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I n t e r a c t i o n s  of gaseous NO and SO2 with A1203, S i 0 2 ,  and i r o n  deposi ted  on SiOz 

were ca r r i ed  o u t . a t  temperatures 298, 473, and 673K. X-ray photoelec t ron 

spectroscopy ( X P S )  was used i n  t h e  a n a l y s i s .  P u r e  A l i O s  and s ib r '  d id  not '  show 

any reac t ion  w i t h  e i t h e r  NO o r  'so2 a t  .any of  the. t h r e e  temperatures .  . I ron '  was" 

depos.ited on SiOz i n ' t h e  m e t a l l i c  s t a t e .  . Both gases  i n t e r a c t e d  wi th  t h e  

Fe/Si02 system. I n t e r a c t i o n  increased wi th  i n c r e a s i n g  i r o n  d e p o s i t i o n .  Two 

forms o f .  n i t rogen  were ohserved :when' NO was exposed t o  t h e  tFe/Si02 system a t  

2 9 ' 8 ~ .  They were i d e h t i f i e d  a s  n i t r i d e  and molecula i ly  adsorbed NO. A t  473K; 

t h e  amount o f , n i t r i d e  increased while molecular ly  adsorbed NO was no t  observed. 

Neither  form of n i t rogen  was observed a t  673K: Two forins of s u l f u r ,  s u l f a t e  

and s u l f i d e ,  were observed a t  298K on, t h e .  S02/Fe/Si02 system. . ~ t  473K, amount 

of s u l f i d e  inc leased  'whi le  t h e  amount of . s u l f a t e  .decreased.' . N e i t h e r  f o b  of . 

s u l f u r  was observed a t  :673K.', : . . 

. . 
.. ' 
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INTRODUCTION 

Various gases like NO and SO2 are produced during the coal combustion process. 

The removal of these corrosive gases from the combustion stream is very impox- 

tant. In order to understand the combustion stream, .it is necessary to under- 

st,znd the reactions which occur between these pollutant gases and the consti- 

tuents which would typically be found in ash, such as alumina, silica, and 

iron. 

The purpose of this work.was to investigate the,interactions between gaseous NO 

and.S02 with A1203, .Si02, and iron deposited on a single crystal surface. of 

Si02 using X-ray 'photoelectron spectroscopy (XPS). The exposure levels were on 

the order of several Langmuirs (1L = Torr-sec) for the single. crystal 

samples, sand the results are thought to be representative of the early stages 

of the reaction. Based'on the results, reaction mechanisms have been deduced. 

Various workers (1-6) have studied the adsorption of SO2 on alumina and silica. 

Physisoqtion of SO2 was f ~ w d  in most cases, and' chemisorpti.on of Sni! was 

found on the y-alumina ( 4 , 5 ) .  1nt;ractions of NO with silica and alumina have 

also been investigated (7-14). Chemisorption of NO on silica was found only at 

200 and 273K. Only physisorption was reported in the other systems. 

However, none of the studies have dealt with.the adsorption NO or SO2 at low 

coverages in a flow system using XPS. The reactions have also not been inves- 

tigated at. elevated temperatures. 



Only a  few s t u d i e s  a r e  r e p o r t e d  on NO and SO>' i n t e r a c t i o n  w i t h  i r o n .  None of 

t h e  work i s  r epo r t ed  on t h e  i n t e r a c t i o n  of  NO and SO2 w i t h  i r o n  depos i t ed  on 

s i l i c a .  Bl.ydholder and' Cagle (17) demonstrated t h e  fo rma t ion  o f  -an SO4 s p e c i e s  

on i r o n  'by i n f r a r e d  spec t roscopy. .  . The i n t e r a c t i o h  o f  SO2 w i , t h  a h  i k o n .  f i l m  

evapora ted  onto  a  sample probe  was i n v e s t i g a t e d  by  Furuyama, e t .  a 1  (18),  a t  80 

and 300K by XPS. The fo rma t ion  o f  s u l f a t e  and s u l f i d e  were observed.  A photo-  

e l e c t r o n  s p e c t r o s c o p i c  o b s e r v a t i o n  of  i r o n  s u r f a c e s  exposed t o  NO a t  200 t o r r  

a n d  1 .atm was c a r r i e d  o u t  by Honda. a n d  ~ i r o k a w a  (19) a t .  2733.. The fo rma t ion  o f  

N, NO, NO2, and NO3 was observed on t h e  s u r f a c e .  I n f r a r e d  s p e c t r o s c o p i c  . . 

+ 
s t u d i e s  (20,21) i n d i c a t e d  t h e  formation of  NO on t h e  i.rori s u r f a c e .  The ' i n t e r -  

a c t i o n ' o f  NO a t  5-20 T o r r  w i t h  i r o n  evapora ted  on to  s t a i n l e s s ' s ' t e e l  was . 

. s tudied by Kosaku and Ikeda (22).  However, t h e  r e a c t i o n s  o f  NO on  Fe o r  S02/Fe 

have n o t  been c a r r i e d  o u t  a t  ' e leva ted .  tempera tures  o r  a t  low p r e s s u r e s .  



EXPERIMENTAL 

The XPS s p e c t r a  were recorded with a Vacuum Generators ESCA 3 spec t romete r .  

This  system consis ted  of s e p a r a t e l y  pumped, l i q u i d  n i t rogen  t r apped ,  spec- 

t romete r ,  and sample p repara t ion  chambers which r o u t i n e l y  opera ted  i n : t h e  p res - .  

-9 
s u r e  .range of 10 -10-lo. Torr .  The spectrometer  was operated i n  t h e  r e t a r d -  , 

i n g  mode wi th  a pass  energy of 50 eV.and a s l i t  width of 4 mm. The p reparae ion  

chamber was equipped wi th  a heated sample probe,  an  A r  i o n  e t c h  gun f o r  sample 

c lean ing ,  and an  evaporator  f o r  i r o n  evaporat ion.  The i r o n  evapora to r  c6nsists 

of a tungs ten  basket  around which s t r i p s  of t h i n  i ron .  f o i l  i s  wrapped. Evapora-. 

t i o n s  were c a r r i e d  ou t  us ing r e s i s t i v e  hea t ing .  Sample.charging occurs  on S i02  

dur ing  XPS a n a l y s i s  because it i s  a n  i n s u l a t o r .  Therefore,  t h e  charge c o r r e c - '  

t i o n  on Si02 was done by assuming t h e  b inding energy of Si(2p) t o  be 103.7.eV. , 

This  v a l u e  was e s t a b l i s h e d  by , taking C ( ' s )  peak t o  be  284.6 eV. 

The A1203 and S i02  s i n g l e  c r y s t a l s  i n  t h e s e  experiments were ob ta ined  from 

Atomergic Chemical Corporation. The A1203 s i n g l e  c r y s t a l s  were c u t  t o  produce 

a 1 mm x 10 m x 1O.mm sample wi th  a (111) surface .  The Si02 s i a g l e  c r y s t a l s  

were c u t . t o  produce a 1 mm x 10 mm x 10 mm sample wi th  a (001) surfacP.  The 

samples were r insed  wi th  acetone and were cleaned f u r t h e r  by A r  e t ch ing .  

Carbon on t h e  s u r f a c e  was n e g l i g i b l e  a f t e r  1/2-hour of  A r  e t c h i n g .  

A f t e r  c leaning t h e  c r y s t a l s ,  high p u r i t y  NO o r  SO2 (both supplie'd by Matheson) 

were t r a n s f e r r e d  from a gas manifold t o  t h e  p repara t ion  chamber us ing  a Varian 

l e a k  v a l v e  located  on t h e  p repara t ion  chamber. Gas exposures were c a r r i e d  o u t  



at 298, 473, and 6733. During t h e  e iposurei  the gases  flowed cont inuous ly  over 

t h e  sample. 



RESULTS AND DISCUSSION 

Section I: NO and SO2 Exposures of A1203 and SiOz 

Aft-er exposing t h e  Si02 sur face  t o  50L of SO2 a t  298, 473, and 673K, no s u l f u r  

peak was detected i n  t he  binding energy reginn 164 eV t o  194 eV. Thuc, SOz d i d  

no t  chemisorb on Si02 a t  298, 473, and 673K. This was i n  agreement with Galan 

and Smith (3) and Allen and Burevsk (4) i n  which it was found t h a t  the  SO2 i s  

only physical ly  adsorbed on Si02. 

S imi la r ly ,  s u l f u r  peaks were not  observed on A1203 when it was exposed t o  50L 

of SO2 a t  298, 473, and 673K. This was contradictory t o  the  observations made 

by Allen and Burevski (4) and Deo e t  al.. (5), i n  which it was found that.SOz 

was chemically adsorbed onto A1203. 

When both A1203 and Si02 were exposed t o  500L of NO, no ni t rogen peak was 

detected i n  the  binding energy region 388.0 t o  418.0 eV a t  298, 473, and 673K. 

Therefore, NO also did no t  chemisorb o p  S i 0 2  and AI2O3. These r e s u l t s  ore i n  

agreement with t he  r e s u l t s  of Brown and Hal l  (7) i n  which they observed revers i -  

b l e  adsorption of NO on alumina. 

Sect ion 11: Deposition of  I ron  on S i l i c a  

The amount of i ron  deposi t ion on s i l i c a  was var ied by changing the  time of 

evaporation. The i n t e n s i t y  of the  i ron  peak was used a s  a measure of t he  

amount of i ron  present  on Si02 surface.  P lo t  o< i n t e n s i t y  r a t i o  of t he  i ron  



peak t o  s i l i c o n  peak versus  t h e  evaporat ion time a r e  shown i n  F i g u r e  1. It i s  

c l e a r  t h a t  t h e  i n t e n s i t y  of t h e  i r o n  peak increased wi th  i n c r e a s i n g  evaporat ion 

time. The binding energies  and t h e  h a l f  width values  of i r o n  peak a r e  l i s t e d  

i n  Table 1. The binding energ ies  showed l i t t l e  v a r i a t i o n  dur ing  t h e  evapora- 

t i o n  t imes of 0 t o  10 minutes. The h a l f  width of 3.4 eV i n d i c a t e d - ' t h a t  only  

one form of i r o n  was p r e s e n t  on t h e  SiOz system. I n  o rder  t o  i d e n t i f y k t h e  form' 

of  i r o n  on Si02,  t h e  b inding energ ies  were compared wi th  s tandard  com- . . 
pounds. . The. binding energy of Fe(.2p) peak on .Si02 was c l o s e s t  t o  t h e  value of 

t h e  m e t a l l i c  form an an etched i r o n  f o i l  a s  shown i n  Table 1. The binding 

energy of i r o n  on SiOz a l s o  compared w e l l  with t h e  binding energy o f  mevtallic 

i r o n  repor ted  i n  t h e  l i t e r a t u r e  (23). Therefore,  i r o n  d id '  n o t  i n t e r a c t  wi th  

SiOz and was deposited o n ' t h e  Si02 i n  t h e  . m e t a l l i c  form (FeO) f o r  a i l  of  t h e  

evaporat ion times. The s e p a r a t i o n  between Fe (2p 3/2) and Fe (2p 1/2) d i d  not 

.give a c l e a r  d i s t i n c t i o n  between d i f f e r e n t  Fe s t a t e s  a s  shown i n  Table 1. 

Sec t ion  111: I n t e r a c t i o n ' o f  NO wi th  I r o n  Deposited on S i l i c a  

Although NO d id  not  r e a c t  wi th  pure  s i l i c a  when NO was in t roduced t o  t h e  i r o n  

on t h e  s i l i c a ' s y s t e m  . . a t  298K,,two forms of n i t rogen  were observed a s  shown i n  
. . 

- .. 
' F igure  2. The major' n i t rogen  peak appeared arbund 396.7 e V ,  whi le  t h e  second 

peak appeared around 400.6 eV. The Fe '(2p 3/2) peak, both  b e f o r e  and a f t e r  t h e  

NO exposure, a r e  shown i n  Figure  3. Before exposure t o  NO, t h e  i r o n  peak was 

narrow and had a h a l f  width equal  t o  3.5 e V ,  b u t  a f t e r  t h e  exposure t h e  h a l f '  

width increased t o  6.7 eV. Since  t h e  broadening of t h e  Fe peak occurred on t h e  

h igh binding energy 's ide,  it was  p o s i i b l e  t h a t  i r o n  ."as. oxidized t o  F ~ + Z  o r  

, ~ e + ~  s t a t e  during t h e  NO exposures. The oxygen peak of  Si02 appeared around 

532 e V .  Af te r  t h e  NO exposures, a , s e c o n d  oxygen peak appeared around 530 eV.  



Fe EXPOSURE TIME (Minl 

Figure 1 

Fe/Si as a Function of Fe Exposure ,Time 



Binding ~ n e r ~ i k s  of Iirdn cifi SiOz is d ~drictidii of ~ x ~ o s i i r e ~  Time 

Exposure Time Binding Energy Separation Between Width at Half 
(Minutes) of iron (eV) Fe 2P 3/2 and 2P 1/2 ~aximum (eV) 

standards 

1 F ~ S O ~  
713.4 i3.0 

Unetched Fe Foil 711.6 . 13.5 
\ Etched $e Foil 708.5 13.3 

FeS 713.4 i3.0 



Figure 2 

N(1S) Peaks for Reaction of NO with Fe/SiOZ 



Figure 3 

Fe(2P 3/2) Peaks as a  unction of NO Exposures on S i 0 2  



The changes i n  the  binding energ ies  and i n t e n s i t i e s  o f  i r o n  and oxygen peaks a s  

a  f w c t i o n  of NO exposures a r e  f u r t h e r  i l l u s t r a r e d  i n  Tables 2 and 3. 

The i n t e n s i t i e s  of t h e  major n i t r o g e n  peak a t  396.7 eV versus  exposures a r e  

shown i n  F igure  4.  The i n t e n s i t y  reached a  s a t u r a t i o n  value  r a p i d l y  wi th  

i n c r e a s i n g  exposures. F e n  t h e  Fe/Si  r a t i o  was increased from 0.27 t p  2.46, 

t h e r e  was a  s i g n i f i c a n t  i n c r e a s e  i n  n i t r o g e n  i n t e n s i t y .  However, ' the  n i t r o g e n  
1. 

i n t e n s i t y  d i d  not  change when t h e  Fe/Si  r a t i o  was increased t o  00. Thus, 

I . , - - , !  d e p o s i t i o n  of  i r o n  on Si02 enhanced t h e  adsorpt ion of NO. The i n t e n s i t y  of t h e  
I - 

second n i t r o g e n  peak a6  bindiqg energy of 400.6 eV d id  no t  c h a n g e w i t h  inc reas -  1 

i n g  Fe /S i  r a t i o  a s  shown i n  F igure  5. 

observed a t  396.7 e V .  The p l o t  of  i n t e n s i t y  of n i t rogen  ve rsus  exposure a t  I .  
473K i s  shown i n  Figure  6. S i m i l a r  t o  t h e  r e s u l t s  a t  298K t h e r e  was an 

'T 
. I When t h e  r e a c t i o n  was c a r r i e d  o u t  a t  473K, only one form of  n i t r o g e n  was 

i n c r e a s e  i n  n i t rogen  i n t e n s i t y  wi th  inc reas ing  Fe/Si ra t io . '  The n i t r o g e n  

, 

i n t e n s i t y  was a l s o  h igher  a t  473K than  a t  298K. When t h e  r e a c t i o n  was c a r r i e d  

o u t  a t  673K, no n i t rogen  peaks were observed i n  t h e  binding energy range 388 e V  

t o  418 eV. The binding energ ies  o  t h e  n i t rogen  peaks a t  d i f f e r e n t  exposures 

are l i s t e d  i n  Table 4. 

The p l o t s  of n i t rogen i n t e n s i t y  ve r sus  exposure a t  both 298 and 473K were - 

s i m i l a r  t o  Langmuir adsorpt ion isotherms (24). Therefore,  t h e  Langmuir equa- 

t i o n ,  s t a t e d  i n  equation [ I ] ,  was used t o  c a l c u l a t e  t h e  f l i t ragen i a t e h s i t y  

(In) corresponding t o  a  monolayer. The number of n i t rogen  atoms p r e s e n t  a t  

N monolayer coverage ($) was c a l c u l a t e d  using equation [Z]. The number o f  



TABLE 2 

  in din^ Energies and Intensities of Iron Peak 
as a Function of NO . ~ x ~ o s u r e s  on Fe/SiO, 

- -  - 

* $d = Width at .half maximum; 



TABLE 3 

Binding '~ner~ies. and ~ntensities of Oxygen. Peak 
ad a Function of NO Exposures on Fe/Si02 



EXPOSURE (LANGMUIR)  

. 3  . . . .  Figure 4 
. .: . 

. :a . 

Intensity of .N.(IS)Peak at B.E. 396.7 eVas a Function 
of NO Exposures on Pe/Si02 at 298K (25'C) 





EXPOSURE (fANGMUIR) 

Figure  6 
. . .  

Intensity o f  N(1S) Peak at B.E. 396.7 eV as a Function 
of NO Exposures of Fe/Si'02 at 473 K (200°C) 



TABLE 4 

Binding Energies of Nitrogen Peaks a t  Different 
Exposures on Fe/Si02 



monolayers of i ron  (NFe) deposited on. the .  SiOp system were ca lcu la ted  using 

equation 1 3 1 .    he values o f  'I,.- A[, dnd NTe a r e ' l i s t e d  i n  Table 5. M ' 

. . 
Where P = Exposure 

. . 
. . 

b. = Constant 

I = In t ens i t y  of t h e  N peak 
. . 

where IN = In t ens i t y  of n i t rogen  peak 

IFe = In t ens i t y  of Fe peak 

% = ~ h o t o e l ~ c t r o n  c ross  s ec t i on  of N 

a =. ~ho toe l ' e c t ron  c ross  s ec t i on  of Fe Fe 

UFe '= ~ b m b ~ r  of i r o n  atoms 

.A . N Cos @ NFe - ' ~ i  SI o  - . - ' ~ e  
a M 
Fe S i  IS i 



N 
I,, Apl and N~~ Values fo'r NO Exposures on Fe/Si02 

N A, x 10 15 ,No. of Atoms 
1, -- 



m e r e  4Si = Photo e l e c t r o n  c r o s s  s e c t i o n  o f  Si 

"= = ~ h ~ t o  e l e c t r o n  c r o s s  s ,ec t ion of Fe 

hi = Fean free gat)! pf Si 

N, = . ~ v a ~ a d r q '  . s i .  N y b e r  
. . 

IFe = I n t e n s i t y  o f  i r o n  peak 

Isi = I n t e n s i t y  o f  S i  peak a t  zero Fe coverage 

HSi = Molecular weight  . , .of S i  

I n  o r d e r  t o  i d e n t i f y  t h e  form' of n i t rogen  p r e s e n t  on t h e  Fe/Si02 system, t h e  

b inding energies  were compared wi th  standard compounds a s  shown i n  Table 6. 

The n i t rogen  peak a t  396.7 e V  compared wel l  wi th  t h e  n i t r i d e  b inding energy. 

i The second oxygen peak which appeared a f t e r  t h e  exposure p f  NO on t h e  Fe/SiO, 

.system a l s o  'compared w e l l  w i th  molec'ularly adsqrbed oxygen. I t  wks p o s s i b l e  

t h a t  NO d i s soc ia ted  on t h e  Fe/Si02 system t o  form i r o n  n i t r i d e .  S i m i l a r  d i s -  

s o c i a t i o n  of NO on o t h e r  group V I I I .  elements inc lud ing ,  Plat inum, ~ i c k e l ,  and 
, . 

Palladium was observed by previous  workers (25-29). This  d i s s o c i a t i o n  r e a c t i o n  

was enhanced by inc reas ing  i r o n  on SiOE s i n c e  t h e r e ' w a s  a n  i n c r e a s e  i n  n i t rogen 

i n t e n s i t y  with inc reas ing  i r o n  deposi t ion .  



TABLE 6 

Binding Energies of N(1S) Peak 
for Standard Compounds . .  , -, . . .  

Compound BE (eV) , .  
. t 

Nitrates 407.0-408.0 (Brundle, 1976) 
.- ., . .. . .  , r 

. . 

Fe4N + FezN 397.4 

Nitride 396.5-398.5 [Brundle, 1976) 

Pt -- NO (~olec) 401 - 0  (Bronzel, et al., 1976) 

Ni -- NO (Molec) 399.9 (Bronzel, 1976) 
. . . . : .  

Nitrosyl 400-403 (Brundle, 1976) 

Nitrite 404-405 (Brundle, 1976) 

NO/Fe/Si02 396.7 



When t h e  reac t ion  was c a r r i e d  o u t  a t  473K, t h e r e  was an i n c r e a s e  i n  t h e  in tens -  

i t y  of n i t rogen a t  396.7 eV. Thus, t h e  d i s s o c i a t i o n  r e a c t i o n  was enhanced by 

i n c r e a s i n g  t h e  temperature t o  473K. When t h e  temperature was increased to' 

673K, no ni t rogen was observed; however, adsorbed oxygen was s t i l i . o b s e r v e d .  

; I t  i s  p o s s i b l e  t h a t  adsorbed n i t rogen  recombined t o f o r m  N2 and desorbed from 

t h e  s u r f a c e  a t  673K. Analys is  of  t h e  desorbed pro'ducts would be necessary  t o  

v e r i f y  t h e  reaction.mechanism. 

The second form of n i t r o g e n  observed a t  298K compared w e l l  w i th  t h e  'molecularly 
. : .  

.adsorbed NO. 'Since t h i s  fqrm of n i t rogen  was not  observed a t  473 o r  673K, it 

w a s ' p o s s i b l e  t h a t  t h e  molecular ly  adsorbed NO was desorbed from t h e  su r face  a t  
,. . . '. , . 

. e levated  temperatures. 

.Based on t h e  XPS data,., . . the .  r e a c t i o n s ;  of NO with Fe/S,i02. can ,be : s y a r i . z e d  a s  

fo l lows : 

Fe/SiO, 
. . ,  

. . 
'NO. + . N + '0 .,. .. , 

ads . . a d s  



S e c t i o n  IV:  , ~ n t ~ r a c t i o n  o f  S O i  With I r o n  Deposited o n  S i l i c a  ;. 

Although pure s i l i c a  d i d  n o t  i n t e r a c t  wi th  SO2 when t h e  i r o n  on s i l i c a  system 

was exposed t o  SO2 a t  298K, two forms of s u l f u r  w e r e  observed a t  162.5' e V  and . '  
. . 

168.1 e V  a s  shown i n  F igure  7. The major peak was a t  168.1. eV. ' ~ r o a d e n i n g '  of  

the oxy&o peak and t h e  i r o n  peak 6x1 t h e  Fe/Si02 system was . a l s o  observed a f t e r  
. . 

. . 

SO2 exposure. The changes i n  ' the binding e n e r g i e s  and ,  t h e  ' i n t e n s i t i e s  of i r o n  

and oxygen a r e  l i s t e d  i n  Tables 7 and 8. 



Figure 7 

S(2P) Peaks for Reaction of SOp with ~ e / ~ i 0 ~  



'TABLE 7 

Binding Energies and Intensities of Iron Peak 
as a Function of SO2 Exposurcs on Fe/Si02 

* 3d = Width of haXf maximum. 



TABLE 8 

Bind:ng Energies and Intensities of Oxygen Peak 
' as a Function of SO2 Exposures on Fe/SiOi . . 



The i n t e n s i t y  of t h e  major s u l f u r  peak, a t  a  b inding energy of 168.1 e V ,  ve r sus  

exposure is shown i n  F igure  8.' The i n t e n s i t y  ificreased s l i g h t l y  with inc reas -  

i n g  i r o n  deposi t ion .  When t h e  temperature was inc reased  t o  473K, t h e r e  was a  

s ig 'nzf icant  decrease i n  t h e .  s u l f u r '  i n t e n s i t y ,  a s  shown i n  Figure  8 .  
. . 

. .. 

The i n t e n s i t y  of  t h e  s u l f u r  peak a t  a  binding energy of 162.5 eV.versus expo- 

s u r e  5s  shown i n  F igure  9. A t  298K, t h e r e  was no change i n  i n t e n s i t y  of  s u l f u r  

when t h e  Ye/SI r a t i o  was changed.from 1.56 C o  1.96. Wlietk t h e  temperature was 

increased t o  473K, t h e r e  was an inc rease  i n  s u l f u r  i n t e n s i t y  i n  c o n t r a s t  t o  t h e  
. , 

behavior of  the  s u l f u r  peak a t  168.1.eV a s  shown i n  Figure  8.  Nei ther  of t h e  
. . . . 

s u l f u r  peaks was observed when t h e  r e a c t i o n  was c a r r i e d  o u t  a t  673K. 

The binding energies  of t h e  sulfur..  peaks a t  d i f f e r e n t  exposures a r e  l i s t e d  .in 

Table 9. The p l o t s ' o f  t h e  s u l f u r  i n t e n s i t y  ve r sus  exposure were s i m i l a r  t o  

Langmuir adsorpt ion isotherms' (24). Therefore,  t h e  Langmuir e,quation s t a t e d  i n  

equat ion 111 was used t o c a l c u l a t e  t h e  i n t e n s i t y  (IM) of  s u l f u r  a t  o n o l a y e r  

S coverage. The number o f  s u l f u r  atoms. p r e s e n t  a t  .a monolayer coverage (A ), and M 

t h e  number of monolayers of i r o n  N~~ deposited on S i02  were c a l c u l a t e d  us ing  
. . 

t h e  procedure descr ibed i n  s e c t i o n '  111. Values of  In, and NFe a r e  l i s t e d  *n, 

I n  o rder  t o  i d e n t i f y  t h e  form of s u l f u r  p r e s e n t  on t h e  Fe/Si02 system, t h e  

bindi.ng energies  were compared wi th  t h e  .standard compounds shown i n  Table 11.. 

The peak a t  162.5 eV compared well with s u l f i d e .  Therefore ,  it was poss ib le  

t h a t  SO2 was d i s s o c i a t e d  i n t o  s u l f u r  and oxygen on t h e  Fe/Si02 system. S imi la r  

d i s s o c i a t i o n  of SO2 was. repor ted  by Furuyama, e t  a l .  (18), f o r  i r o n  deposi ted  



SBOSURE (LANGMUIR) 

' . Figure 8 

Intensi ty  of  s ( ~ P )  Peak a t  B .E .  168.1 e V  

A s  a Functionof . . .  S02Exposures on Fe/Si02 



Figure 9 . . 

' 

Intensity of S(2P) Peak at B.E. 162.5 eV as a 

. Function cf SO Exposures on Pe/Si02 2 



TABLE. 9 

Binding Energies. . (eV) of Sulfur .Peak as a 
Function,of SO2 Exposures on Fe/Si02 



TABLE .10 

S Fe . 
. . IH, Afi, .and N .  Values for .SO2 

on Fe/Si02 Sys'tem, . . i  

S N o .  of  Atoms 
I M A~ 10IS 

. .  cm2 
NFe x 1015 BE 168.1 eV BE 162.5 eV BE 168.1 eV BE 162.5 eV 



TABLE 11 

.Binding Energies of. S(2P) Peak . 

of Standard Compounds 
. . 

S (2P) 
Compound (ev> 

CaS04 169.9 

CaS03 168.9 ' 

FeS04 168.6 

FeS 161 -0 

Fez (SO41 3 168.4 

S02/AU at 80K 167.4 (Furuyama et al., 1978) 

S02/Fe/Si02 162.5 

168.1 



on n tungs ten  f i l 8 m e n t .  S ince  t h e  i n t e n s i t y  of ' t h i s  s u l f u r  *eak increased whin 

t h e  temdPrature was inc reased  t o  473K, t h e r e  i s  more d i s s o c i a t i o d " o f  so2 a t  

473K on t h e  Fe/Si02 system. . When temperature was increased t o '  673K, t h e  s u l f u r  
. . 

peak a t  162i5 eV was n o t  observed. I t  was p o s s i b l e ' t h a t  t h e  adsorbed s u l f i d e  

was desorbed a t  6 7 3 ~ .  
. . 

The other form of s u l f u r ,  observed a t  a  binding energy of 168.1 eV,  compared 

we,11 with  s u l f a t e .  However, a  c l e a r  d i s t i n c t i o n  between SO2, SO,, and SO4 Carl- 

n o t  b e  made based on b ind ing  energy. The i r o n  s u l f i t e  form i s  n o t  a - v e r y  s t a b l e  

compn~ind.  Therefore adsorbed s u l f u r  i s  more l i k e l y  t o  be s u l f a t e .  S u l f a t e  

format ion  on i r o n  was p rev ious ly  observed by Furuyama,.et a l .  (18). S t i n e s p r i n g  

and Cook (30) observed s u l f a t e  formation when SO2 was in t roduced  on CaO, This  

s u l f a t e  form of s u l f u r  decreased a t '  473K and was corupletely removed f rom. the  

s u r f a c e  a t  673K. 

: The. r e a c t i o n s  of  SO2 .on t h e  Fe/Si02 .system bzse'cl .on XPS data car1 Lr ,$iJii'uiaiiztd 



A t  ! ;. 47,3K, r e a c t i o n  191 increased while  t h e  react ion [ l o ]  decreased.. The two 

adsorbed products ,  s u l f i d e  and s u l f a t e ,  were conlpletely desorbed . at'67.3K: , 
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