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IN-SITU I N T E R N A L  REFLECTION SPECTHOSCOPY FOR 'THE STUDY OF YUttFAC rANT 

ADSORPTION HEACrIONS USING R E A C r I V E  I N T E R N A L  REFLECTION ELEMEN'I'S 

J .  J .  Keli.ar, W. M .  Cross ,  a n d  J .  D. M i l l e r  
Department of' M e t a l l u r g i c a l  Engirieeri ng 
Univers i ty  of  iltah 
S a l t  L3ke C i t y ,  {I tah 84112 

I n f r a r e d  spec t roscopy has been one oi t h e  
most usefu l  experimental  cechniques f o r  t h e  
ai1aly:jts of s u r f a c e  r e a c t i o n s .  I n  p a r t i c u l a r ,  
Four ie r  t rar isf  orm i nf ra red  (FTIi3 ) /  i n t e r n a l  re-  
f l e c t i . o n  spec t roscopy (L3.S) i s  most o f t e n  used 
f o r  i n - s i t u  s t u d i e s .  To a a t z ,  t n r e e  FTIRIIHS 
metliods have been u s e d  f o r  i n - s i t u  measurements. 
These techniques  a r e  eva iua ted  f o r  use i n  t n e  
c h a r a c t e r i z a t i o n  of s u r f a c e  r e a c t i o n s  common t o  
f l o L a t i o n  systems.  The nzt,hod driich uses  inineral 
c r y s t a l s  a s  r e a c t i v e  i n t e r n a l  r e f l e c t i o n  elements  
(1,dEs) is of p a r t i c u l a r  i r i t e r e s t  because i t  a l -  
lows s u r f a c t a n t  a d s o r p t i o n  ciensi t i e s  t o  be ca lcu-  
l a t e d  d i r e c t l y  from i n - s t t u  spec t r ,a l  d a t a  i n  r e a l  
t ime,  and is t h e  focus  of t h i s  paper .  

AppLication of i n - s i t u  F'TItt/IdS w i t h  reac-  
t i ve  I R E S  is demonstrated f o r  c o l l e c t o r  adsorp-  
t i o n  r e a c t i o n s  i n  each of t h e  four  major f l o t a -  
t i o n  systems.  Also,  t h e  use of r e a c t i v e  IRES i n  
the  new-IR s p e c t r a l  reg ion  and i n  s p e c t r o e l e c -  
t rochemica l  r e s e a r c ' i  is a i s c u s s e d .  

I NTHODU C T I  ON 

Fro th  flotation is a process  by Irnich c e r t a i n  p a r t i c l e  types  a r e  
concent ra ted  by s e p a r a t i o n  from o t h e r  t y p e s  i n  a p a r t i c u l a t e  suspen- 
s i o n .  Gas b u b b l e s  a r e  used t o  f l o a t  t h e  hydrophobic p a r t t i d e s  t o  t h e  
a i r / w a t e r  i n t e r f a c e ,  whi le  t h e  h y a r o p h i l i c  p a r t i c l e s  remain i n  s u s -  
pension. 
b y  t h e  a d s o r p t i o n  of s u r f a c t a n t s  ( c o l l e c t o r s )  from t h e  aqueous phase. 
C o n t r o l l i n g  t h e  s u r f a c e  chemistry o f  the  s o l i d / w a t e r  i n t e r f a c e  i s  one 

P a r t i c l e s  t o  be  f l o a t e d  a r e  g e n e r a l l y  renderea  hydrophobic 
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2134 KELLAR, CROSS, A N D  M I L L E R  

of t n e  most c r i t i c a l  a s p e c t s  t o  be  cons 
s e p a r a t i o n s .  

I n f r a r e d  spectroscopy has  been one 

dered f o r  e f f i c i e n t  f l o t a t i o n  

of the  most u s e f u l  experinen-  
t a l  t echniques  f o r  t h e  a n a l y s i s  of s u r f a c e  r e a c t i o n s  i n  f l o t a t i o n  
systems. l h e  u t i l i t y  of e x - s i t u  t ransmiss ion  spectroscopy was f i r s t  
demonstrated f o r  f l o t a t i o n  systems by French e t  a l .  ( l ) ,  and s u b s e -  
quent ly  by many o t h e r  f l o t a t i o n  ciietnists i n  fo l lowing  decaaes  ( 2 - 5 ) .  
These e x - s i t u  measurements have given a wealth of informat ion  on many 
f l o t a t i o n  systems.  Howevet-, e x - s i t u  IH measuremerits have always been 
s u b j e c t  t o  t h e  c r i t i c i s m  t h a t  s u r f a c e  s t a t e s  may be a l t e r e d  d u r i n g  
sample p r e p a r a t i o n  ( 6 ) .  I n  f a c t ,  any ex-s i tu  meLnodology, e s p e c i a i l y  
t h e  high-vacuum techniques  such as auger and x-ray photoe lec t ron  
spec t roscopy,  s u f f e r  from the  same c r i t i c i s m .  

W i t h  t h e  advent  of F o u r i e r  t ransform i n f r a r e d  ( F T I R )  spectrome- 
t e r s ,  many low-energy throughput IH exper’i.nenta1 techniques prev i -  
o u s l y  unused by  f l o t a t i o n  r e s e a r c h e r s  have come i n t o  g r e a t e r  use. I n  
p a r t i c u l a r ,  i n t e r n a l  r e f l e c t i o n  spectroscopy (IRS) ol?owu f o r  i n - s i t u  
measurements and as  such has  become t h e  method of choice  f o r  i n f r a r e d  
a n a l y s i s  of f l o t a t i o n  systems.  IHS invoives  t h e  i n t e r n a l  r e f l e c t i o r i  
of l i g h t  through a c r y s t a l  termed an i n t e r n a l  r e f l e c t i o n  e.lement 
( I R E ) .  This  i s  shown schemat icd l ly  i r t  F igure  1 f o r  a ray  o r  l i g h t  
undergoing m u l t i p l e  i n t e r n a l  r e f l e c t i o n s  i n  an I R E .  As is shown in 
Figure  1 ,  a small  p o r t i o n  of the  l i g h t  a c t u a l l y  samples t h e  IF1E/solu- 
t i o n  i n t e r f a c e .  The depth  of p e n e t r a t i o n  i n t o  t h e  r a r e r  medium and 
t h e  number of i n t e r n a l  r e f l e c t i o n s  wi th in  t h e  I 2 E  a r e  determined by 
t h e  o p t i c a l  c o n s t a n t s  of t h e  sys t em and can be r e a d i l y  c a l c u l a t e d  
( 7 ) .  Typicdl ly  t h e  depth  of p e n e t r a t i o n  cind t h e  number of i n t e r n a l  
r e f l e c t i o n s  vary between 0.1-1 p and 10-50, r e s p e c t i v e l y .  

There a r e  s e v e r a l  reasons why i v s i t u  IHS has Seen and w i l l  con- 
t i n u e  t o  b e  of  such s i g n i f i c a n c e  i n  f l o t a t i o n  r e s e d r c h .  F i r s t ,  i t  

INTERNAL REFLECTION ELEMENT ( IRE)  

F igure  1 .  Schematic of l i g h t  undergoing m u l t i p l e  i n t e r n a l  
r e f l e c t i o n s  i n  an I R E ,  where nl  and n2 are t h e  
r e f r a c t i v e  i n d i c e s  of t h e  I R E  and sample. 
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IN-SITU INTERNAL REFLECTION SPECTROSCOPY 2135 

confirms many conclus ions  based on previous e x - s i t u  measurements. 
Second, t h e  s h o r t  sampling depth  ( u s u a l l y  a f r a c t i o n  of t h e  wave- 
l e n g t h )  minimizes t h e  s t r o n g  i n f r a r e d  absorbance of w a t e r ,  a condi- 
t i o n  which h a u  l i m i t e d  t h e  use of i n - s i t u  I R  spec t roscopy.  F i n a l l y ,  
from t h e  m u l t i p l e  r e f l e c t i o n s  a t  t h e  IRE/sample i n t e r f a c e ,  s e n s i t i v -  
i t y  i s  enhanced g r e a t l y  over t y p i c a l  t ransmiss ion  experiments .  The 
s e n s i t i v i t y  of t h e  IRS technique  is e v i d e n t  by t h e  c a l c u l a t i o n  of 
adsorp t ion  d e m i t i e s  from s p e c t r a l  d a t a  a t  very d i l u t e  e q u i l i b r i u m  
c o l l e c t o r  c o n c e n t r a t i o n s  where submonolayer coverages occur  ( 8 ) .  
S ince  t h e  1983 review of IRS a p p l i c a t i o n s  i n  f l o t a t i o n  by S t r o j e k  
e t  a l .  ( g ) ,  s e v e r a l  new developments i n  i n - s i t u  IRS have occurred .  
Three approaches which have been u s e d  t o  s tudy  f l o t a t i o n  systems 
i n - s i t u  by IRS a r e  d iscussed  i n  t h e  fo l lowing  s e c t i o n .  

EXPERIMENTAL TECHNIQUES 

Method 1 .  P a r t i c u l a t e  Suspension w i t h  I n e r t  13E 

By f a r  t h e  most common and e a s i e s t  a p p l i c a t i o n  of i n - s i t u  IfiS 
a n a l y s i s  involves  p r e s s i n g  and dewater ing a p a r t i c u l a t e  suspens ion  
a g a i n s t  an " i n e r t "  I R E  such a s  germanium. Table 1 l ists  t h e  v a r i o u s  
a p p l i c a t i o n s  of t h i s  method. A s  can be seen  from Table  1 ,  t h e  mineral  
p a r t i c l e s  s t u d i e d  have always been s u l f i d e  m i n e r a l s .  The r e a s o n  f o r  

Table  1 .  
F l o t a t i o n  S t u d i e s  Using In-!;itu FTIHIIRS, 

Method 1 .  P a r t i c u l a t e  Suspension w i t h  I n e r t  I i l E  

Mineral ( s )  C o l L e c t o r ( s )  Concentrat  i o n  Ref er'ence 

Marcasi t e  E t h y l  xarit hat  e 5x1 0-5 - 1 . 5 ~ 1  O b 4  - M 1 1  
Dixanthogen 
Monothiocarbonate 

Galena E t h y l  x d n t  h a t e  not r e p o r t e d  
D I th iophosphate  

1 2  

Chal coc i t e 
Chalcopyr i te  
P y r i t e  

Sphaler  i t e  E t h y l  xant h a t e  5 . 2 ~ 1 0 - ~  1 4  

C h a l c o c i t e  Ethyl  xant  h a t e  1 xl om3-1 X I  O s 4  - M 15 
C halcopyr i t e  
P y r i t e  
Galena 

T h i  onocar bjmdt e 1 x~ o - ~  -1 x1  0-3  fi 1 3  
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2136 K E L L A R ,  CROSS, A N D  MILLER 

t h e  absence of s t u d i e s  involv ing  o t h e r  mineral  systems ( e . g . ,  o x i d e s  
and semisoluble  s a l t 5 1  i s  riot inmediately c l e a r .  tiowever>, IRS theory  
p r e u i c t s  t h a t  t h e  e l e c t r i c  f i e l d  of t h e  IRS beam d e t e r n i n e s  t h e  
s t r e n g t h  of the  sample I8 s i g n a l  ( 7 , l O j .  Appdrently, t h e  high r t -  
f r a c t i v e  inuex of s u l r ' i d e s  (n  > 2 )  g ives  r i se  t o  i n t e n s e  e l e c t r i c a l  
f i e l d s  which d r e  i d e a l  for, t h i s  method of s t u d y .  

The s t r e n g t h  of Method 1 is that, s u r f a c e  r c d c t i o n s  can be s t u -  
dies in-sit12 f o r  many par t icu ia t ,e  suspens ions .  Another ailvhntage ol' 
t h e  method is t h a t  s c a t t e r i n g  from t h e  p a r t i c l e s ,  corninon t o  many 
technlque:j such ds a i f t ' u s e  r e f l e c t a c e ,  i s  absent  due t o  t h e  s h o r t  
pathler igths  u s e d .  Of p a r t j c u l a r  i n t e r e s t  is t h e  p o s s i b i l i t y  of s t u -  
dying iniriera.1 p a r t i c l e s  i r i - s i t u  under c o n t r o l l e d  p o t e n t i a l  ( 1 5 ) .  
Such pe c t r o e  l e c t roc  hem i cal e x pe  r i men t s s ho vl d h e  1 p i' 1 iuc i d a t, e many of 
the  unresolved ques t ions  concerning mecii,inims involveu i n  s u l t ' i d t .  
m i n e y a l  f l o t s t i o n .  

However,, ttiis method is  i io t  withoiut i t r  expi r imenta t  problems. 
Sirice t h e  sam?litig uepth is s h o r t ,  t h e  par t , i cu la tes  m u s t  be i n  i n t i -  
mate c o n t a c t  w i t h  t h e  " i r i e t ~ t "  IRE. I n i t i a l  resear'cfierd r e p o r t e d l y  
had d i t ' f i c u t t y  i n  achievinl ;  adequate  c o n t a c t  with t h e  I R E  ( Y ) .  Re- 
producib le  contac t  betwetn experiments IS very d i t ' f ' i cu l t ,  and consf:- 
quent ly  ~ n l y  q u a l i t a t i v e  measurement; a r e  p o s s i b i e .  4130, c o l l e c t o r  
contarhination of t h e  iner-t" T d L  cannot be  i s n o r e d .  Surt'ace coritdm- 
i n a t i o n  can be : s i g n i f i c a n t ,  e s p e c i a l l y  a t  t h e  s u r f a c t a n t  coriceritra- 
t i o n s  commonly lusea ( s e e  Table  1 j .  The r e a c t i v i t y  o f  d n  " i n e r t "  IdE 
is demonstrated by  t h e  i n - s i t u  spectrum of t h e  r e s i d u a l  contami.nation 
from a fi potassit,m myixar i tha te  so lu t ior i  on an " i n e r t "  german- 
i u m  IRE shown i n  F igure  2 .  The I R  absorp t ion  bands f'rorn this contam- 
i n a t i r , n  of t h e  I R E  could easi1.y be a t t r i b u t e d  t o  colLector  s p e c i e s  
adsorbed by mi:ierel p a r t i c l e s  i n  t h e  suspension a d j a c e n t  t h e  IRE. 

A l l  t he  18s s t u d i e s  shown i n  Tabi?  1 u s e d  a:i I t t E  j n  t n e  shdpe of 
a f l a t - p l a t e  pr:sm. This  geometry r e a d i l y  a l lows  f o r  dewater ing of 
t h e  mineral  p a r t i c l e  suspenslon.  However, FTIti spec t rometers  t y p i c -  
a l l y  have a c i r c u l a r  beam, and focuss ing  o n t o  t h e  ena of t h e  f l a t -  
p l a t e  IHE geometry can be cumbersome. I r i  r e c e n t  s t u d i e s ,  c y l i n d r i c a l  
IRES iusii lg cassegranian  focuss ing  o p t i c s  tdiich maximize energy 
througnput f o r  th? c i r c u l a r  FTIR beam have become rnore widely used.  
T h i s  IRS a c c e s s o r y ,  c a l l e d  t h e  C I R C L E R  c e l l ,  has  been iised t o  inves-  
t i g a t e  mineral  p a r t i c l e  suspens ions  i n - s i t u  (lh,l i ) .  Because t h e  IHE 
is  completely enveloped by t h e  sample, suspens ions  can be used w i t h  
lower soLid/LiqiiiC r a t i o s  than those  r e p o r t e d  i n  Table  1 .  Neverthe- 
less ,  p o s s i b l e  c o l l e c t o r  contant inat ion of t h e  t f i n e r t ' T  IiiE m u s t  a t l l l  
be taken i n t o  c o n s i d t r d t i o n .  

Method 2 .  Coat ing of  I n e r t  IRE ____________ 
Another methocl or' s tudying  aasor-ptiori r e a c t i o n s  i n - s i  t u  involves  

c o a t i n g ,  usua l ly  by vacuum d e p o s i t i o n ,  of t h e  d e s i r e d  mineral  on to  dn 
i n e r t  IRE. The coated I d E  can then be placeu i n  s o l u t i o n ,  and s u r -  
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GERMANIUM IRE CONTAMINATED WITH KAX 
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Figure  2. I n - s i t u  FTIR/IRS spectrum of s p e c i e s  adsorbed 
from an amylxaritnate (5x10-3 l )  s o l u t i o n  a t  
t h e  s u r f a c e  of an i n e r t  germanium IRE. 

f a c t a n t  a d s o r p t i o n  occurs  d i r e c t l y  o n t o  t h e  exposed mineral  s u r f a c e .  
Shown i n  Table  2 a r e  f l o t a t i o n  systems dner’e Method 2 ihas been u t i l -  
i zed .  Nowhere i s  i t  mentioned how t h e  I R E S  were r e c o n d i t i o n e d  he-  
twceri experiments .  The aforementioned problem of Method 1 , adequate  
c o n t a c t  between mineral  arid [RE, i s  a l l e v i a t e d  by t h i s  technique .  
Reproducible  mineral. f i l m  th ickness  and coherency have l i m i t e d  this 
approach t o  only  s e m i q u a n t i t a t i  ve work. Given t h e  t e d i o u s  n a t u r e  of 
c o a t i n g  a mineral. f i l m  of a p p r o p r i a t e  composition and c r y s t a l  s t r u c -  
t u r * e  o n t o  t h e  i n e r t  I R E ,  t h i s  approach has been u s e d  l e s s  o r t e n  than  
Method 1 .  

Method 3. React ive I n t e r n a l  9ef t e c t i o n  Elements 

During t h e  pavt s e v e r a l  y e a r s ,  r e s e a r c h e r s  have deinonstratea t h e  
u t i l i t y  of f a b r i c a t i n g  t h e  desired s u b s t r a t e  i n t o  a r e a c t i v e  IRE and 
d i r e c t l y  s tudyink  s u r f a c e  r e a c t i o n s  i n - s i t u  a t  t h e  I R E  s u r f a c e  ( 2 0 ,  
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Table 2 .  
F l o t a t i o n  S t u d i e s  Using I n - S i t u  F'rIR/IRS, 

Nethod 2. Coat ing of I n e r t  I R E .  

Miner a1 C o l l e c t o r  Concent r a t i o n  Reference 
- ----- -_____ 
F l u o r i t e  Sod i um 1 x l  - 13 

Dodecylsulf a t e  5x10m3 

C a s s i t e r i t e  S t y r e n e  Phosphonic 2 . 7 ~ 1  0-4 - 19 
Acid 1 . ~ x I O - ~  - M 

2 1 ) .  M i l l e r  and K e l l a r  ( 2 2 )  u s e d  t h i s  approach t o  demonstrate  t h e  
q u a n t i t a t i v e  a n a l y s i s  of' c o l l e c t o r  adsorp t ion  r e a c t i o n s  f o r  s e v e r a l  
f l o t a t i o n  systems. .It was shown t h a t  t h e  a d s o r p t i o n  d e n s i t y ,  reac-  
t i o n  k i n e t i c s ,  and o r i e n t a t i o n  of c o l l e c t o r s  a t  t h e  s u r f a c e  or mine- 
r a l  I R E S  can be fol lowed i n - s i t u  and i n  r e a l  time. Furthermore,  i t  
was shown f o r  t h e  f i r s t  time t h a t  a n a t u r a l  mineral  c r y s t a l  ( f l u o r -  
a p a t i t e )  could be prepared a s  a usable  I R E  s n  which adsorbed c o l l e c -  
t o r  could be examined t'rom i t s  FTIH spectrum. Of course ,  Method 3 :s 
l i m i t e d  t o  systerns where IR t r a n s p a r e n t  I R E  c r y s t a l s  a r e  a v a i l a b l e  
a n d  a p p r o p r i a t e  c a r e  m u s t  be taken t o  avoid andlor  c o r r e c t  f o r  any 
impur i ty  Contamination from t h e  system. F o r t u n a t e l y ,  t h e  r e a c t i v e  
I R E  c r y s t a l s  a r e  e a s i l y  c leaned  and r e s t o r e d  f o r  repea ted  use.  

REACTIVE INTERNAL-REFLECTION ELEMENTS 

The use of r e a c t i v e  i n t e r n a l  r e f l e c t i o n  elements  can provide 
c o n s i d e r a b l e  information from r e a l - t i m e  s p e c t r a l  d a t a .  As shown i n  
F igure  3 ,  t h i s  method a l lows  d i r e c t  c a l c u l a t i o n  of c o l l e c t o r  adsorp- 
tion density a n d  t h u s  de te rmina t ion  of a d s o r p t i o n  k i n e t i c s  a s  wel l  a s  
t h e  corresponding equi l ibr ium adsorp t ion  isotherm.  Also, i t  i s  pos- 
s i b l e  t o  determine,  by frequency s h i f t s  or t h e  appearance /d isappear -  
ance of absorbance bands, t h e  adsorption s t a t e ,  i . e . ,  whether t h e  
c o l l e c t o r  is p h y s i c a l l y  o r  chemical ly  bonded a t  t h e  IRE s u r f a c e .  
F i n a l l y ,  t h e  orientation of adsorbed s p e c i e s  can be deduced by com- 
p a r i n g  t h e  s p e c t r a  obta ined  w i t h  d i f f e r e n t  Ytates of p o l a r i z e d  l i g h t .  
Genera l ly ,  Methods 1 and 2 can only  provide informat ion  r e g a r d i n g  t h e  
s t a t e  of t h e  adsorbed s p e c i e s  and t h u s  a r e  of l i m i t e d  u t i l i t y .  

- Adsorpt ion Densi ty  

I n  1987, S p e r l i n e ,  Mural idharan,  and F r e i s e r  c a l c u l a t e d  from 
i n - s i t u  s p e c t r a l  d a t a  t h e  adsorp t ion  Uensi ty ,  r (mol/crn2), of a 
pyridinium-based s u r f a c t a n t  onto a z inc  s e l e n i d e  c y l i n d r i c a l  IAE. 
I n  t h i s  c a s e ,  t h e  e f f e c t i v e  number of i n t e r n a l  r e f l e c t i o n s  had t o  be 
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IN-SITU INFRARED SPECTROSCOPY WITH 

REACTIVE INTERNAL REFLECTION ELEMENTS 

REAL-TIME SPECTRAL DATA 

ADSORPTION DENSITY ADSORPTION STATE ORIENTATION 

Reaction Kinetics 

Equilibrium Isotherms 

Chemisorption 

Physisorption 

Ordered Layers 

Random Orientation 

Figure  3. U t i l i t y  of FTIR I n t e r n a l  R e f l e c t i o n  Spectroscopy 
(1RS) w i t h  r e a c t i v e  i n t e r n a l  r e f l e c t i o n  elements  
( I R E S )  f o r  t h e  a n a l y s i s  of s u r f a c e  r e a c t i o n s .  

determined by a c a l i b r a t i o n  procedure.  Subsequent ly ,  Miller a n d  
Kellar ( 2 2 )  used f l a t - p l a t e  prisms of f l u o r i t e  and s a p p h i r e  (no 
c a l i b r a t i o n  necessary)  t o  c d c u l a t e  c o l l e c t o r  a d s o r p t i o n  d e n s i t i e s  
accord ing  

r =  

where A = 

L =  
t =  
E =  

C b  = 

d =  P 
de = 

t o  t h e  fo l lowing  equat ion:  

i n t e g r a t e d  absorbatice (cm-' ) 

I R E  l e n g t h  
I R E  t h i c k n e s s  
molar a b s o r p t i v i t y  of s u r f a c t a n t  (k/(cm2.mol))  
s u r f a c t a n t  bulk concent ra t ion  (mol/R) 
depth  of p e n e t r a t i o n  
e f ' fec t ive  depth.  
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The terms de and d 
system and cdn  be determined without  d i f f i c u l t y  ( 7 ) .  The absorbance,  
A ,  f o r  t h e  a d s o r p t i o n  d e n s i t y  c a l c u l a t i o n  is  g e n e r a l l y  obta ined  by 
i n t e g r a t i o n  of t h e  absorbance bands of t h e  a l i p h a t i c  reg ion  of the 
i n f r a r e d  spectrum (3,000-2,800 cm-’). 
t h e  c a l c u l a t i o n  of a d s o r p t i o n  d e n s i t i e s  a r e  given elsewhere ( 8 ) .  

O r i e n t a t i o n  

a r e  f u n c t i o n s  of t h e  o p t i c a l  constat i ts  of t h e  
P 

Other experimental  d e t a i l s  f o r  

Hailer and Rice (19’70) dernorlstrated t h e  p o s s i b i l L t y  of determin- 
ing  t h e  o r i e n t a t i o n  of an adsorbed l a y e r  on an I R E .  Using t h e  s t r o n g  
1 R  absorbance band ass igned  t o  t h e  asymxletric C i i ,  s t r e t c h i n g  VibPd- 
t i o n  (2925 cm-’), H a l l e r  and Rice def ined  two J . iLi t ing c o n d i t i o n s :  
molecuiar backbone normal t!i t h e  I R E  (CHZ planes  p d r a l l e l  ts t h e  
s u r f a c e )  and completely random o r i e n t a t i o n  of t h e  CH2 planes w i t h  
r e s p e c t  t o  t h e  I R E .  Tne t h e o r e t i c a l  absorbance r a t i o  us ing  p o l a r i z e d  
l i g h t  ( A 1  ( p e r p e n d i c u l a r )  arid All ( p a r a l l e l ) )  can b e  c a l c u l a t e d  f o r  
t h e  two s t a t e s  of p o l a r i z a t i o n  from t h e  o p t i c a l  c o n s t a n t s  of a s p e c i -  
f i c  s y s t e m .  T h i . s  t h e o r e t i c a l  A l / A l l  r a t i o ,  termed t h e  r l ichroic  r a t i o ,  
cdn t h e n  be  compared t o  t h e  experimental  A l / A l l  r a t i o  determined spec- 
t r o s c o p i c a l l y  and t h e  e x t e n t  of o r d e r i n g  of t h e  adsorbea s th te  i i i -  

f e r r e d .  

A 1  

All 
Dichro ic  R a t i o  = - 

where t h e  t h e o r e t i c a l  abSOrbdnCeS a r e  def ined  i n  terms of t h e  e l e c -  
t r i c  f i e l d  v e c t o r s  (E,) i n  t h e  t h r e e  s p a t i a l  d i r e c t i o n s  x, y ,  arid z .  

The d i c h r o i c  r a t i o  f o r  v e r t i c a l  o r i e n t a t i o n  w i t h  CH2 planes  p a r a l l e l  
t o  t h e  s u r f a c e :  

The d i c n r o i c  r d t i o  f o r  random w i e n t a t i o n  w i t h  CH2 planes  random t o  
t h e  s u r f a c e :  

2 

All - Exo2 + E 

E 
YO 

A 1  
- -  

2 
20 

(4) 

I n  t h i s  paper ,  t h e  i n - s i t u  FTIH/IHS technique using r e a c t i v e  
I R E S  (Meth3d 3 )  has been a p p l i e d  t o  each of t h e  f o u r  major f l o t a t i o n  
systems.  The alumina/sodium a o d e c y l s u l f a t e  (SDS) system is  u s e d  a s  
an example of i n s o l u b l e  o x i d e / s i l i c a t e  f l o t a t i o n ,  whi le  t h e  f l u o r i t e l  
o l e a t e  system s e r v e s  a s  an i l l u s t r a t i o n  of semisoluble  s a l t  f l o t a -  
t i o n .  For s u l f i d e  f l o t a t i o n ,  s p h a l e r i t e  is used a s  t h e  r , e a c t i v e  I R E  
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with potassium amylxanthate ( K A X )  and potassium e t h y l x a n t h a t e  ( K E X )  
a s  c o l l e c t o r s .  I n  t h e  c a s e  of s o l u b l e  s a l t  f l o t a t i o n ,  s y l v i t e  is  
u s e d  a s  t h e  I R E  with n-octylamine a s  c o l l e c t o r .  F i n a l l y ,  t h e  use of 
r e a c t i v e  I R E S  i n  t h e  near-IR s p e c t r a l  reg ion  and i n  s p e c t r o e l e c t r o -  
chemical r e s e a r c h  i s  d i s c u s s e d .  

A 1 umi na/SDS __-- 

The alumina1SDS system has  been usea f r e q u e n t l y  a s  a model in- 
s o l u b l e  o x i d e / s i l i c a t e  f l o t a t i o n  system f o r  t h e  s t u d y  of c o l l e c t o r  
a d s o r p t i o n  r e a c t i o n s  (24-26). T h i s  sysLem i s  iuseful f o r  i l l u s t r a t i n g  
t h e  r o l e  of coulombic f o r c e s  ( i . e . ,  s u r f a c e  charge of t h e  s o l i d  de- 
termined by t h e  s o l u t i o n  pH and t h e  charge of the  s u r f a c e - a c t i v e  spe- 
c i e s )  i n  a d s o r p t i o n  processes .  I t  is g e n e r a l l y  be l ieved  t h a t  t h e  SDS 
s p e c i e s  aggrega te  on t h e  s u r f a c e  i n  v e r t i c a l l y  or ie r i ted  monolayer 
patches c a l l e d  "hemimicel les , l l  a l though r e c e n t  thermodynamic c a l c u l a -  
t i o n s  i n d i c a t e  t h a t  t h e  aggrega t ion  event  could l e a d  t o  v e r l i c a l  
b i l a y e r s  c a l l e d  l lddmicel les l '  (27,28). S e v e r a l  i n - s i t u  s p e c t r o s c o p i c  
techniques  have been used t o  s t u d y  t h i s  system (22,26,29). Most of 
t h e s e  techniques  r e l y  on a t r a c e r  molecule t o  g ive  informat ion  con- 
cern ing  i t s  s u r f a c e  s u r r o u n a i n g s ,  from which t h e  behavior  of t h e  
adsorbed c o l l e c t o r  s p e c i e s  may be  i n f e r r e d .  The i n t e r n a l  r e f l e c t i o n  
FTLH technique used by M i l t e r  and K e l l a r  (22), on t h e  o t h e r  hand, 
d i r e c t l y  examined t h e  s p e c t r a l  c h a r a c t e r i s t i c s  of t h e  adsorbed co l -  
l e c t o r  i n  i ts  s u r f a c e  s t a t e .  These au thors  demonstrated t h a t  t h e  
a d s o r p t i o n  a e n s i t y  and o r i e n t a t i o n  of  SDS on alumina can be d e t e r -  
mined i n - s i t u .  I n  t h i s  s e c t i o n ,  a d d i t i o n a l  i n - s i t u  IRS d a t a  w i i l  be 
given f o r  t h e  alumina/SDS system and compared x i t h  previous resu l t s  
r e p o r t e d  i n  t h e  l i t e r a t u r e .  

From t h e  i n - s i t u  FTIH/IHS s p e c t r a  s i m i l a r  t o  t h o s e  shown i n  
F igure  4, t h e  SDS a d s o r p t i o n  aens i  t ies  were c a l c u l a t e d  us ing  Equat ion 
( 1 )  and a r e  compared i n  Table  3 t o  t h e  a d s o r p t i o n  d e n s i t i e s  measured 
on alumina powder by a s o l u t i o n  d e p l e t i o n  exper imenta l  procedure 
( 2 6 ) .  I t  can be seen t h a t  t h e  resul ts  from t h e s e  d r a s t i c a l l y  d i f f e r -  
e n t  exper imenta l  t echniques  a g r e e  q u i t e  well a t  what is  presumed t o  
be e q u i v a l e n t  monolayer coverage.  One i q t e r e s t i n g  p a i n t  which i s  
r e v e a l e d  by t h e s e  F'TIR/IRS experiments  is t h e  agreement between t h e  
a d s o r p t i o n  d e n s i t y  of SDS by alumina a s  determined i n  H20 and i n  
D20. 
w i t h  D20 a s  s o l v e n t  (22). Deuterium oxide was used i n  p rev ious  i n -  
v e s t i g a t l o n s  because i t  has  no I R  a b s o r p t i o n  bands i n  t h e  a l i p h a t i c  
C-H s t r e t c h i n g  r e g i o n  (3000-2800 cm-'). I t  should  be n o t e a  t h a t  t h e  
I R  absorbance from adsorbed c o l l e c t o r  s p e c i e s  ( c i r c a  0.02 absorbance 
u n i t s )  i s  t y p i c a l l y  two o r d e r s  of magnitude smaller than  t h e  maximum 
absorbance due t o  t h e  s o l v e n t  (H20 o r  D20). Therefore ,  i n  order  t o  
ana lyze  t h e  IRS absorbance s p e c t r a  i n  H20 and c a l c u l a t e  a d s o r p t i o n  
dens i t i e s  i n  t h e  r e g i o n  3000-2800 em-', t h e  s t r o n g  I R  absorp t ion  by 
H20 must be taken  i n t o  c o n s i d e r a t i o n  a s  was done f o r  t h z  d a t a  pre- 
s e n t e d  i n  Table  3 and Figure  5. T h i s  a n a l y s i s  is d e t a i l e d  i n  a f o r t h -  
coming paper (30). 

T h i s  agreement adds c r e d i b i l i t y  t o  previous resul ts  o b t a i n e d  
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2142 KELLAR, CROSS,  AND M I L L E R  

F i g u r e  4 .  I n - s i t u  F T I R / I R S  s p e c t r a  of SDS a d s o r b e d  f rom H20 and  
D 2 0  s o l u t i o n s  a t  t h e  s u r f a c e  of' a n  a l u m i n a  IFIE. 

T a b l e  3. 
A d s o r p t i o n  D e n s i t y  of SDS by Alumina a t  
pH 6 . 5  ( 2 6 )  and  pH 7 . 3  ( 2 2 ;  p r e s e n t  w o r k )  

SDS A d s o r p t i o n  D e n s i t y  (mol/cm2) 
I n - S i t u  IRS SDS 

D20 
R e f e r e n c e  

H20 Eq u i 1 i br i um 
C o n c e n t r a t i o n  R e f e r e n c e  

( M I  26 22 
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U s i n g  p o l a r i z e d  l i g h t  and c a l c u l a t e d  d i ch ro ic  r a t i o s ,  Viller a n d  
Kellar ( 2 2 )  s t u d i e d  t h e  o r i e n t a t i o n  of SDS on a l u m i n a .  T a b l e  4 shows 
theoret ical  and i n - s i t u  e x p e r i m e n t a l  A l / A l l  r a t i o s  f o r  a n  adso rbed  SDS 
f i l m .  I t  c a n  be s e e n  from t h e  d i c h r o i c  r a t i o s  reported i n  T a b l e  4 
t h a t  t ne  a d s o r b e d  SDS is  m o s t l y  random i n  o r i e n t a t i o n  t o  t h e  a l u m i n a  
I R E .  T h i s  was t h e  f i r s t  a t t e m p t  t o  d e t e r m i n e  i n - s i t u  t h e  o r i e n t a t i o n  
of a self-assembled m o n o l a y e r  adsorbed from a n  a q u e o u s  s o l v e n t .  Most 
p r i o r  IRS o r i e n t a t i o n  s t u d i e s  h a v e  u s e d  i n o n o l a y e r s  d e p o s i t e d  from 
o r g a n i c  s o l v e n t s  a n d  e x a m i n e d  e x - s i t u .  Whi le  i t  has  b e e n  f o u n d  t h a t  
t h e  m o n o l a y e r s  formed from these n o n a q u e o u s  s o l u t i o n s  were v e r t i c a l l y  
o r i e n t e d  w i t h  C H 2  p l a n e s  p a r a l l e l  t o  t h e  I R E  s u r f a c e  ( 3 1 , 3 2 1 ,  i t  a p -  
p e a r s  from t h e  r e s u l t s  p r e s e n t e d  i n  T a b l e  4 t h a t  t h e  i n - s i t u  a d s o r p -  
t i o n  s t a t e  of SDS a t  t h e  s u r f a c e  of a l u m i n a  ( a d s o r p t i o n  from t h e  a q u -  
e o u s  p h a s e )  is not p a r t i c u l a r l y  o r d e r e d .  T h i s  f i n d i n g  c o n t i n u e s  t o  
r e c e i v e  a t t e n t i o n  i n  o u r  research p r o g r a m  a t  t h e  U n i v e r s i t y  of Utah. 

F o i l o w i n g  t h e  d e t e r m i n a t i o n  of t h e  e q u i l i b r i u m  a d s o r p t i o n  i s o -  
the rm,  t h e  k i n e t i c s  of the SDS a d s o r p t i o n  p r o c e s s  a t  t h e  a l u m i n a  

I I I I 9- 

Al,O,/SDS (lxlO-' M) 5- 
pH 3.0 

0 2 4 6 8 22 24 

TIME (HOURS) 

LOO 

80 @ 

c2 w 
2 

Y 
60 

40 s 
b u 

2 
20 8 

0 

F i g u r e  5 .  A d s o r p t i o n  d e n s i t y  from i n - s i t u  FTIRIIRS da ta  
a n d  c o n t a c t  a n g l e  at  t h e  a l u m i n a  I R E  s u r f a c e  
as a f u n c t i o n  of time f o r  1x10-3 SDS. 
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2144 KELLAR, CROSS, A N D  M I L L E R  

Table 4. 
O r i e n t a t i o n  of SDS on A 1 2 0  

a t  pH 7 . 3  a s  E s t a b l i s h e d  by Dic?voic 
Rat ios  Accoraing t o  I n t e r n a l  R e f l e c t i o n  Theory 

T h e o r  e t i cxii 

V e r t i c s l  O r i e n t a t i o n  A l / A l l  = 4.85 
Rdnnom O r i e n t a t i o n  A 1  /All  = 0. 32 

Experimental 

Concentrat  ion of SDS A 1  / A l l  = 0.031 1 0 . 0 2 2  
= 1 . 4 1  = 1 .oX1o-3 2 

s u r f a c e  were compared with t h e  time dependence of t h e  riydr'ophobic 
c h a r a c t e r  of the  alumina s u r f a c e  as :measured by c o n t a c t - a n g l e  goniom- 
e t ry .  The contac t -angle  experimental  t echniques  a r e  s i m i l a r  t o  t h o s e  
descr ibed  previous ly  ( 3 3 ) .  F igure  5 d i s p l a y s  t h i s  coinpar,ison. I t  
can be seen  t h a t  t h e  a d s o r p t i o n  [ l e n s i t y  of SDS on At203 i n c r e a s e s  
l i n e a r l y  f o r  thz  f i r s t  s i x  h o u r s ,  fol lowed by a more gradual  r i s e  
t h e r e a f t e r .  The c o n t a c t  a n g l e  i n c r e a s s s  r a p i d l y  t o  7 5 "  a f t e r  two 
hours t h e n  decreases  s i d n i f  i c a n t l y ,  ach iev ing  i t s  equi l ibr ium value 
of about  30" a f t e r  approximately s i x  hours. These r e s u l t s  a r e  i n t e r -  
p re ted  a s  i n d i c a t i n g  t h a t ,  a f t e r  two hours ,  the  randomly acrsorbea SDS 
(approximately e q u i v a l e n t  t o  a monolayer) h a s  maximum exposure of the 
a l i p h a t i c  groups and t h d t  iupon f u r t h e r  a d s o r p t i o n  a t a i l - t a i l  config-  
u r a t i o n  s i m i l a r  t o  an "admicel le"  is e s t a b l i s h e d  ( a g a i n  i n  random 
o r i e n t a t i o n )  dnd t h e  hydrophobici ty  of t h e  s u r f a c e  reduced.  

F l u o r i t e / O l s a t e  

Because of its Large usefu l  t ransmiss ion  range (33,000-1, lCO 
cm-' 1 ,  f l u o r i t e  ( C a F 2 )  i s  an i d e a l  s u b s t r a t e  f o r  i n - s l t u  FTIH/IRS 
s t u d y .  I t  i s  well known t h a t  t h e  semisoluble  s a l t  minera ls  ( i n c l u d -  
i n g  f l u o r i t e )  t e n d  t o  form s u r f a c e  and/or  b u l k  p r e c i p i t a t e s  of t h e  
c o l l e c t o r  s a l t .  Sucn s u r f a c e  p r e c i p i t a t i o n  l e a d s  t o  m u l t i l a y e r  f o r -  
mation. As expec ted ,  t h e  i n - s i t u  spectrum of s u r f a c e - p r e c i p i t a t e d  
calcium o l e a t e  has been f o u n d  t o  be q u i t e  s i m i l a r  t o  t h e  e x - s i t u  
spectrum of b u l k  p r e c i p i t a t e d  calcium o l e a t e  ( 2 2 ) .  

Of g r e a t e r  s i g n i f i c a n c e ,  however, i s  t h e  i n - s i t u  spectrum of 
t h e  chemisorbed s t a t e  a t  what appears  t o  be e q u i v a l e n t  t o  monolayer 
coverage of o l e a t e  a t  t h e  f l u o r i t e  s u r f a c e .  Shown i n  F igure  6 a r e  
t h e  i n - s i t u  s p e c t r a  of p r e c i p i t a t e d  and chemisorbed o l e a t e  adsorbed 
on a f l u o r i t e  I R E .  The chemisorbed spectrum is c h a r a c t e r i z e d  by a 
s i n g l e  peak a t  1550 cm-' a n d  t h a  p r e c i p i t a t e d  calcium o l e a t e  spectrum 
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0.014 

t I I I I I 1 I I I 
1600 1590 1580 1570 1560 1550 1540 1530 1520 1510 l! 

WAVENUMBERS 

Figure  6. I n - s i t u  s p e c t r a  chemisorbed and s u r f a c e - p r e c i p i t a t e d  
o l e a t e  o i e a t e  adsorbed on a f l u o r i t e  I R E  from 
I x l O - '  M ( t o p )  and l ~ l O - ~  M (oott,om) o l e a t e  
soiutioYis, r e s p e c t i v e l y  (pK = 9 . 5 ) .  

I0 

c o n t a i n s  a double t  a t  1574 and 1535 em-'. 'The peaks in  t h i s  r e g i o n  
a r e  due t o  t h e  carboxyla te  s t r e t c h i n g  v i b r a t i o n  of adsorbea o l e a t e  
( 3 4 ) .  Furthermore,  a d s o r p t i o n  d e n s i t i e s  can be c a l c u l a t e d  from t h e  
i n - s i t u  FTIH/IHS s p e c t r a  (3050-2800 cm-') and t h e  a d s o r p t i o n  i so-  
therms c o n s t r u c t e d  a s  shown i n  F igure  7 f o r  25OC and 40°C. The i n -  
c r e a s e  i n  a d s o r p t i o n  d e n s i t y  of o l e a t e  on f l u o r i t e  i n  t h e  chemisorbed 
reg ion  ( 1  x l  0-6-5x1 0-5 M )  f u r t h e r  s u b s t a n t i a t e s  p r i o r  raa io t r7acer  and 
m i  c r o c a l o r  i m e t r i c  s t u d i e s  descr ibing:  t h i s  endot hermi c cheini s o r  p t  i o n  
r e a c t i o n  ( j 5 , 3 6 ) .  

Sphal c3r i t e /  Xant h a t e  

I n - s i t u ,  x s n t h a t e  a a s o r p t i o n  d e n s i t y  measurements at  t h e  spha le-  
r i t e ,  ZnS, s u r f a c e  have not been r e p o r t e d  i n  t h e  l i t e r a t u r s .  How- 
e v e r ,  t h e  f l o t a t i o n  behavior s u g g e s t s  t h a t  t h e  a d s o r p t i o n  p o t e n t i a l  
i s  smal l .  Modest f l o t a t i o n  of s p h a l e r i t e  w i t h  e t h y l x a n t h a t e  t s  o n l y  
p o s s i b l e  at  K E X  concer l t ra t ions  exceeding 1 ~ 1 0 - ~  2 ( 3 7 ) .  
amylxanthate ,  a concent ra t ion  of l ~ l O - ~  fi is r e q u i r e d  t o  achieve  ap- 
p r e c i a b l e  f l o t a t i o n .  The sphaler i te /KEX, K A X  system was examined in-  
s i t u  by  FTIR/IRS us ing  a C u b i c ,  i s o t r o p i c  z i n c  s u t f i d e  s i n g l e  C r y s t a l  

Even f o r  
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1 I I 

FLUORITE/OLEATE ( ~ ~ 0 )  
0 

EQUILIBRATION 
TIME = 30 HOURS 
p H  9.5 

OPEN SYMBOLS 25 

CLOSED SYMBOLS 40 "C 

0 

lo-' 10 -3 
EQUILIBRIUM OLEATE CONCENTRATION (M) 

Figure  7. Isotherms f o r  o l e d t e  a d s o r p t i o n  h y  a 
f l u o r i t e  IRE a t  25OC ( 0 )  and 4 O o C  ( 0 )  as 
c a l c u l a t e d  from i n - s i t u  FIIt t / lRS a a t a .  

a s  t h e  r e a c t i v e  I R E .  Shown i n  F igure  8 is the  i n - s i t u  spectrum of 
amylxarithate, i n  t h e  a l i p h a t i c  r e g i o n ,  3000-2800 cm-' , adsorbed on 
s p h d l e r i t e  from a D20 s o l u t i o n .  
d e n s i t y  was c a l c u l a l e d  from Equation ( 1 )  and was found,  as expec ted ,  
t o  be s igr i i f  i c a n t l y  less than an equiva len t  monolayer. Furthermore,  
i n  another  experiment w i t h  K E X ,  no a d s o r p t i o n  of e t h y l x a n t h a t e  could 
be d e t e c t e d ,  a s  shown i n  Table  5. Under t h e  c o n d i t i o n s  s p e c i f i e d  i n  
Table  5 ,  t h e  s u r f a c e s  were found t o  he h y d r o p h i l i c  ( i . e , ,  no c o n t a c t  
a n g l e  was observed i n  e i t h e r  c a s e ) .  

Syl vi t e /Oct  ylamine 

From t h i s  spectrum, t h e  a d s o r p t i o n  

The f l o t a t i o n  chemistry of s o l u b l e  s a l t  m i n e r a l s  has i n t r i g u e d  
r e s e a r c h e r s  f o r  many years .  D e t a i l e d  s u r f a c e  chemistry s t u d y  has 
been d i f f i c u l t  due t o  t h e  s e n s i t i v i t y  of t h e  s a l t l b r i n e  i n t e r f a c e  t o  
changes i n  temperature  and br ine  composition. As a r e s u l t ,  l i t t l e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



IN-SITU I N T E R N A L  REFLECTION SPECTROSCOPY 

0.00040 

0.00035- 

0.00030- 

tfl 0.00025- 
z 

a 0.00020- 
2 

2147 

SPHALERITE / KAX 

KAX = 6.0 X 10’5M 

pH - 8.5 

Figure  8. I n - s i t u  F’rIR/IHS spectrum of amylxanthate  
adsorbed a t  t h e  s u r f a c e  of  a s p h a l e r i t e  
I R E  from 6 ~ 1 0 - ~  KAX s o l u t i o n  (pH = 8 . 5 ) .  

T a b l e  5 .  
Xanthate  Adsorption a t  t h e  

S u r f a c e  of a S p h a l e r i t e  IRE (pH 8 . 5 )  
a s  C a l c u l a t e d  from I n - S i t u  F T I H I I R S  Data .  

Adsorpt ion 

Dens t3 Col i e c  t o r  Concent ra t ion  
(M 1 (mol/cm ) 

KEX 
KAX 

7 . 3 1  O W 5  not  d e t e c t e d  
6 . 0 ~ 1  Om5 4 . 5 ~ 1  0-1 * 
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0.008 

0.007- 

0.006- 

0.005- 

0.004- 

0.003- 

0.002- 

0.001- 

0.000- 

in format ion  is a v a i l a b i e  r e g a r d i n g  c o l l e c t o r  ddsorp t ion  d e n s i t y  i n  
s o l u b l e  s a l t  f l o t a t i o n  systems.  A t  t h e  present  time i n - s i t u  FTltt/IHS 
experiments  a r e  i n  progress  us ing  s o l u b l e  s a l t  I R E S ,  and t h o s e  r'e- 
s u l t s  w i l l  be presented  a t  t h e  X V I L  I n t e r n a t i o n a l  Mineral Process ing  
Congress i n  Dresden, Eas t  Germany i n  September of 1991. Pre l iminary  
i n - s i t u  FTLtI/IHS r e s u l t s  f o r  the! s y l v i t e / o c t y l a m i n e  system sugges t  
t n a t  f o r  f l o t a t i o n  t o  o c c u r ,  m u l t i l a y e r s  of octylani ine m u s t  be ad- 
sorbed a t  t h e  s y l v i t e / i R E  s u r f a c e .  

Besides the  a d s o r p t i o n  d e n s i t y  of octylarnine, also of i n t e r e s t  
i r i  s o l u b l e  s a l t  f l o t a t i o n  i s  t h e  a d s o r p t i o n  s t a t e  of t h e  c o l l e c t o r  
s p e c i e s .  Shown i n  F igure  9 i s  t h e  i n - s i t u  spectrum of adsorbed oc- 
ty lamine  on KCI. In  t h e  reg ion  1650-1450 ern-'. 
1581, 1514, and 1466 can be ass igned  t o  id- ;{ ,  N+-H3, and CH2 deforma- 
t i o n  v i o r a t i o n s  ( 3 8 ) .  The presence of N t - H 3  bands s u g g e s t s  t h a t  t h e  
s u r f a c e - a z t i v e  s p e c i e s  i n  t h i s  system is t h e  protonhted octylarnine. 

The p e a k s  a t  1608, 

SYLVII'I.: / 0CTYI .AMINE 

1 I I 1 I I 1 I I I 

F1gur.e 9. I n - s i t u  F'rlR/IRS spectrum of o c t / l a a i n e  adsorbed 
a t  the  s u r f a c e  of a s y l v i t e  I R E  from a 
5 x 1 0 ~ ~  R8NH3Cl s o l u t i o n  (pH = 4 . 3 ) .  
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Near-I nf r ared 

One l i m i t a t i o n  i n  t h e  use of r e a c t i v e  I3Es i s  t h a t  not a l l  mine- 
r a l  c r y s t a l s  a r e  i n f r a r e d - t r a n s p a r e n t  i n  t h e  most commonly used r e -  
g i o n ,  t h e  mid- inf ra red  (4,000-500 em-’). 
t r a n s m i s s i o n  s p e c t r a  of s e v e r a l  s i n g l e - c r y s t a l  minera l  I R K S  t h a t  hdve 
been used i n  t h e  mid- inf ra red  reg ion .  As can be noted from Figure  3, 
t h e  oxide  I R E S  t e n d  t o  absorb  IR r a d i a t i o n  a t  lower wavenumbers than 
t h e  o t h e r  c r y s t a l  types.  I n  f a c t ,  many m i n e r a l s  a r e  not, t r a n s p a r e n t  
i n  any r e g i o n  of t h e  mid- inf ra red .  f l i l l e r  and Kel.lar ( 2 2 )  have pro- 
posed us ing  FTIR/IHS i n  t h e  n e a r - i n f r a r e d  (15,000-4,000 em-’) f o r  
s t u d y i n g  c o l l e c t o r  a d s o r p t i o n  r e a c t i o n s  and t h u s  extendi.rig t h e  u t i i -  
i t y  of t h e  r e a c t i v e  I H E  method. Pre l iminary  experiments  have demon- 
s t r a t e d  t h a t  such  FTIR/LRS measurements a r e  p o s s i b l e  i n  t h e  near-  
i n f r a r e d  f o r  t h e  mid-infrar.ed opaque mineral  c a l c i t e ,  CaC03 ( 3 9 ) .  

Shown i n  F i g u r e  10 a r e  t h e  

The absorbance bands i n  t h e  n e a r - i n f r a r e d  a r e  combination and 
over tone  bands of t h e  fundamental mid- inf ra red  banas. These bands 
a r e  much veaker  t h a n  those found i n  t h e  mid - IR .  Typical  i n t e n s i t y  
changes f o r  a fundamental band and i ts  over tones  can be seen  i n  Table  
6 ( 4 0 ) .  T h e  weak absorbance p r e s e n t  i n  t h e  m a r - I R ,  compared t o  t h e  

KCI 

E 

F 

v) 

MgO z 
4 

A1203 
* 

I I 1 I 1 I I I I I 
3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 

WAVENUMBERS 

Figure  10. Transmission s p e c t r a  of s e l e c t e d  mineral  I R E S .  
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Table  6. 
R e l a t i v e  I n t e n s i t y  f o r  D i f f e r e n t  
Overtones i n  t h e  Near - Inf ra red .  

Overt one R e l a t i v e  Absorbance 
-- 

Fundament a1 100 
F i rs t  9 
Second 0.3 
Third 0.01 

mid-IR, can be overcome somewhat by higher, energy sources  and more 
s e n s i t i v e  d e t e c t o r s  t h a t  a r e  a v a i l a b l e  f o r  t h i s  r e g i o n  of the e l e c -  
t r ornagne t i c spe c t  r uili . 
S p e c t r o e l e c t r o c h e m i s t r y  

I n - s i t u  s p e c t r o e l e c t r o c h e m i s t r y  f o r  t h e  s t u d y  of  f l o t a t i o n  s y s -  
tems has been confined t o  s u l f i u e  mineral  p a r t i c u l a t e  suspens ions  and 
e l e c t r o d e s  pressea  a g a i n s t  an 91iner t11  IRE (Methoa 1 ) .  No s p e c t r o -  
e lec t rochemica l  s t u d i e s  on s u l f i d e  minera ls  us ing  r e a c t i v e  I R E s  
(Method 3 )  have been r e p o r t e d .  T h i s  is most l i k e l y  because o f  the  
l a c k  of commercially a v a i l a b l e  s i n g l e  c r y s t a l s  and/or  n a t u r a l  s u l f i d e  
minera ls  with s u f f i c i e n t  o p t i c a l  q u a l i t y .  

Recent ly  i t  has  been shown t h a t  i n  c e r t a i n  s i t u a t i o n s  e l e c t r o -  
chemicdl e f f e c t s  can be of s i g n i f i c a n c e  i n  nonsul f ide  mineral  f l o t a -  
t i o n  systems ( 4 1  1. The use of r e a c t i v e  I R E S  f o r  t h e  i n v e v t i g a t i o n  of 
t h e s e  e lec t rochemica l  e f f e c t s  i s  i d e a l  s i n c e  a number of n o n s u l f i d e  
minera ls  a r e  t r a n s p a r e n t  i n  t h e  mid-IR reg ion .  Spec t roe lec t rochemis-  
t r y  using FTIH/IHS with r e a c t i v e  I R E s  y i e l d s  e s s e r i t i a l l y  t h e  same in-  
formation t h a t  was presented  i n  F igure  3 but a l lows  f o r  t h e  d e t a i l e d  
a n a l y s i s  of e lec t rochemicdl  s u r f a c e  r e a c t i o n s .  O f  c o u r s e ,  t h e  use of 
near-IR r a d i a t i o n  would al low many mineral  f l o t a t i o n  systems i n  which 
e lec t rochemica l  e f f e c t s  a r e  important  t o  be s t u d i e d  i n - s i t u  with 
r e a c t i v e  IREs. 

SUMMARY 

The use of  i n f r a r e d  spec t roscopy f o r  t h e  i n - s i t u  c h a r a c t e r i z a -  
t i o n  of s u r f a c e  r e a c t i o n s  has  been reviewed. I n  g e n e r a l ,  FTIR/IRS is 
t h e  only  a v a i l a b l e  experimental  technique f o r  t h e  i n - s i t u  i n f r a r e d  
s t u d y  of s u r f a c e s .  Three methods f o r  i n - s i t u  F'rIR/IRS have been 
d i s c u s s e d .  The p r e f e r r e d  method involves  t h e  use of r e a c t i v e  I R E s .  
F igure  3 summarizes t h e  advantages of i n - s i t u  F'TIR/IRS us ing  r e a c t i v e  
I H E s .  
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A s  is e v i d e n t  from Figure  3 ,  t h e  use  of r e a c t i v e  I R E s  f o r  t h e  
i n - s i t u  s t u d y  of a d s o r p t i o n  r e a c t i o n s  all.aws f o r  q u a n t i t a t i v e  measure 
of t h e  a d s o r p t i o n  d e n s i t y  and t h e  e x t e n t  of o r i e n t a t i o n  of s u r f a c -  
t a n t s  a t  t h e  r e a c t i v e  I R E  s u r f a c e .  Examples from each of t h e  major 
f l o t a t i o n  systems have been presented.  The alumina (rZL2O3)/sodiurn 
d o d e c y l s u l f a t e  system was used as  an example f o r  i n s o l u b l e  o x i d e / s i l -  
i c a t e  f l o t a t i o n ,  whi le  t h e  f l u o r i t e  ( C a F 2 ) / o l e a t e  s y s t e m  was used f o r  
semisoluble  s a l t  f l o t a t i o n .  I n  t h e  c a s e  of s u l f i d e  f l o t a t i o n ,  spha- 
l e r i t e  (ZnS) was u s e d  a s  t h e  r e a c t i v e  I R E  with potassium amylxanthate  
and potassium e t h y l x a n t h a t e  a s  c o l l e c t o r s .  As an example of  s o l u b l e  
s a l t  f l o t a t i o n ,  s y l v i t e  ( K C 1 )  was used as t h e  I R E  with n-octylamine 
a s  c o l l e c t o r .  

F i n a l l y ,  t h e  use of r e a c t i v e  I R E s  i n  t h e  near-IR s p e c t r a l  r e g i o n  
arid f o r  spec t roe lec t rochemica l  r e s e a r c h  was d iscussed .  
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