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Interpretation of small-angle x-ray scattering data from dilute montmorillonite suspensions
using a modified Guinier approximation
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Smectites are a group of 2:1-layer phyllosilicate minerals that have been extensively studied by small-angle
x-ray scattering(SAXS) because of their industrial and environmental significance. In previous studies, a
Guinier plot has been used to obtain the radius of gyration of the clay particles, from which geometric
information of the particle structure is derived. Using an indirect Fourier transform to treat SAXS data from a
dilute montmorillonite suspension, a negative electron contrast at the clay-water interface is observed. This
electron inhomogeneity has violated the assumption underlying the application of the Guinier plot, which
requires particles to have a uniform electron density. The presence of this inhomogeneity explains the inability
of previous studies to correctly determine particle dimensions using the Guinier plot. Using this model of the
clay-water interface, a modified Guinier plot has been derived and was experimentally verified. The calculation
shows the presence of negative electron contrast at montmorillonite-water interfaces, which is in accordance
with the results from the indirect Fourier transform method. This approximation has the potential to predict the
geometric information for similar colloids studied by small-angle scattering.
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I. INTRODUCTION where J;(x) is the Bessel function of first kind and order
one.

Montmorillonite belongs to a group of 2:1-layer silicates At smallq, Guinier’s approximation of(q) in Eq.(1) can
known as smectites that are common in soils and sedimentse obtained. If the origins of the coordinate systems for in-
[1]. Because of the charge deficit in its crystal lattice andtegration ovelV, andV, are taken at the center of charge of
small particle size under natural conditions, the surface propthe scatterer, and with sim(/(qr)=1—(qr)%/6+-- -,
erties and colloidal behavior of these clay minerals have
been studied using various techniqligs Small-angle x-ray 1(@)=Np([Vp(r)][1—(qRy)*+---] (4)
scattering SAXS), which is capable of revealing internal and
surface structures over length scales from approximately 0.@ith
to 1000 nm[3,4], has been used to characterize these miner-

als in suspension and in the gel ph&se 11]. 5 )
The intensityl (q) of scattered x rays of wavelengthas Ry=V fvp(f)r dv fvp(f)dV : 5
a function of the scattering vectay for randomly oriented

zc;?g]erers with a continuous charge distribution can be statevghere “(}" represents an averagig]. For a thin disk of

diameter R and thickness [12],

1(q)= Lfvp(fl)ﬂ(fz)[sm(qflz)/(qflz)]dVlde, ) 1(a)=Ny(Vp)?2 exp —a°Rg)/(AR)?, (6)

) ) ) ] whereRy is the radius of gyration of a scatterer with refer-
whereq=(4m/\)sin(6/2) with 6 being the scattering angle, gnce to the particle’s electron density distribution

V is the particle volumep(r) is a continuous electron dis- _ 1215 The radius of gyration can be obtained from either
tribution with positionr, andr,,=|r;—r5| [3]. For an iso- Eq. (5) or more conveniently by a plot of [{q)] vs g2 using
tropic distribution ofN,, particles of a particular shape that Eq. (6) (a so-called “Guinier plot]. The use of a Guinier
take all orientations yvith equal probability, an exact solutionpbt to derive geometric dimensions of a particle requires
for 1(q) can be obtaineil2]: that two conditions be satisfied, that the particles scatter in-
dependently of each other and that particles have a uniform

1(@)=Np(Vp)%i(q). (2 electron density13].
According to Eq(6), a plot of If1(q)g?] vs g2 is a straight
For a flat disk of infinitesimal thickness and diamet€t,2  |ine for thin-layer particle systems like montmorillonite. The
radius of gyration, and thus the thickness of particle, can be
i(q)=[2/(qR)?][1—J.(2qR)/(qR)], (3)  derived from the slope of this plot. This plot has two impor-

tant applications. It reveals whether the unknown particles
are thin layer in shape by inspecting the plot’s linearity, and
*Author to whom correspondence should be addressed. FAXif the plot is a linear at small, the thickness of the particle
605-688-6364. Email address: jamese@sdstate.edu can be obtained.
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However, there are discrepancies in the literature on tha=5.17 Axb=8.95A, a chemical composition of
application of this technique to determine the thickness oNay ;¢Al s o0d € 3076 00MJo.65) (Al g 16517 ) O20(OH),, cation
smectite particles or pseudocrystals. Thompson and Butteexchange capacity 102 cradédg~ ! and specific surface area
worth [14] reported that the Guinier plot of SAXS data from of 750 nfg ! [2,19,20. The clay sample was first treated
a 2% Na-laponite suspensida synthetic smectilegave a  with pH=5 acetate buffer to remove carbonates, hydrogen
particle thickness of 3.9 nm rather than 0.92 ftive single  peroxide(30%) to oxidize organic matter, and dithionite in
layer thicknesk A similar value(3.4—3.5 nmwas found by citrate-bicarbonate buffer to remove free iron oxidés].
Saunderset al. [11] for two different preparations of Li- The treated clay was shaken wittM1NaCl for 6 h before
laponite that was dispersed in water at 0.03% wgi, 10  centrifugation and the supernatant discarded. The salt wash-
and ionic strength of 10®molL"1. These authors inter- ing was repeated once. The Na-saturated clay was washed
preted their thickness values as indicative of the presence aihce with distilled-deionized water, and dialyzed against
two to three clay platelets separated by adsorbed water layedsstilled-deionized water until a silver nitrate test was nega-
[11,14. Using small-angle neutron scattering, Cebetaal.  tive. The <0.08.um Na-montmorillonite fraction was ob-
[15] found that the radius of gyration of a Li-montmorillonite tained by centrifugatioflEC, CRU-5000. Dilute clay sus-
dispersed in water corresponded to a plate thickness of 35ensions were concentrated on a rotary evaporator to
nm. They determined the thickness of clay pseudocrystals bgroduce a 3% w/w clay stock suspension from which three
varying the neutron-density contrast between the suspendirgjlute suspension®.5%, 1.0%, and 2%were prepared. The
medium and the particles. There are experimental difficultiegxact clay concentrations were determined by oven-drying a
that make these interpretations of particle thickness less thamown volume and weight of clay suspension at 110 °C and
convincing. In all the cases, the clay concentrations wergveighing.
close to, or lower than the critical concentration correspond- The SAXS measurements were carried out on the 10-m
ing to the covolume of clay suspensi@fe volume around SAXS camera at Oak Ridge National Laboratory, Oak Ridge,
the particle from which a second particle is excludgli7]l.  TN. The camera has point collimation and a two-dimensional
This means that some of the suspensions studied in theg®sition sensitive detector. It is described in detail by Wig-
reports contained essentially independent particles, an obsarall et al. [21]. The distance between the sample and the
vation that is particularly applicable to the samples of Saundetector was 1.119 m for the smallregion measurements
derset al. [11], who adjusted the suspensipii to 10. At (0.18—4.5 nm?) and 5.119 m for the largg+egion(0.053—
most, there existed a certain degree of covolume overlapping.9 nm%). Cu Ka radiation (. =0.154 nm) with a power
in their samples, but not an interlayer structure. The choicaetting at 40 kV and 60 mA was used. The detector sensitiv-
of experimental conditions should have eliminated the posity was calibrated with a Fe-55 standard. The transmission
sibility of multiparticle stacking. And if a structure with two- coefficient was determined, and the data for each sample
or three-layer stacking was present in those systems, a Braggere corrected for absolute intensity. Clay suspensions were
reflection should have been observed, but this was not thmounted in a metal cellinternal thickness of 1 mjfitted
case[11,14,15. with Kapton windows. The scanning time varied from 30 to

We believe that we now have an explanation for why a180 min depending on sample concentrations and the scat-
Guinier plot failed to give an accurate account of the particletering vector range. The scattering from pure water was used
thickness in independent particle systems. Shetrg. [18]  for background subtraction because the volume fraction of
used an indirect Fourier transform method to treat SAXShe scattering clay patrticles is very small.
results from dilute montmorillonite suspensiof8.5—-2% After background subtraction, the experimental scattering
w/w), and showed that a negative electron contrast exists attensity of clay samples was expressed as intensity per unit
the particle-solution interface using the scattering length denelay concentration by dividing the intensity with the appro-
sity profile of scatterers. We believe that the presence of apriate clay concentration. To remove particle concentration
electron inhomogeneity in the scatteref@uminosilicate effects, the scattering curves were extrapolated to zero con-
layer and interfacgsinvalidates the use of the Guinier ap- centration using a linear Zimm pl$22].
proximation applied in previously cited or similar studies. In

this paper we present a modified Guinier approximation tak- ll. RESULTS AND DISCUSSION
ing into account the electron distribution inhomogeneity of
the scattering particles based on our results obtained from the A. SAXS data

indirect Fourier transform of the Scattering data. We will The experimenta| and extrap0|ated SAXS curves are
demonstrate the agreement between the results from thgiven in Fig. 1a). The scattering intensity decays according
modified Guinier p|0t and from the indirect Fourier trans- to qu for a wide range qu_ This is typica| of Scattering by
form data, and the pOtentiaI of the modified plOt for fUtUrethin_|ayer partides_ F|gure(m) shows the zero C|ay concen-
use. tration Guinier plot for thin-layer scatterers. The linearity of
the plot over the lowg range suggests that particle concen-
tration effects were completely removed by the extrapola-
tion; if the effects were present, the curve should abruptly
Montmorillonite (SWy-2) was obtained from the Source decrease at low values gf. The calculated radius of gyra-
Clay Minerals Repository, University of Missouri-Columbia, tion (RS=0.5292) corresponds to a layer thickness 25.2 A.
Missouri. The mineral has a unit cell dimension of This is equivalent to the thickness of a montmorillonite

Il. EXPERIMENT
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2 -1 . . . .
q (nm ) obtained by the indirect Fourier transformation of the SAXS data
from a 0.5% montmorillonite suspension. The solid linéahis the

FIG. 1. Normalized and extrapolated scattering cur@sand predicted PDDF using the results ).

the Guinier plot of thickness after removing concentration effiexct

for dilution montmorillonite suspensions. The curves(& were B. Indirect Fourier transformation of SAXS data
arbitrarily separated by one log-cycle for presentation clarity. Lo . . .
The indirect Fourier transform is a numerical method de-

veloped by Glattef24,25 to convert SAXS data in recipro-
pseudocrystal consisting of two platelets separated by twega| space into geometric information about the scatterer in
layers of water{23]. The particle concentration of1 um  real space. The direct consequence of this technique is the
montmorillonite at its covolume is 4 glX [17], and an in-  derivation of the pair-distance-distribution function (PDDF)
crease in clay concentration would increase the degree ahat contains information regarding the shape and dimension
particle overlapping. In other words, free particles are exof scattering particles in the sampleDDF=0, atr =T,
pected at concentrations below the critical value if the adwhich is the maximum dimension of the scatterdf the
sorbed cations and solution composition favor the formatiorscatterer has central symmetry, the electron density profile,
of a diffuse double layefe.g., Na saturation and in water or scattering-length density profile, can be obtained from the
The lowest clay concentration used in this study was 0.5%PDDF by a deconvolution square root technifj2é]. Figure
which is close to the critical value. The Guinier pldtig. 2 shows the results from analyzing the 0.5% curve using the
1(b)] shows the elimination of the concentration effect;indirect Fourier transforni18] and contains three pieces of
therefore, the apparent particle thickness derived from theseful information. First, the PDDF patteffig. 2(a)] indi-
Guinier plot clearly does not describe this system correctlycates that the scattering particle has a bilayer structure with
This argument brings our attention to the second prerequisitgvo distinctive electron densities, a pattern that is similar to a
for using the Guinier approximation for calculating geomet-bilayer of self-organized ionic surfactar{g7]. Second, the
ric dimensions, a scatterer must have a uniform electron denhickness of a scattering particle is about 12 A, thicker than
sity distribution. 9.2 A for a single silicate layer. Third, the electron density
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R 1(a@)=Np(VAp)Zi(q), (7)
_— BE—— WhereAPpr—pm.
pa; Ta Equation(7) can then be rewritten as
1(a)=Np(VAp)?F?(q), (8)
Ppr TP
I wherei(q)=F2(q).
T According to Guinier and Fourn¢l2], the scattering inten-
Per Ta sity of the scatterer shown in Fig. 3 can be given by
FIG. 3. Depiction of montomorillonite particles as a circular 1(q)=Np[(pa—pm)ViFt+ (pp—pa) VpFpl?, 9

thin disk (diameter 2R with two distinct electron densities by

SAXS. p,=electron density of adsorbed layer with a layer thick- whereV is the volume and the subscrigt®nd p represent

nessT,,p,=electron density of 2:1 silicate layer of thickneBs, total and particle, respectively. It is worth noting that formu-

andT,=2T,+T,. lation of Hanleyet al.[29] for a similar system is incorrect.
The authors treated the={q)” term as form factor, which is

profile [Fig. 2(b)] indicates that there is a negative electronF?(q). For a contrast variation experiment, where adjusting

contrast zone at the particle-water interfdce., a zone with  the medium’s electron density for,=pn,, EQ. (9) can be

an electron density lower than that of bulk watex slightly  reduced to Eqs(7) or (8).

larger scattering particle thickness can be readily explained SinceV=TA, Eq. (9) can be rewritten as

by the presence of an adsorbed layer of water molecules

and/or cations, which may alter the electron density distribu- (a)=NpAZ(pa—pm) T1F+(pp—pa) ToFpl% (10

tion. Mourchid et al. [28] used Monte Carlo simulation to ) ) ) .

layer thickness of 13.2 A gave better agreement with experiface area. Setting p,=p,—pm andApy=py—p,, and ex-

mental observations. This indicates that a solvated sodiuR@nding, Eq(10) becomes

counter-ion layer of 4.0 A has to be taken into account. 5\ 222 PP

Based on the results discussed above, we depict the structurd @) = NpA(ApTeFi+ AppToF o+ 2ApaApp Ti TR Fp).

of a montmorillonite scatterer in suspension as a single clay (11)

layer sandwiched between two adsorbed layers with differen-}-h eF2

e terms are obtained directly from the Guinier approxi-
electron densitiegFig. 3. Y P

mation in Eq.(6), but there is no mathematical expression
-~ o o for the FF, term because of the sign problem. Here we
C. Modified Guinier approximation introduce a physical approximation. BecaisE , represents
When a scatterer of electron density is suspended in a intensity, thenFF,=0. ThustB FiFp= Frz,. Thus, we can
medium of electron density,, the scattering intensity can be use the expression of E¢6) having a thickness, where
obtained from Eq.2) by the “two-phase” approximation T=T=T,, to approximate~F,. With this approximation

[3], and rearrangement, E¢L1) becomes
(g2 2N,A? Q2 [ ApiTi+ AP To+2ApAp, T, T, T? "
(@)a TRA(ApZTZH ApITZH 20 paApTiTy) N 12\ ApZTZH ApZTo+ 28paAp,TiT, | | (12
|
The slope of a plot of I(g)g?] vs g2 from Eq. (12) is the In the right-hand side of Eq13), pp, pm, T, T, are
radius of gyration and equals known, or can be safely assumed. If a valueTok given,

then p, can be obtained from the experimental determined
RS value obtained from Fig. (b). We -calculatedp,,
=0.3334¢e/R (electron density of water at room tempera-
ture) andp,=0.8544 e/ B (electron density of montmorillo-
By comparison to Eq(6), it can be seen that EL?) is the  Nite anion, and chosel,=9.2 A, T,=14.2 A assuming 2.5
Guinier approximation modified to accommodate a scatteref hydration layer(see Fig. 3 andT=11.7 A (average off,
with an inhomogeneous electron density distributias de- ~ and T,). When the calculate®; [the right-hand side of Eq.
picted in Fig. 3. For particles with a homogeneous electron(13)] is plotted against a set of hypothetical values fgr
density distribution(i.e., Ap,=0), Eq.(12) is reduced to Eq. (Fig. 4), the p, value corresponding to the experimerﬁ%l

(6). [Fig. 1(b)] can be obtained by linear regression.

2 1 ApiTi+ApaTa+2Mp,Ap,T,T,T?
912 ApiTi+ApP To+2MpAp, T, T,

13
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7 decreases as the distance to the mineral surface decreases
(Table ).
6 - y = 27.044x - 2.0083 Although the results are qualitative because the resolution
R? = 0.9994 of the SAXS measurements are limited by the x-ray wave-

length and the approximations involved in the calculation,
they are in good agreement with what has been shown by the
indirect Fourier transform analysis shown in Fig. 2: there is a
negative electron contrast at the montmorillonite particle-
water interface. This, in turn, supports our hypothesis that in
dilute dispersions, montmorillonite particles have electron
density distributions that dictate that they should be treated
as inhomogeneous scatterers as depicted in Fig. 3. We be-
lieve it is this electron density perturbation at the interface
that leads to the erroneous results discussed previously when
the Guinier approximation in the form of E¢F) is used on
scattering data. The Guinier approximation does not yield the
dimensions of montmorillonitelike particles and should be
modified to account for the inhomogeneity in the electron
density distribution as we have done in E#j2). Contradic-
tory to the reports discussed earlier and the results presented
above, the Guinier pldiin the form of Eq.(6)] for a dilute
Na-laponite suspensio{®.025 g mL?Y) by Avery and Ram-
The effect of T on the calculateg, was examined over say[16] indicated a circular, disk-like clay particle having a
the range of values betwedp andT,. The calculated radius 1.0 nm thickness. However, their results were graphically
of gyration is a linear function op, and converges on the presented on an arbitrary scale and thus cannot be numeri-
experimentaRS whenT is equal to or greater than 11.7 A, cally reexamined here.
the average of , and T, (Fig. 4. However, the relationship A lower electron density at the interface of the
becomes a polynomial and does not converge to the expenmontmorillonite-water system suggests that the density
mental value wherT is smaller than 11.7 Anot shown. (g cm ) of adsorbed water is lower than that of liquid water
The calculatedp, values, and the number of water mol- although the structural interpretation of a reduced water den-
ecules per unit charge and unit cell within the first hydrationsity is not conclusivg 32]. The density of adsorbed water
layer (T;=14.2 A) for various values of are given in Table was reported to be lower than that of liquid water, decreasing
l. Also given are the values fof(11.7 A) from Fig. 2a).  to approximately that of ice at 10 A from the surface of
For T,=14.5A, these values are presented with the assumpmontmorillonite(the same clay used in this styd3]. Mar-
tion that sodium cations are located within the first hydrationtin [32] concluded that the density of water adsorbed on Na
layer. The number of water molecules per unit charge wouldnontmorillonite has a minimum value of about 0.97 gém
increase by one if we assume that sodium cations are dissat a water content of 0.7 g8 per gram of clay, increases
ciated from the first hydration layer, which is probable rapidly to 1.4 gcm? for water content less than 0.7, and
[30,31. The results show that the electron density at theseises gradually until at 6.5 g 40 per gram of clay the den-
interfaces is lower than that of normal liquid water, and itsity of adsorbed water equals that of normal liquid water. It

Calculated Ry’

0 0.1 0.2 0.3 0.4
A-3
pa(e A™)

FIG. 4. A plot of calculated?é [the right-hand side of Eq13)]
VS pg.

TABLE |. The calculatedp, and the number of water molecules per unit charge or per unit cell for two
total thickness valuesT). Over the chosen range @f p, is always smaller than that of the zero electron-
density contrast.

T,=145A T=11.7A

TA) pa (elA3) H,0/c? H,O/cell TA) pa (elA3) H,0/c? H,O/cell
11.7 0.1333 3.3 1.2 11.0 0.0274 0.44 0.16
12.0 0.1532 3.9 1.4 11.2 0.0673 1.08 0.39
12.5 0.1884 5.1 1.8 11.4 0.0921 1.48 0.53
13.0 0.2139 5.9 2.1 11.6 0.1130 1.82 0.65
13.6 0.2325 6.5 2.3 11.7 0.1219 1.96 0.71
14.2 0.2456 6.9 25

Zero 0.3334 10.0 3.9

contrast

&The number of water molecules per unit charge if assuming $éted within the first hydration layer; this
number would increase by one if assuming"Na not included in the layer.
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should be pointed out that the data reviewed by Mdidi?|  ticles in dilute suspensions and the experimental particle
were obtained by a variety of thermodynamic methods thasizes obtained from SAXS measurements analyzed by the
might not possess the sensitivity to determine the differencelassical Guinier method. This has been confirmed by appli-
in density between the adsorbed and bulk water at high wateration of an indirect Fourier transform of the SAXS data that
contents. demonstrates that as a scatterer, montmorillonite has an elec-
The modified Guinier approximation presented H&tgs.  tron density at the particle-water interface lower than that of
(12 and(13)] can potentially be used to derive the structuralliquid water. The equations derivedEqgs. (12) and (13)]
parameters of a scatterer having two distinctive electron dercould be used to find the dimensions of similar scatterers.
sities if the densities are known. An example of such a scat-
terer is the geochemical organomineral composite known as ACKNOWLEDGMENTS
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