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Abstract-- In order to understand the influence of  salt concentrat ion and temperature on the behavior  and 
properties of  clays used in drilling muds,  we studied montmori l loni te  supens ions  (4 g clay/100 g solution) 
in 0.1, 0.5 and 1 M NaC1 and KC1 solutions. A fraction o f  each sample  was heated to 200 ~ in a closed 
vessel for 7 d, then cooled at room temperature (RT, 25 ~ Small-angle X-ray scattering (SAXS) spectra 
were recorded, for all the samples,  at RT. The structure of  the clay particles was determined by comparing 
the experimental  intensity with the theoretical intensity computed  from a model  that took into account  
the number  of  layers per particle, the hydration state of  the layers (0, l ,  2, 3 or 4 water layers) and the 
order in the success ion o f  these states. With this set of  parameters,  we can compute  the mean  statistical 
parameters ~/  (mean number  of  layers per particle), cl (mean interlayer distance) and g2/~ (parameter 
describing the disorder of  the distribution of  interlayer distances). The evolut ion of  these parameters  
shows that: 

1) At  low concentration (0.1 M NaC1 or KC1), the samples  do not consist  of  particles but  of  isolated 
layers (M = 1). The suspens ions  form gel-like structures. The difference between Na and K suspensions ,  
or between heated and nonheated samples,  is unnoticeable at the studied scale (5-500  ,~). 

2) An increase in salt concentrat ion (from 0.1 to 0.5 M) brings the sample  in a granular  state: we 
notice the appearance of  particles at 0.5 M (~7/ ~ 25). Differences appear between NaC1 and KC1 sus- 
pensions,  and the temperature effect becomes  visible. Thus,  we noticed that in NaC1 suspensions ,  particles 
are composed  of  hydrated layers (1, 2, 3 or 4 water layers) and internal porositYo(d > 30 A), whereas  
suspensions  in KC1 are characterized by the presence of  interlayer distances of  10 A, that is, of  collapsed 
layers. Particles in the KC1 suspens ions  are much  thicker than in the NaCI corresponding ones,  and also 
less hydrated at the interlayer level as well as at the internal porosity level. Further increase in salt 
concentration (0.5 to 1 M) amplifies this effect. As far as temperature is concerned, its effect is to promote 
the clay dispersion by breaking up the particles, dehydrating and disordering them. This  effect is more  
important  for low salt concentration, that is, when the sys tem is less stressed. 

Key W o r d s - - M o n t m o r i l l o n i t e ,  SAXS,  Structure, Suspensions,  Texture. 

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

Montmori l loni te  is used in dril l ing muds for its abil- 
ity to form viscoelast ic  and thixotropic dispersions. 
The mechan ism leading to the appearance of  these 
properties is l inked with the inter lamellar  swell ing of  
clay in contact  with an ionic solution (Mdring 1946; 
Barshad 1953; Norrish 1954; Quirk 1968; Van Olphen 
1977; Pons 1980; Saez-Aunon et al. 1983; Tessier 
1984; Rausse l -Colom et al. 1989). One problem oc- 
curring during dril l ing is to control the swol len states 
and their  total or partial reversibil i ty under the action 
of  different  phys icochemica l  parameters and different 
stresses to which the clay can be subjected (charge- 
balancing cation, salt concentrat ion of  the solution, 
temperature).  

Under  stress, the uptake or loss of  water  by the clay 
occurs with a concomitant  structural reorganizat ion of  
the material  at different scales (Millot  1964; Concaret  
1967; Henin  1971; Monnie r  et al. 1973; Pedro 1976; 
Pons et al. 1981, 1982; Rober tson et al. 1982; Tessier 
1984; Ben Rha iem 1983; Ben Rha iem et al. 1986; 
Touret et al. 1990). In order to characterize the struc- 

tural changes of  these clays under different stresses, it 
was necessary to get a continuous picture of  the or- 
ganization levels  f rom the structural ordering of  the 
layer stacks up to the size of  the first aggregates (Pons 
et at. 1981; Ben Rha iem 1983; Tessier 1984; Touret  et 
al. 1990). These  studies p roved  that 3 structural scales 
must  be considered:  1) parallel ordering of  layers, cre- 
ating more  or less thick or more or less swol len par- 
ticles, the l imit ing case being the 1-single-layer parti- 
cle; 2) the mutual  ordering of  particles in aggregates;  
3) the mutual  ordering of  aggregates (Figure 1) (Touret 
et al. 1990). 

The  technique used to describe these structural 
scales and to fo l low the structural evolut ion in relation 
to the different  stresses is SAXS.  It is a nondestruct ive 
technique,  g iving a continuous image  of  the structure 
and the microtexture  (Pons 1980; Ben Rha iem et al. 
1987; Touret et al. 1990; Gaboriau 1991). 

In this study, we  will  present  the method  of  S A X S  
spectra interpretation in the particular case of  hetero- 
geneous systems. In a heterogeneous  clay suspension, 
a swell ing phase and a nonswel l ing phase are to be 
found inside the same particle. This method  is val id  
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IN particules ~ M la e ~  Particule 

Figure 1. Schematic representation of the 3 structural levels 
in a clay-water system: the particle (level 1), the aggregates 
(level 2) and the association of aggregates (level 3). 

for genuinely interstratified clay minerals (illite-smec- 
tite or kaolinite-smectite) but also in cases like the 
present one, where there exist collapsed clay layers 
because of the presence of K. Because, crystallograph- 
ically, we cannot distinguish between exchangeable 
and nonexchangeable K, we will not speak in terms 
of "nonswelling phase" but of "collapsed phase". We 
will also describe the structure, microtexture and struc- 
tural changes of low-clay-concentration suspensions 
subjected to high salt concentration (NaC1 and KC1) 
and to a temperature of 200 ~ in an autoclave, In 
addition, we will quantify the interlayer and interpar- 
ticulate water (Touret et al. 1990; Gaboriau 1991) in 
order to follow the distribution of these types of water 
at the different structural scales of the clay in suspen- 
sion. 

METHOD 

Pons (1980) showed that, in the case of swelling 
clay systems, it is necessary to compare the experi- 
mental intensity X-ray scattering spectrum with a the- 
oretical one simulated from a structural model, This 
model is based on the notion of particle and of particle 
internal structure (Pons et al. 1981; Ben Rhaiem et al. 
1987; Touret et al. 1990). In the case of 2:1 phyllo- 
silicates, the basic components of all structures are the 
layers. One particle consists of a stacking of M parallel 
layers; the limiting case M = 1 stands for isolated 
layers (Pons et al. 1981). The macroscopic edifice thus 
consists of the associations among particles (Figure 1). 

Two types of systems are to be found: one, which 
we will call "homogeneous," and the other, which we 
call "heterogeneous" by analogy with interstratificat- 
ed illite-smectite (Mac Ewan 1958; Reynolds and 
Hower 1970; Reynolds 1980; Gaboriau, 1991). The 
homogeneous system is composed of a unique swell- 

ing phase. In the case of a homogeneous clay system 
with high water content, distances between layers can 
be different from one another inside the same particle 
(Pons et al. 1981; Ben Rhaiem et al. 1987). The se- 
quence of spacings that separate the M layers is de- 
fined as a series of r different translations (d:) that are 
influenced by the probabilities of occurence (Pi) (M6r- 
ing 1949; Mac Ewan 1958; Ports 1980; Reynolds 
1980). The interlayer distance distribution function 

pi(di) characterizes the order within the particle (Saez- 
Aunon et al. 1983; Ben Rhaiem et al. 1986; Gaboriau 
1991). In the case of a heterogeneous clay system with 
high water content, a particle consists of: 1) a swelling 
phase in which interlayer spaces can be different from 
one layer to another; 2) a nonhydrated phase in which, 
whatever the water content, there is only 1 distance 
between first neighbors. This distance of 10 ,& corre- 
sponds to the thickness of a single, nonhydrated clay 
layer. Interstratified illite-smectite and kaolinite-smec- 
rite are the typical cases (Mac Ewan 1958; Reynolds 
and Hover 1970; Reynolds 1980). All these cases can 
be treated by the method we present here; in the case 
of the suspensions considered in this paper, we cannot 
tell whether the nonhydrated layers are permanently 
collapsed, or whether they can expand again. So, in- 
stead of "nonswelling phase", we will speak of "col- 
lapsed phase". In the general case, the method uses a 
stacking model that takes into account an interstrati- 
fication between an homogeneous smectitic swelling 
phase and a collapsed phase (Gaboriau 1991). 

Intensity Calculations 

If we assume that (Pons et al. 1981; Gaboriau 
1991): 1) layers have a great lateral extension and par- 
ticles have all possible orientations in space, 2) the 
distance distribution inside the swelling phase is to- 
tally random, and 3) all the layers in the swelling 
phase have the same structure factor, that of the clay 
layer with 2 water layers, then the matrix expression 
of the scattered intensity is (Plan~on 1981; Pons et al. 
1981; de la Calle et al. 1993): 

1 
I ( s )  = ~ ~ ct(M)Spur 

[1] 

where s is the modulus of the diffraction vector (s = 
2 sin 0/k, h = wavelength); o~ (M) the distribution of 
the number of layers per particle; Re means the real 
part of the final matrix; Spur, the sum of the diagonal 
terms of the real matrix; M the number of parallel 
layers per stack; n, an integer varying between 1 and 
(M - 1); [/7] the structure factors matrix; [/] the unit 
matrix; [W] the diagonal matrix of the proportions of 
the 2 phases, and [Q] the matrix representing the in- 
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Figure 2. Theoretical intensity scattered by a set o f  identical particles. Each particle is composed of  25 layers, belonging to 
2 different phases. Wg: abundance of  swelling layers; Wco~: abundance of  non-swelling layers. Two types of  interlayer distances 
distributions have been used: First distribution: symmetrical distribution around a 2-water-layer hydration state: dl  = 12.5 6 ,  
p l  = 0.2; d2 = 15.5 A, p2 = 0.6; d3 = 18.5 A,oP3 = 0.2. Second distribution: nonsymmetrical  distribution: dl  = 12.5 A, 
pl  = 0.22; d2 = 15.5 A, p2 = 0.33; d3 = 18.5 A, p3 = 0.45. Two cases are presented: a) at constant abundance W~ = 0.5, 
Woo I = 0.5; b) for random interstratification of  the 2 components.  In this case, Woo ] = Pcol,col = Ps,col and W~ = Ps,s = Pool,s. 

t e r f e r e n c e  p h e n o m e n a  b e t w e e n  a d j a c e n t  layers .  [Q],  

[F]  a n d  [W] h a v e  the  f o l l o w i n g  fo rms :  

P~ '  ~ i  Pi  exp(2 i l r sd i )  

[Q] = IPr exp(2i 'rrsdco0 

Ps,eol Z Pi exp(2i ' rrsdi)  
i 

P0ol,~ol exp(2i~rsd0o]) 
[2] 

F * F  s F*Foo 1 
[F]  = F*o~Fs F*~Fco, [3] 

[WI  = [41 

w h e r e  Ws and  Wco~ are,  r e spec t i ve l y ,  t he  a b u n d a n c e s  o f  
t he  s w e l l i n g  and  c o l l a p s e d  p h a s e s ;  F ,  a n d  Fcoj t he  
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structure factors related to the layers of the swelling 
and the collapsed phase; di the r possible distances 
between the layers of  the swelling phase; Pi the prob- 
abilities of going from 1 layer of a thickness di in the 
swelling phase to another in the swelling phase; P~oL~ 
the probability of  going from 1 layer in the collapsed 
phase to another in the swelling phase (P~,~, P~,~ol and 
Pco~,~ol are defined in the same way). 

The relationships between proportions of the swelling 
and collapsed phases and probabilities are given by: 

W~ + W~oj = 1 

P,~,s + Ps.co~ = 1 

PooL, + Pcol,ool = 1 

~p~= 1 
i 

[5] 

Table 1. Studied samples. 

Na-montmorillonite suspensions of 4 wt%? 

Salt concentration 
of the solution Temeprature$ 

0.1 M NaC1 RTw 
200 ~ 

RT 
0.5 M NaC1 200 ~ 

RT 
1 M NaC1 200 ~ 

RT 
0.1 M KC1 200 ~ 

RT 
0.5 M KC1 200 ~ 

RT 
1 M KCI 200 ~ 

? 4 wt% = 4 g clay for 100 g solution. 
$ All the samples (heated or not) were studied at room tem- 

perature (RT). 
w RT = 25 ~ 

For the swelling phase, it is possible to define the 
mean interlayer distance at and the disorder parameter 
82/~ (Saez-Aunon et al. 1983): 

cl = Z pidi [6] 
i 

~2 Z [di - -  d l  2 
i [7] 

pidi 

For a given Pi distribution, the different values of the 
independent parameters Ws and Ps.ool allow the calcu- 
lation of all cases of interstratification ranging from 
systems containing randomly distributed swelling and 
collapsed phases to those with regular interstratifica- 
tion or with a total segregation between the 2 phases. 
All theoretical patterns were calculated using the 
"MANUEL1"  program (information available from C. 
H. Ports) for an IBM/PC or compatible. In Figure 2 
are given different intensity profiles computed accord- 
ing to the particle model described above. For all cases 
given in the appendix, the mean number of layers per 
particle is 25. The  spectra were computed using 2 dif- 
ferent distances distributions: a symmetrical and a 
nonsymmetrical one. The distances correspond to clay 
layers hydrated with 1, 2, 3 or 4 water layers; such 
distributions were found in the studied samples. In 
Figure 2a we present the spectra obtained at constant 
abundance of  the swelling phase (Ws = 0.5); in Figure 
2b are presented the spectra obtained in the case of 
random systems (W~ and P~,col vary). 

We notice that the shape and position of  the reflec- 
tion are influenced by each parameter. Complex com- 
bination of these factors results in the fact that 2 spec- 
tra of  similar shape can correspond to 2 fundamentally 
different systems. It is then necessary to simulate the 
spectra to distinguish between them. An example is 

given by the case "partial segregation W~ = 0.5, Ps.col 
= 0.25" and "random Ws = 0.75, Ps,col = 0.25". It is 
also interesting to notice that, even when the abun- 
dance of the collapsed phase is high (Wcoj = 0,5), the 
10-,~ reflection is noticeable only in the segregation 
case. Thus, the absence of this reflection does not 
mean that there are no collapsed layers in the system. 
In all cases, the spectrum simulation is necessary to 
accurately describe the samples' structure and texture. 

Water Content Calculations 

Numerous works (Ben Rhaiem 1983; Tessier 1984; 
Ben Rhaiem et al. 1986; Touret et al. 1990; Gaboriau 
1991) have shown that different types of water could be 
defined. We will call "total internal water" the water 
contained in the swelling phase of  clay particles. It is the 
sum of the water contained in the interlayer spaces (1, 
2, 3 or 4 water layers) and the water contained in the 
internal porosity, that is to say, the porosity inside the 
particle (Figure 1). The external water is all the remain- 
ing water, that is, outside the particle. The density of 
interlayer water depends upon whether the charge-bal- 
ancing cation is Na or K, as well as upon the osmotic 
potential of the system (Farmer 1978; Pons et al. 1980; 
Newman 1987). However, Pons et al. (1981) have shown 
that the density of the water in the interlayer spaces and 
the internal porosity could be assumed, in a first approx- 
imation, to be similar to that of bulk water. 

Under such conditions, the total internal water con- 
tent, inside the particle, expressed in gwa,e/gc~ay, is (Ga- 
boriau 1991): 

Sp(tot) X ( M -  1) X (Sm/lO0) • ( d -  dco 0 • i0  4 
Wt 

2M 
[8] 

where Sp(tot) is the total specific area; Sm, the per- 
centage of swelling phase layers and dco~ the distance 
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Figure 3. Compar i son  between experimental  (cont inuous line) and theoretical (dots) spectra, a) samples  in NaCI solutions; 
b) samples  in KC1 solutions. RT: room temperature. 
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Table 2. Water contents, structural and textural parameters deduced from SAXS spectra analysis. 

Swelling phase 

Collapsed Interlayer hydration Internal porosity 
phase 

T ~ Pcol,cr p lc p 2c p 3c p 4c p 30 A p 35 A p 40 A p 45 A p 50 

NaC1 RT - -  0.032 0.261 0.199 0.381 0.037 0.054 0.037 - -  - -  
0.5 M 200 - -  0.205 0.215 0.215 0.250 0.100 0.005 0�9 0.004 0.002 
NaC1 RT - -  0.033 0.279 0.295 0.367 - -  0.008 0.009 0.008 - -  
1 M 200 - -  0.031 0.265 0.280 0.399 - -  0.008 0.009 0.008 - -  
KC1 RT 0.032 0.144 0.611 0.144 0.055 - -  0.004 0.006 0.004 - -  
0.5 M 200 0.043 0.335 0.354 0.143 0.104 - -  0.006 0.009 0.006 - -  
KC1 RT 0.029 0.197 0.554 0.131 0.073 - -  0.004 0.008 0.004 - -  
1 M 200 0.093 0.232 0.461 0.130 0.064 - -  0.005 0.009 0.005 - -  

Key: p ic: probability of finding i water layers between 2 adjacent clay layers; p i A,: probability of occurrence of the i A- 
distance between adjacent clay layers; ecol,col: probability to go from 1 layer in the collapsed phase to another in the collapsed 
phase; M: mean number of layers per particle; d: mean interlayer distance; w~: interlayer w a t e r  (gwatev/gclay); Wl: lenticlar water 
(gwatJgclay); wt: total internal w a t e r  (gwater/gclay). 

b e t w e e n  2 layers  in  the  co l lapsed  phase.  T he  wate r  
con ten t  in  an  in te r layer  space  co r re spond ing  to a dis-  
tance  di is then  g iven  by: 

w i ( d i )  

= Sp(tot)  • ( M -  1) • (Sm/100)  • ( d  i - dcol) X 10 -4 

2 M  
[91 

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

The  clay used  in all exper imen t s  is a m o n t m o r i l l o n -  
ite f rom W y o m i n g  (USA) ,  ob ta ined  f rom C E C A  Co. 
Samples  have  b e e n  p repa red  accord ing  to the fol low- 
ing t r ea tmen t  (Jin 1994). Af te r  r em ova l  of  impur i t ies  
(mos t ly  quar tz  and  fe ldspar)  by  decanta t ion ,  the  clay 
was sa tura ted  wi th  Na  by  2 exchanges  of  24 h in a 1 
M NaC1 solut ion,  then  w a s h e d  free of  salts. Was h i ng  
was checked  accord ing  to the A g N O  3 test. T he  clay 
was then  lyoph i l i zed  and  powdered .  The  average  
structural  fo rmula  of  the  N a - e x c h a n g e d  clay is (Jin 
1994): 

�9 IV 2+ 3+ (513.91A10.09) (A11.64Mgo.25Feo.03Feo.os)Olo(OH)2Nao.37 
Samples  cons i s ted  of  3 0 - m L  suspens ions  of  4 w t % 

(4 g c lay for  100 g solut ion)  of  N a - m on t m or i l l on i t e  in  
0.1, 0.5 or 1 M NaC1 or  KCI solut ions  (Table 1) Ten 
m L  of  each  sample  were  hea ted  in a c losed  vesse l  at 
200  ~ dur ing  7 d and  then  coo led  at RT (25 ~ Al l  
samples  (hea ted  or  not)  were  s tudied at RT. 

X- ray  Di f f rac t ion  

In tens i ty  data  were  r ecorded  on  a S A X S  setup us ing  
a R igak  u ro ta t ing  anode  (12 kW)  wi th  a c u r v e d  ger- 
m a n i u m  m o n o c h r o m a t o r  (CuKa  = 1.5405 A)  (Tchou- 
bar  et al. 1978). The  m o n o c h r o m a t i c  b e a m  is conver -  
gent  in  the hor i zon ta l  p l ane  and  d iverg ing  in the  ver- 
t ical  plane.  It is poss ib le  to ob ta in  a punc tua l  colli-  
m a t i o n  s imply  by  l imi t ing  the  he igh t  of  the  b e a m  by  

a pai r  of  hor izon ta l  t an t a lum slits�9 U n d e r  such condi-  
t ions,  the direct  b e a m  d i m e n s i o n s  at the foca l iza t ion  
po in t  are 300 ~ m  b y  500 Fm. These  expe r imen ta l  con-  
dif ions m a k e  it poss ib le  to explore  a d o m a i n  o f  the  
rec iprocal  space  co r re spond ing  to cor re la t ion  d i s tances  
r ang ing  f rom 5 to 500  ,~. A l i g n m e n t  and  ca l ibra t ion  
are pe r fo rmed  us ing  the  001 ref lec t ion o f  t e t radecanol  
p o w d e r  (Br ind ley  1981). The  cel l  u sed  is m a d e  of  al- 
u m i n i u m ,  wi th  mica  windows .  The  surface  of  the  ir- 
rad ia ted  sample  is 0.5 m m  by 1 mm.  As  the au toc lave  
used  to heat  the samples  is no t  t r anspa ren t  to X-rays ,  
all expe r imen t s  had  to be  car r ied  out  at RT. 

R E S U L T S  

Qual i ta t ive  Ana lys i s  of  Expe r imen t a l  Pa t te rns  

A n  e x a m i n a t i o n  of  the  expe r imen ta l  pa t te rns  (Fig- 
ures 3a and  3b) shows  that  they fall  in to  2 groups:  1) 
the  0.1 M NaCI and  0.1 M KC1 pat terns ,  showing  a 
con t inuous  decrease  of  the  in tensi ty ;  and  2) the  0.5 
and  1 M NaC1 or KC1 spectra,  showing  some  m o d u -  
la t ion  of  the  in tens i ty  s i tuated b e t w e e n  4 and  6 ~ 
These  resul ts  indica te  that:  1) the  samples  in the  first 
group have  a gel- l ike  structure,  and  are c o m p o s e d  of  
d ispersed  e l e m e n t a r y  layers  (Pons  1980; Pons  et al. 
1981; B e n  R h a i e m  et al. 1987);  2) the  samples  cor- 
r e spond ing  to the  second  group h a v e  a s t ructure  of  
hydra ted  sol ids in  w h i c h  occur  shor t -d i s tance  in terac-  
t ions  b e t w e e n  first ne ighbo r s  (Pons  et al. 1981; B e n  
R h a i e m  et al. 1986; B e n  R h a i e m  et al. 1987; Gabor i au  
1991). The  sample  then  cons is t s  o f  a set  of  par t ic les ,  
connec t ed  or not,  c rea ted  by  the  more  or less disor- 
dered  s tacking of  hydra t ed  layers  wi th  a l imi ted  num-  
ber  of  in te r layer  wa te r  layers  (0, 1, 2, 3 or 4) and  
in terna l  porosi ty.  

In F igures  3a and  3b we  can  c o m p a r e  the  spect ra  at 
var ious  NaC1 and  KC1 concen t r a t ions  and  at the  2 dif-  
fe rent  tempera tures .  The  set o f  pa t te rns  shows  that  the 
change  f r o m  a 0.1 M NaC1 or 0.1 M KC1 solu t ion  to 
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Table 2. Extended. 

Structural parameters Water contents 

M d Disorder w i w p  w t 

25 20.9 0.087 0.30 0.12 0.42 
15 18.95 0.090 0.24 0.09 0.33 
35 19.20 0.051 0.33 0.03 0.36 
30 19.30 0.049 0.33 0.03 0.36 
80 16.08 0.054 0.22 0.02 0.24 
30 15.93 0.087 0.20 0.03 0.23 
75 16.12 0.062 0.22 0.02 0.24 
65 15.60 0.082 0.19 0.03 0.22 

a more concentrated one (0.5 M) transforms the sus- 
pension f rom a gel structure to a hydrated solid struc- 
ture. In the case of  NaC1, this behavior  is still more 
important  when the concentrat ion increases to 1 M. In 
this range o f  distances and at low concentrat ion (0.1 
M), the thermal stress does not significantly affect the 
shape of  the spectra. However ,  in the case of  0.5 M 
KC1 and 0.5 M NaC1 suspensions, a strong influence 
o f  temperature on the clay structure can be noticed. 
This effect  is far less important  in the case of  suspen- 
sions in 1 M NaC1 or 1 M KC1. 

Quanti tat ive Analysis  of  Exper imenta l  Patterns 

Table 2 presents the values o f  the different structural 
and textural parameters h;/, d and disorder, determined 
by adjusting the theoretical  spectra (obtained f rom the 
structural model  described above)  to the exper imental  
ones (Figures 3a and 3b). In the case of  the 0.1 M 
NaC1 and 0.1 M KC1 samples, the absence o f  modu-  
lation means that the scattered intensity in the 5 -500  

domain  corresponds to one scattered by a set of  
isolated layers, with no interaction be tween  first neigh-  
bors. The intensity varies with the square of  the struc- 
ture factor of  the layer (Pons et al. 1981). Thus, clay 
suspensions in 0.1 M NaC1 and 0.1 M KC1 have un- 
dergone an internal osmotic  swel l ing and occur as ide- 
al suspensions. 

In the case of  samples in more  concentrated NaC1 
or KC1 solutions (0.5 M and 1 M), the increase of  the 
osmotic  potential  is responsible for the appearance, at 
a small  distance o f  interaction, o f  a modulat ion reflect- 
ing the aggregat ion o f  layers into particles (Figures 3a 
and 3b). Figures 4a and 4b show the evolut ion o f  the 
distance distributions for the samples in 0.5 and 1 M 
NaC1 and KC1 solutions. Two groups of  distances ap- 
pear  in these distributions. The  first group, in which 
interlayer distances are <25  A, reveals  the existence 
of  hydration states of  1, 2, 3 or 4 water  layers. The 
second group of  distances is characterist ic of  the in- 
ternal porosity (Ben Rha iem et al. 1987). In the case 
of  suspensions in KC1, we notice the appearance o f  a 
probability (Pcol,col) for the 10-A interlayer distance 
characteristic of  the col lapsed phase,  and that the in- 

K-montmorillonite suspensions 643 

terstratification be tween  the swel l ing phase and the 
col lapsed phase was random (Figure 2). 

Effect  of  The  Osmot ic  Potential  at RT 

EVOLUTION OF PAr~TICLE SIZE. In the case of  clay sus- 
pensions in NaC1, the increase in the osmot ic  potential  
f rom 0.1 to 0.5 M results in the aggregat ion of  the 
isolated layers into particles of  25 layers (Figures 5a 
and 5b). Further  increase to 1 M induces a face- to-face 
regrouping of  these particles into thicker particles (35 
layers at 1 M). In the case of  KC1, the increase in the 
osmot ic  potential  f rom 0.1 to 0.5 M induces a layer 
stacking into much  thicker particles (80 layers) than 
in the case of  NaC1. On the other hand, except  for a 
slight tendency for 37I to decrease (from 80 to 75), it 
seems that further increase in the concentrat ion f rom 
0.5 to 1 M does not  significantly affect the part icle 
size. 

EVOLUTION OF THE INTERNAL STRUCTURE OF PARTICLES. 
In the range of  the studied concentrations,  there is no 
global  change in the distance distributions when the 
concentrat ion increases f rom 0.5 to 1 M (Figures 4a 
and 4b). However ,  the shape of  the distributions, as 
far as distances <25  A are concerned,  is ve ry  different 
for the clay in NaC1 and KC1 solutions. We notice that 
the most  probable number  of  interlayer water  layers is 
indeed 2 in the case of  K, whereas it is 4 in the case 
of  Na. The  nonsymmetr ica l  distributions correspond- 
ing to suspensions in NaC1 (Figure 4a) are typical  o f  
clays for which the charge-balancing cation al lows un- 
l imited swell ing (Norrish 1954; Pons et al. 1981; Ben 
Rha iem et al. 1987; Gaboriau 1991). Because  of  their 
symmetr ica l  shape and the existence o f  10 -*  interlayer 
distances, distributions obtained in the case o f  KC1 
suspensions are typical of  clays in which the charge-  
balancing cation does not favor  unl imited swelling. 

The analysis o f  the disorder parameter  and the water  
contents (Table 2) enables clarification o f  the effect  of  
concentrat ion on the in temal  order of  the particles. For  
NaC1 suspensions at RT, the increase f rom 0.5 to 1 M 
is responsible  for a perceptible diminut ion of  the dis- 
order parameter  (Figure 5a), the mean  interlayer dis- 
tance (Figure 5a) and the total internal water  content  
(Figure 6a). The diminut ion of  these 3 parameters  
shows that in this concentrat ion range, an increase in 
the osmotic  potential  produces an increase in order 
inside the particles, along with a dehydrat ion of  these, 
especial ly at the internal porosi ty level  (Figure 6a). In 
the case of  KC1 suspensions, the increase f rom 0.5 to 
1 M resulted most ly  in an increase in the disorder pa- 
rameter, the other parameters remaining unchanged.  
So, the water  redistribution inside the particle is im- 
portant in the case of  NaC1, whereas  it is a lmost  un- 
not iceable  in the case of  KC1 suspensions (the increase 
in the internal disorder can be related to a d iminut ion 
o f  the number  of  layers per particle). 
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Figure 4. Distance distributions, a) samples in NaC1 solutions; b) samples in KCI solutions. RT: room temperature. 

Effect of Temperature at Given Salt Concentration 

EVOLUTION OF THE PARTICLE SIZE. In all cases, an in- 
crease in temperature (RT 200 ~ is responsible for 
the diminution of the number of layers per particle 
(Figure 5). For a given cation, this decrease is always 
greater at 0.5 M than at 1 M. The KC1 suspensions are 
the most sensitive to this particle-breaking effect. In 
the case of KC1 samples, the ratio between M at 200 
~ and M at RT is 0.375 at 0.5 M and 0.87 at 1 M, 
whereas it is only 0.06 for suspensions at 0.5 M NaC1 
and 0.086 for suspensions at 1 M NaC1. 

EVOLUTION OF THE INTERNAL STRUCTURE OF THE PAR- 
TICLES. In the case of 0.5 M NaC1 and KC1 suspen- 
sions, the effect of temperature is strong, as shown 
in the evolution of  the distribution of  interlayer dis- 
tances (Figures 4a and 4b). For the 0.5 M NaC1 sus- 
pension heated to 200 ~ there is a nearly equal 
probability of the 1, 2, 3 and 4 water-layer hydration 

states in the system (Figure 4a), and the internal po- 
rosity is less important than at RT (Figure 6a). On 
the other hand, the mean interlayer distance decreas- 
es, as does the total internal water content (Figures 
5a and 6a). In this case, the increase in temperature 
probably leads to a liberation of the internal stresses 
at the scale of layers and connections among particle 
levels, allowing the system to fall into a state of  low- 
er entropy. 

At 0.5 M KC1, the change in the distance distribu- 
tion (Figure 4b) indicates an internal water redistri- 
bution to a more disorganized internal structure. This 
effect is confirmed by the large increase in the disorder 
parameter (Figure 5b). As the mean interlayer distance 
does not change, the slight loss in total internal water 
can be related to the diminution of the particle size 
(0.375). At this concentration, the effect of tempera- 
ture stress is to make the system far less granular than 
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Figure 5. Evolution of the mean layers per stack, the mean interlayer distance and the disorder parameter with concentration. 
a) samples in NaC1 solutions; b) samples in KC1 solutions. RT: room temperature. The arrows underline the effect of tem- 
perature. 

it was at the beginning,  trending to a state situated 
be tween  an ideal suspension and a granular one. 

In the case o f  h igher  salt concent ra t ion  (1 M NaC1 
or KC1), the effect  o f  temperature  is less important .  
As  far as the 1 M NaC1 solut ion is concerned,  no 
effect  o f  temperature  can be noted on any parameters  
(mean in ter layer  distance, d isorder  and total internal  
water).  This  means  that the osmot ic  stress sets the 
system in such a conf igurat ion that the stress re la ted 
to temperature  is too weak  to induce  changes  at the 
level  o f  the internal  structure o f  the particle.  At  1 M 

KC1, the major  change  in the dis tance dis t r ibut ion is 
the great  increase in the co l lapsed  phase abundance  
( f rom 0.019 at RT  to 0.093 at 200 ~ (Table 2). The  
probabi l i t ies  o f  1 water - layer  dis tance also increase,  
ba lanced by the d iminu t ion  of  2 and 4 water - layer  
probabi l i t ies  (Figure  4). The  internal  poros i ty  is not  
affected.  Thus,  the ef fec t  o f  tempera ture  at 1 M KC1 
is a dehydra t ion  at the leve l  o f  inter layer  water. The  
internal  structure o f  the part icles  in this case is much  
more  d isordered than it was at RT. Fur thermore ,  we  
not ice  that this increase in the d isorder  parameter  is 
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temperature. W,: interlayer water (gwater/gclay); Wp: internal porosity (gwater/gclay). 

less important  at 1 M KC1 than it was at 0.5 M KC1 
(Figure 5b). 

D I S C U S S I O N  A N D  C O N C L U S I O N S  

All  these results suggest the fo l lowing interpreta- 
tions: at 0.1 M, the organizational  differences be tween  
NaC1 and KCI clay suspensions, along with their  pos- 
sible sensitivity to heating, cannot  be seen in the 5 -  
500 A scale. Both are swell ing systems. When  the salt 
concentrat ion increases, differences appear. The KC1 
suspensions are characterized by the presence of  10- 

interlayer distances which, at the same osmotic  pres- 
sure, are never  to be found in the NaC1 samples. This 
can be explained by the fact that K size corresponds 
to the size o f  the hexagonal  cavity, promot ing the cat- 
ion insertion in the clay layer. It must  be noticed that 
we cannot crystal lographical ly  distinguish be tween  ex- 
changeable and nonexchangeable  K, so that we cannot  
tell in our case whether  the interlayer K is fixed or  not 
by an increase in salt concentration. Another  differ- 
ence is that the NaC1 suspensions are always more  
hydrated than the KC1 corresponding ones. This spe- 

cific behavior  of  K +, a monova len t  cation like Na +, 
was previously  noticed by Norrish (1954). An  expla-  
nation for the fact that KC1 layers are less hydrated 
than NaC1 ones could be that the hydrat ion sphere of  
K + is smaller  than the one of  Na +. 

The global  effect  of  an increase in salt concentrat ion 
is to densify and dehydrate  the particle, while  modi-  
fying its internal order. The  evolut ion  o f  the disorder  
parameter  we have established suggests that there ex- 
ists a threshold of  concentrat ion corresponding to a 
m a x i m u m  structural order which can be reached in 
suspensions such as those we consider  here. In the 
case of  Na,  such a threshold would  be  at far h igher  
concentrat ion than in the K case. 

As far as the temperature effect  is concerned,  it is 
interesting to note that we witness a hysteresis in the 
system: the heated samples do not  recover  their orig- 
inal structure after cool ing at RT. What  we describe 
here is the persistent effect  of  temperature after relax- 
ation of  the system. Heat ing o f  the suspensions pro- 
motes,  in all cases, some degree of  clay dispersion. 
However ,  the higher  the osmotic  potential,  the less 
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marked  this thermal  effect.  It seems then clear that 
there is a compet i t ion  be tween  ionic and thermal  
stresses,  and that p ro longed  heat ing at 200 ~ has less 
influence on suspens ions  subjected to high osmot ic  po-  
tential. 

As far as the structure of  the suspens ions  is con-  
cerned,  the results  enable us to get  a more  prec ise  idea 
of  their inf luence in dril l ing mud  problems.  W h e n  the 
mean  number  of  layers is small  (in the case of  0.5 M 
suspensions) ,  the layers are associa ted edge- to -edge  
and fo rm great  membranes ,  that connec t  and create a 
porous  ne twork  (Tessier 1984; Ben  Rha iem et al. 
1987; Gaboriau 1991). W h e n  the layer number  is h igh 
(0.5 M suspensions) ,  thick particles probably  associate  
in porous aggregates  of  finite size, not  connec ted  to 
one another  (the concentra t ion  here  is o f  4% Wday/ 
Wso~ution). Their  internal structure, de termining  their  free 
water  content ,  is the result  of  a fine balance be tween  
osmot ic  forces,  tending to move  particles apart, and 
stresses due to their cr iss-cross ing that prevent  it. 
These  can be of  2 types: local electrostatic attractions, 
related to an inhomogeneous  layer-charge dis tr ibut ion 
or to the presence  of  superficial charges  (in the tetra- 
hedral  sheet)  fo rming  interpart icle anchorage points ,  
and cr iss-cross ing of  layers related to local condi t ions  
during sample  preparation.  The influence o f  the struc- 
ture on a poss ible  tamping  in the drill (when  the dril- 
l ing mud becomes  compact )  is related to the par t ic les '  
swell ing state, and especial ly  to swel l ing of  the aggre-  
gates. It has thus been  p roved  that tamping is more  
f requent  when  the mud  is in a gel state than w h e n  it 
is in a granular  state. 

A C K N O W L E D G M E N T S  

This study was supported by grant 4.2.2 from CNRS- 
ARTERGS. A. Plan9on is thanked for reading the manuscript 
and making interesting remarks. 

R E F E R E N C E S  

Barshad I. 1953. Adsorptive and swelling properties of clay 
water system. Clays Clay Miner 1:70-77. 

Ben Rhaiem H. 1983. Etude du comportement hydrique des 
montmorillonites calciques et sodiques par analyse de la 
diffusion des rayons X aux petits angles. Mise en 6vidence 
de la transition solide hydratr-gel [Ph.D. thesis]. Orlrans, 
France: Univ of Orlrans. 136 p. 

Ben Rhaiem H, Pons CH, Tessier D. 1987. Factors affecting 
the microstructure of smectites. Role of cation and history 
of applied stresses. In: Schultz LG., van Olphen H, Mump- 
ton FA, editors. Proc Int Clay Conf; 1985; Denver, USA. 
Bloomington, IN: Clay Miner Soc. p 292-297. 

Ben Rhaiem H, Tessier D, Pons CH. 1986. Comportement 
hydrique et 6volution structurale et texturale des montmo- 
rillonites au cours d'un cycle de desiccation-humectation: 
I. Cas des montmorillonites calciques. Clay Miner 21:9- 
29. 

Brindley GW. 1981. Long-spacing organics for calibrating of 
interstratified clay minerals. Clays Clay Miner 29:67 68. 

Calle de la C, Martin de Vidales, Pons CH. 1993. Stacking 
order in K/Mg interstratified vermiculite from Malawi. 
Clays Clay Miner 41:133-136. 

Concaret J. 1967. Etude des mrcanismes de la destruction des 
agrdgats de terre au contact de solutions aqueuses. Ann 
Agron 18:65-93. 

Farmer VC. 1978. Water on particle surfaces. In: Greenland 
D J, Hayes MHB, editors. The chemistry of soil constitu- 
ents. New York: J. Wiley. p 405-448. 

Gaboriau H. 1991. Interstratifirs smectite-kaolinite de l'eure. 
Relations entre la structure, la texture et les proprirtrs en 
fonderie [Ph.D. thesis]. Orlrans, France: Univ of Orlrans. 
273 p. 

Henin S, 1971. Les conceptions des agronomes concernant 
les 6tats de l'eau dans les sols. Bull Groupe Franqais des 
Argiles XXIII:9-17. 

Jin H. 1994. Etude exprrimentale du comportement de sus- 
pensions de bentonite au cours des forages [Ph.D. thesis]. 
Nancy, France: INPL. 146 p. 

Mac Ewan DMC. 1958. Fourier transform methods for study- 
ing scattering from lamellar systems. II: The calculation of 
X-ray diffraction effects for various types of interstratifi- 
cation. Koloidzeitschr 156:61-67. 

Mrring J. 1946. On the hydratation of montmorillonite. Far- 
aday Soc 42b:205-219. 

MEring J. 1949. L'interfrrence des rayons X dans les systbmes 
h interstratification d6sordonnre. Acta Cryst 2:371-380. 

Millot G. 1964. Grologie des Argiles. Paris: Masson. 369 p. 
Monnier G, Stengel E Fies JC. 1973. Une m6thode de mesure 

de la densit6 apparente de petits agglomrrats terreux. Ap- 
plication 5 l'analyse des systbmes de porosit6 du sol. Ann 
Agron 24:533-545. 

Newman ACD. 1987. The interaction of water with clay min- 
eral surfaces. In: Newman ACD, editor. Chemistry of clays 
and clay minerals. New York: Wiley Intersci: Mineral Soc 
monograph 6. p 237-274. 

Norrish K. 1954. The swelling of montmorillonite. Disc Far- 
aday Soc 18:120-134. 

Pedro G. 1976. Sols argileux et argiles. Elements grnrraux 
en vue d'une introduction ~t leur 6tude. Science du Sol 2: 
69-84. 

Plangon A. 1981. Diffraction by layer structures containing 
different kinds of layers and their stacking faults. J App 
Cryst 14:300-304. 

Pons CH. 1980. Mise en 6vidence des relations entre la tex- 
ture et la structure dans les systbmes eau-smectites par dif- 
fusion aux petits angles du rayonnement X-synchrotron 
[Ph.D. thesis]. Orlrans, France: Univ of Orlrans. 175 p. 

Pons CH, Rousseaux F, Tchoubar D. 1981. Utilisation du ray- 
onnement synchrotron en diffusion aux petits angles pour 
l 'rtude du gonflement des smectites. I: Etude du systbme 
eau-montmorillonite Na en fonction de la temprrature. Clay 
Miner 16:23-42. 

Pons CH, Rousseaux E Tchoubar D. 1982. Utilisation du ray- 
onnement synchrotron en diffusion aux petits angles pour 
l 'rtude du gonflement des smectites. II: Etude de diffrrents 
systrmes eau-smectite en fonction de la temprrature. Clay 
Miner 17:327-338. 

Pons CH, Tchoubar C, Tchoubar D. 1980. Organisation des 
molrcules d'eau ~t la surface des feuillets dans un gel de 
montmorillonite-Na. Bull Mineral 103:452-456. 

Quirk JR 1968. Particle interaction and soil swelling. Israel J 
Chem 3:213-234. 

Raussel-Colom JA, Saez-Aunon J, Pons CH. 1989. Vermic- 
ulite gelation: Structural and textural evolution. Clay Miner 
24:459-478. 

Reynolds RC. 1980. Interstratified clay minerals. In: Brindley 
GW, Brown G, editors. Crystal structures of clay minerals 
and their X-ray identification. London: Mineral Soc. p 249- 
303. 

https://doi.org/10.1346/CCMN.1998.0460604 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1998.0460604


648 Faisandier,  Pons,  Tchoubar  and Thomas  Clays and Clay Minerals 

Reynolds  RC, Hower  J. 1970. The nature o f  interlayering in 
mixed-layer  il l i te-montmorillonite.  Clays Clay Miner  18: 
25 36. 

Rober tson RHS, Tessier D, Whi te  J. 1982. The texture of  an 
Engl ish fuller 's earth. Clay Miner  17:55-257.  

Saez-Aunon J, Pons CH, Iglesias JZ, Rause l l -Colom JA. 
1983. Etude du gonf lement  des vermiculi tes-orni thine en 
solution saline par analyse de la diffusion des rayons X aux 
petits angles. Mdthode d' interprdtation et recherche des 
parambtres d 'ordre.  J Applied Crys t  16:439-448.  

Tchoubar D, Rousseau  F, Pons CH, L emmon i e r  M. 1978. 
Small-angle setting at LURE: Description and results. Nucl  
Inst Meth  152:301-305.  

Tessier D. 1984. Etude exp6rimentale de l 'organisa t ion des 
mat6riaux argileux. Hydratation, gonf lement  et structura- 
tion au cours de la dessicat ion et de la r6humectat ion [Ph.D. 
thesis]. Paris, France: Univ  of  Paris VII. 361 p. 

Touret O, Pons CH, Tessier D, Tardy Y. 1990. Etude de la 
r6partition de l ' eau  dans les argiles satur6es Mg  2+ aux for- 
tes teneurs  en eau. Clay Miner  25:217-233.  

Van Olphen H. 1977. An  introduction to clay colloid chem-  
istry. London:  J. Wiley. 318 p. 

(Received 15 July 1996; accepted 17 March 1998; Ms. 
2788) 

https://doi.org/10.1346/CCMN.1998.0460604 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1998.0460604



