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Abstract—X-ray diffraction (XRD) characterization of natural and intercalated smectites is usually lim-
ited to the apparent d-value estimated from the peak maxima in the raw data. This can lead to the
misinterpretation of the measured data. In the case of XRD, the interference function is modulated by
instrumental factors (Lorentz-polarization factor, diffraction geometry) and physical factors (structure
factor, surface roughness effect). These effects lead to diffraction profile distortions, depending on the
diffraction angle and peak full width at half maximum (FWHM). As a result, the diffraction profiles for
structures with large line broadening (FWHM > 1°) exhibit a significant peak shift (Ad ~ 1.5 A), es-
pecially at low angles (26 = 10°). The present work deals with the detailed analysis of all these effects,
their corrections and their consequences for the interpretation of diffraction patterns (including possible
errors in determining lattice parameters or the structure model). The investigated materials were mont-
morillonites (MMT) intercalated with hydroxy-Al polymers. Diffraction profile analysis revealed the cor-
rected d-values and showed that the intercalated sample is not a mixed-layered structure. As a result a

structural model of the interlayer is presented.
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INTRODUCTION

The search for highly efficient sorbents and catalysts
has led to the development of 2-dimensional molecular
sieve-type materials based on clays. These new classes
of materials, known as pillared interlayer clays (PILC),
are generally prepared by intercalation of smectites
with inorganic polymeric cations (Mitchell 1990). The
technology of PILC synthesis requires careful moni-
toring based on the accurate and reliable characteriza-
tion of prepared material. X-ray diffraction (XRD)
characterization of original and pillared montmorillon-
ites presented in the literature is usually limited to the
apparent d-values estimated from the peak maxima in
the raw data (Figueras et al. 1990; Hsu 1992). It will
be shown that this method of analysis can lead to mis-
interpretations of measured data. For structures exhib-
iting diffraction line broadening, the low-angle region
of a diffraction pattern shows certain characteristic dis-
tortions arising from instrumental factors such as Lor-
entz-polarization factor or the diffraction geometry
and physical factors such as the structure factor or the
surface roughness effect. The distortions are a contin-
uous function of diffraction angle, regardless of the
cause of the line broadening. This work analyzes these
effects and discusses potential consequences for inter-
pretation of diffraction patterns such as the incorrect
determination of lattice parameters or possible incor-
rect conclusions concerning structural disorder or
phase identification. A method to determine the d-val-
ue of basal planes in the montmorillonite structure
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(that is, determination of the lattice parameter ¢) is
given. This method of profile analysis can also help to
determine the phase composition of intercalated smec-
tite (that is, to distinguish an interstratified structure
with an irregular mixing of layers of 2 different d-
values corresponding to the intercalated and noninter-
calated smectites from a mixture of 2 segregated
phases, intercalated and nonintercalated).

THEORY

Turbostratic arrangements of silicate layers in cer-
tain clay minerals, notably in those of the smectite
group, strongly affect the diffraction pattern. Conse-
quently the powder diffraction pattern shows mainly
basal (00!) reflections and 2-dimensional sk diffraction
bands. These Ak bands are not well suited to structure
analysis, and the identification and characterization of
intercalated clays is mainly based on the basal reflec-
tions. The (00/) line broadening may be caused by
distortion of the silicate layers, by small particle size
and by irregular mixing of layers of different basal
spacings in the layer stacking. Moreover, the intensi-
ties are reduced by thermal motion. As a result of all
these effects, only 2 or 3 basal reflections are usually
observable and the information contained in the dif-
fraction pattern is very limited. The present work deals
with profile analysis of the (00!) series.

The integrated intensity [y, and profile intensity
1(26) of basal (00/) reflections are (in case of powder
sample) given by:


https://doi.org/10.1346/CCMN.1998.0460107

64

I = S Lp|F[?,A [1]

(2]

where S is a scale, Lp is the Lorentz polarization fac-
tor, |FJ?,, is the structure factor squared, A is an ab-
sorption factor (representing the volume absorption,
surface absorption and the absorption in the sample
holder) and ® is the profile interference function. In
the case of narrow diffraction lines we can assume that
the angle-dependent terms (Lp, |FI2, A) do not change
across the line width and therefore the line position
can be taken as the position of maximum intensity. If
the diffraction profiles are broadened, the angle de-
pendence of these factors must be taken into account
(Reynolds 1980). The considerable change of the line
profiles, and the consequent shift of the peak maxima
to lower 26, have been observed after the correction
of experimental diffraction diagrams for these angle-
dependent factors (Lp, |F]?, A). These changes stimu-
lated us to a more detailed investigation of these ef-
fects.

1(20) = S Lp|F]PA®

Effects Leading To Diffraction Profile Distortions
LORENTZ-POLARIZATION FACTOR. The Lorentz-polariza-
tion correction for Bragg-Brentano geometry (without

a monochromator) is given by (see Klug and Alex-
ander 1974):

Lo = 1 4+ cos? 26
P 2 sin?2 6 cos O

{31

STRUCTURE FACTOR. The angular dependency of struc-
ture factor is given by:

N sin 9 4mzsin 6
F(20) = > njfj< : )cos( J)\ )
J=1

X sin 8\ . /4wzsin O
+12njfj( X )sm( " ) [4]
j=1

where M is the wavelength, n; is the number of atoms
of each type in unit cell in positions z; (in A), f; is the
atomic scattering amplitudes which can be calculated
using the coefficients for analytical approximation to
the scattering factors:

sin 0 4 sin 8\’
f( A ) p a'exp[ ( A )

and a;, b,, ¢ are the coefficients taken from Ibers and
Hamilton (1974).

+c {5]

VOLUME ABSORPTION. The volume absorption for the
symmetrical Bragg—Brentano geometry and thick sam-
ple (z — o, where 1 is the thickness) is:
1
A== (6]
2
where . is the absorption coefficient. This kind of ab-
sorption is angular independent and does not contrib-
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ute to the angular dependent corrections for thick sam-
ple.

THE LOW-ANGLE DIFFRACTION GEOMETRY. As the inter-
planar spacing of intercalated smectites is between 15
and 20 A, the diffraction angles for (001) and (002)
peaks are very low (26 < 12°). Diffraction peaks at
such low angles are affected much more by the instru-
mental and physical factors than the peaks at higher
diffraction angles and that is why more attention
should be paid to their detailed analysis.

Surface Roughness Effect. There is strong absorption
by the rough surface of the sample which affects es-
pecially the intensity of diffraction peaks at lower 20
angles. If the surface is modeled as a surface with
cubes upon it, the radiation has to pass the cube before
reaching the detector and the intensity (Berg and
Wachters, personal communication 1992) is:

Ia, B) = I(90° 90°)[1 — e(cot o + cot B)]
€ = Nd?[1 — exp(—pd)]

[7]
(8]

where N is the number of cubes per unit area, d is the
edge of the cube, a, B = 90°, a + B = 26, a is the
angle between the incident beam and the surface of
the sample, B is the angle between the diffracted beam
and the surface of the sample and p is the absorption
coefficient.

The Primary Beam Intensity. At low angles the trace
of the primary beam is very large, even larger than
the area of the sample, and part of the primary beam
irradiates the sample holder. At higher angles the trace
is getting smaller and the whole primary beam irra-
diates only the sample. At Bragg—Brentano geometry
the change of the trace of the primary beam is given
by:

1/sin 0 9]

This effect can be replaced when using the automatic
divergence slit.

The Absorption Of The Sample Holder. Part of the
diffracted beam is absorbed by the sample holder
which also affects the diffraction profile.

EXPERIMENTAL

X-ray powder diffraction diagrams were obtained
using a Philips powder diffractometer with a vertical
goniometer, using CuKa radiation and a Ni filter. A
step size of 0.02° in 20 and a measuring time of 20 s
per step were used to record the diffraction pattern.
The divergence slit was %°, and 0.1 mm scatter and
receiving slit were used. The radius of the goniometer
was 17 cm.

As the flat sample holder is in the horizontal posi-
tion during the measurement, powder can be pressed
into the sample holder without any binding agent. The
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Figure 1. Magnitude of the peak shift Ad after the Lp cor-
rection for 3 different d-values as a function of peak width
for CuKa (d = 18 A, triangles; d = 15.2 A, circles; d = 12.5
A, squares).

samples prepared in this fashion show 00!/ preferred
orientation.

Natural Na-MMT was intercalated in an aqueous
solution in which Na* ions were replaced by Al-hy-
droxy complexes. The intercalated sample contained
25% Na-MMT as determined by chemical analysis.

Chemical analysis showed 2.66 Al atoms in inter-
layer per unit cell corresponding to either Keggin 5+
ions [Al;;0,(OH),(H,0),,]°* (described by Johansson
1962) or to gibbsite-type double-ring sandwiches
[Aly(OH)s,(H,0),,]¢*. For structure models see Cap-
kova et al. (1998). Computer simulations (CERIUS?)
gave the same d-values [4(001) = 19.6 A] for both
(Capkovi et al. 1998).

We assumed that the structure of clay sheet did not
change during the process of intercalation.

RESULT AND DISCUSSION

The above-described corrections were investigated
and then applied to the measured diffractogram of in-
tercalated montmorillonite. Each of the effects (instru-
mental or physical) is expressed by a mathematical
function that modifies the interference function. All of
the described effects represent multiplicative influenc-
es to the profile function. To obtain the profile function
it is necessary to correct the measured data using the
described correcting functions. This operation leads to
a change in the shape of the profile and the peak po-
sitions may be shifted. The magnitude of the shift of
peak positions is proportional to the FWHM of the
peak and also to the d-value, and the direction of the
shift depends on the behavior of the correcting func-
tion. Strictly speaking, the magnitude of the shift is
given by the first derivative of the correcting function
and the direction of the peak shift depends on the sign
of the first derivative of the correcting function. For
example, steeply decreasing Lp dependence shifts the
peak position to higher 26 angles. Also, the magnitude
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of the peak shift is higher for peaks with larger
FWHM and for peaks at lower diffraction angles. Spe-
cific examples are discussed below.

The Lorentz-Polarization Factor

We calculated peak position shifts caused by the
Lorentz-polarization factor for different FWHMs for 3

-different peaks. Diffraction profiles were simulated

(Rafaja 1988) for different particle sizes and different
values of microstrain, and the correction for the Lor-
entz-polarization factor was carried out. The peak po-
sition shifts are shown in Figure 1. It can be seen that
the shift is much more significant for lower diffraction
angles and higher FWHM. This is exactly the case of
intercalated smectites where the (001) line corresponds
to d-values between 15 and 20 A and is broadened
(see above).

The Structure Factor

A knowledge of the structure model is necessary for
the structure factor correction. There are large differ-
ences in angular dependencies of the structure factor
for different types of Al-hydroxy cations. Two cations
were assumed in the interlayer: the Keggin 5+ and
gibbsite-like double-ring sandwich. The structure fac-
tor calculations used structural models from molecular
simulations as reported by Capkovi et al. (1998).

As the angular dependence of the square of structure
factor for montmorillonite intercalated with Al-hy-
droxy polymers is not monotonic, the diffraction peaks
(001) and (002) can be shifted in opposite directions
depending on the sign of the derivative of the structure
factor curve: if the sign of derivative is negative, the
peak position is shifted to higher angles, as in the case
of Lorentz-polarization factor, whereas if the sign of
the derivative of the correcting function is positive, the
peak position is shifted to lower angles.

The angular dependences of the square of the struc-
ture factor for Na-MMT, MMT intercalated with Keg-
gin 5+ and MMT intercalated with gibbsite-like dou-
ble-ring sandwiches are shown in Figure 2.

The Low-Angle Diffraction Geometry

To get reasonable results, it is necessary to take into
account the specific features of the low-angle geome-
try, as follows.

THE ABSORPTION OF THE SAMPLE HOLDER. The sample was
placed in a square-shaped plastic holder (see Figure 3).
Part of the diffracted radiation is absorbed by the holder
so the irradiated volume of sample is not equal to the
volume from which the diffracted radiation is detected.
The diffracting volume for Bragg—Brentano geometry
is in the shape of a prism with a triangular base and
the volume is proportional to tan 0.

THE SURFACE ROUGHNESS EFFECT. To get a correcting
function describing the surface roughness effect, we
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Figure 2. The angular dependences of the structure factor
for MMT (Na-MMT, MMT intercalated with Keggin 5+ cat-
ion and MMT intercalated with gibbsite-type double-ring
sandwich). The concentration of Al is 2.66 atoms per unit
interlayer.

assumed that we are dealing with an ideal rough sur-
face. For such a surface, half of the surface area is
covered by cubes. The absorption coefficient for AL-
MMT is p = 52.2 cm™!' (the value was calculated ac-
cording to the chemical composition). The cube edge
was assumed to be d = 5 pwm, which is the edge of
the cubic grains of our sample. Then the intensity lyg
for symmetrical Bragg—Brentano geometry (from
Equations [7] and [8]) is given by:

Igg = 1 —cot O [10]
The Profile Analysis of Powder Diffractogram of
Intercalated Montmorillonite

With all these corrections together, the detailed pro-
file analysis of intercalated montmorillonite was made
possible.

The measured diffractogram without any corrections
and the diffractogram corrected for the Lp factor are
shown in Figure 4. Many authors use the raw data or
the Lp-corrected diagram for lattice parameters esti-
mation which might cause the differences in d-values
published in literature. The corresponding d-values are
included in Table 1. The peaks were located using the
computer program Difpatan (KuZel 1990). The misfit
of the d-values indicates that the more detailed profile
analysis is necessary. Our aim was to obtain an inter-
ference function that is not affected by any instrumen-
tal or physical factors and which can give the most
accurate information about the d-values. To obtain the
interference function, the above-discussed effects were
taken into account and the correcting functions were
taken as indicated above: Equation [3] for Lorentz-
polarization factor, Equation [4] for the square of the
structure factor, Equation [9] for the primary beam in-
tensity and Equation [10] for the surface roughness
effect. The absorption in the sample holder was taken
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Sample

Holder

Figure 3. The absorption of sample holder for Bragg—Bren-
tano geometry: the actual diffracting volume is a prism with
a triangular base, v is the depth of penetration, 0 is the dif-
fraction angle.

to be dependent on tan 6, and the volume absorption
was taken to be angular independent.

The correction for the square of the structure factor
was done for both models of the interlayer, that is, for
the Keggin 5+ cation and for the gibbsite-type double-
ring sandwich (Figure 5). We obtained an ‘‘impossi-
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Figure 4. a) Measured profile of MMT intercalated with

gibbsite-type double-ring sandwich (concentration 2.66 Al at-
oms per unit interlayer, Bragg—Brentano geometry); b) profile
of MMT intercalated with gibbsite-type double-ring sandwich
after the Lorentz-polarization factor correction.
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Table 1. Diffraction line positions and corresponding d-values for (001) and (002) line of intercalated MMT in raw data and

after corrections.

(001) (002)
Position R Position R
26 d(001) (A) 26 2d(002) (A)
Measured profile 4.74 18.64 8.70 20.33
Lp-corrected profile 4.98 17.74 8.82 20.05
Interference function for gibbsite-type double-ring
sandwich (Na-MMT included) 4.59 19.25 9.30 19.02
Interference function for gibbsite-type double-ring
sandwich (Na-MMT not included) 4.45 19.86 9.30 19.02
Simulated interference function for mixed structure
75% Al-MMT + 25% Na-MMT 4.75 18.60 8.85 19.98

ble” interference function from the correction for Keg-
gin 5+ cation with an artificial peak which does not
have any physical meaning and indicates an incorrect
structural model of the interlayer. In addition Al
NMR spectroscopy did not indicate the tetrahedral co-
ordination of Al typical for Keggin cations. In con-
trast, the peak positions for the gibbsite-type double-
ring sandwich correction fit perfectly with the com-
puter simulations. Moreover, the d(001) and 24(002)
are very similar to each other (they are in the range
of errors estimated as 0.2 A). This is in the case when
25% of Na-MMT is included in the structure factor
calculation (d-values in Table 1), as the chemical anal-
ysis showed 25% of nonintercalated Na-MMT. The
presence of a nonintercalated Na-MMT causes a
strong asymmetry of the (001) peak as seen in Figure
4. The resulting interference function (after all correc-
tions) for MMT intercalated with gibbsite-type double-
ring sandwiches is shown in Figure 6.

The peak positions and profiles of the interference
function were compared with the calculated peak po-
sitions and profiles of the interference function of a 2-
phase AI-MMT + Na-MMT sample [d(001) = 19.5

6000
5000 |-
4000 T

3000 |-

intensity

2000 |

angle 26 (°)

Figure 5. Correction for structure factor: solid line = data
corrected for MMT intercalated with gibbsite-type double-
ring sandwich; dashed line = data corrected for MMT inter-
calated with Keggin 5+ cation. The extra peak in the inter-
ference function indicates an incorrect structural model of
interlayer.
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A, d(01) = 12.5 A] and with peak positions and pro-
files simulated for a mixed structure [75% Al-MMT
with d(001) = 19.5 A and 25% Na-MMT with d(001)
12.5 A] (using formulas from Seul and Torney
1989). The peak positions of the measured interference
function match with the calculated positions for a 2-
phase sample, but not with the peak positions for a
mixed-layered structure (Table 1). Consequently, we
can conclude that there is no evidence that this sample
is a mixed structure.

The interference function was simulated using the
computer program Simul (Rafaja 1988) for different
particle sizes and for different values of microstrain,
and the simulated interference function was corrected
in the opposite way using the same system of correc-
tions (as used to correct the measured data). The aim
was to get a diffraction profile similar to that which
we measured. Good agreement was achieved for par-
ticle sizes 120 A and microstrain Ad/d = 0.01 for Al-
MMT, and for particle size 150 A and Ad/d = 0.1 for
the nonintercalated Na-MMT. The comparison of the
calculated and measured profiles is in Figure 7.

CONCLUSIONS

Present results confirm that XRD profile analysis of
clay minerals exhibiting diffraction line broadening

18
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Figure 6. Resulting interference function for MMT inter-
calated with gibbsite-type double-ring sandwich, 25% of non-
intercalated Na-MMT included in the structure factor.
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Figure 7. Calculated profile for a 2-phase sample (Al-MMT

+ Na-MMT) and measured profile (after background correc-
tion) of AI-MMT containing 25% of nonintercalated Na-MMT.

should include the corrections for all the angle-depen-
dent factors in the intensity formula. For conclusions
concerning the structural characteristics the conse-
quences of neglecting these corrections were illustrat-
ed quantitatively. Lattice spacings may differ signifi-
cantly from those corresponding to the raw data or to
the Lp-corrected data. For a correct interpretation of
diffraction data and a reliable conclusion about the
structure, correction of the diffraction pattern is nec-
essary.

This profile analysis can also detect an incorrect
model as shown for the Keggin 5+ cation in the in-
terlayer. This may occur because of different angular
dependences of the square of the structure factor.
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The shape of the corrected profiles (the shape of the
interference function) yields additional information
about the phase homogenity of the sample, which is
especially interesting in the case of intercalation. The
asymmetry of the (001) peak indicates that both forms,
the Al intercalated MMT and the nonintercalated Na-
MMT, are present in the sample. This conclusion is
supported also by chemical analysis.
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