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Abstract

1
*

Migration of radioactive radiup ‘2‘R~ in soil is an environmental conce~ especially in

arezs adjacent to the uranium processing facilities. Barium(IT), as Ba2-, was used as a Ra

analog and reacted with a Xa-montmorillonite to obtain mechanistic insights into the

imeramion of Ra m-ith soil matrices. The majority of sorbed Ba is associated with the

permanently charged surface si~es on the montmorillonite basal surface. This is indicaIed

by: 1). sorption of Ba(Hj on montmorillonite is not ‘highly sensitive to solution pm
/.

Anough a slight in=e~e of sorption ~vas o’osen.ec a? ii~hei pH \zdues: and 2)

cklacement of sotieci B2 increzsed wiln increased Yi.SO: conmwaion. AS

iiemonszraieci by EXAFS. the Ba adsorbed on the montmonllonite edge. although i~ is a

small fraciion of tie Ioml sorbed %. forms an inner-sphere sufi-ace complex throu:@

sharing of oxygen ?~om(s) horn deprotonated -OH group of ~he Al octahedral layer. The

EX4FS mezsured aistances berween Ba and O at tine first shell and Ba and .%Iof the

second shell are 2.7 –2. 8 and 3.7 -3.9 .~ respectively, consistent wkh the results from

geometry of a innei-sphere complex at the edge site. Results from bulk experiments and

spectroscopic analysis suggest a co-existence of outer-

complexes at the B2 sorbed mommorillonite surface.

and inner-sphere surface

mornmoril]oniie.



Introduction

Radium, 22ka (tl.z = 1,600 years), is a decay product of uranium and thorium, either

natural-occurnng or discharged from uranium processing facilities [1-4]. The fate and

behavior of 2% in soil and sediment directly affects the dose of public exposure to

radioacti~ity for the Ra decay daughter produ~ ~ is responsible for 550/0of this type of

iadioacthi~ [5]. Compared with L..,Ra has a higher mobility in the soil profile and

higher accessibility to food w’eb. The acti~iiv ratio (.4R) of%@’%! in the soil is aboul. .

~).1. but ‘% CKadv ~XC~3iS 23SUaciivi~y in most su~ace soil (-AR up lo 1.8) aiid in-.

ve~etasion (.$@ uu to 65) [6]. Hou.ever. ”exceot for a Iimi?ed buIk swciy [7]. the= . .

rnechanism.s oftht imerac~ion ber~veen Ra and soil cons~ituems such as cl~!.s. oxides and

soil organic ma~ers remain relatively unknovm. To obm.in a mechanistic understanding of

Ra interamion u-ith soil, Ba is employed here as a Ra analog and for reaction with
.

montmorillonite, a common soil mineral. k-km is an ideal analog of Ra as Ba and M

&-ethe alkaline earth elements, and possessing similar ion radius (Ba2- = 1.34 .~ and Raz-

= 1.43 A) [s].

.Adsorption of divalent

mineral and hvdroxide

alkaline eanh ions. including .Mg2-. Ca2-. Sr:- and ?3a2-. on clq

surfaces I-KMlong be considered to occur by formation of an out er-

mhere surface complex of the metal ion and the neca~ivelv charged suri-ace at the

solid; soluzion inierhce. though ~here is no difieremiation among the sufi-aces (e.g.. [9]).

This is based on the well known Iming-Williams series that descrfDes the relative abilin

:0 form coorciinz~i~”ecomplexes: the association of’ihe alkaline ea.nh ions with ihe surface
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hydroxyl sites are attributed to electrostatic attraction. This theory successfully explains

decreased adsorption of alkaline earth ions with increasing ionic radii [1O]. Compared

with adsorption of divalent transition cations, Ct?-, N?- and C02-, diva]ent alkaline earth

ions are less susceptible to hydroxide complexation. However, when the sofi Lewis base

si~e, e.g., the basal layer of smectite, dominates the surface, adsorption will correla~e with

acid hardness and the Hoffmeister series will be followed: h4g2- < Ca2- < S?- < Ba2- [9].

This order describes sorption at in{erlayer siloxane ditrigonal ca~tities on smectite [1 1].

/

Ouiei- and inner-sphere surface complexes are tine two primaii confi-guraiions of sorbed

ca:ions. ‘JVmk’ outer-sphere complexes sorb on the surface wkh at least one \vater

molecule bem-een ~he surface sile and the metal. The adsorbed metal ion is easil~.

replaced by cations such as N:a- andYC and therefore, is sr,rongly afiected by the ionic

strength. When a metal ion is directly coordinated with the sun-ace site, in most cases

sharing an oxygen atom wi~h the sun-ace hydrox~l fhnction -goup, an inner-sphere

complex is formed. This kind of complex usually involves stronger bonding between the

surface and sorbed me~al and is not strongly affected by simple electrol~~e cations such as

K- and Sa-.

Mommorillonile is present in most soils and aqua~ic sys~ems. Substitution of Fe(II) and

pennanem nega~i~recharge lo the surface. In comras~. Ik O and OH atoms on the broken

edges of the mommorillonite hydrol>.ze and form Lewis acid and base function groups

horn ~~”hichpH-dependen~ charge originates.
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In addition to cxmauc@ bulk sorptioni’resorption measurements, in this szuciy,

synchrotrons based X-ray absorption fine structure spectroscopy (X.4FS) was employed lo

investigate the molecular scale nature of the interaction of Ba(II) at the montmorillonite

sufiace. This knowkdge is needed to understand behavior of R@) migration in

subsurface environments, to plan remedlation strategies for contaminated soils and

groundwaters, and to develop

Jlaterials and Procedures

effective clay barrier systems.

\40nzmori]]onile (.SIYy-I ) was o~tained from tine source Clay Repository of the Clay

\fineral socie~y &’niversity of Ivfifsouri, Columbia NfO). Prope~ies such as surface area -

(31.82 m2 g-l) and cation exchange capaci~y (CEC, 76.4 creole kg-]) are documented in.

tie RepositoV home page (http: //Missouri. eduigeoscjyKC/). Prior to use, the clay was

placed in 1.0 M NalN’03 solution for four days and the solution was changed daily to

displace other exchangeable cations on the clay surf-ace with Na-. The clay was then

dialyzed in a water bath to remove excess Na!N03. .Afier dialysis, the clay suspension was

allowed to serde in a 2-liter beaker for four davs. The blackish panicles that senled with

zhe ciav at the bonom were discarded. The soiid concentration of the suspension was

ckY s’~spension w~c ztgita~ed on a shaker to ztssure tha~ the susmmsion W2Shomogenized

\vhen subsamples were taken for an adsorption experiment.
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.-4dsoqxion h~en”ments

.4dsorption of Ba@) on montmonllonite was conducted under: 1) variable hTaN03

concentrations but constant pH; and 2) variable pH but mnstant Na.N03 concentration. In

all experiments, the initial concentration of Ba(II), added as Ba(N03)l, was 5.0 mmol L-l,

and the montmonllonite clay concentration was held constant at 10.0 g L-l.

In cormam ?WX@. concentration experiments, pll was ini~ially adjusted 103.5.4.0, 5.0.

,,
5.0.7.0- S.0 and 9.0 u-ith 0.1 S HX03 or XaOH solution. The NA03 concentration \vas

In she vtiabk XzCS03 concenuatioh experiment, adsorption was measured at two pH

levels: 6.2 – 6.5 and 7.2 – 7.4. Three NalN03 concentrations. 0.002, 0.0S, and 0.15 ~.

were used.

II shouid be pointed OUIthat Ba2- was the predominant species of Ba(II) in the aqueous. .

phase for all lrearnems. NO Ba-bearing solids were saturated under the conditions of the

experiment.

~=.ar-]~”.-dL*. ~-s agi~aiion the Ba(II)-con~aining mormnorillonite suspensions were

cemrifi~gec a? 4.000 rpm for 30 minu?es. The supematams v’ere then Mered through a

0.2 .W membrane. The filtrates were anal~.zed on 2 direct coupled plasma
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Ba(H) in the solution were attributed as the results of Ba(II) adsorption on

montmorillonite.

X4FS Analysis

+fier centrifigation a portion of suspension was preserved in an air-tightened

tube and kept as a paste-like wet phase in a refi-igerator for X4FS analysis.

. .

plastic

X.WS analysis was ixmciucted a? beamline X-1 I.1 >a~ional Sync’hrotron Li@ Source al

Biookhaven >a~iona.1 LaboratoV (NSLS/BNl). .Along wi~h the ciay samples, several

Ba(II) solids ~ weli as aqueous Ba(II) were examined. XAS cia~au-as acquired at the Ba

L1lI-edge of 5,27! ef”. The electron beam ener-q was 2.5 GeV and the beam current was

between 200 and 350 rmA. The monochroma~or consisted of two parallel Si(l 11) crystals

\vish an entrance sli~ of 0.5 mm. The spectra were collected at room temperature. -~ muh i-

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

fluorescence mode.

.lLAYSdata analysis u-as accomplished using the program h4acX.&FS 4.0 wish standard

reduction piac~ice. pre-edge sub~rac~ion. normalization, Fourier transform and, finally.

nonlinear leasL sau.z-e fking. The muliiple shell fining were performed in r-space, where

reference bond infoma~ion (B.N). Ba-.AllSi. and Ba-C ) were either genera~ed by FEFF

code or horn ~he ~.uictural data for smndard samples. such as c~s~alhne Ba(OH)2,

BaC03 and aqueo~s 3a(XO;):. Tnese stand.a-d cmnpounds are used so impro~’e the



accuracy in data fitting and aqueous Ba 2- would seine an analoewe for outer-sphere

surface complexes.

RESULTS

.4030q7tion of Ba(Il) on montrnorillonite: Effect of pH and .WaV03 Concentran-on

The pH-dependent Ba adsorption on montmonllonile is shown in Figure 1. .% a XaNOS

concenuation of 0.002 NI Ba(II) adsorption increased’~”ith solution pH horn 0.14 mmol

g-] a~ pi-I 4.5 to approximately 0.20 mmol g-] at pH 8.5. Considering ~he CEC of

montmonllonite. 76.4 meq 100 g-]. adsorption of Ba(II) occupied 37 to 5Y% of the

exchange si~es of the clay in the pId range of 43 to 8.5. .%isorption 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 obsem’ed elsewhere [12.15] and suggests

that the majority of the adsorbed cation resides on the fixed negat ire ch~-ge site of the

basal layer. .Adsorption via fixed charge sites is pH independent and the adsorbed Ba(II)

is thought to fomn outer-sphere complexes on the montmorillonite surface. However. for

the h~’aroxsl surr”ace site at the cleavage edge. adsorption should depend on pH because

of the in~rolvemen? of Drolonation~deproionation processes. Tkrefore. incie2sed Ba@).

adsomion wi~h pH is artribmed to su~”ace complex formation “on the hyckoxyl sites al ~he.

clai. edge. .4khou@ the adsorption isotherm is not pH sensitive. the amount of adsorbed

13a(’11)due 10 increasing pH can’t be ignored 2s demonstrated in Figwe 1



In contrast, the efiect of NaN05 concentrations on Ba(II) adsorption is much more

profound. Lnthe two tested pH ranges, pH 6.2- 6.5 and pH 7.2-7.4, adsorption of

Ba(II) is depressed horn 0.18 to 0.06 and from 0.16 to 0.01 mmol g-l, respectively, as

~TaNOs] increases born 0.002 to 0.15 mol L1 (Figure 2). The difference of the amount of

adsorbed E3a(II) ranges horn threefold to more than one order of magnitude in the NT2N03

concentration ran=tig horn 0.002 to 0.15 mol L-l. Compared with adsorption from the

variable pH exqxximen~ shown in Fi=me 1, the difference in Ba(II) adsorption berween

low and high pH w-as only 30?4. .Adsorption of CO(H) &d Pb(II) on mommotillonite was

also reported = pH insensitive and sensitive to the ionic strergth. or \-aCl concenm~ion

[12-14].

These obsemations indicate tha~ adsorbed Ba(H) is selectively displaced from the clay
.

surface at low to neuiial pH and high N2N03], but a portion of it remains soriied at

higher pH regardless of the ~a.N03]. The strong adsorption of Ba(II) at high pH has also

been documemed else~vhere [8. 14-16]..-

EX4FS .4na@is

The normalized k--weighted EX.%FS specua of Ba(II) sorbed on monimorilloni~e under

various pHs an~ >“AO: concenziaIions are shoum k Fi=mre 3. “Specua for c~’stall ine

Ba(OH)2 and & aqueo~s Ba(YOl)2 sohuion are also included for comparison. The top

three spec1r2 ffam in Fig~re 5 were obtained from samples with the same pH but v~ing



SaFJOJ concentration. The rest are horn constant NalNo: concentration and various pH.

Correspondingly, Figure 4 illusuates phase-uncorrected radial structure ilmctions (RSFS)

generated from Fourier transforms over the kz-weighted EX4FS spe&ra from 1.4 to 9.5

.kl. Since the Fotier transforms are phase-uncorrected, the peak positions in Figure 4

are generally shorter bv rou~hly 0.4 .k compared to the corresponding bound distances..=

Peaks with R = 2.4 ~ represent the Ba-O bond distance with the real distance of

approximately 2.7 –?.8.& The peaks with R = 3.3- 5,4.~ are only observed in the Ba-

montmonllonke samples and are atmibuted to the higher-shell coordination of adsorbed

Ba(II) ~~ith .q oi Si in ~he octahedral or tetrahedral lay&s of montmonlloni~e.

respectively. Tnere is no aefini~i~”esn-ucture cietennined beyond ~he first shell of hydi~~ed

ox~gen atoms for the aqueous Ba(II) (Figure 4). Ho\vever, cqstalline Ba(OH)Z has a

predominant peak at about 4.1 .~ as shown in Figure 4. \vhich corresponds a Ba-Ba bond

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

indication of stice structures.

Figure 5 shows that the EX-%FS spec~ra for Ba@) adsorbed on the montmorillonite

surface are best described by a fit that includes Si/.Al as the second-neighbor

backscatteting atom. This figure shows the kz~weighted filtered experimental EX.%FS

spectra (solid line) in comparison with theoretic spectra (dashed line) of the second RSF

peak of a Ba-mon~morilloniIe s2mple presemed in Fi-wre 4 in u.nich pH = 8.0 and

~a!!o~] = 0.00: mo~l. N-hen SL’.ti are considered as second-neighbor backscattenng

a?orns. a good a~eement uiih she Fourier back-uansforrned X.%FS spectmm is observed

(Fi=wre 5a). Tne contiiu~ions of the possible atoms in the sys~em. O and .W5i for the
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first and second shells, to the best fit are show-n in Fi-mre 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 Wing results of EX.4FS analysis, including coordination

number (Ch~, bond distances, and Debye-Wailer factors (ACJ2),are presented in Table 1

Tne first peaks as show-n in Fi=mre 4 are all identified as the Ba-O bond. The oxygen

coordkation numbers in all adsorbed samples are in th~ range of 6 to 7 w-ith an error bai

of-~O?40 \\’hich indicaie ~hat the Ba(II) associating \vith sumounaing oxygen h2s an—- .

octahedral coordination or possibly, the soibed Ba(II) is in a higher coordina~ion v+-ithhe

ditrigonal cavity at the montmonllonite basal layer, fitting imo the ditngonal cavity like

K- (radius= 1.33 .~). The Ba-O bond distances are in the range of 2.76-2.80 .L similar
.

to those either in the solid c~stalline Ba(OH)2, 2.78 .L or in aqueous Ba(II), 2.79 .k

>-ote that al the same pH value the Ba-0 bond distances decreased from 2.80 .k at lower

XalN03 concentratio~ 0.002 h~ to 2.7; .~ at higher concentration of 0.15 M. This

reduc~ion in the distance may indicate an increase in bond stren~h for Ba(II) adsorbed on

the hvdrox~l sites at hkh ionic strength..

For the second shell in the Ba(II) coordination

idenlifiing Si Oi .%las the seconci-neighboring

em-ironment. best fi~s uwe obtained bY

atoms. Because “Si and .A1only differ in

a~omic number by 1- their backscartering amplimcies and phase stmctures are ve~

simiki. h is no; pra=ical to aiiTeren~iate imween them from the EX-4.FS specua. Tine Ba-



SL~.41cooraina~ion numbers are all at about 2. O&O.4.The radial distances of Ba-Si/.4I

bond distance are about the same at 5 .88+0 .05 .! for the samples at various pH values but

at the same h;all~~ concentration of 0.002 M. However, the radial distance of Ba-Si/Al in

the samples with different NT21.1T03concentrations decreases from 5.89 to S.73 .! when

Na.N03 concentration increases from 0.002 to 0.15 M (Table 1). This could be attributed

to the various confi-~tions of Ba(II) at the hydroxqd surface sites and is discussed

beiow. In all of the spectra born Ba(H) adsorption samples in this study, a Ba-Ba dktance

al 4.42 .~ as in the Ba(OH)2 qga~ is absent, inciicasing an absence of po]ynuclear Ba

complexes at & suii-ace. There was one no~iceable dKference among ~he samples smciied

at lower pH (4.5). There are additional Ba-O peaks at 5.20=0.05 and 3.56+0.05 .! with

cooraha~ion number of 1.2 and 1.5, as show-n in Fi-are 4 (uncorreued phases). There is

no satisfactory expkna~ion for these peaks. We suggest that this is re}a~ed to a more

defined structure of Ba(II) and oxygen at lower pl+ than at high pH.

DISCUSSI03

.Adsorpion of Ba2-. along \vith other divalent alkaline earth metal ions such as ?vlgz-,

Ca2- and S;-, on clay sun-aces has long been considered to be non-specific. i.e..

invol~.ing outer-sphere sun-ace complexes [9]. This predic~ion is based on ~he use of

hydrolysis cons;ancs of med ions. The first hyarolvsis constants of akaiine eafih meta!s

which fom inner-sphere complexes at the clay sufi”ace. Other e~”idence supponing this

hypothesis inciucies ~he sii oht effect of ionic strengiin on adsorption. Generally. alkaline--



earth metal sorption is depressed \vhen solution electrol)~e concentration increases [17-

20]. The divalem ak.line eanh cations adsorbed on surfaces are “exchangeable”, since

there are no strong chemical bonds formed between the surface fictional groups and the

sorbed ions. Most of these observations are from macroscopic studies. Recent evidence

from EX.4FS study [12] seems to support this conclusion that there was no Al or Si found

in the second shell of Sr(~ sorbed on montmonllonite surface. However, there are

exceptions. It has been reco-gn.ized for years that sorbed Pb2- forms imer-sphere surface

complexes on a number of oxide surfaces and clay surfaces, as indicated by bulk studies

or spectroscopic smiles [21-3?]. But. recent X%FS smtles indicate hat sorbed lead ion.

Pb2-. can form outei-spheie complexes on Al oxide [14] and clzy surfaces [>3] al 10U

ionic strength and mar neutral pH yet adsorption

siren~h. Coexkence of outer- and Jnner-sufiace

is szrondv aifected by solution ionic- ..

complexes. therefore, was suggested.

.4s shown in Fi-gure 1 even at a low pH of 4.3, significant Ba(lI) adsorption was

obsemed. Since cation adsorption on the fixed charge sites is insensitive to solution pH

adsorption at low pH can be atrnbuted to uptake by the negative charged sites located at.-

the basal layer. This ~p of adsorbed cation is considered to be an outer-sphere complex

or ‘-exchangeable”. because the driving force of adsorption is elemrosta~ic attraction.

Tnere is no forma~ion of relati~”ely strong chemical bonds. but rather a weak associa~ion

ber~~een the ca:ion aiid surface.

Caiions (’X2-) preserx in -geaier

.Acsorbed cations. in this case. Ba2-. can be displaced by

quantity. This resuhs in a aecr~ase in Ba(II ) adsorption

\vhen “X~\-05 concemrmion increases (Figure 2).
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Increased adsorption of Ba(II) 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 Na.IN03 concentra~ion

reached 0.15 h& a small porfion of Ba(II) is still akociated with the surface. These

obsemations suggest formation of a stronger surface complex at the hydroxyl sites. From

the EXA.FS dat< it is reasonable to propose that formation of inner-sphere complexes

occurs, in addition to outer-sphere complexes. .41though we were not able to locate a

mineral that contains .WSi-O-Ba to serve as a reference in XAFS to estimate the bond

distance and confi-g-anon of adsorbed Ba and Si or .ti of the ciay, the distance Mween

adsorbed Ba(H) and .ti’Si can be estima~ed from ~he Iiteramre. .Arisorbed S7(11) forms an

inner-sphere complex on mommorillonile. lhe distance of adsorbed N atom aiid Si/-Al is

about 5.07 .k [54.55]. If we assume the same configura~ion of the \;i(II) with

montmonllonite OCOA-Sin inner-sphere Ba(II) sorptio~ the dktance between the

adsorbed Ba(II) and .MKi should be about 5 .72.~ which agrees well with EXAFS dala
.

(Table 1). The difference between Ni-Si/-%l and Ba-Si/.4l, 0.65 .~ is readily attributed to

the difference between the radii of h~iz- io~ 0.69.~ and Ba2- ion which is 1.54 .k The

distance between Co-.4l, when Co(II) formed inner-sphere complex on the

montmonllonite surface. is 5.15.3 [12]. Considering a 0.62 .~ difference between Co(II)

and Ba(II) radii. in the inner-sphere complex the Ba(II)-.4l distance should be in the

range ofs .77.1 which is also consistent \vith the results of this study (Table 1).

Tine dismnce bew’ee~ ?3a(IIj adsorbed on the deprotonated si~ei al the montmorillonite

edge \v2s geomelric~~y examined using a gaphic~ display of the montmonllonile



edge of a montmoriilon~e structure. In this amangement. the sorbed Ba(II). in an

octahedral coordinatio~ \vas allowed to share one oxygen atom with the .41 octahedron at

the montmorillonite intenupted edge. The Ba-O distance is about 2.76-2.85 & agreeing

with that horn ElL4.FS analysis (Table 1). The distance between .41 and Ba(Il), as

determined from this wnfi-g,mtion geometry, fell in the range of 3.71 – 5.8 .~ as obtained

iiom EX.AFS (TabIe 1). .4 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, M ~~late~ -’t be constrained in the range resulted from EX4FS analysis (Table

1). Therefore, aciscnpion Ba(II) on ihe Si ~etrahedron af the ciay edge was excluded.

Considering the aiscance of Ba-.W obtained from EX-tipS is a weighted average for all

possible forms of ccmnenion bmveen Ba and -Al.e.g.. edge to edge, comer to comer and

face IO face, the distances from E~WS analvsis and the geomet~ analysis a-gee

reasonably well u-ith each o~her. The measured distance between -M and Ba(II) is longer

in the sample vith low ~alNO1] than thal when the concentration is high 5.89 \’s. 5.73 .~

for 0.002 and 0.15 NdNOj \~ respemively (Table 1). U7e attribute this to a potentially

different cont%yaiion of Ba(II) associated with the surface oxygen atoms. h is possible

that Ba(II) associates with .ti through sharing only one oxygen atom to form a

monodentate. or comer to comer associate, ins~ead of bidentate. or edge to edge

=sociation. Tne distance of monodentate Ba-.W should be longer than S.75 .~. EX-WS

znalvsis provides m a~.erzge distance foi the possi’ble association between 13aand .+1and

:kefore. it is ie~o~able lo expect the ponion of edge to edge-connection in the nigh

~a!fo:] is higher than lha: in the low ~;.ihlo;] samples.



Tineoretically, the differences between the two coordination configura~ions can be

distinguished from the E?L4FS 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 EX.4.FS data indicates that formation of imer-sphere

complexes occurred in all conditions of this study. The inner-sphere complex obsen~ed at

@ = 4.3 and Na?!?!03= 0.002 M samples, may only represent a small portion of the

adsorbed Ba(II), but its contribution to the spectrum is szrong enough to be reco-gnized

and si=~ificant enou~fi not to be ignored during data redu~ion and firting. In another

words, the backscanering in adsorbed Ba@) second she’ll by .N are suong and

ciistin=~ishable. and appear in each of the specua regardless of the dominant

confl=qia~ion. EX%F S aiialysis in dnis stud>. indicates the exi smnce of inner-sun-ace

complexes of Ba(II) on montmorillcmi~e. but not the absohne abundance. The ianer can

only be achieved by vaiiing pH and in an ion exchange experiment such as shovm in

Fl=wre 1 aiid 2.

The data presented here indicate that Ba(II) can form both inner- and outer-sphere

complexes on the montmorilloni~e surface. instead of just the outer-sphere complex

formation as previous studies ha~-e suggested. Recently, inner-sphere complex formation

has been shown as one of ~he common mechanisms of metal adsorption on

inorcmonllonite suri%ces. especially al high pH and ionic strengh [56-41 ]. in addition to

the pieciominam ouler-sphere complex. Outer-sphere surface complexes con~aining

ma&i~ion metals form pnxiominandv at the fixed charge sites (permanent charge sites) al



surface “sites, located at the edges of the smectite. .41though the number of reports 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 ~ (Ba- = 1.M k), is not polarized. IGm et al. [40] used

e~idence 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 io~ S~’, adsorption on clay surfaces has been

classified as outer-sphere complex formation &om the bulk or spectroscopic studies [12].

However, winen Sr2- is adsorbed on kaoiinite surface, EXAFS indicates tha~ 6.4 .A1

elements are included in the second shell of the Sr2- whn a Sr--Al distance of 5.41 .%[42]

Ttis suggests formation of inner-sphere complex of adsorbed Sr ion on the .%Ioctahedral

layer of kaolini~e. In additio~ E?L4J3 measurements of adsorption of Sr2- on a hydrous

ferric oxide [45] shows Fe elements in the second coordination shell of the adsorbed Sr2-.

suggesting that S~- forms an inner-sphere complex throu-d sharing an ox~gen vfith the

stmctural Fe of the hydrous ferric oxide.
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Table 1. Su-uctuiial Information Deri\~ed from X.AFS Data Collected Under J:arious

Conditions.

Exp. Conditions ,i

pH N&\-oj

of)

.-

7.2

7.4

7.2

0.LO02

0.08

O.li

(aqueous)

First Shell

Ba-O

4G2

Second Shell

Ba-.%l

c~* 4G2

6.9

7.8

7.?

6.4

2.s0

2.76

2.80

2.80

‘ 2.80

?.79

2’73

2.79

(

0.013 , !

0.014

0.013

0.013

0.013

0.013

0.0021

0.01

I

1.8 2.87 0.004

~o-. 5.86 .0.004

:.--- :.89 0.012

7<--- 3.88 0.004

7?--- 3.89 0.012

2.1 3.76 0.004

~j . ---
3.)3 0.004

I
Ba-Ba

0,03

“ihe second sheii cocrciina~ion numbei is not sensi?i~.e in t’he data f~i~ing.



Fi-are Captions

Figure 1. .4dsorption of Ba(II) on montmorillonite as a fimction of pH.

Figure 2. Effect of NilNOj concentration of Ba(II) adsorption on montmorillonite at

constant pH values.

Figure 5. Ii; weighted normalized x-fimctions for Ba-montmorilloni~e suspensions with

various pH and NTAO: concemrations and & ;eference samples.

Figure 4. Fourier transforms (RSF) of~he x-functions in Fi-yre 5. Phase shit? s not

corrected. A Ba--WSi bond is found in all B a-montmonllonite spectra. Ba-Ba

bond is only found in Ba(OH)2 solid.
.

Fi-~re 5. Example of EXAFS data

suspension. Specmm used

fitting for spec~ra collected from a Ba-montmorillonile

here is obtained at pH = 8.0 and ~’aNO:] = 0.002 L3.

a) the solid lines are for the original RSF and imaginq, the circles are the fitting

results for RSF and

these are ~he fitting

imagina~. respec~ive]y. when .41 is included in the fitting: b)

results for two separate neighborhood shells of adsorbed

Ba(II). the solid lines are for the first shell of Ba-O and the circles for ~he second

shell of Ba-.Al.
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Fi-gure Captions

Figure 1

Figure 2

Adsorption of Ba(II) on montmorillonite as a finction of pH.

Effect of NaN03 concentration of Ba(II) adsorption on montmorillonite at

constant pH values.

Figure 5. A; weighted normalized x-$imxions for Ba-montmorillonite suspensions with

~“arious pH and \;aNO: concernrations and lhe reference samples.

Fi-wre 4. Fourier transforms (RSF) of ~he x-fimctions in Fi_are 5. Phase shit? s not

. . comected. .4 Ba-.WSi bond is found in all Ba-monsmonlloni~e spectra. Ba-Ba

bond is only found in Ba(O~2 solid.

Fi-gure 5. Example of EX4.FS data fking for specua collected from a Ba-mommorillonite

suspension. Spectrum used here is obtained at pH = S.0 and ~&NOS] = 0.002 \f.

a) the solid lines are for the original RSF and imaginq, the circles are the fitting

results for RSF and imagina~. respec~ively. when .41 is included in the fitting: b)

these are the fiuing results for two separale neighborhood shells of adsorbed

Ba(II). the solid lines are for ~he first shell of Ba-O and the circles for ~he second

shell of Ba-.%l.


