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INVESTIGATION O F  A C I D I T Y  O F  CATALYST 

SURFACES BY PHOTOACOUSTIC SPECTROSCOPY 

Key Words: Surface Acid i ty ,  Fhotoacoust ic  Spectroscopy 

C h .  Mohan Rao and D. Balasubramaniank 

School of Chemistry, Univers i ty  of Hyderabad 

Hyderabad 500 001,  I n d i a  

ABSTRACZ 

Photoacoust ic  spectroscopy (PAS) has  Seen used 

t o  monitor the  sur face  a c i d i t y  of s o l i d  (alumina- 

s i l i c a )  c a t a l y s t ,  s i n c e  PAS has  the  inhe ren t  advantage 

of measuring absorp t ion  bands of s o l i d  su r faces  con- 

venien t ly .  Three kinds of a c i d i c  s i tes  have been 

de tec ted  and t h e i r  r e l a t i v e  abundance es t imated .  

INTRODUCTION 

Among t h e  major f e a t u r e s  of heterogeneous 

c a t a l y s i s ,  t he  measurement of sur face  a c i d i t y  i s  very 

important  and i s  s t i l l  not  e a s i l y  monitored. Various 

methods such as t h e  t i t r a t . i o n  of suspensions of s o l i d  
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330 RAO AND BALASUBRAMANIAN 

c a t a l y s t s  w i t h  o r g a n i c  amines u s i n g  adsorbed i n d i c a -  
1 t o r s  , e l e c t r o n i c  a b s o r p t i o n  s p e c t r a l  measurement of  

adsorbed i n d i c a t o r s  , and I R  s p e c t r a l  s t u d i e s  of 

adsorbed o r g a n i c  bases8 have been adopted t o  determiAe 

t h e  s u r f a c e  a c i d i t y ,  and t h e  a c i d  s t r e n g t h  of  s o l i d  

c a t a l y s t s .  

method f o r  t h e  d e t e r m i n a t i o n  of a c i d  s t r e n g t h s .  

Recent ly ,  Kuriacose and coworkers' 

r e f l e c t a n c e  spec t roscopy can be used i n s t e a d  of 

a b s o r p t i o n  spec t roscopy f o r  t h i s  problem. 

2-7 

Bonardet and others '  have sugges ted  a NMR 

have shown t h a t  

A major o b s t a c l e  i n  u s i n g  e l e c t r o n i c  spec t roscopy 

i n  t h e s e  systems is  t h e  heterogeneous phase and t h e  

assoc i .a ted  s c a t t e r i n g  problems. I n  t h i s  c o n t e x t ,  w e  

demonstrate  i n  t h i s  paper  t h e  use of p h o t o a c o u s t i c  

SpeCtrOSCOpy ( P A S )  a s  a convenient  t o o l  f o r  s u r f a c e  

a c i d i t y  d e t e r m i n a t i o n s .  

Photoacous t ic  spec t roscopy i s  a new a n a l y t i c a l  

t o o l  t h a t  provides  a s imple n o n d e s t r u c t i v e  method f o r  

o b t a i n i n g  informat ion  about  t h e  e l e c t r o n i c  a b s o r p t i o n  

s p e c t r a  of compounds i n  a v a r i e t y  of phases  such a s  

s o l i d s ,  s e m i s o l i d s ,  g e l s  and l i q u i d s .  I n  t h i s  tech-  

nique,  t h e  system i s  e x c i t e d  t o  h i g h e r  e l e c t r o n i c  

s t a t e s  by r a d i a t i o n  t h a t  i s  modulated a t  an audio- 

frequency. Non-radiat ive decay t o  t h e  ground s t a t e  

l e a d s  t o  h e a t  g e n e r a t i o n  modulated a t  t h e  same 
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ACIDITY OF CATALYST SURFACES 331 

f requency,  which i n  t u r n  l e a d s  t o  p r e s s u r e  o s c i l l a -  

t i o n s  i n  t h e  g a s  t h a t  sur rounds  t h e  sample. These a r e  

sensed  by a microphone, and processed and p l o t t e d  as 

a f u n c t i o n  of wavelength. The s t r e n g t h  of t h e  acoustic 

s i g n a l  i s  p r o p o r t i o n a l  t o  t h e  amount of l i g h t  absorbed 

by t h e  sample and t h u s  t h e r e  i s  a c l o s e  correspondence 

between t h e  PAS spectrum and t h e  convent iona l  o p t i c a l  

a b s o r p t i o n  spectrum . PAS can be used t o  g r e a t  

advantage i n  t h e  s t u d y  of adsorbed and chemisorbed 

molecular  s p e c i e s  on s o l i d  s u r f a c e s .  Such s t u d i e s  can 

be performed provided the  s u b s t r a t e  one i s  d e a l i n g  

with i s  e i t h e r  non-absorbing o r  h i g h l y  r e f l e c t i n g  i n  

t h e  s p e c t r a l  r e g i o n  of  i n t e r e s t .  

11 

EXPERIMENTAL 

About 50mg of t h e  s o l i d  c a t a l y s t  Si02-A1203(5% 

s i l i c a )  were taken  i n  each g l a s s  s t o p p e r e d  tube  and 

t h e  e x a c t  weight  determined. 0.5ml of benzene i s  

added t o  each of them s o  t h a t  t h e  s o l i d  was completely 

wet ted.  Required amount of i n d i c a t o r  i n  benzene was 

added, main ta in ing  t h e  same amount of i n d i c a t o r  p e r  

mi l l ig ram of s o l i d .  Varying amounts (0 t o  12,4Wmg 

i n  l P l / m g  s t e p s )  of t h e  t i t r a n t  ( 0 . 0 4  mM/m1 n-butyla- 

mine i n  benzene) w e r e  added and t h e  t u b e s  s h a k e n , l e f t  

f o r  2 4  h r s  f o r  e q u i l i b r a t i o n ,  and t h e  s u p e r n a t a n t  

l i q u i d  decanted.  The samples were d r i e d  under vacuum 
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332 RAO AND BALASUBRAMANIAN 

and s t o r e d  i n  a vacuum d e s i c c a t o r  over  P 0 and a c i d i c  

alumina u n t i l  s p e c t r a l  measurements w e r e  made. The 

samples were t r a n s f e r r e d  t o  t h e  p h o t o a c o u s t i c  ce l l  i n  

a d r y  box. 

preheated.  Methyl r e d  and n-butylamine were l a b o r a t o r y  

grade r e a g e n t s  and benzene was s p e c t r a l  grade.  

2 5  

The c a t a l y s t  S i 0 2 : A 1 2 0 3  used was n o t  

The PAS s p e c t r a  were recorded on a P r i n c e t o n  

Applied Research Model 6001 ins t rument .  All t h e  

s p e c t r a  were c o r r e c t e d  f o r  blank a b s o r p t i o n  and 

normalized u s i n g  carbon b lack  a s  r e f e r e n c e .  The 

normal iza t ion  c o r r e c t s  t h e  observed spectrum f o r  t h e  

power v a r i a t i o n  i n  t h e  source over  t h e  s p e c t r a l  r e g i o n  

of i n t e r e s t .  The P A S  s i q n a l  magnitude was recorded 

keeping t h e  demodulator a t  Oo with r e s p e c t  t o  t h e  

lamp modulation. A h igh  modulation frequency of 

300 Hz was used t o  minimize t h e  e f f e c t  of sample 

t h i c k n e s s  on t h e  magnitude of t h e  a c o u s t i c  s i g n a l .  

I n  t h e  c a s e  of h i g h l y  absorb ing  samples such a s  

methyl red ,  most of r a d i a t i o n  w i l l  be absorbed w i t h i n  

a d i s t a n c e  /"e( o p t i c a l  a b s o r p t i o n  l e n g t h )  , smal l  

compared t o  t h e  sample t h i c k n e s s  1. I f  t h e  thermal  

d i f f u s i o n  l e n g t h  & ( = ( 2  e/d)1'2 where o( i s  t h e  thermal  

d i f f u s i v i t y ,  a n d 3  t h e  modulation frequency)  i s  more 

than  t h e  sample t h i c k n e s s  1 and o p t i c a l  a b s o r p t i o n  

length  p$, then  t h e  sample i s  p h o t o a c o u s t i c a l l y  
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ACIDITY OF CATALYST SURFACES 333 

opaque and s i g n a l  s a t u r a t i o n  prevents  s p e c t r a l  study. 

S igna l  s a t u r a t i o n  can be avoided by increas ing  the 

modulation frequency which w i l l  decrease /cc When 

/us < 1 ( )Ab.  ?AS s igna l  w i l l  be propor t iona l  

t o  8 ,  and w i l l  not depend on sample th ickness  1 (for 

f u r t h e r  d e t a i l s ,  see  ref.  11) .  

S '  

RESULTS AND D I S C U S S I O N  --- 
Methyl red adsorbed on the  s o l i d  sur face  absorbs 

a t  515nm and 410nm i n  the  ac id  and bas i c  forms 

r e spec t ive ly .  A s  the  sur f  ace i s  neut ra l ized ,  t he  

absorpt ion and hence the  PAS s i g n a l  s t r eng th  a t  515nm 

decreases  while the  s i g n a l  s t r eng th  a t  410nm increases .  

The sample t h a t  shows no band a t  515nm i s  the one t h a t  

i s  f u l l y  neu t r a l i s ed  and the  amount of t h e  t i t r a n t  

butylamine added i n  t h i s  case i s  the  volume required 

t o  n e u t r a l i z e  the sur face .  

Figure 1 shows the  PAS s p e c t r a  of a f e w  samples 

neu t r a l i zed  t o  varying ex ten t s .  A n  i n t e r e s t  ng 

f e a t u r e  of the  f igu re  i s  the  presence of an i s o s b e s t i c  

po in t  near 445nm through which most of t h e  curves  

pass.  The two curves t h a t  devia te  a l i t t l e  from t h e  

i s o s b e s t i c  point ,  i n  ou r  opinion, do s o  due t o  two 

reasons.  The presence of t r a c e  amounts of water w i l l  

a l t e r  the acous t i c  s i g n a l  genera t ion  so t h a t  t he  s i g n a l  

s t r eng th  w i l l  change over  t h e  s p e c t r a l  region.  Also 
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334 RAO AND BALASUBRAMANIAN 

w 
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300 400 500 600 700 

WAVE LENGTH fnm) 

F i g . 1 .  P h o t o a c o u s t i c  s p e c t r a  of methyl r e d  adsorbed 
o n t o  t h e  c a t a l y s t  Si0,:A1203, c o n t a i n i n g  
i n c r e a s i n g  amounts of"n-butylamine inPL/mg. 
Curve (1) 1.0;  Curve ( 2 )  2 . 0 ;  Curve ( 3 )  3.0; 
Curve ( 4 )  4.0;  Curve ( 5 )  9 . 0 ;  Curve ( 6 )  10 .0 .  

p o s s i b l e  d i f f e r e n c e s  i n  t h e  s u r f a c e  c o n c e n t r a t i o n  o f  

t h e  i n d i c a t o r  would l e a d  t o  d e v i a t i o n s .  T h i s '  d i f f e r -  

e n c e  c o u l d  a r i s e  due t o  t h e  nonuniformity of  t h e  

p a r t i c l e  s i z e  o f  t h e  c a t a l y s t .  We a r e  c u r r e n t l y  

i n v e s t i g a t i n g  c a t a l y s t s  w i th  known and uniform p a r t i c l e  

s i z e  i n  o r d e r  t o  t r a c e  t h e s e  d e v i a t i o n s .  The peak 

h e i g h t s  a t  515nrn w e r e  measured a f t e r  n o r m a l i z a t i o n  a t  

445nm, where a l l  t h e  P A S  s p e c t r a  shou ld  have t h e  same 

s i g n a l  s t r e n g t h .  

The s u r f a c e  Si02:A1203 i s  known t o  have a t  l e a s t  

t h r e e  d i f f e r e n t  groups of a c i d i c  s i t e s ,  w i t h  v a r y i n g  
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ACIDITY OF CATALYST SURFACES 335 

a c i d  s t r e n g t h s 1 2 .  

s t u d i e s  when one p l o t s  t h e  P A S  s i g n a l  s t r e n g t h  a t  

515nm of  t h e  adsorbed dye a s  a f u n c t i o ?  o f  t h e  t i t r a n t  

added. F i g u r e  2 ,  which i s  a de r iva t i - , J e  p l o t  of  as 
ver sus  V (whereAS i s  t h e  d i f f e r e n c e  i n  peak h e i g h t s  

T h i s  p o i n t  i s  confirmed i n  o u r  PAS 

a t  515nm between two consecu t ive  

and V i s  t h e  average volume ( ( V 1  

added; a d e r i v a t i v e  p l o t  i s  made 

i n f l e x i o n  p o i n t s )  shows two d i s t  

volumes V -V = A V ,  

v 2 ) / 2 )  o f  amine 

t o  a c c e n t u a t e  t h e  

n c t  peaks and a 

1 2  

s h o u l d e r .  The r e l a t i v e  amounts of t h e  s t r o n g ,  mode- 

r a t e l y  s t r o n g  and weak a c i d  site:; on t h e  s u r f a c e  

O6 tl 
0.2 1 

I I I I I I I I I h l  
1.0 3.0 5.0 7.0 9.0 

VOLUME OF AMINE (bL/mg) 

Fig.2.  D e r i v a t i v e  p l o t  of  t h e  t i t r a t i o n  of  c a t a l y s t  
s u r f a c e  with n-butylamine ( see  t e x t )  . 
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336 RAO AND BALASUBRAMANIAN 

i n v e s t i g a t e d  a r e  found t o  be 1 .O: 1.30:  1.09 r e s p e c t i v e l y ,  

on t h e  bdsis  of t h e  r e l a t i v e  amounts o f  t h e  t i t r a n t .  

The peak h e i g h t s  i n  F i g u r e  2 c o r r e s p o n d  t o  t h e  r e l a -  

t i v e  d i s t r i b u t i o n  of t h e  i n d i c a t o r .  

We have  shswn i n  t h i s  pape r  t h a t  P A S  c a n  be  used  

t o  a d v a n t a g e  f o r  s u r f a c e  a c i d i t y  measurements ,  arid 

f o r  m o n i t o r i n g  t h e  d i s t r i b u t i o n  of v a r i o u s  a c i d i c  

s i tes .  E x p e r i m e n t a l  r e a l i z a t i o n  of  an i s o s b e s t i c  

p o i n t  opens  t h e  p o s s i b i l i t y  of  more q u a n t i t a t i v e  

s t u d i e s  and p o s s i b l y  s u r f  a c e  e q u i l i b r i u m  c o n s t a n t s ,  

a s p e c t s  t h a t  we a r e  c u r r e n t l y  working on. 
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