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The results of experimental measurements have been used to obtain 
relations between the density and the content of bound water and the 
adsorption characteristics have been calculated for clay minerals sub- 
stituted with Ca and Na cations. Some of the factors controlling the 
hydration of exchange cations at adsorbent surfaces have been estab- 
Iished, 

In [5] the  au thor  ob ta ined  d i s t r i b u t i o n  c u r v e s  fo r  the 
dens i t y  of a d s o r b e d  w a t e r  as  a funct ion of the w a t e r  
content  and e s t i m a t e d  the vo lumes  of the  m o n o m o l e c u -  
l a r  l a y e r s  and the  e f fec t ive  s p e c i f i c  s u r f a c e s  of  d i f -  
f e r e n t  p a r t s  of the  c r y s t a l  l a t t i c e  fo r  a s e r i e s  of n a t u r -  
a l  m o n o m i n e r a l  c l a y s  of the  kao l in i t e ,  i l l i t e  and m o n t -  
m o r i l l o n i t e  g roups  (Glukhovets  kaol in ,  Chasov  Yar  
m o n o t h e r m i t i c  c lay ,  Pyzhev  ben ton i t e ,  C r i m e a n  ki l l ) .  

A s i m i l a r  s tudy has  now been  made  of pure  c a t i o n -  
subs t i tu ted  c l ay  m i n e r a l s .  

The s a m p l e s  s tud ied  c o n s i s t e d  of ben ton i t e  c l ay  
f r o m  the C h e r k a s s y  depos i t  (Ukra in ian  SSR) (p r inc ipa l  
r o c k - f o r m i n g  m i n e r a l  m o n t m o r i l l o n i t e )  and Glukhovets  
kao l in  ( r o c k - f o r m i n g  m i n e r a l  kao l in i t e ) .  In o r d e r  to 
obta in  m o n o m i n e r a l i c  s p e c i m e n s  we washed  the  c l a y s  
and then s e l e c t e d  the m o s t  h ighly  d i s p e r s e  f r ac t ion ,  
and in o r d e r  to r e p l a c e  the  exchange  complex  of the  
n a t u r a l  m i n e r a l s  with Na and Ca ions  we conve r t ed  
them to the  Na o r  Ca f o r m  b y  work ing  up the s t a r t i n g  
s p e c i m e n s  10 t i m e s  with a 1 N so lu t ion  of NaC1 o r  
CaC12 at  a l i q u i d / s o l i d  phase  r a t i o  of 8:1 with sub-  
sequent  r e p e a t e d  e x t r a c t i o n  of the  e x c e s s  sa l t  with 
w a t e r  unti l  a nega t ive  c h l o r i n e  ion r e a c t i o n  was obta ined .  

In the  c o u r s e  of the  subsequent  e x p e r i m e n t s  with 
the  s p e c i m e n s  thus  p r e p a r e d  (the a p p a r a t u s  and m e t h -  
od w e r e  s i m i l a r  to those  d e s c r i b e d  in [5]) we found the  
mean  va lue s  of the  bound w a t e r  dens i ty (deno ted  by  
c i r c l e s  in the f i g u r e s )  in the p r o c e s s  of d e s o r p t i o n  
f r o m  the a b o v e - m e n t i o n e d  m a t e r i a l s .  

F o r  s p e c i m e n s  of  Glukhovets  kao l in  subs t i tu t ed  
with Ca +2 and Na + ca t ions  we found the foIlowing r e -  
l a t i onsh ip  be tween  the mean  dens i t y  and the quant i ty  
of a d s o r b e d  w a t e r :  

d b = A exp ( - -  raP,) + d". (1) 

Curves  3 and 5 in Fig .  1 show th i s  r e l a t i o n  t oge the r  
with the e x p e r i m e n t a l  data ;  the  s c a t t e r  of the  e x p e r i -  
men ta l  po in ts  does  not exceed  • 

E x p r e s s i n g  the volume of a d s o r b e d  w a t e r  a s  

P P 
V = - -  = (2) 

d b A exp ( - -  raP") § d" 

and d i f f e r e n t i a t i n g  both s ides  of Eq. (2), we obta in  

dP 
- - = d ' =  
dV 

[A + d" exp (mP~)] 2 (3) 
exp (rap ~) [A + AmnP~ § d" exp (rnP~)] 

Equat ion  (3) g i v e s  the  de ns i t y  of s t r o n g l y  bound 
w a t e r  (dP/dV = d')  in an i n f i n i t e s i m a l  vo lume as  a 
funct ion  of the  amount  of a d s o r b e d  w a t e r  P p r e c e d i n g  
f o r m a t i o n  of the  vo lume dV (cu rves  4 and 6 in F ig .  1). 

The c u r v e s  o b t a i n e d  a r e  i d e n t i c a l  with the  c u r v e s  
fo r  the  c l a s s  of h y d r o p h i l i c  d i s p e r s e  s y s t e m s  with  a 
nonexpanding  c r y s t a l  l a t t i c e  (natura l  Glukhovets  kaol in ,  
Chasov  Yar  c lay,  s i l i c a  gel ,  and a l l uv i a l  l o a m  [5]). 

It is  obvious  tha t  a l l  the  a s s u m p t i o n s  and equa t ions  
fo r  ca l cu l a t i ng  the  vo lume s  of  the  m o n o m o l e c u l a r  
l a y e r s  and the e f fec t ive  spec i f i c  s u r f a c e s  m a d e  and 
obta ined  fo r  m a t e r i a l s  of t h i s  s y s t e m  [5] a l so  r e m a i n  
va l id  fo r  the  a d s o r b e n t s  i nves t i ga t ed .  

Taking  the va lue  d '  = d" = 1 g / c m  ~ in Eq. (3), we 
obta in  the  e x p r e s s i o n  

A : exp (raP m) (mnP~n - -  1), (4) 

which is  the  m a x i m u m  amount  of bound w a t e r  with den-  
s i ty  h igher  than tha t  of f r e e  w a t e r  in an i n f i n i t e s i m a l  
volume.  This  amount  of  w a t e r  P m  c o r r e s p o n d s  to the  
f o r m a t i o n  of a m o n o m o l e c u l a r  l a y e r  on the  s u r f a c e  of 
the  a d s o r b e n t s ,  which is  a l so  c o n f i r m e d  by the va lues  
of P in  c a l c u l a t e d  fo r  the  t e s t  s p e c i m e n s  f r o m  the hea t s  
of wet t ing  (see tab le ) .  

The equat ion for  c a l cu l a t i ng  the  t o t a l  e f fec t ive  
spec i f i c  s u r f a c e  is  w r i t t e n  as  fo l lows:  

p 

s = s2  i 'm (5) 
v ' j  d' 

o 

Values  o f the  coe f f i c i en t s  in Eqs.  (1)-(3) ,  the c a l c u l a t e d  
vo lumes  of the  m o n o m o l e c u l a r  l a y e r s ,  and the e f f ec -  
t ive  spec i f i c  s u r f a c e s  a r e  p r e s e n t e d  in the  tab le .  

Many s tud ie s  have  been  m a d e  of the  e f fec t  of the  
n a t u r e  of the exchange  ca t ions  on the  a d s o r p t i o n  p r o p -  
e r t i e s  of c l a y s  and a d s o r b e n t s  in g e n e r a l .  Thus,  F.  
D. Ovcharenko  [3] h a s  a r r a n g e d  ca t ions  in the fo l low-  
ing o r d e r  a c c o r d i n g  to t h e i r  effect  on the hea t  of we t -  
t ing for  Glukhovets  kao l in :  

Ca +2 ~ M g  +2 ~ H § > Na + > K +. 

F o r  kao l in  S ie fe r t  [9] ob ta ined  the  s e r i e s  Ca +~ > H + > 
> Na + > K +. At the  s a m e  t i m e  he  e s t a b l i s h e d  the  fo l low-  
ing o r d e r  of d e c r e a s i n g  s o r p t i o n  of w a t e r  vapor  by  

kao l i n i t e  a t  a r e l a t i v e  h u m i d i t y  of 10%: Ca +2 > H + = 
= Na + > K +. The au tho r s  of [7] ob ta ined  the ca t ion  
s e r i e s  Mg +2 > Ca +2 > Na + > K + with r e s p e c t  to c h a r a c -  
t e r i s t i c  d e h y d r a t i o n  t e m p e r a t u r e  on c lay  m i n e r a l s .  
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Fig. I~ Density of bound water d, g/cm 3 , as a function of the 

bound water content P, %, for Olukhovets kaolin and its oation- 
substituted forms: I, 3, and 5) values of the mean density of 

t h e  adsorbed  water  d = db for  na tu ra l  Glukhovets kaol in ,  and 
fo r  Glukhovets kaol in  subs t i tu ted  with Ca and Na cat ions;  
2, 4, and 6) va lues  of the dens i ty  of adsorbed  water  i n  an i n -  
f i n i t e s i m a l  vo lume d = d' for  Glukhovets kaol in:  n a t u r a l ,  Ca 

ca t i on - subs t i t u t e d ,  and Na ca t ion - subs t i tu t ed .  
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Fig. 2. Bound water density d, g/cm 3 , as a function 

of the bound water content F, %, for Ca cation-sub- 

stituted Cherkas sy  bentoni te :  1, 2) va lues  of m e a n  
dens i ty  of adsorbed  water  d = db; 3, 4) va lues  of 
dens i ty  of adsorbed  water  in an i n f i n i t e s i ma l  vo lume 

d = d'~ 
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This  ca t ion  sequence ,  b a s e d  on the e f fec t  on the  
a d s o r p t i o n  c a p a c i t y  of d i s p e r s e  s y s t e m s ,  i s  a t t r i b u t -  
ab le  to the i o n - d i p o l e  i n t e r a c t i o n  be tween  the m o l e -  
cu les  of a d s o r b e d  subs t ance  and the  ca t ions ,  in  which  
an i m p o r t a n t  p a r t  i s  p l a y e d  by  the  ion r a d i u s ,  the 
c h a r g e  and n a t u r e  of the  cat ion,  and i t s  d e f o r m a b i l i t y  
and p o s i t i o n  in the  anionic  ske l e ton  [4, 6]. 

F r o m  our  bound w a t e r  d e n s i t y  d i s t r i b u t i o n  c u r v e s  
and the a d s o r p t i o n  c h a r a c t e r i s t i c s  fo r  Glukhovets  
kao l in ,  both  n a t u r a l  and subs t i t u t ed  with Ca +2 and Na + 
ca t ions ,  we can d e r i v e  the  fo l lowing o r d e r  of d e c r e a s e  
in bound w a t e r  dens i t y  fo r  the  s a m e  content  and m i n -  
e r a l  a d s o r p t i o n  p r o p e r t i e s :  n a t u r a l  Glukhovets  kao l in  > 
> Glukhovets  kao l in  subs t i tu t ed  with Ca +2 ca t ions  > 
> Glukhovets  kao l in  subs t i tu t ed  with Na ca t i ons .  Th i s  
r e s u l t  can be a t t r i bu t ed  to p a r t i a l  c o m p e n s a t i o n  of  the  

c h a r g e s  on the  p a r e n t  s u r f a c e  of the  m i n e r a l ,  e s p e -  
c i a l l y  on s h e a r  a r e a s ,  i . e . ,  the  o c c u r r e n c e  of m o r e  
th in ly  d i s t r i b u t e d  c o n c e n t r a t e d  pos i t i ve  c h a r g e s  of 
v a r i o u s  magni tude  depending  on the va l ence  of the: 
cat ion.  The a p p e a r a n c e  of ac t ive  c e n t e r s  th in ly  d i s t r i -  
buted  as  c o m p a r e d  with the p a r e n t  s u r f a c e  is  a c c o m -  
pan ied  by  an o r i e n t a t i o n  of the  w a t e r  m o l e c u l e s  f a v o r -  
ab le  for  the  f o r m a t i o n  of h y d r o g e n  bonds,  which  a l so  
l e a d s  to l o o s e r  pack ing  of the  a d s o r b a t e .  

F o r  a d i s p e r s e  s y s t e m  with an expanding c r y s t a l  
l a t t i c e  ( C h e r k a s s y  ben ton i t e  subs t i tu ted  with Ca +2 

c a t i o n s )  we ob ta ined  two t y p e s  of r e l a t i o n s  be tween  
the  mean density, the  d e n s i t y  in an infinitesimal vol- 
ume of adsorbed water and the quantity P in the form 

db, = A exp ( - -  mP ~) + d" = 

= 0.715 exp ( - -  0.26P ~ -{- 1, (6) 

dP _ _ ~ d t - -  
dV 

[A + d" exp (raP")] 2 

exp (rap ~) [A -b AmnP '~ -:}- d" exp (mPn)] 

[0.715 -t- exp (0.26P ~ )]~ 
(7) 

--  exp (0.26P ~ [0.715 + 1.43P 0'75 -t- exp (0.26P~ 

in the  m o i s t u r e  content  r a n g e  5 .4-13 .6% and 

db.~ = A exp ( - -  raP") [1 --  (P--  b) ~ (B - -  PD) k] -,4- d' ~- 

---- 0.715 exp (- -  0.26P ~ 7~) x 

x[1 - - ( P - -  1.0)~ 7s (1.96 __p0 4)1.1] + l, (8) 

dP _ d  = db, x b , q - m n P n [ d b : - - l ] +  
dV 

[ P-ocP kDPn iy 
+{db , - -  db, ] B ~ D j  ) (9) 

in the  r a n g e  0 .0 -5 .4%.  
We a l so  ob ta ined  equa t ions  fo r  ca l cu la t ing  the  ef -  

f ec t ive  spec i f i c  s u r f a c e s  of d i f f e r en t  p a r t s  of the  
c r y s t a l  l a t t i c e :  

, ~rn2dp 
S elf. in = 2  v@ t~ T = 244.6 m~/g, (10) 

t )  
0 

p 
s' ~ m  dP 

Serf. ex --  v' d d' -- 443.6 m2/g, (11) 

Pm2 

Serf. total.---- Serf. in -t- Serf. ex ,= 688,2 mZ/g. ( l l a )  

R e l a t i o n s  (6-9)  a r e  p r e s e n t e d  in  Fig .  2. They a r e  
s i m i l a r  to t hose  ob ta ined  fo r  n a t u r a l  C r i m e a n  k i l l  
and P y z h e v  ben ton i t e  [5]. 
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Fig. 3. Bound water density d, g/era 3, as a 

function of the bound water content P, %, for 

Na cation-substituted Cherkassy bentonite: i) 

values of mean bound water density d = db; 2) 
values of density of adsorbed water in an in- 

finitesimal volume d = d L  

It is  known tha t  an a b s o r b i n g  complex  of na tu r a l  
ben ton i t e s  con ta ins  about 20% Ca ca t ions ;  t h e r e f o r e  
to ta l  subs t i tu t ion  with  t hese  c a t i ons  cannot  s h a r p l y  
change the a d s o r p t i o n  p r o p e r t i e s  of the  m i n e r a l .  How- 
e v e r ,  i t  i s  p o s s i b l e  to o b s e r v e  a c e r t a i n  d e c r e a s e  in 
the  bound w a t e r  d e n s i t y  (peaks in the  5 -5 .5% zone on 
c u r v e s  1, 4, Fig .  2) a round  the edges  of a l u m o s i l i c o n  
un i t s  of the  c r y s t a l  l a t t i c e  as  c o m p a r e d  with n a t u r a l  
c l ays .  Th is  ef fec t  i s  ev iden t l y  a s s o c i a t e d  with p a r t i a l  
c o m p e n s a t i o n  of the c h a r g e s  on s h e a r  a r e a s  of the  
p a r e n t  s u r f a c e  by  a d s o r b e d  ca t ions .  

F o r  Na c a t i o n - s u b s t i t u t e d  C h e r k a s s y  ben ton i te  we 
obta ined  r e l a t i o n s  (Fig .  3) be tween  the  m e a n  dens i ty ,  
the  d e n s i t y  in an i n f i n i t e s i m a l  vo lume of a d s o r b e d  
w a t e r ,  and the quant i ty  P in the fol lowing f o r m :  

d b = A exp ( - -  mP n) + d" = 

= 0.4 exp(--  0.25P ~176 + l, (12) 

dP = d' = [A -t- d"exp (mPn)] ~ = 
dV exp (rap n) [A + ArnnP ~ -}- d" exp (mpn)] 

[0.4 + exp (0.25P~ ~ . (13) 

exp (0.25P ~ [0.4 + 0.075P ~ -~- exp (0.25P~ 

The so lu t ion  of Eq. (13) fo r  d v = d" = 1 g / c m  3 g ives  
]?m = 9.62% of the  m o i s t u r e  content .  

C u r v e s  2 and 4 in Fig .  2, which a r e  c h a r a c t e r i s t i c  
of n a t u r a l  and Ca c a t i o n - s u b s t i t u t e d  ben ton i t e  c l a y s  and 
d e s c r i b e  the  bound w a t e r  d e n s i t y  d i s t r i b u t i o n  on the 
i n t e rna l  s u r f a c e s  of the  s t r u c t u r a l  e l e m e n t s  of the  
c r y s t a l  l a t t i c e  [5], a r e  m i s s i n g  in F ig .  3. 
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Adsorption Character is t ics  of Glukhovets Kaolin and Its Cation- 
Substituted Forms  

Adsorbent 

Natural Glukhovets 
kaolin 

Ca cation-substituted 
Glukhovets kaolin 

Na cation-substituted 
Glukhovets kaolin 

A, 
g/era 3 

Coefficient Pro,% 

0.843 

0.878 

0. 698 

m 
O/g) n 

1.242 

2.447 

3.593 

n �9 bution ] �9 wetting 
�9 c u r v e s  I [ 3 1  

I 

1.364 1.1 

0.556 0.680 

0.320 0.314 

S, m2jg 

From den- 
sity distri- 

bution 
curves i 

.75 

0"75 I 

0.75 / 

80.24 

21 .7  

19.0 

]Fro~ he~ 
of wettin 

[31 

7 6 0  

38.0  

21.7 

Hendricks, Nelson, and Alexander [8], investigating 
the adsorption of water by montmorillonite saturated 
with various cations, obtained for Na-montmorillonite 
prepared at 5 and 10 % relative humidity an interpla- 
nat  spacing along the perpendicular to the cleavage 
equal to 9.8/~, the amount of water adsorbed by this 
mineral corresponding to 2.5-4% of the moisture con- 
tent. It is clear that in this case all the adsorbate was 
distributed exclusively over the external basal surface 
of the montmorillonite. According to [8], the beginning 
of formation of a layer  of bound water on the internal 
surfaces of the structural  elements is observed at a 
relative humidity of about 40% when 10.5% of the water 
is bound. Therefore,  our curves 1 and 2 in Fig. 3 
indicate the distribution of adsorbed water density 
only on the external basal surfaces of the mineral .  As 
in the case of disperse systems with a nonexpanding 
crystal  lattice, the equation for calculating the exter-  
nal effective specific surface for the Na form of Cher- 
kassy  bentonite will be 

Seff. total o' J d = 615 m2/g. (14) 
0 

NOTATION 

db is the mean density of bound water; P is the 
weight of bound water; d" is the density of free water; 
d' is the density of adsorbed water in an infinitesimal 
volume; A, m, n, B, c, b, D, k a t e  the coefficients 
determined by the physicochemical propert ies  of the 
adsorbent surface; Serf. total is the total effective 
specific surface; Seff. ex is the effective specific su r -  
face of shear areas and external basal areas;  Seff. in 
is the effective specific surface of internal areas of 
structural  elements of crysta l  lattice; Pm' Pint are 

the amounts of boundwater  corresponding to the 
formation of a monomoleeular layer on the ex te r -  
nal basal areas  and shear areas of the mineral;  Prm 
is the same on the internal basal surfaces of the ex- 
panding crystal  lattice of the mineral;  s '  is the area 
occupied by a single water molecule on the surface of 
the adsorbent (in our calculations s '  = 62, 5 is the dia- 
meter  of the water molecule); v '  is the volume of a 
single water molecule. 
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