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The Swelling of Clays: Molecular Simulations of ~ ~ n t e  ~ ~ l 1 l ( 1  t e c h l ~ e  (6> 7) 

the Hydration of Montmorillonite 
Sod~um-rni~ntmor~llon~te (Na-Mt)  cla)s 

from i i~t te lent  reglons of the  world 11,lve 

S. Karaborni," B. Smit, W. Heidug, J. Urai, E. van Oort 

The swelling of clay minerals on contact with an aqueous solution can produce strong 
adverse effects in the exploration and production of gas and oil. Molecular dynamics and 
Monte Carlo simulations were used to study the mechanism of swelling of sodium- 
montmorillonite. The simulations showed that the abundant clay mineral has four stable 
states at basal spacings of 9.7, 12.0, 15.5, and 18.3 angstroms, respectively. The amount 
of swelling and the locations of the stable states of sodium-montmorillonite are in good 
quantitative agreement with the experimental data. 

C l a y s  are i~llportant in many applications, 
such as drug and agrochemical iielivery, pu- 
rification and recycling of water streams, 
geological disposal of raiiioactive wastes, ca- 
talys~s and catalysis support, anii cosmetics. 
In the context of oil and a15  proiiuction. , ~ ,  

swelling in clays is an  llnportant factor when 
drilling wells throueh muiirocks. T h e  drill- 
ing engineer must ensure, through the use of 
iirilling fluiiis, that  the stresses induced in 
the region near the boreholes do not exceeii 
the strength of the mudrock. Excessive stress 
could leaii to severe drilling problems an<{ 
even to the collapse of a well (1 ) .  Grinv~ng 
environmental concerns currently require 
the replace~llent of oil-hased drilling fluids 
bv more benign water-hased solutions. T h e  
development of such high-perfc~rmance flu- 
iiis rewires a ~llolecular insieht Into the 
factors that control the swelling of clays. 

Clays have a characteristic layered struc- 
ture. Between these layers, water can ad- 
sorb, ~vh ich  results in strong repuls~ve forces 
that cause the clays to expand to as much as 

several tinles their original th~ckness  (2 ) .  
Clay hyiiration stuiiies have been conduct- 
eii since 1913 (3),  yet there is n o  clear 
understanding of the s~velling mechanism. 
W e  report here o n  our s~mulat ion results for 
a montmorillonite clav that is of interest to 
the iirill~ng industry because of its strong 
tendency to slvell (1  ) .  Molecular s~mula-  
tions were performed in the grand-canoni- 
cal ensemble (4 ,  5), that is, at  constant 
chernical po ten t~a l ,  volume, and tempera- 
ture (k, \/', and T, respectively). T h e  s i m ~ ~ -  
lations modeled a typ~cal  experi~llent with a 
surface force apparatus in which the  force is 
measureii as a function of :I fixed senant ion.  
for example, hetween two mica sheets im- 
nlcrseii in water 12).  In our sirnulatic>ns, the  
distance bet\veen the clay layers was fixed 
after each incre~llental  Increase in the in- 
terlayer distance, and the system lvas al- 
lowed to take or reject water molecules 
until equilibrium lvai reacheii. Initial tests 
of our simulation code, which is a co111h1- 
nation of molecular dynamics and Monte  
Carlo techniilues, shi~\vcii t11;lt the  inter- 

S. Karabornl and B. Smlt, Kon~nkl~jke/Shel-Laborato- layer Lvater coulii reach very high densities. 
rlum. Amsterdam (Shell Research BV). P 0 Box 38000. T h e  random insertion of a water molecule 
1030 BN Amsterdam, Netherlands. 
W, Helduu, Ural, van Oort, Konlnklllke,Shell EXDO- into a dense system is difficult, and there- 

. . 

ratlon and Producton Laboratow. ~olmerlaan 6. 2280 fore the ecluilibration step is extremely 
AB Rljswljk. Netherlands lengthy. T o  facilitate the inser t~on of water 
-To whom correspondence should be addressed. molecules, we used the orientational-bias 

slightly different che~llical  structures and 
charge distributions. Our  ~llodel for Na-Mt, 
water, and lona 1s s11ll11ar to that developeii 
fiom ab lnltlo calcul,~t~ona b\ S k ~ p p e r  ,lnd 

Fig. 1. Average s~mulated propert~es of Na-Mt as 
a funct~on of basal spaclng d,,, (A) Dlsjolnlng 
pressure P(d,,,) (B) Ratlo of water we~ght to clay 
we~ght m lm, ,, In un~ts of grams per gram 
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co-workers (8-10). In this model, the hy- 
droxyl bond in the clay lattice was calcu- 
lated to be normal to the clay surface. 
However. Hawkins and  eels staff found 
that this.bond is roughly iarallel to the 
surface in dry montmorillonite (I  I). If 
water or other solvents are present, the 
direction of the hydroxyl bond is less ap- 
parent (1 1, 12). In the absence of direct 
evidence of this bond orientation, we sim- 
ulated clavs with the hvdroxvl bond nor- 
mal as well as parallel to the surface. We 
found that a model clay with a normal 
orientation of the hydroxyl bond gives a 
better agreement of simulation results 
with experimental data and yields a lower 
overall disjoining pressure, which means 
that a perpendicular orientation of the 
0-H bond is more likely than a parallel 
orientation of this bond. 

Several simulations were performed in 
the grand-canonical ensemble (13). In 
this ensemble, the disjoining pressure, 
P(doo,), can be calculated directly from 
the simulations (14). To focus on the 
effects caused by the water-clay interac- 
tions. we subtracted the contributions of 
the direct interactions between the clay 
layers from P(doo,). Oscillations in the 
disjoining pressure were observed (Fig. 
lA),  as expected from measurements of 
the distance between smooth mica surfac- 
es in aqueous solutions (2). The states in 
which the disjoining pressure was a local 
minimumowere located at 9.7, 12.0, 15.5, 
and 18.3 A (Fig. 1A). These local minima 

Table 1. Basal spacings (d,,) of the stable phases of Na-Mt (in angstroms) compared with experimental 
data from measurement of several Na-Mt clays. The ratio of water weight to clay weight, rn,20/rnclay, is 
given in parentheses in units of milligrams per gram. ND, not determined. 

States, spacings, and rnHfl/rnClay values 
Reference 

0 1 2 3 

Simulation 
(this work) 

(75) 
(76) 
(1 7) 
(78) 
(19) 
(20) 
(27) 
(1 7) 
(22) 
(23) 

are in excellent agreement with the stable 
states measured experimentally for differ- 
ent Na-Mt clays (Table 1). 

The swelling of the Na-Mt was mostly 
nonuniform in our simulations (Fig. 1B). 
There were regions where an increase in 
basal spacing did not induce an increase in 
the amount of water. These plat~au re- 
gions occurred at - 15.5 and -2 1 A. Con- - 
sidering the significant differences among 
the various experimental measurements, 
the amount of Na-Mt hydration calculated 
in the simulations is in good agreement 
with that measured experimentally in var- 
ious Na-Mt clays [see Table 1 (15-23)]. 

The snapshots of the stable states of 

va-Mt in Fig. 2 show that at 9.7 and 15.5 
A (Fig. 2, A and C, respectively), some 
water molecules were in the hexagonal 
microcavities of the clay; the water oxy- 
gens formed strong bonds with the hyiroxyl 
protons of Na-Mt. At 12.0 and 18.3 A (Fig. 
2, B and D, respectively), there were no 
embedded water molecules; instead, the wa- 
ter protons formed hydrogen bonds with 
oxygens at the surface of the clay. The lo- 
cation of the sodium ions also differed in the 
different states. At 9.7 and 15.5 A, all ions 
were direciy next to the clay surface, whers- 
as at 18.3 A. and to a lesser extent at 12.0 A. 
sodium ions were separated by one water 
molecule from the clay surface. Our results 

I 
-- 

Fig. 2. Snapshots of the I 

hydrated Na-Mt in its sta- 
ble states. (A) Perspective 
view of the clay surface at 
dm, = 9.7 A. Only the bot- 
tom surface with embed- 
ded water molecules and 
neighboring sodium coun- 
terions is shown. (B) Side 
view at do,, = 12.0 A. Only 
the bottom surface with all 

um counterions is shown. 
(C) Side view at dm, = 

I 
water molecules and sodi- 

I 

15.5 A. Top and bottom 
clay surfaces with embed- 
ded water molecules and 
all sodium counterions are 
shown. One layer of water 
molecules in the interlamel- 
lar space has been re- 

I 
moved. (D) Side view at 
dm, = 18.3 A. All clay at- 
oms, water molecules, and 
sodium counterions are 
shown. Color code: Water 
molecules are in red (0) 
and white (H); sodium 
counterions are in green 
(Na+); montmorillonite at- 'I 
oms are in yellow (Si), orange ( 0  in tetrahedral sheets and 0 in OH groups), blue (H in OH groups), and pink (all atoms in the octahedral'sheet). 
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are in agreement with previous investiga- 
tions that have suggested that sodium ions 
should be very close to the clay surface (2C). 

Clearly, Jvater at basal spacings smaller 
than -25 A cannot be considered similar 
to hulk water. In the direction normal to 
the interface, the density distrihutlon reg- 
ularly changed when the basal spaclng was 
increa$ed (Flg. 3 ) .  A t  very small spacing, 
5 9 . 8  A ,  all molecules were entirely inside 
the h e x a g ~ n a l  cavities. A t  hasal spacings 
of >10.2 A ,  Lvater molecules originally in 
the microcavjties progressively desorbeci, 
and at 12.0 A ,  the oxxgen peak at -4 A 
disappeared. At  12.0 A ,  Ivater molecules 
in the interlayer space formed a single 
layer. In this layer, molecules were locally 
organlred in three dlstinct and nonsuper- 
imposedo levels that Lvere separated by less 
than 1 A.  The  formation of three levels is 
optimal because the levels closest to the 
clay surfaces include molecules with both 
hydrogen atoms polnting to the clay sur- 
face, and the middle level includes \later 
molecules with one hydrogen atom point- 
ing to each Jevel. 

At  15.5 A,  water molecules in the inter- 
layer space readsorhed inside the hexagonal 
cavities, and there was only one layer of 
tplecules in the interlayer space. At 18.3 
A,  water ~nolecules In the microcavities 
desorhed and simultaneously (or~ned a sec- 
ond and third layer. At  20.7 A,  \later mol- 
ecules readsorbed inside the hexagonal cav- 
ities and three layers repained in the inter- 
layer space. At  -23.5 A ,  a fourth and fifth 
layer formed si~nultaneously. Effectively, 
the interlayer space at no tlme contained 
only two or four layers of \later molecules. 

Fig. 3. Dens~ty d~str~but~ons p ( 4  of water oxygens 
as a funct~on of the dlstancezfrom the octahedral 
sheet. Results are shown for basal spaclngs of 
9.7. 12.0. 15 5. 18.3, and 20 7 A Note that the 
peak at -4 A appears in one state and d~sappears 
In the next state 

The swelling ~roceeded from the dry state 
through the formation of one, three, and 
then tive water layers. This behavior is 
completely different from ~vha t  is widely 
helieved to he the hydration sequence of 
Na-Mt-that is, successive transitions from 
one, to t~vo,  to three, to four layers and so 
011 (22). 

This complex slvelling hehavior could 
explain not only the intricate adsorption 
and desorption branches that have been 
measured in this clay (17, 21 ), but also the 
many variations In the specific surface area 
of Na-Mt calculated hy means of Rrunauer- 
Emmett-Teller (BET) theory applied to \va- 
ter sorption isotherms (24, 25). There is 
some experimental indication for the pre- 
dicted mechanism. For example, Trillo and 
co-~vorkers (25) have argued that the Inca- 
silred amount of pater in the interlamellar 
space at -15.2 A (not counting water in 
the hexagonal cavities or on the external 
surfaces) is not the amount that ~vould he 
expected in two full monolayers hut is ap- 
proximately the same amount of water as in 
one full monolayer. 

The uptake of Ivater by Na-Mt appears 
to be controlled hy the competition be- 
tween the formation of hydrogen honds he- 
tween the water protons and the oxygens in 
the tetrahedral sheets of the clay and the 
adsorption of water in the clay hexagonal 
cav~ties. The stahle states of Na-Mt are 
those in which the balance IS totally shifted 
to~vard only one type of interaction be- 
tween the water molecules and the clay. 
Unstable states are those in which the two 
types of interactions occur simultaneously 
in the same clay. The inability (balanced 
competition) of water ~nolecules to form 
simultaneously favorahle interactions wlth 
the oxygens in the tetrahedral sheets of the 
clay and the hydroxyl groups in the hexag- 
onal cavities creates a frustration effect. 
This could be the reason for the excessive 
swelling of Na-Mt. Expanding this clay 
would require a transition from one optimal 
orientation of water molecules near the clay 
surfaces to a second similarly optimal orie11- 
tation. Understandably, this transltlon re- 
quires less free volume and 1s therefore eas- 
ier to make than a transition that requires 
the s~multaneous addition of a fill1 layer of 
water molecules, which \vould he necessary 
lf water molecules have only one optimal 
orientation near the clay surfaces. We hope 
that the mechanism proposed here will 
stimulate experimental work that can he 
ilsed to validate our predictions. 
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