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Abstract--The crystalline and osmotic swelling of N~, Cs-, Mg- and Ca-montmorillonite has been mea- 
sured in dimethyl sulphoxide and in formamide, N-methyl formamide, dimethyl formamide, N-methyl 
acetamide and dimethyl acetamide. These liquids have similar dipole moments but their relative permitti- 
vities vary appreciably from values less than water to values greater than water. 

Na montmorillonite exhibits osmotic swelling (diffuse double layer development -d(001) ~ 19 A) in 
formamide and N-methyl formamide and Cs gives osmotic swelling behavior in formamide. Cs-montmor- 
illonite in the crystalline swelling region give spacings greater than those found for water with all liquids. 
Mg- and Ca-montmorillonite did not give spacings greater than 19 A in any of the liquids studied. 

The swelling behavior of montmorillonite is affected by relative permittivity but for liquids with a simi- 
lar relative permittivity methyl substitution in the molecule may prevent the development of diffuse double 
layers on the particle surfaces. 

INTRODUCTION 
The swelling of montmorillonites in water has received 
considerable attention (e.g. Norrish and Quirk, 1954; 
Norrish, 1954; Warkentin and Schofield, 1962; Nor- 
fish and Raussel-Colom, 1963; Posner and Quirk, 
1964a,b; Quirk, 1968)with the result that the swelling 
behavior of montmorillonites in relation to factors 
such as exchangeable cation, hydrostatic pressure and 
electrolyte concentration, is relatively well described. 
There still exists, however, some uncertainty in the 
detailed interpretation of the swelling behavior (Quirk, 
1968) particularly in relation to the exchangeable 
cation and its polarizing power in affecting the proper- 
ties of water in the neighborhood of the cation and the 
surface. 

The literature reveals that montmorillonites show 
limited expansion [d(001) < 19 A,] with a wide variety 
of polar organic compounds; swelling in relation to the 
properties of organic compounds has previously been 
examined by Barshad (1952) and Greene-Kelly 
(1955a,b) and, although some very polar organic 
liquids have been used, for instance nitrobenzene 
(Yariv, Russell and Farmer, 1966), basal spacings 
greater than 15.2/k have not been reported except for 
glycerol and ethylene glycol. Most of the earlier work 
deals with the bonding and mechanism of adsorption 
of organic compounds in montmorillonite or simply 
the spacing of the interlayer complexes. 

* Present address: CSIRO Division of Textile Physics, 
338 Blaxland Road, Ryde, New South Wales, Australia. 

The present work extends the information on swell- 
ing behavior of homoionic montmorillonites to an 
homologous series of substituted amides and dimethyl 
sulphoxide (Table 1). The swelling in relation to the ex- 
changeable cation and liquid properties, particularly 
relative permittivity, is examined and contrasted with 
the known behavior of montmorillonite in water. 

EXPERIMENTAL 

Montmorillonite, <2 #m esd and homoionic with 
respect to Na, Cs, Mg and Ca cations was the same as 
used previously (Olejnik, Posner and Quirk, 1971). 

The amides were purified according to Alexander et 
al. (1967)by drying over molecular sieves type 5A with 
intermittent shaking, for several days, followed by dis- 
tillation at reduced pressure under a dry nitrogen 
atmosphere. A second drying and distillation was 
necessary with some amides to remove thewater more 
completely; the DMSO was similarly purified. Infra- 
red spectra showed that all the water had been 
removed from the liquids, or if nofwas present only in 
trace amounts. 

Montmorillonite swells rapidly in these liquids and 
the outgassing and measurement of the interlayer spac- 
ings was identical to that given previously (pretreat- 
ment at 150~ and 4 x 10 -4 mm of Hg for 16 hr to 
remove water, Olejnik et al., 1971); the Na- and Cs- 
montmorillonite swollen in NMF however were only 
out-gassed in vacuum over P205. Ni filtered Cu K~ 
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radiation was used to record the diffraction pattern of 
Na-  and Cs-montmorillonite in DMF and Na-  and 
Ca montmorillonite in DMA; Co K~ radiation was 
used for the others. Thin ceramic tiles (about 1/16 in.) 
were used and these were wet with liquid prior to form- 
ing the thin layer of swollen montmorillonite. Unless 
special care is taken to completely pre-saturate the tile 
with liquid, small variations in hydrostatic suction 
exerted by the tile may cause appreciable variations in 
basal spacing of samples showing large swellings. 

RESULTS AND DISCUSSION 

Table 1 lists the interlayer spacings of montmoril- 
lonite in the polar liquids and shows that the swelling 
depends on the size and charge of the exchangeable 
cation and the liquid. It shows that Cs-montmoril- 
lonite can swell to very large spacings with formamide 
and for the other liquids investigated, the spacings are 
greater tfian any previously reported for Cs-montmor- 
illonite; in water Cs-montmorillonite swells to only 
13.2 A (Edwards et al., 1965). In formamide Na-  and 
Cbmontmorillonite swell to greater than about 90 
the limit of the diffractometer; diffraction peaks first 
appear at approx. 50 A when the interlameller forma- 
mide is gradually removed by evacuation. Na-mont- 
morillonite shows a peak at approx. 40 A; this is prob- 
ably the second order of the 75 A peak. 

Except for Cs-montmorillonite, integral higher 
orders of d(001) were observed for montmorillonites 
with basal spacings of approx. 18 23 A in the various 
liquids used. Cs-montmorillonite usually shows broad 
or diffuse diffraction peaks corresponding to basal 
spacings of approx. ! 7-18 A which have relatively high, 
low angle backgrounds that drop away sharply to 
lower spacings. This is indicative of interstratification 
and although the predominant interlayer spacing is 
17-18 A there must also be substantial numbers of 
lamellae at basal spacings above this value. Similar 
effects have been reported by Norrish (1954) for potas- 
sium-montmorillonite. 

The swelling of montmorillonite has been desig- 
nated as crystalline or limited swelling for which d(001) 
is less than 19 A and extensive or osmotic swelling due 
to the development of diffuse double layers within the 
interlayer regions leading to d(001) values which 
may be considerably greater than 19 A. The equilib- 
rium spacing for a given system results from a balance 
between attractive forces due to ion surface forces and 
repulsive forces. The repulsive forces result from solva- 
tion of the exchangeable ions (ion-dipole interaction) 
which, if large, may lead to the development of diffuse 
double layers. 

Norrish (1954), by considering that the relationship 
of an ion to the clay surface is analogous to a point 
charge and that the hydration energy of an ion gives 
the repulsive energy, has arrived at a swelling index 
given by Ue/v 2 in which U is the solvation energy, E is 
the relative permittivity of the interlayer liquid and v 
is the valency of the ion. Thus, for a given valency, the 
larger the value of U and E the greater the tendency of 
the clay system to swell. 

The results for limited crystalline swelling show 
some unexpected features in relation to the application 
of the swelling index. It may be seen from Table 1 that 
the A-values (MacEwan, 1948) in all organic liquids 
examined are greater than the minimum molecular 
dimensions and for Cs are close to a value expected for 
two molecular layers and contrast with the one layer 
complex found for water. This result is obtained even 
though the solvation energy for the Cs ion in the 
various liquids is approximately equal to that in water 
(Table 1) and it cannot be readily explained by refer- 
ence to the relative permittivity of the liquid since the 
values for the liquids range from about half that of 
water to more than double. It is therefore concluded 
that specific features of the ion-dipole interaction in 
the interlayer space, probably affecting the relative per- 
mittivity, is the basis for there being no clear relation- 
ship with relative permittivity. 

With DMF, NMA and DMA, Na-  and Cs-mont- 
morillonite give only limited crystalline swelling with 
the respective spacings being greater for the Na-clay 
than the Cs-clay in accordance with the higher solva- 
tion free energy of the sodium ions. The spacings for 
all three liquids are similar for each homoionic mont- 
moril!onite even though it might have been expected 
that NMA with a relative permittivity of 179 would 
have given extensive crystalline swelling for Na-mont- 
morillonite since formamide (E = 109) and NMA (E = 
171) give extensive swelling. The correspondence Of 
the spacings (2(~21 A) for N~montmoril lonite and 
(16-17 A) for Cs-montmorillonite in DMF, NMA and 
DMA is also unexpected since DMF and DMA have 
relative permittivities of 37. 

The decreased swelling in the series formamide, 
NMF and NMA, with respect to relative permittivity 
is associated with increasing methyl substitution with 
consequent increase in basicity of the carbonyl group 
and stronger ion-dipole association. The dipole 
moment of a molecule in the liquid differs from that 
measured in the vapor phase (Millen and Watts, 1967) 
due to the induction of an additional moment by the 
dipole field of its neighbors. Thus, in the interlayer en- 
vironment of the cation and the amide, the effective 
dipole moment of the amide may be greater than that 
determined in the vapor phase (Table 1). This would 
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effectively increase the magnitude of the dipole associ- 
ation between the amide and the surface, and the 
amide and the cation, and would result in reduced 
swelling; the organic molecule would act as a bridge 
between the cation and the surface. 

In N-ethylacetamide, with ethyl substituted for a 
methyl group, the increase in basicity of the carbonyl 
oxygen and enhancement of the dipole moment is even 
greater than in NMA with the result that there is 
even less crystalline swelling of Na montmorillonite 
(Tahoun, 1965) than in NMA. 

Multivalent cations cause greater dielectric satu- 
ration of the medium than monovalent cations (Millen 
and Watts, 1967); as a result of the lower relative per- 
mittivity the attractive potential is increased which is 
the cause of the reduced swelling (Norrish, 1954; 
Quirk, 1968). This therefore prevents extensive crystal- 
line swelling despite the fact that the value of the swell- 
ing index for Mg-montmori l loni te  (8.9 • 103) is greater 
than Na-montmori l loni te  (7.6 • 103) when the value 
of E is taken as 78. As described above, N M F  and NMA 
in N~montmor i l lon i te  must also have a relative permit- 
tivity appreciably lower than indicated in Table 1. 

The extensive crystalline swelling which occurs with 
N a -  and Cs-montmoril lonite in formamide for which 
the value of the swelling indices would be respectively 
1.06 • 104 and 7.5 • 103 indicates that the relative 

permittivity of formamide in the interlayer region must 
be appreciably greater than N M F  and NMA. Millen 
and Watts (1967) have discussed the relative permitti- 
vity of the solvation layers of an ion as a function of 
distance from the ion and suggest that the region of di- 
electric saturation is less for a monovalent ion than a 
divalent ion and as indicated above, Norrish (1954) has 
attributed differences in the swelling of montmoril- 
lonite in water to this cause. An alternative statement 
is that the relative permittivity in the interlayer spaces 
for Na-montmori l loni te  approaches more closely that 
of the bulk liquid water than Ca-  or Mg-montmori l -  
lonite. As virtually identical swelling behavior is 
observed for Na and Cs-montmorillonite in form- 
amide it can be concluded that the relative permittivity 
in the interlayer spaces of N a -  and Cs-montmorillonite 
is appreciable and perhaps approaches a value of 108. 

The results reported here reveal the considerable 
complexity of the ion solvent dipole interaction in the 
interlayer spaces of homoionic montmorillonites. 
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R 6 s u m ~ - L e  gonflement cristallin et osmotique de montmorillonites Na, Cs, Mg, et Ca, a 6t6 mesur6 darts 
le dim6thylsulfoxyde, la formamide, la N m6thylformamide, la dim6thylformamide, la N m6thylac6tamide 
et la dim6thylac6tamide. Ces liquides ont des moments  dipolaires voisins, mais leur permittivit6 relative 
varie d 'une far appr6ciable de valeurs inf6rieures ~_ des valeurs sup6rieures ~ celle de l'eau. 

La montmorillonite Na montre un gonftement osmotique (d6veloppement d'une double couche dif- 
fuse - d (001) >> 19 A) dans la formamide et la N m6thylformamide, et l'argile Cs a un comportement 
de gonflement osmotique dans la formamide. La montmorillonite Cs donne, avec tous les  liquides, dans 
la r6gion de gonflement cristallin, des espacements plus grands que ceux qui sont trouv6s avec l'eau. Les 
montmorillonites Mg et Ca ne donnent  pas d'espacements sup6rieurs fi 19 ~ dans aucun des liquides 
6tudi6s. 

Le comportement  gonflant de la montmorillonite est affect6 par la permittivit6 relative, mais pour les 
liquides qui ont une permittivit6 relative semblable, la m6thyl substitution darts la mol6cule peut emp~cber 
le d6veloppement de doubles couches diffuses fi la surface des particules. 

Kurz re fe r a~Die  kristalline und osmotische Quellung von Na- ,  Cs-, M g -  und Ca-Montmori l loni t  wurde 
in Dimethylsulphoxid und in Formamid,  N-Methylformamid, Dimethylformamid, N-Methylacetamid 
und Dimethylacetamid gemessen. Diese Fltissigkeiten haben ~ihnliche Dipolmomente, aber ihre Dielektri- 
zit~itskonstanten variieren erheblich schwischen Werten, die geringer und solchen, die gr6Ber sind als die 
des Wassers. 

Na Montmorillonit  zeigt osmotische Quellung (Entwicklung einer diffusen D o p p e l s c h i c h t -  d 
(001) >> 19 A.) in Formamid und N-Methylformamid und Cs ergibt osmotisches Quellungsverhalten in 
Formamid. Cs-Montmori l loni t  weist im Bereich der kristallinen Quellung mit allen Fliissigkeiten Schich- 
tabst~inde auf, die gr613er als die mit Wasser gefundenen sind. Mlg- und Ca-Montmori l loni t  ergaben mit 
allen untersuchten Fltissigkeiten keine Schichtabst~inde i.iber 19 A. 

Das Quellungsverhalten yon Montmoril lonit  wurde durcb die Dielektrizit~itskonstante beeinflul3t, 
jedoch kann fiir Fl~ssigkeiten mit ~ihnlicher Dielektrizit~itskonstante Methylsubstitution im Molekiil die 
Ausbildung einer diffusen Doppelschicht an den Teilchenoberfl~ichen verhindern. 

Pe31oMe - -  1/13Mep~IrOT KpncTannr~qecKoe ~I OCMOTI, I~IecKoe pa36yxaHrie N a - ,  Cs -  M g -  a Ca-MOHT- 
MoprlH.qOH14TOB B /IHMeTHHcynbdpOKCn~le r1 B dpOpMaMltjle, B N--MeTn3~OpMa.M~I~e, B ~.I, IMeTl4.rI- 
dpOpM&MH~.e, B N-MeTnnaueTaMa~e I4 B ~rlMeTHYlaUeTaMHjIe. ~TFI ~KI, IjIKOCTtt HMelOT O~IHnaroBr~Ie 
,/IHlIOYlbHble MOMeHTbI, HO FIX cpaBHHTe.rlbHble ~naneKTprrqecrue IIpOHRI.IaeMOCTI, I 3HatlwreJlbHO pa3- 
.rlHqaloTcfl OT qHCJIOBbIX 3HaqeHnlTI HI,DKe BO}Ibl ~O ~IHC3"IOBblX 3HaqeHI41~ BblIJJe BOjIbI. 

Na--MOHTMOpHH31OHHT BbI~IBYI~IeT OCMOTH~IeCI<Oe pa36yxaHr~e B ~popMaMI, I/ie i,i N-MeTIelJ'l~opMa- 
MH~e (pa3aHaaeTc~ llaqbdpyn~npoBanne aBO~rIblX cnoeB --d(001) >> 19A), a Cs BI,IaBnaeT noBeaerme 
OCMOTHqeCKOFO pa36yxaHnfl B dpopMaMI, I,~le. B 0631acTn KpHcTa,qn~4~ecxoro pa36yxann~ CS-MOHT- 
MOI)HHHOHFIT o6pa3yeT 663~btUHe paCCTO~HrI~ M e ~ y  aTOMaMn BO Bcex 3THX mn,ZlKOCT~X, '~eM B BO~'Ie. 
M g -  ~I Ca--MOHTMOpH3~YlOHI'ITbl He ~an~I paCCTOflHH~ 60~ee, '~eM 19A B 3KCrlepHMeHTa,rlbHblX :~KI'IJI- 
KOCT~IX. 

Ha Hoae~eHHe pa36yxaHnn MOHTMOpHn~OHHTa B31~IneT ~nanexTpr~qecKafl I~pOH~4ttaeMOCTb, HOB 
>KH)IKOCT,qX C To~eCTBeHHO~ ~HaHeKTpH~ec~o~ 1/pOHHUaeMOCTbR3 3a.MeHa MeTHHa B MO.qery~Ie 
Mo:~eT HpeaOTBpaTI~Tb pa3BnTHe ~H~y~I4pOBaHHb~X 22BOI~Hb~X cnoeB Ha rloBepXHOCT~X ,-IaCTnll. 


