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BASELINE STUDIES OF THE CLAY MINERALS SOCIETY SOURCE 
CLAYS: INFRARED METHODS 

JANA MADEJOV.~ AND PETER KOMADEL 

Institute of Inorganic Chemistry, Slovak Academy of Sciences, SK-842 36 Bratislava, Slovakia 

INTRODUCTION 

Infrared (IR) spectroscopy has a long and successful 
history as an analytical technique and is used exten- 
sively (McKelvy e t  al . ,  1996; Stuart, 1996). It is main- 
ly a complementary method to X-ray diffraction 
(XRD) and other methods used to investigate clays 
and clay minerals. It is an economical, rapid and com- 
mon technique because a spectrum can be obtained in 
a few minutes and the instruments are sufficiently in- 
expensive as to be available in many laboratories. An 
IR spectrum can serve as a fingerprint for mineral 
identification, but it can also give unique information 
about the mineral structure, including the family of 
minerals to which the specimen belongs and the de- 
gree of regularity within the structure, the nature of 
isomorphic substituents, the distinction of molecular 
water from constitutional hydroxyl, and the presence 
of both crystalline and non-crystalline impurities 
(Farmel; 1979). 

The interpretation of the absorption spectra of  the 
Source Clays in the middle-IR (MIR) region (4000- 
400 cm 1) given here follows those of Farmer and 
Russell (1964), Farmer (1974a, 1979) and Russell and 
Fraser (1994). In addition, reflectance spectra in the 
near-IR (NIR) region (11,000-4000 cm ~), where 
overtones and combination vibrations occur, are in- 
cluded. These spectra provide information on structur- 
al OH groups and H20 in clay minerals (Bishop e t  al . ,  

1994; Frost and Johansson, 1998; Petit e t  al. ,  1999a) 
which may not be clearly observed in the MIR spectra. 
Small changes in stretching and bending band posi- 
tions are additive in the combination bands, thereby 
making them more readily differentiated (Post and No- 
ble, 1993). 

Dispersive IR spectrometers are slowly being re- 
placed by quicker and more sensitive Fourier trans- 
form (FT) instruments (Rintoul e t  al. ,  1998). The 
greater sensitivity of the FTIR spectrometers is related 
to the continuous detection of the entire transmitted 
energy simultaneously, using interferometers, and rap- 
id Fourier transformation of the interferogram into a 
spectrum (Koenig, 1992; Russell and Fraser, 1994). 
The increased sensitivity of FTIR spectrometers led to 
the development and recent broad application of re- 
flectance techniques, such as ATR and DRIFT (Grif- 
fiths and de Haseth, 1986). 

Attenuated total reflectance (ATR) has been used as 
a sampling technique for IR spectroscopy since it was 
developed for dispersive instruments. However, only 
the increased sensitivity of FTIR spectrometers makes 
the ATR method a simple and routine technique (Rin- 
toul e t  al. ,  1998). ATR has been used extensively to 
investigate adsorption of organic substances on min- 
erals. The main advantage in clay-minerals research is 
that ATR allows the measurement of the spectra of 
dispersions, gels or pastes (Hunter and Bertsch, 1994; 
Shewring e t  al. ,  1995; Yan e t  al . ,  1996a,b). 

Diffuse reflectance infrared Fourier transform 
(DRIFT) is widely used in the analysis of solids and 
powders and generally requires little sample prepara- 
tion. The DRIFT method is a rapid technique for an- 
alyzing samples without interference related to sample 
preparation. Its use is limited somewhat by interfer- 
ence effects created by particle size and incident IR 
wavelengths, which may appear toward the low-fre- 
quency region, normally below 1200 cm ~ for clays. 
To minimize such effects, the clay is mixed with KBr 
to obtain good DRIFT spectra in the 1200-400 cm -~ 
region. The DRIFT technique is most appropriate in 
the NIR region, where no dilution of the sample is 
necessary. Thus, DRIFT is suitable for studies of hy- 
droxyl vibrations of clays in both MIR and NIR re- 
gions (Frost and Johansson, 1998). 

This paper summarizes data from FTIR spectra in 
the NIR and MIR regions (I 1,000-400 cm -J) of many 
of the Source Clay samples, using both transmission 
and reflectance techniques. 

METHODS 

The FTIR spectra were obtained using a Nicolet 
Magna 750 FTIR spectrometer, equipped with an IR 
source, KBr beam splitter, and DTGS KBr detector for 
MIR measurements, and a white light source, Cal: 2 
beam splitter and PbSe detector for NIR measurements. 
For each sample, 128 scans in the 11,000-4000 cm -1 
(NIR) and 4000-400 cm-~ (MIR) spectral ranges were 
recorded with a resolution of 4 cm ~. Fine fractions of 
the samples were prepared and described by Costanzo 
(2001), and these samples were analyzed as received. 

The KBr pressed-disc technique is most widely used 
for preparing a solid sample for routine scanning of 
the spectra in the MIR region. Samples of 2 and 0.5 mg 
were dispersed in 200 mg of KBr to record optimal 
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spectra in the regions of 4000-3000 and 4000-400 cm -j, 
respectively. The diameter of the pellets, pressed from 
samples, was 13 ram. Discs for the 4000-3000 cm -I 
region were heated in a furnace overnight at 150~ to 
minimize the water adsorbed on KBr and the clay sam- 
ple. 

In addition to KBr discs, self-supporting films were 
prepared for selected samples. This technique avoids 
any interaction between the clay sample and KBr, 
which may even occur at room temperature (Russell, 
1974). A 2% suspension of the sample in water was 
pipetted onto a thin polyethylene sheet and allowed to 
evaporate to dryness overnight at room temperature. 
The film was peeled from the polyethylene by drawing 
it over a sharp edge. A 13 mm diameter circle cut from 
the film was placed normal to the IR beam in the sam- 
ple holder of  a transmission cell, which permitted heat- 
ing to 200~ 

The ATR spectra in the MIR region were obtained 
using MIRacle, the single reflection horizontal ATR 
accessory from PIKE Technologies (Madison, WI, 
USA). The sampling plate of the device features a 
small round ZnSe crystal, which allows reliable anal- 
ysis of small samples in the spectral range of 20,000 
to 650 cm ~. The powder sample was placed on the 
ZnSe crystal and pressed with a micrometer-controlled 
compression clamp. Good contact between the sample 
and crystal is needed to obtain high-quality spectra. 

The DRIFT spectra in the NIR region were obtained 
using a diffuse-reflectance accessory 'Collector'  from 
Spectra-Tech (Shelton, CT, USA). Samples were ana- 
lyzed at room temperature without dilution in KBr. 
Samples were poured loosely into a sample cup of  

1 mm depth and 3 mm diameter. The powder was 
assumed to have random orientation. Freshly prepared 
MgO was used for background measurement. 

Comparison o f  the sample-preparation methods 

To provide adequate characterization of the samples, 
both transmission and reflectance techniques were uti- 
lized. The advantages and disadvantages of methods 
commonly used to obtain spectra in the MIR region 
are discussed briefly for SWy-2 and Syn-1 samples. 
Figure 1 shows the transmission spectra of SWy-2 
where two concentrations of the sample were used to 
prepare the KBr pellet (Figure 1 a). The pellet with the 
0.5 mg sample was measured immediately after press- 
ing, whereas the disc with the 2 mg sample was heated 
overnight at 150~ to minimize adsorbed water, there- 
by providing higher resolution in the OH-stretching 
region (3800-3200 cm-~). More intense bands were 
observed for the greater concentration of SWy-2. 
However, for some samples this greater concentration 
may result in total absorption of radiation in the region 
1200-1000 cm ~. Complete spectra obtained with the 
0.5 mg sample in KBr, and spectra of the OH-stretch- 

ing region with the 2 mg sample as inserts, are pre- 
sented for all Source Clay samples in this paper. 

The pressing of KBr with a clay to prepare the KBr 
pellet may alter the spectrum through exchange of K 
into the structure (e.g. K - N H  4 exchange, see below). 
The self-supporting film technique allows study of 
samples without a KBr matrix (Figure lb). Slight heat- 
ing (15 min at 150~ of the film of SWy-2 completely 
eliminated the band near 3400 cm 1 related to H20 
adsorbed on the sample, and a well-resolved band at 
3629 cm 1 assigned to OH-stretching vibrations of  
structural hydroxyls remained. This technique was also 
useful for the 950-800 cm -1 region, where well-re- 
solved absorption bands are present. In contrast, spec- 
tral features near 1000 cm -1 were not obtained because 
of the total absorption of  radiation; it is difficult to 
obtain sufficiently thin self-supporting films. Further 
details on transmission IR techniques were discussed 
by Russell (1974) and Russell and Fraser (1994). 

Reflectance spectra of SWy-2, obtained by DRIFT 
and ATR techniques, are shown in Figure 2. The 
DRIFT spectra were transformed using the Kubelka- 
Munk algorithm, which allows the intensity of  the 
measured IR spectrum to be linearly related to the 
sample concentration. The DRIFT spectrum of the 
pure SWy-2 sample in the region below 1200 cm -~ 
exhibits the major limitation of this technique, where 
spectral features unusual for transmission spectra ap- 
pear. The origin of  this effect is understood if the dif- 
fuse-reflectance phenomenon is considered. Where IR 
radiation is directed onto the surface of  a solid sample, 
two types of reflected energy occur, i.e. specular re- 
flectance and diffuse reflectance. The specular com- 
ponent is radiation, which reflects directly from the 
sample surface and has no absorptive interaction with 
the sample. Diffuse reflectance results from penetra- 
tion into the sample and interaction with the particles. 
Thus, this latter radiation contains spectral information 
on IR absorption. Diffuse reflection and specular re- 
flection are mixed and cannot be separated spatially, 
although a diffuse-reflectance accessory optimizes dif- 
fuse-reflected energy and minimizes the specular com- 
ponent. Specular reflectance can produce derivative- 
shaped peaks or apparent absorbance dips, or so-called 
'restrahlen bands' (Griffiths, 1983). Clay minerals 
show 'restrahlen bands' in the region below 1200 cm -j, 
where Si -O vibrations absorb most of  the radiation 
and the greatest contribution to signal intensity comes 
from the specular component. However, with modern 
component analysis techniques, spectra containing a 
specular component can be analyzed and various min- 
erals in mixtures are differentiated easily (Janik et al., 
1998). Such effects can also be minimized by applying 
Kramers-Kronig relations (Griffths and de Haseth, 
1986) or simply by mixing the sample with KBr at 
about the 10% level. The DRIFT spectrum of a diluted 
sample is similar to that of a KBr-pellet sample (corn- 
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pare Figure  1, K B r  and  Figure  2, DRIFT) .  However ,  
the advan tage  of  min ima l  sample  prepara t ion  is lost. 
On the  o ther  hand,  D R I F T  preferent ia l ly  p robes  m a n y  
h igh ly  ref lect ing minera l s  (non-smect i te ) ,  e.g. carbon-  
ates, oxides  and  others ,  and  thus is a useful  toot for 
ident i fy ing  impuri t ies .  

The  ATR spec t roscopy uti l izes the p h e n o m e n o n  of  
total  in ternal  reflection.  The  internal  ref lectance ele- 
ment ,  wh ich  is a p r i sm of  IR- t ransmi t t ing  mater ia l  of  
h igh  refract ive  index  (e.g. ZnSe) ,  is the  ma in  compo-  
nent  o f  an ATR cell. The  IR radia t ion  en te r ing  a crys-  
tal undergoes  total  in ternal  ref lect ion where  the angle  
of  inc idence  at the in ter face  be tween  the sample  and  
the crysta l  is grea ter  than the crit ical angle.  W h e n  a 
sample  is b rough t  into contac t  wi th  the surface of  the 
ATR crystal ,  the evanescen t  wave  will  be  a t tenuated  
in the  regions  of  the IR spec t rum where  the sample  
absorbs  energy.  

Wel l - reso lved  and  sharp  bands  are present  in the 
ATR spec t rum of  the pure  SWy-2  sample  (Figure 2, 
ATR).  The  posi t ions  of  the bands  in the regions  of  
4 0 0 0 - 3 0 0 0  and  9 5 0 - 6 0 0  cm -~ are very  s imi lar  to 
those found  in the KBr-pel le t  spectrum.  The  obse rved  
f requencies  of  the  S i - O  s t re tching v ibra t ions  near  
1000 cm -~ are shif ted sl ightly d o w n w a r d  f rom those  
o b s e r v e d  in IR t ransmiss ion  spec t roscopy as a resul t  
of  the opt ical  phys ics  of  the sys tem (Koenig ,  1992; 
Rintoul  et al., 1998). T he  ATR is a rapid,  non-des t ruc-  
t ive  t echn ique  and  is a ve ry  useful  first step to char-  
acter ize minera ls .  This  t echn ique  great ly  s implif ies  
sample  prepara t ion  and, in m a n y  cases,  makes  the 
press ing  of  K B r  pel lets  unnecessary .  Therefore ,  ATR 
spect ra  for  all Source  Clay samples  are s h o w n  here.  

The  impor tance  of  the se lect ion o f  the appropr ia te  
t echn ique  for  a par t icular  p r ob l em  is i l lustrated in Fig- 
ure 3, where  t r ansmiss ion  and  ref lectance spectra  for  
the Syn- t  sample  are compared .  Syn-1 is a synthet ic  
mica -montmor i l lon i t e ,  con ta in ing  NH4 + in the inter lay-  
er. A l though  the ATR, D R I F T  and  F i lm spectra  are 
similar, the K B r  and  KBr-hea ted  spectra  differ  in the 
reg ions  of  3 4 0 0 - 2 8 0 0  c m  ~ and  near  1400 cm -~, 
where  the bands  re la ted to s t re tching and  de fo rmat ion  
v ibra t ions  of  NH4 + occur  (Chourab i  and  Fripiat ,  1981; 
Peti t  et aL, 1999b).  The  KBr-pe l le t  spectra  indicate  
that  an exchange  o f  NH4 + by K + f rom K B r  occurs  
even  at r oom temperature .  

R E S U L T S  A N D  D I S C U S S I O N  

Two sets of  spectra  in the  M I R  region,  us ing  the 
pressed  K B r  pel le t  and  ATR sampl ing  techniques ,  and 
D R I F T  spectra  in the N I R  region are presen ted  for 
each  Source  Clay studied.  The  peak  posi t ions  ob-  
se rved  in the M I R  spectra  and thei r  a s s ignments  
(Fa rmer  1974a, Russel l  and  Fraser, 1994) are l isted in 
Tables  1-7.  The  b a n d  a s s ignmen t  in the N I R  region is 
d i scussed  in more  detail  because  this  spectral  region 

is less f requent ly  repor ted  in the l i terature than the 
M I R  region.  

KGa- lb ,  and KGa-2 kaolinites, Georgia 

MIR region. Figures  4 to 7 show IR spectra  of  the 
K G a - l b  and  KGa-2  kaol ini tes ;  the a s s ignmen t  o f  the 
bands  g iven  in Table 1. The  spectra  of  bo th  samples  
show strong r e semblance  over  the ent i re  M I R  region,  
ind ica t ing  that  this t echn ique  is not  suff iciently sensi-  
t ive to i l lustrate  c lear ly  the d i f ferent  k inds  o f  defects  
in these two kaolinites.  

NIR region. The  bands  present  in the NIR region  
are the resul t  of  over tones  and combina t i ons  of  fun- 
damenta l  s t re tching and  de fo rma t ion  vibrat ions .  The i r  
theoret ical  pos i t ions  can  be ca lcula ted  f rom the wave-  
number s  of  the bands  obse rved  in the M I R  region.  
Majo r  NIR  spectral  features  o f  K G a - l b  and  KGa-2  
kaol in i tes  are located near  7000  and  4600  c m  -~, where  
the bands  co r respond ing  to the first ove r tone  (2Vo,) 
and combina t i on  (VoH + ~oH) v ibra t ion  modes  of  O H  
groups  are obse rved  (Figures  8 and 9). Ana logous  to 
MIR  spectra, the NIR spectra of  both kaolinites are very  
similar, therefore  only  the a s s ignmen t  of  the bands  in 
K G a - l b  spec t rum is discussed.  Two s t rong bands  at 
7173 and  7065 c m  ~ are ass igned  to the 2Vo8 over tones  
of  the OH-s t re t ch ing  fundamen ta l  modes  of  inner-sur-  
face (VoH = 3 6 9 4 c m  - l )  and  inner  (Voa = 3620  c m  - t )  
hydroxyl  groups,  respec t ive ly  (Pet i t  et al., t999a) .  A 
less resolved  double t  at 7141 and 7113 c m  -~ is re la ted 
to over tones  of  inner-surface  OH groups  o b s e r v e d  at 
3669 and 3653 cm -j in the M I R  region.  The  s t rong 
band  at 4527 c m  -j and  the less in tense  one at 4624  
cm-~ cor respond  to the  combina t i on  o f  OH-s t re t ch ing  
(3620 and 3694 c m  1) and  de fo rma t ion  (915 and  938 
cm ~) v ibra t ions  of  AIA1OH groups.  Spectra l  features  
s imilar  to those  near  7000 and  4600  c m  -~, i.e. a sharp 
band  wi th  a smal ler  c o m p o n e n t  on  its h igh - f r equency  
side, are also obse rved  near  the 9000  and  5500  cm 
regions ,  thus  indica t ing  that  O H  v ibra t ions  are p roba-  
bly  i nvo lved  in these  v ibra t ion  modes .  It appears  that  
the band  at 9256  cm ~ arises f rom the  2(VoH + ~OH) 
vibration mode of  OH groups observed at 3694 and 938 
cm ~ in the MIR, whereas the band at 9054 cm -~ is re- 
lated to 2(vo .  + ~o,)  o f  the 3620  and  915 c m  -1 bands.  
The  combina t i on  mode  (VoH + 2~OH) gives the bands  
at 5494 cm ~ (VoH = 3694 cm J, 8oH = 938 cm l) and 
at 5421 cm ~ (VoH = 3620 cm 1, 8o H = 915 cm-~). The  
10,335 cm -j band  may  be a t t r ibuted to the second  
over tone  (3VoH) of  OH-s t re tch ing  fundamen ta l  modes  
of  A12OH groups  (VoH = 3620 cm-~). The  b a n d  at 5238 
cm -~ is caused  by  a combina t ion  of  s t re tching and  
bend ing  modes  (v,~ + ~w) of  adsorbed  H20. The  bands  
obse rved  be tween  4300  and  4000  cm -~ are p robab ly  
combina t ions  of  OH-s t re tch ing  bands  of  kaol in i te  wi th  
latt ice de fo rmat ion  v ibra t ions  (Hunt  and Sal isbury,  
1970; Hun t  et aL, 1973). 
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In addit ion to the bands  obse rved  in the NIR spectra 
of  K G a - l b ,  the KGa-2  spect rum shows an inflexion 
nea r  7015  c m  -1 and  a sma l l  b a n d  at 4465  c m  ~ (Fig-  
u re  9). These  bands,  a ss igned  in accordance  with sug-  
gest ions  by  De l ineau  et al. (1994) to the  first ove r tone  
and  c o m b i n a t i o n  m o d e s  o f  s t re tching and  bend ing  vi- 
bra t ions  of  A1FeOH groups  (at 3598 and  875 c m  -~, 
respect ively;  un reso lved  in the M I R  spectra,  F igures  6 
and  7), indica te  the p resence  of  some structural  Fe  in 
KGa-2 .  

SWy-2, montmorillonite, Wyoming 

MIR region. Figures  10 and 11 show the KBr-pe l le t  
and  ATR spectra  of  the  W y o m i n g  mon tmor i l l on i t e  
SWy-2.  The  pos i t ions  and  a s s ignmen t s  o f  the bands  
are l is ted in Table  2. In addi t ion  to the  bands  c o m m o n  
to all d ioc tahedra l  montmor i l lon i t e s ,  d iagnost ic  bands  
o f  quartz,  p resent  as an  impur i ty  in this  sample,  are 
obse rved  at 798 and  778 c m - L  Quar tz  admix tu re  was 
also found  by  X R D  analys is  (Chipera  and  Bish,  2001).  

NIR region. The N I R  spec t Ium of  SWy-2  shows  a 
complex  band  near  7080 c m  -~ ass igned  to the over tone  
(2VoH) of  the s tructural  OH-s t re t ch ing  mode  and  the 
over tone  of  H20  (2vw,) b o u n d  to surface  oxygens  o f  
the te t rahedra l  sheets  (Figure  12). The  shoulder  at 
6852 c m  -1 is a s s igned  to H 20  molecu les  i nvo lved  in 
s t rong hyd rogen  bonds  (2vw). The  smal l  sharp band  at 
7168 cm -1 ass igned  to 2yon (for VoH = 3695 c m  -~) 
indica tes  t races o f  kaol in i te  in this  sample .  The  N I R  
spectra l  reg ion  can  be  more  useful  for  de tec t ion  of  
kaol in i te  impur i ty  than the M I R  region  where  the mi-  
nor  inf lexion near  3695 c m  -1 can  hardly  be  dist in- 
g u i s h e d  f r o m  the  m a i n  O H  b a n d  at 3632  c m  1 (Fig-  
ure  10). Smal l  bands  at  9077 and  8680 c m  -j  corre- 
spond  to 2(VoH + BAIA~O~) and (2Vw. + ~w) c o m b i n a -  
t ions.  The  b road  band  near  10,530 cm -* is be l i eved  to 
be  related to second  over tones  of  var ious ly  b o u n d  H20  
molecu les  in the sample .  The  spectral  pa t tern  of  the  
clay in this  as well  as in  the  8 0 0 0 - 7 2 0 0  cm -~ reg ion  
is overlapped by  adsorption of  water  vapor present in air. 
In the  region be low 6000 cm -1, the  spec t rum of  SWy- 
2 mon tmor i l l on i t e  exhib i t s  a s t rong band  owing  to the 
c o m b i n a t i o n  of  the s t re tching and  bend i ng  v ibra t ions  
o f  wa te r  at 5255 c m  -~ and  a b a n d  at 4534  c m  -~ char- 
acter is t ic  of  the (VoH + BA~A~OH) com bi na t i on  mode  
(Figure  12). A s l ight  shou lde r  near  4470  c m  -~ corre-  
sponds  to the (Vor ~ + gAIF~On) com bi na t i on  mode.  The  
spectra l  fea tures  near  4100  cm -~ were  ass igned  to be  
combina t i ons  of  structural  OH-s t re t ch ing  v ibra t ions  
wi th  S i - O  de fo rma t ion  v ibra t ions  (Hunt  and  Sal isbury,  
1970). 

SAz-1, montmorillonite, Arizona 

MIR region. The  KBr-pe l le t  and  A T R  spectra  of  
SAz-1 (Figures 13 and  14; Table  3), reflect the  lower  
Fe  and  h igher  M g  con ten t  o f  this  mon tmor i l l on i t e  in 

compar i son  wi th  SWy-2.  A weak  band  at 792 c m  -~ 
indica tes  t races of  poor ly  crys ta l l ine  silica. 

NIR region. The  NIR spec t rum of  SAz-  1 is l ike that  
of  SWy-2  (Figures  15, 12). However ,  in c o m p a r i s o n  
wi th  SWy-2,  the  pos i t ions  of  the bands  of  s t ructural  
O H  groups  are shif ted sl ightly to lower  w a v e n u m b e r s ,  
in accordance  wi th  the pos i t ions  of  O H  bands  ob-  
se rved  in the M I R  region.  

STx-I, montmorillonite, Texas 

MIR region. Figures  16 and  17 show the KBr-pe l le t  
and  ATR spectra  of  mon tmor i l l on i t e  STx-1.  The  as- 
s ignmen t s  o f  the bands  are g iven  in Table 4. A weak  
shoulder  at  3692 c m  1 indica tes  t races o f  kaol in i te  in 
the sample.  Kaol in i te  was detected a m o n g  impur i t ies  
in the separates  ob ta ined  dur ing  pur i f ica t ion of  mon t -  
mor i l lon i te  for X R D  analysis  (Chipera  and  Bish,  
2001).  The  S i - O  s t re tching b a n d  at 1089 c m  -1 is re- 
lated to crys ta l l ine  si l ica admixtures .  The  re la t ively  
s t rong band  at 794 c m  -1 toge ther  wi th  increased  in- 
tensi ty  of  the 626 c m  -1 band  sugges t  a cr is tobal i te- l ike  
phase  impuri ty.  These  resul ts  are in good  a g r e e m e n t  
wi th  X R D  analysis ,  wh ich  conf i rms  opa l -CT admix-  
ture  in this  s ample  (Chipera  and  Bish,  2001).  

NIR region. The  N I R  spec t rum of  STx-1 s t rongly  
resembles  those  o f  SWy-2  and  SAz-1 (compare  F igure  
18 wi th  F igures  12 and  15), A weak  b a n d  at 7167 c m  -1 
shows  the  p resence  of  kaol in i te  in this mater ia l .  

SHCa-I, hectorite, California 

MIR region. The KBr-pel le t  spectra of  hectori te  re- 
veal the tr ioctahedral  character  of  this smecti te  wi th  an 
OH-st re tching band  at 3679 c m  -~ (Figure 19). The  OH-  
s t re tching region in the KBr-pel le t  and ATR spectra  
shows a p ronounced  decrease  in the 3675 cm ~ band  
intensity in the latter (Figure 20). The  particles in the 
KBr  disc are randomly  oriented, whereas  preferential  
or ientat ion of  particles increases owing to compress ion  
of  the sample  onto the surface of  the ATR crystal.  Com-  
par ison of  the OH-band  intensi t ies  in KBr-pel le t  and  
ATR spectra can help to identify the 'oc tahedra l  char- 
acter '  o f  smecti tes because  only the absorpt ivi ty  of  vib-  
rat ions of  OH groups of  t r ioctahedral  layer  silicates, 
which  are nearly normal  to the silicate layers, are sen- 
sit ive to or ientat ion and show varia t ion in intensi ty be-  
tween the two spectra. The  absorpt ion bands  at 1798, 
1430 and  875 cm -j (owing to C O  3 vibra t ions  of  calcite) 
and at 800 cm ~ (silica) indicate c o m m o n  admixtures  
present  in hectori te  (Figure 19). 

NIR region. The  N I R  spec t rum of  SHCa-1 hec tor i te  
in F igure  21 shows  that  the  t r ioc tahedra l  charac ter  of  
this  smect i te  can  also be  d i s t ingu ished  in the N I R  re- 
gion.  In the spectra  of  montmor i l lon i t e s ,  the s t ructural  
OH over tone  canno t  be  resolved  f rom the H20  band  
because  they bo th  appear  near  7060  c m  -1 (Figures  12, 
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15, 18). However ,  in the spec t rum of  SHCa-1 ,  the 
s t ructural  ove r tone  (2VoH) occurs  at 7191 c m  ~ and  the 
H20 band  at 7067 cm-1, so they can be  d i s t inguished  
f rom one  another.  The  d iagnost ic  band  o f  H 20  is seen 
at 5251 c m  -t. The  ma jo r  band  at 4329  c m  -t corre- 
sponds to the combinat ion of  OH-stretching (3679 cm -~) 
and  de fo rma t ion  (656 cm -t)  v ibra t ions  of  Mg3OH 
groups.  The  sharp band  at 4188 cm -1 is tenta t ively  
ass igned  to a (VoH + VMg-O) com bi na t i on  mode.  

Syn-1, synthetic mica-montrnorillonite 

MIR region. The  KBr-pel le t  and  the ATR spectra  of  
the unhea ted  sample  show absorp t ion  bands  near  3630 
and  930 cm ' owing  to the v ibra t ions  of  OH groups  
coordinated  to A1A1 pairs (Figures 22 and 23; Table 6). 
The  absorp t ion  bands  at 820 and  757 cm -t,  owing  to 
te t rahedral  A1-O out -of -p lane  and A 1 - O - S i  in -p lane  
vibrat ions ,  respect ively,  are character is t ic  of  musco-  
vite, whereas  a band  near  620 cm -~ is c o m m o n  for  
montmor i l lon i te .  

The  absorp t ion  bands  in the 3 3 0 0 - 3 0 0 0  cm ~ and  
near  1400 cm ~ are related to s t re tching and defor- 
ma t ion  v ibra t ions  of  NH4 +, respec t ive ly  (Table 6). The  
IR spectra  differ  s ignif icant ly  for  unhea ted  KBr-pel let ,  
hea ted  KBr-pel let ,  and  ATR spectra.  In the unhea ted  
sample ,  a s t rong band  o f  H20 at 3438 cm t domina tes  
the OH-s t re t ch ing  region and  only  a shoulder  near  
3119 c m -  ~ indicates  the p resence  of  NH4 +. Ove rn igh t  
hea t ing  at 150~ reduced the amoun t  of  adsorbed  H20,  
and  the a m m o n i u m  band  at 3133 cm -1 wi th  shoulders  
at 3287,  3015 and  2831 cm -I was obse rved  in the 
spec t rum (Figure 22). In the NH~ § deformat ion  region,  
two bands  at 1434 and  1402 cm ~ are present  in the 
KBr-pe l le t  spectrum.  The  ATR spec t rum shows broad 
bands  at 3298,  3047 and 1434 cm -~ (Figure 23). Dif- 
fe rences  be tween  the a m m o n i u m  band  posi t ions  in 
these  spectra  are re la ted to NH4 + migra t ion  f rom the 
clay into the KBr. The  bands  near  3130 and 1400 cm -~ 
are re la ted to NH4Br or ig ina t ing  fo l lowing  the ex- 
change  o f  NH4 + of  the clay by  K + f rom KBr. The  ATR 
spec t rum (with  no di lu t ing matr ix)  shows  the bands  at 
3298,  3047 and  1434 c m  ~ related to NH4 + present  in 
the in ter layers  o f  clay minera ls  (Chourab i  and  Fripiat,  
1981). 

NIR region. Figure  24 shows  the NIR spec t rum of  
Syn-  1. A reduced  intensi ty  of  the com bi na t i on  band  of  
H20 at 5242 cm J toge ther  with  d i sappearance  of  the 
H20 band  near  6800  cm -~ is character is t ic  of  mica-  
ceous  minera l s  and  indicates  a smal ler  n u m b e r  of  
swel l ing  layers  in Syn-1 in compar i son  to mon tmor i l -  
lonites.  A complex  band  near  7089 c m  ~ is re lated 
mos t ly  to an over tone  (2 VoH) of  the structural  OH-  
s t re tching mode  wi th  an addi t ional  con t r ibu t ion  of  the 
(2 Vw,) over tone  of  H20.  A sharp band  at 7176 cm 1 
is be l i eved  to or ig inate  f rom the 2 Vo, over tone  of  the 
h igh - f r equency  O H  componen t ,  obse rved  in M I R  

spectra of  some muscov i t e  samples  near  3660 c m  -~ 
(Farmer,  1974b; Besson  and  Drits,  1997). A combi -  
nation (VoH + ~o,) vibrat ion mode  appears at 4584 cm- ' .  
In addi t ion to OH bands ,  the  first over tone  (2 VNn4) and 
combina t ion  (VNH+ + ~NH4) v ibra t ion  modes  are ob- 
se rved  at 6426 and 4735 cm ~, respect ively.  

PFI-1, palygorskite, Florida 

MIR region. The IR spectra  of  pa lygorsk i te  (atta- 
pulgi te)  PFI-1 indicate  that  this  sample  has  quar tz  (798 
and 776 cm ~) and poss ib ly  fe ldspar  ( 7 2 0 - 5 0 0  c m  -j 
region)  admix tures  (Figures 25 and 26). The  structural  
OH-s t re tch ing  band  at 3615 c m  ~ toge ther  wi th  the 
wel l -def ined A1A1OH de fo rma t ion  band  at 912 c m  -~ 
and a s l ight  inf lexion near  860 cm ~ (A1MgOH) reflect  
the dominan t ly  d ioc tahedra l  charac ter  of  palygorski te .  
P ronounced  changes  occurred  in the spectra  of  the 
se l f -suppor t ing  film, where  the OH-s t r e t ch ing  band  
shifted f rom 3617 to 3626 cm -1 after heat ing of  PFl-1 
(Figure 27). A typical  feature  of  pa lygorsk i te  is the 
complex  nature  of  absorp t ion  bands  of  H20  molecules  
in the 3 6 0 0 - 3 0 0 0  cm -1 region,  which  show consider-  
able modif ica t ion  on d ry ing  (Figures  25, 27). 

NIR region. The NIR spectrum of  PFI-1 shows a sharp 
band  at 7058 cm ~ at t r ibuted to the over tone  (2 VoH) 
of  the structural  OH-s t re t ch ing  m o d e  (Figure 28). 

C o m b i n a t i o n  modes  (VoH + ~AIAIOH) and (VoH + ~AIMgOH) 
give the bands  at 4502  and  4436  cm ~, respect ively.  
Several  s t re tching v ibra t ion  m o d e s  of  H20  obse rved  
in the M I R  region  are also ref lected in the NIR  region,  
where  the bands  at 7002 and 6941 cm -I are re la ted to 
H20 bound  to AI or M g  and  a band  at 6822 cm 
cor responds  to zeoli t ic water. 
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Table 1. K G a - l b  and KGa-2 kaolinites. 

KGa-lb  

KBr ATR 
Position (cm t) Assignment 

KGa-2 

KBr ATR 
Posit ion(cm ~) 

3694 3689 
3669 3669 
3653 3651 
3620 3619 
3457 
1635 

- -  1115 
1102 
1033 1027 
1011 1005 

938 937 
915 912 
791 788 
755 751 
697 681 
- -  645 
541 
472 
432 

OH stretching of  inner-surface hydroxyl groups l 
OH stretching of  inner-surface hydroxyl  groups 2 
OH stretching of  inner-surface hydroxyl groups z 
OH stretching o f  inner hydroxyl groups 
OH stretching of  water 
OH deformation o f  water 
S i -O  stretching (longitudinal mode) 
perpendicular S i -O  stretching 
in-plane S i -O  stretching 
in-plane S i -O  stretching 
OH deformation of  inner-surface hydroxyl  group 
OH deformation of  inner hydroxyl groups 
S i -O 
Si-O,  perpendicular 
Si-O,  perpendicular 
S i -O  
A I - O - S i  deformation 
S i -O-S i  deformation 
S i -O  deformation 

3696 3691 
3668 
3653 3650 
3621 3619 
3442 
1630 

- -  1114 
1105 
1033 1028 
1008 1004 
937 935 
914 912 
791 789 
754 750 
698 684 
- -  64l  
540 
470 
430 

In-phase vibration with a transition moment  nearly perpendicular to the (001) plane. 
2 Anti-phase vibration with transition momen t  lying in the (001) plane (Farmer, 1998). 

Table 2. SWy-2 montmorillonite.  

SWy-2 

KBr ATR 
Position(cm j) Assignment 

3632 ~ 
3627 3626 
3422 ~ 3393 
1634 1632 

- -  l l l 6  
1041 1003 
917 916 
885 885 
842 846 
798 797 
778 779 

687 
620 623 
524 
466 

OH stretching of  structural hydroxyl groups 
OH stretching o f  structural hydroxyl  groups 
OH stretching of  water 
OH deformation of  water 
S i -O stretching (longitudinal mode)  
S i -O stretching 
AIA1OH deformation 
AIFeOH deformation 
AIMgOH deformation 
S i -O  stretching of  quartz and silica 
S i -O stretching of  quartz 
S i -O 
Coupled A1-O and Si-O,  out-of-plane 
A I - O - S i  deformation 
S i -O-S i  deformation 

Insert in Figure 10 :2 .0  mg  sample/200 mg  KBr, disk heated overnight  at 150~ 
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Table 3. SAz-1 montmorillonite. 

SAz-1 

KBr ATR 
Position(cm -~) Assignment 

3622 ~ 
3620 3610 
34261 3373 
1634 1629 

- -  1102 
1030 992 
915 913 
842 837 
792 798 

- -  684 
620 617 
520 
465 

OH stretching of  structural hydroxyl groups 
OH stretching of structural hydroxyl groups 
OH stretching of water 
OH deformation of water 
Si -O stretching (longitudinal mode) 
Si-O stretching 
A1A1OH deformation 
A1MgOH deformation 
Si-O of  silica 
Si-O 
Coupled A1-O and Si-O, out-of-plane 
A1-O-Si deformation 
S i -O-Si  deformation 

Insert in Figure 13:2.0 mg sample/200 mg KBr, disk heated overnight at 150~ 

Table4.  STx-1 montmorillonite. 

STx- 1 

KBr ATR 
Position (cm ~) Assignment 

3692 l 
3626 l 
3622 3618 
3424 ~ 3393 
1634 1633 

- -  1113 
1089 
1036 1006 
915 914 
846 842 
794 791 
- -  687 
626 623 
521 
467 

OH stretching of  structural hydroxyl groups of  kaolinite 
OH stretching of  structural hydroxyl groups 
OH stretching of  structural hydroxyl groups 
OH stretching of  water 
OH deformation of water 
Si -O stretching (longitudinal mode) 
Si-O stretching of cristobalite 
Si-O stretching 
A1A1OH deformation 
A1MgOH deformation 
Si-O stretching of cristobalite 
Si -O 
Coupled A1-O and Si-O, out-of-plane; Si -O of cristobalite 
A1-O-Si deformation 
Si -O-Si  deformation 

Insert in Figure 16:2.0 mg sample/200 mg KBr, disk heated overnight at 150~ 
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Table  5. S H C a - 1  hector i te .  

SHCa 1 

K B r  K B r  ] A T R  
Posi t ion(cm ~) Assignment 

3678 3679 3675 
- -  3621 3629  

3438 3 4 4 0  3402  

1798 - -  - -  
1630 - -  1633 
1430 - -  1421 
1013 - -  989  

875 - -  874 
800 - -  795 
710  - -  701 
656  - -  651 

524  - -  - -  
468  - -  - -  

O H  s t r e t ch ing  o f  s t ructura l  h y d r o x y l  g r o u p s  

O H  s t r e t ch ing  o f  b o n d e d  w a t e r  
O i l  s t r e t ch ing  o f  wa te r  
c o m b i n a t i o n  band  o f  ca lc i te  
O H  d e f o r m a t i o n  o f  w a t e r  

CO3 s t r e t ch ing  o f  ca lc i te  
S i - O  s t r e t ch ing  
ou t -o f -p l ane  b e n d i n g  o f  ca lc i te  

S i - O  o f  s i l ica  
S i - O  s t r e t ch ing  + in-p lane  b e n d i n g  o f  ca lc i te  

M g 3 O H  d e f o r m a t i o n  
M g - O  s t r e t ch ing  out o f  p lane  
S i - O - S i  d e f o r m a t i o n  

1 Inse r t  in F i g u r e  1 9 : 2 . 0  m g  s a m p l e / 2 0 0  m g  KBr,  d i s k  hea ted  o v e r n i g h t  at 150~ 

Table  6. Syn-1 m i c a - m o n t m o r i l l o n i t e .  

Syn-1 

KBr KBO ATR 
Pos i t ion(cm ~) Assignment 

3633 3641 3629  

3438 - -  - -  
- -  3287  3298 

3119  3133 - -  
- -  3015 3047 

- -  2 8 3 l  - -  
1635 - -  1635 
1434 - -  1434 

1402 - -  - -  
1030 - -  989  

929  - -  928 
820  - -  820  
757 - -  753 
702 - -  699  
622  - -  616  

535 - -  - -  
475  - -  - -  

4 3 0  - -  - -  

O H  s t r e t ch ing  o f  s t ructura l  h y d r o x y l  g r o u p s  
O i l  s t r e t ch ing  o f  w a t e r  

NH4 s t r e t ch ing  o f  NH4-c lay  
NH4 s t r e t ch ing  o f  N H 4 B r  
c o m b i n a t i o n  band  o f  N H  4 
o v e r t o n e  o f  N H  4 
O H  d e f o r m a t i o n  o f  w a t e r  
NH4 d e f o r m a t i o n  o f  NH4-c lay  
NH4 d e f o r m a t i o n  o f  N H 4 B r  
S i - O  s t r e t ch ing  
A I A I O H  d e f o r m a t i o n  
A I - O  o f  m u s c o v i t e  
A I - O - S i  o f  m u s c o v i t e  

S i - O  
c oup l e d  A 1 - O  and  S i - O ,  ou t -o f -p l ane  
A I - O - S i  d e f o r m a t i o n  
S i - O - S i  d e f o r m a t i o n  

S i - O  

Inse r t  in F i g u r e  2 2 : 2 . 0  m g  s a m p l e / 2 0 0  m g  KBr,  d i s k  hea ted  o v e r n i g h t  at 150~ 
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Table  7. PFI-1 pa lygorsk i te .  

PFI- 1 

KBr KBr ~ ATR 
Position(cm ~) Assignment 

- -  3623 - -  
3615 3610 3613 

- -  3579 3583 
3545 3541 3545 

- -  3521 
3417 

- -  3398 3371 
- -  - -  3273 

1642 - -  1653 
1194 - -  1194 
1028 - -  1019 

986  - -  978 
912 - -  912  
798 - -  797 
776 - -  779 
- -  - -  728 

643 - -  643 
512 - -  - -  
479 - -  - -  
428 - -  - -  

O H  s t re tching o f  s t ructural  h y d r o x y l  g roups  
O H  s t re tching o f  s t ructural  h y d r o x y l  g roups  
O H  s t re tching of  wa t e r  coo rd ina t ed  to A1, M g  
O H  s t re tching o f  w a t e r  coo rd ina t ed  to A1, M g  
O H  s t re tching o f  w a t e r  coord ina ted  to A1, M g  
O H  s t re tching o f  adso rbed  and  zeoli t ic  wa t e r  
O H  s t re tching o f  zeoli t ic  w a t e r  
O v e r t o n e  o f  O H  d e f o r m a t i o n  o f  wa t e r  
O H  d e f o r m a t i o n  o f  wa te r  
S i - O  s t re tching 
S i - O  s t re tching 
S i - O  s t re tching 
A1A1OH d e f o r m a t i o n  
S i - O  s t re tching o f  quar tz  
S i - O  s t re tching o f  quar tz  
S i - O  s t re tching o f  f e ldspa r  
S i - O  s t re tching o f  f e ldspa r  
S i - O  d e f o r m a t i o n  o f  fe ldspar  
S i - O - S i  d e f o r m a t i o n  
S i - O  d e f o r m a t i o n  o f  fe ldspar  

Inser t  in F igu re  2 5 : 2 . 0  m g  s a m p l e / 2 0 0  m g  KBr,  d isk  hea t ed  o v e r n i g h t  at 150~ 
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Figure I. Transmission IR spectra of SWy-2 (montmorillonite) using (a) KBr pellet (0.5 mg sample/200 mg KBr, unheated; 
2.0 mg sample/200 mg KBr, heated overnight at 150~ and (b) self-supporting film-sampling techniques. 
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Reflectance IR spectra of SWy-2 (montmorillonite) using ATR and DRIFT techniques. 
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Figure 3. IR spectra of Syn-1 (mica-montmorillonite). 
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Figure 4. IR spectra o f  K G a - l b  (kaolinite) using 0.5 m g  sample/200 m g  KBr  for 4 0 0 0 - 4 0 0  cm-L  Insert: 2.0 mg  sample/  
200 m g  KBr, disk heated overnight  at 150~ 
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Figure 5. IR spect rum of  K G a - l b  (kaolinite) us ing  the ATR technique. Insert: the OH-stretching region. 
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Figure 6. IR spectra of  KGa-2 (kaolinite) us ing 0.5 mg  sample/200 mg KBr  for 4 0 0 0 - 4 0 0  cm -~. Insert: 2.0 m g  sample/200 
m g  KBr, disk heated overnight  at 150~ 

Figure 7. 
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IR spect rum of  KGa-2 (kaolinite) using the ATR technique. Insert: the OH-stretching region. 
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Figure 8. 
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KGa-lb 

i i i i I 
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W a v e n u m b e r s  (cm ") 

Diffuse-reflectance NIR spectrum of KGa-lb (kaolinite). Insert: the OH overtone region. 
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Figure 9. Diffuse-reflectance NIR spectrum of KGa-2 (kaolinite). Insert: the OH overtone region. 
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i i 

4000 3500 3000 1500 1000 500 

W a v e n u m b e r s  (cm-i )  

Figure 10. 1R spectra of SWy-2 (montmorillonite) using 0.5 mg sample/200 mg KBr for 4000-400 cm ~. Insert: 2.0 mg 
sample/200 mg KBr, disk heated overnight at 150~ 

Figure 11. 
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IR spectrum of SWy-2 (montmorillonite) using the ATR technique. 
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Figure 12. 
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Diffuse-reflectance NIR spectrum of SWy-2 (montmorillonite), 
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Figure 13. IR spectra of SAz-1 (montmorillonite) using 0.5 mg sample/200 nag KBr for 4000-400 cm i Insert: 2.0 mg 
sample/200 mg KBr, disk heated overnight at 150~ 

Figure 14. 
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IR spectrum of SAz-I montmorillonite) using the ATR technique. 
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Figure 15. Diffuse-reflectance NIR spectrum of SAz-1 (montmorillonite). 
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Figure 16. IR spectra of STx-1 (montmori l lonite)  using 0.5 mg sample/200 mg KBr for 4000-400 cm ~. Insert: 2.0 mg 
sample/200 mg KBr, disk heated overnight at 150~ 

Figure 17. 
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IR spectrum of STx-1 (montmorillonite) using the ATR technique. 

Figure 18. 
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Diffuse-reflectance NIR spectrum of STx-1 (montmorillonite). 
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Figure 19. IR spectra o f  SHCa-1 (hectorite) using 0.5 m g  sample/200 mg  KBr  for 4 0 0 0 - 4 0 0  cm ~. Insert: 2.0 m g  sample/  
200 m g  KBr, disk heated overnight  at 150~ 

Figure 20. 
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IR spect rum of  SHCa-1 (hectorite) us ing the ATR technique. Insert: the OH-stretching region. 
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Figure 21. Diffuse-reflectance NIR spect rum of  SHCa-I  (hectorite). 
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Figure 22. IR spectra of Syn-I (mica-montmorillonite) using 0.5 mg sample/200 mg KBr for 4000-400 cm -). Insert: 2.0 
mg sample/200 mg KBr, disk heated overnight at 150~ 

Figure 23. 
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IR spectrum of Syn-I (mica-montmorillonite) using the ATR technique. 

Figure 24. 
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Diffuse-reflectance NIR spectrum of Syn-I (mica-montmorillonite). 
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Figure 25. IR spectra of PFI-1 (palygorskite) using 0.5 mg sample/200 mg KBr for 4000-400 cm t. Insert: 2.0 mg sample/ 
200 mg KBr, disk heated overnight at 150~ 
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IR spectrum of PFI-1 palygorskite using the ATR technique. Insert: the OH-stretching region. 
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Figure 27. IR spectra of self-supporting film of PFI-1 palygorskite: (a) unheated, (b) heated at 180~ for 0.5 h; and (c) 
heated at 180~ for 1 h. 
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Diffuse-reflectance NIR spectrum of PF1-1 palygorskite. 
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