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Abstract—An indirect Fourier transformation applied to small-angle X-ray scattering data has been used
to determine the thickness and surface properties of two common clay minerals. For an illite system, the
particle density distribution function (PDDF) generated by the analysis gave a correct description of
particle geometry, and the calculated electron density profile was in accordance with the theoretical
electron density distribution for this mineral. This approach provides the opportunity to determine the
thickness of fundamental particles of illite while avoiding the difficulties encountered in other methods.
Both the PDDF and the electron density profile accurately predict the thickness of Na-montmorillonite
layers, and the results suggest that an electron inhomogeneity exists at the interface of this mineral.
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INTRODUCTION

Small-angle X-ray scattering (SAXS) is a technique
widely used to determine the internal and external
structure of colloidal particles over a wide range of
length scales (Guinier and Fournet, 1955; Schmidt,
1995). Synthetic and natural clay minerals form col-
loidal suspensions that are ideal for model testing and
studying colloidal behaviors such as swelling, inter-
particle forces and structural organization (van Ol-
phen, 1963). These studies have both theoretical and
industrial significance. The thickness, interparticle
spacing in hydrated states, and the influence of inter-
particle forces fall into the characterization length
scale of SAXS and have been investigated by this
method in the past (Hight er al, 1960, 1962; Taylor
and Schmidt, 1969; Morvan et al., 1994; Pignon et al.,
1997, Saunders et al., 1999).

In previous studies (e.g. Hight et al., 1960; Saunders
et al., 1999), well-characterized smectites were used
in thickness determinations with the SAXS method
based on an assumed particle shape. This approach has
limited application in the determination of thickness
of natural clay minerals which often do not have the
required regular dimension in at least two coordinates.
Hight et al. (1960) also employed the absolute scat-
tering intensity at zero angle to derive the thickness of
montmorillonite, but the method was subject to large
experimental errors. Furthermore, the spacing and lay-
er thickness of expandable clays can be measured con-
veniently by X-ray diffraction (XRD).

Illites are a group of non-expandable and micaceous
minerals, often present in nature as mixed-layer com-
ponents with varying proportions of illite-smectite
(I-S) layers. This interstratification makes it difficult to
determine the thickness of the fundamental illite par-
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ticle by conventional analysis of X-ray data. Various
attempts have been made in recent years using TEM,
fixed cation content, and X-ray peak broadening (Na-
deau ez al., 1984; Srodoii er al., 1990, 1992; Drits ez
al., 1997, 1998). Each of these methods suffers from
its own uncertainties. As noted by Drits et al. (1997,
1998), the thickness of most illite samples present in
nature can be measured by SAXS, and this method
offers two advantages over other methods: illite par-
ticles in dilute suspensions are independent and free
of swelling problems, and at least one million particles
are scanned and averaged. By comparison, TEM only
‘sees’ hundreds of particles.

Glatter (1977, 1980) developed a numerical method
utilizing an indirect Fourier transform (IFT) to calcu-
late the PDDF that describes the averaged geometry
of all scattering particles. Using this method, it is pos-
sible to calculate particle thickness without making
any assumptions about particle shape. The IFT mini-
mizes the termination effects encountered when data
are converted from reciprocal space to real space with
a direct Fourier transformation (Guinier and Fournet,
1955; Hight et al., 1962). Furthermore, deconvolution
of the PDDF gives the electron density distribution for
central symmetric scatterers (Glatter, 1982) that re-
veals their internal structure.

Here we report the use of SAXS and the indirect
Fourier transform to determine the thickness of the
Silver Hill illite and a montmorillonite (Wyoming ben-
tonite) sample. Use of montmorillonite serves to verify
the numerical method and provides evidence of sur-
face inhomogeneity related to surface charge density.

THEORY

For a thin-layer particle such as a 2:1 aluminosili-
cate with two dimensions (D) far larger than the thick-
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Figure 1. Schematic representations of the PDDE P(r), of

lamellae with homogeneous (a) and inhomogeneous (bilayer)
(b) electron distributions.

ness (T), the scattering intensity can be expressed as a
cosine-Fourier transform of the pair distance distribu-
tion function (P{r)) of the particle thickness {Glatter,
1982; Porod, 1982; Glatter et al., 1996):

I(g) = 2mAl(q)Iq®

= 41'rAf (1/g>)P(r)cos(qry dr or (1)
3}

I

(@) = I(g)q*/2mA

2 f (1/g*>)P(r)cos(qr) dr )
[s]

where: I(g) is the particle cross-section scattering in-
tensity; g is the scattering vector which is related to
the scattering angle, 8, and a given wavelength, A, by:

q = (4w/\) sin(0/2); 3)

A is the cross-section area, and r is the distance be-
tween any two points on a particle. The inverse trans-
formation of equation 2 gives:

P(r)=1/mw j
0

The scattering length density profile, or the electron
density contrast, p(r), between the medium and scat-
tering particle can also be calculated by the cosine
transformation:

o

L(g)cos(gr) dr “@)

pu(r) = UTfJ ((q))i*cos(qr) dr &)
0

because the electron density of a silicate layer can be
assumed to be homogeneous across the two large di-
mensions with variation only along the third dimen-
sion, and it is centrosymmetric (Glatter, 1982). Deter-
mination of p(r) from equation S suffers from phase
problems, and in practice p(r) is calculated from the
PDDF by a convolution square root technique (Glatter,
1982) for thin particles by equation 6:

Pt(r) = p((x)*px(_x) (6)

where * indicates a convolution operation, and x is the
spatial coordinate of the third dimension.

Since P(r) = 0 and p(r) = 0 at r = T (i.e. the
thickness of the clay layer), both functions reveal the
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layer thickness. The scattering length density, p,, rep-
resents the electron density difference between the sil-
icate layer and the solvent. Thus the scattering density
profile p(r) allows the estimation of the electron ho-
mogeneity of the clay layer along the third dimension
or the surface roughness of clay. Figure 1 shows the
typical PDDF curves for lamellae with different elec-
tron distributions.

The clay particle layer thickness can also be derived
from the Guinier approximation when g is small (Gui-
nier and Fournet, 1955):

Iz(q) = I(q)q2/2'rrA = (P()szeXP("qutz), (7)

where R, is the radius of gyration for the thickness, R
is the negative of the slope of a In [, (¢) vs. ¢° plot,
and R? = T?%/12. Equation 7 also serves as a guideline
for SAXS data analysis since it indicates that the par-
ticles studied have a laminar shape if the plot of In
(I(g) g% vs. ¢* is linear as g — O.

DATA ANALYSIS

With the IFT method (Glatter, 1995), the PDDF is
approximated by a linear combination

N
P(r) =3, Co,(r) (®)

v=1
where ¢, (r) are basis functions chosen as cubic B-
splines, N is the number of functions, and C, are ex-

pansion coefficients. Another linear expansion is used
to approximate the scattering intensity

N
1@=§a%@ 9

Combining 1, 8 and 9 with the boundary P(r) # O,
Foin = 7 = Foao V. () is related to ¢, (r) through

V. (g) = 4w f ¢, (r)cos(gr) dr (10
The coefficient C, can be determined by minimizing
min. = (L + AN, ay
with
ul 2
L=>l@ -3 @ /s a2
v=1
and
N
N.=2 (Cpy = C)? (13)
v=1i

The purpose of N, is to minimize any artificial oscil-
lation in the PDDE The overall minimization is
achieved by determining an optimum value of A, the
Lagrange multiplier, by the inflection-point method,
i.e. A, exists where the second derivative of N, chang-
es sign and its first derivative is at the minimum. Cor-
rection for slit smearing is unnecessary in this study
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because the SAXS camera uses point collimation;
however, the correction can be carried out in a fashion
similar to that described above. The IFT procedure can
be accomplished with a Fortran computer program de-
veloped by Glatter (1977), and released as ‘ITP’.

EXPERIMENTAL
Clay samples

Montmorillonite (SWy-2) and illite (IMt-2) samples
were obtained from the Source Clay Minerals Repos-
itory, University of Missouri—Columbia, Missouri. The
minerals are well-characterized (Hower and Mowatt,
1966; van Olphen and Fripiat, 1979). We followed the
pretreatment procedure described by Rich and Barn-
hisel (1977). In brief, 25 g of clay sample were placed
in a 500 mL Erlenmeyer flask, and then 250 mL of
pH 5 acetate buffer were added to remove carbonates.
The mixture was heated in a water bath (90°C) for 2 h
before being centrifuged to discard the supernatant.
Hydrogen peroxide (30%) was added to the clay sam-
ples to oxidize organic matter, and the sample was
digested for 12 h at 90°C in a water bath. After organic
matter oxidation, the sample was suspended in citric-
bicarbonate buffer (pH 8.3) at 80°C and an appropriate
amount of dithionite powder was added to remove free
iron oxides. Finally, the sample was transferred into a
1 L plastic bottle and the clay was shaken with 1 M
NaCl for 6 h before centrifugation to discard the su-
pernatant. The salt washing was repeated once. The
Na-saturated clay was washed once with distilled and
deionized water and dialyzed against water until it was
free of chloride (silver nitrate test).

The <0.08 pm Na-montmorillonite fraction and
<0.1 pm illite fraction were obtained by centrifuga-
tion (IEC CRU-5000). Dilute clay fraction suspensions
were concentrated on a rotary evaporator to produce
concentrated clay stocks (3% for montmorillonite and
10% for illite). The exact clay concentrations were de-
termined by oven drying a known volume or weight
of clay suspension at 110°C and weighing.

SAXS measurement

The SAXS measurements were performed with the
10 m SAXS camera at Oak Ridge National Labora-
tory, Oak Ridge, Tennessee. The camera utilizes point
collimation to eliminate slit effects in conjunction with
a two-dimensional position sensitive detector. It is de-
scribed in detail by Wignall ez al. (1990). The sample-
to-detector distance was 1.119 m for large-angle re-
gion measurements (g = 0.18-4.5 nm™!) and 5.119 m
for the low-angle region (g = 0.053-0.9 nm™!). Cu Ka
radiation (A = 0.154 nm) with a power setting at 40
kV and 60 mA was used. The detector sensitivity was
calibrated with a Fe-55 standard. The transmission co-
efficient was determined for each sample and used to
correct scattering data to absolute intensities.
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The clay sample concentrations ranged from 0.5 to
5% (w/w) for montmorillonite and 0.5 to 20% (w/w)
for illite. Clay suspensions were mounted in a metal
SAXS cell fitted with a Kapton window and having a
1 cm internal diameter and 1-mm thickness. The data
acquisition time varied from 30 to 180 min depending
on sample concentration and the scattering vector
range. The background scattering of a sample blank
was subtracted from each sample before further data
analysis for the montmorillonite systems. For illite
samples, the slope of the Porod plot (I, g* vs. g*) was
used for background subtraction.

RESULTS AND DISCUSSION

The variation in scattering intensity (normalized for
clay concentration) as a function of g for various clay
concentrations is shown in Figure 2. All the scattering
curves overlap at large g but some deviate at low q.
For illite samples (Figure 2a), the scattering curves of
1%, 2% and 3% are almost identical over the entire g
range but large deviations are found for higher con-
centrations over the innermost g region indicating the
presence of interparticle or concentration effects (Pilz,
1982) when the clay concentration is >3%. There are
apparently large experimental errors associated with
the 0.5% clay curve, which deviates from the dilute
sample group. This is attributed to low scattering in-
tensity at low g values. Therefore, the scattering
curves in the 1-3% concentration range are equally
representative of this mineral’s scattering properties.
The concentration effect is much more pronounced in
montmorillonite systems, being observable even at a
1% clay concentration (Figure 2b). There is a broad
hump on the 3% and 5% curves between g = 0.1 and
0.2 nm~! which is usually believed to account for the
structure factor maximum of a scattering system (Mor-
van et al., 1994). To show the concentration effect, the
scattering curves of 0.5%, 1% and 2% were extrapo-
lated to zero concentration by a linear Zimm plot. It
is clear from this plot that all systems are affected by
interparticle interactions (i.e. deviations from the ex-
trapolated curve). Although this is expected because
of the positive charges on the edge of montmorillonite
layers causing edge-surface interaction (van Olphen,
1963), it is still of interest that the effect is confirmed
by SAXS through the comparison of two contrasting
minerals.

Usually when the geometry of particles studied is
not known a priori, a general PDDF is calculated to
indicate the particle’s shape before a specific PDDF is
obtained for that type of particle (Glatter, 1991; Strey
et al., 1996; lampietro et al., 1998). In this study, the
general PDDF does not reveal the true maximum di-
mensions of the clay particles since their long dimen-
sion may reach 80 nm or greater, which is beyond the
limit of this SAXS instrument, although the caiculated
PDDFs (data not shown) did resemble the documented
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Figure 2. Scattering curves for illite (a) and montmorillonite (b) suspensions of various particle concentrations. The exper-
imental scattering intensity was first subtracted from the background scattering which was then divided by the clay concen-
tration (mg mL~!) (see text for more details). “0.0%" represents the extrapolated curve at zero particle concentration.

PDDF for lamellae (Glatter, 1982). Therefore, our
treatment has focused on the thickness PDDF and scat-
tering length density profiles since layer silicates are
known to be lamellae in dispersion. To avoid any pos-
sible interparticle interaction effects, Miiller and Glat-
ter (1982) recommended that either the extrapolated
zero concentration curve or the most dilute curve with
the innermost portion of curve truncated should be
used for calculating the PDDE Based on the results
shown in Figure 2, we used the latter approach with
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the 2% curve of illite and the cut-off 0.5% curve of
montmorillonite in subsequent PDDF calculations.
Figure 3 shows the thickness PDDF and electron
density profile for the illite. The PDDF suggests that
the illite layers have an homogeneous electron distri-
bution in contrast to bulk solution or water. The best
calculated electron density from experimental data is
positive from the symmetric center against water in
bulk solution, and the overall profile has a good ap-
proximation of the theoretical profile of a smooth-sur-


https://doi.org/10.1346/CCMN.2001.0490401

Vol. 49, No. 4, 2001

0.0140 3 a

0.0120

Thickness PDDF, P(r)

Thickness and surface characteristics of colloidal 2:1 aluminosilicates

281

0.010

0.008

0.006

0.004

0.002 -

Electron density distribution, p(x)

0.000 +—

0 5 10 15

20 25 30 35 40

Distance, X (A)

Figure 3.

Thickness PDDF (a) and electron density profile (b) of illite in 2% particle suspension. The calculated electron

density profile is based on a multi-step model; a theoretical representation of the profile for an illite particle with a smooth

surface is depicted as a one-step function.

face illite layer (Figure 3b). The average thickness of
this illite clay estimated from the two plots is ~6.5 nm.
According to Hower and Mowatt (1966), the <0.5 pm
fraction of this illite clay contains <15% smectite lay-
ers and has a CEC of 15 cmol, kg~!. The CEC of this
illite sample (<0.1 pm) is 18 cmol, kg~! as estimated
by cationic surfactant adsorption. The thickness of il-
lites measured by XRD peak broadening, TEM and
fixed cation content may vary from a few to 100 nm
depending on the percentage of smectite in the sample
(Nadeau et al., 1984; Srodofi et al., 1990, 1992; Drits
et al., 1997, 1998). Based on the percent smectite of
the studied illite, the thickness (6—7 nm) determined
by SAXS falls closely within the thickness range re-
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ported in those studies. Beckett et al. (1997) used sed-
imentation field-flow fractionation to determine the
thickness of kaolinite and illite clays, and the plate
thickness of one illite clay they determined was 5 to
10 times greater than that reported for the same sample
by Drits ez al. (1998). Note that the PDDF is curvilin-
ear (Figure 3a), deviating from the shape expected for
an ideal thin layer particle (Figure 1a). In addition, the
electron density curve does not converge to zero at the
maximum thickness (Figure 3b). This may indicate an
underestimation of the thickness by this method. The
greater thickness of particles makes them more prism-
like to the X-ray beam so that longer lengths for the
other two dimensions are required to treat the particles
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Figure 4. Thickness PDDF (a) and electron density profile (b) of montmorillonite in 0.5% suspension. A theoretical repre-
sentation of the electron density profile for a montmorillonite layer with a smooth surface is depicted as a one-step function.
The calculated electron density profile, based on a multi-step model, is used to fit the experimental PDDF (solid line as the

best fit).

as lamellae. But the detection length of large dimen-
sions is limited by the characterization length scale
associated with the SAXS data used (~30 nm in this
study). Therefore, the resolution for the thickness de-
termination by SAXS is limited and estimated to be 7
to 8 nm. Thus, the thickness estimated in this study is
close to the maximum allowed by the resolution of the
method. A log-log plot of intensity ({(g)) vs. g for this
mineral (not shown) does show a g~* decay at high g,
indicating a deviation from a thin-layer scattering
which should show a g2 decay (as in the case of
montmorillonite). Another possible factor causing the
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irregular PDDF curve is the polydispersity of particles
as revealed in both the TEM (Srodofi er al., 1992) and
the Guinier plot, in which the scattering intensity from
particle thickness increases as g approaches zero (not
shown). The particle polydispersity might be reduced
or eliminated by narrowing the particle size range of
clay fractions during particle fractionation using cen-
trifugation. The SAXS method is promising in this ap-
plication because other methods used for measuring
the thickness of fundamental particles of illites suffer
difficulties such as swelling of smectite layers (XRD),
stacking faults, and poor particle sampling (TEM).
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Figure 5. Possible schematic models for montmorillonite in di-
lute suspensions: cationic surfactant bilayer (a); two-layer mont-
morillonite particle (b); and a single montmorillonite layer with
two distinct electron density regions (€). p = Ppaice — Puarer

Particles in SAXS samples, however, are dispersed and
independent, and millions of particles are present in
the scanned volume.

The PDDF and the electron density profile of mont-
morillonite are given in Figure 4. There are several
characteristics of these plots that should be noted. (1)
The PDDF oscillates when approaching zero, suggest-
ing an inhomogeneous distribution of electrons in the
montmorillonite layers (Figure 4a). (2) The PDDF ap-
proaches zero at 1.2 nm rather than at 0.92 nm as
would be expected for a single 2:1 layer thickness
(Figure 4a). This can be explained by the concept of
effective thickness. The SAXS scatiering intensity is
dependent on the electron contrast between solvent
and particles. Adsorbed Na cations and the hydration
shell ought to result in an electron contrast with bulk
water molecules. Thus, SAXS measures the thickness
of Na-saturated montmorillonite layers up to some-
where in the first adsorbed cation layer. This thickness
includes the 2:1 layer, adsorbed cations and hydration
shell, and is presumably greater than the theoretical
thickness of a single 2:1 layer. (3) The electron density
profile (a multiple-step model) calculated from PDDF
by deconvolution does predict a positive electron con-
trast from the midpoint of the 2:1 layer and outward
(Figure 4b). (4) There exists a zone of negative elec-
tron contrast, measuring up to 0.15 nm on each side
of the clay layer (Figure 4b).

Possible explanations for characteristics 1, 3 and 4
in Figure 4 lie in the schematic models for possible
scatterers present in the system (Figure 5). Case ‘a’ is
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Figure 6. Thickness Guinier plot of the scattering curve of
0.5% montmorillonite suspension (a), and the relationship be-
tween the radius of gyration for thickness and the clay con-
centration (b).

a self-organized cationic surfactant bilayer in which
the hydrocarbon chain with a negative electron con-
trast is sandwiched by two layers of ordered ionic head
groups with positive electron contrast. The scattering
of such bilayers produces a PDDF depicted in Fig-
ure 1b (Iampietro et al,, 1998), with the same shape
as that for montmorillonite (Figure 4a). But the PDDE
unlike the one for montmorillonite, predicts the full
thickness of the bilayer, and the electron density pro-
file takes a negative value at the profile’s midpoint and
becomes positive in the head group region {Iampietro
et al., 1998). Case ‘b’ depicts a layered montmorillon-
ite arrangement with the presence of interlayer hy-
drated cations. This structure would give a PDDF like
that obtained experimentally (Figure 4a). The difficul-
ty with this model is that the experimental PDDF pre-
dicts a single-layer thickness rather than a two-layer
thickness as in the case of the surfactant bilayer. This
model also does not explain the negative dip in the
experimental electron density profile shown in Fig-
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ure 4b. In case ‘c’, a single layer acts as an indepen-
dent particle and this particle has two distinct electron
density regions with the lower electron density region
located at each interface. This model explains the par-
ticle thickness predicted by the PDDF and the patterns
of the PDDF and the electron density profile. But we
have to assume that the electron density in the inter-
face is lower than that of the bulk solution resulting
in a negative electron contrast. It is conceivable, how-
ever, that there exists a negative electron contrast at
interfaces because the density of adsorbed water mol-
ecules has been found to be lower than that of free
water at higher water contents (Martin, 1962).

Figure 6 shows the Guinier plot of the 0.5% scat-
tering curve and the relationship between the derived
radius of gyration for thickness and the clay concen-
tration. The Guinier plot of montmorillonite scattering
is typical for a thin-layer particle, i.e. a straight line
of the plot of In(l)) vs. ¢* (Figure 6a). The concentra-
tion effect on the radius of gyration is most significant
over the 0.5% to 2% clay concentration range, and is
almost linear (Figure 6b). When the clay concentration
is >2%, the concentration effect may reflect a reor-
ganization of particles as indicated by a hump on scat-
tering curves (Figure 2b). This invalidates the calcu-
lation of thickness from a Guinier plot and the radius
of gyration. The 0.5% clay suspension and the extrap-
olated zero concentration produced almost the same
radius of gyration indicating a minimum concentration
effect. The corresponding particle thickness is 2.5 nm.
This is the thickness of a two-layer montmorillonite
particle with a two-layer water interlayer. Note that
due to the resolution of the method, the thickness de-
rived from the Guinier plot may contain up to 10%
error. The result seems to support the model of case
‘b’ in Figure 5. However, this interlayer configuration
should result in a positive electron density contrast be-
cause of a greater water density (Martin, 1962). Fur-
thermore, if montmorillonite particles act as in case
‘c’, due to the electron inhomogeneity, the radius of
gyration from a Guinier plot cannot be used for thick-
ness calculation (Glatter, 1991). This question is cur-
rently under investigation.

CONCLUSIONS

The indirect Fourier transform of small-angle X-ray
scattering data has been used to determine the thick-
ness and surface properties of two common clay min-
erals. For an illite system, the PDDF gave a correct
description of particle geometry, and the calculated
electron density profile is in accordance with the the-
oretical electron density distribution for this mineral.
This study demonstrates the possibility that the thick-
ness of fundamental particles of illites can be deter-
mined while avoiding the difficulties encountered in
other methods. Both the PDDF and the electron den-
sity profile accurately predict the thickness of Na-
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montmorillonite layers, and the results suggest that
there exists an electron inhomogeneity at the interface
of this mineral. The models for possible scatterers pre-
sent in dilute montmorillonite suspensions are pro-
posed and discussed.
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