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X-Ray standing wave (XSW) measurements were made of Rb
and Sr adsorbed from aqueous solutions at the rutile (110)-water
interface. These experiments were performed to address the ex-
tent to which direct measurements of electrical double-layer struc-
ture are possible. The experimental results show that the Bragg
XSW technique, using small-period standing waves generated by
Bragg diffraction from the substrate, can precisely measure ion
locations within the condensed layer and the in situ partitioning
of ions between the condensed and diffuse layers. Differences in
condensed layer ion positions were observed for Sr ions (measured
in situ) as compared with Rb ions (in situ) and also for Sr ions
(ex situ). An additional constraint on the ex situ Sr site geometry
was provided by polarization-dependent surface EXAFS measure-
ments. Such measurements can provide important constraints for
the development and verification of electrical double-layer theory
especially as applied to ion adsorption at the solid—water interface.
© 2000 Academic Press
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INTRODUCTION

explain and predict the properties of these systems (3, 4). Ho\
ever, relatively little is directly known about the molecular-scale
structure of the EDL at the mineral-aqueous solution interfac
The conventional portrait of EDL structure is shown schemat
cally in Fig. 1a in which surface excesses and deficits of aqu
ous solute ions, distributed between the so-called condensed
“Stern”) and diffuse (or “Gouy—Chapman”) layers, balance :
fixed charge of a mineral surface. Figure 1 highlights one c
the most basic features of the EDL, which is the partitioning o
ions between the condensed and diffuse layers that is expec
to be sensitive to the strength and nature of the ion—substre
interactions.

In most cases our understanding of the EDL has been hi
dered by a lack of quantitative molecular-scale experiment
data that can be used to independently test available EDL mo
els (1, 5). Stern-based surface complexation models use o
or more capacitance values to account for the electrostatic e
fects associated with ion binding by mineral surfaces, and the
capacitance values are typically treated as variable fitting p
rameters by those modeling ion adsorption data (5, 6). The i
croscopic significance and interpretation of these parameters
often in question. A more accurate molecular-scale picture me

Understanding the development of mineral surface chardpe, afforded by the multisite surface complexation models in

and the associated distribution of solute ions at solid—water gprporating Pauling bond-valence principles [e.g., Ref. (7)], ye
terfaces, is fundamentally important for a diverse range of nach models also suffer from lack of direct structural confirma
ural and industrial processes. Examples include environmertiah. Thus, a precise measurement of the condensed layer i
interfaces (1), water purification, colloidal suspensions, and tlegation with respect to the underlying mineral surface lattic
nucleation of ceramic thin films using hydrothermal processivgould be of great value in providing insight into the applica-
(2). The distribution of ionic species across charged solid—watality of these models and significance of the derived paran
interfaces, generally referred to as the electrical double layaers. However, measuring the distribution of ions within the
(EDL), has led to the development of various physical and chefabL is a particularly challenging task. In addition to the nor-
ical models which use mass and charge balance constraints@ difficulty of probing molecular-scale structures at the solid-
liquid interface, there is the challenge of unraveling the relatior
ship between the localized and delocalized ion distribution
1This article has been created by the University of Chicago as operator@Iresponding to the condensed and diffuse layers, respe
Argonne National Laboratory under Contract W-31-109-ENG-38 with the u.$i.vely.
Department of Energy. The U.S. government's right to retain a nonexclusive X-Ray techniques promise a means to elucidate the structt
royalty—freglicense inand to the copyright covering this paper, for governmentg, composition of the EDL. The weakly interacting nature o
purposes, is acknowledged. . [
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Ewensed layer titioning of ions between the condensed and diffuse layers
the EDL. We demonstrate this capability by investigating th
behavior of alkali and alkaline-earth ions (Rand Sf*) at the
rutile (110)—water interface over a range of pH values and ic
concentrations. The results show significant differences in tt
behavior of RIS and S+ ions and reveal differences in the
condensed layer structure of’Srions betweerin situ and ex

(a)

Diffuse layer

lon Density, p(z)

Height, z

0000020202 . situ conditions. In addition, we preseex situsurface extended
°(0) 25052 X-ray absorption fine-structure (SEXAFS) spectroscopy me:
ogogogogo . surements for Sr that complement the XSW measurements
©59595°5° providing an additional constraint on the Sr site geometry in th
o 0 0 00 T . .
02626%% condensed layer. Definitions of symbols and abbreviations us
020%6%% in this article are listed in the Appendix.

MATERIALS AND METHODS

OZOZOZOZO We used the (110) surface of the Fi@olymorph rutile for
©5%5°6°%:° this study because it has been studied extensively and is kno

7 to be chemically stable over a broad range of pH values (1¢
020°6%%° » The structure of the rutile (110) surface has been measured (:

©5%°%°° under ultrahigh-vacuum conditions and found to exhibit only mi

OoOoTooooo * nor structural relaxations in the near-surface region. The (11
.l . X

di1o=325A A~ 50- 3000 A and (100) surfaces are thought to be the predominant faces

most powdered rutile specimens used in potentiometric titratic
Solution Thickness ~ 2 um investigations of ion adsorption and related phenomena (17-1
and the types and distribution of surface groups on the (110) a

FIG. 1. (a) Schematic structure of the electrical double layer, showing t . .
condensed layer and the diffuse ion distribution (characterized by the De eOO) faces are similar (20, 21). The behavior of the (110) su

length, Ap). (b) Schematic of the XSW field, as created by the superpo.’;itidtl‘;a‘lce TShOUId the_refore be re.pr.esentative of many p.ovyde_red rut
of the incident and Bragg-reflected X-ray beams, and the rutile (110) substr@&pecimens. This hypothesis is supported by the similarity of tf
Solution ions are shown as filled circles. Note that the XSW period is mutfjoints of zero charge pH (lei) of these systems [pJF)'c"“ 5.6—

smaller than the decay length of the diffuse layer. 5.7 for the rutile (110) surface (22, 23), which is similar to the
easured phjc of about 5.4-6 for powdered rutile specimens

fundamental level. X-Ray scattering techniques also natura 17, 24, 25)].

probe over the length scales (froml to ~10* A) nor-
mally present in an EDL. Surface X-ray diffraction and X-ra>§ mole Preparation
absorption spectroscopy have been used to characterize REP P
structure of condensed layers at the electrified metal-aqueous inchemomechanically polished synthetic single-crystal rutil
terface (8, 9). X-Ray diffraction measurements typically providd 10) substrates (Princeton Scientific Corp., Princeton, N
the periodic arrangement of ions at the solid—liquid interfacgere cleaned ultrasonically in methanol to remove any su
while X-ray absorption studies provide information about thiace organic contamination. Three ultrasonic baths in nanopt
short-ranged order near the element of interest (10, 11). Otlferl8 MQ/cm) deionized water followed. Experimental solu-
“direct” studies of the condensed layer structure in systems mai@ns were prepared by dissolving reagent-grade RbCI, RbOl
relevant to natural systems (e.g., near colloids or mineral—flud Sr(NG;), in nanopure deionized water. Solution pH values
interfaces) typically view the condensed layer as “slab” spedédjusted by using HN®and/or NaOH, ranged from 2.98 to
fied by a thickness and density, and consequently have not ¥6t92. The total aqueous concentrations of Rb and Sr in ti
achieved a truly atomistic view of the EDL structure (12, 13experimental solutions, [RR] and [Srlg, ranged from 0.9 to
The long-period X-ray standing wave technique has been usk2B0 uM, and were measured by using inductively couplec
to directly probe the Debye length associated with the diffugdgasma atomic emission spectrometry (for fgrjand induc-
layer (14). tively coupled plasma mass spectrometry (for [Bh]Solution
Here we demonstrate the use of the Bragg X-ray standiimic strengths|, ranged from 590 to 4240M. Solution com-
wave (XSW) technique with a high-brilliance synchrotron tpositions are listed in Table 1. The aqueous speciation of Rb a
probe the ion distribution near a mineral—fluid interface. In pa$r in the solutions was calculated by using the Geochemist
ticular, we show that this XSW technique measures: (1) thgorkbench code (26); [RR]was exclusively present as Rin
precise location of ions in the condensed layer and (2) the paltsolutions, and-98.5% of [Sr}q was present as 3r.
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TABLE 1 the same procedure. Using X-ray fluorescence measureme
Chemical Analyses and Derived lonic Strengths we confirmed that this procedure produced a clean rutile surfa
of Solutions (M)? that was free of any adsorbed Sr or Rb ion with a sensitivit

limit of ~5 x 10~4 ions/A2. For theex situmeasurements, the

b b i i

PR Ma Ro o Ne c | Insiu Exsi sample surface was covered with a mound of experimental sol

320 0O 0 1280 2690 0 4240 v2  tion (several drops) and allowed to react for 6 min. The sampl

790 0 1240 0 0 1240 1240 v was then tilted so that the solution dropped off (onto absorbe

989 0 610 0 0 610 610 paper), and the surface was then enclosed in a polyethylene k
18:%‘ gég g t‘é%.g 2838 8 1238 v v loon filled with flowing high-purity He gas for the duration of
10.74 660 0 11 23, 0 650 v v the XSW measurement. Care was taken to ensure that no res
10.70 660 0 1280 2560 0 3150 v ual droplets of experimental solution adhered to the sample
10.92 1000 4.8 12 24 4.8 1040 v the region illuminated by the X-ray beam. The sample surfac

was cleaned betweax situmeasurements by reacting it with

aThe check marks in the last two columns identify the solutions used fqr - ] .
in situ andex situexperiments. iOOOuM nitric acid solution in the same manner.

b Calculated from stoichiometry of reagents. .
The XSW Technique

The Bragg diffraction XSW technique has been describe

The sample was held in a Kel-F “thin-film” cell using anpreviously (27). Briefly, an XSW field is generated by a coherer
8-um-thick Kapton film as an X-ray window, in which a thin so-superposition of the incident and reflected X-ray beams durin
lution layer is held against the sample surface through capillaByagg diffraction (28). The XSW period is equal to thepacing
action. For then situ measurements, the experimental solutioof the diffraction planes, and the position of the XSW antinode
was manually injected into the cell in such a way as to expastlifts inward byd/2 relative to the diffraction planes as the
the solution layer confined by the Kapton film to a thickness drficident angleg, is scanned through the Bragg reflection (set
about 1 mm. This solution layer was allowed to react with thieig. 1b). The atomic position and distribution (characterized b
sample surface for 6 min prior to minimizing the thickness ahe coherent position and coherent fraction, respectively) a
the solution layer. A pump was then used to apply a negatidetermined by monitoring the modulation of the fluorescenc
pressure to reduce and maintain the thickness of the solutigeld of a specific atomic species near the Bragg condition. T
layer to~2 um (14) using the system shown schematically ifiuorescence yield, normalized to the off-Bragg yield, varies a
Fig. 2. The mechanical pump was connected to a 6®syminge
(piston end) with wide-bore Tygon tubing, and the syringe (out- Y(9) =1+ R(9) + Z[R(e)]l/Z fy cospp(0) — 27 Pu],  [1]
let end) was connected to the sample cell through a polyvinyl
Chloride tub|ng (inner diametef 165 mm) W|th IUer-lOCk f|t- Where the reﬂecu\/'t)R(e) and the XSW phaw(e) are derived
tings. Betweerin situ measurements, the sample surface wagr the H = (hkl) diffraction condition from dynamical diffrac-
cleaned by exposure to 100 nitric acid solution following  tion theory. Each set of XSW data is fully characterized by twe
model-independent parameters: the coherent posiBgnand
the coherent fractionfy. The parameterdy and Py are ob-
tained from ay? fit of Eq. [1] to the XSW data. Uncertainties
in fy andPy are typically smaller thas-0.03, on the basis of
counting statistics and a sensitivity analysis of the fitting pro
cedure. In this studyH corresponds to the rutile (110) Bragg
diffraction condition, and thus we denofe;o and Py1 Simply
asf andP.

To assign the physical significance of these two paramete
to the EDL we must first define the “condensed” and “diffuse’
layers with regard to the XSW measurements. We take as
operational definition that the condensed layer consists of iol
whose locations are essentially fixed at the mineral-water i
terface but which may be freely exchanged with the solutior
\ migchanical This definition of the condensed layer does not explicitly dif-
pump ferentiate between “inner-sphere” and “outer-sphere” surfac
complexes. Provided each complex has a well-defined locatic

FIG.2. Schematic drawing of the thin-film cell geometry used in this study. . . L
The rutile sample was held under a thin Kapton film on a Kel-F block, in whic ith respect to the substrate lattice, a distinction between the

the solution thickness was minimized by applying a negative pressure to theTsWD comlplexes would be found p.rir.narily in their _reSPQCt.iVG
lution through the syringe. The cell body (hatched area) was made of aluminu@n locations and the nature of their ion—substrate interaction




ELECTRICAL DOUBLE-LAYER STRUCTURE 157

________ B ments, respectively, with corresponding 3{010) Bragg angles
of 6.77 and 6.56. The SK « and RtK « fluorescence emission
lines at 14.2 and 13.4 keV were monitored using a Si(Li) solid
state detector having an energy resolution of 270 eV at 13 ke
and the Bragg reflectivity was measured using an ion chamb
di10 No measurable background Sr or Rb fluorescence was obsen
from the clean rutile substrate crystal, Kel-F cell, Kapton film
or polyethylene used in the experiments.

XSW analysis of surface adsorption in the Bragg geometr
FIG. 3. Schematic perspective view of an unrelaxed rutile (110) surfacl‘(laSually requires a near-perfect single-crystal SUbStrate', The
(titanium and oxygen atoms are shown as small filled and large open circIHL? (110) substrate was observed to have a strong mosaic text
respectively). Also shown schematically is the ion height that is measured @¢hibiting a full-width at half-maximum (FWHM) 0f-0.015
XSW with respect to the unrelaxed surface plane. for the (110) reflection. This is much larger than the FWHM o

0.0018 that is predicted by dynamical diffraction theory for a
perfect rutile single crystal. By using a beam that had a cro:

Similarly, we assume that any ions present in excess (relativesgstion of 0.02 mm verticak0.2 mm horizontal (resulting in a
their bulk solution concentrations) near the mineral-water iReam footprint of 0.17 mnx 0.20 mm) and carefully searching
terface as a result of the mineral surface charge and that do #@t0ss the crystal surface, we found regions where the rocki
have a well-defined position are in the diffuse layer. curve width was only 15-30% broader than theoretical [afte
Within these definitions, the coherent positiBris the posi- taking into account the additional broadening due to the dispe
tion of the condensed layer ions measured with respect to §ien of the Si(111) monochromator]. In this configuration the
unrelaxed rutile surface lattice as shown in Fig. 3. The coherefitay beam flux was-2 x 10° photons per second. The rutile
position is normalized to the spacing of the Bragg plane usecerystal was found to have a 0:3&urface miscut with respect
to create the X-ray standing wave [in the case of the rutile (11®)the (110) crystalline planes. The direction of the miscut we
reflection,d;10= 3.25 A] and consequently? =0 or 1 corre- oriented in the direction perpendicular to the scattering plane f
sponds to ions that are located in a projected (110) diffractihese measurements.
plane. The coherent fractiohis essentially the fraction of the We model the finite mosaic broadening by incoherently ave
fluorescence-selected ions that resides in the condensed |a3@ing the reflectivity curves and XSW yields from a collectior
These assignments are justified in more detail below. of “perfect single-crystal” grains having a small mosaic sprea
The XSW technique relies on measuring the X-ray fluorescedft <8 p.rad. This method provides a simple phenomenologic:
radiation from the ion of interest. It is applicable (in the configuvay of explaining the broadening, and allows us to quantify th
ration used here) to study ions whose X-ray fluorescent lines &tanges in EDL structure and ion partitioning in this systen
attenuated by less thar90%, through the-10-um-thick layer Because of the associated uncertainties, we do not consider
consisting of the 2:m solution layer and @m Kapton film, coherent position to be reliably measured fok 0.15.
at a typical takeoff angle with respect to the surface plane of
~2°. This restricts the application to X-ray fluorescent emissidaxperimental Details of the SEXAFS Measurements

energies above-5 keV, which are characteristic of elements Polarization-dependent $¢-edge SEXAFS (30) measure-
having Z > 23 (K-edge emissions) and > 57 (L-edge emis- g \yere performed at beamline X15A of the Natione
sions). In' this study, we use Rb ar]d Sr as representative alk ynchrotron Light Source undek situconditions. XSW mea-

and alkaline-earth metals, respectively. The XSW results for rements confirmed that it exhibited a Sr adsorption structu

e_md _Sr can .be compared with thoge of recent potentiomet fhilar to that previously studied with XSW at the APS. The
titration studies of Na and Ca on rutile powders (6, 15, 18, 1 EXAFS measurements were made with the polarized X-ray
with the E-field parallel to the in-plane [001] ane-fL10] direc-
tions and the normal [110] direction, respectively. In each ca:
The XSW measurements were performed at the 12-ID-D uthe X-ray beam was incident on the sample surface at a low anc
dulator beamline of the BESSRC sector at the Advanced Phot{@h-8°). The crystallographic orientation of the in-plane direc:
Source located at Argonne National Laboratory. It is the neéidns was determined with a transmission Laue image taken wi
for a high-flux X-ray beam with negligible divergence and a white synchrotron beam. The X rays were monochromated |
small cross section (i.e., high brightness) that necessitates dghéouble-crystal Ge(111) monochromator and the photon e
use of the Advanced Photon Source (APS) for these studiesgy was scanned through thekSabsorption edge. The en-
A monochromatic X-ray beam was obtained using a doublergy range was 16.040-16.600 keV for the in-plane scans a
bounce Si(111) monochromator resulting in a nhominal enerd®.050-16.300 keV for the normal scan using 1-eV steps. Da
width of AE/E =1.4x 10~* (29). The photon energies werewere collected in fluorescence mode on thi emission with
chosen to be 16.7 and 16.2 keV for thé'Sand R measure- a Si(Li) solid-state detector. Equivalent data were taken for &

ion
height

Experimental Details of the XSW Measurement
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experimental standard of SrO crystalline powder in transmission
mode with a photodiode detector.

SEXAFS data analysis was performed using the MacXAFS
software package (Version4.1) (31) according to standard proce-
dures (32, 33). The first-shell filtering was done by first Fourier-
transforming the background-subtracted data R&pace over
the rangek = 2.3-9.4A-1 with modified Hanning windows of
0.5and 1. for the in-plane data, and over the rarkge 2.3—

7.2 A~1 with windows of 0.5 and 1.A~! for the normal data.
The R-space data were subsequently back-transformed over the
rangesR=1.05-2.83A for the in-plane data ané&k=0.87-
2.95A for the normal data, with 0.32 windows. In each case,

04
equivalent transform was done for the SrO standard data. This =
absorption data were fit in phasgk), and amplitude| f (K)|, %
with respect to that for the SrO standard, according to the equa- 2
tion 2
0 50 100 150 °
x(K)= N| f (k)| sin[2k R + ¢ (k)] exp(—2k?c2), [2] 6 -6, (urad)

where the fitting parametef$, R ando? are the first-neighbor  FIG.5. ExsituXSW results for S+ ions adsorbed at the rutile (110) surface
Sr—O coordination number, radial distance, and mean squégfteremersion) atthe specified values offgifh each case the fluorescentyield
vibrational amplitude, respectively. The best-fit parameters aﬂréi reflectivity are plotted as function .of the ar_lgle of inciderﬁceneasgred

. A . . Wwith respect to the surface plane. Hépds the rutile (110) Bragg angle in the
obtained by minimizing the _dlfferen_ce between flltereq eXper&‘bsence of refraction. Each set of XSW data is offset vertically by 0.5 for clarity
mental and calculated data in both its phase and amplitude. B the dashed horizontal lines indicate the asymptotic limit of the normalize
final fit was performed with an optimized, fixed step-edge shifti-Bragg fluorescence yielts,/Yos = 1.0, for each data set. The derived XSW

and an amplitude reduction factor of 0.95. parametersf andP, and solution ion concentration, [g4] are shown.

using Sr fluorescence (calibrated with an As-implanted silico

RESULTS wafer with a density of 1 As atoms/cri). At a relatively
high solution concentration, [Sg= 1280 M, the ex situsur-
face coverage depends strongly on the solution pH. While 0.t

We first performed a set @&x situSr coverage measurementsnonolayer (ML) Sr adsorbs at pH 10.7 (open circles, Fig. 4)
as a function of pH and Sr solution concentration, {$These <0.01 ML Sris adsorbed on the rutile surface exposed at pH 3
results are summarized in Fig. 4. The observed behavior wiled squares, Fig. 4) [1 ML is defined as one ion per 1324
reversible. The absolux situSr coverage®i,, was measured corresponding to the density of bridging oxygen atoms on th
rutile (110) surface]. Thisis a clear indication that the Srion cov
erage is controlled, at least in part, by the rutile surface chare
and is consistent with the measured pHalues for the 110
face of rutile of 5.6-5.7 (22, 23). Consequently;'Sadsorption
is expected to be negligible one or more pH units below th
pH;xc where the surface has an appreciable net positive char
[e.g., (17-19)]. These data also show that éxesitu Sr sur-
face coverage depends strongly on the solution Sr concentratic
the coverage is largest at pH 10.7 when the solution Sr conce
tration is the largest.

Ex Situ Coverage Measurements of Sr Adsorption on Rutile

Coverage (ML)

! 10 100 1000 Ex Situ XSW Results

[Srlaq (uM) . . .
Ex situXSW measurements as a function of Sr solution con

FIG.4. Exsitumeasurements of the totaPSrion coverage adsorbed at thecentration are shown in Fig. 5. As expected based on Eq. [1], tl
rutile (110) surface (after emersion) as a function of{g§ipata are shown for Sy fluorescent yields show a clear enhancement near the pe

pH~ 10.7 (open circles) and pH 3.2 (filled square). Also shown is the “cohere@f the TiO, (110) Bragg reflectivity (shown as a dashed vertica
coverage,®¢on= Oyot T (filled circles), at pH~ 10.7, wheref is the measured |.

fit to the data using a Langmuir adsorption isotherm described in the text for tfeSCENCe is shifted with r?SpeCt to the. Ti@flectivity, and the
total and coherent coverages, respectively. normalized fluorescent yield(s,/ Yog, is observed to be less
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than 1 on the small angle side of the Bragg peak;/(Yos = 1
corresponds to the fluorescent yield in the absence of a reflected
X-ray beam and is noted for each data set as a dashed horizontal
line.) These are unambiguous indications of the standing wave
effect which correspond to the interference term proportional to
fr cospp(6) — 27 Py]in Eq. [1].

On analyzing these data using Eq. [1], we derive the coherent
position, P, and coherent fractiont, of the Sr ions as a func-
tion of [Sr],q. We find thatP, within error, remains constant at
P =0.91. However,f is found to vary significantly from 0.16
to 0.63 with [Sr}, ranging from 0.9 to 128@M, such that the
largestf is observed for samples exposed to the highest|Sr]

In the simplest interpretation of theeg situdata, f represents
the fraction of ions located in an adsorption site whose loca-

k2y (A2)

k2y, (A2)

tion is defined byP with the remaining ions being adsorbed at &

random locations on the surface (e.g., due to rapid nonequilib- < A

rium deposition during the emersion process). This implies that ff 05} AN ]
the highest degree of uniformity in the Sr ion location is found a0l .. }fg‘pa}a"e] o [110]
when the samples are exposed to the highest solutiog,[8r] 2 3458678 910
two or more adsorption sites were to coexist, the coherent posi- k (A1)

tion would measure the average height of those adsorption sites —_ i
(weighted by the respective coverage of each site). We can tl?e'?\'(?' 6. Kk™Weighted Sr EXAFS data are shown in the form of $h)

. . b . . ufiction after background removal (ragged line) and its first-shell compone
conclude either that there exists a single adsorption site over t@ﬁooth line). Data are shown for three orientations of the electric field vectc
range of conditions or, if there is more than one adsorption site,along the (a) (001), (b)}4110), and (c) (110) crystallographic directions.
that the relative populations of these sites must be fixed. More

detailed measurements will be able to distinguish between these
possibilities. Consequently all subsequent references to the fitable to that in the SrO crystal, but in a somewhat distorte
adsorption site should be understood as including both possilgiétahedral coordination. The distortion is such that the oct
ities (with the height referring to the average condensed laygsdron is flattened in the surface normal direction and som
ion height in the case when there is more than one ion site in {iRat elongated in the in-plane-L10] direction. From XSW
condensed layer). measurements performed on the same sample as the SEXA
Combining theex situXSW results with theex situcoverage measurements, we infer (from the coherent fraction) that on
measurements discussed above, we can derive the “coherent gou-50% of the surface Sr ions are found in the site defined |
erage” which we define 8con= 1ot f . The coherent coveragethe XSW measurements, as described above, with the rema
represents the absoluge situcoverage of Srions located in a Siing ions located in a random distribution of sites. The SEXAF:
adsorption site at each concentration, and is plotted along Withta were therefore a sampling of both the ordered and the rz
the total coverage in Fig. 4 (filled circles). While the total Sr covjom portions of the surface Sr species. However, the fact that t
erage is found to vary by a factor 6#4 for [Sr],q varying from first-shell data reveal a unique bonding distance typical of a Sr-
0.9to 128(uM, the coherent coverage is found to vary by a fagctahedron indicates that the random portion does not affect t
tor of ~20 over this concentration range. This suggests that tfigerpretation for the ordered fraction of the data. The oute
changes in thex situcoherent coverage (and, to a lesser exterghell contributions in the raw data, particularly the Sr—Ti shell
the totalex situcoverage) are driven by changes in thesitu  gre not significant, indicating that they are partially obscured &
rutile—water interface structure, and are likely to be associatg@ random portion of the data and perhaps suggesting that

with the EDL structure.
Ex Situ SEXAFS Results TABLE 2

Thek?-weighted EXAFSy (k) functions for the raw and the =~ SEXAFS Parameters as a Function of the Orientation of the
Fourier-filtered first-shell data, for each of the three polarization ~ Electric Field Vector Derived from the Data in Fig. 6

measurements are shown in Fig. 6. The best-fit results are Iis}zegolarization N (effective) R(A) Ao? ()

in Table 2 where the parametaw? in Table 2 represents the

difference ino 2 relative to the SrO standard. Theouncertainty in [-110] 9.42 2.58 0.008

N is estimated to be:20%, and that irR is <0.02A. [001] 7.23 2.60 0.003
These results for Sr adsorbed at a rutile surface reveal that thét 1 %) 48 262 0.003

ion i SrO standard 6.0 258
Srion is bonded to the surface O atoms at a bond length com=" "'
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T T T T T T ] 35 albeit at a much higher solution concentration and somewh
\ ] different pH values. In particular, the coherent position for Rl
(+1.5)

F 1240 uM Rb

12 is found to be significantly larger than that of Sr.

DISCUSSION
Y/Yop

Condensed Layer Structure

_ ) 21 ] Measurements of the condensed layer position as afunction
 fPH=108 & | Seee P=0 8 1 ion species, solution concentration, and experimental conditiol
: ] (in situ vs ex sit) are summarized in Fig. 8. Assuming that
05 F ] 05 the adsorbed ions are located in the first lattice plane above t
[ JC\%&% ] rutile surface, we derive ion heights= di1o P, of Rb™ and S#t
Lo 1. 099 L 8%, LT ions to be 3.35 and 2.7, respectively (whereh o is the rutile
80 40 0 40 80 120 160 (110) Bragg plane spacing,10= 3.25A, andP is the measured
0 - 0, (nrad) coherent position). The difference in the adsorbed Rb and .
_ _ heights (0.64) is somewhat larger than the difference betweel
_FIG. 7. In situXSW data for Sr and Rb adsorbed at the rutile (110)-walah oir o nic radii (0.468) (34). This suggests that the differences
interface at alkaline pH. The pH, bulk solution concentration, and derived XS . .
parametersf andP, are shown for each measurement. Each set of XSW daf3 the condensed layer structure of these ions may be due in p
is offset vertically by 0.5 for clarity (the dashed horizontal lines indicate tht9 differences in their ionic charges and adsorption geometri
asymptotic limit of the normalized off-Bragg fluorescence yield of 1.0 for ea((re_g,, mono-, bi-, or tetradentate adsorption geometries).
data set). The measured height of Brions is largerex situby 0.2 A
thanin situ. This does not necessitate a change in the surfa
Srion is located at a site where the Sr—Ti scattering is weak f3fY9€n—cation bond length because these bonds in principle :
the particular polarizations used in the measurements. free to rotate, and the X,SW data.only cons_tram t.h.e ion heigh
Nevertheless, the magnitude of this change is sufficiently large
In Situ XSW Results suggest that high—.resolution structural data (i.e., With. a precisic
of ~0.05A) taken in the absence of an aqueous solution may n
In situ XSW data for both Sr and Rb, as a function of solureflect the precisin situ structure of the EDL. For comparison,
tion concentration, are shown in Fig. 7. The modulation of theprevious study of Pb ions adsorbed on the calcite (104) surfa
Sr fluorescence as a function of angle is much weaker in thes®wed no measurable differences betwieesitu andex situ
data than in thex situdata (Fig. 5). This indicates smallér measurements (35). This result suggests that the influence
values for then situmeasurementsn situ XSW measurements the solution is weaker for the case of ions incorporated int
of Sr adsorption with [Sgh=12 uM at pH 3.2 (not shown) the outermost layer of the substrate lattice (as is the case
reveal a negligible coherent fraction indicative of a random $o/calcite) as compared with the case where the ion is adsork
ion location. This is expected based on #e situcoverage on top of the substrate surface (as we believe is the case?for S
measurements that revealed an insignificant Sr ion coverage @glrutile).
sorbed to the rutile surface under these conditions (see Fig. 4)By combining thein situ and ex situXSW measurements
This suggests that the nonzefoalues derived from thia situ  with the ex situSEXAFS measurements and making use of th.
measurements at pH11 reflect then situ Sr adsorption struc-
ture. In the case of Sr adsorption, timesitu P value for Sr is

Reflectivity

~7% smaller than thex situvalue discussed above. The overall 3.4 ' . T '}
similarity between th@n situ andex situresults suggest that the 331 Rb(in-situ) i
Srion location is determined primarily by the ion—-substrate in- - 327 06 A 7
teraction, and further supports our conclusion of a well-defined § 31 _ .
adsorption site. It also provides confidence in the derived Srion S 3 Steest) § -7
location for thein situmeasurements despite the relatively small £ 29 t 02A T
coherent fractions found in those measurements. However, the S 28 Stinsiu) oY v
small but finite difference between these results appears to be 27 | z .
significant especially as it is found systematically over a broad 2.6 1' 1'0 1(‘)0 10'00

range of solution ion concentrations. This suggests that the ad-
sorbed Sr location exhibits some sensitivity to its environment,
but this reSUIF ne_eds tobe anflrmed with further measurement%lG. 8. Summary of the condensed layer ion height as a function of aqueot
Also ShOV\{I’] in Fig. 7 are _thm SItL.J re§U|t5 fpr _the adsorption concentration for Sr and Rb. Also included is the change in the condensed lay
of Rb, which show behavior qualitatively similar to that of Srion height betweein situandex situmeasurements.

[St],q and [Rb],q (M)
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the condensed layer. However, the coupling of the SEXAFS al
XSW results proves to be a powerful combination that provide
a much more detailed picture of the condensed layer than wot
have been possible with either technique alone.

Comparison of Condensed Layer Structure to Previous
Potentiometric Titration Studies

Capacitance values are derived from model fits to ion a
sorption data in potentiometric titration studies (6, 18). In con

® sr trast, the presen situ XSW measurements directly probe the
oo ion height. To compare the results of these two different type
Q 0 (ads) of experiments, we estimate the capacitance of the conden:s
® Ti layer using the measured Sr and Rb ion heights according

C =¢06p/d, whereC is the capacitance per unit area (in units o
FIG. 9. Perspective view of the derived Sr adsorption site based on tpx-ymZ) &g is the permltt|V|ty of a vacuum (8.854 1@12) &p IS

ex situandin situ XSW data, as well as thex situSEXAFS data. Note that the g?e bulk dielectric constant of the condensed layer, diwithe
condensed layer Sr atoms interact with the rutile (110) surface through both
bridging oxygen atoms and the adsorbed oxygen specigs, O stance of charge separation (in meters). A maxinagnvalue

can be taken to be the bulk value for water (78.5); lower va

ues are possible as a result of dielectric saturation effects with
previously published relaxation of the rutile (110) surface struthe condensed layer (1). If we estimate the distance of char
ture (16), we can construct a model for the adsorption of Srto teparation to be that of the ion above the average surface o:
rutile surface. Together the observed range of Sr heights of 2.%en height (both bridging and adsorbed) of ASthis results
2.95A (derived from thdn situ andex SituXSW data) and the in values ofds,=1.3 A anddrp=1.9 A Taking ¢, equal to
observed Sr—O bond length of 2. Berom the SEXAFS data) 78.5 results in estimated capacitance values of about 3.8 F/
imply that the Sr ion does not interact directly with the oxygeand 5.6 F/m for Rb and Sr layers, respectively, based on the th
atoms in the Ti—O surface plane. Instead, these results imp$W measurements. In comparison, the potentiometric titr:
that it interacts only with the bridging oxygen atoms that areon measurements reveal that the best-fit capacitance values
~1A above the Ti-O plane. If we start with the reasonable alsta on rutile are typically near 2 F/(6), and a capacitance
sumption that the divalent Sr ion bridges between the bridginglue of 2.8 F/m was estimated for Sr with the assumption tha
oxygen atoms (e.g., bidentate bonding) this provides us wihbidentate surface complex is formed (18). These values ¢
enough information to uniquely define the adsorbed Sr locatierb0% smaller than the capacitances derived through the XS
(see Fig. 9). Previous studies have concluded that a substamtiahsurements.
fraction of the nominally bare Ti atoms in the surface plane (asSeveral factors should be considered in comparing the cap:s
seen in Fig. 3) adsorb water either molecularly or dissociativatance values derived through these two different technique
on exposure to either water vapor or aqueous solutions (1Bixst, for similar solution concentrations of a particular ion, the
We can generically refer to these adsorbed species(e.g., @&tio of ion concentration to solid surface area is typically muc
OH;, .. .), as Qusspecies. If we place this species at a height ddrger (often by a factor of Toto 1) in single-crystal stud-
1.98A (corresponding to the Ti—O bond length in rutile) directlyes than in powder studies. Consequently, the degree of surfe
above the nominally bare Ti atom (as seen in Fig. 3), we find thaiverage can be much greater in single-crystal studies. Seco
this Qugs species is also coordinated with the adsorbed Sr ataamic strength and pH values were not controlled as tightly i
through a 2.7A bond length. If we do the same calculation fothis study as they typically are in powder studies. Third, the bes
an unrelaxed rutile surface, we derive a Stz@ond length of fit capacitance values from model simulations typically covar
2.4A. The range of calculated bond lengths easily brackets thth other model parameters (5, 6), such as the adsorption eq
value of 2.60A determined by thex situSEXAFS data. Had librium constants which in turn depend on the assumed bondil
we assumed a monodentate bonding between the Srion anddtefigurations (usually monodentate or bidentate). Finally, t
bridging oxygen atoms, this would imply a Srmfgbond length - distribution of specific types of sites and surface defect stru
of less than 1.3\ which is chemically unreasonable. The detures can be considerably different between powders and sin(
rived model, as shown in Fig. 9, suggests that Sr adsorbs icrgstals of the same phase. Ultimately, precise knowledge
tetradentate configuration to two bridging oxygen atoms and tilee distance and distribution of ions near the charged minerz
OagsSpecies. aqueous solution interface of the kind demonstrated here, cc

While there is clearly some ambiguity associated with the gsled with parallel potentiometric titration measurements unde

sumptions that were made in deriving this model, further woillentical solution conditions will provide a stricter test of these
will be able to test these assumptions and to provide an unamedels (10). Such studies may help to constrain these mod
biguous determination of the Sr adsorption site (or sites) withing efforts more tightly and to determine whether new modelin
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approaches might ultimately be necessary to fully utilize the 0.50
molecular-level detail thah situ structural probes, such as the
Bragg XSW technique, provide (1).

For instance, the condensed layer capacitance for Sr ion ad-
sorption on rutile had previously been derived on the basis of
a bidentate adsorption geometry (18). However, the present re-
sults instead imply a tetradentate adsorption geometry. While
such inconsistencies are implicit in the comparisons described
above, they must ultimately be reconciled before the nominal
agreement between these two approaches can be considered to
be significant. To demonstrate the ultimate value of a detailed
comparison of potentiometric titration and XSW measurements,
we will for the sake of argument assume that this geometric in-
consistency does not change the results substantially. Since thgs_ 10 variation of f values for Sr and Rb as a function of aqueous
capacitances derived based on the XSW measurements ha@d@sentration. The solid and dashed lines show the behavior of the measu
sumed a bulk dielectric constant gf=78.5, the descrepancycoherent fraction with and without, respectively, the influence of the projecte
between the two sets of derived capacitances can be reson}éH solution goverag(_a@bwk. This highlights the reduction in the pred_icted
simply by assuming a near-surface dielectric constant4g. c_oherent fraction _at high concentratlonsloqo uM) due so!ely to the dll_u- ‘

. ; . . . tion of the XSW signal due to the bulk solution concentration, as described |
This reduction in the dielectric constant suggests that the N@gr s). The calculations for the Sr data use valuexgfs=0.08 xM~* and
surface water is polarized as expected for a highly charged ¥s.c=0.36, and assume an EDL coverage of 0.5 ML and a solution thicknes
terface (1). Therefore the coupling of these two complementafy2 xm. The Rb calculations use valuesfgs= 0.00063:M 1, Xmax= 0.68,
techniques provides, in principle, a new and powerful meth@gd an EDL coverage of 1.0 ML.
of probing the polarization of near-surface water.

Coherent Fraction, f

[St],q and [Rb],, (M)

account for thermal vibration®), and the geometrical factor,
In Situ Measurements of EDL Partitioning ay, that describes the adsorbate structure, or

An important result of the Bragg XSW measurements is that f =Dnay. [3]
they also provide a direct measure of the partitioning of ions be-
tween the condensed and diffuse layers. The data in Fig. 7 wé&he Debye—Waller factor approaches unity for chemisorbe
taken in a pH range where the rutile (110) surface is negativedgecies at room temperature whidnis a low-order reflection
charged, and consequently cations will be attracted to the rui{&¥). The geometrical factor of the ED4y,, can be calculated as
surface. Indeed, the data show a well-defined coherent posittha magnitude of the Fourier transform of the ion density distri
for both Sr and Rb ions. As will be shown below, theralue of  bution function and therefore depends on the detailed adsorpti
the diffuse layer is negligible whenever its characteristic lenggtructure of the ion. For the simple case of ions adsorbed at
scale (i.e., the Debye length) of that distribution is large conaique siteay = 1. The value oy diminishes for multiple site
pared with the period of the X-ray standing wave (in this casadsorption. As an extreme exampdg, = O for the case of two
3.25A). Therefore, the significant (i.e., nonzero) value of thequally occupied sites that are displacedlhy 2 (this case be-
measuredf value immediately implies that a significant fracing analogous to the structure factor being zero for a forbidde
tion of the Sr and Rb ions are located in well-defined adsorpti@ragg peak).
sites at the rutile (110)—water interface. That is, a significantin the present measurements, thevalue for the (110) re-
fraction of these ions must populate the condensed layer unflection can be calculated as the average of the geometrical f
thesein situ conditions. tors, a;10, Of the condensed, diffuse, and bulk layers weighte

An important feature of these data is that thealue is found by their respective two-dimensional coverages (i.e., projecte
to systematically increase with the cation solution concentrationto the surface plane). The geometrical factor of the bulk soll
(Fig. 10). Previousn situ XSW measurements of ion adsorp+tion layer is by definition equal to zero. If we assume a diffus
tion from solution have typically observed that the measuréeoh distribution that is characterized by an exponential deca
coherent fraction often decreases as the solution concentraiimms in the diffuse layer appear to the Bragg XSW techniqu
increases. This may occur either as a simple dilution of the XS&¢ a random contribution to the fluorescence yield and wou
signal by fluorescence from ions in the bulk solution layer (seleerefore have a geometrical factor that is essentially equal
below for more detail) (35), or through the enhanced formatiaero. For instance, the ionic strengths used in the present me
of ion-containing surface precipitates (36). Because we obsestgements are<4240 uM corresponding to Debye lengths of
that the coherent fraction increases with ion concentration, wé&0A. These conditions result in a geometrical factox@f.01
can rule out these two phenomena. To understand this obseinen measured with the rutile (110) Bragg peak. The ion ac
vation, we note that the measured coherent fractigrgan be sorption structure in the condensed layer can be characterized
generally written as the product of a Debye—Waller factor @ geometrical factoig.. Consequently, the measured coheren
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fraction for the EDL can be written as sents the maximum partition coefficient aldgysis identified as
the equilibration constant corresponding to the surface adsol
f= ®cac/(®c + ®d + ®bulk) = ®cac/(®c + (")d) = Xac’ [4] tion reaction [A]+ [S] < [AS]- where Kads= [AS]/[A] aq[S]-
Here [Alyq is the solution concentration of the ion, [S] is the
where®; is the projected coverage of the condensed (C), dﬁj.te density, and [AS] is the surface adsorbate density which
fuse (d), and bulk solution layers, respectively. For a sufficientfppropriate units is equal to the surface cover&ge aqsthere-
thin film of “bulk” solution, the projected surface concentrafore has units oftM~*. We have so far ignored the influence of
tion of the bulk solution ionsPuui, is negligible with respect the ion concentration in the bulk solution. Its influence on th
to the projected coverage of the ions in the EDL. For instand@gasured coherent fraction can be derived from Eq. [4] as
for [Srlag< 200 1M and with a solution thickness of 2m,
Opuik < 0.046 ML. In this limit the measured coherent fraction f = Ocac/(Oc + O + Opyik)
is equal to the product of the fraction of double-layer ions in the _ o o o V-1
condensed layeK = ©./(0. + ©4), and the geometrical factor = X([SagaclL + (Oouk/ (Oc + O] g
of the condensed layer. We can referXaas the double-layer
partition coefficient. Thus, the measurédalue is directly pro-
portional to the double-layer partition coefficieMt, (For cases

It is only in the last term of this expression, H
(Opuid (O + ©4))] 71, that the influence of the bulk solution ion
. : oncentration is found. For instance, with a solution thickness |
where By is significant, independent knowledge of the tot wm and an EDL coverage of 0.5 ML, this term would reduce
projected ion coverag@&o = Oc + Od + Opuk, as Well as the . o2 ired coherent fraction by 5% at {$# 100 uM and
thickness and concentration of the bulk solution, alléwo be 50% at [Sthq=1000,M. Therefore the derivation oX from
. 9= .

de'taerml(rjled ILC.)mf ) vsis. the ob di $eina functi f requires the additional independent knowledge of the ratio «

asedonthis analysis, tn€ observedincreas@asa tunction -y, o rface charge density (which we assume is equal in mag
of [Sr]aq can be attributed to a change in either the part|t|c1lr&de to the sum 08, -+ Og) and the solution thickness (which

coefﬂmengX, or the geometrical factoac. From the. analys_|s etermine®yk for a given solution concentration) at high ion
of theex situXSW data we concluded that there exists a sing ncentrations

adsorption site over this range of conditions (or, alternatively, i To demonstrate the influence of bulk ion concentration o

there were to be more than one adsorption site that the rela 'Hg interpretation of the data, we show two sets of curves
populations of thest_a sites must_ b? fixt_ad). This conclusionis a % 10. In each case, the dasr;ed line ignores the influence of
supported by thén situdata. This implies tha. does not vary bulk solution ion concentration while the solid line includes it

significantly as a function of ion concentration. The increase éﬂ:cording to Eq. [5]. We assume that the rutile surface charge
the measureu situ f value withincreasing [Sghand [Rblqcan the same for the Rb and Sr measurements and consequently

therefore be associated with changes in the partition coefficieﬁj] total EDL coverage of Rb(for both condensed and diffuse

.X‘ In other words, the fraction O_f lons in the condensed Iayﬁ'{yers) will be twice that of the 3t . The difference between the
increases as both [Sgland [Rblgincrease.

solid and dashed curves for each set of data clearly demonstrz
the importance of properly including the bulk ion concentratior
especially at high solution concentrations.

Using Eq. [5] and allowing the ratio of the solution thick-

Although limited in extent, the data in Fig. 10 are sufficiermiess to EDL coverage to vary arbitrarily (since these parar
to obtain order-of-magnitude estimates for the parameters th#trs are not directly measured), we find that the Sr da
characterize the observed behavior, and to compare the paté characterized by the paramete{g.x=0.40+0.08 and
tioning behavior of Sr and Rb ions. In the regime where th€,3s=0.1240.08 M. [We have so far arbitrarily assumed
solution ion concentration is negligible (i.®y,k ~ 0) we can thata.=1. If we set the condensed layer geometrical factor t
use Eq. [4],f = Xa., and the primary uncertainty in derivingbe the minimum value consistent with the dadg= 0.63, we
X from f is associated with the value to the geometrical factdind that Xnax (in situ) = 0.63=+ 0.13 (this assumption has no
of the condensed layeg;. From theex situSr XSW measure- influence on the derived equilibrium constaitgs).]
ments, we know thaf can be as large as 0.63, and from the To test the validity of these results, we can independently e
discussion above we concluded thadoes not vary as a func- timate these parameters from tee situXSW measurements.
tion of the solution ion concentration. Sinde= Xa. (when Theex situSr coherent coverag@con= Ot f (Where®yy is
Opuik is Negligible) andX < 1, we can infer from thex situdata the measuredx situcoverage), is characterized by the relation
that 0.63< a; < 1.0. While further measurements can uniquel®con(ML) = 0.37/(1413.6/[Sr]ag), where the numerical values
definea;, we initially assume thad; ~ 1. in this expression are found by fitting to the data in Fig. 4. W

To compare the Sr and Rb data in Fig. 10, we assurtake this as an estimate for timesitucondensed layer coverage.
that the variation of individual parameter®,(X, ...) can be A lower limit on the total EDL Sr coverage is the maximum
modeled using the form of a Langmuir adsorption isotherrmeasureaex situcoverage (0.54 ML as seen in Fig. 4) becaus
e.9., X([Srag) = Xmax/[1 + 1/(KaddSrlag)]. Here Xnmax repre- (1) some Srions in the diffuse layer will probably fail to adsork

Detailed Analysis and Comparison of in Situ
and ex Situ XSW Results
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to the surface during the removal of the sample from solution &b measurements is expected to reduce (at any given soluti
that the measured coverage will be less than the total EDL casncentration) ion partitioning into the condensed layer [e.g
erage, and (2) we know from thex situcoverage measurementRef. (19)]. Future experiments will more carefully control and
at pH 3.2 that there is insignificant nonspecific adsorption fromore systematically vary pH and ionic strength to determin
the “bulk” solution under our conditions. With this reasoninghe precise influence of these variables on EDL structure. U
we can estimate the partition coefficient derived fromeksitu timately, the ability of XSW techniques to determine both ior
data asX([Sr]ag) = Ocon/0.54 ML = Xinax/(14+1/(Kags[St]ag)),  height andK 545 values will uniquely constrain applicable EDL
where Xnax(ex sit) < 0.69 andK zgs=0.074uM~1. Therefore models.

thein situ andex situdata provide consistent results in terms

of the EDL partitioning, characterized B¥max and K,gs This

consistency between thie situ andex situresults implies (1) SUMMARY

that the understanding that we derive through the XSW mea- - ) .
surements is representative of the intrinsic EDL structure, and//é have demonstrated the capability to directly probe im

(2) that theex situdata provide useful information about te POrtant aspects of the EDL at mineral-fluid interfaces by usin
situion partitioning (at least in this particular case). the Bragg XSW technique in both situ andex situmeasure-

Taking together all of the uncertainties in the maximents anex situSEXAFS measurements. Aspects of the EDL

mum partitioning coefficient discussed above we find thafructure that can be directly probed in this manner include tt
Xmax= 0.5+ 0.25. While not very precise, this result C|ear|))ocatlon of ions in the condensed Igyer and the partltlonln'g C
demonstrates that the partitioning of the Sr ions between #98'S between the condensed and diffuse layers as a function
condensed and diffuse layers saturates at a value that is subdthh2nd solution ion concentration. The comparison of SEXAF.
tially smaller than 1.0. In other words ®ris portioned more &nd XSW results for Sr provides a detailed picture of the cor
or less equally between the condensed and diffuse layers uridfg?Sed layer ion structure. Through comparisomditu and

our experimental conditions at the highest Srion concentratio¥ Situmeasurements, we find consistent results concerning t
We expect to document significant changes in this distributigigximum double-layer partition coefficiemax, and the ion—

in future experiments in which ionic strength and compositioiHPstrate equilibrium constariaqss We have also measured
as well as pH are varied over a wider range of conditions. In afjf differences in the condensed layer locations and the rel
case, this represents the first dirizcsitu measurement of ionic tive strength of the ion—substrate interaction for Rb and Srion

distribution across the entire double-layer region of which weuPstantially higher precision measurements of the EDL cz
are aware. be anticipated in future measurements when coupled with a

In a similar way, we can also quantify the partitioning peditional measurements of such features as the condensed _Ia
havior of Rb ions. Our results reveal that the partitioning g€ometrical factor, the total EDL coverage, and the solutio
Rb* ions is described bXmax(in sitt) = 0.7+ 0.3 and K ags= tmckljess. These r.esults suggegt that these aspects of the ion
0.0008+ 0.0005,:M -, These parameters are less precise thi#Pution near a mineral-water interface can now be measurs
those for Sr, because they were taken with high solution cdijrectly, in situ, to yield a truly atomistic understanding of the
centrations in a regime where they are more directly sensiti L Structure.
to the specific solution thickness (which was not independently
measured). However, these results clearly show that the value
of K,gsfor Rbt is ~150 times smaller than that of ®rand
imply that, all else being equal, the Sr—rutile interaction is sub-
stantially stronger than the Rb—rutile interaction. These resuflst ~ Geometrical factor of the EDL for an arbitrary Bragg
are also consistent with recent results foCand Na ions reflection, whereH = hkl denotes the Bragg
(6, 19) that provide estimates of the equilibrium const&nts condition
as inferred from potentiometric titration data (6, 19). These stu@ ~ Geometrical factor of the condensed layer
ies reveal that the ratio of equilibrium constants for Ca an®x  Debye—Waller factor for the Bragg reflectiad,= hkl
Na is ~300. However, these models do not uniquely defind Coherent fraction
these equilibrium constants because of their inverse covariari§ess Equilibrium constant for the ion adsorption reaction

APPENDIX: NOMENCLATURE

with associated capacitance terms (which are proportional to A +S& AS, defined aKags= [AS)/[A] of[S], were
ion height as noted above) in the double-layer models. Despite [A] aq is the solution concentration of the ion, [S] is
this weaker interaction strength, the maximum*Rbn par- the site density, and [AS] is the surface adsorbate
tition coefficient, Xmax, is found to be comparable to that of density

the SF*+ ion. We note, however, that the difference in pH beML  Monolayer, a unit of surface coverage; 1 M1 ion/
tween the Sr and Rb experiments (10.6-10.9 vs 7.9-9.9, Fig. 4) 19.24A% for a TiO; (110) surface

and the ionic strength differences noted above are likely to i Coherent position il’ol units of the substrdtspacing
fluence these comparisons. For instance, the lower pH of the (here,di10=3.25A)



R(6) X-Ray reflectivity, measured as a function of 5
the incident angleq 6

SEXAFS Surface extended X-ray absorption fine structure -

O; Surface coverage in units of ML, wherglenotes
the condensed layer (c), the diffuse layer (d), s
or the two-dimensional projected bulk solution
coverage (bulk). Foex situmeasurements, 9
denotes the total (tot) and coherent (coh) 10.
coverages, the latter defined@gn= 11,
Ot T, wheref is the coherent fraction

s Bragg angle as determined from Bragg’s law (i.e.12.
in the absence of refractive and dynamical
effects) measured with respect to the 13.
surface plane 14.

X Double-layer partition coefficienX = ©./
(®c + ®d) 15.

XSW X-Ray standing waves

Yos Off-Bragg fluorescent yield (i.e., in the absence of®
a Bragg reflected X-ray beam)

Ysi(60) Fluorescent yield (e.g., for Sr) measuredasa  17.
function of the incident anglé, ig-

ELECTRICAL DOUBLE-LAYER STRUCTURE

The XSW experiments were performed at the undulator beamline statida-
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