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Adsorption mechanisms of Pb on montmorillonite were inves-
igated by conducting equilibrium and X-ray absorption fine struc-
ure (XAFS) spectroscopy studies. Data from the batch equilib-
ium studies indicate that Pb could be adsorbing via two
echanisms, depending on ionic strength. At low ionic strength

I 5 0.006 M) Pb adsorption is pH-independent: 97% of the
vailable Pb was removed from solution at pH 4.42 and 100% at
H 8.0. This behavior is consistent with an outer-sphere complex-
tion mechanism. At high ionic strength (I 5 0.1 M) Pb adsorption
s pH-dependent, suggesting inner-sphere complexation as the
dsorption mechanism: 43% of the available Pb was removed from
he solution at pH 4.11 and 98.9% at pH 7.83. X-ray absorption
ear edge structure (XANES) and extended X-ray absorption fine
tructure (EXAFS) spectroscopy results reveal that in the sample
quilibrated at I 5 0.006 M, pH 4.48–6.40 the local atomic struc-
ure (LAS) surrounding the adsorbed Pb is similar to the LAS
urrounding Pb21 (aq), confirming that the adsorption mechanism
s outer-sphere complexation. In the system equilibrated at I 5 0.1

, pH 6.77 the XANES and EXAFS results show that the LAS
urrounding the adsorbed Pb atom is similar to the LAS surround-
ng reference compounds in which Pb is forming covalent bonds
Pb4(OH)4

41 (aq) and a sample of g-Al2O3 with Pb adsorbed via
nner-sphere complexation). These similarities indicate that Pb is
orming inner-sphere complexes on the montmorillonite at this
onic strength and pH. In samples equilibrated at I 5 0.006 M, pH
.77 and I 5 0.1 M, pH 6.31 the XAFS results suggest that Pb is
orming both inner- and outer-sphere adsorption complexes. This
bservation could not be distinguished by making macroscopic
bservations only. Thus, the results of this study reveal important
nformation on Pb sorption behavior on clays and also provides
nsights into the use of XAFS to determine sorption

echanisms. © 1999 Academic Press

Key Words: montmorillonite; inner-sphere complexation; outer-
phere complexation; Pb adsorption; pH-dependent adsorption;
AFS.

Since clay minerals are major components of soils, indus
rocesses, and waste remediation efforts, it is importa
nderstand how metals such as Pb interact with their surf

1 To whom correspondence should be addressed. Current addres
ilgard Hall, Department of Environmental Science and Policy Managem
niversity of California, Berkeley, Berkeley, CA 94720-3110.
257
al
to
es.

ne of the primary interactions between metals and clay
rals is adsorption. Adsorption on clay minerals can occu

wo mechanisms: outer-sphere adsorption, which occurs
arily on the basal planes existing in the interlayer of the
inerals, and inner-sphere adsorption, which occurs a
mphoteric ligand sites existing on the edges of clay min
1, 2, 3). In this study we distinguish between inner-
uter-sphere absorption as a function of equilibrium condit

or Pb adsorption on the clay mineral montmorillonite by us
acro- and microscopic techniques.
The clay mineral montmorillonite has a high surface a

nd cation exchange capacity (CEC) and is present throu
oil and aquatic systems (2). It is a dioctahedral sme
ineral having an ideal half cell chemical formulaM 0.33, H2O
i4(Al 1.67,(Fe21, Mg)0.33)O10(OH)2 (2), whereM is a monova

ent interlayer cation (2). Figure 1 shows the molecular st
ure along the (010) plane of montmorillonite. Substitution
e21 and Mg21 atoms for Al31 in the octahedral layer create
ositive charge deficit, giving the overall structure a net n
tive charge. Since the charge deficit arises in the octah

ayer, the net charge at the surface (basal O ligands surr
ng the Si-tetrahedra, see Fig. 1) is delocalized. The isomo
ubstitution is the origin of the permanent charges that exi
ontmorillonite. The OH and O atoms on the broken edge

he montmorillonite hydrolyze and form Lewis acid or Lew
ase functional groups which are the source of the pH-de
ent charge (see Fig. 1) (4, 5). Therefore, based on the m
lar structure of the montmorillonite, cations can adsorb
ither electrostatic attraction on the basal plane or formatio
ovalent bonds with the functional groups at the broken ed
The distribution of cations in a montmorillonite system

ependent on ionic strength, pH, and the type of ion adsor
t high ionic strength the background electrolyte ions (c
only Na1 ions) out-compete other adsorptive ions (e.g., P21)

or the planar sites. The ability to form chemical bonds with
unctional groups is a key factor that determines if a cation
dsorb onto the edge sites. For example, Pb21 is a large catio

hat is highly polarizable and readily forms complexes w
ydroxide-type functional groups, while Na1 is a small more
lectronegative ion (less likely to share its electrons) that
ot readily form complexes with ligands. Thus, in system
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258 STRAWN AND SPARKS
hich the background electrolyte cations do not form cova
onds, but the metal cations do, adsorption onto the
ependent edge sites will favor the metal ions, even thoug
oncentration of the background electrolyte cations is hi
6–8).

While it is clear that clay minerals such as montmorillo
an form both inner- and outer-sphere complexes with cat
istorically adsorption has been considered to be pred
antly outer-sphere (9). However, recent research has s

hat inner-sphere adsorption of metals on the edges of
inerals can be significant (4, 6, 7, 10–12). Zachara and S

7) investigated the effects that adsorption sites existing o
dges of smectites had on cadmium adsorption. They u
ultiple site model that included fixed charged sites (ou

phere) and variable charged sites (inner-sphere). They
hat as pH and ionic strength increased, adsorption on A
ites existing at the edges of the clay became increas
mportant. Kim et al. (10) used nuclear magnetic resona
NMR) to show that adsorption of cesium on illite involv
oth inner-sphere adsorption on the edges of the clay
uter-sphere adsorption on the basal plane of the clay.
In order to discover molecular level information about

orption mechanisms it is necessary to combine micros
nd macroscopic experiments (1). A useful spectroscopic
ique that has provided important insights into the mechan
f metal sorption to mineral surfaces is X-ray absorption s

roscopy (XAS). The fine structure of the X-ray absorp
XAFS) consists of the near-edge (XANES) and the exten
ortions (EXAFS) (13). From XAFS data it is possible
btain important information about the local atomic struc

FIG. 1. Schematic illustrating the ideal molecular struc
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LAS) of adsorbed ions, such as the type of atoms surroun
he central atom (atom being probed), the coordination nu
N), interatomic distances (R), and oxidation state (14). Barg
t al. (15) used grazing incidence XAFS to show that Pb fo

nner-sphere complexes on the (002) plane ofa-Al 2O3, and
uter-sphere complexes on the (001) plane. Papelis and H
6) used XAFS to study the pH and ionic strength depend
f Co adsorption on montmorillonite. They found that at h

onic strength sorption was pH-dependent, while at lower i
trength sorption was less pH-dependent. At low pH and
trength the XAFS revealed that only O atoms were surro
ng the adsorbed Co. This suggests that the adsorbed C
ydrated (i.e., outer-sphere complex). At high ionic stre
nd pH the XAFS revealed that both O and Co atoms
urrounding the sorbed Co atom. They reasoned that the
nce of second neighbor Co atoms was due to the formati
o–polymer complexes at the edge sites of the montmor

te. In a sample equilibrated at low ionic strength and high
apelis and Hayes (6) hypothesized that the decreased c
ation number for second shell Co atoms suggested the
nce of both inner- and outer-sphere complexes. O’Dayet al.
16) also observed that the uptake of Co on kaolinite decre
s ionic strength increased at pH values below;8. They
ttributed this behavior to the formation of outer-sphere c
lexes; however, they were unable to confirm the presen

hese complexes using XAFS. Farquharet al. (17) used reflec
ion extended XAFS (REFLEXAFS), as well as X-ray pho
pectroscopy (XPS), to examine Cu sorption on the (001) p
f mica. They found that Cu was able to form inner-sph
omplexes on the (001) surface and proposed that it

of the (010) plane of the dioctahedral montmorillonite mineral.
ture
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259LEAD ADSORPTION COMPLEXES ON MONTMORILLONITE
ccurring at atomic imperfections such as steps and k
uch sites could also be present on the montmorillonite
lane; thus, inner-sphere adsorption may not be restrict
nly edge sites.
The recent work of Papelis and Hayes (6), O’Dayet al. (16),

im et al. (10), and Farquharet al. (18), to name a few, ha
rovided important information on cation adsorption and

ormation of inner- and outer-sphere complexes on clay
rals. While these studies have greatly contributed to the
erstanding of sorption mechanisms on clay surfaces, it ca
e inferred that all cations behave similarly. In fact, rec
esearch has shown that sorption at the clay mineral–w
nterface involving metal cations such as Ni, Co, and
esults in the formation of mixed metal hydroxide precipita
uch precipitates are not observed with Pb (3). In addition
quilibrium conditions controlling the distribution of Pb so

ion complexes are not completely understood. In this stud
ontinue the investigation into the importance of edge site
etal sorption by presenting an in depth analysis of the pH

onic strength dependence of Pb adsorption at the montm
onite–water interface. This is particularly relevant since P
ne of the most common contaminants in the environment
nd is usually found associated with organic and inorg
olloids and minerals (20, 21). Furthermore, the LAS of Pb
ts chemical behavior are complex and varied (22, 23), in
ifying the need for research on this toxic heavy metal. Re
rom this study will allow for the development of better mod
o describe the ion distribution and mechanisms of metal s
ion on mineral surfaces. In addition, this study will dem
trate the usefulness of XAFS for distinguishing between
iple adsorption mechanisms in a single model system.

EXPERIMENTAL METHODS

aterials

The smectite used was a montmorillonite from Cr
ounty, Wyoming (SWy-2, Clay Minerals Society). The mo
orillonite was treated to remove organic matter and car
tes using procedures described in Amonette and Zelazny

races of organic matter were oxidized by treating wit
olution of 3% H2O2 at 333 K; carbonates were removed
eacting the suspension for 4 h in Na-acetate buffer at 333 K
H 4.74. Next the clay was Na-saturated, and the less
-mm fraction was separated by collecting the supernatan
uspension of the clay in deionized (DI) H2O that was centr
uged until all but the less than 2-mm fraction was settled; th
tep was repeated several times. Excess salts were remo
ialysis, and the final suspension was freeze dried to rem

he bulk water. Some of the physicochemical propertie
ontmorillonite are listed in Table 1. X-ray diffraction a

hermogravimetric analysis showed that the final mineral p
as montmorillonite and contained no detectable impurit
s.
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dsorption Experiments

All solutions were made in a glovebox with ACS reag
rade chemicals and DI H2O that had been boiled, cooled w
urified N2, and stored in a CO2-free glovebox. All experi
ents were conducted in the glovebox containing a N2 atmo-

phere to eliminate effects of CO2 contamination. The tempe
ture was maintained at 298 K throughout the experimen
Two montmorillonite suspensions of 13.3 g L21 were pre

quilibrated for 24 h in either 0.001 or 0.1 M NaClO4 solution.
fter preequilibration 5-ml aliquots from;8 mM Pb(ClO4)2

tock solutions were added every 1 min to the suspensions
he total Pb concentration in the reaction vessel was;2 mM
nd the total suspension volume50.1 L. Following the Pb
dditions the final ionic strengths of the suspensions
.006 and 0.1 M. The actual Pb(ClO4)2 stock solution concen

rations were measured on an inductively coupled plasma
ion (ICP) spectrometer; for theI 5 0.006 M system [Pb
stock 5 7.83 mM, and for theI 5 0.1 M system [Pb]stock 5 8.10
M; thus, initial concentrations in the montmorillonite susp

ions were 1.96 and 2.03 mM, respectively. Following
ddition of the Pb solution the pH for theI 5 0.1 M suspen
ion was 4.32, and for theI 5 0.006 Msuspension the pH w
.70. The pH of the suspension was then adjusted by a
ilute HClO4 or NaOH to the rapidly stirring suspensions
10-mL aliquots. Starting at the lowest pH, the suspension
as raised by 0.1–0.25 pH units. After each pH increm
-mL aliquots of the suspension were removed and put i
L polycarbonate centrifuge tubes and placed on an end-
nd rotator (4 rpm). The samples were allowed to equilib

or 24 h. This time was established as sufficient since sam
ncubated for longer periods (up to 3 wks) had an undetec
mount of additional Pb uptake. At the end of equilibra

ime the pH of the samples was measured, and the sa
ere centrifuged for 15 min at 19,000 rpm. The superna
as filtered through 0.2-mm filters, acidified, and measured

otal Pb concentration using an ICP spectrometer. The
mount of Pb removed from solution was calculated from
ifference between the initial and final Pb concentrations

TABLE 1
Physicochemical Properties of Montmorillonite

article size ,2.0 mm
pecific surface area
EGME 697 m2/g
N2-BET 15.2 m2/g

H at zero point of chargea ;7.5–8.5
heoretical coordination 2:1 clay: Si-tetrahedra; Al-octahedra

some Mg21 and Fe21 substitution
ation exchange capacityb ;820 mmol/kg (measured at pH5 6.0)
SOH site capacityc ;80 mmol/kg

a From Refs. (40, 41).
b From Ref. (7).
c From Ref. (52).
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260 STRAWN AND SPARKS
ynchrotron XAFS Analysis

Montmorillonite samples analyzed by XAS were prepa
sing the same procedures as described above, except t
uspensions were centrifuged for an additional 30 mi
9,000 rpm. The additional centrifuging was necessar
educe the volume of entrained solution. In the XAFS sam
he amount of Pb sorbed to the montmorillonite surface w
east 300 times higher than the amount of nonsorbed Pb
ntrained solution. Thus, the contribution of nonsorbed P

he XAFS spectra is negligible. The equilibrium conditions
he XAFS samples are listed in Table 2. The samples use
AFS experiments are also indicated with arrows on the
dge in Fig. 2.
Two Pb(ClO4)2 solutions were prepared and used as P

eference materials. One solution contained primarily the
olymer Pb4(OH)4

41 (aq) (total [Pb]5 84 mM, pH 6.46, an
5 1.16 MNaClO4). The speciation of this solution based

he hydrolysis constants given by Baes and Mesmer (2
0% Pb4(OH)4

41 (aq), 19% Pb21 (aq), 9.1% Pb6(OH)8
41 (aq),

nd 1.9% other Pb–OH complexes. Another solution (total
50 mM, pH 4.10, andI 5 0.15 M) wasprepared tha

ontained primarily Pb21 (aq) (99.9%). All solutions and past
ere loaded in the glovebox into polycarbonate or Te
ample cell holders, sealed with Kapton tape (CHR indust
nd placed in airtight containers with an N2 (g) atmospher
ntil XAS analysis. The samples were stored for no longer
4 h before analysis.
XAS data acquisition of the Pb LIII -edge (13055) was co

ucted on beamline X-11A at the National Synchrotron L
ource (NSLS), Brookhaven National Laboratory, Upton, N
ork. The electron beam energy was 2.5 or 2.8 GeV and
aximum beam current was 300 mA. The monochrom

onsisted of two parallel Si(111) crystals with an entrance
f 0.5 mm. The parallel crystal monochromator was detune
educingI o 25% at the Pb-edge. The XAS data were colle
n fluorescence mode using a Stern–Heald type detector
ith Kr and equipped with an As filter (26). The spectrum

he 0.05 M Pb(ClO4)2 reference solution was collected
ransmission mode. A Pb-foil was used in all experiments a

TABLE 2
Summary of XAFS Sample Adsorption Conditions

(M) pH
Removal from
solution (%)

Adsorbed Pb(II)
(mmol kg21)

Primary adsorption
mechanismsa

.1 6.77 86.7 171 inner-sphere

.1 6.31 71.2 140 mixed

.006 6.76 99.0 201 mixed

.006 6.40 98.5 200 outer-sphere

.006 5.83 98.0 199 outer-sphere

.006 4.48 96.8 197 outer-sphere

a Based on results from XAFS data analysis.
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nternal standard to calibrate the beam energy. The sp
ere collected at room temperature (;298 K).
The XAFS data analysis was accomplished using the

ram MacXAFS 4.0 (27). The spectra were processed usin
ollowing procedure: (1) Multiple scans were merged
ormalized relative toEo (determined from the inflection poi
f the derivative of the spectra) and step height; (2) thex-func-

ion was extracted from the raw data using a linear pre-
nd a cubic spline post-edge consisting of 3 knots s
nequal distances and converting the data from energyk
pace; (3) thex-function was then weighted byk3 to compen
ate for dampening of the XAFS amplitude with increasink;
nd (4) the data were Fourier transformed to yield a ra
tructure function (RSF). For background removal (step 2
ositions of the knots were selected using the following c
ia: (1) minimization of peaks in the region before the fi
ajor peak in the RSF, (2) minimization of oscillations in

pline derivative, and ensuring nonconformity in the oscilla

FIG. 2. Lead adsorption on montmorillonite as function of pH, [Pbini-

ial 5 2 mM, [solid] 5 10 g L21. Arrows indicate the equilibrium condition
f the montmorillonite samples used for the XAFS analysis. In the gra

he lower panel the range of they-axis is decreased to illustrate t
H-dependent adsorption behavior of Pb–montmorillonite samples e
rated atI 5 0.006 M.
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261LEAD ADSORPTION COMPLEXES ON MONTMORILLONITE
hase between the spline derivative and spectra, (3) max
ng the height of the primary O peak in the RSF with
ignificantly dampening any other peaks, and (4) a decrea
he widths of the peaks in the RSF at half maximum heig

The XAFSk3 weighted spectra were fit in R-space using
tting routine in MacXAFS 4.0 (27). Background on the t
ries and procedures for fitting XAFS data can be fo
lsewhere (28). The particular details used in fitting the
re listed below. Single scattering theoretical spectra and
hifts for Pb–Pb backscatterers and Pb–O backscatterers
alculated using the FEFF6.0 code (29), with an input
ased on a model ofa-PbO (tetrahedral) (30) (generated w

he program ATOMS). When more than one O was fit,
osition of the second O atom backscatterer was fixed at
. This value was used since it is the interatomic dista
btained from the Pb21 (aq) sample, and it is the same as
alue obtained from samples in which Pb exists as pred
antly outer-sphere complexes. In addition this is the value
revious researchers have reported as the bond distan

ween Pb(II) and water ligands in the primary solvation s
15). The value of the Debye–Waller (s2) term for the secon
hell Pb backscatterer was fixed at 0.01 Å2. This is justified by
he following observations: there was no trend in thes2 for the
amples at differentI or pH; fixing thes2 reduced the numb
f free parameters in the fitting routine, and thus the un

ainties in the coordination number; and 0.01 Å2 is consisten
ith the value used by other researchers to fit Pb sorption

31–33). The edge shift (Eo) for all shells was constrained to
qual. An amplitude reduction factor was determined by fit

he theoretical single scattering O shell to the same shell o
xperimental spectra of a well-characterizeda-PbO. For both

he experimental and theoretical spectra square windows
ut at equal values in thex-structure and the RSF. In all cas
he number of independent variables in the fitting routine
ess than the degrees of freedom as calculated byNfree 5
*Dk* DR/p, where Dk is the width of the window cut i
-space (x-structure), andDR is the width of the window cut i
-space (Fourier transform) (28). To determine if the co
ution from a particular shell was significant two factors w
onsidered: (1) a reduction in the residual and (2) the err
he accuracy of theN for a given shell was not greater th
75%. The bond distances of all shells were correcte
dding the factor 2*s2/R, which is a systematic correction
ond distances not accounted for by the fitting program
ificant whens2 is high orR is low) (B. Boyanoff, persona
ommunication, 1998).
The accuracies of theRPb-O andNPb-O between Pb and the fir

hell O backscatterers (RPb-O , 2.31 Å) can be estimated b
omparing the theoreticalb-PbO (34) and the experimen
-PbO. In this case the accuracies were smaller than
onfidence limits of the least-squares nonlinear fitting pr
ure. Thus, the accuracies reported in the Results and D
ion section can be used as estimates of the errors i
bsolute values. Similarly, the absolute accuracies ofRPb-Pband
iz-
t
in
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Pb-Pb for second shell Pb backscatterers can be inferred
he confidence limits derived from the fits of the second s
b atoms in experimentala-PbO data (33).
The absolute accuracies ofRPb-O and NPb-O for the O back

catterers atR . 2.31 Å were more difficult to estimate for t
ollowing reasons: (1)s2 for this shell is high since the H2O
igands form weak bonds with the Pb21 ions, the XAFS dat
ere collected at room temperature (thermal disorder is h
nd the coordination environment of Pb21 ions is highly dis

orted (23); (2) in cases where there were strong second O
ontributions, fitting both shells resulted in high correlati
etween theRPb-O andNPb-O of the first and second O shells; a
3) EXAFS fitting gives average bond distances (35), whic
his case, had a high standard deviation (represented by a
alue ofs2) resulting from the large variance inRPb-O between
he Pb atoms and the H2O ligands. To address point (3) w
ttempted to fit a longer O backscatterer atom by fitting
dditional atom within the peak and/or a cummulant. Cum

ants attempt to correct for the effects that non-Gaussian
rder have onR (35). However, use of either of these strate
esulted in extremely high correlations betweenR, N, and the
ummulant variable. In addition, the results obtained w
tting using cummulants were dependent on theDk region
sed. The strong correlations that existed are likely du
ver-parameterization of the fitting procedure and/or lim

ions of fitting when two identical atoms have distances tha
oo close. Due to these limitations there may be signifi
ifferences between the actual and observed Pb–O intera
istances when Pb is coordinated by H2O ligands. Unfortu
ately, good reference materials do not exist for Pb21 (aq),
aking assessment of absolute errors difficult. Regardle

hese limitations, the fitting of the data did result in consis
Pb-O andNPb-O values for the O shells occurring atRPb-O . 2.31
. In addition theRPb-O andNPb-O values obtained from the Pb21

aq) standard make good references to detect the contrib
f similarly coordinated Pb in the Pb–montmorillonite sa
les.

RESULTS AND DISCUSSION

dsorption Experiments

The effects of ionic strength and pH on the adsorp
ehavior of Pb on montmorillonite are shown in Fig. 2. AtI 5
.006 M themontmorillonite removed nearly all of the P

rom solution, regardless of pH; 97% of the available Pb
dsorbed at pH 4.42 (adsorption5 197 mmol kg21) and
100% at pH 8.06 (adsorption5 203 mmol kg21). The pH-

ndependent behavior of Pb adsorption atI 5 0.006 M sug-
ests that at this low ionic strength the vast majority of the
as adsorbed on planar sites via outer-sphere adsorption
nisms. However, a small degree of pH-dependent Pb ad

ion behavior atI 5 0.006 M didoccur (lower panel Fig. 2
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262 STRAWN AND SPARKS
his suggests that at low ionic strength minor amounts o
ere adsorbed on edge sites via inner-sphere mechanism
In the Pb–montmorillonite samples equilibrated at high io

trength (I 5 0.1 M) uptake of Pb was strongly pH-depende
t pH 4.11 only 43% of the available Pb was removed f
olution resulting in a loading level of 85.3 mmol kg21, where
s at pH 7.83, 99% of the available Pb had been removed
olution resulting in a loading level of 195 mmol kg21. This
H-dependent Pb adsorption behavior suggests that at

onic strength Pb forms inner-sphere complexes with the f
ional groups existing on the montmorillonite edges. Sim
H-dependent adsorption behavior has been observed fo
ral other metal–mineral systems (2, 6, 16, 36–39).
The steep increase in adsorption between pH;6 and 7 in the

5 0.1 M system, with an inflection point at pH;6.5 (based
n the derivative of the data, not shown), is a result of

ncrease in the surface potential and an increase in the nu
f deprotonated functional groups that occurs as the pH
roaches the PZNPC (40). The PZNPC reported in Table
ased on proton adsorption experiments conducted usin
ifferent methods at various ionic strengths (40, 41). Avenet
l. (40) predicted that H1 adsorption on the edge sites
ontmorillonite is significant below pH 6; conversely,
umber of deprotonated sites is significant above pH 6.
eprotonation of the surface decreases the energy requi

orm chemical bonds since the surface becomes more neg
his decrease in energy would result in an increase in ad

ion above pH 6. Thus, the steep increase in Pb adsor
etween pH 6 and 7 is characteristic of Pb adsorption o
mphoteric silanol and aluminol functional groups existing

he edges of the montmorillonite mineral. Outer-sphere ad
ion of Pb on the basal planes of montmorillonite at this io
trength is inhibited by the high concentration of Na1 ions tha
re able to satisfy the electrostatic charges that exists.
Based on the Pb adsorption behavior at high ionic stren

an be concluded that the pH-dependent adsorption beh
ssociated with the edges of the clays is significant. Takin
ifference between the values from the minimum and m
um adsorption atI 5 0.1 M, the total pH-dependent adso

ion capacity is;110 mmol kg21. This is 54% of the tota
mount of Pb that was adsorbed in theI 5 0.006 Msystem a
H 8.06. However, this value is not an absolute edge
dsorption capacity since several other factors contribu
H-dependent adsorption. For example, the formation o
olymers would cause multiple Pb atoms to sorb to edge
ithout each Pb forming a bond to a surface functional gr
ince the formation of Pb–OH (aq) polymers is directly c

elated to pH and ionic strength, the occurrence of Pb-pol
orption complexes is expected to increase as pH and/or
trength increases. In addition, there could be some con
ion of pH-dependent charge to the overall surface pote
edge charge spill over) (42). This behavior would cause
urface potential to decrease (become more negative) a
ncreases, resulting in additional outer-sphere adsorp
b
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herefore, the prediction of the distribution of Pb based so
n adsorption behavior as a function of ionic strength and

s problematic. However, the data do indicate that two dis
orption mechanisms are probably occurring.

ANES Analysis

The Pb-LIII XANES is very sensitive to the first shell coo
ination environment (15, 31, 43). To gain information ab

he LAS of Pb in the montmorillonite samples the energy
hape of the XANES spectral features can be compar
eference materials, as well as to each other.

The XANES spectra of the Pb–montmorillonite samples
he model compounds are presented in Fig. 3a. In ord
llustrate the differences in the spectra of the samples an
eference compounds the first derivatives of the spectr
hown in Fig. 3b. Two main characteristics in the spectra
hat can be used for comparisons: (1) the size and shape
eaks occurring between;5–25 and;30–70 eV and (2) th
osition of the center of the peaks lying in these regions.
rst peak in the Pb21 (aq) sample is sharper (smaller full wid
alf maximum) than the first peak in the Pb4(OH)4

41 (aq)
ample. In the Pb21 (aq) sample the center lies at;11 eV
dashed line A in Fig. 3a). The center of the peak in the s
egion in the Pb4(OH)4

41 (aq) sample lies at;14 eV. The 3 eV
hift is considered significant since the scanning step size
uch smaller (0.5 eV). In the Pb21 (aq) sample the second pe

hat occurs in the region between;30 and 70 eV has a cen
t ;46 eV (dashed line B in Fig. 3a). The center of the sec
eak in the Pb4(OH)4

41 (aq) sample lies at;58 eV. In addition
he size of the second peak is much smaller in the Pb4(OH)4

41

aq) sample. The peak positions in these samples are sim
hose found by Bargaret al. (31) for the same Pb(II) referen
aterials. Bargaret al. (31) also showed that the XANE

tructure of other common Pb compounds with different L
re distinctly different from these two reference compou
he b-PbO XANES spectrum in Fig. 3a is included to furt
emonstrate the sensitivity and distinctiveness of Pb XA
pectra. From the data in Fig. 3 it is evident that dist
ifferences occur in the XANES when bond distances, c
ination numbers, and types of atoms surrounding the ce
b atoms are different.
The similarities in the spectral features in the XANES fr

he Pb–montmorillonite samples incubated at the low i
trength and pH 4.48–6.40 to the spectral features in
ANES of the Pb21 (aq) sample indicate that Pb adsor
nder these equilibrium conditions is surrounded by w
olecules, suggesting outer-sphere complexation. At

onic strength and high pH (I 5 0.1 M, pH 6.77) the XANES
pectra of adsorbed Pb look the same as Pb4(OH)4

41 (aq),
ndicating that adsorbed Pb and Pb4(OH)4

41 (aq) have the sam
AS (i.e., Pb is covalently bonded to OH ligands).
In addition to using the Pb21 (aq) and Pb4(OH)4

41 (aq)
amples as references, the first derivative of a sample



a ig.
3 Pb
a ril-
l S o
t t ha
b wit
g b
a ge
o Th
s a
i x-
i

I the
d nte
m .
T ute
s n
s nd
i
h ad

s
6

can
b onic
s ; (2)
P low
p and
o sur-
f not
o

E

f ref-
e beat
p ex
s nd
s ite
s de as
i ted at
I

spectra are
n e aligned
w
(

263LEAD ADSORPTION COMPLEXES ON MONTMORILLONITE
dsorbed ong-Al 2O3 from a previous study is included in F
b (33). The similarities in the XANES structure of the
dsorbed ong-Al 2O3 and the Pb adsorbed on the montmo

onite at high ionic strength and pH suggests that the LA
he first shells of O surrounding the Pb atoms are similar. I
een shown using EXAFS that the LAS of Pb complexed
-Al 2O3 consists of predominantly O ligands and that the P
dsorbed as bidentate inner-sphere complexes on the ed
ctahedrally coordinated structural aluminum atoms (33).
hape of this complex is a distorted trigonal pyramid with
nert lone pair of electrons (6s2) on one side and three hydro
de ligands on the other side (hemidirected) (31, 44).

In the samples equilibrated atI 5 0.006 M, pH6.76 and
5 0.1 M, pH 6.31 the peaks lying in the regions of

ashed lines A and B in Fig. 3b have features that are i
ediate between the Pb21 (aq) and Pb4(OH)4

41(aq) standards
his indicates that Pb is adsorbing as both inner- and o
phere complexes in these samples. Based on the positio
hape of the peaks in the regions of the dashed lines A a
t appears that the sample equilibrated atI 5 0.1 M, pH 6.31
as more contributions to the XANES from inner-sphere

FIG. 3. XANES spectra of the Pb–montmorillonite samples equilibra
ormalized for step height andEO 5 13055 eV. The spectra in (b) are the d
ith the center of the peaks in the Pb21 (aq) sample (see text).aFrom Ref. (

33).
f
s

h
is
s of
e

n

r-

r-
and
B,

-

orbed Pb than the sample equilibrated atI 5 0.006 M, pH
.76.
From the analysis of the XANES three important points

e made: (1) Pb adsorbed on montmorillonite at high i
trength and high pH is forming inner-sphere complexes
b adsorbed on montmorillonite at low ionic strength and
H is forming outer-sphere complexes; and (3) inner-
uter-sphere complexes can occur simultaneously on the

aces of montmorillonite; their occurrence is a factor of
nly ionic strength, but also pH.

XAFS Analysis

Figure 4 shows the background subtractedk3 weightedx
unctions for the Pb–montmorillonite samples and the Pb
rence compounds. All of the spectra exhibit a sinusoidal
attern that is typical of O-shell backscattering. The complx
tructure of theb-PbO is due to the contributions from seco
hell Pb atoms. Thex structures of the Pb–montmorillon
amples show a distinct change in the phase and amplitu
onic strength and/or pH increases. The samples incuba

5 0.006 M, pH 4.48 andI 5 0.1 M, pH 6.76 havex

at various ionic strengths and pH, and the Pb reference samples. The
ative of the XANES. The dashed lines labeled A and B in both graphs ar
b[Pb] 5 50 mM. cPb–montmorillonite samples.d[Pb] 5 84 mM. eFrom Ref.
ted
eriv
46).
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264 STRAWN AND SPARKS
tructures similar to thex structures of Pb21 (aq) and
b4(OH)4

41(aq), respectively. In the low ionic strength samp
here is a large decrease in the amplitude of the signal ak .

Å21. This is a result of dampening of the XAFS signal d
o a large amount of structural and thermal disorder, and
ack of heavy backscatter atoms in the LAS of the sam
45). The samples equilibrated atI 5 0.1 M, pH 6.31–6.7
ave some structure at higherk, suggesting that a change in
echanism of surface complexation is occurring. Qualita
nalysis of the similarities and differences that exist betw

he Pb– montmorillonite samples and the reference compo
uggest similar results as were observed for the XANES
sis.
In order to isolate the characteristic frequencies that ex

he x structure the EXAFS data were Fourier transforme
ield radial structure functions (RSF). Figure 5 shows the
uncorrected for phase shift) for the Pb–montmorillonite s
les and the Pb reference compounds, along with the be
btained from multiple shell fitting. In all of the samp
quilibrated atI 5 0.006 Mwith pH # 6.40, and the Pb21 (aq)
ample, only a single broad peak centered at;1.9 Å is ob-

FIG. 4. k3 weighted normalizedx-functions for Pb–montmorillonite sam
les equilibrated at various ionic strengths and pH and the reference sa
From Ref. (46).b[Pb] 5 50 mM. cPb–montmorillonite samples.d[Pb] 5 84
M.
s

e
s

e
n
ds
l-

in
o
F
-

fits

erved. This peak results from O backscattering in the
oordination shell of the Pb atoms. The large width of th
eaks indicates that a high degree of disorder exists. I
ample equilibrated atI 5 0.1 M, pH 6.77 backscattering fro
he first shell O atoms is dominated by a single peak w
enter at;1.7 Å. This indicates that the bond distance betw
he Pb and O (RPb-O) is shorter than in the samples in which
enter occurs at;1.9 Å. In the sample equilibrated atI 5
.006 M, pH6.76 the center of the major peak occurs at;1.7
; however, there exists a significant shoulder on the p
uggesting that there are two distinct Pb–O distances pres
his sample. Similar bimodal first shell peaks exist in
ample equilibrated atI 5 0.1 M and pH 6.31. In all of th
amples with peaks in the RSF centered at;1.7 Å there exist
mall peaks at higherR indicating the presence of backscatte
econd shell atoms residing at longer distances, such as P
nd/or Al. The identity of these atoms can be determine
tting the data. The peak occurring at;3.8 Å in the RSF is
ndicative of Pb backscattering and suggest that the sor

FIG. 5. Fourier transforms (RSF) of thex-functions in Fig. 3,Dk 5
.3–9.6 Å21. The solid line is the theoretical multishell fit to the data; the do

ine represents the experimental data.aFrom Ref. (46). b[Pb] 5 50 mM.
Pb–montmorillonite samples.d[Pb] 5 84 mM.

les.
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265LEAD ADSORPTION COMPLEXES ON MONTMORILLONITE
echanism in these samples involves the formation of s
b–polymer complexes; likely due to edge site saturation
Quantitative information about the LAS of Pb in the P
ontmorillonite samples and the Pb reference compound
btained by fitting the data using theoretical backscatte
aths obtained froma-PbO. The fit results are presented
ables 3 and 4. In order to assess the predictive capabilit

he data fitting routine the results from fittingb-PbO and th
b–montmorillonite sample equilibrated atI 5 0.006 M and
H 6.77 using different fitting strategies were compared (T
). Theb-PbO sample was used since it is well character
46) and has a distorted first shell of O atoms (34).
b–montmorillonite sample equilibrated atI 5 0.006 M and
H 6.76 was used because its RSF shows features sugg

hat the LAS of adsorbed Pb consist of Pb–O bond dista
haracteristic of both inner- and outer-sphere adsorption. I
rst fitting strategy the O backscatterers were fit without
onstraints on these shells. In the second fitting strateg
Pb-O of the second O shell was fixed at 2.47 Å (the fit

TAB
Structural Parameters and Least Squares Precision (italicized in

for b-PbO and Pb(II) Adsorption on M

Sample

Pb–O1 shell

R
(Å) a Nb

s2

(Å2)c

R
(Å)

Pb–Mon

H 6.76,I 5 0.006 M
Fit result 1h 2.31

(0.04)
1.27

(2.99)
0.010

(0.012)
2.50

(0.10)
Fit result 2i 2.30

(0.01)
0.93

(0.03)
0.009

(0.003)
2.49e

Fit result 3j 2.42
(0.02)

7.94
(1.11)

0.034
(0.003)

b-

Fit result 1h 2.27
(0.02)

2.81
(1.28)

0.007
(0.005)

2.52
(0.06)

Fit result 2i 2.26
(0.01)

2.23
(0.39)

0.005
(0.001)

2.49e

Fit result 3j 2.21
(0.02)

2.26
(0.37)

0.007
(0.002)

RDg 2.24k 2 2.48

a Interatomic distance (corrected by adding 2*s2/R, see text).
b Corrdination number.
c Debye–Waller factor.
d Phase shift.
e Fixed.
f Raw data from Ref. (46).
g From Ref. (34).
h All parameters allowed to vary.
i RPb-O2 fixed.
j Only 1 O shell fit.
k Mean bond distance.
e

as
g

of

le
d
e

ting
es
he
y
he

istance in the Pb21 (aq) sample, uncorrected). In the th
tting strategy only a single O shell was fit. Fitting of t
b–montmorillonite sample using the first fitting strategy
ulted in bond distances for the first O shell of 2.31 Å and
for the second O shell. The coordination numbers wereN 5

.27 andN 5 5.55 for thefirst and second shells, respective
he errors associated with both coordination numbers
ond distances were relatively large. Fitting the sample u

he second fitting strategy resulted in a bond distance fo
rst shell of 2.30 and 2.49 Å and coordination numbers for
rst and second shell of 0.93 and 5.94, respectively. T
esults are very similar to the results obtained using the
trategy, but the errors associated with the coordination
ers and bond distances were smaller. The fit of the
ontmorillonite sample using the third fitting strategy did

epresent the two peaks that are present in the RSF and
oor residual. Fitting theb-PbO using the different fittin
trategies gave similar results. In both samples, regardle
tting strategy, the bond distances of the first and secon

3
renthesis) Obtained Using Different Fitting Schemes (see text)
tmorillonite at pH 6.76, I 5 0.006 M

Pb–O2 shell Pb–Pb shell

N
s2

(Å2)
R

(Å) N
s2

(Å2)
Eo

(eV)d

rillonite

5.55
(3.58)

0.027
(0.016)

3.76
(0.01)

1.32
(0.54)

0.011
(0.003)

5.06

5.94
(0.59)

0.028
(0.003)

3.76
(0.01)

1.14
(0.19)

0.010e 5.10

3.73
(0.02)

1.13
(1.09)

0.009
(0.008)

7.69

f

1.81
(2.00)

0.009
(0.015)

20.20

2.71
(1.06)

0.016
(0.006)

0.50

11.2

2

LE
pa
on

tmo

PbO
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266 STRAWN AND SPARKS
hells are highly correlated. The results presented in Ta
ndicate that the bond distances obtained when fitting tw
hells are reliable. In addition, the results suggest that fixin
econd O shell (the second fitting strategy) increases the
ccuracy by decreasing the number of free variables in
tting routine. This last point is important because in o
b–montmorillonite samples the contribution from O atom

onger distances was not as distinct as it was for these
amples.
The fit results for the Pb–montmorillonite sample and

eference compounds are presented in Table 4. For all o
ontmorillonite samples equilibrated atI 5 0.006 M,excep

or the pH 6.76 sample, only a single shell was fit, resultin
ond distances of 2.50 Å and coordination numbers of
itting of the Pb21 (aq) EXAFS data resulted in a bond dista
f 2.49 Å and coordination number 9.8. Bargaret al. (15)

ound similar bond distances for Pb21 (aq) (RPb-O 5 2.47 Å).
he exact LAS for hydrated Pb21 ions has not been dete
ined. It has been estimated that the usual number of2O
olecules that exist in the first solvation sphere is somew
etween 4–7.5 (47). Shimoni-Livnyet al. (44) suggested th

he number of Pb-bound water molecules is far fewer and
b initio molecular orbital optimization procedures to pre

hat the waters were coordinated to the Pb atoms with
istances between 2.356 and 2.460 Å (averageRPb-O 5 2.408
). The higher coordination numbers and longer bond

ances obtained in our samples may be due to contribu
rom O backscatterers residing in the secondary solvation
owever, as mentioned in the Materials and Methods sec

TAB
Structural Parameters Derived from the XAFS Experimental

for Pb(II) Solutions and Pb Adsorption on Mont

Sample Pb–O1 shell

pH
I a

(M)
R

(Å) ae Nbf

s2

(Å2)c

Pb(II)–Mo

6.77 0.1 2.29 2.8 0.011
6.31 0.1 2.28 2.2 0.010
6.76 0.006 2.30 0.9 0.009
6.40 0.006
5.83 0.006
4.48 0.006

Pb(ClO4)

Pb] 5 50 mM 4.78 0.15
Pb] 5 84 mM 6.46 1.00 2.30 2.6 0.010

a Interatomic distance (corrected by adding 2*s2/R, see text).
b Coordination number.
c Debye–Waller factor.
d Phase shift.
Fit quality confidence limits:e 1%, f 30%, g 75%. h Fixed.
3
O
e

ng
e

r
t
o

e
he

n
9.

re

ed
t
d

-
ns
ll.
n,

ond distances obtained from these samples are not nece
bsolute, and estimates of coordination numbers can be p
larly unreliable when there exists a large degree of disto
23, 48), as is the case in these samples. Nevertheless, th
istances and coordination numbers obtained are usefu
ualitative comparisons.
Since the Pb21 (aq) sample and the Pb–montmorillon

amples equilibrated atI 5 0.006 M, pH 4.48–6.40 hav
imilar bond distances and coordination numbers, we hyp
size that the predominant LAS surrounding the adsorbe
toms is very similar to the LAS surrounding hydrated
toms, implying that the Pb is adsorbing via outer-sp
omplexation in these samples. These results agree wit
esults obtained by analyzing the XANES data. Outer-sp
dsorption most likely occurs on the basal planes where
xists an electrostatic charge resulting from isomorphic su

ution in the octahedral layer (Fig. 1). Whether the hydrate
toms form weak hydrogen bonds with the basal O or resi

he diffuse double layer above the basal O cannot be ass
ince no second neighbor structural atoms (Si or Al) w
etected. It is possible that both types of outer-sphere
lexes are occurring. The bond distances observed fo
uter-sphere adsorbed Pb (RPb-O 5 2.50 Å) are similar to th
ond distances that Bargaret al.(15) observed for outer-sphe
b adsorbed on the (001) plane ofa-Al 2O3 (RPb-O 5 2.51 Å).
The fit results for the samples equilibrated at the higher i

trength and the sample equilibrated atI 5 0.006 M, pH6.76
ave EXAFS contributions from two different O shells, as w
s second shell Pb backscatterers. In these samples o

4
ata Using Theoretical Phase Shift and Amplitude Functions
rillonite Samples Reacted at Different I and pH

Pb–O2 shell Pb–Pb shell

R
(Å) e Nf

s2

(Å2)
R

(Å) e Nf

s2

(Å2)
Eo

(eV)d

orillonite

2.49h 0.8g 0.010 3.75 1.7 0.01h 7.75
2.49h 3.0 0.020 3.79 1.2 0.01h 5.97
2.49h 5.9 0.028 3.76 1.1 0.01h 5.10

2.50 8.0 0.030 3.9
2.50 9.0 0.030 3.9
2.50 9.0 0.029 3.4

olutions

2.49 9.8 0.029 5.14
3.77 1.6 0.01h 6.70
LE
D
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267LEAD ADSORPTION COMPLEXES ON MONTMORILLONITE
ndicate the presence of O atoms atRPb-O 5 2.28–2.30 Å an
Pb-O 5 2.49 Å (fixed, see previous discussion). The coord

ion numbers for the O shell fit atRPb-O ;2.29 Å ranged from
.9–2.8 and for the second O shellN 5 0.8–6. The twoPb–O
ond distances in these samples suggest the presence
ifferent Pb populations with distinct LAS. As discuss
bove, adsorbed Pb atoms withRPb-O 5 2.49 Å are indicative o
b adsorbed via an outer-sphere complex. Bond distanc

he O shell atRPb-O ;2.29 Å are similar to those found for t
b4(OH)4

41 (aq) sample (RPb-O 5 2.30, see Table 4), where
s coordinated by three OH ligands. Bargaret al. (31) and
trawnet al. (33) found that inner-sphere Pb complexes
orbed on aluminum hydroxide had Pb–O bond distanc
pproximately 2.25 to 2.30 Å and that these distances
onsistent with the formation of covalent bonds between
toms and hydroxide ligands. Thus, in the Pb–montmorillo
amples the Pb–O bond distances between 2.28–2.30
ndicative of Pb adsorbing via an inner-sphere mechanism

The presence of second shell Pb atoms in the montm
onite samples equilibrated atI 5 0.1 M, pH 6.31–6.77, an
5 0.006 M, pH6.76 suggest the presence of Pb poly

omplexes in these samples. It is not likely that these c
lexes occur as precipitates since the solution is undersatu
ith respect to PbO (s). O’Dayet al. (49) and Scheideggeret
l. (50) have found that Co and Ni, respectively, form hydr

de like multinuclear complexes on mineral surfaces even w
he solution is undersaturated with respect to these ph
owever, in those studies second shell metal backscatt
toms had much larger contributions than the second she
ackscattering contributions in the present study. The s
ize of the Pb second shell backscattering peak in the
Fig. 5), and the small value ofNPb-Pb (1.1–1.7) obtained from
he fitting suggest that the size and/or number of Pb–pol
omplexes forming is small. Fitting the second shell Pb b
catterers resulted in 1.1–1.7 Pb atoms at a distance of
.79 Å. This is the same Pb–Pb distance that occur
b4(OH)4

41 (aq) (RPb-Pb 5 3.76 Å, N 5 1.6, this study
Pb-Pb 5 3.76 Å (31); andR 5 3.75 Å (51)).
Bargaret al. (31) also reported the formation of Pb po
eric complexes at the surfaces ofa-Al 2O3. However, they
roposed that the LAS of the polymer complexes is distin
ifferent than the LAS of Pb4(OH)4

41 (aq) complexes. In ou
amples the similarity in bond distances, coordination n
ers,x structure, and XANES spectra suggest that the c
lexes being formed are similar to Pb4(OH)4

41 (aq), which is a
etrahedrally shaped Pb cluster with each Pb coordinat
hree hydroxide ligands (31, 51). The formation of Pb4(OH)4

41

aq) complexes prior to adsorption is not likely for the follo
ng reasons: (1) the pH of the Pb–montmorillonite was
reased slowly causing a sharp decrease in available Pb
ncreased and (2) even if none of the Pb were to adsorb
f the available Pb is Pb21 (aq) (at pH 6.75,I 5 0.1 M, ;87%
b21 (aq), ;6% Pb4(OH)4

41 (aq) and 7% other Pb–OH com
lexes (25)). The most probable reasons for the formatio
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b-polymers on montmorillonite is multilayer adsorpt
nd/or enhanced polymer formation due to nucleation from
lay.
In the montmorillonite samples, the relative distribution

b between inner- and outer-sphere complexes can be in
rom the coordination numbers obtained for the differen
hells. In the samples equilibrated atI 5 0.006 M, pH
.48–6.40 the majority of Pb is adsorbed as outer-sp
omplexes since Pb–O bonds with distances characteris
nner-sphere coordination were not present, and the coor
ion numbers in all of the samples were;9. At I 5 0.1 M, pH
.77 most of the Pb is adsorbed as inner-sphere complex

he samples equilibrated atI 5 0.1 M and pH 6.31 andI 5
.006 M, pH6.76, the Pb distribution is mixed between inn
nd outer-sphere complexes. The coordination numbe

hese samples are strongly affected by destructive interfe
ue to the fact that the EXAFS spectra are out of phas

ndicated in Fig. 6. Thus, the lower coordination numb
eported for these samples in Table 4 do not represe
ecrease in the number of O atoms surrounding the Pb a

n the two different types of adsorption complexes. Inst
hey represent the different degrees of destructive interfe
hat occur as a result of averaging of the contributions from
wo different adsorption complexes. In other words, in
ystems in which both inner- and outer-sphere adsorptio
ccurring, the actual coordination numbers of the adsorbe
re most likely the same as the coordination numbers in
b–montmorillonite samples where a single type of adsor
omplex dominates. Papelis and Hayes (6) used a si
ationalization to suggest that the Co sorption on montm
onite was occurring as both inner- and outer-sphere comp
t low ionic strength and high pH. The relative change in
oordination numbers in the systems with two types of ads
ion complexes can be used to determine the relative deg
nner-sphere adsorption:I 5 0.006 M, pH 6.76, I 5 0.1M,
H 6.31 , I 5 0.1 M, pH 6.77. The same trends can

nferred from the XANES spectra.

FIG. 6. Back transformed Pb21 (aq) (DR 5 1.03–2.95 Å) and Pb4(OH)4
41

aq) (DR 5 1.03–2.77 Å)samples.
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268 STRAWN AND SPARKS
The EXAFS data from this research shows qualitatively
uantitatively that Pb can adsorb as both inner- and o
phere adsorption complexes on montmorillonite. XAFS
resented in this paper support the theory that there are

iple types of adsorption sites on montmorillonite. The dis
ution of Pb between these sites is not only a function o
elative concentration of competing ions, but also pH. T
he pH-dependent behavior for Pb adsorption presented in
can be explained as an increase in inner-sphere adsorpt

he edges of the montmorillonite.

SUMMARY

The results of the macroscopic and microscopic experim
onducted in this study show that Pb adsorption on mon
illonite consist of both inner- and outer-sphere comple
epending on ionic strength and pH. These results are su
ized in Table 2. At low ionic strength and pH adsorption
rimarily outer-sphere and most likely occurs on the b
lanes existing in the interlayer regions of the montmorillon
he bond distance between the Pb and the first shell of O a

or the outer-sphere complexes is 2.50 Å and the coordin
umber is;9. This bond distance and coordination numbe
imilar to the Pb21 (aq) sample, suggesting that there exis
ayer of water molecules between the complexed Pb atom
he mineral surface. As pH and ionic strength increase, in
phere adsorption becomes more important. The bond dis
etween inner-sphere adsorbed Pb and O ligands was;2.30 Å.
his bond distance is consistent with Pb forming cova
onds. Thus, it is most likely that in the samples equilibrate

he higher ionic strength, and/or the higher pH, adsorptio
ccurring on the edges of the montmorillonite and includes

ormation of Pb polymers. The data from this study a
uggest that adsorbed Pb can exist as a mixture of inner
uter-sphere complexes under the appropriate ionic str
nd pH conditions. The exact distribution between these
orption modes is a function of competing ion concentra
ionic strength) and the speciation of the pH-dependent f
ional groups existing on the edges of the montmorillonite

The information presented in this study will allow scient
nd engineers to develop better models that predict the
ction of Pb with clay minerals. The large amount of p
ependent adsorption that occurs in the Pb–montmorill
amples demonstrates the importance of edge sites in
orption on clay minerals. This study has also demonstrate
tility of XAFS to distinguish between different adsorpt
echanisms on surfaces when they are occurring sim
eously.
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