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Adsorption mechanisms of Pb on montmorillonite were inves-
tigated by conducting equilibrium and X-ray absorption fine struc-
ture (XAFS) spectroscopy studies. Data from the batch equilib-
rium studies indicate that Pb could be adsorbing via two
mechanisms, depending on ionic strength. At low ionic strength
(I = 0.006 M) Pb adsorption is pH-independent: 97% of the
available Pb was removed from solution at pH 4.42 and 100% at
pH 8.0. This behavior is consistent with an outer-sphere complex-
ation mechanism. At high ionic strength (I = 0.1 M) Pb adsorption
is pH-dependent, suggesting inner-sphere complexation as the
adsorption mechanism: 43% of the available Pb was removed from
the solution at pH 4.11 and 98.9% at pH 7.83. X-ray absorption
near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectroscopy results reveal that in the sample
equilibrated at I = 0.006 M, pH 4.48-6.40 the local atomic struc-
ture (LAS) surrounding the adsorbed Pb is similar to the LAS
surrounding Pb** (ag), confirming that the adsorption mechanism
is outer-sphere complexation. In the system equilibrated at | = 0.1
M, pH 6.77 the XANES and EXAFS results show that the LAS
surrounding the adsorbed Pb atom is similar to the LAS surround-
ing reference compounds in which Pb is forming covalent bonds
(Pb,(OH);* (aq) and a sample of y-Al,O, with Pb adsorbed via
inner-sphere complexation). These similarities indicate that Pb is
forming inner-sphere complexes on the montmorillonite at this
ionic strength and pH. In samples equilibrated at | = 0.006 M, pH
6.77 and | = 0.1 M, pH 6.31 the XAFS results suggest that Pb is
forming both inner- and outer-sphere adsorption complexes. This
observation could not be distinguished by making macroscopic
observations only. Thus, the results of this study reveal important
information on Pb sorption behavior on clays and also provides
insights into the use of XAFS to determine sorption
mechanisms. © 1999 Academic Press
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One of the primary interactions between metals and clay min
erals is adsorption. Adsorption on clay minerals can occur Vi
two mechanisms: outer-sphere adsorption, which occurs pr
marily on the basal planes existing in the interlayer of the clay
minerals, and inner-sphere adsorption, which occurs at th
amphoteric ligand sites existing on the edges of clay mineral
(1, 2, 3). In this study we distinguish between inner- anc
outer-sphere absorption as a function of equilibrium condition:
for Pb adsorption on the clay mineral montmorillonite by using
macro- and microscopic techniques.

The clay mineral montmorillonite has a high surface ares
and cation exchange capacity (CEC) and is present througho
soil and aquatic systems (2). It is a dioctahedral smectit
mineral having an ideal half cell chemical form, 55, H,O
Siy(Al 16, (FE", MQ)0.35)O010(0OH), (2), whereM is a monova-
lent interlayer cation (2). Figure 1 shows the molecular struc
ture along the (010) plane of montmorillonite. Substitution of
Fe’" and Mg" atoms for AF* in the octahedral layer creates a
positive charge deficit, giving the overall structure a net neg
ative charge. Since the charge deficit arises in the octahedr
layer, the net charge at the surface (basal O ligands surroun
ing the Si-tetrahedra, see Fig. 1) is delocalized. The isomorphi
substitution is the origin of the permanent charges that exist o
montmorillonite. The OH and O atoms on the broken edges ¢
the montmorillonite hydrolyze and form Lewis acid or Lewis
base functional groups which are the source of the pH-depel
dent charge (see Fig. 1) (4, 5). Therefore, based on the mole
ular structure of the montmorillonite, cations can adsorb by
either electrostatic attraction on the basal plane or formation ¢
covalent bonds with the functional groups at the broken edge

The distribution of cations in a montmorillonite system is
dependent on ionic strength, pH, and the type of ion adsorbin
At high ionic strength the background electrolyte ions (com-
monly Na" ions) out-compete other adsorptive ions (e.g> Pb
for the planar sites. The ability to form chemical bonds with the

Since clay minerals are major components of soils, industrigictional groups is a key factor that determines if a cation will
processes, and waste remediation efforts, it is important 46sorb onto the edge sites. For exampl€; Bba large cation
understand how metals such as Pb interact with their SUI’faC@@t is h|gh|y po|arizab|e and read”y forms Comp|exe5 with

' To whom correspondence should be addressed. Current address: ?X‘i"ox'de'ty?e f.unCtlonal_grOUps’ Wh”e,NaS a small more
Hilgard Hall, Department of Environmental Science and Policy Manageme@l€Ctronegative ion (less likely to share its electrons) that doe

University of California, Berkeley, Berkeley, CA 94720-3110.

257

not readily form complexes with ligands. Thus, in systems ir
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FIG. 1. Schematic illustrating the ideal molecular structure of the (010) plane of the dioctahedral montmorillonite mineral.

which the background electrolyte cations do not form covale(itAS) of adsorbed ions, such as the type of atoms surroundin
bonds, but the metal cations do, adsorption onto the pHie central atom (atom being probed), the coordination numbe
dependent edge sites will favor the metal ions, even though N, interatomic distances®)), and oxidation state (14). Bargar
concentration of the background electrolyte cations is highetal. (15) used grazing incidence XAFS to show that Pb forms
(6-8). inner-sphere complexes on the (002) planexeAl,O;, and

While it is clear that clay minerals such as montmorilloniteuter-sphere complexes on the (001) plane. Papelis and Hay
can form both inner- and outer-sphere complexes with catioif§) used XAFS to study the pH and ionic strength dependenc
historically adsorption has been considered to be predoroi-Co adsorption on montmorillonite. They found that at high
nantly outer-sphere (9). However, recent research has shaamic strength sorption was pH-dependent, while at lower ioni
that inner-sphere adsorption of metals on the edges of cltyength sorption was less pH-dependent. At low pH and ioni
minerals can be significant (4, 6, 7, 10-12). Zachara and Smitinength the XAFS revealed that only O atoms were surrounc
(7) investigated the effects that adsorption sites existing on ting the adsorbed Co. This suggests that the adsorbed Co w
edges of smectites had on cadmium adsorption. They uselblydrated (i.e., outer-sphere complex). At high ionic strengtt
multiple site model that included fixed charged sites (outeand pH the XAFS revealed that both O and Co atoms wer
sphere) and variable charged sites (inner-sphere). They fowudrounding the sorbed Co atom. They reasoned that the pre
that as pH and ionic strength increased, adsorption on AlG#tice of second neighbor Co atoms was due to the formation
sites existing at the edges of the clay became increasin@g—polymer complexes at the edge sites of the montmorillon
important. Kimet al. (10) used nuclear magnetic resonancie. In a sample equilibrated at low ionic strength and high pk
(NMR) to show that adsorption of cesium on illite involvedPapelis and Hayes (6) hypothesized that the decreased coor
both inner-sphere adsorption on the edges of the clay amation number for second shell Co atoms suggested the pre
outer-sphere adsorption on the basal plane of the clay. ence of both inner- and outer-sphere complexes. O’'€tagl.

In order to discover molecular level information about ad-16) also observed that the uptake of Co on kaolinite decrease
sorption mechanisms it is necessary to combine microscopi ionic strength increased at pH values belexB. They
and macroscopic experiments (1). A useful spectroscopic teelttributed this behavior to the formation of outer-sphere com
nigue that has provided important insights into the mechanisiplexes; however, they were unable to confirm the presence
of metal sorption to mineral surfaces is X-ray absorption speiftese complexes using XAFS. Farquleaal. (17) used reflec-
troscopy (XAS). The fine structure of the X-ray absorptiotion extended XAFS (REFLEXAFS), as well as X-ray photon
(XAFS) consists of the near-edge (XANES) and the extendsgdectroscopy (XPS), to examine Cu sorption on the (001) plar
portions (EXAFS) (13). From XAFS data it is possible t@f mica. They found that Cu was able to form inner-sphere
obtain important information about the local atomic structuromplexes on the (001) surface and proposed that it we
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occurring at atomic imperfections such as steps and kinks. TABLE 1
Such sites could also be present on the montmorillonite basal Physicochemical Properties of Montmorillonite
plane; thus, inner-sphere adsorption may not be restricted to=
onlv edge sites Particle size <2.0 um
y edg ) . , Specific surface area

_The recent work of Papelis and Hayes (6), O'lxyl. (16), ecmE 697 nilg
Kim et al. (10), and Farquhaet al. (18), to name a few, has N,-BET 15.2 nilg
provided important information on cation adsorption and thet at zero point of charge ~7.5-85
formation of inner- and outer-sphere complexes on clay miﬁbeoretical coordination 2:1 clay: Si-tetrahedra; Al-octahedra with

. . . some Md@" and Fé" substitution

erals. Wr_nle these §tud|es have_ greatly contributed to_ the yns. exchange capacity 820 mmolikg (measured at pH 6.0)
derstanding of sorption mechanisms on clay surfaces, it cana@oH site capacity ~80 mmol/kg

be inferred that all cations behave similarly. In fact, recent
research has shown that sorption at the clay mineral—watezr':rom Refs. (40, 41).
interface involving metal cations such as Ni, Co, and Zn,cE:g:‘n" 23" g)z)
results in the formation of mixed metal hydroxide precipitates. B
Such precipitates are not observed with Pb (3). In addition, the

gquilibrium conditions controlling the distribution of_Pb SorpAdsorption Experiments

tion complexes are not completely understood. In this study we

continue the investigation into the importance of edge sites onAll solutions were made in a glovebox with ACS reagent
metal sorption by presenting an in depth analysis of the pH agitRde chemicals and DI that had been boiled, cooled with
ionic strength dependence of Pb adsorption at the montmogUrified N,, and stored in a C@free glovebox. All experi-
lonite—water interface. This is particularly relevant since Pb fgents were conducted in the glovebox containing,aatio-
one of the most common contaminants in the environment (1phere to eliminate effects of G@ontamination. The temper-
and is usually found associated with organic and inorgardgure was maintained at 298 K throughout the experiment.
colloids and minerals (20, 21). Furthermore, the LAS of Pb and Two montmorillonite suspensions of 13.3 g'Lwere pre-

its chemical behavior are complex and varied (22, 23), intefquilibrated for 24 h in either 0.001 or 0.1 M NaCl€plution.
sifying the need for research on this toxic heavy metal. Resufter preequilibration 5-ml aliquots from-8 mM Pb(CIQ),
from this study will allow for the development of better model§tock solutions were added every 1 min to the suspensions un
to describe the ion distribution and mechanisms of metal sothe total Pb concentration in the reaction vessel wasmM
tion on mineral surfaces. In addition, this study will demor@nd the total suspension volun¥0.1 L. Following the Pb
strate the usefulness of XAFS for distinguishing between m@dditions the final ionic strengths of the suspensions wer

tiple adsorption mechanisms in a single model system. ~ 0.006 and 0.1 M. The actual Pb(G)@stock solution concen-
trations were measured on an inductively coupled plasma emi

sion (ICP) spectrometer; for the = 0.006 M system [Pb-
EXPERIMENTAL METHODS Jswek = 7.83 mM, and for thé = 0.1 M system [Ph],,, = 8.10
mM; thus, initial concentrations in the montmorillonite suspen-
Materials sions were 1.96 and 2.03 mM, respectively. Following the
addition of the Pb solution the pH for the= 0.1 M suspen-
The smectite used was a montmorillonite from Crookion was 4.32, and for tHe= 0.006 Msuspension the pH was
County, Wyoming (SWy-2, Clay Minerals Society). The mont4.70. The pH of the suspension was then adjusted by addir
morillonite was treated to remove organic matter and carbagitute HCIO, or NaOH to the rapidly stirring suspensions in
ates using procedures described in Amonette and Zelazny (24).0-uL aliquots. Starting at the lowest pH, the suspension pF
traces of organic matter were oxidized by treating with was raised by 0.1-0.25 pH units. After each pH increment
solution of 3% HO, at 333 K; carbonates were removed by-mL aliquots of the suspension were removed and put in 1
reacting the suspensionrfd h in Na-acetate buffer at 333 K, mL polycarbonate centrifuge tubes and placed on an end-ove
pH 4.74. Next the clay was Na-saturated, and the less themd rotator (4 rpm). The samples were allowed to equilibrat
2-um fraction was separated by collecting the supernatant ofax 24 h. This time was established as sufficient since sample
suspension of the clay in deionized (DI}®l that was centri- incubated for longer periods (up to 3 wks) had an undetectab
fuged until all but the less than 2m fraction was settled; this amount of additional Pb uptake. At the end of equilibration
step was repeated several times. Excess salts were removetirhy the pH of the samples was measured, and the sampl
dialysis, and the final suspension was freeze dried to remaownere centrifuged for 15 min at 19,000 rpm. The supernatar
the bulk water. Some of the physicochemical properties wfas filtered through 0.2:m filters, acidified, and measured for
montmorillonite are listed in Table 1. X-ray diffraction andotal Pb concentration using an ICP spectrometer. The tot:
thermogravimetric analysis showed that the final mineral phaseount of Pb removed from solution was calculated from the
was montmorillonite and contained no detectable impuritiedifference between the initial and final Pb concentrations.
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TABLE 2

STRAWN AND SPARKS

Summary of XAFS Sample Adsorption Conditions

Removal from  Adsorbed Pb(ll)

Primary adsorption

I (M) pH solution (%) (mmol kg ) mechanisnts
0.1 6.77 86.7 171 inner-sphere
0.1 6.31 71.2 140 mixed

0.006 6.76 99.0 201 mixed

0.006 6.40 98.5 200 outer-sphere
0.006 5.83 98.0 199 outer-sphere
0.006 4.48 96.8 197 outer-sphere

@ Based on results from XAFS data analysis.

Synchrotron XAFS Analysis

internal standard to calibrate the beam energy. The spect
were collected at room temperature498 K).

The XAFS data analysis was accomplished using the prc
gram MacXAFS 4.0 (27). The spectra were processed using t
following procedure: (1) Multiple scans were merged and
normalized relative t&, (determined from the inflection point
of the derivative of the spectra) and step height; (2)xtienc-
tion was extracted from the raw data using a linear pre-edg
and a cubic spline post-edge consisting of 3 knots set ¢
unequal distances and converting the data from enerdy to
space; (3) the-function was then weighted &’ to compen-
sate for dampening of the XAFS amplitude with increading
and (4) the data were Fourier transformed to yield a radia
structure function (RSF). For background removal (step 2) th
positions of the knots were selected using the following crite:
ria: (1) minimization of peaks in the region before the first

Montmorillonite samples analyzed by XAS were prepareghajor peak in the RSF, (2) minimization of oscillations in the

using the same procedures as described above, except thasfjige derivative, and ensuring nonconformity in the oscillatior
suspensions were centrifuged for an additional 30 min at

19,000 rpm. The additional centrifuging was necessary to

reduce the volume of entrained solution. In the XAFS samples 1004
the amount of Pb sorbed to the montmorillonite surface was at
least 300 times higher than the amount of nonsorbed Pb in the ¢g 4

m AAM AMAAATAA AA.AQ o4

entrained solution. Thus, the contribution of nonsorbed Pb to i L4

the XAFS spectra is negligible. The equilibrium conditions of
the XAFS samples are listed in Table 2. The samples used for
XAFS experiments are also indicated with arrows on the pH-

edge in Fig. 2.

Two Pb(CIQ), solutions were prepared and used as Pb(ll%
reference materials. One solution contained primarily the P& | )
polymer P(OH);" (aq) (total [Pb]= 84 mM, pH 6.46, and
| = 1.16 MNaCIQ,). The speciation of this solution based on<t
the hydrolysis constants given by Baes and Mesmer (25)

70% Ph(OH)," (aq), 19% PB (aqg), 9.1% PEKOH);" (aq),

and 1.9% other Pb—OH complexes. Another solution (total [P
= 50 mM, pH 4.10, and = 0.15 M) wasprepared that
contained primarily PB (aqg) (99.9%). All solutions and paste
were loaded in the glovebox into polycarbonate or Teflon
sample cell holders, sealed with Kapton tape (CHR industries),
and placed in airtight containers with an, k) atmosphere
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until XAS analysis. The samples were stored for no longer than 1 A A

24 h before analysis.

XAS data acquisition of the Pb,l-edge (13055) was con-
ducted on beamline X-11A at the National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory, Upton, New

98 A A

97 4 & A [=0.006 M

York. The electron beam energy was 2.5 or 2.8 GeV and the T r T T T T T T T
maximum beam current was 300 mA. The monochromator 4 5 6 7 8

consisted of two parallel Si(111) crystals with an entrance slit

of 0.5 mm. The parallel crystal monochromator was detuned by
reducingl, 25% at the Pb-edge. The XAS data were collectedFIG. 2. Lead adsorption on montmorillonite as function of pH, [Rb]
in fluorescence mode using a Stern—Heald type detector filled 2 ™M, [solid] = 10 g L™. Arrows indicate the equilibrium conditions

with Kr and equipped with an As filter (26). The spectrum 031

f the montmorillonite samples used for the XAFS analysis. In the graph ir
e lower panel the range of thgaxis is decreased to illustrate the

the 0-Q5 _M Pb(CIQ). refer_e‘nce SOIuti_OI’I was CO_”eCted iNpH-dependent adsorption behavior of Pb—montmorillonite samples equili
transmission mode. A Pb-foil was used in all experiments as iated att = 0.006 M.



LEAD ADSORPTION COMPLEXES ON MONTMORILLONITE 261

phase between the spline derivative and spectra, (3) maximi&, », for second shell Pb backscatterers can be inferred fror
ing the height of the primary O peak in the RSF withouthe confidence limits derived from the fits of the second shel
significantly dampening any other peaks, and (4) a decreasé”im atoms in experimental-PbO data (33).
the widths of the peaks in the RSF at half maximum height. The absolute accuracies B, and Npy.o for the O back-
The XAFSk® weighted spectra were fit in R-space using thscatterers aR > 2.31 A were more difficult to estimate for the
fitting routine in MacXAFS 4.0 (27). Background on the thefollowing reasons: (1p? for this shell is high since the @
ories and procedures for fitting XAFS data can be fourijands form weak bonds with the Pbions, the XAFS data
elsewhere (28). The particular details used in fitting the dat&re collected at room temperature (thermal disorder is high
are listed below. Single scattering theoretical spectra and phase the coordination environment of Phions is highly dis-
shifts for Pb—Pb backscatterers and Pb—O backscatterers werged (23); (2) in cases where there were strong second O sh
calculated using the FEFF6.0 code (29), with an input filsontributions, fitting both shells resulted in high correlations
based on a model ai-PbO (tetrahedral) (30) (generated wittbetween thdRp, o andNp,.o of the first and second O shells; and
the program ATOMS). When more than one O was fit, th@) EXAFS fitting gives average bond distances (35), which, ir
position of the second O atom backscatterer was fixed at 2#¥s case, had a high standard deviation (represented by a lar
A. This value was used since it is the interatomic distansalue ofg®) resulting from the large variance Ry, between
obtained from the Pb (aq) sample, and it is the same as thghe Pb atoms and the,B ligands. To address point (3) we
value obtained from samples in which Pb exists as predoraitempted to fit a longer O backscatterer atom by fitting ar
nantly outer-sphere complexes. In addition this is the value thaiditional atom within the peak and/or a cummulant. Cummu
previous researchers have reported as the bond distance|gts attempt to correct for the effects that non-Gaussian di:
tween Pb(ll) and water ligands in the primary solvation shedrder have ofR (35). However, use of either of these strategies
(15). The value of the Debye-Walles) term for the second resulted in extremely high correlations betwdnN, and the
shell Pb backscatterer was fixed at 0.0 Bhis is justified by cummulant variable. In addition, the results obtained wher
the following observations: there was no trend in dfidor the fitting using cummulants were dependent on thie region
samples at differeritor pH; fixing theo” reduced the number ysed. The strong correlations that existed are likely due t
of free parameters in the fitting routine, and thus the uncejver-parameterization of the fitting procedure and/or limita-
tainties in the coordination number; and 0.01i8 consistent tjons of fitting when two identical atoms have distances that ar
with the value used by other researchers to fit Pb sorption dgi@ close. Due to these limitations there may be significan
(31-33). The edge shif() for all shells was constrained to begifferences between the actual and observed Pb—O interaton
equal. An amplitude reduction factor was determined by fittingistances when Pb is coordinated byCHligands. Unfortu-
the theoretical single scattering O shell to the same shell of tﬁ&tely, good reference materials do not exist fof'Pgaq),
experimental spectra of a well-characterize®bO. For both making assessment of absolute errors difficult. Regardless
the experimental and theoretical spectra square windows Wgigse limitations, the fitting of the data did result in consisten
cut at equal values in the-structure and the RSF. In all case,, ,andN, values for the O shells occurring Rb,.o > 2.31
the number of independent variables in the fitting routine was | addition theRp,.0 andN ., values obtained from the Pb
less than the degrees of freedom as calculatedNRy = (aq) standard make good references to detect the contributio

2*Ak* AR/, where Ak is the width of the window cut in of similarly coordinated Pb in the Pb—montmorillonite sam-
k-space g-structure), and R is the width of the window cutin pjes.

R-space (Fourier transform) (28). To determine if the contri-

bution from a particular shell was significant two factors were

considered: (1) a reduction in the residual and (2) the error in RESULTS AND DISCUSSION

the accuracy of thé\ for a given shell was not greater than

~75%. The bond distances of all shells were corrected W§sorption Experiments

adding the factor 25%/R, which is a systematic correction to

bond distances not accounted for by the fitting program (sig-The effects of ionic strength and pH on the adsorptior

nificant wheno? is high orR is low) (B. Boyanoff, personal behavior of Pb on montmorillonite are shown in Fig. 2.1A¢

communication, 1998). 0.006 M themontmorillonite removed nearly all of the Pb
The accuracies of tHep,.o andN .o between Pb and the first from solution, regardless of pH; 97% of the available Pb wa:

shell O backscattererff,o < 2.31 A) can be estimated byadsorbed at pH 4.42 (adsorption 197 mmol kg*) and

comparing the theoreticgs-PbO (34) and the experimental~100% at pH 8.06 (adsorptios 203 mmol kg*). The pH-

B-PbO. In this case the accuracies were smaller than tihelependent behavior of Pb adsorptionl at 0.006 M sug-

confidence limits of the least-squares nonlinear fitting procgests that at this low ionic strength the vast majority of the Pl

dure. Thus, the accuracies reported in the Results and Disowas adsorbed on planar sites via outer-sphere adsorption me«

sion section can be used as estimates of the errors in #msms. However, a small degree of pH-dependent Pb adsor

absolute values. Similarly, the absolute accuracid®.gf,and tion behavior al = 0.006 M didoccur (lower panel Fig. 2).
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This suggests that at low ionic strength minor amounts of Hiherefore, the prediction of the distribution of Pb based solel
were adsorbed on edge sites via inner-sphere mechanismson adsorption behavior as a function of ionic strength and pt
In the Pb—montmorillonite samples equilibrated at high ionis problematic. However, the data do indicate that two distinc
strength [ = 0.1 M) uptake of Pb was strongly pH-dependensorption mechanisms are probably occurring.
at pH 4.11 only 43% of the available Pb was removed from
solution resulting in a loading level of 85.3 mmol Kgwhere yaNES Analysis
as at pH 7.83, 99% of the available Pb had been removed from
solution resulting in a loading level of 195 mmol Kg This The Pb-L, XANES is very sensitive to the first shell coor-
pH-dependent Pb adsorption behavior suggests that at héyhation environment (15, 31, 43). To gain information about
ionic strength Pb forms inner-sphere complexes with the funitre LAS of Pb in the montmorillonite samples the energy anc
tional groups existing on the montmorillonite edges. Similahape of the XANES spectral features can be compared
pH-dependent adsorption behavior has been observed for seference materials, as well as to each other.
eral other metal-mineral systems (2, 6, 16, 36—39). The XANES spectra of the Pb—montmorillonite samples an
The steep increase in adsorption betweeny@Hand 7 in the the model compounds are presented in Fig. 3a. In order f
I = 0.1 M system, with an inflection point at pH6.5 (based illustrate the differences in the spectra of the samples and tt
on the derivative of the data, not shown), is a result of threference compounds the first derivatives of the spectra a
increase in the surface potential and an increase in the numélgown in Fig. 3b. Two main characteristics in the spectra exis
of deprotonated functional groups that occurs as the pH ahpat can be used for comparisons: (1) the size and shape of t
proaches the PZNPC (40). The PZNPC reported in Table 1psaks occurring between5-25 and~30-70 eV and (2) the
based on proton adsorption experiments conducted using fasition of the center of the peaks lying in these regions. Th
different methods at various ionic strengths (40, 41). Avenafirst peak in the Pb (ag) sample is sharper (smaller full width
al. (40) predicted that H adsorption on the edge sites ohalf maximum) than the first peak in the POH)," (aq)
montmorillonite is significant below pH 6; conversely, thesample. In the PH (aq) sample the center lies atll eV
number of deprotonated sites is significant above pH 6. Tl@ashed line A in Fig. 3a). The center of the peak in the sam
deprotonation of the surface decreases the energy requiredeiion in the PE{OH);" (aq) sample lies at-14 eV. The 3 eV
form chemical bonds since the surface becomes more negatsleft is considered significant since the scanning step size w:
This decrease in energy would result in an increase in adsonmach smaller (0.5 eV). In the Pb(aq) sample the second peak
tion above pH 6. Thus, the steep increase in Pb adsorptitiat occurs in the region betweef80 and 70 eV has a center
between pH 6 and 7 is characteristic of Pb adsorption on tae~46 eV (dashed line B in Fig. 3a). The center of the secon
amphoteric silanol and aluminol functional groups existing omeak in the Pi{OH);" (ag) sample lies at-58 eV. In addition
the edges of the montmorillonite mineral. Outer-sphere adsotpe size of the second peak is much smaller in thg®H);"
tion of Pb on the basal planes of montmorillonite at this ioni@q) sample. The peak positions in these samples are similar
strength is inhibited by the high concentration of'Nans that those found by Bargaet al. (31) for the same Pb(ll) reference
are able to satisfy the electrostatic charges that exists. materials. Bargaet al. (31) also showed that the XANES
Based on the Pb adsorption behavior at high ionic strengttsttucture of other common Pb compounds with different LAS
can be concluded that the pH-dependent adsorption behadoe distinctly different from these two reference compounds
associated with the edges of the clays is significant. Taking thiee 8-PbO XANES spectrum in Fig. 3a is included to further
difference between the values from the minimum and maxdemonstrate the sensitivity and distinctiveness of Pb XANES
mum adsorption at = 0.1 M, the total pH-dependent adsorpspectra. From the data in Fig. 3 it is evident that distinci
tion capacity is~110 mmol kg'. This is 54% of the total differences occur in the XANES when bond distances, coor
amount of Pb that was adsorbed in the 0.006 Msystem at dination numbers, and types of atoms surrounding the centr
pH 8.06. However, this value is not an absolute edge sib atoms are different.
adsorption capacity since several other factors contribute toThe similarities in the spectral features in the XANES from
pH-dependent adsorption. For example, the formation of Biie Pb—montmorillonite samples incubated at the low ionic
polymers would cause multiple Pb atoms to sorb to edge sissength and pH 4.48-6.40 to the spectral features in th
without each Pb forming a bond to a surface functional groudANES of the PB" (aq) sample indicate that Pb adsorbed
Since the formation of Pb—OH (aq) polymers is directly comnder these equilibrium conditions is surrounded by wate
related to pH and ionic strength, the occurrence of Pb-polynmolecules, suggesting outer-sphere complexation. At hig
sorption complexes is expected to increase as pH and/or ioinic strength and high pH (= 0.1 M, pH 6.77) the XANES
strength increases. In addition, there could be some contrilspectra of adsorbed Pb look the same as(®H)," (aq),
tion of pH-dependent charge to the overall surface potentiatlicating that adsorbed Pb and,fDH);" (aq) have the same
(edge charge spill over) (42). This behavior would cause théS (i.e., Pb is covalently bonded to OH ligands).
surface potential to decrease (become more negative) as pkh addition to using the Pb (aq) and PROH);" (aq)
increases, resulting in additional outer-sphere adsorpti@amples as references, the first derivative of a sample of F
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FIG. 3. XANES spectra of the Pb—montmorillonite samples equilibrated at various ionic strengths and pH, and the Pb reference samples. The spe
normalized for step height ariel, = 13055 eV. The spectra in (b) are the derivative of the XANES. The dashed lines labeled A and B in both graphs are ali
with the center of the peaks in the Ph{aq) sample (see text)From Ref. (46).°[Pb] = 50 mM. ‘Pb—montmorillonite sample§[Pb] = 84 mM. *From Ref.
(33).

adsorbed on-Al,O; from a previous study is included in Fig.sorbed Pb than the sample equilibrated at 0.006 M, pH

3b (33). The similarities in the XANES structure of the PI6.76.

adsorbed ony-Al,O, and the Pb adsorbed on the montmoril- From the analysis of the XANES three important points car
lonite at high ionic strength and pH suggests that the LAS b made: (1) Pb adsorbed on montmorillonite at high ionic
the first shells of O surrounding the Pb atoms are similar. It haength and high pH is forming inner-sphere complexes; (2
been shown using EXAFS that the LAS of Pb complexed wifRb adsorbed on montmorillonite at low ionic strength and low
y-Al,,0, consists of predominantly O ligands and that the Pb 1 is forming outer-sphere complexes; and (3) inner- an
adsorbed as bidentate inner-sphere complexes on the edged!-sphere complexes can occur simultaneously on the st
octahedrally coordinated structural aluminum atoms (33). THes of montmorilionite; their occurrence is a factor of not
shape of this complex is a distorted trigonal pyramid with aylY ionic strength, but also pH.

inert lone pair of electrons (6son one side and three hydrox-

ide ligands on the other side (hemidirected) (31, 44). EXAFS Analysis

In the samples equilibrated &t= _0‘0(_)6 M, pH 6‘76 and Figure 4 shows the background subtrackédweighted y
| = 0.1 M, pH 6.31 the peaks lying in the regions of the,,qtions for the Pb—montmorillonite samples and the Pb ref
dashed lines A and B in Fig. 3b have fea:tures that are int@rance compounds. All of the spectra exhibit a sinusoidal be
mediate between the Pb(aq) and PR(OH);"(aq) standards. pattern that is typical of O-shell backscattering. The complex
This indicates that Pb is adsorbing as both inner- and outgfrycture of the3-PbO is due to the contributions from second
sphere complexes in these samples. Based on the position gl Pb atoms. The structures of the Pb—montmorillonite
shape of the peaks in the regions of the dashed lines A andsBmples show a distinct change in the phase and amplitude
it appears that the sample equilibrated at 0.1 M, pH 6.31 ionic strength and/or pH increases. The samples incubated
has more contributions to the XANES from inner-sphere a¢l-= 0.006 M, pH4.48 andl = 0.1 M, pH 6.76 havey
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FIG. 4. k®weighted normalizeg-functions for Pb—montmorillonite sam-

ples equilibrated at various ionic strengths and pH and the reference samples.

2From Ref. (46)."[Pb] = 50 mM. ‘Pb—montmorillonite sample&[Pb] = 84
mM.

structures similar to they structures of PH (aq) and

Pb,(OH):" (aq), respectively. In the low ionic strength samples

there is a large decrease in the amplitude of the signlal=at

served. This peak results from O backscattering in the firs
coordination shell of the Pb atoms. The large width of thes
peaks indicates that a high degree of disorder exists. In th
sample equilibrated &t= 0.1 M, pH 6.77 backscattering from
the first shell O atoms is dominated by a single peak with :
center at~1.7 A. This indicates that the bond distance betweer
the Pb and ORg,,.o) is shorter than in the samples in which the
center occurs at-1.9 A. In the sample equilibrated &t=
0.006 M, pH6.76 the center of the major peak occurs-dt.7

A; however, there exists a significant shoulder on the peal
suggesting that there are two distinct Pb—O distances present
this sample. Similar bimodal first shell peaks exist in the
sample equilibrated dt = 0.1 M and pH 6.31. In all of the
samples with peaks in the RSF centered-at7 A there exists
small peaks at highd® indicating the presence of backscatterer
second shell atoms residing at longer distances, such as Pb,
and/or Al. The identity of these atoms can be determined b
fitting the data. The peak occurring 3.8 A in the RSF is
indicative of Pb backscattering and suggest that the sorptic

pH
3 4.10
2
50 4.48
<

5.83

8 A'. This is a result of dampening of the XAFS signal due £
to a large amount of structural and thermal disorder, and the'f,aJ
lack of heavy backscatter atoms in the LAS of the samples§
(45). The samples equilibrated bt= 0.1 M, pH 6.31-6.76
have some structure at highersuggesting that a change in the
mechanism of surface complexation is occurring. Qualitative
analysis of the similarities and differences that exist between
the Pb— montmorillonite samples and the reference compounds
suggest similar results as were observed for the XANES anal-
ysis.

In order to isolate the characteristic frequencies that exist in
the x structure the EXAFS data were Fourier transformed to
yield radial structure functions (RSF). Figure 5 shows the RSF
(uncorrected for phase shift) for the Pb—montmorillonite sam-
ples and the Pb reference compounds, along with the best fits

6.40

6.76

6.31

6.77

R (A)

obtained from multiple shell fitting. In all of the samples, 5 oo 4+

equilibrated at = 0.006 Mwith pH = 6.40, and the Pb (aq)

FIG. 5. Fourier transforms (RSF) of thg-functions in Fig. 3,Ak =
. The solid line is the theoretical multishell fit to the data; the dotted

line represents the experimental datBrom Ref. (46).°[Pb] = 50 mM.

sample, only a single broad peak centered-at9 A is ob- °Pb-montmorillonite sample&[Pb] = 84 mM.
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TABLE 3

265

Structural Parameters and Least Squares Precision (italicized in parenthesis) Obtained Using Different Fitting Schemes (see text)
for B-PbO and Pb(I1) Adsorption on Montmorillonite at pH 6.76, I = 0.006 M

Pb-0O1 shell Pb-02 shell Pb—Pb shell
R o’ R o’ R o’ E,
Sample A= N°® (A>© A N (A?» A) N (A3 (eV)"
Pb—Montmorillonite
pH 6.76,1 = 0.006 M
Fit result T 2.31 1.27 0.010 2.50 5.55 0.027 3.76 1.32 0.011 5.06
(0.09 (2.99 (0.012 (0.10 (3.58 (0.019 (0.0 (0.59 (0.003
Fit result 2 2.30 0.93 0.009 2.49 5.94 0.028 3.76 1.14 0.01C0 5.10
(0.01 (0.03 (0.003 (0.59 (0.003 (0.01 (0.19
Fit result 3 2.42 7.94 0.034 3.73 1.13 0.009 7.69
(0.02 (1.1 (0.003 (0.02 (1.09 (0.008
B-PbO
Fit result T 2.27 2.81 0.007 2.52 1.81 0.009 -0.20
(0.02 (1.28 (0.005 (0.09 (2.00 (0.015
Fit result 2 2.26 2.23 0.005 2.49 2.71 0.016 0.50
(0.0) (0.39 (0.00) (1.09 (0.006
Fit result 3 2.21 2.26 0.007 11.2
(0.02 (0.37) (0.002
XRD? 2.24 2 2.48 2

2 Interatomic distance (corrected by adding &R, see text).
® Corrdination number.

¢ Debye—Waller factor.

¢ Phase shift.

¢ Fixed.

"Raw data from Ref. (46).

9 From Ref. (34).

" All parameters allowed to vary.
' Rpp.02 fixed.

TOnly 1 O shell fit.

“Mean bond distance.

mechanism in these samples involves the formation of somlistance in the PH (aq) sample, uncorrected). In the third
Pb—polymer complexes; likely due to edge site saturation. fitting strategy only a single O shell was fit. Fitting of the
Quantitative information about the LAS of Pb in the PbPb—montmorillonite sample using the first fitting strategy re-
montmorillonite samples and the Pb reference compounds veadted in bond distances for the first O shell of 2.31 A and 2.5(
obtained by fitting the data using theoretical backscatteriiigfor the second O shell. The coordination numbers Weére
paths obtained fromx-PbO. The fit results are presented il.27 and\N = 5.55 for thefirst and second shells, respectively.
Tables 3 and 4. In order to assess the predictive capabilitiesTdie errors associated with both coordination numbers an
the data fitting routine the results from fittirgPbO and the bond distances were relatively large. Fitting the sample usin
Pb—montmorillonite sample equilibratedlat= 0.006 M and the second fitting strategy resulted in a bond distance for th
pH 6.77 using different fitting strategies were compared (Tabfiest shell of 2.30 and 2.49 A and coordination numbers for the
3). TheB-PbO sample was used since it is well characterizéidst and second shell of 0.93 and 5.94, respectively. Thes
(46) and has a distorted first shell of O atoms (34). Thesults are very similar to the results obtained using the firs
Pb—montmorillonite sample equilibratedlat= 0.006 M and strategy, but the errors associated with the coordination nun
pH 6.76 was used because its RSF shows features suggedierg and bond distances were smaller. The fit of the Pb
that the LAS of adsorbed Pb consist of Pb—O bond distanaasntmorillonite sample using the third fitting strategy did not
characteristic of both inner- and outer-sphere adsorption. In tlepresent the two peaks that are present in the RSF and hac
first fitting strategy the O backscatterers were fit without argoor residual. Fitting the3-PbO using the different fitting
constraints on these shells. In the second fitting strategy #teategies gave similar results. In both samples, regardless
R0 Of the second O shell was fixed at 2.47 A (the fitteditting strategy, the bond distances of the first and second
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TABLE 4
Structural Parameters Derived from the XAFS Experimental Data Using Theoretical Phase Shift and Amplitude Functions
for Pb(Il) Solutions and Pb Adsorption on Montmorillonite Samples Reacted at Different I and pH

Sample Pb-01 shell Pb-02 shell Pb-Pb shell
12 R o’ R o’ R o’ E,
pH (M) (G N (A% A)° N' (A% (GYN N' (A% (evy’
Pb(Il)-Montmorillonite
6.77 0.1 2.29 2.8 0.011 2.29 0.8 0.010 3.75 1.7 0.01 7.75
6.31 0.1 2.28 2.2 0.010 2.29 3.0 0.020 3.79 1.2 0.01 5.97
6.76 0.006 2.30 0.9 0.009 249 5.9 0.028 3.76 11 0.01 5.10
6.40 0.006 2.50 8.0 0.030 3.97
5.83 0.006 2.50 9.0 0.030 3.98
4.48 0.006 2.50 9.0 0.029 3.40

Pb(CIQ,), Solutions

[Pb] = 50 mM 4.78 0.15 2.49 9.8 0.029 5.14
[Pb] = 84 mM 6.46 1.00 2.30 2.6 0.010 3.77 1.6 001 6.70

? Interatomic distance (corrected by adding &R, see text).
® Coordination number.

¢ Debye—Waller factor.

¢ Phase shift.

Fit quality confidence limits? 1%, " 30%, ¢ 75%. " Fixed.

shells are highly correlated. The results presented in Tabld@nd distances obtained from these samples are not necessa
indicate that the bond distances obtained when fitting two &solute, and estimates of coordination numbers can be part
shells are reliable. In addition, the results suggest that fixing thkarly unreliable when there exists a large degree of distortio
second O shell (the second fitting strategy) increases the fitti{&, 48), as is the case in these samples. Nevertheless, the bc
accuracy by decreasing the number of free variables in tHistances and coordination numbers obtained are useful fi
fitting routine. This last point is important because in othejualitative comparisons.
Pb—montmorillonite samples the contribution from O atoms at Since the PH (ag) sample and the Pb—montmorillonite
longer distances was not as distinct as it was for these twamples equilibrated dt = 0.006 M, pH4.48-6.40 have
samples. similar bond distances and coordination humbers, we hypott
The fit results for the Pb—montmorillonite sample and thesize that the predominant LAS surrounding the adsorbed F
reference compounds are presented in Table 4. For all of gtems is very similar to the LAS surrounding hydrated Pk
montmorillonite samples equilibrated lat= 0.006 M,except atoms, implying that the Pb is adsorbing via outer-spher
for the pH 6.76 sample, only a single shell was fit, resulting icomplexation in these samples. These results agree with tl
bond distances of 2.50 A and coordination numbers of 8—@sults obtained by analyzing the XANES data. Outer-spher
Fitting of the PB* (aq) EXAFS data resulted in a bond distancadsorption most likely occurs on the basal planes where the
of 2.49 A and coordination number 9.8. Bargair al. (15) exists an electrostatic charge resulting from isomorphic subst
found similar bond distances for Pb(aq) Reso = 2.47 A). tution in the octahedral layer (Fig. 1). Whether the hydrated P|
The exact LAS for hydrated Pb ions has not been deter-atoms form weak hydrogen bonds with the basal O or reside i
mined. It has been estimated that the usual number .6 Hthe diffuse double layer above the basal O cannot be assess
molecules that exist in the first solvation sphere is somewhesiace no second neighbor structural atoms (Si or Al) wer
between 4-7.5 (47). Shimoni-Livrgt al. (44) suggested that detected. It is possible that both types of outer-sphere con
the number of Pb-bound water molecules is far fewer and uggldxes are occurring. The bond distances observed for tf
ab initio molecular orbital optimization procedures to prediaiuter-sphere adsorbed PRq(, = 2.50 A) are similar to the
that the waters were coordinated to the Pb atoms with bohdnd distances that Bargetral. (15) observed for outer-sphere
distances between 2.356 and 2.460 A (avemdgg = 2.408 Pb adsorbed on the (001) plane®fl,0; (Rp.o = 2.51 A).
A). The higher coordination numbers and longer bond dis- The fit results for the samples equilibrated at the higher ioni
tances obtained in our samples may be due to contributistsength and the sample equilibrated at 0.006 M, pH6.76
from O backscatterers residing in the secondary solvation shathve EXAFS contributions from two different O shells, as well
However, as mentioned in the Materials and Methods secti@s, second shell Pb backscatterers. In these samples our
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indicate the presence of O atomsRy, o = 2.28—-2.30 A and 2
Revo = 2.49 A (fixed, see previous discussion). The coordina-

tion numbers for the O shell fit &y, ~2.29 A ranged from

0.9-2.8 and for the second O shill= 0.8—6. The twd®b—O

bond distances in these samples suggest the presence of two
different Pb populations with distinct LAS. As discussed’ o0 -

)
above, adsorbed Pb atoms wiRh, o, = 2.49 A are indicative of %

\
r;
N
“J

. .
N S
N

Pb adsorbed via an outer-sphere complex. Bond distances for -~ Pb (OH' (aq)
the O shell aRpy, o ~2.29 A are similar to those found for the AN 4
Pb,(OH):" (ag) sampleRpy.0 = 2.30, see Table 4), where Pb —Pb (aq)

is coordinated by three OH ligands. Bargatr al. (31) and 2 ‘ ; ‘ ‘ ‘ ‘ ; ;
Strawnet al. (33) found that inner-sphere Pb complexes ad- 2 3 4 5 6 7 8 9 10
sorbed on aluminum hydroxide had Pb—O bond distances of k(A

appr(_)X|mateI_y 2.25 to 2.30 A and that these distances are, . o Back transformed P (ag) AR = 1.03-2.95 A) and PYOH):*
consistent with the formation of covalent bonds between P ) AR = 1.03-2.77 A)samples.
atoms and hydroxide ligands. Thus, in the Pb—montmorillonige
samples the Pb—O bond distances between 2.28-2.30 A are
indicative of Pb adsorbing via an inner-sphere mechanism.Pb-polymers on montmorillonite is multilayer adsorption
The presence of second shell Pb atoms in the montmoaiad/or enhanced polymer formation due to nucleation from th
lonite samples equilibrated &t= 0.1 M, pH 6.31-6.77, and clay.
| = 0.006 M, pH6.76 suggest the presence of Pb polymer In the montmorillonite samples, the relative distribution of
complexes in these samples. It is not likely that these comb between inner- and outer-sphere complexes can be inferr
plexes occur as precipitates since the solution is undersaturdtedh the coordination numbers obtained for the different O
with respect to PbO (s). O’'Dagt al. (49) and Scheidegget shells. In the samples equilibrated t= 0.006 M, pH
al. (50) have found that Co and Ni, respectively, form hydrox4.48—-6.40 the majority of Pb is adsorbed as outer-spher
ide like multinuclear complexes on mineral surfaces even wheamplexes since Pb—O bonds with distances characteristic
the solution is undersaturated with respect to these phasemer-sphere coordination were not present, and the coordin
However, in those studies second shell metal backscattertian numbers in all of the samples wer®. Atl = 0.1 M, pH
atoms had much larger contributions than the second shell ®B7 most of the Pb is adsorbed as inner-sphere complexes.
backscattering contributions in the present study. The sm#le samples equilibrated &t= 0.1 M and pH 6.31 andl =
size of the Pb second shell backscattering peak in the RDFO06 M, pH6.76, the Pb distribution is mixed between inner-
(Fig. 5), and the small value &, (1.1-1.7) obtained from and outer-sphere complexes. The coordination numbers
the fitting suggest that the size and/or number of Pb—polyntbiese samples are strongly affected by destructive interferen
complexes forming is small. Fitting the second shell Pb bactiue to the fact that the EXAFS spectra are out of phase, &
scatterers resulted in 1.1-1.7 Pb atoms at a distance of 3.#idicated in Fig. 6. Thus, the lower coordination numbers
3.79 A. This is the same Pb-Pb distance that occurs rieported for these samples in Table 4 do not represent
Ph,(OH);* (aq) Reper = 3.76 A, N = 1.6, this study; decrease in the number of O atoms surrounding the Pb ator
Revep = 3.76 A (31); andR = 3.75 A (51)). in the two different types of adsorption complexes. Instead
Bargaret al. (31) also reported the formation of Pb polythey represent the different degrees of destructive interferenc
meric complexes at the surfaces ®@fAl,0;. However, they that occur as a result of averaging of the contributions from th
proposed that the LAS of the polymer complexes is distincttyo different adsorption complexes. In other words, in the
different than the LAS of P§OH):" (aq) complexes. In our systems in which both inner- and outer-sphere adsorption a
samples the similarity in bond distances, coordination nuraecurring, the actual coordination numbers of the adsorbed F
bers, x structure, and XANES spectra suggest that the corare most likely the same as the coordination numbers in th
plexes being formed are similar to OH); " (aq), which is a Pb—montmorillonite samples where a single type of adsorptio
tetrahedrally shaped Pb cluster with each Pb coordinatedcmmplex dominates. Papelis and Hayes (6) used a simile
three hydroxide ligands (31, 51). The formation of,@H),” rationalization to suggest that the Co sorption on montmoril
(aq) complexes prior to adsorption is not likely for the followionite was occurring as both inner- and outer-sphere complex
ing reasons: (1) the pH of the Pb—montmorillonite was irat low ionic strength and high pH. The relative change in the
creased slowly causing a sharp decrease in available Pb ascpHrdination numbers in the systems with two types of adsorg
increased and (2) even if none of the Pb were to adsorb mtieh complexes can be used to determine the relative degree
of the available Pb is Pb (aqg) (at pH 6.75| = 0.1 M, ~87% inner-sphere adsorptioh:= 0.006 M, pH 6.76< | = 0.1M,
PB*" (aq), ~6% Ph(OH);" (aq) and 7% other Pb—OH com-pH 6.31 < | = 0.1 M, pH 6.77. The same trends can be
plexes (25)). The most probable reasons for the formation ioferred from the XANES spectra.
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