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INTERCALATION OF SALTS OF FATTY ACIDS INTO KAOLINITE 
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Abstract--Intercalation of sodium and potassium salts of lauric, myristic, palmitic, elaidic, oleie, 12- 
hydroxystearic, and a blend of Cs---Cto acids in kaolinite has been followed by X-ray powder diffraction, 
nuclear magnetic resonance (NMR), Fourier-transform infrared spectroscopy, and thermal studies. The 
7-/~ 'c' axis spacing in kaolinite expands to 11 ,~ as a result of intercalation; this expansion is independent 
of the alkyl chain length of the fatty acid. The orientation of the organic molecules in the kaolinite 
interlayer is nearly flat, and ~H NMR indicates an enhanced ordering in the potassium laurate intercalate. 
The reversal or equalization of the relative intensities of hydroxyl bands at 3696 and 3619 cm -~ of 
kaolinite are related to the phenomenon of intercalation. The decomposition temperature of these salts 
decreases when they are intercalated in kaolinite. 
Key Wards--Fatty acid, Fourier-transform infrared spectroscopy, Intercalate, Kaolinite, Nuclear magnetic 
resonance, Orientation, X-ray powder diffraction. 

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

Among various clay-organic interactions, the phe- 
nomenon of  intercalation has received considerable 
attention. Intercalation has led to the development  of  
clay products that exhibit novel rheological, surface, 
and structural properties that have found useful ap- 
plications in the paper industry, in polymer compos- 
ites, as matrices for slow release of  t rapped molecules, 
and as soil conditioners (Lagaly, 1984; Theng, 1974, 
1982). The use of  kaolinite in soap and detergent for- 
mulations is also fairly common in the patent literature 
(Kanfer et al., 1987; Ridley, 1987; James, 1953; Chad- 
bourne, 1921, 1922). Investigations involving mont-  
moril lonite have been relatively more extensive than 
those involving kaolinite or other clay minerals, prob- 
ably due to the ease of  intercalation in smectite struc- 
tures. 

Detailed investigations on the intercalation of  ka- 
olinite and highly polar  organic molecules, such as 
amides and sulfoxides were reported by Breen et al. 
(1988), Raupach et al. (1987), Thompson and Cuff, 
(1985), and Lipsicas et al. (1986). Solid-state nuclear 
magnetic resonance (NMR), attenuated total reflection 
(ATR), and X-ray powder diffraction (XRD) have been 
used to map the molecular orientations in the kaolinite 
interlayers. Fat ty  acids in clay interlayers have also 
been studied because of  their importance in the gen- 
eration of  petroleum hydrocarbons in soil (Brindley 
and Moll, 1965; Jung and Eisma, 1964; Shimoyama 
and Johns, 1971). 

In recent studies in this laboratory, the mechanism 
of  intercalation of  potassium salts of  short-chain car- 
boxylic acids has been investigated (Sidheswaran et aL, 
1987, 1988). The present study was undertaken to ex- 
amine this phenomenon (intercalation) using sodium 
and potassium salts of  long-chain fatty acids. 
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MATERIALS A N D  METHODS 

Preparation o f  sodium and potassium 
salts o f  fat ty  acids 

Sodium and potassium salts of  fatty acids (lauric, 
myristic, palmitic, elaidic, oleic, 12-hydroxy stearic, 
and a blend of  Cs--C~ o acids) were prepared by mixing 
the fatty acids with calculated quantities o f  aqueous 
alkalis in stoichiometric molar  proportions.  The final 
pH of  the resulting solutions was adjusted to 8.7 _ 
0.1. Water  was removed by heating at 110~ Kaolini te  
from English India  China Clay Company, having a 
chemical analysis o f  SiOz, 44.3%; A1203, 42.3%; Fe203, 
0.37%; and HzO, 13.5%, was used. 

Intercalation 

The kaolinite and fatty acid salts (FAS) were mixed 
in the ratio of  4.9:1. The kaolinite was slowly added 
with vigorous stirring at about  20~ to a mixture con- 
taining FAS (17 g) and hydrazine-hydrate (40-60 ml). 
XRD patterns of  the resulting materials were recorded 
every day until the material  became dry and the pat- 
terns remained unchanged. 

Instrumental techniques 

X R D  patterns were recorded on a Siemens D-500 
Kristaloflex diffractometer using Ni-filtered CuKa ra- 
diation. Differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA) of  the samples were 
made on a Du Pont 990 Thermal Analyzer. Fourier-  
transform infrared (FTIR) spectra (300-4000 cm -~) 
were obtained using a Nicolet SXB 20 instrument. 
Wide-line NMR spectra were obtained using a Bruker 
Minispee PC20 apparatus. 
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Figure 1. Fourier-transform infrared spectra ofpalmitate (a) 
and hydroxy stearates (b) before and after intercalation. Re- 
gion I, kaolinite hydroxyls (3600-3700 cm l); Region II, alkyl 
groups (2850-2930 em-~); Region III, carboxyl stretchings 
(1470-1640 cm-l), a. (i), K-palmitate; (ii), Intercalated K-pal- 
mitate; (iii), Na-palmitate; (iv), Intercalated Na-palmitate. b. 
(i), Na-hydroxy stearate; (ii), Intercalated hydroxy stearate; 
(iii), K-hydroxy stearate; (iv), Intercalated K-hydroxy stea- 
rate. 

RESULTS AND DISCUSSION 

Characterization of  the kaolinite 

The kaolinite sample used in this study had a c-value 
of 7.08 ~.  The kaolinite was also characterized by OH- 
stretching bands at 3696 (s), 3619 (s), 3670 (w), and 
3653 (w) cm -] (by FTIR); a weight loss of 13.9% (by 
TGA) due to dehydroxylation; and endothermic de- 
hydroxylation at 525~ (by DSC and TGA). 

Fatty acid salt-kaolinite interaction 

The surface hydroxyl groups on the kaolinite can 
form hydrogen bonds with fatty acid salts. The IR 
spectra of the potassium and sodium salts of palmitic 
acid and hydroxystearic acid and the corresponding 
intercalates are given in Figure 1. The spectra of the 
intercalated kaolinite showed no change (shift) in the 
bands corresponding to the hydroxyl group. The rel- 
ative intensities of the 3696- and 3619-cm -1 bands 
were reversed in the case of the intercalates of the Na 
salts of oleic and stearic, and the potassium salts of 
elaidic, oleic, stearic, and hydroxystearic acids. For 
intercalates of the sodium salts oflauric, palmitic, and 
C8-Clo acid blends, the intensities of the two bands 
were comparable. For the untreated kaolinite, the band 
at 3696 cm -~ had a higher intensity than the band at 
3619 cm -l. Only for the intercalates of the sodium salt 
of 12-hydroxystearic acid was the hydroxyl region (3625 

~  radiation 
Figure 2. X-ray powder diffraction patterns of kaolinite at 
various stages of intercalation with Na-palmitate. Numbers 
refer to the age of the intercalate in days. 

cm -~) of kaolinite broad. No such changes were ob- 
served for the corresponding potassium salt of 12-hy- 
droxy stearic acid. 

XRD patterns (Figure 2) of the kaolinite-FAS sys- 
tems were made as a function of time. The intensity 
of the peak at 12.5~ of kaolinite decreased 
to about 10% of its original value after one day of the 
reaction. An intercalation by the entrainer, hydrazine 
hydrate, possibly together with the FAS into the ka- 
olinite layer, is suggested by the strong peak at 8~ 
/~). With time the peak at 12.5 ~ grew and the peak at 
~8~ decreased in intensity. The appearance of ad- 
ditional peaks at 7.0~ also suggests intercalation of 
FAS with different orientations. For potassium laurate, 
the peak due to entrainer intercalation disappeared 
completely after 7 days, and the peak at 11.5 /~ in- 
creased in intensity, broadened, and developed a shoul- 
der suggesting partial intercalation by FAS. 

Sidheswaran et aL (1987) reported that the peak at 
25~ splits after intercalation. They noted that the 
doublet persisted even after 7 days in all the interca- 
lated samples. If the intercalation was marginal, the 
doublet at 25 ~ was not as well resolved as that of the 
potassium laurate intercalate. 

To confirm that the observed intercalation was due 
to FAS and not due to residual hydrazine hydrate en- 
trainer, the intercalate was dried thoroughly in vacuum 
at 45~ for 6 hr, because under such conditions, ka- 
olinite-hydrazine complexes have been shown to be 
unstable, the interlayer spacing collapsing to 7.1 ~ (Si- 
dheswaran et aL, 1987). In the present system, the peak 
at 8~ did not change, suggesting intercalation to be 
due to FAS only. Chemical analysis of the intercalates 
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Figure 3. Free-induction decay curves for soaps and the in- 
tercalation compounds. O = Na-stearate; ~7 = Na-stearate 
(intercalated); �9 = kaolinite; [] = hydrazine hydrate treated 
kaolinite; �9 = K-laurate; - x -  = K-laurate (intercalated, after 
7 days). 

for nitrogen by Kjeldahl method also showed low levels 
of nitrogen (<0.1%). 

Orientation of  fatty acid salts in the 
intercalates 

X-ray powder diffraction. Although extensive literature 
is available on the orientation of fatty acids in mont-  
morillonites (Lagaly, 1984; Brindley and Moll, 1965; 
Theng, 1974; Sieskind and Ourisson, 1971), the nature 
of the packing of such molecules in kaolinite is only 
poorly understood. Complexes of synthetic fluoro- 
montmoril lonite and natural montmorillonite, both in 
their calcium form, show a close packing of fatty acid 
molecules in pairs, with a head-to-tail arrangement in 
the interlayer. A fairly strong correlation exists between 
the stepwise expansion of the 'c' axis and the number  
of carbon atoms in the fatty acid chain (Brindley and 
Moll, 1965). In the fatty acid-kaolinite complexes, the 
c spacing value was constant (~ 11 A) and fairly in- 
dependent of the nature of the alkyl groups in the fatty 
acid molecule. For vertical stacking of the molecules 
the interlayer opening should be ~20.6 ]~ (Brindley 
and Moll, 1965). If the fatty acid molecules were hor- 
izontally organized, the interlayer space should accom- 
modate the CH2 groups in a staggered position. To have 
a double layer of horizontally oriented organic mole- 
cules, however, the min imum interlayer spacing should 
be >4.2 ]k. In all the systems studied here, the inter- 
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Figure 4. Differential scanning calorimetry tracings. I = 
K-laurate; II = intercalated K-laurate; I I I=  K-stearate; IV = 
intercalated K-stearate; V = kaolinite. 

layer spacing of the intercalates was 11 ]k, which is just 
sutficient to fit the FAS molecule in a nearly horizontal 
orientation. This explains the fairly constant c spacing 
value for FAS of varying chain lengths. 

Nuclear magnetic resonance. Proton-free induction de- 
cay curves for kaolinite, hydrazine hydrate-treated ka- 
olinite, sodium stearate, potassium laurate, and their 
corresponding intercalates in the time scale I 1-200 ~ts 
are given in Figure 3. These data were recorded under 
the following instrumental parameters: precessional 
frequency 20 MHz, 90 ~ pulse width 2 gs, repetition 
delay of 2 s. The FAS samples were recrystallized from 
hydrazine hydrate to simulate conditions under which 
they were intercalated into the kaolinite. The FID has 
two distinct features (1) a fast decaying signal -<40 #s 
indicating highly ordered protons and (2) a slow de- 
caying signal ->40 us, indicating protons of relatively 
greater mobility. 

The free-induction decay profile (Figure 3) indicates 
that protons in the kaolinite (O-H groups) tended to 
attain a relatively higher mobility after removal of hy- 
drazine hydrate, although XRD studies of the same 
materials indicated no change in interlayer spacing. 
Sodium stearate and its intercalate showed similar pro- 
ton mobility curves. In contrast, potassium laurate ap- 
pears to have undergone significant ordering in the 
intercalate. 
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Thermal analysis. Thermogravimetric studies of  the 
intercalates showed a stepwise decomposition of  the 
fatty acid salt followed by the dehydroxylation of  the 
kaolinite. Figure 4 shows the DSC curves for kaolinite, 
potassium taurate, potassium stearate, and their inter- 
calates. The decomposition temperature of  the fatty 
acid salt decreased from 430 ~ to 365~ for K laurate 
intercalate and from 400 ~ to 355~ for K stearate in- 
tercalate. The dehydroxylation temperature of  kaolin- 
ite decreased from about 540 ~ to about 500~ These 
results are similar to earlier findings on thermal de- 
composition of  intercalates of  potassium salts of  short- 
chain carboxylic acids in which decarboxylation tem- 
pera tures  were cons iderab ly  reduced and the 
temperature for dehydroxylation of  kaolinite was low- 
ered by 50~176 from the original 525~ (Sidheswaran 
et al., 1987). 

Comparison with bentonite 

For kaolinite, breaking of  the interlayer hydrogen 
bonds by an entrainer appears to be essential to initiate 
intercalation of  most carboxylic acid salts, except po- 
tassium acetate (Sidheswaran et al., 1987; Theng, 1974). 
In contrast, bentonites can be intercalated by fatty acid 
salts even in an aqueous medium, in which the ex- 
changeable cations hydrate to expand the interlayer 
and facilitate the intercalation process. In the present 
investigation, a solution of  potassium laurate inter- 
calated readily with bentonite and no entrainer was 
found to be necessary for this purpose. Even when 
hydrazine hydrate was used as an entrainer along with 
FAS, the interlayer spacing in the final intercalate 
changed only slightly. 
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