
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/228493789

Thickness and Surface Characteristics of Colloidal 2:1 Aluminosilicates

Using an Indirect Fourier Transform of Small-Angle X-ray Scattering

Data

Article  in  Clays and Clay Minerals · August 2001

DOI: 10.1346/CCMN.2001.0490401

CITATIONS

8
READS

26

4 authors, including:

Some of the authors of this publication are also working on these related projects:

NSF (South Dakota) Experimental Program for Stimulating Competitive Research R2 T1 View project

Precision P feeding for farm cows View project

Chao Shang

Virginia Polytechnic Institute and State University

66 PUBLICATIONS   1,557 CITATIONS   

SEE PROFILE

James Rice

South Dakota State University

90 PUBLICATIONS   2,852 CITATIONS   

SEE PROFILE

All content following this page was uploaded by James Rice on 15 July 2014.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/228493789_Thickness_and_Surface_Characteristics_of_Colloidal_21_Aluminosilicates_Using_an_Indirect_Fourier_Transform_of_Small-Angle_X-ray_Scattering_Data?enrichId=rgreq-2b0fc4561bc071803b350bcdafe001e0-XXX&enrichSource=Y292ZXJQYWdlOzIyODQ5Mzc4OTtBUzoxMTkxOTEyMDYxMDkxODVAMTQwNTQyODgwNjUxOA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/228493789_Thickness_and_Surface_Characteristics_of_Colloidal_21_Aluminosilicates_Using_an_Indirect_Fourier_Transform_of_Small-Angle_X-ray_Scattering_Data?enrichId=rgreq-2b0fc4561bc071803b350bcdafe001e0-XXX&enrichSource=Y292ZXJQYWdlOzIyODQ5Mzc4OTtBUzoxMTkxOTEyMDYxMDkxODVAMTQwNTQyODgwNjUxOA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/NSF-South-Dakota-Experimental-Program-for-Stimulating-Competitive-Research-R2-T1?enrichId=rgreq-2b0fc4561bc071803b350bcdafe001e0-XXX&enrichSource=Y292ZXJQYWdlOzIyODQ5Mzc4OTtBUzoxMTkxOTEyMDYxMDkxODVAMTQwNTQyODgwNjUxOA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Precision-P-feeding-for-farm-cows?enrichId=rgreq-2b0fc4561bc071803b350bcdafe001e0-XXX&enrichSource=Y292ZXJQYWdlOzIyODQ5Mzc4OTtBUzoxMTkxOTEyMDYxMDkxODVAMTQwNTQyODgwNjUxOA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-2b0fc4561bc071803b350bcdafe001e0-XXX&enrichSource=Y292ZXJQYWdlOzIyODQ5Mzc4OTtBUzoxMTkxOTEyMDYxMDkxODVAMTQwNTQyODgwNjUxOA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Chao-Shang-6?enrichId=rgreq-2b0fc4561bc071803b350bcdafe001e0-XXX&enrichSource=Y292ZXJQYWdlOzIyODQ5Mzc4OTtBUzoxMTkxOTEyMDYxMDkxODVAMTQwNTQyODgwNjUxOA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Chao-Shang-6?enrichId=rgreq-2b0fc4561bc071803b350bcdafe001e0-XXX&enrichSource=Y292ZXJQYWdlOzIyODQ5Mzc4OTtBUzoxMTkxOTEyMDYxMDkxODVAMTQwNTQyODgwNjUxOA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Virginia-Polytechnic-Institute-and-State-University?enrichId=rgreq-2b0fc4561bc071803b350bcdafe001e0-XXX&enrichSource=Y292ZXJQYWdlOzIyODQ5Mzc4OTtBUzoxMTkxOTEyMDYxMDkxODVAMTQwNTQyODgwNjUxOA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Chao-Shang-6?enrichId=rgreq-2b0fc4561bc071803b350bcdafe001e0-XXX&enrichSource=Y292ZXJQYWdlOzIyODQ5Mzc4OTtBUzoxMTkxOTEyMDYxMDkxODVAMTQwNTQyODgwNjUxOA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James-Rice-30?enrichId=rgreq-2b0fc4561bc071803b350bcdafe001e0-XXX&enrichSource=Y292ZXJQYWdlOzIyODQ5Mzc4OTtBUzoxMTkxOTEyMDYxMDkxODVAMTQwNTQyODgwNjUxOA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James-Rice-30?enrichId=rgreq-2b0fc4561bc071803b350bcdafe001e0-XXX&enrichSource=Y292ZXJQYWdlOzIyODQ5Mzc4OTtBUzoxMTkxOTEyMDYxMDkxODVAMTQwNTQyODgwNjUxOA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/South-Dakota-State-University?enrichId=rgreq-2b0fc4561bc071803b350bcdafe001e0-XXX&enrichSource=Y292ZXJQYWdlOzIyODQ5Mzc4OTtBUzoxMTkxOTEyMDYxMDkxODVAMTQwNTQyODgwNjUxOA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James-Rice-30?enrichId=rgreq-2b0fc4561bc071803b350bcdafe001e0-XXX&enrichSource=Y292ZXJQYWdlOzIyODQ5Mzc4OTtBUzoxMTkxOTEyMDYxMDkxODVAMTQwNTQyODgwNjUxOA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James-Rice-30?enrichId=rgreq-2b0fc4561bc071803b350bcdafe001e0-XXX&enrichSource=Y292ZXJQYWdlOzIyODQ5Mzc4OTtBUzoxMTkxOTEyMDYxMDkxODVAMTQwNTQyODgwNjUxOA%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Clays and Clay Minerals, Vol. 49, No. 4, 277-285, 2001. 

THICKNESS A N D  SURFACE CHARACTERISTICS OF COLLOIDAL 2:1 
ALUMINOSILICATES USING A N  INDIRECT FOURIER T R A N S F O R M  OF 

S M A L L - A N G L E  X-RAY SCATTERING DATA 

CHAO SHANG I, JAMES A. RICE 1, AND JAR-SHYONG LIN 2 

~Department of Chemistry and Biochemistry, South Dakota State University, 
Brookings, South Dakota 57007, USA 

2Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA 

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. 

Key Words--Illite, Indirect Fourier Transform, Montmorillonite, SAXS, Thickness. 

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

Small -angle  X-ray scattering (SAXS)  is a technique 
widely used to determine the internal and external 
structure o f  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 O1- 
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 o f  S A X S  and have been invest igated by this 
method in the past (Hight  et 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-character ized smecti tes were used 
in thickness determinations with the S A X S  method  
based on an assumed particle shape. This approach has 
l imited 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  
montmoril lonite ,  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  i l l i te-smecti te 
(I-S) layers. This interstratification makes it difficult to 
determine the thickness of  the fundamental  illite par- 

ticle by convent ional  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 et  al., 1984; Srodofi et al., 1990, 1992; Drits et 
al., 1997, 1998). Each of  these methods suffers f rom 
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  swell ing problems,  and at least one mil l ion particles 
are scanned and averaged. By comparison,  T E M  only 
' sees '  hundreds of  particles. 

Glatter (1977, 1980) developed a numerical  method 
utilizing an indirect Fourier  t ransform (IFT) to calcu- 
late the P D D F  that describes the averaged geomet ry  
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 conver ted f rom reciprocal  space to real space with 
a direct Fourier  t ransformation (Guinier  and Fournet,  
1955; Hight  et al., 1962). Furthermore,  deconvolut ion 
of  the P D D F  gives the electron density distribution for 
central symmetr ic  scatterers (Glatter, 1982) that re- 
veals their internal structure. 

Here  we report the use of  S A X S  and the indirect 
Fourier  transform to determine the thickness of  the 
Silver Hill  illite and a montmori l loni te  (Wyoming ben- 
tonite) sample. Use  of  montmori l loni te  serves to verify 
the numerical  method and provides evidence o f  sur- 
face inhomogenei ty  related to surface charge density. 

T H E O R Y  

For a thin-layer particle such as a 2:1 aluminosil i-  
cate with two dimensions (D) far larger than the thick- 
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Figure 1. Schematic representations of the PDDE Pt(r), of 
lamellae with homogeneous (a) and inhomogeneous (bilayer) 
(b) electron distributions. 

ness (7), 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): 

l ( q )  = 2 w a l t ( q ) / q  2 

= 4 ~ A  ( l / q 2 ) p t ( r ) c o s ( q r )  d r  or (1) 

It(q) = I ( q ) q 2 / 2 ~ A  

= 2 ( 1 / q Z ) P t ( r ) c o s ( q r )  d r  (2) 

where: I~(q) is the particle cross-section scattering in- 
tensity; q is the scattering vector  which is related to 
the scattering angle, ~, and a g iven wavelength,  X, by: 

q = (4~/X) 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/'rr I t ( q ) cos (qr )  d r  (4) 

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

pt(r) = 1 / - r r  ( I t (q)) l lZcos(qr)  d r  (5) 

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 centrosymmetr ic  (Glatter, 1982). Deter- 
mination of  p,(r) f rom equation 5 suffers from phase 
problems,  and in practice p,(r) is calculated f rom the 
P D D F  by a convolut ion square root technique (Glatter, 
1982) for thin particles by equation 6: 

Pt(r) = pt(x)*pt(-x) (6) 

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

Since Pt(r)  = 0 and pt(r) = 0 at r >- T (i.e. the  
thickness o f  the clay layer), both functions reveal  the 

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 pt(r) allows the est imation of  the electron ho- 
mogenei ty  o f  the clay layer along the third d imension 
or  the surface roughness of  clay. Figure 1 shows the 
typical P D D F  curves  for lamellae with different elec- 
tron distributions. 

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

It(q) = l(q)q2/2~rA = (pO2T2exp(-q2RtZ) ,  (7) 

where Rt is the radius of  gyration for the thickness, R, 2 
is the negat ive of  the slope of  a In I t (q) vs. q: plot, 
and R, 2 = T2/12. Equation 7 also serves as a guideline 
for S A X S  data analysis since it indicates that the par- 
ticles studied have a laminar shape if  the plot of  In 
(l(q) q2) VS. q2 is l inear as q -+ 0. 

D A T A  A N A L Y S I S  

With the IFT method (Glatter, 1995), the P D D F  is 
approximated by a linear combinat ion 

N 

P~(r) = ~ Cvq~(r)  (8) 
v = i  

where %. (r) are basis functions chosen as cubic B- 
splines, N is the number  of  functions, and Cv are ex- 
pansion coefficients. Another  l inear expansion is used 
to approximate the scattering intensity 

N 

I (q )  = ~'~ C , . ~ ( q )  (9) 
v = l  

Combin ing  1, 8 and 9 with the boundary Pt(r) # 0, 
rmi . --< r -- rm~, ~,, (q) is related to q~(r) through 

f 
r m a x  

~ . ( q )  = 4 ~  ~ ( r ) c o s ( q r )  d r  (10) 
m~n 

The coefficient  C,. can be determined by minimiz ing  

min. = (L + ~N~) (11) 

with 

and 

L = I ' ( . ) -  <*v(q)]%2(q) (12) 
v = l  

Nc = ~ (Cv+l - Cv) 2 (13) 
i,  = I 

The purpose of  Nc is to min imize  any artificial oscil-  
lation in the P D D E  The overall  minimizat ion is 
achieved by determining an opt imum value of  X, the 
Lagrange multiplier, by the inflection-point method,  
i.e. hop, exists where the second derivat ive of  N c chang- 
es sign and its first derivat ive is at the min imum.  Cor- 
rection for slit smearing is unnecessary in this study 
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because the S A X S  camera  uses point col l imation;  
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 ' .  

E X P E R I M E N T A L  

Clay  s a m p l e s  

Montmori l loni te  (SWy-2) and illite (IMt-2) samples 
were obtained f rom the Source Clay Minerals  Repos-  
itory, Univers i ty  of  Missour i -Columbia ,  Missouri.  The 
minerals are well-character ized (Hower  and Mowatt ,  
1966; van Olphen and Fripiat, 1979). We fol lowed the 
pretreatment procedure described by Rich and Barn- 
hisel (1977). In brief, 25 g of  clay sample were  placed 
in a 500 mL Er lenmeyer  flask, and then 250 mL of 
pH 5 acetate buffer  were added to r emove  carbonates. 
The mixture was heated in a water  bath (90~ for 2 h 
before being centr ifuged to discard the supernatant. 
Hydrogen  peroxide (30%) was added to the clay sam- 
pies to oxidize organic matter, and the sample was 
digested for 12 h at 90~ in a water bath. After  organic 
matter oxidation, the sample was suspended in citric- 
bicarbonate buffer  (pH 8.3) at 80~ and an appropriate 
amount  o f  dithionite powder  was added to r emove  free 
iron oxides. Finally, the sample was transferred into a 
1 L plastic bottle and the clay was shaken with 1 M 
NaCI 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  t~m Na-montmori l loni te  fraction and 
<0.1 txm 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 montmori l loni te  and 
10% for illite). The exact  clay concentrations were de- 
termined by oven drying a known vo lume or weight  
o f  clay suspension at 110~ and weighing.  

S A X S  m e a s u r e m e n t  

The SAXS measurements  were  per formed with the 
10 m S A X S  camera  at Oak  Ridge National  Labora- 
tory, Oak Ridge,  Tennessee. The camera  utilizes point 
col l imation to el iminate slit effects in conjunct ion with 
a two-dimensional  posit ion sensitive detector. It is de- 
scribed in detail by Wignal l  et  al. (1990). The sample- 
to-detector distance was 1.119 m for large-angle re- 
gion measurements  (q = 0 .18-4 .5  nm -l)  and 5.119 m 
for the low-angle  region (q = 0.053-0.9 nm-1). Cu Kct 
radiation (h = 0.154 nm) with a power  setting at 40 
kV and 60 m A  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. 

The clay sample concentrat ions ranged f rom 0.5 to 
5% (w/w) for montmori l loni te  and 0.5 to 20% (w/w) 
for illite. Clay suspensions were mounted  in a metal  
S A X S  cell  fitted with a Kapton window and having a 
1 cm internal diameter  and l - m m  thickness. The  data 
acquisit ion t ime varied f rom 30 to 180 min depending 
on sample concentrat ion and the scattering vector  
range. The background scattering of  a sample blank 
was subtracted f rom each sample before  further data 
analysis for the montmori l loni te  systems. For  illite 
samples, the slope o f  the Porod plot (Icxp q4 vs. q4) was 
used for background subtraction. 

RESULTS A N D  D I S C U S S I O N  

The variation in scattering intensity (normalized for 
clay concentration) as a function o f  q for various clay 
concentrat ions is shown in Figure  2. All  the scattering 
curves  overlap at large q but some deviate at low q. 
For  illite samples (Figure 2a), the scattering curves  o f  
1%, 2% and 3% are almost  identical over  the entire q 
range but large deviat ions are found for higher  con- 
centrations over  the innermost  q region indicating the 
presence of  interparticle or concentrat ion effects (Pilz, 
1982) when the clay concentrat ion is > 3 % .  There are 
apparently large exper imental  errors associated with 
the 0.5% clay curve, which deviates f rom the dilute 
sample group. This is attributed to low scattering in- 
tensity at low q values. Therefore,  the scattering 
curves  in the 1 -3% concentrat ion range are equally 
representative of  this mineral ' s  scattering properties. 
The concentrat ion effect  is much more pronounced in 
montmori l loni te  systems, being observable  even  at a 
1% clay concentrat ion (Figure 2b). There  is a broad 
hump on the 3% and 5% curves  be tween q = 0.1 and 
0.2 nm -~ which is usually be l ieved  to account  for the 
structure factor m a x i m u m  of  a scattering system (Mor- 
van et  al., 1994). To show the concentrat ion effect,  the 
scattering curves  o f  0.5%, 1% and 2% were extrapo- 
lated to zero concentrat ion by a linear Z i m m  plot. It 
is clear f rom this plot that all systems are affected by 
interparticle interactions (i.e. deviat ions f rom the ex- 
trapolated curve).  Al though this is expected because 
of  the posi t ive charges on the edge of  montmori l loni te  
layers causing edge-surface interaction (van Olphen, 
1963), it is still of  interest that the effect  is confirmed 
by S A X S  through the comparison of  two contrasting 
minerals.  

Usual ly  when the geomet ry  of  particles studied is 
not known a pr ior i ,  a general  P D D F  is calculated to 
indicate the particle 's  shape before a specific P D D F  is 
obtained for that type of  particle (Glatter, 1991; Strey 
e t  al., 1996; Iampietro et  al., 1998). In this study, the 
general  P D D F  does not  reveal the true m a x i m u m  di- 
mensions of  the clay particles since their long dimen- 
sion may reach 80 nm or greater, which is beyond the 
l imit  o f  this S A X S  instrument, al though the calculated 
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 (rag mL ~) (see text for more details). "0.0%" represents the extrapolated curve at zero particle concentration. 

P D D F  for  lamel lae  (Glatter, 1982). Therefore ,  our  
t r ea tment  has  focused  on  the th ickness  P D D F  and  scat- 
ter ing length  densi ty  profi les s ince layer  si l icates are 
k n o w n  to be  lamel lae  in dispers ion.  To avoid  any pos- 
sible interpar t ic le  in terac t ion  effects,  Mii l ler  and  Glat-  
ter (1982)  r e c o m m e n d e d  that  e i ther  the ex t rapola ted  
zero concen t ra t ion  cu rve  or the mos t  di lute  cu rve  wi th  
the i nne rmos t  por t ion  of  cu rve  t runca ted  should  be  
used for ca lcu la t ing  the P D D E  Based  on  the resul ts  
shown  in F igure  2, we used the lat ter  approach  wi th  

the 2% curve  of  ill i te and the cu t -o f f  0 .5% curve  o f  
rnontmor i l lon i te  in subsequen t  P D D F  calculat ions.  

F igure  3 shows the th ickness  P D D F  and  e lec t ron  
dens i ty  profi le  for  the illite. The  P D D F  suggests  that  
the ill i te layers  have  an h o m o g e n e o u s  e lec t ron  distri-  
bu t ion  in cont ras t  to bu lk  solut ion or water. The  bes t  
ca lcula ted e lect ron densi ty  f rom exper imenta l  data  is 
pos i t ive  f rom the symmet r i c  center  against  water  in 
bu lk  solution,  and  the overal l  prof i le  has  a good  ap- 
p rox ima t ion  of  the theore t ica l  profi le  of  a smooth-sur -  
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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 est imated f rom the two plots is --6.5 nm. 
Accord ing  to Hower  and Mowat t  (1966), the <0.5  txm 
fraction o f  this illite clay contains < 15% smectite lay- 
ers and has a CEC of  15 cmolc kg -1. The CEC of  this 
illite sample (<0.1 txm) is 18 cmolc kg -1 as est imated 
by cationic surfactant adsorption. The thickness o f  il- 
lites measured by X R D  peak broadening, T E M  and 
fixed cation content  may vary f rom a few to 100 nm 
depending on the percentage o f  smecti te in the sample 
(Nadeau et al., 1984; Srodofi et al., 1990, 1992; Drits 
et al., 1997, 1998). Based on the percent smecti te of  
the studied illite, the thickness (6 -7  nm) determined 
by S A X S  falls closely within the thickness range re- 

ported in those studies. Beckett  et al. (1997) used sed- 
imentat ion 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 t imes greater than that reported for the same sample 
by Drits et al. (1998). Note that the P D D F  is curvi l in-  
ear (Figure 3a), deviat ing f rom the shape expected for 
an ideal thin layer particle (Figure la).  In addition, the 
electron density curve  does not converge  to zero at the 
max imum thickness (Figure 3b). This may indicate an 
underest imation 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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as lamellae.  But the detection length of  large dimen-  
sions is l imited by the characterization length scale 
associated with the S A X S  data used (--30 nm in this 
study). Therefore,  the resolution for the thickness de- 
termination by S A X S  is l imited and est imated to be 7 
to 8 nm. Thus, the thickness est imated in this study is 
close to the max imum al lowed by the resolution o f  the 
method.  A log-log plot o f  intensity (I(q)) vs. q for this 
mineral  (not shown) does show a q-4 decay at high q, 
indicating a deviat ion from a thin-layer scattering 
which should show a q-e decay (as in the case o f  
montmori l loni te) .  Another  possible factor causing the 

irregular P D D F  curve  is the polydispersi ty of  particles 
as revealed in both the T E M  (Srodofi et al., 1992) and 
the Guinier  plot, in which the scattering intensity f rom 
particle thickness increases as q approaches zero (not 
shown). The particle polydispersi ty might  be reduced 
or el iminated by narrowing the particle size range of  
clay fractions during particle fractionation using cen- 
trifugation. The  S A X S  method  is promising in this ap- 
plication because other methods used for measuring 
the thickness of  fundamental  particles of  illites suffer 
difficulties such as swel l ing o f  smecti te  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 rnontmorillonite layer with 
two distinct electron density regions (c). p = pp=~ - Pw,~- 

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 scattering 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: t 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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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 bitayers produces a PDDF depicted in Fig- 
ure lb (Iampietro e t  al., 1998), with the same shape 
as that for montrnorillonite (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 
e t  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 s ingle layer acts as an indepen-  
dent  part ic le  and  this part ic le  has  two dis t inct  e lec t ron 
dens i ty  regions  wi th  the lower  e lec t ron dens i ty  reg ion  
located at each  interface.  This  model  expla ins  the par- 
ticle th ickness  predic ted  by  the P D D F  and the pat terns  
of  the P D D F  and  the e lec t ron  densi ty  profile. But  we 
have  to a s sume  that  the e lec t ron dens i ty  in the inter- 
face is lower  than that  of  the bu lk  solut ion resul t ing  
in a nega t ive  e lect ron contrast .  It is conceivable ,  how-  
ever, that  there exists  a nega t ive  e lect ron contras t  at 
in ter faces  because  the densi ty  of  adsorbed  wate r  mol-  
ecules  has  been  found  to be  lower  than that  of  free 
wate r  at h igher  water  contents  (Mart in,  1962). 

F igure  6 shows the Guin ie r  plot  of  the 0 .5% scat- 
ter ing cu rve  and  the re la t ionship  be tween  the der ived  
radius  of  gyra t ion  for  th ickness  and  the clay concen-  
tration. The  Gu in i e r  plot of  mon tmor i l lon i t e  scat ter ing 
is typical  for  a th in- layer  particle,  i.e. a s traight  l ine 
of  the plot  of  ln(It) vs. q2 (Figure  6a). The  concent ra-  
t ion effect  on the radius  of  gyra t ion  is most  s ignif icant  
ove r  the 0 .5% to 2% clay concen t ra t ion  range,  and  is 
a lmos t  l inear  (Figure 6b). W h e n  the clay concen t ra t ion  
is > 2 % ,  the concen t ra t ion  effect  m ay  reflect a reor- 
gan iza t ion  of  part icles  as indica ted  by a h u m p  on scat- 
ter ing cu rves  (Figure  2b). This  inval ida tes  the calcu-  
lat ion of  th ickness  f rom a Guin ie r  plot  and  the radius 
of  gyrat ion.  The  0 .5% clay suspens ion  and  the extrap- 
olated zero concen t ra t ion  p roduced  a lmos t  the same 
radius  of  gyra t ion  indica t ing  a m i n i m u m  concen t ra t ion  
effect.  The  co r respond ing  part ic le  th ickness  is 2.5 nm. 
This  is the th ickness  o f  a two- layer  mon tmor i l lon i t e  
part icle wi th  a two- laye r  water  interlayer.  Note  that  
due to the reso lu t ion  of  the method,  the th ickness  de- 
r ived f rom the Gu in i e r  plot  m a y  conta in  up to 10% 
error. The  resul t  seems to support  the mode l  of  case 
' b '  in F igure  5. However ,  this in ter layer  conf igura t ion  
should  resul t  in a posi t ive  e lect ron densi ty  contras t  be-  
cause  of  a grea ter  water  densi ty  (Mart in ,  1962). Fur- 
thermore ,  i f  mon tmor i l l on i t e  part icles  act as in case  
' c ' ,  due to the e lec t ron  inhomogene i ty ,  the radius  of  
gyra t ion  f rom a Gu in i e r  plot  canno t  be  used for  thick-  
ness  ca lcula t ion  (Glatter, 1991). This  quest ion is cur- 
rent ly  under  inves t igat ion.  

C O N C L U S I O N S  

The  indi rec t  Four ie r  t r ans fo rm of  smal l -angle  X-ray  
scat ter ing data has  been  used to de te rmine  the thick-  
ness  and  surface  proper t ies  of  two c o m m o n  clay min-  
erals.  For  an illite sys tem,  the P D D F  gave a correct  
descr ip t ion  of  part ic le  geomet ry ,  and the calcula ted 
e lec t ron  densi ty  profi le is in accordance  with the the- 
oret ical  e lec t ron  dens i ty  d is t r ibut ion  for this mineral .  
This  s tudy demons t ra t e s  the poss ibi l i ty  that  the thick-  
ness of  fundamen ta l  part icles  of  illites can  be  deter- 
m ined  whi le  avo id ing  the diff icult ies encoun te red  in 
o ther  methods .  Bo th  the P D D F  and the e lect ron den-  
sity profi le accura te ly  predict  the th ickness  of  Na- 

mon tmor i l lon i t e  layers,  and the resul ts  sugges t  that  
there exists  an e lect ron i nhomogene i ty  at the in ter face  
of  this mineral .  The  mode ls  for  poss ib le  scatterers pre-  
sent  in dilute mon tmor i l lon i t e  suspens ions  are pro- 
posed  and discussed.  
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