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A NEW METHOD FOR THE PREDICTION OF GIBBS FREE ENERGIES OF 
FORMATION OF HYDRATED CLAY MINERALS BASED ON THE 

ELECTRONEGATIVITY SCALE 

PHILIPPE VIEILLARD 
UMR-CNRS 6532 Hydrasa, 40 Ave du Recteur Pineau. 86022 POITIERS-Cedex, France 

A b s t r a c t - - A  new method for the prediction of Gibbs free energies of formation for hydrated clay minerals 
is proposed based on the parameter AGO- Mz+(clay) characterizing the oxygen affinity of the cation M ~§ 
The Gibbs free energy of formation from constituent oxides is considered as the sum of the products of 
the molar fraction of an oxygen atom bound to any two cations multiplied by the electronegativity 
difference defined by the A60 = MZ+(clay) between any two consecutive cations. The A60 = Mz+(clay) 
value, using a weighting scheme involving the electronegativity of a cation in a specific site (interlayer, 
octahedral, or tetrahedral) is assumed to be constant and can be calculated by minimization of the dif- 
ference between experimental Gibbs free energies (determined from solubility measurements) and cal- 
culated Gibbs free energies of formation from constituent oxides. Results indicate that this prediction 
method compared to other determinations, gives values within 0.5% of the experimentally estimated 
values. The relationships between A c t -  Mz+(clay) corresponding to the electronegativity of a cation in 
either interlayer or octahedral sites and known A c t -  Mz+(aq) were determined, thereby allowing the 
prediction of the electronegativity of transition metal ions and trivalent ions in hydrated interlayer sites 
and octahedral sites. Prediction of Gibbs free energies of formation of any clay mineral with various ions 
located in the interlayer and with different cations in octahedral sites is possible. Examples are given for 
Al-rich montmorillonite from Aberdeen, transition element-exchanged montmorillonite, and Ni-rich stev- 
ensite, and the results appear excellent when compared to experimental values. 
Key Words~Beidel l i te ,  Exchangeable Cations, Gibbs Free Energies of Formation, Hectorite, Hydration, 
Illite, Montmorillonite, Nontronite, Saponite, Sauconite, Stevensite, Vermiculite. 

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

Clay minera l s  such  as smect i te ,  vermicul i te ,  illite, 
ce ladoni te ,  montmor i l lon i t e ,  and  beidel l i te  are com-  
m o n l y  cons ide red  to be  of  poor  c rys ta l l ine  qual i ty  and  
of  smal l  gra in  size. Clay minera l s  have  var iable  com-  
posi t ions  and  in ter layer  sites m a y  be  occupied  by  cat- 
ions,  such  as Li  § R b  § Cs § B a  2+, Sr  2§ t rans i t ion  meta l  
ions,  A13+, or  NH4 +. Clay minera l s  whose  G ibbs  free 
energies  of  fo rma t ion  are der ived  direct ly  or indirect ly  
f rom solubi l i ty  m e a s u r e m e n t s  are ful ly hydra ted  even  
i f  H 2 0  is no t  cons ide red  w h e n  equ i l ib r ium react ions  
are wr i t ten  (Tardy e t  aL,  1987). In hydra ted  clay min-  
erals,  H20  molecu les  occur  in two dif ferent  posi t ions:  
in ter layer  (s t rongly  b o n d e d  to in ter layer  ca t ions)  and  
interpar t ic les  ( re la t ing to phys ica l  propert ies ,  such as 
porosi ty  or  surface tension) .  

A recen t  m e t h o d  of  predic t ion  o f  G ibbs  free ener-  
gies of  fo rma t ion  was m a d e  for  hydra t ed  c o m p o u n d s  
(Tardy and  Duplay,  1992). T he  pr inc ip le  is based  on  
the  fol lowing:  a s sume  that  the poor ly  c rys ta l l ized  clay 
minera l s  are fully hydra ted  and  are all of  the same 
part ic le  size (but  no t  the  same v o l u m e  because  of  var- 
iable  amoun t s  of  wa te r  in  the  in ter layer  of  swel l ing 
clays).  In a series o f  clay minera l s  of  ident ical  layer  
charge  and  wi th  the same  te t rahedra l  charge,  hydra t ion  
energ ies  increase  or  decrease  toge ther  wi th  the param-  
eter  AGO- Mz+(aq) (def ined in detai l  be low)  charac-  

ter iz ing the ca t ion  in the  oc tahedra l  site. For  one  g iven  
exchangeab le  cat ion,  a clay minera l  of  a comp lex  
compos i t i on  is cons idered  as an  ideal  sol id so lu t ion  o f  
12 e n d - m e m b e r s  ( four  uncha rged  minera l s  in the  series 
t a lc -minneso ta i t e -pyrophyl l i t e -Fe3  § pyrophyl l i t e ,  
four  micas ,  and  four  celadoni tes) .  The  con t r ibu t ion  of  
each  e n d - m e m b e r  was reca lcula ted  by  Tardy and  Du-  
play (1992)  accord ing  to the  mode l  of  Tardy and  Fri tz  
(1981)  and  Tardy e t  al .  (1987).  

By  compar ing  this  m e t h o d  to na tura l  c lay minera ls ,  
some Fe-enr i ched  clays (Clay Spur, Che to  f rom H u a n g  
and  Keller, 1973; and  ideal ized non t ron i te  f rom Wol-  
e ry  and  Daveler ,  1992) show predic ted  G ibbs  free en- 
ergies  o f  fo rmat ion  tha t  are ve ry  d i f ferent  f rom ex- 
per imenta l  values.  These  d i f ferences  are re la ted  to the  
poor  choice  of  AG~ of  Fe  z+ and  Fe 3+ for  the  p red ic t ion  
o f  solubi l i ty  products  o f  e n d - m e m b e r s  (Fe2+: - 7 8 . 9  
kJ /mole ,  Fe3+: - 4 . 7  kJ /mole) .  Values  o f  AG7 for  aque-  
ous ferrous  and  ferric i ron f rom Parker  and  Khoda -  
kovski i  (1995)  are used  here.  These  values  enab le  a 
new scale o f  A c t  = Mz+(aq) values  in  oc tahedra l  co-  
o rd ina t ion  to be  de te rmined .  This  wil l  a l low the  de-  
t e rmina t ion  of  G ibbs  free energies  o f  f o rma t ion  o f  
some clays minera l s  con ta in ing  Li  and  t rans i t ion  met-  
als in oc tahedra l  coordinat ion .  

Ma t t i god  and  Sposi to  (1978)  p roposed  a m e t h o d  o f  
de t e rmin ing  the G ibbs  free energies  of  fo rma t ion  of  
smect i tes  and  clay minera l s  for  n ine  exchangeab le  cat- 
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Table 1. Gibbs free energies  of  formation of  oxides and ions, 
and calculated parameter  AG ~  M~+(aq) of  select cations. 

A(;O = 
AG~ AG~ M*+(aq) 

Oxides (k J/mole) Ions (k J/mole) (k J/mole) 

Li20 -561.21 Li + -292.66 24.00 
Na20 -376.01 Na § -261.8816 147.76 
K20 - 3 2 2 .  U K § -282.4626 242.82 
Rb20 -300.062 Rb + -284.014 267.96 
Cs20 -308.41 Cs + -291.464 274.52 
(NH4)20 -234.33 NH4 + -79 .4144 - 7 5 . 4 7  
BaO -520.41 Ba z+ -563.86 43.40 
SrO - 5 6 0 . 7  t Sr 2+ -555.46 - 5 . 3 0  
CaO -603 .1  ~ Ca 2+ -552 .796  -50 .31  
M g O  -569.31 M g  z§ -453.9856 - 115.32 
FeO -251.41 Fe e* -90 .537 - 160.87 
M n O  - 3 6 2 . 9  ~ Mn 2+ -228.1J  - 1 3 4 . 8 0  
CuO - 1 2 8 . 3  ~ Cu 2§ 65.11 - 1 9 3 . 4 0  
CoO -214.11 Co a+ -54 .3926 -159 .71  
NiO -211 .1  ~ Ni 2~ -45.66 - 1 6 5 . 5 0  
CdO -258.354 Cd 2+ --77.61 -151 .1  
ZnO - 3 2 0 . 4  ~ Zn 2+ - 1 4 7 . 3  ~ - 1 7 3 . 1 0  
Fe203 -744.41 Fe 3+ - 16.287 - 2 3 7 . 2 8  
Cr203 - 1 0 5 3 . P  Cr 3+ -206.278 - 2 1 3 . 5 2  
A1203 -- 1582.31 AP § -487.6166 - 2 0 2 . 3 6  
La203 -- 1705.9822 La 3§ -686.1766 - 111.21 
SiO 2 -856.34  SiO2~ -833.4116 
H20(c) -220.05 H20 liq. -237.1836 - 2 3 7 . 1 8  

i Robie and Hemingway  (1995). 
2 Barin (I985).  
3 Wilcox and Bromley (1963). 
4 Codata Key Values for  Thermodynamics (1989). 
s This  work. 
6 Shock and Helgeson (1988). 
7 Parker and Khodakovski i  (1995). 
s Sverjensky et al. (1997). 

i o n s  (L i  +, N a  +, K +, R b  +, C s  +, M g  2+, C a  2+, Sr  2+, a n d  
Ba2§ N o  m e t h o d  o f  p r e d i c t i o n  is  a v a i l a b l e  fo r  c l a y  
m i n e r a l s  w i t h  o t h e r  e x c h a n g e a b l e  c a t i o n s ,  s u c h  as  
s o m e  t r a n s i t i o n  m e t a l s  a n d  r a r e - e a r t h  m e t a l s .  T h e s e  
c o m p o u n d s  f r e q u e n t l y  o c c u r  w h e r e  e n v i r o n m e n t a l  a n d  
w a s t e - m a n a g e m e n t  p r o b l e m s  ex i s t .  

T h e  a i m  o f  th i s  p a p e r  is  to  p r o p o s e  an  i m p r o v e d  
m e t h o d  o f  p r e d i c t i o n  o f  G i b b s  f r ee  e n e r g y  o f  f o r m a -  

2.6 
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Figure i. Relationship between (• -- • f rom Martynov 
and Batsanov (1980) versus A60 = M z§ (aq). 

t i on  o f  h y d r a t e d  c l a y  m i n e r a l s  b a s e d  o n  t he  p a r a m e t e r  
A o O -  Mz+(aq)  as  d e f i n e d  in i t i a l ly  b y  T a r d y  a n d  Gar -  
re l s  (1977) .  T h e  m e t h o d  is  e x t e n d e d  to al l  e l e m e n t s .  

H I S T O R I C A L  D E V E L O P M E N T  O F  T H E  
P A R A M E T E R  Ao O= M z+ 

B o t h  p r e v i o u s  a n d  p r o p o s e d  r e v i s i o n s  fo r  e v a l u a t i n g  
t he  G i b b s  f ree  e n e r g i e s  o f  f o r m a t i o n  a re  b a s e d  o n  t he  
p a r a m e t e r  A~O = M~+(aq) .  T h i s  p a r a m e t e r  c h a r a c t e r i z e s  
a g i v e n  c a t i o n  M ~§ a n d  is d e f i n e d  as  t he  d i f f e r e n c e  
b e t w e e n  t h e  G i b b s  f r ee  e n e r g y  o f  f o r m a t i o n  o f  t he  cor -  
r e s p o n d i n g  o x i d e s  [AG~MOx(c) ]  a n d  t he  G i b b s  f r ee  
e n e r g y  o f  f o r m a t i o n  o f  t he  c o r r e s p o n d i n g  a q u e o u s  ca t -  
i on  [AG~Mz+(aq)] :  

AGO = Mz+(aq )  = (1 /x ) [AG~MOx(C)  -- AG~Mz+(aq) ]  

( k J / m o l )  (1)  

w h e r e  z is  t he  c h a r g e  o f  t he  c a t i o n  M z+, a n d  x is  t he  
n u m b e r  o f  o x y g e n  a t o m s  c o m b i n e d  w i t h  o n e  a t o m  o f  
M in t h e  o x i d e  (x  = z/2) ,  so  t ha t  t h e  d i f f e r e n c e  in  
E q u a t i o n  (1)  r e f e r s  to o n e  o x y g e n  a t o m .  A se t  o f  in-  
t e r n a l l y  c o n s i s t e n t  v a l u e s  o f  AGO-  Mz+(aq)  is  p r o p o s e d  
h e r e  (Tab le  1). T h e s e  v a l u e s  a re  m o s t l y  f r o m  R o b i e  

Table 2. General equation o f  Gibbs free energy of  formation from the oxides o f  a muscovite- l ike KA12(Si3A1)OI0(OH) z. 

6 0.5 0.5 1.._.~5 • _i~[AGO= K+(1) _ AGO= AP+(t) ] AG~x = - 1 2  • -i'2 -[AGO= K+(1) - AGO= Si4+(clay)] + 12 

3 0.5 1 0.5 _ 
+ 1"2 • - ~  [AaO-  K"(I) - Ac, O = AP+(o)] + 1"2 • - i~  [AGO- K+(1) - AGO= H+(clay)] 

1.5 3 X [AG ~  m13+(o) - AGO = Si4+(clay)] + ~ • ~ - [ A o O  = A13*(o) - AGO = Al3+(t)] 
+ 1"-'2 12 

3 1 6 1 
+ 1--2 • T2 [AGO= AP+(o) - AoO = H+(clay)] + 1--2 X T~[AoO= Si4+(clay) - AG ~  H+(clay)] 

} 1.5 6 • _i.~[AoO = Si4+(clay ) _ AaO = AP , ( t )  ] + 1"-'2- • [A~ AP+(t) - AGO= H+(clay)] + 12 
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Table 3. Equation of Gibbs free energy of formation from the oxides, based on short-range interactions, of a muscovite-like 
KA12(Si3A1)Ot0(OH)~. 

6 0.5 1.5 0.5 
AG;, = -12  • q-2 I a ~ 1 7 6  K+(1) - A~O= Si4§ + 1-'2- • ~ -[ACO= K~(1) - A~ Al3+(t)] 

3 • 6 [ A ~ O  = A13+(o ) _ AGO= Si4+(clay)] + 3 • 1.5 + 1---2 1"-2 "T~ [A~ A13+(~ - AcO= A13+(t)] 

3 ~ 6 1 . S A o  = } + 1---2 • [AcO= A13+(~ - AGO= H+(clay)] + --12 • - ~ [  c Si~+(clay) - A~ O= Al3+(t)] 

and Hemingway  (1995) for oxides and f rom Shock 
and Helgeson (1988) for aqueous cations. Some values 
[e,g., (NH4)20, Cr  3§ La 3§ were obtained f rom other 
S O u r C e S .  

For  double oxides, an additional parameter  is intro- 
duced, AG~ which is the Gibbs free 
energy of  formation o f  a g iven compound  (M~)~,- 
(Mj)njON as determined f rom the constituent oxides 
MjOx, and MjOxj, where  M z~+ and M~J § are two cations 
for which zi = 2x~ and zj = 2x f  

AG~[(Mi)~(Mj)~jON] 

= AG~[(Mi)n~(Mj)njON](C) - niAG~MiO x~(c) 

- njAG~MjOxj(C) (2) 

The  total number  of  oxygen  atoms, N, of  the com- 
pound is equal  to the sum of  the number  of  oxygen  
atoms n~ and nj, respectively,  related to the cations M~ 
and Mj in each oxide  (MiO~ and MjOx):  

and thus, 

N = n i x  i + n j x j  

Xi = n ix i /N (4) 

Xj = n jx j /N (5) 

X ~ + X j  = 1. (6) 

The  genera l  re la t ionship  de te rmined  by Tardy 
(1979) for the Gibbs free energies is: 

Table 4. Values of parameter AoO M~+(clay) obtained by 
minimization. 

goO- (M~+(clay) At;O- M,*(clay) 
qons (k J/mole) qons (kl/mole) 

K+(1) 425.77 FC+(o) - 134.40 
Na+(1) 267.19 A13§ - 161.23 
Li+(1) 77.54 Fe3+(o) - 164.05 
Mg2+(1) - 100.0 Si4+(clay) - 166.09 
Ca2§ -32.34 A13+(t) - 197.31 
Mg 2+ (o) - 112.0 H+(clay) - 220.0 

~1, o, and t denote interlayer, octahedral, and tetrahedral 
sites, respectively. 

AG~x(Mi)ni(Mj)njON 

= -ctN(XiXj)[AGO = M~+(aq) - AG ~  M~,+(aq)] 

(7) 

where N is the total number  of  oxygen  atoms in the 
compound;  Xi and Xj are the molar  fractions of  oxy-  
gen atoms, respectively,  related to cations M~ ,+ and 
M~J + in the individual oxides MiOxi and MjOxj; AG ~  
M~J+(aq) and A~O- M~+(aq) are, respect ively,  the 
A~O = parameter  as calculated for cations MfJ § and 
M~J § in their aqueous states according to Equat ion (1); 
and et is an empirical  coefficient  that characterizes a 
g iven  fami ly  o f  compounds .  For  example ,  for  
Ca3Si207, the ct value was determined at - 1.01 (Tardy 
and Garrels, 1977); AcO = Ca2§ = - 5 0 . 3 1  kJ /mole  
(Table 1); AoO = Sia+(aq) = - 1 8 8 . 0 8  kJ /mole  (Tardy 
and Garrels, 1977); so that: 

AG~ (Ca3 Si207) = - (7)(1.01)(3/7)(4/7) 

• [A~O = Ca 2§ (aq) - A~O = Si n+ (aq)] 

= - 2 3 8 . 5  kJ /mole  (8) 

and AG~(Ca3Si2OT)(C) = 3AG~CaO(c) + 2AG~SiO2(c) 
+ AG~(Ca3S i207) ( c )  = - 3 7 6 0 . 4  kJ/mole ,  a value 
close to AG~(Ca3Si207)(c) = -3748 .1  kJ /mole  (Robie  
and Hemingway,  1995). 

Equat ion (7) was compared  to many  compounds  
containing two cations: silicates (Tardy and Garrels, 
1977); hydroxides (Tardy and Garrels, 1976); phos- 
phates (Vieillard, 1978; Tardy and Vieillard, 1977); 
and nitrates, sulfates, and carbonates (Gartner, 1979; 
Tardy and Gartner, 1977). Gibbs free energy of  for- 
mat ion of  minerals  as derived f rom their consti tuent 
oxides appears to be proport ional  to three parameters:  
(1) coefficient  et, which relates to the nature of  the 
family, (2) the stoichiometric coefficient  N ( X i X j )  , and 
(3) the difference [AcO = Mf~+(aq) - A~O ~ M;~+(aq)]. 

Because the electronegativi ty of  an atom is its abil- 
ity to attract valence electrons, Mar tynov and Batsa- 
nov (1980) defined the electronegativity,  XMz+, as the 
square root  of  the average ionization potential  o f  the 
valence electrons. This scale of  e lectronegat ivi ty  gives 
good agreement  with those of  Pauling (1960) and Mul-  
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Table 5. Chemical  composit ion and experimental  or calculated solubility products as calculated or predicted by Gibbs free 
energies of  formation at 298.15 K of  some  clay minerals.  

Mineral Formula 

Clay Spur Wyoming  ~ 
Arizona Mont.  Cheto ~ 
K Beidellite 2. 3 
Mg  Beidellite z. 3 
Smectite 4 
Mg  Belle Fourche 2, 5 
Mg  Aberdeen 2, 5 
Colony 6 
Colony 17 
Colony II v 
Castle rock 7 
Upton 7 
Belle Fourche ~, 9 

(Ko.ozNao.z7Cao t)(Mgo 2,AI~.s2Fe 3' o.19)(Si3.94Alo.o6)Olo(On) 2 
(Ko 02Nao.02Cao 195) (Mgo.33All.52Fe3 + o. 14)(5i3.93A10 07)O re(OH)2 
(Ko.365Nao 07Cao Ol)(Mgo.20sFe 2 ~0.055A1 t.alFe3+0.4 t 5)(5i3 55A10.45)O io(OH)2 
(KoogsNao.07Mgo135Cao.m)(Mgo.zosFe2+o.o~Alt.4~Fe3§ 415)(5i3.55A10 45)O10(OH)~ 
(Mgo 2ss)(Mgo.z7A1 t 345Fe 3 + 0.40s)( Si3.TAlo.3)Olo(OH )2 
(Mgo t3:~)(Mgo.29A1 L~ tsFe 3 + 0225) (Si3 935Alo.065)Olo(OH)2 
(Mgo 20s)(Mgo,~asAl~ 29Fe3+0 ~35)(Si3.82A10 ~8)Oto(OH)2 
(Mgo.tg5)(Mgo.29Al~.52Fe 3+oa2)(Si3.81Alo.t9)Olo(OH)2 
(Mgo.t85)(Mgo.26All.ssFe 3+o.19)(Si3.SAlo.2)Oto(OH)2 
(Mgo.zl)(Mgo 29All 52Fe3 +0.21)(Si3.8~Alo.19)Olo(OH)2 
(Mgo 21)(Mgo 46All ~2Fe 3 ~0 14)(Si3.68Alo.32)Om(OH)2 
(Mgo ~7)(Mgo z4Al~.ssFe3+o z)(Si3 93Alo.ov)Om(OH)2 
(Ko 46)(Mgo.305A1 t.s75Fe3 * 0 t4)( Si~.v~Alo.215)Ore(OH )~ 

Nontronite, Saponite, Beidellite, Vermiculite,  and Glauconite 

Palabora Vermiculite t~ H 
Libby Vermiculite t~ I I 
Nontron. Nile Calrd.  t~ t2 
Nontron. Lake Chad m 
Beidellite l~ 
SaponitetO. z3 
Glauconite m 

Exchanged Montmorillonlte 

Li-Camp Berteaux 2 
Na-Camp Berteaux 2 
K-Camp Berteaux z 
M g - C a m p  Berteaux 2 
Ca -Camp Berteaux 2 
L i -Wyoming  z 
Na-Wyoming  2 
K-Wyoming  2 
Li -Chambers  2 
Na-Chambers  2 
K-Chambers  2 
Ca-Chambers  z 
Na-Bayard 2 

Idealized Clay  

Na-Montmori l loni te  v* 
K-Montmori l loni te  TM 

Mg-Montmori l loni te  ~4 
Ca-Montmori l loni te  ~ 
Na-Beidelli te t4 
K-Beidellite t4 
Mg-Beidell i te  TM 

Ca-Beidell i te ~4 
K-Saponite 14 
Na-Saponite  ~4 
Mg-Saponi te  ~4 
Ca-Saponite  ~'~ 
K-Nontroni te  ~4 
Na-Nontronite t4 
Mg-Nontroni te  ~4 
Ca-Nontronite  t 4 
Smectite low Fe/iVlg t4 
Smectite high Fe/Mg ~4 

Idealized Montmorilionites 

Mg-Montmorillonite~S 
Fe+3-Montmorillonite ~s 
Fe § ~s 
A1-Montmorillonite~5 

(Mgo.3 l)(Mg2.69Fe2 + 0.075Fe3 + 0.235)(5i3. L45AIo 855)O10(OH)2 
(Mgo.zts)(Mgz.61Fe2+ 0.015Alo.08Fe3 +0.295)(Si3 19A10.8 0Oto(OH)2 
(Mgo.t 35)(Mgo.3asAlo 07Fe 3+ 1 720)(Si3 73Alo.27)Olo(OH)2 
(Cao 220)(Mgo 21Fe 3+ t.77)(5i3 83A10 17)O10(OH)2 
(Cao.~ 33)(Mgo.e~,Al 1 327Fe3 +0 50)(5i3 733A10 267)O re(OH )2 
(Nao ~9)(Mgt.gAlo.~rFe3+o 51)(Si4 o)Olo(OH)2 
(Ko.a)(Mgo 3All.20Fe3+o 45)(Si3.65A10.35)O re(OH)2 

(Lio.335)(Mgo.32Fe 2~ o.m 5Al 1 46Fe3 + 0.205) (Si4.0)O Io(OH)2 
(Nao 335)(Mgo.32Fe2 ~ o.m 5All 46Fe3 +0.205)(5i4.0)O m(OH)2 
(No 335)(Mgo.32Fe 2 %msAl~ 46Fe3+o.~,os)(Si<o)O re(OH)2 
(Mgo.t~,a)(Mgo.3zFe> 0 oisAtl .~Fe 3.0 20~;)(Si4 o)Oto(OH)2 
(Cao 16a)(Mgo.3zFe2+o olsAl146Fe3 +0 205)(Si4.0)O10(OH)2 
(Lio.39)(Mgo.275All.525Fe 3 ~0.21)(Si3.855Alo.t45)O re(OH)2 
(Nao.39)(Mgo.275Alt.525Fe3 +0.21)(Si3.855A10. t45)O io(OH)2 
(Ko.39)(Mgo.z75All 525Fe3 § )(5i3.855A10.145)O io(OH)2 
(Lio.46)(Mgo 535Fe2+0 o08A11.33Fe3 +0.215)(Si3.82A10 18)O10(OH)2 
(Nao 46)(Mgo.s35Fe2 ~ o.oosAll 33Fe3+o.2ts)(Si3.82Alo 18)O10(OH)2 
(Ko.46)(Mgo.535Fee+o.oosAl~.33Fe3+o.zjs)(Si3.82Alo 18)Ore(OH)2 
(Cao 23)(Mgo.535Fe 2 "o.oosAl 1 33Fe-~+o.215)(Si3.82Alo ts)Oto(OH)2 
(Nao.~2)(Mgo.3A1L 57Fe 3 +0.076)(Si4.0)O10(OH)2 

(Nao 33)(Mgo.33Al 167)(Si4.0)O10(OI-[)2 
(Ko.33)(M go 33A11.67)(8i4.0)O re(OH)2 
(Mgo J65)(Mgo 33All.67)(Sin.o)Olo(OH)2 
(Cao.t65)(Mgo.~3All.rv)(Si4.0)Oio(OH)2 
(Nao 33)( A12.0)( Si,, o)Olo(OH)2 
(Ko.33)(A12.0)(Si3.67Alo.33)Oto(OH)2 
(Mgo.~65) (m12.0)(Si3.67Alo 33)O10(OH)2 
(Cao 165)(A12.0)(5i3 67Alo.33)Olo(OH)2 
(Ko.33)(Mg3.0)(Si3.67Alo.33)O lo(OH)2 
(Nao 33)(Mg3.0)(Si3 67A10 33)O10(OH)2 
(Mg0.165)(Mg3 o) (Si3.67A10.33)O io(OH)2 
(Cao. t65)(Mg3 o)(Si3.67Alo.33 )O to(OH)2 
(Ko.33)(Fe 3+ 2.0)(5i3.67A10.33)O io(OH)z 
(Nao.33)(Fe3 + 2 0)( Si3.67A10.33)O to(OH)2 
(Mgo.165)(Fe3 +2 o)(Si3 67Alo.33)Olo(OH)2 
(Cao.165)(fe3 + 2 o)(Si3.67Alo.33)Olo(OH)2 
(Ko.zNao.lCao.02)(Mgo.gFe2+o 29A1 l.mvFe3 +o.16)(Si3 75A10.25)O io(OH)2 
(Ka.2Nao iCao.o25)(Mg I jsFe2+o.sAlo.75Fe3+ o 2)(Si3 sAlo 5)Oto(OH)2 

(Ko.3)(Mgo.3AI 1.7)(5i4)O re(Off)2 
(Ko.3)(AII.sFe 3 +0.4)(Si4)O10(OH)2 
(Ko 3)(Fe 2 +0.3All v)(Si4)O lo(OH)2 
(Ko.3)(All.9)(Si4)Olo(OH)2 
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Table 5. Extended. 

AG~ calc. AG~ predict. Error 
Log K k J/mole kJ/mole (%) 

6.70 -5227.63 -5241.15 -0 .26 
9.22 -5250.70 -5273.05 -0.43 
7.26 -5218.08 -5227.64 -0.18 
7.30 -5202.88 -5215.35 -0.24 
1.62 -5212.48 -5197.91 0.28 
0.28 -5223.34 -5209.24 0.27 
2.75 -5220.50 -5210.08 0.20 
2.11 -5259.70 -5246.49 0.25 
3.24 -5265.17 -5258.15 0.13 
2.7 -5262.98 -5251.85 0.21 
6.6 -5333.47 -5327.54 0.11 
3.5 -5216.59 -5219.44 -0.05 
4.22 -5324.61 -5312.90 0.22 

38.49 -5545.18 -5573.79 -0.52 
31.65 -5534.68 -5542.26 -0.14 
-6 .16 -4618.66 -4630.42 -0.25 
-8 .44 -4598.17 -4599.44 -0.03 

3.32 -5144.51 -5150.17 -0.11 
14.73 -5196.94 -5206.83 -0.19 
0.82 -5277.31 -5242.81 0,65 

1.82 -5231.89 -5221.80 0.19 
1.79 -5221.79 -5211.96 0.19 
1.58 -5229.85 -5220.64 0.18 
1.78 -5210.13 -5203.33 0.13 
1.85 -5226.57 -5216.90 0.19 
3.03 -5269.69 -5259.76 0.19 
3.02 -5257.80 -5248.08 0.18 
2.93 -5266.32 -5258.00 0.16 
5.12 -5306.47 -5293.26 0.25 
5.09 -5292.51 -5279.42 0.25 
4.85 -5303.37 -5291.06 0.23 
5.17 -5298.72 -5286.24 0.24 
1 . 5 1  -5297.73 -5276,44 0.40 

liken (1934). The relat ionship be tween  the parameter  
AcO-  Mz+(aq) with the d i f ference  of  e lectronegat ivi ty  
be tween  cation and oxygen  (Figure 1) shows  the de- 
pendence  of  a cation with the oxygen  affinity. The 
parameter  AGO = Mz+(aq) is also related to the enthalpy 
of  dissolut ion of  the cor responding  oxide according to 
the relation: MOx(c) + 2xH+(aq) ~ M~+(aq) + HzO(1). 
W h e n  two cations have the same oxygen  affinity, the 
Gibbs free energy o f  format ion o f  a c o m p o u n d  f rom 
the two oxides  must  be equal to or near zero. The 
lowest  Gibbs  free energies  o f  format ion f rom oxides  
are obtained for the electroposi t ive cations,  which  
show a A~O = M~+(aq) value very  different  f rom AcO = 
Si4+(aq). Compared  to their  const i tuent  oxides,  the cor- 
responding compounds  are the mos t  stable. 

Equat ion (7), as appl ied to numerous  minerals ,  
yields a statistical deviat ion of  35 10/mole (per one 
a tom Mi) and depends  on the family o f  compounds  
considered.  These  observed  deviat ions are related to 
the parameter  A~O = M~+(aq), which  character izes  a 
cat ion in the aqueous state and not in a crystal l ine 
environment .  

To make the technique more  general  and to increase 
its accuracy, Vieil lard (1982, 1994a, 1994b) and Vieil- 
lard and Tardy (1988a) proposed  a me thod  to predict  
enthalpy of  formation,  AH~ (instead o f  AG~) o f  min-  
erals based  on their  crystal  structures by introducing 
a new empirical  parameter,  A , O  = MZ+(comp). This pa- 
rameter  represents  the electronegat ivi ty of  the cation 
M ~§ and is def ined as: 

AH O= Mz+(comp) = AHO = Mz+(ox) + BAHO" M ~+ (9) 

where  AHO- M~+(ox) refers to cat ion M z+ in the MOx 
crystal l ine oxide envi ronment  and is equivalent  to: 

AHO = M~+(ox) 

3.06 -5315.49 -5302.64 0.24 
2.72 -5324.19 -5311.19 0.24 
2.98 -5304.43 -5294.14 0.19 
3.06 -5320.23 -5307.16 0.25 
6.38 -5350.05 -5352.46 -0.04 
6.05 -5358.73 -5360.65 -0.04 
6.30 -5338.98 -5344.80 -0.11 
6.32 -5355.18 -5357.66 -0.05 

26.55 -5628.42 -5594.99 0.59 
26.88 -5619.75 -5586.80 0.59 
26.80 -5608.68 -5579.13 0.53 
28.82 -5613.46 -5592.00 0.38 

-11.80 -4517.94 -4516.52 0.03 
-11.47 -4509.27 -4508.33 0.02 
-11.55 -4498.19 -4500.67 -0.05 
-11.53 -4514.39 -4513.53 0.02 

9.55 -5286.92 -5276.70 0.19 
16.29 -5286.49 -5286.21 0.01 

4.20 -5308.3 -5305.85 0.05 
-1.29 -5112.4 -5t10.55 0.04 

3.23 -5204.8 -5204.02 0.02 
1.94 -5282.5 -5279.08 0.06 

= l/x[AH~MOx(c) - AH~'M~§ (10) 

where  AH7 M~+(ox) is the enthalpy o f  format ion o f  
M z+ in the cor responding  pure crystal  oxide and is an 
unknown.  The parameter  AHO = Mz§ character izes  
the electronegat ivi ty of  the cat ion in the oxide  crys-  
talline environment .  Although,  AHO = MZ+(ox) is not  
known,  it may  be evaluated for  each cation. The sec- 
ond term, ~AHO = M z+, o f  Equat ion (9), represent ing 
the d i f ference  be tween  AHO = MZ+(comp) and AHO = 
Mz+(ox), is a correct ion term that is a funct ion o f  the 
modif icat ion in the crystal  envi ronment  during the 
t ransfer  f rom an oxide  M2/zO to a compound.  The cor- 
rection, ~AHO = M z+, for  cation M Z+ appears  to be re- 
lated to several  parameters  (i.e., shortest  bond  length 
of  a cation to an oxygen  atom, polarizabili t ies,  Ma-  
delung constant ,  repuls ion constant)  (Vieillard, 1982, 
1994a; Vieillard and Tardy, 1988a). 

Subsequently,  Vieillard and Tardy (1988b, 1989) 
showed  that the parameter  AHO = Mz+(comp) is a par- 
abolic funct ion o f  XM, the electronegat ivi ty o f  the cat- 
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Table 5. Continued. 

Clays and Clay Minerals 

Min e ra l  Formula  

Natura l  l l l i tes  

Beavers Bend I t 
Beavers Bend I116 
Fithian 116 
Fithian IP 
Goose lake ~6 
Marble Head ~7 
Grundite ~7 
Rock Island 17 

Ideal ized Illites 

Illite IS 8 
Illite ISII s 
End member illite s 
Illite K 0.81 Is 
Illite K 0.8119 
Illite K 0.3419 

(Ko.6Nao.oa)(Mgo.16All.433Fe3+o42)(Si348Alo.52)Oto(OH)2 
(Ko.53)(Mgo. t3All.663 Fe3 +0.2)(8i3.62A1038)O Io(OH)2 
(Ko.64)(Mgo.18All.saFe 3 +o.29)(Si3.51Alo.49)Olo(OH)2 
(Ko.s9Nao.o2Cao.ol)(Mgo.23All.54Fe3+o,29)(Si3.aTAlo.53)Olo(On)2 
(Ko 59)(Mgo.15A1 LssFe3 +o.24)(Si3.65A1o.35)O lo(OH)2 
(Ko.69Nao.oaCao.os)(Mgo.33Fe2+o.o7All.56Fe3+o.o4)(Si3.ssA1o.42)Olo(OH)2 
(Ko.s6Nao.o4)(Mgo.24Al 15oFe 3 § lo(OH)2 
(Ko.59Nao.o3Cao.o3)(igo 26Fe2+o.osmlL62Fe3+o.o7)(Si3.svAlo.43)Olo(OH)2 

(Ko.5)(Mgo.22AlI.vs)(Si3.72Alo.28)OIo(OH)2 
(Ko.69)(Mgo.16Al 1.84)(Si3.47A1053)O10(OH)2 
(Ko.ss)(Mgo.12A1Lss)(Si3.27Alo.73)O lo(OH)2 
(Ko.slAl2.0)(Si3.19Alo.8t)Oto(OH)2 
(Ko.81Alzo)(Si3.19Alo.sl)Oio(OH)z 
(Ko.34A12.o)(Si3.66Alo.34)Olo(OH)2 

Huang and Keller (1973). 
2 Mattigod and Sposito (1978). 
3 Misra and Upchurch (1976). 
4 Carson et al. (1976). 
s Kittrick (1971a). 
6 Weaver et al. (1971). 
7 Weaver et al. (1976). 

s Aja (1995). 
9 Peryea and Kittrick (1986). 
~o Tardy and Fritz (1981). 
H Kittrick (1973). 
12 Tardy et al. (1974b). 
L3 Tardy et al. (1974a). 
~4 Wolery and Daveler (1992). 

15 Chermak and Rimstidt (1989). 
16 Rouston and Kittrick (1971). 
t7 Reesman (1974). 
Ls Mattigod and Kittrick (1979). 
t9 Rosenberg and Kittrick (1990). 

ion M z+ (Pauling, 1960) in the considered crystal  
structure. For  two cations MzJ § and M~ +, the difference 
be tween  the two AHO = parameters is equal to the dif- 
ference of  the two electronegativiries:  

[AHO = Mz~+(comp) - AHO= M~J§ 

= 96.483(XM~- • 2. (11) 

This method was used to predict  the enthalpy o f  for- 
marion of  talc, annite, pyrophylli te,  paragonite,  and 
muscovi te  for which crystal-structure data are avail- 
able (Vieillard, 1994a, 1994b). In hydrated clay min- 
erals, particles are poorly crystal l ized and crystal 
structures are not  known precisely. Thus, a new meth- 
od of  predict ion of  Gibbs free energies is proposed. 
The method  is based on the enthalpy of  formation by 
considering a new scale for AcO = of  the cation in clay 
minerals.  

M E T H O D O L O G Y  

Gibbs free  energies o f  format ion f r o m  constituent 
oxides, AG~ 

Consider  a hydrated clay mineral  whose  chemical  
formula is expressed as following: (Mj~, M12, Ml3)(Mgo,, 

2+ Alo3 ' Fe3o:)(Si~4_t)Alt)O10(OH)2 where subscripts Feo~, 
1, o, and t denote,  respectively,  the interlayer, octahe- 
dral, and tetrahedral sites and where the numerals  rep- 
resent s toichiometric  amounts  of  cation Mi having a 
charge z~. Interlayer sites may  be occupied by hydrated 
cations, such as Li § Na § K § Mg  2+, and Ca 2§ al- 
though the hydration number  is not  involved  in the 

calculation. Octahedral  sites are occupied by several 
cations such as Li +, Mg  2+, Fez+, Mn 2+, Ni 2+, Zn 2§ 
A13+, and Fe 3+, and the tetrahedral site contains Si and 
A1. The Gibbs free energy of  formation of  a hydrated 
clay mineral,  AG7 (Hydrated Clay Mineral)  is a sum- 
mation of  Gibbs free energies of  formation of  the dif- 
ferent constituent oxides and a second term, AG~ des- 
ignating Gibbs free energies of  formation f rom con- 
stituent oxides: 

AG~(Hydrated Clay Mineral)  

i - n  s 

= ~ (ni)AG~(MiOx) + AG~ (12) 
i -1  

where the Gibbs free energies of  formation of  oxides 
are given in Table 1. 

The Gibbs free energy of  formation f rom the oxides, 
AG~ is calculated by the fol lowing equation, which is 
analogous to those of  the enthalpy of  formation g iven  
by Vieillard (1994a): 

i = n ~ - I  j=n~ 

AG~ = - 1 2 {  ~ j=i+lE XiXj[AG O= Mz'+(clay) 

- A~O = M~J+(clay)]} 

(13) 

where Xi and Xj are the molar  fraction of  oxygen  re- 
lated to the cations M~ ~+ and M~ + in the individual  
oxides MiO., and MjOxj, respectively:  
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Table 5. Continued Extended. 

AG~ calc. AG~ predict. Error 
Log K kJ/mole kJ/mole (%) 

12.58 -5235.78 -5268.00 -0.62 
6.44 -5317.49 -5317.04 0.01 
7.46 -5320.93 -5318.52 0.05 
3 . 1 3  -5370.13 -5344.33 0.48 
5.80 -5303.36 -5300.13 0.06 

-5417.56 
-5339.99 
-5386.79 

4.36 -5402.52 -5383.21 0.31 
12.04 -5446.53 -5452.32 -0.11 
16.04 -5495.96 -5507.60 -0.21 
16.80 -5494.65 -5511.74 -0.31 
17.24 -5492.15 -5511.74 -0.36 
3.70 -5376.26 -5363.88 0.23 

Xi = (l/12)(nixi) (14) 

Xj = (1/12)(njxj). (15) 

The total number of  oxygen atoms of the compound 
must equal 12: 

i-n s 

X n i x i  = 12. ( 1 6 )  
i=l 

[AGO = Mf~+(clay) - A c t  = M~J+(clay)] 

= 96.483(XM~- XM) 2. (17) 

For example, if a poorly crystallized muscovite-like 
clay, KA12(Si3A1)Ox0(OH)2, is chosen, five sites are 
defined as follows: K in the interlayer site, A1 in oc- 
tahedral coordination, the tetrahedral polyhedron 
which is occupied by A13+ and Si 4+, and a hydrogen 
site of  the hydroxyl (OH). If we consider this com- 
pound as a sum of  oxides: KA12(Si3A1)Ot0(OH) 2 --> 
0.5K20 + AlzO3(o) + 3SIO2+ 0.5A1203(t) + H20 with 
the molar fraction of oxygen bound to the following 
oxides K20, A1203 (octahedral coordination), Si t2,  
A1203 (tetrahedral coordination), and H20 being, re- 
spectively, 0.5/12, 3/12, 6/12, 1.5/12, and 1/12; the 
calculated equation of  AG~ is given in Table 2. 

The equation for the Gibbs free energies of forma- 
tion from constituent oxides is comprised of the sum- 
mation of  different interaction terms between any two 
different cations located within and between different 
sites (interlayer, octahedral, tetrahedral, and hydro- 
gen), so that the total number of  interaction terms is 
calculated from the number of  cations n~, located in 
different sites of the clay mineral by the following 
expression: 

Bulk number of interaction terms 

= ns (n~  - 1 ) / 2 .  ( 1 8 )  

The parameters A~O = M~,+(clay) and AoO = M~ + 
(clay) characterize the electronegativity of cations 
M z~+ and M~i +, respectively, in a specific site. These 
terms are initially dependent on structural parameters 
such as bond length, average bond length, and polar- 
izability (Vieillard, 1982, 1994a) and they are assumed 
to be constant here. 

In smectites, such as Mg-rich smectite from Belle 
Fourche or Mg-rich smectite from Aberdeen (Kittrick, 
1971a), the Mg 2+ ion is located in two sites: interlayer 
or hydrated sites (index 1) and octahedral sites (index 
o), which have different structural surroundings. This 
implies that terms, such as AGO = MgZ+(1) and A~O- 
Mg2+(o), are characteristic of the electronegativity of  
the Mg 2+ ion in the two sites, respectively, and these 
terms are not equal. Similarly, octahedral aluminum 
AGO: A13+(o), tetrahedral aluminum AG ~ AP+(t), and 
interlayer aluminum AGO = A13§ are unequal in A1- 
exchanged montmorillonite (Kittrick, 1971b, 1971c). 

In the general equation, the interaction energy is 
defined by the difference of  A~O ~ M~,+(clay) AGO- 
M~J+(clay), and this term characterizes short-range and 
long-range interactions between the different sites. The 
interaction energy is positive and can be assumed to 
be equal: 

For the muscovite-like compound, the total number of  
cations located in different sites is five [K § A13+(o), 
Si 4§ A13§ and H § which gives ten unique inter- 
action terms in the equation of  AG~x. 

Short-range interactions 

Vieillard (1994a) applied the principles of  Pauling 
(1960) regarding the predominance of nearest-neigh- 
bor interactions (short-range interactions) observed in 
a crystal structure in the calculation of enthalpy of  
formation. Thus, for the muscovite-like compound, 
there is neither a common oxygen atom between sili- 
con and hydrogen, nor common oxygen atoms be- 
tween tetrahedral aluminum and hydrogen, between 
potassium and hydrogen, or between potassium and 
octahedral aluminum atoms. The presence of a non- 
bridging oxygen between any two adjacent polybedra 
in any mineral implies that long-range interaction en- 
ergy terms between the two sites are not required, and 
consequently: 

[AGO = M[~§ - AoO = M~J+(clay)] = 0. (19) 

For the muscovite-like example, the following four in- 
teraction terms: 
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Figure 2. Plots of the percentage errors for determinations from different methods of prediction of Gibbs free energies of 
formation against the percentage errors for values from the model presented here. The horizontal and vertical dashed lines 
represent a -+0.25% error in each model using: a) Method of Tardy and Duplay (1992); b) Method of Nriagu (1975); c) 
Method of Mattigod and Sposito (1978); d) Method of Cherrnak and Rimstidt (1989). (> smectites from well-known localities 
[e.g., Clay Spur, Cheto (Huang and Keller, 1973); Beidellite (Misra and Upchurch, 1976); Belle Fourche, Aberdeen (Kittrick, 
1971a; Peryea and Kittrick, 1986); Colony, Castle Rock, Upton (Weaver et al., 1976)]; �9 saponite and vermiculite (Tardy 
and Fritz, 1981); O nontronite (Tardy and Fritz, 1981); • beidellite and glauconite (Tardy and Fritz, 1981); �9 exchanged 
montmorillonites (Mattigod and Sposito, 1978); + idealized clay (Wolery and Daveler, 1992); �9 smectites (Wolery and 
Daveler, 1992); i idealized montmorillonites (Chermak and Rimstidt, 1989); [ ]  natural illites; & idealized illites. 
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Table 6. Values of A~O M~+(1) for Cs +, Rb +, Ba 2+, Sr ~+, 
and H § in the interlayer site obtained by minimization. 

A~;O- M ' - ( c l a y )  AoO- M ' * ( c l a y )  
lons  (M /mole )  Ions (k J /mole)  

Cs+(1) 565,9 Ba2+(1) 157,6 
Rb+(1) 528.1 Sr~+(1) 123.4 

H*(I) - 154.2 

[AoO = K+(1) - AoO-  AP+(o)]  

= [AaO- K+(I) - A~O = H+(clay)] 

= [AaO = Si4+(clay) - A~O = H+(clay)] 

= [kaO = AP+(t)  - AaO ~ H+(clay)] = 0 (20) 

600 I'-I Cs § A R b  § 171 
X K* ~ Na § , , ~  

~ L i *  + Ba ~§ 

�9 Ca ~+ <> M g  2+ . /  
200 4~ H + �9 Sr ~+ / / r ~ t e r h , , e r  site + 

- 2 0 0  ' ~ ' ~ ' ~ ~ ' ' ~ ' 

-250 -150 -50 50 150 250 
AoO'ion (aq) 0d/mole) 

Figure 3. Relationship between A~O = M ~* (clay) and AaO = 
M ~+ (aq) for interlayer cations. 

go to zero in the general  express ion  o f  AG~, (Table 3). 
This equat ion al lows an evaluat ion of  the Gibbs free 
energies  of  format ion  f rom the const i tuent  oxides  of  
KA12(Si~A1)OI0(OH)~. The equat ion contains one in- 
trasite interaction te rm (energy be tween  silicon and 
a luminum within  the tetrahedral  sites) and five inter- 
site interaction terms [energies be tween  K+(1) and 
AP+(t),  K+(1) and SP+(clay),  AP+(o) and Si4+(t), 
AP+(o)  and AP+(t),  AP+(o)  and H+(clay)]. Generally,  
as natural clay minerals  often show i somorphous  sub- 
stitution, the equat ion o f  the Gibbs free energies  of  
format ion f rom oxides  may have several  interaction 
terms be tween  any two cations, The number  of  inter- 
site and intrasite interaction terms can be de termined 
from: 

N u mb er  of  intrasite interaction terms 

= nl(n~ - 1)/2 + no(no - 1)/2 + nt(nt - 1)/2 (21) 

Number  of  intersite interaction terms 

= n~n~ + non~ + no (22) 

where  n~, no, and nt are the number  of  different  cations 
occupying interlayer, octahedral ,  and tetrahedral  sites, 
respectively,  The addit ion of  Equations (21) and (22) 
gives the total number  of  interaction terms involved in 
the calculation of  Gibbs free energies  f rom const i tuent  
oxides  of  any known  chemical  compos i t ion  of  a clay 
mineral .  This  number  is a lways lower  than the bulk- 
number  interaction terms defined in Equat ion (18). For  
the muscovi te- l ike  compound ,  n~ = 1, no = 1, and n t 

Table 7. Chemical composition, experimental or calculated solubility products, calculated and predicted Gibbs free energies 
of formation of proton, alkaline, and earth-alkaline exchanged clay minerals. 

AG~ AG~ 
calc.  predict .  Er ro r  

Sample  Fo rmu la  L o g  K (kJ /mol)  (kJ /mol)  (%)  

H-exch. Camp Berteaux 1 (Ho.335)(Mgo32Fee+o.msAll.46Fe3+o2os)(Si4.o)Olo(OH)2 1.70 -5134.56 -5138.77 -0.08 
Rb-exch. Camp Berteaux 2 (Rb0.335)(Mgo.32FeZ+0015All.46Fe3+0.205)(Si4.0)O10(OH)z 1.31 -5231.92 -5228.38 0.07 
Cs-exch. Camp Berteaux z (Cso335)(Mgo32FeZ+o.ox~All.46Fe3+o,2os)(Sia.o)Oio(OH)2 1.18 -5235.18 -5233.99 0.02 
Rb-exch. Wyoming 2 Rbo.~9(Mgo.275Ali.~25Fe3+o.21)(Si3.85sAlo.14~)Ow(OH)2 2.84 -5267.47 -5267.74 -0.01 
Cs-exch. Wyoming 2 Cso.39(Mgo27,~Alt.525Fe~'+o21)(Si3.sssAlo.~45)Om(OH)2 2.71 -5271.10 -5274.27 -0 .06 
Rb-exch. Chambers 2 Rb0.46(Mg0535Fe2+o.0osAll.33Fe3+oats)(Si3.szA1o, ts)O10(OH)2 4.64 -5305.28 -5302.76 0.05 
Cs-exch. Chambers 2 Cso.46(Mg0.53~Fe2+0.00sAll.3~Fe3+0als)(Si3.s2A10.1s)Oto(OH) 2 4.46 -5309.74 -5310.47 -0.01 
Ba-exch. Chambers 2 Bao23(Mgo.53~Fe2~0.0osAlt.~3Fe3+0als)(Si3.82A10ts)Olo(OH) 2 4.93 -5301.97 -5296.01 0.11 
Sr-exch. Chambers 2 Sro23(Mg0.535Fe2%.0oBAlt33Fe3+0.zls)(Si3.s2A10.18)O10(OH)2 5.64 -5298.62 -5300.10 -0.03 
Cs-exch. Bayard 2 Cs0.462(Mg0.3All.57Fe3+o.076)(Si4.0)Om(OH)2 0.74 -5315.80 -5306.82 0.17 
Sr-exch. Bayard 2 Sro.23t(Mg0.3All.57Fe3+o.076)(Si4.0)Om(OH)2 1.62 -5306.34 -5296.96 0.18 
H-exch. Beidellite 3 (H0.33)(A12)(Si3,67A1o33)Oto(OH)2 2.64 -5284.95 -5281.32 0.07 
Cs-exch. Beidellite 3 (Cs033)(m12)(Si3.67Alo33)Oto(On)2 3.16 -5378.16 -5375.21 0.05 
H-exch. Saponite 3 (H0.33)(Mg3)(Si3.67Alo.33)Om(OH)2 25.85 -5539.21 -5515.66 0.42 
Cs-exch. Saponite 3 (Cs0.33)(Mg3)(Si3.67A1033)Oio(OH)2 25.57 -5636.99 -5609.55 0.49 
H-exch. Nontronite 3 (H0.33)(Fe3+2)(Si3.67AI0.33)OI0(OH)2 - 12.82 -4430.55 -4437.19 -0.15 
Cs-exch. Nontronite 3 (Cs0.33)(MgZ+o.33Fe3+l.67)(SiDOm(OH)z 5.80 -4522.47 -4619.59 -2.15 

Benson (1982); Bruggenwert and Kamphorst (1979). 
2 Mattigod and Sposito (1978). 
3 Wolery and Daveler (1992). 
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Table 8. Values of AaO = Mz+(l) of different ions in the in- -100 
terlayer site as determined from Equation (23). 

Ar ~ M~+(clay) A(;O- M '§  ~ "  
Ions (k J /mole )  Ions (k J /mo le )  . ~  

(NH,)+(1) -28 .4  Cd2+(1) - 102.6 ~,~ 
Mn 2+ (1) - 8 8.0 Zn 2 § (1) - 121.0 
Cu2+(1) -- 136.7 A13+(1) - 143.3 -~ -150 
Co2§ - 110.0 La3+(1) -65 .6  .~ 
NiZ+(1) - 114.8 

.4 

= 2, there  are six in terac t ion  te rms  in the  G ibbs  free 
energy  o f  fo rma t ion  f rom cons t i tuent  oxides  (Table 3). 

R E S U L T S  

Thermodynamic set o f  data o f  clay minerals 
N u m e r o u s  data  for  the Gibbs  free energies  of  for- 

ma t ion  o f  clay minera l s  are compi led  e l sewhere  (Mat-  
t igod and  Sposito,  1978; C h e r m a k  and  Rimst idt ,  1989; 
Tardy and  Fritz,  1981; Wolery,  1978) and  m u c h  of  the 
data  are uncons is ten t .  To prov ide  an  in ternal ly  consis-  
tent  set  o f  data, G ibbs  free energies  for  each  clay min-  
eral are ca lcula ted  f rom an  exper imenta l  solubi l i ty  
p roduc t  wi th  the use  of  a set  of  t h e r m o d y n a m i c  data  
o f  ions  (Table 1). G ibbs  free energies  o f  44 hydra ted  
e n d - m e m b e r  c lay minera l s  f rom Tardy and  Duplay  
(1992)  are reca lcula ted  f rom the es t imated  solubi l i ty  
produc ts  wi th  AG~ of  ions  (Table 1). These  values  are 
used  here  to de te rmine  the impor t ance  o f  the hydra t ion  
of  in ter layer  ca t ions  in d i f ferent  clay minerals .  

Minimization 
Paramete r  AGO = M '-~ of  12 cat ions  charac te r iz ing  

the  occur rence  in di f ferent  sites were  de t e rmined  by  
m i n i m i z a t i o n  of  the d i f ference  be tween  calcula ted 
G i b b s  free energies  of  fo rmat ion  f rom oxides  and  
those  c o m p u t e d  by  the genera l  Equa t ion  (13). These  

-200 

-250 

Figure 4. 

I n t e r l a y e ~  Mg2+ .... 

/ Fe ~+ ...-" ~.... . - ' � 9  Oetahedral site 
j W 

Tetrahedral site 
/ 

)nAt(0 
i , i i L i i i i I i J i i 

- 2 0 0  - 1 5 0  - 1 0 0  
~O" ion (aq) (k J/mole) 

Relationship between AGO = M ~+ (clay) and AcO ~ 
M ~+ (aq) for octahedral and tetrahedral cations. 

e lements  inc luded  Li  § Na  +, K +, Ca  2+, and  M g  2+ in the 
in ter layer  or hydra ted  site, M g  2+, Fe 2§ A13+, and  Fe  3+ 
in oc tahedra l  sites, Si n+ and  A13§ in te t rahedral  sites, 
and H § in the hydroxyl .  Cons t ra in ts  o f  m in imiza t i on  
invo lve  shor t - range  in teract ions  and  pos i t ive-va lue  
te rms  of  in terac t ion energies  be tween  two di f ferent  
cat ions  in accordance  wi th  Equa t ion  (17). 

The  min imiza t ion  is op t imized  by  fixing AG~ H 2 0  
at - 2 2 0 . 0  kJ /mole ,  wh ich  is a va lue  sl ightly d i f ferent  
f rom that  of  ice II, AG~ = - 2 3 5 . 5 6  kJ /mole  (Mercury  
et al., 2000).  This  var ia t ion  is based  on  the d i f ferences  
be tween  the  p ro ton  of  the hydroxy l  groups  in the 2:1 
layer  vs. the p ro ton  o f  ice. By  a s suming  that  AG~H+(c) 
= 0; AGO = H+(clay)  is equal  to - 2 2 0 . 0  kJ /mole ,  wh ich  
represents  the re ference  va lue  for  AGO- M~+(clay) for  
d i f ferent  ca t ions  located  in d i f ferent  sites of  a clay 
mineral .  These  values  ob ta ined  by  min imiza t i on  are 
g iven  in Table 4 and  they cont r ibute  to the  de termi-  
na t ion  of  G ibbs  free energy  of  fo rmat ion  f rom con-  

Table 9. Chemical composition, experimental or calculated solubility products, calculated and predicted Gibbs free energies 
of formation of some transition elements and Al-exchanged clay minerals. 

AG~ AG~ 
calc.  predict .  Er ro r  

S amp le  Formula  L o g  K (kJ/mol)  (kJ /mol)  (%)  

NH4-exch. Camp Berteaux I (NHa)o.335(Mgo.32Fe2+o.olsAlt.46Fe3+o.zos)(Si4.o)Olo(OH)2 1.49 -5162.36 -5149.96 0.24 
Mn-exch. Camp Berteaux I (Mn0.168)(Mg0.32Fe2+0.015Alt.46Fe3+0.205)(Si4.0)Olo(OH)2 1.77 -5172.37 -5170.10 0.04 
Cu-exch. Camp Berteaux I (Cuo.t68)(Mg0.32Fe2+o.015Alt.46Fe3+0.205)(Si4.o)O10(OH)2 1.74 -5123.43 -5125.37 -0 .04  
Co-exch. Camp Berteaux I (COoJ68)(Mg0.32FeZ+o.015Alt.a6Fe3+0205)(Si4.o)Ot0(on)~ 1.73 -5143.49 -5142.73 0.01 
Ni-exch. Camp Berteaux I (Ni016s)(Mg032Fe2+0.olsAl146Fe3+0.zos)(Si40)O10(OH)2 1.74 -5141.97 -5141.69 0.01 
Cd-Exch. Camp Berteaux ~ (Cdoa6s)(Mgo32Fe2+0o~sAll.46Fe3+o.2os)(Si40)O~0(OH)2 1.75 -5147.26 -5146.00 0.02 
Zn-exch. Camp Berteaux I (Zn0.t68)(Mgo.32Fe2+0msmlL46Fe3+0.2os)(Si4.0)Olo(OH)2 1.74 -5159.01 -5159.30 -0.01 
Al-exch. Aberdeen 2 Alo.13a(Mgo.~sAll.29Feo.33~3+)(Si3.s2A10Js)O~0(OH)2 1.35 -5201.73 -5195.46 0.12 
Al-exch. Belle Fourche 3 Alo.oss(Mgo.29A1LslsFeoee53+)(Si3.93sAloo65)Olo(OH)2 -1 .06  -5213.89 -5199.86 0.27 
Le County N~ 4 (Alo.lzMgo.o45)(Mgo.nsA1L155Feo.4353+)(Si3.szsAloa75)Olo(OH)2 4.24 -5147.78 -5159.10 -0 .22  
Le County N~ (Alo.ogMgoaos)(Mgo.41A1L38Feo.2t53+)(Si3.915Alo.oss)Oio(OH)z 7.70 -5203.46 -5227.48 -0 .46  
Clarke County N~ a (Alo.lzMgo.os)(Mgo.a3A1HsFeo.4253+)(Si3.935Alo.o65)O1o(OH)2 1.14 -5132.24 -5132.33 0.00 

t Benson (1982); Bruggenwert and Kamphorst (1979). 
: Kittrick (1971b). 
3 Kittrick (1971a). 
4 Karathanasis and Hajek (1983). 
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Table 10. Values of AGO- M~+(o) of Li +, and transition el- 
ement ions located in the octahedral site, determined from 
Equation (24). 

AaO = M~+(aq) At)O- M~+(clay) 
Ions (kJlmole) (k J/mole) 

Li+(o) + 24.0 - 50.71 
Mn2+(o) - 134.7 - 122.9 
Zn>(o) - 173.1 - 140.3 
Ni2+(o) - 165.5 - 136.8 
Cr+3(o) - 213.5 - 15 8.6 

stituent oxides.  Consequent ly ,  the de te rmined  Gibbs  
free energies  o f  format ion of  the clay minerals  may  be 
compared  with exper imenta l  (or calculated) values 
(Table 5). 

Precision o f  the method o f  prediction 

Figure 2 compares  this me thod  with other methods  
of  predic ted values (Tardy and Duplay, 1992; Nriagu, 
1975; Mat t igod and Sposito,  1978; Chermak and Rim- 

+ Cs+ ---.--___.~= 
Rb ..... 1)lIP 

Ba 2§ J 
s~ �9 \ ~ / ~  

A~ + , \ v I ]===~ Li + 

_.,.--J, , "N e " .  co=+ , , a 
0.2 0.4 0.6 0.8 1 1.2 

(;~M ~-  ~n§ 

0.8 Mn2+ ~, L 

U ~ N i 2  + Fe" 
~ 0.4  

0.2 b 

0 ~ ' ' - '  Fe3+ ' L , , 

0 0 .2  0 .4  0 .6  0 .8  

(ZM~+- ZFe ,+) 

Figure 5. Relationship between predicted difference of elec- 
tronegativities in clay minerals and theoretical difference of 
electronegativities (Martynov and Batsanov, 1980): a) 
(XM,+m - XH~m) in interlayer site (this study, vertical axis) 
versus theoretical values of (XMz+ - • from Martynov and 
Batsanov (1980); b) (•247 -- Xr~3+(o)) in octahedral site (this 
study, vertical axis) versus (• -- • from Martynov and 
Batsanov (1980). 

Table 11. Detailed computation of AG~ of aiuminum-ex- 
changed montmorillonite from Aberdeen (Kittrick, 1971b). 

'Nature of [AcjO- Mi '§ (clay) - :Interaction 
interactions AGO = Mi'+(clay)] energy 

terms 12 X~.Xj (k J/mole) (kJ/mole) 

Within octahedral site 
Mg>(o) - AP+(o) 0.072 49.23 -3.53 
Mg2+(o) - Fe3+(o) 0.019 52.05 -0.97 
AP+(o) - Fe3+(o) 0.081 2.82 -0.23 

Within tetrahedral site 
Si4+(t) - AP+(t) 0.172 31.22 -5.37 

Between octahedral site and hydroxyl 
Mg2+(o) - H(clay) 0.037 108.0 -4.01 
A13+(o) - H(clay) 0.161 58.77 -9.48 
Fe3+(o) - H(clay) 0.042 55.95 -2.34 

Between octahedrai and tetrahedral sites 
Mg2+(o) - Si4+(t) 0.283 54.09 - 15.32 
Mg>(o) - A14+(t) 0.010 85.31 -0.85 
AP§ - Si4+(t) 1.232 4.86 -5.99 
AP+(o) - AP+(t) 0.044 36.08 - 1.57 
Fe3+(o) - Si4+(t) 0.320 2.04 -0.65 
Fe>(o) - AP+(t) 0.011 33.26 -0.38 

Between interlayer and tetrahedral sites 
AP+(1) - Si4+(t) 0.132 22.88 -3 .02 
AI>(I) - AP+(t) 0.005 54.10 -0.25 

AG~ (kJ/mole) = -53.96 

~1, o, and t denote interlayer, octahedral, and tetrahedral 
sites, respectively. 

2 Product of the two first columns, i.e., equal to -12XiXj 
( [AGO- Miz+(clay) - AGO- MF(clay)] }. 

stidt, 1989). Figure 2 shows a plot  o f  s tandard errors 
of  es t imat ion using the mode l  presented  here and the 
average error obtained for  each of  the four different  
methods  given previously.  The horizontal  and vertical 
dashed lines show the _+0.25% error for  each model .  
Data f rom ten sets o f  minerals:  smect i tes  f rom differ- 
ent wel l -known localities [e.g., Clay Spur, Cheto  
(Huang and Keller, 1973), Belle  Fourche,  Abe rdeen  
(Kittrick, 1971a), Colony,  Castle Rock,  Upton  (Weav- 
er et al., 1976)]; saponite and vermicul i te  (Tardy and 
Fritz, 1981); nontronite,  glauconite,  and beidel l i te  
(Tardy and Fritz, 1981); ca t ion-exchanged  montmor i l -  
lonite [e.g., Camp Berteaux, Chambers ,  and Bayard 
(Matt igod and Sposito,  1978)]; ideal ized clay minerals  
(Wolery and Daveler, 1992); ideal ized montmori l loni te  
(Chermak and Rimstidt ,  1989); and natural and ide- 
aiized illites are used for de termining  the accuracy of  
prediction.  

The method  of  Tardy and Duplay (1992) shows  a 
greater spread in Figure 2a than those used  here;  this 
result  is related to the lack o f  internal cons is tency  o f  
the Gibbs  free energies  and the mode l  for  ideal solid 
solution used by these authors is apparently too s im- 
ple. 

The method  o f  Nriagu (1975) (Figure 2b) gives 
modera te  predict ion errors for the entire range of  data 
(>0 .5%)  except  for ideal ized nontroni te  (Wolery and 
Daveler, 1992) where  the error is underest imated.  The 
main reason for these variations is related to the un- 

https://doi.org/10.1346/CCMN.2000.0480406 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2000.0480406


470 Vieillard Clays and Clay Minerals 

derest imation o f  Gibbs free energies of  formation of  
some Fe-r ich montmori l loni te .  

All  smecti tes f rom wel l -known localities and cation- 
exchanged montmori l loni tes  are within 0.25% error 
for the method  of  Matt igod and Sposito (1978) (Figure 
2c). Nontronite,  saponite, and beidelli te (Tardy and 
Fritz, 1981), some smecti tes (Wolery and Daveler,  
1992), and natural illites give predicted errors within 
0 .5 -1%.  For  some idealized clay minerals and ideal- 
ized illites, the method of  prediction shows an error 
of  > 1 % ,  indicating either inconsistent Gibbs free en- 
ergies o f  formation for these compounds  or problems 
in the computat ion of  the term g related to the CEC. 

The method of  Chermak  and Rimstidt  (1989) (Fig- 
ure 2d) initially tested on silicate minerals,  gives good 
accuracy to within a 1% limit. Predicted Gibbs free 
energies  of  natural nontronite and vermicul i te  appear 
slightly overest imated.  

Extension to other cations in exchangeable clay 
minerals 

Gibbs free energies of  formation of  H-, Rb-, Cs-, 
Sr-, and Ba-exchangeable  montmori l loni tes  (Camp 
Bertaux, Chambers,  Wyoming,  and Bayard) of  Matti-  
god and Sposito (1978) and those of  idealized clay 
minerals  (beidellite, saponite, and nontronite) of  Wol- 
ery and Daveler  (1992) were recalculated with the new 
set of  Gibbs free energies of  formation of  ions to 
maintain an internally consistent set of  data. 

The determinat ion of  A c t  = M z§ for these five cat- 
ions in the interlayer site (Table 6) was performed by 
minimizat ion of  the difference between experimental  
and calculated Gibbs free energies o f  formation f rom 
the oxides, with the same constraints given below. 
F rom values of  AGO = M ~+ and values f rom Tables 1 
and 4, Gibbs free energies o f  formation of  alkaline and 
earth-alkaline exchangeable  cations were calculated 
and the results are in excel lent  agreement  with those 
by different authors (Table 7). 

D I S C U S S I O N  

Values o f  A c t  = Mz+(clay), obtained f rom minimi-  
zation (Tables 4 and 6) are greater than AaO-  Mz+(aq); 
A~O = MZ+(clay) is higher  for cations that are more 
electroposit ive.  A m o n g  values of  AoO- M~§ cor- 
responding to different sites in the clay mineral,  three 
sets of  values are observed corresponding to the in- 
terlayer, octahedral,  and tetrahedral sites. 

Interlayer sites 

The relation be tween A c t -  M~+(aq) and AaO-  
M~+(1) in the interlayer site for alkaline, earth-alkaline 
cations, and H + (Figure 3) is: 

A c t  = M~+(1) = 62.493 + 1.31608[AcO- Mz+(aq)] 

+ 0.001479[AcO = M~+(aq)] 2 (23) 

with a regression coefficient  of  0.9909, for ten points 

and a standard error of  -+34 kJ/mole.  Thus, values of  
AGO = Mz+(1) for N H L  Mn 2+, Co :~, Ni 2+, Cd 2+, Zn 2+, 
A P  +, and La 3+ located in the interlayer sites can be 
determined f rom Equat ion (23) f rom known values o f  
A60  = MZ+(aq) (Table 1), and these values are g iven in 
Table 8. With these values of  AGO = M'~+(clay) for ex- 
changeable ions, Gibbs free energies of  formation of  
some various exchangeable  cations may be calculated. 
The results are in excel lent  agreement  with experi-  
mental values (Table 9). 

For  aluminum, A 6 0 -  Mz+(clay) exhibits three val- 
ues: A c t -  AP+(1) = - 1 4 3 . 3  kJ /mole  in the interlayer 
site; A 6 0 -  AP+(o) = - 1 6 1 . 2 3  kJ /mole  in the octahe- 
dral site, and A 6 0  = A13+(t) = -197 .31  kJ /mole  in the 
tetrahedral site. These differences are related to the 
different environment  of  aluminum. The polyhedral  
volume,  defined as the space enclosed by constructing 
planes through each set of  three adjacent coordinating 
oxygen atoms about aluminum, is very  large in inter- 
layer sites, and less so in octahedral sites and in tet- 
rahedral sites. This trend occurs also for magnes ium 
in interlayer and octahedral  sites. 

Octahedral sites 

A relationship between A c t  = M~+(o) and A c t  
Mz+(aq) is observed for four cations Mg  2+, Fe 2+, AP +, 
and Fe 3. (Figure 4): 

A c t -  Mz+(o) = - 6 1 . 6 1 8  + 0.454[Ac, O Mz+(aq)] (24) 

with a regression coefficient of  0.974 for four points 
and an error of  prediction o f  _+ 12.5 kJ/mole.  F rom 
Equat ion (24), values of  h, GO = Mz+(o) of  cations such 
as Li +, Mn 2+, Ni 2+, Co 2+, Zn 2+ and Cr 3+ are deter- 
mined f rom known values of  A 6 0 -  M~+(aq) (Table 
10). These values contribute to the prediction of  Gibbs 
free energies of  clay minerals with transition metals 
and Li located in octahedral  sites as in hectorite,  san- 
conite, and stevensite. 

Tetrahedral sites 

The parameter AGO- AP+(t) is more negat ive than 
AGO = Si4+(t); the difference be tween the two A c t -  
parameters is always posit ive with a value of  31.22 kJ/ 
mole.  In any clay mineral  MIMo(Si~4_y)Aly)O10(OH)2, 
an interaction term between AP+(t) and Si4+(t) appears 
in the general  equation of  Gibbs free energies f rom 
constituent oxides [Equation (13)]: 

2(4 - y)][1.5y] . . . .  
/I 12 / t ' ' ~  Si4+(clay) - AcO= AP+(t)] 

12 
,11,  , i  

(25) 

where 2(4 - y)/12 and 1.5y/12 are the molar  fraction 
of  oxygen  atoms related to Si4+(t) and AP+(t) in S i t  2 
and A1203, respectively. This intrasite interaction term 
is the supplementary energy in the Gibbs free energy 
of  formation f rom constituent oxides. This supplemen- 
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tary energy indicates that substitution o f  silicon by 
a luminum (Si(4_y)Aly) makes  the Gibbs energies of  for- 
marion f rom constituent oxides more  negat ive than 
those of  clay minerals without substitutions in the tet- 
rahedral site (Si4). 

Thus, the prediction o f  A c O -  Fe3+(t) in tetrahedral 
sites is currently not  possible because of  the imprecise 
k n o w l e d g e  o f  AGO- Si4+(aq) which  var ies  f rom 
- 1 9 1 . 4  to - 1 8 7 . 4  kJ /mole  (Tardy and Garrels, 1977; 
Gartner, 1979). The evaluat ion of  AGO- Fe3+(t) can be 
provided f rom Gibbs free energies of  formation of  Fe- 
bearing clay minerals with Fe 3§ in the tetrahedal po- 
sition, but these data are not available. 

Electronegativity scale 
From Equat ion (17), the values of  AGO- Mz+(1) for 

the interlayer sites (Tables 4, 6, and 8) exhibit  an elec- 
tronegative scale based on the fo l lowing difference: 

(XMz+(I) - -  XH+(I)) 

= {[AGO = Mr,+(1) - a c O  = H+(1)]196.483} '~2 (26) 

where the most  electronegat ive ion, H+(1), represents 
the proton (i.e., H3 O+) in the interlayer site. The values 
of  (XM*+(~) -- X,+(l)) for the interlayer site (Figure 5a) 
show a greater scale than those o f  Mart inov and Bat- 
sanov (1980) because of  the presence of  H20  mole-  
cules around the cations. 

Similarly, in octahedral  sites, where Fe  3+ is the most  
electronegat ive cation, the values o f  (XMZ+(o) -- XFr 
are calculated f rom the values of  AGO- M*+(o) (Tables 
4 and 10) by the fo l lowing difference: 

(XMZ+~o~ -- XF~+(o~) 

= {[hoO= M(~(o) - AGO = Fe3+(o)]/96.483} I/2. 

(27) 

The  values of  (XM'+(o) -- •162 for the octahedral co- 
ordination (Figure 5b) exhibit  a similar scale as that 
found by Mart inov and Batsanov (1980), indicating 
weak  differences within the octahedral  sites. 

Example of calculation of  Gibbs free energies of two 
different clay minerals 

An a luminum-exchanged  clay f rom Aberdeen was 
chosen,  because the solubili ty product was determined 
by Ki t t r ick  (1971b).  The  chemica l  fo rmula  is: 
Alo.138 (Mg0.445A11.29Fe0.3353 +)(Si3.szA10.18)Oi0(OH)2 and 
it has a luminum located in three sites. The effect ive 
number  of  interaction energy terms between two cat- 
ions is known f rom the numbers  o f  different cations 
occupying the three sites: n = 1, no = 3, and n t = 2 
[Equations (21) and (22)]. Thus, the Gibbs free energy 
of  formation f rom constituent oxides will  contain 15 
effect ive interaction terms: four intrasite terms and 11 
intersite terms. Details of  computat ion are given in Ta- 
ble 11. The calculated Gibbs free energy of  formation 

f rom constituent oxides is - 5 3 . 9 6  kJ/mole.  The  Gibbs 
free energies of  formation f rom elements  is AG~ = 
- 5 1 9 5 . 4 5  kJ/mole,  a value very  close to the experi-  
mental  value of  - 5 2 0 1 . 7  kJ /mole  as calculated f rom 
the solubility product. 

Ni-rich stevensite,  Na0.2Ni2.gSi4Oi0(OH)2, synthezed 
by Decarrean (1983) has a measured solubili ty and 
thus can be used as a test case also. F r o m  its chemical  
composit ion,  the Gibbs free energy of  formation f rom 
consti tuent oxides has three effect ive intersite terms: 

AGOx = 0.1 • 8[AGO = Na+(l) _ AGO= Si4+(clay)] 
12 

2.9 • 1 [AGO = Ni2+(o ) _ AGO= H+(clay)] 
12 

2.9 • 8 [AcO = Ni2+(o ) _ AGO= Si4+(clay)]" 
12 

(28) 

With the predicted value o f  AcO = Ni  2+ in the octahe- 
dral site (Table 10), Equat ion (29) gives AG~ = 
--105.6 kJ /mole  and the Gibbs free energy of  forma- 
tion f rom elements  is AG~ = - 4 4 0 0 . 6  kJ/mole ,  a value 
very  close to the experimental ,  - 4 4 0 6 . 8 4  kJ/mole ,  as 
calculated f rom the solubili ty product. 

C O N C L U S I O N S  

Note that Gibbs free energies of  clay minerals are 
obtained most ly  f rom experimental  measurements .  
Thus, errors of  AG~ are related to t ime of  contact, tem- 
perature, ionic strength, and pH. Also,  assumptions o f  
equi l ibr ium or non-equi l ibr ium are very  approximate 
and must be considered carefully. This work  shows 
that a mode l  based on the predict ion of  Gibbs free 
energies of  formation f rom AcO = Mz+(clay), a param- 
eter assumed to be constant within three sites of  a clay 
mineral,  can give very  good results i f  the formal ism 
of  the Gibbs free energy of  formation f rom constituent 
oxides uses an approach f rom short-range interactions. 

For  a mode l  involving long-range interactions, the 
constancy of  A 6 0 -  M z+ for cations in different sites 
is quest ionable and accurate results depend on the en- 
v i ronment  around the cations and on the degree of  
hydration, with the latter being different depending on 
the type of  interlayer cation. 
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