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Abstract  

Posi t ronium a n n i h i l a t i o n  l i f e t i m e  technique has  been employed t o  i n v e s t i g a t e  the 
phys ica l  and chemical  p r o p e r t i e s  o f  s u r f a c e s  and gas  a d s o r p t i o n s  on v a r i o u s  porous 
media,  such as XAD r e s i n s  z e o l i t e s ,  and alumina. Posi t ronium l i f e t i m e s  and formation 
p r o b a b i l i t i e s  va ry  as a f u n c t i o n  of adso rba te  concen t r a t ions .  By measuring t h e  
posi t ronium chemical  r e a c t i o n  r a t e  cons t an t  of adso rba te ,  we are a b l e  t o  o b t a i n  
u s e f u l  i n fo rma t ion  about  t h e  chemical s t a t e  and m o b i l i t y  of adsorbed molecules ,  such 
a s  N O 2 ,  S O 2 ,  Ni* and Co* on the  s u r f a c e s .  We found a c o r r e l a t i o n  between the  t o t a l  
s u r f a c e  a r e a  and pos i t ron ium formation p r o b a b i l i t i e s  i n  t h e s e  systems. Applicat ions 
of posi t ronium a n n i h i l a t i o n  technique t o  s u r f a c e  a n a l y s i s ,  environmental  s c i e n c e ,  and 
f o s s i l  f u e l s  are d i scussed .  

In t roduc t ion  

The i n v e s t i g a t i o n  of s u r f a c e  and microvoid p r o p e r t i e s  has  become one of the most 
i n t e r e s t i n g  problem i n  c a t a l y t i c ,  environmental  s c i e n c e  and f o s s i l  f u e l  r e sea rch  
today. Most of c a t a l y t i c  r e a c t i o n s  and adso rp t ions  o n l y  t a k e  p l ace  on the  s u r f a c e  of 
porous m a t e r i a l s ,  such as g r a p h i t e s ,  powders and g e l  systems,  which o f t e n  form a 
s t r u c t u r e  wi th  h i g h  s u r f a c e  a r e a .  One of t h e  most i n t r i g u i n g  problems i n  chemical 
r e sea rch  is on t h e  understanding of t h e  s u r f a c e s  and p r o p e r t i e s  of a d s o r b a t e s  i n s i d e  
t h e s e  porous media.' 

tlodern s u r f a c e  a n a l y t i c a l  methods can be broadly ca t egor i zed  as: e x - s i t u ,  and 
i n - s i t u  t echn iques .  Most o f  t h e  e x i s t i n g  t echn iques  t h a t  have evolved us ing  the  
conven t iona l  probes1 such as photons,  e l e c t r o n s ,  and ions  are ex - s i tu  methods. 
of t h e  e x - s i t u  probes approaches t h e  s u r f a c e s  of i n t e r e s t  from o u t s i d e  t h e  sample,  
and r e q u i r e s  an  ultra-high-vacuum t o r r )  cond i t ion .  However, most o f  r e a l  
s u r f a c e  a p p l i c a t i o n s  are under atmosphere p re s su re .  Unfo r tuna te ly ,  t h e r e  a r e  ve ry  
few good t echn iques  t h a t  can  be considered in - s i tu .  One of t h e  most s i g n i f i c a n t  
advantages of i n - s i t u  methods i s  t h a t ,  they can be used t o  s t u d y  p r a c t i c a l  o r  " r ea l "  
systems such as c a t a l y s t s  i n  f i n e  powder and porous forms, as opposed to t h e  ex-si tu  
probes where t h e  i n v e s t i g a t i o n  a r e  p r i m a r i l y  c a r r i e d  o u t  on s i n g l e  c r y o s t a t  f aces .  
I n  c a t a l y s t  and environmental  s c i ence  r e s e a r c h ,  t he  c u r r e n t  i n t e r e s t  i s  to  understand 
how they work on t h e  a tomic  s c a l e .  The major problem i s  t o  i d e n t i f y  t h e  a c t i v e  s i t e s  
where bond b reak ing  and rearrangements  take place.  The a c t i v i t y  and s e l e c t i v i t y  of a 
c a t a l y s t  is determined by t h e  s u r f a c e  s t r u c t u r e  and composi t ion.  Most c a t a l y t i c  
systems c o n t a i n  h i g h  s u r f a c e  a r e a  which have a complicated network of porous 
s t r u c t u r e .  C h a r a c t e r i z a t i o n  of t hese  complex but  p r a c t i c a l  c a t a l y s t  systems a r e  not  
ve ry  f e a s i b l e  by u s i n g  e x - s i t u  probe,  s i n c e  many c a t a l y t i c a l l y  s i g n i f i c a n t  s i t e s  a r e  
i n  t h e  c losed  po res  o r  i n n e r  su r faces .  
p re fe rab ly  i n - s i t u ,  and mic roscop ic ,  t o  atomic s c a l e ,  i s  a n  i d e a l  s u r f a c e  probe t o  
s t u d y  the  chemisry of c a t a l y t i c  systems. 

Each 

It i s  t h e r e f o r e  ev iden t  t h a t  a probe,  

Posi t ronium a n n i h i l a t i o n  spectroscopy (PAS)' i s  a new a n a l y t i c a l  technique which 
i s  capable  o f  i n v e s t i g a t i n g  t h e  microvoid and inne r - su r face  p r o p e r t i e s  of porous 
materials. The advantages of u s ing  PAS a r e  based on two f a c t s .  F i r s t ,  posi t ronium 
( P s ) ,  which c o n s i s t s  of a p o s i t r o n  ( a n t i - e l e c t r o n )  and an e l e c t r o n ,  w i l l  a n n i h i l a t e  
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at a specific rate which is controlled by the electronic density of systems under 
study. Gas-solid surfaces are the locations where the electronic densities are 
relatively low. Ps lifetimes are relatively long because Ps lifetime is inversely 
proportional to the electronic density. A longer lifetime of Ps annihilation has 
effectively increased the sensitivity using PAS for chemical analysis. The 
annihilation photons, whose energies are few-tenths of MeV, can be easily detected by 
standard nuclear technique. Thus Ps annihilation signals contain the electronic 
density information of materials under study. 

The second advantage is that positron possesses unique surface speciality. 
Contrary to an electron probe, a positron possesses a negative work function in most 
of solids, i.e. a positron is preferentially diffused or localized to the surface 
instead of stayed inside the bulk of solids. Because of the surface speciality and 
sensitivity of positron, Ps annihilation signals are thus mainly characterized by 
surface states even in complicated porous materials. 

Since the positrons emitted from neutron deficient radioisotopes will be 
thermalized in the bulk of materials in a few picoseconds, these positrons can 
finally diffuse into the microvoids or interfacial spaces. These positrons approach 
the surfaces internally, thus PAS is catalogued as an in-situ method which is rarely 
available in the surface research today. In this paper, we wish to present a series 
of results in applying positronium annihilation spectroscopy to chemical analysis 
(PASCA) for catalytic, environmental and fossil fuel systems. 

Experimental: 

(1) Positronium Annihilation Spectroscopy 

Positronium atoms are formed in most of organic substrates. The detection 
of positronium annihilation is usually carried out by a positron lifetime method 
which has been known for a few decade in material science and solid state 
research. Other PAS techniques, such as Doppler broadening and angular 
correlation measurements of annihilation photons, offer similar or complementary 
information of lifetime method. In chemical applications, the positron lifetime 
method gives chemical reaction rate constants which are particularly fruitful. 

The positron lifetime measurements were carried out by a conventional fast- 
fast coincident method, which monitors the starting signal (1.28 MeV &rays) 
from the positron annihilation in the material studied. The resolution of the 
spectrometer, which was employed in this study as shown in the schematic diagram 
of Fig. 1, was found to be 380 ps by measuring the coincident photons from a 
6oCo source. The obtained lifetime spectra were resolved into a function with a 
sum of multinegative exponential terms by a computer program-POSITRONFIT 
EXTENDED with two Gaussian resolution functions. The lifetimes were fitted into 
three components with a source correction of 5% in Mylars, which support "Na 
sources. The 5% source correction was determined from a lifetime result in a 
sample of nitrobenzene in which the solution completely quenches Ps, thus 
permitting us to determine the proportion of positrons annihilated in Mylar. 

( 2 )  Sample Preparations: 

XAD resins are copolymers of styrenedivinyl benzene. They are obtained 
from Rohm and Haas Co., (Philadelphia, Pa.). They are organic copolymers with 
varying functiona groups. All the XAD resins were subjected to a Soxhlet 

267 



e x t r a c t i o n  procedure wi th  dichloromethane and methanol ,  water t o  remove non- 
p o l a r  and p o l a r  o rgan ic  contamiants  from t h e  s u r f a c e s  r e s p e c t i v e l y .  
s t r u c t u r e  of XAD r e s i n s  i s  s t a b l e  under t h i s  c y c l i n g  t r ea tmen t s  and the  observed 
l i f e t i m e  r e s u l t s  are rep roduc ib le  a t  t h e  end of each cyc l ing  t r ea tmen t .  
De ta i l ed  d e s c r i p t i o n s  of t hese  m a t e r i a l s  can  be found i n  our previous paper.3 

The pore 

Linde molecu la r  s i e v e  zeol i te-Y w a s  ob ta ined  from Alfa Chemicals (Danvers,  
M a )  i n  t h e  powder form. The zeol i te-Y belongs t o  t h e  f a u j a s i t e  family of 
c r y s t a l l i n e  a l u m i n o - s i l i c a t e s .  The i r  framework s t r u c t u r e  c o n s i s t s  of 
a l t e r n a t i n g  s i l i c a  and alumina t e t r a h e d r a .  
form) w a s  a c t i v a t e d  a t  4OO0C f o r  s i x  hours  under a vacuum of 
zeol i te-Y powder i n  t h e  Na+ form was employed as t h e  s t a r t i n g  m a t e r i a l  f o r  
preparing metal- ion z e o l i t e s  (Li+,  Fe+3, Ni+’, Cu”) by impregnat ing t h e  metal  
n i t r a t e  s o l u t i o n s .  

The zeolite-Y powder (in t h e  Na+- 
t o r r .  The 

NO2 and SO2 were ob ta ined  from Linde Div i s ion  ( S p e c i a l i t y  Gases) of Union 
Carbide Co. ( r e s e a r c h  grade p u r i t y ) .  The gases  were introduced i n t o  a 
c a l i b r a t e d  g a s  manifold system p r i o r  t o  adso rp t ion  on t o  a s o l i d  suppor t  i n  a 
s p e c i a l l y  designed sample c e l l .  The adso rp t ion  of gases  and t h e  p o s i t r o n  
l i f e t i m e  measurements were performed a t  2 5 O C .  

The o i l  s h a l e 4  was Green River o i l  s h a l e  from t h e  Mahogany zone of t he  
Piceance Creek Basin near  R i f l e ,  Co. The raw m a t e r i a l  contained about  35 wtX 
kerogen and2.3 w t X  benzene-exryzctable  bitumen. The p a r t i c l e  s i z e  was about  
150pm (-100 mesh). The p o s i t r o n  experiments  were performed a t  room temperature 
under He atmosphere f o r  d i f f e r e n t  baking temperature .  

App l i ca t ions  of PASCA: 

(1)  Tota l  Surface Determined by PAS 

We have measured t h e  p o s i t r o n  l i f e t i m e s  i n  s i x  d i f f e r e n t  kinds of r e s i n s ,  
namely XADZ, XAD4, XAD7, XAD8, XAD11, and XADIZ. We observed t h r e e  l i f e t i m e  
components i n  each of t h e s e  r e s i n s ,  0.4 nsec ,  4.5 f 1.0 nsec,  and a long 
l i f e t i m e  > 30 nsec.  It i s  t h e  second and t h i r d  components t h a t  a r e  use fu l  i n  
c h a r a c t e r i z i n g  the  chemical  and phys ica l  p r o p e r t i e s  of r e s i n s .  F igu re  2 shows a 
p l o t  of I %, i . e .  0-Ps componet v e r s u s  s u r f a c e  a r e a  of t h e s e  r e s i n s .  It i s  
obvious d a t  t h e  0-Ps i n t e n s i t y  ( I  ) i s  p r o p o r t i o n a l  t o  the  s u r f a c e  a r e a .  
found a good l i n e a r  r e l a t i o n s h i p  between I3 and s u r f a c e  area.  
n e a r l y  independent  o f  chemical  f u n c t i o n a l i t y .  
high s u r f a c e  a r e a  systems:   oxide^,^ g raph i t e s , ‘  and ~ i l i c a g e l , ~  f a l l  i n t o  t h e  
same l i n e a r  equa t ion :  

We 3 
I is found t o  be 

The e x i s t i n g  r e s u q t s  of d i f f e r e n t  

I3 = 3.0 + 0.033 S 0 7 0  m2/g) 

I3 = 0.080 S (<70 m2/g) ( 2 )  

(1 )  

where S i s  t h e  s u r f a c e  a r e a  (m2/gm) and I-, is  t h e  observed l o n g e s t  0-Ps 
component i n t e n s i t y  i n  t h e  media. 
above equa t ions  is  a b u t  7%. 

Adsorption S t u d i e s  o f  Environmental  Important Molecules 

The accuracy of ob ta in ing  S v a l u e s  by t h e  

( 2 )  

BY employing t h e  l i f e t i m e  technique we have s t u d i e d  the  chemical 

I 

i 
c 
c 
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reactivities of N O 2 ,  SO2, NO and 02,Ni*, Cu*, and Co* in porous media. 
long-lived components (c2-  5 nsec, and2 > 30 nsec) have been attributed to 
positron annihilation on surface and in t2e microvoids of the media. The 
observed chemical reactivities between positronium atoms and gas molecules in 
microvoids are found to be smaller than those reported free gas due to caging 
effect. The chemical reactivities on the surface between Ps and adsorbed 
molecules on the surface, which in anionic forms, are reported for the first 
time and are found higher than those in the microvoids. The chemical reaction 
rate constant (k) were calculated by using Ps kinetic equation as: 

l k o  

where subscripts v, s ,  signify 0-Ps annihilation rate void and surface 
respectively. Figures ( 3 )  and (4) show plots of the annihilation rates in the 
voids and the equilibrium pressure of SOp (PE), as well as the annihilation rate 
on the surface and the*P (amount of SO2 adsorbed). 
observe the anti-inhibition effect of the surface component (I2%).  The distinct 
k, and k,, values for each molecule are new information for chemical analysis 
applications. 

In all the systems, we 

( 3 )  Preliminary Studies of Oil Shale by PAS 

I The investigation of the chemical and physical structure of combustible 
minerals and oil-shales has been attempted by PAS. We have measured the 
positron lifetime for the Green-River oil shale4 as a function of baking 
temperatures. The result is shown in Fig. 5. The measurements were made at 
room temperature under He atmosphere in order to avoid any further reactions 
after baking. Inspite of the fact that the chemical constituents in such an oil 
shale are still not known exactly by coventional means, the lifetime results are 
very interesting in many respects. 

The long-lived 0-Ps lifetime (-1.3 nsec) indicates that the shale structure 
consists of interfacial spaces. The quantitative fraction of these layer spaces 
equals to 4% as measured by 0-Ps component. The decomposition of internal 
organic compounds takes place at 34OoC where 0-Ps lifetime starts to increase. 
The optimal decomposition temperature takes place at 35OoC as shown in Fig. 5 .  
The decomposition continues up to the temperature about 45OoC. Above 45OoC, the 
shale structure becomes void-like since all organic molecules have escaped. The 
void concentration of the shale increases from 5% to 20% as the temperature 
increases from 45OoC to 6OO0C as measured by 0-Ps intensity. However, the void 
size (diameter) decreases as a function of temperature. If we employ the known 
correlation between the void diameter and the positron lifetime for solid 
substrates,8 we obtain the void size diameter varying from 2.5 1 to 1.2 8 from 
450°C to 60OoC. 
shales are in the progress in our laboratory. 

More systematic studies of positron lifetime and different oil 
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Fig. 1. A schematic diagram for a positron lifetime spectrometer at the 
University of Missouri-Kansas City. 
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Fig. 2. P l o t  of 0-Ps i n t e n s i t y  vs. s u r f a c e  area measured by BET (Ref. 3 ) .  
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Fig. 4 .  Plot of the Ps annihilation rate on the surface vs. 
SO pressure. 2 

:'r " * . a  

Fig. 5 .  Plot of the 0-Ps lifetime and intensities vs. baking 
temperature in an oil shale. 
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