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Flotation chemists have long sought to unravel the mechanisms o f carboxylate collector adsorption  
by semi-soluble salt minerals. In particular, the adsorption density o f adsorbed carboxylates, adsorp
tion kinetics, speciation (chemisorbed, physisorbed), orientation, and conformation are o f interest. 
Given the importance o f these phenom ena in establishing the hydrophobic state a ta m in era l surface, 
in-situ surface spectroscopy studies certainly are justified. Such measurem ents traditionally have 
been difficult to perform. However, beginning in the late 1980s, a Fourier transform infrared (FTIR) 
spectroscopic technique was developed th a t has allowed fo r  the acquisition o f a wealth o f detailed 
information concerning carboxylate adsorption in semi-soluble sa lt flo ta tion  systems. The technique, 
internal reflection spectroscopy using single-crystal internal reflection elements, is reviewed, as it 
applies to semi-soluble salt flo ta tion  systems.

BACKGROUND

P rio r to  a v a ila b ility  o f  the F o u rie r trans fo rm  in fra re d  spectrom eter, the f lo ta tio n  chem ist 
was o ften  lim ite d  by the s e n s itiv ity  o f the  dispersive in fra re d  spectrom eter. S pecifica lly , 
due to  lo w -energy  th ro u g h p u t, m ost s tud ies in vo lve d  transm iss ion  techniques such as the 
KBr d isk  o r N u jo l m u ll m ethods.

W ith  the adven t o f FTIR  spectrom eters, m any lo w -en e rg y  th ro u g h p u t exp e rim e n ta l tech 
niques (a lm ost a ll exc lus ive ly  re flectance based) p re v io us ly  unused by flo ta tio n  research
ers cou ld  be u tiliz e d  on a ro u tin e  basis.

For exam ple, FTIR  analysis o f f lo ta tio n  systems by d iffuse  re fle c tio n  (S ivam ohan e t al., 
1990) and ex te rna l re fle c tio n  (g ra z ing  angle) (P o ling  and Leja, 1963) techniques can 
be found  in  the  lite ra tu re . These techniques are gene ra lly  pe rfo rm ed  ex-s itu  (no  w a te r
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TABLE 1 Synthetic single-crystal IREs that are useful for flotation studies
Internal 

Reflection 
Element (IRE)

Useful 
Transmission 
Range (cm-1)

Average 
Refractive 
Index, n

S i02 50000-4000 1.44

a i2o3 33 000-2800 1.75

MgO 2 0 000-1700 1.68

CaF2 66000-1300 1.40

NaCI 25000-900 1.5

KCI 20000-700 1.47

As2S3 12500-1300 2.4

ZnS 14000-1000 2.22

Ti02 20 000-2000 2.6; 2.9

Zr02 25000-1800 2.15

Beginn ing in  the late 1980s, researchers dem onstra ted the u t il i ty  o f fab rica ting  the desired 
substrate in to  a reactive IRE and d ire c tly  s tudy ing  surface reactions in -s itu  at the IRE sur
face. Sperline et al. (1987) f irs t used th is  approach to  q u a n tita tive ly  m o n ito r the adsorp tion  
density o f the surfactant c e ty lp y rid in iu m  ch lo ride  on to  a z inc selenide IRE. O f course, this 
m ethod is lim ite d  to  systems w here  IR -transparent IRE crystals are available, and ap p ro p ri
ate care m ust be taken to  avoid a n d /o r  correct fo r any im p u r ity  con tam in a tion  o f the sys
tem. S yn the tica lly  g ro w n  s ingle-crysta l IREs tha t are rea d ily  available and useful fro m  a 
flo ta tio n  standpo in t are lis ted in  Table 1. A lso lis ted in  Table 1 is the useful transm ission 
range o f each IRE. Since the in it ia l in ves tiga tion  by M ille r  and K e lla r (1989), num erous IREs 
have been used to describe adsorp tion  processes associated w ith  f lo ta tio n  chem istry. The 
use o f na tu ra l m inera l crystals as IREs was firs t postu la ted by H a rrick  over 30 years ago and 
now  has been developed fo r  f lo ta tio n  chem istry  studies (H a rrick , 1979; H a rrick  S cientific , 
1988). In  the case o f sem i-soluble salt-type m inerals, f lu o rite , calcite, and fluo roa pa tite  
crystals have been used as reactive IREs (M ille r  and Kella r, 1989; Ke lla r et al, 1990; Lu et 
al., 1998; Y oung and M il le r  1998).

The focus o f th is  paper is a re v ie w  o f the  F T IR /IR S  techn ique  fo r  the analysis o f carboxy- 
late adso rp tion  in  the flo ta tio n  che m is try  o f sem i-so lub le  sa lt m inera ls , us ing these same 
m inera ls as reactive  IREs.

ADSORPTION DENSITY

In  the f irs t  dem onstra ted  use o f reactive  IREs fo r  in -s itu  f lo ta tio n  chem is try  research, 
M ille r  and K e lla r (19 89 ) and K e lla r e t al. (19 89 ) showed th a t the adsorp tion  dens ity  o f 
oleate at the surface o f a f lu o r ite  IRE cou ld  be ca lcu la ted fro m  in -s itu  spectra l data. Sub
sequently, th is  approach was re fin ed  by Free et a l. (1 9 9 4 ). The genera l u t i l i t y  o f the  F T IR / 
IRS adso rp tion  dens ity  eq ua tion  fo r  reactive  IREs has n o w  been established.

r  = A /N  -  £-Cbde 

1 0 0 0 e (2 de/ d p)
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FIGURE 2 Spectra of CH stretching bands showing the integrated area chosen for 
quantitative analysis of adsorbed carboxylates at the surface of reactive IREs

w here  T  = adso rp tion  dens ity  (m o le /c m 2)

A  = in te g ra te d  absorbance (1 /c m )

N = nu m be r o f in te rn a l re flec tions

e = m o la r a b s o rp tiv ity  (1 /m o le  cm )

Cb = b u lk  species con cen tra tion  (m ole/1)

d e = e ffec tive  dep th  (cm )

d p = dep th  o f pe ne tra tio n  (cm )

T y p ic a lly  the adso rp tion  de n s ity  is d e te rm in ed  by the in te n s ity  ( in te g ra te d  absorbance, A) 
o f the  CH s tre tch in g  v ib ra tio n s  such as show n in  F igure 2, tog e the r w ith  the op tica l con
stants o f the  system ( in c id e n t angle and re frac tive  ind ices) th a t a llo w  ca lcu la tio n  o f N, d e, 
and d p.

F rom  such ca lcu la tions the  a d so rp tion  iso therm s can be de te rm ined  as show n fo r  fluo rite , 
ca lc ite , and apa tite  in  F igure 3 (Lu e t al., 1998 ). F requ en tly  in  these stud ies D 20  can be 
used instead o f H 20  in  o rd e r to  a llo w  easier exa m in a tio n  o f co lle c to r absorp tion  bands.

These FTIR /IR S  resu lts w ere  encourag ing  in  th a t the adso rp tion  iso therm s agreed w e ll 
w ith  some previous stud ies and dem onstra ted  the  great sen s itiv ity  (sub -m ono layer cov
erages cou ld  be de tected) o f the  reactive  IRE m ethod.

Subsequently, Jang and M il le r  (1 9 9 3 ), in  the case o f f lu o r ite , com pared the  m easured 
adsorp tion  dens ity  as d e te rm in ed  by IRS the o ry  w ith  th a t fou nd  us ing w e ll-d e fin e d  m ono
layers transfe rred  by the La ng m u ir-B lo d g e tt m ethod. See F igure 4. This com parison 
shows th a t the IRS techn ique  gives h ig h ly  re liab le , q u a n tita tive  results.

48



1000

E=L
o

C<uo
co
Q.k_
o
toT3<

0.1
1.00E-06 1.00E-05 1.00E-04 1.00E-03 1.00E-02 

E quilibrium  O leate  C o n c e n tra tio n  (M)

FIGURE 3 Comparison of oleate adsorption isotherms at apatite, fluorite, and ca lc ite  
surfaces at about pH 9.5 and a temperature of 2 0 °C to 25°C (Lu e t al., 1998)

F from Jt-A Isotherm (jimol/m2 )

FIGURE 4 Adsorption density values for transferred LB monolayers of fa tty  acids calculated 
by the FTIR/IRS adsorption density equation vs. those determined from the rc-A isotherms 
(Jang and Miller, 1993)
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TABLE 2 Calcium surface site densities for apatite, fluorite, and calcite (Lu et al., 1998)
Calcium density Area per

Surface ((im ole/m 2) calcium (A)2

Apatite (0001) 6.6 25.3

Apatite (1000) 5.2 32.2

Fluorite (111) 12.9 12.9

Calcite (1011) 8.2 20.2

R (Hydrocarbon Chain) 

1
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/ / / / / / / / / / / / / / / /
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(Carboxylate/Fluorite System)

FIGURE 5 The bridging coordination believed to define the nature of carboxylate 
chemisorption at the fluorite surface

In  general, the  oleate adsorp tion  iso therm s presented in  F igure 3 are characterized by  at 
least tw o  regions. A t lo w  e q u ilib r iu m  oleate concentra tions (< 1 x  10 5 M ), in  the absence 
o f  ca lc ium  d io leate p re c ip ita tion , the dens ity  o f the ca lc ium  surface sites (Table 2) dictates 
the adsorp tion  dens ity  in  th is  p la teau reg ion  fo r  the endo therm ic  chem iso rp tion  reaction  
(Lu e t a l., 1998). In  the case o f  f lu o rite , the adsorp tion  density  p la teau fo r  adsorbed oleate 
is 6.5 to  6.8 jum o le /m 2 such as w o u ld  be expected fo r  a close-packed m ono layer. T ak ing  in to  
considera tion  the dens ity  o f ca lc ium  sites, th is  corresponds to  a ca lc ium -to-carboxylate ra tio  
o f abou t 2 to  1 and suggests th a t b r id g in g  occurs betw een a carboxylate group and tw o  
ca lc ium  ions at the f lu o r ite  surface. See F igure 5. O n the o the r hand, the chem iso rp tion  p la 
teau fo r  calcite and apatite  as de te rm ined  fro m  F igure 3 is s ig n ifica n tly  less, approx im ate ly
1 |im o le /m 2. C learly a close-packed m ono layer is n o t achieved in  these systems at lo w  con
centra tions, w h ic h  accounts fo r  a d im in ished  state o f hyd ro p h o b ic ity  fo r  calcite and apatite 
un de r these circum stances w h e n  com pared to  f lu o rite . For exam ple, i t  has been fou nd  tha t 
fo r  a 1 x  10“s M  e q u ilib r iu m  oleate concen tra tion , f lu o r ite  exh ib its  a con tact angle o f  close 
to  90 °, whereas bubble a ttachm ent at a calc ite surface does n o t occur unde r these c ircum 
stances (Young and M ille r , 1998).

In  reg ion tw o  (>1 x  10“4M ), w here  adsorp tion  exceeds an effective close-packed m onolayer, 
the m ax im um  adsorp tion  densities w ere fou nd  to  be abou t 300 u m o l/m 2 a t a calcite sur
face, 100 ( im o l/m 2 a t a f lu o r ite  surface, and o n ly  11 u m o l/m 2 a t an apatite  surface. In  this
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TABLE 3 Comparison of the measured heats of adsorption of oleate at the fluo rite /w a te r 
interface w ith  isosteric heats of adsorption for different levels of surface coverage (M iller et 
al., 1989)

Heats of adsorption of oleate (kcal mol 1)

Measured by 
microcalorimetry

Calculated from adsorption 
isotherm data

Chemisorption (monolayer coverage) 2.36 2.77

Surface precipitation (above
monolayer coverage) -5 .3 1 * -6 .6 0

*At oleate surface coverage 02 = 0.59 (i.e., 9 = 1.59).

reg ion i t  appears th a t the adsorp tion  is m a in ly  due to  surface p re c ip ita tion  o f ca lc ium  
d io leate o r he terocoagu la tion  o f ca lc ium  d io leate co llec to r co llo ids. Therefore, i t  is reason
able to  re la te adsorp tion  dens ity  to  the extent and kinetics o f ca lc ium  ion  release to  so lu tion  
as has been discussed in  the lite ra tu re  (Young and M ille r , 1998; Free and M ille r, 1997). In 
th is regard, it  should be noted th a t the adsorp tion  iso therm  is qu ite  sensitive to the level o f 
dissolved ca lc ium , p a rticu la r ly  reg ion one, the chem isorbed layer. I f  even a m odest am oun t 
o f calc ium  is present in  so lu tion  p r io r  to  oleate ad d ition , the p re c ip ita tion  event can ove r
w he lm  chem iso rp tion  and the p lateau, so characteristic o f the chem isorbed m onolayer, can 
be e lim ina ted  as dem onstra ted fo r the flu o rite  system by Free and M ille r  (1997).

The tw o  reg ions o f o lea te adso rp tion  (che m iso rp tion  and surface p re c ip ita tio n ) are also 
revealed fro m  the rm o che m is try  stud ies o f  the f lu o r ite /o le a te  system (M il le r  et al., 1989). 
As show n in  Table 3, ad so rp tion  a t lo w  e q u ilib r iu m  o leate concen tra tions reveals an endo- 
the rm ic  reaction  o f o leate a t the  f lu o r ite  surface, whereas a t h igh  e q u ilib r iu m  oleate 
concen tra tions, an exo the rm ic  reac tion  associated w ith  m u lti la y e r  adsorp tion  by surface 
p re c ip ita tio n  o f  ca lc ium  d io lea te  is observed. S im ila r  results th a t in d ica te  an e n do th e rm ic  
chem iso rp tion  reac tion  o f o lea te a t a ca lc ite  surface have been repo rted  (Young and 
M ille r , 1998).

In  sum m ary, based on these adso rp tion  de ns ity  and the rm o che m is try  considera tions, 
chem iso rp tion  p redom ina tes a t lo w  e q u ilib r iu m  concen tra tions ( lo w  adsorp tion  dens i
ties) and a p re c ip ita ted  ca lc ium  d io lea te  p redom ina tes a t h igh e r adso rp tion  densities. In  
the case o f f lu o r ite , a close-packed m on o laye r o f  o lea te fo rm s d u rin g  the  che m iso rp tion  
reaction , c rea ting  a strong  h yd rop hob ic  state a t the f lu o r ite  surface. On the  o th e r hand, 
in  the case o f  ca lc ite  and apa tite , m on o laye r fo rm a tio n  is incom p le te  d u rin g  chem iso rp 
tio n  and, a t best, a w e ak  hyd ro p h o b ic  state is created a t these surfaces.

ADSORPTION KINETICS

Detailed studies o f adsorp tion  k inetics are re la tive ly  uncom m on in  the flo ta tio n  lite ra tu re . 
There are num erous reasons fo r  the dearth  o f such data, in c lud in g  lack o f in s tru m en ta tion  
capable o f g iv ing  rea l-tim e results. Furthe rm ore , m ost k ine tic  studies have been perfo rm ed 
ex-situ. A n  exception to  th is occurred in  1997, w hen Free and M ille r  (1997 ) exam ined the 
adsorp tion kinetics o f oleate and lino lea te  in -s itu  using a reactive flu o rite  IRE. I t  was found 
tha t the adsorp tion  process was n o t con tro lled  by convective d iffu s ion  o r mass transport bu t 
ra ther by the reaction o f the co llec to r m olecules at the flu o r ite  IRE substrate. A no the r sig
n ifican t f in d in g  fro m  th is analysis was tha t, once oleate chem isorbed a t the flu o rite  surface,
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Tim e (min.)

FIGURE 6 Effect of pH on the kinetics of oleate adsorption by fluorite IRE as revealed by in- 
situ FTIR/IRS. Each experiment was conducted with 1 x 10 5 M sodium oleate in D20 at 25°C 
(Free and Miller, 1997).

desorp tion  cou ld  n o t be detected. F ina lly , i t  was show n tha t anions such as F~, C 0 3“ , and 
O H“ s trong ly  in fluenced the rate o f co llec to r adsorp tion. For exam ple, shown in  F igure 6 is 
the effect o f  pH  on the adsorp tion  k ine tics  o f oleate at the surface o f a f lu o rite  IRE. The rate 
o f adsorp tion  is s ig n ifica n tly  reduced at h igh  pH , presum ably  due to com pe tition  w ith  the 
h yd roxy l io n  fo r  surface sites o r due to  a surface carbonation  reaction  (M ille r  and H iskey, 
1972).

SPECIATION OF ADSORBED COLLECTOR

D a ting  as fa r  back as the 1950s the re  was a g rea t deal o f specu la tion  concern ing  the spe- 
c ia tio n  o f adsorbed carboxy la te  co llecto rs at the  surface o f sem i-so lub le  salt m inera ls . 
Even d u r in g  th a t tim e  p e rio d  i t  was recogn ized th a t in fra re d  spectroscopy had the  p o te n 
t ia l to  de te rm in e  w h e th e r the  adsorbed layers w e re  chem isorbed , physisorbed, o r p re c ip 
ita te d  on the  substrate. H ow eve r, w h ile  use fu l, ex-s itu  analyses o ften  tended to  c loud  the 
u n de rs ta nd ing  o f the  n a tu re  o f the adsorbed co llec to rs . S pec ifica lly , the  presence o f w a te r 
in  ex-s itu  analyses o ften  confused the researcher and caused m is in te rp re ta tio n  o f the 
re su ltin g  spectra. In te rp re ta tio n  was based u p o n  the  lo ca tio n  and s p lit t in g  (s in g le t or 
do ub le t) o f the COCT asym m etric  s tre tch ing  band  in  the reg io n  1600 to 1500 cm -1. U sing 
F T IR /IR S  spectra, K e lla r e t al. (1 9 9 1 ) w ere  the  f irs t  to  show  fro m  in -s itu  spectroscopy th a t 
the  chem isorbed carboxy la te  is cha racte rized  b y  a s ing le  absorbance band -1 5 5 0  c i t T  1 
and th a t su rface -p rec ip ita ted  ca lc ium  d icarboxy la tes are cha racterized b y  a d o u b le t w ith  
bands on  e ith e r side o f -1 5 5 0  cm -1. A  sum m a ry  o f results th a t dem onstra tes these cha r
acte ris tic  surface spectroscopic fea tures o f o lea te a d so rp tion  is presented in  Tab le  4  
(Y oung and M ille r , 1998 ). , -
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TABLE 4 Band positions (cm 1) of chemisorbed and surface-precipitated oleate at 
fluorite, apatite, and calcite surfaces from selected references (Young and Miller, 1998)

Reference Mineral

Band Positions 
(cm '1)

Chemisorb Precipitate Detection Method

Fluorite (CaF2)

Kellar et al. (1991) synthetic 1549 1573, 1535 In-situ FTIR/IRS

Jang and Miller (1994) synthetic 1550 — LB FTIR/IRS

Bahr et al. (1978) natural 1550 1575, 1538 KBr transmission

Sivamohan et al. (1990) natural 1555 1575, 1540 Diffuse reflection

Rao and Forssberg (1991) synthetic 1555 1576, 1540 Diffusion reflection

Peck and Wadsworth (1965) natural 1555 1577, 1543 Nujol Mull

Hu et al. (1986) synthetic 1557 1577, 1540 KBr transmission

Apatite [Ca5(P04)3X]

Gong et al (1992) X = OH” 1550 1574, 1593 Diffuse reflection

Antti and Forssberg (1989) X = F" 1550 1577, 1541 Diffusion reflection

Lu and Miller (1998) X = F" 1554 1575, 1540 Ex-situ FTIR/IRS

Calcite (CaC03)

Peck (1963) natural 1562 — KBr transmission

Antti and Forssberg (1989) natural unable unable Diffuse reflection

Young and Miller (1998) natural 1551 1569, 1534 Ex-situ FTIR/IRS

N o t a ll researchers agree w ith  th is  po s itio n . The above analysis touched o f f  s ig n ifica n t 
debate in  subsequent pu b lica tio ns  (M il le r  et al., 1995 ). C om ple te  unde rs ta nd ing  o f  the 
phenom ena th a t cause the fo rm a tio n  o f a s ing le t and d o u b le t was n o t fu lly  reso lved u n t il 
the IRS w o rk  o f  Lu and M il le r  (19 98 ) w ith  f lu o r ite  showed th a t the 1550 c m "1 s ing le t and 
the do ub le t at 1540 and 1575 cm -1 co u ld  be exp la ined  in  term s o f the c o o rd in a tio n  s truc
tu re  o f  ca rboxy la te  groups w ith  ca lc ium  ions. (For exam ple, s p lit tin g  o f the asym m etrica l 
s tre tch is n o t observed fo r  m agnesium  and b a riu m  carboxylates, and in  fact, such s p littin g  
reveals the un ique  m u ltip le  co o rd in a tio n  states, cha racte ris tic  o f ca lc ium  in  such aqueous 
systems.) In  th is  analysis i t  was show n tha t constra ined ca lc ium  carboxyla te  groups in  a 
chem isorbed state at the surface (m on o la ye r coverage) g ive rise to  the s ing le t, whereas 
carboxyla te  groups associated w ith  ca lc ium  ions in  th ree -d im ens ion a l seven- o r e ig h t-fo ld  
coo rd ina tio n  (m u lti la y e r  coverage) g ive rise to the do ub le t. I t  is no w  c lear th a t the s ing le t 
peak is in d ica tive  o f the chem isorbed o leate w h e n  i t  is constra ined at the surface and l im 
ited  in  co o rd in a tio n  w ith  ca lc ium . T h is  is true  even i f  a ca lc ium  d ica rb oxy la te  is fo rm ed  
in  such a constra ined state (Lu  and M ille r , 1998 ). In  v ie w  o f the ad so rp tion  dens ity  
observed fo r  m on o laye r coverage at a f lu o r ite  surface and the ca lc ium  surface site dens ity  
(Table 2 ), the  b r id g in g  s truc tu re  fo r  the chem isorbed oleate (F igu re  5) is ju s tif ie d  by the 
carboxyla te  s ing le t p o s itio n  observed at -1 5 5 0  c m "1. Such close packing o f the  oleate 
m ono layer and the o rdered  a rrangem en t (see nex t section) account fo r  the g reat s ta b ility  
o f o leate at f lu o r ite  surfaces and the exce llen t h y d ro p h o b ic ity  observed (Jang et al., 
1995). ■
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FIGURE 7 FTIR/IRS ex-situ spectra of the oleate adsorption product w ith and w ithout prior 
equilibration of the  fluorite IRE in water. Adsorption occurred for 14  hours in each tes t. The 
oleate concentration was 1 x 10-4 M, the  temperature was 25°C, and the pH was 9.8 (Free 
and Miller, 1996).

Aga in , the spectra l features o f  the  adsorbed state are qu ite  sensitive to the  ca lc ium  ion  
con cen tra tion  in  so lu tion . I f  s u ffic ie n t ca lc ium  is present in  so lu tio n  to  s tim u la te  the c a l
c iu m  d io lea te  p re c ip ita tio n  reaction , the d o u b le t w i l l  be observed. For exam ple, i f  f lu o r ite  
is f irs t  e q u ilib ra te d  w ith  w a te r p r io r  to  o lea te a d d itio n , the  asym m etric  v ib ra tio n  fo r the 
carboxy la te  is s p lit and a d o u b le t is observed ra the r than  a s ing le t, w h ic h  is the case w hen 
f lu o r ite  is n o t eq u ilib ra te d  in  the w a te r p r io r  to  o leate a d d itio n . See F igure 7 (Free and 
M ille r , 1996).

A lso , in -s itu  IRS has been used to  m o n ito r  the re a c tiv ity  o f  adsorbed carboxy la te  species. 
I t  was show n th a t the C=C doub le  bond o f  chem isorbed o leate a t a f lu o r ite  surface e xh ib 
ited  s ig n ifica n t c ross-link ing  w hen  sub jected to  e levated tem pe ra tu re  a n d /o r  oxygen- 
satu ra ted so lu tions. These resu lts  w ere  co rre la ted  w ith  ad so rp tion  dens ity  m easurem ents 
(K e lla r et a l., 1992 ; Y oung and M ille r ,  1999 ).

ORIENTATION OF THE HYDROCARBON CHAIN 
AND SURFACE PHASE TRANSITIONS

As m en tioned  above, band lo ca tio n  a llow s one to  de te rm ine  the specia tion o f  adsorbed co l
lec to r m olecules. A n o th e r fea ture associated w ith  absorbance band po s itio n  invo lves sub
tle  changes in  the band pos ition  th a t are associated w ith  the m o lecu la r en v iro nm en t o f the 
a lky l chain. The bands m ost o ften  used in  such an analysis are the s trong asym m etric  -CH 
stre tch ing  bands (3200  to  2800  c m '1) o f  the co llec to r. The h igh  reso lu tion  associated 
w ith  FTIR spectrom eters a llow s the band positions to  be de te rm ined  a t sub-w avenum ber 
reso lu tion . Consequently, s ligh t changes in  the a lky l en v iro nm en t can be m on ito red . For 
exam ple, a lky l con fo rm ations  te rm ed e ith e r gauche o r trans can be observed by FTIR spec
troscopy. F igure 8 shows exam ples o f  gauche and trans con fo rm ations  in  a hydroca rbon  
chain. The tw o  con fo rm ations are observed w hen  the te rm in a l m ethylene groups in  any

Fluorite IRE not equilibrated with solution prior to oleate
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FIGURE 8 Examples o f trans (le ft) and gauche (right) butylene linkages. The asterisk 
indicates the gauche bond (Kellar et al., 1993).

fou r-ca rbon  subchain are on the same side (gauche) o r opposite sides (trans) o f the plane 
o f the m id d le  ca rb on /ca rbo n  bond. T yp ica lly , i f  the sam ple has a p re d o m in a n tly  gauche 
p o pu la tio n , the band loca tion  w i l l  occur a t h ighe r w avenum bers than  w hen the p o p u la tio n  
is p re d o m in a n tly  o f the trans con fo rm a tio n . Such analyses have been pe rfo rm ed by 
researchers s tudy ing  surfactan t chem is try  (K e lla r e t al., 1990 ). For exam ple, w hen the sur
fac tan t is p re d o m in a n tly  in  the m onom er fo rm , the a lky l band p o s itio n  occurs at h igher 
w avenum bers than w hen the m ice lla r fo rm  o f the surfactan t prevails.

K e lla r et al. (19 93 ) used th is  concept to  be tte r unders tand  the  co n fo rm a tio n a l behav io r 
o f adsorbed oleate on a f lu o r ite  IRE. I t  was fou nd  th a t a t v e ry  lo w  adsorp tion  densities, 
the o leate m olecu les adsorbed in it ia l ly  in  p re d o m in a n tly  the gauche con fo rm a tio n , and 
as the adso rp tion  de ns ity  approached m ono laye r coverage, the trans c o n fo rm a tio n  p re 
dom ina ted . These results, tog e the r w ith  m ore recent resu lts, are show n in  F igure  9 
(D re lich  e t al., 1997). A lso, i t  shou ld  be no ted  th a t Jang and M il le r  (19 95 ) used po la rized - 
lig h t  FT IR /IR S  experim ents  to  analyze the co n fo rm a tio n a l behav io r o f self-assem bled 
(SA) and La ng m u ir-B lod ge tt (LB ) layers o f stearate m olecu les at the surface o f a f lu o r ite  
IRE. They fou nd  th a t fo r bo th  the SA and LB m onolayers, the p re d o m in a n t co n fo rm a tio n  
was the trans state.

F ina lly , w ith  respect to o rien ta tion , Jang and M ille r  (1995) de term ined the o rien ta tion  
angle (re la tive  to  surface no rm a l) fro m  the same FTIR /IRS  po la riza tio n  experim ents. I t  was 
found th a t th is  angle was 21° to  22° fo r the SA layer and from  9° to  16° fo r  the LB layer. 
These o r ie n ta tio n /c o n fo rm a tio n  results com plem ent the previous adsorp tion  dens ity  and 
speciation results and dem onstra te , in  the case o f f lu o rite , th a t a w e ll-o rde red /o rgan ized , 
t ig h tly  packed, chem isorbed m ono layer layer form s at lo w  oleate concentrations.

CONCLUSIONS

A  F ourie r trans fo rm  in fra red  spectroscopic techn ique has been developed th a t has a llow ed  
fo r the acqu is ition  o f fun dam e n ta l in fo rm a tio n  concern ing carboxyla te co llec to r adsorp
tion  in  sem i-soluble salt f lo ta tio n  systems. The techn ique a llow s fo r  in -s itu  m easurem ents 
on bo th  syn the tic  and n a tu ra lly  occu rring  m inera ls. In  general, the in -s itu  m easurem ents, 
w h ich  inc lude  adsorp tion  density , k in e tic , specia tion, and o r ie n ta tio n /c o n fo rm a tio n  s tud 
ies, have p rov ided  a d d itio n a l in fo rm a tio n  th a t was n o t ava ilab le  w ith  o th e r spectroscopic
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FIGURE 9 Peak frequency change of the asymmetric C-H stre tch ing mode of the -CH2-  group 
w ith  increasing  adsorp tion dens ity  o f o lea te  a t a f lu o rite  surface (D re lich e t al., 1997 )

techniques. Specifica lly, the spectroscopic evidence and the rm ochem ica l data show  tha t, 
in  the absence o f d issolved ca lc ium , chem iso rp tion  predom ina tes a t lo w  e q u ilib r iu m  oleate 
concen tra tions ( lo w  adsorp tion  densities) and a p rec ip ita ted  ca lc ium  d io lea te  p re d o m i
nates at h igh e r adsorp tion  densities. In  the case o f f lu o rite , a close-packed m ono laye r o f 
o leate fo rm s d u rin g  the chem iso rp tion  reaction , c rea ting  a s trong  h yd rophob ic  state at the 
flu o r ite  surface. O n the o th e r hand, in  the case o f calc ite and apatite , m ono laye r fo rm a tio n  
is incom p le te  d u rin g  chem iso rp tion  and a w eak hyd rophob ic  state is created at these sur
faces. A t h igh  e q u ilib r iu m  oleate concen tra tions, a surface p re c ip ita tio n  reaction  occurs 
tha t leads to  m u ltila y e r ca lc ium  d io lea te  coverage in  the case o f f lu o r ite  and calcite.
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