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It i s  shown h e r e  tha t  t he  m e t h o d  of d e s i c c a t i o n  t h e r m o g r a m s  with v a r i o u s  m o i s t e n i n g  l iqu ids  
m a k e s  i t  p o s s i b l e  to  t h o r o u g h l y  s tudy  the  s o r p t i v e  p r o p e r t i e s  and the  f ine p o r o u s  s t r u c t u r e  
of a r g i l l a c e o u s  m i n e r a l s .  

In t he  e a r l i e r  a r t i c l e  [1] the  a u t h o r s  have  s h o w n t h a t  t he  m e t h o d  of  d e s i c c a t i o n  t h e r m o g r a m s  with  t he  
t e s t  s p e c i m e n s  m o i s t e n e d  by v a r i o u s  l i qu ids  i s  u se fu l  fo r  s t u d y i n g  r a t h e r  t h o r o u g h l y  the  s o r p t i v e  p r o p e r -  
t i e s  and the  m i c r o p o r o u s  s t r u c t u r e  of t h o s e  c a p i l l a r y - p o r o u s  m a t e r i a l s  ( m a c r o g e l s )  whose  p o r o u s  s t r u c -  
t u r e  i s  p e r m a n e n t  and i ndependen t  of  the  m o i s t e n i n g  l iqu id ,  In th i s  a r t i c l e  we wi l l  d e s c r i b e  the  r e s u l t s  of 
a n a l y z i n g  the  d e s i c c a t i o n  t h e r m o g r a m s  fo r  a r g i l l a c e o u s  m i n e r a l s  ( c a p i l l a r y - p o r o u s  c o l l o i d a l  m a t e r i a l s ) ,  
a l s o  m o i s t e n e d  by v a r i o u s  l i q u i d s .  

T A B L E  1. C o m p a r i s o n  of  R e s u l t s  Obta ined  by the  Sorp t ion  Method  
and by the  D e s i c c a t i o n  T h e r m o g r a m s  Method  

Specimen Moistening 
liquid 

Mass content at the critical Points on Quantity of liquid 
desicaUonthermogramst.10 s'mM/g) at e =1 (from ad- 

sorption isotherms) 
�9 /, w, ~la ). 103 mM/g 

Mountain leather Water 
- Methanol 

Butanol 
Benzene 
Cyelohexane 
neptane 

~_ontmorillonite Water 
Methanol 
Butanol 
Benzene 
Cyclohexane 
I-leptane 

Hydrorniea Water 
Methanol 
Butanol 
Benzene 
Cyclohexane 
Heptane 

Kaolinite Water 
Methanol 
Butanol 
Benzene 
Cyelohexane 
Heptane 

74 
13,6 
7,6 
9,9 
2,9 
2,4 

35,0 
11,3 
9,5 
2,4 
1,3 
1,0 

56,0 
13,0 
9,1 
3,0 
4,7 
2,1 

69,3 
13,2 
6,4 
6,5 
9,0 
2,8 

7,5 
5,3 
4,7 
1,5 
0,9 
0,9 

6,0 
4,0 
1,5 
1,3 
0,6 
0,5 

3,1 
9,5 
3,1 
1,1 
1,1 
1,8 

2,7 
1,8 
0,6 
1,5 
0,6 
0,5 

21,2 
11,5 
6,1 
5,6 
2,0 
1,6 

16,9 
6,5 
2,3 
1,6 
0,7 
0,5 

16,0 
10,7 
3,5 
2,0 
2,1 
1,9 

12,8 
7,8 
2,3 
2,5 
1,4 
1,3 

23 [41 
15 [41 

5,5 [41 
3,6 [61 
1,8 i5l 

17,0 [7] 
7,2 [8] 

1,6 iSl 
0,6 [61 
0,4 [5] 

14,o [91 

2,4 [6] 
2,0 [51 

13,o [1o1 

1,0 [61 
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F i g .  1. Desiccat ion t h e r m o g r a m s  for:  m o n t m o r i l -  
lonite Ca), hydromica  (b), kaolini te  (c), mois tened by 
water  (1), by methanol  (2), by n-butanol (3), by ben-  
zene (4), by eyclohexane (5), by n -hep t ane  (6). �9 
p e r a t u r e  di f ference between spec imen  and a i r  AT, 
tes t ing  t ime  ~. 

Here ,  as before ,  we cons idered  two p r o b l e m s .  The f i r s t  one was to es tabl ish  the kinetic laws 
governing the evaporat ion of liquids with var ious  p rope r t i e s  f rom var ious  cap i l l a ry -porous  m a t e r i a l s .  The 
second one was to de te rmine  aqueous p r o p e r t i e s  and the porous  s t r u c t u r e  of a rg i l laceous  mine ra l s  f rom 
des icca t ion  kinetic curves .  Both aspec ts  of the study a re  of in te res t  for  the analys is  and the design of heat  
and m a s s  t r a n s f e r  p r o c e s s e s  in the t r e a t m e n t  of cap i l l a ry -porous  colloidal m a t e r i a l s .  

Argi l laceous  mine ra l s  a r e  highly d i s pe r s e  s y s t e m s  whose porous  s t ruc tu re  is  not pe rmanen t  but 
fo rmat ive  during in terac t ion  with one or another  liquid. The ve ry  concept of  "pore  d imensions"  does not 
apply he re  in a unique sense ,  because  the l a t t e r  depend not only on the p r o p e r t i e s  of these  mine ra l s  but 
also on the phys i co -chemiea l  p rope r t i e s  of the liquid. Moistening an a rg i l laceous  mine ra l  by one liquid 
such as water ,  for example ,  and plotting the des iccat ion t h e r m o g r a m  will not, the re fo re ,  yield all the in-  
fo rmat ion  about the porous s t ruc tu re .  Meanwhile, plott ing the desiccat ion t h e r m o g r a m s  for  the s a m e  
arg i l laceous  mine ra l  mois tened  by l iquids  whose phys icochemica l  p rope r t i e s  and molecule  s izes  a r e  d i f fe r -  
ent, po la r  and apolar  liquids used as "molecu la r  p robes , "  can yield m o r e  comple te  informat ion about the 
porous  s t ruc tu re  of such a cap i l l a ry -po rous  colloidal m a t e r i a l .  

For  this study we had se lec ted  four typical  a rg i l laceous  mine ra l s  with different  s t r u c t u r a l - s o r p t i v e  
cha rac t e r i s t i c s :  mountain lea ther ,  montmor i l lon i te ,  hydromica ,  and kaolinite.  They were  mois tened  by 
s ix  liquids of different  s ize  molecu les ,  both po la r  ones (water,  methanol ,  n-butanol) and apolar  ones (ben- 
zene, eyclohexane,  n-pentane) .  2"ae p rope r t i e s  of these  liquids were  l i s ted in [1]. 

The p repa ra t ion  of spec imens  and the t es t  p rocedure  for plotting the t h e r m o g r a m s  and the des iccat ion 
kinet ics  curves  were  as descr ibed  e a r l i e r  [1]. The tes t s  were  p e r f o r m e d  at var ious  t e m p e r a t u r e s  and 
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T A B L E  2. 

Specimen 

Mountain le~ather 

Montmorillonite 

Hydromica 

Kaolinite from 
Glukhov 

Capaci ty  of Adsor  )tive Monolayer  in 

Moistening 
liquid 

Quantity of moisture in 
monolayer (. 103raM/g) 

-accordingto] according 
desiccation Ito BET 
thermo_gr ams . 

5,2 5,9 [131 
4,5 [141 

2,8 2,1 [4] 
1,3 
0,8 0,5 [51 
0,4 0,42 [61 
0,5 0,42 [5] 

4,0 4,8 [14]~ 
1,8 
0,8 
0,6 0,25 151 

0,90 [151 
0,3 o,21 [61 
0,2 0,18 [5] 

2,2 2,4 [14] 
1,5 
0,8 
0,6 0,5 [51 
0,5 0,42 [6] 
0,4 

1,4 1,4 [10] 
1,1 [151 

0,6 
0,4 
0,4 
0,3 0,29 [6] 
0,2 

tne Test  Specimens 

Water 
Methanol 
Butanol 

/ Benzene 
Cyelohexane 
Heptane 

Water 
Methanol 
Butanol 
Benzene 

, t  

Cyclohexane 
Heptane 

Water 
Methanol 
Butanol 
Benzene 
Cyelohexane 
Heptane 

W ater 

Methanol 
Butanol 
Benzene 
Cvelphexane 
Heptane 

Specific surface 
!m.2./g) _ _  

according to l a c ~ a ~ - -  
~oint 5 on thd . . . . . . .  
~hermogra,_nilto BET 

340 380 
290 

310 218 
226 
152 126 
93 99 

142 t60 

250 310 
194 
145 
112 ~ [5] 

212 [151 
52 49 [6] 
73 71 [51 

136 157 [14] 
160 
132 
ii0 I~ [51 
98 .99 [6] 

115 

88 94,2 
70,0 

68 
73 
76 
70 68 [6] 
67 

[13] 
[14] 
[4] 
[5] 
[6] 
[5] 

[14] 

[10] 
[151 

p r e s s u r e s  i n  a t h e r m o b a r o m e t r i c  c h a m b e r  s h o w n  in  [16]. T h e  d a t a  in  T a b l e s  1 and  2 w e r e  o b t a i n e d  in  a i r  

a t  a 310~ t e m p e r a t u r e  and  an a p p r o x i m a t e l y  2 . 6 .  1 0 3 N / m  2 p r e s s u r e .  

T y p i c a l  d e s i c c a t i o n  t h e r m o g r a m s  o b t a i n e d  i n  o u r  t e s t s  f o r  v a r i o u s  a r g i l l a c e o u s  m i n e r a l s  a r e  s h o w n  

in Fig. I. 

All the argillaceous minerals moistened by water have S-shape desiccation thermograms with one 
straight-line segment between the critical points 2 and 5, unlike the thermograms for polyeapillary-porous 
materials (maerogels) with two such sloping segments [1]. This shape of the thermograms is explained by 
the flexible structure of argillaceous minerals moistened by water and, consequently, the absence in it of 
maeropores. We note that in this study macropores and mieropores are, according to [2], differentiated 
on the thermograms on the basis of the relative equilibrium vapor pressure, which is close to unity in 
macropores but less than unity in micropores. On the other hand, the high plasticity and fluidity of argil- 
laceous suspensions with a high moisture content is related to the presence of large quantities of osmotic 
water with a very low bond energy. The first critical point on a thermogram corresponds here to the be- 
ginning of evaporation of osmotic water, as has been confirmed in recent tests with ion-substituted clay 
[3] by" a comparison of desiccation thermogram data with nuclear-magnetic-resonance data. 

In Table 1 are given the mass contents in the argillaceous minerals which correspond to points 1, 2, 
and la on their thermograms (the critical point la, as can be seen, lies on the intersection of the straight- 
line thermogram segments). For comparison, in Table i are also given the maximum hygroscopic mass 
holding capacity of the same specimens, which has been obtained from adsorption isotherms at q~ = 1. It 
is evident here that the maximum hygroscopic moisture holding capacity of argillaceous minerals corre- 
sponds closely to the moisture content at the critical point la between points 1 and 2. During the desicca- 
tion of argillaceous minerals moistened by water, therefore, osmotic water evaporates first along the seg- 
ment between the critical points 1 and la, whereupon past the critical point la water evaporates from 
mierocapillaries. 

For argillaceous minerals moistened by any other liquid, the mass content at the critical point la on 
a thermogram also corresponds closely to the maximum hygroscopic mass holding capacity of specimens, 
as determined from isotherms and shown in Table 1. The physical significance of segment 1-1a is differ- 
ent here, however. Specimens dried prior to the experiment and sifted into grains 0.25-0.50 mm in size 
do not, after having been moistened by any liquid other than water, spontaneously disperse but, instead, 
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remain in the granular state. In thermogram plotting tests, therefore, until the first critical point la 
there occurs evaporation not only of osmotically bonded liquid but also essentially of liquid from macro- 
pores of the intergranular space. After the critical point la on the thermograms for all specimens, 
liquid from microcapillaries begins to evaporate under an equilibrium vapor pressure (relative) less than 

unity. 

Curves 2-6 on the d iag ram indicate  that  the shape of t h e r m o g r a m s  and the number  of c r i t ica l  points 
on them differ  for  the s ame  spec imen  mois tened by different  l iquids.  The obvious dependence of the lower  
t h e r m o g r a m  range  on the energy of in te rac t ion  between the adsorbed liquid and the solid phase  [11] leads 
to the hypothesis ,  as shown in [12], that the p r e sence  of s e v e r a l  s t r a igh t - l ine  segments  on the t h e r m o g r a m s  
he re  is due to different  energy levels  of the bond between liquid molecules  and solid sur face .  

The m a s s  content at the c r i t i ca l  point 5 on the the rmogra rns  for all  spec imens  mois tened  by any 
liquid cor responds  c losely  to the quantity of adsorbed liquid with the s t ronges t  bond, usual ly  called the 
quantity of liquid in a monolayer .  This has been conf i rmed by a compar i son  between the m a s s  content at 
the c r i t i ca l  point 5 on a t h e r m o g r a m ,  with the quantity of liquid in a monolayer  de te rmined  f rom adsorp -  
t ion i so the rms  according to the BET p rocedure  (Table 2). 

F rom the quantity of liquid cor responding  to the c r i t i ca l  point 5 on a t h e r m o g r a m ,  we have de te rmined  
the speci f ic  su r faces  of the t e s t  spec imens .  These  data a r e  a lso  l i s ted  in Table 2 along with analogous 
specif ic  su r faces  obtained by the BET procedure .  According to this table ,  the method of des icca t ion  
t h e r m o g r a m s  yields  values  of speci f ic  s u r f ac e  which ag ree  c losely  with those  obtained by the BET p r o c e -  
dure .  For this reason ,  the method of des icca t ion  t h e r m o g r a m s  may  be cons idered  ent i re ly  sui table  for  
de te rmin ing  the speci f ic  su r f ace  of a cap i l l a ry -po rous  colloidal m a t e r i a l ,  on p a r  with the widely used  
sorpt ion  methods .  

A compar i son  between the values  of spec i f ic  su r face  obtained when the s a m e  spec imen  has  been 
mois tened  by different  liquids indicates  that the sorp t ive  p r o p e r t i e s  of the t es ted  arg i l laceous  mine ra l s  
depend not only on the molecule  s ize  of the mois tening liquid but also,  above all,  on the pecu l ia r i t i es  of 
in te rac t ion  between the solid phase  and one or another  liquid. Thus,  mountain l ea the r  c ry s t a l s  have a 
s t rongly  developed inner  su r f ace  owing to canals  with ve ry  definite dimensions  (6.4 x 3.7 ~) [15]. In con" 
sequence,  re la t ive ly  smal l  wa te r  or  methanol  molecu les  can pene t ra t e  andbe so rbed  in the canals  without 
obs tac les ,  while l a rge  benzene,  cyclohexane,  or  heptane molecules  a r e  sorbed  essent ia l ly  at the outer  
su r f ace  of mountain l ea the r  pa r t i c l e s .  For  this reaon,  probably,  the speci f ic  su r face  of mountain l ea the r  
is l a rge s t  with r e s pec t  to water  and methanol ,  An essen t i a l  fac tor  h e r e  is a lso  the shape of molecu les :  
the speci f ic  su r face  with r e s pec t  to cyclohexane with molecules  in the shape of disks is  much s m a l l e r  than 
with r e spec t  to heptane with elongated molecu les ,  although the mola l  volume of the f o r m e r  is  s m a l l e r  than 
that  of the l a t t e r .  At the s a m e  t ime,  the adsorpt ion  level  of different  liquids by mountain l ea the r  depends 
not only on the s ize  and the shape of molecu les  but also on the p rope r t i e s  of these  molecu les ,  espec ia l ly  
on the i r  dipole moment .  

In the case  of montmor i l loni te ,  as in the case  of mountain lea ther ,  adsorpt ion occurs  essen t ia l ly  
within the in t e r l aye r  space  between arg i l laceous  pa r t i c l e s  and only par t ly  at the outer  su r face .  Unlike in 
mountain lea ther ,  however ,  the c rys t a l  la t t ice  in montmor i l lon i te  is mobi le  and, as a resu l t ,  the s t ruc tu re  
of this mine ra l  changes during adsorpt ion.  Molecules of the mois ten ing  liquid pene t ra te  the in t e r l aye r  
s p a c e  and widen the in t e rp lana r  dis tance in unit cel ls  of a c rys ta l .  At that  t ime,  the degree  of "flexibil i ty" 
depends s t rongly  on the dipole moment  of the so rba te  molecules  [8]. For  this r e a s o n ,  the speci f ic  su r f ace  
of montmor i l lon i t e  is  much l a r g e r  with r e s pec t  to water ,  methanol ,  and butanol than with r e spec t  to ben-  
zene, cyclohexane,  and heptane.  

A different  pa t te rn  is  noted in the case  of hydromica  and kaolinite.  The s t ruc tu re  of these  mine ra l s  
is de te rmined  bas ica l ly  by the in t e rc rys t a l l i ne  po re s .  Hydromica  c ry s t a l s  a r e  of a r egu ta r  round shape 
with a weakly developed mic ropo rous  s t ruc tu re ,  while kaolini te  has  a r igid linkage between i n t r a c r y s t a l -  
l ine c lus te r s  [8, 15]. As a consequence,  all liquids a r e  adsorbed only behind the outer  c rys t a l  su r face .  
Accordingly,  as can be seen  in Table  2, the specif ic  su r face  of hydromica  depends ve ry  l i t t le  on the d imen-  
sions and the dipole moment s  of the mois ten ing  liquid molecules  (no depe~idenee at all exis ts  in the case  of 
kaolinite).  

Thus, our exper iments  have es tabl ished that des icca t ion  t h e r m o g r a m s  for a rg i l laceous  mine ra l s  
mois tened  by var ious  liquids a r e  de te rmined ,  with r ega rd  to the shape of the curves  and the locat ions of 
the cr i t ica l  points on them,  by the s t ruc tu ra l  p rope r t i e s  of these  m a t e r i a l s  as well as by the in terac t ion  
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cha rac te r i s t i c s  of the moistening liquid and the solid phase.  The pat tern  of mois tu re  extract ion in suc-  
cess ive  s tages,  one form and with one kind of bond af ter  another,  prevai ls  h e r e  not only in the case  of 
water  but also in the case  of various liquids with other  physicochemieal  p rope r t i e s .  It has been shown, 
fu r the rmore ,  that the method of desiccat ion the rmograms  with various liquids used as "molecula r  probes"  
is suitable for  a r a the r  complete study of the sorpt ive  p roper t i es  and the s t ruc tu re  of argi l laceous mine r -  
als.  
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