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THE EFFECT OF THERMAL TREATMENT ON SOME OF THE 
PHYSICOCHEMICAL PROPERTIES OF A BENTONITE 

YIDKSEL SARIKAYA, MI[r~ERREF I~)NAL, BOLENT BARAN, AND TULAY ALEMDAROGLU 

University of Ankara, Faculty of Science, Department of Chemistry, 06100 Be~evler, Ankara, Turkey 

A b s t r a c t ~ A  white calcium bentonite (CAB) from the KiJtahya region, Turkey, contains 35 wt. % opal- 
CT and 65 wt. % Ca-rich montmorillonite (CAM). Samples were heated at various temperatures between 
100-1300~ for 2 h. Thermal gravimetric (TG), derivative thermal gravimetric (DTG), and differential 
thermal analysis (DTA) curves were determined. Adsorption and desorption of N 2 at liquid N2 temperature 
for each heat-treated sample was determined. X-ray diffraction (XRD) and cation-exchange capacity 
(CEC) data were obtaine& The change in the d(001) value and the deformation of the crystal structure 
of CaM depend on temperature. Deformation is defined here as changes of the clay by dehydration, 
dehydroxylation, recrystallization, shrinkage, fracture, etc'. The activation energies related to the dehydra- 
tion and dehydroxylation of CaB calculated from the thermogravimetric data are 33 and 59 kJ mol ~, 
respectively. The average deformation enthalpies, in the respective temperature intervals between 200-  
700~ and 700-900~ were estimated to be 25 and 205 kJ moI -I using CEC data and an approach 
developed in this study. The specific surface area (S) and the specific micropore-mesopore volume (V) 
calculated from the adsorption and desorption data, respectively, show a "zig zag" variation with in- 
creasing temperature to 700~ but decrease rapidly above this temperature. The S and V values were 43 
m 2 g ~ and 0.107 cm 3 g ~, respectively, for untreated bentonite. They reach a maximum at 500~ and are 
89 m 2 g 1 and 0.149 cm 3 g-~, respectively. The XRD data clearly show that, at 500~ where the irre- 
versible dehydration is completed without any change in the crystal structure, the porosity of CaM reaches 
its maximum. 
Key Words  Adsorption, Bentonite, Cation-Exchange Capacity, Dehydration, Dehydroxylation, Mont- 
morillonite, Pore Volume, Surface Area, Thermal Analysis. 

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

B e n t o n i t e s ,  w h i c h  c o n t a i n  h igh  p e r c e n t a g e s  of  
smecti te ,  are great ly  effected by  the rmal  t reatment .  For  
example ,  phys icochemica l  propert ies ,  such as s trength,  
swel l ing,  plastici ty,  cohesion,  compress ibi l i ty ,  part icle 
size, ca t ion -exchange  capaci ty  (CEC),  pore  structure,  
adsorp t ive  propert ies ,  and catalyt ic  act ivi ty as well  as 
the chemica l  compos i t i on  of  the part icles  and the min-  
e ra logy  can  change  cons iderab ly  depend ing  on the rmal  
effects  (Bradley  and  Gr im,  1951; Brindley,  1978; 
M o z a s  e t  al . ,  1980; Reicle,  1985; Ceylan  e t  al . ,  1993; 
S a n k a y a  e t  at . ,  1993; Joshi  e t  at . ,  1994). Ben ton i t e s  
are used  as industr ia l  raw mater ia ls  in more  than  25 
appl ica t ions  (Murray,  1991). The  ma jo r  uses of  ben-  
toni tes  are iron ore  pel le t iz ing,  pet adsorbents ,  dr i l l ing 
fluids, b leach ing  of  edible  oils, and appl ica t ions  in civ- 
il eng inee r ing  and  the foundry  industry.  Ben ton i te  may  
be  subjec ted  to h igh  tempera tures  w h e n  used  in these  
appl icat ions.  In addit ion,  before  cons t ruc t ion  of  br idg-  
es and  bu i ld ings  on smect i t ic  soils, the g round  be low 
the founda t ions  may  be  heat - t rea ted  to < 6 0 0 ~  to 
ha rden  the soil and  to reduce  the swel l ing character-  
ist ics of the clay (Wang et  aI.,  1990). Because  of  these 
effects,  the inves t iga t ion  of  the var ia t ion  of  the phys-  
i cochemica l  proper t ies  of  ben ton i tes  as a func t ion  of  
t empera tu re  is of  great  impor tance .  

Varia t ions  in the chemica l  compos i t ion ,  mine ra logy  
and  phys icochemica l  proper t ies  after  the rmal  treat- 
ment ,  acid act ivat ion,  or soda ac t iva t ion  of  mos t  of  the 

ben ton i tes  of  Turkey have  not  b e e n  inves t iga ted  sys- 
tematical ly.  Ben ton i te  f rom Ktitahya,  Turkey,  in ad- 
d i t ion  to its p resent  applicat ion,  m a y  be used as a pow-  
der  cata lyst  in the gasification,  l iquefact ion,  and  de- 
sul fur izat ion process  of  solid fuels,  such as l igni tes  and  
b i tuminous  coals.  The  phys i cochemica l  proper t ies  of  
this ben ton i t e  need  to be examined  at 100-800~  be- 
cause  the minera logy  and the pore  s t ructure  mus t  not  
be  des t royed  at the process  temperature .  Therefore ,  the  
purpose  of  this s tudy is to inves t iga te  the  minera logy ,  
pore  structure,  and  ca t ion -exchange  capaci ty  as a func-  
t ion of  the rmal  t r ea tment  of  the  KtRahya ben ton i t e  
f rom Turkey. This  ben toni te  conta ins  Ca-r ich  mont -  
mor i l lon i te  and opal-CT. 

M A T E R I A L S  A N D  M E T H O D S  

A ca lc ium bentoni te  (CAB) sample  f rom the Ktttah- 
ya  region,  Turkey, was  used  in the exper iments .  The  
rheologica l  proper t ies  of  the Na2CO3 act ivated  samples  
( Y d & z  e t  al . ,  1999) and  the adsorp t ive  proper t ies  of  
the H2SO4 act ivated  samples  ((~nal e t  al . ,  unpub l i shed  
data, 1999) were  prev ious ly  invest igated.  The  bu lk  
chemica l  analysis  of  the ben ton i te  (wt. %) is: SiO2, 
75.58;  A1203, 14.72; Fe20> 0.76; TiO2, 0.16; CaO,  
0.85; MgO,  1.40; Na20,  0.39; K20,  1.68; and loss on  
igni t ion (LOI),  5.04. Analy t ica l ly  pure  me thy l ene  blue  
used for  the de te rmina t ion  of  the CEC and  85% or tho 
phosphor ic  acid used  for the  d iges t ion  were  ob ta ined  
f rom M e r c k  Chemica l  Company .  
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The XRD patterns of untreated and thermally 
treated bentonite samples. (M = montmorillonite, I = illite). 

The bentonite was ground to pass through a 0.074- 
mm sieve and was labeled as K0. Samples, each hav- 
ing a mass of 20 g, were heated in 100~ intervals to 
1300~ and were thermally treated by maintaining at 
each temperature for 2 h. Samples were then labeled 
as K100, K200, etc., and stored in polyethylene bags. 
In addition, a 10% aqueous suspension of K0 was pre- 
pared, and the fraction which precipitated in 5 rain 
from this suspension was labeled as K1. K0 was main- 
tained at 1050~ for 2 h and was labeled as K2. Also, 
a phosphoric acid digestion (Talvitie, 1951; Miles, 
1994) was obtained by mixing 2 g of K0 and 100 mL 
of 85% ortho phosphoric acid (dehydrates to pyro- 
phosphoric acid) and heating the mixture for 12 rain 
at 240~ 

The X-ray diffraction (XRD) patterns of each sam- 
pie were obtained from random mounts using a Philips 
PW 1730 powder diffractometer with CuKa radiation 
and a Ni filter. A Netzsch Simultaneous TG-DTG- 
DTA Instrument Model 429, was used at a heating rate 
([3) of 10 K rain -~ to determine the thermal gravimetric 
(TG), derivative thermal gravimetric (DTG), and dif- 
ferential thermal analysis (DTA) curves of the original 
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The TG, DTG, and DTA curves of the bentonite. 

bentonite, a-AlzO3 was used as an inert material. The 
CEC, defined as the milliequivalents of exchangeable 
cations per 100 g of clay or clay minerals was deter- 
mined by the methylene blue standard procedure 
(Hang and Brindley, 1970; Rytwo et al., 1991). The 
adsorption and desorption of N2 at liquid N2 temper- 
ature for each sample was determined by a volumetric 
adsorption instrument, of pyrex glass, which was con- 
nected to high vacuum (Sankaya and Aybar, 1978). 

RESULTS 

The XRD patterns of ten thermally treated K0 sam- 
ples are given in Figure 1. The patterns show that the 
Ktitahya bentonite contains Ca-rich montmorillonite 
(CAM) as the major clay mineral, a trace amount of 
illite (I), and a large amount of opal-CT. XRD analysis 
of the K0 and K1 samples showed that illite settled 
from the aqueous suspension in 5 min and could be 
largely eliminated. Specimens where illite was not re- 
moved were used in thermal treatments and therefore, 
illite peaks are observed in the XRD patterns given in 
Figure 1. The XRD analyses do not show interstrati- 
fled CaM-I phases. Phosphoric-acid digestion dis- 
solved the bentonite completely. The K2 sample pro- 
duced an XRD pattern (not given here) with the char- 
acteristic opal-CT peak, d(101) = 0.40929 nm. After 
heating at 1050~ for 24 h the peak became narrower, 
shifted, and intensified at least two times. The results 
clearly showed that ct-cristobalite, whose characteristic 
XRD peak can be easily confused with that of opal- 
CT (Elzea et al., 1994), was not present. By comparing 
bulk analysis of the bentonite to the ideal chemical 
formula of smectites (Grim and G~iven, 1978) the 
amount of opal-CT in the bentonite is estimated at 35 
wt. %. 

TG, DTG, and DTA curves of the untreated ben- 
tonite are given in Figure 2. In the DTA curves, the 
endothermic peak which results from dehydration is 
observed at 100-400~ The endothermic peak which 
results from dehydroxylation and the exothermic peak 
which results from recrystallization are observed at 
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Figure 3. Variation of the cation-exchange capacity of un- 
treated bentonite vs. the thermal-treatment temperature. 

600-800~ The exothermic peak resulting f rom the 
loss of  the crystal  structure of  the 2:1 layers of  CaM 
and recrystaUization is observed at 950-1050~ 

The variation o f  CEC by thermal treatment is given 
in Figure 3. Note  that the CEC decreases s lowly with 
increasing temperature to 600~ (slope a) and then de- 
creases rapidly and approaches zero at 900~ (slope 
b). 

The specific surface areas (S) of  each sample were 
determined by the Brunauer-Emmett-Tel ler  (BET) pro- 
cedure by using N2 adsorption data. The specific mi- 
cro- and mesopore  volumes  (V) were calculated f rom 
the desorption data (Gregg and Sing, 1982; Sevin  9 et  
al., 1991). The variation of  V and S by thermal treat- 
ment  is given in Figure 4. 

D I S C U S S I O N  

X R D  a n a l y s e s  

In Figure 1, the 001 peak of  CaM decreases in in- 
tensity while maintaining its posit ion after thermal 
treatment be tween 100-300~ At  400~ it becomes  
significantly smaller  and splits into two peaks. The 
splitting is related to incomplete  dehydration at 400~ 
The pattern of  K500 shows that this peak changes its 
posit ion from d(001) = 1.50 nm to d(001) = 0.99 nm 
and remains constant in posit ion be tween 500-800~ 
The variation of  the d (00 l )  value for CaM by the ther- 
mal treatment is g iven in Figure 5a. The H20 con- 
tained be tween the 2:1 layers of  CaM was lost revers- 
ibly below 400~ but at higher  temperatures the loss 
was irreversible. 

The ratios of  the 001-peak areas of  other samples 
to the 001-peak area of  the K100 sample is defined 
here as the relative area (RA). The R A  of the K400 
sample was calculated by using the sum of  the areas 
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Figure 4. The variation of the specific surface area and the 
specific mmropore and mesopore volume as calculated from 
the adsorption and desorption data of N2 at liquid N2 tem- 
perature vs. the thermal-treatment temperature. 

of  the split 001 peak. The variation o f  the R A  as a 
function of  the thermal-treatment temperature is given 
in Figure 5b. Based on this figure, the major  change 
in the crystal  structure of  CaM occurs between 3 0 0 -  
500~ 

T h e r m a l  a n a l y s e s  

Changes of  the clay by dehydration, dehydroxyla-  
tion, recrystall ization, shrinkage, fracture, loss of  crys- 
tal structure, and sintering, which occur as a result  of  
increasing temperature,  can be defined as "deforma-  
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Figure 5. The variation of a) d(O01) of CaM and b) the 
relative area by thermal treatment of CaM in the bentonite. 
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Figure 6. The variation of the deformation fraction, where 
c~ is defined as the ratio of the mass loss during each 10 K 
increase of temperature as obtained from the TG data of the 
bentonite, to the mass loss at 1000~ vs. temperature. 
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Figure 7. The straight lines obtained by the Coats-Redfern 
equation used to determine the activation energies related to 
a) dehydration and b) dehydroxylation of the bentonite. 

t i o n " .  The  mass  loss dur ing  each  10 K increase  of  
t empera tu re  was taken  f rom the T G  data. The  rat io of  
this mass  loss to the total  mass  loss af ter  hea t ing  to 
1000~ was def ined as the " d e f o r m a t i o n  f r ac t i on"  
represen ted  by  a.  The  var ia t ion  of  et by  tempera ture  
fo l lows the cu rve  in F igure  6. On this curve,  the first 
s lope shows dehydra t ion  (a) and  the second slope 
shows  the  dehydroxy la t ion  (b), The  s traight  l ines a and  
b (Figure  7) are p lo t ted  accord ing  to the Coats  and 
Redfern  (1964)  equa t ion  g iven  below,  wh ich  descr ibes  
approx imate ly  a f i rs t -order  reac t ion  such as sol id (1) 
---) solid (2) + gas, (i.e., as dehydra t ion ,  dehydroxy-  
lation, and  calc inat ion) :  

l n { [ - l n ( l  - c 0 ] / T  ~ }  

= - ( E / R T )  + ln[(AR/[3E)(1 - 2RT/E) ] .  (1) 

The  slope and  in tersec t ion  of  the s t raight  l ines are 
- E / R  and  ln[(AR/[3E)(1 - 2RT/E)] ,  respec t ive ly  (Gtil- 
er and  Saner ,  1990). Here,  T is the t empera ture  (K), 
[3 is the  hea t ing  rate (K r a i n< ) ,  R is the universa l  gas 
constant ,  E is the ac t iva t ion  energy,  and A is the pre- 
exponent ia l  factor. E values  were calcula ted f rom the 
s lopes  of  these  l ines as E~ = 33 kJ tool -~ and  E~ = 59 
kJ tool  -~. These  resul ts  show that  the dehydra t ion  is a 
phys ica l  even t  where  water  is lost  wi thou t  s tructural  
loss, whereas  the dehydroxy la t ion  is a chemica l  event  
tha t  invokes  decompos i t ion .  

The evaluat ion  o f  the CE C  data  

The  decrease  in the  CEC is a measure  of  the defor-  
ma t ion  re la ted to the C a M  layers. As  the tempera ture  
increases  to 500~ CEC decreases  sl ightly because  of  
revers ib le  dehydra t ion .  As the tempera ture  increases  
above  500~ the space be tween  the 2:1 C a M  layers 
is r educed  and  swel l ing  decreases  gradual ly  because  
o f  i r revers ib le  dehydra t ion  and dehydroxyla t ion .  CEC 
decreases  rapidly  because  it b e c o m e s  increas ingly  dif- 

ficult for  the me thy lene  blue cat ions  in aqueous  solu- 
t ion to enter  the in ter layer  of  C a M  because  the inter- 
layer  is part ial ly col lapsed.  Accord ing  to this concept ,  
the re la t ive  decrease  of  the CEC at any t empera tu re  
wi th  respect  to the CEC at 100~ is def ined as the 
" d e f o r m a t i o n "  f ract ion (x) wi th  K = x/(1 - x). Al-  
though  this  de fo rmat ion  factor  is no t  equal  to the ther- 
m o d y n a m i c  equ i l ib r ium constant ,  it shows a paral lel  
variat ion.  In other  words,  the var ia t ion  of  the defor-  
mat ion  fac tor  and the t h e r m o d y n a m i c  equi l ib r ium con-  
stant  vs. t empera ture  are the same.  If  these  re la t ion-  
ships are valid, then the graph of  In K versus  1/T 
should  give straight  l ines wi th  slopes tha t  are d i f ferent  
over  cer ta in  t empera ture  in tervals  (Figure  8). Accord-  
ing to the v a n ' t  H o f f  equat ion,  the s lope of  these  l ines 
mus t  be  - A H / R ,  where  AH is the en tha lpy  change ,  
which  remains  cons tan t  over  the g iven  t empera tu re  in- 
tervals .  

F r o m  the s lopes of  these  lines, the en tha lpy  changes  
were calculated at AH a = 25 kJ  mol  1 and  AH b = 205 
kJ mol  1. Because  the AHa value  is c lose to the en- 
tha lpy change  c o m m o n  to phys ica l  events ,  it is c lear  
that  the 2:1 layers of  C a M  do not  undergo  a loss of  
s t ructure  be tween  100-600~ Because  the  AH b va lue  
is c lose  to the en tha lpy  change  in chemica l  events ,  the 
2:1 layers  of  CaM undergo  chemica l  de fo rma t ion  be-  
tween  600-900~  Figures  2 and  5 show that,  at the 
t empera tu re  in terval  where  chemica l  de fo rma t ion  such 
as dehydroxy la t ion  occurs,  the d(001)  va lue  and  R A  
remain  constant .  Thus,  the chemica l  change  causes  a 
reduc t ion  in the CEC wi thou t  affect ing the crys ta l  
structure.  

Adsorp t ive  proper t ies  

As the tempera ture  increases  to 700~ the V and S 
values  show a " z i g - z a g "  increase,  the values  decrease  
rapidly  af terwards  and  reach  m i n i m u m  values  at 
1300~ (Figure 4). The  zig-zag change  in V and  S 
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Figure 8. Straight lines show the variation of the natural 
logarithm of the deformation factor vs. the inverse of the ab- 
solute temperature between a) 200-700~ and b) 700-900~ 
The deformation factor is defined by assuming that it is pro- 
portional to the thermodynamic equilibrium constant. 

or ig inates  f rom the dehydra t ion  and  dehydroxy la t ion  
o f  C a M  and by  the  dehydra t ion  of  opal-CT. As  the  
t empera tu re  increases  be tween  700 -1300~  the  de- 
compos i t ion  of  the 2:1 layer  of  C aM and in te rpowder  
s in ter ing cause  the rapid drop of  V and S. 

The  kinet ics  of  s in ter ing are ob ta ined  by  fo l lowing  
the var ia t ion  of  V and  S values  as a func t ion  of  t ime, 
at cons tan t  t empera tu re  (Sar lkaya  et al., unpubl ,  data, 
2000).  Similarly,  the t h e r m o d y n a m i c s  of  s in ter ing are 
ob ta ined  by  fo l lowing  the var ia t ion  of  V and S values 
as a func t ion  of  tempera ture ,  at cons tan t  t ime. At  con-  
s tant - t ime sinter ing,  where  the V and S values  are at 
a m i n i m u m ,  the m i n i m u m  sinter ing t empera tu re  is de- 
termined.  Analogous ly ,  the m i n i m u m  s in ter ing  t ime is 
de t e rmined  at cons tan t - t empera tu re  sintering.  

The  V and  S values,  wh ich  were  0.107 cm 3 g ~ and  
42 m 2 g 1, respect ively,  in the unt rea ted  sample ,  
r eached  m a x i m u m  values  at 0 .149 cm 3 g-1 and  89 m 2 
g- t ,  respect ively,  at 500~ By cons ider ing  these re- 
sults and  the  resul ts  of  the CEC and  RA, it is con-  
c luded  that  the  ben ton i te  inves t iga ted  here  is poten-  
t ial ly useful  as a p o w d e r  ca ta lys t  for the gasification,  
l iquefact ion,  and  desul fur iza t ion  process  of  l ignites 
and b i t uminous  coals in the t empera tu re  in terva l  of  
100-800~ 
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