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THERMAL BEHAVIOR OF THE KAOLINITE-HYDRAZINE 
INTERCALATION C O M P L E X  
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Abstract--The intercalation complex of a low-defect ("well-crystallized") kaolinite from Cornwall, Eng- 
land, with hydrazine was studied by high-temperature X-ray diffraction (HTXRD), differential thermal 
analysis (DTA), and thermogravimetry (TG). The X-ray pattern at room temperature indicated that inter- 
calation of hydrazine into kaolinite causes an increase of the basal spacing from 7.14 to 10.4 A, as 
previously reported. Heating between 25-200~ produces a structural rearrangement of the complex, 
which initially causes a contraction of the basal spacing from 10.4 to 9.6 A. In a second stage, the basal 
spacing reduces to 8.5 A. Finally, in a third stage, a reduction in spacing occurs through a set of inter- 
mediate phases, interpreted as interstratifications of intercalated and non-intercalated 1:1 layers. Evidence 
for these changes was observed by DTA, where three endothermic reactions are observed at low tem- 
perature. This behavior suggests that intercalated molecules occupy several well-defined sites in the in- 
terlayer of the kaolinite complex. The intercalated molecules deintercalate in an ordered fashion, which 
explains the successive and discontinuous contraction of the basal spacing of the complex. Heating be- 
tween 200-400~ caused a limited increase in stacking order of the kaolinite structure, whereas dehy- 
droxylation of kaolinite and the disappearance of its X-ray reflections occurred between 450-640~ 

Key Vfords--DTA-TG, HTXRD, Hydrazine, Intercalation Complex, Kaolinite. 

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

The kaolini te-hydrazine intercalation complex  (K- 
H) was extensively  studied by X-ray diffract ion and 
spectroscopic methods.  X-ray results indicated that hy- 
drazine in the interlayer of  the kaolinite structure pro- 
duces a basal spacing of  10.4 ,~ (Weiss e t  al . ,  1963), 
whereas the complex  collapses to 7.1 ,~ when  the hy- 
drazine is r emoved  by drying. The considerable  broad- 
ening and decrease in intensity o f  the 7-,~ diffraction 
peak were  interpreted by Wada and Yamada  (1968) as 
owing to partial fixation o f  hydrazine.  Intercalat ion o f  
kaolini te by hydrazine was proposed as a method  to 
differentiate a 7-,~ kaolin mineral  f rom chlori te  (14 A) 
by X-ray diffract ion (Wada and Yamada,  1968). The  
intercalation method  can characterize kaol ini te  with 
various degrees o f  lattice disorder and intercalation re- 
activity (Range e t  al . ,  1969; Fernfindez Gonz~ilez e t  

al . ,  1976; Jackson and Abdel-Kader,  1978; Theng e t  

al . ,  1984; G~ibor e t  al . ,  1995). Hydrazine  was also used 
to induce artificial disorder in kaolini te (Barrios e t  al . ,  

1977). 
Mos t  X-ray data of  the K-H intercalation complex  

are l imited to the angular range 20 = 2 -15  ~ where the 
more intense 001 and 002 reflections may  be moni-  
tored. In addition, most  studies invo lved  examinat ion  
of  the intercalate at room temperature only. The  inter- 
pretation o f  both the differential  thermal  analysis-ther- 
mal gravimet ry  (DTA-TG)  curves  and the infrared 
(IR) spectra of  the K-H intercalate were  deduced in 
part on the basis of  these X-ray data. The X-ray study 
of  this intercalation complex  over  a broad 20 range 
and the structural modif icat ions observed  by high- tem- 

perature X-ray  diffract ion ( H T X R D )  are the aim of  
this work. The  results suggest  that the structural mod-  
els of  the K-H complex  must  be revised.  

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

The sample used for this study is a low-defec t  
( "we l l - c rys t a l l i z ed" )  kaolinite f rom Cornwal l ,  Eng- 
land, with a Hinckley  index of  1.00 (Hinckley,  1963). 
This sample contains mica  impurit ies of  < 5 % .  The 
reagent  was 99% pure hydrazine monohydra te  (Probus 
S.A., Badalona,  Spain). The K-H intercalat ion com-  
plex was obtained (Johnston and Stone, 1990) by: 1) 
immers ing  kaolini te  in hydrazine for various lengths 
of  time, fo l lowed  by centrifugation,  and 2) p lac ing  a 
few drops o f  hydrazine on an oriented preparat ion o f  
kaolinite.  Both  natural kaolini te and the K - H  interca- 
late were  analyzed using H T X R D  and DTA-TG.  

The wet  sample  was spread on a Pt holder  o f  a 
S iemens  D-5000 diffractometer.  The H T X R D  patterns 
were  obtained using CuKcx radiation, 40 kV and 30 
mA,  and a step size of  0.02 ~ at a count ing t ime of  1 
s. Heat ing rate was 4~ and a delay t ime of  600 s 
was used before  any pattern was acquired.  The  dif- 
f ractograms were  obtained after var iable  temperature  
intervals  (between 5-50~ according to the expected  
modif icat ions as indicated by the D T A - T G  curves.  
Thermal  analyses were  per fo rmed  in a Rigaku-Ther-  
mof lex  apparatus (TG-8110)  provided  with a T A S S  
1000 station. A1203 was used as reference material .  
D T A  and T G  curves  were  recorded s imul taneously  in 
static air at a heat ing rate of  10~ 
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Figure 1. Oriented X-ray patterns of the K-H intercalation 
complex obtained at room temperature (a) and after drying 
at 40~ (b). The more intense reflections of the complex have 
been labeled as well as the Pt reflections. 

RESULTS 

Intercalat ion of  hydrazine into kaolinite resulted in 
clay expansion f rom a basal spacing of  7.14 to 10.4 
,~ (Figure 1, curve  a). This expansion agrees with 
those reported previously  (Weiss et al., 1963; Wada 
and Yamada, 1968; Johnston and Stone, 1990; G~ibor 
et al., 1995). Intercalation of  hydrazine was almost  
complete  after 1-h treatment, independently o f  the 
method used for preparation. The obtained complex  
shows a sharp 001 reflection as well  as weaker  higher- 
order 001 reflections, with l = 2n + 1. Lack of  com-  
plete orientation is indicated by the presence of  non- 
basal reflections. The posit ion of  the non-basal  reflec- 
tions with 1 = 0 (020, 130, and 060) suggests that the 
a and b parameters of  the complex  are similar  to those 
of  the untreated kaolinite. This pattern also shows a 
wide diffraction band centered at - -26 ~ probably 
related to the excess of  hydrazine. The X-ray pattern 
obtained after heating at 40~ (Figure 1, curve  b) re- 
veals that this band is notably less intense, al though 
two bands, centered at - 2 2  and 25 ~ persist  after 
drying. These  bands may be tentatively ascribed to 
poorly  ordered Si and Al-r ich oxyhydroxides ,  which 
show scattering bands in this region o f  the patterns 
(Lapaquellerie,  1987; Ruiz Cruz and Moreno  Real ,  
1991). Intense reflections at 2.27, 1.97, and 1.38 ]~ are 
f rom the Pt holder. 

D T A - T G  results  

The D T A  curve  o f  the K-H complex  shows a large 
S - shaped  low- t empera tu re  e n d o t h e r m i c - e x o t h e r m i c  
peak system, an endothermic peak at 532~ and an 
exothermic  peak at 983~ (Figure 2). The  low-tem-  
perature endothermic system includes a sharp endo-  
thermic effect, at 110~ which shows two inflections, 
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Figure 2. DTA-TG curves of the kaolinite-hydrazine inter- 
calation complex (K-H), and DTA curve of untreated kaolin- 
ite (K). 

at 60 and 95~ that indicate the presence o f  two broad 
endothermic  effects. This D T A  system is accounted 
for by a large weight  loss f rom 40 to 210~ observed  
in the T G  curve. This weight  loss suggests an esti- 
mated kaolinite/(water + hydrazine) ratio of  about 1:2 
in the initial complex ,  al though the est imation of  the 
ratio of  adsorbed to intercalated molecules  was not 
possible. 

The low-temperature  endothermic  system, which 
suggests that the loss of  water  + hydrazine occurs  in 
three separated stages, is a lmost  immedia te ly  fo l lowed  
by an intense exothermic  effect,  which corresponds to 
hydrazine oxidation. A weak  endothermic  effect  ob- 
served at 280~ is probably related to loss of  residual,  
strongly bonded interlayer molecules .  

The  endothermic  effect  observed  in the range 4 5 0 -  
640~ corresponds to dehydroxyla t ion  of  kaolinite,  as 
indicated by the mass loss observed  in the T G  curve.  
This effect  appears at a sl ightly lower  temperature than 
that observed  in the D T A  curve  of  untreated kaolinite.  

H T X R D  resul ts  

H T X R D  patterns obtained at intervals  after temper- 
atures were  increased (Figure 3) reveal  that loss of  the 
guest  molecules  was apparently comple te  be tween  
200-300~ This  is in agreement  with the temperature  
deduced f rom the TG curve  of  the K-H complex  (Fig- 
ure 2). Loss  o f  the guest  molecu les  occurs through 
three wel l -def ined stages: 1) Partial r emova l  of  the in- 
tercalated molecules  begins be tween  25-60~ as in- 
dicated by reduct ion of  the basal  spacing of  the com- 
polex f rom 10.4 to 9.6 ,&. Both  the 10.4-,~ and the 9.6- 
A reflections are visible in the pattern obtained at 
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Figure 3. Selected HTXRD patterns obtained after heating 
in the range 25-600~ 

55~ 2) Desorption between 60-90~ causes reduc- 
tion of the basal spacing to 8.5 ,~. The reflections of  
both complexes, at 9.6 and 8.5 A, are observed in the 
pattern of the sample heated to 70~ 3) From 90 to 
400~ the loss of  the intercalated molecules causes 
the continuous broadening and shift of the 8.5-A re- 
flection to 7.22 ,~. This transition is seen as a broad- 
ening of the 8.5-,~ peak from 90 to 125~ an unde- 
fined peak at 150~ a broad 7.22-,~ peak from 175 to 
200~ and sharpening of the 7.22-A peak from 200 
to 400~ 

The X-ray pattern obtained at 60~ (Figure 4, curve 
a) reveals that the 9.6-,~ complex shows a set of basal 
reflections (both odd and even), as well as non-basal 
reflections, some of which, with l = 0, show similar 
or slightly higher d-values than those present in the 
pattern of the 10.4-A complex. Another set of  well- 
defined peaks probably correspond to hkl  reflections 
with l ~a 0. The X-ray pattern obtained at 90~ (Figure 
4, curve b) permits the observation of the basal re- 
flections of the 8.5-,~ complex, which show an in- 
crease of the even reflections and a decrease of the 
odd ones in intensity, relative to the 9.6-]k complex. 
The position of the non-basal reflections with l = 0 
also suggests that the lattice parameters, other than c, 
remain unchanged in this phase. The presence of the 
kaolinite reflections, which increase in intensity be- 
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Figure 4. HTXRD patterns obtained after heating at 60~ 
(a) and 90~ (b). The more intense reflections of the 9.6-,~ 
and 8.5-A complexes are labeled respectively in (a) and (b). 
K: kaolinite reflections. 

tween 60-90~ suggests that the poorly crystalline 
A1-Si-rich oxyhydroxides contributed to the formation 
of kaolinite. In contrast to the structural modifications 
observed between 25-90~ the reduction of the basal 
spacing occurs gradually from 125 to 200~ and caus- 
es a broad X-ray trace between 8,4-7.3 A (Figure 5a). 

HTXRD patterns obtained in the range 200-550~ 
(Figures 3 and 5b) reveal a gradual sharpening and 
intensity increase of the basal reflections of kaolinite, 
which reaches a maximum at 400~ At temperatures 
above 400~ a decrease in intensity of the kaolinite 
reflections is observed. The X-ray pattern obtained at 
400~ shows a notable broadening of the basal reflec- 
tions of the kaolinite, relative to those of the untreated 
kaolinite (Figure 6), at the same time that the loss of 
orientation is revealed by the intensity increase of the 
non-basal reflections relative to the intensity of the 
basal reflections. The decrease in intensity of the ka- 
olinite reflections above 400~ is also in accordance 
with the DTA-TG results (Figure 2), which reveal that 
dehydroxylation begins at 450~ 

DISCUSSION 

The X-ray patterns of the K-H complex obtained at 
room temperature (Figure 1) indicate that intercalation 
of hydrazine in kaolinite produces a complex with a 
10.4-,~ spacing. The partial destruction of  the kaolinite 
structure apparently leads to the simultaneous forma- 
tion of poorly crystalline phases, probably Si-Al-rich 
oxyhydroxides. The presence of well-defined, non- 
basal reflections suggests, as in the case of  the dickite- 
formamide and kaolinite-dimethylsulfoxide complex- 
es, the formation of a three-dimensionally ordered in- 
tercalate (Adams and Jefferson, 1976; Adams, 1978; 
Thompson and Cuff, 1985). 

Heating between 25-60~ (Figure 3) causes the 
shift of the basal reflections of  the complex from 10.4 
to 9.6 ,~ (Figure 4). This reduction is, on the basis of  
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Figure 5. (a) Selected HTXRD patterns obtained in the 
range 125-200~ which show the gradual shift of the basal 
reflection of the intercalate. (b) Selected HTXRD patterns ob- 
tained between 200-600~ showing the behavior of the basal 
reflections of kaolinite. 

the DTA-TG data, caused by loss of some of the in- 
tercalated species. This intermediate intercalation 
complex was not observed by G~ibor et  al. (1995), 
whereas a similar shift in basal reflections was ob- 
served by Johnston and Stone (1990) during hydrazine 
loss at decreasing pressure. Johnston and Stone (1990) 
interpreted these results as owing to the structural re- 
arrangement caused by the loss of a portion of  the 
intercalated hydrazine. These authors assume, on the 
basis of  the modifications observed in the OH-stretch- 
ing region of the spectra, that strong H bonds were 
formed between the OH surface of the 1:1 layer and 
hydrazine. In their structural model, hydrazine mole- 
cules serve as molecular props between the 1:1 layers, 
resulting in the observed 10.4-,~ spacing. Partial loss 
of hydrazine drives the remaining hydrazine molecules 
into the ditrigonal holes of the oxygen-atom surface 
of the 1:1 layer, resulting in the 9.6-~, spacing. Nev- 
ertheless, heating between 60-90~ causes an addi- 
tional shift of the basal reflection from 9.6 to 8.5 ,~, 
thus indicating that another structural modification oc- 
curred in this temperature range. This is in contrast to 
the continuous, or non-discrete change that occurs 
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Figure 6. Oriented X-ray patterns of kaolinite after desorp- 
tion (a) and untreated kaolinite (b). The intensity scale has 
been modified in (a) to facilitate the comparison of both pat- 
terns. M: Mica. 

from a 8.5-,~ to a 7.2-A spacing when the K-H com- 
plex is heated. 

Our data indicate that three main structural modifi- 
cations occurred during the destruction of the hydra- 
zine complex. Upon desorption, the changes are char- 
acterized by decreasing of  the basal spacing and a 
change in the relative intensity of both odd and even 
basal reflections. Although the c axis is reduced during 
this process, the a and b parameters of  the kaolinite 
structure appear to be unaffected. The first two mod- 
ifications lead to structurally ordered complexes,  
which appear to be stable only within a narrow tem- 
perature interval, whereas complete loss of the inter- 
calated species occurs through intermediate structures, 
probably consisting of  random interstratifications of  
both intercalated and non-intercalated kaolinite layers. 

These successive structural modifications suggest 
that the intercalated molecules, present in the complex 
obtained at room temperature, occupy well-defined po- 
sitions in the interlayer of the kaolinite. The two dis- 
crete spacings observed during desorption are related 
to the proportion of intercalated molecules in the in- 
terlayer, and can probably be explained by the ordered 
sequence of desorption. The first stage of desorption 
(between 25-60~ corresponds to loss of water and 
hydrazine adsorbed in the outer surface of the clay 
particles, as well as to the loss of weakly bonded mol- 
ecules, as indicated by the low-temperature endo- 
therm. From TG data, the mass loss is - 3 . 5 %  (in 
weight) of the total adsorbed species. Weight loss ob- 
served between 60-90~ represents the loss of  - 4 0 %  
of the absorbed molecules. The higher temperatures 
indicate slightly stronger bonds with kaolinite than 
those removed between 25-60~ Finally, the mass 
loss of --55% of the initial mass, corresponding to the 
third endotherrnic reaction (at 90-210~ represents 
the loss of more strongly bonded molecules present in 
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the  8 .5-A complex .  A l t h o u g h  the  loss rate of  b o t h  wa-  
ter  and  hydraz ine  canno t  be  es t imated ,  the ra te  is p rob-  
ably  different ,  f avor ing  the  fo rma t ion  of  wel l -def ined  
in te rca la t ion  complexes  wi th  a d i f fe rent  degree  o f  hy-  
drat ion.  To test  this  hypothes is ,  a deta i led  s tudy o f  the  
IR spect ra  of  the  c o m p l e x  ob ta ined  at inc reas ing  tem-  
pera tures  is in  prepara t ion .  

Hea t ing  in the r ange  2 0 0 - 4 0 0 ~  (Figures  3 and  5a)  
causes  the  p rogress ive  s tacking  order ing  of  kaol ini te ,  
as revea led  by  bo th  the sha rpen ing  and  the in tens i ty  
increase  of  the  basa l  kaol in i te  ref lect ions.  Neve r the -  
less,  these  ref lect ions are no tab ly  b roade r  than  those  
of  un t rea ted  kaol ini te ,  even  in the  pa t te rn  ob ta ined  at 
400~ (Figure 6). Thus ,  the n u m b e r  of  layers  in  the 
d i f f rac t ing domains  no tab ly  dec reased  as a conse-  
quence  of  the in te rca la t ion  process ,  a re la t ionsh ip  first 
no t ed  by  Barr ios  et al. (1977).  

The  H T X R D  pat te rns  ob ta ined  b e t w e e n  4 0 0 - 6 0 0 ~  
(Figures  3 and  5b)  revea l  tha t  kaol in i te  ref lect ions  
gradual ly  d i sappear  b e t w e e n  4 0 0 - 5 5 0 ~  whereas  the 
w e a k  1 0 - *  (mica  impur i ty )  ref lect ion r ema ins  at 
600~ Kaol in i te  dehydroxy la t ion  occurs  in  a temper-  
ature r ange  s l ight ly lower  than  that  o b s e r v e d  for  un-  
t rea ted  kaol in i te  (Figure  2), in accordance  wi th  the  re- 
por ted  t rend in kaol in i tes  wi th  a d i f ferent  degree  of  
s tacking order ing  (Mackenz ie ,  1970) as wel l  as in  ka-  
o l in i t e -po tass ium acetate  in tercala tes  (G~bor  et al., 

1995; Ruiz  Cruz  and  Franco ,  1999). 

C O N C L U D I N G  R E M A R K S  

The  H T X R D  pa t te rns  of  the K - H  in te rca la t ion  com-  
p lex  indicate  that  r em ova l  of  the  in te rca la ted  species  
be tween  5 0 - 9 0 ~  occurs  th rough  ordered  complexes ,  
w h i c h  show sharp  ref lect ions at 9.6 and  8.5 A. Th i s  
b e h a v i o r  suggests  tha t  the in te rca la ted  molecu le s  oc- 
cupy  wel l -def ined  pos i t ions  in  the in ter layer  of  the  ka-  
olinite.  The  ordered  loss of  the  in te rca la ted  molecu le s  
is based  on  b o n d i n g  s t rength  and  this expla ins  w h y  a 
success ive  con t rac t ion  of  the  basa l  spac ing  occurs.  
A b o v e  90~ desorp t ion  occurs,  in  contrast ,  t h r ough  a 
con t inuous  shif t  of  the  basa l  ref lect ions,  w h i c h  indi-  
ca tes  the  p resence  o f  in ters t ra t i f icat ions  of  in te rca la ted  
and  non- in te rca la t ed  layers.  
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