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The effect of lithium nitrate mineralizer on the thermal stability and phase transformations of 
kaolinite has been studied using 7Li, 27AI and 29Si magic angle spinning (MAS) nuclear 
magnetic resonance (NMR) in tandem with Fourier transform infrared spectroscopy (FTIR), 
X-ray diffraction (XRD) and TEM. As the temperature is raised, lithium nitrate melts, wets the 
surface of the kaolinite particles, and Li + diffuses into the bulk of the crystals. The mineralizer 
retards the dehydroxylation of kaolinite by 15-20~ 27AI MAS NMR indicates that 
metakaolinite originating from mineralized kaolinite contains less five-coordinated and slightly 
more four-coordinated AI. This promotes the transformation of metakaolinite into high- 
temperature phases which contain only four- and six-coordinated AI. Thus at 920 ~ 
mineralized samples (MS) contain y-alumina type spinel but non-mineralized samples (NMS) 
do not. At higher temperatures, MS and NMS contain different amounts of spinel phase, 
mullite and cristobalite. 29Si MAS NMR shows that cristobalite crystallizes from segregated 
amorphous silica. The process is reversed between 1300 and 1400~ in MS (but not in 
NMS) and cristobalite vitrifies. This is probably caused by the lowering of the liquid 
temperature and subsequent rapid quenching of the melt. 

1. In troduct ion  
The physical and chemical properties of ceramic ma- 
terials based on kaolin are related to the presence of 
crystalline and amorphous high-temperature phases. 
A number of compounds, known as mineralizers, have 
been used to promote or induce selectively the forma- 
tion of certain species. For instance, small amounts of 
impurities such as alkali, alkaline-earth, iron and ti- 
tanium oxides enhance the formation of mullite El, 2]. 
However, the concept of a mineralizer is not restricted 
to the artificially introduced compounds. Most nat- 
ural kaolinites contain chemical and mineralogical 
impurities in a wide range of concentrations, and it is 
likely that the differences in the behaviour and reactiv- 
ity of kaolinites upon calcination are due to their 
presence. Thus, the study of mineralizers contributes 
to the understanding of the structure and reactivity of 
natural kaolinite and related high-temperature (meta) 
phases. 

Only in a few cases are the mineralizing mechanisms 
reasonably well understood. The reasons for this are: 
(i) different mineralizers seem to have different effects, 
and in many cases more than one mechanism contrib- 
utes to their action; (ii) several experimental tech- 
niques need to be deployed simultaneously; (iii) it is 
necessary to examine processes occurring throughout 
a very wide temperature range; (iv) metakaolinite is 

quasi-amorphous which poses difficulties before the 
conventional techniques of structural elucidation. 

Solid-state nuclear magnetic resonance (NMR) has 
not previously been used to study the effects of miner- 
alizers in clay systems. Because the technique probes 
local rather than long-range order, it does not suffer 
from the drawbacks inherent in other structural meth- 
ods. Furthermore, the concentration of lithium cannot 
be monitored by the conventional solid-state analy- 
tical techniques such as X-ray fluorescence and analy- 
tical electron microscopy. 

We have examined the mineralizing action of 
LiNO3.3H20.  Preliminary work with other nitrates 
(see Section 2) showed that lithium nitrate is the most 
effective in promoting structural transformations. In 
particular, at l l00~ samples mineralized with 
lithium nitrate contain the largest amount of mullite. 
Other effective mineralizers are the magnesium and 
calcium nitrates [3]. We show that solid-state NMR 
can be used in tandem with other techniques to moni- 
tor the action of mineralizers. 

2. Exper imenta l  p r o c e d u r e  
2.1. S a m p l e s  
The highly crystalline (Hinckley index 1.24, [4]) 
Cornish kaolinite contained 3 wt % mica, 0.18 wt % 

0022 -2461 /91  $03.00 + .12 �9 1991 Chapman and Hall Ltd. 3 0 0 9  



TiO2 and 0.40 wt % Fe20 3. About 80% of the par- 
ticles were smaller than 2 lam. The cation-exchange 
capacity (measured upon saturation with ammonium 
acetate) was 4.0 meq/100 g and the specific surface 
area (N2)-~ 10 mZg -1. To assess the differences be- 
tween natural kaolinites, another sample of kaolinite 
was used containing low levels of Fe203 and TiOz 
(0.54 and 0 .01wt%,  respectively), but l w t %  
quartz, 5 wt % mica and 6 wt % felspar. 10 mol % 
L i N O 3 . 3 H 2 0  was introduced into kaolinite by dry 
mixing and ball-milling for 20 min. TEM reveals that 
the clay particles were not affected by this treatment. 
The samples, in bed depths of 6-7 mm, were calcined 
in air for 1 h and then quenched to room temperature. 
Some experiments in which samples were cooled down 
slowly where also carried out. In similar studies, we 
tested the effect of sodium, potassium, calcium, mag- 
nesium and barium nitrates. 

2.2. X-ray diffraction (XRD) 
Powder XRD patterns were acquired using a Philips 
automatic diffractometer fitted with a vertical gonio- 
meter and CuK~ radiation selected by a graphite 
monochromator  in the diffracted beam. In situ vari- 
able temperature studies used an Anton-Parr high- 
temperature attachment. 

2.3. Fourier transform infrared spectroscopy 
(FTIR) 

Spectra in the region 4000 400 cm-1 were recorded 
using a Nicolet MX-1 Fourier Transform spectro- 
meter and the conventional KBr wafer technique. The 
wafers were outgassed at 160~ for 1 h prior to 
obtaining spectra. The spectra were typically an aver- 
age of 128 scans with 1 cm-1 resolution. 

2 . 4 .  Magic angle spinning (MAS) NMR 
29Si MAS NMR spectra were measured at 79.5 MHz 
with a Bruker MSL-400 multinuclear spectrometer. 
An Andrew-Beams probehead was used with rotors 
spinning at 2.5-3 kHz with air as the driving gas. 
Radio-frequency pulses equivalent to 40 ~ pulse angle 
were applied with a 30 s recycle delay. 29Si chemical 
shifts are quoted (p.p.m.) from external tetramethyl- 
silane (TMS). ZVA1 MAS NMR spectra were measured 
at 104.2 MHz with very short and powerful (0.6 ~ts, 
equivalent to 9 ~ pulse angle) r.f. pulses and a 0.2 s 
recycle delay. Rotors were spun in air at 4-5 kHz. 
Chemical shifts are quoted in p.p.m, from external 
AI(H20)~ +. 7Li spin-lattice relaxation times were 
measured at room temperature using a saturation 
recovery pulse sequence. In all cases, the decay of the 
signal was very nearly a single-parameter exponential. 
The measurements were repeated three times for each 
sample. 

2.5. T ransmis s ion  e l ec t ron  m i c r o s c o p y  
TEM was performed with Hitachi H-7000 and Jeol 
JEM 200 CX electron microscopes at 75 and 200 kV, 
respectively. 
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3.  R e s u l t s  
3.1. XRD 
The XRD patterns of mineralized (MS) and non- 
mineralized (NMS) samples of the highly crystalline 
Cornish kaolinite calcined at various temperatures are 
compared in Fig. 1, while the normalized intensities of 
the 0 0 1 reflections are given in Fig. 2. As dehydration 
proceeds, there is a linear decrease in the intensity of 
the 00 1 reflection, but it is clear that the long-range 
order of the mineralized kaolinite collapses at a tem- 
perature 15-20 ~ higher than that of NMS. Between 
dehydration and 900 ~ XRD patterns are independ- 
ent of the presence of the mineralizer. However, by 
920 ~ only the (quenched) MS give ,/-alumina type 
spinel (see Srikrishna et al. I-5] and references therein) 
reflections at 0.198 nm (Fig. lc and d) and 0.140 nm; 
above that temperature all samples contained the 
spinel phase and mullite. Another sample of the parent 
kaolinite, relatively rich in mineralogical impurities 
(quartz, mica and felspar), mineralized with lithium 
nitrate and calcined at 920~ exhibited not only 
spinel reflections but also traces of mullite. 

The XRD pattern of mineralized samples shows 
that a relatively large amount of mullite is already 
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Figure 1 XRD patterns of non-mineralized (lower traces) and min- 
eralized (upper traces) samples after calcination in air for 1 h at 
different temperatures. (a) and (b) are characteristic of kaolinite and 
metakaolinite, respectively, and are produced by both mineralized 
and non-mineralized samples. Impurities and phases: mi, mica; a, Y- 
alumina type spinel; m, mullite; c, cristobalite. 
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Figure 2 Variation of the intensity of the kaolinite 00 1 (in situ) 
XRD reflection normalized to the intensity of the 001 reflection 
(given by a sample calcined at 100~ plotted as a function of 
the temperature. (�9 Non-mineralized samples, (~ )  mineralized 
samples. 

present at 1100 ~ along with traces of y-alumina type 
spinel (Fig. lf). By contrast, NMS are much poorer in 
mullite and richer in spinel phase (Fig. le). By 1200 ~ 
all samples contain mullite but MS also contain 
cristobalite: in both cases, no spinel reflections are 
seen (Fig. lg and h). At 1300~ (not shown) all 
samples give well-developed reflections from cristo- 
balite and mullite. Strong mullite reflections are ob- 
served in the XRD patterns of all samples calcined at 
1400~ but only traces of cristobalite are found in 
MS samples. By contrast, NMS exhibit strong cristo- 
balite reflections at 1400 ~ which, although weaker, 
persist to 1500 ~ along with those of mullite. At no 
temperature is there evidence for the presence of 
lithium silicates or aluminosilicates. 

3.2. FTIR 
The FTIR spectra of samples heated at 550~ are 
given in Fig. 3. In the lattice vibration region, NMS 
(Fig. 3b) display a typical metakaolinite pattern (see 
Fig. 4a and for details see Rocha and Klinowski I-6]). 
In the OH stretching region (Fig. 3b) only very faint 
kaolinite bands are observed. MS display relatively 
strong kaolinite OH stretching bands and a faint 
unresolved band at ,-- 940 cm-  1 assigned to A1-O-H 
bending modes (Fig. 3c). Between 600 and 900~ 
there is no significant difference in the spectra of MS 
and NMS; a typical spectrum in given in Fig. 4a. By 
920~ NMS display a more developed band at 
665 cm-~ than do MS (Fig. 4b and c); the band is 
assigned [-7] to Si-O stretching. We shall see later 
that, by contrast to NMS, only a very small amount of 
five-coordinated A1 is present in MS. It is, therefore, 
possible that the metakaolinite band centred at 

665 cm-1 is also associated with five-coordinated 
A1. In the range 920-1400~ the FTIR spectra 
(Fig. 4d-g) of both MS and NMS are consistent with 
the presence of mullite, T-alumina type spinel and 
cristobalite (for details see, for example, I-7]) and fully 
support the XRD results. 

3.3. MAS NMR 
T h e  29Si MAS NMR spectra of uncalcined MS and 
NMS (Fig. 5a) are identical and consist of a single 
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Figure 3 FTIR spectra (a) characteristic of both non-mineralized 
and mineralized kaolinite and (b, c) of non-mineralized and mineral- 
ized samples, respectively, calcined in air at 550 ~ for 1 h. The 
vertical scale of the OH-stretching region (4000-3200 ~ is ~ 1.4 
times more sensitive than that of the lattice-vibration region 
(1600-400 ~ 

resonance at - 9 1 . 5  p.p.m, with full width at half 
maximum (FWHM) of 2.0 p.p.m., characteristic of 
layered silicates and assigned to the Q3 environment 
(Si linked, via oxygens, to three other Si atoms). By 
500 ~ the spectrum from NMS (Fig. 5b) shows that 
the silicon matrix has undergone an important trans- 
formation and that a significant amount of meta- 
kaolinite has been formed [6, 8, 9]. In MS (Fig. 5c), the 
local silicon order is still similar to that found in 
kaolinite, and only a relatively small amount of meta- 
kaolinite is formed. Above 600~ the spectra of all 
samples (Fig. 5d) are similar [6, 8]. At 920 ~ (not 
shown) NMS display a resonance at approximately 
- 109 p.p.m, with a F W H M = 14.7 p.p.m. MS give a 

similar spectrum but the signal is centred at approx- 
imately - 108 p.p.m, and F W H M  = 16.5 p.p.m. At 
950-1000 ~ the spectra of MS and NMS are very 
similar (Fig. 5e) and consist of one broad resonance 
(FWHM ~ 13.5p.p.m.) centred at - 109 to 
- 110 p.p.m, from amorphous silica and perhaps cris- 

tobalite germs which are too small to be detected by 
XRD [6] and a shoulder at approximately 
- 87 p.p.m, from mullite. By 1100 ~ (Fig. 6a and b) 

MS are clearly richer in mullite, as shown by the 
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Figure 4 FTIR spectra of non-mineralized (b, d, f) and mineralized 
(c, e, g) samples calcined in air for 1 h at temperatures in the range 
920-1400 ~ Notice the presence of sharp cristobalite bands at 615 
and 794 cm-1 given by the NMS at 1400 ~ which are absent from 
the spectrum of MS. For comparison, (a) shows a typical meta- 
kaolinite spectrum given by both mineralized and non-mineralized 
samples. 

presence of a much stronger signal at - 8 7  p.p.m. 
Interestingly, the F W H M  of the signal centred at 
- 110 p.p.m, is similar in all samples, which indicates 

that the amorphous silica pools of MS and NMS 
retain a similar degree of disorder. As shown in 
Fig. 6c, in MS calcined at ~ 1200 ~ the amorphous 
silica begins to crystallize as cristobalite, although this 
is not observed in the NMS where only mullite contin- 
ues to crystallize. At 1300~ all samples (Fig. 6d) 
contain cristobalite, mullite and some amorphous sil- 
ica. At 1400~ MS give a broad resonance at 
- 110 p.p.m. (Fig. 6f) instead of the sharp cristobalite 

signal. No such broadening of the mullite resonance at 
- 87 p.p.m, is observed. On the other hand, in NMS 

(Fig. 6d and e) mullite and cristobalite continue to 
crystallize above 1300~ the F W H M  of the cristo- 
balite resonance at approximately - 112 p.p.m, de- 
creases from 4.2-2.6 p.p.m, but even at 1400 ~ a small 
amount of amorphous silica is still present. 

The 27A1 MAS NMR spectra of all uncalcined 
samples are identical (Fig. 7a) with a single peak at 
H0p.p .m.  (FWHM = 12p.p.m.) assigned to six- 
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Figure5 29Si MAS NMR spectra of (b, c) non-mineralized and 
mineralized samples, respectively. The spectra shown in (a, d and e) 
are characteristic of both non-mineralized and mineralized samples. 
(*) Spinning sidebands. 

coordinated A1. Above ~ 500~ all samples exhibit 
two additional resonances (Figs 7b-i and 8a-d): at 

28 p.p.m., assigned to five-coordinated A1, and 
at ~ 57 p.p.m, due to four-coordinated A1 (for details 
see [6, 8] and references therein). Examination of the 
spectra reveals that, at any given temperature, MS 
always contain less five-coordinated A1 than NMS. 
Spectral deconvolution [63 suggests that in MS some 

�9 of the aluminium which in NMS is five-coordinated is 
actually in four-fold coordination. However, in view of 
the uncertainties inherent to the line simulation pro- 
cedure, this is not certain. At 920 ~ the spectra from 
MS and NMS (Fig. 8c and d) differ substantially, 
particularly in the content of five-coordinated A1, but 
above 950 ~ all samples give similar spectra. New 
species involving four- and six-coordinated A1 are 
clearly in evidence: the 27A1 resonances are now at 
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Figure 6 29Si MAS NMR spectra of (a, d, e) non-mineralized and 
(b, c, f) minera ized samples calcined in air for 1 h at temperatures in 
the range 1100-1400 ~ 

63-66 p.p.m, and 2-4 p.p.m., respectively, while the 
FWHM increase considerably [6]. Sanz et al. [10] 
reported resonances at 0, 42 and 60 p.p.m, in 3:2 
mullite. Pure y-alumina resonates at ~ 7 and 
70 p.p.m. (Fig. 9f). Thus, in the range 950-1100 ~ the 
2VA1 spectra of all samples indicate the presence of 
both mullite and y-alumina type spinel. At 1100 ~ 
there are small but important differences between the 
spectra of NMS and MS (Fig. 9a and b). MS gives 
resonances (at - 1 and 53 55 p.p.m.) shifted to more 
negative values in comparison with those given by 
NMS (at 3 4 and 63-65 p.p.m.). Note also that above 
1100 ~ both kinds of sample produce spectra similar 
to those displayed by the 1100 ~ MS (Fig. 9c and d). 
These observations suggest that above ~ 1100 ~ the 

spinel phase is converted into mullite. By changing the 
spinning frequency of the MAS rotor and thereby 
removing the spinning sidebands from the spectral 
region of interest, we were able to show, in agreement 
with Sanz et al. [10], that above l l00~ the three 
mullite resonances, at approximately - 1 ,  44 and 
58 p.p.m., are present in all our samples (Fig. 9d and e). 

The 7Li MAS NMR spectra of uncalcined and 
calcined MS are shown in Fig. 10a and b, respectively. 
Only a small shift from - 1.2 to - 1.8 p.p.m, and an 
equally small increase in FWHM from 1.1-1.6 p.p.m. 
take place upon calcination at 600 ~ Treatment at 
other temperatures produces similar spectra, which 
contain little information of chemical interest. Quad- 
rupole nutation NMR experiments [11] confirm that 
the small quadrupole moment of VLi does not favour 
the use of the technique to distinguish between 
quadrupolar species in different chemical environ- 
ments. We have therefore resorted to the measurement 
of 7Li T~ spin-lattice relaxation times, and found them 
to vary considerably with the temperature of calcin- 
ation (see Fig. 11). At room temperature, T 1 is short 
( ~ 45 ms) probably due to the presence in the struc- 
ture of lithium hydrate of water molecules which 
provide an efficient mechanism for relaxation. How- 
ever, in samples calcined at higher temperatures, T~ 
changes significantly (Fig. 11) whenever an important 
structural event occurs. 

3.4. TEM 
Fig. 12a and b show typical transmission electron 
micrographs of metakaolinite samples originating 
from MS and NMS kaolinite. No significant difference 
is found between the two groups. In MS calcined at 
920 ~ very small (< 3-4 nm) spinel crystallites em- 
erge from the amorphous matrix (Fig. 12c) and grow 
with increasing temperature. By 1100 ~ they are also 
clearly seen in NMS, particularly near the edges of the 
plates (Fig. 12d). At 1200~ mullite is the only 
crystalline phase present in NMS (Fig. 12e). 

4. D i s c u s s i o n  
Several techniques have confirmed that the mineral- 
izer modifies the temperature at which particular 
phases are formed, and sometimes results in the pro- 
duction of a quite different phase. We shall consider 
the various aspects of the action of the mineralizer 
in turn. 

4.1 .  Di f fus ion  of Li + 
Above 450 ~ 7Li T 1 values increase markedly. G6bel 
et  al. [12] showed that relaxation of 7Li at room 
temperature is dominated by the coupling of the 
lattice to the quadrupole moment of the nucleus 
which, because of ionic diffusion, is time-dependent. 
Thus the increase of 7Li T~ values is caused by a 
significant change in the ionic mobility of Li, 
occurring simultaneously with dehydroxylation. It is 
likely that diffusion of lithium cations is not restricted 
to the surface of the particles. If so, nucleation of h igh -  
temperature phases may not occur only on the crystal 
surface as maintained by some workers 1-13, 14]. This 
conclusion is supported by Gomes [15] who showed 
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Figure 7 ZVA1 MAS NMR spectra of(a) both non-mineralized and mineralized kaolinite, (b, d, f, h) non-mineralized and (c, e, g, i) mineralized 
samples calcined in air for 1 h at 550-800 ~ (*) Spinning sidebands. 

that the mineralizing action is enhanced when the 
mineralizer is added to kaolinite: DMSO or kaolinite: 
hydrazine hydrate intercalates in which the mineral- 
izer enters the intracrystalline space of kaolinite. 
Lemaitre and Delmon [-3] showed that cationic diffu- 
sion must play an important role in the mineralizing 
mechanism. They investigated the shrinkage of kaolin- 
ite by isothermal dilatometry and found a correlation 
between the "initial shrinkage rates" at 900 ~ (low- 
temperature isothermal shrinkage, LTS) produced by 
various mineralizers and their corresponding cationic 
radii. Many other studies confirm the importance of 
cationic diffusion in the mineralizing action of lithium 
salts [16, 17]. 

4.2. Action on the AI matrix of metakaolinite: 
inhibition of the formation of 
five-coordinated AI 

The addition of lithium nitrate stabilizes the structure 
of kaolinite by an additional 15-20~ It has been 
suggested ([18] and references therein) that the dehy- 
droxylation of kaolinite proceeds inwards from the 
edges of the grains parallel to the (0 0 1) planes. At first, 

OH groups may escape from the edges of the plates 
without diffusion throughout the grain, but later diffu- 
sion of H20 from the interlayer region must occur. It 
is possible that the presence of the mineralizer stabil- 
izes the kaolinite structure by impeding the diffusion 
of water, generating an intergrain vapour pressure and 
increasing the activation energy of dehydroxylation. 
Having stabilized the structure by 15 20~ lithium 
nitrate inhibits the formation of five-coordinated A1. 
We note that this capacity of a lithium salt to induce 
changes in coordination of other ions is not unique to 
the nitrate. For example, it has been reported [-19] 
that addition of Li20 to a GeO 2 glass transforms 
some tetrahedral germanium atoms to the octahedral 
coordination. Similarly, it is possible (but not certain, 
due to uncertainties inherent in spectral simulation) 
that in metakaolinite the mineralizer transforms some 
aluminium from five- to four-fold coordination. 

4.3. Formation of y-alumina type spinel and 
mullite 

We suggest that y-alumina type spinel and mullite 
appear in MS at lower temperatures than in NMS 
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Figure 8 ZTAl MAS NMR spectra of (a, c) non-mineralized and 
(b, d) mineralized samples calcined in air for 1 h at 900 and 920 ~ 
(*) Spinning sidebands. 

because both of these phases contain aluminium in 
four- and six-fold coordination: reactions starting 
from metakaolinite normally require transformation 
of five- into four- and six-coordinated A1. In this case, 
stability to conversion might well be lower if less five- 
coordinated A1 is present. Note that at 920 ~ the z9si 
spectrum of MS is similar to the 900 ~ spectra of both 
MS and NMS. However, the resonance in the 920 ~ 
spectrum of NMS is narrower than that given by those 
samples and in addition is also shifted towards 
- 110 p.p.m. Thus the mineralizer not only promotes 

the formation of spinel phase but also delays the 
transformation of the silica matrix which remains 
more disordered. Nevertheless, by 950~ the 298i  

spectra of all samples are very similar. It is interesting 
to compare these observations with the work of 
Bulens et  al. [-14] on the mineralizing action of MgO 
and CaO. The LTS parameters of MgO at 900 ~ are 
similar to those given by lithium nitrate and the 
authors speculate that the salt selectively segregates 
amorphous alumina and silica thus initiating further 
nucleation of y-alumina. Our work shows that lithium 
nitrate promotes the formation of spinel phase, but 
instead of inducing segregation of more amorphous 
silica it simply delays the ordering of the silica pool. 
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Figure 9 27A1 MAS NMR spectra of (a, c) non-mineralized and 
(b, d, e) mineralized samples. In order to reveal the presence of 
mullite resonances which overlap with the spinning sidebands, the 
latter spectrum was acquired with a slower spinning rate (3.3 kHz) 
than that used ( ~ 4.5 kHz) for the other spectra. The spectrum of a 
standard y-alumina is shown for comparison in (f). ( , )  Spinning 
sidebands. 

4.4. Act ion on amorphous silica and on 
cristobali te 

Above l l00~ ~Li T 1 values continue to change; 
however, the 27A1 MAS NMR spectra of MS and 
NMS do not vary significantly. The lineshape of the 
m u l l i t e  29Si resonance at - 87 p.p.m, does not change 
either. One would not expect, therefore, 7Li to be 
associated with either the aluminium or silicon mat- 
rices of mullite but with the amorphous silica and/or 
cristobalite phases. Indeed, in MS above ~ 1100~ 
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Figure 10 VLi MAS N M R  spectra of mineralized kaolinite (a) at 
room temperature and (b) calcined in air for 1 h at 600~ (*) 
Spinning sidebands. 

the amorphous silica crystallizes as cristobalite. It is 
known [20] that S i O  2 glass crystallizes more rapidly 
in the presence of oxide impurities, and that the onset 
of crystallization occurs at lower temperatures. This is 
in accord with our observation that cristobalite crys- 
tallizes first in MS than in NMS. Pure S i O  2 glass 
contains almost exclusively strong _=Si-O-Si -  
bonds. Diffusional insertion of cations such as Li + 
breaks these bonds according to the scheme [21] 

=Si  O - S i -  + Li20 --* - S i - O - L i l L i - O - S i -  = 
(1) 

Weaker Si O-Li  bonds facilitate the transition of the 
glass structure to a crystalline framework. 

At 1300-1400 ~ cristobalite vitrifies in MS. Brown 
et al. [22] reported that at 1450-1500 ~ non-miner- 
alized kaolinite samples undergo a similar trans- 
formation but we did not observe it even at temper- 
atures as high as 1500~ Inspection of the phase 
diagram for the system SiO2-AI20 3 (see also West 
[19]) reveals that kaolinite begins to melt above 
1595 ~ but is not completely liquid until well above 
1800~ On the other hand, montmorillonite clays 
such as bentonite, melt at ~ 1300 ~ This is due not 
only to much higher silica-to-alumina ratios (~  4: 1) 
but also to the presence of alkali cations. Vitrification 
observed in MS treated at between 1300 and 1400 ~ 
and then quenched is probably caused by the lowering 
of the melting point of cristobalite by the mineralizer. 
The glass is then produced by the rapid cooling of 
molten cristobalite. Our work was not carried out 
under equilibrium conditions and thus the results are 
not directly comparable with the published phase 
diagrams. All the same, the phase diagram for 
SiOz-LiO 2 system [23] shows that the liquid temper- 
ature should drop significantly for a concentration of 
lithium similar to that used here, although not by as 
much as we observed. Furthermore, the viscosity of a 
binary liquid silicate system at 1400~ 5 tool% 
Li20:  SiO 2 has been reported [24] to be two orders of 
magnitude lower than that of pure SiO2, and the 
energy of activation of viscous flow of SiO/decreases 
significantly, which indicates that the structure of the 
melt has changed. 

4.5�9 Lithium aluminosilicates (LAS) 
Neither the XRD patterns nor the FTIR spectra 
provide any evidence for the presence of either crystal- 
line or amorphous LAS in MS. Nevertheless, it has 
been reported [17] that when kaolinite samples are 
heated with a large excess of certain salts (17:1 by 
weight), both crystalline and amorphous LAS are 
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Figure 11 Variation of the 7Li spin-lattice relaxation time (T~) as a function of the temperature of calcination. For the room temperature 
sample T~ = 45 -I- 4 ms; for the other samples T~ ranges from 1.2-5.8 + 0.2 s. Note that the T~ values change significantly when some 
important  structural event occurs. "Dehyd",  dehydration; "al + mul ' ,  y-alumina type spinel and mullite; "mul + c/amorph",  mullite and 

cristobali te/amorphous silica. 
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Figure 12 Transmission electron micrographs of (a) non-mineral- 
ized and (b) mineralized samples calcined in air at 600 ~ for ! h; of 
(c) a mineralized sample calcined in air at 920 ~ for 1 h revealing 
very small (< 3-4 nm) spinel crystallites growing in an amorphous 
matrix; and of non-mineralized samples calcined in air for 1 h (d) at 
1100 ~ showing relatively well developed (< 15 nm) spinel crystal- 
lites, and (e) at 1200 ~ in which the only crystalline phase present is 
mullite. 

produced.  Others investigated the format ion of LAS 
by reacting kaolinite or  metakaolinite with lithium 
salts [16, 25] but the presence of LAS was never 
reported in studies similar to ours [3, 15]. Our  29Si 
MAS N M R  results indicate that no  significant 
amounts  of  LAS are formed. The lineshapes of  the z9si 
resonances in the spectra of MS and N M S  are very 
similar, and the only difference is the temperature at 
which phase t ransformations occur. If significant 
amounts  of LAS were formed, distinct lineshapes and 
new z9si signals would be seen in the spectra of  MS. 
We stress that  N M R  does not  preclude the presence of 
small amounts  of  LAS. Accord ing  to Engelhardt  and 
Michel ([11] and references therein), synthetic soro- 
silicates (Q1) such as Li6SizO v give a resonance at 

- 72.4 p.p.m.; the synthetic single chain (Q2) LizSiO3 

at - 74.5 p.p.m, and the synthetic phyllosilicate (Q3) 
LizSi20 ~ at - 9 2 . 7  p.p.m. Lithium silicate glasses 
exhibit broad Q" (n = 0 -4 )  signals centred at approx-  
imately - 6 3 ,  - 6 9 ,  - 8 2 ,  - 9 2 a n d  - 1 0 7 p . p . m . ,  
respectively. Spodumene,  LiA1SizO6, resonates at 
- 91.6 and Q"(mA1) lithium glasses of different com- 

positions at - 90.5, - 79.9 and - 75.0 p.p.m, for m 
= 0, i and 2, respectively. 

5. Conclusions 
Addition of lithium nitrate to kaolinite before calcin- 
ation causes: 

1. diffusion of Li + ions into the bulk of the crystals 
and stabilization of the kaolinite structure by an 
addit ional 15 20~ 

2. inhibition of the format ion of five-fold A1 in 
metakaolinite; 

3. crystallization of y-alumina type spinel from 
metakaolinite at a lower temperature ( ~  920 ~ with 
a simultaneous retardat ion of the t ransformation of 
the silicon matrix which remains more disordered 
than in non-doped  samples; 
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4. crystallization of spinel phase (ll00~ and 
amorphous silica (1200 ~ in mullite and cristobalite 
at lower temperatures; earlier vitrification of cristo- 
balite (just above 1300~ 

No evidence was found for the presence of lithium 
aluminosilicates. Nevertheless, the possibility that 
small amounts of these are present cannot be ex- 
cluded. 
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