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ABSTRACT

Diffraction from oriented flakes of four montmorillonites that had been treated with an
excess of four glycols was obtained. Peak areas for the 00/ diffraction from each of the
treated clays were plotted against sin /A,

It was assumed that the observed diffraction intensity for the complexes was equal to
that of the clay plus or minus that of the organic part of the complex. By assuming also
that the contribution from the organic part of the complex is the same for each clay at
any one value of sin /A, a systematic consideration of all the possible levels of contribu-
tion by the organic interlayer material could be made. At values of sin §/A where inten-
sity data were closely spaced, it was found that only one of the possible levels of contribu-
tion by the organic interlayer material would allow a residual intensity (attributable to
the clay) that fit on smooth curves.

Curves of the diffraction intensity attributable to each of the clays resembled, in their
gross features, the calculated structure factor curve of mica. Displacements of the nodes
along the sin /) axis and differences in loop heights are sufficient to make this experi-
mental structure factor curve for each of the five clays quite distinctive.

INTRODUCTION

X-ray diffraction analysis offers two easily measurable quantities, the angle
and intensity of diffraction. Both of these quantities are highly variable for
materials that are called montmorillonites. Variations in the diffraction angle
have been related to hydration level and sample composition (dioctahedral or
trioctahedral) to the extent that they can be used analytically, but intensity
variations have received less attention.

The organization of intensity variation data was first attempted by compar-
ing single line intensities with theoretical intensities from structure factor cal-
culations based on the three-layer model for montmorillonite. A great improve-
ment over this procedure was made by Bradley (1953), who produced an
experimental eurve showing iniensity as a continuous function of the diffrac-
tion angle for montmorillonite. This curve was a composite of many intensity
measurements from 00! lines of powder patterns of organic-clay complexes.
Bradley’s curve differs somewhat from the corrected structure factor curve
based on what is accepted as the montmorillonite model.

More progress in the interpretation of intensity variation of montmorillonite
requires that curves similar to Bradley’s be produced for individual montmor-
illonite samples and then compared. Curves of this kind could be expected to
serve as a means of differentiating among the large group of minerals now
called montmorillonite but known to differ in their physical properties. The
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curves would make possible a better interpretation of these differences through
comparison with calculated structure factor curves of several different models.
Many factors enter into determining diffraction intensity besides the struc-
ture factor. A complete expression of diffracted intensity is difficult to state.
Some of the controlling factors are
I =1,p VATO|F|* (function of 9) (1)
where I — diffracted intensity
I, = incident beam intensity
p = multiplicity factor
V = volume of sample irradiated
A = absorption factor
T = temperature factor
O = orientation factor
F = structure factor
6 = diffraction angle.

Ideally, all these factors should be determined so that a direct comparison
between measured and calculated intensities could be made with validity. On
the other hand, the necessity of evaluating all the intensity-determining factors
can be avoided by limiting the comparison to changes in structure factor and
changes in intensity. If this type of analysis is used, the data-gathering pro-
cedure must be carefully standardized in order to make all the intensity-deter-
mining factors constant except the structure factor.

Accordingly, the discussion of the data presented in thlS paper will deal
entirely with relative intensities and their qualitative comparisons with calcu-
lated structure factors. Except for the uncertainties that will be discussed later,
the relation

I < F? (2)

will be adequate for the interpretation of intensity curves.

THEORY

The basic general geometrical structure factor formula given by James
(1948, p. 31) is

— 2xi(hu; + kv 4 lw;)

Fr = E_ﬁe
2

When considering only 00! diffraction from a crystal with a plane of sym-
metry parallel to (00!), the relation is simplified to

Foy = Z |f;] cos 2nlw;

where w; is the coordinate of each atom layer parallel to (001) and [ is the
order of the diffraction. Figure 1 shows the variation of the cos 2 » lw; term
with sin /X for each of the atom layers in the mica structure using the octa-
hedral cation layer as the origin. The structure factor at any sin 6/\ is equal

https://doi.org/10.1346/CCMN.1956.0050125 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1956.0050125

Epwarp C. Jonas 297

to the algebraic sum of each of these cosine functions individually multiplied
by the atomic scattering factor, |f;|, of the material composing that layer in
the crystal. These are continuously summed to produce the curve in the lower
part of Figure 1 for a sodium-aluminum mica.

OCTAHEDRAL CATION LAYER
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Ficugre 1. — Variation of cos 2 7 lw, with sin 8/\ for each of the atomic layers of the mica
structure (top) and the summation for a sodium-aluminum mica (bottom).

The value of the structure factor at sin 8/A from zero to 0.03 is highly posi-
tive because all the layers contribute to a positive sum. Any diffraction line
appearing in this region will be expected to be very intense. From 0.03 to 0.05,
contributions from the interlayer material, the surface oxygens, and the tetra-
hedral cations all become negative. At about 0.06 the negative contributions
balance the positive ones from the apical oxygen and octahedral cation layers,
giving the structure factor a low value. Diffraction occurring near this value of
sin 8/ will be expected to have a low intensity.

Similar reasoning can show that diffraction occurring near sin /A = 0.11
will have a low intensity because of the low structure factor resulting from the
balance of negative contributions from both the surface oxygen layer and the
tetrahedral cation layer, and positive contributions from interlayer material
and the octahedral cation layer. The cosine function of the apical oxygen layer
is near zero. In the sodium-aluminum mica calculation the negative tetrahedral
cation layer and the layer of surface oxygens have the larger |f;| cos 2 = lw;
sum resulting in a negative structure factor.
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Likewise, the positive loop of the structure factor curve centered around sin
6/x = 0.15 is a balance of negative contributions from the interlayer material
in addition to that from the apical oxygens, and positive contributions from
the surface oxygen layer, tetrahedral cation layer, and octahedral cation layer.
The positive |f;| cos 2 = lw; sums are greater in the mica calculation, resulting
in a positive structure factor in this region.

An increase in the quantity of scattering material in the octahedral cation
layer, for example, substituting iron for the aluminum, will tend to decfease
the structure factor and therefore the intensity of lines occurring near sin 6/A
= 0.09 and at the same time increase the structure factor and the intensity of
lines occurring near sin /A — 0.15. Decreasing the quantity of scattering
material in this part of the crystal will have the opposite effect on line intensi-
ties.

Decreasing the scattering ability of the crystal in the tetrahedral cation layer
by substitution of an aluminum for silicon, or a silicon omission, would tend
to decrease intensities in both the 0.09 and 0.15 regions where this position in
the crystal contributes to the dominant sum.

Diffraction collected from the (00!) series of organic-montmorillonite com-
plexes has an intensity related to the sum of all the contributions from the sili-
cate layer plus that from the organic molecules which have been shown by
Bradley (1945) to form a layer about 7A removed from the octahedral layer
reference. Figure 2 (top) is a plot of the variation of cos 2 wlw; for the several
layers of scattering material in a montmorillonite-organic complex. Figure 2
(bottom) is a summation of contributions from the silicate part of an alumi-
num montmorillonite shown as a solid line. The modification to be expected
by the introduction of organic molecules in a layer at 7A is shown as a dashed
line. The amplitude of the negative loop from 0.05 to 0.11 is reduced and dis-
placed away from the origin. The second loop from 0.11 to 0.20 is increased
in amplitude and its maximum is shifted toward the origin.

Diffraction data from several organic complexes with different periodicities
for one montmorillonite would be expected to give an erratic curve of intensity
versus sin 6/ because the intensities represent diffraction from essentially dif-
ferent materials. Each organic liquid contributes differently to the total inten-
sity. Figure 3 shows data of this kind plotted. If an appropriate contribution
to the total intensity from each of the interlayer organic materials could be
subtracted from the total intensity, the remainder would be diffraction from a
common material, the silicate part of the complex. The intensity data plotted
as in Figure 3 have been adjusted to produce a smooth curve which is to be
expected for montmorillonites. This adjustment would be far from unique, and
the chance of making the proper adjustment for each organic interlayer contri-
bution would be small. It would, therefore, be difficult to arrive at a truly
characteristic intensity curve for the montmorillonite.

Whatever the appropriate contribution of an organic interlayer material to
the diffraction intensity of a complex is, it should be the same for complexes
of that organic liquid with all montmorillonites, provided all the complexed
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Ficure 2. — Variation of cos 2 = lw; with sin /X for each of the atomic layers of an
organic-montmorillonite complex (top) and the summation (bottom) of the silicate part
of the structure (solid line) with the modification caused by the interlayer organic
material (dashed line).

montmorillonites had the same basal periodicity. If intensities from complexes
of two montmorillonite samples with the same organic liquid are compared
line for line, the differences would be attributable to differences in the silicate
part of the complex. Equal adjustment of comparable lines from the complexes
of the two montmorillonite samples could be made so as to produce smooth
intensity curves for both of the montmorillonite samples. Comparison of inten-
sity data from the two complexed montmorillonites reduces the choice of
adjustments of the raw data that can be made to produce two smooth curves.
The dependability of the adjustment is likewise increased. As the number of
complexed montmorillonite samples to be considered is increased, the more
nearly unique is the determination of the contribution of the organic interlayer
material. The intensity curve derived in this way for each montmorillonite cor-
respondingly becomes more characteristic as the number of montmorillonites.
considered increases.

EXPERIMENTAL PROCEDURE

Intensity curves of montmorillonite are produced from diffraction data of
several organic-clay complexes that must be individually prepared and still
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Ficure 3. —Intensity data for complexes of Wyoming Bentonite I before adjustment.

validly compared. Every step in the sample preparation must be examined
meticulously for its possible effect on the intensity of the diffraction lines. The
relation between diffraction intensity and some of its controlling factors has
already been stated. These variables can be divided into categories such as
instrumental variables, sample variables, and personal variables.

The principal approach to instrumental variable standardization was to take
all the data as rapidly as possible to minimize effects of aging of the apparatus
or possible recalibration. The preset control feature of the General Electric
XRD-3 made possible reasonable reliance on the reproducibility of incident
x-ray intensity, I,, of Equation 1. Spectrometer traces were all made with
identical settings of the detector variables. Measurements of the areas under
the spectrometer trace peaks were used as intensities. No attempt to scale the
diffraction maxima was made, although this procedure will be used to collect
future data. At the present stage of the investigation it was not felt necessary
to account strictly either for accurate intensity or for the nonadditivity of
intensities while appraising features additive as amplitudes. .

The sample preparation was designed to insure uniformity of the geometri-
cal characteristics of samples, the degree of preferred orientation, and the
degree of solvation of the montmorillonites. The use of oriented flakes simpli-
fied the spectrometer traces and minimized the possible distortion or intensity
modification of any of the 00! lines by diffraction from another set, thus
standardizing the multiplicity factor, p, of Equation 1. One disadvantage in
using oriented flakes is the uncertainty that all the samples will produce flakes
having the same degree of orientation. Failure to produce comparable degrees
of orientation in the flakes of two samples would only result in all the diffrac-
tion from the well-oriented sample being more intense than that from the less
well oriented. The value of O in Equation 1 would be changed. If the flakes
of a single sample were of uniform orientation, a smooth intensity curve char-
acteristic of that clay should be obtainable from the data. The amplitudes of
all of the peaks on the intensity curve would be uniformly changed by a
change in the degree of orientation. Because the value of O is not known to be
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uniform for the flakes of all montmorillonites that were used, the interpreta-
tion of intensity curves must depend more on relative peak heights of the
curve from one sample rather than on a direct comparison of the curves from
two samples.

Flakes were prepared from suspensions of particles that were less than two
microns equivalent spherical diameter. All suspensions were adjusted to the
same concentration. The flakes were prepared by allowing equal volumes of
the suspensions to dry slowly on microscope slides. This procedure insured
uniformity of weight of sample per unit area of the flakes. If the clays were
not greatly different in specific gravity, the flakes would be of uniform thick-
ness, and the value of ¥ in Equation 1 would be standard. The absorption
properties of the clays almost certainly differ, making 4 variable. Any differ-
ence would increase the amplitude of all the peaks on the intensity curve of a
mineral with low absorption. This still allows a smooth intensity curve that is
characteristic of the clay to be derived from the data, but it prohibits direct
comparison of curves of two clays.

The flake area was larger than the incident beam spot on the sample at the
lowest angle at which diffraction was registered. The useful sample area was
determined, therefore, by the collimation angle of the incident beam.

Organic liquids that were used in this study were all polyhydroxy alcohols
which form a type of complex with montmorillonite that is similar to that with
water. Only complexes that were stable under atmospheric conditions for a
period of 24 hours were used. Any montmorillonite sample that showed signs
of developing two solvation levels during this time was discarded. The organic
liquid was spread on the surface of the flake and replenished periodically so
that there was always an excess.

Finally, all the above sample preparation work was done by one man,
Thomas E. Brown, in an effort to minimize the effects of any personal errors.

DATA AND RESULTS

Table 1 shows the raw intensity data for organic complexes of four mont-
morillonite samples. These raw data are plotted in Figure 3 for Wyoming Ben-
tonite I. In the second column under each sample, the adjustments are listed
that were used to bring all the intensities onto smooth curves for the four sam-
ples. This adjustment is that portion of the total diffraction intensity that is
attributable to the interlayer organic material. The same adjustment was used
for comparable lines of all four montmorillonite samples.

Table 2 shows an arrangement of the adjustments for each organic complex.
The cosine functions of the structure factor for the 7A position at the values of
sin /A where the adjustments are made are listed in the second column. This
cosine function multiplied by the scattering factor, f, for the organic interlayer
material should be directly comparable with the interlayer contribution or
adjustment. The value of f is not known, but it is a continuously diminishing
function of sin 6/X. The major fluctuations in the adjustments therefore
should be caused by the cosine function. Comparison of the cosine function
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TasrLe 2. — INTENsITY CoNTRIBUTIONS FROM INTERLAYER MATERIAL

Sin g Cos 2 7 lw, for the
A Adjustment 7AU Position

Propylene Glycol

Third order 0.081 10 +.66

Fourth order 0.108 150 -.99

Fifth order 0.135 20 +.76

Sixth order 0.162 150 -.06
Ethylene Glycol

Third order 0.087 55 +.18

Fourth order 0.116 5 ~.70

Fifth order 0.145 40 +.98

Sixth order 0.174 0 -.90
Diethylene Glycol-

Monoethyl Ether

Third order 0.087 110 +.18

Fourth order 0.116 40 -.70

Fifth order 0.145 0 +.98

Sixth order 0.174 35 -.90
Glycerol

Third order 0.084 30 +.44

Fourth order 0.112 65 -.90

Fifth order 0.140 30 +.97

Sixth order 0.168 0 -.57

for 7A with the adjustment shows that not even a qualitative relation exists.
This lack of correlation suggests that there is an intensity-determining factor
which has not been duplicated from one complex to the next or that the uncor-
relatable adjustments may include factors other than the interlayer organic
contribution to diffraction intensity.

The adjusted diffraction intensities have been plotted against sin /X for the
four montmorillonites in Figures 4, 5, 6, and 7. Values of sin /A where 00!
diffraction occurs for the four organic complexing agents that were used are
marked by solid vertical lines. The estimated portions of the curves where
intensity data are widely spaced are dashed. Data from additional complexes
are being added now to fill in these uncertain parts of the curves.

Figure 4 of hectorite, a well-known trioctahedral magnesium montmorillon-
ite, shows intense diffraction near sin /A = 0.15 and relatively weak diffrac-
tion near 0.09. This is the relation that would be predicted from the structure-
factor calculations of a montmorillonite with a concentration of scattering
power (three magnesium ions) in the octahedral position.

Figure 5 of Wyoming Bentonite I shows the reverse relation. The diffrac-
tion intensities near sin §/A» = 0.09 are more intense than those at 0.15. This
suggests less scattering power in the octahedral layer than in that of hectorite.
The other two samples of Wyoming bentonite are more nearly alike, with both
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Ficure 4.— Curve of adjusted observed diffraction intensity of hectorite-organic com-
plexes.

intensity peaks being about the same height. The amplitudes of the peaks are
somewhat less than those of Wyoming Bentonite I. It is suspected that this
general reduction in intensity may be related to the degree of orientation of
the particles in the flakes of Wyoming Bentonites II and III rather than the
structure factor.

The asymmetry of the peak near 0.15 is particularly noticeable for Wyo-
ming Bentonites II and III. There is a suggestion of an irregularity in the
curve on the positive slope of this peak which is possibly an unresolved maxi-
mum. More closely spaced data will establish the importance of this sugges-
tion. On the other hand, a reduction in the diffracting power within the tetra-
hedral layer may be responsible for an increase in diffraction intensity near
sin /) = 0.14.

Intensity data at low values of sin /A (less than 0.06) were closely grouped.
Variations in the intensity curves could not be shown adequately by drawing
the curves through only two sets of points and were therefore not attempted.
As complexes with more widely varying periodicities are studied the intensity
curves can be extended to lower 6/ values.
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Ficure 5. — Curve of the adjusted observed diffraction intensity of Wyoming Bentonite
I-organic complexes.

SUMMARY

Diffraction intensity data from organic-montmorillonite complexes are diffi-
cult to interpret because of the unknown effect of the organic interlayer mate-
rial. By drawing continuous intensity variation curves for several different
montmorillonite samples a dependable determination of the organic contribu-
tion can be made. After this information has been gathered for a large num-
ber of organic liquids, it can be used as a means of identifying unknown
organic complexing agents. More data will also be available to determine the
way in which interlayer material, including water, is held.

The montmorillonite intensity variation curves shown in this report differ
from one sample to another. A detailed analysis of the differences among the
curves for a series of montmorillonites whose compositions are known will
provide more information on the structure of montmorillonites. Intensity vari-
ations that cannot be justified by manipulation of the constituents that are
shown to be present in the montmorillonite can be checked against possible
crystal imperfections.

Intensity variation curves for montmorillonites in mixture with other miner-
als can be drawn using data for all orders except those that are modified by
diffraction from the contaminant. All orders will be reduced in intensity by
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FicUure 6. — Curve of the adjusted observed diffraction intensity of Wyoming Bentonite

1I-organic complexes.
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Ficure 7. — Curve of adjusted observed diffraction intensity of Wyoming Bentonite III-

organic complexes.
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the dilution effect, but the curve will still be characteristic of the montmoril-
lonite. Interlayer mixtures are more difficult to treat because of broad diffrac-
tion lines and coalescence of individual lines.
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