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R A M A N  M I C R O P R O B E  S P E C T R O S C O P Y  OF HALLOYSITE 
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Abstract--The Raman spectra of a tubular halloysite originating from Matauri Bay, New Zealand, have 
been obtained using a Renishaw 1000 Raman microscope system. The Raman microprobe enables the 
Raman spectra of crystals as small as 0.8 p~m diameter to be obtained over the complete wavelength 
range and allows spectral variations along the different crystal axes to be studied. Three bands in the 
hydroxyl stretching region were observed at 3616.5, 3623.4 and 3629.7 cm ~ and are attributed to the 
inner hydroxyls of the shared lower plane of the octahedral sheet of the halloysite. Two bands at 3698.2 
and 3705 cm -~ were obtained for the outer hydroxyls of the unshared outer octahedral plane. The relative 
intensity of the 3629.7 cm 1 band varied according to the tube orientation. Lattice vibrations of the 
halloysite were also found to be orientation-dependent. 
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I N T R O D U C T I O N  

Raman spectroscopy has been used to a l imited ex- 
tent in the study of  the kaolinite clay minerals  (John- 
ston et al 1985; Michael ian 1986; Wiewi6ra  et al. 
1979). Fourier  t ransform Raman spectroscopy has 
been shown to be very  useful for the structural eluci-  
dation o f  the kaolinite clay mineral  structure (Frost et 
al. 1994; Frost  1995). However ,  the only published 
Raman microprobe spectroscopy (RMS) of  kaolinite is 
a study of  the temperature dependence of  the hydroxyl  
stretching region of  kaolinite (Pajcini and Dhamel in-  
court  1994). To date, no R M S  work  has been pub- 
lished on halloysite. 

The halloysite structure consists of  kaolinite-l ike 
aluminosil icate layers interspersed in the fully hydrat- 
ed  mineral  with a sheet o f  water  molecules  (Newman  
1987). Halloysite,  as with the other polymorphs  o f  ka- 
olinite, contains 2 types o f  hydroxyl  groups: 1) the 
outer hydroxyl  groups (OuOH) and 2) the inner hy- 
droxyl groups (InOH). The O u O H  are situated in the 
outer-upper unshared plane, whereas  the InOH groups 
are located in the lower  shared plane of  the octahedra 
sheet. The usual morphology of  halloysite is tubular, 
with 1 or more layers rol led spirally (Dixon and 
M c K e e  1974). In the fully hydrated state, the inter- 
layer spacing o f  halloysite is 10.1 ,~. Upon  dehydra- 
tion, the spacing decreases to 7.2 A. The halloysite 
samples used in this Raman study are all dehydrated 
samples. 

needed, apart f rom some flattening of  the clay sample. 
The microscope  is part o f  a Renishaw 1000 Raman 
microscope  system, which also includes a monochro-  
mator, a filter system and a charge-coupled detector 
(CCD). Raman spectra in the hydroxyl  stretching re- 
gion were exci ted by a Spectra-Physics Model  127 
He /Ne  laser operating at 633 nm. Spectra in the lattice 
mode  region (150-1200  cm -1) were exci ted by the 
780-nm line of  a diode laser. The spectra were  record- 
ed at a resolution o f  approximately  2 cm -~ and were  
acquired in sections of  approximately  800 cm -1, or  as 
extended scans. The area of  laser excitat ion of  the hal- 
loysite is --0.64 p~m 2 when the 5 0 x  object ive is being 
used. Repeated acquisit ions were  accumulated to im- 
prove the signal-to-noise ratio in the spectra. Normal-  
ly, eight 60-s scans at x 5 0  provide reasonable quality 
spectra for both the hydroxyl  stretching and lattice 
regions. Spectral  calibration was carried out using the 
520.5-cm -~ line of  a silicon wafer, and wavenumbers  
reported in the tables are correct  to _+ 1 cm-L  

Spectral  manipulat ion such as baseline adjustment,  
smoothing and normal izat ion were  per formed using 
the Spectrocalc software package G R A M S  ~ (Galactic 
Industries Corporation,  New Hampshire) .  Band com- 
ponent  analysis was carried out using the peakfit soft- 
ware package by Jandel  Scientific. Lorentz-Gauss  
cross-product  functions were  used throughout and 
peak fitting carried out until correlat ion coefficients of  
>0 .997  were obtained. 

E X P E R I M E N T A L  

Halloysi te  clay mineral  samples were  placed on a 
pol ished metal  surface on the stage o f  an Olympus  
B H 2 - U M A  microscope,  which is equipped with 10X, 
20X, and 50X objectives.  No  sample preparation was 

-~ Permanent address: Department of Chemistry, Queen's 
University, Kingston, Ontario, Canada K7L 3N6. 

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

The Raman spectra o f  the hydroxyl  stretching re- 
gion o f  halloysite are shown in Figure 1. The spectra 
are much  weaker  than those of  the other kaolinite clay 
minerals  and only 2 clear max ima  are observed  near 
3705 and 3630 cm -1. Shoulders are observed  at 3635 
and 3620 cm -1 on the low-frequency band. The inten- 
sity of  the strong shoulder at 3635 cm 1 varies when 
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Raman spectrum of the hydroxyl stretching region of halloysite irradiated along the a, b and c axes. 
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The band component analysis of the hydroxyl stretching region of halloysite. 
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The Raman spectrum of the lattice regions of halloysite. 
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the  spec t rum is r ecorded  f rom crys ta ls  wi th  d i f ferent  
or ientat ions.  Hal loys i te  differs  f rom the o ther  clay 
minera l s  by  the p resence  of  wate r  molecu les  in the 
structure,  and  the tubular  m o r p h o l o g y  of  ha l loys i te  
crys ta ls  impl ies  tha t  there  are only  2 di f ferent  exci ta-  
t ion direct ions.  These  are a long the  tube  axis, the a 
axis and, in the  d i rec t ion  pe rpend icu la r  to it, the c or  
b axis. I t  is sugges ted  tha t  the  spect ra  o f  F igure  1 cor- 
r e spond  to exci ta t ion  approx imate ly  in these  2 direc- 
t ions.  The  top 2 spectra  were  de t e rmined  for  the  al ign-  
men t  o f  the laser  at r ight  angles  to the tubes:  i.e., a long  
the  b and  c axes  o f  the crystals .  The  3rd spec t rum is 
ob ta ined  w h e n  the laser  is d i rected a long the tubes:  
i.e., a long  the  a axis  of  the  ha l loys i te  crystals .  Varia-  
t ion in in tens i ty  of  the hydroxy l  reg ion  b a n d  profi le  
be tween  3600 and  3650  c m  ~ is obse rved .  

B a n d  c o m p o n e n t  analys is  of  the hydroxy l  s t re tching 
reg ion  was under taken.  A Loren tz -Gauss  cross-prod-  

Table 1. The results of the band component analysis of the 
hydroxyl stretching region of the Raman spectrum of halloy- 
site from Figure 2. 

Band 1 
(cm l) Band 2 Band 3 Band 4 Band 5 

Spectrum b 3616.5 3623.4 3629.7 3698.2 3705.2 
or c axis 8.3 4.8 6.3 7.2 11.1 

10% 7.5% 14.3% 9% 16% 

Spectrum a 3616.4 3623.4 3629.8 3698.2 3705.0 
axis 8.4 4.7 6.3 7.3 11.2 

11% 9% 10% 9.2% 16.2% 

uct  func t ion  was used  and  a Loren tz /Gauss  rat io o f  0.7 
was used  for  all  bands .  Seven  c o m p o n e n t  b a n d s  were  
requi red  to fit the  o b s e r v e d  b a n d  enve lope .  The  resul ts  
of  this  ana lys is  are s h o w n  in F igure  2, and  the pa ram-  
eters of  the reso lved  c o m p o n e n t s  are repor ted  in Table  
1. The  table  shows  the b a n d  centers  and  ha l f -wid ths  
(as ha l f -wid ths  at ha l f -he ight )  and  the  pe rcen tage  area 
of  each  c o m p o n e n t  band .  Th ree  c o m p o n e n t s  of  the  in- 

Table 2. The band positions and suggested assignments of 
the observed bands in the lattice region of halloysite. 

Band center 
(cm 1) Suggested assignments 

134.7 
156 
168 
172 
179 
192 
208 
238 
298 
396 
442 
510 
540 
693 
728 
779 
844 
910 

1100 

O-Si-O bend of the Si205 unit 
O-A1-O symmetric bend of inner sur- 

face hydroxyl 
O-A1-O symmetric bend of inner hy- 

droxyls 
O-H-O symmetric bend 

O-H-O symmetric stretch 
O-H-O antisymmetric stretch 
Si-O deformation 
A1-O stretch 
Si-O bend 
Si-O bend 
v l ( a l )  mode of S i O  4 
OH translation 
OH translation 
Si-O-A1 deformation 
A1-OH libration 
SiO stretch 
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Figure 4. The Raman spectrum of the lattice regions of halloysite in the 120 to 250 cm ~ region showing orientation 
dependence of the spectra. 

ner hydroxyl groups are identified at 3616.5, 3623.4 
and 3629.7 cm -1. The bands are sharp, with half- 
widths of  8.3, 4.8 and 6.3 cm -1, respectively. These 
sharp bands are indicative of 3 different environments 
of the inner hydroxyl groups controlled by hydrogen 
bonding and the dioctahedral spaces in the adjacent 
silica layer into which these hydroxyl groups point. 
The folding of  the halloysite layers has resulted in the 
formation of 3 different hydroxyl groups in this re- 
gion. In kaolinite, only a single symmetric band is 
found in the Raman microprobe spectrum (Pajcini 
1994). The outer hydroxyl that points away from the 
aluminum layer gives rise to 2 overlapping bands cen- 
terd at 3698 and 3705 cm -1 with half-widths of 7.2 
and 11.2 cm -~. It is hypothesised that these 2 bands 
arise from positional disorder brought about by the 
folding of the octahedral sheets. The bands at 3645 
and 3682 cm -] have been best described as the out- 
of-phase vibrations of the in-phase vibrations at 3698 
and 3705 cm -t (Brindley et al. 1986). Similar bands 
are observed in kaolinites at 3650 and 3670 cm -1 
(Frost 1995). 

Figure 3 shows the Raman spectrum of the lattice 
region of  the halloysite. Table 2 reports the spectral 
positions of  these bands. The observed spectra in the 
lattice mode region of halloysite can be interpreted in 
terms of the vibrations of  the repeating unit in the 
structure of  the mineral (Alz(OH)4Si205), in the present 
case. It has been suggested (Loh 1973) that these vi- 
brations can be treated as those of distorted AIO 6 oc- 

tahedra of symmetry $6, distorted S i O  4 tetrahedra of 
symmetry C3v, an O-H-O group of symmetry C2v and 
bending modes of  the OH groups. Other workers have 
simply classified the vibrations as lattice modes. The 
suggested assignments of the observed features given 
in Table 2 are based on previously published work on 
layer silicates (Farmer 1974; Farmer and Russell 1964; 
Ishii et al. 1967). 

Figure 4 illustrates the variation in intensity of the 
bands in the 120 to 240 cm -1 region for a selection of  
different halloysite crystals. A considerable number of  
spectra in this region were obtained, but the spectra 
reduce to a combination of  2 or more of  the illustrated 
spectra. The band at 134.7 cm -1 is attributed to the 
symmetric bending mode of the Si205 unit of halloy- 
site (Ishii et al. 1967). Some variation in the peak po- 
sition is observed for this band and 2 bands are ob- 
served in the spectra of A and B. The bands at 156, 
168, 172 and 179 cm -~ are attributed to the O-A1-O 
symmetric bends of  the AIO 6 octahedra. These bands 
correspond to the symmetric stretching vibrations of  
the A1-OH groups shown in Figure 2. One possibility 
is that the band at 156 cm -I is associated with the 
hydroxyl stretching vibration of the outer hydroxyl. 
The 3 other bands of  the O-A1-O symmetric bends of  
the A106 octahedra are associated with the 3 inner hy- 
droxyls. The intensities of these bands help to confirm 
their assignment as symmetric vibrations. 

The 2 bands at 192 and 208 cm 1 are due to the 
symmetric O-H-O bends in halloysite. Loh assigned 
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bands  in the  200 to 300 c m  l reg ion  of  the R a m a n  
spectra  o f  sheet  si l icates to v ib ra t ions  of  the  t r i angula r  
O - H - O  group. In the  p resen t  spectra,  bands  o b s e r v e d  
near  238 and  298 c m  -1 cou ld  be  a t t r ibuted to these  
vibrat ions .  Al l  of  these  3 bands  are found  to b e  ori- 
en ta t ion-dependen t ,  and  it is cons idered  that  the bands  
are c o m p o s e d  of  2 or more  c o m p o n e n t  bands .  F a r m e r  
and  Russe l l  (1964)  a t t r ibuted  a group of  inf rared  bands  
be tween  400  and  540 c m  -j to Si-O-A1 s t re tching and  
A1-OH b e n d i n g  modes .  The  2 bands  at  396 and  442  
c m  -1 for  ha l loys i te  are a t t r ibuted to these  2 vibrat ions .  
These  authors  also ass ign inf rared  bands  near  935 and  
914 c m  -1 in kaol in i te  c lay minera l s  to O H  bend i ng  
v ibra t ions  and  a b a n d  near  757 c m  1 to v ib ra t ions  of  
the oc tahedra l  A13+ ions and  the hydroxy l  groups  on  
the side o f  the  te t rahedra l  layer. In hal loysi te ,  it is 
found  that  there  is a s ingle  b a n d  at 910 c m  -1 and  that  
the  b a n d  at 757 c m  1 is split  in to  2 c o m p o n e n t s  at 728 
and  779  c m  -t .  

C O N C L U S I O N S  

This  research  shows  the potent ia l  appl ica t ion  o f  
R M S  to research  into clay minera ls .  T he  spect ra  are 
s h o w n  to be  or ien ta t ion-dependent .  N e w  ins ights  into  
the s tructure o f  hal loys i tes  can  be  ob ta ined  us ing  
RMS.  The  t echn ique  offers  a s imple  and  rapid  m e t h o d  
for ident i f ica t ion and  charac te r iza t ion  of  clay minerals .  
Fur the rmore ,  the t echn ique  a l lows the  poss ib i l i ty  of  
s tudying  c lay-organic  interact ions,  s ince the R a m a n  
bands  o f  soil  organics  wil l  be  in  a d i f ferent  par t  o f  the 
spectral  region.  

The  t echn ique  has  several  ma jo r  advantages :  1) 
spectra  f rom the  ind iv idua l  faces of  the crys ta l  can  be  
measured ;  2) minera l s  con ta in ing  ve ry  smal l  amoun t s  
of  the  par t icular  mine ra l  can  be  analyzed;  and  3) it is 
par t icular ly  useful  for  the analys is  of  the  hydroxy l  
s t re tch ing  reg ion  o f  minera ls .  W h e r e  f luorescence  is 
not  a p r o b l e m  or can  be  min imized ,  the t echn ique  is 
ex t remely  useful  for  the  s tudy of  the lat t ice reg ion  o f  
minerals .  The  use  o f  the d iode  laser  opera t ing  at 780  
n m  e l imina tes  mos t  of  the  f luorescence  that  is nor- 
mal ly  associa ted  wi th  the R a m a n  spec t roscopy  o f  min-  

erals. The  poss ib i l i ty  of  ob ta in ing  spectra  f rom very  
smal l  c rys ta ls  wi th  di f ferent  or ienta t ions  opens  up  pos-  
sibil i t ies for  future s t ructural  and  morpho log ica l  stud- 
ies. 
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