPD to 650°C

39 0.10289 Cooled to 300°C

40 0.10291 Iso lated  from pimp, to pump back to 
CO c y l in d e r  and re-evacuated

41 0.1032 Adsorption CO (300°C )

42 0.10319 Re-evacuation

43 0.10291 TPD to 650°C

44 0.10546 ^ Cooled to room temperature and l e f t  
j u s t  r o ta r y  pimping

45 0.10536 Re-evacuation

46 0 .1 0 2 1 Heated to 650°C

47 0.10225 Cooled to 300°C

48 0.10252 Iso lated  from pump, to  pump back to 
CO c y l in d e r  and re-evacuated

49 0.10271 Adsorption CO (300°C )

50 0.10229 Re-evacuation and TPD to 650°C

t a b l  e con t i  nued
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Table 3.17 (con ti nued )

Step No. 
i n

ex per imen t

Mass o f  
c a ta ly s t /g  
- 5 X 10-6

Procedure ju s t  fo llowed

51 0.10229 Cooled to 500°C
52 0.10226 Iso lated  from pump, to pump back to 

CO c y l in d e r  and re-evacuated
53 *  0.09972 Adsorption CO (500°C )
54 *  0.09972 Re-evacuation and TPD to 650°C
55 0.10384 Cooled to 500°C and allowed 0« 

in to  system
56 0.10402 Re-evacuation
57 0.10397 Isolated from pump, to pump back to 

CO c y l in d e r  and re-evacuated
58 *  0 .09954 Adsorption CO (500°C )
59 0.0992 R e-evacuation , cooled to room 

tem perature, a llowed Og in to  system

re-evacuated and allowed up to atmospheric  
pressure and re -ba lan ced .

60 0.09903 Re-evacuation

61 0.09853 Heated to 650°C

62 0.09871 Cool ed to room ten perature

0.0994 Allowed up to atmospheric pressure and 
weighed in  4 f i g .  balance.

o f f  scale

A fte r  the i n i t i a l  loss o f  mass due to evacuation and heating  

the c y c l ic a l  nature o f  th e  mass changes due to heating and cooling  

plus adsorption  and desorp tion  is  v is ib le .  From about p o in t  30 

onwards a very  gradual d e c l in e  in mass can be seen. This is  due 

to adsorption  o f  CO a t  100°C and above. The adsorption  caused an 

increase in mass but the  o v e ra l l  re a c t io n  w ith  desorption due to 

evacuation and TPD caused losses in mass. The most s ig n i f i c a n t  loss
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FIGURE 3.17 ADSORPTION OF CO ON La^ ySr^ 3 C0 O3
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in mass was due to adsorption o f  CO a t  50CPc. The o v e ra l l  mass 

loss due to CO adsorption  a t  p o in t  53 was a t  le a s t  3.59%. The 

loss o f  mass was s u f f i c i e n t  to put th e  microbalance o f f  sca le ,so  

the loss  was in f a c t  g re a te r  than 3.59%. Even though the mass had 

gone o f f  scale the next step o f  the experiment, the TPD, was 

fo l lo w ed . N ext, the sample was allowed to cool once more to 500°C 

and Og was allowed in to  the l in e .  The mass immediately recovered.

I t  seemed th a t  CO had reacted w ith  oxygen associated w ith  the c a ta ly s t  

and had desorbed as CO^.

A fu r th e r  adsorption  o f CO was allowed again a t  500°C. The 

e f f e c t  was the same as the f i r s t  500°C ad so rp t io n , the mass dropped 

s ig n i f i c a n t l y  and went o f f  scale . When 0^ was allowed in to  the 

vacuum l in e  a t  room temperature the mass d id  no t recover, nor d id  

i t  increase  s ig n i f i c a n t l y  when i t  was allowed up to atmospheric  

pressure a t  room tem perature.

3 . 3 . 4 . 4  Adsorption o f  CO on Lag ^SrQ gCoO^ followed by TPD

A trend was observed across the series  o f  La  ̂ ^Sr^CoOg 

{x = 0 . 3 ,  0 . 5 ,  0 .7  ) concerning CO ad so rp tio n , p a r t ic u la r ly  a t  500°C. 

Adsorption was h ighest fo r  La^ gSr^ yCoOg, th ere  was less adsorption  

on LBq gSr^ 5C0 O3 and a mass loss was observed on exposure o f  

La^ ySr^ 3C0 O3 to CO a t  500°C. In f a c t  TPD a f t e r  exposure o f  

Lag gSr^ 3C0 O3 to CO a t  500°C led to a mass decrease as did TPD 

a f t e r  the adsorptions a t  lower temperatures on LaQ ySr^ 3 C0 O3 .

I t  was th e re fo re  decided to in v e s t ig a te  a fo u rth  p e ro v s k ite -  

type oxide to see i f  the trend was r e a l .  Only exposure o f
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^^0 .4 6 *̂ 0 . 6^°^3 ^  CO a t  50cPC vas in v e s t ig a te d  as t h is  temperature  

vas the most in te re s t in g  in the previous experiments.

The r e s u l ts  o f  each step in the experiment a r e  shown in  

Table 3 .1 8 .  These re s u l ts  a re  represented g ra p h ic a l ly  in F ig . 3 .18

Table  3 . 18

CO ad so rp tio n  on La^ ^Srg ^CoOg

Step No. 
in

ex perimen t

Mass o f  
c a ta ly s t /g  

 ̂ 5 X 10-G
Fhocedure ju s t  followed

1 0.09925 I n i t i a l  mass

2 0.09925 Evacuation
3 0.09192 feated to 650°C
4 0.09209 Cooled to room temperature
5 0.09192 Heated to 650°C
6 0 .09189 cooled to 50CPC
7 0.09193 Iso lated  from pimp, to pump back 

to CO c y l in d e r  and r e - évacua ted
8 0.09274 Adsorption CO (50CPc)
9 0.09194 Re-evacuation

10 *  0 .08786 TPD to 650PC

0.0892 Cooled to room tem perature,  
allowed up to atmospheric pressure 
and re-weighed on 4 f i g .  balance

o f f  sca le
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FIGURE 3 .18 ADSORPTION OF CO ON La^ ^^oO^
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The Lag gCoOg sample lo s t  mass on heating in a vacuum, 

as expected. The c a t a ly s t  was heated to 650°C twice and then 

allowed to cool to 500^C for CO a d s o rp t io n .  Adsorption of CO 

a t  500°C led to a mass increase e q u iv a le n t  to 0.88% o f  the mass 

before adsorp tion . TPD led to a loss o f  mass which went o f f  the  

microbalance scale . This had a lso occurred fo r  Lag ^Srg ^CoO  ̂

and Lag  ̂Srg gCoO^. From Table 3 .1 8 ,  i t  can be seen that  

allow ing  the c a ta ly s t  sample up to atmospheric pressure a t  room 

tem perature caused some o f  th e  mass lo s t  due to TPD to be recovered.

3 . 3 . 4 . 5  Summary o f  CO adsorption  data on La  ̂ ^Sr^CoOg

For each o f  the samples o f  La  ̂ ^Sr^CoOginvestigated the  

most s i g n i f i c a n t  mass changes on exposure to CO, a t  the temperatures 

stu d ied , were a t  500°C. The percentage mass changes on exposure 

to CO a t  500°C a re  shown in  F ig .  3 .1 9 .  A t low La co n ten t in  

La  ̂ ^Sr^CoOg th ere  is  a mass increase  and a t  high La content there  

is  a mass decrease.

Loss o f  mass a f t e r  exposure to CO a t  room temperature was 

recovered by exposure to Og. The e x te n t  o f  recovery o f  the mass 

changed across the ser ies  as d id  the temperature a t  which t h is  

took p lace . Lag ^Srg gCoO^ regained mass a t  room tem perature.

Lag gSrg gCoOg d id  n o t  . Lag ySrg ^CoOg regained mass when exposed 

to 0^ a t  500°C.

I t  seems from these observations th a t  on increasing the La 

co n ten t,  th a t  i s ,  decreasing x in La  ̂ ^Sr^CoOg, reduction  by CO was 

ea s ie r  and re -o x id a t io n  by pure Og or Og in  a i r  was more d i f f i c u l t .
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FIGURE 3 . 1 9  PERCENTAGE MASS CHANGE ON EXPOSURE OF L a i ^ S r ^ C o O g  
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3 .3 .5  Simultaneous SOg and CO adsorption experiments

A f te r  the in d iv id u a l  adsorptions o f SO  ̂ and CO i t  was 

decided th a t  La  ̂ ^Sr^CoOg should be exposed to the two gases 

sim ultaneously . Such an experiment may show i f  the two gases 

compete fo r  s i te s  on La^_^Sr^CoO^. The experiments are  

re p re s e n ta t iv e  o f  the i n i t i a l  condit ions o f  the f lo w - r ig  experiments.  

The re s u lts  w i l l  be presented in  the order in which the experiments 

were c a r r ie d  o u t.  This is  because observations during e a r l i e r  

experiments in fluenced  l a t e r  procedures.

3 .3 .5 .1  Adsorption o f  SOg and CO on Lag gSrg ^CoOg

The mass changes observed during th is  experiment are given  

in Table 3 .19  and F ig .  3 .2 0 .

Heating o f  the Lag gSrg ^CoO^ under vacuum led to a loss o f  mass 

which casued the microbalance reading to go o f f  s c a le .  A llowing the  

c a ta ly s t  up to  atmospheric pressure was s u f f i c i e n t  to bring the mass 

back on to the s c a le .  Oxygen was probably lo s t  and replaced from 

oxygen in  the atmosphere. The counterweight was decreased so th a t  

i f  th ere  were fu r t h e r  mass decreases the mass would remain on s c a le .  

The mass did decrease fu r t h e r  due to  heating to 650°C.

Adsorption o f  SOg and CO a t  600°C led to a percentage mass 

increase e q u iv a le n t  to 23.98% o f  the mass before adsorp tion . This  

was g re a te r  than the combined mass increases o f  SO2 and CO adsorbed 

s ep ara te ly  a t  500°C.
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T a b le  3 . 1 9

SOg and CO adsorption on La^ ^Sr^ gCoOg

Step No. 
in

experiment

Mass o f  
c a ta ly s t /g  

i  5  X 1 0 ' G

Procedure ju s t  fo llowed

6

7

8 

9

10

11

12

13

14

15

16

17

18

19

20 

21 
22

0.1293  

0.12854  

0.12851 

*  0 .12337  

0.12432

0.12391

0.11971

0.11996

0.12013

0.14894

0.15084

0.13334

0.13359

0.13339

0.13459

0.13484

0.13299

0.13309

0.14984

0.14394

0.13544

0.13694

0.1373

I n i t i a l  mass 

Evacuation

Before heated to 650°C

Heated to 650°C went o f f  scale

Cooled to room temperature and
allowed up to atmospheric pressure,  
mass increased on to microbalance scale  
(Sample re -balanced)

Evacuated

Heated to  650°C

Cooled to 600°C

Before adsorption SOg and CO

Adsorption SOg and CO (600°C)

Tr ied  to heat to 650^0 a t  10% o f  the  
maximum heating ra te  temperature s ta r te d  
to decrease, re-evacuated and cooled to  
room temperature

Allowed CO in to  system a t  room 
temperature and heated to 650OC, cooled  
to 600^0

Cooled to room temperature

Re-evacuated

L e f t  j u s t  ro ta ry  pumping

Re-evacuated

Heated to  650°C

Cooled to 600°C

Adsorption SOg and CO (600°C)

Re-evacuated

Allowed CO in to  system a t  600°C

Re-evacuated and cooled to room 
temperature and allowed up to atmospheric  
pressure

Re-weighed on 4 - f i g  balance.

*  o f f  scale
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During the adsorption o f  SOg and CO the needle valve to the 

MS was opened s l i g h t l y  and SOg, COg and COS were looked fo r .

This was complicated by the fa c t  th a t  each o f  the gases was present  

in such d i f f e r e n t  amounts th a t  d i f f e r e n t  scales were required fo r  

t h e i r  d e te c t io n .  The MS was se t on i t s  scan mode and the scale  

was changed manually so th a t  SOg and COg could be fo llowed and 

COS was sampled o c c a s io n a l ly .  The SOg was observed to decrease 

slowly and COg increased slowly too. COS showed s l ig h t  increases  

in p a r t ia l  pressure each time i t  was sampled.

I t  was decided to heat the Lag gSrg 5C0 O3 in the presence o f  

SOg and CO to see i f  fu r th e r  adsorption occurred a t  the higher  

tem peratures. The temperature c o n t r o l le r  was se t  a t  10% o f  the  

maximum heating ra te  so th a t  increased adsorption or desorption  

could be fo llow ed e a s i ly  w ith  temperature change. The 10% input  

was i n s u f f i c i e n t  to m ainta in  the temperature o f  600°C so the  

temperature f e l l .  I n i t i a l l y ,  a f a u l t  w ith  the temperature c o n t r o l le r  

was suspected and i t  was switched o f f .  The vacuum l in e  was 

re -evacuated and the sample was allowed to cool to  room tem perature.

A fu r t h e r  s l ig h t  increase in mass occurred on cooling the

I t  was then decided to t r y  to scavenge any sulphur which may 

be present in some form on the c a t a ly s t ,  by a llow ing  CO in to  the 

vacuum l i n e .  The c a t a ly s t  was heated from room temperature to  

650°C in the presence o f  CO and th is  led to a considerable  decrease
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in  mass although the mass did not go down to th a t  before adsorption .  

During heating to 650°C , COS was detected a t  275°C.

The adsorption o f  SOg and CO was repeated a t  600°C and the 

mass increase th a t  resu lted  was p a r t ly  removed by heating from 

600°C to 650°C in the presence o f  CO.

When the c a ta ly s t  was removed th ere  was sulphur on the in s ide  

o f the cooling ja c k e t  above the furnace. This sulphur production  

supports the evidence fo r  the c a ta ly s is  o f  the reac tio n  between 

SOg and CO to g ive elemental sulphur and COg, given by the MS 

observations during adsorption o f  SOg and CO.

The su lphur, which has a b o i l in g  po in t  o f  444°C, would have 

been present as a gas a t  the temperature o f  adsorp tion , p a r t i c u la r l y  

a t  the low pressure o f  the experiments. The cooling ja c k e t  would 

have caused condensation o f  the sulphur.

3 . 3 . 5 . 2  Adsorption o f  SO2 and CO on Lag gSrg 7C0 O3

The re s u lts  o f  th is  experiment are shown in Table 3 .20  and 

they are  d isp layed  g ra p h ic a l ly  in  F ig .  3 ,2 1 .

Heating to 650^C in a vacuum led to a loss o f  mass due to

degassing and apparent loss o f  l a t t i c e  oxygen. When the mass had

s e t t le d  a t  600°C the Lag ^Srg 7C0 O3 was exposed to SO2 and CO.

The immediate mass increase was eq u iv a le n t  to 33.63%. This was

g re a te r  than the combined mass increases o f  SO2 and CO adsorbed

sep a ra te ly  a t  500°C. Heating the Lag ^Srg 7 C0 O3 from room temperature

to 650°C in the presence o f  CO restored  the mass to close to  th a t  o f  

the fresh  c a t a ly s t .  During heating COS was detected by the MS.
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SOg and CO adsorption on Lag ^Srg 7C0 O3

183

Step No. 
in

experiment

Mass of  
c a ta ly s t /g  

-  5 X 1 0 " 6

Procedure ju s t  fo llowed

1 0.0378 I n i t i a l  mass

2 0.0378 Evacuation

3 0.0326 Heated to 650°C

4 0.03303 Cooled to room temperature

5 0.0338 L e f t  ju s t  ro ta ry  pump fo r  2 days

6 0.03374 Re-evacuation

7 0.03308 Heated to 650°C

8 0.03327 Cooled to  room temperature

9 0.03296 Heated to 650°C

10 0.03295 Cooled to 600°C

11 0.04403 Adsorption SOg and CO (600°C)

12 0.04343 Re-evacuation

13 0.04343 Cooled to  room temperature

14 0.03697 Allowed CO in to  system ( r . t . )
and heated to 650OC in presence o f  CO

15 0.03697 Cooled to  612°C in  presence o f  CO

16 0.03685 Cooled to room temperature in presence 
o f CO

17 0.03692 Re-evacuation

18 0.03728 Heated to 650°C

19 0.03727 Cooled to  600°C

20 0.05013 Adsorption SOg and CO (600°C)

21 0.04168 Re-evacuation

22 0.03703 Allowed CO in to  system (600°C)
and heated to 650OC in presence o f  CO

23 0.03707 Re-evacuation and cooled to 600 C

24 0.05153 Adsorption SO2 and CO (600°C)

25 0.04258 Re-evacuation

26 0.03724 Allowed CO in to  system a t  600°C and 
heated to 650°C in presence o f  CO

27 0.03727 Re-evacuation and cooled to room 
temperature

28 0.03707 Heated to 650 °C

ta b le  continued
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Table 3 .20 (continued)

Step No. 
in

experiment

Mass of  
c a ta ly s t /g

- 5 X lO'G

Procedure ju s t  fo llowed

29 0.03707 Cooled to room temperature

30 0.03717 Allowed up to atmospheric pressure

0 .0368 Re-weighed to 4 - f i g  balance

The COS was f i r s t  detected  a t  622°C. A f te r  the mass had s e t t le d  

again a t  600°C, the adsorption was repeated . The mass increase  

a f t e r  the second exposure to SOg and CO a t  600°C led to an increase  

in mass g re a te r  than the f i r s t .  The mass was once again decreased 

by exposure to CO, th is  time a t  600°C, and heating in CO to 650°C.

The adsorption and recovery o f  the mass was then repeated once more.

During the heating o f  the Lag gSrg yCoO^ in  the presence o f  CO, 

each time there  was production o f  COS.

There was a lso  production o f  sulphur. As observed fo r  the 

Lag gSrg gCoOg experim ent, th ere  was sulphur condensed on the cooling  

j a c k e t  above the furnace in which the c a t a ly s t  was suspended. I t  

seems l i k e l y  th a t  the re a c t io n  between SOg and CO was cata lysed  by 

the Lag ^Srg yCoO^.as sulphur is  one o f  the expected products.

3 . 3 . 5 . 3  Adsorption o f  SOg and CO on Lag ySrg gCoO^

The mass changes which occurred during th is  experiment are  

shown in Table 3 .2 1 .  The masses are d isplayed g ra p h ic a l ly  in  

F ig .  3 .2 2 .
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T a b le  3.21

SO2 and CO adsorption on Lag ySrg ^CoOg

Step No. 
in

experiment

Mass o f  
c a ta ly s t /g  

-  5 X 10-G

Procedure ju s t  followed

1 0.0889 I n i t i a l  mass

2 0.08856 Evacuation

3 0.08391 Heated to 650°C

4 0.08523 Cooled to room temperature

5 0.0841 Heated to 650°C

6 0.08507 Cooled to room temperature

7 0.08399 Heated to 650°C

8 0.0853 Cooled to room temperature

9 0.08419 Heated to 650°C

10 0.0842 Cooled to 600°C

11 0.10606 Adsorption SO2 and CO (600°C)

12 0.10361 Re-evacuation

13 0.10356 Cooled to room temperature

14 0.08982 Allowed CO in to  system a t  room 
temperature and heated to 650°C 
in the presence o f  CO

15 0.09026 Cooled to room temperature in the 
presence o f  CO

16 0.09024 Re-evacuation

17 0.08964 Heated to 650°C

18 0.08965 Cooled to 600°C

19 0.10107 Adsorption SOg and CO (600°C)

20 0.09942 Re-evacuation

21 0.09944 Water coo ler f a i l e d  and mercury from 
d i f fu s io n  pump bo iled  away. Allowed 
up to atmospheric pressure

- 0 .1 0 1 1 Re-weighed on 4 - f i g  balance
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FIGURE 3.22 ADSORPTION OF SOg AND CO ON Lag ySr-g 3C0 O3
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The i n i t i a l  mass loss due to evacuation and heating under vacuum 

can e a s i ly  be seen from F ig . 3 .2 2 .  Next, the heating and cooling  

cycles are ev ident by the a l te r n a te  increases and decreases in mass.

Exposure o f  La^ ySr^ 3C0 O3 to SOg and CO a t  600°C, led to  a 

mass increase eq u iv a le n t  to 25.96% o f the mass before adsorp tion .

As w ith  the previous SOg and CO adsorption experim ents, i t  appears 

th a t  a re a c t io n  must have occurred and not ju s t  adsorption on the  

surface o f  the c a t a ly s t .

The experiment w ith  CO was repeated to see i f  the mass decreased 

and COS was produced. CO was allowed in to  the vacuum l in e  a t  room 

tem perature; i t  was noted th a t  th is  produced no change in  mass.

The c a t a ly s t  was then heated to 650°C in the presence o f  CO and the  

mass did  f a l l .  During heating the MS detected COS. At 286°C the  

needle on the MS s ta r te d  to f l i c k e r ,  then i t  came on to the 10"^^ mbar 

scale  a t  350°C.

The adsorption o f  SOg and CO was repeated a t  600°C and once 

again a s ig n i f i c a n t  increase in  mass was observed. The removal o f  

t h is  excess mass, which was observed a f t e r  second adsorptions in  

previous experim ents, was not attempted due to a f a u l t  w ith  the water  

pressure which destroyed the d i f fu s io n  pump.

When the La^ ^Srg ^CoOg sample was removed from the r ig  and 

the cooling ja c k e t  was examined i t  was observed th a t  as in the previous  

SOg and CO adsorption experiments there  was sulphur on the cooling  

ja c k e t .



189

3 .3 . 5 . 4  Adsorption of SO  ̂ and CO on Lag ^Srg gCoOg

The r e s u l ta n t  mass changes o f  each step o f  the experiment  

are shown in Table 3 .2 2 .  Each step is  shown on a graph in  

F ig .  3 .2 3 .

Table 3 .22

SOg and CO adsorption on Lag ^Srg gCoOg

Step No. 
in

experiment

Mass o f  
c a t a ly s t /g  

-  5 X lO'G

Procedure ju s t  fo llowed

1
2
3

4

5

6

7

8 

9

10

11

12

13

14

15

16

17

18

19

20

0.1091

0.10914

0.10375

0.10458

0.10355

0.10379

0.10387

0.10471

0.104

0.10423

0.10426

0.12593

0.12593

0.12553

0.10658

0.10659

0.10494

0.10485

0.10486

0.10485

I n i t i a l  mass

Evacuation

Heated to 650°C

Cooled to room temperature

Heated to 650°C

Cooled to room temperature

Heated to  650°C

Cooled to room temperature

Heated to 650°C

Cooled to  600°C

Is o la te d  from pump, to pump back to  
SOg and CO c y l in d e rs  and re-evacuated

Adsorption SOg and CO {600°C)

Re-evacuation

Cooled to room temperature

Allowed CO in to  system ( r . t . )  and 
heated to 650°C in  presence o f  CO

Cooled to room temperature in presence 
o f  CO

Re-evacuation  

TPD to 650°C 

Cooled to 600°C

Is o la te d  from pump, to pump back to  
SOg and CO cy lin d e rs  and re-evacuated

ta b le  continued
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T a b l e  3 . 2 2  ( c o n t i n u e d )

Step No. 
in

experiment

Mass o f  
c a ta ly s t /g  

i  5 X lO'G

Procedure ju s t  fo llowed

21 0.1052 Is o la te d  from pump, to pump away excess 
CO from gas handling side o f  vacuum 
1 i ne

22 0.11532 Adsorption SOg and CO (600°C)

23 0.11412 Re-evacuation

24 0.11177 Allowed CO in to  system (600°C) and 
heated to 650°C in presence o f  CO

25 0.11167 Re-evacuation

26 0.11177 Cooled to 600°C

27 0.11157 Allowed CO in to  system (600°C) led to  
no change so increased Pp« to  
44 mm Hg.

28 0.11137 Cooled to room temperature in  
presence o f  CO

29 0.11087 Heated to  650°C in  presence o f  CO

30 0.11107 Cooled to  room temperature and 
re-evacuated

0.1151 Allowed up to atmospheric pressure and 

re-weighed on 4 f i a .  balance

I t  can be seen from Table 3 .22  and F ig .  3 .23  th a t  heating  

Lag ^Srg gCoOg under vacuum leads to  a mass decrease, adsorption  

o f  SOg and CO causes a very s u b s tan t ia l  increase o f  mass and 

subsequent heating in  the presence o f  CO causes a mass decrease.

Mass increase due to SO'  ̂ and CO adsorption is  e q u iv a le n t  to  

20.78% o f  the mass before  ad so rp tion . During heating from room 

temperature in  the presence o f  CO the MS detected COS. The 

temperature a t  which COS was detected was 350°C.
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FIGURE 3.23 ADSORPTION OF SOg AND CO ON Lag ^SPg gCoO^
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F urther adsorption o f  SÔ  and CO was a llowed, a t  600°C. 

Instead o f  heating in the presence o f CO from room temperature  

to 650°C, the sample was heated from 600°C to 650°C. There 

was some mass loss but not to the ex ten t  o f  the previous  

'scavenging re a c t io n ' w ith  CO. Cooling to room temperature w ith  

the CO s t i l l  in the system and fu r th e r  heating to 650°C led to  

f u r th e r  mass loss.

As w ith  the o ther La  ̂ ^Sr^CoOg samples s tud ied , when the 

c a ta ly s t  was removed sulphur was observed on the cooling ja c k e t  

above the furnace. Once again i t  seems th a t  the re a c t io n  between 

SOg and CO has been ca ta lyse d .

3 . 3 . 5 . 5  Summary o f  simultaneous SOg and CO adsorption data on

La,-xSr^Co03

For each o f  the samples o f  La^ ^Sr^CoOg which were exposed 

to SOg and CO there were la rge  increases in mass. These mass 

increases were always g re a te r  than the sum o f the mass changes due 

to in d iv id u a l  adsorption o f SOg and CO a t  500°C. The percentage 

mass changes and the sums o f  those due to SO2 and CO sep ara te ly  

are shown in F ig . 3 .2 4 .

A comparison may be drawn between the summation and the actual 

simultaneous adsorp tion . The mass increases are g re a te s t  a t  

e i t h e r  end o f  the x values s tu d ied , th a t  i s ,  a t  x = 0 .3  and x = 0 .7  

This may be due to SOg adsorption being g re a te s t  a t  x = 0 .3  and CO 

adsorption being g re a te s t  a t  x = 0 .7 ,  as was revealed in sections  

3 .3 .3  and 3 .3 .4  r e s p e c t iv e ly .
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FIGURE 3 . 2 4  PERCENTAGE MASS INCREASES DUE TO EXPOSURE 

OF L a ^ _ ^ S r ^ C o 0 3  TO SOg AND CO IND I V I D U A L L Y  

AND SIMULTANEOUSLY PLOTTED AGAINST La CONTENT 

IN L a ^ ^ S r ^ C o O ]

(U
C7>fO

<DUL(Uo_

4 0

35

30

25

20

15

10

5

0 . 70 . 5 0.60 . 40 . 3

X Percentage mass increases due to adsorption o f S0« 
and CO sim ultaneously a t  GOO^C

o Sum o f percentage mass increases due to adsorption o f  
SO2 and CO in d iv id u a l ly



194

The excess mass is not thought to be due to the f a c t  th a t  the 

combined adsorption was a t  600°C, w h ile  the in d iv id u a l  adsorptions  

were a t  500°C. There is  p o s it iv e  evidence in the form o f sulphur 

condensed on the cooling ja c k e t  and COg and COS detected by the 

MS, to in d ic a te  th a t  the re a c t io n  shown in equations 1 and 2 and 

reproduced below have occurred.

SOç + 2C0 '  — S +2C0o 12 ^   ̂ X 2

CO + [s]------------> COS 2

The use o f [S ]  to represent the sulphur source does not de fin e  

what the source i s .

Reduction o f  the masses a f t e r  adsorption o f  SOg and CO, by CO 

is  always g re a te r  i f  there  is  heating from room temperature to  

6S0°C in  CO than from 600°C to 6S0°C in  CO.

3 .3 .6  Summary o f  the re s u lts  o f  adsorption o f  SOg and CO in d iv id u a l ly  

and s imultaneously on La  ̂ ^Sr^CoO^

The purpose o f  th is  section  is  to show, in  the form o f  ta b le s ,  

the main observations o f  the adsorption re a c t io n s .  The observations  

include percentage mass changes and whether or not sulphur was 

produced or i f  COS was produced a f t e r  scavenging reactions  w ith  CO.

The re s u l ts  are shown in  Tables 3 .2 3 ,  3 .24  and 3 .2 5 .
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T a b le  3 . 2 3

Percentage mass changes on adsorption o f  SO  ̂ and CO in d iv id u a l ly

and sim ultaneously

1 3 Adsorption  
SOg (500°C)

Adsorption  
CO (500°C)

Adsorption
SOg and CO (600 C)

% mass change % mass change % mass change

'-®0.3^'"o .7 ^ °°3  5 .44 7 .92 33.63

0 . 8 8 20.78

12.38 1.45 23.98

1-®0.7^''0.3^°°3 19.21 a t  le a s t  3 .59 25.96

Table 3 .24

Evidence f o r  sulphur production on La,_^Sr^Co03 exposed to  SOg

Lai_xSrxCo03
Adsorption  

SOg (500°C)

Adsorption  

SOg and CO (600°C

'-®0.39'‘o .7 l '° °3 X /

L * o .4 9 ^0 . 6^003 X /

1̂ 0 . 5 9 ^0 .5 0 0 0 3 X /

1* 0 . 7 9 ^0 .3 0 0 8 3 X /

/  denotes presence o f  sulphur (condensed on cooling ja c k e t )

X denotes no sulphur observed



T a b l e  3 . 2 5

Evidence fo r  COS production during scavenging o f  sulphur species  

by CO on La  ̂ ^Sr^CoOg exposed to  SOg

196

Adsorption  

SOg (500°C)

Adsorption  

SOg and CO (600°C)

1 * 0 . 3 9 ^0 . 7 l ° ° 3 X /

1 * 0 . 4 9 ^0 . 6^083 X /

1* 0 . 5 9 ^0 .5 1 0 8 3 X /

1 * 0 . 7 9 ^0 .3 8 0 8 3 X /

/  denotes MS evidence f o r  COS 

X denotes no COS d e te c t io n

3 .3 .7  Control experim ent -  SOg and CO adsorption  on the s i l i c a  

balance pan w ith  no La-j_^Sr^CoO^

SOg and CO were allowed in to  the vacuum l in e  in  the absence 

o f  La^ ^Sr^CoOg on the balance pan.

Adsorption o f  SO  ̂ a t  room tem perature produced a mass change o f  

0 .07  mg. Considering the r e s u l ts  o f  the SOg adsorption and TPD 

experim ents , th is  was regarded as being in s ig n i f i c a n t .  F ig .  3 .25  

shows the TPD o f  SO  ̂ from g la s s .  The amount is  very small compared 

to TPD a f t e r  the room tem perature adsorption  o f  SO  ̂ on 

Lag ^Srg gCoOg shown in  F ig .  3 .8 .  The desorbed SOg is  b a re ly  on
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the 10 mbar s c a le ,  th a t  from La^ ^Srg gCoO  ̂ is  high on the 

1 0"^ mbar sca le .

Exposure to CO o f the balance pan a t  room temperature produced 

no change in  mass.

Any mass changes observed during the experiments were th e re fo re  

considered to  be due to adsorption by La  ̂ ^Sr^CoOg.

3 . 4  SOg AND CO FLOW-RIG EXPERIMENTS

The f lo w - r ig  experiments are described in  section 2 .4 .2 .

La^ ^Sr^CoOg (x = 0 .3 ,  0 . 5 ,  0 .7 )  was studied to see which was the 

most e f f i c i e n t  c a t a ly s t  fo r  removal o f  SOg and CO to produce 

elemental sulphur and COg.

In th is  section  the removal o f  SOg and production o f  COg and 

sometimes COS, under various temperatures, SOgiCO r a t io s  and f low  

ra tes  fo r  each c a t a ly s t  w i l l  be rep orted .

3 .4 .1  F lo w -r ig  in v e s t ig a t io n  o f  Lag gSrg yCoOg

The re s u lts  o f  the f lo w - r ig  in v e s t ig a t io n  o f  Lag ^Srg yCoOg 

are given in  Table 3 .2 6 .  The co nd it ions  o f  each experiment are  

shown plus the percentages o f  SOg, CO and COS. Comments about the  

change in percentage o f  SOg during heating and the behaviour o f  

COS during cooling to room temperature are included.
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I f  the SOgiCO ra t io s  are compared i t  can be seen th a t  fo r
3 _ 1

the s to ic h io m e tr ic  r a t io  a t  100 cm min" to ta l  flow ra te , th e r e  

is  v i r t u a l l y  complete removal o f SOg, CÔ  is  produced and there is  

some COS production , th is  increases w ith  increasing temperature.

For the s to ic h io m e tr ic  r a t io  a t  50 cm^min"^ less o f  the SO  ̂ was 

removed but no COS was produced.

When equal amounts o f  SO  ̂ and CO were passed over the c a ta ly s t  

there  was in s u f f i c i e n t  CO to re a c t  w ith  a l l  o f  the SOg. No COS 

was produced in d ic a t in g  th a t  the CO formed CO  ̂ p r e f e r e n t i a l l y  to  

COS a t  the temperatures in v e s t ig a te d .

When there  was an excess o f  CO, th a t  is  1% SOg and 4% CO 

v i r t u a l l y  a l l  o f  the SOg was removed a t  the shorter  contact time 

and a l l  o f  the SO  ̂ was removed a t  the longer contact t im e. The 

excess CO, however, was then a v a i la b le  fo r  production o f  COS.

I t  was noticed th a t  almost every time th a t  the gas f low  was 

se t up the o u t le t  o f  SO  ̂ increased fo r  the f i r s t  or second reading  

during h ea tin g , th a t  i s ,  before there was evidence o f  COg and 

perhaps COS to show th a t  the reac t io n  had s ta r te d .  This increase  

in o u t le t  percentage o f  SO  ̂ is thought to be due to SOg which was 

adsorbed a t  room temperature being desorbed during heating .

An in te re s t in g  observation which was made throughout the 

La^ sSrQ yCoOg experiment was th a t  COS production appeared to  

in crease , or even s t a r t  during cooling o f  the c a t la y s t  under the 

stream o f  SO  ̂ and CO in Ng. These peaks in COS production tended
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to occur below 400°C. The temperature a t  which each sample was 

taken was noted but samples were not taken a t  the exact same 

temperatures each time the c a ta ly s t  was cooled.

None o f the conditions studied gave a completely s a t is fa c to ry  

r e s u l t .

3 . 4 .2  F lo w -r ig  in v e s t ig a t io n  o f  La^ ^Sr^ ^CoO^

The cond it ions  and r e s u lts  o f the f lo w - r ig  in v e s t ig a t io n  o f

Lag gSrg gCoO^ are given in Table 3 .2 7 .

As w ith  the Lag gSrg yCoOg c a t a ly s t  the s to ic h io m e tr ic  m ixture

appears to  g ive  the best r e s u l t ,  but not complete removal o f gas

phase sulphur. The low contact time study, th a t  i s ,  when the to ta l

3 -1
f low  ra te  was 100  cm min" gave t o ta l  removal o f  SOg but a small

amount o f  COS was produced. The longer contact t im e , given by a 

3 -1
f low  ra te  o f  50 cm min" gave incomplete removal o f  SOg but no COS 

was produced.

A d e f ic ie n c y  o f  CO f o r  complete re a c t io n  o f  the SOg was provided  

in  the 1% SOg and 1% CO re a c t io n .  The removal o f  SOg was favoured

to COS production . Not a l l  o f  the SOg was removed but no COS was

detec ted .

Excess CO removed a l l  SOg except a t  650°C fo r  a to ta l  f low  ra te  

3 -1
o f  50 cm min" . The excess CO a f t e r  re a c t io n  w ith  SOg then appeared 

to re a c t  w ith  e i t h e r  elemental su lphur, or a sulphur species formed 

w ith  the c a ta ly s t  and COS was produced a t  both f low  ra te s .
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The increase in SOg percentage on i n i t i a l  heating o f  the 

c a t a ly s t ,  thought to be due to desorption was observed fo r  

L^O 5C0 O3 ' s im i la r ly  to La^ ^Sr^ yCoOg.

The increase or new appearance o f  COS observed on cooling  

Lag gSr^ yCoOg in  the gas flow was observed again fo r

3 .4 .3  F lo w -r ig  in v e s t ig a t io n  o f  Lag ySrg ^CoOg

The conditions and re s u lts  from the f lo w - r ig  in v e s t ig a t io n  o f  

Lag ySrg gCoOg are shown in Table 3 ,2 8 .

The s to ic h io m e tr ic  r a t io  o f  SOg and CO a t  100 cm^min’  ̂ t o ta l  

f low  ra te  gave v i r t u a l l y  complete removal o f  SOg and very l i t t l e  

COS production. COS production appeared to increase as the 

temperature was increased. At the longer contact t im e, th a t  i s ,  

when the f low  ra te  was 50 cm^min“\  a l l  o f  the SO  ̂ was removed, 

however, there  was COS production a t  each o f  the four temperatures 

stu d ied .

When there  was a d e f ic ie n c y  o f  CO not a l l  o f  the SOg was removed 

and no COS was produced.

Excess CO f o r  the s to ic h io m e tr ic  re a c t io n  led to removal o f  a l l  

SOg but production o f  COS occurred a t  a l l  o f  the temperatures 

in v e s t ig a te d  a t  both f low  ra te s .  At the fa s te r  f low  ra te  there  was 

more COg and COS produced than a t  the slower flow  r a te .  During 

cooling the production o f  COS increased fu r th e r  fo r  the experiment a t  

the fa s te r  f low  r a te .  The COS production did not increase a t  the 

slower flow  ra te  which had low COS production.
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The percentage o f SOg in the o u t le t  increased on i n i t i a l  heating  

of the La^ ySr^ 3 C0 O3 sample, as i t  did during the Lag ^Sr^ yCoO  ̂

and Lag gSr^ gCoO^. This was possib ly  due to desorption o f  SOg 

which was adsorbed on exposure o f  the sample to SOg a t  room 

temperature.

3 .4 .4  Summary o f  the f lo w - r ig  experiments

The c a t a ly t i c  e f f i c ie n c ie s  o f  the three  La  ̂ ^Sr^CoO^ compounds 

in v e s t ig a te d  were in  general very s im i la r .  The re s u lts  are  

summarized in Table 3 .2 9 .  The best re s u lts  were fo r  the SOgiCO 

r a t io  o f  1 : 2  a t  a flow ra te  o f  100  c m \ i n ” V  

compared in  Table 3 .3 0 .

Table 3 .29
o _ 1

(a )  Summary o f  100 cm min" f low  ra te  experiments

These re s u lts  are

Composition o f  
gas flow SOg removed COg formed COS formed

1% SOg 1% CO X / X

1% SOg 2 %  CO
*

/ M /

1% SOg 4% CO / / /

see Table 3 .30 ^  not fo r 500°C and 550°C



Table 3 .29  (continued)
o  _  I

(b) Summary o f  50 cm min flow ra te  experiments
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Composition o f  
gas flow SOg removed COg formed COS formed

1% SOg 2% CO

1% SOg 4% CO

Table 3 .30

Summary o f  the data obtained fo r  the 1% SOg and 2% CO experiments 

w ith  a to ta l  f low  ra te  o f  100  cm  ̂ cm"

Sr^CoO

CoO

CoO

CoO

/ S0« removed

I

X

shaded

= in t e r m i t t e n t  SOg observed 

= s ig n i f ic a n t  amount o f  SOg remaining  

= COS produced
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Table 3.29 gives an o v e ra l l  impression o f  the e f f e c t  o f  

changing the SOgiCO r a t io  on removal o f  SOg and production o f  COS.

A d e f ic ie n c y  o f  CO n e ith e r  removes a l l  SO  ̂ or forms COS whereas 

an excess o f  CO both removes SOg and produces the unwanted COS.

The s to ic h io m e tr ic  r a t io  o f  S0 2 :C0 as 1 : 2 , th e re fo re  deserves c loser  

s c ru t in y .

Table 3 .30  summarizes the re s u lts  obtained fo r  1% SOg and 

2% CO a t  a to ta l  f low  ra te  o f  100 cm^min ^ . The most e f f i c i e n t  

Lai_xSrxCo03  c a ta ly s t  appears from th is  T ab le , to be La^ ySr^ 3 C0 O3 

a t  550^C. This is  i f  an in t e r m i t t e n t  SOg o u t le t  but no COS is  

acceptab le .

3 .4 .5  Control experiment -  SOg and CO f lo w - r ig  experiment w ith  

no La^.^Sr^O]

The contro l experiment was c a r r ie d  out w ith  no La^ ^Sr^CoOg 

presen t,  as described in  section  2 . 4 . 2 .3 .

Throughout the temperature range in ve s t ig a te d  f o r  the 1% SOg 

and 2% CO m ixture and during the 1% SOg and 4% CO m ixture study, gas 

samples were analysed r e g u la r ly  by the G.C. The SO  ̂ content o f  the  

o u t le t  gas remained a t  1% and there  was no trace  o f  COg or COS.

No sulphur was condensed in  the ice  bath.
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3 .5  PROPERTIES OF USED La^^Sr^CoO^

In th is  section the re s u lts  o f  XRD, ESCA and con d u c tiv ity  

measurements made on La  ̂ ^Sr^CoOg samples which were used in the 

vacuum l in e  and flow  r ig  experiments w i l l  be reported .

3 .5 .1  Bulk p ro p ert ies  o f  La  ̂ ^Sr^CoOg a f t e r  exposure to SOg and 

CO, determined by XRD

The La  ̂ ^Sr^CoOg samples were in ves t ig a ted  in four d i f f e r e n t  

experiments. These were SOg adsorp tion , CO ad sorp tion , simultaneous  

SOg and CO adsorption and the f lo w - r ig  experiments. The XRD 

re s u lts  w i l l  be d iv ided  in to  these groups.

Unknown peaks were id e n t i f i e d  by the d va lues , which were 

c a lc u la te d  from the 20 values using the wavelength o f  the X - ra d ia t io n .

The d values fo r  sulphur and oxygen compounds o f  La, Sr and Co and o f  the  

elements themselves were looked up ,to  compare w ith  the experimental 

re s u l ts .

A l i s t  o f  the 28 and d values o f  in t e r e s t  is  given in Appendix 2.

3 .5 .1 .1  XRD o f La-j_^Sr^Co02  exposed to SOg in  the vacuum l in e

The major peaks obtained from XRD o f  samples exposed to SOg 

are recorded in  Table 3 .3 1 .

From the XRD in form ation  i t  appears th a t  there  has been some 

re a c t io n  o f  SOg w ith  the La  ̂ ^Sr^CoOg. On f i r s t  looking a t  Table 3.31 

i t  seems th a t  exposure o f  La  ̂ ^Sr^CoO^ to SOg leads to production o f  

SrSO^. ■ SrSO^ was not detected on Lag ^Srg gCoO  ̂ or Lag y S r ^  gCoOg.
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I t  must be borne in mind th a t  XRD is  a bulk technique and th e re fo re  

i f  the re a c t io n  only occurred a t  the surface there  may be 

i n s u f f i c i e n t  product to be detected by th is  method.

There appears to be s u lp h id a t io n  o f  La^ ySr^ gCoO^ and i t  

appears to have lo s t  i t s  p e ro v s k ite - ty p e  s t ru c tu re .  I t  may no 

longer be c a l le d  Lag ySrg ^CoOg. The p e ro v s k ite - ty p e  s tru c tu re  

o f Lag gSrg 7C0O3 , exposed to SOg and CO, l i k e  the Lag ySrg 3 C0 O3 

was, appears to  be weak, which suggests th a t  a s ig n i f i c a n t  amount 

o f i t  has reacted too . The Lag ^Srg ^ [ 0 0 3  and Lag gSrg 5 C0 O3 

have re ta in e d  t h e i r  p e ro v s k ite - ty p e  s t ru c tu re .

Each o f  the samples have peaks which have not been assigned.

The reason fo r  th is  is  th a t  many o f  the probable species presen t,  

have close 2e values or are only represented by perhaps two out o f  

th ree  strong peaks so p o s i t iv e  id e n t i f i c a t io n  o f  species proves to  

be im possib le .

3 . 5 . 1 . 2  XRD o f  La^ ^Sr^CoOg exposed to  CO in  the vacuum l in e

The major peaks obtained from XRD o f  samples exposed to CO 

are recorded in Table 3 .3 2 .

The pero vsk ite  s tru c tu re  is  e v id e n t ,  w ith  the three  most strong  

peaks o f  the La^^Sr%Co03 p resent.

Lag gSrg 5 C0 O3 has evidence o f  SrSO^. This sample was exposed 

to SOg a f t e r  the CO experiment and shows the same r e s u l t  as those 

exposed to  SOg o n ly ,  described in section  3 . 5 . 1 . 1 .

I t  appears th a t  CO alone causes no permanent change to the  

p e ro v s k ite - ty p e  s t ru c tu re .
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Table 3 .32

XRD s ign a ls  o f  La Sr CoO  ̂ a f t e r  exposure to CO 
___________________ 1 ~ X  X_____ o_____________________________________

0
(X = 1.542 A) (no XRD a v a i la b le  fo r  La^ ^Sr^ yCoOg)

8 A A

‘-®0.4^'‘0 .6 C 0 O 3 L * o .7 5 ^0 . 3 C0 O 3

2 0 / i n t e n s i t y  assignment 2 0 / in te n s i ty assignment 20 / i n t e n s i t y  assignment

13vw 27.2m 19.2VW

16.3vw 28-29mb 2 4 .5w

2 8 . 2 V W 30.1m SrSO, 27.7VW

31.7s 3 1 .7m 2 8 .5w

33.2m p ero vsk ite 33s pero vsk ite 33.8s

38.5m 36.7  s 33.3s p ero vsk ite

39.8vw 42.7s SrSO, 43.1m pero vsk ite

44.4m 44.5m 44.2m

44.7m 45.3m 44.5m

4 8 . 7w perovsk ite 47.5m perovsk ite 47.6m

6 5 . Iw 59w pero vsk ite 58.3m p ero vsk ite

7 8 .3w 62.3m 6 6 vw

7 0 .7w 76vw

75w 79vw

s = strong m = medium w = weak

vs -  very strong vw = very weak mb = medium and broad

A = P h i l ip s  PWlOlO X-ray  d i f f ra c to m e te r  used

B = P h i l ip s  PW1710 X -ray  d i f f ra c to m e te r  used 

e r r o r  in  20 = -  0 .0 5 °
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3 .5 . 1 . 3  XRD o f  La  ̂ ^Sr^CoOg exposed to SOg and CO in the vacuum l in e

The re s u l ts  o f  the XRD examinations o f  the samples exposed to  

SOg and CO s im u ltaneously , in  the vacuum l in e  are given in Table 3 .3 3 .

Table 3 .33

XRD s igna ls  o f  La^ ^Sr^CoOg a f t e r  exposure to SOg and CO in the 

vacuum l in e  (x  = 1.542 A) (no XRD a v a i la b le  fo r  Lag ySrg 3 C0 O3 )

A B A
Lao .4 ^^0 . 6^003  Lag ^Sr^^CoO^

2 0 / i n t e n s i t y  a s s i g n m e n t  20 / i n t e n s i t y  a s s i g n m e n t  20/ i n t e n s i t y  a s s i g n m e n t

1 5 . 6w 2 5 . 8 m SrS 1 3 . 6 v w

2 5 . 7 m SrS 2 8 . 6 m 1 5 . 5 v w

2 7 . 8 V W 2 9 . 8 s SrS/Co^S3 2 5 . 8 m SrS

2 8 . 7 m 3 1 . 3 m 2 7 . 2 V W

2 9 . 9 s SrS/Co^$3 3 8 . 5 m . 75 - 1 . 8 0  Z 8 - 7 s

3 1 . 3w 3 9 . 7w Co^Sj 2 9 . 9 s SrS/COg&g

3 6 . 6w 4 2 . 5 m SrS 3 1 . 3w

3 9 v w 4 4 . 7 m . 75 - 1 . 8 0  0 5 -6 V W

3 9 . 7 V W CO4 S3 4 7 . 6 m 3 6 . 6 w

41 w 5 0 . 3w Co^S3 3 9 . 7w CO4 S3

4 2 . 7 m SrS 5 2 . 2 s Co^S3 4 2 . 6 w / m SrS

45 w 5 2 . 7w 4 2 . 9 w / m

4 7 . 2w 5 4 v w 4 4 . 8 m

4 7 . 7w 6 5 . Iw 4 7 . 6w

4 9 . 6w 6 9 . 9w 5 0 . 4w

5 0 . 4w CO4 S3 5 2 . 4 m CO4 S3

52.3m CO4 S3

70w -

s = strong m = medium w = weak vs = very strong vw = very weak
A = P h i l ip s  PWlOlO X -ray  d i f f ra c to m e te r  used
B = P h i l ip s  PW1710 X -ray  d i f f ra c to m e te r  used
e r ro r  in 20 = -  0 .0 5 °
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The f i r s t  im portant observation from the XRD r e s u l t s ,  is  th a t  

the p e ro v s k ite - ty p e  s tru c tu re  no longer e x is ts .  I t  appears th a t  

the SOg and CO have reacted w ith  the La  ̂ ^Sr^CoOg and sulphides o f  

La, Sr and Co have been formed. This agrees w ith  the observation  

o f Lag ySrg 3 C0 O3 exposure to SOg and CO a f t e r  the SOg experiment  

described in section  3 . 5 . 1 . 1 .

As w ith  the o ther  specimens examined, not a l l  o f  the peaks have 

been assigned. The unassigned peaks include some o f  the s trongest  

s ig n a ls ,  such as around 2e = 2 8 .7 .

The powder d i f f r a c t i o n  manual (80) was consulted and a l i s t  o f  

p oss ib le  compounds conta in ing  m ixtures o f  La, S r ,  Co, 0 and S, 

w ith  strong peaks around th is  value was made. The compounds 

included LagOgfSO^), La2 0 2 $ , La^SrOy, LagSrgOg and Sr0 2 . The 20  

values o f  these are given w ith  o th er  values o f  in t e r e s t  and re levan c e ,  

in  Appendix 2. There may be a m ixture  o f  these compounds present 

which o verlap  a t  around 20 = 2 8 .7 .  This would make i d e n t i f i c a t io n  

using r a t io s  o f  peak s izes  d i f f i c u l t .

3 . 5 . 1 . 4  XRD o f  La^_^Sr^Co03  exposed to  SO2 and CO in  the flow  r ig  

apparatus

The r e s u l ts  o f  the XRD examinations o f  the La^_^Sr^Co03  

samples exposed to  SO2 and CO in the f lo w - r ig  apparatus are given in  

Table 3 .3 4 .

The peaks which rep resen t the La  ̂_^Srj^Co03  perovski te - ty p e  

s tru c tu re  were no longer v is ib le  a f t e r  the f lo w - r ig  experiments.

The SO2 and CO appear to have reacted w ith  the La^_^Sr^Co03 and sulphides  

have been formed.
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Table 3 .34

XRD of La-|_^Sr^CoO^ a f t e r  exposure to SO2 and CO in  the flow-■rig

apparatus (x = 1.542 A)

B B B
L®0.3^'"o . 7L°°3 Lag sSrg sC0 O3 L * 0 . 73^0 . 03^ 003

2 o / in t e n s i t y  assignment 2 0 / in t e n s i t y  assignment 2 0 / in t e n s i t y  assignment

2 2 .5w C0 4 S

2 5 .2w 25.8m SrS 1 4 .1 VW

26m SrS 26s 25.2s

28.8m 28.8s 25.8m

30s SrS 30s SrS 28.8s

31w L® ^1.75-1 .80  31m 3 0 . Iw

3 2 . 5w CoSg 3 2 . 5w 3 1 . Iw L ® 3 i . 7 5 - 1 . 8 0

3 5 .5w 3 5 .6w CoS].097 32.6s COSg/COgSq

3 6 .3w C0 S2 36.6m 3 5 .7w CoSg

3 8 . Iw L^^i 7 5 _i 80 38-6w CoSi 097 36.6m

3 8 .6w 42.7m SrS 38.7m/s CoSg/

L * 3 i .7 5 _ i .8 0

42.8s SrS 45m 45.1m

4 4 .9w L ^ S ] .7 5 -1 .8 0  47-3m ^°3^4 46.6m

4 6 .4w CÔ Sg
4 7 . 2w 4 7 .9w 47.3m

5 0 .5w Co.S_ 52.5m 4 8 .9w

5 2 .9w 5 4 . Iw 5 2 .6w

5 4 .9w 5 5 .3w ^°^1.097 5 3 .4w

5 5 .2w C0 S2 65.8m

7 0 . Iw

s = strong m = medium w = weak

vs = very strong vw = very weak -

B = P h i l ip s  PW1710 X -ray  d i f f ra c to m e te r  used, 

e r r o r  in  2o = -  0 .0 5 °
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Not a l l  o f  the peaks have been assigned. The main peak which

has not been assigned is  around 20 = 2 8 .8 .  This was found w ith  the

o th er samples exposed to SOg and CO. This peak may be due to a 

combination o f  two or more compounds conta in ing  some or a l l  o f  the 

elements La, S r ,  Co, 0 and S. Some examples o f  these are given in  

section  3 . 5 . 1 . 3 .

3 . 5 . 1 . 5  Summary o f  the XRD re s u lts  o f  the La  ̂ ^Sr^CoOg samples

exposed to SOg and CO in d iv id u a l ly  and s im ultaneously in  

the vacuum l in e  and f low  r ig  apparatus  

The evidence r e la t in g  to the p e ro v s k ite - ty p e  s tru c tu re  o f

a l l  o f  the samples examined may be summarised in  Table 3 .3 5 .

Table 3 .35

XRD evidence f o r  the pero vsk ite  s tru c tu re  o f  fresh  and used 

La^.xSr^CoOj

La,_xSrxCo03 Fresh
SO2 CO SO2 and CO 

adsorption adsorption  adsorption

SO2 and CO 

f lo w - r ig

L * 0 . 33^0 . 7^003
/

★
/  weak / X X

L^O.4 3 ^0 .6 0 0 0 3
/ / / X X

0* 0 . 5 3 ^0 .5 0 0 0 3 / / i  / X X

0* 0 . 7 3 ^0 .3 0 0 0 3 / X / X X

/  = evidence f o r  p e ro v s k ite - ty p e  s tru c tu re

X = no evidence fo r  p e ro v s k ite - ty p e  s tru c tu re

*  = exposure to SOg and CO a f t e r  SOg adsorption

f  = exposure to SO2 a f t e r  CO adsorption
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In general the XRD re s u lts  d id not show d if fe re n c e s  due to 

changing La:Sr r a t io s .  The XRD experiments were not q u a n t i t a t iv e .

I t  is  in te re s t in g  to note th a t  there  are not high proportions o f  

La compounds detected a t ,  fo r  example, La^ ySr^ ^CoO^ and la rge  

proportions o f  Sr compounds a t ,  fo r  example, La^ gSr^ yCoOg.

The only sulphate species observed in  the samples exposed to SO  ̂

only, was SrSO^.

I t  appears th a t  SO  ̂ reacts  w ith  the La  ̂ ^Sr^CoOg to produce 

SrSO^, but the p e ro v s k ite - ty p e  s tru c tu re  is  m ain ta ined .

CO does not appear to a l t e r  the p e ro v s k ite - ty p e  s tru c tu re  or  

to re a c t  w ith  La^_^Sr^Co03  to leave any s o l id  product.

SOg and CO to gether appear to have a s im i la r  e f f e c t  on the 

La^ ^Sr^CoOg whether in  a s t a t i c  system such as the vacuum l in e  

where the sample has or has not been pre-exposed to  SO^, or in  a gas f low  

where a t  the most they make up a t o ta l  o f  5% o f  the gas. The 

p e ro v s k ite - ty p e  s t ru c tu re  is  destroyed and sulphides are formed.

Other compounds comprised the elements which make up La^ ^Sr^CoO^ 

and sulphur appear to be formed. The on ly  p o s i t iv e  i d e n t i f i c a t i o n  

o f  one o f  these was La2 0 2 S in  the product o f  SO2 and CO adsorption  

on Lag ySrg gCoOg which had been pre-exposed to SO^. The X-ray  

d i f f r a c t i o n  p a t te rn  o f  the product o f  th is  experiment is  shown in  

F ig .  3 .2 6 .
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3 .5 .2  Surface p ro p ert ies  o f  La  ̂ ^Sr^CoO^ a f t e r  exposure to SOg 

and CO, determined by ESCA

The fresh  c a ta ly s ts  and those used in  the f lo w - r ig  apparatus 

were in v e s t ig a te d  using ESCA. La^ ^Sr^ gCoO^ was not studied in  

the f lo w - r ig  apparatus so the sample from the simultaneous 

adsorption o f  SOg and CO was in v e s t ig a te d .  The binding energies  

obtained from the used c a ta ly s ts  are shown in Table 3 .3 6 .

Table 3 .36

Biinding energies o f  La^ ^Sr^CoOg a f t e r  exposure to SO2 and CO

Binding energy/eV

Energy L&0.4 ^ ' '0 .6 * '°° 3 Lag 5C0 O3
1 evel F lo w -r ig Vacuum l in e F lo w -r ig F lo w -r ig

La3d5/2 836 .4 836.1 834.6 836.5

Sr3ds/2 133.5 133.3 133.2 133.7

C0 2 P3 / 2 779.2 778.5 778.8 778 .8

781.4  * 780 .8  * 781.6 * 781 .8  *

01s 531.8 531.6 532.1 532.2

S2p 160.6 161.1 160.7 161

166.1 166 166.8 167.1

167.5 167.5 168.4 168.4

* = shoulder b .e .  e r ro r  = -  0 .3  eV
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On comparison o f  Table 3 .3 6  w ith  Table  3 . 5 ,  which shows the  

bind ing  en erg ies  o f  f re s h  La^_^Sr^CoO^, i t  can be seen th a t  the number

o f  species o f  some o f  the elements have changed. This is  i l l u s t r a t e d

in  Table  3 .3 7 .

Table 3 .37

Number o f  species o f  each element d is t in g u is h e d  by ESCA befo re  and

a f t e r  exposure to  SOg and CO

Number o f  species d e tec ted

Energy
le v e l

^ * 0 .3

Fresh

5^0 . 7 ( 0 0 3  Lao.4Sr

Flow r ig F re s h  
r ig

o .e ' ' ° ° 3

Vacuum 
1 ine

Fresh

5^ 0 0 3

Flow
r ig

'-®0.7

Fresh

Sro 3 C0 O3

Flow
r ig

La3dgy2 1 1 1 1 1 1 1 1

Sr3d5 /2 1 1 1 1 1 1 1 1

Co2p3/2 1 2 1 2 1 2 1 2

01s 2 1 2 1 2 1 2 1

S2p 0 3 0 3 0 3 0 3

There appears to  be very  l i t t l e  change o f  b ind ing  energ ies  o f  La 

and S r .  La and Sr o n ly  e x i s t  in  the o x id a t io n  s ta te s  + 3 and + 2 

r e s p e c t iv e ly .  I f  changes have occurred in  the chemical environm ent  

they a re  not r e f le c t e d  in  changes o f  the La and Sr s p e c tra .

The Co sp ectra  o f  the  La^_^Sr^CoO^ exposed to  SOg and CO shows 

evidence o f  two Co s p ec ies . The Handbook o f  X -ra y  P h o to e lec tro n  

Spectroscopy (8 1 )  g ives  the b ind ing  energ ies  f o r  36 Co compounds and
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the r e la t io n s h ip  between b ind ing  energy and o x id a t io n  s ta te  is  

shown to  be not s t r a ig h t fo r w a r d .  There is  a vague increase  in  

b ind ing  energy w ith  o x id a t io n  s t a t e .  A Co compound not represented  

in  the handbook could not e a s i ly  be i d e n t i f i e d  by i t s  b ind ing  

energy. The lower b ind ing  energy observed during the ESCA 

measurements may be d iv a le n t  Co and the h ig her b ind ing  energy may 

be t r i v a l e n t  Co. I f  the c la im  made in  sec tio n  3 . 2 . 4 ,  th a t  th ere

is  o n ly  one Co peak produced f o r  f re s h  La^ ^Sr^CoO^, in  s p i te  o f  

th e re  being t r i v a l e n t  and t e t r a v a le n t  Co present is  t r u e ,  then i t  

appears t h a t  the su rface  s t r u c t u r e ,  a t  le a s t  o f  La^ ^Sr^CoOg has 

a l t e r e d  and produced a t  le a s t  two Co compounds in  each o f  the  

specimens s tu d ie d .

There is  j u s t  one b ind ing  energy f o r  oxygen in  the used specimens. 

The f re s h  La^ ^Sr^CoOg gave sp ectra  showing two oxygen species and 

these were t e n t a t i v e l y  a t t r ib u t e d  to  l a t t i c e  oxygen and adsorbed 

oxygen. The h igh er b ind ing  energy species appears to  have remained  

whereas the  lower b ind in g  energy species has d isappeared .

There are  th re e  su lphur species d e tec ted  by ESCA. The S2p 

spectrum f o r  La^ gSr^ gCoOg a f t e r  the f lo w - r ig  experim ent is  shown 

in  F ig .  3 .2 7 .  Reference to the ESCA handbook (81 )  g ives  the  

im pression t h a t  the l a r g e s t  peak, which has the low est b ind ing  energy  

is  due to  su lphur in  the form o f  s u lp h id e .  The h ig h e s t  b ind ing  

energy peak appears to  be due to  su lphate  spec ies . The s m a lle s t  peak 

w ith  the b ind ing  energy a l i t t l e  lower to  th a t  o f  the su lphate  may, 

according to  the example given in  the handbook (81 ), be due to s u lp h i te .
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F IGURE 3 . 2 7  ESCA SPECTRUM OF THE SULPHUR SP E C I E S  PRESENT 

AFTER L a g g S r p  ^ C o O j  HAS BEEN EXPOSED TO SO^ 

AND CO IN  THE FLOW R I G  EXPERIMENTS
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2_
The s e n s i t i v i t y  o f  the b ind ing  energy o f  S in  var io us  SO  ̂

environments is  not c l e a r ,  th e re  may be sulphates o f  two o f  the 

m eta ls  p resen t o r  another unknown sulphur species not represented  

in  the  handbook.

The ESCA s tu d ie s  show t h a t  the su rface  o f  the c a t a ly s t  has 

been s i g n i f i c a n t l y  a l t e r e d  by exposure to  SOg and CO. Co appears  

to  have been in vo lved  in  a re a c t io n  and a t  l e a s t  th re e  d i f f e r e n t  

su lphur species are  p resen t on the used c a t a ly s t  s u r fa c e .

3 . 5 . 3  C o n d u c t iv i t ie s  o f  La^ ^Sr^CoO^ a f t e r  exposure to  SOg and CO

The c o n d u c t iv i t ie s  o f  the La^ ^Sr^CoOg samples were measured 

a f t e r  exposure to  SOg, CO and SOg w ith  CO in  the vacuum l in e  and 

SOg w ith  CO in  the f lo w - r ig  a p p ara tu s . The r e s u l ts  o f  these  

measurements are  g iven in  Table  3 .3 8 .

The c o n d u c t iv i ty  measurements may be compared to  those o f  the  

f re s h  c a t a ly s t s  in  Tab le  3 .6 .

I t  appears t h a t  the in te r a c t io n s  o f  SO2 and CO w ith  La^ ^Sr^CoO^ 

lead to  changes in  the s t ru c tu r e  which are  s u f f i c i e n t  to  in f lu e n c e  the  

c o n d u c t iv i t y .

A l l  o f  the La^^Sr^CoOg samples which were exposed to  SOg 

showed a decrease in  c o n d u c t iv i t y .  The La^ gSrg yCoO^ and 

La^ ySrg gCoOg samples were both exposed to  SOg and CO a f t e r  the  

SOg experim ent and befo re  the c o n d u c t iv i ty  was measured and t h is  may 

have in f lu e n c e d  t h e i r  c o n d u c t iv i ty .
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Table  3 .3 8

C o n d u c t iv i t ie s  o f  La^ ^Sr^CoOg a f t e r  exposure to SO  ̂ and CO

C o n d u c t iv i ty /^ ' I r n ' T

SOg ad so rp tion CO ad sorp tio n SO2 and CO 

adsorp tion

SO2 and CO 

f l o w - r ig

V .  high
re s is ta n c e
*

0.516 1 2 4 . 4 2 4 .88

4 . 5  X 1 0 ' ® V .  high  
re s is ta n c e

2 .43  X l O ' S

7 . 3 4  X 1 0 " 3 5 . 4 2  X 1 0 ' G  

f

1 . 5 3  X 1 0 " 3 0 .2 3

^ ® 0 . 7 ^ ' " 0 . 3 ^ ° ° 3
1 . 9 3  X l O ' Z  
*

8 . 2 2  X l O ' G V. high  
re s is ta n c e

0 .3 7

*  exposed to SOg and CO a f t e r  the SO2 experim ent  

i  exposed to  SOg a f t e r  CO experim ent

The Lag ^SrQ yCoOg exposed to  CO showed v i r t u a l l y  no change 

in  c o n d u c t iv i t y .  The o th e r  samples on which CO was adsorbed,  

in c lu d in g  the La^ gSr^ gCoO^ which was exposed to  SOg a f t e r  the CO 

exp e r im e n t,  a l l  had lower c o n d u c t iv i t ie s  than the fre s h  samples.

The samples exposed to  SOg and CO in  the  vacuum l i n e ,  had lower  

c o n d u c t iv i t ie s  than the fre s h  c a t a ly s t s ,  except in  the case o f  

La^ gSrg yCoOg whose c o n d u c t iv i ty  had increased by about 300 times  

i t s  o r ig in a l  v a lu e .  The La^ ySr^ gCoO^ d i f f e r e d  from the o th e r  

La-j_^Sr^Co0 3 samples because a f t e r  ad sorp tion  o f  SOg and CO the  

scavenging o f  sulphur species by CO was not a ttem p ted .
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Those samples exposed to SO2 and CO in  the f lo w - r ig  apparatus  

showed the s m a lle s t  changes in  c o n d u c t iv i ty .  The La^ gSrQ 7 C0 O3 

c o n d u c t iv i ty  increased around 60 f o ld .  The c o n d u c t iv i t ie s  o f  

La^ gCoOg and Lag ySr^ ^CoOg decreased around 80 fo ld  and 

50 fo ld  r e s p e c t iv e ly .

3 .6  ERRORS

Many o f  the exp erim en ts , such as the adsorp tion  and TPD o f  SO  ̂

were ex tre m e ly  time consuming and consequently were o n ly  c a r r ie d  out  

once. Due to  the lack  o f  d u p l ic a t io n  o f  re s u l ts  i t  was im possib le  

to c a lc u la t e  standard d e v ia t io n s .  E rro rs  have, however, been 

es tim a ted  and these are  inc luded in  the ta b le s  o f  r e s u l t s .

There was no means o f  c a lc u la t in g  the e r r o r  o f  the d esp o rt io n

e n e rg ie s ,  however, the  parameter F , which is  the standard d e v ia t io n
2

o f  the c a lc u la te d  po in ts  is  a gu ide . F is  represented  by eq uatio n  30

^ ^  ^^c a lc u la te d  ~ ^experim enta l^ 30

S = MS s ig n a l N = number o f  data  po in ts  

The va lues o f  F are  g iven in  Tables 3 .8  and 3 .1 0 .

In the f lo w - r i g  experiments steady s ta te  readings were obta ined  

and the  standard d e v ia t io n s  o f  the percentage values in  the  o u tf lo w  

were c a lc u la te d  to  be about 1.5% o f , t h e  mean v a lu e .
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CHAPTER 4

DISCUSSION
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In t h is  chapter the r e s u l ts  re la te d  in  Chapter 3 w i l l  be 

discussed and where i t  is  r e le v a n t ,  comparison w i l l  be made to  

previous work reported  in  the l i t e r a t u r e .

The c h a r a c te r iz a t io n  o f  the fresh  La^ ^Sr^CoO^ req u ires  very  

l i t t l e  d iscu ss io n .

E xp lanation  o f  the mass changes observed during the adsorption  

and TPD experiments w i l l  be a ttem pted . The c h a r a c te r is t ic s  o f  the  

f resh  and used c a ta ly s ts  w i l l  be re fe r re d  t o ,  to a s s is t  the  

e lu c id a t io n  o f  the mechanisms which took p lace .

The f lo w - r ig  r e s u l ts  w i l l  a lso  be exp la ined  w ith  re fe ren ce  to  

the changes to the c a t a ly s t s '  p ro p e r t ie s  before  and a f t e r  the  

experim ents .

The e x p lan a t io n s  o f  the adsorp tion  and desorp tion  experiments  

and the f lo w - r ig  experiments w i l l  be used to  suggest a mechanism f o r  

the re a c t io n  between SOg and CO to g ive  sulphur and CO2 .

4 .1  DECOMPOSITION OF CofNOgjg.GHgO, ONE OF THE INGREDIENTS IN 

THE PREPARATION OF La^_^Sr^Co03

Co(N0 3 ) 2 . 6 H20  is  one o f  the in g re d ie n t  n i t r a t e s  used in  the  

p re p a ra t io n  o f  La^ ^Sr^CoOg f o r  the experiments described in  th is  

t h e s is .  Co(N0 3 ) 2 . 6H20  was decomposed as described in  s ec t io n  2 . 1 .1  

The r e s u l t a n t  mass changes and e v o lu t io n  o f  gases during  

decomposition are  reported  in  sec tion  3 .1 .
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The experiment was c a r r ie d  out tw ice and the r e s u l ts  were very  

s im i la r  in  each in s tan ce .

The loss o f  mass on evacuation may be due to  w ater o f  

c r y s t a l l i z a t i o n  being removed. A mass loss o f  30.9% would be 

e q u iv a le n t  to th a t  expected i f  SHgO molecules per CofNOgjg.GHgO 

were evo lved .

As can be seen from F ig .  3.1 HgO was a lso  detected  during heating  

t h is  may be the f i n a l  HgO being removed but i t  is  l i k e l y  th a t  the loss 

o f mass due to  evacuation  was in  p a r t  due to  degassing o f  the  

CofNOgjg.OHgO. Less than SHgO may be inc luded in  the 31.2% and 

29.6% mass losses .

The f i n a l  s o l id  product is  p o ss ib ly  an oxide o f  c o b a l t .  From 

a s t a r t in g  compound Co(N0 3 ) 2 . 6 H2 0 , d is re g a rd in g  adsorbed gases from 

the atmosphere a mass loss o f  72.4% would g ive  €0 3 0 ^ , 71.5% would 

g ive  CO2O3 and 74.2% would g ive  CoO. The ac tu a l loss o f  mass was 

71.1% f o r  both o f  the samples s tu d ie d .  This agrees most c lo s e ly  w ith  

CO2 O3 . The mass losses expected f o r  production o f  the o th er  ox id es ,  

however, are  so s im i la r  th a t  when degassing is  considered a p o s i t iv e  

i d e n t i f i c a t i o n  o f  the oxide or oxides produced, by mass loss a lo n e ,  is  

not p o s s ib le .

F ig .  3.1 shows the r e l a t i v e  abundances o f  gases evolved towards 

the end o f  the decomposition experim ent, as c o l le c te d  by the MS. 

Background pressures o f  H^O, N2 , Og and CO2 w i l l  be included in  t h e i r  

s ig n a ls .  Products o f  decomposition de tec ted  a t  th is  p o in t  inc lude  

NO and p o ss ib ly  H2O and O2 . The presence o f  NO exp la in s  the b lu e /  

green r in g  observed in  the l i q u id  Ng t ra p  during the decomposition  

o f  the n i t r a t e s  o f  La, Sr and Co. The MS evidence a lso  re in fo rc e s
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the evidence fo r  NO as a decomposition product, given by the  

production o f  NOg, on a l lo w in g  the fre e ze  drying apparatus up to  

atmospheric p ressure , as described in sec tion  2 .1 .

The Og reading was h igher than the background reading on the  

10"^ mbar scale  norm ally observed. The drop in  the amount o f  O2 

observed in  r e la t io n  to the o th er  gases shown in  F ig .  3.1 may 

be due to  0^ f a l l i n g  back to  i t s  background le v e l  or o f  decomposition  

products , e s p e c ia l ly  NO in c re a s in g .

Tabulated m e lt in g  p o in t  data (86 ) in d ic a te s  th a t  

Co(NÜ3)2.6H20 loses 3 H2 O a t  55°C a t  atmospheric pressure . At the  

time when the f i r s t  pressures were recorded to  g ive  the r e l a t i v e  

amounts shown in  F ig .  3 . 1 ,  the temperature was a lre a d y  150°C, and 

the pressure was co ns iderab ly  lower than atm ospheric, th a t  i s ,  about

3 .5  X 1 0 "^ mbar. I t  th e re fo re  seems l i k e l y  th a t  H2O was evolved  

from the Co(NÜ3 ) 2 . 6 H2 0 .

The evidence o f  mass loss and e v o lu t io n  o f  NO and H2O support 

the theory  t h a t  the n i t r a t e s  f i r s t  decompose to  g ive  oxides as expected  

and th a t  i t  is  from th e s e , t h a t  the p e ro v s k ite - ty p e  compounds are  

d e r iv e d .

4 .2  CHARACTERIZATION OF FRESH La^_^Sr^Co03

The surface area measurements o f  La  ̂ ^Sr^CoOg in d ic a te  the  

e f f i c ie n c y  o f  the f re e z e -d ry in g  method f o r  the production o f  c a ta ly s ts  

o f a r e l a t i v e l y  high area to  volume r a t i o .

The d e n s ity  o f  La^ ^Sr^ ^ 0003  was measured. The d e n s ity  and

s p e c i f ic  surface area were used to g e th er  to c a lc u la te  the r a d i i  o f  

p a r t i c l e s .  From th is  data the areas were c a lc u la te d -  by assuming
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th a t  the p a r t ic le s  were s p h e r ic a l .  The number o f  u n i t  c e l l s  a t  the  

surfaces were caccu lated  from the known area o f  a u n i t  c e l l .  This  

proved usefu l in  sec t io n  4 .3 .2  when the apparent number o f  SOg 

molecules adsorbed, c a lc u la te d  from the mass increase  was examined 

in  r e la t io n  to  the number o f  u n i t  c e l l s  a t  the surface o f  the  

c a t a l y s t ,  to  see i f  th e re  was any c o r r e la t io n .  The c a lc u la t io n s  

are  shown in  sec t io n  4 . 3 . 2 .

The XRD measurements provided the assurance th a t  the p e ro v s k ite -  

type s t ru c tu re  had a c t u a l ly  been achieved by the f re e z e -d ry in g  and 

c a lc in a t io n  process.

The ESCA analyses provided b ind ing  energ ies  o f  the e le c tro n s  o f  

the surface  atoms, which could be compared w ith  those o f  the surfaces  

a f t e r  exposure to  SO  ̂ and CO.

The c o n d u c t iv i ty  measurements proved th a t  the La^ ^Sr^CoOg was

indeed a semiconductor as s ta te d  in  the l i t e r a t u r e  (4 9 ) -  They

could be compared w ith  those o f  the used c a t a ly s ts .

The e . s . r .  spectrum o f  La^ ^Sr^ gCoO^ d id  not provide the  

s p e c tra l  p a t te rn  which would be expected f o r  Co^^. The an a ly s is  

f o r  Co^^ was both to show the presence o f  Co^^ in  La^ ^Sr^CoOg and 

from academic i n t e r e s t ,  as the e . s . r .  spectrum o f  th is  species has 

proven d i f f i c u l t  to  o b ta in .  B u f fa t  e t  a l (87 )  c la im  to have done 

the f i r s t  complete c h a r a c te r iz a t io n  o f  is o la te d  s ix -c o o rd in a te d  

Co^^ ions in  an oxide l a t t i c e .  They have synthesized

Sr^ gLa^ gLig gCo^ ^0^ and measured i t s  e . s . r .  spectrum a t  4 .2K .  

They c la im  th a t  t h e i r  spectrum is  t h a t  o f  Co^^ and th a t  g values  

o f  2 .3 2 < g j< 2 .5 5 ,  g ^ < 0 .85, which were obtained agreed w ith  a g val ue
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obta ined  by o th e r  w orkers , Townsend and H i l l  (88 )  f o r  Co^^ in  

A lgO giC o**, MgZ+.

4 .3  THE ADSORPTION AND DESORPTION EXPERIMENTS

The d eso rp tio n  o f  oxygen due to  evacuation and h e a t in g ,  the  

SOg experim ents , CO experiments and SO2 and CO experiments w i l l  be 

d iscussed .

4 .3 .1  Desorption o f  oxygen from fre s h  La  ̂ ^Sr^CoOg

The d esorp tion  o f  oxygen from La^ ^Sr^CoOg appears to be e a s ie r  

on in c reas in g  the p ro p o rt io n  o f  La in  the c a t a ly s t ,  th a t  i s ,  on 

decreas ing va lue o f  x .  At low La p roportions  the desorption  o f  

oxygen occurs a t  lower temperatures and in  g re a te r  amounts than a t  

high La p ro p o r t io n s .  This trend suggests th a t  the tendency o f  the  

c a t a ly s t  to  lose oxygen increases on decreasing La or in creas in g  x.  

E a r l i e r  workers such as Yamazoe e t  a l ( 1 7 ) ,  Sieyama e t  a l ( 2 2 ) ,  

Nakamura e t  a l  (2 4 )  and Misono and N ita d o r i  ( 2 5 ) ,  a lso  found th a t  

r e d u c i b i l i t y  as measured by re a c t io n  w ith  CO increased as x increased .  

In some instances the e a r l i e r  workers were looking a t  pre-adsorbed  

and l a t t i c e  oxygen. The La^ ^Sr^CoOg samples in  the present work 

had been c a lc in e d  in  a i r  a t  550°C and s tored  in  a i r ,  so they too  

may have adsorbed oxygen but they c e r t a in ly  lo s t  not on ly  adsorbed  

oxygen but l a t t i c e  oxygen during heating  under vacuum. The method 

by which th is  was c a lc u la te d  is  shown in  sec tion  3 . 3 . 3 . 1 .

Sieyama e t  a l (22 )  s ta te  t h a t  the La^ ^Sr^CoO^ compounds which 

have high numbers o f  oxygen vacancies are  ab le  to accommodate oxygen 

from the gas phase and th a t  such sorbed oxygen tends to be more 

re a c t iv e  than l a t t i c e  oxygen. The change in  the number o f  oxygen
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vacancies w ith  p ro p o rt io n  o f  La in  La^.^Sr^CoOg was c a lc u la te d  

and is  shown in  F ig .  1 .2  in sec tio n  1 . 3 . 1 . 1 .  The number o f  oxygen 

vacanc ies , expressed as 6 , was c a lc u la te d  f o r  the compounds used 

in  the present work. This was done by working out how much oxygen 

loss was re q u ire d  from the La^ ^Sr^CoOg l a t t i c e  to m a in ta in  charge 

n e u t r a l i t y  i f  i t  is  assumed th a t  = 0 when a l l  o f  the Co is  t r i v a l e n t  and 

when Sr is  present s u b s t i tu te d  f o r  L a , th e n te t r a v a le n t  Co is  p resen t.

The amounts o f  t e t r a v a le n t  Co f o r  each La:Sr r a t i o  s tu d ied  is  taken  

from work by Jonker and van Santen ( 1 8 ) .  An example o f  the  

c a lc u la t io n  is  shown in  F ig .  1 .2 .  The formulae fo r  La^ ^Sr^CoOg, 

as c a lc u la te d  by t h is  method, f o r  the c a ta ly s ts  s tud ied  are

'-®0.3^''0.7^°°2.82’ '-®0.4^''0.6‘'°°2.95’ '-®0.5^''o.5^°°2.96 
La^ ySr^ 3 C0 O3 . The g re a te s t  number o f  oxygen vacancies does

c o in c id e  w ith  the g r e a te s t  loss o f  oxygen observed during heating

and t h is  supports the  re p o rts  made by Sieyama e t  a l ( 2 2 ) .  The

percentage mass losses expected i f  each vacancy was f i l l e d  by an

oxygen atom and these were desorbed, was c a lc u la te d .  The c a lc u la te d

percentage losses were 1.37% f o r  La^ 3 $rQ 7 C0 O3 , 0.37% f o r

L * 0 . 4 ^^0 . 6 ^0 0 3 » 0-29% f o r  gSrQ 5 C0 O3 and as LaQ^ySr^ 3 C0 O3

appears to have no oxygen vacancies th e re  would be no desorp tion

from oxygen vacancy s i t e s .  The observed percentage mass losses are

g re a te r  than those expected i f  th e re  was desoprtion  from oxygen

vacancy s i t e s .

The d esorp tion  o f  oxygen re fe r r e d  to by Sieyama e t  al ( 2 2 ) ,  

was in  a helium atmosphere whereas the desorp tion  re fe r r e d  to  in  th is  

th e s is  was under vacuum. The co n d it io n s  are d i f f e r e n t  but both may
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be conducive to oxygen desorp tion  due to the low p a r t i a l  pressure o f  

oxygen in  the f i r s t  and the low o v e ra l l  pressure in  the second.

I t  is  not c le a r  why the compounds w ith  high oxygen vacancies  

should be expected to adsorb more oxygen. T h e ir  charge n e u t r a l i t y  

is  in  f a c t  mainta ined by the m u lt i  v a le n t  nature  o f  Co, which 

compensates f o r  the lack  o f  oxygen. The oxygen r ic h  compound may be 

thermodynam ically  more s ta b le .

4 .3 .2  Adsorption o f  SOg on La^ ^Sr^CoOg

The graph o f  t o t a l  mass increase  due to  adsorp tion  o f  SO  ̂

a f t e r  exposure a t  500°C, in  F ig .  3 .1 4 ,  shows th a t  adsorp tion  increases  

as La in  La^^Sr^CoO^ in c rease s . The increase  in  mass is  v i r t u a l l y  

l i n e a r  w ith  increase  in  La co n ten t.

To a s c e r ta in  what the mass increases depended on t h e i r  

r e la t io n s h ip  w ith  various  p ro p e r t ie s  o f  the c a ta ly s ts  were in v e s t ig a te d .

The s p e c i f ic  surface  a reas , which are  shown in  Table 3 .2  do not  

share the same r e la t io n s h ip  o f  l i n e a r i t y  w ith  La con ten t o f  the mass 

changes. This suggests th a t  e i t h e r  the adsorp tion  or indeed r e a c t io n ,  

suggested by some o f  the r e l a t i v e l y  high mass changes, is  not a 

su rface  phenomena nor is  i t  due to  an evenly  d is t r ib u te d  surface fe a tu re

The c o n d u c t iv i t ie s  o f  the La^^Sr^CoOg samples are shown in  

Table 3 .6 .  These do not vary w ith  La content as SOg adsorp tion  does 

and t h is  suggests th a t  SOg adsorp tion  is  not p ro p o rt io n a l  to  

c o n d u c t iv i ty .  This does not ru le  out the p o s s i b i l i t y  th a t  the  

semiconducting p ro p e r t ie s  o f  the La^ ^Sr^CoO^ samples are im p o rtan t.

I t  appears, however, th a t  the c o n d u c t iv i ty  o f  the samples exposed to  

SOg f a l l s  d r a m a t ic a l ly  a f t e r  exposure. This may be due to  the  

fo rm ation  o f  SrSO^. XRD shows th a t  the p e ro v s k ite - ty p e  s t ru c tu re  is
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s t i l l  p resent y e t  th ere  may be s u f f i c i e n t  SrSO^ to  decrease the  

c o n d u c t iv i ty  o f  the samples s i g n i f i c a n t l y .

F ig .  1 .2  in  sec tio n  1 .3 .1 .1  shows how Co^^ content changes in  

La^ ^Sr^CoOg (O^x^l) as presented by Jonker and van Santen (18)  

and the c a lc u la te d  value o f  6 which is  p ro p o rt io n a l  to  oxygen 

vacancies . N e ith e r  o f  these fe a tu re s  o f  La  ̂ ^Sr^CoOg change l i n e a r l y  

w ith  La c o n te n t ,  even w i th in  the range s tud ied  in  th is  work.

I t  appears th a t  the mass changes observed are re la te d  to  La 

c o nten t or Sr co n ten t o f  the c a ta ly s ts  or to  a r e la t io n s h ip  between 

these two. Bearing in  mind the magnitude o f  the mass changes the  

p o s s i b i l i t y  o f  chemical re a c t io n s  having occurred cannot be ru led  o u t .

The mass changes can be examined to  see i f  the mechanism which 

caused them may be made c le a r e r .  I t  is  in t e r e s t in g  to  look a t  the  

r e la t io n s h ip  between the mass losses due to  heating  under vacuum 

and the subsequent increases in  mass due to SOg adsorp tion  in  th is  

c o n te x t .  This r e la t io n s h ip  is  shown in  Table 3 .1 4 .

I t  has a lre a d y  been suggested, above, th a t  the SOg adsorption  

re a c t io n  is  not p ro p o rt io n a l  to  the surface  area o f  La^ ^Sr^CoOg.

Table 4.1 shows the r e la t io n s h ip  between the number o f  u n i t  c e l ls  a t  

the c a t a ly s t  surfaces and the number o f  SOg molecules e q u iv a le n t  to  

the increase  in  mass a f t e r  exposure to  SOg. The i n i t i a l  mass was 

chosen as a measure o f  the surface  area because the number o f  u n i t  

c e l ls  was not expected to  change during h e a t in g .

The method f o r  c a lc u la t in g  the number o f  u n i t  c e l l s  a t  the  

surface  is  shown f o r  La^ ^SrQ 5 C0 O3 using equations 31 , 32and 3 3 .

The assumption t h a t  the p a r t i c l e s  are  sp h er ica l is  made.
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^ p a r t ic le
s . s . a . p

'■ p a r t ic le  = radius o f  a p a r t i c l e

s . s . a .  LaQ ^Stq gCoO^ ~ 11.23 rn ç

_________ 3__________
p a r t i c l e  n .23 x 4 .0 3  x 10^

6 . 6 3  X 1 0 '® m

31

r

^ p a r t i c l e  = 4 %r^ 32

A p a r t ic le  = a re *  a p a r t i c l e  

A p a r t ic le  = 63 x IQ -S )?

5 .52  X 1 0 " ^ V

Area o f  1 g ( s . s . a . )  = 11 .23  m^g‘ ^

.*. Area o f  0 .1023  g = 1 . 1 5  m^g"^

Area o f  u n i t  c e l l  = (3 .81  x 10"^^)^ = 1 .45  x 10"^^m^

(3 .81  X 10 = length  o f  1 s ide o f  u n i t  c e l l  ( 8 4 ) )

No. u n i t  c e l l s  a t  su rface T ota l area 33

Area u n i t  c e l l

1 .15  

1 .45  X l O ' T S

7 .93  X 1 0 ^ 6

Table 4 .1  shows th a t  th e re  are  more SO2 molecules adsorbed than there

are u n i t  c e l ls  a t  the s u r fa c e .  In f a c t  th e re  are 4 ,  1 2 .5 ,  10 and

10 times as many SO2 molecules adsorbed as surface  u n i t  c e l ls  f o r

'-®0 . 3 6 '"o.7 6 0 0 3 > 6 2 0 . 4 6 ^0 . 6 6 0 0 3 ' 6 2 0 . 5 6 ^0 . 5 6 0 0 3  and Lag^^SrQ^jCoOj,r e s p e c t iv e ly
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Table 4.1

The number o f  u n i t  c e l ls  a t  the surface o f  La^ ^Sr^CoOg and the  

number o f  SOg molecules which would g ive  a mass increase  e q u iv a le n t  

to  th a t  observed on exposure to  SOg

Surface

area/m^

No. u n i t  
c e l ls  a t  
the surface

No. SOp
molecules
adsorbed

No. u n i t  c e l l

No. SOg molecules

Lag gSrQ yCoOg 0 .0935 1.59 1 . 10x 1 0 ^^ 4.39x10^0 0 .25

La^ ^SrQ gCoO^ 0 .1023 1.15 7.93x10^0 9.40x10^9 0 .0 8

6* 0 . 5 6 ^0 . 5 6 0 0 3  0 .0902 1.45 1x10^0 9.92x10^9 0 . 1 0

LaQ ySrg 3 C0 O3 0 .1615 4 .1 8 2.88x10^9 2.89x10^0 0 . 1 0

Area o f  a u n i t  c e l l ,  exposed a t  the s u r fa c e ,  i f  f l a t  

( le n g th  o f  one s ide = 3.81 A (8 4 ) ) =  1 .45 x 10 ^^m^

Even con s id er ing  in h e re n t  e r ro rs  in  th is  c a lc u la t io n ,

t h is  appears to  in d ic a te  th a t  a re a c t io n  beyond the surface  has occurred,

Table  3 .1 4  shows t h a t  a l l  o f  the mass lo s t  during heatin g  o f  

La^ gSrQ yCoOg was not rep laced  on exposure to  SOg.

The mass increase  on exposure o f  both La^ ^Sr^ gCoO^ and 

La^ ^Sr^ gCoOg to SOg was v i r t u a l l y  double the mass loss due to  

heating  under vacuum. Knowing th a t  the atomic mass o f  S is  double  

th a t  o f  0 , then w ith o u t  f u r t h e r  c o n s id era t io n  two p o ss ib le  exp lan ation s  

o f  the doubling o f  the mass changes may be made. The f i r s t  ex p la n a t io n
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is  th a t  every oxygen atom desorbed is  rep laced by a sulphur atom.

The second e x p lan a t io n  is  th a t  f o r  every two oxygen atoms desorbed

th ere  is  one SOg molecule adsorbed. I f  the former e x p lan a t io n  was

c o r r e c t  then the presence o f  sulphide may be e v id e n t  from XRD and, or  

ESCA. I f  the l a t t e r  ex p la n a t io n  was tru e  then e i t h e r  o f  these  

techniques may be expected to  show the presence o f  su lp h ate .

The increase in  mass observed fo r  the La^ ySr^ ^CoOg a f t e r

exposure to  SOg is  f a r  in  excess o f  the mass lo s s .  Bearing in  mind

the exp lan atio n s  po stu la ted  above f o r  La^ ^Sr^ gCoO^ and Lag gSr^ 5 C0 O3 

mass changes a s im i la r  exp la n a t io n  may be o f fe re d  in  th is  ins tance  

except th a t  the r e a c t i v i t y  o f  the La^ ^Srg gCoOg w ith  SO2 must be 

g r e a te r  than t h a t  o f  the o th e r  La^ ^Sr^CoOg compounds

A t h e o r e t ic a l  c a lc u la t io n  to  work out the change in  mass 

expected , i f  a l l  o f  the l a t t i c e  oxygen in La^ ySr^ gCoO^ was rep laced  

by sulphur, was made.

The m olecu lar mass o f  La^ ySr^ 3 C0O3 is  230.41 a .m .u . ,  according

IV
to c a lc u la t io n s  made from the Co graph by Jonker and van Santen ( 1 8 ) ,  

th ere  are no oxygen vacancies in  LaQ ySrQ 3 C0 O3 . The percentage mass

which is  oxygen is  20.83%. I f  a l l  o f  the oxygen is  rep laced by 

sulphur the m olecu lar mass would be 278.71  a .m .u . The increase  in  

mass due to  the s u b s t i tu t io n  would be 20.96% o f  the m olecu lar mass o f

LaQ ySrQ 2 C0 O3 . I f  th ere  is  replacement o f  oxygen by sulphur in  the

LaQ ySrQ gCoOg sample, then i t  appears to be a lm ost complete, because

the mass increase  is  19.21%.

On the o th e r  hand, th ere  may be form ation  o f  su lph ates . The 

mass increase  is  not la rg e  enough to suggest t h a t  the p e ro v s k ite - ty p e  

oxide reacted  com plete ly  to g ive  a su lphate  or the in d iv id u a l
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sulphates o f  La, Sr and Co. Discounting any change in the 

o x id a t io n  s ta te  o f  Co, a h y p o th e t ica l change to La^ ySr^ ^CofSO^j^ 

which is  e q u iv a le n t  in  mass terms to the fo rm ation  o f  the su lp h ates ,  

would produce a mass increase  o f  104.16%. I f ,  f o r  example, the  

Sr was leached from the p e ro v s k ite - ty p e  l a t t i c e  as SrSO^, a mass 

increase  o f  11.46% may be expected i f  the remaining oxygen maintained  

a n e u tra l  complex o f  the La and Co. I f  fo rm ation  o f  su lphate  did  

occur then t h is  s o r t  o f  mechanism seems most probable . The increase  

in  mass, f o r  LaQ ySrQ gCoOg, from the i n i t i a l  mass, as opposed to  

th a t  a f t e r  evacuation  and h e a t in g ,  was 17.89%. I t  seems th a t  i f  there  

is  su lphate  fo rm a t io n ,  th a t  i t  is  a su lphate  o f  La, Sr or Co or a 

com bination o f  these . Leaching o f  a l l  o f  the La, t r i v a l e n t  Co or  

t e t r a v a le n t  Co would g ive  a h igh er percentage mass increase than S r.

I t  would be expected th a t  i f  complete re a c t io n  o f  Sr occurred th a t  

the mass changes f o r  La^.^Sr^CoOg, where x = 0 . 5 ,  0 .6  and 0 . 7 ,  would 

be h igh er than f o r  LaQ ySrQ ^CoOg. They were co n s id erab ly  le s s .

The p o s s i b i l i t y  o f  the fo rm ation  o f  p e ro v s k ite  s u lp h id es , as 

opposed to  p e ro v s k ite  oxides was cons idered . There was no l i t e r a t u r e  

evidence found which suggested t h a t  s u lp h id a t io n  o f  an oxide  

p e ro v s k ite  produced a su lph ide p e ro v s k it e .  The sulphide p e ro v s k ites  

were formed by heating  m ixtures  o f  su lphides f o r  severa l weeks ( 8 9 ) ,  

re a c t io n  o f  CSg w ith  oxides (90 )  and by growing s in g le  c ry s ta ls  by 

a f lu x  method ( 9 1 ) .  Takahashi e t  a l (92 )  have published XRD data  

f o r  LaCoSg. The major peaks which th is  g ives are  not present in  

the c o r re c t  s iz e  r a t io s  on the d i f f r a c t i o n  p a tte rn s  o f  any o f  the used 

c a ta ly s ts  in  t h is  work.
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Whatever the e x p lan a t io n  f o r  the increases in  mass on 

adsorp tion  o f  SOg i s ,  i t  appears, in  the absence o f  o th e r  ev idence ,  

th a t  th e re  is  a re a c t io n  o f  SOg w ith  the bulk o f  the La^ ^Sr^CoOg 

and th a t  i t s  e x te n t  is  p ro p o rt io n a l to  the La content o f  the c a t a ly s t .

XRD s tu d ies  o f  the La^ ^Sr^CoOg samples a f t e r  SOg adsorp tion  

provided f u r t h e r  evidence fo r  the e xp lan a t io n  o f  the mass changes 

observed.

The XRD p a tte rn s  f o r  La^ ^Sr^ 7C0 O3 and Lag ^Sr^ ^CoO^ showed 

good evidence f o r  SrSO^. The La^ ySr^ gCoO^ sample had evidence  

f o r  su lph ides o f  Sr and Co and La2 0 2 S. Ln2 0 2 S is  known f o r  the  

la n th a n id e  m e ta ls ;  i t  is  c lo s e ly  r e la te d  to  Ln2 0 2 ( 9 3 ) .  Th is  sample 

had been exposed to  SO2 and CO s im u ltan eo u s ly ,  a f t e r  the SO2 

adsorp tion  experim ents and before  the XRD measurements were made.

I t  is  th e re fo r e  not c le a r  i f  th e re  was su lphate  fo rm a t io n ,  f o r  which 

th e re  is  now no evidence because o f  a f u r t h e r  re a c t io n  due to  the SO2 

and CO exposure. The Lag ^Sr^ yCoOg sample was a lso  exposed to  SO2 

and CO a f t e r  the SO2 adsorp tion  experiments but t h is  d id  not lead  to  

the fo rm ation  o f  sulphides and La2 0 2 S. The peak near 20 = 28°  

which was strong in  the La^ ySrQ gCoOg s igna l and medium o r strong  

in  the SO2 and CO adso rp tion  experiments but which was weak o r  very  

weak in  the SO2 o n ly  adsorptions was p resent and was o f  medium in t e n s i t y .  

This may in d ic a te  the presence o f  one o f  the compounds in c lu d in g  some 

o f  La, S r ,  Co, 0 and S mentioned in  s ec t io n  3 . 5 . 1 . 3 .  F u r th e r  evidence  

f o r  changes to  the La^ gSr^ yCoO^ is  the weakness o f  the p e ro v s k ite  

s ign a l which suggests t h a t  some o f  the La^ ^Sr^ yCoOg s t ru c tu re  has 

been destroyed during the vacuum l in e  experim ents .
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The lack  o f  evidence fo r  su lphate on the La^ ^Srg gCoO^ is  

s u r p r is in g .  The s p e c i f ic  surface area o f  the La^ ^Srg qCoÔ  was 

s l i g h t l y  lower than the o th er  samples but not s i g n i f i c a n t l y  so.

The re a c t io n  did appear to  p en e tra te  the su rface  o f  the compound 

but the bulk may have been i n s u f f i c i e n t l y  changed f o r  the XRD 

measurements to d e te c t  su lp h a te . An ESCA a n a ly s is  o f  the surface  

would have provided a usefu l c lue  about any permanent changes to  the  

La^ ^SrQ gCoO^ which encountered the SOg.

I t  seems from the mass and XRD r e s u l ts  th a t  SOg reac ts  w ith  

La^ ^Sr^CoO^ and th a t  SrSO^ is  formed in  s u f f i c i e n t  amounts f o r  

d e te c t io n  by XRD but not so much th a t  the p e ro v s k ite  s t ru c tu re  o f  the  

La^ ^Sr^CoOg was destroyed . Even exposure to  SOg a f t e r  the CO 

experim ent w ith  Lag gSr^ gCoOg produced SrSO^ and re ta in e d  the  

p e ro v s k ite  s t r u c tu r e .

Raccah and Goodenough (94 )  suggest th a t  the Co^^ s i te s  formed

because o f  the presence o f  S r^* ions in  La^ ^Sr^CoOg, remain a d jacen t

2+ 2+ to  those Sr io n s . I t  may be th a t  t h is  arrangement makes the Sr

p a r t i c u l a r l y  r e a c t iv e ,  w ith  resp ect to  the o th er  c a t io n s ,  so SrSO^

is  produced.
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To a s c e r ta in  which o f  the sulphates o f  e i t h e r  La, Sr or Co 

would be most e a s i ly  formed in  terms o f  t h e i r  thermodynamic 

p ro p e r t ie s ,  the f re e  energ ies  o f  fo rm ation  o f  those w ith  s u f f i c i e n t  

a v a i la b le  data were c a lc u la te d  from t h e i r  o x id e s ,  using equation 34

AG^ products -  AG^ re a c ta n ts  = AG^ re a c t io n  34

The oxides were used to  rep resen t La^ ^Sr^CoOg and the data  

a v a i la b le  was sparse and is  shown in  Table 4 .2 .

Table 4 .2

Free energ ies  o f  fo rm ation  o f  some s t ro n t iu m , c o b a lt  and sulphur  

compounds

- 1Compound AG^/kJ mol

SrO -5 6 2 .3

SrSO* -1 3 4 1 .0

CoO -2 1 4 .2

CO3O4 -7 9 5 .0

C0 SO4 -7 8 2 .4

SOg -3 0 0 .4

0 . 0

The source o f  oxygen is  assumed to  be e le m e n ta l ,  but i t  is  

probably l a t t i c e  oxygen in  the p e ro v s k ite - ty p e  s t r u c tu r e .
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SrSOq + SOg + JO2 -------------- > SrSO
4

-eaG^ r e a c t io n  = -1 3 4 1 .0  -  ( - 5 6 2 .3  + -3 0 0 .4 )  = 1478.3  

CoO + SOg + JO2 — » C0 SO4

AG* re a c t io n  = -7 8 2 .4  - ( - 2 1 4 .2  + - 3 0 0 .4 )  = -2 6 7 .6

^3 COgO  ̂ + SOg +  ̂3 O2 — >  CoSO^

AG* r e a c t io n  = -2 3 4 7 .2  -  ( - 7 9 5 .0  + - 9 0 1 .2 )  = -2 1 7 .0

In the above th e o r e t ic a l  c a lc u la t io n s  the f r e e  energy o f

fo rm ation  per mole o f  su lphate  formed from SrO, CoO and Co^O^

is  - 4 7 8 .3 ,  -2 6 7 .6  and 217 .0  kJ, r e s p e c t iv e ly .  This suggests th a t

in  thermodynamic terms SrSO^ is  the most l i k e l y  su lphate  species

to be formed. This is  o f  course assuming t h a t  the r e a c t i v i t y  o f

the S r ,  Co and 0 in  the oxides have the same r e l a t i v e  values o f  those

2+
in  the p e ro v s k it e .  This may not be the case p a r t i c u l a r l y  i f  Sr

has the r e a c t i v i t y  in  La^ ^Sr^CoOg suggested by Raccah and Goodenough (94 )

4 .3 .3  Adsorption o f  CO on La^ ^Sr^CoOg

The graph o f  t o t a l  mass change due to  adsorp tion  o f  CO a f t e r  

exposure a t  500°C in  F ig .  3 .19  shows th a t  a t  low La content in  La^ ^Sr^CoO^ 

th e re  is  an increase  in  mass on exposure to CO but where th ere  is  a high 

La content there  is  evidence o f  mass lo ss . The e x te n t  o f  the loss was 

not measured because i t  caused the microbalance reading to go o f f  s c a le .

U n like  the SO  ̂ adsorp tion  experiments the mass changes across the  

LSi.x^r^CoOg se r ie s  do not appear to vary l i n e a r l y  w ith  the La co n ten t.

I t  appears th a t  the mechanism is  not the same across the range.
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To a s c e r ta in  what the mass changes were dependent on, t h e i r  

re la t io n s h ip s  w ith  various p ro p e r t ie s  o f  the c a ta ly s ts  were 

in v e s t ig a te d .

The s p e c i f ic  surface  areas o f  the La^ ^Sr^CoOg samples are  

shown in  Table  3 .2 .  They do not appear to  have a d i r e c t  r e la t io n s h ip  

w ith  the mass changes observed.

The c o n d u c t iv i t ie s  o f  the La^ ^Sr^CoOg samples are  shown in  

Table 3 .6 .  They do not appear to  be the fa c to rs  governing the mass 

changes. In  f a c t  the c o n d u c t iv i t ie s  o f  each o f  the La  ̂ ^Sr^CoOg 

samples, except La^ ^Sr^ 7C0 O3 were g r e a t ly  reduced a f t e r  the CO 

experim ents . XRD showed th a t  the p e ro v s k ite - ty p e  s t ru c tu re  s t i l l  

remained but the removal o f  oxygen by the re a c t io n  o f  CO w ith  the  

c a t a ly s t  appears to  have been s u f f i c i e n t  to reduce the c o n d u c t iv i ty .  

Arakawa e t  a l (9 5 )  in v e s t ig a te d  the use o f  LaCoO^ as a gas sensor 

f o r  CO, among o th e r  gases. They measured the c o n d u c t iv i ty  o f  

LaCoOg in  the presence o f  CO between 25°C and 500°C. The 

c o n d u c t iv i ty  decreased in  the presence o f  CO. XRD measurements 

b efo re  and a f t e r  exposure showed the p e ro v s k ite - ty p e  s t ru c tu re  

remained i n t a c t .  They described the re a c t io n  as th a t  shown in  

equation  35.

60 (g )  + o 2 - (s )   .  CO2 + 2e -  35

(s )  = surface

Viswanathan and George (27 ) a lso  reported  a decrease in  c o n d u c t iv i ty  

o f  LaCoOg in  the presence o f  CO.
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In th is  work the c o n d u c t iv i ty  measurements were a l l  made in  

a i r  but recovery may not have been complete. In th is  work the  

mass loss by La^ gSr^ 7C0 O3 was regained so permanent red uctio n  

may not have taken place and the c o n d u c t iv i ty  was re ta in e d .

The graphs shown in  F ig .  1 .2  in  sec tio n  1 .3 .1 .1  in d ic a te

th a t  the percentage o f  Co^^ is  not a c o n t r o l l in g  fa c t o r  but the

presence o f  oxygen vacancies may in f lu e n c e  the in t e r a c t io n  between 

CO and La^ ^Sr^CoOg. Voorhoeve e t  al (11 )  emphasize the importance 

o f  oxygen vacancies w ith  respect to  c a t a l y t i c  a c t i v i t y .  I f  the  

oxygen vacan c ies , represented  by 6 in  F ig .  1 .2  are  examined in  

co n ju nctio n  w ith  the CO adsorp tion  r e s u l ts  a theory  may be p o s tu la te d .

The Lag ^Sr^ 7 C0 O3 sample has the g re a te s t  number o f  oxygen 

vacancies o f  the fo u r  La^ ^Sr^CoO^ compounds in v e s t ig a te d .  CO 

ad so rp tio n  was c a r r ie d  out a f t e r  evacuation and heating  so adsorbed 

oxygen evolved by t h is  t rea tm en t w i l l  have been desorbed. The 

r e d u c i b i l i t y  o f  compounds w ith  low La content and high value o f  x

( t h a t  i s ,  Sr c o n te n t ) ,  appears to  be h ig h e s t ,  as found in  t h is  work

by oxygen deso rp tion  and quoted in  the l i t e r a t u r e  (1 7 ,  22, 24 , 2 5 ) .

I t  th e re fo re  seems th a t  perhaps the CO adsorbed a t  500°C may have 

f i l l e d  some o f  the oxygen vacancies and s t a b i l i z e d  the l a t t i c e  in  

t h is  way. Chemisorption o f  CO may th e re fo re  be s tro ng .

Tascon and Gonzalez-Tejuca (33 )  s ta te  th a t  CO is  adsorbed on 

oxygen s i t e s  y e t  in  the present work adsorp tion  o f  CO is  g re a te s t  

where according to Jonker and van Santen (18 ) the oxygen vacancy 

numbers would be expected to  be g re a te s t .

LaQ gSrg ^CoOg and LaQ ^SrQ 5C0 O3 have some oxygen vacancies  

and these l i k e  the LaQ gSr^ 7 C0 O3 may adsorb CO and not r e a d i ly  

re le a s e  f u r t h e r  oxygen from the l a t t i c e  f o r  desorption  o f  CO^.
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The loss o f  mass from Lag ySr^ 3C0 O3 on exposure to CO a t  

500°C may be exp la in ed  by the abundance o f  oxygen present in  

LaQ ySrg gCoOg. According to F ig .  1 .2  La^ ySr^ gCoOg has no 

oxygen vacancies . The d iscussion o f  oxygen loss from 

LaQ ySr^ ^CoOg during evacuation and heating  in  sec tio n  4 .3 .1  

suggested th a t  i t s  r e d u c i b i l i t y  was low and th e re fo re  l i t t l e  oxygen 

was lo s t  during h e a t in g .  I t  may be th a t  heating  alone is  

i n s u f f i c i e n t  to  remove much oxygen but i f  the a c t iv a t io n  energy 

is  a v a i la b le  f o r  the re a c t io n  o f  CO w ith  l a t t i c e  oxygen and i t s  

subsequent d e s o rp t io n ,th e n  th is  may occur. Viswanathan and 

George (27 )  s ta te  th a t  the ease o f  o x id a t io n  o f  CO is  r e la te d  to  the  

ease o f  removal o f  oxygen, whether i t  is  adsorbed o r  l a t t i c e  oxygen.

A f u r t h e r  in d ic a t io n  t h a t  CO may rep lace  oxygen lo s t  from 

La^ ^Sr^CoOg during heatin g  under vacuum may be found by looking  

a t  F ig s .  3 .1 5 ,  3 .1 6 ,  3 .17  and 3 .1 8 ,  w ith  re fe ren ce  to  T a b le s 3 .1 5 ,

3 .1 6 ,  3 .1 7  and 3 .1 8  re s p e c t iv e ly .  F ig .  3 .15  in  p a r t i c u la r  shows 

how e i t h e r  exposure to  oxygen, by a l lo w in g  the sample up to  atmospheric  

pressu re , or exposure to CO led to  the recovery o f  the mass lo s t  by 

heating  in  a vacuum. According to mass evidence La^ gSr^ 7 C0 O3 

is  not permanently changed by CO a d so rp t io n . L a t t ic e  oxygen may be 

removed both by heating  in  a vacuum or by desorption  o f  CO as COg.

I t  seems th a t  t h is  oxygen is  rep laced by e i t h e r  a l lo w in g  a i r  or  

pure oxygen in to  the system.

Yamazoe (17 )  noted t h a t  heating  o f  La^ ^Sr^CoOg w ith  pre-adsorbed  

oxygen gave an increase  o f  desorp tion  as x in creased . This suggests  

th a t  ad so rp tio n  o f  oxygen increased w ith  x ,  as adsorption  o f  CO d id  in
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the present work, p oss ib ly  because o f  the increase in  oxygen 

vacan c ie s .

Voorhoeve e t  al (96 )  s ta te  th a t  p re -re d u c t io n  o f  p e ro v s k ite -  

type oxides leads to  b e t t e r  b inding o f  CO. Oxygen vacancies may not 

n e c e s s a r i ly  rep resen t reduction  o f  a surface  but they may in d ic a te  

a lower o x id a t io n  s ta te  so t h is  observation  is  in  agreement w ith  

those o f  CO adsorp tion  in  th is  work.

The p o s tu la t io n  made above, about CO re p la c in g  l a t t i c e  oxygen 

must be re c o n c i le d  w ith  the r e d u c i b i l i t y  across the range o f  

La^ ^Sr^CoO^ compounds discussed in  sec tio n  4 . 3 . 1 .  I t  seems th a t  

the r e a c t i v i t y  o f  La^ ^Sr^CoOg w ith  CO may have a c o n f l i c t in g  trend  

to  the r e d u c i b i l i t y  in  terms o f  removal o f  oxygen by evacuation  

and h e a t in g ,  even though CO adsorbing on La^ ^Sr^CoOg and desorbing  

as COg is  re d u c t io n .  I t  must be borne in  mind th a t  the redu ction  

discussed in  s ec t io n  4 .3 .1  has a lre a d y  taken place before CO 

adsorp tion  and i t  is  poss ib le  th a t  i t  was l im i t e d  by charge 

compensation, probably by Co, which may a lso  l i m i t  the COg desorption

The work o f  Sieyama e t  a l (22 )  is  c i te d  in  sectio n  1 . 3 . 1 . 1 .

The r e a c t i v i t y  o f  oxygen in  La^ ^Sr^CoOg was s tud ied  and the to t a l  

r e a c t i v i t y  o f  oxygen was de fin ed  as the product o f  the s p e c i f ic  

r e a c t i v i t y  and the amount o f  oxygen desorbed, which is  not thought  

to  be l a t t i c e  oxygen. I t  was found t h a t  the t o t a l  r e a c t i v i t y  peaked 

between x = 0 .2  and x = 0 . 4 ,  th a t  i s ,  a t  La^ ySr^ gCoOg. This  

agrees w ith  the observations o f  CO adsorption  on La^ ^Sr^CoOg 

repo rted  in  th is  th e s is .
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Nakamura e t  a l (24 )  looked a t  o x id a t io n  o f  CO over

La^ ^Sr^CoOg in  the presence o f  0  ̂ as opposed to  scavenging o f

oxygen from the l a t t i c e .  They found th a t  the ra te  o f  o x id a t io n  

increased to  x = 0 . 2  and was very slow f o r  x values g re a te r  than 

X = 0 . 4 .  P re -o x id a t io n  o f  the surface aided the o x id a t io n  o f  CO.

P re -o x id a t io n  was a lso  noted as an a id  to  the c a t a l y t i c  o x id a t io n

o f  CO by La^ ^Sr^CoOg by George and Viswanthan ( 2 3 ) .

I t  appears, th e r e f o r e ,  and u n s u rp r is in g ly  th a t  a v a i l a b i l i t y  o f  

oxygen associated  w ith  the La^ ^Sr^CoOg is  the o v e r - r id in g  f a c t o r  

f o r  o x id a t io n  o f  CO in  the presence o f  La^ ^Sr^CoOg. I t  seems th a t  

La^ ySrQ gCoOg may be one o f  the best c a ta ly s ts  in  the se r ie s  f o r  

th is  r e a c t io n ,  a t  atmospheric pressure i t  has no oxygen vacancies and 

evacuation  and h eating  do not lead to  loss o f  much oxygen so i t  seems 

th a t  LaQ ySrQ 3 C0 O3 is  the best source o f  oxygen f o r  the o x id a t io n  

o f  CO. Indeed i t  would be o f  in t e r e s t  to  measure the mass changes

on exposure o f  La^ ^Sr^CoOg to CO, when no p re -evacu a tio n  and

consequent removal o f  oxygen, had taken p la c e .  I t  would be in t e r e s t in g  

to  compare such an experim ent w ith  the loss o f  oxygen due to  

evacuation  and h eating  and the f u r t h e r  change caused by exposure to  

CO.

The o v e r a l l  mass changes which occurred on exposure to  CO a t  

500°C were not the on ly  re s u l ts  o f  i n t e r e s t  from the CO adsorption  

experim ents . Some o f  the d e t a i l s  o f  the experiments gave more 

in fo rm a tio n  about La^ ^Sr^CoO^.

I t  seems th a t  the mass losses due to TPD o f  COg were recovered

by exposure to  oxygen. I t  is  o f  i n t e r e s t  to  note th a t  fo r
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LaQ ^Stq gCoO^ exposure to oxygen a t  room temperature was s u f f i c i e n t  

to g ive  a mass in c re a s e .  Exposure to oxygen o f  La^ ^Sr^ 5C0 O3 

did  not g ive  a mass in c re a s e .  Exposure o f  La^ ySr^ 3 C0 O3 a t  500°C 

d id ,  however, lead to  an increase in  mass. From these observations  

i t  may be deduced th a t  r e -o x id a t io n  o f  La^ ^Sr^CoOg decreases as 

La content in creases . A h igher temperature was requ ired  a t  lower  

X va lu es . This d isagrees w ith  the observation  o f  Nakamura e t  al (24 )  

th a t  re -o x id a t io n  decreased w ith  increase o f  x.

Of in t e r e s t  to o ,  is  the observation  th a t  a f t e r  exposure to  CO 

o f LaQ ySrQ 3 C0 O3 a t  500°c and the consequent loss o f  mass, TPD a f t e r  

evacuation  y ie ld e d  CO2 . I t  may be the case th a t  th ere  are a t  

le a s t  two CO2 adsorp tio n  spec ies . These forms o f  CO2 may be 

d is t in g u is h e d  by t h e i r  desorp tion  en e rg ie s .  The data from TPD 

o f  CO2 from the La^^Sr^CoOg samples was too complex f o r  MASSl, the  

computer program, to  c a lc u la te  energ ies  o f  d e so rp t io n . An example 

o f  the MS ou tput from CO2 deso rp tion  a f t e r  CO adsorption  is  shown 

in  F ig .  3 . 8 a .  I t  is  l i k e l y  th a t  there  are severa l s i te s  fo r  CO 

ad s o rp t io n .  Tascon and G onzalez-Tejuca (33 )  a f t e r  adsorption  o f  CO 

on LaCoOg observed two adsorbed spec ies . I t  seems p oss ib le  t h a t  the  

mass loss due to exposure o f  LaQ ySrQ 3 C0 O3 to CO may be due to  CO2 

being formed on a s i t e  w ith  a low energy o f  d eso rp tio n . The CO2 

observed a f t e r  TPD may be from a s i t e  where i t  has a h igher energy  

o f  d eso rp t io n . Tascon and Gonzalez-Tejuca fo llow ed  the adsorption  

o f the CO species and noted t h a t  when adsorption  a t  the h igh er  

tem perature took p lace the coverage exceeded a monolayer. The 

increased deso rp tio n  energ ies  may then be p a r t ly  due to d i f f u s io n  o f  

CO2 through the l a t t i c e .
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The tem perature a t  which Tascon and Gonzalez-Tejuca noted th a t  

CO adsorp tion  led  to  g re a te r  than monolayeral coverage is  375°C.

This f a l l s  between 300°C and 500°C, the temperatures between which 

the mass changes due to exposure to CO changed most d ra m a t ic a l ly  in  

the present work.

I t  seems probable th a t  during exposure to CO a t  500°C th a t  mass 

loss d id  not on ly  occur f o r  the La^ ySr^ 3 C0 O3 sample but th a t  th is  

mechanism operated on the o th e r  samples to o ,  j u s t  as the adsorption  

was shown by TPD to have occurred on the La^ ySr^ 3 C0 O3 . I t  seems 

l i k e l y  th a t  j u s t  as the o v e ra l l  loss o f  mass from La^ ^Srg 3 C0 O3 

conceals the CO ad so rp tio n  the o v e ra l l  increase  in  mass may conceal 

a mass loss which could a lso  be tak in g  p lace .

Hayward and T ra p n e ll  (97 )  s ta te  th a t  some oxides adsorb CO 

r e v e r s ib ly  and o thers  adsorb i t  i r r e v e r s i b l y .  La^ ^Sr^CoOg appears 

to belong to  the l a t t e r  group, however, the evidence f o r  more than one 

type o f  ad so rp tio n  s i t e  does leave the doubt th a t  re v e r s ib le  adsorp tion  

may be o c c u r r in g ,  undetected because o f  the i n a b i l i t y  to  d is t in g u is h  

between CO and Ng w ith  the MS.

The c a lc u la te d  percentage red u ctio n  expressed in  terms o f  oxygen 

associa ted  w ith  CO to  g ive  CO2 » is  shown f o r  each o f  the La^ ^Sr^CoOg 

samples, in  Table 4 .3 .  The amount o f  oxygen removed due to re a c t io n  

w ith  CO is  c a lc u la te d  by working out the mass o f  oxygen re q u ire d  to  

o x id iz e  a l l  o f  the adsorbed CO to COg, i f  the mass increase is  

a t t r ib u t e d  to CO ad so rp t io n . The mass o f  oxygen obtained by t h is  

c a lc u la t io n  is  then expressed as a percentage o f  the mass before  

ad so rp t io n .  This number is  then termed the percentage re d u c t io n .
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Table 4 .3

The c a lc u la te d  percentage reduction  o f  La^.^Sr^CoOg by CO exposure

a t  50CTC

6 * 1 - x 6 ^ 6 o 0 3 % mass 

change

actua l mass 

change/g

c a lc u la te d  

% reduction

6 * 0 . 3 6 ^0 . 7 6 0 0 3 + 7 . 9 2 5 . 9 2  X 1 0 ' 6 4 .53

6 * 0 . 4 6 ^ 0 . 6 6 0 6 3
+0 . 8 8 8 . 1  X  1 0 " 4 0 .5 0

6 * 0 . 5 6 ^ 0 . 5 6 0 6 3
+ 1 . 4 5 2 . 2 1  X 1 0 " 6 0 .82

6* 0 . 7 6 ^0 . 3 6 0 6 3 - 4 . 0 9 4 . 2 3  X 1 0 " 6 4 .09

According to  Table 4 . 3  the r e d u c i b i l i t y  o f  La^ ^Sr^CoOg is  g r e a te s t  

a t  high and low values o f  x and is  lowest a t  x = 0 .5  and x = 0 .6 .

I t  seems u n l ik e ly  th a t  the 'c a lc u la te d  % re d u c t io n ' represents  the  

f u l l  e x te n t  o f  red uctio n  by CO.

At 500°C the re a c t io n  between CO and La^ ^Sr^CoOg in d ic a te s  t h a t

the r e a c t i v i t y  o f  oxygen in  La  ̂ ^Sr^CoOg, f o r  re a c t io n  w ith  CO,

increases w ith  in c reas in g  La co n ten t.

A part from the r e a c t i v i t y  o f  oxygen w ith  respect to  CO, i t  is  

i n te r e s t in g  to  note th a t  lan than id e  compounds w ith  CO tend to  be 

u nstab le  (98 )  so an increase in  La content might be less l i k e l y  to  

adsorb CO.

The XRD p a tte rn s  o f  the La^^Sr^CoOg samples exposed to CO 

appear to  in d ic a te  no permanent change in  the bulk  p e ro v s k ite - ty p e  

s t r u c t u r e ,  in  s p i te  o f  the suggestion by Hayward and T ra p n e l l  (97 )  

th a t  the o x id a t io n  o f  CO is  most reasonably accomplished by 

decomposition o f  the su rfa c e .  There appears to  be s u f f i c i e n t  oxygen



250

a v a i la b le  to deem decomposition unnecessary. Creighton and White (99 )  

suggest th a t  a l l  chemisorbed CO w i l l  be o x id ize d  to CO  ̂ i f  there  is  

excess oxygen a v a i la b le .  I t  appears th a t  any oxygen lo s t  during  

COg production is  rep laced on exposure to atmospheric oxygen.

This agreed w ith  the observation  o f  Nakamura e t  al ( 3 0 ) ,  th a t  the  

p e ro v s k ite  s t ru c tu re  is  res to red  by r e -o x id a t io n .  Arakawa e t  a l (100)  

stud ied  the red uctio n  o f  LaCoO^ by Hg and found th a t  the p e ro v s k ite -  

type s t ru c tu re  was m ainta ined under these c o n d it io n s .  The c ry s ta l  

s t ru c tu re  changed from rhombohedral to  cub ic .  This agrees w ith  

the observations by Askham e t  a l (16 )  th a t  increas in g  the Sr content  

and hence in tro d u c in g  oxygen vacancies led  to the s t ru c tu re  changing  

from a rhombohedral to a cubic p e ro v s k ite - ty p e  s t r u c tu r e .

One o f  the La-j_^Sr^Co02  samples, th a t  i s ,  La^ gSr^ ^CoO^ had 

been exposed to  SO  ̂ a f t e r  the CO adsorp tion  experim ent, i t  showed 

XRD evidence o f  SrSO^ in  the b u lk .

4 .3 .4  Simultaneous adsorption  o f  SOg and CO on La^ ^Sr^CoOg .

The percentage mass changes due to  simultaneous adsorption  

o f  SOg and CO a t  600°C and the sums o f  in d iv id u a l  mass changes due to  

exposure o f  SOg and CO s e p a ra te ly  a t  500°C, are  shown in  F ig .  3 .2 4 .

I t  can im m ediately be seen th a t  the sums o f  the in d iv id u a l  mass 

increases fo l lo w  the trend  o f  the mass changes due to simultaneous  

a d s o rp t io n .  The sums o f  the in d iv id u a l  mass changes are  lower than  

the mass change due to exposure to the two gases to g e th e r .
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On f i r s t  c o n s id e ra t io n ,  i t  would appear th a t  the trend in mass 

changes can be exp la in ed  s i m i l a r l y  to  those f o r  in d iv id u a l  SO  ̂ and 

CO exposure. At low La p ro p o rt io n s ,  th a t  i s ,  La^ ^Sr^ yCoOg, 

adsorp tion  o f  CO a t  500°C produces the h ighest mass increase in  

the s e r ie s .  At high La p ro p o rt io n s ,  th a t  i s ,  La^ ^Srg ^CoO^, 

adsorp tion  o f  SOg produces the h igh est mass increase in  the s e r ie s .

This would appear to  e x p la in  the trough in  the mass changes a t

L*0 .4^^0.6^003 L&0 gSr  ̂ ĈoOg.

The mechanisms working on the in d iv id u a l  adsorp tion  experiments  

may indeed be o p era t in g  during the simultaneous ad sorp tion  experim ents ,  

but i t  appears from the increased mass changes, the o bservation  o f  

elem ental sulphur p ro d u c tio n , the COS production a f t e r  CO exposure and 

the XRD p a tte rn s  th a t  th e re  are  o th e r  processes o c c u rr in g .

F i r s t  o f  a l l ,  the mass increases are  g re a te r  than the sums o f  

the mass changes a f t e r  exposure to the same pressures o f  SOg and CO 

i n d iv id u a l l y .  The tem perature o f  ad sorp tio n  o f  the s im ultaneously  

adsorbed gases is  a d m it te d ly  100°C h ig her than th a t  where in d iv id u a l  

adsorp tion  was a ttem pted . The f a c t  t h a t  the two gases are  th ere  

to g e th e r  and are known to r e a c t ,  in  the presence o f  La^ gSrQ 5C0 O3 , 

to produce sulphur and COg and to  cause s u lp h id a t io n  o f  the c a t a ly s t  

( 1 2 ) ,  leads to  the notion  th a t  the e f f e c t  o f  SO  ̂ and CO to g e th er  is  

not a d d i t iv e  but s y n e r g is t ic .  I t  appears th a t  the re a c t io n  between 

SOg and CO producing sulphur and COg may have taken p lace .

Evidence f o r  the above supposit ion  is  a v a i la b le  w ith  the presence 

o f  e lem ental sulphur being c le a r l y  v i s i b l e  a f t e r  adsorp tion  o f  SO  ̂

w ith  CO.
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H ib b e r t  and Tseung (12 ) a t t r ib u t e d  the a b i l i t y  o f  CO to re a c t  

w ith  sulphur in  the used La^ gSr^ ^CoO^ c a t a ly s t  to  the presence 

o f  su lph ides which were formed during the re a c t io n  between the SOg

and CO. Passing CO over the La^ ^Sr^CoO^ samples a f t e r

ad so rp tio n  o f  SO2 and CO in  t h is  work a lso  produced COS. The

c a ta ly s ts  exposed to  on ly  SO  ̂ did  not y ie ld  COS on exposure to  CO

afte rw ard s  so th is  too suggests th a t  the e f f e c t s  o f  the two gases 

was not simply a d d i t iv e .

The evidence o f  COS production suggesting th a t  the c a t a ly s t  is  

d i f f e r e n t  a f t e r  adsorp tion  o f  SOg from a f t e r  adsorp tion  o f  SO2 and 

CO is  s tro n g ly  enforced by comparing the XRD p a tte rn s  o f  the two sets  

o f  c a t a ly s t s .  The c a ta ly s ts  exposed to  SO2 in  the absence o f  CO 

show evidence o f  su lphate  fo rm a t io n ,  in  f a c t ,  the presence o f  

SrSO^ is  e v id e n t .  Those c a ta ly s ts  exposed to  SO2 and CO to g e th e r  

show evidence o f  s u lp h id a t io n .  Several sulphides o f  Co have been 

recognized plus SrS and LaS^ qq. There are  a lso  XRD peaks which 

have not been assigned. At th is  stage i t  could not be concluded 

whether the sulphur in  the COS was from elem ental sulphur which may 

have been re ta in e d  in  the c a t a ly s t  sample or from one o f  the  

su lph ide  or unassigned species .

The La^ ^Srg gCoO^ sample which had been exposed to  SO2 and CO 

in  the vacuum l in e  was examined by ESCA. This surface  an a ly s is  

showed the presence o f  s u lp h id e ,  su lphate  and a th i r d  sulphur peak 

which may have been s u lp h i te  but which'was not elemental su lphur.

This appears to e l im in a te  elem ental sulphur as a sulphur species  

l i k e l y  to  c o n t r ib u te  sulphur f o r  COS production because i t  simply  

is  not th e re .  I t  may be argued th a t  although the sulphur is  

produced a t  the c a t a ly s t  su rface  and then removed because o f  the
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high temperatures which exceed the b o i l in g  p o in t  o f  su lph ur, i t  

may a lso  be removed by CO a t  the surface and COS may then be 

produced. The argument ag a in s t  elem ental sulphur as a source o f  

sulphur f o r  COS may then be re in fo rc e d  by looking  a t  the vacuum 

l i n e  experim ents . The COS production by exposure to  CO, only  

occurred when th e re  was no in s i tu  production o f  elemental su lphur.

Any which had been p re v io u s ly  formed would have a lre a d y  been removed 

due to  the tem perature .

The presence o f  su lphate  on the La^ ^Sr^ gCoO^ surface  suggests 

th a t  the mechanism which produced SrSO^ on the c a ta ly s ts  exposed to  

SOg on ly  is  s t i l l  o p era t in g  in  the presence o f  CO. Two p o s s i b i l i t i e s  

which e x is t  a re  th a t  su lphate  is  formed and the CO then scavenges 

the oxygen from the su lphate  to produce COg and e lem ental sulphur  

or the a l t e r n a t i v e  re a c t io n  between SOg and CO is  happening in  

o p p o s it io n  to  the re a c t io n  which produces su lphate  and so t h is  is  only  

produced in  small amounts. These p o s s i b i l i t i e s  are  discussed in  

s e c t io n  4 . 4 . 1 .

4 .3 . 5  COS production by scavening o f  su lphur by CO

The source o f  sulphur f o r  the production o f  COS has a lre a d y  

been discussed in  se c t io n  4 . 3 . 4 .  No conclusion was drawn about what 

sulphur compound provided the sulphur f o r  COS production but i t  seems 

u n l ik e ly  th a t  i t  was e i t h e r  e lem ental sulphur because according to  

ESCA r e s u l ts  i t  does not appear to  be present on the c a t a ly s t  surfaces  

o f  those samples from which COS has been produced, or su lphate  because 

when i t  is  the on ly  sulphur species present th e re  is  no COS production
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The o n ly  o th e r  type o f  sulphur which has been p o s i t i v e ly  i d e n t i f i e d  

in  the bulk and on the surface  was su lph ide and i t  seems l i k e l y  

th a t  th is  provided the sulphur fo r  COS prod uctio n .

Although th e re  was no production o f  COS, exposure to C O after  SOg led  

to mass changes which fo l lo w ed  a trend  s im i la r  to  th a t  when 

Lai_xSrxCo03  samples were exposed to  CO o n ly .  When CO was allowed  

in to  the  system a f t e r  exposure o f  La^ ^Sr^ yCoO^ to  SOg a t  500°C and 

heated to 650°C th e re  was a small increase  in  mass and th is  was 

fo l lo w ed  by a s im i la r  decrease on re -e v a c u a t io n .  These mass changes 

can be seen a t  po in ts  74 and 75 o f  F ig .  3 .1 0 .  On the o th er  hand 

exposure o f  La^ ySr^ ^CoOg to CO a f t e r  SO2 adsorp tion  led  to a very  

s ig n i f i c a n t  mass lo ss . This can be seen a t  p o in t  65 in  F ig .  3 .1 1 .

As no COS was produced and th e re  was no XRD evidence f o r  the removal 

o f  oxygen from SrSO^ to g ive  s u lp h ite s  or s u lp h id e s ,  both o f  these  

mass changes may be a t t r ib u t e d  to  red u c t io n  o f  the c a t a ly s t  i t s e l f ,  

in  the manner suggested f o r  the CO experiments discussed in  sec tio n  4 . 3 . 3 .

Two s t a r t in g  temperatures f o r  scavenging o f  sulphur by CO were 

used, th a t  is ,room  tem perature and 600°C, the tem perature o f  SO2 and 

CO ad so rp t io n .  The CO was a llowed in to  the system a f t e r  evacuation  

and the c a t a ly s t  was then heated to  650°C , from e i t h e r  room tem perature  

or 600°C.

There c o n s is te n t ly  appeared to  be a g re a te r  loss o f  mass from the  

samples cooled to  room tem perature then exposed to  CO and heated in  CO 

to 650°C than those heated from 600°C to 650°C in  CO. This could not 

be exp la ined  by the f a c t  th a t  i t  took longer to  heat the c a ta ly s ts  

from room tem perature than from 600°C. Each sample was l e f t  a t  650°C
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u n t i l  the mass reached an e q u i l ib r iu m  v a lu e .  I t  seems th e re fo re  

th a t  the mass loss was dependent on the presence o f  CO a t  a 

p a r t i c u la r  tem perature or range o f  tem p era tu res . The temperatures  

a t  which COS was f i r s t  de tected  by the MS was noted. These 

tem peratures are  g iven in  Table 4 .4 .

Table 4 .4

Temperatures o f  fo rm ation  o f  COS during scavenging o f  [s] by CO 

from La^_^Sr^CoO^ exposed to  SOg and CO s im ultaneously

Lai.^Sr^C o03 Temperature o f  
f i r s t  COS d e te c t io n /  C

612

350

'-® 0 .5^ ''0 .5^°°3 275

'-® 0 .7^ ''0 .3^°°3 *2 8 6 /3 5 0

MS f l i c k e r e d  from 286°C (1 0 "^ °  mbar sc a le )

With the exception  o f  La^ gSr^ yCoO^ COS production s ta r te d  

before  the tem perature reached 600^0, the s t a r t in g  tem perature o f  the  

o th e r  scavenging r e a c t io n .

At the h igher tem peratures th e re  may be a c o n f l i c t  between CO 

ad sorp tio n  on the c a t a ly s t  surface  and CO re a c t io n  and subsequent 

deso rp tio n  as COS from the s u r fa c e .  Although the XRD r e s u l ts  in d ic a te  

th a t  the bulk o f  the La^.^Sr^CoO^ had a l te r e d  s i g n i f i c a n t l y ,  CO



256

adsorp tion  may y e t  be h igh est on the s t i l l  so c a l le d  'La^ ^Sr^ 7 C0 O3 ' 

sample, as i t  was f o r  adsorption  a t  500°C as reported  in  section  

3 . 3 . 4 . 5 .  I f  the hypothesis th a t  the COS was formed by re a c t io n  o f  

CO w ith  sulphides o f  Co, Sr or La is  c o r r e c t ,  i t  seems u n l ik e ly  

th a t  th e re  should be any d i f fe r e n c e  between the tem perature o f  f i r s t  

d e te c t in g  COS p a r t i c u l a r l y  when th e re  is  an excess o f  CO present  

f o r  ad s o rp t io n .  There is  no evidence from the XRD r e s u l ts  to  suggest 

t h a t  a su lph ide  present in  a l l  o f  the o th er  La^ ^Sr^CoO^ samples 

examined was absent from the La^ gSrQ yCoO^ sample or v ic e  v e rs a .

The s iz e  o f  the La^ ^SrQ yCoO^ sample may o f f e r  the t ru e  e x p lan a t io n  

o f why COS was not detected  u n t i l  the tem perature had reached 612°C.

The i n i t i a l  mass o f  La^ 7 C0 O3 was 0 .0378  g , th a t  i s ,  34.6%,

29.2% and 42.5% o f  the i n i t i a l  masses o f  La^ ^Sr^ gCoO^, La^ gSr^ gCoO^ 

and Lag 7 SrQ ^CoO^ r e s p e c t iv e ly .  The i n i t i a l  amount o f  COS produced 

may have been i n s u f f i c i e n t  f o r  d e te c t io n  u n t i l  th e re  had been a b u i ld  

up in  the system even though the percentage mass increase  on SOg and 

CO exposure was h ig h e s t .  Such a lag in  d e te c t io n  time would be 

s u rp r is in g  as i t  was noted th a t  during TPD, when the vacuum l in e  was 

being pumped, d e te c t io n  o f  SOg or COg was simultaneous w ith  mass loss  

due to  t h e i r  d e s o rp t io n .  The s e n s i t i v i t y  o f  the MS was good.

A part from the d e te c t io n  o f  COS a t  612°C from the La^ ^Sr^ 7 C0 O2 

sample the o thers  produced COS between 275°C and 350°C. I t  appears 

th a t  t h is  tem perature range is  s u f f i c i e n t  to  provide the a c t iv a t io n  

energy re q u ire d  f o r  the re a c t io n  between CO and whichever o f  the  

sulphides th a t  may be invo lved  in  the re a c t io n  to  produce COS.

A re c e n t  e d i t io n  o f  the Chemical Rubber Company data book ( 8 6 ) d id  not 

conta in  much thermodynamic data f o r  the sulphides o f  La, Sr and Co.
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Those represented  had a t  le a s t  good thermal s t a b i l i t y .  The m e lt in g  

p o in ts  quoted were in  excess o f  1000°C fo r  CoS and in  excess o f  

2000°C f o r  LagSg and SrS. Speculation  about which o f  the su lp h id es ,  

i f  th e re  is  j u s t  one, provides the sulphur f o r  COS production can 

only  be made on the evidence from XRD o f  which sulphides are  p resen t.  

This assumes th a t  the sulph ide in  question has not been consumed 

during the COS p roduction . The sulphides present in  each o f  the  

c a ta ly s ts  exposed to  SOg and CO in  the vacuum l in e  are SrS and 

C 0 4 S 3 .

4 .4  THE FLOW-RIG EXPERIMENTS

The f lo w - r ig  experiments represented the t r i a l  o f  the th ree  

La^ ^Sr^CoOg samples s tud ied  as c a ta ly s ts  f o r  the red uctio n  o f  SO  ̂

by CO to  provide e lem ental sulphur and COg, under various c o n d it io n s .  

The c h a r a c t e r iz a t io n  experiments and the adsorption  and TPD 

experiments were a l l  p re l im in a ry  to  the f lo w - r ig  experim ents. The 

purpose o f  the p re l im in a ry  work was to provide exp lan a tio n s  f o r  the  

f l o w - r ig  experim ents . Tables 3 .2 9  and 3 .3 0  summarize the r e s u l t s .

4 .4 .1  The mechanism o f  the re a c t io n  between SOg and CO to g ive

elem ental su lphur and COg

For each o f  the c a ta ly s ts  s tu d ie d ,  th a t  i s ,  La^ ^Sr^ yCoO^,

La^ gSrg gCoOg and Lag ySrg ^CoO^ the o v e ra l l  e f f e c t  o f  changing the  

percentage o f  CO r e l a t i v e  to  SOg was very  s im i la r  and on the whole 

p r e d ic ta b le .  The s to ic h io m e tr ic  r a t i o ,  th a t  i s ,  1% SOg and 2% CO 

gave the best removal o f  SOg, but some COS was formed. Excess o f  

CO, th a t  i s ,  1% SOg and 4% CO tended to g ive  complete removal o f  SOg
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and the fo rm ation  o f  COS was observed. D e f ic ie n c y  o f  CO, th a t  i s ,

1% SOg and 1% CO not s u rp r is in g ly  l e f t  unreacted SO  ̂ in  the o u t l e t  

gas.

There is  l i t t l e  exp lan a tio n  req u ired  f o r  the removal or not o f  

SOg; in  terms o f  SOgiCO r a t i o ,  the s to ic h io m e tr ic  r a t i o  is  e v id e n t ly  the  

b e s t ,  however, th e re  is  s u f f i c i e n t  production o f  COS to e l im in a te  the  

unscrupulous use o f  j u s t  any o f  the La^ ^Sr^CoOg compounds to  c a ta ly s e  

the re a c t io n  shown in  equation 1 and reproduced below.

SOg + 2C0  ------^  1 /x  S^ + 2C0g 1

On f i r s t  ob serva tio n  o f  Table  3 .29a  and Table 3 .29b  i t  seems th a t  CO 

has two po ss ib le  re a c t io n s  which i t  can take p a r t  in .  The f i r s t  o f  

these re a c t io n s  is  the redu ctio n  o f  SOg g iv in g  the products elemental 

sulphur and COg, th a t  i s ,  the des ired  re a c t io n .  The second 

p o s s i b i l i t y  appears to  be the re a c t io n  o f  the CO w ith  a sulphur  

compound presen t on or in  the c a t a ly s t .  The d iscussion in  sec tio n

4 . 3 . 5  o f  su lphur species a v a i la b le  f o r  re a c t io n  w ith  CO to  produce .

COS may be a p p lie d  to  the La^ ^Sr^CoOg samples used in  the f lo w - r ig  

to o . The XRD and ESCA re s u l ts  are  comparable in  each case. This  

o b s e rv a t io n ,  in  con junction  w ith  the production o f  sulphur in  the  

vacuum l in e  supports the theory  t h a t  the experim ent w ith  simultaneous  

ad sorp tio n  o f  SOg and CO in  the vacuum l in e  is  comparable to  a t  le a s t  

the i n i t i a l  stages o f  the f lo w - r ig  experim ent. Watanabe (101) had 

found magnetic d i f fe r e n c e s  between samples in  vacuum and oxygen 

c o n d it io n s .  These d i f fe r e n c e s  d id  not seem to a f f e c t  the r e a c t io n .

I n i t i a l l y ,  i t  appears th a t  the re a c t io n  o f  the CO w ith  SOg 

is  favoured and when the SOg is  a l l  removed, then the excess CO
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scavenges sulphur to form COS. This idea is  supported by the 1% SOg
o _ 1

and 1% CO experim ent w ith  a t o t a l  f low  r a t e  o f  100 cm min~ .

Not a l l  o f  the SOg is  removed but there  is  no COS production . The

two 1% SOg and 4% CO experiments a lso  support th is  th e o ry .  A l l  o f

the SOg is  removed and th e re  is  a lso  COS prod uctio n . The

s to ic h io m e tr ic  m ix tu re  in  the experiment w ith  a t o t a l  f lo w  ra te  o f  

3 -1
50 cm min appears to  g ive  the f i n a l  proof req u ired  to  show th a t  

the red u c t io n  o f  SOg is  favoured . Doubt is  cas t on the th e o ry ,  

however, by the s to ic h io m e tr ic  m ixtures  w ith  the t o t a l  f lo w  r a te  o f
o _ 1

100 cm min . In each p a r t  o f  t h is  experim ent except f o r

Lag ySrg gCoOg a t  500°C and 550°C th e re  was COS production . Table

3 .3 0  summarizes the r e s u l ts  o f  t h is  in v e s t ig a t io n .

An e x p la n a t io n  o f  the d i f f e r e n t  r e s u l ts  obtained a t  the two 

f lo w  ra te s  must be a ttem pted . The re s u l ts  must be exp la ined  in  

terms o f  the e f f e c t  o f  the co n tac t times on the a b i l i t y  o f  the two 

mechanisms to  take  p la c e .

The mechanism o f  the SOg red u c t io n  and accompanying o x id a t io n  

o f  CO has not y e t  been d iscussed. I t  has been shown by the  

ad so rp tio n  and TPD experiments th a t  SOg can be adsorbed on La^^Sr^CoOg  

and hence be removed to  some e x te n t  from a stream o f  SOg in  the  

absence o f  CO. The products o f  e lem ental su lphur and o f  sulphides  

o f La, Sr and Co expected in  the presence o f  CO a r e ,  however, not 

formed. Another product found, which is  a lso  formed on the surface  

o f  La^ ^Sr^CoOg a f t e r  exposure to SOg and CO is  sulphur in  the form 

o f  s u lp h a te .  The adso rp tion  and TPD experiments have in d ic a te d  th a t  

the carbon product is  COg both in  the presence and absence o f  SOg.

They have shown th a t  CO exposure produces COS a f t e r  exposure to  SOg 

and CO.
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The presence o f  su lphate  on the surface  o f  used c a t a ly s t s ,  

as shown by ESCA, but not in  the b u lk ,  as shown by XRD, suggests 

th a t  the mechanism o f  SOg re a c t io n  w ith  the surface  to produce 

SrSO^ is  s t i l l  occurring  in  the presence o f  CO. I t  is  n o t ,  

however, c le a r  whether the form ation  o f  e lem ental sulphur is  due 

to the red u c tio n  o f  su lphate  by CO or i f  i t  is  due to  the re a c t io n  

between CO and physisorbed o r  chemisorbed SOg. The f a c t  t h a t  the  

on ly  su lphate  c h a ra c te r iz e d  by XRD was SrSO^ and th a t  sulphides o f  

La, Sr and Co are  observed leads to  the  t e n t a t iv e  suggestion th a t  

th e re  is  a re a c t io n  between CO and adsorbed SOg, y e t  as i t  is  known 

t h a t  SrS can be formed by red u c tio n  o f  SrSO^ by Hg (1 0 2 ) ,  reductio n  

by CO may a lso  be considered as a p o s s i b i l i t y .  Reduction o f  SOg 

may be simultaneous to  or fo llo w ed  by the production o f  the sulphides  

observed and o f  e lem ental su lp hur. The re a c t io n  w ith  adsorbed SOg 

suggests t h a t  the red u c tio n  o f  SOg is  s u p ra fa c ia l  u n l ik e  the  

i n t r a f a c i a l  red u c tio n  o f  NO by CO described by Voorhoeve e t  a l ( 3 6 ) .  

The COg fo rm ation  is  probably then due to  a combination o f  redu ctio n  

o f  La^^Sr^CoOg and o f  adsorbed SOg. The oxygen provided by the  

r e -o x id a t io n  o f  La^ ^Sr^CoOg f o r  the redox re a c t io n  po stu la ted  by 

Nakamura e t  a l (24 )  is  provided here by SOg.

The above ex p la n a t io n  does n o t ,  however, e x p la in  the absence 

o f  su lphate  from the bulk o f  the used c a ta ly s ts  and the La^ ^Sr^CoOg 

samples exposed to  SOg and CO s im u ltan eo u s ly .  A p oss ib le  e x p lan a t io n  

o f  th is  may be a d i f fe r e n c e  in  the s e n s i t i v i t i e s  o f  XRD and ESCA.

I f  th e re  is  c o n f l i c t  between the fo rm ation  o f  su lphate  and sulph ide  

th e re  may be i n s u f f i c i e n t  su lphate  formed f o r  d e te c t io n  by XRD.
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Even the ESCA analyses showed th a t  the abundance o f  su lph ide was 

s i g n i f i c a n t l y  g re a te r  than th a t  o f  su lphate .

I t ,  th e r e fo r e ,  appears th a t  th ere  are  a t  le a s t  th ree  reac tio n s  

in  which CO may be in v o lv e d . These inc lude red uction  o f  

La^ ^Sr^CoOg to produce COg, red uction  o f  SOg to  produce COg and 

re a c t io n  w ith  a metal su lph ide to  produce COS. From the f lo w - r ig  

experiments i t  is  not c le a r  whether redu ction  o f  SrSO^ is  tak in g  

place or i f  l i t t l e  SrSO^ is  being formed due to  the SOg/CO re a c t io n  

predom inating . Reference to  the vacuum l in e  experiments gives  

a s o lu t io n  which suggests th a t  SrSO^ is  not reduced by CO. In  

se c t io n  4 . 3 . 5  i t  is  s ta te d  t h a t  the sulphur products expected i f  

red u ctio n  o f  SrSO^ by CO took p lace are  not d e te c te d .  These products  

may in c lu de  COS, SrSOg, SrS or e lem ental sulphur.SrSO^ is  s t i l l  

detected  by XRD a f t e r  exposure to an excess o f  CO so i t  seems th a t  

none o f  the suggestedreduction re a c t io n s  take p lace .

The XRD analyses o f  the used f lo w - r ig  c a ta ly s ts  in d ic a te  th a t  the  

p e ro v s k ite  s t ru c tu re  o f  the o r ig in a l  compound no longer e x is t s .  The 

s o l id  products o f  the re a c t io n  o f  La^ ^Sr^CoO^ are in  the main 

su lp h id es . This is  a lso  t ru e  fo r  the samples exposed to SOg and CO 

in  the vacuum l in e  f o r  r e l a t i v e l y  short  t im es. I t  seems th a t  the  

La^ ^Sr^CoOg compounds are  r a p id ly  su lph ided.

The importance o f  the p e ro v s k ite - ty p e  s t ru c tu re  f o r  c a t a l y t i c  

a c t i v i t y  must be examined. I t  is  doubtfu l th a t  the ac tua l s t ru c tu re  

is  v i t a l  in  terms o f ,  f o r  example, atomic d is ta n c e s ,  f o r  adsorp tion  

o f re a c ta n t  gases, i f  the sulphides formed do not c u r t a i l  the  

c a t a l y t i c  r e a c t i v i t y .  Madgavkar and Vogel (55 )  looked a t  the c a t a l y t i c
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combustion o f  HC and CO and they emphasize the use o f  the p e ro v s k ite -  

type s t ru c tu re  in  t h e i r  work.

Voorhoeve e t  a l (103) say th a t  the geom etrical d is to r t io n s  o f  

the basic p e ro v s k ite  cube and unim portant f o r  the c a t a l y t i c  

redu ction  o f  NO. Section  1 .3 . 1 . 2  in troduces c a t a l y t i c  p ro p e r t ie s  

o f p e ro v s k ite - ty p e  compounds. I t  seems a lso  th a t  the fresh  

La^_^Sr^Co02  compounds in v e s t ig a te d  in  the present work which have 

the p e ro v s k i te - ty p e  s t ru c tu re  are  c a t a l y t i c a l l y  a c t iv e  y e t  these 

p ro p e r t ie s  are  a lso  e v id e n t  in  the sulphided c a ta ly s t s .

There is  no XRD evidence o f  oxide being p resent. This o f  

course means th a t  one o f  the COg oxygen sources is  u n a v a i la b le  

r e l a t i v e l y  q u ic k ly .  This may be a f a c to r  which would cause the COS 

production to  in c re a s e ,  on the o th e r  hand the reduction  o f  SOg might  

in c rease .
O _ ]

At the slower f lo w  r a t e ,  th a t  is  50 cm min" , the co n tac t time  

between the SOg and CO, on the c a t a ly s t  surface  is  e v id e n t ly  lo n g e s t ,  

consequently the CO is  u n a v a i la b le  f o r  COS production . Not a l l  o f  

the SOg is  removed, however, and th is  may be because the surface is  

blocked by adsorbed SOg.

At the lower c o n tac t time and h ig her f lo w  ra te  the SOg is  passing  

through the c a t a ly s t  bed more q u ic k ly  but t h is  is  not the on ly  f a c to r  

which needs to  be taken in to  c o n s id e ra t io n .  At the h igher co n tac t  

times the SOg ad sorp tion  s i t e s  may be s a tu ra te d .  At the lower co n tac t  

time the a d s o r p t iv i t y  o f  the c a t a ly s t  must be taken in to  account.

The graph o f  percentage mass increase  due to  exposure o f  SOg ag a in s t  

La co ntent o f  La^ ^Sr^CoOg is  shown in  F ig .  3 .1 4 .  I t  is  c le a r  th a t
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the t o t a l  amount o f  SOg adsorbed increases w ith  La con ten t.

Lao ySr^ gCoOg had the h ighest La content o f  La^ ^Sr^CoOg compounds 

stud ied  and i t  showed a very con s id erab le  increase  in  mass. The

opposite  trend  appears to  be t ru e  f o r  CO adsorp tion  on 

L&i-xSr^CoOg and t h is  is  shown in  F ig .  3 .1 9 .  F ig .  3 .2 4  shows the  

mass changes when La^ ^Sr^CoOg is  exposed to  both SOg and CO.

Perhaps the c a t a ly s t  which adsorbs much SOg and l i t t l e  CO is  b es t.

The CO can then re a c t  w ith  the SOg sa tu ra ted  surface  to  produce sulphur  

and COg, but not w ith  the sulphides or the p e ro v s k ite  su rfa c e . This  

may e x p la in  why th e re  is  COS production during  the experiments where 

s to ic h io m e tr ic  m ixtures  o f  SOg and CO are used, except when 

La^ y S r ^  3 C0 O2 is  used as a c a t a ly s t  a t  500°C and 550°C. On 

exam ination o f  the TPD data  from LaQ ySrQ 3 C0 O3 a f t e r  SOg adsorp tion  

the f i r s t  adso rp tion  y ie ld s  th re e  peaks, they are  a t  508-518°C ,

569°C and 6 4 5 °C, the second adsorp tion  y ie ld s  two peaks a t  

569 -  574°C and 649 -  654°C . This may even e x p la in  why th ere  was 

COS production  during  the experiments a t  600°C and 650°C. The SOg 

may have been less  s t ro n g ly  held a t  these temperatures and the CO 

may then have reacted  w ith  the metal su lphides to  produce COS instead  

o f  COg.

As w ith  the experiments w ith  the s to ic h io m e tr ic  m ixtures o f  SOg 

and CO where the co n tac t  time was lo n g ,th e  La^ ySr^ gCoOg su rface  may 

have become s a tu ra te d  w ith  SOg, so some SOg was present in  the o u t l e t  

gases. This appeared to  be the best compromise though, because COS 

is  a more acute poison than SOg, and an environmental a p p l ic a t io n  f o r  

removal o f  SOg gave the impetus f o r  th is  work.
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L&Q ySrQ 3C0 O3 appears to  be the best c a t a ly s t  f o r  the

red u ctio n  o f  SOg by CO. I t  is  in te r e s t in g  to  note here th a t

leh ish a  e t  a l (14 ) found th a t  La^ ySr^ 3 C0 O3 was the best o f  the  

La^_^Sr^Co03  se r ie s  in  the ro le  o f  oxide cathode f o r  a COg la s e r .

I t s  a c t i v i t y  is  a t t r ib u t e d  to i t s  adsorption  and d esorp tion  p ro p e r t ie s .  

Such p ro p e r t ie s  are  discussed in  d e t a i l  w ith  re fe re n c e  to  SOg and CO 

in  t h is  c h a p te r .

Another ex p la n a t io n  f o r  the incomplete removal o f  SOg from the

gas stream over La^ y S r ^  ^CoOg may be the poor a d s o r p t iv i t y  o f

L * o .7^^0.3^003 ^0^ 00.

The r e s u l ts  o f  the La^ ^Sr^ yCoOg and La^ gSr^ gCoO^ experiments  

w ith  resp ec t to SO  ̂ and COS in  t h e i r  o u t l e t  gases may be exp la ined  

in  terms o f  t h e i r  r e l a t i v e  a d s o r p t iv i t i e s  o f  SOg, the c o n tac t time  

o f  SOg and CO w ith  the c a t a l y s t ,  the r e a c t i v i t y  o f  CO w ith  SOg and 

the metal sulphides and the temperatures o f  the experim ents.

I t  seems th a t  the a v a i l a b i l i t y  o f  SOg on the c a t a ly s t  surface  is

v i t a l l y  im p o rta n t .  I f  the SOg is  th e re  in  the abundance req u ired  f o r

complete re a c t io n  w ith  CO then i t  seems th a t  t h is  is  the p re fe r re d  

re a c t io n .  None o f  the f lo w - r ig  experiments showed COS production  

in  the absence o f  some removal o f  SOg.

4 .4 . 2  The ro le  o f  the c a t a ly s t  in  the red uction  o f  SOg by CO

The co n tro l experim ent which was rep orted  in  sec tio n  3 .4 . 5  

showed th a t  in  the absence o f  La^ ^Sr^Co03  no re a c t io n  took place  

between SOg and CO to  produce e lem ental su lp hu r,  COg or COS, a t  the  

tem perature re p o rte d .
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The d e s c r ip t io n  o f  po ss ib le  mechanisms discussed in  sec tio n

4 .4 .1  in d ic a te  a c le a r  r o le  f o r  a m a te r ia l  which w i l l  adsorb SOg 

and CO s u f f i c i e n t l y  w e ll  to  a l lo w  the d es ired  re a c t io n  to  take p lace .  

SOg appears to  have two modes o f  a c t io n ,  these are  re a c t io n  w ith  the  

surface  to  form SrSO^ or mere a d so rp t io n . CO appears to  have th ree

modes o f  a c t io n  and these are  redu ction  o f  the La^ ^Sr^CoOg,

red u c t io n  o f  SOg or r e a c t io n  w ith  one or more metal s u lp h id e ,  formed 

as a consequence o f  the SOg re d u c t io n ,  to  form COS.

I t  seems th a t  a m a te r ia l  which w i l l  favo ur the red u c tio n  o f  SOg

as d es ired  w i l l  be a good adsorbent o f  SOg and because o f  the number

o f  options open to  CO, perhaps a poorer adsorbent o f  th is  gas.

La^ ySr^ 3 C0 O3 appears to  s a t i s f y  both o f  these c r i t e r i a .

SOg adso rp tion  appears to  vary  l i n e a r l y  w ith  in c reas in g  La

in  La^ ^Sr^Co0 3 . I t  is  not c le a r  what the s p e c i f ic  p ro p erty  o f  th is

r e la t io n s h ip  between SOg adsorp tion  and La content which is  im p o rtan t .

The La^_^Sr^Co03  samples are  a l l  semiconductors and a lthough  

t h e i r  c o n d u c t iv i ty  is  not d i r e c t l y  re la te d  to  La content i t  may be 

an im p o rtan t q u a l i t y  in  i t s e l f .  SOg has lone p a irs  o f  e le c tro n s  (98 )  

and these may help  to  f a c i l i t a t e  the adsorp tion  o f  the gas on the  

La^ ^Sr^CoOg samples, which are  p type semiconductors. Greenwood 

and Earnshaw (104 ) and C u rran t and D urran t (105) show the lone p a irs  

on the su lphur and Greenwood and Earnshaw show various  modes o f  

adsorp tion  o f  SOg through th e .S  and 0 atoms. Cotton and W ilk inson (98 )  

s ta te  th a t  SOg forms many complexes w ith  a number o f  t r a n s i t io n  m eta ls .  

The Co in  La-j_^Sr^Co03  may be ins trum enta l in  the adsorption  o f  SOg.
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This idea is  supported by the presence o f  c o b a lt  sulphides but is  

put in  some doubt by the d i r e c t  r e la t io n s h ip  between La content  

and SOg adsorp tion  which does not e x is t  w ith  Co.

George and Viswanathan (106) s ta te  t h a t  the ra re  e a r th  ca t ion s  

p lay  an im portan t ro le  in  the magnetic and e l e c t r i c ,  hence 

c o n d u c t iv i ty ,p r o p e r t ie s  in  LnCoOg type ox id es . I t  appears th e re fo re  

th a t  the r o le  o f  La is  im p o rtan t ,  i f  the c o n d u c t iv i ty  plays a r o le  

in  the c a t a l y t i c  a c t i v i t y  o f  La^_^Sr^Co0 3 .

The c o n d u c t iv i t ie s  o f  the c a ta ly s ts  a f t e r  the f lo w - r ig  experiments  

had changed remarkably l i t t l e  during  t h e i r  exposure to SOg and CO.

The conducting p ro p e r t ie s  o f  the sulphur compounds produced by re a c t io n  

o f  SOg and CO w ith  the La^ ^Sr^CoOg c a ta ly s ts  were searched f o r .

SrS is  a semiconductor and LaS, which was the n eares t compound to  

LaS] 7 5 _] 80  which could be found, is  a m e t a l l i c  conductor ( 8 6 ) .

Values o f  c o n d u c t iv i t ie s  f o r  c o b a lt  sulphides were not found.

The f a c t  t h a t  the c a ta ly s ts  conduct may be c ru c ia l  to  t h e i r  

e f f i c i e n c y .

The f a c t  th a t  each o f  the used c a ta ly s ts  no longer has the  

p e ro v s k i te - ty p e  s t ru c tu r e  but appears to  c o n s is t  o f  a m ix ture  o f  

su lp h id e s ,  su lphates and o th e r  less c le a r l y  de fin ed  m eta l/oxygen /su lp hur  

species which p o ss ib ly  in c lu d e  s u lp h i t e ,  leads to the question o f  

whether La^ ^Sr^CoOg is  r e a l l y  the c a t a ly s t .

I t  appears t h a t  the c a t a ly s t  is  e f f i c i e n t  both a t  the s t a r t  o f  

the exposures to  SOg and CO and a f t e r  many hours o f  exposure.

This suggests th a t  e i t h e r  the c a t a ly s t  becomes sulphided extrem ely  

q u ic k ly  or a p ro p erty  o f  La^ ^Sr^CoOg is  c a r r ie d  through the chemical
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changes which i t  undergoes. During heating  o f  the fresh  La^ ^Sr^CoOg 

SOg rem oval, COg form atio n  and COS form ation  occur s im ultaneously .

The re a c t io n s  appeared to  s t a r t  a t  temperatures above 400°C, bearing  

in  mind t h a t  tem peratures a t  which samples were taken were noted 

but these were not id e n t ic a l  f o r  each experim ent.

H ib b e r t  and Tseung (12 )  suggest t h a t  a l l  o f  the i n i t i a l  removal 

o f  SOg may be a t t r ib u t e d  to s u lp h id a t io n  o f  the c a t a ly s t .  I t  may 

be in fe r r e d  from th is  t h a t  the c a t a ly s t  is  a c t u a l ly  a sulphided  

compound. Sulphides o f  Sr and Co were detected  in  t h e i r  work.

K e l ly  (107) a lso  observed fo rm ation  o f  Sr and Co su lp h ides . He 

suggests t h a t  th e re  must be con s iderab le  sulphide fo rm ation  before  COS 

is  produced. K h a la f a l la  and Haas (108) stud ied  the use o f  an 

Fe/CrOg c a t a ly s t  f o r  the SOg red uction  re a c t io n  and s ta ted  th a t  COS 

production d id  not occur u n t i l  a l l  o f  the Fe had been converted to  

FeS. The simultaneous disappearance o f  SOg and appearance o f  COg 

and COS d isagrees  w ith  the observations o f  K h a la fa l la  and Haas.

I t  appears th a t  as soon as th e re  is  su lph ide  present then COS 

production  may occur. I t  is  suggested in  section  4 .4 .1  t h a t  th is  

w i l l  occur unless the su rface  is  sa tu ra ted  w ith  SOg in  which case 

red u c tio n  o f  t h is  by CO w i l l  occur.

The qu estion  o f  what is  c a ta ly s in g  the reduction  o f  SOg to  

elem ental su lphur and o x id a t io n  o f  CO to  COg remains.

The c a t a ly s t  has e v id e n t ly  changed y e t  i t  has m ainta ined i t s  

c a t a l y t i c  e f f i c i e n c y .

Another change o f  the c a t a l y s t ,  which has not y e t  been discussed  

is  the presence o f  two oxygen species on the fresh  La^ ^Sr^CoOg surface  

and the presence o f  on ly  one oxygen species on the used c a ta ly s ts .
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Reference to  Table 3 .5  in sec tion  3 . 2 .4  shows th a t  f o r  La^ ^Srg yCoO^,

Lag ^SrQ gCoO^ and Lag gSr^ 5 C0 O3 the lower b ind ing  energy peak was

a mere shoulder o f  the main oxygen peak. The La^ ySr^ 3 C0 O3 sample

had two c le a r  oxygen peaks. Yamazoe (17 )  has looked a t  the ESCA

spectra  o f  La^_^Sr^Co03  a f t e r  Og ad s o rp t io n .  Yamazoe assigned the

lower b ind ing  energy peak to l a t t i c e  oxygen and the h igher binding

energy peak to  adsorbed oxygen. This suggests t h a t  in  the present

work th e re  is  l e a s t  adsorbed oxygen on La^ ySrQ 3 C0 O3 , th is

agrees w ith  the observations o f  Yamazoe which show an increase in

oxygen ad sorp tion  on in c reas in g  x. The two peaks seen by

Yamazoe may rep resen t  the same oxygen species as those observed in

t h is  work. The lower b inding energy peak observed by Yamazoe was, however,

about 528 eV, th a t  i s ,  lower than e i t h e r  o f  the peaks observed in  th is

work and the h ig h er  b ind ing  energ ies  observed by Yamazoe are  c lo s e r  to  the

lower b ind ing  energ ies  recorded here .

I t  is  on ly  the f a c t  th a t  th e re  are two peaks present in  the two 

data sets  which suggests th a t  they rep resen t  the same oxygen sp ec ies .

A f t e r  the f lo w - r ig  experim ents , on ly  the peak o f  the h ig h er  b ind ing  

energy oxygen species is  rem ain ing. I t  may be po ss ib le  t h a t  i f  th e re  

is  adsorbed oxygen on La^ ^Sr^CoOg a t  the low pressures a t  which ESCA 

o p e ra te s ,  th a t  i t  could be present on the products o f  the re a c t io n  

o f  SOg and CO. I f  t h is  was the case then the h igh er b inding energy 

peak may be assigned to  adsorbed oxygen. This would agree w ith  

Yamazoe's in t e r p r e t a t io n  o f  ESCA stud ies  o f  La  ̂ ^Sr%Co0 3 , except  

t h a t  the values would be o f  the order o f  1 eV d i f f e r e n t  between the
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two data s e ts .  leV is  about the accuracy expected f o r  ESCA 

measurements.

I t  must a lso  be borne in  mind th a t  the La, Sr CoO  ̂ samples
I “ X X Ô

examined by Yamazoe were pre-exposed to an oxygen atmosphere whereas 

those in  the present work were exposed to the la b o ra to ry  atmosphere. 

Perhaps the r e l a t i v e  a b s o r p t iv i t i e s  o f  the fre s h  and used c a ta ly s ts  

f o r  oxygen should be measured.

The d e te c t io n  o f  su lphur in  the form o f  SO^' on the s u r fa c e ,
P _

by ESCA, suggests th a t  the oxygen in  SO^' would a lso  be d e te c te d .

The r e l a t i v e  s e n s i t iv ie s  o f  01s and S2p in  ESCA are very c lo s e ,  

they a re  0.861 and 0 .706  r e s p e c t iv e ly .  The 01s binding energy 

fo r  the on ly  su lphate  quoted in  the Handbook o f  X -ray  Photoelectron  

Spectroscopy ( 8 1 ) ,  th a t  i s ,  NagSO^, is  531 .9  eV which is  c lose to  

the 01s binding energy o f  the used c a t a ly s t .  This suggests th a t  i t  

is  in  f a c t  SrSO^ which is  being d e te c te d .  The evidence a g a in s t  t h is  

is  t h a t  the peak has s im i la r  b inding energ ies  to  one o f  the o r ig in a l  

peaks observed f o r  the fre s h  La^ ^Sr^CoOg c a ta ly s t s .

I f  the oxygen species detected  by ESCA, on the used c a t a ly s t  

is  from SrSO^ then i t  seems l i k e l y  th a t  the type o f  oxygen on the  

surface  is  not very  im portan t f o r  the SOg red uctio n  and CO o x id a t io n  

r e a c t io n ,  as th is  is  not the form the oxygen is  present as in  the  

c a t a l y t i c a l l y  a c t iv e  fre s h  c a t a ly s t .  I f ,  however, the 01s peak 

represen ts  adsorbed oxygen then the increase  in  c a t a l y t i c  a c t i v i t y  

f o r  o x id a t io n  o f  CO repo rted  by George and Viswanathan (23) and 

Nakamura (24 )  may be supported. These e a r l i e r  workers d id  not have 

SOg as a source o f  oxygen. The oxygen, i f  adsorbed Og,should in
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f a c t  have been absent from the f lo w  r ig  experiments as the SOg and 

CO flowed through the c a ta ly s ts  in  Og f r e e  Ng.

Sis e t  a l (9 )  have shown th a t  in  a reducing atmosphere 

LaCoOg (x = 1) breaks down to  LagOg, Co and oxygen, v ia  LagOg, COgOg 

COgO^, CoO and Co. Both LagOg (1 0 9 ,  110) and COg0^(12) have 

been shown to c a ta ly s e  the reductio n  o f  SOg by CO, but not very  

e f f i c i e n t l y .  The oxides produced by the decomposition o f  LaCoO^ 

in  a reducing atmosphere may be the eq u iva len ts  o f  the su lph ide compounds 

produced when the p a r t i c u la r  reducing atmosphere is  a m ix tu re  o f  SOg 

and CO.

The m ix tu re  o f  c o b a l t  sulphides formed may be a consequence o f  

the tem peratures used. Trotman-Dickenson (111) states th a t  COgS^ is  

s ta b le  u n t i l  650°C, then CoSg and Co^^S compounds are  formed.

4 .4 .3  Changes in  c a t a l y t i c  a c t i v i t y  observed on changing the re a c t io n  

tem perature

The tem peratures a t  which the reac t io n s  were s tu d ied  were 

500°C, 550°C, 600°C and 650°C. Samples o f  the o u t l e t  gases were a lso  

analysed during  heating  and co o lin g  o f  the c a ta ly s ts  in  the presence  

o f  the gas f lo w .  The changes due to  the tem perature changes w i l l  be 

discussed in  the order in  which they occurred.

On i n i t i a l  h e a t in g ,  the f i r s t  or second sample taken always 

showed a s l i g h t  increase  in  SOg o u tp u t.  This was a t t r i b u t e d ,  in  sec tio n

3 .4 .1  to  deso rp tio n  o f  SOg adsorbed a t  room tem perature .

The next ob serva tio n  was a f a l l  in  SOg o u tp u t ,  which was 

accompanied by COg production and COS production f o r  those experiments  

where COS was produced. This always occurred above 400°C.
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S pecu la t ion  may be made about why a t  th is  temperature the  

re a c t io n s  producing these changes in  gas o u t l e t  should occur.

F i r s t  o f  a l l  the decrease in  SOg w i l l  be examined. The decrease in  

SOg may m erely  be due to  ad sorp tion  o f  the gas on La^ ^Sr^CoOg a t  

th is  tem perature . Reference to  F ig .  3 .1 4  w i l l  show th a t  a d s o r p t iv i t y  

o f La^ ^Sr^CoOg f o r  SOg appears to increase  very  d r a m a t ic a l ly  between 

300°C and 500°C. Adsorption a t  300°C is  minimal compared to  th a t  

a t  500°C. At a tem perature between 300°C and 500°C th ere  is  

s u f f i c i e n t  energy f o r  an a c t iv a te d  a d so rp t io n  which does not r e a d i ly  

occur a t  lower tem peratures .

The production o f  COg may a ls o  be exp la ined  by the increased  

ad so rp tio n  and re a c t io n  o f  CO on the c a t a ly s t  s u r fa c e ,  a ls o  between 

300fc  and 500°C. The ad so rp t io n  re s u l ts  a re  g iven in  sec tio n  3 . 3 . 4 .  

The f a c t  t h a t  SOg is  a ls o  present provides another source o f  oxygen f o r  

the CO o x id a t io n .

The appearance o f  COS may be a consequence o f  the a d so rp t io n  

o f  the SOg and CO gases.

The coincidence o f  the changes in  trend o f  adsorption  o f  SOg 

and CO on La^^Sr^CoOg w ith  tem perature suggests th a t  a change in  the  

Lai^xSPxCoOs takes p la c e .

Sis e t  a l (9 )  looked a t  the change in  the magnetic p ro p e r t ie s  

o f  LaCoOg, th a t  i s ,  x = 1 , w ith  tem perature . They found th a t  

t r i v a l e n t  Co e x is te d  predom inate ly  in  the low spin s ta te  below 125°C.

Above th is  tem perature the high spin s ta te  o f  t r i v a l e n t  Co became 

more abundant and a t  375°C a rap id  increase  in  high spin Co^* occur) 

due to  long range o rd erin g  a t  th is  tem perature . Goodenough (112)
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emphasizes the importance o f  Co^^ in the c o n d u c t iv i ty  o f  

La^ ^Sr^CoOg. The change in  the a d s o r p t iv i t y  and c a t a l y t i c  a c t i v i t y  

o f La  ̂ ^Sr^CoOg may be re la te d  to  c o n d u c t iv i ty .  I f  th is  is  the 

case then the c o n d u c t iv i ty  measurements made a t  room temperature may be 

i n v a l id  f o r  the r e a c t io n  c o n d it io n s .

Goodenough (112) s ta te s  th a t  as Sr is  introduced in to  the  

l a t t i c e ,  th a t  i s ,  as x increase d , then the amount o f  

Cô "*" decreases and Co is  present as Co^*, Co^^^ and Co^^. The 

present work appears to  support the observations o f  e a r l i e r  workers  

such as Nakamura e t  a l ( 2 4 ) ,  th a t  h igher Sr content g ives poorer  

c a t a l y t i c  a c t i v i t y .  So i t  seems th a t  two sets o f  cond it ions  th a t  

favour h igh er Co^* content a lso  favour high c a t a l y t i c  a c t i v i t y .

These co n d it io n s  are  high La co ntent in  La^.^Sr^CoOg and temperatures  

above 400°C.

The cause o f  the increase  in  high spin t r i v a l e n t  Co, th a t  i s ,

Co^* a t  high temperatures is  probably due to  the e le c tro n s  o f  t r i v a l e n t  

Co having s u f f i c i e n t  energy to  move in to  the high spin c o n f ig u ra t io n .

Goodenough (112) s ta te s  th a t  the decrease is  Co^^ is  accompanied 

by an increase  in  Co^^^ and Co^^. I f  i t  can be assumed th a t  a t  

the tem peratures a t  which the Co^* abundance in c rease s , th a t  the Co^^^ 

and Co^^ abundances decrease then the change may be a t t r ib u t e d  to or  

may cause the loss o f  oxygen from the l a t t i c e  which has been observed, 

in  t h is  work. A loss o f  n e g a t iv e ly  charged oxygen, accompanied by 

a change from t e t r a v a le n t  to t r i v a l e n t  Co would conserve charge 

n e u t r a l i t y  in  the La^ ^Sr^CoOg l a t t i c e .



273

Tseung and Bevan (56 ) have examined the use o f  La^ ^Sr^CoOg 

as a r e v e r s ib le  oxygen e le c t ro d e .  An e le c tro d e  o f  course must be 

ab le  to  conduct e l e c t r i c i t y  and Tseung and Bevan a t t r i b u t e  the  

a c t i v i t y  o f  La^ ^Sr^CoOg to  t r i v a l e n t  Co.

R e fe rr in g  again to  the production o f  COS, the minimum tem perature  

f o r  th is  r e a c t io n  has in  f a c t  been shown to  be lower than 400°C in  

severa l c o n d it io n s  in  t h is  work and by o th er  w orkers, in c lu d in g  

Bazes e t  a l ( 3 5 ) .  The f i r s t  appearance o f  COS during heating  may 

th e re fo re  be a t t r ib u t e d  to  the adsorption  o f  SOg and CO which provided  

the necessary in g re d ie n ts  f o r  the r e a c t io n ,  by a l lo w in g  the fo rm ation  

o f  su lp h id es .

The changes in  the amounts o f  SOg, COg and COS observed once the  

temperatures a t  which the re a c t io n s  occur are  reached, w ith  tem perature  

have not y e t  been d iscussed.

I t  must be assumed t h a t  the r e l a t i v e  ra tes  o f  a d s o rp t io n ,  

re a c t io n  and d esorp tion  change and the a c t i v i t i e s  o f  the th ree  c a ta ly s ts  

stud ied  change f o r  various reasons. The r a te  o f  COS production w i l l ,  

f o r  example, change w ith  the a v a i l a b i l i t y  o f  su lph ide f o r  re a c t io n  w ith  

CO and w ith  the a v a i l a b i l i t y  o f  o th e r  re a c t io n s  which may in v o lv e  the  

CO. Changes in  the c a t a l y s t ,  a p a r t  from in v o lv in g  the charge, magnetic  

and o x id a t io n  s ta te s  o f  Co w i l l  in c lu de  su lph id ing  o f  the c a t a ly s t .

Reference to  Table 3 .3 0  in  sec tio n  3 . 4 . 4  shows th a t  f o r  the

3 “ 1s to ic h io m e tr ic  m ix tu re  w ith  a t o t a l  f lo w  ra te  o f  100  cm min a t  the  

fo u r  steady s ta te  tem peratures s tu d ie d ,  the o v e ra l l  e f f e c t  f o r  

Lag gSr^ gCoO^ is  s im i l a r .  For La^ ^Sr^ yCoOg removal o f  SOg was 

best a t  the lower temperatures and fo r  La^ ySrQ ^CoOg i t  was b es t  a t  

the h igher tem peratures . This agrees w ith  the p o s tu la t io n  above th a t
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high La content and high temperatures are  im p o rtan t ,  but th is  

assumes th a t  La^ ^Sr^CoO^ is  the c a t a ly s t .  Yet the XRD and ESCA 

evidence p o in ts  to  the c a t a l y t i c  a c t i v i t y  o f  sulphides o f  Sr and Co. 

S u lp h id a t io n  o f  La is  much less p re v a le n t ,e v e n  a t  high La con tents .

Perhaps the La content is  more im portant than the tem perature once the  

th resh o ld  tem perature has been a t t a in e d .  The high Sr con ten t c a ta ly s ts  

may have more su lph ide  content and th is  may e x p la in  t h e i r  h igher COS 

pro du ction .

During coo ling  o f  the c a t a ly s t  samples, the s t i l l  f low ing  o u t l e t  

gases were sampled and analysed. The SOg content o f  the gas increased  

as the tem perature dropped and the COg con ten t decreased thus in d ic a t in g  

t h a t  the c a t a l y t i c  red u c tio n  o f  SOg and o x id a t io n  o f  CO was decreasing  

as the tem perature decreased. The COS o u tp u t ,  however, o f te n  

increased o r  even appeared in  an experim ent vhere COS was not produced 

a t  tem peratures below 400°C and o f te n  continued below 250°C. The 

ins tances  o f  these observations are  shown in  Tables 3 .2 6 ,  3 .27  and 3 .2 8 .

The tem perature req u ired  f o r  COS production appears to  be below th a t  

where COg is  produced. COS is  probably not produced a t  these low 

tem peratures during heating  because the su lph ide has not y e t  been formed 

by SOg ad so rp tio n  and subsequent red u ctio n  o f  the SOg by CO. The 

production  o f  COS during the sulphur scavenging re a c t io n s  by CO, in  

the vacuum l i n e  experiments s ta r te d  a t  lower temperatures than during  

the f lo w  r ig  experim ents. This is  probably because o f  the presence 

o f  the su lphur source f o r  the p roduction^of COS before  the in t ro d u c t io n  

o f  CO. The CO used during the scavenging re a c t io n  is  probably not 

invo lved  to  any g re a t  e x te n t  in  the redu ctio n  o f  any sulphur species to  

a form where i t  w i l l  then re a c t  w ith  CO to  form COS. - The f a c t  th a t
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the sulphur species req u ired  f o r  COS production is  a lre a d y  present may 

not be the on ly  reason f o r  the d e te c t io n  o f  COS a t  lower temperatures  

in  the vacuum l i n e .  The methods o f  d e te c t io n  o f  COS in  the two 

experiments are  d i f f e r e n t .  The MS used in  the vacuum l in e  experiments  

may be expected to  d e te c t  COS in  s m a lle r  q u a n t i t ie s  than the G.C. 

used during  the f lo w - r ig  experim ents . The appearance o f  COS a t  a 

lower tem perature in  the vacuum l i n e  may th e re fo re  g ive  a f a ls e  

impression because o f  the d i f f e r e n t  s e n s i t i v i t i e s  o f  the COS d e te c to rs .

4 .4 . 4  R e la t iv e  o x i d i z i b i l i t i e s  o f the r e a c ta n ts ,  in c lu d in g  La^^Sr^CoO^

The re a c t io n  being s tu d ied  in  th is  th e s is  is  the red u c tio n  o f  

SOg by CO using La^^Sr^CoOg as a c a t a l y s t ,  i t  is  shown in  equation  1.

SOg + 2C0   ^  1 /x  S% + 2C0g 1

Evacuation and subsequent heating  o f  La^ ^Sr^CoOg causes loss o f  

oxygen from the l a t t i c e ,  t h is  is  a form o f  re d u c t io n  o f  the c a t a ly s t .

The re a c t io n  o f  SOg w ith  La^ ^Sr^CoOg to produce SrSO^ may be 

in te r p r e te d  as a red u c tio n  o f  the c a t a l y s t ,  by v i r t u e  o f  the f a c t  t h a t  

the SOg is  o x id iz e d .  The re a c t io n  o f  CO w ith  the surface  produces 

CO2 and o th e r  workers (33 )  c la im  to have detected  COg on LaCoO^, 

so CO may be said  to reduce the c a t a ly s t .

In the presence o f  both o f  th e^ reac ta n ts  the c a t a ly s t  is  being  

reduced by both SO  ̂ and CO. Adsorbed SOg is  a lso  thought to  be 

reduced to  elem ental sulphur by CO.
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These re a c t io n s  a re  represented d ia g ra m a t ic a l ly  in  terms o f  

r e l a t i v e  o x i d i z i b i l i t i e s  in  F ig .  4 .1 .

F ig .  4.1 is  v a s t ly  o v e r s im p l i f ie d .  I t  does not consider the  

form o f the re a c t io n  reduced c a t a ly s t .  I t  does, however, imply th a t  

the re a c t io n  shown in  equation 1 is  a s u p ra fa c ia l  re a c t io n  which is  

made p oss ib le  by the ad sorp tion  o f  SOg and subsequent adsorption  o f  CO. 

The id e n t i t y  o f the c a t a ly s t  is  not s p e c i f ie d  and the f i n a l  remark 

is  th a t  i t  is  a compound or compounds capable o f  adsorbing SO2 and CO 

and i t  may be La^ ^Sr^CoOg and sulphides o f  La , Sr and Co.

4 .5  CATALYTIC PROPERTIES OF METAL SULPHIDES

In the e a r l i e r  sections  o f  t h is  chapter  i t  has been suggested  

th a t  su lph ides o f  La, Sr and Co may be a c t in g  as c a ta ly s ts  fo r  the  

red u c t io n  of SO2 by CO. This sec tio n  discusses th a t  p o s s ib i l i t y  in  

the l i g h t  o f  o th e r  work where sulphides a r e  used as c a t a ly s t s .

A l i t e r a t u r e  search revea led  t h a t  the major uses o f  sulphide  

c a t a ly s t s  were in  the petroleum and assoc ia ted  in d u s t r ie s .  Sulphide  

c a ta ly s ts  are  used f o r  hydrogenation o f  many organic  substances; f o r  

cracking  and reform ing  o f  combustible raw m a te r ia ls ;  f o r  synthesis  

o f  sulphur compounds and t h e i r  d e s u lp h u r iz a t io n ;  is o m e r iza t io n  

re a c t io n s ;  dehydrogenation re a c t io n s ;  o x id a t io n  re a c t io n s ;  

p o ly m e r iza t io n  re a c t io n s  and fo r  some re a c t io n s  o f  simple sulphur  

compounds (1 1 3 ) .

The ro le  o f  the su lph ide c a t a ly s t  appears to  be v a r ied  and wide 

which is  in t e r e s t in g  because as Weisser and Landas (114) po in t  o u t ,  

in  the i n i t i a l  development o f  c a ta ly s ts  sulphur was c a r e f u l ly  removed 

because i t  o f te n  acted as a c a t a ly s t  poison.



277

o
o
TD<D
-Q
i -O
CO

3

+J
to

03U
-o<uoZJ
T 3<U
s_
oo

4-)
to
>>

03
4-> +->
03 to
U

* o 03
OJ 4->
U 03
3 U

X 3 CM
03 o - o
L t o 03

O
C X 3 3
O 03 X 3

03
4-> i - L
O o
03 to CM
0» X 3 O

o : < CO

+->
to

fO
4-> 
03 
O

X JOJ
O
3

- o03
5-

+->
to

034-i
03
U

LU

<3
z
Q
ZD
_ l

DZ CD
I— Z

U_
o CO

CO
H -
z
< t  
1—

LU o
h- <
Z

LU
OH

£3
LU
Z

LU H-
CO
CO Lu
LU O
OH
a. to
X LU
LU

CO
h-

z: _ l
CO

OD
z
< OJ
z
o O
LU r o
z : X O

o o
Q (_)
LU LU X
►— > L.
CO CO
LU h- X
O <C 1
C3 _ J
= 3 LU 03
CO OH _ l

CVJ
t o

ocn
O J

O J
oo

CO

to

CM
o
(_>

o
CO

/ N
n IT ir

q;ZD

-e ^4iliqizipixo



278

Grange ( 1 1 5 ) ,  in  h is review o f  c a t a l y t i c  hydrodesu lp huriza tio n  

makes some very in t e r e s t in g  comments about su lphide c a ta ly s ts ,  

which are  o f in t e r e s t  w ith  respect to  th is  work. Grange notes th a t  the 

view of the c a ta ly s ts  used in  hydro desu lph uriza t ion  has changed 

co n s id erab ly  in recen t y e a rs .  I t  seems th a t  the c a ta ly s ts  which were 

charged to  the reac to rs  were in  the o x id ic  form. During t h e i r  c a t a l y t i c  

l i f e t i m e  they became sulphided to various  e x te n ts .  Some people 

suspected th a t  the a c t iv e  phase o f  the c a t a ly s t  was in  f a c t  the sulphided  

form. Much o f  the o x id ic  form remained so the f a c t  th a t  the o x id ic  

form was on ly  a t r a n s ie n t  a c t iv e  phase was not d iscovered . I t  seemed 

th a t  the o x id ic  form appeared to be very r e a c t iv e  i n i t i a l l y  because 

i t  r a p id ly  removed sulphur from, fo r  example, th iophene. This removal 

o f sulphur was because the o x id ic  form o f  the  c a t a ly s t  was becoming 

su lph id ed . Much o f  the work was w ith  Co-Mo su lph ides . I t  was found 

t h a t  under the working con d it ion s  s u lp h id a t io n  was thermodynamically  

favoured . Evidence th a t  the sulphides were in  f a c t  the c a ta ly s ts  was 

obtained by XRD, which showed t h e i r  presence. Experimental evidence  

included in t ro d u c t io n  o f  oxides to  the r e a c t o r ,  which led  to  abnormal 

behaviour which changed as s u lp h id a t io n  increased and c a r e f u l ly  

unsupported sulphides acted l i k e  the in d u s t r ia l  c a ta ly s ts .

The s to ry  o f  the d iscovery  th a t  the sulphides were a c t in g  as 

c a ta ly s ts  and not the fre s h  o x id ic  forms o f  the compounds prepared  

as such is  very  s im i la r  to  th a t  r e la te d  during th is  th e s is .

La^ ^Sr^CoOg was prepared as a c a t a ly s t ,  y e t  XRD revealed  t h a t  during  

i t s  c a t a l y t i c  l i f e t i m e  i t  was converted to  sulphides o f the  

c o n s t i tu e n t  m eta ls .  The i n i t i a l  a c t i v i t y  o f  the c a ta ly s ts  were high  

and remained so. The o r ig in a l  c a t a l y t i c  a c t i v i t y  m ayhave been due
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to s u lp h id a t io n  o f  the c a ta ly s ts  and the l a t e r  a c t i v i t y  to the  

p ro p e r t ie s  o f the su lph ides .

Furimsky ( 1 1 6 ) , in  h is  review  o f  the ro le  o f  sulphides in  

h yd ro d e s u lp h u r iza t io n ,  emphasizes the importance o f  the c o n d u c t iv i t ie s  

o f  the c a t a ly s t s .  I t  appeared th a t  in  one o f  the examples he 

examined, th a t  the c a t a l y t i c  a c t i v i t y  was due to a s y n e rg is t ic  e f f e c t  

o f two su lph ides . There seemed to be an in t e r a c t io n  between MoSg 

and COgSg which invo lved  e le c t ro n  t r a n s f e r  between the two su lph ides .

C o n d u c t iv i ty  was a lso  considered to  be o f  importance in  the  

work presented in  th is  th e s is .

In Grange's (115) rev iew  he re fe r re d  to  the s u lp h id a t io n  o f  

c a ta ly s ts  and i t s  e x te n t .  Sometimes th e re  was not evidence f o r  

d is c r e te  sulphides but perhaps on ly  one or two oxide ions may be 

rep laced by s u lp h id e ,  and these might bridge Mo and Co. I f  th is  s o r t  

o f  re a c t io n  occurred in  the work presented in  t h is  th e s is  i t  might 

e x p la in  the d i f f i c u l t y  in  assigning some o f the XRD peaks.

The importance o f  methods o f  p re p a ra t io n  o f  su lph ide c a ta ly s ts  

is  emphasized. Weisser and Landas (114) s ta te  t h a t  most o f te n ,  

p re p a ra t io n  o f  some o f  the most a c t iv e  su lph ide c a ta ly s ts  is  by conversion  

o f the re s p e c t iv e  o x ides . The s u lp h id a t io n  is  u s u a l ly  preceded by 

red u c tio n  by Hg.

A p a r a l l e l  may be drawn here , w ith  the sulphides prepared in  th is  

work. They are  reduced by CO.

Weisser (113) s ta te s  th a t  s u lp h id a t io n  is  u s u a l ly  by mercaptans 

or C$2  a t  temperatures around 400°C. Grange (115) quotes temperatures  

o f th is  range, th a t  i s ,  about 350°C to 400°C where s u lp h id a t io n  occurs
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o f o x id ic  c a ta ly s ts  during use. Even these tem p era tu res , co inc ide  

w ith  the s t a r t  o f  c a t a l y t i c  a c t i v i t y  in  the present work. This  

re in fo rc e s  the suggestions made throughout t h is  chapter about 

the r o le  o f  the c a t a ly s t  and how changes in  the c a t a ly s t  a t  th is  

tem perature range may a l lo w  the a c t i v i t y  to  occur. This o f  course 

does not e x p la in  the vacuum l in e  experim ents , where s u lp h id a t io n  did  

not take p lace except th a t  th ere  was no reducing agent such as CO 

but a change in  La^^Sr^CoOg m^ take p la c e ,  which a llows SOg 

a d s o rp t io n ,  CO a d s o rp t io n /re a c t io n  and s u lp h id a t io n .  The sulphides  

quoted by Grange (115) and Weisser (113) are  not those found in  th is  

work, but they do quote sulphides o f  severa l metals in c lu d in g  Co,

Mo and W so temperatures where s u lp h id a t io n  can occur may be s im i la r  

fo r  many m eta ls .

Grange (115) s ta te s  th a t  c a t a l y t i c  a c t i v i t y  depends on the  

tem perature o f  s u lp h id a t io n .  He s t a te s ,  f o r  example, th a t  Co/Mo c a ta ly s ts  

sulphided a t  600°C show the h ighest a c t i v i t y  f o r  hydrogenolys is .  

Trotman-Dickenson (111) quotes examples o f  how sulphides change t h e i r  

s to ic h io m e try  w ith  tem perature .

The su lph ide  c a ta ly s is  reac t io n s  r e fe r r e d  to  above bear l i t t l e  

r e la t io n  to red u c t io n  o f  SOg y e t  simple re a c t io n s  have been observed  

to o . Weisser (113 ) r e fe r s  to  hydrogenation o f  SOg using FeS as a 

c a t a ly s t .  This is  l i k e  the iro n /chrom ia  c a ta ly s ts  r e fe r re d  to  in  

sectio n  1 .4  ( 7 1 ) .  Also su lph ide  c a ta ly s is  o f  the o x id a t io n  o f  HgS

by SOg to e lem ental sulphur was re fe r re d  to as was the conversion o f  

CO to CH3 OH. These in v o lv e  SO2 and CO s e p a ra te ly  so they would appear
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to a t  le a s t  adsorb on to t h e i r  re s p e c t iv e  c a t a ly s ts .

I t  must a lso  be remembered th a t  e a r l i e r  workers (1 2 ,  107) noted 

the presence o f  sulphides in  the used c a ta ly s ts  although they  

a t t r ib u t e d  no c a t a l y t i c  a c t i v i t y  to  them. H ib b e r t  and Tseung ( 6 8 ) 

noted th a t  when Cu was s tud ied  as a c a t a ly s t  f o r  the SOg/CO 

r e a c t io n ,  th a t  s u lp h id a t io n  tended to  occur. This is  another  

example o f  where the su lph ide is  the most s ta b le  compound under the  

re a c t io n  c o n d it io n s .

F u r th e r  research in to  sulphides as c a ta ly s ts  and the behaviour  

o f su lphides under the experim ental co n d it io n s  o f  the present work is  

re q u ire d .
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CHAPTER 5

CONCLUSIONS AND SUGGESTIONS

FOR FURTHER WORK
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CONCLUSIONS

1 There is  a tendency f o r  La^ ^Sr^CoOg to lose oxygen by evacuation  

and h e a t in g ,  th is  increases as x increases or La content decreases.

2 L a t t ic e  oxygen is  desorbed by evacuation and heating  o f  

Lai.^Sr^CoOg.

3 There is  more than one type o f  SO  ̂ ad so rp tion .

4 Adsorption o f  SO2 a t  500°C is  s i g n i f i c a n t l y  g re a te r  than a t  room 

tem pera tu re , 100°C and 300°C.

5 Adsorption o f  SO2 on La^ ^Sr^CoOg under vacuum, increases as La 

content increases .

6 SO2 is  adsorbed beyond the surface  o f  La^^^Sr^CoOg.

7 The a d s o r p t iv i t y  o f  SO2 on La^ ^Sr^CoOg is  p ro p o rt io n a l to  the  

La con ten t but not to Co^*, Co^^^, Co^^ or oxygen vacancies.

8  There is  XRD evidence th a t  SrSO^ is  formed by re a c t io n  o f  SO2 w ith

9 The p e ro v s k ite - ty p e  s tru c tu re  o f  La^ ^Sr^CoO^ surv ives i t s  re a c t io n

10

w ith  SO2 .

Reaction o f  La^ ^Sr^CoOg w ith  SO  ̂ causes i t s  c o n d u c t iv i ty  to  decrease

11 There is  more than one type o f  CO ad so rp tio n .

12 CO reac ts  w ith  oxygen in  La^ ^Sr^CoOg to form CO^, which is  then 

desorbed. This seems to occur most r e a d i ly  when th e re  are few 

oxygen vacancies and l i t t l e  oxygen has been desorbed by evacuation  

and h e a t in g ,  th a t  i s ,  a t  high La c o n ten t .
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13 R e - o x id iz ib i l  i t y  o f  La-j_^Sr^CoOg, reduced by re a c t io n  w ith  CO 

increases w ith  x ,  th a t  i s ,  decreases w ith  in creas ing  La con ten t.  

As the La content increases then h igher temperatures are  requ ired  

fo r  r e -o x id a t io n .

14 La^_^Sr^CoOg reduced by CO and subsequently p a r t ly  or f u l l y  

r e - o x id iz e d ,  re ta in e d  i t s  p e ro v s k ite - ty p e  s t ru c tu r e .

15 Unless La^ ^Sr^CoOg which has been reduced by re a c t io n  w ith  CO, 

is  com plete ly  r e - o x i d i z e d , i t s  c o n d u c t iv i ty  is  less  than fresh  

La .̂^Sr^CoOs-

16 La^ ^Sr^CoOg exposed to  SOg and CO sim ultaneously  becomes 

su lph id ed . Sulphides o f  La, Sr and Co are formed.

17 The re a c t io n  between SOg and La^^Sr^CoOg which produces SrSO^ 

continues to  occur in  the presence o f  CO, a longside the  

s u lp h id a t io n  o f  the c a t a ly s t .

18 SOg is  reduced to  e lem ental sulphur and CO is  o x id ize d  to  COg 

when the two gases are  to g e th e r  in  the presence o f  La^ ^Sr^CoOg.

19 A s to ic h io m e tr ic  m ix ture  o f  SOg and CO gives the most e f f i c i e n t  

conversion o f  the two gases to  elemental sulphur and CO^.

Excess o f  CO leads to  a s ide re a c t io n  which produces COS.

20 The source o f  sulphur fo r  the production o f  COS is  one or more 

o f the m e t a l l i c  su lp h id es , formed by the re a c t io n  o f  SO2 and CO 

w ith  La^ ^Sr^CoOg.
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21 A f te r  the scavenging o f  sulphur from the sulphide or

sulphides no m e t a l l i c  La, Sr or Co was d e tec ted .

22 SrSO^ does not re a c t  w ith  CO to produce SrS and COS.

23 Elemental sulphur is  not a source o f  sulphur fo r  the production

o f  COS.

24 I t  appears th a t  La^ ySr^ 3 C0 O3 is  the best c a t a ly s t ,  o f  the  

La-j_^Sr^CoOg samples s tu d ie d ,  f o r  the SCg red uctio n  and CO 

o x id a t io n .

25 The c a t a l y t i c  p ro p e r t ie s  o f  La^ ySr^ 3 C0 O3 may be a t t r ib u te d  

to  i t s  r e l a t i v e l y  high a d s o r p t iv i t y  o f  SOg and r e l a t i v e l y  low 

a d s o r p t iv i t y  o f  CO.

26 The SO2 red u c tio n  and CO o x id a t io n  appears to be s u p r a fa c ia l ,  

t h a t  i s ,  the CO d i r e c t l y  reduces the SO2 w ith o u t  in v o lv in g  the  

c a t a ly s t  surface  in  a chemical r e a c t io n .

27 SrSO^ is  not an in te rm e d ia te  in  the r e a c t io n .  Elemental sulphur  

is  not produced i f  La^ ^Sr^CoOg i n i t i a l l y  exposed to SO2 only

is  subsequently exposed to CO.

28 A f t e r  exposure o f  La^ ^Sr^CoOg to SO2 and CO s im u ltaneo usly ,  

the c a t a ly s t  no longer re ta in e d  i t s  p e ro v s k ite - ty p e  s t r u c tu r e .

29 The c o n t in u a t io n  o f  the c a t a l y t i c  re a c t io n  a f t e r  the s u lp h id a t io n  

o f the surface and loss o f  the p e ro v s k ite - ty p e  s t r u c tu r e ,  suggests 

th a t  La^ ^Sr^CoOg and the metal su lph ide  m ixture both possess the 

c a t a l y t i c  p ro p e r t ie s  req u ired  f o r  the c a ta ly s is :
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30 The c a ta ly s ts  appear to  r e t a in  t h e i r  c o n d u c t iv i ty  a f t e r  the

f lo w - r ig  experiments but not a f t e r  simultaneous adsorption  o f  

SOg and CO in  the vacuum l i n e .

31 The best compromise o f  experim ental co n d it io n s  appears to  be

500°C or 550°C w ith  a f low  r a te  o f  100 cm^min  ̂ using

Lag ySrg 3 C0 O3 as a c a t a ly s t  w ith  1% SOg and 2% CO in Ng.

This removes v i r t u a l l y  a l l  SOg and no COS is  produced.

32 COS production in  the absence o f  SO  ̂ removal from the SOg and

CO stream, was never observed.

33 The La content o f  the c a t a ly s t  and the temperature range which

favours high c a t a l y t i c  a c t i v i t y  a lso  favours the fondation  

o f  t r i v a l e n t  c o b a lt  in  the Co^* s t a t e .  The presence o f  C 

is  favoured a t  temperatures g re a te r  than 400°C (9 ) .
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SUGGESTIONS FOR FURTHER WORK

1 Measurement o f  the mass changes a f t e r  the exposure o f  fresh

La^ ^Sr^CoOg to CO, may provide more in fo rm atio n  about the  

oxygen associated  w ith  the p e ro v s k ite - ty p e  ox id e . By 

comparison o f  these changes w ith  the mass changes due to  

evacuation  and heating  under vacuum and those a f t e r  subsequent 

exposure to  C O , i t  could be deduced whether the oxygen removed 

by evacuation  and heating  would be removed by CO in the absence 

o f  these steps.

2. In v e s t ig a t io n  o f  the actua l tem perature a t  which s u lp h id a t io n  o f

the La^ ^Sr^CoOg occurs and comparison o f  i t  to th a t  o f  the  

s t a r t  o f  the SOg/CO re a c t io n  may show whether a su lphide species is  

the ac tu a l c a t a ly s t .  A problem w ith  t h is  is  th a t  the SO2 

co n c e n tra t io n  does f a l l  due to  ad sorp tio n  on La^ ^Sr^CoOg and 

re a c t io n  w ith  i t  to  produce SrSO^, as w e ll as su lph ide fo rm atio n .  

Also CO2 is  produced in  the absence o f  the SO^/CO re a c t io n  by the  

red u ctio n  o f  La^ ^Sr^CoOg by CO. The co n cen tra t io n  o f  SO2 and 

CO would need to  be monitored co n tinuo usly  and not in t e r m i t t e n t l y ,  

as in  the p resent work, in  o rder to d e te c t  changes due to the  

s t a r t in g  o f  the s u lp h id a t io n  re a c t io n  or re a c t io n s .
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3 Each o f  the sulphides o f  La, Sr and Co which were produced by 

re a c t io n  o f  SO  ̂ and CO w ith  La^ ^Sr^CoOg could be in v e s t ig a te d  

s e p a ra te ly  and as m ix tu re s ,  f o r  t h e i r  c a t a l y t i c  p ro p e r t ie s ,  by 

passing SO  ̂ and CO over them. This would a s c e r ta in  which o f  

the sulphides were c a t a l y t i c a l l y  a c t iv e  a lthough i t  would not 

e l im in a te  the p o s s i b i l i t y  o f  La^.^Sr^CoO^ being c a t a l y t i c a l l y  

a c t iv e  too . Adsorption and desorp tion  o f  SO2 and CO, w i th in  

the range o f  temperature s tud ies  h e re ,  may be o f  in t e r e s t  in  

t h is  co n tex t too.

4 In o rd er to  d isco ver which o f  the sulphides produced from

La^^Sr^CoOg, provide the sulphur f o r  COS p ro du ction , these could  

be exposed to CO s e p a ra te ly  and as m ix tu re s .  COS form ation  

could be de tected  mass s p e c t r o m e t r ic a l ly ,  as in  the present work.

5 I t  would be o f  in t e r e s t  to  measure the XRD p a t te rn  o f  the c a ta ly s ts

exposed to SO2 and CO s im ultaneously  both a f t e r  re -e v a c u a t io n  and 

then again a f t e r  scavenging by CO, to see i f  any o f  the sulphides  

were consequently removed. A q u a n t i t a t iv e  measurement o f  the  

amount o f  each su lph ide before  and a f t e r  CO scavenging would be 

u s e f u l .

6 Measurement o f  the c o n d u c t iv i ty  o f  the c o b a lt  sulphides formed

by the re a c t io n  o f  SOo, CO and La Sr CoO  ̂ would be o f  in t e r e s t .
^ 1 - X  X j

This is  co ns ider ing  th a t  LaS (9 3 ,  98) and SrS ( 8 6 ) both have 

conducting p ro p e r t ie s  and th a t  the c a t a ly s t  r e ta in s  i t s  

c o n d u c t iv i ty  a f t e r  the f lo w - r ig  experiments and consequent 

s u lp h id a t io n .
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The c o n d u c t iv i t ie s  o f  the c a ta ly s ts  used were measured a t  

room tem perature . Measurement o f  the c o n d u c t iv i t ie s  a t  the 

re a c t io n  temperatures may g ive  a more accurate  p ic tu re  o f  the 

re a c t io n  co n d it io n s .

The La^ ^Sr^CoO] samples exposed to SO2 and CO in d iv id u a l ly  

were not examined by ESCA. Such a n a ly s is  would be o f  in t e r e s t  

f o r  comparison w ith  the fresh  c a ta ly s ts  and those exposed to  

SO2 and CO s im u ltaneou sly .

To f in d  out more about the nature  o f  oxygen spec ies , observed 

by ESCA, on the fresh  and used c a t a ly s t s ,  the r e l a t i v e  

a d s o r p t iv i t i e s  o f  these w ith  respect to  oxygen could be measured

Examination o f  the La^ ^SrxCoOg a f t e r  various running times o f  

the f lo w - r ig  experiments by XRD may show whether or not the  

simultaneous adsorptions o f  SO2 and CO in  the vacuum l in e  

represented  the i n i t i a l  stages o f  the f lo w - r ig  experim ents.

18
11 Exposure o f  La^ ^Sr^CoOg which contained 0 ,  to  SO2 , fo llow ed  

by TPD may g ive  some usefu l in fo rm atio n  about the nature o f  SO2 

a d so rp t io n . SO2 is  chemisorbed and subsequently desorbed by 

heating  in  a vacuum. I t  is  not known whether or not adsorption  

is  d is s o c ia t iv e .

10
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12 Carrying out  the SOg and CO f l o w - r i g  experiments using 

18
0 conta in ing  La^ ^Sr^CoOgimay g ive f u r t h e r  in form at ion  

about t h e i r  i n t e r a c t i o n  wi th  the c a t a l y s t .  Continuous 

monitor ing o f  C^^Og and C^^O^^O as wel l  as SOg and COS 

may be done by mass sp ectrometr y . I f  there  is  no rea c t io n  

o f  CO w ith  La^ ^Sr^CoOg then the r a t e  o f  product ion o f  

C^^02  ought to be twice the r a t e  o f  SO2 removal.

I f  C^^O^^O product ion occurred then i t  would be o f  i n t e r e s t  

to see i f  t h i s  d ec l in e d  as the c a t a l y s t  became sulphided and 

i f  SO2 removal an d,or  COS product ion consequently increased.
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APPENDIX 1 

MASS!
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PROGRAM K I N E T I C  
I M P L I C I T  REAL * 8  ( A - H . O - Z )

S o l v e s  t h e  k i n e t i c  e q u a t i o n  

d ( a l p h a )  

d t

W h e r e  T = f ( t ) ,  f o r  A ,  E a n d  n ( V I . . 3 )

A e x p (  E ) 
( RT  )

a l p h a

c a r d  1 

c a r d  2  

c a r d  3

c a r d  4

S ( m a s s  s p e c ,  s i g n a l )  a n d  T d a t a  a r e  g i v e  a t  
d i f f e r e n t  t i m e s  ( t )  w h e r e

d S / d t  =  A" d ( a l p h a ) / d t  -  k ' S

a l p h a  i s  t h e  f r a c t i o n a l  c o v e r a g e  o f  t h e  s p e c i e s .

A m a x i m u m  o f  4  d i f f e r e n t  s p e c i e s  m a y  b e  p r o c e s s e d

I N P U T  DATA

T I T L E  ------- O n e  l i n e  t i t l e

I N T E R  ------- N u m b e r  o f  i n t e r p o l a t i o n  p o i n t s .

F I T( 2 a 3 )

c a r d  5

c a r d  6  

c a r d s  7

-  F I T  i f  f i t t i n g  e x p e r i m e n t a l  d a t a
e l s e  i f  t r y i n g  s i n g l e  p o i n t  c a l c

T E K  ------- T E K  i f  a t  T e k t r o n i x  t e r m i n a l

C 0 L 1 , C 0 L 2 , C 0 L 3  ------- 0 - 1 6  f o r  c o l o u r s  o f  t i t l e s ,
e x p e r i m e n t a l  p o i n t s  a n d  f i t t e d  l i n e s  
r e s p e c t i v e l y .  T h i s  c a r d  i s  a l w a y s  
r e a d  b u t  o n l y  c o n s i d e r e d  i f  T E K = . T .  
U s e s  C O L O U R ( )  i n  C H E M L I B  a n d  i s  f o r  
t h e  T E L E D A T A  X S A . S e t  = 1 6  i f  u s i n g  
d i f f e r e n t  p l o t t i n g  d e v i c e .

S C A L E ( 6 )  ------- T h e  u n k n o w n  p a r a m e t e r s  a r e  s c a l e d
b y  t h e s e  f a c t o r s  b e f o r e  m i n i m i s i n g .
1 =  M a s s  s p e c  m u l t i p l y i n g  f a c t o r
2  = k n ,  t h e  p u m p i n g  r a t e  c o n s t a n t
3  =  L O G ( A r r h e n i u s  f a c t *  s c a l e )
4  = A c t i v a t i o n  e n e r g y  ( 3 / m o l )
5  =  n ,  t h e  o r d e r  o f  r e a c t i o n
6  = x O ,  t h e  i n i t i a l  f r a c t i o n a l

c o v e r a g e .

NOATA ------- N u m b e r  o f  d a t a  p o i n t s

T I M , T E M P , S  ------- M a s s  s p e c  r e a d i n g  ( S )  a n d
t e m p e r a t u r e  ( T E M P )  a t  t i m e  T I M

V e r s i o n  2 . 0

V a l u e s  o f  S a n d  T a r e  i n t e r p o l a t e d  t h r o u g h o u t  t h e  r a n g e  
u s i n g  E 0 1 B A F  a n d  E 0 2 B B F  u n l e s s  N D A T A = I N T E R .
M i n i m i s a t i o n  b y  E 0 4 3 A F .

T e k t r o n i x  c o m p a t i b l e ,  D I M F I L M  r o u t i n e s  a d d e d .

d b h  6 / 8 4

REAL * 4  R X ( 2 5 0 0 ) , R Y ( 2 5 0 D ) , R Z ( 2 5 0 0 ) . H O L D ( 2 0 0 , 4 )  
REAL * 4  X G ( 2 0 0 ) , Y T E M P ( 2 0 0 ) , Y A L P ( 2 0 0 ) , Y 0 I F ( 2 0 0 )  

D I M E N S I O N  T I M ( 2 5 0 0 ) , T E M P ( 2 5 0 0 )
D I M E N S I O N  S ( 2 5 0 0 ) ,  V ( 1 8 ) ,  F ( 1 8 )
COMMON / F I T S /  X ( 2 5 0 0 ) , Y ( 2 5 0 0 ) , Z ( 2 5 0 0 ) , NO
COMMON / F I T 1 /  S T 0 T ( 2 5 0 0 ) , S C A L ( 2 5 0 0 , 4 ) , T E M P E ( 2 5 0 0 ) ,

S I N T ( 2 5 0 0 ) , 0 5 ( 2 5 0 0 ) , D S A L P H A ( 2 5 0 0 ) , A L P H A ( 2 5 0 0 , 4 )  
, O A L P H A ( 2 5 0 0 , 4 ) , I N T E R  

COMMON / F I T 2 /  O E L T ,  T M A X ( 4 ) ,  T M I N ( 4 ) ,  NS PE C  
COMMON / F I T 3 /  TEK  

COMMON / F I T 4 /  S C A L E ( 6 )
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CH AR AC T ER * 8 0  F M T ( 8 )
C H AR AC T E R * 8 0  I N F I L E .  T I T L E  
CHAR AC TER DUMMY
CHAR AC TER * 3  A N S I . A N S 2 , A F I T , ATEK  
I N T E G E R  C 0 L 1 . C 0 L 2 . C 0 L 3  
L O G I C A L  F I T .  T E K ,  YE S
PA RA ME TER ( A F I T z • F I T * ,  A T E K r

f m t d )  = ' ( ' ’ A= * * ,  1 p e 8 . 2 ) •
f m t (  2  ) =  ’ ( " E = " * ,  1 p e 8 . 2 ) •
f m t ( 3 )  = ' ( " n = ' ' ,  f 3 . 1 ) '
f m t ( 4 )  = ' ( ' * X 0 = " ,  f 4 . 2 ) *
f m t ( 7 )  = ' ( • ‘ K = * ’ , 1 p e B . 2 ) ‘
f m t ( 8 )  = ' ( " k n  = " ,  1 p e B . 2 ) '

• E Q .  
. E Q .

A T E K  I 
A F I T )

W R I T E ( * .  • ( / / •  * Na me o f  d a t a  f i l e  : " , $ ) ' )  
R E A O ( * , • ( A 8 0 ) ' I I N F I L E  
0 P E N ( 5 , S T A T U S = ' 0 L D ' , F I L E = I N F I L E )  
R E A 0 ( 5 . ’ ( Q . A ) ’ ) L T I T L E .  T I T L E  
R E A 0 ( 5 , * » I N T E R  
R E A 0 ( 5 . M 2 A 3 ) ‘ ) A N S 1 , A N S 2  
T E K = . F A L S E .
F I T = . F A L S E .
I F  ( A N S I  . E Q .  A T E K  . O R .  A N S 2  
I F  ( A N S I  . E Q .  A F I T  . O R .  AN S 2  
R E A 0 ( 5 . * ) C 0 L 1 ,  C 0 L 2 ,  C 0 L 3  
R E A 0 ( 5 , * ) S C A L E  
R E A 0 ( 5 , * I  NOATA
f l E A 0 ( S . * ) ( T I M l I ) , T E M P ( I ) . S ( I ) . I = 1 . N 0 A T A )

S c a l e  m a s s  s p e c  d a t a  t o  a  m a x  o f  1 .

S C S = S ( 1 )
0 0  I = 2 , NOATA

I F ( S d )  . G T .  S C S I  S C S = S ( I )
ENOOO
W R I T E ( G , • ( / / / 1 X . A B 0 ) ‘ ) T I T L E  
N O=NOATA
W R I T E ( 6 , ‘ ( / ”  F I T  i s  ' ' , L 2 ,  ' ' TE K i s  ' 
W R I T E ( 8 , * { / ”  I N T E R  i s  i S D  I N T E R  
0 0  1 = 1 . NO

X ( I ) =  S ( I ) / S C S  
Y ( I ) = T I M ( I )  -  T I M ( I )  
Z ( I ) = T E M P ( I )  4  2 7 3 . 1 8  

R X ( I )  =  X ( I )
R Y ( I )  = Y ( I )
R Z ( I )  =  Z ( I )

ENOOO
OE L T  = ( Y ( N O I  -  Y ( i n /  O F L O A T (  I N T E R - 1  ) 
C A L L  I N T E R P O L

T E K = . T R U E .
F I T = . T R U E .

, L 2 ) ’ ) F I T , T E K

N u m e r i c a l l y  d i f f e r e n t i a t e  i n t e r p o l a t e d  M a s s  s p e c  s i g n a l  
S I N T ( I )  = >  O S I I ) .

T I M E z  Y d )  -  OELT  
0 0  1=  1 , I N T E R

I F A I L  = 0
O S ( I )  = ( S I N T ( U 1 ) - S I N T ( I ) ) / 0 E L T

ENOOO
I F  ( T E K )  THEN

X S T E P  = M A X d . ,  r e a l ( I N T E R ) / 2 0 0 . )
N S T E P  = M I N ( 2 0 0 , I N T E R )
0  =  O E L T  *  X S T E P  
T I M E  = Y d )  -  0  
3 =  0  
X I = 0 .

0 0  K = 1 ,  N S T E P
X I =  X U  X S T E P  
I  = X I
T I M E  = T I M E  4 0  
3 = 3 4 1 
X G ( 3 )  = T I M E  
Y T E M P ( 3 )  = T E M P E ( I )
Y A L P ( 3 )  = S I N T ( I )
Y 0 I F ( 3 )  = O S ( I )

ENOOO
C A L L  CAM35MM
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w r  i  t e ( G , * ( 1 x , a ) ’ ) c h a r ( 2 9 )  
w r i t e ( 6 , ' ( l x , a ) ' ) c h a r ( 1 2 )

C A L L  NOCHECK  
C A L L  G R S L I O E  

CA LL X A X I S ( 0 . . R Y ( N D ) )
C A L L  Y A X I S C R Z d  I . R Z ( N O )  1 

C A L L  U P D A T E  
C A L L  C O L O U R ( C 0 L 3 )
C A L L  B 0 U N D S ( 0 . , 1 0 0 . , 0 . , 8 0 . )
c a l l  @ y m h t ( 3 . 0 l
C A L L  G R A P H I C ( X G , Y T E M P , N S T E P 1
C A L L  U P D A T E
I F  I NO . L T .  2 0 0 ) TH EN

C A L L  C O L O U R ( C 0 L 2 )
C A L L  P T P L 0 T ( R Y , R Z , N 0 , 3 )
C A L L  U P OA T E

END I F
C A L L  COLOUR ( C O L D
C A L L  T I T L E U ( T I T L E ( 1 : L T I T L E ) )
C A L L  G R F O E F ( * I n t e r p o l a t e d  t e m p e r a t u r e s ‘ T i m e  / s e e ’ ,

1 ' T e m p e r a t u r e  / K ’ , 3 )
C A L L  UP OA TE  
C A L L  W A I T  
C A L L  NEWFRAM
C A L L  B O U N D S t O . , 1 0 0 . . 0 . , 8 0 . )  
c a l l  s y m h t O . O )

C A L L  X A X I S ( 0 . , R Y ( N 0 ) )
C A L L  Y A X I S ( 0 . , 1 . )

C A L L  U P D A T E  
C A L L  C 0 L 0 U R ( C 0 L 3 )
C A L L  G R A P H I C I X G . Y A L P , N S T E P )
C A L L  UPOATE
I F  ( NO . L T .  2 0 0 ) TH E N

C A L L  C O L O U R ( C 0 L 2 )
C A L L  P T P L 0 T ( R Y . R X . N 0 , 3 )
C A L L  U P OA T E

END I F
C A L L  COLOUR ( C O L D
C A L L  T I T L E U ( T I T L E ( 1 ; L T I T L E ) )
C A L L  G R F O E F C  I n t e r p o l a t e d  S '  , ' T i m e  / s e c ' ,

1 ' S ' . 3 )
C A L L  UPOATE  
C A L L  O F F T O X Y ( O . O )
C A L L  W A I T  
C A L L  NEWFRAM
C A L L  8 0 U N 0 S ( 0 . . 1 0 0 . . 0 . . 6 0 . ) 
c a l l  s y m h t O . O )
C A L L  X A X I S ( O . . R Y ( N O ) )
C A L L  AUTOY  
C A L L  UPOATE  
C A L L  C O L O U R ( C 0 L 3 )
C A L L  G R A P H I C ( X G , Y O I F . N S T E P )
C A L L  UP D A T E
C A L L  COLOUR ( C O L D
C A L L  T I T L E U ( T I T L E ( 1 : L T I T L E ) I
C A L L  G R F O E F ( ' D i f f e r e n t i a l  o f  S ' , ' T i m e  / s e c ' ,

1 ' d S / d t ' . 3 )
C A L L  UPOATE  

w r i t e ( 6 . ' ( I x . a ) ' ) c h a r ( 3 1  ) 
w r i t e ( 6 ,  ' d x . a )  ' ) c h a r ( 2 4 )

E N O I F
9 9 9  W R I T E ( * , ' ( "  N u m b e r  o f  s p e c i e s  ? " , $ ) ' )

R E A O ( * , * )  NS PE C
C
C N u m b e r  o f  v a r i a b l e s  = 4 * s p e c i e s  + 2 I m a s s  s p e c  v a r i a b l e s ]
C - 1  ( i n i t i a l  c o v e r a g e  summs t o  11

N V A R z  4 * N S P E C  +1
W R I T E ( * . ' ( / ' '  G u e s s e s  f o r  v a r i a b l e s ' ' /

1 ' '  M a s s  s p e c  s c a l i n g  c o n s t a n t  ' * /
2  ' '  R a t e  c o n s t a n t  f o r  p ump ' ' ) ' )

R E A D ( * , * )  F ( D , F ( 2 )
X T  = 0 . 0 0  
0 0  1 = 1 , NSPEC

N S T =  ( I - D * 4  4 3 
N F I N  =  NST + 3
W R 1 T E ( * .  ' ( / "  S p e c i e s  " , d ) ' )  I
W R I T E ( * , ' ( ' '  M i m i m u m  a n d  m a x i m u m  t e m p e r a t u r e s  ? ' ' , $ ) ' )  
R E A 0 ( * , * ) T M 1 N ( 1 ) , T M A X ( I )
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I F  ( I . L T .  N S P E C ) T H E N  
W R I T E ( * . ■(

1 / ’ ■ P r e - e x p o n e n t i a l  f a c t o r  ( s - 1 ) ' ' /
2  ' ■  A c t i v a t i o n  e n e r g y  ( J ) ' ' /
3  "  n  "  /  "  XO "  ) ' )

R E A D ( * . * )  ( F U ) .  J = N S T . N F I N )
XT = XT 4 F ( N F I N )

E L S E
I F (  XT . G E .  I . O O I T H E N

W R I T E ( * .  • ( / / • *  E r r o r  I n  XO " /
1 5 ( e l O . 4 , 2 x ) ) ' )  ( F ( j ) ,  j = S , n s p e c , 4 ) , x t

S T 0 P 1
E N O I F
W R I T E ( * . • (

1 / ' *  P r e - e x p o n e n t i a l  f a c t o r  ( s - l ) ’ * /
2 * ’ A c t i v a t i o n  e n e r g y  ( 3 ) ' * /
3  • •  n  • •  ) • )

R E A 0 ( * . * ) ( F ( 3 ) . 3 = N S T . N V A R )
E N O I F

ENOOO
C A L L  C O N V E R T ( N S P E C . F . V )
C A L L  F I T S I M ( V . N V A R . F I T )
C A L L  R E S T O R E ( N S P E C . F . V )
C A L L  C A L C U R V E f F . N V A R , S I G M A )
W R I T E ( € ,  ’ ( / / 1 0 X ,  * ' S i m p l e x  f i a s  c o n v e r g e d ' ' / 2 x ,  ' ' F u n c t i o n s  ' ' .

1 G 1 0 . 4 / ( 2 X .  " V a r i a b l e !  " ,  1 2 .  "  ) = "  . G I O  . 4 / )  ) ' ) S I G M A .
2  ( I . F ( I ) . I = 1 , N V A R )

I F ( N 0  . L T .  5 0 ) THEN
W R I T E ( G . ' ( / / / 5 X . " T I M E " . 1 0 X . "  S e x p t l "  , 1 0 x ,

1 "  S c a l c " . l O x . " D i f f e r e n c e " ) ' )
3 S T A R T  = 1 
0 0  2  1 = 1 . NO

0 0  3 = 3 S T A R T . I N T E R
T I M E  = Y l l )  4  0 F L 0 A T ( 3 - 1 ) * 0 E L T  
I F  ( Y d )  . L T .  T I M E ) T H E N

I A N  = I N E A R ( 3 . Y d ) . T I M E )
D I F  =  X d ) - S T O T ( I A N )

W R I T E ( G . ' ( 2 X . G I O . 4 . 7 X . G I O . 4 . 1 I X . G I O . 4 .  
1 1 0 X . G 1 0 . 4 )  ' ) Y d ) . X d ) , S T O T ( I A N ) . D I F

3 S T A R T  = 3  
GOTO 2

E N O I F
ENOOO

C O N T I N U E
W R I T E ( G . * ( / / 1 0 X . ' ' S i m p l e x  h a s  c o n v e r g e d ' ' / 2 x . ' ' F u n c t i o n s  ' ' .

1 G 1 0 . 4 / ( 2 X . " V a r i a b l e ( " . I 2 . " )  = "  . G 1 0 . 4 / )  ) ' I S I G M A .
2  d , F d ) . I  =  1 . N V A R )

E N O I F
I F  ( T E K )  TH EN

T I M E  = Y d )
3 =  0  
X I  = 0 .

0 0  K = 1 . N S T E P
X I s X I  4 X S T E P
1 = X I
3  =  3  4 1 

Y A L P ( J )  =  S T O T d )
0 0  I 3 = 1 , N S P E C

H 0 L D ( 3 , I 3 ) =  S C A L d . 1 3 )
ENOOO

ENOOO  
C A L L  W A I T  
CA L L  NEWFRAM
w r i t e ( G , ' ( I x . a ) ' ) c h a r ( 2 9 )  
w r i  t e ( G . ' ( I x . a ) ' ) c h a r  ( 1 2 )
C A L L  B O U N D S ( 0 . . 1 0 0 . , 0 . . 8 0 . )  
c a l l  s y m h t O . O )
C A L L  X A X I S ( 0 . , R Y ( N O ) )
CA L L  Y A X I S ( 0 . , 1 . )
CA L L  UP OA T E  
CA L L  C O L O U R ( C Q L 3 )
CA L L  G R A P H I C ( X G , Y A L P , N S T E P )
CALL DASH  
0 0  3 = 1 , NS P E C

DO K = 1 , N S T E P
Y T E M P ( K ) = H 0 L 0 ( K , 3 )

ENOOO
C A L L  G R A P H I C ( X G , Y T E M P , N S T E P )
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ENDOn
C A L L  OASHOFF  

CALL UPDATE
CA L L  C 0 L 0 U R ( C 0 L 2 )
CA L L  P T P L 0 T I R Y . R X . N D . 3 )
CA L L  UPOATE  

CA LL C O L O U R ( C O L I )
CA L L  T I T L E U I T I T L E I 1 r L T I T L E )  )
C A LL  G R F O E F ( ' C a l c u l a t e d  m a s s  s p e c ' , ' T i m e  / s e c ’ ,

1 ' m a s s  s p e c ' , 3 )
CA LL  UP DA T E  
C A L L  S Y M H T 1 2 . 0 )
S T = B 5 .
0 0  1 = 1 , 2

S T = S T - 3 .
CALL  0 F F T 0 X Y ( 8 7 . . S T )
CALL N U M ( F ( I ) , F M T ( G 4 l ) , . T R U E . )

ENOOO
F ( N V A R + 1 ) = A L P H A 1 1 , N S P E C )
0 0  1 = 1 , NSPEC

0 0  3 = 1 , 4
S T = S T - 3 .
C A L L  0 F F T 0 X Y ( 8 7 . , S T )
C A L L  N U M ( F ( 4 * U 3 - 2 ) , F M T 1 3 ) ,  . T R U E . )

ENOOO
ENOOO
C A L L  U P DA T E
w r i t e ( 6 , * ( 1 x , a ) ' ) c h a r ( 3 1 ) 
w r i t e l G , ' ( 1 x , a ) ' ) c h a r ( 2 4 )

E N O I F
I F  ( Y E S ( ' A n o t h e r  g u e s s ' )  I G 0 T 0 9 9 9
I F ( T E K )  C A L L  E N O F I L M
ST OP
END
F U N C T I O N  O I F S ( T )

C
C C a l c u l a t e s  t h e  v a l u e  o f  t h e  m a s s  s p e c  s i g n a l  a t  t i m e  T
C f o r  d i f f e r e n t i a l  r o u t i n e
C

I M P L I C I T  R E A L  * 0  ( A - H . O - Z )
COMMON / F I T 1 /  S T O T ( 2 5 0 0 ) . S C A L ( 2 5 0 0 . 4 ) , T E M P E ( 2 5 0 0 ) ,

1 S I N T ( 2 5 0 0 ) . O S ( 2 5 0 0 ) . D S A L P H A ( 2 5 0 0 ) . A L P H A ( 2 5 0 0 , 4 )
2  , O A L P H A ( 2 5 0 0 . 4 ) . I N T E R

COMMON / F I T 2 /  O E L T .  T M A X ( 4 ) .  T M I N I 4 ) ,  N S P E C  
I  =  N I N T ( T Z O E L T )  + 1 
I  =  M I N d . I N T E R )
S = S I N T d )
R E T UR N
END
S U B R O U T I N E  RE S T O R E  I N S P E C . V . Q )

C
C T a k e s  s c a l e d  v a r i a b l e s  ( Q )  a n d  r e t u r n s  t h e m  t o  t h e i r  p r o p e r
C v a l u e s ! V ) . N S P E C  i s  n u m b e r  o f  s p e c i e s .
C

I M P L I C I T  RE AL * 8  ( A - H . O - Z )
COMMON / F I T 4 /  S C A L E ( G )
D I M E N S I O N  V ( 1 8 ) . 0 ( 1 8 )
V ( 1 )  =  0 ( 1 ) /  S C A L E ( I )
V ( 2 )  =  0 ( 2 ) /  S C A L E ( 2 )
0 0  1 = 1 . N S P E C

3 = 4 * d - 1 ) + 3
V ( 3 )  =  1 0 . 0 0 * * ( 0 ( 3 1 / S C A L E ( 3 ) )
V ( 3 + 1 ) =  0 ( 3 + 1 ) / S C A L E ( 4 )
V ( 3 f 2 )  = 0 ( 3 f 2 ) / S C A L E ( 5 )
I F d . L T . N S P E C )  V ( 3 + 3 )  =  0 ( 3 + 3 ) / S C A L E ( B )

ENOOO
RE TUR N
END
S U B R O U T I N E  C O N V E R T ( N S P E C , V . 0 )

C
C S c a l e s  v a r i a b l e s  ( V )  t o  0  f o r  u s e  i n  m i n i m i s a t i o n
C r o u t i n e .
C

i m p l i c i t  r e a l  * 8  ( a - h , o - z )
COMMON / F I T 4 /  S C A L E ( G )
D I M E N S I O N  V ( 1 8 ) ,  0 ( 1 0 )
0 ( 1 1 = V ( 1 )  *  S C A L E ! 1 )
0 ( 2 )  =  V ( 2 )  *  S C A L E ( 2 )
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n o  1 = 1 , NSPEC
J =  4 * { I - 1 U 3
0 ( 3 )  = L 0 G 1 0 ( V ( 3 ) ) * S C A L E ( 3 )
0 1 3 + 1 )  = V ( 3 f 1 ) * S C A L E ( 4 )
0 ( 3 + 2 )  = V ( 3 + 2 ) * S C A L E ( 5 )
I F ( I . L T . N S P E C )  0 ( 3 + 3 )  = V ( 3 + 3 ) * S C A L E ( 8 )

ENOOO
RETURN
ENO
S U B R O U T I N E  F I T S I M ( V A R , N V A R , F I T )
I M P L I C I T  RE AL * 8  ( A - H , O - Z )

C
C F i t t i n g  r o u t i n e  w h i c h  c a l l s  F U N C T 1  a n d  FUN
C
C L O G I C A L  F I T  i s  t r u e  i f  f i t t i n g  r o u t i n e  u s e d
C f a l s e  f o r  a s i n g l e  s e t  o f  d a t a  t o  b e  t r i e d
C

L O G I C A L  F I T  
D I M E N S I O N  V A R ( N V A R )
D I M E N S I O N  W ( 2 0 0 0 ) ,  B U ( 1 8 ) ,  B L ( 1 8 ) ,  0 B U ( 1 8 ) ,  0 B L ( 1 8 ) ,  I W ( 2 0 )
COMMON / F I T S /  X ( 2 5 0 0 ) , Y ( 2 5 0 0 ) , Z ( 2 S 0 0 ) , N 0
COMMON / F I T 1 /  S T O T ( 2 5 0 0 ) , S C A L ( 2 5 0 0 , 4 ) , T E M P E ( 2 5 0 0 ) ,

1 S I N T ( 2 5 0 0 ) , OS < 2 5 0 0 ) . O S A L P H A ( 2 5 0 0 ) , A L P H A ( 2 5 0 0 , 4 )
2  , 0 A L P H A ( 2 5 0 0 . 4 ) , I N T E R

COMMON / F I T 2 /  O E L T ,  T M A X ( 4 ) , T M I N ( 4 ) . N S P E C  
E X T E R N A L  F U NC T 1

C
C S e t  u p p e r  a n d  l o w e r  b o u n d s .  Q B U . O B L  a r e  r e a l  v a l u e s
C

1 8 = 0
Q 8 L ( 1 1 = 0 . 0 0 0 1 0 0  
Q B U ( 1 ) = 5 . 0 0  
Q B L ( 2 ) = 1 . 0 - 6  
Q B U ( 2 ) = 1 . 0 0  
0 0  1 = 1 , NS PE C

3 =  4 * ( I - 1 )  ♦ 3  
Q 8 L ( 3 ) =  1 . 0 1  
Q B U ( 3 ) =  1 , 0 1 4  
Q 8 L ( 3 + 1 )  =  1 . 0 4  
Q B U ( 3 + 1 )  =  1 . 0 8  
Q 8 L ( 3 + 2 )  = 0 . 0 0  
Q B U ( 3 + 2 )  = 2 . 5 0 0  
Q 8 L ( 3 + 3 )  = 0 . 0 1  
Q B U ( 3 + 3 )  = 0 . 3 9

ENOOO
CA L L  C O N V E R T ( N S P E C , Q B U . B U )
C A L L  C O N V E R T ! N S P E C . Q 8 L . 8 L )
I F A I L  =  1
LW= N V A R * ( N V A R - 1 ) / 2  ♦  1 2 * N V A R  
L I W =  NVAR + 2

C
C M i n i m i s e  u s i n g  E 0 4 3 A F
C

I F  ( F I T )  TH EN
C A L L  E 0 4 3 A F ( N V A R . 1 8 . B L . B U , V A R . F . I W . L I W . W . L W . I F A I L )
I F  ( I F A I L  . N E .  0 ) T H E N

W R I T E ( * . ’ ( "  W a r n i n g :  I F A I L  =  "  , i 2 )  ' ) I F A I L
E N O I F

E L S E
C ALL F U N C T 1 ( N V A R . V A R , S I M F U N )
F = S I M F U N

E N O I F
RE TUR N
ENO
S U B R O U T I N E  F U N C T K N , V A R , S I M F U N )

C
C Sum o f  t h e  s q u a r e s  o f  t h e  e r r o r s  i n
C ( d S / d t  -  k ' S )  e x p e r i m e n t a l  a n d  c a l c u l a t e d  w h e r e
C S i s  t h e  a m p l i t u d e  o f  t h e  m a s s  s p e c t r o m e t e r  s i g n a l
C

I M P L I C I T  REAL * 8  ( A - H . O - Z )
COMMON / F I T S /  X ( 2 5 0 0 ) , Y ( 2 5 0 0 ) . Z ( 2 5 0 0 ) , NO 
COMMON / F I T 1 /  S T O T ( 2 5 0 0 ) , S C A L ( 2 5 0 0 , 4 ) . T E M P ( 2 5 0 0 ) ,

1 S I N T ( 2 5 0 0 ) , O S ( 2 5 0 0 ) , O S A L P H A ( 2 5 0 0 ) , A L P H A ( 2 5 0 0 , 4 )
2  , 0 A l . P H A ( 2 5 0 0 , 4 )  , I N T E R

COMMON / F I T 2 /  O E L T ,  T M A X ( 4 ) ,  T M I N ( 4 ) , NS PE C  
D I M E N S I O N  V A R ( N ) , V ( 1 8 ) , Q ( 1 8 )

P A R A M E T E R ( R = 8 . 3 1 4 3 0 0 )
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GOL = L O G M O . O O )
S I M F U N = 1 . 0 2 0

C
C R e s t o r e  s c a l e d  v a r i a b l e s
C

DO 1 = 1 , N
Q ( I ) = V A R ( I )

ENOOO
C A L L  R E S T O R E ( N S P E C , V , Q )

C
C S e t  i n i t i a l  a l p h a ' s  f o r  e a c h  s p e c i e s
C

N S P E C 1 = N S P E C - 1  
I N T I  = I N T E R  - 1  
I F I N S P E C  . G T .  D T H E N  

X T = 0 . 0 0  
DO 3 = 1 , N S P E C 1

A L P H A ! 1 , J )  = V ( 4 * ( J - 1 ) + G )
XT = X T  + AL PHA 1 1 . 3 )

ENOOO
I F  ( X T  . G T .  1 . 1 0 0 )  RE TUR N
A L P H A ! 1 . N S P E C )  =  M A X ( O . D O , 1 . D O - X T )

E L S E
A L P H A ( 1 , 1 ) =  1 . 0 0  
E N O I F

C
C L o o p  o v e r  i n t e r p o l a t e d  d a t a  p o i n t s
C

S I M F U N = 0 . 0 0  
0 0  1 = 1 , I N T I

C
C E x p e r i m e n t a l  f u n c t i o n  SF N
C ( d S / d t  -  k ' S )

C
S F N  = O S ( I )  + V ( 2 ) * S I N T ( I )

C
C C a l c u l a t e d  f u n c t i o n  i s  D S A L P H A  /  V ( 1 )
C

D S A L P H A ! I ) =  O . D O  
0 0  3 =  1 . NS P E C

C C a l c u l a t e  i n c r e m e n t  i n  a l p h a  ( D A L P H A )
C f o r  t m i n < T < t m a x  a n d  a l p h a > 1 . e 6
C

I F  ( T E M P ! I )  . L T .  T M A X ( 3 )  . A N D .  T E M P ! I )  . G T .
1 T M I N ( 3 )  . A N D .  A L P H A ! I , 3 )  . G T .  1 . 0 - 6 )  THEN

3 F 0 U R  = 4 * ( 3 - 1 )
D A L P H A ( I , 3 ) =  - V ! 3 F 0 U R + 3 ) * E X P ( - V ( 3 F 0 U R + 4 ) 

1 / ( R * T E M P ( I ) ) ) *  A L P H A ( I , 3 ) * * V ( 3 F 0 U R + 5 )
E L S E

D A L P H A ! 1 , 3 )  =  0 . 0 0
E N O I F
A L P H A ( I + 1 , 3 )  =  A L P H A ! I , 3 )  + D A L P H A ( I . 3 ) * D E L T  
O S A L P H A ! I )  = O S A L P H A ! I )  + D A L P H A ( I , 3 )

ENOOO
S I M F U N  =  S I M F U N  + ( - D S A L P H A ( I ) / V ( 1 )  -  S F N ) * * 2  
F = S I M F U N

ENOOO
S I M F U N  = S O R T ( S I M F U N / F L O A T ! I N T I ) )
R E T UR N
ENO

S U B R O U T I N E  I N T E R P O L  
I M P L I C I T  RE AL * 8  ( A - H , O - Z )

C
C I n t e r p o l a t e s  I N T E R  v a l u e s  o f  S a n d  TE MP t h r o u g h
C e x p e r i m e n t a l  v a l u e s
C I f  I N T E R  =  NO t h e n  j u s t  c o p y  o v e r  v a l u e s  f r o m
C X , Z  t o  S I N T  a n d  TEMPE
C

COMMON / F I T S /  X ( 2 5 0 0 ) , Y ( 2 5 0 0 ) , Z ( 2 5 0 0 ) . N O
COMMON / F I T 1 /  S T 0 T ( 2 5 0 0 ) , S C A L ( 2 S 0 0 . 4 ) . T E M P E ! 2 5 0 0 ) ,

1 S I N T ( 2 5 0 0 ) . 0 S ( 2 5 0 0 ) , O S A L P H A ! 2 5 0 0 ) , A L P H A ( 2 5 0 0 , 4 )
2  , 0 A L P H A ( 2 5 0 0 , 4 ) , I N T E R

COMMON / F I T 2 /  O E L T ,  T M A X ( 4 ) ,  T M I N ( 4 ) ,  N S P E C  
D I M E N S I O N  W K ( G I G ) , S P L I N E ( 1 0 4 ) ,  S P L I N E 2 ! 1 0 4 )  

n = n d
I F  ( I N T E R  . G T .  NO)  THEN

C
C C a l c u l a t e  s p l i n e  f o r  S I N T
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I F A I L  = 0

C A L L  E 0 1 B A F I N . Y . X . S P L I N E . S P L I N E 2 , 1 0 4 , W K . G 1 6 . I F A I L )  
T I M E = Y ( 1)
S I N T ( 1 ) = X ( 1 )
S I N K  I N T E R ) = X ( N )
I N T R = I N T E R - 1  
0 0  1 = 2 , I N T R

T I M E  = T I M E  + O E L T
C A L L  E 0 2 8 8 F I N + 4 , S P L I N E , S P L I N E 2 , T I M E , S I N T ( I ) .

1 I F A I L )
ENOOO

C

C No w f o r  t e m p e r a t u r e
C

CALL E O l B A F ( N , Y , Z , S P L I N E , S P L I N E 2 , 1 0 4 , W K , 6 1 6 , I F A I L )
T E M P E ( 1 )  = Z ( 1 )
T E M P E I I N T E R ) = Z ( N )
T I M E = Y ( 1 )
0 0  1 = 2 , I N T R

T I M E  = T I M E  + O E L T
CALL E 0 2 B B F ( N + 4 , S P L I N E , S P L I N E 2 . T I M E , T E M P C ( I ) .

1 I F A I L )
ENOOO

E L S E
DO 1 = 1 , I N T E R

T E M P E I I )  = Z ( I )
S I N T d )  = X d )

ENOOO
E N O I F
R E T U R N
ENO
F U N C T I O N  I N E A R d . T E X P T , T I N T E R )
I M P L I C I T  R E A L  * 8  ( A - H , O - Z )

COMMON / F I T 2 /  O E L T ,  T M A X I 4 ) , T M I N I 4 ) , N S P E C  
I N E A R  = I
I F  ( A B S ( T E X P T - T I N T E R )  . L T .  O E L T / 2 . 0 0 )  RE T U R N  

I N E A R  = 1 - 1  
R E T U R N  
ENO
S U B R O U T I N E  C A L C U R V E ( V . N V . S I G M A )

C a l c u l a t e s  t h e  m a s s  s p e c  a m p l i t u d e  v s  t i m e  c u r v e  
g i v e n  t h e  o p t i m i s e d  v a l u e s  o f  t h e  v a r i a b l e s  V ( N V ) .

S C A L ( d a  t a , s p e c i e s ) a r e  t h e  i n d i v i d u a l  v a l u e s  
S T O T ( d a t a )  a r e  t h e  s u mme d  v a l u e s  t o  b e  c o m p a r e d  w i t h  t h e  

e x p e r i m e n t a l  v a l u e s  ( S I N T ) .
S I G M A  i s  t h e  d e v i a t i o n  o f  t h e s e  v a l u e s .

I M P L I C I T  RE A L  * 8  ( A - H . O - Z )
COMMON / F I T 1 /  S T O T ( 2 5 0 0 ) , S C A L ( 2 5 0 0 , 4 ) , T E M P E ( 2 5 0 0 ) .

1 S I N T ( 2 5 0 0 ) , O S ( 2 5 0 0 ) , O S A L P H A ( 2 5 0 0 ) . A L P H A ( 2 5 0 0 , 4 )
2  , O A L P H A ( 2 5 0 0 . 4 ) , I N T E R

COMMON / F I T 2 /  O E L T .  T M A X ( 4 ) ,  T M I N ( 4 ) .  N S P E C  
D I M E N S I O N  V ( N V )
I N T I  = I N T E R - 1  
0 I N T 1  = I N T I  
S U M = 0 . 0 0  
S T O K  1 ) = 0 . 0 0

C
C I n i t i a l i s e  c a l c u l a t e d  p o i n t s
C

0 0  3 = 1 , N S P E C
S C A L I 1 , 3 ) = 0 . 0 0

ENOOO
0 0  1 = 1 , I N T I

S T O T I 1 + 1 ) = 0 . 0 0  
0 0  3 = 1 , N S P E C

S C A L I  1 + 1 , 3 )  = S C A L ( I , 3 )  -  D A L P H A ( I , 3 ) / V ( 1 ) * D E L T  
1 -  S C A L I 1 , J ) * V ( 2 ) * 0 E L T

S C A L ( I + 1 , 3 ) = M A X ( S C A L ( 1 + 1 , 3 ) , 0 . 0 0 )
S T O K  1 + 1 ) = S T O T I I  + 1)  + S C A L d  + 1 . 3 )

ENOOO
SUM = SUM + ( S T O T d  + 1 )  -  S I  NT ( I +1 ) ) * * 2

ENOOO
S I G M A  = S O R T ( S U M / D I N T  1)
R E T U R N
END
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Some o f  the data consulted in order  to assign XRD peaks

La d 3 . 0 6 , 1.60x 1.89,

2 0 29 .19 57.62 48 .15

La d 3 . 0 4 * 1 .6 0 * 2 . 8 6 ,

2 0 29 .38 57.62 31 .28

La d 3 . 2 3 , 2 . 8 6 7 2.27

%) 27.62 32 .2 8 39.71

LagCOj^gO d 2 . 6 5 , 2 . B x 2.45,

20 33.83 34 .78 36 .68

LagOg d 2 . 9 8 , 1 . 9 7 5 2.28,

20 29.99 4 6 .08 39.53

LagOg d 3.27^ 2 .OO4 2 .83

20 27 .28 45 .35 31 .62

LagOs d 2.91x 2.89% 1.92

20 30.73 30.95 47.35

La2 Û2 S2 d 1 . 7 3 4 2 . 9 7 3 3 .0 5

20 52 .93 30 .09 29 .2 8

La(N0 3 ) 3 . 6 H20 d 6.70x 5.99,

2 0 13.22 18.84 14.79

LaCo03 d 2 '71x 2 . 6 8 x 1 .9 V

2 0 33.01 33 .44 47.61

La2 (S0 ^ ) 3 d 6 . 5 0 , 2 . 617 2.65

2 0 13.62 34 .36 33.83

^ ^ 1 . 7 5 - 1 . 8 0 d 2 . 3 7 , 2.038 2 .90

20  37.97 44 .64 30.84

3 3 " 3  2
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La^Ss d 3.55x 3.52g 2.64g

20 25.09 25.30 33.96

.94 d 2 . 3 8 , 2.93g 2.75y

20 37.80 30.51 32.56

d 3 . 5 9 , 3.52g 2.55y

20 24.80 25 .30 35 .20

d 3 .12x 1.91y 1 . 4 4 5 2.306 1 . 8 2 ; 1 . 7 6 5 1 . 7 4 4 I . H 4

20 28.61 80.77 64 .74 39.17 50.13 51.96 52.60 85.11

LagOgS d 3.12x 2.02g 3.46y 2.46y 3 . 4 9 5 1 . 9 2 5 2.30g 6.911

20 28.61 44 .8 8 25 .75 36.53 25.53 47 .35 39.17 12.81

La^SrOy d 3.10x 3.05s 2 .99x 3 . 4 I 5 1 . 9 9 4 2 .284 2 . 3 0 ] 1 . 9 5 3

20 28 .80 29 .28 29.89 26 .14 45.59 39 .53 39.17 46 .58

‘-^2^‘"2^5 d 3.11x 3 .02x 2 .44g 3 . I 65 2 .324 1 . 6 6 4 2 . 9O3 2 . 6 I 3

20 28.71 29 .58 36 .84 28 .24 38.82 55.35 30 .84 34 .36

SrOg d 3.13g 2 . 0 0 ; 2 .52x 1.87x 3 . 3O4 1.294 1 . 5 7 3 1 . 5 5 3

20 28.52 45.35 35 .63 48 .7 0 27 .02 73.41 58.82 59.66

SrOg d 2.52x 3.13g 2 .OO5

20 36 .63 28.52 45.35

Sr(N03)2 d 4 .48x 2.35y 2.25%

20 19.82 38 .30 40 .08

SrSgOy d 3.46x 3.198 2.91g

20 25 .75 27.97 30.73

SrSO, d 3 .62x 2.544 2.17^

20 24 .59 35.34 41 .62
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SrSsO^O d 3 '46x 3 .27x 3,.19,

20 25 .75 27 .28 27 .97

SrSO^ d 2 ,"S'x 3 . 3 0 , 2 ..73,

20 30 .09 27.02 32 .81

SrS d 3 'Olx 2 . 1 3 5 3 .48

20 29 . 6 8 42.44 25 .60

SrS d 2 . 1 3 5 3 . 4 8 , 3 . 0 1 ;

20 42 .44 25 .60 29 . 6 8

Co d 2 '05x 1 . 7 7 4 1 .25

20 22 .09 25.82 38 .08

CO2O3 d 2
8 ?x 2.33x 1 .78

20 31 .17 28.65 51 .33

CO2O3 d 1 2 . 8 7 , 2 .33

20 51 .33 31.17 38 .65

CofNOgjg d 4 29x 3 . 3 2 5 2 .23

20 20 .71 26.85 40 .45

CotNOg);. .GHgO d 5 82x 3 .28x 3 .15

20 15 . 2 2 27.19 28 .34

CofNOgjg..SHgO d 4 .60x 3 .29g 2 .19

20 19 .30 27.11 41 .23

CoS].097 d 1 '93x 1 . 6 8 5 2 .52

20 47 .0 8 /9 5 4 .6 3 35 .69

CoS] .035 d 1 '9Sx 1 . 6 9 4 2 .93

20 46 .57 54 .28 30 .51
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CoSg d 2.75x 2 .466 1 . 6 6 5

20 32.61 3 6 . 5 2 / 3 5 5 . 3 4

CO3 S 4 d 2.83
X

1 .6 7 q 2.36y

20 31.67 54 .98 38 .13

CoSO^ d 3 .53
X

2 j U y 2.65y

20 25 .23 34 .36 33 .83

C o S O q . / H g O d 4 . 8 7 x 3 . 7 6 s 4 .826

20 18.22 23 .6 6 18.41

C0 SO4 . 4 H2 O d 4 . 4 6 , 5 .44g 3 . 9 4 5

20 19.91 16 .29 2 2 .5 7

CoSO^.GHgO d 4 . 3 8 , 4 . 0 2 5 5 . 4 5 3

20 2 0 .27 2 2 . 1 1 16.26

CO4 S3 d 1 . 8 1 x 1 ^ 8 5 4 .O83

20 50 .42 4 5 .8 3 2 1 . 8

CO4 S 3 d 1.76x 2 .9 9y 2.28y l . O l x I .9 I7 I.3O7 1.24y 1.15y

20 51 .96 2 9 .88 3 9 .52 9 9 .52 47 .62 72 .7 5 76.89 8 4 .2 0

CO4 S3 d 1 .7 6x 1.69g 1 . 9 4 x l.Olg 1 . 0 3 x 1.27g 1 . 12 g 2.54%

20 51.96 54 .29 J6.83 99 .52 96 .93 74 .76 87.01 35 .34

CO4 S3 d 1.69g 1 . 9 4 x 1 . 7 6 x l.Olg 1 . 0 3 x l . 27g 1 . 1 2 g 2.54%

20 54 .29 4 6 .8 3 51 .9 6 99 .52 96 .9 3 74 .76 87.01 35 .34

(C o ,F e ,N i )g S g d 1.76x 1 ^ 2g 3.01x 5 . 7 5 5 2 . 8 8 5 1 . 0 2 5 2 . 2 9 5 I . 3 O5

20 51 .96 4 7 .3 5 14 .84 15.41 31 .06 9 8 .20 39 .3 5 72.75

d 1.76x 3.00% 1.9 1s l . O l g 1.29% 1.15% 1.04% 2.28y

2q 51 .96 29 .78 47.61 99 .5 2 73.41 84 .20 95 .69 39 .53

cogSe d 1.76x 2 .996 1.92g l . O l x 1 . 2 9 4 1 . 2 4 4 1 . 1 6 4 1 . 0 4 4

2 0 51 .9 6 29 .8 9 47 .35 99 .52 73.41 76.89 8 4 .2 0 95 .69

A1 d 2.34x 2 . 0 2 5 1 . 2 2 g

20 3 8 .4 8 4 4 .8 8 78.39
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