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CHARACTERIZATION OF O C T A H E D R A L  SUBSTITUTIONS IN 

KAOLINITES USING NEAR INFRARED SPECTROSCOPY 

S. PETIT, 1 J. MADEJOVA, 2 A.  DECARREAU 1 AND F. MARTIN 3 

Universit6 de Poitiers, UMR CNRS 6532 "Hydr.A.S.A", 40, avenue du recteur Pineau, F-86022 Poitiers CEDEX, France 
2 Institute of Inorganic Chemistry, Slovak Academy of Sciences, SK-842 36 Bratislava, Slovakia 

-~ Universit6 Paul Sabatier, Laboratoire de Min6ralogie-Cristallographie, UMR 5563 CNRS, 39 All6es Jules Guesde, 
F-31000 Toulouse, France 

Abst rac t - -Four ier  transform infrared (FTIR) spectroscopy investigations in the near infrared (N1R) region 
of synthetic and natural kaolinites with various octahedral substitutions have been carried out in order to 
elucidate the relationships between the substituted cations and specific features of the NIR spectra. The 
combination modes of the OH stretching and bending vibrations characterizing Fe(III), Ga(III) and Cr(III) 
octahedral substitutions are identified in the NIR region at 4466, 4498 and 4474 cm ~, respectively, and 
the first overtones of the OH stretching vibrations at 7018, 7018 and 6986 cm -J, respectively. As far as 
we know, the bands of kaolinites containing Ga(III) or Cr(III) have not been reported yet. For both Ga(III) 
and Cr(HI), the NIR observations explain why the bending vibration bands of A1GaOH and A1CrOH 
groups are not observed in the middle infrared (MIR) region. 

Key Words--Kaolinites,  Near Infrared Spectroscopy, Octahedral Substitution. 

I N T R O D U C T I O N  

For  a long  t ime,  kaol in i te  was  cons ide red  to have  
no  subst i tut ion.  In fact, the c rys ta l lochemica l  s tudies 
of  natural ,  as wel l  as of  synthet ic ,  kaol in i tes  s h o w e d  
that  they can  act  as e f fec t ive  potent ia l  t raps o f  ele-  
ments .  Ferr ic  i ron can  subst i tu te  for  A1 in oc tahedra l  
sites of  kaol in i te  even  to a relat ively h igh  level  in syn- 
thet ic  samples  (Pet i t  and  Decar reau  1990). The  pres-  
ence  of  G a  (Mar t in  et al. 1998) and  Cu (Petit ,  Decar-  
reau et al. 1995) in the oc tahedra  of  synthe t ic  kaol in-  
ites has  been  conf i rmed  recently.  C h r o m i u m  subst i tu-  
t ions were  p roved  in na tura l  samples  (Brook ins  1973; 
M a k s i m o v i c  and  Br ind ley  1980; M a c k s i m o v i c  et  al. 
1981; S ingh  and  Gi lkes  1991; M o s s e r  et al. 1993; Gai-  
te and  M o s s e r  1993). T i t an ium is also cons ide red  as a 
potent ia l  candida te  for  subs t i tu t ion  in kaol in i tes  (Jep- 
son and  R o w s e  1975; R e n g a s a m y  1976; W e a v e r  
1976). However ,  the p resence  of  anc i l l a ry  minera l s  has  
to be  expected ,  and  bu lk  chemica l  analys is  is of  l i t t le 
use  because  it is not  poss ib le  to d i s t inguish  w h e t h e r  
the " u n u s u a l "  (for  kaol in i te)  e l ement s  are real ly  pres-  
ent  in thei r  s t ructure  or  in an admixture .  F T I R  spec- 
t roscopy  is a power fu l  tool  to charac te r ize  var ious  sub- 
s t i tu t ions  due  to the poss ibi l i ty  o f  r ecogn iz ing  the cat- 
ionic  e n v i r o n m e n t  of  the O H  groups  via  hydroxy l  
bond  vibra t ions .  However ,  it has  been  ma in ly  used  in 
the M I R  reg ion  ( 4 0 0 0 - 4 0 0  c m  1) so far. In addi t ion  
to the reg ion  whe re  f undam en t a l  v ibra t iona l  m o d e s  ap- 
pear, the  NIR  reg ion  ( 1 1 , 0 0 0 - 4 0 0 0  cm ~) is useful  for  
de t e rmin ing  the  compos i t i on  of  the oc tahedra l  sheets  
of  kaol ini tes .  Th i s  is because  the lat ter  reg ion  con ta ins  
var ious  ove r tone  modes  which  are of ten sens i t ive ly  af- 
fected by  changes  in the c rys ta l lochemica l  status of  

kaol ini tes .  

The  ma in  N I R  spectra l  fea tures  of  kaol in i te  ( and  
o ther  clay minera l s )  are located  in the 7 5 0 0 - 6 5 0 0 -  
c m  -I and  5 0 0 0 - 4 0 0 0 - c m  -1 regions .  The  obse rve  d sig- 
nals  co r respond  e i ther  to the first ove r tone  (2voH) of  
O H  s t re tch ing  fundamen ta l  v ib ra t ion  modes ,  to com-  
b ina t ions  (UoH + 3AI OH) of  O H  s t re tch ing  and  bend ing  
fundamen ta l  modes  or to c o m b i n a t i o n s  of  O H  stretch-  
ing fundamen ta l  m o d e s  wi th  lat t ice v ib ra t ions  (Hunt  
and  Sa l i sbury  1970). In pract ice ,  the b a n d  w a v e n u m -  
bers  that  are measu red  in the N I R  reg ion  are c lose  to 
the sum of  the w a v e n u m b e r s  o f  bands  o b s e r v e d  in the  
MIR.  Post  and  Nob le  (1993)  po in ted  out  that  the  smal l  
changes  in the O H  s t re tch ing  and  bend ing  band  posi-  
t ions  are addi t ive  in the c o m b i n a t i o n  bands ,  m a k i n g  
t hem more  readi ly  d i f fe ren t ia ted  in the NIR region.  
This  mer i t  has  been  appl ied to the  ident i f ica t ion o f  clay 
minera l  compos i t ion ,  par t icular ly  in the smect i te  group 
(Pontual  and  Cocks  1994; Pos t  and  Nob le  1993). De-  
l ineau et al. (1994)  used  N I R  spectra  to detec t  A1/ 
Fe(III)  subs t i tu t ions  in natural  kaol ini tes .  They  ob-  
s e rved  2 absorp t ion  bands  at 4465 and  7025 c m  -~, due  
to Fe for AI subst i tu t ion,  and  they a t t r ibuted  t h e m  to 
the c o m b i n a t i o n  of  the 3 5 9 8 - c m  -~ (vA1OHFe 3+) and  
8 7 5 - c m  -I (~A1OHFe 3§ bands ,  and  to the  2Vo~ over-  
tone o f  the band  at 3598 cm-~, respect ively .  

The  purpose  of  this paper  is to inves t iga te  the NIR  
spectra  of  na tura l  and  synthe t ic  kaol in i tes  wi th  var ious  
oc tahedra l  subs t i tu t ions  (Fe(III) ,  Ga(III) ,  Cr(III)  and  
Cu(II)) .  

M A T E R I A L S  A N D  M E T H O D S  

E leven  we l l -charac te r i zed  synthe t ic  and  natura l  ka-  
ol ini tes  were  inves t iga ted  (Table 1). The  descr ip t ions ,  
or igins,  cond i t ions  of  syn thes i s  and  M I R  spect ra  o f  
these  kaol in i tes  have  been  pub l i shed  e l s ewhe re  (see 
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Table 1. Description of kaolinite samples used in the study. 

Substituent Sample designation in 
Sample Substitution element contentt Origins References the respective papers 

A1 - -  - -  S Martin et al. (1998) No. 1 
AI(III)/Fe(III) Petit and Decarreau (1990) 

Fel 0.6 S a = 0.02 
Fe2 2.0 S a = 0.1 
Fe3 4.1 S a = 0.2 
Fe4 4.6 S a = 0.3 

AI(III)/Cr(III) Mosser et al. (1993) 
Crl 0.5 N Milo 
Cr2 1.8 N Gey 

AI(III)/Ga(III) Martin et al. (1998) 
Ga 3.6 S No. 2 

AI(III)/Cu(II) Petit, Decarreau et al. (1995) 
Cul 0.1 S S1 
Cu2 2.8 S $2 
Cu3 4.0 S $3 

"~ In wt% oxide assuming 14% structural water. 
$ S = synthesized samples, N natural samples. 

references  in Table 1), and only the main features will  
be  summar ized  here. 

One synthet ic  kaolinite containing only A1 in the 
octahedra is used as the reference  (Sample  A1, Table 
1). The Fe-bear ing  kaolinites are synthetic,  and the Fe 
content  ranges  f rom 0.6 to 5% Fe203 f rom sample  F e l  
to sample Fe4. The Ga-bear ing kaolinite (Sample  Ga, 

Table 1) is synthetic and the Ga203 content  is 3.6%. 
The Cr l  and Cr2 samples  are Cr-bearing kaolinites,  
also named  "mi lo sch i t e s "  (Brookins 1973), and they 
are natural. The Cr contents  are 0.5 and 1.8%, respec-  
tively. The Cu-bear ing kaolinites (Cul ,  Cu2, Cu3) are 
synthetic and the Cu amount  ranges f rom 0.1 to 4% 
as CuO. 

NIR spectra were  obtained using a Nicolet  Magna  
750 FTIR spec t rometer  wi th  the diffuse ref lectance 
(DRIFT) accessory  "Co l l ec to r "  f rom Spectra-Tech.  
The spec t rometer  was  equipped  with a CaF 2 beam 

Sample AI 

v A12OH + 8A120H 

2 v AI2OH 4526 

I 41952  
7065 462~[ 4 2 4 1 ~  

71 
4 7 3 0 ~  

,0,35 j  677 

10000 7000 50"00 4000 
Wavenumber (r -1) 

Figure 1. Diffuse reflectance spectrum in the 11,000-4000- 
cm ~ region of the pure Al-kaolinite, described in Table 1. 
The wavenumber scale is nonlinear in order to display clear 
features throughout the broad range of the NIR spectrum. 

splitter and a PbSe  detector. Samples  were  analyzed at 
room temperature  wi thout  any dilution in KBr. They 
were  poured loosely into a sample  cup o f  about  1 m m  
depth and 3 m m  diameter  and should have had a ran- 
d o m  orientation. It would  have been  better  to fill the 
cup, but the lack of  some samples  p revented  this. In 
those cases,  the spectra obtained f rom a few grains 
only were  noisy but readable.  Such spectra are given 
without  correction.  Freshly prepared M g O  was  used 
for background measurement .  Averages  were  made  of  
128 scans at a resolut ion of  4 cm ~. 

The use of  spectral  ref lectance measurements  in ei- 
ther NIR ( l l 0 0 0 - 4 0 0 0 - c m  t or 0 .9-2 .5- txm) or the 

M I R  ( 4 0 0 0 - 4 0 0 - c m  ~ or 2.5-25-txm) regions  avoids  
significant p rob lems  associated with t ransmiss ion  mea-  
surements  of  clay minerals.  The first p rob lem is that 
gr inding and press ing kaolinites to prepare  pellets  can  
cause structural damage  (Hlavay et al. 1977; Bell  et 
al. 1991). On the other  hand,  s ince clay samples  con-  
sist o f  aggregates  of  small  part icles whose  d imens ions  
are about  the same as the wave length  of  the NIR light, 
mos t  radiat ion incident  on a sample  is scattered. For  
this reason,  direct  t ransmiss ion  measu remen t  using al- 
kali hal ide pressed  disks does  not  give sat isfactory re- 
suits in the NIR region (Lindberg  and Snyder  1972). 

RESULTS 

Refe rence  Al-kaol ini te  

Major  NIR spectral  features of  kaolinites are located 
in the 5 0 0 0 - 4 0 0 0 - c m  ~ and 7000-cm 1 regions  (Figure 
1). 

The 5 0 0 0 - 4 0 0 0 - c m  -~ region: the major  band at 
4526 cm 1 and the associa ted one at 4620 cm -~ cor- 
respond  to the combina t ion  of  OH stretching and de-  
format ion vibrat ions of  A12OH groups.  The weaker  
band at 4730 cm ~ is l ikely due to a combina t ion  of  
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Table 2. Observed and calculated wavenumbers of the vibrations of the OH groups linked to various octahedral cations. 

Observed wavenumbers (cm -~) 

NIR MIR Calculated Son wavetxumbers (cm ~) 
Cationic 

pairs 2 yon (I) yon + ~3o~ ~ (2) yon (3) Son (4) from (2) and (3) cor. from (1) and (2) cot. 

A1-A1 * 7065 4526 3620 914 906 914 994 914 
A1-Fe 3+ 7018 4466 3598 875 868 876 957 877 
A1-Cr 3+ 6986 4474 3586 / 888 896 981 901 
A1-Ga 3+ 7018 4498 3599 / 899 907 989 909 

Key: * = bonded to internal OH; / = not observed; cor. = corrected after comparison with the known 8oH values (4). 

the  in ternal  O H  s t re tch ing  v ib ra t ions  (3620  cm-~) wi th  
lat t ice v ib ra t ion  (Si-O s t re tch ing  near  1100 c m  ~). 
Three  litt le bands  be t w een  4100  and  4300  c m  ~ are 
comb ina t i ons  of  O H  s t re tching bands  of  kaol in i te  wi th  
lat t ice de fo rma t ion  v ibra t ions  (Hunt  and  Sa l i sbury  
1970; Hun t  et al. 1973; De l ineau  et al. 1994). 

The  7 0 0 0 - c m  1 region:  Two bands  are c lear ly  ob-  
se rved  at 7176  and  7065 c m  1. B e t w e e n  these  2 bands ,  
1 double t  is more  or less resolved.  These  bands  cor- 
r e spond  to the 2VoH over tones  of  O H  s t re tching fun- 
damen ta l  modes  of  A12OH groups  (Hunt  and  Sa l i sbury  
1970). 

By  compar i son  wi th  the MIR,  Crowley  and Vergo 
(1988)  ass igned  the sharp  in tense  band  at 7065 c m  -1 
to the inner  hydroxy l  groups  and  the o thers  to hydrox-  
yl groups  located  on the exter ior  surface  of  the octa-  
hedra l  sheet  of  kaol ini tes .  The  appearance  of  the over-  
tones at w a v e n n m b e r s  lower  than  twice  the f u n d a m e n -  
tals (Table 2) is due  to the a n h a r m o n i c  charac te r  of  
v ibra t ions  (Alper t  et  al. 1964). 

The  band  at 5245 cm -~ is a d iagnost ic  band  of  ad- 
sorbed  wate r  (Vw + ~w) (Hunt  and  Sa l i sbury  1970). It 
is only  o b s e r v e d  in spectra  recorded  at am b i en t  at- 
mosphere ,  and  it d isappears  unde r  v a c u u m  (Del ineau  
et al. 1994). 

The  o ther  smal l  bands  are no t  c lear ly  ass igned.  Two 
of  t hem can be  here  tenta t ive ly  at tr ibuted.  The  rela-  
t ively sharp 6 6 7 7 - c m  1 b a n d  m ay  be  due to the  first 
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Figure 2. Diffuse reflectance NIR spectra in the 4800-4000- 
cm 1 and 7500-6800-cm -~ regions of the Fe-bearing kaolin- 
ites described in Table 1. 

ove r tone  of  the 3 4 3 4 - c m  1 v ib ra t ion  band ,  p resen t  in  
the  M I R  spec t rum (Mar t in  et al. 1998). It is c o m m o n l y  
o b s e r v e d  in M I R  spect ra  of  synthe t ic  kao l in i tes  (De  
K i m p e  et al. 1981; Tomura  et  al. 1985; Pet i t  and  De-  
car reau  1990) as wel l  as in  the na tura l  ones  (Kato  et  
al. 1977; De l ineau  et al. 1994),  bu t  it was  not  ass igned.  
The  10335-cm -1 b a n d  m a y  be  a t t r ibuted to the  s econd  
ove r tone  of  O H  s t re tch ing  f u n d a m e n t a l  m o d e s  of  
A12OH groups  by  ana logy  wi th  the obse rva t i ons  of  
Vedder  (1964)  in  muscov i t e ,  a l t hough  H u n t  and  Sal- 
i sbury  (1970)  a t t r ibuted it to the p re sence  o f  Fe(I I )  in  
kaolini te .  

Fe( I I I ) -kaol in i tes  

In compar i son  wi th  the pure  Al-kaol in i te ,  2 supple-  
m e n t a r y  features  are o b s e r v e d  at 4466  and  7018  c m  1 
in the  spectra  of  Fe- r ich  synthe t ic  kao l in i tes  (Figure  
2). These  bands  were  a t t r ibuted by  De l ineau  et al. 
(1994)  to the c o m b i n a t i o n  of  the b a n d s  at 3598 and  
875 c m  ~, and  to the 2VoH over tone  of  the  b a n d  at 3598 
c m  -~, respect ively.  Mende lov i c i  et  al. (1979)  and  Pet i t  
and  Decar reau  (1990)  ass igned  the  3598-  and  875-  
cm ~ bands  to vA1FeOH and ~A1FeOH vibra t ions ,  re- 
spect ively.  The  7 0 1 8 - c m  -~ absorp t ion  occurs  on ly  as 
a shou lder  of  var ious  in tens i ty  in all the  spectra  o f  this  
series (Figure  2). The  ve ry  w e a k  inf lexion near  4466  
cm-~ in the spec t rum of  the Fe -poores t  syn the t ic  ka-  
ol ini te  o f  the series  ( F e l )  increases  in  in tens i ty  for  the  
in te rmed ia ry  samples  (Fe2 and  Fe3),  and  b roadens  for  
the  Fe- r iches t  sample  Fe4  (Figure  2). 

De l ineau  et al. (1994)  cor re la ted  the  area of  the 
4 4 6 8 - c m  1 b a n d  wi th  the area of  the e lec t ron  para-  
magne t i c  r e sonance  (EPR)  s ignals  due to Fe(III)  pres-  
ent  ins ide  the  X- ray  d i f f rac t ion  ( X R D ) - c o h e r e n t  do-  
ma ins  o f  kaolini te .  The  4 5 2 6 - c m  1 ma jo r  b a n d  over-  
laps the 4466-cm-~ b a n d  on  its h i g h - w a v e n u m b e r  side 
(Figure  2). Th i s  ove r l app ing  increases  w i th  the  in-  
crease  of  the s t ructural  Fe content ,  and  wi th  s t ructural  
d i sorder  (De l ineau  et al. 1994). A n y  quant i f ica t ion  o f  
the  Fe subs t i tu t ion  in synthe t ic  kaol in i tes  b a s e d  on  this  
b a n d  would  be  h igh ly  imprecise .  

Cr( I I I ) -kaol in i tes  

Two addi t ional  bands  at 4474  and  6986  c m  -1 are 
o b s e r v e d  for  the  2 c h r o m i a n  kaol in i tes  C r l  and  Cr2,  
in  c o m p a r i s o n  wi th  the  pure  kao l in i t e  (F igure  3). 
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Figure 3. Diffuse reflectance NIR spectra in the 4800-4000- 
cm ~ and 7500-6800-cm ~ regions of the Cr-bearing kaolin- 
ites described in Table 1. 
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Figure 4. Diffuse reflectance NIR spectra in the 4800-4000- 
cm -~ and 7500-6800-cm ~ regions of the Ga-bearing kaolin- 
ites described in Table 1. 

These  bands had never  been ment ioned in the litera- 
ture and can be assigned to the combinat ion o f  O H  
stretching and deformat ion modes  (VoH + goH) of  
A1CrOH groups, and to the 2Vo~ over tone of  the v- 
A1CrOH vibration, respectively.  This ass ignment  is 
supported by the fact that both bands are more  intense 
for Cr2 than for C r l  (Figure 3), in--accordance with 
the higher  Cr contents in Cr2 (Table 1). 

In the M / R ,  the vA1CrOH vibration band was ob- 
served at 3586 cm- t ,  but no 8AICrOH vibration band 
was detected (Mosser  et al. 1993; Maks imovic  et al. 
1981). However ,  the wavenumber  of  the gA1CrOH vi- 
bration band can be calculated f rom the N I R  data, fol- 
lowing this s imple equation (Cariati et al. 1981, 1983a, 
1983b; Post and Noble  1993; Bishop et al. 1994): 

(VOH ~- ~OH)NIR - -  (VOH)MIR = (~OH) [11 

Due to anharmonicity,  the calculated wavenumber  
of  the 8on vibrat ion is lower  compared  to actual value. 
The compar ison of  the observed  and calculated wave-  
numbers  of  the A12OH(inner) and A1FeOH groups ob- 
tained for A1 and Fe kaolinites shows that approxi-  
mately  10 cm -~ should be added (Table 2) to the cal- 
culated goH value to obtain the exper imental  value. The 
5A1CrOH vibration band would  be located at about 
900 cm -t and thus over lapped by the main gA12OH 
band at 915 cm -~. Such location is in accordance with 
the broadening towards the low-wavenumbers  side o f  
the gA12OH band observed  in the M I R  spectra of  hal- 
loysites relat ively very  rich in Cr (up to 12% Cr203) 
g iven by Maks imovic  and Whi te  (1973). 

Ga(III)-kaolini te  

The  N I R  spectrum of  the Ga-r ich synthetic kaolini te 
shows, in comparison with the pure kaolinite spec- 
trum, 2 additional bands at 4498 and 7018 cm -~ (Fig- 
ure 4). As  far as we know, these bands had never  been 
ment ioned in the literature. They can be assigned to 
the combinat ion  of  O H  stretching and deformat ion 

modes  of  A1GaOH groups, and to the first over tone  of  
the vA1GaOH vibration band, respectively.  

The vA1GaOH vibration band was observed  in M I R  
at 3600 c m  -~, but  no ~A1GaOH vibration band was 
detected in the M I R  spectrum o f  this Ga-kaol ini te  
(Martin et al. 1998, sample 2). Based  on Equat ion [1], 
the posi t ion of  the 8A1GaOH vibration band would  be 
at about 910 cm -1 (Table 2). A shift o f  the 8OH band 
f rom 914 cm -1 for the A1 end member  (a kaolinite),  
to 903 cm r for the Ga end member  (a smectite),  was 
observed in the M I R  spectra of  synthetic kaolini tes 
and smecti tes with various Ga-contents  (Martin et al. 
1998). 

The 914-cm -~ band was attributed to ~A12OH either 
in kaolinites or in smectites,  while  the band at 903 
cm -t was attributed to ~Ga2OH in smecti tes by Stu- 
bican and Roy  (1961) and Martin et al. (1998). Af te r  
a s imple calculation,  assuming that in the same envi-  
ronment  the wavenumber  o f  the band of  the O H  group 
bonded to a cationic pair involv ing  2 different homo-  
valent  cations can be  deduced f rom the mean of  the 
vibration wavenumbers  of  the O H  groups bonded  to 
the 2 cationic pairs involv ing  the same cations (De- 
carreau et al. 1992; Petit, Robert  et al. 1995), the ob- 
tained value is 909 cm -~ [914 (gA12OH) + 903 
(gGa2OH)]/2. Such a wavenumber  for the gA1GaOH 
vibration is in accordance with the results obtained 
f rom the N I R  spectra. The coincidence of  wavenumber  
of  the gA1GaOH vibrational band with the main 
~A12OH band at 915 cm -~ can explain the impossibi l -  
ity of  observing the bA1GaOH absorption in the M I R  
region. 

Cu(II)-kaolini tes  

The N I R  spectra o f  samples C u l ,  Cu2 and Cu3 are 
shown in Figure  5. These  3 synthetic samples  (Table 
1) have been described in detail  by Petit, Decarreau et 
al. (1995). No  v O H  vibration band involv ing  Cu(II)  
was observed  in the M I R  spectra, and the vA12OH vi- 
bration bands appeared increasingly blurred when  the 
Cu  content  o f  samples increased. Weak bands situated 
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Figure 5. Diffuse reflectance NIR spectra in the 4800-4000- 
cm -1 and 7500-6800-cm -~ regions of the Cu-bearing kaolin- 
ites described in Table 1. 

at 868 and  840 c m  ~ were  ten ta t ive ly  a t t r ibuted to 
gA1Cu2+OH. 

In bo th  the  7 0 0 0 - c m - t  and  4400-cm-1 reg ions  (Fig- 
ure  5), the character is t ic  bands  of  kaol in i te  i nvo lv ing  
s t ructural  O H  are more  b lu r red  w h e n  the Cu con ten t  
of  samples  increased,  as was  s imi lar ly  o b s e r v e d  in the 
MIR.  This  is par t ly  due to the g rowth  o f  new bands  
centered  near  7100  and  4560  c m  -~ in these  regions .  
A n o t h e r  new b a n d  appears  in the spectra  of  the  3 Cu-  
bear ing  samples  at 7000  c m  t, but  its in tens i ty  does  
not  change  wi th  the  Cu con ten t  in the samples .  Two 
other  bands  are o b s e r v e d  at 4419  and  4335 c m  ~ for  
the 2 Cu- r iches t  samples ,  and  can  be  clear ly l inked  
wi th  the Cu a m o u n t  in kaol ini tes .  Due  to the over lap-  
p ing  of  the bands  in bo th  M I R  and  N I R  spectra,  it is 
not  poss ib le  to a t t r ibute  these  bands  wi th  certainty.  

D I S C U S S I O N  A N D  C O N C L U S I O N S  

Even  t h o u g h  the  re la t ionship  be t w een  clay s t ructure  
and  IR spec t rum is com p l ex  and  has  been  only  par- 
t ially ra t iona l ized  up till now,  the IR spec t rum reflects 
c rys t a l lochemica l  compos i t i on  on  w h i c h  o ther  tech-  
n iques  canno t  easi ly  give in fo rma t ion  (Petit, Robe r t  et  
al. 1995). In the spectra  of  c lay minera l s  o ther  than  
kaol in i te  wi th  var ious  chemica l  compos i t i ons  due to 
n u m e r o u s  ca t ion  subst i tu t ions ,  the  v ibra t ions  of  the 
O H  groups  are a lmos t  ful ly unde r s tood  and  have  been  
found  to be  sens i t ive  indica tors  of  the  hydroxy l  envi -  
r o n m e n t  (Rober t  and  K o d a m a  1988; Madejov~i et  al. 
1994; B e s s o n  and  Drits  1997). Each  defini te  type  of  
ca t ion b o n d e d  to an O H  group is de t e rmined  by  a def-  
ini te  pos i t ion  of  the co r r e spond ing  O H  band.  

In this way,  f rom a series o f  d iverse ly  subs t i tu ted  
synthet ic  and  natura l  kaol ini tes ,  the  O H  absorp t ion  
bands  charac te r iz ing  Fe(III) ,  Cr(III)  and  Ga(II I )  octa-  
hedra l  subs t i tu t ions  were  p rev ious ly  ident i f ied in the 
MIR.  The  co r r e spond ing  bands  are identif ied in the  
N I R  region  us ing  the  same  series o f  kaol ini tes .  The  
first  o v e r t o n e s  o f  the  O H  s t r e t c h i n g  v i b r a t i o n s  
(2vA1R3+OH) are located  at 7018,  6986  and  7018  cm l 

for  Fe(III)- ,  Cr(III)-  and  Ga( I I I ) -bea r ing  kaol ini tes ,  re- 
spect ively.  The  c o m b i n a t i o n  of  the O H  s t re tch ing  and  
b e n d i n g  v ib ra t ions  are o b s e r v e d  at 4466,  4474  and  
4498  c m  -~, respect ively.  The  2vA1R3+OH band ,  for  
R 3+ b e i n g  Fe(II I )  or  Ga(III) ,  has  the same  w a v e n u m -  
bet ,  in  a c c o r d a n c e  w i t h  the  M I R  da ta  for  the  
vA1R3+OH bands  (Table 2). 

The  bands  of  Ga(II I ) -  and  Cr( I I I ) - subs t i tu ted  kaol in-  
ites are repor ted  for  the  first t ime. The  N I R  data  can  
also be  used  to ca lcula te  " u n k n o w n "  pos i t ions  o f  
some  O H  v ibra t ions  bands  in the  MIR.  Thus ,  N I R  
spectra  expla in  w h y  the 8A1GaOH and  ~A1CrOH vi- 
b ra t ion  bands  are no t  o b s e r v e d  in the  MIR .  I t  is due  
to an ove r l app ing  of  these  bands  by  the  8A12OH ab- 
sorpt ion.  

E v e n  though  amoun t s  o f  the Cu(II)  subs t i tu t ion  in 
Cu( I I ) -bea r ing  kaol in i tes  are c o m p a r a b l e  wi th  those  of  
the Fe(III) ,  Cr(III)  and  Ga(I I I )  subst i tu t ions ,  more  sig- 
ni f icant  modi f ica t ions  occur  in the i r  N I R  spectra:  the  
vAP+2OH bands  b e c o m e  b lur red  and  severa l  new  
bands  appear. However ,  un l ike  the case  o f  Fe-, Cr- and  
G a - b e a r i n g  kaol ini tes ,  it is no t  poss ib le  to expl ic i t ly  
ass ign  these  addi t iona l  bands  of  Cu-bea r ing  kaol ini te .  
S tub ican  and  Roy (1961)  s h o w e d  that  there  are more  
radical  changes  in IR spectra  of  mine ra l s  w h e n  the 
subs t i tu t ion  of  ions  wi th  d i f ferent  cha rge  takes place.  
Moreover ,  the Jahnn-Te l le r  effect,  due to the e lec t ron ic  
proper t ies  of  Cu, induces  impor tan t  d is tor t ions  in oc-  
tahedra l  sites of  clay minerals .  The  wide  d i f fe rences  
exis t ing  in the N I R  and M I R  spectra  be tween  pure  and  
Cu- r i ch  kaol in i tes  may  logical ly  be  re l iable  to the  im- 
por tan t  pe r tu rba t ions  of  O H  v ibra t ions  resu l t ing  f rom 
the Cu 2+ ca t ions  in the oc tahedra l  sheets  of  kaol ini te .  

F r o m  these  results ,  it appears  c lear ly  that  N I R  spec-  
t roscopy  is a s imple  but  ve ry  power fu l  tool  to char-  
ac ter ize  oc tahedra l  subs t i tu t ions  in kaol ini tes .  Because  
specific ca t ionic  subs t i tu t ions  reflect the  c rys ta l l i za t ion  
cond i t ions  of  kaol in i te  (Cases  et al. 1986; Mul l e r  and  
Calas  1989), it can  be  used  as a sens i t ive  d iagnos t ic  
tool, by  i tsel f  or  to c o m p l e m e n t  MIR,  in e n v i r o n m e n t a l  
geochemis t ry .  
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