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Abstract--Crystal growth theory was applied to describe edge sites of phyllosilicates. Three face config- 
urations were found to exist. One face has one tetrahedral site per tetrahedral sheet and two octahedral 
one-coordinated sites per crystallographic area ac sin/3, where a and c are layer dimensions and/3 is the 
angle between them. The other two faces are similar except that they have one less octahedral site which 
is replaced by one Si'v-O-A1 vt site in this same ac sin/3 area. A transfer of bonding energy from the 
remaining octahedral site to the Si'v-O-A1 w site is believed to neutralize all edge charge on faces containing 
these latter sites at normally encountered pHs (pH 3-9). A similar charge rearrangement along the edges 
results in an apparent decrease in the permanent charge of the mineral with an increase in edge area. 

On the basis of such an analysis, lath-shaped illite can be described as a very fine grained dioctahedral 
mica in which the apparent deficient occupancy of the octahedral sheet, presence of excess water, and 
measurable cation-exchange capacity may in part be the result of a large ratio of edge area to total volume, 
with no other chemical or structural change in the mica layers. The increasing importance of edge charge 
relative to layer charge produces erroneous formulae for 2:1 phyllosilicates in very fine grained samples 
containing fewer than 2 of 3 octahedral sites occupied by cations, on the basis of a 22-charge half cell. 

Key Words--Celadonite, Edge structure, Illite, Muscov i te ,  Octahedral site, Phengite. 

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

Most natural surfaces are charged to some degree. 
Surface charge arises from the lack of  sufficient struc- 
tural bonds to compensate completely for the charge 
from surface oxygens. Among common minerals, only 
the basal surfaces of  some phyllosilicates and oxyhy- 
droxides are of  such a structure as to be wholly un- 
charged. All crystal surfaces of  quartz and feldspars 
and some faces of  phyllosilicates and oxyhydroxides 
possess a charge arising from broken bonds. Surface 
charge is the principal source of  cation- and anion- 
retention characteristics of  these minerals, whereas both 
surface and edge charge affect their rheological and 
specific adsorption properties. 

To date, two models have been proposed to explain 
edge-charge characteristics of  1:1 dioctahedral phyl- 
losilicates. These two models (Figure 1) have been ex- 
tensively used to explain cation- and anion-retention 
properties of  kaolinite, but the models have not been 
applied to other dioctahedral phyllosilicates. The ear- 
lier of  the models is that of  Schofield and Samson 
(1953), in  which the edge of  kaolinite is proposed to 
consist of  three types of  sites: octahedral A1-OH, tet- 
rahedral Si-OH, and transitional tetrahedral-octahe- 
dral Siw-O-A1 vI sites (Figure 1). At acid pHs, octa- 
hedral A1 and tetrahedral Si are coordinated to water 
groups and the transitional site is hydroxylated, yield- 
ing a net charge of  1 +. At moderate pHs, the octahedral 
group loses a proton to reduce the net charge to zero. 
At alkaline pHs, all adsorbed protons are removed, 
resulting in a net charge of  2 - .  Jackson (1964) pro- 
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posed a pK of  5.0 for the octahedral proton loss and 
a pK of 9.5 for the S i -OH deprotonation, with the 
transitional site having a pK somewhere in between. 

The later model by Muljadi et  al. (1966) differs from 
that of  Schofield and Samson (1953) by the presence 
of  two octahedral sites instead of  one and no transi- 
tional sites (Figure 1). The charge shifts from one of  
the two octahedral sites to the other, giving the site an 
integral charge. 

Neither model has gained universal acceptance, nor 
has either model been adjusted so as to be applicable 
to all phyllosilicates. In the present paper, a model 
based on crystal growth theory is proposed which can 
be used to determine the structure of  the dominant  
crystal faces of  any mineral. The model will be applied 
to the derivation of  edge-charge characteristics of  di- 
octahedral phyllosilicates. The consequences of  the 
model on the 22-charge half-cell basis for formula cal- 
culation and the observed properties ofill i te and mont-  
morillonite will also be examined. 

T H E O R Y  

The stability of  very small mineral particles (fine clay 
size) is highly dependent on their surface free energy 
(Bemer, 1971). The importance of  surface free energy 
on mineral stability is so strong for high surface-area 
solids that it has been proposed as a mechanism for 
the apparent reversal in the stabilities of  some iron 
oxides (Langmuir and Whittemore, 1971). Two meth- 
ods are commonly used to reduce the surface free en- 
ergy of  high surface-area solids. The first involves a 
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Figure 1. Schematic representation of the edge-site mor- 
phologies for kaolinite according to the models of(a) Schofield 
and Samson (1953) and (b) Muljadi et al. (1966). 

rearrangement of the bond lengths and thereby bond 
strengths of surface sites and results in a decrease of 
surface charge. An example of this type of rearrange- 
ment occurs in palygorskite and sepiolite (Preisinger, 
1959). The edge octahedra in these minerals are dis- 
torted, thereby eliminating charge from octahedral edge 
sites. On interior octahedra, the Mg-O bond lengths 
of O coordinated to three Mg atoms and either Si or 
H are a uniform 2.12 A, with a 1/3 valence unit charge. 
At edges, these bond lengths are distorted to 2.00 or 
2.25 Zk. The bond length for the 2-coordinated edge 
Mg-O bond having the O coordinated to two Mg atoms 
and one Si shortens to 2.00/~ and increases in bond 
strength to I/2, whereas the 1-coordinated Mg-OH2 edge 
site increases in bondlength to 2.25 ~k, reflecting a 0 
valence bondstrength. With two octahedral bonds each 
of 0.50 valence-unit bond strength on the edge site 
containing 0 coordinated octahedra and 1 tetrahedron, 
the transitional edge site is effectively neutralized. The 
Mg-OH2 site having zero bond strength is the 1-co- 
ordinated octahedral site. Together, these bond shifts 
neutralize what would have been two charge sites. The 
second method of reducing surface free energy involves 
a reduction of the number  of potential edge sites per 
area. This method is the basis for crystal growth theory. 

According to Har tman (1963, 1973, 1978), all stable 
crystal faces are parallel to one or more continuous 
chains of strong bonds. The more crystallographically 
different bond chains present parallel to a crystal face, 
the more likely the occurrence of that face. All that is 
needed for the application of Har tman 's  method is the 
determination of the number  and orientation of the 
bond chains in the structure. Extension of crystal growth 
theory to the description of edge-site morphology re- 
quires no other data, inasmuch as the edges of the bond 
chains are the edge sites for the mineral surface. 

To apply the crystal growth theory of Hartman (1973) 
to the description of edge sites of dioctahedral phyl- 
losilicates, the structure must first be described as a 
network of bond chains. The bond chains in phyllo- 
silicates are along [100], [110], and [ l i0 ]  (Grim and 
Giiven, 1978; Hartman, 1982), parallel to the three 
pseudohexagonal x-axes (Bailey, 1967). The possible 
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Figure 2. 
faces of an octahedron showing the three possible x-axes. 

-a l  
Idealized representation of the upper and lower 

structures of ideal dioctahedral phyllosilicate chains 
can be visualized by observing the basal surfaces of an 
octahedron (Figure 2). The three pseudohexagonal 
x-axes are perpendicular to the edges of the faces. The 
first tetrahedral sheet joins the top of the octahedral 
sheet at either a~, a2, or a3, which are symmetrically 
equivalent. If one tetrahedral sheet is attached, the 
three directions are no longer symmetrically equiva- 
lent, and the bottom tetrahedral sheet of a 2:1 phyl- 
losilicate can only be joined at the site on the bottom 
of the octahedron related to the top site by a center of 
symmetry. Any other method of adding a second tet- 
rahedral sheet results in a dipole. Three chain orien- 
tations result from joining the sheets in this manner.  
The three bond chains are not equivalent, but have 
one unique chain and two chains related by symmetry 
(Figure 3). The A, B, and C chains are observed along 
the a3, al, and a 2 axes, respectively. 

Crystal growth theory predicts that the building unit  
for crystal growth will have the same composition as 
the mineral itself. Neglecting exchangeable cations, the 
smallest growth unit  for phyllosilicates (assuming con- 
gruent growth) should consist of one octahedron with 
one tetrahedron attached for each tetrahedral sheet 
(Figure 4). Larger multiples of this growth unit  are 
required for minerals having ordered substitution. The 
orientation with which the growth unit  attaches to the 
uncompleted bond chain is determined by the min- 
eral's structure. The number  and structure of the faces 
of ideal phyllosilicates can be described on the basis 
of the mi n i mum repeat area ac sin/3, where a and c are 
the layer repeat dimensions and ~ is the angle between 
the [001] and [100]. The angle,/3, only approximates 
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Figure 3. The three possible bond-chain morphologies for 
1:1 and 2:1 phyllosilicates as viewed along the chain direction. 

the angle in the structures of  1 T c  pyrophyllite (Lee and 
Guggenheim, 1981) and 2Ml muscovite and phengite 
(Giiven, 1980) but the error is less than 1% on a sine 
basis. 

To derive the equilibrium structure o f  the faces as a 
function of  pH, the octahedral-, transitional-, and tet- 
rahedral-site pK values of  Jackson (1964) were as- 
sumed, except at low pHs where a Si-OH2 + group was 
added in accordance with the silica hydrolysis model 
of  Stumm and Morgan (1981). The structure of  the 
edges predicted by crystal growth theory have two dif- 
ferent projections when viewed parallel to the bond 
chains (Figure 5), but do not differ when viewed per- 
pendicular to the chains. The projections for chains A 
and C are equivalent and contain one tetrahedral site 
per tetrahedral sheet, one transitional octahedral-tet- 

o Silicon 

o Oxygen 

| Hydroxyl 

�9 Aluminum 

Figure 4. Representation of the minimum congruent crystal- 
growth unit for a phyllosilicate assuming no substitutional 
ordering. 

rahedral site, and one 1-coordinated octahedral site per 
area ac  sin/3. Chain B contains one tetrahedral site per 
tetrahedral sheet and two octahedral sites for the area 
ac  sin/3 (Table 1). In any layer of  a phyllosilicate, one 
edge face will be bound by one of  the chains. 

DISCUSSION 

The edge-site morphologies predicted for kaolinite 
agree with the model of  Schofield and Samson (1953) 
or the model of  Muljadi et al. (1966), depending upon 
which crystal face is considered. The predicted mor- 
phology for edges bound by chains A and C agrees with 
that proposed by Schofield and Samson (1953), where- 
as that predicted for faces bound by chain B agrees 
with the Muljadi et  al. (1966) model. 

The advantage of  using crystal growth theory for 
predicting edge-site morphology is that the model is 
three dimensional, allowing for calculation of  the den- 
sity of  a site on a surface. The calculation of  edge- 
charge characteristics for faces bound by chain B is 
straightforward (Table 1), but the presence of  the tran- 
sitional octahedral-tetrahedral sites on chains A and C 
make calculations more difficult. The transitional site 

Table 1. Concentration of edge-charge sites on representative dioctahedral phyllosilicate faces. 

Bound by B chain 3 Bound by A or C chains 3 

Oct. Tet. Oct. Tet. Oct. Trans. Tet. Oct. Trans. Tet. 
a c  sin fl 

Mineral Composition (,~2) (sites/unit area) (~mole/m 2) (sites/unit area) (~mole/m 2) 

Kaolinite 
Pyrophyllite 
Beidellite l 
Montmoril- 

lonite 
Vermicul i te  2 
Muscovite 
Celadonite 

A12Si2Ob(OH)4 36.63 2 1 9.07 4.53 0 0 i 0 0 4.53 
A12Si40~o(OH)2 47.46 2 2 7.00 7.00 0 0 2 0 0 7.00 
Mo33AlE(Si3.67Alo33)OIo(OH)2 51.80 2 1.92 6 .41  6.14 0 0 1.92 0 0 6.14 

Mo.33(All .67Mgo.33)Si4Olo(OH)2 52.10 1.66 2 5.32 6.39 0 
Mo67Alz(Si3.33Alo~OO~o(OH)2 51.16 2 1.83 6.49 5.95 0 
KA12(Si3A1)Ono(OH)2 51.60 2 1.5 6.44 5.63 0 
K(A1Mg)Si40 to(OH)2 53.30 1 2 3.12 6.23 0 

0 2 0 0 6.39 
0 1.83 0 0 5.95 
0 1.5 0 0 3.63 
0 2 0 0 3.12 

Assumes c = 10.0 A and fl = 90 ~ 
2 Assumes a = 5.154 A, c = 10.0 A, and fl = 97 ~ 
3 See text for definition of A, B, and C chains. 
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Figure 5. Effects of pH on the charge properties of the two 
proposed edge-site morphologies for dioctahedral phyllosili- 
cares. 

may possibly exist as a charge site, but it is also rea- 
sonable to hypothesize a shift in the octahedral cation. 
This shift would cause the bond length to shorten be- 
tween the octahedral cation and the transitional site 
and increase the length of the bond to the octahedral 
edge site. Such a bond shift would cause the octahedral 
bond of the transitional site to increase in strength from 
0 to 1, while removing all charge from the 1-coordi- 
nated site, thus resulting in a neutralization of the oc- 
tahedral surface charge for these faces (Figure 6). Sim- 
ilar shifts have been reported in the crystal structure 
of sepiolite (Preisinger, 1959) and are an essential, al- 
though unstated part of the Muljadi et aL (1966) model. 
The tetrahedral site is charged at low and high pHs due 
to protonation and deprotonation of the site, respec- 
tively, but at common environmental  pHs (pH 3-9) 
the surface is uncharged. If the shift of bond strength 
required for the minimizat ion of surface charge does 
not occur, the Schofield and Samson (1953) model is 
adequate to describe the charge characteristics of these 
faces. 

The edge sites in 2:1 dioctahedral phyllosilicates are 
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Figure 6. Effects of tetrahedral and octahedral substitution 
on bond strength and edge charge of the two proposed edge- 
site morphologies for 2:1 dioctahedral phyllosilicates at pH 
6.5. 

more complex structurally, but are chemically more 
complex only for minerals having significant octahe- 
dral and tetrahedral substitution. The addition of the 
second tetrahedral sheet adds one tetrahedral site per 
area ac sin/3 as compared to 1:1 phyllosilicates, but 
does not change the remainder of the edge charge. The 
result of substitution of A1 for Si in the tetrahedral 
sheet is countered by a shift in bond strength from the 
ideal 3/4 charge for each of four sites to a configuration 
in which the three interior bonds have a bond strength 
of one each, while the edge site becomes an uncharged 
bound water (Figure 6). A similar shift occurs in the 
octahedral sheet in sites where a divalent cation is pres- 
ent. The bonds from divalent cations would shift such 
that all charge would be removed from the octahedral 
edge sites and be shifted to the internal sites resulting 
in an increase of the bond strength from the ideal 1/3 
charge to 1/2 charge. For B chains, the net result of a 
divalent octahedral cation substitution is a loss of all 
octahedral edge charge for sites with substitutions. On 
A and C chain edges, the transitional edge site would 
become an uncharged hydroxyl with the octahedral site 
becoming a bound water site. The decreased charge of 
faces bound by A and C chains relative to B chains 
causes these former faces to grow faster, resulting in 
decreased importance of these faces. It is also impor- 
tant to note that as a result of bond shifts on mineral 
edges, as the permanent charge of the phyllosilicate 
increases, edge (pH dependent) charge decreases on a 
structural ac sin/3 basis. In addition, the permanent 
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Table 2. Calculated water and apparent unit-cell water percentages for muscovite, phengite, and celadonite laths of 0.1 • 
0.01 ~m size. 

Calculated total water (apparent unit-cell water) (%)~ at pHs of 

Mineral l 3 6 9 

Muscovite 7.00 (4.99) 6.63 (4.99) 6.13 (5.01) 5.63 (5.02) 
Mg-phengite 7.01 (5.01) 6.58 (5.01) 6.20 (5.02) 5.83 (5.05) 
Fe-phengite 6.72 (4.80) 6.30 (4.80) 5.94 (4.81) 5.59 (4.83) 
Mg-celadonite 7.03 (5.01) 6.53 (5.01) 6.28 (5.02) 6.03 (5.04) 
Fe-celadonite 6.52 (4.60) 6.06 (4.60) 5.83 (4.61) 5.60 (4.63) 

Calculated using the backbone weight basis for formulae as stated in Figure 1 and edge configurations as shown in 
Figure 5. 

charge of phyllosilicates decreases near the edge due 
to these charge shifts. 

The application of this model to phyllosilicates hav- 
ing more complex stacking is simplified by considering 
that the various polymorphs have ordered combina- 
tions of the edges predicted for 1M micas. This ar- 
rangement would involve the mixing of fast-growing 
A and C chains with slower growing B chains. For 2M1 
muscovite, for example, the [ 100] edge would have a 
surface consisting of alternating A and C chains, where- 
as the faces paralleling [110] and [1 i0] would alternate 
B chains with either A or C chains. 

Particle size and morphology have large effects on 
the scale to which edge charge manifests itself. For each 
tenfold decrease in edge area, a tenfold increase in im- 
portance of the edge sites should be observed. As a 
result, particle edge sites are of stoichiometric impor- 
tance for very thin lath morphologies, such as is com- 
mon for illite, but not as important  for larger pseu- 
dohexagonal kaolinite. The edge of laths are of 
stoichiometric importance if they are 0.01 tzm wide 
(Tables 2 and 3), but an order of magnitude larger 
particle should not show any significant difference from 
ideal micas. For example, only 1 of l0 illite samples 
reported by Srodofl et aL (1986) (<5.0-#m size frac- 
tions) showed an octahedral layer having fewer than 2 
of 3 sites filled (indicative of small particle size), where- 
as 12 of 23 sites of the <0.125- or <0.3#tm fractions 
showed this octahedral deficiency. Particle morphology 

is also important. On a weight basis, a much greater 
edge area exists for pseudohexagonal morphologies than 
for lath morphologies having the same width. If  the 
calculations are performed on an equal basal-area ba- 
sis, the differences due to morphology are less signifi- 
cant. 

The thickness of very fine clay particles is also im- 
portant. The outer (00 l) surfaces of a particle is a source 
of permanent cation-exchange properties. These faces 
become important in the formula determination of clays 
when the thickness of the particle decreases. If  a clay 
particle is considered to be n layers thick, there will be 
n - 1 internal surfaces and 1 external surface. It has 
been recently proposed that many illite/smectites may 
be true illites of only 2 or 3 layers, with the outer layers 
acting as the smectite (Nadeau et al., 1984a, 1984b). 
In micas, internal surfaces are the source of fixed K, 
whereas external surfaces are the source of the observed 
permanent cation exchange. If external surfaces are a 
significant portion of the total internal and external 
surface area (i.e., the mica particles are thin along [001]), 
the material may have a significant CEC, even in the 
absence of smectite. In the structural half-cell formula 
of a thin mica platelet, (n - 1)/n times the permanent  
charge is neutralized by internal K and 1/n times the 
permanent charge is neutralized by exchangeable cat- 
ions on external (001) surfaces. 

These surface effects may be stoichiometrically im- 
portant in minerals having a large edge area, such as 

Table 3. Calculated apparent unit-cell formulae for muscovite, phengite, and celadonite laths of 0.1 x 0.01 ~tm size. 

Mineral pH Apparent unit-cell structural formula ~ 

Muscovite < 5 
5-8 
>8 

Phengite < 5 
5-8 
>8 

Celadonite < 5 
5-8 
>8 

Ko.s2A12.os(Si3.o3Alo.97010(OH)2 
M+o.2oKo.soAlz(Si~A1)O~o(OH)2 
M+o.3oKo.soA1L97(Sia.99A1 Lo 00~o(OH)2 

Ko.s2(Mg, Fea+)o.5oA1 L55(Si3.53Alo.47)O~o(OH)2 
M+oA6Ko.so(ig, Fea+)o.soA1LS ~(Si3.s lAlo.49)O~o(OH)2 
M+o.45Ko.79(Mg,Fe2+)o.49A1La4(Si3.46Alo.54)O~o(OH)z 

Ko.79(Mg, Fe2+)Lo~A1Lo~(Si4.o4)O,o(OH)2 
M+o.o6Ko.so(Mg, Fe2+)l.o~Al~.ol(Si4.oa)Olo(OH)2 
M+o.zsKo.8o(Mg, ee2+)l.ooAlo.gs(Si3.gsAlo.o2)O~o(OH): 

Calculated using the backbone weight basis for formulae as stated in Figure 1 and edge configurations as shown in Figure 
5. The edge charge is represented by M +. Excess anions are neglected as if the result of a total elemental analysis. 
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lath-shaped illites. Giiven et al. (1980) hypothesized 
that illite growth nuclei were 1M mica laths elongated 
along [100]. Electron microscopy showed these laths 
are commonly 0.01 #m or less in width. Type B chains 
parallel [100] in 1M micas. A particle of illite having 
such a morphology would have two edge areas, ac sin/3, 
per 10 to 12 unit  cells. If the edge structure has pK 
values near those in the literature (summarized in Fig- 
ure 5), very high water contents should be observed 
for otherwise ideal micas due to the edge contribution 
alone (Table 2). In addition, the charge of the edges 
would result in a breakdown of the 22-charge basis for 
the chemical formulae, resulting in fewer than 2 of 3 
octahedral sites occupied by cations (Table 3). The 
calculated water contents and formulae for micas of 
this morphology and size suggest that the observed 
phengitic composition, excess water, octahedral site 
filling of less thart 2 of 3 sites, and hypothesized mont-  
morillonite layers are due to a breakdown in the meth- 
od of formula calculation. Formulae for smectites, 
which are also typically fine size, have also been re- 
ported to have fewer than 2 of 3 octahedral sites filled 
(see, e.g., the Wyoming bentonite formulae in Weaver 
and Pollard, 1973). 

SUMMARY AND CONCLUSIONS 

Crystal growth theory can be applied to the deter- 
mination of the equilibrium surface structure of min-  
erals. The surface structure of each mineral face can 
be derived, but the proportions of the various faces 
cannot. Application of crystal growth theory to phyl- 
losilicates predicts the morphology observed for phyl- 
losilicates. A decrease in the number  of edge sites per 
unit  area is predicted to accompany an increase in 
permanent charge for phyllosilicates. As a result, the 
use of a 22-charge basis to produce a half unit-cell 
formula for 2:1 phyllosilicates may not be valid if  the 
sample is chiefly very fine particle size. Illite charac- 
teristics may be explained as a result of small particle 
size of an otherwise normal dioctahedral mica. 
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