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Abstract

Migration of radioactive radium, “**Ra. in soil is an environmental concern, especially in
areas adjacent to the uranium processing facilities. Barium(II), as Ba*", was used as a Rz
analog and reacted with a Na-montmorillonite to obtain mechanistic insights into the
interaction of Ra with soil matrices. The majority of sorbed Ba is associated with the
permanently charged surface sites on the montmorillonite basal surface. This is indicated
by 1). sorption of Ba(Il) on montmorilionite is not lughly sensitive to solution pH,
although a shight increase of sorptiOn was observed at ‘x/lligher pH values: and 2)
displacement of sorbed Ba increased with increased NaXNQOs concentration. As
demonstrated by EXAFS. the Ba adsorbed on the montmorilionite edge, although itisa
small fraction of the 1otal sorbed Ba. forms an inner-sphere surface complex through
sharing of oxvgen atom(s) from deprotonated —~OH group of the Al octahedral layer. The
EXAFS measured distances berween Ba and O at the first shell and Ba and Al of the
econd shell are 2.7 -2.8 and 3.7 - 3.9 A_ respectively, consisient with the results from
geometry of a inner-sphere complex at the edge site. Results from bulk experiments and
spectroscopic analyvsis suggest a co-existence of outer- and inner-sphere surface

complexes at the Ba sorbed montmorillonite surface.
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Introduction

Radium, ~**Ra (t12 = 1,600 years), is a decay product of uranium and thorium, either
narural-occurring or discharged from uranium processing facilities [1-4]. The fate and
behavior of “**Ra in soil and sediment directly affects the dose of public exposure to
radioactivity for the Ra decay daughter product, Rn, is responsible for 55% of this type of
radioactivity [5]. Compared with U, Ra has a higher mobility in the soil profile and

nigher accessibility to food web. The activity ratio (AR) of “**Ra/~*U in the soil is about
0.1. but =°Ra greatly exceads — U activity in most surface soil (ARupto18)andin
vegetation (AR up to 65) [6]. However. except for a limited bulk studv {7]. the
mechanisms of the interaction berween Ra and soil constituents such as clavs. oxides and
soil organic matters remain relatively unknown. To obtain a2 mechanistic understanding of
Ra interaction m’t}} soil, Ba is employed here as a Ra analog and for reaction with
montmorillonite, a common soil mineral. Barium is an ideal analog of Ra 2s Ba and Ra

are the alkaline earth elements, and possessing similar ion radius (Ba”™ = 1.34 A and Ra™"

=143 4) [8].

Adsorption of divalent alkaline earth ions. inciuding Mg™". Ca’". Sr"”" and Ba"". on clav
mineral and hvdroxide surfaces has long be considered to occur by formation of an outer-
sphere surface compiex of the metal ion and the negatively charged surface at the
sohd-solution inierface. though there is no differentiation amohg the surfaces (e.c.. [9]).

This 1s based on the well known Ining-Williams series that describes the relative abiliry

t0 form coordinative complexes: the association of the alkaline earth ions with the surface




hvdroxyl sites are attributed to electrostatic attraction. This theory successfully explains
decreased adsorption of alkaline earth ions with increasing ionic radii [10]. Compared
with adsorption of divalent transition cations, Cu®", Ni*™ and Co”", divalent alkaline earth
ions are less susceptible to hydroxide.complexation. However, when the soft Lewis base
site, e.g., the basal layer of smectite, dominates the surface, adsorption will correlate with
acid hardness and the Hoffmeister series will be followed: Mg”™ < Ca®~ < Sr*” < Ba™ [9].
This order describes sorption at interlayer siloxane ditrigonal cavities on smectite [11].-
Outer- and inner-sphere surface complexes are the two ;;rimar}f conﬁgurétions of sorbed
cations. “Weak™ outer-sphere complexes sorb on the surface with at least one water
moiecule berween the surface site and the metal. The adsorbed metal 1on is easily
replaced by cations such as Na” and’K™ and therefore, is strongly affected by the ionic
strength. When 2 metal ion is directly coordinated with the surface site, in most cases
sharing an oxygen atom with the surface hydroxyl function group, an inner-sphere
complex is formed. This kind of complex usually involves stronger bonding between the

surface and sorbed metal and is not strongly affected by simple electrolyte cations such as

K and Na™.

Montmorillonite is present in most soils and aguatic svstems. Substitution of Fe(Il) and
:Mg(,H) for AI(IIT) in the octahedral laver creates a positive charge deficit and gives a net
permanent negative charge 1o the surface. In contrast. the O and_OH atoms on the broken
edges of the montmorillonite hyvdrolvze and form Lewis acid and base function groups

from which pH-dependent charge oniginaies.




In addition to conducting bulk sorption/desorption measurements, in this study,
synchrotron based X-ray absorption fine structure spectroscopy (XAFS) was employed 1o
investigate the molecular scale nature of the interaction of Ba(II) at the montmorillonite
surface. This knowledge is needed to understand behavior of Ra(Il) migration in
subsurface environments, to plan remediation strategiés for contaminated soils and

groundwaters, and to develop effective clay barrier systems.

Materials and Procedures

Montmorillonite (SWy-1) was obtained from the Source Clay Repository of the Clay
Mineral Sociery (University of Missouri, Columbia. MO). Propenies such as surface area
(31.82 m* g) and cation exchange capacity (CEC, 76.4 cmole kg) are documented in
the Repository home page (http://missouri.eduw/geosc)y/SC/). Prior to use, the clay was
placed in 1.0 M NaNOs solution for four days and the solution was changed daily to
dispiace other exchangeable cations on the clay surface with Na ™. The cia_v was then
dialyzed in a water bath 10 remove excess NaNOs. After dialvsis, the clay suspension was
allowed to settle in a 2-liter beaker for four da)"s. The blackish particles that settled with
the clav at the bortom were discarded. The solid concentration of the suspension was
5ezermined bv drving a known volume of clay suspension at 103° C for 24 hours. The
ciev suspension was agitated on a shaker 10 assure that the sus_f;ension was homogenized

when subsamples were taken for an adsorption experiment.
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Adsorption Experiments

Adsorption of Ba(Il) on montmorillonite was conducted under: 1) variable NaNO3
concentrations but constant pH; and 2) variable pH but constant NaNO; concentration. In
all experiments, the initial concentration of Ba(II), added as Ba(NOs)2, was 5.0 mmol L,

and the montmorillonite clay concentration was held constant at 10.0 g L.

In constant NaNOs concemraﬁon experiments, pH was initially adjusted 10 3.5, 4.0, 3.0.
6.0, 7.0. 8.0 and 9.0 with 0.1 N HNO; or NaOH solution. The NaNOs concenzration was

adjusied 10 0.002 M with 2 0.1 N NaNOs solunion.

In the variable Na\O; concentratioh experiment, adsorption was measured at two pH
levels: 6.2 -6.5and 7.2 — 7.4. Three NaNQs concentrations, 0.002, 0.08, and 0.15 M,

were used.

. . . 2- . . . .
It shouid be pointed out that Ba™ was the predominant species of Ba(II) in the aqueous
phase for all rrearments. No Ba-bearing solids were saturated under the conditions of the

experiment.

Afier ~12 hrs agitation. the Ba(ll)-comaining montmorillonite suspensions were

centrifuged at 4.000 rpm for 30 minutes. The supernatants were then filtered through a

o

2

um membrane. The filirates were analyvzed on 2 direct coupled plasma

specirophotometer (DCP) for Ba(Il). The differences between the added and remaining




Ba(1I) in the solution were atiributed as the results of Ba(1I) adsorption on

montmorilionite.

XAFS Analysis

After centrifugation. a portion of suspension was preserved in an air-tightened plastic

tube and kept as a paste-like wet phase in a refrigerator for XAFS analysis.

XAFS analvsis was conductied at beamline X-11A. National Synchrotron Light Source at
rookhaven Nationz! Laboratory (NSLS/BNL). Along with the ciay samples. se.\'eral
Ba(Il) solids as weli as aqueous Ba(II) were examined. X AS data was acquired at the Ba
Li-edge of 3,274 eV’ The electron beam energy was 2.5 GeV and the beam current was
berween 200 and 330 mA. The monochromator consisted of two parallel Si(111) crystals
with an entrance sl‘it of 0.5 mm. The spectra were collected at room temperature. A multi-

element Ge solid stare detector (11 working channels) was used for detection in

fiuorescence mode.

XAFS dara analysis was accomplished using the program MacXAFS 4.0 with standard
reduction practice. pre-edge subtraction, normalization, Fourier transform and, finally.
‘nonlinear Jeast squzre fining. The muliiple shell firting were performed in r-space, where
reference bond information (Ba-O. Ba-Al/Si. and Ba-C) were either generat.ed bv FEFF
code or from the structural data for standard samples. sx;ch as crystalline Ba(OH)s,

BaCO:; and agueous Ba(NOs)-. These standard compounds are used to improve the



. . 2- .
accuracy in data fitting and aqueous Ba™ would serve an analogue for outer-sphere

surface complexes.

RESULTS

Adsorption of Ba(Il} on montmorillonite: Effect of pH and NaNO; Concentration

The pH-dependent Ba adsorption on montmorillonite 1s shown in Figure 1. At a NaNOs
concentration of 0.002 M. Ba(Il) adsorption increased ‘with solution pH from 0.14 mmol
¢ at pH 4.3 10 approximately 0.20 mmol g’ at pH 8.5. Considering the CEC of
montmorillonite. 76.4 meq 100 g”'. adsorption of Ba(II) occupied 37 10 52% of the
exchange sites of the clayv in the pH range of 4.3 to 8.5. Adsorprtion of Ba(Il) on
montmorillonite is not as sensitive to pH compared to other mineral surfaces, such as on
goethite (unpublished data). The pH-insensitive cation adsorption on montmorillonite or
other smectite clay mineral surfaces has been observed elsewhere [12,13] and suggests
that the majority of the édsorbed cation resides on the fixed negative charge site of the
basal laver. Adsorption via fixed charge sites is pH independent and the adsorbed Ba(Il)
is thought to form outer-sphere complexes on the montmorillonite surface. However, for
the hvdroxyl surface site at the cleavage edge. adsorption should depend on pH because
‘of the involvement of protonation/deproionation processes. Therefore. increased Ba(1l)
adsorpuion with pH is anributed 1o surface complex formation on the hvdroxyl sites at the
clay edge. Although the adsorption isotherm is not pH gensiti\'e. the amount of adsorbed

Ba(Il) due 10 increasing pH can’t be ignored as demonstrated in Figure 1




In contrast, the effect of NaNOs concentrations on Ba(II) adsorption is much more
profound. In the two tested pH ranges, pH 6.2 - 6.5 and pH 7.2 — 7.4, adsorption of
Ba(Il) is depressed from 0.18 10 0.06 and from 0.16 to 0.01 mmol gl respectively. as
[NaNO:;] increases from 0.002 to 0.15 mol L (Figure 2). The difference of the amoum’of A
adsorbed Ba(II) ranges from threefold to more than one order of magnitude in the NaNQ;
concentration ranging from 0.002 to 0.15 mol L. Compared with adsorption from the
variable pH experiment shown in Figure 1, the difference in Ba(Il) adsorption berween

| low and high pH was only 30%. Adsorption of Co(II) and Pob(11) on montmonllonite was
also reported as pH insensitive and sensitive to the ionic strength. or NaCl concentration

[12-14].

These observations indicate that adsorbed Ba(ll) is selectively displaced from the clay
surface at low 1o neuwral pH and high [NaNOs], but a portion of it remains sorbed at
higher pH regardless of the [NaNO:). The strong adsorption of Ba(II) at high pH has also

been documented elsewhere [8,14-16].

EXAFS Analysis

The normalized k™-weighted EXAFS specira of Ba(ll) sorbed on monimorilionite under
various pHs and NaNO: concentrations are shown in Figure 3. Spectra for crystalline
Ba(OH): and the aqueous Ba(NOs) solution are also included for companson. The top

three spectra from in Figure 3 were obtained from samples with the same pH but varying




NaNOs; concentration. The rest are from constant NaNOs concentration and various pH.
Correspondingly, Figure 4 illustrates phase-uncorrected radial structure functions (RSFs)
generated from Fourier transforms over the k*-weighted EXAFS specftra from 141093
A"l Since the Fourier transforms are phase-uncorrected, the peak positions in Figure 4
are generally shorter by roughly 0.4 A compared to the corresponding bound distances.
Peaks with R = 2.4 A represent the Ba-O bond distance with the real distance of
approximately 2.7 2.8 A The peaks with R = 3.3 - 3.4 A are only observed in the Ba-
montmorillonite samples and are atributed to thé higher-shell coordination of adsorbed
Ba(1l) with Al or S in the octahedral or terrahedral lavers of montmorilionite,
respectively. There is no definitive structure determined bevond the first shell of hvdraied
oxygen atoms for the agueous Ba(1l) (Figure 4). However, crvstalline Ba(OH): has a

| predominant peak at about 4.1 A as shown in Figure 4, which corresponds a Ba-Ba bond

distance at 4.42 A. Comparison of the reference and Ba adsorbed samples give us clear

~

indication of surface structures.

Figure 5 shows that the EXAFS spectra for Ba(ll) adsorbed on the montmorillonite
surface are best described bv a fit that includes SY/Al as the second-neighbor
backscattering atom. This figure shows the k*-weighted filtered experimental EXAFS
spectra (solid line) in comparison with theoretic spectra (dashed line) of the second RSF
.peak of 2 Ba-montmorilionite sample presented in Figure 4 in which pH = 8.0 and
[NaNQOs] = 0.002 mol'L. When Si Al are considered as second-neighbor backscattering
atoms. a good agreement with the Fourier back-transfoﬁned XAFS spectrum is observed

(Figure 5a). The conmbutions of the possible atoms in the svsiem. O and Al/Si for the




first and second shells, to the best fit are shown in Figure 5b, respectively. In the fitting
_processes, other elements such as Ba were used as the second neighbor backscattering

atoms and a poor quality of fitting resulted.

The non-linear, least squares fitting results of EXAFS analysis, including coordination

number (CN), bond distances, and Debye-Waller factors (Aoz), are presented in Table 1.

The first peaks as shown in Figure 4 are all identified as the Ba-O bond. The oxygen

coordination numbers in all adsorbed samples are in the range of 6 1o 7 with an ervor bar
of =20%, which indicate that the Ba(Il) associating with surrounding oxvgen has an
octahedral coordination or possibly, the sorbed Ba(ll) is in a higher coordination with the
ditrigonal cavity at the montmorillonite basal laver, fitting into the ditrigonal cavity like
K~ (radius = 1.33 A). The Ba-O bond distances are in the range of 2.76 — 2.80 A, similar
1o those either in the solid crystalline Ba(OH)s, 2.78 A, or in aqueous Ba(ll), 2.79 A.
Note that at the same pH value the Ba-O bond distances decreased from 2.80 A at lower
NaNOQO; concentration, 0.002 M, 10 2.73 A at higher concehtration of 0.15 M. This
reduction in the distance may indicate an increase in bond strength for Ba(Il) adsorbed on

the hvdroxyl sites at high 1onic strength.

For the second shell in the Ba(Il) coordination environment. bes: fits were obtained by
identifving Si or Al as the second-neighboring atoms. Because Si and Al only differ in
atomic number by 1. their backscaniering amplitudes and phase structures are very

simiiar. It is not praciical 1o differentiate berween them from the EXAFS spectra. The Ba-



S¥Al coordination numbers are all at about 2.0=0.4. The radial distances of Ba-Si/Al
bond distance are about the same at 3.88=0.03 A for the samples at various pH values but
at the same NaNOs concentration of 0.002 M. However, the radial distance of Ba-S/Al in
the samples with different NaNO; concentrations decreases from 3.89 10 3.73 A when
NaNOQ; concentraton increases from 0.002 to 0.15 M (Table 1). This could be attributed
to the various configurations of Ba(Il) at the hydroxyl surface sites and is discusséd
below. In all of the spectra from Ba(lI) adsorption samples in this study, a Ba-Ba distance
at 4.42 A_ 25 in the Ba(OH). crvstal, is absent, indicating an absence of polynuclear Ba
complexes at the surface. There was one noticeable difference among the samples studied
at lower pH (4.3). There are additional Ba-O peaks at 3.20=0.03 and 3.36=0.03 A with
coordination number of 1.2 and 1.3, as shown in Figure 4 (uncorrected phases). There is
no satisfactory explanation fqr these peaks. We suggest that this is related 10 a more

defined structure of Ba(Il) and oxvgen at lower pH than at high pH.

DISCUSSION

Adsorption of Ba™". along with other divalent alkaline earth metal ions such as Mg™",
Ca*" and Srz', on clav surfaces has long been considered to be non-specific. i.e..
involving outer-sphere surface complexes [9]. This prediction isb based on the use of
"rxydrol_\'sis consianis of mezal ions. The first hydrolysis constants of alkaline earth metals
are lower than that of divaient transtion metal cations such as Co™", Ni*~ and Zn™~ [9).
which form inner-sphere complexes at the clay surface. . ther evidence supporting this

hypothesis includes the siight effect of ionic strengih on adsorption. Generally. alkaline




earth metal sorption is depressed when solution electrolyte concentration increases [17-
20]. The divalent alkaline earth cations adsorbed on surfaces are “exchangeable”, since
there are no strong chemical bonds formed between the surface functional groups and the
sorbed ions. Most of these observations are from macroscopic studies. Recent evidence
from EXAFS study [12] seems to support this conclusion that there was no Al or Si found
in the second shell of Sr(lI) sorbed on montmonillonite surface. However, there are
exceptions. It has been recognized for years that sorbed Pb*~ forms inner-sphere surface
complexes on a number of oxide surfaces and clay surfaces, as indicated by bulk studies
or speciroscopic studies {21-32]. But. recent X AFS studies 1ndicate that sorbed lead ion.
Pb*". can form outer-sphere complexes on Al oxide [14] and clav surfaces [33] a£ low
1onic strength and near neutral pH vet adsorption 1s strongly affected by solution ionic
sirength. Coexistence of outer- and.inner-surface complexes, therefore, was suggested.
As shown in Figure~ 1 even at a low pH of 4.3, significant Ba(Il) adsorption was
observed. Since cation adsorption on the fixed charge sites is insensitive to solution pH.
adsorption at low pH can be attributed to uptake by the négative charged sites located at
the basal laver. This type of adsorbed cation is considered to be an outer-sphere complex
or “exchangeable”. because the driving force of adsorption is electrostatic attraction.
There 1s no formation of relativelv sirong chemical bonds. but rather a weak association
berween the cation and surface. Adsorbed cations. in this case. Ba®. can be displaced by
cations (Na") present in greater quantity. This results in a decrease in Ba(Il) adsorption

when NaNQs concentration increases (Figure 2).




Increased adsorption of Ba(lII) at high pH (Figure 1 and 2) occurs due to deprotonation of
the hydroxyl group at the mineral edge. It is also noticed that when NaNO; concentration
reached 0.15 M, a small portion of Ba(Il) is still associated with the surface. These
observations suggest formation of a stronger surface complex at the hydroxyl sites. From
the EXAFS data, it is reasonable to propose that formation of inner-sphere complexes
occurs, in addition to outer-sphere complexes. Although we were not able to locate a
mineral that contains Al/Si-O-Ba to serve as a reference in XAFS to estimate the bond
distance and conﬁguration of adsorbed Ba and Si or Al of the clay, the distance berween
adsorbed Ba(Il) and Al'Si can be estimated from the literature. Adsorbed Ni(II) forms an
inner-sphere complex on montmorillonite, the distance of adsorbed Ni atom and St/Al 1s
about 3.07 A [34.35]. If we assume the same configuration of the Ni(II) with
montmonillonite occurs in inner-sphere Ba(Il) sorption, the distance between the
adsorbed Ba(Il) and Al/Si should be about 3.72 A, which agrees well with EXAFS data
(Table 1). The difference berween Ni-Sv/Al and Ba-Sv/Al 0.65 A, 'is readily attributed to
the difference berween the radii of Ni°~ ion, 0.69 A and Ba*™ ion which is 1.34 A. The
distance between Co-Al, when Co(Il) formed inner-spheré complex on the
montmorillonite surface, is 3.15 A [12]. Considering a 0.62 A difference between Co(I])
and Ba(Il) radii. in the inner-sphere complex, the Ba(II)-Al distance should be in the

range of 3.77 A. which is also consistent with the results of this study (Table 1).

The distance berweer. Ba(Il) adsorbed on the deprotonated sites at the montmorillonite
edge was geometrically examined using a graphical display of the montmorillonite

crvstal structure (WenViewer, MSI). This was done by placing a hvdrated Ba™ at the




edge of a montmorillonite structure. In this arrangement, the sorbed Ba(1l), in an
octahedral coordination, was allowed to share one oxygen atom with the Al octahedron at
the montmorillonite interrupted edge. The Ba-O distance is about 2.76 - 2.85 A, agreeing
with that from EXAFS analysis (Table 1). The distance between Al and Ba(Il), as
determined from this configuration geometry, fell in the range of 3.71 - 3.8 A as obtained
from EXAFS (Table 1). A similar geometric analysis was performed for Ba-Si, assuming
Ba(II) shares an oxygen with tetrahedral Si-O at the edge. The distances of Ba-O and Ba-
Si, as calculated, can’t be constrained in the range resulted from EXAFS analysis (Table
1). Therefore, adsorption Ba(Il) on the Si tetrahedron af the clay edge was excluded.
Considering the distance of Ba-Al obtained from EXAFS i1s a weighted average fbr all
possible forms of conneciion between Ba and Al e.g., edge 1o edge, corner 1o corner and
face 10 face, the distances from EXAFS analvsis and the geomerry analysis agree
reasonably well with each other. The measured distance between Al and Ba(1l) is_longer
in the sample with io'w [NaNOs] than that when the concentration is high, 3.89 vs. 3.73 A
for 0.002 and 0.15 NaNQ; M, respectively (Table 1). We arttribute this to a potentially
different configuration of Ba(II) associated with the surface oxygen atoms. It is possible -
that Ba(Il) associates with Al through sharing only one oxygen atom to form a
monodentate. or corner to corner associate, instead of bidentate. or edge to edge
2ssociation. The distance of monodentate Ba-Al should be longer than 3.73 A. EXAFS
Aanalysis provides an average distance for the possible association between Ba and Al and
therefore. it is reasonable 1o expect the portion of edge 10 edge connection in the high

[NaNOs:] is higher than that in the Jow [NaNQ;] samples.




Theoretically, the difierences between the two coordination configurations can be
distinguished from the EXAFS spectra that represent the samples with predominant
adsorption on the basal layer as the outer-sphere complex or at the clay edge formed as an
inner-sphere complex. The EXAFS data indicates that formation of inner-sphere
complexes occurred in all conditions of this study. The inner-sphere complex observed at
pH = 4.3 and NaNO; = 0.002 M samples, may only represent a small portion of the
adsorbed Ba(Il), but its contribution to the spectrum is strong enough to be recognized
and significant enough not to be ignored during data reduction and firting. In another
words, the backscattering in adsorbed Ba(Il) second shell by Al are strong and
distinguishable, and appear in each of the spectra regardless of ihe dominant
configuration. EXAFS analvsis in this study indicates the existence of inner-surface
complexes of Ba(Il) on montmoniloniie, but not the absolute abundance. The latier can
only be achieved by varving pH and in an ion exchange experiment such as shown in

Figure 1 and 2.

The data presented here indicate that Ba(Il) can form both inner- and outer-sphere
complexes on the montmorillonite surface, instead of just the outer-sphere compliex
formation as previoﬁs studies have suggested. Recently, inner-sphere complex formation
nas been shown as one of the common mechanisms of metal adsorption on
Amonzmodllonite surfzces. especially at high pH and ionic strength [36-41]. in addiiton to
the predominant outer-sphere complex. Outer-sphere surface complexes containing
wransition metals form predominantiy at the fixed charge sites (perrnaném charge sites) at

the imerlaver and inner-sphere complexes form at the vanable charge sites. hydroxyl




surface sites, located at the edges of the smectite. Although the number of reborts found
for alkaline earth ion formation of inner-sphere complex on clay and oxide surfaces are
limited, evidences can be found either directly or indirectly to support this hypothesis.
Cs™ has an ionic radius of 1.67 A (Ba™ = 1.34 A), is not polarized. Kim et al. [40] used
evidence from NMR measurements to show that adsorption of Cs ion on illite involved
both inner-sphere adsorption on the edges of the clay and outer-sphere adsorption on the
basal plane of the clay. Strontium ion, Sr**, adsorption on clay surfaces has bee

classified as outer-sphere complex formation from the bulk or spectroscopic studies [12].
However, when Sr*~ is adsorbed on kaolinite surface, EXAFS indicates that 6.4 Al
elements are included in the second shell of the Sr*~ with a Sr-Al distance of 3.4i A4
This suggests formation of inner-sphere complex of adsorbed Sr ion on the Al octahedral
layer of kaolinite. In addition, EXAFS measurements of adsorption of S ona hvdrous
ferric oxide [43] shows Fe elements in the second coordination shell of the adsorbed Sr™".

suggesting that Sr*” forms an inner-sphere complex through sharing an oxygen with the

structural Fe of the hydrous ferric oxide.
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Table 1. Structural Information Derived from XAFS Data Collected Under Various

Conditions.
Exp. Conditions § First Shell Second Shell
Ba-O Ba-Al
pH NaNO; | CN R(A) A CN* R(A) A
z
)
0%  0.02 A 0%  =0.02 A
43 0002 68 2.80 0.013 | 18 3.87 0.004
6.6 0002 69 276 0014 20 386 0004
72 0002 69 2.80 0.013 2.2 3.89 0.012
8.0 0002 70 2.80 0013 | 23 388 0.004
7.2 0002 , 69 280 0.013 22 3.89 0.012
7.4 0.08 | 78 2.79 0.013 2.1 3.76 0.004
7.2 0.15 | 72 273 0.0021 2.5 3.73 0.004
Ba(NOs): (aqueous) . 6.4 2.79 0.01
il
' Ba-Ba
5 342 0.03

Ba(OH)- (crvs:al) 6.0 278 0.0013 ¢ 8.

*the second shell coordination number is not sensitive in the data fitting.




Figure Capuons

Figure 1. Adsorption of Ba(II) on montmorillonite as a function of pH.

Figure 2. Effect of NaNOs concentration of Ba(Il) adsorption on montmorillonite at

constant pH values.

Figure 3. & weighted normalized x-functions for Ba-montmorillonite suspensions with

various pH and NaNOQ; concentrations and the Teference samples.

Figure 4. Fourier transforms (RSF) of the x-functions in Figure 3. Phase shift s not
corrected. A Ba-Al/Si bond is found in all Ba-montmorillonite spectra. Ba-Ba

bond 1s only found in Ba(OH). solid.

Figure 5. Example of EXAFS data fitting for spectra collected from a Ba-montmorillonite
suspension. Spectrum used here 1s obtained at pH = 8.0 and [NaNO:] = 0.002 M.
a) the solid lines are for the onginal RSF and imaginary, the circles are the fitting
results for RSF and imaginary. respectivelv. when Al is included in the fitting: b)
these are the fitting results for two separate neighborhood shells of adsorbed
Ba(ll). the solid lines are for the first shell of Ba-O and the circles for the second

shell of Ba-Al
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