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SOLID STATE N M R  CHARACTERIZATION OF THE THERMAL 
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Abstract--Lode, a dioctahedral illite-rich clay from Latvia belonging to the mica group of clay minerals, 
undergoes thermal transformation via a series of structurally disordered intermediate phases. Despite 
containing high levels of paramagnetic Fe substituted into the octahedral sites, 29Si and 27A1 magic angle 
spinning nuclear magnetic resonance (MAS NMR) spectra of sufficient quality are obtained to resolve 
different structural units, showing clearly defined structural changes which occur in the sample during 
calcination to 1200 ~ However, Fe plays a significant role in broadening the A1 signal, with integrated 
peak intensities decreasing as temperature increases. Significant differences are revealed in the thermal 
decomposition process by NMR spectra between pyrophyllite, Ca-montmorillonite and illite clays, pos- 
sibly due to the different cations present in the interlayer. It has also been shown for illite that no structural 
differences at the atomic level occur when the dwell time at a particular temperature is varied and no 
difference is observed between samples that have different thermal histories; however, a minor effect of 
particle size and surface area is visible in the NMR data. 
Key Words--Illite, Iron, Paramagnetic Center, Solid-State NMR, Thermal Transformation. 

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

The thermal decomposi t ion  processes occurr ing in 
clays have been studied for well  over  a hundred years, 
in order to gain an understanding of  the structural 
changes that occur during firing and thereby help with 
the production of  ceramic  products (Grim and Bradley 
1940; Ear ley et al. 1953; Wardle and Brindley 1972; 
Drits et al. 1995). 

A significant  propor t ion  o f  the clay minera l  content  
o f  Lode  is i l l i te and this is structurally re la ted to the 
mica  fami ly  (Worrall  1986). The  te rm " i l l i t e "  was 
p roposed  by the geologis ts  R. E. G r i m  and W. E 
Bradley  (Grim and Bradley  1940) as a general  term 
g iven  to a mixture  o f  minera ls  inc luding muscov i t e  
and feldspar (Deer  et al. 1992) whose  physical  prop- 
erties resemble  those of  the mica  family.  They  have  
no expanding  latt ice characteris t ics  (Earnest  1991) 
and thus are low in water  absorbency.  It has been 
general ly  accepted  that the main  d i f fe rence  be tween  
mica  and ill i te is that micas  contain more  K as inter- 
layer  cations,  whereas  il l i te contains  more  water  and 
silica. The  general  formula  for il l i te can be expressed 
as K1.sA14(Si6.5,All.5)O20(OH) 4 (Deer  et al. 1992). Ill i te 
has a 2:1 layer structure having  a plane o f  octahe-  
dral ly coordinated cat ions (gibbsite) sandwiched  be-  
tween  2 inward poin t ing  sheets of  te t rahedra (silica). 
Lode  contains  smect i te  inter layers  (mon tmor i l l on i t e -  
beidel l i te)  which  are r andomly  interstratified. The  
basal  spacing is therefore  increased,  and to some de- 
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gree  shows the characteris t ics  of  a smect i te  such as 
swel l ing  and cat ion exchange  propert ies.  I - S  m i x e d  
layers,  smect i te  layers interstrat if ied among  il l i te lay- 
ers, are in fact  the most  abundant  fo rm of  c lay min-  
eral (Worrall  1986). 

When  compar ing  data with previously  publ ished 
studies of  N M R  on the related 2:1 type clay minerals  
Ca-montmor i l loni te  (Woessner 1989; Drachman et al. 
1997; Sanchez-Soto  and Perez-Rodr iguez  1997) and 
pyrophyll i te  (Fitzgerald and Hamza  1996), several dif- 
ferences are seen. Previous studies of  this family  o f  
clays revea led  through techniques such as M6ssbauer  
and sol id-s ta te  N M R  (Gr im and Brad ley  1940; 
Greene-Kel ly  1955; Malathi  et al. 1971; Ogloza  and 
Malhotra  1989; Fi tzgerald and Hamza  1996) that the 
main differences be tween  illite and montmori l loni te  
are the ion-exchange  capacity, the posi t ion o f  Fe(III)  
or Fe(II)  in the structure and the presence of  different 
cations. It has also been reported (Grim and Bradley 
1940) that illites have a low ion-exchange capaci ty of  
be tween  1 0 - 4 0  meq  100 g ~ of  clay, whereas  mont-  
moril lonites,  al though structurally related to illite, 
have a considerable  higher  ion exchange  capaci ty  ( 8 0 -  
150 meq  100 g- l ) .  

In pyrophyll i te ,  the layers that are formed are elec-  
trically neutral and thus the structure has no cation 
requirement  (Deer  et al. 1992). Al though all o f  these 
clays are der ived f rom the same structure be longing  to 
the mica  family,  the differences in the thermal  decom-  
posit ion characteristics can be readily interpreted. 

Earl ier  studies of  il l i te-rich clays (Grim and Bradley 
1940; Michae l  and McWhinn ie  1989; Earnest  1991; 
Deer  et al. 1992; Murad and Wagner  1996) using var- 
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Table 1. Chemical analysis of Lode. Table 2. Mineralogical composition of Lode. 

Component Content (wt%) Whole rock Lode (wt%) 

Sit2 67.9 Illite/Mica 49 
T i t  2 0.97 Smectite BDLt 
A1203 15.40 Kaolinite 2 
Fe203 6.31 Quartz 43 
Ca t  0.23 Feldspar 2 
MgO 1.31 Hematite 1 
KzO 4.35 Siderite 4 
NazO 0.00 Total 101 
LOI 3.72 
Total 100.2 t BDL = below detection limit. 

ious techniques such as electron spin resonance (ESR) 
and M6ssbauer show there are 4 main reaction pro- 
cesses that occur on calcination: dehydration, dehy- 
droxylation, structural breakdown and recrystalliza- 
tion. Interlayer water is driven off by 350-400 ~ 
followed by dehydroxylation between 450-700 ~ and 
irreversible structural breakdown between 800-900 
~ The formation of  spinel occurs at 900 ~ and con- 
tinues to increase in amount and particle size with in- 
creasing temperature. Hematite and corundum are pro- 
duced at 1100 ~ (Murad and Wagner 1996) and the 
latter dissolves in a silica-rich glass phase between 
1250-1300 ~ 

Multinuclear MAS NMR spectroscopy can provide 
detailed information on the structural arrangement at 
the atomic level due to its short-range nature. This 
technique uses the "chemical"  shift to distinguish the 
local coordination number of the A1 atom, for example 
(Engelhardt and Michel 1987), and determines the de- 
gree of connectivity of Si tetrahedra. The Q4 species 
of SiO4-units, for example, will have 4 bridging oxy- 
gens with other tetrahedra, whereas, the Q2 species 
will have just 2 such bridging oxygen bonds, and these 
units have very different 29Si NMR chemical shifts 
(Engelhardt and Michel 1987). 

Studies of muscovite using solid-state 29Si and 27A1 
NMR (Brown et al. 1987) showed that the dehydrox- 
ylate phase decomposes (1100 ~ by separation of the 
silica layers, which then combine with the cations (K +) 
forming a feldspar-like phase. The remainder of  the 
structure forms a spinel, -v-A1203, which then trans- 
forms into aluminous mullite, and then corundum, and 
on further heating the mullite becomes more silica-rich 
by reacting with the feldspar-like phase. Recent MAS 
NMR studies have been undertaken on both halloysite 
(Smith et al. 1993) and montmorillonite (Drachman et 
al. 1997) and reveal that, on heating, dehydration of  
the interlayers has no effect on the structure of  the 
layers themselves. On dehydroxylation, the gibbsite- 
like sheet structure becomes highly disordered, con- 
taining A104, A105 and A106 sites, and the silica-like 
sheet structure becomes more connected, transforming 
from Q3 to Q4. However, as calcination proceeds, clear 

differences can be seen in the 27A1 MAS NMR spectra 
between these clays. 

The thermal decomposition of  Lode results in sev- 
eral phases of a structurally disordered nature which 
cannot readily be observed with characterization tech- 
niques such as X-ray diffraction (XRD). The influence 
of  high Fe-content on such NMR spectra is often un- 
certain, which can lead to difficulties in interpretation. 
In the work presented here a detailed solid-state MAS 
NMR study has been undertaken on heat-treated Lode 
(up to 1200 ~ and comparisons are made to Fuller's 
Earth, a Ca-montmorillonite (Drachman et al. 1997), 
thereby elucidating similarities and differences in the 
structural breakdown of these clay minerals. The NMR 
results reported here provide useful atomic scale in- 
formation, enabling a better understanding of  the ther- 
mal breakdown of Lode. The use of fast MAS, up to 
15 kHz, results in improved quality 27A1 NMR spectra 
compared to many of the earlier studies of related clay 
minerals, giving more detailed information on the A1 
coordination. Despite the high Fe-content of this sam- 
ple, up to 50% of the nuclei are detected and contrib- 
ute to the signal, with sufficient spectral resolution to 
determine structural details. 

EXPERIMENTAL 

Samples and Heat Treatment 

The raw material studied was a 77% illite-rich clay 
from Latvia. The chemical analysis is shown in Table 
1, the mineral composition in Table 2 and the particle 
size distribution in Table 3. This study was carried out 
on the whole rock without any further treatment since 

Table 3. Particle size distribution. 

Particle size (txm) Percentage (%) 

>20 14 
10-20  6 
5-10 8 
2-5 13 
1-2 9 

0.5-1 15 
>0.5 33 
Total 100 
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Figure 1. DTA trace from Lode heated at 20 ~ in air. 
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this is the form used commercially. For a standard run, 
samples were ground and heated in a Carbolite STF 
450 tube furnace to the indicated temperatures in a Pt 
crucible at a rate of  1.25 ~ held at temperature 
for 3 h and then cooled at a rate of 1.25 ~ to 
room temperature (RT). Comparison was made be- 
tween powdered, pressed and extruded samples to see 
if sample preparation had any significant influence on 
structural evolution with calcination. Separate samples 
were extruded on a Netzsch plasticimeter, and also 
pressed using a Norton semi-dry press. These were 
heated to the temperature indicated using the same pa- 
rameters as the standard run. To ascertain at what time 
the sample reached equilibrium, samples were heated 
to 800 ~ (this temperature was chosen since it is the 
onset of decomposition of the " i l l i te"  and of glass 
formation) at a rate of 1.25 ~ and held there at 
times varying from 30 min to 48 h. 

To investigate the influence of thermal history, 50 
g of the sample were heated successively to the tem- 
peratures indicated in Figures 2 and 3 and cooled 
down, whereupon 2 g of sample were removed and 
analyzed (successive run). This procedure was fol- 
lowed to ensure that at each temperature examined the 
sample had undergone the same thermal history. Com- 
parison was then made to samples taken from the stan- 
dard run. 

Samples were also characterized by differential 
thermal analysis (DTA) at a ramp rate of 20 ~ to 
1200 ~ under a static air atmosphere using a Netzsch 
STA 409A instrument referenced to calcined kaolin. 
Solid-state NMR was performed on a Chemagnetics 
CMX 300 (7.05T) Infinity spectrometer. Performance 
of 29Si MAS NMR was accomplished using a 7.5-mm 
double bearing (DB) MAS NMR probe with a spin- 
ning speed of up to 5 kHz. Conditions used to collect 
the 29Si spectra were a 5-txs ( - 9 0  ~ pulse with a 5-s 

recycle delay. The 27A1 MAS NMR spectra were re- 
corded using a 4-ram DB MAS probe with spinning 
speeds up to 15 kHz, with 1-t~s (--15 ~ pulse and a 1- 
s recycle delay. These recycle delays were sufficient 
to ensure that the clay mineral was fully relaxed. Spec- 
tra were referenced to zeolite A at -89 .7  ppm for 29Si 
(Larmor frequency 59.66 MHz) and the A106 reso- 
nance of  Y3A15012 at 0.7 ppm for 27A1 (Larmor fre- 
quency 78.25 MHz). The 29Si spin-lattice relaxation 
time T~ was measured using saturation recovery. Ad- 
ditionally, some experiments were carried out with a 
pulse delay of 100 s (enough to ensure the sample had 
fully relaxed) to determine the effect of Fe-content on 
the NMR signal intensity. The integrated intensity of  
the Lode spectra were compared to yttrium aluminium 
garnet (a sample of known chemical composition hav- 
ing zero Fe content) for A1 and pure silica for Si. 

RESULTS 

Differential  scanning calor imetry (DSC) results 
show a number of endotherms and 1 exotherm, and 
the thermogravimetric analysis (TG) trace shows 2 dis- 
tinct weight losses (Figure 1). The total weight loss 
after running DSC/TG to 1200 ~ was 4.9%, which is 
consistent with the structural water content of  illite, 
- 5 . 4 %  (Murad and Wagner 1996). 

Typical 29Si MAS NMR spectra are shown in Figure 
2 from samples heated to 400, 500, 800, 900, 1100 
and 1200 ~ (and 1 at RT). Below 400 ~ the spectra 
remain unchanged with 1 broad dominant peak at 
-92 .7  ppm (see Table 4) together with a smaller, 
sharper peak at -108 .9  ppm corresponding to quartz. 
MAS produces signals separated by multiples of the 
spinning frequency from the main resonance, termed 
"spinning sidebands". In these samples, prominent 
spinning sidebands are observed which are a result of 
the paramagnetic Fe 3+. At RT, 2 shoulders situated oft" 
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295i MAS NMR spectra of Lode heated at various temperatures for 3 h (* denotes spinning sidebands). 

Table 4. Summary of 27A1 and 295i MAS NMR results from 
the thermal decomposition of Lode. 

Temperature 29Si peak position 27A1 peak position 
(~ (ppm) (ppm) 

room -92.9 ,  - 108.9 53.4, - 1.2 
100 -92.7,  - 108.9 51.6, - 1.4 
200 -92.1,  - 108.2 51.6, - 1.4 
300 -91.8,  108.1 51.8, 0.2 
400 -93.2,  - 109.2 53.2, 1.0 
500 -94.3,  -108 .0  51.6, 0.1 
600 -95.0 ,  -108.8  51.6, 0.1 
750 -92.8 ,  -107.9  51.8, 0.3 
800 -95.6 ,  - 108.3 54.8, 0.5 
850 -98.1 ,  - 107.9 52.3 
900 103.4, - 108.3 50.9 
950 - 103.6, - 108.5 47.9 

1100 - 102.8, - 108.3 49.4 
1200 - 105.1 47.1 

the  m a i n  r e s o n a n c e  pe a k  can  be  seen  w h i c h  m a y  be  
assoc ia ted  wi th  d i f fe rent  Q3 species ,  r evea l ing  the  

s t ructura l  c o m p l e x i t y  o f  illite. T h e s e  shou lde r s  d isap-  

pear  above  400  ~ T h e  m a i n  pe a k  then  shif ts  f r o m  

- 9 3 . 2  p p m  at 400  ~ to - 9 5 . 6  p p m  at 800 ~ to - 9 9  

p p m  at 850 ~ and  at 900 ~ to - 1 0 3 . 4  ppm.  At  1200 
~ the  s p e c t r u m  has  c h a n g e d  comple te ly ,  r evea l ing  
on ly  1 b road  pe a k  at - 1 0 5 . 1  p p m  (Table 4). 

Shor t  Tl'S (< 1  s) were  ob ta ined  wi th  h igh ly  non-  

exponen t i a l  recover ies .  T h e  n o n - e x p o n e n t i a l  r e c o v e r y  
a nd  fast  295i re laxat ion,  u n c o m m o n  in si l icates,  is 

c a u s e d  by  the p a r a m a g n e t i c  Fe(III)  in the  oc tahedra l  

layer  w h ic h  is be l i eved  to be the  m a i n  source  o f  re- 

laxat ion.  Quan t i t a t ive  ana lys i s  o f  the  ef fec t  the  Fe -con-  
tent  has  on the  27A1 and  295i s igna l  in tens i ty  is s h o w n  

in Table 5. T h e  da ta  reveal  a dec rease  in  s igna l  in ten-  
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Table 5. Effect of Fe content on 27A1 and 29Si signal inten- 
sities with calcination. 

Temperature ~VAI intensity observed 29Si intensity observed 
(~ % (~2%) % (• 

room 41 41 
500 37 41 
900 30 42 

1200 22 40 

sity wi th  inc reas ing  t empera tu re  for  the  A1 s ignal  bu t  
no  effect  is o b s e r v e d  in the  Si signal.  Chemica l  anal-  
ysis  revea led  Lode  to have  6.3 w t % of  Fe203, wi th  up 
to - -50% of  the  s ignal  be ing  detected.  Los ing  50% of  
the s ignal  m e a n s  that  the  quant i ta t ive  advan tage  of  

N M R  c a n n o t  b e  used,  so here  the  l ineshape  and  shifts  
are used  qual i ta t ive ly  to in te rpre t  s t ructural  changes .  

The  27A1 M A S  N M R  spect ra  are s h o w n  for  samples  
hea ted  to 400,  500, 700,  800, 900  and  1200 ~ (and  
one  at RT) (Figure  3). As  wi th  the  29Si data, no  sig- 
ni f icant  c h a n g e  in the  spect ra  be low 400 ~ is ob-  
served.  The re  is a ma jo r  peak  at - 1 . 2  p p m  ass igned  
to A106 sites and  a m i n o r  p e a k  at 51.6 p p m  ass igned  
to A104 sites. There  is ev idence  of  a b roader  under-  
ly ing  r e sonance  in the  A104 p e a k  w h i c h  is p resen t  unt i l  
950  ~ 

C h a n g e s  in the  spect ra  start  to occur  b e t w e e n  400  
and  500  ~ At  500 ~ the A104 peak  co r r e spond ing  
to the te t rahedra l  sites has  inc reased  in re la t ive  in ten-  
sity. A b o v e  600 ~ the  h l O  6 peak  ass igned  to the  
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27A1 MAS NMR spectra of Lode heated at various temperatures for 3 h (* denotes spinning sidebands). 
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Figure 4. 29Si MAS NMR spectra of powdered, extruded and pressed Lode at various temperatures for 3 h (* denotes 
spinning sidebands). 

oc tahedra l  layers  decreases  in  in tens i ty  unt i l  900  ~ 
w h e n  it has  d i sappeared  comple te ly ,  l eav ing  1 b road  
peak  at 50.9 p p m  ass igned  to te t rahedra l ly  coord ina ted  
env i ronmen t s .  It appears  that  the A104 r e sonance  be-  
c o m e s  more  a symmet r i c  after  900  ~ as the  tail  runs  
into the  A10  6 chemica l  shif t  range.  T he  27A1 N M R  
spectra  give no  ev idence  of  A105 coord ina t ions  p resen t  
in  the  in te rmedia te  phase  so, a l t hough  there  is s ignif-  
i can t  s ignal  loss because  of  the p re sence  of  Fe,  it is 
still p robab le  tha t  the A105 con ten t  of  the  i l l i te  dehy-  
droxyla te  phase  is low. 

SAMPLE PREPARATION RESULTS. T he  295i and  27A1 M A S  
N M R  spect ra  are s h o w n  in F igures  4 and  5, respec-  
t ively,  for  powdered ,  p ressed  and  ex t ruded  samples  at 
7 5 0 - 9 5 0  ~ and  in this  t empera tu re  r ange  no  signifi- 
can t  d i f fe rences  were  o b s e r v e d  be t w een  spect ra  f r o m  
these  samples .  The  298i M A S  N M R  spect ra  show 1 
ma jo r  r e sonance  at -- - 9 4  p p m  which  shifts  to more  
nega t ive  values  as the t empera tu re  increases  and  1 mi-  
no r  r e s o n a n c e  ass igned  to crys ta l l ine  SiO2 at - - 1 0 8  
ppm.  

The  27A1 spectra  show 2 peaks ,  a m a j o r  one  at --1 
p p m  and  a m i n o r  one  at - 5 2  p p m  as s igned  to A10 6 
and A104, respect ively .  A d i f fe rence  can  be  seen  be-  
tween  the  p ressed /ex t ruded  (no d i f fe rence  b e t w e e n  this  
pair)  and  the  p o w d e r e d  samples .  A t  850 ~ the  
p res sed /ex t ruded  samples  show a m i n o r  A106 reso-  
n a n c e  peak  at -- - 3  ppm;  however ,  the  p o w d e r e d  sam-  
pie  shows  only  1 m a j o r  p e a k  at the  same  tempera ture ,  
- -52  p p m  wi th  a tail tha t  runs  in to  the A106 chemica l  
sh i f t  range.  

SOAK TIME ANALYSIS. F r o m  samples  o f  Lode  each  heat-  
ed  to 800 ~ for  var ious  t imes,  a7A1 and  :9Si M A S  
N M R  spect ra  are s h o w n  in  F igure  6. N o  s igni f icant  
d i f fe rence  can  be  found  b e t w e e n  the  spec t ra  for  b o t h  
the  27A1 and  a9si results .  However ,  the re  is a sub t l e  
d i f fe rence  at 30 min  soak t ime  w h i c h  can  be  seen  in 
the  eTA1 and  a9si N M R  spect ra  c o m p a r e d  to the  o ther  
soak  t imes.  The  27A1 N M R  spect ra  at 30 m i n  show the  
m i n o r  peak  at - 0  p p m  to have  a h ighe r  in tens i ty  t han  
the  o ther  soak  t imes  shown.  On ly  a subt le  d i f fe rence  
at  30 m i n  is seen  in the  295i spect ra  f r o m  those  wi th  
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Figure 5. 27A1 MAS NMR spectra of powdered, extruded and pressed Lode at various temperatures for 3 h (* denotes 
spinning sidebands), 

greater soak times. A shoulder can be seen to the left 
of  the main resonance peak at --95 ppm which dis- 
appears after 30 min  soak time. 

THERMAL HISTORY ANALYSIS. The  27A1 and 29Si data 
were col lected for the temperatures indicated and 29Si 
data o f  samples taken f rom the successive runs are 
shown in Figure 7. Compar ison of  all data (that is, 
F igure  2 with Figure  7) reveals that there is no signif- 
icant difference be tween  samples that have  seen dif- 
ferent thermal histories and those that have experi-  
enced the same thermal history (that is, at each tem- 
perature equi l ibr ium is achieved irrespective o f  the 
previous thermal history). 

D I S C U S S I O N  

This paper has set out to examine  and understand 
the local structural breakdown of  an il l i te-rich clay. 
However ,  it was initially decided to look at the effects  
on the N M R  data of  sample preparation, thermal his- 
tory and soak time, to see whether  they produce a 
difference in the structure o f  illite whi le  it is being 
heated. 

The exper iments  undertaken on Lode reveal  that, at 
the atomic scale, the thermal history of  the sample and 
the soak t ime after 30 rain made  no significant differ- 
ence in the N M R  signal. This  ensured that heat ing 
samples for 3 h is sufficient t ime for equi l ibr ium to be  
reached. However ,  having the sample pressed or ex- 
truded compared  to powdered  does have a ve ry  minor  
effect  on the atomic scale structure development .  Sub- 
tle differences in the 27A1 N M R  data obtained showed 
that pressing or extruding the samples made  structural 
breakdown occur  at a h igher  temperature,  suggest ing 
a greater react ivi ty for the more  finely dispersed sys- 
tem. A possible explanat ion for this di f ference is in 
the way the water  molecules  that are formed can leave 
each powder  particle on dehydroxylat ion.  For  a pow-  
dered sample, there exist  many  more  channels  for the 
water  molecules  to escape, rapidly reducing the water  
vapor  pressure wi thin  the powder  particle compared  to 
that o f  pressed or  extruded samples. Therefore,  struc- 
tural breakdown of  the octahedral  layer occurs more  
quickly  in a powdered  sample,  with hydroxyl  group 
loss being more  rapid in compar ison  to pressed and 
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29-Si 27-AI 
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Figure 6. 29Si and 27A1 MAS NMR spectra of powdered Lode heated to 800 ~ for 30 and 2880 min respectively (* denotes 
spinning sidebands). 

extruded samples. This suggests that a higher  surface 
area promotes  a more rapid loss of  water. However ,  
295i N M R  spectra for extruded, pressed and powdered  
samples were pract ical ly identical,  which again sug- 
gests that water  loss leads to the difference.  This in- 
dicates that, al though the rate of  water  loss f rom the 
octahedral  layer is slightly different  be tween  these 
samples,  the thermal breakdown of  the silica layer is 
the same for all samples and little inf luenced by this 
water  loss. This agrees with structural breakdown up 
to this temperature occurr ing mainly  in the octahedral  
layers. Al though all 3 samples undergo the same re- 
actions, the effect  of  particle size and increased sur- 
face area is visible;  however,  illite shows little depen- 
dence on the amount  of  t ime it is being held at tem- 
perature, the thermal history it has gone through or the 
form in which it is heated. 

The loss of  27A1 and 29Si signal intensity (Table 5) 
shows that Fe  plays a significant role in broadening 
some of  the N M R  signal. During calcinat ion of  the 
clay there is increasing 27A1 signal loss, but this effect  
is not  not iceable in the 295i signal (Table 5). The  pres- 
ence of  Fe  3+, because of  its unpaired electron spin, wil l  
broaden the signal of  nuclei  close to it, such that nuclei  

within 6 A will  be so broadened they cannot  be ob- 
served. The  possibi l i ty o f  the Fe  being located in the 
tetrahedral layer is ruled out, because Si coordinat ion 
sites can only accommoda te  ions within strict size l im- 
its (Morris et al. 1990). Therefore,  al though the tetra- 
hedral layer can accommoda te  an A13+ ion with a ra- 
dius of  0.50 A, it cannot fit an Fe  3+ ion, which has a 
larger ionic  radius of  0.64 A. Thus any Fe which is 
absorbed in the clay structure i tself  will  be found in 
the octahedral  layer. If  the total Fe-content  present was 
located in the octahedral  layer, no  A1 signal would  be 
observed,  since all of  the A1 would  be within 6 ,~ o f  
an Fe  3+. Hence,  f rom the observed  signal intensity, 
only about 10% of  the Fe  sits in the layer structure; 
the remainder  of  the Fe  must  be in a separate phase, 
such as a skin coat ing each particle. It should be noted 
that some A1 atoms are substituted into the Si layer as 
a tetrahedrally coordinated A1 peak is found at low 
temperatures in the 27A1 N M R  spectra shown here. 

There remains the need to explain the decreasing 
27A1 signal intensi ty with calcinat ion seen in Table 5. 
A possible solution may  be  that, before  calcinat ion be- 
gins, some iron is in the Fe(II)  state and, as calcinat ion 
proceeds,  oxidat ion occurs to form paramagnet ic  
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Figure 7. 295i MAS NMR spectra of Lode heated to various temperatures taken from a successive run (* denotes spinning 
sidebands). 

Fe(III). However, Michael and McWhinnie (1989) 
suggested that oxidation of  Fe(II) to Fe(III) is com- 
plete by 500 ~ which does not account for the con- 
tinuation of  decreasing signal intensity observed be- 
yond 500 ~ Another possibility may be that the dis- 
tribution of Fe(III) in the structure is also changing 
with temperature. The work of Schroeder and Pruett 
(1996) on kaolinite gave evidence that Fe exists in 
segregated domains in the octahedral layer. Reports 
that hematite is formed around 1000 ~ (Michael and 
McWhirmie 1989; Murad and Wagner 1996) also sug- 
gests that Fe(III) is formed into clusters. However, as 
structural rearrangement occurs, some of the Fe(III) 

could become more uniformly distributed through the 
aluminous phase broadening more signal from A1 at- 
oms that are now within 6 A of an Fe 3+ ion. It also 
should be noted that, given the level of Fe(III) substi- 
tuted into the octahedral layer, the lack of mullite 
peaks is probably not due to the presence of the Fe(III) 
broadening all the mullite signal beyond detection. 

It is clear from both the 295i and 27A1 NMR that, 
below 400 ~ the dehydration process that occurs in 
the interlayer has no affect on the NMR spectra. In 
the unfired clay, the spectra reveal the Si shift char- 
acteristic of Q3 sites and most of the A1 is present as 
A106. However, the 27A1 MAS NMR spectrum indi- 
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cates substitution of some A1 into the tetrahedral sheet, 
as shown by a n  A 1 0  4 peak at --53 ppm and the 29Si 
spectra record the presence of more than o n e  Q3 en- 
vironment, revealing the complexity of the material 
before calcination begins. On beating, minor changes 
can be observed as the Q3 peak position is seen to 
vary between - 9 2  and - 9 5  ppm before it shifts to 
more negative values after heating to 850 ~ The 
small shift changes before 850 ~ may be due to minor 
distortions in the silica layer that are associated with 
the dehydroxylation of  gibbsite-like layers that are as- 
sociated with the dehydroxylation of gibbsite-like lay- 
ers that result in a change of bond angles and lengths 
of the silica layer. The Q3 peak splitting that was re- 
ported for the Ca-montmorillonite by Drachman et al. 
(1997) around 600 ~ is not evident for Lode; how- 
ever, the complex nature of the structure is still evident 
in the spectra up until 500 ~ 

In the same temperature range, 400-500 ~ the A1 
spectra show a gradual decrease in intensity of the 
A106 sites, showing that the process of dehydroxyla- 
tion is clearly beginning. The OH's are lost and t h e  
gibbsite-like layer is forming tetrahedral environ- 
ments, evident by the increase in A104 intensity. There 
is no evidence to support the development of  AIO5 as 
was found in the Ca-montmorillonite reported by 
Drachman et al. (1997), indicating the instability of 
the intermediate A105 coordination, in Lode compared 
to Ca-montmorillonite. There is a great variation in the 
stability of  A105 in these intermediate, disordered 
phases with all A1 becoming A105 in pyrophyllite, 
very limited formation in Ca-montmorillonite and 
none in Lode. The reasons for this difference may be 
due to the cations found in the structure, Lode's main 
cation being K and for fuller's earth (montmorillonite) 
Ca, while no cations are found in pyrophyllite. Anoth- 
er reason could be whether the hydroxyls in the oc- 
tahedral layer are either cis-cis or cis- trans  orientated, 
where cis has O-A1-OH and trans OH-A1-OH config- 
urations (Brown et al. 1987). 

The dehydroxylation process proceeds from 500-  
900 ~ with some accompanying structural break- 
down. At 900 ~ the Q3 peak has shifted into the Q4 

chemical shift range - 1 0 3  ppm, indicating that the 
silica layer has formed a more connected network. 
Also, line-broadening gives evidence that the silica 
layer is more structurally disordered than the initial 
layer. The asymmetry of the A1 peak indicates disorder 
that results in a distribution of  interactions (Smith 
1993). In the 27A1 spectra, the A106 peak has disap- 
peared by 900 ~ leaving 1 broad resonance peak at 
52.3 ppm, indicating that all of  the A1 is now all tet- 
rahedrally coordinated. At 1200 ~ there is no evi- 
dence of formation of mullite as was found with hal- 
loysite (Smith et al. 1993) and kaolinite (Sanz et al. 
1988; Massiot et al. 1995; Schroeder and Pruett 1996); 
however, 27A1 NMR results shown here are in 

agreement with XRD studies carried out by Murad et 
al. Results shown here indicate that no mullite is pre- 
sent up to 1200 ~ and evidence suggests an alumi- 
nosilicate potassium feldspar and perhaps a separate 
Fe-rich spinel phase is formed (the latter would be 
absent from the spectrum). There is clear evidence in 
this report that solid-state NMR can distinguish be- 
tween different clays despite the complex nature of  the 
intermediate state, giving evidence showing differenc- 
es in temperatures of the onset of dehydroxylation, 
structural rearrangement and breakdown into several 
different phases. 

CONCLUSION 

Solid-state 27A1 and 295i MAS NMR together with 
complementary  techniques such as DSC/TG and 
chemical analysis have shown that subtle differences 
can be picked up between very similar 2:1 clay min- 
erals containing a significant amount of Fe. The 27A1 
MAS NMR spectra in particular show the gross dif- 
ferences between the illite-rich clay studied here and 
2 others, montmorillonite (Drachman et al. 1997) and 
pyrophyllite (Fitzgerald and Hamza 1996), namely 
with respect to the amount of 5-coordinated A1 in the 
dehydroxylate state and the absence of  any mullite at 
high temperatures. What is believed to form from an 
illite-rich clay is an aluminosilicate potassium feldspar. 

Quantitative analysis of the effect of  Fe content re- 
veals that the Fe found in the structure affects the A1 
layer more as temperature increases with the Si signal 
remaining largely unchanged, confirming that the Fe 
is indeed found in the octahedral layer. However, the 
presence of any A1 signal indicates that the Fe is not 
uniformly distributed throughout the octahedral layer 
and is largely present as a separate phase. 

Further investigations on Lode reveal that there is 
no significant difference in the NMR spectra between 
the different sample preparations discussed in this re- 
port, indicating that running experiments on powdered 
samples can be of direct relevance to industry. 
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